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Odstranovani tenzida z odpadnich vod

Leona Bacouvski
Martina Repkovd, Jan Vespalec

Vysoké Ucent Technické v Brné,
Fakulta chemickd,
Ustav chemie a technologie ochrany Zivotniho prostiedi
Purkyiiova 464/118, 612 00 Brno, Ceskd republika
Leona.Bacovska@uutbr.cz

1 Uvod

S rapidni urbanizaci a rozvojem primyslovych odvétvi, napfiklad farmaceutického,
textilniho, pradelenského a tézebniho, roste mnoZzstvi odpadni vody, ktera obsahuje
perzistentni a toxické organické slouceniny. Tyto biologicky obtizné rozlozitelné
slouceniny mohou vykazovat karcinogenni a toxické tcinky, a mohou tak vést k vaznému
poskozeni zdravi a zivotniho prostfedi. Proto se vyvijeji technologie, které umozni
efektivni ¢isténi téchto odpadnich vod a minimalizuji tak jejich negativni dopad na Zivotni
prostiedi. Mezi tyto technologie se fadi napfiklad pokrocilé oxidaéni procesy (AOP),
které se ukazuji jako vhodné technologie pro odstranéni organického znecisténi. Vyuzivaji
se pfedevsim pro ¢isténi odpadnich vod. Vyhodou je, Ze jsou schopné odstranit i latky,
které konven¢ni mechanicko-biologicka ¢istirna odpadnich vod nedokaze tucinné
odstranit.

Tato prace se zabyva odpadni vodou z pradelen. Pradelenskd odpadni voda
obsahuje zejména velké mnozstvi tenzidii. Tenzidy jsou velmi perzistentni a ve vodé
rozpustné kontaminanty. Jako modelovy tenzid byl vybrdn dodecylsiran sodny (SDS),
nebot je pouzivan nejcastéji v mnoha domdcich i primyslovych detergentech, kosmetice
a produktech osobni potfeby, jakou jsou naptiklad Sampony nebo pény na holeni. Vyuziti
SDS se zvySuje rok za rokem. Odhaduje se, Ze SDS dnes pfedstavuje okolo 40 % ze vSech
vyuzivanych detergentti. Nebezpecnost SDS tkvi v jeho akumulaci v Zivotnim prostfedi
a organismech. SDS se fadi mezi xenobiotika a pokud se dostane do povrchovych vod,
muize zpusobit vazné poskozeni vodnich ekosystému'.

Odstranovani tenzidi z odpadnich vod je slozité hlavné proto, ze vytvari pénova
ltzka v technologiich pro cisténi odpadnich vod. Konvenéni metody na odstrariovani
tenzidti z odpadnich vod zahrnuji chemické a elektrochemické oxidace, membranové
technologie, fotokatalytickou degradaci, adsorpci, koagulaci a rtizné biologické metody?.
Vsechny tyto metody maji své vyhody i nevyhody, kdy obecné cisténi téchto vod
s vysokym obsahem tenzidii je slozité pfi vyuziti jakékoliv z téchto metod. A dalsi velmi
slibnou metodou jsou pokrocilé oxida¢ni procesy, které byly feseny i v této praci’.



2 Experimentalni cast

2.1 Provedeni experimentu

Jako modelovy aniontovy tenzid byl vybran dodecylsiran sodny, nebot je snadno
dostupny anachazi se az v95 % produkti osobni potfeby. Pfed provedenim kazdého
experimentu bylo sklo vymyto methanolem, aby se zamezilo pfipadné kontaminaci.
Experiment byl proveden v riznych vodnich matricich, a to: v destilované vodé
a v pradelenské modelové vodé. Pro kazdou matrici byli pouzity tfi reakéni systémy, a to:
UV/H20,, UV/Os, UV/H202/Os. VSechny experimenty probihali na poloprovozni AOP
jednotce, ktera je zobrazena na obrazku 1.

Odbér
vzorku
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Obrizek 1 Schéma AOP jednotky

Experimenty probihaly v cyklech. Kazdy experiment byl opakovan minimalné 3x.
Nastaveni AOP jednotky bylo pro vSechny experimenty stejné.

Tabulka 1 Nastaveni AOP jednotky

Objem roztoku [1] 1
Pocatecni koncentrace SDS [mg/1] 1,7
Pratok [I/min] 3

2.2 Stanoveni SDS

Pro stanoveni SDS byly pouzity kyvetové testy Spectroquant®. Aniontové tenzidy
sulfonatového a siranového typu reaguji s methylenovou modfi a tvofi iontovy pér, ktery
je extrahovan chloroformem. Modré zabarveni organické faze je stanovovano
fotometricky. Rozsah méfeni pro SDS je 0,05 - 2,12 mg/1.



2.3 Stanoveni ozonu

Ozon byl stanovovan kyvetovymi testy Spectroquant®. Ozon reaguje v slabé

okyseleném roztoku s dipropyl-p-fenylendiaminem a vytvaii cerveno-fialové barvivo,
které se stanovuje fotometricky. Rozsah méfeni pro 10 mm kyvetu je 0,05 — 4 mg/1.

2.5 Stanoveni peroxidu vodiku

Peroxid vodiku byl stanovovan kolorimetrickou metodou. Jako titanové cinidlo byl
pouzit siran titanylu v kyseliné sirové. Podstatou je reakce peroxidu vodiku s titanicitymi
ionty za vzniku kyseliny peroxotitanicité a zlutého zbarveni. Stanoveni se provadi
spektrofotometricky pfi vinové délce 408 nm.

2.6 Degradace SDS v destilované vodé

Nejprve bylo zkoumano pouziti samotného peroxidu, ozonu anebo UV. Do odmérné
bariky o objemu 1 1 bylo odvazeno 1,7 mg SDS a doplnéno destilovanou vodou. Nésledné
bylo do banky pfidano 700 pl peroxidu vodiku a barika se dala do tmy. Po 15 minutach
byla stanovena koncentrace SDS.

Destilovana voda o objemu 1 1 byla 15 minut ozonizovana. Do této destilované vody
bylo pfidano 1,7 mg SDS a barika se uschovala do tmy. Po 15 minutach bylo stanoveno
mnozstvi SDS a koncentrace ozonu.

Do odmérné barnky o objemu 1 I bylo pfidano 1,7 mg SDS a barika se doplnila
destilovanou vodou. Jednotka byla nastavena jako v parametrech vyse a jednotka byla
spusténa. Po jednom cyklu byla stanovena koncentrace SDS.

2.6.1. Reak¢ni systém UV/H202

Do odmérné bariky o objemu 1 1 bylo odvaZeno 1,7 mg SDS. Barika byla doplnéna
destilovanou vodou. Tento roztok byl prelit do kadinky. Ktomuto roztoku bylo
pipetovano 700 ul H202. Pristroj byl nastaven podle parametrti v tabulce 4 a jednotka byla
spusténa. Provedl se vzdy 1cyklus. Po 1 cyklu byl odebran vzorek a provedlo
sestanoveni SDS pomoci kyvetovych testi a peroxidu vodiku pomoci
UV-VIS spektrofotometru.

2.6.2. Reak¢ni systém UV/Os

Do kadinky byl napustén 1 1 destilované vody a nechala se 15 minut ozonizovat.
Po 15 minutach byl odebran vzorek a pomoci kyvetovych testii bylo stanoveno mnoZzstvi
ozonu. Nasledné se do kadinky piidali 1,7 mg SDS a roztok byl promichan. Pfistroj byl
nastaven stejné jako v pripadé systému UV/H202. Po 1 cyklu byl odebran vzorek
a provedlo se stanoveni SDS a ozonu pomoci kyvetovych testti a peroxidu vodiku pomoci
UV-VIS spektrofotometru.

2.6.3. Reak¢ni systém UV/H20:/0s

V ptipadé reakéniho systému UV/H202/Os se destilovana voda nechala ozonizovat
stejné jako u systému UV/Os. Po ozonizaci se odebral vzorek a kyvetovymi testy bylo
stanoveno mnozstvi ozonu. Poté se pfidali 1,7 mg SDS a 700 ul H20:. Jednotka byla
spusténa a po jednom cyklu se odebral vzorek. Bylo stanoveno mnozstvi ozonu a SDS
kyvetovymi testy a mnoZzstvi peroxidu vodiku pomoci UV-VIS spektrofotometru.
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2.7 Modelova voda

Experimenty probihaly stejné jako v piipadé degradace SDS v destilované vodé.

2.7.1. Pfiprava pradelenské modelové vody
V odmérné barice o objemu 11byly rozpustény chemikalie uvedené v tabulce 1.

Tabulka 2 SloZeni pridelenské modelové vody

Chemikalie c [mg/1]
Bactopepton 25
Masovy extrakt 20
Mocovina 30
Chlorid vapenaty 140
Hydrogenfosfore¢nan didraselny 5
Siran hotfecnaty 50
Siran amonny 5
SDS 1,7
3 Vysledky a diskuze

3.1 Experimenty v destilované vodé

Nejprve byly experimenty provedeny pouze v destilované vodé, aby se zjistilo,
jak se SDS chova samostatné a jestli je degradovatelné pomoci AOP procesti. Pocate¢ni
koncentrace SDS byla 1,7 mg, tedy 5,89 pumol/l. U experimentti, kde byl pouzit peroxid
vodiku, byla jeho poc¢atecni koncentrace 6850 umol/l.

Pred degradaci SDS systémy UV/H:0:, UV/Os, UV/H202/Os bylo tfeba vyzkouset,
jaky vliv na degradaci SDS mé samotné ptisobeni UV, H20z, anebo ozonu. Jak lze vidét
na grafu 1 koncentrace SDS se pfi ptisobeni peroxidu a ozonu nesnizila prakticky viibec.
Pfi pouziti UV se snizila na 2,22 pmol/l 0 62 %.

7 A

6 -

5 4

mmm Koncentrace SDS po
ptisobeni samostatnych
Cinidel

31 Linearn{ (Pocatecni
koncentrace SDS)

(SDS) [umol/1]

uv H02 O
Graf 1 Vliv UV, H202 a O3 na degradaci SDS



Pii pouziti systému UV/H20: se koncentrace SDS po jednom cyklu snizila
na 1,84 + 0,11 umol/l o 69 = 1,9 % a koncentrace peroxidu vodiku na 1490 + 155 umol/l
078 +2,3 %. Jeden cyklus trval cca 18 vtefin a reakce tedy probiha velmi rychle.

Dale byl na degradaci SDS pouZit systém UV/Os. Koncentrace SDS po jednom cyklu
vychdazela na 1,88 + 0,05 umol/l v procentech snizeni o 68 + 0,9 %. Pocate¢ni koncentrace
Os byla 38,4 + 9,6 umol/l a po jednom cyklu byla koncentrace ozonu nulova. To znamena,
Ze se tedy veSkery ozon rozlozil. Velkd odchylka u pocatecni koncentrace ozonu vznikla
pravdépodobné kviili zptisobu generovani ozonu. Pokud moldrné porovname systém
UV/H202 a UV/O:s zjistime, Ze na degradaci 4 pumol SDS je potfeba 5360 umol peroxidu
vodiku a na degradaci téméf stejného mnozstvi SDS je potfeba jenom 38,4 umol ozonu,
coz je o dost méné. Ozon se navic spotfebuje vSechen, a to mlize naznacovat nemalé
provozni tispory v pfipadé plného provozu.

Koncentrace SDS po degradaci v systému UV/H202/Os se sniZila na 1,87 + 0,13 umol/l
068 +2 % a peroxid vodiku na 1957 + 152 umol/l o 71 + 2,2 %. Pocate¢ni koncentrace Os
byla 26,3 + 2,6 umol/l a po jednom cyklu byla koncentrace stanovena na 8,54 + 4,53 pmol/l.
Toto je rozdil oproti systému UV/Os, kde byla konecnad koncentrace ozonu nulova.
V systému UV/H202/O3 se ozonu spotfebuje méné nez v systému UV/Os a vSechen
se nerozlozi. To opét znaci, ze pouziti systému UV/Os by bylo provozné vyhodnéjsi.

V grafu 3 1ze vidét srovnani jednotlivych systému. Z hodnot vyplyva, zZe degradace
SDS v destilované vodé je ucinna vSemi pouzitymi systémy a mira ucinnosti
je srovnatelna u vSech tif systému. Limitujicim faktorem mohl byt vykon UV lampy. Také
probéhl pouze jeden cyklus a u systémit UV/H202 a UV/H202/Os byly po jednom cyklu
naméfené pomérné velké rezidualni koncentrace ¢inidel. V budoucich experimentech by
bylo proto zapottebi provést cyklt vice, aby se docililo vétsi rezidualni spotieby ¢inidel.

Na grafu 2 Ize vidét srovnani jednotkovych systémil. Z naméfenych hodnot vyplyva,
ze na degradaci SDS jsou vhodné vSechny pouzité systémy.
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Graf 2 Degradace SDS v destilované vodé
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3.2 Experimenty v pradelenské modelové vodé

Experimenty v pradelenské modelové vodé probéhly podobné jako v destilované
vodé. V destilované vodé se ovéfilo, Ze samotny ozon a peroxid vodiku nemaji
na degradaci SDS vliv, proto se vmodelové vodé uz tyto experimenty neprovadeély.
Po samotném UV se koncentrace SDS snizila na 3,1 umol/l tedy o 47 %. To je méné jako
v piipadé pouziti UV na SDS v destilované vodé. Diivodem mohlo byt, Ze latky obsazené
v pradelenské modelové vodé mohly absorbovat UV zafeni namisto SDS a tim zvySovaly
stabilitu SDS vi¢i tomuto zafeni.

Pii pouziti systému UV/H202 se koncentrace SDS snizila na 2,65 + 0,11 umol/l
055+1,8 % akoncentrace peroxidu vodiku na 3 480 + 200 umol/l, snizeni o 49 + 3 %.
V porovnani s destilovanou vodou, se peroxid vodiku spotifeboval pouze o 49 %,
u destilované vody to bylo o 78 %. Mohlo to byt zptisobené tim, ze latky obsaZené
v pradelenské odpadni vodé, mohli UV zafeni absorbovat a doslo tak ke kompetici o toto
zafeni.

Koncentrace SDS se po procesu UV/Os snizila na 2,73 + 0,11 umol/l o 53 + 1,9 %.
Pocatecni koncentrace ozonu byla 30,97 + 3,37 umol/l a po jednom cyklu
1,39 £0,12 pmol/l, snizeni 095+ 0,4 % Hodnota ozonu vychazi podobné jako
v experimentech v destilované vodé a stejné jako tam, se i zde téméf vSechen ozon
spotfeboval. Lze tu pozorovat stejny trend jako v experimentech v destilované vodé.
Na degradaci 2,8 umol SDS, je potfeba 3 000 umol/l peroxidu vodiku, ozonu je potteba
na degradaci stejného mnozstvi SDS pouze 30 umol/l.

Pii pouziti systému UV/H20:/Os se koncentrace SDS snizila na 2,60 + 0,14 pmol/l
055+2 % a koncentrace peroxidu vodiku na 3 370 + 36 pumol/l, sniZeni o 51 = 0,5 %.
Pocatecni koncentrace ozonu byla 29,51 + 4,48 umol/l a po jednom cyklu vychazela
na 17,15+ 2,02 pmol/l, snizeni o 42 + 7. Z vysledkt vyplyva, ze po systému UV/Os byla
konecna koncentrace ozonu téméf nulovd, kdezto vsystému UV/H20/Os
se nespotiebovala skoro ani polovina

Jak lze vidét na grafu 3 pouziti pokrocilych oxidacnich procesti na degradaci
SDS v pradelenské modelové vodeé je i¢inné vSemi pouzitymi systémy.

