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Priprava a charakterizacia novych typov
selektivnych kompozitnych membran na

baze polymérov a nanocastic MOF

Bc. Florekovd Jana

Saeed Jamali Ashtiani, M.Sc., prof. Ing. Karel Friess, Ph.D.

Vysoki skola chemicko-technologickd v Prahe
Fakulta chemicko-inZinierska
Ustav fyzikdlnej chémie
Technicki 5, 166 28 Praha, Ceskd republika
(jflorekova3398@gmail.com)

1 Uvod

Pociatky vyvoja pouzitelnych membranovych materialov siahaji az do 18 storocia,
kedy sa vyuzivali mechure alebo ¢reva z osipanych, hovadzieho dobytka a ryb ako
priepustny material.! V sucasnosti sa najcastejSie pouzivaju synteticky vyrobené,
polymérne membrany, ktoré maju vysoky potencial pri rieseni emisii sklenikovych plynov.
Emisie CO:2 aaj metdnu st vSeobecne povazované za hlavné dovody globalneho
oteplovania a suvisiacich klimatickych zmien.2 Riesenim moze byt efektivna membranova
technoldgia umoznujuca cielenti separaciu COz a aj SO2 zo spalovania fosilnych paliv
s vy$8im obsahom siry od inych plynov, najma od vodika a metanu. Medzi hlavné vyhody
membranovej separdcie je mozné ratat nizku energetickti, priestorovi a aj nakladovu
narocnost, ¢o radi tuto technoldgiu medzi priemyslové aktivity Setrné k Zivotnému
prostrediu.?

V chemickom priemysle sa polymérne membrany vyuzivaji ako najbeznejsie
komerc¢né membrany na separaciu plynov vdaka ich nizkej cene, vysokej spracovatelnosti,
dobrej mechanickej stabilite a vynikajacim transportnym vlastnostiam. K hlavnym
nevyhoddm polymérnych membran vsak patri slaba odolnost voci kontaminantom,



relativne nizka chemickd a tepelna stabilita anajmd limit v kompromise medzi
permeabilitou a selektivitou (tzv. trade-off).3 Kvoli trade-off efektu existuje velky zaujem o
syntézu novych polymérov, ktoré vykazuja vyssiu priepustnost pre plyn a selektivitu ako
v sucasnosti dostupné polyméry.* Zmes kaucukovych a sklovitych polymérov sa moze
pouzit ako materidl kopolymérnej membrany, ktory by spojil vysoku permeabilitu
kaucukovych polymérov s vysokou selektivitou sklovitych polymérov.>

Kopolymérne membrany vykazuju velmi slubni perspektivu na pripravu
vysokovykonnych membran na zachytavanie CO: zprocesnych plynnych tokov
obsahujucich CHs a N2 Konkrétne Pebax, termoplasticky elastomér kombinujtci
polyamidové (PA) a polyéterové (PEO) monoméry, vykazuje vysoka afinitu k CO2
s pozadovanou mechanickou pevnostou pre polymérne membrany vdaka flexibilnému,
kaucukovému PEO segmentu a tvrdému, sklovitému PA bloku. Na zlepSenie vykonu sa do
Pebax membran zaclenia plniva,® ako napriklad zeolity, uhlikové sorbenty alebo plniva na
zaklade kovovo-organickej struktary (MOF).” Membrany so zmiesanou matricou (MMM)
sa vyrabaju dispergovanim plniva do polymérnej matrice, kde vysledna membrana typicky
vykazuje lepsi vykon ako povodna. MMMM membrany maju velky potencial na separaciu
CO2a povazuju sa za jeden z najdolezitejsich smerov vyvoja v oblasti buducich separacnych
membran. Vtejto praci bol vyskum zamerany na vplyv implementdcie nanocastic
UiO-66-NH2 do kompozitného polyméru Pebax1657 s cielom potlacit trade-off efekt.
Skumala sa efektivita pripravenych membran s MOF nanocasticami aich selektivne
vlastnosti voci CO2 od inych plynov.

2 Teoreticka ¢ast

2.1 Pebax ajeho charakteristika

Poly(éter-blok-amid) alebo Pebax je termoplasticky kopolymér ziskany
polykondenzaciou polyamidu karboxylovej kyseliny (napr. PA6, PA1l, PAl12) s
alkoholovym terminacnym polyéterom (napr. PTMG, PEG). Semikrystalické polyamidové
(PA) segmenty dodavaju kopolyméru tvrdost a dobrti mechanick pevnost, zatial ¢o
kaucukové polyéterové segmenty (PEO) poskytuji kopolyméru flexibilnost a priepustnost.
Vlastnosti kazdého kopolyméru stvisia s pomerom zloziek PA a PEO, ako napriklad
priepustnost alebo rozpustnost plynov, ktora sa zvysuje so zvySujicou sa frakciou PEO.®
Materialy z Pebaxu vykazuji vysoku priepustnost pre uhlovodiky a vysoku
permselektivitu oxidu uhli¢itého vzhladom na nepolarne plyny (napr. CO2/Nz, SO2/N2 a
CO2/H2).9 Tieto vlastnosti st obzvlast zaujimavé pre odstrafiovanie CO2 zo spalin a
syntézneho plynu, ako aj pre odstrariovanie kyslych plynov zo zemného plynu.!

Konkrétne Pebax1657 (obr.1) pozostava z 40 % chemickej Struktdry PA 6, znamou tiez
ako Nylon 6 a z 60 % PEO. Nylon 6 existuje v dvoch formach pravidelnych krystalovych
Struktur: vo forme y a viac stabilnej Casti «. Interakcia medzi dvoma rdoznymi formami
krystalovych struktur v nylone 6 mdze mat velky vplyv na prestup jednotlivych molekul
plynov.!!
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Obrazok 1: Chemickd struktiiva kopolyméru Pebax1657 s diametrom ich priepustného

otvoru. 11

2.2 Nanocastice na baze kovovo-organickej struktary (MOF)

Novy typ hybridnych MOF nanocastic vytvaraja flexibilné struktiry pozostavajtce
z centralnych anorganickych kovovych iénov spojenych organickymi ligandami.!?
Spolocne, tieto stavebné bloky vytvaraji trojrozmerné porézne krystalické siete s vel'mi
vysokym objemom poérov a povrchom.®® V niektorych pripadoch st péry stabilné pocas
eliminacie hostujucich molekul (¢asto rozpustadiel) a mézu byt znovu naplnené inymi
zlceninami. Vdaka tejto vlastnosti si MOF zaujimavé pre skladovanie plynov, ako
je vodik, oxid uhli¢ity alebo metan.* Dalsie mozné aplikédcie MOF st pri Cisteni plynu,
pri separacii plynov alebo pri katalyze. V oblasti senzorov sa pouzivaji na detekciu
Specifickych molekul, kde MOF nanocastice podsobia ako filtratné membrany, ktoré
umoznuju Specifickym molekulam pristup k povrchu zabudovanych snimacich materialov,
aby generovali signaly a zaroven blokovali iné rusivé substraty.!> Okrem toho mozno MOF
zmensit na velkost nanometrov, ¢o ich robi potencidlne uzitoénymi ako nanonosice v
medicinskych aplikaciach.’®

V porovnani s tradicnymi poréznymi materidlmi si MOF vyhodné z hladiska
geometrie a vlastnosti, kde je mozné otvorené kanaly v MOF navrhnit a jemne upravit
pomocou roznych kovovych zhlukov alebo organickych ligandov podla cielenych
aplikacii.’> MOF nanocastice na baze zirkénu sa pouZzivaju hlavne kvoli ich dobrej stabilite.
Konkrétne UiO-66-NH2 nanocastice aich porézna Struktura, vhodna vnatorna velkost
pérov, hydrofilna povaha a vysoka chemicka a vodna stabilita moézu poskytnat
membranam vacsiu povrchova hydrofilitu a preferencné drahy pre molekuly vody cez
selektivnu vrstvu.!?

2.3 Transport plynov cez membranu
Priepustnost cistého plynu cez neporéznu membranu je dany vztahom:

KpL dpmer
B, = -f=Pmer 1
T prer dr M



L je hodnota hribky membrany, prt je parcialny tlak meranej latky v retentatovej casti

cely a pmer je merany tlak. Kp sa nazyva konstanta pristroja a je charakterizovana vztahom:
— Viner T'stp
Kp = AT psrp (2)

A zahfmia plochu membrany, T je termodynamicka teplota a Viner je objem permeatovej
Casti cely, v ktorej dochadza k nérastu tlaku a veliciny Tsre a pste st Standardna teplota
(273,15 K) a standardny tlak (101 325 Pa).16

Nasledne sa vypocita idedlna selektivita membrany pre dany par Cistych plynov z
pomeru priepustnejsieho plynu (A) k pomalsie priepustnému plynu (B) na zédklade vzorca:

a=2 ®3)

Pp

kde Pa a Ps oznacuju priepustnosti plynu A a plynu B.

3 Experimentalna cast

Experimentélna cast je zamerand na pripravu membran z polyméru Pebax, konkrétne
z komercne dostupného Pebax1657 a na syntézu MOF nanocastic UiO-66-NHa. Nasledne v
tejto Casti bude spomenuty opis postupu pripravy membran a vysledky permeacnych a
analytickych experimentov.

3.1 Priprava membran

Pebax1657 bol rozpusteny v etanole s vodou v hmotnostnom pomere 7/3 pri 70 °C. Po
3 h zahrievania sa pridalo pozadované mnozstvo nanocastic a roztok sa nechal zahrievat
dalsich 24 h. Vzniknuty tuhy roztok bol naliaty na podpornt vrstvu PSF, ktorého hribka
predstavovala 150 um a membrana bola vlozena do vyhriatej riry na 50 °C.

3.2 Priprava MOF nanocastic (UiO-66-NH>)

Na syntézu nanocastic sa zmieSal ZrCls skyselinou 2-aminotereftalovou
(H2BDC-NH2) a ako rozpustadlo bol pouzity DMF. Vzniknuty roztok sa miesal 2 h pri
izbovej teplote a nasledny postup syntézy MOF nanocastic je nacrtnuty na obr. 2. Syntéza
krystalickych nanocastic vyzaduje Specifické podmienky, preto sa vzniknuty roztok nechal
24 h v kovovom izolovanom obale zahriat na 110 °C. Nasledne sa roztok v centrifiige o
rychlosti 8000 RPM dvakrat premyl metanolom za tcelom odstranenia rozpustadla.
Kltucovym aspektom pre realizaciu vysokej porovitosti je odstranenie hostovskych molekul
zo Struktury nanocastic tzv. aktivaciou.!” Pre aktivaciu MOF nanocastic sa vysledna zmes
vlozila do vakuovej rury vyhriatej na 150 °C.
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Obrizok 2: Detailny postup syntézy MOF nanocistic (UiO-66-NHz) od pripraveného
vzorku so zliceninami ZrCls a H2BDC-NH2 az po findlnu aktiviciu tychto nanocastic.

3.3 Charakterizacia membran

3.3.1 ATR-FTIR
V tejto praci boli vzorky merané pomocou infracerveného spektrometru
s Fourierovou transformaciou a taktiez s technikou zoslabeného tplného odrazu (ATR).
Obr. 3 reprezentuje FTIR spektrum ziskané z pripravenych kompozitnych membran,
Cistého Pebaxul657 a prasku nanocastic UiO-66-NHoa.

(a)
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©-H alebo N-H vibracie
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Obrdzok 3: (1) ATR-FTIR spektrum cistého Pebaxul567, nanocistic a UiO-66-NHz-Pebax
membrin, posuny pisov pre funkénit skupinu N-H (b) a H-N-C=0 (c).

Absorpény pas 1680 cm! indikuje pritomnost -NH2 skupiny a pasy od 1503 po 1600
cm! sa pripisuji valenéné vibracie skupiny C-O. Pre kaucukovy PEO segment je
v infraCervenom spektre charakteristickd hodnota 1094 cm, ktora reprezentuje vibracie
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C-O-C skupiny. Pas koreSpondujtci -N-H- vazbam je priblizne 3298 cm a charakteristické
pasy 1636 a 1732 cm™ sa priradzuji skupine H-N-C-O a skupine O-C=O. Tieto tri pasy
indikuja pritomnost tvrdého PA segmentu. ¥ Pasy 1636 a 3298 cm™ sa  posunuli na nizsiu
frekvenciu pre membrany UiO-66-NHz-Pebax. Podobny fenomén uz pozoroval J. Shen
vo svojej praci a vysvetluje to zlepSenie vodikovych vazbovych struktur, ¢o dokazuje vyssia
hodnota vInoctu cistého Pebaxu.1®

Pre samotny krystalicky prasok UiO-66-NH2 nanocastic (obr. 3a) je charakteristicky pas
1570 cm pre karboxylovt skupinu, ktora indikuje existenciu reakcie skupiny -COOH
s kationom Zr#.Y P4ds 1506 cm? sa pripisuje skupine C=C z aromatického jadra® a
asymetrické vibracie v oblasti 3375 cm! alebo symetrické vibracie v oblasti 3486 cm s
typické pre amino skupinu -NH: z organickych ligandov. 1 Pasy v oblastiach 730 cm™
a 680 cm! v Strukture syntetizovanych MOF nanocastic boli pripisane skupine ZrO.?!

3.3.2XRD

Vo vseobecnosti ostry rontgenovy difrakény pas predstavuje krystalick oblast
polyméru, zatial ¢o amorfny polymér vykazuje Siroky pas. Na obr. 4 je znazornené
rontgenové spektrum Pebaxu, ktory ako kopolymér obsahuje krystalickii a zaroven
amorfnu Cast. Krystalicka cast PA bola zaznamenana pri pribliznej hodnote 26=21° 18 a po
zvyseni MOF nanodastic sa tento krystalicky vrchol stal zretelnejsim. Dalsie pasy, ktoré st
pripisované kaucukovému segmentu PEO st 20 = 40° a 26° 2. Zaclenenie nanocastic do
kompozitnych membran zvysilo krystalickost PA a PEO segmentov, vzhladom na ztzenie
pasov vich charakteristickych oblastiach. Tvorba MOF nanocastic bola potvrdena
charakteristickymi pasmi v oblasti 20=7,5° (111) a 8,8° (002)%. Z obr. 4 je rovnako viditelné,
ze tieto pasy rastli srasticim mnozstvom MOF nanocastic v membranach
UiO-66-NHa-Pebax.

14000 4 (111)

(002)
12000 +

10000 |

Pebax + UiO-66-NH, (15hm. %)
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26 ()

Obrizok 4: Vijsledné XRD spektra jednotlivych membrdn a prasku UiO-66-NH2
s vyznacenymi krystalickymi rovinami (111) a (002).
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3.3.3 Vysledky z 3D optického profilometru

3D opticky profilometer (Zygo New View 8200, USA) bol pouzity na meranie
vsetkych typov pripravenych membran (obr. 5) a parametrami drsnosti Sa, Sq, Sz sa
charakterizuja ich povrchové topografické vlastnosti. Parameter Sz urcuje priemernu
maximalnu vysku, hodnota parametru Sa udava aritmeticky priemer povrchovej drsnosti
a Sq vyjadruje strednt aritmeticktt hodnotu odchylok z povrchu z (x,y).2 Vysledné hodnoty
parametrov drsnosti (Tab. I) sa zvySovali s pridavanim MOF nanocastic do kompozitnych
membrén, ¢im sa zvySovala aj drsnost povrchu tychto agregovanych membran.

Tabulka 1.: Hodnoty vyjslednych parametrov drsnosti z 3D optického profilometru.

Cisty Pebax + 5 hm. % | Pebax + 10 hm. % | Pebax + 15 hm. %
Pebax1657 MOF nanocastic MOF nanocastic MOF nanocastic
Sa (um) 0,076 0,438 0,884 0,856
Sq (um) 0,091 0,557 1,158 1,243
Sz (um) 0,996 3,640 9,293 11,607

Obrdzok 5: Snimky z 3D optického profilometra: (a) Cisty Pebax1657 - povrch membrdny (e),
(b) Pebax + 5 hm. % MOF nanocastic - povrch membrdny (f), (c) Pebax + 10 hm. % MOF
nanocastic - povrch membrany (g), (d) Pebax + 15 hm. % MOF nanocastic - povrch membrany (h).

3.3.4 SEM analyza

Prostrednictvom SEM analyzy sa sledovala distribiicia UiO-66-NHz2 v polymérnej
membrane v porovnani s ¢istym Pebaxom1657 (obr. 6). Snimky zo SEM analyzy pre Cisty
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Pebax vykazovali homogénny a hladky prierez oproti membranam s pridavkom MOF
nanocastic, pricom MOF nanocastice mali tendenciu tvorit agregaty (obr. 6 e, f).

