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ABSTRAKT

Dizertacna praca predstavuje komplexnu fyzikdlno-chemicki charakterizaciu
Studovanych pyrogenickych uhlikatych materidlov — aktivovaného uhlika a biouhlia,
ktoré predstavuji vyznamnu skupinu sorbentov vyuZzivanych v separacii
(radio)nuklidov a toxickych kovov. Hlavnym cielom prace bol vyskum sorpcie *™TcO4
na pripravenych vzorkach aktivovaného uhlika a vzorkach biouhlia. Pripravené vzorky
aktivovaného uhlika a vzorky biouhlia boli charakterizované nasledujicimi metédami:
fyzikdlnou adsorpciou dusika, elektronovou mikroskopiou s vysokym rozliSenim,
rontgenovou difrakénou analyzou, rontgenfluorescencnou analyzou, energiovo-
disperznou rontgenovou spektroskopiou, infracervenou spektroskopiou a
potenciometrickymi titraciami. Sorpcia *™TcO,” bola skimana bez pouzitia nosica alebo
s pouzitim neizotopového nosica ReO,". Skumal sa vplyv pH kvapalnej fazy,
rovnovazny cas sorpcie, sorpcna konkurencia aniénov, vplyv mnozstva nosica, vplyv
konkurenénych idnov na sorpciu technecistanu v koléonovom usporiadani a prienikové
krivky. Nakoniec boli na vysledky potenciometrickych titracii a prienikovych kriviek
aplikované matematické modely, ktorymi sme ako prvi popisali mechanizmus sorpcie
9mTcO,” na skamanych vzorkach. Vysledky vyskumu, ktoré boli publikované celkom v
piatich recenzovanych pracach v impaktovanych ¢asopisoch a st sucastou prilohy tejto
prace, poukazujui na aplikovatelnost skimanych uhlikatych sorbentov pri ziskavani a

koncentrovani medicinskeho *™TcO,~ z vodnych roztokov.

KIucové slova: aktivovany uhlik; biouhlie; technécium; sorpcia; separacia
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ABSTRACT

This dissertation thesis represents a complex physico-chemical characterization of the
pyrogenic carbonaceous materials - activated carbon and biochar which represent an
important group of sorbents used in the separation of (radio)nuclides and toxic metals.
The main goal of this work was the investigation of TcO,™ sorption on prepared activated
carbon samples and samples of biochar. The samples were characterized by the
following methods: physical nitrogen adsorption, high-resolution electron microscopy,
X-ray diffraction analysis, X-ray fluorescence analysis, energy-dispersive X-ray
spectroscopy, infrared spectroscopy, and potentiometric titrations. The sorption of
#mTcO,” was investigated without use of a carrier and with use of a non-isotopic carrier
of ReOy. The influence of pH in liquid phase, the equilibrium sorption time, the sorption
competition of anions, the influence of the carrier amount, the influence of competing
anions in the column arrangement, and breakthrough curves were also investigated.
Finally, mathematical models were applied to the results of potentiometric titrations and
breakthrough curves. Potentiometric titration models described the mechanism of TcO,~
sorption on the samples. The results of this work were published in total of five peer-
reviewed papers in impacted journals. Those papers are part of the appendix to this
thesis. Mentioned above results indicate the applicability of the investigated
carbonaceous sorbents in obtaining and concentrating medical *™TcO," from aqueous

solutions.

Key words: activated carbon; biochar; technetium; sorption; separation
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UvoD

Oficidlny objav technécia v roku 1937 sa pripisuje talianskym vedcom Carlovi
Perrierovi a Emiliovi Segreovi. Potencidl metastabilného radioizotopu **"Tc v medicine
si uvedomil Powell Richards v roku 1950. Bolo zname, Ze **"Tc vdaka kratkej dobe
polpremeny, nizkej toxicite, emisii y-foténov a variabilite oxida¢nych stavov je
vhodnym diagnostickym radionuklidom, ale jeho vyznam vzrastol az s rozvojom gama-
kamier. Vyroba, resp. produkcia Mo, ktorého premenou vznika *Tc sa uskutocnuje
vjadrovych reaktoroch alebo v malych mnozstvach nereaktorovym sposobom na
urychlovacoch. V sucasnosti st najvacsimi dodavatelmi radioizotopov Curium
(Franctizsko a USA), MDS Nordion (Kanada), IRE (Belgicko), NTP (JAR), Isotop-NIIAR
(Rusko), ANM (Australia) a Mallinckrodt (Velka britania). Vadsina izotopov
pouzivanych v nukledrnej medicine je produkovanych niekolkymi vyskumnymi
jadrovymi reaktormi. Medzi rokmi 2008 a 2016 mnohé incidenty na jadrovych
reaktoroch poukdzali na nespolahlivé dodavky medicinskych radionuklidov, c¢o
vyvolalo vo svete tzv. technéciova krizu. V roku 2009 Jadrova energetickd agentura
(NEA) zriadila odbornt skupinu pre Bezpec¢nost dodavok medicinskych radioizotopov
s ciefom posilnit spolahlivost dodavok *?Mo. V roku 2010 NEA vydala spravu, v ktorej
identifikovala nedostatky a navrhla zmeny, taktiez vyslovila predpoklad nedostatku
%Mo v roku 2016. Na konci roka 2017 doslo k vyznamnému nedostatku Mo, ktory sa
podarilo zmiernit navratom juhoafrického reaktoru do prevadzky. V stcasnosti su
dodavky medicinskeho *™Tc stabilné.

Predmetom predkladanej dizertacnej prace je priprava a charakterizdcia vzoriek
aktivovaného uhlika a charakterizacia vzoriek biouhlia, ozna¢ovanych ako pyrogenické
uhlikaté materidly. Ide o materidly, ktoré su si vzmysle prvkového zloZenia
a prevladajucich chemickych viazieb podobné. Odlisuju sa v sposobe pripravy, maju
mierne odlisné vlastnosti a odlisny spdsob pouzitia. Aplikovatelnost tychto materidlov
je velkd, mozné je ich ndjst takmer v kazdom odvetvi priemyslu ibezného Zzivota.
Doévodom je ich nespocetna variabilita, velké hodnoty mernych povrchov a ekonomicka
dostupnost. S rozvojom vyroby hlavne medicinskeho *™TcOy sa neustéle vyvijaju, resp.
modifikuju aj metddy jeho ziskavania. Aktivovany uhlik a biouhlie podla prekurzoru

castokrat oznacované aj ako zelené uhlikaté materialy je mozné vyuzit ako sorbent pre
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separaciu *mTcOs z roztoku Mo ako alternativu kuz existujicim extrakénym

chromatografickym materidlom. Tieto materidly sa vyuzivaju aj ako efektivny sorbent

jodu v plynnych vypustiach jadrovych elektrarni. Maju vsak aj potencidl ako aditivum

na imobilizaciu Tc v inzinierskej bariére multibariérového systému uloziska pre

radioaktivne odpady a oZiarené jadrové palivo.

Ciastkové ciele dizertacnej prace si zamerand na:

prehlad separacnych metéd technécia aanalyzu stcasného stavu jeho
ziskavania, resp. vyroby,

pripravu ucinnych sorbentov na baze aktivovaného uhlika pre sorpciu
technécia z vodnych roztokov,

charakterizdciu pripravenych sorbentov na baze aktivovaného uhlika
a biouhlia dostupnymi fyzikalno-chemickymi metéddami,

vypracovanie teoretického modelu, ktory spolahlivo popisuje sorpciu
technécia na pripravenych vzorkach aktivovaného uhlika a vzorkach biouhlia
teoreticky a prakticky overit chemickt formu technécia, ktora sa sorbuje na
vzorkach aktivovaného uhlika a biouhlia,

optimalizaciu podmienok pre sorpciu technécia na vzorkach aktivovaného
uhlika a biouhlia vsadzkovou a dynamickou metddou sorpcie,

konkurenény vplyv vybranych aniénov na sorpciu technécia vsadzkovou
a dynamickou metéddou na vzorkach aktivovaného uhlika a biouhlia,
zhodnotenie pouzitelnosti a vhodnosti Studovanych vzoriek aktivovaného
uhlika abiouhlia na zdklade vysledkov vsadzkovej a dynamickej sorpcie

technécia.
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1 TEORETICKA CAST
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1.1 MODIFIKACIE UHLIKA A PYROGENICKE UHLIKATE

MATERIALY

1.1.1. UHLIK A JEHO MODIFIKACIE

Uhlik (1s22s22p,'2py!) je nekov (x = 2,5 podla Paulinga) a tvori kovalentné vazby
s inymi prvkami, ako aj retazce C—C. V zluc¢eninach ma hybridizaciu sp?, sp? a sp. Tvori
oxidacné stavy —4, az +4 (Bottani, 2011, Ram, 1987; Webelements, 2020). Uhlik tvori
alotropické modifikacie (Obr. 1.1). Najnovsie alotropické modifikacie sa uhlik cP114, T
uhlik, Y uhlik, vTY uhlik (Fan, 2020) a pentadiamant (Fujii, 2020).

DIAMANT

LONSDALEIT

GFRAFIT
KRYSTALICKA FORMA

FULERENY

SKLENY UHLIK

GRAFEN

UHLIKOVE NANOPENY A AEROGELY

AMORFNA FORMA

[ ALOTROPICKE UHLIKOVE VLAKNA

MODIFIKACIE UHLIKA

UHLIKOVE NANOVLAKNA / NANOTRUBICE

UHLIKOVE NANOTUBULY

UHLIK ODVODENY OD KARBIDOV

ATOMICKY A DIATOMICKY UHLIK

SADZE

OSTATNE FORMY

LINEARNY ACETYLICKY UHLIK

AKTIVOVANY UHLIK A BIOUHLIE

UHLIE

Obr. 1.1 Alotropické modifikacie uhlika.

1.1.2 PYROGENICKE UHLIKATE MATERIALY

Podla definicie Lehmanna aJosepha (Lehmann, 2015), pyrogenické uhlikaté
materialy (PUM) sa vsetky materidly, ktoré boli vyprodukované termochemickou konverziou
a obsahuju organicky uhlik. Tato definicia zahfiia aktivovany uhlik (AC), biouhlie (BC)
a uhlie. Tieto materidly st si podobné v zmysle prvkovej kompozicie a prevladajacich

chemickych vézieb. Navzajom sa vsak odliSuju v spdsobe pripravy, maju mierne odlisné
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vlastnosti a odlisny sposob pouzitia. AC a BC maju multidisciplinarne vyuzitie vdaka
velkému Specifickému povrchu. Ich povrchova struktirna variabilita a fyzikalno-
chemické vlastnosti si dosledkom povahy vstupnej suroviny, podmienok pyrolyzy,
aktivacie, a/alebo modifikacie (Fristak, 2018; Kostas, 2020; Viglasova, 2017). Nasledujtice
podkapitoly nezahfiiaju podrobnejsi popis PUM pripravenych z plynnej (napr. sadze)
a kvapalnej fazy (hydrouhlie pripravované hydrotermalnou karbonizaciou).

Pre pripravu AC sa pouzivaju ako prirodné materialy, tak aj syntetické odpady
(Piccirillo, 2017). BC sa pripravuje z materialov prirodného charakteru (biomasa).
Naviac, u BC neprebieha aktivacia. AC moZze byt pripraveny z BC alebo uhlia. Hlavny
rozdiel medzi AC, BC a uhlim je v spdsobe ich pouzitia (Lehmann, 2015).

Navzdory prirodzene sa vyskytujucim velkym mnoZzstvdm uhliku na Zemi sa
uhlikaté materidly syntetizuju hlavne z fosilnych prekurzorov. Tieto syntézy su
energeticky ndrocné, za vzniku toxickych plynov achemikadlii. Priprava poréznych
uhlikatych materidlov zobnovitelnych zdrojovn ma oproti fosilnym zdrojom
ekonomické a aplikacné vyhody, ako aj z hladiska holistickej udrzatelnosti. Takéto

materialy sa oznacuju ako ,green carbon materials” (Titirici, 2012).
1.1.2.1 UHLIE

Uhlie alebo drevné uhlie je karbonizované drevo pouzivané hlavne ako bezdymové
palivo a redukéné ¢inidlo pri spracovani Zeleznej rudy (Brown, 2015). Vyskum uhlia bol
podnieteny vyrobou strelného prachu, ktorého obsahuje priblizne 15 % (Choi, 2020).
Uhlie sa dalej vyuziva pri produkcii kyanidu sodného, sirouhliku, karbidov,
v pyrotechnike a ako elektrody v batériach (FAO, 1985). Nedavno bola vyvinuta nova
metoda merania rychlosti vypustania Rn pomocou uzavretej komory s uhlim (Yanchao,
2020). Hodnoty BET adsorpcie Nx(l) st pre uhlie vo vSeobecnosti <40 m?-g (Lingling,
2017; Okolo, 2015).

1.1.2.2 BIOUHLIE

Biouhlie bolo po6vodne definované ako karbonizovand biomasa. V prvych
publikdcidch bolo nazyvané uhlim (Glaser, 2000; 2001; 2002). BC je zname i pod pojmom
drevné uhlie. Podiatky vyroby drevného uhlia na Slovensku a v Ceskej republike stivisia

s rozvojom spracovania kovov (3000 p.n.l.) (Broucek, 2007; Slavkovsky, 1995). BC ako
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doplnok krmiv priaznivo p6sobi na zdravie azvysSenie produktivity preztvavcov
a hydiny, a nasledne vyltceny moze byt vyuzity ako hnojivo (Gerlach, 2014; Joseph,
2015). BC sa pridava do biodegradovatelnych obalovych materidlov pre zvySenie
trvanlivosti a cerstvosti ovocia a zeleniny, pozitivne vplyva na kvalitu pddy pri jeho
kompostovani (Schmidt, 2012). Pridavkom BC do beténu je mozné znizit podiel cementu
alebo piesku (Akhtar, 2018; Gupta, 2017). BC je vyuzite[né na pripravu elektréd
v mikrobidlnych palivovych clankoch (Huggins, 2014), ataktiez pri priprave
kapacitatorov (Jin, 2013). Hodnoty BET adsorpcie Ny(I) su pre BC vo vSeobecnosti
v rozmedzi priblizne od 1 do 350 m?-g! (Batista, 2018; Chowdhury, 2016; Kwiatkowski,
2020).

1.1.2.3 AKTIVOVANY UHLIK

Prvu definiciu AC podal Schanz (1962). Je to akdkol'vek forma uhliku schopnd sorpcie.
AC je surovou formou grafitu s ndhodnou amorfnou Struktarou. Existuje mnoho
modelov Struktury poérov pre uhlikové struktury. Od jednoduchych struktur az
po pokrocilé pocitacové modely. Napr. model vrtanej diery, vetveného stromu,
zemiakového lupienka, Ruikeho model, Dahnov model, model poréznej mikrotexttry
a karbonizovanych castic, Pikunicov model, struktira montmorillonitu atd (Marsh,
2006). Hodnoty BET adsorpcie N;(1) st pre AC vo vSeobecnosti v rozmedzi priblizne od
100 do >2500 m?>g! (Demiral, 2008; Sun, 2018). Velkost pdérov je smerodajna pri

praktickych aplikdciach. Klasifikacia porov je uvedena v Tab. 1.1 (Zdravkov, 2007).

Tab. 1.1 Prehlad klasifikacie pérov podla Sirky.

Klasifikacia Sirka porov d [nm]
makro- mezo- mikro- supermikro- ultramikro- submikro-
[UPAC! >50 50-2 <2,resp.04-2 0,72 <0,7 <0,4
Dubinin? >400-200  >400-200>d>3- <1,2-1,4 3-3,2>d>1,2- - -
3,2 14
Cheremskoj®*  >2000 - 2000>d>200 - <24 <200
Kodikara* 10%-10¢ - 103-3-104 103-25 <34 -

!(Everett, 1972); 2(Dubinin, 1979); 3(Cheremskoy, 1985); 4(Kodikara, 1999)

AC by bolo mozné vyuzit ako jeden z filtrov umelej oblicky pouzivanej pri

hemodialyze. Takyto filter efektivne odstranuje toxiny, ktoré vznikaju napriklad
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derivaciou mocoviny (Khaleel, 2016). AC je efektivhym sorbentom plynov, vyuziva sa
napr. pri zachyte jodu zplynnych vypusti JE (Baiyan, 2017; Melchior, 2017). AC
aktivovany s KOH je vyuziteIny pri uskladneni CHy (Park, 2018a), aktivovany s CaOCl,
vhodny pre Li/Na ionové batérie (Sahu, 2020). Je stcastou filtraénych systémov
pre zachyt napr. F- (Eftekhar, 2015). Vyuziva sa v priemysle na Cdistenie vod,
odstraniovanie radionuklidov z pody (Li, 2014), v medicine ako gastrointestinalny
sorbent pri predavkovani lie¢ivami (Bond, 2002; Senderovich, 2018). Dalej sa vyuZiva pri
bieleni zubov a v kozmetike (Mendhekar, 2017). Okrem sorp¢ného vyuzitia ma AC
taktiez katalytické vlastnosti. Katalyzuje anaerobnu redukciu azofarbiv. AC tu sluzi ako
podpora pre tvorbu radikdlov, ktoré nasledne oxiduju farbiva (ale aj iné poluanty). AC
obdobne ako BC je vyuzitelny v podobe elektrod v mikrobidlnych palivovych ¢lankoch
(Huggins, 2014; Mezohegyi, 2012; Zhao, 2008).

AC existuje vroznych formach v zavislosti od zamyslanej aplikdcie. Existuje
praskovy, granulovany, extrudovany, v tvare goralkov, impregnovany, v polymérnych

vrstvach, v podobe viny, platna a mnoho dalsich (Buczek, 2012).

1.1.3 VYROBA A CHARAKTERIZACIA PYROGENICKYCH UHLIKATYCH

MATERIALOV

1.1.3.1 TERMOCHEMICKA PREMENA

Ako bolo vyssie spomenuté, materidly, zktorych sa PUM pripravuja
termochemickym procesom, st rozne. Organického, prirodného pévodu st napr. drevo,
raSelina, lignit, oleje, bambus atd. (Gonzalez-Garcia, 2018; Legrouri, 2005). Prekurzorom
syntetického poévodu st napr. pneumatiky (Legrouri, 2005; Wojtovicz, 2018). Procesy
termochemickej premeny su pyrolyza, splyfiovanie a spalovanie (Rodriguez, 2020).

Spalovanie je definované ako chemicka reakcia substancii za pritomnosti kyslika
sprevadzand generdciou tepla a svetla. Je to teda proces oxidac¢ny. V prvej faze dochadza
k strate vlhkosti, v druhej faze termicky rozklad casti obsahujucich uhlovodiky. Tretia
faza je samotné spalovanie a v Stvrtej faze sa spaluju tuhé zlozky (Glassman, 2014).

Splyriovanie je proces, pri ktorom sa tuhy material obsahujtci uhlik konvertuje na
horlavé plyny nedokonalym spalovanim, za obmedzeného pristupu kyslika. Je to teda

proces ¢iastocne redukény (Higman, 2008; Kaltschmitt, 2009).
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Pyrolyza je redukény proces, v ktorom sa prekurzory menia na cisty uhlik bez
pristupu  O» (Kaltschmitt, 2009). Ciastoénd oxidacia vSak mdze nastat vdaka
nesurodému zloZeniu prekurzorov, vzduchovym netesnostiam pyrolyzacnych
zariadeni atd. Mechanizmy procesu su rozne. Pyrolyza v pevnej faze prebieha vzdy
vpevnej faze so vSetkymi Struktirnymi zmenami zahfniajuce odstranenie
a premiestnenie atomov v pevnej mriezke, ktora zostdva pevna pocas celého procesu.
Pyrolyza v pevnej faze nedovoluje rekrystalizaciu a takyto materidl ma neusporiadana
Struktaru. Pyrolyza kvapalnej fazy, napr. dechtu rezultuje do organizovanych
grafitovych Struktar, oznacovanych ako anizotropny uhlik (Ouyang, 2013). Pyrolyza
plynnej fazy je zalozend na vzniku sadzi. Takzvany pyrolyticky uhlik, vysoko
grafitizovany material, sa produkuje depoziciou atémov uhlika z plynnej fazy (Marsh,
2006).

Teploty, pri ktorych prebieha pyrolyza st vrozmedzi priblizne 150 —900 °C
(Czajczyniska, 2017; Jouhara, 2018). Kompletna pyrolyza, po ktorej pevné rezidua
pozostavaju hlavne zuhlika sa nazyva karbonizdcia. Pomalym vzostupom teplot
0,1 -100 °C-s™, pocas niekolkych mintt az dni sa pripravuju PUM tzv. pomalou pyrolyzou
(Rodgriguez, 2020; Spokas, 2012). Pomalou pyrolyzou sa pripravuja produkty pevného
skupenstva. Pomalad pyrolyza prebiehajtica pri teplotach <300 °C je pomenovana ako
praZenie alebo torifikicia. Prazenie sa pouziva ak je potreba pripravit uhlie (tymto
procesom sa zvysuje jeho kalorickd hodnota), alebo ako predpripravny krok pred
chemickou tpravou (Kaltschmitt, 2009). Rychla pyrolyza sa vyuziva hlavne na tekutiny,
pretoze tepelne-chemické zmeny prebiehaju rychlejsie v tekutinach nez v pevnej faze.
Trva priblizne do 30 sekind. To sa vyuziva hlavne v laboratéornom meritku napr. pri
Studiu termochemickej konverzie pyrolyzovanych materidlov v hmotnostnej spektro-
metrii (Kaltschmitt, 2009). Extrémne rychlej pyrolyze (~1 s) sa niekedy hovori bleskovi
pyrolyza. Rychlost ohrevu pri rychlej pyrolyze sa pohybuje od 10 — 200 °C-s™' (Demibras,
2002) do >1 000 °C-s! (Spokas, 2012).

Pyrolyzu je moZné uskutoénit i pomocou mikrovin s energiou 180 — 650 W. Pod

N, atmosférou je mozné za 20 — 160 sekund ziskat PUM (Kostas, 2020).
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1.1.3.2 FYZIKALNA AKTIVACIA

Fyzikilna, alebo tepelnd aktivicia je ciastocne oxidacny proces, pri ktorom sa
v medziprodukte pyrolyzy alebo uz v pyrolyzovanom materidli zvySuje porozita.
Fyzikalna aktivacia je v podstate najstarSou metédou pripravy AC. Prebieha pri
teplotach >700 °C. Oxidacnym c¢inidlom je vodna para, CO2, vzduch resp. Oz (Aworn,
2008; Okada, 2003; Veksha, 2016; Zaini, 2020).

Ak by sa fyzikalna aktivacia udiala v jednej sekunde, je mozné rozlisit dva stupne
tejto aktivacie. V prvom kroku prebieha dezorganizacia (amorfizacia) substancie
podobnej dechtu a sticasne prebieha jej oxidacia s procesom otvarania porov. V druhom
kroku, uhlikové atdmy vytvaraju krystalické Struktary a pritom sa oxiduju. Stupen
fyzikalnej aktivacie je mozné stanovit stratou hmotnosti (Pallarés, 2018).
Vo vSeobecnosti, vyssi stupen fyzikalnej aktivacie koreluje s vy$Sou porozitou produktu.
To platilen do 40 — 50 % straty hmotnosti. Nad tymito hodnotami dochadza k destrukcii
pérov. Porozita zavisi od prekurzoru, teploty, dizky aktivaéného procesu a od vyberu
oxida¢ného cinidla. Oxidacia s CO, rezultuje do otvorenia poérov, vodna para skor
rozsiruje existujice pory. Oxidacné procesy zacinaji od priblizne 150 °C (Molina-Sabio,
1996).

V zavislosti od prekurzoru, oxida¢ného ¢inidla a teploty vznikaju na povrchu
rozne typy organickych funkcénych skupin, napr. karboxylové, laktony, fenoly,
karbonyly, karboxyly, anhydridy, cyklické peroxidy, étery, pyrony abenzopyrony
(Marsh, 2006). Teplota ma na pyrolyzu nasledujuci vplyv. Pri 100 °C zacina tvorba
aldehydov a ketéonov na tkor hydroxylovych skupin a stavaju sa dominantnymi pri
300 - 500 °C. Karboxylové skupiny st menej stabilné nez karbonylové, a aldehydy su
viac stabilné nez ketony. Zlucovanie kruhovych strukttr nastava v rozmedzi od 550 do

650 °C sprevadzané premenou alifatickych na aromatické kruhy (Zhang, 2020).
1.1.3.3 CHEMICKA AKTIVACIA

Chemickd aktivdcia spociva v zmieSani (impregnovani) prekurzora s prislusnym
roztokom cinidla. Najcastejsie pouzivané ¢inidla su ZnCl,, KOH, K,COs a H;PO, (da
Paixao Cansado, 2019; Xu, 1999). Pomer prekurzora (suchej masy) k ¢inidlu moze byt

rozny, napriklad od 1:0,5 do 1:3 (Marsh, 2006) alebo 10:9 (Xiong, 2020). Vo vSeobecnosti,
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so vzrastajucim mnozstvom cinidla rastie efekt aktivacie. Takyto stupenl impregnacie je
analogicky k stupnu fyzikalnej aktivacie z predchadzajtcej kapitoly (Rivera-Utrilla,
2011). Rozsah aktivacie je dany cinidlom, intenzitou mieSania, teplotou a trvanim
aktivacie (Marsh, 2006). Koncentrované roztoky cinidiel a prili§ dlh4 reakéna doba maju
vSak za nasledok kolaps porovitej struktary (Budi, 2016). Zmesi prekurzorov sa casto
najskor dokladne hnett kvoli rovnomernému procesu aktivacie. Aktivacia s ZnCl, pre

drevo vyzaduje 600 — 700 °C, pre KOH je to 850 °C (Marsh, 2006).
1.1.3.4 MODIFIKACIA

Porézna morfoldgia achémia povrchu definuji sorpcéné charakteristiky AC.
Cielom modifikdcie je upravit povrch tak, aby bol ¢o najviac selektivny k sorbovanej latke.
Modifikaciu je mozné uskutocnit oxidaciou, sulfuraciou, nitrogenaciou alebo fukncio-
nalizaciou koordina¢nymi zlticeninami, a to predovsetkym s cielom sorpcie kovovych
kationov na AC (Rivera-Utrilla, 2011).

Oxida¢nd modifikacia karbonizovaného materidlu nie je ten isty proces ako proces
aktivacny. Oxidaciu je mozné uskutocnit s H,O, alebo HNO; pri teplotach do 100 °C
pricom nastdva skor tvorba organickych funkénych skupin nez zvddSovanie
Specifického povrchu. Oxida¢nt modifikdciu sozénom je mozné povazovat za
tyzikalnu aktivaciu (Jaramillo, 2009; Ramaraju, 2014).

Sulfuracia povrchu s SO, alebo H,S moze mat deStruktivny efekt na pory, ale
zaroven sa znacne zvysuje sorpcna kapacita pre Hg?" (Calahorro, 1990; Rivera-Utrilla,
2011).

Nitrogenacia AC sa dosahuje posobenim plynného alebo kvapalného NH;. Tym
sa zvySuje polarita a bazicita (Zhi, 2019). Tieto AC st vhodné na katalytické tcely
(Figueiredo, 2010; Rivera-Utrilla, 2011). Yang (2014) vyuzil nitrogendciu a nasledne

redukciu povrchu BC, ¢im sa zviacsila kapacita pre Cu?.
1.1.3.5 NETEPELNA UPRAVA PRED A PO PYROLYZE

Pred a po priprave AC a BC je mozné uskutocnit mnoZzstvo tuprav. Pred tepelne-
chemickym spracovanim je mozné miesat prekurzory v réznych pomeroch, upravovat
ich vlhkost, primiesat anorganické soli atd. (Fristak, 2017; Ro, 2010). Mnozstvo

primiesavanych soli byva vacsinou ovela mensie nez mnozstvo cinidiel pri chemickej
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aktivacii. Anorganické soli takto pozitivne prispievaju k sorp¢nej kapacite AC a BC. Je
vsak potreba zvazit ich interakcie so sorbovanou latkou.

Po pyrolyze sa vysledny produkt taktiez moéze upravit impregnaciou napr.
roztokmi kovovych iénov pre zvysenie sorpcnej kapacity. Napriklad hydroxid Zelezity
vyzrazany na povrchu BC tcinne sorbuje arzén (Fristak, 2017). NajcastejSou poslednou
Upravou byva Cdistenie vodou pre odstranenie rezidudlneho prachu a cinidiel

(Hayashi, 2000; Simek, 1970). Prehl'ad vstupnych surovin, tiprav a aplikacii je na Obr. 1.2.

DREVENA BIOMASA NEDREVENA BIOMASA FOSILIE

DREVO A DREVENE ODREZKY [l RIASY, HNOJ, VYHNITY KAL POUZITE PNEUMATIKY LIGNIT, RASELINA, UHLIE

PREMYVANIE

NETEPELNA PREDUPRAVA / LUZENIE

MIXOVANIE

TEPELNE UPRAVY PYROLYZA AKTIVACTA MODIFIKACTA

UMYVANIE POTAHOVANIE
NETEPELNE UPRAVY

UHLIE PRE BC PRE : .
DOMACU POLNOHOSPO- AC PRE CISTENIE PITNYCH A ODPADNYCH VOD
SPOTREBU DARSTVO

s AC A BCPRE PRIEMYSELNE
m = ZEMINU A JET REDUKENE
REMEDIACIU CINIDLO
PREDAVOK BC DO
BETONOV
ELEKTRODY Z BC

Obr. 1.2 Vyroba AC a BC, priklady ich vyuzitia.

PRODUKTY A APLIKACIE
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1.2 TECHNECIUM, MOLYBDEN A TECHNECIOVA KRiZA

1.2.1 TECHNECIUM

Prvok 43 bol predpovedany v tabulke z periodickych vlastnosti Dimitrij
Mendelejevom. KedZe ho umiestnil ojedno miesto pod mangan, dal manganu
predponu eka (¢islo jeden v sanskrte). V rokoch 1828 az 1908 sa mnoho vedcov snazilo
tento prvok dokazat, avsak netispesne. V roku 1925 nemecky vedci Otto Berg, Ida Tacke
a Walter Noddack publikovali ¢lanok Dva nové prvky skupiny manganu a jeden z nich
(prvok 43) nazvali masurium (Noddack, 1925a, 1925b). V praci popisuju bombardovanie
mineralu kolumbitu zvazkom elektronov a udajny 43. prvok dokazali zo spektrogramu
rontgenovej difrakcie, na zdklade vztahu, ktory odvodil Henry Moseley. Z neho bolo
mozné vinové dizky emitovaného rontgenového Ziarenia priradit k atomovému ¢islu
prvku. Experiment sa im nepodarilo nikdy reprodukovat, a preto bol povazovany za
chybny (Zingales, 2005). Oficialny objav Tc je pripisovany talianskym vedcom Carlovi
Perrierovi a Emiliovi Segréovi. Pri tomto experimente v roku 1937 bola félia molybdénu,
poskytnuta E. O. Lawrencom (vyndlezcom cyklotréonu), bombardovana deuteréonmi
reakciami **Mo(d,n)**™Tc a **Mo(d,n)*Tc (Enghag, 2008).

Univerzita v Palerme, kde bolo Tc pripravené chcela, aby sa prvok nazval podla
latinského nazvu Palerma panormium. V roku 1947 bol nazvany technécium, nazov
odvodeny zo starovekej gréctiny texvntoc (technitds), ¢o znamena umely, synteticky.
Tc bol teda prvy prvok vyrobeny ¢lovekom vobec. Na Zemi sa vyskytuje v loziskach
uranovych rad a mineralov, kde vznikd spontannym Stiepenim uranu. Takto vznika
napr. *Tc, ktorého mnozstvo je priblizne 5-1071° g na 1 kg uranu. Vo vacsich mnozstvach
sa nachadza na Zemi ako kontaminacia z I'udskej ¢innosti. Tc bolo dokazané v spektrach
niektorych hviezd. Vsetkych, doposial znamych 37 izotopov je radioaktivnych.
V Tab. 1.2 stt uvedené niektoré ich charakteristiky (Magill, 2018).

Kratko po priprave Tc, v roku 1938 Emilio Segre v USA izoloval metastabilné *mTc
(Segre, 1938). *mTc zostalo vedeckou kuriozitou do roku 1950, kedy si Powell Richards
uvedomil potencial tohto izotopu v medicine. Richardsovi kolegovia Walter Trucker
a Margaret Green pracovali na vylepseni separa¢ného procesu *2I od materského 32Te,

ktory bol pripravovany v grafitovom vyskumnom reaktore. Pri tejto praci detegovali
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stopy kontamindcie, ktoré prislichali *mTc pochadzajaceho z*Mo (Ti2= 65,976 h).
V separacnom procese, ktory Trucker a Green pouzivali, sa molybdén eluoval hned za
telurom a na zaklade podobnosti paru '*?Te — 132], materského a dcérskeho radionuklidu,
Trucker a Greene vyvinuli molybdén — technéciovy generator vroku 1958. Prvé
komercné *Mo — *mTc generatory boli vyrabané v Argentine v roku 1967 (Karpeles,

1970; Richards, 1960, 1982; Stang, 1964).

Tab. 1.2 Zakladné charakteristiky vybranych izotopov Tc (NuDat 2.7; Magill, 2018).

Matersky nuklid T Typ premeny* | Dcérsky nuklid
9Tc 293 minut EZ: 100,00 % 9%4Mo
EZ: 100,00 % Mo
94mT, 2 mintt 4
¢ 52 min IT: < 0,10 % uTc
9%5T¢ 20 hodin EZ: 100,00 % 9%SMo
EZ: 96,12 % %Mo
95mT’ 61 dni .
¢ i IT: 3,88 % 9T
%Tc 4,28 dni EZ: 100,00 % %Mo
IT: 98,00 % %Tc
96mT, 51,5 mintt :
¢ it EZ:2,00 % Mo
97T 4,21-106 rokov EZ: 100,00 % 97Mo
IT: 96,06 % 97Tc
97mT’ 91 dni .
¢ i EZ: 3,94 % Mo
9%T¢ 4,2-10° rokov B-:100.00 % 9%Ru
9Tc 2,11-105 rokov B-:100.00 % 9Ru
IT:,63 % 9T¢
99mT: 6,0072 hodi :
c M T p0037% “Ru

fizotopom *Tc, “Tc, *Tc, %Tc prislichaji sprievodné premeny y
I ked sa uz bolo zname, ze *™Tc je vdaka svojim vlastnostiam (nizka toxicita,
vhodna doba polpremeny, velka variabilita valenénych stavov, emisia y foténov)
vhodnym diagnostickym radionuklidom, jeho vyznam vzrastol srozvojom gama
kamier. Prvi gama kameru zostrojil Hal Anger v roku 1957 (Anger, 1958). Vyznam
vzrastol o to viac, ked sa zistilo, Ze emitovana energia y-fotonov 142,68 keV je pre

detekciu pevnolatkovymi detektormi velmi vyhodna.
1.2.2 PRODUKCIA MOLYBDENU-99 V REAKTOROCH

V sticasnosti st najvacsimi dodavatelmi radioizotopov Curium (Franctzsko
a USA), MDS Nordion (Kanada), IRE (Belgicko), NTP (JAR), Isotop-NIIAR (Rusko),
ANM (Austrdlia). VacSina izotopov pouzivanych v medicine je produkovanych

niekolkymi vyskumnymi jadrovymi reaktormi (WNA, 2020).
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%Mo sa produkuje hlavne stiepenim tercov s 235U vo vyskumnych reaktoroch. Bud
sa vyuzivaju terce s vysoko obohatenym uranom (HEU) a zterov sa po oziareni
separuje Mo, a taktiez 3!. Alebo sa pouziva nizko obohateny uran (LEU). Ten sa
vyuziva v reaktoroch Opal, Safari-1, Maria. Mo modze byt pripraveny v jadrovom
reaktore podla reakcie *®Mo(n,y)*?Mo. Ziska sa vsak relativne nizka Specifickd aktivita
(maximalne 74 GBq-g™) v zavislosti od neutrénového toku. Pre porovnanie,
konven¢nou metddou Stiepenim urdnu (pelety s 235U) sa je mozné ziskat 185 GBq-g!

%Mo. Existuju aj iné metddy pripravy Mo (IAEA, 1999; WNA, 2020).
1.2.3 NEREAKTOROVA PRODUKCIA MOLYBDENU

Tc je mozné pripravit v malych mnoZstvach v cyklotronoch napr. reakciami
100Mo(p,2n)*™Tc (Schaffer, 2015), ©Mo(p,d)*"Tc a mnohymi dalsimi reakénymi
kandlmi (Lebeda, 2012). Na linedrnom wurychlovaéi napr. fotojadrovou reakciou
10Mo(y,n)®Mo s vysokoenergetickymi  rontgenovymi  foténmi  (Jang, 2017).
V budticnosti sa predpokladd vzrast vyuzivania tychto metdd pre pripravu *Mo resp.
9mTe. Produkcia tymito metddami je financne ndrocnejsia a dostupnost 1°°Mo je taktiez
obmedzena. Naviac, priama priprava *™Tc je spojend s koproduktmi, ktoré vznikaju
jadrovymi reakciami a ich naslednou separaciou od *Tc.

Spolo¢nost SHINE Medical Technologies v USA vyvija vlastnu technologiu
urychlovacovej pripravy Mo. Je zaloZend na urychlovadi zaloZzenom na neutrénovom
zdroji. V tomto zdroji koliduju iény deutéria s triciom a nastava fuzna reakcia za vzniku
vysokoenergetickych neutréonov a “He. Takto vzniknuté neutrény sa zrdzajua s atomami
uranu za vzniku Mo (SHINE, 2020).

V Kanade bol vladou spusteny Isotope Technology Accelerator Program, ktorého
ulohou je podpora nereaktorovych metdd pripravy Mo (Mang'era, 2017). V stcasnosti
sa spolo¢nost Canada Light Source Inc v Saskatoone venuje fotojadrovej priprave Mo
(Szpunar, 2013).

Spoloc¢nost NorthStar (USA) planuje stavbu urychlovacovej produkcie Mo z
10Mo. V stcasnosti spusta vylepSenie systému RadioGenix® (produkcia “Mo)

(Northstarnm, 2020).
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1.2.4 TECHNECIOVA KRIZA

Pojmom ,,technéciova kriza” je mozné oznacit obdobie, v ktorom dopyt po Tc je
vy$si nez je jeho ponuka. Medzi rokmi 2008 a 2016 mnohé incidenty na jadrovych
reaktoroch poukdzali na nespolahlivé dodavky medicinskych radionuklidov. Svetové
dodavky *Mo sa nahle ocitli zavislé na 5 reaktoroch. Vsetky vo veku od 49 do 58 rokov
(Goud, 2009).

Vroku 2009 Jadrova energetickd agentira (Nuclear Energy Agency (NEA))
zriadila odbornt skupinu pre Bezpec¢nost dodavok medicinskych radioizotopov (High-
level Group on the Security of Supply of Medical Radioisotopes) s cielom posilnit
spolahlivost dodavok Mo v kratkodobom, strednodobom a dlhodobom horizonte.
Vroku 2010 NEA vydala spravu (NEA,2010), v ktorej identifikuje nedostatky
a navrhuje niektoré zmeny. Vyvoj trhu mal vplyv na hospodarsku situdciu, ktora bola
neudrzatelnd. Ekonomicka Struktdra doddvok sa musela zmenit tak, aby prilakala
dodatocné investicie do vyrobnych kapacit, ako aj na potrebné rezervy. Sprava NEA
taktiez predpokladala nedostatok Mo v roku 2016. Cena ozarovania bola nastavena
prilis nizko aby si vyziadala nové investicie a celkovti podporu infrastruktiry. To, podla
spravy, malo mat vplyv na cenu, ktora v roku 2010 tvorila iba 1 % z ceny produktu.
Legislativne reguldcie taktiez branili v spolahlivych dodavkach. HEU by malo byt
obmedzované aj za cenu toho, ze pouzivanie LEU zniZi celkovu kapacitu. Metdda
Stiepenia tercov 2*°U je najspolahlivejSim vyrobnym prostriedkom, aj na vzdory tomu
vsak Kanada a Japonsko inklinuji k metédam na urychlovacoch (NEA, 2018).

Chronickému nedostatku Mo opét celil koniec roku 2017. Po navrate
juhoafrického reaktoru do prevadzky sa podarilo nedostatok zmiernit. V stcasnosti

ponuka Mo prekracuje dopyt (priblizne o 50 %) (WNA, 2020).
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1.2.5 PREHELAD METOD SEPARACIE TECHNECIA

S rozvojom metdd ziskavania Tc (hlavne medicinskeho *™TcO,") sa vyvijaja
aj metddy jeho ziskavania. V tejto kapitole je uvedeny prehlad metod separacie *™TcOy4
z vodnych a organickych roztokov.

KOLONOVA CHROMATOGRAFIA

V koldénovej chromatografii sa zmesi delia pocas pridenia na zaklade roznych
vlastnosti analytov voci staciondrnej a mobilnej faze.

