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Souhrn
Disertacni prace se zabyva moznostmi analytické kontroly fermentacni smési pfi vyrobé

bioplynu. Popisuje cely proces anaerobni fermentace, sloZky pfitomné ve vstupnim materialu
i v reakéni smési s dirazem na slozeni digestatu (kapalného podilu fermentaéni smési, ktera
v bioreaktoru zustava po ukonceni fermentace) a analytické metody pouzivané pro kontrolu
jejich slozeni. Detailni prizkum literatury, ktery byl v pribéhu pfipravy disertaéni prace
zpracovan do prehledového &lanku, ukazuje, Ze analyticka kontrola sloZeni digestatu je
doposud ve vyvoji. Chybi prabézna kontrola fady slozek, zejména polutantl, jako jsou
pesticidy, herbicidy, fungicidy a tézkych kovu, ale také nezfermentovanych cukrd, mastnych
kyselin a bilkovin a v neposledni fadé i kontrola profilu flavonoidnich latek. Vzhledem
k oCekavanému narUstu produkce digestatu v souvislosti s evropskou vyhlaskou
1999/31/EC, ktera planuje redukci skladkového biologicky rozloZitelného odpadu do roku
2020 na 35% soufasné produkovaného mnozstvi, bude vyznam dalSiho zpracovani
digestatu a tedy i jeho analytické kontroly narlstat.

Pfi vinafské vyrobé vznika velké mnozstvi rostlinného odpadu, které by bylo vhodné dale
zpracovat. Mezi mnoha moznymi postupy je anaerobni fermentace logickou cestou. Tato
prace je zaméfena na studium anaerobni fermentace vinafského odpadu a pfemény
flavonoid(l za anaerobnich podminek.

Prvni Cast prace je zaméfena na popis procesl, které mohou podle nastavenych
podminek probihat ve fermentaéni smési béhem zplynovani vinafského odpadu. Vlivem
plusobeni mikroorganism, teploty a vzajemnych reakci slozek vinafského odpadu pfi jeho
skladovani a nasledné anaerobni fermentaci v bioreaktoru dochazi k fadé rozkladnych
i kondenzacnich procesl. Vyznamnou roli hraji v téchto procesech flavonoidni latky. Jejich
obsah ve vinafském odpadu je pomérné vysoky a tyto latky inhibuji praci anaerobnich
mikroorganism( a komplikuji proces zplyfiovani. Detailné nebyl osud flavonoidid béhem
skladovani odpadu a jeho anaerobni fermentace doposud popsan. V této praci byly
studovany procesy rozkladu anthokyaninovych barviv (kyanidin a malvidin-3-galaktosid) pfi
pH 7 a vysokeé teploté (95°C). V roztoku byly sledovany hlavni rozkladné produkty - fenolické
kyseliny (kys. protokatechova a kys. syringova) a 2,4,6 — trihydroxybenzaldehyd. Pfi rozkladu
standardu floroglucinaldehydu byly v roztoku nalezené po jedné hodiné tfi nové latky. Tyto
latky byly na zakladé fragmentaénich experiment(i, porovnani s autentickym standardem
a literaturou identifikovany jako kondenzacni produkty floroglucinaldehydu.

Vedle rozkladnych procesl, lze ve vinafské technologii, pfi skladovani vinafského
odpadu a v prubéhu jeho fermentace ofekavat v malé mife také kondenzalni reakce.

Objektem zajmu této prace byl vyvoj chromatografickych metod pro sledovani
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diastereomernich mustkovych barviv (+)-katechin-ethyl-malvidin-3-glukosidu vznikajicich
kondenzaci (+)-katechinu, malvidin-3-glukosidu a acetaldehydu. Pro separaci mustkovych
barviv a jejich prekurzor(i byla optimalizovana metoda nano-kapalinové chromatografie. Jeji
parametry byly porovnany s vysokouc&innou kapalinovou chromatografii vyuzivajici analytické
kolony béznych rozmérd. Nano-kolona poskytla vySSi retenci a separacni uc€innost
v porovnani s konvenéni HPLC. Na druhou stranu lepsi selektivita pro oba diastereomery
a vySSi rozliSeni vSech latek bylo ziskano pomoci konvenéni HPLC.

V dalSi &asti této prace je popsan gasifikaéni proces téZko-zplynitelného vinaiského
odpadu v diskontinualnim mikroreaktoru. Pfed samotnym zplyfiovacim experimentem byla
provedena fada experimentt pro nalezeni optimalnich podminek, tj. rizné poméry praseci
kejdy a vinafského odpadu, pfidavek methanogenich bakterii a/nebo thioglykolatového
média a Gprava pH pomoci hydroxidu amonného. Uginnost bioplynového procesu byla
kontrolovana plynovou chromatografii s hmotnostni detekci. Pro odhaleni chemickych
odliSnosti zplyfiovaného vinafského odpadu v porovnani s béZné pouzivanymi materidly byla
pouzita kapalinova chromatografie s vysokorozliSujici tandemovou hmotnostni spektrometrii
v kombinaci s analyzou hlavnich komponent a ortogonalni projekci do latentnich struktur.
Mezi hlavnimi markery bylo nalezeno velké mnozstvi latek s polyfenolickou strukturou.
Analyzy vzorku odebranych v pribéhu acidogenni faze a nestabilizované methanogeneze
poukazuji na vytvoreni dihydro-flavonoidl v pocatecnich fazich procesu a jejich nasledna
degradace, tj. hydroxykaempferol, hydroxybenzoylkatechin, methylkvercetin, malvidin-3-
glukosid, chalkon malvidinu a redukovany katechin. Zmény v profilu flavonoidi (pfeména
flavonoidd na jejich redukované formy a jejich rozklad) v nestabilizovaném digestatu mohou
ovliviiovat zivotni prostfedi, pokud budou pouzity napfiklad jako hnojivo. Nékteré redukované
formy flavonoidt (napf. taxifolin) vykazuji totiz vy$Si toxicitu (LDso hodnoty) nez bézné
flavonoidy vyskytujici se ve vinafském odpadu (napf. kvercetin, malvidin atd.). Detailni
kontrola chemického slozeni digestatu by tedy do budoucna méla byt vyznamnou soucasti

jeho dalSiho vyuziti.



Summary
This thesis is devoted to analytical control of composition of anaerobic fermentation

mixture used for biogas production. The process of anaerobic digestion, presence
of compounds in feedstock material and digestate (liquid part in reactor after anaerobic
fermentation process) is discussed in first part of the work. Detailed review of published
results showed that the process of analytical control of digestate is still in development. The
proper control of many polutants such as pesticides, herbicides, fungicides, and heavy
metals, but also nonfermented sugars, fatty acids, proteins and monitor of the profile
of flavonoid compounds is still missing. With respect to new European Notice 1999/31/EC,
which plan to reduce the amount of biodegradable waste going to landfill to 35% until year
2020, the processing and analysis of digestate will be neccessary. Detailed research
of methods used for biogas production and digestate control was published as a review
article.

During winemaking process a huge amount of waste is produced. Effective treatment of
the waste is still a challenging task. It utilization in biogas stations is one logical possibility.
This work is focused on development and utilization of analytical methods for control
of waste produced during winemaking and its anaerobic fermentation during gasification. The
attention was paid especially to the profile of flavonoids.

The attention was paid to both decomposition and condensation processes occurring in
wine waste and in the rising digestate. In the first part of thesis we are dealing with proceses
that can be expected in fermentation mixture during anaerobic fermentation of wine waste.
Flavonoids are effective inhibitors of microbial growth and thus their presence in fermentation
mixture affects the whole gasification process. The fate of flavonoids during storage and
anaerobic fermentation was not described yet. In this work a degradation process was
studied on anthocyanin dyes (cyanidin, malvidin-3-galactoside) by high temperature and pH.
The phenolic acids (protocatechuic and syringic acids) and 2,4,6-trihydroxybenzaldehyde
were monitored in model solutions. After one hour of degradation of floroglucinaldehyde
standard three new compounds were found. These compounds were using fragmentation
experiment, comparison with authentic standard and literature identified as
floroglucinaldehyde condensation products.

Condensation of anthocyanins with other flavonoids occurs in plant materials and
extracts. Second part of this thesis deals with the development of chromatographic methods
for analytical control of diastereomeric bridged dyes - (+)-catechin-ethyl-malvidin-3-
glucosides rising by condensation of (+)-catechin, malvidin-3-glucoside and acetaldehyde.

A nano-liquid chromatographic method was optimized for their separation and compared with
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high performance liquid chromatography utilizing analytical columns with common
dimensions. Nano-LC column offered higher retention and separation compared with
conventional HPLC as well. On the other hand slightly better selectivity for separation of
diastereomers and higher resolution for all components of the tested mixture was found for
conventional HPLC system compared to nano-LC system

Final part of this work is devoted to the study of anaerobic fermentation of hardly
gasifiable wine waste in discontinuous microscale reactor. A series of gasifying experiments
was performed to optimize conditions for anaerobic fermentation, i.e. optimization of ratio of
pig slurry and winery waste, addition of methanogens and/or thioglycolate medium and
adjusting the pH value with ammonium hydroxide. Efficiency of biogas production was
monitored by gas chromatography/mass spectrometry. Liquid chromatography/high
resolution tandem mass spectrometry in combination with advanced data treatment, i.e.
principal component analysis and orthogonal projection to latent structures, was used to
reveal main chemical differences of gasified winery waste mixture from commonly used
fermentation mixtures in agricultural biogas plants. Compounds with particular polyphenolic
structures appeared among the most distinctive markers. Analysis of samples collected
during acidogenic phase and unstabilized methanogenesis revealed formation of certain
dihydro-flavonoids in early stages of the process and their consequent degradation, i.e.
hydroxykaempferol, hydroxybenzoylcatechin, methylquercetin, malvidin-3-glucoside, malvidin
chalcon and reduced catechin. Unstabilized digestate would represent a potential
environmental risk when used as a fertilizer since higher toxicity of some dihydroflavonoids
(e.g. taxifolin) compared to their common counterparts present naturally in wine waste (e.g.

quercetin, malvidin, etc.) was described.
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1. Uvod

V soucCasné dobé je anaerobni fermentace Siroce pouzivana metoda pro upravu odpadu
(zmenSeni jeho mnozZstvi) a vyuZiti energie, ktera je v ném ukryta, zejména pro vyrobu levné
tepelné a elektrické energie. Po ukonéeni zplyfiovani tzv. mokrou cestou (ktera je
nejbéznéjSim postupem) zlstava v reaktoru nerozlozeny digestat (smés pevnych
a kapalnych ¢&asti), ktery je bohaty na zakladni agrochemické prvky (dusik, uhlik, vapnik,
draslik, fosfor atd.). Proto je digestat hojné vyuzZivan jako hnojivo. Nicméné v digestatu se
mohou nachazet také 3kodlivé latky, které nejsou rutinné sledovany (jejich analyza je
doposud spiSe soucasti vyzkumu). Jde pFfedevS§im o pesticidy, polychlorované bifenyly
a dal8i agrochemikalie a organické polutanty. Digestat ovdem obsahuje i vyznamné mnozZstvi
nerozlozenych metabolitl vznikajicich pfi rdstu a zrani surovin rostlinného pavodu a pfi jeho
zpracovani v potravinaiském primyslu. Zajimavym materialem je v této souvislosti odpad
vznikajici pfi vyrobé vina.

Tato prace je zaméfena na nékteré zmény probihajici pfi skladovani vinafského odpadu
a jeho zpracovani anaerobni fermentaci. Jedna ¢ast prace se zabyva sledovanim procesu
pfemén anthokyaninovych barviv pfitomnych v odpadu vznikajicim pfi vyrobé& &erveného
prace je studovan proces anaerobni fermentace vylisk(l z ¢ervenych hroznt v mikroreaktoru
za kontrolované produkce bioplynu se zaméfenim na osud flavonoidnich latek. Tyto latky
maji antibakterialni vlastnosti a predstavuji tedy problém pro praci anaerobnich
mikroorganism. Vzhledem k tomu, Ze studované materialy jsou slozitymi smésmi s fadou
neidentifikovanych slozek pfitomnych v fadové rozdilnych koncentracich, je hlavni naplni
prace vyvoj vhodnych analytickych metod (zalozenych zejména na chromatografické
separaci a detekci hmotnostni spektrometrii), jejich aplikace i pokrocilé postupy zpracovani
ziskanych dat. Prace si klade za cil pfispét k pochopeni procesu premén flavonoidli ve
slozitém rostlinném materialu po jejich prvnim vyuziti (napf. ve vinafském primyslu) a po
jeho anaerobni fermentaci pfi produkci bioplynu (druhé vyuziti), které ve svém dusledku

muaze napomoci optimalizovat vyuziti vznikajiciho odpadu i s ohledem na zivotni prostfedi.
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2. Teoreticka cast

2.1. Anaerobni fermentace

Pocatky vyuziti cilené anaerobni fermentace pro vyrobu hoflavého plynu muazeme
datovat na pfelom 19. a 20. stoleti, i kdyZ zminky o moznosti vyrabét bioplyn se objevily jiz
dfive. Tyto ,bioplynové stanice” byly situovany v Cistirnach odpadnich vod, kde se vznikly
bioplyn vyuzival na sviceni a vytapéni. Prvni anaerobni bioplynova stanice byla postavena
v Bombaji (Indie) uz v roce 1859 v kolonii lidi nakazenych leprou [1]. V roce 1895 doSlo
k rozmachu anaerobni fermentace v Anglii, kde byly tyto stanice optimalizovany pro
zpracovavani kanalizaCnich splaskd a vznikly bioplyn byl vyuzivan jako palivo pouli¢niho
osvétleni, napf. v mésté Exeter [2]. Od 30. let dvacatého stoleti za¢ina intenzivni vyzkumna
¢innost v oblasti anaerobni fermentace a bioplynovych stanic [3].

Postupnym vyzkumem bylo objeveno mnoho druhd anaerobnich methanogennich
bakterii, diky nimz dochazi k vyvinu methanu. Anaerobni mikroorganismy produkujici methan
zasahovaly do prvnich stadii vyvoje planety Zemé az do doby, kdy se v atmosféfe zacal
objevovat prvni kyslik. Kyslik je totiz pro tyto bakterie toxicky [4]. Rozdil mezi aerobni
a anaerobni fermentaci dobfe pfiblizZuje hmotnostni a energeticka bilance rozkladu glukozy
(Rovnice 1 a 2) [9].

Aerobni fermentace
CeHi206 + 60, — 6CO2 + 6HO + odpad + tepelna energie (1)
1Kg 0,53 Kg 0,72 Kg 0,40 Kg 0,41 Kg 6360 kJ

Anaerobni fermentace
CeéHi206 — 3CHs + 3CO; + odpad + tepelnaenergie (2)
1 Kg 0,25 Kg 0,69 Kg 0,06 Kg 0,38 kJ

Z rovnic vyplyva, Ze pfi aerobnim procesu dochazi k vzniku vétSiho mnozstvi pevného
substratu (biokalu), ktery se intenzivné zahfiva vzniklou energii. Tento efekt je u anaerobniho
procesu velmi maly nebo dokonce chybi, proto je nutné zplynovanému materialu dodavat
energii v podobé tepla (smés v reaktoru zahfivat). | pfesto vSak je anaerobni fermentace
procesem energeticky dobfe vyuZitelnym, protoze je v podobé bioplynu ziskano velmi ucinné
palivo [6]. V prubéhu anaerobni fermentace se bakterie postupné mnozi a dochazi ke
zvySeni produkce methanu (a jeho poméru k oxidu uhli¢itému). Po skonceni procesu

fermentace zUstava nezplynény odpad, ktery je z reaktoru odstranén.
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Anaerobni fermentaci (v nékterych literarnich pramenech zvanou téZz anaerobni digesci)
je mozno realizovat dvéma hlavnimi postupy: A) pfi ,mokré“ anaerobni fermentaci je vstupni
surovina smichana s kapalnou sloZkou (nejCastéji vodou) a vloZena do reaktoru, v némz je
tato smés michana a zahfivana. Po ukonceni fermentace zlstava v reaktoru smés nazyvana
digestat. B) pfi ,suché” anaerobni fermentaci je vstupni surovina vloZzena do kovového kose
ve vrchni Casti reaktoru a v urcitych &asovych cyklech je pomoci Cerpadel seshora
sprchovana vodou. Voda materidlem protéka a zachycuje se ve spodni ¢asti reaktoru. Tento
kapalny zbytek je nazyvan perkolat [7]. V této praci bude studovana pouze "mokra"

anaerobni fermentace.

2.1.1. Princip tvorby bioplynu

Bioplyn je pfevazné smés dvou plynd CO. a CHs. K jejich tvorbé nedochazi ihned po
vloZeni suroviny do reaktoru, ale vede k ni cesta pfes nékolik stadii (viz Obr. 1). V prvni fazi
fermentace dochazi k rozkladu makromolekularnich latek na latky jednodudsi. V této fazi je
v reaktoru pfitomen zbytkovy kyslik, a proto neni jesté uskutehiovana methanogennimi
bakteriemi, nybrz aerobnimi bakteriemi [8, 9]. Prvotni fazi Ize tedy popsat jako rozklad
(pfevazné hydrolyzu) biopolymert. Z lipidl vznikaji glyceriny a vys$Si mastné kyseliny,
z proteini peptidy a poté aminokyseliny, a z polysacharidi jednoduché cukry. Hydrolyza
postupné pfechazi v druhou fazi anaerobni fermentace - acidogenezi. Pfechod mezi obéma
fazemi neni ostry a tyto dva procesy bézi po uritou dobu soucasné. V této fazi jsou vyssi
mastné kyseliny rozkladany na nizsi kyseliny (kapronova, valerova, maselna, propionova
a octova) a dalsi latky na CO, a H; (v této fazi jsou aktivni prfedevSim bakterie
Syntrophomonas Wolfei a Syntrophobacter Wolinii) [10]. Konec acidogeneze se podle
vznikajici kyseliny octové nazyva acetogeneze. Po fazi acidogeneze nastava zavérecna faze
celé anaerobni fermentace a to methanogeneze, ktera je uskuteChovana pomoci
acetotrofnich (Methanothrix Soehngenii) a hydrogenotrofnich (Methanobacterium Bryantii)
methanogend [11]. Prvni zminény kmen bakterii je zodpovédny za pfeménu acetatu na
methan a oxid uhli€ity. Druhy kmen vyuziva pro svj rast oxid uhli€ity a vodik za souasné
produkce methanu [12-14]. Je tedy ziejmé, ze pro kvalitni pribéh anaerobni digesce je nutna

pfitomnost obou kmen( v reakéni smési.
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Obr. 1. Schéma rozkladu organickych latek pfi anaerobni fermentaci
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Rychlost rustu bakterii v methanogenni fazi je samoziejmé vyrazné ovliviiovana vstupni
surovinou. Mnozeni bakterii Ize charakterizovat ristovou kfivkou, na niz muzeme popsat 6
fazi (viz. Obr. 2) [5].

1) Lagova faze — dochazi k adaptaci bakterii na okolni podminky

2) Faze zrychleného ristu — ¢ast mikroorganismd, jez se jiz pfizpUsobily, se zacinaji mnozit

3) Faze exponencialniho rlstu — bakterie se plné pfizpusobily a rychle se mnozi

4) Faze zpomaleného rlstu — rust mikroorganismd se snizuje v dasledku vyCerpani Zzivin
a hromadéni metabolit(i

5) Stacionarni faze — z divodu nedostatku Zivin je vitalita a mortalita bakterii v rovnovaze

6) Faze poklesu — pro nedostatek Zivin dochazi k odumirani bakterii a jejich rozkladu

Rychlost rlistu
O
&

o
[N
vl
4
v

Obr. 2. Faze rustu bakterii
1) lagova faze, 2) faze zrychleného rastu, 3) faze exponencionalniho ristu, 4) faze zpomaleného

rustu, 5) stacionarni faze, 6) faze poklesu

Pro urychleni prvni a druhé faze pfi fermenta¢nim procesu se vyuzivaji oCkovaci latky
(inokulum) z fermentoru v ustaleném stavu nebo se pfidavaji suSené stimulatory obsahuijici
methanogeny v inaktivnim stavu [16]. Né&které inaktivni kmeny bakterii jsou komeréné
dostupné. V nékterych pfipadech jsou obohaceny o celulotické, amylotické a proteiny

rozkladajici bakterie pro urychleni nastupu anaerobni fermentace [17, 18].

2.1.2. Bioplynové stanice

VétSina bioplynovych stanic je situovana v blizkosti velkych farem (kraviny, vepfiny)
z davodu velké produkce kejdy a energetickych zemédeélskych plodin (kukufi¢na silaz, travni
hmota, cukrova fepa atd. [19]).

Vyhlaska 482/2005 Sb. o stanoveni druhu, zpusobu vyuziti a parametrd biomasy pfi

podpofe vyroby elektfiny z biomasy byla novelizovana vyhlaskou 5/2007 Sb. a 477/2012 Sb.
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V8echny tyto vyhlasdky specifikuji dvé kategorie bioplynovych stanic, AF1 a AF2, pficemz
stanice spadajici do kategorie AF1 maji vySSi vykupni cenu energie. Kategorii AF1 je
mysleno, Ze vice nez 50% vstupni suroviny za mésic musi pochazet z energetickych plodin
[20] a zbytek musi zahrnovat jednu €i vice organickych (ekologickych) surovin jako: obilniny,
odpad ze zpracovani Inu, rostlinny material, vypalky z paliren [19] nebo meziprodukt
z zivocCisné vyroby (kejda, hnlj, mocavka) [20-22]. Pokud neni mozné splnit podminky pro
zarazeni do kategorie AF1, pracuje bioplynova stanice v reZzimu AF2, ktera ma nizsi vykupni
cenu energie [23]. Vhodnymi surovinami pro AF2 bioplynové stanice jsou komunaini
a prumyslové odpady (napf. odpady z potravinaiského, mlékarenského, konzervarenského,
cukrovarnického a tabakového pramyslu) [20, 22]. Bioplynové stanice, které zplyriuji odpad
pochazeji z masokombinati (neni mysSlena kejda atp.) se musi navic fidit Evropskou
smérnici 1774/2002.

Mapa bioplynovych stanic (Obr. 3) publikovana na strankach Ceské bioplynové asociace
(CZBA) [24] ukazuje, ze zemédélskych (AF1) bioplynovych stanic je mnohem vice nez
odpadarskych a pramyslovych (obé patfi do skupiny AF2). Tento fakt je do znaéné miry dan
vykupni cenou. V roce 2011 byla vykupni cena energie ve skupiné AF1 4120 CZK/MWh,
zatimco ve skupiné AF2 3550 CZK/MWh (ceny ziskany ze stranek Energetického
regulacniho ufadu [25]). V budoucnu je mozné oclekavat sjednoceni obou kategorii na
zakladé vyhlasky 1999/31/EC, v niz se Clenské staty zavazuji ke snizeni skladkovani
biologicky rozlozitelného odpadu a upfednosthovani jinych metod zpracovani odpadu —
zplyfiovani a kompostovani. Z toho divodu Ize oekavat vyrazny narust produkce digestatu

razného chemického slozeni.
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Obr. 3. Bioplynové stanice v Ceské republice v roce 2012 (publikovano s povolenim CZBA)
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2.2. Slozeni kapalné ¢asti vznikajici béhem anaerobni fermentace

Slozeni digestatu je uzce spjato s pouzitou vstupni surovinou a procesem jeho vzniku
[26, 27]. Digestat mGze byt vyuzit jako hnojivo, ale vtomto pfipadé je nutna prvotni
registrace na Ustfednim kontrolnim a zkuSebnim Ustavu zemé&délském v Praze. V pfipads,
Ze digestat vznikl z kejdy nebo rostlinného materialu (silaz, slama, etc.) je tento produkt
povazovan za hnojivo a mlze byt vyuzit pro soukromé ucely bez registrace [28].

Jak jiz bylo uvedeno v pfedchozim odstavci, znalost slozeni vstupniho materialu je nutna
podminka pro spravné nastaveni bioplynového systému. Celkovy obsah suSiny (hmotnostni
procenta) a obsah pevného organického podilu ve vstupni smési muze byt kontrolovan na
zakladé vypoctu celkového mnozZstvi rozlozitelnych organickych latek. V pfipadé Zze obsah
organického dusiku pfesahuje ve vstupni smési 10% (w/w) z celkového obsahu organickych
latek, muze dojit k naruSeni prubéhu gasifikace a otravé mikroorganismui vznikajicim volnym
amoniakem (snadno rozeznatelnym charakteristickym zapachem) a zménou (nartstem) pH
[10, 21]. pH vstupniho materidlu je spole¢né s jeho pufrovaci kapacitou dulezitym
parametrem pro efektivni produkci bioplynu a proto je nutné kontrolovat pH vstupniho
materialu jesté pfed jeho samotnou fermentaci. Napfiklad zvifeci fekalie jsou velmi bohaté
na amoniak (vice nez 4 g.L-') a chudé na pevny organicky material. Z toho dtvodu je nutné
tento material smichat s energeticky bohatou plodinou [29, 30]. V této souvislosti by rostlinny
material s pomérem uhlik:dusik 20-100:1 nemél ruSit proces anaerobni digesce. Pro plné
stabilizovany proces digesce byl uréen optimalni C:N pomér 20-30:1 [10, 15, 21]. Praseci
kejda s C:N pomérem 12-13:1, masokostni moucka 4-7:1, krev 3-4:1 a fepné fizky 8-12:1
jsou tedy povazovany za tézko zplynitelné materialy. V pfipadé Spatného poméru C:N mize
byt obsah uhliku zvySen pfidavkem rostlinného substratu jako napf. slama, trava, atp. [10,
15, 21]. Je ale tieba zminit, ze nékteré druhy rostlinnych pletiv (lusténiny) obsahuijici legumin
(rostlinny kasein) v mnozstvi vétSim nez 5% (w/w) dusiku jsou nevhodné plodiny pro upravu
C:N poméru. DalSi parametr ovliviujici produkci bioplynu a slozeni digestatu je mnozstvi
pfidavané vstupni suroviny do kontinualniho reaktoru [29]. V prvni fazi anaerobni fermentace
je vhodné pfivadét mensi mnozstvi vstupniho materialu. V pfipadé, zZe je reaktor pfehlcen
materialem dochazi k vyraznému okyselovani smési v pribéhu acidogenni faze a reakéni
smés se stava nevhodnym prostfedim pro rist bakterii. V tomto pfipadé vznikly digestat
bude obsahovat slabé rozlozeny organicky material, pH bude v zavislosti na vstupnim
materialu nizké (vysoky obsah CO.) nebo vysoké (vysoky obsah NHs3) a nebude ho tedy
mozno vyuzit jako hnojivo [10, 31]. Dale je také nutné sledovat obsah lehce rozlozitelnych

materialu (Skrob, lipidy a proteiny) a mnozstvi t&Zce rozlozitelnych materiald (zejm. viakniny).
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Dulezité je také sledovat obsah makroelementd ve vstupni smési, které mohou byt pozdéji
detekovany v digestatu. Hlavni sledované parametry vstupniho materialu jsou uvedeny
v Tab.1. Mikroelementy jako Cd, Pb, Hg, As, Cr, Ni, Cu, Zn, Fe, Mn nejsou bézné
stanovovany ve vstupni smési, ale pouze v kone¢ném digestatu, pokud je planované jeho
vyuziti jako hnojivo [26, 32].

Tab.1. Parametry kontrolované ve vstupni smési

Parametr Symbol, jednotka Pouzita metodika

Hlavni parametry

Obsah susiny

TS, % (w/w) v susiné

SOP 32 (CSN EN 12879)

RozlozZitelné latky

% (w/w) v susiné

SOP 32 (CSN EN 12879)

Celkovy organicky uhlik

TOC, % (w/w) v su$iné

SOP 56 (CSN EN 13370)

Celkovy uhlik

TC, % (w/w) v susiné

SOP 32 (CSN EN 12879)

Chemicka spotfeba dusiku

CODcr, mg/dms

SOP 05 (TNV 757520)

Neutralizaéni kapacita

ACN, mmol/dms

SOP 50 (CSN EN ISO 9963-1)

pH - SOP 44 (JPP UKZUZ, Brno) potenciometrie
Lipidy g.kg' vsusing SOP 66 (JPP UKZUZ, Brno)
Proteiny g.kg' vsusing 0-14
Skrob g.kg”! vsusing C-6
Vlaknina g.kg” vsusing SOP 64 (CSN ISO 6541)
Obsah zivin

Celkovy dusik

Nc, % (w/w) v susiné

SOP 61 (JPP - UKZUZ, Brno) mineralizace,

destilace, titrace

Amoniakalni dusik

NnHa+, mg.kg-1 v susiné

SOP 65 (JPP UKZUZ, Brno) destilace,

titrace/spektrofotometrie

Dusi¢nanovy dusik

Nnos-, mg.kg-1 v sudiné

SOP 65 (JPP UKZUZ, Brno) spektrofotometrie

Celkovy fosfor

Pc, mg.kg-1 vsusiné

SOP 62 (JPP - UKZUZ, Brno) spektrofotometrie

Vapnik Ca, % (m/m) v susiné SOP 60 (JPP - UKZUZ, Brno) AES

Draslik K, % (m/m) v susiné SOP 60 (JPP - UKZUZ, Brno) AES

Hor¢ik Mg, % (m/m) v susiné SOP 60 (JPP - UKZUZ, Brno) AAS
Celkova sira St, mg.kg-1 v susiné SOP 94 gravimetrie

Z Tab.1. je zfejmé, Ze analytické postupy doposud nezahrnuji pribéznou kontrolu
kontaminantd (pesticidy atd.) nebo metabolitt (zvifeci, rostlinné nebo mikrobialni), které do

reaktoru pfichazeji a nejsou fermentaci preménény nebo naopak vznikaji (jako vedlejsi
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produkty) pfi anaerobni frementace. Pro optimalizaci pouziti digestatu by do budoucna bylo

vhodné i na tyto latky analytickou kontrolu vstupni suroviny i digestatu zaméfit.

2.3. Slozeni plynné faze v reaktoru v prabéhu fermentace

Analyza plynnych komponent vznikajicich v prabéhu fermentace je dulezitym krokem pfi
kontrole optimalni anaerobni digesce. Hlavnimi plyny vznikajicimi v pribéhu fermentace jsou
oxid uhli¢ity a methan. Obr. 4 zobrazuje zmény obsahu hlavnich plynnych slozek ve vnitini
atmosfére reaktoru a zménu pH kapalného podilu v pribé&hu zplyriovani. V prvni fazi
fermentace (pfi hydrolyze) je pozorovan velmi rychly ubytek kysliku a dusiku a pozvolny
nartst oxidu uhli¢itého se soucasnym narUstem pH. Tento jev pfetrvava i v druhé fazi
fermentace — acidogenezi. Ve finalni fazi anaerobni digesce (methanogenezi) dojde
k vysokému narlstu koncentrace methanu se sou¢asnym poklesem obsahu oxidu uhli¢itého.
pH kapalné casti je v této fazi = 7. [33, 34]. Kromé jizZ zminénych hlavnich plynnych slozZek,
muzeme ve vnitfni atmosféfe reaktoru detekovat také alifatické, alicyklické a aromatické
uhlovodiky, alkoholy a thioly, aldehydy a ketony, estery, ethery, sulfidy a disulfidy,
halogenderivaty uhlovodiki (v€etné enviromentalnich kontaminantd — polychlorované
bifenyly, herbicidy, pesticidy, fungicidy), aminy a derivaty furanu. Nékteré z uvedenych
minoritnich latek jsou také kontaminanty ovzdusi v blizkosti bioplynovych stanic a také
finalniho digestatu. Druh zapachu nam muze pomoci pfiblizné identifikovat funkéni skupiny
navazané na tékavé latky [35-37]. V samostatnych kapitolach budou dale podrobnéji

popsany postupy vzorkovani a jednotlivé analytické metody.
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Obr. 4. Zmeény ve slozeni vnitfni atmosféry reaktoru v priibéhu anaerobni digesce a zména pH
kapalné ¢asti reaktoru (publikovano s povolenim autora [15])
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2.4. Slozeni digestatu a jeho kontrola dle legislativy CR

Znalost chemického sloZeni digestatu je dulezita pro uréeni jeho nejvhodnéjSiho vyuziti.
V souCasnosti zahmuje analyticka kontrola digestatu pouze zakladni parametry, které jsou
vazany pfislusnou legislativou. Kontrola zahrnuje agrochemické parametry (celkovy uhlik,
CODc, obsah N, P, K, Ca, Mg, S, obsah susiny) [26] a obsah nékterych prvku, pfevazné
kovu (Cd, Pb, Hg, As, Cr, Ni, Cu, Zn, Fe, Mn) které jsou obvykle stanovovany atomovou
absorpcéni spektrometrii (FA-AAS). Dal8i metody, které zatim nejsou soucasti legislativy, pro
kvantifikaci kovl v digestatu zahrnuji atomovou emisni spektrometrii s indukéné vazanym
plasmatem (ICP-AES), hmotnostni spektrometrii s indukéné vazanym plasmatem (ICP-MS)
a atomovou absorp&ni spektrometrie s generovanim tékavych hydridd (HGAAS) [26, 32].

Elektrotermicka atomova absorpéni spektrometrie (ETA-AAS) je standardni technika pro
stanoveni arsenu (norma EN ISO 15586) a kadmia (norma EN ISO 5961). Atomova
absorpéni spektrometrie je doporu¢ena metoda pro Mo, Zn, Pb, Cu, Ni (norma ISO 8288)
a Cr (norma EN 1233). Ke stanoveni rtuti je pouzivan AMA analyzator (norma CSN 757440)

Mezi dal§i stanovované parametry patfi obsah tukd (gravimetrie; norma CSN 757509),
obsah hydrolyzovatenych a extrahovatelnych latek, obsah vlakniny a popele (Henneberg -
Stohmann — Ruskovského metoda) [29]. Obsah mikroelement( je vyrazné ovlivnén historii
vstupniho materialu. Napfiklad Cu objevuijici se v hovézi kejdé pochazi pfevazné ze siranu
médnatého, ktery je obvykle pouzivan k Cisténi kopyt [38] a zinek z oxidu zinecnatého
pouzivan pro upravu stfevni mikroflory dobytka [39].

Dulezité je také zminit, Ze nékteré patogenni bakterie dokazi prezit v digestatu [40] a po
jeho pouziti jako hnojiva mlze dochazet k jejich mnozeni [41, 42]. Mikrobiologicka analyza je
tedy dalS$i dulezity nastroj pro kontrolu digestatu. Nicméné detailnéjsi popis mikrobiologické
analyzy presahuje ramec této prace. Na druhou stranu moderni nastroje analytické chemie
dovoluji analyzu biomarkert nékterych druht bakterii [43].

Dullezitou otazkou je také to, co se déje s jednotlivymi organickymi latkami v pribéhu
anaerobni fermentace. Nékteré latky mohou napfiklad reagovat mezi sebou nebo byt
pfeménény na latky jiné (napf. methylsiloxany, sulfonamidy a rizna antibiotika). Analyza
téchto latek je popsana v kapitole 2.5.2. Informace o kontrole slozeni digestatu a jeho vyuziti

jsou shrnuty v nedavno publikovaném v pfehledovém ¢lanku [7]

2.4.1. Fyzikalné-chemické upravy digestatu

Mnoho zemédélskych bioplynovych stanic je sou€asti farem a produkovany digestat je
vyuzivan jako hnojivo. Nicméné, digestat obsahuje velmi vysoky obsah dusikatych latek,
které se mizou akumulovat na farmé ¢i poli. V souCasnosti se vyvazeni digestatu na
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zemé&dé&lskou pldu fidi smérnicemi 9/2009 Sb. (Ceska republika), 834/2007 a 91/676/EEC
(obé Evropska unie) chranici vodni ekosystéemy pied znecidténim (riziko eutrofizace).
Provozovatelé BPS jsou tedy nuceni ktransportu digestatu na vzdalenéjSi mista pro
zamezeni pronikani makroelementt (hlavné NHs* a PO,*) z pidy do podzemnich vod v okoli
BPS [44, 45]. Zavaznost této problematiky mize byt popsana na bioplynové stanici
v Bavorsku pobliz mésta Pasov. Tato BPS zpracovava zhruba 46 000 tun bioodpadu roéné
a produkuje okolo 15 000 tun digestatu za rok. Takto obrovské mnozstvi digestatu nemuaze
byt vyvazeno na jednu lokalitu (pole, louka, atp.) a je tedy potieba tuto surovinu modifikovat
(viz. nize), exportovat ¢i prodat zemédélskym subjektim [46].

Digestat obsahuje az 95% vody, kterou je nutno odstranit z divodu sniZeni ceny
dopravy a ulozného prostoru. Nadbytek vody muze byt napfiklad odstranén pomoci
membranové filtrace [47], reverzni osmozy [48, 49] nebo kombinaci mechanického (filtrace)
a teplotniho odvodnéni (proud horkého vzduchu) [50]. DalSim velmi Casto popisovanym
procesem je odstranéni nezadoucich sloZek zdigestatu [49]. V prvnim kroku dochazi
k oddéleni kapalné a pevné Casti — nej¢astéji flokulaci polyakrylamidem nebo anorganickymi
solemi (Al2(SO4)s, FeCls) [51]. Alternativni metoda separace fazi zahrnuje zadrzeni pevnych
slozek pomoci polymer( pro flokulaci a nasledné oddéleni rotacnimi bubny. Pevna c¢ast
digestatu zlstava uvnitf rotaéniho bubnu a je dale pasterizovana vysokou teplotou pro
usmrceni moznych patogennich organism(. Ziskana kapalna ¢ast je bohata na draslik
a anorganicky dusik. Dusik je mozné prevést pomoci nitrifikaCniho-denitrifikacniho
bioreaktoru na N2 [49, 52]. Proces konverze amoniaku na molekulu dusiku je mozno rozdélit
do dvou krokl. V prvnim kroku dochazi k autotrofni nitrifikaci, ktera zahrnuje oxidaci NH4+* na
NOy a poté prevedeni NO2 na NO3; pomoci nitrifikacnich bakterii za aerobnich podminek.
Druhy krok je heterotrofni denitrifikace, ktera vede kredukci NOs na Nz pomoci
denitrifikaénich bakterii za anaerobnich podminek s organickym uhlikem jako donorem
elektronu (zejm. methanol). Proces konverze amoniaku na dusik byl kontrolovan pomoci
destilaéniho pfistroje Kjeltec 1002 pro stanoveni celkového dusiku. Obsah amoniaku byl
stanoven titraci 0.01 mol.L"" HCI za pf¥itomnosti bromkresolové zelené jako indikatoru [49,
52].

DalSim velmi dudlezitym indikatorem kvality digestatu je chemicka spotieba kysliku
(COD). COD nam pomize specifikovat mnozstvi organickych latek v digestatu. Pokud je
COD parametr velmi nizky na konci fermentaéniho procesu, tak zplynovani probéhlo
s vysokou ucinnosti. V pfipadé vysoké hodnoty COD probihala anaerobni digesce Spatné

a digestat bude obsahovat velké mnozstvi nerozlozené vstupni suroviny.
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Gong a kol. (2010) navrhli snizeni COD pomoci aerobni fermentace. Digestat je
pumpovan z anaerobniho fermentoru do aerobniho, kde dochazi k dalSi fermentaci. Tento
typ fermentoru obsahuje membranovy modul pro odstranéni NHs* a PO, iontd
z fermentovaného digestatu. Po 120 dnech celkového fermentaéniho procesu (anaerobni-
aerobni-membranova fermentace) se snizil obsah NH4* iontd na 1.9 %, POs* na 23.4 %
a COD poklesl z plvodniho mnozstvi na 3.7 %. Takto modifikovany digestat mize byt
aplikovan na zemédélskou pudu ve velkych mnozstvich, aniz by hrozilo zatizeni ekosystému
vysokym obsahem NH;* a PO,* iontd. Stanoveni zakladnich parametrtd bylo provedeno
podle standardni postupll uvedenych v Tabulce 1 [53].

Digestat nemusi byt vyuZit pouze jako hnojivo, ale také jako topivo ve formé pelet [54].
Proces spalovani je vSak silné ovlivnén sloZenim vstupniho materialu (pfitomnost tézkych
kovu, tézko rozlozitelné organické materialy atd.) a proto je nutna analyticka kontrola
digestatu pred a v prlibéhu vyroby pelet. Autofi analyzovali tézké kovy v digestatu pomoci
ICP-MS (As, Cd, Cr, Cu, Hg, Pb, Zn) [54]. V literatufe se objevuje i metoda na kontrolu
zastoupeni kovl v popelu po spaleni pelet. Zde byla pouzita je rentgenova fluorescencni
analyza (RFA). Hirokawa et al. (2013) porovnavali AAS a RFA pro analyzu 5 kovl (Co, Ni,
Pd, Ag, Au). RFA vykazovala nadhodnocené vysledky sledovanych kovl (kromé kobaltu)
oproti AAS. Tento rozdil byl pravdépodobné zplsobem nedostate¢nym rozlozenim vzorku

v luCavce kralovské [55].

2.5. Vyuziti separacnich technik pfFi kontrole anaerobni fermentace

Hlavnimi plynnymi slozkami jsou methan, oxid uhliCity, kyslik a dusik [56]. Ve vnitini
atmosfére reaktoru se vSak vyskytuje také mnoho vysoce tékavych organickych latek, které
mohou negativné ovliviiovat anaerobni fermentaci €i mit toxické vlastnosti. V tomto pfipadé
je plynova chromatografie nejvhodnéjsi nastroj pro kontrolu slozeni atmosféry reaktoru.
Nejcastéji uzivané metody vzorkovani a analyzy budou diskutovany v této kapitole.

Slozeni digestatu je pomérné slozité a v pribéhu digesce se vyrazné méni. V podstaté
pokryva celé spektrum latek od biogennich a toxickych iontd pfes malé organické latky,
mastné kyseliny, peptidy, mono- a oligosacharidy az k triacylglycerollim, proteinim
a polysachariddm. K analyzam téchto latek je nejCastéji vyuzivana kapalinova

chromatografie.
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2.5.1. Vzorkovani

V této kapitole jsou popsany vzorkovaci metody pro plynné i kapalné slozky vznikajici pfi
anaerobni fermentaci.

Vzorkovani pro kapalinovou chromatografie je méné komplikované. NejCastéji se
vyuzivaji vzorkovace (nabérakovy, pistovy, spiralovy Ci zlabkovy vzorkovac, vzorkovaci
trubice), &erpadla nebo pritokovy vzorkovaé. Tyto metody se fidi dle CNS 015111, CNS
015112 a CNS EN ISO 5555. Odebrany kapalny zbytek je analyzovan p¥imo po centrifugaci
a filtraci [57-60]. DalSimi metodami Upravy vzorku jsou extrakce kapalina-kapalina, kde je
jako extrakéni Cinidlo pouzit pufr (napf. citratovy pufr, Na.EDTA-McllvainGv pufr) nebo
organické rozpoustédlo (ethylacetat, diethylether) [61-63] a extrakce tuhou fazi (napf.
reverzni faze C18, N-vinylpyrrolidon-divinylbenzen) [62, 64, 65].

Nejbéznéjsi metodou pro vzorkovani plynu z bioplynovych stanic je pouziti kontejnert
(kanystry, vaky) nebo vzorkovaci trubice/vlakna [66-80]. Pouziti vhodné vzorkovaci metody
se odviji od druhu sledovanych latek. Vzorkovaci vaky jsou velmi vhodné pro vzorkovani
ultra-tékavych latek, které se Spatné zachytavaji pomoci vzorkovacich trubic se sorbentem.
Tyto vaky jsou nejCastéji vyrabény z polytetrafluorethylenu (PTFE), polyethylentereftalat-
nylonu v kombinaci s hlinikovou folii ktera tvofi vnitfni sténu (PET-NY-AL-CPE) nebo
polyvinyl fluoridu (PVF) [81-83]. Dulezité je zminit, Ze pro vzorkovani sulfanu musi byt
pouzity kanystry (vaky) s plastovou vnitini sténou, nebot mize dochazet k pasivaci povrchu
[84]. Tomuto muze byt zabranéno pouzitim kanystrd vyrobenych z jinych materiali, nez je
kov. Na druhou stranu jsou kovové kanystry velmi vhodné pro vzorkovani methysiloxanu
oproti vzorkovacim vakim, kde je pfitomné silikonové septum. Na silikonové septum se
mohou sorbovat semitékavé methysiloxany (VMS, z ang. volatile methylsiloxanes). Sorpce
silikonovych analytll mGze nastavat i na sténé sklenénych nadob [85, 86].

Jiny postup vzorkovani vyuziva zachytu analytd na pevné fazi. Timto postupem je
obvykle dosazeno i U¢inné prekoncentrace analytll. Extrakce pevnou fazi za pouziti trubice
pinéné sorbentem (SPE) nebo vlakna (mikroextrakce pevnou fazi, SPME) jsou nejCastéji
pouzivané techniky pro zachyceni a zakoncentrovani analytd [84, 87]. Nejbéznéji
vyuzivanym materialem ve vzorkovacich trubicich je aktivni uhli, uhlikova molekularni sita,
zeolit 13X, zeolit T, zeolit B, zeolit 5A nebo zeolit ZSM-5 [88-90]. Vyhodou zachyceni
plynnych latek v SPE trubicich je moznost pfipojeni vzorkovacich trubic pfimo k plynovému
chromatografu a poté jejich uvolnéni pomoci teplotni desorpce (TD) [81, 91, 92].

Autofi Lamaa a kol. porovnavali Sest béznych adsorbenti (Carbotrap, Carbotrap C,
Carbosieve Slll, Carboxen 1000, Chromosorb 106 a Tenax TA) pro adsorpci VMS.
Zachycené latky byly nasledné analyzovany pomoci TD-GC/MS. Vysledkem této studie bylo
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Zjisténi, ze Tenax TA a Carbosieve Slll maji malou ucinnost zachyceni sledovanych latek
v porovnani s Chromosorbem 106, Carbotrapem, Carbotrapem C a Carbotrapem 1000 [93].
Tassi a kol. porovnavali dvé vzorkovaci metody — SPE a SPME za pouziti tfi rdznych
sorbentu (Carbosieve 111, Carboxen B a Carboxen C) pro vzorkovani t€kavych organickych
latek (VOC, z angl. volatile organic compounds) na skladkach odpadu a v blizkosti fumarol
a vulkanickych a geotermalnich studni. SPME byla vhodnéjS§i metoda pro vzorkovani VOC
bez ohledu na pouZity sorbent diky rychlosti a jednoduchosti [94]. Alternativou k zachyceni
analytd na pevném sorbentu je extrakce (probublavani) vzorku vhodnou kapalnou fazi
(nejCastéji methanol). Ziskany extrakt muze byt poté pfimo davkovan do plynového
chromatografu [95].

Nedavno bylo publikovano nékolik studii popisujici nové metody pro online analyzu latek
v anaerobnim fermentoru [96-98]. Ward a kol. popsali online analyzu slozeni plynné faze v
reaktoru pomoci mikro-plynového chromatografu (u-GC) s kapilarnimi kolonami (MolSieve
5A PLOT a PLOT Q) a teplotné vodivostnim detektorem. V této studii byly analyzovany
pouze hlavni sloZky bioplynu (CO2, CHa, Hz, N2, O2) [96, 98].

2.5.2. Aplikace separac¢nich metod pro analyzu minoritnich latek

V soucCasné dobé je analyza vnitfni atmosféry reaktoru zaméfena pouze na zakladni
plyny (CO2, CHs4, Hz, N2, O2) pomoci plynové chromatografie [15]. V této kapitole budou
popsany metody pro analyzu latek obsazenych v malém mnozstvi v bioplynu a digestatu.

Mezi nejCastéjSi kontaminanty ovzduSi v blizkosti bioplynovych stanic patfi tékavé
organické latky [100]. Matz a kol. navrhli novou vzorkovaci metodu pro online analyzu
tékavych a polotékavych organickych latek. Vzorkovaci zafizeni je kombinaci SPME
a membranové extrakce s pevnou fazi (MESI). Kapalna ¢ast z anaerobniho detektoru je
nasavana peristaltickou pumpou a analyty pronikaji do membranového materialu umisténého
v ocelové trubiCce vyhfivané na 37°C. Tato Cast zafizeni je pfimo napojena na GC/MS.
Tékavé organické latky pronikaji skrze membranu a polotékavé organické latky zlstavaji
zachyceny v membranovém materialu. Na konci vzorkovani je membrana oplachnuta
proudem dusiku, teplota je zvySena na 195°C pfi které dochazi k desorpci analytd.
Desorbované latky jsou nasledné analyzovany pomoci GC/MS [99].

Nepfijemny zapach v blizkosti bioplynovych stanic je casto spojen s Unikem
(neplanovanou produkci) tékavych sirnych latek (VSC, z angl. volatile sulfur compounds),
které jsou fazeny mezi polutanty ovzdus$i diky svym toxickym vlastnostem. Tyto latky jsou
nejCastéji analyzovany pomoci plynové chromatografie — Tab.2. [101-103]. Jednoduchou

a levnou alternativou analyzy VSC unikajicich z BPS je dynamicka olfaktometrie (DO), kde je
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detektorem lidsky nos — pfesnéji neurony nachazejici se v nosni dutiné [104]. Nicméné tato
metoda neposkytuje detailni chemické slozeni zapachu, které je mozno ziskat
chromatograficky. DalSi alternativou pro méfeni VSC, tedy pfevazné sulfanu je standardni
metoda zahrnujici absorpci H2S v roztoku Cd(OH). a nasledovanou reakci s p-amino-N,N-
dimethylanilinem. V pfitomnosti slabého oxida¢niho &inidla dochazi ke vzniku methylenové
modfi, ktera je nasledné stanovena kolorimetricky [105]. Problémem této metody je
nestabilita standardniho roztoku p-amino-N,N-dimethylanilinu s chloridem Zelezitym, ktery
musi byt vzdy pfipraven Cerstvy. S ohledem na tento fakt je nemozné vyuzivat tuto metodu
pfi méfeni v terénu. V roce 2006 vladni agentura Spojenych statd americkych pro
bezpecénost prace a zdravi (Occupation Safety and Health Administration) publikovala novou
metodu pro stanoveni sulfanu pomoci kapalinové chromatografie po jeho zachyceni na
aktivnim uhli a nasledné reakci s hydroxidem amonnym a peroxidem vodiku. Touto reakci
dochazi k prevodu sulfanu na siran, ktery je mozno snadno analyzovat pomoci iontové
chromatografie [106, 107]. Baramanti a kol. navrhli metodu pro stanoveni sirnych latek
pomoci kapalinové chromatografie s reverzni fazi. VSC jsou zachyceny v alkalickém vodném
roztoku p-hydroxymerkuribenzoatu za vytvorfeni komplexu rtut-thiol. Tyto latky jsou poté
separovany pomoci LC na C18 reverzni fazi s UV-VIS detektorem a atomovym
fluorescenénim spektrometrem s generovanim studenych par pro Hg [108].

