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OSWIADCZENIE

Autor rozprawy doktorskiej: Edyta Stupek

Ja, nizej podpisana, oswiadczam, iz jestem Swiadoma, ze zgodnie z przepisem art. 27 ust. 1i 2
ustawy z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (t.j. Dz.U. z 2021 poz.
1062), uczelnia moze korzysta¢ z mojej rozprawy doktorskiej zatytutowanej:

Kontrola procesowa za pomocg technik czujnikowych nowych metod selektywnego oczyszczania
biogazu ze zwigzkéw ucigzliwych zapachowo

do prowadzenia badan naukowych lub w celach dydaktycznych.!

Swiadoma odpowiedzialnosci karnej z tytutu naruszenia przepiséw ustawy z dnia 4 lutego 1994 r.
o prawie autorskim i prawach pokrewnych i konsekwencji dyscyplinarnych okreslonych w ustawie
Prawo o szkolnictwie wyzszym i nauce (Dz.U.2021.478 t.j.), a takze odpowiedzialnosci cywilno-
prawnej oswiadczam, ze przedktadana rozprawa doktorska zostata napisana przeze mnie
samodzielnie.

Oswiadczam, ze tres¢ rozprawy opracowana zostata na podstawie wynikdw badan prowadzonych
pod kierunkiem i w Scistej wspotpracy z promotorem dr hab. inz. Jackiem Gebickim i promotorem
pomocniczym dr inz. Patrycjg Makos-Chetstowska.

Niniejsza rozprawa doktorska nie byta wczesniej podstawg zadnej innej urzedowej procedury
zwigzanej z nadaniem stopnia doktora.

Wszystkie informacje umieszczone w ww. rozprawie uzyskane ze zrédet pisanych
i elektronicznych, zostalty udokumentowane w wykazie literatury odpowiednimi odnosnikami,
zgodnie z przepisem art. 34 ustawy o prawie autorskim i prawach pokrewnych.

Potwierdzam zgodnos¢ niniejszej wersji pracy doktorskiej z zatgczong wersjg elektroniczna.

GAANSK, AN oo e

podpis doktoranta

Ja, nizej podpisana, wyrazam zgode/nie—wyrazam—zgody™ na umieszczenie Ww. rozprawy
doktorskiej w wersji elektronicznej w otwartym, cyfrowym repozytorium instytucjonalnym
Politechniki Gdanskiej.

GAaNSK, ANUa ..o e

podpis doktoranta

*niepotrzebne usung¢

L Art. 27. 1. Instytucje oswiatowe oraz podmioty, o ktérych mowa w art. 7 ust. 1 pkt 1, 2 i 4-8 ustawy z dnia 20 lipca 2018 r.
— Prawo o szkolnictwie wyzszym i nauce, moga na potrzeby zilustrowania tresci przekazywanych w celach dydaktycznych
lub w celu prowadzenia dziatalnosci naukowej korzysta¢ z rozpowszechnionych utworéw w oryginale i w ttumaczeniu oraz
zwielokrotnia¢ w tym celu rozpowszechnione drobne utwory lub fragmenty wigkszych utworéw.

2. W przypadku publicznego udostepniania utworéw w taki sposob, aby kazdy mogt mieé do nich dostep w miejscu i czasie
przez siebie wybranym korzystanie, o ktérym mowa w ust. 1, jest dozwolone wylgcznie dla ograniczonego kregu osob
uczacych sie, nauczajacych lub prowadzacych badania naukowe, zidentyfikowanych przez podmioty wymienione w ust.
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celem rozprawy doktorskiej byto opracowanie ekonomicznie opfacalnych absorbentéw do
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1. Wprowadzenie

Rozwdj cywilizacyjny jest nierozerwalnie zwigzany z wykorzystaniem surowcéw energetycznych.
Obecnie paliwa kopalne dostarczajg okoto 90% catkowitego zapotrzebowania na energie, ktéra pochodzi ze
zrédet nieodnawialnych takich jak wegiel kamienny, gaz ziemny oraz ropa naftowa [1]. Wyczerpywanie sie
paliw konwencjonalnych oraz wojna rosyjsko-ukrainska doprowadzity do podwyzek cen gazu ziemnego, a
tym samym zmusity Rade Europejska (RE) do weryfikacji obowigzujgcych dyrektyw 2012/27/UE oraz (UE)
2018/2011 dotyczacych efektywnosci energetycznej oraz promowania wykorzystania energii ze zrdodet
odnawialnych [2]. W nowelizacjach natozono duzy nacisk na rozwdj technologii niskoemisyjnych biopaliw
gazowych tj. borowodoru oraz biometanu [3]. Zatozono, ze dostawcy paliw z kazdego panstwa
cztonkowskiego Unii Europejskiej (UE) bedg zobowigzani do dostarczania paliw i energii elektrycznej ze
zrédet odnawialnych w ilosci, ktéra pozwoli na osiggniecie redukcji emisji gazéw cieplarnianych o co
najmniej 13% do 2030 r wzgledem paliw konwencjonalnych. Nowelizacja Dyrektywy RED Il dotyczy rowniez
ilosci dostarczanej energii ze zrodet odnawialnych (OZE) przez sektor transportu, ktéry musi by¢ na poziomie
co najmniej 0,2% w 2022 r., 0,5% w 2025 r. i 2,2% w 2030 r w odniesieniu do paliw nieodnawialnych [4].
Dodatkowo w grudniu 2021 roku Komisja Europejska ogtosita nowelizacje dyrektywy gazowej UE
(2009/73/WE) [5], ktéra dotyczy rozbudowania dyrektywy o pakiet dekarbonizacyjny [6]. Wprowadzone
nowelizacje powinny doprowadzi¢ do szybkiego rozwoju technologii biopaliw niskoemisyjnych, ktére mogg
zmniejszy¢ import lub catkowicie zastgpi¢ gaz ziemny [7].

Obecnie energia pochodzaca z biogazu oraz biometanu jest postrzegana jako rdzen gospodarki
w obiegu zamknietym [8], ktéra posiada duzy potencjat w kwestii redukcji gazéow cieplarniach [9,10].
Najbardziej rozpowszechniong i praktyczng sciezkg do produkcji biogazu ze Zrodet odnawialnych jest rozktad
materii organicznej w wyniku sekwencyjnej czteroetapowej procedurze sktadajacej sie z hydrolizy,
kwasogenezy, acetogenezy oraz metanogenezy [11]. Obecnie hydroliza stanowi najbardziej problematyczny
i dtugotrwaty etap, poniewaz obejmuje rozktad wielkoczasteczkowej, skomplikowanej oraz réznorodnej
struktury biomaterii, ktéra coraz czesciej pozyskiwana jest z materiatdw odpadowych z réznych gatezi
przemystu, rolnictwa, a takze z osadéw Sciekowych [12-14]. Wykorzystanie materiatéw odpadowych tj.:
obornik, gnojowica, pozostatosci rolnicze, rosliny energetyczne, produkty uboczne przemystu rolno-
spozywczego lub oczyszczalni Sciekdw i innych odpadéw organicznych jest zgodne zzasadami
zrébwnowazonego rozwoju oraz gospodarka w obiegu zamknietym (gospodarka cyrkularna). Jednak wsad na
bazie materiatébw odpadowych wptywa znaczaco na wzrost tadunku zanieczyszczen otrzymywanego
surowego strumienia biogazu [7]. Surowy strumien biogazu oprdcz podstawowych sktadnikdw w postaci
metanu (CHs; 35-70% obj.) oraz dwutlenku wegla (CO2; 15-50% obj.) zawiera réwniez zmienne ilosci
zanieczyszczen gazowych w tym: tlenek wegla (CO; 0-3% obj.), azot (Nz2; 5-20% obj.), tlen (O2; 0-5% obj.),
wododr (Hz; 0-3% obj.), pare wodna (0—10% obj.), a takze okoto 1-2% obj. pozostatych zanieczyszczen w tym:
siarkowodor (H2S), amoniak (NHs) oraz szerokie spektrum lotnych zwigzkdéw organicznych, np. weglowodory
aromatyczne i alifatyczne, terpeny oraz zwigzki tleno-, krzemo-, siarko-, azoto- i chloro-organiczne [15].
Obecnoséiilos¢ zanieczyszczen Scidle zalezy od rodzaju i sktadu wykorzystywanego wsadu, ktéry poddawany
jest fermentacji beztlenowej [16].

W literaturze opisywanych jest wiele metod oczyszczania biogazu, ktdre rdinig sie miedzy sobg
specyfika realizowania procesu technologicznego. Gtéwne technologie uszlachetniania biogazu opierajg sie
przede wszystkim na absorpcji fizycznej i chemicznej, adsorpcji, adsorpcji zmiennoci$nieniowej, separacji
membranowej, separacji kriogenicznej i biologicznej [17,18]. Pomimo postepujacego ciggtego rozwoju
metod oczyszczania wiekszos$¢ z nich wymaga stosowania toksycznych rozpuszczalnikéw, wysokich kosztéw
eksploatacji i znacznych naktadéw inwestycyjnych. Dodatkowo wykorzystywane obecnie technologie sg
niewystarczajgce w celu wykorzystania biogazu jako paliwa do pojazdow w postaci sprezonej lub
uptynnionej oraz do ciggtego zattaczania biogazu do sieci przesytowych. W ramach rozprawy doktorskiej
opracowano kilka nowych ,zielonych” absorbentéw do usuwania licznych grup zanieczyszczen
odorotworczych zidentyfikowanych w strumieniach biogazu pochodzenia rolniczego, wysypiskowego oraz
Sciekowego. Przeprowadzone badania miaty na celu uzupetnienie obecnego stanu wiedzy dotyczacego
wyjasnienia zjawisk zachodzacych w czasie procesu absorpcji oraz przedstawienie kompleksowego
rozwigzania oczyszczania biogazu ze zwigzkéw odorotwérczych. W ramach pracy przedstawiono réwniez
niskobudzetowag metode kontroli procesowe] uzdatniania biogazu z wykorzystaniem matryc czujnikowych,
ktdra zmniejsza koszty operacyjne catego procesu i moze by¢ stosowana w rutynowych analizach.
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1.1. Zanieczyszczenia biogazu

Obecno$¢ zanieczyszczen w biogazie powoduje wiele probleméw technologicznych
i Srodowiskowych. Zanieczyszczenia nieorganiczne, ktérych stezenia tgcznie mogg wynosi¢ do 65% objetosci
pozyskiwanego biogazu, stanowig balast znaczgco obnizajacy wartosc biogazu. Bardzo czesto surowy biogaz
oprdécz siarkowodoru (H2S) zawiera inne formy zwigzkdw siarki, np. tlenki siarki (SOx) lub kwas siarkowy (VI)
(H2S04), ktére powstajg w wyniku spalania H»S. Surowy strumien biogazu, a zwtaszcza gaz wysypiskowy
moze zawierac lotne zwigzki siarkoorganiczne (ang. Volatile Organosulfur Compounds, VSC) tj.: siarczki,
dwusiarczki czy tiole [12]. Emisja VSC jest gtéwnie zwigzana z beztlenowag degradacjg materiatu
organicznego zawierajgcego siarke lub podgrzewaniem materiatu wsadowego. VSC mogg by¢ réwniez
wytwarzane podczas proceséw tlenowych (np. kompostowania) ze wzgledu na obecnos$¢ ognisk bytowania
beztlenowcoéw [19]. Stezenia VSC Scisle uzaleznione sg od surowca uzytego do produkcji biogazu, jednak
zazwyczaj mieszczg sie w zakresie od 0,16 do 19,51 mg/m3 [12]. Zwigzki odorotwdrcze z grupy VSC posiadajg
niskie progi wyczuwalnos$ci zapachowej, jednak ich sladowe ilo$ci powodujg wydzielanie sie nieprzyjemnego
zapachu, ktory stanowi powazine problemy dla zdrowia publicznego pod wzgledem probleméw
zdrowotnych tj.: dyskomfort, podraznienie oczu, zawroty gtowy, wymioty i bdle gtowy [20-22]. VSC
charakteryzuja sie rowniez wysokg reaktywnoscig, toksycznoscig oraz wifasciwosciami korozyjnymi.
Wytwarzane przez VSC agresywne srodowisko korozyjne powoduje wiele problemoéw eksploatacyjnych, tj.:
zmniejszenie zywotnosci urzadzen technologicznych oraz zwiekszenie kosztdw operacyjnych w obszarze
czynnosci konserwacyjnych tj.: wymiana oleju silnikowego czy $wiec zaptonowych [20].

Wsrdd pozostatych, niepozgdanych, sktadnikdw biogazu do szczegdlnie ucigzliwych zanieczyszczen
zaliczane sg weglowodory monoaromatyczne szczegdlnie benzen, toluen, etylobenzen oraz ksylen (BTEX).
llos¢ BTEX w biogazie jest zrdznicowana i zalezy od surowca wykorzystywanego w procesie fermentacji.
Zwigzki z grupy BTEX posiadajg potwierdzony potencjat rakotwadrczy, a takze moga negatywnie wptywac na
jakos¢ Srodowiska [23—25]. Ze wzgledu na toksyczny charakter BTEX, stezenie w powietrzu atmosferycznym
jest regulowane prawnie. Obecnie nie ma zadnych regulacji prawnych dotyczgcych maksymalnych stezen
BTEX w strumieniach biogazu, ktérych obecno$¢ moze rdéwniez negatywnie wptywac¢ na zdrowie i
Srodowisko [26,27]. W wielu pracach potwierdzono, ze biogaz wysypiskowy posiada wyzsze wartosci BTEX
niz biogaz pozyskany z odpadoéw rolniczych [12,28]. Wynika to z faktu sktadowania na wysypiskach smieci
materiatdéw przemystowych (tj.: farby, gumy, kosmetyki czy kleje) do produkcji, ktorych rozpuszczalniki z
grupy BTEX s3 wykorzystywane [28-30]. BTEX
w surowym strumieniu biogazu powstajg podczas utleniania posrednich produktéw. Zakres stezen
zanieczyszczen w postaci BTEX w biogazie miesci sie w zakresie od 94 do 1906 mg/m3 [31]. Biogaz
zawierajacy wysokie stezenia BTEX powoduje korozje oraz przyczynia sie do niedroznosci uktadow
silnikowych [32,33]. Dlatego bardzo wazne jest aby przed dalszym wykorzystaniem biogazu, weglowodory
monoaromatyczne zostaty usuniete.

Do kolejnej grupy problematycznych technologicznie zanieczyszczen organicznych, mogacych
wystepowac w biogazie nalezg lotne zwiazki chloroorganiczne (ang. Volatile Organochlorine Compounds,
VOCC). VOCC wystepujg gtdwnie w biogazie pozyskanym z odpaddow z oczyszczalni $ciekow i sktadowisk
odpaddw [12]. Catkowite stezenie VOCC w surowym strumieniu biogazu miesci sie w zakresie od 259 do
1239 mg/m3 [34-37]. Najczesciej w biogazie mozna zidentyfikowaé 1,1,1-trichloroetan, 1,1-dichloroetan,
1,1-dichloroetan, 1,2-dichloroetan, 1,2-dichloroetan, tetrachlorek wegla, chloroform, tetrachloroetylen,
tetrachloroetan, dichlorometan i trichloroeten [34,35,38-40]. Zanieczyszczenia VOCC pochodza
z chemikaliow wykorzystywanych do oczyszczania $ciekéw i wody, utylizacji rozpuszczalnikéw oraz
czynnikow chtodniczych, a takze odpaddw statych, np. polichlorku winylu [41]. Podczas procesu spalania
biogazu, ktéry zawiera VOCC dochodzi do reakcji chloru z tlenem oraz wodg, w wyniku czego tworzy sie
kwas solny, ktéry posiadajg wtasciwosci silnie korozyjne [42]. Podczas spalania biogazu zawierajgcego VOCC
moze dochodzi¢ do przeksztatcenia zanieczyszczen w toksyczne polifluorowcowane dioksyny oraz zwigzki
furanowe [43]. Niekontrolowana emisja VOCC do atmosfery prowadzi¢ moze do:

e zubozenia warstwy ozonowej w stratosferze,

e powstawania smogu fotochemicznego,

o zwiekszenia efektu cieplarnianego,

e obnizenia lokalnej jakosci powietrza.
W celu ochrony srodowiska, zwiekszenia wartosci opatowej, obnizenia awaryjnosci silnikéw
przetwarzajgcych biogaz w energie, a takze sprostania wymogom jakosciowym stawianym biopaliwom -
surowy biogaz musi by¢ poddany procesom uzdatniania z VOCC [44,45].
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Do kolejnych zanieczyszczen nalezacych do lotnych zwigzkédw organicznych LZO (ang. Volatile
Organic Compounds, VOC), ktore wystepujg w biogazie pozyskanym z osadow z oczyszczalni Sciekow [46,47]
lub odpaddéw wysypiskowych [48,49] nalezg lotne zwigzki krzemoorganiczne (ang. Volatile Organosilicon
Compounds, VOSIC). Bardzo czesto w literaturze VOSIC, definiowane s3 jako siloksany i pod taka nazwg
znajduja szerokie zastosowanie w produktach wykorzystywanych do higieny osobistej, w srodkach czystosci,
tekstyliach oraz laminatach papierniczych, ktére stanowig odpady komunalne. Zawartos¢ siloksanéw w
biogazie jest bardzo zmienna i gtéwnie zalezy od charakterystyki odpadéow, wieku i stanu sktadowiska, oraz
warunkow atmosferycznych. Do gtéwnych zanieczyszczen VOSIC zaliczane sg heksametylocyklotrisiloksan
(D3), oktametylocyklotetrasiloksan (D4), dekametylocyklopentasiloksan (D5), heksametylodisiloksan (L2) i
oktametylotrisiloksan (L3). D4 stanowi okoto 60% wszystkich siloksandw. W aktualnych raportach rocznych
opublikowanych przez Miedzynarodowg Agencje Energetyczng (ang. International Energy Agency, IEA) oraz
Organizacje Wspotpracy Gospodarczej i Rozwoju (ang. Organisation for Economic Cooperation and
Development, OECD) wykazano, ze s$rednie stezenie siloksandw w strumieniach biogazu z oczyszczalni
$ciekéw oraz sktadowisk odpadéw na obszarze UE miesci sie w zakresie od 0,2 mg/m? az do 400 mg/m3
[34,50]. Dla poréwnania w amerykanskich raportach wykazano znacznie nizsze zawartosci siloksanéw w
biogazie pozyskanym z osadéw z oczyszczalni $ciekéw, wynoszgce maksymalnie do 38 mg/m3 biogazu [51].
Podczas spalania biogazu zawierajacego siloksany wydziela sie krzem, ktéry nastepnie taczy sie z tlenem
tworzac osady z twardej krzemionki (SiO2) lub krzemianéw (SixOy,). Powstate osady krzemionkowe
doprowadzi¢ moga do scierania sie czesci silnika lub tworzenia sie warstw obnizajacych przewodnictwo
cieplne oraz zmniejszajgcych wtasciwosci smarne. Ponadto powstajgce osady zmieniajg geometrie komory
spalania turbin, kottéw oraz silnikéw spalinowych w wyniku czego emitowane sg wieksze ilosci substancji
szkodliwych, tj.: tlenku wegla czy formaldehydu, ktére negatywnie wptywajg na s$rodowisko [52].
Wymienione powyzej zanieczyszczenia nie tylko obnizajg wiasciwosci energetyczne biogazu ale rowniez
zmniejszajg wydajnos¢ konwersji i zywotnos¢ komor spalania, a tym samym zwiekszajg koszty operacyjne
i konserwacyjne biogazowni.

1.2. Produkcja biogazu w Europie

Obecnie wiekszos¢ biogazu wyprodukowanego zaréwno w Polsce, jak i w pozostatych krajach Unii
Europejskiej spalana jest w agregatach kogeneracyjnych produkujgc energie elektryczng i cieplng [53].
Wynika to z uwagi na umiejscowienie wiekszosci biogazowni, ktére zlokalizowane sg w duzej odlegtosci od
zabudowan mieszkalnych i przemystowych. Dodatkowo poziom wykorzystania wytworzonej energii jest
niewielki i zazwyczaj pokrywa jedynie zapotrzebowanie energetyczne instalacji zlokalizowanych na terenie
zaktaddéw wytwarzajgcych biogaz. Bez watpienia wybitnym liderem pod wzgledem produkcji biogazu i liczby
biogazowni w Europie sg Niemcy, ktorzy w 2020 roku wyprodukowali 11 TWh biometanu w 242
biometanowniach. Otrzymywana energia pozyskiwana jest gtéwnie z odpaddw rolniczych (kiszonki
kukurydzy) oraz roslin energetycznych [54][55]. W Wielkiej Brytanii, Szwajcarii i Francji dziata ponad 600
biogazowni rolniczych. W Wielkiej Brytanii najczesciej wykorzystywanym substratem sg scieki, osady
Sciekowe i bioodpady komunalne. Rozwdj biogazu pozyskiwanego z osadéw sciekowych wynika
z obowigzujgcych przepisdw, ktére ograniczajg wykorzystywanie roslin energetycznych. W Wielkiej Brytanii
istniejg rowniez znaczne ograniczenia dotyczgce rodzaju instalacji oraz miejsca wybudowania biogazowni.
W ostatnich latach na terenie Francji zauwazalny jest silny rozwdj przydomowych i scentralizowanych
biogazowni, ktorych celem jest odzyskiwanie biogazu do produkcji energii elektrycznej na potrzeby
dziatalnosci samoobstugowej. Surowce wykorzystywane do produkcji biogazu obejmujg pozostatosci z
oczyszczalni sciekdw, odpady z frakcji bio, odpady rolnicze, przemystowe oraz sktadowiska. W Szwajcarii
ilo$¢ biogazowni jest poréwnywalna do Francji, a wykorzystywane odpady s3 zblizone do surowcéw
wykorzystywanych w Wielkiej Brytanii, jednak zgtaszana ilos¢ produkcji energii jest prawie trzy razy nizsza
w porownaniu z Francjg [56-58]. Natomiast w Szwecji funkcjonujg 71 biogazownie rolnicze w ktérych
wykorzystywany jest osad Sciekowy oraz bioodpady, odpady rolne, przemystowe oraz komunalne Warto
zwrdcic¢ uwage, ze ilos¢ energii produkowanej rocznie przez Szwedzkie biogazownie jest 3,4 razy wyzsza niz
w Austrii, ktéra posiada 287 rolniczych biogazowni i wykorzystuje jako wsad przede wszystkim obornik
[57,59]. W Polsce w 2021 roku funkcjonowato 128 biogazowni rolniczych w ktérych wyprodukowano 342,9
m?3 biogazu rolniczego, co umozliwito wytworzenie 732,6 GWh energii [60,61]. Surowce wykorzystywane w
Polsce to gtéwnie odpady rolnicze, obornik oraz rosliny energetyczne. Rozwdj przemystu biogazowego w
Europie jest bezsprzeczny, cho¢ dynamika zalezy od poszczegdinych krajéw. Kazdy z krajow UE przedstawia
charakterystyczne modele, ktére opierajg sie na zastosowaniu réznych surowcéw odpadowych. Jednak aby
moc zattoczy¢ biogaz do sieci lub wykorzystaé go jako paliwo transportowe musi on spetnia¢c wymagania
jakosciowe gazu wysokometanowego.
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Aktualnie kraje UE zmagaja sie z brakiem ujednoliconych rozporzadzen oraz dyrektyw odnoszacych
sie jednoznacznie do parametrow jakosciowych dla bioenergii pozyskiwanej z OZE. W zaleznosci od kraju
UE zakresy stezen poszczegdlnych sktadnikéw, a takze dopuszczalne rodzaje zanieczyszczen, roznig sie w
znacznym stopniu. Ogdlne wytyczne dotyczace mozliwosci zatfaczania biogazu do sieci przesytowych w
panstwach UE zawarte sg w Dyrektywie Parlamentu Europejskiego i Rady 2009/73/WE z dnia 13 lipca 2009
r. W Polsce, zgodnie z Rozporzadzeniem Ministra Gospodarki z dnia 24 sierpnia 2011lr. w sprawie
szczegdtowego zakresu obowigzku potwierdzania danych dotyczgcych wytwarzanego biogazu rolniczego
wprowadzanego do sieci dystrybucyjnej gazowej (Dz.U. 2011 nr 187 poz. 1117) wprowadzono mozliwosé
zattaczania biogazu do sieci gazu wysokometanowego o ile zattaczany biogaz spetnia wymagania dla
parametrow energetycznych i jakosciowych stawianych dla danego typu gazu. Ze wzgledu na brak
specjalnych uregulowan dla biogazu wytwarzanego z osadéw Sciekowych oraz odpadéw komunalnych w
2018 roku Rozporzadzenie wygasto. Obecnie obowigzuje Rozporzadzeniem Ministra Gospodarki z dnia 2
lipca 2010 r. w sprawie szczegétowych warunkéw funkcjonowania systemu gazowego (Dz.U. z 2010 r. Nr
133, poz. 891) [62] oraz normami PN-C-04753:2011i PN-C-04752:2011. W przypadku zastosowania biogazu
jako paliwa transportowego w Polsce przyjmuje sie wymagania jakoSciowe tozsame dla sprezonego gazu
ziemnego (ang. Compressed Natural Gas, CNG). Jakos¢ gazu ziemnego wykorzystywanego jako paliwo do
pojazddéw jest zawarta w Rozporzadzeniu Ministra Energii z dnia 30 czerwca 2016 r. w sprawie wymagan
jakosciowych dla sprezonego CNG oraz standaryzowana w normie PN-EN 1SO 15403-1:2010 i PKN ISO/TR
15403-2:2010. W Tabeli 1 przedstawiono parametry jakosciowe biometanu, ktére obowigzuja w Polsce,
Niemczech oraz Francji [62—64]. Konwersja odpaddéw w energie poprzez produkcje biogazu to nie tylko
realna opcja z ogromnym potencjatem zmniejszenia, a nawet wyeliminowania zaleznosci od paliw
kopalnych, ale takze zréwnowazony i wydajny sposdb wytwarzania zdecentralizowanej energii przy
mniejszym $ladzie weglowym. Proponowane podejscie jest zgodne z zatozeniami i celami nowelizacji
dyrektywy RED Il. W kontekscie zgromadzonej wiedzy mozna stwierdzi¢, ze zaréwno wzgledy ekonomiczne,
srodowiskowe, jak i polityczne przemawiajg za oczyszczaniem biogazu do postaci biometanu. Jednak
obecnie brakuje odpowiedniej technologii uzdatniania biogazu, ktéra wyeliminuje problemy w obecnie
stosowanych metodach oraz umozliwi skuteczne i tanie oczyszczanie biogazu do biometanu, ktéry mozna
wykorzystaé nie tylko do produkcji energii w jednostkach kogeneracyjnych, ale réwniez jako paliwo do
silnikéw i turbin gazowych, gaz sieci przesytowych, uzdatniacz do przechowywania i konserwacji owocéw i
warzyw, paliwo do ogniw paliwowych [65,66].

Tabela 1. Parametry jakosciowe biometanu [62-64].

Parametry Jednostka K'raj "
Polska Niemcy Francja
CH4 [%] 94,0- 97,0 > 96,0 > 86
CO; [%] <3 <6,0 22,5
H.S [mg/Nm?] <7,0 <5,0 <5,0
H, [%] <0,5 <5,0 <6,0
0 [%] <0,2 <3,0 <0,1
NH; [mg/m?] <3,0 <3,0
H:0 [%] <1 - -
VOSiC [mg/Nm?3] <30,0 <0,5 <0,5
voc [mg/Nm?] <250 . 2116%?)
Merkaptany [mg/Nm3] <16,0 <15,0 <6,0
Za\g::;z:fi:;?rkl [mg/Nm?] <40,0 <30,0 <75,0-100,0
Zawarto$¢ par rteci [ug/m?3] 30,0 <5,0 <1,0
Temperatura punktu ] < 43,7 (1,04 30,10) .
. I:OSY wody [°Cl <-5,0 (1,11 31,03) Temperatura otoczenia < -5 at Pmax
(ci$nienie 5,5 MPa) o ’
Wartosé opatowa [MJ/m?3] >31,0 30,2-47,2 34,2-46,08
Wi&‘é’ii!:é*’” (My/m?] 45,0-54,0 46,1-56,5 18,256,
Zawartos$é pytu [mg/m3] <1,0 Technicznie wolny <5,0

1.3. Metody oczyszczania biogazu

Obecnie do tradycyjnych metod uzdatniania strumieni gazowych, najczesciej zaliczane sg takie techniki
jak: absorpcja, adsorpcja, adsorpcja zmiennoci$nieniowa, separacja membranowa oraz separacja
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kriogeniczna i biologiczna [67]. Procesy absorpcji mozna klasyfikowac jako procesy fizyczne oraz chemiczne.
W absorpcji fizycznej wykorzystywane sg rozpuszczalniki niereaktywne np. woda, natomiast w absorpcji
chemicznej rozpuszczalniki reaktywne, takie jak monoetanoloamina (MEA) [68]. Oczyszczanie
z wykorzystaniem proceséw absorpcyjnych nalezy do prostych i wydajnych proceséw, lecz gtéwng wadg
zwigzang z zastosowaniem konwencjonalnych rozpuszczalnikdw organicznych jest ich niebezpieczny
charakter chemiczny oraz energochtonny proces regeneracji i niewystarczajgca rozpuszczalnos¢ wszystkich
zanieczyszczen [69]. Techniki adsorpcyjne nalezg do technik suchych, wolnych od chemikaliéw oraz
wykorzystujgcych adsorbenty, np. zeolity. Jednak sg to procesy ztozone i stosunkowo drogie [70]. Procesy
membranowe klasyfikowane sg do procesdow suchych bez uzycia zwigzkdw chemicznych lecz wymagaja
duzego naktadu energii. Dodatkowo wprowadzany gaz, wymaga wstepnej obrébki, ktéra zwieksza koszt
catego procesy [71]. Dzieki zastosowaniu proceséw kriogenicznych mozliwe jest otrzymanie biometanu o
wysokiej czystosci, jednak jest to proces réwniez energochtonny [72]. Wykorzystanie metod biologicznych
posiada zalety w tym niskie zapotrzebowanie na energie, tagodne warunki procesowe. Jednak jest to
metoda wymagajaca pod wzgledem doboru, adaptacji oraz ciggtego dostarczania sktadnikéw odzywczych
dla mikroorganizméw [73]. Ze wzgledu na wszystkie wady i zalety obecnie stosowanych metod coraz czesciej
tworzone sg techniki zintegrowane, ktére taczg wiele metod (Tabela 2).

Obecnie metody oparte na wykorzystaniu absorpcji fizycznej wykazujg wysoka skutecznos¢ usuwania
lotnych zwigzkéw organicznych (LZO) z fazy gazowej przy uzyciu odpowiednio dobranych absorbentéw
[74,75]. Fizyczna absorpcja obejmuje rézne rodzaje rozpuszczalnikdéw takich jak woda, zwigzki organiczne
i oleje. Wybdr odpowiedniego absorbentu jest kluczem do skutecznego zastosowania absorpcji. Absorbent
powinien charakteryzowac sie wysoka zdolnoscig absorpcji LZO, wysokg temperaturg wrzenia, niskg
preznoscia pary, niskg lepkoscig, niskim wspdtczynnikiem podziatu ciecz-para, bezpieczenstwem i brakiem
toksycznosci oraz niskim kosztem. Z ekonomicznego i sSrodowiskowego punktu widzenia, woda wydaje sie
by¢ najlepszym absorbentem do usuwania LZO z biogazu. Jednak wiekszos¢ LZO jest hydrofobowa i tylko
niektére z nich mozna absorbowac za pomocg wody. Najpopularniejszym fizycznym absorbentem do
usuwania o wysokiej wydajnosci H.S, CO2, merkaptandw i siloksandw jest SelexolTM (eter dimetylowy
glikolu polietylenowego) licencjonowany przez UOP LLC [76—78]. W pordéwnaniu z innymi rozpuszczalnikami
SelexolTM ma wyzszg lepkos¢, co zmniejsza szybkosé przenoszenia masy. Ponadto potrzeba schtodzenia
absorbentu jest gtéwng wadg tego procesu, powodujgcy wysokie koszty inwestycyjne i operacyjne [79,80].
Oleje mineralne sg réwniez popularnymi rozpuszczalnikami do absorpcji LZO z biogazu. Wydajnos$¢ absorpcji
zalezy gtéwnie od rodzaju oleju mineralnego, a takze temperatury procesu i czasu kontaktu rozpuszczalnika
z zanieczyszczonym biogazem. Sposrdd testowanych olejow mineralnych, najwyzszg skutecznoscig w
usuwaniu zwigzkéw organicznych z fazy gazowej wykazujg olej silnikowy, olej silikonowy 47V20, Seriola
1510 i polialfaolefina [81]. Jednak podczas procesu absorpcji powstaje mgta olejowa, ktdra taczy sie z
biogazem, co zmniejsza wartos¢ energetyczng spalanego biogazu. Zastosowanie olejéw mineralnych jako
absorbentdw wymaga takze ich schtodzenia przed procesem absorpcji [82—84]. Wiele prac opisuje
zastosowanie etanoloamin (monoetanoloaminy, dietanoloaminy, trietanoloaminy itp.) do absorpcji LZO z
faz gazowych. Jednak ograniczeniami takich rozpuszczalnikéw chemicznych sg wysokie zapotrzebowanie na
energie do regeneracji rozpuszczalnika, znaczna degradacja aminy i straty spowodowane parowaniem, a
takze problemy z korozjg elementéw konstrukcyjnych [67,84—87]. Inne rozpuszczalniki organiczne, tj.
poli(dimetylosiloksan) [88], adypiniandi(2-etyloheksylo) [89] i roztwér srodka powierzchniowo czynnego
[90], moga by¢ réwniez stosowane do absorpcji LZO. Wiekszos$¢ z wykorzystywanych absorbentdéw zaliczana
jest do grupy szkodliwych rozpuszczalnikéw organicznych, ktére podczas uzytkowania same ulegaja
procesowi degradacji w wyniku czego doprowadzajg do korozji urzgdzen procesowych. Ponadto proces ich
regeneracji jest skomplikowany i wigze sie z duzym naktadem energetycznym [91]. Ze wzgledu na ciggle
istniejgce wady obecnie stosowanych absorbentéw do usuwania LZO, nadal poszukuje sie alternatywnych
»zielonych absorbentow”, ktdre zastgpig obecnie stosowane rozpuszczalniki organiczne oraz umozliwig
otrzymanie wysokometanowego gazu, ktdry mozna zattaczac do sieci przesytowych lub wykorzystywac jako
paliwo transportowe w postaci sprezonej lub uptynnionej.

Do niedawna alternatywnymi absorbentami dla rozpuszczalnikéw organicznych byty ciecze jonowe
(ang. lonic Liquids, ILs), ktére poczatkowo uwazano za idealne absorbenty ze wzgledu na ich nielotnos¢,
niepalnosé, niewybuchowos$¢ oraz mozliwos¢ dostrojenia pozostatych wtasciwosci fizykochemicznych
w oparciu o dobdr odpowiedniego kationu i anionu [92]. ILs wykazywaty odpowiednie witasciwosci
absorpcyjne w zakresie wychwytywania zanieczyszczen nieorganicznych tj.: CO2[93,94], H2S [95-97], NH3
[98,99] oraz H,O [100]. W kwestii uzdatniania biogazu z zanieczyszczen organicznych opublikowano
nieliczne prace naukowe dotyczgce usuwania siloksanéw [101], toluenu [102,103], dichlorometanu [102],
siarczku dimetylu oraz disiarczku dimetylu [103]. We wszystkich pracach efektywnos$¢ usuwania LZO byta
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okreslana na podstawie wspodtczynnika podziatu para-ciecz oraz wspotczynnika dyfuzji. Dynamiczne procesy
absorpcyjne byty pomijane ze wzgledu na wysoki koszt, skomplikowang synteze, udowodniong znikoma
biodegradowalnos¢ [104,105].

Tabela 2. Zalety i wady gtéwnych technik wykorzystywanych do oczyszczania biogazu.

Technika

Zalety

Wady

Absorpcja fizyczna
z uzyciem wody jako
absorbentu

- wysoka wydajnos¢ (> 97% CHa),

- tatwos¢ uzycia,

- niski koszt uzytkowania

- niskie zuzycie energii elektrycznej,
- najczesciej stosowana metoda,

- straty CHa (ok. 2%),

- wysokie zapotrzebowanie na wode (nawet przy
regeneracji),

- mozliwos¢ spieniania,

- zatykanie z powodu wzrostu bakterii,

- nieefektywny dla wielu grup zwigzkow
chemicznych ze wzgledu na ich ograniczong
rozpuszczalnosé,

Absorpcja fizyczna
z uzyciem
rozpuszczalnikow
organicznych jako
absorbentow

- wysoka wydajnos¢ (97 — 99% CHa),

- wzrost wydajnosci usuwania wzgledem
uzytego absorbentu,

- energiczny bardziej korzystny niz woda,

- mozliwa regeneracja z niskotemperaturowym
cieptem odpadowym,

- wymagane zwigzki organiczne,

- trudna obstuga,

- drogie inwestycje i obstuga,

- wymagane ogrzewanie do petnej regeneracji,

Absorpcja chemiczna

- wysoka jakos$¢ CHa,
- nie wymaga sprezania gazu,,

- metoda droga,

- do regeneracji wymagane ciepto,

- proces korozyjny,

- wymagane mocne kwasy,

- stosowanie zasad powoduje reakcje z CO,,
tworzac weglany,

- mozliwos$¢ pienienia podczas procesu,

Adsorpcja - nie wymaga uzycia rozpuszczalnikow - utrata zdolnosci adsorpcyjnej po regeneracji,
organicznych, - wstepna obrdébka jest konieczna do usuwania
- tatwy w obstudze i szeroko stosowany, wody, zwigzkédw chlorowcowanych i siarczkéw -
- wysoka zdolnos$¢ adsorpcji, stosuje sie wegiel aktywny,
- niskie koszty, - koniecznos¢ regeneracji adsorbentu za pomoca
duzej ilosci gazdw,
Adsorpcja - wysoka wydajnos¢ (95-98% CHa), - droga inwestycja i obstuga,

zmiennoci$nieniowa

- nie wymaga uzycia rozpuszczalnikow
organicznych

- zwartos¢,

- bardzo powszechne w branzach na matg skale
- tatwo skalowalny,

- straty CHa w przypadku nieprawidtowego
dziatania zaworow,

- wymagane wstepne uzdatnianie H.S i wody,
- skomplikowana kontrola procesu,

- wysokie zuzycie energii elektrycznej (0.25
kWh/Nm3),

Separacja membranowa

- prostota i tatwos¢ obstugi,

- konfiguracja modutowa,

- nie wymaga chemikaliow,

- wysoka niezawodnos¢,

- duza powierzchnia i mata objetos¢,

- wysoki straty CH4 (<10%),

- zatykanie i obrastanie membran,

- kosztowny,

- brak wykorzystania do gazu, wysypiskowego
lub biogazu $ciekowego,

Separacja kriogeniczna

- dobra wydajno$¢ (90-98% CHa),

- nie wymaga chemikalidow

- wysoka czystos¢ CHa (99 %),

- najmniejsze straty CHa (<1%),

- czysty CO; jest otrzymywany jako produkt
uboczny,

- tatwy w obstudze,

- wysokie koszty inwestycji i eksploatacji,
- wymagana wysoka energia,

- konieczna jest obrébka wstepna w celu
wyeliminowania zanieczyszczen,

- wydajnosc i technologia nie sg bardzo
wykazane,

- technicznie ztozona procedura,

Separacja biologiczna

- Przyjazna srodowisku,

- nie wymaga chemikaliow,

- niskie koszty eksploatacji,

- prostota,

- mozliwo$¢é ponownego uzycia,

- dtugi czas dziatania procesu,
- niska wydajnos¢ usuwania,

A\ MOST

W celu zwalczania powyzszych ograniczern w 2003 roku Abbot i inni [106] zaproponowali nowg
klase ekologicznych absorbentéw na bazie cieczy gteboko eutektycznych (ang. Deep Eutectic Solvents, DES).
DES to mieszanina eutektyczna sktadajaca sie z dwdch lub wiecej zwigzkdw chemicznych w okreslonym
stosunku molowym. W strukturze DES jeden ze sktadnikéw petni role donora wigzarh wodorowych (ang.
Hydrogen Bond Donor, HBD), a drugi akceptora wigzan wodorowych (ang. Hydrogen Bond Acceptor, HBA).
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Ze wzgledu na powstanie pomiedzy HBA i HBD specyficznych oddziatywan niekowalencyjnych obserwuje sie
znaczny spadek temperatury topnienia DES w poréwnaniu z czystymi HBA i HBD [107]. Dodatkowo DES
charakteryzujg sie zblizonymi wtasciwosciami fizykochemicznymi do ILs, jednak sg uwazane za mniej
toksyczne, bardziej biodegradowalne oraz optfacalne, a przede wszystkim ich otrzymywanie jest prostsze i
wolne od produktéw ubocznych. Poréwnanie wtasciwosci DES z konwencjonalnymi absorbentami oraz ILs

przedstawiono w Tabeli 3.

Tabela 3. Poréwnanie wtasciwosci fizykochemicznych sorbentéw [108-117].

Wiasciwosci Woda Aminy IL DES
Synteza Nie Nie Wielostopniowa tatwe mieszanie
. Jednofunkcyj . i . . .
Zastosowanie Jednofunkcyjny Wielofunkcyjny Wielofunkcyjny
ny
Regulowanie Nie Nie Wysokie Wysokie
L X . . Regulowana, Regulowana,
Stabilnosc¢ termiczna Niska Niska L L
ogolnie wysoka ogolnie wysoka
Wyzsze niz inne
Temperatura wrzenia 100°C 111-350°C >250°C rozpuszczalniki (214-1
774°C)
Przyjazny dla . . .
) i Tak Nie Nie wszystkie Tak
Srodowiska
L. . Czesto zwieksza toksycznos¢ w Dopuszczalne profile
Toksycznos¢ Nie Tak . . . L.
kontakcie z systemami wodnymi toksycznosci
Korozyjnos¢ Wysoka Wysoka Niska Niska
Biodegradowalnos¢ tatwo tatwo Trudno tatwo
Biodegradowalny Tak Nie Stabo Tak
.. Regulowana, Regulowana,
Gestos¢ oraz . . . . » L »
lebkosé Niska Srednia zazwyczaj wyzsza niz w zazwyczaj nizsza niz w ILs
epkosc
P pozostatych rozpuszczalnikach
Napiecie . L Nizsze niz wody i wyzsze niz o
. ) Wysokie Niskie . Niskie
powierzchniowe amin
Preznos¢ par Wysokie Wysokie Niska Niska
Palnos¢ Nie Tak Nie Nie
Zasadowy/neutralny/kwaso
Charakter Neutralny Zasadowy Zasadowy/neutralny/kwasowy
wy
X . . Chemiczna/ . .
Rodzaj absorpcji Fizyczna : Fizyczna Fizyczna
Fizyczna
Zdolnosé absorpcji Srednia Srednia Wysoka Wysoka
Koszt Niski Umiarkowany Wysoki Niski

Korzystne wtasciwosci DES takie jak réznorodna i efektywna interakcja z nieorganicznymi oraz
organicznymi zanieczyszczeniami za posrednictwem wigzan wodorowych lub stabszych oddziatywan
elektrostatycznych, wielokrotna zdolnos$é¢ do regeneracji, przyczynita sie do rosnacej liczby publikacji
naukowych dotyczgcych zastosowania DES jako medium do separacji. Najwiekszg popularnos¢ zyskaty DES
w zastosowaniu jako rozpuszczalniki ekstrakcyjne, absorpcyjne oraz modyfikatory adsorbentéw oraz
membran [118-123]. Do tej pory stosunkowo dobrze opisano zastosowanie DES do wychwytywania
nieorganicznych szkodliwych czasteczek gazowych, tj. dwutlenku wegla, wody, amoniaku, siarkowodoru czy
dwutlenku siarki z powietrza, paliw gazowych, biogazu i gazéw przemystowych [124-132]. Od 2017 roku w
literaturze obserwuje sie wzrost zainteresowania nad zastosowaniem DES do absorpcji LZO (takich jak
toluen, aldehyd octowy oraz dichlorometan) z modelowych strumieni gazowych. W prezentowanych
pracach ocena skutecznosci zastosowania DES do wychwytywania LZO ogranicza sie jedynie do wyznaczenia
wspotczynnikow podziatu para-ciecz (K) przy uzyciu techniki statycznej fazy nadpowierzchniowej. W
praktyce procedura HeadSpace polega na umieszczeniu okreslonej objetosci DES w fiolce o pojemnosci 20
mL i dodaniu niewielkiej ilosci doktadnie odmierzonych ilosci LZO. Nastepnie fiolki sg zamykane za pomoca
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nakretki z membrang i termostatowane przez 24 h w okredlonej temperaturze. Po uptywie 24 h faza
nadpowierzchniowa analizowana jest za pomocg chromatografii gazowej sprzezonej z selektywnymi
detektorami. Otrzymane mniejsze stezenia LZO w fazie nadpowierzchniowej (gazowej) wskazujg na lepsza
interakcje, powinowactwo oraz absorpcje z wykorzystaniem DES. Opisang procedure jako pierwsza
przedstawita Moura i in. W pracy wyznaczano wspoéfczynnik podziatu K pomiedzy toluenem, a DES na bazie
czwartorzedowych soli amoniowych oraz fosfoniowych potgczonych w odpowiednich stosunkach molowych
z glikolami oraz kwasami organicznymi. W badaniach potwierdzono, ze najwiekszg zdolnos$¢ pochtaniania
lotnych weglowodoréw monoaromatycznych ma DES, sktadajgcy sie z bromku tetrabutyloamoniowego
(TBABr) i kwasu dekanowego (DA) w stosunku molowym 1:2. Otrzymane wartosci K byty znacznie nizsze w
poréwnaniu z wodg oraz zblizone do wczesniej publikowanych wynikéow dla absorbentéw na bazie cieczy
jonowych oraz oleju silikonowego (K=0,001) [133—-135]. Podobne wyniki Moufawad i in. uzyskali podczas
testowania wspdtczynnikéw podziatu para-ciecz dla toluenu, n-heptanu i 1-decenu w tym samym jonowym
DES. Praca ta potwierdzita, ze najwieksze powinowactwo zaréwno do weglowodoréw monoaromatycznych,
jak ialifatycznych ma TBABr:DA (1:2) [136]. Aby w petni oceni¢ przydatnos¢ DES jako absorbentéow do
usuwania LZO ze strumieni gazowych, konieczne jest uwzglednienie zaréwno powinowactwa DES do
zanieczyszczen, jak i innych parametréw procesowych takich jak: sktad matrycy gazowej, przeptyw
modelowego strumienia biogazu, dodatek wody do DES, stezenie poczgtkowe zanieczyszczen, temperature
oraz cisnienie, ktére majg kluczowy wptyw na efektywnosc procesu absorpcji. W tym celu niezbedne jest
prowadzenie badan w uktadzie dynamicznym, bedgacym zminiaturyzowang wersjg instalacji przemystowych.
Obecnie tylko w kilku pracach wykazano usuwanie LZO w uktadzie dynamicznym. Wiekszo$¢ badan
koncentrowata sie wytgcznie na usuwaniu pojedynczych zanieczyszczen takich jak aceton (A), dichlorometan
(DCM), T, L2, D4 z modelowego strumienia biogazu, ktorym byt gaz obojetny - azot (N2) [136,137]. W
badaniach wykazano, ze zdolnos$¢ oraz efektywnosé absorpcji zalezy od sity powstajgcych oddziatywan
niekowalencyjnych pomiedzy zanieczyszczeniem, a absorbentem. Dla acetonu, dichlorometanu, toluenu
otrzymano najwyzsze wartosci absorpcji na poziomie 2,66 mg/g, 988 mg/g, 304 mg/g z wykorzystaniem DES
na bazie tymolu:kwasu dekanowego (Th:DA (1:1)), chloreku tetrabutylofosfoniowego: kwasu lewulinowego
(TBPCl:Lev (1:1)), chlorku trietylobenzyloamoniowego: fenolu (TEBAC:Ph (1:3)) [91,138,139]. W badaniach
wykazano, ze wartosci efektywnos¢ absorpcji TEBAC:Ph (1:3) byty znaczgco wyzsze w pordwnaniu z cieczami
jonowymi [EMIM][Tf2N] (223 mg/g) oraz konwencjonalnego absorbentu na bazie glikolu tetraetylowego -
TEG (163 mg/g) w tych samych warunkach procesu [91]. Jednak rzetelne pordwnanie obecnie
wykorzystywanych DES jest trudne ze wzgledu na odmienne warunki procesu absorpcji dynamicznej oraz
rozne metody oceny efektywnosci DES. Obecnie wszystkie publikowane badania z wykorzystaniem
proceséw dynamicznych byty przeprowadzone w skali laboratoryjnej. Dlatego nalezy zwrdci¢ szczegdlng
uwage, ze w literaturze obecnie brakuje badan uzdatniania strumieni gazowych z wykorzystaniem DES, w
ktorych wykonana zostanie rzetelna charakterystyka i optymalizacja warunkéw procesowych absorpcji,
ktorej efektem koncowym bedzie przeprowadzenie badan w powiekszonej skali z wykorzystaniem
rzeczywistych strumieni gazowych.

1.4. Kontrola procesowa

Zapewnienie jakosci i efektywnosci proceséw przemystowych ma ogromne znaczenie w poszukiwaniu
alternatywnych i ekonomicznie optfacalnych metodach uzdatniania biogazu. Idealny system monitoringu
technologicznego powinien sktadac sie z szeregu czestych, cyklicznych badan i czynnosci, ktére umozliwig
doktadng analize sktadu substratu, masy pofermentacyjnej i biogazu. Prawidiowo zaprojektowany
i wdrozony monitoring umozliwia rzetelny przeptyw informacji w procedurach eksploatacyjnych w catym
zakresie pracy biogazowni. Monitoring proceséw technologicznych powinien rozpoczgé sie na etapie
rozruchu procesu i by¢ kontynuowany przez caty okres eksploatacji. Doktadny system monitoringu
technicznego pozwala na zmniejszenie ryzyka wystgpienia problemoéw technologicznych oraz w razie ich
wystgpienia na natychmiastowe odtworzenie i ustabilizowanie produkcji biogazu [140]. Gtéwnym celem
monitoringu i sterowania technologicznego jest optymalizacja, utrzymanie i stabilizacja produkcji bioenergii.
Skuteczny monitoring umozliwia racjonalne gospodarowanie zasobami biogazowni, przy jednoczesnym
wzroscie produktywnosci bioenergii oraz deprecjacji produkcji i emisji zanieczyszczen do atmosfery [141].
Warto zwrdci¢ uwage, ze Dla poréwnania koszty monitoringu stanowig utamek strat, jakie biogazownia
moze ponies¢ w przypadku dtugotrwatych przestojow, awarii czy wahan produkcji biogazu.

Obecnie do kontroli proceséw technologicznych podczas produkcji i oczyszczania strumieni biogazu
stosuje sie najczeSciej techniki analityczne oparte gidwnie na chromatografii gazowej (ang. Gas
Chromatography, GC) [142,143]. Konwencjonalne pomiary z wykorzystaniem metody referencyjnej opartej
na jednowymiarowej chromatografii gazowej dostarczajg dogtebnych informacji nie tylko w zakresie
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dotyczacym sktadu biogazu lecz réwniez odnosza sie do Srodowiska atmosferycznego wokot biogazowni.
Jednak pomiary chromatograficzne sg tymczasowe i tylko w niewielkim stopniu pozwalajg na identyfikacje
zaktdcen procesowych w czasie rzeczywistym. Dlatego tez, coraz czesciej poszukuje sie nowych technik
pomiarowych, ktére bedg komplementarne z chromatografia gazowg. Obecnie zastosowanie
komplementarnych technik doprowadzito do potgczenia jedno- i wielowymiarowych analiz GC z
olfaktometrig dynamiczng (GC-0) [144,145] oraz systemem detekcji opartym na spektrometrii mas (GC-MS-
0) [146-148]. Badania olfaktometryczne charakteryzujg sie wysokim kosztem (szkolenie panelistéw) oraz
wysokimi wymaganiami zwigzanymi z prowadzeniem akredytowanego laboratorium olfaktometrycznego
[145]. W zwigzki z tym, wiekszos¢ uczelni i zaktadow przemystowych stosuje proste systemy
chromatograficzne sprzezone z selektywnymi detektorami, tj.: detektor ptomieniowo-jonizacyjnym (ang.
Flame lonization Detector, FID), detektor cieplno-przewodnosciowy (ang. Thermal Conductivity Detector,
TCD), detektor ptomieniowo-fotometryczny (ang. Flame Photometric Detector, FPD) lub detektor
spektrometrii mas (ang. Mass Spectrometry Detector, MS).

Stosowane analityczne systemy kontroli umozliwiajg analize ilosciowq oraz jakosciowg kontrolowanego
produktu, jednak monitoring jest prowadzony w trybie pracy ,off-line” lub ,in-line”, ktéry uniemozliwia
natychmiastowg korekte prowadzonych proceséw. Dlatego tez, nalezy obiektywnie stwierdzié, ze obecnie
poszukuje sie nowych metod do oczyszczania strumieni biogazu oraz nowych metod kontroli proceséw,
ktore obnizytyby koszty inwestycyjne oraz umozliwityby kontrole w trybie ,,on-line”. W przypadku prébek
gazowych systemy multisensoryczne stanowia obiecujgca alternatywa dla technik analitycznych. Obecnie
matryce czujnikdbw gazowych s3 coraz czesciej stosowane jako metody alternatywne zaréwno dla technik
chromatograficznych, jak i olfaktometrycznych w takich dziedzinach, jak monitoring jakosci powietrza [149],
ocena skutecznosci procesdw dezodoryzacji [150,151] czy optymalizacja i automatyzacja bioprocesow
[152]. Matryce czujnikowe przeznaczone sg zazwyczaj do szybkiej i ogdlnej analizy sktadu mieszaniny gazéow
bez jej podziatu na poszczegdlne sktadniki. Stosowane podejscie umozliwia przypisanie danej mieszaniny
gazow do wzorcow w bazie danych i na tej podstawie dostarcza jakosciowych informacji np. o procesach
kompostowania [153,154]. Sktadowiska odpaddw s3 kolejng grupa obiektéw komunalnych, w ktérych
zaimplementowano matryce sensorowe. Gebicki i wsp. [155] kontrolowali jako$¢ powietrza w poblizu
miejskiego sktadowiska odpaddw, wykorzystujgc dwa rodzaje matryc czujnikdw gazu. Jednym z nich byto
komercyjnie dostepne urzgdzenie (HERACLES IlI), a drugim samodzielnie zbudowany prototyp matrycy
czujnikowej z czterema czujnikami, ktére na podtozu metalowym zawierajg cienkg warstwe tlenkéw np.
miedzi, cynku lub cyny (ang. Metal Oxid Semiconductor, MOS) oraz jednym czujniku fotojonizacyjnym i
dwoma czujnikami elektrochemicznymi. Jako technike referencyjng wykorzystano olfaktometrie terenowg,
a matryce czujnikowe zostaty wytrenowane do klasyfikacji analizowanych préobek powietrza.

Obecnie widoczna jest ciggta intensyfikacja badan zmierzajgcych w kierunku przystosowania matryc
czujnikowych do ilosciowego oznaczania zwigzkéw chemicznych. Moufid i wsp. [156] opracowali wydajny
iczuty system monitorowania zapachéw w celu zminimalizowania ucigzliwosci zapachowych
i zanieczyszczenia srodowiska. Wykorzystujac regresje czeSciowg najmniejszych kwadratéw (ang. Partial
Least Squares Regression, PLS) wyniki chromatograficzne skorelowano z wynikami otrzymanymi z matrycy
czujnikowej. O podobnym zastosowaniu matryc czujnikowych donosili Delgado-Rodrigues i wsp. [157].
Autorzy pordéwnali dwie metody monitorowania zwigzkow zapachowych emitowanych podczas
kompostowania w miejskiej oczyszczalni Sciekdw. Do ilosciowego oznaczania zwigzkdéw z gazow
kompostowych wykorzystali GC-MS oraz matryce ztozong z 10 czujnikdéw typu MOS. Regresja PLS zostata
wykorzystana do kalibracji i treningu matrycy czujnikowej wzgledem stezen okreslonych substancji
wyznaczonych metoda GC-MS. Opracowane modele matematyczne zostaty sprawdzone przy uzyciu
narzedzi statystycznych, tj. t-testu i F-testu. W literaturze poréwnywane sg najczesciej mocne i stabe strony
wykorzystywania matryc czujnikowych do kontroli procesowej w celu wykazania ich innowacyjnosci i
pionierskiego zastosowania (Tabel 4). Jednak w chwili obecnej brakuje rzetelnego pordéwnania kontroli
procesowej uzdatniania strumieni gazowych w odniesieniu do oceny jakosci dziatania matryc czujnikowych,
ktéra skupiataby sie na okresleniu poziomu réwnowaznosci wynikéw uzyskanych z matryc czujnikowych w
poréwnaniu z wynikami uzyskanymi z metody referencyjnej (GC).

Tabela 4. Zalety i wady wykorzystania matryc czujnikowych oraz chromatografii gazowej do kontroli procesowe;j.