Obrdzok 6: Snimky prierezu (a) membrany Pebaxu, (b) 5 hm. %, (c) 10 hm. %, (d) 15 hm. %
UiO-66-NH2 nanocastic v kompozitnych membrdnach. Fialovymi snimkami s zndzornené
zastiipenia zirkonia SEM-EDS analyjzou. Snimka (e) zobrazuje povrch membriny s 5 hm. %
nanocastic a (f) nanocastice UiO-66-NHo.

3.4 Vysledky permeacného merania

Experimentalne data z permeacnych merani boli spracované pomocou makra
v programe MS Excel. S pouzitim vzorcov (1, 2) sa ziskali hodnoty priepustnosti cistych
plynov a na zaklade tychto tidajov bola vypocitand selektivita podla rovnice (3). Vysledné
hodnoty st zobrazené v grafoch na obr. 7. Permeabilita oxidu uhli¢itého vzrastla z hodnoty
415 Barrer (pre cisty Pebax) na hodnotu 625 Barrer, ktora predstavuje priepustnost pre
membranu UiO-66-NHz-Pebax s 10 hm. % obsahom UiO-66-NHoa.

700 co, 61 700
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T 50 51 F600 /
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El ang g™
3 300 £ 3 300
£ 200 2 :: g 200
& 100 N 1§00 CH,
o - ‘1 o
0 B 10 0 5 10
zastipenie MOF castic [%] zastupenie MOF Castic [%]
700 o, 8 35 o, 3
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fa0 H 33 f1w —_ 3
£ 100 - 2”& s
0 + 1 0 + 1
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zastiipenie MOF Zastic [%) zastipenie MOF Zastic [%]

Obrizok 7: Zobrazenie rastu permeabilit (l'avd osa) cistych plynov: COz, N2, CH4, Hz, Oz
s rastiicim zastipenim MOF nanoéastic a ich vyslednou selektivitou (pravd osa).
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Porovnanie ziskanych vysledkov s literattirou je zobrazené na obr. 8, kde su
znazornené vysledky permeability COz2 a selektivit CO2/N2 alebo CO2/CHs v Robesonovych
diagramoch s hornou hranicou z roku 2008. V porovnani s inymi plnivami (TiOz, Zeolit A4,
ZIF-7, ZIF-8, MIL-53) implementovanych do Pebaxul657, nanocastice UiO-66-NH2
vykazuji najlepsie vysledky v pomere vysoka permeabilita k vysokej selektivite, ¢im je
potlaceny trade-off efekt.

1000 ¢ sty Pebax1657 10000 éisty Pebax1657
£ Pebax1657 + 5 hm % Ui0-66-NH2 Pebax1657 +5 hm % Uio-66-NH2
Pebax1657 + 10 hm.5% UI0-66-NH2 Pebax1657 10 hm % UIO-66-NHZ
= L
R ebax m 5% Ti >~ 1000
S Obesons, #Pebaxi6s? + 8 hm % Tio2 2 @ Pebaxl6s7 +5 hm % 2F-8
= 100 | KPebax1657 + 10hm % Zeolitaa &
o [e] XPebax1657 +20 hm % MIL-53
< ®Pebaxl657 + 8 hm.% ZIF-7 o
s £ 100 ®Pebaxl657 +8 hm.% ZIF-7
3 2
2 s
£ =
T 10 b ]
< @
3 tato praca w 10
1 L Lo P L 1
10 100 1000 10000 10 10000

Obrdzok 8: Zndzornend poloha bodov v Robesonovych diagramoch réznych aditiv
(UiO-66-NH>, TiO2%, ZIF-7%, ZIF-8%, Zeolit 4A?>, MIL-53%) v polymérnej matrice Pebax1657
pre plyny CO2/CHa a CO2/N2.

4 Zaver

V tejto praci bol studovany vplyv implementovania MOF nanocastic do membran z
kopolyméru Pebax1657 s cielom zlepsit transportné vlastnosti pre separaciu plynov.
Vysoka afinita Pebaxul1657 a MOF nanocastic k CO2 bola potvrdena permeacnym meranim,
kde dochadzalo k ndrastu permeability s rasticim zastipenim tychto Castic. Pridanim
5 hm. % nanocastic do kopolymérnej membrany sa zvysSila priepustnost vSetkych
testovanych plynov (COz, N2, CHs, Hz, O2) a aj selektivity pre dvojice plynov CO2/Nz,
CO2/CHa, O2/N2, zatial ¢o pre COz/H: ostala selektivita rovnaka ako pre Cisty Pebax, pretoze
transportné drahy H2 neboli ovplyvnené. Celkova permeabilita oxidu uhlicitého v
membréane s obsahom 10 hm. % MOF nanocastic vzrastla o necelych 34% v porovnani s
Cistym Pebaxom a prekonala Robesonovu hornti hranicu z roku 2008 pre dvojicu plynov
CO2/N, ktora predstavuje maximum pre dané hodnoty permeability a selektivity.

Dalej v tejto praci prebehli analyzy chemického zloZenia syntetizovaného prasku
nanocastic, membrany z cistého Pebaxu1657 a kompozitnych membran UiO-66-NH2-Pebax
s rdznym obsahom nanocastic UiO-66-NHz. ATR-FTIR analyza potvrdila charakteristické
pasy pre danti membranu a taktiez preukazala interakciu kopolyméru s UiO-66-NH:
nanocasticami posunmi pasov v oblasti 1636 a 3298 cm. V tychto oblastiach sa pasy
postupne zmensSovali pre charakteristické skupiny N-H a H-N-C-O, ktoré su sucastou PA

10

14



segmentu v kopolyméri Pebax svyssim zastipenim MOF nanocastic. XRD analyza
potvrdila vyskyt krystalickej fazy PA (uzke pasy) a kaucukovej fazy PEO (oblé pasy)
v Pebaxe. PA a PEO segmenty vykazovali viac pocetnych uzsich a vyssich pasov s rastiicim
zastupenim UiO-66-NHz nanocastic, z ¢oho vyplyva ndrast krystalickych vlastnosti
v UiO-66-NH2-Pebax membranach. 3D optickym profilometrom bola analyzovana
topografia skimanych membran pomocou parametrov drsnosti Sa, Sq, Sz. Najvyssia
hodnota parametra Sz (priemerna maximdalna vyska bodov znameranych dat) bola
najvicsia pri membrane, ktora obsahovala 15 hm. % MOF nanocastic, ¢o preukazalo
najvyssiu drsnost na povrchu membrany. Naopak, najnizSie parametre drsnosti
preukazovala membrdna z ¢istého Pebaxul657. SEM analyza potvrdila tspesné
zabudovanie MOF nanocastic do matrice Pebaxu a zaroveni SEM-EDS preukazala
zastupenie zirkénia v testovanych membranach, ktorého zdrojom boli UiO-66-NH:
nanocastice.

V dalSej faze vyskumu buda pripravené membrany svyssim obsahom MOF
nanocastic (20, 25 a 30 hm. %). Spolu s tym bude testovana implementacia dopaminu pri
priprave membran, aby sa potlacilo pripadné tvorenie agregatov nanocastic, ktoré by
negativne ovplyvnilo ich homogénne zabudovanie do matrice polyméru a aj separacné
vlastnosti membran .
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Uvod

Péstovani mikrobialnich kultur na kultivaénich médiich je metodou, ptirozeného
naristu populace mikroorganizmi za kontrolovanych laboratornich podminek, slouzici k jejich
identifikaci, ¢i ke zkoumani efektu vnéjsiho prostfedi na jejich intenzitu reprodukce v ¢ase. V
soucasné dobé jsou tyto experimenty velice roz§ifené, ¢imz dochazi ke stale vétsi potiebé

efektivnich kvantitativnich a kvalitativnich vyhodnocovacich metod.

K vyhodnocovani mikrobialnich kultur se nyni vyuziva softwaru, které dokazi z fotografii
kultur vyhodnotit zastoupeni mikromycet, k ¢emuz je ovSem potieba manualni asistence
pracovnika u kazdé z fotografii, coZ je znaéné neefektivni, nepfesné a nespolehlivé.

Mym tkolem je nalézt u¢inné feSeni v podobé& platformy Aurora, kterd by cely proces
vyhodnoceni zautomatizovala, ¢imz by i zpfesnil a zefektivnil, minimalizovanim lidského
chybového faktoru.

Metodika

Princip této metodiky tkvi ve snaze klasifikovat pixely dle spektralnich intenzit a jejich
relativni pozice. Tyto data jsou transformovana a vlozena do umélé inteligence zalozené na
principech strojového uceni, ¢imz vznikne pro experiment univerzalni klasifikator, ktery
dokaze uz relativné snadno a vyrazné piesné odlisit jednotlivych stadii kultur.

Nasledné jsou takto roz-klasifikovana data vlozena do druhé &asti, kde opét za pomoci
strojového uceni jsou jednotlivé shluky kolonii rozdéleny a nasledné jsou samotné shluky
rozdélovany na jednotlivé kolonie. Tato ¢ast uz po pouhych nékolika mésicich vyvoje dosahuje
98% uspésnosti a to bez nutnosti uzivatelského vstupu, ¢imz je mozné relativné piesné
odhadnout pocet jednotlivych kolonii na snimku.

To dale umoziiuje Uplné novych metod, nebot’ vystupem z teto ¢asti metody neni pouze pocet
kolonii ale i jejich odhadovana velikost, ¢imz je mozné ziskat distribuci velikosti shluki
v daném case.

Vysledky

Na prvni obrazku si muzeme pov§imnout postupu analyzy programu, ktery pietvori
vstupni snimek na zpracované zony, kterymi ziskame jiz relativni zastoupeni zén v daném
moment¢ po pouhé sekundé vyhodnocovani.
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Obr. 1. Rozeznavani zon za vyuZiti strojového uéeni

Na druhém obrazku vidime proces separace shlukl zon a jejich nasledné rozdéleni k ziskani
poctu kolonii na snimku.

Obr. 2. Rozeznavani jednotlivych kolonii
Diskuze

Aurora za vyuZiti strojového uéeni[1] dokaze nejenom s vysokou piesnosti klasifikovat
jednotlivé zony a ziskat tak jejich relativni velikost v daném case ale dokaze i spocitat pocet
kolonii a z kombinace téchto dat ziskat distribuci relativni velikosti jednotlivych kolonii, coZ je
uplné novou metodou, ktera by mohla poodkryt novych souvislosti, a to v§e takika bez nutnosti
uzivatelského vstupu, ¢imz se cely proces vyhodnocovani v podstaté kompletné automatizuje,
coz vede k masivnimu zrychleni, diky ¢emuZz je mozné provadét rozsahlejsi experimenty s
kvalitngjsi statistikou a tak i podstatng&j§imi vysledky.

Literatura

[1] F. Chollet, Deep Learning with Python, Mountain View, Spojené staty
americké, Kalifornie, 2017
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Abstrakt

Vyzkum transaktinoidd, tedy prvkd s protonovym Eislem
104-121, se v poslednich letech nezaméfuje jiz pouze na
problematiku jejich syntézy a produkce, ale stale vice i na analyzu
jejich chemickych charakteristik; mezi hlavni patfi oxidacni Cisla,
diky jejichz znalosti je pak mozné predpovidat existenci z

jejich chovani. Kromé nejrozsifenéjsi thermochromatografie viak
Ize také pro chemicky vyzkum téchto prvkd vyuZit metod
elektrochemickych. Préce, jejiz dil¢i vysledky jsou publikovdny
v ramci tohoto pfispévku, se vénuje pogatkim navrhu pratokové
elektrochemické aparatury (se zapojenim potenciostatu Gamry
Reference 600) pro provadéni cyklické voltametrie za Ucelem
zjisténi oxidacniho stavu homologl transaktinoidl, konkrétné

india a thallia, tedy homologt nihonia (protonové &islo Z = 113) v
roztocich o objemu niz3ich desitek mililitrd a pfi milimolarnich
koncentracich.

chemického  hlediska stabilnich  slou¢enin  konkrétniho
transaktinoidu. Zaroveri je dlleZité zjisténi vlivu relativistickych
efektl, které se v téchto pfipadech jiz vyznamné projevuji na

Uvod

Studium chemickych vlastnosti transaktinoid(i je v soucasné dobé jednim z nosnych témat
aktualniho vyzkumu v oblasti jaderné chemie. Tento vyzkum ma vsak sva specifika, ze kterych byvaji
vyzdvihovany nasledujici dvé.

Prvni je skute¢nost, Ze mnozstvi analytu je o mnoho fadd mensi nez v pripadé "klasické" chemie, a
aparatury tak musi fungovat v pracovnim médu "one-atom-at-a-time"; tedy Ze poskytuji rozeznatelny
vystupni signdl i tehdy, pokud se v nich nachazi pouze jeden atom analyzované latky. To souvisi i s tim,
Ze zajmové radionuklidy musi byt syntetizovény v urychlovacich pomoci jadernych reakci s malymi
ucinnymi prirezy (jednotky ub nejsou vyjimkou). Druhym specifikem jsou nizké polocasy premény
jednotlivych radionuklidd. Ze 107 dosud blize popsanych radionuklidd transaktinoidd ma pouze 39
polocas nad 1's, osm nad 1 min a pouze t¥i z nich nad 1 hod (izotopy Db). Analytické metody tak musi
byt dostatecné rychlé, aby bylo mozné analyzovat dostate¢né mnoizstvi vzorku pfed jeho pfeménou a
ziskat tak prehled o chemickych vlastnostech prvkl (napfiklad oxidacni ¢isla).

Zarover ale nelze — z diivodi popsanych vy$e — pouZit klasické analytické metody, alespori ne s
takovou metodikou, jaka je pro tyto metody obvykld. Elektrochemicka analyza vzorku by vSak mohla
byt vhodna nejen diky své velké citlivosti, ale i diky moznosti dalsiho poutziti vzorku pro dalsi analyzy
prakticky v nezménéné formé (nebo zménéné, ale presné definované). Pro ovéfeni moznosti pouZiti
elektroanalytickych metod vSak neni vhodné pouzivat pfimo kratkodobé radionuklidy transaktinoidd,
a to z dlvodu jejich naro¢né pripravy. Je tak naprosto béZznym postupem aparatury provéfovat na
homolozich prvkd, které budou predmétem zajmu pfi pokrocilejsich experimentech.

Elektrochemické metody

Elektrochemie je definovana jako ¢ast fyzikalni chemie zabyvajici se studiem soustav, ve kterych
probihaji chemické déje spojené s tvorbou ¢i preménou elektrické energie. Zaroven studuje rovnovahy
v systémech s ¢asticemi nesoucimi elektricky naboj a studuje vztahy mezi chemickymi pfeménami a
energii, pfi kterych se vyskytuje elektricka energie, pfipadné elektrické (elektromagnetické) pole.

Spektrum elektrochemickych analytickych metod je Siroké — od konduktometrie a dielektrimetrie
pres potenciometrické titrace aZz po galvanostatickou elektrogravimetrii a coulometrii. Mezi
elektrochemické metody jsou Fazeny i tzv. voltametrické metody, pfi nichZ dochazi ke sledovéni proudu
v roztoku, a to v zavislosti na napéti pracovni elektrody. Napfiklad rozpoustéci voltametrie je
povaZovéna za jednu z nejcitlivéjSich analytickych metod, nebot mez stanovitelnosti se pohybuje na
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urovni pikomolarnich koncentraci. Mezi voltametrické metody patfi i linedrni a cyklicka voltametrie
(CV), kterou nékteré zdroje povazuji za nejlépe zdokumentovanou voltametrickou techniku. PouZiti CV
pro kvantitativni analyzy neni pfili§ rozsahlé; je pouzivana spise pro analyzy kvalitativni, pficemz v
pripadé smési se musi potencialy jednotlivych elektroaktivnich latek lisit alespori o 50 mV, aby mohlo
dojit k jejich identifikaci. Pfi cyklické voltametrii je vklddan na (pracovni) elektrodu (na které probiha
studovana reakce) proménny potencial s cyklickym vétSinou symetrickym trojuhelnikovym pribéhem.

V praxi je také Casté pouziti zékladniho elektrolytu (pomocny, indiferentni elektrolyt), ktery je
soucasti analyzovaného vzorku, av3ak v daném rozmezi potencidlll nereaguje s elektrodou
(potencidlové okno), a je do roztoku ptidavén za ucelem zvyseni vodivosti roztoku (snizovani odporu),
a tedy moznosti prachodu proudu; vedlejsim jevem je také potlaceni vlivu migrace.