Wojdowska (2015) studovala separaciu *™TcO," z velkého nadbytku Mo. Vyuzila
rozne naplne kolon. Na silne bazickom ionomeni¢i Dowex 1x8 sa zachytaval *™TcO,
zatial ¢o molybdénan pretekal s 2 M roztokom NaOH. Elacia *"TcO, sa potom
uskutocnila s tetrabutylaménnium bromidom v CH.Cl,. Percento extrakcie bolo
priblizne 78 %. Vodna zmes *"TcO;~ a MoO4?* (80 mg-dm™3) v prostredi 2 M NaOH sa
naniesla na kolonu s AnaLig® Tc-02. Mo pretekd a Tc sa zachytava. Z tohoto iénovo-
vymenného materidlu bolo potom mozné eluovat *"TcO,~ vodou. Percento extrakcie
bolo v tomto pripade priblizne 85 %. Inym prikladom je vyuzitie vodného dvojfazového
extrakéno-chromatografického systému s C18 kolénou. Tento materidl je potiahnuty
s PEG s molekulovou hmotnostou od 2 000 do 6 000 g-mol-!. Zmes Mo a Tc sa naniesla
v 3 M (NH,4),COs. Mo pretiekol. #mTcO4~ sa potom eluoval vodou. Percento extrakcie
bolo vypocitané priblizne na 82 %.

Na Dowex 1x8 je mozna separacia Re, Mo a Tc. Ako prvé sa z kolony eluuje Re(VII)
s 0,5 M NH,SCN pricom Mo(VI) a Tc(VII) zostavaju zachytené. Potom s 2,5 M NHsNO;
(alebo 0,5 M NaOH + 0,5 M NaCl - pri velkom nadbytku Mo) sa eluuje Mo(VI). Tc(VII)
sa nasledne z kolony vymyje 4 M HNO; (TrisKem, 2015a; 2015b).

9mTcOy4~ 0od Mo je mozné separovat na koléne naplnenej gélom molybdenosilikatu
zirkénia (ZrMoSi). V tomto pripade ZrMoSi bol pripraveny pouzitim stopového
mnozstva *?Mo. Z takto pripravenej naplne *?Mo/*™Tc generatora sa *™TcOy4 eluoval
0,9 % NaCl za vytazku cca 82 % pri molarnom pomere Zr:Mo:Si 0,5:0,5:1 (Mostafa, 2016).

Quazi (2011) pripravili 1 g hydratovaného TiO,, na ktory sorbovali ®Mo. Eltciou
s fyziologickym roztokom NaCl ziskali *™TcO," s ti¢innostou eltcie okolo 87 %.

9mTcQy je mozné ziskat eltciou kolony, v ktorej je molybdén sorbovany na MnO..

Vytazok elucie s destilovanou vodou je medzi 70 - 78 % a s 0,9 % NaCl bol vacsi nez
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80 % (Meloni, 1968; Serrano-Gémez, 2002). Dalie sposoby separacie Tc od Mo st na
silikagéli (Maki, 1971), na hydrotalcite (Serrano, 2002) atd..

TEVA® Resin a WEBEC Resin su extrakéno-chromatografické materidly, na
ktorych je mozné oddelit Tc od Re, Pu, Th ¢i U. TEVA® (TEtraValent Actinides) Resin
obsahuje kvartérnu amoéniovt sol Aliquat® 336, kde alkylové skupiny st zmesou
oktylov a decylov. Separacia Tc a Re prebieha zriedenou HCl alebo HNOj; pricom
9mTcQy sa zachytava a Re preteka kolénou. *mTcO4 sa potom ziska 8 — 10 M HNOs.
WEBEC (Weak Base Extraction Chromatographic) Resin obsahuje Alamine® 336
(trioktyldecylamin). Je mozné na niom oddelit Tc od Pu, Tc od Pu, Th a Np alebo zmes
Tc s U. ®mTcO4 sa v tychto pripadoch eluuje na koniec s 1 M NH; (TrisKem, 2015a;
2015b).

Ding (2020) a kolektiv ukazali, ze Tc a Re v oxidacnom stave IV a VII je mozné
sorbovat z vodnych roztokov pomocou viologénov syntetizovanych do cyklov. Tieto
cykly st kladne nabité a idnovou vymenou zachytavaju Tc a Re z roztoku. Kapacita
tohoto materialu pre sorpciu Re(VII) bola 444 mg-g*.

KVAPALINOVA EXTRAKCIA

Rozdelenie zmesi analytov mozné konvencnou kvapalinovou extrakciou alebo
pouzitim vodnych dvojfazovych systémov (ABS). Skuridin (2010) vyvinuli maly
extraktor (12 x 3,5 cm), v ktorom cyklicky extrahovali *mTcO, z vodného roztoku do
etylmetylketonu s vytazkom extrakcie 80 %. Iny extrakény modul je mozné najst v praci
Martini (2019).

Setiadi (2019) extrahovali z vodnej fazy *™TcO4 v zmesi s MoO4?~ do iénovych
kvapalin 1-oktyl-3-metyl-benzyltriazolium bromidu a kvapalin 1-oktyl-3-metyl-
benzyltriazol-bis(trifluorometansulfonyl) imidu v pritomnosti butanolu, etylacetatu a
chloroformu. Hodnoty distribu¢nych pomerov st vsak viac nez 7-krat mensie nez pri
extrakcii do etylmetylketonu.

Dalali (2007) pouzili kationovy tenzid hexadecyltrimetylaménnium bromid
(cetriméniumbromid) na exktrakciu *™TcO," z prostredia silnych anorganickych kyselin
s koncentraciami od 0,1 az 4 M. Zistili, Zze sich vzrastajucou koncentraciou klesa

ucinnost extrakcie do organickej fdzy. Mechanizmus extrakcie je idnovo-vymenny.
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0,5M trioktylamin v cyklohexdne sa extrahuje *™TcO,  zo zmesi s MoOs*
v 105 M HCL. Ziskal sa distribu¢ny pomer 50 970 pre Tc a pre Mo 0,0002. (Maiti, 2010).

Kyselina di(2-etylhexyl) fosforecna (HDEHP) je taktieZ vyznamnym extrakénym
¢inidlom Tc (Macasek, 1998). Parker (2018) extrahovali Tc(IV) z roztoku hydrogénuhli-
¢itanu. V tomto roztoku, kde anién komplexu TcO(OH)SOs sa extrahuje jednou
molekulou HDEHP (alebo dimérom anionu HDEHP). Extrahovanu formu technécia
preto autori aj podl'a Specia¢ného diagramu povazuja TcO(OH)*.

ABS su alternativou ku klasickym kvapalinovym extrakcidam. Pouzitim
polyetylénglykolu sa ziskalo *"Tc z **Mo(n,y)*Mo. Vyhoda spociva v pouziti iba
vodného roztoku, ¢im sa ulahcuje spdtné ziskavanie Tc oproti organickym
rozpustadlam. Zna¢na nevyhoda je vo vymyti *=Tc, ak by sa mal pouzit extrakény
generator. Na druhej strane je mozné takéto cinidla ukotvit na pevnom nosici (ABEC
Resin) (Rogers, 1996).

Dalsimi extrakénymi ¢&inidlami kvapalinovej extrakcie Tc st napriklad 4-(5-
nonyl)pyridin (Igbal, 1974), Tc(VII) s metylénovou modrou do nitrobenzénu (Bhatia,
1989), crownéter 2,3,11,12-dibenzo-1,4,7,10,13,16-hexaoxacyklooktadeka-2,11-dién zrie-
deny v nitrobenzéne (Minh, 1989), calix[4]arénbis(crown-6) (Thuéry, 2000) atd’.

SUBLIMACIA, DESTILACIA A TERMOCHROMATOGRAFIA

Sublimacna metdda delenia *™Tc a ®Mo napr. z masy ziskanej Stiepenim uranu
spociva v roznej volatilite oxidov Mo a Tc. Zahrievanim zmesi tychto dvoch prvkov
sposobuje sublimaciu Tc,O;, ktory je viac prchavy nez MoO; (Boyd, 1982; Hallaba, 1975;
Zsinka, 1987). Sublimacné generatory sa kedysi pouzivali v centralizovanej vyrobe *Tc
v Austrdlii, avSak vytazky boli malé, 20 —25 % (Boyd, 1982). Optimalizdcia procesu
neskor vyustila az k ~50 % vytazkom zahrievanim na 850 —890 °C (Gerse, 1988;
Steigman, 1992).

Destilaciou je mozné oddelit ReO,~ od redukovaného *™TcOs v zmesi
z prostredia H,SO, a HCl pri 180 °C. V tychto podmienkach Re prechddza do destilatu
aTc zostava vroztoku. Inou procedurou je mozné najskdr redukovat TcO4
hydroxylaminom. Ciasto¢na separacia ®mTcO,~ od ReO, je moZna z prostredia kyseliny

chloristej, pretoze prva frakcia je obohatenda o Tc. Vdaka znacnému rozdielu tlaku
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nasytenych par HTcO, a HReO, je mozné Tc takmer kvantitativne oddelit od Re
(Schwochau, 2008).

Termochromatografiou st volatilizované zlozky zo zmesi transportované pozdiz
kolony v teplotnom gradiente. V zavislosti od teploty sa jednotlivé zlozky deponuji na
roznych miestach (Domanov, 2002). Termochromatografiou bolo tispesne separované
“#mTe od #*MoQOs (Rosch, 1994).

ZRAZANIE

Gumiela (2016) sa vo svojej praci venovala separdcii paru #mTc/1®Mo zrazanim.
Kovovy molybdén bol rozpusteny v3,5MHNO; andasledne knemu pridali
generatorovy roztok #mTcOy. ZraZanim s molybdénanom aménnym v prostredi H;PO,
sa vyzrazal H;PO,12 MoQ;. Ten bol odfiltrovany a filtrat so zostatkovou koncentraciou
Mo <300 pg-cm= bol alkalizovany. Jeden podiel sa dodistil na pevnom extraktante
AnaLig® Tc-02. Druhy podiel filtratu na pevnom extraktante HyperSep™ C18
potiahnutom PEG-2000. Percento eltcie v oboch pripadoch bolo viac ako 96 % *mTc.
V druhom experimente pouzili skutocne pripravené *mTc na cyklotréone reakciou
100Mo(p,2n)*mTc. Percento elticie vsak bolo uz len ~50 %.

Z prostredia 4 M HC1 alebo 8 M H,SO, je mozné Tc vyzrazat v podobe Tc,S;.
K takymto roztokom sa priddva bromova voda, ktora udrzuje oxidacné cislo Tc na
hodnote VII+. ZraZanie je rychle pri zvySenej teplote. Ak je v roztoku i Re alebo Ru, je
potrebné zaradit dalSie separacné kroky. Zo zasaditého prostredia je mozné vyzrazat
TcO, chloridmi tetrafenylarzénia alebo tetrafenylstilbonia (Garimella, 2019).

ELEKTROCHEMICKA SEPARACIA

Zmes kovovych iénov, ktoré maju adekvatne rozdielne elektrochemické
potencialy je mozné oddelit elektrodepoziciou na povrchu elektréd. Touto metodou je
mozné oddelit matersky nuklid Mo od dcérskeho *™Tc pri konStantnom potencialy
5V za 50 minut, v roztoku NaOH (pH 13) (Chakravarty, 2012). Elektrodepozicia nie je
efektivna pri koncentrdciach vacésich, nez su stopové. Stopové mnozstvo TcO, sa
podarilo deponovat na platinovej elektréde pri pH 2,8 v zriedenej H,SO, a potencidli —

0,8 V (Garimella, 2019).
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ODSTREDOVANIE V PROTIPRUDE

Proces polo-protiprudovej extrakcie prvkov v dynamickych podmienkach bol
popisany uz v roku 1951 (Kies, 1951). Ak je na zaciatku procesu delena zmes vo vodnej
taze, je mozné ziskat menej extrahovatelné zlozky s rasttcou cistotou, ale stcasne so
znizujucim sa vytazkom. V rovnakom case, viac extrahovatelné zlozky dosahujua
koncentra¢né maxima prave v opacnom smere, na zaciatku extrakéného procesu.
Pre separaciu kratkozijucich radionuklidov je Zziadtce, aby takyto proces bol ¢o
najrychlejsi. Ztoho doévodu bol vyvinuty polo-protiprudovy extraktor s nutenou
separaciou faz v odstredivom silovom poli (Obr. 1.3). Tato metdda umoziuje oddelenie
“Mo a *mTc. Vyhodou je, Ze je mozné oddelit izotopy Mo a Tc bez ohl'adu na vstupny
material. Rychlost odstredenia sa pohybuje vrozmedzi 2 000-2500 rpm. Tok
organickej fazy je 600 — 1 000 ml-h-, pricom percento extrakcie dosahuje 95 %. Takto sa
ziska *™Tc behom 5 az 10 minut. (Filyanin, 2017).
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Obr. 1.3 Prierez jednoduchym dvojstupniovym odstredivym extraktorom. 1 — vyvod,
2 — rotujtce puzdro, 3 — stratifikacna komora premyvania, 4 — priestor prietoku I'ahkej fazy
z jedného do druhého stupnia, 5 — angularne mieSadlo premyvania, 6 — zmiesavacia komora
premyvania, 7 — stratifikacna komora extrakcéného stupnia, 8 — miesadlo extrakcéného stupnia,
9 — zmieSavacia komora extrakéného stupna, 10 — centralna trubka, 11 — odvod a privod
premyvacieho roztoku, 12 — prstencova drazka, 13 — prstencova medzera premyvacieho stupna,
14 — prstencova priecka, 15 — prstencova medzera extrakéného stupnia.

1.2.6 SEPARACIA A SORPCIA TECHNECIA NA PUM

AC je mozné vyuzit ako sorbent pre separaciu *"TcO, z roztoku Mo ako
alternativa k extrakénym chromatografickym metédam. Jang (2017) vo svojej praci

pripravili Mo na linearnom urychlovaci fotojadrovou reakciou Mo(y,n)*Mo
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vysokoenergetickych rontgenovych foténov. Ako terc vyuzili o 1Mo obohateny MoQs.
Oproti kovovému Mo ma MoO; ti vyhodu, ze sa ahko peletizuje a rozpusta. Po 7-
dilovom ozarovani syntrovanu peletu MoOs rozpustili za mierne zvysenej teploty
v ekvimolarnom zasaditom roztoku. Prebehla reakcia Mo[*Mo0]O; + 2NaOH —
— Na;Mo[*Mo]Os + H,O. Takto ziskany neutralny roztok davkovali na kolénu s AC,
pricom eluat recirkuloval dovtedy (Obr.1.4A), kym aktivita “Mo neklesla na
pozadovant hodnotu. Na AC sa selektivne sorbuje *™TcO,-, pricom *Mo prechadza do
roztoku. Je to proces opacny nez pri aktivovanej alumine, na ktorej sa Mo zachytava
a #¥mTcO4 prechadza do eluatu. Koléna sa premyla vodou a potom NaOH. Nasledne
eltciu #mTcO,~ uskutocnili vodou. (Obr. 1.4B). Na odstranenie kationov Na* pouzili
silne kysly menic¢ katiénov ateplom aktivovant aluminu v tandemovom zapojeni.
Takto sa ziskalo 290 % **mTcOy . Tento nazvali ,, Technecium Master Milker” (Jang, 2017;

Tatenuma, 2016).

H,0(l) & NaOH(aq)

50 mL 15mL
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Obr. 1.4 Schéma selektivnej separacie **"TcOs~ od MoOs (Jang, 2017).

Z kvapalného nizko-aktivneho radioaktivneho odpadu je mozné ziskat *™TcO4
vyuzitim AC, ktorého povrch je modifikovany nanocasticami MnO, anasledne
suspendovany v 4 M HNOs. Tymto spdsobom sa podarilo sorbovat z roztoku viac ako
97 % *=TcO4~ (Abdellah, 2020).

Dalsou vyhodou AC, okrem porozity, je kladne nabity povrch. Z toho dévodu, by
ho bolo mozné vyuzit aj ako jednu z bariér alebo ako aditivum multibariérového

systému hlbinného uloziska radioaktivneho odpadu (Makarov, 2021). Aniény su
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v geosfére pohyblivé. Deje sa to anionovou exkluziou, ¢o je dosledkom povahy matrice
geosféry. Bentonity, ako sorbenty kladne nabitych iénov st vtomto koncepte
nenahraditelné, avsSak pre aniény su priepustné. Bentonity spravidla obsahujua
montmorillonit, ktorého ,edge sites” v kyslom prostredi (pH>3-4) v dosledku
protonizacie maju kladny naboj s protiionom totoznym s kyselinou pouZzitou na tipravu
pH. Moze dochadzat k zachytu anionov mechanizmom idnovej vymeny. Avsak
v pripade pouzitia bentonitu ako bariéry v tlozisku, tak nizke pH prakticky
neprichddza do uvahy adochddza kzachytu iba katiénov, eventudlne k zachytu
mechanizmom tvorby povrchovych komplexov. Aniony, kationy a neutralne molekuly
teda difunduja réznymi cestami. AC by mohol byt jednou z alternativ k cementom pre
sorpciu aniénov, napr. *mTcOy4 (najbeznejsia chemicka forma Tc), '*°I-, alebo katiénov
kovov v podobe aniénovych komplexov ((fernjz, 2002; Muurinen, 1994).

Sorpcii TcO4~ na BC pripraveného z bambusu Acidosasa edulis je venovana praca
Hu (2016). Zistili, Ze mnozstvo sorbovaného TcO,~ zavisi od teploty pyrolyzy. Najvacsie
mnozstvo TcOy, resp. nosica ReO, (46 mg-g™) sa dosiahlo vtedy, ak bol bambus
pyrolyzovany pri 700 °C. Pri nizsich teplotach bolo i mnoZzstvo sorbovaného Tc mensie.
Z rovnakého bambusu pripravili autori kompozit s nanocasticami ZnO. Kapacita sa
vSak oproti predoslej vzorke znizila na 26 mg-g™! (Hu, 2020). Podobnu zavislost od
teploty je mozné ndjst v praci Rodriquez (2020).

Rajec (2016) vo svojej praci charakterizoval vzorky biouhlia pochadzajice
z rdznych zdrojov. Sorpcia TcO4™ tu prebieha vo vSetkych pripadoch v kyslej oblasti pH,
mechanizmom iénovej vymeny.

Li (2019) a kolektiv sktimali sorpciu TcO,~ na granulovanom AC vsadzkovou
metodou z roztoku podzemnych vod. Pri okysleni vod na pH 3 sa dosiala kapacita
28,4 mg-g! ahodnoty hmota hmotnostného distribu¢ného pomeru bola priblizne
105 ml-g~. Autori pouzili pre identifikaciu chemickej formy Tc techniku XANES (X-ray
absorption near edge structure) s vyuzitim sofistikovanych funkcii fitovania spektra.
Skiimanim spektra dosli k zaveru Ze v roztoku podzemnych vod pri danej hodnote pH
je pritomna iba forma TcO,".

Guo (2019) syntetizovali aktivovany uhlik s polypyrrolom. Vznikol tak materidl,

ktory sa pomocou elektrického prudu polarizoval a poskytol tak sorpcné miesto pre
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ReOy~. Autori vo svojej studii tvrdia, Ze sorpcia prebehla kompletne za 60 s s excelentnou
selektivitou z vodného roztoku. Neuvadzaja vSak voci akému alebo akym prvkom bola
tato selektivita skiimana.

Tim autorov v praci Park (2018b) popisuje, ze modifikacia praskového AC
oxidaénymi c¢inidlami (H.O,, HNO; a KMnOy4) mierne znizila hodnoty D; TcOs
(10*-10°ml-g') oproti povodnej, nemodifikovanej vzorke. Naopak, posobenie
redukénych cinidiel (SnCl,, NH,OH-HCl) mierne zvysilo hodnoty Dg. Naproti tomu
Popova (2013) zistila prave opak. Pre vychodiskovt vzorku AC sa dosiahla hodnota Dy
TcO4 rovna 4-10* ml-g™, pre tato vzorku s oxidovanym povrchom takmer 6-10* ml-g-1.

Dalsie porovnanie s existujucimi vyskumami je priebeZne komentované

a citované v experimentalnej Casti tejto prace.
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2 EXPERIMENTALNA CAST
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2.1 MATERIAL A METODY

2.1.1 PRiPRAVA PUM

Prekurzorom pre pripravu AC-A, AC-B, AC-C a AC-E bola zvolena vlaknita
celuloza ziskana z SCP Papier, a.s. (Ruzomberok, Slovenska republika). Vzorka AC-A
predstavuje kontrolnt vzorku (bez tpravy). Vzorka AC-SC je produktom Ustavu
polymérov Slovenskej akadémie vied pod komerénym nazvom SEPARCOL, SARB-Seal.
Tato kontrolnd vzorka sltzila ako vychodiskovy materidl pre pripravu AC-SCi, AC-F
a AC-G [PUBLIKACIA TalV]. Pyrolyza vzoriek AC bola vykonana v uzatvorenej
nadobe v elektrickej peci (MLM Elektro, Bad Frankenhausen, Nemecko).
Vychodiskovou surovinou vzoriek BC bol bambus Phyllostachys viridiglaucescens. BC-A
predstavuje kontrolnt vzorku, pripravu vzoriek typu BC je mozné ndjst v pracach
(Viglasova, 2018a, 2018b). Priprava AC a BC je zhrnuta v Tab. 2.1.

Tab. 2.1 Stru¢ny prehlad pripravy a apravy AC a BC, merné povrchy.

vzorka Priprava a iprava Seer (Mm2-g1)
1 AC-A vlaknita celuldza, 1 h pyrolyza pri 700 °C, premytie, susenie 110 °C 337
e . o . , o .
” AC-B vlavkn%ta ce.lulozoa, 20 % ZnCl, suSenie, 1 h pyrolyza 530 °C, premytie, 759
susenie pri 110 °C
vlaknita celuldza, 25 % hortci etanolovy roztok H;BOs, susenie, 1 h
4 AC-C , . o . . . 466
pyrolyza pri 530 °C, premytie etanolom, suSenie
vlaknita celuldza, 1 h pyrolyza pri 530 °C, 10 % FeCl; + kvapky 10 %
5 AC-E - . v . . 157
NHjs(l), filtracia, premytie, susenie pri 110 °C
6 AC-SC  SEPARCOL, CARB-Seal, IMC-T-00-00003-Upo, Ustav polymérov SAV 632
7 AC-SCi  AC-SC oziarena za sucha 12 MGy vy %Co -
8 AC-F AC-SC, 15 minutovy var s 68 % HNOs, premytie, susenie pri 110 °C 644
9 AC-G  AC-5C, 15 minttovy var s 10 % NaS;0Os, premytie, suSenie pri 110 °C 942
bambus rozsekany, premyty, vysuseny 5 h 65 °C, pyrolyza 460 °C 2 h v N,
10  BC-A . . L 3
sitovanie 0,5 — 1 mm, susenie
1 BC-B bambus rozsekany, premyty, vysuseny 5 h 65 °C, impregnacia 40 g/60 ml, 75

3,28 M MgCl, 2 h, pyrolyza 460 °C v Ny, sitovanie 0,5 - 1 mm, suSenie
Phyllostachys viridiglaucescens rozsekany, premyty, vysuseny 5 h 65 °C,
12 BC-C impregnacia 40g/60mL 2,47 M FeCl; 2 h, pyrolyza 460 °C v N, sitovanie 7
0,5 — 1 mm, suSenie
suspenzia 10 g bambusu + 2 g K10 montmorillonit, susenie 24 h pri 80 °C,
pyrolyza 420 °C 2 h v N,, sitovanie 0,5 — 1 mm, suSenie
DDGS (Dried Distillers Grains with Solubles) — susené liehovarnicke
14 BC-E vypalky s rozpustnymi zlozkami, premyté, vysusené 5 h 65 °C, pyrolyza 0,5
460 °C 2 h v N,, sitovanie 0,5 — 1 mm, suSenie

13 BC-D 29
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2.1.2 CHARAKTERIZACIA PUM

2.1.2.1 FYZIKALNA ADSORPCIA DUSIKA

VSeobecne pouzivanou metddou ziskavania adsorpénych dat je adsorpcia
niektorého zinertnych plynov pri nizkej teplote, t.j. v podmienkach zarucujicich
fyzikdlnu adsorpciu. InStrumentalne najrozsirenejsia je adsorpcia dusika pri normalne;j
teplote varu kvapalného dusika (-196,15 °C). Hodnoty pre vzorky AC a BC boli ziskané
meranim zmien objemov plynov pri danych rovnovaznych tlakoch (volumetricka
metdda).

Kvoli reprodukovatelnosti adsorpénych dat sa pred meranim vzorky odplynovali
vo vakuu pri teplote >100°C. Vzorky AC boli merané na pristroji ASAP 2400
(Micrometrics, Gosford, Australia), vzorky BC boli merané na NOV A 1200e Surface Area
& Pore Size Analyzer (Quantachrome Instruments, Boyton Beach, FL, USA). Meral sa
rovnovazny tlak p a tlak nasytenych par p,. Okrem adsorpcnej vetvy izotermy, t.j.
merania rovnovaznych bodov adsorpcie pri postupnom zvysovani relativneho tlaku N,
od p/po =0 po p/po = 1, sa merala desorpcna vetva izotermyj, t. j. po nasyteny vzoriek AC
dusikom pri relativnom tlaku p/py = 1 sa ziskali rovnovazne body pri postupnom
znizovani tlaku N, do priblizne p/py = 0,3. Pristroje sa pred meranim kalibrovali na

vzduch.
2.1.2.2 ELEKTRONOVA MIKROSKOPIA S VYSOKYM ROZLISENIM

Strukttra vzoriek AC bola analyzovana transmisnym elektrénovym
mikroskopom s vysokym rozlisenim (HRTEM) JEOL JEM-2000FX (Tokio, Japonsko).
Kazda vzorka bola merana opakovane, za kazdym sinou tzv. extrakénou castou.
Z kazdej vzorky bol vybrany jeden reprezentativny snimok. Origindlny obrazok bol
potom podrobeny priestorovej frekvencnej analyze pouzitim dvojdimenziondlnej
rychlej Fourierovej transformdcie (2DFFT) pouzitim volne dostupného softvéru Image]J
s inStalovanym FFT filtrom (National Institute of Health, Bethesda, MD, USA).

Struktira BC bola analyzovana skenovacim elektrénovym mikroskopom
s emisiou pola (FESEM) typu TESCAN MIRA 3 (Oxford Instruments, Abingdon, UK)

vybaveny detektorom energeticky disperznej rontgenovej spektroskopie (EDX).
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2.1.2.3 XRD, XRF A EDX

Rontgenova difrakéna analyza (XRD) je technika rozptylu rontgenového Ziarenia
pouzivana pre charakterizaciu materidlov. Na meranie vzoriek AC bol pouzity
Empyrean (PANalytical, Malvern, UK) difraktometricky systém s nasledujacimi
parametrami: kobaltova andda, ktorej prislticha vinové dizka s prechodom na K hladinu
Ka 0,1790307 nm, napatie 40 kV a prud 40 mA.

Na prvkovu identifikdciu povrchu boli pouzité rontgenova fluorescencia (XRF)
a energeticky disperzna rontgenova spektroskopia (EDX). Na ziskanie XRF spektier bol
pouzity spektrometer NITON XL3t 900Analyzer s GOLDD Technology (Thermo
Scientific, Waltham, MA, USA). Pred meranim bol pristroj zapnuty minimalne 15 mindt.
4 um tenka folia (3252 ULTRALANE?®, Spex SamplePrep, Metuchen, NJ, USA) sa
poloZzila na jednu stranu plastového kruhu (SC-4331, Premier Lab Supply, USA).
Vonkajsim krizkom bola folia natiahnuta a upevnena ku kruhu. Vzorky boli nasypané
do vzniknutého nastavca aten sa polozil do drziaka nad detektor. Spektra boli
vyhodnotené Sablénou ,, XRF analyzator, 09.09.2016.x1t” a vykreslené v programe Origin
9.5.1. Porovnavanie experimentdlnych hodnot bolo uskutocnené s kniznicou
NIST (2020). Pre EDX analyzu sa pouzil pristroj TESCAN MIRA 3 (Oxford Instruments,
Abingdon, UK).

2.1.2.4 INFRACERVENA SPEKTROSKOPIA

Infratervenou (IC) spektroskopiou boli skiimané funkéné skupiny na povrchu
vzoriek na Nicolet 6700 FT IR spektrometer (Thermo Scientific, Waltham, MA, USA)
s ATR technikou v rozmedzi vlnoétu 4000 — 650 cm™. Priemer dat bol ziskany zo 64

skenov a spektra boli upravené o pozadie.

2.1.2.5 POTENCIOMETRICKE TITRACIE, POVRCHOVO-KOMPLEXACNE MODELY

A SPECIACNA ANALYZA

Povrchovy naboj je jednym z dolezitych parametrov PUM. Zistuje sa potencio-
metrickymi titraciami. Do PE nadobky sa navazilo 0,2 g kazdej vzorky. Tie potom boli
suspendované magnetickym miesadlom v 50 ml 0,1 mol-dm= NaNQO; (p.a., Penta s.r.o,
Praha, CR) kvdli zachovaniu konstantnej i6novej sily. Pred kazdou titraciou sa tato

suspenzia mieSala minimalne 30 minut kvoli vytvoreniu rovnovahy medzi tuhou
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a kvapalnou fazou. Nadoba so vzorkou sa polozila do sklenenej nadoby titracnej stanice
TitraLab® 845 (Hach Ireland, Little Island, frsko) s titracnym manazérom TIM845. Cez
bajonet sklenenej nadoby sa vlozia PHC2401-8 kombinovana Red-Rod pH elektroda
(Radiometer Analytical, A Hach company, Little Island, frsko) a trubica cez ktoru sa
roztok prebublaval N»,. Samotna titracia sa uskutocnila s 0,1 mol-dm= NaOH (p.a., Lach-
Ner Ltd., Neratovice, CR) a po druhé s rovnakym mnozstvom vzorky s 0.1 mol-dm™3

HNO; (65 %, Lach-Ner Ltd, Neratovice, CR). Ziskal sa tak zdznam titracie v rozpati od

pH 3 do 10.
PH > pHpzc o Do
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Obr. 2.1 Sorpcéné mechanizmy kovov a organickych latok na povrchu biouhlia (Wang, 2020).
Predstava sorpénych mechanizmov na povrchoch AC aBC je r6zna, meni sa
v zavislosti od druhu PUM, jeho pripravy a tpravy a samozrejme od druhu katiénu,
aniénu alebo organickej latky, ktord sa na povrch sorbuje. Na Obr. 2.1 (prevzaty
z Wang, (2020) je zhrnuta predstava niektorych moznych mechanizmov na povrchu BC.
Pre AC budu platia podobné mechanizmy. Pomocou titracie je mozné zistit parametre
povrchovych funkénych skupin (vid nizsie) a vhodny typ povrchovo-komplexacného
modelu popisujuci dany systém.
Teoretické, povrchovo-komplexa¢né modely boli vytvorené pre popis reakcii

na povrchu filosilikatov (Stamberg, 2016), avsak st velmi dobre pouZiteIné i na popis

povrchovych reakcii na PUM (ako vidno z Obr. 2.1). Tieto modely predpokladaja dve
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grupy funkénych skupin. Prvad skupina ,layer-sites” st miesta s permanentnym
nabojom na povrchu (u filosilikdtoch vznikaju izomorfnou substiticiou prvkov
v krystalickej Struktare). Oznacuji sa symbolom =X-. Druhou skupinou su tzv.
,edge-sites” (=SOH). St zavislé od pH. Pri protonizacii (pH < 7) z=SOH° vznika =SOH>*,
pri deprotonizacnom procese =SOH? — =50~ (Lutzenkirchen, 2006). Povrchové skupiny
mozu vstupovat do koordinacnych sfér, mechanizmom tzv. povrchovej komplexacie.
Existuju tri zakladné modely povrchovej komplexacie (Filipskd, 2005; Kroupova, 2005)
- neelektrostaticky model chemickej rovnovahy (CEM), model konstantnej kapacitancie
(CCM) amodel dvojitej difaznej vrstvy (DLM). Pre PUM boli zvaZené len CEM
a ionovo-vymenny model (IEXM).

Titracna krivka moze byt popisana dvoma protonizacnymi rovnicami (1) a (2)

a jednou rovnicou popisujiicou ionova vymenu (3).

=SO- + H* <> =SOH? 1)
=SOH" + H* <> =SOH,* @)
=XNa + H* <> =XH + Na* 3)

kde =50O-, =SOH° a =SOH,* su symboly pre ,edge sites”, =X~ pre ,layer sites”.
Rovnovazne konstanty tychto reakcii K, K; and K,y st dané rovnicami (4) — (6).

[SOH?]

1~ [so-n-] @
_ _[sonz]
Ko = [SOHO][H*] ©)
_ [XH][Na*]
€X 7 [XNa][H"] ©)

Naébojové bilancie pre , layer sites” a ,,edge sites” s nasledovné:
¥ SOH = [SOH] + [SO~] + [SOH]] @)
> X = [XH] + [X~] = [HX] + [XNa] 8)
Samotny proces modelovania prebieha nasledovne. V i-tom bode titra¢nej krivky
je celkova hustota povrchového naboja (Qel)i rovna sume nabojovej hustoty na , layer
sites” (Qvs)i a na ,,edge sitest” (Qes);, ¢ize (Qeal)i = (Qes)i + (Qrs)i. Hustota naboja je funkciou
pH, preto je mozné vypocitat (Qes)i a (Qrs)i nasledovne:

% SOH? (K; Ky [H*]?+1
- ( i

(Qes)i = KKy [HT 2 4+K [H+]+1 ©)
__ Ix[Na']

Qus)i = RarrieeinT (10)
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Experimentadlnu hodnotu néboja povrchu v i-tom bode titracnej krivky je mozné
vypocitat podla rovnice (11).

_ Vi(Cai—Cpi+[OH™];=[H'];)

(Qexp), = (11)

mj

kde Vi je celkovy objem kvapalnej fazy, mi je hmotnost pevnej fazy, Cai a Cvi su
koncentracie kyseliny a zasady v kvapalnej faze pocas titracie. Celkovy objem kvapalnej
fazy pri tirdcii V; sa ziska nasledovne:

Vi = Vg + Vigr + Vou- (12)
kde Vj je celkovy objem kvapalnej fazy, Voy- a Vy+ st spotreby objemov pri titraciach.

Koncentracie Ca,i a Cbi je mozné vypocitat podla nasledujicich vztahov:

Ca,i=—v“+V'C“C‘ [mol - dm™~3] (13)
0

C _w[ 1-dm=3 14
bi = v mol - dm™] (14)

pricom cua a cneon st analytické koncentracie zdsobnych roztokov kyseliny a bazy v
mol-dm-3.

Ak sa hladaju K;, K;, Key, SOH a )X, potom moze byt pouzita viacrozmerna
regresna procedura. Vypocet bol uskutoéneny kédom P46DNLRG.fm v programe
Famulus (Dvotdk, 1993). Koéd obsahuje Gausovov-Newtonov algoritmus (nelinearne
najmensie Stvorce). Ako kritérium dobrého fitu bolo pouzité WSOS/DF, vazena suma
Stvorcov rozdielov vydelend poctom stupriov volnosti. Jeho vypocet je zalozeny na x?

teste daného rovnicou (15), a potom sa WSOS/DF ziska podla rovnice (16).

2 _ 2(SSq);

X = Sq2 i=12..,n, (15)
wsos _ x*

DF (16)

nj =np —n (17)

kde (559): je i-ty Stvorec odchylky experimentalnej hodnoty od vypocitanej, (Sq): je
relativna Standardnad odchylka i-teho experimentdlneho bodu, ni je pocet stupriov
volnosti vypocitany podla rovnice (17), np je pocet experimentalnych bodov a 1 je pocet
hladanych modelovych parametrov pocas regresnej procedury. Ak 0,1 < WSOS/DF < 20,
potom zhoda medzi experimentalnych a vypocitanych dat je dobra.

Nakol'ko vzorka BC-D obsahuje montmorillonit K10, pred titraciou bola tato
vzorka upravend z dévodu odstranenia uhlicitanov, ktoré skresluju vysledok titracie.
Preto je ucelné zaviest oznacenie neupravenej (BC-Dn) a upravenej (BC-Du) vzorky.

Takto upravend vzorka bola pouzitd Specificky iba pre tento typ experimentu.
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Postupovalo sa podla (Wanner, 1994) asmiernou tupravou to nasledovne. Bol
pripraveny roztok A: 1mol-dm? NaNO; (p.a, Penta s.r.o., Neratovice, CR) +
+ 0,001 mol-dm= HNOj; (65 %, Lach-Ner Ltd., Neratovice, CR) a roztok B (0,1 mol-dm™=
NaNOQOs). Do dvoch centrifugalnych skiimaviek (1 a 2) bolo navazenych po 1 g vzorky
BC-Dn a pridalo sa 40 ml roztoku A. Skiimavky sa mieSali 20 minat pri 350 rpm
v trepacke IKA Labortechnik KS250 basic shaker (IKA®-Werke GmbH & Co. KG, Staufen,
SRN). Fazy sa potom oddelili filtraciou. To sa opakovalo 4 krat. Po kazdej filtracii bolo
vo filtradte zmerané pH. Vzorky sa spojili do jednej (BC-Du) a k tomu bolo pridanych
100 ml roztoku B. A spojené vzorky sa miesali pri 350 rpm 10 minut. Fazy sa oddelili
filtraciou a proces sa opakoval 3 krat. Potom bola vzorka BC-Du susend v susiarni pri
90 °C niekol'ko hodin.

Aby bolo mozné tvrdit, Ze v oblasti pH sorpcie Tc a Re ako nosica st v roztoku
predpokladané Spécie vo forme *™TcO, a ReOys, je potrebné rozlisit jednotlivé
tyzikalno-chemické stavy danych aniénov hlavne pri velmi nizkych koncentraciach
v roztoku. Speciaénd analyza prebiehala teoreticky pomocou databdz a prakticky

nasledovne. Zlozenie roztokov Tc a Re bolo:

YTc=1071-10"2 mol-dm= NH4ReOy (299%, Sigma-Aldrich, Saint
Louis, MO, USA) resp. 102 — 10~ mol-dm= KReO,

pH=0-3,6resp.0-12

Hodnoty koncentracii *™TcO,  boli ziskané prepoftom znameranej aktivity

roztokov, a to ndhodnym vyberom pri vsadzkovych experimentoch. Merané boli na
ionizacnej komore PTW Curiementor 2 (PTW Freiburg, Nemecko) pri izofaktore 527.

Praktické meranie Eh(V) bolo uskutocnené za tcelom overenia formy Tc(VII)
a Re(VII), meranim Eh(V) podla Buzetsky (2019). Oproti uvedenému postupu bol
potencidl merany kombinovanou pH elektrodou E16M343 pHC3359-8 (Radiometer
Analytical, A Haach company, Little Island, frsko) a ako $tandard bol pouzity Zobellov
roztok. Tento roztok pozostava z 0,003 mol-dm= KsFe(CN)s (Penta s.r.o., Praha, CR)
cervenej krvnej soli, 0,003 mol-dm= K4Fe(CN)s (p.a., Penta s.r.0., Praha, CR) zltej krvnej
soli a 0,1 mol-dm= KCI (p.a., Penta s.r.o., Praha, CR). Boli pripravené dva $tandardy,
pri¢om ich hodnota Eh pre $tandardnti vodikovt elektrédu (SVE) je +430 mV.
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2.1.3 SORPCNE EXPERIMENTY

2.1.3.1 VSADZKOVA METODA

Vsadzkova technika je jednou zdodlezitych metdd skumania sorpcie. Vo
vSeobecnosti sa rozpustené latky v roztoku sorbuju na povrch nejakého materialu,
spravidla v tuhej faze alebo je to kvapalna faza ukotvena na pevnom nosici. Na priebeh
sorpcie ma vplyv viacero faktorov. Sorpcia je termodynamicky proces, ktory prebieha
kontinualne, je zavisly na pH, case, teplote atd. Rovnovazneho stavu sa dosahuje vtedy,
ked' sa zloZenie systému v urcitom ¢ase nemeni.

Sorpcné spravanie idnov alebo polarnych latok je teplotne zavisly exotermicky
alebo endotermicky proces. Rozpitie teplot, pri ktorych sa tento typ experimentov
uskutocniuje, by nemalo presiahnut +3 °C, pretoze by vysledky boli nereprodukovatelné
(Roy, 1991). Teploty pocas vsadzkovych experimentov boli zaznamenavané
a nepresiahli (23 £ 1) °C.

Vplyv pH na vsadzkové experimenty zavisi od daného systému. Pred zahajenim
akychkolvek vsadzkovych experimentoch je ako prvé nutné zistit pociatocné
a rovnovazne hodnoty pH. Vplyv idnovej sily zavisi od koncentracie, zloZenia a naboja
rozpustenych latok v roztoku. Prejavuje sa to bud zmenou hrubky elektrickych
dvojvrstiev koloidnych castic alebo zmenou aktivitnych koeficientov. Vo vSeobecnosti
plati, ¢im nizsia je idonova sila, tym vysSia je aktivita idnov, a tym bude elektricka
dvojvrstva silnejsia (Roy, 1991). Z toho vyplyva, ze ak je v systéme viac idnov, moze
dochadzat ku kompeticii.