7

mm Koncentrace
SDS po AOP

Linearni

(Pocatetni
21 koncentrace
SDS)
1 4
0 -l

uv UV/H:0:  UV/Os UV/H20:/0s

¢ (SDS) [umol/1]

Graf 3 Degradace SDS v pridelenské modelové vodé
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4 Zavér

Tato prace se zabyvala odstrafiovanim tenzidi z odpadnich vod. Na degradaci
tenzidu SDS byly pouZity pokrocilé oxidaéni procesy. Uéinnost byla prokazéna u viech
pouZitych systémii v destilované i v praddelenské modelové vodé.

V destilované vodé po systému UV/H202byla koncentrace SDS poniZena o 69 + 1,9 %
po UV/Os3 0 68 £ 0,9 % a po UV/H202/Os 0 68 + 2,0 %. Po samotném UV se koncentrace
snizila 0 62 %. V pradelenské modelové vodé hodnoty vysly o néco vyssi nez v pfipadé
destilované vody zhruba o015 %. Po systému UV/H20:2 byla koncentrace SDS poniZzena
05518 %, po UV/Os o 53 +1,9 % apoUV/H20:/03 o 55+2,0 %. Posamotném
UV se koncentrace SDS snizila 0 47 %. Z naméfenych hodnot vyplyva, Ze koncentrace
SDS se v pfipadé pouziti systémt UV/H20:/0s3, UV/H202 a UV/Os snizi pouze nepatrné
oproti pouziti samotného UV. Déle bylo zjisténo, Ze ¢innost je téméf stejna pro vSechny
systémy, to mohlo byt zptisobeno podminkami, které byly nastavené. Limitem mohl byt
vykon UV lampy. Také byl proveden pouze jeden cyklus ausystému UV/H:02
a UV/H20:/Os jesté zbyvalo pomérné dost cinidel, coz mohlo byt také limitujicim
faktorem. Avsak ve vsech pfipadech byla ucinnost degradace téméf stejna pro vSechny
tfi systémy. Limitujicim faktorem mohlo byt fakt, Ze se experiment provadél pouze
v jednom cyklu a u systému UV/H:202 a UV/H20:/Os zbyvalo jesté pomérné dost ¢inidel.

Pro detailnéjsi pochopeni mechanismu degradace tenzidii bude v dal$im pokracovani
experimentu vyzkousen i vliv dalSich parametrii. Bude zkouman vliv rtizné pocatecni
davky peroxidu vodiku a ozonu, vliv pH a pratoku. Déle budou AOP pouzity
na degradaci jiného tenzidu, nez je SDS, a to konkrétné na dodecylbenzen sulfonat sodny.
A také bude na degradaci pouzita ozonizace s vyuzitim nanobublin
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Matis Majerciak
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Slovenskad technickd univerzita v Bratislave,
Fakulta chemickej a potravindrskej technoldgie,
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xmajerciak@stuba.sk

1 Uvod do problematiky

V poslednych rokoch sa coraz viac zdoraznuje potreba rychlo znizit, ak nie uplne
obmedzit vyuzitie fosilnych zdrojov vzhladom na ich skodlivy vplyv na Zivotné prostredie.
Najzivotaschopnejsie rieSenie spociva v pouzivani prirodnych, obnovitelnych materialov
znamych ako "obnoviteIné zdroje". Na rozdiel od fosilnych zdrojov tieto obnovitelné zdroje
ponukaji udrZatelné rieSenie, pretoZe pochddzaji z prirody a st obnovitelné. Naopak,
fosilne zdroje st obmedzené a ich neustala spotreba neustale vycerpava obmedzené zasoby.
Predpoklada sa, Ze tieto zasoby budu v priebehu niekolkych desatroci tiplne vycerpané, ¢o
si vyziada hladanie alternativ, ktoré by ich mohli tGplne nahradit. Jednym z takychto
slubnych obnoviteInych zdrojov je biomasa, ktora sa dostava do popredia a nachadza
Siroké uplatnenie v rdznych odvetviach, v ktorych sa tradi¢ne vyuzivaja fosilne zdroje.
Vyhoda biomasy spociva nielen v jej obnovitelnosti, ale aj v jej bohatom energetickom
obsahu. Vyznamnou zlozkou biomasy je lignocelul6zova biomasa, ktort tvori sucha hmota
rastlin zlozena predovsetkym z celuldzy, hemicelulézy a ligninu, usporiadanych v
bunkovej stene do zlozitych struktir. Lignin, vedlajsi produkt celulé6zovo-papierenského
priemyslu, ma skryty potencial, ktory moZzno vyuzif pri prechode na obnovitelné zdroje.
Rocna celosvetova produkcia ligninu v celulézo-papierenskom priemysle sa odhaduje na
priblizne 70 x 10° ton, pri¢om vécsina sa rekuperuje ako nizkohodnotnd energia [1]. Vznika
novy konsenzus, ktory lignin nepovazuje za obycajny odpad, ale za nezavisly, obnovitelny
zdroj, kde jeho spalovanie by sa malo povazovat za poslednti moznost vyuzitia [2]. V
minulosti bol lignin ¢asto posudzovany ako vedlajsi produkt celulézového a papierenského
priemyslu, ale nedavny vyskum odhalil jeho potencidl ako cenného zdroja obnovitelnej
energie a chemikalii. Lignin sa da rozloZzit na mensie aromatické zliceniny a premenit na
rozne vysokohodnotné chemikalie vratane fenolov, vanilinu a BTX (benzén, toluén a xylén).
Okrem toho biopaliva odvodené z ligninu, ako napriklad letecky benzin na baze ligninu,
motorova nafta a benzin, vykazuju slubné spalovacie vlastnosti a kompatibilitu s
existujicimi systémami motorov a infradtruktiry. DalSou vyhodou ligninu je, 7e vzniké ako
vedTajsi produkt pri spracovani dreva na vyrobu papiera a vyznacuje sa vysokym obsahom
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energie. Skryty potencial ligninu a jeho energeticky obsah sa moéze vyuzit v ramci
priemyslu, coje v sulade s prevladajicim posunom smerom k nahradeniu fosilnych zdrojov
ako zdroja energie [3].

"o J—

. . HOL_ A
chemicki Struktira ligninu \“1 \]_ r[ \\l
S OH PN
. i ,7 it o g
sinapyl alkohol I OH I
syringslovi Jednotin
MO o V”A\\
Tl ey N,

S A

o
Koniferyl alkohol

Y N A

oH

p-kumaryl alkohol

Obr. 1 Podjednotky a Struktiiva ligninu

2 Experimentalna cast

Praca pojednava o priprave ligninov, ktoré sa vyzrazali z roznych zdrojov ¢iernych
lahov (Tab. 1). Cierny Iah (CL) je vedlajsi produkt sulfatového procesu, ktory sa v
celulézovo-papierenskom priemysle pouziva na premenu buni¢iny na papierovinu. Je to
vodny roztok, ktory obsahuje zvysky ligninu, hemicelulézu a anorganické chemikalie.. V
praci sa dalej porovnavali findlne vlastnosti ligninov v zavislosti od pouzitia roznej
koncentracie kyseliny sirovej, ktora sa pouzila pri zrdzani ligninov z CL.

Z viacerych moznosti pripravy ligninu sa vybral postup, kedy sa pripravil
pozadovany sulfatovy lignin, ktory pochadzal z ¢ierneho vyluhu Mondi SCP, Ruzomberok.
Vyrobeny bol postupnym okyslovanim cierneho lthu pomocou COz. Pri procese zrazania
ligninu sa sledoval vplyv podmienok (pH a teploty) na vlastnosti ligninu. Cielom bola
optimalizacia celkového procesu a podmienok — teplota, pH pri priprave ligninu. Aby sa
zjednodusila komplexna narocnost experimentu urobil sa planovany experiment. Vysledky
z pripravenych ligninov sa porovnali a ocharakterizovali pomocou analytickych metod. Z
optimalizacie procesu sa vybrali najvyhodnejSie parametre (pH a teplota) na pripravu
findlneho ligninu (FL - lignin s najleps$imi vlastnostami). Finalny lignin sa modifikoval
pomocou réznych modifikatorov. Tu bolo cielom vyuzit chemickti modifikaciu na tpravu
ligninovej matrice a tym zlepsit jeho konecné vlastnosti. Pripravené vzorky ligninov s
vybranymi modifikatormi sa porovnali na zaklade ich fyzikalnych a chemickych vlastnosti.
Nasledne sa vyhodnotila tc¢innost modifikacnych postupov na zaklade dostupnych
analytickych metéd UV-Vis, Kalorimetria (HHV), Termogravimetricka analyza (TGA) a
FTIR analyza. Vysledné stanovenia sa porovnali a vybrali sa ligniny s najlepsimi
vlastnostami, ktoré predstavuju vhodny zdklad obnovitelného zdroja pouzitelného v
energetickom priemysle, alebo ako nahradzajicu surovinu na vyrobu syntetickych
polymérov, ¢o prispeje k hladaniu trvalo udrzatelnych, obnovitelnych alternativnych
zdrojov.
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2.1 Zrazanie ligninov z r6znych druhov ciernych lihov

Cierny lah (CL) je vedlajsim produktom procesov rozvlékiiovania fytomasy a
obsahuje velké mnozstvo anorganickych soli, taktiez polysacharidy a lignin. [4]. V praci sa
sledoval vplyv izolacie ligninu z réznych vstupnych surovin ¢ierneho lthu, kde sa zmeny
vyslednych vlastnosti skimali pomocou analytickych metdd, ako je kalorimetria, prvkova
analyza (C, H, N a S) a stanovenie obsahu anorganickych latok (popola) [6].

Tab. 1 Priprava ligninov z réznych druhov CL

CL Var‘e Vn e Surovina CL Podmienky zrazania
bunidiny
Jednorocné Bez riedenia CL, teplota 53 °C =2 °C.
CL1 Alkalickd rastliny - OP Titracia s rdznymi koncentraciami HaSOs
pH 129+ natronova Papieren, (5 %, 25 %, 50 % a 72 %) pri pH 5. Susenie
0,3 bunicina s.r.o. (Olsany, filtratu do konstantnej hmotnosti (24 h, 25
C2) °C) - prirastok suchého ligninu.
L Atk r];esctllrilr(:;o_cgi) . B,ez' rieodenia CL, teplota 53 i’C t 2 °C
pH 12,9+ natronové Papierefi, Titracia 5v Yo HzSQ4 na pH 3: Sudenie flltratu
03 bunidina s.r.0. (Olany, do konste,mtne] hmotr}ostl .(24,h, 25°C) -
prirastok suchého ligninu.
C7)
CL3 Drevina - Bez riedenia CL, teplota 53 °C + 2 °C.
pH 12,8+ Sulfatova Bukéza Titracia 5% H2504 na pH 3. Susenie filtratu
04 B bunicina Holding a.s. do konstantnej hmotnosti (24 h, 25 °C) -
) (SK) zisk suchého ligninu.
1 a7 21CL sa okyslilo 50 % H2S04pri pH
Natronova Jednorotné 3. Ked zmes dosiahla pH 3, doplnila sa po
CL4 bunicina rastlin vrch kadicky demi vodou, po usadeni (12
pH=13,75 | (bez obsahu (konopZ) h) sa zrazenina dekantovala a prefiltrovala.
siry) Filtrat sa vysusil na vzduchu a vysusil v
lyofilizatore (24 h).

Sulfét CL sa okyslil 50 % H2S0s - zisk
alkalického ligninu. Alkalicky lignin sa
zriedil vodou v pomere 1 : 8. Lignin sa

okyslil pri teplote 55 °C na pH 3,5. Pouzil
sa poloprevadzkovany reaktor na zraZzanie

¢Ls Sulfatova Ih%iénaté, a C([)Z, kde sa premyval v d\{och
v listnaté membranach pri tlaku 2 bary - zisk dvoch

pH=95 buncina e (v - v
stromy filtra¢nych kolacov. Tie sa stlacili pri tlaku

350 barov. Nasledne sa pokracovalo v
prani vodou pri teplote 60 °C a tlaku 2
bary. Po premyti sa kolace ligninu opét

vytlacili pri tlaku 350 barov. Filtrat sa

vysusil v lyofilizatore (24 h).
Alkalicka Jednorocné H2SOszriedena demineralizovanou vodou
CL6 natronova rastliny —OP | v hmotnostnom pomere 1 : 1 sa pridalo do
buniciana Papieren, CL do hodnoty pH 3.. Filtrat sa
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s.r.o. (Olsany,
CZz)

niekol'kokrat premyl horticou vodou. V
poslednom kroku sa lignin vysusil na
lyofilizatore (24 h, 25 °C).

2.2 Planovany experiment — priprava finalneho ligninu

Pri hladani najvhodnejsieho ligninu, ktory by sa pripravil pri urcéitych podmienkach
— teplota a pH, sa pouzil planovany experiment. Pre nas experiment sa vybral 5-tirovriovy
2-faktorovy experiment. Sledovana zavislost podliehala dvom faktorom: teplote a hodnote
pH. Hodnotiace parameter boli: hmotnost vytazkov, podmienky pripravy a kvalita
pripraveného produktu. Vzorky sa pripravili zrazanim alkali- ligninu s kyselinou sirovou
pri réznych podmienkach. Menila sa hodnota pH a teplota, pri ktorej sa lignin pripravoval

(Tab. 3).
Tab. 2 Jednotlivé pokusy pldnovaného experimentu
Faktor | Jadro planu | Hviezdne body | Nulové body | Alfa Vsetky
(k) (NCO) (NS) (NO) (o) pokusy (N)
2 4 4 5 1,414 13

Podla literarnej reSerSe a orienta¢nych experimentov sa stanovil rozsah zvolenych
faktorov pre planovany experiment. Vypocty konecnych hodnét boli prepocitané z
kédovanych hodnot a nasledne ziskané pomocou programu exper implementovaného v

MS Excel.

Tab. 3 Kédované (matematické) a reilne hodnoty pre 5-iiroviiovy 2-faktorovy experiment

Faktor -alfa(-a)) -1 0 1 alfa (o) Yi
Teplota[°C] 25,0 33,1 52,5 72,0 80,0 19,4
pH 2,0 2,4 3,25 4,1 4,5 0,9
Matematické hodnoty Realne hodnoty
Vzorka Teplota pH Teplota [°C] pH
1 -1 -1 33,05 2,37
2 1 -1 71,95 2,37
3 -1 1 33,05 4,13
4 1 1 71,95 4,13
5 -1,414 0 25 3,25
6 1,414 0 80 3,25
7 0 -1,414 52,5 2,00
8 0 1,414 52,5 4,5
9 0 0 52,5 3,25
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10 0 0 52,5 3,25

11 0 0 52,5 3,25
12 0 0 52,5 3,25
13 0 0 52,5 3,25

Optimalizacie podmienok pripravy finalneho ligninu (FL) boli vypocitané pomocou
doplnku Riesitel v MS Excel.

2.3 Priprava finalneho ligninu

Lignin sa pripravil rozpustenim alkalického ligninu s vodou v kadi¢ke s pomerom 1:8
(alkalicky lignin : voda). Suspenzia sa za staleho mieSania okyslovala 50 % kyselinou
sirovou. Po dosiahnuti pH 2 sa reakéna zmes zacala zahrievat. Ked' suspenzia dosiahla 80
°C, nechala sa miesat 1 hodinu. Potom sa suspenzia prefiltrovala cez Biichnerov lievik.
Filtra¢ny kola¢ sa premyl horticou vodou, aby sa zneutralizovala zvyskova kyselina
(schéma na Obr. 2).

