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M POLITECHNIKA
GDANSKA
OSWIADCZENIE

Autor rozprawy doktorskiej: Bartosz Mowosielski

Ja, nizej podpisany(a), oswiadczam, iZ jestem Swiadomy(a), Ze zgodnie z przepisem art. 27 ust.
1i 2 ustawy z dnia 4 lutego 1994 r. o prawie autorskim i prawach pokrewnych (tj. Dz.U. z 2021
poz. 1862), uczelnia moZe korzystac z mojej rozprawy doktorskiej zatytutowanej:

Ciecze gteboko eutektyczne — wiasciwosci | zastosowanie w separaciji ditlenku wegla

do prowadzenia badan naukowych lub w celach dydaktycznych '

Swiadomy(a) odpowiedzialnosci kamej z tytulu 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 2021478 tj), a takie
odpowiedzialnosci cywilno-prawnej oéwiadczam, Ze przedkiadana rozprawa doktorska zostata
napisana przeze mnie samodzielnie.

Oswiadczam, Ze freSc rozprawy opracowana zoslala na podstawie wynikdw badan
prowadzonych pod kierunkiem i w &ciste] wspolpracy z promotorem dr hab. inZ. Dorotg
Warminska, prof. uczelni, promotorem pomocniczym dr inZ. lwona Cichowska-Kopczynska *

Miniejsza rozprawa doktorska nie byta wczesnie] podstawa Zadnej innej urzedowej procedury
zwiazanej z nadaniem stopnia doktora.

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

Potwierdzam zgodnosc niniejszej wersji pracy doktorskiej z zalgczong wersjg elektroniczna.

Gdansk. dmia ...
podpis dokforarda

Ja, nizej podpisany(a). wyrazam zgode/nie wyrazam zgody™ na umieszczenie ww. rozprawy

doktorskiej w wersji elektronicznej w otwarym, cyfrowym repozytorium instytucjonalnym
Politechniki Gdanskiej.

Gdansk, dnia oo
podpis dordoranta

*niepolrzebne usungc

TAL 27 1. Instytucie oswiatowse oraz podmioty, o ktorych mowa wart. 7 ust 1 pkt 1, 2 1 48 ustawy z dnia 20 lipca 2018 1. —
Prawo o szkolnictwie wyZszym i nauce, moga na pofrzeby zilustrowania tresci przekazywanych w celach dydaktycznych lub w
celu prowadzenia dziatainoSci naukowsj korzystad z rozpowszechnionych ubwordw w orgginale i w Humaczenio oraz
zwislokrotniac w tym celu rozpowszechnions drobne ubwory lub fragmenty wiskszych utworow.

2. W przypadku publicznego udostepniania utwordw w taki sposob, zby kazdy mogi mied do nich dostep w migjscu i czasie przes
siebie wybranym korzystanie.o ktorym mowa w ust 1, jest dozwolone wylacznie dia ograniczonego kregu osdb uczacych sie,
nauczajgeyeh lub prowadzacych badania naukowe, zidenlyfikowanych przez podmioty wymienions wust 1.
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Tytul rozprawy w jezyku angielskim: Deep eutectic solvents — properties and
application in carbon dioxide separation
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Drugi promotor rozprawy doktorskiej™:

Promotor pomocniczy rozprawy doktorskiej™ dr inZ. lwona Cichowska-Kopczynska
Kopromotor rozprawy doktorskiej”:

Data obrony:

Stowa kluczowe rozprawy doktorskiej w jezyku polskim: ciecze gleboko eutekiyczne,
wiasciwosci fizyczne, struktura, absorpcja COz, unieruchomione membrany ciekie

Stowa kluczowe rozprawy doktorskiej w jezyku angielskim: deep esutectic solvents,
physical properties, structure, CO: absorption, supported liquid membranes

Streszczenie rozprawy w jezyku polskim: Tematyka i cel badawczy ninigjsze
rozprawy doktorskiej dotycza charakierysiyki cieczy gieboko eutekitycznych (DES)
opartych na aminoalkoholach (3-aminopropan-1-olu,  2-{metyloamino)etanolu | 2-
(butyloamino)etanolu) i glikolach propylenowych (propano-1.2-diclu i propane-1,3-diolu)
oraz oceny moZliwosci ich zastosowania do wychwytu ditlenku wegla ze strumieni
gazowych. Ponadio, celem pracy bylo okreslenie wplywu wody na strukiure i zdolnosci
sorpcyjne badanych mieszanin. Wyniki przeprowadzonych badan, poza wynikami
dotyczacymi symulacji dynamiki molekularnej (MDO), zostaly opublikowane w siedmiu
artykutach naukowych i stanowig podstawe niniejsze] rozprawy. Czesc teoretyczna
dyseriacji obejmuje przeglad aktualnego stanu wiedzy na temat wiasciwosci fizycznych
DES, ich struktury oraz zdolnosci do pochfaniania ditlenku wegla. Ponadio, zawarto w nigj
podstawy teoretyczne symulacji MD oraz separacji gazow z uzyciem membran ciekiych.
W czescl poswiecongj badaniom wilasnym omowiono wplyw akceptora | donora wiazania
wodorowego DES na whasciwosci termiczne | fizyczne otrzymanych mieszanin. Opisano
strukture cieczy opartych na aminoalkoholach, uwzgledniajac przy tym wplyw obecnosci
wody | powiazano ja ze zdolnoScia DES do absorpcji ditlenku wegla. Omdwiono
efektywnosé separacji COz przy uzyciu unieruchomionych membran cisklych opartych na
DES zawierajacych glikole propylenowe. Analize oparto na modelu rozpuszczalnosciowo-
dyfuzyjnym przenikania masy. W efekcie wskazano najbardzie] efektywne ukiady sposrod
badanych oraz zaproponowano dalsze kierunki badan nad cieczami gleboko sutektycznymi
i ich zastosowaniem w separacji gazow.
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Zatacznik nr 3M
do Zarzadzenia Rekora PG nii2022 z kwietnia 2022 .

m POLITECHNIKA
GDANSKA

Streszczenie rozprawy w jezyku angielskim: The topic and research objective of this
doctoral thesis is focused on the characterisation of deep sutectic solvents (DES) based on
aminoalcohols (3-aminopropan-1-ol, 2-{methylamino)ethanol and 2-{butylamino)ethanol)
and propylene glycols (propane-1,2-dicl and propane-13-diol) and the evaluation of their
applicability for carbon dioxide capture from gaseous streams. Additionally, the aim of the
study was to determine the effect of water on the structure and sorption capacity of the
studied mixtures. The results of the conducted research, except for the results of molecular
dynamics (MDO) simulations, have been published in seven scientific aricles serving as
a basis of this thesis: The theoretical part of the disseration includes a review of the current
state of knowledge on the physical properties of DES, their structure and ability to interact
with carben dioxide. In addition, it includes the theoretical background of MD simulations
and gas separation using liquid membranes. In the research section, the effect of
the hydrogen bond acceptor and donor of DES on the thermal and physical properties of
the mixtures is discussed. The structure of aminoalcohol-based liquids is described, taking
into account the effect of the presence of water, and correlated with the ability of DES to
absorb carbon dioxide. The efficiency of COz separation using DES-based supporied liquid
membranes containing propylene glycols is discussed. The analysis was based on
a solution-diffusion model of mass transfer. As a result, the most efficient systems among
those studied were identified and further research directions for deep eutectic liquids and
their application in gas separation were proposed.

Streszczenie rozprawy w jezyku, w ktorym zostala napisana™:

Slowa kluczowe rozprawy doktorskiej w jezyku, w ktorym zostala napisana™:

* nigpotrzebhe skreshic

*=* dofyczy rozpraw dokiorskich napisanych w innych jezykach, niZ polsk (ub anglelski
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Wykaz skrotow
%ARD srednie odchylenie wzgledne

[bmim][ BF4] tetrafluoroboran 1-butylo-3-metyloimidazoliowy

[bmim][ TzM] bis(trifluorometylosulfonylojimidek 1-butylo-3-metyloimidazoliowy
[bmim][PFe] heksafluorofosforan 1-butylo-3-metyloimidazoliowy

[hemim][Tf2N] bis{trifluorometylosulfonylo)imidek 1-{2-hydroksyetylo}-3-metyloimidazoliowy
[hemim][OTH] trifluorometanosulfonian 1-{2-hydroksyetylo)-3-metyloimidazoliowy
[hemim][PFs] heksafluorofosforan 1-{2-hydroksyetylo)-3-metyloimidazoliowy
[MeBusN][TfzN]  bis{triflucrometylosulfonylo)imidek metylotributyloamoniowy
[MeBuPyrr][TfzN]  bis{triflucrometylosulfonylojimidek 1-butylo-1-metylopirolidynowy

[Nytay1a2][ Tf2N] bis(trifluorometylosulfonylojimidek decylodimetylopropyloamoniowy

[Miayrz][ TT=N] bis(trifluorometylosulfonylojimidek butylodimetylopropyloamoniowy
[Nig11a][ THN] bis(trifluorometylosulfonylo)imidek heksylodimetylopropyloamoniowy
[Nazzz]{lm] imidazolan tetraetyloamoniowy

AC metody udziatdw atomowych

ACRCI chlorek acetylocholiny

AP 3-aminopropan-1-ol

ACOM addytywne wielkosci molowe

ATMAC chlorek allitotrimetyloamoniowy

BAE Z-{butyloamino)etanol

Bet betaina

BGI bonding-group interaction contribution

BLM membrany ciekle grubowarstwowe

BTEAC chlorek benzylotrietyloamoniowy

ChCl chlorek choliny

DES ciecz gteboko sutekiyczna

DsC skaningowa kalorymetria roZnicowa

EDA etanodiamina

EG glikol etylenowy

ELM emulsyjne membrany ciekle

FTIR spektroskopia fourierowska w zakresie podczerwieni

GC metody udziatow grupowych

HEA akceptor wigzania wodorowego

HBD donor wigzania wodorowego

HDES hydrofobowe ciecze gieboko eutektyczne

IL ciecz jonowa

LoMMS migszanina eutekiyczna o niskigj temperaturze topnienia
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LZ0 lotne zwiazki organiczne

FA kwas mrowkowy

MA kwas jablkowy

MAE Z2-(metyloamino)etanol

MCl mass connectivity index

MD dynamika molekularna

MDES magnetyczne ciecze gleboko eutektyczne
MEA, monostancioamina

MEACI chlorowodorek monostanoloaminy
NADES naturalne ciecze glieboko eutektyczne
NMTU MN-metylotiomocznik

NPT uktad izotermiczno-izobaryczny
OPLSIAA gietkie pole sitowe ogolnego przeznaczenia w wersji ze wszystkimi atomami

ujetymi w sposdb jawny

Oxah kwas szczawiowy

PDES polimerowe ciecze gleboko eutektyczne

PFP rownanie Prigogine’a—Flory’'ego—Patterson’a

PG glikol propylenowy

PTFE politetrafluoroetylen

PVDF-co-PTFE  poli{fluorek winylidenu}-ko-poli(tetrafluoroetylenu)
RDF funkcja rozkiadu radialnego

sDT mechanizm rozpuszczalnosciowo-dyfuzyjmy

SLMm unieruchomione membrany ciekle

SUPRADES ciecze gteboko eutektyczne oparte na cyklodekstrynach
TA kwas winowy

TBAB bromek tetrabutyloamoniowy

TBAC chlorek tetrabutyloamoniowy

TEAC chlorek tetrastyloamoniowy

TGA analiza termograwimetryczna

THADES terapeutyczne ciecze gleboko eutekiyczne
TMAC chlorek tetrametyloamoniowy

u maocznik

VFT rownanie Vogel'a-Fulcher'a-Tamman'a
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Wykaz symboli

Qi selektywnosc

@ kat torsyjny

A powierzchnia membrany

D wspolczynnik dyfuzji

dnelr) liczba czasteczek B w potoZonych w odleglosci (r, r+drjod A
dV(r) objetosc powtoki sferycznej zawartej pomiedzy tymi promieniami
== energia oddziatywania pomiedzy czasteczkami A i B

g= nadmiarowa maolowa energia Gibbsa

J strumien molowy

K- stata sprezystosci

Ka stafa sitowa

| grubosc membrany

n wspdiczynnik zatamania Swiatta

P przenikalnosc

g cisnienie sktadnika i w fazie zasilajacej [ permeatu
Qi qj tadunki czgstkowe na atomach

T diugosc wiagzania

R stata gazowa

Teq rownowagowa diugosc wigzania

S wspolczynnik rozpuszczalnosci

i cZas

Viz state szeregu Fouriera

Vs objetosé gazu w warunkach standardowych

AHm ciepto topnienia

Ap roZnica cisnienia

n lepkosc

no. b, iTe optymalizowane parametry w rownaniu VET

= Ea optymalizowane parametry w réwnaniu Arrheniusa
a wielkosc kata miedzy wiazaniami

s rownowagowa wartosc kata wiazania

o gestosd

pelr) Srednia gestosc atomdw B w odleghosci r od wybranego atomu A
pe® srednia gestosc atomaw B w ukfadzie

@ij, £ij parametry studni potencjatu dla oddziatywania dyspersyjnego
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1. Wprowadzenie

Obecnie, jednym z wiodacych kierunkow swiatowych badan jest opracowanie metod
majacych na celu redukcje emisji ditlenku wegla, gtéwnego czynnika odpowiadajgcego
za wystepowanie efektu cieplamianego. Gaz ten jest emitowany do atmosfery w procesach
produkcji energii elekirycznej i cieplnej, opartych na spalaniu paliw. W elektrowniach, ze wzgledu
na niskie (bliskie atmosferycznemu) cisnienie gazdw spalinowych, jedna z najczescigf
stosowanych technologii usuwania COz jest absorpcja chemiczna z wykorzystaniem wodnych
roztworow amin. Jednak korozyjny charakter srodowiska reakcji, energochtonna regeneracja oraz
utrata rozpuszczalnika, wynikajaca z jego lotnoSci, wymuszaja koniecznosc poszukiwania
alternatywnych absorbentow ditlenku wegla.

W ostatnich latach podjeto proby zastosowania cieczy gteboko sutektycznych (DES-
ang, -,Deep Eutectic Solvenis”) jako potencjalnych zamiennikdw roztworow amin w procesach
usuwania COz Podobnie jak w przypadku cieczy jonowych (IL - ang. -.lonic Liguids™),
rozpuszczalniki te zaliczane sa do rozpuszczalnikdow projektowalnych™ (ang. - designer
solvents”), co oznacza moZliwosé zaprojektowania OES o pozadanych wiasciwosciach
fizykochemicznych. Do zalet cieczy gleboko eutektycznych nalezy rowniez zaliczyc ich niska
lotnosc, stosunkowo niski koszt produkcji oraz niepalnosc, niska toksycznosc iczesto
biodegradowalnosc.

Wickszosc dotychczasowych badan nad cieczami gteboko eutektycznymi jako
potencijalnymi rozpuszczalnikami CO:z dotyczy mieszanin, ktére wykazuja zdolnosc fizycznej
ghsorpcji dittenku wegla. W przypadku cieczy gteboko eutektycznych, ktore wigzg COz w sposob
chemiczny, liczba prac jest zdecydowanie mniejsza. Jeszcze bardzie] ograniczona jest liczba
doniesien na temat zastosowania cieczy gteboko eutekiycznych jako fazy membranows
w unieruchomionych membranach cieklych (SLM - ang. - Supporfed Liguid Membranes”),
stosowanych do selekitywnej separacji ditlenku wegla z mieszanin gazowych. Analiza danych
teraturowych wskazuje, Ze ciecze gieboko eutektyczne moga absorbowac ditlenek wegla lepig]
niZ ciecze jonowe, a przy odpowiednim doborze skiadnikow DES mozna uzyskac mieszaniny,
kidre sa nawet bardziej efektywne od najczesciej stosowanego 30% roztworu wodnego
monoetanoloaminy (MEA).

Miezaleznie od metody usuwania COz, tj. absorpcji w rozpuszezalniku lub za pomocg
SLM, efektywnosc separacji zalezy przede wszystkim od budowy DES, kidra decyduje nie tylko
o charakterze chemicznym rozpuszczalnika (mozliwosci chemisorpeji lub jej braku), ale takze
o jego wiasciwosciach fizycznych. Dodatkowo, strukiure | wiasciwosci fizyczne mieszanin
eutektycznych mozna modyfikowac poprzez celowe dodanie wody, kidra w pewnych ilosciach
jest praktycznie zawsze obecna w tych rozpuszczalnikach ze wzgledu na ich silnie higroskopijny
charakter

Przedmiotem niniejszej pracy jest otrzymywanie i charakierystyka nowych cieczy gleboko

eutektycznych na bazie aminoalkoholi (3-aminopropan-1-olu (AP), 2-(metyloamino)etanolu
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(MAE) i 2-(butyloamino)etanolu (BAE)) i ich wodnych roztwordw oraz ocena mozliwosci ich
zastosowania do absorpcji ditlenku wegla ze strumieni gazowych o jego stosunkowo niskim
cisnieniu czastkowym. Ponadto, celem pracy jest porownanie sfektywnosci DES opartych na
glikelach propylenowych (propano-1,2-diolu | propano-13-diolu) w procesie membranowej

separacji COz

Rozprawa doktorska zostala napisana w oparciu o jedna publikacje przegladowa oraz
szesc prac badawczych, stanowiacych zatacznik A do niniejsze] pracy:

A1 - | Cichowska-Kopczynska, B. Nowosielski, . Warmiriska, Deep Eutectic Solvents:
Properties and Applications in  COz Separation, Melecules 28 (2023) 5293
hitps://doi org/10.3390/molecules28145293. IFapz:: 4,2, MNSWaxz: 140

A2 - B. Nowosielski, M. Jamrogiewicz, J. tuczak, M. Smiechowski, D. Warmiriska,
Experimental and predicted physicochemical properties of monopropanolamine-based deep
eutectic salvents, J. Mol Lig. 309 (2020) 113110, hitps:/(doi.org/18 1016/ mollig 2020.113110.
IFz020: 6,16, MN SW2gz0: 100

A3Z - B. Nowosielski, M. Jamrogiewicz, J. tuczak, A. Tercjak, D. Warminska, Effect of
temperature and composition on physical properties of deep eutectic solvents based on
2-{methylaminojethanol — measurement and prediction, J. Mol Lig. 371 (2023) 121065
https://doi org/10.1016/. mollig 2022 121069, 1F3pzz: 5,3, MNSWagzq: 100

A4 - B. Nowosielski, M. Jamrdgiewicz, |. Cichowska-Kopczynska, D. Warminska,
Comprehensive evaluation of physical properties and carbon dioxide capacities of new
2-(butylaminojethanol-based deep eutectic solvents, Pure Appl. Chem. 96 (2024) 17331749
hitps//doi org/10.1515/pac-2024-0228 1Fagzz: 1,8, MNSWagz: 140

A3 - B. Nowosielski, M. Jamrogiewicz, J. buczak, D. Warminska, Novel Binary Mixtures
of Alkanolamine Based Deep Eutectic Solvenits with Water—Thermodynamic Calculation and
Correlation of Crucial Physicochemical Properties, Molecules 27 (2022) 788.
hitps://doi.org/10.3390/molecules27030785. IFanzs: 4,6, MN SWigz: 140

A6 - |. Cichowska-Kopczynska, D. Warminska, B. Nowosielski, Solubility of carbon
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2. Przeglad literaturowy dotyczacy tematyki rozprawy
doktorskiej

2.1. Ciecze gleboko eutektyczne — definicja, typy, metody syntezy i wlasciwosci

W literaturze termin “ciecz gleboko eutekiyczna" (DES) odnosi sie najczesciej do
migszaniny eutektycznej, czyli mieszaniny dwich lub wiece| substancji mieszajacych sie bez
ograniczen w fazie ciekiej oraz wykazujacych czesciowy lub catkowity brak mieszalnosci w fazie
statej. Pyykkd oraz Martins i in. zaproponowali jednak, aby zawezi¢ stosowalnosc nazwy ciecz
gteboko eutektyczna do takiej mieszaniny eutektycznej, kidrej temperatura topnienia jest nizsza
niz temperatura obliczona za pomocg réwnania van Laara-Hildebranda, przy zaloZeniu jej
doskonatosci (Rysunek 1):

T
[1 m;lnixij]

gdzie x;, Tii AHmto utamek molowy, temperatura topnienia oraz ciepto topnienia sktadnika

T = (1)

I {pelnigcego role rozpuszezalnika w mieszaninie) oraz T to temperatura topnienia mieszaniny
[1.2].

Toop A=
PR e T B
- T Ciecz -
: :
" F"ru'l:k1 puleklyerny
o
=
.
Sialy A + ciecz
AT Sfaly B + ciecz
___________________________________________________________ M sy o oo
Punkt gleboka emlekiyezny
Stake A+ Staly B
Crysty saiadnik A IT Czpsty skizsnik B

Rysunek 1 Pordwnanie diagramu fazowego dwuskiadnikowego uktadu eutektycznego
prostego, otrzymanego przy zatoZeniu doskonatosci mieszaniny (czerwona linia) oraz diagramu

fazowego dla skiadnikow tworzacych ciecz gteboko sutektyczng (niebieska linia).

Ponadto, wedtug autorow stosowalnosci nazwy ciecz gteboko eutektyczna nie nalezy

ograniczac tylko do mieszanin o sktadzie eutektycznym, ale nalezy ja rozszerzyc do mieszanin
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o dowolnych sktadach tworzgcych uklad eutektyczny prosty. Oczywiscie, warunek o ujemnym
odchyleniu temperatury topnienia od temperatury obliczonej w oparciu o zatoZenie doskonatosc
mieszaniny eutektycznej powinien byE zachowany. Zmiana ilosci sktadnikdw mieszaniny gleboko
eutekiycznej stanowi bowiem prosty sposob uzyskania jej poZzadanych wiasciwosc
fizykochemicznych w wybranym zastosowaniu. MNa ogot jednak, najprostszym sposcbem
sterowania wilasciwosciami  fizykochemicznymi DES jest uZycie roZnych skiadnikow
w mieszaninie.

Dyskusja nad przynaleznoscig danej mieszaniny eutektycznej do cieczy gleboko
eutektycznych jest weiaz otwarta, czego dowodem jest publikacja Like i in. z 2023 roku. W swojej
pracy autorzy podali nowe, bezwymiarowe i ilosciowe kryterium, jakim jest wartos¢ nadmiarowe]

molowej energii Gibbsa, znormalizowane] przez iloczyn statej gazowej oraz temperatury
eutektycznej mnigjsza od -1/3 (fT“ < —2)[3] Zgodnie z tym warunkiem, na przyktad mieszanina
E 2

chlorku choliny z glikolem etylenowym, od lat uwazZana za ciecz gleboko eutekiyczna, nie powinna
byc zaliczana do tego rodzaju rozpuszczalnikow. Dlatego tez, Zeby uniknac niescistosci
w terminologii, Chen i You zaproponowali wprowadzenie bardziej ogolnej nazwy w stosunku do
terminu “ciecz gleboko eutektyczna™ na mieszaning eutektyczna o niskiej temperaturze topnienia,
mianowicie “low-melting mixture solvent (LoMMS)" [4]. Jak wynika z Bazy Scopus, taka nazwa
zaczyna coraz czesciej sie pojawiac w publikacjach i by¢ mozZe w przyszhosci zastapi stosowana
do tej pory.

Ze wzgledu na rodzaj sktadnikow tworzacych ciecze gleboko eutektyczne dzieli sie te
rozpuszczalniki na & podstawowych typow [5]:

Typ |, sktadajacy sie z czwartorzedowych soli amoniowych i chlorkdw metali,

Typ I, sktadajgcy sie z czwartorzedowych soli amoniowych i hydratow chlorkow metali,

Typ I, skiadajgcy sie z czwartorzedowych soli amoniowych (akceptordw wiazania
wodorowego HBA — ang. —  hydrogen bond acceptor”) | donordw wiazania wodorowego (HBD —
ang. — hydrogen bond donor”),

Typ IV, skladajacy sie z hydratow chlorkéw metali i HED,

Typ V, sktadajacy sie z niejonowych HBA | HED.

W literaturze mozna tez znaleic inne rodzaje DES, takie jak: mnaturaine (NADES),
terapeutyczne (THADES), magnetyczne (MDES), hydrofohowe (HDES), polimerowe (PQES),
oparte na cyklodekstrynach (SUPRADES) [5]. Przynaleznosc do danej klasy cieczy gteboko
eutektycznych zalezy od charakteru skkadnikdw misszanin.

Jak do tej pory, do najbardziej popularnych naleZg ciecze gleboko eutekiyczne typu
trzeciego, w ktdrych za obniZenie temperatury topnienia gtdwnie odpowiada utworzenie wiazan
wodorowych pomiedzy skfadnikami rozpuszczalnika. Najwiece] publikacji poswieconych jest
wihasciwosciom, strukfurze | zastosowaniom mieszanin opartych na chlorku choliny (ChCI)
peinigcym role akceptora wigzania wodorowego oraz na kwasach i glikolach jako donorach
wigzania wodorowego. Wedtug danych z Bazy Scopus z czenwca 2024 roku tylko 176 artykutow
sposrod 12451 poswieconych cieczom gleboko eutektycznym dotyczy DES opartych na

aminoalkoholach. Piec gtownych dziedzin w jakich byty publikowane prace to: chemia, inZyniera
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chemiczna, inZyniera materiatowa, nauki o srodowisku, fizyka i astronomia, z czego najwisce]

artykutdw pojawito sie do tej pory w dziedzinie chemii (Rysunek 2}.

11.7%

s Chemia = InZynieria chemiczna » InZynieria materialowa

» Nauki o Srodowisku  wFizyka i Astronomia = Inne

Rysunek 2 Dziedziny w jakich publikowane byty artykuty ze stowem kluczowym ,deep eutectic
solvents” ( Scopus).

Ciecze gteboko eutektyczne zaliczane sa do nowe] klasy _zielonych rozpuszczalnikow™,
ktore obok cieczy madkrytycznych i cieczy jonowych stanowig alternatywe dla organicznych,
lotnych rozpuszeczalnikdow majacych negatywny wphlyw na Srodowisko. Podobnie jak ciecze
jonowe s3 one praktycznie nielotne, niepalne oraz posiadaja wysoka stabilnosc termiczng
i elekirochemiczna, ale koszt ich wytwarzania jest znaczaco niZszy, sa mniej toksyczne i czesto
biodegradowalne [8]. Ich wiasciwosci fizyczne i chemiczne moga byc w prosty sposcb
modyfikowane poprzez wprowadzenie grup funkcyjnych czy tez zmiane proporcji sktadnikow
tworzacych DES [7]. Dlatego tef rozpuszczalniki te moga znalez¢ zastosowanie w przetwarzaniu
biomasy [8], w ekstrakcji m.in. kwasdw tluszczowych [9], bioczasteczek [10], jondw metali grup
przejsciowych [11] | pestycydow [12] oraz jako Srodowisko reakcfi chemicznych np.
w enancjoselektywnej krzyZowej reakcji aldolowej [13], stereoselektywnej addycji Michasl'a [14],
reakcjach cyklokondensacji [15] i wielu innych [16]. Trwajg prace nad zastosowaniem DES jako
katalizatorow w syntezie organicznej [17—19], w odsiarczaniu paliw [20,21], produkcji biopaliw
[22] i chemicznym recyklingu polimerow [23]. Podejmuje sie rawniez proby wykorzystania DES
do separacji gazow, takich jak CHa, H25, NOz, 50 [24].

Ciecze gleboko eutekiyczne moga byc otzymywane przy pomocy kilku technik
Do najczescie] stosowanych naleza: metoda podgrzewania, synteza wspomagana

ultradzwickami oraz synteza wspomagana mikrofalami Okazuje sie, #Ze pomiedzy
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wiasciwosciami fizycznymi cieczy gieboko eutektycznych otrzymanych przy pomocy tych metod
syntezy, nie ma znaczacych statystycznie réznic [25]. Rzadziej stosowane metody syntezy DES
to metoda odparowywania pod zmnisjszonym cisnieniem, gdzie sktadniki rozpuszczone sa
w wodzie, kiora nastepnie jest usuwana przy pomocy wyparki obrotowej, oraz technika liofilizacii,
w ktorej sktadniki sg rozpuszczane tworzgc okoto 5% roztwor wodny, nastepnie jest on zamraZzany
i liofilizowany aZz do uzyskania klarownego roztworu. Jednakie, wada ftych metod jest duZa
zawartodc wody w otrzymywane] cieczy gleboko eutektycznej, co przeklada sie na ich
wiasciwosci fizykochemiczne [26].

Petny przeglad literaturowy wiasciwoscl fizykochemicznych cieczy gleboko
eutektycznych zostat dokonany przeze mnie w pracy A1. Zawiera on nie tylko dane dotyczace
parametrow fizycznych szczegolnie istotnych z punkiu widzenia zastosowania DES w procesach
usuwania ditlenku wegla z gazow przemystowych, 1. gestosci, lepkosci i wspolczynnika
zatamania Swiatta. Przedstawione zostaty w nim rowniez inne wiasciwesci, kiore uzupetniaja
charakterystyke tych rozpuszczalnikow, wazne w kontekscie innych zastosowan.

Z analizy danych literaturowych wynika, Ze wiekszosc przebadanych do tej pory cieczy
gteboko eutektycznych w temperaturze pokojowej posiada gestosc w granicach od 1,0 do 1,35
gem™ [8]. Wyjatek stanowig rozpuszczalniki zawierajace sole metali, takie jak ZnClz, majace
gestosé w zakresie 1,3-1,6 gcm oraz hydrofobowe DES o gestosci niZszej od gestosci wody
[27—-29]. Wspdtczynniki zatamania Swiatta cieczy gieboko eutektycznych sg zbliZzone do cieczy
jonowych i wyZsze niz dla klasycznych rozpuszczalnikow, takich jak etanol lub aceton [30]
Generalnie, ciecze gieboko esutekiyczne odznaczaja sie wysoka lepkoscia, w szczegolnosci te
oparte na cukrach i na aminokwasach [31,32]. Najnizsze lepkosci (<100 mPas) wykazuja DES
zawierajace glicerol, glikol, aminoalkohole, aminy, niektore kwasy karboksylowe ialkohole
[33-35]. Wazrost temperatury powoduje spadek gestosci, wspdlczynnika zatamania swiatta
i lepkosci cieczy gleboko eutektycznych, przy czym zaleZnoic temperaturowa gestosc
i wspdlczynnika zatamania Swiatta ma charakier liniowy, a spadek lepkosci ze wzrostem
temperatury opisywany jest rdwnaniami o charakierze wykfadniczym [35].

Tak jak w przypadku innych rozpuszczalnikow, o gestosci i wspdtczynniku zatamania
swiatta cieczy gleboko eutektycznych decyduje “objetosc swobodna™ (ang. - .free volume”)
mieszanin. Wzrostowi “objetosci swobodnej”, prowadzacemu do niZszych wartosci gestosci
i wspolczynnika zatamania Swiatta, sprzyja wzrost diugosci | symetrii tancucha alkilowego
w czasteczee akceptora lub donora wiazania wodorowego DES oraz wezrost rozmiaru anionu HBA
[36—41]. Natomiast obecnosé grup hydroksylowych czy aminowych w sktadnikach cieczy gleboko
eutektycznych, prowadzaca do bardziej zwartej strukiury rozpuszczalnika, skutkuje wzrostem
wartosci p i n [36,42 43].

W przypadku lepkosci na jej wartosc wplywa rozmiar czasteczek rozpuszczalnika oraz
oddziatywania miedzyczasteczkowe, takie jak wodorowe czy van der Waalsa Dlatego tez
wzrostowi lepkosci DES sprzyja zarowno obecnosc w skladnikach cieczy gieboko eutektycznych
grup hydroksylowych, aminowych, karboksylowych i acetylowych [34,41 44 45], jak i obecnosc
diugiego farcucha alkilowego [46,47].
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Jak wynika z literatury, w przypadku wiekszosci DES, wraz ze wzrostem stosunku
molowego HBA do HBD ich gestosc, wspolczynnik zatamania swiatta | lepkosc maleje
[40.45 43 49]. Wynika to ze wzrostu “objetosci swobodnej’, powigzanego z ostabieniem wiazan
wodorowych. Wyjatek stanowia ciecze gleboko eutektyczne, w ktdrych wystepuje silna asocjacja
pomiedzy czasteczkami HBD [50].

Tabela 1 Zebrane wlasciwosci fizyczne DES opartych o aminocalkohole [51].

stosunek
HEA HED gl kgm? n nimPas
Thalowy
chiorek choliny monoefanoloamina 15 1076,7 1,4549 485
chiorek choliny monoetanoloamina 16 1069,0 14821 38T
chiorek choliny manoeianoloamina p 10650 1.4791 ary
chiorek chalimy monoetanoloamina 1:5 1064 0 14777 318
chiorek choliny trietanolcaming 12 1330,0 - 8388
bromek .
. maonoeianoloamina 13 10616 1,4920 3597
tetrabutyloamoniowy
bromek ;
> monoetanoloamina 14 10547 1,4881 -
tetrabuiyloamoniowy
bromek B
5 monoetanoloamina 16 10322 - 41 67
tetrabutyloamoniowy
bromek
. monoeianolcamina 17 - - 51,76
tetrabutyfoamaoniowy
bromek -
dietanoloamina 16 10777 - 390
tetrabulyloamoniowy
bromek . .
. trietanoloamina 17 1091 2 - 556
tetrabutyloamoniowy
bromek monostanoloamina
; : 15 11353 1.5664 -
metylofrifenylofosfoniowy
bromek monoetanoloaming
) . 1:6 11204 - 383
metylotrifenylofosfoniowy
bromek monoetanoloamina
. . 17 11092 - i5E
mietylofrifenylofosfoniowy
bromek monoetanoloamina
; . 15 1089.5 1.5024 i 1
metylotrifenylofosfomiowy
2-metoksyfenod monoeianolcamina 11 11378 - 5314
3-metoksyfenol monoetanoloamina 11 11283 - 2328
4-metoksyfenod monoetanoloamina 11 11196 - 1002
2-metoksyfenol dietanoloamina 11 11402 - 941,89
Fmetoksyfenol dietanoloamina 1 11440 - 1198 3
4-metoksyfenod dietanoloamina 11 11366 - 566.3
2-metoksyfenol tnetanofcaming 11 11331 - 440 3
F-metoksyfenc trietanoloamina 11 1131 4 - 6311
4-metoksyfenol tnetanoloaming 11 11316 - 4210

MaleZy zauwazyc, Ze przestawiona w pracy Al analiza wphywu budowy cieczy gleboko
eutektycznych na ich wiasciwosci fizykochemiczne opiera sie w giownej mierze na DES

zawierajacych HBD inne niZ aminoalkohole. Wynika to z matej liczby publikacji poSwisconych
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wiasciwosciom fizykochemicznym cieczy gleboko eutekitycznych zawierajacych te zwiazki
Doskonale obrazuje to artykut przegladowy, ktdry zbiera wiasciwoéci fizyczne DES opublikowans
w latach 2003-2021 [51]. Na okoto 1540 DES indeksowanych w tej publikacji, tylko 24 jest
opartych o aminoalkchole jako HBD, z czego 15 dolyczy mieszanin zawierajacych
monoetanoloaming [51]. Ponadto, jak wynika z Tabeli 1, zebrane przez Omara i Sedehdiego dane
literaturowe dotycza gtownie cieczy gteboko eutektycznych opartych o HBA inne niz sole
tetraalkiloamoniowe. W przypadku DES zawierajacych sole tetraalkiloamoniowe, wiasciwosci
fizyczne zostaly wyznaczone tylko dla uktaddw opartych o bromek tetrabutyloamoniowy
i etanoloamineg, dietanoloamine lub trietanoloamine. Potwierdza to przegladowa praca Songiin,,
opublikowana w 2023 roku, poswiecona wylacznie cieczom gleboko eutektycznym zawierajacym
aminoalkchole [562]. Autorzy podkresiajg w niej, Ze lepkosc tego rodzaju rozpuszczalnikow jest
nizsza w porownaniu z DES opartymi na innych HBD, co moZe prowadzic do obnizenia kosziow
ich wykorzystania.

Do najprostszych i najczesciej stosowanych technik modelowania wlasciwosci
fizycznych cieczy gleboko eutektycznych maleza korelacje, opierajace sie na empinycznych,
liniowych i nieliniowych modelach regresyjnych. Zostaly one z powodzeniem zastosowane do
powigzania wielu whasciwoscl fizycznych DES z temperaturg, takich jak gestosc [53-56]
wapdtczynnik zatamania Swiatta [53,55] i predkosc rozchodzenia dzwieku [55.57]. Ponadto,
zaleznosc lepkosci DES od temperatury najczesciej modelowana jest przy pomocy empirycznego

rownania Amrheniusa (2) badz Vogela-Fulchera-Tammana (VFT) (3):

Eg

1} = N EXpERT (2)
b

n = Ngexp’Te (3)

gdzie n=, Es no. b, i To sa optymalizowanymi parametrami, R to stata gazowa, a T to
temperatura w Kelvinach.

Pomimo prostoty metod korelacyjnych ich zastosowanie w projektowaniu procesow
na skale przemystowa jest ograniczone tylko do zakresu temperatur i DES uzytych przy
opracowywaniu modelu. Z tego powodu czesciej uZywane sg inne, bardziej ogdlne techniki m. in.
metody udziatéw grupowych (GC- ang. — .Group contrbution methods™), Ich podstawg jest
podziat czgsteczki zwiazku chemicznego na podstawowe grupy charakieryzujace sie
addytywnymi wielkosciami molowymi (AGQGM- ang. — _additive maolar guantities"). Wartosci AQM
dla okreslonych grup znajduje sie na podstawie danych eksperymentalnych dla znanych
zwiazkow chemicznych i s3 one wykorzystywane do okreslenia wiasciwosci fizykochemicznych
nieznanej substancji, takiej jak na przyktad ciecz gteboko eutekiyczna, oczywiscie przy pomocy
odpowiednich regut mieszania. Metody udziatow grupowych uZzywane w literaturze do
przewidywania gestosci, lepkosci iwspdlczynnika zatamania Swiatta cieczy gleboko
eutektycznych opisatem w pracach A2 i AJ. Zostaly one opracowane na podstawie dostepnych
danych dia DES opartych gtdéwnie o alkohole, cukry, kwasy organiczne i aminokwasy, Poczatkowo
uzywano ich do przewidywania wartosci parametrow krytycznych oraz  wspdtczynnika

acentrycznego DES [5859] Oszacowane parametry krytyczne wykorzystywano nastepnie
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do prognozowania  wartosci  gestosci, lepkosci iwspolczynnika zatamania swialta
rozpuszczalnikow [60-64]. Z czasem metody udziatow grupowych zastosowano
do bezposredniego przewidywania gestosci, wspdtczynnika zatamania Swiatta, pojemnosci
cieplnych, predkosci rozchodzenia dzwieku i napiecia powierzchniowe réZnych rodzajow DES
[60-70].

2.2. Struktura DES - przewidywanie przy pomocy symulacji MD

Dynamika molekularna (MD - ang. - Molecular Dynamics) stanowi obecnie najczescig]
stosowane narzedzie umozliwiajace gtebsze zrozumienie struktury cieczy gleboko eutektycznych
na poziomie atomowym [71]. Symulacje MD pozwalaja bowiem nie tylko na sledzenie ruchu
atomdw w czasie, ale réwnieZ na ilosciowe okreslenie odleglosci miedzy nimi, co umozliwia
doktadna analize geometrii uktadu, rozmieszczenia wiazan wodorowych oraz innych oddziatywan
migdzyczasteczkowych.

Pole siowe jest kluczowym elementem symulacii metoda dynamiki molekularmej,
umozliwiajac realistyczne odwzorowanie strukiury | wiasciwoscl uktadow chemicznych na
poziomie atomowym. Jest ono matematycznym opisem definiujacym sposob, w jaki atomy
oddziatujg ze soba w ukladzie melekularnym, Pole sitowe opiera sie na energii potencjalnej, kidra
jest zazwyczaj reprezentowana w postaci sumy fatwo interpretowalnych i weryfikowalnych
eksperymentalnie czionow takich jak energia deformacji wiazan, deformacji katdw misdzy
wigzaniami, obrotéw wokdt wigzan oraz energia oddziatywan elektrostatycznych ivan der
Waalsa. Funkcja energii potencjalnej moze miec dodatkowe cziony, kidre doktadniej opisujg
pewne wtasciwosci molekuty np. eddziatywanie pochodzace od wiazan wodarowych.

Gietkie pole sitowe ogdlnego przeznaczenia OPLS/AA (OPLS - ang - .opfimized
potenfials for figuid simulations™) w wersji ze wszystkimi atomami ujetymi w sposob jawny (AA—
ang, -.all-atom’), jest czesto stosowane w symulowaniu zachowania cieczy organicznych i ich
migszanin z woda [72,73]. W polu sitowym OPLS/AA oddzialywania migdzyczasteczkowe
niewigZace opisane s3 poprzez potaczenie energil oddziatywan elektrostatycznych i potencjatu
Lennarda-Jonesa w nastepujgcy sposdb:

gl 1 i
B =0Ty P v (2| 5 @)
gdzie, Eav - energia oddziatywania pomiedzy czasteczkamiaib, giq - tadunki czastkowe
na atomach, gy, &ij- parametry studni potencjatu dla oddziatywania dyspersyjnego.

Energia oddziatywan wewnatrzczgsteczkowych obliczana jest jako tgczna energia
potencijalna wiazan (wklady 2-atomowe), katow (wkiady 3-atomowe) | katow torsyjnych (wkiady
4-atomowe). Wiazania i katy modelowane =3 jako oscylatory harmoniczne, zas katy torsyjne jako
funkcije periodyczne kata.

Energia zwiazana z rozcigganiem wiazan i deformacjami katow wyrazone s3 jako:

2
Ew:'qxrznie = Ewiqzawi& K‘F" (T - Taq) {E'J
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Eraey = Ziary Ko (0 — 6sg)” )

gdzie, K-i Kz - state sprezystoscii sitowa, r - diugosc wiazania, reg - rownowagowa diugosc
wigzania, 8 - wielkos€ kata miedzy wiazaniami, Bsq - réwnowagowa wartosc kata wiazania.

Ostatni czlon energetyczny w polu sitowym COPLS/AA opisuje energie torsyjna (rotacji wokat

pojedynczych wiazan):

Broismic = 2it %I [1+ cos (8;)] + er?"[[1 + cos (20;)] + %“1 [1+ cos (36;)] (7)

gdzie, © - kat torsyjny, V1.3 - stale szeregu Fouriera [T2].

Kluczowym narzedziem stosowanym w analizie wynikow symulacji metoda dynamiki
molekulamej, pozwalajacym na  badanie lokalnej strukiury oraz  oddziatywan
miedzyczasteczkowych jest funkcja rozktadu radialnege (RDF - ang. .radial distnbution
function™). Wskazuje ona prawdopodobienstwo znalezienia sie czagsteczek lub atomow B
w odlegtosci r od wybrane] czasteczki odniesienia A (w szczegolnym przypadku A jest tozsame

z B). Formalnig jest ona definiowana jako:

(r}
945(r) =13 (8)

gdzie, palr) - srednia gestosc atomdw B w odleglosci r od wybranego atomu A,
pa” - Srednia gestosc atomdw B w ukiadzie.
W sposob jawny jej wartosc obliczana jest w nastepujacy sposdb:

duglv) . dngl{r)
dV{rlp dnrdy pﬁ

gap(r) = (9)

gdzie, dne(r) - liczba czasteczek B w poltozonych w odlegtosci (r, r + dr) od A,
dV/(r) - objetosc powtoki sferycznej zawartej pomiedzy tymi promieniami [74].