Ako bolo v uvode tejto kapitoly spomenuté, urcity objem (V;) kvapalnej fazy
znameho zloZenia sa uvedie do kontaktu so zndamym mnozstvom suchej tuhej fazy ().
Pomer pevnej fazy k objemu kvapalnej faze pri vsadzkovych experimentoch je potrebné
zvolit tak, aby zniZenie koncentracie sledovanej latky (tu *™TcOs resp. ReOy)
v priebehu sorpcie bolo meratelné a Statisticky vyznamné. Pomer m:V sa bezne
pohybuje od 1:4 do 1:500. Ked je pomer nizky, pevnej fazy je malo a sorpcia nie je
vyznamnda. Odporucany je taky pomer, pri ktorom sa sorbuje 10 —30 % latky pri jej
dostatocne vysokej koncentracii (Roy, 1991). Naopak pri vy$som mnozstve tuhej fazy

moze dochadzat k vedlajsim procesom rozpustenych latok. Napriklad k zhutnovaniu

Ceské vysoké uéeni technické v Praze 44
Fakulta jaderna a fyzikalné inZenyrska
2020



Stidium sorpcie technecistanu na uhlikatych materidloch Martin Dario

castic, ktorym sa zamedzi pristup roztoku k zhustenym miestam tuhej fazy (a to potom
suvisi i s typom mieSania). Pomer faz moze ovplyviiovat pH a pH moze ovplyviiovat
samotnd pevna faza. Pomer faz dalej ovplyvnuje iénovu silu. Napriklad, ak tuha faza
ma vysoku sorpcnu schopnost a obsahuje malé mnozstvo rozpustenych latok, potom sa
ionova sila zmensuje so zvySujucim sa pomerom faz a naopak. Pomer faz zavisi do
urcitej miery aj od miesania. Vo viac zriedenych roztokoch moze byt disperzia castic
vyssia (1:10) nez vroztokoch, ktoré su zriedene malo (1:0,25). V sadkovych
experimentoch sa uvadza pomer Vi/m;. Oznacuje ako vsidzkovy faktor (angl. batch factor)
BF [ml-g™]. VSetky vsadzkové experimenty boli uskuto¢nené pri zodpoveda
BF =100 ml-g!, ¢o zodpoveda pomeru tuhej ku kvapalnej faze 1:4.

Vplyv miesania faz na sorpciu je rozny. Roy (1991) vo svojich experimentoch zistili,
ze ked je agitdcia vdcsia, tym viac sa narusuje pevna faza, a tym rastie pocet sorpénych
aktivnych miest. Lujaniené (2011) nepozorovali Ziaden vplyv mieSania na sorpciu. Podla
Roy (1991) je najvhodnejsia preklapacia rotac¢na trepacka, pretoze koeficienty variacie st
nizsie nez pri pouziti horizontdlnej trepacky a rotacna rychlost by mala byt (29 + 2) min™,
podla CSN EN 12457-2 (838005) v rozmedzi 2 — 10 min~' (CSN, 2003). MieSanie faz sa
v tejto praci uskutocnilo v orbitdlnej trepacke IKA Labortechnik KS250 basic shaker
pri 250 rpm (IKA®-Werke GmbH & Co. KG, Staufen, SNR).

Dalsim kritickym krokom v tomto type experimentov, ktory moZze mat vplyv
na vysledné hodnoty je separdcia faz. Podla amerického Standardu ASTM C1733-20
pre vsadzkové experimenty je odportcana filtracia miesto centrifugdcie a separdcia faz
pomocou pipety (ASTM, 2010). Vyber filtra zavisi od filtrovanej latky, pretoZe sa naiom
rozpustené latky mozu sorbovat a tym menit zlozenie vysledného roztoku. Roy (1991)
odportca filter s velkostou poérov 0,45 pm. Separdcia faz vo vsetkych vsadzkovych
experimentoch sa uskutoc¢nila pomocou pretlaku vzduchu v 5ml Spicke na pipetu
v ktorej bol poskladany filter Whatman® stupnia GF/C (Whatman plc., Maidstone, UK),
ktory je zloZeny zo sklenych mikrovldkien (ac¢innost udand vyrobcom je 98 % pre castice
priemeru 1,2 pm).

Meranie y linky *mTc s energiou 142,7 keV prebehlo na scintilacnom detektore
Nal(Tl) studnového typu NKG-314 sjednokanalovym analyzatorom NV-3120 (Tesla

VUPJT Piemysleni, Ceskoslovensko). Parametre merania boli nasledovné: GAIN 128,
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HV 320 d, diferencidlna symetricka diskrimindcia, SCA 640 — 900 s, integralna detekcia.

Tato detekcia bola aplikovand na vzorky BC v kapitole 2.2.3.1.1, 2.2.3.1.2, 2.2.3.1.3, dalej
vzorky AC i BC v kapitole 2.2.3.1.4. Vzorky AC v kapitole 2.2.3.1.1, 2.2.3.1.2 a 2.2.3.1.3
boli merané na 1470-010 Wizard® Automatic Gamma Counter (PerkinElmer, Inc.,
Waltham, Ma, USA) so studnicovymi Nal(Tl) detektormi, spektrometrickym
programom RiaCalc WIZ 3.6.

Pre popis vsadzkovych experimenty boli pouzité nasledujiice matematické vztahy.
Pocetnost impulzov pozadia nrje pocet impulzov pozadia Nf pozorovanych za ¢as tr.

ne=" [s7] (18)

te
Chybu poctu impulzov pozadia oy, je potom moZné vypocitat podla vztahu (19).
on; = +/N¢ [imp] (19)
Aplikaciou zdkona o propagacii neistot (De Felice, 2017; Meloun, 1994) je mozné od-

vodit chybu (neistotu) pocetnosti pozadia g, .

= [E=T 57 (20)

Ong et
Podobné vztahy ako (18) — (20) sa ziskaju pre pocetnost vzorky s pozadim ny+, pocetnost

Standardu s pozadim n: a ich neistoty:

— Np+f -1
nper = 22 [572) e
o = Mp+f — 6NP+f [S—l] (22)
p+f tp+f tp+f
o = s -1 23
Ny [s™7] (23)

— ’M_GNHf -1
Onger = torf  toef [s™] (24)

Pocetnost impulzov vzorky n, je potom rozdiel medzi pocetnostou vzorky s pozadim
a pocetnostou pozadia.
Np = Np+f — N [S71] (25)

Neistota pocetnosti vzorky g, a Standardu oy, boli odvodené zo zakona o propagacii

neistot.
2 2
On, = (an+f) +(—0n,)" [s71] (26)
2 2
ong = (On)” + (=ong)” [s77] (27)
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Doba polpremeny (T12) *mTc je 6,0067 h, ¢o je dostatocne kratka doba na to, aby
doba medzi meranim Standardu a poslednej vzorky nebola zanedbatelnd. Z toho
dovodu je potrebné urobit korekciu hodnoét n,. Takato opravena pocetnost impulzov o
sa ziska nasledovne:

n, = —& [s7'] (28)

T et

kde t [s] je relativny, opravny cas, ktory ubehne medzi meranim Standardu (prvé
meranie) a naslednymi jednotlivymi vzorkami a A je premenova konstanta *™Tc, ktorej
hodnota je 3,20543-10-%s. Opravny cas fo sa zaznamenaval pre kazdu jednu vzorku.
Neistotu opravenej pocetnosti impulzov je mozné zapisat nasledovne:

Ony = €0 gy [571] (29)
Mnozstvo sorbovanej latky je dané rozdielom koncentracii (aktivit, pocetnosti)

latky v roztoku pred a po ukonceni miesania. Vyjadruje sa percentom sorpcie R.

R =100 — (“n—p) -100 [%] (30)

2 2
on= (10030, )+ (10052 00 ) (0 @

S

Hmotnostny distribucny pomer D; charakterizuje vztah sorbentu k sorbovanej
latke a vyjadruje linedrnu zavislost rovnovaznej koncentracie sorbovanej latky a tej istej
latky v roztoku. Jeho hodnoty sa udadvaju najcastejSie v ml-g™! a st jedinecné pre dané
podmienky. Jeho pouzitelnost je obmedzend, pretoZze musi platit linearita medzi
koncentraciou sorbovanej latky a tej istej latky v roztoku. Dy je preto mozné povazovat
za najjednoduchsiu izotermu, ale typicky len pre malé koncentracie (EPA, 1999). Tato
izoterma je prakticky Freundlichov model (rovnica (44)) v linedrnom tvare, ale iba
v pripade ak je smernica nr=1, a potom je Dy = kr, Freundlichovej konstante. Alebo sa

zvykne nazyvat ,linearny K: model” (Hanrahan, 2009).

Dg = BF - % [ml- g™ (32)
1 2 ng 2 -1
on, = (37 5-o) + (cBry) o) <33>

Hodnoty D; sa bezne pohybuju rddovo od 10° do 10*ml-g'. Je teda ucelné zistit,
¢i experimentélne ziskané hodnoty lezia v tomto intervale. To je mozné urobit odhadom
minimalnej (Dgmin) a maximalnej (Dgma) hodnoty, a to odvodenim zo zadkona o Sireni

neistot nasledovne. Ak je neistota merania pocetnosti pozadia popisana rovnicou (20),
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neistota merania pocetnosti impulzov vzorky s pozadim popisana rovnicou (22)
a Standardu s pozadim (24), a ak ¢as merania vzorky s pozadim je rovnaky ako cas
merania Standardu s pozadim (fp= tss=1), potom je mozné rovnicu (33) napisat i

v nasledujacom tvare (Kamenik, 2008):

= 1 -BF - ng + (M)Z . Dp+f + (n§+f_np+f)2 Lo [ml . g—l] (34)

Op
g Npif— Nf t Npif —Nf t Npyf— Nf te

Ak predpokladdme Gaussovo rozdelenie dat, pocty impulzov st dostatocne vysoké
a zadroven sa pocetnosti vzorky bliZia pocetnostiam standardu, potom za predpokladu,
Ze ns+f > nfje mozné napisat limitu neistoty Dy nasledovne:

. 1 2 2
lim op = -BF - = BF -
Npyf>Ngep 5 Ngf—Df Ngift Nyt

(35)

Minimdlny hmotnostny distribucny pomer (Dgmin) bol vyjadreny tak, ze bol zvoleny 99,7 %
konfidencny interval, v ktorom lezia stredné hodnoty D;. Tomuto intervalu zodpoveda
nasobitel 3:

2

Dgmin =3 0p, = 3-BF- [ml-g™] (36)

Ngif-t
Ak sa hodnota minimalnej dokazatelnej pocetnosti impulzov ny+ vyjadri vztahom (37):

Npif =Nf+ 3 - 0p,, (37)
potom pre odhad maximalnej hodnoty hmotnostného distribu¢ného pomeru (1 >> 1y)

plati:

ng — ng— 3 ﬁ ;
Dgmax = BF - ———=—"* */:f =~ BF - X. /—tf [ml-g~!] (38)
’ 3 t_f 3 Np+f
f

=

Dalsou veli¢inou, potrebnou na popis sorpcie je rovnovazna koncentracia ce
[mol-dm™3]. Vyjadruje to, akd cast analytickej koncentracie ¢ [mol-dm=] danej latky
(nosi¢a NH4ReOy) po skonceni sorpcie (dosiahla sa rovnovaha — kol'ko latky sa sorbuje
na povrch sorbentu, tolko latky sa z tohoto povrchu dostava spét do roztoku) zostala

v kvapalnej faze.

Ceq = €22 [mol - dm~?] (39)
c 2 g 2 -3
g = (v on,) +(~c3g) mol-am] “o

Pre modelovanie izoteriem poznat okrem rovnovaznej koncentracie, je nutné poznat aké

mnozstvo alebo kolko molov nosica sa sorbovalo na gram sorbentu. Jednotkou byva
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mg-g~, alebo sa pouziva jednotka mmol-g-!. Tento vztah sa nazyva kapacita Q aje ju
mozné vypocitat podla vztahu (41).

Q = Dg* Ceq [mmol-g™] (41)

2 2 )
oq = J(ceq : GDg) + (Dg . Gceq) [mmol - g™] (42)
2.1.3.1.1 VPLYV PH KVAPALNE]J FAZY NA PERCENTO SORPCIE R

Prvym dodlezitym krokom pri vsadzkovych experimentoch je zistenie pH roztoku,
pri ktorom je percento sorpcie R najvyssie. Pri tomto pH, ktoré moze byt pre kazdu
vzorku iné, sa potom uskutocnuju vsetky ostatné vsadzky. Do 2 ml PP skamaviek (P-
LAB as., Praha, CR) sa navazilo 20 mg z kaZdej vzorky, pricom pocet navazkov
zo vzorky jedného typu zodpovedal poctu bodov pH. Bola pripravena sada roztokov
s pH od 0 do 9, ktoré bolo nastavené zriedenymi roztokmi HCl (35 %, Lach-Ner Ltd.,
Neratovice, (vZR) alebo NHs (p.a., >24 %, Penta s.r.0., Praha, CR). Tieto roztoky sa potom
oznacili generatorovym roztokom [*mTc]NaTcO, (DRN 4329 Ultra Technekow FM
2,15 - 43,00 GBq radionuclide generator, Mallinckrodt Medical B.V., Petten, Holandsko)
s konecnou objemovou aktivitou ~1 MBqml?. Objem pridaného generatorového
roztoku nepresiahol v ani jednom pripade 100 ul. Z kazdého roztoku sa odobral
Standard 0,5 ml. Do navazkov vzoriek v skimavkach sa pridalo 2 ml z pripravenych
roztokov s danym pH a vzorky sa miesali. Po 24 h sa vzorky prefiltrovali a 0,5 ml bolo
meranych na Nal(T1) detektore. Aj ked' z hladiska geometrie merania by bolo lepsie, ak
by sa vzorky doplnili do objemu 2 ml v meracich ampulach, tento krok bol vynechany
z dovodu merania rovnovazneho pHeq po premene *mTc ato s kombinovanou pH

elektrédou XC161-9 (Radiometer Analytical, A Hach company, Little Island, Irsko).
2.1.3.1.2 STANOVENIE ROVNOVAZNEHO CASU SORPCIE

Stanovanie doby kontaktu faz, resp. rovnovazneho casu sorpcie, pri ktorom sa
hodnota R nemeni bolo uskuto¢nené nasledovne. Do 2 ml PP skiimaviek (P-LAB a.s.,
Praha, CR) sa navazilo 20 mg z kaZdej vzorky. Boli pripravené vodné roztoky HCI (35 %,
Lach-Ner Ltd., Neratovice, CR) podla Tab. 2.14 (v experimentdlnej casti). Tie sa oznacili
generatorovym roztokom [*™Tc]NaTcOs (DRN 4329 Ultra Technekow FM
2,15 - 43,00 GBq radionuclide generator, Mallinckrodt Medical B.V., Petten, Holandsko)
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s konecnou objemovou aktivitou ~1 MBgml?. Objem pridaného generatorového
roztoku nepresiahol v ani jednom pripade 100 ul. Z kazdého roztoku sa odobral
Standard 0,5 ml. 2 ml z kazdého oznaceného roztoku sa pridalo k danej vzorke. MieSanie
faz sa uskutocnilo v trepacke v ¢asoch do 240 minut. Vzorky blizke ¢asu 0 min boli
zatrepané rucne a minimdlny c¢as od kontaktu a separdcie faz bol v tomto pripade
41 sekand. 0,5ml z kazdého filtratu po sorpcii bolo odobranych na meranie poctu

impulzov. Experimenty boli vykonané bez nosica.
2.1.3.1.3 KONKURENCNE SORPCIE ANIONOV NA VZORKACH AC

V kapitole 2.1.3.1 boli uvedené niektoré fyzikalne a chemické vplyvy na sorpciu
mTcQO, . Tato podkapitola je venovana dalSiemu vplyvuy, a to vplyvu inych aniénov nez
je nosi¢ ReOy~ [PUBLIKACIA II]. Do 5 ml PP skiimaviek (P-LAB, Praha, CR) sa navazilo
30 mg z kazdej vzorky. Boli pripravené roztoky CI-, Br-, NOs-, ClO,, SO, HCOO- a
CH3COO- (p.a., Lach-Ner Ltd., Neratovice, CR) s koncentraciou anionu c. rovné 109, 1071,
102, 10 a 10* mol-dm=3, pricom kation bol vzdy Na*. Hodnota pH roztokov bola
upravend s HCI (35 %, Lach-Ner Ltd., Neratovice, (V?R) podla Tab. 2.14 a ¢as mieSania bol

60 minut. Experimenty boli uskutocnené bez nosica.
2.1.3.1.4 IZOTERMY

Priebeh sorpcie je vtejto kapitole popisany sorpénymi izotermami. Prva
anajjednoduchsia izoterma, ktord odvodil Langmuir (1916, 1918) pre sorbenty
sizotermou typu I (vid kapitolu 2.1.2.1) bola vytvorena za predpokladu Ze jedno
povrchové aktivne miesto sorbuje iba 1 molekulu sorbatu, a to maximalne do nasytenia
povrchu monomolekulovou vrstvou, vSetky aktivne miesta st si rovnocenné (sorp¢né
teplo na vsetkych aktivnych miestach je rovnaké a so stuptiom pokrytia sa nementi) a ze
sorpcia a desorpcia su dynamické procesy a za rovnovahy je rychlost sorpcie a desorpcie
rovnakd. Matematicky popis Langmuirovej izotermy je nasledovny:

Qmax'kL'CéanL -1
L =— 1 [mmol-g™] (43)

1+kL'Ceq
kde gmsx je maximalne mnozstvo sorbatu, ktoré vytvori monomolekulovi vrstvu
v mmol-g™, k. je rovnovazna konstanta sorpcie (podiel rychlostnych konstant sorpcie

a desorpcie), cy je rovnovazna koncentrdcia sorbatu v mol-dm™, n. je empiricky
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koeficient. Tvar Langmuirovej izotermy zavisi od hodnoty rovnovaznej konstanty
sorpcie ki. Cim je ki vySSia, tym rychlej$ie sa so vzrastajicou c. dosahuje pokrytie
povrchu sorbentu. Hodnota gma je dana smernicou vztahu (43).

Predpoklad idealneho rovnocenného povrchu s konstantnym sorpénym teplom
na vsSetkych aktivnych miestach je pre vacSinu redlnych tuhych latok malo
pravdepodobny. D4 sa predpokladat, Ze sorpcia prebehne najskor na najaktivnejsich
sorpénych miestach asrastom stuprnia pokrytia (s rastiicou koncentraciou alebo
mnozstvom sorbatu) bude sorp¢né teplo klesat. Freundlichova izoterma je platna pre nizke
stupne pokrytia povrchu. Exponencidlny pokles sorpcného tepla so stupriom pokrytia
povrchu je charakteristicky pre chemisorpciu pri nizkych c, ked sorpcia prebieha
prednostne na najaktivnejsich miestach. Freundlichovu izotermu je mozné popisat
nasledujucim vztahom:

qr =k coq [mmol - g~'] (44)
kde krje Freuundlichova konStanta a nr je regresna konstanta (niekedy sa udava ako 1/n).

Zavislosti sorbovanych mnozstiev *™TcO," resp. nosica ReO4~ od ich rovnovaznej
koncentracie boli zistené nasledujucim postupom. Bola pripravend sada roztokov
neiziotopického nosica NHsReOs (299 %, Sigma-Alrich, Saint Louis, MO, USA)
s analytickou koncentraciou (canar) 1-107, 5-107, 1-10-¢, 5-10-6, 1-10-%, 5-10-5, 1-10~4, 5:10%,
1-10-3, 510 a 5102 mol-dm= s prislusSnym pH podla Tab.2.14. Kazdy pripraveny
zasobny roztok bol oznaceny generatorovym roztokom [*™Tc]NaTcO, (DRN 4329 Ultra
Technekow FM 2,15 — 43,00 GBq radionuclide generator, Mallinckrodt Medical B.V.,
Petten, Holandsko), pricom vysledna objemova aktivita bola ~1 MBgq':ml™. Objem
pridaného generatorového roztoku v ani jednom pripade neprekrocil 100 ul. Z kazdej
koncentracie bolo odobranych 0,5ml Standardu. Do 2ml Safe-Lock skumaviek
(Eppendorf, Hamburg, SRM) bolo navazenych 20 mg z kazdej vzorky AC a BC pre
kazdu z pripravenych koncentracii. Po spojeni 2 ml kvapalnej a 20 mg pevnej fazy sa
skamavky mieSali pri 250 rpm. Po prefiltrovani na filtri zo sklenych mikrovlakien
Whatman GF/C (Whatman plc., Maidstone, UK) bolo z kazdého filtratu odobranych

0,5 ml na meranie poctu impulzov.
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2.1.3.2 DYNAMICKA SORPCIA

Vo vSeobecnosti su dynamické sorpéné metddy Siroko vyuzivané pre charakte-
rizaciu poréznych materidlov a st praktické napr. pri odstrafiovani tazkych kovov
a radionuklidov z vodnych médii (Sihilina, 2017). Oproti vsadzkovym experimentom st
dynamické experimenty dolezité napr. z hladiska industrialnych separac¢nych procesov.
Dynamicka sorpcia prebieha v kolonach, ktoré st naplnené bud pevnou fazou, alebo
kvapalnou fazou ukotvenou na pevnom nosici (napr. pevné extraktanty). Sorpény
roztok je privadzany na vstup do kolony zvacsa zospodu smerom hore. Pri tomto smere
je potrebné dbat na rychlost kvapaliny, aby bola dostatocne mala pretoze pri vyssich
rychlostiach, by mohlo dochadzat k dvihaniu 16zka kolény. Malou rychlostou sa
dosiahne aj dostato¢né zmacanie 16zka. Ak roztok prudi kolénou zhora nadol, jeho
rychlost by mohla byt vyssia a nemuselo by dochadzat k dokladnému zméacaniu 16zka

(Crittenden, 1998).
2.1.3.2.1 DESORPCIA TCO,-

Cielom tychto kolénovych experimentov bolo poskytnutie obrazu o tom, aké latky
a v akej miere posobia na desorpciu *™TcO,~ z povrchu vzoriek AC. Valcova koldna
s priemerom 10 mm a vyskou 15 mm (V = 0,47 cm®) sa naplnila vzorkami AC, vzdy 0,2 g.
Kolbna sa umiestnila v olovenom tieneni 7 cm od Nal(Tl) detektora (905 Series, 3" x 3",
AMETEC Ortec®, Oak Ridge, USA) tak, ze vyska kolény bola v rovnobeznej polohe
s kruhovou plochou krystalu Nal(T1).

Sorpény roztok obsahoval vzdy 21 ml roztoku HCI (35 %, p.a., Centralchem,
Bratislava, SR) s pH, ktoré zodpoveda vzorkam podla Tab.2.14. Sorp¢ny roztok sa
oznacili generatorovym roztokom [*™Tc]NaTcO, (DRYTEC™ 2,5-100 GBq, GE
Healthcare, Chicago, USA). Objem pridaného generatorového roztoku nepresiahol
100 pl. 1 ml z pripraveného roztoku sa odobralo na kontrolu pocetnosti. 20 ml roztoku
pretieklo cez kolonu rychlostou (2+0,2) ml'min™ pomocou peristaltickej pumpy
BT100M (Shenchen, Baoding, Cina). Detektor pripojeny cez USB/AVR (Atmel, San Jose,
CA, USA) adaptér sPC, zaznamenaval pocetnost impulzov kazdych 5 sekund.
Po prechode sorpéného roztoku kolénou sa nasavacia hadicka oplachla a ponorila

do desorpcného roztoku. Mnozstvo desorpéného roztoku bolo 30 — 60 ml. Desorpéné
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roztoky boli pripravené podla Tab. 2.2. Vyber zloZenia tychto roztokov bol na zaklade
vysledkov v kapitole 2.2.3.1.3 o konkuren¢nych sorpciach aniénov. Pouzili sa tri rozne
koncentracie NaClO, a NaNOs. Dalej bol skiimany vplyv obsadenia aktivnych miest
1 mol-dm= NaClO, pred samotnou sorpciou *mTcO,, vplyv 1 % NaCl na desorpciu
2mTcO, (ak by kolonami pretekal fyziologicky roztok), vplyv chelatacného cinidla
EDTA v pritomnosti redukéného c¢inidla SnCl,, avplyv peroxidu sodného ako
oxidaéného cinidla pripraveného tesne pred desorpciou zmiesanim H,O, a NaOH.

Sorpcia i desorpcia bola uskuto¢nena bez nosica.

Tab. 2.2 Desorp¢né roztoky.

# Priprava roztoku a postup vymyvania

1. 0,01 mol-dm™ NaOH (p.a., Centralchem s.r.o., Bratislava, SR)

2. 1 mol-dm™ NaClO (p.a., Centralchem s.r.0., Bratislava SR) v 0,01 mol-dm== NaOH
(p-a., Centralchem s.r.o., Bratislava, SR)

3. 0,1 mol-dm=NaClO; (p.a., Centralchem s.r.o., Bratislava SR) v 0,01 mol-dm= NaOH
(p-a., Centralchem s.r.o., Bratislava, SR)

4. 0,01 mol-dm= NaClOy (p.a., Centralchem s.r.o., Bratislava SR) v 0,01 mol-dm™
NaOH (p.a., Centralchem s.r.0., Bratislava, SR)

5. A) Premyvanie 20 ml 1 mol-dm= NaClO, (p.a., Centralchem s.r.o., Bratislava SR)
v 0,01 mol-dm= HCl (35 %, Centralchem s.r.0., Bratislava, SR). B) Premyvanie 30 ml
deionizovanej H,O. C) Sorpcia #*TcO,~. D) Vymyvanie s 1 mol-dm= NaClO, (p.a.,
Centralchem s.r.0., Bratislava SR) v 0,01 mol-dm™= NaOH (p.a., Centralchem s.r.o.,
Bratislava, SR)

6. 1 mol-dm™ NaNO:; (p.a., Centralchem s.r.0., Bratislava SR) v 0,01 mol-dm™= NaOH
(p-a., Centralchem s.r.o., Bratislava, SR)

7. 0,1 mol-dm= NaNO:; (p.a., Centralchem s.r.o0., Bratislava SR) v 0,01 mol-dm= NaOH
(p-a., Centralchem s.r.o., Bratislava, SR)

8. 0,01 mol-dm= NaNO; (p.a., Centralchem s.r.o0., Bratislava SR) v 0,01 mol-dm™
NaOH (p.a., Centralchem s.r.0., Bratislava, SR)

9. 0,01 mol-dm™ EDTA (p.a., Centralchem s.r.o., Bratislava, SR) + 10 mg SnCl, (p.a.,
Centralchem s.r.0., Bratislava, SR) v 30 ml vysledného roztoku

10. 6 % HxO, (35 %, p.a., Centralchem s.r.0., Bratislava, SR) v 0,01 mol-dm= NaOH (p.a.,
Centralchem s.r.o., Bratislava, SR)

11. 1% NaCl (p.a., Centralchem s.r.o., Bratislava, SR)

2.1.3.2.2 PRIENIKOVE KRIVKY

Prienikové krivky sa ziskavaju tak, Ze sorpény roztok sa kontinualne privadza

na koléonu spociatocnou koncentraciou rozpustenej latky (cp). V zavislosti
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od parametrov toku, kolony, kvapalnej fazy a charakteru naplne 16zka nastava diftzia
rozpustenej latky (sorbatu) do pdrov, kde nastava sorpcia na volné aktivne miesta.
Na Obr. 2.2 je schéma koncentracnej distribtcie v 16zku kolény. Pre distribuciu Vi/t:
(objem lebo cas) ani jedna cast 16zka sa nenasytila sorbatom. V pripade V2/t: je 16zko
takmer saturované vo vzdialenosti L, a takmer bez sorbatu vo vzdialenosti Lx. V oblasti
medzi vzdialenostami L, a L« sa vytvara tzv. zéna prenosu hmoty (ZPH) z kvapalnej
do pevnej fazy. ZPH postupuje od vrstvy k vrstve v smere prudenia roztoku. V tejto
ZPH Kklesa ¢, sorpéného roztoku na rovnovaznu koncentrdciu c*. Z toho vyplyva, ze
koncentracia latky na vystupe zkoldny sa meni v case a s prete¢enym objemom
sorpéného roztoku. ZPH rozdeluje kolonu na dve casti, na zonu s vycerpanymi
aktivnymi miestami s koncentraciou sorbatu c¢* (DES — dizka 16Zka, kde prebieha idealna
rovnovazna sorpcia) a na zénu sorbenta bez sorbatu (NDL - nevyuzita dizka 167ka)
(Obr. 2.3). ZPH ma idedlnom pripade tvar symetrickej krivky v podobe pismena S.
Z toho vyplyva, zZe vyuzitie ZPH je iba na 50 %. V takom pripade sa prakticka kapacita
(tzn. za danych experimentalnych podmienok) Q» resp. Qv moZze vypocitat nasledovne

(Kamenik, 2008; Lucanikova, 2008):

Qum = Co % [mmol - g~ suchej vzorky] (45)
_ . Vo,5=Vo . -11A%
Qv = ¢ — [mmol - ml~* 16Zka] (46)

*

vl-(s—o-1oo)p—vp-(%-1oo)l+5o-(vp—Vl)
(5—0-100)1)—(2—0-100)l

kde Vo5 [ml] je objem sorp¢ného roztoku pri dosiahnuti 50 % prieniku a urci sa linedrnou

Vos = (47)

intrapolaciou medzi bodmi najbliz§imi tomuto prieniku zlava (100-c*/co), Vi a sprava
(100-c*/co)p, Vi, m [g] je suchd hmotnost naplne 16zka, BV je objem 16zka, V, [ml] je voIny
objem kolony. Podiel ¢*/cy je mozné nahradit za podiel pocetnosti frakcie k pocetnosti
sorpcéného roztoku, resp. Standardu. Vj sa stanovil experimentalne (vid' nizsie).

Z vyssie uvedeného naviac vyplyva, Ze na konci sorpéného cyklu je NDL prave
polovica ZPH (Obr. 2.2, krivka V2/t2). Sorpcia pokracuje az kym je koncentracia
sorbovanej latky na vystupe z kolény rovnakd ako na vstupe (Obr. 2.2, krivka Vj/tp).
V priaznivom pripade ma teda vysledna prienikova krivka S tvar a NDL je iba 1/5 az 1/4
dizky 167ka (Bart, 2016). Spodné hranica ZPH sa beZne udava pre ¢*/co = 0,05. Nazyva sa

bod prieniku (Vy [ml] alebo t, [min]) a moZze sa urdit i podl'a minimalnej detegovatelnej
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aktivity. Hornd hranica sa bezne udava c*/co = 0,95 a nazyva sa bod vycerpania kolony (Vo
[ml] alebo t» [min]). Tato hranica moze byt stanovend napr. ako maximalna aktivita,
ktort je mozné zmerat danym detekénym zariadenim. Tento popis prienikovych kriviek
sa nazyva ,constant pattern front” (Watson, 2006). Existuje mnoho dal$ich modelov

prienikovych kriviek, ktoré je mozné najst v prehfadovom c¢lanku Xu (2013).

I

rovnovaina
z6na pre V,/t,

cles |

LP
vzdialenost v 16zku, do ktorej doputuje latka

Obr. 2.2 Distribuicia sorbovanej latky v kolone. Ly, Lk — polohy, ktoré ohranicuju ZPH.
Li - cel4 dizka 162ka.

RN ERE R

DES

DES

DES

T T

j
A
0 0,05

Vo /to Vos o/t

-0,95

c'/e,

Obr. 2.3 Idealizovan4 prienikova krivka s fixovanym 16zkom. NDL — nevyuZita dizka 167ka,
DES - diZka 167ka, kde prebieha idealna rovnovazna sorpcia.

Vtejto praci, experimentalne ziskané prienikové krivky su prelozené
transportnym modelom, ktory je zaloZeny na doplnkovej chybovej funkcii erfc(x). Ta
bola ziskana analytickym rieSenim jednodimenzionalnej advektivnej disperznej rovnice

(48) pre priesakovy tok v ustalenom stave (GEO-SLOPE, 2020; Rachinskii, 1965):

0% % _ .2 5. _cac—g-n-
eDprs—eu—=e—+§——eA-C-e'd-q (48)
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kde ¢ je porezita [cm3-cm=], Di je pozdiZna disperzivita [cm)], ¢ je koncentracia sorbatu
(nosica ReOy") [mol-dm=3], x je vzdialenost, do ktorej doputuje sorbat v 16zku [dm)], u je
linedrna rychlost kvapalnej fazy [cm-min], £ je objemova hmotnost pevnej fazy v 16zku
kolony (m/BV) [g-em™], g je mnoZstvo sorbovaného nosi¢a ReO,~ [mmol-g], t je cas
[min], A je premenova konstanta rddionuklidu.

V pripade tejto prace nebola do rovnice (48) zahrnutd premenova konstanta,
pretoze tprava na dobu polpremeny *™Tc bola uskuto¢nena az po ziskani vsetkych
frakcii podla rovnice (28). Preto dalej bola uvazovana iba sorpcia sorbatu na vzorkach
AC aBC. V kapitole 2.2.3.1.4 bolo zistené, ze sorpcii *™TcO,~ (resp. ReOy) vyhovuje
Freundlichov model sorpc¢nej izotermy (rovnica (44)). Preto do odvodenia funkcie erfc(x)
bola zahrnutd prave tato rovnica, dosadenim do rovnice (48):

0%c dc dc
€ D] E—s u &—E 6t+z

0(kpcor
— (49)

Ak sa v rovnici (49) zanedba pozdizna disperzivita a vydeli sa porezitou, potom
sa ziska nasledujuci tvar (pri odvodzovani rovnic (54) a (55) tento predpoklad nebol

zahrnuty, vid P. kritérium, ktoré obsahuje disperzny koeficient):

% _ (1 455.)%
—u-&—(l +3 kF)at (50)

pricom ¢len v zatvorke je vyraz sorpcény retardacny koeficient Rs:

Re = (1+2% k) (51)

dc np-1
9 =ng-Kg- ’ V (nrel)teor "Co (52)

kde (nres)eor je teoreticka relativna pocetnost, ktora udava podiel koncentracie ReO4
v danom bode prienikovej krivky (c*) ku koncentracii ReO4~ na vstupe do kolény c.
Retardacny koeficient hovori to, ako sa znizuje prietokova rychlost (u/Rs). Z toho
vyplyva, Ze ¢as kedy doputuje sorbat do c*/cy = 0,5 pre transport zahrriiujtci iba advekciu
je redukovany faktorom Rs.

Proces sorpc¢nej dynamiky jednoznacne zavisi od pociatocnych a hrani¢nych
podmienok. Preto spravna formuldcia tychto podmienok je neoddelitelnou stcastou
matematickej formuldcie modelu. Za predpokladu, ze proces sorpcie je izotermicky,

mobilnd faza je nestladitelnd, tedie vjednom smere amad Statisticky charakter,
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koncentracia sorbatu je taka mald, ze lokdlne zmeny v hustote kvapaliny su

zanedbatelné. Pociato¢né a hrani¢né podmienky st potom (Rachinskii; 1965):
dc
at’

Za danych hrani¢nych podmienok je mozné rovnicu (49) prepisat do tvaru (Bear, 1972):

t=0, 0 <x<xy c"'=

c=f(c)

X erfc X_%lt
Co X—%'t D byt
c =~ -|erfc +e R (53)

Po zanedbani exponencialneho ¢lena a tiprave na pocetnost (Stamberg, 2012):

(no)teor (Rs)teor—Npv
(nrel)teor = n—z = 0,5 -erfc ZI(Rz)tﬁipv (54)
Pe
(nrel)teor = (Mo)teor =1-105"erfc| — (Rs)ieor_npv (55)

ng (Rs)teor ' Npv
N

kde (110)uor je teoretickd hodnota opravenej pocetnosti kvapalnej fazy na vystupe z kolony
[s71], nsje pocetnost impulzov Standardu, [s7], 11p0 je experimentalny pocet objemov 16zka
(BV), pri¢om my=u-t/L, kde L je dizka 167ka a t je &as sorpéného experimentu, P. je
Pecletovo ¢islo (= u-L/Da), Da je hydrodynamicky disperzny koeficient [cm?-min-!].

Vypocet podla rovnice (54) je mozny do (#re)weor < 0,5, tzn. kym (Rs)weor — 11p0 2 0. Ak
je (nre)eor>0,5, tzn. (Rs)eor —1po<0 musi sa pouzit rovnica (55), ktora je odvodena
zrovnice (54) pretoze plati: erfc(-x) =2 —erfc(x). Vypocet bol uskutocneny kdédom
PNLRPal2.fm v programe Famulus (Dvofék, 1993).

Experimentédlne ziskanie prienikovych kriviek prebehlo nasledovne. Do kolén
(Empty Rezorian™ Tube Kit s PE fritami) s vyskou 16zka 2,1 cm, priemerom 16zka
0,45 cm a objemom BV =1,336 ml sa navazili vzorky podla Tab.2.3. Plnenie koléon
prebiehalo tak, aby vzorka bola v koléne mierne stlacena a nevytvaral sa voIny priestor.
Sorpéné roztoky neizotopického nosi¢a NHyReO, (299%, Sigma-Aldrich, Saint Louis,
MO, USA) boli pripravené podla Tab.2.3. Koncentracia nosi¢a sa odhadla podla

vsadzkovych experimentov v kapitole 2.2.3.1.4.
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Tab. 2.3 Zlozenie sorpcnych roztokov a hmotnosti vzoriek m v 16zku kolény.

koléna sorpcny roztok
vzorka mlgl | pH 6;254(11{;2;)
AC-A 02507 | 3 1-10*
AC-Bi 03576 | 3 1-10*
AC-C 02706 | 3 1-10°3
AC-E1 02089 | 1 1-10+
AC-E2 02089 | 1 5-10-°
AC-F 03744 | 1 1-1072
AC-SC 03159 | 2 1-102
AC-SCi 0,3071 | 2 1-1072
BC-A 0,3437 | 4 1-10-3
BC-B 0,4358 | 1 5-10*
BC-C 0,5769 | 4 1-10*
BC-D 04310 | 2 1-10

100 ml kazdého sorpéného roztoku sa nalialo do uzatvaratelnej PE nadoby, ktory
bol oznaceny generatorovym roztokom [*™Tc]NaTcO, (DRN 4329 Ultra Technekow FM
2,15 - 43,00 GBq radionuclide generator, Mallinckrodt Medical B.V., Petten, Holandsko),
pricom vyslednda objemov4 aktivita bola ~1 MBq-ml-'. Objem pridaného generatorového
roztoku v ani jednom pripade neprekrocil 100 pl. Z takto pripraveného roztoku sa
odobral Standard 1. Plastova nadoba so sorpénym roztokom bola pocas experimentu
uzatvorend, do viecka bol urobeny ihlou otvor pre vyrovnanie tlaku. Kazda koléna sa
najskor zavodnila a preplachla priblizne 20 ml destilovanej vody. Potom sa zatvoril
spodny trojcestny kohut, hornd hadi¢ka sa demontovala abola striekackou odsata
prebytocna voda nad hornou fritou 16zka. Horna hadicka sa ususila a nasadila spét na
vystup z kolény. Z privodnej hadicky sa prebytocna voda vycerpala do odpadu.
Nasledne sa hadicka z vonka dokladne ususila a vlozila do oznaceného sorpcéného
roztoku. Asi 10 ml roztoku pretekalo cez hadicku, kohut pred vstupom do kolony
do odpadu, aby sa zaistilo, Ze zloZenie roztoku pred vstupom do kolony je také ako v PE
nadobe. Preto pred kolénou sa odobral vzdy standard 2, kvoli kontrole pocetnosti
impulzov. Po preplachnuti sa cerpadlo zastavilo akohut pred kolénou sa otocil
do priechodnej polohy, takisto i dvojcestny kohut na vystupe z kolény. V okamihu
zapnutia Cerpadla sa spustil ¢asova¢ na zberadi frakcii. Casovy interval odberu frakcii
bol 6 minat. Kazda frakcia bola zvazena za tcelom zistenia preteceného objemu.

Za tento cas sa ziskalo priblizne 0,6 ml kvapaliny a 0,5 ml bolo potom odobranych
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na meranie poctu impulzov na Nal(Tl) studriového typu NKG-314 s jednokanalovym
analyzatorom NV-3120 (Tesla VUP]JT Pfemysleni, Ceskoslovensko) s nastavenim, ktoré
je uvedené v kapitole 2.2.3.1. pH frakcii sa meralo kombinovanou pH elektrédou XC161-
9 (Radiometer Analytical, A Hach company, Little Island, frsko). Experimentélne
usporiadanie je na Obr. 2.4. Trojcestny ventil 1 slazil na odvod vzduchovych bublin
z hadi¢ky pred vstupom na kolonu.