DuleZitym parametrem CV je rychlost polarizace elektrody (scan rate, v) [mV/s], tedy vyjadieni
rychlosti zmény potencialu. Vétsi rychlosti zplsobuji mensi difuzni vrstvu kolem elektrod, coz implikuje
vétsi proudy. Vztah scan rate s ostatnimi parametry a vlastnostmi analytu je uveden v Randles-
Sevcikové rovnici. Ta je ziskana Upravou Butler-Volmerovy rovnice; v piipadé laboratorni teploty 25°C
pro reversibilni elektrochemicky déj tvar (1) a pro irreversibilni tvar (2).

1 1 3
I, = (2,686 - 105)-A ¢ - D2 - vz - n2 (1)
1 1 1
I, = (2,686 - 10°)+A -c - Dz * vz - n - (' + agps)? (2)
V obou vztazich (1i2) je A plocha elektrody [cm?], ¢ je koncentrace elektroaktivni analyzované latky
v roztoku [mol - cm™3], D je difuzni koeficient [cm?- s7!], v je rychlost polarizace elektrody (tzv. scan

rate, také rychlost gradientu potencialu) [V - s%], n je poCet elektron(i vyménénych b&hem reakce, n’
pocet elektroni samovolné vyménénych a a je koeficient pro rate determining step.

Vysledkem CV je cyklicky voltamogram (tedy zévislost proudu na napéti), kde nejdleZitéjsimi udaji
je pomér anodického a katodického peaku v maximu a dale hodnota potencidlu v jednotlivych
maximech.

Elektrochemicka cela je vétsinou sklenénd vodivostni nadobka, do které jsou vkladany pouzivané
elektrody (vcetné elektrolytu), pfipadné dalsi komponenty (teplomér, michadlo...). Pfi navrhu
aparatury je nutné brat v potaz vnitini objem cely, nebot velké cely mohou v kombinaci s nizkymi
koncentracemi poskytovat tak velky odpor, Ze méfeni nepujde provést. Naopak malé objemy mohou
za urcitych okolnostni zpuUsobit rychly uUbytek analyzované latky a vznik nezddoucich produkt(.
Umisténi elektrod v samotné cele je pak dalsim daleZitym parametrem ovliviiujicim kvalitu méreni.

Elektrody Ize rozdélit z hlediska funkce na ti typy - referentni, pracovni a pomocné. Na pracovni
elektrodé (WE, typicky platina) probihaji redox reakce analytu pfi zméné potencialu s c¢asem.
Konstrukéné by se mélo jednat o elektrodu s co nejmensim povrchem za ucelem maximalizace
polarizace. Referentni elektroda (referencni, RE) by méla poskytovat v danych podminkdch reverzibilni
reakce. Pomocna elektroda (CE) je pak soucasti tfielektrodového systému.

Potenciostat je definovan jako zafizeni schopné udrZovat konstantni potencial mezi WE a analytem
na nastavené hodnoté mérené proti RE. Plvodné byl pouZivdn dvouelektrodovy systém, tedy systém
slozeny pouze z RE a WE; pfi takovém zapojeni vSak nebylo moZné zajistit konstantni potencial. Ve
vétsiné experimentl s potenciostatem je tak pouZivén tfielektrodovy systém, jehoZ pouziti zabrariuje
posunu potencidlu WE vzniklého koncentraéni polarizaci. Pfi takovémto zapojeni prochdzi proud mezi
WE a CE; proud tak neovliviiuje RE (pfes kterou diky velkému odporu neprochazi zadny proud), protoze
existuji dva nezavislé elektrické obvody sdilejici spolu pouze WE a samotny elektrolyt.

21



Transaktinoidy

Transaktinoidy je skupina obsahujici 18 prvkid s protonovym ¢islem 104 (rutherfordium) az 121
(unbiunium), kde na ni navazuje skupina prvkd s nazvem superaktinoidy. Jako supertézké prvky (SHE)
se pak oznacuji prvky s protonovym cislem 104 a vétSim. V soucasné dobé je syntetizovano prvnich 15
prvkd (Z =104 —118). Jejich chemické vlastnosti vychazeji ze silného coulombického pole silné nabitych
atomovych jader, a celkova elektronova konfigurace tak bude hrat podstatné vétsi roli nez v pripadé
leh¢ich prvkd. Problematickymi pfi predpovédi chemickych vlastnosti se vSak staly relativistické efekty.

Jako perspektivni supertézky prvek, jehoZz oxidacni stavy by bylo mozné fidit elektrochemickymi
procesy, bylo vybrano nihonium. Homology nihonia jsou B, Al, Ga, In a Tl (pseudohomologem je pak
Es). Co se tyée oxidacnich stav(, In se vyskytuje v oxidaénich &islech +, +Il a +l1I, pficemz slouéeniny In*
jsou sice prokézané, ale nejsou povaZzovany za stabilni — nejstabilné&j$im je stav In*". Oxida&ni stav TI*
je velmi stabilni, a to z diivodu vysoké ionizaéni energie 6s elektron(. Slouéeniny ve stavu TI"" jsou
znamé, ale jsou povaZzovany za méné stabilni nez TI*'. Tl je snadno rozpustné v kyselinach za vzniku TI*,
ve vodé pak TI*"" vytvaFeji komplexy. Pomoci CV byly zkoumany i pouze pfechodné existujici TI*" a TI*V.

U samotného nihonia je predpoklad stabilnich oxidaénich stavl +l a +lII (vychazejici z elektronové
konfigurace), pficemz trend ve skupiné pak hovofi pro vétsi stabilitu +I. Kvili silné relativistické 7s
stabilizaci se sniZuje sp-interakce pUsobici na chemické vazby a velmi pravdépodobné nebudou stabilni
vyssi oxidacni stavy tohoto prvku. Nejvyssi oxidacni Cislo odpovida skupiné, pricemz jsou stabilné;jsi
spiSe nizsi oxidacni Cisla, tedy + (predpoklad slouc¢enin NhOH, NhH, NhF). Déale se predpoklada
existence stavu +lII (pfedpoklad u NhFs, NhCls, NhHs, NhBrs, Nhls) a +V (napfiklad u NhFs).

Elektrochemické metody vyzkumu transaktinoidd
Pro provedeni elchem. experiment( je nutné, aby mél analyzovany radionuklid T/, delSi nez 10 s
(ze 107 dosud znamych se tak jednd pouze o 20 z nich - izotopy Rf, Db, Dg, Bh, Hs, Ds, Rg, Cn a Nh).

V roce 2007 byly provedeny elektrochemické experimenty s 22Pb (Ty, = 10,6 hodiny; homolog Fl).
Samotné experimenty probihaly v tFielektrodovém schématu s Ag/AgCl Re a Pt CE (WE s plochou 3 cm?
byla béhem experimentu ménéna; byly tedy provedeny experimenty s Pt, Ni, Au, Pd, Cu a Ag).
Elektrochemickd PEEK cela méla objem 1 mL a jako elektrolyt byla pouZita 0,1M HCI. Déle byla
provedena elektrodepozice #*?Pb na pracovni elektrodé za rliznych teplot i po rznou dobu. Po fadé
offline experiment( byla aparatura pfenastavena na online méd a poufZity radionuklidy *°Pb, #°Pb,
188ph a 187ph (vzniklych ostfelovanim Gd ter&e Ar), které byly transportovény aerosolovym gas-jetem
(He s KCI). Experimentélni kampari byla zakonena s vysledkem, Ze sestavena aparatura bude
pravdépodobné vhodna pro elektrodepozici SHE s tim, Ze vhodnym kandidatem pro dalsi experimenty
by byl radionuklid #°Hs (T2 = 22 s), u ného? se pfedpokladaji podobné chemické chovéni jako u Os.

Nagame, Kratz a Schadel ve své praci ([2]) z roku 2015 uvadi, Ze studium redoxnich vlastnosti SHE
je podstatné uz jen kvili silnému vlivu relativistickych efektl; na druhou stranu vsak dodavaji, ze znamé
a zabéhnuté elchem. metody (jako nap¥. CV) nebudou moci moznd byt pro tyto studie pouZity kvali
relativné malé citlivosti. Zaroveri ale uvadi, Ze je ve vyrobé elchem. aparatura, kterd by byla
kompatibilni se systémem SISAK, kde by dochazelo k redukci Sg*"' na Sg*", pfip. Sg*"V. Aparatura jiZ byla
vyzkousena na homolozich (No, Mo a W) s pouzitim 0,03M HCI, a to celé za zvySené teploty mezi 60°C
a90°C (za laboratorni teploty redukce neprobihala). WE je GCE, ktera je umisténa do sklenéné elchem.
cely o objemu 0,54 mL. CE je elektroda Pt a RE 1,0M LiCl-Ag/AgCl.

Metodika realizovanych experimentt

Jako zaklad aparatury, zdroj proudu a zaroveri analyzator byl vyuZit vramci popisovanych
experimentd potenciostat Gamry Reference 600 (r. v. 2009, Gamry Instruments Inc.), ktery byl fizen
pomoci softwaru Gamry Framework (verze 7.9.0). Kalibrace byla zajisténa pouZitim UDC4 (Gamry
Instruments Inc.). Ridicim zdrojem rotaéni elektrody byl pak pfistroj RDE 710 (Gamry Instruments Inc.).
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Jako referenéni elektroda byla pouZzita argentochloridovd Ag/AgCl/3M KCl elektroda (6.0733.100,
Metrohm). Pro experimenty s Tl pak bylo pouZito propojeni skrz solny muistek naplnény 3M KCl, aby
bylo zabrdnéno kontaminaci frity elektrody. Pt elektroda byla pouZivdana jako WE i jako CE, pficemz
byly pouzity celkem tfi rGzné kusy: 1. Pt - pro rotacni elektrodu (#932-00024, Gamry Instruments Inc.),
desticka o priméru 3 mm v PEEK téle; 2. Pt - dratek (#935-00056, Gamry Instruments Inc.) o priméru
0,4 mm, obsah elektrody v roztoku 0,33 cm?; 3. Pt - plidek (3.109.0790, Metrohm) o rozmérech 0,8 x
0,8 cm, obsah elektrody 1,28 cm? V pfipadé experiment( s indiem byla pouZita jako pracovni i GCE
(Gamry Instruments Inc., #932-00022, desticka o priméru 3 mm v PEEK téle).

Pro prvni fazi experimentu (tzv. zkusebni, viz nize) byla pouZivédna elektrochemicka cela (Metrohm,
oznaceni CORR.CELL.S, viz obrazek ¢. 1) o pracovnim objemu cca 500 mL. Kvli nékolika technickym
problémum souvisejicim se stavem této cely (a zaroveri potfebnému velkému objemu analytu) doslo k
vymeéné za DBC celu (Dr. Bob’s Glass Cell Jacketed, #930-00037, Gamry Instruments Inc., viz obrazek ¢.
2, pracovni objem 2-50 mL; v praxi vyuzivan objem 20 mL), ve které byly provedeny experimenty s In a
TI. Z konstrukénich divodd nebylo mozné pouzit rotacni platinovou elektrodu jako WE, a proto doslo
k jejimu nahrazeni Pt pliskem. Jako pomocna elektroda slouZil Pt drétek, ktery byl uchycen do PP drzaku
vlastni vyroby tak, aby byl zajisténa stale stejna kontaktni plocha s roztokem. RE zlstala elektroda
Ag/AgCl spojena s analytem solnym mulstkem (3M KCI). Veskeré experimenty byly provéddény za
pfistupu vzduchu.

Obrdzek 1 (vlevo a uprostred): DBC elektrochemickd cela (Gamry Instruments Inc.)
Obrdzek 2 (vpravo): Elektrochemickd cela o objemu 500 mL v experimentdlnim zapojeni (Metrohm)

= Ag/AgCl/
e I 3MKal
adeptér  w H RE
230V H H
230V 30Hz i H
LE H
H rf =
i CE 7| soing mistek
naplnény 3M KCI
Gamry Framework L[r 230V
Gamry Echem Analyst - 50 Hz
RDE 710

elektrochemickéd

sanalytem

Obrdzek 3: Schéma experimentdini aparatury pouZzité pro realizaci experiment s indiem a thalliem

Vzhledem k dlouhodobému nepouZivani celé experimentalni aparatury bylo nutné po jejim
sestaveni provést fadu experimentl (tzv. zkuSebni) potvrzujicich funkénost. Byly tedy realizovany
experimenty s roztoky NaCl, NaNOs, (COOH),, H,SO4 a CH30H, kyseliny gallové, kyseliny askorbové a
Ka[Fe(CN)s] v NaNOs. Na zakladé vysledkd zhruba 300 méfeni trvajicich cca Sest mésicd (a provedeni
fady oprav a Uprav aparatury v rdmci technologickych pauz) byla aparatura shledana funk¢ni.

V obdobi 03-06/2022 pak byly provedeny tfi fady experimentd - s indiem, TI,SO4 a TICI. Ve viech
tiech pfipadech byla RE elektroda argentochloridova (spojena pres solny mlstek s 3M KCI), WE (. 2)
a CE (€. 3) platinova. Pfed kazdou sérii experimentd doslo ke kalibraci pFistroje a omyti a vylesténi
elektrod pomoci Al,O3 (velikost zrn 0,3 um, Metrohm, 6.2802.000).

23



Indium bylo zvoleno k experimentim jako lehéi homolog Nh, avsak kvuli absenci skladovych zasob
indiovych soli bylo nutné pristoupit k jejich produkci. In(NOs)s (za vzniku 10mM roztoku In v HNOs o pH
0,7) byl vytvofen rozpusténim indiové péjky (99,9% Cistota) v koncentrované HNOs (68 %, VWR).

Druha série experimentt byla provedena s tézsim homologem india, tedy thalliem ve formé 1mMm
roztoku TI,SOs (p. a., Lachema, n. p.) s pozadovym elektrolytem 0,5M Na,SO, (p. a., Dorapis). Nejvétsi
mnoZstvi experimentd bylo provedeno s TICI (Cisty, Lachema, n. p.), respektive s ImM roztokem TICI
ve smési s KCl (p. a., Penta) jako pozadovym elektrolytem (v koncentracich 3, 51, 102, 152 a 200 mM
KCl). Vychozi 3mM koncentrace CI" byla vybréna predevsim kvili podobnosti s roztokem pouzivanym v
metodé PILS (Particle Into Liquid Sampler, dale PILS roztok). Pro stéZejni ¢ast experimentl byl zvolen
pravé TICl, nebot v pfedpoklddaném praktickém vyuZiti této aparatury budou v roztoku pfitomny
transaktinoidy pravé spolu s chloridy jako zbytky po aerosolovém transportu.

Vysledky

Ziskana data (vyska a umisténi peakl) byla analyzovana softwarem Gamry Echem Analyst (Gamry
Instruments, Inc., verze 7.9.0). Pro kazdy druh experimentu bylo provedeno i méfeni samotného
pozadového elektrolytu - ve vSech pfipadech ale byl v misté analyzovaného peaku pfitomen pouze
zanedbatelny signdl, a odedet pozadi tedy nebyl realizovan. Vyhodnocovéni dat bylo realizovano
v programu MatLab R2021b (The MathWorks, Inc.)

StéZejni Cast vyhodnocovani zaujimaji grafy zdavislosti vySky peaku na odmocniné scan rate
(vychazejici ze vztahu 1, resp. 2) a proloZeni vynesenych bodu linearni zavislosti. Na zakladé informaci
uvedenych v odborné literatufe byl pouZit tvar linedrni zavislosti y = a - x + b, tedy pfimkové zavislosti
s nenulovym absolutnim ¢lenem. Vzhledem ke skute¢nosti, Ze pro viechny experimenty byla pouZita
Ag/AgCI RE, jsou viechny uvedené potencidly vztaZeny pro tuto RE, tedy -0,210 V oproti SHE.

Indium
Bylo provedeno celkem 59 méfeni. V ziskanych voltamogramech (pfiklad viz obrazek ¢. 4) ale nebyl
(ani pfi proméreni spektra pfi rdznych scan rate v rozsahu 5 az 300 mV/s) viditelny redukéni peak pfi
potencidlu -0,5 V, ktery by odpovidal pfedpokladané reakci:
Infl) +3e” o Ing. (3)
P#i vy33ich hodnotdch scan rate (100 mV / s) byl viditelny redukéni peak pfi potencidlu okolo +1,1 V,
coZ odpovida rozkladu kyseliny dusi¢né:
NO3 (4q) + 4 H*+3e” & NOg +2H,0q,. (4)
Oxidaéni peaky nebyly zaznamendany. Pfi dalSich experimentech je tedy nutny vybér jiného
pozadového elektrolytu, ktery by umoziioval viditelnost téchto peak, a to po dikladné resersi chovani
india v riznych vhodnych systémech se zamérenim na chloridy.