Matryce czujnikowe

Zalety Wady

Kontrola procesu w systemie “on-line” Zmienno$¢ odpowiedzi czujnikdw zwigzana z czynnikami
Srodowiskowymi (temperatura i wilgotno$é wzgledna)
Uktad czujnikéw w postaci tatwo wymienialnych podzespotow Starzenie lub zatrucie czujnikow
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tatwosé kalibracji Brak mozliwosci analiz jakosciowe;j

Stosunkowo wysoka doktadnosé (btedy < 10%) Wielowymiarowos¢ generowanego sygnatu

Szybki czas odpowiedzi (10-120 s) Skomplikowana identyfikacja sygnatéw

Niska granica wykrywalnosci (do poziomu ppb)

Niski koszt

Metoda referencyjna — chromatografia gazowa

Zalety Wady

Analiza ilosciowa oraz jakosciowa Koniecznos¢ transportu probek

Wysoka rozdzielczo$é¢, powtarzalnos$¢, odtwarzalno$¢ oraz  Ograniczone zakresy pomiarowe wynikajagce z granicy
doktadnosé oznaczalnosci danych zwigzkéw oraz z trudnoscia z
przygotowaniem wielosktadnikowych wzorcéw gazowych

Identyfikacja wszystkich zwigzkéw obecnych w mieszaninie  Reprezentatywno$é probki zalezy od wielu czynnikéw
kalibracyjnej

Mata objetos¢ probki do analizy Potencjalny rozktad termiczny niestabilnych lotnych zwigzkéw
organicznych

Zaktdcenia wynikajace z interakcji pomiedzy komponentami

Whptyw parametréw metrologicznych na granice oznaczalnosci
oraz wykrywalnosci

Wysokie koszty

Reasumujgc obecnie istnieje realne zapotrzebowanie na opracowanie efektywnej i korzystnej
ekonomicznie technologii uzdatniania biogazu do parametréw gazu wysokometanowego (gazu ziemnego
i sprezonego gazu ziemnego). Najkorzystniejszym rozwigzaniem wydaje sie by¢ wykorzystanie stosowanych
powszechnie ptuczek absorpcyjnych, ktore bedg kompatybilne z nowym typem efektywnych i skutecznych
absorbentéw. Dodatkowo nalezy obiektywnie stwierdzi¢, ze oprécz poszukiwania nowych metod do
oczyszczania strumieni biogazu poszukuje sie réwniez nowych metod kontroli procesowej, ktéra umozliwi
ciagta oraz bezobstugowa kontrole w systemie in-line lub on-line.

2. Cele badawcze

Gtéwnym celem niniejszej rozprawy doktorskiej byto opracowanie nowych i ekonomicznie
optacalnych sorbentéw do efektywnego oczyszczania strumieni biogazu z substancji ucigzliwych zapachowo
oraz wykazanie mozliwosci zastosowania matryc czujnikowych do monitorowania procesu uzdatniania
biogazu do gazu wysokometanowego.

Realizacja celu rozprawy doktorskiej obejmuje nastepujgce zadania badawcze:

1) Opracowanie nowych sorbentéw na bazie cieczy gteboko eutektycznych (ang. Deep Eutectic
Solvent, DES) do efektywnego oczyszczania strumienia biogazu w oparciu o mozliwos¢
projektowania wtasciwosci fizykochemicznych DES poprzez dobér odpowiedniego akceptora
i donora wigzan wodorowych.

2) Otrzymanie zaprojektowanych DES.

3) Zbadanie podstawowych wtasciwosci fizykochemicznych zaprojektowanych i otrzymanych
DES.

4) Zbadanie struktury chemicznej DES oraz interakcji pomiedzy HBA i HBD w celu wytworzenia
DES.

5) Wykorzystanie materiatow sorpcyjnych na bazie DES do efektywnego i selektywnego usuwania
zanieczyszczen z modelowego strumienia biogazu w procesie absorpcji fizyczne;j.

6) Okreslenie interakcji pomiedzy DES i zanieczyszczeniami podczas procesu absorpcji.

7) Zastosowanie alternatywnej techniki monitorowania procesu oczyszczania strumienia biogazu

z wykorzystaniem matryc czujnikowych oraz poréwnanie otrzymanych wynikéw z metodg
referencyjng chromatografig gazowg sprzezong z selektywnymi detektorami.

8) Wykazanie konkurencyjnosci absorbentéw na bazie DES do obecnie stosowanych
konwencjonalnych sorbentdow.
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3. Opis badan

Przedstawione cele czgstkowe zrealizowano i przedstawiono w o$miu publikacjach naukowych, ktére
stanowig podstawe niniejszej rozprawy doktorskiej. Otrzymane wyniki eksperymentalne wykazaty duzy
potencjat nowych materiatéw sorpcyjnych na bazie cieczy gteboko eutektycznych do absorpcyjnego
oczyszczania strumienia biogazu. W badaniach wykazano przydatnos¢ matryc czujnikowych do
monitorowania procesu absorpcji. Kontrola procesowa umozliwita wyznaczenie efektywnosci procesu
usuwania licznych zanieczyszczen wystepujgcych w biogazie zaréwno na wysokich, jak i niskich poziomach
stezen. Uzyskane wyniki stanowig kompleksowg charakterystyke procesu oczyszczania strumieni biogazu.

Wymienione ponizej publikacje naukowe zostaty zatgczone w Rozdziale 8.

1. E. Stupek, P. Makos, J.Gebicki, Deodorization of model biogas by means of novel non- ionic deep
eutectic solvent, Arch. Environ. Prot. 46 (2020) 41-46.
(https://doi.org/10.24425/aep.2020.132524)

2. E. Stupek, P. Makos, Absorptive Desulfurization of Model Biogas Stream Using Choline Chloride-
Based Deep Eutectic Solvents, Sustainability. 12 (2020) 1619.
(https://doi.org/10.3390/su12041619)

3. E.Stupek, P. Makos-Chefstowska, & J. Gebicki, Removal of Siloxanes from Model Biogas by Means
of Deep Eutectic Solvents in Absorption Process. Materials, 14 (2021) 241.
(https://doi.org/10.3390/ma14020241)

4.  P. Makos-Chetstowska, E. Stupek, A. Kramarz, & J. Gebicki, New Carvone-Based Deep Eutectic
Solvents for Siloxanes Capture from Biogas. Int. J. Mol. Sci., 22 (2021) 9551.
(https://doi.org/10.3390/ijms22179551)

5. P. Makos-Chetstowska, E. Stupek, & J. Gebicki, Deep eutectic solvents — based green absorbents
for effective volatile organochlorine compounds removal from biogas. GREEN CHEMISTRY, 23
(2021) 4814-4827. (https://doi.org/10.1039/d1gc01735g) (Reproduced from Ref. Green Chemistry
with permission from the Royal Society of Chemistry)

6. P.Makos-Chetstowska, E. Stupek, , A. Kramarz, D. Dobrzyniewski, B. Szulczynski, & J. Gebicki, Green
monoterpenes based deep eutectic solvents for effective BTEX absorption from biogas. CHEMICAL
ENGINEERING RESEARCH & DESIGN,. 188 (2022), 5.179-196.
(https://doi.org/10.1016/j.cherd.2022.09.047) (CC-BY-NC-ND) (4.0))

7.  E.Stupek, P. Makos-Chetstowska, D. Dobrzyniewski, B. Szulczynski, & J. Gebicki, Process Control of
Biogas Purification Using Electronic Nose. CHEMICAL ENGINEERING TRANSACTIONS, 82 (2020) 427-
432. (https://doi.org/10.3303/cet2082072)

8. E. Stupek, P. Makos, & J. Gebicki, Theoretical and Economic Evaluation of Low-Cost Deep Eutectic
Solvents for Effective Biogas Upgrading to Bio-Methane. ENERGIES, 13 (2020) 3379.
(https://doi.org/10.3390/en13133379)

3.1. Absorpcja lotnych zwigzkéw organicznych

W poczatkowej fazie badan otrzymano niejonowy DES ztozony z naturalnych inietoksycznych
sktadnikoéw, tj. gwajakol (G), kamfora (C) i kwas lewulinowy (Lev) w stosunku molowym 1:1:3 (Publikacja 1).
W badaniach zwrdécono szczegdlng uwage, aby sktadniki tworzace absorbenty otrzymywane byly z tatwo
dostepnych materiatéw odpadowych, pochodzgcych z innych proceséw produkcji biogazu, np. hydrolizy lub
fermentacji beztlenowej. W celu charakterystyki dla G:C:Lev (1:1:3) wykonano podstawowe badania
fizykochemiczne (gestosé, lepkos¢ dynamiczna) w warunkach ci$nienia atmosferycznego oraz w zakresie
temperatur od 25 do 50°C, co jest zwyktym zakresem temperatur pracy kolumny absorpcyjnej. DES
wykorzystano jako absorbent do usuwania dichlorometanu (DCM), toluenu (T), heksametylodisiloksanu (L2)
oraz aldehydu propionowego (AP). Powinowactwo absorbentu do DCM, T oraz L2 oceniono za pomocg
wspotczynnikow podziatu ciecz-para (K). Testy powinowactwa przeprowadzono w szklanych fiolkach, ktére
termostatowano w temperaturze 25 i 50°C przez 48 godzin. Badania przeprowadzono dla wody, n-
heksadekanu oraz nowego dotad jeszcze nie publikowanego G:C:Lev (1:1:1) i znanych DES powstatych
poprzez zmieszanie czwartorzedowej soli amoniowej (chlorku choliny - ChCl) z mocznikiem (U), kwasem
lewulinowym (Lev) oraz glikolem dietylenowym (DEG) w odpowiednim stosunku molowym. Stezenia LZO w
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fazie gazowej oznaczono za pomocg analizy fazy nadpowierzchniowej przy uzyciu chromatografii gazowej
sprzezonej z detektorem ptomieniowo-jonizacyjnym (HS-GC-FID). Na podstawie bilansu masowego
oznaczono stezenia LZO w fazie ciektej. Otrzymane wyniki wspdtczynnika K dla G:C:Lev (1:1:3) i n-
heksadekanu byty zblizone niezaleznie od temperatury, co potwierdza skutecznos¢ zaproponowanego DES
w usuwaniu LZO. Zaobserwowany brak widocznych zmian podczas zmiany temperatury jest bardzo wazny
w przypadku przemystowego zastosowania DES, poniewaz temperatura strumienia biogazu wytwarzanego
w przemysle nie zawsze jest stabilna. Najnizsze wartosci K, na poziomie <0,001 uzyskano dla toluenu. W
kolejnej czesSci badan dla toluenu przeprowadzono badania absorpcji z wykorzystaniem uktadu
dynamicznego. Jako modelowy strumien biogazu zastosowano gaz inertny (azot) zanieczyszczony parami
toluenu na poziomie 50 ppm v/v. W warunkach dynamicznych okreslono wptyw predkosci przeptywu
modelowego strumienia biogazu oraz objeto$¢ absorbentu w zakresie 20-70 mL/min oraz 15-50 mL.
Efektywnos¢ absorpcji monitorowano na wlocie i wylocie z kolumny barbotazowej za pomocg GC-FID. W
wyniku szeregu przeprowadzonych badan otrzymano najkorzystniejsze warunki absorpc;ji:
e natezenie przeptywu modelowego strumienia biogazu - 50 mL/min
e objetosc absorbentu - 50 mL.

Uzyskane najkorzystniejsze warunki przetestowano do procesu absorpcji mieszaniny wszystkich badanych
zanieczyszczen (T, PA, DCM i L2) w stezeniu 50 ppm v/v oraz temperaturze 25°C. Uzyskane krzywe absorpcji
zilustrowaty znaczaca zaleznos¢ czasu efektywnego usuwania DCM, T, L2, AP od ich struktury. Mniejsza
zdolnos$¢ absorpcyjna DCM oraz AP mogtfa wynikac z wiekszej konkurencyjnosci oddziatywan tworzonych
przez T and L2 zG:C:Lev (1:1:3). Ponadto w cyklu badarn wykonano proces regeneracji i mozliwosé
ponownego wykorzystania DES, ktore sg bardzo wazne z ekonomicznego punktu widzenia. W badaniach
wykorzystano proces adsorpcji na weglu aktywnym do usuwania LZO z DES. Wyniki wskazuja, ze LZO mozna
catkowicie usung¢ z DES, azregenerowany DES moze by¢ ponownie uzyty co najmniej pie¢ razy bez
znaczacej utraty zdolnosci absorpcyjnej. Otrzymane wyniki eksperymentalne wykazaty duzy potencjat
G:C:Lev (1:1:3) do absorpcyjnego oczyszczania rzeczywistych strumieni biogazu.

3.2. Absorpcja lotnych zwigzkow siarkoorganicznych

W ramach Publikacji 2 zwrdcono szczegdlng uwage na proces odsiarczania strumieni biogazu
z disiarczku dimetylu (DMDS), ktory jest uznawany za przedstawiciela lotnych zwigzkéw siarkoorganicznego
(ang. Volatile Organosulfur Compounds, VSC). W tym celu otrzymano trzy jonowe DES przez potaczenie
chlorku choliny (ChCl) z fenolem (Ph), glikolem etylenowym (EG) oraz kwasem lewulinowym (Lev) w
stosunku molowym 1:2. W celu wytypowania najlepszego DES przeprowadzono proces absorpcji w uktadzie
dynamicznym, w ktérym zastosowano najkorzystniejsze warunki, ktére otrzymano w ramach Publikacji 1
(objetos¢ DES - 50 mL oraz natezenie przeptywu modelowego strumienia biogazu - 50 mL/min). Proces
absorpcji prowadzono w temperaturze 25°C z poczatkowym stezeniem DMDS na poziomie 1 mg/Nm?3.
Efektywnos¢ absorpcji monitorowano na wlocie i wylocie z kolumny barbotazowej za pomocg GC-FID.
Najwyzszg efektywnos¢ absorpcji otrzymano dla ChCl:Ph (1:2), dla ktérego krzywa przebicia do 800 minut
byta jedynie w 30% nasycona zanieczyszczeniami, dopiero po kolejnych 300 minutach gwattownie wzrosta.
Pozostate DES: ChCI:EG (1:2) i ChCl:Lev (1:2) wykazaty nieco nizsze wartosci krzywych przebicia do 600 i 800
minut. W otrzymanych krzywych przebicia zaobserwowano, ze zdolnosé i szybkos¢ wchtaniania DMDS
maleje wraz ze wzrostem lepkosci DES. Wyzisze wartos¢ lepkosci absorbentow utrudniajg proces
przenoszenia masy, przez co efektywny czas absorpcji drastycznie maleje co widoczne jest na uzyskanych
krzywych przebicia. Najwyzszg efektywnos¢ absorpcji uzyskano dla ChCl:Ph (1:2), ktéry charakteryzowat sie
najnizszg wartoscig lepkosci dynamicznej. Dla najlepszego DES przeprowadzono szereg badan, pod katem
doboru najkorzystniejszych parametrow procesowych, ktére majg decydujacy wptyw na praktyczne
zastosowanie DES. W badaniach uwzgledniono wptyw:

e objetosci DES - 15-50 mL,

e natezenia przeptywu modelowego strumienia biogazu - 20-70 mL/min,

e stezenia poczgtkowego DMDS - 0,1-100,0 mg/Nm?3,

e temperatury procesu - 25-60°C.
W toku badan potwierdzono, ze objetos¢ DES, natezenie przeptywu oraz temperatura procesu na poziomie
50 mL, 50 mL/min i 25°C to nadal najkorzystniejsze parametry. Dodatkowo wykazano, ze poczatkowa ilo$¢
DMDS w modelowym strumieniu biogazu ma jedynie niewielki wptyw na zdolnos¢ i szybkos¢ absorpcji. Jest
to korzystne ze wzgledu na zmienne ilosci DMDS w rzeczywistych strumieniach biogazu. W optymalnych
warunkach DMDS byt usuwany z wysokg wydajnoscia przez 800 min. Po uptywie 800 minut zaobserwowano
stopniowe przesycenie ChCl:Ph (1:2). W celu lepszego zrozumienia otrzymanych réznic w krzywych przebicia
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oraz wyjasnienia mechanizméw usuwania DMDS z fazy gazowej za pomocg DES zastosowano badania
strukturalne z zastosowaniem spektroskopii w podczerwieni ztransformacjg Fouriera (ang. Fourier
Transformed Infrared Spectroscopy, FTIR). Na widmach FTIR nie zaobserwowano przesunie¢ wynikajgcych z
powstania oddziatywan S—H:--m, O—H---S i C—H---S. W celu lepszego zrozumienia oraz wykazania interakc;ji
wykonano obliczenia z zastosowaniem teorii funkcjonatu gestosci (ang. Density Functional Theory, DFT),
analizy potencjatu elektrostatycznego (ang. Electrostatic Potential Analysis, ESP) oraz analizy zmniejszonego
gradientu gestosci (ang. Reduced Density Gradient, RDG). Podczas analizy teoretyczne zoptymalizowano
najbardziej prawdopodobne i stabilne konfiguracje w fazie gazowej ChCl:Ph-DMDS, ChCl:Lev-DMDS i
ChCI:EG-DMDS na poziomie teorii B3LYP/6-311++G**. Powstate kompleksy DES-DMDS nie wykazaty
oddziatywan o silnym charakterze wigzan wodorowych, jednak potwierdzity wystepowanie stabych wigzan
elektrostatycznych - interakcje van der Waalsa, ktére byly gtdwng sitg napedowa usuwania DMDS z
modelowego strumienia biogazu. W celu doktadnego przetestowania DES dla przesyconego ChCl:Ph (1:2)
przeprowadzono badania regeneracji z wykorzystaniem procesu barbotaz azotem oraz proces adsorpcji z
wykorzystaniem trzech adsorbentow wegiel aktywny, zel krzemionkowy oraz tlenek glinu. Najwyzszg
skutecznos¢ cyklu absorpcji-desorpcji DMDS otrzymano z zastosowaniem barbotazu azotem.
Zregenerowany ChCl:Ph (1:2) moze zosta¢ ponownie wykorzystany co najmniej pieciokrotnie bez znaczacej
utraty zdolnosci absorpcyjnej oraz bez zmian w swojej strukturze co zostato potwierdzone za pomocg analizy
FTIR.

3.3. Absorpcja lotnych zwigzkéw krzemoorganicznych

W kolejnej czesSci badan zwrdcono szczegdlng uwage na absorpcyjne usuwanie siloksandw
z modelowego strumienia biogazu z wykorzystaniem DES. W Publikacji 3 przedstawiono badania
przesiewowe dwudziestu jonowych DES sktadajacych sie z bromku tetrapropyloamoniowego (TPABr) jako
akceptora wigzan wodorowych (HBA) oraz glikoli (t]. glikol etylenowy (EG), glicerol (Gly), glikol trietylenowy
(TriEG), glikol tetraetylenowy (TEG), glikol dietylenowy (DEG)) jako donoréw wigzan wodorowych (HBD) w
réznym stosunku molowym (1:3; 1:4; 1:5; 1:6, HBA:HBD) oraz rozpuszczalnikdw konwencjonalnych (tj. woda
oraz glikol etylenowy). Badania przesiewowe przeprowadzono przy uzyciu modelu ekranowania dla
rzeczywistych rozpuszczalnikow (ang. Conductor-Like Screening Model for Realistic Solvent, COSMO-RS)
opartego na poréwnaniu rozpuszczalnosci siloksandw w DES. Najwiekszg rozpuszczalnos¢ zaréwno
liniowych (heksametylodisiloksan (L2), oktametylotrisiloksan (L3)), jak i cyklicznych
(oktametylocyklotetrasiloksan (D4)) siloksanéw otrzymano dla DES ztozonego z TPABr i TEG w stosunku
molowym 1:3. Zachodzace interakcje pomiedzy TPABr i TEG oraz pomiedzy TPABr:TEG (1:3) i siloksanami
okreslono za pomocg metody FTIR oraz badan teoretycznych opartych na analizie o-profili (opisujgcej
rozktad prawdopodobienstwa pola powierzchni z gestoscig tadunku) oraz analizie o-potencjatéw (opisujace;j
powinowactwo miedzy sktadnikami mieszaniny). Otrzymane badania teoretyczne wskazaty, ze tworzenie
wigzan wodorowych pomiedzy grupg -OH z czasteczki DES, a grupg -O- zsiloksandw jest najbardziej
prawdopodobng sitg napedowg procesu absorpcji siloksanow.

W kolejnej czesci badan otrzymano DES przez zmieszanie TPABr z TEG w stosunku molowym 1:3. Dla
TPABr:TEG (1:3) okreslono podstawowe wtasciwosci fizykochemicznych, tj. lepkos$é dynamiczna, gestosé
i temperatura topnienia (ang. Melting Points, MP). Brak zmian lepkosci podczas zmian czestotliwosci
obrotéw na minute wskazuje, ze TPABr:TEG (1:3) jest ciecza newtonowska. Wydajnos¢ absorpcyjng
usuwania siloksanéw zfazy gazowej z wykorzystaniem TPABr:TEG (1:3) wyznaczono w uktadzie
dynamicznym. Dla dynamicznego procesu absorpcji wyznaczono gtéwne parametry procesowe, tj.
temperatura procesu (25-50°C), objetos¢ DES (15-50 mL), rodzaj gazu matrycowego (czysty N2 oraz N2:CHa
2:1 obj.) oraz natezenie przeptywu biogazu (10-50 mL/min). Stezenie gazowych siloksanéw w modelowym
strumieni biogazu utrzymywano na statym poziomie wynoszacym 50 mg/dm3. Efektywnoé¢ absorpcji
monitorowano na wlocie i wylocie z kolumny barbotazowej przy uzyciu GC-FID, natomiast stezenie metanu
przy uzyciu GC-TCD. Przeprowadzone badania wykazaty, ze najkorzystniejsze parametry absorpcji
siloksanéw to:

e objetos¢ DES - 50 mL,
e temperatura procesu - 25°C,
e natezenie przeptywu modelowego strumienia biogazu - 50 mL/min.

Zastosowanie modelowego strumienia biogazu w postaci mieszaniny N2:CHs (2:1 obj.) wykazaty
zmniejszong o 20-80 minut chtonno$¢ DES w pordwnaniu z czystym azotem. W optymalnych warunkach
siloksany usuwano z fazy gazowej z wysoka wydajnoscig do 375, 280 i 5300 minut odpowiednio dla L2, L3
oraz D4. Otrzymane krzywe przebicia oraz wydajnosci wchtaniania sg znacznie wyzsze w poréwnaniu do
olejow mineralnych. W badaniach wykazano réwniez, ze nowy DES na bazie TPABr:TEG (1:3) mozna fatwo
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regenerowac z wykorzystaniem barbotazu azotem w podwyzszonej temperaturze (90°C). Skutecznos¢
desorpcji osiggnieto na poziomie 99,999%, ktdra byta utrzymywana do 5 cykli regeneracyjnych.

Ze wzgledu na bardzo czeste wystepowanie siloksanow w biogazie w Publikacji 4 wykonano
przesiewowe badania dla 90 niejonowych hydrofobowych DES. Jako absorbenty wytypowano DES ztozone
z dwdch sktadnikdéw chemicznych, ktére mozna tatwo wyekstrahowadé ze zrédet naturalnych, tj. rosliny lub
biomasa. DES sktadaty sie z karwonu (C-one), kamfory (C), tymolu (Th), waniliny (V), gwajakolu (G), kwasu
lewulinowego (Lev), kwasu wanilinowego (VA), kwasu dekanowego (DA), kwasu undekanowego (UA)
i kwasu dodekanowego (DDA), ktore potgczono ze sobg w stosunku molowym 1:1. Przy wykorzystaniu
modelu COSMO-RS wyznaczono i poréwnano wspotczynniki aktywnosci DES wzgledem siloksanow
liniowych: L2, L3, dekametylotetrasiloksan (L4) oraz cyklicznych: heksametylocyklotrisiloksan (D3)
i dekametylocyklopentasiloksan (D5). Najwieksze powinowactwo w badaniach teoretycznych do siloksanéw
otrzymano dla DES na bazie karwonu (C) w potaczeniu z kwasami organicznymi tj. DA, UDA oraz DDA. Ze
wzgledu na to w kolejnej czesci badan otrzymano DES przez zmieszanie C z DA, UDA oraz DDA w
odpowiednim stosunku molowym. Dla nowych DES na bazie C:DA (1:1), C:DDA (3:1) oraz C:UDA (1:1)
wyznaczono podstawowe wiasciwosci fizykochemicznych DES, ktdére charakteryzowaty sie niskimi
wartosciami lepkosci oraz gestosci. W celu doktadniej charakterystyki nowych DES wykonano badania
teoretyczne oparte na analizie o-profili oraz o-potencjatéw oraz badania eksperymentalne
z wykorzystaniem spektroskopii FTIR oraz spektroskopii magnetycznego rezonansu jadrowego (ang. Nuclear
Magnetic Resonance Spectroscopy, NMR). Zestawienie wszystkich badan umozliwito okreslenie
mechanizmoéw tworzenia DES oraz absorpcji siloksandow z wykorzystaniem DES. Wykazano, ze wigzania
wodorowe odgrywajg dominujgcg role w tworzeniu DES, natomiast stabsze oddziatywania niezwigzane s3
odpowiedzialne za skuteczno$¢ usuwania siloksandw z biogazu. W celu okreslenia wydajnosci
absorpcyjnego usuwania siloksanéw z fazy gazowej z wykorzystaniem DES przeprowadzono procesy
dynamiczne. Efektywnosc¢ absorpcji monitorowano na wlocie i wylocie z kolumny barbotazowej przy uzyciu
GC-FID, natomiast stezenie metanu oraz dwutlenku wegla przy uzyciu GC-TCD. Proces absorpcji prowadzono
przy zastosowaniu objetosci DES na poziomie 50 mL, szybkosci przeptywu 50 mL/min oraz temperaturze
procesu 25°C. W tej czeSci badan wykazano, ze najskuteczniejszym absorbentem o zdolnosci absorpcyjnej
do 5600 minut okazat sie DES ztozone z C:DA (1:1). Nasycenie C:DA (1:1) byto najdtuzsze dla cyklicznych
siloksanéw D3 i D4, natomiast najszybciej przesycat sie liniowy L2. Otrzymane rdznice w efektywnosci
absorpcji mogty wynika¢ z wartosci preznosci par i polarnosci, ktore dla L2 byly znacznie wieksze w
poréwnaniu z innymi siloksanami. Ponadto, cykliczne siloksany posiadajg wiekszg liczbe wigzan Si-:O w
stosunku do liniowych siloksanéw, co rowniez moze wptywac na zwiekszenie powinowactwa do DES.
W dalszych badaniach dla najlepszego DES (C:DA (1:1)) okreslono wptyw gtéwnych parametrow
procesowych: predkosci przeptywu w zakresie przeptywu laminarnego 25-70 mL/min oraz rodzaju matrycy
modelowego strumienia biogazu (N2 oraz CH4:CO2 2:1 obj.). Stezenie siloksandéw utrzymywano na tym
samym poziomie 30 g/m?3. C:DA (1:1) wysycito sie zwigzkami L2, L3 i L4 po okoto 5500 min (50 mL/min) i 6000
min (25 mL/min), D3 5000 min (50 mL/min) i 6000 min (25 mL/min) oraz D5 6000 min dla 50 i 25 mL/min.
Najwieksze rdznice w czasie absorpcji pomiedzy przeptywami 75, 50 i 25 mL/min zaobserwowano dla
zwigzkéw liniowych. Przeprowadzone badania potwierdzity, ze cykliczne siloksany wykazywaty wieksze
powinowactwo do DES niz liniowe. Zmiana matrycy z czystego azotu na mieszanine CH4:CO2 2:1% v/v
w poczatkowej fazie procesu absorpcji doprowadzita do sorpcji siloksanéw oraz metanu i dwutlenku wegla.
Catkowity ubytek metanu wynosit okoto 1%. Otrzymana warto$¢ miesci sie w dopuszczalnych normach
stosowanych podczas procesow przemystowych. W przypadku dwutlenku wegla zaobserwowano znacznie
dtuzszy czas efektywnego wychwytywania CO2. Wydtuzona absorpcja CO: jest korzystna pod wzgledem
dalszego zastosowania C:DA (1:1). Ze wzgledu na wysokg selektywnos¢ wychwytywania siloksanéw z
jednoczesnym usuwaniem dwutlenku wegla proponowana procedura absorpcji ma duzy potencjat do
oczyszczania rzeczywistych strumieni biogazu. W koncowym etapie badan wykonano regeneracje C:DA
(1:1). Najwyzsza skutecznosc desorpcji zaobserwowano dla barbotazu azotem w temperaturze 150°C. Petng
desorpcje siloksanéw uzyskano po 90 minutach. Wykazano, ze cykl absorpcji-desorpcji mozna prowadzic¢
pieciokrotnie bez zmiany wydajnosci procesu oraz bez zmian w strukturze DES, co potwierdzono za pomocga
widm FTIR oraz NMR.

3.4. Absorpcja lotnych zwigzkéw chloroorganicznych

Lotne zwigzki chloroorganiczne (ang. Volatile Organochloride Compound, COCC) stanowig
problematyczng grupe zanieczyszczen biogazu z grupy LZO. Dlatego, tez w Publikacji 5 przetestowano nowe
dotad jeszcze nie publikowane niejonowe DES jako rozpuszczalniki do absorpcyjnego usuwania
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dichlorometanu (DCM), chloroformu (CF), czterochlorku wegla (TCM), 2,2,2-trichloroetanolu (TCEtOH),
1,1,2,2-tetrachloroetanu (TCE) z modelowego strumienia biogazu. Niejonowe DES otrzymano przez
potfaczenie: kamfory (C), gwajakolu (G), syringolu (Syr) i kwasu lewulinowego (Lev) w odpowiednim stosunku
molowym. W wyniku badan eksperymentalnych otrzymano DES na bazie C:G (1:1), C:Lev (1:2), G:Lev (1:1)
oraz Syr:Lev (1:1), dla ktérych okreslono podstawowe wiasciwosci fizykochemiczne, tj. lepkos¢, gestosc i
temperatura topnienia. Nowe DES przebadano pod wzgledem strukturalnym, z zastosowaniem techniki
NMR oraz FTIR. Zastosowanie techniki NMR potwierdzito, ze otrzymane DES przebiegto bez dodatkowych
reakcji ubocznych, poniewaz zidentyfikowane sygnaty przypisano wytgcznie do sygnatéw HBA oraz HBD,
ktore tworzyty konkretny DES. Uzyskane informacje z widm FTIR wskazujg jedynie na powstawanie silnych
wigzan wodorowych pomiedzy HBA i HBD. Nie wskazujg jednak liczby wigzan wodorowych, ich doktadnej
lokalizacji oraz informacji o stabszych oddziatywaniach, czyli oddziatywaniach elektrostatycznych w
strukturach DES. Dlatego tez, w kolejnej czesci badan wykorzystano obliczenia z zastosowaniem teorii
funkcjonatu gestosci DFT, aby uzyska¢ wglad w zachodzace integracje w DES na poziomie atomowym.
Najbardziej prawdopodobne i stabilne kompleksy DES zostaty zoptymalizowane geometrycznie na poziomie
teorii B3LYP/6-311++G**. W kolejnym etapie badan teoretycznych przeprowadzono analize gradientu
gestosci (ang. Reduced Density Gradient, RDG), ktéra miata na celu klasyfikacje i identyfikacje wszystkich
oddziatywan niekowalencyjnych wystepujgcych pomiedzy sktadnikami DES. Analiza RDG umozliwia
identyfikacje trzech rodzajow oddziatywan, tj. wigzan wodorowych, sit van der Waalsa i odpychania
sterycznego. Badania teoretyczne poszerzono o analize potencjatu elektrostatycznego (ang. Electrostatic
Potential Analysis, EPA) w celu wykazania najbardziej prawdopodobnych i najbardziej stabilnych obszaréw
ataku elektrofilowego oraz przewidywania, w jaki sposéb rézne geometrie elementéw DES mogg ze sobg
oddziatywac.

W badaniach eksperymentalnych przeprowadzono procesy absorpcyjnego usuwania COCC. W celu
okreslenia wydajnosci proceséw absorpcyjnych z wykorzystaniem DES wyznaczono gtéwne parametry
procesowe, tj.:

e rodzaj DES - C:Gu (1:1); C:Lev (1:2); Gu:Lev (1:1); Syr:Lev (1:1),

e temperatura absorpcji - 20-60°C,

e natezenie przeptyw gazu - 25-75 mL/min,

e  sktad gazu - CH4:C0O2:N2:H,0 w stosunku; 81:15:2:2; 66:30:2:2; 51:45:2:2 % obj.,

e poczatkowe stezenie COCC - 0,5-10,0 mg/m?3,

e temperatura procesu regeneracji (barbotaz azotem) - 20-100°C.
Stezenie gazowych zanieczyszczern monitorowano na wlocie i wylocie z kolumny barbotazowej przy uzyciu
techniki GC-FID, natomiast sktad modelowego strumienia biogazu z wykorzystaniem GC-TCD.

W wyniku przeprowadzonych badan otrzymano najkorzystniejsze parametry usuwania COCC
z modelowego strumienia biogazu: rodzaj DES - Syr:Lev (1:1), temperatura procesu - 25°C, natezenie
przeptywu modelowego strumienia biogazu - 50 mL/min. Zastosowanie metanu w modelowej mieszaninie
w postaci CH4:CO2:N2:H20 w stosunku objetosciowym 81:15:2:2, 66:30:2:2 i 51:45:2:2 obj. zmniejszyto
pojemnos¢ absorpcyjng DES $rednio 0 0,7% w porédwnaniu z czystym azotem. W wyniku zwiekszeni stezenia
dwutlenku wegla z 0 do 30% zaobserwowano zmniejszenie pojemnosci i szybkosci absorpcji COCC, a co za
tym idzie skrécenie efektywnego czasu absorpcji COCC z 138 do 89 min. Kolejne zwiekszenie stezenia CO;z
30 45% nie doprowadzito do istotnych zmian w efektywnym czasie absorpcji COCC. Nieoczekiwane wyniki
uzyskano dla TCEtOH, gdzie zaobserwowano, ze wraz ze wzrostem stezenia CO. w biogazie nastepuje
efektywny wzrost czasu wchtaniania TCEtOH z 640 do 1200 min. Najprawdopodobniej wynika to z faktu, ze
grupa -OH z TCEtOH moze tworzy¢ silne wigzania wodorowe zaréwno z DES, jak i CO2. Zwiekszenie stezenia
COCC w strumieniu biogazu z 0,5 do 1 mg/cm™ nie spowodowato istotnych réznic w czasie absorpcji. Dalszy
wzrost do 10 mg/m doprowadzit do zauwazalnego skrécenia czasu przesycenia DES z 612,1 do 211,8 min
dla DCM. W badaniach regeneracyjnych wykazano, ze barbotaz azotem w 100°C przez 60 minut jest
najefektywniejszy sposobem umozliwiajgcym przeprowadzenie do 10 cykli absorpcji-desorpcji bez zmian w
strukturze DES co potwierdzono za pomocg analizy FTIR.

W najkorzystniejszych warunkach procesu pojemnos¢ absorpcyjna dla DCM, CF, TCM, TCE i TCEtOH
wynosita odpowiednio 304, 420, 360, 292 oraz 661 mg COCC/g DES. Otrzymane wartosci dla Syr:Lev (1:1)
podczas usuwania DCM s3 wyzsze o okoto 98 mg/g w porédwnaniu z absorbentami na bazie ILs. W celu
doktadniejszej analizy i lepszego poznania i wyjasnienia mechanizmdéw zachodzgcych podczas procesu
usuwania COCC w procesie absorpcji, kompleksy DES- COCC scharakteryzowano metodg FTIR oraz
metodami obliczeniowymi mechaniki kwantowej. W widmach FTIR po absorpcji COCC, nastgpito
przesuniecie grupy —OH i grupy C=0 w kierunku wyzszych wartosci liczby falowej. Zaobserwowane zmiany
potwierdzity, ze proces absorpcji moze odbywac sie poprzez tworzenie stabych wigzan wodorowych
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pomiedzy grupg -COOH (pochodzacy z Syr:Lev), a atomem chloru (pochodzacg z COCC). Dodatkowo
otrzymane wyniki RDG wykazaty, ze oddziatywania van der Waalsa wystepujg we wszystkich kompleksach
DES-COCC, z wyjatkiem kompleksow DES-TCEtOH, w ktérych wspdtistniaty zaréwno wigzania wodorowe, jak
i oddziatywania van der Waalsa.

3.5. Absorpcja lotnych zwigzkéw organicznych z grupy BTEX

W ramach Publikacji 6 otrzymano DES poprzez potgczenie: kamfory (C), karwonu (C-one), eukaliptolu
(Eu), furfuralu (FF), chlorku choliny (ChCl), bromku tetrametyloamoniowowego (TMABr), bromku
tetraetyloamoniowego (TEABT), bromku tetrapropyloamoniowego (TPABY), bromku
tetrabutyloamoniowego (TBABr), gwajakolu (G), syringolu (Syr), mentolu (M), tymolu (Th), waniliny (V),
kwasu mrowkowego (FA), kwasu oktanowego (OA), kwasu nonanowego (NA), kwasu dekanowego (DA),
kwasu dodekanowego (DDA) oraz kwasu lewulinowego (Lev), ktére zmieszano w stosunku molowym 1:1.
Otrzymane DES zastosowano jako rozpuszczalniki do absorpcyjnego usuwania benzenu (B), toluenu (T),
etylobenzenu (E) oraz ksylenu (X) z modelowego strumienia biogazu. Z 99 przetestowanych DES tylko 39
kompleksow eutektycznych okazato sie cieczami w temperaturze pokojowej. Ze wzgledu na stosunkowo
duzg liczbe nowych DES przeprowadzono preselekcje DES poprzez poréwnanie teoretycznych statych
Henry'ego (H), ktdre zostaty wyznaczone za pomocg modelu COSMO-RS. Najnizsze wartosci statych K, a tym
samym najwiekszg rozpuszczalno$é BTEX otrzymano dla DES na bazie C:0A (1:1), C:DA (1:1), C-one:0A (1:1),
C-one:NA (1:1), C-one:DA (1:1), C-one:Lev (1:1) oraz Eu:OA (1:1). Dla wybranych DES okreslono podstawowe
wiasciwosci fizykochemicznych (tj. temperatura topnienia, gestosé, lepkosé oraz napiecie powierzchniowe)
oraz wykonano badania strukturalne z zastosowaniem metod NMR oraz FTIR. W celu wytypowania
najefektywniejszego DES przeprowadzono absorpcje BTEX w uktadzie dynamicznym, w ktorym zastosowano
najkorzystniejsze warunki uzyskane w ramach wczesdniejszych badan, tj. temperatura procesu 25°C,
ci$nienie biogazu 10 kPa, objetos¢ DES 50 mL, natezenie przeptywu modelowego biogazu 50 mL/min,
stezenie poczatkowe BTEX 2000 mg/m3. Stezenie gazowych zanieczyszczed monitorowano na wlocie i
wylocie z kolumny barbotazowej przy uzyciu techniki GC-FID. W celu dokfadniejszej preselekcji DES
wykonano réwniez szybkie poroéwnanie eksperymentalnych statych Henry'ego (K). Badania wykonano
technikg HS-GC-FID zgodnie z procedurg opisang w Publikacji 1. Preselekcje eksperymentalnych K
wykonano w dwdéch wariantach. Pierwszy dotyczyt rozpuszczalnosci pojedynczych zanieczyszczen w DES,
drugi natomiast rozpuszczalnosci mieszaniny BTEX. Uzyskane wartosci statych K w obu wariantach rdéznig sie
od siebie tylko nieznacznie. Wyniki z proceséw dynamicznych oraz uzyskanych wartosci statych K wykazaty,
ze chtonnos¢ BTEX zalezy zaréwno od rodzaju HBD, HBA, jak i struktury BTEX. DES ztozony z Eu i OA w
stosunku molowym 1:1 charakteryzowaty sie najwyzszg chtonnoscig BTEX. W badanach wykazano, ze na
efektywnos¢ absorpcji BTEX ma wptyw nie tylko struktura sktadnikéw i silnie hydrofobowy charakter DES,
ale takze wtasciwosci fizykochemiczne tj. niska lepkos¢, wysokie napiecie powierzchniowe i stosunkowo
niska temperatura topnienia. W celu wyjasnienia zachodzacych interakcji pomiedzy DES a BTEX,
wykorzystano badania molekularne oparte na obliczeniach teoretycznych DFT, RGD oraz EPA. Za pomoca
badan teoretycznych wykazano, ze gtéwna sitg napedowg wychwytywania BTEX byty oddziatywania
elektrostatyczne tj. oddziatywania van der Waalsa oraz oddziatywania n-n pomiedzy BTEX oraz DES.

W kolejnej czesci badan okreslono wptyw matrycy na efektywnosé absorpcji Eu:OA (1:1). Poréwnano
efektywnos¢ absorpcji BTEX z obojetnego strumienia azotu oraz z modelowej mieszaniny biogazu
sktadajgcego sie z CH4:CO2:N2 w stosunku objetosciowym 5:3:2. Skfad zanieczyszczen kontrolowana za
pomocg GC-FID, natomiast modelowego strumienia biogazu z wykorzystaniem GC-TCD. Otrzymane wyniki
wykazaty, ze zastosowanie modelowego strumienia biogazu skraca czas absorpcji, a tym samym zmniejsza
zdolno$¢ absorpcji DES. Wynika to z tworzenia sie konkurencyjnych interakcje, najprawdopodobniej
pomiedzy CHs---HBA oraz CO2---HBD powstaja wigzania wodorowe w wyniku ktérych nastepuje czesciowa
absorpcja CHa i CO2. W zwigzku z dodatkowg absorpcja gtéwnych sktadnikdw biogazu zmniejsza sie
wydajnos¢ wchtaniania BTEX. Najwieksze zmiany w efektywnosci absorpcji widoczne sg dla benzenu,
ktérego czas skrocit sie o ok 1000 minut. W celu wykazania konkurencyjnosci nowych absorbentéw na bazie
DES, dynamiczne procesy absorpcyjnego usuwania BTEX przeprowadzono na komercyjnie dostepnym
absorbencie (Genosorbie). Procesy absorpcji prowadzono w takich samych warunkach jak dla Eu:OA (1:1) z
wykorzystaniem modelowej mieszaniny biogazu ztozonej z CH4:CO2:N2 (5:3:2 obj.). Podczas badar dla Eu:0A
(1:1) uzyskano najkrétszy czas absorpcji zanieczyszczen dla benzenu, ktéry wynosit 4048 minut. Z kolei
najdtuzszy czas uzyskano dla toluenu, etylobenzenu i ksylenu, ktére wynosity odpowiednio 5334, 5790 i
5800 minut. Bardzo podobny trend usuwania BTEX mozna zaobserwowa¢ w przypadku Genosorbu dla
ktérego najkrotszy czas absorpcji uzyskano réwniez dla benzenu wynoszgcy 3118 min. Dla pozostatych
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zanieczyszczen otrzymano zblizone lecz nizsze wartosci wynoszace dla toluenu, etylobenzenu iksylenu,
odpowiednio 4319, 5731 i 5859 min. Otrzymane wyniki wskazujg, ze nowy DES moze by¢ dobrg alternatywg
dla dostepnych i stosowanych obecnie absorbentéow w przemysle. W celu wyjasnienia mechanizméw
wychwytywania BTEX wykorzystano analizy teoretyczne oparte na modelu COSMO-RS oraz analizy
eksperymentalne przy wykorzystaniu technik FTIR oraz NMR. W badaniach wykazano, ze gtéwna sitg
napedowg usuwania BTEX przy zastosowaniu Eu:OA (1:1) oraz Genosorbu sg stabsze oddziatywania
niekowalencyjne, tj. oddziatywania van der Waalsa.

Dla Eu:0A (1:1) przeprowadzono rowniez proces absorpcji w powiekszonej skali w celu potwierdzenia
przydatnosci DES. Zwiekszenie skali obejmowato 10-krotne zwiekszenie objetosci DES do 500 mL oraz
natezenia przeptywu modelowego strumienia biogazu CH4:CO2:N2 (5:3:2 obj.) do 500 mL/min. Proces
absorpcji przeprowadzono w dwdch wariantach temperaturowych. Pierwszg kolumne absorpcyjna
utrzymywano w temperaturze pokojowej (RT), a drugg ochtodzono do 10°C. W obu wariantach proces
efektywnego wychwytu benzenu jest prawie dwukrotnie krotszy w poréwnaniu z ETX. Czas przebicia DES
dla benzenu wynosit odpowiednio 5000 min i 6500 min, toluenu od 10500 min do 13700 min, dla
etylobenzenu i ksylenu odpowiednio od okoto 11500 min do 15000 min (25 i 10°C). Uzyskany czas absorpcji
w temperaturze 10°C jest proporcjonalnie dtuzszy w poréwnaniu z RT. Zalezno$¢ miedzy wzrostem
wydajnosci procesu absorpcji, a spadkiem temperatury jest dobrze znana i wynika z egzotermicznego
charakteru procesu absorpcji. Otrzymany stopien absorpcji BTEX wraz ze spadkiem temperatury z 25 do
10°C wzrasta z 51,9 do 55,4%. Te sama tendencje otrzymano w przypadku absorpcji metanu, gdzie stopien
wchtaniania wzrasta z 0,73 do 0,81%. Z punktu widzenia przemystowych proceséw absorpcyjnych wzrost
rozpuszczalnos$ci CHs w absorbentach jest niekorzystny Otrzymana warto$¢ rozpuszczalnosci metanu osigga
maksymalnie 2% [158]. Jest to wartos¢, ktdra nie przekracza dopuszczalnej wartosci. W przypadku CO»
zaobserwowano znikomg rozpuszczalnos¢ w DES. Z otrzymanych wynikdw mozna zatem stwierdzi¢, ze
proces absorpcji jest selektywny dla zwigzkdw z grupy weglowodoréw monoaromatycznych. W
przeprowadzonych procesach absorpcyjnych w powiekszonej skali otrzymano catkowitg zdolnos¢ absorpcji
BTEX na poziomie 0,05 g/g (25 °C) oraz 0,056 g/g (10°C). Otrzymane wartosci sg poréwnywalne z dostepnymi
na rynku absorbentami. Niski koszt produkcji DES, mozliwo$¢ wielokrotnej regeneracji bez wptywu na
strukture DES i bez znaczacego obnizenia wydajnosci absorpcji, sprawiajg, ze DES jest doskonaty ,,zielong”
alternatywg dla pozostatych mediéw absorpcyjnych.

3.6. Kontrola procesowa

W kolejnej czesci badan szczegdlng uwage zwrdécono na wykazanie przydatnosci alternatywnej
metody kontroli procesowej z wykorzystaniem matrycy czujnikbw gazu do monitorowania proceséw
absorpcyjnych. W Publikacji 7 wykorzystano i sprawdzono prototyp matrycy czujnikowej zbudowanej
z dwéch czujnikéw typu MOS: TGS2600 i TGS2611. Wybdr prezentowanych modeli czujnikdow wynikat z ich
wysokiej czutosci na LZO, niski koszt, dtugg zywotnos¢ oraz tatwos¢ przetwarzania sygnatu. Prototyp matrycy
czujnikowej oraz technike referencyjng (GC-FID) wykorzystano jako metody kontroli procesowe;j
absorpcyjnego uzdatniania modelowego strumienia biogazu z LZO. Modelowy strumien biogazu sktadat sie
z mieszaniny CH4:CO; w stosunku objetosciowym 75:25 oraz zanieczyszczen tj.: cykloheksan (CH), 1-butanol
(BuOH), toluen (T), disiarczek dimetylu (DMDS) i aldehyd propionowy (AP) na poziomie 16 ppm v/v. Badania
absorpcji w uktadzie dynamicznym prowadzono w temperaturze pokojowej z zastosowaniem absorbentéw
na bazie DES (C:G (1:1) i ChCl:U (1:2)) oraz rozpuszczalnikdw organicznych (n-heksadekan). Prébki biogazu
monitorowano na wlocie i wylocie z kolumny barbotazowe;.

Kontrola procesowa z wykorzystaniem matrycy czujnikowej polegata na poborze prébek gazowych
na wlocie i wylocie kolumny barbotazowej, ktére byty kierowane do workéw typu TEDLAR przez okreslony
czas. Z workdéw Tedlarowych badana prébka byta kierowana do komory czujnikowej. Predkosé przez komore
pomiarowg byta stata i wynosita 300 mL/min. Ze wzgledu na wysokie stezenie metanu prébki przed wlotem
do komory pomiarowej byty rozcienczane powietrzem. Matryca czujnikowa pracowata w trybie stop - czas
przeptywu prébki przez komore wynosit 60 sekund oraz flow - czas zatrzymania préobki w komorze
pomiarowej wynosit 30 sekund. Uzyskane sygnaty z czujnikdw automatycznie byty zapisywane w pamieci
komputera za pomocag przetwornika analogowo-cyfrowego. Zarejestrowane sygnaty konwertowano do
przestrzeni dwuwymiarowej. Konwersja sygnatu umozliwita okreslenie procentowej efektywnosci
uzdatniania biogazu, ktérg poréwnano efektywnoscia absorpcji otrzymang za pomocg metody
referencyjnej. Poréwnane efektywnosci uzdatniania nie réznig od siebie znaczgco. Najwieksze rdznice na
poziomie 24-31% dla wszystkich absorbentéw otrzymano wzgledem DMDS. Rdznice te wynikaty z bardzo
niskich wartosci czutosci na DMDS obu zastosowanych czujnikéw w matrycy czujnikowej. Ze wzgledu na to
sygnaty DMDS byty znacznie nizsze, a btad oszacowania efektywnosci uzdatniania wiekszy.
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Wyniki uzyskane w ramach Publikacji 7 wykazaty, ze matryce czujnikowe moga byé z powodzeniem
wykorzystywane do monitorowania procesu oczyszczania biogazu metodg absorpcyjng. Zastosowanie
alternatywnej, znacznie tanszej, metody wzgledem chromatografii gazowej, umozliwia znacznie krétszy czas
pojedynczej analizy oraz fatwg mozliwo$¢ automatyzacji procesu. W ramach Publikacji 7 wykazano réowniez,
ze nowo otrzymany DES na bazie C:G (1:1) wykazuje najwyisze wartosci skutecznosci oczyszczania
modelowego biogazu zaréwno z pojedynczych LZO, jak i z ich mieszaniny. Ze wzgledu na duzy potencjat
wykorzystania matryc czujnikowych do monitorowania proceséw absorpcyjnego uzdatniania biogazu w
Publikacji 6 (ktérg doktadnie opisano w podrozdziale 3.4) wykonano kontrole procesowg za pomocg metody
referencyjnej (GC-FID) oraz z wykorzystaniem metody alternatywnej. Matryca czujnikowa wykorzystana w
Publikacji 6 zostata zbudowana z 5 czujnikéw typu MOS (TGS2600, TGS2602, TGS2603, TGS823, TGS8100)
oraz PID-A12, ktdre sg czute na LZO; czujnika SHT25 czutego na zmiany temperatury, wilgotnosci i cisnienia
atmosferycznego; czujnika NDIR, ktéry jest czuty na CHs oraz CO.. Skonstruowana matryca czujnikowa
umozliwita kontrole stezer BTEX w zakresie od 0 do 6600 mg/m? oraz dwutlenku wegla i metanu w zakresie
0-100% v/v. Kontrola procesowa z wykorzystaniem matrycy czujnikowej polegata na poborze probek
gazowych do workow typu TEDLAR na wlocie i wylocie kolumny barbotazowej, nastepnie pomiary
czujnikowe wykonywano automatycznie w trybie stop-flow (30s-30s). Otrzymane sygnaty czujnikéw
rejestrowano za pomocg przetwornika analogowo-cyfrowego i konwertowano go za pomoca
dedykowanego oprogramowania. Do analizy sygnatow uzyskanych z matrycy czujnikowej wykorzystano
analize statystyczng opartg na wielokrotnej regresji liniowej (ang. Multiple Linear Regression, MLR).
Opracowany modele predykcyjny umozliwit okreslenie liniowej zaleznosci pomiedzy zmiennymi
niezaleznymi (sygnat czujnika), a zmienng zalezng (stezenie zanieczyszczenia). Sygnaty z kazdego czujnika
zostaty skalibrowane i zweryfikowany zaréwno wzgledem temperatury 25°C, jak i 10°C. Podczas
prowadzonych testow kalibracyjnych wykazano, ze eukaliptol sktadnik Eu:0A (1:1) wykazat emisje, ktora
miata wptyw na sygnat czujnikdéw gazu. Dlatego tez, opracowano sze$¢ modeli MLR: dla strumienia
wlotowego (catkowite stezenie BTEX w 10°C i 25°C) oraz strumienia wylotowego (catkowite stezenie BTEX
w 10°C i 25°C), jeden wspdlny model MLR dla wlotu i wylotu dwutlenku wegla oraz jeden dla metanu w tej
samej konfiguracji. Modele MLR dla BTEX opracowano w celu uzyskania przewidywanej catkowitej
powierzchni pikdw chromatograficznych badanych zwigzkéw. Dla pieciu z szeSciu przygotowanych modeli
wartosci R? byty wieksze niz 0,9850. Najnizsze wartosci R? osiggnieto dla strumienia wlotowego BTEX w
temperaturze 25°C, ktére wyniosty 0,9629, co nadal jest wiecej niz zadowalajgce. Emisja eukaliptolu w
strumieniach wylotowych wyraznie wptywa na sygnaty z czujnika PID. Dlatego tez, dopiero po zmniejszeniu
odpowiedzi matrycy na sygnat pochodzacy od eukaliptolu stezenia BTEX obliczone za pomocg
przygotowanych modeli MLR byty zblizone do wynikéw chromatograficznych. Opracowane modele MLR
postuzyty do obliczenia efektywnosci procesu absorpcji. Wyniki stezenn okreslone za pomocg matrycy
czujnikowej poréwnano z chromatografia gazowa. Do oceny zgodnosci i doktadnosci przygotowanych
modeli wzgledem referencyjnych pomiaréw chromatograficznych wykorzystano btad sredniokwadratowy
(ang. Root Mean Square Error — RMSE), ktory jest najczesciej stosowang metodg do okreslania btedu modelu
w przewidywaniu zmiennych wyjsciowych. Najnizsze wartosci RMSE na poziomie 0,017 otrzymano dla BTEX
w procesie w temperaturze 10°C, natomiast najwyzsze na poziomie 0,039 dla dwutlenku wegla w procesie
w temperaturze 25°C. Uzyskane wyniki wskazuja, ze wartosci stezen sumarycznych BTEX, CHs i CO2 w
biogazie na wlocie i wylocie nie réznig sie istotnie od uzyskanych technikami referencyjnymi. Uzyskane
wyniki potwierdzajg, ze matryce czujnikdw gazowych wraz z odpowiednio dobranym modelem
matematycznym moga charakteryzowaé sie podobnie wysokim poziomem jakosci jak wyniki uzyskane
technika chromatografii gazowej. Prezentowany model matrycy czujnikowej oprécz wielu zalet posiada
rowniez dwa gtéwne ograniczenia przede wszystkim skala prowadzonych badan oraz mozliwosc¢
wyznaczenia jedynie sumy BTEX. Z tego wzgledu zaproponowana matryca czujnikowa nie nadawataby sie
do bezposredniego wykorzystania w przemysle. Jednak zaproponowana alternatywna metoda kontroli
procesowej docelowo moze Swietnie zapetni¢ luke pomiedzy czujnikami gazéw selektywnymi dla
okreslonych zwigzkéw chemicznych, a technikami chromatograficznymi.

3.7. Ocena DES

Z ekonomicznego punktu widzenia catkowity koszt technologii absorpcyjnego uzdatniania biogazu
w duzym stopniu zalezy od ceny absorbentu. Ze wzgledu na to w Publikacji 8 zbadano wptyw 23 DES
ztozonych z czwartorzedowych soli amoniowych i tanich sktadnikow organicznych jako potencjalne
absorbenty do usuwania siloksanéw, CO: i H2S z modelowego strumienia biogazu. Do wstepnej preselekcji
DES wykorzystano teoretyczny model COSMO-RS. Badania przeprowadzono w analogiczny sposob jak
w badaniach opisywanych powyzej. W wyniku teoretycznego obliczenia wspdtczynnika aktywnosci, entalpii
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nadmiarowej oraz statych Henry'ego badane DES podzielono na trzy grupy. Pierwsza posiadajgca najwiekszy
potencjat do rozpuszczania wszystkich zanieczyszczen, druga wykazujgca efektywng absorpcje tylko do
siloksandw oraz trzecig, ktdra nie wykazywata potencjatu absorpcji do badanych zanieczyszczen. Do dalszych
badan wytypowano tylko dwa DES na bazie ChCl:U (1:2) i ChCI:0A (1:2), dla ktérych wykonano analizy o-
profildw i o-potencjatu dzieki ktérym potwierdzono, ze gtéwna sita napedowg procesu absorpcji s3
interakcje elektrostatyczne pomiedzy zanieczyszczeniami biogazu, a DES. W dalszej czesci badan wykonano
analizy ekonomiczne proceséw absorpcyjnych wykonywanych za pomocy ptuczki (wodnej, aminowej oraz
DES), adsorpcji zmiennocisnieniowe] oraz separacji membranowej. Jednoznaczne oszacowanie kosztow dla
poszczegdlnych technologii jest trudne ze wzgledu na réznice w kosztach komponentéw, materiatow i
medidw oraz lokalnych uwarunkowan. Obliczenie catkowitego rocznego kosztu (ang. Total Annual Cost,
TAC) procesu uszlachetniania biogazu, umozliwito poréwnanie kosztéw réznych technologii pomiedzy sobg.
Wartos¢ TAC dla ChCl:U (1:2) wynosita 982 510 + 78 601 EUR i byta bardzo zblizony do TAC dla adsorpcji
zmiennocisnieniowej (970 000 EUR). Natomiast dla ChCI:OA (1:2) otrzymano TAC w wysokos$ci 1 095 685 +
87 654 EUR, ktorej wartos¢ byta bardzo zblizone do TAC dla ptuczki aminowej (1 104 000 EUR) i separacji
membranowej (1 061 000 EUR). Najnizszg wartos¢ TAC otrzymano dla ptuczki wodnej (880 000 EUR). Na
podstawie TAC obliczono koszt jednostkowy za 1 m? czystego biometanu ktéry mozna uporzadkowaé w
nastepujgcej kolejnosé: ptuczka aminowa > separacja membranowa > ChCI:OA (1:2) > ChCl:U (1:2) > PSA >
ptuczka wodna. Dla absorpciji fizycznej z wykorzystaniem DES koszt jednostkowy wynosit 0,35 + 0,03 EUR/m?3
dla ChCl:U (1:2) oraz 0,37 + 0,03 EUR/m?3 dla ChCI:OA (1:2). Uzyskane wyniki wskazuja na duzy potencjat DES
w uzdatnianiu biogazu do wysokiej jakosci bio-metanu o wiasciwosciach poréwnywalnych z gazem
ziemnym.