Dal8i vyznamnou a zaroven problematickou skupinou latek, kterou Ize nalézt v reaktoru
jsou methylsiloxany pochazejici z kosmetickych pfipravkd (mydla, télova mléka, deodoranty,
Sampony, zubni pasty atd.) z divodu jejich mozné bioakumulace a toxicité [109]. Hlavnimi
semitékavymi methysiloxany nalezenymi v bioplynu jsou hexamethyldisiloxan, hexamethyl-
cyklotrisiloxan, oktamethyltrisiloxan, oktamethylcyklotetrasiloxan, dekamethyltetrasiloxan,
dekamethylcyklopentasiloxan, dodekamethylpentasiloxan, dodekamethylcyklohexasiloxan
a trimethylsilanol [110, 111]. Vzorkovani téchto latek probiha riznymi zpusoby, avSak
nejcastéjSim zplsobem je odbér plynu do ocelovych kanystra. Tyto latky nejsou v pribéhu
anaerobni fermentace rozlozeny a je tedy nutné je sledovat jak ve vznikajicim bioplynu tak
i v digestatu pred jeho dalSim vyuzitim [112]. V bioplynu je nutné VMS sledovat z ddvodu
jejich konverze na mikrokrystalicky SiO» pfi spalovani bioplynu. Vznikly SiO, ma silné
abrazivni schopnosti a mize tedy dochazet k poni¢eni nékterych dild hnacich zafizeni
(motoru) [110]. Vzorek je nej¢astéji analyzovan pomoci plynové chromatografie s (5%-fenyl)-
methylpolysiloxanovou kolonou v kombinaci s hmotnostni spektrometrii [93, 112, 113].

V prubéhu anaerobni fermentace dochazi ke vzniku tékavych mastnych kyselin (SCFA,
z angl. short-chain fatty acids) z lipidu, které jsou pozdéji rozloZzeny na methan a oxid uhli€ity.

Sledovani SCFA muze pomoci odhalit problémy v reaktoru v priibéhu fermentace souvisejici
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se Spatnym rozkladem mastnych Kyselin v acidogenni fazi. Specifickymi markery jsou
kyselina maselna, izomaselna a isovalerova [114, 115]. Mnoho metod pro analyzu
a kvantifikaci SCFA je zaloZzeno na pfimém nastfiku nebo desorpci z SPME vlakna do
GC/FID [116, 117]. Dalsi metody jsou zaloZzeny na centrifugaci a filtraci [57, 118] (pfipadné
extrakci kapalina-kapalina [61]) a analyze pomoci kapalinové chromatografie na reverzni [61]
nebo amidové fazi [57] v kombinaci s UV detekci. Pind a kol prezentovali ve svém c&lanku
novou metodu pro online analyzu SCFA zaloZenou na membranové filtraci a méfeni pomoci
GC/FID. [119]. Dalsi metoda vyuziva multi-injekéni chromatografii (multi syringe
chromatography; MSC) navrhnutou Robert-Peillardem a kol. [60]. Tato separacni technika je
zaloZzena na jedine¢nych vlastnostech monolitickych kolon, umozriujici rychlejSi a u€inné;si
separace zejména pomalu difundujicich molekul za nizkého zpétného tlaku [120-122]. SCFA
jsou v prvnim kroku derivatizovany metodou popsanou v praci Robert-Peillarda a kol. [123]
a poté jsou latky separovany na monolitické koloné s reverzni fazi a detekovany UV
detektorem.

Vyznamnou skupinu toxickych latek pfitomnych v digestatu tvofi organocinicité
slou€eniny (OTC, z angl. organotin compounds), coz jsou latky pouzivané pfi vyrobé
polyuretanové pény, polyvinyl chloridu a silikonl jako tepelné a svételné stabilizatory.
Nejvice pouzivané slouceniny organocinu jsou mono- a dialkylcinicité derivaty (okolo 70 %)
[124]. | kdyz bylo pouzivani organocini€itych latek vyrazné svétové omezeno, sledovani
téchto latek je stale nutné. Pinel-Raffaitin a kol. analyzovali organocinicité slouceniny
v bioplynu a kapalném zbytku pomoci plynové chromatografie ve spojeni s hmotnostni
spektrometrii s ionizaci induk&né vazanym plasmatem (GC/ICP-MS). Uprava vzorku pred
samotnou analyzou zahrnovala derivatizaci rozpusténych OTC v kapalném zbytku
a kryogenni zakoncentrovani tékavych OTC v bioplynu. Zjisténa koncentrace téchto latek
vyrazné prevySovala koncentraci OTC v pfirodé (tj. 15 ug.m= pro bioplyn a 150 pg.L" pro
kapalny zbytek ze skladky odpadud) [125]. DalSimi minoritnimi latkami jsou siloxany.
Stanoveni siloxan( v bioplynu je nejcastéji provadéno pomoci plynové chromatografie, kde je
ovSem problém s detekci z dlivodu koeluce s nékterymi VOC (pfevazné uhlovodiky) [126].
Tomuto je mozné se vyhnout pouzitim hmotnostniho detektoru a analyzou v SIM moédu nebo
komprehensivni dvoudimenzionalni plynovou chromatografii GC/GC pro dokonalé oddéleni
siloxant od uhlovodikd [127]. Dal§i moznosti je splitovat pritok z GC a vzorek souCasné
analyzovat pomoci MS a atomového emisniho spektrometru [112, 128].

V nékterych pfipadech se mohou ve finalnim digestatu vyskytovat veterinarni antibiotika,
z ddvodu jejich CasteCného vylu€ovani zvifaty v nemetabolizované podobé [129, 130].

Stabilizovany digestat je Casto vyuzivan jako hnojivo a residualni antibiotika mohou
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ovliviiovat ptdni mikrofléru a vytvaret u nékterych druhu bakterii resistenci vac&i antibiotikiim.
Arikan a kol. studovali osud oxytetracyklinu v pribéhu anaerobni fermentace pomoci
kapalinové chromatografie v kombinaci s hmotnostnim spektrometrem s trojitym
kvadrupdlem (sledovani MRM prechodl). Po 64 dnech doSlo k rozlozeni 60 % sledované
latky a k mirnému narastu degradacnich produktd (metabolitl) oxytetracyklinu — 4-epi-
oxytetracyklin a apo-oxytetracyklin [62]. Riemenschneider a kol studovali osud jiné latky
fazené do skupiny antibiotik — colistinu. Autofi této prace také pozorovali vyrazny ubytek
colisinu v pribéhu fermentace. Je zajimaveé, Ze jednotlivé vzorky byly analyzovany pouze na
C18 predkolonce (4x3mm) [65]. Mohring a kol analyzovali sulfonamidy (sulfometoxazol,
sulfadiazin, sulfamerazin, sulfamethazin, sulfamethoxypyridazin, sulfadimethoxin, sulfatiazol
a trimethoprim) které byly pfidany do reaktoru bioplynové stanice a zjistili vyrazny ubytek
téchto latek v anaerobnim reaktoru (50 %), aniz by samotna anaerobni fermentace uz
zapocala. Vysvétlenim tohoto jevu mlze byt silna adsorpce studovanych latek na castice
obsazené v reaktoru [63, 131].

Z Tab.2. je zfejmé, Ze nejvice pouzivanou metodou pro analyzu sloZek vznikajicich
v prub&hu anaerobni fermentace je plynova chromatografie, kdy vzorek je nastfiknut do
pfistroje pfimo (online, headspace) nebo je v prvni fadé zachycen pomoci sorbentu (SPE,

SPME).

Tab.2. Vyuziti separacnich technik pfi analyze hlavnich a stopovych latek v bioplynu a digestatu
Matrice Analyty Kolona Detektor Uprava vzorku Lit.
COz, CH4, Ha, MolSieve 5A )
Bioplyn TCD online analyza, headspace | [96, 98]
Nz, HzS, O; PLOT; PLOT Q
u-GC Bioplyn VOC PLOT Q: OV 1 TCD online analyza, headspace [77]
Bioplyn, Filtrat | VOC Poraplot U MS online analyza, headspace | |5g;
Bioplyn VOC BP-1 FID sorpéni trubice [72]
Bioplyn VSC CP-SIL 5 CB MS SPME [132]
Bioplyn VOC DB-1 FID-PID-ELCD | vzorkovaci kanystry [67]
Bioplyn VMS DB-5 MS-AES ocelové kanystry [112]
_ _ [66, 68,
GC Bioplyn, Filtrat | VOC DB-5MS MS trubice s aktivnim uhlim
69]
Bioplyn vocC DB-624 MS sorp&ni trubice 166, 71]
Bioplyn SCFA DB-FFAP FID pHmy nastfik, headspace | [117]
Bioplyn VOC DB-VRX PFPD vzorkovaci vaky [103]
Bioplyn EtOH (+ jeho .
FS-CW FID pfimy nastfik, headspace [97]
ox. produkty)
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Bioplyn

SCFA FS-FFAP-CB FID pfimy nastfik, headspace [97]
Digestat SCFA HP FFAP FID membranova filtrace [119]
Bioplyn voC HP5 MS SPME, sorpéni trubice 75, 77]
Bioplyn HP-5MS; TRB-
sorpéni trubice, vzorkovaci
VMS G43; DB-1701; MS ‘ [113]
va
SUPELCOWAX 10 y
Bioplyn VOC HP-VOC MS sorpéni trubice [76]
Plyn, Kapalina | VOC Chromosorb PAW | TCD SPME, sorpéni trubice [94]
Filtrat SCFA Chromosorb W AW | FID extrakce kapalina-kapalina | [119]
Chromosorb W AW
Odpadni vody VMS FPD pfimy nastfik, headspace [101]
DMCS + ODPN
Chromosorb W +
Filtrat SCFA FID - [116]
PPGS
Bioplyn VOC Meta.vVOC MS SPME [79]
Bioplyn [133,
Fosfan Poraplot Q TSD vzorkovaci vaky 134]
Bioplyn VOS Rtx-VMS MS kryogenni prekoncentrator | [85]
Bioplyn Select Silanes .
VMS standardy MS sorpéni trubice [93]
kolona
Bioplyn VOC SGE BPX5 MS vzorkovaci vaky, SPME 73]
Bioplyn VOC SPB-624 MS sorpéni trubice [74]
Bioplyn VMS, VOC, Supelcowax 10; )
PID online analyza, headspace |[111]
H2S Carbopack B
) ) derivatizace, kryogenni
Bioplyn, Filtrat | OTC Tr-5 ICP-MS [125]
prekoncentrace
Bioplyn VOC, SCFA ZB-5ms MS SPME 78]
Bioplyn Aluminium
vVOC - FID vzorkovaci vaky [70]
plot/Methylsilicone
GCxGC SPB-Octyl
Digestat/Bioplyn | VMS kolona/DB-1 FID vzorkovaci vaky [127]
kolona
_ Aminex HPX-87H ) )
Filtrat SCFA uv centrifugace, filtrace [57]
lon Exlusive kolona
C18 Security
Digestat Colisin Guard-guard MS centrifugace, SPE extrakce | [65]
kolona
ChromSep
HPLC
Bioplyn VSC Chromsphere 5AH | DAD-CVGAFS | sorp¢ni trubice [108]
C18
. ATB . . .
Digestat Puresil C18 MS extrakce kapalina-kapalina | [63]
(trimethoprim)
. . extrakce kapalina-kapalina,
Digestat SCFA Synergi Polar-RP uv [61]

derivatizace
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ATB Xterra MS Cis extrakce kapalina-kapalina,

Digestat MS [62]
(oxytetracykline) | kolona SPE extrakce
ATB
Digestat Zorbax SB C18 MS extrakce kapalina-kapalina | [63]
(sulfoaminy)
Chromolith
ESI-MS, APCI-
Digestat Amino kys. Performace RP- MS centrifugace, filtrace [58]
18e
Bioplyn ATB smés XDB-C18 ESI-MS centrifugace, extrakce [59]
MSC Digestat SCFA Onyx C18 uv centrifugace, filtrace [60]
nano-LC reverzni C18 PepMap nanotrap
nano-LC | Digestat Proteiny ESI-IT-MS [64]
faze kolona

FID - plamenové ionizacni detektor; PID - fotoionizacni detektor; ELCD — detektor elektrolytické vodivosti, CD -
vodivostni detektor, TCD - tepelné-vodivostni detektor, PFPD — pulzni plamenovy fotometricky detektor, FPD -
plamenové-fotometricky detektor, AES — atomova emisni spektrometrie , TSD - detektor se Zhavenou katodou,
ICP-MS — hmotnostni spektrometrie s indukéné vazanym plasmatem, DAD — detektor diodového pole, CVHAFS —
atomova fluorescencni spemtrometrie s generovanim tékavych latek, IT — iontova past, MSC — multi-injekéni
chromatografie, ATB - antibiotika

2.6. Flavonoidy

Flavonoidy jsou latky nalezejici do skupiny bioaktivnich polyfenold [135]. Prvni
podrobnéjsi vyzkum téchto latek zacal v roce 1936, kdy madarsky védec Albert Szent-Gyorgi
zkoumal vztah mezi vitaminem C a neidentifikovanou latkou pochazejici z kury citronu. Tuto
latku nazval citrin (rutin). Pozdéji byla tato latka pojmenovana vitamin P [136]. Zakladni
struktura flavonoidl je tvofena dvéma benzenovymi kruhy (A a B) propojenymi Sesti¢lennym
heterocyklickym kruhem (C) [135]. Na zakladé rozdild na kruhu C je mozno flavonoidy
rozdélit do osmi samostatnych skupin (Obr. 5) [137]. Nejvét§i rozdily v dané skupiné
flavonoidd jsou v hydroxylaci a methoxylaci flavonoidniho skeletu a v jeho glykosylaci,

pfipadné acylglykosylaci.
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Obr. 5. Struktury béznych skupin flavonoidd ukazuijici rozdily na C kruhu

V rostlinach se flavonoidy nejCastgji vyskytuji jako O- nebo C-glykosidy. O-glykosidy
vznikaji nahradou cukerné slozky za hydroxy skupinu, nejCastéji v pozici 3 nebo 7
flavonoidniho skeletu. U C-glykosidl dochazi k navazani glykosidu pfimo na uhlikaty skelet
v pozici 6 nebo 8 [138]. Flavonoidy mizeme nalézt v zelening, ovoci, ofeSich, semenech,
kvétinach, €aji, viné atd. Jsou tedy nedilnou soucasti stravy Clovéka [139-141]. VétSina
flavonoid je barevna, a proto se také nazyvaji rostlinnymi pigmenty. Na barevnosti se
nejvice podili latky nalezejici do skupiny anthokyanin( [135, 142, 143]. V listech obsazené
flavonoidy plni ochranou funkci proti plisnim ¢ UV zafeni. Dale se v rostlinach uc€astni
procesu zahrnujici pfenos energie, bunééné dychani ¢i fotosyntézu [135].

Z predeslych odstavcl je patrné, Ze flavonoidy Ize nalézt ve velkém mnozstvi v pfirodé.
Studie popisujici vliv flavonoidi na zivé organismy poukazuje na jejich pozitivni vliv vaci
Siroké Skale nemoci [144]. Mezi nejCast8ji uvadéné pozitivni Ucinky patfi protizanétlive,
antibakterialni, antialergenni, antiviralni [135, 136, 140], ochrana pfed zménami DNA
(Stépeni DNA), kardiovaskularnim onemocnénim a ochrana bunék pfed oxidativnim stresem
[145-149]. Nicméné nejCastéji popisovanou pozitivni vlastnosti, s niz se mizeme setkat
v literatufe je antioxida¢ni plsobeni [150-154]. Napfiklad vznik Alzheimerovy nemoci je
spojovan oxidativnim stresem podobné jako rakovina a arteroskleréza [155, 156]. Oxidativni
stres je mozné popsat jako soubor reakci za vzniku volnych radikal(. Tyto velmi reaktivni
Castice vyhledavaji dalSi ¢astice s volnym elektronem pro utvofeni vazby. Timto dochazi
k vytvofeni dalSich radikald a k dalSimu poskozeni buriky [157]. Flavonoidy jsou schopny

“zhaset” tyto volné radikaly.
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Antibakterialni vlastnosti flavonoidu, jakkoli pozitivni pro Clovéka, predstavuji velky
problém pro Cinnost anaerobnich bakterii a tim snizuji efektivitu zplyfiovaciho procesu.
Materialy bohaté na flavonoidy jsou tedy obtiznéji zplynitelné. Jednim ze snadno dostupnych
zdroju rostlinnych zbytk( pro bioplynové stanice je vinafsky priimysl — matoliny, tfapiny,
sedlina po fermentaci [158] atd. Jak bylo zminé&no, hlavni analytickou metodou pouZivanou
pro sledovani procesu vyroby bioplynu je plynova chromatografie [159-163]. Melamane a kol.
sledovali pomoci plynové chromatografie uc¢innost anaerobni gasifikace materialu bohatého
na polyfenoly. Po 130 dnech anaerobni fermentace doslo k rozkladu pouze 63% z celkového
obsahu polyfenoll. Takto nizka ucinnost rozkladu téchto latek je pfisuzovana vyse
uvedenym antibakterialnim vlastnostem [163]. Na druhou stranu, nékteré novéjsi studie
popisuji, ze pfidavek polyfenolt do kapalného zbytku po fermentaci urychluje rist bakterii,
které jsou schopny rozkladat polycyklické bifenyly [164].

Vedle velkého mnozstvi studii poukazujicich na pozitivni vlastnosti flavonoidd Ize
v literatufe nalézt i zminky o jejich mutagennich a/nebo genotoxickych ucincich na bakterie
a bunky savcu [165-167]. Skibola a kol. poukazali na fakt, Ze vysoké koncentrace téchto
latek v pfirodé (uméle zvySené napf. digestatem) mohou ovlivnit aktivitu nékterych
enviromentalnich genotoxikantl (tj. sloucenin s mutagennimi a karcinogennimi ucinky)
a jejich metabolismus v zZivymi organismy [168].

V soucasné dobé existuji pouze dvé publikace popisujici osud flavonoidl v pribéhu
anaerobni gasifikace. Tyto prace sleduji a popisuji pfemény této skupiny na skupiné
standardld vybranych flavonoidt (tj. Hesperidin, Rutin, Katechin, Naringenin, Chrysin,
Luteolin, Kvercetin, Kaempferol, Kyanidin a Petunidin) za sou¢asného sledovani prubéhu
anaerobni fermentace s vyuzitim plynové chromatografie (pomér CO, a CH,4). Kapalny
zbytek byl analyzovan pomoci kapalinové chromatografie (C18 kolona) v kombinaci se

spektrofotometrickym detektorem s diodovym polem [169, 170].

2.6.1. Rozklad flavonoidt

Rozklad flavonoidu je ovlivnén fadou faktort jako je pH jejich roztokd, teplota, pfitomnost
reaktivnich forem kysliku, enzym(, cinnost bakterii, koncentrace flavonoidu, svétlo,
rozpoustédlo a pfitomnost kovovych iontd [171]. V redlnych systémech jde samoziejmé
o kombinaci vice faktorl. Patrné nejprobadanéjsi skupinou flavonoidd jsou anthokyaniny.
Prvni zminka o rozkladu anthokyaninG se objevila v praci Markakise a Livingstona z roku
1957. Autofi zde popsali dulezity krok vedouci k rozpadu molekuly - otevieni pyranového
kruhu (kruh C) a vzniku chalkonu [172]. Dal$i vyznamné prace popisujici rozklad

anthokyanint byly publikovany Hrazdinou (1971) [173], Tanchevem a lonchevou (1976)
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[174] (sledovani vlivu pH) a Adamsem (1973) [175] (sledovani vlivu teploty). Konecnymi
produkty rozkladu anthokyaninu je fenolicka kyselina (strukturné odpovidajici substituci B-
kruhu anthokyanidinu) a 2,4,6-trihydroxyfenylacetaldehyd (Obr. 6). Vznikly aldehyd neni
kone€nym rozkladnym produktem a dale dochazi ke zkraceni jeho postranniho Fetézce
o jeden wuhlik a vzniku kone¢ného produktu 2,4,6-trihydroxybenzaldehydu neboli
floroglucinladehydu [176, 177].

OH flaviliovy kation OH pH3-5 OH pH6-7
pH<2 bezbarvy fialové zbarveni
cervené zbarveni
OH
OH OH
OH 0 OH O
HO. HO
+H
—h_
~,
chalkon diketon
pH>8

Fluté zbarveni

@L ‘@mﬁ

OH karboxylova kys.
2,4,6- tl‘lhvdl‘ﬂvaenﬁ'dehvd 2,4,6-trihydroxyfenylacetaldehyd

Obr. 6. Rozklad anthokyaninud vliivem pH [177, 178].

Floroglucinaldehyd je pomérné reaktivni a muze v roztoku interagovat s fadou dalSich
sloucenin. Reaktivitu floroglucinaldehydu lze vysvétlit izomernimi a mezomernimi efekty -
v polohach ortho a para vznika parcialni kladny naboj, zatimco na kysliku v aldehydické

skupiné je parcialni zaporny naboj (Obr. 7) [179].

OH OH OH
H / n H H
HO —~——— HO — ——— HO —
o o o
OH OH OH

Floroglucinaldehyd
(2,4,6-trihydroxybenzaldehyd)

Obr. 7. Mezomerni efekty v molekule floroglucinaldehydu
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Autofi Serra a kol. studovali in-vitro rozklad flavonoidu (kvercetin, kvercetin—rhamnosid
kvercetin—rutinosid kaempferol-rutinosid, naringenin, luteolin a myricetin) vlivem bakterii
z krysi stfevni mikroflory. Ve studovanych smésich detekovali jako hlavni metabolity 3-(3,4-
dihydroxyfenyl)propionovou, 3,4-dihydroxyfenyloctovou, 3-hydroxyfenyloctovou
a fenyloctovou kyselinu. Na zakladé vzniku téchto latek bylo mozZzno navrhnout
pravdépodobnou degradacni cestu flavonoidl v anaerobnich podminkach. Na Obr. 8 je jako
priklad uvedena degradacni cesta kvercetinu. Dale byl studovan rozklad flavonoidd
bakteriemi z lidského zaZivaciho traktu. Mezi produkty rozkladu nebyly nalezeny vyse
uvedené metabolity (autofi ve vzorku nalezli vy$Si obsah kyseliny protokatechové a maly
obsah kyseliny p-hydroxybenzoové), coz poukazuje na rychly rozklad 3,4-
dihydroxyfenyloctové a p-hydroxybenzoové kyseliny [180]. Procesy rozkladu flavonoidu jsou
tedy pomérné komplikované a velmi se odviji od bakterialniho slozeni (rdzné kmeny bakterii)
kapalné ¢asti v bioplynovém reaktoru. Rozklad anthokyanin( je v souvislosti se skladovanim

a zplyfiovanim vinafského odpadu i jednim z objektu studia této disertaéni prace.

H
3-(3,4-dihydroxyfenyl)propionova kys.

. HO 3
HO! OH HO OH

- 3-hydroxyfenyloctova kys. 3,4-dihydroxyfenyloctova kys.

\ OH

2-hydroxyfenyloctova kys. wOH
HO OH
_4-hydroxyfenyloctova kys_. m protokatechova kys.

(0]
HO’LK/@ 3-methyl-4- hydroxyfenyloctova kys. HO
fenyloctova kys. b—@—

p-hydroxybenzoova kys

HO,

(o}

C

Obr. 8. Navrzeny degradacni cesta kvercetinu stfevni mikroflérou [180].

32



3. Cile diserta¢ni prace

Cile disertacni prace jsou spojeny se studiem vybranych reakci flavonoidd probihajicich

pfi skladovani vinaiského odpadu a pfi jeho anaerobni fermentaci.
Cile prace lIze shrnout do nasledujicich bodu:

e vysvétleni procest probihajicich pfi rozkladu anthokyaninG kyanidinu a malvidin-3-
glukosidu v modelovych podminkach vlivem zvySené teploty v neutralnim prostfedi (pH
7) analyzou rozkladnych produktd spojenim kapalinové chromatografie s hmotnostni

spektrometrii.

e vyvoj nano-kapalinové chromatografické metody (nano-LC) pro analyzu mustkovych
barviv vznikajicich kondenzaci katechinu s malvidin-3-glukosidem v pfitomnosti

acetaldehydu

e optimalizace anaerobni fermentace vinafského odpadu v mikroméfitku (v mikroreaktoru)

za prabézné kontroly zplyfiovani plynovou chromatografii s hmotnostni detekci.
e analyza slozeni digestatu odebraného z mikroreaktoru v rGznych fazich anaerobni

fermentace pomoci kapalinové chromatografie s hmotnostni detekci a s vyuzitim analyzy

hlavnich komponent (PCA) a ortogonalni projekce do latentnich struktur (OPLS-DA).

Nejvyznamnéjsi vysledky uvedené v této disertaéni praci byly uvefejnény ve tfech
impaktovanych [181, 182, 190] a jedné recenzované publikaci [27].
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4. Experimentalni ¢ast
4.1. Chemikalie

Standardy fenolickych kyselin (protokatechova, syringova, m-hydroxybenzoova, 3,5-
dihydroxybenzoova, benzoova kyselina), aromatickych aldehydd (floroglucinaldehyd,
p-hydroxybenzaldehyd) a flavonoidd (kyanidin chlorid, malvidin-3-glukosid, malvidin-3-
galaktosid, (+)-katechin, kvercetin) byly zakoupeny od firmy Sigma-Aldrich (St. Louis, MO,
USA). VSechny standardy byly v HPLC C(istoté (299,0%). Deionizovana voda byla ziskana
z dvoustupriové deionizacni stanice Millipore Direct Q UV (Millipore S.A.S, Molsheim,
Francie). Pro pfipravu mobilni faze a roztoku standardu byl pouzivan methanol a acetonitril
(gradient grade, BIOSOLVE, Valkensward, Nizozemi; gradient grade, MALINCKRODT
BAKER, Derenter, Nizozemi; gradient grade, Carlo Erba, Milano, ltalie). Acetaldehyd byl
zakoupen od firmy Merck (Hohenbrunn, Némecko), kyselina octova (99,8%), kyselina
mravenCi (99%) a kyselina ftrifluoroctova od firmy Sigma-Aldrich, hydroxid sodny (p.a.)

a dihydrogenfosforeénan sodny (p.a.) od Penta s.r.o. (Praha, Ceska republika).

4.2. Pristroje a vybaveni

4.2.1. Kapalinovy chromatograf a hmotnostni spektrometr

Experimenty pro analyzu rozkladnych produktt anthokyanin( a latek v reakéni smési po
anaerobni fermentaci byly provadény s vyuzitim kapalinového chromatografu Acquity UPLC
(Waters, Milford, USA). Vzorek byl davkovan pomoci autosampleru v modu fulloop (10 pl).
Systém je vybaven UV/VIS detektorem s diodovym polem. Pro analyzu byla pouzita kolona
Ascentis Express C18 (100 x 2,1 mm, dp = 2,7 ym (tloustka porézni vrstvy 0,5 ym), Sigma-
Aldrich). Pro detekci a identifikaci byl pouzit vysokorozliSujici tandemovy hmotnostni
spektrometr Q-TOF Premier (Waters, USA) s ionizaci elektrosprejem (Z-sprej). Parametry
mefeni byly nasledujici: sprejovaci napétibylo 2,5 kV v pozitivnim i negativnim mddu
(analyza smési po anaerobni fermentaci v pozitivnim modu a rozkladné produkty
anthokyanind v negativnim), teplota zdroje 120°C, napéti na sampling cone 30 V,
desolvata¢ni teplota 150°C, prutok cone gas 50 L.h™' a pritok desolvata¢niho plynu 400 L.h".
Jako desolvacni plyn byl pouZit dusik a jako kolizni plyn argon. Experimenty byly provedeny
pomoci MSE médu bez diskriminace iont nebo jejich predvybéru (stfidani MS skenu s nizsi
kolizni energii (5 eV) a skenu s vysSi kolizni energii (rampa kolizni energie 10-30 eV)). Pro
detailni studium fragmentace byly analyzy dopinény MS/MS experimenty.

Fragmentacni experimenty byly provedeny pomoci spojeni kapalinového chromatografu

Acquity UPLC systému (Waters) s vysokorozliSujicim tandemovych hmotnostnim
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spektrometrem Synapt G2-S (Waters). Parametry ionizace elektrosprejem byly stejné jako
pro hmotnostni spektrometr Q-TOF premier. MS/MS experimenty byly provadény s riznou
kolizni energii vkladanou na kolizni cely Trap nebo Transfer (typ pouZzité kolizni cely a kolizni
energie jsou uvedeny u prislusného spektra).

Pfi studiu vlivu anaerobni fermentace na flavonoidni latky bylo pouZito rovnéz spojeni
Acquity UPLC systému s hmotnostnim spektrometrem s analyzatorem typu trojitého
kvadrupdélu XEVO-TQD (Waters). Méfeni bylo provadéno v rezimu sledovani vice
fragmentaCnich procesli soufasné (multireaction monitoring, MRM). Sledované MRM
pfechody byly 305 — 127, 305 — 139, 305 — 151 a 305 — 153 s nasledujicimi parametry:
ionizace elektrosprejem (pozitivni méd), napéti na kapilafe 3,7 kV, desolvatacni teplota
200°C, teplota desolvata¢niho plynu 650 L.h", LM rozlieni 10,9, HM rozlieni 15,5, napéti
na sampling cone 60 V, kolizni energie 15 eV.

Pro analyzu latek vznikajicich kondenzaci flavonoid byl pouzit konvenéni vysokoucinny
kapalinovy chromatograf HPLC Smartline (Knauer, Germany) vybaveny kolonou
Chromsphere C18 (100 x 4,6 mm, 3 um, Agilent Technologies, Santa Clara, CA, USA)
a Kinetex 2,6 ym C18 100A (100 x 2,1 mm, dp = 2,6 uym (porézni vrstva 0,5 um),
Phenomenex, USA). Davkovany objem byl v optimalizovanych podminkach 5 uL a pfi
experimentech srovnavanych s nano-LC metodou 88 uL. Pro kontrolu slozeni reakéni smési
pfi syntéze mustkovych latek a jejich Cistoty byl pouzit kapalinovy chromatograf UPLC
Acquity ve spojeni s hmotnostnim spektrometrem Q-TOF Premier (Waters, Milford, USA).

Parametry nastaveni hmotnostniho spektrometru jsou uvedeny vyse.

4.2.2 Nano-kapalinovy chromatograf s UV detekci
Nano-LC experimenty byly provedeny pomoci pfistroje slozeného z konvenéni pumpy
Spectra System P2000 a detektoru Spectra System UV1000 (Separation Products, San
Jose, CA, USA). Jako reservoar mobilni faze byl pouzit modifikovany nastfikovy Sesticestny
ventil (Enantiosep GmbH, Minster, Némecko) se smyckou 50 pL. Pro nastfik vzorku byl
pouzit nano-nastfikovy ventil (100 nL) (VICI Valco, Houston, TX, USA). Reservoar mobilni
faze a nastfikovy ventil byly navzajem propojeny pomoci T-spojky kfiemennou kapilarou (50
um x 11 cm). Pro redukci pritoku z pL.min"' na nL.min"" byl pratok splitovan. LC pumpa byla
napojena na T-spojku pomoci kapilary z polyetheretherketonu (PEEK) (50 cm x 130 pum).
Druhy vystup z T-spojky byl napojen na reservoar mobilni faze kapilarou z nerezové oceli
o rozmérech 50 cm x 50 ym i.d. a na tfeti vyvod z T-spojky byla pfipojena kfiemenna kapilara
o rozmérech 7 cm x 500 uym i.d. (odpad). Zjednodusené schéma zapojeni nano-LC systému
je zobrazeno na Obr. 9. Pro separace byla pouzita laboratorné naplnéna kapilarni
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chromatografickd kolona (100 pm id., 375 o.d.) s rlznym typem stacionarni faze
(podrobnosti jsou uvedeny nize v kapitole 4.4.2) a komeréné dostupna kapilarni monoliticka
kolona Chromolith CapRod FR (150 mm x 100 ym i.d.) od firmy Merck (Merck, Darmstadt,
Némecko). Chromatograficka kolona byla pfimo napojena na nano-nastfikovy ventil. Data
byla zaznamenavana pomoci softwaru ChromQuest (Thermo Fischer Scientific, Waltham,

USA). UV detekce byla provadéna pfi vinové délce 205 nm.

Pumpa
T-spojka nanokolona
T-spojka Detektor
2/3
4 ra v s
Mobilni faze "6 5 w  Nanonastfikovy
. ventil
Sesticestny
til
venti Wow

Obr. 9. Schéma zapojeni nanokapalinového chromatografu (W — odpad) [181].

4.2.3. Kontrola podminek anaerobni digesce pomoci plynového chromatografu

Slozeni plynné faze v horni €asti reaktoru bylo analyzovano pomoci spojeni plynového
chromatografu Agilent 789A (Agilent Technologies, Santa Clara, CA, USA) s hmotnostnim
spektrometrem Agilent 5975C (Agilent Technologies). Podminky méfeni byly nastaveny
nasledovné: pocatec¢ni teplota 70°C; teplotni gradient: 0-5 min (70°C), 5-16,33 min (70-
240°C), 16,33-20,33 min. (240-300°C), 20,33-25,33 min. (300°C); nastfik metodou splitless,
nastfikovy objem 2 pL; kolona Zebron ZB-5ms (5%-phenyl-arylen-95% dimethylpolysiloxan);
plyn: helium; pritok 0,9 mL.min"'; MS skenovaci rozsah 12-120 Da; ionizace elektronem;
ionizacni energie 70 eV. Kvantifikace plynnych slozek byla provadéna metodou vnitini

normalizace.

4.2.4. NMR experimenty

Pro identifikaci latek  vznikajicich  rozkladem anthokyanind  (kondenzace
floroglucinaldehydu) a  ovéfeni  struktury  syntetizovaného standardu 1,3,5,7-
tetrahydroxyantrachinonu (antrachrysenu) byl pouzit pfistroj pro nuklearni magnetickou
rezonanci VNMRS-400 (Varian, Palo Alto, USA). 1D spektra byla zaznamenana pfi frekvenci
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399,89 MHz ('H) a 100,56 MHz (C). Pro identifikaci pfipravenych mustkovych
anthokyaninovych barviv byl pouZzit pfistroj JEOL ECA-500 (Jeol, Peabody, USA). 1D a 2D
NMR spektra byla zaznamenana pfi frekvenci 500,16 MHz ('H) a 125,76 MHz (**C). Pro 2D
experimenty byly pouZity nasledujici parametry méfeni: HMQC (J-constant = 140 Hz); HMBC
(J-constant max = 163 Hz, J-constant min = 128 Hz, rozsah J = 8 Hz); a ROESY (Cas
michani = 0,25 ms). U v8ech experimentl byl pouzit relaxacni €as 1,5s. Vzorky byly
rozpustény v denaturovaném methanolu (CD3zOD) a kyseliné trifluoroctové v poméru 98:2
(v/v). Namérena spektra jsou uvedena v pfilohach 1-4.

Reakce mezi malvidin-3-glukosidem, katechinem a acetaldehydem a detailni popis
struktury vznikajicich produktl jiz byly popsany v publikaci [183]. | pfes men§i mnozstvi
ziskanych frakci a horsi Cistotu izolované frakce 1 (latka C), bylo mozné pomoci NMR

experimentl a porovnani s literaturou potvrdit identitu vzniklych mustkovych latek.

4.2.5. Ostatni laboratorni vybaveni

Pro pfipravu roztoku standardu byly vyuzity analytické vahy Sartorius (Sartorius AG,
Goettingen, Némecko). K méfeni pH roztoku byl pouzit pH metr InoLab (WTW, Praha, Ceska
republika). Odplynéni a dodatecné rozpusténi latek bylo provedeno pomoci ultrazvukové

lazné Elma, S 40 H, Elmasonic (EIma Hans Schmidbauer, Singen, Némecko).

4.3. Studium rozkladu anthokyanin
4.3.1. Priprava mobilni faze a optimalizace retence

Jako mobilni faze A byla pouZita deionizovana voda okyselena 0,1 % kyselinou mravenci
(v/v) a jako mobilni faze B methanol okyseleny 0,1% kys. mravenci (v/v). Pratok mobilni faze
byl nastaven na 0,35 ml.min™". Profil gradientu byl pfevzat z pfedchozi prace autora [178]
a byl pfepocitan z HPLC na UPLC experiment pro zkraceni doby analyzy (% v/v; 0-4,28 min
(20% B), 4,28-7,85 min (20-60% B), 7,85-13,56 min (60% B), 13,56-14,99 min (60-20% B)
a 14,99-22,13 min (20% B)).

4.3.2. Priprava vzorkl

Modelové roztoky anthokyaninl a floroglucinaldehydu byly pfipraveny rozpusténim 0,5
mg kazdého standardu (kyanidin chlorid, malvidin-3-galaktosid a floroglucinaldehyd) v 1 mi
methanolu. Po odfoukani rozpoustédla proudem dusiku byly jednotlivé frakce rozpustény
v5 mL 0,5 M fosfatového pufru o pH = 7,0. Takto pfipravené roztoky byly rozdéleny na

5 ¢asti do krimpovacich vialek, které byly nasledné umistény do susarny nastavené na 95°C.
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Vzorky byly postupné odebirany v ¢asovych intervalech 0, 1, 4, 8 a 24 hodin a po ochlazeni
ihned méfeny pomoci UPLC-DAD-MS.

4.3.3. Syntéza standardu anthrachrysenu

Anthrachrysen (1,3,5,7 — tetrahydroxyanthrachinon) byl pfipraven pomoci modifikované
metody autorl Briggse a Nichollse z roku 1951 [184]. 1 g kyseliny m-hydroxybenzoové
a 1,1 g kyseliny 3,5-dihydroxybenzoové byl zahfivan spoleéné s 3,9 mL koncentrované
kyseliny sirové po dobu 1 hodiny na 100°C. Druhy den byl roztok zahfat na 10 minut a poté
vlit do 65 mL vafici vody. Vznikla zelena srazenina byla odfiltrovana a rozpusténa ve vodném
roztoku NaOH. Po zahfati roztoku NaOH byl tento roztok smichan s horkym roztokem ledové
kyseliny octové za vzniku srazeniny. SraZenina byla rozpusténa v acetonu a separovana
pomoci sloupcové chromatografie pro izolaci oranZzového pasu (Obr. 10). Jako stacionarni

faze byl pouzit silikagel.

Obr. 10. Separace anthrachrysenu pomoci sloupcové chromatografie

4.4. Studium kondenzace flavonoidi
4.4.1. Priprava reakéni smési, frakcionace reakénich produktt a priprava
extraktu z vyliskl z ¢ervenych hrozn

Reakéni smés byla pfipravena smichanim (+)-katechinu a malvidin-3-glukosidu
(oba 1 mmol) ve 4 ml vody. Poté bylo pfidano 0,86 ul kyseliny mravenci, 2,24 pl
acetaldehydu a 1 ml methanolu a vznikla smés byla dikladné promichana. Reakéni proces
a vzniklé produkty byly kontrolovany pomoci HPLC/DAD/ESI-MS. Nejvy$si koncentrace
reakénich produktd byla nalezena po 8 dnech reakce. Purifikace reakénich produktd byla
provadéna pomoci HPLC systému Smartline (Knauer, Némecko) vybaveného semi-
preparativni core-shell kolonou Ascentis C18 (250 x 10 mm; 5 um; tloustka porézni vrstvy

0,5 um, Supelco, USA). Nastfikovy objem reakéni smési byl 1 ml.
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Vylisky ervenych hroznd (RGM) byly poskytnuty doc. Josefem Balikem, Ph.D. z Ustavu
poskliziiové technologie zahradnickych produktd, Zahradnické fakulty, Mendelovy univerzity
v Brné. Surovy material byl lyofilizovan a uskladnén v mrazicim boxu. 250 mg lyofilizovaného
materialu bylo extrahovano 1 mL 0,1% kyseliny mravenc¢i v methanolu po dobu 10 minut
v ultrazvukové lazni za laboratorni teploty. Extrakt byl nasledné centrifugovan pfi 14 000
otackach za minutu po dobu 5 minut. 0,5 mL organické faze bylo 8x zfedéno mobilni fazi
(0,1 % TFA ve smési 80:20 voda:acetonitril, v/iv/iv). Pro identifikaci byla k tomuto vzorku
pfidana modelova smés studovanych latek (finalni koncentrace reakénich produktl ve smési

byla pfiblizné 10 mg.L™).

4.4.2. Priprava kapilarnich kolon

Kfemenné kapilarni kolony 100 ym i.d., 375 o.d. (Composite Metal Services, Hallow,
Velka Britanie) byly plnény pomoci LC pumpy (Perkin-Elmer series 10 LC pump, Paolo Alto,
CA, USA) 3 pm ¢asticemi stacionamni faze Chromosphere C18 (Varian, Palo Alto, CA, USA)
a 2,6 uym povrchové poréznimi Casticemi stacionarni faze Kinetex® C18 (Phenomenex,
Torrance, CA, USA). Detailni postup pfipravy kapilarnich kolon je popsan v publikaci [181].
Na konec plnéné kapilary byla pfipojena mechanicka frita a druhy konec byl napojen na
HPLC predkolonu, ktera slouzila jako reservoar stacionarni faze (SF), ktera je nasledné
pumpovana do kapilary. Po konci plnéni byla kapilara promyta destilovanou vodou pro
odstranéni plnici kapaliny (methanol). Poté byla vytvofena poc¢atecni a kone¢na permanentni
frita sintrovanim stacionarni faze po dobu 6s pfi 700°C pomoci zhaviciho vlakna. Detek&ni
okénko o délce 0,5 cm bylo pfipraveno seSkrabanim polyimidové vrstvy Ziletkou.

Pfiprava kapilarmi kolony plnéné povrchové poréznimi Casticemi Kinetex probihala
odlisné. Kapilarni kolona byla opét napojena na mechanickou fritu a konec kapilary byl
napinén (v délce cca 10 cm) 5 pym &asticemi LiChrospher 100 RP-C18 (suspenze v acetonu).
Kolona byla poté promyta destilovanou vodou a byla vytvofena prvni permanentni frita. Po
odstranéni mechanické frity byl vymyt zbytek stacionarni faze acetonem a kapilara byla
naplnéna povrchové poréznimi ¢asticemi Kinetex C18 (25 cm) a poté dalSimi 5 cm SF
LiChrospher 100 RP-C18 5 um. Druha koncova permanetni frita byla pfipravena stejnym
zplGsobem, jak je uvedeno vyse. Nadbyteéna SF byla vymyta z kapilary. Castice stacionami
faze LiChrospher tvofi v kapilafe stacionarni zény dlouhé pouze par milimetra - dvé frity (cca
2-3 mm). Davodem pouziti ¢astic LiChrosphere je Spatné sintrovani povrchové poréznich
Castic, které znemoznuje vytvoreni kvalitnich frit z povrchové porézniho silikagelu. VSechny
kolony byly plnény na délku 25 cm. Efektivni délka kolon byla 27 cm pro pIné porézni SF

a 32 cm pro povrchové porézni SF.
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4.5. Anaerobni fermentace vinarského odpadu
4.5.1. Priprava vzorku

Vzorek vepfove kejdy (PS) byl poskytnut Kvétoslavem Mickem ze spoleCnosti Cervus
s.r.o. (Olomouc). PS byla pfimo vzorkovana ze zemédélské bioplynové stanice v Bilové-
Pustéjové a ihned zmrazena. Ve zmrazeném stavu byla skladovana az do doby anaerobnich
experimentl. Vepfova kejda je charakterizovana jako smés kapalnych a pevnych
exkrementl prasat. SuSina se pohybuje v rozmezi 6-8% a obsah ¢astic pod 3 mm je okolo
69% a Castic nad 5 mm 11%. Hustota tohoto materidlu se pohybuje v rozmezi 980-1020
kg.m? a hodnota pH okolo 8. Mnozstvi organickych latek v roztoku je 72-78% a pomér
organickych latek obsahuijici uhlik a dusik je 10:1 [185].

Pfedbézné experimenty byly provedeny na roztocich pfipravenych smichanim PS, RGM,
vody, 1 mg.mL™" roztok methanogenich bakterii APD BIO GAS (MetBac; BAKTOMA s.r.o.,
Velka Bystfice) a 29,8 g.L" roztok thioglykolatového media (TGM; NEOGEN, Lansing, MI,
USA) ve 4 ml sklenénych vialkach opatfenych kvasnou zatkou a headspace vickem se
septem tvofenym polytetrafluorethylenovou a gumovou vrstvou v rizném pomeéru: A. 200 mg
RGM + 2 mL vody; B. 100 mg RGM + 450 mg PS + 2 mL vody; C. 200 mg RGM + 2 mL vody
+ 1uL MetBac; D. 100 mg RGM + 450 mg PS + 2 mL vody + 1uL MetBac; E. 200 mg RGM +
2 mL TGM + 1uL MetBac; F. 100 mg RGM + 450 mg PS + 2 mL TGM + 1uL MetBac.

Vzorkovani vnitini atmosféry bylo provadéno pomoci 2,5 mL stifikacky Hamilton Gastight
no. 1002 s ostrou jehlou (vzorkovaci objem 1,5 mL; Hamilton, Reno, NV, USA). Dalsi
optimalizace anaerobni fermentace byla provadéna v roztocich o riznych pomérech PS
a RGM (tj. 750:50 mg, 500:50 mg, 250:50 mg, 100:50 mg a 50:50 mg) ve 2 ml deionizované
vody ve 4 ml headspace vialkach. Do vSech vzork(li byl pfidan hydroxid amonny pro
dosahnuti finalni koncentrace 0,254, 0,191, 0,127 a 0,064 mol L.

Po nalezeni optimalnich podminek pro anaerobni fermentaci (optimalizace slozeni smési
a jeho pH) byly pfipraveny tfi samostatné vzorky smichanim 14 g PS, 1 g RGM a 40 ml
deionizované vody v 60 ml vialkach (anaerobni mikro-reaktor, AMF, 139 x 27 mm).
Vzorkovani vnitini atmosféry AMF bylo provadéno stejnym postupem, jak je uvedeno vyse.
Kapalna ¢ast reaktoru byla vzorkovana pomoci 5 mL plastové stfikacky s dlouhou ostrou
jehlou pro dosazeni kapalné ¢asti ve fermentoru (15 cm, pokazdé bylo vzorkovano 2 mL).
Referencni vzorek byl tvofen 14 g PS a 40 ml deionizované vody. pH referenéniho vzorku
bylo stejné jako pH smési PS-RGM (lii se pouze v pfidavku 0,127 umol.L"" NH,OH; pH se
[i5i méné nez o 10%). VSechny vzorky byly probublavany po dobu 10 minut dusikem pro
odstranéni kysliku a nastoleni anaerobnich podminek. Vzorky byly termostatovany na

35+ 1°C.
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1,5 mL kapalné &asti z kazdého vzorku (PS-RGM nebo PS) bylo smichano s 0,75 mL
5% vodného roztoku kyseliny mravendi (v/v). Smés byla centrifugovana po dobu 5 minut pfi
14 000 otackach za minutu (surovy vzorek). Poté byly 2 ml supernatantu surového vzorku
naneseny na SPE kolonku Strata SDB-L (Styren-Divinyl Benzen kopolymer; Phenomenex,
Torrance, CA, USA). Kolonka byla pfed nadavkovanim vzorku kondicionovana 2 mL
methanolu a poté promyta 2 mL vodou a 2 mL 5% vodnym roztokem kyseliny mravenci (v/v).
Po naneseni vzorku byly vysoce polarni latky a anorganické soli vymyty 2 mL 5% vodného
roztoku kyseliny mravenéi (v/v). Poté byl vzorek eluovan 3 mL methanolu a vysuSen
proudem dusiku. VysuSeny vzorek byl uskladnén v hlubokomrazicim boxu (-80°C). Pfed
analyzou LC/MS byly vzorky ponechany pfi laboratorni teploté po dobu 10 minut a poté

rozpustény v 1 mL 0,1% (v/v) kyseliné mravenci.

4.5.2. Priprava mobilni faze

Mobilni faze pro analyzu flavonoidnich latek po anaerobni pfeméné se skladala z 0,1%
(v/v) kyseliny mravenci ve vodé (mobilni faze, MF A) a 0,1% (v/v) kyseliny mravenci
v acetonitrilu (MF B). Analyza probihala v gradientu (% v/v): 0-5 min (10% B), 5-40 min (10-
100% B), 40-50 min (100% B), 50-55 min (100-10% B) and 55-60 min (10% B). Posledni
dva kroky slouzi ke kondicionaci chromatografické kolony. Prutok mobilni faze byl

0,35 mL.min"", teplota autosampleru 10°C a kolona byla termostatovana na 25°C.

4.5.3. Pouzity software a statistické vyhodnocovani dat

Rizeni LC/MS systému a sbér dat byl provadén pomoci softwaru MassLynx (verze 4.1).
Ziskana LC/MS data byla zpracovana programem MarkerLynx XS, softwarovou nadstavbou
MassLynxu, ktera umozhuje jejich pfevedeni na datovou matici pro nasledné statistické
zpracovani. Parametry metody byly nasledujici: rozsah retencnich ¢ast 0,5-60 min., rozsah
m/z hodnot 100-1000 Da, odchylka 0,05 Da, hladina eliminace Sumu 2, povoleno
deizotopovani hmot. Zpracovana data byla nasledné prevedena do modulu Extended
statistics, EZinfo (Umetrics, Malmé, Svédsko) a studovana pomoci analyzy hlavnich
komponent (PCA) a ortogonalni projekce do latentnich struktur (OPLS-DA) s Pareto
Skalovanim a logaritmickou transformaci dat. Pro interpretaci dat byly vystupy zobrazeny ve

formé pfislusnych graft (Score a Loadings plot, biplot a S-plot).
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5. Vysledky a diskuze

5.1. Studium rozkladu anthokyanint
5.1.1. Modelové roztoky anthokyaninu a floroglucinaldehydu

Odpad pochazejici z vyroby Cervenych vin obsahuje velké mnozstvi flavonoidu véetné
anthokyanini. Chovani téchto latek je velmi zavislé na pH, coz bylo blize popsano
v teoretické Casti. V této kapitole budou diskutovany experimenty rozkladu anthokyanin
(kyanidinu a malvidin-3-galaktosidu) a floroglucinaldehydu (PGA) pfi pH 7 (optimalni hodnota
pH pro anaerobni fermentaci) za zvySené teploty (95°C) pro urychleni procesu transformace.
Vliv pH na fermentaci bude diskutovan v kapitole Anaerobni fermentace vinarského odpadu.

V roztocich anthokyanint dochazelo k jejich rychlému rozkladu a po jedné hodiné nebyl
ani v jednom pfipadé detekovan signal vychozi latky (tj. m/z 285,04 pro kyanidin (Cy) a m/z
491,16 pro malvidin-3-galaktosid (Mv3gl), pfi negativni ionizaci). Rychly rozklad byl také
pozorovan u vznikajicich fenolickych kyselin (pro Cy kyselina protokatechova a pro Mv3g|
kyselina syringova) a floroglucinaldehydu. V obou pfipadech obsah fenolickych kyselin
dosahl svého maxima po 1 hodiné zahfivani a néasledné jejich obsah prudce klesal.
U kyseliny protokatechové doslo k celkovému rozkladu po 4 hodinach a u kyseliny syringové
po 24h. Floroglucinaldehyd nebyl detekovan v zZadném roztoku. Moznym vysvétlenim je
nasledna reakce floroglucinaldehydu a tvorba novych slouéenin, které se ovSem v pribéhu
experimentl (napf. vlivem zmeény sloZeni roztoku) rozpadaji opét za vzniku
floroglucinaldehydu. Proto byla provedena série experimentl sledujici chovani samotného
floroglucinaldehydu v roztoku o pH 7 a teploté 95°C.