Vzostupny tok sorpéného roztoku bol zabezpeceny cerpadlom PCD22 (Davkovaci
Cerpadla Ing. Jindfich Koufil, Kyjov, CR), pricom lineara prietokova rychlost leZala
v rozmedzi 0,18 — 0,23 cm'min™! (resp. 4,5 — 4,6 BV-h'). Zachyt a frakciondciu kvapalnej
tazy na vystupe z koléony do PE 5 ml skumaviek zaistoval zbera¢ frakcii Model 2110

Fraciton Collector (Bio-Rad, Hercules, CA, USA).

DVOJCESTNY

s VENTIL

my

Mg
KOLONA H
SKUMAVKY V

ms ZBERACI FRAKCII

TROJCESTNY
VENTIL 2

TROJCESTNY

VENTIL 1
PERISTALTICKE
CERPADLO

INJEKCNA IHLA

m;

|
I

my

SORPENY ODPAD
ROZTOK

Obr. 2.4 Experimentélne usporiadanie pre ziskanie prienikovych kriviek.

Volny objem koléon V,, objem hadic¢iek bol stanoveny vazenim nadoby
deionizovanou vodou. Na Obr.2.4 m; zodpovedd hmotnost samotnej nadoby
s deionizovanou vodou, potom sa voda pomaly cerpala po trojcestny ventil 2, kde sa
¢erpadlo zastavilo a zvazila sa nadoba s vodou. Tomu zodpoveda tibytok hmotnosti m1,.
Nasledne sa podobne zvazila nadoba na fritach na vstupe () a vystupe (mm,). Hmotnost

ms zodpoveda hmotnosti pre dvojcestny kohut na vystupe z kolény a ms hmotnost
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nadoby, ked voda dosiahla koniec hadicky pred odkvapnutim do skiimavky v menici
frakcii. Toto meranie bolo uskuto¢nené pred samotnymi experimentami s Tc pre kazdu
vzorku v koldne.

Do vypoc¢tového modelu vstupujua veli¢iny, ktoré bolo potrebné zistit
experimentdlne. Si to porezita ¢ [cm®cm=], hustota vzorky p.: [g-cm™], objemova
hmotnost vzorky v koléne & [g:cm™] a linedrna prietokova rychlost u [cm'min]. ¢, £ a
pez boli stanovené pyknometricky, nasledujiicim postupom. Zvazil sa suchy, prazdny
pyknometer (mpriany) @ naplneny deionizovanou vodou (mpmy). Pyknometer sa dokladne
vysusil, a navazila sa do neho sucha vzorka AC alebo BC (mv:). Nasledne sa vzorka
v pyknometri zmacala tak, Ze objem deionizovanej vody bol priblizne polovice
celkového objemu pyknometra. Vzduch zo zmacanej vzorky sa odsaval podtlakom
vodnou vyvevou 10 — 15 minut. Pyknometer sa potom naplnil po hrdlo, zatvoril, vysusil
z vonka papierovou servitkou a zvazil (mu+wi). Zo ziskanych hmotnosti je mozné

vypocitat objem vzorky Ve: a hustotu pe: vzorky potom podla vztahov:

VVZ = (mpln)’/ - mprézdny) - [mvz+v0da - (msuch}’/ + mvz)] [ml] (56)
puz = T2 [g- cm’] 67)

Z udajov o hustote vzorky pe: ajej hmotnosti v koléne m (Tab. 2.3) sa vypocital ¢isty

objem V.

Ve="" [ml] (58)

Pvz

Ak je celkovy objem vrstvy, resp. objem 16zka oznaceny BV (1,336 ml), potom porezitu

¢ a objemovt hmotnost vzorky v koléne & je mozné vypocitat nasledovne:

£ = B\;:,Vé [cm3 - cm™3] (59)
&= % [g-cm™3] (60)

Vzorky boli takto merané kazda trikrat, vysledné hodnoty pe:, ¢ a & boli spriemerované.
Ak je znama porezita ¢, priemerny objem, ktory pretecie za minttu Viwg [cm®min] (bol

stanoveny vazenim frakcif) je mozné vypocitat linedrnu prietokovt rychlost roztoku cez

kolonu u.
Sy =m-r?-¢ [cm? - cm3-cm™3] (61)
u= V—gavg [cm - min~!] (62)

kde S je voIny prierez vrstvy v koldne.
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2.2 VYSLEDKY A DISKUSIA

2.2.1 PRiPRAVA PUM

Struktarny vzorec vlaknitej celulézy, intermedidtu pri vyrobe AC, komeréna

vzorka AC a vzorka biouhlia po vysuseni pred sitovanim st zobrazené na Obr. 2.5.

Obr. 2.5 (a) Molekulova Struktura prekurzora celulézového typu a (b) mozna Struktiura
intermediatu medzi celulézou a vyslednym AC (c) snimok AC-SC (d) snimok BC-E.

2.2.2 CHARAKTERIZACIA PUM

2.2.2.1 FYZIKALNA ADSORPCIA DUSIKA

Vysledok merania sorpcie tekutého dusika je na Obr. 2.6 [PUBLIKACIA I]. Data
boli prelozené izotermou BET, ktora sa pouziva ako Standardnd na vypocet merného
povrchu z tdajov fyzikdlnej adsorpcie. Izoterma BET popisuje adsorpciu rozsirenim
aplikacie Langmuriovej izotermy z monovrstvy samostatne pre kazdda adsorbovanu

vrstvu pri multivrstvovej adsorpcii, ktord je charakteristicka pre fyzikalnu adsorpciu.

Il UDIIDENURERESESS e S el Sl
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~180 |

o
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Obr. 2.6 Adsorpcné BET izotermy vzoriek AC.
Tvar adsorpénych izoteriem vzoriek méa konkavny priebeh k osi relativneho tlaku
a adsorbované mnozstvo dosahuje limitnti hodnotu pri relativnom tlaku bliZiacom sa

k hodnote 1. Adsorbované mnozstvo vyrazne rastie uz pri velmi nizkom relativnom
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tlaku p/po = 0,05. To je najviac zretelné pri vzorke AC-A. Potom adsorbované mnozstvo
rastie iba velmi malo, ¢o zodpovedd mikroporovym latkam. Podstatné mnozstvo
adsorbatu je adsorbované v objeme mikroporov. Podla priebehu sa da usudzovat, ze ide
o typ lizoteriem podla klasifikdcie IUPAC (Sing, 1985). V intervale p/p, <0,05 — 0,30> st
hodnoty Cser negativne v rozmedzi teplot -68 °C az -38 °C, ¢o indikuje mikroporova
povahu vzoriek (Tab.2.4). Je nutné podotknut, Ze aj ked sa BET izoterma pre
mikropdrové latky velmi ¢asto pouziva, hodnoty byvaja ¢asto neredlne, bez fyzikalneho
zmyslu (vid niZsie).

Vzorky AC-C a AC-E vykazuju hysteréznu slucku v procese zniZovania
relativneho tlaku. Hysterézia je vysledkom kapildrnej kondenzacie adsorbovaného
plynu. Pri dosiahnuti uréitého relativneho tlaku rastie hribka polymolekulovej
adsorbovanej vrstvy natolko, Ze v najuzSom mieste péru sa proti sebe rasttice vrstvy
spoja, pricom sa vytvara meniskus. Vplyvom vacsieho poctu molekal plynu,
po dostatocnom zmacani sa vytvara duty meniskus a molekuly dusiku st vtahované
do adsorbovanej fazy vaésou medzimolekulovou silou nez na rovnom povrchu. Tenzia
par nad tymto zakrivenym povrchom je potom mensia nez nad rovnym povrchom.
Preto na tomto menisku prebehne kondenzacia pary, cely objem pdru sa zacina
rychlejsie zapitiat N, a s rasticim tlakom sa zapliaji stale Sirsie péry. Z toho teda
vyplyva, ze vzorky AC-C a AC-E obsahuju i mezopdry. Hysterézne slucky sa vyznacuju
velkou skdlou tvarov v zavislosti od typu mezopodrovej Struktary (Sing, 1985).
Adsorpcna aj desorpcnd vetva prebiehaju v Sirokom rozsahu relativneho tlaku.

Hysterézna slucka je takmer horizontalna a rovnobezna s osou relativneho tlaku. Z toho

vyplyva Ze ide o typ H4.
Tab. 2.4 Adsorpcné data vzoriek AC.
Vzorka Seer [m2-g™!] Caer Vmikro [cm3-g™1] St [m?>g™] Vot [cm?g1] | Vimikro/Viot [%]
AC-A 337 -40,0 0,164 21,2 0,178 92
AC-B 759 -38,8 0,377 35,6 0,405 93
AC-C 466 -56,9 0,171 73,8 0,280 61
AC-E 157 -67,6 0,052 50,6 0,156 33
AC-SC 632 - - 50,6 0,475 -
BC-A 3 - - - - -
BC-B 75 - - - - -
BC-C 7 - - - - -
BC-D 29 - - - - -
BC-E 0,5 - - - - -
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V Tab. 2.4 su tabelizované vysledky dat z fyzikalnej adsorpcie dusika pre vzorky
AC, pre vzorky BC tabul'ka obsahuje iba hodnoty merného povrchu [PUBLIKACIA T].
Merny povrch bol vypocditany z objemu dusika spotrebovaného na vytvorenie mono-
molekulovej vrstvy urceného z izoteriem BET (Obr. 2.6). Oznacuje sa casto ako merny
povrch BET (Sser). Hodnoty konstant Cser sa bezne pohybuju okolo 30 az 150.
Vypocitané hodnoty konstant izotermy vsak maji zaporné hodnoty, ¢o opat znaci
fyzikalnu nezmyselnost. V takomto pripade sa data hodnotia niektorou z metodik
pre mikroporové latky, vybrana bola metéda t-priamky. Predpokladom je, Ze
pri adsorpcii na mikropdérovych materidloch sa najskor dusik adsorbuje v mikropdroch
a po ich zaplneni mechanizmom objemovej adsorpcie prebieha adsorpcia v mezopoéroch,
makroporoch ana vonkajSom povrchu mechanizmom multivrstvovej adsorpcie.
Aplikacia t-priamky predstavuje transformaciu hodnot relativneho tlaku na hodnoty t.
Zo smernice t-priamky sa pocita St — merny povrch mezo-, makropdrov plus hodnoty
vonkajsieho povrchu. Niekedy sa oznacuje ako externy povrch. K nemu prislachaju
hodnoty celkového objemu Vi. Dalej sa z hodnoty interceptu extrapolacie linearizovanej
Casti t-priamky pocita objem mikropdérov Vuire. Na rozdiel od Sser, hodnoty St a Vimikro
a Vi maju fyzikdlny zmysel.

Namerané hodnoty Sser (iked je nutné brat ich srezervou) vzoriek AC su
vo vSeobecnosti mensie v porovnani s inymi. Napriklad Hu (1999) pripravili AC z uhlia,
ktoré bolo zohriate na 800 °C a upravené roztokom KOH. AC nadobudlo merny povrch
1961 m?-g1. Bai (2016) pripravili AC z tela tekvice a impregnovali ho KOH. Velkost
merného povrchu bola 2 968 m2-g-1. Co sa tyka vzoriek BC, hodnoty Seer st porovnatelné
so vzorkami BC. Napriklad pre kokosovt skrupinu 157 m?g~, pomarancovu Supku
186 m?-g~1, cukrovu trstinu 159 m?-g~! (Batista, 2018).

K doélezitym textarnym parametrom patri distribtcia porov. Najcastejsie sa urcuje
z desorpénej (ale iadsorpcnej) vetvy izotermy fyzikalnej adsorpcie dusika pouzitim
Kelvinovej rovnice za predpokladu idedlneho kruhového prierezu poérov valcovitého
tvaru. Skuto¢ny polomer péru R, pri danom relativnom tlaku p/p je sac¢tom polomeru
zakrivenia z Kelvinovej rovnice a Statistickej hrabky adsorbovaného dusika (Hudec,
2012). Diferencialna distribticia pdrov predstavuje zavislost objemu porov od rozsahu

polomerov. Distribtcie pre vybrané vzorky AC je na Obr. 2.7. Ako vidiet, vzorky AC
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maju maxima na krivke diferencialnej distribuicie pérov pocitané z desorpcnej izotermy
pri hodnote Ry =1 nm, zodpovedajtice poklesu na desorpcnej izoterme (Obr. 2.7) pri
p/po=0,4-0,5. Strmy pokles vzorky AC-E v p/py=0,95-1 zodpoveda pritomnosti

mezoporov v oblasti Ry =12 nm (Obr. 2.7).
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Obr. 2.7 Diferencidlna distribticia pérov hodnotenych
z adsorpénych i desorpcénych vetiev BET izoteriem.

2.2.2.2 ELEKTRONOVA MIKROSKOPIA S VYSOKYM ROZLISENIM

Z mikroskopu boli ziskané tzv. originalne alebo digitalizované snimky. Tie st1 na
Obr. 2.8(a) — (e) ako vysledok interakcie elektronového zviazku a povrchu. Ako vidno,
snimky su si navzdjom velmi podobné. Data ztejto analyzy poskytli tzv. silové
spektrum a rekonstrukciu obrazu skutocného priestoru pouzitim dvojdimenzionalnej
inverznej FFT pre verifikaciu. Originalny snimok vzorky AC-B na Obr. 2.8(f) s vloZenym
silovym spektrom. Na Obr. 2.8(g) je rekonstrukcia obrazu s vlozenym silovym spektrom
ana Obr. 2.8(h) je binarizovany mikroskopicky obrazok. Origindlny obraz bol binari-
zovany pouzitim softvéru ImageJ pouzitim funkcie ,,auto thresholding”. Stred silovych
spektier predstavuje nizku frekvenciu. Frekvencie rasti smerom von od stredu.
Centralny bod indikuje jas obrazku [PUBLIKACIA 1].

Snimky vzoriek BC st na Obr. 2.9(d). Ako vidiet z ¢astice montmorillonitu K10

nepokryvaja kompletne cely povrch oproti vzorke BC-A na Obr. 2.9(a).
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Obr. 2.8 Fotografie z TEM vzorky (a) AC-A pri 50 nm, (b) AC-B pri 50 nm, (¢) AC-C pri 50 nm,
(d) AC-E pri 100 nm (e) AC-SC pri 100 nm a (f) originalna snimka AC-B,
(g) rekonstruovana snimka AC-B s vloZzenym silovym spektrom
a (h) binarizovany obraz originalneho snimku AC-B.
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Obr. 2.9 Snimky zo SEM (a) BC-A pri 50 um, (b) BC-B pri 10 um, (c) BC-C pri 10 10 um
a (d) BC-D pri 20 um.

Povrch vzorky BC-D sa javi drsnejsi nez v porovnani so vzorkou BC-A
obsahujucou iba bambus. Vacsie péry pochadzaja cievnych zvéazkov a parenchym
(pletiva) bambusu. Tie su dolezité, pretoze v procese pripravy cez nich prechadzaju
pyrolytické pary. Povrchova strukttra sa javi byt velmi podobnad i pre BC, ktoré nie st

pripravené z bambusu. Prikladom st snimky SEM v publikacii od Nartey (2014).
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2.2.2.3 XRD, XRF A EDX

Referencna vzorka AC-A bez chemickej aktivacie (Obr.2.10(a)) nevykazovala
ziaden identifikovatelny v celom rozsahu uhlov. Spektrum zobrazuje amorfnu
Struktaru. Podobné spektrum bolo ziskané i pre vzorku AC-C aktivovanej s HsBOs. Pik
pre tato kyselinu by sa mal nachadzat v okoli 20 rovné 14,5° a 28,2°. Velmi maly pik pre
vzorku AC-A a AC-C v okoli 33,5° je mozné povazovat za nahodnu krystalicku
Struktaru AC. Vzorka AC-B aktivovana s ZnCl, (Obr. 2.10(b)) a AC-E aktivovana s FeCl;
(Obr. 2.10(d)) vykazovali piky zodpovedajiice danym zlticenindm. Zaktpenda vzorka
AC-SC vykazovala intenzivny pik zodpovedajtci Struktire ZnCl,. Pre AC iBC je
charakteristicky pik v okoli 23° (Hu, 2016), ktory zodpoveda tzv. (002) odrazu. Je vSak i

mozné, ze ide o krystalicku Struktiru grafitu v okoli 25° (Jiao, 2017).
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Obr. 2.10 Spektra XRD.

Metdda XRF poskytla nasledujuce vysledky, pricom prehlad zistenych prvkov je

v Tab. 2.5. Pozadie predstavuju prvky konstrukéného materidlu rontgenky, Fe, Nia W,
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a preto su sucastou kazdého spektra. Vzorka obsahujica FeCl; sa vyznacuje vyssou
intenzitou piku Fe a Cl neZ ostatné vzorky. ZvySend intenzita je pozorovatelna u vzorky
AC-B, ktora bola aktivovana 20 % roztokom ZnCl..

Vo vseobecnosti piky Ar (K hladina) sa prekryvaju s pikmi Ag (L hladina).
Prekryv dalej nastava medzi K hladinami Cr a Mn, medzi K hladinami Kr a Sr, medzi
Cl (K hladiny) s Ag (L hladiny) a s Ar (K hladiny) a medzi K hladinami Mn s Ti.

Vsetky zistené prvky st makro- a mikrobiogénného charakteru. To znamena, ze
boli prijaté zvonkajSieho prostredia pricom ich rastlina zaclenuje do svojho
metabolizmu. Si najdeny vo vzorkach AC-E, AC-SC a AC-SCi nie je esencidlnym prvkom
avsak tento polokov sa zda byt prospesny pre rastlinstvo podla (Luyckx, 2017).

Tab. 2.5 Prvky vzoriek AC zistené metodou XRF.

AC Khladiny L hladiny
B Cl Ar Ca Ti Cr Mn Fe Ni Cu Zn Sr Ag | Ag W
C Cl Ar Ca Ti Cr Mn Fe Ni Cu Zn Kr Ag | Ag W
E Cl Ar Ca Ti Cr Mn Fe Ni Cu Kr Sr Ag | Ag W
F Cl Ar Ca Ti Cr Mn Fe Ni Cu Zn Br Sr Ag | Ag W
SC |Si S C Ar Ca Ti Cr Mn Fe Ni Cu Zn Sr Ag | Ag W
SGi|Si S C Ar Ca Ti Cr Mn Fe Ni Cu Zn Sr Ag|Ag W

XREF spektra vzoriek AC stina Obr. 2.11 a vzoriek BC na Obr. 2.12. Ako pre vzorku
AC-E, tak aj pre vzorku BC-C impregnovanu FeCl; sa objavuje intenzivny pik Zeleza.
Pik Mg vo vzorke AC-B nebolo mozné identifikovat, pretoze energie charakteristického
ziarenia pre K hladin pre Mg st malé a splyvaja s pozadim. Vzorka BC-D obsahujtca
montmorillonit K10 mala oproti ostatnym BC vzorkam v spektre piky pre Zr, Y, Al a Si
a i pomerne intenzivny pik Fe. To je pravdepodobne spdsobené povahou filosilikatu K10.
Jednak obsahuje vrstvy, na ktorych je mozna iénova vymena a vo vSeobecnosti na
takychto iloch prebieha iizomorfnad substitticia pri ktorej sa vramci krystalovej
Struktury nahrddzaju prvky. Napriklad AI* moze vymenit Si** v tetraedrickej
koordindcii a v oktaedrickej koordinacii aAl** moze vymenit za Mg?!, Fe?* alebo Fe®*
(Uddin, 2018). Prekryvanie pikov plati rovnako ako tomu je u vzoriek AC. Okrem toho
sa K hladiny Zn prekryvaju s L hladinami W, K hladiny Ca sa prekryvaju s K hladinami
draslika. V Tab. 2.6 st uvedené prvky zistené meranim rontgenovej fluorescencie pre

vzorky BC.
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Obr. 2.11 Spektrum XRF (a) AC-B main range, (b) AC-B low range, (c) AC-C main range,
(d) AC-C low range, (e) AC-E main range, (f) AC-E low range,
(g) AC-F main range, (h) AC-F low range.
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Tab. 2.6 Prvky vzoriek BC zistené metédou XRF.

BC Khladiny

A Si P C Ar K Ca Cr Fe Ni Zn Sr Ag
B SS S P Cd Ar K Ca Cr Fe Ni Zn Rb Ag
C Al Cl K Ca Cr Fe Ni Zn Kr Rb Ag
D |Al Si S P Cl Ar K Ca Ti Fe Ni Zn Rb Y Zr Ag
E SS S P Ar K Ca Mn Fe Ni Zn Rb Sr Ag
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Kvalitativne a kvantitativne XRF analyzy AC ale i BC st vac¢sinou v zahranicnej
literatire uvedené iba pre prvky po Ca. Existuje len malo publikacii, v ktorych je mozné
najst itazsie prvky. Napriklad Manna (2020) vo svojej praci identifikovali rovnaké
prvky aké boli ndjdené pre BC-E, a to Mg, Mn, Fe, Zn and Sr v biouhli pripraveného
z ryzovej slamy. Vo vzorkach AC pripravenych z pomarancovych Supiek boli ndjdené
rovnakeé prvky ako vo vzorkach AC pripravenych z celuldzy a v komerénom AC-SC. Na,
Al S5, S, P, Cl, K, Ca, Ti, Cr, Mn, Ni, Fe aI (Topare, 2015).

XRF spektroskopia poskytla identifikovatelné prvky medzi Al a W. EDX bola
pouzita pre identifikdciu Tahsich prvkov resp. prvkov tazsich nez Be (Obr.2.13).
Meranie prebehlo na dvoch ndhodne vybranych oblasti v ramci jednej castice alebo na
dvoch roznych casticiach BC, preto pre kazdd vzorku st na obrazku dve spektra.
Majoritnt zlozku tvoria C a O pre vzorku BC-A, pre ostatné vzorky majoritny podiel
zodpoveda zlucenine, ktorou boli impregnované. Hmotnostné percentd prvkov
Wt <1 % je mozné povazovat za mikrozlozky a mensie za stopy. Na druhej strane vel'mi
zalezi od miesta, na ktorom prebehlo meranie. To interpretuje vzorka BC-B, na ktorej je
vidno velmi velky rozdiel v hmotnostnych percentach Mg. Rozdiel tvori az 39,6 %.
Hodnoty Wt sa ziskavaju tak, Zze Wt prvku sa vydeli hmotnostou vSetkych prvkov
atento podiel sa vynasobi 100. Hodnoty su teda normalizované, to znamenda ze
nevyjadruju absolttne hodnoty koncentracii. Poskytuja iba hruby nahlad na relativny
obsah prvku v meranej oblasti. Rozdiel medzi spektrami rovnakej vzorky sved¢i aj o tom,
ze po uprave BC (ale aj AC) je povrch zna¢ne nehomogénny. Podobné rozdiely je mozné

vidiet i u piku Fe vzorky BC-C.
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2.2.2.4 INFRACERVENA SPEKTROSKOPIA

IC spektra pre vzorky AC st na Obr.2.14 apriradenie skupin k vibracidm
v Tab. 2.7. Vo vSeobecnosti si vibracné pasy vzoriek AC (ale i BC) malo intenzivne.
Preto ich priradenie je len orientacné. Vzorka AC-A nevykazuje Ziadne pritomnost
ziadnych funkénych skupin. Vzorky AC-C, AC-G a AC-SC vykazuju v principe

podobné vibracné pasy.

AC-A
——————— AC-B
9 AC-C
s ! . . . |l AC-D
——————— AC-E
_———— — AC-F
————————— AC-G
—_——— — AC-SC
800 1000 1200 1400 1600 1800 2000
v [cm]
Obr. 2.14 IC spektrd vzoriek AC.
Tab. 2.7 Najdené absorpcné frekvencie funkcénych skupin vo vzorkach AC.
SC C F G B E
—OH povrchové hydroxylové skupiny
. , - - 3400 - - -
a chemisorbovana voda
C=0 karbon’ylove skl.lp}ny v keténoch a 1623 1695 1694 1705 1694 )
karboxylovych kyselinach
C=C valenc¢na vibracia v anorganickych 1593,
kruhodh 1588 1575 1582 1526 1538 -
C-H deformacna vibracia v alkénoch - - - 1329 - 1410
HC=CH deformacna vibracia - - - - - 961
C-0O valenc¢na vibracia v alkoholoch 1178, 1162, 1155, 1259, 1008 )
—O- cyklické éterické skupiny 1050 1031 1035 1035
o, 876,811, 873,796, 875,811, 887,821, 872,
C-Hvibrdcia 741 745 746 735 92 g

Vo vzorkach BC boli identifikované C=C vibracie v aromatickych kruhoch
(1585 cm™™), C-O vibracie v okoli 1160 cm™, aromatické C-H vibracie (870, 808, 752, 742,
714 cm™). Vo vzorke BC-D boli ndjdené vibracie zodpovedajiuce chemickym vazbam
atomov v montmorillonite. Valen¢na vibracia Si-O (798 a 1036 cm™) a Si-O-Al

deformacnad vibracia (522 cm™).
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FTIR spektra PUM st si navzajom podobné a konzistentné a zalezi od postupu ich
pripravy. Napriklad BC pripravené z ryzovej slamy (Wu, 2015), mandlovych Supiek
(Liu, 2015b) a z kukurice (Zhao, 2019) ma velmi podobné spektrum vzorke BC-D. Vo
vzorkach AC pripravenych z jablkovej duziny jablkovych Supiek boli najdené vibracné
pasy pre C-H vibracie v aldehydoch, C=C vibracie v anorganickych cykloch, C-O
v karboxylovych kyselinach, v alkoholoch, vo fenoloch, v esteroch, podobné ako
u vsetkych vzoriek okrem AC-E. Vzorka pripravend z bambusu Acidosasa edulis
obsahovala napr. symetrické a asymetrické vibracie C-H, alebo C=C vibracie

v aromatickych kruhoch (Hu, 2016).

2.2.2.5 POTENCIOMETRICKE TITRACIE, POVRCHOVO-KOMPLEXACNE MODELY

A SPECIACNA ANALYZA

Vysledok upravy vzorky BC-D resp. oznacenej ako BC-Dn (neupravenej)
(odstranenie uhli¢itanov) pre titrany experiment je nasledovny. Nova, upravena
vozovka sa oznacila ako BC-Du. Po kazdej filtracii bolo vo filtrate zmerané pH (Tab. 2.8).
Vysledné pH vzorky BC-Du by malo byt okolo 3, ustalilo sa vSak pri 6,65. To je

spOsobené pravdepodobne tym, Ze nejde o ¢isty montmorillonit.

Tab. 2.8 pH vo filtratoch po separacii faz.

pH v i-tom filtrate
vzorka
1 2 3 4

A 3,56 3,81 3,40 3,58

B 4,40 3,72 3,64 3,47
BC-Du | 560 6,44 6,65 —

Vysledky titracii st nasledovné. Na Obr. 2.15 st zavislosti celkového naboja od pH
pre experimentalne body titracii a model. K danej titracnej krivke potom na pravej
strane prislicha zavislost modlovej frakcie danej Spécie (model) od pH. Dolezitym
vysledkom je pH pri ktorom je naboj na povrchu vzoriek nulovy (pHrzc). Tieto hodnoty
su zoradené v Tab.2.9. Hodnoty BC pripraveného zbambusu Acidosasa edulis su
porovnatelné s hodnotami, ktoré pripravil kolektiv autorov Hu (2016). Pre vzorku
pyrolyzovana pri 300 °C bola hodnota 6,82, pri 500 °C 7,80, pri 700 °C bola hodnota 9.10.

Ako vidno, so vzrastajucou teplotou pyrolyzy rastu hodnoty pHezc.
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Tab. 2.9 Priblizné hodnoty pHrzc vzoriek AC a BC.

AC-A AC-B AC-C AC-SCi
pHrzc 7,9 3,9 6,9 34
BC-A BC-Dn BC-Du BC-E
pHrzc 6,7 7,5 6,5 7,9
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Obr. 2.15 VIavo: Titracné krivky vzoriek. Vpravo: molové frakcie edge sites
a layer sites. Modely CEM a IEXM.
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Obr. 2.15-pokracovanie VIavo: Titracné krivky vzoriek. Vpravo: moélové frakcie edge sites
a layer sites. Modely CEM a IEXM.
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Obr. 2.15-pokracovanie VIavo: Titracné krivky vzoriek. Vpravo: moélové frakcie edge sites
a layer sites. Modely CEM a IEXM.

Nelinearny regresny model vyzaduje odhady vstupnych hodnét (Tab. 2.10) aby
bolo mozné uskutocnit vypocet. Vypocitané modelové parametre st uvedené
v Tab. 2.11. Z grafov molovych frakcii na Obr.2.15 vidno, Ze najvyznamnejsia je
zavislost =SOH," od pH. Z toho vyplyva, Ze najvhodnejsie je pH v oblasti 2 — 4, v ktorom
maju =SOH;* prevahu a taktiez ianionové formy Tc(VII) a Re(VII). Inymi slovami,
v tychto podmienkach st najlepsie podmienky pre sorpciu na vzorkdch PUM. To je

v kapitole 2.2.3.1.1 overené za pritomnosti Tc(VII) a Re(VII) v roztoku.

Tab. 2.10 Odhadované a vstupné data do kédu P46DNLRG.fm.

vzorka log(K3) log(K>) log(Kex) [1[:(311_(1;);] [mE)?-]ll:‘g‘l] [mol-Idm‘3]
AC-A 17 10 5 0,1 0,1 0,1
AC-B 3 1 - 0,1 0 0,1
AC-C 10 4 0,5 0,15 0,1
AC-5Ci 15 3 0,1 1 0,1
BC-A 15 10 5 0,1 0,1 0,1
BC-Dn 10 6 5 1 0,5 0,1
BC-Du 10 6 3 0.4 0,06 0,1
BC-E 12 6 5 0,1 0,1 0,1

Vypocitané hodnoty v Tab.2.11 zodpovedaju splnenému predpokladu, ze
preloZenie experimentalnych dat najviac vyhovuje modelu CEM a IEXM. Zaujimavy je
vplyv tpravy vzorky BC-D na Obr.2.15(k) az (n). Z porovnani zavislosti pre
neupravenu vzorku BC-Dn a upraventi BC-Du a z dat vyplyva, Ze efekt predupravy t. .
odstranenie uhli¢itanov alebo rozpustnych latok v slabo kyslom roztoku, je vyznamny.
Zatial ¢o zavislosti na Obr. 2.15(n) maja priebeh, ktory je znamy pre montmorillonity

(Filipska, 2006), zavislosti na (l) su v tejto suvislosti atypické. Kvantity ziskané pre
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vzorky BC-Dn a BC-Du by sa mali brat iba indikativne a nemala by byt im prikladana
velkd vaha. Na vzdory tomu hodnoty WSOS/DF st akceptovatelné [PUBLIKACIA V].

Tab. 2.11 Modelové parametre — vypocty.

SOH]ot
vzorka Ki K Kex [I[nol-k:;‘ll
AC-A 549101 +854107 (1,29 +0,02)-10 (1,84 + 0,04)-10° (8,92 +0,04)-102
AC-B (2,54 + 76,4)-10% (4,51 +1,28)-10° - (2,64 +0,21)-101
AC-C (7,78 +2,63)-108 (1,49 +£0,98)-100 (2,12 +3,82)-10% (8,35+0,21)-101
ACSCi (467 +0,23)10% (4,06 = 2,02)-10° (155 + 5,38)-100 (2,27 + 0,05)100
BC-A (1,54 + 24,9)-10%5 (1,53+0,16)101 (871138107 (6,07 «0,03)102
BC-Dn  (9,54+0,15)-101 (1,97 +0,22)-10° (1,06 + 11,0)-104 (2,69 + 0,35)-10°
BC-Du (9,94 £ 0,79)10° (9,60 = 0,25)10° (1,49 +0,44)10° (4,06 +0,54)10
BC-E (8,97 + 0,06)-1011 (1,06 + 11,0)-10% (2,11 + 25,5)-106 (5,52 +0,02)-102
vzorka WSOS/DF X2 oi [mf)sl‘-]lz;‘ 1
AC-A 7,0 7,73-101 0,1 9,10-102 £ 8,72-107
AC-B 55,1 2,04-10% 0,1 0
AC-C 181 7,96-102 0,1 (8,19 +10,7)-102
AC-SCi 15,1 1,70-108 0,1 3,68:100 + 7,02-108
BC-A 10,3 1,34-102 0,1 (8,94 + 0,05)-102
BC-Dn 17,5 1,15-108 0,1 (3,07 + 8,91)-102
BC-Du 15,4 9,06-102 0,1 (5,04 +0,77)-102
BC-E 55,2 5,52:102 0,1 (3,50 + 0,26)-10°

V sucasnosti neexistuje analyticka technika, ktord by dokdzala rozlisit funkcné
skupiny na edge sites alayer sites. Na druhej strane vysledky titracii naznacuja,
ze existuja dve skupiny na ktoré posobia kyseliny azasady. To znamena ze su
disociovatelné a maju pH zavisly povrchovy néboj. Model titracnych kriviek vychadza
z existencie dvoch skupin funkénych skupin. Na zaklade kritéria fitu WSOS/DF sa da
usudzovat, Ze model popisuje vlastnosti funkénych skupin vel'mi dobre. To podporuje
domnienku o existencii dvoch skupin funkénych skupin. Z toho vyplyva ze funkéné
skupiny najdené pomocou FTIR su lokalizované na hrandch (edge sites) i na povrchu
(layer sites) vzoriek. To plati i pre vzorku BC-Dn/BC-Du, ktora obsahuje montmorillonit
K10. Pretoze montmorillonit ma tiez pH zavisld povrchovu distribticiu naboja.
Napriklad, pri priblizne neutralnom pH su , layer sites” nabité negativne zatial ¢o , edge
sites” nemaju naboj, eventualne ¢iastocne kladne nabité (v zavislosti od protonizacnej
konstanty) (Guo, 2017; Liu, 2015a). Preto je mozné tvrdit, Ze v zavislosti od hodnoty pH,
edge sites a/alebo layer sites montmorillonitu vzorky BC-Dn maji nemaly vplyv na

sorpciu TcOy™ pri pH < 4, $pecificky skupiny =AIOH* (Liu, 2013) [PUBLIKACIA V].
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Uvahy a vysledky $peciaénej analyzy st nasledovné. Z radiochemického hladiska
je v tomto systéme pritomny radioaktivny izotop *»Tc ako stopovac (radioindikator)
a Re ako nosic¢ s blizkymi chemickymi vlastnostami. Disociacné konstanty pre iéonovu
silu I = 0 mol-dm™ boli najdené iba pre HTcO,, KTcO, a NaTcO,4 v databaze HATCHES
(v stcasnosti nahradena databazou ThermoChimie) a v databaze LLNL. Pre *"TcO4 a

ReOyneexistuju doposial ziadne databazové udaje.

HTcO, <> H* + TcOs log ki = 5,94 (5,96 LLNL) (18)
KTcO; <> K* + TcOy log ka = -2,29 (-2,27 LLNL) (19)
NaTcO, < Na* + TcOs log ks = 1,56 (1,52 LLNL) (20)

V databaze ThermoChemie je taktiez redoxna rovnica:
NH,TcO, < 5e~ +4H* + NO;~ + TcO?* log ks =-86,56 (21)

Z hodnoty log k; i zo zapisu reakcie je zrejmé, ze v rovnovahe je reakcia vyrazne
posunuta dolava, a NOjs~ je dobrym oxidacnym ¢inidlom Tc(IV) — Tc(VII), a to v kyslom
prostredi za vzniku TcO,~ a NH4*. VzhIladom na chemickt podobnost Tc a Re je mozné
predpokladat, Ze rovnice (18) — (21) vratane hodnot rovnovaznych konstant platia aj pre
ReOy . Z rovnice (18) vyplyva, ze HTcO,, resp. HReOy, st silné kyseliny, o om svedci
vel'mi nizka hodnota mdlovych zlomkov F2 (stupen disociacie) v Tab. 2.12.

Vzhladom na to, Ze nie je zndma disociacna konstanta NH,TcO,, bola pouzita
konstanta log k, pre KTcO,. Z toho dévodu je mozné predpokladat analdgiu reaktivity
2mTcO, (ReOy”) sreaktivitou (sorpciou) na silne kyslom katexe, t.j. sfunkénou
skupinou HSOj3-, ktorej reaktivity st v poradi Na* < NH4* <K*. Vyberom log k, preto
bolo relativne znevyhodnené (zniZené) zastapenie volného *mTcO, (ReOy) v roztoku —
vid. F1.

Pre vypocet zastipenia foriem *™TcO,, resp. ReO, je potrebné odvodit

nasledujtce bilan¢né rovnice:

Y.(TcOy) = [TcO,] + [HTcO,] + [KTcO,] =

+ c Z + c Z _ + +
R e
Y.(Re0;) = [ReO;] + [HReO,] + [KReO,] =

+ e Z + e Z _ + +
= [Re0;] + ]LRl 0al | [ ]Z %) = [Re0;] - (1 +%+[i—z]) (23)
pricom
[H*] = 10¢-PH) (24)
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Nasledne z rovnic (22) a (23) je mozné odvodit:

%(Tc0y)

[TcO;] = (1 N % N %) (25) = % (28)
[H][Te0;] HTo,

[HTcO,] = Z(Tk—cl();) (26) =iy @
[K*][Te03] KTco,

[KTcO,] = Z(Tk—czo;) 27) =iy OO

[ReO;] = (1 +z[:%—?§(r€1§—:]) (31) Fl= Z[(ie—fgg]) (34)
[H][Re0; ] HReO,]

[HReO,] = Z(Rk—el();) (32) =Ty O
[K*][ReO;] [KReO, ]

[KReO,] = Z(Rk—ezoa (33) =m0y 9

Tab. 2.12 Vysledok vypoctu mélovych zlomkov.

LTc ZLRe (2KReOy) F1 F2 F3
[mol-dm?]  [mol-dm? P P peo, [HReO,] [KReO]
10-10 102 0 3,6 0,34 9,80-10-11 - 3,90-1077 0,66
10-10 103 0 3,6 0,84 2,40-10710 - 0,96:1077 0,16
10-10 10 0 3,6 0,98 2,28:1010-1,13-10¢ 0,02
10-10 10-° 0 3,6 0,99 2,88-10710-1,15-10°¢ 0,002
10-10 104 0 10 0,98 711107 -1,13-10-6 0,02
1012 103 0 3,6 0,84 2,41-10710 - 9,60-1077 0,16
1012 10 0 3,6 0,98 2,83-10710 - 1,43-10°¢ 0,02
Tab. 2.13 Zoznam Specidcii Tc z r6znych databaz.
FACT Tc(s), TcOy(s), TcOs(s), Tc20x(s)
SUPCRT TcOy
LLNL TcOy, Tc?, TcO?, TcO42, TcO43, TcO(OH),(aq), TcO(OH)*, [TcO(OH)]2(aq), HTcOu(s),
Tc(OH)x(s), Tc(OH)s(s), Tc(c), Tc:07(s), TczOa(s), TcsOx(s), TcO»2 HO(am), TcOs(s),
TcOH(s)
JNC-TDB TcO?, TcO4?>, TcO42, TcO(OH)*, TcO(OH)2(aq), TcO(OH)s™, Te(c), TcOx(c), TcOz16Ha(s),
Tc,05(c), Te;07H,O(s), Te(g), TcO(g), Tc204(g)
HATCHES TcO, Tc¥, TcOys, TcO(OH)*, TcO(OH)x(aq), TcO(OH)s, HTcOu(s), Te(c), TcOy,
Tc(OH),, Tc(OH);, Tc,07-HyO, Tcs04, TesO7, TcO,(am), TcOy1-6 HyO, TcOs, Te(OH)
OECD-NEA | TcOy, TcO4?, TcO42, TcO(OH)*, TcO(OH),(aq), TcO(OH)s~, Tc(c), TcOx(c), Tc:Ox(c),
TcO, 1,6 H;O, Te;0,-H,0(s)
OECD-NEA | TcOy,, TcO?, TcO4, TcO(OH)*, TcO(OH)(aq), TcO(OH)s>, Tc(cr), TcO»1,6 HyO,
aktualizacia | Tc,0,-H,O(s)

Poznamka JNC-TDB: Vzhladom na TcO»16Ha(s) bol navrhnuty vzorec TcOssHs,.
Vysvetlivky: (am) — amorfny, (c) alebo (cr) — krystalicky, (s) alebo bez zatvorky — amorfny alebo

krystalicky, (aq) — akvatovany.
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Vysledné hodnoty F1, F2 a F3, dané rovnicami (34) - (36), pre rdzne vstupné
koncentracie KReO; adva intervaly pH su v Tab.2.12. Vysledky vypoctu boli
uskutocnené v softvéri FAMULUS s programom PTC_2.fm st v Tab. 2.12. Interval pH
0-12 bol zvoleny preto, aby as overil vplyv iv alkalickej oblasti. Vplyv v zasaditej
oblasti je prakticky nulovy, iba hodnoty F2 maja pri pH 10 o niekolko radov nizsiu
hodnotu, co je logické avsak nevyznamné. Hodnoty F1, t. j. zastipenie voIného [ReO47],
resp. [*mTcO4] st ovplyvnené predovsetkym koncentraciou nosica KReO, resp.
NH4ReO; a to pri koncentraciach vac¢sich nez 10 mol-dm=, ¢o dokladaju hodnoty F3.
Vo vSetkych uvazovanych prikladoch, zastipenie volnej kyseliny [HReO,], resp.
[HTcO4] prezentované hodnotou F2, je zanedbatelné. Je vSak potreba doplnit, ze je velmi
pravdepodobné, ze znizena koncentracia [ReO,] resp. [TcO4 ] neznamend i zniZenie
ucinnosti sorpcie tejto anidénovej formy. Z analdgie sorpcie napr. U(VI) zroztokov
obsahujtcich SO4%, kde existuju aniénové i katiéonové formy U(VI) je zname, Ze sorpcia
na meni¢och aniénov tak ina menicoch katiénov prebehne prakticky na 99 %
(Ang, 2017). To je dané tym, ze v priebehu sorpcie dochadza k dekomplexacii, pripadne
komplexacii, a tym ku vzniku formy, ktora sa sorbuje.