50,00 mA

NO3 g + 41" + 36~ ¢ NO, + 2080,
03 g + 11" + 00 + 210, 00w
Infiy 3¢ ¢ Ing TS0, + 20 Ti,) + 50 io
i
000 !
g 2 0A
B H
20000 HSOF 43117 + 267
SOE 4 4H" 4267
s000mA our
-y 00mv e s 1000V s00my 00V so0gmy

VI(Vvs. Ret)

VIV vs. Ref)
Obrdzek 4 (vlevo): Cyklicky voltamogram roztoku india v roztoku HNO; (vyFez), scan rate 100 mV/s, Ag/AgCl RE, Pt WE, Pt CE
Obrdzek 5 (vpravo): Cyklicky voltamogram roztoku 1mM TI,SO4 v 0,5M Na,SOs, scan rate 30 mV/s, Ag/AgCl RE, Pt WE, Pt CE
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Siran thallny

Bylo provedeno celkem 28 méreni. Zdjmovym peakem byla oblast okolo potencidlu -0,7 V, kterd
odpovida reakci:

TS0, +2e” & Tl + S03™. (5)

Velikost oxida¢nich a redukénich peakd viak nebyla srovnatelnd (pomér 4:1 az 9:1), a jedna se tak
bezpochyby o kvazireversibilni proces. Dale je znatelnd velmi roztdhld oblast narGstu proudu od -0,4 V
do zhruba 0 V. Zdrojem tohoto signalu mohou byt reakce vychazejici z pfitomnosti siran0 a jejich
derivatl v roztoku, tedy jejich rozklad za pfitomnosti SO, a H,0.

Vyhodnocoviéni ziskanych dat probéhlo vynesenim hodnot vysky zdjmovych peakd (jak oxida¢niho,
tak redukéniho) v zavislosti na odmocniné ze scan rate (linedrni zavislost vychazejici z rovnice €. 1, resp.
¢. 2). Grafy s proloZenim a statistickym vyhodnocenim jsou uvedeny na obrazku 6. Pro redukéni peak
byl koeficient determinace R? linearni k¥ivky 0,3949, pro peak oxida&ni 0,7438; v obou pfipadech tedy
nelze hovofit o vhodnosti tohoto proloZeni. U redukéniho peaku byla také zaznamenana fada bodu
zcela mimo predpoklddanou zavislost. Na soucasné Urovni znalosti o aparatufe nebylo mozné tyto
hodnoty pfisoudit konkrétnimu procesu — at uz se jednalo o parazitni jev nebo o interferenci, systém
bude v navazujicich experimentech detailné proméren, aby bylo mozné vyloucit nezadouci jevy a ziskat
koeficienty pfedpokladané linearni funkce s mensimi nejistotami.

]
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p2= 1313 (-266.9, 529.6) ]
Goodness of fit: .
SSE: 24166+06 [ . ‘
R-square: 0.4075
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Obrdzek 6: ProloZeni ziskanych dat pfimkovou zdvislosti pro oxidaéni a redukéni peak roztoku siranu thallného (roztok 1mm
siranu thallného v 0,5M siranu sodném jako pozadovy elektrolyt, Ag/AgCl RE, Pt WE, Pt CE)
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Obrdzek 7 (vlevo): Cyklicky voltamogram 1mM chloridu thallného v 0,1M KCl, scan rate 55 mV/s, Ag/AgCl RE, Pt WE, Pt CE
Obrdzek 8 (vpravo): ProloZeni ziskanych dat pfimkovou zdvislosti pro peaky 1mM TICI v PILS, Ag/AgCl RE, Pt WE, Pt CE)
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Chlorid thallny
Pi experimentech s TICI bylo provedeno celkem 140 méfeni. Zajmovy peak je totozny s peakem pfi
experimentech se TI,SO4, tedy potencial -0,7 V, resp. -0,8 V, avsak tentokrat odpovidajici reakci:
TICI+ e~ & TlI+ CI™. (6)
Peak na potencialu -0,7 V je v3ak tzv. dubletem, kterdzto skutecnost je tim viditelnéjsi, ¢im vic se
zvysuje koncentrace KCI (u PILS roztoku neni naznak pfitomnosti dubletu); je tedy pfedpokladem, ze
druhy z peakd je zpUsoben pFitomnosti K* a/nebo CI™. Konkrétni reakce nebyla zjisténa.

Dalsi signal v redukéni oblasti je peak odpovidajici potencidlu zhruba -0,15 V; v oblasti oxida¢ni pak
-0,2 V. Tyto signaly by teoreticky mohly odpovidat reakci vzniku, resp. rozkladu kyseliny $tavelové na
CO; (potencial -0,22 V).

Vyhodnoceni vysky redukéniho a oxidaéniho peaku thallia pro 1mM TICI v PILS roztoku je uvedeno
na obrazku Cislo 8. Oba dva soubory dat byly proloZzeny pfimkou; u redukéniho peaku bylo dosazeno
R?0,9709, u oxida¢niho niziho — 0,582. Opét bude nutné identifikovat procesy a parazitni jevy.

Redukcni peak - TmM TICIV PILS roztoku

Linear model: I
)= p1x+ p2 i
Coeffcients (with 96% confidence bounds) £
= 2295 (2083,25.08) g -

p2= 6333 (650.1,-6165) b <

Goodness of i

SSE:2198

R-square: 0.962 o
Adjusted R-square: 0.8601 ok e
RMSE: 1048
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p2= 8239 (8429,-805)

Goodness of fit

R-square: 0.9443
Adjusted R-square: 0.9415
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Obrdzek 9: Graf zavislosti potencidlu red. a ox. peaku v zévislosti na odmocniné scan rate (ImM chlorid thallny v 3mM
roztoku chloridu draselného, Ag/AgCl RE, Pt WE, Pt CE)
Diskuse
StéZejnim problémem celé prace bylo velké mnoZstvi technickych probléma, které byly zpisobeny
dlouhodobym nevhodnym skladovanim aparatury a absenci vétsiho mnoZstvi soucdstek a navodu.
Béhem prvnich Sesti mésict ale doSlo ke zprovoznéni celé aparatury a ndkupu chybéjicich ci
poskozenych soucasti, tudiz pro experimenty s Tl byla aparatura jiz v plném rozsahu pouZitelna.

Pro jednotlivé experimentalni kampané se stejnym vzorkem nebyl pfipravovan novy roztok pro
kazdé méfeni, ale byl pouZit totozny roztok opakované, nebot byl pfedpoklad zanedbatelné zmény
koncentrace v pribéhu opakovanych méreni. Napfiklad v pfipadé experimentu s 1mM TICI (scan rate
35 mV/s) prodel roztokem elektricky naboj o velikosti 1,3 mC, tedy pfeména 1,36 - 107 molu TI*' na TI°.
Pro experimenty s DBC celou bylo pouZito 20 mL 1mM roztoku. Jednim méfenim tedy dojde ke ztraté
0,06 % ptivodniho TI*. K poklesu pGvodni koncentrace o 1 % tedy dojde aZ po 16 méFenich. Takového
poctu méreni s jednim vzorkem nebylo dosazeno.

Jak jiz bylo uvedeno vyse, peaky, které by odpovidaly elchem reakci In, nebyly zaznamenany.
Naopak peaky rozkladu H,O a HNO; byly viditelné i pfi méreni Cistého pozadového elektrolytu. Pouziti
jiné WE (GCE misto Pt) také nemélo vliv na ziskany signal. Dlvodem této absence signalu velmi
pravdépodobné také neni nizka koncentrace analytu, jeZ je desetkrat vyssi nez koncentrace, které byly
v nékterych pfipadech pouzivany pfi zkusebnich experimentech. Vliv na probihajici déje ma jisté také
pfipadnd hydrolyza ¢i komplexace; tyto jevy ale byly dostate¢né potla¢eny pouZitim nizkého pH
roztoku. Je vak nutné Fici, Ze chovani india ve vodnych roztocich je ve védé stéle neuzaviené téma.
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Také bylo zjisténo, Ze se zvysujici se hodnotou scan rate dochdzi k posunu red. peaku smérem k
vy$s$im potencial(im, u ox. je tomu naopak (viz obrazek ¢. 9); toto zjisténi je v souladu s literaturou.

Bé&hem samotné realizace experiment( byl nékolikrat zpochybnén dobry technicky stav Ag/AgCl RE.
Pfed zahdjenim dalSich experimentl je tedy naplanovana vyména této soucasti aparatury. Také je
moznost pouziti dalsich elektrod (GCE, Sb, Hg...) a jejich kombinaci za ucelem zjisténi optimalni
konstrukce aparatury, pfipadné mozinost pouziti mikroelektrod, které by mély poskytovat vysledky s
mensim Sumem.

Sestrojena aparatura je urCena pro fizeni oxidacniho stavu (homologl) transaktinoidd v
pratokovych extrakénich systémech. PFi udrZovani konstantniho potencidlu na elektrodach je Fizeni
realné - pfi provedenych experimentech bylo pfemé&néno zhruba 1078 molu TI*' pfi maximalnim proudu
1,5 mA. PFi maximalnim mozném vystupnim proudu potenciostatu 600 mA a nastaveni sprdvného
potencidlu je mozné okamzité pfeménit cca 4 - 10° molu TI*, co? je srovnatelné s mnozstvim, které
bude ziskavano v extrakénich systémech, a Ize tedy uvést, Ze tato elektrochemicka aparatura bude
pouzitelna i v oblasti Fizeni oxida¢niho stavu (homologu) transaktinoidd.

Zavér

Na zdkladé zhruba 530 méfeni bylo shledano, Ze elektrochemicka aparatura (jejimz zdkladem je
potenciostat Gamry Reference 600) je schopna analyzovat oxidac¢ni stav milimoldrnich mnoZstvi thallia
jakoZto homologu nihonia v roztocich o objemu 20 mL.

Je predpoklad, Ze pfi dalsich experimentalnich kampanich dojde k pouZiti radionuklidd homologt
Nh, tedy primarné 21Tl (Ty, = 3,04 d). Po ovéFeni funkénosti aparatury i pro tento radionuklid bude
nasledné realizovana kampan na cyklotronu, kdy budou analyzovény kratkodobé homology vzniklé
ostrelovanim zlatého terce heliony. Z dostupnych vysledkl z minulych experimentalnich kampani [3]
je pFedpoklad vzniku 3Tl (T1/2 = 21,6 min), 1%4TI (33 min), **TI (1,16 h), *°°TI (1,84 hod), *’TI (2,84 hod)
a 19°T1 (7,42 hod). V této kampani bude elektrochemicka aparatura zafazena za PILS aparaturu a pied
mikrofluidni extrakéni aparaturu.
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1 Uvod

Jedna z hlavnich dennich potfeb lidstva je voda, a to voda o urcité jakosti.
Celosvétove je problém s kvalitou zdrojii vody. Alternativou k hledani zdroju vody
je pouziti vycisténé odpadni vody jak pro tcely pitné vody nebo pro tcely uzitkové vody.
Vycisténa odpadni voda je jiz dostatecné Cista a vhodna jako zdroj vody po fadném
docisténi. K docisténi se ve vétsiné pripadi pouZzivaji membranové procesy. Produktem
membranovych procesti je kromé permeatu (voda o vhodné kvalit€) také koncentrat,
ktery obsahuje zakoncentrované polutanty ze surové vody [1-4].

V této praci byla pouzita poloprovozni recyklacni jednotka tvofena dvéma
membranovymi procesy (ultrafiltrace a reverzni osmoza), doplnénymi o granulované
aktivni uhli (GAU) a UV lampu. Ziskany koncentrat z reverzni osmézy byl nasledné
zpracovan na vakuové odparce.

S koncentratem z reverzni osmozy je tfeba nakladat s rozvahou z jaké surové vody
byl koncentrat vyprodukovan. Koncentrat miize obsahovat vysoké hodnoty vybranych
ukazatelli a miize byt klasifikovan jako nebezpecny odpad. V pfipadé Ze se jedna
o nebezpecny odpad je potfeba s danym odpadem nakladat podle platné legislativy.

2 Material a metody

2.1 Odbérna mista

Vzorky byly odebirany ze dvou mist:
e Cistirna odpadnich vod (COV)
Jednalo se o méstskou COV o0 640 000 ekvivalentnich obyvatel. Zde byla recyklaéni
jednotka testovana pro budouci pfipadné rozsifeni na produkci pitné, priimyslové
¢i uzitkové vody.
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e Pramyslova pradelna
Primyslova pradelna obsahovala dvé praci linky a dale Sest velkoobjemovych
pracek. Recykla¢ni jednotka zde byla umisténa pro opétovné vyuziti praci vody.
Permedt je velmi mékka voda, tudiz vhodnd pro prani.

2.2 Technologicky proces

Na obou odbérnych mistech byla umisténa stejna membranova technologie, ktera
ma nasledujici parametry:

e Modul ultrafiltrace — INGE XL-1,5 MB-40 s membranou MULTIBORE® 1.5.

V provozu dead-end s nastavenym transmembranovym tlakem 0,7/0,5 bar.

* Membrana reverzni osmézy - CSM® 4040-BLF, LENNTECH s nastavenym
transmembranovym tlakem 5,5/4,5 bar.

Pouzitd recykla¢ni jednotka umisténa na Cdistirné odpadnich vod méla natok
z vystupu odtékajici preisténé vody z COV a byla vybavena ultrafiltraci, granulovanym
aktivnim uhlim, UV lampou a reverzni osmoézou. Vzorky byly odebirany za reverzni
osmozou z koncentratu. Bylo odebrano celkem 13 vzork.

Recyklacni jednotka umisténa v primyslové pradelné byla napojena na odpadni
vodu z pradelny, a byla rozsifena o flotacni pfed jednotku. Nasledovala ultrafiltrace,
granulované aktivni uhli, UV lampa a reverzni osmoéza. Vzorky byly odebirdny
za reverzni osmdzou z koncentratu. Byly odebrany celkem 4 vzorky.

2.3 Zpracovani koncentratu

Pfi zpracovani koncentratu je tfeba hledét na puvod surové vody. V nékterych
pripadech neni pfilis slozité feSeni vypousténi koncentratu. Naptiklad pii produkovani
pitné vody prostfednictvim odsolovani moiské vody dochéazi k produkci koncentratu,
ktery ma mirné vyssi salinitu nez morska voda. Tento koncentrat je mozné vypoustét
zpéatky do mote za splnéni urcitych bezpecnostnich opatieni. Pfi pouzivani reverzni
osmozy v primyslu dochdzi k produkci koncentrdtu s moznym zvySenym vyskytem
tézkych kovl. Studie Khan a kol. [2]. byla zaméfena na zmapovani vypousténi
koncentratu, procentualni rozlozeni je zndzornéno na Obr. 1.
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Obr. 1.: Moznosti likvidace koncentrdtu [5]

Vypousténi do povrchovych vod / mote

Jedna se o vypousténi koncentratii produkovanych zejména pfi odsolovani morské
vody za ticelem produkce pitné a uzitkové vody [2, 5].

Kanalizace

Koncentrat se nejcastéji vypousti do kanalizacni sité v pfipadé pramyslovych
objektli ve vnitrozemi, které nemaji moznost vypoustét do motre nebo dostatecné
finanéni prostiedky pro vlastni distirnu odpadnich vod [2, 5]. Vypousténi
koncentratu bude vSak ve vétsiné pfipadl narazet na komplikace ve formé limit
pro vypousténi do kanalizacni sité. Je nutné tedy vypousténi konzultovat se
subjektem spravujici mistni kanalizacni sif. Ve vétsiné pfipadii je mozné vyhovét
pozadavkiim vypousténi i vyssich koncentraci za jisté financni kompenzace
nakladt za dodisténi.

Podpovrchové vstfikovani

V tomto pfipadé likvidace se jedna o pfimou injektaz koncentratu pod povrch at uz
se jedna o puklinu nebo do ropného dolu. S touto metodou likvidace jsou spojena
urditd rizika je nutné brat ohled na vlastnosti koncentratu [2, 5].

Aplikace na pudu

Od tohoto FeSeni se postupné odpousti z diivodu devalvace ptidy. Rovnéz dochazi
ke kontaminaci podzemnich vod a krajina se stava netrodnou [2, 5].

Odpatovaci rybniky

Koncentrat 1ze zpracovat i procesem ,zero liquid discharge” tedy Ze veskery odpad
zlistava ve formé vysusené solanky. K tomu lze pouzit tzv odpafovaci rybniky,
cozjsou nadrze o velkém povrchu uzplsobené k rychlému odpadu.
Alternativou k volnému odparu je nuceny odpar, kdy pouzivime odparku nebo
vakuovou odparku pro urychleni procesu. Takto zpracovanou solanku je mozné
recyklovat nebo ji umistit na skladku [2, 5].



V této praci bylo zkoumana moznost vyuziti alternativy k odpafovacimu rybniku,
ato vakuové odparky. Po vakuové odparce miize nasledovat likvidace solanky
na skladku, recyklace nebo opétovného vyuziti.