NejvyraznéjSi zména byla pozorovana po 1 hodiné zahfivani, kdy signal
floroglucinaldehydu poklesl z vychoziho hodnoty o 93,56%. Po 4 hodinach zahfivani byla
v odpovidajicim rekonstruovaném chromatogramu patrna pouze stopa floroglucinaldehydu
(0,15% z puvodni koncentrace). Dulezitym momentem bylo nalezeni tfi latek s m/z 243,0324,
271,0255 a 271,0276. Na Obr. 11. je zobrazen rekonstruovany chromatogram téchto tfi latek
ziskany analyzou roztoku floroglucinaldehydu po jedné hodiné zahfivani v roztoku o pH 7.
Nutno zminit, ze tyto latky se vyskytuji také v ¢asu Oh a po jedné hodiné se jejich obsah
zvySil o zhruba 85% (obsah latky m/z 243,0324 se zvySil o 85,0%, latky m/z 271,0255
0 93,7% a latky s m/z 271,0276 o 79,2% oproti pivodni koncentraci v roztoku). To poukazuje
na fakt, Ze uvedené procesy pfemén anthokyanini a floroglucinaldehydu bézi pomérné
rychle uz od pocatku experimentu. DalSim zahfivanim jiz dochazelo ke snizeni obsahu
téchto latek. Po 4 hodinach jiz v roztoku nebyl nalezen pik latky s m/z 271,0255 eluujici
v Case 8,26 min. a obsahy dalSich latek se snizily na 5 % (pro m/z 243,0324) a 8,3% (pro

m/z 271,0276) jejich maximalniho obsahu.
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Obr. 11. Rekonstruovany chromatogram latek s m/z 243,03 (a.); 271,03 (b.) a 271,03 (c.) v roztoku
o pH 7 po 1 hodiné rozkladu floroglucinaldehydu

5.1.2. Identifikace neznamych latek vznikajicich rozkladem floroglucinaldehydu

Pfi identifikaci jsme se zaméfili na tfi latky s m/z 243,0324, 271,0255 a 271,0276.
VSechny ftfi latky absorbuji ve viditelné oblasti spektra a jsou tedy barevné (absorbancni
maxima pro tyto latky jsou v rozmezi vinovych délek 444-487 nm; méfeno na UV detektoru
s rozsahem 200-500 nm). Barvu vznikajicich latek ukazuje Obr. 12. Jednim z moznych
vysveétleni vzniku barevnych produktt reakci floroglucinaldehydu je jeho kondenzace za
vzniku derivatt anthrachinonu. O anthrachinonech je znamo, Ze jsou barevné a nemaji
negativni vliv na lidsky organismus [186]. Pouze pfi vy$Sich Castych davkach muaze dojit
melanéze (zbarveni) tlustého stieva [187]. Na moznost vzniku tetrahydroxyanthrachinonu
poukazuje také reaktivnost molekuly floroglucinaldehydu uvedené v teoretické Casti
v kapitole 2.6.1. Na Obr. 13. je znazornéno schéma reakce dvou molekul floroglucinaldehydu

za vytvoreni 1,3,5,7-tetrahydoxyanthrachinonu.
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Obr. 12. Srovnani vzorku v ¢ase 0 a 1 hodina rozkladu v roztoku o pH 7 pfi 95°C
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Obr. 13. Schéma reakce 1,3,5,7-tetrahydroxyanthrachinonu a nasledného vzniku latky
s m/z 243,03

Identifikace téchto produktl byla zalozena na LC/HRMS? experimentech Odchylky
méfenych hodnot m/z od teoreticky vypocitanych jsou pro tetrahydroxyanthrachinon malé
(0,7 a 2,8 mDa). Rodi¢ovsky ion latky s hodnotou m/z 243,0324 je o 27,9933 Da nizSi (oproti
m/z hodnoté prvné eluujiciho derivatu anthrachinonud). Tato diference odpovida ztraté jedné
molekuly CO, mlze tedy jit o dekarboxylaci nékterého z izomerd s hodnotou m/z 271.
Odchylka méfené hodnoty m/z navrzeného dekarboxylaéniho produktu latky je 2,5 mDa. Na

Obr. 14A-B je porovnani retenéniho profilu laboratorné pfipraveného anthrachrysenu
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s neznamymi latkami s m/z 271,03. Z obrazku je patrné, Ze standard ma stejny elucni profil
jako latka, ktera eluuje v ¢ase 9,67. Pfi porovnani fragmentacnich spekter syntetizovaného
standardu anthrachrysenu a neznamych latek (Obr. 14C-E) byla pozorovana shoda
v ur€itych fragmentech, tj. 243,0389, 225,0243 a 199,0385. Tyto fragmenty odpovidaji
postupnym ztratam dvou molekul CO, molekuly vody a atomu kysliku (Tab.3.). Ztrata atomu
kysliku je v negativnim ionizaChim médu celkem neobvykla. Nicméné stejné fragmenty
pozorovali také autofi Stodulova a kol. pfi fragmentaci 1,3,5,7-tetrahydroxyanthrachinonu
(struktura identifikovana pomoci NMR [188]) s vyuzitim iontové cyklotronové rezonance
s Fourierovou transformaci [189]. Diky shodé profili spekter standardu (STD) s neznamymi
latkami a literaturou mizeme predpokladat, Zze se jedna o 1,3,5,7-tetrahydroxyanthrachinon
pfipadné o jeho izomery.

Vychazime-li z pfedpokladu, ze méfené vzorky maiji stejnou molekulovou hmotu jako
standard, tak podle vodikového (NMR) spektra by se mohlo jednat o 1,3,5,7-
tetrahydroxyanthrachinon a/nebo 2,3,6,7-tetrahydroxyanthrachinon. Ackoli se vznikajici
anthrachinonova barviva ve studovanych smésich vzhledem Kk jejich malé koncentraci
podafilo potvrdit NMR méfenim pouze Casteéné, je identifikace pomoci LC/MS pomérné
presvédciva (shodny retenéni Cas a velmi podobné UV spektrum pofizené DAD detektorem,
velmi blizké hodnoty m/z rodiCovskych iontl i pfitomnost stejnych fragmentd v MS/MS

spektru, shoda s jiz publikovanymi vysledky [188, 189]).

Tab.3. Vyznamné fragmenty nalezené fragmentaci neznamych latek s m/z 271,02

Fragmenty
. ) nalezené v Sumarni
RT (min) [M-H] MS/MS vzZorec dtm (mDa)

spektrech

8,24 271,0307 243,0368 C13H70O5" -7,5

225,0237 C13HsO4 -4,9

199,0440 C12H703 -4,5

9,68 271,0240 243,0337 C13H70Os5" -4,4

225,0182 C13HsO4 0,6

199,0454 C12H703 -5,9

RT — retencéni ¢as; dtm — odchylka od teoretické hmoty
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Obr. 14. Rekonstruované chromatogramy pro latku s m/z 271,03
(A — STD; B — neznamé latky s m/z 271,0255 (a.); 271,0276 (b.)) a fragmentacni spektra standardu
(C) a neznamych latek (D, m/z 271,0255, RT 8,24 a E, 271,0276, RT 9,68)

Vysledky studia pfemén anthokyanind, floroglucinaldehydu a analyza nové vznikajicich

anthrachinonovych barviv byly publikovany v Chemickych Listech [190] a prezentovany na

konferencich formou postert [191, 192].
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5.2. Studium kondenzace flavonoidu

PFfi zpracovani cervenych hroznd révy vinné dochazi k chemickym pfeménam
anthokyaninovych barviv a dalSich flavonoidnich latek a vzniku novych strukturné slozitéjSich
molekul. Jde o dlouhodobé velmi zevrubné studovanou a pozorné sledovanou problematiku
[193, 194] zejména ze dvou duvodl: 1. vznikajici kondenzované barviva vyraznym
zpusobem méni senzorické vlastnosti vina, pfipadné dalSich vyrabénych produktl a 2.
vlastnosti téchto latek a jejich uc€inek na lidsky organismus a Zivotni prostfedi jsou velmi malo
prostudovany. Zajimavou skupinou kondenzovanych barviv jsou slouéeniny, ve kterych je
molekula anthokyaninu spojena s molekulou jiného flavonoidu (napf. katechinu)
ethylidenovym mustkem. Odpovidajci produkty reakce mezi malvidin-3-glukosidem
(nejbéznéjSim anthokyaninem vyskytujicim se v €ervenych hroznech) a katechinem
v prostfedi acetaldehydu byly podrobné popsany Pissarrou a kol v roce 2005 (diastereomery
(+)-katechin-ethyl-malvidin-3-glukosidu, CeM3G) [183]. Tato kapitola se zabyva vyvojem
nano-LC metody pro separaci téchto diastereomernich latek s ohledem na jeji mozné
nasazeni pfi kontrole kondenzovanych barviv ve vinafskych produktech a vznikajicim
odpadu. Metoda byla z hlediska chromatografickych parametri porovnana s metodou
paralelné vyvinutou pro bé&znou kapalinovou chromatografii. Struktura pfipravenych latek
byla kontrolovana NMR méfenim, viz Experimentalni ¢ast a Pfilohy 5-9. Jejich struktury
ukazuje Obr. 15.

Obr. 15. Struktura diastereomerd C a D (s Cislovanim)
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5.2.1. Nano-kapalinova chromatografie

Jednim z hlavnich trendd v moderni analytické chromatografii je miniaturizace. Toto
samoziejmé také plati pro kapalinovou chromatografii (kapilarni/nano-LC systémy). Vyhody
téchto systémul tkvi pfevazné ve zmenSeni chromatografického zfedéni v koloné s &imz
souvisi vyS8Si separacni ucinnosti a rozliSeni. DalSi vyhodou je menSi spotfeba vzorku
a mobilni faze a zlepSeni kvality hmotnostnich spekter (zvySeni citlivosti) pfi spojeni
s nanoelektrosprejem. Diky témto vlastnostem je nanokapalinova chromatografie Setrna
k zivotnimu prostfedi a levna separaéni technika [181]. Prvnim ukolem pfi vyvoji nano-LC
metody byla pfiprava kapilamich chromatografickych kolon. Postup pfipravy je detailné
popsan v kapitole 4.4.2. Mezi nejCastéji pouzivané sorbenty ve vysokoucinné kapalinové
chromatografii a miniaturizovanych technikach patfi plné porézni sorbenty. Prvni separace
byly provedeny s 250 mm dlouhou kapilarni kolonou pInénou stacionarni fazi Chromosphere
C18 s velikosti ¢astic 3 um. Byla sledovana separace obou diastereomerti CeM3G a jejich
prekurzord (malvidin-3-glukosid a katechin). Byl prostudovan vliv sloZzeni mobilni faze na
retenci a selektivitu sledovanych analytu pfi izokratické separaci. S ohledem na potencialni
propojeni nano-LC techniky s hmotnostnim spektrometrem byly pro separace pouzivany
tékavé mobilni faze. Mobilni faze byly pfipraveny smichanim vody, acetonitrilu (ACN)
a trifluoroctové kyseliny (TFA).

V souladu s nepolarnim charakterem stacionarni faze dochazelo se zvySujicim se
podilem vody v mobilni fazi k vyraznému zlep$eni rozliSeni analytd (Obr. 16). Pfi pouziti
mobilni faze (MF) skladajici se ze smési voda:ACN (80:20) okyselené 0,1% TFA (v/viv)
doslo k oddéleni v§ech sledovanych analytu (reaktanty - A,B; reakéni produkty - C,D). Dobré
ucinnosti  chromatografickych pikd anthokyaninovych barviv je dosazeno v kyselych
mobilnich fazich (pH < 2), coz je v souladu s dfive publikovanymi separacemi [195]. Pro
nasledujici experimenty byla pouzita mobilni faze s mirné upravenym pomérem voda:ACN
(79:21) s 0,1% TFA (v/v/v) umoznujicim provedeni analyzy za 12,5 min pfi zachovani

dostate¢ného rozliSeni vSech sledovanych analytu.
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Obr. 16. Separace reakéni smési pfi pouziti MF s rliznym pomérem voda:ACN
25 cm kapilarni kolona (100 um id) pinéna SF Chromosphere C18; mobilni faze voda:ACN: a. 50:50;
b. 60:40; c. 70:30; d. 80:20, vSechny okyseleny 0,1% TFA (v/v/v); A. (+)-katechin; B. malvidin-3-
glukosid; C. a D. CeM3G diastereomery. VloZzeny obrazek zobrazuje graf rozliseni kritickych pard pri

rtzném slozeni MF.

Vliv mnozstvi TFA v mobilni fazi byl také sledovan (Obr. 17). NejrychlejSi separace byla
ziskana pfi okyseleni mobilni faze 0,4% TFA (méné nez 13 min) z ddvodu posunuti
rovnovahy (flavyliovy kation/karbinol pseudobaze) smérem k flavyliovému kationtu (vy$Si
polarita). Nicméné takto vysoka koncentrace TFA mulze poskodit chromatografickou kolonu
(hydrolyza navazanych oktadecylovych fetézcu). Proto bylo s touto mobilni fazi provedeno
jen malé mnozstvi experimentl. Mobilni faze byla nasledné peclivé vymyta a stav kolony byl
kontrolovan sledovanim retence a ucinnosti pikdl v mobilnich fazich s niz§i koncentraci TFA.
Zadné zmény v retenci a separaci nebyly pozorovany. Z vy$e uvedeného diivodu byla pro
dalSi experimenty pouzita 0,1% TFA jako kompromis mezi dostateCnym rozliSenim vSech
latek v reakéni smési (v€etné minoritnich necistot eluujicich mezi katechinem a malvidin-3-
glukosidem a mezi malvidin-3-glukosidem a prvnim zeluujicich diastereomernich

mustkovych barviv) a stabilitou analytt a stacionarni faze.
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Obr. 17. Nano-LC chromatogramy reakéni smési pfi rizné koncentraci kyseliny trifluoroctové v mobilni
fazi
25 cm kapilarni kolona (100 um id) pilnéna SF Chromosphere C18; mobilni faze 79:21 voda:ACN;
koncentrace TFA: a. 0,05%; b. 0,1%; c. 0,2; d. 0,4 (v/v); A. (+)-katechin; B. malvidin-3-glukosid, C.
a D. CeM3G diastereomery. VloZzeny obrazek zobrazuje graf rozliSeni kritickych pard pri rizném

slozeni MF (hodnoty odchylek jsou uvedeny v PFiloze 10).

Dale byly studovany separace s mobilni fazi obsahujici 0,4% kyselinu mravenci (FA)
a 0,4% kyselinu octovou (AcA) misto TFA. Separace s takto nahrazenou okyselujici slozkou
vedly k prodlouzeni doby analyzy (16 min pro FA a 37 min pro AcA) i zhorSeni tvaru a Sifky
pikd. Pro CeM3G diastereomer C byla nalezena Sitka piku (wso%) 0,22 min a vySkovy
ekvivalent teoretického patra (HETP) 9 um pfi pouziti 0,1% TFA v porovnani s wsey, 0,64 min
a 129 um pfi pouziti 0.4 % FA a wsoy, 2,24 min a 218 um pro AcA. Pro CeM3G diastereomer
D byly rovnéz nalezeny lepSi parametry pfi pouziti 0,1% TFA: wsey, 0,26 min @ HETP 8 um
v porovnani s wsgy, 0,80 min a 133 um pro 0,4 % FA a wsoy, 1,53 min a 81 um pro 0,4% AcA.

V soucCasné dobé jsou velmi popularni povrchové porézni stacionarni faze z davodu
vysoké ucinnosti a moznosti pracovat za nizkych tlakd, coz umozriuje pouziti konvenéniho
kapalinového chromatografu (pracujiciho obvykle do 400 bar) [196]. Z toho ddvodu byla
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porovnavana plné porézni stacionarni faze Chromosphere C18 s povrchové porézni SF
Kinetex C18. Pro analyzu reakéni smési byla pouZita optimalni MF popsana vySe, {.
voda:ACN/79:21 s 0,1% TFA (v/v/v). Pfi pouziti povrchové porézni SF byla pozorovana
mensi ucinnost v porovnani s plné porézni SF (Obr. 18). Kolona naplnéna SF Chromosphere
C18 dosahla 9 667 teoretickych pater, zatimco kolona s SF Kinetex C18 pouhych 2 342
pater (ti. 9667 (Cat), 5117 (Mv-3-Glu), 8060 (CeM3G diasteromer, C) a 7849 (CeM3G
diasteromer, D) pro Chromosphere C18 a 2342 (Cat), 1848 (Mv-3-Glu), 1893 (CeM3G
diasteromer, C) a 2224 (CeM3G diasteromer, D) pro Kinetex C18) pfi pouZiti kolon
o stejnych rozmérech. Duvodem horsi separace s pouzitim kolony Kinetex C18 mlize byt
CasteCné prekroCeni kapacity kolony. Kapacita povrchové poréznich Castic SF je obvykle
niz8i nez kapacita srovnatelnych Castic pIné poréznich. To naznacuiji i rozdily v retennich
faktorech: 0,17 (Cat), 0,40 (Mv-3-Glu), 0,91 (CeM3G diasteromer, C) a 1,28 (CeM3G
diasteromer, D) pro povrchové porézni Castice v porovnani s 0,19 (Cat), 0,50 (Mv-3-Glu),
1,02 (CeM3G diasteromer, C) a 1,49 (CeM3G diasteromer, D) pro plné porézni Castice. NizSi
ucinnost separace muze byt také v urcité mife ovlivnéna komplikovanéjsi pfipravou
povrchové poréznich kolon (zejm. s ohledem na pfipravu frit, viz. 3.4.2. Pfiprava kapilarnich

kolon)
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Obr. 18. Nano-LC chromatograficka separace reakéni smési na dvou kolonach s riiznou SF
a. plné porézni Chromosphere C18; b. core-shell Kinetex C18; MF 79:21 voda:ACN okyselena 0,1
TFA (v/v/v). A. (+)-katechin; B. malvidin-3-glukosid; C. a D. CeM3G diastereomery.
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Pro dal3i experimenty byla tedy pouzita SF Chromosphere C18. Pro dalSi zlepSeni
ucinnosti a zkraceni doby analyzy byla pfipravena kratsi kolona. Na Obr. 19 je zobrazena
separace reak¢ni smési pomoci kratSi kolony (150 mm x 100 pm). Bylo dosaZeno
dostatecného rozliseni vSech slozek za méné nez 6 minut (pritok kolonou po splitovani je
360 nL.min""). Separa¢ni ucginnost pFesahla 9500 teoretickych pater pro CeM3G
diastereomer C. HETP jednotlivych sloZek byly u 25 cm dlouhé kolony Chromosphere C18
26 um (Cat), 49 um (Mv-3-Glu), 31 um (CeM3G diastereomer, C) a 32 um (CeM3G
diastereomer, D). U 15 cm kolony se HETP sniZilo na 7 um (Cat), 15 um (Mv-3-Glu), 7 um
(CeM3G diastereomer, C) a 7 um (CeM3G diastereomer, D). Vyrazné zlepSeni u€innosti je

dosazeno i proto, Ze kratsi kolony se dafi napinit homogennéji [197].
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Obr. 19. Porovnani dvou rizné dlouhych kolon pro separaci reakéni smési.
a. 25 cm dlouha kolona; b. 15 cm dlouhé kolona. 80:20 voda:ACN okys. 0,1% TFA (v/v/v).
A. (+)-katechin; B. malvidin-3-glukosid; C. a D. CeM3G diastereomery.

Vedle napliiovych kolon byla retence studovana také na monolitické koloné Chromolith.
U monolitické kolony byl HETP 34 um (Cat), 34 um (Mv-3-Glu), 22 pum (CeM3G
diastereomer, C) a 13 um (CeM3G diastereomer, D), coz je vyrazné horsi nez pfi pouziti 15
cm naplfiové kolony Chromosphere C18 (HETP se pohybovalo v rozmezi 7-15). Selektivita
pro separaci obou CeM3G diastereomert je srovnatelna, zatimco par katechin-malvidin
nebyl oddélen za pouzZitych podminek pomoci monolitické kolony. Jednotlivé

chromatografické parametry jsou uvedeny v Tab.4.
52



5.2.2. Porovnani konvenéni vysoko-ucéinné kapalinové chromatografie s nano-
kapalinovou chromatografii

Na Obr. 20 je zobrazena separace reakéni smési HPLC s kolonou Chromsphere 3 C18
béZného rozméru (100 mm x 4.6 mm, dp = 3 um). Pratok 0,762 mL.min"" byl nastaven tak
aby odpovidal stejné linearni pratokové rychlosti MF, jaka byla pouzita u nano-LC metody.
Pro optimalizovanou HPLC metodu byl pouzit nastfik 5 uL. Tato metoda poskytla dostate¢né
rozliSeni vS8ech studovanych sloZek reakéni smési. Bylo pozorovano pouze nizsi rozliSeni
mezi malvidin-3-glukosidem s neznamou necistotou (R = 1,01). Analyza byla ukon&ena za

méné nez 7 min.
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Obr. 20. HPLC separace reakéni smési s vyuzitim kolony Chromsphere C18
rozmeéry kolony (100 x 4,6 mm, velikost ¢astic 3 um), mobilni faze 80:20 voda:ACN okys. 0,1%
TFA(v/VIV); A. (+)-katechin; B. malvidin-3-glukosid; C. a D. CeM3G diastereomery.

V Tab.4. jsou uvedeny zakladni chromatografické parametry ziskané z méfreni pomoci
nano-LC a HPLC. Nano-kolona Chromosphere poskytla vysSi retenci a separacni uc€innost
(niz8i HETP, zhruba 10krat pro (+)-katechin a malvidin-3-glukosid a 3krat pro CeM3G
diastereomery) v porovnani s konvenéni HPLC. Na druhou stranu lepSi selektivita pro
CeM3G diastereomery (rozdil v selektivnim faktoru 1,4-14,1%) a vy$Si rozliSeni vSech latek
bylo ziskano pomoci konvenéni HPLC (rozdil 35,6-91,6%). VySe uvedené vysledky pro
konvenéni HPLC byly ziskany za optimalnich podminek separace. Nastfikovy objem pfi

optimalizovanych HPLC experimentech odpovidal 5,3% nastfikového objemu pouzitého pro
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nano-LC. Pro srovnani chovani nano a konvenc¢ni kolony byl v dalSim experimentu
nastfikovany objem u HPLC systému zvySen tak, aby odpovidal stejné &asti objemu kolony
(5,3% celkového objemu kolony), ktery byl pouZit u nano-LC systému. PFi tomto
"Skalovaném" experimentu byly plochy pik( zhruba 10x vet$i v porovnani s optimalizovanym
HPLC experimentem. U pikl (+)-katechinu a malvidin-3-glukosidu bylo pozorovano zvétseni
Sifek pika. U CeM3G diastereomert byly Sitky piku zjisténé u ,Skalovaného“ experimentu
srovnatelné s optimalizovanym experimentem. Nicméné u 3kalovaného experimentu bylo

pozorovano zhorSeni HETP u v8ech sledovanych latek v porovnani s nano-LC.

Tab.4. Hlavni parametry separace reakéni smési pomoci nano-LC a HPLC systému.

t'r = redukovany rete€ni €as; wsoe = Sifka piku v poloviné vysky; HETP = vySkovy ekvivalent
teoretického patra; k = reteéni faktor; o = selektivita; As = asymetrie piku; R = rozliSeni (pocitano pro
piky, i.e. (+)-katechin, malvidin-3-glucosid a oba CeM3G diastereomery)

t'R W59, HETP
(min)  (min)  (um)
nanoLC: Chromosphere C18, 150 mm x 100 um, 3 um, pratok 360 nL.min™", nastfik 100 nL

a SD As R SD

(+)-katechin 0,73 0,08 7 0,61 - - 2,33 - -
malvidin-3-glukosid 1,60 0,17 15 1,34 1,94 +0,049 1,11 1,73 0,021
CeM3G diastereomer C 3,37 0,19 7 283 1,84 £0,019 1,78 2,73 0,218
CeM3G diastereomer D 4,70 0,25 7 394 1,39 +0,003 2,13 2,01 +0,244
nanoLC: Chromolith CapRod, 150 mm x 100 um, 3 um, pratok 360 nL.min™", nastiik 30 nL
(+)-katechin 0,59 0,34 34 0,19 - - 1,05 - -
malvidin-3-glukosid 0,59 0,34 34 0,19 1,00 0,000 1,05 0 + 0,000
CeM3G diastereomer C 1,26 0,32 22 041 216 +£0,099 1,13 1,21 0,043
CeM3G diastereomer D 1,69 0,28 13 0,55 1,33 £0,017 1,31 0,84 0,058
HPLCopt: ChromSphere C18, 100 mm x 4,6 mm, 3 um, pratok 0,761 mL.min™", nastiik 5 uL
(+)-katechin 0,77 0,15 84 0,54 - - 2,00 - -
malvidin-3-glukosid 1,50 0,20 84 1,05 1,92 +0,028 0,91 248 +£0,132
CeM3G diastereomer C 3,18 0,15 19 222 212 0,005 1,57 6,34 0,502
CeM3G diastereomer D 4,50 0,17 15 3,14 1,41 +0,004 150 541 +0,475
HPLCscaled: ChromSphere C18, 100 mm x 4,6 mm, 3 um, pratok 0,761 mL.min'1, nastrik 88 uL
(+)-katechin 0,93 0,30 273 0,67 - - 3,17 - -
malvidin-3-glukosid 1,60 0,47 246 1,14 1,69 0,021 0,75 1,01 0,025
CeM3G diastereomer C 3,42 0,17 13 244 214 +£0,013 1,45 3,65 0,200
CeM3G diastereomer D 4,73 0,18 12 3,38 1,39 £0,007 1,57 4,63 0,199

Pro zjisténi pouzitelnosti nano-LC metody pro analyzu realného vzorku byl na kapilarni
kolonu nastfiknut extrakt vinafského opadu (matoliny €ervenych hroznt). Obr. 21. ukazuje

analyzu vzorku matolin (a) a vzorku s pfidavkem malvidin-3-glukosidu, katechinu a CeM3G
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diastereomert (b). Ve vzorku s pfidavkem téchto slozek jsou patrné piky obou
diastereomerq, které jsou dobfe separovany od majoritnich slozek pfitomnych matolinach
a jsou i vzajemné velmi dobfe rozliSeny (matrice tedy nema vyznamny vliv na vzajemnou
separaci téchto diastereomernich mastkovych barviv) (Obr. 21b.). Vyvinuta metoda separace
téchto barviv na nano-koloné muze byt zakladem rychlého analytického postupu pro kontrolu

kondenzovanych barviv v odpadech z vinafského primysiu.
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Obr. 21. Analyza extraktu matolin z &ervenych hroznl
(a) a extraktu s pfidavkem (+)-katechinu (A); malvidin-3-glukosidu (B) a CeM3G diastereomert (C, D)
(b); kolona: Chromosphere C18 (150 mm x 100 um i.d.), MF 80:20 H20:ACN okys. 0.1 % TFA (v/iv/v).

Vysledky uvedené v této kapitole byly publikovany v Journal of Chromatography A [181].
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5.3. Anaerobni fermentace vinarského odpadu

5.3.1. Optimalizace anaerobni fermentace

Anaerobni fermentace je efektivni ekologicka metoda pro zpracovani biologicky
rozlozZitelného odpadu za sou€asné vyroby levné elektrické a tepelné energie. Odpady
muzZeme v tomto ohledu rozdélit na dvé velké skupiny: 1) lehce zplynitelné, kam patfi
napfiklad kukufiéné silaZz a fepné fizky a 2) téZce zplynitelné kam patfi odpad z vinafské
vyroby. Mezi hlavni dlivody odpovédné za inhibici methanogeneze vinarského odpadu patfi
nizké pH a vysoky obsah flavonoidl (antibakterialni ucinky). Z tohoto dlivodu je nutné
objasnit procesy premény flavonoidli za anaerobnich podminek a soucasného vyvoje
bioplynu (CO2, a CH4). Pro dosaZeni stabilni methanogeneze je nutno cely systém
optimalizovat.

Optimalizace anaerobni fermentace v mikro-méfitku byla rozdélena do dvou €asti. Prvni
¢ast zahrnovala hodnoceni vlivu rdznych aditiv v reakéni smési. Vzorky byly pfipraveny
smichanim praseci kejdy (PS), vylisky ¢ervenych hroznti (RGM), vody, 1 mg.mL™" roztoku
methanogennich bakterii (MetBac) a thioglykolatového média (TGM) v ruznych pomérech
(MetBac a TGM byly pfidany pro urychleni mnozeni methanogennich bakterii a vySsi
produkci methanu). PFipravek MetBac APD BIO GAS je hojné vyuzivan v Ccistirnach
odpadnich vod pro urychleni a zvySeni ucinnosti rozkladu organického materialu.

Obr. 22a. zobrazuje porovnani obsahu ¢tyr plyna (N2, Oz, CO,, CH4) ve fermentacnich
smésich rizného slozeni inkubovanych v objemu 2 mL po 23 denni anaerobni fermentaci
(slozeni fermentacnich smési je uvedeno v legendé k tomuto obrazku). NejvySSi obsah
methanu byl nalezen v roztocich B a D (pfiblizné 0,003%). V roztocich A, C, E a F nebyl
detekovan zadny methan v pribéhu anaerobni fermentace. Z tohoto experimentu je zifejmé,
ze pro efektivni nabéh anaerobniho zplyfovani je nezbytné k vinafskému odpadu pfidat
praseCi kejdu. pH v roztoku A pokleslo z hodnoty 4,0 na 3,4; v roztoku B z 7,8 na 4,0;
v roztoku C z 4,0 na 3,4; v roztoku D z 7,8 na 4,4; v roztoku E z 7,8 na 4,2 a v roztoku F
z 7,2 na 4/4. Tyto pfedbézné experimenty dale ukazuji, ze pfidavek MetBac (D) nijak
nezlepsi produkci methanu (porovnani se vzorkem B). Z tohoto dldvodu byla v dalSich
experimentech pouzita smés PS-RGM bez pfidavku MetBac a TGM.

V druhé &asti optimalizacnich experimentl byl sledovan vliv hydroxidu amonného (vliv
na pH smési) na proces gasifikace fermenta¢nich smési o rizném poméru vstupnich slozek
(ti. PS a RGM). Obr. 22b. poukazuje na fakt, Ze udrzovani pH reakéni smési v alkalicko-
neutralni oblasti je kliCova podminka pro vznik a udrZzeni methanogeneze, pfinejmensim pfi
anaerobni fermentaci za diskontinualnich podminek. Vétsi mnozstvi PS a hydroxidu
amonného zajistuji stabilni podminky anaerobni fermentace (pH reakéni smési pokleslo
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v prub&hu experimentu z 9,8 na 7,4). V roztocich s malym obsahem PS (tj. pomér PS:RGM =
250:50, 100:50 a 50:50, (m/m)) nebyl detekovan methan. Pro dalSi studii byla zvolena

koncentrace NH,OH 0,127 mol.L™" (koncentrace v roztoku) jako kompromis zajistujici stabilni

anaerobni fermentaci a udrzeni pfimého pusobeni amoniaku na studované polyfenolické

latky v malém rozsahu oproti jejich pfeménam vlivem fermentacnich procesu (pH tohoto

roztoku pokleslo z 9,54 na 6,57 po 21 dnech).

70.000
60.000
50.000
40.000
30.000
20.000
10.000
%

0.200
0.005

0.004

0.003

0.002

0.001

0.000

1.0E+07

9.0E+06

8.0E+06

7.0E+06

o 6.0E+06
%

5.0E+06

4.0E+06

3.0E+06

2.0E+06

1.0E+06

0.0E+00

Obr. 22.
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0.254 0.191 0.127 0.064
koncentrace NH,OH (M)

Procentni obsah Nz, Oz, CO2, CH4 po 23 dnech anaerobni fermentace

(a.) a efekt pfidavku NH,OH na produkci methanu v riiznych pomérech veprové kejdy a matolin
z Cervenych hroznu (b); a. - A) 200 mg RGM + 2 mL vody; B) 100 mg RGM + 450 mg PS + 2 mL vody;
C) 200 mg RGM + 2 mL vody + 1ul. MetBac; D) 100 mg RGM + 450 mg PS + 2 mL vody + 1ulL
MetBac; E) 200 mg RGM + 2 mL TGM + 1ul MetBac; F) 100 mg RGM + 450 mg PS + 2 mL TGM +
1ul MetBac; b. - A) 750:50 = PS-RGM (m/m); B) 500:50 = PS-RGM (m/m).
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Proces anaerobni fermentace za optimalnich podminek (pomér PS:RGM 750:50, m/m;
konecna koncentrace NHsOH 0,127 mol.L™"; 35°C) byl kontrolovan pomoci GC/MS (analyza
4 hlavnich plynd). Obr. 23. zobrazuje proces anaerobni fermentace v reakéni smési
probihajici v naSem experimentu v mikroreaktoru a porovnava jej se zménami v obsazich
hlavnich plyn popsanych v literatufe [198]. V prvni ¢asti fermentace (pfi hydrolyze) dochazi
k rychlému poklesu kysliku a dusiku, které jsou hlavnimi sloZzkami vzduchu. Obsah oxidu
uhli¢itého se zvySuje za sou€asného poklesu pH. Tento trend je rovnéz pozorovan v dalsi
fazi fermentace - acidogenezi. V hlavni fazi (pfi methanogenezi) dochazi k prudkému narastu
methanu se souCasnym poklesem CO, a H. [198]. Diskontinualni fermentace PS-RGM
vykazuje stejny profil hlavnich plynd, jaky je uveden ve vliozeném obrazku (Obr. 23.). Zmény
v profilu plynnych sloZzek v naSem diskontinualnim mikro-reaktoru jsou kvalitativné ve velmi
dobré shodé s optimalnim (teoretickym) pribéhem fermentace popsanym v literatufe. Tento
fakt poukazuje na moznost simulace fady slozitych primyslovych procest zahrnujicich
anaerobni fermentaci v laboratornich podminkach (v mikroreaktoru) za vyrazného sniZeni
nakladd. Vysledky z naSeho experimentu anaerobni fermentace vinafského odpadu
poukazuji na to, Ze relativné snadnou modifikaci vinafského odpadu je mozné docilit
zplynéni tohoto materidlu. Ziskana data rovnéz kvalitativné potvrzuji studii Frabbriho a kol
[160] popisujici analyzu plynnych slozek v reakéni smési slozené z PS a vinafského odpadu.
Soucasné s odebiranim plynnych slozek z vnitfni atmosféry mikro-reaktoru byly odebirany

vzorky digestatu pro analyzu pomoci LC/MS, ktera je popsana v nasledujici kapitole.
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Obr. 23.  Zmény v zastoupeni hlavnich plynt béhem diskontinualni anaerobni fermentaci smési PS
a RGM (vilozeny obrazek ukazuje optimalni podminky anaerobni fermentace - publikovano

s povolenim autort [15]).

5.3.2. Analyza digestatu pomoci LC/MS

Vzorky digestatu byly odebirany z reaktoru injekéni stfikaCkou pfes Sroubovaci vi¢ko
a septum uzavirajici head-space vialku (pouzitou jako mikroreaktor) a analyzovany pomoci
LC/MS. Surova LC-MS data ziskana analyzou PS-RGM a PS (jako blank) smési v pocatecni
fazi anaerobni fermentace (startovaci podminky, 1. faze) byly zpracovany pomoci softwaru
MarkerLynx. Pomoci tohoto softwaru byla provedena extrakce retenénich ¢asl, m/z hodnot
a intenzit, normalizace a zarovnani (alignment) dat a ziskana odpovidajici datova matice
(popisujici relativni rozdily v intenzitach mezi jednotlivymi pary RT_m/z hodnot). Dale byla
data upravena pomoci logaritmické transformace pro potlaéeni kvantitativni a zvysSeni
kvalitativni funkce dat. Vznikly soubor dat byl zpracovan pomoci statistického softwaru
EZinfo a studovan pomoci analyzy hlavnich komponent (PCA). Score plot (Obr. 24) ukazuje
vyznamné rozdily mezi vzorky PS-RGM a PS. PS-RGM vzorky jsou koncentrovany v oblasti,

ktera mize byt definovana jako obdélnik se soufadnicemi x1;x2;y1;y2; -9,157; -28,497;
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-17,707; 21.693. Oproti tomu vzorky PS se nachéazeji v obdélnikové oblasti x1;x2;y1;y2;
19,067; 20,530; -0,422; 6,285.
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Obr. 24. Score plot vzork( praseci kejdy (étverec) a smési PS-RGM (trojuhelnik)

Pro nalezeni latek odpovédnych za segregaci dat byla pouzita ortogonalni projekce do
latentnich struktur (OPLS-DA). Obr. 25. ukazuje S-plot zobrazujici nalezené RT_m/z pary
z hlediska jejich rozdill mezi obéma typy vzorkl. Markery s nejvétsi variabilitou (vyjadfenou
x-soufadnici) a zaroven nejvétsi vérohodnosti (vyjadfenou y-soufadnici) byly extrahovany
(v literatufe popisovana, jako ,oblast malého rizika“ — ,low risk region“) definovana jako
obdélnik se souradnicemi: p[1] = 30-100% z nejvy3Si hodnoty na ose x a p[2] = 75-100%
Zz nejvysSi hodnoty na ose y. NejvyznamnéjSi markery byly detailné studovany pomoci

cilenych LC/MS/MS experimentl (viz. nize).
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Obr. 25. S-plot vzorkd PS a PS-RGM zobrazujici nalezené RT_m/z pary z hlediska jejich rozdild mezi
ob&ma typy vzorkid. Cervené obdélniky vyznaduji low risk region”

Tab.5. Markery nalezené srovnanim PS-RGM a PS v poc¢atecnich roztocich pomoci grafu
S-plot. (RT — retencni ¢as; p[1] a p[2] — souradnice kazdého markeru v Loading plotu)
Diagnostické
Odchylka od fragmenty
# Latka RT (min) [M+H]* teoretické nalezené v pl1] pl2]
hmoty (mDa) MS/MS
spektrech

1 Hydroxylovany kaempferol 9,03 303,0530 -2,5 229,0463 -0,0047 -0,9993
183,0456
153,0221
121,0280

2 Hydroxybenzoylkatechin 11,95 411,1100 -2,0 291,1002 -0,0046 -0,9981
289,0708
259,0602
139,0542
123,0433

3 Kaempferol 9,93 287,0610 -5,4 213,0552 -0,0045 -0,9996
153,0188
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137,0239
121,0290
4 Malvidin-chalkon 7,92 349,0970 -4,7 223,0618 -0,0045 -0,9989
181,0492
139,0388
5 Neidentifikovano 0,60 203,0600 - 186,0933 -0,0045 -0,9991
174,0879
159,0682
6 Methylkvercetin nebo jeno 10,09 317,0780 -11,9 229,0529 -0,0044 -0,9994
izomer
153,0167
121,0280
7 Hydroxybenzoylkatechin 10,59 411,1080 0,0 291,1002 -0,0043 -0,9981
289,0708
259,0602
139,0542
123,0433
8 Izomer kvercetinu 8,85 303,0540 -2,6 229,0529 -0,0043 -0,9993
153,0167
137,0236
9 Neidentifikovano 1,65 265,1490 - 175,0740 -0,.0042 -0,9992
159,1177
119,0864
10  Malvidin-3-glukosid 6,75 493,1340 0,6 331,0787 -0,0042 -0,9967
11 Neidentifikovano 13,97 275,2070 - 257,1880 -0,0042 -0,9995
135,0891
105,0697
12 Fragment latky €.2 11,95 259,0660 -5,4 - -0,0041 -0,9981

V MS/MS spektrech chromatograficky oddélenych markerti 1 a 8 (R = 2,34) s hodnotami
m/z 303,0530 a 303,0540 byly nalezeny charakteristické fragmenty kvercetinu [199], tj. m/z
229,0463 a 229,0529 (odchylka od teoretické hmoty, dtm, je 3,8 a -2,8 mDa); 153,0167 (dtm
2,1 mDa) a 137,0236 (dtm 0,3 mDa) - posledni dva fragmenty maiji stejnou hodnotu m/z
u obou markertd. Tyto fragmenty lze vysvétlit postupnymi ztratami dvou molekul oxidu
uhelnatého a vody z rodi€ovského iontu a retro-Diels Alderovym (RDA) §tépénim (produkce
13A* fragmentu). Ve fragmentacnich spektrech byly dale nalezeny minoritni fragmenty
vznikajici dalSimi ztratami molekuly vody, CO a RDA S&tépenim, které potvrzuji strukturu
kvercetinu. Pro potvrzeni identity téchto markerd byl do reakéni smési pfidan standard

kvercetinu. Retenéni Cas standardu se vyrazné liSil od nalezenych marker. Detailnim

62



studiem MS spekter obou marker( byly nalezeny ionty m/z 465,1067 a 465,1068, které maiji
stejny RT jako signal iontd s m/z 303,0530 a 303,0540. Zjisténé markery jsou tedy
v glykosylované formé& (dtm pro glykosylované formy je 3,4 a 3,5 mDa). Dominantnim
fragmentem v cilené méfenych MS/MS spektrech iontl téchto glykosidu je latka s m/z
303,0522 a 303,0534, coz jednoznacné potvrzuje, Ze markery nalezené pomoci OPLS-DA
vznikaji z iontl s m/z 465. Detailni studium RDA fragmentl ve fragmentaénich spektrech
marker( umoznuje lokalizovat umisténi hydroxy skupin ve flavonoidnim skeletu markeru 1
(detailné jsou RDA procesy a odpovidajici nomenklatura popsany v praci Cuyckense
a Clayes [200]). Proces urcovani poctu hydroxylovych skupin na kruhu A a B je zalozen na
RDA fragmentech, které jsou pfitomny v MS/MS spektrech sledovaného markeru
a standardu kvercetinu, tj. fragmenty s m/z 183,0456 (°?A*, marker 1, dtm -16,3), 121.0280
(>?B*, marker 1, dtm 1,0), 165,0183 (°?A*, standard kvercetinu, dtm 0,5) a 137,0236 (°?B*,
standard kvercetinu, 0,3 mDa). Pomér signalid °?A* fragmentl (Q=ligs/lies) ve spektru
markeru 1 je Q = 0,21 a ve spektru kvercetinu Q = 0,7. Pokud provedeme stejné vypocty pro
%2B* RDA fragmenty (Q=l121/l137), tak ve spektru markeru 1 ziskame hodnotu Q = 1,80 a pro
standard kvercetinu Q = 0,25. Tyto hodnoty podporuji pfitomnost jedné hydroxy skupiny na
kruhu B a tfech OH skupin na kruhu A (tj. struktury markeru 1 odpovidaji 6- nebo 8-
hydroxykaempferolu). Z davodu nizké intenzity signald RDA fragmentd v MS/MS spektru
markeru 8 neni mozné urcit rozmisténi hydroxy skupin na molekule.

Na Obr. 26. je zobrazen chromatogram PS-RGM smési pfi 280 nm (A — DAD detektor).
Lze vidét, Zze PS-RGM je bohata smés slozek s rGznou strukturou a mezi nimi je i fada
fenolickych latek. Mezi eluovanymi polyfenoly se vyskytu;ji i tfi dobfe separované latky s m/z
411,11, jak ukazuje chromatogram rekonstruovany pro tuto hmotu (B). Dvé z téchto latek
patfi mezi nalezené markery, RT_m/z par 10,59 411,1080 (marker 2) 11,95 411,1100
(marker 7). V koliznich spektrech obou latek byl nalezen fragment m/z 289,0708 (C1s5H130s",
dtm, 0,4 mDa), ktery vznika ztratou hydroxybenzaldehydu (Am/z=122,0368, dtm, -3,2 mDa).
Tento fragment mulze byt pfifazen protonizované molekule di-dehydrokatechinu.
Dominantnim fragmentem ve spektru je ion pfi m/z 259,0602 (C1H110s5", dtm, 0,4 mDa)
odpovidajici ztraté methyl esteru hydroxybenzoové kyseliny (Am/z=152,0442, dtm, -3,1
mDa). Protonizovana molekula hydroxybenzaldehydu byla rovnéz nalezena ve spektru (m/z
123,0433, dtm -1,3). Na zakladé fragmentacnich experimentl, byly markery 2 a 7
identifikovany jako izomery hydroxybenzoylkatechinu. Nutno zminit, Zze fragmenty
odpovidajici protonizované molekule katechinu a kyseliné hydroxybenzooveé byly také
nalezeny ve fragmentacnim spektru hydroxybenzoylkatechinu, avSak s vétsi odchylkou od

teoretické hodnoty m/z, coz muze byt zplsobeno nizkou intenzitou jejich signalu (tj, m/z
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291,1002, dtm 13,3 a 139,0542; dtm 14,7 mDa). Pozice acylace na skeletu katechinu nebyla
zZjisténa, nicméné podle Smithe a kol., ktefi se zabyvali acylaci prokyanidind v rliznych
rostlinnych materidlech dochazi nejcastéji k acylaci v pozici 3 [201]. Je nutné poznamenat,
Ze signaly téchto latek nebyly nalezeny v Cistém extraktu vinafského odpadu a ani ve

veprove kejdé. Toto maze byt vysvétleno rychlou reakci katechinu v PS-RGM smési.
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Obr. 26. Chromatogram PS-RGM smési pfi 280 nm (A), rekonstruovany chromatogram pro m/z 411,11
(B), MS/MS spektra markert 2 a 7 (C,D; kolizni energie 10-40 eV).

Na Obr. 27 je zobrazen chromatogram pro rekonstruované hmoty m/z 449,12 a 287,06 (A,
B). Dominantni pik s m/z 287,06 a RT 9,96 min. odpovida markeru 3 (Tab.5). Tento marker
byl identifikovan jako kaempferol. Postupné ztraty vody a oxidu uhelnatého poukazuji na
flavonoidni strukturu (ij. Obr. 27C.; fragmenty m/z 269,0457, 259,0602, 241,0497, 231,0654
atd.). Relativné silny signal RDA fragmentu m/z 121,0280 (>°B*, dtm 1,0 mDa) poukazuje na
pfitomnost jedné hydroxy skupiny na B kruhu (Q=l121/l137=1,5). Ve spektru byly nalezeny také
dal$i RDA fragmenty, tj. 137,0236 (°3A*, dtm 0,3), 153,0167 ("3A*, dtm 2,1), 165,0183 (°2A*,

dtm 0,5). Na zakladé stejného eluéniho profilu latky s hodnotou m/z 449,12 Ize usoudit, Ze
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kaempferol je v reakéni smési v glykosylované formé (jako monohexosid). Intenzita signalu
kaempferol-hexosidu byla niZSi, neZz prahova hodnota intenzity nastavena pro filtrovani
markerl od Sumu pfi zpracovani dat v programu MarkerLynx (100; marker intensity
threshold). Pfi analyze Cisté kejdy (referenéni vzorek) nebyl v chromatogramu nalezen pik
kaempferol-hexosidu. Tato latka je tedy rovnéz dﬂleiitym markerem smési PS-RGM,
obrazku Obr. 27A je patrny také Siroky pik kyanidin-3-glukosidu (RT 2,8 min.) a dalsi dvé
mensi neidentifikované latky. Signaly téchto latek byly rovnéz pod nastavenou prahovou

hodnotou intenzity pfi zpracovani dat MarkerLynxem.
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Obr. 27. Rekonstruovany chromatogram pro m/z 449,12 (A) a 287,06 (B) a MS/MS spektrum markeru
3 (C; CER 10-50 eV).
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Marker 7,92_349,0970 (RT_m/z par) byl identifikovan jako chalkon malvidinu. Na Obr.
28A je zobrazen rekonstruovany chromatogram pro tuto hmotu. Ostry pik indikuje, ze
vroztoku pfevliada (oteviend) forma chalkonu (vzajemna Kkonverze jednotlivych
acidobazickych forem hydratovaného malvidinu neovliviiuje retenci). V koliznim spektru (Obr.
28B) muzeme pozorovat ztratu molekuly vody (fragment s m/z 331,0787, dtm 3,1 mDa)
nasledovanou ztratou methylového radikalu (m/z 316,0453, dtm 13 mDa). Signal nalezici
ztraté dvou molekul methanu byl také detekovan v MS/MS spektru, avSak s vysokou
odchylkou od teoretické hodnoty m/z z divodu nedostate¢ného rozliSeni od pozadi (m/z
299,0547, dtm 35,5 mDa). Popsané fragmentaéni procesy indikuji pfitomnost dvou
methylovych skupin v molekule. Dominantni fragment s m/z 181,0492 odpovida odstépeni
acyliového kationtu kyseliny syringové z rodi¢ovské molekuly chalkonu (CgHgO4*, dtm, 0,9
mDa). Diagnosticky fragment odpovidajici kruhu A substituovany tfemi hydroxy skupinami (ij.
(2-(2,4,6-trihydroxyfenyl)ethylidyn)oxonium, m/z 167,0316, CgH;O4", dtm 2,8 mDa) byl rovnéz
pozorovan ve spektru. Popsané fragmentacni procesy této latky zcela potvrzuji navrzenou
strukturu chalkonu malvidinu. VyS$si obsah chalkonu v reakéni smési Ize oCekavat z divodu
vysokého obsahu derivatd malvidinu ve vyliscich z ¢ervenych hroznu. Glykosylovana forma
této latky (malvidin-3-glukosid) je dalSim z markerl nalezenych pomoci statistického
zpracovani dat. Obr. 28C zobrazuje rekonstruovany chromatogram pro jeho hmotu.
Identifikace tohoto anthokyaninu byla zalozena na méfeni pfesné hodnoty m/z (m/z
493,1340, dtm 0,6), fragmentaénich experimentech (Obr. 28D) a porovnani RT, profilu piku
(typicky rozSiteny pik anthokyanind pfi pH MF pod 2 [195]) a MS dat s autentickym

standardem.
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Obr. 28. Rekonstruovany chromatogram pro markery s m/z 349,09 (A) a 493,12 (C) a jejich MS/MS
spektra (B a D, CER 10-50 eV).

Latka definovana RT_m/z parem 10,09 317,0780 je také uvedena mezi markery
(Tab.5). V koliznim spektru této latky mizeme pozorovat ztratu methylového radikalu
(fragment s m/z 302,0435, dtm -0,8 mDa), kaskadové ztraty hydroxylového radikalu, oxidu
uhelnatého a vody (ij. fragmenty m/z 285,0407, 257,0410, 229,0529, 239,0279 a dalsi)
a rovnéz mensi fragmenty vznikajici RDA §tépenim (Obr. 29.). Tento marker na zakladé
svych analytickych vlastnosti odpovida methylkvercetinu nebo jeho izomeru (ij.
hydroxymethyl-kaempferolu nebo hydroxymethyl-luteolinu). Detailngjsi identifikace je
komplikovana slozitosti fragmentacnich pochodl (nedostate€né charakteristickym profilem

spektra, v€éetné RDA Stépeni) a chybéjicimi autentickymi standardy.
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Obr. 29. MS/MS spektrum markeru s m/z 317,0780 (CER 10-50 eV).

Mezi markery se nachazi také dalsi tfi neidentifikované latky a fragment hydroxybenzoyl-

katechinu.