Tabela 5 przedstawia kompleksowg charakterystyke wszystkich przebadanych w ramach pracy
doktorskiej absorbentéw na bazie DES, ktére wykorzystano do uzdatniania biogazu z zanieczyszczen
odorotworczych. W charakterystyce proceséw szczegdlng uwage zwrdcono na rodzaj uzytego DES, rodzaj
usuwanych zanieczyszczen, pojemno$é/szybkos¢ absorpcyjng DES, koszt DES oraz rodzaj kontroli
procesowej.
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Tabela 5. Podsumowanie badan absor

pcji zanieczyszczen odorotwdrczych z grupy LZO ze strumieni gazowych z wykorzystaniem DES.

Statyczna . .
analiza Wspétczynniki podziatu para- Dynamiczny proces Modelowy Czas nasycenia Zdolnos¢ absorpcji Kontrola Rodzaj regeneriaql Koszt
DES L.Zo . . . " Lo . ” cykle absorpcji/
przestrzeni nad ciecz (K) / stata prawa Henry'ego absorpcji strumien biogazu [min] (rozpuszczalnosé) [mg/g] procesowa desorpcji DES
roztworem
Warunki:
T <0,001 - predkos¢ przeptywu: 50 1800 Adsorpcja na:
G:C:Lev AP 0,008 mL/min 1200 - weglu aktywnym
(1:1:3) DCM 0,057 - objeto$¢ DES: 50 mL N 1000 n.d. GC-FID -cykle: 5 33,0¢
L2 <0,001 - stezenie: 50 ppm v/v 2500
Warunki: - ci$nienie: 10 kPa
T - stezenie: 50 0,026
ChCl:U AP mv/v 0,010
(12) beM f’femp/eratura: 0,057 n.d n.d n.d n.d GC-FID n.d 44,6 €
L2 25 °C 0,012
T - objetos¢ DES: 0,035
C?E'ZL)&" D/E'?VI 13:} ash g:ggg nd nd nd n.d GC-FID nd 42,5 €
L2 0,0085
T 0,076
Ch(ClI:.ZD)EG D/;\:Fl)\/l g:g;g n.d n.d n.d n.d GC-FID n.d 56,9 €
L2 0,0096
ChCl:Ph .
(1:2) Warunki: : wééiogsf;a/:i' 506¢€
ChCL:EG - predkos$¢ przeptywu: 50 1050 ~selu ! 375¢€
(1:2) DMDS n.d. n.d. mL/min N, 800 n.d. GC-FID krzemionkowy, ’
- objeto$¢ DES: 50 mL 600 o
ChCl:Lev - stezenie: 1 mg/m? - tlenku glinu. 425 €
(1:2) - cykle: 5 ’
Warunki: Barbotaz azotem:
L2 - predkos’c’ przeptywu: 50 375 380 g/L —przep-fyw: 50
TPABFTEG 13 n.d. n.d. mi/min CHa:CO; 280 230g/L GCFDTep | MY/min o | e61€
(1:3) - objetos¢ DES: 50 mL (2:1 obj.) - temperatura: 90°C
D4 - 5300 5000 g/L
- stezenie: 1 mg/m3 - czas: 3h
- cykle: 10
L2 5000
L3 5500
lel/? L4 6000 355€
D3 5200
D5 Warunki: 5500 Barbotaz azotem:
L2 - predkos¢ przeptywu: 50 500 -przeptyw: 70
L3 mL/min 1000 mL/min
C(f?)A L4 n.d. n.d. - objetos¢ DES: 50 mL (Csz;b?z) 1400 n.d. GC-FID-TCD - temperatura: 95,1€
! D3 - stezenie: 30 g/m3 ' . 1100 150°C
D5 - ci$nienie: 10 kPa 1100 - czas: 90 min
L2 - temperatura: 25°C 400 - cykle: 5
L3 2000
C:DDA L4 1000 44,0¢€
(1:1) D3 1000
D5 1000
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c.d. Tabela 5. Podsumowanie badan absorpcji zanieczyszczen odorotwérczych z grupy LZO ze strumieni gazowych z wykorzystaniem DES.

Statyczna af‘a"“‘ WSPP’czynmk' podziatu Dynamiczny proces Modelowy strumien Czas . Zdolnos¢ absorpcji Kontrola Rodzaj regener_a_\cjl Koszt
DES L.zo przestrzeni nad para-ciecz (K) / stata prawa " A nasycenia > cykle absorpcji/
, absorpcji biogazu . (rozpuszczalnosé) [mg/g] procesowa .. DES
roztworem Henry'ego [min] desorpcji
DCM 500 215,0
CF 620 561,5
C:Gu
(1:1) TCM 400 320,0 32,78 €
! TCE 600 262,4
TCEtOH 1200 275,3
DCM 275 181,0
CF ) 220 401,5 , )
?lLi\)l ™ " \l/\{arunku. o 225 1435 Barboftaz'a7zgtem. 24,02€
: TCE %i;emi:sc przeptywu: 280 248.0 nz)[jfnplr:lw
TCEtOH P CH,:CO,:H,0:N, 650 198,15 )
DCM n.d. n.d. —objs-gto:sc-DES.SO mls_ (58:38:2:2 obj.) 200 130,7 GC-FID-TCD —ter;'\peratura.
- stezenie: 0,5 mg/m 100°C
Gu:Lev cr - ci$nienie: 10 kPa 550 399,5 - czas: 1h
(1.-1) TcM -tem erat.ura' 25°C 250 1158 -c klé' 10 36,02¢
‘ TCE P ' 350 154,0 yKle:
TCEtOH 800 161,2
DCM 800 304,0
SvrLev CF 700 420,0
‘(’1'_ ) TCM 450 360,0 263,5¢€
: TCE 580 292,0
TCEtOH 1200 661,0
CH
BuOH
C:G i:
- T Warunki: GC-FID 32,78€
(1:1) DMDS —Sg(r)edlijsc.przepru:
AP mL/min s
n.d. n.d. - objetos¢ DES: 1000 mL ¢ A'COZ. n.d. n.d. m?tfy?a n.d.
CH . (75:25 obj.) czujnikow:
BUOH - stezenie: 2000 mg/m3 TGS2600
: - . 9E0 -
C(thIZ)U T temperatura: 25°C - TGS2611 44,6 €
: DMDS
AP
Warunki:
- predkos$¢ przeptywu:
B 500 mL/min 6500 GC-FID-TCD
T nd - objetos¢ DES: 500 mL 13700 Suma BTEX:
E Warunki: o - stezenie: 2000 mg/m3 11500 56 Matryca
X - stezenie: 1,5 - temperatura: 10°C 11500 czujnikow: Barbotaz azotem:
. uL/mL - ci$nienie: 1 atm AL - TGS2600 - temperatura:
5103 - temperatura: RT (C:g(;oc:bN)z - TGS2602 120°C 43 €
) - objeto$¢ DES: 0,5 Warunki: 35 OB - TGS2603 - czas: 3h
S L
T ’ 0,018 o 10500 Suma BTEX:
- objetos¢ DES: 500 mL - PID-A12
E 0,013 - stezenie: 2000 mg/m3 15000 50 -NDIR
X 0,013 Tezenie: 8 15000
- ci$nienie: 1 atm
- temperatura: 25°C
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c.d. Tabela 5. Podsumowanie badan absorpcji zanieczyszczen odorotwérczych z grupy LZO ze strumieni gazowych z wykorzystaniem DES.

Statyczna analiza Wsptczynniki podziatu para- Dynamiczny proces Modelowy strumien Czas nasycenia Zdolnos¢ absorpcji Kontrola Rodzaj regeneracji
DES Lzo przestrzeni nad ciecz (K) / stata prawa v Y p wy 'y i pcl cykle absorpcji/ Koszt DES
3 absorpcji biogazu [min] (rozpuszczalnosé) [mg/g] procesowa o
roztworem Henry'ego desorpcji
B 0,035 1536
T 0,024 3221
C:DA (1) E 0,020 4452 355¢€
X 0,019 4562
B 0,034 2365
T 0,027 3251
C:0A (1:1) c 0021 ) 2571 29,9€
X 0,020 d‘:’a,r,””k" 4579
B Warunki: 0,038 . fzr: t (\::5 50 2103
C-one:Lev T Yvarunit: 0,028 przeplywu: 3065 .
(1:1) E - stezenie: 1,5 0026 mL/min 4498 Barbotaz azotem: 62,4 €
’ uL/mL g - objeto$é DES: 50 - temperatura:
X 0,025 4507 N
- temperatura: RT mL N, n.d. GC-FID 120°C
B L 0,031 - 3108
- objetos¢ DES: - stezenie: 2000 - czas: 3h
C-one:OA T 0,029 3 3215
0,5 mL mg/m - cykle: 10 58,4 €
(1:1) E 0,021 IR 4165
- czas: 24h - ci$nienie: 10 kPa
X 0,019 o 4007
- temperatura: 25°C
B 0,033 2789
C-one:NA T 0,023 4256
(1:1) E 0,022 4259 3L1e
X 0,020 4264
B 0,035 1997
C-one:DA T 0,026 4984
(1:1) E 0,016 5845 638¢€
X 0,015 5856
L2 d . 13134 1,42 mol/L Kolumna
n.a. Warunki:
ChCl:U (1:2) L3 - redkodé 1245,6 0,99 mol/L - odpedowa: 44,6 €
D4 pre 1470,6 1,09 mol/L - temperatura 115—
przeptywu: 913
125-C
m?/h - ci$nienie
- objetos¢ DES: 2,35
nd m03 Jetosc ’ CH,4:CO,:H,S (68:31:1 powietrza ok
L2 o - obj.) 223,8 0,24 mol/L 140-170 kPa.
! - st :200 .
CTE.'Z?A 13 V/Sveze”'e ppm 120,6 0,10 mol/L - - strumient 50,3 €
’ D4 . 187,2 0,14 mol/L powietrza
- ci$nienie: 100 kPa wlotowego 403 m3
- temperatura: 20°C /h &
- cykle: 73§ 60
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4. Whnioski kofncowe

Niniejsza praca, przedstawia nowe i ekonomicznie optacalne sorbenty do efektywnego
oczyszczania strumieni biogazu z substancji ucigzliwych zapachowo oraz wykazuje mozliwos¢ zastosowania
matryc czujnikowych do monitorowania procesu uzdatniania biogazu do gazu wysokometanowego.
W ramach pracy otrzymano nastepujace potencjalne korzysci, ktore stanowig nowos¢ naukowa:

1) Otrzymano nowe sorbenty na bazie cieczy gteboko eutektycznych DES (nigdy wczesniej

niepublikowanych) z nietoksycznych, tanich i tatwo dostepnych zwigzkdéw.

2) Przygotowane DES stanowig nowg klasg absorbentéw, a koncepcja ich otrzymywania
nawigzuje do aktualnych trenddw zielonej chemii.

3) Szczegétowe badania mechanizméw powstawania DES, oparte na technikach
spektroskopowych i obliczeniowym modelowaniu molekularnym, znacznie zwiekszyty obecny
stan wiedzy na temat wptywu poszczegdlnych oddziatywan pomiedzy HBA i HBD podczas
tworzenie nowych DES.

4) Badania szeregu witasciwosci fizykochemicznych nowych DES dostarczyty waznych informacji
przy doborze warunkéw proceséw absorpcyjnych. Otrzymane informacje stanowia przydatny
zbidr danych, ktéry moze by¢ wykorzystywany przez szerokie grona odbiorcéw przy doborze
warunkow innych technik separacyjnych.

5) Badania eksperymentalne potaczone z badaniami teoretycznymi nad usuwaniem
zanieczyszczen odorotwdrczych z wykorzystaniem nowych DES dostarczyty wielu informacji,
ktore umozliwity lepsze zrozumienie zachodzgcych mechanizméw podczas procesu absorpcji
fizycznej. Uzyskane wyniki z pewnoscig przyczynig sie w przysztosci do racjonalnego
projektowania zadaniowych DES-6w.

6) Przeprowadzone badania wptywu wielu parametréw (rodzaj zanieczyszczen, stezenie,
temperatura, czas, objetos¢ absorbentéw, szybko$¢ przeptywu modelowego strumienia
biogazu) na proces absorpcji uzupetnity stan wiedzy dotyczacy przydatnosci DES do procesow
absorpcji.

7) Przeprowadzone badania z zastosowaniem alternatywnej techniki kontroli procesowe;j
potwierdzity, ze nowa metodyka z wykorzystaniem matrycy czujnikdw gazowych jest w petni
uzasadniona i poréwnywalna na akceptowalnym poziomie z chromatografia gazowa.

8) W przeprowadzonych badaniach wykazano konkurencyjnos$¢ absorbentéw na bazie DES do
obecnie stosowanych konwencjonalnych sorbentéw, zaréwno w zakresie mozliwosci
regeneracyjnych jak i budzetowych.

9) Wszystkie przedstawione procesy absorpcyjne z wykorzystaniem DES i kontrolg procesowg
z zastosowaniem matryc czujnikowych charakteryzujg sie wysokim potencjatem aplikacyjnym.

Przedstawione wyniki badan opisujg kompleksowg charakterystyke procesu absorpcyjnego oczyszczania

biogazu ze zwigzkéw odorotwdrczych z wykorzystaniem nowych absorbentéw oraz nowego zastosowania
matrycy czujnikéw gazu do kontroli proceséw absorpcyjnych.
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Abstract: The paper presents new non-ionic deep eutectic solvent (DES) composed of natural and non-toxic
components i.e. guaiacol, camphor and levulinic acid in 1:1:3 molar ratio as a promising absorbent for removal
of selected volatile organic compounds (VOCs) including dichloromethane, toluene, hexamethyldisiloxane and

propionaldehyde from model biogas.

The affinity of DES for VOCs was determined as vapour-liquid coefficients and the results were compared
with several well-known DESs based on quaternary ammonium salt as well as n-hexadecane and water. For new
DES, the absorption process was carried out under dynamic conditions.

The results indicate that non-ionic DES has high affinity and capacity for VOCs being comparable to
n-hexadecane. In addition, absorbed VOCs could be easily desorbed from DES using activated carbon and
absorbent could be re-use minimum five times without significant loss of absorption capacity.

Introduction

Biogas from wastewater treatment plants and landfill sites
consist of 30—-60% v/v methane, 15-30% v/v carbon dioxide,
5-20% v/v nitrogen, 1-10% v/v oxygen and about 1-2% v/v of
other contaminants including hydrogen sulfide, ammonia and
numerous volatile organic compounds (VOCs), i.e. aliphatic
and aromatic hydrocarbons, siloxanes, volatile organosulfur
and organohalogen compounds, and oxygenated organic
compounds (Rasi et al. 2007). Impurities from biogas can have
environmental impacts such as stratospheric ozone depletion,
the greenhouse effect, and reduction in local air quality as well as
effect damage to power equipment. In addition, the presence of
odour compounds resulting from biogas production is a serious
problem, especially for residents of areas immediately adjacent
to production plants (Koztowski et al. 2019; Szulczynski et al.
2017).

Currently, various technologies have been developed for
the deodorization of biogas stream, i.e. chemical and physical
absorption, adsorption, condensation, membrane separation,
thermal or catalytic oxidation, biological treatment,
biofiltration (Miller et al. 2018, 2019; Wieczorek et al. 2012)
and advanced oxidation process (Baena-Moreno et al. 2019).
Among the technologies, physical absorption is one of the
most attractive technologies due to its simplicity, economical,
safety, and its potential high efficiency for the removal of
medium or high VOCs concentration from the gas phase. The
most important parameter during the absorption process is
the use of a suitable absorption solvent. Absorbents should

be characterized by high absorption capacity of VOCs, low
vapor pressure, high-boiling point, high diffusion coefficient,
low price, safety, and no toxicity. Some common solvents that
may be useful for the removal of odorous compounds include
water, mineral oils, alcohols, ketones, and amines (Noorain
etal. 2019).

In recent years, in accordance with the principles of
green chemistry, conventional absorbents have been replaced
by new generation green solvents. Until recently, the studies
have been focused on the application of ionic liquids (ILs) as
absorbents due to their unique properties. However, several
reports have pointed out the problems with biodegradability,
high toxicity, difficult and expensive synthesis of most ILs
(Romero et al. 2008). To overcome the disadvantages of ILs,
eco-friendly solvent system named as deep eutectic solvents
(DESs) was introduced (Abbott et al. 2003). The DESs are
mixture mainly composed of two or three non-toxic and
biodegradable compounds with a melting point lower than its
individual components. Until now, DESs have been widely
used in catalysis, analytical chemistry, separation processes
and electrochemistry, water and air purification (Tang et al.
2015, Makos et al. 2018, Makos et al. 2018).

There are currently several reports in which DESs have been
successfully used to remove inorganic impurities from the gas
phase, i.e. water, carbon dioxide, sulfur dioxide, ammonia and
hydrogen sulfide (Chenetal. 2019, Duanetal. 2019). To the best
of our knowledge, only one study focused on the application
of deep eutectic solvents for VOCs absorption. In this study,
authors tested several DESs composed of choline chloride with
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urea and with ethylene glycol, glycerol and levulinic acid in
1:2 molar ratio, mixtures composed of tetrabutylphosphonium
bromide with glycerol (1:1 molar ratio), and with levulinic
acid (1:6 molar ratio) as well as tetrabutylammonium bromide
with decanoic acid in 1:2 molar ratio for absorption of toluene,
acetaldehyde and dichloromethane (Moura et al. 2017). In
studies, the DESs present similar absorption capacities for
acetaldehyde (corresponding to 99.9% absorption of the initial
VOC amount). Due to the high absorption potential of DESs,
they can be used as an alternative to conventional organic
solvents used for VOC absorption from a gas stream.

The paper discusses the novel non-ionic DESs based on
a combination of +camphor [C], guaiacol [G] and levulinic
acid [Lev] in 1:1:3 molar ratio. The affinity of new DESs for
selected VOCs including toluene (T), dichloromethane (DCM),
hexamethyldisiloxane (HMDS) and propionaldehyde (PA) was
determined and the results were compared with several well-
-known DESs based on quaternary ammonium salts as well as
n-hexadecane and water. For new DES, the absorption process
was carried out under dynamic conditions. The reusability and
regeneration of DESs were also investigated.

Experimental

Materials and reagents

Camphor, guaiacol, levulinic acid, propionaldehyde, toluene,
dichloromethane, hexadecane, hexamethyldisiloxane, choline
chloride, urea, and diethylene glycol (purity > 95%) were
purchased from Sigma-Aldrich (USA). Compressed gases were
used for the preparation of model biogas and chromatographic
analysis such as nitrogen (purity N 5,5), air (purity N 5.0)
generated by a DK50 compressor with a membrane dryer
(Ekkom, Poland) and hydrogen (purity N 5.5) generated by
a 9400 Hydrogen Generator (Packard, USA).

Procedures

Preparation and physicochemical properties of DESs
New non-ionic DESs, as well as ionic DESs, were synthesized
by mixing [C], [G] and [Lev] in a 1:1:3 molar ratio and choline
chloride [ChCI] with urea [U], diethylene glycol [DEG], and
levulinic acid in 1:2 molar ratio. The eutectic mixtures were
stirred magnetically at 60°C until homogeneous liquids were
obtained. The liquids were then left to cool spontaneously to room
temperature. Dynamic viscosity and density were measured over
a wide range of temperature from 25 to 50°C which is the usual
absorption tower operating temperature range. The viscosity was
determined using BROOKFIELD LVDV-II+ viscometer (Labo-
-Plus, Poland). The density was measured by means of DMA 4500
(Anton, Paar, Poland). The determination of dynamic viscosity,
and density of DESs were performed at atmospheric pressure.

Affinity of absorbents for the selected VOCs

The affinity of absorbents for VOCs was evaluated by means of
vapor — liquid partition coefficients (K) defined as (1):

(M

Where: C, — concentration of VOCs in the gas phase in the
equilibrium with a liquid solution of concentration C, in the

solute. Affinity tests were carried out in 20 ml glass vials
containing 1 ml of absorbents enriched with 50 ppm v/v of
each VOCs. The vials were closed with PTFE-coated silicone
rubber septa and sealed with aluminum caps. The vials were
maintained in laboratory shaker at 25 and 50°C for 48 h. The
concentration of VOCs in gas phase was determined using
static headspace coupled to gas chromatography (HS-GC). The
concentration of VOCs in liquid phases was calculated from
a mass balance on the VOC after determination of VOCs in
the gas phases. The measurements were carried out using gas
chromatograph Autosystem XL equipped with flame ionization
detector (FID) (PerkinElmer, USA), an HP-5 (30 m % 0.25 mm
x 0.25 um) capillary column and TurboChrom 6.1 software.
The following conditions were used for the GC-FID analysis:
injection port temperature 200°C, injection mode: split (15:1),
detector temperature 320°C, detector gases flow rates: air
450 mL/min, hydrogen 45 mL/min, carrier gas (nitrogen) flow
rate 2 mL/min and oven temperature 60°C.

Absorption process

The model biogas, as well as the absorption process, was
prepared by means of the bubbling phenomenon. Nitrogen
was passed through a 20-mL vial containing 1 mL of each
VOCs. The formed mixture was diluted with a nitrogen stream
to achieve the desired concentration of VOCs (50 ppm v/v)
in the model biogas mixture. The nitrogen containing VOCs
was passed through a 60-mL absorption column containing
50 mL of DES. The total flow of nitrogen and gaseous VOCs
was kept constant at 50 mL/min. The concentration of VOCs
was monitored at the inlet and outlet of the bubble column using
GC-FID. The processes were carried out for 3000 minutes.
The absorptivity (A) of VOCs in the DES was calculated using
equation (2):

A= Cinc_‘.cout (2)
in

Where: C, — VOCs concentration of the inlet gas (ppm v/v),
and C_  — VOCs concentration of the outlet gas (ppm v/v).

Regeneration and reusability of DES

After the absorption process, the VOCs absorbed in the DES
were removed by means of adsorption with activated carbon.
The DES containing VOCs was mixed with activated carbon
in a glass vial and subsequently filtered using a PTFE —syringe
filter with a pore size of 0.22 pum to ensure the complete
removal of the activated carbon from the absorbent phase.
The concentration of VOCs in DES was controlled using
HS-GC-FID procedure described above. The absorption/
desorption cycles were repeated five times.

Results and discussion

Physicochemical properties of new DES

In the first stage of research, the volatility of DES was studied
by passing nitrogen through the new absorbents at two
temperatures — 25 and 50°C. The gas phase after bubbling
DES was analyzed by GC. No peaks were observed in the
chromatogram, indicating a lack of DES volatility at the
studied temperatures.
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It is well-known that the viscosity and density of
absorbents play an important role in the mass transfer process.
The viscosity and density were highly affected by the nature of
DES components and temperature. The density of new DES
at 25°C (1.1123 g/em?) as well as DESs composed of ChCl
and urea (1.2001 g/cm?), levulinic acid (1.1371 g/cm®), and
diethylene glycol (1.1143 g/cm?) are higher than conventional
absorbents, i.e. hexadecane (0.7701 g/cm®) and water
(0.9970 g/cm®), and they are decreasing with increasing
temperature (Figure 1A).

The viscosity of new DES is lower compared to the viscosity
of the most popular DESs and slightly higher compared to
viscosity values of organic solvents (e.g. n-hexadecane which
represent mineral oil and water) already used for the removal
of VOCs from the gas phase.

Deodorization of VOCs from model biogas

A key feature for deodorization of biogas is the VOCs
affinity for DESs. Table 1 summarized the vapor-liquid
partition coefficients of four VOCs in new non-ionic DES,
and the most popular ionic DESs as well as water and
n-hexadecane.

The significant decrease in vapor-liquid partition
coefficients for the studied absorbents, compared to water,
indicates that a greater amount of selected VOCs are
solubilized in these absorbents. All VOCs showed similar K
values in DES composed of [G][C][Lev] (1:1:3) than those
obtained for n-hexadecane which is one of the most common
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organic solvents used for the removal of VOCs from gas
phases. The partition coefficient values obtained for PA as
well as for DCM are in the same order of magnitude than
those observed for the other choline chloride-based DESs. For
the T and HMDS, non-ionic DES ([G][C][Lev]) is the most
effective absorbent, due to the lowest K values. Higher K
values for PA were obtained using all DESs compared to water
and n-hexadecane, which indicates a lower efficiency of DES
absorption for compounds from the aldehydes group. Similar
K values (higher than [G][C][Lev] (1:1:3) and n-hexadecane)
were obtained for most VOCs using DES containing [ChCl]
in their structure. This is probably due to the limited solubility
of VOCs in [ChCI]. However, these results are lower than
those for water, which indicates better sorption properties of
ionic DESs. The partition coefficient values for most VOCs
in DESs are comparable in 25°C and 50°C. This trend is very
important for the industrial use of environmentally friendly
solvents as absorbents because the temperature of the biogas
stream generated in the industry is not always stable. At 25°C,
the higher absorption efficiency of VOCs was observed, while
at 50°C, lower absorption efficiency was noted. At higher
temperatures, lower viscosity of absorbents is observed,
which theoretically should increase the absorption capacity.
On the other hand, higher temperatures may adversely affect
the affinity of VOC for DES, which strongly depends on
hydrogen bonds, electrostatic interactions, as well as T — ©
interactions, which are probably reduced. The interaction of
both effects affects similar affinity values of VOCs to DES
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Fig. 1. A) Densities for absorbents as a function of temperature, B) Viscosities for absorbents as a function of temperature

Table 1. Vapour-liquid partition coefficients (K) of VOCs in absorbents at 25 and 50°C.

Absorbent T PA DCM HMDS
25°C 50°C 25°C 50°C 25°C 50°C 25°C 50°C
[GI[C][Lev] (1:1:3) <0.001 0.017 0.008 0.019 0.057 0.044 <0.001 <0.001
[ChCI][U] (1:2) 0.026 0.157 0.010 0,025 0.052 0.208 0.012 <0.001
[ChCl][Lev] (1:2) 0.035 0.091 0.011 0.026 0.075 0.081 0.0085 0.012
[ChCII[DEG] (1:2) 0.076 0.168 0.010 0.025 0.038 0.103 0.0096 0.018
n-hexadecane <0.001 0.014 0.009 0.012 0.077 0.086 <0.001 <0.001
water 0.203 0.609 0.0045 0.015 0.112 0.251 0.61 0.86
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in 25 and 50°C. The lower differences in the viscosity of
absorbents in the temperature range, the greater the stability
of the absorption process were observed.

In a dynamic system, two other parameters, i.e. flow rates
and the volume of absorbent also have a significant influence
on absorption efficiency. The studies were conducted under
model conditions using nitrogen to verify only the interactions
between VOCs and the new DES. In the studies, the effect of
different flow rates between 20 and 70 mL/min were tested
(Figure 2A). In the industrial point of view, the flow rate of
contaminated biogas should be as high as possible. However,
the results indicated that at a higher flow rate (above
50 mL/min), the absorption efficiency of VOCs was
significantly decreased. Hence, 50 mL/min was chosen as
the optimum flow rate by the proposed method. In the next
step, the volume of absorbent between 15 and 50 mL was
investigated (Figure 2B).

The results showed that with the increase in DES volume,
the absorption capacity increased significantly and the time
of complete saturation of DES increased from 950 min to
3000 minutes. The VOCs absorption capacity of DES was
investigated for 50 ppm v/v concentration. Optimization
studies for all compounds came out at a similar level. That is

10l
058
— 06 ).
< 04
02| e 20 mL/min
— 50 mL/min
0.0 --- 70 mL/min
0 1000 2000 3000
Time [min]

A)

why the paper presents only the most representative graphs
obtained for T.

Figure 3 presents the absorption capacity of DES in
optimum process conditions. The results indicate that the
absorption capacity strongly influences the structure of
VOCs. After 1200 minutes, DES was completely saturated
with DCM and PA compounds. While at that time, the
absorption capacity for toluene and HMDS was 0.26 and
0.52 respectively. The T and HMDS removal process could
continue for 1800 minutes. The results are consistent with the
vapor-liquid partition coefficient values. This indicates that
the new DES can more effectively remove volatile siloxane
compounds and aromatic hydrocarbons from the biogas
stream.

Regeneration and reusability of DES

Regeneration and reusability of the DES for multiple uses
as an absorbing solvent for VOCs removal are important in
economics (Figure 4). In the studies, adsorption process based
on activated carbon was applied to remove VOCs from DES.
The results indicate that VOCs could be completely removed
from DES and absorbent could be re-used minimum five times
without significant loss of absorption capacity.

Al

0 1000 2000
Time [min]

3000

Fig. 2. Experimental breakthrough curves of T absorption with [G][C][LevV] (1:1:3 molar ratio) at different:
A) flow and B) volume of DES
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Fig. 3. VOCs absorption curves in [G][C][LeV] (1:1:3 molar ratio) at optimum conditions (25°C, 50 mL of DES,

gas flow rate 50 mL/min, initial

concentration of VOCs 50 ppm v/v)
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Fig. 34. Reusability of[G][C][LeV] (1:1:3 molar ratio): A) PAB) DCM C) HMDS D) T

Conclusions

The paper shows the new DES composed of natural non-toxic
components including camphor, guaiacol and levulinic acid in
1:1:3 molar ratio as a promising candidate for implementation
in the absorption process for the removal of VOCs from model
biogas. The new DES confirms the high affinity and capacity for
T, PA, DCM, and HMDS being comparable to n-hexadecane or
higher than typical DESs composed of quaternary ammonium
salts. In addition, the absorbed VOCs could be easily desorbed
from DES using activated carbon and the absorption capacities
are stable after five cycles. The obtained results indicate the
great potential of the use of DES for the purification of real
biogas streams.
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Dezodoryzacja modelowego strumienia biogazu z uzyciem nowej niejonowej
cieczy eutektycznej

Streszczenie: W pracy przedstawiono nowa niejonowa ciecz eutektyczng (DES) zlozona z naturalnych
i nietoksycznych sktadnikow tj. gwajakol, kamfora i kwas lewulinowy w stosunku molowym 1:1:3, jako
obiecujacy absorbent do usuwania wybranych lotnych zwigzkow organicznych w tym dichlorometanu, toluenu,
heksametylodisiloksanu oraz aldehydu propionowego.

W celu okreslenia powinowactwa DES do LZO, wyznaczono wspotczynniki podziatu ciecz—para. Uzyskane
wyniki poréwnano z popularnymi DES zawierajagcymi w strukturze czwartorzgdowa sél amoniows, a takze
z n-heksadekanem oraz woda.

Dla nowej DES, proces absorpcji przeprowadzono réwniez w warunkach dynamicznych. Wyniki wykazaty,
ze nowa niejonowa DES charakteryzuje si¢ duzym powinowactwem do wybranych LZO oraz duzg pojemnoscia
sorpcyjng, a parametry te sg porownywalne do n-heksadekanu.

Dodatkowo, zaabsorbowane LZO moga by¢ tatwo desorbowane przy uzyciu wegla aktywnego. Dzigki temu,
absorbent w postaci DES moze by¢ uzyty minimum pi¢¢ razy bez znaczacego zmniejszenia pojemnosci sorpcyjne;j.
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Abstract: The paper presents a synthesis of deep eutectic solvents (DESs) based on choline chloride
(ChCl) as hydrogen bond acceptor and phenol (Ph), glycol ethylene (EG), and levulinic acid (Lev) as
hydrogen bond donors in 1:2 molar ratio. DESs were successfully used as absorption solvents for
removal of dimethyl disulfide (DMDS) from model biogas steam. Several parameters affecting the
absorption capacity and absorption rate have been optimized including kinds of DES, temperature,
the volume of absorbent, model biogas flow rate, and initial concentration of DMDS. Furthermore,
reusability and regeneration of DESs by means of adsorption and nitrogen barbotage followed by
the mechanism of absorptive desulfurization by means of density functional theory (DFT) as well
as FI-IR analysis were investigated. Experimental results indicate that the most promising DES for
biogas purification is ChCl:Ph, due to high absorption capacity, relatively long absorption rate, and
easy regeneration. The research on the absorption mechanism revealed that van der Waal interaction
is the main driving force for DMDS removal from model biogas.

Keywords: deep eutectic solvents; absorption; biogas; dimethyl disulfide; green solvents;
desulfurization

1. Introduction

Currently, more and more attention is paid to the production of alternative high-quality fuels,
including bio-methane, bio-hydrogen, bio-ethanol, bio-butanol, etc. Biogas is a modern form of
bioenergy, which can be obtained in the process of dark fermentation using waste products from
various industries and agriculture (agri-food and animal waste) [1-3]. Biogas usually contains 30%—-60%
v/v CHy, 15%-30% v/v CO,, 5%—-20% v/v Ny, 1%-10% v/v O,, and about 1%-2% v/v of other contaminants
including H,S, NH; and numerous of organic compounds [4-6]. Among the organic pollutants, volatile
organosulfur compounds (VSCs) are one of the most important biogas impurities group. VSCs include
sulfides, disulfides, thiophenes, and thiols, and the concentrations of them are strictly dependent on
the raw material used for biogas production [7]. A typical range of VSCs concentration in biogas is
shown in Table 1.
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Table 1. Range concentrations volatile organosulfur compounds (VSCs) in the biogas stream [7].

VSCs Concentration (mg/Nm? biogas)
dimethyl sulfide 1.25-2.76
carbon disulfide 1.62-5.91
2-propanethiol 0.50-1.19
1-propanethiol 2.87-19.51
2-butanethiol 0.79-4.65
thiophene 0.16-1.16
methyl propyl sulfide 0.35-1.76
dimethyl disulfide 0.39-1.14
dipropyl disulfide 0.76-3.16

Volatile organosulfur compounds are commonly found in many products and waste streams,
causing technological and environmental problems [8,9]. VSCs are chemical compounds which are
characterized by high toxicity, malodorousness, and high reactivity [10]. During biogas combustion,
VSCs converted into toxic sulfur oxides (SOx) react with oxygen and water, forming sulfuric acid (H,SOj)
which corrode the surface in the combustion chamber. Therefore, biogas pre-treatment is necessary to
protect engines that convert biogas into energy and in order to protect an environment [11,12].

Currently, there are many technologies to remove impurities from biogas, which are classified into
three main categories: physical (e.g., absorption, adsorption, condensation), chemical (e.g., catalytic
oxidation, thermal oxidation, ozonation), and biological (e.g., bio-scrubbers, bio-filters, activated
sludge) [13-16]. Most of these methods are expensive and complicated, therefore, more and more
attention is paid to optimize them in terms of low energy consumption and high efficiency [17-20].
Among the technologies, physical absorption is one of the most attractive methods due to its simplicity,
economical, safe, and its potential high impurities removal efficiency from gas steams [21]. The choice
of a suitable absorbent is the key to successful impurities removal. “Perfect” absorbent should be
characterized by non-toxic character, high absorption capacity, high-boiling point, low vapor pressure,
high diffusion coefficient, low prices, and safety [22]. Several solvents that may be useful for the
removal of impurities include water, mineral oils, alcohols, ketones, and amines [23-25]. However, in
accordance with the trends of “green chemistry”, conventional solvents should be replaced by new
generation absorbents. Until recently, studies have focused on ionic liquids (ILs) as absorbents due to
their unique properties [26]. However, the problems with their toxicity, stability, biodegradability, and
expensive synthesis make them less than ideal solvents. Alternatives to ILs are deep eutectic solvents
(DESs), which have similar physico-chemical properties. DESs are a mixture consisting mainly of two or
three non-toxic and biodegradable compounds that are capable of forming eutectic liquids, based on the
specific interaction between hydrogen bond donor (HBD) and hydrogen bond acceptor (HBA) [27,28].
Until now, DESs have been widely used for desulfurization of fuels [9], biomass pre-treatment [29],
water and air purification [30,31], in catalysis [32], and analytical chemistry [27,33,34]. Till now, no
studies have been in the literature published regarding the use of DESs as absorbents to remove volatile
organosulfur compounds from the biogas stream. The studies presented in the literature are limited
to the removal of inorganic compounds, i.e., HO, CO,, H;S, and NHj3 from gaseous phases [35-37].
Only a few works refer to their use to remove volatile organic compounds from the gas phase [38,39].

The paper describes the synthesis of DES composed of choline chloride (HBA) and phenol,
ethylene glycol, levulinic acid (HBD) in a 1:2 molar ratio. The absorptive desulfurization was optimized
on selection terms of DES type, temperature, absorbent volume, initial concentration of dimethyl
disulfide (DMDS), and model biogas flow rate. Two most popular desorption methods including
adsorption and nitrogen barbotage were investigated. For the better understand the mechanism of
DMDS removal, FT-IR and density functional analysis were employed.
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2. Materials and Methods

2.1. Reagends

The research was used reagents choline chloride (ChCl) (purity >99%), diethylene glycol (EG)
(purity >95%), levulinic acid (Lev) (purity >98%), phenol (purity >99%), dimethyl disulfide (purity
>98%), silica gel (SG) (grain diameter dp =40 pum), active carbon (AC) (grain diameter dp = 0.3-0.5 mm),
and aluminum oxide (IIT) (AO) (grain diameter dp = 40 um) were purchased from Sigma-Aldrich
(USA). Compressed gases such as nitrogen (purity N 5,5), air (purity N 5.0) generated by a DK50
compressor with a membrane dryer (Ekkom, Poland), and hydrogen (purity N 5.5) generated by a
9400 Hydrogen Generator (Packard, USA) were used for the preparation of model biogas, regeneration
process, and chromatographic analysis.

2.2. Apparatures

Gas chromatograph Autosystem XL equipped with flame ionization detector (GC-FID)
(PerkinElmer, USA), HP-5 (30 m x 0.25 mm X 0.25 um) capillary column (Agilent Technologies,
USA), TurboChrom 6.1 software (PerkinElmer, USA), and FT-IR Bruker Tensor 27 spectrometer (Bruker,
USA) with an ATR accessory and OPUS software (Bruker, USA) were used.

2.3. Procedures

2.3.1. Preparation of DES

DESs were synthesized by mixing ChCl (HBA) with Ph, EG, and Lev (HBD) in a 1:2 molar ratio.
The mixtures were stirred magnetically at 65 °C until homogeneous liquids were obtained. The liquids
were then left to cool spontaneously to room temperature. The physico-chemical properties of the
synthesized DES were presented in Table 2.

Table 2. Selected physico-chemical properties of deep eutectic solvents (DESs) reported in the literature.

HBA:HBD Melting Points Density Viscosity
HBA HBD Molar Ratio Q) (g/cm?) (25 °C) (cP) (25°C) Ref.
Ph —68.9 1.10 14 [40]
ChCl Lev 1:2 Liquid at RT * 1.12 32 [41]
EG -66.0 1.12 37 [42]

* RT—room temperature.

2.3.2. Absorption Process

The absorption process was prepared by means of the barbotage phenomena. Nitrogen (model
biogas stream) was passed through a 20-mL vial containing 5 mL of DMDS. The created mixture
(nitrogen-DMDS) was diluted with a nitrogen stream to 1.0 mg/Nm? (DMDS) concentration. The model
biogas stream containing DMDS was passed through an absorption column (total volume 60 mL)
containing 50 mL of DES. The total flow of gaseous DMDS and nitrogen was kept constant at 50 mL/min.
The concentration of DMDS was monitored at the inlet and outlet of the barbotage column using
GC-FID. The processes were carried out for 1200 min. The absorptivity (A) of DMDS in the DES was
calculated using Equation (1):

Cin = Cout

A =
Cin

)

where C;;,—initial DMDS concentration (ppm v/v),
Cour—DMDS concentration after absorption process (ppm v/v).
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2.3.3. Regeneration of DESs

After the absorption process, DESs were regenerated using two popular methods, including
nitrogen barbotage and adsorption. Nitrogen barbotage was carried on as follows: 4 mL of DES was
barbotaged using nitrogen flow 50 mL/min for 2.5 or 5 h. Three types of adsorbents, i.e., AC, SG, and
AO were used in the second type of regeneration process. All adsorbents were activated in a laboratory
dryer at 120 °C for 2 h. The 4 mL of DES containing DMDS was mixed with 160 mg and 420 mg
adsorbents in a vial. The vials were maintained in a laboratory shaker at 25 °C for 30 min, subsequently
centrifuged for 5 min at 7000 rpm, and filtered through a 0.45 um cellulose filter. The concentration of
DMDS in DES (before and after regeneration) was controlled using static headspace coupled to gas
chromatography (SHS-GC).

2.3.4. Chromatographic Analysis

GC temperature program was 120 °C; injection port temperature was 300 °C carrier gas—nitrogen
(2 mL/min); injection mode: split 20:1; detector temperature was 300 °C; detector gases flow rates were
hydrogen 40 mL/min and air 400 mL/min. DESs (2 mL) after regeneration were thermostated at 80 °C
for 50 min. Then, 0.1 mL of gas phase was introduced into the GC injector. In order to monitor DMDS
concentrations during the absorption process, 0.5 mL of model biogas was analyzed.

2.3.5. FT-IR Analysis

The following working parameters of FT-IR analysis were used: spectral range: 4000-550 cm™;

number of background scans: 256; number of sample scans: 256; resolution: 4 cm~L; slit width: 0.5 em.

2.3.6. Theoretical Studies

The molecular structures and interactions between DES and DMDS were optimized using the
B3LYP/6-311++G** level of theory with the dispersion corrected computational model using Orca 4.1.1
software package. All configurations were optimized for local minima using frequency calculations.
The interaction energy for the gas phase between the DES and DMDS was calculated according to the
following expression (Equation (2)):

AE = Epgs-tmps — (Epes — Eamps) ()

where Epgs—_pmps—total energy of complex DES-DMDS (kcal/mol);
Eprs—individual energy of DES (kcal/mol);
Enmps—individual energy of HMDS (kcal/mol).

The counterpoise method has also been implemented to estimate the effects of the basis set
superposition error (BSSE) on the interaction energy, based on previous studies [43]. Electrostatic
potential analysis (ESP) and reduced density gradient analysis (RGD) were performed to the visual
interpret the interaction nature in the DES-DMDS complex. Both RDG and ESP analysis were performed
using Multiwfn software [44—46]. In order to the graphical presentation of the results, the Visual
Molecular Dynamics 1.9.3, the software was used.

3. Results and Discussion

3.1. Optimization of Absorption Conditions

Optimization of absorption conditions using deep eutectic solvents was carried out for DMDS
as the main representative of volatile organosulfur compounds commonly found in real biogas
streams [7,47-50]. The process was optimized in terms of DES type, temperature, the volume of DES,
model biogas flow, and initial concentration of DMDS.
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3.1.1. Kind of DES

The selection of the absorption solvent is particularly important in the absorptive desulfurization
process. Three types of DES were tested, including ChCl:Ph, ChCl:Lev, and ChCLEG in a 1:2 molar ratio
(Figure 1). In the experiment, the following pre-selected absorption conditions were used: 50 mL of
DES; initial concentration of DMDS 1 mg/Nm3, 25 °C temperature; model biogas flow rate 50 mL/min.
Among the investigated DESs, ChCl:Ph shows the best absorption efficiency. After 800 min, the
absorptivity value for ChCl:Ph was below 0.3 and then increased rapidly over the next 300 min, which
indicates DES saturation. The saturation time of the other two DES was 600 and 800 min for ChCL:EG
and ChCl:Lev, respectively. It can be noticed that the best result was obtained for DES which has the
lowest viscosity value. As the viscosity increased, both the absorption capacity and absorption rate
decreased. In DES with higher viscosity, the mass transfer is hindered, therefore it is preferable to use
solvents with the lowest viscosity.

1.0 0
0.8 1
0.6 1
<
0.4+
0.2
—&— ChCI:Ph (1:2)
—@&— ChCl:Lev (1:2)
©— ChCLEG (1:2)
0 -
T T T T T T T
0 200 400 600 800 1000 1200

Time [min]
Figure 1. Dimethyl disulfide (DMDS) absorption curves using DES under optimum conditions.

It is worth noting that the viscosity of the DES increases when the amounts of hydroxyl groups
in HBD increases. The existence of extra hydroxyl groups creates a more extensive hydrogen bond
network which results in lower mobility of free species within the DES [28]. However, many other
factors (except viscosity) also influence the DMDS removal efficiency, therefore in Section 3.2., the
mechanism of absorptive desulfurization of model biogas was explained.

3.1.2. Volume of DES

In the studies, three-volume of DES in the range of 15-50 mL/min were investigated (Figure 2a).
In the studies, other operating parameters, i.e., inlet concentration DMDS 1 mg/Nm?, nitrogen flow
rate 50 mL/min, and the temperature of process 25 °C, were constant. The results showed that with the
increase in DES volume, the absorption efficiency increased significantly from 695 min to 1200 min.
This is due to the fact that as the volume of the absorbent increases, the contact time between the
gas phase and the liquid increases, due to which the saturation time is longer. Similar results were
obtained in the work [51,52].
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Figure 2. Experimental breakthrough curves of DMDS absorption with ChCl:Ph at different: (a) volume
of DES; (b) biogas flow rate; (c) initial concentration of DMDS; (d) temperature.

3.1.3. Model Biogas Flow Rate

The next studied parameter was model biogas flow rate in the range of 20-70 mL/min (Figure 2b).
From an industrial point of view, the flow rate of biogas should be as high as possible. The results
indicate that the flow rate has a large impact on the overall DMDS capture process. As the flow rate
increases from 20 to 70 mL/min, the DES saturation time is reduced from 1200 to 729 min. Similar
results were obtained in the research [51-53]. This is due to the fact that as the flow velocity increases,
the contact time of the polluted gas stream with the absorbent is reduced, which adversely affects the
DMDS absorption process. However, only a slight change in saturation time is observed between
the flow of 20 and 50 mL/min. Therefore, a 50 mL/min model biogas flow rate was considered as
optimum value.

3.1.4. Initial Concentration of DMDS

In the studies, the initial concentration of DMDS in the range of 0.1-100 mg/Nm? was investigated
(Figure 2c). The results indicate that the DMDS absorption efficiency remains fairly stable despite an
increase in DMDS inlet concentration. This valuable result shows the ability of ChCl:Ph to the removal
of DMDS in varying concentrations from real biogas steam which makes it desirable from an industrial
point of view. Similar results were obtained in the work [54].

3.1.5. Temperature

Three temperature values, i.e., 25, 40, and 60 °C, were chosen to assess the influence of temperature
on DMDS absorption behavior (Figure 2d). Theoretically, an increase in temperature affect the decreases
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in DES viscosity and hence gas transfer rate are improved. The absorption curve reveals that by
increasing DES temperature, the solubility of DMDS decreases. The decrease in solubility can be
explained by the fact that the gas absorption process is normally exothermic. Therefore, the preferred
temperature using DES is 25 °C, because in using this temperature the longest effective purification
time for the biogas stream is achieved, lasting up to 1200 min. When the temperature is increased
to 60 °C, the absorption time is reduced to 1010 min. Consequently, the absorption process can be
performed at room temperature with minimal energy consumption. Similar results were obtained at
work [55].

3.2. Mechanism of Absorption

3.2.1. FT-IR analysis

The experimental research on the mechanism of the absorption process was performed by FI-IR
analysis. The spectra of pure DESs were compared with pure DMDS, and DES-DMDS complex spectra
(Figure 3a—c). All characteristic bands that can be attributed to DMDS (2909.32 cm~1—38s (CH) stretch,
1411.73 cm™~'—bas (CH3) def., 1302.68 cm™!—=5s (CHj) def., 692.82 cm™!—C-S stretch, 540.96 cm~'—S-S
stretch) are visible in the ChCI:Ph-DMDS spectrum [56], which indicates the creation of the DES-DMDS
complex (Figure 3a). Theoretically, in the absorptive DMDS removal process, both sulfur atoms can act
as a donor in S-H---7r and as an acceptor in O-H---S and C-H---S interactions [57-59]. However, on the
FT-IR spectra, there are no shifts corresponding to this type of interaction. Therefore, other interactions
must play a key role in the DMDS absorption process. Similar results were also obtained for ChCl:Lev
(Figure 3b) and ChCL:EG (Figure 3c).

3.2.2. Molecular Modeling

In order to better understand the mechanisms of DMDS removal from the gas phase using
DES, the density functional theory (DFT) was applied. For this purpose, the most probable and
stable configurations in the gas phase of ChCl:Ph-DMDS, ChCl:Lev-DMDS, and ChCI:EG-DMDS was
geometry optimized at the B3LYP/6-311++G** level of theory (Figure 4). The results indicate that in all
complex, nonbonded interaction exists between choline and chloride atom (O-H---CI), which can be
identified as strong hydrogen bond because of short distance (below 2.5 A) [60]. Hydrogen bonds also
occur between the Cl atom and two phenol molecules such as Cl---H-O (2.32 A) and Cl---H-O (2.44 A)
in the ChCL:Ph-DMDS complex, between Cl atom and carboxylic group of levulinic acid (Cl---H-OOC
2.07 A), carboxylic groups of two levulinic acid molecules (OH-OH 1.88A) in ChCl:Lev-DMDS, and
between the Cl atom and hydroxyl group of one EG molecule (Cl--H-O 2.13 A) as well as between
both EG molecules (OH--HO 2.14 A) in ChCL:EG-DMDS complex. However, between DMDS and all
DES, there are no hydrogen bonds and only weak electrostatic bonds occur.

Electrostatic potential analysis (ESP) was used for visualization of total charge distribution and
relative polarity of the studied DMDS structure and DESs-DMDS complexes. The ESP of DMDS,
ChCl:Ph-DMDS, ChCl:Lev-DMDS, and ChCL:EG-DMDS are mapped onto their electron densities in
Figure 5. The results indicate that the electropositive areas are around the hydrogen atoms whereas the
electronegative area is around sulfur atoms, in the DMDS structure. In the ChCl:Ph-DMDS complex,
a large electropositive area is around the nitrogen atom and electronegative areas are around Cl, O,
and S atoms. During the absorption process, the electronegative region located around sulfur atoms
in the DMDS molecule interacts with the electropositive area located around the nitrogen atom in
the ChCl:Ph molecule. These interactions provide efficient DMDS removal from the model biogas.
On the other hand, it can be concluded that HBA in the DES molecule has the greatest impact on the
purification process. This phenomenon will be investigated in subsequent works. Similar results can
be found in ChCl:Lev-DMDS and ChCl:EG-DMDS complex.


http://mostwiedzy.pl

A\ MOST

Sustainability 2020, 12, 1619

Transmittance [%]

Transmittance [%]

ChCI:Ph
1415.77 - 1230.79 cm-" T
616.15 cm™
DMDS
1411.73 cm.""
2009.32 om-. 550508 cxi s a
= -1
CHEIBh = DIIGE 692.82 - 540.96 cm
*.2909.32 cm" P
1432.73 - 1226.75 cm-"
637.89 - 540.96 cm”

4000 3000 2000 1000

Wavenumber (cm-)

(a)

ChCl:Lev

\2909.32 cm! /

1482.81 - 1369.73 cm’*
DMDS 650.01 - 557.92 cm"’

1411.73 cm'1/

2913.36 cm'1/ /
633.05 - 536.92 cm"

ChCl:Lev + DMDS

2917.40 cm™” 1478.78 - 1365.69 cm-"/
633.05 - 540.96 cm""

4000 3000 2000 1000
Wavenumber (cm)
(b)

Figure 3. Cont.

8 of 16


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

Sustainability 2020, 12, 1619

ChCh:EG

DMDS

Transmittance [%]

ChCI:EG + DMDS

637.89 cm-’ A

A

629.00 cm™!

A

633.08 cm™!

4000

3000 2000 1000
Wavenumber (cm™)

(c)

90f 16

Figure 3. FI-IR spectra of: (a) pure ChCL:Ph, pure DMDS, and DES after the DMDS absorption process;
(b) ChCl:Lev, pure DMDS, and DES after the DMDS absorption process; (c) pure ChCLEG, pure DMDS,
and DES after the DMDS absorption process.

- @
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Figure 4. Optimized configurations of (a) ChCl:Ph-DMDS; (b) ChCl:Lev-DMDS; (¢) ChCl:EG-DMDS.
Carbon and chlorine atoms are displayed in light blue, nitrogen atoms are in dark blue, oxygen atoms

are in red, sulfur atoms are in yellow, and hydrogen atoms are in white.
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ESP
(kcal/mol)

22.0

Figure 5. Electrostatic potential mapped on electron total density with an isovalue 0.001 for (a) DMDS;
(b) ChCI:Ph-DMDS; (c) ChCl:Lev-DMDS; (d) ChCL:EG-DMDS. Blue color represents positive charges,
red color represents negative charges.

The reduced density gradient (RDG) is a beneficial approach to distinguish and visualize various
types of noncovalent interactions in real space. In the studies, the RDG analysis was used to visualized
weak noncovalent interactions (i.e., hydrogen bond, van der Waals interaction, and repulsive effect), by
plotting the RDG versus the electron density multiplied by the sign of the second Hessian eigenvalue,
based on previous studies [44]. In Figure 6b,d,f, the green surfaces indicate van der Waals interaction,
red surfaces indicate strong repulsion, and blue surfaces indicate an H-bond. The obtained data show
that the three hydrogen bonds, as well as the van der Waals interaction, were formed between HBA
and HBDs in all studied DES, which correspond to a large, negative sign(A2)p value (from —0.04 to
—0.02 au) and 0.01 au < sign(A2)p < 0.01 au, respectively, in 2D diagrams (Figure 6a,c,e). Furthermore,
in ChCl:Ph-DMDS, strong repulsive bonds occur (sign(A2)p = 0.02 au), due to the presence of an
aromatic ring in the phenol molecule. In all the studied complexes, between DES and DMDS, only a
van der Waals interaction occur. The surfaces of the van der Waals interaction increase following the
order of ChCL:EG-DMDS < ChCl:Lev-DMDS < ChCl:Ph-DMDS. This indicates that the main driving
force affecting DMDS removal from model biogas is the van der Waals interactions.
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Figure 6. RDG isosurfaces (s = 0.5 a.u.) and 2D diagrams of electron density and its reduced density
gradient for (a,b) ChCl:Ph-DMDS; (¢,d) ChCl:Lev-DMDS; (e,f) ChCI:EG-DMDS.
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The calculated interaction energy in the gas phase between DES and DMDS were —10.8, —3.7, and
-9.6 kcal/mol for ChCl:Ph-DMDS, ChCl:Lev-DMDS, and ChCI:EG-DMDS, respectively. The lower
interaction energy values stand for stronger interaction between DES and DMDS. The obtained

data followed a similar trend to the experimental data: ChCl:Ph-DMDS < ChCL:EEG-DMDS <
ChCl:Lev-DMDS.

3.3. Regeneration and Reusability of DES

From an industrial point of view, the regeneration of DES is an essential and significant factor
because it has a great impact on the operating cost. Therefore, regeneration of DES was carried on
through one of the best-known regenerative methods, i.e., nitrogen barbotage (NG, which was carried
for 2.5 and 5 h) and the adsorption process (with different types and amounts of adsorbents). In the
adsorption process, three types of adsorbents were tested including SG, AC, and AO, in the amounts
of 160 and 420 mg, which were added to 4 mL of each DES and shaken for 30 min. The results indicate
that the nitrogen barboage is the most efficient desorption method. Desorption efficiency of DMDS
from all DES after 5 h is higher than 99.999%. From ChCl:Ph, DMDS can be completely removed after
3 h (Figure 7).

I ChCIl:Ph (1:2) Il ChCI:EG (1:2) @ ChCl:Lev (1:2)
100 ~
= 80 -
o
kel
IS
2 60
)
o]
o
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o
> 40 -
=
Q
O
=
W 20 -
0

© & & ©® @& © X O
< Q@ 06\ Q(Q & & ) Q

’ 4 7 \© ’ b(‘-l/ , '\%Q 3 DQIQ eo trl/ 0 /6 ’
S NN N S
Type of regeneration

Figure 7. Regeneration efficiency of DESs after different regeneration methods.

For the remaining DES, this time should be extended, which would affect the cost of the process.
In addition, the results show that slightly lower regeneration efficiencies for all DES were obtained
using the adsorption process. The regeneration efficiency were in the range of 87.8%—-84.5% for ChCl:Ph,
87.1%—63.4% for ChCLEG, and 96.6%-91.3% ChCl:Lev. The highest absorption efficiency was obtained
for 420 mg of SG. In most cases, the increase in adsorbent mass relative to the amount of DES containing
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DMDS resulted in increased adsorption efficiency due to the increased adsorption surface. However,
from an economical industrial point of view, the adsorbent amount should be as low as possible.
Desorption is the most effective method to remove DMDS from ChCl:Lev. This is probably due to the
low sorption capacity of ChCl:Lev and the absorption relatively small amount of DMDS.

The absorption—desorption results indicate that DMDS could be completely removed from DES
and the absorbent could be reused for a minimum of five times without significant loss of absorption
capacity DMDS (Figure 8a). In order to examine whether there were any structural changes in DES after
the regeneration process (nitrogen barbotage), FI-IR analysis was used (Figure 8b—d). No additional
peaks or shifts are observed in the DES spectra before and after regeneration, which indicates DES
stability during the regeneration process.