Podstatné je, aby redox potencial Eh(V) systému bol taky, aby prakticky existovala
iba jedna forma Tc —*mTcO4" resp. ReO, . Tomu zodpovedajtice grafy, prebrané z atlasu
Eh(V) — pH diagramov (Takeno, 2005) na Obr. 2.16. Vstupné tdaje do tychto diagramov
boli z roznych databaz, ktoré st uvedené v Tab. 2.13. Je zrejmé, ze pri pH 2 by Eh(V)
malo byt vacsie nez 500 mV. To by malo platit ako pre Tc(VII) tak i pre Re(VII). Praktické
overenie merani Eh(V) je v Tab. 2.14.

Tab. 2.14 Vysledky merani Eh a pH v roztokoch NHsReO,
s radioindikatorom [*"Tc]NaTcOs,.

¢(NHReOy) (mol-dm-3) Eh(mV) pH
5105 270,8 2
5104 321,0 1
5104 269,5 2
5104 265,4 2
1-10+ 269,3 2
1-10+ 269,9 2
1103 270,7 2
1-102 270,5 2
Zobellov roztok 1 -98,9 8,4
Zobellov roztok 2 -99,7 8,4
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Obr. 2.16 Eh—pH diagramy systému Tc—O-H. Podmienky: XTc = 10-° mol-dm3,

T=25°C, p=10°Pa.

Ceské vysoké udeni technické v Praze
Fakulta jaderna a fyzikaIné inzenyrska

2020

83



Stidium sorpcie technecistanu na uhlikatych materidloch Martin Dario

Prepocet hodnét Eh na SVE nie je potrebny, pretoze namerana hodnota Eh
Zobellovho roztoku je ~99 mV. Absolutny rozdiel oproti Eh oproti SVE je potom
~530 mV. KedZe Eh vzoriek bolo ~270 mV, je po pridani diferencie 530 mV, Eh vzoriek
rovné ~800 mV. To je dostatocne vysoka hodnota potencidlu (Obr. 2.16), aby sa dalo
tvrdit, Ze pri sorpénych experimentoch st pritomné vyhradne ReO4~ a *™TcO,~. To aka
chemicka forma je pritomna v roztoku je velmi dolezitd informacia, a to i v nadvaznosti
na vsadzkové experimenty. PretoZe jednym z najvyznamnejSich obmedzeni, ktoré sa
spaja so vsadzkovou metddou je, Ze meranim poctu impulzov nie je mozné najst rozdiel
medzi jednotlivymi Spéciami chemickych latok.

Je nutné podotknut, ze koncentracia stopovaca XTc moze byt o niekolko radov
podhodnotend, preto je ju treba brat len informativne. Dovodom je premena *™Tc
na *Tc, ktoré sa sprava rovnako ako metastabilny izotop, ale nie je detegovatelny
pouzitou metddou. Avsak jeho koncentracia je mala a z vyssie uvedeného vyplyva,
zZe pritomnost *Tc po premene *™Tc nema a nemoze mat vplyv na Speciaciu a samotné

experimentalne vysledky.
2.2.3 SORPCNE EXPERIMENTY

2.2.3.1 VSADZKOVA METODA
2.2.3.1.1 VPLYV PH KVAPALNE]J FAZY NA PERCENTO SORPCIE R

Vysledky merania zavislosti percenta sorpcie od pH sti na Obr. 2.17 a v ani jednom
pripade nebol pouZity nosi¢. Grafy boli skonstruované v programe Origin 9.5.1. Cierne
body koreSponduju hodnotam pH roztokov pred sorpciou, Cervené ekvivalentnym
hodnotdm pH po sorpcii. Vzorka AC-SC, AC-F (pripravena z AC-SC oxidaciou povrchu
50 68 % HNO3) a AC-G (pripravend z AC-SC redukciou povrchu s 10 % NayS,0s) nejavia
ziaden vyznamny rozdiel medzi pH pred a po sorpcii. Vzorky AC-A, AC-B a AC-C maja
v oblasti pH 6 — 8 tlmiva vlastnost, hodnoty rovnovazneho pH st posunuté do kyslej
oblasti — nastdva neutralizacia zasaditého roztoku pdsobenim kyslych organickych
funkénych skupin na povrchu AC. Navyse vidno, zZe v oblasti pH > 6 znacne klesaju
hodnoty R. Z toho sa da usudzovat, ze v zasaditej oblasti pH bude prebiehat desorpcia
9mTcQy z povrchu tychto vzoriek. Pre vzorky BC je situdcia rozna. Jednak hodnoty R

svedcia o nizkych hodnotach mernych povrchov a rozdiely medzi pH pred a po sorpcii
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9mTcQ, st roznorodé oproti vzorkdm AC. Vzorku BC-A je mozné pouvazovat za
referenéntt vzorku pre vsetky ostatné vzorky biouhlia. Podobne ako u vyssie
spomenutych AC, i v tomto pripade u BC-A sa hodnoty pHeq drzia pod 6 (Obr. 2.17(h)).
Z toho je mozné usudzovat, nadbytok H* spdsobil znizenie R, ktoré rastie az do pH 4,
kde dosahuje maximum. Potom pocet aktivnych miest pre sorpciu s rastticim pH klesa.
Prekvapujuci vysledok zavislosti R od pH bol ziskany pre vzorku BC-B, ktora bola
netepelne predupravena roztokom MgCl,. Pripadne ak by sa MgCl, dostal z povrchu
BC-B a rozpustil vo vodnej faze, hydrolyzuje za vzniku r6znych hydratov MgCl, - nH,O
a mierne kyslych roztokov (pH ~ 6) (Huinink, 2017). Preto bolo ocakdvané, Ze pHeq
budu mat podobny trend ako vzorka BC-A Na Obr. 2.17(i) ale vidno, Ze vSetky pHeq sa
pohybuji okolo hodnoty 10. Podla encyklopédie Speciacnych Eh-pH diagramov
(Takeno, 2005) je pri v oblasti pH 0 — 11,9 pritomny iba horc¢ikovy katiéon Mg?* a chloridy
vo forme CI-. Nie je teda tiplne jasné, ¢o spodsobuje takyto ubytok H* iénov bez ohladu
na ich koncentraciu v roztoku. MoZe to byt sposobené rdznymi reakciami
polyatomovych a/alebo hydratovanych molekul v roztoku s funkénymi skupinami BC
alebo inymi interakciami. NavysSe v zasaditej oblasti dochadza k zniZeniu poctu
aktivnych miest a teda hodnot R iba o par jednotiek %. To znamenad, Ze tato vzorka je
vyuziteIna pre sorpciu *™TcO, v oblasti pH od 1 do 10, ale desorpcia *™TcO, nebude
za tychto podmienok mozna.

Vzorka BC-C (Obr. 2.17(j)) vykazuje v polohdch pHeq opak oproti BC-B. Bez
ohladu na pociatocné pH sa hodnoty pHeq pohybuju medzi 1 a2. Chlorid zelezity,
ktorym bola netepelne predupravenad tato vzorka, ma silnt tendenciu hydrolyzy
a k tvorbe rozmanitych monojadrovych a polyjadrovych komplexov Fe,Oi(OH).Cl,
(Hellman, 2006). FeCl; je sol slabej zasady a silnej kyseliny, preto jeho roztoky maju
pH<7. Avsak podobne to platilo ipre vzorku BC-B, takéto okyslenie roztoku je
vzhladom k vysledkom zanedbatelné. Iutejto vzorky je sorpcia *™TcO,  mozna
v celom skiimanom rozsahu pH.

Vysledky merania pH pre vzorku BC-D st na Obr. 2.17(k). Rovnovazne hodnoty
PHeq st rovnako ako pre BC-A posunuté pod hodnotu 6. Hodnoty R stupaja po pH 2
a potom srastucim pH klesaja. Vzorka BC-E bola pripravena z DDGS. Priebeh R

v zavislosti od pH je podobny vzorke BC-A. Tato vzorka ma sice najmensi merny povrch

Ceské vysoké uéeni technické v Praze 85
Fakulta jaderna a fyzikalné inZenyrska
2020



Stidium sorpcie technecistanu na uhlikatych materidloch Martin Dario

(0,5 m?-g1) avsak stale vyssie R = 62,5 % oproti BC-A s 3 m?g™ a maximom R =44,7 %.
Maximalne hodnoty R a k nim prisltichajace hodnoty pH a D; pre vzorky AC a BC su
uvedené v Tab. 2.15. Maximalnym hodnotdm prisltichajice hodnoty pH boli zvolené
ako jednou z podmienok, pri ktorych boli uskutocnené vsetky ostatné vsadzkové
sorpcné experimenty. Hodnoty v tejto tabulke platia aj pre pripravu sorpénych roztokov
pre dynamické experimenty. Je treba zdoraznit, Ze sorpcia *™TcO, na AC-A, AC-B,
AC-C, AC-G, AC-SC dosahuju maxima R v rozsahu pH 2 -3, v ktorom su prakticky
identické.

Pre porovnanie vplyvu pritomnosti nosica NHyReO, s koncentraciou
10%#mol-dm= na R, je jeho zavislost pre kazdu vzorku pri na Obr.2.18. Pre
porovnatelnost hodnot R bolo zvolené pH 2 vodného roztoku pre vSetky vzorky. Grafy
boli skonstruované v programe Origin 9.5.1. Vo vSeobecnosti st hodnoty R mensie pre
roztoky, ktoré obsahovali nosi¢. To je sposobené roznymi velkostami mernych povrchov.
Vysvetlenie poddva vzorka AC-B a AC-SC, ktoré maja merny povrch zo vSetkych
najvacsi a preto sa hodnoty R s a bez nosica prekryvaji [PUBLIKACIA I a IV].

Tab. 2.15 Hodnoty pH vodnej fazy pred sorpciou, pri ktorych je po sorpcii a separovani faz R
a D¢ maximalne.

vzorka pH R [%] D; [ml-g] Dgmin [ml-g1]  Dgmax [ml-g]

AC-A 3 995+02 20140+328 59 50090
AC-B 3 999+01 76649+2169 89 77 900
AC-C 3 997+01 28490+530 55 63 983
AC-E 1 991+02 12683=+152 56 51903
AC-F 1 982+03 5568106 60 49 611
AC-G 3 996+02 4625+91 91 50 589
AC-SC 2 998+0,1 41182+1010 55 69 892
BC-A 4 447+02 80+1 58 51502
BC-B 1 933+0,1 13838 57 76 680
BC-C 4 992+01 12268+284 58 52015
BC-D 2 972+01 3470+41 90 49 556
BC-E 1 62501 165 +0,7 57 49 277
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Obr. 2.17 Vplyv pHna R.
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Obr. 2.18 Hodnoty R pri pH 2 vzoriek bez a v pritomnosti nosica NH4ReO, (10* mol-dm=).

2.2.3.1.2 STANOVENIE ROVNOVAZNEHO CASU SORPCIE

Najrychlejsie ustalenie hodnot R bolo pre vzorku AC-SC a vzorky z nej pripravené
(Obr. 2.19). Z celulézy pripravené vzorky AC-A az AC-E maju taktiez rychly priebeh
sorpcie *™TcO,~. Vynimkou je vzorka AC-E, ktord ma zo vSetkych AC vzoriek najmensi
povrch (124 m?-g-!) a hodnota R (91,1 %) sa ustalila az po 60 mintitach. Vo vSeobecnosti,

vzorky BC vyzaduju dlhsi ¢as kontaktu faz oproti AC na ustalenie rovnovahy medzi
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pevnou a kvapalnou fazou. Naviac BC s najmens$im povrchom dosahuji maximalnu
hodnotu R okolo 60 %. Dalsou podmienkou pod ktorou boli uskutoénené dalsie
vsadzkové experimenty (kapitola 2.2.3.1.3 a 2.2.3.1.4) je doba kontaktu faz. Pre vzorky
AC bola zvolend 60 minut a pre vzorky BC vzhladom na Ty»(*™Tc) a ¢asu potrebného
pre manipuldciu a meranie vzoriek bol zvoleny ¢as 240 mintt ako maximalny mozny

[PUBLIKACIA L II, IV a V].

T T T T T T T T T T T

100 P . & e 100 | P53 S AN S s A

*

80 - - 80 - -
et 1 g oor J
14 14

40 4 40 i

L[« ACA i 20 L[+ ACsC i
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o
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0 e « BCC| ]
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Obr. 2.19 Zavislost percenta sorpcie R od ¢asu kontaktu faz ¢.

2.2.3.1.3 KONKURENCNE SORPCIE ANIONOV NA VZORKACH AC

Vysledky konkurencnej sorpcie aniéonov na vzorkach AC st zobrazené v grafoch
na Obr. 2.20. Okrem grafického znazornenia st v Tab. 2.16 pre kazdu vzorku zoradené
aniény podla R, resp. stupajuceho vplyvu na potlacenie sorpcie *™TcO,". Susedné
aniony v radoch su si vzajomne zamenitelné. Nie je jednozna¢ne mozné urcit ich

poradie, pretoze sa medzi sebou odliSuju iba v rdmci par desatin percent R.
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Obr. 2.20 Sorpcia #™TcO,~ bez nosica na vzorkach AC, v pritomnosti r6znych aniénov
s analytickymi koncentraciami ca.
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Tab. 2.16 Poradie aniénov podla stipajticeho vplyvu na sorpciu #=TcOy".

AC-A
¢ =10 mol-dm3
SO2 < Cl- < Br- < CH;COO- < HCOO < NOs~ < ClOys
¢a=10" mol-dm™3
SOz < Cl- < Br- < HCOO- < CH,;COO-
¢ca=102 mol-dm™=3
SO,z < Cl- < Br- < ClOy < NOs
AC-B
¢ =10 mol-dm3
Cl- < SO < CHzCOO- < HCOO- < Br- < NOs- < ClOs
¢a=10" mol-dm™3
Br- < HCOO < Cl- < NOs~ < ClOs
¢ca=102 mol-dm™3
SO < Cl- < HCOO- < CH;COO < Br- < NO;- < (lOys
AC-C
¢ =10° mol-dm3
NO; < SO, < Cl- < Br- < CHzCOO- < HCOO- < CdOs
¢a=10" mol-dm™=3
SO2 < Cl- < NO;- < Br- < HCOO-
¢ca=102 mol-dm™=3
CH;COO- < Br- < 5042 < NO;~ < ClOogs
AC-E
¢ =10° mol-dm3
Br- < Cl- < SO+ < ClOs < CH,;COO-
¢a=10" mol-dm™3
Cl- < SO42 < Br- < CH,COO- < HCOO < NOs~ < ClOs
¢ca=102 mol-dm™3
SO2 < Cl- < HCOO- < Br- < CH,COO- < ClOs < NO;
AC-F
¢ =10° mol-dm3
Br- < SO42- < Cl- < CHsCOO- < HCOO < ClOs < NO;
¢ca=10" mol-dm™3
Br- < Cl- < SO < HCOO- < CH;COO < NOs~ < ClOs
¢a=102 mol-dm™=3
Cl- < SO < Br- < HCOO- < CH;COO < ClOs < NO;
AC-G
¢ =10 mol-dm3
Cl- < Br- < SO < CHsCOO- < HCOO < ClOs < NO;
¢ca=10" mol-dm™3
Cl- < SO < NOs- < HCOO- < Br-
¢ca=102 mol-dm™3
Cl- < SO+ < CHs;COO- < HCOO < ClOs
AC-SC
¢ =10° mol-dm3
Cl- < Br- < SO+ < NOs~ < CH,;COO-
¢a=10" mol-dm™=3
Cl- < SO < NOs- < HCOO- < Br-
¢a=102 mol-dm™=3
Cl- < SO42- < HCOO- < CH;COO < ClOs

A

ClOy < NOs

HCOO-

A

CH3COO-
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Tab. 2.17 Absolttne hodnoty standardnej molarnej entalpie hydratiénov AmaH(X",g) [k]-mol™].

SO HCOO- CH,;COO- Cl- Br- NO;- ClOy TcOs
-986,12 —-380¢ —425¢ 304,72 -348> -314p —245¢ -201,62
-1035¢ —3844 —3744 -378b —335¢ -310¢ -3054 —205¢
< < < < < < <
-10994 -365¢ —-3284 -3164 —280¢
-1113¢ —3594
—-337¢

aWilliams (2015), ¥Smith (1977), <Alexander (1996) {PUBLIKACIA I], cMarcus (2012) {PUBLIKACIA III]

Ako vidiet z Tab. 2.16 a Obr. 2.20, niektoré aniony maju vacsi, niektoré mensi
vplyv na sorpciu *mTcOs. Bolo predpokladané, ze so stupajucimi hodnotami
absolutnych standardnych molarnych entalpii hydrationu (A,,.H(X",g)) klesa percento
sorpcie mTcO,~ [PUBLIKACIA II]. A, H(X ,g) je teplo, ktoré sa uvolni alebo spotrebuje
ak sa 1 mol plynného iénu rozpusti v dostatocnom mnozstve vody za vzniku nekonecne
zriedeného roztoku pri tlaku 100 kPa. Absolutne hodnoty A.H%X,g) st tabelované a
jednotkou je kJ-mol™. Aniény podla stipajicej absolutnej hodnoty An.H’X,g) st
v Tab. 2.17.

Tc v roztoku pri konkurencnych reakciach je podla kapitoly 2.2.2.5 vo forme
»mTcO, . To vSak nezarucuje nezavislost od ostatnych iéonov a ich koncentracie. Zda sa,
ze v konkurencieschopnosti zohrava doélezitti tilohu koncentracia aniénu, resp. iénova
sila, ktora meni poradie aniénov. Prikladom moze byt vzorka AC-C, kde NO;~ ma
najmensi vplyv na sorpciu *™TcO," pri 1 mol-dm= a najvacsi pri 10 mol-dm=3.

¥mTcO, je pritomné vtomto type vsadzkovych experimentoch v malych
koncentraciach (103 — 102 mol-dm=) oproti koncentracidm aniénov. Vysoké hodnoty
koncentracii moze byt jeden z dovodov, preco je ovplyvnené poradie hodnot A,,.H(X,g).

Vzorky AC-A az AC-E, pripravené z vlaknitej celuldzy avsak s roznym spdsobom
pripravy nevykazuju medzi sebou ziadnu podobnost podla Tab.2.16. Vzorka AC-G
(redukovany povrch) ma pri koncentracii anionu 10-! mol-dm= identické poradie ako jej
vychodiskova AC-SC. Rozdiel medzi AC-F (oxidovany povrch) a AC-G pri koncentracii
aniénu 1 mol-dm= je minimalny.

Vzhladom k vysledkom sorpcie *mTcO, v pritomnosti roéznych anionov
s roznymi koncentraciami je nutné posudzovat takéto typy experimentov jednotlivo,
pretoZze neexistuje jednoznacny vzor, podla ktorého sa aniénova konkurencia sorpcie

2mTcO, uskutocnuje.
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2.2.3.1.4 IZOTERMY

Langmuirove a Freundlichove izotermy pre vzorky AC aBC st na Obr. 2.21.
Modelovanie izoteriem bolo uskutocnené v programe Origin 9.5.1 pouzitim funkcii
LangmuirEXT1 a FreundlichEXT. Parametre Freundlichovej izotermy boli neskor
overené programom Famulus (Dvoftak, 1993) v kapitole 2.2.3.2.2. Maximalne hodnoty
gmax ReOy~ resp. #mTcO,4 ziskané z Langmuirovej izotermy prepocitané na nosi¢ a
vyjadrené v mg-g-! stt uvedené v Tab. 2.16. Ako vidno, v tabulke nie st1 uvedené vsetky
hodnoty gma. Je to preto, lebo fitovanim ziskané hodnoty gmax alebo . nedavaju fyzikalny
zmysel. NajcastejSie pouzivanymi izotermami pre popis sorpcie anionov na AC a BC st
prave Freundlichova a Langmuirova izoterma (Fidel, 2018; Long, 2019; Zhou, 2019).

Ako bolo vyssie spomenuté, predpoklad rovnocennych sorpénych miest
s konstantnym sorpénym teplom je malo pravdepodobny. Tomu nasvedcuje
i porovnanie hodnoét koeficientu determindcie R? v Tab. 2.19. Z toho vyplyva, ze pre
popis sorpcie ReOy resp. #mTcOy4~ vyhovuje viac Freundlichov model sorpénej izotermy
nez Langmuirov. Navyse ¢im vyssia je hodnota R?, tym stupa i reprodukovatelnost
vysledkov. Preto vacésiu vypovednu hodnotu maji R? neZ gma, ktoré st skor

informativne.

Tab. 2.18 Hodnoty gmx ReOy4 resp. *mTcO4~ na vzorkach AC a BC.

vzorka gme [mg-g1l vzorka  gme [mg-g]

AC-A  4297+1396 AC-SC 141,65+22,83
AC-B  133,81+9,85 AC-SCi 98,12+19,38
AC-C 89,02+33,10 BC-B 1,10+ 1,46
AC-F  3650+474 BC-C 3,71+1,19
AC-G 2954+584 BCD 2,08 £1,47
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Tab. 2.19 Koeficienty determinacie R? ziskané trendu Langmuirovej a Freundlichovej izotermy.

Q (mmol-g™)

vzorka

R2

Freundlich Langmuir

vzorka

R2

Freundlich Langmuir

AC-A
AC-B
AC-Bi
AC-C
AC-E
AC-F
AC-G

0,98680 0,99079

0,99621 0,98511
0,88997 0,88821
0,98309 0,95306
0,99512 0,99501
0,99449 0,99964

0,99728 0,99018

AC-SC
AC-SCi
BC-A

BC-B

BC-C
BC-D

BC-E

0,99895 0,98737

0,99867 0,96297
0,85487 0,74133
0,86398 0,88979
0,98994 0,98570
0,93962 0,93385

0,92048 0,94500

a
0171752005473

b 667749+ 362045

¢ AC-A . . c 0557182 001628
Freundlichova izoterma Reduced Chi-Sqr
MY R Sauare (COD) 099079
Langmuirova izoterma A R Sauare ose711
107 L L
0,00 0,02 0,04
€, (mol-dm™)
eq
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Obr. 2.21 Sorpcné izotermy TcO, resp. ReO4~ na vzorkach AC a BC.
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Obr. 2.21-pokracovanie Sorpcné izotermy TcO4 resp. ReO4~ na vzorkach AC a BC.
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Obr. 2.21-pokracovanie Sorpcné izotermy TcO4 resp. ReO4~ na vzorkach AC a BC.

2.2.3.2 DYNAMICKA SORPCIA

2.2.3.2.1 DESORPCIA TCO,4~

Vysledky dynamickych sorpcii a desorpcii *™TcO,~ st na Obr. 2.22, zavislostiach

relativnych pocetnosti n od ¢asu. Relativna pocetnost bola zvolena z toho dovodu,

pretoZze nie je mozné oznacit roztok vzdy uplne presne rovnakym mnozstvom

generatorového roztoku. Preto bola najdena maximalna hodnota pocetnosti a k nej

relativne prepocitané nizsie hodnoty pocetnosti.

Desorpcné casti kriviek nie st popisané kvantitativne, avsak podl'a miery poklesu

je mozné usudzovat vplyv desorpcéného roztoku. Pomaly pokles desorpcnej Casti kriviek

je mozné prisudzovat pomalému procesu desorpcie *"TcO, z povrchu AC a/alebo

malému mernému povrchu. Strmy pokles k rychlemu procesu desorpcie. Po ¢ase sa vSak

krivky zakrivuju a desorpcia sa stdva pomalSou.
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Najmensi vplyv na desorpciu *™TcO, zo vzorky AC-A ma 1 % NaCl, 6 % H,O,
(pH 12), roztok NaOH (pH 12) a 0,01 mol-dm= EDTA s 10 mg SnCl,. Najvacsi vplyv
na desorpciu mal 1 mol-dm= NaClO, a NaNOs. Ako vsak z priebehov desorpcii vidiet,
nie vSetok *mTcO,  bol vymyty zkolény. Po 40 minttach celkového casu zostalo
v kolone okolo 43 % technécia (NaClO4) a59 % technécia pri desorpcii s NaNOs.
Znovupouzitelnost tejto vzorky nie je mozna. To neplati pre vzorku AC-B, ktord ma iny
priebeh desorpcie. Z Obr. 2.22(d) vidiet, ze minimdlny alebo ziaden vplyv na desorpciu
mali 0,1 a 0,01 mol-dm™=NaNOs, 1 % NaCl, 6 % H,O, (pH 12) a 0,01 mol-dm= EDTA
s 10 mg SnCl,. Roztok 1 mol-dm= NaNOs;. Pre roztoky NaClO; je situdcia taka, ze s ich
rasticou koncentraciou rastie i mnozstvo desorbovaného *™TcO,~. Pre 1mol-dm
NaClOs po 35 mintatach zostalo v kolone priblizne 16 % beznosi¢ového *™TcOy.
Obdobné priebehy je mozné pozorovat i pre vzorky AC-C a AC-E. Pri vzorke AC-E je
znacny vplyv pritomnosti NaCl (Obr. 2.22(h)). Za priblizne 20 mintt desorpéna krivka
klesla na asi 40 %. Ztoho vyplyva, ze ak by sa sorpcia uskutocniovala iba
z fyziologického roztoku, mnozstvo sorbovaného *"TcO,~ by bolo velmi malé. Na
Obr. 2.22(i) — (n) su desorpcie pre vzorky AC-SC, AC-F a AC-G. U tychto vzoriek je
mozné pozorovat takmer identicky priebeh pre roztoky NaClO,, NaOH (pH 12). Naviac,
je vidno ze samotny proces desorpcie je rychly, behom par mintt nastalo tplné vymytie
#mTcO4 z kolon. D4 sa povedat Ze roztoky NaNO; s rovnako efektivne ako NaClO,.
Roztoky NaCl a EDTA nemali zZiaden podporny vplyv na desorpciu ™TcOj,".

Desorpciu ReO4 (s platnostou i pre *™TcOy47) z povrchu BC pripraveného
z bambusu uskutoc¢nil Hu (2016). Pouzili 0,1 mol-dm= KOH, pri¢om z povrchu vzorky
vymyli 97,1 % z celkového mnozstva renistanu. Rajec (2016) zo vzoriek BC pripravenych

zo zdhradného odpadu dosiahol 91 % vymytie beznosi¢ového *™TcOy.
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Obr. 2.22 Dynamickd sorpcia a desorpcia #®™TcO, na vzorkach AC.
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Obr. 2.22-pokracovanie Dynamicka sorpcia a desorpcia *™TcO,” na vzorkach AC.

2.2.3.2.2 PRIENIKOVE KRIVKY

Vysledky merania porezity ¢ a objemovej hmotnosti vzorky v kolone & ako aj u st
uvedené v Tab. 2.20. Vysledky merania prienikovych kriviek st na Obr. 2.23. Grafy pre
kazdu vzorku zahrniaja zavislosti relativnych experimentalnych pocetnosti (1) od BV
a pH, zavislosti relativnych experimentalnych (1) a teoretickych ((#1r)wor) pocetnosti
v zavislosti od poctu voInych objemov (mw). Na Obr.2.24 st zavislosti sorpénych

retardacnych koeficientov (Rs) od npe.
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Z grafov prienikovych kriviek vidno, Ze okrem AC-F a AC-SCi nebolo
dosiahnutych 100 % relativnej pocetnosti. Jednym z moznych dévodov je vysoky
hmotnostny koeficient prenosu hmoty, ktory zavisi od koncentracného gradientu,
rychlosti prenosu hmoty, ZPH atd'. Z toho vyplyva, Ze s najvacSou pravdepodobnostou
je to spdsobené pomalou rychlostou sorpcie. Pretoze povrch tychto vzoriek je maly,
mnozstvo porov je malé, a teda pocet aktivnych miest je maly.

Tab. 2.20 Do kédu PNLRPal2.fm vlozené hodnoty L, u, c(ReOy7), ¢, & a odhady parametrov
ks, Pe, ns, Rs dOlezitych pre nelinearnu regresnu proceduru.

vzorka kr P. nre Rs L(cm) u(cm'min™)
AC-A 20 5 1 5 2,1 0,178
AC-Bi 100 1 1 5 2,1 0,178
AC-C 3 1 15 2,1 0,195
AC-E1 1 2 3 1 2,1 0,169
AC-E2 1 2 1 5 2,1 0,172
AC-F 1 1 5 2,1 0,196
AC-SC 20 20 1 1 2,1 0,188
AC-SCi 2 40 1 7 2,1 0,187
BC-A 100 5 1 100 2,1 0,185
BC-B 20 1 1 7 2,1 0,236
BC-C 100 2 1 50 2,1 0,214
BC-D 1 1 20 10 2,1 0,223
vzorka c¢(ReOy) (mol-dm=3) & (cm?*cm?) & (g-em)

AC-A 1-10* 0,874 0,188

AC-Bi 1-10* 0,823 0,268

AC-C 1-10-3 0,844 0,202

AC-E1 1-10* 0,928 0,156

AC-E2 51075 0,928 0,156

AC-F 1-102 0,792 0,280

AC-SC 1-102 0,843 0,236

AC-SCi 1-102 0,847 0,229

BC-A 1-1073 0,877 0,351

BC-B 510+ 0,672 0,326

BC-C 1-10 0,744 0,431

BC-D 1-10* 0,752 0,323

I'ked nebol dosiahnuty 100 % prienik u vacsiny vzoriek, na experimentalne
vysledky sa mo6ze aplikovat transportny model zaloZeny na doplnkovej chybovej funkcii.
O tom vypovedaju modré body (model) oproti ¢iernym (experiment) v na pravej strane
Obr. 2.23. O vhodnosti fitu hovori kritérium WSOS/DF (rovnica (15) — (17)), ktoré
vyhovuje podmienke, ze jeho hodnota je <20 (Tab. 2.21). Z toho vyplyva, ze pouzity
model koreSponduje s experimentalnymi podmienkami. Hodnoty Pecletovho ¢isla P.,

ktoré charakterizuji prietok su prijatelné (Tab.2.21) atym je zatazenie koldny
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optimalne. Hodnoty sorpénych retardacnych koeficientov Rs (Obr.2.24) nie su
konstantné, pretoze priebehy izoteriem st nelinedrne.

Zaujimavy je priebeh pH frakcii na Obr. 2.23(c) a (s). V tychto pripadoch nekleslo
pH na hodnotu sorpéného roztoku 1 pre. Okrem sorpcie TcO,4~ dochadza k spotrebe H*
ionov, resp. az k alkalizacii frakcii na vystupe z kolon. Vzorka BC-B obsahuje MgCl,,
pricom Mg?* tak i CI~ hydrolyzuju signifikantne za tvorby neutralneho roztoku. Preto by
sa dalo ocakavat, Ze sorpcny roztok s pH 1 bude mat za nasledok rychly pokles pH
frakcii na vystupe z kolony. Je to vSak prave naopak. pH velmi rychlo rastie a uz v 2 BV
je nad hodnotou 9,5. Musi teda existovat iny mechanizmus, ktorym dochadza bud to k
spotrebe H* iénov zo sorpcného roztoku, alebo k uvolnovaniu OH- iénov do roztoku na
vystupe z koldny. V ostatnych pripadoch klesne pH na hodnotu sorpéného roztoku do
5BV.

Tab. 2.21 Vypocitané hodnoty hladanych modelovych parametrov a kritérium fitu.

kr P. nr
AC-A (5,86 £ 0,18)-101 (181 £ 2,03)-102 (1010 £ 3,26)-10°3
AC-Bi (5,98 £ 0,19)-10° (16 £0,12)-101 (76,8 £ 0,38)-102
AC-D (130 + 0,10)-10° (4,44 £ 0,02)-100 1,09 + 4,06-10°
AC-E1 (0,1 +316)-100 (25+2,09)-101 3,87 £5,29-10*
AC-E2 (14,1 +1,92)-101 (92,7 +2,56)-102 (58,5 +1,53)-102
AC-F (130 £ 6)-102 (46,7 +2,17)-101 (661 +6,74)-10°3
AC-SC (22,4 £0,54)-10° (9,54 £0,15)-10° (964 +4,29)-103
AC-5Ci (20,1 £0,03)-100° (25,9 £ 0,03)-10° 0,982 +1,29-10#
BC-A (1,95 £0,17)-101 (1,93 £ 0,06)-10° (8,71 £0,14)-101
BC-B (6,24 +2,08)-10%8 (19,5 +1,72)-102 (965 + 3,31)-102
BC-C (215+£1,16)-10! (544 £ 4,68)-102 (946 + 0,67)-10°3
BC-D (5,69 +0,53)-101 (3,65 +0,03)-101 (6,41 +0,11)-101
WSOS/DF X2 Oi
AC-A 2,04 71,4 0,1
AC-Bi 0,168 5,55 0,1
AC-C 0,586 34 0,1
AC-E1 1,48 39,8 0,1
AC-E2 0,205 7,79 0,1
AC-F 0,906 30,8 0,1
AC-SC 0,793 26,2 0,1
AC-5Ci 4,83 111 0,1
BC-A 0,301 16 0,1
BC-B 0,627 23,8 0,1
BC-C 1,16 72,9 0,1
BC-D 0,004 1,53 0,1

Ceské vysoké uéeni technické v Praze
Fakulta jaderna a fyzikalné inZenyrska

2020

101



Stidium sorpcie technecistanu na uhlikatych materidloch Martin Dario
Ako vidno z Obr. 2.23(0), prienikovtu krivku TcO, (resp. ReOy) pre AC-SCi je

mozné povazovat za symetricku, preto pre fiu platia rovnice (45) — (47). Predtym je vSak
potrebné dosadit do tychto vztahov volny objem kolény Vj, ktory bol stanoveny
vazenim. Hodnoty Vj Vo5, Qva Qu st v Tab. 2.22.

Tab. 2.22 Hodnoty objemov a kapacit.

Vo Vos v " Qm
vzorka [ml]  [ml] [mm(?l.ml-l] [mm(%)l-g—ll [mg ReO4—g]
AC-A 08901 - - - B
AC-Bi 07812 - - - B
AC-C 09778 - - - B

AC-E1  0,5866 - - - -
AC-E2  0,4205 - - - -

AC-F 1,0183 2,314 0,009 0,035 8,76
AC-SC 1,0258 — - - -
AC-SCi 0,9824 3,243 0,017 0,074 18,51
BC-A 0,8605 — - - -
BC-B 0,8064 — - - -
BC-C 0,8686 — - - -
BC-D 0,7686 — - - -
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Obr. 2.23 VIavo: experimentalne prienikové krivky s hodnotami pH frakcii. Vpravo: prienikové
krivky experimentalne a model.
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Obr. 2.23-pokracovanie VIavo: experimentalne prienikové krivky s hodnotami pH frakcii.
Vpravo: prienikové krivky experimentalne a model.
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Obr. 2.23-pokracovanie VIavo: experimentalne prienikové krivky s hodnotami pH frakcii.
Vpravo: prienikové krivky experimentalne a model.
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3 ZHRNUTIE A CELKOVE

ZAVERY
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Hlavnym cielom tejto dizertacnej prdce bolo preskiimanie sorpénych vlastnosti
pripravenych vzoriek aktivovaného uhlika avzoriek biouhlia. Tieto materidly, suhrnne
oznacované ako pyrogenické uhlikaté materidly su I'ahko pripravitelné v rdznorodych varidcidch,
s ¢im suvisi ich nepreberné mnozstvo aplikicii. Pripravené vzorky aktivovaného uhlika a vzorky
biouhlia boli charakterizované metodami: fyzikdlnou adsorpciou dusika, elektrénovou
mikroskopiou s vysokym rozlisenim, rontgenovou difrakcnou analyzou, rontgenfluorescencnou
analyzou, energiovo-disperznou réntgenovou spektroskopiou, infracervenou spektroskopiou
a potenciometrickymi titrdciami. Sorpcia *°"TcOy bola skiimand bez pouZitia nosica alebo
s pouzitim neizotopového nosica ReO, . Skimal sa vplyv pH kvapalnej fazy, rovnovizny éas
sorpcie, sorpcnd konkurencia anionov, vplyv mnozstva nosica, vplyv konkurencnych ionov
na sorpciu technecistanu v kolonovom usporiadani a prienikové krivky. Nakoniec boli na vysledky
potenciometrickych titrdcii a prienikovych kriviek aplikované matematické modely. Niektoré
vysledky boli publikované celkom v piatich recenzovanych prdcach v impaktovanych casopisoch
a su sucastou prilohy tejto price.

= Boli pripravené 4 vzorky aktivovaného uhlika z vlaknitej celulézy (AC-A az E).
3 vzorky aktivovaného uhlika (AC-F,G a AC-5Ci) boli ziskané fyzikalnou a chemickou
upravou komercéne dostupného granulovaného AC-SC. Priprava 4 vzoriek biouhlia je
uvedena v praci Viglasova (2018b).

= Niektoré vzorky AC charakterizované sorpciou Ny(I) vykazuju hysteréznu
slucku, ktorej zodpovedaju makropérom. Hodnoty Sser st informativne, kvoli
zapornym hodnotdm Cger. Vypovednu hodnotu maja velic¢iny ziskané aplikdciou
metody t-priamky. Sa to merny povrch mikro- a mezopérov, objem mikropdrov
a celkovy objem. Najvyssiu hodnotu Sser maja vzorky AC-B (759 m?-g!) a komercna
vzorka AC-SC (632 m?-g™'). Snimky z mikroskopov poskytli detailny pohlad na povrchy.
Zaujimava je nerovnomerna distribucia ¢astic montmorillonitu na povrchu vzorky BC-
D.

= XRF spektroskopia ukdzala prvky medzi Al a W, ktoré su bezne
identifikovateIné v materidloch rastlinného povodu. XRD analyza poskytla ocakavané
piky danych chemickych zlaéenin pouzitych pre modifikaciu a piky zodpovedajace
amorfnej Struktare vzoriek. EDX odhalila pritomnost I'ahSich prvkov, ktoré nie su

zistitelné pomocou XREF. Boli to C, O a Mg.
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= IC spektroskopiou boli néjdené vibraéné pasy: -OH povrchové hydroxylové
skupiny a chemisorbovand voda, C=0O karbonylové skupiny v keténoch
a karboxylovych kyselinach, C=C valenc¢na vibracia v anorganickych kruhoch, C-H
deformacnd vibracia v alkénoch, HC=CH deformacna vibracia, C—O valenc¢nd vibracia
v alkoholoch, -O- cyklické éterické skupiny, C-H vibracia. Vo vzorke BC-D boli naviac
najdené valencné vibracie Si-O a deformacné vibracie Si-O-Al

= Potenciometrické titracie vzoriek AC a BC boli uskutocnené so zdmerom najst
naboj povrchu avhodny povrchovo-komplexaény model. Naboj, ktory existuje
na povrchu vzoriek pocas sorpcie *“mTcO,~ ma kladny ndboj aje ovplyvnitelny pH
kvapalnej fazy. Bolo zistené, Ze sorpcia *TcO,” na povrchu prebieha iénovou vymenou
na protonizovanych funkénych skupinach typu =SOH,* pri pH 3 a niZsie a je popisatelna
modelom chemickej rovnovahy (CEM).

= Sktimanie vplyvu pH kvapalnej fazy na sorpciu *mTcO,~ ukazalo, Ze sorpcia
prednostne prebieha v kyslej oblasti pH a desorpciu je mozné ocakavat v zasaditom pH.
Cas, vktorom sa dosahuje rovnovédha sorpcie ®nTcOs je pre vzorky rozna.
Vo vseobecnosti je kratsi pre vzorky AC nez pre BC. Okrem vzorky AC-E je pre AC
rovnovaha dosiahnuta do 10 az 20 min. Pre BC je tento ¢as 2 h.

= Konkurenc¢né sorpcie na povrchu vzoriek boli skimané pre rézne anidny.
Najvacsi vplyv na obsadenie aktivnych miest oproti *™TcO,  mali C1O4-, NOs~a HCOO-.
Vplyv mnozstva nosica v kvapalnej faze bol prevereny konstrukciou sorpénych
izoteriem. Najvhodnejsou je Freundlichov model.