Hordica vodaﬁ

Demineralizovana
voda

S

Pomer 1:8
(lignin:voda)

50 % HzS04 Teplota,

roztok

Obr. 2 Schéma zrdzania findlneho ligninu

2.4 Modifikacia finalneho ligninu - zelenym modifikatorom

Finalny lignin sa modifikoval tzv. zelenym modifikatorom (lahko degradovatelny —
Setrny k prirode). Prvd modifikacia sa robila pomocou glycerinu, kde sa ocakavala
interakcia s matricou ligninu. Pri modifikacidch sa pouzival praskovy lignin (FL)
rozpusteny v pozadovanom mnoZstve vody, aby sa zachoval pomer 1:8 (lignin : voda). Prva
modifikacia zahfmala pripravu ligninu s 5, 10, 15, 20, 25, 30 % pridavkom glycerinu. Na
modifikaciu sa pouzilo 10 g vstupného ligninu, ktory sa zmieSal s 80 ml vody a zahrial na
teplotu 60 °C. Vzniknuta suspenzia sa miesala 30 mintt, ¢o bol ¢as potrebny na modifikaciu.
Pomer vody a ligninu sa zachoval 1:8 (lignin : voda). Vzniknuté suspenzie modifikovanych
ligninov sa prefiltrovali cez Biichnerov lievik pomocou vodnej vyvevy. Vzniknuté filtracné
kolace sa premyli 100 ml demineralizovanou vodou. Nasledne sa nechali vysusit v
lyofilizatore, aby sa stali absoltitne suchymi. Na zaver sa pripravil referenény preparat,
ktory pozostaval z finalneho ligninu (MOD) pri podmienkach modifikacie (teplota 60 °C),
ale bez pridavku modifikdtora. Findlne vlastnosti sa ocharakterizovali pomocou
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analyticych metéd ako: UV-Vis, kalorimetria (HHV), stanovenie anorganickych latok
(popol), termogravimetricka analyza (TGA).

2.5 Modifikacia finalneho ligninu - r6zne modifikatory

Vzorky ligninov sa pripravili pomocou modifikacie finalneho ligninu (FL). Celkovo
bolo pripravenych 17 vzoriek modifikovanych ligninov, ktoré sa odliSovali podmienkami
pripravy, ako aj typom modifikacie. Na modifikaciu ligninu sa pouzili r6zne modifikatory
za roznych podmienok modifikacie (teplota a cas), ako aj v roznych koncentraciach s cielom
pridania novych funkénych skupin — acetylova (ACL), acetdlova (DMPL), ale aj esterova
(SESAL, SEANL,). Na modifikaciu sa pouzili rozne ¢inidl4, niektoré aj v kombinacii so
smrekovym extraktom, alebo vedIajsim produktom po lisovani slnecnicového oleja.
Nasledne sa modifikované ligniny vysusili do konstantnej hmotnosti a ocharakterizovali
pomocou analytickych metéd ako UV-Vis, FTIR analyza a Termogravimetrickd analyza
(TGA).

3 Vysledky a diskusia

3.1 Vplyv kyseliny sirovej na konecné vlastnosti vyzrazanych ligninov

Z Tab. 4 vyplyva, ze koncentracia kyseliny sirovej mierne ovplyviiuje vytazok, ale len
pri pouziti 5 % kyseliny sirovej, kde je vytazok 18,3 %. Najvacsi vytazok (20,6%) sa dosiahol
pri zrdzani za pomoci 72 % kyseliny sirovej. Z vysledkov vyplyva, Ze koncentracia kyseliny
nema zasadny vplyv na vytazok ligninu (vlastnosti ovplyviiuji hlavne podmienky pri
zrazani). Obsah popola je nizky a pohybuje sa v rozmedzi od 0,66 do 0,97 %. Hodnota
spalného tepla je takmer rovnaka pre vsetky Styri vzorky. Tato hodnota nie je ovplyvnena
pouzitou kyselinou v r6znych koncentraciach. Namerané hodnoty sa pohybovali od 26,20

do 26,86 MJ/kg.

Tab. 4 Vytazky vyzrizaného ligninu pri pouZziti kyseliny sirovej s roznymi koncentriciami (5,
25,50, 72 %), % popola a hodnoty spalného tepla (HHV)

Koncentracia (%) ‘:.?;:ZZSO;( Popol (%) Hodnota Spa(‘ll\t;;/lll(og )tepla (HHV)
5 18,29 0,97 26,29
25 20,03 0,66 26,20
50 20,18 0,72 26,69
72 20,57 0,85 26,86

Percentualne zastupenie prvkov C, H, N, O a S zo zrazanych ligninov je uvedené v
Tab. 5. Pomery atémov O/C izolovaného ligninu st priblizne v rozmedzi od 0,29 do 0,33 a
pomery atémov H/C st v rozmedzi 1,18 - 1,23. Zastipenie prvkov v priemernych
hmotnostnych percentach pre styri vzorky je nasledovné: C 64,78 + 0,87 %, H 6,44 + 0,09 %,
N 1,13 £ 0,03 %, S 0,06 + 0,01 % a O 26,79 + 0,95 %. Z vysledkov opit vyplyva, Ze pouzitie
kyseliny sirovej s r6znymi koncentraciami na vyzrazanie ligninu z ¢ierneho lihu nema
vyznamny vplyv na prvkové zlozenie studovanych ligninov. Relativne nizky obsah siry v
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procese zrazania umoznuje pouzit tieto ligniny ako suroviny na vyrobu vyrobkov s
pridanou hodnotou.

Tab. 5 Elementdrna analyza prokov a atémové pomery H/C, O/C

Elementarna analyza (%)

Rozna koncentracia H2504 (%) H/C | O/C
N C H S (¢}

5 1,11 | 6575 | 6,46 | 0,06 | 2559 | 1,18 | 0,29

25 1,12 | 63,64 | 654 | 0,07 | 2695 | 1,23 | 0,33

50 1,12 | 64,84 | 633 | 0,04 | 27,96 | 1,17 | 0,31

75 1,18 | 6490 | 642 | 0,07 | 2566 | 1,19 | 0,31

3.2 Charakterizacia ligninov pripravenych zraZanim s kyselinou sirovou

Na charakterizaciu komercnych lignosulfonatov sa pouzili tieto metddy: elementarna
analyza, stanovenie popola a stanovenie spalného tepla. V Tab. 6 st zhrnuté vysledné
hodnoty ziskané z analytickych metéd. V pripade komercnych lignosulfonatov sa obsah
uhlika stanoveny elementarnou analyzou pohyboval od 42,9 % (DP - 02) do 52,5 %
(Vanisperse CB), obsah dusika bol od 0,09 % do 0,16 %, obsah vodika od 4,08 % do 5,35 % a
obsah siry od 2,96 % (Vanisperse CB) do 7,15 % (DP - 03). Obsah popola v tychto vzorkach
sa pohyboval od 10,8 % (Orzan S) do 34,2 % (Vanisperse CB). Vyhrevnost lignosulfonatov
sa pohybovala od 17,3 (DP - 02) do 20,61 (Vanisperse CB) MJ/kg.

Spomedzi véetkych vzoriek mal lignin L-CL 6 najvy3si obsah uhlika 65,54. Na druhej
strane, sira bola pritomna v lignine L-CL4v podstatne nizSom mnozstve 0,16 %. Vanisperse
CB ma najvy3si obsah popola zo vietkych vzoriek 34,18 %, zatial ¢o lignin L-CL 6 ma
najnizé obsah 0,37 % (Tab. 6). Spalné teplo vzorky ligninu L-CL 2 (25,88 MJ/kg) méa v
porovnani s ostatnymi najvyssiu energetickii hodnotu. Je to spésobené uhlikom, ktory je v
nom najviac zasttpeny, ale aj malym podielom popola vo vzorke. Nizky obsah siry, nizky
obsah popola a najvyssia vyhrevnost predstavuju potencial pre rozne aplikdcie.

Tab. 6 Elementdrna analyza prokov, atémové pomery H/C, O/C, obsah popola (%) a hodnota
spalného tepla (HHV)

Spalné

Elementarna analyza (%) Popol teplo

Vzorka H/C | O/C (%) (HHV)

H N C S O ** (MJ/kg)

Borrle\f}:erse 465 | 0,14 | 4411 | 6,49 | 21,27 | 0,11 | 048 | 2334 | 1836

Borrement 5 35| 14 | 4663 | 562 | 2896 | 012 | 062 | 1313 | 1946
Ca120*

Vanclzpfrse 408 | 012 | 5254 | 2,96 | 6,11 | 0,08 | 012 | 3418 | 20,61
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Maﬁ_‘;‘;irse 468 | 014 | 4352 | 6,28 | 2042 | 0,11 | 047 | 2496 | 1817
OrzanS* | 505 | 0,09 | 4542 | 515 | 3346 | 011 | 074 | 10,83 | 1830
DP-02* | 4,38 | 0,16 | 42,86 | 512 | 27,84 | 0,10 | 0,65 | 1964 | 1731
DP-03* | 508 | 0,14 | 4812 | 715 | 17,10 | 0,11 | 0,36 | 2241 | 17,99

L-CL2 | 593 | 1,18 | 63,64 | 049 | 2834 | 0,09 | 045 | 043 | 2588
L-CL3 | 462 | 028 | 5568 | 3,91 | 31,65 | 0,08 | 057 | 38 | 2362
L-CL4 | 570 | 1,47 [ 6425 | 0,16 | 2551 | 0,09 | 040 | 152 | 17,65
L-CL5 | 519 | 028 | 5975 | 2,03 | 32,75 | 0,09 | 047 | 339 | 2362
L-CL6 | 617 | 1,20 | 6554 | 0,04 | 27,05 | 0,09 | 041 | 037 | 2361

* Komercné ligniny Borresperse N, Borrement Ca 120, Vanisperse CB boli ziskané z
Borregard LignoTech, Marasperse N-22 z Daishowa Chemical Inc, Orzan S z ITT Rayonier
Inc, DP - 02, DP - 03 z Biotech

** L-CL - ligniny pripravené z &iernych lihov s pridelenym ¢iselnym oznadenim (Tab. 1)

3.3 Vplyv podmienok pri zrazani ligninu — pH a teplota

Na to aby sa porovnal vplyv podmienok (pH a teploty) pocas zrazania ligninu sa
urobil planovany experiment, z ktorého sa pripravilo 13 vzoriek ligninov. Vzorky sa
pripravili zrazanim alkali-ligninu s kyselinou sirovou pri r6znych podmienkach. Menila sa
hodnota pH a teplota, pri ktorej sa lignin pripravoval (Tab. 3). Vysledné vlastnosti
pripravenych ligninov sa ocharakterizovali a porovnali pomocou UV-Vis spektroskopie

(Tab. 7). [5]
Tab. 7 Vysledky UV-Vis na vzorkich ligninu z planovaného experimentu

Vzorka Konc[entrécia Nekon.jugované OH Konj}lgované OH nfr?(l)l;(;:véo
g/1l skupiny [mmol/g] skupiny [mmol/g] [mmol/g]

1 0,041 1,907 0,283 2,190

2 0,045 1,055 0,200 1,255

3 0,044 1,728 0,245 1,973

4 0,040 2,210 0,332 2,543

5 0,042 1,915 0,272 2,188

6 0,040 2,886 0,350 3,235

7 0,043 2,577 0,331 2,907

8 0,040 1,430 0,237 1,667

9 0,044 1,807 0,265 2,072

10 0,040 1,944 0,298 2,242

11 0,043 1,158 0,269 1,427

12 0,045 1,567 0,288 1,856

13 0,046 1,361 0,225 1,585
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Z vysledkov merania vyplyva, Ze existuje zavislost medzi koncentraciou
konjugovanych a nekonjugovanych fenolickych OH skupin a podmienkami pri zrazani
ligninu. Z vysledkov planovaného experiment vyplyva, Ze nekonjugované fenolické
hydroxylové skupiny st kvadraticky zavislé od teploty pocas zrazania. Na druhej strane, v
pripade konjugovanych fenolickych hydroxylovych skupin existuje synergicky efekt medzi
teplotou a pH pri zrazani.

3.4 Vplyv modifikdcie na vlastnosti ligninu — zeleny modifikator (glycerin)
3.4.1 Zakladna charakteristika ligninov

Vytazky ligninov boli stanovené z absolttne suchého ligninu, ktory bol vysuseny
v lyofilizatore do konstantnej hmotnosti. Popol sa stanovil pre zuholnateny zvysok
ligninov. Spalné teplo avyhrevnost sa stanovili pomocou analytickej metédy -
kalorimetrie.

Tab. 8 Zikladnd charakteristika ligninov (modifikovanych glycerinom)

Vzorka Vytazok Popol Spalné teplo Vyhrevnost
[hmot. %] [hmot. %] [M]/kgl [M]/kgl

FL - 1,04 25,39 23,96
MOD - 0% 96,2 0,81 25,49 24,27
MOD1 -5 % 92,5 0,92 25,51 24,36
MOD1-10 % 87,8 0,41 25,63 24,38
MOD1 -15 % 84,1 0,78 25,68 24,56
MOD1 - 20 % 80,9 0,90 25,71 24,55
MOD1 - 25 % 76,7 0,64 25,72 24,59
MOD1 - 30 % 74,3 0,88 25,78 24,64

*MOD 0% = FL, pripraveny pri podmienkach modifikacie, bez pouZzitia modifikatora
MODI1 = Glycerin

Z vysledkov vyplyva, Ze lignin pripraveny pri podmienkach modifikacie, ale bez
pouzitia modifikatora ma najvacsi vytazok (96,2 %). Na rozdiel pri MOD1 pozorujeme
klesajuci trend hmotnostného percenta vytazku aj napriek vyvySujicemu sa
percentualnemu pridavku modifikatora. Jednym z vysvetleni je, Ze na matricu ligninu sa
nenafixovalo celé mnozstvo modifikatora a jeho ti¢inok mohol sposobit rozpustenie Casti
ligninu, ktory sa odstranil filtraciou.

Z Tab. 8 vyplyva, ze FL mal najvyssi obsah popola, resp. anorganickych latok,
konkrétne 1 % v porovnani s modifikovanymi ligninmi. V ligninoch pripravenych
modifikaciou s MOD1 nie je pritomna enormna zmena, ¢o sved¢i o tom, Ze mnozstvo
pridaného glycerinu neovplyvriuje tento parameter.

Hodnoty spalného tepla modifikovanych ligninov boli vac¢sie ako hodnota FL, z ¢oho
vyplyva ze modifikaciou ligninu sa ziskali ligniny s vys$sim energetickym potencialom ako
bez pouzitia modifikacie. Pri MOD - 0% sa hodnota mierne liSila od FL, ¢ize teplota nema
az taky velky vplyv na zmenu spalného tepla a vyhrevnosti.
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3.4.2 Stanovenie hydroxylovych skupin pomocou UV-Vis

Z vyslednych spektier sa urcili maxima absorbancii pri dvoch analyzovanych vinovych
dizkach (300 a 350 nm). Z vysledkov ziskanych pomocou UV-Vis spektroskopie vyplyva,
ze modifikacia a teplota na koncentraciu hydroxylovych nevykazuje Ziadnu vyznamnt
zavislost. Takéto vysledky st vyznamné z pohladu hladania vhodnej modifikacie
hydroxylovych funkénych skupin [5].