1.0

— |fresh ChCI:Ph — 1st cycle
= 0.8. |- 3rd cycle
8 - 5th cycle
5 — 0.6
£ regenerated ChCI:Ph = ol
=
,C_’-‘3 0.2
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081 3rd Cycle /:_:" 0.8 3rd CyC|e
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| — 0.6
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1 ‘ . ‘ . ‘ . 0 ¥ . ‘ ‘ . ‘ ‘
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Figure 8. (a) FT-IR spectra recorded from on fresh ChCl:Ph, regenerated ChCI:Ph, and the reusability
of DES: (b) ChCI:Ph; (c) ChCl:Lev; (d) ChCLEG.

4. Conclusions

The choline chloride-based deep eutectic solvents have been synthesized and tested as alternative
eco-friendly and green solvents for absorptive desulfurization of model biogas. Effect of selected
absorption parameters including kind of DES, temperature, absorbent volume, model biogas flow
rate, and initial concentration of DMDS were studied. It was found that the optimum absorption
parameters for DMDS removal were absorption solvent ChCL:Ph in 1:2 molar ratio, 50 mL of DES,
temperature 25 °C, and 50 mL/min flow rate. The influence of DMDS concentration indicates that the
initial amount of DMDS in model biogas has only a minor effect on the absorption capacity and rate.
In the optimum conditions, DMDS was removed with high efficiency for 800 min. After this time, the
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gradual saturation of DES occurred. After the absorption process, ChCIL:Ph in 1:2 molar ratio could be
regenerated by means of nitrogen barbotage and reuse without loss absorption capacity.

The studies on the absorptive desulfurization mechanism indicate that the van der Waals interaction
is the main driving force for the efficient removal of DMDS from model biogas.

The developed absorption process with the choline chloride-based deep eutectic solvents provides
a promising alternative method for the removal of volatile organosulfur compounds from the real
biogas stream.

The paper presents preliminary results of research on the removal of DMDS from a model biogas
stream. However, due to the rich composition of real biogas samples, other volatile organic compound
groups should also be included in future studies. In addition, in the future, to verify the suitability of
the developed method, the studies using real samples of heavily contaminated biogas streams from
sewage treatment plants and landfills will be carried out.
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Abstract: The paper presents the screening of 20 deep eutectic solvents (DESs) composed of tetrapropy-
lammonium bromide (TPABr) and glycols in various molar ratios, and 6 conventional solvents as
absorbents for removal of siloxanes from model biogas stream. The screening was achieved using the
conductor-like screening model for real solvents (COSMO-RS) based on the comparison of siloxane
solubility in DESs. For the DES which was characterized by the highest solubility of siloxanes, studies
of physicochemical properties, i.e., viscosity, density, and melting point, were performed. DES com-
posed of tetrapropylammonium bromide (TPABr) and tetraethylene glycol (TEG) in a 1:3 molar ratio
was used as an absorbent in experimental studies in which several parameters were optimized, i.e.,
the temperature, absorbent volume, and model biogas flow rate. The mechanism of siloxanes removal
was evaluated by means of an experimental FT-IR analysis as well as by theoretical studies based on
o-profile and o-potential. On the basis of the obtained results, it can be concluded that TPABr:TEG
(1:3) is a very effective absorption solvent for the removal of siloxanes from model biogas, and the
main driving force of the absorption process is the formation of the hydrogen bonds between DES
and siloxanes.

Keywords: absorption; biogas; deep eutectic solvents; siloxanes

1. Introduction

The production of energy from renewable sources is not only a choice resulting from
the policy of environmental protection or care of the environment but is also an obligation
imposed by the European Union in the form of numerous ordinances and international
agreements [1]. Therefore, more and more EU countries are focusing their attention on
managing waste materials from various industries for the production of biogas [2-5]. This
approach is consistent with the theory of sustainable development. However, the obtained
biogas is usually a multicomponent mixture containing both inorganic and organic sub-
stances, i.e., methane (30-60% v/v), carbon dioxide (15-30% v/v), water, ammonia, hydrogen
sulfide, organosulfur compounds, siloxanes, and other linear and aromatic volatile organic
compounds (VOCs) [6,7].

The chemical composition of the waste biogas changes depending on the type of
raw materials used in the dark fermentation process. The presence of gaseous substances
other than methane causes many technological and environmental problems. Particularly
dangerous pollutants include siloxane compounds, which can appear in the biogas from
municipal landfills or wastewater treatment plants [8,9]. During the combustion of such
types of biogas, silicone may be released and combined with oxygen. This can lead to
the formation of silica deposits. The silica deposits can cause abrasion of engine parts
or the formation of layers that inhibit thermal conductivity or lubrication and clogged
transmission lines [10]. Therefore, in order to eliminate the failure of engines convert-
ing biogas into energy and to meet the quality requirements for fuels, raw biogas must
undergo several treatment processes. The oldest and most widely used process for the
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treatment of gaseous streams is the application of water or amine scrubbers [11,12]. How-
ever, most siloxanes are hydrophobic, and only some of them, i.e., trimethylsilanol, can be
absorbed with water because of their high solubility therein [13,14]. Amine scrubbers do
not show satisfactory efficiency of siloxane removal either. Among the effective absorbents,
there are mineral oils, mixtures of glycols, or inorganic acids [15-18]. Although the above-
mentioned absorption methods allow for the recovery of solvents, these methods have
a significant disadvantage, which is their energy consumption resulting from the large
amount of energy needed to regenerate the absorbent. Therefore, in recent years, more and
more scientific research has been devoted to the search for new “green solvents” that will
have higher purification efficiency of biogas streams with a simultaneous lower energy
demand during regeneration [19].

In the last few years, ionic liquids (ILs) have attracted a lot of attention because they
belong to the class of new solvents with a high affinity for CO, and a wide range of
VOCs [20,21] In addition, ILs have a lower degradation rate, a lower energy requirement
for solvent regeneration, and lower corrosive characteristics compared to conventional
amine-based solvents [22]. The main disadvantages of ILs are their high viscosity, very high
prices, and toxic character. Therefore, deep eutectic solvents (DESs) are a good alternative
to ILs because they are much cheaper, less toxic, and more biodegradable [23]. These
advantageous properties have made DESs widely used in various separation processes
such as extraction [24-27], absorption [28-33], or adsorption [34]. So far, DES has not been
used for the experimental removal of siloxanes from biogas. Only theoretical studies can
be found in the literature [35].

The study presents screening of twenty-five deep eutectic solvents composed of
tetrapropylammonium bromide (TPABr) as hydrogen bond acceptor (HBA) and glycols
as hydrogen bond donors (HBDs) in various molar ratio as absorbents for removal of
siloxanes from model biogas stream. For this proposal, the conductor-like screening model
for real solvents (COSMO-RS) was used. The selection of DESs with the highest siloxane
capacity potential was made on the basis of the calculated solubility. For DES (TPABr:TEG
1:3), which was characterized by the highest solubility of siloxanes, the study of its physic-
ochemical properties, i.e., viscosity, density, and the melting point, was performed. Further
on, optimization studies of the main parameters influencing the absorption processes were
carried out. The mechanism of siloxane removal was evaluated by means of an experi-
mental FT-IR analysis as well as theoretical studies based on o-profile and o-potential. To
the best of our knowledge, this is the first study dedicated to the application of DES for
experimental removal of siloxanes from the gas steams.

2. Materials and Methods
2.1. Materials

The following pure substances were used in this study: tetrapropylammonium bro-
mide (TPABr) (purity > 99.0%), tetraethylene glycol (TEG) (purity 99%), hexamethyld-
isiloxane (L2) (purity 98.5%), octamethyltrisiloxane (L3) (purity 98.5%), and octamety-
locyclotetrasiloxane (D4) (purity 98%) were purchased from Sigma Aldrich (St. Louis,
MO, USA).

For the preparation of model biogas, compressed gases such as nitrogen (purity N 5.5)
and methane (purity N 5.0) (Linde Gas, L6dz, Poland) were used. Additionally, for the GC
analysis, compressed gases such as nitrogen (purity N 5.5), air (purity N 5.0) generated by a
DK50 compressor with a membrane dryer (Ekkom, Cracow, Poland), and hydrogen (purity
N 5.5) generated by a 9400 Hydrogen Generator (Packard, Detroit, MI, USA) were used.

2.2. Apparatus

The purification process was controlled by gas chromatography (Autosystem XL)
(PerkinElmer, Waltham, MA, USA) coupled with a flame ionization detector (FID) (PerkinElmer,
Waltham, MA, USA) and an HP-5 (30 m x 0.25 mm x 0.25 um) capillary column (Agilent
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Technologies, Santa Clara, CA, USA). In the investigations, the TurboChrom 6.1 software
(PerkinElmer, Waltham, MA, USA), was used.

The following apparatus was used to evaluate the physicochemical properties: Bruker
Tensor 27 spectrometer (Bruker, Billerica, MA, USA) with an ATR accessory and OPUS
software (Bruker); BROOKFIELD LVDV-II + viscometer (Labo-Plus, Warsaw, Poland);
DMA 4500 M (Anton Paar, Graz, Austria).

2.3. Procedures
2.3.1. COSMO-RS Studies

The geometry optimization of TPABr:TEG (1:3) was performed by means of the
continuum solvation COSMO model at the BVP86/TZVP level of theory. The level of theory
was used based on previous studies [35,36]. Multiple starting geometries of TPABr:TEG
(1:3) were created and optimized in the gas phase to identify stable conformers. In the
next step, the vibrational analysis was conducted to find the DES conformer correspond to
the true energy minimum. Full geometry optimization was performed only for the most
energetically favorable conformer.

In the studies, the COSMO-RS model was used for the screening of DESs using ADF
COSMO-RS software (SCM, Netherlands). The relative solubility of siloxanes (xj) in DESs
were calculated using Equation (1):

exp (,U]PWE B V?olvent _ AGj,fusion)
lOglO (X]) = loglo RT (1)

solvent
j
siloxanes at infinite dilution (J/mol); AG;, fusion—fusion free energy of siloxanes (J/mol);
R—universal gas constant = 8.314 (J/mol-K); T—temperature (K) [37-39].

where: u/""“—chemical potential of pure siloxanes (J/mol); u —chemical potential of

2.3.2. Preparation of DES

The deep eutectic solvent was successfully synthesized by mixing TPABr and TEG in
1:3 molar ratio, on a magnetic stirrer under 800 rpm, at 80 °C. All components were dried
in a vacuum oven before mixing. The mixing process was carried out for half an hour. The
resulting liquid DES was left cooling to room temperature (RT).

2.3.3. Preparation of Model Impurities and Biogas

The model impurities were prepared by means of the barbotage process. Pure nitrogen
was moved through a vial containing 1 mL of each siloxane. The obtained model impuri-
ties were diluted with a nitrogen stream to acquire a suitable concentration of siloxanes
(50 mg/dm?). This is the upper limit of the range of siloxane concentrations which can be
identified in biogas [40].

The model biogas stream was prepared in two options. The first with the use of pure
nitrogen, and the second with the use of a mixture of nitrogen and methane gases in the
volume ratio of 2:1.

2.3.4. Absorption Process

The installation to separate the siloxanes consists of an absorption column, a stripper
column, a heat exchanger, and a reboiler. Figure 1 shows the process of the absorption—
desorption course of siloxanes using TPABr:TEG (1:3). The model polluted biogas stream
containing a certain amount of methane and siloxanes is fed into the absorption column.
The absorption process takes place under certain conditions maintained in the column
(temperature of the process—Ta, the volume of DES—Va, flow rate of the biogas stream—
wa). Pure methane from the top of the absorption column is collected. The next step in
the entire process is desorbing the siloxanes from DES. For this purpose, the contaminated
DES is directed into the stripper column which works in specific conditions (temperature
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of the stripper process—Ts, time of the stripper process—ts). Owing to regeneration, it is
possible to reuse DES, which has a major impact on the economics of the process.

Tl

" Siloxanes

Raw gas mixture:
YcHy Y12, Y13, YD4

Fy s

Absorption Stripper
Ta Ts
Va t
e * ‘
Heat Reboiler
exchanger %‘
\-ﬁw siloxanes: solubility 5ﬂ°w‘e5:\”_/ Nitr ogen

Xar2, Xars, Xap4 XSL2, XSL3, XSD4

Figure 1. Simplified process flow diagram of siloxanes separation using deep eutectic solvent (DES).

The absorptivity (A) of siloxanes in the TPABr:TEG (1:3) was calculated using Equation (2):

Cin — Cout

A =
Cin

() @

where c;,,—initial siloxanes concentration (mg/ dm3), cou—siloxanes concentration after
absorption process (mg/dm?).

2.3.5. Regeneration of DES

Following the selective absorption process of siloxanes, TPABr:TEG (1:3) was regener-
ated using nitrogen barbotage at an elevated temperature (80-100 °C). The regeneration
process was carried out conducted in line with previous studies [24]. The regeneration
experiments were conducted at 90 °C with an N, flow of 50 mL/min. The concentration of
L2, L3, and D4 (before and after regeneration) in TPABr:TEG (1:3) was studied by means of
gas chromatography.

2.3.6. Chromatographic Analysis

The degree and efficiency of the model biogas treatment were determined by gas chro-
matography coupled with a flame-ionization detector (GC-FID) (PerkinElmer, Waltham,
MA, USA). The temperature of the GC oven was 120 °C, the detector temperature was
300 °C, the injection port temperature was 300 °C, the injection mode was split 5:1, and the
carrier gas was nitrogen (2 mL/min).

2.3.7. Physicochemical Properties of DES
FT-IR Analysis
FT-IR spectra were taken using attenuated total reflectance (ATR) with the following

operating parameters: number of background scans: 256, number of sample scans: 256;
spectral range: 4000-550 cm~!; resolution: 4 cm~; and slit width: 0.5 cm.

Viscosity and Density Measurements

The viscosity and density of the synthesized TPABr:TEG (1:3) were measured within
a temperature range of 25-60 °C. The uncertainty measurement for the temperature was
0.5 °C. Additionally, the relationship between the viscosity and revolutions per minute
abbreviated (RPM) in the temperature range 25-60 °C was determined.
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HBD:

Melting Point Measurements

The melting point (MP) was determined visually at atmospheric pressure by cooling
DES samples to —50 °C, followed by a temperature increase at 0.1 °C/min. The temperature
at which the initiation of the phase transformation was observed was adopted as the
melting point.

3. Results and Discussion
3.1. COSMO-RS Molecular Simulation
3.1.1. Solubility of Siloxanes in DESs—Preselection of DES

The conductor-like screening model for real solvents (COSMO-RS) was used to calcu-
late the solubility of siloxanes in pure glycols and water and in DESs composed with TPABr
and glycols. Based on the previous studies, it can be deduced that COSMO-RS is a useful
tool for solvent screening and predicting the impurities” solubility in conventional as well
as non-conventional solvents [35,41,42]. In most of the published works, the selection of
solvents is made on certain parameters, i.e., Henry’s constant and activity coefficient. The
results are often inconsistent. However, the most important parameter from the industrial
point of view, solubility, is rarely reported [35,43]. Therefore, in this study, we calculated
the solubility of individual siloxanes (L2, L3, and D4) in various DESs composed of TPABr
as HBA and glycols, i.e., ethylene glycol (EG), glycerol (Gly), triethylene glycol (TriEG),
tetraethylene glycol (TEG), and diethylene glycol (DEG), as HBD at various molar ratios
(1:3; 1:4; 1:5; 1:6, HBA:HBD). These various molar ratios were selected on the basis of other
studies which show that the melting point of most TPABr:glycols in 1:1, 1:2 complexes are
higher than 20 °C [44,45]. This fact disqualifies the possibility of such DES as absorbents
since one of the necessary conditions for absorbents is liquid at room temperature. The
structures of HBA and HBDs are presented in Figure 2.

HBA:

HaC CHs

~~
HOL _"SOH «— \/\N+ ——_ HOMOH

EG

e “CHq OH

/ Br Gly
HO_~g~-COH \

DEG O OH
HO/\/ \/\o/\/

TrEG

HO\/\O/\/O\/\O/\/OH

TEG

Figure 2. Structures of hydrogen bond acceptor (HBA) and hydrogen bond donors (HBDs).

Additionally, the solubility of siloxanes in pure glycols and water were taken into
account. The obtained results are presented in Figures 3-5.
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Figure 3. Solubility of hexamethyldisiloxane (L2) in DES and pure solvents.
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Figure 4. Solubility of octamethyltrisiloxane (L3) in DES and pure solvents.
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Figure 5. Solubility of octametylocyclotetrasiloxane (D4) in DES and pure solvents.

Among the tested solvents, water is the poorest solvent for siloxanes. The calculated
solubility of individual siloxanes in water was 0.0054, 0.00011, and 0.027 g/L for L2, L3,
and D4, respectively. This is due to the hydrophobic nature of most siloxanes [13,14]. From
the industrial point of view, the ideal absorbents should be cheap and easily accessible. Due
to the relatively high price of TPABr in comparison to the price of pure glycols, it would be
advantageous to use pure EG, Gly, TriEG, TEG, or DEG to absorb siloxanes from biogas.
However, the calculated solubility values are significantly lower for pure glycols compared
to DES. The highest solubility can be observed for the DES composed of TPABr and glycols
in 1:3 molar ratio. On the other hand, further increasing the amount of glycols in DES
structures reduces the solubility of siloxanes. This indicates that both HBA and HBD take
an active part in the absorption process by creating hydrogen or electrostatic bonds with
siloxanes. COSMO-RS calculations indicate that D4, which represents cyclic siloxanes,
shows higher solubility in DESs than linear siloxanes (L2 and L3). Similar results were
obtained for ILs in the previous studies [46]. For linear siloxanes, as the length of the
molecule decreases, their solubility in DESs increases. These are different results from those
obtained for ionic liquids [46]. The highest solubility of both linear and cyclic siloxanes
was obtained for DES composed of TPABr and TEG in 1:3 molar ratio. This is probably
due to the formation of strong non-bonded interactions between TPABr:TEG (1:3) and
siloxanes, i.e., hydrogen bonds between -OH group from TEG molecules, and O—a group
from siloxanes. In order to obtain detailed information on the interactions between DES
and siloxanes, analyses of o-profiles and o-potentials were performed. Due to the best
siloxane dissolving ability of TPABr:TEG (1:3), only this DES was further investigated.

3.1.2. o-Profile

A very important molecule-specific property in the COSMO-RS model is the o-profile,
which is the probability distribution of surface area with charge density (o). Typically,
o-profile is presented as a histogram which can be divided into three regions i.e., HBA
region o > 0.0084 e/ A2 ; non-polar region —0.0084 e/ A2 < 6 <0.0084 e / A2 ; and HBD region
o< —0.0084 e/A2 [47]. The o-profiles of TPA, Br, TEG, L2, L3, and L4 are shown in Figure 6.
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Figure 6. o-Profile of TPABr:TEG (1:3), L2, L3, and L4.

The results indicate that the o-profiles of all siloxanes are distributed within the non-
polar and hydrogen bond acceptor region. There is no significant difference between
o-profiles of L2, L3, and D4. The only peak can be observed in the more positive region
of the histogram for linear siloxanes. This indicates a slightly stronger hydrogen bond
acceptor capacity of L2 and L3. Similar results were observed in other studies [35,46]. The
distribution of TPA shows the concentration of the charge density mainly around 0, and
a small concentration of the charge below —0.0084, which indicates the role of TPA as a
hydrogen bond acceptor in hydrogen bond formation. The distribution of the bromide
anion is located around 0.018 in the HBA area, which demonstrates a non-polar character
and the possibility of H-bonding formation. On the other hand, the distribution of TEG
is observed over the entire range of the o-profile. This indicates that TEG can be both an
acceptor and a hydrogen bond donor.

3.1.3. o-Potential

The o-potential is typically used to indicate the affinity between mixture components.
The higher values of the positive 1 (0) suggest an increase in its repulsive behavior, and
higher negative values of the p (o) indicate a stronger interaction between the molecules.
Similarly to the o-profile plot, the o-potential plot is divided at the same three regions. The
o-potential for TPABr:TEG (1:3), L2, L3, and D4 are plotted in Figure 7. The obtained results
indicate that all siloxanes almost overlap each other, which means that L2, L3, and D4
have similar molecular interaction properties with other molecules and with themselves.
The shape of siloxanes o-potential is negative in the HBA region and positive in the HBD
region. This means that L2, L3, and D4 can be acceptors in H-bonding formation. However,
the DES shape is negative in both these regions. This indicates that it is both an acceptor
and a hydrogen bond donor. Therefore, the formation of hydrogen bonds is the most likely
driving force in the process of removing siloxanes from biogas.

3.2. Structural and Physicochemical Properties of DES
3.2.1. FT-IR Analysis

Spectroscopic characterization is a very important aspect to determine the interaction
between HBA (TPABr) and HBD (TEG). For this purpose, the FT-IR analysis was used in
the study (Figure 8).
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Figure 8. FT-IR spectrum for pure TPABr, TEG, and TPABr:TEG (1:3).

Figure 8 shows the mechanism of TBABr:TEG (1:3) formation. In the TPABr:TEG (1:3)
spectrum, the shift of -OH group vibration towards lower values compared with pure TEG
HBD (from 3411.14 to 3386.93 cm~!) indicates the formation of O-H O or O-H Cl bonds. In
addition, the broadening and shifts of the vibration towards lower values of the aliphatic
C-H stretching bonds (from 2996.67 and 2869.12 em ™! t0 2942.26 and 2867.71 cm ™) can be
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observed. The shifts O-H O or O-H Cl, and C-H groups are most likely the consequence
of hydrogen bond formation between TPABr and TEG [48,49]. Moreover, shifts of the OH
group may result from the presence of C-O-C groups in the TEG. The C-O-C group are
considered as the electronegative groups and tend to attract electrons on hydrogen in OH
bands. The occurring interactions between TPABr and TEG can be confirmed by the shift
of the C-O-C group towards lower values from 1227.80 to 1115.17 cm ™! and increasing the
intensity of the OH group [50]. Similar vibration towards lower values can be seen in the
peaks in the bands responding with H-bending, CH, deformation, and N-C-C bending
bonds from 1514.06-1207.26 cm~! to 1493.48-1202.00 cm~!, and C-N bond symmetric
stretching vibration from 774.17 to 768.27 cm ™! as well as redshift phenomena O-H and
C-O-H stretching bonds from 1042.73 to 1060.44 cm~!. The shifts confirm the interaction
between the atoms in TPABr and TEG [51-53].

3.2.2. Viscosity and Density Measurements

It is well known that DES components and temperature have a dramatic effect on
the absorbent density and viscosity. Basic physicochemical parameters of DES strongly
influence the ability of the mass transfer capacity, which is of great importance for any
changes in the absorption process [54,55]. In order to analyze the flow behavior of syn-
thesized TPABr:TEG (1:3), the viscosity was studied in a function of shear rate ranging
10-50 rpm and temperature range 25-60 °C. The obtained results indicate that the viscosity
of TBABr:TEG (1:3) decreases with increasing temperature. The increase in temperature
causes the velocity of the particles in the liquid to increase, which reduces the intermolecu-
lar forces, resulting in a decrease in the TPABr:TEG (1:3) viscosity (Figure 9A). At room
temperature, the viscosity of TPABr:-TEG (1:3) is 84.6 mPas; it should be noted that it is
much lower compared to the DESs which are presented in the literature. The dynamic
viscosity of DES composed of tetrabutylammonium bromide (TBABr) and glycerol (Gly)
or ethylene glycol (EG) in a molar ratio of 1:3 were 467.2 and 91.4 mPas, respectively [56].
A decrease in the viscosity value contributes to the increase in the capacity and rate of
absorption because it makes the mass transfer easier. Therefore, DESs with lower value
viscosities are more desirable for absorption processes.

&

43.0
42.5 1
42.0

41.5 A ‘\'/.\./._./'/.\‘

41.0

Viscosity (mPas)

30

0 &0 ED 10 20 30 40 50

Temperature (°C) RPM

Figure 9. (A) Viscosity for TPABr:TEG (1:3) as a function of temperature in the range 25-60 °C. (B) Dependence of viscosity

on turnover in the range 10-50 RPM in temperature 40 °C.

In Figure 9B, it can be observed that the viscosity of TPABr:TEG (1:3) remains almost
constant throughout the range of the applied shear rate ranging. Therefore, it can be
concluded that the obtained DES is a Newtonian liquid [57]. The possible shear thinning
behavior can be attributed to different strengths of the H-bonding present in TPABr:TEG
(1:3) which can start breaking with increasing RPM. However, deeper analysis is required
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to confirm these assumptions. Similar behavior was also observed for another type of
DES [58].

Another tested physicochemical parameter was density. The value of DES density de-
creases linearly with increasing temperature (Figure 10). At 20 °C, the density TPABr:TEG
(1:3)is 1.5520 g/ cm3. However, it can be observed that with increased temperature (60 °C),
the density value decreases to 1.5508 g/cm>. The lower density values can be due to
the fact that during heating, HBA and HBD in DES vibrate harder. These vibrates can
cause molecular rearrangements between HBA and HBD, which can contribute to creating
weaker interactions in the hydrogen bonding [59]. The obtained density of TPABr:TEG
(1:3) is higher compared to the DESs which are composed of quaternary ammonium salts
(ChCl1 or TBABTr) [56,60].

1.5520 1 @

1.5518 1 °

1.5516 - ®

1.5514 e
1.5512 - ®

Density (g/cm?)

1.5510 ~ ®
1.5508 - o

1.5506 — . . ;
20 30 40 50 60
Temperature (°C)

Figure 10. Density for TPABr:TEG (1:3) as a function of temperature in the range 25-60 °C.

3.2.3. Melting Point Measurements

The measured MP of TPABr:TEG (1:3) is —48 °C. As expected, the melting point of
TPABr:TEG (1:3) is lower than the MP of pure TEG (—9.4 °C) [61]. The depression in the
melting point of the mixture shows the formation of strong intermolecular interactions, i.e.,
hydrogen bonds between TPABr and TEG [62].

3.3. An Experimental Studies on Absorption of Siloxane Compounds
Optimization of the Absorption Process Conditions

In our research, the processes of absorption using a new DES based on TPABr:TEG
(1:3) were carried out for purification of the model biogas stream from L2, L3, and D4
pollutants. The absorption processes were optimized in terms of the volume of TPABr:TEG
(1:3), model biogas flow, and temperature.

The first optimized parameter was the volume of the TPABr:TEG (1:3) in the range
of 15-50 mL /min (Figure 11). The results show that the volume of DES has a significant
impact on the overall siloxane capture process. As the volume of DES increases from 15
to 50 mL/min, the DES saturation time increased from 150 to 320 min (L3—Figure 11B),
from 140 to 400 min (L2—Figure 11A), and from 1551 to 5281 min (D4—Figure 11C). The
increase in saturation time can be explained by increases in the contact time between the
siloxane gas phase and the absorbent [63]. Increasing the volume of DES also contributes
to an increase in the amount of active substance (TPABr:TEG (1:3)) and an increase in the
number of active sites that are responsible for capturing of the siloxanes from DES.
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Figure 11. Experimental breakthrough curves of siloxane absorption with TPABr:TEG (1:3) at the different volumes of DES
for (A) L2; (B) L3; and (C) D4.

The next studied parameter was model biogas flow rate in the range of 10-50 mL/min
(Figure 12). The results indicate that the flow rate has only a minor effect on siloxane uptake
compared to DES volume. The conducted research indicates that an increase in the flow
rate from 10 to 50 mL/min slightly decreased the effectiveness of siloxane removal from the
model biogas stream. Similar results were observed in the previous studies [29,64]. In the
industrial technologies used with the use of a water scrubber, a flow of 88 mL/min is used
to remove CO; or HS [65], whereas when using an amine scrubber, flows of 30 mL/min
are used [66]. The reduction in the flow rate may result from the different viscosities of the
use of the absorbent. Therefore, the assumed optimal value of 50 mL/min seems to be the
rational and comparable value.

The temperature in the range of 25-50 °C was selected as the last parameter for
optimizing the absorption conditions (Figure 13). An increase in temperature causes
decreases in TPABr:TEG (1:3) viscosity. The lower viscosity improves the mass transfer
efficiency and, hence, the siloxane removal efficiency should be higher. However, increasing
the temperature does not extend the absorption process too much. This is likely due to the
fact that the absorption process is normally exothermic [67]. Therefore, a temperature of
25 °C was adopted as optimal.


http://mostwiedzy.pl

Materials 2021, 14, 241

13 of 20

A) B)
1.0 | 1.0 A
—=— L2—10 mL/min —— L3 -10 mL/min
—#— [2—-30 mL/min —e— L.3—30 mL/min
0.8 1 | L2-50 mL/min 0.8 { | ——13-50 mL/min
Z 06 T 061
< <
0.4 1 0.4
0.2 1 0.2 -
0.0 T T T 0.0 : ;
0 100 200 300 0 100 200 300
Time (min) Time (min)
@)
1.0 1
—+—D4-10 mL/min
—+—D4-30 mL/min
0.8 1 | ~ D4-50 mL/min
T 06
<
0.4 1
0.2
e
0.0 : e R — - i
0 100 200 300 1000 3000 5000
Time (min)

Figure 12. Experimental breakthrough curves of siloxane absorption with TPABr:TEG (1:3) at the different biogas flow rate

for (A) L2; (B) L3; and (C) D4.

/\_/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

-
Z e -
A

A) B)
1.0 ¢ 1.0
—— 12-50°C — 13-50°C
—a [2-35°C — L3-35°C
08 1| o 12-25°C 0.8 1| - L3-25°C
< 06 T 06
< <
0.4 1 04
0.2 4 02
0.0 0.0
0 100 200 300 0 100 200 300
Time (min) Time (min)
O)
1.0 4
—a D4-50°C
—+-D4-35°C
0.8 {| - D4-25°C
T 06
<
0.4
0.2
0.0 T T T —t T T T
0 100 200 300 1000 3000 5000
Time (min)

Figure 13. Experimental breakthrough curves of siloxane absorption with TPABr:TEG (1:3) at different temperatures for
(A) L2; (B) L3; and (C) DA4.
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Owing to the conducted research, the optimum conditions for the removal of siloxanes
from the model biogas stream were selected as a temperature of 25 °C, a DES volume of
50 mL, and a flow rate of 50 mL/min. The obtained dependence of the absorption efficiency
on the duration of the absorption process of individual pollutants is shown in Figure 14A
(with the use of pure nitrogen) and Figure 14B (with the use of a mixture of nitrogen and

methane gases in the volume ratio 2:1).
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Figure 14. Experimental breakthrough curves of impurities absorption with TPABr:TEG (1:3) using (A) pure nitrogen and
(B) mixture of nitrogen and methane at 2:1 volume ratio under optimum conditions, and (C) methane absorption curve

using TPABr:TEG (1:3).

For D4 in pure N, after 5380 min of absorption process, a sharp increase in the
supersaturation value was observed. While for D4 in the mixture of nitrogen:methane at 2:1
volume ratio, the saturation time was 5300 min. The oversaturation times of the other two
siloxanes in N, were 400 and 300 min, while in N,:CHj (2:1), they were 375 and 280 min,
respectively, for L2 and L3. In the literature, there are very few works that focus on the
capture of siloxanes from biogas. The results obtained in our studies can only be compared
to the absorption in which the absorbent consists of amines, acids, or bases. However, it is
well known that the strong bases and acids contribute to the cleavage of Si-O bonds and
convert siloxanes to other volatile compounds with lower boiling points [68].

Devia and Subrenat [15] proposed L2 and D4 absorption into motor oil, cutting oil,
and water-cutting oil. The studies showed the best results were obtained for motor oil for
which the breakthrough curves obtained to allow for efficient removal of siloxanes were
for 191.4 min (L2) and for 47.1 min (D4). The obtained results show that the proposed
new DES-based absorbents show a much higher absorption capacity towards siloxanes
than conventional solvents. In the studies, apart from monitoring the siloxane absorption
process, the concentration of methane was also monitored (Figure 14C). The results show
that complete saturation of TPABr:TEG (1:3) with methane occurs after 50 min of the
process. The loss of methane in the entire process of siloxane absorption was within 5%.
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3.4. FT-IR Studies on Absorption of Siloxane Compounds

The experimental study on the mechanism of the absorption process of siloxanes
was conducted by FT-IR analysis. The obtained spectra of pure TPABr:TEG (1:3) and
pure siloxanes were compared with the spectra of TPABr:TEG (1:3) after the absorption
process (Figures 15-17). All of them identified the bands which can be observed in the
FT-IR spectrum for pure siloxanes: Si-O-Si antisymmetric stretch bonds in the range
1000-1100 cm ! and Si-C symmetric stretch bonds at 800 cm ! are visible in the spectrum of
the TPABr:TEG (1:3) after the absorption process [69]. In the spectrum after the absorption
process, new peaks or significant band shifts cannot be observed. Only shifts of the -OH
stretching vibration and aliphatic C-H stretching bonds are visible, which confirms the
phenomena of physical absorptions. In addition, the shifts of -OH stretching vibration
indicate that the hydroxyl group from TPABr:TEG (1:3) may interact with the oxygen
atoms from siloxanes by forming hydrogen bonds, which is in accordance with the siloxane
absorption [70]. Additionally, a shift of the bands originating from group C-O-C towards
higher values from 1112.40 to 1123.83 cm~! (Figure 15), 1123.54 cem ™! (Figure 16), and
1118.59 cm~! (Figure 17) are observed. These shifts indicate that siloxane absorption
can also occur through the interaction of silicon atom (Si-OH—827.67 cm~! and SiO—
752.14 cm~! (Figure 15), Si-O—801.56 cm~! (Figure 16), Si-OH and Si-O in the range
847.96-792.11 cm~! (Figure 17)) with the oxygen atoms with C-O-C in the DES (1:3) [50].
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Figure 15. FT-IR spectrum for pure TPABr:TEG (1:3), pure L2 and complex TPABr:TEG + L2
(DES + L2).
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Figure 16. FT-IR spectrum for pure TPABr:TEG (1:3), pure D4 and complex TPABr:TEG + D4

(DES + D4).
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Figure 17. FT-IR spectrum for pure TPABr:TEG (1:3), pure L3 and complex TPABr:TEG + L3
(DES + L3).
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3.5. Regeneration of DES

From the industrial point of view, the regeneration processes of absorbents are ex-
tremely important because they determine the final costs. The obtained results indicate
that siloxanes can be completely removed from TPABr:TEG (1:3) using nitrogen barbotage
conducted at a temperature of 90 °C for 3 h. TPABr:TEG (1:3) shows tall and almost
unchanging L2, L3, and D4 removal efficiency for up to 10 regeneration cycles (Figure
18A). In addition, the thermal stability of TPABr:TEG (1:3) by means of FT-IR analysis was
confirmed. The comparison of fresh and regenerated TPABr:TEG (1:3) spectrum indicates a
lack of additional shifts and peaks in the regenerated TPABr:TEG (1:3) (Figure 18B). This
confirms stability and effective regeneration of TPABr:TEG (1:3).
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Figure 18. (A) Reusability of TPABr:TEG (1:3) on the example of removing L2, (B) FI-IR spectra from
on fresh and regenerated TPABr:TEG (1:3).

4. Conclusions

In the paper, the solubility of siloxanes (L2, L3, and D4) in deep eutectic solvents (DESs)
composed of tetrabutylammonium bromide and glycols as well as conventional solvents
was investigated. The siloxane solubility was predicted by means of the COSMO-RS model
where the highest solubility of both linear and cyclic siloxanes was present in the DES
composed of TPABr and TEG in a 1:3 molar ratio. The chemical structures of TPABr:TEG
(1:3) and the interaction structures between TPABr and TEG as well as between DES and
siloxanes were reported using FI-IR spectroscopy. Furthermore, in order to confirm the
interactions, the analyses of o-profiles and o-potentials were used.

The results of physicochemical properties indicate that TPABr:TEG (1:3) is a Newto-
nian liquid due to the lack of viscosity changes during shear changes, which contribute to
only minor changes in siloxane removal efficiency with increasing temperature. In turn,
carrying out the absorption process at a temperature of 25 °C is beneficial from an economic
point of view. Under optimum conditions (50 mL of TPABr:TEG (1:3), 50 mL/min flow
rate, and temperature 25 °C), the L2, L3, and D4 can be removed with high efficiency
for 375, 280, and 5300 min, respectively. These are much better absorption efficiencies
compared to mineral oils. In addition, TPABr:TEG (1:3) also can be easily regenerated up
to 5 cycles without significantly changing the siloxane absorption efficiency. The studies
on the absorptive mechanism to remove siloxanes indicate that the reason for the high
solubility siloxanes in TPABr:TEG (1:3) is the formation of the strong hydrogen interactions
between -OH group from DES molecule, and -O- a group from siloxanes.

The cost of the absorption process mainly depends on the type of absorbents. The esti-
mated capital cost of the absorption process based on TPABr:TEG (1:3) is 126.05 €/L [71,72].
The DES price is higher than conventional absorbents prices which are 9.17 €/L for motor oil
5W40 from EIf) [73]; 33.42 €/L for cutting oil Hochleistungs-Schneidol Alpha 93 from Jokish®
GmbH [74]. However, it should be remembered that DES can be used for up to 5 cycles
without changing the high efficiency of removing siloxanes from biogas. The initial price of
126.05 €/L can drop to 25.21 €/L. Therefore, DESs can be used as alternative absorbents.
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Abstract: During biogas combustion, siloxanes form deposits of SiO, on engine components, thus
shortening the lifespan of the installation. Therefore, the development of new methods for the
purification of biogas is receiving increasing attention. One of the most effective methods is physical
absorption with the use of appropriate solvents. According to the principles of green engineering,
solvents should be biodegradable, non-toxic, and have a high absorption capacity. Deep eutectic
solvents (DES) possess such characteristics. In the literature, due to the very large number of
DES combinations, conductor-like screening models for real solvents (COSMO-RS), based on the
comparison of siloxane activity coefficient of 90 DESs of various types, were studied. DESs, which
have the highest affinity to siloxanes, were synthesized. The most important physicochemical
properties of DESs were carefully studied. In order to explain of the mechanism of DES formation,
and the interaction between DES and siloxanes, the theoretical studies based on o-profiles, and
experimental studies including the 'H NMR, 13C NMR, and FT-IR spectra, were applied. The
obtained results indicated that the new DESs, which were composed of carvone and carboxylic
acids, were characterized by the highest affinity to siloxanes. It was shown that the hydrogen bonds
between the active ketone group (=0) and the carboxyl group (-COOH) determined the formation of
stable DESs with a melting point much lower than those of the individual components. On the other
hand, non-bonded interactions mainly determined the effective capture of siloxanes with DES.

Keywords: biogas; deep eutectic solvents; siloxanes; conductor-like screening model for real solvents

1. Introduction

Currently, increasing attention is being paid to obtaining so-called “green energy” from
waste materials [1-4]. An alternative to natural gas is biogas, which is currently produced
in over 17,783 biogas plants located in Europe. However, not all biogas plants have the
technology needed for effective biogas purification that is in line with the parameters
of high-methane gas. According to data from 2020 in Europe, only 729 biogas plants
produced high-methane gas. In Europe, the leader in the production of biomethane is
Germany, which currently has 232 biogas plants equipped with a system for producing
high-quality methane. France and the United Kingdom have 131 and 80 such technologies,
respectively [5]. In Poland, there are over 300 biogas plants, and only a few of them are
capable of producing biomethane [6]. Biogas that is not fully purified cannot be injected
into the transmission grid or used as an alternative transport fuel [7].

Biogas is a product of the methane fermentation process, in which the raw materials
are mostly agricultural, landfill, and sewage waste. Raw biogas has a very rich chemical
composition. The composition of biogas is strongly dependent on the raw material used
for its production. Biogas mainly consists of methane (CH,) and carbon dioxide (COy).
In addition, biogas contains a lot of impurities including inorganic gaseous compounds,
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i.e., nitrogen, oxygen, hydrogen, ammonia, carbon monoxide and water vapor, and nu-
merous volatile organic compounds (VOC), including sulfur, nitrogen, oxygen-containing
compounds, siloxanes, terpenes, linear and aromatic hydrocarbons [8-10]. The total con-
centration of organic and inorganic impurities may even amount to 65% of the volume of
the obtained biogas, constituting a ballast that significantly reduces its calorific value. The
calorific value of pure CHy is 35.7 MJ /m3, while the calorific value of biogas ranges from 16
to 23 MJ/m? [6]. In addition, biogas impurities can be harmful in many biogas applications,
and they can have environmental impacts such as stratospheric ozone depletion, increasing
of the greenhouse effect, and reductions in local air quality [11-13]. One of the more
troublesome groups of pollutants is organosilicon compounds (siloxanes). During biogas
combustion, trace amounts of siloxanes are converted into SiO, deposits and damage the
engine surfaces. Therefore, biogas needs to be upgraded before combustion [14].

Treatment biogas methods can be classified into adsorption, physical and chemical ab-
sorption, biological, cryogenic, and membrane separation methods [15-19]. These methods
are mainly used for the removal of carbon dioxide, water, ammonia, and hydrogen sulfide,
and they are not suitable for removing volatile organic compounds from biogas [20,21].
Absorption is one of the oldest and best-known technologies for gas purification. Until now,
absorption has been mainly used for the removal of inorganic chemical compounds such
as carbon dioxide, hydrogen sulfide, siloxanes, and other trace contaminants from gaseous
fuel streams. Most absorption processes use organic solvents as absorbents. Physical
scrubbing based on organic solvents has many advantages over the main technologies used
for biogas treatment. These include:

- Very high treatment efficiency with a properly selected solvent;
- Low methane losses (below 1%);

- Simple and relatively inexpensive technology;

- The capacity to be regenerated many times.

However, most of the used absorbents are substances that negatively affect the natural
environment and require large amounts of energy for regeneration [22,23]. Due to this, it is
necessary to explore new green biogas purification methods which will be effective for the
removal of hydrophobic VOCs including siloxanes.

Data from the literature suggest ionic liquids (ILs) as promising media for VOCs
capture from biogas, due to their unique properties [24,25] However, in recent years, it
was shown that ILs can be toxic and non-biodegradable, and that their synthesis can be
very costly and complicated [26]. Despite the high efficiency of VOCs removal, the disad-
vantages of ILs preclude their use in real industrial processes. In the last few years, new
absorption media called deep eutectic solvents (DESs) were studied in detail. DES is a
mixture of two or more chemical components, one of which is a hydrogen bond acceptor
(HBA), and the second is a donor (HBD). Due to the formation of strong hydrogen bonds
between components, DESs are characterized by significant depressions in melting points
(MP) compared to pure compounds. DESs have similar physicochemical properties to
ILs, i.e., negligible vapor pressure, non-volatility, thermal stability, high conductivity, and
tunable miscibility. Additionally, they are also non-toxic and biodegradable, and their
synthesis is simple and cheap [27-29]. Due to the favorable properties of DESs, they are
used in many processes, i.e., extraction [30-34], sample preparation [35], absorption [36-39],
adsorption [40], metal electrodeposition [41], and biotransformations [42]. In addition,
there are a lot of studies on the application of DESs for the removal of inorganic contami-
nants from gas streams, i.e., those of CO, [43—45], H,S [46], SO, [47], H,O [48], NHj3 [49].
However, there is very little work on the capture of siloxanes using DESs.

The paper presents a screening of 90 new non-ionic hydrophobic deep eutectic solvents
composed of natural ingredients, i.e., terpenes, carboxylic acids, and polyphenols. For this
purpose, the conductor-like screening model for real solvents (COSMO-RS) based on the
comparison of siloxane activity coefficient to various DESs was used. Due to the fact that
new never-before-published carvone mixtures with organic acids were selected as the most
effective DES absorbents, the detailed results of structural characterization of new DESs,
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and their basic physicochemical properties, i.e., melting point, density, and viscosity, were
described. The mechanism of siloxane absorption by DESs was studied by means of 'H
NMR, 3C NMR and FT-IR spectroscopy, based on c-profiles. In addition, the optimization
studies of the main parameters affecting the siloxane absorption process were considered.
The possibility of the DESs’ regeneration was also examined.

2. Results and Discussion
2.1. Screening of DES

In the studies, the COSMO-RS model was used for the screening of DESs, which
were characterized by the highest affinity to siloxanes. The screening tests were prepared
for the most common siloxanes in biogas, i.e., hexamethyldisiloxane (L2), octamethyl-
trisiloxane (L3), decamethyltetrasiloxane (L4), hexamethylcyclotrisiloxane (D3), and de-
camethylcyclopentasiloxane (D5), which represented linear and cyclic siloxanes [13,50,51]
The structures of siloxanes are presented in Figure 1.

Linear siloxanes CWH siloxanes
~

Q ®

S 7 % J

Figure 1. Structures of siloxanes used in the studies.

As solvents, DESs composed of two chemical components, which could be easily
extracted from natural sources, i.e., plants or biomass, were tested. All components, i.e.,
carvone (C), camphor (Cam), thymol (Th), vanillin (V), guaiacol (Gu), levulinic acid (LA),
vanillin acid (VA), decanoic acid (DA), undecanoic acid (UA), and dodecanoic acid (DDA),
were mixed with each other at a 1:1 molar ratio. Based on the previous studies, the
logarithmic activity coefficient (In (1/v)) was used to select the DES that exhibited the
highest solubility of the siloxanes. This is a parameter that is directly related to the strength
of interactions between molecules. The more negative the value, the greater the strength of
the dominant interactions between siloxanes and DES, which indicates a greater affinity of
solutes to solvents. In turn, the greater affinity of siloxanes to DES is responsible for their
greater solubility. All calculations were performed at 20 °C and 101.325 kPa. The calculation
results are presented in Figure 2. The paper presents only the most representative results
for L2 and D3, which illustrated linear and cyclic siloxanes. The graphical results for the
remaining siloxanes were omitted, as they fully corresponded to those obtained for L2
and D3. The obtained results indicated that L2 had a high affinity to most of the tested
DES. However, completely different results were obtained for cyclic siloxane-D3. For this
compound, lower logarithmic activity coefficients (In (1/7y) values) were obtained for DESs
that were composed of carvone and carboxylic acids, i.e., decanoic, undecanoic acid, and
dodecanoic acid, at a 1:1 molar ratio. The reason for the greater solubility of siloxanes
in DESs that were composed of carvone and carboxylic acids was probably their specific
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simple structures. The carvone had a carbonyl group that was capable of forming hydrogen
bonds with the carboxyl group of DA, UA and DDA. The lack of additional groups in the
HBA and HBD structures meant that oxygen from the Si—O—Si group in siloxanes had
better access to the carboxyl group to which it could attach. The presence of other groups in
the remaining DES, composed of, i.e., = O, -O-CHs, -CHj3, caused the active sites to become
covered, and thus, the interaction strength between the siloxanes and DES was reduced.

C DA UA DDA Th Van Gu LA VA Cam C DA UA DDA Th Van Gu LA VA Cam

DDA

(a) (b)

Figure 2. Screening of logarithmic activity coefficients of (a) L2 and (b) D3 in various DES mixtures

at a 1:1 molar ratio.

In order to explain the obtained results, the o-profiles of DESs” components and
selected siloxanes were analyzed. The o-profile is the molecule-specific property that
determines the probability distribution of the surface area of molecules that have charge
density [52,53]. Diagrams with o-profiles of all studied molecules are presented in Figure 3.
The o-profile diagram could be divided into three segments, including an HBA region in the
range of —0.025 eA2 < 0 < 001 eA2 an HBD region in the range of
0.01 eA=2 < 0 < 0.025 eA 2, and the segment between HBA and HBD that represents
the non-polar region. Both the hydrogen bond donor and hydrogen bond acceptor seg-
ments indicated the potential of the studied components to form strong H bonds. The
results for the o-profiles indicated that DESs” components, depending on their structure,
could be classified as hydrogen bond acceptor or donor groups. The first group was the
HBA components, among which Cam and C could be distinguished, due to the active
ketone group (=0O) in the structures. The second group was that of the HBD components,
to which Thy belonged due to the presence of a hydroxyl group (-OH) in the structure.
Theoretically, all fatty acids (DA, UA, and DDA) could also be adapted to the HBD group.
However, due to the specific structure of the carboxylic group (-COOR), fatty acids could
be both donors and acceptors of hydrogen bonds. Therefore, they could be included in
the third group, which also included Van (-CHO; -OH; -O-CHj3), Gu (-OH; -O-CHj3), LA
(-COOH; = O) and VA (-COOH; -O-CH3s; -OH). These components could theoretically be
mixed with each other and form hydrogen bonds, which could determine the formation of
a stable eutectic mixture. For all the studied DES components, and siloxanes, a large peak
in the non-polar region could be observed. This indicated that the siloxanes had a mostly
non-polar character. Only small peaks around the HBA region could be observed in the
o-profile diagram of siloxanes, which indicated that siloxanes could also form H bonds
with the -OH or -COOH group.
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Figure 3. o-profiles of (a) DES components and (b) siloxanes.

To confirm the results obtained using the o-profiles, electrostatic potential (ESP)
analysis was performed for DES components and selected siloxanes. The electrostatic
potential of DESs and siloxanes are mapped onto electron densities in Figures 4 and 5.
The positive potential regions are depicted as blue, red indicates negative potential, and
white represents the potentials that are close to zero. The obtained results indicated that
the electropositive area in DES component structures was located around the hydrogen
atoms in the -C-H and -O-H groups. The electronegative area was located around the
oxygen atom in the -O- and =O groups, and the neutral region was located around
carbon atoms. During the formation of DESs, the electropositive area from one of the DES
components (HBD) attracted the electronegative region of the second component (HBA). In
this way, strong hydrogen bonds were formed between the DES compounds, resulting in
the formation of stable DES. Figure 5 shows that, in all siloxane compounds, only a neutral
region could be identified. This indicated that other weaker non-bonded interactions must
play the dominant role in the capture of siloxane by DESs.
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Figure 4. ESP mapped onto total electron density with an isovalue of 0.001 for DES components, i.e., (a) carvone, (b) thymol,
(c) vanillin, (d) decanoic acid, (e) vanillic acid, (f) camphor, (g) undecanoic acid, (h) dodecanoic acid, (i) guaiacol and
(j) levulinic acid. Blue color represents positive charges, red color represents negative charges, and white color represents

neutral charges.
(@) (b)

(d)

Figure 5. ESP mapped onto total electron density with an isovalue of 0.001 for siloxanes, i.e., (a) L2,
(b) L3, (c) L4, (d) D3 and (e) D5. Blue color represents positive charges, red color represents negative
charges, and white color represents neutral charges.
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2.2. Synthesis of New DESs

From a technological point of view, only DESs, which ensure high solubility levels
of linear and cyclic siloxanes, should be considered in further research. Therefore, in the
next step, only DESs that were characterized by lower activity coefficient values were
synthesized, including C:DA, C:UA, and C:DDA, at a 1:1 molar ratio. However, only
C:DA and C:UA were in a liquid form at room temperature. Therefore, C:DDA was also
synthesized at 2:1 and 3:1 molar ratios, and only C:DDA at a 3:1 ratio was liquid at room
temperature.

2.3. An Experimental DESs Structural Characterization
2.3.1. Fourier Transform Infrared Spectroscopy (FI-IR)

FT-IR analysis provided a lot of important information about the structure of the
synthesized DES. Based on the peak shifts, it was possible to determine which groups
of individual substances were involved in the formation of DES, as well as to determine
whether by-products were formed during the synthesis process. Figure 6 shows the spectra
of pure substrates (HBA and HBD) and synthesized DESs. In the C:DA (1:1) spectrum,
shifts of the stretching carbonyl band vibrations towards higher values, in comparison to
both pure HBA (from 1693 cm ™! to 1708 cm~!) and HBD (from 1668 cm ™! to 1676 cm™!),
were observed. This indicates that both groups, -COOH from DA and =O from C, were
involved in the formation of a hydrogen bond. In addition, the yO-H deformation band
(929 cm’l), which could be observed in the DA spectrum, underwent distortion in the DES
spectrum. In the DES spectrum, wide peaks within the wavelength number range from
965 to 891 cm~! were observed. The deformation of the band of the -OH group confirmed
the fact that it was involved in the formation of hydrogen bonds. Similar shifts were also
observed in the spectra of the remaining DESs (C:UDA (1:1), and C:DDA (3:1)).
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Y e i @ 3080 cm? e P
= 891 cm™ 9 =
= DA £ |UDA 891 cm
= S e A TR =T e T T
S [300-3024 el 16Bem | 7 E 2 W e | V" M\
% : & [3400-3008 cm e
. M 175} cm
% CDA 929 cm 2 CUDA
= P P s /V
B |3400-3024 em ! (00 o = 3 s A
965-891 cm™ 3400-3008 em™ 1711 1676 cm? 963-891 em”

4000 3000 2000 1000 4000 3000 2000 1000
Wavelength [cm™] Wavelength [cm™]
(@) (b)

— |C
o2 v
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Figure 6. FT-IR spectra of pure components (HBA and HBD) and synthesized DES: (a) C:DA (1:1),
(b) C:UDA (1:1), (c) C:DDA (3:1).
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2.3.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

The results of the 'H NMR analysis confirmed the formation of hydrogen bonds
between HBA (carvone) and various HBDs (i.e., DA, DDA and UDA). Spectra are presented
in Figure 7 and Figures S1 and S2. The detailed values of chemical shifts are presented
in Table 1, Tables S1 and S2. In the 'H NMR spectra, shifts of hydrogen (H1) from the
hydroxyl group that was present in the structure of carboxylic acids, towards lower values,
were observed for DA (from 11.87 to 11.38 ppm) and DDA (from 11.87 to 10.69 ppm).
For UDA, the shift towards higher values, from 10.4 to 11.43 ppm, was observed. The
greatest differences in shifts could be observed for DES with DDA (about 0.2 ppm), and the
lowest for DES with DA (about 0.1 ppm). This indicated that in DES composed of carvone
and DDA, the strongest H-bonding occurred. All changes in the hydrogen signal from
HBA were shifted towards lower values, except for H8. Hydrogen H8, which was shifted
towards higher values in the DES spectrum, was located close to the oxygen atom from the
carbonyl group. This may indicate that hydrogen bonds were formed in the vicinity of H8.

6 15
(o} 2 N
PHe g: (CH‘) 9 b5
| HO il ol " e, v
i‘: :‘: . 10
. 2 2
H5
47 D
10 - ‘
I ' 3,7,‘\‘_“;
i3 cnel |- i MU o
10 8 6 4 2
[ppm]
(a)
. o 1,5,6,7 |
C\Z/Ci ﬂ 2 c._ 7 _C_ 4 6.3 .S_10
1 T T4 w0 1N BN 6N N NE o 4lg, 10012
clo  ¢5 3 3 -
7 \C)/ Ng==c7|" - sl 2 1
¢ 6
| SJ .
10 6 2 ‘
1| a
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Figure 7. 'H NMR (a) and 3C NMR (b) spectrum of the C:DA (1:1).
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Table 1. Chemical shift values from the 'H NMR and '3C NMR spectra for C:DA (1:1).

'H NMR
HBA DES HBD DES

atom 5 (ppm) atom 5 (ppm) atom 5 (ppm) atom 5 (ppm)
H1 2.45 H1 2.31 H1 11.87 H1 11.38
H2 2.35 H2 2.30 H2 2.21 H2 2.21
H3 2.69 H3 2.56 H3 1.54 H3 151
H4 4.76 H4 4.68 H4 1.33 H4 1.19
H5 4.81 H5 4.64 H5 1.26 H5 1.15
Heé 1.76 Hé 1.63 He 0.88 Hé 0.76
H7 2.57 H7 2.48

H8 2.35 H8 2.44

H9 1.78 H9 1.66

H10 6.77 H10 6.65

13C NMR

C1 15.63 C1 15.48 C1 180.81 C1 179.50
c2 135.45 C2 135.27 c2 34.26 c2 33.96
C3 144.40 c3 144.74 c3 31.99 C3 31.77
C4 31.30 C4 31.12 C4 29.53 C4 29.32
C5 42.55 C5 42.89 C5 29.38 (@) 29.17
Coé 146.69 Co 146.40 Co 29.38 Cé 29.16
Cc7 110.47 c7 110.33 c7 29.19 Cc7 28.98
Cc8 20.50 C8 20.26 C8 24.79 C8 24.62
C9 43.20 c9 42.35 9 22.77 C9 22.55
C10 199.34 C10 199.7 C10 14.13 C10 13.92

In this study, 3C NMR analysis was also performed. The observed shifts likewise
indicated the formation of hydrogen bonds between the carvone and the fatty acids. This
was confirmed by the C1 shifts in the carboxyl group in the acids and C10 in the carbonyl
group in the carvone. In addition, shifts of carbons (C2 and C9) that were directly connected
to the hydroxyl and carbonyl groups were also visible.

In both the 'H NMR and '*C NMR spectra of all DESs, only signals assigned to
the substrates were observed. This indicated that no by-products were formed during
the synthesis.

2.3.3. Physicochemical Properties of DESs

The melting point was one of the more important parameters that indicated the
formation of DES. The chemical compounds that were used for the DESs synthesis were
solid at room temperature. The MP of pure substrates was 25.2, 31.6, 28.6 and 43.2 °C for
carvone, decanoic acid, undecanoic acid, and dodecanoic, respectively. For new DESs, a
large depression in MP was observed. The melting points of new DESs were —19, —11.7
and —18.8 °C for C:DA (1:1), C:UDA (1:1) and C:DDA (3:1), respectively.

DES density and viscosity are physicochemical parameters that have a key influence
on mass transfer processes [28]. Therefore, the dynamic viscosity of absorbents should
be as low as possible, so that DES can be used for absorption processes. These are also
parameters that largely depend on the HBD and HBA that are used for the DESs’ synthesis.

The obtained results indicated that all of the studied DESs were characterized by
relatively low viscosity. At 25 °C, the viscosity of the DESs ranged from 4 to 6 mPas.
Compared to other DESs, i.e., tetraethylammonium chloride:oleic acid at a 1:3 molar ratio,
and tetrabutylammonium bromide:decanoic acid (1:2), for which the viscosity was above
200 mPas, the obtained viscosity values were much lower [37,54]. This is a favorable
feature since when DESs are used as absorption solvents, their viscosity should be as low as
possible. The lower viscosity of the absorbents facilitates the mass transfer process. This is
consistent with Walden’s rule: the lower the viscosity, the greater the diffusion coefficient,
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and vice versa. The viscosity of all DESs decreased with increasing temperature, which

indicated normal liquid behavior (Figure 8a).
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Figure 8. (a) Viscosity and (b) density of the new DESs.