VySe uvedené vysledky ukazuji, ze kombinace LC/HRTMS s PCA a OPLS-DA je velmi
uziteény nastroj pro hledani dllezitych zmén ve sloZzeni smési pfi anaerobni fermentaci
a také, ze derivaty a izomery kaempferolu, katechinu, malvidinu a kvercetinu jsou slozky
vinafského odpadu vyznamné se projevujici v pfipravenych fermentaCnich smésich. Tyto
latky mohou ovlivnit pribéh zplyriovaciho procesu. Zmény obsahu sledovanych latek béhem
anaerobni fermentace (vyjadfené plochami pikli v rekonstruovanych chromatogramech) jsou
patrny z Obr. 30A. Z obrazku je vidét, ze obsahy analyzovanych flavonoidll (obsazenych ve
viné) rychle klesaji v prubéhu zplyniovani za optimalnich podminek. Po &tyfech dnech (tj.

v acidogenni fazi pfi anaerobni digesci) jsou patrné pouze stopy téchto latek.
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Obr. 30. Zmeény v obsazich markert z prvni (A) a druhé (B) faze zplyrfiovaciho procesu.

A: 9,03 _303,0530 - hydroxylovany kaempferol; 11,95 411,1100 - hydroxybenzoylkatechin;
9,93 287,0610 - kaempferol; 6,75 _493,1340 - malvidin-3-glukosid; 8,85 303,0540 - izomer
kvercetinu; 10,59 411,1080 - hydroxybenzoylkatechin; 10,09 _317,0780 - methylkvercetin nebo jeho
izomer; 7,92 _349,0970 — chalkon mavidinu. B: 1,38 _305,0706 - redukovany (dihydro analog)
kvercetinu, hydroxykaempferol nebo prislusny chalkon; 2,563 139,0457 — pravdépodobné fragment
redukovaného kaempferolu; 1,94 123,0491 — hydroxybenzaldehyd (fragment
dimethoxychromanonu); 4,81_123,0495 — hydroxybenzaldehyd (fragment redukovaného katechinu);
9,78 _123,0492 — hydroxybenzaldehyd (fragment neznamé latky).

Stejné zpracovani dat jaké bylo popsano vySse (PCA pro sledovani segregace
zplynovanych vzorkll PS-RGM a PS podle jejich slozeni a OPLS_DA pro popis vyznamu
jednotlivych markert) bylo aplikovano na vzorky po 4 dnech zplyriovaciho experimentu
(2. faze). NezvyznamnéjSi markery PS-RGM nalezené v odpovidajicim S-plotu
zkonstruovaném pro PS-RGM a PS po 4 dnech procesu jsou uvedeny v Tab.6. Sest
marker(, tj. RT_m/z pary 1,38_305,0706, 1,39_139,0451, 1,94 _123,0491, 2,53_139,0457,
4,81_123,0495, 9,78 123,0492 jsou detailné diskutovany v nasledujicim textu.
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Tab.6. Markery nalezeny v druhé fazi zplyrnovaciho procesu PS-RGM smési pomoci funkce
S-plot (RT — retenéni ¢as; p[1] and p[2] — soufadnice kazdého markery v Loadings plotu)

RT [M+H]" p[1] pl2]

1,38 305,0706  -0,00549  -0,99961
1,39 139,0451 -0,00555  -0,99957
1,42 137,1133  -0,00556  -0,99709
1,61 126,0429  -0,00565  -0,99995
1,93 149,0644  -0,00600  -0,99986
1,93 209,0878  -0,00583  -0,99932
1,93 191,0780  -0,00571  -0,99974
1,94 131,0546  -0,00567  -0,99988
1,94 123,0491 -0,00543  -0,99998
1,95 147,0508  -0,00537  -0,99987
2,53 139,0457  -0,00530  -0,99944
3,36 269,1803  -0,00555  -0,99999
4,79 131,0548  -0,00550  -0,99832
4,80 149,0654  -0,00578  -0,99861
4,81 123,0495  -0,00522  -0,99955
7,96 235,1139  -0,00556  -1,00000
8,42 869,2348  -0,00455  -0,93116
8,73 581,1668  -0,00539  -0,99962
8,89 581,1655  -0,00575  -0,99953
9,78 123,0492  -0,00527  -0,99995
9,78 121,0705  -0,00435 -0,86174
12,11 267,1458  -0,00534  -0,99999
13,97 275,2081 -0,00461  -0,87416

Na Obr. 31 je zobrazen rekonstruovany chromatogram pro m/z 305,07 a 139,05 (A a B).
Vsechny tfi piky pfitomné v obou chromatogramech patfi mezi vyznamné markery PS-RGM
ve 2. fazi experimentu. V koliznim spektru latky m/z 305,0706 byly pozorovany opakujici se
ztraty vody a oxidu uhelnatého, jez indikuji polyfenolickou strukturu (Obr. 31D). Dominantni
fragmenty pfi m/z 153,0221 a 151,0417 vznikaji rozStépenim chalkonu kvercetinu a/nebo
redukované (dihydro-) formy kvercetinu a/nebo redukované (dihydro-) formy
hydroxylovaného kaempferolu. Fragment pii m/z 139,0388 muze byt vysvétlen jako %3A*

RDA fragment z dihydrokvercetinu. Tento fragment je také vyznamnym markerem 2. faze
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zplyhovaciho experimentu (RT_m/z pair 1,39_139,0451). Fragmenty s m/z 127,0404
a 123,0482 odpovidaji protonizované molekule floroglucinaldehydu ('*A* fragment
dihydrokvercetinu) a protonizované molekule hydroxybenzaldehydu (°?B* RDA fragment
redukovaného hydroxykaempferolu). Pdvod RDA fragmentld byl také potvrzen MRM
experimenty. Na zakladé ziskanych dat je mozZzno latku sm/z 305,07 pfifadit
dihydrokvercetinu, dihydrohydroxykaempferolu nebo odpovidajicimu chalkonu (pfipadné
jejich nerozliSené smési).

Marker s vySSi retenci v rekonstruovaném chromatogramu pro m/z 139,05 (Obr. 31B;
ti. par s RT_m/z 2,56_139,0457) odpovida protonizované molekule dihydroxybenzaldehydu.
Identitu tohoto markeru potvrzuje MS/MS experiment. V koliznim spektru jsou patrmé dvé
ztraty CO a jedna ztrata vody (tj. fragmenty m/z 111,0443, 93,0384 a 65,0376). Tento marker
ma identicky retenéni profil s iontem s m/z 289,0774 (Obr. 31C), ktery neni pfimo uveden
mezi markery z duvodu jeho nizké intenzity v MS spektru. S ohledem na pfitomnost
kaempferolu v 1. fazi experimentu lze navrhnout, Ze ion s m/z 289.0774 vznika redukci
(hydrogenaci) kaempferolu. Redukce flavonoidl =z vinafského odpadu je tak jednim
z dulezitych procesu doprovazejicim anaerobni fermentaci s produkci bioplynu, pfi
nejmenSim na zaCatku anaerobni digesce, tj. v acidogenni fazi. Kvalitativné jsou tyto
vysledky ve shodé s modelovou in-vitro studii katabolismu kvercetinu pomoci bakterii

z lidskych exkrementu [202].
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Obr. 31. Rekonstruovany chromatogram pro m/z 305,07 (A), 139,05 (B), 289,07 (C) a MS/MS spektrum
markeru s m/z 305,0706 (D, CER 10-40 eV).

Posledni tfi markery oznacené jako RT _m/z pary 1,94 123,0491, 4,81 123,0495
a 9,78_123,0492 odpovidaji hydroxybenzaldehydu (CsH;O2*, dtm, -4,5, -4,9 a -4,6 mDa).
Jejich kolizni spektra jsou pomérné jednoducha a vzajemné podobna. Mdzeme pozorovat
dominantni fragmenty odpovidajici postupné ztraté vody (m/z 105,0339, dtm 0,1 mDa)
a oxidu uhelnatého (m/z 77,0413, dtm -2,2 mDa). Ve spektru jsou také pozorovatelné dalsi

minoritni ztraty. Prvni je ztrata molekuly s 15,9959 Da z rodiCovského iontu za tvorby
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fragmentu m/z 107,0474. Tato ztrata mdze odpovidat odstépeni kysliku z hydroxy skupiny
(Am/z 15,9949) nebo odstépeni methanu (Am/z 16,0313). S ohledem na naméfenou
a vypocitanou neutralni ztratu je zfejmé, Ze tato ztrata odpovida prvni moznosti a indikuje
absenci methylové skupiny ve struktufe. Za druhé, odstépeni formaldehydu (Am/z 30,0049,
dtm 5,7 mDa) a COH- radikalu (Am/z 29,0045, dtm 1,8 mDa) vedle ztraty CO potvrzuje
pfitomnost aldehydické skupiny v molekule. Dalsi moZnosti je pfitomnost karboxy skupiny
v molekule markeru (tj. kyselina benzoova). Tato moZnost byla testovana porovnanim
analytickych vlastnosti s autentickym standardem (pfidavek k. benzoové k PS-RGM vzorku).
Z davodu odlisného retenéniho ¢asu standardu a nalezenych markert a zejména absence
CO: v koliznim spektru markeru byla tato mozZnost zavrhnuta. Nalezené markery s m/z
123.05 byly také porovnavany se standardem p-hydroxybenzaldehu. | v tomto pfipadé se RT
standardu liSil od diskutovanych markert. Tento fakt Ize vysvétlit tak, ze uvedené markery
jsou fragmenty vétSich molekul - latky s m/z 209,0870 a 293,1053, které maji stejny retenéni
Cas jako markery s m/z 123 eluujici v RT 1,94 a 4,81.

Obé latky byly podrobeny cilenym MS/MS experimentim. V MS/MS spektru latky s m/z
293,1053 byl nalezen fragment s m/z 275,0899 odpovidajici ztraté molekuly vody. Ve
fragmentacnim spektru byly také nalezeny typické RDA fragmenty flavan-3-oll, tj. m/z
165,0529 (CoHyO3", dtm -2,3 mDa), 153,0572 (CsHyOs3*, 2,0 mDa) and 139,0382 (C7/H,O3",
-1,3 mDa). Tyto fragmenty pozorovali a také dikladné popsali autofi Li a Deinzer [203].
Rodi¢ovska molekula obsahuje o dva atomy vodiku oproti katechinu, coz indikuje jeho
redukci. Tato interpretace je dale potvrzena pfitomnosti fragmentu m/z 149,0614
odpovidajici *B* RDA fragmentu katechinu obsahujici navic dva atomy vodiku. Fragment
m/z 123,0451 (odpovidajici markeru 4,81 123,0495, dtm -4,4 mDa) vznika katechin-
benzofuranovym $tépenim (catechin benzofuran forming fission) [203]. Detailni zobrazeni
fragmentacéniho procesu redukovaného katechinu je zobrazen na Obr. 32. Pozice redukce na
katechinovém skeletu nebyla odhalena ze ziskaného fragmentacniho spektra

(pravdépodobné se jedna o chromatograficky nerozdélenou smés izomert)
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Obr. 32. MS/MS spektrum latky s m/z 293,1010 (CER 10-30 eV) a navrzené struktury fragment
a) *B* RDA fragment redukovaného katechinu.

Rodi¢ovska molekula markeru 1,94 123,0491 (tj. m/z 209,0870) mize vznikat vlivem
methanogennich bakterii v redukéni atmosféfe podobné jako latky popsané vyse. Pritomnost
béznych flavona a flavonolu a v nékterych pfipadech jejich redukovanych &i methylovanych
forem ve vinafském odpadu byly popsany v textu vySe. Flavonoidy [204] a jejich chlakony
[205] mohou byt transformovany na dihydroxychromony nebo derivaty kumarinu ztratou B-
kruhu. Tento proces je také pozorovan v PS-RGM smési. Molekula poskytujici rodi€ovsky ion
s m/z 209,0870 byla identifikovana jako dimethoxychromanon (dihydroxychromony vznikaji
enzymatickym rozkladem flavonoidl [204]) a tyto latky mohou byt nasledné redukovany
a methylovany methanogennimi bakteriemi [202]. Dominantni fragmenty ziskané MS/MS
experimentem jsou ionty m/z 149,0614, 131,0469 a 103,0529. Tyto signaly mohou byt
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vysvétleny jako postupné ztraty molekuly vody (pravdépodobné diky aromatizaci
heterocyklického kruhu; potvrzujici pfitomnost hydroxy skupiny), ketenu (pfitomnost methoxy
skupiny) a oxidu uhlenatého (vystipnutého z heterocyklického kruhu). Pfitomnost druhé
methoxy skupiny potvrzuje slaby ale stale patry signal fragmentu s m/z 134,0362
vznikajiciho ztratou methylového radikalu z fragmentu s m/z 149,0614 (Obr. 33.). Pavod

markeru 9,78 123,0492 nebyl objasnén a je pfedmétem dalSiho vyzkumu.
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Obr. 33. MS/MS spektrum latky s m/z 209,0780 (CER 10-40 eV) a navrzené struktury vznikajicich
fragmentu.

Zmeény v obsahu markerl z druhé faze fermentacniho procesu jsou zobrazeny na Obr.
30B. Z obrazku je patrné, ze vSechny tyto markery nejsou pfitomny vreakéni smési
v pocatecni fazi fermentace. Jejich obsah v kapalné fazi dosahuje maxima zhruba po 4-8
dnech a poté jejich obsah klesa. Statisticky vyznamny pokles identifikovanych redukovanych

flavonoidd (markery s m/z 305,0706 a 139,0457) byl pozorovan po 16 dnech gasifikacniho
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procesu. Markery s fragmentem m/z 123,05 se rozkladaly vyrazné rychleji a statisticky
vyznamny pokles byl patrny po 8 dnech.

Studovany proces zplynovani zahrnuje velké mnozstvi chemickych a enzymatickych
procesu. Z tohoto divodu je komplexni popis degradace polyfenoll obsazenych ve viné
velice komplikovany. Nicméné nase experimenty indikuji jeden obecnéjsi vyznamny proces,
a to je vznik redukovanych forem flavonoidd v prubéhu fermentace [182]. Nékteré
z redukovanych forem flavonoidnich latek téchto latek maji vysSi toxicitu nez bézné
flavonoidy. Napfiklad izomer dihydrokvercetinu, taxifolin, ma akutni intraperitonealni toxicitu
méfenou na mysich LD50 (AITM-LD50) 985 mg.kg™. U kvercetinu byla naméfena hodnota
3000 mg.kg'. Malvidin (aglykon nelvyznamnéjsiho anthokyaninu pfitomného ve vinech
a detekovaného v pocatecni fazi fermentace PS-RGM) ma hodnotu AITM-LD50 4110 mg.kg"
T (méfFeny jako malvidin chlorid) [206]. Ackoli jde o velmi pfedbézné srovnani a vysloveni
jednoznaéného zavéru o rozdilech v toxicitach béznych polyfenoll a jejich redukovanych
forem vyzaduje daleko zevrubnégjSi vyzkum, uvedena data akcentuji potfebu vhodné
analytické kontroly (nestabilizovaného) digestatu i vyzkumu jeho vlivu na Zivotni prostfedi
v SirSich souvislostech.

Vysledky ziskané touto studii byly publikovany v ¢asopise Chemosphere [182], ktery je

soucasti pfiloh této prace.
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6. Zaver

Vyroba bioplynu je rychle se rozvijejici se odvétvi dovolujici u€inny a ekologicky zpisob
zpracovani odpadu a zaroven produkce relativné levné energie. V sou¢asné bioplynarenské
praxi je analyticka chemie pouzivana hlavné pro kontrolu slozeni plynt a zakladnich
agrochemickych parametrli v digestatu. Aby bylo mozno rozsifit spektrum materiald, které je
mozno zplyfiovat, je tfeba detailné znat sloZeni vstupnich surovin (v€etné jejich zmén
probihajicich pfi skladovani surovin pfed zplyfiovanim) i chemické zmény probihajici
v pribéhu samotné anaerobni fermentace v bioplynovém reaktoru. Tato prace se zabyva
vyvojem vhodnych analytickych metod pro sledovani slozeni téchto materiali a nasledné
jejich vyuzitim pro studium zmén v profilu vybranych latek s flavonoidni povahou za
uvedenych podminek.

V prvnim kroku byly provedeny experimenty studujici degradaci i kondenzaéni reakce na
chemicky dcistych standardech dvou anthokyaninovych barviv. Pfi degradaci kyanidinu
a malvidin-3-galaktosidu pfi pH 7 a zvy3ené teploty (95°C) po dobu 24 hodin dochazelo ke
vzniku kyseliny protokatechové (z kyanidinu) a kyseliny syringové (z malvidin-3-galaktosidu).
Ani v jednom pfipadé nebyl ve vzorku detekovan spoleCny rozkladny produkt obou
anthokyaninl floroglucinaldehyd. Z toho divodu byly provedeny rozkladné experimenty se
standardem floroglucinaldehydu. P¥i rozkladnych experimentech Ccistého standardu byly
v roztoku nalezeny neznamé latky s m/z 243,0324, 271,0255 a 271,0276. Na zakladé
porovnani analytickych dat s laboratorné nezavisle pfipravenym standardem anthrachrysenu
(1,3,5,7 — tetrahydroxyanthrachinon) a porovnani s jiz publikovanymi vysledky v odbornych
Casopisech byly latky s m/z 271,02 identifikovany jako tetrahydroxyanthrachinony (1,3,5,7-
tetrahydroxyanthrachinon, 1,4,5,8-tetrahydroxyanthrachinon a/nebo 2,3,6,7-tetrahydroxy-
anthrachinon). Tyto latky by tedy potencialné mohly vznikat i pfi zpracovani potravin
bohatych na sledované anthokyaniny a ovliviiovat tak jejich organoleptické vlastnosti
i pusobeni na lidsky organismus.

Dal$i studie byla zaméfena na vyvoj nano-LC metody pro analyzu mustkovych barviv
vznikajicich reakci (+)-katechinu a malvidin-3-glukosidu v prostfedi acetaldehydu. Byla
provedena syntéza dvou diasteromerti (+)-katechin-ethyl-malvidin-3-glukosidu
a prostudovano jejich retenéni chovani na laboratorné pfipravenych kapilarnich kolonach
s riznymi stacionarnimi fazemi (plné porezni Chromosphere C18, povrchové porézni
Kinetex C18 a monoliticka stacionarni faze Chromolith C18). Nejlepsi vysledky poskytuje
faze Chromosphere C18, ktera byla rovnéz testovana z hlediska mozného pouziti pro
kontrolu obsahu kondenzovanych barviv ve vinafském odpadu. Nano-LC technika byla

porovnana s metodou optimalizovanou pro konvenéni kapalinovou chromatografii.
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Pro studium anaerobni fermentace vinafského odpadu byl navrzen a pouZit jednoduchy
diskontinualni mikroreaktor. Proces prabéhu anaerobni fermentace byl kontrolovan pomoci
headspace analyzy vnitini atmosféry reaktoru (methan, oxid uhliCity, dusik a Kkyslik)
plynovym chromatografem s hmotnostni detekci. Analyzy pomohly definovat jednotlivé faze
zplyhovaciho procesu (acidogenni faze a nestabilizovana methanogeneze) v diskontinualnim
rezimu. Kapalny podil fermentaéni smési (digestat) byl analyzovan spojenim vysokoucinné
kapalinové chromatografie s vysokorozliSujici tandemovou hmotnostni spektrometrii.
Ziskana data byla dale zpracovana analyzou hlavnich komponent a ortogonalni projekci do
latentnich struktur. Tyto postupy hodnoceni dat dovolily nalézt latky (markery) vyrazné
odliSujici smés s pfidavkem vinafského odpadu od bé&Zné pouzivané smési (praseci kejda).
Osm nejvyznamnéjSich markerd Ize na zakladé ziskanych analytickych dat zaradit do
skupiny polyfenold. LC/MS analyzy vzorkG =z acidogenni faze a z nestabilizované
methanogeneze indikuji vznik redukovanych forem nékterych flavonoidi v poc¢atec€nich
fazich bioplynového procesu a jejich rozklad ve fazich nasledujicich. Jde o latky
hydroxykaempferol, hydroxybenzoylkatechin, methylkvercetin, malvidin-3-glukosid, chalkon
malvidinu a redukovany katechin. Vy$Si toxicita nékterych dihydro-flavonoidu (napf. taxifolin)
muze (vzhledem Kk rozdilim v hodnotach LD50) predstavovat vysSi zatéz pro zivotni
prostfedi nez bézné flavonoidy vyskytujici se ve viné (malvidin, kvercetin, atd.), pokud je jako
hnojivo pouzit nestabilizovany digestat. Tato velmi pfedbézna hypotéza vSak vyzaduje
podrobnéjsi vyzkum. Vysledky ale poukazuji na potfebu zevrubné analytické kontroly slozeni

digestatu pred jeho dal§im pouzitim.
Vysledky ziskané v souvislosti s touto disertacni praci byly publikovany ve tfech

impaktovanych a jednom recenzovaném cCasopise a byly prezentovany na fadé

mezinarodnich a domacich sympozii, jak je uvedeno na stranach 106-143.
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Seznam symbolt a zkratek

o

u-GC
AcA
ACN
AES
AITM-LD50
BPS

Cat

CD
CeM3G
CER
CcOoD
CVHAFS
Cy
CZBA
DAD

DO

dtm
ELCD
ESI

FA
FA-AAS
FID

FPD

GC
HETP
HGAAS
HMBC
HMQC
HPLC
ICP-AES
ICP-MS
IT

MBR
MESI
MetBac
MF

MRM

MS

MSC

Mv
Mv-3-Glu
NaEDTA
nano-LC
NMR

separacni faktor, faktor selektivity

mikro-plynova chromatografie

kyselina octova

acetonitrile

atomova emisni spektrometrie

akutni intraperitonealni toxicita

bioplynova stanice

Katechin

vodivostni detektor

(+)-katechin-ethyl-malvidin-3-glukosid

rampa kolizni energie

chemicka spotieba kysliku

atomova fluorescenéni spektrometrie s generovanim tékavych latek
kyanidin

Ceska bioplynova asociace

detektor diodového pole

dynamicka olfaktometrie

odchylka méfené od teoretické hodnoty m/z
elektrolyticky-vodivostni detektor

ionizace elektrosprejem

kyselina mravendi

atomova absorpéni spektrometrie s plamenovym atomizatorem
plamenoveé ionizac¢ni detektor

plamenové fotometricky detektor

plynova chromatografie

vySkovy ekvivalent teoretického patra

atomova absorpéni spektrometrie s generovanim tékavych hydrid(
heteronuclear multiple-bond correlation

heteronuclear multiple-quantum correlation

vysokoucinna kapalinova chromatografie

atomova emisni spektrometrie s indukéné vazanym plazmatem
hmotnostni spektrometrii s indukéné vazanym plazmatem
iontova past

membranovy biologicky reaktor

membranova extrakce s pevnou fazi

roztok methanogenich bakterii

mobilni faze

multireaction monitoring

hmotnostni spektrometrie

multi-injek&ni chromatografie

malvidin-3-galaktosid

malvidin-3-glukosid

ethylendiamintetraacetat sodny

nanokapalinova chromatografie

nuklearni magneticka rezonance
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OPLS-DA
OoTC
PA
PCA
PEEK
PET-NY-AL-CPE
PFPD
PGA
PID
PS
PTFE
PVF
RDA
RFA
RGM
ROESY
RT

SA
SCFA
SD
SDB-L
SF
SIM
SPE
SPME
STD
TCD
TD
TFA
TGM
TSD
UPLC
VMS
VOC
VSC
W50%

ortogonalni projekce do latentnich struktur
organocinicité slouceniny

kyselina protokatechova

analyzy hlavnich komponent
Polyetheretherketon
polyethylen-tereftalat-nylon-aluminium
fotometricky detektor s pulznim plamenem
Floroglucinaldehyd

fotoioniza¢ni detektor

veprova kejda

Polytetrafluorethylen

polyvinyl fluorid

retro-Diels-Alderovské &tépeni
rentgenova fluorescencni analyza

vylisky z €ervenych hroznt

rotating frame nuclear overhauser effect spectroscopy
retencni Cas

kyselina syringova

tékavé mastné kyseliny

smérodatna odchylka

styren-divinyl benzen kopolymer
stacionarni faze

monitorovani jedné hmoty pfi hmotnostné spektrometrickém méreni
extrakce tuhou fazi

mikroextrakce tuhou fazi

standard

tepelné-vodivostni detektor

teplotni desorpce

kyselina trifluoroctova

roztok thioglykolatového média
termo-ionizaéni selektivni detektor
ultraucinna kapalinova chromatografie
semitékavé methysiloxany

tékavé organickeé latky

tékave sirné latky

Sifka piku v poloviné vysSky
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Priloha 5. 'H, 3C a 2D korelace pro vybrané atomy latky C.

Pozice 01 H 613 C HMBC HMQC
Anthokyanidinova

cast

2C X 160.9 H-2(,6B X
4C 8.76 134.3 H-4C
6A 6.82 115.0 H-6A
8A X 1121 CH3, H-6A X
216'B 7.86 110.1 H-2()6/B
3)5B X 148.2 OMe; H-2()6/B X
4B X 143.7 H-2(,6/B X
OMe 3.98 56.8 OCH3
Flavonolova &ast

8D X 108.2 CH3 X
Cukerna cast

GI-1 5.29 103.0 H-GI-1
Propylovy mustek

CH 5.31 26.2 CH3

CH3 1.76 19.2 X CH3
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Pfiloha 7. 'H, *C and 2D korelace vybranych atomu pro latku D.

Pozice 01 H 0613 C HMBC HMQC ROESY
Anthokyanidinova cast
2C X 162.2 H-4C; H-2(,6/1B X -
3C X 145.6 H-4C X -
H-H (GI1); H (GI2);
4C 8.82 134.5 H-4C
H (GI3)
5A 155.8  H-4C, H-6A X -
6A 6.76 115.8 H-6A -
8A X 112.1 CH; CH3, H-6A X -
8aA X 153.1 H-4C X -
1B X 120.3 H-2(,6/B X -
H-H (CH); H (CHs3);
2()6/'B 7.89 109.2 H-2(,6B
H (OMe)
OMe 3.97 57.1 OCH3  H-H (CH); H (2',6'B)
Flavonolova &ast
1E X 130.9 H-6(E X -
4aD X 101.9 H-4aF; H-4BF X -
40F 2.43 29.5 H-4F -
4BF 2.92 29.5 H-4F -
6[E 6.29 116.5 H-6(E -
8D X 107.7 CH3 X -
Cukerna cast
GI-1 5.39 102.7 H-3C H-GI-1 H-H (4C)
Propylova ¢ast -
CH 5.48 26.0 CH3 CH H-H (2',6'B)
H-H (2',6'B); H
CH3 1.77 19.1 X CH3
(OMe)
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Pfiloha 10. RozliSeni (R) kritickych parG ziskanych pfi separaci reakéni smési pfi rizném
obsahu TFA v mobilni fazi (koncentrace TFA: (a) — 0,05 %; (b) — 0,1 %; (c) - 0,2 %; (d) — 0,4
% (v/v; kolona Chromosphere C18, MF 79:21 H,O:ACN. (A) (+)-katechin; (B) malvidin-3-
glukosid; (C) a (D) CeM3G diastereomery.

A-B B-C C-D
R SD R SD R SD
a. 1,930 + 0,007 3,489 + 0,095 2,723 + 0,063
b. 2,050 + 0,008 2,885 + 0,079 2,266 + 0,052
C. 1,948 + 0,007 2,561 + 0,070 2,185 <+ 0,050
d. 2,034 + 0,008 2,597 + 0,071 2,063 + 0,047
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Nano-liquid chromatography and conventional HPLC were used for the separation of diastereomers of
(+)-catechin-ethyl-malvidin-3-glucoside. Those bridged anthocyanin dyes were obtained by reaction
of (+)-catechin with malvidin-3-glucoside in the presence of acetaldehyde. Both diastereomers were
isolated with semipreparative chromatography and their structures were confirmed by nuclear mag-
netic resonance and mass spectrometry. In-laboratory prepared capillary columns packed with fully
porous particles Chromosphere C18,dp =3 wm, core-shell particles Kinetex C18,dp =2.6 wum (100 pmi.d.)
and monolithic column Chromolith CapRod (100 wm i.d.) were used for the separation of (+)-catechin,
malvidin-3-glucoside and both diastereomers. Chromosphere C18 stationary phase provided the best
chromatographic performance. Mobile phase containing water:acetonitrile (80:20) acidified with tri-
fluoroacetic acid (0.1%, v/v/v) was used in an isocratic elution mode with a flow rate of 360 nLmin~!.
Separation of studied compounds was achieved in less than 7 min under optimized conditions. The
nano-liquid chromatographic method and a conventional HPLC one using the same fully porous particles
(Chromosphere C18, 3 wm, 100 mm x 4.6 mm) were compared providing higher separation efficiency
with the first analytical method and similar selectivity. A better peak symmetry and higher resolution
of the studied diastereomers was achieved by conventional chromatography. Nevertheless, nano-liquid
chromatography appeared to be useful for the separation of complex anthocyanin dyes and can be uti-
lized for their analysis in plant and food micro-samples. The developed method was used for analysis of
red wine grape pomace.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

[3,4]. Anthocyanins can be stabilized by reaction with certain small
molecules including aldehydes, ketones and organic acids result-

Anthocyanins are water soluble natural dyes having a number
of protection and regulatory functions in plant world. These com-
pounds are found in relatively high concentrations in fruits (e.g.
red grapes and various berries) as well as in foods produced from
plants. Anthocyanins have many beneficial effects on human health
[1,2]. Native anthocyanins show relatively low chemical stability
influenced by many factors such as pH, temperature, their concen-
tration in solution, presence of oxygen or enzymes, irradiation, etc.

* Corresponding author.
E-mail address: petr.bednar@upol.cz (P. Bednar).

http://dx.doi.org/10.1016/j.chroma.2015.09.074
0021-9673/© 2015 Elsevier B.V. All rights reserved.

ing in more complex dyes (e.g. pyranoanthocyanins, compounds
consisting of several covalently connected flavonoid units, etc.).
Study of different spatial distribution of anthocyanins and related
complex dyes in plant tissue and related plant food represents a
challenging analytical task allowing elucidation of many functional
processes in living plant as well as during storage of a food (effect
of mechanical damage of tissue, microbial attack and many oth-
ers). The most common methods for such purposes are based on
direct surface scanning (imaging) by means of scanning microscopy
methods and matrix assisted laser desorption ionization mass spec-
trometry [5,6]. On the other hand, since the plant and food material
represents a complex mixture of chemically various compounds,
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chromatographic analysis of a scission of small part of tissue after
extraction would be unavoidable in many cases.

The most common approach for the separation of anthocyanins
combines HPLC coupled to photodiode-array (PDA) detection,
where selective detection of anthocyanins is possible since they
absorb in the visible range around 500-550 nm [7,8]. The hyphen-
ation of HPLC with mass spectrometry (MS) or tandem mass
spectrometry (MS/MS) provides increased sensitivity and struc-
tural elucidation capabilities [9,10].

Miniaturization represents one of the main trends in modern
analytical chemistry. Recently, great attention has been paid to
the development of miniaturized versions of LC, like capillary-
/nano-LC, that have become animportant area of research, resulting
attractive especially for industries, due to their reliability and
reproducibility. The use of these methodologies provides numer-
ous benefits, such as higher separation efficiency and resolution,
lower sample and solvent consumption and in particular higher
analysis speed, making these techniques environmentally friendly
and cost-effective [11-13]. Capillary columns can be laboratory
made by using small amounts of stationary phase making possi-
ble the use of expensive (e.g. chiral packing sorbents) and/or novel
materials [11,14]. Furthermore, the small internal diameter of the
columns leads to a decrease of sample dilution eluted from the col-
umn resulting in a signal to noise improvement [15]. Considering
the low flow rate of miniaturized systems, they are particularly
compatible with low flow ionization techniques like nanospray
interfaces for efficient coupling with mass spectrometry [16]. A
critical aspect related to nano-LC can be the low sample loading
due to the small dimension of the capillary column which leads to
loss of detection sensitivity. In order to increase the detection limit
and to obtain benefit from the smaller dilution factors, different
large-volume injection methods called on-column focusing proce-
dures have been investigated [17]. Among them, the selection of
the appropriate composition of the sample solvent in which a large
sample volume dissolved in a solvent with a lower elution strength
than the one present in the mobile phase is introduced in the col-
umn without compromising the chromatographic performance of
the system [11,18] or a mobile phase composition programming
[19]. Another approach is to use a trapping column technique, in
which a pre concentration procedure as well as a clean up step of
real samples can be performed [20]. NanoLC has a great applicabil-
ity in proteomic [21,22]. As an example of successful application in
plant research, a nanoLC-ESI-MS/MS analysis of proteins in excised
spots from gel after two-dimensional electrophoretic purification
and digestion of Arabidopsis thaliana leaves (i.e. analysis of small
pieces of material) has been published [23].

The aim of the present work was to optimize a nano-liquid
chromatographic method for the separation of catechin, malvidin-
3-glucoside and pigments formed by their mutual condensation
in the presence of acetaldehyde (following reaction described
elsewhere [24]) and to compare it with a conventional chromato-
graphic method. Pigments produced by linkage of anthocyanins
with flavanols appear in significant content in different foods such
as red wine vinegard [25] and red wine [26-28]. This study repre-
sents one of the initial steps in development of a comprehensive
analytical platform for targeted monitoring of condensation of
anthocyanins in micro-samples of plant material and related food.

2. Experimental

2.1. Chemicals

All used chemicals were of analytical reagent grade. Acetoni-
trile (ACN) and methanol (MeOH) were purchased from Carlo Erba
(Milan, Italy) and VWR International (Radnor, PA, USA), acetalde-
hyde was from Merck Schuchardt (Hohenbrunn, Germany), glacial

acetic acid (99.8% pure), formic acid (99% pure) and trifluoracetic
acid (99% pure) were from Sigma-Aldrich (St. Louis, MO, USA) and
Carlo Erba (Milan, Italy). Double distilled water was provided by
Milli-Q water purification system (Millipore, Waters Milford, USA).
Standards of (+)-catechin (Cat) and malvidin-3-glucoside (Mv3Glu)
were obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Preparation of reaction mixture, chromatographic
purification of reaction products and preparation of sample of red
wine grape pomace extract

Reaction mixture was prepared by mixing of (+)-catechin
and malvidin-3-glucoside (both 1 mmol) in 4 mL of water. Then
0.86 pL of formic acid, 2.24 pL of acetaldehyde and 1mL of
methanol were added and the reaction mixture was immediately
well mixed. Reaction process and the yield of the product was
controlled by chromatographic analysis using HPLC/DAD/ESI-MS
system (see Section 2.3). The highest concentration of products
were found after 8 days of reaction. Purification of reaction products
was performed using HPLC system Smartline (Knauer, Germany)
equipped with semi-preparative core-shell column Ascentis C18
(250 mm x 10 mm; 5 wm; shell layer 0.5 pm, Supelco, USA). Injec-
tion volume 1 mL was used for those experiments.

Red wine grape pomace was kindly provided by Department of
Post-Harvest Technology of Horticultural Products, Faculty of Hor-
ticulture in Lednice, Mendel University in Brno. The crude material
was lyophilized and stored in freezing box. 250 mg of lyophilized
material was extracted using 1 mL of 0.1% formic acid in methanol
for 10 min in ultrasonic bath at laboratory temperature. Then the
formed mixture was centrifuged (1400 rpm for 5 min). 0.5 mL of the
supernantant was separated and 8 times diluted with mobile phase
(0.1% TFA in mixture 80:20 water:acetonitrile, v/v/v). This sample
was spiked by mixture of studied compounds (final concentration
of added analytes was roughly 10 mgL-1).

2.3. Instrumentation

Nano-LC experiments were carried out using a laboratory
made apparatus composed by SpectraSYSTEM P2000 conventional
HPLC pump, a Spectra System UV1000 detector, all purchased
from Thermo Separation Products (San Jose, CA, USA). A modi-
fied injector valve (Enantiosep GmbH, Miinster, Germany) with
a 50 L loop and a nano-injector (100nL) (VICI Valco, Hous-
ton, TX, USA) were used as reservoir for the mobile phase and
for the introduction of the samples into the column, respec-
tively. Mobile phase reservoir and nano-injector were connected
each other via another T-piece using a fused silica capillary
(50 wm x 11 cm). A split flow system was assembled to reduce
the flow from pL/min to nL/min range. The pump was connected
to a stainless steel tee (VICI Valco, Houston, TX, USA) using a
polyetheretheretherketone (PEEK) tube (50 cm x 130 wm). The sec-
ond entry of the T was coupled to the injection valve via a stainless
steel tube of 7cm x 500 wm i.d. and joined to the waste through
a 50cm x 50 wm i.d. fused silica capillary. The capillary chro-
matographic column was directly connected to the nano-injector.
The separation of samples was performed in laboratory-made
capillary columns (100 wm i.d., 375 o.d.) packed with station-
ary phases in our laboratory (packing procedure is described
below) and on Chromolith CapRod column FR (150 mm x 100 pm
i.d.) purchased from Merck (Merck, Darmstadt, Germany). Data
were recorded using ChromQuest software (Thermo Fischer Sci-
entific, Waltham, USA). The wavelength for UV detection was
205 nm.

Conventional high performance chromatography experiments
were done using an HPLC Smartline (Knauer, Germany) equipped
with columns Chromsphere C18 (100 x 4.6 mm, 3 wm, Agilent
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Technologies, Santa Clara, CA, USA) and Kinetex 2.6 wm C18 100A
(100 x 2.1 mm, dp=2.6 pum (porous layer 0.5 wm), Phenomenex,
USA). Sample volume of 5uL was injected at optimal condi-
tions while 88 L in “scaled up” experiments. For the control of
the reaction mixture composition during the bridged dyes syn-
thesis and their purity the HPLC instrument was hyphenated
with high resolution tandem mass spectrometer Q-TOF Premier
(Waters, Milford, USA) equipped with electrospray ion source
(Z-spray).

2.4. Capillary column preparation

Fused silica capillary columns 100 pwm i.d., 375 o.d. (Composite
Metal Services, Hallow, UK) were packed using an LC pump (Perkin-
Elmer series 10 LC pump, Paolo Alto, CA, USA) with Chromosphere
C18 stationary phase, 3 wm particle size (Varian, Palo Alto, CA, USA)
and Kinetex® C18 stationary phase, 2.6 um particle size (Pheno-
menex, Torrance, CA, USA). The packing procedure was similar to
that reported in previous work [29]. Briefly, one end of the capillary
was connected with a mechanical frit and the second end to an HPLC
pre-column serving as reservoir for the slurry. The stationary phase
suspended in methanol was pumped into the capillary. The column
was then flushed to remove the packing solvent. The inlet and outlet
frits were prepared by sintering the stationary phase particles for
65sat700°Cwith an electrically heated wire. The detection window
was prepared by removing of 0.5 cm of the polyimide layer with a
razor.

The packing procedure with Kinetex core shell particles is a lit-
tle bit different. The fused silica capillary with attached temporary
mechanical frit on its outlet end was packed for about 10 cm with
LiChrospher 100 RP-C18 of 5 wm particle size suspended in ace-
tone. The column was then washed with water and the first frit
was prepared by sintering the reverse phase particles for 6s at
700°C while water was flushing. After removing the temporary
frit, the capillary was washed with acetone in both directions to
eliminate the excess material. Afterwards, the capillary was packed
for 25 cm with the core-shell stationary phase suspended in ace-
tone and then for other 5 cm with LiChrospher 100 RP-C18 5 pum.
The outlet frit was prepared in the same manner of the inlet one
and the free packing material finally eliminated. The LiChrospher
particles length into the capillary was only a few millimeters, cor-
responding to the two frits. All the capillary columns were packed
for 25.0 cm, the effective and total lengths were 27.0 and 32.0 cm,
respectively.

In this study, the chromatographic performance of each col-
umn was tested analysing a model mixture containing five
aromatic hydrocarbons including benzene, toluene, ethylbenzene,
n-propylbenzene and n-butylbenzene in isocratic mode using a
mobile phase composed by water/ACN. The column to column
reproducibility was also evaluated performing the analysis of the
five aromatic hydrocarbons obtaining satisfactory results with RSD
values of retention time and peak area in the range of 2.55-4.68%
and 3.24-5.36%.

2.5. NMR experiments

1D and 2D NMR spectra were recorded on a JEOL ECA-500
spectrometer operating at frequencies of 500.16 MHz ('H) and
125.76 MHz (13C). The following parameters were used for the
2D experiments: HMQC (J-constant=140Hz); HMBC (J-constant
max =163 Hz, J-constant min=128 Hz, long range J=8Hz); and
ROESY (mixing time = 0.25 ms). For all of the experiments, a relax-
ation time of 1.5s was used. Samples were dissolved in mixture
of deuterated methanol (CD30D) and trifluoroacetic acid (TFA) in
ratio 98:2, respectively.

5

Fig. 1. Structure of diastereomers C and D (with numbering).

H

3. Results and discussion
3.1. Identification of bridged dyes by NMR

The reaction between malvidin-3-glucoside, catechin and
acetaldehyde and structure of arising products has already been
described [30]. This helped to control the synthesis in our experi-
ments. In spite of limited amount of obtained fractions and a lower
purity of compound isolated from fraction 1 (compound C), the
interpretation of NMR spectra of both isolated bridged dyes and
their comparison with literature data [30] confirm the structure
given in Fig. 1 and the fact that both the synthesized compounds
(C and D) are diastereomers of (+)-catechin-ethyl-malvidin-3-
glucoside (CeM3G). Important shifts and 2D correlations are shown
in Supplements 1-5.

3.2. Nano-liquid chromatography

Fully porous sorbents represent standard stationary phases in
present high performance liquid chromatography and their minia-
turized counterparts. The first experiments were carried out using
a 250 mm long silica capillary column packed with 3 wm particles
of Chromosphere C18 phase, investigating in details the effect of
mobile phase composition on the retention and selectivity. Mobile
phases composed by water/ACN at different ratios, all containing
0.1% TFA were evaluated under isocratic conditions. The possibility
to separate all the compounds in isocratic mode allowed not losing
time for the conditioning of the columns.

As shown in Fig. 2, by increasing the water content in the
mobile phase, a general improvement of the resolution mixture was
achieved. A mobile phase containing water:ACN (80:20) acidified
with trifluoroacetic acid (TFA, 0.1%, v/v/v) allowed the separation of
reactants (A, B) as well as the diastereomeric pair of bridged dyes (C,
D). Addition of TFA to mobile phase improves efficiency of antho-
cyanins separation (pH <2) [31]. For consecutive analysis a mobile
phase containing H,O:ACN (79:21) acidified with 0.1% (v/v/v) of
TFA was used to reach a shorter run time (12.5 min) preserving the
sufficient resolution of all the studied compounds.
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Fig. 2. Separation of reaction mixture with various ratios of water: ACN (capillary column (100 wm id) packed with Chromosphere C18 for 25 cm; mobile phases water:ACN:
(a) - 50:50; (b) - 60:40; (c) - 70:30; (d) - 80:20), all acidified with 0.1% TFA (v/v/v); (A) (+)-catechin; (B) malvidin-3-glucoside; (C) and (D) CeM3G diastereomers. Inset: plot

of resolution of critical pairs achieved for different compositions of mobile phase.

The influence of TFA concentration was also investigated (see
Fig. 3). The fastest separation was achieved in less than 13 min
with 0.4% TFA. This fact can be explained by a shift of the flavylium
cation-carbinol pseudobase/quinoidal base equillibrium towards
the charged flavylium form resulting in a higher polarity of ana-
lytes. Instead, ion pairing mechanism, which is expectable in
such concentrations of TFA, does not increase the retention sig-
nificantly. Note that the mobile phase containing the highest
studied concentration of TFA could cause some changes in col-
umn chromatographic performace due to hydrolysis. Thus only
few experiments with 0.4% TFA were performed and no changes
in retention and separation were observed. The concentration 0.1%
TFA was selected for further experiments as a compromise provid-
ing sufficient resolution of all components of the reaction mixture

including small impurities and still acceptable analyte and station-
ary phase stability.

Mobile phases containing other acids with pH >2 were exam-
ined as well, i.e. addition of formic acid (0.4%, abbrev. FA) and acetic
acid (0.4%, abbrev. AcA). However, the separations with formic
and acetic acid were longer (run times 16 and 37 min, respec-
tively) compared to separation with the addition of TFA in any
of the studied concentrations. Shapes and widths of chromato-
graphic peaks were also better when TFA was used. For CeM3G
diasteromer C, peak width at half height (wsgy) 0.22 min and height
equivalent of theoretical plate (HETP) 9 pum was found compared to
Ws0y 0.64 min and 129 pm for 0.4% formic acid and wsgy 2.24 min
and 218 pm for acetic acid, respectively. Similarly for CeM3G dias-
teromer D, wspy 0.26 min and HETP 8 pm was found compared to
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Fig. 3. Nano-LC chromatograms of reaction mixture with different amounts of trifluoracetic acid (concentration of TFA: (a) - 0.05%; (b) - 0.1%; (c) - 0.2%; (d) - 0.4% (v/v)
on totally porous column Chromosphere C18, mobile phase 79:21 =H,0:ACN). (A) (+)-Catechin; (B) malvidin-3-glucoside; (C) and (D) CeM3G diastereomers. Inset: plot of
resolution of critical pairs achieved for different concentrations of TFA in mobile phase (for exact values of resolution of critical pairs with standard deviations of measurement
see Supplement 6).
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Fig. 4. Nano-LC chromatographic separation of reaction mixture using two different stationary phases: (a) - fully porous Chromosphere C18; (b) - core-shell Kinetex C18;
Mobile phase 79:21 =H,0:ACN acidified with 0.1% TFA (v/v/v). (A) (+)-Catechin; (B) malvidin-3-glucoside; (C) and (D) CeM3G diastereomers.

Wsoy% 0.80min and 133 pm for 0.4% formic acid and wspg 1.53 min
and 81 pm for acetic acid, respectively. Experiments demonstrated
that both acids were not suitable for the analysis of the studied
compounds.

Core-shell stationary phases are very popular nowadays
providing fast and efficient separations. Besides the improved
chromatographic performance, it is possible to perform the anal-
ysis with low pressures, operating with conventional pumps
[32]. Therefore commercially available core-shell sorbent Kine-
tex C18 was compared with the fully porous Chromosphere C18
in nano-LC system. The experiments were carried out using a
mobile phase 0.1% TFA in 79:21 water:ACN. The porous shell
stationary phase showed significantly lower efficiency, com-
pared to the fully porous one with a similar particle size, as
shown in Fig. 4. The efficiency observed using Chromosphere
C18 exceeded 9500 theoretical plates when compared to Kine-
tex C18 with 2000 plates (i.e. 9667 (Cat), 5117 (Mv-3-Glu),
8060 (CeM3G diasteromer, C) and 7849 (CeM3G diasteromer,
D) for Chromosphere C18 and 2342 (Cat), 1848 (Mv-3-Glu),
1893 (CeM3G diasteromer, C) and 2224 (CeM3G diasteromer, D)
for Kinetex C18, respectively) using the same capillary column
dimensions.

A less separation achieved with Kinetex C18 nano-column can
be due to a partial column overloading. This is indicated by a lower
retention factors, 0.17 (Cat), 0.40 (Mv-3-Glu), 0.91 (CeM3G dias-
teromer, C) and 1.28 (CeM3G diasteromer, D) for core-shell par-
ticles compared to 0.19 (Cat), 0.50 (Mv-3-Glu), 1.02 (CeM3G dias-
teromer, C) and 1.49 (CeM3G diasteromer, D) for fully porous par-
ticles, respectively. The lower efficiency of core shell nano-column
could be affected in part also by a different (somewhat more com-
plicated) preparation of core-shell nano-columns (see Section 2).

Due to the greater performance, Chromosphere C18 stationary
phase was selected for further experiments. In order to investigate
the potential of the Chromosphere C18 stationary phase in terms
of separation efficiency and analysis time a column packed for a
shorter length was prepared. Fig. 5 shows the separation of the
studied compounds using the shorter column (150 mm x 100 p.m).
Separation of all components of the reaction mixture including
impurities was achieved with a mixture 80:20=H,0:ACN con-
taining 0.1% TFA in less than 6 min (flow rate 360 nLmin~1). The
separation efficiency exceeded 9500 theoretical plates. HETP was
decreased from 26 pm (Cat), 49 pm (Mv-3-Glu), 31 wm (CeM3G
diastereomer, C) and 32 pm (CeM3G diastereomer, D) calculated
for Chromosphere C18 25cm long nano-column to 7 wm (Cat),
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Fig. 5. Comparison of two columns packed for a different length on the mixture resolution. (a) - 25.0cm packed length; (b) - 15.0cm packed length, mobile phase
80:20=H;0:ACN acidified with 0.1% TFA (v/v/v). (A) (+)-Catechin; (B) malvidin-3-glucoside; (C) and (D) CeM3G diastereomers.
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Table 1
Main parameters of separation of reaction mixture with nanoLC and HPLC system.
t, (min) W50y (min) HETP (um) k a SD As R SD
nanoLC: Chromosphere C18, 150 mm x 100 wm, 3 wm, flow rate 360 nLmin~"', injection 100 nL
(+)-Catechin 0.73 0.08 7 0.61 - - 233 - -
Malvidin-3-glucoside 1.60 0.17 15 1.34 1.94 +0.049 1.11 1.73 +0.021
CeM3G diastereomer C 3.37 0.19 7 2.83 1.84 +0.019 1.78 2.73 +0.218
CeM3G diastereomer D 4.70 0.25 7 3.94 1.39 +0.003 213 2.01 +0.244
nanoLC: Chromolith CapRod, 150 mm x 100 pm, 3 wm, flow rate 360 nLmin~!, injection 30 nL
(+)-Catechin 0.59 0.34 34 0.19 - - 1.05 - -
Malvidin-3-glucoside 0.59 0.34 34 0.19 1.00 +0.000 1.05 0.00 +0.000
CeM3G diastereomer C 1.26 0.32 22 0.41 2.16 +0.099 1.13 1.21 +0.043
CeM3G diastereomer D 1.69 0.28 13 0.55 1.33 +0.017 1.31 0.84 +0.058
HPLCop: ChromSphere C18, 100 mm x 4.6 mm, 3 pum, flow rate 0.761 mLmin~!, injection 5 wL
(+)-Catechin 0.77 0.15 84 0.54 - - 2.00 - -
Malvidin-3-glucoside 1.50 0.20 84 1.05 1.92 +0.028 0.91 248 +0.132
CeM3G diastereomer C 3.18 0.15 19 222 2.12 +0.005 1.57 6.34 +0.502
CeM3G diastereomer D 4.50 0.17 15 3.14 1.41 +0.004 1.50 5.41 +0.475
HPLCyca1eq: ChromSphere C18, 100 mm x 4.6 mm, 3 wm, flow rate 0.761 mLmin~', injection 88 pL
(+)-Catechin 0.93 0.30 273 0.67 - - 3.17 - -
Malvidin-3-glucoside 1.60 0.47 246 1.14 1.69 +0.021 0.75 1.01 +0.025
CeM3G diastereomer C 3.42 0.17 13 2.44 2.14 +0.013 1.45 3.65 +0.200
CeM3G diastereomer D 4.73 0.18 12 3.38 1.39 +0.007 1.57 4.63 +0.199

t, = reduced retention time; wsoy: peak width at half height; HETP: height equivalent of theoretical plate; k: retention factor; a: selectivity factor; As: peak asymmetry; R:
resolution (calculated for consecutive peaks, i.e. (+)-catechin, malvidin-3-glucosid and both CeM3G diastereomers), SD: standard deviation of the measured value («: 0.05,

3 repeated measurements).

15pum (Mv-3-Glu), 7 um (CeM3G diastereomer, C) and 7 wm
(CeM3G diastereomer, D) for Chromosphere C18 15 cm long nano-
column, respectively. Commonly the packing of shorter column
length improves the quality of packing as well as reproducibility
[33].