Tab. 9 Vysledky charakterizicie ligninov (modifikovanych glycerinom) pomocou UV-Vis

spektroskopie

Vzorka Nekonjugované OH | Konjugované OH Celkové

skupiny [mmol/g] skupiny [mmol/g] mnozstvo

[mmol/g]
FL 1,14 0,22 1,36
MOD - 0% 1,07 0,27 1,34
MOD1 - 5% 0,79 0,25 1,04
MOD1 - 10% 0,93 0,26 1,19
MOD1 - 15% 0,86 0,24 1,10
MOD1 - 20% 0,74 0,28 1,02
MOD1 - 25% 0,74 0,25 0,99
MOD1 - 30% 0,83 0,25 1,09
MOD?2 - 10% 1,25 0,24 1,50
MOD2 - 20% 1,31 0,25 1,56
MOD?2 - 30% 1,40 0,25 1,65

*MOD = FL, pripraveny pri podmienkach modifikacie, bez pouzitia modifikatora
MOD1 = Glycerin

3.4.3 Stanovenie termickej stability ligninu

Termicka stabilita vzoriek ligninu bola analyzovana v dvoch atmosférach, a to v
oxidacnej (vzduch), a inertnej (dusik) atmosfére. Po spaleni vzoriek sa ziskali TG krivky v
obidvoch atmosférach. Prvou derivaciou TG kriviek sa pripravili DTG krivky, ktoré
vyobrazuju priebeh rozkladu vzorky z pohladu rychlosti rozpadu. Termicky rozklad
vzorky poukazuje na termicku stabilitu ligninu. Pred zacatim vyhodnotenia sa celkova
oblast termického rozkladu vzorky rozdelila do viacerych teplotnych intervalov. V kazdom
jednom intervale sa merala maximalna teplota rozpadu vzorky v oxida¢nej atmosfére
(vzduch) a inertnej atmosfére (N2). Nie kazdy lignin mal zastiipenie vo vSetkych teplotnych
intervaloch, pretoze niektoré piky boli velmi malé a zmenou metddy: pouzitim rychlejsieho
ohrevu by sa nemuseli prejavit (mohli by sa zanedbat). Preto sa za najpodstatnejsiu ukazku
degradacie ligninu vybral prave najvacsi pik, v najva¢Som teplotnom intervale. Najvacsi
podiel ubytku vzorky ligninu nastéva pri vysokych teplotach.
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Tab. 10 Vysledky vzoriek ligninov (modifikovanych glycerinom) v oxidacnej atmosfére
(vzduch) a v inertnej atmosfére (N2)

Vzorka Oxidacna atmosféra Inertna atmosféra
200- - | 400- - | 200- - |
o T [ [ oo | 35 [0 [ e
[°Cl] [°C] [°C] | [°C] [°C] | [°C]
FL 256,1 X X 525,2 -95,7 X 366,7 -57,6
MOD - 0% 258,2 X X 556,1 -99,9 X 365,9 -57,3
MOD1-10% | 257,3 382,4 X 557,2 -99,9 256,1 | 361,4 -53,2
MOD1-15% | 257,6 X X 558,5 -97,9 254,8 | 367,0 -57,7
MOD1 - 20% 257,7 X 422,1 | 559,3 -98,2 255,5 | 365,2 -54,6
MOD1 - 25% 256,3 380,9 X 561,0 -99,9 256,0 | 366,1 -54,6
MOD1-30% | 256,1 382,5 X 560,1 -100 2554 | 367,0 -53,8

*MOD = FL, pripraveny pri podmienkach modifikacie, bez pouzitia modifikatora
MOD1 = Glycerin

V pripade MOD1 sa pozoruje mierne rastci trend teploty s pridavkom modifikatora
od 557,2 do 561,0 °C. Pri MOD1 sa teplota pri najvacSom tbytku skoro vobec nelisi s
teplotou FL (366,7 °C). Samotny modifikator nema velky vplyv na termicka stabilitu
vzoriek modifikovanych ligninov.

3.5 Vplyv r6znych modifikatorov na vlastnosti ligninu

3.5.1 Stanovenie Uv-Vis a FTIR analyzy

Pomocou UV-Vis sa stanovilo mnozstvo hydroxylovych funkénych skupin vo
vzorkach ligninov. Pomocou FTIR analyzy sa porovnali zmeny vo funkénych skupinach
ligninu. Vysledky st uvedené v Tab. 11.

Modifikované vzorky sa porovnali s findlnym ligninom (FL), ktory predstavoval 100
%. Vplyvom modifikacie sa mohla pozmenit Struktira a tym aj hodnota OH skupin. To
viedlu k zniZeniu koncentracie OH skupin = pokles % (mensie percentualne zastipenie ako
100 %), alebo k zvyseniu koncentracie OH skupin = narast % (vdcsie percentudlne
zastupenie ako 100 %).

Tab. 11 Vysledky charakterizdcie ligninov (modifikovanych roznymi modifikdtormi) pomocou
UV-Vis spektroskopie

Nekonjugované | Konjugované Celkové Porovna:m,e
. . . s referencénym
Vzorka OH skupiny OH skupiny mnozstvo .
[mmol/g] [mmol/g] [mmol/g] ligninom FL
(100%)
FL 1,579 0,334 1,913 100%
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ACL1 1,707 0,307 2,014 105%
ACL 2 0,868 0,164 1,032 54%
ACL3 1,213 0,260 1,473 77%
ACL 4 1,437 0,269 1,706 89%
ACL5 1,265 0,257 1,522 80%
DMPL 1 2,719 0,270 2,989 156%
SESAL 1 1,662 0,282 1,944 102%
SESAL 2 1,538 0,269 1,807 94%
SESAL 3 1,057 0,190 1,247 65%
SESAL 4 1,884 0,338 2,221 116%
SESAL 5 1,574 0,272 1,845 96%
SEANL 1 1,212 0,241 1,454 76%
SEANL 2 1,860 0,370 2,230 117%

Z vysledkov merania vyplyva, Ze doslo k zmenam koncentracii nekonjugovanych a
konjugovanych fenolickych OH skupin vplyvom roéznych modifikacii voci finalnemu
ligninu FL. Tym padom sa zmenila aj celkova koncentracia OH skupin. Najvacsia hodnota
negonjugovanych OH skupin vysla pri vzorke DMPL 1 (2,719), v pripade konjugovanych
pri vzorke SEANL 2 (0,370) s v pripade celkovej koncentracie OH skupin pri vzorke DMPL
1 (2,989). Najvacsi pokles nastal pri vzorke ACL 2 (- 46 %) voci FL a najvacsi prirastok pri
vzorke DMPL 1 (+ 56 %) voci FL. Pomocou FTIR analyzy sa zistilo, Ze doslo k zmendm
tvaru spektier, ¢o predstavuje viaceré zmeny vo funkénych skupinach voci FL.

3.5.2 Stanovenie termickej stability ligninu

Termicka stabilita vzoriek ligninu bola analyzovana v dvoch atmosférach, a to v
oxidacnej (vzduch), a inertnej (dusik) atmosfére. Pouzili sa rovnaké podmienky a

vyhodnotenie ako v kapitole 3.4.3.

Tab. 12 Vyjsledky vzoriek ligninov (modifikovanyjch roznymi modifikdtormi) v oxidacnej

atmosfére (vzduch) a v inertnej atmosfére (N2)

Vzorka Oxida¢na atmosféra Inertna atmosféra
200- 300- 400- 500- . 200- 300- "
300 | 400 | 500 | 800 Ul[?/':]" k1 300 500 Ul[’z/':]o k
[°C] [°C] [°C] [°C] [°C] [°C]

FL X 256,1 X 525,2 -95,7 X 366,7 -57,6
ACL1 223,0 | 378,6 X 544,2 92,7 226,5 370,4 -58,5
ACL2 236,0 | 318,3 X 521,2 -96,4 235,7 3324 -71,1
ACL 3 2354 | 371,5 X 543,4 -94,1 239,2 370,7 -59,3
ACL4 230,7 | 367,9 X 570,5 -95,9 230,1 371,5 -64,2
ACL5 2294 | 359,5 X 530,1 -96,3 225,1 373,7 -64,4

DMPL 1 172,9 X 410,4 | 525,3 -97,3 173,3 376,6 -60,2
SESAL 1 206,9 | 380,8 X 545,1 -100,0 60,3 407,3 -57,2
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SESAL 2 X 376,8 X 548,7 -96,8 68,4 384,6 -56,2
SESAL 3 X 373,3 X 541,8 -98,2 66,9 406,8 -55,6
SESAL 4 X 378,44 X 561,7 -97,5 68,3 379,2 -54,6
SESAL5 X 379,7 X 550,8 -96,3 241,6 379,3 -58,7
SEANL1 | 256,2 X X 554,8 -96,6 256,8 362,8 -57,8
SEANL2 | 2558 X X 574,3 -96,6 259,8 361,9 -57,0

Z Tab. 12 vyplyva, ze vplyvom modifikdcie sa zvySila termicka stabilita
modifikovanych vzoriek ligninov, vzhladom na FL. Najvyssie teploty ubytku mozno
pozorovat pri vzorke SEANL 2 s teplotou 574,3 °C v oxidacnej atmosfére (vzduch) a pri
vzorkach SESAL 1 a SESAL 3 okolo 407 °C v inertnej atmosfére (N2).
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1 Introduction

The cosmetics industry offers many products for skin care and procedures for
peeling, skin soothing, firming, protecting, and treating the skin. These products are easily
available for everyday use. Their propagation is based on the effect produced by the active
substance delivered to the skin. Spherical lipid vesicles, called liposomes, become very
popular for transporting active substances to the skin. These particles in their structure
can transport hydrophile, lipophile, and amphiphile molecules, which are widely used not
just for the cosmetics industry [1; 2].

Quality control is important to ensure the efficacy and safety of a cosmetic product.
Stability tests of a cosmetic product can be performed in real-time or under accelerated
conditions. For stability testing under accelerated conditions, it is suitable to use, for
example, the LUMiSizer analytical centrifuge with STEP-Technology. Quality tests should
monitor stability and physical integrity under the specified conditions of storage,
transport, and use, and should study chemical stability, microbiological stability, and
compatibility between the cosmetic product and the container in which the product will
be stored [3].

2 Experimental

2.1 Preparation of skin creams and liposomes

A sample of native skin cream was prepared, and then skin creams with 10%, 20%,
and 30% addition of liposomal particles were prepared. All the raw materials used to
prepare liposomes are shown in Table 1 and the raw materials for the preparation of
creams are shown in Table 2. First was prepared material for the cream oil phase (jojoba
oil, shea butter, olivoil emulsifier, and vitamin E). These compounds were put in the water
bath temperate at 65 °C to melt. Next, the distilled water was measured and added to the
water bath. The heated water was added to the complete melted oil phase and this
mixture was homogenized at 5000 RPM for 5 minutes. A compound of glycerin and
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xanthan gum was added to the prepared emulsion and was dispersed at 3000 RPM for
5 minutes. The mixture was left to cool slightly and then preservatives and essential oil
were added. Again, the mixture was homogenized at 5000 RPM for 10 minutes.

Liposomes were prepared by the method of sonification by ultrasound
homogenizer. Lecithin and cholesterol were put in the reagent bottle. Distilled water was
added to this mixture. Vitamin E was dissolved in 4 ml of chloroform. The compound of
vitamin and chloroform was added to the water, cholesterol, and lecithin in the reagent
bottle. The mixture was sonicated by bar homogenizer with 70% efficiency for 15 seconds
in 4 cycles. After sonification, the opened reagent bottle was put in a fume hood on a
magnetic stirrer with a heating plate, which caused the chloroform to evaporate. Next, the
skin cream was made — the preparation process was the same as the preparation of native
skin cream. After the preparation of the lotion, the mixture was left to mildly cooled to a
temperature of approximately 37 °C. At that temperature, 20 ml of the prepared liposome
solution was gradually added to the cream while homogenizing with a dispersant at 3000
RPM for approximately 2 minutes.

Table 1 — The theoretical weighting for the preparation of liposomal particles with vitamin E.
The total amount of creams was 120 g.

10% liposomal 20% liposomal 30% liposomal
Lecithin 108.00 mg 216.00 mg 324.00 mg
Cholesterol 12.00 mg 24.00 mg 36.00 mg
Vitamin E 12.00 mg 24.00 mg 36,00 mg
Chloroform 1.2ml 24 ml 3.6 ml
Distilled water 12.0 ml 24.0 ml 36.0 ml

Table 2 — The theoretical weighting for the preparation of skin creams. The total amount of
cream was 120 g.

Native cream 10% liposomal 20% liposomal 30% liposomal
Jojoba oil 12.00g 12.00g 12.009g 12.00g
Shea butter 12.00g 12.00g 12.00g 12.00g
Olivoil emulsifier 6.00g 6.00g 6.00g 6.00g
Vitamin E 12.00 mg -) =) =)
Distilled water 78.00 ml 66 ml 54 ml 42 ml
Glycerin 6,009 6.00g 6.00g 6.00 g
Xanthan gum 0.36g 0.36g 0,36 g 0.36g
Essential oils
Jasmine 25 drops 25 drops 25 drops 25 drops
Lavender 25 drops 25 drops 25 drops 25 drops
Rosewood 25 drops 25 drops 25 drops 25 drops
Preservatives
Cosphagard elbe 2409 2409 240¢ 2409
Penthylen glycol 1.20g 120 g 1.20g 1.20g
Liposomes + vit. E 0 ml 12 ml 24 ml 36 ml

2.2 Stability of prepared skin creams

All prepared samples were subjected to sedimentation analysis using a LUMiSizer
analytical centrifuge. In all cases, the analysis was run at 4000 RPM for 5 hours and the
measurements were performed in 4 cycles at a wavelength of 865 nm. All samples were
run a total of four times to obtain more reliable data and measurements were performed
at a laboratory temperature of 25 °C and subsequently at 37 °C, a temperature
approximately equivalent to human body temperature. The stability study of prepared
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Table 5 — The setup of the second step of the thixotropic test of skin cream.

Shear rate 200.0s™ 200.0s™
Duration time 180s 180s

Delay time 5s 5s
Temperature 25°C 37°C

The third step of the experiment represented the behaviour of the cream after
application and spreading on the skin, where again only gravity was applied to the
sample.

Table 6 — The setup of the third step of the thixotropic analysis of skin cream.

Shear rate 0.1s™ 0.1s™
Duration time 300s 300s
Delay time 1s 1s
Temperature 25°C 25°C

2.4 Characterization of liposomes

The prepared liposomes were measured on a ZetaSizer Nano ZS Mavern to study
their stability and size for 12 weeks — the experiment was repeated every 4 weeks. From
the prepared liposome solution, 1 ml was pipetted and diluted 100x with distilled water
for analysis. The stability analysis of the liposomal particles was performed immediately
after measuring their size, using the same sample. To measure the zeta-potential, a dip-
electrode was dipped into the sample cuvette and the cuvette with the electrode was again
carefully inserted into the instrument. The detailed setup of the methods is given in the
tables below.

Table 7 — The setup of the measure of the particle size.

Index of refraction Protein
Solvent Water
Temperature 25°C
Cell Glass cuvette
Number of the measurements 9
Number of repeats in the measurement 12
beam position from the cuvette wall 1 mm

Table 8 — The setup of the measure of the zeta-potential.

Index of refraction Protein
Solvent Water
Temperature 25°C
Cell dip-electrode
Approximation Smochulowsky
Repeats of the measurement min. 10, max. 25
Number of the measurements 5
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3 Results and Discussion

3.1 Long-term stability of skin creams

From the data obtained, the average stability values for each analysis interval were
calculated. From the calculated values shown in Table 9, it can be seen that the native
cream without the addition of liposomal particles showed the highest stability during the
entire measurement interval at 25 °C, while the cream with 10 wt.% addition of liposomes
in the aqueous phase was almost as stable as the native cream. The skin cream with a 30
wt.% addition of liposomes also showed good stability. The cream with 20 wt.% liposome
addition showed the worst stability and the measured instability index values differed
significantly from the other samples.