* Recyklace
Ze solanky je mozné extrahovat kovy a dalsi mineraly, které je mozné pouzit
jako vstupni surovinu v jiném sektoru pramyslu. Tato likvidace je mélo pouzivana
z ditvodu nutné specifické technologie pro recyklaci, a tedy nutnosti pfepravovat
solanku na velké vzdalenosti ke zpracovani [1, 2, 5, 6].

¢ Opétovné pouziti
Solanku lze opétovné vyuzivat pro vnitrozemské solné akvakultury. V Austrélii
probihal vyzkum vyuZiti solanky pro rozvoj farem s mofskymi rybami. Rovnéz zde
je problém kvality koncentratu z hlediska nebezpecnych latek [2, 5].

2.4 Analytické metody

Celkem bylo analyzovano 14 ukazatelt (pH, rozpusténé latky a 12 prvkii). pH bylo
méfeno pomoci Multimetru HI 5522 od spolecnosti Hanna Instruments Czech s.r.o..
Analyza rozpusténych latek (RL) byla provedena podle CSN 75 7346 (Jakost vod —
Stanoveni rozpusténych latek). Prvky byly méfeny pomoci hmotnostni spektrometrie
indukéné vazaného plazmatu (ICP-MS Agilent 7500ce) od spolecnosti Agilent
Technologies, Inc.. Pro méfeni na ICP-MS byly vytvoreny kalibra¢ni fady ze smésného
standardu (ASTASOL® AN9090MN, od spolecnosti ANALYTIKA®, spol. s r.0.) a ze
samostatného standardu s fosforem (ASTASOL® (CZ9040(1S), od spolecnosti
ANALYTIKA®), spol. s r.0.)

2.5 Klasifikace koncentratu a solanky jako nebezpecného odpadu

Koncentrat z membranovych procesit potazmo solanka po odpafovani vody
z koncentratu muze dosahovat vysokych koncentraci a muZze byt klasifikovan jako
nebezpecny odpad. Klasifikaci nebezpecného odpadu se zabyva zakon ¢. 541/2020 Sb.
(Zékon o odpadech) kde je definovan vyhlaskou ¢. 8/2021 Vyhlaska o Katalogu odpadii
a posuzovani vlastnosti odpadti (Katalog odpadui), kterd v Piiloze ¢. 2 obsahuje tabulku
¢.2 s limitnimi hodnotami vyluhu pro hodnoceni nebezpecnych vlastnosti odpadu H15.
V této tabulce je uvedeno 17 ukazatel (pH, rozpusténé latky, fluoridy, jednosytné fenoly
a 13 prvka viz Tab. 1.). Z ukazateli byly sledovany nasledujici: pH, RL, As, Ba, Cd, Cr,
Cu, Ni, Pb, Se, Zn, Mo a B. K témto ukazatelim byl pfidan fosfor kviili predpokladu
vyssich koncentraci. Zvysena koncentrace je ocekavana z duvodu prace s odpadnimi
vodami z priimyslové pradelny.

3  Vysledky a diskuse

Pred rozhodnutim, jakymi zptsoby lze zpracovat koncentrat musi predchazet
analyza. Je nutné zjistit, zda se jednd o bézny odpad nebo zda spadd do kategorie
nebezpecny odpad. U kazdého odbérového misto jsou i odlisné metody likvidace
koncentratu.
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3.1 Cistirna odpadnich vod

Pfi analyze koncentratu z reverzni osmoézy vysla priimérna hodnota se smérodatnou
odchylkou: pH 7,85 + 0,16; RL 2 064 + 305 mg/l a u prvki (As, Ba, Cd, Cr, Cu, Ni, Pb, Se,
Zn, Mo, B) je graficky zndzornéno (maximum, 3. kvartil, median — vcetné ¢isla, kiizek je
stfedni hodnota, 1. kvantil a minimum) na Obr. 2. a 3.

Data ziskand ze vzorku koncentratu nepfevysuji limity pro Kklasifikaci
jako nebezpecny odpad. Avsak ze vsech sledovanych ukazatelt byly rozpusténé latky
nejblize k limitu. Rozpusténé latky dosahovaly koncentrace 2,1 + 0,3 g/l z limitu 8,0 g/L.
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Obr. 3. Koncentrit z reverzni osmézy — COV

Pfi analyze solanky z koncentratu byla zkouména koncentrace u prvku (As, Ba, Cd,
Cr, Cu, Ni, Pb, Se, Zn, Mo, B). Vysledné koncentrace jsou znazornény graficky (maximum,
3. kvartil, medidan — vcetné disla, kiizek je stfedni hodnota, 1. kvantil a minimum)
na Obr. 4. a 5.

Data ziskana ze vzorku solanky nepfevysuji limity pro klasifikaci jako nebezpecny
odpad. A je tedy mozné tento odpad likvidovat na skladku standartnim postupem.
To zda by se ekonomicky vyplatila recyklace je otazkou dalsich studii.
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Obr. 5. Solanka z koncentritu — COV

3.2 Pramyslova pradelna

Pfi analyze koncentratu z reverzni osmézy vysla priimérna hodnota se smérodatnou
odchylkou: pH 7,8 +0,3; RL 2 664 + 839 mg/l; fosfor 53 + 17 mg/l a u prvku (As, Ba, Cd, Cr,
Cu, Ni, Pb, Se, Zn, Mo, B) je graficky rovnéz zndzornéna primérna hodnota
se smérodatnou odchylkou na Obr. 6. a 7.

Data ziskand ze vzorku koncentratu nepfevysuji limity pro Klasifikaci
jako nebezpecny odpad. Avsak ze vsech sledovanych ukazatelti byly rozpusténé latky
nejblize k limitu. Rozpusténé latky dosahovaly koncentrace 2,6 + 0,8 g/l z limitu 8,0 g/l.
Jednou z moznosti likvidace koncentratu je vypoustét jej do kanalizacni sité. Ve vzorcich
z prumyslové pradelny byl sledovan rovnéz fosfor, pro predpoklad vyssi koncentrace
z pracich praski. Naméfené mnozstvi fosforu muze byt komplikaci pfi likvidaci odpadu
do kanaliza¢ni sité.
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Pfi analyze solanky z byla zkoumana koncentrace u prvka (As, Ba, Cd, Cr, Cu, Ni,
Pb, Se, Zn, Mo, B). Vysledné koncentrace jsou znazornény graficky jako priimérna
hodnota se smérodatnou odchylkou na Obr. 8.a 9.

Data ziskana ze vzorku solanky nepfevysuji limity pro klasifikaci jako nebezpecny
odpad. A je tedy mozné tento odpad likvidovat na skladku standartnim postupem.
To zda by se ekonomicky vyplatila recyklace je otazkou dalsich studii.

34



[
[SENN]
_—

Koncentrace [ug/

1,7 1,5
0 O

BAs @Cd BMCr @ENi Pb @ESe @Mo

Obr. 8. Solanka z koncentrdtu — Priimyslovd pradelna

100 |

Koncentrace [ug/l]

50 I
47 151
0
Ba ECu @Zn wB
Obr. 9. Solanka z koncentrdtu — Priimyslovd pradelna
4 Zavér

Vsechny sledované ukazatele byly pod limitem klasifikace jako nebezpe¢ny odpad,
coz je pro jakykoliv podnik nakladajici s odpadem dobra ekonomicka zpréva. S odpadem
ve form& koncentratu Ize nakladat vypousténim do kanalizaéni sité nebo v ramci COV
zafazenim odpadu na pocatek toku na distirnu. V pfipadé vypousténi koncentratu
z prumyslové pradelny by bylo zapotfebi zazadat o povoleni vypoustét nadlimitni
hodnoty koncentrace fosforu. Odpad ve formé solanky lze likvidovat na skladku nebo
se pokusit o recyklaci tézkych kovi. I nadale bude probihat vzorkovani primyslové
pradelny, a to az do konce roku 2022. Déle bude vénovana pozornost moznosti recyklace
tézkych kovti ze solanky.
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1 Introduction

Carotenogenic yeasts belong to the class Basidiomycota, which includes the following
yeast genera: Cystofilobasidium, Rhodotorula and Sporobolomyces. All these genera are
characterized by overproduction of carotenoids. If these genera have ideal conditions,
they also produce high amounts of lipids. In addition, these lipids consist of fatty acids
characterized by a high content of polyunsaturated and monounsaturated fatty acids,
which find a wide range of uses in the food, pharmaceutical and agricultural industries.
Therefore, carotenogenic yeasts are increasingly being investigated in the biotechnological
industry 123,

Among other things, immunologically active 3-glucans, which are part of their cell walls,
can be isolated from yeast. These polysaccharides have significant effects in modulating
the immune response, among other things, they also act against the deposition of
cholesterol in blood vessels or help to lower blood sugar levels 4.

Toxic metals are becoming more and more common in nature. Microorganisms can
accumulate these metals from the environment in their cells and develop systems that
help them detoxify these metals and gain tolerance to them. These systems may include
substances with a bioactive or antioxidant effect on human health. For this reason, it is
desirable to find out if there is a way to use heavy metals to increase the production of
pharmacologically usable substances or to supplement essential elements, which are often
lacking in the diet .

2 Experimental
2.1 Study objectives

Cultivation methods of selected names needed to be optimized for high production
of lipophilic metabolites.
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It was also necessary to introduce extraction and analysis procedures for the
determination of lipophilic substances and pigments.

The main objectives of the study were focused on obtaining data from continuous
cultivation associated with the application of suitable stress factors.

Stress factors:

*  Selenium

e Cobalt

¢ Oxidative stress

2.1 Materials and methods

Carotenogenic yeast inoculation cultures (Rhodotorula mucilaginosa - Rm,
Rhodosporidium toruloides - Rt, Cystofilobasidium macerans - Cm, Rhodotorula
kratochvilovae - Rk, Sporidiobolus metaroseus - Sm, Sporidiobolus pararoseus - Sp,) were
cultured on YPD medium with double submersion inoculation. Then the production
medium was inoculated in a ratio of 1:5 from Inoculum II (10 ml of culture and 50 ml of
production medium). Cultivation was carried out for 96 hours and selected stress factors
were added to the production media after inoculation.

Metal stress: selenate and cobalt cations were added as stress factors in the form of a
0.183 M solution. The volumes of the stock solution used were in the range from 0.00 pl to
137.00 pl, the effect of individual concentrations was related to the control sample, to
which no stress factors were applied. The first phase of the experiment was to apply all 5
concentrations of both ions to each carotenogenic yeast strain. After that, the concentration
of both cations was selected for each strain, which most favorably influenced the
production of biomass and the determined substances.

The second phase of the experiment was that selected concentrations were applied
as terminal stress factors after 48 and after 72 hours of cultivation. Subsequently, it was
investigated what effect stress factors had on the production of biomass and monitored
metabolites, compared to the control medium, where no stress factors were added. From
the media to which selected concentrations of metals were added after 48 hours, 10 ml
was taken the next day, which was processed in the same way as the rest of the biomass
after the end of cultivation.

Concentration of metal cations used:

Designation Volume of stock solution [ul]
Se-control Co-control 0,00

Se_1 Co_1 27,25

Se_2 Co_2 54,75

Se_3 Co_3 82,25

Se_4 Co_4 109,50

Se_5 Co_5 137,00
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Selected concentrations of stress factors for individual strains:

Strain Selected cobalt concentration Selected
concentration
of selenium

Cystofilobasidium macerans Co_1 Se_1
Rhodotorula kratochvilovae Co_1 Se_1
Sporidiobolus metaroseus Co_1 Se_5
Sporidiobolus pararoseus Co_1 Se_2
Rhodotorula mucilaginosa (24) Co_3 Se_3
Rhodotorula mucilaginosa (28) Co_1 Se_1
Rhodosporidium toruloides Co_1 Se 3

Another stress factor whose influence was tested was oxidative stress induced by
hydrogen peroxide solution of different concentrations, which was added in the
exponential phase of culture growth, i.e., after 72 hours of cultivation. The solutions were
diluted in 10 ml of distilled water so that 8821 ul of solution, but of different
concentrations, was pipetted into each culture.

Concentration of hydrogen peroxide used to prepare solutions:

Concentration [mM] Volume 30% H20: | Dilution Pipette  volume of
[ul] stock solution to 10 ml
H0 [pl]
0,1 0,35 250x 40
0,25 0,88 100x 100
0,5 1,76 50x 200
2,5 8,82 10x 1000

The biomass was centrifuged, lyophilized, and analyzed gravimetrically. In order to
obtain information about the produced carotenoids, ubiquinone, sterols non-polar extracts
were subjected to HPLC analysis. Analysis was performed on a Thermo Fischer Scientific
HPLC on a Kinetex EVO C18 column (particle size 2.6 um, length 150 mm, Phenomenex).

A kit from the Megazyme company was used to determine the number of 3-glucans
from yeast, which is based on the enzymatic breakdown of polysaccharides into D-glucose
monomers. The representation of B-glucans was then calculated using the Excel program.

3 Results and Discussion

3.1 Effect of cobalt and selenium on metabolite production by Sporidiobolus
pararoseus

Selenium concentration had a positive effect on the increase in biomass, an increasing
trend was observed up to the Se_3 concentration, where the increase in biomass reached a
maximum, ie., 15 g/l, after which it decreased again slightly, however, for all
concentrations, biomass production was higher than in the control the media. A similar
trend can be observed for cobalt, where only low concentrations of cobalt showed a higher
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biomass production than the control with a maximum at the Co_2 concentration, after
which the production decreased slightly.

All concentrations of selenium induced the production of a significant amount of
torularhodin, the production of which was not observed at all in the control medium. The
production of metabolites was very positively influenced by the concentration of Se_2,
which showed the greatest production not only of torularhodin, but also of beta-carotene,
ubiquinone and total carotenoids. At this concentration, the maximum content of
ergosterol is also noticeable, which was 11.95 mg/g of biomass, whereas in the control
medium it was only 8.33 mg/g of biomass. The concentration of these metabolites
decreased with increasing selenium concentration; therefore, the concentration of Se_2
appears to be optimal.

Although the production of both ergosterol and ubiquinone mainly decreased with
increasing cobalt concentration, lower concentrations significantly supported the
production of total carotenoids, beta-carotene, torulene and torularhodin. The
concentrations of Co_1, Co_2 and Co_4 even resulted in significant production of
lycopene, which was not represented at all in the control medium.
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Figure 1: Graphical representation of production of selected metabolites as a function
of cobalt concentration
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Figure 2: Graphic representation of production of selected metabolites as a function
of selenium concentration
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3.2 Effect of stress factors in the exponential phase of growth on metabolite
production and lipid accumulation in cells of the strain Sporidiobolus
pararoseus

The addition of stress factors did not have a significant effect on biomass growth.
While it had a different effect on the production of selenium and cobalt metabolites. While
the shorter cultivation period in its presence showed the best results for cobalt, the culture
cultivated longer with selenate ions showed significantly higher concentrations of
metabolites compared to the control. The maximum production of metabolites was thus
observed in the culture marked as Se_I, in which the amount of ergosterol and ubiquinone
was significantly increased. The highest amount of ergosterol was produced here, the
concentration of which was 22.27 mg/g biomass in the Se_I culture cells, while it was only
9.77 mg/g biomass in the control.
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Figure 3: Graphical representation of the production of selected metabolites as a
function of the duration of cultivation with added stress factors

Col CoO Coll Sel SeO Sell KO K Col CoO Coll Sel S0 Sell KO K
=PUFA  =MUFA  =SFA

Figure 4: Percentage representation of lipids (left) and Figure 5: Representation of
fatty acids in lipids (right)

Representation of ipids in biomass

3.3 The effect of terminal stress factors on the production of f-glucans by
Rhodotorula mucilaginosa (24)

The content of f-glucans in the cells of Rhodotorula mucilaginosa was significantly
supported by the addition of cobalt in the last phase of cultivation. In the culture
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designated as Co_ll, their content was 17.28%, which is more than an 8% increase
compared to the control. This culture contains a noticeably smaller representation of a-
glucans compared to the other cultures. In the case of culture Se_I, the influence of this
method of cultivation was again negatively reflected also on the representation of f-
glucans.
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Figure 6: Percentage content of $-glucans

3.4 Conclusion

As part of the experiments, microelements cobalt and selenium were added to the
culture media with the aim of modulating the production of selected lipid metabolites,
among which were lipids, carotenoids, chlorophylls, sterols and ubiquinone.