Pierwsze prace, w ktorych uzZyto metody dynamiki molekularnej w odniesieniu do cieczy
gteboko eutektycznych poswiecone bylty mechanizmowi powstawania DES zioZonego z chlorku
choliny i mocznika (U). Sun i in. badajac energie oddziatywan w szerokim zakresie sktadu
mieszaniny, wykazali, Ze przy skiadzie 1:2 oddziatywania pomiedzy kationem i anionem soli,
kationem soli i mocznikiem oraz pomiedzy anionem soli | mocznikiem pozostaja w rownowadze
[75]. Wedtug Celebi i in., prowadzi to do najwiekszego obnizenia temperatury topnienia, a efekt
ten maleje wraz ze wzrostem zawartosci mocznika w mieszaninie na skutek wzrostu mocy
oddzialywan pomiedzy czasteczkami mocznika i ostabienia oddzialywan pomiedzy mocznikiem
i chlorkiem choliny [76]. Ostabienie sieci wigzan wodorowych pomiedzy jonamisolii czasteczkami
donora wiazania wodorowego w mieszaninach o wiekszej zawartosci HBD, prowadzace do
wyZszej temperatury topnienia DES, potwierdzajg rowniez obliczenia przeprowadzone przez
Pour i in. dla mieszanin ztoZonych z chlorku choliny i glukozy [77]. Maik i in. fakt powstania cieczy
gteboko eutekiycznej rowniez przypisuja tworzeniu wiazan wodorowych pomiedzy anionem HBA
a HBD oraz osfabieniu oddzialywan typu HBD-HED i kation-anion HBA [78]. Pozostaje to
w zgodzie z symulacjami MD przeprowadzonymi przez Shokri i in. pokazujgcymi, Ze na
oddzialywania pomiedzy HBA i HBD wplywa moc oddzialywan elektrostatycznych pomiedzy
jonami soll. Zgodnie zwynikami autorow sposrod frzech mieszanin  zawierajacych

N-metylotiomocznik (NMTU) jako donor wiazania wodorowego oraz roZzne akceptory wiazania
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wodorowego - chlorek choliny, chlorek allilotrimetyloamoniowy [(ATMAC) i chlorek
benzylotristyloamoniowy (BETEAC) najsilniejsze oddzialywania pomiedzy jonami soli, prowadzace
do najstabszych oddzialywan pomiedzy HBA | HED, wystepuja pomiedzy anionem chlorkowym
a kationem cholinowym [79].

Z przeprowadzonych dotad obliczen metoda MD wynika tez, Ze nie bez znaczenia dla
oddziatywan woderowych pozostaje obecnosc, typ i potoZenie grup funkeyjnych w skladnikach
cieczy gteboko eutektycznych. Z pracy Migliorati i in., dotyczacej strukiury DES opartych na
chlorku choliny lub chlorku benzylotrimetyloamoniowym, wynika, Ze obecnosc grupy
hydroksylowej w ChCl powoduje powstanie swoiste] dla te] cieczy gileboko eutekiycznej
trojwymiarowe] sieci wigzan wodorowych, w kiorej uczestnicza zardwno kation i anion soli, jak
i mocznik. W przypadku DES opartego o chlorek benzylotrimetyloamoniowy, ze wzgledu na brak
grupy hydroksylowej, wiazanie wodorowe powstaje tylko pomiedzy anionem soli a mocznikiem
i wedlug autorow prowadzi to do obniZzenia temperatury topnienia w mnigjszym stopniu niz dla
ChClU [80]. £ analizy funkcji rozkiadu radialnego dla cieczy gleboko sutektycznej zioZongj
z chiorku cheliny | kwasu askorbinowego, przeprowadzone] przez Cheng | in., wynika, Ze
oddziatywania wodorowe pomiedzy anionem soli a grupami hydroksylowymi HBD sa
preferowane, gdy grupy te sa polaczone z pierscieniem laktonowym kwasu a nie z jego
tancuchem alkilowym [81]. W przypadku DES zawierajacych kwasy karboksylowe w wiekszoscl
wigzan wodorowych pomigdzy HBA | HBD uczestnicza terminalne grupy —OH pochodzace od
grupy karboksylowe]. Dowodzg tego obliczenia Rozas | in. dotyczace mieszanin ztoZonych
z 1,8-cyneolu oraz kwasu jablkowego lub kwasu mlekowego [B82] W cieczach gleboke
eutektycznych opartych o glikele o takiej samej diugosci fancucha alkilowego, ale o réznym
potoZeniu grupy hydroksylowych, jak to ma miejsce w przypadku mieszanin chlorku choliny
Z propano-1,2-diclem oraz z propanc-1,3-diclem, silniejsze oddzialywania wodorowe pomiedzy
anionem chlorkowym chlorku choliny a HBD zaobserwowano dla glikolu propano-1,2-diclowego
[53]. Wedtug autorow pracy oddalenie grup -OH w propano-1,3-diolu zwieksza liczbe oddziatywan
typu glikol-glikol, ktére moga konkurowac z oddzialywaniami pomiedzy anionem chlorkowym
a czasteczkami glikolu i w efekcie powstaja stabsze wigzania wodorowe miedzy CI- a grupami -
OH glikolu. Ostabieniu wiazan wodorowych pomiedzy HEATHED sprzyja rownieZ zamiana grupy
hydroksylowej na aminowg. Wykazali to Kussainowa iin. w swoje] pracy dotyczacej cieczy
gteboko eutektycznej sktadajacej sie z bromku metylotrifenylofosfoniowego i monoetanoloaminy,
kiora przynajmnisj wediug mojej wiedzy, stanowi jedyna pozycje przedstawiajaca symulacje MD
dla DES opartych na aminoalkoholach i halogenkach kationow czwartorzedowych. Zgodnie
Z obliczeniami autorow, oddziatywanie miedzy anionem bromkowym a grupa hydroksylows
moneetancloaminy jest prawie pieciokrotnie silniejsze niZ oddziatywanie miedzy Br- a grupa
aminowa [64]. Badania przeprowadzone przez Ferreira i in., oparte na analizie funkcji rozktadu
radialnego dla cieczy gteboko eutektycznych zloZonych z chlorku choliny oraz glikolu
etylenowego (EG) lub glikolu propylenowego {PG), wskazuja na istotny wplyw dlugosci tanicucha
glkilowego HBD na strukiure tych cieczy [83.85]. Z badan wynika, Ze w mieszaninie ChCI/PG

dominuja wigzania wodorowe migdzy anionem chlorkowym a czasteczka glikolu propylenowego.
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MNatomiast w przypadku mieszaniny ChCUEG, ilosc oddzialywan wodorowych pomiedzy anionem
chlorkowym a glikolem etylenowym oraz wigzan typu EG-EG jest bardziej zréwnowazona.
To zroZnicowanie w strukiurze wiazan wodorowych wynika z rdZnic w dlugosci lancucha
alkilowego HBD — dtuzszy fancuch w przypadku glikelu propylenowego sprzyja powstawaniu
silniejszych oddziatywan miedzy anionem CI a glikolem, podczas gdy kratszy tancuch glikolu

etylenowego prowadzi do bardziej zrownowazZonych oddziatywan w mieszaninie [83,85].

2.2.1.Wplyw wody na wlasciwosci i strukture DES

Ze wzgledu na swoje silnie higroskopijne wiasciwosci, ciecze giteboko eutekiyczne
zostajg zanieczyszczone Sladowymi ilosciami wody juZz w procesie ich syntezy [86]. Ponadio
rozpuszczalniki te moga ulegac dalszemu zawodnieniu w trakcie uZytkowania. Czasami woda
mozZe by¢ jednak celowo dodawana do DES w celu poprawy ich wiasciwosci fizykochemicznych,
zwiaszcza tych odpowiedzialnych za transport masy jak np. lepkosc.

Wiekszosc prac eksperymentalnych dedykowanych wodnym roztworom cieczy gleboko
eutektycznych dotyczy wlasciwosc termodynamicznych roztwordw DES zawierajacych chlorek
choliny. Przede wszystkim sa to prace oparte na pomiarach gestosci przeprowadzone dla
rozpuszczalnikow, w skiad kiorych wchodzi mocznik, ale sa teZ dedykowane DES, w ktorych role
HBD petni glikol etylenowy, glikol propylenowy, kwas malonowy i mlekowy czy tez cukry [67.88]
W literaturze znajduje sie zdecydowanie mniej prac dotyczacych charakierystyki wodnych
roztwordw DES uzyskanej przy pomocy pomiardw lepkosci czy wspdtczynnika zatamania swiatfa,
a jeszcze mniej doniesien literaturowych poswieconych jest pomiarom predkosd dzwieku [37].
Dla wszystkich zbadanych dotad ukltadéw binarnych wody z cieczg glteboko eutektyczna oparia
o chlorek choliny uzyskano dodatnie odchylenia wspdlczynnika zatamania swiatla | odchylenia
lepkosci [89] oraz ujemne nadmiarowe objetosci molowe [90], nadmiarowe adiabatyczne
scisliwosci molowe i odchylenia scisliwosci adiabatycznej [91,92]. Uzyskane wyniki dowodzg
wiec, Ze pomiedzy woda a czgsteczkami DES powstaja silne oddzialywania wodorowe, ktore
w potaczeniv z efekiem upakowania czgsteczek wody w strukturze DES prowadzg do
zmnigjszenia “objetosci swobodnej” mieszaniny | w konsekwencji do spadku objgtosc
i scisliwosci oraz do wzrostu wspotczynnika zatamania Swiatla | lepkosci w calym zakresie
skladow [90,93-85]. W przypadku wodnych roztworow DES oparych o bromek
tetrabutyloamoniowy oraz kwas mrowkowy (FA) uzyskana przez Zuo i in. [96] sinusoidalna
zaleznosc nadmiarowych objetosci molowych od skiadu mieszaniny wskazuje na nieco inne
zachowanie. Dodainie wartosci nadmiarowych objetosci molowych, obserwowane przy niskiej
zawartosci wody wskazuja, Ze wprowadzenie wody do TBAB/FA powoduje wzrost objetosci
roztwory, co jest najprawdopodobniej spowodowane rozrywaniem silniejszych wiazan
wodorowych pomiedzy czasteczkami DES i powstawaniem w ich miejsce stabszych wiazan
pomigdzy DES a wodg, co prowadzi do rozluznienia struktury mieszaniny. Ujemne wartosci

nadmiarowych objetosci molowych przy wyZszych steZeniach wody sugeruja z kolei, Ze wigzania
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wodorowe pomiedzy czasteczkami wody sg stabsze niz wiazania wodorowe tworzone pomiedzy
czgsteczkami TBAB/FA i woda.

Jako Ze nadmiarowe wielkosci termodynamiczne pozwalaja na ocene oddziatywan
obecnych w ukiadzie jedynie w skali makroskopowej, w celu gtebszego zrozumienia oddziatywan
cieczy gleboko eutektycznych z woda na poziomie mikroskopowym, podjeto w przesziosci proby
okreslenia struktury wodnych rozbwordw DES miedzy innymi za pomocyg dynamiki molekularne].
Zdecydowana wiekszosc symulacji dotyczyla wpltywu wody na strukture cieczy gleboko
eutektycznych opartych na chiorku choliny.

VW swojej pracy, poswieconej oddziatywaniom w wodnym roztworze ChCI'U (1:2), Shah
iin. podziellli wplyw wody na strukture DES w zaleZnosci od utamka masowego H:0 na trzy
zakresy [97]. Wedtug autordw, przy niskiej zawartosci wody (wazo< 5%) woda wzmacnia wiazania
wodorowe pomiedzy czasteczkami mocznika, w zakresie od 5% do 25% utamka masowego H20
tworzy wigzania wodorowe ze skladnikami DES, ale wcigz zachowana jest jego struktura,
a powyZe] 25% utamka masowego HzD weoda burzy strukture DES. Skokowe zniszczenie
struktury ChCI/U przy duZej zawarto5ci wody polwierdzaja wyniki innych niezaleZznych grup
badawczych Fetisov i in. oraz Sapir i Harries (50% utamka masowego H20), Zhekenov i in. (30%
utamka masowego HzO) oraz Kumari i in. (41% utamka masowego H20) [38-101] Wszyscy
autorzy za giowna przyczyne zmian strukiuralnych DES w obecnosci wody zgodnie podaja
preferencyjng hydratacie jonu chlorkowego. Fakt naglego zniszczenia struktury DES przy
konkretnej zwartesci wody zakwestionowata natomiast praca Monteiro iin., w ktdre] autorzy
postuluja stopniowa zmiane hydratacji sktadnikow DES z plynnym przejsciem miedzy strukturami
woda-w-DES™ i _DES-w-wodzie™ [102]. Symulacje MD przeprowadzone przez Gao | in. dla
wodnych roztworow ChCUU wykazaly, Ze nawet dla wysokich utamkow molowych wody
(xr20=0 9), jony chlorkowe sa tylko czesciowo uwodnione [103).

Jedna z nielicznych prac poswieconych DES opartych na innych HBA niZ chlorek choliny
dotyczyta wodnych roztwordw hydrofobowych DES opartych o chlorki tetraalkiloamoniowe jako
HBA | kwas kaprylowy jake HED. Obliczenia przeprowadzone przez Pouri in. dla tych mieszanin
potwierdzity efekt obserwowany dla DES opariych o ChCl, a mianowicie to, Ze niezaleZnie
od uktadu, dodatek wody powoduje ostabianie oddzialywan pomiedzy HBEA a HBD poprzez

preferencyjna hydratacje jonu chlorkowego soli [104].

2.3. Wykorzystanie DES w procesie usuwania COz

Pierwszy artykut dotyczacy wykorzystania DES w procesie absorpcji dittenku wegla
pojawit sie w literaturze w 2008 roku i dotyczyt mieszaniny zfozonej z chlorku choliny | mocznika
w stosunku molowym 1:2 [105]. Od tego czasu zainleresowanie tym tematem znacznie wzrosto.
Przeglad literatury dotyczacej absorpcji dittenku wegla w cieczach gteboko euteklycznych zostat
przeze mnie szeroko opisany w pracy A1, obejmujace] sposoby pomiaru rozpuszczalnosci

ditlenku wegla oraz wpiyw budowy sktadnikow tworzacych DES na jej zdolnosci sorpoyjne.
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Majczesciej stosowane metody badan przydatnosci DES w separaciji gazdw opieraja sie
na pomiarze rozpuszczalnosci ditlenku wegla metoda wagowa oraz izochoryczna rownowagows.
Pierwsza wymieniona metoda polega na pomiarze zmian masy probki medium sorpcyjnego
wysycanego gazem aZ do osiggniecia statej wartosci w ustalonych warunkach cisnienia
i temperatury, natomiast metoda izochoryczna rownowagowa opiera sie na pomiarze zmian
cisnienia gazu nad rozpuszczalnikiem aZ do uzyskania stanu rownowagi. Zgodnie z literatura,
metoda izochoryczna rownowagowa jest odpowiednia do pomiardw pojemnosci sorpoyjneg]
wwarunkach wysokiego cisnienia, natomiast metoda wagowa sprawdza sie lepig] przy
pomiarach w warunkach ciSnienia atmosferycznego [52]

MNajwickszy wplyw na pojemnosc sorpeyjna ditlenku wegla maja grupy funkcyjne obecne
zarowno w czasteczce akceptora, jak | donora wiazania wodorowego, Obecnosc grupy aminowe|
w HBD lub HBA decyduje o chemicznym charakterze procesu sorpgji, co prowadzi do wyZszych
wartosci rozpuszczalnosci COz £ nielicznych doniesien literaturowych dotyczacych cieczy
gteboko eutektycznych opartych na aminach, wynika, Ze mieszaniny, w ktdrych zachodzizarowno
fizyczna, jak 1 chemiczna absorpcja ditlenku wegla, czesto wykazuja wyZsza pojemnosc
sorpcyjna w stosunku do tego gazu nig powszechnie stosowany wodny 30% wag. roztwdr
monoetanoloaminy.  Przykladem  takiego rozpuszczalnika jest mieszanina chlorku
tetractyloammoniowego | monoetanecloaminy w stosunku molowym HBA do HBD 1:5, w ktarej
rozpuszczalnosc COz w temperaturze 303 K i cisnieniu 1 atm wynosi 0,1628 g/g, podczas gdy
w wodnym roztworze ME& wynosi ona w tych samych warunkach 0,118 g/g [52].

Przeprowadzone dotad badania wskazuja tez, Ze ciecze gleboko eutekiyczne
zawierajace pierwszorzedowe aminy charakiernyzujg sie wyZsza pojemnoscia sorpeyjna ditlenku
wegla w pordwnaniu do mieszanin zawierajgcych aminy drugo- czy trzeciorzedowe [106]
Ponadto, wedtug Haidera | Kumara DES oparte na drugorzedowych aminach wykazuja odmienng
zaleZznos¢ miedzy dlugoscia tancucha alkilowego a zdolnosciami sorpeyjnymi niz te
Z pierwszorzedowymi aminami, tzn. ich zdolnoscl sorpeyjne obniZajg sie wraz ze wzrostem
dtugosci tancucha alkilowego HBED, co wynika ze zwiskszonej zawady sterycznej [107].
Co wiecej, trzeciorzedowe aminy nie tworza z C0Oz kwasu karbaminowego, a sorpcja wynika
z oddziatywan fizycznych, co w konsekwencji skutkuje niZsza rozpuszczalnoscia ditlenku wegla
[106,10&].

Grupy funkcyjne o wyZszym powinowactwie do COz zapewniaja wyZsza rozpuszcezalnosc
i zgodnie z tym kryterium mozZna by je uszeregowac wediug nastepujacej kolejnosci: grupa
amidowa > grupa karbonylowa > wiazanie eterowe > grupa hydroksylowa [459,109,110]. Nie bez
znaczenia pozostaje tez sama liczba i potozenie grup funkeyjnych w skiadnikach DES. Chen i in
zaobserwowall wyZszg rozpuszezalnosc COz w mieszaninach, w kiorych grupy —OH w glikelach
byty potoZone blisko siebie [111]. Z kolei Pishro i in. wykazali, Ze rozpuszezalniki zawierajace
wieksza liczbe grup aminowych charakieryzuja sie wyZsza pojemnoscia sorpeyjng CO, [112].
Wedlug Sarmada i in. mieszaniny oparte o zwiagzki, kiore zawieraja grupy funkcyjne mogace
tworzy¢ wewnatrzczasteczkowe wiazania wodorowe stabiej oddziatuja z ditlenkiem wegla

i w rezultacie stabigj go absorbuja [34].
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Istotnym czynnikiem wplywajacym na pojemnosc sorpeyjng DES jest stosunek molowy
HBA do HBD. Jak wynika z doniesien literaturowych, optymalny stosunek meoZe roznic sie
w zaleznosci od zastosowanych skladnikéw mieszaniny. W przypadku cieczy gleboko
eutektycznych absorbujacych CO: w sposob fizyczny, najczescie] obserwuje sie obnizenie
rozpuszczalnoscl wraz ze wzrostem zawartosci HBD, spowodowane spadkiem “objetosci
swobodnej” [108,109,111,113]. Z kolei w przypadku DES tworzgcych z ditlenkiem wegla wiazania
chemiczne wraz ze wzrostem stosunku molowego HBA do HBD rozpuszezalnose CO»
przewaznie rosnie. Wynika to ze zwickszonej liczby czgsteczek mogacych z nim reagowac
[106,112]. Znane sa jednak wyjatki, w kidrych efekt zwigzany z obnizeniem "objetosci swobodne]
rozpuszczalnika przewaza i ostatecznie rozpuszczalnosc CO; maleje wraz ze wzrostem ilosci
HED, mimo zachodzace| reakcji. Zjawisko to zaobserwowali Aliiin. dla cieczy ztoZonych z bromku
metylotrifenylofosfoniowego | monoetanoloaminy [114]. W przypadku cieczy absorbujacych COz
w sposdb fizyczny, wzrostowi rozpuszczalnosci sprzyja wzrost dlugosci fancuchdw alkilowych
i ich symetrii oraz wielkosci anionu, zardwno w czasteczce HBA jak i HBD [34,108,115,116].

Wplyw zawartosci wody na rozpuszczalnost ditlenku wegla w cieczach gleboko
eutektycznych zostat opisany tylko w kilku pracach. W przypadku mieszanin wykazujacych
fizyczny mechanizm sorpcji CO:z zwiekszenie zawartoSci wody prowadzi de obnizenia
rozpuszczalnoscl gazu, natomiast w przypadku DES zawierajacych aminy, niewielki dodatek
wody moZe miec korzysiny wpltyw na wielkosc pojemnosci sorpeyjnej ditlenku wegla [117,118].
Wskazuja na to badania Trivedi i in. przeprowadzone dla wodnych roztwordw DES zioZonegj
z chlorowodorku monoetanoloaminy i etanodiaminy MEACVEDA (1:3). Wedlug autoraw, dodatek
niewielkiej ilosci wody do MEACIEDA (do 10%) powoduje wzrost pojemnosci sorpeyjnej COz, ale
przekroczenie granicznej wartosci prowadzi do je] spadku [119] Podobny spadek
rozpuszczalnosc ditlenku wegla przy wigkszej ilosci wody zaobserwowali Li i in, w przypadku
mieszanin zioZonych z monoetanoloaminy i chlorkow tetrametyloamoniowego
i tetraetyloamoniowego TMAC/MEA | TEAC/MEA. Warto jednak zaznaczyc, Ze ci sami autorzy
wykazali, Ze dla mieszaniny ChCIVMEA dodatek wody w zakresie 15-20 % masowych nie wphywa
znaczaco na rozpuszczalnosé COz w DES [106].

Mechanizm wptywu wody na rozpuszczalnosc CO:z w cieczach gleboko eutektycznych
nie jest w petni poznany. Suiin. w badaniach nad DES wykazujacymi fizyczny mechanizm sorpciji
sugeruja, Ze zmnigjszenie rozpuszczalnosci wraz ze wzrostem zawartoscl wody jest wynikiem
obniZenia steZenia skiadnikow mieszaniny, co prowadzi do redukeji liczby grup funkcyjnych
oddziatujgcych z COz [117]. Podobne wnioski przedstawiaja Shukla i in. na podstawie badan
wodnych roztwordw cieczy gteboko eutekiycznych opartych na aminach, zawierajgcych ponad
10% wag. H20 [120]. Jest to uzasadnione biorac pod uwage réZnice w rozpuszczalnosci COz
w DES i w wodzie, mogaca siegac dwoch rzedow wielkosci [121]. £ kolei wzrost rozpuszczalnosci
ditlenku wegla po dodaniu niewielkie] ilosci wody do DES absorbujacych COz wsposdb
chemiczny thumaczony jest ostabieniem oddziatywan miedzyczasteczkowych w mieszaninie,

wynikajacym z wystepowania nowych oddzialywan z H20 [106,119]. Wedtug badaczy, proces ten
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prowadzi zardwno do zwickszenia “objetosci swobodne|” DES jak i do utatwionego tworzenia
oddziakywan CO:z ze skiadnikami DES, co ostatecznie skutkuje wzrostem absorpeji.

Jak dotad, techniki abserpcyjne sa najczesciej stosowanymi w praktyce metodami
separacji ditlenku wegla ze strumieni gazowych. £e wzgledu jednak na liczne wady tych metod,
proponowane sg nowe rozwiazania, ktore wykorzystuja mniejsze ilosci bardziej przyjeznych
srodowisku odczynnikow oraz cechuja sie tatwoscig i niskimi kosztami wdrazania i eksploatacji.
Ohok procesow adsorpeyjnych, kriogenicznych i elektrochemicznych naleza do nich metody
membranowe, charakteryzujace sie niewielkim kosziem inwestycyjnym, fatwoscia zwiekszania
skali oraz niskim zuzyciem energii. Membrany ciekie mozZna podzielic na:

« Membrany ciekle grubowarstwowe { BLM - ang. - .Bulk Liguid Membrane”)
« Emulsyjne membrany ciekte (ELM - ang. - .Emulsion Liguid Membrane”)
¢ Unieruchomione membrany ciekle (SLM —ang. - . Supported Liguid Membrane”)

Zastosowanie unieruchomionych membran cieklych do usuwania CO: pozwala na
maksymalne obniZzenie zuZycia rozpuszczalnika przy jednoczesnym zachowaniu zadowalajace]
efektywnosci. SLM skiadajg sie z porowatego nosnika i ciektej fazy membranowsej. Majczesciej
faze membranowa tworzy ciecz organiczna, ktora jest utrzymywana w porach nosnika preez sity

kapilame. Przekroj SLM zostat przedstawiony na Rysunku 3.

Faza “\
mrtnhmunw

Rysunek 3 Przekrdj unieruchomionej membrany cickiej

Proces rozdzielania mieszanin w ukfadzie SLM zachodzi na podstawie
mechanizmu rozpuszczalnosciowo-dyfuzinego (S0OT — ang. solutron-difusion theory™). Zgodnie
z tym modelem, transport gazu moZna opisac w siedmiu etapach (Rysunek 4}):

1. dyfuzja substancji 5 przez warstwe graniczng w fazie zasilajacej (donorowej),
ekstrakcja (sorpcja) substancii na granicy faz donorowej i membranowsj,
dyfuzja przez warstwe graniczng po stronie zasilajgcej (donorowej),
transport konwekcyjny w fazie membranowej,
dyfuzja przez warstwe graniczng w fazie permeatu (akceplorowej),

ponowna ekstrakcja (desorpcja) na granicy faz membranowe] i permeatu,

i L= . AR R B

dyfuzja przez warstwe graniczng w fazie permeatu (akceptora).
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Rysunek 4 Schematyczny rysunek mechanizmu rozpuszczalnosciowo-dyfuzjnego.

Strumien molowy mozZe by wyrazony jako:

I __ DSAp  PAp
1 1

(10)
gdzig;

J — strumien molowy [molm=2s7],

5 — wspdtczynnik rozpuszezalnosci [molm2Pa],

P — przenikalnosc [molm-'sPa'],

D - wspétczynnik dyfuzji [m2s].

Ap —roZnica cisnienia [Pa],

| —grubosé membrany [m].

Sita napedowa procesu jest gradient potencjatu chemicznego substancji pomisdzy
ohiema stronami membrany. Poniewaz w 50T zaklada sie, Ze cisnienie wewnatrz membrany jest
jednakowe, potencjat chemiczny jest reprezentowany przez steZenie substancji
w poszczegolnych fazach. Przez to, w ukfadzie statycznym, wydajnosc separacji maleje
Z czasem z powodu zmniejszenia roznicy steZen po obu stronach membrany [122]
Przenikalnosc moZe byc obliczona przy pomocy réwnania (11} | wowczas wyraZona jest
w barrerach:

Vil

P=103" (11)

At(pif—Pip)
gdzie;
A — powierzchnia membrany [em?],
t— czas [g],
P — przenikalnosc [barrer]
Vi objetosé gazu w warunkach standardowych [em3zre]

pirgi— cisnienie sktadnika i w fazie zasilajacej/permeatu [cmHg].
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Przenikalnosc moze byc rowniez wyrazona w jednostce GPU (1 GPU jest rowny 10+
barrera).

Proces przenikania masy przez SLM zaleZny jest, jak wynika to z mechanizmu 5DT,
zarowno od oporow dyfuzji (lepkosci cieczy), jak i rozpuszezalnosci gazu w fazie membranowej.
Zbyt niska lepkosc cieczy moze prowadzic do niestabilnosci membrany, natomiast zbyt wysoka
powoduje duZe opory dyfuzji. Miska rozpuszczalnosc skladnika separowanego z kolei obniza
efektywnosE procesu rozdziahu.

Na stabilnosc SLM wplywa wiele czynnikow, a do najczestszych przyczyn jej obniZenia
naleza: 1) utrata rozpuszczalnlka wskutek rdzZnicy cisnien miedzy stronami membrany lub
wwyniku odparowania z porow, 2) blokowanie porow przez wytracanie sie fazy stalej, 3)
degradacja mechaniczna w wyniku zerwania ciagtosci nosnika i 4) pecznienie membrany
spowodowane oddziatywaniem nosnika z fazg membranowa [123,124]. W celu minimalizacji tych
efektow kluczowy jest dobar rozpuszczalnika, ktdry nie reaguje z nosnikiem, charakteryzuje sie
niska lotnoscig oraz stabilnie utrzymuje sie w porach membrany. Sam nosnik natomiast powinien
wykazywac odpornosc chemiczna, termiczna i mechaniczng (w warunkach prowadzenia
procesu), a takZze odpowiednig hydrofilowosc/hydrofobowosé, dopasowang do wiasciwosci fazy
membranowe]. £ punktu widzenia procesu korzysina jest rowniez jak najmniejsza kretosc pordw,
co pozwala na maksymalne skrécenie drogi dyfuzji separowanego skladnika [125]

Podstawowym parametrem okreslajgcym efekiywnosc dziatania membrany jest jej
selekiywnosc (aj) w danym ukfadzie. |dealna selekiywnosc moZna zdefiniowac jako stosunek
przenikalnosci dwdch czystych gazdow przez membrane, natomiast selektywnosc rzeczywista
mierzona jest na podstawie przenikalnosci poszczegolnych skiadnikdw dla cate] mieszaniny
gazow.

W poczatkowych badaniach nad SLM jako faze membranowa najczesciej stosowano
lotne zwiazki organiczne (LZ0). Ze wzgledu jednak na ich toksycznosc oraz wysokie koszty
operacyjne zwiazane z ufrala rozpuszczalnika (spowodowana duZa lotnoscig), zaczeto
poszukiwac nowych mediow separacyjnych o nizszej lolnosci, takich jak ciecze jonowe [126,127].
Jak wynika z literatury, SLM oparte o IL wykazuja czesto zadowalajace wyniki w selektywnej
separacji dwutlenku wegla z fazy gazowej [128,129]. Niestety, ich wysoka lepkosc, niska
biodegradowalnosc, wysokie koszty syntezy oraz toksycznosc znaczaco ograniczajg ich
zastosowanie w przemysle [130].

Pierwsze doniesienie o probie wykorzystania cieczy gleboko eutektycznych
w unieruchomionych membranach cieklych pojawito sie w 2018 roku [39]. Amira i in. przygotowali
wawczas SLM na bazie poli{fluorku winylidenu)-ko-poli{taetrafluoroetylenu) (PVDF-co-PTFE) oraz
mieszaniny ChCVEG (1:3), pokrytg z dwdch stron poli{dimetylosiloksanem) i zastosowali jg do
separacji COz2. W pordéwnaniu z membrang niezawierajacga DES, SLM oparte o mieszaniny
eutektyczne wykazywaly wyZsza przenikalnosc ditlenku wegla (25,510° GPU w pordwnaniu
z 1210° GPU) oraz nizsza przenikalnosé azotu (12,7-10° GPU w poréwnaniu z 17102 GPU),
co w konsekwencji przetozyto sie na poprawe selektywnosci (2,7 krotnie).
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Kolejne badania nad zastosowaniem cieczy gteboko eutektycznych w unieruchomionych
membranach cieklych do separagji ditlenku wegla dotyczyty DES opartych na ChCl lub betainie
jako HBA | kwasach karboksylowych [131,132], moczniku, glikolu etylenowym, gliceralu
[133—-135], monoetanoloaminie, dietanoloaminie, tristancloaminie [136] lub poliakrylamidzie [137]
jake HBD. Badania te udowodnily, Ze skutecznosé SLM opartych na DES moze by
konkurencyjna w stosunku do membran opartych na imidazolowych cieczach jonowych [138]
Warto jednak pokreslic, Ze takich prac jest niewiele | w wigkszosci dotycza one SLM
zawierajacych poliffluorek winylidenu) jako nosnik polimerowy. Saged i in. badajac SLM, ktore
zawieraty DES zioZone z betainy (Bet) oraz ChCl jako HEA oraz kwasow jabtkowego (MA), kwasu
winowego (TA) oraz kwasu szczawiowego (OxaA) jake HBD odnotowali, Ze niezaleZnie od
redzaju soli przenikalnosc CO;z spada w zaleZnosci od uzytego kwasu w DES w kolejnosci Oxad
= MA > TA [132,138]. Najnizsza rozpuszczalnesc, najnizszy wspdlczynnik dyfuzji, a co za tym
idzie najnizsza przenikalnosc COzw SLM opartych na Bet/TA autorzy Humaczyli bardziej stabilng
siecia wigzan wodorowych, tworzona przez wickszg liczbe grup —OH obecnych w czasteczee TA
w stosunku do MA i OxaA [132 138]. W swojej pracy, autorzy pokazali wplyw temperatury na
efekitywnosc separacji. Podkreslili, Ze poniewaz temperatura ma silny wplyw zardwno na opory
dyfuzji w membranie ciekiej, wynikajgce z lepkosci cieczy. jak i na rozpuszczalnosc gazow,
kluczowe jest okreslenie optimum dla danego ukfadu. Dla wszystkich uktadow obserwowali
wzrost przenikalnosci oraz spadek rozpuszczalnosci COz na skutek wzrostu temperatury. Efekt
ten szczegdlnie byt widoczny przypadku dla uktadu ChCITA DES-SLM, dla kidrego zmiana
temperatury z 298 K do 338 K spowodowata wzrost wartosci przenikalnosci z 30 do 47 barrerdw.
Podobna zaleZnosc temperaturows przenikalnosci i selektywnosci obserwowali Ishag i in. dla
SLM opartej na DES ztoZonym z chlorku choliny | mocznika oraz Shamair i in. dla SLM opartych
o IL[134,139]

Craveiro i in. opisali SLM ztoZone z nesnika politetrafluoroetylenowego (PTFE) i DES
opartych na ChCl i kwasie szczawiowym, moczniku, glikolu etylenowym lub glicerolu
Sposrad zbadanych uktadow, najwyzsza przenikalnosc CO:z uzyskali dla ChCIU, ale najwyzsza
selektywnosc COx/N> dla DES zleZonego z chlorku cheliny i glicerolu [133].

Jak dotad, powstaly tylko dwie prace dotyczace wplywu stosunku molowego HEA:HBD
oraz zawartosci wody w DES na efektywnosé SLM. 53 to prace Ishag i in. oraz Castro | in.
[131,134] W pierwszej z nich, dotyczacej SLM opartych na ChCUU, autorzy wykazali, Zze wraz ze
wzrostem zawartosci ChClw DES wzrasta przenikalnosc COz, podczas gdy przenikalnosc Nz jest
praktycznie stata [134]. W drugiej zas, Castro i in. przygotowali membrany na bazie PTFE
wypetnione DES ztozonym z chlorku choliny i kwasu lewulinowego (1:2) i udowodnili, Ze wraz ze

wzrostem zawartosci wody obniza sie zardwno przenikalnosc, jak i selektywnosc COz/Nz[131].
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3. Cel i zakres pracy

Dokonany przez mnie przeglad literatury pokazatl, Ze wiekszosé badan nad cieczami
gteboko eutektycznymi jako potencjalnymi absorbentami COz dotyczyka DES, kidre oddziatujg
fizycznie z ditlenkiem wegla. Znacznie mnigj uwagi poswiecono cieczom gleboko eutekiycznym
absorbujacym COz chemicznie. Dotychczasowe badania ograniczaty sie do kilku DES opartych
aminecalkoholach, tj. na monoetancloaminie [48,140.141] dietanoloaminie [108,114,142],
tristanoloaminie [114] | metylodietanoloamnie [108,740,141].

Podijeto tez tylko kilka nowatorskich prob uZycia cieczy gleboko eutekiycznych jako fazy
membranowe] w unieruchomionych membranach ciektych (SLM) w celu oceny ich przydatnosci
do usuwania ditlenku wegla ze strumieni gazowych powstalych w procesach przemystowych.
W swoich pracach autorzy podkreslali, Ze zastosowanie 5LM na bazie cieczy gleboko
eutekiycznych, kidre absorbuja ditlenek wegla w sposob fizyczny, ma przewage nad DES na
bazie amin, w szczegolnosci ze wzgledu na nizszy koszt procesu [131,132,134].

Generalnie jednak, powstate dotychczas prace dofyczace cieczy gieboko eutektycznych
jako potencjalnych mediow do usuwania ditlenku wegla mialy charakter typowo aplikacyjny.
Wyraznie brakowato kompleksowych badan, ktdre pozwolityby na powiazanie rozpuszczalnosci
CO: z wiasciwosciami fizycznymi, budowa i strukturg cieczy gleboko eutektycznych,
w szczegdlnosci tych opartych na aminoalkoholach.

Przeglad literatury pozwolit na wytypowanie najwaZnisjszych czynnikow, ktdre nalezatoby
w tym kontekscie rozwazyc. Nalezg do nich:

a)} obecnosc i potoZenie grup aminowych, karboksylowych i hydroksylowych w sktadnikach
DES,

b} symetria i dtugosc tarncuchdw alkilowych w HBA 1 HBD,

c) sita oddziatywan wodorowych pomiedzy sktadnikami DES,

d} wphyw zawartosci wody.

Biorac pod uwage te czynniki do badan wybratem nowe ciecze gteboko eutekiyczne na bazie
aminoalkoholi (fj. 3-aminopropan-1-olu, 2-(metyloamino)etanclu | 2-(butyloamino)etanolu) oraz
mieszaniny zawierajgce glikole propylenowe (propano-1,2-diol i propano?,3-diol). W przypadku
DES opartych na aminoalkoholach jako akceptor wiazania wodorowego wykorzystatem bromek
tetrabutyloamoniowy, chlorek tetrabutyloamoniowy ichlorek tetraetyloamoniowy. W DES
zawierajacych glikole propylenowe jako scli uZytem chlorku tetrabutyloamoniowego, chlorku
choliny oraz chlorku acetylochaoliny.

Taki dobér sktadnikow DES pozwolit mi na realizacje nastepujacych celow badawczych:

1) dokonanie analizy wptywu diugosci fancuchow alkilowych w czasteczkach HBA i HED,
rodzaju anionu soli oraz rzedowosci aminy na oddziatywania w mieszaninach opartych
na amincalkoholach:

2) powiazanie strukiury DES opartych na aminoalkoholach z ich wiasciwosciami fizycznymi

oraz zdolnoscig do absorpcji ditlenku wegla;
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3) okreslenie wptywu wody na strukiure cieczy gieboko eutekiycznych zawierajacych
aminoalkohole oraz bromek tetrabutyloamoniowy i ich zdolnosci sorpeyjne w stosunku
do COxz;

4) ocene wplywu potoZzenia grupy hydroksylowes] HBD oraz obecnosci grupy estrowej

i symetrii HBA na efektywnosc separacji ditlenku wegla z uzyciem SLM opartych o DES

zawierajacych glikole propylenowe.
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4. Omowienie wynikow badan

4.1. Charakterystyka badanych cieczy gieboko eutektycznych
4.1.1. Otrzymywanie i charakterystyka termiczna

Zestawienie cieczy gleboko eutekiycznych uzytych w niniejszej pracy znajduje sie
w Tabeli 2 oraz Tabeli 3. Skiad DES dobratem tak, aby dla rozpuszczalnikow opartych na tym
samym aminoalkcholu najniZzszy stosunek HBA do HBD odpowiadat najmniejszej zawartosci AP,
MAE lub BAE, dla kiorego otrzymatem stabilna ciecz w temperaturze pokojowe] oraz Zeby
umozliwic pordwnywanie wptywu redzaju skiadnikow DES na whasciwosci fizyczne i separacyjne
ditlenku wegla. W przypadku cieczy gteboko eutektycznych opartych na izomerach propanodiolu
badania przeprowadzitem glownie dla DES o skiadzie 1:3. Tylko w przypadku DES zawierajacych
chlorek choliny rozszerzytem sklad DES do stosunku 1:4. Mialo to na celu, podobnie jak
w przypadku DES opartych o aminoalkohole, okreslenie wptywu stosunku molowego HBA do
HBD na wiasciwosci separacyjne ditlenku wegla ze strumieni gazowych o jego stosunkowo
niskim cisnieniu czastkowym.

Sposob sporzadzania cieczy gleboko eutekiycznych oraz metodyke pomiarow
witasciwosci fizycznych i ich wodnych roztworow szczegotowo opisatem w publikacjach A2-A7.
Specyfikacja cieczy gleboko sutektycznych opartych o propano-1,3-diol znajduje sie w Tabeli B1.
PowyZsze prace nie obejmuja metodyki obliczen metodg dynamiki molekularnej, ktore
wykonatem w celu okreslenia struktury DES zawierajacych sole TBAB, TEAC, TBAC oraz
aminoalkohole o stosunkach molowych HBA do HBD 1:4, 1:6, 1.8 dla cieczy zawierajacych AP
oraz 1:6, 1:8, 1:10 dia cieczy zawierajacych MAE lub BAE. Dodatkowo, dla wodnych roztwordw
DES TEAB/AP 1:6, TBAB/MAE 1:6 | TBAB/BAE 1:6 przeprowadzitem symulacje w zakresie
utamka molowego H20 od 0,1 do 0,8 Obliczenia wykonatem przy uZyciu pakietu Gromacs
(wersja 2018.5) [143]. Zastosowatem gietkie pole sitowe ogolnego przeznaczenia OPLS/AA,
ktdre jest skuteczne w odiwarzaniu wiasciwosci termodynamicznych i strukturalnych cieczy
organicznych i ich mieszanin z woda [72,73]. Pudlo symulacyjne zawierato fgcznie 945
czasteczek dla uktadow DES i 1000 czasieczek dla ukitadow DES + woda, poczatkowo
upakowanych zgodnie z gestoscia eksperymentalng. Liczba czasteczek znajdujacych sie w pudle
symulacyjnym dla poszczegdlnych ukiadow zostala podana w Tabeli 4. Oddziatywania
elektrostatyczne wyznaczylem za pomoca metody sum Ewalda z promieniem odciecia 1,2 nm
i gestosci siatki 0,1 nm [144]. Oddzialywania van der Waals'a byty w sposob ciagty skalowane do

zera pomiedzy 1.0 a 1,2 nm.
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Tabela 2 Zestawienie uzytych w pracy cieczy gheboko eutektycznych absorbujacych CO:z w sposob chemiczny.

S HBA

S
I~

/-"\@//\
o N

chlorek

i, T

e bromek tetrabutyloamoniowy (TBAB) tetraetyloamoniowy chlorek tetrabutyloamoniowy (TBAC)
(TEAC)
N W DES1 (1:4) DES4 (1:4) DEST (1:4)
B3 NH, DES2 (16) DESS5 (1:6) DES3 (1.6)
J-aminopropan-1-ol (AP) DES3 (1:8) DES6G (1:8) DES9 (1:8)
H DES10 (1:6) DES13 (1:6) DES16 (1:6)
Ho/\\/ g DES11 (1:8) DES14 (1:8) DES17 (1:8)

2-(metyloamino}etanal (MAE)

DES12 (1:10)

DES15 (1:10)

DES18 (1:10)

HUWNW
2-{butyloamino)etanol (BAE)

DES19 (1:6) DES22 (1:6) DES25 (1:6)
DES20 (1:8) DES23 (1:8) DES26 (1:8)
DES21 (1-10) DES24 (1-10) DES27 (1:10)
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Tabela 3 Zestawienie uzytych w pracy cieczy gleboko eutektycznych absorbujacych COz w sposob fizyczny.

HBA LB
\ ]
\ N Cl
HBD \\\ / \/\DH

\‘ chlorek choliny (ChCl)

\Jﬁg

P i

O

chlorek acetylocholiny (AChCIH)

L

OH

chiorek tetrabutyloammoniowy (TBAC)

HO
DES28 (1:3)
DES30 (1:3) DES31 (1:3)
OH DES29 (1:4)
propano-1,.2-diol
o TR Sy DES32 (1:3
HO OH (1:3) DES34 (1:3) DES35 (1:3)

propano-1,3-diol DES33 (1:4)




Po wstepnej minimalizacji energii, kazdy ukfad byt rownowazony przez 5 ns w ukladzie
izotermiczno-izobarycznym (NPT), po czym do trajektorii produkcyjnej wykorzystano kolejny cykl
NPT o diugosci 50 ns, podczas kidrego zbierano dane do analizy w odstepie czasowym 0,1 ps.
Zastosowany krok czasowy wynosit 05 fs. Temperature utzymywano na poziomie 258 K
za pomoca kanonicznego termostatu przeskalowujgcego predkosc [145], podczas gdy cisnienie
stabilizowano na poziomie 1 bara za pomocg barostatu Parmrinello-Rahmana [146]. State czasowe
termostatu i barostatu ustalono na odpowiednic 1 ps i 5 ps. Analize wynikéw przeprowadzitem

przy uZyciu pakietu narzedzi Gromacs.