= Uprava vzorky biouhlia BC-A montmorillonitom (BC-D) ma za nésledok
zvysenie sorbovaného mnozstva *™TcOy". Preto je takyto kompozit resp. zmes BC alebo
AC s montmorillonitom alebo bentonitom perspektivna pre zachyt ako katiéonovych tak
i anionovych foriem radionuklidov v multibarérovom systéme hlbinného tloziska.

= Desorpcia #™TcO," z povrchu vzoriek bola skiimana v koloénach. Prebieha bud
s ¢istym roztokom NaOH (pH 12), téinnejsie 0,1 mol-dm= roztokom NaClO, (pH 12).

= Prienikové krivky u vac¢Siny vzoriek nedosiahli 100 %. Dovodom je, Ze sorpcia
9mTcO,” vdaka malému mernému povrchu je pomald. Naviac vzhladom ku kratkej dobe
polpremeny *™Tc, k malej rychlosti toku sorpéného roztoku a vzhladom na maly objem

ziskavanych frakcii, nebolo mozné uskutocnit v tychto pripadoch experiment do

Ceské vysoké uéeni technické v Praze 109
Fakulta jaderna a fyzikalné inZenyrska
2020



Stidium sorpcie technecistanu na uhlikatych materidloch Martin Dario

prieniku 100 %. Naviac bolo zistené ze zvySenie toku kvapalnej fazy nijak neprispieva
k zrychleniu sorpcie *™TcO,. Pre vzorky, ktoré dosiahli prieniku 100 % boli vypocitané
praktické kapacity, pre AC-SCi: Qo= 0,017 mmol-ml™? a Qn = 0,074 mmol-g~!, pre AC-F:
Qo= 0,009 mmol'ml™ a Qn = 0,035 mmol-g.

= Uprava vzorky AC-SC (632 m2g?) oxidaénym ¢inidlom (68 % HNO;)
a redukénym c¢inidlom (10 % NayS;0s) mala za nasledok zvySenie merného povrchu.
Pre oxidovanu formu to je hodnota 644 m?g™ (AC-E) a redukovana 942 m?-g-! (AC-F).
V oboch pripadoch sorpcia prebieha v kyslej oblasti avSak oxidovana forma vykazuje
pomalsi narast sorbovaného mnozstva. O tom sveddia i prienikové krivky, kde sa na
oxidovanej forme nedosialo 100 %.

V predloZenej dizertacnej prici bola prezentovand komplexnd charakterizdcia
vybranych vzoriek pyrogenickych uhlikatych materidlov. Vysledky prispeli
k identifikdcii mechanizmu povrchovej komplexdcie Tc(VII), ktory bol popisany

teoretickym modelom.
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Abstract Activated carbon can potentially be used as an
adsorbent for removing Tc from aqueous solutions. Five
carbon materials were prepared by soaking of fibrous cel-
lulose with different solutions containing inorganic com-
pounds suitable for creation of micropores. After drying,
materials were carbonized at 500-800 °C, characterized by
BET, acid-base titration, HRTEM and SAXRD methods
and tested on their adsorption capabilities for pertechne-
tate. Adsorption kinetics of the pertechnetate ion on these
materials is relatively fast and depends on pH. For some
sorbents, a 99 %-adsorption within 1 min was found. One
of the variables used to characterize of pertechnetate
adsorption is distribution coefficient K4. Maximum Ky of
about 7 x 10* mL g~' was measured for acidic pH (pH
2-3). In general, K4 was decreasing with increasing pH;
however, the sample treated with zinc chloride sorbed
TcO,~ very well even at pH 8 (Ky =5 x 10° mL gfl).

P. Rajec - M. Galambos (D<) - M. Dano - O. Rosskopfova
Department of Nuclear Chemistry, Faculty of Natural Sciences,
Comenius University in Bratislava, Mlynska dolina,

842 15 Bratislava, Slovak Republic

e-mail: galambos@fns.uniba.sk

P. Rajec
BIONT, Karloveska 63, 842 29 Bratislava, Slovak Republic

M. Caplovi¢ovd

Department of Geology of Mineral Deposits, Faculty of Natural
Sciences, Comenius University in Bratislava, Mlynska dolina,
842 15 Bratislava, Slovak Republic

M. Caplovidové

Center STU for Nanodiagnostics, University Research Park,
Slovak University of Technology in Bratislava, Vazovova 5,
812 43 Bratislava, Slovak Republic

Keywords Activated carbon - Pertechnetate -
Adsorption - Separation - Kinetics - Equilibrium isotherm -
Distribution coefficient

Introduction

Technetium was predicted in 1897 by Mendeleev and
discovered in 1935 by Perrier and Segre [1]. It was the first
man-made element. All isotopes of technetium are radio-
active. Technetium-99 is a B-emitting fission product with
a long half-life of 2.13 x 10° years [2]. It is formed in the
thermal neutron fission of >*>U with high yield 6.13 % in
energetic nuclear reactors. The fate of this radionuclide
released from spent fuel alteration is of particular concern
in the performance assessment of high-level waste reposi-
tories [3, 4]. Tc may exist in different oxidation states,
depending on redox conditions [5-7]. Under oxidizing
conditions, the predominant stable chemical form is
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pertechnetate anion (Tc¥"'0,™), which is generally highly
soluble and mobile. Under reducing conditions, Tc(IV)
hydro- or hydrated oxides, TcO(OH), or TcO,-nH,O
(n =1, 2), are formed and they are soluble sparingly. So,
the redox conditions have an important effect on the
migration of Tc in a waste repository and in the biosphere
[8-13].

Activated carbon (AC) is a solid, porous, black carbo-
naceous material. It is distinguished from elemental carbon
by the absence of both impurities and an oxidized surface
[14]. The specific properties of AC depend on both the
source of the organic material (usually biomass material
such as wood, peat, lignite, oil products or coal) and
treatment method—typically a two-stage process: carbon-
ization followed by activation [15-21]. AC is produced in
various forms, including powders, cylindrical extrudates,
spherical beads, granules and fibres [22].

The most important property of AC, the property that
determines its possible application, is its porous structure.
The total number of pores, their shape and size determine
the adsorption capacity and even the dynamic adsorption
rate of AC [23]. Due to its nanoporous structure, high
specific surface area, and variable surface functional
groups, AC is widely used as an adsorbent for removing
radionuclides and toxic metals, oxyanions, and organic
compounds [24-39]. Characterization of activated carbon
using FTIR confirmed presence of various surface func-
tional groups on AC, such as carboxyl, phenolic hydroxyl,
carbonyl, carboxylic acids, anhydrides, lactone, and cyclic
peroxides [40].

Adsorption by AC proceeds through three steps [41, 42]:
mass transfer (adsorptive molecules transfer to the exterior
of the AC granules), followed by intragranular diffusion
(molecules move into the carbon pores) and physical
adsorption as the last step. Each of these steps is affected
by physical and chemical characteristics of both the
adsorbent and adsorbate, concentration of the adsorbate
and experimental conditions, such as temperature, air flow
velocity and relative humidity. Thus, adsorption depends
on [43, 44] ‘the physical and chemical characteristics of the
adsorbent and adsorbate’, the concentration of the adsor-
bate, experimental conditions, such as temperature, air flow
velocity and relative humidity.

Several studies have been performed to determine the
capability of TcO,~ adsorption by AC [36, 45-49].

The mechanism behind the TcO,~ adsorption on AC
is not exactly known [46]. Yamagishi and Kubota [50]
used HNO; for adjusting pH and claimed that anion
exchange sites (ACT-NO3) were formed at around pH 2
in nitrate solutions. Under nominally oxidizing condi-
tions the values of Ky for adsorption of Tc on AC are
very high, ranging from 10> mL g~' in chemically
complex and extremely high ionic strength reprocessing
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rafinates [50] to >10* mL g~' in groundwater [51]. Ito

and Akiba [52] found in their experiments that the
adsorption generally was higher from acid solutions (HF,
HCI, HBr and HI) than from the corresponding sodium
salt solutions. The same trend was also observed for
H2SO4, H3PO4, Na2$O4 and NazHPO4, while the
adsorption efficiency was noticeable lower in HNOs,
HClO4, NaNO; and NaClO4 solutions. A strong tem-
perature dependence of K, is observed with Ky exhibit-
ing a very large temperature-independent value at low
temperatures, decreasing with increasing temperature
[53]. This contributed to the adsorption of anions such as
the TcO,~ and that there was a competition with OH™ at
higher pH.

Adsorption of Tc is pH and ionic strength dependent,
and Tc can be completely desorbed by treatment with high
concentrations of certain anions. These observations have
been used to postulate that adsorption occurs via anion
exchange. The type of AC also affects the K4 observed. For
example, observed Kg’s varied from 10" to 10* mL g~'
depending on AC type for Tc adsorption from 1 M chloride
and nitrate solutions at varying pH values [54]. The
observation that pertechnetate can be adsorbed by AC from
solutions having 10® greater concentrations of other anions
suggests that surface complexation or specific adsorption is
involved in addition to anion exchange [51]. Holm et al.
[52] used HCI and NaOH to adjust the pH and reduction of
Tc is favoured at low pH and an alkaline media oxidizes
Tc. They also found that the K4 was 1,000 times lower for
reduced (by sodium disulfite, Na,S,05) Tc. Results indi-
cate that the adsorption process is linked to reduction of Tc
by carbon. The remaining observed adsorption in reducing
media could be due to that not all Tc was reduced to the IV
valence state.

The main aim of this research was to prepare new
activated carbon materials, characterize them and test their
capabilities for removing TcO,™.

Experimental

All chemical reagents were of reagent grade as purchased
from Sigma Aldrich. Distilled deionizer water (DDW) was
used to prepare all solutions. Technetium was obtained
from DryTech Technetium-99 m generator (GE Health-
care) and eluted with 0.9 % NaCl solution in the form of
9mTc0,~. For each experiment approximately 1 MBq of
9MT¢ was added to the water.

Preparation of AC Adsorbents

Five different carbonaceous adsorbents were used for the
study. Starting material for carbonization was fibrous
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Table 1 Used samples

A 50 g of fibrous cellulose was heated at 700 °C for 1 h in
a closed vessel

B 30 g of fibrous cellulose soaked with the 60 mL solution of
20 % of ZnCl,, dried, carbonization at 530 °C for 1 h, washed
and dried at 110 °C

C 20 g of fibrous cellulose soaked with the 30 mL of hot 25 %
ethanol solution of H3BOs, dried, carbonized at 530 °C for
1 h, washed with ethanol, dried

D 20 g of fibrous cellulose soaked with 30 mL of 45 % solution of
KOH, dried, carbonized at 800 °C for 1 h, washed and dried at
110 °C

E 20 gof carbonized fibrous cellulose with SA = 124 m? g~ was
soaked with 20 mL of 10 % solution of FeCls, added by drops
20 mL of 10 % solution of NH,OH during mixing, filtrated,
washed with distilled water and dried at 110 °C

SC commercial solid phase extraction material SEPARCOL,
CARB-Seal from Polymer Institute of Academy Science,
Slovakia, used with no treatment

cellulose from pulp factory Ruzomberok (Slovak Republic)
and treated as summarized in Table 1. Carbonization was
performed at different temperatures in a closed vessel
without the presence of air oxygen.

Characterization of AC adsorbents
Specific surface area

Physical adsorption of nitrogen at the temperature of liquid
nitrogen was performed using ASAP 2400 (Micromeritics)
equipment after degassing samples at 350 °C in a vacuum
oven under a pressure lower than 2 Pa overnight. Adsorption
data were treated using the linearized BET isotherm in the
range 0.05 < p/py < 0.30 to calculate the specific surface
area Sggt. Specific volume of micropores V ;. and specific
surface of mesopores and external surface S, were calcu-
lated by treating adsorption data by t-plot method (Harkins—
Jura master isotherm) [55]. The total volume of nitrogen
adsorbed V,,; was estimated from the volume of adsorbed
nitrogen at relative pressure of about p/py = 0.99. Pore size
distributions were calculated by the BJH-method [56] from
the desorption branches of isotherms.

Microscopic characterization

High-resolution transmission electron microscopy (HRTEM)
and transmission electron microscopy (TEM) were per-
formed with the CM 300 PHILIPS and JEOL JEM 2000 FX
devices working at an accelerating voltages of 300 and
160 kV, respectively. All samples were pulverized using a
crucible and then placed on a hold amorphous carbon grid.
TEM pictures were digitized with the image scanner.

HRTEM images were analyzed using ImageJ program with
“Radial Profile Angle” plugin [57].

SAXRD analysis

The small angle X-ray diffraction is widely used for studying
the structure of nanoscale materials of different kind. We
have used the Pananalytical EMPYREAN diffractometer
system with following parameters: wavelength Ka:
1.790307 A, anode material: Co, voltage: 40 kV, current:
40 mA, take-off angle: 4.3°.

Sorbent surface charge

Acid-base titrations were conducted for four representative
AC adsorbents using a Hanna pH meter with combine glass
Hanna pH electrode. The titrations were performed in 0.1 M
NaCl. In each titration, 0.2 g of AC was added to 50 mL of
electrolyte solution and then titrated with 0.10 M NaOH. Prior
to each titration, 2 mL of 0.10 M HCI solution was added to
the sample to make the titration start from an acid pH point.

Adsorption Procedure and Sampling

The adsorption properties of AC adsorbents with various porous
structures were studied under static conditions. The adsorbent
batch was placed into test tubes with a solution volume con-
taining of *™Tc and pH was adjusted with HCl and NaOH
solutions. The liquid/solid ratios of the solution volume (V) to
the adsorbent mass (m) was kept 100 cm® g~'. The reagents
were placed in sealed bottles and agitated in a laboratory shaker.
Aliquots of the solutions were taken periodically to analyze the
concentration of *™Tc using Wallac 1470 gamma counter.
Technetium adsorption properties of studied AC adsor-

bents were calculated by following equations:
ag—a V

Distribution coefficient Ky = X —; (InL g_') (1)
m
100 x K
Adsorption percentage R = Kd—l—ix\//r(;; (%) (2)
Adsorption capacity I' = Kq X Ceq; (mmol g’l) (3)

where c.g;—equilibrium concentration (mol L™ b, V—aqueous
phase volume (mL), m—sorbent mass (g), ag—activity
concentration of initial solution (Bq mL™"), a—equilibrium
activity concentration of solution (Bq mL™").

Results and discussion
Surface morphology and structural characterization

Characterization of the prepared AC adsorbents were
characterized by several physicochemical methods and
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Fig. 1 Digitized picture of a HRTEM image for the AC sample B
obtained by using the image scanner. The inset is the power spectrum

compared with commercial solid phase extraction material
SEPARCOL, CARB-Seal (SC). The different inorganic
compounds used in carbon treatment caused different sur-
face and adsorption properties. It was observed that
methods applied for the preparation of AC adsorbents are
suitable for surface with nanostructure pores diameter less
than 1 nm.

Surface and structure of the prepared adsorbents was
investigated using transmission electron microscopy and
small angle X-ray diffraction. A two-dimensional FFT (fast
Fourier transform) of the original TEM images was carried
out and the results are shown in the FFT power spectra of
Fig. 1 which indicate the spatial frequency distribution.
Sample B was used to illustrate pore structure of the
sample. The Samples A, C, D and E have very similar
images. The central area corresponds to low frequency, and

Fig. 2 HRTEM image of the of
AC sample B. The inset (a) is
the filter pattern corresponding
to pore size 0.3—1 nm. II The
binary image IFFT of (a)

-
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Fig. 3 Pore size distributions profile of the sample B

the frequencies become higher as the location moves fur-
ther from the centre. The central point in particular indi-
cates the brightness of the picture. Each power spectrum
looks concentric, thus showing random orientation of the
pore structures. Image of the IFFT of sample B after fil-
tering of the power spectrum is shown in Fig. 2. The inset
(a) in the Fig. 2 I is the filter pattern corresponding to pore
size 0.3—1 nm. Image on the right side II was obtained by
filtration of the power spectrum in the range 0.3—1 nm and
then an IFFT was performed, resulting in extraction of
images in chosen pore size ranges and binary procedure
from the program of Imagel.

In Fig. 3, micropore size distributions (MPSDs)
obtained by integration around the centre point of the
power spectrum is presented. The average micropore size
of the sample B was found to be 0.49 nm.

The X-ray small angle spectra for materials under
investigation are shown in Fig. 4. No diffraction peak was
observed for all AC samples used in the analyses. It could
be expected from the results of HRTEM. Similar behavior
was observed for all of AC materials. The scattered

psy
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Fig. 4 SAXRD of AC samples
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Fig. 5 Adsorption—desorption isotherms of prepared samples

intensity curves fall down gradually over the entire angle
range indicating the random distribution of scattering
inhomogeneities of the pores [58].

Adsorption—desorption isotherms

Adsorption isotherms of prepared samples are shown in
Fig. 5. Shapes of all adsorption isotherms are similar to
type I according to the IUPAC classification [59], typical
for microporous materials. Only two samples (E and C)
show very narrow H4-type horizontal hysteresis loops,
indicating a small presence of mesoporous structure.

The treatment of adsorption data by linearization of
BET isotherm in standard range of relative pressure of
p/po <0.05-0.30> gives negative values of Cggr constant
in range of —68 to —38 °C (Table 1), indicating strong
microporous nature of materials [60] and at the same time
that the values of specific surface areas Sggr have not real
physical meanings. The real picture about texture proper-
ties gives only treatment of adsorption data by t-plot
method.
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Fig. 6 Pore size distributions of the samples C, D and E

The shapes of adsorption isotherms of samples A, B and
D show typical pure microporous character of solids. The
absence of any hysteresis loop indicates the absence of any
mesopores and therefore the micropore volumes of these
samples are very close to the total nitrogen volume
adsorbed at relative pressure of about 0.98-0.99. External
surface area is about 21 m? g~' at sample A and
32-35m? g~' for samples B and D. The best sorption
properties were measured for sample B which was treated
by zinc chloride and after carbonization reached the largest
specific area. The highest micropore volume
Vmicro = 0.377 cm? g_1 was measured for this sample,
corresponds to the highest position of adsorption isotherm
and highest value of Sgpr = 759 m? g~'. The real specific
surface area, corresponding to the external surface of
material particles, is only Sy, = 21.2 m’ gfl. It means that
93 % of adsorbed nitrogen was concentrated in micropores.
Sample A has micropore volume less than half value in
comparison with B but it represents still about 92 % of
total nitrogen adsorbed. The micropore volume value of
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Table 2 Texture properties of Samples  Spr (m® g

Crer (=) Ve (em® g7 S m® g7 Vi (em® g7 Viiero/ Vier (%)

prepared samples

A 337 —40.0
B 759 —38.8
C 466 —56.9
D 509 —42.6
E 157 —67.6
sc* 632 -

0.164 21.2 0.178 92
0.377 35.6 0.405 93
0.171 73.8 0.280 61
0.247 32.1 0.280 88
0.052 50.6 0.156 33
- 50.6 0.475 -

* [62]

sample D, V icro = 0.247 cm’® ¢!, is in between those of

samples A and B, volume of micropores is about 88 % of
total adsorbed volume of nitrogen.

Adsorption isotherms of samples C and E show similar
horizontal—oriented hysteresis loops, wider for sample C.
Hysteresis loops indicates the presence on mesopores, that
reflects also in the S, values—the highest value of
Sir = 73.8 m? g~ ! for sample C is connected with the widest
hysteresis loop. The pore size distribution curves for samples
C and E (Fig. 6) show only artefacts at diameter D = 4 nm
that probably do not correspond to real mesopores [61]. Only
little increased background in wide range of pore radii from 1
to about 50 nm for samples C and E in comparison with pure
microporous sample D indicates very wide pore size distri-
bution of mesopores. Smaller values of micropore volumes
represent only 61 and 33 % of total volume of nitrogen
adsorbed for samples C and E, respectively.

Kinetics and Freundlich isotherms

Texture properties are summarized in Table 2. In all cases,
an increased size of pores was observed for all 5 samples of
fibrous cellulose treated in this work. The largest increase
of the Sggr surface was observed for sample B, treated
with ZnCl, prior to carbonization. This sample also
exhibited the best adsorption properties. Comparison with
the commercial sample (SC) revealed that samples A to E
prepared in this work have much smaller pore size diam-
eter. Pore size of SC are much larger 4-25 nm [62].
Prior to the adsorption equilibrium experiments, effect
of the contact time on adsorption of TcO,~ was investi-
gated in the range of 1 min to 1 h at initial pH 2, with
tracer *™Tc concentration. The adsorption of TcO4~ on all
samples was rapid and the percentage of ““™TcOy,
adsorption was >98 % during the first 1-30 min for A, B
and C samples, and for sample D (Fig. 7). The equilibrium
time of 2 h was chosen for further experiments.
Perrhenate is a chemical analog to pertechnetate, so we
use it as a non isotopic carrier to characterize adsorption
capacity and isotherm on AC materials. Adsorption study
with perrhenate anion is shown in Fig. 8. Distribution
coefficient of perrhenate on AC samples was determined
with a tracer of **™TcO,~ and gamma measurement of
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Fig. 7 Dependence of percentage of *°™TcO,~ adsorption on AC
versus contact time at pH 2

aqueous samples prepared by NH4ReO, with initial con-
centration 0.00001-0.1 M after reaching equilibrium of the
adsorption system. The highest K4 of perrhenate was for
the sample B the same sample as was determined for
pertechnetate. Plot in log—log scale proved that the Fre-
undlich isotherms fit the best and the results are shown in
Fig. 8. From the results of perrhenate adsorption experi-
ment it can be assumed that AC surface have heteroge-
neous adsorbent surface with different adsorption sites. The
same Freundlich isotherm model was used for *°™ TcO,~
on AC samples when aqueous Tc concentration was within
the range 1 x 10%t01 x 107°M [50].

Effect of pH on distribution coefficient of **™TcO,~

The adsorption capability of each AC samples was measured
as a function of solution pH. The influence of pH on TcO4~
adsorption on AC was studied between pH ~2 and pH ~ 10
(Fig. 9). Results indicated that adsorption of TcO, on AC
decreased. Ky is decreasing from 7.6 x 10* to 10 for
5.1 x 10° mL g~' for AC sample B. For A, C and D the pH
dependence is more noticeable. pH 4 is start point after which
decreasing of Ky could be observed. It is consistent with
pH,,, obtained from titration experiments. A high adsorption
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Fig. 9 pH-dependent adsorption of **™TcO,~ on AC

distribution coefficient and affinity of TcO, on AC samples
surface, more than 95 % of TcO,~ was removed from the
solution phase at pH 2-3. In the paper [46] it was claimed that
on each carboxylic group, there exist two potential binding
sites for pertechnetate adsorption, R-C—OH and R-C=0,
where R represents aromatic ring. At the R—-C-OH site,
TcO, is adsorbed by displacing the hydroxyl group in the
acid, R—C—OH + TcO, — R—C—-0TcO3 + OH", with
one TcO, adsorbed and one OH™ released. Thus, after
adsorption the pH values increased by 1-2 U. The adsorption
of TcO,4 to the R—C=0 site is probably through hydrogen
bonding or electrostatic attraction, R—C=0---H- + TcO4"
R-C=0---H---OTcOs3, with no net consumption or release of
H™. Itis important to note that the bonds of C—-OH and C=0
in a carboxylic acid are conjugated and switch between the
two forms constantly. Thus, TcO,4~ attaches to each site with
equal probability. As the adsorption of given the large vari-
ability in measured K values, a mechanistic understanding
of the adsorption process is crucial for selecting or engi-
neering a carbonaceous material for a specific application.
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Fig. 10 Distribution coefficient at pH 3 versus surface of the AC
samples

With the aim to explain the pH dependence of the Tc
adsorption, we have compared the adsorption behavior
with the adsorbent active surface and adsorbent surface
charge density. Distribution coefficient at pH 3 versus
surface of the AC samples is shown in Fig. 10. Ky is
increased with surface for 4 samples and the curve was
fitted with quadratic equation. Sample D is out of the trend.
It could be assumed a higher access to the adsorption site.
From low K, result of the sample D in which the surface is
nearly the same as for sample C it is clear that on tech-
netium adsorption not only surface play role but adsorption
active centre site too.

Surface charge was tested by the acid—base titration.
Figure 11 shows the titration curves (a) and the surface
charge (b) of the AC samples. While the surface charge
densities of the SC sample is practically independent on
pH, charge densities of the treated AC are higher at low pH
and decrease with increasing pH. The charge of the AC
samples in acidic solutions was found positive and
changing to negative values with increasing of pH. The
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values of pHp,. depend on the sample preparation and are
in the range 6-8. Positive charge of the surface in acidic pH
is responsible for anion exchange reaction of TcO,4 .

Conclusions

Five activated carbon adsorbents were prepared, charac-
terized and tested for their capabilities for adsorption of
pertechnetate. Activated carbons of the samples A-E have
small size pores with diameters under 1 nm. The results of
experiments lead to the conclusions that the highest
adsorption ability in a relation to Tc(VII) has the sample B.
Sample B has a small pore size and the highest specific
surface of all prepared samples and used in the experi-
ments. Adsorption of TcO,  on activated carbon adsor-
bents was fast. For some adsorbents even 1 min is enough
to reach more than 99 % adsorption. Adsorption of TcO,~
is pH dependent. Maximum Ky was in acidic solutions with
pH ~2-3 and reach about 8 x 10* mL g~'. Adsorption
isotherms with perrhenate show high adsorption capacity
more than 1 mmol g~'. The results obtained in this study
are good base for a separation of pertechnetate from
molybdenum and could be one possibility for generator
preparation with high Mo concentration such as it is case
for cyclotron or photoreaction producing *°™Tc from
%Mo target. In the future the influence of cations and
anions present and static and dynamic method on per-
technetate adsorption properties will be studied.
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Abstract Activated carbon (AC) has a relatively high
efficiency for retaining TcO,~ compared to other materials.
AC is used on a vast scale in gas and water purification,
metal extraction, medicine and many other applications.
The TcO,  adsorption mechanism on AC is not fully
known, however there are assumptions of ion-exchange
reaction between AC surface and TcO,  anions. Adsorp-
tion and anion competitive investigation have shown that
perchlorate anions have most influence on TcO,~ adsorp-
tion. Adsorption properties depend on standard absolute
molar enthalpies of hydration. Anion competitiveness was
investigated with five samples that were prepared in dif-
ferent ways (this was already published in previous article),
we used several anions Cl~, Br~, ClO, , CH;COO™,
NO;~, HCOO™ and SO,*~ at different concentrations. In
general, the adsorption of TcO,™ is influenced mostly by
ClO,~, what is explained by its similar structure with
TcO4 ™ ; however the co-existence of Fe " cations in the AC
structure decreases TcO,~ adsorption.
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Introduction

Element 43 in the seventh group of the periodic system,
technetium, is the lowest atomic number radioelement. Stable,
non-radioactive isotopes do not exist according to Mattauch’s
rule. All technetium isotopes are radioactive, and are produced
by neutron fusion of **’U in a small portion in nuclear reactors
(107 %), mainly by B-decay of fusion product *’Mo (6 %).
9Tc is released to the environment as pertechnetate [1-13].
It has been shown that activated carbon (AC) has a rel-
atively high efficiency for retaining TcO,~ compared to
other materials [14]. AC has the highest volume of
adsorption porosity of any material known to man [15]. Due
to its nanoporous structure and variable surface functional
groups, AC is used on a immense scale in gas and water
purification, metal extraction, medicine and many other
applications. Due to its high specific surface area, nano-
porous structure, and variable surface functional groups, AC
is widely used as an adsorbent for removal of radionuclides,
toxic metals, oxoanions, and organic compounds [16-31].
The adsorption mechanism on AC is not fully known,
however some of the results previously obtained indicate that
the mechanism involves an anion exchange [10, 11, 14].
Yoshida et al. [32] have attributed ion adsorption by active
carbon to the chemical functional groups of chromene, pyr-
one and lactones present in the surface oxide of active carbon.
Boehem et al. [33] have reported on an anion chemisorptions
from aqueous solution by a pyrone group, and noted that the
adsorbed anion is exchangeable. Garten et al. [34] have
suggested that the chromene group reacts with H' to form its
oxonium ion, which causes another type of anion adsorption
in the acidic solution. Different adsorption behavior of
adsorption materials is attributed to the different distribution
of surface functional groups. The presence of a large fraction
of acidic carboxylic subgroups was found to be responsible
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for the high adsorption capabilities of materials, where direct
involvement of —C-OTcO; bonding occurs: R-C—
OH + TcO,~ - R-C-OTcO; + OH™". Low adsorption
capacities are attributed to the presence of phenolic and
carboxylic groups with lower acidity. The proposed general
mechanism of attachment of the TcO,~ to these functional
groups (Fig. 1) suggest either hydrogen bonding or electro-
static attraction, where no consumption or release of HY or
OH™ occurs: R-OH,™ + TcO4,~ — (R-OH,-OTcO3) R-
OH,--OTcO; [35, 36]. Our research interest is in the surface
oxygen complex formation, chemistry of these complexes
and their location in porosities, some of which may not be
accessible to other anions to create such complex species.

The main aim of this research was to investigate
adsorption of TcO,~ and adsorption of TcO,4~ in compet-
itive anions environment from aqueous solutions on acti-
vated carbon materials synthesized at the Polymer Institute
of the Slovak Academy of Sciences.

Experimental
Preparation of AC

AC was prepared from cellulose wool obtained at the pulp
factory RuZomberok (Slovakia) and treated with various
solutions. The AC samples A—E and SC were prepared by
different treatment which was described in our previous
work including their characterization [36].

Radiotracer and aqueous phases

Aqueous solution of TcO,~ (pH = 2) were used for the
adsorption experiments. Technetium in the form of TcO,~
was produced using “’Mo—"""Tc generator eluted with
0.9 % NaCl solution. The radio-indicator method was used

Fig. 1 a Molecular structure of a cellulosic-type precursor and b the
possible structure intermediate between cellulose and that of a
resultant activated carbon

@ Springer

for this investigation, for each experiment approximately
1 MBq of *™Tc was added to the solution as radiotracer.
The solutions for investigation of anions influence (NaCl,
NaBr, NaClO,4, CH;COONa, NaNOs;, HCOONa and Na,.
SO,), at pH = 2 with the known concentrations (0.0001 M;
0.001 M; 0.01 M; 0.1 M and 1 M) were used. The pH was
measured using a Hanna pH meter equipped with combine
glass Hanna pH electrode.

Batch technique and measuring of radioactivity

The batch technique was used in all the experimental studies in
the present work. Adsorption of pertechnetate on the AC was
studied through radioisotope indication using radioisotope of
9™MTc in the form of **™TcO,” in static arrangement of
experiments in aerobic conditions at laboratory temperature.
Adsorption parameters were determined upon mixing 0.03 g
of the sorbent with 3 mL of the desired solution in plastic test
tubes with internal diameter 14 mm and capacity 10 mL in
laboratory extractor at constant speed of mixing for 1 h. After
adsorption and following by subsequent centrifugation
(t = 10 min, 6,000 rot/min) was taken 1 mL of each solu-
tions as the supernatants to measure the radioactivity using
Wallac 1470 gamma counter.

Adsorption properties of AC were calculated by fol-
lowing equations:
Distribution coefficient

_a—a_V (ng_l) (1)

K4 = X —;
a m

Percentage of adsorption
100 x Kd
Ko+ V/m (%) @)

where c.q is the equilibrium concentration (mol LY, Vis
the aqueous phase volume (mL), m is the sorbent mass (g),
ao is the volume activity of initial solution (mL s, ais
the equilibrium volume activity of solution (mL s ).

FTIR spectra

Solid state FTIR spectra were recorded on Thermo Scientific
Nicolet 6,700 FT IR spectrometer by ATR technique in the
range of 4,000-650 cm™ ', averaging the data of 64 succes-
sive scans. All spectra were corrected for background effects.
Results and discussion

Adsorption equilibrium

The adsorption of TcO4~ was investigated as a function of
shaking time. The process of adsorption was very fast and
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the adsorption equilibrium was attained within a few
minutes for samples A, B, C, E, and reached 99 % of
adsorption percentage (Fig. 2). Adsorption process in the
case of sample D was slower and adsorption equilibrium
was attained after 30 min reaching 80 %. The equilibrium
time of 2 h was chosen for further experiments [36]. The
adsorption study was carried out with NH4ReO, with a
tracer of *™TcO, . Freundlich isotherms better correspond
with experimental data as shown in our previous work [36].

FTIR spectra

FTIR spectra are shown on Fig. 3. The samples A and D
exhibit no bands in IR spectra. We presume this could be
caused by the high carbonization temperature of the sam-
ples A (700 °C) and B (800 °C). Nevertheless, the
adsorption of TcO,~ was observed on both samples.
Vibrational bands of the samples B, C and E are summa-
rized in Table 1 [11, 37-39].

Effect of competitive anions

The adsorption experiments of TcO,~ on AC were carried
out in the presence of competitive anions of HCOO™,
NO;~, ClIO4, Br—, CI™, CH;COO™ or SO42_. Adsorption
mechanism is not fully known and has been outlined in our
previous work [36]. The pH values after the adsorption
were almost the same in the range of pH 2-3, in which the
adsorption took place with the highest K, values.

Sample A was prepared without any additives. The
adsorption of TcO,~ was close to 100 % at the lowest con-
centrations of anions except NO;~ where maximum of adsor-
bed TcO, reached 85 % (Fig. 4). The lowest percentage of
adsorption of TcO,~ was observed by competition with C1™
and SO4>~. The percentage of adsorption does not rise over

LR e =Lt S -9— -9
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————— T —A
S BT
hd /A N -
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b /
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Fig. 2 FTIR spectra of AC samples B, C and E
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Fig. 3 Dependence of the percentage of *™TcO,~ adsorption on AC
versus contact time at pH 2

15 % in both cases. On the other hand, all the other anions had
significant influence on the adsorption of TcO, ™ and the rate of
adsorption of TcO,~ decreased with increasing concentration
of the anions. The most significant decrease of the adsorption
was observed with solutions containing NO3;~ and ClO4~
anions. This is probably due to the fact that these anions have
the highest standard absolute molar enthalpies of hydration.
Moreover, TcO,~ and ClO, have similar tetrahedral structure
and therefore TcO, ™~ anions could be replaced by C1O,4 in the
active sites. The adsorption of TcO,~ on AC depends on
standard absolute molar enthalpies of hydration (kJ mol ')
SO~ (—=1,099) < HCOO™ < (—384) < CH;COO™  (—
374) < CI" (—359) < Br (—328) < NO;™ (—316) < ClO4~
(—=205) [13, 40, 41]. This trend is similar to extraction of the
mentioned anions with amine solutions [42]. The pore size of
AC samples ranges between 300 and 1,000 pm [36]. The
adsorption of TcO4~ depends on the chemical treatment of the
sample as well.

The percentage of adsorption of TcO,~ for the sample B
(Fig. 5) does not decrease below 90 % for samples con-
taining C1—, Br™, SO42_ and HCOO™ anions. For the sam-
ples containing NO5;~ anions at the highest concentration
was the percentage of adsorption equal to 76 %, for HCOO™
anions 20 % and for ClO4~ anions 11 %. The highest
influence on the adsorption of TcO, ™ had the anions with the
largest standard absolute molar enthalpy of hydration.
ClO4~ anions can be potentially used for desorption of
pertechnetate. Competitive adsorption of ClO, probably
takes place by the formation of (R—-OH,—OClO3) R-OH,.
--OClOj5 interactions on the surface of AC [35].

As shown in Fig. 6 for sample C, the percentage of
adsorption of TcO,~ in NO5;~ environment is increased by
increased concentration of the anions. At the lowest con-
centration of NO; ™~ anions is the percentage of adsorption
equal to 36 % and increases up to 99 % at the highest

@ Springer
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Table 1 Yibrational bands Samples B C E
corresponding to samples B, C
and E —OH surface hydroxyl groups and chemisorbed water - - -
C=0 carbonyl groups in ketone and carboxylic acid 1,694 1,695 -
C=C stretching vibration in aromatic ring 1,538 1,575 -
C-H deformation vibration in alkane - - 1,410
HC=CH deformation vibration - - 961
C-O stretching vibration in alcohol —O-cyclic ether group 1,008 1,162, 1,031 -
C-H vibrations 872 873, 796, 745 872, 711
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Fig. 4 Sample A, relation between the percentage of adsorption
R and initial concentration of anions. Logarithmic scale
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Fig. 5 Sample B, relation between the percentage of adsorption
R and initial concentration of anions. Logarithmic scale

concentration of the anions. All the other adsorptions of
TcO,~ have a decreasing tendency.

In Fig. 7, the results of the measurements of the per-
centage of adsorption of TcO,~ for sample D. The smallest
adsorbed amount of TcO,~ was observed in the environ-
ment of CH3COO™ followed by NO5;™ and ClO,4 . It seems

@ Springer

Fig. 6 Sample C, relation between the percentage of adsorption
R and initial concentration of anions. Logarithmic scale

that ClO,~ anions had no influence on the adsorption of
TcO,~ as we observed in the samples A—C and also the E
sample. It can be caused by the high temperature of car-
bonization (800 °C) and this can lead to some surface
differences that have not been measured by FTIR. Either
way, the adsorption of TcO,™ takes place even if the per-
centage of adsorption of TcO,  is in general smaller than
in other samples.

The results of the anion competition experiment in
sample E are summarized in Fig. 8. It was the sample with
the smallest specific area [36]. The percentage of TcO,~
adsorption is decreasing to 0.1 M in C1O,~, Br~ and SO,*~
environment, respectively, increased again at the lowest
concentration. The percentage of TcO,~ adsorption in the
solutions with various Cl~ anions concentration is
increased only in the case of sample E. The amount of
TcO,  adsorbed on AC in CH;COO ™, HCOO™ and NO5;™
solutions is decreased similarly to all the other samples.
Fang et al. [43] have shown that a co-existence of Fe’*
cations decreases Cl1O, adsorption. In our case the sample
E was treated with a solution of FeCl; [36]. At the highest
concentration of 1 M ClO4~ was the percentage of TcO4 ™
adsorption lower than in 0.1 M CIO4".
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Fig. 7 Sample D, relation between the percentage of adsorption
R and initial concentration of anions. Logarithmic scale
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Fig. 8 Sample E, relation between the percentage of adsorption
R and initial concentration of anions. Logarithmic scale

The samples A, B and D have typical pure microporous
character of solids [36]. Samples C and E have micropo-
rous and mesoporous structure. Overall, it seems that
competition of anions is strongly depended on the way of
preparation, more dependent on dopant added during the
preparation than by mesoporous structure. The structure of
AC (Fig. 3) is not obviously known, based on our mea-
surements of FTIR spectra, as the peaks are too wide and
each peak can correspond to several functional groups.

Conclusion

The adsorption of TcO,~ depends on the presence and
concentration of other anions in the solution. In general, the
most significant influence on TcO,  adsorption on acti-
vated carbon had CIO,  anions. This is most likely due to

the similar tetrahedral structure and ClO,~ anions have the
lowest hydration ability (standard absolute molar enthalpy
of hydration is equal to —205). The adsorption of TcO4~
on activated carbon was more suppressed by increase of
ClO,~ concentration. Adsorption on activated carbon
depends also on the surface structure as well as on the
sample preparation and treatment. Co-existence of Fe’*
cations in the structure of sample E decreases the adsorp-
tion of TcO4 .
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Abstract Activated carbon (AC) is an organic material
with a high carbon content and is made from carbon-based
material by its thermal decomposition in a furnace using a
controlled atmosphere and heat. In this study, AC has been
used for investigation, as a potential candidate, for
laboratory separation process of technetium. The TcO4~
has high mobility in environment, but mechanism for the
TcO, ™ adsorption/desorption on AC is not exactly known.
The main aim of this research was to investigate the
separation of the *Tc using five different samples of AC.

Keywords Activated carbon - Pertechnetate -
Adsorption - Desorption - Separation

Introduction

Technetium is primarily obtained artificially and has been
found in the spectrum of stars. As was found in 1962, one
of its isotopes, *°Tc, is produced as a product from the
fission of uranium in nuclear reactors and does not occur
naturally. Based on this, large amounts have been produced
over the years and it caused that there are kilogram-sized
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quantities of technetium currently in environment. Tech-
netium exists as 22 well known isotopes and all of them are
radioactive. Technetium-steel alloys are very resistant to
corrosion or reaction with oxygen and other materials.
99mTe is an almost ideal diagnostic tool. One option, how is
possible to remove or control released technetium in the
environment, is its separation. Activated carbon (AC) has
been studied as a potential candidate for laboratory
separation process of technetium [1-6].

AC is an organic material with a high carbon content.
AC can be made from carbon-based material by its thermal
decomposition in a furnace using a controlled atmosphere
and heat. The product has and large surface area and por-
osity, where adsorption take place [7-10].

There have been published several studies about the
separation of Tc [11, 12]. Batch adsorption experiments
were performed to evaluate different anion exchange resins
for potential application in the separation of TcO,  from
carbonate solutions. In 0.5 mol L™ K>CO3 Purolite
AS530E, DIAION WA30 and Dowex Marathon WBA
showed the highest equilibrium distribution constant Ky,
but took 5 days to reach equilibrium [12]. Using a solvent
extraction of TcO,~ system containing iodonitrotetrazoli-
um chloride and chloroform is robust in a wide range of
pH. This rapid method allows for laboratory scale ex-
periments, especially those that need a rapid and well-
characterized method for Tc oxidation state analysis [13].