Besides packed nano-columns, chromatographic performance
of comparable monolithic column was tested. In Table 1 basic
chromatographic parameters of developed nano-LC methods are
reported. It can be seen that nano-column packed with Chromo-
sphere particles provides higher retention and efficiency for all
the studied compounds compared to monolithic stationary phase
(HETP values are roughly 2-5 times lower for Chromosphere col-
umn). Selectivity for the separation of both CeM3G diastereomers
is comparable while the separation of the catechin-malvidin pair
is not provided under given conditions using monolithic column at
all.

3.3. Conventional high performance liquid chromatography and
comparison with nano liquid chromatography

Fig. 6 shows the separation of the reaction mixture using a con-
ventional HPLC system (Chromsphere 3 C18, 100 mm x 4.6 mm,
dp=3m). Flow rate 0.762mLmin~! was set up in order to

maintain the same linear mobile phase velocity as used for nano-
chromatography. Injection volume for optimized experiment was
5 uL. Separation of all compounds of interest is achieved with suffi-
cient resolution. The only exception represents first non-identified
impurity partially co-eluting with malvidin-3-glucoside (R=1.01).
[socratic analysis is completed in less than 7 min.

It can be seen in Table 1 that Chromosphere nano-LC column
offered higher retention and separation efficiency (lower HETP
value, roughly 10 times for (+)-catechin and malvidin-3-glucoside
and 3 times for CeM3G diastereomers) compared to conventional
HPLC as well. On the other hand slightly better selectivity for
separation of CeM3G diastereomers (given by selectivity factor,
difference 1.4-14.1%) and higher resolution for all components of
the tested mixture (difference 35.6-91.6%) was found for conven-
tional HPLC system compared to nano-LC system (Chromosphere
nano-column). Those results represent optimal parameters for con-
ventional chromatography. In the case of nano-LC, the injected
volume corresponds to 5.3% of the column volume. We were inter-
ested in changes of chromatographic parameters when the volume
injected in the conventional system is “scaled up” to the same
part of the column volume (the same percentage as used for
nano-column). Roughly 10 times higher peak areas were measured
in the scaled system compared to the optimized one. In “scaled
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Fig. 6. HPLC separation of sample using Chromsphere C18 column mobile phase 80:20=H,0:ACN acidified with 0.1% TFA (v/v/v). (A) (+)-Catechin; (B) malvidin-3-glucoside;

(C) and (D) CeM3G diastereomers.
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Fig. 7. Analysis of red wine grape pomace extract (a) and extract spiked with (+)-Catechin (A); malvidin-3-glucoside (B) and CeM3G diastereomers (C, D) (b) column:
Chromosphere C18 (150 mm x 100 pwm i.d.), mobile phase 80:20=H,0:ACN acidified with 0.1% TFA (v/v/v).

up” conditions much higher peak widths and HETP value were
observed for (+)-catechin and malvidin-3-glucoside but the appro-
priate parameters measured for CeM3G diastereomers remained
almost unchanged. However, resolution decreased for all the stud-
ied compounds compared to the optimized system. Nevertheless,
higher values of resolution were observed for separation of CeM3G
diastereomers in conventional HPLC system which can be related
to better asymmetry of peaks.

To demonstrate the applicability of the developed nano-LC
method, the analysis of extract of waste pomace from red wine
grapes was done. During storage and treatment of the pomace the
formation of more complex anthocyanin dyes can be expected.
Their content is strongly dependent on temperature, oxygen con-
tent, moisture and other parameters. Fig. 7a shows the analysis of
the waste pomace extract. Well separated peaks of both CeM3G
diastereomers can be seen in spiked extract (Fig. 7b) showing that
the developed method can be easily adopted for their control in
wastes from wineries.

4. Conclusion

A reversed phase nano-LC method using an in-laboratory
packed capillary column Chromosphere C18, 150 mm x 100 m,
3 pm for the separation of (+)-catechin-ethyl-malvidin-3-glucoside
diastereomers and their precursors, i.e. (+)-catechin and malvidin-
3-glucoside was proposed. Isocratic elution with water:ACN
(80:20) acidified with trifluoroacetic acid (0.1%, v/v/v) used as
mobile phase at a flow rate 360nLmin~! allowed the complete
resolution in less than 7 min. Fully porous particles (Chromo-
sphere C18, 3 wm) appeared to provide superior results compared
to a core-shell particles (Kinetex C18, 2.6 wm). The optimized
nano-LC method was compared with a conventional HPLC sys-
tem (Chromosphere C18, 3 wm, 100 mm x 4.6 mm). The nano-LC
column provided higher separation efficiency. Nevertheless peak
symmetry and resolution was better for conventional HPLC system.
Nano-liquid chromatography system appeared to a be suitable tool
for the analysis of complex anthocyanin dyes. The positive results
achieved have proved that nano-LC can be used as acomplementary
technique to well - established LC method and it can be poten-
tially used for study of plant and food micro-samples composition.
The developed method was used for analysis of both condensed
diastereomers spiked in red wine grape pomace extract with satis-
factory resolution.
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HIGHLIGHTS

o Optimization of anaerobic fermentation of wine waste material in micro-scale.
o Evaluation of differences in gasification of wine waste and commonly used materials.
o Study of the fate of flavonoids during gasification in complex waste mixture.
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A microscale discontinuous fermenter was used for anaerobic digestion of wine waste — a hardly gas-
ifiable feedstock material. Efficiency of biogas production, i.e. changes in content of nitrogen, oxygen,
carbon dioxide and methane in gas phase, was monitored by gas chromatography/mass spectrometry.
Liquid chromatography/high resolution tandem mass spectrometry in combination with principal
component analysis and orthogonal projection to latent structures was used to reveal main chemical
differences of gasified wine waste mixture from commonly used ones in agricultural biogas plants.
Compounds with particular polyphenolic structures appeared among the most distinctive markers.
Analysis of samples collected during acidogenic phase and unstabilized methanogenesis indicates for-
mation of certain dihydro-flavonoids in early stages of the process and their consequent degradation.
Due to formerly described higher toxicity of some dihydroflavonoids (e.g. taxifolin) compared to their
more common counterparts (e.g. quercetin, malvidin etc.), unstabilized digestate would represent a
potential environmental risk when used as a fertilizer deserving a proper control.

Polyphenols
Wine grape marcs

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Anaerobic fermentation is an effective ecological waste treat-
ment process and a method for production of cheap electrical and
thermal energy. The most widespread biogas production method is
a “wet” anaerobic fermentation based on fermenting of feedstock
material mixed with a liquid medium. The process of biogas for-
mation has already been well described (Weiland, 2010). Briefly, it
consists of several stages; i) decomposition of lipids, proteins and
polysaccharides (mainly by hydrolysis) in feedstock by aerobic
microorganisms (oxygen content is still high) (Archer and Peck,
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E-mail address: petr.bednar@upol.cz (P. Bednar).

http://dx.doi.org/10.1016/j.chemosphere.2016.09.124
0045-6535/© 2016 Elsevier Ltd. All rights reserved.

1989), ii) acidogenesis — decomposition of higher fatty acids to
lower ones, i.e. acetic, caproic, valeric, butyric, propionic acids and
their iso forms and iii) methanogenesis — action of Acetotrophic
and Hydrogenotrophic Archaea (Li et al., 2011).

One of the easily available source of plant residua for biogas
production is wine industry, which generates huge amount of
various kinds of waste, i.e. grape stalk, grape marcs, exhausted
yeast and wine lees (Bustamante et al.,, 2008). The efficiency of
anaerobic digestion of wine waste was already studied by many
authors mainly using gas chromatography (Melamane et al., 2007;
Da Ros et al.,, 2014; Leiva et al., 2014; Fabbri et al., 2015; Li et al,,
2015). However, the lack of nutrients, low pH of feedstock mate-
rial and the inhibition of biodegradation by the presence of poly-
phenols and copper significantly complicates the process of wine
waste anaerobic fermentation as described in the study by
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Melamane et al. The average polyphenol removal efficiency for the
130 days of anaerobic fermentation was only 63%. Note, that the
total polyphenols were considered (determined by Folin-Cio-
calteu's method) and present polyphenols were not specified in this
study. pH of fermentation mixture was maintained at 7 by CaCO3
and K;HPO4 to make gasification stable and robust. Inhibitory
properties of polyphenols were ascribed to their strong antibacte-
rial and cytostatic effects (Melamane et al., 2007). The effect of
polyphenols on cell is quite multiple. It was recently proven that
fertilizers enriched by flavonoids, phenolics and terpenes can
induce bacterial degradation of polychlorinated biphenyls (Macek
et al,, 2000). On the other hand, some studies indicate mutagenic
and/or genotoxic effects of particular flavonoids in bacterial and
mammalian cells (Jurado et al., 1991; Popp and Schimmer, 1991;
Suzuki et al., 1991). Skibola et al. describes that high intakes of
these compounds could potentiate deleterious effects on cells due
to modulation of the activity of environmental genotoxicants and
alter the activity of key metabolizing enzymes (Skibola and Smith,
2000). Thus a change of flavonoid profile due to anaerobic
fermentation in a large scale could affect the natural function of
flavonoids in ecosystem.

To the best of the authors' knowledge, only two research studies
have been performed in the past which describe the fate of poly-
phenolic standards (i.e. hesperidin, rutin, catechin, naringenin,
chrysin, luteolin, quercetin, kaempferol, cyanidin and petunidin)
pertaining to anaerobic process and biogas generation (without
control of CH4:CO, ratio in produced biogas). The analyses of
polyphenols and their degradation products in digestate (i.e. re-
sidual liquid produced during gasification) were performed by
liquid chromatography combined with photodiode array detector
possessing limited identification capability (Herrmann and Janke,
2001; Herrmann et al., 2001). There is no study in the literature
dealing with the fate of particular polyphenols in real waste sample
during biogas production. In this paper we describe development
and utilization of method for preparation of samples by micro-scale
discontinuous anaerobic fermentation of red grape marcs (solid
remains of red grapes after pressing) and their analysis by combi-
nation of liquid chromatography with high resolution tandem mass
spectrometry (LC/HRTMS) followed by advanced statistical data
treatment. This study contributes to the understanding of the
processes of polyphenol transformation in complex plant waste
material (after its first usage in winemaking process) under con-
ditions simulating biogas production (second usage).

2. Materials and method
2.1. Chemicals and reagents

Deionized water was obtained from two-stage deionization
station Milipore Direct Q UV (Millipore S.A.S, Molsheim, France).
Methanol (gradient grade, Biosolve; Valkensward, Netherlands and
gradient grade, Malinckrodt Baker, Derenter, Netherlands) and
formic acid (99.7%, Sigma-Aldrich, St. Luis, Mi, USA) were used for
preparation of mobile phases and standard solutions. Ammonium
hydroxide solution used for adjustment of pH of samples was
purchased from Penta Ltd. (Prague, Czech Republic). Standards of
malvidin-3-glucoside, quercetin, p-hydroxybenzaldehyde and
benzoic acid (all analytical purity grade, Sigma-Aldrich) were used
for confirmation of identity of markers.

2.2. Sample preparation
Red grape marcs (RGM) were kindly provided by Assoc. Prof.

Josef Balik from Department of Post Harvest Technology of Horti-
cultural Products, Faculty of Horticulture in Lednice, Mendel

University in Brno. The material was sampled directly after pressing
of red grapes during winemaking, transported to laboratory and
frozen until gasification experiments and analysis. Pure pig slurry
(PS) was provided by Kvétoslav Miick from CERVUS Ltd. (Olomouc).
The PS was directly sampled from agricultural biogas station at
Bilov-Pustéjov, Czech Republic and then frozen until anaerobic
fermentation experiments. Pig slurry can be generally described as
a mixture of solid and liquid excrements of pigs. Dry matter is about
6—8%. The content of particles below 3 mm is 69% and content of
those above 5 mm is 11%. Density of this material is in the range of
980—1020 kg m~ and pH value varies around 8. Amount of organic
compounds in solution is 72—78% and C:N ratio (measured by
elemental analysis) is 10:1 (Muzik and Abrham, 2006).

Preliminary experiments were done with solutions prepared by
mixing PS, RGM, water, 1 mg mL™! solution of methanogenic bac-
teria APD BIO GAS (MetBac; BAKTOMA Ltd.,) Velka Bystiice, Czech
Republic and 29.8 g.L ! fluid thioglycollate medium (TGM; NEO-
GEN, Lansing, MI, USA) in 4 mL vials (45.5 x 14.5 mm) equipped
with fermentation lock and head-space screw cap with PTFE/rub-
ber septum (9.5 x 15.5 mm, septum thickness 1.3 mm) in different
ratios, i.e.: A. 200 mg of RGM + 2 mL of water; B. 100 mg of
RGM + 450 mg of PS + 2 mL of water; C. 200 mg of RGM + 2 mL of
water + 1 pL of MetBac; D. 100 mg of RGM + 450 mg of PS + 2 mL of
water + 1 pL of MetBac; E. 200 mg of RGM + 2 mL of TGM + 1 puL of
MetBac; F. 100 mg of RGM + 450 mg of PS + 2 mL of TGM + 1 puL of
MetBac.

Sampling of gas phase was done using a 2.5 mL Hamilton sy-
ringe Gastight no. 1002 (sampling volume 1.5 mL; Hamilton, Reno,
NV, USA). Following experiments were performed with mixtures of
different amounts (ratios) of PS and RGM (i.e. 750:50 mg,
500:50 mg, 250:50 mg, 100:50 mg and 50:50 mg, respectively) in
2 mL of deionized water in 4 mL headspace vials as described
above. Ammonium hydroxide was added to all samples to achieve
its final concentrations of 0.254, 0.191, 0.127 and 0.064 M,
respectively.

After finding the optimal conditions for anaerobic digestion of
RGM activated by PS (from previous experiments based on opti-
mization of pH and composition of reaction mixture), three sam-
ples of pig slurry — red grape marcs mixture (PS-RGM) were
prepared as follows. 14 g of pig slurry were mixed with 1 g of
lyophilized red grape marcs and 40 mL of deionized water in 60 mL
vial (anaerobic micro-scale fermenter, AMF; 139 x 27 mm) equip-
ped with fermentation lock and head-space screw cap
(12 x 26 mm) with PTFE/rubber septum (septum thickness 3 mm).
After that, 0.8 mL of 25% NH4OH was added into each sample
(40 mL) to reach pH close to 9 (natural pH value in homogenized
PS). Reference samples were prepared by mixing 14 g of PS with
40 mL of deionized water in 60 mL vial serving as AMF. All samples
were bubbled with nitrogen for 10 min to remove oxygen and to set
up anaerobic conditions. All cultures were maintained at 35 + 1 °C
without stirring. Sampling of the gas phase was done in the same
way as described above. Liquid phase (small amount of digestate)
collection was done using a plastic syringe with long sharp needle
to safely reach the liquid part in fermenter without disturbance of
anaerobic conditions (15 cm, 2 mL of digestate was collected each
time). Note that the pH of reference samples was similar to pH of
PS-RGM solutions and the mixture composition differs only by the
addition of 0.127 M of NH4OH (the pH value differs less than 10%).

1.5 mL of liquid part from each sample (PS-RGM or PS) were
mixed with 0.75 mL of 5% aqueous solution of formic acid (v/v) and
centrifuged for 5 min at 14 000 rpm (crude sample). Then, 2 mL of
solution were applied to preconditioned solid-phase extraction
(SPE) column Strata SDB-L (Styrene-Divinyl Benzen copolymer;
Phenomenex, Torrance, CA, USA). SPE column preparation was
conditioned with 2 mL of methanol, then 2 mL of water and 2 mL of
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5% aqueous solution of formic acid (v/v). Consequently, 2 mL of
sample were introduced. Inorganic salts and highly polar organic
contaminants were removed by washing the column with 2 mL of
5% aqueous solution of formic acid (v/v). Finally, purified analytes
were eluted using 3 mL of methanol and evaporated to dryness by a
fine stream of nitrogen. The dried samples were stored in deep
freezer (—80 °C). Before LC/HRTMS analysis the samples were left at
laboratory temperature for 10 min and finally dissolved in 1 mL of
0.1% aqueous solution of formic acid (v/v).

2.3. Control of anaerobic conditions and biogas production process

Composition of the gas phase in the upper part of the anaerobic
micro-scale fermenter was analyzed by gas chromatograph Agilent
7890A (Agilent Technologies, Santa Clara, CA, USA) coupled with
mass spectrometer Agilent 5975C (Agilent Technologies). Following
experimental setup was used: initial temperature of column: 70 °C;
temperature gradient: 0—5 min (70 °C), 5—16.33 min (70—240 °C),
16.33—20.33 min (240—300 °C), 20.33—25.33 min (300 °C); split-
less injection, injection volume: 1 mL; column: Zebron ZB-5ms (5%-
phenyl-arylene-95% dimethylpolysiloxane); gas type: helium; gas
flow: 0.9 mL min~!; MS scan range: 12—120 Da; electron ioniza-
tion; ionization energy: 70 eV. Quantification was done by internal
normalization (the peak area in chromatogram reconstructed for
particular studied gas was divided by the peak area in total ion
current chromatogram in related retention window) and expressed
in percentage.

2.4. LC/HRTMS analysis

An Acquity UPLC system (Waters, Milford, MA, USA) equipped
with binary solvent manager, sample manager, column manager
and DAD detector was used. The separation of digestate samples
was performed using a reversed phase core-shell column Ascentis
Express (100 mm x 2.1 mm, 2.7 pm, Supelco, USA). The mobile
phase consisted of two components: 0.1% (v/v) formic acid aqueous
solution (mobile phase, MP, A) and 0.1% (v/v) formic acid in
acetonitrile (MP B). Gradient elution with the following profile of
gradient (% v/v): 0—5 min (10% B), 5—40 min (10—100% B),
40—50 min (100% B), 50—55 min (100-10% B) and 55—60 min (10%
B) was used (last two steps for the column reequillibration). The
mobile phase flow rate was 0.35 mL min~, the temperature of the
autosampler was 10 °C and the column oven was set at 25 °C. The
injection volume was 10 pL. A Q-TOF Premier mass spectrometer
(Waters, Milford, MA, USA) coupled to the UPLC system was used
for detection of present compounds and confirmation of suggested
structures on the basis of exact mass measurement and study of
their fragmentation pattern. Optimized electrospray ionization
(ESI) parameters for the mass spectrometer were as follows:
capillary voltage for positive ionization mode 2.5 kV, source tem-
perature 120 °C, sampling cone 30 V, desolvation temperature
150 °C, cone gas flow rate 50 L h~! and desolvation gas flow rate
400 L h~. Nitrogen was used as the desolvation gas and argon as a
collision one.

Experiments were done using MSF mode recording spectra
without discrimination of ions or their pre-selection [alternation of
MS scans with low collision energy (CE = 5 eV) and elevated
collision energy (ramp of CE = 10—30 eV), i.e. MS(1) and MS(2)
scans]. Targeted MS? scans were recorded in subsequent experi-
ments (LC/ESI-HRTMS) for further confirmation of identity of
detected compounds (isolation width 1 Da) using Q-TOF Premier.
MassLynx 4.1 software (Waters) was used for UPLC/MS system
control and data collection.

Additional fragmentation experiments were done using Acquity
UPLC system (Waters) coupled to high-resolution tandem mass

spectrometer Synapt G2-S (Waters). The separation and electro-
spray ionization parameters for analysis of PS-RGM and PS samples
were the same as mentioned for experiments with Q-TOF Premier
mass spectrometer. MS/MS measurements were done using colli-
sion energy ramp 10—40 or 10—50 eV, respectively (details given in
Results and discussion). For multi-reaction monitoring experi-
ments (MRM) the Acquity UPLC system (Waters) coupled to triple
quadrupole mass spectrometer Xevo-TQD (Waters) was used. MRM
transitions analyzed were 305 — 127, 305 — 139, 305 — 151 and
305 — 153, with following parameters: electrospray ionization
(positive mode), capillary voltage: 3.7 V, desolvation temperature:
200 °C, desolvation gas flow: 650 L h~1, cone voltage: 60 V, collision
energy: 15 eV.

2.5. Data processing

The obtained LC-ESI-HRTMS data were processed by Marker-
Lynx XS — software extension of MassLynx platform allowing to
find chemical markers in raw LC/MS data (Waters). Method pa-
rameters were set as follows: retention time range 0.5—60 min,
mass range 100—1000 Da, mass tolerance 0.05 Da, noise elimina-
tion level 2, allowed function for data deisotoping. The processed
data (after extraction, normalization and alignment of retention
times (RT), m/z values and intensities) were transferred to
eXtended Statistics (XS) module, EZinfo (Umetrics, Malmo, Swe-
den) and studied by principal component analysis (PCA) and
orthogonal projections to latent structures (OPLS-DA) with Pareto
scaling and Logarithmic data transformation (construction of
appropriate biplots and S-plots and their evaluation).

3. Results and discussion
3.1. Optimization of anaerobic fermentation

Optimization of conditions for effective anaerobic fermentation
in small scale was divided into two parts. First part deals with
evaluation of influence of different additives in sample solution on
the process of gasification. Mixture of PS, RGM, water, 1 mg.mL-1
solution of methanogenic bacteria APD BIO GAS and fluid thio-
glycollate medium in different ratios was used to study the gasifi-
cation efficiency. Note that MetBac and TGM is used to facilitate the
degradation of organic material in sewage disposal plant when the
anaerobic bacterial activity is decreased. Fig. 1a compares the
content of four gases (Na, Oz, CO9, CHy) after 23 days of anaerobic
fermentation process at various compositions of fermented
mixture. A higher amount of methane was found in solutions B and
D (approx. 0.003%) compared with the other microscale reactors in
this part of experiment (i.e. A, C, E, F). Virtually no production of
methane in solutions A, C, E and F was observed due to the absence
of PS in those fermented mixtures. The pH decreased from 4.0 to 3.4
for solution A, from 7.8 to 4.0 for solution B, from 4.0 to 3.4 for
solution C, from 7.8 to 4.4 for solution D, from 7.8 to 4.2 for solution
E and from 7.2 to 4.4 for solution F, respectively. Moreover, those
preliminary experiments showed that the addition of MetBac (B)
does not improve the methane production (in comparison with the
sample D). Therefore, solutions without addition of this methano-
genic bacteria culture were prepared and studied in the subsequent
experiments.

During second part of optimization the effect of addition of
ammonia in various ratios with respect to PS and RGM was studied.
Fig. 1b shows that maintaining the pH of reaction mixture in
alkaline-neutral region is the key condition for effective methane
production at least in discontinuous small scale conditions.
Apparently, higher PS and ammonia contents ensure stable con-
ditions for anaerobic fermentation as a necessary precondition for
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Fig. 1. Percentage of N5, O,, CO,, CHy4 after 23 days of anaerobic fermentation (a.) and
effect of addition of NH4OH on methane production in various ratios of pig slurry and
red grape marcs (b.) a. — A) 200 mg of RGM + 2 mL of water; B) 100 mg of
RGM + 450 mg of PS + 2 mL of water; C) 200 mg of RGM + 2 mL of water + 1 puL of
MetBac; D) 100 mg of RGM + 450 mg of PS + 2 mL of water + 1 pL of MetBac; E)
200 mg of RGM + 2 mL of TGM + 1 pL of MetBac; F) 100 mg of RGM + 450 mg of
PS + 2 mL of TGM + 1 pL of MetBac. b. — A) 750:50 = PS-RGM (m/m); B) 500:50 = PS-
RGM (m/m).

following LC/HRTMS study of polyphenol profile changes (note that
pH decreased during this experiment from 9.8 to 7.4). No methane
was detected in solutions with low amount of pig slurry (i.e. ratio
250:50, 100:50 and 50:50 of PS:RGM (m/m), respectively). For
further experiments the solution containing 0.127 M of NH4OH
(final concentration in the reaction mixture) was chosen as a
compromise ensuring stable anaerobic fermentation and main-
taining the direct effect of ammonia on studied polyphenols minor
(pH in this sample declined from 9.54 to 6.57 after 21 days of
anaerobic fermentation). High pH of the reaction mixture causes
direct hydrolysis of flavonoids which is not prevailing process in
anaerobic fermenters and would thus distort the results of diges-
tate analysis.

The fermentation process at optimized conditions (i.e. ratio of
PS:RGM 750:50, m/m; final concentration of NH4OH 0.127 M, 35 °C)
was repeated to simulate anaerobic polyphenol transformations
under GC/MS control of the four major gases. Fig. 2 shows processes
occurring during optimal anaerobic digestion and compares them
with a gas profile described for biogas production in literature. In
the first phase of fermentation (hydrolysis) a very fast decrease of
oxygen and nitrogen as main parts of air was observed. The amount
of carbon dioxide increased with simultaneous decrease of pH. This
trend is still observed in acidogenic phase. In the final phase (i.e.
methanogenesis) the content of methane escalated with simulta-
neous reduction of content of CO; and H,;. Discontinuous

fermentation of PS-RGM exhibits similar profile of main gasses as
was described for continuous fermentation process (inset in Fig. 2,
Straka et al., 2006). This very good agreement of the gas compo-
nents profile of our microscale discontinuous fermentation exper-
iment with that described in the literature for optimal biogas
production conditions is noteworthy. It shows that many chemical
processes occurring during fermentation in industrial scale can be
well simulated in microscale conditions making more parallel and
cheaper in-laboratory experiments possible. This experiment
clearly shows in the same time that anaerobic gasification of waste
from winemaking technologies can run by relatively easy modifi-
cation of standard procedure utilized in biogas stations and thus
qualitatively confirms the study done by Fabbri et al. (Fabbri et al.,
2015) dealing with gaseous components arising in reaction
mixture. Microsamples of digestate were collected during this
experiment and analyzed by LC/HRTMS as described in the next
chapter.

3.2. Analysis of digestate composition by LC/HRTMS

The samples of digestate from fermenter were collected by a
syringe through a head-space screw cap with PTFE/rubber septum
and analyzed by LC/HRTMS. Raw data obtained by analysis of PS-
RGM and PS (as reference) mixtures at initial stage (starting con-
ditions, 1st stage) were treated by MarkerLynx software (extraction
of RT, m/z and intensities, data normalization and alignment).
Further, logarithmic transformation was applied to normalized
marker responses and the obtained dataset was submitted to
EZInfo statistic software and studied by PCA. Distinct segregation of
PS-RGM and PS samples (measured in three chemical replications)
was observed in related Score plot. Data points of PS-RGM were
concentrated in rectangular area defined by following coordinates
(x1,x2; y1,y2; —9.157, —28.497; —17.707, 21.693), while PS data lay
in a separated rectangle (x1,x2; y1y2; 19.067, 20.530; —0.422,
6.285) of the Score plot. Both areas of PS-RGM and PS samples are
well separated from each other. This segregation confirms that LC/
HRTMS is sufficiently sensitive analytical tool to describe differ-
ences in fermentation mixtures due to presence of wine waste
components. OPLS-DA was used to reveal compounds present in
wine waste mainly responsible for PS-RGM and PS segregation and
detectable by the used analytical technique. Markers (compounds
present in PS-RGM sample in significantly higher amount
compared to PS sample) with the highest variability and reliability
at the same time taken from low risk region of appropriate S-plot
(Wiklund et al., 2008; Wiklund, 2008) are listed in Table 1. For our
purposes the low risk region was defined as a box with following
coordinates: p[1] = 30—100% and p[2] = 75—100% from the highest
value at x-axis and y-axis, respectively. The identity the most sig-
nificant markers was studied in detail by targeted MS/MS experi-
ments as given in the following discussion.

Characteristic fragments of quercetin were found in fragmen-
tation spectra of two chromatographically separated markers 1 and
8 (R = 2.34). According to Wittig et al. (Wittig et al., 2001) the
fragments at m/z 229.0463 and 229.0529 can be ascribed to the loss
of two carbon monoxide and one water molecules from parent ion.
Fragments at m/z 153.0167 and 137.0236 (with identical m/z for
both markers) correspond to retro-Diels alder (RDA) cleavage
(formation of 3A* fragment). Those signals correspond well with
theoretical values calculated for elemental composition of partic-
ular fragments — following deviations from theoretical m/z values,
dtm, were found: 3.8, —2.8, 2.1 and 0.3. Other minor fragments
arising from combined loss of water and CO molecules and RDA
processes (Ma et al., 2013; March and Brodbelt, 2008) were also
found in MS/MS spectra and support identification of quercetin
structure in those markers. Authentic quercetin standard was used
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Fig. 2. Description of discontinuous anaerobic fermentation in solution of pig slurry and grape marcs (inset shows the optimal anaerobic fermentation process, published with
permission (Straka et al., 2006)).

Table 1

Markers reflecting differences between PS-RGM and PS found at initial conditions using S-plot function. (RT — retention time; p[1] and p[2] — coordinates of each compound in
Loadings plot.

No.

Compound

RT (min)

[M+H]*

Deviation from theoretical mass (mDa) Diagnostic fragments found in MS/MS spectra p[1]

pl2]

1

10
11

12

Hydroxylated kaempferol

Hydroxybenzoylcatechin

Kaempferol

Malvidin-chalcone

Not identified

Methylquercetin or its isomer

Hydroxybenzoylcatechin

Isomer of quercetin

Not identified

Malvidin-3-glucoside
Not identified

Fragment of compound no. 2

9.03

11.95

9.93

7.92

0.60

10.09

10.59

8.85

1.55

6.75
13.97

11.95

303.0530

411.1100

287.0610

349.0970

203.0600

317.0780

411.1080

303.0540

265.1490

493.1340
275.2070

259.0660

-25

-2.0

—-54

—47

-11.9

0.0

-2.6

0.6

-54

229.0463
183.0456
153.0221
121.0280
291.1002
289.0708
259.0602
139.0542
123.0433
213.0552
153.0188
137.0239
121.0290
223.0618
181.0492
139.0388
186.0933
174.0879
159.0682
229.0529
153.0167
121.0280
291.1002
289.0708
259.0602
139.0542
123.0433
229.0529
153.0167
137.0236
175.0740
159.1177
119.0864
331.0787
257.1880
135.0891
105.0697

—0.0047

—0.0046

—0.0045

—0.0045

—0.0045

—0.0044

—0.0043

—0.0043

—0.0042

—0.0042
—0.0042

—0.0041

—0.9993

—0.9981

—0.9996

—0.9989

—0.9991

—0.9994

—0.9981

—0.9993

—0.9992

—0.9967
—0.9995

—0.9981
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to evaluate retention of quercetin based markers. The retention
time of quercetin differs from that of the detected markers. Simi-
larity of collision spectra suggests that the evaluated markers are
isomers of quercetin. Detailed study of retro-Diels Alder (RDA)
fragments allowed to locate position of hydroxyl groups in the
molecule (for the details of RDA fragmentation and nomenclature
see the review of Cuyckens and Clayes (Cuyckens and Claeys, 2004)
and literature cited herein). Briefly, fragments at m/z 183.0456 and
121.0280 found in collision spectrum of the marker 1 correspond
with complementary %?A* and ®?B* RDA fragments (dtm —16.3
and 1.0 mDa, respectively). In collision spectrum of quercetin
standard the %?A* and %?B* RDA fragments have the m/z values
165.0183 and 137.0236 (dtm 0.5 and 0.3 mDa, respectively). The
ratio of signals of ®?A* fragment of the marker 1 and the standard
(i.e. Q = I13/l1g5) reaches the value 0.21 in the marker 1 spectrum
and 0.07 in the spectrum of quercetin spiked into the studied so-
lution. The ratio calculated in the same way for “?B* RDA fragments
(i.e. Q = I121/l137) reaches the value 1.80 in the marker 1 spectrum
and 0.25 in the quercetin standard spectrum. These values clearly
support the presence of one hydroxy group on the B-ring of the
marker 1 and three hydroxy groups on the A-ring (i.e. 6- or 8-
hydroxykaempferol). Due to lower intensity of signals of RDA
fragments the position of hydroxy groups cannot be distinguished
in the case of marker 8. Retention times and peak profiles are
identical with those reconstructed for m/z 465.1067 and 465.1068
(dtm, 3.4 and 3.5 mDa), respectively. Supplementary MS/MS ex-
periments confirm that markers 1 and 8 rise from the collision
induced dissociation of ions isolated at m/z 465.11. These ions
correspond with hydroxykaempferol-hexosides and/or quercetin-
hexoside in the case of marker 8 (main fragmentation process
corresponds with loss of dehydrated hexoses; Am/z = 162.0537 and
162.0528; dtm 0.9 and 0.0 mDa, respectively). Regardless of the
using electrospray as relatively soft ionization technique, it is
apparent from our experiments that beside parent ions also frag-
ment ions arising in ion source, collision cell or during ion transfer
through ion optics can appear among significant markers during
OPLS-DA data treatment. Due to selectivity or sensitivity differ-
ences, fragments can be in some cases even better markers for
evaluation than their parent ions. Interpretation of results thus
must be done with extreme care and on the basis of detailed study
of MS spectra.

Fig. 3 shows the chromatogram of PS-RGM sample at 280 nm
(trace A, DAD detector). Among the eluted polyphenols, three
separated compounds at m/z 411.11 occur as clearly visible in
appropriate chromatogram reconstructed for this mass (B). Two of
them, i.e. RT_m/z pairs 10.59_411.1080 and 11.95_411.1100, corre-
spond to markers 2 and 7, respectively (Table 1). Fragmentation of
both markers (Fig. 3C and D) provided fragment at m/z 289.0708
(C45H130¢, dtm, 0.4 mDa) corresponding to a loss of hydrox-
ybenzaldehyde (Am/z 122.0368, dtm, —3.2 mDa) from parent ion.
This fragment can be ascribed to protonized di-dehydrocatechin.
Dominant fragment in the spectrum rising at m/z 259.0602
would be explained by a loss of methyl ester of hydroxybenzoic acid
(Am/z 152.0442, dtm, —3.1 mbDa) (C14H1;024, dtm, 0.4 mbDa).
Protonized hydroxybenzaldehyde 123.0433 can be also found in
the spectrum (m/z 123.0433, dtm —1.3). Based on the collision
spectra, compounds 2 and 7 were ascribed to isomers of hydrox-
ybenzoylcatechin. Note, that fragments corresponding with
protonized catechin and hydroxybenzoic acid were found in both
collision spectra as well. A higher deviation of their masses from
calculated ones were probably due to a lower intensity of their
signal (i.e. m/z 291.1002 and 139.0542; dtm 13.3 and 14.7 mDa,
respectively). Position of acylation of catechin skeleton was not
revealed. However, paper of Smith et al. can be taken into account
suggesting the preference of the acylation into position 3 of

proanthocyanidin skeleton studied on different plant material
(Smith etal., 2011). Note, that the signal of those markers was found
neither in pure grape marcs extract nor in PS. This fact can be
explained by a fast reaction of catechin in PS-RGM mixture.

Fig. 4 shows chromatograms reconstructed for m/z 449.12 and
287.06 (A, B). The dominant peak at m/z 287.06 and RT 9.96 min
corresponds to marker 3 listed in Table 1. This marker was identi-
fied as kaempferol. Cascade losses of water and carbon monoxide
(i.e. fragments at m/z 269.0457, 259.0602, 241.0497, 231.0654 etc.)
indicate flavonoid structure. Relatively abundant signal of RDA
fragment at m/z 121.0280 (*°B*, dtm 1.0 mDa) indicates the pres-
ence of one hydroxy group on B-ring (Q = Ij21/l137 = 1.5). Other
corresponding RDA fragments can be found in the spectra as well,
i.e.137.0236 (%3At), 153.0167 (*3A*), 165.0183 (*?A+) etc.; dtm 0.3,
2.1, 0.5 mDa, respectively (for MS/MS spectrum see Fig. 4C). The
same elution profile of the signal at m/z 449.12 suggests that
kaempferol is present in glycosylated form (mono hexoside). The
signal of kaempferol hexoside itself, however, is below the marker
intensity threshold set on 100 counts used for data filtration
method. It is important to note that no peak at m/z 449.12 appears
in PS sample used as reference and in this view kaempferol hexo-
side also belongs among markers — but with low abundance. Beside
the peak of kaempferol hexoside a broad peak of cyanidin-3-
glucoside (RT 2.8 min) and two minor non-identified compounds
can be seen in the chromatogram at Fig. 4A, but those compounds
are below the threshold as well.

Marker with RT_m/z pair 7.92_349.0970 was identified as mal-
vidin chalcone. Sharp peak indicates that chalcon (open) form
dominates in the solution (mutual conversion of individual acid-
base forms of hydrated malvidin does not influence the retention
of the compound). Loss of water (formation of fragment at m/z
331.0787, dtm 3.1 mDa), followed by a loss of methyl radical (m/z
316.0453, dtm 13 mDa) was observed in related collision spectrum.
Loss of two methane molecules was observed as well, albeit with a
higher deviation from calculated mass due to unsufficient resolu-
tion from background signals (m/z 299.0547, dtm 35.5 mDa). Those
fragmentation processes indicate the presence of two methyl
groups in the molecule. Dominant fragment corresponds to the
result of cleavage of syringic acid acylium cation (m/z 181.0492,
CoHg04, dtm, 0.9 mDa) from the parent chalcone. The diagnostic
fragment corresponding to A-ring substituted with three hydroxy
groups (i.e. (2-(2,4,6-trihydroxyphenyl)ethylidyne)oxonium, m/z
167.0316, CgH;04, dtm 2.8 mDa) is observed in related collision
spectrum as well. Fragmentation pattern of this compound
unambiguously confirms the proposed structure. The presence of
the chalcone in high content is expectable since high amounts of
malvidin derivatives remain in marcs after red grape pressing. In
fact, malvidin-3-glucoside is the most abundant marker present in
RGM-PS. More details concerning the malvidin-3-glucoside, mal-
vidin and its chalcone identification can be found in Supplement 1.
Unambiguous identification of this dye was based on exact mass
measurement (m/z 493.1340, dtm 0.6), fragmentation pattern and
comparison of RT time, peak profile and MS data with authentic
standard. Note that broadened peaks of anthocyanins are typically
observed when pH of mobile phase is above 2 (Papouskova et al.,
2011).

A compound with RT_m/z pair 10.09_317.0780 appeared among
markers in Table 1 as well. A loss of methyl radical (formation of
fragment at m/z 302.0435, dtm —0.8 mDa), consequent cascade
losses of hydroxyl radical, carbon monoxide and water (i.e. frag-
ments at m/z 285.0407, 257.0410, 229.0529, 239.0279 etc.) and
number of lower mass fragments rising by RDA fragmentations
appeared in its collision spectrum. Based on those data, the marker
corresponds to a methylquercetin or related isomers (i.e. hydrox-
ymethyl kaempferol or hydroxymethyl luteolin). More detailed
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Fig. 4. Chromatogram reconstructed at m/z 449.12 (A) and m/z 287.06 (B) and MS/MS
spectrum of marker 3 (C; CER: 10—50 eV). Selected area zoomed 4x.

identification is complicated by a complex and unsufficiently
distinctive fragmentation pattern (including RDA processes) and
lack of authentic standard (for more details see Supplement 2).
Another three unidentified compounds and a fragment of hydrox-
ybenzoylcatechin appeared among markers as well. In conclusion
to this part, our experiments prove that LC/HRTMS in combination
with PCA and OPLS-DA is effective tool for searching of important
changes in composition of anaerobic fermentation mixtures and
that some further specified derivatives and isomers of kaempferol,
catechin, malvidin and quercetin are important components of
wine waste fermentation mixtures. Their presence in fermentation
mixture can potentially influence the gasification process. The
profile of the monitored compounds is given in Fig. 5A. It can be
clearly seen that the amount of analyzed flavonoids (present in
wine waste) is quickly decreasing during gasification under optimal
conditions and the compounds are almost totally degraded in four
days of experiment (corresponding to acidogenic phase of anaer-
obic digestion).

The same analytical procedure and data processing as applied to
initial conditions was used to the samples taken after 4 days (2™
stage) of gasification experiment. The most significant markers of
PS-RGM found in S-plot obtained by measurement of RGM-PS and
PS after 4 days of gasification are given in Supplement 3. Six
markers, ie. RT_m/z pairs 1.38_305.0706, 1.39_139.0451,
1.94_123.0491, 2.53_139.0457,4.81_123.0495, 9.78_123.0492 are of
a particular importance and will be discussed in more details.

Fig. 6 shows chromatograms reconstructed for m/z 305.07 and
139.05 (A and B). All the three peaks are significant markers of PS-
RGM in 2™ stage experiments. Two repeated losses of water and
carbon monoxide are observed in the collision spectrum of the
marker at mjz 305.0706 indicating a polyphenolic structure
(Fig. 6D). Dominant fragments at m/z 153.0221 and 151.0417 rise by
a split of quercetin chalcone and/or reduced (dihydro-) form of
quercetin and/or reduced (dihydro-) form of hydroxylated
kaempferol. Fragment at m/z 139.0388 can be explained as



470 L. Kucera et al. / Chemosphere 166 (2017) 463—472

N19.03_303.530
11.95_411.1100
m9.93_287.0610
#6.75_493.1340

L : : .

i 8.85_303.540

# 10.59_411.1080
& 10.09_317.0780
7.92_349.0970

Peak area

12d 16d 20d 24d
£1.38_305.0706

2.53_139.0457
1.94_123.0491
4.81_123.0495

#9.78_123.0492

od 4d 8d
Time of fermentation (days)

12d 16d 20d 24d

Fig. 5. Changes in profile of significant markers from 1st (A) and 2nd (B) stage of gasification process. A: 9.03_303.0530 — hydroxylated kaempferol; 11.95_411.1100 — hydrox-
ybenzoylcatechin; 9.93_287.610 — kaempferol; 6.75_493.1340 — malvidin-3-glucoside; 8.85_303.0540 — isomer of quercetin; 10.59_411.1080 — hydroxybenzoylcatechin;
10.09_317.0780 — methylquercetin or related isomer; 7.92_349.0970 — malvidin-chalcone. B: 1.38_305.0706 — reduced (dihydro analogue of) quercetin, hydroxykaempferol or
related chalcones; 2.53_139.0457 — tentatively a fragment of reduced kaempferol; 1.94_123.0491 — hydroxybenzaldehyde (fragment of dimethoxychromanone); 4.81_123.0495
—hydroxybenzaldehyde (fragment of reduced catechin); 9.78_123.0492 — hydroxybenzaldehyde (fragment of unknown molecule).

03A* RDA fragment from dihydroquercetin. This fragment itself is
also listed among markers of the 2" stage experiments (RT_m/z
pair 1.39_139.0451). Fragments at m/z 127.0404 and 123.0482 can
be explained as protonized phloroglucinol (A" fragment of
dihydroquercetin) and  protonized  hydroxybenzaldehyde
(®2B* RDA fragment of reduced hydroxykaempferol), respectively.
The presence of the RDA fragments was further confirmed by in-
dependent LC/MS/MS experiments using triple quadrupole mass
spectrometer. Based on the above data we explain the marker at m/
z 305.07 as dihydroquercetin, dihydrohydroxykaempferol or
related chalcones (or their unresolved mixture). The marker with
higher retention time in the chromatogram reconstructed for m/z
139.05 (Fig. 6B), i.e. RT_m/z pair 2.56_139.0457 corresponds to
protonized dihydroxybenzaldehyde. Identity of this marker is
confirmed by two losses of carbon monoxide and one loss of water
in related MS/MS spectrum (i.e. formation of fragments at m/z
111.0443, 93.0384 and 65.0376). This marker has an identical
retention profile with ion at m/z 289.0774 as can be seen from the
chromatogram in Fig. 6C. This ion is not listed directly among
markers due to its low intensity in MS spectra. Considering the
presence of kaempferol in 1% stage experiments we suggest that
the ion 289.0774 rises by reduction (hydrogenation) of kaempferol.
Apparently, the reduction (hydrogenation) of flavonoids coming
from wine waste represent an important process accompanying
biogas production at least in beginning of anaerobic digestion, i.e.
during acidogenic phase. Qualitatively those results are in agree-
ment with a model study of in-vitro catabolism of quercetin by
human fecal bacteria (Peng et al., 2014).

Last three markers with RT_m/z pairs 1.94_123.0491,
4.81_123.0495 and 9.78_123.0492 correspond by mass with
hydroxybenzaldehyde (C;H;03, dtm, —4.5, —4.9, —4.6 mDa,
respectively). Their collision spectra are simple and very similar to

each other. Consequent loss of water (m/z 105.0339, dtm 0.1 mDa)
and carbon monoxide (m/z 77.0413, dtm —2.2 mDa) represent
dominant collision processes. Besides, several minor but important
fragmentation processes were observed. First, loss of 15.9959 from
parent ion was observed (formation of fragment at m/z 107.0474).
This difference can be explained either as a loss of oxygen (from
hydroxyl group, i.e. Am/z 15.9949) or as a loss of methane (Am/z
16.0313). Comparison of measured and calculated differences
confirms the first possibility and absence of methyl group in the
structure. Second, cleavage of formaldehyde (i.e. loss of (Am/z
30.0049, dtm 5.7 mDa) and COH- radical (Am/z 29.0045, dtm
1.8 mDa) beside the main loss of CO confirms the presence of
aldehyde group in the molecule. Another possibility is presence of a
carboxy group in the molecule of the marker (i.e. benzoic acid). This
possibility was tested by comparison of retention time with
authentic standard (spiked to the PS-RGM sample) and its frag-
mentation. Different retention times of standard and detected
markers and in particular the absence of a loss of CO; in the colli-
sion spectrum of marker while its occurrence during benzoic acid
fragmentation observed under identical MS setup excluded this
possibility. Finally, retention times of markers at m/z 123.05 were
compared with retention of authentic standard of p-hydrox-
ybenzaldehyde. Retention times of markers differ significantly from
the standard. The fact suggests that those markers are fragments of
some bigger molecules. In fact, signals at m/z 209.0870 and
293.1053 have identical retention times with those markers at RT
1.94 and 4.81 min, respectively. Collision induced dissociation of
parent ion with m/z 293.1053 provided fragment at m/z 275.0899
corresponding to a loss of water. Besides, fragments typical for RDA
cleavage of flavan-3-ols were formed, i.e. m/z 165.0529 (CgHg03%,
dtm -2.3 mbDa), 153.0572 (CgHgO3, 2.0 mDa) and 139.0382
(C7H;0%, —1,3 mDa). Those fragments were already observed and
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Fig. 6. Reconstructed chromatograms for m/z 305.07 (A), 139.05 (B) and 289.07 (C) and
MS/MS spectrum of marker at m/z 305.0706 (D, CER 10—40 eV).

thoroughly explained for catechin by Li and Deinzer (Li and Deinzer,
2007). The parent compound contains two hydrogen atoms more
compared to catechin — indicating its reduction. This interpretation
is further supported by the presence of fragment at m/z 149.0614
corresponding to the gain of two hydrogens to the "*B* RDA frag-
ment of catechin. Fragment at m/z 123.0451 (corresponding with
the marker 4.81_123.0495, dtm —4.4 mDa) is formed by previously
also described catechin benzofuran forming fission (Li and Deinzer,
2007). More detailed information about the reduced catechin
fragmentation can be found in Supplement 4. The position of
reduction in the catechin skeleton was not deduced from the
available spectra and a mixture of chromatographically non-
resolved isomers is likely.

By analogy, the parent ion of the marker 1.94_123.0491, i.e.
signal at m/z 209.0870, could be formed by an action of methano-
genic archaea in reductive atmosphere. The presence of common
flavons and flavonols and in some cases consequently their reduced
or methylated forms were described above. Flavonoids (Barz and
Hoesel, 1979) and their chalcon forms (Adams, 1973) can be
transformed to dihydroxychromones or coumarin derivatives by a
loss of side B-ring. This process can occur also in PS-RGM mixture.
The identity of parent ion at m/z 209.0870 can be ascribed to a
protonized dimethoxychromanone (dtm 5.6 mbDa). Dihydrox-
ychromones were described to occur by enzymatic degradation of
flavonoids (Barz and Hoesel, 1979) and those compounds can be
consequently reduced and methylated by methanogenic bacteria
(Peng et al., 2014). Dominant fragments obtained by MS/MS
experiment are ions at m/z 149.0614, 131.0469 and 103.0529. These
signals can be explained by successive elimination of water

(perhaps driven by the heterocyclic ring aromatization and
evidencing the presence of hydroxyl group), ketene (evidencing the
presence of methoxy group) and carbon monoxide (chipped from
heterocyclic ring). Note, that the presence of the second methoxy
group in the parent molecule is evidenced by a weak but evidential
signal of fragment at m/z 134.0362 rising by a loss of methyl radical
from the fragment at m/z 149.0614 (Supplement 5). The identity of
marker 9.78_123.0492 was not revealed based on the available
analytical data and it is an objective of a future research.

The changes of markers profile from 2™ stage during the
fermentation process are shown in Fig. 5B. It can be seen that all
those markers are not present in the initial stage of fermentation.
Their content in liquid phase reaches maximum approximately in
4—8 days and then their degradation is observed. Statistically sig-
nificant decrease of identified reduced flavonoid(s) (markers at m/z
305.0706 and 139.0457) after 16 days of gasification was reached as
can be seen from the changes of peak areas and their error bars
(Fig. 5B). Compounds providing signal of fragment at m/z 123.05
were degraded much faster (significant decrease after 8 days is
reached).

The studied gasification process comprises of many chemical
and enzymatic processes and thus comprehensive explanation of
wine polyphenols degradation is difficult to reach. However, our
experiments indicate that reduced forms of particular flavonoids
rise during gasification process. Some of them exhibit higher
toxicity (taxifolin as one of dihydroquercetin isomers has acute
intraperitoneal toxicity for mouse LD50 (AITM-LD50) equal to
985 mg kg~1) than their oxidized counterparts (e.g. quercetin with
AITM-LD50 value of 3000 mg kg~!) or than aglycone of one from
dominant flavonoids present in initial PS-RGM sample, i.e. malvi-
din-3-glucoside (malvidin aglycon in the form of chloride has
AITM-LD50 value 4110 mg kg~ 1) (http://datasheets.scbt.com).

4. Conclusion

The process of anaerobic fermentation to reach methanogenic
phase of gasification of wine waste was studied in microscale
discontinuous fermenter. The unstabilized methanogenesis was
reached and maintained during the study as proven by appropriate
control by GC/MS. LC/HRTMS analysis combined with PCA and
OPLS-DA revealed main chemical distinctions of gasified wine
waste (PS-RGM) from commonly used mixture at agricultural
biogas plants (e.g. PS). Eight compounds with polyphenolic struc-
ture were revealed among the most significant markers dis-
tinguishing mixture enriched with wine waste (red grape marcs)
from common gasified materials. LC/HRTMS analysis of samples
collected during acidogenic phase and unstabilized methano-
genesis indicates the formation of reduced forms of some flavo-
noids in early stages of the process and their consequent
degradation. Considering a higher toxicity of some dihydro flavo-
noids (e.g. taxifolin) compared to common wine flavonoids (mal-
vidin, quercetin etc.), a potential environmental risk of utilization of
unstabilized digestate as a fertilizer can be taken into account. This
hypothesis points out the necessity of appropriate analytical con-
trol of digestate.
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Anthocyanins are water soluble pigments belonging
to the group of flavonoids. Those compounds are responsi-
ble for color of plant tissues. Anthocyanins are considered
as natural and safe food colorants with many positive
effects on human health' The stability of anthocyanins is
strongly influenced by many factors such as pH, tempera-
ture, concentration, presence of oxygen or enzymes, irradi-
ation, etc.”. Quality of food with respect to anthocyanins is
therefore sensitive to insufficient change of technology or
storage conditions. During degradation of anthocyanins
a cleavage of sugar moiety and formation of phenolic acids
(i.e. protocatechuic, p-hydroxybenzoic, 3,4-dihydroxy-5-
-methoxybenzoic, syringic, vanillic and gallic acid de-
pending on B-ring substitution) and phloroglucinaldehyde
is commonly described to occur’ . Those compounds can
be therefore used as potential markers of food quality (e.g.
controlling of winemaking technology and/or wine
storage). However, such application requires a minute
knowledge of degradation products profile. The aim of the
contribution is to investigate the processes of anthocyanin
degradation in detail by means of combination of liquid
chromatography with high resolution tandem mass spec-
trometry.