Tabela 4 Liczba czasteczek w pudle symulacyjnym dla poszezegdlnych ukladow badanych przy

pomocy MO,

TBASTEA* BriCk AP/MAE/BAE Hz0
DES 1:4 189 189 756 -
DES 1:6 135 135 810 -
DES 1:8 105 105 840 -
DES 1:10 86 86 860 -

wodne roztwory DES oparte o TBAB | AP/MAE/BAE w stosunku molowym 1:6

xHzo=0.1 129 129 7 100
xHzo=0,2 114 114 636 200
xH20=0 3 100 100 600 300
¥Hzo=0 4 a6 86 514 400
xr20=05 71 71 429 500
xH20=0 6 57 LY 343 600
xrzo=0.7 43 43 257 TO0
¥rzo=08 29 29 171 800
xHzo=0.9 14 14 86 500

Preparatyki DES dokonalem metods podgrzewania, a otrzymanie mieszaniny
eutektyczne] potwierdzitem za pomoca spektroskopil fourierowskie]j w podczerwieni (FTIR).
Otrzymane widma FTIR dla DES zawierajacych aminoalkohole oraz ich czystych sktadnikow
zostaty zaprezentowane i szczegotowo omowione w pracach A2-Ad \Wyraznie wekazuja one na
wystepowanie wiazan wodorowych pomiedzy skladnikami cieczy gleboko eutekitycznych, przy
jednoczesnym braku reakcji chemicznych. MNie zaobserwowatem zZadnych nowych pasm
w stosunku do czystych skladnikdw, a pasma drgan rozciagajacych v(OH)v(NH) aminoalkoholi
przesunety sie w kierunku wyzszych liczb falowych. Przyktadowo, dla DES zawierajacych MAE
w stosunku molowym HBA do HBD wynoszacym 1:10, pasmo drgania v{OH)/v(NH) zmienito
swoje potoZzenie z 3309 cm™' dla aminoalkoholu na 3378, 3392 i 3404 cm™ dla TEAC/MAE,
TBAB/MAE i TBAC/MAE. Odpowiada to wzrostowl energil, wynikajacemu z tworzenia nowych
wigzan wodorowych miedzy czasteczkami aminoalkoholu i halogenku tetraalkiloamoniowego,

atym samym potwierdza fakt powstania DES. Analogiczne przesunigcie pasma drgan
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rozciagajgcych v{OH) zacbserwowatem w przypadku cieczy gleboko eutektycznych opartych na
glikolach propylenowych (A7 oraz Rysunek B1).

W celu potwierdzenia, Ze badane mieszaniny to ciecze gleboko eutekiyczne zmierzytem
ich temperatury topnienia | porownatem je z temperaturami topnienia obliczonymi przy zatoZeniu
doskonatosci fazy cieklej z rownania van Laara-Hildebrandta (Rownanie 1). Pomiarow dokonatem
przy pomocy skaningowe] kalorymetrii roZnicowej (DSC), a uzyskane wartosci temperatur
topnienia mieszanin zostaty zebrane w pracach A2-A4. Dla wszystkich ukfaddw temperatury
topnienia sa nizsze niz dla czystych skfadnikdw, a obnizenie eksperymentalnej temperatury
topnienia w odniesieniu do teoretycznej uzyskane dla DES ziozonych z TBAB i| AP, mieszczace
sie w zakresie 2-12 K dowiodto, Ze kryterium stawiane DES przez Martinsa i in_ [2] jest spetnione
i mieszany te rzeczywiscie moga by uznane za ciecze gieboko eutekiyczne. Tym niemnigj nalezy
zauwazyc, Ze obniZenie temperatury topnienia badanych mieszanin w stosunku do temperatury
topnienia odpowiednich aminoalkoholi jest stosunkowo niskie, co jest szczegolnie widoczne
w przypadku cieczy zawierajgcych BAE. Dlatego tez, biorac pod uwage kryterium stawiane przez
czesc autorow mieszaninom gteboko eutektycznym, jako duZe obnizenie temperatury topnienia
mieszanin wzgledem czystych skiadnikdw, mozna by rozwazyc opcje nazywania badanych cieczy
niskotopliwymi mieszaninami eutektycznymi (LoMMS) zamiast cieczami gleboko eutektycznymi.

Generalnie, temperatura topnienia cieczy gleboko eutektycznych zalezy od czynnikdw,
takich jak sita oddziatywan pomiedzy sktadnikami DES, zmiana entropii podczas procesu
topnienia oraz energia sieci krystalicznej | rozmiar jonow akceptora wigzania wodorowego
[147 148]. Analiza danych z publikacji A2-A4 moZe prowadzic do wniosku, Ze temperatura
topnienia badanych DES zalegzy glownie od uZytego donora wiazania wodorowego i ukiada sie
w sposob zgodny z temperaturg topnienia aminoalkoholu: AP > BAE = MAE. Wplyw soli na ten
paramelr jest bardziej skomplikowany | jest uzaleZniony od uZylego donora wigzania
wodorowego.

Dla wszystkich badanych cieczy gleboko eutektycznych wykonatem pomiary za pomoca
techniki analizy termograwimetrycznej (TGA) celem oznaczenia ich trwatosci iemmicznej.
Temperatura rozktadu jest bowiem podstawowym parametrem okreslajacym zakres temperatur,
w ktorych dany rozpuszczalnik mozZze byc stosowany bez jego sirat | degradacji. Szczegotowe
wyniki analizy termograwimetrycznej dla cieczy opartych o MAE, BAE i propano-1,.2-diclu
przedstawitem w publikacjach A3, A4 i AT. W przypadku cieczy opartych na AP i propano-1,3-
diolu najwazniejsze parametry, {j. temperatury rozktadu przy 10% (T o) | 90% (Tegs) utracie masy
umiescitem w Tabeli B2 oraz Tabeli B3 zatacznika B niniejszej rozprawy.

Analiza otrzymanych termogramodw potwierdza doniesienia literaturowe, mowigce o tym,
Ze temperatura rozkiadu cieczy gteboko eutektycznych typu lll-ego miesci sie pomisdzy
temperaturami rozktadu seoli | donora wiazania wodorowego oraz maleje wraz ze wzroslem
udziatu HBD w cieczy. Efekt ten niewatpliwie jest spowodowany wieksza trwatoscia termiczng
halogenkow tetraalkiloamoniowych w pordownaniu do trwatosci typowych donorow wiazania
wodorowego, czyli alkecholi, kwasow czy glikoli [149] W przypadku badanych DES reguta ta jest

rowniez spetniona. Wyjatek stanowia mieszaniny zloZzone z TEAC i BAE, dia ktorych stabilnosc
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termiczna wzrasta wraz ze wzrostem zawartosci BAE. Najbardziej prawdopoedobnym
wytlumaczeniem tego zjawiska wydaje sie byc fakt, Ze rozklad TEAC rozpoczyna sie szybciej niz
rozktad BAE, co uwidaczniajg termogramy zamieszczone w publikacii A3.

Trwakosc termiczna cieczy gleboko eutekitycznych wzrasta wraz z mocg oddziatywan
wodorowych pomiedzy sktadnikami DES oraz wraz z wydluZaniem sie fancucha alkilowego
zarowno soli, jak i HED [145]. Tlumaczy to najwieksza trwatosc DES opartych na AP, ktory mozZe
tworzyc najwigkszg ilos¢ wiazan wodorowych w poréwnaniu z pozostalymi aminoalkoholami.
Wplyw diugosci tancucha alkilowego soli na temperature rozktadu uwidaczniaja wyniki dla cieczy
opartych o TBAC i TEAC oraz dla cieczy zawierajacych BAE oraz MAE. Na przykiad, w przypadku
DES zawierajacych AP, Tiow dla TBAC/AP 1:4 i TEAC/AP 1:4 wynosi odpowiednio 3967 K oraz
361,0 K, a w przypadku cieczy zawierajacych TBAB, Ty dia TBAB/MAE 1:6 | TBAB/BAE 16
wynosi odpowiednio 333.9 K oraz 372 0 K. Co wiecej, otrzymane wyniki wskazuja na przewage
wphywu mocy oddziatywan wodorowych nad wphlywem dhugosci tancucha alkilowego sktadnikow
cieczy na stabilnosc badanych DES. Wystarczy porawnac Tiox dla TBAC/BAE 1:61 TBAC/MAE
1:6 czy TEAC/MAE 1:6 i TBAB/MAE 1:6. ktore wynosza odpowiednio 363.3 K i 3768 K oraz
3411 K 13339 K, a wiec nie spelniajg reguly: im dluzszy tancuch alkilowy tym wyisza
temperatura rozktadu. WyzZsza trvatosc termiczna TBAC/MAE 1:6 oraz TEAC/MAE 1:6 musi wiec
wynikac z silniejszych wigzan wodorowych pomiedzy skiadnikami tych DES w porownaniu
z TBAC/BAE 1:6 czy TBAB/MAE 16

Ma trwatosc termiczna DES wplywa rowniez symetria tancuchow alkilowych HBA oraz
potoZenie grup funkcyjnych w HBD. Wieksza symetria fancucha soli prowadzi do wyZsze|
trwatosci termicznej co doskonale widac na przyktadzie DES skiadajacych sie z glikoli
propylenowych, dla ktorych najwyZsze temperatury rozkiadu zaobserwowatem w przypadku
cieczy zawierajacych TBAC w stosunku do cieczy opartych o ChCl czy AChCl. Porownanie T1os
DES opariych na propano-1,2-diolu i propano-1,3-diolu wskazuje, Ze wyZszg trwatosc termiczna
maja ciecze zawierajace propano-1, 3-diol, w ktorym grupy hydroksylowe sa bardziej oddalone od
siebie niz w przypadku propano-1,2-diolu.

(Generalnie jednak nalezy podkreslic stosunkowo niska frwatosc termiczng cieczy
gteboko eutektycznych, szczegolnie w pordwnaniu z cieczami jonowymi. Ogranicza to mozliwosc

wykorzystania badanych DES tylko do procesow, ktére nie wymaagaja wysokich temperatur.
¥ ¥ ¥ ty p wymagaja wy P

4.1.2. Wtasciwosci fizyczne mieszanin eutektycznych — wartosci eksperymentalne

i ich modelowanie

Do podstawowych whasciwosci fizycznych cieczy gleboko eutektycznych, decydujacych
o procesie absorpcji | separacji dittenku wegla, naleza gestosc oraz lepkosc. Dia wszystkich
badanych cieczy wielkosci te wyznaczylem w szerokim zakresie temperatur. Ponadio, dla
petniejszej charakterystyki rozpuszczalnikdow, w tych samych zakresach temperatur wyznaczytem

wspotczynnik zatamania Swiatta, kiory wraz z gestoscia umoZliwia obliczenie ,objetosci
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swobodne|” w strukturze rozpuszczalnika, ktdrej wartosc wiaZze sie z efektywnoscia absorpcji
fizyczne] ditlenku weqgla.

Liczbowe wartosci wlasciwosci fizycznych DES badanych w ramach niniejszej pracy
znajduja sie w publikacjach A2-Ad i AT oraz w Tabeli B4.

Gestosc | wspotczynnik zatamania swiatta zmniejszaja sie liniowo wraz ze wzrostem
temperatury. Lepkos¢ spada wykladniczo, co najlepiej opisuje rownanie Vogela-Fulchera-
Tammana (VFT).

Rysunek 5 przedstawia wplyw donora wiazania wodorowego na wiasciwosci fizyczne
DES opartych o TBAC, przy czym stosunek molowy akceptora do donora wiazania wodorowego
w przypadku cieczy opartych o aminoalkchole wynosi 1 do 6, a w przypadku cieczy opartych
o glikole propylenowe jest rowny 1:3. Podobne zaleZnosci moina zaobserwowac dia badanych
cieczy zawierajgcych pozosiate sole.

Jak moZna zauwazyc, niezaleZnie od uZytego akceptora wiazania wodorowego, gestosci
oraz wspolczynniki zatamania swiatta DES opartych o aminoalkohole (o tym samym siosunku
HBA do HBD) uktadaja sie w szereg AP = MAE = BAE. Najnizsze wartoéci obserwowane dia DES
opartych o BAE sa spowodowane najdiuZszymi tancuchami alkilowymi aminoalkoholu, kigre
prowadza do zwickszenia ,objetosci swobodne|” cieczy Z kolel wyZsze wartosci gestosci
i wspdlczynnikow zalamania Swiatta cieczy zawierajacych AP w pordwnaniu do cieczy opartych
o MAE wynikaja z roZnych rzedowosci aminoalkcholi. Pierwszorzedowy 3-aminopropan-1-ol
tworzy wigksza ilosc wigzan wodorowych niZ drugorzedowy 2-{metyloamino)etancl o tej samsj
dtugosci fancucha alkilowege. Prowadzi to do bardziej uporzadkowanej struktury DES opartych
0 AP iw konsekwencji do wieksze] wartosci gestosci | wspotczynnika zatamania swialfa.
Silniejsze wiazania wodorowe w DES opartych o 3-aminopropan-1-ol sa rowniez odpowiedzialne
za najwiekszg lepkosc tych cieczy. O najmniejszej lepkosci DES zawierajacych MAE decyduje
natomiast najmniejszy rozmiar tego aminoalkoholu, kidry powoduje najmniejsze opory przephywu
cieczy.

Rozpatrujac wilasciwosci fizyczne DES opartych o glikele propylenowe wyraznie
widoczny jest wplyw potoZenia grup hydroksylowych w czasteczkach HBD. Wyisze wartosci
gestosci, wspotczynnika zatamania swiatta i lepkosci DES zawierajgcych liniowy propano-1,3-diol
wynikajg najprawdopodobniej z silniejszych wigzan wodorowych oraz wiekszego upakowania,

co prowadzi do bardziej zwartej strukiury cieczy,
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Rysunek 5 Whasciwosci fizyczne wybranych DES w temperaturze 298,15 K, pokazujace
wptyw donora wigzania wodorowego na a) gestosc b) lepkosc c) wspdlczynnik zatamania Swiatla

Rysunek 6 1a-1c przedstawia wplyw akceptora wigzania wodorowego na whasciwoscl
fizyczne DES opariych o 3-aminopropan-1-ol, w ktérych stosunek molowy HBA do HBD wynosi
1 do 6. Podobne zaleZznosci moZna zaobserwowac dla cieczy zawierajacych inne aminoalkohole.
Rysunek 6 2a-2b przedstawia natomiast wphyw akceptora wiazania wodorowego na wiasciwosci
fizyczne DES opartych o glikole propylenowe, w ktorych stosunek molowy HBA do HBD wynosi
1 do 3. W przypadku DES opartych na aminoalkoholach, niezaleznie od uzytego HBD, najwyéisze
wartosci gestosci, wspotczynnika zatamania Swiatta i lepkosei majg DES zawierajace TBAB. Jest
to zgodne z literatura, wedlug kidrej im wiekszy i cieZzszy anion w HBA tym wieksza p, vy i n DES.
Wplyw diugosci tancucha alkilowego soli jest widoczny, kiedy porowna sie wyniki dla cieczy
zawierajacych TBAC iTEAC. Krdtsze tancuchy alkilowe w TEAC umoZliwiaja wicksze
upakowanie i przez to zmniejszenie ,objetosci swobodne]” DES. Prowadzi to do wyZszych

wartosci gestosci | wspotczynnika zatamania swiatta. £ kolei wiekszy rozmiar TBAC powoduje,
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Ze lepkosc cieczy zawierajgeych te sol jest wyZsza niz dla cieczy opartych o TEAC. W wynikach
uzyskanych dla DES opartych o glikole propylenowe uwidacznia sie nie tylko wplyw rozmiaru. ale
rowniez symetrii oraz obecnosci dodatkowych grup funkcyjnych w HBA. Zardwno dla cieczy
opartych o propano-1 2-diol, jak i o propano-13-diol {o tym samym stosunku HBA do HBD]),
lepkosci ukladaja sie w szereg ChCl < AcChCl < TBAC. co jest zgodne ze wzrastajacym
rozmiarem HBA. Gestosc | wspdtczynnik zatamania Swiatta zmieniajg sie natomiast odpowiednio
w kolejnosci ChCl < AcChCl > TBAC oraz ChCl > AcChCl < TBAC. Czynnikiem decydujacym
o gestosci badanych mieszanin wydaje sie by¢ wiec "objetos¢ swobodna”, ktdra rosnie z symetria
i dlugoscig tancucha alkilowego w HBA. W przypadku wspétczynnika zatamania swiatta, jego
nizsze wartosci obserwowane dla DES zawierajacego AcChCl w pordownaniu do mieszanin
zawierajacych ChCl czy TBAC moga wynikac z innych czynnikdw, takich jak specyficzne
oddziatywania miedzyczasteczkowe, a nie bezposrednio z obecnosci grupy karboksylowe], kidra

sama w sobie zwieksza polaryzowalnosc elekironowa i prowadzi do wiekszych wartosci n.
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Rysunek & Whasciwosci fizyczne wybranych DES w temperaturze 298 15 K, pokazujace
wptyw akceptora wiazania wodorowego na a) gestoié b} lepkosc c) wspolczynnik zatamania
Swiatta
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Ma whaschwosci fizyczne cieczy gleboko eutektycznych wpltywa rowniez stosunek molowy
HEA do HBD. Ich wartosci spadaja wraz ze wzrostem zawartosci donora wiazania wodorowego
w DES. Spowodowane jest to niewaltpliwie przez wzrost “objetosci swobodne| DES oraz spadek
sity oddziatywan pomiedzy sktadnikami DES [45]. Wyjatkiem od tef requly jest zaleZnosc gestosci
cieczy gteboko eutektycznych zawierajgocych TBAC od stosunku HBA'HBD (Hysunek 7). Gestosc
DES ztozonych z TBAC | BAE spada wraz ze wzrostem stosunku molowego HBA do HBD,
w przypadku TBAC/AP wzrasta wraz ze wzrostem zawartosci AP, a dia TBAC/MAE stosunek
molowy HBA'HBD ma znikomy wplyw na gestosc. Najprawdopodobniej wynika to ze wzajemnej
relacji gestosci DES z gestoscig czystego aminoalkoholu. Gestosci TBAC/AP sa nizsze niz
czystego AP, TBAC/MAE s3 podobne do czystego MAE, a dla TBAC/BAE s3 wyZsze niZ czystego
BAE.
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Rysunek 7 Wplyw stosunku molowego HBA/HBD na gestosc badanych DES
zawierajacych TBAC w temperaturze 298,15 K.

Modelowanie wlasciwosci fizycznych cieczy gieboko esuiektycznych opartych na MAE
i AP przedstawitem w pracach A2 1 A3. PoniewaZz w pracy A2 znajduje sie ocena tylko kilku modeli
predykcyjnych, tj. Racketta i MCI (ang. - .mass connectivity index”) dla gestosci oraz udziatow
atomowych dla wspdlczynnika zatamania swiatta, warosci liczbowe sredniego odchylenia
wzglednego (%ARD - ang. — _absolufe relative devialion percent”) dla pozostatych modeli i DES
opartych o BAE i glikoli propylenowych znajduja sie w zatgczniku B (Tabele B5-B7) ninigjsze]
pracy.
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Do przewidywania wartosci liczbowych gestosei DES uzytem 7 pdtempirycznych modeli
dostepnych w literaturze: 1- metode oparta na rownaniu Racketfa zmodyfikowanego przez
Spencera i Dannera [62], 2- metode oparta na rownaniu Racketta zmodyfikowanego przez Mjalli
[63]. 3 metode wykorzystujgca whasciwosci krytyczne opracowana przez Haghbakhshaiin. [64],
4- metode oparta na BGI (ang. - .bonding-group interaction contribution™) [69], 5- metode oparta
na MCI [70], 6- metode udziatow grupowych GC {ang - .group coninbulion™) [66], 7- metode
udziatdw atomowych AC (ang. - .sfomic confribution”) [66]. Usrednione wartosci %ARD
uwzgledniajagce wszystkie ciecze dla kazdej metody zostaly przedstawione na Rysunku 8.

Jak widac, metody 1, 21 5 charakteryzuja sie niskimi wartosciami liczbowymi %ARD,
a co za tym idzie satysfakcjonujaca zdolnoscia przewidywania gestosci badanych DES. Niestety,
duzg wadg tych modeli jest koniecznosc uZycia eksperymentalne] wariosci liczbowe] gestosci
w jednej temperaturze, wiec nie speiniajg one wszystkich wymagan stawianych metodom
predykcyjnym.

Model oparty na BG! i metoda oparta na udziatach grupowych, ti metody 4 i B,
odznaczaja sie stosunkowo niskimi %ARD. Duza zaleta wymienionych modell jest catkowita
niezaleznosc od danych eksperymentalnych.

Majwicksze %ARD otrzymatem dla modelu wykorzystujacego whasciwosci krytyczne
i modelu opartego na udzialach atomowych, ti metod 3 i 7. W przypadku tych modeli,
dla wigkszosci badanych cieczy, wartosci liczbowe %ARD przekraczaja 10%, co wyklucza
wiasciwie te metody do predykcji gestosci.

Analizujac vzyskane wyniki (prace A2 i A3), moina stwierdzic, Ze wiekszosc wyZe|
wymienionych modeli dobrze przewiduje zmiany gestosci wraz ze wzrostem stosunku melowego
HBAHBD. Wyjatek stanowig modele oparte na udziatach grupowych i atomowych,
zaproponowane przez Haghbakhsha i in.. Przy uZyciu model BGI udato sie wychwycic roznice
w nietypowej zmianie gestosci wraz ze wzrostem zawartosei HBD w DES opartych o TBAC
{opisywane] powyzZej).

Do przewidywania wartosci liczbowych lepkosci DES uiytem tylko jednego modelu
dostepnego w literaturze. Jest to model oparty na wtasciwosciach krytycznych zaproponowany
przez Bakhtyariego i in. [61] Dla wszystkich badanych ukiadow uzyskatem wartosci %ARD
powyiej 5%, a poniewaZ model wymaga znajomosci danych eksperymentalnych lepkosci
w jednej temperaturze, wydaje sie on by¢ mate przydatny przy przewidywaniu lepkosci cieczy
gteboko eutektycznych.
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16, 00%
_1.90%

2.50% 0.23%

11.00%

= metoda 1 = metoda 2 = metoda 3 - metoda 4
= metoda 5 * metoda 6 ® metoda 7

Rysunek 8 Usrednione %ARD dla modeli pdétempirycznych zastosowanych do
przewidywania gestosci DES; metoda 1 oparia na rownaniu Racketta zmodyfikowanego przez
Spencera i Dannera [62], metoda 2 oparta na rdwnaniu Racketta zmodyfikowanego przez Mjalli
[63], metoda 3 oparta na wiasciwosciach krytycznych opracowana przez Haghbakhsh i in. [G4],
metoda 4 oparta na BGI [69], metoda 5 oparta na MCI [70], metoda & oparta na GC opracowana
przez Haghbakhsha i in. [66], metoda 7 oparta na AC opracowana przez Haghbakhsha iin. [66].

2.00%
5,10%

0,99%

0.55%

=meteda 1 =metoda 2 = metoda 3 metoda 4 = metoda 5

Rysunek 9 Usrednione %ARD dla modeli potempirycznych zastosowanych do
przewidywania wspdtczynnika zatamania swiatta DES; metoda 1 oparta na refrakcji molowse]
opracowana przez Shabaza | in. [67], metoda 2 oparta na wihasciwosciach krytycznych
opracowana przez Taherzadeha i in. [60], metoda 3 oparta na GC opracowana przez Khajeha
iin. [68], metoda 4 oparta na GC opracowana przez Haghbakhsha i in. [66], metoda 5 oparta na
AC opracowana przez Haghbakhsh i in [66].
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Do przewidywania wartosci liczbowych wspétczynnika zatamania swiatta DES uZytem
5 modeli pétempirycznych: 1- metode opartg na refrakcji molowej opracowana przez Shabaza
iin. [67], 2- metode oparta na whasciwosciach krytycznych opracowang przez Taherzadeha i in.
[60], 3- metode oparta na GC opracowana przez Khajeh'a i in. [68], 4- metode oparta na GC
opracowana przez Haghbakhsha i in. [66], 5- metode oparta na AC opracowang przez
Haghbakhsha i in. [66]. Rysunek 9 przedstawia vsrednione warlosci %ARD uwzgledniajace
wszystkie badane ciecze. Jak widac, najwickszym %ARD charakteryzuje sie meioda oparta na
refrakcji molowe]. Jednoczesnie naleiy zwrocic uwage, Ze dla DES opariych o AP i MAE
maksymalne %ARD =3 zdecydowanie mniejsze, odpowiednio 2,3% i 0,29% (Tabela BT). Miemnigj
wadg tego modelu jest koniecznosé uzycia danych eksperymentalnych dotyczacych gestosci
Metody 2, 3 i 5 charakteryzuja sie niskimi %ARD dla wszystkich badanych DES, a przy tym nie
wymagajg Zadnych danych eksperymentalnych. Niestety, model zaproponowany przez Khajeha
nie umozliwia zastosowania go do przewidywania wspolczynnika zatamania swiatta dla DES
zawierajacych anion bromkowy w swojej strukturze. Metoda oparta na udziatach grupowych
opracowana przez Haghbakhsh i in. odznacza sie stosunkowo wysokimi wartosciami %ARD,
przez co jest mniej uZyteczna przy przewidywaniu wartosci wspdlczynnika zatamania Swiatta dla
badanych DES.

Podsumowujgc ocene uZytecznosci opisanych modeli do predykcji  gestosci,
wspdtczynnika zatamania Swiatha i lepko5sci badanych DES nalezy podkreslic faki, Ze podczas
tworzenia tych modeli praktycznie nie brano pod uwage wiasciwosci fizycznych cieczy gieboko
eutektycznych opartych o aminoalkohole. Spowodowane byto to w gtownej mierze brakiem
dostepnych danych w literaturze. Dlatego teZ, niezmiernie istotnym jest poszerzanie baz danych
oraz tworzenie nowych modeli predykcyjnych dedykowanych DES opartym o aminoalkohole lub
najlepiej modeli o charakisrze jak najbardzie] ogdlnym, obejmujacym caly przekrdj cieczy
eutektycznych. Warto podkreslic, Ze nizsze %ARD uzyskane dla DES zawierajacych glikole
propylenowe wynikaja w duZej mierze z tworzenia opisywanych modell przy pomocy cieczy

gteboko eutekiycznych o podobnej budowie.
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4.2. Struktura cieczy gleboko eutektycznych i jej wplyw na wlasciwosci fizyczne DES

Inajomosc strukiury cieczy gleboko eutektycznych, wynikajacej w glownej mierze
Z obecnosci wigzan wodorowych pomiedzy skiadnikami DES, jest istotna w ocenie wphywu
stosunku molowego HBA do HBD, jak i budowy samych sktadnikow, na wiasciwosci
fizykochemiczne cieczy gleboko eutektycznych oraz ich zdolnosci absorpcyjne wzgledem
ditlenku wegla. Dlatego tez, w ramach niniejsze] pracy, przeprowadzitem obliczenia metoda
dynamiki molekularne] i uzyskatem funkcje rozkiadu radialnege RDF dla wszystkich badanych
DES opartych na aminoalkoholach. Rysunek 10 przedstawia funkcje rozktadu radialnego dla DES
zawierajacych TBAB w rdZznych stosunkach molowych soli do aminoalkoholu, przy czym Rysunek
10-1a,2a,3a ilustruje wplyw stosunkue molowego HBA do HBD na oddziatywanie Br—H-N,
8 Rysunek 10-1b 2b.3b prezentuje wplyw stosunku molowego HBA do HBD na oddziatywanie
Br-H-O. Na wykresach RDF DES opartych na AP, ze wzgledu na obecnosc grupy -MHz
w czasteczce tege aminealkoholu, wystepuja dwa piki obrazujace oddzialywanie Br—H-N
w pierwszej sferze koordynacyjnej jonu bromkowego, podczas gdy w preypadku DES opartych
na MAE lub BAE wystepuje tylko jeden pik odpowiadajacy temu oddziatywaniu, ktdrego
maksimum przypada na 0,244 nm.

Dia DES opartych o TBAC i TEAC uzyskatem podobne zaleznosci, jak dla cieczy
zawierajacych TBAB, i sa one przedstawione na Rysunkach B2 i B3. 5zczegdtowe dane liczbowe
dotyczace wszystkich uktaddow, to jest pikow obrazujacych oddziatywania antonu soli danego DES
Z jej kationem oraz z grupa aminowa lub hydroksylows aminoalkoholu, a takie liczby
koordynacyjne jonu halogenkowego (biorac pod uwage pierwszg sfere koordynacyjng) zebratem
w Tabeli B&.

Jak tfatwo zauwazyé, dla wszystkich rozpatrywanych cieczy, intensywnosc pikow
odpowiadajacych oddziatywaniu X~ -H-N w pierwsze| sferze koordynacyjnej jonu halogenkowego
maleje wraz ze wzrostem zawartosci HBD w DES (Rysunki 10-1a,2a,3a, B2-1a 2a,3a oraz B3-
1a,2a.3a), a liczba koordynacyjna X~ wzrasta (Tabela B8). Wraz ze wzrostem zawartosci
aminoalkoholu powstaje wiec wieksza ilosc wigzan wodorowych, ale sg one stabsze.

Analiza wykresdow RDF obrazujacych oddziatywania X~-H-0O prowadzi do analogicznych
wnioskdw (Rysunki 10-1b.2b,3bB2-1b,2b.3b oraz B3-1b.2b.3b). Wyjatek stanowia DES
zawierajace BAE, dla ktorych intensywnosc piku odpowiadajacego za oddzialtywania X—H-O
w pierwszej sferze koordynacyjnej jonu halogenkowego jest najwieksza przy stosunku molowym
HEA do HBD wynoszacym 1:10. Generalnie jednak wydaje sie byt uzasadnionym stwierdzenie,
fe wraz ze wzrostem stosunku molowego scoli do aminoalkohelu oddzialywania wodorowe
pomiedzy HBA iHBD staja sie mniej preferowane. Poilwierdza to rowniez analiza piku
odpowiadajgcego oddziatywaniu X--H-0, ktdry obrazuje dalsze ofoczenie jonu halogenkowego
{drugi pik w okolicy 046 nm na Rysunkach 10-1b.2b 3bB2-1b.2b3b oraz B3-1b,2b 3b).
Intensywnosc tego piku wzrasta wraz ze wzrostem zawartosci AP lub MAE w DES, co pray
jednoczesnym spadku intensywnosci piku odpowiadajacego za pierwszg sfere koordynacyjng

moze Swiadczy< o przemieszczaniu sie czgsteczek aminoalkoholu z pierwsze] do drugiej sfery
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koordynacyjne] i w rezultacie o ostabieniu sity wiazan wodorowych pomiedzy solg
a aminoalkoholem. Dla DES opartych o BAE takiego efektu sie nie obserwuje. Ostabienie
oddzialywan wodorowych pomiedzy sktadnikami DES wraz ze wzroestem ilosci HBD w DES
obserwowano wczesnig] dla TBAB/EG, gdzie dodanie glikolu etylenowego prowadzito do
zmniejszenia piku Br--EG na wykresie RDF [150] Autorzy publikacji powiazali to z wiekszg liczba
oddziatywan pomiedzy czgsteczkami EG, kiore sa konkurencyjne w stosunku do oddziabywan
miedzy anionem bromkowym a glikolem etylenowym.

Ma tworzenie silnigjszych wigzan wodorowych pomiedzy czasteczkami aminoalkoholu
oraz stabszych pomiedzy czasteczkami HBA | HBD na skutek wzrostu zawartosci aminoalkoholu
w mieszaninie wskazuje rowniez wzrest intensywnosci piku N*-X- (Rysunki 10-1c Zc3c,
BZ2-1c.2c3c oraz B3-1c.2c3c) ma wykresie ROF. Spadek liczby koordynacyjne] jonu
halogenkowego w soli (uzyskany poprzez scatkowanie powierzchni piku N*-X) obserwowany
przy wzroscie zawartosci aminoalkeholu w DES mozZe byc powiazany ze zmniejszeniem steZenia
soli oraz stabsza tendencjg do tworzenia par jonowych przy wiekszym rozcienczeniu.

Rysunek 11 przedstawia wplyw akceptora wigzania donorowego na strukture DES
opartych na badanych aminoalkoholach o jednakowym stosunku molowym HBA do HEBD,
wynoszacym 1 do 6. Pordwnujac ROF mieszanin zawierajacych TBAC (zielona linia) oraz
mieszanin opartych na TBAB (czerwona linia), zaréwno prezentujace oddzialywanie anionu soli
z grupg -NH (Rysunek 11-1) jak i grupa -OH (Rysunek 11-2) aminoalkoholu, piki o wickszgj
intensywnosci obserwuje sie dla DES opartych o TBAC. Dzieje sie tak niezaleinie od
zastosowanego aminoalkoholu, ponadio maksima tych pikow znajduja sie przy mniejszych
odlegtosciach. MoZna wiec stwierdzic, Ze kaZzdy z badanych aminoalkoholi tworzy silniejsze
wigzania wodorowe z TBAC niz z TBAB, ale generalnie jest ich mnigj, na co wskazujg otrzymane
wartosci liczb koordynacyjnych przedstawione w Tabeli BE. Podobne rezultaty uzyskali Migliorati
i 'Angelo dla DES ztoZzonych z mocznika i chlorku choliny oraz mocznika i fluorku choliny [151].
W swojej pracy autorzy wieksze intensywnosci pikdw odpowiadajacych oddziatywaniu F~H-N
uzasadniali niZszg masa molowa anionu fluorkowego w pordwnaniu do masy anionu
chlorkowego. Analizujac uzyskane wyniki, warto jednak zauwaZyc, Ze obserwowana roZnica
w sile oddziatywan tworzonych przez badane aminoalkohole oraz TBAB czy TBAC jest
stosunkowo niewielka, szczegdlnie w przypadku cieczy opartych o AP i BAE. Fakt ten tumaczy
eksperymentalne wartosci liczbowe lepkosci DES, ktdre sa nieznacznie wicksze dla cieczy
zawierajacych TBAB. Biorac pod uwage tylko site oddzialywan wodorowych pomiedzy HBA
i HBD, lepkosci powinny byc wicksze w przypadku cieczy zawierajgcych TBAC. Poniewaz tak sie
nie dzieje, nalezy uznad, Ze w przypadku badanych DES, kidre charakteryzuja sie niewielka
roznicg oddziatywan pomiedzy HBA i HBD, to masa molowa i promien jonowy anionu majg
decydujacy wptyw na lepkos¢ DES. Masa molowa anionu soli wchodzacej w sktad DES decyduje
rowniez o gestosci i wspotczynniku zatamania Swiatta cieczy. YWniosek ten potwierdza analiza
ROF opisujgcych oddziatywanie pomiedzy kationem a anionem soli, zilustrowane na
Rysunku 11-3.
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Rysunek 10 Funkcje rozktadu radialnego oparte o odlegtosci miedzyatomowe a) Br-H-N. b) Br—H-0; ¢) N* Br dla DES-6w opartych o TBAB
zawierajacych 1) AP; 2) MAE; 3) BAE przy stosunku molowym HBD do HBA: czarna linia — 1:4; czerwona linia — 1:8; zielona linia 1:8; niebieska linia -
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Generalnie, dla wszystkich cieczy piki odpowiadajace oddziatywaniu N*-X- sa szersze
w przypadku cieczy zawierajgcych TBAB, a ich maksima znajduja sie w wigkszych odleglosciach
niz dla cieczy opartych na TBAC. Swiadczy to o tym, Zze w badanych DES powstaje wigksza liczba
oddziatywan MN+* Br niZ oddziatywan N+ -Cl- (Tabela B8), ale sa one stabsze Diatego tez
w przypadku DES opartych na TBAC, biorac pod uwage rowniez nieco silniejsze oddziatywania
pomigdzy solg | aminoalkoholem opisywane powyzej, dochodzi do wiekszego uporzadkowania
struktury. Mimo to, ze wzgledu na wyZszg mase jonu Br, wyZsze wartoscl liczbowe gestosci
i wspdtczynnikow zatamania Swiatta obserwuje sie dla DES zawierajacych TBAB.

Dalsza analiza Rysunku 11, przedstawiajacego funkecje rozkiadu radialnego dla DES
na bazie TBAC (zielona linia) lub TEAC (niebieska linia). pozwala na okreslenie wptywu diugosc
tancucha alkilowego w czasteczce HBA na strukture DES. Niezaleznie od uzytego aminoalkoholu
i rozpatrywanego oddziatywania, maksima pikow na wykresach ROF znajduja sie w tych samych
odlegtosciach, ale sygnaty sa niZsze i bardziej rozmyte dla DES opartych na TEAC. W rezultacie,
liczby koordynacyjne jondw chlorkowych dla DES opartych na TEAC sa wigksze w stosunku
do DES zawierajacych TBAC (Tabela B&). MoZna wiec przyjac, Ze mniejszy rozmiar kationu TEA*
w pordwnaniu do kationu TBA* pozwala na tworzenie wiekszej liczby wiazan wodorowych miedzy
anionem chlorkowym a czasteczkami alkanoloaminy, a takZe liczniejszych oddziatywan
elektrostatycznych miedzy anionem chlorkowym a kationem. Struktura DES opartych o TEAC,
czyli HBA o krotszym tancuchu alkilowym, jest bardziej uporzadkowana. co znajduje swoje
odzwierciedlenie w eksperymentalnych wartosciach wdasciwosci fizycznych DES. Zarowno
gestosc jak i wspotczynnik zatamania swiatta cieczy gteboko eutektycznych opartych o TEAC =3
wigksze niz dla cieczy zawierajgcych TBAC. WyzZsza lepkosc DES opartych na TBAC,
obserwowana mimo mniej uporzadkowane] struktury, jest wynikiem wiekszych opordw
zwiazanych z poruszaniem sie wickszego jonu tetrabutyloamoniowego w pordwnaniu
z mniejszym kationem tetraetyloamoniowym. Podobne wyniki uzyskali Salehi i in. [152] dla DES
zawierajacych chlorek tetrabutyloamoniowy, chlorek tetraheptyloamoniowy i chlorek

tetracktyloamoniowy.
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Rysunek 11 Funkecje rozkiadu radialnego oparte o odleglosci miedzyatomowe 1) X--H-N; 2) X-H-0; 3) N*-X-dla DES opartych o a) AP, b) MAE;
c) BAE zawierajacych; czerwona linia — TBAB, zielona linia -TBAC; niebieska linia - TEAC przy stosunku molowym HBD do HBA wynoszacym 1.6



Zgodnie z przeprowadzonymi obliczeniami, najwiekszy wplyw na wiasciwosci strukiuralne,
a w konsekwencji na wiasciwosci fizykochemiczne cieczy gleboko eutektycznych ma donor
wigzania wodorowego. Obrazuje to Rysunek 12, kiory przedstawia RDF otrzymane dla DES
zawierajgcych badane sole w stosunku molowym HBA do HBD wynoszacym 1:6. Najwigksze
rozZnice moZna zauwazyc w oddziatywaniach pomiedzy jonem X- soli a grupg —-NH aminoalkoholu
{(Rysunek 12-a.b,c) Jak pisatem juz wczesniej, w przypadku cieczy gteboko eutektycznych
opartych o 3-amino-propan-1-ol oddziatywaniu X--H-N odpowiadajg dwa piki. Jest to zwiazane
z preferencja do tworzenia wiazania wodorowego przez jeden z dwdch atomow wodoru
pierwszorzedowej grupy aminowej AP. Oczywiscie, takiej sytuacji nie obserwuje sie w przypadku
DES zawierajacych drugorzedowe aminoalkohole, t.  2-(metyloamino)etanol MAE  lub
2-(butyloaminojetanol. Jak widac, wysokosc pikow ukiada sie zgodnie z szeregiem AP = MAE <
BAE. Oznacza to, Ze najsilniejsze oddzialywania wystepujg pomiedzy sola a BAE, a najstabsze
obserwowane s3 dla cieczy opartych o AP. Taka gradacje sily oddziatywan potwierdza odlegtosc
pomiedzy X--H-N, kiora jest najkrditsza dla DES opartych na MAE i BAE i diuZsza dla DES
zawierajacych AP. NajwyZsze wartosci liczb koordynacyjnych dla DES opartych o AP (Tabela B8)
wskazuja jednak na to, Ze chociaz 3-aminopropan-1-ol tworzy z rozpatrywanymi solami slabsze
wigzania wodorowe niz 2-{metyloamino)etanol czy 2-(butyloamino)etanol, sa one bardziej liczne
i kompleksowe. Znalazlo to odbicie w eksperymentalnych wartosciach liczbowych lepkosci -
najwiekszych dia cieczy opartych o AP, a najnizszych dla DES zawierajgcych MAE, dla ktorych
obserwowano teZ najmniejsze liczby koordynacyjne. Rysunek 12-2a b,c pokazuje wptyw HBED na
oddziatywanie X—H-0. Generalnie, piki odpowiadajace temu oddzialywaniu sa wyZsze od pikow
obrazujacych oddziatywanie X H-N, przez co moZna wnioskowac, Ze wiazania wodorowe
tworzone przez grupg alkoholowa aminoalkoholu sa silniejsze niz te tworzone przez grupe
aminowa. Ponadio, wyZsze piki odpowiadajace oddziatywaniu X~-H-O odnotowano dla DES
opartych na BAE w stosunku do praktycznie jednakowych dla DES zawierajacych MAE lub AP
Jednoczesnie, liczby koordynacyjne dla DES opartych na BAE byly najnizsze. MoZe to oznaczac,
Zze DES zawierajace BAE maja jednak najmniej zwarta strukture. Fakt ten moZze byc
spowodowany przeszkodami sterycznymi wystepujacymi w tych mieszaninach, co zwiazane jest
z wystepowaniem najdtuzszych tancuchow alkilowych w aminoalkeholu. Potwierdza to rowniez
najwieksza odlegios¢ miedzy X--H-O oraz najwieksza wysokosc pikdw obrazujacych
oddziatywania X--N* (Rysunek 12-3abc) dla DES opartych o BAE Nie pozostaje to bez
znaczenia dla eksperymentalnych wartosci liczbowych gestoscl. Ze wzgledu na najmniej zwarta
strukture, gestosci cieczy zawierajacych BAE sa najnizsze.

Warto zauwaZy¢, Ze na wykresach RDF widoczna jest rowniez druga powloka
solwatacyjna dla wszystkich badanych przeze mnie DES. W przypadku DES opartych na MAE
lub BAE znajduje sie ona w odlegiosci okota 0.5 nm, zas dla DES zawierajgcych AP okoto 0,75
nm. Ta réZznica odleglosci moze byé spowodowana wieksza liczba czasteczek AP w pierwszej
powtoce solwatacyjnej w porownaniu z MAE lub BAE, co skutkuje przesunieciem drugiej powtoki

solwatacyjnej na dalszg odlegiosc.
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Rysunek 12 Funkcje rozkfadu radialnego oparte o odlegtosci miedzyatomowe 1) X--H-N; 2) X--H-O; 3) N*-X dla DES opartych o a) TBAB; b) TBAC, c)
TEAC zawierajacych. czerwona linia — AP; zielona linia - MAE: niebieska linia - BAE przy stosunku molowym HBA do HBD wynoszacym 1:6



4.2.1. Wplyw wody na strukture cieczy gleboko eutektycznych

Zgodnie z analiza literatury, woda czesto stanowi celowy dodatek do cieczy gleboko
eutekiycznych majacy polepszyc jej wtasciwosci, przede wszystkim zmniejszyc lepkosc oraz
gestosc mieszaniny. Dlatego tez realizujac jeden z celdw pracy, a mianowicie okreslenie wptywu
wody na wiasciwosci fizyczne DES wykonatem pomiary gestosci, lepkosci, wspdtczynnika
zatamania swiatha i predkosci rozchodzenia sie dzwigku dla wodnych roztwordw DES ztoZonych
zTBAB oraz badanych aminoalkoholi TBAB/AP, TBAB/MAE oraz TBAB/BAE (jako
przyktadowych), w jednakowym stosunku molowym HBA do HBED 1:6. Wyniki tych pomiardw
szczegolowo opisatem w pracy AD, a poniewaz wszystkie whasciwosci fizyczne zmieniaja sie
nieliniowo wraz z rosnacg zawartoscia wody w DES, otrzymane wyniki prowadza do prostego
wniosku, Ze wodne roztwory DES naleza do roztwordow niedoskonatych. Obliczone nadmiarowe
objetosci molowe, majgce najbardziej ujemne wartosci dla TBAB/MAE, dowodza, Ze wiasnie
w przypadku mieszaniny tej cieczy z woda dochodzi do najsilniejszych oddziatywan pomiedzy
czasteczkami DES i wody (w porownaniu do oddziatywan pomiedzy czgsteczkami DES czy
wody). Co wiecej, efekt ten jest silniejszy niZ efekt upakowania, na co wskazujg dalsze obliczenia
wykonane przy uzyciu teorii Prigogine’'a—Floryeg’o—Patterson'a (PFP). Do podobnych wnioskdw
prowadzg wartosci innych wielkosci abliczone z gestosci tzn. nadmiarowe rozszerzalnosci cieplne
i objetosci czastkowe, oraz wielkosci otrzymane przy uzyciu predkosci rozchodzenia sie dzwisku,
wspotczynnika zatamania Swiatta oraz lepkosci, 1. nadmiarowe scisliwosci adiabatyczne,
odchylenia wspotczynnika zatamania swiatta | odchylenia lepkosci.