The results of the DESs’ density are presented in Figure 8b. The lowest density was
obtained for C:DA (1:1), and the highest for C:UDA (1:1). With the increasing of the
temperature from 20 to 70 °C, only slight changes in density could be observed. The largest
visible differences were noticeable for C:DA (1:1) (about 0.002), and the lowest for C:DDA
(3:1). The densities of the studies DES showed lower densities than water, ranging from
0.905 to 0.935 g/cm?3.

2.4. Absorption Process

Research on the siloxane absorption process from the model biogas stream was con-
ducted for all synthesized DESs (C:DA (1:1), C:UDA (1:1) and C:DDA (3:1)). In the first
part of the studies, as a model biogas, mixtures of nitrogen and siloxanes, such as L2, L3,
L4, D3, and D5 at 30 g/ m? concentration levels, were used. Pure nitrogen was used to
exclude the effect of the matrix on the absorption capacity results. The flow rate was kept
constant (50 mL/min) throughout the process. The research was carried out in accordance
with the procedure described in previous works [36,39,55,56].

In this part of the study, the DESs that were characterized by the highest siloxane
absorption capacity were selected. The obtained results are presented in Figure 9. All new
DESs showed high siloxane absorption capacity. However, the most effective absorbent
was DESs composed of C:DA (1:1). C:DA (1:1) displayed effective absorption capacity
up to 5600 min. After this time, DES saturated and the process became ineffective. The
saturation of DES (C:DA) was fastest for cyclic siloxanes D3 and D4. The time of the
effective absorption process was 5217 min. The other DESs (C:UDA (1:1) and C:DDA (3:1))
showed a much shorter effective absorption capacity for siloxanes, as measured in terms
of time (1500 and 1650 min). In addition, both DESs (C:UDA and C:DDA) were saturated
most rapidly by the volatile linear siloxane (L2) (750 and 720 min), which indicates that
the others siloxanes were more easily absorbed than L2. The vapor pressure and polarity
of L2 were much greater compared to other linear siloxanes, which may have influenced
the reduction in L2 removal from biogas. The cyclic siloxanes had a greater number of
Si—O bonds relative to the linear siloxanes, which had great potential to form stronger
bonds between siloxanes and DES. This may explain the greater affinity of cyclic siloxanes
to-wards DESs.
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Figure 9. Absorption curves of the studied DESs for individual siloxanes: (a) L2, (b) L3, (c) L4, (d) D3
and (e) D5.

In the next part of the study, the most effective DES was subjected to further processes,
in which the biogas stream consisted mainly of methane and carbon dioxide ata 2:1 v/v
volume ratio. The concentration of siloxanes remained at the same level (30 g/ m3). The
used concentrations of substances corresponded to the composition of the real biogas
streams [13]. For C:DA (1:1), studies on the effect of the biogas flow rate, in the range
from 25 to 75 mL/min, on the siloxanes removal efficiency were performed. This range
corresponded to the laminar flow rate. The obtained results are presented in Figure 10.
The shortest effective siloxane absorption time was obtained for the highest biogas flow
of 75 mL/min. In turn, the longest absorption time was obtained at the flow rate of
25 mL/min. This was due to the fact that, with the increasing of the biogas flow rate, the
contact time of siloxanes with DES was reduced, which adversely affected the absorption
process [36,55]. DES was saturated with the L2, L3 and L4 compounds after about 5500 min
(flow rate: 50 mL/min) and 6000 min (flow rate: 25 mL/min), with D3 after about 5000 min
(flow rate: 50 mL/min) and 6000 min (25 mL/min), and D5 for both flow rates at about
6000 min. The greatest differences in the absorption time between the flows 75, 50, and
25 mL/min were observed for the linear compounds. This confirms that cyclic siloxanes
presented more affinity to DES than linear ones.
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Figure 10. Absorption curves of C:DA (1:1) at various biogas flow rates in the range of 25-75 mL/min
for individual siloxanes: (a) L2, (b) L3, (¢) L4, (d) D3 and (e) D5.

During the absorption process, the content of the main components (CH; and CO5)
of the model biogas stream was also controlled. The absorption curves for CHy and CO,
are presented in Figure 11. The obtained results indicated that, during the initial stage
of the absorption process, both the CH; and CO, gases were also absorbed by DES. The
C:DA (1:1) became saturated with methane in a very short time (after 50 min). Due to this,
the methane loss was about 1%, which was within the acceptable range [55]. In contrast,
the process of effectively capturing CO, took much longer, around 500 min. This was due
to the presence of active oxygen in the CO; structure that could form competing strong
hydrogen bonds with DES. The removal of CO, from biogas is advantageous because it
is a gas that substantially reduces the calorific value of biogas [57]. Theoretically, CO,
absorption should deteriorate the efficiency of siloxane capture due to the same active
groups being present in the pollutant structures. However, due to the low efficiency of
CO; removal with DES, only a minor effect of DES saturation with carbon dioxide on the
efficiency of siloxane removal could be observed (Figure 12).
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Figure 11. Absorption curves for methane and carbon dioxide in C:DA (1:1).
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Figure 12. Absorption curves of C:DA (1:1) at various biogas matrix compositions for individual
siloxanes: (a) L2, (b) L3, (c) L4, (d) D3 and (e) D5.

2.5. Mechanism of Siloxane Absorption

2.5.1. FI-IR Analysis

To confirm the effectiveness of the biogas purification process, FI-IR analyses of DESs
before and after absorption were prepared. The obtained spectra are presented in Figure 13.
In the spectra of DES after siloxane absorption, characteristic (5i-O-5i) bands were observed
between 780 and 1260 cm ™. This confirmed that siloxanes (S) were bound in DESs’ active
centers. The lack of band shifts in the vicinity of 30003500 cm ! and 1670-1720 cm ™!
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indicated that siloxanes did not combine with DES via hydrogen bonds, and that weaker
non-bonded interactions played a major role in the absorption process.

~ [C:DA ~ |C:UDA

S W X asn

L 34003024 cm! gers / 9 (34003008 cm”

Q X 1708-1676 cm | @] 17111676 e’

% Si - 965-891 cm’ % Si cm’ 963891 em!

+= 3= TV ™l s T S ——— T

= ]256““:—’“ WY = 1256 cm’'—m | \ [/

’5: ' 1040 cm 'R g ] 1040 cm"\~;\w\ \

¢ |C:DA +Si 791 em’ | 2 |C:UDA +Si 791 e ——p |

E ¥oon, o E -1

— 1708 ~1676 cm P = / 17111680 emr
3400-3024 cm? 1256 cm’/ ¥ A L >

1040 cm 791 em’ 3400- 3024 cm” 1040 em™ g5

4000 3000 2000 1000 4000 3000 2000 1000
Wavelength [cm™] Wavelength [cm™]

(a) (b)
~ |C.DDA
5 W
@ (3400-3008 cm” > A
E Gi 1711-1672 cm™ 891 cm!
= s i il
= ’ 1256 em’ — . | | [ [V
o \ |
g 1040 em’! [\
2 |C.DDA+Si 71 it - )
© <1
o 1711-1677 cm
ks / , 1257 cm—Y
3400-3008 cm’ 1040cm"/'806‘ |
) cm

4000 3000 2000 1000
Wavelength [cm™]
©

Figure 13. FT-IR spectra before and after siloxanes’ (S) absorption for (a) C:DA (1:1), (b) C:UDA (1:1)
and (c) C:DDA (3:1).

2.5.2. NMR Analysis

Additionally, DESs after the absorption process was subjected to "H NMR, and 3C
NMR analysis (Figure 14, and Figures S3 and S4). The detailed results of shifts values are
summarized in Table 2, and Tables S3 and S4. In the '*C NMR spectrum, all signals were
shifted towards lower values. The greatest differences were visible at the C1 carbon shift
(0.3-0.4 ppm) for each acid. Similar shifts were also observed for carvone-derived C10. In
both cases, carbon atoms were directly bonded to oxygen atoms. This indicates that both
C=0 and -COOH groups were involved in the formation of weak non-bonded bonds with
siloxanes. The 'H NMR spectra showed similar results to those obtained for '3C NMR. All
signals were shifted towards lower values, and the greatest shift in values was observed
for acid H1 (0.16-0.28 ppm). In addition, in both the 'H NMR and '3C NMR spectra, the
signals from the siloxanes were visible. This confirms the effectiveness of the absorption
process using DESs.

2.6. Desorption Process

From an industrial point of view, the absorbent regeneration process is extremely im-
portant. The possibility of multiple applications of sorption material significantly reduces
the process costs [57]. On the other hand, the regeneration process is considered to be the
main disadvantage of the absorption process due to its high energy consumption. There-
fore, the desorption step should be optimized. In the studies, the desorption process was
performed using the pure nitrogen bubbling process at elevated temperatures in range of
50-150 °C. The absorbent regeneration process was performed for the best absorbent, C:DA
(1:1) (Figure 15). The obtained results indicated that the highest desorption efficiency was


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Pobrano z mostwiedzy.pl

Int. . Mol. Sci. 2021, 22, 9551

15 0f 23

observed for the process at a temperature of 150 °C. The complete siloxanes desorption was
obtained after 90 min. Along with the decrease in process temperature, the desorption time
was extended (up to 500 min at 70 °C). Below 70 °C, the desorption process was ineffective.
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Figure 14. 'H NMR (a) and 3C NMR (b) spectra for C:DA (1:1) after the absorption process of
siloxanes from the model biogas stream.
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Figure 15. The effect of temperature on C:DA (1:1) in the desorption process.
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Table 2. Chemical shift values from 'H NMR and 3C NMR spectra from individual DES components
before and after the siloxane absorption process.

'H NMR
C C:DA (:D+Si DA C:DA (1:1)+Si
atom 5 (ppm) atom 5 (ppm) atom 5 (ppm) atom 5 (ppm)
H1 2.31 H1 2.26 H1 11.38 H1 11.22
H2 2.35 H2 2.31 H2 2.21 H2 2.17
H3 2.56 H3 2.52 H3 1.51 H3 1.48
H4 4.68 H4 4.64 H4 1.19 H4 1.16
H5 4.64 H5 4.61 H5 1.15 H5 1.13
Heé 1.63 Heé 1.59 Heé 0.76 Heé 0.74
H7 2.48 H7 2.44
HS8 2.44 HS8 2.40
H9 1.66 H9 1.62
H10 6.65 H10 6.60
13C NMR
C C:DA (1:1)+Si DA C:DA (1:1)+Si
C1 15.48 C1 15.38 C1 179.50 C1 179.20
c2 135.27 C2 135.30 2 33.96 C2 33.83
C3 144.74 c3 144.40 c3 31.77 C3 31.72
C4 31.12 C4 31.08 C4 29.32 C4 29.28
C5 42.89 C5 42.83 C5 29.17 (€5) 29.14
Cé 146.40 Ce 146.10 Co 29.16 Cé 29.14
Cc7 110.33 c7 110.10 c7 28.98 Cc7 28.94
C8 20.26 C8 20.17 C8 24.62 C8 24.55
9 42.35 c9 42.32 c9 22.55 (@) 22.49
C10 199.7 C10 199.40 C10 13.92 C10 13.83

In the further part of the study, FT-IR spectra were obtained for the regenerated DES
and compared with the fresh DES spectrum (Figure 16). In the FI-IR spectra, after the
desorption process, no characteristic bands, derived from siloxanes, were observed. This
indicates that the application of nitrogen bubbling at elevated temperatures is a suitable
absorbent regeneration method.

Fresh C:DA (1:1)

Regenerated C:DA (1:1)

Transmittance [%]

4000 3000 2000 1000
Wavenumber [cm™!]

Figure 16. FT-IR spectra of the DES-based absorbent after the regeneration process.

In addition, C:DA (1:1) showed the ability to complete five regeneration cycles without
changing the efficiency of the absorption process. The absorption curves for successive
absorption cycles are presented in Figure 17. In comparison with the data in the literature,
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the obtained results indicated a high efficiency of the regeneration process of DES, without
a significant loss of absorption capacity. For example, the adsorption capacity of active
carbon decreased by 65% after three siloxane adsorption/desorption cycles at 90 °C [58].
In other studies, a 30% reduction in adsorption capacity was observed after one cycle of
the process carried out at a temperature of 160 °C for 4 h [59].

0.2 1 —e— fresh
2nd cycles
—o— 5th cycles

O 1000 2000 3000 4000 5000
Time [min]

Figure 17. Absorption curves for fresh C:DA (1:1) and after 2 and 5 regeneration cycles.

3. Materials and Methods
3.1. Materials

The following chemicals were used in the studies: carvone (purity: >97%), decanoic
acid (purity: >98%), undecanoic acid (purity: >97%), dodecanoic acid (purity: >98%),
hexamethyldisiloxane (purity: >98.5%), octamethyltrisiloxane (purity: >98%), decamethyl-
tetrasiloxane (purity: >97%), hexamethylcyclotrisiloxane (purity: >98%), decamethyl-
cyclopentasiloxane (purity: >97%). All standards were purchased from Sigma Aldrich
(St. Louis, MO, USA).

The following compressed gases were used to prepare the model biogas stream:
nitrogen (purity: N 5.5), methane (purity: N 5.0) and carbon dioxide (purity: N 2.2). These
were purchased from Linde Gas (L6dZ, Poland).

For the GC analysis, compressed gases, such as helium (purity: N 5.0), nitrogen (purity:
N 5.5), air (purity: N 5.0) and hydrogen (purity: N 5), were used. Air was generated by the
DK50 compressor with a membrane dryer (Ekkom, Krakow, Poland), while hydrogen was
generated by the Precision Hydrogen 1200 Generator (PEAK Scientific, Scotland, UK).

3.2. Apparatus

The efficiency of the siloxane absorption process was controlled by gas chromatogra-
phy (Autosystem XL) (PerkinElmer, Waltham, MA, USA) with a flame ionization detector
(FID) (PerkinElmer, Waltham, MA, USA), HP-5 (30 m x 0.25 mm X 0.25 um) capillary
column (Agilent Technologies, Santa Clara, CA, USA), and using TurboChrom 6.1 software
(PerkinElmer, Waltham, MA, USA).

The methane and carbon dioxide contents in the biogas stream were monitored by
means of gas chromatography (SRI Instruments, Earl St, Torrance, CA, USA) coupled with
a thermal conductivity detector (TCD, SRI Instruments, Earl St, Torrance, CA, USA), and
a packed column (Porapak Q 80/100, 2 m x 2 mm) (Restek, Bellefonte, PA, USA). In the
investigations, the PeakSimple data system version 4.09 (exclusively licensed by SRI Inc.,
McLean, VA, USA) was used.

The following apparatuses were used to evaluate the structural and physicochemical
properties: a Bruker Tensor 27 spectrometer (Bruker, Billerica, MA, USA) with an ATR
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adapter and OPUS software (Bruker, Billerica, MA, USA), a Bruker Avance IIIl HD 400 MHz
(Bruker, Billerica, MA, USA), a BROOKFIELD LVDV-II + viscometer (Labo-Plus, Warsaw,
Poland), a DMA 4500 M (Anton Paar, Graz, Austria), a Bruker Avance III HD 400 MHz
(Bruker, Billerica, MA, USA) and a cryostat (HUBER, Edison, NJ, USA).

3.3. Procedures
3.3.1. COSMO-RS Studies

The fast screening of 90 DESs composed of natural ingredients, i.e., carvon (C), cam-
phor (Cam), menthol (M), thymol (Th), vanillin (V), guaiacol (Gu), levulinic acid (LA),
vanillin acid (VA), decanoic acid (DA), undecanoic acid (UA) and dodecanoic acid (DDA),
was prepared using ADF COSMO-RS software (SCM, Netherlands). In the first part of the
studies, the geometry optimization of all 90 deep eutectic solvents complexes composed of
HBA and HBD in a 1:1 molar ratio was performed using the continuum solvation COSMO
model at the BVP86/TZVP theoretical level. The geometry optimization studies were per-
formed in the gas phase in order to find the most stable conformers, and then vibrational
analysis was performed to identify the deep eutectic solvent conformer that corresponds to
the true energy minimum. Only for the most energetically favorable conformer, full geom-
etry optimization of deep eutectic solvents was prepared. Based on the activity coefficients,
the DES with the highest affinity for siloxanes was selected. The activity coefficient was
calculated using Equation (1):

DES_ P
NPT TH
where: u$°’—chemical potential of siloxanes in DES;

‘uf —chemical potential of pure siloxanes;

R—universal gas constant (8.314 ] /mol);
T—temperature (K).

3.3.2. DES Synthesis

Deep eutectic solvents were synthesized by mixing C with DA, UDA, and DDA at a
1:1 molar ratio. The stirring process was carried out on a magnetic stirrer at 800 RPM, at
60 °C. The obtained liquid DES was allowed to cool to room temperature. The chemical
structures of HBA and HB, for the synthesis of DES, are presented in Figure 18.

. \0\09/

Figure 18. Structures of HBA and HBD used for DES synthesis.

3.3.3. DES Structural Characterization

FT-IR spectra were recorded using attenuated total reflection (ATR) with the following
operating parameters: spectral range—4000-550 cm~!; number of background scans—256;
number of sample scans—256; resolution—4 cm~1; slit width—0.5 cm. The NMR spectra of
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the DESs were prepared by weighing 20 mg of a DESs and adding 0.7 mL of chloroform-d1.
The measurements were carried out at 20 °C, with the use of the Bruker Avance III HD
400 MHz (Bruker, Billerica, MA, USA).

3.3.4. Physicochemical Properties of DES

The viscosity of the new DES was measured in the temperature range of 25-55 °C at
90 RPM. The density was measured in the temperature range of 20-70 °C. The measurement
of uncertainty for the temperature was 0.5 °C. The melting points (MP) were measured
using a cryostat. A quantity of 5 mL of the DESs was cooled to —50 °C and then a
temperature increase of 1 °C/min was implemented. The MP of DES was determined
visually. The point at which the first liquid drop appeared was taken as the melting point.

3.3.5. Preparation of Model Biogas

In the studies, two types of model biogas were used. Both model biogas streams
were prepared using the bubbling method. In the first biogas stream, pure N, was passed
through a 10-mL vial containing liquid siloxanes mixture (2 mL of L2 and D5, 3 mL of
L3 and L4, and 1.6 g of solid D3 siloxane). Gas enriched with siloxanes was diluted with
nitrogen in order to reach a 30 g/m? siloxanes concentration in the model biogas stream.
In the second biogas stream, nitrogen was replaced with a mixture of CH4 and CO, at a 2:1
v/v volume ratio.

3.3.6. Absorption Process

The scheme of the installation for absorption process is shown in Figure 19. In the
process, the biogas stream was directed to the absorption column with 50 mL of DES, in
which the siloxanes removal process took place based on the bubbling phenomenon. The
pure biogas stream was discharged from the top of the absorption column. The absorption
process was controlled at the inlet and outlet of the absorption column in terms of the
effectiveness of the removal of siloxane impurities. Additionally, the concentration of CHy
and CO, during the siloxane absorption process was also examined.

= e

1 2 3 7

Figure 19. Siloxane absorption installation: 1-N, bottle; 2-CHy bottle; 3-CO, bottle; 4-valve;
5-flowmeter; 6-gas mixer; 7-hotplate; 8-vial with siloxanes; 9-vial with DES; 10-gas sample col-
lection point.
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The absorption efficiency (A) of siloxanes, methane, and carbon was calculated using
Equation (2):
Cin — Cout

A =
Cin

@
where: C;,—inlet siloxanes, CHy, CO; concentration in biogas stream (g/ m3 );

Cour—outlet siloxanes, CHy, CO, concentration in biogas stream (g/ md).

After the absorption process, DESs were regenerated by means of pure nitrogen
bubbling. The regeneration experiments were carried out at the temperature of 90 °C with
a nitrogen flow of 50 mL/min for 2 h. The efficiency of DESs after regeneration process
was tested by means of GC analysis.

3.3.7. Gas Chromatographic Analysis

The siloxanes removal efficiency from the biogas stream was determined using the gas
chromatography method coupled with a flame ionization detector (GC-FID). The following
chromatographic condition was used: oven temperature program at 40 °C, ramped at
10 °C/min to 200 °C; FID detector temperature of 250 °C; injection port temperature of
200 °C; injection mode split of 5:1; nitrogen as carrier gas (180 mL/min).

The chromatographic methodology was validated based on the linearity, limits of de-
tection (LOD), quantification (LOQ), precision, accuracy, and global uncertainty. Linearity
was determined by the direct injection of siloxane standard mixtures at concentrations rang-
ing from 0.005 to 50 g/m3. The linearity of calibration was estimated using the correlation
coefficient. The LOD was calculated from LOD=3-5/N, where S is analyte signal (mV), and
N is noise level (mV). The LOQ was calculated from LOQ=3-LOD. The following results
were obtained: LOD in range of 0.004-0.007 g/m3, LOQ in range of 0.012-0.021 g/m?,
R? > 0.997; RSD < 5%.

The composition of the main components of the model biogas stream (methane and
carbon dioxide) was monitored by means of gas chromatography coupled with a thermal
conductivity detector (GC-TCD). The oven temperature was 40 °C, the detector temperature
was 80 °C, the flow rate of the carrier gas (He) was 5 mL/min, and 200 puL of the gaseous
sample was introduced into the column. Calibration was performed in the range of 5-50%
v/v and 30-70% for CO, and CHy, respectively. The method validation was performed as
described above. The following results were obtained: LOD in range of 1-5% v/v; LOQ in
the range of 3-15% v/v; R? > 0.981; RSD < 6%.

3.4. Conclusions

The paper presents new deep eutectic solvents composed of natural ingredients,
including monoterpenes, fatty acids, and polyphenols, as suitable absorbent materials for
the capture of siloxanes from biogas. The specific conclusions are as follows:

- Based on the COSMO-RS studies, among 90 eutectic mixtures, DESs composed of
carveon and carboxylic acids, i.e., decanoic, undecanoic, and dodecanoic acid, have
the highest affinity for siloxanes.

- Hydrogen bonds play a dominant role in the formation of DESs. On the other hand,
weaker non-bonded interactions are responsible for the efficiency of the removal of
siloxanes from biogas.

- From the industrial point of view, new DESs are characterized by favorable physico-
chemical properties, i.e., low viscosity and density, and a low melting point, which
enable efficient mass transfer even at low temperatures.

- DESs can be easily regenerated by bubbling at elevated temperatures, and their
efficiency only slightly decreases after five cycles.

- The proposed absorption procedure based on DESs has great potential for the treat-
ment of real biogas streams due to the high capture of siloxanes” selectivity.
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Volatile organochlorine compounds (VOXs) present in biogas can cause many technological and environ-
mental problems. During the combustion of biogas containing VOXs, corrosion, as well as the formation of
toxic by-products (polyhalogenated dioxins and furans) and further emission to the atmosphere, may
occur. Therefore, in this study, a new procedure based on physical absorption was developed. In order to
meet the requirements of green chemistry and green engineering, new deep eutectic solvents (DESs) com-
posed of natural components were used in the absorption studies. Several physical properties of new DESs
were determined, along with the absorbent formation mechanisms, by means of spectroscopic analysis and
density functional theory. The most important absorption parameters, i.e., the type of DES, gas flow rate,the
type of matrix gas, temperature, and initial concentrations of VOXs were optimized. The obtained results
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indicate that DES composed of syringol and levulinic acid in a 1: 1 molar ratio could efficiently absorb VOXs.
The DES regeneration studies demonstrated that the absorption capacities of DES did not change after ten
absorption-desorption cycles. Studies on the absorption mechanisms indicated that H-bonding and van
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Introduction

Currently, biogas production is of growing importance because
of its economic and environmental advantages.' Biogas is a
biofuel formed from the decomposition of organic resources
and waste in the anaerobic digestion process. The detailed
chemical composition depends mostly on the kind of raw
materials used in the fermentation process. Typically, biogas
contains methane (30-70% v/v) and carbon dioxide (15-30%
v/v), as well as small amounts of other gases, i.e., nitrogen,
oxygen, water vapour, hydrogen sulfide, ammonia, and numer-
ous volatile organic compounds (VOCs).*>

Nowadays, there is a need to develop an effective and econ-
omically advantageous technology of biogas treatment to opti-
mize the parameters of high-methane gas (natural gas and
compressed natural gas). The demand results from the intro-
duction of a 2030 framework for climate and energy by the
European Union (EU), in which there is 27% share of renew-
able energy consumption.® In addition, the UE parliament
plans to increase the energy target to 35% by 2030. To achieve
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der Waals interactions were the main driving forces for the removal of VOXs from biogas.

these targets, EU countries must significantly increase biogas
production from waste materials and inject it into trans-
mission networks or use it as a transport fuel. In order to
introduce biogas into the natural gas network or use it as
alternative transport fuels, biogas must be treated to meet
certain quality parameters.

Volatile organochlorine compounds (VOXs) are one of the
most technologically troublesome groups of chemical com-
pounds in biogas. VOXs are mainly present in biogas from
sewage treatment plants and landfills.” The total VOX concen-
tration in the biogas stream is typically in the range of 259 to
1239 mg m~>.*%'% Typically, in the biogas stream, VOXs
including 1,1,1-trichloroethane, 1,1-dichloroethane, 1,1-
dichloroethene, 1,2-dichloroethane, 1,2-dichloroethene,
carbon tetrachloride, chloroform, tetrachloroethylene, tetra-
chloroethane, dichloromethane, and trichloroethene can be
identified.»®"™"* They come from the chemicals used for
wastewater and water treatment, disposal of solvents and
refrigerants, as well as solid wastes, i.e., polyvinyl chloride or
other types of biomass.'* During the biogas combustion
process, chlorine compounds react with water vapour forming
hydrochloric acid, which corrodes the surface in the combus-
tion chamber. In addition, organic chlorinated compounds
can also lead to the formation of toxic by-products, i.e., polyha-
logenated dioxins and furans in combustion processes."?
Uncontrolled emission of VOXs into the atmosphere can lead

This journal is © The Royal Society of Chemistry 2021
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to the destruction of the ozone layer and can contribute to the
formation of photochemical smog as well as global warming.

Due to the aforementioned factors, the biogas purification
step is a necessary process to protect engines and the environ-
ment.'® There are several technologies dedicated to the
removal of VOX from the gas stream: physical absorption, con-
densation, biofiltration, and adsorption based on activated
carbon.'”"® However, most of these methods require the appli-
cation of toxic solvents, high running costs and capital invest-
ment costs, as well as long-time operation. The replacement or
development of these techniques is one of the most important
challenges of our day for the energy industry. Physical absorp-
tion is considered to be an appropriate method that meets the
standards of green technology and engineering, which can
have practical use in industry because it can be cheap,
effective, and environmentally friendly.>**>' However, the
necessary condition is the selection of an appropriate solvent.
The ideal absorbent should be characterized by low viscosity,
relatively low toxicity, low vapor pressure, high boiling point,
high absorption capacity, should be easy to regenerate, and
low cost.>> One of the solvents with all these characteristics is
water. Water is commonly used in biogas purification pro-
cesses, mainly for CO, capture.>*>*> However, since most of the
volatile organochlorine compounds are hydrophobic, water is
not an appropriate solvent in the absorption process. For
hydrophobic components, silicone 0il,*® glycerol, squalene,
dinonyl phthalate,*” poly(N-methylpyrrole), and poly(N-methyl-
pyrrole/polystyrenesulfonate),®® are preferred. However, some
of these solvents are toxic and do not have enough sorption
capacity. Therefore, alternative “green solvents” are sought to
substitute the currently used organic solvents. The first type of
well-studied alternative solvents is ionic liquids (ILs), which
are salts in the liquid state.*?° ILs have unique physico-
chemical properties that can be tunable through various suit-
able combinations of cations and ions. Despite the many
advantages of ILs application as absorbents, including low
vapor pressure, hydrophobicity or hydrophilicity, and high
absorption capacity, they come with issues like toxicity, poor
biodegradability, flammability, and expensive preparation and
manufacturing.’*>?

The second type of eco-friendly media utilized as absor-
bents are Deep Eutectic Solvents (DESs). DESs are eutectic mix-
tures consisting mainly of two or more compounds in a
certain molar ratio. In a complex one of the components acts
as a hydrogen bond donor (HBD) and the other as a hydrogen
bond acceptor (HBA). Consequently, DESs have melting points
(MP) lower than their separate components. The synthesis of
DESs is simple, no by-products are formed and they do not
require further treatment steps and expensive apparatus. DESs
have similar physicochemical properties to ILs but in addition,
DESs are characterized by non-toxicity, relatively good biode-
gradability, and the possibility for recyclability. Such features
make DESs widely applied in the separation processes, ie.
extraction,*® absorption,**™* and adsorption.”> However,
current studies on the application of DESs in gas separations
are mainly limited to the removal of inorganic compounds

This journal is © The Royal Society of Chemistry 2021
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from gas streams, i.e., ammonia,* carbon dioxide,*® hydrogen
sulfide,"” water,*® or sulfur dioxide®® from air, waste gases or
hydrocarbon gases. Only a few reports describe volatile organic
compounds, i.e. sulfides,” siloxanes,>*”° toluene.”*"' To the
best of our knowledge, there are no works dedicated to the
removal of volatile organochlorine compounds from model
streams or real biogas streams using DESs. However, in the
future, this approach can lead to creating a pioneering biogas
purification technology in which the end product will be high-
methane gas that can be directly introduced into transmission
networks.

In practice, substances selected for DES synthesis should
contain the following groups, -OH, -COOH, -O-CH3, or =0,
for the formation of stable DES structures.” Based on previous
studies, the most stable DES complexes are formed by strong
hydrogen bonds. Other weaker non-bonded interactions have a
lower impact on the durability of DES structures in various
processes.>™>> The active groups of DES should interact with
selected impurities but the interaction should not be too
strong to allow the desorption of pollutants after the absorp-
tion process. However, DESs should not, or only slightly,
absorb methane. It is acceptable to absorb a maximum of 2%
methane.’® To meet the requirements of the bio-refinery and
sustainable development concept, components of DES should
come from biomass, fermentation broth, or other readily avail-
able sources.”’

This paper presents the synthesis of new, never-before-pub-
lished deep eutectic solvents and their use as absorbents for
the removal of VOXs from the model biogas stream. Several
physical properties of DESs such as viscosity, density, and
melting point have been investigated. Molecular characteristics
of new DESs were studied by means of attenuated total reflec-
tance Fourier transform infrared spectroscopy (ATR-FTIR), as
well as proton and carbon-13 nuclear magnetic resonance
spectroscopy ("H NMR and *C NMR). Experimental results
were compared with theoretical studies based on density func-
tional theory (DFT). The absorption process was optimized in
terms of DES selection, absorption temperature, gas flow,
biogas compositions, and initial concentration of VOX. The
possibility of the reusability and regeneration of DES was also
examined. The mechanism of VOX removal from gas streams
using DESs was explained by means of DFT and spectroscopic
analysis.

Experimental
Materials

The following reagents were used in this study: +camphor (C)
with purity >95%, guaiacol (Gu) with purity >99%, syringole
(Syr) with purity >98%, levulinic acid (Lev) with purity 97%,
1,1,2,2-tetrachloroethane (TCE) with purity >98%, 2,2,2-tri-
chloroethanol (TCEtOH) with purity >99%, dichloromethane
(DCM) with purity >99%, chloroform (CF) with purity >99%,
carbon tetrachloride (TCM) with purity >99% were purchased
from Sigma-Aldrich (USA).

Green Chem., 2021, 23, 4814-4827 | 4815
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High purity gases, i.e., nitrogen (Linde Gas, Poland), air
generated by a DK50 compressor with a membrane dryer
(Ekkom, Poland), methane (Linde Gas, Poland), and hydrogen
generated by Precision Hydrogen 1200 Generator (PEAK
Scientific, Scotland, UK), were used for the preparation of
biogas and chromatographic analysis.

Procedures

Preparation of DES. DESs were formed by combining
+camphor, guaiacol, syringole, and levulinic acid in a
1:1 molar ratio. DES composed of +camphor and levulicic
acid was mixed in a 1:2 mole ratio. The mixture of DES was
stirred magnetically at 60 °C until a homogeneous liquid was
obtained. The obtained DESs fluids were then left to cool to
room temperature (RT).

Structural and physicochemical properties of DESs. For the
structural analysis of new DESs, ATR-FTIR spectra were
recorded by means of a Bruker Tensor 27 spectrometer
(Bruker, USA) with an ATR accessory and OPUS software
(Bruker, USA). The following parameters were used: spectral
range: 4000-600 cm™'; resolution: 4.5 cm™'; number of
sample scans 256; number of background scans 256; slit
width 0.5 cm. In addition, NMR spectra of new DESs were
prepared in 5 mm tubes by weighing 20 mg of a DES and
inserting 0.7 mL of chloroform-d1. The measurements were
carried out at 20 °C, using Bruker Avance III HD 400 MHz
(Bruker, USA).

The melting points (MP) of DESs were determined visually
by cooling DESs to —48 °C in a cryostat (HUBER, Germany),
followed by a temperature increase at 1 °C min~'. The MP was
adopted as the temperature at which the first change in the
DES aggregate state was observed. The density and viscosity of
liquid DESs were measured using 5 mL of absorbents in a
temperature range of 25 to 50 °C, with a BROOKFIELD
LVDV-II+viscometer (Labo-Plus, Poland), and DMA 4500 M
density meter (Anton Paar, Poland).

Absorption process. The biogas was prepared by means of
bubbling. Nitrogen or a mixture of gases CH,: CO,: N,: H,0O in
various volume ratios was passed through a vial including
1 mL of all VOXs. The created stream was diluted with nitrogen
(or gas mixture) to reach the desired concentration of VOXs in
the biogas stream. In the next step, biogas was directed into
the column containing the DES, in which the absorption
process took place based on bubbling. The cleaned biogas
stream was directed into the fume hood. The absorption setup
used in this work is presented in Fig. 1.

During the absorption process, gas samples were collected
before and after introduction into the absorption column and
were analyzed by gas chromatography.

The absorption capacity (g) was calculated using eqn (1)-
(3), in terms of the mass of the selected VOX absorbed
(mvyox) by the mass of DES (mpgs) used to attain complete sat-
uration (fgq):

d (mvox)

G =FCn-FC (1)
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pure biogas === gas with VOX

CH, €O, N,

Fig. 1 Laboratory absorption setup: (1) bottle with methane; (2) bottle
with carbon dioxide; (3) bottle with nitrogen; (4) gas mixer; (5) valve; (6)
flowmeter; (7) vial with water; (8) thermostated vial with VOXs; (9) hot-
plate; (10) gas sample collection point; (11) thermostated vial with DES;
(12) gas outlet.

te
sat C t
Mmyox = F - Cix - |:tsat — J # : dt] (2)
0 IN
m F-C fae O(t
_ VOX _ IN . |:tsat _ J ( ) 3 dt:| (3)
MpEs MpES 0 IN

where myox is the VOX mass absorbed [g]; mpgs is the mass of
DES (mpgs) used to attain complete saturation [g]; s, is the
saturation time [min] (time when the VOX concentration in the
outlet gas is the same as the initial VOX concentration); Cyy is
the Initial concentration of VOX [g m™]; F is the Flow rate of
the biogas passing through the absorption column [m?® s7'];
C(t) is the concentration of the VOX in the outgoing
biogas stream measured at intervals during the absorption
process [g m~?].
The absorption rate (N) was calculated using eqn (4):

N

_ Gy - Yin — Gour - Your (4)
A

where A is the gas-liquid interfacial area [m”]; Gin, Gour rep-
resent the flow rates [mol s™'], which were calculated by deter-
mining the volumetric flow rates of mixed gas and the volume
percentage of VOX in the biogas mixture; Yy, Your represent
the mole percentage of VOX at the inlet and outlet gas stream.

The gas hold-up (eg) was measured using the volume expan-
sion method>® (eqn (5)):

AV

== 5
AV + Vpgs )

£G

AV - volume expansion after biogas dispersion [m®]; Vpgs -
Volume of DES in absorption column [m®]; The specific gas-
liquid interfacial area (a) was calculated using eqn (6):

6'6‘(;
= (—eq) (6)

where d}, - bubble diameter [m].

This journal is © The Royal Society of Chemistry 2021
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The gas-liquid interfacial area (4) was calculated using
eqn (7):

A=a- VDES (7)

Absorption processes were carried out until the VOX con-
centration in the outlet gas was the same as the initial VOX
concentration. Each absorption process was repeated three
times.

Chromatographic analysis. Samples of biogas (0.2 mL)
before, during, and after the absorption process were injected
into the gas chromatograph Autosystem XL equipped with
flame ionization detector (GC-FID) (PerkinElmer, USA), and
HP-5 (30 m x 0.25 mm x 0.25 pm) capillary column (Agilent
Technologies, USA) in order to determine VOX in the biogas
stream. The following chromatographic parameters were used
in the study: temperature of the oven 60 °C, injection port
temperature 250 °C, the injection mode was split 5: 1, detector
temperature 300 °C, the carrier gas - nitrogen (flow rate: 1 mL
min~'). In addition, the second part of the sample (0.5 mL)
before, during, and after the absorption process was injected
into the gas chromatograph MG#5 (SRI Instruments, USA)
equipped with a thermal conductivity detector (GC-TCD), and
Porapack Q (80/100, 2 mm ID) (Restek, USA) packed column in
order to study the concentration of CO,, N,, and CH, in the
biogas stream. The following chromatographic parameters
were used: temperature of the oven 40 °C, injection port temp-
erature 60 °C, detector temperature 80 °C, the carrier gas -
helium (flow rate: 5 mL min~"). The water concentration in the
biogas stream was analyzed by means of an HIH-4000-002
HONEYWELL sensor.

Theoretical studies theoretical studies. The structures of
DESs, VOXs, and DES-VOX complexes were drawn using the
Avogadro 1.2.0 program.”® The Orca 4.2.1 software was applied
to optimize the geometries of molecules as well as energy
interactions between DES and VOX.®® Gas-phase equilibrium
geometries were fully optimized by means of DFT/B3LYP at the
6-311++G** basis set.®’ This level of theory is preferred to
investigate the hydrogen bonding in ILs and DESs
complexes.***>%>% The configurations of all ingredients and
DESs complexes were inspected to be local minimum by fre-
quency calculations. The interaction energies (AEj,) of the
most stable complexes of all DES-VOX were determined at the
B3LYP/6-311++G** level of theory using eqn (8):

AEin: = Epgs-vox — (Epgs + Evox) (8)

where Epgs_vox — total energy of DES-VOX complex [kcal
mol™']; Epgs - total energy of selected DESs [keal mol™']; Evox
- total energy of selected VOX [kcal mol™].

The AE;, was calculated considering the basis set superpo-
sition error (BSSE) corrected by means of the counterpoise pro-
cedure.®* Non-covalent interaction analysis (NCI) based on the
Reduced Density Gradient (RDG) was applied in order to
explain the nature and strength of the interactions for the
studied complexes. Electrostatic Potential Analysis (ESP) was
used for the visualization of the relative polarity as well as
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determine the total charge distribution of the complexes. Both
RDG and ESP procedures were made using the Multiwfn 3.7
program.®>™®” The graphical representation of the calculated
results was made using Gnuplot and Visual Molecular

Dynamics 1.9.3.°% software.

Results and discussion
Synthesis and physical properties of DESs

In the studies, all DESs components, i.e., camphor (C), levuli-
nic acid (Lev), syringol (Syr), and guaiacol (Gu) were blended
in a 1:1 molar ratio. However, only mixtures of Syr: Lev (1: 1),
C:Gu (1:1), Gu:Lev (1:1) were liquids at room temperature
(RT). The remaining components were combined in molar
ratios of 0.5:1 and 1:2. As a result of further synthesis, an
additional liquid complex — C:Lev (1:2) was obtained. The
other DESs, i.e., C:Lev in 0.5:1 molar ratio, C:Syr in 0.5:1,
1:2 molar ratio, Syr: Gu 0.5: 1, 1:2 were solid after cooling to
RT.

The melting points (MP) of pure compounds that were used
in the DESs synthesis, i.e., C, Lev, Gu, and Syr, were 180 °C,
33 °C, 26 °C, and 50 °C, respectively. In the DESs mixtures, a
meaningful depression of the MP with respect to the pure
compounds was observed. The largest MP depression was
observed for C:Gu (1:1) (lower than —48 °C). For the remain-
ing DES, higher MPs were observed, which were —43 °C,
—23 °C, and +8 °C for Gu:Lev (1:1); Syr:Lev (1:1), and
C:Lev (1:2), respectively.

Density (p) is a typical property for DESs characterization,
due to the significant impact on most of the technological pro-
cesses. DESs densities are strongly dependent on temperature
and exhibit higher values as compared to popular organic sol-
vents. In our research, all DESs densities were measured in the
temperature range from 293.15 to 323.15 K. The results of the
tests are shown in Fig. 2A. All DESs were characterized by
higher densities than most of the organic solvents, which were
1.0287 + 0.041, 1.0597 + 0.052, 1.1382 + 0.049, and 1.1675 +
0.047 g ecm™ for C: Gu (1:1), C:Lev (1:2), Gu:Lev (1:1), and
Syr:Lev (1:1), respectively at 20 °C. The results presented in
Fig. 2A indicate that the densities of DESs decreased with
increasing temperature. This behavior can be explained by the
increasing activity and molecular mobility, which caused the
increase of the solution molar volume, thereby reducing the
density.*®

In the next step, the viscosities () of the liquid DESs were
measured in the temperature range from 293.15 to 323.15 K.
Viscosity is an important parameter of solvents in many indus-
trial processes in which fluid flow systems are used. Most
DESs have higher viscosities (>100 cP) as compared to water
and conventional solvents, which can generate problems in
the pumping, filtering, or stirring. Therefore, the dynamic vis-
cosity of absorbents (DESs) should be as low as possible. The
obtained results indicated that the highest viscosity measure-
ment was attained at 20 °C for Syr:Lev (1:1) (31.1 + 1.2 mPa
s), followed by Gu:Lev (1:1) (30.0 + 0.9 mPa s), and C:Lev
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Fig. 2 (A) 'H NMR spectra of Syr:Lev (1:1), (B) **C NMR spectra of
Syr:Lev (1:1).

(1:2) (26.2 = 0.8 mPa s). In turn, the lowest viscosity was
obtained for C:Gu (1:1) (10.9 + 0.4 mPa s) (Fig. 2B). Similar
to the observation of density behavior, the dynamic viscosity is
strongly affected by temperature. As the temperature increased,
the dynamic viscosities of all new absorbents drastically
decreased. This is because the temperature increase in DES
causes an increase in the average speed of the molecules in
the liquid phase, which decreases the intermolecular forces.
This can reduce the fluid resistance to flow (dynamic
viscosity).”®

Structural characterization of DESs formation

An experimental study on DES structural characterization.
In order to experimentally explain the structures of the new
DESs, '"H NMR and '*C NMR spectra were recorded (Fig. 3 and
Fig. S1-S3t). NMR spectra allowed the identification of the
atoms of HBA and HBD in DESs structures. The obtained
results indicate that only signals from HBA and HBD are
visible in the NMR spectra in all of the examined DESs. The
absence of additional peaks in the NMR spectra confirmed
that the synthesis reaction proceeded without additional side
reactions.

In order to determine the interactions between ingredients
in DESs, the proton and carbon chemical shifts (55) were calcu-
lated. In the Syr:Lev (1:1) spectra, the differences in the
chemical shifts of the proton in the hydroxyl group with con-
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Fig. 3 (A) Density, and (B) viscosity of DESs in the range of 293.15 to
323.15K.

nection to pure syringol and with connection to DES were
taken into account. The chemical shift of the proton in the
hydroxyl group (-OH) in Syr:Lev (1:1) (66 H-Syr:Lev =
5.51 ppm) decreased by 0.04 ppm (Fig. 3) in comparison to the
chemical shift in pure syringol (66 H-Syr = 5.55 ppm). The
proton chemical shifts influence the carbon chemical shifts
(68). This effect was confirmed by the formation of a H-bond
between the hydroxyl group (-OH) in syringol and the carbonyl
group (C=O0) in levulinic acid. Chemical shifts toward lower
values were observed for the carbon atom connected to the OH
group relative to pure syringol (66 = 0.21 ppm), and for the
carbon atom from the C=O group relative to pure levulinic
acid (66 = 0.80 ppm).

Similar chemical shift results were also obtained in the
Gu:Lev (1:1) spectrum, in which the proton of the -COOH
group with respect to pure levulinic acid (65 = 0.12 ppm)
shifted towards lower values. Additionally, in the 'H NMR
spectrum, the lower value of the proton shift of the -OH group
with respect to pure guiacol was observed (Fig. S1t). In the
Gu:Lev (1:1) spectrum, carbon chemical shifts (65) towards
lower values were observed for the C atom from the ketone
group (Lev) (66 = 0.14) and the carbon atom connected to the
OH group (Gu) (65 = 0.11 ppm) with respect to pure the pure
components. This indicates that two hydrogen bonds between
Gu and Lev were formed. In the DES-based on C:Lev (1:2)
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(Fig. S2t) and C:Gu (1:1) (Fig. S3t), very similar proton and
carbon chemical shifts (65) were also observed. In the C:Lev
(1:2), proton chemical shifts towards lower values resulted
from the connected O atom from the ketone group (C) to the H
atom from of the COOH group (Lev), while in C:Gu (1:1) the
proton chemical shifts come from the connected O atom from
the ketone group (C) to the H atom from of the OH group (Gu).
The resulting shifts were 66 = 0.10 ppm and 66 = 0.12 ppm,
respectively. In addition, in C:Lev (1:2) the shifts towards
lower values were observed, which resulted from the formation
of hydrogen bonds between two COOH groups from two levuli-
nic acid molecules. The calculated shift was 0.11 ppm. The
described proton chemical shifts (66) affected the lower values
of the carbon chemical shifts observed both in the C=O group
(C) and in the COOH groups (Lev) in the C:Lev (1:2). The
observed shifts were 66 = 0.79 ppm and 66 = 0.25 ppm, respect-
ively. For the C:Gu (1:1), similar results were observed. The
values of the carbon chemical shifts towards lower values both
in the C=O0 group (C) and in the C-OH group (Gu) were 65 =
0.32 ppm and 66 = 0.05 ppm, respectively.

In the next part of the studies, Fourier transform infrared
spectroscopy (FTIR) was used to identify structures of new
DESs and study the interaction between HBA and HBD in DES
complexes. The FT-IR spectra of pure HBA and HBD com-
ponents and the newly created DESs are shown in Fig. 4. As is
well known, DESs are created on the basis of specific inter-
molecular interactions (such as hydrogen bonds, dipole-dipole
interactions, or van der Waals forces) between HBA and HBD.
The location of the bonds depends on the structure of the
HBA and HBD. In the FT-IR spectrum of Syr:Lev (1:1), the
shift of the signal corresponding to the ~-OH stretching bonds
relative to pure HBD (syringol) towards lower wavenumbers
can be observed (Fig. 4). The shift is caused by hydrogen bond
formation between syringol and levulinic acid.”"* In addition,
the characteristic shifting of the bands corresponding to the

Lev

3047.20 cm™! :
1703.64 cm__

Syr
. Y

A
3476.42 cm?

Syr:Lev (1:1)
/(

3418.39 cm!

1707.17 cm*

3000 2000 1000

Wavenumber (cm-1)

4000

Fig. 4 FT-IR spectrum of pure Lev, Syr, and Syr: Lev (1:1).
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stretching vibrations of the C=0 group towards higher wave-
numbers (from 1703.64 cm™" to 1707.17 cm™") relative to pure
HBA (levulinic acid),”® can be observed. Similar wavenumber
shifts can be observed for the remaining DES (Fig. S4-S67).

Theoretical studies on DESs formation. Information from
spectroscopic analyses are not unambiguous, and they indicate
the existence of strong hydrogen bonds between HBA and
HBD. However, they do not indicate the number of hydrogen
bonds, their exact location and information on weaker inter-
actions, ie., electrostatic interactions in DESs structures.
Therefore, additional quantum mechanical calculations based
on DFT analysis were used to gain insight into the non-
bonded interactions of all DESs at the atomic level.

The most likely and stable DESs complexes in the gas phase
were geometrically optimized at the B3LYP/6-311++G** level of
theory. DESs structures after geometric optimization are pre-
sented in Fig. 5A and S7.7 The obtained results show that non-
bonded interactions can be found between HBA and HBD,
which can be identified as strong hydrogen bonds (H-bonds)
because of the distances below 2.5 A between atoms. In
Syr:Lev (1:1), the distance between the ketone group in Lev
and the hydroxyl group from Syr (=O---H-O) is 1.89 A. In
C:Gu (1:1), the distance is 1.83 A between the ketone group
in C and the hydroxyl group from Gu (=O---H-0). In G:Lev
(1:1), two H-bonds existed between the hydroxyl group from
Gu and the ketone group in Lev =—0---H-O (1.85 A), as well as
between the hydroxyl group from Lev and the methoxy group
from Gu O-H---O-CHj; (1.83 A). In C:Lev (1:2) two hydrogen
bonds were also identified because of the short distances
between the ketone group from C and hydroxyl group from
one of the Lev molecules (=O---H-O) and hydroxyl groups
from two Lev molecules O-H---H-O.

The classification and identification of all the non-covalent
interactions (NCI) that exist between DESs components were

RDG (a.u)

ESP
(kcal/mol)

vdw
interaction

Repulsive
effect

220

-22.0

Fig. 5 (A) The structure of Syr: Lev (1:1) after geometric optimization;
(B) 2D plots of RDG versus the electron density multiplied by the sign of
the second Hessian eigenvalue for Syr:Lev (1:1). (C) Reduced density
gradient (RDG) isosurfaces (s = 0.5 a.u.) of Syr: Lev (1:1). (D) Elecrostatic
potential (ESP) mapped on electron total density with an isovalue of
0.001 for Syr: Lev (1:1).
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conducted by means of reduced density gradient (RDG) ana-
lysis. The RDG analysis enables the identification of three
types of interactions, i.e., H-bonds, van der Waals forces, and
steric repulsion.*®”*”* Fig. 5B and Fig. S81 show the 2D plots
of the reduced density gradient for Syr: Lev (1:1) and the rest
of the DESs, respectively. The results show that in DESs com-
plexes, three types of NCI co-exist: H-bonds, which correspond
to the negative sign of (1,)p (from —0.04 to —0.02 au); van der
Waals interactions, —0.01 au < sign (4,)p < 0.01 au; the repul-
sive effect, (sign (4;)p < 0.02 au). The graphical interpretations
of the obtained results are presented in Fig. 5C and Fig. S9,
where blue areas represent strong attractive effects (H-bonds);
red areas indicate strong repulsive interactions; green areas
denote weaker NCI, including van der Waals interactions. The
results show that only one H-bond occurred between HBA and
HBD in Syr:Lev (1:1), and C: Gu (1:1), while in C: Lev (1:2),
and Gu:Lev (1:1), two hydrogen bonds were observed in DES
complexes. In all DES, van der Waals interactions can be
observed between HBA and HBD, and repulsive effects are due
to the presence of aromatic rings in DESs structures. The coex-
istence of all identified NCI between DES components corres-
ponds to the decrease in MP in DES complexes in comparison
to the melting points of the individual compounds.>**?

In the next step of theoretical studies, the electrostatic
potential analysis (EPA) was used to demonstrate the most
likely and most stable regions for the electrophilic attack, and
predict how the various geometries of DESs components could
interact with each other. A comparison of the generated ESP
maps for all studied DESs are presented in Fig. 5C and S10.f
The negative electrostatic potentials are depicted as red, blue
indicates positive potential, and green represents the poten-
tials closer to zero. The results indicate that the electronegative
areas are located around oxygen atoms in all DESs structures.
The positive regions are over the hydrogen atoms in DESs
molecules. Since the electronegative region is susceptible to
electrophilic attack and electropositive is region prone to
nucleophilic attack, it can be predicted that the electronegative
area of HBA will be close to the electropositive area of HBD
during the DESs formation. All complexes presented in Fig. 5C
and Fig. S107 confirm this prediction. For example, when a
Lev molecule interacts with a Syr molecule, the red region
located around oxygen atom is attracted to the blue region
around hydrogen in the hydroxyl group from Syr, forming
hydrogen bond interactions. The same interaction behaviors
were observed for the remaining DESs.

Absorption of VOX compounds

In order to systematically compare the absorption perform-
ance, the effects of several absorption factors including temp-
erature, gas type, gas flow rate, inlet concentration, were
studied.

Effects of DES type on the absorption process. The VOXs
were absorbed in DES at 20 °C and 10 kPa pressure. The initial
concentration of individual VOX compounds was 0,5 mg cm ™.
The VOX removal efficiency was analyzed by gas chromato-
graphy at 20 min intervals. Fig. 6 presents the VOX experi-
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mental breakthrough curves of four types of DESs. All experi-
mental breakthrough curves can be divided into two parts. In
the first part of the curves, the outlet VOXs concentration
increased significantly with time and gradually reached the
breakthrough point. In the next part of the curves, the VOXs
concentration reached saturation, and no further changes in
concentration were observed. The obtained shape of the equili-
brium curves is the result of the absorption law, which can be
explained by the principle of the gas-liquid equilibrium of the
system. In the absorption process, the mass transfer of VOX
from biogas to DES and from DES to the biogas stream occur
simultaneously. When the VOX concentration in DES reaches a
certain ratio with the VOX concentration in the biogas stream,
the rate of VOX mass transfer becomes equal to that of the de-
sorption of VOX from DES (gas-liquid dynamic equilibrium).””
The results indicate that the highest absorption capacity was
observed for Syr:Lev (1:1) (Fig. 6). The absorption capacity
for DCM, CF, TCM, TCE, and TCEtOH were 420 + 22, 360 + 16,
304 + 11, 292 + 8, and 661 + 34 mg g~ ', respectively. Slightly
lower absorption capacities were obtained for C: Gu (1:1). The
absorption capacities were 365 + 14, 320 + 11, 275 + 9, 266 =+ 8,
and 561 + 18 mg g_1 for DCM, CF, TCM, TCE, and TCEtOH,
respectively.

The obtained results indicate that the absorption capacities
for the synthesized DES are higher as compared to other absor-
bents and solid adsorbents. The absorption capacity of the
developed DES was up to 100 times greater than that of ionic
deep eutectic solvents based on quaternary ammonium salts
(i.e. choline chloride, tetrabutylammonium bromide or tetra-
propylammonium bromide).>" Ionic liquids have slightly lower
absorption capacities as compared to the new DES.”® However,
their high price makes them almost impossible to use in
industrial processes. Higher absorption capacities can be
obtained for the metal-organic framework UiO-66, however, as
in the case of ILs, the unit price for 1 kg of adsorbent is
79207.2 €.”7 This makes the process completely uneconomical
despite its high efficiency. The prices of new DES vary depend-
ing on the components used to synthesize them. DESs prices
can vary from 24.02 € to 263.5 € per 1 kg. The price is lower as
compared to most of the absorbents and adsorbents described
in the literature. The combination of price and high efficiency
of VOX removal from biogas makes the new DESs have poten-
tial for industrial applications. The comparison of the avail-
able absorption and adsorption processes are presented in the
Table S1.7

The absorption rate was determined for all processes. As
expected, with time, a decrease in the absorption rate was
observed. This is due to the decrease in the number of avail-
able DES active sites for VOX, which is associated with a
reduction in the driving force of the absorption process
(Fig. 6).”% The absorption rate decrease is due to the decrease
in the difference between the concentration of impurities in
the gas and in DES phase. The combination of absorption rate
and absorption capacity enables a complete evaluation of the
absorption process, which is very important from an economic
and industrial point of view. In Fig. 6, at the point of inter-
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section of the absorption curve and absorption rate curve, the
time during which the absorption process is very fast and
effective can be determined. After this time is exceeded, the
absorbent must be regenerated because the absorption
process becomes ineffective and uneconomical. For Syr:Lev
(1:1), the times for quick and effective absorption were 193 +
8,290 + 11, 170 + 5, 252 + 9, 385 + 19 min for DCM, CF, TCM,
TCE and TCEtOH, respectively. It is in some cases 11 times
longer as compared to C: Lev (1:2).