The effect of selenate ions added during the inoculation of the production media
was manifested on the increase in biomass best in the strain Rhodotorula kratochvilovae,
whose highest added concentration also showed the highest increase in biomass, i.e., 19
g/l. Of all the strains cultivated with the addition of selenium, this strain also contained
the second highest amount of ubiquinone, ie., 6.36 mg/g biomass, but the lowest
concentration of selenium had the best effect on its production. The highest number of
carotenoids, 4.21 mg/g biomass, was recorded when the lowest concentration of selenium
was added to the medium of Rhodotorula mucilaginosa strain (28). The highest
concentration of ubiquinone was contained in the cells of Sporidiobolus pararoseus, which
amounted to 6.95 mg/g of biomass, and this was when the concentration of Se_2 was
added, in which the overall highest amount of ergosterol was also measured (11.95 mg/g
of biomass). An almost double concentration of ergosterol, i.e., 22.27 mg/g biomass, was
achieved in this strain by the addition of Se_2 selenium concentration in the exponential
growth phase of the culture, while longer cultivation in the presence of selenium had a
better effect, as it also manifested itself in the highest increase of ubiquinone, i.e., 16.32 mg
/g of biomass. The addition of a selected concentration of selenium in the exponential
phase of growth had the best effect on the strain Rhodotorula mucilaginosa (24), which
showed not only the largest increases in biomass (18.2 g/1), but also the highest production
of total carotenoids, which amounted to 12.84 mg/g biomass. However, the best effect of
selenium addition on this strain was cultured in its presence for the shortest time.
Selenium had a positive effect on the accumulation of lipids in cells at the shortest
exposure of its effect on the Rhodosporidium toruloides strain with a value of 25.86%.

When studying the effect of cobalt ions on yeast, the greatest production of
isoprenoid metabolites was achieved by adding a concentration of Co_1 to the medium of
the Sporidiobolus pararoseus strain. At this concentration of cobalt ions, the highest
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production was achieved for carotenoids (9.23 mg/g biomass), ergosterol (8.92 mg/g
biomass) and ubiquinone (8.58 mg/g biomass). However, the biomass yields of this strain
were small, the Rhodosporidium toruloides strain showed the greatest increase in biomass
with 11.7 g/l. In general, the effect of cobalt ions in the initial phase of cultivation on the
growth of biomass was negative, however, this strain achieved the highest lipid content in
cells with the addition of Co_3 with a value of 32.65%, which is almost twice the value
compared to the medium without added cobalt ions. The lipids of the cultivated culture
also contained the most saturated fatty acids, 79.12%. The highest increase in biomass with
the addition of cobalt in the last 24 hours of cultivation was again achieved with the strain
Rhodotorula mucilaginosa (24) with a value of 19.4 g/l. At the same time, the most
carotenoids were represented in the culture cultivated in this way, ie., 8.16 mg/g of
biomass. In addition, this culture also showed a greater than 8% increase in the
representation of f-glucans in its cell walls compared to the control. The maximum
production of ergosterol, which amounted to 16.87 mg/g biomass, was then achieved in
the strain Rhodotorula mucilaginosa (28), as well as ubiquinone with a concentration of
11.04 mg/g biomass.

In conclusion, it can be summarized that the choice of suitable stress factors at an
optimal level led to the induction of the production of the tested metabolites in the tested
strains. It can be stated that at higher levels, the presence of cobalt metals in the medium
has rather an inhibitory effect. Only carotenogenic yeast showed a slightly higher
resistance to this element, which was reflected in the increased accumulation of lipids due
to its influence. Conversely, even in higher concentrations, selenium showed itself as a
suitable stress factor, especially in autotrophs. However, the most significant effect on the
production of metabolites was oxidative stress, the effect of which was observed only
when the optimal level of its concentration was reached, and lipids were not affected at all
by its influence.
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1 Introduction

Earliest food packaging materials were the ones that occurred naturally. These
include gourds, shells or leaves. Later people used woven baskets, wood barrels or
pottery containers [1]. Since then, the area of food packaging has become integral part of
the food industry and new technologies and principles are being introduced to further
improve food packaging itself. Nowadays vacuum and modified atmosphere packaging
play an important role as they are used as conserving methods for wide range of foods.
Vacuum packaging and modified atmosphere packaging are ways to increase food shelf
life by altering the atmosphere inside the food packaging. In case of vacuum packaging,
the air pressure inside the packaging is reduced while modified atmosphere packaging
use a mixture of gases to surround the food inside the packaging. The most used gases in
modified atmosphere packaging are oxygen, nitrogen and carbon dioxide. Depending on
the type of packaged food, the use and the concentration of the gases may vary [2]. While
meats are packaged with mixture of gases of high oxygen concentration, baked goods are
packaged with mixture of nitrogen and carbon dioxide [2, 3].

One of the basic functions of food packaging is providing information [4]. With
intelligent packaging, this function could be greatly improved. The concept of intelligent
food packaging is a modern approach on how to communicate information to the
customer through packaging material. One way to realize an intelligent package is by
implementing sensors or indicators [5]. Temperature indicators utilize one of the most
important factors concerning food safety — temperature. For example, these indicators are
used to indicate if a drink is chilled at the right temperature or if a microwavable meal
reached desirable temperature. This type of indicators is commonly based on
thermochromic ink. With time-temperature indicators, one can tell whether the packaged
food was exposed to environment with unacceptable temperature [4]. Freshness indicators
use metabolites of microorganisms to detect the food spoilage process [3]. These
metabolites include amines, hydrogen sulfide, carbon dioxide, ethanol or diacetyl [5]. The
purpose of integrity indicators is to detect rupture of or damage to the food packaging,
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indicating that the modified atmosphere could be altered, therefore the food quality might
be compromised. Gas indicators serve this purpose well [4]. There has been ongoing
research on photocatalytic oxygen indicators that could be used in intelligent food
packaging [6-9]. Photocatalysis is a process that involves excitation of electron of
semiconductor’s valence band to conducting band after absorbing energy from
irradiation. The energy of the irradiation must be higher than the energy of the
semiconductor’s band gap [10]. In this process, illustrated by Equation (1), an electron-
hole pair is created [10]. In photocatalytic oxygen indicators, photogenerated holes oxidize
sacrificial electron donor, while photogenerated electron reduce the dye [11]. The
reducing reaction of the dye is shown in Equation (2). While some dyes are colorless in
their reduced form (e.g. methylene blue), thus called a leuco dye [12], other are reduced to
different color than in their oxidized state (e.g. Remazol brilliant blue R [6]).
TiO,—“>h" +e (1)
e +Dye — Leuco dye (2)
Exposing the reduced dye to oxygen results in oxidation reaction and the dye is
oxidized (Equation (3)) [12].
Leuco dye—%—Dye 3)
Study of an oxygen indicator that is activated by photocatalytic reduction and could
be used as an integrity indicator is covered in this work.

2 Experimental

2.1 Chemicals used

Following chemicals were used in this work: Titanium dioxide 35% (w/w) (Centrum
organické chemie s.r.0), Glycerol absolute p.a. (PENTA s.r.0), Methylene blue (Lachema
n.p. Brno), Thionine (SIGMA-ALDRICH s.r.0.), Hydroxyethylcellulose Natrosol 250 MR
(Aqualon), isopropylalcohol (PENTA s.r.0.), Neodisher® LM 3 (Dr. Weigert GmbH & Co.
KG)

2.2 Preparation of oxygen indicator inks

Polymer solutions were prepared by dissolving a polymer in agitated deionized
water. Solutions of dyes were prepared by dissolving a dye in deionized water.

Originally oxygen indicator inks were prepared by mixing 3.0 g of 35% (w/w)
dispersion of titanium dioxide, 0.2 g of solution of methylene blue, 0.5 g of glycerol, 20 g
of polymer solution. However, future results indicated that the optimal amount of
glycerol concentration is 1.0 %, which corresponds to 0.25 g of added glycerol. Therefore,
subsequent indicator inks with methylene blue, thionine were prepared with the addition
of 0.25 g of glycerol. Finally, 2.3 ml of isopropanol were added to the ink and mixed.

Glycerol acts as a sacrificial electron donor and can also act as a plasticizer, thus
increasing gas diffusion through the polymer layer [13]. Indicator inks for the study of
effect of glycerol content were prepared by mixing 3.0 g of 35% (w/w) dispersion of
titanium dioxide, 0.2 g of solution of methylene blue, 20 g of polymer solution and
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glycerol so that the final concentration of glycerol would be 0.0 %, 1.0 %, 2.0 %, 2.9 %,
3.8 % and 4.8 % (w/w). Finally, 2.3 ml of isopropanol were added to the inks and mixed.

Prepared indicator inks were then sonicated for 5 minutes in ultrasonic bath
PS02000A 1251 (Powersonic) and then agitated on magnetic stirrer (Heidolph
Instruments GmbH & Co. KG).

2.3 Oxygen indicator printing

Oxygen indicators were prepared by using film applicator Baker 3520 (Elcometer),
TQC automatic coater (Gamin s.r.o) and printing the oxygen indicator ink onto PET foil
Tenolan 150 um (Fatra a.s.) with thickness of wet layer 90 um. Before printing, the PET
foil was treated with solution of Neodisher or isopropanol. Printed oxygen indicators
were then dried with hot air followed by drying in laboratory hot air dryer Venticell at
100 °C (Brnénska medicinska technika a.s.).

2.4 Indicator preparation and UVA exposure

Dried oxygen indicators were cut out of the PET foil and using a marker, spots for
measuring reflectance spectra were defined. Printed oxygen indicators were vacuum
sealed using VM Maxo Profi vacuum sealer. Activation of the vacuum sealed oxygen
indicators was performed by UVA using Mercury-vapor lamp. The irradiance intensity
was measured with irradiance meter x9-7 (Gigahertz-Optik GmbH).

2.4 Reflectance spectra measurement

Reflectance spectra of printed oxygen indicators were measured with reflectance
spectrophotometer X-Rite il Eye-One Pro against white ceramic plate (D50 standard
illuminant and 2° observer) before UVA irradiation, after UVA irradiation and during
oxidation reaction when the reduced dye reacts with oxygen present in the ambient air.
Spectrophotometer was calibrated against white standard base provided by the
manufacturer. Colorimetric coordinates L'a’b" were calculated by the software of the
spectrophotometer. AE, characterizes the difference between two colors [14] and was
calculated using Equation (4):

AE,, = (ALY +(aa') +(8b")’
Reflectance spectra were converted to optical density spectra using Equation (5)
D=-logR
where D is optical density and R is reflectance.
Optical densities were further converted to relative spectral optical density at Amax
using Equation (6).
D = D1(2)
rel
D[\
where Drel is relative spectral optical density at Amax, Do is spectral optical density
before UVA exposure at Amax, D1(2) is spectral optical density after UVA exposure at Amax
(spectral optical density during oxidation reaction with ambient oxygen at Amax)
Rate of photocatalytic reduction and oxidation reaction by ambient oxygen was
evaluated as a change of relative spectral optical density with respect to time. Plotted data
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were fitted with one-phase exponential decay function with derived parameter k as a
reaction rate constant.

3 Results and Discussion

3.1 Methylene blue oxygen indicator — influence of glycerol content

With increasing glycerol content, the stickiness of oxygen indicator increased and
therefore more time was needed to dry the indicator completely. The oxygen indicator
containing highest amount of glycerol had to be dried for more than 20 minutes.
Unexpectedly the oxygen indicator with zero glycerol content underwent photocatalytic
reduction even though it did not contain any glycerol. It may be possible that the
functional groups in the polymer could substitute glycerol as a sacrificial electron donor.
It is desirable that the photocatalytic reduction is fast as possible. As illustrated by the plot
of the data in Figure 1, with the addition of just 0.25 g of glycerol (1 % (w/w)) the reaction
rate constant rised dramatically.
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R
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Figure 1: A plot of reaction rate constants, as a function of glycerol content (error bars
represent standard error)

However, with further additions of glycerol the reaction rate constant decreased.
This could be caused by the influence of oxidation products that are produced during
photocatalytic reduction of glycerol [13]. As illustrated by the plot of the data in Figure 1,
the highest reaction rate constant was observed in oxygen indicator with content of
glycerol of 1 % (w/w).

Figure 2 shows the optical density spectra during photocatalytic reduction. Optimal
glycerol content with respect to the rate of the photocatalytic reduction and oxidation by
Oz was determined to be 1 % (w/w).
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Figure 2: Optical density spectra during photocatalytic reduction of methylene blue oxygen
indicator

Figure 3 shows the change of relative spectral optical density with respect to the
time of exposure to UVA irradiation. Methylene blue in the oxygen indicator with glycerol
content of 1 % (w/w) was completely reduced in 48 s after UVA irradiation of intensity
0.1 mW-cm2 Calculated reaction rate constant of this reaction is k = (0.089 + 0.004) s

time of exposure (s)

Figure 3: The change of relative spectral optical density at Amax during photocatalytic reduction
of methylene blue oxygen indicator

Figure 4 shows the change of relative spectral optical density with respect to time of
exposure to ambient oxygen. The oxidation reaction when the reduced dye reacts with O2
is quick and the calculated reaction rate constant is k = (0.9 + 0.1) h'%.

50



relative spectral optical density

time (h)

Figure 4: The change of relative spectral optical density at Amax during oxidation reaction of
methylene blue oxygen indicator

After 20 minutes it is possible to detect color change by naked eye, which is
characterized by value of AE, =9.AE, expresses the color difference between the color
of the oxygen indicator after photocatalytic reduction (time 0) and the color of the oxygen
indicator during oxidation reaction. Table 1 lists colorimetric coordinates and AE], with

respect to time of oxidation reaction.

Table 1: Colorimetric coordinates with AE,, characterizing color during oxidation reaction for

oxygen indicator with methylene blue

Time (h) L a b AE,,

0 75 0 -1 0
0.35 70 -6 -7 9
0.55 70 -6 -7 9
1.05 67 -7 -11 14
2.05 63 -7 -17 20
4.05 61 -6 -18 23
8.05 60 -5 -20 24
24.35 60 -4 -19 23

3.1 Thionine oxygen indicator

To completely reduce the dye in thionine oxygen indicator, 180 s of UVA irradiation
with 0.1 mW-cm? intensity was needed. The optical density spectra during photocatalytic

reduction are illustrated in Figure 5.
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Figure 5: Optical density spectra during photocatalytic reduction of thionine oxygen indicator

Figure 6 shows the change of relative spectral optical density with respect to the
time of exposure to UVA irradiation. Rate of reaction constant was calculated as
Ik =(0.016 +£0.001) s™. This is a significant difference compared to rate of reaction constant
in methylene blue oxygen indicator which is more than 5 times larger than in this
thionine-based oxygen indicator. Figure 7 shows the change of relative spectral optical
density with respect to time of exposure to ambient oxygen.
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Figure 6: The change of relative spectral optical density at Amax during photocatalytic reduction
of thionine oxygen indicator
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Figure 7: The change of relative spectral optical density at Amax during oxidation reaction of
thionine oxygen indicator

The oxidation reaction was much slower in comparison with oxygen indicator based
on methylene blue. Rate of reaction constant was calculated as k = (0.06 + 0.01) h* which is
just a fraction of reaction rate of the oxidation reaction constant of methylene blue based
oxygen indicator. Similar color change as in methylene blue oxygen indicator was
detected in thionine-based oxygen indicator after 4 hours of oxidation, in comparison to
20 minutes in case of methylene blue oxygen indicator. The difference in the rate of
reactions may be explained by different oxidation-reduction potentials of the dyes [15].

4 Conclusions

In this study, a photocatalytic oxygen indicator that could be used as an integrity
indicator in intelligent food packaging was prepared. Optimal sacrificial electron donor
content was found to be 1.0 % (w/w). The prepared oxygen indicator based on methylene
blue is readily activated by UVA irradiation in 48s with irradiance intensity of
0.1 mW-cm2. It quickly reacts with ambient oxygen and the color change response can be
detected by naked eye in 20 minutes. Results suggest that the oxygen indicator presented
in this work could be upscaled and tested under operating conditions. Further research in
the field of intelligent food packaging may be focused on more comprehensive study of
photocatalytic oxygen sensors, study of fluorescence-based oxygen sensors or freshness
indicators.
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1 Introduction

Yeasts are the first biotechnologically used microorganisms. They are used for many
years as sources of fermented products (beer, wine, acetic acid, etc.).! They are also
producents of enzymes, polysaccharides, and lipidic substances. Carotenogenic yeasts are
specific microorganisms due to their enzymatic apparatus's ability to synthesize
carotenogenic substances. These yeasts are also able to gain nutrients from various types
of substrates, including waste products of the food industry. Carotenogenic yeasts are
significant producers of biomass and metabolites 22.