W celu doktadniejszej oceny wptywu wody na ciecze gleboko eutekiyczne wykonatem
obliczenia metoda dynamiki molekularnej dla wodnych roztwordw DES TBAB/AP 1:6, TBEAB/MAE
1:6 | TBAB/BAE 1:6 w zakresie utamka molowego Hz0 od 0,1 do 0.9 Pozwolito mi to na
okreslenie zmian struktury DES, zachodzacych na skutek dodatku wody. Wplyw wody na
strukture DES na bazie TBAE przedstawia Rysunek 13. Zawiera on RDF odpowiadajace
oddziatywaniom Br-H-N, Br-H-0, Br-H-Ouzo oraz N*-Brw wodnych roztworach DES opartych
o0 AP, MAE oraz BAE w stosunku molowym HBA do HBD 1:6 o roZnej zawartosci wody. Rysunek
13-1a.b,c przedstawia wykresy funkcji rozktadu radialnego dla oddziatywan Br—H-N. Jak widac,
w przypadku cieczy opartych o AP nadal obsenvuje sie rozszczepienie piku, czyli wiazanie przez
jeden atom wodoru jest nadal bardziej preferowane, ale intensywnosc obu pikdw maleje wraz ze
wzrostem zawartosci wody, co prowadzi do spadku liczb keordynacyjnych (Tabela BS). Ponadto,
pozycje maksimdw pierwszych pikdow wraz z dodatkiem wody przesuwaja sie w kierunku
krétszych odlegtosci, podezas gdy maksima drugich pikéw przesuwaja sie w kierunku diuzszych
odlegtosci | prawie zanikaja przy xoes<0,2. Podobny spadek intensywnosci piku,
odpowiedzialnego za oddziatywania pomiedzy anionem bromkowym soli a grupa —NH
aminoalkoholu, nastepujacy na skutek dodatku wody, obserwuje sie dla DES zawierajacych BAE
lub MAE. Generalnie, w przypadku DES opartych na MAE lub BAE maksima pikdw przesuwaja
sie ku wigkszym odlegtosciom, a liczby koordynacyjne maleja. Tylko w przypadku wodnego

roztworu cieczy gleboko eutekiyczne| opartej na MAE, dla ktdrej utamek molowy DES wynosi 0.9,
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intensywnosé piku Br—H-N jest wyZsza niz dla czystego DES, a liczba koordynacyjna wigksza.
Mozna wiec stwierdzic, Ze na skuiek dodania wody do DES zawierajacych AP lub BAE
oddziatywania pomiedzy HBA | HBD maleja. W przypadku TBAB/MAE analiza oddziatywania Br
~H-M prowadzi do wniosku, Ze dodatek niewielkig| ilosci wody wzmacnia strukture DES, ale jej
dalszy wzrost zawartosci powoduje spadek oddziatywan pomiedzy skifadnikami mieszaniny.
Analizujac oddziatywania Br-H-O iBr-N* (Rysunki 13-2a.b.c i13-4a.b.c), niezaleinie od
badanego DES, obserwuje sie wzrastajace wraz z dodatkiem wody ostabienie oddziatywan
migdzy sktadnikami DES, kidre objawia sie zmnigjszeniem intensywnosci piku | przesunieciem
potozen w kierunku wiekszych odleglosci Takie rozluznienie struktury DES  w wyniku
wprowadzenia czasteczek wody zostato potwierdzone przez badania przeprowadzone przez
Fetisova i in. dla cieczy gieboko eutektycznych ztoZonych z chlorku choliny i mocznika [153].
Ponadto, najwiekszy spadek intensywnosci pikow Br—MN*, liczb keordynacyjnych oraz najwieksze
przejscie ku diuZszym odleglosciom, zaobserwowano dla cieczy gieboko eutekiycznej
TBAB/MAE 1:6 przy przejsciu z czystego DES do roztworu wodnege o xpes=0.9. Spowodowane
jest to odsuwaniem sig anionu bromkowego od kationu TBA* w wyniku dziatania wody, czego
efektem jest tatwiejszy dostep czasteczki MAE do Br. Dowodem na to jest podwyZszenie piku na
wykresie oddziatywania Br—H-N dla rozbworu wodnego o xoes=0.9 w stosunku do czystego DES.

Oddziatywania pomiedzy jonem Br- i grupa hydroksylowa wody =zobrazowatem
na Rysunku 13-3a.b.c. Jak widac, w przypadku wodnych roztworow wszystkich badanych DES,
na wykresach RDOF wystepuja dwa piki wskazujace na ftworzenie sie dwoch powiok
hydratacyjnych. Ponadto intensywnosci pikow Br—H-Owzo sa zdecydowanie wyZsze niz pikow
chrazujacych oddziatywania pomiedzy sktadnikami danege DES. Wskazuje to na najsilniejsze
oddzialywania pomiedzy czasteczkami DES i wody | pozostaje to w zgodzie z wnioskami

uzyskanymi za pomoca nadmiarowych wielkosci termodynamicznych.
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Rysunek 13 Funkcje rozktadu radialnego oparte o odleglosci miedzyatomowe 1) Br-H-N; 2) Br—H-0; 3) Br--H-Onzo 4) N*-Br dla wodnych

roztwordw DES opartych o a) AP, b) MAE; c) BAE przy stosunku molowym HBA do HED wynoszacym 1:6:



4.3. Absorpcja ditlenku wegla w DES i ich roztworach wodnych

Wyniki pomiarow rozpuszczalnosci ditlenku wegla w badanych przeze mnie cieczach
gteboko  eutektycznych, zawierajacych aminoalkohole, uzyskane za pomoca metody
grawimetrycznej, zostaly szerzej opisane w publikacji A4. Ponadto, dla wybranych DES opartych
o AP, rozpuszczalnesé CO:z zmierzytem rownowagowa metods izochoryczng przy réznych
cisnieniach gazu, a wyniki pomiardw przedstawitem w pracy A5 Tej same] metody,
izochorycznej metody rownowagowej, ufytem do wyznaczenia rozpuszczalnesci COz w DES

opartych o glikole propylenowe.
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Rysunek 14 Rozpuszczalnosc COz2 w badanych DES pod ciSnieniem atmosferycznym,

w temperaturze 295,15 K.

Wartosci rozpuszczalnosci dla DES opartych na aminoalkoholach pod ciSnieniem
atmosferycznym i temperaturze 298 15 K przedstawia Rysunek 14. Mieszcza sie one w zakresie
od 0,128 do 0,223 gcoo/goes, co pozwala na stwierdzenie, Ze badane DES zawierajace
aminoalkohole moga lepigj absorbwac ditlenek wegla niz ciecze jonowe i niektore ciecze gteboko
eutektyczne, przedstawione w Tabeli 5. Mieszaniny TEAC/AP 1:8, TBAC/MAE 1:10 i TEAC/MAE
1:10 wykazujg wyZsza pojemnosc sorpcyjna w stosunku COz niz TBAB/MEA 15, ale Zadna
z badanych cieczy nie osiaga pojemnosci [MEACI/AP 1:4.

Tabela 5 Pordwnanie rozpuszczalnosci COz w wybranych IL | DES pod cignieniem

atmosferycznym w temperaturze 298,15 K.
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ciecz rozpuszczalnosc geoe/gezp.  odnosnik

TBABAP 1:8 0184 badania wlasne
TBACIAP 1:8 0,186 badania wiasne
TEACIAP 1:8 0.201 badania wtasne
TBAB/MAE 1:10 0,193 badania wtasne
TBAC/MAE 1:10 0,202 badania wtasne
TEAC/MAE 1:10 0.223 badania wtasne
TBAB/BAE 1:10 0153 badania wtasne
TBACIBAE 1:10 0,140 badania wtasne
TEAC/BAE 1:10 0178 badania wtasne
[hemim][FFs] 0.0021= [154]
[hemim][OTi] 000272 [154]
[hemim][NTfz] 0.00242 [154]
[Emim][PFe] 0,0026 [155]
[bmim][TfzN] 000633 [155]
[bmim][BF4] 0.0032 [155]
[MeBuzM][TfzN] 0.0021 [155]
[MeBuPyrr][TzN] 0,0025 [155]
[Migrea][ THzN] 00017 [156]
[MNiza][ TfzN] 00019 [156]
[Niyoa][ TfaN] 0.0022 [156]
[MEACI/AF 1:4 0,263 [120]
TBAEBMEA 1:5 0,197 [142]
[Nzz2z][Im)/EG 1:2 0,114 [157]
TBAB/TEA 12 0.025 [142]
ChCl/butan-1,4-diol 1:4 0,0001 [111]
aT=30315K

Z analizy Rysunku 14 wynika, Ze najwiekszy wplyw na rozpuszczalnosé COz w badanych
mieszaninach eutektycznych ma rodzaj zastosowanego aminoalkoholu. Rozpatrujac ciecze
bazujace na tej samej soli i jednakowym stosunku molowym HBA do HBD, rozpuszczalnosc
maleje w kolejnosci MAE > AP > BAE, co wynika ze strukiury mieszanin, decydujgce]
o zdolnosciach absorpcyjnych DES. MajniZsza rozpuszczalnosc obserwowana dla cieczy
opartych ma BAE wynika z najsilniejszych oddzialywan wodorowych pomiedzy misdzy grupa
aminowa tego aminoalkeholu a anionem soli {strona 49), co osiabia oddziatywania DES z COz
Efekt ten dominuje nad efektem ,objetosci swobodnej’, kidra z uwagi na najdtuzszy fancuch
alkilowy w czasteczce BAE jest najwiceksza w pordwnaniu z DES zawierajgcymi AP czy MAE.
Silna siec wiazan wodorowych powstajaca w DES zawierajacej AP odpowiada rowniez za niZszg
rozpuszczalnosc COz w pordwnaniu do mieszanin zawierajacych MAE. Polwierdzajg to wyniki
symulacji MD, zgodnie z ktorymi srednia liczba czasteczek aminoalkoheolu w otoczeniu anionu
soli jest zdecydowanie wieksza w przypadku DES zawierajacego AP niz dla DES zawierajgcego
MAE. Wiekszy udziat grup aminowych AP w tworzeniu wigzan wodorowych z anionem
chlorkowym lub broemkowym sprawia, Ze sa one slabie] dostepne w reakcji z COz niz2 grupy
aminowe w MAE, co w rezultacie prowadzi to do niZszej rozpuszczalnosci.

Analizujac wyniki pomiardw rozpuszczalnosci ditlenku wegla w cieczach gleboko
eutektycznych opartych na TBAC i TBAE moZna stwierdzic, Ze wplyw anionu HBA
na rozpuszczalnosc jest stosunkowo niewielki. Niemniej jednak, mieszaniny zawierajace AP lub
MAE majg wyzsze powinowactwo do COz, gdy role HBA petni TBAC (wyjatek stanowi TBAC/AP
1:4), natomiast DES oparte na BAE lepiej absorbuja CQz gdy w ich sklad wchodzi TBAB.
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Wynika to z sity oddziatywan miedzy kationem a anionem soli wchodzacej w skfad DES - im jest
wigksza, tym stabsze jest oddziatywanie mieszaniny z ditlenkiem wegla. Z uzyskanych funkcji
rozktadu radialnego (Rysunsk 11) wynika, Ze dla DES opartych na BAE. silniejsze oddziatywania
wystepuja pomigdzy TBA® i Cl, natomiast dla mieszanin zawierajacych AP lub MAE - pomiedzy
TBA* i Br. W rezultacie rezpuszczalnosé COz w TBAB/BAE jest wyZsza niz w TBAC/BAE,
a w mieszaninach zawierajacych AP i MAE zaleZnosc jest odwrotna. Wyjatek stanowia
mieszaniny o sktadzie 1:4 zawierajace AP, w ktorych rozpuszczalnosc COz uklada sie w szeregu
TBAB/AP = TBAC/AP. Wynik ten potwierdzitem za pomoca izochoryczne] metody rdwnowagowej
(A5). Sita oddzialywan pomiedzy TBA* a Br lub Ck jest zblizona przy takim skiadzie mieszaniny
(Rysunek B4), co moZe prowadzic do odwrdcenia trendu w rozpuszezalnosci dla cieczy TEABIAP
i TBAC/AFP.

Miezaleznie od uZytego donora wiazania wodorowego rozpuszczalnose COz w DES (o
tych samych stosunkach molowych HBA do HBD) zawierajacych TBAC jest niZzsza niz w DES
zawierajacych TEAC. Wynika to ze stabszych oddziatywan pomiedzy sktadnikami w mieszaninie
zawierajacej s0l o krotszym tancuchu alkilowym (Rysunek 11), co skutkuje wyZsza dostepnoscia
i prawdopodobienstwem zajscia reakcji grupy aminowejz COz

Rozpuszezalnosc dittenku wegla rosnie rowniez wraz ze wzrostem zawartosci donora
wigzania wodorowego. Spowodowane jest to gldwnie zwickszaniem sie steZenia aminoalkoholu,
kiory jest odpowiedzialny za reakcje chemiczng DES z CO:. Ponadio, zwiekszenie jego ilosci
powoduje ostabienie wiazan wodorowych pomiedzy skladnikami tworzacymi DES. co umozliwia
oddziatywanie grupy aminowej z ditlenkiem wegla. W tym miejscu nalezy zaznaczyc, Ze wyniki
uzyskane z uZyciem izochorycznej metody rownowagowej, kiore uzyskatem dla cieczy gleboko
eutektycznych opartych na AP wykazaly odwrotna zaleZznosé rozpuszcozalnosci ditlenku wegla od
stosunku molowego HBA do HBD. W pomiarach tych zaloZono, Ze stan rownowagi zostat
osiagniety, gdy zmiana cisnienia nad powierzchnia cieczy byla mniejsza niz 0,5 kPa w ciagu 24
h. Jednakze, wraz ze wzrostem zawartosci COz rozpuszczonego w mieszaninie wzrasta jej
lepkosc, co prowadzi do powstania znacznych oporow dyfuzji w warstwie powierzchniowej.
W efekcie, pomimo zastosowania w badaniu niewielkie] grubosci warstwy, ciecz mozZe
pozostawac niejednolicie wysycona, a rzeczywisty stan rownowagi moZe nie zostac osiagniety
przy ustalonych zatoZeniach. Czas niezbedny do osiggniecia stanu rownowagi moZe znaczaco
przekraczac ten zgodny z przyjetymi kryteriami. Szczegdtowe dane o kinetyce absorbeji COz
preedstawitern w publikacji AS. Wzrost lepkosct | temperatury towarzyszacy absorpdji ditlenku
wegla w mieszaninach opartych o aminoalkohole wykluczyt rowniez ten typ DES z dalszych
badan z uzyciem SLM. Duze opory dyfuzji i efekly cieplne towarzyszace rozpuszczaniu CO:z
w mieszaninie, mogtyby sie bowiem przyczyniac do wzmoZonego pecznienia, zmiany kretoscl
poraw | degradacji nosnikow.

W publikacji Ad opisatem problem wptywu obecnosci wody na rozpuszczalnosc ditlenku
wegla w badanych cieczach gleboko eutektycznych. Analize przeprowadzitem na podstawie
badan rozpuszczalnosci COz w mieszaninach ztoZonych z TBAB | AP, MAE lub BAE w stosunku
molowym HBA do HBD 1.6, ktore zawieraly odpowiednio 05%, 1% i 5% wag. Hz0.
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Uzyskane wyniki {Rysunek 15) wskazuja na obniZenie rozpuszezalnosci gazu w TBAB/AP
i TEAB/BAE z dodatkiem wody, i to niezaleznie od jej ilosci. Natomiast w przypadku TBAB/MAE,
woda w ilosci 0,5% | 1% wag. spowodowata wzrost rozpuszezalnosci, ale przy stezeniu 5% wag.
rozpuszczalnosc CO: byla juz niZsza niz dla czystego DES. Zacbserwowane zaleZznosci
pozostajg w zgodzie zardwne =z wynikami symufaci MD, jak iz wynikami badan
densymetrycznych i akustycznych. Jak opisywatem w poprzednim rozdziale, obecnosc wody
w cieczy gteboko eutektyczne] prowadzi do powstania siinych oddzialywan wodorowych
pomigdzy czasteczkami HzQ a czasteczkami DES (ostabiaja sie przy tym oddzialywania
pomigdzy hydratowanymi sktadnikami mieszaniny) i znajduje to swoje odzwierciedlenie w nizszej
rozpuszczalnosci CO2. Jak wynika z symulacji MD, tylko w przypadku TBAB/MAE dodatek
niewielkiej ilosci wody (okoto 1,9%) wzmacnia strukture DES (oddziatywania z woda sg stabsze),
co shkutkuje zwiekszeniem reakiywnosci z ditlenkiem wegla. Dalszy wzrost zawartosci wody
powoduje ostabienie oddziatywan pomiedzy hydratowanymi skiadnikami mieszaniny i co za tym
idzie spadek rozpuszczalnosci.
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Rysunek 15 Wplyw wody na rozpuszczalnosc ditlenku wegla na przykladzie wybranych
DES.

Jak wezesniej wspominatem, rozpuszczalnosc ditlenku wegla w DES opartych o glikole
propylenowe wyznaczytem przy uZyciu metody réwnowagowej Metoda ta dobrze sprawdza sie
w wyznaczaniu pojemnosci sorpcyjnych DES absorbujacych COz w sposob fizyczny, ze wzgledu
na szybki czas ustalenia rownowagi i niewielki wzrost lepkoscli po procesie absorpoji
Wyniki otrzymane dla DES opartych o propan-1,2-diol znajdujg sie w pracy AT, natomiast dia
cieczy opartych o propan-1,3-diol zostaty umieszczone w Tabeli B10. Rysunek 16 przedstiawia
przyktadowe izotermy absorpcji w temperaturze 293 15 K

W celu poréwnania rozpuszczalnosci ditlenku wegla w DES, ktdre absorbujg CO:z

w sposdb fizyczny, obliczytem state Henry'ego. Jak widac z Tabeli 6, niezaleznie od temperatury
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i HBA wchodzacego w sktad DES, mieszaniny oparte na propano-1,2-diolu w pordwnaniu do DES
zawierajacych propano-1,3-diol charakteryzuja sie nizszymi wartosciami H., & wiec wyZsza
rozpuszezalnoscia COz. Oznacza to, Ze bliZsze potoZenie grup hydroksylowych w tancuchu
weglowym zwieksza rozpuszczalnosc ditlenku wegla. Do podobnych wnioskow doszli Chen i in.
dla cieczy gteboko eutekiycznych opartych o butan-1 4-diol i butan-2, 3-diol [111].
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Rysunek 16 lzotermy absorbcji CO2 w DES opartych o propan-1,3-diol w temperaturze 298,15 K
s - ChCl/propano-1,3-diol 1.3, m - ChCl/propano-1,3-diol 1.4, & - AcChClpropano-1,3-diol 1:3,
¥ - TBAC/propano-1,3-dial 1:3

Z kolei poréwnanie rozpuszczalnosci w grupach DES zawierajacych propanediol danego
typu prowadzi do wniosku, Ze najwyZsza pojemnosé sorpeyjng CO:z wykazujg DES oparte na
TBAC jako HBA. Wynika to z najdiuzszych tancuchaw alkilowych oraz najwyZszej symetrii tej soli,
co daje jej najwieksza "objetoscia swobodng” sposrad badanych DES.

Co ciekawe, dla cieczy gteboko eutekiycznych opartych na propanc-1.2-diclu
zaobserwowatem niZzsze wartosci Hx dla DES zawierajacych AcChCl, podezas gdy w przypadku
DES z propano-1,3-diolem nizsze wartosci wykazywaty mieszaniny oparte na ChCl. Generalnie,
grupa karboksylowa obecna w czasteczce AcChCl ma wyZsze powinowactwo do COgz, przez co
ditlenek wegla wykazuje wyZsza rozpuszczalnosé w cieczach zawierajacych chlorek
acetylocholing. Uzyskane wyniki wskazujg wiec, Ze rownieZ inne czynniki, takie jak: “objetosc
swobodna®, oddzialtywania miedzy HBA a HBD oraz zawada steryczna, majg znaczacy wplyw

na ostaieczna wartosc liczbowa statej Henry'ego.
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Tabela 6 State Henry'ego (Hy) w ukladach COz /DES opartych o glikole propylenowe

TIK Hx/ MPa TIK Hx:/ MPa
ChClipropano-1,2-diol 1:3 ChClpropano-1,3-diol 1:3
29315 10,8 +0,36 293,15 149 + 0,13
298,15 11,2+ 0,39 298,15 15,9+ 025
303,15 11,8+ 044 303,15 17,0 +£ 0,40
308.15 123 +£051 308,15 18,2 + 0,58
31315 132+ 058 313,15 194 + 0,85
ChCl/propano-1,2-diol 1:4 ChClipropane-1,3-diol 1:4
293,15 10,7 +0.54 293,15 224+024
298,15 11.1£055 298,15 242 + 0,40
303,15 11.9+057 30315 26,5 + 0,50
308,15 128 £0,57 30815 297127
313,15 13.4+£0,59 33,15 31210
AcChClipropanec-1,2-diol 1:3 AcChClpropano-1,3-disl 1:3
29315 10,2040 293,15 2541027
29815 10.7+0.40 298,15 26,8 + 0,56
303,15 11,2+ 0,42 303,15 291+074
308,15 11,9 £0.43 308,15 313 +126
31315 127+048 313,15 331+176
TBAC/propano-1,2-diol 1:3 TBAC/propano-1,3-diol 1:3
293,15 71,8x021 29315 116+ 0,28
296,15 83018 298,15 12,7+ 0,27
303,15 8.8+026 303,15 13.6 + 0,28
30815 96+£0.35 308,15 14,8 + 0,40
313,15 10,4 £ 0.51 31315 154+ 0,55

W przeciwienstwie do DES opartych na aminoalkoholach, dla ktdrych wraz ze wzrostem
zawartosci HBD obserwowatem wzrost rozpuszezalnosci COz, w przypadku DES zawierajacych
propanodiole rozpuszczalnosc ditlenku wegla malata wraz z rosnaca zawarloscia HBD
w mieszaninie. Wynika to ze zmniejszenia "objetosci swobodne|” rozpuszczalnika, kiora jest
kKluczowym parametrem decydujacym o jego pojemnosci sorpcyjnej, podczas gdy dla DES
tworzacych z CO: oddziatywania chemiczne, o rozpuszczalnosci decyduje ilos¢ aminoalkoholu

wchodzacego w reakcje chemiczng z COz.
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4.4. Unieruchomione membrany ciekle oparte na cieczach gleboko eutektycznych

Wyniki badan nad wykorzystaniem unieruchomionych membran ciekltych opartych na
cieczach gieboko eutekiycznych zawierajgcych propano-12-diol do separacji ditlenku wegla
zostaty opublikowane | szczegotowo opisane w pracy AT. W niniejszym rozdziale przedstawitem
rownieZ nieopublikowane dotad wyniki dla SLM oparitych o0 DES zawierajace propano-1,3-diol.

Zgodnie z mechanizmem rozpuszczalnosciowo-dyfuzjnym przenikalnosc gazdw przez
SLM zalezy od ich rozpuszczalnosci oraz od parametrdw dyfuzji przez ciecz tworzaca membrane.
Dla badanych uktaddw ilustruje to Rysunek 17. Ponadio, Tabela 7 zawiera uzyskane wartosci
przenikalnosci COz i Nz oraz idealng selektywnosé. Dla wszystkich uktadéw przenikalnogé azotu
iest zblizona i niswielka, co wynika z niskiej rozpuszczalnosci tego gazu w DES. Jak widac
z Tabeli 7, przenikalnosc azotu wykazuje niewielkie zmiany w funkcji temperatury i dopiero
w wyZszych temperaturach, na skutek wzrostu _objetosci swobodne|", ktory prowadzi do spadku
lepkosci, zaczyna wyraznie wzrastac.

Przenikalnosc ditlenku wegla przez unieruchomione membrany ciekle oparte na DES jest
zdecydowanie wicksza niZ przenikalnos¢ azotu, co wynika ze zdecydowanie wickszej
rozpuszczalnoscl COz niz Nz. Z tego tez wezgledu przenikalnosc ditlenku wegla przez SLM zalezy
zarowno od lepkosci, jak i rozpuszezalnesci CO2. W przypadku SLM zawierajacych mieszaniny
oparie na tym samym HBA, ale réZnych glikolach, ktore zdecydowanie rdZnig sie lepkoscia,
wieksza przenikalnosc ditlenku wegla jest obserwowana dla SLM opartych na DES o mnisjszej
lepkosci, i to niezaleznie od wzajemne] relacji rozpuszczalnosci. Wystarczy porownac
przenikalnosci dla SLM zawierajacych DES oparte na ChCl lub TBAC. NiezaleZnie od
temperatury, SLM ocparte na ChClpropano-1,3-diolu i TBAC/propaneo-1,2-diolu wykazujg wyZsze
wartosci przenikalnosci COz w porownaniu do SLM zawierajacych odpowiednio ChCl/propane-
1,2-diol | TBAC/propano-1,3-diol. W przypadkach, gdy lepkosci DES sa zblizone, tak jak to ma
migjsce w przypadku mieszanin opartych o AChCI, o przenikalnosci CO: decyduje
rozpuszczalnosé. Diatego teZ, w kazdej temperaturze, przenikalnosé COz dla SLM opartej na
AChClpropano-1,2-diclu jest wigksza niz dla 5LM opariej na AChClpropano-1,3-diol.
W powyZsze reguty, dotyczgce wptywu lepkosci i rozpuszczalnosci na przenikalnosc, wpasowuja
sie uzyskane wartosci przenikalnosci ditlenku wegla dla 5LM opartych na DES zawierajacych
rozne HBA | ten sam izomer glikolu propylenowego oraz mieszaniny zawierajgce ChCl
i propanodicle o réZznych stosunkach molowych HBA do HBD. W przypadku SLM opartych na
ChClpropano-1,2-diolu, ktérego lepkosc wyraznie sie zmniejsza wraz ze wzrostem ilosci glikolu,
wicksza przenikalnoscia COz charakteryzuje sie SLM zawierajaca ChClpropanao-1,2-diol
o sktadzie 1:4. MNatomiast dla SLM zawierajgcych ChCl/propanc-1,3-diol, kiorego lepkosc
przechodzac od skkadu 1:3 do 1:4 praktycznie sie nie zmienia, wieksza przenikalnosc ditlenku
wegla w przypadku DES o mniejsze] ilosci glikalu wynika z wieksze| pojemnosci absorpcyjnej tej
mieszaniny. Jedynie SLM oparta na TBAC/propano-1,2-diolu, mimo wyZsze| lepkosci tego DES
w porownaniu do ChClpropano-1,2-diolu i AcChClipropanc-1.2-diolu, wykazuje wieksza

przenikalnosc ditlenku wegla. Zjawisko to moZna przypisac najwyZsze] sposrod badanych DES
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wartosci rozpuszezalnosci COz w TBAC/propano-1,2-diolu, kidra odkrywa kluczows role, obok

lepkosci, w determinowaniu przenikalnosci ditlenku wegla.

Tabela 7 Przenikalnosc czystych gazow oraz idealna selekiywnosc dla SLM opartych

o DES zawierajgcych glikole propylenows

P | barrer P/ barrer
T/IK COs N2 Gegg /vy CO2 N Bcog g
ChClpropano-1,2-diol 1:3 ChClipropano-1,3-diol 1:3
28315 a6 3 29 127 4 32
29815 104 5 21 136 L 27
303,15 17 B 19 144 £l 21
30815 130 T 19 154 ) 19
313,15 145 16 2] 159 11 14
ChCl/propano-1,2-diol 1:4 ChCl/propano-1,3-diol 1:4
293,15 96 4 24 123 4 31
29815 112 5 22 128 B 21
30315 120 ] 15 136 T 19
308,15 135 10 14 141 11 13
31315 149 23 6 150 16 g
AcChClipropano-1,2-diol 1:3 AcChCl/propano-1,3-diol 1:3
29315 117 4 29 95 4 24
29815 127 T 18 106 4 26
303,15 141 B 18 117 5 23
308,15 154 8 19 127 G 21
31315 170 14 12 147 T 21
TBAC/propano-1,2-diol 1:3 TBAC/propano-1,3-diol 1:3
29315 152 L 30 29 4 22
29815 162 8 20 100 5 20
303,15 191 14 14 115 8 14
308,15 207 24 9 130 12 11
313,15 226 29 B 146 17 g9
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Rysunek 17 Wplyw lepkosci DES i rozpuszczalnosci CO:z na wartosc liczbowa
przenikalnosci CO:z przez SLM oparte na cieczach gieboko eutektycznych w temperaturze

28815 K

Ma energie aktywacji przenikainosci (Tabela 8), kiora pokazuje wplyw temperatury
na przenikalnosc, sktada sie energia aktywacji dyfuzji oraz entalpia rozpuszczania. Dla procesow
sorpcji ten drugi parametr ma zazwyczaj znak ujemny, dlatego tez dodatnie wartosci energii
aktywacji przenikalnosci sugerujg wiskszy wplyw temperatury na proces dyfuzji niz
rozpuszczania. Majmniejszy wplyw zaobserwowatem dla ChClipropano-1,3-diolu, dia ktérego
spadek lepkosci iwzrost przenikalnosci wraz ze wzrostem temperatury byt najwolnigjszy

(Rysunek 18).

Tabela 8 Wartosci energii aktywacji przenikalnosci dla badanych SLM.
DES Es/ kJmol

ChCl/propano-1,2-diol 1:3 18,85
ChClpropano-1,2-diol 1:4 16,17
AcChClpropano-1,2-diol 1:3 14,45
TBAC/propanc-1,2-diol 1:3 15,78
ChCl/propano-1,3-diol 13 8,68

ChClpropano-1,3-diol 1:4 7.58

AcChClpropano-1,3-diol 1:3 156,36
TBAC/propano-1,3-diol 1:3 19,14
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Rysunek 18 Wphyw temperatury na przenikalnosé COz w SLM  opartych
o; mChClipropano-1.3-diol 1:4; A ChClipropane-1,2-diol 1:3

|dealna selektywnosc COz/Nz, zdefiniowana jako stosunek przenikalnosci ditltenku wegla
do przenikalnosci azotu, maleje wraz ze wzrostem temperatury. W przypadku membran,
w ktorych faze ciekia stanowig DES oparte na ChCli AchCl, wieksza selektywnosc wykazuja 5LM
zawierajgce mieszaniny oparte na propan-1 3-diolu. Matomiast w przypadku DES zawierajacych
TBAC, idealna selektywnosc COzMNz membrany praktycznie nie zaleZy do rodzaju glikolu
wchodzacego w skiad mieszaniny eutektycznej Sposrdd badanych ukladdw, w temperaturach
293,15 Ki298 15 K, najwieksza selektywnoscia charakteryzuje sie SLM oparta na ChCl/propano-
1,2-diolu w stosunku molowym HBA do HBED 1:3. Wynika to z podobnych wartosci przenikalnosc
Mz dla wszystkich SLM oraz relatywnie wysokich wartosci przenikalnosci COz w niskich
temperaturach dla tego konkretnego ukladu. W wyZszych temperaturach najlepsza selektywnosc
COz/N= wykazuje membrana oparta na AcChClipropano-1,3-diolu 1:3. Otrzymane zaleZnosci 53
wynikiem wptywu wielu czynnikow, zarowno zaleZznych od temperatury, jak i rodzaju DES - jego
lepkosci oraz zdelnosci sorpeyjnych wzgledem azotu i ditlenku wegla oraz od wzajemnej relacji
tych wielkosci.

Ctrzymane przeze mnie unieruchomione membrany cieklte oparte o DES
charakteryzowaly sie stabilnoscia. Pory uZytych nosnikdw wypelnione zostaly DES w 100%,
zaobserwowatem takZe tworzenie cienkie] warstwy cieczy na powierzchni membrany.
Na podstawie obserwacji zachowania membran maksymalne cisnienie robocze dla badanych
SLM wynosi okoto 33 kPa. Przekroczenie te] wartosci moZze skutkowac potencjalnymi
odksztatceniami nosnika, ktore moglyby spowodowac zmiany w geometrii porow i eweniualne

mechaniczne zerwanie membrany. Wstepne badania pecznienia membran wykazaty stosunkowo
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niskie pecznienie nosnika po nasyceniu DES (maks. 22% dla DES na bazie AChCI), co
potwierdza stabilnosé badanych SLM. Dodatkowo, dostepne w literaturze [158] wartosci liczbowe
napiecia powierzchniowego dla DES oparlych o ChCl i propano-1,2-dicl lub propano-1,3-diol
pozwaolity na obliczenie cisnienia, ktore mogioby doprowadzic do wypchniecia DES z poraw
membrany. Obliczone wartosci cisnienia kapilarnego przekraczaja wartosc 3 barow, co znajduje

sie poza zakresem cisnienia roboczego badanych membran.
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5. Podsumowanie

Wyniki przeprowadzonych przeze mnie badan pozwolity na sformutowanie nastepujacych
whioskow:
1. W cieczach gteboko eutektycznych opartych na aminoalkoholach najwigkszy wphw
nailosc i site oddziatywan wodorowych, powstajacych pomiedzy skiadnikami mieszanin,
ma rzedowos¢ aminoalkoholu. AP w pordwnaniu do MAE czy BAE tworzy stabsze, ale
zdecydowanie bardzigj liczne oddzialywania wodorowe z HBA, co znajduje odzwiserciedlenie
w najwiekszych wartosciach gestosci, lepkosci | wspdiczynnika zatamania swiatta DES opartych
na tym HEBD. DES zawierajace drugorzedowe aminoalkohole, tj. MAE oraz BAE charakieryzuje
rézna relacja lepkosci oraz gestoscl i wspdtczynnika zalamania Swiatta. WyZsza lepkosc
mieszanin opartych na BAE, obserwowana mimo ich mniej uporzadkowanej struktury, jest
wynikiem wigkszych oporow zwigzanych z poruszaniem sie wigkszych czasteczek HBA/BAE
w porownaniu do mniejszych HBA/MAE oraz silniejszych oddziatywan wodorowych. Wieksze
wartosci gestosci i wspotczynnika zatamania Swiatta mieszanin zawierajacych MAE wynikaja
zich mniejsze] .objetosci swobodnej”, powstajacej na skutek licznisjszych oddziatywan
wodorowych, prowadzacych do wiekszego upakowania DES.
2 Podobne efekty sa odpowiedzialne za lepkosc oraz gestosc | wspolczynnik zatamania
swiatta obserwowany dla DES opartych o TEAC i TBAC. DES zawierajace TEAC, ktdre tworza
silniejsze wiazania wodorowe i posiadajg mniejszg ,objetosc swobodng™ charakteryzuja wieksze
gestosci | wspotczynniki zatamania Swiatta. Wieksza lepkosc mieszanin opartych na TBAC
wynika z wigkszego rozmiaru kationu TBA® w porownaniu do kationu TEA*. Rodzaj anionu soli
ma niewielki wplyw na strukiure DES. Mieszaniny zawierajace TBAB i TBAC tworzg wiazania
wodorowe z aminoalkoholami o podobne] mocy, a8 o wisksze] wartosci gestosci, lepkosci
i wspotczynnika zatamania swiatta DES zawierajgcych TBAB decyduje wieksza masa molowa
i rozmiar anionu bromkowego.
3. Wraz ze wzrostem steZzenia HBD maleje sita oddziatywan pomiedzy skiadnikami DES,
co skutkuje spadkiem lepkosci, gestosci | wspdtczynnika zalamania Swiatta mieszanin.
4. Woda tworzy z czasteczkami DES silne wiazania wodorowe, co prowadzi do ostabienia
oddziatywan pomiedzy HBA i HBD mieszaniny. Jedynie w przypadku TBAB/MAE 1:6 dodatek
niewielkiej ilosci wody (do 10%mol.) wzmacnia strukture DES. Ponadto, jak wynika, zarowno
z analizy HDF uzyskanych za pomoca symulacji MD, jak i nadmiarowych objetosci i scisliwosci
molowych otrzymanych z pomiardw gestosci |predkosci dzwieku, oddzialywania pomigdzy
czasteczkami wody | czasteczkami DES sa mocniejsze niZ2 pomiedzy czasteczkami wody czy
czasteczkami DES.
5 Majwickszy wplyw na rozpuszczalnosc dittenku wegla w badanych mieszaninach
eutektycznych ma rodzaj zastosowanego HBD. Rozpuszczalnosé COz w DES opartych na
aminoalkoholach jest zdecydowanie wieksza niz w mieszaninach zawierajgcych glikole
propylenowe, co wynika z rdZnego sposobu absorpcji W DES opartych o aminoalkohole

rozpuszczalnosc ditlenku wegla maleje w kolgjnosci MAE = AP > BAE Za najmnigjszg
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rozpuszczalnosc dla cieczy opartych na BAE odpowiadaja najsilniejsze oddziatywania wodorowe
pomiedzy misdzy grupa aminowa tego aminoalkcholu a anionem soli Liczna siec wiazan
wodorowych powstajaca w DES zawierajacej AP jest rownieZz odpowiedzialna za stabsza
dostepnosc grup aminowych w reakcji z COz i w rezultacie za niZsza rozpuszeczalnosc COz
w pordwnaniu do mieszanin zawierajgcych MAE. W przypadku DES opartych o glikole
propylenowe wieksza rozpuszczalnosc ditlenku wegla wykazujg mieszaniny zawierajace propan-
1.2-diol. Wynika to z tego, Ze blizsze polozenie grup hydroksylowych w tancuchu weglowym
prowadzi do wigkszej ,objetosci swobodnej” DES.

6. Wplyw anionu obecnego w czasteczce HBA na rozpuszezalnosc CO;z jest stosunkowe
niewielki i zale?zy od jego oddzialywan z kationem. Im s3 one silniejsze tym dany DES stabigj
oddziatuje z CO2 W mieszaninach zawierajacych AP i MAE, TBA® tworzy silniejsze wigzania z Br
niz € Ck i przekiada sie to na niZsze pojemnosci sorpcyjne DES zawierajacych TBAB
w pordwnaniu do DES opartych na TBAC. W przypadku mieszanin zawierajacych BAE wystepuje
odwrotna relacja.

Wraz z diugoscia taricucha alkilowsgo kationu HBA rosna oddzialywania pomigdzy
sktadnikami w mieszaninie i skutkuje to nizsza dostepnoscig oraz prawdopodobienstwem zajscia
reakcji grupy aminowe] z CO:z MNiezaleZznie od uzytego donora wigzania wodorowego
rozpuszezalnodé COz w DES zawierajacych TBAC jest nizsza niz w DES zawierajacych TEAC
f W przeciwienstwie do cieczy gleboko eutektycznych absorbujacych ditlenek wegla
w sposob fizyczny, w DES opartych na aminoalkeholach rozpuszczalnosc COz rosnie wraz ze
wzrostem zawartosci HBD. Jest to spowodowane ostabieniem wiazan pomiedzy skiadnikami
DES, ktore prowadzi do wieksze] rozpuszczalnosci COz. W przypadku cieczy gleboko
eutektycznych absorbujacych COz w spoesdb fizyczny malejaca absorpcja diltenku wegla wraz ze
wzrostem zawartosci HBD wynika ze zmniejszenia sie ,objetosci swobodne]”. .Objetosc
swobodna" decyduje tez o wickszej rozpuszczalnosci DES fizycznie absorbujacych CO:z
zawierajacych HBA o diuZszych i bardziej symetrycznych tancuchach alkilowych.

8. Ze wzgledu na hydratacje grup aminowych aminoalkoholi, nawet niewislka ilosc wody
w TBAB/AP 1.6 | TBAB/BAE 1.6 powoduje spadek ich zdolnosci sorpoyjnych. W przypadku
TBAB/MAE 1:6 0,5% i 1% dodatek wody podwyZsza rozpuszczalnosc COz, a spadek absompcii
gazu nastepuje dopiero przy zawartosci H20 rownej 5%. Jest to efekt wzmacniania struktury oraz
zmniejszenia oddziatywan grupy -NH tego DES z woda, obserwowany przy niewielkich, tj. do
okoto 1,9% ilosciach wody.