Effects of temperature on the absorption process

Under real conditions, the produced biogas is immediately
introduced into the treatment system. Depending on the fer-
mentation method used, the temperature of the raw biogas
varies from 35 to 40 °C, or from 50 to 55 °C for the mesophilic
and thermophilic method, respectively.””** When designing a
new biogas plant, an economic analysis should be made.** At
this stage, it is necessary to decide whether it is more profit-
able to apply additional biogas cooling before purification, or
to regenerate or replace the absorbent more often. Therefore,
it is very important to know how the increase in temperature
affects the absorption capacity. Studies on the influence of
temperature on the VOX absorption efficiency were carried out
at intervals of 20 °C, 30 °C, 40 °C, 50 °C, and 60 °C. As
expected, the capacity of VOX decreased by almost 50% with
increasing temperature (Fig. 7A and S117). This phenomenon
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can be explained by the exothermic nature of the process for
the absorption of VOX in DES. Higher temperature weakens
the interactions between DES and VOX, allowing the VOX to
leave the absorbent because of increased kinetic energy.®"
Effects of gas flow and gas type on the absorption process.
In the next part of the studies, the effect of gas flow rate in the
range of 25-75 mL min~" was determined (Fig. 7B and S127).
The obtained results indicated that in the range tested, the
biogas flow rate had only a minor effect on the absorption
capacity of VOX. As the flow rate increased from 25 to 75 mL
min~", the Syr:Lev (1:1) absorption capacities of DCM, CF,
TCM, TCE, and TCEtOH were slightly reduced from 426 + 20 to
417 + 19 mg g™, from 356 + 17 to 349 + 16 mg g ', from 305 +
14 to 293 + 11 mg g~ ', from 284 + 14 to 278 + 14 mg ¢, and
from 664 + 22 to 661 + 24 mg g~ ", respectively. Similar results
were obtained for other DESs. This phenomenon can be
explained by the fact that as the gas flow rate increased, the
contact time of the biogas stream containing VOXs with the
DES was reduced, which adversely affected the VOXs absorp-
tion process.*® On the other hand, in industrial processes, the
contaminated gas flow should be as high as possible in order
to obtain a large volume of clean gas in the shortest time.
Therefore, 75 mL min~" was considered the optimal flow rate.
In the real biogas stream, the concentrations of methane
and carbon dioxide ranged from 50 to 80% v/v, and from 15 to
45% v/v, respectively. Typically, the concentration of water
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flow 50 mL min~%; matrix gas N2); (B) different gas flow rates for Syr: Lev
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flow 50 mL min~%; temperature 20 °C).
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vapor and nitrogen does not exceed 2% v/v. Therefore to recre-
ate the real biogas stream under laboratory conditions, the
type of matrix gas including pure nitrogen, pure methane or a
mixture of gases, CH;:CO,:N,:H,O in 81:15:2:2,
66:30:2:2, and 51:45:2:2 v/v were tested. As expected,
nitrogen was not absorbed into the DES due to its neutral
character. Therefore, the appearance of N, in the biogas
stream did not affect the VOX absorption efficiency. The use of
methane reduced the absorption capacity of DES by an average
of 0.7% as compared to nitrogen (Fig. 7B and S127). This is
probably due to the absorption of CH, by Syr:Lev (1:1).
Absorbed CH, can bind to Syr: Lev (1: 1), thus blocking active
sites. However, due to the only slight reduction in the DES
absorption capacity, it can be concluded that the methane is
only absorbed to a small extent, which is beneficial for the pro-
duction of clean bio-methane from contaminated biogas.
Based on the previous studies, methane is absorbed in most
DES at a concentration of about 5%.*>*% In commercial
technologies (i.e. water scrubber, amine scrubber, membrane
technologies), methane losses ranging from 0.04 to 1.97% v/v
are observed.’® Therefore, it can be concluded that the new
method based on DES is within the acceptable range.

The substances that can negatively affect the removal of
VOX from biogas are water and carbon dioxide. Both H,O and
CO, have active oxygen atoms in their structures, which can
form strong hydrogen bonds with DES. The strong interaction
of carbon dioxide and water with DES removes them from the
gas phase. This is a positive development from the biogas puri-
fication point of view. However, it can also block the DES
active sites to which VOX compounds are attached. As a rule,
water is present in low concentrations in biogas, so its impor-
tance is lower than CO,. In the real absorption process, the
biogas is dried before introduction into the absorption
column. The drying of the biogas takes place during its
cooling. Part of the water vapor separates out as condensate.
This process also removes other undesirable components,
water-soluble gases and aerosols. The gas transmission setup
includes condensate containers in which the water vapor con-
densate formed during cooling is collected.®! As expected, the
obtained results indicate that as the concentration of CO, in
the biogas increased from 0 to 45% v/v, the absorption
efficiency of most VOX decreased (Fig. 7C). A reduction in the
absorptive capacity and rate of VOX was observed and conse-
quently, there was a reduction in the effective VOX absorption
time from 138 to 89 min. However, during VOX absorption
from biogas containing 30 and 45% v/v CO,, no significant
difference in VOX absorption capacity and rate was observed.
This is most likely due to the limited solubility of CO, in
Syr:Lev (1:1). Very similar results were obtained for CF, TCE
and TCM (Fig. S131). Unexpected results were obtained for
TCEtOH. With the increase in the concentration of carbon
dioxide in the biogas at the inlet to the column, the absorption
efficiency increased (absorption rate and capacity). The
effective absorption time increased from 640 to 1200 min. This
is probably because CO, molecules that attach to DES create
additional active sites to which TCEtOH can attach. The -OH
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group from TCEtOH can form strong hydrogen bonds with
both DES and CO,. However, the increase in CO, concentration
from 30 to 45% v/v did not increase the absorption efficiency
due to the limited solubility of CO, in DES.

Effects of VOXs type and their concentration on the absorp-
tion process. The average VOXs concentration in real biogas
mostly depends on the kind of materials used for bio-methane
production. Since VOXs concentrations are very variable, in the
next part of the work, the influence of VOXs concentrations in
the range of 0.5-10 mg em ™ on the absorption process was
studied. As expected, the obtained results indicate that the
initial concentration of VOXs only had an impact on the satur-
ation time; it did not affect the total DES absorption capacity
(Fig. 7D and S147). Increasing the VOXs concentration in the
biogas stream from 0.5 to 1 mg cm™ did not cause any signifi-
cant differences in saturation time. However, a further increase
in the concentration to 10 mg m™ resulted in a noticeable
reduction in the absorbent saturation time from 612.1 to
211.8 min for DCM (Fig. 7D). For the other DESs, the same be-
havior can be observed (Fig. S147). This indicates that with an
increase in the VOXs concentrations from 0.5 to 10.0 mg m™>,
the VOXs removal efficiency gradually decreased. This is due to
the fact that increasing the VOXs concentration increases the
molar ratio of VOXs/DES, resulting in the decreased absorption
efficiency of VOXs.

The selectivity of individual VOX was determined by com-
paring the VOX absorption to the sum of all VOX absorptions
in DES. The obtained results indicate that TCEtOH was charac-
terized by the highest selectivity (TCEtOH/ZVOX = 0.32).
Slightly lower values were obtained for DCM (0.21) and CF
(0.18), and the lowest values for TCM (0.15) and TCE (0.14).
The high selectivity of TCEtOH is due to the presence of the
—-OH group in the structure, which can form strong hydrogen
bonds with DES components. The remaining VOX do not have
active groups in their structures; therefore, they will interact
with DES only through weaker electrostatic bonds. On the
basis of the obtained results, it can be concluded that with the
increase in the content of chlorine atoms in the VOX struc-
tures, the electrostatic interactions weaken. For a detailed
explanation, see the Mechanism of absorption section.

Regeneration of DES. From an industrial and economic point
of view, absorbent regeneration is a very important factor
because multiple uses of absorbent significantly reduce the cost
of the process.”” The obtained results as expected indicate that
desorption efficiency increases with increasing temperature from
20 to 100 °C. The highest desorption efficiency of VOXs was
obtained at 100 °C. At 100 °C, the complete desorption time was
60 minutes. However, at 80 °C, the time necessary for desorption
increased to 180 minutes. Below 80 °C, even after 700 minutes
of the process, 100% VOX removal from DES was not achieved.
Similar results were obtained in previous studies.®® The effect of
temperature on VOXs desorption in Syr:Lev (1:1) is presented
in Fig. 8. As shown in Fig. 8A and S15,} absorption capacity was
only slightly lost after ten cycles (absorption-desorption). A com-
parison of the FT-IR spectra of fresh DES and DES after ten
cycles of absorption-desorption showed no additional peaks or
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band shifts (Fig. 8B). This indicates that Sy:Lev (1:1) is stable
during multiple cycles and can be reused as a VOXs absorbent.
In similar conditions, ILs based on 1-butyl-3-methylimidazolium
thiocyanate [Bmim][SCN] showed only up to five effective DCM
absorption-desorption cycles.”®

Mechanism of absorption. In order to explain the absorption
mechanism, DESs-VOX complexes were characterized by FT-IR,
as well as quantum mechanical calculations. The FT-IR spectra
of Syr:Lev (1:1) before and after the absorption of selected
volatile organic halogens are presented in Fig. 9A and S16.1 The
comparison of the spectrum of pure Syr: Lev (1: 1) with Syr: Lev
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with an isovalue 0.001 for Syr: Lev (1:1) — DCM.

(1:1) after TCEtOH absorption showed the shift of the -OH
bands towards higher values from 3418.39 cm ™' to
3446.81 cm™", as well as the carbonyl group towards higher
values from 1707.17 em™' to 1712.82 cm ' (Fig. S157). The
increase in the intensity of the -OH and C=0 band confirmed
the formation of a hydrogen bond between Syr: Lev (1:1), and
the TCEtOH.*® In addition, in the DES spectrum after the
absorption of TCEtOH in the range 1097.76-714.13 cm™ " the
vibrations assigned to the C-O stretching bond (1086.64 cm™),
C-Cl bond (807.95 cm™"), and C-H bending bond (709.96 cm™)
present in pure TCEtOH are visible, which confirmed further
interaction between Syr: Lev (1:1) and TCEtOH.* In the FT-IR
spectra, after the absorption of DCM, CF, TCM, and TCE
(Fig. 9A and S16t), there was a shift of the -OH group and the

4824 | Green Chem., 2021, 23, 4814-4827

C=O0 group towards higher wavenumber values. The observed
changes confirmed that the absorption process may take place
through the formation of weak hydrogen bonds between the
COOH group (derived from Syr:Lev) and the chlorine atom
(derived from VOX). Similar results were observed for C:Lev
(1:2),C:Gu(1:1),and G:Lev (1:1) (Fig. S17-S19%).

The results of calculations indicated that non-bonded inter-
actions exist between both components of DESs and all VOXs
(Fig. 9B and S20-S23). Theoretically, chloride atoms of VOXs
can interact with hydroxyl groups of DES (C-Cl---HO), or the
C-H group can interact with carbonyl (C-H---O=) or hydroxyl
groups of DESs (C-H---OH) forming weak hydrogen bonds.*®*°
However, C-H and CI-C groups are weak donors and very weak
acceptors, respectively. These groups can form only weak
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hydrogen bonds. In the optimized complexes of Syr:Lev (1:1)
-DCM, Syr:Lev (1:1) - CF, Syr: Lev (1:1) - TCM, and Syr: Lev
(1:1) - TCE, the distances between the hydroxyl groups of DES
components and chloride atoms of VOXs were greater than
2.5 A, which indicates the absence of hydrogen bonds, and
another interaction must play a major role in removing VOXs
from the biogas stream. A similar phenomenon was observed
for the remaining DES. Only in the Syr:Lev (1:1) - TCEtOH
complex, two H-bonds exist between the hydroxyl group of
TCEtOH and hydroxyl groups of Syr and Lev -OH---HO (1.79
and 1.8 A), which may affect the higher absorption of TCEtOH
as compared to other VOX. On the other hand, it was observed
that when the TCEtOH molecule was attached to Syr:Lev
(1:1), the H-bond between Syr and Lev in DES became weaker.
Similar behavior was observed in the Gu:Lev (1:1) -TCEtOH
complex, in which one of the existing hydrogen bonds between
Gu and Lev was broken, and in its place an additional hydro-
gen bond between the carbonyl group of Lev and hydroxyl
group of TCEtOH =O---HO (1.94 A) was formed. In C:Lev
(1:2) - TCEtOH and C:Gu (1:1) - TCEtOH complexes,
additional hydrogen bonds were formed between DESs and
TCEtOH, and existing hydrogen bonds between DES com-
ponents were not weakened or broken, which indicated the
high stability of DESs during the absorption process.

The obtained results of the reduced density gradient ana-
lysis showed that van der Waals interactions occurred in all
DES-VOX complexes, except for the DES-TCEtOH complexes in
which both hydrogen bonding and van der Waals interactions
coexisted (Fig. 9C and D and S24-S31%). The green surfaces of
the van der Waals interaction increased following the order of
C:Lev (1:2) < G:Lev (1:1) < C:Gu (1:1) < Syr:Lev (1:1),
which is in line with the results obtained for the absorption
processes. The obtained results showed that the non-covalent
interactions (mainly van der Waals) are the main driving force
for DCM, CF, TCM, and TCE removal from gas streams, while
coexisting H-bonds and electrostatic interactions are respon-
sible for the effective removal of TCEtOH.

The results of the electrostatic potential analysis of the VOXs
compounds indicated that the electropositive areas were located
around hydrogen atoms in DCM, CF, and TCEtOH. The electro-
negative areas were located around the oxygen and chloride
atoms in VOX, and the neutral regions were located close to the
carbon atoms (Fig. 9E and $32-S35). When VOXs (with excep-
tion of TCEtOH) interact with DESs, the electropositive regions
located around hydrogen atoms in all DESs are attracted to the
electronegative areas located close to chloride atoms in VOX.
When TCEtOH interacts with DESs, the electropositive region
located around the H atom in the hydroxyl group is attracted to
the electronegative region located close to oxygen in the
hydroxyl group, forming the H-bond interaction. The obtained
interaction energies (AE;,;) between all studied DESs and VOXs
are presented in Table 1. The more negative values of inter-
action energies indicate stronger interactions between DES and
VOX. It was observed that AE;,, followed a similar trend to that
of the experimental absorption capacity of VOX (C:Lev (1:2) >
G:Lev (1:1) > C:Gu (1:1) > Syr:Lev (1:1)). Moreover, taking

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Table 1 Interaction energies between DES and VOX

Interaction energy [keal mol™"]

DES DCM CF TCM TCEtOH TCE
C:Lev(1:2) -6.7 -6.1 -2.0 -10.5 -1.8
C:Gu(1:1) -7.0 -5.3 2.7 -11.5 2.5
Gu:Lev (1:1) -0.8 -0.4 -0.3 -1.9 -0.2
Syr:Lev (1:1) -5.9 -5.3 2.6 -8.2 1.4

into account the individual VOX, the interaction energy can be
ranked as follows TCE ~ TCM > DCM > TCEtOH, which is also
in line with the results obtained experimentally.

Conclusions

New deep eutectic solvents composed of natural ingredients
were successfully applied in the removal of volatile organo-
chlorine compounds from the biogas stream in the absorption
process. The influence of several absorption parameters, ie.,
the type of DES, gas flow rate, kind of matrix gas, temperature,
and initial concentrations of VOXs, on the absorption process
were studied. It was found that the Syr:Lev (1:1) had the
highest absorption capacity for VOXs, at 20 °C. The other para-
meters, i.e. the initial concentration of VOXs and the gas flow,
only affected the extension or reduction of the DES saturation
time. However, they did not significantly affect the DES
absorption capacity. In optimal conditions, the absorption
capacities of DCM, CF, TCM, TCE, and TCEtOH were 304, 420,
360, 292, and 661 mg g, respectively. The obtained result for
the absorption capacity for DCM was higher by about 98 mg
¢~' as compared to the results obtained with the use of ILs
based on [Bmim][SCN].’® After the absorption process,
Syr:Lev (1:1) was successfully regenerated by means of nitro-
gen barbotage at 100 °C in one hour. The obtained results
demonstrated that the absorption capacities of Syr:Lev (1:1)
did not change after ten absorption-desorption cycles, which
confirmed the stable reusable capacity. The theoretical and
experimental studies on the mechanism of DESs formation
and VOX absorption indicated that both H-bonding and van
der Waals interactions between DES components contributed
to the formation of stable eutectic mixtures. In addition,
depending on the type of VOXs, only van der Waals or both
hydrogen bonds and van der Waals interactions are the main
driving forces for the removal of VOXs from model biogas.
Therefore, the proposed procedure based on DESs has great
potential for the purification of real biogas streams, and is in
line with the green engineering strategy, as well as the
European Union’s strategy for obtaining renewable energy.
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Figure S1 A) 'H NMR spectra of Gu:Lev (1:1), B) 13C NMR spectra of Gu:Lev (1:1).
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Figure S2 A) IH NMR spectra of C:Lev (1:2), B) 13C NMR spectra of C:Lev (1:2).
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Figure S3 A) H NMR spectra of C:Gu (1:1), B) 3C NMR spectra of C:Gu (1:1).
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Figure S7 The structures of DESs after geometric optimization: A) C:Lev (1:2); B) C:Gu (1:1); C) Gu:Lev (1:1).
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Figure S8 2D plots of RDG versus the electron density multiplied by the sign of the second Hessian eigenvalue for: A) C:Lev
(1:2); B) C:Gu (1:1); C) Gu:Lev (1:1). The red area represents repulsive effects; blue area - H-bonding; green area - van der
Waals interactions.
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Figure S9 Reduced density gradient (RDG) isosurfaces (s=0.5 a.u.) of studied DESs: A) C:Lev (1:2); B) C:Gu (1:1); C) Gu:Lev
(1:1). The red area represents repulsive effects; blue area - H-bonding; green area - van der Waals interactions.
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Figure S10 Elecrostatic potential (ESP) mapped on electron total density with an isovalue 0.001 for: A) C:Lev (1:2); B) C:Gu
(1:1); C) Gu:Lev (1:1). Blue area are positively charged; red regions are negatively charged; green are neutrally charged.
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Figure S11 Experimental breakthrough curves of a) CF; b) TCM; c) TCE; d) TCEtOH at different temperatures for Syr:Lev
(1:1) (inlet VOX concentration 0.5 mg/cm3; gas flow 50 mL/min; matrix gas Ny;).
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Figure S13 Experimental breakthrough curves of a) CF; b) TCM; c) TCE; d) TCEtOH at different gas matrix (inlet VOX
concentration 0.5 mg/cm3; gas flow 50 mL/min; temperature 20°C).
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Figure S16 FT-IR spectra of pure Syr:Lev (1:1), pure VOXs, and Syr:Lev (1:1) — VOX complexes: A) Syr:Lev (1:1) — CF; B)
Syr:Lev (1:1) - TCM; C) Syr:Lev (1:1) — TCE; D) Syr:Lev (1:1) - TCEtOH.
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Figure S17 FT-IR spectra of pure Gu:Lev (1:1), pure VOXs, and Gu:Lev (1:1) — VOX complexes: A) Gu:Lev (1:1) - TCEtOH; B)

Gu:Lev (1:1) - DCM; C) Gu:Lev (1:1) - CF; D) Gu:Lev (1:1) - TCM; E) Gu:Lev (1:1) — TCE.
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Figure S18 FT-IR spectra of pure C:Lev (1:2), pure VOXs, and C:Lev (1:2) — VOX complexes: A) C:Lev (1:2) - TCEtOH; B) C:Lev

(1:2) - DCM; C) C:Lev (1:2) - CF; D) C:Lev (1:2) - TCM; E) C:Lev (1:2) — TCE.
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Figure S19 FT-IR spectra of pure C:Gu (1:1), pure VOXs, and C:Gu (1:1) — VOX complexes: A) C:Gu (1:1) - TCEtOH; B) C:Gu

(1:1) - DCM; C) C:Gu (1:1) - CF; D) C:Gu (1:1) - TCM; E) C:Gu (1:1) — TCE.
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Figure S20 The structures of Syr:Lev (1:1) — VOX complexes after geometric optimization: a) A) Syr:Lev (1:1) — CF; B) Syr:Lev
(1:1) = TCM; C) Syr:Lev (1:1) — TCE; D) Syr:Lev (1:1) — TCEtOH.
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Figure S21 The structures of C:Lev (1:2) — VOX complexes after geometric optimization: A) C:Lev (1:2) — DCM; B) C:Lev (1:2)-
CF; C) C:Lev (1:2) = TCM; D) C:Lev (1:2) — TCE; E) C:Lev (1:2) — TCEtOH.
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Figure S22 The structures of C:Gu (1:1) — VOX complexes after geometric optimization: A) C:Gu (1:1) — DCM; B C:Gu (1:1) -
CF; C) C:Gu (1:1) = TCM; D) C:Gu (1:1) — TCE; E) C:Gu (1:1) — TCEtOH.
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Figure S23 The structures of Gu:Lev (1:1) — VOX complexes after geometric optimization: A) Gu:Lev (1:1) — DCM; B Gu:Lev
(1:1) - CF; C) Gu:Lev (1:1) - TCM; D) Gu:Lev (1:1) — TCE; E) Gu:Lev (1:1)- TCEtOH.
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Figure S24 2D plots of RDG versus the electron density multiplied by the sign of the second Hessian eigenvalue for: ASyr:Lev
(1:1) — CF; B) Syr:Lev (1:1) — TCM; C) Syr:Lev (1:1) — TCE; D) Syr:Lev (1:1) — TCEtOH. The red area represents repulsive effects;
blue area - H-bonding; green area - van der Waals interactions.


http://mostwiedzy.pl

/\__/__\> MOST WIEDZY Pobrano z mostwiedzy.pl

2.00 0.020
1.80 | 0.015 A)
1.60 0.010
1.40 0.005
5 120 oW
< 100 ur =
g i -0010 8
c 080 ~0.015 3
0.60 -0.020
0.40 -0.025
0.20 ~0.030
0.00 -0.035
g & 8 8 5 8 5 8 8 & 8
2.00 0.020
1.80 0.015 C)
1.60 0.010
1.40 9.0
5 1.20 9.000 =
C A~ -0005 &
g ' o0 8
o 0.80 0015 «c
0.60 ~0.020
0.40 -0.025
0.20 -0.030
bop l— -0.035 :
8 3 8 8 5 8 5 8 8 & 8 8 3 8 8§ 5 8 5 8 8 & 8
sign(A)p (a.u.) sign(iz)p (a.u.)
2.00 r 0.020
1.80 } : 0.015 E)
0.010
1.9 0.005 vdw Repulsive
140:1 H-bond interaction effect
e 0.000
5 1.20 1 |
S o -0.005 {—l—w \( )
Q - -0.010
2 oz o H
0.60
o ~0.020 0>0 0~0 p<0
3 -0.025
0.20 : -0.030 Az(O AZNO Az)O
0.00 L — " " i i " -0.035
8 3 8 & 5 8 35 8 8 3 8
sign(A)p (au.)

0.020
0.015 B)
0.010
0.005
0.000
-0.005
-0.010
-0.015
-0.020
-0.025
-0.030
-0.035

0.020
0.015 D)
0.010
0.005
0.000
-0.005
-0.010
-0.015
-0.020
-0.025
-0.030
-0.035

Figure S25 2D plots of RDG versus the electron density multiplied by the sign of the second Hessian eigenvalue for: A) C:Lev
(1:2) — DCM; B) C:Lev (1:2)-CF; C) C:Lev (1:2)— TCM; D) C:Lev (1:2)— TCE; E) C:Lev (1:2)— TCEtOH. The red area represents

repulsive effects; blue area - H-bonding; green area -van der Waals interactions.


http://mostwiedzy.pl

/\__/___\> MOST WIEDZY Pobrano z mostwiedzy.pl

e

2,00 0.020 2.00 0.020
180 | 0015 A) g 0015 B
1.60 0.010 160 | 0.010
140 | I 140 | s

5 120 °m5 3 120 0';235

© ~0. o~ ~0.

§ 19 oot0 g ' 0.010

= 080 oo1s & 080 ~0015
0.60 |- ~0.020 0.60 - -0.020
0:4 -0.025 080T Z -0.025
0.20 | -0.030 0.20 | 2 -0.030
0.00 — - — -0.035 0.00 — - - -0.035

8 & 8 8 5 8 5 8 8 &8 8 8 & 8 8§ 5 8 5 8 8 & 8
sign(Az)p (au.)
2.00 0.020 2.00 0.020
1.80 | 0.015 C) 1.80 | 0.015 D)
160 | 0.010 160 | 0.010
1.40 0.005 1.40 } 0.005

5 120 oms 5 120 o.:ggs

© -0 o~ -0.

§ 1.00 (. 0.010 § 1.00 0.010

T 0.80 | o015 & 080 GRE
0.60 | 0020 0.60 | 0020
0.40 | -0.025 0.40 -0.025
0.20 | ~0.030 0.20 | BRELE -0.030
0.00 -0.035 0.00 R -0.035

8 & 8 8§ 5 8 5 8 8 8 8
sign(Az)p (au.) sign(p)p (au.)
2.00 0.020
1.80 | 0.015 E)
1.60 0.010
0.005
1.40 |

5 120 0.000 vdw Repulsive

s -0.005 H-bond interaction effect
1.00

2 A -0.010 ] 1 1

c 0.80 -0.015 [ " ‘

0.40 | -0.025

0.20 ; ~0.030 p>0 p~0 p<0

0.00 " " " " " i " -0.035 AZ < 0 AZ ~ 0 AZ > O
8 3 8 &8 53 8 3 8§ 8 3 8

Figure $26 2D plots of RDG versus the electron density multiplied by the sign of the second Hessian eigenvalue for: A) C:Gu
(1:1) — DCM; B) C:Gu (1:1) —CF; C) C:Gu (1:1) — TCM; D) C:Gu (1:1) — TCE; E) C:Gu (1:1) — TCEtOH. The red area represents
repulsive effects; blue area - H-bonding; green area -van der Waals interactions.
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Figure S27 2D plots of RDG versus the electron density multiplied by the sign of the second Hessian eigenvalue for: A) G:Lev
(1:1) — DCM; B) G:Lev (1:1) —CF; C) G:Lev (1:1) — TCM; D) G:Lev (1:1) — TCE; E) G:Lev (1:1) — TCEtOH. The red area represents
repulsive effects; blue area - H-bonding; green area -van der Waals interactions.
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Figure S28 Reduced density gradient (RDG) isosurfaces (s=0.5 a.u.) of studied DES-VOX complexes: A) Syr:Lev (1:1) — CF; B)
Syr:Lev (1:1) — TCM; C) Syr:Lev (1:1) — TCE; D) Syr:Lev (1:1) — TCEtOH. The red area represents repulsive effects; blue area -
H-bonding; green area — van der Waals interactions.
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Figure S29 Reduced density gradient (RDG) isosurfaces (s=0.5 a.u.) of studied DES-VOX complexes: A) C:Lev (1:2) — DCM; B)
C:Lev (1:2)—CF; C) C:Lev (1:2)- TCM; D) C:Lev (1:2)-TCE; E) C:Lev (1:2)— TCEtOH. The red area represents repulsive effects;
blue area - H-bonding; green area -van der Waals interactions.
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Figure S30 Reduced density gradient (RDG) isosurfaces (s=0.5 a.u.) of studied DES-VOX complexes: A) C:Gu (1:1) — DCM; B)
C:Gu (1:1) —CF; C) C:Gu (1:1) — TCM; D) C:Gu (1:1) — TCE; E) C:Gu (1:1) — TCEtOH. The red area represents repulsive effects;
blue area - H-bonding; green area -van der Waals interactions.
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Figure S31 Reduced density gradient (RDG) isosurfaces (s=0.5 a.u.) of studied DES-VOX complexes: A) G:Lev (1:1) — DCM; B)
G:Lev (1:1) —CF; C) G:Lev (1:1) — TCM; D) G:Lev (1:1) — TCE; E) G:Lev (1:1) — TCEtOH. The red area represents repulsive
effects; blue area - H-bonding; green area -van der Waals interactions.
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Figure S32 Electrostatic potential (ESP) mapped on electron total density with an isovalue 0.001 for: A) Syr:Lev (1:1) — CF; B)
Syr:Lev (1:1) — TCM; C) Syr:Lev (1:1) — TCE; D) Syr:Lev (1:1) — TCEtOH. Blue area are positively charged; red regions are
negatively charged; green are neutrally charged.
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Figure S33 Electrostatic potential (ESP) mapped on electron total density with an isovalue 0.001 for: A) C:Lev (1:2) — DCM;
B) C:Lev (1:2)-CF; C) C:Lev (1:2)— TCM; D) C:Lev (1:2)— TCE; E) C:Lev (1:2)— TCEtOH. Blue area are positively charged; red
regions are negatively charged; green are neutrally charged.
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Figure S34 Electrostatic potential (ESP) mapped on electron total density with an isovalue 0.001 for: A) C:Gu (1:1) — DCM; B)
C:Gu (1:1) - CF; C) C:Gu (1:1)- TCM; D) C:Gu (1:1)- TCE; E) C:Gu (1:1)— TCEtOH. Blue area are positively charged; red regions
are negatively charged; green are neutrally charged.
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Figure S35 Electrostatic potential (ESP) mapped on electron total density with an isovalue 0.001 for: A) G:Lev (1:1) — DCM;
B) G:Lev (1:1) —CF; C) G:Lev (1:1) — TCM; D) G:Lev (1:1) — TCE; E) G:Lev (1:1) — TCEtOH. Blue area are positively charged; red
regions are negatively charged; green are neutrally charged.
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Table S1 Comparison of the developed procedure of VOX absorption with other absorption or adsorption procedures.

Sorbent type Type of VOX Capacity Gas type Process conditions Sorbent Ref.
[mg/g] price per1
kg
ChCl:U (1:2) DCM 0.2 air Temperature: 30°C 44.6 € 1
Flow rate: n.d.
Pressure: n.d.
ChCL:EG (1:2) DCM 0.26 air Temperature: 30°C 37.5€ [
Flow rate: n.d.
Pressure: n.d.
ChCl:Gly (1:2) DCM 0.24 air Temperature: 30°C 40.1€ 1
Flow rate: n.d.
Pressure: n.d.
ChCl:Lev (1:2) DCM 0.27 air Temperature: 30°C 425¢€ (1
Flow rate: n.d.
Pressure: n.d.
TBPB:Gly (1:1) DCM 0.28 air Temperature: 30°C 199.9 € 1
Flow rate: n.d.
Pressure: n.d.
TBPB:Lev (1:6) DCM 0.29 air Temperature: 30°C 76.1€ 1
Flow rate: n.d.
Pressure: n.d.
TBAB:DA (1:2) DCM 0.3 air Temperature: 30°C 320.5€ (1
Flow rate: n.d.
Pressure: n.d.
Ui0-66 DCM 510.3 air Temperature: 25°C 79207.20 € (2]
Pressure: 44 kPa
activated carbon CF 213.4 N, Temperature: 35°C 12.16 € 3]
DCM 123.9 Flow rate: 100 mL/min
CM 22.2 Pressure: 1.5 atm
ZIF-8/graphene DCM 240.0 air Temperature: 25°C 7689.0 € 4]
oxide Flow rate: 20 ml/min.
[Bmim][NTf2] DCM 100 air Temperature: 30°C 950 € Bl
Flow rate: n.d.
Pressure: 10 kPa
[Bmim][PF6] DCM 110 air Temperature: 30°C 2450.8 € (5]
Flow rate: n.d.
Pressure: 10 kPa
[Bmim][BF4] DCM 130 air Temperature: 30°C 750 € Bl
Flow rate: n.d.
Pressure: 10 kPa
[Bmim][DCA] DCM 140 air Temperature: 30°C 24945 € 5]
Flow rate: n.d.
Pressure: 10 kPa
[Bmim][SCN] DCM 150 air Temperature: 30°C 892.8 € 5]
Flow rate: n.d.
Pressure: 10 kPa
[Emim][SCN] DCM 120 air Temperature: 30°C 4934 5]
Flow rate: n.d.
Pressure: 10 kPa
Gu:C:Lev (1:1:3) DCM 55 N2 Temperature: 25°C 29.0€ 6]
Flow rate: 50 mL/min
Pressure: 10 kPa
Syr:Lev (1:1) DCM 304 Biogas (58% Temperature: 25°C 263.5€ This studies
CF 420 CHa, 38 CO,, 2% Flow rate: 50 mL/min
TCM 360 H,0, 2% N,) Pressure: 10 kPa
TCE 292
TCEtOH 661
C:Gu (1:1) DCM 215 Biogas (58% Temperature: 25°C 32.78 € This studies
CF 561.5 CHy4, 38 CO,, 2% Flow rate: 50 mL/min
TCM 320 H,0, 2% N,) Pressure: 10 kPa
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TCE 262.4

TCEtOH 275.3
C:Lev (1:2) DCM 181 Biogas (58% Temperature: 25°C 24.02 € This studies
CF 401.5 CHg, 38 CO3, 2% Flow rate: 50 mL/min
TCM 143.5 H,0, 2% N,) Pressure: 10 kPa
TCE 248
TCEtOH 198.15
Gu:Lev (1:1) DCM 130.7 Biogas (58% Temperature: 25°C 36.01 € This studies
CF 399.5 CHg, 38 CO3, 2% Flow rate: 50 mL/min
TCM 115.8 H,0, 2% N,) Pressure: 10 kPa
TCE 154
TCEtOH 161.2

[Bmim][NTf2] - 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [Bmim][PF6] - 1-Butyl-3-methylimidazolium
hexafluorophosphate; [Bmim][BF4] - 1-Butyl-3-methylimidazolium tetrafluoroborate; [Bmim]J[DCA] - 1-Butyl-3-
methylimidazolium dicyanamide; [Bmim]J[SCN] - 1-Butyl-3-methylimidazolium thiocyanate; [Emim][SCN] - 1-Ethyl-3-methyl-
imidazolium-thiocyanate; ChCl — choline chloride; CM- Chloromethane; DA — decanoic acid; EG — ethylene glycol; Gly —
glycerol; U — urea; UiO-66 - (Universitetet i Oslo) a metal organic framework; TBAB — tetrabutylammonium bromide; TBPB -
tetrabutylphosphonium bromide
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ABSTRACT

The combustion of biogas which contains significant amounts of monoaromatic hydro-
carbons, i.e. benzene, ethylbenzene, toluene, and xylene (BTEX) can cause many tech-
nological, environmental, and health problems. Therefore, in these studies, a new
physical absorption method based on deep eutectic solvents (DES) consisting of mono-
terpenes and carboxylic acids was developed for BTEX removal. A total of 39 DES were
synthesized, of which seven were selected based on their affinity to BTEX, favorable
physicochemical properties, and “green” character. Detailed structural (i.e. *H NMR, *3C
NMR, and FT-IR) and physicochemical experiments (i.e. melting point, density, viscosity,
and surface tension) were performed for the DES. Then, DESs were used for the absorption
process in both the laboratory and enlarged scale. BTEX absorption was monitored using
two methods, including "in-situ" gas chromatography, and "online" sensors matrices. The
crucial absorption parameters i.e. type of DES, temperature, and regeneration possibility
were carefully studied. The mechanism of BTEX absorption was explained using experi-
mental spectroscopic techniques and theoretical analysis based on the COSMO-RS model.
The obtained results indicate that Eucalyptol:Octanoic acid can selectively capture BTEX
from a biogas mixture due to the formation of electrostatic interaction. DES absorption
capacity is 53.96 mg/g, which is comparable with commercially available absorbents.

© 2022 Published by Elsevier Ltd on behalf of Institution of Chemical Engineers.

1. Introduction

Currently, an increase in demand for renewable energy
production from natural sources can be observed. This is due
to a number of factors, including the introduction of
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increasingly stringent climate policies limiting coal mining
or assuming a phase-out of nuclear power plants, as well as
the current war-induced fuel crisis. Therefore, more and
more countries are considering the use of biogas from waste
materials as renewable energy that could make countries
less dependent on energy imports. The main problem in the
widespread use of biogas is the presence of large amounts of
organic and inorganic pollutants. Till now, many methods
have been developed to purify biogas from inorganic sub-
stances, but there are still few technologies dedicated to the
removal of volatile organic compounds from the biogas
stream. One of the groups of problematic substances in
biogas is monoarmomatic hydrocarbons including benzene,
toluene, ethylbenzene, and xylenes (BTEX). These com-
pounds are also one of the most common chemical pollu-
tants of air, natural, and waste gasses (What is BTEX and why

https://doi.org/10.1016/j.cherd.2022.09.047
0263-8762/© 2022 Published by Elsevier Ltd on behalf of Institution of Chemical Engineers.
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is it important, 2022; Bretén et al., 2020). The presence of
BTEX in biogas streams is mainly caused by the volatilization
of intermediate products formed during fermentation pro-
cesses. The concentration of BTEX in biogas streams can vary
significantly depending on the raw material used in the fer-
mentation process. Nevertheless, the concentration may
vary from 94 to 1906 mg/m? (Johansson, 2012). The presence
of BTEX in biogas streams is unfavorable from ecological,
public health, and industrial point of view (Abbasi et al., 2020;
Li et al,, 2019). Most of BTEX have a confirmed carcinogenic
potential and adverse effects on the water and air environ-
ment (Baghani et al,, 2019; Milazzo et al., 2019; Peng et al,,
2015). In addition, combustion of biogas containing high
concentrations of BTEX can cause corrosion, contamination,
and clogging of engine systems (Rasi et al., 2011; Ryckebosch
et al.,, 2011). Therefore, it is essential to remove monoaro-
matic hydrocarbons from biogas streams.

Currently, in the literature, we can find several methods
dedicated to the removal of BTEX from biogas, including:
absorption, catalytic oxidation, conventional adsorption,
pressure swing adsorption, thermal swing adsorption,
membrane, biological, and cryogenic methods (Santos-Clotas
et al., 2019; Warren, 2012; Angelidaki et al., 2019; Awe et al.,,
2017; Rasi et al., 2014; Ma et al., 2018). Nevertheless, some of
these methods show only low BTEX removal efficiency, long-
time operation, require the use of toxic organic solvents, high
capital investment, and running costs (Angelidaki et al,
2018). Therefore, the development of a cost-effective, effi-
cient, "green" technology for BTEX removal from biogas
streams is a major challenge for the energy industry. One of
the most widely used industrial technology for volatile or-
ganic compounds (VOCs) captured from biogas is physical
absorption. Physical scrubbing has some pros, including low
operation and investment cost, good efficiency, and can be
considered environmentally friendly if appropriate absor-
bents are used (Scholz et al., 2013). Among the available ab-
sorbents, the following can be distinguished triethylene
glycol (Tazang et al., 2020), fluorocarbon surfactants (Xiao
et al., 2015), polyethylene glycol, paraffin, water emulsion
(Fang et al., 2016), and amines (Hatcher et al., 2013). However,
most of these solvents are toxic and difficult to separate from
the volatile organic compounds for the recycling process
(Zhang et al., 2021). The green absorbent materials should be
characterized by low vapor pressure, high boiling point, low
viscosity, high absorption capacity, low cost and should be
easy to regenerate (Stupek et al., 2020a).

Until recently, ionic liquids have been considered the ideal
absorbents for the capture of BTEX from gaseous fuel streams
(Zhang et al., 2021). However, their high price, non-biode-
gradable, and frequently toxic properties make them not
widely used in the industrial purification of gaseous streams.
In order to overcome the disadvantages of ionic liquids, a new
type of green solvents named deep eutectic solvents (DESs)
started to be considered as efficient media for biogas pur-
ification. According to the definition, DES is a complex which is
consisting of a hydrogen bond donor (HBD) and hydrogen bond
acceptor (HBA) with appropriate molar ratios. The specific
non-covalent interactions created between HBA and HBD lead
to the formation of DES with a much lower melting point
compared to the individual components (Abbott et al., 2003;
Smith et al., 2014). So far, many new DESs have been synthe-
sized and successfully used in many separation processes,

such as extraction, microextraction, absorption, and adsorp-
tion (Ghazali et al, 2019a; Hussin et al, 2021; Makos and
Boczkaj, 2019; Cunha and Fernandes, 2018; Makos et al., 2020a,
2020b). Literature data show that DES is characterized by a
high absorption capacity of carbon dioxide and other inorganic
pollutants (including ammonia, hydrogen sulfide, water vapor,
and sulfur dioxide) occurring in gaseous fuels, i.e. biogas.
However, to ensure high efficiency of the removal of individual
contaminants, it is necessary to choose the appropriate sub-
stances for DES formation. This is a crucial parameter because,
as proven in previous works, the driving force of absorption
processes using DES are non-covalent interactions between
the absorbent and impurities, i.e., hydrogen bonds or electro-
static interactions. For example, to absorb CO, (hydrogen bond
acceptor), it is necessary to use a DES that has at least one
hydrogen bond donor group in the structure, i.e. -OH, -COOH,
or -NH,. The opposite is true for ammonia, which, due to its
structure, is a good hydrogen bond donor, therefore a suitable
DES for absorption should have acceptor groups, i.e. =0, or -O-
(Shukla and Mikkola, 2018; Garcia et al., 2015; Zubeir et al.,
2018; Ghazali et al., 2019b; Luo et al., 2021; Wu et al., 2019). The
mechanisms for removing inorganic contaminants from gas
are currently fairly well known. Therefore, it is easy to spec-
ulate which DES might be suitable for capturing selected
substances. However, knowledge of the VOC absorption ca-
pacity of gaseous streams with DES is very limited. Until now,
the high absorption capacity of deep eutectic solvents has
been proven for volatile organic silicon (Stupek et al., 2020a;
Makos et al., 2020a; Stupek et al., 2021; Makos-Chelstowska
et al,, 2021a), sulfur (Stlupek and Makos, 2020), and chlorine
compounds (Makos-Chelstowska et al,, 2021b). Among the
compounds from the BTEX group, an attempt has been made
to remove toluene from biogas (Moura et al., 2017; Stupek et al.,
2020b). To the best of our knowledge, there are no works
dedicated to the removal of all BTEX compounds from gas
streams by means of deep eutectic solvents.

The paper describes the synthesis of new green mono-
terpenes based on deep eutectic solvents, their structural, and
physicochemical properties (i.e. density, viscosity, surface
tension, and melting point) as well as the application as effi-
cient absorbents for BTEX capture from biogas. In this study,
structural characterization of new absorbent materials and
interaction between BTEX, and DES were analyzed using
theoretical method based on the COSMO-RS model, and ex-
perimental techniques based on proton and carbon-13 nuclear
magnetic resonance ("H NMR and *C NMR), as well as Fourier
transform infrared spectroscopy (FTIR). The absorption pro-
cess was optimized in terms of the selection of the appro-
priate DES, and absorption temperature. Under optimal
conditions, the absorption efficiency of DES was compared
with a commercially available absorbent dedicated to biogas
purification. The absorption processes were monitored using
two methods, gas chromatography, and sensor matrices. The
comparison of the two methods of process control was aimed
at confirming the usefulness of the sensors' matrices in online
research, due to shorter time of single analysis and its lower
costs. The use of sensor arrays allow a real-time control of the
absorption process, which in combination with an appro-
priately selected control algorithm can make the process fully
autonomous (requiring little control by personnel). The va-
lidity of using gas sensor matrices as an alternative to chro-
matographic techniques has already been demonstrated, e.g.
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to control biofiltration process (Szulczynski et al., 2018;
Rybarczyk et al., 2020; Loépez et al., 2011; Cabeza et al., 2013),
odour monitoring (Romero-Flores et al., 2017), methane re-
forming process monitoring (Dobrzyniewski et al., 2021) and
they also have high application potential in food industry
(Pearce et al., 1993) or pharmaceutical industry (Spichiger and
Spichiger-Keller, 2010).

2. Materials and methods
2.1. Materials

The following substances were used for the preparation of
DES:+ camphor (Cam), carvone (C-one), eucalyptol (Eu),
furfural (Fu), choline chloride (ChCl), tetramethylammonium
bromide (TMABI), tetraethylammonium bromide (TEABI),
tetrapropylammonium bromide (TPABTY), tetra-
butylammonium bromide (TBABr), guaiacol (G), syringol (S),
menthol (M), thymol (Th), vanillin (V), formic acid (FA), oc-
tanoic acid (OA), nonanoic acid (NA), decanoic acid (DA),
dodecanoic acid (DDA) and levulinic acid (Lev). For the pre-
paration of contaminated biogas, monoaromatic hydro-
carbons including benzene, toluene, ethylbenzene, and
xylene were used. All reagents were obtained from Sigma
Aldrich (St. Louis, MO, USA) with high purity (> 98%). For the
comparison of DES efficiency, a commercially available ab-
sorbent Genosorb ® 1843 (Clariant, USA) was used. High
purity gases including nitrogen (purity N 5.0), methane
(purity N 5.5), and carbon dioxide (purity N 4.5) were obtained
from Linde Gas (Poland). The air was generated by a DK50
compressor with a membrane dryer (Ekkom, Poland), and
hydrogen (purity N 5.5) generated by Precision Hydrogen 1200
Generator (PEAK Scientific, Scotland, UK). All gases were used
for the preparation of a model biogas streams and chroma-
tographic analysis.

2.2. Procedures

2.2.1. Preparation of DESs

DESs were prepared using the method described in previous
studies (Makos-Chelstowska et al., 2021a; Stupek and Makos,
2020; Makos-Chetstowska et al., 2021b). Two chemical com-
pounds were mixed with each other in a proper molar ratio.
In the next step, the mixture was stirred on a magnetic
stirrer at 60 °C until a homogeneous liquid was formed. DES
was cooled to the room temperature (RT).

2.2.2. Preselection of DESs based on Henry’s law constant
The preselection of DES were prepared based on Henry's
constants. Studies were performed using the headspace
technique combined with gas chromatography-flame ioni-
zation detector (HS-GC-FID) in accordance with the proce-
dure described in the previous works (Chai et al., 2005). Only
DES that were liquids at room temperature were used for the
test. Liquid DES (0.5 mL) was transferred to 20-mL headspace
vials to which the 0.75 pL of each BTEX compound was
added. The vials were then sealed and incubated at room
temperature for 24 h. Then 100 pL of the headspace was in-
troduced into the gas chromatograph. The concentration of
BTEX in the gas phase (headspace) was determined on the
basis of calibration curves prepared in accordance with the
procedure presented in the previous works. The concentra-
tion of selected BTEX compounds in a liquid phase (DES) after
headspace procedure was calculated according to Eq. 1:

Vi-Co=Vi-Ci+ Vy Gy 1)

where: V; — DES volume [cm?;.

V, - gas volume (headspace volume) [cm?];.

Co — initial concentration of BTEX in liquid sample (DES)
[mol/m?];.

C; — concentration of selected BTEX in DES phase after
headspace procedure [mol/m?;.

Cg — concentration of selected BTEX in gas phase after
headspace procedure [mol/m?;.

The dimensionless Henry’s law solubility constant was
calculated according to Eq. 2:

C,

H=2 @

2.2.3.  Characterization of DESs

DESs viscosity and density measurements were made in the
temperature range from 20° to 50°C. Measurements were made
using the following apparatus BROOKFIELD LVDV-II+visc-
ometer (Labo-Plus, Poland), and a DMA 4500 M density meter
(Anton Paar, Poland). The surface tension (ST) of DES was
measured using a tensiometer (A KRUSS K9 model K9MK1) in
the range of temperature of 20-50°C. The tensiometer was
stabilized for 30 min and calibrated using water at 20 °C. Then
the 4 mL of DES was placed in a thermostated measuring cup.
After reaching the appropriate temperature, the ST of DESs was
measured automatically using A KRUSS K9 within 3s. The
melting point (MP) of DESs was determined visually by cooling
eutectic mixtures to —25°C in a cryostat (HUBER, Germany).
Then the temperature was increased at 1°C/min. The tem-
perature at which the appearance of the first liquid drop was
observed was taken as MP. Measurements of all physical
properties of DES were repeated three times.

2.2.4. Mechanism of DESs formation, and BTEX absorption
The absorption mechanism and structural properties of new
DESs were analyzed by ATR-FTIR spectroscopy by means of a
Bruker Tensor 27 spectrometer (Bruker, USA) with an ATR
accessory and OPUS software (Bruker, USA). The following
parameters were adopted for the studies: 4000-600 cm™; the
number of background and samples scans: 256; resolution:
45cm™; slit width 0.5cm. Additionally, nuclear magnetic
resonance spectroscopy (NMR) measurements were per-
formed in order to receive more deep insight into DES for-
mation and the efficiency of BTEX absorption. Samples for
NMR analysis were prepared in 5mm tubes by weighing
20 mg of DES and inserting 0.4 mL of chloroform-d1. The NMR
analysis was done out at 20 °C by means of Bruker Avance III
HD 400 MHz (Bruker, USA).

For the theoretical examination of the mechanism of BTEX
absorption, Conductor-like Screening Model for Real Solvents
model (COSMO-RS) was used. For these propose, ADF COSMO-
RS software (SCM, Netherlands) was used according to pre-
vious studies (Makos-Chelstowska et al., 2021a, 2021b, 2022a).
In the first stage, the geometry optimization of DES which
were selected during HS-GC-FID analysis including Cam:OA,
Cam:DA, C-one:OA, C-one:NA, C-one:DA, C-one:Lev, Eu:0A,
main components of commercially available absorbent (i.e.
tetraoxaoctadecane and pentaoxaheneicosane) and BTEX was
prepared. The geometry optimization of all eight absorbent
complexes in 1:1 molar ratio, and BTEX compounds was per-
formed using the continuum solvation COSMO model at the
BVP86/TZVP theoretical level. In order to find the most stable
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conformers of studied compounds, optimization studies were
performed in the gas phase. In the next step, the vibrational
analysis was performed to find conformers that corresponds
to the true energy minimum. The full geometry optimization
of studies compounds was prepared only for the most en-
ergetically favorable conformers. For all absorbents, the affi-
nity to BTEX was calculated by means of activity coefficient
according to Eq. (3).

uf — uf

Iny) = = ®

where: uf — chemical potential of selected BTEX in absorbent;.

uf - chemical potential of pure BTEX compounds;.

R - universal gas constant (8.314 J/mol);.

T - temperature (K).

In order to visualize the charge distribution of absorbents
and BTEX, the o-profiles were calculated using the 3D surface
charge densities.

2.2.5. Absorption and desorption process of BTEX

In this work, the absorption/desorption set-up was described
in the previous work was used (Makos-Chelstowska et al,,
2021b). In the first stage, pure nitrogen was passed through a
vial containing 1 mL of each BTEX compound. The obtained
contaminated gas via bubbling phenomena was diluted with
a model biogas stream (CH4: CO,: N, in 5:3:2vol ratio) to
2000mg/m> concentration of BTEX. In the next step, the
biogas stream was directed into the absorption column with
an appropriate absorbent. The desorption process was car-
ried out using the pure nitrogen barbotage method at ele-
vated temperatures in the range of 100-120°C consistent
with previous research (Lawal et al., 2011).

During the absorption/desorption processes, the biogas
samples were collected before and after introduction into the
absorption/desorption column. The biogas samples were
analyzed by gas chromatography and sensors matrix. Biogas
purification processes were carried out until the concentra-
tion of BTEX in the inlet and outlet biogas were equal. In
order to ensure the correctness of the results, the absorption
processes were repeated three times. The absorption capa-
city (Q) was determined according to the previous studies
(Makos-Chelstowska et al., 2021b). To determine the absorp-
tion capacity of the absorbent, the volumetric flow rates of
individual components of the gas mixture have been desig-
nated as the product of the volumetric flow rate of the gas
mixture and the concentration of its components. For this
purpose, by means of an Agilent ADM Flow Meter, the gas
flow at the outlet of the absorption columns needs to be
measured. Values of Q were calculated using Egs. (4-6):

% = (En- G (t) = Four(t)-Cour (1)) -Bprex (4)

Mprex = Jotsat [Fin-Civ (£) — Four (t)-Cour (t)] dt-Perex (5)
_ MpTEX

Q= "o ©

where: mprex — BTEX mass absorbed [g];.
ma- mass of absorbents used to obtain complete satura-
tion [g];.
tsqt — Saturation time of absorbents [s];.
Civ — BTEX initial concentration in biogas [ppm v/v];.
Cour — BTEX outlet concentration in biogas [ppm v/v];.

Fmvout — Flow rate of the biogas at the inlet and outlet of
the absorption column [m?%/s];.

Perex - average BTEX density at a given temperature
[kg/m’].

The absorptivity of BTEX was calculated using the fol-
lowing Eq. 7:

An— A

A= AN . ouT )

where: Apy - initial total peak area of BTEX compounds;.
Aoyt - total peak area of BTEX compounds after absorp-
tion process.

2.2.6. Process control

2.2.6.1. Chromatographic  analysis. For the control of
absorption/desorption process efficiency, biogas samples
were analyzed by gas chromatography technique. In order
to determine Henry’s constants in static process and
concentration BTEX in gas streams in a dynamic process,
gas chromatograph Autosystem XL (PerkinElmer, USA)
equipped with a capillary column an HP-5 (30mx
0.25 mm x 0.25 pm) (Agilent Technologies, USA), and a
flame ionization detector (GC-FID) (PerkinElmer, USA) was
used. The chromatographic analysis was conducted under
certain conditions: temperature of the oven 60 °C, injection
port temperature 250 °C; the injection mode split 5:1, detector
temperature 300 °C, the carrier gas — nitrogen (flow rate:
1mL/min), amount of sample injected: 0.5mL. For the
determination of CH,, CO,, and N, in the biogas stream
during the absorption process, the gas chromatograph GC
MG#5 (SRI Instruments, USA) coupled to a thermal
conductivity detector (GC-TCD), and equipped with a
packed column Porapack Q (80/100, 2 mm ID) (Restek, USA)
was used. The following conditions were used: temperature
of the oven 40 °C, injection port temperature 60 °C, detector
temperature 80 °C, the carrier gas - helium (flow rate: 5mL/
min), amount of sample injected: 2.0 mL.

2.2.6.2. Chemical gas sensor. In order to continuously
monitor and control the absorption treatment of biogas, a
matrix consisting of the commercially available gas sensor
was constructed. Basic information about gas sensors used is
shown in Table S1. The gas sensors were housed in separate
PTFE chambers. This approach makes it possible to prevent
the emissions of organic compounds into the measuring
chamber and further reduces the absorption and chemical
transformations of the gaseous substances. Due to the
dependence of the output signal from PID-A12 gas sensors
on variations in temperature, humidity, and atmospheric
pressure, a sensor that controls these parameters was placed
in an additional chamber. As a result, the lack of linearity of
the PID output signal observed at higher concentrations can
be corrected in the software during data analysis. Whereas,
NDIR sensors capable of monitoring the presence of carbon
dioxide and methane in process samples provide an analog
voltage output proportional to the concentration of these
gases, which is simultaneously linearized and temperature
compensated. The constructed matrix allowed control of
total BTEX concentrations in the range of 0-6600 mg/m?
while carbon dioxide and methane concentrations were
monitored in the range of 0-100% by volume. The gas flow
at the outlet of the absorption column was measured using
an Agilent ADM Flow Meter, which provides continuous,
real-time measurement of volumetric flow rate.
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2.2.6.3. Gas sensor array measurement. The gas sensor array
experimental setup is presented in Fig. S1. Process samples
were collected at the inlet and outlet of the process and the
bags made of TEDLAR film were used for this purpose. The
three-way valve (V1) made it possible to alternate between
the analyzed sample and the atmospheric air passing
through the air filter to the measuring chamber. Purified air
was directed to the measurement chamber after each
analysis in order to regenerate the gas sensors and restore
their input parameters. The flow rate of the sample and air
was controlled using the rotation speed of the diaphragm
pump. The pulse width modulation module (PWM) was
responsible for regulating the supply voltage delivered to
the pump motor, which fluctuations directly affect the pump
speed and thus the flow rate. The sensor measurement was
performed in the stop-flow mode: the sample flow time
through the sensor chamber was 30s, than by closing the
valve (V2) the sample was retained in the chamber for
another 30s. Sensors signals were recorded using an
analog-to-digital converter and processed by means of
dedicated software. All manufacturer’s requirements were
taken into account when the electrical circuits for each
sensor were prepared. The created system was controlled
automatically by the Arduino control module. All analyzed
samples were also subjected to gas chromatographic
analysis, which was treated as a reference method.

2.2.6.4. Data analysis and processing. Data analysis and other
calculations were performed using RStudio Desktop (v.
1.4.1717) software. Multiple linear regression (MLR) was
selected as the calibration and validation model for the gas
sensor array. Thus, linear relationships between independent
(sensor’s signals), and dependent (e.g. gas concentration,
chromatographic peak area) variables were determined for
carbon dioxide, methane, and total BTEX. Also, other methods
of data analysis, e.g. Principal Component Analysis (PCA),
Principal Component Regression (PCR), Partial Least Squares
Regression (PLSR) can be used effectively for this purpose,
especially when dealing with very complex sample matrices.

3. Results and discussion
3.1 DESs preparation and preselection

In the studies, all DESs were prepared by mixing HBA, i.e.,
Cam, C-one, Eu, Fu, ChCl, TMABr, TEABr, TPABr and TBABT,
with different HBDs i.e. Lev, OA, NA, DA, DDA, G, S, V, M, Th
and FA in 1:1 molar ratio. From 99 tested DES, only 39 eutectic
complexes turned out to be liquids at room temperature. DES
which met the first basic criterion of absorbents - were li-
quids at RT, were selected for further research. Due to the
relatively large number of new DESs, a pre-selection of DES
was performed. DES screening was performed based on the
determination of Henry's constants. This parameter reflects
the dissolving ability of BTEX in DES (Chen et al.,, 2022). The
obtained results are shown in Fig. 1. The lower values of the
Henry constants (H) correspond to the greater BTEX solubility
in DES. The results indicate that the lowest values of H were
obtained for xylene and ethylbenzene. Slightly higher values
were obtained for ethylbenzene and the highest for benzene.
This indicates that the alkyl groups form stronger non-
covalent bonds with DES compared to the m interactions
which is in line with previous work (Wang et al., 2017). It can
be observed that BTEX compounds have the greatest affinity

DES B T E X
C-one:lev (1:1)
C-one:0A (1:1)
C-one:NA (1:1)
C-one:DA(1:1)

C-one:G(1:1)
C-one:S (1:1)
C-one:M (1:1)
C-one:Th (1:1)
C-one:FA (1:1)
C:0A (1:1)
C:NA (1:1)
C:DA (1:2)

C:G(1:1)

C:S(1:1)

C:Th (1:1)

C:FA (1:1)

Eu:Lev (1:1)
Eu:OA (1:1)
Eu:NA (1:1)
Eu:DA (1:1)

Eu:G (1:1)

Eu:M (1:1)
Eu:Th(1:1)
Eu:FA (1:1)
Fu:lev (1:1)
Fu:OA (1:1)
Fu:NA (1:1)
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Fig. 1 - Henry's constants calculated for DES using the
COSMO-RS model (according to the Eq. 2).

to non-ionic deep eutectic solvents. The affinity of mono-
aromatic hydrocarbons to the ionic ones is significantly
lower. These phenomena can be explained by the occurrence
of very strong interaction between the cation and the anion
in DES structures, that are stronger than the bonds formed
between the DES and nonpolar impurities (Brouwer et al,
2021). The obtained results suggests that ionic interactions
do not play a significant role in the BTEX absorption process.
The most favorable results were obtained for DES consist of
the monoterpenes acting as HBA in combination with car-
boxylic acids. The lowest Henry’s constant values were ob-
tained for DES consist of carvone, camphor, and eucalyptol
as HBA, and carboxylic acids as HBD including: C:0A (1:1),
C:DA (1:1), C-one:OA, C-one:NA, C-one:DA, C-one:Lev, and
Euw:OA in 1:1 molar ratio. This suggests that the carboxyl
group (-COOH) not only binds efficiently to the carbonyl
group of the monoterpenes (= O) to form strong hydrogen
bonds, but is also involved in the formation of strong inter-
actions with BTEX compounds. Additionally, the specific
structure of monoterpenes can lead to the formation of ad-
ditional m-m interactions with monocarboxylic hydrocarbons.
The coexistence of both types of interactions may affect the
high absorption capacity of the new DES. Only DES with the
highest absorption potential was used for further research.