During the experiment at the laboratory temperature, it can be observed in general
for all samples a continuous slow decrease of the instability index values, i.e., all samples
showed an increase in stability during the 12 weeks. This phenomenon was likely due to
the slight evaporation of water from the samples during handling experiments. Only the
sample containing 10 wt.% liposomes when measured at 1 week and 12 weeks after
preparation deviates from this trend, where a slight decrease in stability is evident. This
change may have been due to the coalescence of air bubbles that entered the system
during homogenization during sample preparation. It is also possible that the evaporated
water that condensed on the plastic cap during storage came into contact with the lotion
again (or leaked out during handling of the protective cap) and was dispensed into the
measuring cuvettes with the sample during the experiments, which could have caused it
to separate from the sample earlier and thus adversely affect the results.

Table 9 — Summary of average instability index values for all lotion samples at a temperature

of 25 °C.
Age of skin Native 10% liposomal 20% liposomal 30% liposomal
cream Index of instability (=)
1 day 0.014 + 0.001 0.015+0.003 0.054 +0.010 0.019 +0.003
1 week 0.012 + 0.002 0.017 £ 0.003 0.041 + 0.005 0.018 £ 0.003
4 weeks 0.011 + 0.001 0.010 + 0.002 0.037 + 0,003 0.018 £ 0.003
12 weeks 0.010 + 0,002 0.012 + 0.004 0.025 + 0.008 0.010 + 0.002
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Figure 1 — Changes in the stability values of the samples at an interval of 12 weeks at 25°C.

Experiments carried out at an increased temperature of 37 °C show that the stability
of skin creams decreases at higher temperatures. The average values of the instability
indices are given in Table 10, and the calculated data show that the stability changed least
in the case of the native lotion, whereas the sample with 20 wt.% liposome addition
showed the greatest differences. The stability changes of all analysed samples are plotted
graphically in Figure. 2.

The native sample without the addition of liposomes showed the least stability
changes over time, although it did not show the highest stability immediately after
preparation compared to the other samples. Furthermore, the sample with 30 wt.%
addition of liposomal particles showed the least change in stability, although this sample
showed the least stability at increased temperature at the beginning of the experiment. For
these two samples, there was not only an increase in the instability index as there was for
the other two samples, but the values changed in leaps and bounds over time. For the
samples with 10 wt.% and 20 wt.% liposome addition, stability decreased with time, and
phase separation occurred more readily, with a distinct layer of oily phase forming above
the sediment. Since the increase in instability index values was predominantly due to the
increase in the free phase, it can be assumed that evaporation of the free phase from the
samples does not have a significant effect on the stability at increased temperatures.

Table 10 — Summary of the average instability index values for all lotion samples at a
temperature of 37 °C.

Age of skin Native 10% liposomal 20% liposomal 30% liposomal
cream Index of instability (—)

1 day 0.024 +0.002 0.015 £ 0.004 0.160 £ 0,014 0.217 £ 0.001

1 week 0.026 + 0.002 0.025 £ 0.012 0.204 + 0.002 0,205 £ 0.004

4 weeks 0.022 £ 0.003 0.026 + 0.006 0.209 £ 0.001 0.203 £ 0.002

12 weeks 0.025 + 0.006 0.042 +0.003 0.238 £ 0.012 0.213 + 0.006
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Figure 2 — Changes in the stability of the samples at an interval of 12 weeks at 37°C.

3.2 Rheological properties

All measured values were evaluated in Data Analysis software. After consultation, it
was proposed to interleave the obtained data with the Cross model, from which zero and
infinite viscosity values were subsequently obtained. This model was subsequently used
for all measurements. The zero viscosity represents the viscosity that the sample would
have if it were not subjected to any stress. It could be said to correspond to the viscosity of
the sample during storage when only gravity is applied to the sample. Conversely, infinite
viscosity can be thought of as corresponding to the viscosity of a sample that is subjected
to an infinitely large shear force. In the case of lotions, it can be assumed that in practice
the viscosity of the sample approaches this value when the lotion is spread on the skin.

The zero viscosity at 25 °C shows no common trend for all samples, which is evident
from looking at the graphical representation of the changes in the values of this viscosity,
see Figure 3. In the case of the native skin cream, there were step changes throughout the
analysis, as well as in the case of the sample with 20 wt.% liposome addition, this
dependence was plotted on the minor axis for clarity, as the values differed by an order of
magnitude compared to the others at 4 weeks of age. In the case of the lotion with 10 wt.%
liposomes, there was a slight increase in the zero viscosity values throughout the
measurement period, and conversely, in the case of the sample with 30 wt.%, there was a
decrease in these values throughout the experiment.
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Figure 3 — Graphical representation of the changes in the values of zero viscosity at 25°C.

Figure 4 shows a summary of the average rounded values of the zero viscosities and
the calculated standard deviations for measurements at 37 °C. It can be seen from the
results that at increased temperatures, the native sample and the sample with the addition
of 10 wt.% liposomes showed the largest variation in zero viscosity, in which case the zero
viscosity increased with time. In the other two cases, the values varied in leaps and

bounds.
1,8E+06 4,50E+06
1,6E+06 X X 4,00E+06
;@:1,4E+06 3,50E+06 g
> L2E+06 3,00E+06 >,
2 1.0E+06 1 1 2.50E+06 3
‘£ 8,0E+05 2,00E+06 2
é 6,0E+05 j U 1,50E+06 é
£ 40E+05 LOOE+06 £,
2,0E+05 % 5,00E+05
0,0E+00 IS+ FK - ————>——F 0,00E+00
0 20 40 60 80 100

sample age (day)

X 10 wt.% liposomal X20 wt.% liposomal <30 wt.% liposomal Xnative

Figure 4 — Graphical representation of the changes of the values of zero viscosity at 37°C.
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The infinite viscosity values obtained at laboratory temperature show that, as in the
previous cases, the infinite viscosity values do not follow a common trend for all samples
(Figure 5). Only in the case of the native sample, an increasing character can be seen
throughout the experiment, whereas in the case of the sample with the addition of 20 wt.%
liposomal particles, a decreasing character of the observed value throughout the
measurements can be observed. The other two samples had higher values of infinite
viscosity after the first week of the experiment than at the beginning of the measurement,
but subsequently, the values decreased; after 12 weeks the value of the monitored
parameter in the case of the sample with the addition of 10 wt.% liposomes increased
significantly. In the case of the sample with 30 wt.% liposomes, the behaviour of the
infinite viscosity was opposite after 12 weeks of measurements and a slight decrease in the
values of the monitored parameter was observed.

0,30 ; 8,00E-06
2025 | _ 7,00E-06 _
& ] 6,00E-06 &
2 020 5,00E-06 2
8 8
20,15 4,00E-06 3
> >
Q ] - 3}
£ 0,10 ] N 3.00E-06 .2
g 2,00E-06 £
Zo00s K X x ’ 5

’ :E é ¥ T 1,00E-06

0,00 FrHKr——r—r-Rr——————— et 0,00E+00

0 20 40 60 80 100

sample age (day)

Xnative X 10 wt.% liposomal X20 wt.% liposomal X 30 wt.% liposomal

Figure 5 — Graphical representation of the changes in the value of infinite viscosity at 25°C.

The infinite viscosity at 37 °C can be considered as the viscosity of the samples when
spread on human skin. The average values of these viscosities and the calculated standard
deviations are plotted graphically in Figure 6 to better visualize the changes in values over
12 weeks. Only the native sample and the sample with 10 wt.% addition of liposomal
particles showed a net increasing character of infinite viscosity throughout the
experiment. For the other two samples, the values first decreased and then increased, and
only the sample with 20 wt.% liposome addition did not increase to such an extent that
the value at the beginning of the measurement was exceeded. The largest difference in
values was observed for the sample with 10 wt.% liposome addition, which is plotted on
the minor axis for clarity. From the measured values, it can be assumed that the cream
with 10 wt.% liposomes is the best spreadable at the 1-day age of preparation as it shows
the lowest infinite viscosity values. On the other hand, the cream with 30 wt.% liposome
addition at an age of 12 weeks should be the least spreadable as it shows the highest
infinite viscosity values.
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Figure 6 — Graphical representation of the changes in the value of infinite viscosity at 37°C.

From the measured data during the thixotropy study, the regeneration rate of the
samples was calculated. Table 11 shows these values for measurements at 25°C. The
results show that at the laboratory temperature at the beginning of the measurements, the
native sample showed the highest regeneration rate; the lotions with the addition of
liposomal particles regenerated their structure less well. In the long term, the regeneration
rate tended to decrease. Conversely, in cases where a higher regeneration rate was
observed, water may have evaporated from the sample during handling and storage.
Conversely, the decrease in the regeneration capacity of the internal structure over time
may have been due to changes that occurred in the structure of the samples. Coalescence
of air bubbles and their disappearance during sample loading, slight phase separation of
the emulsion base, condensation of evaporated water, oxidation of added liposomal
particles, and possible microbiological activity may have occurred.

Table 11 — Values of the regeneration rate of the samples at 25°C.

Regeneration rate

) 10 wt.% 20 wt.% 30 wt.%
Sample age native . ; .
liposomal liposomal liposomal
1 day 47.78 40.05 38.91 44.24
1 week 50.34 39.97 38,55 44.68
4 weeks 40.09 33.20 41.88 44.83
12 weeks 37.29 32.38 36.31 31.27

The results for the increased temperature analysis show that the sample without
liposomes again showed the highest rate of regeneration of the internal structure, this time
at all measurement intervals (Table 12). It can be said that the rate of generation decreases
with the age of the sample, which may be due to the same reasons already mentioned in
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the previous paragraph. After the individual measurements were completed, in some
cases a fine phase separation was visible on the sensor, suggesting that the aqueous phase
was separated from the oily phase during the analysis. The separated oily phase could
exhibit a higher stability on the sensor, which could increase the ability to regenerate the
internal structure.

Table 12 — Values of the regeneration rate of the samples at 37°C.

Regeneration rate

Sample age native I'10 wt.% 20 wt.% 30 wt.%
iposomal liposomal liposomal
1 day 40.15 33.12 35.98 33.01
1 week 35.75 32.81 28.93 21.32
4 weeks 34.78 29.89 24.57 24.76
12 weeks 31.49 29.16 24.66 28.48

3.3 Properties of liposomes

From the graphical dependence plotted in Figure 7, it can be seen that most of the
particles are approximately in the range of 200 nm to 300 nm. These approximate size
limits can be determined by the most prominent peaks, which reach their maximum at
these values. In the case of the analysis at an age of 8 weeks, a small peak in the region
around 40-60 nm can be observed, thus the system shows a higher polydispersity than the
other measurements. It could be degrading liposomes, which break down into smaller
particles due to oxidation of phospholipids, and thus release the encapsulated vitamin
into the aqueous environment. Alternatively, it could be an error caused by a minor
impurity in the system. When analysed after 12 weeks of age, the average particle size is
again shifted to lower values, new particles may have formed in the system after
degradation of some of the liposomes, or oxidation is not as pronounced.
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Figure 7 — Graphical dependence of intensity of light scattering on size of liposomal particles.
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From the results, it is clear that except for the analysis at 8 weeks of age, the particles
showed good stability as shown in Table 13. The particles can be considered very stable
when the zeta-potential is higher than +30 mV or less than —30 mV. Samples can be
considered most stable at 4 weeks of age and least stable at 8 weeks of preparation. Values
after 8 weeks do not reach =30 mV, but since this stability limit is not fixed, the sample can
still be considered stable. Changes in zeta-potential values correspond to changes in
particle size studies.

Table 13 — Measured zeta-potential values during the 12-week observation period.

1 week 4 weeks 8 weeks 12 weeks
(=) -40.4 -30.4 -33.4
-31.0 —40.8 -28.9 -32.9

Zeta-potential B B _ _
(mv) 33.0 36.7 29.5 34.0
-33.8 -35.9 —27.9 -32.9
-32.4 -37.4 —26.9 -33.0
average of -325%12 -382+22 -287+14 -332+05
values
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1 Introduction

Hyaluronan is a widely used natural glycosaminoglycan which has a variety of
functions in living organisms. According to its molecular weight it can be found in the
intermolecular space as one of the main parts of the extracellular matrix as well as acts as
one of the signalling molecules during cancer cells proliferation [1]. Although it has a
strong hydrophilic character, advantageous equatorial position of polar groups offers a
possibility for hydrophobic compounds to interact with hydrophobic carbon ring once the
solvation shell is disrupted. The idea that hydrophobic interactions affect the
conformation of the hyaluronan chain depending on the surrounding environment was
explored by John E. Scott et al., who first published a paper in 1992 assigning the structure
of hyaluronan in aqueous media to the shape of a double helix. In this paper authors also
stated that hydrophobic domains can ensure an interaction of hyaluronan with other
hydrophobic macromolecular compounds [2].

The idea of using freeze-drying to carefully reach the hydrophobic domain of
hyaluronan was firstly mentioned in an article by Michalicova, Mravec and co. In this
study, the authors focused on the accessibility of the hydrophobic domains of hyaluronan
using the freeze-drying method. The fluorescence probes were used as a drug substitute
which allowed them to observe the different behaviour of the probe in the system before
and after lyophilisation. In addition, tert-butyl alcohol was used as a co-solvent which due
to its -OH polar group is mixable with water but also makes suitable environment for
dissolving a hydrophobic drug thanks to its quite large carbon skeleton. Tert-butyl alcohol
in mixture with water further meets all requirements for a suitable solvent used for freeze-
drying technique [3].

Freeze-drying is a gentle technique for drying samples that could be degraded by
high temperatures. We are talking primarily about biological samples such as proteins,
enzymes, saccharides etc. During the process of freeze-drying, samples in vacuum are
frozen. As the temperature is then slowly raised, solvent sublimes from the sample. The
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drying is divided into two parts; during primary drying nearly 95 % of water sublime,
therefore the aim of secondary drying is to get rid of water residues, which are the
molecules of water attached to the sample surface by adsorption. Once secondary drying
is complete, the samples are fragile but retain their biological function [4].

2 Experimental

2.1 Freeze-drying

Solutions in beakers were covered with penetrated parafilm and placed on the shelfs
of a freeze-dryer (SP VirTis Advantage Pro Freeze Dryer by AT). Freezing of the samples
was caried out by gradually lowering the temperature to the final temperature of -15 °C at
which the samples were left for 5 hours. During the primary drying the temperature was
gradually raised (1 °C per 5 hours) as well as the pressure increased from 100 mTorr to
200 mTorr (20 mBar per 5 hours). During secondary drying the temperature was
gradually raised to 25 °C with pressure of 800 mTorr. Lyophilized cakes were then
transferred from beakers to vials and stored in a vacuum desiccator. Step-by-step freeze-
drying process set up is shown below (Table 1 and Table 2).

Table 1: Thermal treatment of samples.

Step T[°C] Ramp [min] Hold [min] Step T[°C] Ramp [min] Hold [min]
1 2 60 30 6 -15 30 300
2 0 15 30 7 - - -
3 -5 30 15 8 - - -
4 -10 30 60 9 - - -
5 -12 30 180 10 - - -

Table 2: Drying steps (primary and secondary drying of the samples).