9. Efektywnosc unieruchomionych membran cieklych zawierajacych DES oparte na
glikolach propylenowych zalezy zardwno od lepkosdl, jak | zdolnosci sorpeyjnych mieszanin
eutektycznych. Najwiekszg przenikalnosc COz wykazata SLM oparta na TBAC/propano-1,2-diol
13, a najwyZsza selektywnosc zostata osiggnista dia SLM zawierajacej ChClipropane-1,3-diol.
£e wzgledu na odwrotna zaleZnosc miedzy lepkoscia a zdolnoscia absorpcji ditlenku wegla
w tych mieszaninach moina wnioskowac, Ze nizsza lepkosc i wieksza rozpuszezalnosc COz
sprzyjajg przenikalnosci, podczas gdy wyZsza lepkosc | mniejsza absorpcja gazu prowadza do

wiekszej selektywnosci,
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10. Uzyskane wartosci rozpuszczalnosci ditlenku wegla w cieczach gieboko eutektycznych
opartych na aminoalkoholach wskazuja, Zze mieszaniny te moga stanowic alternatywe dla
tradycyjnie stosowanych roztwordw amin. Jednak ich przydatnosc jako sorbentéw ditlenku wegla
w zastosowaniach przemystowych wymaga dalszych badan, szczegolnie w zakresie recyklingu
oraz zapotrzebowania energetycznego procesu absorpcji. Z kolei badania nad zastosowaniem
DES opartych na glikolach w unieruchomionych membranach ciektych do separacji COz mogiyby
zostac rozszerzone o wyznaczenie rzeczywiste] selektywnosci oraz o uktady zawierajace inne

glikole niz propylenowe.
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Abstract: Miowadeys, many resvarchers ane focesed om finding a solution i the probles of ghehal
waretlng. Carbon diowdde bs conulidsmd i be respanslible fir th " grnandemise” effoct This largesit
abobal emession of industelal OOy comes Erom fossdl el cominston, whady makes power plants
b perfoc pobd sousce langets fog uedibe C0 ernsadon reduciions. A siabe-of-Uhe-art meibod
v caphurng carhon dioxide s chemical absorpiion eang an aqueons selution of allanclymmes,
mast Frogquently 2 30% we sohition of manpesunalemine (WAL Unformnately, the nsage of
plkzrgslmmimes s a mamber of drewhacks, szch s the oemyeye negtome of the reacism rovitsoomest,
he et of Bhser pobvend duie to it volatility, snd a Wigh crengy demand o the segutoeration sep, These
prohleme have drivim #he warch for sltroatives o fhei merhod, and deep mutockic solvosh (DES5)
mnght b s wery gand nh-ﬂhm-_&hny e o 1M B b thos e been lm*rmﬁa‘hﬂlrrﬂ'l-rmﬂ-h
vagrbuie, sl varous hdrogen bond donoes and scceprees v bees used. Disp eatectic silvenls
bt arw capabbe oof alsorbisg carbon daide phivsaally sad clhimsucally ave been peporied. Struseges
Sor [eir Uiy 00 absoipilon imgnovement, sach ss e addbion of wiler, other co-solvents, of metal
paln, have been proposad. Wishin s review, the physical properties of TVESS an peeseniod. and twir
elfpets om DTk shegmption capscity an disused in comfinctios with the types of Tl Asand FI0EL
ard thatir mobar rarios, Thee peactical isses of usimg, PS5 for COy spamation ane shn desoribod

Keywords: carbm dunide; deep eutnctic solvent abnerpliony membsenng; separaiion; solulbdiny

1. Introduction

O of the main objectives of corment global research s to develop materials and
imethods aimed st reducing emissions of acid and o gasis, espaecially carbon diossd,
Une of the maost common technodogies used to remoye U0 s #ts absorption with
ammiews soluf o, mainly a 3% acuoois solution of momoethanolaming (MEAL However,
other aming absorbents can be considerad, particularly thowse induding bydnovyamimes
such au aminumethy propanol (AMP)or 2piperidinecthanc (2-PTE) which, compored to
agueois MEA sohations, requine less heat at the regeneration stage, resul ting in 2 neduction
ir the process cosl. However, new aliemative sobvents will be indispensable to make the
rrocess mon: efficient, still liss expemsho, and mone eivimmmentally frienedly,

Crver thie Las few vears, a lot of sttention has been pald b bonie auids (ILs), These
pedbvunts ame characteriasd by a low melting polid, low vapor prossere, and rolatively high
saslubility of OOy, Flowever, research s shown that o vas) nujority of [Ls abroeb carbon
diodde physically, which ensune rolatively bw costa for solvemt negeneration, but at the
et fime lhmits capacity and raquires high operating pressures for the removal of carban
diomicde. Setioun disadyantijpes of jonic Huguids used on 2 techriical scale are theelr bigh
pricw, relativiely high vincosity, tosdeify, and cornmévity,

An alternative o 1Ls is using deep entectic solvents (DES), which were originally
imtroduced as systems formied from 2 mitane of two or mon Lewis acicds and bass

Wlisnalen RN, 26 A9 a2 il gl B0V ol 20390

Tt v el b il il il



feliilnesbes DARY. 28 S2UN

ol X

o Bt Lowery acids ancd boses, ancd wiich have b livwer Broecing point comjpased
to the starfing constifuents.  [n recomt vears, the definition of a DES was made mone
procise and it has ben established that the ferm “decp sutectic solvent™ can only be
assigned 0 o eutectio mintune for which the cubectic point temperatune @& lower than
that calculated from s Schrbder-Van Laar equation valid for an ideal lquid eutecic
mixture [[]. However, in practioe. most researchers use the form “devp cutectic solvent”
sinuply for the estectic mistune, TESs ane usally obtained by miviig several reagents to
form o homogeous Bguid. These is afwavs 2 snall smount of water in these solvents,
which is involved [n the formation of & setwork ol bindmogen bonds, Deep sutectic solvents
have similar physical properties to lonic liguids, and they are practically son-volatile
and on-fiammable. but additonally they are definitely chiaper and wsually sisler fo
synthesize. and they are k= toxic and of en biodegradabla. However, compared to [Ls,
M5 have lowes thermial stability and a lower electrochemical window [2]. The vapor
pressune of eutectic ligukds & higher then (hat ol jonic liguids, but sl elstively kow. For
an NN-dicthylethanolamsmonium chionde 1 2 misture with glyoeral at temperatons from
M3 o WK, the vapor pressore is from 2 o 60 Pa, and for mistures with wrea il is fom 84
i 68 1 3] Siemilar o bonde Hopaics, eutectic Bauids” phrsicnl properties can be mmﬂhﬂ
by changing the composition and ratio of their compoments in order o obain

Taverabsle for a apecilic applcation. These properiies ane affecied by the chemical struciene
ot the [IE%= and the mesulting Mmmmmm thi: hydrogen
bBwnids that are sespiansible for the phosical stabe of deep eubectic sodvests. Fuamples of
commonly used ingredients of LESs, e . hydrogen bond acoeptors (HBbAs) and hydrogen
bndd dovrews (HED ), o provsenibend |0 Figuee |

Hydrmjgen bond acceptor Hydrogen bond donor

[
OH
WHy
phenol
HO
Y\JH

1,2-propaned il
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Taking into account the svailable research reports, i con beconciuded that thene ane
no highly accurate models able to predict the propertis of DS, Most of the curvently
availabrde knowledge B icused on choline chloridie-based TFSs. Although this is the
st s {cdely usedd by drojen bind acoepior, ther s & whole rangge of DESs based on piher
compounds that have not been described in detail. DESs have found their place in several
sirparation apphications [1-4], Hence, thiy s oomaldensd fo be greon amd have bian
exgmined tor the absorption and separation of carbon dimade and other gaseous pollutants.
Diepertiidiong o Bhotr srdchern, deop vubecdlc mishures con absorh carbuon ddde thromgh

physical or chemical absorption.
Thils preosent arfic . reviw s i propeerses that make fhse solvents appiogpeiabe fors

(% separation appiotions. as well as their {0 absorption capacity:
2. Properties of Deep Eutedic Solvents

ﬂfulwhl“ st i DES 44 8 ew mﬂr.:lllll oo sabviimiis five varkines |'|rﬂ1km| ap
has resulted in the need for accurate and refiable knowledze about their main
Flrrn.lq_u], chiemical, aml i'|1.n'|-|1|c|d.}ﬂm 'S Fl'l:ll'lt'l'ib Thiemdony, i sosenbilic gl s
deveted o the developmont and characterization of 1S properties have recently been
e fon B Bterabione, Thois peciion discribes aind discosaes tha main s loocdiemicl
and thermanlynamic properties of DFSs, incheding thase that affect their suitabidity for
s separstion.

Thene are seven types of TH3s that qin be distioguished. Thie general formskas and
examples of the specilic tvpe atv prosented in Table |, Since most of the feearch carried
ot st Foor bas bewn related o the properties and applications of mistunes of quatermany
aminonlum sabts and HUL, this seview b locued malnly on DES of type I

Talshe 1. Tupen il dhevp avitecthe wolvinbs

Tpe Gomneral Farmulas l!..#n
1 Cat* X onetal balicdes L?_CH:I: l:'s::'l_-,
L Cat® X~ meta] Bulldes hydiite U2 OOy 60
m Cat* X~ B 1:2 OWCT S NCONH
w Metal chlorice 1T 13 Pl SV
L Pt |0 1 FFRAC I 11 Clrly schelisurnes:
Wi AT s HEA o HED (THITHS) 11 {.H:I:phq'lnm'tu:ﬂ
va Aina sl an HEA oe HBD | AADES) 1:) Botsidpye L-bibsd g

2.1, Frevaang Paing

Ap memtioned abonee, a DES i formed by mising b or three componenis capable
of furmkeg & new gk phse with a lower teezing point thas that for the idesl eutectic
mlatisrn (Figure 1) [ 1] A pdgmficant dipreaion of the froeriog pont is obsorved mainly die
o the hvelrogen bond interactions botween e pdoogen bond sceoptor and the hyd segen
bond dorer. Althaugh the rumber of THESs reported in the lieratune s hurge, the nummbar
of DS with the iroesing point lower than room iemperatien is still Hmited. In genoral, the
Irevring point of a DES is influssnoed by thie mastore of s constituents and their molar ratio,
Howeve, ni chear cormelation betwoen the melting points of individ wal compsments and the
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freveing pobivis iof the corrospranding DESs has beon found. Amceng all tie choline chlode-
based [ESs studied, lower melting points were obfained for DESs consiting of polyols
such s ghvewnol or ethylene glyoal |74]. However, Slahbas et ol meconded & very how
madting point for 2,2 2-trifluorosortamide, which confirms o very lange contribution of the
HIBED for lwaring; Lhee maslting, point by foeming o hydrogen bond (8], It has boen established
that the mature of the HBA sniomn also affects the DES freezing point. For example, Albbott
ot al, stusfied DESe based on weest and they concluded that DFESs consbsting, of ures and
a choline salt have freering points decreasing in the onder F~ 2> NOY = C17 > BE M)
Moreover. in their artiche, the HTA ellect on the freezing point of the TESs was Invesiigaied.
Thie pesesschers found thst mixing ures with different sals in the same ratio (1:2) esuls in
Thquebelie that exiribrit very diffenent Frosing points fnsm 38 10 113 °C

T

Temperaiure

TL..,..__J

A iy B
Pligrere 2 Pl didgras of deep sulectl wdvost

The inNuence of the molar ratio of FIBAS and HBDs on the Ireexing point of & DES has
bwen stusdicd by many rescarchers and it has boemn demanstrated that, dopemding on the
imixture, it cin be significant. For example, when methy] tripheny | phoaphonim broside
wiars s with gl yoemol i a malar eatio of B3 or 14, the resalting DESs exhibitead frering
pointn of <55 and 156 “C monpectively [10)

Adibatt ot al. supzested that the deprsssion of the melting point s dioe o the kattioe on-
ergy of the DES, and the entropy changes ane caused by the formatlion of a lquid phase and
ihe inkeraction between HBAS and HBDs | 11]. Based on the analysis of 13 choline chioride
IS, roserarchers huve trivd o show 8 cornefation between the frocring point depression
and the ssperimentally measured enthalpy of hydrogen bond formation. Howeves, the
discovened commelation wan not satisfactoey [77]. Marcus tried o comparne the standard
entroples of DES frmation with the freezing podnt depresshon but did not [dentliy any
peneral cornelation [17]

Prantes et al. usend the perfurbed-chaln statisties] sssoclating Mukd thewry (PC-SAFT) far
e limg the phisse bebavior of DES systoms [10] They cbservod o cormpatibilite with the

i b, bk this method requires o number of molecubes and mining
fittedd from mipwerimental data, Thas, this model has a limited predictive capability for
novel systema. Garcis el al. proposed a quandiiative strucure—activity relatonship (OSAR)
predictive model for dholine cliloride-based DFSs and obstained high prodictive ability an
sl by thee cross-valhdatecd B¥ val s of 097 [15], Recently, & conductor-|ike scriening
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vl for reafistic salvition (COSMO- BS) apphying experimenstally independent molecular
duscriptiors has been proposed by Somg etal, [10] Lsing 35 chiline chloride-hased S5,
they Jound a neliablie mudtilinear relationship between the freezing point deprission of
13E%5s and the mokouler volume desoriptor and their malecolar descriptirs assocated with
Iryedrgen bond interactions,

2.2, Vapor Pressire

Drespite a very limibed amount of data on the vapor pressure of DESs, (here is general
agrwement that the vapor pressuses of pure deep eutectic solvents af ambien! kmperatunes
are low or even negligible, but higher than those of fonic liquids. Receothy, Ravala et al
stuadied the vapor pressune of fuids presenting low-volalifity and found that ey vary in
the follpwing order: shore-chvin PECs > long-chain PEGs > DS = protic s > polymeric
ILs > aprodic ILs > dizationic Tls | 7).

Experimymtal measurements of the vapor pressures of deep esteotic selvents have s
far been ke only at 40-120°C, considerably above ambient temperatures. Boisset of al,
determined the vapor pressure af 40 "C for a DES consisting of N-methylacetamide and
Itk thlhﬁl.lnhﬂ'rll.'ll':yhulﬂm}-]Hani: s be 2} Fa [H"]. Shahbaz st al, foued that ai
100 °C thee vapeor pressures of reline, glycellne, disthylethanolammonium chikordeurer,
W -diethylethangslammwnbum chivsideg lveerol, sod methylripheny phosphoniom bro-
widesglycaral are equal t0 133, 104, 1.E 149, and 9.9 Pa, rspectively |1 Recently, Dietz
vk al. measvred e VAP PressTes wif h}':'h:rph:l'bll 125 A 1010 " apnd obbaimed valoes o
a range (v 55.5 P for decanole ackd-ldocalne t0 5409 Pa for decanodc acld:mentho] [ 19]

2.3 Dhnsity

Pemt L0ESs havis & |h-.nsu1lj- Ik L) and 1.35 g-s_ﬂn_-' 7 L. B I_'ll.. Huvwevwr, 115
comtulilng metal salts, such as ZnCly, heve silghtly higher densilies, in the range of 1.3 10
1.6 !,l;-rﬂl_ L wilerpas |'r_|.l Jnli.'l!h:lbru. 135 pxhiilsit a rJl.-n.hlt].- lonwwer than that of waler Ell..:!.
It is certain, however, thai DES denssties are higher than those of thelr individual starting
comrprnents,  Acconding o the principle of the hobe theory, mixing DES componenls
roduoes the averame hole's tadins and s incneases 1ES density relative o that of the
indlvidual constiluents:

Fn gemeral, the mfluence of the amount of HEDs on the dimsity of a DFS de = on
ihe molecular characleristics of the HID used. For most DESs, thelr densily decreases as the
amawmtof HIN s increases [ 75207, Howeves, inthe case of [3FSs, wheme there is a stromg
associallon between HBD molecules, an increase in DES densily with the increasing amounl
of HADs wog ohserved . Abbottotal meported the densities of PESs with ditferent molar
ratios of choline chloride (o glveersl and conduded thal as the ratio of HEDs decreased.
DES dimsity increased |25],

The increasing number of hydrosyd groups in 1B, nsulting in the formation of addi-
tivmitl H-bomids and possibly reducing the available free vilome, lisads to the higher density
of [H%5, The resulty obrtained by Basaiahgar ctal. showed that ethylene ghyool-hrsed 115
v Tower dersitios compand o glycerol-basesd TESs for both besey lirimethy lammeanium
and bomeylitribo bebammoniom chloride as HBA [29], The same effect was observed by
Mialli et al. for similar choline ciloride-bused DESs |50,

Acrording to b Hieratore, the increase in IES density s also caused by the presenos
ol agdditional carbosy lic gronps as woll as additional ether bongds in the HBLS For example,
I the case of DESs based vn chollne chlorlde, the density of a DES conslsting of oxalle
acid wis higher than that of a DES conuisting of ghyoolic acid [*1]. Basalahgan o al,
reported the densitles of DESs consisting of ethylene, diethylene, and triethylene glyeol as
HELs andd by Hrimethy lsmmgriom chioride as e HEA b e ecpual to 1300, 11T, and
LT geeen - al 25 °C, resprectively [29],

it hias Bewm esbableahed thit the demsity of DESS docrssses with the increasing chain
lemigth of the HBDs or HBAs. The results obinined by Florindo ot al. show that DESs
composed of glutaric acid or levalinic acid have kswer density values compared to these ob-
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seryid for DESs bazsed on oxalic or glyoabc acids [ 1], Warng et al. reported that the density
of ethylene glycol-hased [DESs comsisting of tetmethylammoninm bromidi, tetrapropy-
lammonium bromide, and tetrabutylimmonium bromide were L1396, L1, and 10702
respectively [37].

Another factor allecting DES density is the type of salt thiey consist o, Shahbaz et al,
observed that ammoniom-based DESs have lower demsities than phosphoniom-based
P65 |1 4] Momecver bromide salls fomm denser DESs than chloride ones [27].

In gemernl, on increase in mperatune canses a linear decrease i donsity [33] Faow-
ever, Yadav et al, found that the decremse in density with increasing temperatun: of a
DES comprsed of choline chloride and glyeemnd ina 12 mole ratio follows a quadratic
expression [H]. Temperature—dependent dessily megsunaments for DESs can be used
o estimate thelr lsobaric thermal expansion coeffickents, which can quantify TIESs" (e
yorlume [24]0

Several atempts at predicting deep eufectic soivents’ densities have been reparted
i Hhe Hieratune sie far Shahbag of al. dFFIlI:d ar!:lH_x:l.:' H'll.u[ll.i.'p:hrr and Broup contrbo-
tion methods in osder to predict the densities of DES: consisting of ethylene glyool and
ahyoeral as HBDs and choline chlonde, diethylethanolammontum chloride, and methyli-
ripheny iphsphoniom bromide as HAs [14] Mjalii imtroduced mass conmectivity index
{(MCTx-based densily prediction lor a set of 20 deep eutectic solvent systems comprising
varions salts aned hydremen bond domies [55] Mowosiclski et al weed the Rackett cquation
modified by Spencer and Danner and the MUCl-based density model to predict {he density
of 13FSs based on 3amines1-propanal [73] Fimally, rocentiy, Haghtsakheh ot ol presomted
group contribullon and alemlc contribulion models for predicting the densily of various
types of IPESs by simply decomposing thie modieonbay siroctme imto s mmber of prediefined
gromaps or atome [0].

2.4 Viscasily

Thie viscesihy of doop outectic solvents varips siemificonthy at room emperabure, The
lowest viscosily values were pbserved for DUSs based on ethylens glveol, ethanclamine, or
acetic acid |37,58] Acoording o Minli and Noser, o mictre of choline chloride and ethoylens
alveol ina maolar mllo of 12 has o viscosity of 40 mPa-s al 25 7T |29, The highest viscosities
are those of DESs containing derves] sugars o amine acids 10,011 A DES consisting
of sorhitel and chaline chloride in o muolar ratio of 1:12 has o viscosity of 19470 mia-s
at 250 [12] However, most DESs show petatively high viscosities of room tempertune
{1 mael ['_"h ].

Sivee viscomity B orelated o the free volume and the probsability of fnding holes of
suitable dimensions for selvent molecules o fems to enter, this property depends on the
size of B DES constituents, The high viscosity of DESs also resulis from the presence
of hydrogen bonds as well as electrostatle and van der Waals Interactions belween the
insdivadual compuments of this LIESS, Thus, the viscosaty depends on tho chemical nature of
ihe companents, thals molas ratio, water coatent, and temperatiice,

I genwral, increasing e armcunt of HEDs roduces the viscesity of o DES [25] How-
ever, bn the case of DES based on hydrogen bond donors with a strong cohesive snsegy,
e toy thee prosience of the intermolecolar byd rogen bond networks b opposite effiect s
observed. AL 25 °C, the viscosities of choline chloride and glyeerol mixtures with molay
rathos of 324, 123, anad 122 weene 360, 320, and 2% mPa-s, respectively [25].

The viscosity of IESs doonases considerably with increasing temperature, For cxam-
ple, Tor choline chioride:ures [1:2) and choline chlordesglucose {2:1); the viscosity decreases
from 750 fo 95 mPa-s and from 7292 to 262 mPa s, respectively, at 25 and 55 °C [43], The
dependence of DESs' viscosity on temperature is describiad in the literature by Arrhimius
or Vogel-Fulcher-Tamman (VT equations {20]. Mjalli and Nazer proposed a mode] for
the viscosity of choline chiorde-based ['ESs taking into account not only the temperature,
but also the composition of the mivione: According to their resulis, the model based on the
Arrhemus equation is meone accurate for Jiss viscous hopads, whibe the VFT-baped viscosity
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el fits experinwntal vscositios also for e visoous DESs ind wade temperature
rangne [1],

It has been established that DESs viscosity drastically decreases with the seater content,
This property seems to be the main season for the differenoes i the lteratom valoes of
viscosity for any given deep eutectic solvent, in some cases even within a fctor of te,
According eo Florinde et al , a highly viscos DES such ps choline chloride:ocalic acid (1:1)
is capable of capturing water from the atmosphere up to 1940 wi%, which reduces it=
viscosity friem 5343 fo 44 49 mPas{31]

In 2018, Haghbakhsh ef ab, modelled the viscosity of deep eubedic solvents following
the free vilume theory coupled with eguntions of stabe [ 1], The results showed that the
Free volume thevry with both the CPA and PC-SAFT EoSs (lotal AARLY, of 2.0 and 2.2%,
respectively) glves reflable and highly sccurate results with respect to the comrespondlng
l‘.!.‘l.'ﬂ.'l"lﬂh.‘l‘lla] «Flnu'rm:,- walves uf 27 DESs, Both miodels alsoe showsd Hq.md :l.uhpllamv with
the temperature tremds of viscosity for the Investigated DESs. Furthermons, the effect of
1']1.!115':115 HIBLD rabios fora hyed HEBA was :!vrl‘u:l:]}- wsbariated.

Muore recently, Benguerkra et ol propaosed o new muathematicnl moded for predict-
o d:rnlnr_:-l‘ndu_d LIS vsousd Hes I thu= r.tumiﬂfa.'l.ive nl:rurlu:r—Frl.rFuﬂ'lf h.-.'l.:hnmhlp
(¥R} agprogeh. Tidevebop this model, s combanation of the moltlinear regmession (M1 R)
and the artilicial neural networks (ANN) methods was applisd. The results show that the
prisposod models ane able o predict 1 ES8” viscosities with very igh acouracy, i e withan
B* value of 09975 In training and 05863 for validation uslng the ANM model, and an BY
value of (305 for this MILE maodad [45]

15 Surfare st

The sutface tension values of TIESs are higher than those of most molecular solvents
and exhibit a wide rnge of changes from 239 mN m—! for betrabu by lmmemiom bromidie -
nonano] {1i4) lo 75.2 mi.m ! [or choline chloride: D-glucose {2.5:1) at 20°C |12 40,

Sigrmvificant roles in the sarface tension values of 1ESs ane pioved by thie notome and
lengih of the alkyl chain ol I1BAs, the molar ratio of HBAHDD, and temperature. A
cation gomtninimg a hydrosy! groop lisds o the formation. of o IS with high sorfice
lension. Tor instance, according to Cmar and Sapedhl, Le surface tension of choline
chloridepvrogaliol (1:3) i equal to 6.0 mhm 2, while for [0S Based o the same HED
but with tetrabutylammoniom bromide as the A, the sorface fomston is 21,0 mbam ™" at
2050 PIFL The results obtained by the same authors further demsonstrated thit in e case
of tetrasl kvlammenium-based TS, an imcrease in the chain bmgth keads fo anincrease
i thie srlsee tendion in e following order setcaethylammeonium bromidepymgallol <
tetrapropylammeninm bromiderpyrogallol < tetrabatidlammoniom bromide pyrogaliol,

According to the literatune, surface fension incroases with & decresse in tho molar
fraction of the salt due to the strengthendng of HBD hydrogen bonding. Thas, the surface
Teetsiuin of LRSS comsasting of cholime chloride amad Llectic acud decneanes with incrasing
sall eopcenteaton, due o the distugbance of the hydeogen bond netwack of et acid [45],
Hayyan etal, anabyred the effect of meeessiog the molas amount of chaabme chionde in L
comtlabnleg Dplucose. AL20 °C, with a 1:1 molar ratio of chollne chloside bo D-glucose,
U surfice Wersion (3804 mB-m ™) wis Tower companed o that for 3 2% moler ratio
750 mM-m ') 146]. For all the studied DESs, the surface tensions showed an bversely
proportional linear cornslation with the eomperatuee [39, 0—0]

There are roports of succeastul prediction aof the surface tension of THESs using fhe group
contribution and atomic conlibution medels and the Guggenbeim empital equation [ 40,44,

20, Electraan {:mr.du.r.l!mjljl

Chue tor their relatively high viscosity, most DESs exhibit lonle conductivities lowes
than 1 mS-gm™" at o bemperatone, The exception (v a DES composed of ethylene glyeol
and choline chicride, the conductivity of which is aqual to 761 mS-cm ™! a1 20 °C |37],
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T conductivity of DSy geowerally incrsases signilicantly is the eamperatune increases,
and the Arrhemins-like equation or the Yogei-Fulchor-Tammann (¥ FT expression can be
nsed fo predict the conductivity bebayior of s [20],

The conductivities of [1ESs ane dependent on both thie FBL and the natere of thesalt
Basaiahgari ¢t al. showed thal DESs based on beney lirimethy lammonium chioride and
benay |tributy lammonium chloride have conducsivities sefatively lower than these of thedr
choling civloricdy analegues, which can bie attribuated o their high viscesity values [59].

Gamerably, an increase inthe amount of saltina DES canses an incroase in ity comdoe-
fivity, Such a phenpmenon was obsecved by Abbott et al, for a DES consisting of chaline
chloride mndd glycerol [25]. However, this behavior ls not true for a1l the DESs for which the
comduchy li}-—n.-.'lli comvoenitration lrend H:ﬂ\'::l1|'|n.lu|.5h A FrAXIELT |:I‘_E_ chuline chloride +
ethylene glycol) or is decreaslng (@.g., tetrabutylammonium chloride + ethylene ghycol) [15].

P lativenship betoveen viscosity and conduclivity is comenumly asalyeed in the liber-
mture uslng, Wabkden plots; in which the molar conductiviey (A, calculoted Brom conductiviby
and r]-ermll.:,":l amd the Hl.l.ll:u...'f ﬂHn: ATy oF viscosd I:].-] At Fll.l!.l:.-d i Fug— lug seales and
compared with an ldeal line ofstaimed fora 001 3 KCagueous solution, According i the
literature daka, Waldess plots indicate tat almist all DESs le belos the “ideal™ Walden
limer [15], Howewver, Mialii et al. observed o positive doviation for aliphatic-based 12FSs
such as letrabutylammonlem chlorideL-lsoleucine, tetabutylammonium chloridesprollng,
and tetrabatylammoriom chboride:d sealine, which indicates o high ionic pairing betwiam
letrabulylammonium chloride-and amine acids in these DESs {49],

Owerall, the literature Tosuits show that 1FSy disploy lareer divdiations from the sdeal
reference line than most [Ls, which can be explainad by considering the lact that ibe
mvigrating spocies are ioms for 1 s and ioms « HBEY comiplises for DESs Therefore, i can be
comcluded that the conductivity of 115 i ditermined nat only by their viscosity, but also
byt size of the jons,

The development of prediciive methads for TS conductivity & very limited ™ the
literatune, Bagh ot al. wsed the artificial seural network (ANN) apprsach o study the
electrival comchucfivity of smmenium- and phosphonivm-based 135 and they obtrined an
absnlute redative deviation of 4.4%, which may be considerad satisictory |50, The bole
theory was alse applied by Abbott ot al. to predict 125" comductivity, and althpagh good
resanl s were obtained in some ceses (o5 choline chlondeethviene glveoll, poor prediclions
were reparted for edhers (a2, chollne chlardeghyeernl) | 17]

2.7, Suiertor ierommic Parmmaefen:

Solvent polarity s commdnly assessod wsng the polarity scale of Dirmmoth and Re-
ichards, I3}, which i important for understanding the sofubilizing pewor, Cther-param-
oty the Kambed=Tage o7, which measures the combaned palarity and polarizability of
solvents, a, which méasures theie hydropen band donation ability, and 8, which measures
thetr bvdrogen bond aceeptance abnlity.

The valdes that lave so far been sepocted In the leeatire for these solvatechramle
parameters fur divep sutecbe solvents are generally Between those of methanol and water
among the comman salvents afnd commensirate with those of lenle Ugudds [20] This
i that deepr cutectic sodvents are hghly polar and pofarzablie, s that thiy havie good
hydeogen bond donation and acceplance abilities toward solutes.

I general, the umber of publications elated 0 DES solvatochnmmice parmelers
i limited  Ahbott of ol determined the polarities of choline chioride:glyoeml DESs of
different molar ratics based on several parameters, revealing a finear polarity incraase with
increasing choline chloride concentratiom [25] Pandev ot al. employed solvatochromic
probes fo examine the polarities of four DESs based on combinations of choline chloride
weith ghoers], urea, malic acid, and ethyleni ghycol in 1:2 maolar ratios [31]. They conchuded
that the high polarity of these DESs was significantly influenced by the HBD nature,
Amaong the above four combinations, chaline chlorideglycerod exhibited the highest Eq(30)
valve, Momover, Pandey et al, imvestigated the effect of termperatune and the addition
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of water on the DESs" subvatochromic parameters. These reseanchers demonstrated that
an fnereiv i temperature resolts inoa reduced Hebond donor acidity for the 1ESs, while
no temperatune eifect was observed for dipelarity  polarizability and Hebonad acoepting
hosicity. I was also shown that the addition of sater o thie 185 cavsed an increass n
thiir dipolarity  poladzability and a decrease in their Hbond acoepting basicity. Tides o al,
determined the solvatochmmis properties of LESs formed by ammomiom-based sals and
carbioecy lic acids and concluded that the studied DESs presenied a greater ability io donate
and acoepr protons compared o most iondo lquids or oranic msdecalar solvonts [57]
Moreover, acooreding to these authoss, the high acidity of the studied DESs was mainky
due to e orpanic acld present in the mixtures. and an increase in the alky] side chain
of buth the HBA and the HBL speaties lsadls b 6 lowwer .ul:lhby of the sidverndt b denate
pratons. Florndo et ol determined solvatochromic propertles for two different types of
12ESs: those based on salis, such das choline chlorde and ln:l:n]:rul:ﬂa.mm.umum chbirde,
and those based on the newtral compound DL-menthol [57] They found high vidues of
]1:."d nqmﬂ-hand:nﬂ JI."Idi{_I.' for all the [3ESs, pltds.aH].- Aue ti the urb'amra.l.'l.lis Fhrmn{ ]
all the syatems: On e other hand, hvdrogen-bonding baslcity of these DESs did not vary
imawech woibhien thwe samie HIEA, but differed bliﬁl‘ll!}' 10 the case of DESG based on eholions
chlgride, tetrabaey lsmmaomiom chiomidie, or 131 -menthol

L8 (e Bifesar! Proserdivs

Ve nal .-l!l]‘!ru.llfﬁl'. Searce irfurmation s avatlable mothe iberatore on thas thermal
stability of DES:. Generally, the thermal stabllity of these salvents i determined by
the: natume of e hydmogen bond dusor and incesses with the alkyl chain kaigth on
HIEs [+4] Ahao otal analyaed the thermol stobilite of EESs comsistimg of o choline salt
{chloride or acelate foem) and glyeerol |55, They showed that the studied DESs exhibil
relativily high thormal resistonoe whike being stoble wp tonearky 200 °C Flormdo ot al
measured the decomposition temperature of choline chloride-based DESs wilh several
earhonylic acids (levalinic, ghataric, malomic, oxalic, s glvoolic) [31] The lowoest value
was cbserved [or the DTS containing malonic ackd (12465 “C) and the highesi was for the
I35 comaiming elutaric pcid (23006 "C) Ghoedi ot al: stodied 12FSs bosed onally briphenyl
phosphoniumbromide and where the HBDs were glycerol, ethylene glvecl, dlelhylene
glveol, aned triethylene glveal, They foand that, among the HBDw glvioersd s the Bighest
thermal stability, while cthybene ghvool had the lowest. The 13ESs follivwed a similar end
o1 that of the thermal stability of the HBDs: GL > TEG > DEG > EG {51 The studies of
Helgado et al. comchuded that the thermal stability of choline chloride-based 1E3s, which
were formed wasingg levalinge acid; malonic acid, lveesal, efhwlene glveol, plemyviacetic acid,
phemyipropimic acid, urea, and glucese as bpdrogen bond dorors, inoase in the following
order; CHOEEG < ChOlEMalA < ChCkLevA < ChCkMwnvlacA < ChOlMhenylpropA <
CWCLGL = ChiflUrea = Chich: Glue [ 54].

Heal capaciiy There aneoniy o few studies-avaslable whish presasnt experimentally msa-
siired hesl capacites for some DESs. The majoelty of the data was peovided by Naser et al .
whostudied diep eotectic sodvents of Biree salts chodine chlondae, weirabutylammoiuam
chloelde, and methylidphenylphosphonkom bremlde) and sevesal HBDs [57], Stongeo el al
determingd tae molie heat capacitios of DESs based on & N-diethyblisthanolammaomum
chlorde and ethylens glyeol or glyedrol, while Zhang et al. measured the O, of DESs
corzatang of ety leme glveol and betadme or L-sarmitine [5559] They foumd that the malar
heat capacity vatoes of these DESs increase with temperatune and they wsed different
degrees of polynomuals for the expression of the femperature dependence. Moreover, all
the authors observed the linear relationship between the malar heat capacity and the maolar
== of the DESs; which is similar to that of ILs.

In general, three models, based anly on knowledge of the molecular structure of the
DESs, are available topredict their heat capacities. Taberzadeh et al. developed a corredation
fio estimate the heat capacity of TFESs as a function of tempera o, malecalar weight, eritical
prissurg, and acentric factor with the resulting A A KIXS equal to 5.5% [0, Haghbakhsh
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etal presented group contribution (GO} and atomic contribation {ACT modiéls w hich can
b appiied o the molar heat capacities of IS The AARII for the GOM and the ACM
was 326 and 9.93%, respectively [10), Bunquin et al. propesed a generalized model
nsing an arfificinl newral neework (ANN] for predicting the hent copacity of ammonium-
and phosphonium-based two-component DESs [0, The overall average absolus: relative
deviation of the proposed model from the data was 157

Hefracioe irder, Despite the possibility of using the relractive index as an additional
tool to demonstrate hydrogen bonding in D5, this property. has not often been stud-
iied [02 ], Howeser, Lhe research carried oul thaus far has shown that the o values of deep
eirtectic soivents are higher than those of ethanol or acelone, but similar b commaon 1L [o5].
Mu‘hﬂ.wrr, fuir all the studied DESs. a lisear devrisase i Bwe refractive iides with mncieasing
temperatun wis observed, Murshid et al investigated DESs based on diethanodomine
as FIEDs s found that the refroctive indes of all the h}'alzmn studiod decreases with the
Increase in the malar ratho of HBAS 1o HEDS (rom (14 o 158) [o4]. This observation was
it Teries v ith bhe resse s rzpm'l:d h’:r wither ressanchers, for |=k.-.'||h.|:r||= b_'r' Sarehes el al. fora
DES compesed of betilne and luctse acid, and by Mialll et al for o DES composed of betra-
but_-,-lam:mmtu:m Bromide and muvnethanelamine [2500. L'Fanald.h&a:d et al mkmhh-a.lui
sevirid LFESs based om beney Itvimaethy lammoniam chiloride and bemgvitribatylismmoniom
chloride az HBAs, with three ethylens ghycols and glvcerol as HBDs, and found hat (he re-
tractive indi decreoses incthe order GEY = BG > 1DEG > THEG, irmsspestivee of the HEAs [20]
A seport by Su el al, investigaled several DESs hased on telrabutylammonium chioride
[THALCY ol vorying HISs, such ps propiomic scid (PA ), ethyleniz ghyeol (RG], potvethylene
glveel (PEG), and phenyl acetic acid (TAA) 221, Among the tested HDDs, a DES composad
of THAC and FAA hipd the highest rofmctive mdes, Mjalli eeal als inmvestigated 1ESs
based om chaobime chioride sy thie HIBBA, buot s HIES Ii'u.':,r proee | gh.llzrmir a.q.-idl.ah!'nﬂ'ic acid,
and anzinime, and they found that for acidic amino scids-basaed DESs, the refrsctive index
values wene lower than that for the corresponding basic one (argmime [40]. Troter o al,
investigated DESs based on choline chiloride as HBA and obtisined the folbowing order of
the refractive mdey: Chislthiowres = Chi lorea = {'hﬂl:rﬂ'r_l.ﬂmr El:fﬂd b-ﬂl[ﬂ:gl}mﬂﬂ. S
Chi L3 dimethylurea = ChiCkpropy lene glvcol,

Spead of sl There ane only @ fkew reports that desoribe the speed of sound for
DS, ik the information available is mainly Himited to deep outectic solvents based on
chollpe chioride. According bo these reports, the speed of sownd for DESs decieases with an
ngrease in ernpara e, and inomest cases limear dependence s observed [2229] Howeyer,
in the case of DESs camposed of glyrerol and benzyliclmethylammanlum chlorlde or
By lbribuatv lamrmomne chiorde, the temperatune dependence of thie speasd of sound
was fownd to be nonlinea, especlally In the lower temperature region [ 270]. This type of
Eirhuivtonr was als obseryed by Samchez ot al. for L-probime-basid | 3655 [05)

3, Solability of O in Deep Fulectic Solvenls
3.1. Expetfruenitial Meltiods-for Moasiiring the Solubilily of Carion Diockde £t DESs

Over the vears, many experimental methods have been developed to measure CO
solubility in DESs, The most copunnn ones are the isochoric saluration method and ihe
aravimetric method, Additionally, the pressune drop method and the magnetic susponsion
balance method ave used, bul not & frequently. These metheds enable Liking measurements
in a vary wide range of temporatures and pressures The majority of these methods are
based on the assumplion thal the vapor pressure of DESs is megligible.

Isochoric saturation is the most common method used o messure the absorption of
gases, [n this method, a degassed DES is placed in 4 thermosialed, well-sealed equilibrium
cell at canstant temperature, and then the equilibrium cell is evacoated, the gas from the
thermostabed reservonr is delivered do the cedl, and the inibial pressune is recorded, Next,
the exquilibeium is reschaed when the pressore in thir system s comstant [fd=71]
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The soiubility b most aflen descrbwed by moke fraction and is derived by

i
= ——— {1}
fig = Moes

The solubdtity i determincd from the difference between the il gae pressune and
the equilibrium gas pressure, and it s expressed as:

My = o= My 2}
whare
PV
M = ZERT L&

where Vi the velume of the gas phase in the cell po 6 the initial gos pressane, gy 8 the
|:|:|1:|.i|!h:|1um W pressuns, K 15 the unnvtemlga.'l comstant, T s Hhe !I.!'npl.'m!‘l.‘l:l’t‘., ard 'fl]_ I
the gaw compresatbibity factor,

The apparatus used in the sechoric saturation method Is relatively simple (o design
and can be weed inoa wade ramge of pressures. Unfortunately, durning the absorption, the
liguid volume may u‘jlﬂl'l_.EF'_ In crder to overcome This obstacle, thee approaches have
been introsduced: (3) the chanpe inovolurme @8 essamned Bo be negclimible, which seas proven
o be pocurabe for low gas pressures [o0,74], (b the volume expiansion is measired using,
a cathetometer as a function of pressure 5] and (0] the peramt volume expansion is
correlated wilth the mole fraction of gas | 7|

The gravimetric method is based on chianges i the welght of the sample upen carbon
dioxide nhy_'u'p-ﬁuj'n. Im bret, the 13ES 9% '|1|zu:q'r.| in a thermnstabed r:hsurpﬁan vial and them
the gas is bubbled through the liguid at o known {low rate, The weight of the sample is
mecordid ab ft'm;rln:r tme ihtervaks, The -,'qlliiil'rrimﬂ iy phmined whem the mass of the s.'m'rplr
Iz constant |Vo-51), This method is usually used lor measurements al ptomospheric pressurs,

Fsotherms are also mensured with the magmetic sespension balance method [41 47].
This metheod &5 based on magnetic suspension coupling, which is responsiblie lor the
fransmmission of force from the measring cell fo the microbalanoe, and it allows for mea-
sun=ments o wide Tanges ofF pressure and emperature.