3.2 Mechanism of DES formation

Due to the synthesis of new DES, which have not been pub-
lished so far, their detailed structural studies were performed.
In addition, understanding the interaction mechanisms be-
tween HBA and HBD may play a key role in the selection of
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optimal absorbents for biogas purification. Therefore, in this
study, FT-IR analysis were performed for new DES and their
individual components. Fig. S2 shows the FT-IR spectrum for
the Eu:OA (1:1). On the DES spectrum, it can be observed the
shift of wide bandwidth of stretching vibrations from O-H
groups towards higher wavelengths (from 3002cm™ to
3014 cm™), and decreased peak intensity compared with the
pure HBD. In the DES spectrum, intensity decrease, and shifts
towards higher wavelengths are also observed for C=0
stretching vibrations (from 1706 cm™ to 1711cm™) and C-O-C
stretching vibrations (from 1080cm™ to 1081 cm™). The ob-
tained results indicate that hydrogen bonding is formed be-
tween the carbonyl group from Eu and the carboxylic group
from OA. Due to the presence of active oxygen atoms (-O-, or =
O) in all tested HBA and carboxyl groups in HBD structures,
similar band shifts can be observed in the spectra of the re-
maining DES (Fig. S3-S8). This suggests the formation of
strong hydrogen bonds between HBA and HBD in all tested
DES (Makos-Chelstowska et al., 2021a; Ribeiro et al., 2015).

In addition, *H NMR and **C NMR spectra were performed
to confirm the formation of hydrogen bonds between DES
components and for the identification of potential synthesis
by-products. NMR spectra of Eu:OA (1:1) are presented in Fig.
S9, and the main shifts of peaks are summarized in Table S2.
In the H NMR spectrum, all identified peaks correspond to
protons belonging to Eu and OA. This suggests that no by-
products are formed during the DES synthesis.

Additionally, characteristic shifts in the *H NMR and **C
NMR spectra of DES in comparison to pure substances can be
observed. In H NMR spectrum, mainly shifts toward lower
values can be observed. The only exceptions are the (H1) and
(H5) protons with Eu for which shifts towards higher values
(from 2.02 to 2.19 ppm) can be observed. OA-derived protons
are characterized by greater shift values than protons from
Eu. The largest shift can be observed for the (H1) proton (from
11.60 ppm to 11.03 ppm). This is a proton from the O-H group
of the carboxyl group. Such a large shift (by 57 ppm) proves
the direct participation of this group in the formation of
hydrogen bonds in DES. In the *C NMR spectrum, the shifts
of values for most C atoms from both HBA and HBD towards
lower values can be observed. Only for (C1) and (C2) from Eu,
the shifts towards higher values can be observed. These
shifts are affected by the direct bond with the oxygen atom in
the Eu molecule, which actively participates in the formation
of a hydrogen bond. The highest value of the shift can be
observed for (C1) from the OA molecule (from 180.81 ppm to
178.70 ppm). This is because the C atom from the carboxyl
group is involved in the formation of the hydrogen bond.
NMR spectra were also performed for the remaining DES. For
the rest of DES, similar behavior can be observed. Spectra
and a list of shifts are presented in Figs. S10-S15.

3.3. Physicochemical properties of DESs

The practical application of DES requires knowledge of basic
physicochemical properties including density, viscosity,
surface tension, and melting point (MP). Therefore, all listed
properties have been investigated in this work.

All studied DES are characterized by relatively significant
depressions in melting point compared to pure HBA and HBD.
MP of pure HBAs including Cam, C-one, and Eu are 175 °C,
25.2°C, and 1.5 °C, respectively. While the MP of pure HBDs i.e.
Lev, OA, NA, and DA, were 33°C, 16.5°C, 12.3°C, and 31.6 °C,
respectively. The greatest decrease in MP can be observed for

C-one:Lev (1:1) which equal - 25 °C. Slightly lower decrease in
MP can be observed for the rest of DES including Eu:0A, C-
one:0OA, C-one:NA, C-one:DA, Cam:DA, Cam:OA, which are
-23,-22,-21,-19, - 19, and - 8°C, respectively.

The density of DES is a crucial parameter that significantly
affects the mass transfer processes. The literature data in-
dicate that most DESs are characterized by higher density than
that of water, in the range of 1.00-1.35 g/cm?® at 20 °C (Garcia
et al, 2015). The densities of the tested DES are within the
range of 0.9228-1.0397 g/cm® at 20°C. The density values of
studied DES follows the order: C-one:Lev (1:1)> C-one:OA
(1:1)> Cam:OA  (1:1)> C-one:NA  (1:1)> Cam:DA (1:1)> C-
one:DA (1:1) > Ew:OA (1:1). It can be observed that the density
of DES closely depends on the alkyl chain length of the car-
boxylic acids. An increase in the length of the carboxyl chain
causes the increase in molar volume, which affects the de-
crease in the density value (Florindo et al., 2014). In addition,
the density of DES strongly depends on temperature. The in-
crease in temperature of eutectic mixtures affects the increase
in the kinetic energy of the DES components, which causes a
DES density decrease (Chemat et al.,, 2016; Hayyan et al., 2012).
The densities of all tested DES at 20 - 50 °C are shown in Fig. 2a.

The next important property of absorbents is dynamic
viscosity due to their strong influence on the mass transfer
processes. Most DES are characterized by relatively high
viscosity (>100cP) (Abbott et al., 2003; Smith et al., 2014;
Makos et al., 2020b), which significantly limits their useful-
ness in absorption processes. All tested DESs have lower
viscosities than 10 mPas, and the value at 20 °C follows the
order: Cam:DA (1:1) > C-one:Lev (1:1) > Cam:OA (1:1) > Eu:0A
(1:1) > C-one:DA (1:1) > C-one:NA (1:1) > C-one:OA (1:1). This
indicates that all DES can be successfully used for absorption.
Obtained results indicate that the viscosity depends on the
structure of both HBA and HBD. It can be observed that the
viscosity of DES increases with the increasing length of the
alkyl chain. This is in line with previous studies (Makos-
Chelstowska et al., 2022b). The higher viscosity value of C-
one:Lev (1:1) compared to C-one:OA (1:1), C-one:NA (1:1), C-
one:DA (1:1) can be explained by the additional carbonyl
group in Lev structure. In addition, Fan et al. proved that the
lifetime of the hydrogen bond also influences the viscosity
value, which decreases in DES systems where HBA belongs to
monocyclic unsaturated terpene ketones (Fan et al., 2021).
The conducted research confirmed the theory of Fen et al.
The lowest viscosity values were obtained for DES in which
HBA was Carvone, which belongs to the group of terpene
ketones. In addition, a close dependence of DES viscosity on
temperature can be observed. As the temperature increase,
the viscosity of DES decreases, which can be described by the
Arrhenius or Vogel-Fulcher-Tammann model. This indicates
the standard behavior of Newtonian liquids which can be
explained by an increase in the average speed of DES mole-
cules in the liquid phase at higher temperatures, which de-
creases the intermolecular forces. This causes a reduction of
resistance of the fluid to flow and changes the viscosity
(Haghbakhsh et al., 2018). Examined DES viscosity values at
20 - 50 °C are presented in Fig. 2b.

Another examined property of new DESs is surface ten-
sion (ST). This is another parameter that has a decisive effect
on mass transfer process (Jiménez et al., 2001). The surface
tension of DESs strongly depends on many factors, such as
the temperature, type, and nature (hydrophobic or hydro-
philic) of HBA and HBD. Knowledge of ST provides important
information about the molecular influence on the
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Fig. 2 - The (a) density, (b) viscosity, and (c) surface tension (ST) of DESs in the temperature range of 20-50 °C.

interactions in a mixture (Chen et al., 2019). In this study, the
ST of DES was measured in the temperature range of 20-50 °C
(Fig. 2¢). Typically ST of DES is in the range of 40-65 mN-m™
at 25°C (Shahbaz et al., 2012; Kurnia et al., 2012). Experi-
mental results indicate that the ST of studied DES composed
of Carvone or Camphor as HBA and various carboxylic acids
as HBD in a 1:1 molar ratio decreases with the increasing
length of the HBD chain. This is probably due to the fact that
with the increasing length of the acids chain the charge
density decrease thus decrease the importance of electro-
static interactions between HBA and HBD. In addition, the
obtained results show that the ST of all DES decreases with
the increase in temperature. This is in line with the typical
behavior of the liquids (Chen et al., 2019). As the temperature
increases from 20 °C to 50 °C, a decrease in the ST value can
be observed for C-one:Lev (1:1) from 36.5 mN/m to 32.9 mN/
m, while for Cam:DA (1: 1) from 28.1 mN/m to 25.3 mN/m.
This is due to the fact that increasing the DES temperature
increases the molecular movement, the average kinetic en-
ergy, and reduces the forces of cohesion between molecules
(weakening of the interaction between the HBA and HBD in
DES) which causes the decrease in ST value (Abbott et al,,
2011; Mjalli et al., 2014).

3.4.  Absorption of BTEX

One of the key factors which have a decisive effect on the
absorption efficiency of BTEX is a type of DES. Therefore a
DES pre-selection was performed. For this purpose, the ab-
sorption processes were carried out under optimal condi-
tions obtained in previous studies (Stupek et al., 2021, 2020b).

The procedures for collecting data from sensors and gas
chromatography are included in the S.1. - Supplementary
Materials (Fig. S16 - S17 and Table S3).

In the preselection studies, the only variable was the type
of DES, and the other parameters were constant, i.e. tem-
perature 25 °C, biogas pressure 10 kPa, the volume of DES
50 mL, biogas flow rate 50 mL/min, and initial concentration of
BTEX 2000 mg/m>. The initial concentrations used were higher
than the BTEX content in the biogas stream. However, the
concentration was adjusted to the content of all aromatics
compounds in the biogas, which is between 35 and 1731 mg/
m? (Salazar Gémez et al,, 2016). An inert gas - nitrogen was
used as the gas matrix to exclude other interactions resulting
from affinity to other biogas components. The experimental
breakthrough curves of seven different DESs are presented in
Fig. 3. The obtained results indicate that the absorption ca-
pacity of BTEX depends both on the type of HBD, HBA, and the
structure of BTEX. Based on a comparison of various DES
composed of octanoic acid as HBD and different HBA, it can be
observed that the absorption efficiency is ordered as follows,
Eu> C-one> Cam. The time of effective absorption is 5852,
5556, and 4382 min for Eu:0A, C-one:OA, and Cam:OA, re-
spectively. This order is due to the m-m interaction between
aromatic groups of HBA and BTEX. In addition, the C-one and
Cam contain in their structure the double bond of the car-
bonyl group that reduces structural availability and reduces
the hydrophobic nature of DES, which negatively affects the
effectiveness of the absorption process (Lopez and Pascual-
Villalobos, 2010). On the other hand, based on the comparison
of the efficiency of the absorption with the use of DES com-
posed of carvone as HBA and various carboxylic acids as HBD,
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Fig. 3 - Experimental breakthrough curves of (a) Cam:DA (1:1); (b) Cam:OA (1:1); (c) C-one:Lev (1:1); (d) C-one:OA (1:1); (e) C-
one:NA (1:1); (f) G-one:DA (1:1); (g) Eu:OA (1:1); on different DESs (temperature 25 °C; biogas (matrix gas N,) flow 50 mL/min;
inlet BTEX concentration 2000 mg/m?); the volume of the DES 50 mL; absorption column dimensions: height 10 cm and

width 3 cm.

the following sequence can be observed C-one:DA> C-
one:NA > C-one:OA > C-one:Lev. This is probably due to the
fact that increasing the alkyl chain length of the HBD affects
decreases the polarities of DESs. The highly nonpolar nature
of DES has a positive effect on the rate and capacity absorp-
tion of BTEX (Chen et al.,, 2021). The absorption capacity is
ordered according to the following sequence of BTEX: xy-
lene > ethylbenzene > toluene > benzene, which is consistent
with a growing number of methylene groups in the ring of

impurities. The differences between breakthrough patterns
can be explained by the different interaction forces between
BTEX and DES, as well as the physical properties of selected
absorbents. Benzene is mainly able to the formation of m in-
teraction with the DES functional group including -COOH,
-CHj3, =CH,, -O-, or =0. However, the strength of these inter-
actions is similar in each case (Tsuzuki and Fujii, 2008).
Therefore, it can be assumed that the changes in the break-
through curves of benzene are caused by the physical
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properties of DES. A comparison of benzene breakthrough
curves shows a close dependence of DES supersaturation on
their viscosity. As viscosity increases, DES is supersaturated
faster, which is due to the hindrance of mass exchange.
However, compounds that contain additional methyl or ethyl
groups can form both m and other weak hydrogen bond in-
teractions with carbonyl, ester, or carboxylic groups. As ob-
served in previous studies, the strength of the weak hydrogen
bonds (i.e. C-H---O) interaction increases with the length of the
alkyl chain in hydrocarbons. This indicates that the methyl
groups are actively involved in the formation of non-covalent
bonds with DES, which is in line with the results obtained
from Henry's constants and with previous works (Wang et al.,
2017; Cabaleiro-Lago and Rodriguez-Otero, 2018). However,
differences in the saturation points of DES indicate that the
basic physical properties, i.e. the dynamic viscosity of the
absorbents, also can affect the absorption efficiency of T, E,
and X.

DES composed of Eu and OA in a 1:1 molar ratio is char-
acterized by the highest absorption capacity. This proves
that not only the structure of DES components and the
strongly hydrophobic nature of DES affects the efficiency of
BTEX absorption, but also the physicochemical properties i.e.
low viscosity, high surface tension, and relatively low
melting point. Both types of parameters play a significant
role in the absorption process and it is difficult to clarify
which one is more important. However, the combination of
favorable physical properties with the specific structure of
Eu:0A enhances the effect of DES absorption capacity.
Therefore, further research was only done for the most fa-
vorable DES.

As observed in previous work, the presence of other
substances in the gas can significantly affect the absorption
capacity of DES. Therefore, a quick comparison of Henry's
constants (according to the Eq. 2) was performed for the
absorption of single impurities and the entire BTEX mixture
from biogas under static conditions. The outcomes are
shown in Fig. 4. The obtained results in the two variants are
only slightly different from each other. This indicates that
the coexistence of all BTEX in the biogas stream only slightly
affects the absorption efficiency. This phenomenon can be
explained by the lack of significant differences in the struc-
tures of all monoaromatic hydrocarbons, which could com-
bine with functional DES groups and form competitive
interactions.

In the next part of the studies, the influence of the matrix
effect on the DES absorption efficiency has been investigated
(Fig. 5). The BTEX absorption efficiency from pure nitrogen
and from a model biogas mixture consisting of methane:
carbon dioxide: nitrogen in a 5:3:2vol ratio was compared.
The composition of the model biogas mixture represents a
typical matrix of real biogas streams (Janusz-Cygan et al,
2021). The obtained results indicate that the type of gas
matrix affects the effective time of BTEX absorption. It can be
noticed that the use of a model biogas stream reduces the
absorption time and thus reduces the DES absorption capa-
city. This is due to the partial absorption of the main com-
ponents of the biogas, i.e. CH, and CO,. All tested DES are
consist of HBA and HBD. Therefore, it is very likely that
methane can easily bind to the hydrogen bond acceptor
(CHy4--HBA), while carbon dioxide can easily bind to the hy-
drogen bond donor (CO,---HBD), through non-covalent bonds
(Altamash et al., 2019). Thus, competitive interactions can
form that reduce the efficiency of BTEX uptake.

Cam:OA £

Cam:DA £

C-one:Lev

C-one:OA

C-one:NA

C-one:DAE

Eu:OA £

0.00 0.01 0.02 0.03 0.04
Henry's constants [-]

Fig. 4 - Henry’s constants of the single impurities (solid
column) and the BTEX mixture (hatch column) in DES. The
total concentration of each of the impurities was 2000 mg/
m?3, at 25°C.

In addition, the most favorable DES was compared with
commercially available absorbent which is mostly consist of
tetraoxaoctadecane and pentaoxaheneicosane. The obtained
results are presented in Fig. 6. The absorption processes were
carried out using the model biogas mixture consisting of CHy:
CO,: N in a 5:3:2vol ratio. The obtained results indicate that
the new DES has an absorption capacity similar to that of a
commercially available absorbent. The shortest impurities
absorption time was obtained for the benzene, which was
4048 min. In turn, the longest time was obtained for the to-
luene, ethylbenzene, and xylene, which were 5334, 5790,
5800 min, respectively. The same BTEX removal trend can be
observed for commercial absorbent. This indicates that the
new DES may be a good alternative to commercially available
sorbents. For which the shortest absorption time was
achieved for benzene (3118 min). On the other hand, the ab-
sorption time was extended in the order of toluene, ethyl-
benzene and xylene, 4319, 5731 and 5859 min, respectively.

3.5. Mechanism of BTEX absorption

The absorption efficiency was also controlled at the struc-
tural level in order to explain the BTEX attachment me-
chanism for absorbents (DES and commercially available
absorbent). For this purpose, the FT-IR and NMR analyses
were carried out. Fig. S18 show FT-IR spectra of the Eu:0A
(1:1) and Genosorb before and after the absorption process.
The mechanisms of BTEX absorption were also explained for
the rest of tested DES. The results are presented in Figs. S19-
S49. On the Eu:0A (1:1) spectrum after absorption process,
the characteristic peak from BTEX can be observed. The
biggest changes are visible in the range of 3123-3000cm™
(purple area), which can be assigned to the Ca,-H stretching
vibrations occurring in the aromatic ring. In addition, the
structural changes in DES after the BTEX absorption process
is also in the range 1631-1420cm™ ! (blue area), and
907-633cm™ (pink area). These changes are due to the
emergence of the stretching vibrations C=C and the
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Fig. 5 - Experimental breakthrough curves of (a) Eu:OA (1:1) from pure nitrogen; (b) Eu:0OA (1:1) from a model biogas mixture
(CH4:CO:N, 5:3:2 vol ratios) flow 50 mL/min; temperature 25 °C; inlet BTEX concentration 2000 mg/m?, the volume of the DES
50 mL; absorption column dimensions: height 10 cm and width 3 cm.
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Fig. 6 - Experimental breakthrough curves of (a) Eu:0A (1:1) and (b) Genosorb (temperature 25 °C; biogas (matrix gas:
CH,:CO4:N, 5:3:2 vol ratios) flow 50 mL/min; inlet BTEX concentration 2000 mg/m?), the volume of the sorbent 50 mL;
absorption column dimensions: height 10 cm and width 3 cm.

deformation vibrations outside the plane Ca,-H, respectively.
The above described mentioned chemical shifts suggest that
the main driving force behind the BTEX absorption process is
the formation of hydrogen bonds between DES and the aro-
matic ring with BTEX. This fact is also confirmed by the shifts
signals with DES corresponding to the -OH groups from HBD
and C=0 from HBA, which are shifted towards the lower
wavenumbers, from 3431 to 3014 cm™* to 3415-3027 cm™* and
from 1711cm™ to 1708 cm™. For the remaining tested DES,
very similar shifts can be observed.

The similar results can be observed for commercially
available absorbent. The characteristic signals from BTEX are
observed in very close ranges. In the spectrum after ab-
sorption process the following signals can be observed Ca,-H
stretching vibrations in the range of 3123-3000cm™ (purple
area), stretching vibrations C=C 1631-1420cm™ (blue area),
deformation vibrations outside the plane Ca,-H 907-633 cm?
(pink area). The peak from the C-O-C bond which are visible
at the wavenumber of 1112cm™ on spectrum before ab-
sorption is shifted towards higher values (Fig. 7). This proves
that ether group participates in the attachment of BTEX to
the absorbent. It can be concluded that there are absorbent-
BTEX bonds between the ether group (from Genosorb) and
the aromatic group (from BTEX), which are the driving force
behind the BTEX absorption process.

In the H NMR and *C NMR spectra of both Eu:0A (1:1)
and Genosorb after the absorption process all visible peaks

can be assigned to specific atoms derived from the Eu:0A
(1:1) and BTEX (Fig. S50). This confirms that the absorption
process is a physical one, without the formation of other
substances by the reaction. In the *H NMR and *C NMR
spectrum for Eu:OA (1:1) after the absorption process can be
observed the shifts towards the higher values. For HBD the
biggest differences in the NMR spectrum can be observed for
protons (H1) and the carbon atom (C1), which are derived
from the carboxyl group the octanoic acid. The described
differences are at the levels 0.48 ppm and 0.9 ppm. In the
case of HBA, the biggest differences can be observed for
protons (H6), which come from the methyl group in close
contact with the O atom, and the carbon atom (C6) which
forms a -CH; group connected to an aromatic ring. The de-
scribed differences signals are at the levels of 0.34 ppm and
0.46 ppm. This indicate that the interactions between BTEX
and DES are mainly caused by the van der Waals forces be-
tween the aromatic ring and the carboxyl group of HBD. Si-
milar behavior can be observed for Genosorb. All peaks in
NMR spectra are shifted towards the higher values. Detailed
values of chemical shifts for Eu:0A and Genosorb are pre-
sented in Table S4.

In order to understand the electrostatic interactions be-
tween absorbents and BTEX, o-profiles were calculated.
According to the definition, o-profiles is a distribution func-
tion that relates the surface area of a molecule to the charge
density of the surface (Han et al.,, 2018). Based on profiles
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Fig. 7 - FT-IR spectrum before and after BTEX absorption for (a) Eu:OA (1:1) and (b) Genosorb.

results, it is possible to predict how the BTEX molecules will
interact in an absorbent solute system, as well as the se-
lectivity and solubility of BTEX in absorbents. In these stu-
dies, the generated c-profile diagrams were divided into
three regions. The segment between -0.0082 e/A%? and
+0.0082 e/A? charge density show that the studied com-
pound readily undergoes van der Waals interactions. Seg-
ments below —0.0082 e/A? and above +0.0082 e/A? indicate
that the molecule represents the possibility of the formation
of hydrogen bonding. For all studied DES and commercially
available absorbents, peaks in all segments can be identified
(Fig. 8 and S51). However, the largest peaks are in the non-
polar part and much smaller peaks are located in the HBA
and HBD regions. The -O- and =0 groups are responsible for
the presence of peaks in the HBA region, and the -COOH
group in the HBD region. This indicates that strong hydrogen
bonds were formed in DESs between the HBA and HBD
components. In order to confirm the obtained results, the
electrostatic potential (ESP) analysis was also performed. The
results are presented in Fig. 11 and S47 which show the ESP
mapped electron total density with an isovalue 0.001 au for
absorbents, and BTEX. The red area shows the negative po-
tential region (40 kcal/mol), the blue part of the surface re-
presents the positive potential area (40kcal/mol), and the
white part - is the non-polar region (0 kcal/mol). In DES mo-
lecules, electropositive areas are located around the H atom
in -CHg, -CH,, -CH, and -COOH groups. The electronegative
regions are located in -O-, and =0 group from HBA, and
neutral regions are located in both HBA and HBD molecules
around carbon atoms. When DES is created, the electro-
negative area from HBA attracted the electropositive area
from HBD. Thus, strong hydrogen bonds are formed between
the DES components. The presence of large non-polar sur-
faces also indicates that additionally, weaker non-covalent
interactions, i.e. van der Waals interactions, are created be-
tween the DES components. Similar interaction can be ob-
served between BTEX and DES or commercially available
absorbent. Due to the presence of mainly non-polar regions
in DES structures, weaker electrostatic interactions are the
most likely driving force for the absorption process.

3.6. Increasing the scale of the absorption process

For the most favorable DES, the absorption process was also
performed on an enlarged scale in order to confirm the
usefulness of DES. The scale-up included a 10-fold increase
in the volume of absorbent to 500 mL and increasing gas flow

rate up to 500 mL/min. The processes were carried out on a
model biogas stream consist of CH4:CO,:N, in 5:3:2 vol ratios.
The absorption process was made in two temperature var-
iants. The first of the absorption column was maintained at
room temperature (RT) and the second absorption column
was cooled to 10 °C. The absorption curves are presented in
Fig. 9. Based on the received data, similar absorption results
can be observed compared to tests performed on a laboratory
scale. In both processes, the order of saturation of the ab-
sorbent with aromatic compounds decreases with the de-
creasing volatility of the compounds. Benzene in both
processes first breaks through the absorbent. The process of
effective benzene capture is almost two times shorter com-
pared to other substances. The DES breakthrough time for
benzene is 5000 min and 6500 min in 25 and 10 °C, respec-
tively. The dependence of DES absorption capacity on tem-
perature is also visible for other monoaromatic
hydrocarbons. The duration of absorption at a temperature
reduced is proportionally higher compared to room tem-
perature, for toluene from 10500min to 13700 min, for
ethylbenzene and xylene from about 11500-15000 min, re-
spectively. The relationship between the increase in the ef-
ficiency of the absorption process and the decrease in
temperature is well known and results from the exothermic
nature of the absorption process (Muresan et al., 2015). Ab-
sorption curves for ethylbenzene and xylene have a similar
shape and a similar breakthrough time, which is associated
with a large chemical similarity of both compounds. In ad-
dition, it can be observed that the absorption rate for less
volatile compounds increases when the more volatile com-
pounds (for example benzene) have already saturated the
absorbent. This is probably due to the attachment of the re-
maining monoaromatic hydrocarbons to the already ab-
sorbed molecules through n-m interactions.

By integrating the areas under the obtained curves over
time, the total volume of methane, carbon dioxide, and BTEX
used during the process was calculated (Figure 52). Then,
assuming the density of substances, their masses were de-
termined. The sorption capacity was calculated as the ratio
of the difference between the determined masses of in-
dividual compounds in the inlet and outlet streams and the
mass of the absorption liquid. Additionally, the degree of
absorption of gas stream components during the process was
determined. All the results obtained in this way are sum-
marized in Table 1.

The obtained results indicate that degree of BTEX ab-
sorption increase from 51.9% to 55.4% with decreasing
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Fig. 8 — Sigma profile and electrostatic potential maps of a)
Eu:0A (1:1) and commercially available absorbent; b) BTEX
generated through COSMO-RS model.

temperature from 25° to 10°C. The same tendency can be
observed for methane. For this molecule the degree of ab-
sorption increase from 0.73% to 0.81%. From the industrial
absorption processes perspective, the increase in CH,4 solu-
bility in absorbents is unfavorable, due to the fact that most
industrial processes are carried out at 10°C. However, the
increase in methane solubility is insignificant. The accep-
table solubility of methane in the absorbent is 2% (Kvist and
Aryal, 2019). The opposite behavior can be observed for
carbon dioxide. However, the solubility of CO, in DES is also

negligible. Therefore, it can be concluded that the absorption
process is selective for compounds from the group of
monoaromatic hydrocarbons.

3.7. Comparison of process control methods

During the studies, two alternative methods for the control of
absorption capacity were tested. Instrumental (analytical)
techniques and a matrix of chemical gas sensors were used
for process control and monitoring of tests performed. Gas
chromatography with a flame ionization detector (GC-FID)
and thermal conductivity detector (GC-TCD) were used as a
reference method, which allowed qualitative and quantita-
tive analysis of chemical compounds present in the tested
samples.

The commercially available gas sensors were selected to
construct the array and based on the signals received the
mathematical models were developed. They show the cor-
relation between the results obtained using the reference
technique and sensor matrix. The use of widely available
sensors makes it possible to easily reproduce the constructed
array and to duplicate it many times, which would be diffi-
cult to achieve in the case of testing prototype sensors.

The prepared sensors array was calibrated and validated
using Multiple Linear Regression (MLR). Since the process
was conducted at two different temperatures, which are
10°C and 25 °C, it was decided to develop separate models for
each of these cases. This approach allowed to determine the
impact of the absorption liquid components on the obtained
gas sensor signals. It was expected that the eucalyptol
emission, which was a component of the absorption liquid
used, would affect the signals from the gas sensors, parti-
cularly the PID sensor. For this reason, based on the recorded
matrix response signals six MLR models were developed: for
the inlet stream (total BTEX in 10 °C and total BTEX in 25 °C)
and outlet stream (total BTEX in 10°C and total BTEX in
25°C), one common MLR model for carbon dioxide inlet and
outlet streams and one for methane in the same configura-
tion. The MLR models for BTEX were developed to return the
predicted total area of the chromatographic peaks of these
compounds. Correlation charts for inlet and outlet streams,
showing the accuracy of the prepared models, are presented
in Fig. 10.

For methane and carbon dioxide, model gas mixtures
were prepared to reflect the expected concentrations of these
gases at the inlet and outlet streams of the process. The
composition of the binary gas mixtures is shown in Table S5.
The gas sensor array response was recorded for each mix-
ture, with the analysis repeated three times. The number of
gas calibration mixtures prepared was 42. Correlation charts
of MLR models prepared for methane and carbon dioxide are
shown in Figure 15.

The validity of using this method is confirmed by the
values of the coefficients of determination (R? in the corre-
lation plots. The value of coefficients of determination be-
tween chromatographic results and the values returned by
prepared models are shown in Table S5. For five of the six
prepared models the values of R? were more than 0.9850. The
lowest values of R? was achieved for the BTEX inlet stream at
25°C and was equal to 0.9629, which is still more than sa-
tisfactory. It should be noted that eucalyptol emission in
outlet streams clearly affects the signals from the PID sensor.
Additionally, the emission depends on the process tem-
perature. This is shown by the intercept values in the outlet
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Fig. 9 - Absorption of BTEX (a) room temperature and (b) at 10 °G; absorption column dimensions: height 30 cm and

width 5.5 cm.

stream models. Only after reduction of the matrix response
to this eucalyptol the BTEX concentrations calculated using
the prepared MLR models are similar to those obtained by
chromatographic methods.

The developed MLR models were used to calculate the
quantitative parameter of the description of the absorption
process, which was absorptivity. The results of sensor ma-
trices were compared with gas chromatography, which was a
reference method. Fig. S53 presents the absorptivity para-
meter determination using a gas sensor array and gas chro-
matography throughout the process. The Root-Mean-Square
Error (RMSE) for the entire range is presented in Table S6.
RMSE is equal to 0.017 for the BTEX in the process carried out
in the temperature of 10 °C, and 0.067 for the BTEX absorp-
tion process in 25 °C. In the case of methane and carbon di-
oxide the mean square errors reached slightly higher values.
They were equal to 0.024 and 0.028 for methane in 10°C and
25°C. For carbon dioxide the calculated RMSE values are
very similar as they are 0.031 at 10°C and 0.039 in 25°C
respectively.

The obtained results indicate that the values of the total
concentration of BTEX, CH, and CO, in biogas at the inlet and
outlet do not differ significantly from this obtained using
reference techniques. Additionally, such results demonstrate
that sensor matrices could be satisfactorily used to control
and monitor the absorption biogas purification processes.
This study confirmed that the results obtained with the gas
sensor array together with an appropriately selected math-
ematical model might be of similarly high level of quality as
the results obtained using the gas chromatography tech-
nique (Fig. 11).

One of the limitations of sensor matrices is the possibility
of measuring only the sum of BTEX concentration. There is
no possibility to receive separate signals for individual
compounds (inability to conduct qualitative analysis).
However, from an industrial point of view, there is no need to
measure separate compounds. Much more important is to
measure the sum of impurities. A few additional challenges
during sensor measurements are: the influence of tempera-
ture and humidity on the stability of the sensor’s signals,
multidimensionality of the generated signals (requires
averaging by statistical methods) or complicated calibration
on the basis of analytical procedures and regression models.
Moreover, it should be noted that the research was con-
ducted at laboratory scale. For this reason, the constructed
array would not be able to be used directly in the process
stream, but the next step will be to adapt the sensor array for
operation under real conditions, e.g. using a dilution module
to reduce gas concentration to required ranges.

Chromatographic techniques are characterized by high
repeatability, reproducibility and accuracy and they give the
possibility to identify all compounds present in a tested
sample. In this regard, sensor arrays are no match for the
instrumental techniques but if it is important to reduce the
time of the analysis, investment costs or to automate the
measurement process, they are an excellent alternative.
Ultimately, gas sensor matrixes are intended to bridge the
gap between gas sensors that are selective for specific che-
mical compounds and chromatographic techniques, which
have a much broader field of application but are unsuitable
for real-time measurements and require periodic main-
tenance and ensure the availability of high purity gases.

Table 1 - Absorption capacity of DES.

Compound Inlet stream Outlet stream Calculated parameters
V [m?] m [g] V [m?] M [g] Am [g] Capacity [mg/g] Degree of absorption [%)]

Process in 10°C

CO, 13 2375 1.25 2356 18.6 40 0.78

CH, 3.1 2132 31 2115 17.4 37.3 0.81

BTEX 0.011 45.3 0.0049 20.2 25.1 53.9 55.4

Process in 25 °C

CO, 0.94 1765 0.93 1749.1 16 34.4 0.91

CH,4 2.44 1666 2.42 1654.2 12.2 26.2 0.73

BTEX 0.011 45 0.0052 215 23.2 49.7 51.9
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3.8. Regeneration process of DES regeneration processes after BTEX absorption were per-

formed. The desorption process was carried out using con-
From an economic and practical point of view, regeneration ventional nitrogen barbotage in the temperature range
of the absorbents is a crucial feature. Therefore, the DES 100-120 °C method. Based on the obtained results, it can be
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Fig. 11 - Absorption of (a) sum of BTEX; (b) CH,; and (c) CO, controlled by gas chromatography (GC) and sensory matrix (SM).
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Table 2 - Absorption capacity of toluene in various solvents.

Type of  Abbreviation Absorption  Gas matrix Temperature [°C] Price  Pressure Literature
solvents capacity [€/kg] [atm]
[e/g]
DES Eu:OA (1:1) 0.056 model biogas (CH4 50%, CO, 30%, 10 43 1.0 This study
N, 20%)
DES Eu:0A (1:1) 0.050 model biogas (CH, 50%, CO, 30%, 25 43 1.0 This study
N, 20%)
DES LauA:DecA (1:2)  0.0035 nitrogen 30 27 n.d. (Chen
DES Lid:DecA (1:2) 0.0023 nitrogen 30 533 n.d. et al., 2021)
DES Thy:DecA (1:2) 0.0021 nitrogen 20 41 n.d.
DES TBPB:DecA (1:2)  0.00080 nitrogen 30 183 n.d.
DES DecA:OctN (1:2)  0.00068 nitrogen 30 18 n.d.
DES ChCl:Res (1:2) 0.00051 nitrogen 30 71 n.d.
IL [Bmim][NTf,] 0.22 air 20 1600 1.17 (Universite,
IL [Dmim][NTf,] 0.34 air 20 6263  1.17 2020)
IL [Emim][Ac] 0.51 n.d. 25 1180 1 (Zhang
IL [Bmim][NT£,] 0.15 n.d. 25 1600 1 et al., 2021)
IL [Bmim][Otf] 0.18 n.d. 25 1430 1
IL [Omim][PFg] 0.31 n.d. 25 7920 1
IL [Hmpy][NTf,] 0.21 n.d. 25 11860 1
IL [EMIM][BF] 0.12 synthetic air (21% O, and 79% N,) 25 1330 1 (Ramos
IL [BMIM][BE,4] 0.24 synthetic air (21% O, and 79% Ny) 25 929 1 et al., 2020)
IL [HMIM][BE,] 0.38 synthetic air (21% O, and 79% N,) 25 16800 1
IL [BMIM][1] 0.17 synthetic air (21% O, and 79% N») 25 5600 1
IL [BMIM][PF] 0.29 synthetic air (21% O, and 79% Ny) 25 2276 1
IL [BMIM][HSO4,] 0.070 synthetic air (21% O, and 79% N,) 25 1250 1
IL [BMIM][CH;COO]  0.40 synthetic air (21% O, and 79% Ny) 25 1380 1

observed that with the increase of the desorption tempera-
ture, the time of total BTEX removal was significantly shor-
tened. At 120°C, complete BTEX desorption was obtained
after 1 h. In order to confirm the BTEX absorption-desorption
capability, DES after regeneration was subjected into another
absorption process. As shown in Fig. 554, hydrophobic Eu:0A
(1:1) retains effective BTEX absorptivity at 95-97% during
even ten consecutive regeneration cycles.

The absorption-desorption efficiency was also controlled
at the structural level. Due to this the *H NMR, *C NMR and
FT-IR absorption. The results are shown in Fig. S55. In all
spectra, the signals from the BTEX that were identified in
Figure 18 have disappeared. The spectra of fresh and re-
generated DES are almost identical, which indicates that DES
does not change its structure during the desorption process.

3.9. Comparison of DES with other solvents

Currently, there are only a few studies in the literature re-
lating to the absorption of BTEX from gas. Most of the work
concerns the removal of toluene using ILs or DES. The com-
parison of DES efficiency with literature data is presented on
Table 2. The obtained data indicate that Eu:OA (1:1) is char-
acterized by higher absorption capacity of monoaromatic
hydrocarbons in comparison to other DES, but the values are
slightly lower than ILs. However, the cost of producing ab-
sorbents based on ILs is many times higher than for DES. In
addition, the ILs have many others disadvantages such as the
complicated synthesis, toxicity, and poor biodegradability.
The disadvantages of ILs limit their large-scale use in ab-
sorption processes.

4, Conclusions

Deep eutectic solvents based on monoterpenes were suc-
cessfully synthesized and applied for BTEX absorption from

the biogas stream. The most important structural and phy-
sicochemical parameters that affected absorption efficiency
were carefully studied. The obtained results indicate that
DES consists of monoterpenes and carboxylic acids that are
able to form strong hydrogen bonding and other weaker non-
covalent interaction between active groups from HBA and
HBA. The result of the interaction is the formation of stable
eutectic mixtures, with a much lower melting point com-
pared to pure ingredients, and favorable physicochemical
properties, i.e. viscosity, density, and surface tension. From
the tested DES, E:OA (1:1) is characterized by the highest
absorption capacity of compounds from the BTEX group. This
is due to the combination of its favorable physicochemical
properties and the specific structure which selectively cap-
tures monoaromatic hydrocarbons by the formation van der
Waals and m-m interactions between BTEX and DES.
Absorption capacity depends on the absorption temperature
and matrix composition. BTEX absorption capacity can vary
from 0.05 to 0.056 g/g, which is comparable to commercially
available absorbents. In addition, the low cost of DES pro-
duction, the possibility of multiple regenerations without
affecting the DES structure and without a significant reduc-
tion in the absorption efficiency, make DES an excellent
green alternative to other absorption media.

Process control and monitoring was carried out using
chromatographic techniques and self-constructed matrix of
gas sensors. The controlled parameters of the absorption
biogas treatment determined with the use of sensory tech-
niques represents a similarly high level of quality as the re-
sults obtained with the gas chromatography. Thus, it was
confirmed that real-time monitoring of absorption process is
possible and there is no need to take any samples, conduct
periodic maintenance of chromatographs and ensuring the
availability of high purity gases. In other words, the analyzes
showed that very similar or even identical results can be
obtained faster and cheaper using gas sensors array, but they
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do not allow quantitative analysis of tested samples. We
conclude that the prepared sensor array, with the use of
slight technical improvements, could be used on an in-
dustrial scale to supervise and control the ongoing process in
real time in order to automate the process analysis.
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S.1. The procedures for collecting data from sensors and gas chromatography

In the first step, of analyzing the data collected during the biogas absorption purification
process, MLR models were created to find and mathematically describe the relationships between
the gas sensor’s signals and the concentration of individual gases (carbon dioxide, methane and total
BTEX), which in this case was represented by the chromatographic peak areas. Since the process was
conducted at two different temperatures, which are 10°C and 25°C, it was decided to develop
separate models for each of these cases. This approach allowed to determine the impact of the
absorption liquid components on the obtained gas sensor signals. It was expected that the eucalyptol
emission, which was a component of the absorption liquid used, would affect the signals from the
gas sensors, particularly the PID sensor. For this reason, based on the recorded matrix response
signals six MLR models were developed: for the inlet stream (total BTEX in 10°C and total BTEX in
25°C) and outlet stream (total BTEX in 10°C and total BTEX in 25°C), one common MLR model for
carbon dioxide inlet and outlet streams and one for methane in the same configuration.

The MLR models for BTEX were developed to return the predicted total area of the
chromatographic peaks of these compounds. Correlation charts for inlet and outlet streams, showing
the accuracy of the prepared models, are presented in Figure S13.

For methane and carbon dioxide, model gas mixtures were prepared to reflect the expected
concentrations of these gases at the inlet and outlet streams of the process. The composition of the
binary gas mixtures is shown in Table S2. The gas sensor array response was recorded for each
mixture, with the analysis repeated three times. The number of gas calibration mixtures prepared
was 42. Correlation charts of MLR models prepared for methane and carbon dioxide are shown in
Figure S14.
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Figure S1 Gas sensor array experimental setup.
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Figure S5 FT-IR spectrum of pure components C-one (HBA) and OA (HBD) and DES C-one:OA (1:1).
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Figure S7 FT-IR spectrum of pure components C-one (HBA) and DA (HBD) and DES C-one:DA (1:1).
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Figure S9 (a) "H NMR and (b) *C NMR spectra of Eu:0A (1:1).
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Figure S13 (a) "H NMR and (b) >C NMR of C-one:NA (1:1).
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Figure S1 (a) *H NMR and (b) **C NMR of C-one:DA (1:1).
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Figure S16 Actual and determined total area of chromatographic peaks correlation plot for inlet stream: (a) BTEX in 10°C,
(b) BTEX in 25°C and outlet stream: (c) BTEX in 10°C, (d) BTEX in 25°C
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Figure S17 Actual and determined concentrations correlation plot for: (a) methane, (b) carbon dioxide.
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Figure S18 FT-IR spectra before and after benzene (B) absorption for Cam:0A (1:1).

A\ MOST


http://mostwiedzy.pl

Pobrano z mostwiedzy.pl

A\ MOST

Transmittance [%]

Cam:0OA

I G

3386-3006 cm* 1746 om e

1706 cm™
T
/W—

3086-3023 cm™
1603-1459 cm*
Cam:OA+T A3a=todions

f“ f_'_/—ﬂ {WNWWV\“WN”W\’
” \
3085-3024 cm* |
1743—1706{' / /
3400-3089 cm* 1611-1459 cm*

894-691 cm™

4000 3000 2000 1000

Wavenumber [cm™]

Figure S19 FT-IR spectra before and after toluene (T) absorption for Cam:0A (1:1).
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Figure S20 FT-IR spectra before and after ethylbenzene (E) absorption for Cam:0A (1:1).
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Figure S21 FT-IR spectra before and after xylene (X) absorption for Cam:0A (1:1).
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Figure S22 FT-IR spectra before and after benzene (B) absorption for Cam:DA (1:1).
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Figure S23 FT-IR spectra before and after toluene (T) absorption for Cam:DA (1:1).
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Figure S24 FT-IR spectra before and after ethylbenzene (E) absorption for Cam:DA (1:1).
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Figure S25 FT-IR spectra before and after xylene (X) absorption for Cam:DA (1:1).
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Figure S26 FT-IR spectra before and after benzene (B) absorption for C-one:OA (1:1).
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Figure S27 FT-IR spectra before and after toluene (T) absorption for C-one:OA (1:1).
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Figure S28 FT-IR spectra before and after ethylbenzene (E) absorption for C-one:OA (1:1).
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Figure S29 FT-IR spectra before and after xylene (X) absorption for C-one:0A (1:1).
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Figure S30 FT-IR spectra before and after benzene (B) absorption for C-one:NA (1:1).
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Figure S31 FT-IR spectra before and after toluene (T) absorption for C-one:NA (1:1).
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Figure S32 FT-IR spectra before and after ethylbenzene (E) absorption for C-one:NA (1:1).
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Figure S33 FT-IR spectra before and after xylene (X) absorption for C-one:NA (1:1).
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Figure S34 FT-IR spectra before and after benzene (B) absorption for C-one:DA (1:1).
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Figure S35 FT-IR spectra before and after toluene (T) absorption for C-one:DA (1:1).
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Figure S36 FT-IR spectra before and after ethylbenzene (E) absorption for C-one:DA (1:1).
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Figure S37 FT-IR spectra before and after xylene (X) absorption for C-one:DA (1:1).
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Figure S38 FT-IR spectra before and after benzene (B) absorption for C-one:LevA (1:1).
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Figure S39 FT-IR spectra before and after toluene (T) absorption for C-one:LevA (1:1).
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Figure S40 FT-IR spectra before and after ethylbenzene (E) absorption for C-one:LevA (1:1).
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Figure S41 FT-IR spectra before and after xylene (X) absorption for C-one:LevA (1:1).
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Figure S42 FT-IR spectra before and after benzene (B) absorption for Eu:OA (1:1).
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Figure S43 FT-IR spectra before and after toluene (T) absorption for Eu:0A (1:1).

Eu:0A
& 3431-3014 cm* /
8 1711 cm?
% E
= =
T Ty
< e 1601-1458 cm*
|: Eu :OA 3 E\ 904-694 cm*
AT e
/ 1708 cm* / (
3084-3017 cm* . /
3517-3103 cm 1603-1458 cm 839-694 cm*
4000 3000 2000 1000

Wavenumber [cm™]

Figure S44 FT-IR spectra before and after ethylbenzene (E) absorption for Eu:0A (1:1).
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Figure S45 FT-IR spectra before and after xylene (X) absorption for Eu:0A (1:1).
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Figure S46 FT-IR spectra before and after benzene (B) absorption for G1843.
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Figure S47 FT-IR spectra before and after toluene (T) absorption for G1843.
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Figure S48 FT-IR spectra before and after ethylbenzene (E) absorption for G1843.
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Figure S49 FT-IR spectra before and after xylene (X) absorption for G1843.
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Figure S50 (a) "H NMR, (b) BC NMR spectra of Eu:0OA (1:1) and Genosorb before and after BTEX absorption.
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Figure S52 Volumetric flow rates of: (a) methane and carbon dioxide in 10°C; (b) methane and carbon dioxide in 25°C; (c)
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Figure 53. Actual and determined concentrations correlation plot for: (a) methane, (b) carbon dioxide
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Figure $54 Absorption (10 °C) and desorption (120 °C) cycles of BTEX (initial concentration 2000 mg/m3) in Eu:0A (1:1).
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Figure S55 The fresh (black line) and regenerated (blue line) spectra for Eu: OA (1:1) was presented on (a) H NMR, (b) 3¢
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Table S1. Basic characteristics of the sensors used.

Sensor Type Model Target Gas
Photo lonisation Detector PID-A12 VOCs with ionisation potentials <10.6 eV
Nondispersive Infrared Sensor NDIR CO22112BC4-V Carbon dioxide
Nondispersive Infrared Sensor NDIR CH4 2112BM4-V Methane
Temperature and Humidity Sensor SHT25 -

Table S2 Chemical shift values from the "H NMR and *C NMR spectra for Eu:OA (1:1).

'HNMR
HBA DES HBD DES
atom 6 (ppm) atom 6 (ppm) atom 8 (ppm) atom 8 (ppm)
H1 2.02 H1 2.19 H1 11.60 H1 11.03
H2 1.66 H2 1.57 H2 2.34 H2 1.90
H3 1.51 H3 1.50 H3 1.63 H3 1.17
H4 1.41 H4 1.37 H4 1.29 H4 1.13
H5 1.24 H5 1.28 H5 0.88 H5 0.76
H6 1.05 H6 0.93
3CNMR

C1 73.62 Cl 73.98 Cl 180.81 Cl 178.70
Cc2 69.77 C2 70.13 C2 34.26 C2 33.94
C3 33.00 C3 32.88 C3 31.76 C3 31.53
C4 31.57 C4 31.30 C4 29.15 C4 28.92
Cc5 28.92 C5 28.51 C5 29.04 C5 28.82
C6 27.61 C6 27.10 C6 24.80 C6 24.60
c7 22.90 Cc7 22.62 Cc7 22.71 Cc7 22.45

C8 14.09 C8 13.85

Table S3 Composition of prepared gas mixtures.
Chemical compound Concentration
CH,4 0, 30, 40, 45, 50, 60, 70 % v/v
CO, 0, 20, 25, 30,40, 45 % v/v

Table S4 Chemical shift values from "H NMR and *C NMR spectra from individual DES and genosorb components before
and after the BTEX absorption process.

*H NMR
HBA HBD
DES DES + BTEX DES DES + BTEX
atom 5 (ppm) atom 6 (ppm) atom 6 (ppm) atom & (ppm)
H1 2.19 H1 2.49 H1 11.03 H1 11.51
H2 1.57 H2 1.88 H2 1.90 H2 2.21
H3 1.50 H3 1.81 H3 1.17 H3 1.49
H4 1.37 H4 1.66 H4 1.13 H4 1.46
H5 1.28 H5 1.57 H5 0.76 H5 1.10
H6 0.93 H6 1.27
BCNMR
C1 73.98 C1 74.20 C1 178.70 C1 179.60
C2 70.13 Cc2 70.30 C2 33.94 C2 34.29
c3 32.88 c3 33.22 c3 31.53 c3 31.88
ca 31.30 ca 31.65 ca 28.92 ca 29.24
C5 28.51 Cc5 28.92 C5 28.82 C5 29.14
C6 27.10 C6 27.56 C6 24.60 C6 24.93
c7 22.62 Cc7 23.00 c7 22.45 c7 22.83
Cc8 13.85 Cc8 14.24
Genosorb
'H NMR BCNMR
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pure + BTEX pure + BTEX
atom 6 (ppm) atom 6 (ppm) atom 6 (ppm) atom 6 (ppm)
H1 3,41 H1 3,77 Cl 70,79 Cl 71,22
H2 3,39 H2 3,75 c2 70,41 [ 70,78
H3 3,38 H3 3,74 c3 70,39 c3 70,77
H4 3,34 H4 3,69 C4 69,90 C4 70,26
H5 3,33 H5 3,68 C5 31,54 C5 31,95
H6 3,21 H6 3,57 c6 19,05 c6 19,47
H7 1,32 H7 1,70 c7 13,63 c7 14,05
H8 1,14 H8 1,51
H9 0,68 H9 1,06
Table S5. Equation of prepared models and their coefficients of determination
Compound INLET STREAM OUTLET STREAM
10°C 3.5370-10° S, + 1.9213 - 10* R? =0.9878 9.6980 - 10*-S; —3.7941- 103 R? =0.9948
BTEX
25°C 3.0930-105-S; +1.3290- 10* R? = 0.9629 1,1051-105- 5, —9.7848 - 10* R? = 0.9882
CO, 68.0586 S, —2.7196 - S; — 25.2984 R? =0.9929
CH, —7.0974-S, + 65.1165 - S; —21.4818 R? =0.9976
S1—signal from PID sensor, S, — signal from CO, sensor, S; — signal from CH,4 sensor,
Table S6. RMSE determined for absorptivity parameter
Compound RMSE in 10°C RMSE in 25°C
Methane 0.028
Carbon dioxide 0.039
BTEX 0.067
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(stopieri/tytut, imie i nazwisko)
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OSWIADCZENIE WSPOLAUTORA

Jako wspodtautor pracy:.. “Green monoterpenes based deep eutectic solvents for effective BTEX
absorption from biogas” oswiadczam, ie moj witasny wkiad polegat na konceptualizacji, metodologii,
prowadzeniu  badan, wizualizacji, nadzorowaniu badan, przygotowaniu oryginalnego manuskryptu,
przygotowaniu recenzji i redakcji ostatecznej wersji manuskryptu oraz finansowaniu.

Jednoczesnie wyraizam zgode na przediozenie ww. pracy przez mgr inz. Edyte Stupek jako czes¢
rozprawy  doktorskiej w formie spojnego  tematycznie zbioru artykutéw  opublikowanych
w czasopismach naukowych.

Oswiadczam, ze samodzielna i moiliwa do wyodrebnienia czes¢ ww. pracy wykazuje indywidualny
wktad mgr inz. Edyty Stupek polegajacy na: konceptualizacji, prowadzeniu badan, wizualizacji oraz
przygotowaniu oryginalnego manuskryptu.

"R Mokeon - Cner skoco fea

(podpis wspotautora)

Gdansk, dnia 19.05.2023

mgr inz. Aleksandra Kramarz

(stopien/tytut, imie i nazwisko)

Politechnika Gdanska

(Afiliacja)
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from biogas” oswiadczam, ze moj wlasny wkiad polegat na prowadzeniu badain oraz przygotowaniu
oryginalnego manuskryptu.

Jednoczesnie wyraiam zgode na przediozenie ww. pracy przez mgr ini. Edyte Stupek jako czesé
rozprawy  doktorskiej w formie spéjnego tematycznie zbioru  artykutéw  opublikowanych
w czasopismach naukowych.

Oéwiatdezam, ze samodzielna | moiliwa do wyorebnienia czeé¢ ww. pracy wykazuje indywidualny
wktad mgr inZ. Edyty Slupek polegajacy na: konceptualizacji, prowadzeniu badan, wizualizacji oraz
przygotowaniu oryginalnego manuskryptu.
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Jednoczesnie wyrazam zgode na przedfozenie ww. pracy przez mgr inz. Edyte Stupek jako czesé
rozprawy doktorskiej w formie spdjnego  tematycznie  zbioru  artykutdow  opublikowanych
w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje indywidualny
wktad mgr inz. Edyty Stupek polegajacy na: konceptualizacji, prowadzeniu badan, wizualizacji oraz
przygotowaniu oryginalnego manuskryptu.
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Jednoczesnie wyrazam zgode na przedtozenie ww. pracy przez mgr inz. Edyte Stupek jako czesc
rozprawy  doktorskiej w formie spdjnego tematycznie zbioru  artykutdw  opublikowanych
w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje indywidualny
wkiad mgr inz Edyty Stupek polegajacy na: konceptualizacji, prowadzeniu badan, wizualizacji oraz
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Nowadays, biogas produced from landfills and wastewater treatment plants or lignocellulosic biomass is
important sustainable and affordable source of energy. Impurities from biogas stream can cause a serious
odor problem, especially for residents of areas immediately adjacent to production plants. Therefore, biogas
pre-treatment is necessary to protect engines that convert biogas into energy and in order to increase the
specific heat. Currently, there are many well-known methods of purifying biogas streams i.e. physical and
chemical absorption, adsorption, membrane separation, cryogenic separation, pressure swing adsorption,
advanced oxidation processes and biological separation. Among these technologies, methods based on the
use of physical absorption show a high efficiency of the impurities removal from the gas phase using
appropriately selected absorbents. In the presented study the purification of model biogas mixtures
contaminated with cyclohexane, toluene, propionaldehyde, 1-butanol and dimethyl disuflide. Three absorbents
were used in the research: hexadecane and two deep eutectic solvents: choline chloride with urea in 1:2
molar ratio and camphor with guaiacol in 1:1 molar ratio. For process efficiency monitoring the electronic nose
was used. The obtained results were compared with gas chromatography analysis.

1. Introduction

Currently, biogas is considered to be modern form of bioenergy, which an alternative to conventional energy
carriers, i.e.: coal, crude oil or natural gas. Waste products from various industries and agriculture (agri-food
and animal waste) are increasingly used for biogas production. This is consistent with the theory of
sustainable development and “green” technologies. However, biogas produced from waste materials contains
(apart from the basic ingredients i.e. CHs and CO;), numerous compounds that can be classified as
problematic impurities, i.e.. ammonia, hydrogen sulfide, organosulfur compounds, siloxanes, aromatic and
aliphatic hydrocarbons, halogenated and other volatile organic compounds (VOCs) (Andres et al., 2019).
These impurities can cause a serious odor problem, especially for residents of areas immediately adjacent to
production plants as well as can have environmental impacts i.e. stratospheric ozone depletion, the
greenhouse effect, and effect damage to power equipment. Therefore, biogas pre-treatment is necessary to
protect engines that convert biogas into energy and in order to increase the specific heat. There are many
technologies to remove impurities from biogas that differ in functioning. Biogas purification methods include
physical and chemical absorption, adsorption, pressure swing adsorption, membrane separation, cryogenic
separation, and biological separation (Sun et al., 2019; Allegue and Hinge, 2014). The absorption process
(also known as scrubbing) consists of transferring contaminants from a gas phase to a liquid phase
(absorbent). This technique can select the absorbent so that it meets the designated criteria i.e. high
absorption capacity of impurity, high-boiling and low vapor pressure, low viscosity and a high diffusion
coefficient, safety and no toxicity, and a low cost. In addition, the development of sustainable absorbents
represents one of the main challenges of “green” chemistry (Abbott et al., 2003).

Until newly, the research has been focused on lonic Liquids (ILs) as an absorption material due to their unique
properties. Recently, Deep Eutectic Solvents (DESs) have been introduced as a green alternative to ILs, due
to their environmental-friendly composition, simple synthesis, low cost, and biodegradability. The literature has
reported stable DESs based on natural compounds, particularly primary metabolites, such as organic acids,
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polyphenols, amino acids, terpenes, and sugars (Mako$ et al, 2018). Liquid DESs are obtained by the
complexation of a hydrogen bond acceptor (HBA) with a hydrogen bond donor (HBD). The hydrogen bonding
and electrostatic interactions are responsible for the decrease in the melting point of the mixture relative to the
melting points of the raw materials. The physicochemical properties of the DESs (i.e.: viscosity, density,
melting points or thermal stability) depend on the chemical nature of components and on their intermolecular
interactions (Xin et al., 2017). Moreover, by appropriate selection of the components for the synthesis of DES
it is possible to create a "perfect" absorbent which will allow selective removal impurities from a complex
matrix i.e. biogas. Till now, DES have been successfully used to remove CO;, H2O, H.S, NH3; from biogas
(Aissaoui et al., 2016). However, only a small number of works describe the use of DESs to removal of VOCs
from biogas streams (Stupek et al., 2020).