Step oT Ramp Ho_ld Vacuum Step oT Ramp Ho_Id Vacuum
[°C] [min] [min] [mTorr] [°C] [min] [min] [mTorr]
1 -15 10 300 100 7 -5 60 600 300
2 -14 10 300 120 8 -2 60 600 400
3 -13 10 300 140 9 0 30 600 500
4 -12 10 300 160 10 5 60 300 600
5 -1 10 300 180 11 15 60 300 700
6 -10 10 300 200 12 25 120 450 800

2.2 Characterization of samples

Freeze-dried samples containing hyaluronan and drugs were dissolved in deionised
water and measured using FS5 Edinburgh spectrofluorometer for (steady-state
fluorescence) and Horiba Jobin Yvon Fluorocube (time-resolved fluorescence) whereby
both were performed at a laboratory temperature.
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Emission scan for steady-state fluorescence was set at 370-600 nm, with a variable
excitation wavelength corresponding to the properties of individual samples. The
individual wavelengths were obtained from excitation-emission spectra of drug samples
dissolved in chloroform.

The time-resolved fluorescence measurement was performed with following set-up:
2048 channels, 10 000 counts, TAC 50 ns. From the results obtained from the mentioned
spectra suitable diodes were selected for the characterization of each sample according to
the value of the wavelength maximum of its fluorescence spectrum.

The samples were also measured using attenuated total reflectance FTIR technique
using a Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham, United States).
Steady-state FTIR spectra were recorded over the rage of wavenumber from 4000 to 400
cm-1 with a resolution of 4 cm-1 and number of scans count of 64. The acquired data
were analysed with a focus on the 1200-900 cm-1 wavenumber range, i.e. fingerprint
region.

Tert-butyl alcohol residues were measured using the head-space solid phase
microextraction with gas chromatography and mass spectrometry as a tandem analysing
methods. A multicomposite fiber DVB/CAR/PDMS 50/30 mm was used for the
microextraction with incubation at 40 °C and extraction at the same temperature. For the
analyse Thermo Scientific TRACE 1310 Gas Chromatograph was used with TG-WAXMS
(Thermo Scientific) column and following set-up: constat helium flow 1.0 mL-min-1 at 230
°C (to secure desorption from the fiber). Connected Mass Spectrometer ISQ LT with single
quadrupole (Thermo Scientific) was used to determine solvent residues with characteristic
value of m/z equal to 59. The data analysis was performed with NIST library.

3 Results and Discussion

Firstly, it must be said that since drug sample BI201335 could not be dissolved in a
mixture of tert-butyl alcohol and water, it was excluded from the further examination.
Secondly, all prepared samples were soluble as soon as they underwent lyophilization,
which is the simplest confirmation of a successful preparation.

Due to the different fluorescence properties of each sample, each differed in the
amount of drug studied. The concentration of drugs on the hyaluronic carrier is shown in
the Table 3.

Table 3: Amount of drug per carrier.

Sample Amount of drug per 1 g of carrier (mg)
1 1,75
2 2,6
3 1,0
5 0,8

40



1,0 - e A .

8}

Q

§ jl I'-‘ B

(73] [ / \ ) .

g 0,8 - - \ Drug in water

= | Ex 270 nm

E I.

L‘a !

g1 1

L%]

=1

8 \

g 049 - :

.= / -

[8) \

i A\

S i \ i

g 02 "

— .

=) -

Z S~
0,0 .

T T T T T 4 T T T
350 400 450 500 550 600
Wavelenght (nm)

Figure 1: Fluorescence spectrum of sample 3 with noticeable blue-shift.

Steady-state fluorescence spectrum showed the desired shift of the peak emission
intensity to the lower wavelengths (blue shift) compared to the emission spectrum of a
drug in the aqueous environment. Although there is a significant difference of
concentration of a drug carried by hyaluronan and of a drug that was able to dissolve in
water (which from the hydrophobic character of the drug samples was very low), the blue
shift indicates a change in the polarity of the environment in which the drug is located.
The non-polar hydrophobic hyaluronan domains in which the drug is probably
incorporated were made available thanks to tert-butyl alcohol cosolvent and freeze-drying
process. Also increased intensity of fluorescence is a confirmation of a location of the drug
in its preferred environment.

Time-resolved fluorescence was measured for drugs dispersed in water and for
dissolved lyophilized systems. To dissolve at least a small amount of drugs in water,
systems had to be kept on a laboratory magnetic stirrer for 5 days. After this time, it was
possible to observe a significant aggregation of the drug in the upper part of the
volumetric flask, which was caused by the drug trying to avoid contact with water.
However, the fluorescence spectra indicate that at least a small part of the drug has been
released into the aquatic environment.
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Figure 2: Volumeric flask with a significant affregate of drug.

While in the case of the drug itself in water the decay curve is nearly linear so when
fitted only one lifetime of fluorescence per sample was gained, the freeze-dried systems
show a quasi-exponential decrease, giving two lifetimes per sample. The first time could
be considered as a lifetime of fluorescence of a drug in an aqueous environment whilst
second time should be a confirmation of drug attached to the hyaluronan chain or of a
drug incorporated into a polymeric coil. Since the measurement could be affected by light
scattering, channel value 0,5 was set as a most probable value representing the scattering
and was excluded to prevent the misinterpretation of the data. The most interesting
results were in the case of sample 5 — as can be seen in Figure 3, fluorescence lifetime of a
drug dispersed in water is very short whereas when lyophilized, significant second time
was obtained proving that at least some drug particles are situated in a hydrophobic
environment of hyaluronan domains.
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Figure 3: Fluorescence decays of lyophilised samples in comparison with drug alone.

Although sample 3 has an even higher second lifetime of fluorescence, it is uncertain
whether the measurements for this sample are of indicative value since in the case of the
drug in water the signal was so low that it was necessary to reduce the required number
of counts. Nevertheless, the confirmation of a successful preparation of a carrier system in
this case may not be the time difference but the fact, that once the system was lyophilized,
the signal was much higher, corresponding to the higher concentration of the drug in the
system caused by its incorporation into the hyaluronic carrier.
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Table 4: Fluorescence lifetime of samples prepared in two batches and of the drug alone in
water.

A B Drug in water
time [ns] time [ns] time [ns]
scatter 0,01 0,01 0,01
t 1,57 1,58 1,62
t2 4,59 5 -

A B Drug in water
time [ns] time [ns] time [ns]
scatter 0,01 0,01 0,01
ty 1,43 1,43 1,46
t2 4,94 4,65 -

A B Drug in water
time [ns] time [ns] time [ns]
scatter 0,8 1,0 0,03
t 52 54 5,02
t2 471 56,9 -

A B Drug in water
time [ns] time [ns] time [ns]
scatter 0,13 0,13 0,11
t 0,61 0,65 0,61
t2 4,65 4,72 -

Lyophilized samples were also analysed by real time infrared spectroscopy with
Fourier’s transformation. These systems were compared with native lyophilized
hyaluronan and native hyaluronan in a form of powder. Since the conformation of native
hyaluronan in the form of powder is affected by air humidity which supports strong
hydrophilic effect of the compound, the lyophilized systems underwent a process during
which the solvation shell was disrupted causing the interruption of hydrogen bonds.
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Formation of hydrogen bonds leads to prolongation of bonds such as, but not limited to,
C-OH. Once the environment is unsuitable for forming these non-covalent interactions
(when the samples are dried), the covalent bonds are shortened. In the presence of a
hydrophobic drug, the hydrophobic effect is enhanced which leads to changes in the
conformation of the whole polymeric chain in favour of orienting the hydrophobic parts
together, also affecting the bonds previously participating in forming of hydrogen bonds.

As is shown in the Figure 2, lyophilized samples show a shift of absorption bends to
higher values (higher energy), which is, as mentioned before, called a blue-shift. Attention
was paid to the characteristic absorption band in the 1040 cm-1 wavelength region. This
band corresponds to the C-OH valence vibration of primary alcohols and is characteristic
for hyaluronan and easily recognizable since it is not affected by vibrations of the other
groups. The shift is most significant for the samples with drugs which could be
interpreted as another prove of the hydrophobic effect. Since the conformation of native
hyaluronan in the form of powder is affected by air humidity which supports strong
hydrophilic effect of the compound, the lyophilized systems underwent a process during
which the solvation shell was disrupted causing the interruption of hydrogen bonds.
Formation of hydrogen bonds leads to prolongation of bonds such as, but not limited to,
C-OH. Once the environment is unsuitable for forming these non-covalent interactions
(when the samples are dried), the covalent bonds are shortened. In the presence of a
hydrophobic drug, the hydrophobic effect is enhanced which leads to changes in the
conformation of the whole polymeric chain in favour of orienting the hydrophobic parts
together, also affecting the bonds previously participating in forming of hydrogen bonds
[5].

The concentration of residual tert-butyl alcohol was determined by head-space
microextraction of thin layer. Due to the volatility of the solvent this method was an
efficient way to analyse lyophilized samples and valuable data were obtained. The
concentration of residues varies from 0,1 to 0,2 wt. % which is higher than was expected
and will therefore be the subject of further studies. In the chromatograms we can also see
a distinct peak with a retention time of 6,24 seconds. This peak could correspond to
compounds formed by microbial activity on hyaluronan.
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Figure 4: FTIR spectrum of sample 3 in comparison to lyophilised hyaluronan and native
hyaluronan in the form of powder with a visible blue-shift.
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1 Introduction

Food poisoning is an unpleasant experience. An estimated 600 million people fall ill
from contaminated food every year [1]. Systems to reduce the probability of the food
becoming dangerous for human consumption have been developed (e.g.: Hazard Analysis
Critical Control Point (HACCP) [2] or various methods of extending the food shelf-life, such
as vacuum or modified atmosphere packaging).

Among other compounds, ammonia and amines are evolved as a product of protein
decomposition by bacteria during the food spoilage [3]. Amines are organic compounds
with an NH2 group which renders amines basic substances. Therefore, amines can affect the
pH of a solution. There has been ongoing research on smart food packaging indicators
based on a pH change [4-7]. However, amines can also specifically react with ninhydrin
forming a colored substance.

This contribution describes an indicator based on the reaction between amines and
ninhydrin. The indicator design lies in ninhydrin-hydroxypropyl cellulose solution printed
on a PET foil. The printed indicator is also covered with a UV-curable coating that should
act as a barrier between the indicator and the food inside the packaging, reducing the risk
of food contamination.

2 Experimental

2.1 Chemicals

Following chemicals were used in this work: ninhydrin (Sigma-Aldrich),
hydroxypropyl cellulose (Kremer Pigmente GmbH & Co. KG), butylamine (Sigma-Aldrich),
isopropanol (Ing. Petr Svec — PENTA s.r.0.), UV coating Packcure Secure Opaque white
CPY90100 (FlintGroup), deionised water
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2.2 Preparation of aqueous butylamine solution

3.22 g of butylamine was added in to 50 ml of deionized water. The solution was
mixed and stored in a volumetric flask in the dark at room temperature.

2.3  Preparation of amine indicator polymer printing mixture

An aqueous solution of ninhydrin with concentration 0.2 % (w/w) was prepared by
adding the weighted amount of ninhydrin to deionized water. After dissolution of
ninhydrin, hydroxypropyl cellulose was added so that the final solution was 5 % (w/w)
with respect to hydroxypropyl cellulose. The final mixture was kept in a plastic container
in the dark at room temperature.

2.4 Amine indicator printing

The amine indicator printing mixture was printed on a PET foil Optimont® 501
(Bleher) using Mayer’s rod (Industrial Physics) and TQC automatic coater (Industrial
Physics). The PET foil was cleaned with isopropanol before printing. The thickness of the
wet printed layers was 30 um. The printed layers were dried at 60 °C for 5 minutes in
laboratory hot air dryer UF110 (Memmert). The dried indicators were then covered with
a UV-curable coating using screen printing machine SD 05 (RokuPrint) using screen 180-
27Y (SERVIS CENTRUM a.s.). The coating was then cured for 19 minutes using a UVC lamp
(ULTRALIGHT AG). The distance between the coating and the source of irradiation was
set to 40 cm.

25 Amine sensitivity

The indicator solution on a PET foil was placed inside the measurement apparatus,
which is shown in Figure 1. The indicators were cut to 2 cm squares and fixed onto alumina
ceramic plates or microscopic glass slides. The fixed indicators were placed inside the
measurement apparatus. The schematic view in Figure 2 illustrates the measurement setup
in more detail. Reflectance probe was inserted into the apparatus and 1 ml of aqueous
butylamine solution was injected into the apparatus. At this point, the stopwatch was
started.
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Figure 2: Schematic view of the measurement apparatus

2.6  Reflectance spectra measurement

Reflectance spectra were measured with spectrophotometer USB 650 UV
(OceanlInsight). The spectrophotometer was calibrated against white reference: clean
alumina ceramic plate for polymer indicators with no coating and against UV coating for
coated polymer indicators. During the exposure to butylamine, reflectance spectra were
captured every 20 minutes. The L'a’b" values were calculated by the spectrophotometer’s
software.

Reflectance spectra were converted to spectra of optical densities by using
formula (1):

D, =—1og(1%0] 1)
,where Du is spectral optical density and Rx is spectral reflectance.

The color difference value AE,, was calculated using formula (2) [8]:
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AE, =\(AL Y’ +(Ad’)? +(Ab')? @)
,where AE/, is color difference value, AL, Aa , Ab’ is the difference between L, a’,

b’ values of two colors.

3  Results and discussion

The uncoated printed amine indicator is sensitive to butylamine as can be seen from
the change of optical density spectra in Figure 3. The color change is easily distinguished
by naked eye in 80 minutes in a direct comparison. This color difference is characterized by

value of AE,, =7 . The color change is visualized in Figure 4. Figure 5 illustrates how the

color difference value changed during the butylamine exposure.
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Figure 3: Optical density spectra for printed amine indicator with no coating
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Figure 4: Visualization of the indicator’s color change during the butylamine exposure
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Figure 5: Color difference value vs time of butylamine exposure

From the optical density spectra in Figure 6, it can be concluded, that the UV coating
blocks the butylamine molecules from reaching the printed indicator, as no color change
was observed. This is in contrast with earlier findings by our group, where the UV curable
coating was permeable for oxygen. Butylamine is larger molecule, compared to oxygen,
which is probably the reason why butylamine does not penetrate the coating.

0.40
AMINSENS 20230911 NEI lak 1
0354
0.30 —— 0 min
—— 20 min
2z 0254 —— 40 min
£ —— 60 min
= 0209 80 min
£ s 100 min
s —— 120 min|
0.104 —— 140 min|
—— 160 min|
0.05 4 —— 180 min|
R P—
-0.05 T T T
500 600 700

Wavelength (nm)

Figure 6: Optical density spectra for UV coating covered printed amine indicator

4 Conclusion

An amine indicator for food packaging was prepared by printing the indicator
solution on a PET foil. The indicator successfully reacted to butylamine with visible color
change that can be distinguished by the naked eye in 80 minutes in direct comparison.
However, when the indicator is coated with an UV curable coating, no color response was
observed. Further research on suitable indicator coatings is needed to ensure food safety of
the packaged food.
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1 Introduction

The growing demand for energy and materials in modern society is pushing
scientific research to find new alternative sources to traditional fossil raw materials. The
use of biomass represents the use of an alternative with a lower negative impact on the
environment.

Lignocelluloses are considered as the most promising starting material to express the
concept of biorefinery. These such as agricultural residues, forest residues, herbaceous
and woody energy crops and specialty crops are renewable and inexpensive with an
annual production of 200 gigatons per year. This fact can make them an alternative to
fossil resources. Efficient recovery of the valuable content in lignocellulosic biomass
requires pretreatment techniques capable of efficiently fractionating the biomass to
overcome the defiant properties of the substances of this matrix!,2.