First part of the study involved development of HPL.C
method with UV/VIS detection. Separation selectivity and
efficiency towards standard mixture of six commercially
available phenolic acids and phloroglucinaldehyde was
tested on three chromatographic reversed-phase columns —
one fully porous column Gemini C18 and two core-shell
columns Kinetex C18 and Ascentis Express C18. The best
results described by resolution of critical pairs and COF
function® were achieved using core-shell column Ascentis
Express C18. This column was used for consequent ex-
periments.

5298

Then, optimized LC system was hyphenated with
mass spectrometer (Acquity UPLC/Q-TOF Premier, Wa-
ters, Milford, USA) and used for study of degradation of
cyanidin chloride, malvidin-3-galactoside and florogluci-
naldehyde. Very fast decomposition was observed when
the model solutions was heated (i.e. 7=95 °C, pH=1.0;
3.5 or 7.0) In one hour anthocyanins completely disap-
peared and significant increase of phenolic acids (syringic
in solution of malvidin-3-galactoside and protocatechuic in
solution of cyanidin) was observed. Surprisingly
phloroglucinaldehyde was not observed at all. When
a solution of phloroglucinaldehyde standard was heated,
avery fast decomposition was observed as well (in one
hour decrease on 11.3 % of total amount, calculated from
peak areas). From those experiments we can conclude that
concentration of phenolic acids is potentially utilizable pa-
rameter describing the anthocyanin decomposition. On the
other hand stability of phloroglucinaldehyde is not suffi-
cient for such purpose at least at heated solutions (used for
instance during a “hot maceration™ involved in some wine-
making processes). Identification of products of phloroglu-
cinaldehyde decomposition and study of real wine degra-
dation is now in progress.
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(GACR P206/10/0625), Ministry of Education Youth and
Sports of Czech Republic (project
CZ.1.05/2.1.00/03.0058, Operational Program Research
and Development for Innovations — FEuropean Social

Fund) and  Palacky  University  (project  No.:
PrF 2012 020) for financial support.
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Abstract

Anaerobic fermentation is excellent ecological waste treatment and the way how to produce cheap
electrical and thermal energy. Biogas stations are divided in three main groups — agricultural, waste and
industrial. Agricultural biogas stations are the most frequent due to the purchase price of energy which is
higher than for waste biogas stations. In future we can expect greater construction of waste biogas
stations according to new European Notice 1999/31/EC, which plan to reduce the amount of
biodegradable waste going to landfill to 35% until year 2020. Considering this notice a higher production
of digestate can be anticipated. At present, analytical control of digestate comprise only basic
parameters, which are important for its use as fertilizer or as fuel (pellets form). However, detailed
research on processes occurring in digestate as well as routine control of pollutants such as pesticides,
PCBs, herbicides, fungicides and heavy metals for routine analysis is still in development. The aim of
this review is to reflect the state of art of biogas production namely with regard to control and use of
digestate produced by biogas stations in European Community and especially in Czech Republic.

Key words: biogas system, digestate, fermentation, anaerobic, methanogenic bacteria, digestate
control, digestate usage

1. Introduction

The beginnings of biogas systems can be dated to the turn of the 19th and 20th century, but first
notes debating the possibility of producing biogas appeared earlier. These historical "biogas stations"
were situated in sewage disposal plants, where the resulting biogas was used for lighting and heating.
The first anaerobic biogas station was built in leper colony in Bombay, India in 1859'. Anaerobic
digestion reached to England in 1895, where the biogas plants were optimized for sewage treatment and
the biogas was used as fuel to street lamps in Exeter®. Research in the area of anaerobic fermentation
and biogas stations began in 1930s®. Gradual research discovered many types of anaerobic
methanogenic bacteria that can produce methane. Anaerobic microorganisms producing methane
significantly influenced composition of the atmosphere of Earth in past, until oxygen appeared. Oxygen is
toxic for anaerobic bacteria causing their recession®. The differences between aerobic and anaerobic
fermentation are shown on the decomposition of glucose (Eq.: 1-2)°.

Aerobic fermentation
CeH206 + 60, — 6 CO, + 6 H,O + waste + heat energy (1)
1Kg 0.53Kg 0.72Kg 0.40Kg 0.41Kg 6360 kJ

Anaerobic fermentation
CeH1206 — 3 CH,+ 3 CO, + waste + heat energy (2)
1Kg 0.25Kg 0.69Kg 0.06 Kg 0.38kJ

In the aerobic process, more amount of solid substrate (waste) was observed compared to anaerobic
process. Moreover, this waste is heated by released thermal energy. In the anaerobic process, the
amount of released heat is not high enough to cause warming of the solid substrate and additional
heating of material is at the beginning of the process required. On the other hand, after the process of
anaerobic fermentation is established the material releases enough energy to maintain optimal

Patronem tohoto ¢&isla je CEMC ETVCZ - jediny akreditaéni organ v CR a SR pro ovéfovani inovativnosti environmentalnich technologii a dalsich
technologii, vyrobkii a inZenyrskych Feseni a sluZeb pfinosnych pro Zivotni prostredi
WASTE FORUM 2014, &islo 3, strana 123



Lukés KUCERA, Petr BEDNAR: Biogas system and possibilities of control and use of digestate in Czech Republic

temperature and chemical energy of biogas represents the benefit of the process®. During anaerobic
fermentation, the bacteria propagate and gradually increase the production of methane versus carbon
dioxide. Waste material remains in the reactor after the fermentation process is over.

There are two basic approaches for anaerobic fermentation; i) “wet” anaerobic fermentation is based
on fermentation of stirred feedstock mixed with liquid medium. The residue from the fermentation
process is called digestate. ii) second fermentation technique is known as "dry" anaerobic fermentation.
Feedstock is inserted into a metal sieve in the upper part of the reactor and showered by water in timed
cycles. The resulting liquid residue is called percolate, which can be used later as liquid fertilizer’. The
solid part is usually composted after fermentation. The process of biogas formation is relatively well
described. On the other hand, the chemical composition of digestate would deserve a higher attention
especially from the point of view of its utilization, safety and effect on environment. The aim of this
communication is to inform comprehensively about the state-of-the-art of investigation of biogas
production process and control of rising products. Particular attention is given to digestate formation,
analysis of its composition and possibilities of its use.

2. Biogas systems

2.1. Principle of biogas production

Biogas is a mixture of two gases, CO, and CH,. The gases however do not appear right after inserting
the material into the reactor and their gradual production consists of several stages (see Figure 1). In
initial stage, residual oxygen is present in the reactor and therefore this phase does not include action of
methanogenic bacteria, but only aerobic ones® °. The initial stage can be described as decomposition
(mostly hydrolysis) of biopolymers. Lipids turn into glycerol and higher fatty acids, proteins decompose to
peptides and consequently to amino acids, polysaccharides to simple sugars. Hydrolysis is followed by
acidogenesis (both phases partially overlap). Higher fatty acids are further decomposed to lower ones
(caproic, valeric, butyric, propionic and acetic acid), and the other substances to CO, and H,. Hydrolysis
and acidogenesis are mostly constituted by hydrolytic and acidogenic bacteria®. Final phase of
anaerobic fermentation is called methanogenesis. This process is driven mainly by acetotrophic bacteria
(Methanothrix Soehngenii, Methanomicrobiales) and hydrogenotrophic bacteria (Methanobacterium
Bryantii, Methanobacteriales)* ". The first mentioned bacterium is responsible for conversion of acetate
into methane and carbon dioxide. This bacterium is not able to reuse substrates such as CO,, H,'* ™.
The latter one is able to use carbon dioxide and hydrogen for its grown'? . Note that for effective biogas
production both kinds of bacteria should be present in reaction mixture.
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Figure 1: Scheme of processes in biogas reactor (published with permission of the authors™)
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The growth rate of bacteria in the methanogenic stage is of course greatly influenced by composition
of feedstock. Bacterial reproducibility can be characterized by the growth curve that can be described by
six stages® (Figure 2):

1) Lag phase - adaptation of bacteria to environmental conditions

2) Phase of accelerated growth -part of (already adapted) microorganisms begins to multiply

3) Exponential growth phase - the bacteria are fully adapted and multiply rapidly

4) Phase of slow growth - growth rate of microorganisms lowers

5) Stationary phase — nutrients go down, vitality and mortality of bacteria is in equilibrium

6) Decline (death) phase - lack of nutrients kills the bacteria and they decompose

Figure 2: Phases of bacterial growth, 1) lag phase, 2) phase of accelerated growth,
3) exponential growth phase, 4) phase of slow growth, 5) stationary phase, 6) decline phase
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To speed up the first and second phase of the fermentation process, vaccine (inoculum) from the
fermenter at stable state can be used. Second option for starting up the fermentation process is use of
a dried methanogens in their inactive state'®. Some of these inactive bacteria are commercially available
and in some case even enriched with another kind of bacteria, such as cellulolytic bacteria, half-
cellulolytic bacteria, amylolytic decomposing bacteria and protein decomposing bacteria for increasing
anaerobic fermentation"®.
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2.2. Biogas stations

Most of the biogas stations are located near the big stock farms (hog and cattle ones). Those farms
produce a lot of manure and energy crops (corn silage, grass, sugar beet)'. Public Notice of the Czech
Republic Notice 482/2005 Sb.?° about determination of the types and the use of biomass for electricity
generation was novelized by Notice 5/2007 Sb.?' and then by Notice 477/2012 Sb.? about determination
of the types and the use of biomass for electricity, heat and biogas generation. All these notices specify
that the biogas station must be registered in the category AF1 to achieve the highest purchasing price of
electricity. AF1 category means that more than 50 % (m/m) of feedstock per month must come from
biogas crops®. The rest of the input material must be represented by one of approved organic ecological
ingredients, such as: cereal grain and oilseeds, grass material including other plant tissues, slops from
the production of fermented spirits"® or intermediates of livestock production (manure, dung, dung water,
separated slurry)®?. If the requirements regarding input material are not fulfilled, the biogas station is
classified as AF2, which results in lower purchase price of electrical energy®. Suitable substrates for
AF2 biogas stations can be characterized as waste (e.g. waste from the food, brewing, dairy, canning,
sugar, and tobacco industry)®® ?°. The biogas stations which process animal waste are relatively specific
and they follow European Notice 1774/2002%".

Figure 3: Biogas stations (BGS) in Czech Republic (year 2012) (Published with permission of
Czech Biogas Association®)
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The map of biogas stations (Figure 3) on websites of the Czech Biogas Association?® shows that the
agricultural biogas stations are more common than waste and industry biogas stations. Currently are in
Czech Republic around 500 biogas plants. The precise number on the date July 31% 2013 was 487
biogas plants, of which 317 are agricultural, 7 municipal, 11 industrial, 55 on junkyard and 97 as parts of
wastewater treatment plants. The fact that agricultural plants are more frequent can be explained with
the purchase price of energy. The most common capacity of biogas station built in Czech Republic is
around 1000kW, the highest capacity of biogas station is 3858 kW and the lowest is 47kW. ?® According
to the Energy Regulatory Office (ERU), the purchase price is 4120 CZK/MWh in group AF1 and 3550
CZK/MWh in group AF2 (roughly 150 EUR/MWh in AF1 and 130 EUR/MWh in AF2, respectively;
decision of ERU 2011)®. It can be expected, that this imbalance will change due to the new Notice
1999/31/EC*® on the waste landfill. This directive obligated member stated to reduce the amount of
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biodegradable waste going to landfill to 75% of weight of this type of waste produced in 1995 until 2010.
Consequently, next reduction to 50% until 2013 and to 35% until 2020 is required®'. For this reason
a unification of those two categories of biogas stations can be expected. Expectable consequence is an
increase of amount of digestate with different parts of ecological and waste feedstock and with various
agriculture parameters.

2.3. Analysis of digestate composition during the fermentation process

Composition of digestate is obviously related to the nature of used feedstock and the circumstances
of its genesis®2. Digestate can be used as a fertilizer, but the initial registration in Central Controlling and
Testing Institute of Agriculture in Prague is needed. Only if the digestate is produced solely from cattle
manure (manure, slurry, etc.) or roughage (silage, haylage, hay, etc.), it is considered a fertilizer and can
be used for personal use without any registration®.

As mentioned in previous paragraph, analyses of feedstock are an important part of any proper
operation of biogas system. Total dry matter content (total solid, % of weight) and content of organic
solids in input material should be monitored for theoretical calculation of amount of organic substances
decomposable by anaerobic fermentation. Stability of gasification process is endangered in materials
where the content of organic nitrogen exceeds the limit of 10% of weight of organic solids, since
microorganisms could be poisoned by free ammonia (commonly going with an unusual stink) and the pH
value will change' #*. The pH of the material together with its buffering capacity is important parameter
for good biogas production and therefore it is important to monitor pH of feedstock material before
fermentation. For example animal faeces are rich in ammonia (more than 4 g.I"), so if animal faeces
indicate low dry matter and potential threat of ammonia, it is necessary to mix them with energy-richer
material® **.

In this regard, plant materials with the C:N ratio of 20-100:1 should not cause problems. Pork slurry
with C:N ratio 12 — 13:1, bone meal (meat-bone meal) with C:N ratio 4 — 7:1, blood with C:N ratio 3 — 4:1
and rapeseed slices with C:N ratio 8 — 12:1 could be on the other hand viewed as hardly gasifiable
materials. For fully stabilized process the C:N ratio about 20 — 30:1' ' 2* appears to be optimal. The
ratio of C:N can be adjusted by addition of plant substrate (straw, grass, etc.). Note however, that some
kind of plant tissues with protein legumin (vegetable casein) contain more than 5% (m/m) of nitrogen are
inappropriate for the C:N ratio adjustment. Another parameter influencing both the biogas yield and
composition of digestate is the load of material into the biogas station®. A smaller amount of feedstock is
required in the first phase of fermentation. If the amount of feedstock material in batch is too big, the
input solution is exceedingly acidified during acidogenesis and the reaction mixture becomes
inappropriate for bacterial growth. Also, in such a case, the composition of digestate would not be
optimal for its use as fertilizer, because it would contain poorly decomposed feedstock material and the
pH would be too low (amount of CO,) or too high (amount of NHj;) depending on feedstock
composition'® ** % Besides, it is useful to monitor the content of easily degradable components (starch,
lipids and proteins) and the amount of hardly degradable fiber. Furthermore, we can determine the
content of macroelements in input mixture, which can be later found in the digestate. Main analyses of
feedstock are shown in Table 1. Microelements such as Cd, Pb, Hg, As, Cr, Ni, Cu, Zn, Fe, Mn are not
analysed in feedstock material, but only in digestate if using as fertilizer is planned®* *’.

In Table 1 standard analytical procedures (mostly Standard Operating Procedures, SOP)
implementable by accredited laboratories are listed. Commonly they are done by specialized sites (e.g.
laboratories of Central Institute for Supervising and Testing in Agriculture of Czech Republic).
Unfortunately, main analyses, do not provide any information about pollutants (pesticide etc.) or
metabolites (animal, plant or microbial), that could form another compounds during biogas fermentation
in (nearly) anaerobic conditions. It would be appropriate to put more effort into the analysis of input
material.

Patronem tohoto ¢&isla je CEMC ETVCZ - jediny akreditaéni organ v CR a SR pro ovéfovani inovativnosti environmentalnich technologii a dalsich
technologii, vyrobkii a inZenyrskych Feseni a sluZeb pfinosnych pro Zivotni prostredi
WASTE FORUM 2014, &islo 3, strana 127



Lukés KUCERA, Petr BEDNAR: Biogas system and possibilities of control and use of digestate in Czech Republic

Table 1: Parameters controlled in feedstock

Parameter Symbol, unit Indication of used method/basic principle

Main parameters

Dry matter content (total solid) TS, % (m/m) in dry matter SOP 32 (CSN EN 12879) drying, weighing
Combustible compounds % (m/m) in dry matter SOP 32 (CSN EN 12879) annealing, weighing
Total organic carbon TOC, % (m/m)in dry matter] ~ SOP 56 (GSN EN 13370) | ©*idation to carbon dioxide,
spectrophotometry
Total carbon CT, % (m/m) in dry matter SOP 32 (GSN EN 12879) Combusnog'odetecnon of
2
Chemical oxygen demand CODg;, mg.dm'3 SOP 05 (TNV 757520) tltratlon_ with potassium
dichromate
Acid neutralization capacity ACN, mmol.dm™ SOP 50 (CSN EN ISO 9963-1) acidimetric titration
pH - SOP 44 (JPP UKZUZ, Brno) potentiometry
Lipids g.kg™ in dry matter SOP 66 (JPP UKZUZ, Brno) extraction, solvent
evaporation, weighing
) . _ coagulation by Barnstein
Proteins g.kg" in dry matter O0-14 method, kjeldahlization
Starch g.kg™ in dry matter C-6 hydrolysis, polarimetry
Fibre g.kg™ in dry matter SOP 64 (CSN ISO 6541) modified Scharrer method

Content of nutrients

Total nitrogen N¢, % (m/m) in dry matter SOP 61 (JPP - Ukzuz, Brno) kjeldahlization
. distillation,
Ammoniac nitrogen Nnta+, mg.kg™" in dry matter] SOP 65 (JPP - UKZUZ, Brno) | titration/spectrophotometry
. . q. . . mineralization,
Nitrous nitrogen Nnos., mg.kg™ in dry matter| SOP 65 (JPP - UKZUZ, Brno) spectrophotometry
q. . . mineralization,
Total phosphate Pc, mg.kg™ in dry matter SOP 62 (JPP - UKZUZ, Brno) spectrophotometry
Calcium Ca, % (m/m)in dry matter | SOP 60 (JPP - UKZUZ, Brno) mineralization, AES
Potassium K, % (m/m) in dry matter SOP 60 (JPP - UKZUZ, Brno) mineralization, AES
Magnesium Mg, % (m/m) in dry matter |  SOP 60 (JPP - UKZUZ, Brno) mineralization, AAS

mineralization, gravimetry as

1.
Total sulfur S, mg.kg™ in dry matter SOP 94 BaSO,

AES - atomic emission spectroscopy; AAS — atomic absorption spectroscopy

2.4. Analysis of gas phase during anaerobic fermentation

Analysis of gaseous compounds arising during fermentation is very important for maintaining of the
biogas production in optimal conditions. Carbon dioxide and methane are two main gases in the internal
atmosphere of the reactor. Figure 4 shows the rising of the amount of the gaseous components during
anaerobic process and changes of pH. In the first phase of fermentation (hydrolysis) a very fast
decrease of oxygen and nitrogen as main parts of air was observed. The amount of carbon dioxide
increased with simultaneous decrease of pH. This process is still observed in acidogenic phase. In the
final phase (methanogenesis) the content of methane escalates with simultaneous reduction of content
of CO, and H,. Then acidity of reaction mixture and content of carbon dioxide decreases (pH = 7)3 *°.
Beside aliphatic, alicyclic and aromatic hydrocarbons, alcohols and thiols, aldehydes and ketones,
esters, ethers, sulphides and disulphides, halogenderivatives of hydrocarbons (among them also
environmental contaminants — PCBs, herbicides, pesticides, fungicides), amines and furan with its
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derivatives were detected. All of these environmental pollutants were determined in digestate in
laboratory using Membrane Biological Reactor (MBR)** *'. It is necessary to find appropriate analytical
method for fast and cheap analyses of digestate and reactor atmosphere focus to main pollutants.

Figure 4: Composition of gases during digestion with changes of pH (published with
permission of authors™)

Acidogenic Unstabilized Stabilized
phase methanogenic process methanogenic process

0,
100% pH8

0% pH 4

Some of mentioned minor compounds are responsible for air contamination in the surroundings of
biogas stations and to a certain extent also digestate. Kind of odour can roughly indicate functional
groups present in volatile compounds as described elsewhere*? = **. Arising smell during anaerobic
fermentation indicate inconvenient fermentation process. Main factors which influence production of
biogas are feedstock material (slaughterhouse waste, sludge from sewage treatment plants, fats and
blood from slaughterhouses) and time of fermentation. The formed digestate must be then stored in
hermetic reservoir for stabilized and reduce smell. Another important tool for prevention of smell is bio-
filter (limestone, ammonium sulphate, phosphate, microorganisms), which must be installed in every
potential critical biogas plant®.

Sampling of the gas samples around biogas stations is by itself an objective of extensive research.
There are many comprehensive reviews dealing with different kinds of sample collection and analysis**
4448 Among analytical techniques used gas chromatography and its combination with mass
spectrometry represents the most common procedure*® ~*" 4% Another procedure is based on Open-Path
Fourier Transform Infrared Spectrometry (OP-FTIR)*®®. Sensory evaluation of volatile compounds
released from biogas systems is based on dynamic olfactometry (DO). Results are evaluated in Odour
Units (ouE, European odour unit). This method is set by European Norm (EN 13725)°" %2,

3. Constitution of digestate and its control

The knowledge of chemical composition of digestate is important for its future use. At present, the
analytical control of digestate includes only main basic parameters which are demanded by related
legislation. Main controlled items include agrochemical parameters (Total Carbon, CODg,, content of N,
P, K, Ca, Mg, S, total solid)* and content of some elements, especially metals (Cd, Pb, Hg, As, Cr, Ni,
Cu, Zn, Fe, Mn) are usually determined using atomic absorption spectrometry (FA-AAS). Another
methods for quantification of metals are inductively coupled plasma atomic emission spectrometry (ICP-
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AES), inductively coupled plasma mass spectrometry (ICP-MS) and hydride generation atomic
absorption spectrometry (HGAAS)%* ¥

Electrothermic atomization — atomic absorption spectrometry (ETA-AAS) is standardized technique
for speciation of arsenic (Norm EN ISO 15586)% and analysis of cadmium (Norm EN ISO 5961)*.
Atomic absorption spectrometry is a recommended method for determination of Mo, Zn, Pb, Cu, Ni
(Norm I1SO 8288)*° and Cr (Norm EN 1233)%*. Determination of mercury is based on AMA analyzer
(Advanced Mercury Analyzer) (Norm CSN 757440)%.

Other determined parameters are fat (gravimetric method; Norm CSN 757509)%, hydrolysable and
extractable compounds, unhydrolysable rest of fibore and ash (Henneberg — Stohmann — Ruskovsky
method)*. The amount of microelements is varied and strongly depends on history of feedstock. Cu and
Zn belong to hazardous elements in cow manure for instance. Copper appears in bovine manure in the
form of copper sulphate usually used to clean hoofs®. Zinc comes from zinc oxide used to adjust enteral
microflora of cattle®.

In some cases, the amount of chitin is determined in the input mixture. Chitin is an important
component of wood, but it is very poorly degradable by methanogenic bacteria. Chemically it is
a homopolymer of (1-4)-BN-acetyl-D-glucosamine. Decomposition to N-acetyl-D-glucosamine is carried
out by two hydrolases — chitinase (EC 3.2.1.14) and N-acetyl-D-glucosaminidase (EC 3.2.1.52)°". Yasir
et al. (2009) ®? recently discovered that earthworms produce large amount of chitinase allowing
increasing the degradability of chitin. Furthermore earthworms prevent the formation of pathogenic fungi.
Obviously, it is possible to use compost as an additive for better decomposition of chitin to smaller
organic substances.

It was also found that some pathogenic bacteria could survive in the digestate (e.g. Salmonella,
Clostridium perfigens, Escherichia coli, Bacteroides fragilis, Listeria monocytogenes, Giardia)®® and they
can subsequently proliferate when the digestate is used as a soil fertilizer® ®°. Microbial analysis is thus
another required tool to control gasification process and subsequent use of digestate. Details of
microbiological analyses exceed however the scope of this article. On the other hand, modern analytical
chemistry offers analysis of biomarkers of the presence of some kinds of bacterial colonies®®.

Analysis of digestate includes mostly agrochemical parameters and hazardous elements (especially
heavy metals). However, the question is what happens with particular organic compounds during
anaerobic digestion. The compounds could react with each other or can be transformed during the
gasification process. Those processes are undoubtedly subjects of future research (potential
negative/positive effects of arising derivatives).

4. Physicochemical treatment of digestate for further use

Many agricultural biogas plants are part of the farms and the digestate they produce is used as a
fertilizer. However, digestate contains relatively large amounts of nitrogen compounds, which could be
accumulated on farms or fields, respectively. At the present time, the export of digestate to agricultural
land is governed by appropriate directives — Law No0.9/2009 Sb. (Czech Republic)®” and Regulation
834/2007 (European Union)® and Directive 91/676/EEC (European Union)®°. Those laws protect aquatic
ecosystems against pollution (eutrophication risk). The farmers are constraining to transport the
digestate to distant places in order to avoid release of excessive macroelements (i.e. NH," and PO, first
of all) from soil to phreatic water around biogas plants™ 7. This is documented by an example from
a biogas station located in Bavaria, close to Passau. This biogas station treats approximately 46,000
tons of bio-waste per year and produces about 15,000 tons of digestate per year. This huge amount of
digestate cannot be exported to one location (field, meadow, etc.) and there is a need to modify it and
export or sell it"2. Digestate may contain up to 95% of water, which often has to be removed. Reason for
this is to reduce transport costs and to save storage space. Excess of water can be removed using
membrane filtration®, reverse osmosis’ ™ or combination of mechanical (filtration) and thermal
dewatering (stream of hot air)”®. Thanks to commercial availability of specific devices, these mentioned
methods have been already utilized in Czech Republic. Another very often described thing is reduction of
the content of unwanted elements in digestate”. The first step is the separation of the liquid and the
solid part of the digestate. This is usually made by flocculation using polyacrylamide. Flocculation can be
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further supplemented with inorganic salts — optimally Aly(SO.); and FeCl;’®. Second method of
separation involves capturing the solid components using emulsion or powder based polymers for
flocculation then is used rotating drum for separation to two parts (solid and liquid). Solid material is
remaining on rotating drum. The solid residue is pasteurized by high temperature, which kills all
potentially pathogenic organisms. Then, the solid material is stabilized by conversion into an organic soil
conditioner rich in phosphorus. The liquid residue still contains a large amount of potassium and
inorganic nitrogen. Nitrogen can be converted using nitrifying-denitrifying bioreactor to N,°. More
detailed description of the biological removal of nitrogen is provided in a publication of Henze et.al.
(2002)®. Briefly, the process of conversion of ammonia to gaseous nitrogen is divided into two steps.
The first is the autotrophic nitrification, which involves the oxidation of NH," to NO,™ and then to NO;™ by
nitrifying bacteria in an aerobic environment. The second step is heterotrophic denitrification, which leads
to the reduction of NO3™ to gaseous nitrogen (N,) using denitrifying bacteria in an anaerobic environment
with organic carbon as electron donor (methanol was used in this case)™.

As an alternative way, anaerobic oxidation of NH," can be used for biodegradation of nitrogen without
organic carbon served as an electron donor. Autotrophic anaerobic bacteria oxidize NH,*-N (electron
donor) to N,, where NO,-N is an electron acceptor’®. There are remaining macroelements in the liquid
after removal of surplus nitrogen. The most effective method for preconcentration of these nutrients is a
membrane filtration’> ®°. The concentrate is usable as a high nutrition fertilizer. Another option is to use
reverse osmosis’> 7% 8" 82,

Next very important indicator of the quality of digestate is the chemical oxygen demand (COD). COD
helps us to specify the amount of organic components in the digestate. Organic substances are
decomposed during anaerobic fermentation. If the COD parameter is very low at the end of the
fermentation process, it means that gasification run with a high efficiency. To reduce the COD in the
digestate, Gong, Li and Liang (2010) suggested applying consecutive aerobic fermentation of the
digestate. Digestate is pumped from the anaerobic digester to an aerobic digester where it is fermented
again. This fermentor is equipped by a membrane module for the removal of NH,* and PO,* ions from
the fermented digestate. After 120 days of total fermentation process (anaerobic-aerobic-membrane
fermentation), the amount of NH," ion is reduced to 1.9 %, the amount of PO,* to 23.4 %, and chemical
oxygen demand decreased to 3.7 % of total amount. The modified digestate can be applied to
agricultural land in large quantities, because there is no problem with transcending the limits of
nutrients®.

Detailed comparison of various methods for treatment of digestate is described by Rehl and Muller
(2011)"". Especially composting process deserves a proper attention and it is commented here in more
details. The process can be in principle divided into three parts — mechanical pretreatment, composting
and treatment of the solid rest. Mechanical pretreatment uses flocculation with polyacrylamide and
a centrifugal force is applied for separation of liquid and solid parts. Separation to liquid-solid parts is
commonly used as a physical pre-treatment of animal waste. The liquid phase is used as liquid fertilizer.
However, if the liquid fraction is low in nutrients, the target area would not be fully supplied with
macroelements. Increasing the amount of sprayed liquid fraction could be a solution to this but the
concentration of unwanted microelements and compounds could then increase above their emission
standard. Solid phase is stored for 10 weeks in closed system assigned for composting. Solid matter is
aerated by stirring. After the termination of the composting process, the material can be transported in
open boxes to the field or to the warehouse® ~%®

In some cases, the digestate contains large amount of ammonia which is released to atmosphere.
This represents an environmental problem since ammonia belongs to greenhouse gases, negatively
affecting atmosphere. A possible solution to reduce the level of ammonia in the digestate is suggested
by Maurer and Miiller (2012)”. Their technology combines classical glasshouse and solar heater which
heats the digestate from biogas station (hybrid waste-heat/solar dryer). In the glass house a conversion
of NH; to N, due to sunlight occurs. The process of reducing ammonia was monitored by Fourier
transform infrared spectrometry. The final dried digestate contained around 35% of water and minimum
of ammonia and can be directly apply on the field or transport to the place of need®® *°. Another method
is based on separation mixture on solid and liquid part using a decanter. The solid component is
immediately used as a fertilizer after separation. The liquid phase is then heated, and when liquid starts
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boiling, a hot sulphuric acid is added to remove CO, and reduce pH (final pH ranges from 4.4 to 4.8).
The acidified liquid containing NH,* cation can be then used as fertilizer. The negative effect of this
method is significant emission of carbon dioxide representing important component of greenhouse gas’".
Czech biogas station in Plevnice is using a combination of mentioned method for reduction of the
amount of ammonia. Briefly, the digestate is separated into solid and liquid part using centrifugation and
then is liquid part distilled for removing of ammonia and arising ammonia is absorbed in COj; solution.
Liquid and solid part is used as fertilizer.

Interesting idea for the use of digestate is described in a paper of Kratzeisen et al. (2010)®'. Authors
mention utilization of the digestate as a fuel in the form of pellets. However, the process of combustion
as already mentioned is strongly influenced by the quality of input mixture (presence of heavy metals,
hardly degradable organic substances etc.). The necessity of appropriate analytical control before and
during the production of pellets is obvious. Authors analysed heavy metals in digestate using two
techniques with inductively coupled plasma: ICP-OES for potassium and ICP-MS for As, Cd, Cr, Cu, Hg,
Pb, Zn. These two methods are recommended by German National Norm DIN 38406-22% and Norm
DIN 38406-29%. Two digestates were studied: digestate 1. contained 50 % of maize silage, 40 % of
grass and grass silage and 10% of potatoes. Digestate 2. contained of 81 % of maize silage, 9 % of
sugar sorghum, 7% of poultry manure and 3 % of corn cob mix. The concentration of As, Pb, Cd, Hg, Tl
in the ash was under threshold value. In digestate 2 the content of Ni was 3.5 time higher (285 mg.kg™")
than threshold value defined by German National Norms. The concentration of Cr also exceeded
appropriate threshold value in both digestates (76 mg.kg™ for digestate 1; 184 mg.kg™ for digestate 2)°".
Another way for determination of composition of ash from pellets is X-ray fluorescence (XRF). Hirokawa
et al. (2013)%* compared AAS and XRF for analysis of 5 metals (Co, Ni, Pd, Ag, Au). These methods
were compared using a sample of ash enriched with standards of the above metals. The X-ray
fluorescence shows greater results of of those metals except cobalt than AAS. Those differences were
due to their incomplete decomposition using aqua regia®. Note, the production of pellets from digestate
in Czech Republic is only fractional that up to now and its progress (including technology) is question of
future development.

5. Conclusion

Production of biogas is fast-growing branch allowing efficient and ecological waste treatment and
production of a relatively cheap energy. This mini-review covers various aspects of biogas plants
operation including feedstock control and adjustment, description of processes in reactor and ways to
optimize gas production. Main attention is paid to the process of digestate formation, analytical control of
its composition, possibilities of its treatment and safe use. Although digestate is routinely characterized
by non-specific parameters and content of macro-components is relatively well known, many processes
remained unresolved and hopefully they become subject of systematic research.
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Souhrn

Anaerobni fermentace je jednou z vhodnych metod pro zpracovani ekologického odpadu za
soucasné produkce levné elektrické a termaini energie. Podle soucasné legislativy muZeme bioplynové
stanice (BPS) rozdélit na tii zakladni skupiny — zemédélské, odpadové a prumyslové. Zemédélské
bioplynové stanice patfi k nejroz$ifenéj§im v Ceské republice z divodu jejich umisténi v blizkosti
velkochovi zemédélskych zvirat (prevaziné chov skotu a vepril). Dalsi z duvodu tak velkého roz§ireni
zemédélskych BPS je vysSi vykupni cena energie ve srovnani s odpadovymi bioplynovymi stanicemi.

V budoucnu muZeme ocekavat srovnani tohoto cenového rozdilu v souvislosti s planovanou
vystavbou odpadovych bioplynovych stanic, aby do$lo k napinéni nové evropské smérnice 1999/31EC,
podle niz musi dojit ke sniZzeni vyvozu biologicky rozloZitelného odpadu na skladky do roku 2020 na 35
%. Je tedy nutné hledat nové postupy ke zpracovavani tohoto druhu odpadu a odpadové bioplynové
stanice jsou jednou z mozZnosti. S timto nardstem odpadovych BPS miZeme ocekavat vy3$i produkci
digestatu.

V soucasnosti je analyza digestatu zamérfena pouze na zakladni parametry, jako je celkovy uhlik,
chemicka spotieba kysliku, obsah N, P, K, Ca, Mg, S a suSiny a obsah nékterych tézkych kovu (Cd, Pb,
Hg, As, Cr, Ni, Cu, Zn, Fe, Mn), které jsou ddleZité pro jeho pouZiti jako hnojiva &i paliva v podobé pelet.
Anaerobni fermentaci odpadu miZe dochézet k obohacovani digestatu latkami, které mohou byt
polutanty Zivotniho prostfedi. Bylo by tedy vhodné rozdifit kontrolu digestatu o napr. pesticidy,
polychlorované bifenyly, herbicidy a fungicidy.

Tento pfehledovy C&lanek si klade za cil popsat postupy vyuZiti a analytické kontroly digestatu
s ohledem na historii a soucasnost bioplynovych stanic v Ceské republice a v kontextu prévnich
predpisu Evropské Unie.

Klicova slova: bioplynovy systém, digestat, fermentace, anaerobni, methanogenni bakterie, kontrola
digestatu, pouziti digestatu
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Introduction

Anthocyanins are water soluble dyes, which are responsible for color of plant tissues.
Those natural pigments belong to the group of flavonoids. Beside their use as safety food
colorants, they have many positive effects on human health'. The stability of anthocyanins is
strongly influenced by many factors such as pH, temperature, concentration, presence of oxygen
or enzymes, irradiation, etc.’

Anthocyanins are sensitive to food production technology and storage conditions.
Therefore concentration profile of those dyes and their degradation products reflects insufficient
manipulation with food. Products of anthocyanin degradation involves cleavage of sugar moiety
and consequent formation of phenolic acids (i.e. protocatechuic, p-hydroxybenzoic, 3,4-
dihydroxy-5-methoxybenzoic, syringic, vanillic and gallic acid depending on B-ring substitution
of anthocyanin) and phloroglucinaldehyde’. Those compounds can be considered as potential
markers of food quality (e.g. controlling of winemaking technology and/or wine storage). The
aim of the contribution is to investigate the processes of anthocyanin degradation in detail by
means of combination of liquid chromatography with high resolution tandem mass spectrometry.

Experimental
Mass spectrometer:

Q-TOF Premier (Waters, Milford, USA), equipped with electrospray (Z-spray).
Chromatographic systems:

HPLC Smartline (Knauer, Germany) equipped with columns Gemini C18 110A (150 x
2.0 mm,dp = Sum, Phenomenex, USA), Kinetex 2.6p C18 100A (100 x 2.1 mm, dp = 2.6um
(porous layer 0.5 pm), Phenomenex, USA) and Ascentis Express C18 (100 x 2.1 mm, dp = 2.7
pm (porous layer 0.5 pm), Sigma-Aldrich); mobile phase A: 0.1% HCOOH in water; B: 0.1%
HCOOH in methanol (v/v).

UPLC Acquity (Waters, USA) equipped with Ascentis Express C18; mobile phase A:
0.1% HCOOH in water; B: 0.1% HCOOH in methanol (v/v). Gradient elution: A: 0-4.28 min 20
% B, 4.28-7.85 min 20 — 60 % B, 7.85-13.56 min 60 % B, 13.56-14.99 min 60-20 % B,
14.99-22.13 min. 20 % B.

Preparation and purification of mixure of fenolic acid and phloroglucinaldehyde:

One milligram of each standard was dissolved in 1 ml 1% HCOOH in water (v/v) and
diluted on concentration 10 mg/l. Standards of vanillic, gallic, p-hydroxybenzoic, syringic and
protocatechuic acid and phloroglucinaldehyde were used for method development.

Preparation of a model solution of anthocyanins and phloroglucinaldehyde:

0.5 mg of each standard (i.e. cyanidin chloride, malvidin-3-galactoside chloride and
phloroglucinaldehyde) was dissolved in 0.9 mL of methanol and divide on three parts. Then each
aliquot part of standard solution was dried up using fine stream of nitrogen and dissolved in
appropriate solvent (pH 1, 3.5 or 7).




Results

First part of the study involved development of HPLC method with UV/VIS detection.
Separation selectivity and efficiency towards standard mixture of six commercially available
phenolic acids and phloroglucinaldehyde was tested on three chromatographic reversed-phase
columns — one fully porous column Gemini C18 and two core-shell columns Kinetex C18 and
Ascentis Express C18. The best results described by resolution of critical pairs and COF function
* were achieved using core-shell column Ascentis Express C18. This column was used for
consequent experiments.

Then, optimized LC system was hyphenated with mass spectrometer (Q-TOF Premier)
and used for study of degradation of anthocyanins. Relatively fast decomposition of anthocyanin
was observed when solutions were heated mimicking hot maceration involved in some
winemaking processes. More than 90 % of anthocyanin content was decomposed in one hour.
Concurrently rising of content of phenolic acids was observed (i.e. syringic acid in case of
malvidin-3-galactoside and protocatechuic acid in case of cyanidin). Beside phenolic acids also a
content of phloroglucinaldehyde was followed, however, the changes of its concentration are not
straightforward and reproducible during repeated experiments. Thus the fate of
phloroglucinaldehyde was studied in detail.

Standard of phloroglucinaldehyde was heated in various pH (1, 3.5, 7). A pronounced
decrease of its content was observed after one hour of heating. In strongly acidic solution (pH 1)
the amount of phloroglucinaldehyde decreased in 82.5 % of original content. At less acidic
solution (pH 3.5), which is typical pH for young wine, decomposition of phloroglucinaldehyde
was not observed at all. Very fast decrease of phloroglucinaldehyde in neutral solution (buffered,
pH 7) was observed (after one hour of heating the amount of phloroglucinaldehyde decreased in
34.9 % of original content.

Conclusion

Our experiments show that fast degradation of anthocyanin occurs when their solutions
are heated. During the decomposition increase of concentration of appropriate phenolic acids was
observed. Concentration of phloroglucinaldehyde during heating process is not reproducible and
its using as a marker for food quality control is questionable. Identification of products of
phloroglucinaldehyde decomposition and study of real wine degradation is now in progress.
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Introduction

Anthocyanins are water soluble dyes, which are responsible for color of plant tissues. Those natural
pigments belong to the group of flavonoids. Beside their use as safety food colorants, they have many
positive effects on human health®. The stability of anthocyanins is strongly influenced by many factors
such as pH, temperature, concentration, presence of oxygen or enzymes, irradiation, etc.2 Therefore
concentration profile of those dyes and their degradation products reflects insufficient manipulation
with a food and its storage. Products of anthocyanin degradation involves cleavage of sugar moiety
and consequent formation of phenolic acids {i.e. protocatechuic, p-hydroxybenzoic, 3,4-dihydroxy-5-
methoxybenzoic, syringic, vanillic and gallic acid depending on B-ring substitution of anthocyanin) and
phloroglucinaldehyde? {fig. 1). Those compounds can be considered as potential markers of food
quality {e.g. controlling of winemaking technology and/or wine storage). The aim of the contribution
is to investigate the processes of anthocyanin degradation in detail by means of combination of liquid
chromatography with high resolution tandem mass spectrometry

Figure 1: Degradation of anthocyanin

H
2,4,6-trihydroxybenzaldehyde  phenolic acid

Results and discussion

Method development

First part of the study involved development of HPLC method with UV/VIS detection. Separation
selectivity and efficiency towards standard mixture of six commercially available phenolic acids and
phloroglucinaldehyde was tested on three chromatographic reversed-phase columns — one fully
porous column Gemini C18 and two core-shell columns Kinetex C18 and Ascentis Express C18 {fig. 2).
The best results described by resolution of critical pairs and COF function® were achieved using core-
shell column Ascentis Express C18. This column was used for consequent experiments.

Figure 2: Chromatograms of analysis of standards mixures using three chromatographic

Gemini C18 Kinetex C18

A~ 2 I

Ascentis Express C18

1 - Gallic acid

2 — Protocatechuic acid

3 — p-Hydroxyenzoic

4 —Vanillic acid
5—Syringic acid

6 — Phloroglucinaldehyde

Study of degradation processes

Then, optimized LC system was hyphenated with mass spectrometer (Q-TOF Premier) and used for
study of degradation of anthocyanins. Relatively fast decomposition of anthocyanin was observed
when solutions were heated mimicking hot maceration involved in some winemaking processes.
More than 90 % of anthocyanin content was decomposed in one hour (Fig. 3 and 4).

rising of content of phenolic acids was observed (i.e. syringic acid in case of malvidin-3-galactoside
and protocatechuic acid in case of cyanidin) (Fig. 5 and 6). Beside phenolic acids also a content of
phloroglucinaldehyde was followed, however, the changes of its concentration are not
straightforward and reproducible during repeated experiments. Thus the fate of phloroglucinaldehyde
was studied in detail.

Figure 5: Reconstructed chromatograms
for m/z 491 (malvidin-3-galactoside

Figure 4: Reconstructed chromatograms
for m/z 285 (cyanidin)
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Experimental

Chromatographic systems:

HPLC Smartline (Knauer, Germany) equipped with columns Gemini C18 110A (150 x 2.0 mm,dp = 5um,
Phenomenex, USA), Kinetex 2.6p C18 100A (100 x 2.1 mm, dp = 2.6um (porous layer 0.5 um), Phenomenex, USA)
and Ascentis Express C18 (100 x 2.1 mm, dp = 2.7 um (porous layer 0.5 um), Sigma-Aldrich); various mobile phases
and gradient were used, but the best results were observed with mobil phase A: 0.1% HCOOH in water; B: 0.1%
HCOOQH in methanol (v/v) and gradient elution: 0-5 min 20 % B, 5-10 min 20 — 60 % B, 10-18 min 60 % B, 18-20
min 60-20 % B.

UPLC Acquity (Waters, USA) equipped with Ascentis Express C18; the same mobile phase was used as previously.
Gradient elution: 0-4.28 min 20 % B, 4.28-7.85 min 20 —60 % B, 7.85-13.56 min 60 % B, 13.56-14.99 min 60-20 %
B, 14.99-22.13 min 20 % B.

Mass spectrometers:
Q-TOF Premier (Waters, USA), electrospray ionization (Z-spray)
lon trap LCQ Deca (Thermo Fisher Scientific, USA), electrospray

Preparation of a model solution of anthocyanins and phloroglucinaldehyde:

0.5 mg of each standard (i.e. cyanidin chloride, malvidin-3-galactoside chloride and phloroglucinaldehyde) was
dissolved in 0.9 mL of methanol and divided into three parts. Then each aliquot part of standard solution was
dried up using fine stream of nitrogen and dissolved in appropriate solvent (pH 1, 3.5 0r 7).

Preparation of anthrachrysone (1,3,5,7-Tetrahydroxy-anthraquinone):

Anthrachrysen was prepared using modified method described by Briggs and Nicholls in 19514
Briefly: Solution of m-hydroxybenzoic acid and 3,5-dihydroxybenzoic acid was heated with concentrated H,SO, for
one hour (100°C). Next day the solution was heated for 10 minutes and poured into boiling water. The green
precipiate was dissolved in agueous NaOH and reprecipiated from hot solution using glacial CH,COOH. Product of
this reaction was dissolved in acetone and separated on column chromatography (silicagel as stationary phase).
Orange band was isolated and dried using fine stream of nitrogen

Figure 7: Reconstructed chromatograms
for m/z 197 (syringic acid

Figure 6: Reconstructed chromatograms
for m/z 153 (protocatechuic acid)
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Standard of phloroglucinaldehyde was heated in various pH (1, 3.5, 7). A pronounced decrease of its
content was observed after one hour of heating. In strongly acidic solution {pH 1) the amount of
phloroglucinaldehyde decreased in 82.5 % of original content. At less acidic solution {pH 3.5), which
is typical pH for young wine, decomposition of phloroglucinaldehyde was not observed at all. Very
fast decrease of phloroglucinaldehyde in neutral solution {(buffered, pH 7) was observed (after one
hour of heating the amount of phloroglucinaldehyde decreased in 34.9 % of original content.
Chromatogram of phloroglucinaldehyde after one hour of heating process in pH 7 shows rising of two
peaks with m/z = 271 (fig. 8). Figure 9 shows MSMS spectra of both peaks.

Figure 8: Reconstructed chromatograms for m/z271  Figure 9: Reconstructed MS/MS spectrum of m/z 271

Figure 10 shows MS and tandem MS spectra of anthrachrysone (ion trap). In those spectra, fragments
at m/z 243, 225 and 199 can be seen. Corresponding fragmentation processes are similar with those
observed in MS/MS spectra of unknow compounds rising during temperature driven transformation
of phloroglucinaldehyde in neutral solution {buffered, pH 7). Thus we sugest that those compounds
possess anthraquinone skeleton (fig . 11). Definite structure assignment is now in progress.

Figure 10: Reconstructed MS and tandem MS spectrum of anthrachrysone
K S Figure 11: Anthraquinone skeleton
i ;
;
: 900
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Stability of anthocyanin dyes is strongly influenced by many factors such as pH, tempera-
ture, concentration, etc. During degradation of anthocyanin a cleavage of sugar moiety
and formation of a phenolic acid and phloroglucinaldehyde (PGA) is commonly de-
scribed to occur. Those compounds can be therefore used as potential markers of food
quality (e.g. controlling of winemaking technology and/or wine storage). First, develop-
ment of HPLC method was done. Standard mixture was tested on three chromatographic
columns (Gemini C18 and core-shell columns Kinetex C18 and Ascentis Express C18).
Next, degradation products of two anthocyanins (i.e. malvidin-3-galactoside and cya-
nidin) were studied using column Ascentis Express C18. Relatively fast decomposition
of both anthocyanins was observed when their solutions were heated. More than 90%
of anthocyanin content was decomposed in one hour. Concurrently rising of content of
phenolic acids was observed. Beside, also a content of PGA was followed, however, the
changes of its concentration are not straightforward and reproducible during repeated
experiments. Chromatogram of PGA after one hour of heating process in pH 7 shows
rising of two peaks with m/z = 271. Possible explanation concerning the identity of those
two compounds is that two molecules of PGA condensed and anthraquinone derivative
is formed. To prove this idea anthrachrysone was synthesized and its mass spectra were
compared with the PGA transformation products ones. Parent and main fragment masses
of unknown compounds correspond well with anthrachrysone. Definite structure assigng
ment is NOW in progress.
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Introduction

Experimental

Anthocyanins are water soluble compounds belonging among plant dyes. Red color is the most frequent
one they impart to the plant tissues. These compouds are found in relatively high concentrations in red
grapes, strawberries, raspberries, etc. as well as in foods prepared from plants. Anthocyanins iicve
many positive effects on human health!. Stability of anthocyanins is strongly influenced by many factors
such as pH, temperature, concentration, presence of oxygen or enzymes, irradiation, etc.2 Because of
their use as food colorants and their content in a lot of beverages their reliable control is of a high
importance. Monitoring of degradation of anthocyanins in food seems to be an effective tool for ucicwuun
of change of technology or improper storage conditions. During degradation of anthocyanins a cleavage
of sugar moiety and formation of phenolic acids (i.e. protocatechuic, p-hydroxybenzoic, 3,4-dihydroxy-5-
methoxybenzoic, syringic, vanilic and gallic acid depending on B-ring substitution) and
phloroglucinaldehyde is commonly described to occur’. Those compounds can be therefore used as
potential markers of food quality (e.g. time and temperature of cooking, way of food storage or
winemaking technology). However, such application requires a minute knowledge of degradation
products profile. The aim of the contribution is to investigate the processes of anthocyanin degradation
in detail by means of combination of liquid chromatography with high resolution tandem mass
spectrometry.

Figure 1: Degradation of anthocyanin
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OH
o — + OH
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H R

2,4,6-trihydroxybenzaldehyd phenolic acid

Chromatographic systems:

HPLC Smartline (Knauer, Germany) equipped with columns Gemini C18 110A (150 x 2.0 mm,dp = 5um, Phenomenex,
USA), Kinetex 2.6y C18 100A (100 x 2.1 mm, dp = 2.6um (porous layer 0.5 pm), Phenomenex, USA) and

Express C18 (100 x 2.1 mm, dp = 2.7 uym (porous layer 0.5 pm), Sigma-Aldrich); various mobile phases and gradient
were used, but the best results were observed with mobil phase A: 0.1% HCOOH in water; B: 0.1% HCOOH in
methanol (vA) and gradient elution: 0-5 min 20 % B, 5-10 min 20 — 60 % B, 10-18 min 60 % B, 18-20 min 60-20 % B.
UPLC Acaquity (Waters, USA) equipped with Ascentis Express C18; the same mobile phase was used as previously.
Gradient elution: 0-4.28 min 20 % B, 4.28-7.85 min 20 — 60 % B, 7.85-13.56 min 60 % B, 13.56-14.99 min 60-20 % o,
14.99-22.13 min 20 % B.

Mass spectrometers:

Q-TOF Premier (Waters, USA), electrospray ionization (Z-spray)

Preparation of a model solution of anthocyanins and phloroglucinaldehyde

0.5 mg of each standard (i.e. cyanidin chloride, malvidin-3-galactoside chloride and phloroglucinaldehyde) was
dissolved in 0.9 mL of methanol and divided into three parts. Then each aliquot part of standard solution was dried up
using fine stream of nitrogen and dissolved in appropriate solvent (pH 1, 3.5 or 7).