Carotenoids, ergosterol, coenzyme Q, and fatty acids are important metabolites
produced by microorganisms, mainly by yeasts. Carotenoids are popular in the pharmacy
or food industry, in form of drugs, vitamins, or food supplements. In organisms, they
serve as prevention of cardiovascular diseases. Fatty acids can also be used in the
pharmacy and food industries. Yeasts are the main producers of unsaturated fatty acids,
which are important for decreasing LDL in the blood. Coenzyme Q is extensively used in
cosmetics 23,

As the demand for these metabolites is increasing, new ways of more effective, and
cheaper methods of production are being researched. The best way to make cultivation
cheaper is by utilizing waste products from different industries45. Waste substrates
contain mainly saccharides, which are important growth sources for yeasts. Suitable waste
products for biotechnologies are whey, feathers, spent coffee grounds, or animal fat. These
substrates are not only a rich source of carbon but also of nitrogen 4,5,5,7,8,%.
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2 Experimental

2.1 Study objectives

Main study objectives were focused on screening cultivations of carotenogenic yeast
strains. The study was aimed at cultivation in media with addition of food waste
substrates as carbon sources in the media.

Food waste substrates:

. Waste frying oil (F.O.)

. Waste coffee oil (C.O.)

. Spent coffee ground (5.C.G.)

. Waste media with added content of phosphorus
. Waste media with added content of magnesium

2.2 Materials and methods

Waste coffee oil was obtained by extraction of spent coffee grounds (acquired from a
local coffee house) with non-polar solvents in a Soxhlet extractor. The solvent was then
evaporated on a vacuum evaporator and the oil was cleared of solvent and after that,
ready to use for cultivation purposes. Waste frying oil (acquired from a local catering
facility) stripped of solid particles by filtering was used for cultivation purposes without
any chemical pre-treatment.

Chosen strains of carotenogenic yeasts (Sporidiobolus pararoseus, Sporidiobolus
metaroseus,  Cystofilobasidium  macerans, — Rhodotorula  kratochvilovae, ~ Rhodotorula
mucilaginosa and Rhodosporidium toruloides) were inoculated on YPD media with double
submersion inoculation.

After 48 hours the yeasts were cultivated in their specific production media, which
contained waste oils as carbon sources also KH2PO, MgSO4-7H20, and urea as sources of
inorganic salts. The amount of added coffee oil and coffee grounds were calculated from
the content of saccharides in spent coffee grounds (S.C.G). This final cultivation lasted for
96 hours.

The biomass was centrifuged, lyophilized, and analyzed gravimetrically. To obtain
information about the produced carotenoids, ubiquinone and ergosterol non-polar
extracts were subjected to HPLC analysis. For lipidic extraction Folsh extraction was
used.

Analysis was performed on a Thermo Fischer Scientific HPLC on a Kinetex EVO C18
column (particle size 2.6 um, length 150 mm, Phenomenex).
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3 Results and Discussion

3.1 Sporidiobolus pararoseus cultivated on S.C.G. and waste coffee oil

Table 1: Production of biomass of S. pararoseus in media with S.C.G. and waste coffee oil

Production of biomass [g/1]
Cont 10% 20% 30% 40% 50%
rol media | hydrolysate hydrolysate hydrolysate hydrolysate hydrolysate
9.10 31.10 5.40 22.35 25.09 9.85

This cultivation (Table 1) shows the best production of biomass (31.10 mg/g biomass)

while cultivated in media with added 10% coffee hydrolysate.

The main metabolite products (Figure 1) were ubiquinone and ergosterol. The biggest
content of ubiquinone (5.74 mg/g biomass) and ergosterol (2.37 mg/g biomass) was
detected in media with 40% added coffee hydrolysate and the second biggest production
of these metabolites (ubiquinone 3.72 mg/g biomass and total sterol 1.63 mg/g biomass)
was found in media with 50% added coffee hydrolysate. These two media also show
better metabolite production than the control media.

In comparison with control media, all experiments (except yeasts in media with 20%
added coffee hydrolysate) show strongly better production of biomass.

L

control

10%

20%

30% 40% 50%

hydrolysate hydrolysate hydrolysate hydrolysate hydrolysate

B ubiquinone [mg/g biomass]

ergosterol [mg/g biomass]

W total carotenoids [mg/g biomass]

Figure 1: Graph of biomass growth of and metabolites production Sporidiobolus pararoseus
while cultivated in media with S.C.G. and waste coffee oil
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3.2 Sporidiobolus pararoseus cultivated in media with S.C.G. and waste
frying oil

Table 2: Production of biomass of S. pararoseus in media with S.C.G. and waste frying oil

Production of biomass [g/1]

Cont 10% 20% 30% 40% 50%
rol media | hydrolysate hydrolysate hydrolysate hydrolysate hydrolysate

18.58 24.41 23.97 28.85 20.53 18.12

Compared to the previous experiment, this cultivation shows a greater production of
metabolites. Biomass production is also not negligible (Table 2, Figure 2).

As regards the production of metabolites, the largest producers of ergosterol turned
out to be yeast cultivated in media with 40% added hydrolysate (8.28 mg/g biomass),
followed by yeast cultivated in media with 100% added hydrolysate (4.25 mg/g biomass).

In total ubiquinone production yeast in media with 40% added hydrolysate showed
the best production (8.28 mg/g biomass), followed by yeast in media with 20% added
hydrolysate (7.29 mg/g biomass). The highest production of total carotenoids was detected
in media with 20% added hydrolysate (1.90 mg/g biomass).

All other media had a comparable carotenoid production, the exception was media
with 30% added hydrolysate, which production was smaller (0.68 mg/g biomass).

It is necessary to say that all the media with added hydrolysate had a greater
production of both biomass and metabolite products than yeast in a control media.

skl

control 10% 20% 30% 40% 50%
hydrolysate hydrolysate hydrolysate hydrolysate hydrolysate

[ B T ™ L ¥ T —SR ¥ ) B o SR B v 5 BN

W ubiquinone [mg/g biomass] M total carotenoids [mg/g biomass] ergosterol [mg/g biomass]

Figure 2: Graph of biomass growth of and metabolites production Sporidiobolus pararoseus
while cultivated in media with S.C.G. and waste frying oil
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3.3 Sporidiobolus pararoseus in media with S.C.G. and waste coffee oil
with different content of added phosphorus

Table 3: Production of biomass of S. pararoseus with added content of phosphorus

Production of biomass [g/1]

75% P 100% P 125% P 150% P 200% P

18.78 21.58 20.43 20.00 16.91

The highest ubiquinone production (Figure 3) was in the media with 150%
phosphorus content (13.53 mg/g biomass), then in media with 200% (8.40 mg/g biomass)
and 100% (7.17 mg/g biomass) phosphorus content. The least amount was detected in
media with 75% phosphorus content (3.61 mg/g biomass). The biggest quantity of
ergosterol was in the media with 75% phosphorus content (3.31 mg/g biomass). Sterol
production of other types of media was comparable.

Total carotenoids were most represented in a media with phosphorus content 200%
(0.39 mg/g biomass), in media with 75%, 100%, and 125% phosphorus content were the
quantity of produced carotenoids comparable. The least quantity of total carotenoids was
detected in media with a phosphorus content 150% (0.18 mg/g biomass).

16
14
12
10
8
6
4
2
0
] utuzlfl?zi:ie [mg/g]kggz{)al:s] 125%F ] tntall csaoro?tefc:mids [Héofgoﬁcl))mss]
ergosterol [mg/g biomass]

Figure 3 Graph of biomass growth of and metabolites production Sporidiobolus pararoseus
while cultivated in media with S.C.G. and waste coffee oil with different content of added
phosphorus

3.4 Sporidiobolus pararoseus cultivated in media with S.C.G. and waste
coffee oil with different content of added magnesium

Table 4: Production of biomass of S. pararoseus in media with 5.C.G. and waste frying oil

Production of biomass [g/1]

75%Mg

100% Mg,

125% Mg

150% Mg

200% Mg

13.03

6.85

23.27

9.97

21.32
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In the case of the experiments with different amounts of added magnesium (Table 4),
biomass production shows the same trend as the previous cultivation (Table 4). That
means the greatest production of biomass was detected in the media with the increased
magnesium content of 125% (23.27 g/l), followed by the media with 200% content of
magnesium (21.32 g/l). The smallest productions were found in media with 150% (9.97 g/1)
and 100% (6.85 g/1) content of magnesium.

In this cultivation, the trend in metabolite production was different than in the
previous experiment (Figure 4). The greatest production of ubiquinone was discovered in
media with 200% magnesium content (9.18 mg/g biomass), followed by 125% (5.84 mg/g
biomass) and 100% magnesium content (5.31 mg/g biomass). The smallest amount of
ubiquinone was in media with 75% magnesium content (3.79 mg/g biomass). The biggest
production of total carotenoids turned out to be the yeasts in media with magnesium
content 75% (0.43 mg/g biomass) and 200% (0.39 mg/g biomass). Other media showed a
comparable quantity of produced carotenoids. The highest quantity of ergosterol was
detected also in media with 75% magnesium content (3.31 mg/g biomass), measured
values of ergosterol in the rest of the media were also comparable.

10
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6

4

2 I

0 T T T

73% Mg 100% Mg 125% Mg 150% Mg 200% Mg
B ubiquinone [mg/g biomass] M total carotenoids [mg/g biomass]
ergosterol [mg/g biomass]

Figure 4: Graph of biomass growth of and metabolites production Sporidiobolus pararoseus
while cultivated in media with S.C.G. and waste coffee oil with different content of added
magnesium

4 Conclusion

Experimental results show that the cultivation of carotenogenic yeasts with media
with waste products of the food industry is possible and, in this set of experiments, has a
beneficial effect on the biomass (compared to the cultivation of yeast culture on the
control media) and in the production of metabolites.

A significant increase in biomass was observed in cultivation with coffee oil and
coffee hydrolysate in media with 10% hydrolysate (31.10 g/l of biomass).
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In this set of experiments, the amount of biomass was produced in a much bigger
quantity than metabolites. In the case of cultivations in media with coffee hydrolysate and
waste frying oil, all media have bigger production of biomass and metabolites compared
to control media. Experiments with coffee oil, coffee hydrolysate, and added content of
phosphorus show the biggest production of biomass in media with 125% (23.27 g/l of
biomass) and 200% (21.32 g/l of biomass) phosphorus content. Metabolic production is
also not negligible.

The last set of experiments cultivated on coffee hydrolysate, coffee oil, and added
content of magnesium shows the biggest biomass production in media with 125%
(23.27 g/1 of biomass) and 200% (21.32 g/l of biomass). In general, the most produced
metabolite in all sets of experiments was ubiquinone followed by ergosterol.

According to the pilot results presented in this research, further optimization of media
composition and cultivation conditions will be performed.
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1 Introduction

Microalgae are photosynthetic organisms that fix CO2 during photosynthesis and
produce large quantities of O2. As these microorganisms produce different pigments, they
are commonly divided into groups, among which are green, red, and brown microalgae.
They are used in several biotechnological processes. Currently, very famous use
of microalgae is, for example, Spirulina and Chlorella, in food supplements. They are
mainly important for the production of many biologically active substances like fatty acids
or pigments. They are mainly used in the food industry or pharmaceutical industry’23-

Cyanobacteria are prokaryotic microorganisms that also can photosynthesize and are
significant producers of O2. Similarly, to algae, they occur throughout a large range
of environments which led to their diversity+3¢.

A common way to produce algal biomass is to cultivate these microorganisms under
stressful conditions. This type of cultivation is mainly used due to the increased
production of both biomass as well as their metabolites. These factors provide stressful
conditions that disturb ideal conditions for cell growth. As a defense mechanism, the
microorganisms may increase the production of certain metabolites as a way to adapt
to unideal conditions and to ensure their survival”s.

2 Experimental

2.1 Study objectives

The main study objectives were focused on exploring the effects of metal ions
on selected cyanobacterial and microalgal strains. The cyanobacteria Arthrospira maxima
was cultivated in Spirulina medium and algae Chlorella minutissima and Chlorella
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sorokiniana were cultivated in BBM medium with the addition of Se6+ and Co2+. The
acquired data were used to determine the effects of metal ions on production biomass and
produced metabolites®.

2.2 Materials and methods

The chemicals sodium selenate and cobalt chloride with a final concentration
0f 0.183 M each were used to prepare stock solutions of selenium and cobalt ions.
The concentration range of these solutions was selected for the experiment, see Table 1.

Cultivations were carried out in Erlenmeyer flasks on orbital shakers under constant
illumination. The media used for the cultivation depended on the type of microorganism.
BBM was used for algal strains Chlorella minutissima and Chlorella sorokiniana and Spirulina
medium was used for cyanobacteria Arthrospira maxima.

During the entire time of cultivation, samples were taken at regular intervals
to measure absorbance, from which a growth curve was created. This was done
to determine the phase of culture growth and biomass increase for each sample.

Cultivations were terminated after 21 days and the produced biomass was
subsequently centrifuged and lyophilized. The produced biomass was weight and
processed for extraction. Produced pigments and sterols were analyzed by HPLC and
lipids were analyzed by GC.

Table 1: Volume concentration of stock solution for each sample

Sample Stock solution volume [ul]
Control 0,00
Se_1/Co_1 27,25
Se_2/Co_2 54,75
Se_3/Co_3 82,25
Se_4/Co_4 109,50
Se_5/Co_5 137,00
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3 Results and Discussion

3.1 Chlorella minutissima

0,7

0,6
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0
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W Chlorella minutissima W Chlorella sorokiniana W Arthrospira maxima

Figure 1: Graph of biomass production of Chlorella minutissima, Chlorella sorokiniana, and
Arthrospira maxima

From Figure 1, higher production of biomass in sample Co_1 at 1.01414 g/l is evident.
This is a 153.86 % increase compared to the control. We also noticed increased production
in sample Co_4. For the other samples, the biomass production does not differ
significantly from the control.

25 1
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=) @ 5}

[mg/g biomass]
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Co_1 Co_2 Co_3 Co_4 Co_5 Se_1 Se 2 Se_3 Se_4 Se_5 Control

mlutein m lycopene m beta-carotene m total carotenoids

H chlorophyll a B chlorophyll b M total chlorophylls M total sterolls

Figure 2: Graph of metabolite production of algae Chlorella minutissima cultivated in media
containing Se6+ and Co2+

When looking at the production of selected metabolites, we see a positive effect
of cobalt at lower concentrations, however, the production of metabolites decreases with
increasing concentration We can see a significantly higher production of chlorophyll a for
all the samples cultivated in medium with added cobalt. The highest value is reached
by sample Co_1 at 13.019 g/l. We also observe a slightly increased production of beta-
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carotene and lutein. Cobalt, therefore, has a positive effect on the production of selected
metabolites, especially in smaller concentrations.

However, in samples cultured on selenium, we can see this positive effect only at the
lowest concentration i.e. sample Se_1. For all higher concentrations, there was a significant
reduction in the production of metabolites compared to the control, and we, therefore,
observe a negative impact. Sample Se_1 achieved many times higher beta-carotene and
chlorophyll a production, but the production of chlorophyll b was reducer compared
to the control.

3.2 Chlorella sorokiniana
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Figure 3 Graph of metabolite production of algae Chlorella sorokiniana cultivated in media
containing Se6+ and Co2+

In the case of algae Chlorella sorokiniana, the effect of ions in the medium is no longer
as noticeable as in the case of algae Chlorella minutissima, both from the point of view
of biomass production, as shown in Figure 1, and from the point of view of the production
of selected metabolites.

In the presence of cobalt in the medium, we can observe an increase in the production
of total sterols with increasing concentration in the medium. The highest production
is observed in the sample Co_1 at 0.69 g/l which is approximately three times higher
compared to the control. The lowest production of metabolites is observed in sample
Co_4. The presence of selenium in the medium had different effects for different
concentrations. Sample Se_2 achieved a higher production of chlorophylla and beta-
carotene, but this increase was not significant. On the contrary, the negative effect
of selenium is observed in sample Se 4. However, we can observe a significantly
increased production of sterols in samples with a higher concentration of selenium,
i.e.samples Se_4 and Se_5. Unlike the previous case, it can be concluded that lower
concentrations of selenium have a more positive effect on the production of metabolites
in the algae Chlorella sorokiniana.
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3.3 Arthrospira maxima
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Figure 4: Graph of metabolite production of algae Arthrospira maxima cultivated in media
containing Se6+ and Co2+

In the case of cyanobacteria Arthrospira maxima, we can observe (Figure 1) significant
differences in biomass production among every sample. Higher biomass production
is observed in samples Co_1, Se_3, and Se_, with the highest value reached by sample
Co_1 at 0.6 g/l, which is twice more than the control. In other samples, different
concentrations of selenium and cobalt either did not affect biomass production, or the
production was reduced. Regarding the production of individual metabolites, the
differences in production compared to the control were not very significant. Samples
cultivated in the presence of cobalt showed reduced production, except sample Co_2,
where we observe a higher production of both total chlorophylls and total carotenoids.
As for the samples cultivated with selenium, the production was approximately the same
as the control, but at higher concentrations, there was a decrease in production, especially
in the sample Se_5. In this case, it can be said that cobalt and higher concentrations
of selenium had a slightly negative effect on the production of metabolites.