A solid/liquid process for the separation and recovery of
TcO,~ ions from an aqueous solution is disclosed. The
solid support comprises separation particles having sur-
face-bonded poly(ethylene glycol) groups; whereas the
aqueous solution from which the TcO, ™ ions are separated
contains a poly(ethylene glycol) liquid/liquid biphase-
forming amount of a dissolved salt. A solid/liquid phase
admixture of separation particles containing bound TcO4~
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ions in such an aqueous solution that is free from MoO,~
ions is also contemplated, as is a chromatography apparatus
containing that solid/liquid phase admixture [14]. An ex-
traction chromatographic material based on Aliquat-336
anchored on hydrophobized silica gel support was prepared
as an ion exchanger.

The prepared material appeared to be suitable for the
separation of *Tc from environmental matrices in column
application. The prepared sorbent was conditioned by
washing with nitric acid. The solution containing
9mTc0,~ in 0.1 mol L™' HNO; was passed through the
column. Tc was eluted from the column by 8 mol L™
HNO;. The adsorption recovery of Tc from the prepared
sorbent with 0.1 mol L™' HNOj; solution was more than
98 %, and the desorption recovery from the column using
8 mol L~! HNO; varied between 92 and 96 %. It was
found that the prepared sorbent is suitable for the separa-
tion of technetium from environmental matrices and ra-
dioactive wastes [15, 16].

The main aim of this research was tested new prepared
activated carbon materials in dynamic conditions. AC
sorbents were tested for adsorption and desorption be-
haviour of TcO,™.

Experimental
Preparation and characterization of AC

AC was prepared from cellulose wool obtained at the pulp
factory Ruzomberok (Slovakia) and treated with various
solutions. The AC samples A-E were prepared by different
treatment method, which was described in our previous
work including their characterization [2]. Preparation of
samples AC is shown in Table 1.

Aqueous phase and radiotracer
Aqueous solution of TcO,  (pH 2) were used for the col-
umn experiments. Technetium in the form of TcO,~ was

produced using **Mo-"""Tc generator eluted with 0.9 %
NaCl solution. The radio-indicator method was used for

Table 1 Used samples

this investigation, for each experiment approximately
1 MBq of 9mT¢ was added to the solution, which was
adsorbed in a column as radiotracer. The solutions for in-
vestigation of desorption ability: NaOH (pH 12);1 mol L™
NaClO, (pH 12); 0.1 mol L™' NaClO, (pH 12);
0.01 mol L™' NaClO, (pH = 12); 1 % NaCl; 0.1 mol L'
NaClO,4 (pH 12); 0.1 mol L~ 'NaCl10, (pH 12) at 70 °C;
1 mol L™' NaNO; (pH 12); 0.1 mol L™' NaNO5 (pH 12);
0.01 mol L™! NaNO, (pH 12); 0.01 mol L_lethylenedi—
aminetetraacetic acid (EDTA) + 10 mg SnCl, in 100 mL
stock solution of EDTA and 95 °C distilled water. Before
adsorption experiments selected AC samples were treated
with 10 mL of 1 mol L' NaClO, solution (in text:
NaClO, treated). The pH was measured using a Hanna pH
meter equipped with combine glass Hanna pH electrode.

Column method and measuring of radioactivity

Column is a cylindrical shape with circular diameter
10 mm and high 15 mm. Top and bottom of the column
were closed with a plastic permeable frits. The internal
volume allowed 0.2 g of each sample for experiments.
Column were placed 7 cm from Nal(Tl) detector in a thick
lead shielding and lead collimator with diameter suitable
for column size. 21 mL of each solution was prepared by
labelling with *™TcO, . 1 mL of sample was taken for
counting of radioactivity and 20 mL of aqueous solution of
TcO,4~ (pH 2) passed through the column and activity was
measured by Nal(Tl) detector and connected with com-
puter for getting cps values and time of measurement. Time
of measurement was every 5s. From eluate 1 mL of
sample was withdrawn for later counting of radioactivity
for obtaining percentage of adsorption. TcO,~ was eluted
with different stripping solutions. Volume passing through
the column was measured. From these passing volumes
was withdrawn 1 mL for counting of radioactivity and
desorption percentage calculation. The flow rate of solu-
tions was adjusted by peristaltic pump to 2 mL min~".
Experiments were carried out for each sample and ach
desorption solution at the same conditions. The samples
from adsorption and desorption processes were measured
with Wallac 1470 gamma counter at the same time. From

A 50 g of fibrous cellulose was heated at 700 °C for 1 h in a closed vessel
B 30 g of fibrous cellulose soaked with the 60 mL solution of 20 % of ZnCl,, dried, carbonization at 530 °C for 1 h, washed and dried at

110 °C

C 20 g of fibrous cellulose soaked with the 30 mL of hot 25 % ethanol solution of H;BO3, dried, carbonized at 530 °C for 1 h, washed with

ethanol, dried

D 20 g of fibrous cellulose soaked with 30 mL of 45 % solution of KOH, dried, carbonized at 800 °C for 1 h, washed and dried at 110 °C

E 20 g of carbonized fibrous cellulose with SA = 124 m? g~ was soaked with 20 mL of 10 % solution of FeCls, added by drops 20 mL of
10 % solution of NH4OH during mixing, filtered, washed with distilled water and dried at 110 °C

@ Springer
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g. 1 Adsorption and washing out of TcO,~ for sample A

the volume activity and volume of eluate from adsorption
and desorption experiments, percentage of adsorption and
desorption yield were measured. Measured count rate CPM
were normalized to dimensionless value 1.

Results and discussion

The mechanism for the TcO,  adsorption on AC is not
exactly known. On each carboxylic group, exist two po-
tential binding sites for TcO,~ adsorption, R—-C—OH and R-
C=0, where R represents aromatic rings. At the R-C-OH
site, TcO,~ is adsorbed by displacing the hydroxyl group in
the acid, R-C-OH + TcO,~ — R-C-OTcOz + OH™, one
molecule TcO, is adsorbed and one molecule OH is re-
leased. The adsorption of TcO,  to the R-C=0 site is
probably through hydrogen bonding or electrostatic attrac-
tion, R-C=0--H — + TcO,~ - R-C = O---H:--OTcO3,
with no net consumption or release of H™. It is important to
note that the bonds of C—OH and C=0 in a carboxylic acid
are conjugated and switch between the two forms constantly.
Thus, TcO,4 ™ attaches to each site with equal probability [1].

The FTIR spectra of samples A and E didn’t prove ex-
istence of some functional groups, nevertheless the ad-
sorption of TcO,~ was observed [16]. It could be caused by
lower mass surface from all samples, just 337 and
157 m? g~ ! respectively.

Adsorption and stripping of TcO,~ for sample A are
shown on Fig. 1. The X-axis corresponds with the ex-
periment time, while the Y-axis due to its transparency of
count rate is normalized to dimension less unit. Each streak
corresponds with one experiment and zigzag shape of
streaks is caused by statistical character of ionizing ra-
diation. The noise ratio of measuring apparatus during
measurements caused the interruption of streaks, never-
theless it did not affect the accuracy of the results. The
measurements of cps were monitor continuously provided
every 5 s. From volume activity measurements of eluate,
yields of adsorption were calculated and was nearly 100 %
as can be seen from the straight line of adsorption, typically
for all figures presented in this paper concerning of ad-
sorption experiments. The adsorption is quantitative as was
confirmed by measuring of volume activity of samples.

As is shown on Fig. 1 for the sample A, desorption
decrease in order 1 mol L™! NaClO, > NaClO, treat-
ed>1mol L' NaNO; > 70 °C 0.1 mol L™!
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Fig. 3 Adsorption and washing out of TcO,~ for sample C

NaClO, > 0.1 mol L™! NaClO, > 0.1 mol L™! NaNO; >
0.0l mol L™' NaClO, > 0.01 mol L™' NaNO; > 0.01
mol L™" EDTA + 10 mg SnCl, > NaOH (pH 12) > 1 %
NaCl > 95 °C dist. H>O. At the NaClOy treated, the col-
umn was conditioned with the solution 10 mL 1 mol L™'
NaClO4 (pH 2) before adsorption and subsequently the
column was washed out with the same solution. This
treatment before the adsorption has not significant influ-
ence on desorption. The Cl1O, ™ has a very similar structure
with TcO,~, therefore its behaviour during the surface
adsorption processes will be the same. The solutions of
NaNO; were chosen due to its second higher standard
absolute molar enthalpy of hydration, which is
—316 kJ mol™! (for TcO,~ —205 kJ mol™"). In consid-
eration with the resonance structure of NO5™ it is possible
that the surface configuration during the stripping of TcO4~
will be as follows: R-C=0--H 4+ NO3;~ — R-C =
O:--H:--ONO,. The concentration of those ions play also
significant role during desorption processes of TcO,4 .

As is clear from the above order, the increase of NaClO,
or NaNO; concentration caused that desorption is more
efficiently. The EDTA with addition of 10 mg SnCl, has
been chosen, firstly due to possible complexation of Tc

@ Springer
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reduced from Tc(VII) on Tc(IV) by addition of SnCl, due
to of reduction.

Technetium is a nutrition analogue and it could be
concentrated in the plants, via root age is adsorbed in the
plant’s membranes. The TcO, ™ has really high mobility in
environment. In the reducing surroundings (10 mg SnCl,)
is Tc(VII) reduced on immobile phase Tc(IV). A presence
of SnCl, in stripping solution caused reduction of
pertechnetate onto TcO, a colloid Sn(OH),. The reduction
could cause longer detention of pertechnetate on AC sur-
face. The stripping of column with solution NaOH with pH
12 was slower. The stripping with this solution had longer
duration and there is the volume spent and it requires a
bigger volume of solution. The neutral solution of 1 %
NaCl and distilled H,O heated at 95 °C had no significant
influence for desorption of TcO,™.

The surface of AC is charged by functional groups and
they could be influenced by changes of stripping solution
pH.

Adsorption and desorption of TcO,~ for sample B are
shown on Fig. 2. The stripping with 0.1 mol L™' NaClO,
heated at 70 °C and distilled H,O heated at 95 °C were
leaved out, as well as in the next experiments with the
others samples. The stripping decrease in order of used
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solutions 1 mol L™' NaClO, > NaClO, treated >
0.1 mol L™ NaClO,>1molL™!  NaNO; > 0.01
mol L™! NaClO, > 0.1 mol L™! NaNO; > 0.01 mol L™!
EDTA + 10 mg SnCl, > NaOH (pH 12) > 0.01 mol L™'
NaNO; > 1 % NaCl. It is possible to see that order of
series is a bit different like in the case of sample A. The
first two steps are the same in the both case (sample A and

B) and the solution of 0.1 mol L~! NaClO, affects on
stripping more effectively comparing with 1 mol L™'
NaNO;. It is explained by similarity of these ions.
Similarly the lower concentration of perchlorate preceded
the higher concentration of nitrate. The solutions of
0.01 mol L™! NaNO; and 1 % NaCl reached in the same
time almost identical stripping level of pertechnetate.

The IR spectra of the sample B proved presence of C=0
carbonyl groups in ketone and carboxylic acid, C=C
stretching vibration in aromatic ring, C-O stretching vi-
bration in alcohol or —O- cyclic ether group and C-H vi-
brations as well [16]. The bound C=0 carbonyl groups in
ketone and carboxylic acid are proving the mechanisms of
adsorption on the surface and in the pores of AC, which
was mentioned above. The mechanism for C-O stretching
vibration in alcohol might be, as follows: R-C-
OH + TcO,~ —» R-C-OTcO; + OH™. An interaction
with the aromatic ring is possible due to mesomeric effect
and therefore because of delocalized positive charge. The
possible structure might be shown as R-C—Ar"---O~ TcOs.

The sample C (Fig. 3) has the same type of functional
groups on the surface as the sample B, what is clear from the
IR spectra [16]. The mechanism of adsorption is the same in
the case of sample B and C. The sample C, as well as sample
E has microporous and also microporous structure [2]. The
quantity of the pores, which could be used for adsorption, is
bigger than for others samples. The ability of used solutions
for desorption decreased in order, as follows: 1 mol L}
NaClO4 > NaClO,  treated > 0.1 mol L! NaClO,4 >
0.01 mol L™ NaClO, > NaOH (pH 12) > 0.1 mol L'
NaNO; > 1 mol L' NaNO; > 0.01 mol L' NaNO; >
0.01 mol L' EDTA + 10 mg SnCl, > 1 % NaCl. The
order is different comparing with the samples A and B. You
can see that solution of NaOH (pH 12) from the penultimate
place (samples A, B) to the first part of order. It proved that
the pH has significant influence. Nevertheless, the functional

Table 2 Eluated and remaining

activities trough the columns Sample A B ¢
Solution Elu (%) Rem (%) Elu(%) Rem (%) Elu(%) Rem (%)
NaOH (pH 12) 8 92 2 98 50 50
1 mol L™ NaClO, (pH 12) 47 53 89 11 24 76
0.1 M NaClO,4 (pH 12) 8 92 43 57 24 76
0.01 M NaClO, (pH 12) 12 88 26 74 22 78
1 % NaCl 5 95 1 99 2 98
1 mol L™! NaNO; (pH 12) 28 72 46 54 27 73
0.1 mol L™ NaNO; (pH 12) 6 94 2 98 19 81
0.01 mol L™' NaNO; (pH 12) 9 91 6 94 77 23
Plugging 23 77 71 29 36 64
0.01 M EDTA + 10 mg SnCl, 5 95 2 98 12 88

Elu means portion of activity eluated through the column in %. Rem means portion of activity retained in

the column after experiment in %
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groups on the surface are same in the sample B. But the
order is different. It is probably caused by the different way
of samples preparation (Table 1). The simply changing of
surface, by treatment of cellulose wool, is not detectable by
IR spectra. Some of the peaks are wide and can fit to various
functional groups, because of that they were assigned base
on already published articles [8, 17-21].

No characteristic IR peaks was observed for sample D,
instead of that desorption of TcO,~ was observed. As is
shown on Fig. 4, desorption order decrease as follows:
NaClO, treated > 1 mol L™' NaClO, > 0.1 mol L™!
NaClOs; > 1% NaCl > 0.1 molL™" NaNO; > 0.01
mol L™' NaNO; > 0.01 mol L™" NaClO, > NaOH (pH
12) > 0.01 mol L~' EDTA + 10 mg SnCl, > 1 mol L™'
NaNO;. The sample D was prepared by saturation with
45 9% KOH solution, dried and carbonized (Table 1). KOH
solution is corrosive and (~85 %) KOH can be used as
activating agent in chemical activation of AC [9, 18, 22].
Nevertheless, the KOH had almost half of the mentioned
concentration, it could cause increase of the surface and
increase of surface could case the change of the structure.
KOH serves as a source of OH™, a highly nucleophilic
anion which attacks polar bonds in inorganic and organic
materials eq. KOH + R-CO,R’ —» R-CO,K + R’OH.
This changes of surface probably caused that kinetic of
TcO,4 adsorption was slowest and percentage of adsorption
was just around 80 % [2]. As is possible to see in Fig. 4 the
biggest slopes of the streak during desorption are caused by
solutions from the first part of order for sample D, which
was mentioned above. Than they decrease, some of them
faster and some of them slower. The total washout of
TcO,~ was not achieved. Total washout could be achieved
after several hours or days.

The sample E contains mesopores and also micropores
like the sample C [2]. Based on IR spectra, these vibration
were obtained: C-H deformation, vibration in alkane

HC=CH, deformation vibration and C-H vibrations. The
mechanism of TcO,~ adsorption can be consider similarly
with the previous samples. The stripping experiments have
been done (Fig. 5) and the ability of TcO, desorption
decrease in order as follows: NaClO, treated > 1 mol L™'
NaClO, > 0.1 mol L™! NaClO, > 1 mol L™' NaNO; >
0.01 mol L~! NaClO, > 0.1 mol L™' NaNO; > NaOH
(pH 12) > 0.01 mol L™' NaNO5 > 0.01 mol L™' EDTA +
10 mg SnCl, > 1 % NaCl.

In Tables 2 and 3 effectiveness of desorption of TcO4~
from the column with percentage of eluated and remaining
activities on the columns is presented. Stripping from all
samples is not quantitative, from sample B was 89 % with
1 mol L™ NaClO, (pH 12) eluated.

Conclusion

Five activated carbon adsorbents were used in column
studies for separation of TcO, . Each of these samples was
prepared by the different way. The results of experiments
lead to the conclusion that desorption of TcO4~ depends on
the structure of studied materials or on the stripping-con-
ditions (concentration and pH). We can conclude that
desorption of TcO,~ was similar in the case of sample A
and B. The solution of 0.1 mol L™! NaClO, effects on
washout more widely in compare with the others, which is
explained by similarity of this ion with TcO, ™. The sample
C has the same type of functional groups on the surface as
the sample B and, as well as sample E has microporous and
also mesoporous structure. Nevertheless, the functional
groups on the surface are the same with the sample B,
desorption of TcO,~ was different and the best washout
solution was 1 mol L™' NaClO,. It is probably cause by
the different way of preparation of the samples and also
was proved that pH had significant influence during

Table 3 Eluated and remaining

activities trough the columns Sample b E
Solution Elu (%) Rem (%) Elu (%) Rem (%)
NaOH (pH 12) 32 68 25 75
1 mol L™ NaClO, (pH 12) 35 65 27 73
0.1 M NaClO4 (pH 12) 18 82 37 63
0.01 M NaClO, (pH 12) 20 80 25 75
1 % NaCl 24 76 9 91
1 mol L™" NaNOs (pH 12) 24 76 51 49
0.1 mol L™ NaNOs (pH 12) 6 94 29 71
0.01 mol L™' NaNO; (pH 12) 21 79 19 81
Plugging 18 82 27 73
0.01 M EDTA + 10 mg SnCl, 12 88 11 89

Elu means portion of activity eluated through the column in %. Rem means portion of activity retained in

the column after experiment in %
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desorption processes. The sample D was prepared by
saturation with 45 % KOH solution dried and carbonized
and this changes of surface caused that kinetic of TcO, -
adsorption was slowest [2] and also the total washout of
TcO,~ was not achieved. Total washout in this case could
be achieved after several hours or days. For the sample E,
similarly with D was sample treated with 1 mol L™
NaClO,4 the most effective. This sample has similar struc-
ture with the sample C and the mechanism of TcO,~ ad-
sorption can be consider similarly with the previous
samples. Anions used with lowest hydration energy for
desorption were the most effective as were shown in our
previous paper 2.
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Abstract Objectives of this research are preparation and
characterization of oxidised and reduced activated carbon,
and investigation of pertechnetate sorption on these acti-
vated carbons. Activated carbon could be an alternative
interface in production of radionuclide generator with high
Mo concentration, such as it is case for cyclotron or pho-
toreaction producing *™Tc from '’Mo target. Sorption
processes are investigated through radioisotope indication
and strongly depend on pH and presence of competitive
anions of the environment. Oxidative treatment leads to an
increase in pertechnetate adsorption. Desorption of
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pertechnetate from the activated carbon surface is almost
quantitative.
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Introduction

Activated carbon (AC) is pores space bounded by the
carbon atoms. There are several models of AC structures
that, are mainly based on the structure of graphite based on
random amorphous structure. AC is created by heating of
organic materials with limited or non-air access. The pore
size of AC is directive for its application. Micro- and meso-
pores are the centre of sorption processes [1]. Sorbents
based on carbon hold a number of properties that, make
them very convenient for various applications [2—4]. Due
to high stability to aggressive media or temperature expo-
sure, they sustain long lifecycles, including regeneration
and recycling. It was shown in several works that, surface
modified form of carbon-based materials are promising
sorbents for separation of various radionuclides [5, 6].
Processing of waste from nuclear power plants, radio-
chemical plants and water purification from long-lived
radionuclides, has become very important problem in the
field of radiochemistry and radioecology [7].

The most important isotope **Tc is produced as a fission
product (107°%) of uranium in nuclear reactors and mainly
by beta decay of *Mo (6%). Based on this need, large
quantities of Tc have been produced over the years, cur-
rently the *™Tc is the most commonly used diagnostic
tool. One option of possibility to remove or control
released Tc in the environment, is sorption process. AC has
a relatively high efficiency for retaining of TcO,  in
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comparison with the other materials and it is used on a vast
scale in gas and water purification, metal extraction,
medicine and many other applications [8—15]. The TcO,~
sorption mechanism on AC may differ according to the
functional group (Fig. 1). It involves ion-exchange reaction
between AC surface and TcO,™ anions, chemical bound or
reduction of TcO,~ on the surface. It has been found that,
the oxidation of AC increases the weight distribution ratio
for the extraction of radionuclides of sorption nitric acid
raising agents [16—19].

In the Fig. 1 molecular structure of a cellulosic-type
precursor and possible surface structure is shown. The
surface chemistry of AC is substantially determined by the
acidic and basic character of its surface. It can be changed
by the oxidizing and reducing agents, where O3 and HNO;
are the most effective oxidants to form acidic oxygen
surface groups. The effect is much stronger for HNOs. Dry
oxidation of AC at 100 °C in O3 has increased the content
of acidic oxygen surface groups in the material without
greatly decreasing the content of basic sites and microp-
orosity and with a significant mesoporosity development
[20].

The main aim of this research was to prepare oxidised
and reduced forms of commercial AC, and to investigate
the influence of various conditions onto sorption of
pertechnetate on these AC forms.

Theory
Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) Molecules
vibrate at various frequencies that depend on molecular
structure. Similarly, the angle between two atoms bonded
to a common central atom expands and contracts by a small

A H CH,OH 0

HO

CH,

Fig. 1 a Molecular structure of a cellulosic-type precursor and b the
possible structure intermediate between cellulose and that of a
resultant activated carbon

@ Springer

amount at a frequency that depends on molecular structure.
These vibrational and bending frequencies correspond to
the frequencies of light in the infrared region in the elec-
tromagnetic spectrum. Every type of bond or bond angle in
a molecule absorbs infrared radiation at a specific wave-
length. FTIR originates from the fact that a Fourier trans-
form (a mathematical process) is required to convert the
raw data into the actual spectrum [21, 22].

Acid-base titration conduced potentiometrically

Potentiometric titration was used in order to determine the
surface charge. In principle, two electrodes are immersed
in a solution of the analyte. One is an indicator electrode,
selective for H;O1 and the other a stable reference elec-
trode. The potential difference, which after calibration is
pH, is measured after the successive addition of known
increments of acid or base titrant [23, 24].

Thallium-doped sodium iodine scintillator

Thallium-doped sodium iodide (Nal(Tl)), is a solid scin-
tillator that converts the gamma radiation energy into vis-
ible light that is then detected with a photomultiplier tube.
When ionizing radiation enters the crystal, it creates elec-
tron—hole pairs. These ultimately combine with help from
the activator (T1") in a radiative recombination process.
Or, a hole may be trapped by a TI™, forming TI**, which
then traps an electron and forms T1" in an excited state.
Then, T1" ion relaxes to its ground state with the emission
of the light. The light stimulates the emission of electrons
from the photocathode. Electron-avalanche multiplication
takes place in multiple dynode stages. Then, the current is
converted into the signal [25, 26].

Experimental

Preparation and characterization of activated
carbon

AC prepared by three different ways were investigated in
this study. Sample A was commercial sample “Separcol,
Carb-Seal” produced by Polymer Institute of Academy
Science, Slovakia. Separcol, Carb-Seal column cartridges
are widely used for solid phase extraction from gases and
liquids. Surface area of sample A is 1014 m* g~'. Sample
B is oxidized form of sample A, post-treated with aqueous
solution of HNO;3 (86%) in ratio 1:1 at 105 °C within
15 min. Surface area of sample B is 644 m? g~'. Sample C
is reduced form of the sample A, treating with 10%
aqueous solution of Na,S,05 and boiled within 15 min.
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Surface area of sample C is 942 m? g~ '. Prepared samples
were kept in the vacuum box.

The structure of each sample (A, B, C) was studied in
order to determine the surface charge and species of sur-
face organic functional groups. The FTIR spectra of solid
state were recorded on Thermo Scientific Nicolet 6700 FT
IR spectrometer by ATR technique in the range of
4000-650 cm ™', averaging the data of 64 successive scans.
All spectra were corrected for background effects. Acid—
base titrations were conducted for our three samples of AC
sorbents using a Hanna pH meter with combine glass
Hanna pH electrode. The titrations were conducted in
0.1 mol L™" NaCl electrolyte. A blank titration was also
performed at the electrolyte concentration of 0.1 mol L'
NaCl. In each titration, 0.2 g of AC was added to 50 mL of
electrolyte solution and then titrated with 0.1 mol L'
NaOH. The volume 2 mL of 0.1 mol L™" HCI solution was
added to each sample before, each titration, to make the
titration start from an acid pH point. The uncertainty of
surface charge is approximately 10%.

Radiotracer and chemical reagents

All chemical reagents were purchased from Sigma Aldrich
and were reagent grade; deionized water was used to pre-
pare all solutions. The aqueous solution of TcO4~ (pH 2)
was used for the sorption experiments. Technetium in the
form of TcO,~ was acquired from **Mo to **™Tc generator
(GE Healthcare) by elution with 0.9% NaCl solution.
Approximately 1 MBq of **™Tc was added to the aqueous
phase (3 mL) as radiotracer, for each experiment. The pH
was measured using a Hanna pH meter equipped with
combine glass Hanna pH electrode.

Batch sorption study

Radioisotope indication method was carried out to inves-
tigate sorption of pertechnetate on the AC by *™TcO, " in
static arrangement of experiments in aerobic conditions at
laboratory temperature. Sorption parameters were deter-
mined upon mixing 0.03 g of the sorbent with 3 mL (Batch
Factor = 100) of the desired solution in plastic test tubes
with internal diameter 14 mm and capacity 10 mL in lab-
oratory extractor at constant speed mixing for 1 h. After
realization of the sorption and subsequently centrifugation
(t = 10 min, 6000 rot minfl), 1 mL of the solution from
the supernatants to measure the radioactivity using Wallac
1470 gamma counter. The uncertainty of gamma-radiation
measurement is below 1%. For anion competition, aqueous
solutions were prepared as follow: NaCl, NaBr, NaClOy,
CH3;COONa, NaNO3;, HCOONa and Na,SOy, at pH 2. The
molar concentration of each anion was following: 0.0001;
0.001; 0.01; 0.1 and 1 mol L™".

Column sorption study

Carrier-free solutions of *™TcO,~ (pH 2) were prepared
for column sorption investigation. The activity of each
solution was approximately 1 MBq. The labelled aqueous
phase flowed through the column where **™TcO,~ was
retained. Subsequently, desorption ability of *°™TcO,~
were studied. Desorption solutions were as follows: NaOH
(pH 12); 1 mol L~ ! NaClO, (pH 12); 0.1 mol L~! NaClO,
(pH 12); 0.01 mol L™' NaClO, (pH 12); 1% NaCl;
0.1 mol L™" NaClO,4 (pH 12); 1 mol L™ NaNO; (pH 12);
0.1 mol L™" NaNO; (pH 12); 0.01 mol L™' NaNO; (pH
12);  0.01 mol L~! ethylenediaminetetraacetic ~ acid
(EDTA) + 10 mg SnCl, in 100 mL stock solution of
EDTA, were used respectively. There were two approaches
for sorption and desorption experiments. First, simple
sorption/desorption column load for all samples and anion
solutions. Second, before sorption of 9ngcO{, samples
were conditioned with 20 mL of 1 mol L™' N aClOy4 (pH 2)
(further: NaClO4 conditioned). Then 30 mL of distilled
water passed through columns. Subsequently, sorption of
%m0, (pH 2) was performed. For desorption processes
1 mol L™! NaClO, (pH 12) was used. The pH was mea-
sured by Hanna pH meter equipped with combine glass
Hanna pH electrode.

Column had a cylindrical shape with circular diameter
of 10 mm and high of 15 mm. Top and bottom of the
column were closed with plastic permeable frits. The
internal volume allowed 0.2 g of the sample. Column were
placed 7 cm from Nal(TIl) detector in a thick lead colli-
mator with diameter suitable for column size. 21 mL of
carrier-free solution of *™TcO,~ was prepared. 1 mL of
this aqueous phase was considered as a blank. Subse-
quently 20 mL of this solution passed through the column
and. Radioactivity trapped in the column was measured by
Nal(TI) detector connected to the computer. Counts per
second (CPS) and time were measured. Time period of
measurements was every 5s and 1 mL of the eluate
solution was taken for percentage of sorption calculation.

The volume of the eluates was measured. The flow rate
of solutions was adjusted by peristaltic pump to
2 mL min~'. All measurements were measured at the same
conditions. Based on the volume activity, volume of eluate
from sorption and desorption experiments, percentage of
sorption and desorption yield were calculated. The count
rate CPS was normalized to the highest CPS value of each
measurement to harmonize the results.
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Results and discussion
Vibrational bands and surface charge

AC is black material that strong absorb visible and near
infrared light depends on electron structure. This may be
the reason why in the IR spectra are not visible expected
functional groups [21]. Vibrational bands of FTIR spectra
are summarized in Table 1. The sample C is only one
where O-H stretching vibrations of surface hydroxylic,
carboxylic or phenolic groups can be found.

Surface charge was tested by the acid—base titration
conduced potentiometrically. While the surface charge
density of the sample A is independent from 3.5 to 7.2,
charge density of sample B with oxidized surface is
decreasing quickly with the increasing pH. As shown in
Fig. 2, positive charge of AC surface allows sorption
experiments of TcO,~ at pH 2-3. Deprotonation of the
surface started at pH 6.7. In the case of sample B, carboxyl
and carbonyl groups were created and deprotonation occurs
at pH 3.1 [24]. On the other hand, charge densities of
sample C (reduced form of AC) are positive in a wide
range of pH (Fig. 2).

Effect of pH and contact time

The effect of pH on TcO,4~ sorption on AC was studied in
the range of pH 2-10 (Fig. 3). The highest percentage of
sorption (R) was obtained at the pH range 1-6. R = 99.8%
for samples A and B, for sample C R = 99.6% at pH 2 was
reached.

To obtain anion competitive sorption, batch study was
carried out [25, 27]. The sorption of TcO, ™ is investigated
as a function of contact time. Sorption process is relatively
fast and the sorption equilibrium is obtained in few minutes
for samples A and C and reached 99% of sorption per-
centage (Fig. 4). The sorption for sample B is slow and
sorption percentage obtained in 60 min stabilized at 97%.
The equilibrium time of 2 h is chosen for further batch
studies.

Table 1 Vibrational bands corresponding to samples A, B and C
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Fig. 2 Surface charge densities for AC samples
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Fig. 3 pH-dependent adsorption of **™TcO,~ on AC
Effect of competitive anions
Adsorption properties of AC were calculated by following

equations:
Weight distribution ratio

Sample A B C

Functional group

—OH surface hydroxyl groups and chemisorbed water - - 3400

C=0 carbonyl groups in ketone and carboxylic acid 1623 1705 1694

C=C stretching vibration in aromatic ring 1588 1593, 1526 1582

C-H deformation vibration in alkane - 1329 -

C-O stretching vibration in alcohol-O—cyclic ether group 1178, 1050 1259, 1035 1155, 1035
C-H vibrations 876, 811, 741 887, 821, 735 875, 811, 746
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Fig. 4 Dependence of percentage of *°™TcO,~ sorption on AC
versus contact time at pH 2

x%(mL g ) (1)

Percentage of sorption

100 x Dy

R= DL (%) (2)
where V aqueous phase volume (mL), m dry sorbent mass
(g), ap volume activity of initial solution (s_1 mL_l),
a equilibrium volume activity of solution (s~' mL™").

The sorption batch experiments of TcO,~ on AC were
carried out in the presence of competitive anions: HCOO™,
NO;~, Cl0,~ and SO,*>". The pH values after the sorption
are slightly increased in pH (to ~ 3) which corresponds to
the OH™ release from the AC surface. The equation of
sorption of ClO,~ can be written as follows (Eq. 3):

R—C—OH+ClO; —R—C—0CIO; + OH" (3)

Sample A was prepared without any additives. The sorp-
tion of TcO,4 ™ is close to 100% at the lowest concentrations
of anions. As shown (Fig. 5), percentage of sorption of
TcO,  is lowest at 0.1 M of CIO,  and reached 77%.
Small changes of R occur at NO;~ and HCOO™. This is
probably due to the fact, that these anions have the highest
standard absolute molar enthalpies of hydration. Moreover,
TcO, and ClO4~ have similar tetrahedral structure and
therefore TcO,~ anions could be replaced ClO4~ in the
active sites. The sorption of TcO,~ on AC depends on
standard absolute molar enthalpies of hydration (kJ mol ")
in the following series: SO~ (- 1099) < HCOO™
(— 384) < CH3;COO™ (—374)<Cl” (—359) <Br
(— 328) < NO;3™ (— 316) < ClO4™ (— 205) [25, 28].
The sorption of competitive anions for sample B is
shown in Fig. 6. The smallest sorbed amount of TcO,~ for
sample B is observed in the presence of NO3~ followed by
ClO,~ with largest standards absolute molar enthalpy.
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+ CH,C00" -
20 1 1 1 1 L
105 104 102 102 101 100 101
3
C, (mol dm™)

Fig. 5 Sample A, dependence of the percentage of adsorption (R) on
initial concentration of anions (cp). Semilogarithmic scale
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Fig. 6 Sample B, relation between the percentage of adsorption
(R) and initial concentration of anions (cp). Semilogarithmic scale

Sorption percentage of TcO,~ for organic anions presence
CH5COO™ and HCOO™ reached 76 and 70%, respectively.
This increase occurs because of their standard absolute
molar enthalpies of hydration are lower than CI™ and Br™,
which R reached in both cases ~ 90%. However, the
values of standard absolute molar enthalpies of hydration
are very close.

The results of anion competition experiments in sample
C are summarized in Fig. 7. Values of anion competition
for this sample are very similar to sample B. However, the
lowest percentage of sorption R is equal to 42% in presence
of NO3™. It seems that NO3™ is suitable for desorption of
TcO,~ for sample with reduced surface. From the view of
anion competition results, oxidized and reduced form of
sample A are equally suitable for TcO,~ sorption.
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Fig. 7 Sample C, relation between the percentage of adsorption
(R) and initial concentration of anions (cp). Semilogarithmic scale

Column study

Sorption mechanism of TcO,~ differs by functional group
on the surface of AC. For carboxylic group exist two
potential binding sites for TcO,~, —OH and —C=0. Pres-
ence of a large fraction of acidic carboxylic group with
high acidity was found to be responsible for high sorption

capacity [29]. Mechanisms may include following
equation:
R—-C—-OH+TcO, - R—-C—0TcO;3 + OH" 4)

As can be seen there is chemical bond between the function
group and TcO, . Phenolic and carboxylic groups with
lower acidity have a different mechanism of TcO4™
sorption:

R—CO---H" +TcO; - R—CO---H---0TcO;  (5)

Tc can bind direct to the C as -C-TcO, or the mechanism
involve chemical reduction of the soluble TcO,™ ion to
TcO, on the surface. AC serves here as a redox mediator
[29, 30]. Sorption and stripping of TcO4~ for sample A is
shown in Fig. 8 part AA & AB. The x-axis represents the
time of experiment; the y-axis corresponds to the radioac-
tivity in count rate in cps (counts per second) normalized to
the highest CPS in the certain measurement. Each line
corresponds to one measurement of sorption and desorp-
tion. CPS were continuously recorded every 5 s. The flow
rate remained constant at 2.8 mL min~'. From the volume
activity of the eluate, yields of sorption were calculated.
The growth of each line represents sorption an accumula-
tion of TcO,4 ™ in the column. The sorption is quantitative as
was confirmed by measuring of volume activity of eluates.
Then plateau is created in 3—4 min. Finally, desorption

@ Springer

(stripping) occurs with the solutions indicated in the
chart legends.

As shown in Fig. 8 for sample A (AA & AB), desorption de-
crease in order: 1 mol L7! NaClO, = NaClO, condi-
tioned > 0.1 mol ™" NaClO, > 0. mol L™'  NaNO; >
0.01 mol L™! NaNO; > 0.01 mol L™' NaClO, = NaOH >
1% NaCl > 0.01 mol L™' EDTA + 10 mg SnCl,. For the
NaClO, conditioned, we expected occupation of micropores
with ClO,~ ions and decrease of yield of sorption of TcO, .
Although after expected occupation, 30 mL of distilled water
(pH 7) flowed through the column, desorption of TcO,~ fol-
lowed the same trend as at desorption with 1 mol L™ NaClO,
without previous conditioning. The gradient of desorption part
of each experiment decreases rapidly for measurements with
1 mol L™, NaClO,, NaClO, conditioned and 0.1 mol L™
NaClO, because of similar structure and pH 12. Desorption of
TcO,4™ takes place more rapidly at the high then at the low pH
because the positive surface charge of AC samples. It can be
seen in slow decreasing of lines for 1% NaCl (pH 7) and
0.01 mol L™! EDTA + 10 mg SnCl, as well. Table 2 shows
portions of radioactivity eluted through the column after des-
orption processes (Elu) and portions of radioactivity retained in
the column after desorption process (Rem) in percentage. It is
evident that NaClO, and NaNO; solutions caused almost
quantitative desorption of TcO,™.

In Fig. 8 part BA & BB, column study for sample B is
depicted. This sample possesses the same type of func-
tional groups as the sample A plus C-H deformation
vibration in alkane (Table 1). The surface area of sample B
is the smallest of all three samples. As shown in Fig. 8, the
runs of the measurements are very close to sample A (AA
& AB). Desorption decrease rapidly except for 1% NaCl
and 0.01 mol L™' EDTA + 10 mg SnCl,. These solutions
require its larger volume because of lower pH. By adding
of 10 mg SnCl, reduction Tc(VII) to Tc(IV) occurs in form
TcO, and colloid Sn(OH), is formed. Chelation of Tc(IV)
EDTA does not affect the desorption process. The most
preferred oxidation states of Tc for creation of complexes
are 1 +, 2 + and 3 +. Nevertheless Tc-EDTA complex is
created greater at elevated temperatures (75 to 100 °C).
The reduction mobile (Tc(VII)) to immobile form (Tc(IV))
could cause longer detention of pertechnetate on the AC
surface [31]. The highest portions of activities eluted
through the columns for sample B are observed for
0.1 mol L™' NaClO; 99%, 1 mol L~' NaNO; 99%,
0.01 mol L™ NaNO3; 99% and 99% for NaClO,4
conditioned.

Sorption and desorption of TcO,~ on sample C is
shown in Fig. 8 in part CA & CB. The fastest desorption
process, almost vertical decline of lines for 0.1 mol L!
NaClO,4 and NaClO4 conditioned was observed. Except
desorption solutions 5 and 10, portion of eluted activities
of all others desorption solutions is higher than 81%. In
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Fig. 8 Adsorption and stripping of TcO,  for sample A (AA & AB), for sample B (BA & BB) and for sample C (CA & CB)

most of column experiments still remains around 1% of
all ®™TcO,~ sorbed on AC. It is probably due to the
chemical bond —C-TcO,. It is evident that desorption
strongly depends on pH.