A relatively new class of green solvents that has been addressed by many authors
are deep eutectic solvents-like mixtures (DES-like mixtures)®. The replacement of
commonly used solvents by green solvents is a very broad area of research and
development. These solvents are rapidly being developed and used as alternative solvent
systems for the processing of lignocellulosic materials. Nowadays, the isolation of fibres
from annual plants is becoming a key issue due to the availability of woody biomass*.
Research has shown that DES-like mixtures can be used to dissolve and hydrolyze certain
biomass components (e.g., lignin), under mild conditions that prevent further
degradation?.

2 Experimental

2.1 Design of a rotation experiment
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As a source of biomass, we chose wheat straw from Slovakia, specifically from the
vicinity of Bratislava. The wheat straw was cleaned of external dirt, leaves and rings and
then cut into 2 to 3 cm pieces. The input biomass was analysed for its chemical
composition (lignin, dry matter, cellulose, holocellulose, ash and extractives content).

For delignification of wheat straw, we used DES-like mixtures in the composition of
choline chloride/lactic acid in a molar ratio of 1:5. The preparation of this solvent was
carried out as follows: a pre-calculated amount of choline chloride and lactic acid was
weighed into a round bottom flask. The mixture thus prepared in the flask was placed in a
water bath, which was run with constant stirring for about 30 minutes at 80°C until a
homogeneous clear liquid was obtained.

To perform the delignification, we prepared the rotary experiment in advance. By this
term we mean the experiments of a given experiment arranged in a specific way, and by
using it we can evaluate the experiment as efficiently as possible mathematically and
statistically®.

Table 1: Proposed delignification conditions for the rotary experiment

Number of Delignification Delignification Biomass to solvent

experiments temperature time ratio
Q) (min) (8/2)

1. 96 97 1:12
2. 144 97 1:12
3. 96 204 1:12
4. 144 204 1:12
5. 96 97 1:30
6. 144 97 1:30
7. 96 204 1:30
8. 144 204 1:30
9. 80 150 1:17
10. 160 150 1:17
11. 120 60 1:17
12. 120 240 1:17
13. 120 150 1:10
14. 120 150 1:60
15. 120 150 1:17
16. 120 150 1:17
17. 120 150 1:17
18. 120 150 1:17
19. 120 150 1:17
20. 120 150 1:17

2.2 Delignification procedure

The next step in our work was to perform delignification on the characterized
biomass. For delignification, we chose a constant mass of a.s. biomass namely 20 g. Then,
according to the rotary experiment, we prepared a suitable amount of DES-like mixtures
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(200 g), which were put into the digester along with the biomass. We used the
temperature and delignification time according to the rotary experiment (Table 1). In total,
we performed 20 experiments, which yielded pulp filter cakes after filtration under
reduced pressure. We set aside the residual leachate in empty dust trays. We also filtered
the leachate from the dust collectors after a few days to obtain the filter cake of lignin. We
dried the filter cakes of fibers in a drying oven to a constant weight to determine the pulp
yield after delignification.

Table 2: Characterization of the pulp after rotary experiment

Number of | Cellulose | Holocellulose | Ash Lignin Yield after
experiments (%) (%) (%) (%) delignification

(%)
1. 65.65 72.34 2.81 20.05 69,9
2. 53.98 66.97 4.28 28.77 53,6
3. 57.27 72.12 4.39 22.67 63,2
4. 52.75 62.55 4.75 33.02 58,2
5. 50.52 71.44 6.06 17.98 60,6
6. 7444 72.67 4.53 22.95 50,4
7. 51.75 71.97 3.91 22.63 57,8
8. 65.93 71.28 3.31 24.54 51,3
9. 45.01 69.61 3.99 21.56 744
10. 43.77 59.17 5.35 35.49 56,8
11. 58.18 79.61 3.05 19.69 52,3
12. 58.18 70.85 4.04 19.22 51,3
13. 53.21 66.66 5.08 27.58 58,2
14. 69.53 80.30 4.26 16.13 48,1
15. 60.88 74.96 4.99 19.34 53,2
16. 59.81 77.66 4.83 18.8 55,2
17. 58.89 75.18 441 18.69 53,0
18. 59.39 73.30 4.07 19.21 55,4
19. 61.29 74.95 4.35 18.97 53,0
20. 58.61 76.70 4.33 19.89 53,7

2.3 Evaluation of the rotation experiment

Table 3: Calculated optimal conditions for delignification

Monitored substance content Cellulose Holocellulose | Ash Lignin
in biomass (%) (%) (%) (%)
Ideal yield (%) 67.74 80.31 1.55 16.44
Temperature(°C) 143 120 80 111
Time (min) 240 150 60 60
Biomass to solvent ratio (g/g) 1:58 1:17 1:10 1:27
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x3— constant ratio, coded level 1,681
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Figure 1: Dependence of lignin content on temperature and time of delignification

2.4 FT-IR and SEM analyses
0,5 -

Untreated wheat straw

—— EXP9 - 80°C, 150 min, ratio 1:17
—— EXPI10 - 160°C, 150 min, ratio 1:17
—— EXP14 - 120°C, 150 min. ratio 1:60

0.4+

Absorbance (-)

A A\

I ! I
1000 1500 2000 2500 3000 3500

0,0 4

Wavenumber (ecm’™)

Figure 2: FT-IR spectra of the untreated wheat straw and samples 9,10, and 14 after delignification
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Figure 4: Images of the fibers after delignification (a) experiment 4; (b) experiment 10 at
magnifications 100X (a) and 1000X (b)

3 Results and Discussion

The percentage of lignin remaining in the samples after delignification varied between
16.13% and 35.49%, while the cellulose content fell within the range of 43.77% to 69.53%.
To pinpoint optimal conditions for delignification, we performed calculations. The ideal
lignin content of 16.44% was achieved at a temperature of 111 °C, a duration of 60 min,
and a biomass to solvent ratio of 1:27.

Although we obtained higher lignin contents in our delignification and lower yields
compared to other studies, the use of green solvents is still preferable alternative for
delignification of wheat straw or other annual plants. Their properties are an advantage in
terms of use as they are non-flammable, biodegradable, environmentally friendly or
economically advantageous.
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1 Introduction

Due to the threat of an impending energy crisis and environmental problems due to
the overuse of fossil fuels and the increase in CO2, it is necessary to develop
environmentally friendly technologies capable of replacing energy-intensive processes.
One of these technologies is photocatalysis, which can convert solar energy into chemical
energy and, thanks to suitable photocatalysts, can split water, convert COz, and degrade
organic pollutants . Most of the available conventional photocatalysts are precious metals
or their oxides, which have limited practical applications due to their cost, lower
photocatalytic activity, or because of the risk of environmental pollution. This is
the reason why carbon-based photocatalysts are gradually being used to replace
conventional photocatalytic materials or to serve as carriers to enhance activity 2.

Graphitic carbonitride (g-C3N4) is a polymeric material consisting of carbon, nitrogen,
and an admixture of hydrogen. It is formed by the tri-s-triazonium rings
cross-linked by trigonal nitrogen atoms. It is the most stable allotrope of carbon nitrides in
the presence of air. It has many surface properties which, due to the presence of basic
surface sites, are attractive for many applications such as catalysis. These are e.g. basic
surface features, the presence of free electrons, or H-bonding motifs. High thermal
stability and hydrothermal stability (insolubility in acidic, basic, and neutral solvents),
allow the material to function in both liquid and gaseous states at elevated temperatures,
which is useful for heterogeneous catalysis 3. The fact polymeric gCN is also responsive
to visible light, has a mnarrow band gap (2.7 eV), is non-toxic, easy
to synthesize from inexpensive precursors, and is metal-free has gained much attention
in photocatalysis research 5.

The binders serve as a mechanical support for the gCN as well as a protective layer for
the substrate. Currently, siloxane-based copolymers are used to improve cyclic stability.
Methyltriethoxysilane has been used as a siloxane precursor and oligomeric siloxane
condensate with methyl moieties was synthesized °. Due to the organosilica binder, we
can obtain porous layers in conjunction with gCN so that successful adsorption of
pollutants to the surface of the photocatalyst grains, which are deposited deeper in
the layer occurs’. The methyl moieties provide solubility and prevent gelation but reduce
the hydrophilicity of the system and limit the electron transfer and holes generated in
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the gCN. To avoid these effects the siloxane binder can be mineralized (e.g., by UV or
plasma) to SiOz, completely inorganic silica °.

Thus, using graphitic carbonitride and a proprietary oligomeric siloxane binder, we
can create formulations that, when deposited on substrates, form photocatalytic layers
with great potential for future applications. In this work, we focus on mechanochemical
modifications of gCN and optimize the binder-catalyst ratio by investigating the reactivity
between gCN and the siloxane binder.

2 Experimental

2.1 Synthesis and milling of graphitic carbonitride

Melamine and cyanuric acid were used to synthesize the supramolecular gCN
complex 8. Their solutions were left on the shaker for 20 min at 250 rpm and then mixed
in a 1:1 ratio and later stirred for another four hours. The obtained mixture was subjected
to centrifugation at 3000 rpm for 10 min. The sediment after centrifugation was dried
overnight in an oven heated to 90°C, after reaching a constant weight. The dried complex
was calcined in a covered aluminum crucible in an oven heated to 550°C under a nitrogen
atmosphere. After the calcination process, the final product, crude graphitic carbonitride,
was collected.

The crude product was subjected to wet milling using glass beads in isobutanol. This
ensured a uniform particle size and distribution suitable for coating. The proposed wet
ball milling equipment with stainless steel mixing blades was used for milling. The device
was filled with 6 g of crude gCN dispersed in 54 g of isobutanol together with 45 g of glass
milling balls of 1 mm diameter. The device was operated at 850 rpm for 72 hours. After
completion of grinding, the beads were separated using a nylon mesh from the ground
extract which had a 10% yield by weight. Thus, a stock dispersion of gCN was obtained
for further formulations.

2.2 Synthesis of binder and mixing formulations with gCN

A proprietary siloxane binder with methyl functional groups was formed from
trietoxymethylsilane and a solution of HCIl in water. The trietoxymethylsilane solution
was placed on a magnetic stirrer and drops of HCl solution were added to the volume at
pH 1. The resulting solution was covered and left on the magnetic stirrer for at least 20
minutes with constant stirring. The solution was diluted to a final concentration of 20%
after its formation and left in the freezer. For formulation with gCN, the resulting siloxane
binder was further diluted to a concentration of 10%.

The coating formulations were prepared by mixing different weight ratios of gCN
stock solution and binder solution (see Table 1).
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Table 1: Formulations of compositions

Percentage composition by weight
Sample
code
% GCN % siloxane
A 99 1
B 98 2
C 96 4
D 92 8
E 84 16
F 68 32

2.3 Coatings and modification

The resulting formulations were deposited on soda-lime glass slides and FTO
substrates using a Mayer rod (spiral rod). The deposition method ensured uniformity in
the thickness of the wet films, namely 30 microns. After deposition, the films were dried at
120°C for 1 h and further stored at ambient temperature in dust-tight containers. To avoid
problems made by methyl groups, the siloxane binder had to be mineralized to
amorphous silica, thereby increasing the activity of the surfaces. The mineralization took
place in a glass container where slides were placed and the bottom covered with about 1
cm of water to prevent overheating under a high-pressure mercury lamp, which provides
radiation in the UV-A and UV-B ranges. The total UV-curing radiant exposure was
80 J/cm?2.

2.4 Methods of measurement

After curing, the physicochemical properties of the substrates were investigated.
XRD was measured on an Empyrean instrument using HighScore Plus software. SEM was
recorded by a Vega Tescan 2 LSH scanning electron microscope. Layer height and
mechanical properties were investigated with a Dektak XT mechanical profilometer.
Infrared spectroscopy was measured by a Nicolet iS50 ATR-FTIR spectrometer.
Photocatalyst activity was investigated using a photocatalytically reduced resazurin
probe. An Ocean Optics Maya compact spectrometer with a fiber optic sampling
attachment and OceanView software was used.
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3  Results and Discussion

3.1 Effect of milling and binder on gCN particles

XRD method was used to investigate the effect of milling where samples of raw
powder without milling, milled stock slurry, and formulations A and F were measured.
The formulations that differed most in binder content were selected to investigate their
effect on the ground particles. A diffractogram can be seen in Fig. 1, demonstrating that
the unground particles have greater diffraction than the ground form of the catalyst.
However, the grinding preserves the particle structure, demonstrating only a small peak
broadening at the stock suspension. Formulations A and F show the same signal, which is
due to their same particle source but with lower intensity relative to the binder-free
samples. Its influence can be observed in the range 20=8~16° where the presence of an
amorphous phase of siloxane condensate is visible in formulation F, which contains the
highest amount of the binder.
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Figure 1: Diffractogram of gCN particles
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3.2 Effect of binder mineralization on photocatalyst layers

To use the photocatalyst layers for photocatalysis in an aqueous solution, it is
necessary to convert the hydrophobic surface into a hydrophilic one. To do this, the
siloxane binder must be at least partially mineralized to amorphous silica, which, unlike
methyl groups, does not prevent adsorption to the catalyst surface. The effect of the
mineralization of the organic groups in the siloxane binder can be observed through the
FTIR images in Fig. 2. The observed substrate sample contained formulation F with the
highest binder content in both the untreated form and the sample after UV curing.
In Fig. 2, the peak decrease at 2950 cm, corresponding to the C-H vibration, can be seen.
This change also contributed to the changes in the physical properties of the coating by
changing to a hydrophilic nature of the coating suitable for catalysis in aqueous solutions.
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Figure 2: FTIR measurement results for F-type coating



3.3 Determination of photocatalyst activity

The fluorescent dye resazurin was used as a model contaminant to determine the
photocatalytic activity of our coatings. Resazurin undergoes photocatalytic reduction to
the highly fluorescent resorufin at Amax=590 nm. The initial rate of conversion of resazurin
to resorufin (rate of fluorescence change) was monitored and thus the photocatalytic
activity of the sample was defined. More active samples produce a steeper initial rate. Fig.
3 shows the average results from several measurements demonstrating the activity of the
different gCN and binder formulations on the substrates.
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Figure 3: Expression of the photocatalytic activity of a series of samples

This experiment also demonstrated that some formulations are susceptible to damage.
Coatings A and B were very susceptible to surface wear and the disruption of the coatings
was present. Sample C, although not disturbed in the reaction, was still susceptible to
mechanical damage. The other formulations D-F were not susceptible to damage and
adhered to their substrates during measurements.
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3.4 Surface properties of applied coatings

After the coatings were applied to the substrates and cured, it was not possible to
observe much visual change with the naked eye between formulations. The only visual
difference was that the samples with high gCN content (A-B) were more opaque
compared to those containing more binder (E-F). SEM imaging revealed several
differences between the samples (Fig. 4). Sample A (left) has a more porous texture and a
fluffier surface compared to sample F (left). The latter, mainly due to the high binder
content, has a more compact surface and the particles appear less aggregated compared to
the surface with higher gCN content.

SEMMVI000 KV WD O28Tem [ L VEGAT TESCAN  SEM MV 2000 KV
View fiekd 8032 ym 5 iew field €032 ym s
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SEMHV: 20,00 kY WD: 8252 mm VEGAL TESCAN  SEM HV: 2000 kv WO 9716 mm
View fiekd: 2056 pm  Det SE Detector Sum View field: 2058 pm Dot SE Detector
SEMMAG: 1833 kx  Date(midiy). 100523 FCH SEMMAG 18.33kx  Datefmidiy) 100523 FCH‘

Figure 4: SEM view of selected samples

Due to the siloxane binder content, the individual coatings differ in height and
resistance to damage, which was measured using a mechanical profilometer. The surface
of each formulation was scratched, allowing a profilometric scan, producing a record of
the height of each coating (Fig. 5). The height of the coatings decreased as the binder
content increased, which could have been caused by evaporating the organic solvent from
the surfaces during the drying and curing process. This measurement confirms the results
measured by SEM-the layers with higher binder content are more compact.
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Figure 5: Profilometric record of coating height

In the next step, it was necessary to include the hardness of the layers and therefore
their scratch resistance in the measurements. Also, the measurement of the layer hardness

was investigated thanks to a mechanical profilometer. In this measurement, the tip

pressure was varied and the force that the tip had to exert to cause mechanical damage to

the layer was recorded. The results of this test can be seen in Table 2, where the pressures

from each measurement are averaged. From the results, it can be seen that in the hardness

test, the scratch resistance increased with increasing binder content.