Preparation of anthrachrysone (1,3,5,7-Tetrahydroxy-anthraquinone):

Anthrachrysone was prepared using a modified method described by Briggs and Nicholls in 1951 .
Briefly: Solution of m-hydroxybenzoic acid and 3,5-dihydroxybenzoic acid was heated with concentrated H,SO, for one
hour (100°C). Next day the solution was heated for 10 minutes and poured into a boiling water. The green precipitate
was dissolved in a hot aqueous NaOH and reprecipitated from the solution using glacial CH;COOH. Product of this
reaction was dissolved in acetone and separated on column chromatography (silicagel as stationary phase).

band was isolated (fig. 2) and dried using fine stream of nitrogen.

Figure 2: Orange band on silicagel

Results and discussion

First part of the study involved development of HPLC method with UV/VIS detection. Separation selectivity
and efficiency towards standard mixture of six commercially available phenolic acids and
phloroglucinaldehyde was tested on three chromatographic reversed-phase columns — one fully porous
column Gemini C18 and two core-shell columns Kinetex C18 and Ascentis Express C18. The best icouis
described by resolution of critical pairs and COF function® were achieved using core-shell column Ascentis
Express C18. This column was used for consequent experiments.
Then, optimized LC system was hyphenated with mass spectrometer (Q-TOF Premier) and used for study of
degradation of anthocyanins. Relatively fast decomposition of anthocyanin was observed when oviuuviie
were heated mimicking hot maceration or cooking involved in food technology. Regardless of pH of solution
more than 90 % of anthocyanin content was decomposed in one hour. Concurrently rising of content of
phenolic acids (i.e. syringic acid in case of malvidin-3-galactoside and protocatechuic acid in case of
cyanidin) was observed in pH 1 and 3.5. In neutral buffered solution further decomposition those ........._
acids occured. Those processes are demostrated by figures 3 and 4. Beside phenolic acids also a content of
phloroglucinaldehyde was followed, however, the changes of its concentration are not straightforward and
reproducible during repeated experiments. The fate of phloroglucinaldehyde was studied in detail.
Figure 3: Reconstructed chromatograms
for m/z 285 (cyanidin), m/z 153 protocatechuic acid
and m/fz 153 phloroglucinaldehyde

24 haurs of degradation

Figure 4: Reconstructed cvinviiawyiains
for miz 491 (malvidin-3-galactoside), m/z 197 syringic acid
and m/z 153
1,024 hours of degradation

Syinec asid
Phoroguchnaldehyte

" Prdtocateshuic scid Phowgucnadehyde . Cyanidi Mabidin 3 galacoside.

Since during anthocyanin degradation in neutral buffered
solution phloroglucinaldehyde was not observed at all we
suggest that its decomposition is the most pronounced.
Therefore we decided to focused on system in detall.
Standard of phloroglucinaldehyde was heated in pH 7 .
(fig.5). Very fast decrease of phloroglucinaldehyde was ..
observed, after one hour of heating the amount of
phloroglucinaldehyde decreased in 34.9 % of ornginal -
content and after 8 hours peak of phloroglucinaldehyde
disappeared. Chromatogram of the reaction mixture after
one hour of heating process in pH 7 shows rising of two
peaks with m/iz = 271 (fig. 6). Figure 7 shows MS/MS
spectra of both peaks

Figure 5: Reconstructed chromatogram for m/z 153

Figure 6: Reconstructed chromatograms for m/z 271 Figure 7: Reconstructed MS/MS spectrum of m/z 271

5,0-24 hours of degradation 3.5,0-24 hours of

Protoostashuio asid Phoroglucinaldehyde Cyania, Syingic aid Mabidin 3 galacoside.

0-24 hours of degradation

7,0-24 hours of degradation
etoostechui it Phoroguchnaldehyte Cyaridn Syringic a4 Matidin3-gaischside.

Figure 8 shows MS/MS spectrum of anthrachrysone. In this spectrum, fragments at m/z 243, 227, 215,
201 and 199 can be seen. Corresponding fragmentation processes are similar with those observed
MS/MS spectra of unknow compounds rising during temperature driven transformation of
phloroglucinaldehyde in neutral solution (buffered, pH 7). Fragmentation pattern is consistend also with
experiment of Stodulkova et al. divoted to natural anthraquinones’. Thus we suggest that those
compounds possess anthragquinone skeleton (fig. 9). Definite structure assignment is now in progress

Figure 8: Reconstructed MS/MS spectrum of anthrachrysone

Figure 9: Anthraquinone

o
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Conclusion

Our experiments show that fast degradation of anthocyanin occurs when their solutions are heated. During the
decomposition increase of concentration of appropriate phenolic acids was observed. Concentration of
phloroglucinaldehyde during heating process is not reproducible and its using as a marker for food quality

is questionable. In pH 7 is main degradation product of anthocyanin dyes transform to another substances, which
are resemblant antraquinone structure. Exhaustive identification of products of phloroglucinaldehyde
decomposition including the effect of pH and study of real wine degradation is now in progress
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Summary
This thesis is devoted to analytical control of composition of anaerobic fermentation mixture

used for biogas production. The process of anaerobic digestion, presence of compounds in
feedstock material and digestate (liquid part in reactor after anaerobic fermentation process) is
discussed in first part of the work. Detailed review of published results showed that the process of
analytical control of digestate is still in development. The proper control of many polutants such as
pesticides, herbicides, fungicides, and heavy metals, but also nonfermented sugars, fatty acids,
proteins and monitoring of the profile of flavonoid compounds is still missing. With respect to new
European Notice 1999/31/EC, which plan to reduce the amount of biodegradable waste going to
landfill to 35% until year 2020, the processing and analysis of digestate will be neccessary.
Detailed research of methods used for biogas production and digestate control was published as
a review article.

During winemaking process a huge amount of waste is produced. Effective treatment of the
waste is still a challenging task. Its utilization in biogas stations is one logical possibility. This work
is focused on development and utilization of analytical methods for control of waste produced
during winemaking and its anaerobic fermentation during gasification. The attention was paid
especially to the profile of flavonoids.

The attention was paid to both decomposition and condensation processes occurring in wine
waste and in the rising digestate. The first part of thesis deals with proceses that can be expected
in fermentation mixture during anaerobic fermentation of wine waste. Flavonoids are effective
inhibitors of microbial growth and thus their presence in fermentation mixture affects the whole
gasification process. The fate of flavonoids during storage and anaerobic fermentation was not
described yet. In this work a degradation process was studied on anthocyanin dyes (cyanidin,
malvidin-3-galactoside) by high temperature and pH. The phenolic acids (protocatechuic and
syringic acids) and 2,4,6-trihydroxybenzaldehyde were found and monitored in model solutions.
After one hour of degradation of floroglucinaldehyde standard three new compounds were found.
These compounds were identified as 1,3,5,7-tetrahydroxyanthrachinon using exact mass
measurement, fragmentation experiments, retention time, comparison with appropriate literature
and in one case also by comparison with authentic standard prepared by independent synthesis.

Condensation of anthocyanins with other flavonoids occurs in plant materials and extracts as
well. Second part of this thesis deals with the development of chromatographic methods for
analytical control of diastereomeric bridged dyes - (+)-catechin-ethyl-malvidin-3-glucosides rising
by condensation of (+)-catechin, malvidin-3-glucoside and acetaldehyde. A nano-liquid
chromatographic method was optimized for their separation and compared with high performance
liquid chromatography utilizing analytical columns with common dimensions. Nano-LC column
offered higher retention and separation compared with conventional HPLC. On the other hand

slightly better selectivity for the separation of diastereomers and higher resolution for all
2



components of the tested mixture was found for conventional HPLC system compared to nano-LC
system

Final part of this work is devoted to the study of anaerobic fermentation of hardly gasifiable
wine waste in discontinuous microscale reactor. A series of gasifying experiments was performed
to optimize conditions for anaerobic fermentation, i.e. optimization of ratio of pig slurry and winery
waste, addition of methanogens and/or thioglycolate medium and pH value (adjusted with
ammonium  hydroxide). Efficiency of biogas production was monitored by gas
chromatography/mass spectrometry. Liquid chromatography/high resolution tandem mass
spectrometry in combination with advanced data treatment, i.e. principal component analysis and
orthogonal projection to latent structures, was used to reveal main chemical differences of gasified
winery waste mixture from commonly used fermentation mixtures in agricultural biogas plants.
Compounds with particular polyphenolic structures appeared among the most distinctive markers.
Analysis of samples collected during acidogenic phase and unstabilized methanogenesis revealed
formation of certain dihydro-flavonoids in early stages of the process and their consequent
degradation, i.e. hydroxykaempferol, hydroxybenzoylcatechin, methylquercetin, malvidin-3-
glucoside, malvidin chalcon and reduced catechin. Unstabilized digestate would represent
a potential environmental risk when used as a fertilizer since higher toxicity of some
dihydroflavonoids (e.g. taxifolin) compared to their common counterparts present naturally in wine

waste (e.g. quercetin, malvidin, etc.) was reported in literature.



Souhrn
DisertaCni prace se zabyva moznostmi analytické kontroly fermentacni smési pfi vyrobé

bioplynu. Popisuje cely proces anaerobni fermentace, sloZky pfitomné ve vstupnim materialu
i vreakéni smési s dirazem na slozeni digestatu (kapalného podilu fermentaéni smési, ktera
v bioreaktoru zustava po ukon&eni fermentace) a analytické metody pouzivané pro kontrolu jejich
slozeni. Detailni prizkum literatury, ktery byl v pribéhu pfipravy disertacni prace zpracovan do
prehledového ¢lanku, ukazuje, Ze analyticka kontrola slozeni digestatu je doposud ve vyvoji. Chybi
pribézna kontrola Fady slozek, zejména polutantll, jako jsou pesticidy, herbicidy, fungicidy
a tézkych kovu, ale také nezfermentovanych cukrli, mastnych kyselin a bilkovin a v neposledni
fadé i kontrola profilu flavonoidnich latek. Vzhledem k o¢ekavanému narustu produkce digestatu
v souvislosti s evropskou vyhlaskou 1999/31/EC, ktera planuje redukci skladkového biologicky
rozlozitelného odpadu do roku 2020 na 35% soucasné produkovaného mnoZzstvi, bude vyznam
dalSiho zpracovani digestatu a tedy i jeho analytické kontroly narustat.

Pfi vinafské vyrobé vznika velké mnozstvi rostlinného odpadu, které by bylo vhodné dale
zpracovat. Mezi mnoha moznymi postupy je anaerobni fermentace logickou cestou. Tato prace je
zameéfena na studium anaerobni fermentace vinafského odpadu a pfemény flavonoidd za
anaerobnich podminek.

Prvni ¢ast prace je zaméfena na popis procesul, které mohou podle nastavenych podminek
probihat ve skladovaném odpadnim materidlu a ve fermentacni smési bé&hem zplyrfiovani
vinafského odpadu. Vlivem plsobeni mikroorganismu, teploty a vzajemnych reakci slozek
vinafského odpadu pfi jeho skladovani a nasledné anaerobni fermentaci v bioreaktoru dochazi
k fadé rozkladnych i kondenzacénich procest. Vyznamnou roli hraji v téchto procesech flavonoidni
latky. Jejich obsah ve vinafském odpadu je pomérné vysoky a tyto latky inhibuji praci anaerobnich
mikroorganism( a komplikuji proces zplyfiovani. Detailné nebyl osud flavonoidi béhem skladovani
odpadu a jeho anaerobni fermentace doposud popsan. V této praci byly studovany procesy
rozkladu anthokyaninovych barviv (kyanidin a malvidin-3-galaktosid) pfi pH 7 a vysoké teploté
(95°C). V roztoku byly sledovany hlavni rozkladné produkty - fenolické kyseliny (kys.
protokatechova a kys. syringovda) a 24,6 — trihydroxybenzaldehyd. PFi rozkladu standardu
floroglucinaldehydu byly v roztoku nalezené po jedné hodiné tfi nové latky. Tyto latky byly na
zakladé fragmentaénich experimentll, porovnani s autentickym standardem a literaturou
identifikovany jako kondenzaéni produkty floroglucinaldehydu, {j. 1,3,5,7-
tetrahydroxyanthrachinony.

Vedle rozkladnych procesu, Ize ve vinafské technologii, pfi skladovani vinafského odpadu
a v prubéhu jeho fermentace oCekavat v malé mife také kondenzaéni reakce. Objektem zajmu této
prace byl vyvoj chromatografickych metod pro sledovani diastereomernich madstkovych barviv (+)-
katechin-ethyl-malvidin-3-glukosidt vznikajicich kondenzaci (+)-katechinu, malvidin-3-glukosidu

a acetaldehydu. Pro separaci mustkovych barviv a jejich prekurzor byla optimalizovana metoda
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nano-kapalinové chromatografie. Jeji parametry byly porovnany s vysokoucinnou kapalinovou
chromatografii vyuzivajici analytické kolony béznych rozmérd. Nano-kolona poskytla vyssi retenci
a separacni ucinnost v porovnani s konvenéni HPLC. Na druhou stranu lepsi selektivita pro oba
diastereomery a vyS3i rozlieni vSech latek bylo ziskano pomoci konvenéni HPLC.

V dalSi &asti této prace je popsan gasifikaéni proces téZko-zplynitelného vinafského odpadu
v diskontinualnim mikroreaktoru. Pfed samotnym zplyfiovacim experimentem byla provedena fada
experimentl pro nalezeni optimalnich podminek, tj. rizné poméry praseci kejdy a vinafského
odpadu, pfidavek methanogenich bakterii a/nebo thioglykolatového meédia a uprava pH pomoci
hydroxidu amonného. Uginnost bioplynového procesu byla kontrolovana plynovou chromatografii
s hmotnostni detekci. Pro odhaleni chemickych odliSnosti zplyhovaného vinarského odpadu oproti
bézné pouzivanym materialim byla pouzita kapalinova chromatografie s detekci vysokorozliSujici
tandemovou hmotnostni spektrometrii v kombinaci s analyzou hlavnich komponent a ortogonalni
projekci do latentnich struktur. Mezi hlavnimi markery bylo nalezeno velké mnozZstvi latek
s polyfenolickou strukturou. Analyzy vzorkG odebranych v priabéhu acidogenni faze
a nestabilizované methanogeneze pfi anaerobni fermentaci v mikroreaktoru poukazuji na vytvofeni
dihydro-flavonoidi v pocate¢nich fazich procesu a jejich naslednou degradaci, j.
hydroxykaempferol, hydroxybenzoylkatechin, methylkvercetin, malvidin-3-glukosid, chalkon
malvidinu a redukovany katechin. Zmény v profilu flavonoidi (pfeména flavonoidi na jejich
redukované formy a jejich rozklad) v nestabilizovaném digestatu mohou ovliviiovat Zivotni
prostfedi, pokud budou pouzity napfiklad jako hnojivo. Nékteré redukované formy flavonoidd (napf.
taxifolin) vykazuji totiz vySsi toxicitu (LDso hodnoty) nez bézné flavonoidy vyskytujici se ve
vinafském odpadu (napf. kvercetin, malvidin atd.). Detailni kontrola chemického slozeni digestatu

by tedy do budoucna méla byt nedilnou soucasti procesu jeho dal$iho zpracovani.
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1. Uvod

V souCasné dobé je anaerobni fermentace Siroce pouZivana metoda pro upravu odpadu
(zmenSeni jeho mnozstvi) a vyuziti energie, ktera je v ném ukryta, zejména pro vyrobu levné
tepelné a elektrické energie. Po ukon€eni zplynovani tzv. mokrou cestou (ktera je nejbé&znéjSim
postupem) zlstava v reaktoru nerozlozeny digestat (smés pevnych a kapalnych &asti), ktery je
bohaty na zakladni agrochemické prvky (dusik, uhlik, vapnik, draslik, fosfor atd.). Proto je digestat
hojné vyuzivan jako hnojivo. Nicméné v digestatu se mohou nachazet také Skodlivé latky, které
nejsou rutinné sledovany (jejich analyza je doposud spiSe soucasti vyzkumu). Jde predevsim
o pesticidy, polychlorované bifenyly a dal8i agrochemikalie a organické polutanty. Digestat ovsem
obsahuje i vyznamné mnozZstvi nerozlozenych metabolitl vznikajicich pfi rdstu a zrani surovin
rostlinného plvodu a pfi jeho zpracovani v potravinarském primyslu. Zajimavym materialem je
v této souvislosti odpad vznikajici pfi vyrobé vina.

Tato prace je zaméfena na nékteré zmény probihajici pfi skladovani vinafského odpadu
a jeho zpracovani anaerobni fermentaci. Jedna ¢ast prace se zabyva sledovanim procesu pfemén
anthokyaninovych barviv pfitomnych v odpadu vznikajicim pfi vyrobé Cerveného vina (jejich
proces anaerobni fermentace vyliskl z &ervenych hroznd v mikroreaktoru za kontrolované
produkce bioplynu se zaméfenim na osud flavonoidnich latek. Tyto latky maji antibakterialni
vlastnosti a predstavuji tedy problém pro praci anaerobnich mikroorganismu. Vzhledem k tomu, zZe
studované materialy jsou slozitymi smé&smi s fadou neidentifikovanych slozek pfitomnych v fadové
rozdilnych koncentracich, je hlavni naplni prace vyvoj vhodnych analytickych metod (zalozenych
zejména na chromatografické separaci a detekci hmotnostni spektrometrii), jejich aplikace
i pokrocilé postupy zpracovani ziskanych dat. Prace si klade za cil pfispét k pochopeni procesu
premén flavonoidl ve slozitém rostlinném materialu po jejich prvnim vyuziti (napf. ve vinafském
primyslu) a po jeho anaerobni fermentaci pfi produkci bioplynu (druhé vyuziti), které ve svém
disledku mize napomoci optimalizovat vyuziti vznikajiciho odpadu i s ohledem na Zivotni

prostredi.



2. Prehled aktualniho stavu problematiky

Pocatky vyuziti cilené anaerobni fermentace pro vyrobu hoflavého plynu mizeme datovat
na pfelom 19. a 20. stoleti, i kdyZ zminky o moZnosti vyrabét bioplyn se objevily jiz dfive. Tyto
Lbioplynoveé stanice” byly situovany v &istirnach odpadnich vod, kde se vznikly bioplyn vyuZival na
sviceni a vytapéni. Prvni anaerobni bioplynova stanice byla postavena v Bombaiji (Indie) uz v roce
1859 v kolonii lidi nakazenych leprou [1]. Postupnym vyzkumem bylo objeveno mnoho druhd
anaerobnich methanogennich bakterii diky nimz dochazi k vyvoji methanu [2]. Anaerobni
fermentaci mizeme rozdélit na dva hlavni pfFistupy: A) pfi ,mokré“ anaerobni fermentaci je vstupni
surovina smichana s kapalnou slozkou (nejCastéji vodou) a vloZzena do reaktoru, v némz je tato
smés michana a zahfivana, po ukon&eni fermentace se zbytek z tohoto procesu nazyva digestat.
B) pfi ,suché® anaerobni fermentaci je vstupni surovina vioZzena do kovového koSe ve vrchni ¢asti
reaktoru a v urcitych Casovych cyklech je pomoci Cerpadel seshora sprchovana vodou. Voda
materidlem protékd a zachycuje se ve spodni Casti reaktoru. Tento kapalny zbytek je nazyvan
perkolat [3]. V této praci je studovana pouze "mokra" anaerobni fermentace.

Bioplyn je pfevazné smés dvou plynt CO; a CHs. K jejich tvorbé nedochazi ihned po vlozeni
suroviny do reaktoru, ale vede k nému slozitgjSi cesta tvofena nékolika stadii. V prvni fazi
fermentace dochazi k rozkladu makromolekularnich latek na latky jednodussi. V tuto dobu je
v reaktoru jesté pfitomen zbytkovy kyslik a proto tato faze jesSté neni uskutecriovana
methanogennimi bakteriemi, nybrz aerobnimi bakteriemi [4, 5]. Prvotni fazi Ize tedy popsat jako
rozklad (pfevazné hydrolyzu) biopolymert - z lipidl vznikaji glyceriny a vy$$i mastné kyseliny,
z proteinl peptidy a poté aminokyseliny, a z polysacharidt jednoduché cukry. Hydrolyza postupné
pfechazi v druhou fazi anaerobni fermentace - acidogenezi. Pfechod mezi obéma fazemi neni
ostry a tyto dva procesy bé&zi v po urc€itou dobu sou€asné, kdy dochazi k utlumu hydrolyzy
a narustu acidogeneze. V této fazi jsou vys$Si mastné kyseliny rozkladany na nizsi mastné kyseliny
(kapronova, valerova, maselna, propionova a octova) a dalSi latky na CO, a H.. Ve fazi
acidogeneze jsou mastné kyseliny prevadény bakteriemi  Syntrophomonas Wolfei
a Syntrophobacter Wolinii na kyselinu propionovou, octovou, CO; a H; [6]. Tento proces, jez bézi
na konci acidogeneze, se podle kyseliny octové nazyva acetogeneze. Po fazi acidogeneze
nastava zavérecna faze celé anaerobni fermentace a to methanogeneze uskute¢riovana pomoci
acetotrofnich (Methanothrix Soehngenii) a hydrogenotrofnich (Methanobacterium Bryantii)
methanogend [7]. Prvni zminény kmen bakterii je zodpovédny za pfeménu acetatu na methan
a oxid uhli¢ity. Druhy kmen vyuziva ke svému rastu CO; a H; a produkuje methan [8-10]. Je tedy
zfejmé, Ze pro kvalitni pribéh anaerobni digesce je nutna pfitomnost obou kmenu v reakéni smési
[11].

Dullezitou otazkou je, co se déje s jednotlivymi organickymi latkami v prabéhu anaerobni

fermentace. Mezi tyto latky patfi také latky flavonoidni povahy. Flavonoidy jsou latky nalezejici do



skupiny bioaktivnich polyfenoll [12]. Studie popisujici vliv flavonoidd na zZivé organismy poukazuje
na jejich pozitivni vliv va&i Siroké Skale nemoci. Mezi nejCastéji uvadéné pozitivni UCinky patfi
protizanétlivé, antibakterialni, antialergenni a antiviralni [12-15]. Antibakterialni vlastnosti
flavonoidd, jakkoli pozitivni pro ¢lovéka, predstavuji velky problém pro ¢innost anaerobnich bakterii
a tim snizuji efektivitu zplynovaciho procesu. Materidly bohaté na flavonoidy jsou tedy obtiznéji
zplynitelné. Jednim ze snadno dostupnych zdroji rostlinnych zbytkd pro bioplynové stanice je
vinafsky prumysl — matoliny, tfapiny, sedlina po fermentaci [16]. Hlavni analytickou metodou
pouzivanou pro sledovani procesu vyroby bioplynu je plynova chromatografie [17-21]. Melamane
a kol. sledovali u€innost anaerobni gasifikace materialu bohatého na polyfenoly. Po 130 dnech
anaerobni fermentace doSlo k rozkladu pouze 63 % z celkového obsahu polyfenolu. Takto nizka
ucinnost rozkladu téchto latek je pfisuzovana vy$e uvedenym antibakterialnim viastnostem [21].
Na druhou stranu, nékteré novéjsi studie popisuji, ze pfidavek polyfenoll do kapalného zbytku po
fermentaci urychluje rast bakterii, které jsou schopny rozkladat polycyklické bifenyly [22]. Vedle
velkého mnozstvi studii poukazujicich na pozitivni vlastnosti flavonoidl Ize v literatufe nalézt
i zminky o mutagennich a/nebo genotoxickych vlastnostech na bakterie a buriky savcu [23-25].
Skibola a kol. poukazali na fakt, Ze vysoké koncentrace téchto latek v pfirodé mohou ovlivnit
aktivitu nékterych enviromentalnich genotoxikantu (tj. slouenin s mutagennimi a karcinogennimi
ucinky) a jejich metabolismus v Zivymi organismy [26].

V soucCasné dobé existuji pouze dvé publikace popisujici osud flavonoidd v pribéhu anaerobni
gasifikace. Tyto prace sleduji a popisuji pfemény této skupiny na skupiné standardu vybranych
flavonoidd (tj. Hesperidin, Rutin, Katechin, Naringenin, Chrysin, Luteolin, Kvercetin, Kaempferol,
Kyanidin a Petunidin) za sou¢asného sledovani prlibéhu anaerobni fermentace s vyuzitim plynové
chromatografie (pomér CO, a CH4). Kapalny zbytek byl analyzovan pomoci kapalinové
chromatografie (C18 kolona) v kombinaci se spektrofotometrickym detektorem s diodovym polem
[27, 28].

Rozklad flavonoidl je ovlivnén fadou faktori jako je pH jejich roztokd, teplota, pfitomnost
reaktivnich forem kysliku, enzymu, €innost bakterii, koncentrace flavonoidd, svétlo, rozpoustédlo
a pritomnost kovovych iontd [29]. V realnych systémech jde samoziejmé o kombinaci vice faktord.
Patrné nejprobadanéjSi skupinou flavonoidl jsou anthokyaniny. Koneé&nymi produkty rozkladu
anthokyanint je fenolicka kyselina a 2,4,6-trihydroxyfenylacetaldehyd. Vznikly aldehyd neni
konecnym rozkladnym produktem a dale dochazi ke zkraceni postranniho fetézce o jeden uhlik
a vzniku kone¢ného produktu 2,4,6-trihydroxybenzaldehydu neboli floroglucinladehydu [30, 31].
Kazdy anthokyanin poskytuje rozkladem jinou fenolickou kyselinu podle substituce na B-kruhu
a druhym rozkladnym produktem béznych anthokyaninG je jiz zminény floroglucinaldehyd. Tato
latka je pomérné reaktivni a muaze v roztoku interagovat s fadou dalSich slou€enin. Reaktivitu
floroglucinaldehydu Ize vysvétlit izomernimi a mezomernimi efekty - v polohach ortho a para vznika

parcialni kladny naboj, zatimco na kysliku v aldehydycké skupiné je parcialni zaporny naboj [32].



Autofi Serra a kol. studovali in-vitro rozklad flavonoid (kvercetin, kvercetin-rhamnosid,
kvercetin—rutinosid kaempferol-rutinosid, naringenin, luteolin a myricetin) pomoci bakterii z krysi
stfevni mikrofléory. Ve studovanych smésich detekovali jako hlavni metabolity 3-(3,4-
dihydroxyfenyl)propionovou, 3,4-dihydroxyfenyloctovou, 3-hydroxyfenyloctovou a fenyloctovou
kyselinu. Na zakladé vzniku téchto latek bylo moZzno navrhnout pravdépodobnou degradacni cestu
flavonoidd v anaerobnich podminkach. Dale byl studovan rozklad flavonoidd bakteriemi z lidského
zazivaciho traktu. Mezi produkty rozkladu nebyly nalezeny vySe uvedené metabolity (autofi ve
vzorku nalezli vy$8i obsah kyseliny protokatechové a maly obsah kyseliny p-hydroxybenzoové) coz
poukazuje na rychly rozklad kvercetinu a 3,4-dihydroxyfenyloctové kyseliny [33]. Procesy rozkladu
flavonoidll jsou tedy pomérné komplikované a velmi se odviji od bakterialniho sloZzeni (rdzné

kmeny bakterii) kapalné €asti v bioplynovém reaktoru.
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3. Cile diserta¢ni prace

Cile disertacni prace jsou spojeny se studiem vybranych reakci flavonoidl probihajicich pfi
skladovani vinafského odpadu a pfi jeho anaerobni fermentaci.

Cile prace Ize shrnout do nasledujicich bodu:

e vysveétleni procesu probihajicich pfi rozkladu anthokyanint kyanidinu a malvidin-3-glukosidu
v modelovych podminkach vlivem zvySené teploty v neutralnim prostfedi (pH 7) analyzou

rozkladnych produktd spojenim kapalinové chromatografie s hmotnostni spektrometrii.

e vyvoj nano-kapalinové chromatografické metody (nano-LC) pro analyzu mustkovych barviv

vznikajicich kondenzaci katechinu s malvidin-3-glukosidem v pfitomnosti acetaldehydu

e optimalizace anaerobni fermentace vinaiského odpadu v mikroméFitku (v mikroreaktoru) za

pribézné kontroly zplyhovani plynovou chromatografii s hmotnostni detekci.
e analyza sloZeni digestatu odebraného z mikroreaktoru v riznych fazich anaerobni fermentace

pomoci kapalinové chromatografie s hmotnostni detekci a s vyuZitim analyzy hlavnich
komponent (PCA) a ortogonalni projekce do latentnich struktur (OPLS-DA).

Nejvyznamnéjsi vysledky uvedené v této disertacni praci byly uvefejnény ve tfech
impaktovanych [34, 35, 42] a jedné recenzované publikaci [11].
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4. Experimentalni ¢ast
4.1. Studium rozkladu anthokyanin
4.1.1. Syntéza standardu anthrachrysenu

Anthrachrysen (1,3,5,7 — tetrahydroxyanthrachinon) byl pfipraven pomoci modifikované metody
autord Briggse a Nichollse zroku 1951 [37]. 1 g kyseliny m-hydroxybenzoové
a 1,1 g kyseliny 3,5-dihydroxybenzoové byl zahfivan spoleéné s 3,9 mL koncentrované kyseliny
sirové po dobu 1 hodiny na 100°C. Druhy den byl roztok zahfat na 10 minut a poté vlit do 65 mL
vafici vody. Vznikla zelena srazenina byla odfiltrovana a rozpusténa ve vodném roztoku NaOH. Po
zahrati roztoku NaOH byl tento roztok smichan s horkym roztokem ledové kyseliny octové za
vzniku srazeniny. SraZenina byla rozpusténa v acetonu a separovana pomoci sloupcové

chromatografie pro izolaci oranZzového pasu. Jako stacionarni faze byl pouzit silikagel.

4.2. Studium kondenzace flavonoid
4.2.1. Priprava reakcéni smési, frakcionace reakcénich produktti a priprava extraktu z
vyliskd z éervenych hrozna

Reakéni smés byla pfipravena smichanim (+)-katechinu a malvidin-3-glukosidu
(oba 1 mmol) ve 4 ml vody. Poté bylo pfidano 0,86 ul kyseliny mravenci, 2,24 ul acetaldehydu
a 1 ml methanolu a vzniklA smés byla dikladné promichana. Reakéni proces
a vzniklé produkty byly kontrolovany pomoci HPLC/DAD/ESI-MS. NejvySsi koncentrace reakénich
produktl byla nalezena po 8 dnech reakce. Purifikace reakénich produktd byla provadéna pomoci
HPLC systému Smartline (Knauer, Germany) vybaveného semi-preparativni core-shell kolonou
Ascentis C18 (250 x 10 mm; 5 um; tloustka porézni vrstvy 0.5 um, Supelco, USA). Nastfikovy
objem reakéni smési byl 1 ml.

Vylisky &ervenych hroznt (RGM) byly poskytnuty doc. Josefem Balikem, Ph.D. z Ustavu
poskliziiové technologie zahradnickych produktli, Zahradnické fakulty, Mendelovy univerzity
v Brné. Surovy material byl lyofilizovan a uskladnén v mrazicim boxu. 250 mg lyofilizovaného
materialu bylo extrahovano 1 mL 0,1% kyseliny mravenci v methanolu po dobu 10 minut
v ultrazvukové lazni za laboratorni teploty. Extrakt byl nasledné centrifugovan pfi 1400 otackach za
minutu po dobu 5 minut. 0,5 mL organické faze bylo 8x zfedéno mobilni fazi
(0.1 % TFA ve smési 80:20 voda:acetonitril, v/v/v). Pro identifikaci byla k tomuto vzorku pfidana
modelova smés studovanych latek (finalni koncentrace reakénich produktl ve smési byla pfiblizné
10 mg.L™").

4.2.2. Priprava kapilarnich kolon
Kfemenné kapilami kolony 100 ym i.d., 375 o.d. (Composite Metal Services, Hallow, UK) byly

plnény pomoci LC pumpy (Perkin-Elmer series 10 LC pump, Paolo Alto, CA, USA) 3 um ¢asticemi
12



stacionarni faze Chromosphere C18 (Varian, Palo Alto, CA, USA) a 2,6 ym povrchové poréznimi
Casticemi stacionarni faze Kinetex® C18 (Phenomenex ,Torrance, CA, USA). Detailni postup
pfipravy kapilarnich kolon je popsan v publikaci [34]. Na konec plnéné kapilary byla pfipojena
mechanicka frita a druhy konec byl napojen na HPLC pfedkolonu, ktera slouzila jako reservoar
stacionarni faze (SF), jez je nasledné pumpovana do kapilary. Po konci plnéni byla kapilara
promyta destilovanou vodou pro odstranéni plnici kapaliny (methanol). Poté byla vytvofena
pocateéni a kone€na permanentni frita sintrovanim stacionarni faze po dobu 6s pfi 700°C pomoci
Zhaviciho vlakna. Detekéni okénko o délce 0,5 cm bylo pfipraveno sedkrabanim polyimidové vrstvy
Ziletkou.

Pfiprava kapilarni kolony pIinéné povrchové poréznimi ¢asticemi Kinetex probihala odlidné.
Kapilarni kolona byla opét napojena na mechanickou fritu a konec kapilary byl naplnén (cca 10 cm)
5 pm ¢&asticemi LiChrospher 100 RP-C18 (suspenze v acetonu). Kolona byla poté promyta
destilovanou vodou a byla vytvofena prvni permanentni frita. Po odstranéni mechanické frity byl
vymyt zbytek stacionarni faze acetonem a kapilara byla naplnéna povrchové poréznimi ¢asticemi
Kinetex C18 (25 cm) a poté daldimi 5 cm SF LiChrospher 100 RP-C18 5 ym. Druha koncova
permanentni frita byla pfipravena stejnym zpusobem, jak je uvedeno vySe. Nadbyte¢na SF byla
vymyta z kapilary. Castice stacionarni faze LiChrospher tvofi v kapilafe stacionarni zény dlouhé
pouze par milimetra - dvé frity (cca 2-3 mm). Dlvodem pouziti ¢astic LiChrosphere je z divodu
Spatného sintrovani povrchové poréznich ¢astic a tudiz nemoznosti vytvorit frity. VSechny kolony
byly plnény na délku 25 cm. Efektivni délka kolon byla 27 cm pro piné porézni SF a 32 cm pro

povrchové porézni SF.

4.3. Anaerobni fermnetace vinarského odpadu
4.3.1. Priprava vzorku

Vzorek veprové kejdy (PS) byl poskytnut Kvétoslavem Mickem ze spolecnosti Cervus s.r.o.
(Olomouc). PS byla pfimo vzorkovana ze zemédélské bioplynové stanice v Bilové-Pustéjové
a ihned zmrazena. Ve zmrazeném stavu byla skladovana az do doby anaerobnich experiment.
Pfedbézné experimenty byly provedeny na roztocich pfipravenych smichanim PS, RGM, vody,
1 mg.mL" roztok methanogenich bakterii APD BIO GAS (MetBac; BAKTOMA s.r.o., Velka
Bystfice) a 29,8 g.L" roztok thioglykolatového media (TGM; NEOGEN, Lansing, MI, USA) ve 4 mL
sklenénych vialkach opatfenych kvasnou zatkou a headspace vickem se septem tvorenym
polytetrafluorethylenovou a gumovou vrstvou v rizném poméru.

Vzorkovani vnitfni atmosféry bylo provadéno pomoci 2,5 mL stfikacky Hamilton Gastight no.
1002 s ostrou jehlou (vzorkovaci objem 1.5 mL; Hamilton, Reno, NV, USA). DalSi optimalizaéni
experimenty anaerobni fermentace byly provadény v roztocich o riznych pomérech PS a RGM (i;.
750:50 mg, 500:50 mg, 250:50 mg, 100:50 mg a 50:50 mg) ve 2 ml deionizované vody ve 4 mL
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headspace vialkach. Do v8ech vzorku byl pfidan hydroxid amonny pro dosahnuti finalni
koncentrace 0,254, 0,191, 0,127 a 0,064 mol L.

Po nalezeni optimalnich podminek pro anaerobni fermentaci (optimalizace slozeni smési
a jeho pH) byly pfipraveny tfi samostatné vzorky smichanim 14 g PS, 1 g RGM a 40 ml
deionizované vody v 60 ml vialkdch (anaerobni mikro-reaktor, AMF, 139 x 27 mm). Vzorkovani
vnitini atmosféry AMF bylo provadéno stejnym postupem, jak je uvedeno vySe. Kapalna Cast
reaktoru byla vzorkovana pomoci 5 mL plastoveé stfikacky s dlouhou ostrou jehlou pro dosazeni
kapalné ¢asti ve fermentoru (15 cm, pokazdé bylo vzorkovano 2 mL). Referenéni vzorek byl tvofen
14 g PS a 40 ml deionizované vody. pH referenéniho vzorku bylo stejné jako pH smési PS-RGM
(lii se pouze 0,127 umol L' NH4OH; pH se lis§i méné nez o 10%). VSechny vzorky byly
probublavany po dobu 10 minut dusikem pro odstranéni kysliku a nastoleni anaerobnich
podminek. Vzorky byly termostatovany na 35 + 1°C.

1,5 mL kapalné &asti z kazdého vzorku (PS-RGM nebo PS) bylo smichano s 0,75 mL 5%
vodného roztoku kyseliny mravenci (v/v). Smés byla centrifugovana po dobu 5 minut pfi 14 000
otackach za minutu (surovy vzorek). Poté byly 2 ml supernatantu surového vzorku naneseny SPE
kolonku Strata SDB-L (Styren-Divinyl Benzen kopolymer; Phenomenex, Torrance, CA, USA).
Kolonka byla pfed nadavkovanim vzorku kondicionovana 2 mL methanolu a poté promyta 2 mL
vodou a 2 mL 5% vodnym roztokem kyseliny mravenci (v/v). Po naneseni vzorku byly vysoce
polami latky a anorganické soli vymyty 2 mL 5% vodného roztoku kyseliny mravenci (v/v). Poté byl
vzorek eluovan 3 mL methanolu a vysuSen do sucha proudem dusiku. Vysuseny vzorek byl
uskladnén v hlubokomrazicim boxu (-80°C). Pfed analyzou LC/MS byly vzorky ponechany pfi

laboratorni teploté po dobu 10 minut a poté rozpustény v 1 mL 0,1% (v/v) kyseliny mravenci.
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5. Vysledky a diskuze

5.1. Studium rozkladu anthokyanint
5.1.1. Modelové roztoky anthokyaninu a floroglucinaldehydu

Odpad pochazejici z vyroby c¢ervenych vin obsahuje velké mnozstvi flavonoidd vcetné
anthokyanini. Chovani téchto latek je velmi zavislé na pH, coz bylo blize popsano
v teoretické Casti. V této kapitole jsou diskutovany experimenty rozkladu anthokyanint (kyanidinu
a malvidin-3-galaktosidu) a floroglucinaldehydu (PGA) pfi pH 7 (optimalni hodnota pH pro
anaerobni fermentaci) za zvySené teploty (95°C) pro urychleni procesu transformace. Vliv pH na
fermentaci bude diskutovan v kapitole Anaerobni fermentace vinafského odpadu.

V roztocich anthokyanin( dochazelo k jejich rychlému rozkladu a po jedné hodiné nebyl ani
v jednom pfipadé detekovan signal vychozi latky (tj. m/z 285,04 pro kyanidin (Cy) a m/z 491,16 pro
malvidin-3-galaktosid (Mv3gl), pfi negativni ionizaci). Rychly rozklad byl také pozorovan
u vznikajicich fenolickych kyselin (pro Cy kyselina protokatechova a pro Mv3gl kyselina syringova)
a floroglucinaldehydu. V obou pfipadech obsah fenolickych kyselin dosahl svého maxima po
1 hodiné zahfivani a nasledné jejich obsah prudce klesal. U kyseliny protokatechové doslo
k celkovému rozkladu po 4 hodinach a u kyseliny syringové po 24h. Floroglucinaldehyd nebyl
detekovan v zadném roztoku. Moznym vysvétlenim je nasledna reakce floroglucinaldehydu
a tvorba novych sloucenin, které se ovSem v pribéhu experimentd (napf. vlivem zmény slozeni
roztoku) rozpadaji opét za vzniku floroglucinaldehydu. Proto byla provedena série experimentu
sledujici chovani samotného floroglucinaldehydu v roztoku o pH 7 a teploté 95°C.

NejvyraznéjSi zména byla pozorovana po 1 hodiné zahfivani, kdy signal floroglucinaldehydu
poklesl zvychozi hodnoty o 93,56%. Po 4 hodinach zahfivani byla v odpovidajicim
rekonstruovaném chromatogramu patrna pouze stopa floroglucinaldehydu (0,15% z pUvodni
koncentrace). Dllezitym momentem bylo nalezeni tfi latek s m/z 243,0324, 271,0255 a 271,0276.
Na Obr. 11. je zobrazen rekonstruovany chromatogram téchto tfi latek ziskany analyzou roztoku
floroglucinaldehydu po jedné hodiné zahfivani v roztoku o pH 7. Nutno zminit, ze tyto latky se
vyskytuji také v ¢ase Oh a po jedné hodiné se jejich obsah zvysSil o zhruba 85% (obsah latky m/z
243,0324 se zvysSil o 85,0%, latky m/z 271,0255 o 93,7% a latky s m/z 271,0276 o 79,2% oproti
pUvodni koncentraci v roztoku). To poukazuje na fakt, ze uvedené procesy premén anthokyanint
a floroglucinaldehydu bézi pomérné rychle uz od pocatku experimentu. DalSim zahfivanim jiz
dochazelo ke snizeni obsahu téchto latek. Po 4 hodinach jiz v roztoku nebyl nalezen pik latky
s m/z 271,0255 eluujici v ¢ase 8,26 min. a obsahy dalSich latek se snizily na 5 % (pro m/z
243,0324) a 8,3% (pro m/z 271,0276) jejich maximalniho obsahu.

15



5.1.2. Identifikace neznamych latek vznikajicich rozkladem floroglucinaldehydu

Pfi identifikaci jsme se zaméfili na tfi latky s m/z 243,0324, 271.0255 a 271,0276. V3echny ffi
latky absorbuji ve viditelné oblasti spektra a jsou tedy barevné (absorbanéni maxima pro tyto latky
jsou v rozmezi vinovych délek 444-487 nm; méfeno na UV detektoru s rozsahem 200-500 nm).
Jednim z moznych vysvétleni vzniku barevnych produktl reakci floroglucinaldehydu je jeho
kondenzace za vzniku derivatl anthrachinonu. O anthrachinonech je znamo, Ze jsou barevné
a nemaji negativni vliv na lidsky organismus [38]. Pouze pfi vysSich €astych davkach mize dojit
melandze (zbarveni) tlustého stfeva [39]. Na mozZnost vzniku tetrahydroxyantrachinonu poukazuje
také reaktivnost molekuly floroglucinaldehydu uvedené v teoretické Casti v kapitole 2.6.1. Na Obr.
1. je znadzornéno schéma reakce dvou molekul floroglucinaldehydu za vytvofeni 1,3,5,7-

tetrahydoxyanthrachinonu.

(¢] OH

HO OH | HO
] 4
HO OH -2 HzO

1
OH O

1,3,5 7-telrah) drox)anth rachinon
2 molekuly floroglucinaldehydu

m/z v negativnim ionizaénim médu = 271,0248

i 0 .@ @‘O

Obr. 1. Schéma reakce 1,3,5,7-tetrahydroxy-anthrachinonu a nasledné latky s m/z 243,03

Odchylky méfenych hodnot m/z od teoreticky vypocitanych jsou pro tetrahydroxyanthrachinon
malé (dtm 0,7 a 2,8 mDa). Rodi¢ovsky ion latky s hodnotou m/z 243,0324 je o 27.9933 Da nizSi
(oproti m/z hodnoté prvné eluujiciho derivatu anthrachinonu). Tato diference odpovida ztraté jedné
molekuly CO, muze tedy jit o dekarboxylaci nékterého z izomerl s hodnotou m/z 217. Odchylka
méfené hodnoty m/z navrzeného dekarboxylacniho produktu latky je 2,5 mDa. Na Obr. 2A-B je
porovnani retencniho profilu laboratorné pfipraveného antrachrysenu s neznamymi latkami s m/z
271.03. Z obrazku je patrné, ze standard ma stejny elu¢ni profil jako latka, ktera eluuje v Case
9,67. Pfi porovnani fragmentacnich spekter syntetizovaného standardu anthrachrysenu
a neznamych latek (Obr. 2C-E) byla pozorovana shoda v pfitomnosti ur€itych fragment(, fj.
243,0389, 225,0243 a 199,0385. Tyto fragmenty odpovidaji postupnym ztratam dvou molekul CO,
molekuly vody a atomu kysliku. Ztrata atomu kysliku je v negativnim ionizaénim médu pomérné
neobvykla. Nicméné stejné fragmenty pozorovali také autofi Stodulova a kol. pfi fragmentaci
1,3,5,7-tetrahydroxyantrachinonu (struktura identifikovana pomoci NMR [40]) s vyuzitim iontové

cyklotronové rezonance s Fourierovou transformaci [41]. Diky shodé profili spekter STD
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b.
8.24 9.68
chromatogramy pro latku s m/z
B 271,03 (A — STD; B — neznamé
5 latky m/z 271.0255 (a.);

%

s neznamymi latky a literaturou mizeme pfedpokladat, ze kondenzaci floroglucinaldehydu
v nami studovanych podminkach vznika 1,3,5,7-tetrahydroxyanthrachinon pfipadné jeho izomery.

Vychazime-li z pfedpokladu, Ze méfené vzorky maiji stejnou molekulovou hmotu jako standard,
tak podle vodikového (NMR) spektra by se mohlo jednat o 1,3,5,7-tetrahydroxyanthrachinon
a/nebo 2,3,6,7-tetrahydroxyanthrachinon. Ackoli se vznikajici anthrachinonova barviv ve
studovanych smésich vzhledem k jejich malé koncentraci nepodafilo zcela potvrdit NMR mé&fenim,
je identifikace pomoci LC/MS pomérné pfesvédciva (shodny retenéni ¢as a velmi podobné UV
spektrum pofizené DAD detektorem, shodujici se hodnoty m/z rodi€ovskych iont( i pfitomnost
stejnych fragmentt v MS/MS spektru, shoda s jiz publikovanymi vysledky).

9.67

TOF MS ES-

A m/z 271.03

a Obr. 2.Rekonstruované

1.00 2.00 3.00 4.00 g.oo 6.00 7.00 8.00 9.00 10.00 271.0276 (b.)) a fragmentacni
as (min. 243 0389
19 TOF MSMS ES- 1(99 03)85 227,0550 2710349  Spektra standardu (€)
m/z 271.0 3
* C Intenzita: 33.4 225'025-:; a neznamych latek (D, m/z

CER 20-30  153.0270 13}_.043i“

271.0255, RT 8.24
0 L
100 70 140 199.0454 210225 - 269;012 280 a E, 271.0276, RT 9.68)
TOF MSMS ES- .227.0136 “aP71.0315
S m/z 271.0 181.0241 43,0347
D Intenzita: 554 " 185.0381 i 243,
155.0456 ™d
CER 20-30 4 213.008
g 70 140 210 280
100 269.Q112
TOF MSMS ES-
2 m/z 271.0 199.0432 2250235
E Intenzita: 1090 BLMB . coa _
CER 20-30 155.0493 213.022 271.0240
0 N P | '. '}
70 140 210 280
m/z

Vysledky studia pfemén anthokyanind, floroglucinaldehydu a analyza nové vznikajicich
anthrachinonovych barviv byly publikovany v Chemickych Listech [42] a prezentovany na
konferencich formou postert [43, 44].
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5.2. Studium kondenzace flavonoidu

Pfi zpracovani Cervenych hroznd révy vinné dochazi k chemickym pfeménam
anthokyaninovych barviv a dalSich flavonoidnich latek a vzniku novych strukturmé slozitéjSich
molekul. Jde o dlouhodobé velmi zevrubné studovanou a pozorné sledovanou problematiku [45,
46] zejména ze dvou davodl: 1.) vznikajici kondenzovana barviva vyraznym zplsobem méni
senzorické vlastnosti vina, pfipadné dalSich vyrabénych produktl a 2.) vlastnosti téchto latek
a jejich uc€inek na lidsky organismus a Zivotni prostfedi jsou velmi malo prostudovany. Zajimavou
skupinou kondenzovanych barviv jsou slou¢eniny, ve kterych je molekula anthokyaninu spojena
s molekulou jiného flavonoidu (napf. katechinu) ethylidenovym mustkem. Odpovidajici produkty
reakce mezi malvidin-3-glukosidem (nejbézné&jSim anthokyaninem vyskytujicim se v €ervenych
hroznech) a katechinem v prostfedi acetaldehydu byly podrobné& popsany Pissarrou a kol v roce
2005 (diastereomery (+)-katechin-ethyl-malvidin-3-glukosidu, CeM3G) [36]. Tato kapitola se
zabyva vyvojem nanoLC metody pro separaci téchto diastereomernich latek s ohledem na jeji
mozné nasazeni  pfi kontrole
kondenzovanych barviv ve vinarskych
produktech a vznikajicim odpadu.
Metoda byla z hlediska
chromatografickych parametrd
porovhana s metodou  paralelné
vyvinutou pro béznou kapalinovou
chromatografii. Jejich struktury
ukazuje Obr. 3.

OH

Obr. 3. Struktura diastereomerti C a D

5.2.1. Nano-kapalinova chromatografie

Jednim z hlavnich trendd v moderni analytické chromatografii je miniaturizace. Toto
samoziejmé také plati pro kapalinovou chromatografii (kapilarni/nanoLC systémy). Vyhody téchto
systému tkvi pfevazné ve zmenseni chromatografického zfedéni v koloné s &imz souvisi zlepSeni

detekCnich parametr(, a v fadé pfipadd ve vy$Si separacni ucinnosti a rozliSeni. DalSi vyhodou je
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mensi spotfeba vzorku a mobilni faze a zlepSeni kvality hmotnostnich spekter (zvySeni citlivosti)
pfi spojeni s nanoelektrosprejem. Diky témto vlastnostem je nanokapalinova chromatografie Setrna
k Zivotnimu prostfedi a provozné levnéjdi separacni technika [34]. Prvnim ukolem pfi vyvoji
nanoLC metody byla pfiprava kapilarnich chromatografickych kolon. Mezi nej¢astéji pouzivané
sorbenty ve vysokoucinné kapalinové chromatografii a miniaturizovanych technikach patfi piné
porézni sorbenty. Prvni separace byly provedeny s 250 mm dlouhou kapilami kolonou laboratorné
na plnénou stacionarni fazi Chromosphere C18 s velikosti ¢astic 3 um. Na této koloné byla
sledovana separace obou diastereomerd CeM3G a jejich prekurzord (malvidin-3-glukosid
a katechin). Byl prostudovan vliv slozeni mobilni faze na retenci a selektivitu sledovanych analytd
pfi izokratické separaci. S ohledem na potencialni propojeni nanoLC techniky s hmotnostnim
spektrometrem byly pro separace pouzivany t€kavé mobilni faze. Mobilni faze byly pfipraveny
smichanim vody, acetonitrilu (ACN) a trifluoroctové kyseliny (TFA).