Orher meethods, which are mod Hication of those mentioned above, are alsn used |23

311, impact of the Hydremen Bond Acceptoron OOy Capacity

In Takhe 2, the solubility of carbon dioxide in deep eutectic solvents s presented, Cne
of the most important strochiral properties of o 75 i the siee of the cation i its salt which
acts as flwe HEA, Dreng et al, [09] esamimsd the solubi by of (05 m levaling acid -baned
DESs: Thew foiind that the solibllibes i TEAC- and TEAB based DESS wers much lovwde
thamn thezee ubsgrrved for THAC- and TS Bbased ores, which indicates that salts with a
laggere cation posseds higher carbon dioxddes absorption capacity thas dhnse with o smalkes
eatiesn. Such belhuy jom s the effect of the highar bee volurmes of the sodsent at losger chan
longtha [54]. Additionally, the effect of the anion i3 modess, as exchanglng the chlorde
aniomy with the bronmiche amion resulis mea slight inergase in carben dipxide solubabity. These
eoielusdens are in compllance with the reaulis obsained for DESY based on othee HBAS, such
as TBABAC 1125 = TRAC.AC (13 = TEACAC (L2) [18); TOABDecA (1:2) = TOATDecA
(122> TOACDecA (1:2) [55): and TBACLA (1:2) = TEAC LA (1:2) > TMACLA (1:2) [42].
Furthermore, the effect of the (reevolume can be seen in letabutvlammonium bromdde-
and i choline chloride-based TESe. TBA B-based 115 have more froe volume, and thus
the absorplon capacity is higher than that of CiiCl-based DESs |5,

Another important factor is the symmetry of the salt Sarmad et al |38) concluded
that exchanging one ethyl group in TEACAC {12} for ome benayl group o BTEALAC {1:2)
results in lower carbon dioxide absorption dopacity. Furthermaore, introducing methyitri-
octylammonium bromide/chloride instead of tetracctylammonium bromide /chloride n
decanaole acid-bised DESs leads to lower salubility of carbon disido [R5
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Thee last important fector B the chemical natue of thee iydrogen bood accepton In-
rroduicing FIBAS with gronps that can interact with COy may improve is solubitity. Lin
el al 47| proved that acetyichodine chioridi-based DESs have higher carbon dioside absorp-
fion capaeity than chaline chloride-hased [ESs, beomese of the ester gronp in ACC which
has better affinity toowands COg than the bydmoy ] group in Chll The results obiained by
Altrmazh etal, [55]showed that OO solubility in betaine-based 1ESs is higher tham it s in
alanine-based D duw to the stronger intermcion with the CUO " group than with the
COON

Table 2, Solubility of carbon dissdde in deep eutocic solyvents.
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312 Etfect af Hydrogen Bond Lonor
The hydregen bond donor determines the natuee of inteeactons betwesn the DFS and
carbon diesdile, either chembeal o physical, The e of ambes end allanolamines = {00,
results ina chesnical reaction between the DFS and OOy Le, chemical absorption nocurs
(o proscried i Viguee 1), while ciher | soch s amides, glycols, sugirs, and schds ane
responsible for physical absorplion
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Thee warly waork of Chen et al. [64] helpied to elucidate the effec) of the position o
Bydmouyd growps on the physical sbsorption in chobine chioride-hasod ESs The results
showed that higher absorption s observed for dihydric alcohels svith hydosog] groups
located closer o pach other fncarbon scottor (2 3-butanediod) than for difloedrie aleoholy
with hydroxy ] groups placed [urther apart (] A-butanediol ). Ghaedi et al. [44] examined
the impact of the ether groups and alkyl chain length of the HBD on DFSs based on
allyltriphenyiphosphonium bromide (ATFTB) and diethy b ghycal or triethiylene glyool
[TEGH At 3515 Kand 185 M, ﬁ'u:uut‘ubiiif_!,'uf 0 was |'|.ig|1.ﬂ' for ATPTETEDS 11ESs (1:4)
[xgpaz = 0.5583) than for ATTTBDES DESs (140 (xcpe = 058407, The addditional ethykene
group and higher free volume contributes to higher OOy solubiliey for TEG DESs [107];
henee, the additonal et Brodp in TEG alsn I e hws .!hsurpli.l.m L'apul:ll}' [!Il!']..
Shinilar behavior was obaerved for deep eutectic solvants based on TBAB and glveol or
E“‘I:-'!IEI'IE ﬁl'!" ol [rrl.-]. The smsale fracticn of f.n:-_ forr THAR: G “'.2? At WHALA K and 1 MPa
wias (20 while for TRABDEG (1:2] in the same conditbons 1§ was 00593 Lu e ol [27]
cumnducied & stud ¥ o e Mll!.‘llﬂl!l‘l\' of carbon digside i the suteche miicune of levalinie
ocid or furfury aleobal and chaline chiloeide, They concluded that salubiiity is blgher fos the
lerwuabionte: achd-based LESs than fur the Furfury] sleohol-based DRSS wohich they abirbubed
to the hisrhor affinity oof the <COOH wroup towards CO tham that of the <O group, Thase
authoes reported that the strengih of the Inleractions between functional groups in the
41335 and corbom divwide rises in e following order amide » carbonyl group 2 ether
bond = hydroscyl group, The only exceptions are glycercl-based DESs, for which T0
satubility is higher than for ESs based om HIZD with a corbpnyl gronp, Additiomally,
intramolecular nferactions may play a key role In carbon dicedde sbsorption capaciiy,
Forr triethyim ety lommoniom chloride-based TESs, the solubifity fillvws the sequemnoe
TEM AL A = TEMAY o TENA-AL [.'m']. The Tt 'u'nh'lhl'Hr!.l. m lactic acid-hased 1ES
ey pesult from thie prosimity of fhe catboxyl group and e Tydrosy] geoup, which gives
stremger intermclecular bonding than i levualinic adid or acetic acid. Consequaently, the
bonging = mome difficult to break,

Alkanalamines pnd amimes may be snitable compoments of EFSs for carhon dicside
alzsorption, They abrsort thee gas chemically, which leads o higher carbon diceide solubility
than for other IESs, The selshility can be even higher than in the commonly vsed 30% w
solution of monoethsnclamine (7] In general, the structural progeeries of alkanolamines
and amines show a similar lmpact on their carbon dioslde absorption capacliy as in other
HUELs, For example, Prabns et al. [1105] vsammed the solability of C0 a0 friethylencie-
tramine (TETA), diethylenetelomine (DETA), and tetraethyiens pentamine (TEMA). Taking
ey scogand Ehe sarmie componends” muolar ratioes, e solulnbity was Foaod to be e bighes
{or EAHCTETA (15}, and slightly lower for EAHCDETA [1:6), whereas the lowest solu-
bility was obsorved for EAHCTERA (163 This ked for the comc lesmon Shat corbon dioside
solubility Is higher for DESs brased on HBDS with a longer alkyl chain and with mosd amine
aroups intheir siruciure. The influence of the alkvl chain kength on carbon dioxide capacily
might be different for IESE hased on alkamolamines with only secondary amine groups
Iaider et al. |%0] conducted research on TO% solubility lor 2-methylaminoethanel- and
2-ethylsminocthanal-based DESs. The absorption capocity of OO0 for TRABMAE (1:4)
wias (130 molom / modpes, while for THBAB-EAE (1i4) it was 0,22 molooy / melpss in the
same comditions. This phanomenon was attributed to a bower steric hindrance coused by o
shiorter alkyl chain in the MAE-based DESs, The ether important factor is the substitution
of amines: Trisubstituted amines do not form carbamic aicid with OO, and hence the
absorption s simply physical, and the solwbility of carbon dioside s boweer {56, 109],

313 Effect of HBA /HBED Molar Ratlo

The maolar ratio of the hvdrogen bond acceptor to the hydrogen bond donor has
varipus eifects on carbon dioxide solubility in deep eutectic solvents. For DESs based
on dihydric alcohols, the effect of the HBA /HBD molar ratio depends on the stroe-
ture oof FIEL, For ChCl:2, 3 -butanediol, tho solubility increases from 00308 mol-kg ' for
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1:3 mnslar ratio b 04382 mol-kg =" for 14 medar ratio at 110 kP and 293,05 K, respectively,
whily for ChCE A-botanedicd and ChCin, 2-propoamediol i decreases from (L0330 maol kg~ !
f 002606 mol-kg b and from 00565 mol-kg ! to 000355 mol kg ! respectively [¢4]. Tor
ATPPHDEC and ATPIPRTEG [35s, the salubility decrenses with anincrease i the amunmt
ol thi HIBCR from 14 to 176 in the DES, due to the decreass in the molar volume and the
froe vilume [W]. Surprisingly, for ChOEDEG and TEABDEC Sy, the increase in thi
HEBA/HBD molar ralio from 1:3 W 14 enhances the solubitity of carbon dioxide, which
iy b attribobed to the weaker hydrogen bosds ot higher maolar ratios [io,50),

Considering phenol and its derivatives, the etlect of the HBA/HBD molir rati s al=o
commplex. For ChClphenol DESs, the solubility inoreases when the ratio changes {rom 1:2 o
14 Ir'lll!. The: sarme behavior can be obssevied for CWCIGE DHGGC, and .’a.l.-r_'.'GL': ESs I:" ].
Addlticmally, Pisheo et . [100] abtributed the Increase in carbon dioxide absomption capacity
with dn Incru.hin“ HBA S mudar rafao for DESs b\a:@d [T 'I'l.I'IE.}' 1f ddifferent amines
and alkannimines acting 15 HBD to o deap in the DESs” viscosity. Lower viscosity nesulls
i bovrer diffusson resistance and thus in i:rlrrn:mrlq; the solvent Huldlt}' an:l, I.'I.l'b'ﬂ.il.l"l:iu':,'.
i improving the mass transfer. For ChCEMEA DESs, the absorption of CO- increases
h"h!l:lua]t_'r' wihsen the molar rabn l..'h.uhﬁu Fromr 12 b 14, bt a forkheir siwresse i the molar
ratie fo 16 has no efect on carbon dioside uptake | 18] Omce more, this phenomenion
might be explained with the hydrogen bonds' net. At higher molar satlos, the-absorpiion of
O chonges and. a5 a resolt, O] and MEA cammot b sufficiently mised o form hydmgen
bonds, In thair waork, All ¢t al, |57] revealed thal changing the modar rato of HBA /HBD In
MTPIEMAE from 16 to 128 mesults in oo doorease i solubility, which made these potheors
conclude thal the formed DES possesses various properiies that cannol be prediclied by
simply comsigering the contribution effect of its component

LA Synerpgiatic Hifect

Shukla and Mikkola {*2] Lried 1o combine solvatochromlc polarily paramelers, which
prostse intermesocn lor intractions, with carbom dioside ahsorption capacity, Those paramse-
lers include:

#  Eloctronic transibon eneney (10301} which sknds for the hydrogen bond dongr—

accepior farces, n-m inkeractions, and dipole-dipole intemctions present inoa solvent;
s Npolarityy polarizabiline o) which is o mcssme of the eloomobytic stength of the modioem;
¢ Hydrogen bond donor acidity (o) which denotes the donafing ability of the vd rogen

Bband danne
= Hydriagen bond acceptor bascity () which derates the strength of the sdvent's

hydrogen bond accepior.

Solvateszhseoomic polarity paramaters sre didermined vie the UV-VIS spoctra of solvints
by using the appropriate dyes: Relchardl’s dye 30 ks used far Ep{30}, and N N-disthwyl-4-
mitrnanibma for 7%, The hydrogen bond scceptor basicity is defined by tho spectmoscopic
shifl el d-nlirnantlne with respect wo N.WN-disthyl-4-niisoankline, while the hydrogen bond
domor acidity. can be calculsted based on e300 omd =r°.

Shuukda ancd Mikkola |92] lovestigated the influence of the HEA /HBD molar ratio on
solvatochromyic polarity paramiters and OOy absorption copacity. They did not find a
clear relationship bebween £ {30) amd = for the sarions DESs. For deep entectic solvonts
birsed on protic HEAY, the reverse melativaship between the valoe of B30} and carbon
diedde absorption capacity wag observed, which suggests the involvement of nom-palar
imteractions in COs capture. Additionally, these researchersstated that the high carbon
dicndide solubility can be attributed not to basicity but rather o the equilibrivm between
woand 8. This so-called synergistic sifect ocours when the 1a - ] i agqual or cose 1o
i Additionally, the standard enthalpy change and the standard entropy change should
b positive and Er{0) should be low. In this case, fene @ oo emengy diference betwem
the HBAs and HEDS in g DES, which means thar both components make stable sites that
imberact with OC [110)
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I their gther work, Shukla and Mikkela [99] pbserved much lower solubilities o
carbon divxide in THA B-baged DES: than in ChCk-based DRSS despite the similar HED
components, On comparison of aand (1, it wae notiood that the syoergistic effect was
higher for Chik-based DESs which was the mason for the bigher solubilioy of this class of
DESs, The experiment on TBABS-aming- |-propanc] showed that the meverse melationship
betwoen the molar ratiooof FIBA /FIBD and eartaom dioside capacity can be oxplained via
the symergistic effect. Unfortunately, there was no clear relationship between the synergistic
effoct and the eatheom diowide absorption capavity in AP-hased DESs with diffeneng HEAS
it was suggested thnt other factors, such as the ree volume or the steength of hydrogen
interactions bebween the components, should be taken into conaideration [111]

4, Practical Isswes of Carbon Dioxide Separation

Taking info account the valuable progedies of [ESs, their salety and envinsnmental
triend liness in comparisom fo other solvenss, ond thie cose of thedr symthesi, thisse solvents
cimld replace other media used for gas separation. Their cadson diogide caphune cipacity
has ensured that o number of very promising approascies are being conaldersd. However,
comsiderabdis and constant efor meesds o be muade moosder boose thiss i ative solvets
on & lasge scale,

Frimm this I.|.-1.'|!I1|.|a|.r|gh:a| 'Fluln!l. o i, LIES" most valmabls F'I'l.1l.tft!,' 1= thiestr basy volatil-
iy, ensuwring kow sofvent less: Tnaddition, the possthility of tunlng DESS’ physicocheimical
propusrtnes |,}. L‘J1.:IH.H1I!“ s i buris L:lmpqwil!l.m amd Hhes structune of thei :ul'npunrh!.b 1A
a key Issue lneflivient process design. Animportant aspect of controlling the physeochemi-
cal rrl':q:q.-.fll,:u il dl.'l_'P rLlfh:L'hrlH.IlJ:lLl:: i the addibiom of claseecal solvents. Fromm the Ful'r:l i
view of (0% sepatation, water & of particulr importance ond com e wsed to maoduolaote the
physicochemical properties of the solvenl, especially ils mass bransler properies such as
viscosity, The formation of o 13FS souooss mistose notonly chmges thephysica | propertioy
ol the deep sutectic solvent bul also has a very large influence an lis Interactions with
carbwm dissede, mosthy doe to the rmation of now bonds bebwesm HoO and the 185,

Research on D'ESs and waler mixiures is primarlly locused en the thermodynamic
proportics of this mixtumes, and it mainly concorms 1S bosed oo choling chiloride as
HBA. The effect of waler content on the solubility of carbon dicsxdde ln & TS has been
investigated only in g lew studios. The results for DESs based on ChiCl showed that an
inerense in Hhe water conient resabts moa decrease 0 OOy solubifioe [112,073] However, the
re=ulin obtained for amine-based ESs show the oppesite behavios Trivedi of al. neported
that a small addition of water fup o 10%) to MEACEEIIA with 2 1:3 molar ratio can
improve carbon dioside sobebility, ot fucther HaO addition leads o a reduction in 0k
sofubility [105]. Lo etal. reported similar resulls for TMACMEA and TEACMEA deep
vubeetic aolvents, and they observed only a slight offect of water costent on 4 ChCEMEA
DES [109].

Somme possilbsle miee hanisms of wistes imfluenco on carbon dioide capacity ean be found
din the ldeeatiive Su et al wposted that 4 decreass ia the solubiliv of cafbon dlodde with
ereasing waler contenl might ecour doe to g decrese i the comeentrition of offective
seactants |110], Shiikda et al. hypothesived that watkes eompetas with COy foe the achve
sies of DS, whichs affects ©Oy uptoke [1] The mereased salulsility of carbson dioxide
might be & result of weakening inmrmoalecular by drogen bond Inleractions within the DES
structure by the forming of new inferactioms bebween water and tie DES that e nease the
trew volume and, in consoquence, decrease the solvent viscosity | 105,106],

Mevertbeless, the addition of water to DESs alters many physical properties of the

‘sabvents, but the most impartant fromy the point of view of gos separation tochnologies

15 @ drop m DES viscosity, In the study performed by Ma et al [153] the viscosaty of
BTMACLY {1:2) DES dropped fram 716 o 2kmPa:s at 011 mole fraction of water, while
Ihe sobubility increased by 25%.

For a botter understanding of how H2OF intoracts with DESs, a fow theorebical studies
based oo molecalar dymamics (MIM wene comducted, MU simlations performed by Shah
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et al. allowed Tor exploration of iteractions in ChiClUrea (1:2) agueows solutions | 115),
It was shown that €1 becomes prefonentially hydrated by water compared with unea or
chaoling chloside. Additionally, the elivd of waler was divided infe three mnges based on
thie masz fraction of F3OL Inthe Bt romge (wype< 3% wt), the momber of hydnsgen bondy
Increases, reaching e masimum at wipo =5 3T, In the next mnge {rm 3 bo 25% wi, ),
chedine: chinsidie and s molecnles ame hydeated by HaO, resnlting inlow diffusivite In
ihe fasl mnge (water mass (rsction above 25%), the anions and urea show high diffusivity,
Additionally, this simulatiom indicated that chlride anions interact more strongly with
watier moleculies than with wrea molecules,

ChClure (12}, CHCEGly (1225, and ChCEEG (1:2) water syabems wiete also studled by
Zheksnov st al. ['I LI':]. h-iulrr.nl.::l'd}'mmh:p- atirela baors I‘]'n:_:,- carried out showed sarmilar
behavior for different DESS. Belpw 5% wi., HaO molecules form H-bonds with joms amd
]1}"dn.|1.|,|.-r| Baangd disrisrs, swhich loasds o the ahmrphlm af waler into the DES slrachures,
Witer comtent above 5% leads to drastic changes of DES peoperties by dampening the
intrammilecular inleractons i the DES. I'"rrh.t—l:lnnnpal ML sirrulations Fr.-erﬁ.'rtmn] e a4
ChiChurea (1:2) equimalar mixture with water showed that the addition of HaO breaks
the 1|:n.1n“ H-bud s bitwmen the H atoins of urea and the chlorde amon. This s due 1o
profeventinlly hydrating O by water and forming orea-water H-bomads [117]. Stogdics
of pure ChiZlures {11 ab high dilutlon showed that. even for high molar fractions ol
water {320 = (8, thee ivme are only partinlly hvdrated. Additionally, a5 the wator contimt
decreases, the len-palring of cation and anlon becames dominant over ihe hvdration el
ioms, which leads to the conclosion that the som-ides) behavior is the resalt of competition
belween these lwo Luleractions | L15],

Motocular dynamics is also @ poweriol tool o assess the technolsical feasibility of
12355 e o a.q:u:rzl:irm OIS I# can revezal strectural informatiom thar may be hard
oF impossible fo obtain with ofher technigques. The first works n this Geld focused on
explaining the mechanism behind the furmation of [ESs and the freesing paint depression.
1t was proven that, in the case of cholioe chiloride-based DESs, o steong bvdrogen bood
formed hetween e chlovide aniom and ﬂ'\rh}rdn_n:ﬁ Hn;'l.rpu'l:ﬂ" R E{ ] iarl.-q:qm's"lhh' four thus
urkepue behavior of DESs [119,120], Similar bebavior was teported for HBAs with a bromide
amiges [!-:' ']. Migﬁmaﬁ etal. P'r:m'rd that esther El'lmpﬁ-'i.'l'l FIAs which are rnpahll.- of fr.rrm'inﬂ
Iy rogen bonds bave a very large impact o the Bydrogen bond netwaork in DESs {122),
They compared the structures of chollne chlorlde- and benzylicimethylamowonium chloride-
raasesd LibSs amd reveslend that the -OH groug in O forrms additivmal bydmogin bongds with
HBED molecules, which keads bo the formation of a theee-dimensional arrangement of all the
speses. |has strocture e very diffesent from thoee formaed i a beneyBiomethylammosniem
chlorde-based DES. The reseaschers additienally found that the introduction of evena
smmall fenetional growp lesds oop change in the balence among all the diffenent forces,
Pearvelra ot al. examlned the structuse of & ChChpropylene glveal [PG) 1.2 DES ] 125). From
the radial distribution (unction (RDEF), they found that {he HBD molecule is placed between
CH* and . Additiorally, PCHs surmmnded with anion molocules rather than with
otlver PG or cation molecules, Furthermaore, they observed that CL- -TT0D inferaclions
are the most commaon in this system, while HED-HBT are the least common, which is
the opposite. of the case in the ChCLEG [L2) system | 124) In their study on 1B-cinole
{CM¥-bosed DESs, Roeas otal proved that not all HRD: merac with HEBAs in the same
way [125]. In the case of the CNimalic acid (MA] systen, there 5 a negligible dilference
hetween the hydmgen bonds developed through the contral and the terminal hydrosy|
gromaps of the HED, However, in the case of lachc acd (LA -based DS, the interactions of
thie COXE EROUP witee stange thar thowe of the OH jpromap. Th :i‘h:ld':r' oy [EGs {mﬂinh&
mathylbrphenylphasphonium bromide and monoethanolamine showed almast fve mes
strodge F nberactiinis betwieen Br - and the hydroxyl groop than with the amiie g |126).
I'ourr et al. oxamined the influence of the HBA / HBD molar rato on the strength of hydmgen
bongds in (ﬁt‘l:gjunw dl,'l;-p- it He walvenhe [5.:'.'|. ]11.::!,' abaerved o gr..n]ll.ﬂ decmeasa i
the hydrogen bonds between the bero species with an ncrease in glucose concentration,
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Alizadeh et al. conducted @ study in whikch they estimated microhsterogenity in chaoline
chloride and some of its derivatives coupled with ethylene glyeol in 1:2 molar matio [174]
Thary investigated the influence of the aloohol-substituted side chisin, the symmetry and
length of the alky! chains, and the momber of hydmoayl groups. The rseanchesy proved
microbwete rogenity, i some cises even strong microheterogenity, in all the systemes studied,
They alsoebseryed that the potar groupe atways sonded t fomm one domain, while the non-
polar chains wene highly dislocated [or the compouneds, with the side chain length lewer
tham sight corbom umite. Howevier, when corbon units were cight or more, the noo-polar
s atso formed conmiscted domains, indicating strong misrebheterogenity.

WMD) can be succesalully used for predicting the dymamic, physboochemical, and strue-
fural Pt'IJFEﬂJ.I.'ﬁ ol |.lan| etiche solyenis [II‘.‘—! '=.]. With the use of MU, Kurnar et al,
exarmumed the salubilty of COy, Ha5,CH,, amd My in DESs based on ethallne, reline,
Fl_'.‘clrll.-.. and oocaling, and utlzy sty the hlﬁh:-n{ :.-u|u|:|||ll"r|.- fuir H]f": and thes lwest for
M2 11732], Metind diethanolnamine amnd chaling chioride were Investigated In the separation
of H:S_.. Ci._-.il. amd [:HL I Hibs 1~|:|.|.Li:|.- confirmed that l'|2."!' -v:||.1.||:r|]|l.:,- s lﬂﬁhﬂ than that
of CH; [135] However, MDD needs further improvement, due to the poor estimation of
I:'arlnptrrl F"nll:lt'.ﬂ.'lm. hi.u.tl:.' Wia Impnwt-.hl-.ht wrf furieis faelcds, I'r.wd.l::::tl:l'lﬁI that further work
ehomld b comducted 73]

T enhance COy absorplon capacity: a co-solvent that absorbs this gas chemlically can
b s Muthu et al. [154] condocted a study in which thoy dotermined carbon dinxide
absorpllon capacity In a ChOIU {L2) DES mixed with various alkanolamines, It was
comeluded that OOk uptake was higher in alkomolamine) Y5 systoms thon that observed
lor pure DIS or aqueous solullons of alkanolamines, This conclusion |5 compatible with
the pesults obtained by Sormad ctal [100] for amine-fumctionalized ChOMAE (17) DS

A chetitirual |}-'. i Ihl"ﬂl'l.lli}' cymducbed |:1_5.' 1ictal Eill-rl, it was provem shat the addition
of inozanic salt= o @ BES can change ifs ability o absorb COw. DESs containing Mid 1o,
Feel'ly, Colly, v Curllly prisscss thee same: carbom digedde absorption capacity as pure DESs,
awhilie the addelition of ZnCl, L] or MHCH0 DESs resilis in higher OOy absorprion. Wi,
Fed, Co®t and Cu™ possess umpained electrons om their electrom shells, which facilitebes
their easy bonding with carbonyl oxygen

For separation purposcs, THSs have beenosed in sevieral comfigurarions. Cme of the ap-
prosches proposed by Liametal. incorpossited an amine acid-based DES{ L-arginimsety lone
ghvool in 1:5 molar ratio) lnto the PEBAX memtbrane at 5-20% /g With an Increase In
ES loadimyg, COx permpability decresrsed, but the O0= /N selectivity increased up o 155
lrading, Far 15% DES loading, the selectivity Increase reached 21% and the pezmeabllity
loss was only 556 [115]0 Na peomcalabiby remained almost constant, howeyver, Conssdermg
the temperatiire effect, i was found that OOy and Ny permeabiliby both increase with
st temporatune, while the selecbvity decresses.

Sazed et al. examined o supported lgquld membrane based an PYDF and a DES

.composed of betaine and urea, glycerol, o ethylene glveol in 123 molar ratio. They obtained

a permaability of 3123 for the glheerol-hnsed DES and 35 67 barrers for the DES hased
on ured, having the separalion lactor CO; /CEL of 4332 and 5753, respectively | 10],
Petassium carbomate with glvceral or sthylene giycol was also investigated ina supported
liguid membrane syslem, resulting in OOy permeability of 34 and 20 barrers and T

ssoloctivity vver CHy of 5 and 34, respectively [137],

¥Wu et al. calculated rdeal selectivity lor the F5/C00 svstem- using a 1-ethyl-3-
mathylimidazolium chloride plos imidazole DES and obtaining the values of 309 73 7, and
172, respoctively, for 2:0; 131, and 122 ratios at 298,2 K [13#] An important technodoggical
p.rl'r.'rml.'h'r that is crocial for the economics of thie e is tho rrgmu,:rﬂhiiity il e
sorption media, The efficiency of the process and the operational parameters. needied
for B uwlﬂﬁm fssclt Froan the a!ﬂH‘l,Eﬂ'i af interactions Bebween the DES and the
gas, =0 the ES structune plave a crucial mle, and 1t has been confirmed that the ratio of
1k ﬁsd'npr_rnynh wktecEs the |M.I'|,1H|m process [l EIR ;|||_ Whod ph}'hf:'n| IntoracHoris ame
ebrserved, the regeneration s energy and Bme efficient,
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I teny cyeliss oof absarption and desarption, the capacity reanained unchanged, thus
showing thee potential for a bomg-mom ase [135] Cuid of ol smdied the reusability of
| Prasa [l TrizhBG (1,2) DESs, These authors claim that no discernible decrease in capacity
wars ofvtringd, but from analysing the datn one can see the capacity deceage n five cvclies
ol abeorption and desorption [41].

5. Conclusions and Perspectives

Lapge anoanis of air pallution with acid gases have deiven (he search for new sorption
media and, 1o bein line with sistainable dievelopment goals, media that ame enviromssntally
friendly. Thix article smmarizos the properties of EESs and thedr suitahility foe carbon
dioxide separation. Deep eutectic solvents have altrpcted much attention due to theis
umigque propertios and low producsion cosst, Their nature, especial lv their negligible vapor
prissure and pon-lammability, makes them uselul and sale in gas separstion processes,
The fmpoct of the: hydrogeen bond domor, hydrogen bond acoeptos, and molar ratio need
for b thinroaghily analyeed o ensure high CO absorption capacity aned, af the same ine,
high selectivity in regard to other companents of the purified streams. Therefore, caralul
sgilesctzom showld be Pﬂrﬁurrhl:l]. and the dey |=|l|1|:rr||ﬂr.||. af melscular d}'H.a.Tn!I:h- mmethods
would make that exsier, bess tme conauming, md ecomomically advantageons, Consldering
their tunability, DESS have high pobential in separation processis, as they can be designed
o abtain desicalble properies amd capacity for a apecilic apptication. Still, the major
1'|1.1]|u13|-_' = s :||:-|al:|'|.'|:-.|!.- hIHh L'u:;l.mit}-. Ik m=afits Froom thae presie i h}-druﬁl,:lt b=
and electrostatic and van der Wials inderactions between the individual components of
the 15 However, even 3 small addibom of walssr can :ﬂﬁmlﬁ:unﬂ}' e v iseos t_'..'
and thus imprssy diffusion. The effoct of woter content om the solshility of corbon diside
Im & DES has been investigated cnly In a few studies. Computational methods for the
imyeabipatiom of the phase dynamics and mechanismms acoprring i the syseomsar: highly
needed. as well as research on thels belavior and properiies In real applications. TESs are
kmown b b geslvents with sabisfying OO copacity and the potential for implementation in
industirial processes in (e rear [uiure: T1is highly desirable 1o focus mn DESs for greenes
applications anad to conduct further snalyses om the technical and economic aspectsof 1ES
ulilizallon, Although several DESs have been broadly studied, many more studies are
still misedied, especially regarding fundional DESs: Putune vesearch shoukd focus an (13
designmy new, cheap, and envirommentally rismdby IS with high C0y capacity and
Ty visonsity fo make them attmctivie ingas separation; (2 technoevonomic research on
the vse of [HSs i U0 separation; (33 the temeneration of 1ESs dsed for OO captume; (45
thir pregtistion of their propertivs and COs absorption capaeiby; and (3) e impact of water
cortent om the 1IES properties, COh abserption capecity, and separation parameters

Aiithor Contrbullons: Cunceplualization LC K wibline—oslglnal deidl prepasation. TN, and
TR writingy—reviow and rebiting, L~k and 12 Aupar i, - AN aathiors Bave rosd amd
agreed tn the pablshed version of the manuscripe
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monopropanolamine-based deep eutectic solvents
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B h| 6 v b, 11 ] gt sl | DVESE] Buahand oS-t B-peropaniell (A ) im Dl s Bond dewror
(W) sl wsborplanmimsine ewside (THADD ) aebabutylimmimsain ol (TOACT o
SRR b O ke (TEAL | a Byirogein b adonpoors CHIMG | Weie oy 10 O sk i R
sl e ool 2L B G 1) saly e A Fronarber Tramiermy beifeared pwt iosomgy (rossrmimenin whele -
Barititd 1o i ivade a0h poidierme ool any heswdd et changis. Py proqermes of Se prepeesd (355
chuding denies, viscosses, redractive mdices and soand weocmies wers s vathin the
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WA, L O ki e b, vy el ey oo o b ity i sy, gk sk e degaerd e werte fimanl
B emupno] ey Tl emanson < orfirenn ad soiron eseegies firvoooo s e omeed
sl Hiegly Mestesves, euporinemtl vabues of demilly sl ebacehe ity wese Gl w1 plad
mer (e previcmem ol tersty Ksckeri expution modilis by Seeneer st Danser anid the MU ANEEiLy
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1. Ity ot

Over ol bt narimlirection s of glohal vesisarch nowasiags |4 iR o ay
i et s fes. smvied i perhuibeg carlan diele emmalons. This ges
manly peaponsible for the coourrence of the preenbouse offeo 5 ome-
T B Ll WH i e propases of @lorercily snd host prodoc
viors baysed on fossil combuncion | | in power plants. due o the low
e of luy pases, oo of the moi comimon techsologies wid le
0y remareall 5 atmosrpbion wisng agquesos. amine sHutions. The highes
efEaency of the (0 remeial pecess i achiewed by chemical absymp
i g 4 30 aquooes solusion af manoethisulemme |MEA) |21
Howeeves, the cormisive adture of the reacton envirenment and #y
I i s vt iy (rialer it desrahie to seanch finr ahermusper obvesrs
Tha could replave squwsus solumens of MEA of ofher daniemines

St A0, athermpes have beer nofed in the Bessmn b e deep
oot imenties i e ol of (O, fem s tiial proces it eams
%) Thisse sabyients hunve sasilar pheical propeses i smic liuxds, e
practicaliy i -idatlle snd s Bamematle, and oubibin higgh the e
e ehecoechomscdl stabilidy, bt ane definioely cheaper Jess poni and
uken nodegratabie [4-9] As wath iind liguds their phosicad propes
e can be comtreiied by changesg the composan and proportions of

Ly r—" 1 ——
B ] et S g pls gl UL VA i

om0 o, SR 11 B0
VRS T T Pl by Wi WY,

e crmmgn T mkieg up & glen e e maoiine, 1o ae e o e ad -
sampagrens properies o 3 specific sapplicaoe.

Thir pessaich peifomued s fir clearty sbawn thal the solulsility of
carton deunide depends on e stnsdure o s deep eulecte mialure,
‘which derermines pot only the chemical properries of the sohent
(uhe persibiling af chemiiarption o he Lok theveol]. bt alss s
i  imclud g vismety—a key parameter i the tech-
smloghcal procesy [ 100 bt has been eutablished, that (15 based on
dkinalamines. have much bigher (0 absorption capacicy than
ather deep rubedic soivents, for wiich an chemical reacrions with
carhon diokkde sie obsyrved [7,10) 50 Gar, deep sutectic inlvents
with monpethanolaming [10-12]  diethanotemine | 10,12.13],
erirthanclarmine |14] snd mettyldiethanobamin | 10,02 08] o by~
dvopes bond dunor aesl DES Dased on fvmoe] hasolaimiss il
71 or K- darity e nethanml ammaniem chioride | 1] & hydrogen
bl accepion have been iadied. For These sy the physcal
propertes ok 35 demdny, viceity, surface tenmson and melraive
ey hapve heen deerrmined

In ebes sruady. niveel deep evarciic sobeends were prepated by dsm-
kit 1 amino- | -groogand [AP], wisch i a gond T0 absoshenl, a5 4
byl roggem o duenr |[HBD couplod with seerabutylameroniiem -
mele [TRAR) oF Serra ium  chioddde (TBACY ar
i arthylinuman i iilarde [TEAC) ay i bond o oppaurs
(HlAs). The (5% were obtained lor three different sairs 1 amine
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ol s of 154, Tifeamd 1.8 amd chararterided by measening thelr
main physical propermes such as density, viscosity, refractve index
andd sotnd vefocitg ai emperatuse. from 29305 (0 33515 K Temgera
e dependeroes of physical properties were titted by empineal squa-
titers and baikh thermal expanson cosfficients ar acthvation energies for
viseons flow wwere obtained accordingly. Morsover, Rackett egoation
madified by Spomcvr and Danmor and the mass connectiviey ndes-
lassd methiod were used for density prebiction, while the refvactive
imedex was gsomated by the stnmic contnbution mechod. The indluence
off The sy af betraalkybammaniom cation o weell as the type of anion ol
alt o piysical properoes of DESs and the strength of hydmgen homd
imteractions betwesn Hsk g HED were dismissed

I Experimental
X1, Chermnls dnid sondliess

The:  chemicsls: i ks spedy.  F-animg- 1-proparol.
rerrahurylammenium bromide. meeralsrylammoniam chioride and
Letrze koo Chborade were puschised (o Siena-Aldn
and aparr from TRAC they were used a5 received from rthe sapplier
Tetrabutybunumondum chioride was purified by deubie crystalkzation
from aretane by adiing deethd ether, All safrs were dried imder re-
e pressuare before we, TEAH at 323 K Tor 48 h, FBAC and TEAL 24
g 15 K v seeverad dhays, Thie vorisponuliong miloen o and U dseen-
ical strucruees of the DFSs Ingredienrs. are presented in Tabie 1 and
Flg. 1, mespeciivily. _

n this wiork, TIESs were ]'m-pmﬂl taymarss with the same mnlar rang
T 106 amed 158 salt v 3-amine- 1 -propancd. The wighing wis dane
wsing an analynwal halance | Mertler Toledo] with e precson of
(1 mg. The stambarnd aneertainty in the mass fraction was sstmaned
b b leis tham =110 "‘.11Emﬂ1|inaﬂﬂn1uhhequalmar\rulﬁand
Al*were mixed ot 353 15 B for 1 husing a magnetic stirerin g fime
food wntil 4 hnmageneoas and unifnnm bquad withowt any preciitate
was fmmed: This s commonly described s the beating mechod of
DES formation | 15]. The fins RS, sable cobourlea liguids 42 ronem
temperature, were kepl i tght bottles b presem any osamimation
Fravn esuirsidle ammwspileene 1l nady aflece rhe physical poperties of
LES Sance deep eubectc solvends are ko ay Bygrisgopsi; soheents,
hi warer content of TIESS was mersuvd wsing 3 Memter Trdedo Coaile-
mwetrle Kol - Fstse dbisior (899 Coulomeder sppasius fom
Metrahim ], a5 presenmed in Taie 7

22 Mryvical progertiss memuremenly

T, bt pouni

Wiearhed Todedo Star Ome THFerenrial Schnning Catorimeter (0SC)
wida e Lo Aiedaoie Le melting pelnts of the eatecic minu e The
RTINS WeTe e under parificd nimogen anmesphen wirh 3
P i ool 60 il ™, with sampdes of 1018 mg packed [n stan-
fard aluminium pan The DSC eqguipment was coneected 1o the
STARS data acquisition software i dedicited computer. The heating
and conlng ssquence was programed on tse STARS conmle which
ramrals the BSC equipment. For the meling point desermimation, a
femperature range from 19515 o 29615 K vas seleced with a heating
rateal 1 K-min~ ", e wnrertaipnyaf the measrrmens was 001 K

This procesdone wis performes] in at leass e repet itns  ensare e
produdbefing of the e

223 [enity

The denzities of the DES samphes werns meassred at dilfesent e
peratures worh 2 digetal vibration. tube analyser |Anton Paar DA
000, Austria} with propartional bemsperatiore coatrol that kepe the
sangies at warking temnperatune with an acosracy of +001 K Theap-
paratus wad calibrated with doulde disrilied, deicmized and degaised
wamds, anul with dey air ar smosphiric predune (000 MP ) acconding
Lo ihe appartaius catabmgue. The standard wioe iiainty of densaty mea-
sirement wat better than 035 kg

223 Soumd welority

The sound vefocities were deterinined wsing the sound anakyser
OFTIME 1.0 Brarn OFTEL [Polind | witls the standan] aocertaimdy of
05 mi-4 " by imeasuring the time it takes Sar a pulse af ulirisound o
Lraves] Troumy ome Ararsducer b anotber (plok-cutch) e o rdtum o dee
s TrAnaiey {puli-echn L The cell wis memmosmaned ar 29815 +
001 K and calibraved with duwbbe distilbed water, with the value
10660 m -0 ! used as e s veleolny In pure warer 3 29815 K.

274 Visrnstry

W scymithes o e bobvonits waene debernemid ming LVEV-10 Program-
mahle Rhemmeter |coae-plase vismomene; Bronkfeld Friginesriog 1ab-
vy, UsAj, vonmmolhel by o oompater, The wempevadure of the
samples was commrodied veithm 4000 X using a thermostatic water
tsh {PFelyScienee D106, LUSA), Thee (Bsplay of thi: viscosimaaer was ver
ified with rertried wvmaty standand N10E and - 53 provided by Cannnn
at 28815 4 DU K The standand onoenainty of visosity measmmemeni
was hefrer than 15

225, Refructive md=

The nefractive indives were measured using an Abbe refracomeier
{ RL-3, Palandy equipped with 2 issmadtar i contoolling dhe cell rem
perature with an acourscy of +46 1 K. The stancand uoceraioty of refrac-
tive moex measurement an ihe @ scale weas R AL leasd thmee
independent meatenements were tuken for each sample at sach tem-
perature bo asaae repndobility of the measumement,

£ mfraere i SPECITOMTOEY FMIPTLTETIE LS

FTIR apeectra of DESS were tecorded on Micaler B7T00 specmometey
{Thermo Eledmn Ce ). An ditenosted olal reflection [ATR] techimue
wiat empkoyed Becsuse of sxmremely svong alsorpricn of AP Ta
i OH Y riNHG ] :uﬂ:h.nﬁ wibrations. bor Ches purpose, e Specac
G e G singe reflecting acreseory squipped wirh a diamand orp-
Lal {45 ditichleide ainghe) enisaited ot b loeated Guizsen Girbale ot was
sl The memporanare of the S0l Sqaid samphe coll aeng ihe ovstal
s et b 298,15 + 0.1 K by the Specac Wesg 6100+ contrefiel main-
rainlig the ngsen carkle disc temperature 3o addinonalfy seabi-
Ttz by ciroalanmg thenmostaned water from a fulabo F12 thermossat
The samiple remperature was mancmred by a thermocouple inside the
ool The spectromeser measremens chamber and the ATR acressory
where peirged with dry nitogen, The sample specira were ratioed agains
1 hackgronmd 1pectrum coleceed for an empey, dog cell oberined

Tuble 1
Paavenaecs sna wems franon preny of the comprasds mated
Eliiral s e 488 muaintes [T T —— Fiwifi e neilnd P! ey s fmm
Tt bpicpaiul | AF i Alineh 15870 n=a B
TrpualenySan i e (AT g Al (LRl = Bl
Vit | gl v uen o b e T | Sy Alidrcs Sh--8 Pl e
Tetmalsdig@mmunniam chiliide [ TRAL Sl Al LR PR r o] eOET &R E ] (L1

# A siaied Liyme sopplien
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F-amine- L-propanal (AP

temubity Lsrmmsmimn clekmide { THAC)

—_\_\/_/—
AN s

eotmnbuty e bromnde (THAB )

Ity sty lummaniun chsliride {TEAL

g 1. iheminl wroosr o e P nnricnts wer mithe sy

direvily befiore cach measurement. Foreach sample specinam 254 sons
were performed with 3 selerted resalurins aof 2icm !

S[eroiTa acquisition was conamdied by DMNIC 7.7 snfrware package
[ Tivermmu Seientafic L Advanced A TR conmectan algorithen of thie saltware
s et onrmect far pormad and anamaaons dispersnn effeors, T
quines the knowiledge of (he orysial material e incilence angle. (he
numiter of intemal refiemon s and the refracive index of the samale,
The sprotra were further analysed using CRAMSED wftware [Calactic
Indusaries Cormp ).

I, Results and discussion

4. Ml pialit

Mfferenmial scanning calormery {T5C) was wied fn determing the
mieiting point amd sy wolid state phose mansitons in te present of gue-
iermary DEta. The heating rate of | K-min ™" was used o increase the
stensdizvity ul U nstrumesy Table 1 sluws e melting poats of DES.
teg- & fab,c) illistrates DS curves for the IIL'H'H:.ul.nu with three
HDAHRD watios, THC plids fof the surectic misinaness wee ool bted for
a4 lewsl three rums o ensure the seproducbibity. Cenerally, onby one en-
dnabermic ek was identified which was covsidened a5 the melisg
peak, bal i the case ol TEAD - AF* LoH we observed o duablet fonm of
melting peak W phase Irmmsiiian peik was obeeryed, The meiing mimn-
perature i e present wark o Leken s Uie peak bersperalute ot
heanmg grafile, For All the sedied D058 the eneinrg [oins wern leer
than for the pure comporents Morevver the order of mefung

Tahle 2

tempermues [or LES a1 chie samme molar ratso of the sali (e 3-amine -1
propannl is e follmes: TBAR:AF - THAC-AP - TEACTAF, which seems o
SREES hat The weling femperanine of 538 may influence the melring
Lo peerafus ul deep eutistc solvents. Besides, te lughest valuis ol T
are nhrserved for petrsbu ey lamaroniem bromice haed DFSs, which T, 65
greater than hat of TRAD Momeover, Lhe comgarizmn of the midliing
emperarures i OES  conmainimg fetrahusgls mamaniem and
tetratfrylammani e chherices beady o the conchussn, that the mehing
temperature o deep sutedic sohenty moreases with mereasmg catinn
alle] chain length in the sab and T, of salt itself

12 Density

A Erperiment wnues

Thue deresiny, viscosing, refactive jndex and sound veSocing of the
Ueep duie lic s mivents souded wene oveasaned a8 2 function of temper-
abare with the range of 208 1%- 3379 15 K and &t ambicm pressaare. The
density dats are preseisted m Table 51 sl in Fig 3 abil

1 it gan been ohserved, dena sty derease s lincasly with the cemper-
anars e for all inalie comgaditions af a0l nine DESL Dlwdoudy, this
im dhue Loy of the formaton of layger milermolecular wosds- ab higher t2m-
perarnes, wWihieh increase the voliome and decrease e density, The
[ibing pasametess of lioear sysaticon {d = o T+ b correlatmy the -
foer of resmpesanuane o rhe densiny, obdained fy keast squae analysis ame
listisd bin Tabihe 3.

Thir et of densiny far TFDS At the same eemperatnn and motar
ratho of the salt tw 3-amine-1-propanol 4 as follows: TBABAI {DES

The shisreatation. Moty mak Mot rate. masT FacHon. wamrOs e 4nd meng polst e cheminal mod inchs work

(1 29 fualt FIE Mulsrraie B ki Wair rmieni®

Spmbsal Mg pminl 'l Mo lpmed Mg igmul "1 Sude: HEL Kali (EE ] TaE
PR .z TEAN waw ar = [ 0313 Ll LI 2T
[ER 110K THAH nm AP .l (k1 LEA[= s OLETE 27441
L5 1]tk Tl nan i o (L] dvian R LI 2IIE Pl
13 125 TEAL IGETY A (ERN| (K] Qs N5 OO0 Frekig
L[EZE HimE2 TEAL 1557} Ar A 1= DIEAT DTXE D0G[IT Fraaki]
FER i TEAL [led ] Ar T (k] arlsL T TIN5 aTLA
T [REFESY TRAL e Ar Al (] Ji4EIN neiE [IRLaTR 2iEm
17 ] (L] TRAL oy ar A I® TR T OB 1T ¥R V<[ ] dram
s o) e TRAL R ar ™ Ia Lol ) nEng (LI arn

* Wher siandard smcermalnty of (=5 mast Sarmen megossen w0l

' e con et ml TESS i s Nacmian Srteeminnd By Kard Bt e wi i e aomis iscs ety & U,
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Fig. . U750 curwey for crp ke sl ievsry omurint 4 | TIRARLEP (TR 0 - 51, b TR AP TS -6 ani o TIAC AT IS 7-95 i — Bl ot - 1 s 40| (Por aterpreesste of e
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1-3) = TRAL; AP | DES 4-8) - THAC AP (DES 7-8 ), whach shemm b
suggest Mt srrcense of HEA o5 well o HBD may hawe o significant
rifiert an the drmity vahien of deep ruirctic snlvenie The highes
values of demsities o e abie roed for TRAB- hesed DS, which (s at-
iributed 1@ the mass of bromide being greater than chlomde
[VEIT], Mareaver, companing (he denity vabues Tor DES contalnmg
terrabutylammeannim asd fetreethylamemonnm chiberides keads @
eiengtuiin, thal the dessbty of dovp eutectic uilvemis deoneaues
with the imcreasimg catian alloyl chain lemgth b ehe sain That conci-
wlisn is comaintent with the demity resalts pbeained fon 1k | 1015
Apparently. packong ¢Trcr raking plaoe in case of T cauw the in-
crease of relative valume of salt and a5 3 resule the decrease of the
demiity of TS, Movenwer, the higher densiy valoes obesaed for
TRARAT [DES 1- ] than those for TEAC AR (DES 4-6) sugged thay
Ut parlaging effects have smaller influence oo denssty than the e
Beit cannected with Lhe sy of the anlon

At i spem from Table 51 and P 3. the devnny of D855 depends
o e FIAFORED ol rastiog, Por TRA - anxd TIAC- ha sl deep siefeotic
wolvenis, the dosamy devivdies with s meressiag of male ration of
Famine- | -gropasol. while for TRAC-insed D53 the appasibe tend
ohiervpd (iecipady, if bk the ressdn of dafferent nelation ol deasiry of
doep eutretic winents to the density of AP, The denmitars of TRAB AP
(1365 1) el TEACAI® (€S d-] aro bighor (i the demity of pure
Ydmine.- | -propumal, while the demlty ol TRACAD | (S 7-0) i e
Tenm, whien the ameont of 1-amese- | -pregand in TRACAP (DE5 7-5

srwreases ihe denity weds wm ihe smaller dens ity of pure AP, eo i
decreanes

122 peealicrion sf dersity valies

G intally, e ity havee Deen ieported m e liserstee fores
o ey Fuect i sl densites 6 lar Shahbar o1 al usd ame
hol imezlligence xnd group comimibution methods for demsty
pordl ictina n giyce il anel wilylene giycol WAL compranets miued
with chalime chinride, diceigdethambmmoniom  chiomnde, and
methylinphenytphaophandum hromade 5 HEA components (20,21}
dualia prreveciurd the s comie ity incles ased devaly gt
fior 3 st of B dewp puirror sobwnis vstems oom prisng different sl
s Pydlrgien and domars | 207

s thee preseni stady, the Rackett equation (23] modified by Sprrssr
anl [Tarner [ 24] and MO-Dased {mas conmertivity indes- ) densay
robel| | 28] were wapd sl ivew eflectivrs cis fue demty predictiva of
T¥5 hawed o 3-amine- | -propanol wene compared.