In order to control the biogas purification process, mainly gas chromatography technique (GC) with selective
and universal detectors is used. However, the use of GC in "off-line" or "in-line" mode results in a long delay
in the results obtained, which prevents immediate correction of the fermentation broth composition, which
does not allow improvement the efficiency of biogas production. Therefore, the “on-line” control system is
necessary. This possibility is provided by the use of electronic noses.

Electronic noses, which are analogues of the sense of smell, allow them to be used in many fields of science
and industry, such as: medical diagnostics, environmental protection, food and chemical industry or
criminology. Electronic noses allow complete analysis of the gas mixture composition, without the need to
separate and identify its individual components. Compared to other techniques used to analyze gas mixtures
such as gas chromatography, electronic noses have additional advantages: shorter analysis time and lower
price of the device. They enable independent operation in the on-line mode (Szulczynski et al., 2018).

The paper presents application of simple electronic nose for the control of odorous volatile organic compounds
i.e. cyclohexane, 1-butanol, toluene, dimethyl disulphide and propionaldehyde removal from model biogas
stream composed of methane and carbon dioxide. For biogas purification, hexadecane, ionic and non-ionic
deep eutectic solvents composed of natural non-toxic components i.e. camphor, guaiacol, urea, choline
chloride were used as new absorbents.

2. Experimental
2.1 Synthesis od DESs

DESs were synthesized by mixing two components choline chloride (ChCl) with urea (U) in 1:2 molar ratio and
Camphor (C) with Guaiacol (Gu) in 1:1 molar ratio, at 70°C for 30 min using magnetic stirrer until
homogeneous liquid were received. In the studies, reagents i.e. choline chloride (ChCI) (purity = 99%),
tcamphor (C) (purity =2 95%), urea (U) (purity = 98%), guaiacol (purity = 98%) (Sigma-Aldrich, USA) were
used. The liquid DESs forms were obtained due to the formation of hydrogen bonds between -NH groups in U
and chlorine anion in ChCl (Figure 1A) and between the -OH group in guaiacol and =O group in camphor

(Figure 1B).
B)

Ch* U

u

Figure 1: Molecular structures of DESs A) ChCI:U (1:2), and B) C:Gu (1:1)
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2.2 Electronic nose development

In the presented study two models of chemical sensors were chosen for electronic nose application. They are
commercially available metal oxide semiconductor sensors (MOS) manufactured by Figaro: TGS2600 and
TGS2611. The selection of presented sensors models was caused by their high sensitivity values for volatile
organic compounds, low cost, long life time and ease in signal processing.

The presented studies used qualitative analysis methods to assess the effectiveness of biogas deodorization.
Points corresponding to relevant biogas samples projection onto a two-dimensional plane created by the
values of the sensors used. The tests were carried out for pure biogas (methane and carbon dioxide mixture),
as well as before and after the absorption process. This approach allows you to quickly analyze the
performance of the biogas purification process.

2.3 Gas chromatography analysis

In order to be able to perform the analysis reliably, it was necessary to determine the exact concentrations of
odorous substances in the biogas stream. For this purpose, gas chromatography combined with flame
ionization detector (GC-FID) was used. In presented research Varian CP-3800 gas chromatograph was used
equipped with DB-WAX column 30 m x 0.53 mm x 1 ym. The method parameters are presented in Table 1.

Table 1: Gas chromatography method parameters.

Parameter Value

Carrier gas Nitrogen

Column flow 1.5 cm® min™

Split ratio 1

Oven temperature 100°C (isothermal)
Sample volume 0.5cm®

The calibration for concentration determination of every odorous volatile organic compound were performed.
An example chromatogram for a sample of contaminated biogas is shown in the Figure 2.
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Figure 2: An example of chromatogram of impure biogas sample.

2.4 Experimental setup

The tests were carried out for three absorbents: hexadecane and two deep eutectic solvents: C:Gu (1:1),
ChCl:U (1:2). The model impure biogas were prepared in Tedlar bags. the composition of the model gas was
as follows: 75% methane and 25% carbon dioxide. The contaminants concentrations were equal to 16 ppm.
The composition of the tested mixtures is presented in Table 2. The experimental setup is presented in Figure
3.
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AIR DILLUTION LINE ELECTRONIC
NOSE

MEMBRANE PUMP

TEDLAR
BAG

WITH -

MODEL
IMPURE
BIOGAS

MEMBRANE PUMP

GC SAMPLING PORT
GC SAMPLING PORT

ABSORBENT

Figure 3: The schematic of the experimental setup.

The contaminated biogas flows through a vial filled with absorption liquid. At the inlet and outlet of the vial the
gas samples were collected and analyzed using electronic nose and gas chromatography throughout the
whole process. The recorded sensor signals were saved on the computer using the Simex SlAi-8 analog-to-
digital converter. Analyzed sample was sucked by the pump and flowed through the e-nose system to the
measurement chamber at a constant flow rate of 300 cm® min”'. Due to high methane concentrations, the
sample is diluted with air before entering the measuring chamber. The oxygen is necessary for the correct
operation of sensors installed in the chamber. The electronic nose operated in stop-flow mode: the sample
flow time through the chamber was 60 seconds, while the stop time was 30 seconds.

The sensors signal values recorded for a sample after absorption were transferred to the two-dimensional
space. The purification efficiency (PE) were calculated using the formula:

a
PEe_nose = b 100% (1)

Where: a — geometrical distance between point representing process sample and point representing impure
biogas sample, b - geometrical distance between representing pure and impure biogas sample (Figure 4).

A

impure biogas sample

TG52611 SIGNAL

pure biogas sample

=

TG52600 SIGNAL

Figure 4: Purification efficiency determination using electronic nose (geometrical representation).

Every process sample were analyzed using gas chromatography. In this case, The purification efficiency were
calculated using the formula:

YA
PE;. = <1 - Z_A?> 100% (2)

where: XA — the sum of peaks area determined for all compounds in the process sample, $A? - the sum of
peaks area determined for all compounds in the impure biogas sample.
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3. Results and discussion

Model impure biogas mixtures composition and purification efficiency of its absorption process (using
electronic nose and gas chromatography) in three absorbents is presented in the Table 2. Graphical
representation of purification efficiency determined using electronic nose for three absorbents is presented in
Figure 5.

ChCl:U (1:2) T C:Gu (1:1)
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- % 4@ impure biogas sample
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Figure 5: Results of purification efficiency determination using electronic nose (graphical representation).

Table 2: Tested mixtures composition and their purification efficiency in absorption process.

Mixture Concentration in the mixture [ppm] hexadecane C:Gu (1:1) ChCIl:U (1:2)
number cyclohexane DMDS toluene 1-butanol propionaldehyde PEenosePEcc PEenosePEcc PEenosePEcc
1 16 0 0 0 0 433 424 669 676 58.0 55.1
2 16 0 0 0 0 40.8 440 647 589 553 536
3 16 0 0 0 0 274 296 56.6 48.7 449 404
4 0 16 0 0 0 251 491 434 654 263 583
5 0 16 0 0 0 279 479 392 699 309 603
6 0 16 0 0 0 259 445 375 573 288 517
7 0 0 16 0 0 71.7 652 833 725 788 74.1
8 0 0 16 0 0 746 678 850 89.3 810 729
9 0 0 16 0 0 60.0 618 76.2 755 699 685
10 0 0 0 16 0 39.0 339 638 619 541 524
11 0 0 0 16 0 35,0 333 61.0 696 506 56.7
12 0 0 0 16 0 30.2 293 57.8 514 465 41.8
13 0 0 0 0 16 50.6 516 708 70.1 63.0 66.8
14 0 0 0 0 16 50.0 445 706 776 626 557
15 0 0 0 0 16 486 520 69.6 682 614 522
16 16 16 16 16 16 205 201 291 314 53 49
17 16 16 16 16 16 195 201 258 26.1 8.8 8.1
18 16 16 16 16 16 183 204 219 242 79 838
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Analyzing the obtained results the value of the purification efficiency determined by means of electronic nose
and gas chromatography should note that the results obtained from the electronic nose do not differ
significantly from the values determined by the reference method (gas chromatography). Only for dimethyl
disulfide, the electronic nose significantly deviates from the reference values. This is due to the very low
sensitivity values for dimethyl disulfide of both sensors used for this substance. For this reason, the disulfide
signals are much lower and the PE estimation error is higher. Presented results show that deep eutectic
solvent - Camphor (C) with Guaiacol (Gu) in 1:1 molar ratio has the highest values of purification efficiency for
purification model biogas of single volatile organic compounds and their mixture.

4. Conclusions

The research presents application of simple electronic nose for the process performance control of odorous
volatile organic compounds i.e. cyclohexane, 1-butanol, toluene, dimethyl disulfide and propionaldehyde
removal from model biogas stream composed of methane and carbon dioxide. The results obtained using an
electronic nose are slightly different from the results obtained using gas chromatography. This shows that
electronic noses can be successfully use to monitor the biogas purification process by absorption. They are
significantly cheaper than chromatographs, they enable much shorter time of single analysis and easy
possibility of automation. As part of the research, the usefulness of deep eutectic solvents (DES) as a green
alternative to ionic liquids for biogas purification, due to their environmental-friendly composition, simple
synthesis, low cost, and biodegradability has also been demonstrated. The study shows that the deep eutectic
solvent consisting of Camphor (C) with Guaiacol (Gu) in 1:1 molar ratio proved to be the best choice for
biogas purification from cyclohexane, dimethyl disulfide, 1-butanol, propionaldehyde and toluene.
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Abstract: This paper presents the theoretical screening of 23 low-cost deep eutectic solvents (DESs)
as absorbents for effective removal of the main impurities from biogas streams using a conductor-like
screening model for real solvents (COSMO-RS). Based on thermodynamic parameters, i.e., the activity
coefficient, excess enthalpy, and Henry’s constant, two DESs composed of choline chloride: urea in
a 1:2 molar ratio (ChCL:U 1:2), and choline chloride: oxalic acid in a 1:2 molar ratio (ChCl:OA 1:2)
were selected as the most effective absorbents. The o-profile and o-potential were used in order to
explain the mechanism of the absorptive removal of CO,, H,S, and siloxanes from a biogas stream.
In addition, an economic analysis was prepared to demonstrate the competitiveness of new DESs in
the sorbents market. The unit cost of 1 m> of pure bio-methane was estimated to be in the range of
0.35-0.37 EUR, which is comparable to currently used technologies.

Keywords: biogas; deep eutectic solvents; upgrading; absorption; COSMO-RS; economic analysis

1. Introduction

Due to European Union (EU) energy policies to promote the utilization of renewable resources, there
has been a significant increase in biogas plants and the level of biogas production [1,2]. The number of
biogas plant installations and the amount of produced bio-methane in recent years is presented in detail
in Figure 1. Biogas can be produced by anaerobic digestion from different waste materials (i.e., manure
and food residue, wastewater sludge, or industrial by-products) or landfill gas. Biogas mainly consists
of methane (50-70%) and contaminants including carbon dioxide, water, nitrogen, oxygen, hydrogen
sulfide, ammonia, and numerous organic compounds (i.e., siloxanes) [3-5]. The presence of these
contaminants prevents the use of biogas as an alternative transport fuel or natural gas substitute. Among
the biogas impurities, carbon dioxide, hydrogen sulfide and siloxanes are the most problematic [6,7].

Carbon dioxide is present in high concentrations in biogas and it acts as a ballast; this significantly
reduces the quality of biogas because it reduces the caloric power of biogas in proportion to its
concentration. Biogas should contain more than 90% pure methane, depending on its further
application. During the biogas combustion process, hydrogen sulfide reacts with water, forming
sulfuric acid, which corrodes the surface in the combustion chamber [8], while the siloxanes are
converted into silicon dioxide (5iO;), which can be deposited into the cylinder, impeller, valves, piston
rings, liners, spark plugs, and turbochargers. Accumulation of hard deposits of SiO, reduces the life
span of the turbines and engine efficiency, which results in detonation in the combustion chambers
and an increase in the exhaust gas emissions due to unburned fuel. This also results in higher plant
maintenance costs. In addition, the presence of certain groups of trace compounds in biogas can cause
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the emission of toxic by-products into the atmosphere. The occurrence of these contaminants is a major
barrier to the use of biogas as a renewable energy source.
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Figure 1. Number of biogas plants and bio-methane production from 2012 to 2020 in the European
Union (bem—billion cubic meters; 2019* and 2020* are estimated values).

Currently, there are several technologies for removing CO,, H,S, and siloxanes from biogas
including adsorption, refrigeration with condensation, membrane technologies, biological methods,
and absorption [9-13]. Among these technologies, physical absorption is one of the most popular. This
process consists of transferring contaminants from a gas phase to an absorbent. Different types of
absorbents such as water, organic compounds, and oils are used [14-16]. However, there are a few
disadvantages associated with conventional organic absorbents, which can lead to equipment corrosion
and harmful effects on the environment. Therefore, in the past decade, ionic liquids (ILs) have been
proposed as a potential alternative for conventional absorbents for CO, [17-20] and H,S [17,21-23]
removal from different type of gas streams. Despite the attractive physicochemical properties of ILs (i.e.,
good thermal stability, non-volatile properties, and high absorption capacity [24,25]), they not found
practical industrial application due to their high viscosity, potential toxicity, high cost and complicated
synthesis processes [26]. Due to the limitations of both conventional solvents and ILs, alternative
solutions are still in demand. Nowadays, one of the most promising group of green absorbents is deep
eutectic solvents (DESs). DESs are synthesized by the direct mixing of two ingredients—hydrogen
bond acceptor (HBA) with a hydrogen bond donor (HBD). DES mixtures are characterized by a lower
melting point compared to the individual components [27]. In addition, DESs are characterized by
specific physicochemical properties such as their non-volatility, non-flammability, high absorption
capacity, non-toxic character, and high thermal stability [28,29]. A comparison of the properties of DES
with other absorbents is presented in Table 1.
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Table 1. Comparison of physicochemical properties of absorbents [28-37].
Properties Water Organic Amine ILs DESs
The synthesis No No l\s/;ﬁg::;ff Easy
Applicability Single function Single function Multifunction Multifunction
Tunability No No High High
. Tunable, but Tunable, but
Thermal stability Low Low generally high generally high
Higher than other
Boiling Points 100 °C 111-350 °C >250 °C solvents
(214-1774 °C)
Env1r9nmentally Yes No Not all Yes
friendly
Often increase -
Toxicity No Yes toxicity for aquatic Acceptabl.e toxicity
profiles
systems
Corrosive nature High High Low Low
Biodegradability Readily Readily Difficult Readily
Tunable, but Tunable, but
Density Low Medium generally higher generally lower
than other solvents than ILs
Tunable, but Tunable, but
Viscosity Low Medium generally higher generally lower
than other solvents than ILs
Generally lower
Surface tension High Low .than water and . Low
higher than organic
amine
Vapor pressure High High Low Low
Flammability No Yes No No
Nature Neutral Basic Basic/neutral/acid Basic/neutral/acid
Type of absorption Physical Chemical/Physical Physical Physical
Absorp.t on Medium Medium High High
capacity
Biodegradable Yes No Poor Yes
Cost Low Moderate High Low

Because of their unique properties, DESs are now successfully used as extractants [38—41] and
absorption solvents [42—46] for the purification of gas and liquid streams [46—-49]. Of the available
DESs, solvents composed of quaternary ammonium salts are considered to be the most promising
absorbents. DESs can also be synthesized from natural compounds, which makes them so-called
“green solvents” due to the lack of or very low toxicity and their biodegradability [50]. Due to the
high thermal stability of DESs, they can be regenerated repeatedly without loss of absorption capacity
and the regeneration step requires less energy compared to other popular absorbents. Hence, the use
of DESs as absorption solvents in the biogas upgrading process are considered as environmentally
friendly technologies for the production of green bio-energy.

The application of upgraded biogas for the production of energy is considered as one of the most
efficient methods for reducing greenhouse gas emissions to the atmosphere. For this reason, 23 deep
eutectic solvents composed of quaternary ammonium salts and low-cost organic components were
examined as potential absorbents for the removal of siloxanes, CO,, and H;S from a model biogas
stream. A conductor-like screening model for real solvents (COSMO-RS) was used for the pre-selection
of DESs. The selection of DESs with the highest dissolution potential for all impurities was made
on the basis of the activity coefficient, excess enthalpy, and Henry’s constant values. The absorption
mechanism for the removal of the main impurities (CO,, HS, siloxanes) was explained based on
o-profiles and o-potential analysis. In addition, an economic analysis of the biogas upgrading processes
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was prepared. To the best of our knowledge, this is the first economic analysis report dedicated to
biogas upgrading processes that use DESs.

2. Materials and Methods
2.1. Procedures

2.1.1. Computational Studies

In this investigation, COSMO-RS calculations were carried out using ADF COSMO-RS software
(SCM, Netherlands). The geometry optimization of all DESs were performed using the continuum
solvation COSMO model at the BVP86/TZVP level of theory. This level of theory was selected due to
proven high efficiency and low computational costs [51]. The list of 23 DESs is presented in Table 2.
The main thermodynamic parameters, i.e., the activity coefficient, excess enthalpy, and Henry’s constant
were calculated based on previous studies [52,53]. The parameters were determined for model biogas
composed of 64.9% of CHy, 31% of COy, 3% of H,O and 1.04 of H,S, and 0.02% of hexamethyldisiloxane
(L2), octamethyltrisiloxane (L3), and octamethylcyclotetrasiloxaan (D4), which represents the typical
composition of biogas from wastewater treatment plants and landfills [8,54].

Table 2. List of deep eutectic solvents (DESs) used for the conductor-like screening model for real
solvents (COSMO-RS) calculation.

No. HBA HBD HBA:HBD Molar Ratio Abbreviation
1 Choline chloride ethylene glycol 1:3 ChCLEG (1:3)
2 Choline chloride glycerol 1:3 ChClL:Gly (1:3)
3 Choline chloride levulinic acid 1:3 ChCl:Lev (1:3)
4 Choline chloride lactic acid 1:2 ChCIL:LA (1:2)
5 Choline chloride butyric acid 1:2 ChCl:Bu (1:2)
6 Choline chloride phenol 1:2 ChCL:Ph (1:2)
7 Choline chloride urea 1:2 ChCL:U (1:2)

8 Choline chloride diethylene glycol 1:2 ChCL:DEG (1:2)
9 Choline chloride oxalic acid 1:2 ChCLOA (1:2)
10 Choline chloride methacrylic acid 1:2 ChCI:MthA (1:2)
11 Choline chloride propylene glycol 1:2 ChCLPG (1:2)
12 Tetrabutylammonium chloride ethylene glycol 1:3 TBACLEG (1:3)
13 Tetrabutylammonium chloride glycerol 1:3 TBACLGly (1:3)
14 Tetrabutylammonium chloride levulinic acid 1:3 TBACI:Lev (1:3)
15 Tetrabutylammonium chloride lactic acid 1:2 TBACILLA (1:2)
16 Tetrabutylammonium chloride butyric acid 1:2 TBACIL:Bu (1:2)
17 Tetrabutylammonium chloride phenol 1:2 TBACLPh (1:2)
18 Tetrapropylammonium bromide ethylene glycol 1:3 TEABr:EG (1:3)
19 Tetrapropylammonium bromide glycerol 1:3 TEABr:Gly (1:3)
20 Tetrapropylammonium bromide levulinic acid 1:3 TEABr:Lev (1:3)
21 Tetrapropylammonium bromide lactic acid 1:2 TEABr:LA (1:2)
22 Tetrapropylammonium bromide butyric acid 1:2 TEABr:Bu (1:2)
23 Tetrapropylammonium bromide phenol 1:2 TBABr:Ph (1:2)

Henry’s constant (Kp) was applied to systems in thermodynamic equilibrium. The Ky links the
solubility of solute impurities (i) to its partial pressure above the mixture (p:,mp ). Kiy was calculated
using Equation (1).

1
Kg = —5 (1)
YiP;
where y; is the infinite dilute activity coefficient of impurities (i), and pfﬂp is the vapor pressure of
impurities (7).
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The activity coefficient was calculated using Equation (2) and Equation (3).

In(y;) = T (2)

where ‘uf is the chemical potential of pure impurities (i), y{ is the chemical potential of impurities in
the liquid phase, T is the temperature (K), and the universal gas constant R = 8.314 J/mol.
The excess enthalpy of mixtures H® (kJ/mol) was calculated based on Gibbs-Helmholtz using

Equation (3).
AT)

E_ _q2
HE = T—&T 3)

where T is the temperature (K), and GE is the excess Gibbs free energy (kJ/mol).

2.1.2. Biogas Upgrading Technology Description

The scheme for the biogas upgrading technology described in this paper is presented in Figure 2.
The physicochemical properties of DESs are similar to the most commonly used absorbents (i.e., amine
or water), therefore, DESs can be applied in existing and currently used absorption installations.
In order to better compare the benefits of DESs application in the absorption process, the size of
the installations (absorption and desorption column, compressor, pump, blower, dryer, and heat
exchangers) and the process streams (inlet biogas stream 813 m3/h and inlet air stream 403 m3/h) was
adopted from previous studies [55,56].

Contaminated
guided gasis to
Dryer 2 Biomethane recovery units
Comp U
Absorber Stripper Cool
o
Blower1 fresh Heat
Biogas k3 ich clean
ric DES
Dryer1 DES
Blower 2
Pump 1 Air =) - Pump 2
HE .y —
Energy Energy

Figure 2. Scheme for the biogas upgrading technology [55,56].

In the first stage, biogas stream is introduced into Dryer 1. Then, the biogas is passed directly
to the heat exchanger, after which biogas is directed into the bottom part of the absorber (813 m?/h),
which operates at a temperature of 20 °C, and pressure of 100 kPa. The biogas stream is introduced at
the bottom of the absorber. The DES is introduced at the top of the column. The biogas and DES move
through a counter-flow scrubbing column. In the column, the biogas comes into contact with a DES to
dissolve the main impurities (L2, L3, D4, CO,, and H,S). This is a process of mass transfer of pollutants
from the biogas phase to the liquid DES phase. The upgraded bio-methane is downloaded from the
top of the absorber, drained again (Dryer 2), and compressed. The obtained renewable bio-methane
can be directly injected into the distribution gas grid at 700 kPa. The biogas purification system also
contains the stripper column, which is operated under a temperature of 115-125 °C and pressure of
140-170 kPa. Saturated DES from the absorption column is directed into the stripper column where
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DES is purged with an inlet air stream (403 m3/h). Most of the impurities (L2, L3, D4, CO,, and H;S)
are liberated into a concentrated air stream that exits at the top of the stripper column. The impurities
stream is directed to the H,S, CO,, L2, L3, and D4 recovery system. The regenerated DES is cooled and
returned to the absorber column.

2.1.3. Cost and Economic Analysis

The cost simulations included an estimation of the total annual cost (TAC) of the biogas upgrading
process. TAC included the annual capital investment cost (ACIC), and the annual operation and
maintenance cost (OC and MC).

The ACIC was estimated based on the method of Scholz et al. [57] according to Equation (4).

i(1+1)"

ACIC = TCIC——+-"—
(1+i)"-1

@)
where ACIC is the annual capital investment cost, TCIC is the total capital investment cost, i is the
interest rate (9%), and n is the depreciation period (15 years).

The TCIC was mainly estimated as the percentage value of the equipment cost (EC) [55]. The EC
was estimated by Guthrie’s method [58], according to Equation (5).

EC = PEC (fup + fuu = 1) (5)

where EC is the equipment cost, PEC is the bare purchased equipment cost, f;, the material and pressure
correction factor, and f;, is the module factor, which depends on the size equipment. The values of
fmp and f, were adopted according to the procedure proposed by Scholz et al. [57]. The EC of the
absorption column, stripper column, blowers, pumps, compressors, and heat exchangers was adopted
from other studies [56]. The list of basic parameters for maintenance and operation cost, which consist
of operating supply cost, research, and development (R&D) costs, personnel labor cost, utility costs
(i.e., electricity cost for heating and cooling, absorbent exchange cost) is presented in Table 3.

Table 3. Parameters for operation costs.

Parameter Units Costs Ref.
Electricity EUR/kWh 0.1 [59]
Heat EUR/kWh  0.046 [57]
Personnel EUR/h 38.88 [56]
Choline chloride EUR/t 4550 [60]
Urea EUR/ 218.4 [61]
Oxalic acid EUR/t 455 [62]

The last step of the cost analysis was the estimation of the risk and economic benefits of the
project. The financial assessment of the investment was carried out on the basis of the expected energy
production, and total costs of the plant. The unit cost (UC) of 1 m® biogas purification was calculated
according to Equation (6) [63].

(TEC) + ((TCIC *i) + TAC)

uc = 1PB (6)

where UC is the unit cost of 1 m® bio-methane, i is the interest rate (9%),  is the depreciation period
(15 years), APB is the annual production of bio-methane [m3], and TAC is the total annual cost.
The annual amount of cubic meters of upgraded biogas stream was determined according to
Equation (7).
APB = BF-% CHy- ML (7)
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where BF is the biogas flow, % CHj is the percentage of methane in biogas, and ML is the methane loss.
3. Results and Discussion

3.1. COSMO-RS Prediction—Pre-Selection of DESs

The preselection of DESs that are characterized by high solubility of siloxanes, H,S, CO,, H,O, and
CHj was made based on the Henry’s constants, activity coefficients, and excess enthalpy of mixtures
that were predicted according to the COSMO-RS method. Water was omitted in the calculations
because it was assumed to be removed before the biogas enters the absorption column. All parameters
were determined at 20 °C and 100 kPa. The calculation results are presented in Table 4.

The activity coefficient is a thermodynamic parameter that is associated with the affinity of
siloxanes, H,S, CO,, and CH,4 to DESs. This parameter indicates the differences in strength among
DESs and impurities, which are a result of the dominant interactions. Usually, the activity coefficient
values are given as In(1/y), hence these are rather negative (Table 4) [64]. The higher negative values
of logarithmic activity coefficients indicate greater solubility of siloxanes, H,S, and CO; in DESs.
The second main thermodynamic parameter is the excess enthalpy of mixtures (HF). HE is a sensitive
measure of the intermolecular interactions between DESs and impurities. The results of HF calculated
for all DES-impurities models are presented in Table 4. The DES, which is characterized by a higher
dissolution capacity of CO,, H;S, and siloxanes has lower values of HE (higher negative). The third
parameter is the Henry’s Law constant (Kp;). The Ky describes the ratio at the equilibrium of the
concentration of impurities in the gas phase to the concentration of impurities in the DES phase, and it
combines vapor pressure and solubility, which can be used to estimate the likelihood that a substance
will be exchanged between the gas phase and a DES. Lower Ky indicates a higher concentration of
impurities in the DES phase than in the gas phase.

ChCl:U (1:2) and ChCL:OA (1:2) showed lower values for all thermodynamic parameters, relative
to all impurities. Slightly higher values were obtained for the rest of the DESs composed of choline
chloride such as HBA. This indicates that this type of HBA in DES structures has a major influence
on absorption efficiency. This is in line with the conclusions obtained in previous studies [46]. This
can be caused by several factors, including HBA alkyl chain length, different charge density on the
ammonium, as well as asymmetry in ChCl ammonium with a hydroxyl group in the longest branch,
and theoretically, a type of counter-ion (CI~ or Br~). However, the obtained results indicate that this
type of counter-ion in HBA only has a slight effect on the ability of DESs to dissolve all impurities.
The use of DESs containing ChCl as HBA in the absorption process is preferred because they are
characterized by less viscosity compared to DESs composed of quaternary ammonium salts with long
alkyl chain length [65].

Principal components analysis (PCA) was used to obtain a better interpretation of all results (the
activity coefficient, excess enthalpy, and Henry’s constant). The PCA plot is presented in Figure 3.
The numbers on the diagram correspond to the DESs numbers in Table 4. The results indicate that
DESs can be divided into three groups. The first group is marked with a yellow circle and contains
two DESs (ChCl:U 1:2 and ChCl:0A 1:2) that have the greatest dissolution potential for all impurities.
The second group, marked with a green circle, includes DESs that have the potential to effectively
absorb siloxanes, but they have low CO, and H;S dissolution potential. These DESs may have potential
use for selective siloxane removal, but their solubility is insufficient in applications that require the
comprehensive removal of impurities from biogas. The last group includes DESs that have the lowest
absorption potential for all of the tested compounds.
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Table 4. The logarithmic activity coefficient of siloxanes H,S, and CO, model at infinite dilution, excess enthalpy of mixtures and Henry’s constant of siloxanes
calculated by COSMO-RS at 20 °C and 101325 Pa.

No.

DES

Activity Coefficient

HE [KJ/mol]

Ky [mol/L atm]

L2 L3 D4 H,S CO, L2 L3 D4 H,S CO, L2 *L33 *D45 H,S CO,
[*10°]  [*10°]

1 ChCLEG (1:3) -5.28 —-6.81 —-6.57 -0.30 -1.09 —-5.58 -5.57 -5.57 —-5.62 -5.61 50.8 1.25 3.12 1.79 0.089
2 ChClL:Gly (1:3) —4.86 -6.30 -6.03 -0.08 -0.83 —5.63 —5.62 —5.62 —-5.68 —-5.66 76.2 222 5.67 1.80 0.093
3 ChCl:Lev (1:3) -3.68 -4.77 —4.42 0.16 -0.54 —-5.68 —-5.68 —-5.68 -5.73 -5.71 151.3 5.67 15.49 1.90 0.104
4 ChCLLA (1:2) —-5.49 =712 —-6.81 -0.39 -1.14 —7.45 —7.44 —7.44 —7.48 —7.46 33.0 0.74 1.95 1.36 0.070
5 ChCl:Bu (1:2) -3.13 —4.04 —-3.66 0.01 -0.54 -7.52 -7.51 ~7.52 —~7.53 -7.52 383.8 18.57 52.76 1.89 0.119
6 ChCl:Ph (1:2) -3.24 -4.19 -3.49 -0.14 —-0.63 =7.77 =7.77 ~7.82 -7.33 -7.76 366.3 17.29 69.11 1.59 0.107
7 ChCl:U (1:2) -8.11 -10.52  -10.22 -1.15 -2.05 -7.29 -7.28 -7.30 -7.32 -7.31 1.9 0.02 0.05 0.83 0.037
8 ChCL:DEG (1:2) -4.30 -5.57 -5.32 -0.11 -0.75 —7.65 —7.64 —~7.63 -7.69 —-7.67 97.5 3.17 7.94 1.49 0.086
9 ChCL:OA (1:2) -8.11 -10.55 -9.43 -1.01 -1.88 -8.09 —-8.08 -8.18 -8.12 -8.10 3.8 0.04 0.24 0.82 0.038
10 ChCL:MthA (1:2) -3.45 —4.45 -3.98 -0.07 -0.62 -7.50 -7.50 -7.51 —-7.52 -7.50 332.3 15.20 45.62 1.82 0.114
11 ChCL:PG (1:2) -3.96 -5.10 —4.80 -0.01 -0.66 =7.77 =7.77 -7.76 -7.81 =7.79 203.7 7.94 20.31 2.06 0.118
12 TBACLEG (1:3) -3.39 —4.36 —4.12 0.18 —-0.43 —4.13 —4.13 —4.13 —-5.62 =5.61 367.9 18.13 45.69 2.04 0.120
13 TBACl:Lev (1:3) -2.30 -2.97 —2.64 0.47 -0.09 —4.13 —4.13 -4.13 -5.73 =5.71 640.4 39.82 107.48 2.02 0.127
14 TBACLLA (1:2) -2.97 -3.83 -3.53 0.43 -0.11 -5.35 -5.35 -5.35 —-5.38 -5.35 601.2 36.54 98.86 1.96 0.125
15 TBACI:Bu (1:2) -1.42 -1.81 -1.49 0.38 -0.08 -5.49 -5.49 -5.50 -5.50 5.48 1413.2 109.25  293.16 2.10 0.146
16 TBACIL:Ph (1:2) -1.32 -1.69 -1.17 0.15 -0.18 -5.87 —-5.88 -5.91 —5.84 -5.82 1579.3 125.21 423.11 1.63 0.128
17 TBABr:EG (1:3) -3.46 —4.45 —4.18 0.12 —-0.44 -3.85 -3.85 -3.85 —-5.32 -5.30 334.4 16.01 41.41 1.90 0.118
18 TBABr:Gly (1:3) -3.28 -4.25 -3.95 0.21 -0.34 -3.67 -3.66 -3.66 -5.37 -5.36 321.7 15.68 41.48 1.77 0.112
19 TBABr:Lev (1:3) -2.35 -3.04 -2.70 0.41 -0.10 -3.85 -3.85 -3.85 -5.43 -5.42 593.7 36.09 98.92 1.89 0.125
20 TBABr:LA (1:2) -3.03 -3.92 -3.59 0.03 -0.50 -4.97 —4.53 —4.98 -5.00 —4.98 261.8 11.87 32.05 1.56 0.101
21 TBABr:Bu (1:2) -1.44 -1.84 -1.48 0.32 -0.08 -5.10 -5.10 —4.75 =511 -5.09 1386.6 106.58  295.07 1.97 0.145
22 TBABr:Ph (1:2) -1.32 -1.70 -1.10 0.13 -0.18 -5.43 —5.44 -5.48 -5.39 -5.38 1567.8 124.03  449.89 1.60 0.129
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Figure 3. Principal components analysis (PCA) plot of all thermodynamic data including the activity
coefficient, excess enthalpy and Henry’s constant.

Based on the obtained thermodynamic results, only the DESs that showed the greatest dissolution
potential for all impurities were adopted for further consideration (ChCl:U 1:2 and ChCL:OA 1:2). In
practice, most of the obtained results using COSMO-RS are slightly overestimated, and this fact was
more pronounced for temperatures far from room temperature. Due to the fact that all calculations
were made for 20 °C, it can be concluded that the obtained results are very reliable, because the
COSMO-RS model ensures acceptable accuracy (about 5%) with regard to experimental results [66,67].

3.2. Molecular Interactions

After geometric optimization, the absorption efficiency of DESs can be interpreted by molecular
interactions. The geometric optimized structures of DESs are presented in Figure 4. Based on
molecule-specific characteristics, the charge-related o-profiles and o-potential were successfully used
to interpret the complex molecular interactions, according to previous studies [68-70].

a) | b)

Figure 4. Optimized structures of (a) ChCl:OA (1:2), (b) ChCL:UA (1:2).
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3.2.1. o-Profiles

The o-profile is the most important molecule-specific property because it indicates the probability
distribution of the surface area of molecules that have charge density. The o-profiles of all contaminants
and DESs are presented in Figure 5. In the diagram, the range of surface area over charge density is
between —0.025 and 0.025 eA~2. This range can be divided into three segments, i.e., the non-polar
region (—0.0084 eA~2 < o < 0.0084 eA~2), the hydrogen bond acceptor (HBA) region (—0.025 eA™2 < &
<0.0084 eA~2), and the hydrogen bond donor region (HBD) (0.0084 eA=2 < 5 <0.025 eA2). The HBA
and HBD regions indicate the potential of the studied molecules to form strong hydrogen bonds.
The results indicate that the o-profile of ChCL:U (1:2) and ChCl:OA (1:2) almost overlap each other.
This means that both DESs have similar properties with regard to molecular interaction. In both DESs,
much larger peaks can be observed around negative values, compared to peaks around positive values,
which shows more presence of HBA than HBD. The peaks of all siloxanes assume a similar shape and
most of the areas are located in the non-polar area (—0.0084 eA2 < 0 <0.0084 eA2), and there are
small fragments of siloxane peaks in the HBD region. The opposite results can be observed for carbon
dioxide, which may be a hydrogen bond acceptor to a small extent. Similar small areas of hydrogen
sulfide peaks are found in the HBA and HBD parts. The o-profile results show that the siloxanes have
more negative activity coefficient values compared to CO, and H,S.

40
30 -
2 20 — ChCLOA (1:2)
B — ChCL:U (1:2)
10 - —— H2S
— CO2
- e D
J =i [
D4

-0.02  -0.01 0.00 0.01 0.02
T (ef A?)
Figure 5. o-profiles of ChCL:OA (1:2), ChCL:U (1:2), H,S, CO,, and siloxanes (L2, L3, D4).
3.2.2. o-Potential

The o-potential describes the affinity of the DESs to biogas impurities (CO,, H,S, L2, L3, D4)
(Figure 6). The o-potential diagram can also be divided into the same three fragments as in the o-profile.
The higher negative value of p(o) [kcal/molA] indicates stronger interaction between compounds.
On the other hand, the higher positive values of (o) suggest stronger repulsive interactions.
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=~ 0.1
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g CO,
/6 '01 g - HZS
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-0.02 -0.01 0.00 0.01 0.02
O potential

Figure 6. o-potential of ChCl:U (1:2), ChCL:OA (1:2), CO,, H,S, L2, L3, and D4.

The graphic results show that all contaminants of the model biogas have parabolic curves of
o-potential. The negative values of p(o) in the non-polar segment indicate the non-polar nature of CO,,
H,S, and siloxanes. The o-potential of ChCl:U (1:2) and ChCl:OA (1:2) show negative values in the
HBD, HBA, and non-polar region. This indicates that both DESs will tend to interact with hydrogen
bond acceptor and donor surfaces and nonpolar molecules. The positive values of o-potential in the
HBA and HBD region of all impurities suggest that electrostatic interactions are probably the main
driving force of the absorption process. In addition, the high negative value in the non-polar region of
the DESs suggests a strong affinity to all biogas impurities. In addition, the similar o-potential shape
of both DESs suggests similar dissolution capabilities for all of the impurities.

3.3. Economic Evaluation

The main factor that determines the success of an investment is the economic cost [71]. The capital
and running costs of biogas upgrading technology depend primarily on the size of the installation,
type of technology, type of installed devices (their number and power), degree of technological
advancement (degree of modernity and automation), system configuration, etc. Therefore, these
costs are a function of many factors. The described technology for biogas upgrading assumes that
the resulting bio-methane product will meet the quality standards of natural gas [72]. This enables
the bio-methane to be introduced into natural gas installations. This is very important from an
economic point of view because bio-methane does not require a specially dedicated infrastructure,
which increases investment costs.

In order to better compare the cost of applying DESs, the size of installations and process streams
were adopted from previous studies [55,56]. Based on an assumed biogas flow rate (813 m3/h),
estimated annual DESs consumption, and assumed biogas composition (CHy (64.9%; 31.0% CO»;
3.0% H,O; 1.04% H,S, and 0,02% of L2, L3, and D4 [8,54]) the amount of raw biogas (7.13 Mm3)
supplied for installation per year was calculated. In addition, methane losses of 5% during the
biogas upgrading process were assumed based on COSMO-RS theoretical calculations. The annual
bio-methane production was calculated as 4.27 Mm? per year. Based on the solubility of individual
biogas components in DESs, the saturation time of absorbents was calculated using the COSMO-RS
model (Table 5). In order to obtain reliable information about the cost of 1 m? of pure bio-methane, the
complete cost analysis including the total investment, operating, and maintenance costs was calculated.
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Table 5. List of individual impurities and their solubility in DESs.

Impurities Flow of Individual =~ Molar Mass of ChCLU (1:2) ChC:0A (1:2)
Type of Concentration Impurities Impurities Solubility Saturation Time Solubility ~ Saturation Time
Impurities
o 3 [mol/L [mol/L
[%] [m>/h] [g/mol] DES] [h] DES] [h]
CO, 31.0 252.03 44.01 11.53 12.89 11.49 12.84
L2 0.02 0.16 162.38 1.42 21.89 0.24 3.73
L3 0.02 0.16 236.53 0.99 20.76 0.10 2.01
D4 0.02 0.16 296.62 1.09 2451 0.14 3.12
H,S 1.04 8.46 34.10 32.93 1150.32 146.63 122.15

3.3.1. Investment Cost

The literature review indicated that the process scale of the biogas upgrading technology is the
most important factor in the total capital investment cost (TCIC) calculations [73,74].

In this study, an absorption capacity of 427 m3/h was obtained for the assumed flow rate of
raw biogas, absorption and desorption column dimensions, and 8600 operating hours per year
(Table 6). The assumed process parameters enabled the estimation of the individual equipment cost
(EC) according to Equation (6). The EC costs (Table 6) include EC for the upgrading biogas section but
do not include the biogas production sections. The values presented in Table 6 are average amounts
from previous works [55,56]. Nevertheless, to minimize the risk of overly optimistic calculations,
fluctuations in the market price of individual materials, i.e., steel and electronic components in the
years from 2015-2020 were included [75].

Table 6. Estimated costs of equipment of biogas upgrading technology.

Equipment Description Equipment Cost (EC) + SD [EUR]

42,000 + 3360

Blower Introduces biogas into the absorber

Absorber column Column diameter: 1 m

Stripper column

Centrifugal Pump
Heat Exchanger

Centrifugal Compressor

Dryer
Unlisted Equipment

Total equipment cost (TEC)

Column height: 15m

Column diameter: 1 m

Column height: 15m
Pump Power

Heat Exchanger
Compressor Power

Biogas water collection and disposal

50,000 + 4000

50,000 + 4000

46,000 + 3680
38,000 + 3040
36,000 + 2880
25,000 + 2000
300,000 + 24,000
587,000 + 46,960

SD—standard deviation.

A total EC cost estimate was necessary to calculate the total capital investment cost (TCIC). TCIC
was estimated mainly on the basis of the value of equipment cost (EC) [55]. In addition, statistical
data for absorption technologies and laboratory processes scaling data were used for the estimation
of the TCIC [55]. The general TCIC analysis for ChCl:U (1:2) and ChCL:OA (1:2) is presented in
Table 7. The calculated TCIC for absorption using DESs was in the range of 3,152,088-3,164,929 EUR.
The obtained TCIC is comparable to the TCIC of amine scrubber (3,166,000 EUR), pressure swing
adsorption (3,140,000 EUR), and membrane separation (3,033,000 EUR) calculated for installations
with a capacity of 500 m3/h bio-methane. A much lower TCIC was obtained for the water scrubber
(2,794,000 EUR) [76].
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Table 7. The general estimate the total capital investment cost (TCIC) for DES.

Cost + SD [EUR]

Parameter for ChClL:U (1:2)

Cost + SD [EUR]
for ChCIL:OA (1:2)

Direct Cost (DC)

587,000 + 46,960
610,480 + 48,838
64,570 + 5166
381,550 + 30,524
58,700 + 4696
410,900 + 32,872
2,113,200 + 169,056

Indirect Cost (IC)

Total equipment cost (TEC)

Installation instrumentation and control

Electrical and heat power

Building and building services and equipment installation
Yard improvement

External services

Total direct cost (TCD)

Engineering and construction site 434,380 + 34,750

Law cost 23,480 + 1878
Contractor’s fee 129,140 + 10,331
Incidents 258,280 + 20,662
Total indirect cost (TCI) 845,280 + 67,622
Other Cost (OQ)
Floating capital 126,792 + 10,143
DES batch 66,816 + 5345
Total other cost (TOC) 193,608 + 15,489

Total capital investment cost (TCIC) 3,152,088 + 252,167

587,000 + 46,960
610,480 + 48,838
69,950+ 5596
381,550 + 30,524
58,700 + 4696
410,900 + 32,872

2,118,580 + 169,486

434,380 + 34,750
23,480 + 1878
129,140 + 10,331
258,280 + 20,662
845,280 + 67,622

126,792 + 10,143
74,277 + 5942
201,069 + 16,086

3,164,929 + 253,194

SD—standard deviation.

3.3.2. Operation and Maintenance Cost

The annual fixed operating costs (FC) included the operation and maintenance cost (OC and MC)
of biogas upgrading plants. The OC and MC included the costs of maintenance, operating, labor, and
taxation, which are presented in Table 8. The cost of DESs was calculated for the scrubber volume

(2.35 m3), which was doubled in order to maintain the continuity of the process.

Table 8. General estimate of the operation cost (OC) and maintenance cost (MC) for DES.

Cost + SD [EUR]

Parameter

Cost + SD [EUR]

of ChCL:U (1:2) of ChCl:OA (1:2)
Fixed Cost (FC)
Regional taxes and insurance 46,066 + 3685 46,066 + 3685
Total fixed cost (TFC) 46,066 + 3685 46,066 + 3685
Direct Production Cost (DPC)
Maintenance (M) 69,099 + 5528 69,099 + 5528
Salary for the operator (1500 man-hour/year) (SO) (10 Personnel) 58,320 + 4666 58,320 + 4666
Supervision (S) 8748 + 700 8748 + 700

Operating materials
Changes in electricity cost in the laboratory
Total direct production cost (TDPC)

10,365 + 830
20,425 + 1634

166,957 + 13,357

General Expenses (GE)

Administrative cost
Distribution, marketing and R&D cost
Total general Expenses (TGE)

1313 + 105
39,710 + 3177
41,023 + 3282

10,365 + 830
20,425 + 1634
166,957 + 13,357

1313 + 105
39,710 + 3177
41,023 + 3282

DES Cost (DESC)

334,080 + 26,726
3339 + 267
337,419 + 26,994
591,465 + 47,317

DES replacement cost

Depreciation expense

Total DES Cost (TDESC)

Total operation and maintenance cost (TOC and MC)

445,662 + 35,653
339 + 267
449,001 + 35,920
703,047 + 56,244

SD—standard deviation.
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Due to the different absorption capacity of DES and regeneration cycles, the energy consumption
in the absorption processes was different. Based on previous studies, it was assumed that ChClL:U (1:2)
and ChCL:OA (1:2) can be regenerated 73 and 60 times, respectively, without loss of absorption capacity.
From an economic and industrial point of view, recycling and reuse of DES after the absorption process
is highly desirable because it reduces annual operating costs and the amount of waste. Numerous
regeneration cycles can be achieved due to highly reversible absorption, which mainly depends on
the structure and thermal stability of DESs. HBDs play the main role in the thermal stability of DESs,
which depends mainly on the weak intermolecular interaction. The decomposition temperature of
urea in ChCl:U is about 172.40 °C [77], while the decomposition temperature of oxalic acid in ChCL1:0A
is about 134.84 °C [78]. Both temperatures are higher than the temperature required for regeneration,
which is enough to ensure long absorption—desorption cycles. However, the ChCl:OA structure and its
lower decomposition temperature result in a slightly lower number of regeneration cycles. After a
number of regeneration cycles, DESs must be replaced to further ensure the high quality of bio-methane.
The other costs of OC and MC was estimated based on the literature [74,79] and using percentage
factors of TCIC. The costs in Table 8 (FC, DPC, GE) are averaged values for selected European Union
countries, i.e., Sweden, Germany, France, Norway, and Poland for which standard deviations have
been determined. The one-time cost of replacing the absorbent is 66,816 EUR and 74,277 EUR for
ChCl: U and ChCl: OA, respectively. Due to the 5-fold (ChCl: U) and 6-fold (ChCl: OA) exchange
of absorbents to ensure the high quality of bio-methane, the total cost of replacement is 334,080 and
445,662 EUR for ChCL:U and ChCIL:OA, respectively.

The total OC and MC cost for ChCl:OA (703,047 EUR) is comparable with amine scrubber (688,000
EUR) and membrane separation (662,000 EUR), while the total OC and MC cost for ChCl:U (591,465
EUR) is more comparable with water scrubber (513,000 EUR) and pressure swing adsorption (557,000
EUR) [76].

3.3.3. Economic Comparison of the Overall Biogas Upgrading Process

It is difficult to clearly estimate the costs of individual technologies due to the differences in the
cost of components, materials and utilities, and local conditions. Therefore, is important to consider the
total annual cost (TAC) of the biogas upgrading process, which was 982,510 + 78,601 EUR (ChClL:U) and
1,095,685 + 87,654 EUR (ChCl:OA) in the economic analysis. The TAC cost for ChCl:U was very similar
to the TAC for pressure swing adsorption (970,000 EUR), while the TAC obtained for ChCl:OA was
very similar to the TAC for amine scrubber (1,104,000 EUR) and membrane separation (1,061,000 EUR).
The lowest TAC is for the water scrubber (880,000 EUR). Based on the above calculations, the unit
cost of 1 m® of pure bio-methane was determined by means of Equation (4). The obtained unit cost
of 1 m? of bio-methane was 0.35 + 0.03 EUR/m? and 0.37 + 0.03 EUR/m? for the physical absorption
process using ChCl:U (1:2) and ChClL:0A (1:2), respectively. The unit cost for various biogas treatment
technologies can be ordered as follows: amine scrubber > membrane separation > ChCl:OA (1:2) >
ChClL:U (1:2) > PSA > water scrubbing [76] (Table 9). The values include the average standard deviation
(8%), which was adopted based on the above calculations. Table 9 contains only the total TAC and UC
values without standard deviations due to the lack of data from other studies. The main advantage of
the innovative method based on DES is the cost of biogas upgrading compared to the most commonly
used absorbents.
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Table 9. Comparison of economic analysis.

Purification Methods Total 1?;22; I Cost BioI-JI\I/}lettE:;:(ZIfJ o) Ref.

Amine scrubber 1,104,000 EUR 0.39 EUR/m? [56]

Membrane separation 1,061,000 EUR 0.38 EUR/m?> [56]
ChCl:OA scrubber 1,095,685 EUR 0.37 EUR/m® This study
ChCl:U scrubber 982,510 EUR 0.35 EUR/m° This study

PSA 970,000 EUR 0.35 EUR/m?> [56]

Water scrubbing 880,000 EUR 0.33 EUR/m? [56]

The application of traditional absorbents (water, amine), requires further biogas refinement
operations, which involves additional costs, while the use of DES ensures that high-quality bio-methane
is obtained in a one-step process. The obtained results indicate that biogas upgrading technology by
means of DESs is a competitive technology for all currently used methods in the industry.

4. Conclusions

The study presents low-cost deep eutectic solvents (DES) as potential new sorption materials
that enable one-step, effective biogas upgrading. This is a significant advantage compared to the
currently used sorbents that are dedicated to removing only selected groups of impurities, which
does not guarantee that the biogas will be of sufficient quality. The use of developed sorbents under
absorption conditions results in biogas with high-methane gas parameters that meet the parameters
for gas injected into the transmission network and transport fuel. In addition, the use of new sorbents
based on DESs are highly advantageous from an economic and ecological point of view because the
sorbents are synthesized from inexpensive, easily available materials that can be regenerated many
times without loss of absorption capacity.

In this study, 23 low-cost DESs composed of quaternary ammonium salts and organic components
were investigated. Based on the basic thermodynamic properties, i.e., the activity coefficient, excess
enthalpy, and Henry’s constant, two DESs (ChCl:U (1:2) and ChCL:OA (1:2)) were selected because
they showed the highest dissolution potential of the siloxanes, CO,, and H;S. The high affinity of both
DESs to all of the main biogas contaminations was confirmed by means of o-profiles and o-potential
analysis. It was shown that the electrostatic interactions between biogas impurities and DESs are the
main driving force of the absorption process. For the best DESs, economic analysis simulation was
conducted in order to evaluate and compare ChCl:U (1:2) and ChCl:OA (1:2) to each other and to
currently available industrial absorbents. The unit cost of DESs depend mainly on the DES structure,
which is responsible for its absorption capacity, and regeneration cycles. The unit cost of obtaining
1 m? of high-quality bio-methane using DESs absorption is comparable to the costs of currently used
technologies. However, the proposed biogas upgrading technology offers the possibility of removing
CO,, H;S, and siloxanes in one step. This is a significant advantage compared to other commonly used
technologies that only remove individual impurities. The obtained results show the great potential of
DESs to improve biogas to high-quality bio-methane with properties comparable to natural gas. Such
bio-methane could be injected into the natural gas network or used as an alternative to compressed
natural gas fuel. However, further experimental research is needed to confirm the obtained results.
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OSWIADCZENIE WSPOLAUTORA

Jako wspoétautor pracy:. “ Theoretical and Economic Evaluation of Low-Cost Deep Eutectic Solvents
for Effective Biogas Upgrading to Bio-Methane” oswiadczam, ze moj wtasny wktad polegat na konceptualizacij,
metodologii, gromadzeniu i przechowywaniu danych, wizualizacji, przygotowaniu oryginalnego manuskryptu,
przygotowaniu recenzji i redakcji ostatecznej wersji manuskryptu.

Jednoczesnie wyrazam zgode na przedtozenie ww. pracy przez mgr inz. Edyte Stupek jako cze$¢
rozprawy doktorskiefj w formie spdjnego tematycznie zbioru artykutéw  opublikowanych
w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia cze$¢ ww. pracy wykazuje indywidualny
wktad mgr inz. Edyty Stupek polegajacy na: konceptualizacji, metodologii, gromadzeniu i przechowywaniu
danych, wizualizacji, przygotowaniu oryginalnego manuskryptu.

(podpis wspétautora)

Gdansk, dnia 19.05.2023

dr inz. hab. Jacek Gebicki

(stopien/tytut, imie i nazwisko)

Politechnika Gdarska

(Afiliacja)

OSWIADCZENIE WSPOLAUTORA

Jako wspétautor pracy:. “ Theoretical and Economic Evaluation of Low-Cost Deep Eutectic Solvents
for Effective Biogas Upgrading to Bio-Methane” oswiadczam, ze mdj wtasny wktad polegat nanazdorowaniu
wstepnego planu badan oraz realizacji, przygotowaniu oryginalnego manuskryptu.

Jednoczesnie wyrazam zgode na przedtozenie ww. pracy przez mgr inz. Edyte Stupek jako czesc¢
rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw  opublikowanych
w czasopismach naukowych.

Oswiadczam, ze samodzielna i mozliwa do wyodrebnienia czes¢ ww. pracy wykazuje indywidualny
wktad mgr inz. Edyty Stupek polegajacy na: konceptualizacji, metodologii, gromadzeniu i przechowywaniu
danych, wizualizacji, przygotowaniu oryginalnego manuskryptu.




	Introduction 
	Materials and Methods 
	Reagends 
	Apparatures 
	Procedures 
	Preparation of DES 
	Absorption Process 
	Regeneration of DESs 
	Chromatographic Analysis 
	FT-IR Analysis 
	Theoretical Studies 


	Results and Discussion 
	Optimization of Absorption Conditions 
	Kind of DES 
	Volume of DES 
	Model Biogas Flow Rate 
	Initial Concentration of DMDS 
	Temperature 

	Mechanism of Absorption 
	FT-IR analysis 
	Molecular Modeling 

	Regeneration and Reusability of DES 

	Conclusions 
	References
	Introduction 
	Materials and Methods 
	Materials 
	Apparatus 
	Procedures 
	COSMO-RS Studies 
	Preparation of DES 
	Preparation of Model Impurities and Biogas 
	Absorption Process 
	Regeneration of DES 
	Chromatographic Analysis 
	Physicochemical Properties of DES 


	Results and Discussion 
	COSMO-RS Molecular Simulation 
	Solubility of Siloxanes in DESs—Preselection of DES 
	-Profile 
	-Potential 

	Structural and Physicochemical Properties of DES 
	FT-IR Analysis 
	Viscosity and Density Measurements 
	Melting Point Measurements 

	An Experimental Studies on Absorption of Siloxane Compounds 
	FT-IR Studies on Absorption of Siloxane Compounds 
	Regeneration of DES 

	Conclusions 
	References
	Introduction 
	Results and Discussion 
	Screening of DES 
	Synthesis of New DESs 
	An Experimental DESs Structural Characterization 
	Fourier Transform Infrared Spectroscopy (FT-IR) 
	Nuclear Magnetic Resonance Spectroscopy (NMR) 
	Physicochemical Properties of DESs 

	Absorption Process 
	Mechanism of Siloxane Absorption 
	FT-IR Analysis 
	NMR Analysis 

	Desorption Process 

	Materials and Methods 
	Materials 
	Apparatus 
	Procedures 
	COSMO-RS Studies 
	DES Synthesis 
	DES Structural Characterization 
	Physicochemical Properties of DES 
	Preparation of Model Biogas 
	Absorption Process 
	Gas Chromatographic Analysis 

	Conclusions 

	References
	Green monoterpenes based deep eutectic solvents for effective BTEX absorption from biogas
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Procedures
	2.2.1. Preparation of DESs
	2.2.2. Preselection of DESs based on Henry’s law constant
	2.2.3. Characterization of DESs
	2.2.4. Mechanism of DESs formation, and BTEX absorption
	2.2.5. Absorption and desorption process of BTEX
	2.2.6. Process control
	2.2.6.1. Chromatographic analysis
	2.2.6.2. Chemical gas sensor
	2.2.6.3. Gas sensor array measurement
	2.2.6.4. Data analysis and processing


	3. Results and discussion
	3.1. DESs preparation and preselection
	3.2. Mechanism of DES formation
	3.3. Physicochemical properties of DESs
	3.4. Absorption of BTEX
	3.5. Mechanism of BTEX absorption
	3.6. Increasing the scale of the absorption process
	3.7. Comparison of process control methods
	3.8. Regeneration process of DES
	3.9. Comparison of DES with other solvents

	4. Conclusions
	CRediT authorship contribution statement
	Acknowledgements
	Appendix A. Supporting information

	Introduction 
	Materials and Methods 
	Procedures 
	Computational Studies 
	Biogas Upgrading Technology Description 
	Cost and Economic Analysis 


	Results and Discussion 
	COSMO-RS Prediction—Pre-Selection of DESs 
	Molecular Interactions 
	-Profiles 
	-Potential 

	Economic Evaluation 
	Investment Cost 
	Operation and Maintenance Cost 
	Economic Comparison of the Overall Biogas Upgrading Process 


	Conclusions 
	References

	Button 1: 