V souladu s nepolarnim charakterem stacionarni faze dochazelo se zvysSujicim se podilem
vody v mobilni fazi k vyraznému zlepsSeni rozliSeni analytd. Pfi pouziti mobilni faze (MF) skladajici
se ze smési voda:ACN (80:20) okyselené 0,1% TFA (v/v/v) doSlo k oddéleni vSech sledovanych
analytu (reaktanty - A,B; reakéni produkty - C,D).

Vliv mnozstvi TFA v mobilni fazi byl také sledovan. NejrychlejSi separace byla ziskana pfi
okyseleni mobilni faze 0,4% TFA (méné nez 13 min.) z divodu posunuti rovnovahy (flavyliovy
kation/karbinol pseudobaze) smérem k flavyliovému kationtu (vySSi polarita). Nicméné takto
vysoka koncentrace TFA muze poskodit chromatografickou kolonu (hydrolyza navazanych
oktadecylovych fetézcl). Z tohoto duvodu byla pro dalSi experimenty pouzita 0,1% TFA jako
kompromis mezi dostateénym rozliSenim vSech latek v reakéni smési (v€etné minoritnich necistot
eluujicich mezi katechinem a malvidin-3-glukosidem a mezi malvidin-3-glukosidem a prvnim
z eluujicich diastereomernich mustkovych barviv) a stabilitou analytl a stacionarni faze.

V soucasné dobé jsou velmi popularmi povrchové porézni stacionarni faze, které dovoluji
realizovat velmi Uc¢inné separace za tlak( nosnych pro koncenéni kapalinovou chromatografii (do
400 bar) [48]. Z tohoto dUvodu byla porovnavana piné porézni stacionarni faze Chromosphere C18
s povrchoveé porézni SF Kinetex C18. Pro analyzu reakéni smési byla dale pouzita MF se slozenim
voda:ACN/79:21 s 0,1% TFA (v/viv). Pfi pouziti povrchové porézni SF byla pozorovana mensi
ucinnost v porovnani s piné porézni SF (Obr. 4). Kolona naplnéna SF Chromosphere C18 dosahla
u latek ve studované smési nejlepSi ucinnosti 9 667 teoretickych pater, zatimco kolona s SF
Kinetex C18 pouhych 2 342 pater (1j. 9667 (Cat), 5117 (Mv-3-Glu), 8060 (CeM3G diasteromer, C)
a 7849 (CeM3G diasteromer, D) pro Chromosphere C18 a 2342 (Cat), 1848 (Mv-3-Glu), 1893
(CeM3G diasteromer, C) a 2224 (CeM3G diasteromer, D) pro Kinetex C18) pfi pouziti kolon
o stejnych rozmérech. Davodem horSi separace na koloné Kinetex C18 mulze byt Castecné
prekro¢eni kapacity kolony. To naznacuji i rozdily v reten¢nich faktorech: 0.17 (Cat), 0.40 (Mv-3-

Glu), 0.91 (CeM3G diasteromer, C) a 1.28 (CeM3G diasteromer, D) pro povrchové porézni astice
19



v porovnani s 0.19 (Cat), 0.50 (Mv-3-Glu), 1.02 (CeM3G diasteromer, C) a 1.49 (CeM3G
diasteromer, D) pro pIlné porézni Castice. NizSi ucinnost separace muze byt také v urcité mire

ovlivnéna komplikovanéjsi pfipravou povrchové poréznich kolon.

Obr. 4. Nano-LC chromatograficka
separace reakCéni smeési na dvou

kolonach s rGznou SF. a. plné porézni

- N
o o

Chromosphere C18; b. core-shell
Kinetex C18; MF 79:21 voda:ACN
okyselena 0,1 TFA (viviv). A. (+)-
katechin; B. malvidin-3-glukosid; C. a D.
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Pro dalSi experimenty byla pouzita SF Chromosphere C18 z duvodu lepSich
chromatografickych parametrd. Pro dalSi zlepSeni ucinnosti a zkraceni doby analyzy byla
pfipravena krat$i kolona. Na Obr. 5 je zobrazena separace reakéni smési pomoci kratSi kolony
(150 mm x 100 um). Bylo dosaZeno dostatecného rozliSeni vSech slozek za méné nez 6 minut
(pratok 360 nL min™). Separa¢ni Gc¢innost presahla 9500 teoretickych pater pro CeM3G
diastereomer C. HETP jednotlivych slozek u 25 cm dlouhé kolony Chromosphere C18, tj. 26 um
(Cat), 49 um (Mv-3-Glu), 31 um (CeM3G diastereomer, C) a 32 um (CeM3G diastereomer, D)
poklesl u 15 cm kolony na 7 um (Cat), 15 um (Mv-3-Glu), 7 um (CeM3G diastereomer, C) a 7 um
(CeM3G diastereomer, D). Vyrazné zlepSeni ucinnosti je dosazeno i proto, ze kratSi kolony je
mozno naplnit homogennéji [49].

50

° Obr. 5. Porovnani dvou rizné dlouhych kolon pro

separaci reakéni smési. a. 25 cm dlouha kolona; b.
15 cm dlouha kolona. 80:20 voda:ACN okys. 0,1%
TFA (viviv). A. (+)-katechin; B. malvidin-3-glukosid;
C. a D. CeM3G diastereomery.

205 nm

Absorbance, A

: ’ ’ ! ’ Caas(mi?n) i ’ W B v
Vedle naplfiovych kolon byla retence studovana také na monolitické koloné Chromolith
CapRod (Merck Millipore, Darmstadt, Némecko). Tento typ kolon ma jedineCné vlastnosti,
umoznujici rychlejdi a uc€innéjSi separace zejména pomalu difundujicich molekul za nizkého
zpétného tlaku. U monolitické kolony byl HETP 34 um (Cat), 34 um (Mv-3-Glu), 22 um (CeM3G
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diastereomer, C) a 13 um (CeM3G diastereomer, D), coZ je vyrazné horSi nez pfi pouZziti 15 cm
napliové kolony Chromosphere C18 (HETP se pohybovalo v rozmezi 7-15). Selektivita pro
separaci obou CeM3G diastereomer je srovnatelna. Monoliticka kolona ale za uvedenych
podminek nedovoluje dostateénou separaci paru katechin-malvidin v reakéni smési. Jednotlivé

chromatografické parametry jsou uvedeny v Tab.1.

5.2.2. Porovnani konvenéni vysoko-uc€inné kapalinové chromatografie s nano-
kapalinovou chromatografii

Na Obr. 6 je zobrazena separace reakéni smési pomoci konvenéni HPLC s kolonou
Chromsphere 3 C18 (100 mm x 4.6 mm, dp = 3 um). Pratok 0,762 mL min™' byl nastaven tak aby
odpovidal stejné linearni pratokové rychlosti MF, jaka byla pouzita u nanoLC metody. Pro
optimalizovanou HPLC metodu byl pouzit nastiik 5 uL. Kromé& koeluce malvidin-3-glukosidu
s neznamou minoritni necistotou (R = 1,01) poskytla optimalizovana HPLC metoda separaci vSech

sloZzek reakéni smési s vyhovujicim rozliSenim. Analyzy byla uskute¢néna za méné nez 7 min.

950 4 Priblizeni CeM3G Obr. 6. HPLC separace reakéni smési
E 750 | #1s D pomoci kolony Chromosphere C18.
8 ss0 | 10 M rozméry kolony (100 x 4,6 mm, velikost
E‘ 350 | . 4.4 54 6.4 ¢astic 3 um), mobilni faze 80:20 voda:ACN
é 150 | c D okys. 0,1% TFA(v/viv); A. (+)-katechin; B.
3 50 ] g malvidin-3-glukosid; C. a D. CeM3G

-250 . diastereomery.

0 : | 2 3 4 5 6 7 8
Cas (min)

V Tab.1. jsou uvedeny zakladni chromatografické parametry ziskané z méfeni pomoci nano-
LC a HPLC. Nano-kolona Chromosphere poskytla vysSi retenci a separacni ucinnost (niz§i HETP,
pfiblizné 10krat pro (+)-katechin a malvidin-3-glukosid a 3krat pro CeM3G diastereomery)
v porovnani s konvencéni HPLC. Na druhou stranu lepSi selektivita pro CeM3G diastereomery
(rozdil v selektivnim faktoru 1,4-14,1%) a vysSi rozliSeni vSech latek byly ziskdny pomoci
konvenéni HPLC (rozdil 35,6-91,6%) oproti nano-LC koloné. VySe uvedené vysledky pro
konvenéni HPLC byly ziskany za optimalnich podminek separace. Nastfikovy objem pfi
optimalizovanych HPLC experimentech odpovidal 5,3% nastfikového objemu pouzitého pro nano-
LC. Pro srovnani chovani nano a konvenéni kolony byl v dalSim experimentu nastfikovany objem
u HPLC systému zvySen tak, aby odpovidal stejné ¢asti objemu kolony (5.3% celkového objemu
kolony), ktery byl pouzit u nano-LC systému. Pfi tomto "Skalovaném" experimentu byly plochy pikud
zhruba 10x vétSi v porovnani s optimalizovanym HPLC experimentem. U pika (+)-katechinu
a malvidin-3-glukosidu bylo pozorovano zvétsSeni Sifek pik(. CeM3G diastereomeru byly Sifky piku
méfené
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u

,Skalovaného*

experimentu  srovnatelné

s optimalizovanym  experimentem. Nicméné

u Skalovaného experimentu bylo pozorovano zhor3eni rozliSeni u vSech sledovanych latek. Na

druhou stranu, za optimalizovanych podminek poskytuje konvenéniHPLC metoda lepsi rozliSeni

a mensi asymetrii pik( oproti nano-LC.

tr

(min)

Ws09, HETP
(min) _ (um)

a SD As

R SD

Tab.1. Hlavni parametry

nanoLC: Chromosphere C18, 150 mm x 100 um, 3 um, prutok 360 nL.min'1, nastiik 100 nL

separace reak&éni smeési pomoci

(+)katechin 0,73 0,08 7 0,61 - - 2,33 - -
malvidin-3-glukosid 1,60 0,17 15 1,34 1,94 +0,049 1,11 1,73 +0,021 nanoLC a HPLC systému. tr =
CeM3G diastereomer C 3,37 0,19 7 2,83 184 +0,019 1,78 2,73 +0,218 ) L.
CeM3G diastereomerD 470 0,25 7 394 139 +0,003 213 2,01 =+0,244 redukovany retencni Cas; wso% =
nanoL.C: Chromolith CapRod, 150 mm x 100 um, 3 um, priitok 360 nL.min"", nastfik 30 nL Sitrka p|’ku Vv poloviné vyéky;
(+)katechin 0,59 0,34 34 0,19 - - 1,05 - - _ x . .
malvidin-3-glukosid 059 034 3 049 100 £0000 105 0 xoooo HETE = vyskovy ekvivalent
CeM3G diastereomer C 1,26 0,32 22 041 216 0,099 1,13 121 +0043 teoretického patra; k = retenéni
CeM3G diastereomerD 169 0,28 13 0,55 1,33 +0,017 1,31 0,84 +0,058 .
faktor; o = selektivita; As =

HPLCopt: ChromSphere C18,

100 mm x 4,6 mm, 3 um, prutok 0,761 mL.min'1, nastiik 5 uL

(+)-katechin 0,77
malvidin-3-glukosid 1,50
CeM3G diastereomer C 3,18
CeM3G diastereomer D 4 50

0,15 84
0,20 84
0,15 19
0,17 15

0,54 - - 2,00
1,05 1,92 £0,028 0,91
2,22 212 0,006 1,57
3,14 1,41 +0,004 1,50

- - asymetrie piku; R = rozliSeni

2,48 0,132 it 5d dni oik
634 +0502 (pocitano vzdy pro sousedni piky
541 0475  (+)-katechinu, malvidin-3-

HPLCscaled: ChromSphere C18, 100 mm x 4,6 mm, 3 um, pratok 0,761 mL.min‘1, nastiik 88 uL

(+)-katechin 0,93
malvidin-3-glukosid 1,60
CeM3G diastereomer C 3,42
CeM3G diastereomer D 4,73

0,30 273
0,47 246
0,17 13
0,18 12

0,67 - - 3,17
1,14 1,69 £0,021 0,75
2,44 214 £0,013 1,45
3,38 1,39 0,007 1,57

glucosidu a oba CeM3G

1,01 +0,025  diastereomery)
3,65 +0,200
4,63 +0,199

Pro zjisténi pouzitelnosti nano-LC metody pro analyzu realného vzorku byl na kapilarni kolonu

nastfiknut extrakt vinarského opadu (matoliny ¢ervenych hroznu). Obr. 7. ukazuje analyzu vzorku

matolin (a) a vzorku s pfidavkem maldivin-3-glukosidu, katechinu a CeM3G diastereomeru (b). Ve

vzorku s pfidavkem téchto sloZzek jsou patrné piky obou diastereomert, které jsou dobfe

separovany od maijoritnich slozek pfitomnych matolinach a jsou i vzajemné velmi dobfe rozliseny

(matrice tedy nema vyznamny vliv na vzajemnou separaci téchto diastereomernich mustkovych

barviv) (Obr. 7b.). Vyvinutda metoda separace téchto barviv na nano-koloné mize byt zakladem

rychlého analytického postupu pro kontrolu kondenzovanych barviv v odpadech z vinafského

primyslu.
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205 nm
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Absorbance, A

b. A+B

Cas (min)

7 8 9 10

Obr. 7. Analyza extraktu matolin
z Cervenych hroznu (a) a extraktu s pfidavkem
(+)-katechinu (A); malvidin-3-glukosidu (B) a
CeM3G diastereomert (C, D) (b); kolona:
Chromosphere C18 (150 mm x 100 pum i.d.),
MF 80:20 H20:ACN okys. 0.1 % TFA (viviv).

Vysledky uvedené v této kapitole byly publikovany v Journal of Chromatography A [34].
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5.3. Anaerobni fermentace vinarského odpadu

5.3.1. Optimalizace anaerobni fermentace

Anaerobni fermentace je efektivni ekologicka metoda pro zpracovani biologicky rozloZitelného
odpadu za soucCasné vyroby levné elektrické a tepelné energie. Odpady muzeme v tomto ohledu
rozdélit na dvé velké skupiny: 1) lehce zplynitelné, kam patfi napfiklad kukufiéné silaz a fepné
fizky a 2) tézce zplynitelné kam patfi napfiklad odpad z vinarské vyroby. Mezi hlavni divody
inhibujici metanogenezi vinafského odpadu patii nizké pH a vysoky obsah flavonoidi
(antibakterialni ucinky). Z tohoto duvodu je nutné objasnit procesy premény flavonoidl za
anaerobnich podminek a soufasného vyvoje bioplynu (CO, a CH.). Pro dosazeni stabilni
metanogeneze je nutné cely systém optimalizovat. Optimalizace anaerobni fermentace v mikro-
meéfitku byla rozdélena do dvou €asti. Prvni ¢ast optimalizace zahrnovala hodnoceni vlivu riznych
aditiv ve vzorku. Vzorky byly pfipraveny smichanim praseci kejdy (PS), vylisky ¢ervenych hroznd
(RGM), vody, 1 mg.mL" roztoku methanogennich bakterii (MetBac) a thioglykolatového média
(TGM) v rtiznych pomérech (MetBac a TGM byly pfidany pro urychleni mnozeni methanogennich
bakterii a vysSi produkci methanu). Pfipravek MetBac APD BIO GAS je hojné vyuzivan
v Cistirnach odpadnich vod pro urychleni a zvySeni u€innosti rozkladu organického.

Obr. 8a. zobrazuje porovnani obsahu &ty plynt (N2, Oz, CO2, CH4) ve fermentaénich smésich
rzného slozeni inkubovanych v objemu 2 mL po 23 denni anaerobni fermentaci (slozeni
fermentacnich smési je uvedeno v legendé ktomuto obrazku). Nejvyssi obsah methanu byl
nalezen v roztocich B a D (pfiblizné 0,003%). V roztocich A, C, E a F nebyl detekovan Zadny
methan v prabéhu anaerobni fermentace. Pfitomnost praseci kejdy ve fermentaéni smési je tedy
pro efektivni zplyfiovani nezbytna. pH v roztoku A pokleslo z hodnoty 4,0 na 3,4; v roztoku B z 7,8
na 4,0; v roztoku C z 4,0 na 3,4; v roztoku D z 7,8 na 4,4; v roztoku E z 7,8 na 4,2 a v roztoku F z
7,2 na 4,4. Tyto predbézné experimenty dale ukazuji, ze pfidavek MetBac (D) nijak nezlepsi
produkci methanu (porovnani se vzorkem B). Z tohoto divodu byla v dalSich experimentech
pouzita smés praseci kejdy a vylisk( ¢ervenych hroznli (PS-RGM) bez pfidavku MetBac a TGM.

V druhé ¢asti optimalizanich experimentt byl sledovan vliv pfidavku hydroxidu amonného
(vliv na pH smési) na proces gasifikace fermentacnich smési o rizném poméru vstupnich slozek
(t. PS a RGM). Obr. 8b. poukazuje na fakt, ze udrzovani pH reakéni smési v alkalicko-neutralni
oblasti je kliCova podminka pro vznik a udrzeni methanogeneze, pfinejmensim pfi anaerobni
fermentaci za diskontinualnich podminek. Vétsi mnozstvi PS a hydroxidu amonného zajistuji
stabilni podminky anaerobni fermentace (pH reakéni smési pokleslo v pribéhu experimentu z 9,8
na 7,4). Pro dal$i studii byla zvolena koncentrace NH4sOH 0,127 mol.L™" (koncentrace v roztoku)
jako kompromis zajistujici stabilni anaerobni fermentaci a udrzeni pfimého pusobeni amoniaku na
studované polyfenolické latky v malém rozsahu oproti jejich pfeménam vlivem fermentacnich

procesu (pH tohoto roztoku pokleslo z 9,54 na 6,57 po 21 dnech).
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Proces anaerobni fermentace za optimalnich podminek (pomér PS:RGM 750:50, m/m;
koneéna koncentrace NH4OH 0,127 mol L'; 35°C) byl kontrolovan pomoci GC/MS (analyza
4 hlavnich plyn(). Obr. 9. zobrazuje proces anaerobni fermentace v reakéni smési probihajici
v nasem experimentu v mikroreaktoru a porovnava jej se zménami v obsazich hlavnich plyn(
popsanych v literatufe [50]. V prvni ¢asti fermentace (pfi hydrolyze) dochazi k rychlému poklesu
kysliku a dusiku, které jsou hlavnimi slozkami vzduchu. Obsah oxidu uhli¢itého se zvySuje za
soucasného poklesu pH. Tento trend mize je rovnéz pozorovan v dalSi fazi fermentace - pfi
acidogenezi. Ve finalni fazi (methanogenezi) dochazi k prudkému naristu methanu se sou¢asnym
poklesem CO. a Hz [50]. Diskontinualni fermentace PS-RGM vykazuje stejny profil hlavnich plynu
jaky je uveden ve vloZzeném obrazku (Obr. 9.). Zmény v profilu plynnych slozek v nasSem
diskontinualnim mikro-reaktoru jsou kvalitativné ve velmi dobré shodé s optimalnim (teoretickym)

prubéhem fermentace popsanym v literatufe. Tento fakt ukazuje, ze Ffada procesl souvisejicich
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s anaerobni fermentaci mize byt dobfe studovana v mikroreaktoru (v laboratornich podminkach)
za vyrazného snizeni nakladd na experimenty. Vysledky z naSeho experimentu anaerobni
fermentace vinafského odpadu poukazuji na to, Ze relativné snadnou modifikaci vstupniho
materialu (Uprava pH) je mozné docilit zplynéni tohoto materialu a také kvalitativné potvrzuji studii
Frabbriho a kol [18] popisujici analyzu plynnych sloZek v reakéni smési sloZzené z PS a vinafského
odpadu. Soucasné s odebiranim plynnych slozek z vnitini atmosféry mikro-reaktoru byly odebirany

vzorky digestatu pro analyzu pomoci LC/MS, ktera je popsana v nasledujici kapitole.
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5.3.2. Analyza digestatu pomoci LC/MS

Vzorky digestatu byly odebirany z reaktoru injekéni stfikatkou pfes Sroubovaci vicko
a septum uzavirajici headspace vialku (pouzitou jako mikroreaktor) a analyzovany pomoci LC/MS.
Surova LC-MS data ziskana analyzou PS-RGM a PS (jako blank) smési v pocate¢ni fazi
anaerobni fermentace (startovaci podminky, 1. faze) byly zpracovany pomoci softwaru
MarkerLynx. Pomoci tohoto softwaru byla provedena extrakce retencénich ¢ast, m/z hodnot
a intenzit, normalizace a zarovnani (alignment) dat a ziskana odpovidajici datova matice
(popisujici relativni rozdily v intenzitach mezi jednotlivymi pary RT_m/z hodnot). Dale byla data
upravena pomoci logaritmické tranformace pro potlaceni kvantitativni a zvySeni kvalitativni funkce
dat. Vznikly soubor dat byl zpracovan pomoci statistického softwaru EZinfo a studovan pomoci
analyzy hlavnich komponent (PCA). Pro nalezeni latek odpovénych za segregaci dat byla pouzita
ortogonalni projekce do latentnich struktur (OPLS-DA). Markery s nejvétsi variabilitou (vyjadfenou
x-soufadnici) a zaroven vérohodnosti (vyjadienou y-soufadnici) byly extrahovany z pfislusného

,oblast malého rizika“* — ,ow risk region“) definovana jako obdélnik se soufadnicemi:
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p[1] = 30-100% z nejvyssi hodnoty na ose x a p[2] = 75-100% z nejvy$8i hodnoty na ose vy.
NejvyznamnéjSi markery byly detailné studovany pomoci cilenych LC/MS/MS experimenta.

Ve MS/MS spektrech chromatograficky oddélenych markert 1 a 8 (R = 2,34) s hodnotami m/z
303.0530 a 303.0540 byly nalezeny charakteristické fragmenty kvercetinu [51], tj. m/z 229,0463
a 229,0529 (odchylka od teoretické hmoty, dtm, je 3,8 a -2,8 mDa); 153,0167 (dtm 2,1 mDa)
a 137,0236 (dtm 0,3 mDa) - posledni dva fragmenty maji stejnou hodnotu m/z
u obou markeru. Tyto fragmenty Ize vysvétlit postupnymi ztratami dvou molekul oxidu uhelnatého
a vody z rodi¢ovského iontu a retro-Diels Alderovym (RDA) $tépénim (produkce "SA* fragmentu).
Ve fragmentacnich spektrech byly dale nalezeny minoritni fragmenty vznikajici dalSimi ztratami
molekuly vody, CO a RDA Stépenim, které potvrzuji strukturu kvercetinu. Pro potvrzeni identity
téchto markert byl do reakéni smési pfidan standard kvercetinu. Retenéni €as standardu se
vyrazneé liSil od nalezenych markerd. Detailnim studiem MS spekter obou markert byly nalezeny
ionty m/z 465,1067 a 465,1068, které maji stejny RT jako signal iontd s m/z 303.0530 a 303.0540.
Zjisténé markery jsou tedy v glykosylované formé (dtm pro glykosylované formy je 3,4 a 3,5 mDa).
Dominantnim fragmentem v cilené méfenych MS/MS spektrech iontl téchto glykosidl je latka
s m/z 303,0522 a 303,0534, coz jednoznacné potvrzuje, Ze markery nalezené pomoci OPLS-DA
vznikaji z iontd s m/z 465. Detailni studium RDA fragment( ve fragmentacnich spektrech markeru
umoziuje lokalizovat umisténi hydroxy skupin ve flavonoidnim skeletu markeru 1 (detailni popis
RDA fragmentaci a nomenklatura je popsana v praci Cuyckense and Clayes [200]). Proces
uréovani poctu hydroxy skupin na kruhu A a B je zalozen na RDA fragmentech, které jsou
pfitomny v MS/MS spektrech sledovaného markeru a standardu kvercetinu, tj. fragmenty s m/z
183.0456 (°?A*, marker 1, dtm -16,3), 121.0280 (°?B*, marker 1, dtm 1,0), 165.0183 (°?A",
standard kvercetinu, dtm 0,5) a 137.0236 (°?B*, standard kvercetinu, 0.3 mDa). Pomér signald
02A* fragmentt (Q=l1ss/l1e5) ve spektru markeru 1 je Q = 0,21 a ve spektru kvercetinu Q = 0,7.
Pokud provedeme stejné vypoéty pro >?B* RDA fragmenty (Q=l121/l137), tak ve spektru markeru 1
ziskame hodnotu Q = 1,80 a pro standard kvercetinu Q = 0,25. Tyto hodnoty podporuji pfitomnost
jedné hydroxy skupiny na kruhu B a tfech OH skupin na kruhu A (ij. struktury markeru 1 odpovidaiji
6- nebo 8-hydroxykaemferolu). Z ddvodu nizké intenzity signald RDA fragmentl v MS/MS spektru
markeru 8 neni mozné urcit rozmisténi hydroxy skupin na molekule.

Na Obr. 10. je zobrazen chromatogram PS-RGM smési pfi 280 nm (A — DAD detektor). Lze
vidét, ze PS-RGM je bohata smés slozek s riznou strukturou a mezi nimi je i fada fenolickych
latek. Mezi eluovanymi polyfenoly se vyskytuji i tfi dobfe separované latky s m/z 411.11, jak
ukazuje chromatogram rekonstruovany pro tuto hmotu (B). Dvé z téchto latek patfi mezi nalezené
markery, RT_m/z par 10.59_411.1080 (marker 2) 11.95 411.1100 (marker 7). V koliznich
spektrech obou latek byl nalezen fragment m/z 289.0708 (C1sH130¢", dtm, 0.4 mDa), ktery vznika
ztratou hydroxybenzaldehydu (Am/z=122.0368, dtm, -3.2 mDa). Tento fragment muze byt pfifazen

protonizované molekule di-dehydrokatechinu. Dominantnim fragmentem ve spektru je ion pfi
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m/z 259.0602 (C14H110s*, dtm, 0.4 mDa) odpovidajici
(Am/z=152.0442, dtm, -3.1
hydroxybenzaldehydu byla rovnéz nalezena ve spektru (m/z 123.0433, dtm -1.3). Na zakladé

ztraté  methyl-esteru  kyseliny

hydroxybenzoové mDa). Protonizovana molekula

fragmentaCnich experimentl, mohou byt markery 2 a 7 identifikovany jako izomery

hydroxybenzoylkatechinu. Nutno zminit, Ze fragmenty odpovidajici protonizované molekule
katechinu a kyseliné hydroxybenzoové byly také nalezeny ve fragmentaénim spektru
hydroxybenzoylkatechinu, avSak s vétsi odchylkou od teoretické hodnoty m/z, coz muze byt
zpusobeno nizkou intenzitou jejich signalu (tj, m/z 291.1002, dtm 13.3 a 139.0542; dtm 14.7 mDa).
Pozice acylace na skeletu katechinu nebyla zjisténa, nicméné podle Smithe a kol., ktefi se zabyvali
acylaci prokyanidint v riznych rostlinnych materialech dochazi nejcastéji k acylaci v pozici 3 [53].
Je nutné poznamenat, Ze signaly téchto latek nebyly nalezeny v Cistém extraktu vinafského

odpadu a ani ve veprové kejdé. Toto mize byt vysvétleno rychlou reakci katechinu v PS-RGM

smési.
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Na Obr. 11 je zobrazen chromatogram pro rekonstruované hmoty m/z 449.12 a 287.06 (A, B).
Dominantni pik s m/z 287.06 a RT 9.96 min. odpovida markeru 3. Tento marker byl identifikovan
jako kaempferol. Postupné ztraty vody a oxidu uhelnatého poukazuji na flavonoidni strukturu (i;.
Obr. 11C.; fragmenty m/z 269.0457, 259.0602, 241.0497, 231.0654 atd.). Relativné silny signal
RDA fragmentu m/z 121.0280 (*°B*, dtm 1.0 mDa) poukazuje na pfitomnost jedné hydroxy skupiny
na B kruhu (Q=l121/l137=1.5). Ve spektru byly nalezeny také dalSi RDA fragmenty, tj. 137.0236
(®3A*, dtm 0.3), 153.0167 (A", dtm 2,1), 165.0183 (*2A*, dtm 0,5). Na zakladé stejného eluc¢niho
profilu latky s hodnotou m/z 449.12 Ize usoudit, Zze kaemferol je v reakéni smési v glykosylované

formé (mono hexosid). Intenzita signalu kaemferol-hexosidu byla nizSi, nez prahova hodnota
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intenzity nastavena pro filtrovani markerd od Sumu pfi zpracovani dat v programu MarkerLynx
(100; marker intensity threshold). PFfi analyze Ccisté kejdy (referencni vzorek) nebyl
v chromatogramu nalezen pik kaemferol-hexosidu. Tato latka je tedy rovnéz dulezitym markerem
smési PS-RGM, i pfesto, Ze je vodpovidajicim spektru pfitomna s niz§i intenzitou.
V chromatogramu na obrazku Obr. 11A. je patry také Siroky pik kyanidin-3-glukosidu (RT 2,8
min.) a dalsi dvé mensi neidentifikované latky. Signaly téchto latek byly rovnéZz pod nastavenou

prahovou hodnotou intenzity.

100 - 9.96
A ;C;ZESSEISZH Obr. 11. Rekonstruovany  chromatogram
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% chromatogram pro tuto hmotu. Ostry pik
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mo” 2 Yo e 10 237.055;2 jednotlivych acidobazickych forem
C hydratovaného malvidinu neovliviuje
TOF MS/MS ESI+
xa m/z 287.06 \ retenci). V koliznim spektru (Obr. 12B.)
Intenzita: 6.07e4
: muzeme pozorovat ztratu molekuly vody
® 153.0167
fragment s m/z 331,0787, dtm 3,1 mDa
137.0236| 157.0653 2130533 . 1oy (frag )
121.0280 1| /165.0183 izn.oesa A nasledovanou ztratou methylového radikalu
' "185.0588 SN
oL 103']L'J|u:llsclll[n;/zj A L (m/z 316,0453, dtm 13 mDa). Signal nalezici

ztraté dvou molekul methanu byl také
detekovan v MS/MS spektru, avS8ak s vysokou odchylkou od teoretické hodnoty m/z z didvodu
nedostateéného rozliseni pozadi (m/z 299.0547, dtm 35.5 mDa). Tyto procesy indikuji pfitomnost
dvou methylovych skupin v molekule. Dominantni fragment m/z 181,0492 odpovida odstépeni
acyliového kationtu kyseliny syringové z rodi¢ovské molekuly chalkonu (CgHsO4*, dtm, 0.9 mDa).
Diagnosticky fragment odpovidajici kruhu A substituovany tfemi hydroxy skupinami (ij. (2-(2,4,6-
trihydroxyfenyl)ethylidyn)oxonium, m/z 167.0316, CsH7O4", dtm 2.8 mDa) byl rovnéz pozorovan ve
spektru. Popsané fragmentacni procesy této latky zcela potvrzuji navrzenou strukturu. VysSi obsah
chalkonu v reak&ni smési Ize oCekavat z duvodu vysokého obsahu derivatl malvidinu ve vyliscich
z Cervenych hroznl. Glykosylovana forma této latky (malvidin-3-glukosid) je dalSim z markera
nalezenych pomoci statistického zpracovani dat. Obr. 12C. zobrazuje rekonstruovany

chromatogram pro jeho hmotu. Identifikace tohoto anthokyaninu byla zalozena na méfeni pfesné
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hodnoty m/z (m/z 493.1340, dtm 0.6), fragmentacnich experimentech (Obr. 12D.) a porovnani RT,
profilu piku (typicky rozsifeny pik anthokyaninG pfi pH MF pod 2 [47]) a MS dat s autentickym

standardem.
100 = 100
A 7.90 C 6.78 .,
Obr. 12. Rekonstruovany
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m/z349.09 m/z2493.12 chromatogram pro markery s m/z 349,09
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% d (A) a 493,12 (C) a jejich MS/MS spektra (B
a D, CER 10-50 eV).
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1309. 0388 ‘.‘ E ?23.0618 315.1:{529
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J l |247.0566 -l 55 l 1 I
N aa 1 2 1 A A A
om T 160 240 3200 ° o s s a0 s dtm -0.8 mbDa), kaskadove ztraty
m/z m/z

hydroxylového radikalu, oxidu
uhelnatého a vody (ij. fragmenty m/z 285.0407, 257.0410, 229.0529, 239.0279 a dalsi) a rovnéz
mensi fragmenty vznikajici RDA Stépenim (Obr. 13.). Tento marker na zakladé svych analytickych
vlastnosti odpovida methylkvercetinu nebo jeho izomeru (tj. hydroxymethyl-kaempferolu nebo
hydroxymethyl-luteolinu). DetailngjSi identifikace je komplikovana slozitosti fragmentacnich
pochodu (nedostatec¢né charakteristickym profilem spektra, véetné RDA S$tépeni) a chybé&jicimi

autentickymi standardy.
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Mezi markery se nachazi také dalSi tfi neidentifikované latky a fragment hydroxybenzoyl-
katechinu.

VySe uvedené vysledky ukazuji, Zze kombinace LC/HRTMS s PCA a OPLS-DA je velmi uziteCny
nastroj pro hledani dulezitych zmén ve slozeni smési pfi anaerobni fermentaci
a také, Ze derivaty a izomery kaempferolu, katechinu, malvidinu a kvercetinu jsou slozky

vinafského odpadu vyznamné se projevujici v pfipravenych fermentanich smésich. Tyto latky

29



400.0
300.0 o
200.0 +
100.0 ~

Plocha piku

mohou ovlivnit pribéh zplyfiovaciho procesu. Zmény obsahu sledovanych latek béhem anaerobni
fermentace (vyjadifené plochami pikd v rekonstruovanych chromatogramech) jsou patmy z Obr.
14A. Z obrazku je vidét, Ze obsahy analyzovanych flavonoidl (obsazenych ve ving) rychle klesaji
v prub&hu zplyfiovani za optimalnich podminek. Po ¢tyfech dnech (tj. v acidogenni fazi pfi
anaerobni digesci) jsou patrné pouze stopy téchto latek.

Obr. 14. Zmény v obsazich markerQ
z prvni (A) a druhé (B) faze zplynovaciho
procesu. A: 9.03_303.0530 hydroxylovany
£9.03.303.530  m8.85_303.540 kaempferol; 11.95_411.1100 hydroxy-

711.95_411.1100 & 10.59_411.1080 benzoylkatechin; 9.93 287.610 kaempferol;
m9.93_287.0610 @ 10.09_317.0780

20.0 6.75_493.1340 malvidin-3-glukosid;
©6.75_493.1340  £7.92_349.0970

i B B " _ _ 8.85_303.0540 izomer kvercetinu;

30.0 4d &d 12d 16d 20d 24d 10.59_411.1080 hydroxybenzoylkatechin;

1383050706 10,09 317.0780 methylkvercetin nebo jeho

izomer; 7.92_349.0970 malvidin-chalkone. B:
1.38_305.0706 - redukovany (dihydro analog)

[32.53_139.0457
20.0 +
1.94_123.0491

5.0 -
o5 M S kvercetinu, hydroxykaempferol nebo pfislusny
o ) MOTEABOBZ halkon; 2.53 139.0457 — pravdpodobné
- _ B . . ét . . fragment redukovaného kaemferolu;
od ad 8d 12d 16d 20d 24d 1.94_123.0491 - hydroxybenzaldehyd
Dobiafenmenmace. {dny) (pravdépodobné fragment

dimethoxychromanonu); 4.81_123.0495 — hydroxybenzaldehyd (pravdépodobné fragment redukovaného katechinu);
9.78_123.0492 — hydroxybenzaldehyd (fragment neznamé latky).

Stejné zpracovani dat jaké bylo popsano vyse (PCA pro sledovani segregace zplyfovanych
vzorki PS-RGM a PS podle jejich slozeni a OPLS_DA pro popis vyznamu jednotlivych marker()
bylo aplikovano na vzorky po 4 dnech (2. faze) zplyfiovaciho experimentu. Sest nejvyznamnéjsich
markerl, t. RT_m/z pary 1.38 305.0706, 1.39_139.0451, 1.94 123.0491, 2.53_139.0457,
4.81 _123.0495, 9.78 123.0492, je detailné popisovano v nasledujicim textu.

Na Obr. 15 je zobrazen rekonstruovany chromatogram pro m/z 305.07 a 139.05 (A a B).
VsSechny tfi piky pfitomné v obou chromatogramech patfi mezi vyznamné markery PS-RGM ve 2.
fazi experimentu. V koliznim spektru latky m/z 305.0706 byly pozorovany opakuijici se ztraty vody
a oxidu uhelnatého, jez indikuji polyfenolickou strukturu (Obr. 15D.). Dominantni fragmenty pfi m/z
153.0221 a 151.0417 vznikaji rozstépenim chalkonu kvercetinu a/nebo redukované (dihydro-)
formy kvercetinu a/nebo redukované (dihydro-) formy hydroxylovaného kaempferolu. Fragment pfi
m/z 139.0388 muze byt vysvétlen jako >*A* RDA fragment z dihydrokvercetinu. Tento fragment je
také vyznamnym markerem 2. faze zplynovaciho experimentu (RT_m/z pair 1.39_139.0451).
Fragmenty s m/z 127.0404 a 123.0482 odpovidaji protonizované molekule floroglucinaldehydu
("*A* fragment dihydrokvercetinu) a protonizované molekule hydroxybenzaldehydu (®?B* RDA

fragment redukovaného hydroxykaempferolu). Pivod RDA fragmentt byl také potvrzen MRM
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experimenty. Na zakladé ziskanych dat je mozno latku s m/z 305.07 pfifadit dihydrokvercetinu,
dihydrohydroxykaemferolu nebo odpovidajicimu chalkonu (pfipadné jejich nerozlisené smési).
Marker s vySsi retenci v rekonstruovaném chromatogramu pro m/z 139.05 (Obr. 15B.; tj. par
s RT_m/z 2.56_139.0457) odpovida protonizované molekule dihydroxybenzaldehydu. Identitu
tohoto markeru potvrzuje MS/MS experiment. V koliznim spektru jsou patrné dvé ztraty CO a jedna
ztrata vody (tj. fragmenty m/z 111.0443, 93.0384 a 65.0376). Tento marker ma identicky retenéni
profil s iontem s m/z 289.0774 (Obr. 15C.), ktery neni pfimo uveden mezi markery z divodu jeho
nizké intenzity v MS spektru. S ohledem na pfitomnost kaemferolou v 1. fazi experimentu, Ize
navrhnout, Zze ion 289.0774 vznika redukci (hydrogenaci) kaemferolu. Redukce flavonoidu
z vinafského odpadu je tak patrné jednim dualezitych procesu doprovazejicim anaerobni fermentaci
s produkci bioplynu, pfi nejmenSim na zacCatku anaerobni digesce, tj. v acidogenni fazi.
Kvalitativné jsou tyto vysledky ve shodé s modelovou in-vitro studii katabolismu kvercetinu pomoci

bakterii z lidskych exkrementu [54].
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uhelnatého (m/z 77.0413, dtm -2.2 mDa).

50 100 150 200 250 300 Ve spektru jsou také pozorovatelné dalSi

Lo minoritni ztraty. Prvni je ztrata molekuly

s 15.9959 Da z rodi¢ovského iontu za tvorby fragmentu m/z 107.0474. Tato ztrata mize odpovidat
odstépeni kysliku z hydroxy skupiny (Am/z 15.9949) nebo odstépeni methanu (Am/z 16.0313).
S ohledem na naméfenou a vypocitanou neutralni ztratou je zfejmé, Ze tato ztrata odpovida prvni
moznosti a indikuje absenci methylové skupiny v struktufe. Druha ztrata odpovida odstépeni
formaldehydu - tj. ztrata (Am/z 30.0049, dtm 5.7 mDa) a COH- radikalu (Am/z 29.0045,
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dtm 1.8 mDa) potvrzuje vedle ztraty CO pfitomnost aldehydické skupiny v molekule. DalSi
moznosti je pfitomnost karboxy skupiny v molekule markeru (tj. kyselina benzoova). Tato moznost
byla testovana porovnanim analytickych vlastnosti s autentickym standardem (pfidavek
k. benzoové k PS-RGM vzorku). Z ddvodu odliSného retenéniho €asu standardu a nalezenych
markerl a zejména absence CO; v koliznim spektru markeru (v kolizni spektru k. benzoové je tato
ztrata velmi dobfe patrna) byla tato moznost zavrhnuta. Nalezené markery s m/z 123.05 byly také
porovnavany se standardem p-hydroxybenzaldehu. | v tomto pfipadé se RT standardu liSil od
diskutovanych markerd. Z tohoto ddvodu bylo mozno uvazovat, ze tyto markery jsou fragmenty
vétdich molekul - latky s m/z 209,0870 a 293,1053, které maiji stejny retenéni ¢as jako markery
s m/z 123 eluujici v RT 1,94 a 4,81.

V MS/MS spektru latky s m/z 293,1053 byl nalezen fragment s m/z 275,0899 odpovidajici ztraté
molekuly vody. Ve fragmentacnim spektru byly také nalezeny typické RDA fragmenty flavan-3-old,
tj. m/z 165.0529 (CgHeO3", dtm -2.3 mDa), 153.0572 (CgHyO3*, 2.0 mDa) and 139.0382 (C/H,03", -
1,3 mDa). Tyto fragmenty pozorovali a také dukladné popsali autofi Li a Deinzer [203]. Rodi¢ovska
molekula obsahuje o dva atomy vodiku vice v porovnani s katechinem - mizeme tedy uvazovat
jeho redukci. Tato interpretace je dale potvrzena pfitomnosti fragmentu m/z 149.0614 odpovidajici
14B* RDA fragmentu katechinu obsahujici navic dva atomy vodiku. Fragment m/z 123,0451
(odpovidajici markeru 4.81_123.0495, dtm -4.4 mDa) vznika katechin-benzofuranovym $tépenim
(catechin benzofuran forming fission) [55]. Detailni zobrazeni fragmentacniho procesu
redukovaného katechinu je zobrazen na Obr. 16. Pozice redukce na katechinovém skeletu nebyla
odhalena ze ziskaného fragmentacniho spektra (pravdépodobné se vSak jedna o chromatograficky

nerozdélenou smés izomeru)
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odpadu byly popsany v textu vySe. Flavonoidy [56] a jejich chalkony [57] mulzZou byt
transformovany na dihydroxychromony nebo derivaty kumarinu ztratou B-kruhu. Tento proces je
také pozorovan v PS-RGM smési. Molekula poskytujici rodi¢ovsky ion s m/z 209,0870 byla
identifikovana jako dimethoxychromanon (dihydroxychromony vznikaji enzymatickym rozkladem
flavonoidd [56]) a tyto latky mohou byt nasledné redukovany
a methylovany methanogennimi bakteriemi [54]. Dominantni fragmenty ziskané MS/MS
experimentem jsou ionty s m/z 149.0614, 131.0469 a 103.0529. Tyto signaly mohou byt vysvétleny
jako postupné ztraty molekuly vody (pravdépodobné diky aromatizaci heterocyklického kruhu)
potvrzujici pfitomnost hydroxy skupiny), ketenu (pfitomnost methoxy skupiny) a oxidu uhelnatého
(vyStipnutého z heterocyklického kruhu). Pfitomnost druhé methoxy skupiny potvrzuje slaby, ale
stale patrny signal fragmentu s m/z 134,0362 vznikajiciho ztratou methylového radikalu z 149,0614
(Obr. 17.). Plvod markeru 9,78 123,0492 nebyl objasnén a je pfedmétem dalSiho vyzkumu.

vI.
103.0529 V.

100 .
131.0469

TOF MS/Ms ES+ Obr. 17. MS/MS spektrum latky s m/z
m/z 209.09
Intenzita: 2.34e5 209,0780 (CER 10-40 eV)

a navrzené struktury vznikajicich fragmentu.
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mz pritomny v reakéni smési v pocatecni fazi

redukovanych flavonoidd (markery m/z 305,0706 a 139,0457) byl pozorovan po 16 dnech
gasifikaniho procesu. Markery s fragmentem m/z 123,05 se rozkladaly vyrazné rychleji
a statisticky vyznamny pokles byl patrny po 8 dnech.

Studovany proces gasifikace zahrnuje velké mnozstvi chemickych a enzymatickych procesu.
Z tohoto divodu je komplexni popis degradace polyfenollli obsazenych ve viné velice
komplikovany. Nicméné nase experimenty indikuji jeden obecnéjsi vyznamny proces, a to je vznik
redukovanych forem flavonoidd v pribéhu fermentace [35]. Nékteré z redukovanych forem
flavonoidnich latek téchto latek maji vySSi toxicitu nez bézné flavonoidy. Napfiklad izomer
dihydrokvercetinu, taxifolin, ma akutni intraperitonealni toxicitu méfenou na mysich LD50 (AITM-
LD50) 985 mg.kg'. U kvercetinu byla naméfena hodnota 3000 mg.kg™'. Malvidin (aglykon

nejvyznamnéjsiho anthokyaninu pfitomného ve vinech a detekovaného v pocate¢ni fazi
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fermentace PS-RGM) ma hodnotu AITM-LD50 4110 mg.kg™ (méfeny jako malvidin chlorid) [58].
Ackoli jde o velmi pfedbézné srovnani a vysloveni jednoznaéného zavéru o rozdilech v toxicitach
béznych polyfenoll a jejich redukovanych forem vyzaduje daleko zevrubnéjsi vyzkum, uvedena
data akcentuji potfebu vhodné analytické kontroly (nestabilizovaného) digestatu i vyzkumu jeho
vlivu na Zivotni prostfedi v SirSich souvislostech.

Vysledky ziskané touto studii byly publikovany v asopise Chemosphere [35]
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6. Zaver

Vyroba bioplynu je rychle se rozvijejici se odvétvi dovolujici u€inny a ekologicky zplsob
zpracovani odpadu a zaroven produkce relativné levné energie. V sou€asné bioplynarenské praxi
je analyticka chemie pouzivana hlavné pro kontrolu slozeni plynt a zakladnich agrochemickych
parametrl v digestatu. Aby bylo mozno rozsifit spektrum materiall, které je mozno zplyhovat, je
treba detailné znat slozeni vstupnich surovin (v€etné jejich zmén probihajicich pfi skladovani
surovin pfed zplyfiovanim) i chemické zmény probihajici v pribéhu samotné anaerobni fermentace
v bioplynovém reaktoru. Tato prace se zabyva vyvojem vhodnych analytickych metod pro
sledovani slozeni t&échto materiald a nasledné jejich vyuzitim pro studium zmén v profilu vybranych
latek s flavonoidni povahou za uvedenych podminek.

V prvnim kroku byly provedeny experimenty studujici degradaci i kondenzalni reakce na
chemicky Cdistych standardech dvou anthokyaninovych barviv. Pfi degradaci kyanidinu
a malvidin-3-galaktosidu pfi pH 7 a zvySené teploty (95°C) po dobu 24 hodin dochazelo ke vzniku
kyseliny protokatechové (z kyanidinu) a kyseliny syringové (z malvidin-3-galaktosidu). Ani
v jednom pfipadé nebyl ve vzorku detekovan spoleény rozkladny produkt obou anthokyaninu
floroglucinaldehyd. Ztoho duvodu byly provedeny rozkladné experimenty se standardem
floroglucinaldehydu. Pfi rozkladnych experimentech Cistého standardu byly
v roztoku nalezeny neznamé latky s m/z 243,0324, 271,0255 a 271,0276. Na zakladé porovnani
analytickych dat s laboratorné nezavisle pfipravenym standardem anthrachrysenu (1,3,5,7 —
tetrahydroxyanthrachinon) a porovnani s jiz publikovanymi vysledky v odbornych ¢asopisech byly
latky s m/z 271,02 identifikovany jako tetrahydroxyanthrachinony (1,3,5,7
tetrahydroxyanthrachinon, 1,4,5,8-tetrahydroxyanthrachinon a/nebo 2,3,6,7-tetrahydroxy-
anthrachinon). Tyto latky by tedy potencialné mohly vznikat i pfi zpracovani potravin bohatych na
sledované anthokyaniny a ovliviiovat tak jejich organoleptické vlastnosti i plsobeni na lidsky
organismus.

Dal§i studie byla zaméfena na vyvoj nano-LC metody pro analyzu mustkovych barviv
vznikajicich reakci (+)-katechinu a malvidin-3-glukosidu v prostfedi acetaldehydu. Byla provedena
syntéza dvou diasteromeru (+)-katechin-ethyl-malvidin-3-glukosidu a prostudovano jejich retenéni
chovani na laboratorné pfipravenych kapilarnich kolonach s riznymi stacionarnimi fazemi (plné
porézni Chromosphere C18, povrchové porézni Kinetex C18 a monoliticka stacionarni faze
Chromolith C18). Nejlepsi vysledky poskytuje faze Chromosphere C18, ktera byla rovnéz
testovana z hlediska mozného pouziti pro kontrolu obsahu kondenzovanych barviv ve vinarském
odpadu. Nano-LC technika byla porovnana s metodou optimalizovanou pro konvenéni kapalinovou
chromatografii.

Pro studium anaerobni fermentace vinafského odpadu byl navrzen a pouzit jednoduchy

diskontinualni mikroreaktor. Proces prib&hu anaerobni fermentace byl kontrolovan pomoci
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headspace analyzy vnitfni atmosféry reaktoru (methan, oxid uhli€ity, dusik a kyslik) plynovym
chromatografem s hmotnostni detekci. Analyzy pomohly definovat jednotlivé faze zplyfovaciho
procesu (acidogenni faze a nestabilizovana methanogeneze) v diskontinualnim rezimu. Kapalny
podil fermentacni smési (digestat) byl analyzovan spojenim vysokouc€inné kapalinové
chromatografie s vysokorozliSujici tandemovou hmotnostni spektrometrii. Ziskana data byla dale
zpracovana analyzou hlavnich komponent a ortogonalni projekci do latentnich struktur. Tyto
postupy hodnoceni dat dovolily nalézt latky (markery) vyrazné odlidujici smés s pfidavkem
vinafského odpadu od bézné pouzivané smési (praseci kejda). Osm nejvyznamnéjSich markerQ
Ize na zakladé ziskanych analytickych dat zafadit do skupiny polyfenold. LC/MS analyzy vzorku
z acidogenni faze a z nestabilizované methanogeneze indikuji vznik redukovanych forem
nékterych flavonoidli v pocateCnich fazich bioplynového procesu a jejich rozklad ve
fazich nasledujicich. Jde o latky hydroxykaempferol, hydroxybenzoylkatechin, methylkvercetin,
malvidin-3-glukosid, chalkon malvidinu a redukovany katechin. Vys3&i toxicita nékterych dihydro-
flavonoidG (napf. taxifolin) mize (vzhledem k rozdilim v hodnotach LD50) predstavovat vyssi
z4téZz pro Zivotni prostfedi nez bézné flavonoidy vyskytujici se ve viné (malvidin, kvercetin, atd.),
pokud je jako hnojivo pouzit nestabilizovany digestat. Tato velmi pfedbézna hypotéza vSak
vyZaduje podrobnéjSi vyzkum. Vysledky ale poukazuji na potfebu zevrubné analytické kontroly

slozeni digestatu pred jeho dalSim pouzitim.
Vysledky ziskané v souvislosti stouto disertaéni praci byly publikovany ve ftfech

impaktovanych a jednom recenzovaném Casopise a byly prezentovany na fadé mezinarodnich

a domacich sympozii.
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