Thve e approacie. be, the modified Racked equanion. e
Tomowledge af crancal bresporature, eriscal volomi and critical presue
of DESy: Becavse thear paramstar cannnt b Riund expedbmentally,
theey are eitiated g the Les-Krsder muilang diuation
oy Knapp ot al. [35] Moreowrr, the Wadified Lydersen-jnhack-Reel
maethud [ 29) b wsed e Soundl the coscal properties of componets of
deep miteviee sabveniy The calboulated onibicad propesties of DESs s
tamed by using st methods se peesenied in Tahle 4
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where Yo and B, are dhe siturated mokae volisme af the refenence tem-
pemanne and rmbcal presssre of S

That ool mrwet bl appliediin this seudy for the DESs dersity predic
tiom, based oo enass conmectresty index was imtrodoced By Wjali f22).
Ly the training set ol the expedmental data covedst ing of B densdty
varlues of DESs he loumd the semi-emipirical equation for predicton of
density x

#T) - dg =5 19700 e B T i

I wihiich &gy demoies o the s conmeotivity indes of DES, calculatd
i1 e basies of the are comporen iy mbes cormediooty indices A For
thermiire, (b salues af A are estimated Fom eguation [27):

by i{ bry/ MM, 15

where H,andHl.arEHEnuuHu!mmmdgmmtmmlnn L} amd
{11 reported by Vadesrama o al. [28).

For  Jamine l-propannl,  tetrababylanuncoiom . hiomade,
tetraet bylamesmiim chioride and teiabot jum chiloride the
Ut corenisc iy ncices wade obLained a5 05180, 23215, 15617 and
LE515 respectively. Multiplying the sall aod 5-amime- E-propaimol
mass comneetiviny Ineticess iy their modar guantinies iy the DES allowpd
s 0 alculebe thie mass conectivity idices of DESs, which ane ool
lested mn Table 4

Fur 3 shows eapeitivente] and predicted denaltiios of DES lasied un
J-amiier- | -propancl by the Racket! equatzon modilisd by Spencer aml
Dannes and (he model propeeed by WiaHE Moceoyver, the average el
v ervialioms £ AR bebwesn the experimmemial and muodels peedicted
densities are presented i Table 4. The megative varlation of TIES deash
s wepll Ui perabu was caplured Ly U Backellspuiation, o well as
by he MIC-hased mwdel, Waorsowen, the mass manecmvay Indms modrl
s successlul i explaining this relationship witl bigher degree of
rrediniling thanthe modified Racdeo madel, In il cases the Rackietd pres
iBictinns were interestinated wilh 2 much bighey incimton with me-
wprct o remperarure, The AT valees ane the highest tar deep eutechc
sotvents TEACTAI (DES 48] amd ar the highest eecurrded temperatim
of 13318 K ave 187, .73, and 1068 respecineely. On the ather hand,
the: ACY- based models gave AR valoes of 0085, 0.3 amd (LR for the
sdme syienm, Thue, the obifained results indicate that the most praper
method for dersity prediction for [ESs is the method introdoced by
WAalli [22].

121 Cerlmared thermdymamic prpormis of 5%
The denhwric theenmal exparsion rueﬁ‘l:irntn, i defined as tempera-
e dependene of Infel) as expressed by the bllownmy egquation:

1 ¥ i nid)' ;
wer (o), =~ o), ta
where V,, and o sre the molar valume anil the density of DESs, respec-
tively, It can be abtaired by firting the remperanine dependence of in
(i} 1o the inllowing straighi line

i) = h=er, T 7|

where b 15 an empirical constant. From Table 5 one can see, that oy, of
CFESa studied depend maindy on the molar ratio af the saly w3
amime-i-prapanol. while the dependence on the type of HEA i reg-
ligihale. The armalbest valoes of the thermal expansion-coefficient were
vhitained for dleep Fubetic malbvents containing the smallest smaung
of AT, mgeesting the smallest free volumes or intemitices im these
walyenis

Talsie & presenis adsothe molecubar volome, standard molar entropy
aml lactice potentiel snergy calculoted Trom dengly a0 29505 K

Table 5
| snmaiesd gy termara | properiee s of | ar P15 & o afmergrens peeenre
5] 1o Vudmm'l  F Y Ut
=TI o LE 501
mar Ta0 oy W) 518
BEAF  TAN oun Mn) =1
[E & (AL o s ko]
(Lo o7 nn i
% o ok 7§ %53
el T B e =
[T i o LN L ]
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Seamdard molar endropy and Ratice poiential energy of the sadied
DESs weere edtimuated by using the e pirlca equatiam (29

o 1BHGSY L 205 83
thas - RRLRNN'T 103R i

s i saten Bram Table 5, Uhe DESs exhibit low Dntice enecgy which i
an underlying reasnn for thedr lgiid Sine ar room temaeranie (.
Cb=613 k] ml 'y {30}

I3 Viyooeky

e e petimunial dyiamic viscssiy clata ol e iy inistires co-
respinnding s the appled temperature range of 387 15- 11715 K a0
lestd i Tabsbee 532 aml prosensed in By 4 {akach A expecnsd, empen-
Lue play s an smgsortant sobe i visousity, mamely deorerse of this panam-
ey Wat abserved At Ieghes Temperanses ITghaT fomperame
Lonrmase Bt energy ol Une sons dod sockeodes, sl wieaken e al-
mactive forres herween them, promonng heir mmement and conrib-
wiing o decnasing visoosiey 1311

AT Eveer rempeanmes the vesoosiny of NESs decresses rapadly and
asyrplatscally spproabes o lower value at higher tempemiones [12]
The follmaing tendency was aocired TRABZAP [BES 1-3) - TRAL AP
(VRS 70 - TEAL [DES-4- ) Br a comesponding malar mi of the com
paunds, In this regard, liqoids composed of sales with smalier ration
| sharier hydrocarbon substtivent ) and anion manifest koesser viscosty
{weaker dnteractinns and llow resistance . AN hinary mishses showeil
bigher values af viscosity in comparisun (o 1-amanu- §-propaool fone-
oiver, 3 decrete ol Ehe ok fraction of the sl in th geeem [incnseal
L o ar radio salt: AR resulledd in the lower values of the dynarmc vis-
Cidiry. For exsimple, tee viscosicy of TRAR-AP ar J98 15 K dim sl
Eroen 84,7 b S0 2 il e whes the colas vatio raised oo L4 o BB
Anaaaus reacipn were alverved In the lirerature |11]

Thee digriammiee visoim Ity results wiere Ruitlier Meed wigh the Arrheis
and ¥ogel-Fulcher- Lamman | V1) squaticons;

&

1=l cxpRT (1
]

r,l-l|"ﬂ,p1"1l i

where ip., EJR 1, U, amd T, are feting paramieten i is the visoosity at
infinge temperatune, F, is the acgivation energy, B 15 the gas constant
arad T is the temperature in Kefvin, The fitking paromeders deteomingsd
from the expenmental data along with root-irean-sguane deviations
{ B} are presemeed m Tables & and 7. The £, yvaloes caloalated for
thee bimary mbtures were om0 vary From 334 & omal " (DES
) mp b 3905 kjf-mal 7 (0ES 11, and reflect the abovementoned viscos-
Ity ielations, The higher Fo valse. the harder S move gast each tiker
thue 1o the iIntevactoons ooowming i the fud. 0ESs with the lowest salt:
AR malar ratin ¢ 1:4] have higher activation enesgios. B on the
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chusterl 19u 1lve VFT equastion rrpeesents Betier Rtizng for Hhe #ymams
Visily remilts

14 Kefrmcmve imies

L | Expersnitivied valies

The refractive walex sabies of deep surecne wlyens shofied a1 the
TEmpsranae rangs from 293,13 m 33505 K ane preseated i Tabie 5
drall ihe pvemals aew showen in g 9 (aboe), There s wevenal Rctom

Tilk

Fifteyier e wtraiie a4 Farechon ol Eeprraiiey in the seege FT8 - 170008 S8 o il e o TRATAP ST 0= 00 B0 TRAC AP | 0T 8481
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thal honee aii ol on e refactive indes of DESG aach a8 Type of i,
el vt of HIED b BVA, \emigeriaiins dnil smlorukar wersghi i DR,
The isiaieed remilts reveal that for sll mikiues che values of relrasw
etk e e Eneasty with mmnvasing [l srenjeesstiare. Adeuae re-
geation parameters (ny = @ T4 b are collected im Tabin &
Moneover. lor & given Temperatute and molal ratko of salt 1 3-
- | -progasiod, m, valie of the DES b ot follpedng ooder.
THABAF (TIES §-3] - TEACAF (DES-4-6) » TRACAP (DE3 7-9, wiarh
In conEETENL wan fhe ander of desny. Al & the moioulis weight
o DS abovresses, (aew varlues off 11 e TIAR- and THAL bused (5051,
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Ihe walsip of relvactres indes ol pulectis sdverly decreses at sl
Iemperatuer. A wan olseryed fne visensities the sefactive milios
thecreane with a0 mcnasieg of mole feaction of AP in the médure for
il DR Eeestiganedd. (Mnvmialy. it b fhe reainll of e smallen walie of
Vet ey actree (mides of 1-amine- 1ol comgaring to (hat of deep
utent e bty Thus, wiss the conless of AP wcreass o DES the e
fracapie nde e seane.

1A Prediizian of eefroriter inces vefiers

W b genesally accephed ol the ammes mivmibarion method s mor
arcEate o othen In predicnieg the efoactive mdios of cegamic lig-
Gk [ 23], b this metbod mnlar setaction of compoemad |s caosaled
by surmmieng its ammic and strucnal comribaten paraTeier, which

Table 8

- " f e i

] a ® Ll w
LSl k] (& 0] L L] R
L] -1 T i e
™ ~fHEEA T RO LRl
(L3t T (8T LU [T
] ~[HHE1 5] % T L
e BT My L ] T
i) T (R ] L] Ty
e ] [EEA8] Sonain [0 L]
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weere ditereninesd by Wilitman ard Crippen ining 3412 meiletules data
wrt 3] Then Loien - Loeens eguesin asd expoamental ey
wiihee al conposnd s wmgikoyed i calebite the refiacive mdex:

j._g{s:—; [it]
I Ui EigRton 80 (g omol ") meel of (2-em ") s mokar robm-
e, rrucalan evire el demaity, eeupe cisuely,

In the presess study, the molar e o of pare companen of
THSE, fr. thee s and J-amine- |-prpanol wel sitlafly coulaes
amal they wirne Rendd i be equal o 7T, 078040, 47507 and 14000
o AP, TRABR, TEAL and THAL resprecineely, Then, modar refraction of
TS vows 0lvtained |nmough et ioey

B = nlt {33

WRTT s @ Ky 3 ke Fracman and malar refracon of the midivsdul
o fitutang st arwd A Finadly, the vefracties indice were calculssed
by Lowewsr- Lorers agjussan wasg the experimental vabues of denny.

Fabrle 0 preseots the caloulaed inols refactions and the refrace
mificyd bor A1) DES fogether with e experioenisl values and vilaie
drvigtions at 715 K As it o be seen, the predicoed dats of DER.
ki pelactsong and ivftactive ndiors ane i jood agreement with
the experimental dita Lpeclally, te vaber of ASITE obesined fur el
trww ey ogesal to (A VE vonifirm chat the atomic comeribytion
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irarehiend cam be conakdrmed an the suitatils e foe e pred ieion of
Ny values of DE%SS, though the alomi comtributioss proposed by
Wikdirian sad Crppen were comidernd lor neral comgraings | M)

15 Soanid oy

The experimental sl velicsty dana for all DESs a5 @ forctios of
Vemperaiuee Ave ssmmaied (s Table 54 and peesented in Fig 5 [ab,
1A it cam b e, the seand verioxiy, senilariy o oches prqesties, de
cregses wirh InCreasing vempecanan. This behavaur was alsn repomed
in e ol sthet D%, A elrvaind iempeesiulie e miskeculie moee b
thew Jpat Eruen each o Zenemaning more [ree space and in the resols

i Mo Clrmdls 5O/ NI | 120 L]

devpyity, whomary, refractive s and wouid velocey depreass [ 1517,
Mhopeovrr. vimsar to ot ather DES the seumd velacicy of DS s mrs-
tigatvd i the pevent sy chows linsir nelationsdsip with the tmger -
wture. Table Vil shows rrgressaon parsmeten (5= -T+ b Freviomly,
the eosmperatuns dopenderor of the specd of soand wai kiund o ba
menlines  osly G desp  estectic  dolvents based g
beroyitrimethylammonium chiorde and bbb bylammonism
chiloride aa HilA and ghycerod FIID, as well o deep eulecde walvents
hened om L-pemiine | 28]

A i) e Tuble 100, B b phers bengedtane aisd rolar Fiis af
2ulf 10 B-ambne- - pregunel, s velseity of the TIES 14 i the Tnliow-
g order: TEACAR = TRAC AP - TRABCAP, which I weiih the
order of wiscoaty. Moreover, values of weend velocity obeid ed for
TEAL ] DESa are significantly higher than Bwne e TRAT- or
TIA I -t (1%, e buicts e simmiilar im Onair sy ibuhe, This sevud in-
ity Dl w0vend webociey s masnly deterimised by aliyl chais lengh of
e D valdle i by of anden has i snaller sfluenee an i O
waskily, Wb lew cnrmpa snsmare of THACAP [DES 7-59) compared o
that f TEALL AR | TIES 461 neaalrs in significsssly smaBer sound veboeity
T

Tt sk bty o rhae E9ESs siomlarty routher physicsl ;
o depenii on thie molas retio of FRA b FED. For THAB- and TRAC-
humsed deep eutrcric sofveny sund weinogy nress With incrraing
of molar ratio of 3-amene- 1 -prpanal. while tor TEAC Sased DFS the op-
mile el (b obaereed Clmisasly, it s ihe eeil) of 0UT rend nelatios of
e rhysic propeny of deep euteone solvess o tha of AR
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TA.1. lentrapic comprr sty
eyl o 1 emperimaental vl of sound welocily snd deosty, e

Thet [wrmtreqic comprenibiling 5o gaen 0 meanae of fhe s labie
free space i ehe liguid. From the caloulared values reparted =
Tabie 55, it & observed thar the «, charges with the inoease of te jem-
prestury or crease of the st of AP in DS in oppests trend than
for ehat mesced e 3ound welocity, The smilkes valoes of seropac

A

Lo 0 [N 011

cnmprewshiy were sseryed for TEAC AP (05 4-8) for shich the
T COPACT STUCTUNE i expectel.

38 FTI smchysis uf the 085

Ui el apeceasipsy i dn sl e Teal B 3 Dy aniersicbecg
Larinteraction i of amivessleobel-based DES (1] Thee FTIR spectra of the
studjed (% are abowes mi lig | wgeiber with e relereice of pure AP

T

T bl HM”WMMM&W*
tail {35 The region of guartiouder imeisst beve by il 0] OE )0 NE; |
strrcting vikbmatons raige | S000- 3600 om '), distinctly wasitive 1o
thee by yibrogen losding Pund AP B an ssod Lot liguid sl as miny a
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Below 1500 om~", she (miramalecwlar  bands of the
temaa lieylammaoniem catiens s sepermmpossd on the soheent hads.
o, Cormparison with the paie sl [see Fig 51 bl note that spec
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reveals neither chaoges in hand positions, nor farmation al any ninw
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Doupe riamenlal density, visomity. refractve inde and soam] velocity
fiar 3-amsino- f-groparal phai Letrab byl enmonisn bromide, 3-ammine-
1opropaned plud erasthylanmeniom chisode and  J-aming
propanal plus teirabutylommodien chlode deep culectc suhenls
wirls different mokar racins ol 134, 1:6 dmd 1B a3l 10 A7 have been 1e-
puocked a3 a lancbion ol wemgeratine 48 almesplend poesaure, Foom the
expertmental dam, rhe thermal expansion efficienrs, the acrivaring
energhes dur visoous (bow and the lsentroplc compressadicy of DESs
were aalmilared,

Iewas fourd that denssy, vefractive indes amd sound velooty ol i(he
studied deep sutechc snlvents decrease lincarty with temperamore,
while viscosity charges sgpomentally with temperature. The Vogel
Tamman-fnicher equaion betrer desorines the dependence of viscesity
an temperanme than the Arrhemius equatiarn,

Fusthermore, the nesulis revegied that the nrder of density and o=
Fractive inclex Far DESs at the same temperaune and molar mto of the
salt b J-arnime s 1 -propanol is ax falows; TEARAF (DES1-3} =
AR IS -5 THACAR | TS 7-05, wehile the-smiaestvalues of vecrms-
ity aml Eeniroplc compressibiity for TEACAD (S 4-6) ane obseread,

Hacketr equanon modified by Spencer and Danner and the mass
oummectivity index-baeed method vsed for demity predicson mdicate
thuat the mnet proper method Fa density prediction For thie webeged
derp autectic soheends 4 the method introdocee] by Malli. foreover,
the yahee tf ARDE abtained e oo e indloes equal 041 can
firms that Lhe atemic contritmtions method can be tonsidered as the
sut able methnd m prestioton of i, of DES

T s vy Ll skudy, lakiomg imto aoomont p!lp'l.'dpmpu'ln.:spr—
chally  vleeesing,  deep  eurectic solvent  compnsrd of
wetraethybunmcnen chivode aod 3-amme §-progancd sopears 1o be
e BT SelVPRT ST SRR Cos e e Sor e 26 AN s henT of car-
b ok

CRedIT tharship comtribatlon statement

Bartosr NowoselskElrvestigation, Formal analyss, Data coration,
Wirniing - 1eviewy B editing Manena Jamnigiewscr-tnvestigation, For-
mal analysls, Dara curaton, Wiriting - anginal draf, Writing - neview B
edlinivig Justyna Bocrabdneestigation, Farmal aralyeis. Duta caration,
Winiting - original draft. Wonng - review & editing Maciej
Smirchowsbikinvestigation. Formal analysk, thata coratdon, Writing -
angnal draft, Wriring - review & editmg. Dorsta WarminskaoConoep-
maalizaban, Imﬁm Formial amalyuis, Data coration, Wniing, - orig-
inal deaft, Writing: - review & editing.

Declaration of competing interest

The auttuors degane Chat ey Tave po knpen competmg findncisl
ineeiests o peisonal relatiorshigs thar coudd have appeased o mfluence
the works repanted in this paper.
Appendix A Sapplementary data

Supplementary data mo this artacle can be foond online at eps:doi.
g 1 D P e 20 FIHT 10

Referenoes

| 8] K Gu il Pofyeser nancaese eniaries o7 Q03 Capime appicalio, ta;
Nier 109 G TT-ETS

|3 ST Anchelle. Amine simubing for COR vy e, Soimes (B0- ) TS [ 5048] (2008
Lo a2l

PO AL i, B e B Wi, L R, Sedubelity o O3 o aclokse sTlirals + oea
votpsils mbgime, | Chem Ung. Tid 55 137 L3008 | 748550,

|4| . Blarcin, N Eubeise Sadverils, Sgeingr (e ridbmeal Publnlomng, 505

A3 5 Sarmmadd P Mildowia X i Carbue dissiche capeare sdity kmic Syusls and geep ow
bertic woheents: s ew geoermnn o s, ChentistChem 800 SEAT

AL

1] L B, MK PA. Abi-dabes, 1 Adnashed, Expriamenial shaty of die soliliiay ol
R i ] S B died irarecn e baecdy Procalis 123 (309 1)
Lk ST

1] R vt i, e, VoA i, | W, COM, DRl ilbvatls s a1
I e L1 e feves Dmern, RES) XTI - THAD

K] Sk Skl | Rl bbb e e i oo spai Lsluin doskdee i o
ihrrp-nriesii wrvenls, Mus Cherm O Pl 200010 (38 ) 24700 - 29000

19 B S hoadi e . Dvmesyy, ocs 2n |Tmin £ prases (e of § walks and Oeap sl
s spscTn @ gt b 00U 0 341 150 | Ml Lisg 298 1 B80T
Irg-380

|0 F, ey, A, Ao-tatra | Srenhel Bovel grom sslvmie e (L fapler Ene
Ty Peoceis | 1) (3017 25522502

JUN] VS Sehalb. & Wiarsod S fi-Zolmand & Tlapyen. Monoehan dsmene Ssecri dorp
sl gelvenis, e vent sk ) chocifedrabinn sl e iguikh, 9w
|21 - L

[12] 1, Bdepermn, BARAL Abn-dahis UM APGinel Plosenshemicl g ol
bl bmmiie cline chinrse Gee) ST S IVHIE TAssLnT I L ZRMID Eee
taatwan ol wuftell s Bgenoe predeno eebmigues, | Mol Lig, 25 0AE]
B L

13 BR. M e 00, Pl B s s oot i, WL X i Tresrvmmoed vl bl
neva sy ol CO0 eapoure by gy e mmine-pawd decp roiean wibe |
Cletem. B Thata &1 LE;{I?I:!" OFE-2080

|14} E Mot ol Yodusiiy of 007 1= oovp-conecic sobvrais: seperomeniz: and moded ing
I.L:hl.hqu{-hu.n-nnmumd slate, Thetit. Enlg Boa Do 53 | 103 £2014)

L
(L] |L¥ .ﬁ.H.-I. G Cagrpey, Tl Niasies MK Ranbesd V. Ilrrhvn.ﬁlhhjukmlpnp—
WL bt ik s, Cho g Lo ] T CEREL A 0.
] B, S, AR A B Wy, Dlewy mitwTi I.lrrrm.ll"lq ot Thws) app -
Thiis CReIL W 1 ) (2 ] - L
|77 G g K e Ygen i Sngen, 7 i, Ve satrcho wilen o spnmes,
R T S apgraniond, Chei, S, v, A7 (31 {30120 TR VHE
1% II G A, Vi ermnrieng, L Fong | Wmalaewdi, ) i emasd, P e
i Wb cwith Pl o Pelosio e gl e popsres
Pn;n Chen I V1 G45] (ANER) ST TR
11 SH: Capeio, elal. ESec of weomperaure and cilienic cham lengih on e physcl
e 1 mmanesniven mideeie-bad pste: ionis bquiss, | Py, Chem @ (10
1367 CIOIEY I3 -EI3EE
| ] K Shatbag § froiean F 5 Mjali B4 Mashie, L. Sapete ], enstioes ol gremi
ull.l.h..l |.|I.I.h4.h.l.|.|.|.ll| Iln.'nlmn'p sl vl vty o ke wdvsd el ls-
o ey, Thormoomm . Ade 807 L0 1) 3900
k] l'. lll.ﬁ.l.lu. f! l.ul LA Ry LM Absaheed Provosen of deep cats sl
wrniz gomities & difforont icmpeneturm. Premodwm. Ko 5150120 0
-
122 05 M, M fannemary mdes e Aerd i Pt of (e miree sl
wi, Misl MIllrﬁll HE CMNAL AT
JEE) Bl MWL Dt Thony (4 R T ST vien Bipaide L LRenL 1 mg. LG 14 (4 [ 19400
A14-GET
|a8] L S, W Uy, Enpeosed eoamaon. K e ol s fgud den
Wity | Beern. Ejgg Dt 17 [2) {1972 236-34 L
|25 H Empg W Doy L Ciefinch LI Mockor, | M Prann e, Vapor s Gy o he
Migiores ol L Budlig Sulisbmic & Chesiniiy et S VY DECHEMA, Frak-
bury, Gor, 1962080
|| WH. Alesies, [0 Yabdornana, A il Lshaoen- i b-fed sl s e
thp cnncal prpenies ol domoieoies, Abmessri 254 (200 35-
] M e, G charscierdnm of ikeriis braschmg, | & Cinn S 37 |11
| 1) i
|7 1 W b, BT P, M ermnscirery inle, s sew imslcale poameie he
Pl vl of b D e, Maaf s japelils 200 (1) Chivid
r-THE:
|24 L tliviis, Linkie il phose Waessibien hermmdpnaso of o swiils,
Thrimnchsan Arca &1 (10 |ERE HT-01
|50] R ke, CHEC Btk of Dy ol |aers, B9, VR o, 106
|30] % Rocwal, Y. M, | P RhkEo, X R Somenny of derp peiecs s (0| e
lﬂ'cf COQ serboams Hom bty wo viscouiny. Mew | Chem 4050 (IELT]
u
133] WL Chommre, B Fare. F Mbosctyl AR Tolgham Tespermurns - coeposfen domy
armal yicemisy i the wiee | ipends |- dad WEHCS . CY [T
il mvoecul dynusnick smiladion | Qe B Dana 35 000 (20007 30603068
| B K Gy L Dhmvenck N Loy, | Becker, W Y VM Masirmon, Emmanng o re
Badtine bdden; of phidrrmece s s s ol de ngitude. L | M
Bl [ 1T [ 18
|3 Sy Wb, GAL G, Prevdee o piymcoceers s preEm e By g
wnnfemnons | Chein Wl Copar S, 50| (1R Ml TR



1 . P bf e oL Mol of Midev e ikl A9 (0001 4135700

55 U Lapes, L L bl Aurtsd o Lo te, B Glraes, =t 1.

B N ey M oo P SR —
with walir, Flokd Phase Squlfl H13 [360) -0

|35 PH-Sheches B Comnbies | Sy, | ik Pavad, N Damngoes, Wil g
fﬂmlm%u-mummmemlmmmm

(EE}] L-H.ﬂli EHI‘."L!'.L ki ln-l.. H.Itllll.li.. h'mmunl.l.-ill'l
witherts, ffumsl

mm:mnu-ﬂ.
[ A Berwiotmarl & Panly, KL Gandgn Dy of estofone, divficme. s iresliens
lyvite and ghegminl can e jdwsloctnies gaoper s sl e Belusior of

A amd cibinide Baed
el ot 1 R K| e B bt 60 7] CATIH Y D
T30] L Cacarli, MLL Brssiree, B P, Smiictuedl Jud bratonsl cnlsomlacne of 3
a3 popated o ofeer e SOT-NE e i, Hanua aeil uibaml (i la ks
Loy ard il | Epuisdopy iy, Soecrochm Acia - P A Mal, Bomol.
Bymtliin 50 06] {MER 101064
1908 Bk Ml BT Sty Wb Lar d evigmmion niuy o e spdomom nirecune chuasy
n. dﬂhurhbupnujllﬂ.ﬂ-n.j I Chem B 122 | 0 (000

(EL] | hlm- . Gowrpe, i gt i by iod  rriven Biom ke gimire e
IR, . (el A 1606 (200 [ 0] 501502

U il



Supporting Information

Experimental and predicted physicochemical properties of
monopropanolamine-based deep entectic solvenis

Burtosz Nowosieliki®, Marzena Jamrogiewics”, Tustyna Luceak®, Macie) Smiechowki’,
Dorota Warminsks**

* Department of Physical Chemstry, Faculty of Chemistry, Gdansk University of Technology,

ul Nomutowacen 11712, B0-233 Gdonsk, POLAND

" Department of Process Engmeermg and Cheamcal Technology, Faculty of Chemstry,

Gilansk University of Techno logy, ul. Namtowieza 11/12, 80-213 Gdassk, POLAND

* Department of Physical Chemistry, Faculty of Pharmacy, Medical University of Gdagsk.
Al Gen. Hallera 107, 80-416 Gdansk, POLAND
*Corresponding muthor tel: +48553471410, fux: +48583472694,
e-1nail addvess: dorwarmim pg edu pl

Table 51, Expennmental densities (4 / kg-m™) of deep entectic solvents (DESs) within
femperntre raoge = (2931510 333.15) K and P = 0.1 MPp*

Tk DES! DEs2 DES3 DESs DESS DESe DEST DESS RES®
29309 1022122 01S.E28 LOI0SS6 PORADD SR (NT  SD4 M BALATY  GET.02% 704T

9319 1018488 1011.022 1007 0%% 90L084 SO AAF  ODORIS StHOM  0A3.ANY  OvARAN
LA 1014882 FOOG:ZI4. 1003236 001521 SEETOT SET.0M OS4EIS 030000 GelI4]
3081Y IDI12RE 100N 990937 GEEO0S 9EI0aY SERNE4 OM)L3TE 954410 ADAlD
3NS5 007721 J0DOBNG FES AN SBAS06 SRIA3I 9TRLGTS BMTO06 951016 PI6.019
MELS  I04I6% 997106 992136 ORIOZY OTTAIZ 975081 QUAASS Q49410 952410
ALY 1000612  G0N404 GME4E6 PTT AR 974300 OTINEY Q4202 SAG03  GdEN0S
32A1% 970N JROTOT  SEATAD STADOE 9T0.AD0 D8R 50d 93T EIE M3 kR 45187

[T 90ISIF  ORADM  SAOATS OTOASE  OET.Ol GEADIE 934475 OIRETD 41588
* standard uncertainties w are w(7) = 0.01 K. u(P) = 0.001 MPa, sld) = 0,35 kg-m”




Table 52 FExperinental viscosities (4 [ wPa-s) of DESs within (emperature range I'= (29315
to 333.15) K and P=10.1 MPs®

T'K DESI DES2 DES3 DES4 DESS DESE DEST DESS DESS

011% Naes ™ G555 5520 .64 43143 10138 7066 6021
915 Mo 6003 016 a9y BT EES ] TI34 EE. ] 4612
Ay 83T 4601 ELE- SL) 7463 26,08 ¥1.13 4170 a0 |
Jog.s  49e LLE 2998 620 33X 0% ] 3233 1799
iay mm mm LR 21 1 16.86 LN L 2601 1348
LV B e nmn 1927 1730 14 6D 1594 b § v 2113 1833
12415 M4 18.62 1576 1441 1242 11 6 2145 1725 1502
A5 W5 1540 1291 121} 1037 977 1918 144 25
LEENL I 12.53 HEE 102K L1 =} B30 o0 119 1074

* Stancberd uncerinmibies woare u( 1) = 0.01 K, 6F) = 0,001 M uiy)= 1%

Table 3. Expornnental refriciive indices (o) ol DESs within leuperature tange = (203 15
w3315 Kand 0.1 MPs®

'K DSl DESZ DEs3 DEs4 DESS DESE DEST DESE DS

29514 1.Ra7 1. 4T (0 11786 1473 ATT | AT 36 14708 1. anes
I9EES 14T LATI L4TEE 1ATW 14T Lasby L2l L4683 14677
I0NES  LATT 1ATAY 14TDE 14TFE L4703 LasTE 14708 146TE 1466
WIS LATE 1ATIE | R0 | AT32 L AGRR 14662 1 (0 S 12
ML Ld78Y L AS0R | a8T2 1471 L46T PASA | 4671 442 14627
RIS LATEIE 46RO | 488 |AG9T  LAES) 1427 |AE%E  |A62% 46O
3TFA5 LATOD 14663 14630 4680 1463 1L460F 14638 TAG0E L4592
JIRAS  DGRT  LMRIR 1622 (4663 JA6ZI 1A 4619 14591 1asTS
33313 L4G66E 14630 14604 [464T  LA602  LAATH ] 4399 [ 4570 pass

"Srandeed wicerTainties o are o 1) = 0.1 K 0Py = 0001 MPa uleg) = 00002



Table 84. Experimeital sound velocities (1 / nvs') of DESs within temperature tange T =
(293 157033315 K and P=0.] MPa*

T'K DESI DES2 DES3 DES4 DESS DESS DEST DESS DESS
293015 162386 166164 J681SD 1BAZOV IR0 ITRAAT  1GSATT  LeT44  ITOATH
MRS 160704 SN IS6L6T  IRISOT  IT91S  ITVRE4  163T2Y  |G6GO2E  16BT SR
335 159252 162924 16M9T 179188 177481 178LI6 162593 18A161  16T04S
M 157670 18li1R [8IRIE 1TRLIL 173D IT4RAS  je00e (6261 163377
SINAS 180007 18960 1A1NUZ ITRAeE 17402 17RO 1A0N01 181093 163AR8
SIS 1547 18804 19 IH912 17250 ITETE 15046 1WADR L6l9M]
32VAs 152 1SeL 4 15774l 1TAZSR  1USAD (8914 156810 1ATUO0S  eU2ss
IMAY 181284 13ROl dSH0.R1 1TEG24  168A37  1eTATZ ISMLY 1%i00  1ndg)
AN A5 9490 ISELTA 1S4 2  |699R0 LGY1E3 [ESA21 ISASTR O 1MIAeS  1SER9S

* Syandard Imcertaities w are w13 - 0,01 B i} -~ 0.001 MPa, wii} - 0.5ms

Tahle 83, Isentropic compressibilities {1 o/ Pamt) of 1ESs within s2mperatmre tangs 1
(29315 (0 333.15) Kand P= 0] MPa"

'K
293 15
2UH. 15
ETER B
30815
31305
318.15
335 1%
ITR 15
333,15

[3E51
3710
3798
ER T3
iste
4.074
4173
4276
4352
4492

[
1566
3,681
2737
3825
3520
4018
A1
1216
431

%53
3499
35496
3843
1774
5865
3,964
A it
A7

4280

LS

2983

2050
ER ]
1150
1164
13
307
FA%S
1 566

[¥ESF

3,067

EREL
3212
3,286
T
348
352K
3613

3.702

IES6
116
ERT
3366
1345
1423
1300
3596
3 68T
1778

157
3501
3. B9
ER
4,056
4157
4218
4,332
1.129
4,517

DESR
1688
2.THI
1856
1950
4044
4,140
4210
4.344
4451

3546

3632
3T
3810
R
4002
02
A.207
4314

*Stnmbird imior|mmidon wowro i 7= 000 K, ) = 0001 MPa
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Bondds sndjoe electrmiatic inberacthon. thus lneming e omeaic

mixture [ ], (85 have been reporied in many appbcatiom: w
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Tar, minch am metaSergy, catalysis orgame synthesi, Figuid-Rguid
miraction and niber separation preoea |00, Thewe neolrw
salvents have 1l been used For gas absarption, polymesr syathedis
Irirerann prexesing did druj sohshillisstion |1 0]

The evaluatinn of THESS s new genetation of solves Tor warlous
practical applications eawires sslficiens knowiecpe of their ther
mai and preysical properties. Thermal properies sech a1 meliing
[raind sl deromposition temperature help o estabinh Lhe operal-
ing ronditmns of the praces, Poysicsl propestes sih ds deniity,
viscasity, speed of spund and refractivee inces provide Infemution
wl maalecudar nieraytiones n ihe lauid thal are essestlal for iodus
Pl devioe design i well as peocris medelbng, Therefiee, & pre-
sent. many wudhes focus et oaly on the applcation, bt also on
e struceie and phigicus hpmical priges i of deep sulsoic ol
vens. S0 far, there have been a few reviews on this mopsc [ 102111
AL thee amree fiwe, the |beres ] of predaction of the plyaicochensical
prugerties of deep eutecns aolhwnly i bees inceesed, a6 deler
miming the UES characteratios By experiments-at all iempevaturs
I wime covmieming and qesily, Semin pwdely e abie to peedict (e
phssal peperties ol (355 naly from their sructwal properies,
allowing the repeetion of deep eufectc sabvnts with adequate
muperties sven hefore the synsesis wep, The most conmesen pre
dictive jechniques that have been the subiect of recend ieearch
riganding the phyucal peopeiiies of 63 doe grgip anaiile oo
bumsmn methaody {12, Lintl nowe, growp contribation methods hoee
T e ity o predice fhe crtical properties dd die scentric
tueBicient of pure DES |11 1415, In the libeatioe, dispts o
mndel alse depsity, tefractive indes. heat crpacities, speeds of
sound and surface fensmnd of docp eatecnc johvents ssng G
et can be found {IGTLITIA|,

b the List fiwe yeirs the primary oMty hive heen chesated 16
the physkonchemsal duricterzstion of DES eed oo alks-
iilamirers Ehat haeve a much Tegher (D abnarplion cajpacty e
othes deep eutectic sobenia |10 S0 far, nly derp eubectic 1o-
vents with mosoethanalamine [MEA) dethanolimine [DEAL
mtiyldimbunolemsing (MOEA] and manegropanalanmine (A9
have been smdied |22 Mialli eroal eporied the experni-
mestal vihern of denuity, visomity, verface ermeon and elctiee
Indes for fhe MAL combined with etoling chioride, tefabsatylam
musnium broenide and methyieriphenylphosphiom bronmbde | 200
Muranx| #i W presnied ibe desuty, vioosily and refeactive indes
for DESs hased om DEA |11 and Adeyemil o ol determsned the
vermal sadidlny sndl the phyelcsl propeyties wich & densty, vis
conity, conductiviey, surise eruen s pefrsctve ey fn MDEA
hasexf DESs coneamning chaline chlonde |27] Our groap peabdished
e wadues of demdty, viwoity, speed of sownd and refoactive inde
for AP base [ESs {211 anad this sucly bs an extension ol this work
Horwin, o sew' beles af BFSs contalning 24 methyianne ethansl
LMALY av bopdiopens band dosos | HIUDG and fetrafnty Linmondam
tenice (THAR] o trerabuiiammomum chlomde (TRAL) o
vyt tamenonium chlonde (TEAC) aa HBS wess prejpaned and
charicterizel by Fourier Tramdorm infrared speciioscopy (FTHEL
Thermnial progerties of the sy etz DSy were detorm ined uaing
differential scandwng caborimery [0S0 aisd Uhermig oy el

il o Mo ki | puti 170 L NUTY) e

analysin [TGA] techiigues. Tusic phrpvical properties such an fdes-
ey, npeed af wsirdd, visg anity and refrsciie indes wire medauned
.4 widde raenge of temperaiuse [ F93.15-333.15 KL The infleeno: of
gemiperatione, will chaim lpngih and molar catdo of WA bn HAD B
bern analyied. The cxperimestal vabues of physiosd propenses have
Betin coampared wilh the pledicied vows. Depeailing on the prog-
ey, varkoe e biods described i te Jileranire. including jprosp
oot Hinstion methaids were wied 1o model § The predictiee ability
ol thee agplied met i for derany, viscosty, sl veioeity sl
e refimrtive el of MAE-Bised DESS b been dncussed.

L Materials and methods
L1, Chemicafy and (0% prepasution

Tdhde | presenis the indommation dbon the chembcah unad in
ihis study. and fp | shows theld chemical sitmctures 2-
[ et Brylamminn ethanl. tetrsbay | assmonism hromide. ieiralsey -
Larmmisainim chioeide and peeraet hytammmmiarm oo e weere per -
chsed from Rema-Aldrich. Temabotylammaoniem chionde was
perifieid by dudile copsrallization Erom aceone |y aclding dushyl
wxier and the ochers chermicals were ased a8 receteed from the po-
duger, Al sales were drjed ender veduced presiiane. before e,
TRAN i 520 K for 48 B THAL and TEAC a1 2081 5 K for srverd | days.

The mme DESs were propared by combineng three different
Eeprgalbylemmestium salin aael 24 metinglem inoethasl 0 e
molar wati of 196, 18 and 1:10 HBA o HED, The molar rato of
138 wiarn e lormesl at wehich @ atabile DES coubd be obtained, Addi-
taitally, dipending on DES, ik mutectic compoition was m ihe
mrge of §:0-1:10 M zatios. thars i arder 0o inciode the effers of
Fmslal it oo e pharical prop reies of snalyved U5 &) |ipasds
waere tesied at the grven ranies. This o allewed compamon of the
et of Mpdrogen bosd sccephon o 1he propeitiey of DES with
huutmnh-i.u.lu.m preparaiiin was carmied ot by e,

amemnts of eaph DES comprnest (Mettier Toledo
ummmmnmmlnm-uu YRS K for | housil 4
homopeseaus Sgoid without amy precipitate was lommmed. The
wbitalned DESS. stable coluiares s Higuits &t v irmperaire, were
kegit in taghl botiles b prevent any contaminatson [oem outsde
amonphere (hat may #ffed the physical praporties of DES. Refore
Expierimei, U wabes comiend i DESs was meassned by the K -
Fscher Method using 4 Memer Toledo Volumetre Karl - Fischer
frator (WI0RL Tahis 3 prewrsty i wdloe aimg with e imolar
a3 of DESe. theilr abbrevimions, and the molar ratie and mess
v af DTS oo prssiin

42 DES chammsmznnan

22| Infrured dperosinpy S ity

IR expesimenis Bor lped asmples. were . perflicmed usiog
Jisci- 4 PO nestrwement | 4000400 o © wathe 32 scans, & om  nes-
whation: ascn Company, Tolys, [apan ] Thin fim method wing sl
(KB plases wam agpsleed by placing | drog ol the solutson an ene
sl plate. The speciiom rom i cles plate v recovded s i back-

Talsls §
TrovsinTr enl mew Ealion peiiry # B compni St
Cheniicd | wme S AR mambi i iad ey A miErhest Flnl eyt
i [harien’ -
T et iy Ermaieed |WEE] b Al HE-&3-§ -an iming
e e T S Allie a3-p8 Al e 5
Vs | bl iy || | TEN | g Al 50 A an -
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weraedinylamsirnum chicmds (TEAL)

Pl 1. Cherpisl ol st il e Hoks coppnipomsm oty ol o i iy,

Tatde

Th aislwwamom, T (. wwilil oam, M R e s sy eanes Bl e el ) S T

[ il iy Bl i ek B i iy e
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Lgmml ] igmal | trmul "'

s LRET ] THAS AT MAE Il 1 £ BATEY [T BT
(LA Tapaer] TR RELYP Mag i 1 L Lot wman i
(LT LTS THAS { TR ] MAL AT i It LETTE iR [
et an THAC maim Mz it 1 L] R T T
sy LR TIAE Fiain MAs L ] L] BIIET armiy IR
I [iE i TRAL FALAE MAL (=41} i L] [EN[AEY LEIAd [LTLEN
ST 1BETH TRAD TR MAE =i 1 & WIERE mAiE2 )
[ ] = ar s, FrIug MAz _an 1 L hEIn i (L ima
[ A IhAL Friay A LT 1 w I wxan Lo
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wrmnned amd gnadyaes of spectea wan performed usisg Spects Anal-
ym softwiann (oo Company. Tolyo, fapan Species of sold sem.

[ sulwirates] vere recorded using dey walt K. The matenals
1 g ) were coenpresied will potassten bromide (39 mg) b lorm
a disc, Anahysiy were performed ab 25015 £ 0] K

227, Myltimg, paing

Martiber Tobods Slar On Dellereniial Scanmng Calarmeter ( 1790]
wirs used [0 ierure the peitng poists of e synthedzed DB
The measmrmensy weee made snder parified nitrogen atmophes:
weith A flow raie of W0 mb-min !, with ssmphes of 10 - 1B mg
i im eLardand ahsminim juon. The DS equigenenT was i
nected to the STAN® dats scquiition miftware o dedicsied com-
jrulier. The heatog and cobling sen Wi i g d o Hhe
STAR" comsmle which ctrols the (5 equipment. For the meiting
el delenmiinats, a Deenpesature range frem 1005 o JUH15 K
wirt dedacted with 2 heating re of 2 K min ', The uncerminty of
e MpdsnemIent wai & 001 K

221 Thermogrieimieind minhes

The thermogravimeiric anslysls were performed using the TG
200F] apparatus fratn Netesch Gromp (Selh, Germany], Wieithind
sampley (appros 10 mgh were placed in & corusdurn dish, The

mwareEmwnt wan carrled oul i an ert g stmosgens
strrsgen with 3 flow rate of S0 mlown " a8 the mperature range
fromm 788 G 1O It 4 Deating e of 10 Kmin .