Conclusion

Sorbents based on activated carbon has been prepared in
two modified forms, oxidized and reduced.
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Table 2 Eluted and retained

activities after desorption Sample A B ¢
Solution Elu (%) Rem (%) Elu (%) Rem (%) Elu (%) Rem (%)
NaOH (pH 12) 89 11 97 3 98 2
1 mol L™" NaClO, (pH 12) 97 3 98 2 98 2
0.1 mol L™ NaClO, (pH 12) 99 1 99 1 99 1
0.01 mol L™! NaClO, (pH 12) 64 36 73 27 91 9
1% NaCl (pH 7) 30 70 81 19 23 71
1 mol L™' NaNO; (pH 12) 99 1 99 1 99 1
0.1 mol L™" NaNO; (pH 12) 98 2 98 2 99 1
0.01 mol L™! NaNO; (pH 12) 95 5 99 1 81 19
NaClO, treated 99 1 99 1 98 2
0.01 mol L' EDTA + 10 mg SnCl, 1 99 19 81 22 78

Elu is portion of activity eluted through the column after desorption experiment in %. Rem is the portion of
activity retained in the column after experiment in %

Surface area of oxidized form is 644 m* g~' and for

reduced form equal to 942 m* g~'. The structures of pre-
pared samples have been investigated, in order to deter-
mine surface charge and species of surface organic
functional group. Sorption processes have been investi-
gated through radioisotope indication. The sorption of
pertechnetate has been investigated as a function of contact
time, which shows that sorption onto activated carbon, is
overall relatively slow. In 30 min the percentage of
adsorption reaches plateau very close to 100% for sample
A and C, for sample B approximately 85%. This is due to
the smaller surface area. The sorption of TcO4 ™~ occurred in
the wide range of pH, from 1 to 6. However the surface
charge for sample A and B is negative, desorption in
alkaline environment occurs. According to the anion
competition study and surface charge it can be assumed
that TcO,4~ sorption strongly depends on standard absolute
molar enthalpies and on structure of competitive anion.
Due to this fact, minimization of desorption solutions
volume can be consider. This assumption can be seen also
for sample C. Chemical bond creation and/or electrostatic
interactions are responsible for sorption and desorption of
TcO,~ on sample A and sample B. Two potential sites
exist for carboxylic group binding TcO,~, -OH and —-C=0
and presence of a large fraction of acidic carboxylic group
with high acidity has been found to be responsible for high
sorption capacity, which has been improved during column
studies. The surface charge of sample C is positive, based
on it electrostatic interaction mechanism can be considered
as the sorption and desorption mechanism. It can be con-
cluded that sample A and B are most suitable for TcO4~
sorption and desorption. However, from the view of anion
competition results, oxidized and reduced form of sample
A are equally suitable for TcO4  sorption. The results
obtained in this study improve that activated carbon is

@ Springer

a suitable sorbent for a separation of pertechnetate from
molybdenum. In summary, the processes of pertechnetate
separation by AC, could be a way or possibility for
preparation of generator with high Mo concentration, such
as it is case for cyclotron or photoreaction producing **™Tc
from '*Mo target.
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Abstract: The study summarizes the results of monitoring the properties of two types of sorbents,
BC1 (biochar sample 1) and BC2a (biochar sample 2), prepared by pyrolysis of bamboo biomass (BC1)
and as its composite with montmorillonite K10 (BC2a). The main goal was to study their applicability
to the Tc (VII) separation from liquid wastes, using NH4ReOy as a carrier. The research was focused on
determining the sorbents surface properties (by XRF (X-ray fluorescence) method and potentiometric
titration in order to determine the properties of surface groups—Chemical Equilibrium Model
(CEM) and Ion Exchange Model (IExM) models were applied here). As well as monitoring Tc (VII)
(+Re(VII)) sorption, especially to determine equilibrium isotherm, the influence of pH and kinetics.
The subject of research was also the dynamics of sorption, including its mathematical-physical
modeling. Both sorbents have good properties against Tc (VII), however BC2a, due to the presence of
montmorillonite, is more advantageous in this respect. It has a higher sorption capacity and faster
kinetic investigation. An important finding is that the optimal pH is 2-3, which is related not only to
the protonation of surface groups (they have a positive charge), but also to the negative form of the
existence of Tc (VII) and Re (VII): TcO4~ and ReOy4 ™.

Keywords: engineered biochar; XRF; potentiometric titration; technetium; rhenium; sorption;
equilibrium isotherm; pH dependencies; column experiments; mathematical modeling

1. Introduction

The fission product, a long-lived, low-energy beta emitter and medical radioisotope, technetium-99
(*°Tc), is generated in the course of nuclear reactor operation. It is the main component of nuclear fuel
waste driving from the fission of 22U and 2*Pu and also a common contaminant in the subsurface
at nuclear facilities. Into the environment, the technetium has been accidentally introduced by
the waste storage facilities leaks and currently is a key risk driver [1,2]. Technetium occurs in
various oxidation states based on the environmental redox condition. The pertechnetate anion TcO, ™,
oxidation state VII+ is the most common chemical form of technetium, mainly in liquid nuclear
wastes and the environment [1,3]. Chemical and physical properties of technetium are common with
rhenium. The nature of noncomplexing, high water solubility, high volatility and negative charge
of pertechnetate, all take responsibilities for its high mobility in water, making it a problematic
nuclide during the environmental restoration activities [4]. The novel and practical technologies
for pertechnetate sequestration/removal, are needed to reduce the potential contamination of the
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environment and the threat to living organisms [1]. Therefore, developing high-efficient functional
materials that can rapidly and selectively capture TcO4~, is of great significance [4].

There are currently several general approaches for TcO,~ immobilization from waste. However,
the amount of environmental *Tc is normally very small, a preconcentration of *Tc is usually required.
Environmentally occurring aqueous samples (e.g., rainwater, water from lakes and rivers, groundwater,
etc.) should be pretreated in the first step. This includes filtration through a suitable filter to remove
suspended particles, acidification to pH 1-4 with HCI [5], H»SO4 [6] or HNOj [7]. Above mentioned
technetium immobilization may be achieved by several methods, such as evaporation [8], extraction
chromatographic methods [9], sorption onto carbon-based materials such as biochar [10], etc.

The evaporation technique is a very simple method and is applicable to smaller volumes of
samples with low salinity, respectively. *Tc is a volatile element, therefore evaporation takes place
at a temperature below 90 °C. Larger losses occur by evaporation to dryness, so it is advantageous
to evaporate samples to almost dryness [11]. Based on it, this technique is not practical for large
sample volumes and high salinity samples. Therefore, the use of other preconcentration techniques is
more advantageous.

An example of the extraction chromatographic technique is the use of TEVA® Resin. The resin
that contains the quaternary ammonium functional groups of Aliquat® 336, the alkyls of these groups
forming a mixture of octyl and decyl chains. This material is most often used for the separation
of tetravalent actinides and technetium (VII) [9]. The identification and quantification of *Tc by
accelerator mass spectroscopy (AMS) face not only (albeit in relatively small amounts) the nuclide
isobar *’Ru, but the issue also is the lack of a stable technetium isotope [12]. Therefore, a key step for
the preparation of technetium matrices, and subsequent AMS measurements, is the rapid separation of
technetium from interferents, because it is the conversion of technetium that produces the ruthenium
isobar [13]. In addition, when the amount of *’Ru in the sample is as small as possible, AMS detectors
are able to determine ?Tc from *Ru [14]. In addition to water samples, TEVA® Resin allows the
separation of technetium from soil, sediment and urine matrices [15]. The highest achievable values of
technetium retention factors for this material are approximately 5-10%. Separation processes of this
extraction chromatographic material are fast, more efficient than liquid extraction or precipitation
techniques. They include oxidation of Tc (IV) to Tc (VII), oxidation of organic impurities with HyO,,
and selective elution with nitric acid solutions [16].

Sorbents based on carbon, such as biochar, are effective sorbents for technetium removal.
Their advantages are in the large specific surface area, porous structure, content of noncarbonized
fractions (noncarbonized organic matter) and thus high variability in surface functional groups. Various
cationic forms of radionuclides have been shown to be successfully removable by biochar-based sorbents
based on their negative surface charge. However, most of the traditionally produced have limited
ability to sorb anionic species. Recently a new concept, engineered biochar has gained interest, in which
engineered biochar is prepared by biochar surface impregnation with montmorillonite or other clay
minerals [3,17-20]. Therefore, technetium in the most environmentally stable form—pertechnetate
is sorbed, while others, mostly metals flow through this material if pH is smaller than approx. 2-3.
This is particularly advantageous for large sample volumes circulating through a column packed with
these kinds of materials [1,20]. Additionally, application of engineered biochar as a low cost and more
environmentally friendly method in environmental applications compared to conventional technologies
[such as precipitation, filtration or coagulation represent a future step firstly, in assessment and recycling
of waste materials in 21st century, secondly for technetium separation application [2,3,17,21].

In our previous work, it was shown the fundamental understanding of the changes in the
biochar structure as a function of mineral additives is therefore crucial for the implementation of
strategies to design biochar with superior properties, tailored to enhance performance. For this
purpose, the biochar/montmorillonite composite was a detailed analysis of the structure. Prepared
and characterized materials were tested for sorption studies of nitrate from aqueous solutions [17].
The objectives of this study were to enrich and supplement the characterization of prepared material
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structural properties; investigation of batch sorption experiments (pH, Contact Time, Equilibrium
Study); dynamic sorption experiments (Breakthrough Sorption Curves); and surface processes
calculations based on Acid-Base Titrations, in order to improve the environmental applicability
of prepared engineered biochar composite for technetium immobilization and determination.

2. Materials and Methods

2.1. Materials Preparation

All biochar samples from raw bamboo biomass were prepared by pyrolysis at 460 °C in a
furnace with a residence time of 120 min. The nitrogen (N,) was used as flush gas, to uniform
heating conditions and to ensure an oxygen-free environment. After pyrolysis, prepared materials
were rinsed several times with deionized water and oven-dried at 80 °C for 24 h. Samples were
ground, sieved (particle size of 0.5-1 mm) and stored in boxes till the next use. Raw biochar sample
was labeled as sample BC1. The biochar/montmorillonite composite (sample labeled BC2a) was
prepared from a mixture of bamboo biomass pretreated with montmorillonite K10 (MK10; chemical
formula (Na,Ca)g 33(ALMg)»(514010)(OH),-nH,0)). Sample BC2b was prepared from BC2a (see below).
The samples’ preparation in detail was well-described in our previous work [17]. All chemicals and
solvents used during experiments were of analytical grade quality.

2.2. Materials Characterization

The characterizations (surface area determination by nitrogen adsorption (NOVA 1200e Surface
Area & Pore Size Analyzer, Quantachrome Instruments, Boyton Beach, FL, USA), field emission scanning
electron microscopy (TESCAN MIRA 3, Oxford Instruments, Abingdon, UK), and Fourier-transform
infrared spectroscopy (VERTEX 70, Bruker UK Ltd., Durham, UK)) were performed for both prepared
materials BC1 and BC2a and they were well characterized in our previous work [17]. In order to
complete and improve their surface properties, the X-ray fluorescence (XRF) and potentiometric,
acid-base titrations [22] were performed.

The XRF spectrometer NITON XL3t 900Analyzer with GOLDD Technology (Thermo Scientific,
Waltham, MA, USA) was used as a nondestructive qualitative technique, the simplest and most accurate
analytical technique for a samples’ surface elemental characterization. Before performing the analysis,
the NITON was allowed to warm up for a minimum of 15 min. Prior to measurements, the spectrometer
was calibrated. The 4 um thin film (3252 ULTRALANE®, Spex SamplePrep, Metuchen, NJ, USA) was
stretched at one end of the double-opened ring cup (SC-4331, Premier Lab Supply, Lucie, FL, USA)
and attached with an oversize ring. Samples were sprinkled into these cups. Cups with samples were
placed over the detector and measured in the “mining Cu/Zn"” mode.

Acid-base titrations curves were studied with respect to basic parameters of the surface sites.
To remove carbonates from the montmorillonite part of sample BC2a, the procedure on this sample
described in [23] was performed before titration experiments. The following solutions were prepared.
Solution A: 1 mol-dm™3 NaNOj (Penta s.r.o, Prague, Czech Republic) + 0.001 mol-dm~3 HNO;
(Lach-Ner Ltd., Neratovice, Czech Republic). Solution B: 0.1 mol-dm~3 NaNOj (Penta s.r.o., Prague,
Czech Republic). In each of two 50 mL PP centrifugal test tubes (P-Lab a.s., Prague, Czech Republic),
1 g of BC2a was mixed with 40 mL of solution A, 20 min at 350 rpm (IKA Labortechnik KS250 basic
shaker, IKA®-Werke GmbH & Co. KG, Staufen, Germany). The phases were separated through the
filter paper (Whatman, grade 43). Phases mixing and their separation on was repeated until a stable
pH 3 of the filtrate was reached. Then, the content of both centrifugal test tubes was transferred to
an Erlenmeyer flask. A 100 mL volume of solution B was added, and suspension was shaking for
10 min at 350 rpm repeatedly after separation on filter paper. The pH value of the filtrate stabilized at
6.6. The resulting sample labeled as BC2b was dried at 90 °C overnight. Sample BC1 did not require
any post-treatment.
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An amount of 0.2 g of each sample was suspended in 50 mL, 0.1 mol-dm~ NaNOj (Lach-Ner
Ltd., Neratovice, Czech Republic), to keep up ionic strength constant in a PE container. This container
was placed in the TitraLab® 845 titration (Hach Ireland, Little Island, Ireland) workstation with a
TIMB845 titration manager. Prior to each titration suspension was stirred for a minimum of 30 min
to establish equilibrium between solid and aqueous phase. Two separate branches were carried out,
the acidic (titration with 0.1 mol-dm~ HNOs, (Lach-Ner Ltd., Neratovice, Czech Republic)) which
ended under pH equal to 3, and basic (titration with 0.1 mol-dm~3 NaOH, (Lach-Ner Ltd., Neratovice,
Czech Republic)), which ended at pH 10. pH was measured by PHC2401-8 combination red-rod pH
electrode (Radiometer Analytical, city, France). In the course of titrations stirred suspensions were
bubbled to keep systems under N, atmosphere. The total titration time was approx. 8 h.

The modeling of titration curves is described in detail in [22,24]. It is assumed that there are two
types of surface, functional groups, namely the so-called edge and layer sites. These have different
properties, so three types of surface complexation models (SCM) are used to describe edge sites, namely
two electrostatic (CCM—Constant Capacitance Model and DLM—Diffusion Double Layer Model) and
one without electrostatic correction (CEM—Chemical Equilibrium Model). Processes running on layer
sites are described using the IExXM—Ion Exchange Model.

In general, if CEM and IExM models are taken into account [22], reactions taking place on the
surface of biochar can be described by Equations (1)-(3):

=50~ + H" & =SOH" 1)
=SOH’ + H* & =SOH,™* 2)
=XNa + H" & =XH + Na™* 3)

where =50~, =SOH’ and =SOH," are symbols for edge sites, X~ is the symbol for layer sites.
The equilibrium constants Kj, K, and K,y are given by Equations (4)—(6):

[SOHO]
K= ——— )
[SO7][HT]
- [SOH;]
2~ Tsor[n] ©
a+
., - XHNa’] ©
[XNa[H*]

Surface charge density reaction balances have to be taken into account. Edge sides (7) and layer

sides (8) are as follows:
) SOH = [SOH"] + [SO7] + [SOH; | @)

Y X = [XH] + [X] = [HX] + [XNa] ®)

The actual modeling of a titration curve is performed as follows. In the i-th point of the titration
curve, the total surface charge density, (Q.);, equals the sum of charge density on the edge sites, (Qrs);,
and on the layer sites, (Qrs);- Therefore (Quu)i = (Qrs)i + (Qrs);- Charge density is a function of pH.
The values of (Qs); (Equation (9)) and (Qrs); (Equation (10)) can be calculated.

¥ SOH'-(Ky x Ko x [H*]" + 1)
(Qrs); = > 9
K, szx[H+] +K1x[H+]+1
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Y X x [Na*]

(QLS)i = [Na*] N Kex[H+]

(10)

The experimental value of the surface charge for the i-th point of the titration curve, (Qex);, can be
calculated using Equation (11).

Vix(Cai—Cp;+ [OH], - [HT|
(Qexp)i = - ( ° [ ]1) (11)

m;

where V; is the total volume of liquid phase; m; is the mass of solid phase; C,; and Cp; are bulk
concentrations of acid (i.e., NO3;~) and caustic soda (i.e., Na*) in liquid phase, respectively; the values
of C,; and Cy,; are given by concentrations of acid and base, and by their consumptions in the course
of titration.

Multidimensional regression procedure can be used if Kj, Ky, Kex, }.SOH and } X are sought.
We used software Famulus 3.5 (Charles University, Prague, Czech Republic) [24] and in-house computer
code P46DNLRG.fm using nonlinear multidimensional regression procedure, Gauss-Newton method.
As the criterion of goodness-of-fit, WSOS/DF (weighted sum of squares of differences divided by
number of degrees of freedom) is used. Its calculation is based on the x? -test given by Equation (12),
and the WSOS/DF is calculated by Equation (13).

L.(55q);
2 i :
X = i=12,...,np (12)
Sqiz
WSOS _ x*
DF  n (13)
ny=np—n (14)

where (55q); is the i-th square of the deviation of experimental value from calculated one; (Sq); is
the relative standard deviation of the i-th experimental point; 1; is the number of degrees of freedom
calculated by Equation (14); n, is the number of experimental points and 7 is the number of model
parameters sought during the regression procedure. It holds, if WSOS/DF < 20, then there is a good
agreement between the experimental and calculated data. Graphs were plotted in Origin 9.5.

2.3. Batch Sorption Study

The sorption properties of BC1 and BC2a samples were studied using the batch equilibrium
method. In all cases, an aqueous solution of NH4ReOy (Sigma-Aldrich, Saint Louis, Germany, >99%)) of
the given molarity, labeled with the isotope *™Tc, was used. In batch sorption study, first of all, the pH
of solutions must be set. pH affects the surface charges, protonation state of functional groups of edge
sites and dissociation state of layer sites, chemical speciation and diffusion rate of the solute [25]. Stock
solutions of [?™Tc] NaTcO4 (DRN 4329 Ultra Technekow FM 2.15-43.00 GBq radionuclide generator,
Mallinckrodt Medical B.V, Petten, Netherlands) with the volume activity of 1 MBq-mL~! were adjusted
to pH 1.0-9.0 by HCI (Lach-Ner Ltd., Neratovice, Czech Republic) and NHj (Penta s.r.o., Prague, Czech
Republic). Into the 20 mg of BC1/BC2a (in 2 mL Eppendorf Safe-Lock Tubes), 2 mL of stock solutions
were spiked. Mixtures were shaken (IKA Labortechnik KS250 basic shaker, IKA®-Werke GmbH &
Co. KG, Staufen, Germany) for 250 rpm at (23 + 1) °C. After 24 h, suspensions were filtered under
pressure through a glass microfiber filter Whatman GF/C. Then, 0.5 mL of filtered solution was taken
from each tube and measured for 100 s in a well-type Nal(T1) scintillation detector NKG-314 with a
single-channel analyzer spectrometric assembly NV-3120 (all Tesla, Zbidy, Czechoslovakia). Because of
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the relatively short half-live of 9mTe samples’ count rates (#¢or, s~1) were corrected considering the
time difference between the standard and each sample measurement (¢, s) as follows:

n

n = —
cor e_)\Xtcor

(s (15)
where 7 (s7!) is the sample count rate without background counts, A (s7!) is a decay constant of ™ Te.

The sorption percentage (R) expresses the proportion of the isotope that was sorbed on the surface
of the solid phase after equilibration.

R= (1 - ”C"r)x 100 (%) (16)
g
where 15 is the count rate of the standard sample (stock solution aliquot).

By comparing the sorption percentage (R) of the samples as a function of pH, the contact time
influence onto the sorption percentage was subsequently determined. Weight distribution ratios (Dg)
were obtained by measuring the amount of Tc taken up by measured weight of BC from a given volume
of aqueous solution.

Dy = % x BF (mL-g ™) (17)
BF= U (mL-g™?) (18)

ml
where BF is batch factor, ratio of liquid phase V; (mL) and dry mass m; (g) of BC.

The study of contact time was performed at a pH of 2 and 4 at which the sorption percentages
reached the highest values. Stock solutions of [®™Tc] NaTcO, (DRN 4329 Ultra Technekow FM
2.15-43.00 GBq radionuclide generator, Mallinckrodt Medical B.V., Petten, Netherlands) with the
volume activity of 1 MBq-mL™! with the specific pH value were prepared. Into the 20 mg of BC1 or
BC2a (in 2 mL Eppendorf Safe-Lock Tubes), 2 mL of stock solutions were spiked. At the moment
of contact between the solid/liquid phase, time began to be tracked. Suspensions were shaken (IKA
Labortechnik KS250 basic shaker, IKA®-Werke GmbH & Co. KG, Staufen, Germany) at 250 rpm for 1,
10, 20, 40, 60, 120 and 240 min, at the temperature of (23 + 1) °C. At that specific time, mixtures were
filtered under pressure through a glass microfiber filter Whatman GF/C. A 0.5 mL volume of liquid
phase was taken and measured for 100 s in a well-type Nal (T1) scintillation detector NKG-314 with a
single-channel analyzer spectrometric assembly NV-3120 (all Tesla, Zbidy, Czechoslovakia,). The data
has been processed by Equations (15)—(18).

The dependence of the adsorbed amount of Re (VII) or Tc (VII) on equilibrium concentration was
studied too. The observed contact time and pH of the aqueous phase, as written above, were used in
this batch study. Into the 2 mL Eppendorf Safe-Lock Tubes, 20 mg of each BC1/BC2a samples were
weighted. Stock solutions of (czur) 1 X 1077,5x 1077, 1x 107%,5x 107%,1x 1072,5 x 1075, 1 x 1074,
5x107%,1%x1073,5x 1073 and 5 x 1072 mol-dm™3 of nonisotopic carrier NHyReOy (Sigma-Aldrich,
>99%) were labeled by [**™Tc]NaTcO4 (DRN 4329 Ultra Technekow FM 2.15-43.00 GBq radionuclide
generator, Mallinckrodt Medical B.V., Petten, Netherlands) with the final volume activity of 1 MBq-mL‘l.
The tubes were shaken in IKA Labortechnik KS250 basic shaker at 250 rpm. Then, mixtures were
filtered under pressure through a glass microfiber filter Whatman GF/C. These data were processed by
Equations (15)—-(18) and relationships (19) and (20). To describe the dependence of the solute amount
on its equilibrium concentration, Freundlich adsorption isotherm was used (21).

Ceq = Canal X % (mol-dm_l) (19)
S

g = Dg X ceq (mmol-g_l) (20)
q= kf X ¢ (21)
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where ¢, is the analytical concentration of NH4ReOy carrier in mol-dm™3, g is absorbed amount of
the metallic anion per adsorbent dry mass in mmol-g~?, kf and ny are empirical constants.

In all batch experiments the lower detection limit lied below 1%. Standard deviations were
calculated by propagation of uncertainty. Graphs were plotted in Origin 9.5.

2.4. Dynamic Sorption Study

The breakthrough sorption curve is a dependence of relative activity, concentration or count rate
of the output solution from column (relative to the feed activity, i.e., to the activity of input sorption
solution) on number of bed volume (BV) of output solution. For the dynamic arrangement, the sorption
solution consisted of 1073 mol-dm~3 (BC1) or 10~ mol-dm~ (BC2a) NHyReO, (Sigma-Aldrich, Saint
Louis, MO, USA, >99%) water solution as a carrier and labeled by [®™Tc] NaTcOy. This eluent was
adjusted with HCl (Lach-Ner Ltd., Neratovice, Czech Republic) to pH 4 (BC1) and pH 2 (BC2a).
A diagram of the installation used in a dynamic adsorption study is shown in Figure 1. The fixed
bed adsorptions were carried out in a 1 mL empty Rezorian™ tube kit with PE frits (Supelco, Inc,
Bellefonte, PA, USA). Weighted amounts of samples (BC1 0.3437 g; BC2a 0.4310 g) were packed and
slightly pressed into these empty columns. Then, they were conditioned with ~20-bed volumes (BV)
of deionized water in an upward flow direction at the temperature of (23 + 1) °C. The column rested at
least for 8 h in order to establish equilibrium between the sorbent and the water. Then, water was
drained from the silicon hoses. The column remained water-flooded (1 BV) prior to the sorption
study. The linear flow rate was set to ~0.2 cm'min~! (4.5 BV-h™!). Sorption was secured by the
peristaltic pump PCD22 (Davkovaci ¢erpadla Ing. Jind¥ich Kouftil, Kyjov, Czech Republic), outputs
were collected to vials in fraction collector 2210 (Bio-Rad) every 6 min. A 0.5 mL volume of each eluate
was transferred to the PE scintillation vial and measured for 100 s in a well-type Nal(T1) scintillation
detector NKG-314 with a single-channel analyzer spectrometric assembly NV-3120 (all Tesla, Zbidy,
Czechoslovakia). After *™Tc decay, equilibrium pH was measured by pH meter PHM2200 equipped
with a combined pH electrode XC161-9 (Radiometer Analytical, Washington, WA, USA). Graphs were
plotted in Origin 9.5.

The transport model of a breakthrough sorption curve is based on erfc function (complementary
error function) obtained as a result of the analytical solution of a 1-D ADE (one-dimensional advective
dispersion Equation) under sorption boundary conditions [26]. The transport model itself can be
modified by incorporation of linear equilibrium isotherm (linear isotherm approach) or nonlinear
equilibrium isotherm (nonlinear isotherm approach), which can be found here [27]. The basics of
principle are written below. For the theoretical relative output activity of the liquid phase from the
column holds:

A R —n
B R by~ -
S eor VS
2 X tP—eP
A R .
(Arels) teor = % =1-40.5Xxerfc|- (Rs)icor pvs 23)
° 55 [ EteorMpus
Pe
F(Cs o d N
(R5>teor =lrex & S'f (C>S - % =nsXks X \ (ArelS)teor x Co (24)

where: Ap—input activity of liquid phase flowing into the column (cpm), (A;s)ieor—theoretical
value of liquid phase output activity leaving the column in the course of sorption at time ts (cpm),
(Ayels)teor—experimental value, npygs (= u-ts/L)—experimental value of the number of bed pore volumes
in the case of sorption at time g, fs—time of sorption experiment, erfc—complementary error function,
(Rs)tneor—theoretical sorption retardation coefficient, P, — Peclet number (= u-L/D;) of the column,
u—liquid phase linear velocity (cm-h™!), L—bed length in the column (cm), Dj—hydrodynamic
dispersion coefficient (cm?-h~!), g and C—total concentration of Re(VII) anion in solid (mmol-g~1),
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and in liquid (mmol-mL~!) phase, respectively, Co—starting concentration of Re(VII) in liquid phase
(mmol-mL~1), p—bulk density (g-cm~3), e—porosity (cm®-cm~3).

For calculation of (Ays)eor, the Equation (22) can be used directly until (A,.s)imeor < 0.5, ie.,
until ((Rg)seor — npys) = 0. For calculation of (Ayers)ineor > 0.5, i.e., if ((Rg)theor — npys) < 0, the Equation
(23) should be used, which was derived from Equation (22) (because it holds: erfc (-x) = 2 — erfc
(x)) [28].

2-WAY VALVE

H

VIAL IN SAMPLE
COLLECTOR

3-WAY VALVE

DEGASING
3-WAY VALVE

PERISTALTIC
PUMP
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Figure 1. Dynamic sorption layout.

3. Results and Discussion

3.1. Material Characterization

The production conditions strongly affect the physical, chemical and mechanical properties of
biochars. A fundamental understanding of the changes in the biochar structure as a function of mineral
additives is therefore crucial for the implementation of strategies to design biochar with superior
properties, tailored to enhance performance [17]. Concerning the microscopic technique in determining
the image and physical morphology conducted by Nartey and Zhao [29], the results of nonbamboo
samples are practically the same as for bamboo type BC1. The specific surface area of BC1 (28 m?-g~1),
BC2a (156 m?-g~!) are comparable with nonbamboo type BC e.g., coconut shells (157 m?-g~!), orange
peel (186 m?-g~1), sugarcane bagasse (159 m?-g™1), etc. [30]. FTIR spectra of BC1 and BC2a are similar
to nonbamboo types e.g., FTIR spectra of rice (Oryza sativa L) [31], almond shells [32] or corn [33].

In order to determine carbon content in samples, CHN analysis was performed. Carbon content
in BC1 is 260% (Class 1) and BC2a > 30% (Class 2) of total mass [17] according to the International
Biochar Initiative’s standards and classification tool [34]. Thermogravimetric analysis showed that BC1
acted as an efficient carrier of montmorillonite K10 and this symbiosis improved the thermal stability
of the bulk composite and can be found in more detail in [17].

3.1.1. XRF

Characteristic emission energies from XRF are shown in Figure 2. Artifact peaks of Fe, Ni, and W,
originating from tungsten anode, are in the energy range of (6-11) keV. Only qualitative analysis was
carried out. Biochar composition is highly heterogeneous. The major constituents are volatile matter,
mineral matter (ash), adsorbed gases, and moisture [35,36]. In BC1, elements Ar, K, Ca, Zn, Rb, Sr and
Ag were found. BC2a is a montmorillonite composite, therefore, contains more e.g., Si, and divalent
cations in comparison to BC1.
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The element identification in XRF spectra is not ambiguous. The overlapping of peaks is one
of the disadvantages of XRF. Therefore, identified argon’s K levels can be attributed to L levels of
silver atoms.

Data on BC’s XRF, elements heavier than Ca are rather limited. However, it can be found for
nonbamboo type BC that XRF qualitative analysis is approximately the same as for BC1 and BC2a. For
example, the same elements Mg, Mn, Fe, Zn and Sr were found in wheat and rice straw biochars [37].
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Figure 2. XRF of bamboo biomass (BC1) in (a) BC1 main range, (b) BC1 low range, (¢) BC2a main range
and (d) BC2a low range.

3.1.2. Acid-Base Titration

The acid-base titration curve of BC1 and speciation diagram of surface sites are shown in
Figure 3a,b, respectively. Sample BC2b containing montmorillonite was prepared specifically for
titration, it was not used in other types of experiments. The point of zero charge of BC1 corresponds to
pH ~6.7. The acid-base titration curve of BC2a, BC2b and speciation their diagrams of surface sites are
shown in Figure 4a—d. The point of zero charge of BC2a lies around pH ~7.5 and for BC2b ~6.6.

Point of zero charge values of BC are extremely volatile depending on preparation and
post-treatment. For example, for nonbamboo biochar, these values are as follows, orange peel (9.52),
coconut shell (7.98) and golden shower pod (6.65) [38].
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Figure 3. BC1 (a) Surface charge dependence on pH and (b) species’ mole fraction dependencies on
pH. Chemical Equilibrium Model (CEM) and Ion Exchange (IEx) models were used.
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Figure 4. Surface charge dependence on the pH of BC2a (a) and BC2b (c). Species” mole fraction
dependencies on the pH of BC2a (b) and BC2b (d). CEM and IEX models were used.

Estimated values and input data into code P46DNLRG.fm are displayed in Table 1. The values
of the calculated quantities summarized in Table 2 must be assessed with regard to the expected
fulfillment of the assumptions under which the CEM and IExM models were derived. In this respect,
the relatively most useful data and dependencies were obtained for the sorbent BC2b. In comparison
these results with the data and dependencies for with the data for BC2a, these indicate the effect of
sample pretreatment, i.e., the effect of removing carbonates, or substances soluble in weakly acidic
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media in general. This effect is evident from the comparison of the dependencies in Figure 4, especially
Figure 4b,d. While the dependencies on Figure 4d have the normal course known for montmorillonite,
the dependencies on 4b are completely atypical. This must be attributed to the pretreatment process.
In this sense, all quantities obtained for BC1 and BC2a should be considered as indicative and no great
weight should be given to their values, despite the fact that WSOS/DF values are acceptable in all cases.

Table 1. Estimated and inserted parameters as input data into code. These are estimates necessary
when using a nonlinear regression procedure.

Sample log(K;) log(Kz) log(Kex) [SOHlior (mol'kg™) [Sliot (mol'kg™1) I (mol-dm—3)

BC1 15 10 5 0.1 0.1 0.1
BC2a 10 6 5 1 0.5 0.1
BC2b 10 6 3 0.4 0.06 0.1

Table 2. Model parameters—calculations.

K1 K> Kex [SOH]ot (mol-kg™1)

BC1 (1.54+£249)x 10 (1.53+0.16) x 1011  (8.71+13.8) x 107"  (6.07 +0.03) x 1072
BC2a (9.54 +0.15) x 1010 (1.97 +0.22) x 10°  (1.06 + 11.0) x 10* (2.69 + 0.35) x 10°
BC2b  (9.94+0.79) x10°  (9.60 +0.25) x 10°  (1.49 + 0.44) x 10°  (4.06 = 0.54) x 107!

WSOS/DF x? o; [Slkot (mol-kg™1)
BC1 10.3 1.34 x 102 1x 1071 (8.94 + 0.05) x 1072
BC2a 17.5 1.15 x 103 1x 1071 (3.07 + 8.91) x 1072
BC2b 15.4 9.06 x 102 1x 1071 (5.04 + 0.77) x 1072

From the point of view of the sorption of anionic components in general, i.e., in our case TcO4~
and ReO,~, the most significant dependence is =SOH,* as a function of pH (see Figure 4b,d and
Figure 3b, as well). From this, it is evident that the most suitable is the acidic pH range (2—4), in which
practically only =SOH,* and also the anionic forms Te(VII) and Re(VII) exist. In other words, in this
pH range, the conditions are most favorable for their sorption.

Currently, there is no analytical technique that can distinguish functional groups between edge
sites and layer sites in biochar samples. On the other hand, the results of the titration procedure indicate
that there are groups that react with acid and caustic soda, i.e., that they are dissociable and that
they have a pH-dependent surface charge. A model based on the assumption of the existence of two
types of surface groups mentioned below was used to describe the titration curve mentioned. Based
on the criterion of fit (WSOS/DF), it can be stated that this model describes the properties of surface
groups very well and can be supposed that the two types of functional groups actually exist. It can be
assumed that the functional groups (sites) found in the FTIR spectra are located both at the “edges and
in the layers” of biochar structure. However, concerning clay minerals, e.g., montmorillonite, have a
pH-dependent surface charge distribution, too. For example, approximately at the neutral pH, layer
sites are charged negatively while edge sites have zero charge, eventually also partly positive (depends
on the values of protonation constants) [39,40]. Therefore, it can be claimed that depending on the pH
value, edge sites and/or layer sites of BC2a’s montmorillonite particles affect the sorption of TcO4™ at
pH less than four, more specifically on =SiOH,* and =AIOH* [41].

3.2. Batch Adsorption Experiments

3.2.1. Influence of pH

The basic batch experiments were performed under conditions found experimentally. The pH
of the solution is an important aspect that affects the solid/liquid system as was mentioned above.
It involves the surface charges, chemical speciation, etc. The dependence of adsorption percentage on
the pH represents Figure 5. Black points correspond to pH of stock solutions (before batch) and red
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points express equilibrium pHeq of aqueous phase after batch sorption. As can be seen, both samples
in alkaline pH do acidification of aqueous phase. For BC1, stock pH 9.09 decreased to pH 5.86, stock
pH 8.08 decreased to 4.35 and stock pH 6.05 decreased to 4.15. For BC2a, stock pH 9.09 fell to 5.40,
from the stock pH 8.08 to 4.54, and from 6.05 to 4.32. Such a simple comparison implies that surface
charge before the pH batch study is positive and depends on the pH of the environment. The highest
R (45%) for BC1 was reached at pH 4 and for BC2a at pH 2, R = 97%. Based on this, it can be seen that
the acidic environment acts in favor of ™TcO4~ (and ReO,~) sorption.

The excess of H* in solution caused a reduction of surface negative charge in both samples.
The increase in the number of positively charged sites was caused by the increasing pH in the system
up to pH~4 (BC1) and pH~2 (BC2a). Then, the number of active sites decreases rapidly with increasing
pH. The adsorption of anions onto carbon materials with naturally, positively charged surface sites (see
=SOH,* above), is due to electrostatic interaction [42], more specifically, due to the anion exchange
taking place on the =SOH,* groups.

50 : : T T 100 . : T T
451 - - - .a

a0t 4

90 | - -

80 - 1

o

70 | 1 1 I

Figure 5. Sorption percentage (R) as a function of pH or pHegq. (a) BC1, and (b) BC2a. t =24 h.

3.2.2. Influence of Contact Time

At the pH values obtained in Section 3.2.1, the influence of contact time was studied. Experimental
results are demonstrated in Figure 6. On the BC1, sorption processes are significantly slower than
on BC2a. However, the sorption of TcO4~ is not considered to be different. The rate of sorption
depends on a number of parameters, especially on the type of sorbent, the size of the specific surface
area, the availability of functional groups, temperature, etc. The results confirm that the sorbents
BC1 and BC2a are not identical in these respects. Sorption percentage of BC2a jumped to >92% in 10
min, whereas the sorption percentage of BC1 reached less than 70% in 250 min, in 10 min it is only
approx. 30%.

100 . T
2 ’ .
80 | .
70} I —
60 |- .

50 s

R (%)

40} E
30 -
20 |- —
b

10 T. BC1

* BC2a

1 1 1 1
0 50 100 150 200 250
t (min)

Figure 6. Dependence of sorption percentage (R) on contact time (t). BC1 pH =4, BC2a pH = 2.
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3.2.3. Equilibrium Study

Sorption equilibrium of ®™TcO,~, more exactly of ReO4~ on BC samples was investigated by
batch method. Experimental data were fitted by Freundlich isotherm, see Figure 7a,b. Empirical
constants ks and 745 are in Table 3 below. Values of weight distribution ratios (Dg) of BC samples
reached ~ 2 X 10° mL-g™!. Dy values normally lie between 1 and 10,000 mL-g™".

: ——— — -
102 b e T T ] 102 | ome E
S 2
= N4
10° ’,,. 4 10° f 4
N
104 | p 104 1
Tk 1 o105k 1
> o
2 10k . g w0 ]
€ w0 4 E w7} ]
o o
Sk ] -5
10 10° F 3
10° F 1 10°F ]
N O 3 107‘”{ « BC2a E
10" ——Freundich Isothenn) L . Freundlich Isotherm
o :
0.000 o 0.010 0.000 0.005 0.010

Ceq (Mol-dm™®) Coq (mol-dm)
(a) (b)
Figure 7. Freundlich isotherm of (a) BC1 and (b) BC2a. Semilogarithmic scale.

Table 3. Estimated and inserted parameters as input data into code. These are the estimates necessary
when using a nonlinear regression procedure.

Sample ks P. ngs R, L (cm) u (em-h~1)
BC1 100 5 1 100 2.1 0.185
BC2a 1 1 20 10 2.1 0.223
Sample ¢ (ReO4") (mol-dm™3) ¢ (cm3.cm™3) £ (g-cm™3)
BC1 0.001 0.877 0.351 )
BC2a 0.0001 0.752 0.323

3.3. Dynamic Sorption Experiments

Column experiments are plotted as relative count rate (breakthrough, %) as a function of bed
volume (BV). The relative count rate was calculated as a count rate ratio of sample aliquot and feed
aliquot. As can be seen from Figures 8 and 9, breakthrough curves are nonsymmetrical and did not
reach 100%. These experiments were limited in time because of the half-life of technetium. Furthermore,
sorption processes took a long time due to low surface area. Because of this, practical capacity ()
could not be calculated. However, the transport model based on the erfc function could be applied to
the evaluation of experimental data. During this, the parameters of Freundlich equilibrium isotherm,
k¢s and ngs, and Peclet number (P.), were sought. The software Famulus 3.5 (Charles University,
Prague, Czech Republic) [22,24] and in-house computer code PNLRPA12.fm were used. Fit criterion
WSOS/DF is equal to 3.01 x 107! (BC1) and 3.83 x 1072 (BC2a) and the condition is WSOS/DF < 20.
Evidently, the goodness-of-fit is very good, which indicates that the model used corresponds to real
conditions. Retardation coefficients (R.) as a function of BV are not constant (see Figures 8b and 9b)
because the isotherms are nonlinear. The values of sought model parameters and of the criteria of
goodness-of-fit are in Table 4.
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Figure 8. Breakthrough curve of (a) BC1, 0.3437 g, pH 2, ¢ (NH4ReOy) = 10-3 mol-dm=3, u =4.5BV-h 1.
(b) Retardation coefficient (R.) as a function of BV.
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Figure 9. Breakthrough curve of (a) BC2a, m = 0.431 g, pH 4, ¢ (NH4ReO,) = 10™* mol-dm~3,
u =45BV-h~L. (b) Retardation coefficient (R.) as a function of BV.

Table 4. The calculated values of sought model parameters and criteria of goodness-of-fit.

kes Pe ngg

BC1 (1.95+0.17) x 100 (1.93 £0.06) x 10°  (8.71 +0.14) x 1071
BC2a (5.69+0.53)x 1071  (3.65+0.03)x 10! (6.41 +0.11) x 1071

WSOS/DF x? oj
BC1 0.301 16 0.1
BC2a 0.004 1.53 0.1

4. Conclusions

Although technetium is a man-made element, it occurs in nature in extremely low concentrations,
caused by the spontaneous fission of 238U. Elevated concentrations of Tc in the environment have been
accidentally introduced by the nuclear facility leaks. The most common and environmentally mobile
TcO4 ™ species need to be immobilized. Biochar, BC1, and biochar/montmorillonite composite, BC2a,
represent such a possibility of TcO4~ separation. Separation and preconcentration are essential in
measuring low concentrations of Tc e.g., by AMS method.

Evaluation of potentiometric acid-base titration of sorbents BC1, BC2a, and BC2b and application
of CEM and IExM models, allowed to find the mechanism of 99mTCO4_, and ReO,~ sorption as the
carrier, in the range of pH 2-3. Under these conditions, the edge-site functional groups are fully
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protonated, i.e., have a positive charge and are therefore suitable for capturing negatively charged
anionic forms of Tc (VII) and Re (VII).

Computing dynamic model based on erfc function was modified by nonlinear Freundlich
equilibrium isotherm and applied for TcO47/ReO4~ sorption on fixed bed plain biochar and
biochar/montmorillonite composite. The best fit of dynamic experimental data with calculated
one indicates that the computing dynamic model corresponds to real conditions, which were confirmed
by the WSOS/DF values.

Regarding the modification of BC in general, it helps to design biochar to target specific functions
e.g., reusability, separation purposes, etc. In the respect of BC1 and BC2a properties, it is clear that the
composite with montmorillonite K10, BC2a, is more advantageous for the sorption of Tc(VII), especially
with regard to faster kinetics and higher sorption capacity. It seems that BC can be effectively used for
securing anionic radioactive pollutants as TcO4 ™.
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