Table 2: Results of micro scratch testing

Sample code

Critical tip force of 3 independent traces

Mean critical force (mg), i.e.

(mg) layer hardness
A 8.0 7.0 7.5 7.5
B 7.5 8.0 7.0 7.5
C 8.0 8.5 8.0 8.2
D 14.5 14.5 14.5 14.5
E 15.0 15.0 14.5 14.8
F >15 >15 >15 >15
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Because of the measured results, it is clear that the formulation with the best
properties will have to arise from trade-offs between mechanical resistance, layer
height/porosity as well as the photocatalytic activity of the individual coatings.

4  Conclusion

From the obtained results, we can conclude the appropriate manipulation of gCN, the
binder, and obtaining their appropriate ratio for further use. During sample preparation,
wet milling proved to be very effective in controlling the particle size which retains its
crystallinity. The proprietary siloxane binder used in the formulation of the gCN
formulations proved to be suitable for ensuring surface compactness on the substrates.
Thanks to FTIR spectrometry, we also concluded that after UV curing, mineralization
occurs, making the coating suitable for photocatalytic purposes in aqueous environments.
In general, the higher the gCN content the better the photocatalytic properties of the
surfaces should be. This trend is also supported by the results from the mechanical
profilometer, which recorded higher layer height values for coatings with higher
photocatalyst content, indicating greater porosity of the coatings. However, the
formulations with lower binder content deteriorated with repeated use and hardness tests
showed that they were indeed more susceptible to deterioration due to their non-
compactness. This also made samples A, B, C more susceptible to errors in the
measurement of their photocatalytic activity as they were easily worn away by repeated
measurements. The best compromise between the mechanical and surface properties of
the coatings versus their photocatalytic activity is formulation D. Formulation D contains
92 wt% gCN and 8 wt% binder. Its photocatalytic properties make it the formulation with
the best properties among the formulations with high photocatalyst content, and the
durability of the coating is comparable to formulations with higher binder content.
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1 Introduction

We are in a consumerist world where industrial enterprises are among the
foundations of a functional economy. Most industrial enterprises need water as a heat
exchange medium, wash water, and more. These enterprises must subsequently manage
industrial wastewater. This industrial wastewater can be discharged into the sewerage
system if it meets the sewerage regulations designed according to the applicable laws, or
the wastewater can be treated and reused. In the case of industrial enterprises, the water
usually needs to be treated on-site at the industrial enterprise to a water quality that meets
the limits for discharge to the sewer before it can be discharged to the sewer.

"The world is moving towards a circular economy, including in the pursuit of
water"! 2. Thanks to the circular economy model, there are savings in thermal energy
consumption and the volume of water consumed. With wastewater production, we
cannot reuse industrial wastewater 100 %. Many water treatment processes can be used
for water reuse, and in this work, the focus is on membrane processes.

We obtain a purified permeate and a highly concentrated concentrate in reusing
industrial wastewater using membrane processes. The question is whether the concentrate
from membrane processes will comply with the sewage code and whether it can be
classified as hazardous waste. From the literature search in the theoretical part, we have
two hypotheses: H1: "The concentrate from membrane processes meets the sewerage
code", and H2: "The concentrate from membrane processes is not a hazardous waste".
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2 Experimental

2.1 Monitored indicators and analytical methods

The indicators monitored were selected according to hazardous waste legislation
and the limits of the sewerage regulation. A total of 10 indicators are observed: pH,
Conductivity, Non-dissolved substances, Dissolved substances, Dissolved inorganic salts,
CODcr, BODs, Nitrites, Nitrates and Ammonium cations.

2.1.1 Determination of basic physicochemical parameters

Determination of pH and conductivity was carried out on-site using a mobile pH
meter and a conductivity meter (ECTestr 11+). The instrument was submerged so the
probe was below the surface and waited until the value stabilised. Upon arrival at the
laboratory, the pH and conductivity were measured with a more accurate HI 5522
benchtop multimeter.

2.1.2 Determination of chemical and biological oxygen demand

Determination of chemical oxygen demand using dichromate (COD) was carried out
according to ISO 15705 Water quality — Determination of chemical oxygen demand (COD)
- tube method3. Determination of biological oxygen demand was also performed, namely
7-day (BODy), which was subsequently converted to 5-day (BODs) according to EN ISO
5815-1 Water quality - Determination of biochemical oxygen demand after n days (BODn)
- Part 1: Dilution and inoculation method with addition of allylthiourea*.

Determination of CODc:

CODc: was determined using the Spectroquant® kit on a NOVA 60
spectrophotometer from Merck Ltd. Due to the large number of samples, a customised
cuvette kit for COD determination was also prepared according to the bachelor thesis of
Ing. Martina Svabové. All working procedures were carried out according to the
prescribed instructions.

Determination of BODs

BOD was always measured in three repetitions of the selected dilution. At least two
ranges of BOD determination (two different dilutions) were always chosen according to
the measured CODcr result. BOD was measured over seven days to ensure that the end of
the measurement was on a working day. However, the BOD was subsequently converted
to 5-day. According to Winkler, A control sample was always prepared for each
determination to ensure the correct procedure was followed. BOD was evaluated based on
the decrease in dissolved oxygen in the oxygen cylinder. Dissolved oxygen was measured
using a Greisinger GMH 3651 portable oximeter.

2.1.3 Determination of suspended solids
Determination of suspended solids (SS) was done according to EN ISO 872 Water
quality - Determination of suspended solids - Glass fibre filter method¢. Each sample (100
ml) was measured three times from different sample tubes. One blank was also measured
at each measurement, where the sample was replaced with 150 ml of distilled water.
76F/CTM glass microfiber filters were used for filtration.



2.1.4 Determination of dissolved substances

Determination of dissolved substances (DS) was done according to the standard CSN
75 7346 Water quality - Determination of dissolved substances’. Each sample (100 ml) was
measured three times from different sample tubes. One blank was also measured at each
measurement, where the sample was replaced by 150 ml of distilled water. GF/CTM glass
microfiber filters were used for filtration, and then the sample was dried in an oven at
105 °C in an evaporating dish.

2.1.5 Determination of dissolved inorganic salts

Dissolved inorganic salts (DIS) were determined according to the standard CSN 75
7347 Water quality - Determination of dissolved inorganic salts (DIS) in wastewater -
Gravimetric method after filtration with a glass fibre filters. Before each measurement, the
evaporation pans were cleaned and annealed in a muffle furnace at 550 °C for one hour.
Each sample (100 mL) was measured three times from different sample trays. One blank
was also measured at each measurement, where the sample was replaced with 150 ml of
distilled water. GF/CTM glass microfiber filters were used for filtration, and the sample
was then oven-dried at 105 °C and then annealed in a muffle furnace at 550 °C in an
evaporation pan.

2.2 Sampling plan

Before the actual sampling, a sampling plan was developed, which includes:
e Sampling period
o 28.4.2022-18.1.2023
e Type of sampling
o Active Sampling - Simple Sample
e Location and number of sampling events
o One sampling point (plastic RO concentrate outlet) and 12 sampling
events
e  Specification of sampling points
o New clean 1 litre HDPE samplers
e  Sample preparation method
o Filtration with 0.6 micron membrane filter
e  Storage and preservation of samples
o Sample storage in a refrigerator at four °C
o DPreservation of part of the sample for elemental analysis using 1 ml of
concentrated HNOs per 100 ml of sample

2.3 Semi-operational membrane unit

A pilot semi-operational membrane unit configured and built by ASIO TECH spol.
sr.0. was used in this work. The semi-operational membrane unit comprises
ultrafiltration, granular activated carbon, UV lamp and reverse osmosis. Here, the UV
lamp serves the role of sterilising the spray on RO to protect the membrane from
biofouling, i.e. biofilm formation on the membranes.

The pilot semi-operational unit used at the industrial laundry site is shown
schematically in Figure 1. The input water flowed through the heat exchan%er to the



storage tank (0.5 m3). The laundry has a heat exchanger used to recover heat from the
wastewater, but it is also a necessary pre-treatment for the pilot semi-operational unit
technology used. This is necessary for the following reasons: increase of the solubility of
the excitation during the flotation process, increase of the permeability and limitation of
the thermal stability of the membrane material. Water was pumped from the storage tank
to the flotation tank (2 m3), where the flotation was carried out using a recirculation
pump. An ultrafiltration membrane, granular activated carbon and a UV lamp followed
this. Subsequently, an antiscalant was dosed for reverse osmosis operation, which was the
last stage of purification.
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mixer
— —
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Figure 1: Schematic of a pilot semi-operational unit located in an industrial laundry

3 Results and Discussion

The measured data were evaluated in the statistical program RStudio. First, the
measured data were found to be normal using the Shapiro-Wilk, Anderson-Darling and
Shapiro Francia tests. For Gaussian distribution data, both parametric estimates of
position and variability (mean and standard deviation) and non-parametric estimates of
position and variability (median and median absolute deviation) were performed. In
addition, confidence intervals for each estimate were calculated. For data identified by
normality tests for non-Gaussian distributions, the trimmed mean and standard deviation
were calculated, the nonparametric estimates of position and variability (median and
median absolute deviation) were calculated, and the confidence interval for each estimate
was calculated. Each indicator was tested by one-sided t-test against the cut-off values in
the case of a Gaussian distribution, and the Wilcoxon test was used in the case of a non-
Gaussian distribution.
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In the results table, an asterisk symbol is shown for samples that are not Gaussian
distribution according to the normality test result. For these samples, statistics were
performed using non-parametric methods.

The statistically evaluated data are plotted in a boxplot with the following sampling
point labels: input data (VS), UF permeate data (UFP), RO concentrate data (ROK), and
RO permeate data (ROP). The thick line in the boxplot indicates the median. The boxplot
is the interquartile range (IQR) between the 1st and 3rd quartiles. The line from the
boxplot indicates the range of values within 1.5 times the IQR. The actual detection limit
in a particular boxplot is plotted for samples below the detection limits.

The samples are compared to the Sewage Regulations (SR) limits at the industrial
laundry sampling location. Also, the samples are compared to the hazardous waste (HW)
classification limits to determine if the concentrate should be managed as hazardous
waste.

3.1 Basic physicochemical parameters

The basic physicochemical parameters are pH and conductivity. According to the
results of statistical tests for normality, the pH from the RO concentrate and conductivity
from the RO inlet and permeate are not Gaussian distributed.

Table 1 shows the pH indicator, which is within the range of the hazardous waste
and sewer regulation limits. The confidence intervals are also within these ranges. The
conductivity results show a pattern of solute removal. There was an increase in
conductivity when comparing the UF permeate and inlet due to using a higher amount of
coagulant. The reverse osmosis process significantly affected the decrease in conductivity,
where concentrating in the concentrate occurred.

Table 1: Statistically evaluated values of basic physicochemical parameters in the format:
median + median absolute deviation (median confidence interval)

Indicator .
(limit) Entry UF-permeate RO-concentrate | RO-permeat
( Sh I: 5[,:]9 s, 9,95+0,18 7,8+04 +7,.8+0,2 81+04
HW: 5,5-13) (9,71-9,86) (7,0-7,7) (7,4-7,8) (7,7-8,0)
Conductivity *1269+117 1581 +207 3806+1116 *26+3
[uS-em 1] (1171-1212) (1373-1 570) (3392-3 682) (19-25)

3.2 Chemical and Biological Oxygen Demand

The chemical and biological oxygen demand indicators were predicted to be
elevated at the industrial laundry site due to the use of tensides in laundry operations.
Statistical analysis showed that all measured data were Gaussian in distribution.
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The CODc: and BODs indicators are not evaluated in the hazardous waste
framework HP 15. However, the indicators are controlled within the sewerage regulation.
BODS5 is limited in sewerage regulations to a value of 400 mg-I. This value is indicated in
the graph in Figure 2. This limit value is close to the confidence interval value of the mean.
Even in the graph in Figure 2, the limit is exceeded by values of 1.5 times the IQR. Thus,
the BODs indicator is close to the limit value and cannot be conclusively determined
whether it meets the limit. The CODcr indicator has a sewer code limit of 800 mg-17, as
indicated in the graph in Figure 2. Both confidence intervals and IQRs are close to the
CODc: limit. Therefore, this indicator also cannot be shown to meet the limit, as it is
suspected that occasional exceedances of the limit could occur.

5.3 Suspended and dissolved substances

This section lists and discusses the results for suspended solids, dissolved solids,
and dissolved inorganic salts. Statistical analysis revealed that DS from RO permeate and
SS from UF permeate are not Gaussian distributed. The remaining data are Gaussian in
distribution, but the normality test was not performed for the selected SS and DIS data,
which took values lower than the detection limit. All SS contained in the UF permeate, RO

concentrate, and RO permeate are smaller than the pore size of the ultrafiltration
membrane, namely 0.02 pm.
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Figure 3: Statistically evaluated values of suspended and dissolved solids

Suspended solids are included in the sewer regulations limits at 350 mg 1.
The measurement results are demonstrably below this limit. The graph in Figure 3 shows
that most of the SS were separated on ultrafiltration. Only substances up to 0.02 pum in size
passed into the UF permeate (median 8.6 mg-11) and were subsequently separated on the
RO to the concentrate, where the NL concentration tripled.

Dissolved solids are evaluated in the HP 15 hazardous waste limits and the sewer
regulations. HP 15 has a limit of 8,000 mg-1" - this limit has been demonstrated to be met.
However, the SR is more stringent; the limit is 1,500 mg-1!. This limit has been exceeded
by approximately twice that amount. Such wastewater cannot, therefore, be discharged
freely into the sewer, and the sewerage undertaker must be contacted.

Similar to DS, dissolved inorganic salts were also assessed in the SR, and the limit
was also shown to be exceeded almost three times. Again, such wastewater cannot be
discharged freely into the sewer, and the sewerage operator must be contacted. The
difference between the DIS and DS values (approximately 350 mg-1"') shows how much of
the suspended solids were of organic origin. These can be, for example, tensides,
hydrocarbons, oils, personal care products and others.

Conclusion

Concentrate evaluated against three limits. The first limit is the sewerage regulations
issued by the sewerage operator in the sampled location. Decree No. 8/2021 Coll defines
the second limit., precisely sentence HP 15, and the indicators selected from there. The
statistically processed results show that the reverse osmosis concentrate does not meet the
limits of the selected indicators of the sewerage regulation, namely CODc:, BODs, DS and
DIS. The statistically processed results also show that the reverse osmosis concentrate
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meets the limits of selected indicators from the HP 15 hazardous substances sentence. The
appropriate way to deal with the resulting concentrate is to first negotiate with the
sewerage and wastewater treatment plant operator to increase the limit of the SR and the
possibility of discharging the defined wastewater into the sewerage. Alternatively, the
concentrate can be further treated, e.g. with ZLT technologies, and then treated as
anhydrous waste. The last option is to ask an external specialist company to treat the
wastewater. This, therefore, rejects hypothesis 1, Membrane process concentrate complies
with the sewerage code' and confirms hypothesis 2 ‘Membrane process concentrate is not
hazardous waste', which were defined in the introduction.
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