4 Conclusion

In these experiments, the influence of different concentrations of selenium and cobalt
in the medium on the growth of microalgae and cyanobacteria was monitored. In general,
it can be said that cobalt had more of a negative effect on the production of selected
metabolites. Selenium, on the other hand, did not have such a noticeable negative effect
and in some cases had a slightly positive effect.

However, in the case of the algae Chlorella minutissima, these assumptions do not
apply. Lower concentrations of cobalt increased the production of selected metabolites,
and this positive effect decreased with increasing concentrations. The lowest
concentration of cobalt had the most significant effect, as the produced biomass reached
avalue of 0.1414 g/l, and the production of beta-carotene and total chlorophylls also
reached higher values than the control. A significant increase in metabolite production
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compared to the control is also observed in the sample with the lowest concentration
of selenium. At higher concentrations, however, the production decreased significantly
compared to the control.

In the case of the algae Chlorella sorokiniana, we observe a slight increase in total
chlorophylls at 19.085 g/l compared to the control.

In the case of cyanobacteria Arthrospira maxima, the effect of different ion
concentrations on biomass production was different and did not show any trend.
A positive effect on the production of metabolites is observed in the Co_2 sample, except
for total sterols.

As a result, it cannot be said unequivocally that higher or lower concentrations
of selenium would always have a positive effect on the production of biomass
or metabolites, or that cobalt will always have more negative effects. Therefore
it is necessary to extend the research to a larger number of microorganisms.
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1 Introduction

The genera Chlorella and Spirulina (also called Arthrospira) are currently one of the
best-known representatives of two important groups of microalgae and cyanobacteria.
These are autotrophic microorganisms that produce a significant number of proteins,
vitamins, and pigments such as carotenoids and chlorophylls, fatty acids, sterols, and
other substances. The production of these active compounds made them interesting from
a nutritional, cosmetic, and visual point of view and predestined for application in the
food and cosmetics industry'2. According to the EU Novel food catalogue, the European
legislation does not consider Chlorella or Spirulina to be novel food, as they were
demonstrably consumed before May 15, 1997°. They have been on the market for quite
some time, especially as nutritional supplements, in the form of dried biomass. In addition
to their significant protein content, they are consumed and applied to the skin mainly due
to the antioxidant activity of the substances they contain that can help the body protect
cells from oxidative stress!?2.

This work aimed to extract the active substances of our interest from cultivated and
commercial biomass samples of microalgae and cyanobacteria. Then characterize the
extracts in terms of pigment content, total phenols and antioxidant activity and monitor
the effect of the presence of the extracts in question on the viability of skin HaCaT and
intestinal human CaCo- 2 cell lines.

2 Experimental

2.1 Cultivation of microalgae and cyanobacteria

Representatives of microalgae and cyanobacteria were cultured, namely, Chlorella
sorokiniana (BBM medium) and Arhrospira maxima (Spirulina medium), which come from
the collection of autotrophic organisms of the Botanical Institute of the Academy
of Sciences of the Czech Republic in Tteborn (CCALA).

The inoculum sample was taken sterilely, then the absorbance was measured and
the culture of the microorganism was inoculated into the production medium so that the
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absorbance of the resulting solution approached the value A = 0.1. Both algae and
cyanobacteria were cultivated for 21 days in a liquid medium in photobioreactors in
parallel bottles with a volume of 2000 ml. Cultivation of microorganisms took place under
continuous lighting and aeration at laboratory temperature.

Commercial samples of Chlorella and Spirulina were also purchased.

2.2 Total phenolics

Determination of the total phenolics content present in the water and ethanolic
extract samples was performed using the modified Folin-Ciocalteu method“. Folin-
Ciocalteau reagent was diluted 1:9 with deionized water. Then, 9 ml of diluted reagent
was added to 1 mL of distilled water and 50 pl of the sample. This solution was mixed by
vortex, and after 5 min 1 ml of a saturated sodium carbonate solution was added and
mixed repeatedly. Absorption was measured after 15 min at 750 nm. The solution of gallic
acid was used as standard.

2.3 Total carotenoids and chlorophylls

The concentration of chlorophyll a and chlorophyll b was calculated from equations
taken from Lichtenthaler et al.5. The method also enables the determination of total
carotenoids. Absorbance values at 470, 649, and 664 nm were used for the calculation, and
dilution had to be considered. The calculated concentrations were subsequently converted
to concentrations of extracted substances in mg/g weight of algal biomass.

2.4 Antioxidant activity

For evaluation of antioxidant activity Trolox equivalent assay with ABTS radical was
performed¢. ABTS radical was prepared by mixing 7 mM ABTS (2,2'-azino-bis(3—
ethylbenzothiazoline-6-sulfuric acid) diammonium salt), potassium persulfate, with
2.45 mM potassium persulphate in deionized water and let in dark for 12 h. Before using
ABTS-+ was diluted with UV-vis ethanol for absorption A =0.70 at 734 nm with ethanol as
blank.

For measurement of antioxidant activity, 1 ml of ABTS+ and 10 uL of the sample
were added into an Eppendorf test tube and the decrease of absorption was measured
after 10 min. A calibration curve was made by Trolox in the range of concentration 50—
400 pg/ml.

2.5 Soluble proteins determination by Hartree-Lowry method

To determine the total proteins, present in the aqueous extracts the Hartree-Lowry
method” using albumin standard solution was applied.

2.6 MTT-based cytotoxicity test

The procedure for determining metabolic activity using the MTT test was adopted
and adapted from Xueshu Li’s articled. Cells were first inoculated into 96-well plates with
a flat bottom. The cell density was 2-5 - 105 cells per ml. 100 pl of the diluted culture was
pipetted into each well and left for 24 hours in a CO: culture box. Subsequently, the
medium was pipetted off the next day and replaced with sterile samples diluted in the
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medium. In addition to the samples, there was also a positive and negative control on
each plate. Pure medium, also known as "cell control - CC", was used as a negative
control, i.e. a case where the culture's growth and metabolism were not affected. On the
contrary, 60% ethanol was used as a positive control, when the growth and metabolism of
the culture were affected and cell death occurred. The cytotoxic effect on the cell line was
evaluated after 24 hours of cultivation.

As a second step, a sterile solution of MTT in phosphate buffered saline (PBS) with
a concentration of 2.5 mg/ml was added after 24 hours of cultivation. The reaction then
took place in a CO2 cultivation box for 3 hours. Subsequently, 100 pl of 10% SDS in PBS
was added to each well to dissolve the formed formazan crystals. The plates prepared in
this way were left in the dark at laboratory temperature until the second day when the
absorbance was measured at a wavelength of 543 nm. For evaluation, the measured
absorbance values were compared with the negative control, which contained only cells
and a clean medium, and were evaluated as viability percentages compared to this
control. Another evaluation option is the calculation of LC50, i.e. the concentration of the
sample at which the cells and their metabolism are affected by 50% compared to the
negative control, as well as LC10 and LC90.

Two cell lines were chosen for cytotoxicity tests: human colon adenocarcinoma cells
CaCo-2 and immortalized keratinocytes HaCaT. Selected samples of extracts in the
concentration range of 0.39-25% and 4-28% were tested.

3  Results and discussion

After the cultivation of microalgae and cyanobacteria, liquid-solid extraction was
carried out with various solvents in a liquid:solid ratio of 10:1. It turned out that the
highest extraction efficiency (Table 1) was shown by aqueous extracts, both in cultivated
and purchased commercial samples of microalgae and cyanobacteria. This may be caused
by the extraction of proteins into the water phase, in the case of the cyanobacteria of the
genus Spirulina, it may be primarily water-soluble deep-coloured light-capturing
phycobiliproteins. Also, for all samples in Table 1, a higher extraction efficiency can be
observed when using 96% ethanol compared to 60% ethanol, which also corresponds to
the measured higher content of lipophilic pigments in 96% ethanol.

The antioxidant activity was spectrophotometrically determined by the TEAC
method, the measured values of which are presented in Table 1. The highest antioxidant
activity of all samples was shown by the aqueous extract of the cyanobacterium
Arthrospira maxima, up to 68.1 + 1.1 mgTE/g. It is possible to notice a difference between
the ratio of antioxidant activity and extraction yield in the aqueous extract of a commercial
biomass sample of Spirulina alga and cultivated cyanobacteria Arthrospira maxima.

With the cyanobacteria Arthrospira maxima, we managed to extract approximately
64% of the substances from the microbial biomass and these substances retained their
antioxidant activity, while with a commercial sample of cyanobacteria we achieved
asimilar extraction efficiency, but with the extracted substances due to the lower
antioxidant activity, oxidation reactions could have occurred either in the product
processing procedure or in improper storage.
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Table 1: Characterisation of microalgae and cyanobacteria extracts

Sampl Extract Extraction TEAC Total phenolic
ple ¢ efficiency (%) (mgTE/g) substances (mg/g)
water 220+1.2 9.18 £0.45 11.55+0.08
Chiorella 60% ethanol 37+07 0.76 +0.07 ND
vulgaris
96% ethanol 76+04 1.03+0.03 ND
water 16+0.9 257 +0.25 0.02+0.01
Chlorella 60% ethanol 13£05 023 +0.02 ND
sorokiniana
96% ethanol 6.8+04 1.06 +0.03 ND
o water 51.7+3.2 0.16 £0.02 0.04+0.1
i’;;”hm 60% etOH 203+26 0.04+0.01 0.04+0.01
96% etOH 283+1.2 0.05+0.01 0.03+0
water 64.0+ 4.8 61.80 +£1.10 17.6+0.3
Arthrospi 60% ethanol 2706 0.30£0.10 ND
ra maxima
96% ethanol 10.2+0.3 1.81+0.11 ND
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On the other hand, a different trend was observed in samples of microalgae of the
genus Chlorella. A commercial sample of Chlorella vulgaris biomass recorded an antioxidant
activity value of 9.18 mgTE/g with an extraction efficiency of approximately 22%, and an
aqueous extract of the cultured microalgae Chlorella sorokiniana had an antioxidant activity
of 2.57 with an extraction efficiency of 16%. The manufacturer of a commercial sample of
Chlorella vulgaris biomass states in the product description that it is a freshwater microalga
with a disrupted cell wall to increase biological efficiency and digestibility. Disruption of
the cell wall as part of biomass processing could have resulted in the extraction of a larger
amount of substances with antioxidant activity compared to the biomass extract of the
cultured alga Chlorella sorokiniana, in which there was no targeted disruption of the cell
wall.

The content of carotenoids and chlorophylls was determined spectrophotometrically
and by calculation, the results of the respective measurements can be seen in Table 2. The
highest content of coloured active substances, especially chlorophyll a was extracted into
96% ethanol in commercial samples of the microalgae Chlorella vulgaris and the
cyanobacteria Spirulina alga. It was mainly Chlorophyll a in amounts of 4.9 and 4.3 mg/g of
extracted biomass.



Table 2: Characterisation of microalgae and cyanobacteria extracts regarding the content of
chlorophyll a, chlorophyll b, and carotenoids.

Sample Extract Chlorophyll Chlorophyll Carotenoids
(mg/g) (mg/g) (mg/g)
water 03+00 08+0.0 0.02 +0.00
Chlorella 60% ethanol 05+00 03200 ND
vulgaris
96% ethanol 49+0.1 16402 0.02 +0.00
water 0.6+0.0 14+0.0 ND
Chlorella 60% ethanol 03+00 0.1+00 ND
sorokiniana
96% ethanol 19400 0.4+00 0.18 +0.01
o water 06+00 19+0.1 ND
v ZZZZW 60% etOH 13£0.0 07+0.1 0.10+0.30
96% etOH 43201 0.8+0.2 0.00 £0.10
‘ water 20+0.1 21+0.1 0.40 +0.01
Arhirospira 60% ethanol 02+0.1 01+0.1 0.04 +0.02
maxima
96% ethanol 1501 0.7+0.1 0.13+0.01

It follows from the measured data of total soluble proteins (Table 3) that all water
extracts from microalgae and cyanobacteria contained a high percentage of soluble
proteins in the range of 33-57 wt. %, which corresponds to the literature, which states that
microalgae of the genus Chlorella normally contain 51-58% proteins®, while cyanobacteria
of the genus Spirulina up to 60-70 wt%!'°. Only 33.7-45.4 % protein was determined in our
aqueous extracts. However, according to the colour of the extract, these could largely
belong to water-soluble phycobiliproteins, such as c-phycocyanin, which usually account
for 47% of the total protein content in biomass.

Table 3: Soluble proteins content determination in water extracts of microalgae and
cyanobacteria

Sample Soluble proteins (mg/g)

g Chlorella vulgaris 574.38 £ 3.08
®
v

E) Chlorella sorokiniana 47991 +8.48
<
=

Spirulina alga 453.86 + 14.04

Arthrospira maxima 337.13+4.31
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As can be seen in Tables 1 and 2, in general, compared to ethanol extracts, aqueous
extracts showed higher extraction efficiency, higher antioxidant activity, and, compared to
60% ethanol, a higher content of color pigments. For this reason, aqueous extracts of
cultured microalgae and cyanobacteria were selected for testing on cell lines.

Selected extracts from cultured microalgae and cyanobacteria were monitored for
biological activity and influence on the metabolism of immortalized human keratinocytes
HaCaT and CaCO-2 colorectal adenocarcinoma cells. Figure 1 shows the dependence of
cell viability on the content of the water extract of microalgae and cyanobacteria.

After the addition of the selected extracts in a certain amount, the cells showed even
higher viability and a higher rate of metabolism. For example, in case of 12 vol.% extract
from Arthrospira maxima the increase of metabolism rate was detected in human
keratinocytes, cell viability increased to 133.68 % + 3.73.
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Figure 1: Determination of the dependence of cell viability on the content of the water extract
of microalgae and cyanobacteria. A: Water extract of Chlorella sorokiniana on cell lines CaCo- 2;
B: Water extract of Chlorella sorokiniana on cell lines HaCaT; C: Water extract of Arthrospira
maxima on cell lines CaCo- 2; D: Water extract of Arthrospira maxima on cell lines HaCaT



Table 4 shows the calculated lethal concentrations for the tested samples in free
form. The value of LC10, when 90% of the examined cells do not decrease in viability, is
10.5 vol.% in HaCaT for extracts from Chlorella vulgaris and 18.9 vol.% for extracts from
Spirulina. For CaCo-2 cell lines it is 35.42 and 19.15 vol.%. In the cosmetics industry,
additions of active substances range from 0.1 - 25%. LC50 values of both samples in
human keratinocytes were above 30 vol. %., therefore it is possible to consider the selected
samples as suitable for use in cosmetics.

In intestinal cells, the value for LC50 was estimated even up to 47.7 vol. %. for the
extract from the biomass of the genus Arthrospira and 87.8 vol. %. for the genus Chlorella.

Table 4: Lethal doses of Chlorella and Arthrospira water extracts on cell lines CaCO-2 and

HaCaT
Chlorella sorokiniana extract Arthrospira maxima extract
(vol.%) (vol %)
Lethal HaCaT CaCo-2 HaCaT CaCo-2
dose
LD10 10.5 35.4 18.9 19.2
LD50 33.0 87.8 31.4 477
LD100 62.7 140.1 44.0 76.3

4 Conclusion

After the cultivation of microalgae and cyanobacteria, extracts were successfully
prepared by "solid-liquid" extraction, with an extraction yield ranging from 1 to 64%.
It turned out that aqueous extracts show the highest extraction efficiency. Color-active
substances such as carotenoids and chlorophylls were determined in all extracts. These
substances were best extracted into 96% ethanol. The antioxidant activity was determined,
which, on the other hand, was higher in the aqueous extracts of all four samples. The
highest antioxidant activity was measured in the water extract of cyanobacteria Arhrospira
maxima, up to 68.1 +1.1 mgTE/g.

As another parameter content of soluble proteins was determined in water extracts
of all prepared samples. It turned out that all samples contain many soluble proteins,
especially phycobiliproteins in cyanobacteria, due to which they have great potential for
use in the food industry. For example, as natural dyes with antioxidant properties or food
supplements.

Based on their high extraction efficiency and antioxidant activity, the aqueous
solutions were selected for further testing of biological activity and the effect on the
metabolism of the HaCaT and CaCo-2 cell lines to evaluate possible applications in the
cosmetic and food industries.

Cell viability was only minimally affected by the aqueous extracts of Chlorella and
Arthrospira. The results of MTT cytotoxicity assay on immortalized skin and intestinal cells
show that the mentioned aqueous extracts are suitable for application in the food and
cosmetic industry.
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