FIA, Denwity omd smned velocity

"The deniidiied and ite nosmned velogithen of Ui DU s i ween
abtained at differens emperatures using 3 digisad vibeation-nibe
iy (Arton Paar E9A 5000, Auastiia | sith proportioiel toimper:
nie conerol Sl kep e semgples df workdng fempetatue with
& donay af § 001 K. Experimests] fregee ney for e measare.
maeriis o the wlirasebe veliity was egual fo 3 ML The calibig-
Wi carried] sul uaeg doshle delillel deswined and
degaised water, god dry s 41 aeoupheric poeisude (0.1 P
m;mumnﬂqdﬁmhwwnmum

ankgm " and 03 ms | respectively,
335, Viscomliy
Thee wiacasiies of the D% were medared with a LYDV-10 Pm-

& Phrtmmatalis walee hakh {PalySceter G506, (5A) The diplay
ol the vscosmeter wad verifed with oenified wioosing s tandare
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W10 andd 53 provaded by Cannon &l 298 15 & 001 K The sandind
I nTY af Vil nuily sedauberent wad beter than 2 L AL east
thiee independent menarements were Liken lr each sample af

wach temperatuie o g reproducBiity of thi mesurenert

225 Mufrocsive indeéx

The refisctive mudices were sbiadised with s Abbe reltacomne
ter (BL-1. Poland) equipped with a thermastar for controllmg the
ool empeiatuns with an scouracy of 300 K The sandand inoer-
Lainty of refractive ndes megsarenien on tee oy scake was G000
Al leant theve independent meaduremenis were ken b pach
sample a1 each ure i gare reprodurcibality of ithe
PSR

21 Predivnen iethods of DEy physéiogd propentes

L. Denssry modeiiing )

Pewiliction of the MAE-bised DES denuily was performed by
arven diffesen] merthody deseribed birlow, The ton Risily applied
mindets, Spencer — Danner procedure 25| and Mjalli e ol method
|20 ) are Baved] on the Mkl equaiion | 74) Getsnraly, bl mod-
els require the nesdedge of the critical paramertens such a1 the
temngeratubd, the wolumse dnd the pressuse of DES Since these
qudmm;mhmmkhm
experimientally, the Modified Lydoren-Jobacs-Reid method |77]
roponed ey Alvires dnd Valdertama seemie o be an (rgortan
Tacilitation The safbsicy med Jobeck — Bebil equations fof the nar
mal bodling srmperanare and the or(tical fomperature, Additionatly,
|ymdery equations Tor e critical pressure sind criacal vadune
were imprreeed by thedt man modificasioms i paramees swolved
In epaatiom. it rembied B new method which g good b
Tor dfferes molscudes with bgh moleculis masse Agan aof that
the aritical propertes of nowd DI are fnd wsing the Loe-
Kesler mining edpastiom wijgeuted by Knapp e al |260]

Frediction of I95 demsity hased on the medified Backeer equa-
Hom wis emgloyed an lollows:

i =dyiT 1)
whisre paramener o i diefined da

s (=TTl = {1 =TTl (2
sl Sy, s thee specific compressibiliny Factor can be caboslaied

T

L]

- ()

T ewpuiatman (1) 1, ther symibiobs da Ta, ol Vs represt the

refiesente denulby. efenenoe femperdium and wiuesed ok ol
wme &t refrrener temperatmne, respecmvely, The constants @ amd &
aro oquil to2(T amd {170« (1< ¥/T0"|) for thie modificarion of
Spenrer aned Damneer, whiile: for the mode| proposed by Misdli o ol
by egual w1077 el | 524 r._-r..:"‘].

Gioing Rerthes, the diessity of the MAE-Ded DESS was poedicted
by the imertigatien porfarmed by e etrodiserd by Hagh
baddely et ol |29 The suthors wsed densicy as a davabank fer
149 DS &b sverald tetnperalienes Sil & genelic prograsmiiing aljpoe
rirham to detive & DES demasty predicisn model thar sses the oric
ical smpetature, criical volumse wid scenirse Dot Fiislly, they
alsisined B poueativn:

o = T, o AT o A0 oV, o T ()

where A and U ave the mode's parameters presemted in Table 51
Agother mthed of predicting e PG demitbes wan the
Teondiy-group isteraction costributon methaod ineroduced by

il o Mo ki | puti 170 L NUTY) e

Whoow et o [10], Flere, wach grostp and hownding group inseracten
(BCI) mabey it owm contriutinn e He deoaity of the DES
fe ol i

Thus the demilty can be prodicied by bdlawing eojuaton;

Tl - e .,“_'.. T
TR A AR

w, 2
T R T Ay e (BT T

witieve wy and wy are the mass fracsons of DES compommts. ad;,
] ey vy U coptrietion values of the corespoinding groep |
for domuity of (S componenm, A, As B, and 85 aro the nodd™s
OSSR dme] G I8 the constant that representy inferactions |h hpe
il cleregs euteiic solwsns,

Each parameeers pvolyed m presented mndels are presented m
Tafile T2 P MUAR - hawed (35 investigaled m i woork amly ane
boundmg groap intevaction. Le. (0H-NH) in J-[methytamina)
ethuiol malecule shosld be aonwdered and the values of Tad,
fior THAR TUAC, THAC and MAE soe 00457 DOHOT; DOTEE and
OMESL iipectvely.

Lawtly. the meifig e Mialii | 01] wiae applied fnr jeodietion of
e [ESs denmties it o 2 medel besed om rhe mass oonecary
et with (1w semi rmpirical eguaion as follows:

d=dy — CDMOSTRTEEST - To) 6

WETE Lo 18 Ther Many commertvity isaben of OES. cadoutaned om it
Busis of 1he pure EoMponenty Mmass cemnecrnity indives i which are
st aiped fom egiatios

i= ?i_; ‘ 1/ 'u"”'_“".l in

wihere ML anid & are the masses of conpected grospe mambers (i)
(]| neparted by Vaderrans o o [12],

v thhim work, thee s commertivaty indises o 2-{ methyaming )
athanol.  tetrshutylamminnim  bcide.  potrsetylansmsnism
rerrabnery lammenium  chiorde are  Glsained &5
03428, 1]1!1 LSITT anid 21515, reapertively, Correlatian with
enes Chloulated by mulliplyomg the sabt and MAL msss conmecraey
mmdices by thew molar quardities m the DS b preseated is Talibe .

Other known ad appled mesiels for prediciing densities,
wefractive indices, hoat capacities, speeds of sound. dnd serfsce 12n-
whans o viowel THSa im ks ik aee oot haoyds described
by Haghlsalkhsh et al, im 2000 013, Ths {s 0 group contrilsation (G}
il apemie costribiation (AC) denuity misdels which we 3 1779
puing datasel.

S5

The GIC hased methad b exprossed as:
= men BTN ) e Y00 (M) L
o = XA e SR (AL )
d = (ﬁf:} .H4 (R‘::)r"“ <1385 i1
while AL maded 5 a5 follews,;
o o 37 (A e (A ) (m
C T BUTET I 1) i

= (g':} = . (p‘l'_-)r T 05T (i
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wihwre Mo i the omilar mges of DES andd 0, 1dy, are the mmtn-
Diatins of e gron st of fype ol the OO and AL madel B
mhmmnwimdmmuw
dimm ol type ¢ in the BA and HID molecales, reaspectively, The
Aymbols Megs aod Mo denote the nonnalited numbers of mokes
TIRA i HBD- I thie study, thess wah mo need G et normabualion
ap ihe mambier of ppl of the bydroges bond donme expressed per
are male of b sccepime. The G anad A supersorips
shinw thie GC and AC imodel ype. iespectivily

2L Predction of viruicy

This visoasity of despeitncnie solvents prediction wal sinim et
Tty model proposed amd described lay Bakhigari of al |23 Rasing
o & databank of 150 D% and ) 308 dava poines and e knowl.
eidge of the criteCal pressure, crithcal sempesature, and one refer-
e whrmily dats, fhey develope] s it tiodd sapresed o

oo

whiere The cosszant A 18 refated se the orical pRessIne. P
.&:T—E.II! {15

anal e constant il depend an the critical lemperature, T, ac
= -1.55T |16}

I pabion: | 40, tee symibol 1y demates o e ety a0 the
referenee semprratine Ty

T ihae [35s vvestigated in this study, the el ce empens-
e b 2LE5 K

213, Predfuction of refrective midex

Four delferomt nvetheds weie used o predicn the MAE-based
D% pedeactive dmdes, bis this worle Fisily, we applied mode] deved-
oprd by Bhahbar e ol 117] and the authen applied e te nindas
rofractive | K of LS companents ciculaed by summsing thes
atmmic and srmactural contrigsnon parameters thar wene deter-
maimed |y Wil and Crippes | 54]. The iolar oefesction of DCSs
warn oltamed Iram the equation:

Ru = ¥ nlty (17

whwere v, and K ave the malr fracnon and molar refracton of the
HS componeni, and i valee together with (e experimenial
valsa of BES demity was used m clralate the refracve odes. by
Liwwwiz-Lawpng aqyiain

% - (553) w
where M, and o are the molecular weyght and denmry of DFS.
respeciivety

While prediction of relrsctive indei ler the mmpatents of
iwel DESs used o study, the omlar nefractions [Be) wee
fonmdd (0 b eqsad fo 21O, EXSET, 47557 and BEA43 M MAE
TRAR TTAC and THAC, respectively.

The sevonil meihod kit we tesled an e ability o peedic) the
S redrsctive iodex was bused on the onitical propertes smd
areniric Trar develnpad ty Tahereadeh ot wl | 250 b vie oded
e folbpwang equation was pEogosed:

1= Ay 'A'E oMl o Ay & Dim(T |

wiwee A A, apd I are patameten of model prearstnd (n Tabile 00

Galng Rerther. predictson of e refraciive index for nevel chie-
tide gl beiwtilde- hawed derp eatickic st we periormed by
e groep contribwtion model idreduced by Knajeh et oal | 100

i af Al Ligeidy P9 (I LE iR

Unbreturitely this method doe mof incluede Tromide- buned dep
b wdvest (hat have an amee groap comained in hydiogen
ord dosor, therelore, n ihis work, the mode by ¥hujeh o of
canaled b aved b0 predic) ondy the refractee Indiees of TEACMAL
] THAC MAE. The maodel geoposed by suthor wias s Sllows:

= E:kll;{';  DITTERNRA NG - DOMTT « LITaM )

where N, and CO, ave the rember of socurresees of ith chemival wb-
structuse | [uncthonal groip) snd e coiitbution of e i chemd.
il dubrructune, fespectively, T8 temperatnre (n K and FEA FE0 s
wilar tagen af WBA v HAD

Lastiy, we ssied the mothad described by Haghbakhsh of al {12},
i |5 madeled on group coistributzn and stomss contridtion. snd
asien 4 birgn datased of 1197 dals polnts from 142 D8 The GC
=] wan eagrEaed i

o= ) "M T 13608 ]
while AL msaled v an fnllies:
P T R T R T 5 i

In thits wirk, the sefractive indices al the pure tomponenis. were
caliciclaed wning [l eqiastinns analogian to Tgpasdions (1) amd 0]
winy the comeribision of pact) grosnamsm.

L0, Peslicriom bf apevel af sovmd

Generally, three methods were describel o smmmase the speed
i westynat of DS, wihiife twn of thers wirre applied in thin ehdy. The
first model was progosed by Peysevedia ot al |16 assd feguited
Imuwiledge of the critieal paramesers af selvend 11 was eapree)
-

&= T ITRM, ~ 20027} - 2811V « 25142 a2

T Besl Pev wpere sl on abois and gloup oo ntrisutien and
wern imtroclsiced oo e basis 108 dats ponti Ty Haghbakheh of of.
[0 ] Umbartanasely, due (o i [ach of NH group condnibstion data,
the GC hased madel could ool be used o prefict the spesd of
reiaie] o WAL e RS stusland im ihin wasrck, Mistoiaer, o tere
o data o the aemic oeiribenon of the emide oo, it wis
alsn imposiibie 0 model of the speed of wumd fod TRAR bhaed
(NS [[E51-DE53),

The AL hased mindel was expresrd a=

T % el )

where e aperd of ssuiil G e pare componests weire cicided
esing the ropuahons smiogous to Bsarions | 117 @ |13 usng the
Enmic cnhiribetion of rach som

1 Resabty and divowaion
1. TR characterioosuon of DESs

[niraed] Spectnoseagy My e wsed o anly e stanied s bod
Eor |dentification of molerular wwhratioos and defoermmatbemn of
chirmuical Bonds in 85, bt sso o o meams of [ndividual charaoes -
wetic inderactions af 2 similsr chemcal smactures [2036] The FTIR
wpectia of the snadied DISs ane sivowm in Dy 2 wogeiher with the
seference O mear 2 methylming ethanl wpectumn (black His at
P JL

Thee Bl i (e MAE spectum prosens typicsl regien of the
POHE I N st vilbeatings sang e [ 3900 - 3000 cin '), partic-
wlarly weniiior 1o the hydinsgen bosaling lncarnd o 3308 e " The
TS specira presenied mazsmum shaorpion of these niersctons
= V12 con | with TIRAIS salty [DES 1-3) 3378 e ' with TEAC
(S 4-6] wnd M08 em " with TRAC [OR5 78) s there sre
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Tluie-shifted eflectt alserved which mean 19 e of sergy
The observed frequency and imterssty vanatom foflow naneribly.
Inbevestingly, i the spectoumn of THARMAL the C = W sieching
wilmarioms af the O, - (M backbone b MEA were blue shilied
from 2943 m 3964 ard from 2957 to 2573 om |, respecsively for
DES 1= On e seciusd devivstives of TEACMAE specita bloe
shifts of band 2964 — 2047 e " are shsarved. 10 the studied DESE,
s othet: apeectimenpug effect on the spectrs die observed al e
ramg= | 1081000 cm ", The ot ry and af salt
influence i witible s the chanpe of band shape, In TRAKMAE spoc-
trums Aaitenoig & 1038- 1000 oo © S C=W stretching siwine of
ithe 3:10 siichiometry ssmple |pren) in more metieable than
far the 156 and 1:8 samphes becas 8 comieponds o the shape
of e MAE band [Flg 2 a) In e semple comtaining 1010 stok
chiomtry of TEAL:MAE specirem al 1055 o ' s mifluesced and
oo defimed m more eevsive ome al W38 om ' (P 2 bl
DES with THAC seemi o1 the wame o this reghen Siilsonited
= tending a1 064 om ' ol each DES spectrum i oo
intermapted.

12 Thermal propesties of DE%

The nbtained thermwl propesties of rhe wadiod P based on
2 ret vylasminn et hanod are sbown in Talde 1, a8 fe vales of
meing iemperauce, 1o decmposton emperdlure o 108
and 90 % weerglit boss, Tom 0nd Tap. #d IMATLM GEMPETF LTES,
T Tl 7 prostnty the D5 phots and Fig 0 shows the ourves
TGA with PTGA

120 Mirkitag poins

Dsffevential scaaning calormmetry = crucal for ebservng the
ol {ramuitin somperatiane of matenialy, S0 hay beon wed 1o
defermine the meiting polnt amd any solid stage phase (ramitions
in et presest of MAE based. DESA, Table 1 shian ihe melting
ey off DES5. (g 0 (abur) ilharmates D5 carves i the DES 1y

o it Ehires MOAHBO ratios @ (8] | 8and 1210, Cenayally. m
ment (urves there are doukiet formm endothermic prale. which are
aonybtered a5 melting peals. but i the case of TRANIMAE 118 we
o] 4 single peak of meting peocest Por ibe steded S
&l the melting paints were kwwer than for the pere componesss
al el 25015 K wihich ghvey e wicle ligesd range Clear
arystallization and medring peaks were stsereed for all tested
DESn. Mosorer, tae voder of meftisg temperniuses flr DES at the
s prasilar rati o the sakt o 2-methylansisethanol b as folloees:
TAB:MAE * TEAC MAE = TRAC: MAE, which teemm fo s that
the melting iemperatwe of wit may ulluesos Ve melting lomger-
awre of deep sutectic solvents, Besades, the highest vahoes of T,
e absrrvrd lor eiratetylemmaoniem bimaide hased (95, whach
T B greater tan Ot of TRAC, Mareover. the comparssan of e
meiting tempesaties for 65 contiining telraintylasmonizm
il {etrmet ylasamusiem chiorides keads 1o the oonclusion, ihat
e riplting emperadure of deep esectic solvends jiserses with
sncreawing carmen alkyl chadn engih in e sabt and T, of st nekl,
The same results were sbaimed (or DES with 3-aeminn-1-propanal
LI D curves are shown o e ), Additoasily, it has en
chaerved that the phise transitlon iemgerrattirss ohly for TRAB
178 and 110 22r present af wemperaure mear 250015 K Al deres-
muiee] el anw ghven in Tabdo 0,

AFE TReTmugron et iy INemes

Fig. 4 presents: TRA corees, Lr, the weght fom mearred m T
againsl wniperature, for the studied DESs along with teli paere
conponesl. In genecsd, tlee oo conslsl of Do aieps- the Bet
sheny the MAE decompositsn and the seomd ooresponds m
ther clegradation al the sall. Only fef TIAC MAT with e molar
ratin af HBA o HED of 1200 at il Jower tomgeralune |apjsns.
1T K an adibnusnal sep (v sharrend The eeanom aof thin sbwera.
nan may be eaplained by svaporation of water. As the waler con-
terd il 42 iy sameplis e TalaeX) weas wotry wimiilar, henie e
Wigher amount of water (n TEAC MAE (1:10) shewn i the TRA



B Wil W it | Lo o el Mt of Mbikoriki Liglals (P17 [S8001) 1000
Tke 1}

Psrrrrial £l tiesr it of brsted {008 dist MAW cirtmin fimss TG, 11T A don DOSC i ot cimmgion ik 1immi R R TR e T ——— ]
LLUTT AR TR Py TR BT T TE e TR N [ PR TE S 3 T T ST TR T TR T T P T e R U T

jLEY Tem B T | K Visans | H Wz | B Tl B Bl (K] Al ([E "] g L)
(] e L] iy [ 1] F i ] il
[H N Wi d TERn -y F_ ] m ARL sl Fe
nesy mnry ELLLY in i) =m m 18 e e
i MLl e I b Hecg F 1.0 -
i MIOE TR 18RI L bt N8 I, M2 -
e TAE HTT 1wnn T TR m T3 T .
JLER F | SOs0 L=d ] L IE ] ELITTh = X5, e
1l wra4 BELY anta L=l =107 241 dET 3% -
L) o Lk well ARy LA Fio) I M -
[TL5) 2 Tt Tty =
I ] 4]
i n
L L] am
% k')
oy N - s
o o e
E % 5
et i
! an =
e
4R
= e ﬁ & - .* .i x £l - - k]
e e

g 3 050 vurves by UES sualind | THABRMAE (DL - 52 b VLA AL 1908 4 -6 gl o) TBAL RLAE | ERES V-0 (bue softel Linee — 16, el denlied dbee — 1B, i digisil
e L SR e G & st nt e i ok i PSRl et the- weader w aslremed @yt et e of s amek |

- = = ] x W = o
a4 ) 1 \ -_d"‘n 1
} ' - i
i L I. -I_ I. B b ¥
l - | W) . 1 y I;
i i - 1 v i hs !
= ' i | .
LS 3 S sy

L]

]

Fig & ThAwwrves Ly, B b and BTG carves §dd, e fotbbdind by Claetmeanatormtivy o TS ] el ) TIAR REAT (1115 101 b el o} TRAC: MR iTWES 0-r £7 anil 7 THAC:
smy dnea dond

FREAK (S 10 i adila ey - 7, ol lmsburt L - 020, i vt B - 100 ek
ol i e e ciksr i tba B lepeeel, he ntades 6 elered 1 e verl weise o B aetln )

b -l iy et dtrvad Brie - ANAF | o mmmrrgreaion



B Wpiiplall M iieageidis | L @ o

v comdd 0 bve thie nossdn of meastaee abwerption. St e o
aphers wive this DES wan tranaleried w U TEA pan

A can be seen from the TEA plots, the stabsfity of ol DESs is in
bt dhust of thelr compomenty and the omlie of stability
MAL < OIS = salt

For [DESa with & ihnisr vates of HRA o HBD equal to 06 and
1190, the minisl decomgesition temperatire measured s 10 %
wstght lori | Tyga ] el Ehee frst significant peah of decrc e welghe
lonis v [ T ) changs accosig 10 the sequence; TRAR MAE «
TERCMAE « TBACMAE. wihile for DESy winle the mohar rane 108
e ardler of Tig s diffiereid, ds b TEAD MAD « THARMAR < TRAL
MUAE [ Tabide 1) intcanson of ihe entl of the decampoition = mes-
wuring B0 § mas lows [Tes) a0d the second signdcant peak of
ileriaiive weight how cwrve [To) Beiibin apprsed thae they
change regandiess of the mola o of HEA © HBD scoomdmy o
THARMAE « THACMAE « TEACMAE [Tabld 51 Tius, bt can b cos-
whaded, chun when DESy winh ile same nudar raten e comsdened,
the Bghrst thenmal stabelity, measued by Tow and T, & fom
fior TRAC:MAE, wihich in more salia than TEAC MAE. Momsver,
since e decomposition temiperature absersed for THAEMAE &
loower {han Bor “TIVACMAE, (1 can be claimyed that DES haved on
salis cuntainimy a chiorsde amon are monn sble than these con
tainmg & bromade anion. Obwviously, this correlite wish the
strengih of the bypdiogen bonds, with® |5 stiagger for e CF tlas
far B and this ofiect seems 0o be simeger than the efiecs of the
Al chain lengih i the wit because the deoomposstian bempais-
L oof TIABMAE is ey’ Dluais thad of TEAC WAL The exieptiom
b i ol ape (€S with & ol rate 178, For winch an imverse
T coredation lor TEACMAE snd TRATIMAL |5 oberond. As e
mmolar ratio 128 i the ewectic compositinn for TEARMAE | Tabile 1),
e wtronges hiylregen bivals aire edpected 0 thes anbeent anil midke
It e stabile, The puositeee eflen af the cobecthe composstisn. mn
i ihwrrersal kability of DRSS i sl sevn in DS based on e s
walt bl aliffierivyg im ther mnlar vt of FEA 5 HID (wee § g0 40 Sum-
mimg ap. it can be sald that our concleidns sne conskstent with the
bty plskaimpd Boe ] [0S showeing that ihe
thermal sability of DES incresses warh increasing fength of the
alkyt ehaln bengeh af it components and is higher lor systbemm with
wivanger Inysdrogem bands. intersctions | 170

11 Experimenial wulued of plysionl proserses of [N

1L Demary

B this siwdy, the density and other physeal peoperties of the
ileep euiniti sibvenis sudeas] were measarmnd s d function of (em
peramure with the ange of 29315-333.15 K amd at ambicns pres-

il o Mo ki | puti 170 L NUTY) e

nure. All denuity data ane presented in Tabie 54, Fig 5 depicts a5
ewdmpie, the obrained demiiss for TIARMAL TEACNIAE and
THAR:MAE ab & moler satio of I8,

An can e wern o Tabiks S, the expreimendal deminy valee
devreise with g rcesies iemperatee and the decreass i linear,
& shenam in Fip 5 Thes is ohinusly due o the Tt that ae higher
temipieraiar ey, more nlermwileculan vouls gre created. winch
imcrease o yiliems snd lesd fo o decrease 0 demity.

Mlorerver, e valiors of e DFESs density a1 the wime wmpees
e ard mole e of the sall o 24 metdylemane eeiana) e
Ralggharsl Do TIWAD el DE5 arwd Jimwsssd wileers TRAL plaws tie wole
il HIWA The same nrder ol density was fmnd by osr groug lor §-
ST based S consésting of the same salis. Le
TUARAF » TEACIAR » TRACAF [ 13] T Saill and Zhang yroups
s prsmitated that bmmide salts bead o denser DESs than chie-
s {2

T remelim sbibainet for TRAL MAE and TEACMAR arr alop cune
wsrnt with reports in the iteragure showing that the dengity of
D0 deoredanes wilh increasmg of chabn lengih of D or MILA
Parrinido et ol showved that the [ESs composed of glstaric acid
il ewailimic aid hawe lower donsity valsn compared m those
wtmerved for DES e oo oalic or giveslic acids | 95), Wang
etal reported that the density of erhylene giyool based (855 oom-
ssting of Pepraethylameisisn heemide, betiapopylenmioniumn
bromide and tretrabunydammeniem bromide were 11530 1010
il 0TS ar I K. mespectivaly |a0]

As the dienaity vl foe TRALMAD | THS § -3} ire higher Hun
e for TEACMAE (DES 4.4, thenelone it van eonchsled that
it packaging effects have & snalies nflusnce on the demsity than
e anion weight olfect [anion chinge destity relting fom i
LT 8

M‘Mmlﬂndrﬂhmlﬂn!&b!ﬂﬂl;ﬁ
alivey 1o claim that the DESS denty depomds ws (he HEASED
minlar mam. For deep eutect slvents hased on TRAD snd TEALC,
it demesify decreases is the content of MAE [ncreases. while for
TRAC - baneed 0% thve wiloct of the molar ra of B Iy e i g i,
Bt 5wl o that the InPEence of the amount of hydrogen bond
damir o the devlty of DES depends on the modecalar characteris-
sirn el MR (200 | P ekt ERESs. thwely demnity devrease ax ihe
amnoend o HIID incremses. Hewsver, in the case of THCS, whers thees
44 vy Atnociation between HEED melecobe, S me rees i den-
sty with the inirease in the centem of hydmgen bood Sanot was
almervel Alibott o of reported dessitles of DES) with difleient
malsr ratios of chaliee chloride to glycerod and found e the o
i amennt of HAD mcreased relarive o the @it the density
ancvmanedl (411 In the cave of Bt DES anabysed | (s stsdy, o 0
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ferent relationship borween e demiity of deep ramctic solvenn
el vbe sk et of B Lo HIBEH soemn o De velated b the des-
sty of neat BAAE The densities of TRAB: MAE [DES 1-1) and TEAC:
MAE (3% 4-0) e higher thaa thine ol 2 set el nn et haned.
wiile hee aderviilies of TRAC:MAE [DES 7-59) are sl (et g
epecially & lwer trmperaiures. Thus, when the amoest aof J-
Lrmethrybamino jefiancd b THABMAL [(BES 1-3) and TEAC MAE
[DES 4-§) increases, the denslty Sendd to that of MAE and
decrranes. in the caie of TRAC MAE [DES 7-9) dur i simdar des-
sty of DES and neal MAE. no sipnificant canges in densty ane
abwerved & a ol of changing the DS cempuaitien

133 ey

The vissmsbiy valises of MAL buued DESs aee i the range ol 17,
43 £ 3427 mPas ot A5 K (see Table 55 andd therefore ane
armorg e fowest af reenrded w G for DESs containing ethyless
giwol, ethanolamine or scete acid [40] Moreoyer. o the cae
of eahes deep eulsetic sobvents, Uie viscusity of TRARIMAE TEAC:
MAE and TRAC MAE docesises greatly with mcreasing lempetatune
|5 ] socording e the bobe theony, @5 the visoesioy 15 elned 10
e fros wolume and the pribabiiliny of Neding fobes o wsliilie
dimermanis nio winch solvent molecales or iens can move, ths
preperty depinds o te dire of te DES oonatifemis [46]) The
vakst ol vacowry o DESs iy aliag g ressl of the presenee of hydes
the (vl lvichasl componentn of DRS. Thus, the vistoally degionds
om the chemical mature of the f et prdar rathn, wates
comtent ared bemperabae |47 Aa whasen in Tehle 55 and Pt fhe
lowesl visciity values for [he shudssd systeny wiie abierved for
TEAL badien] DES [DESS-K), which & smadler iin sizr and whene
wikier hydrogen banding |s expected. o this s cansiaent with

i af Al Ligeidy P9 (I LE iR

termaiecular hydrogen bond network. the opposile effiect wis
sy ohierved, Ar the tomperahine of 208 K, the viscousiey of te
mistimes of chaline chloride sd ghycerol in @ molayr o of 124,
U3, 12 are 190, 1200 and 298 mla wiere sl reapectivaly (42,

Anabyriig seaulls presemted dn i i B Aoticed Uhal visoad-
gen for THARMAL TEACMAE andf TRACMAL &t 3 imodar ratio of
E ol DESe evalusted in ihis woek decredses nonbisearly wiik
icteaung temperatace, (Ewicudy, this & der to 2 aigndfcant
decrease in bpdrogen iiMeractiom with the iemperature fsing
el increasing of the DES compansnr mobdity. Thene aie Dy oom-
muniily wseti] mundels o stindy the effect of iemperanare s D5 vis-
camily, mamcly the Arrheons and Vogel-Fuloher- Tamman (VIT)
equations (510 The Arrhemaus (1) and VT eguabions (1) ane

i preiand an
¥ = epiF, AT %
N = npeplh T - T, =i}

whese 1, E. re b and T, are Biting parameters, 1y, & the vise
cemiby & pnfinste temperatare E, i the activatwn energe, R i the
£ comatant, and T & the emperatiee af Kelvin

Talshes o souf 5 pewuent thee paremeers determined (rom
the exgerinseimial data alomg with I and ol - -sgean desis -
Binis [EMSE) The otmained F, valees which are the bowest for
TEAC MAF and afrmiler for TRAB-MAE and TRACMAE cmafirm the
canciunsm pirented abirer, L. Ui higher alee of the DIES coimpa-
menis sl fhe sronger nderaction berwsen thiss, the bugher wis-
ity m abpereed

Comgarineg B and B values from Tasle & and 5 seggeats the
VIT peuation i move sutatile for Giing the dynamic vistmity

the hole theory (45455 Addmunaily, the sherter atkyl chains . "esuinn Similer weclusons  were  made by for other
TEAL might trsubt in weaker van der Walls interaction.
b b chserved that the valioe il viscoullies obilsioed boih g o
fior THABRMAE (DFS 1-3) and TRACMAE [DES 79) are samil Faring W e vy o iy bt
Thaeafore. it HIHMGHWWMMWIINWW' k] sl gt g v F 10w BI500) N el '_m
g off MAE and 1straalic/ammeniim sits, the alky] chuin kgt of =y prr g T - =
U dall fsan 4 greater influenes on the vacoily than ihe amon ey sl
eftect. [ L7 T ST i
Eegarfiess of the wif, vhe visomity of MAE-bawed DS il M i ] an
decreases an the molar ratin of HILA to HIVD incresses. This v dise gy ke 14 i1y e
1o 1he |ow molecalir mavernent caused by the decrease in the free De i Low " en
woburnw ol fhir sslvent with e compact driscture of DI (0], i :E :;; :: :: :‘ﬂ
ilar observations that mcreasmg the amount of HED medecss the = LA 54 o 13
vinmity of DES were mule [y mwst af the authors [ 11507 ). Hise- ] i nm awr? sl
vy, |1 wlwsule) e noshod, thai i the case of [ESs based on hydeogen oue wag i ousnm am
g doosors with & strong cobesive energy e @ presence of
-
all al h} . ¢
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dloshmtamine-baved  DES. e monopropamiinine-bawed deep Bty dernase wilh incrrawog MAE cimtend S all imvetigsied
ewhertic snbwmts | 13 Ess.

Conddeting the decredss i refrsctive inden with increasing

123 Refrmcive imdeic ermperatiee, i can be said that for MAE-based DES:, a5 with other

The:redcact v el ces otetained [ the 8% studbed b tis work  PUblisbd DSy based ae-abknolsmines such s monethasolarmine,

are presensed in Table 55 As cin e s, e vales vany om digtanmlaiine and T-ammo- | -propanel 4 Usear desrease o

| 4541 b 1 4607 at the seenperature of 20815 K, which is comis: -ﬂ-uﬁmu:u mhﬂﬂ‘ withs Imﬂ. . :fl-!'rlwm -n-.;.m
Lo with i resedrch conducted so (67 showeng (hal the refrsctive & um-"_mn,m? I“E.'EAL "':mmh’hu““ ml-“mhwp:
Inglices uf DESS are higher than molecular sobvens vach as ettunal 000 BN gl e vemeratuse range T s (9313 1
o acerame; bl virsilar i cnnmnn 1 50 DN E

Repardiess of the molar rase of HBA o HBD, the refractive
Iniices &t a jven lemperaters chamge in the order THAR
MIAE « THAC: MAE « TEAC: MAL Therelare, it cam be conefiaded § ha
In the case of MAE-based DESs the main facor determineng e 334 Speed af sand
refractive mdes walues B molecular wenht of anheeml. Moseover, The speeed of sound data for the e red MAL-tased DESs mes-
thils abservation & in sgreement with the order of refractive indboss sured at dilferest temperatwes are listed in Tabde 5T and pre-
bl alewed fe DESe difleiing |0 the 0L WD mwlsl ratin, becapwe  wenided i Pl 0
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A can be seen, ibe speod of aound decerases with indoeising
temperature. This b becmise sound waves ravel dlower in e
demne maedal Moreower, @ with the demily and refracsie
imiden. 4 liidar reldtionhip betaeen the speed of sund and 1om-
rerature i observed. Smilar vt were obstained by O snd
Sadeghs b derp euieone sobeeors hased om cholime chisnde (571

Al a given temperdiure and molar mio of @ o -
{ methylaming eehanol, the speed of souml changes I e arder:
TEAL:MAE = TRAC: MAE = TRARMAE which is oppasile with the
onder of mefractive indes. Theiw it can b concluded that the spood
of i of NAE buved (55 abio degemds mainly on the molecils
wenght of salverst. bul malile e refractive s i1 incTeses with
Irn walue.

Besbies, the speed of sound of e DESs studied, stmélardy o
T b in rekaied = ihe molar eatio of
HA o FERON, From Talds 57 snd Vig ® clesdy i seen that for o
deep putrric sobvenrs speed of sund decneases. with incrrasing
of malar eatlo of BMAL,

14 Proeficsed valiees 1f physival propersies of DG

FAD, Dymicy

for the DESs invesmgated m this wrudy, the critiesl proporties
otfained with the Modifled Lydersen-Jobuck-Resd |17 method
comnecied with e Lee-Krsker-aviabog ngestion by Kivgpgp p ol
|28} are presenied (n Tabde &

Tatile T ahown the obitaimed values of slmalule sverage relaine
denat | [ RAARDY) hedwerr i thee oxperiinemal and goedicied des-
siies of the studied nowel DESs based on 2| methyiamineethansd
Thir eeuuii for a8 devin methads, desceitoed in e paragraph 2, e
ab presended im P 5, which shows the experomentad and mind-
elod domsities foe OF% with the molar ratio |8, For sibuenis with

;::Im Ieetwmeen the caperimentsl and predoel values e
el

Rrwubtn presented in g 5 oeeweal that ihe demary vabues
abtained by e misdels proposed by Haghbaldsh o sl [ 1224
(ram Both hased on AC and critical properthes ) snd bou e of.
L] are everemrmaned, wile for ihe remaning madely ane aaber -
Etimasel. Moreover ol caculanens ndicate that il madels,
el ibose prapised by llaghbskbah el al, wee able o rapue
the demsaty variation oormectly werh increusing HEASERD molar
ratln, ;

The methds hased on e Rarienl amation by Spencer anl
Danner (5] o by Ml |20 ] and MO baied model have los
AARD wahurs betwern ORT 3 - 12 % 0.0 % - 25X snal 0004 X
— 10 %, respectively. This, these methods are charsciernioed by
Jmmﬂmﬂly'd‘ﬁnﬁlmrd‘wmﬂihlruﬂld

tal eirence dennity dats amd fhe cretical propertes of DESH, which
2 huge disadvantage. The 861 | 30] based moded and 1he metfod
Bunirdd o GO gropoond by Maghbakbaly or al [12] alies 0 obiain
wabues oof TAARDY gual 16 1 3% SO N and GEE L - 13 1, resper.
wwely. Therelnre. bath modets haee good predicring abiliny, smilar
B0 i ety discesed dbove. it B0 nol requine sy expen-
metital dats The lehghest AARDY wabues aiw far the method baed
o cratacal properties dnd AL bawed iode| progoaed by Hagh-
alelushi e gl (RO § - 13 % and 11 % - 46 %, respectivedyh
Summmarizing the obesined AARDT revobts for &l demidry pradic -
ian ewethiods, it can be concluded that m the case of movel D%
Eased o MAL i we do not have sy experimentl dats, Uhe beit
medhids are the DG misded and e GE made] propased by Hagh-
Bkt et af. Hiowever, if we know e cemsily valee af ne [2mper-
aure at heaw, the Beat devnaty vales an sther iemperassnes mght

e encilae st of HBA bo | B0 equal bo 100 dad 4000 slisly rels B datimated waliig et AO-hased methiod

Tl §

Ay geerge relEr drmanny CEASAD) b each el poet oy presscyo of denery vauey e DES e m e sy
[T LAARD pETTES ey LARRLIM LA pry=Tig AR
s oy rr L] 1A i Ll 3}
[l L] i 13 wi (K] L] I i
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Fararmesers A aod 7 of thit mode] (e prodectian af e vicdgity
proposed by Bakdayar o al. |15 were calculated wsing the eritical
propertes given B Tebic 6, and their valee dre prosented 0
Tl 3.

Fakle 1 shows the sheained walurs of tolstrer deviations (KT
and dbrolele geesage relitive devidlion | TAARD) i ieengeeratute
range 208 15-13015 K As if 5 presented, depénding on DES, 5
AARD warien from 5.4 T o 16 L which i clee o the ghabval § AARD
vidue | 1K1 X | prowided by the ssthors of this method | 17| Regard-
lews of the bemperatione amil composiison of slvent. e predicied
vilues were overeitimase] comgaied m the experimentsl anes,
and the THD increased with isoreasing temperanae (ser Fg 5)
This obsereation sagyects [hal his methiod has beie vosity
predicrive ability & tomperatunes close 1o the reference empars-
ture, The relatoahip etween the malai et of HEA i HED
and the visosity of DS was swmectly madesed by the meethod
Hormryer, wnoe the calculsiond vilues of 5 AARD excred the wvimrms-
Iy ki P une st S i pracece, e imodel divel-
upesd by Rakhiyari o of does oml appear o be suitable for an
accurain euimation of MAD-based (85 visoeing. O the other
side, o the predicied values mainiain the wiscouity oeder for
TRAR-MAE. TEACMAE and THALMAE they can be el 19 seloct

il o Mo ki | puti 170 L NUTY) e

an approgriate DES from among the studed sohoemty o a 8 peofic
applivatan,

TAT. Refivactive mdes
Tabie |0 shows the alssduty serage relative devistion (T
AN Bor the calculated refractive indices |0 the temperaiure
cange 758 15-TF115 K The results are abo presented in g 3
wchiding beh the esperimennal and the predicted efractive
bnlicen: oo MAE-based DESS with the molir rarso 116, As can be
sewvl, the prediated vahies calculaied using the madels propised
by Talwerzacheh ot al | 15 | anal Haghlsakchaber 8l (02 ] are bigler rian
v paperimeni valises, whille for ocher models they are lower,
Mateorver, our csleulations vhowee tha) (e models propossd by
Suahinar et al | 1] snd Tahersadich ot ol | 15) were able b predice
& dotrrane il refractive ingles with s incorase in the dweler fat of
HBA 10 BERD, winile cthers have not caphued thas eelationship.

The best LAARD value (000 % - 0129 %) wietr obldned waing
it e i mahaoed By Slvahbad of al. e major deawhaek of this
et i that experimenta demsity dara s reguimed (o predicn e
meiractive indien

The methods proposed by Taherzaceh er ol [135] and Khapeh
et al, | 18] are charsoeroed by simidar TAARD wadues (0032 % -
OE] ¥ and (L1T X - Q7 & respective |yl and the adventige of
e mrudels b that they do not reguoe the wse any of amy exper-

Talds 0 imental data, Tecause ety s based dolaly on critkcal progeeriies of
daliwaml vt 1 & el 1| it ol 1110 widad o s mstl o) coniribution. Howeve, d5 weiften dbene, e method e
[ , ] pereel by Khaje® et al conidd mint be ased for alkemmlamine. baeed
U5 that coitain THAR
s B i
Ty i e The CC and &C modein Iy Haghbakinher o | 12 hiee
(LT S ninan L] e il i TAART) wishiry (20N - A7 T amd 108 - 12N, ronpi-
Inmd L ETET] teely | and tserefure they ave chazac byt st refractoe
i iy b a3 ndan paediction ability
s ] L
e i s I sssmerary, Ot el preferied soded for prediction of refus-
e e - tove imficed Tor moved MAE hamed [ES4 in that intmoduced by Shahe
ks T -0 Ba gyl bt i the sbsenoe of experimemal deta on density. the
meethind proposed by Tabereadel of of should be recommended.
Talshe
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Fig. B presens the asrelanon between the obained expers-
meistal et anid gredactied spedd of sound values Bir noved MAF-
Iz} [E%s ab @ moler ravio §#, Semilar elatiomhip betvwees
the duperamentad and prediced values wene abtained for thew
DS, it ook v of HEA b HED af 146 snd 1000 0 Table 10,
the abmalse avwerage sriative devisnons (SAARD] for cafoslamsd
apeed of soursd of all mustures i the femgesatune fange J015%-
FIL1S K ste codlectedl Our caboilstions ibow thall both models
temds 0 serestimate the speed of smopd for il DESs sudied
Mosedyer, The methil based on e critlesl properties and e
imiethod homed on spomac contritnation captored the negative varis-
by ool haa o o i) vidhars Wiich Bt i, bt Boih Falied
1o predicn negative vanslity of i and MAE content. The RAARD of
the first maodel sanges from 2.2 % o 13 L while fixe the second
masdiz] 1 b b e g af 20 8 - 28 L Thay both modeds have 2
high LA, dEhough the model intrexluced by Peyrovedin of al
|15 is miech bemer than the mdel prspesed by Haghbakie
efal |13j

A Condlunions

I i work, expermental denuty, visosity, refiactive inides
apdl soumd veleekly b desp vulectic slvents based an T-
{ methykamind jeehanol have baen Teported @5 8 Rinon of empes-
At al armopheric pressure. Hydmgens bond socejiiue i e
nimdied (% were temabuiylammoaium beomide, tetract bylam-
moninm chlorde and setrabwylammeniem chionde mised with
WAL | deferent wyodar eation of 16 FH amd 1000,

Specirostopy mMeammements confiemed the ydrogen bonds
Interactions between compomenty while thermal properties sih
as melling podngs and thernad siabiley of desp sulectic solvents
wir direcsly influencad by cation akyl chain Tengih in e sal
The reaurlis showwed 10t for demably, iefractivg |nie and speod af
sound & [iesl negative correlation  with F Wk
abtained. while for visouity the decmane with temperaturs wa
exganemial

The demlty of SAAE- Based DESy devreased with iscreasng chaim
lemgib of ML 00 HAA but his effert was o tham the effect ol the
anmn veesght When the amosmt of alkpoolamine im TRAR;MAE
(DES 1=3) and TRACMAL (0ES 48} mereaseld the donmity
darreasoed For THAC:MAF { DES 7- 0} dhe ta (e wimilar dessity of
DS amcl rerdn MAAE, nio signi feant changes in density were b reed
&b @ revild ol changing the sl composition.

The kel viicosity valees Tor phe stificd dyatems wees
abwrrved o TEAL -based OFS (DES 4:41), wivich are smalles i wipe
ained v here woades hydrogen boading is expected. Thas, in contrass
taibrniliy. the aliyl chasa letgih of the MAL baied DEfe wilts s a
greater nfuence on e viscoary than the anhn effect, Mareover.

i af Al Ligeidy P9 (I LE iR

of the dalt, the v ouity decrrased o the molar ram of
Riy HIHD (e

The refractive indaes of the sidied DESs. varied scconding we
TRARMAE = THAC-MAE = THAC: MAL soxl decrraned with the
ey el | Al Contesd in (e nrixiuce. Thied e sadn Lty deder-
mining e sefraciive mdes of MAL hased DESs 8 their moleailar
welght Thie speed of sound of TRABMAE TEAD MAL and THALC
MAE abe depends mainly on the meleculsr wesght al the miatre,
Bl anliie the nefractive indes i creases with b valie This B
cearty ween both m the arder of the speesd of sound for DESs with
iiMerenn sabin end for DS with the wme wils bul & diflesent
malar’ rate ool HEA o HilD,

Mareover, models availabbe i the laeranere were used and
wwdbiatmd for geedivnnm of Bw physaochemical prepeses of wud-
wd [¥%s. The sesailty obtained in this weork indicate that for deep
e s vends ased on 24 migtylaniino erhamsd, inthe gbsmce
wl any sxperumenial data, the bea modeh i denailty predicoon
@ the bonding powp ineaction comtmBution method and the
Rrouj contribaion sedel For msdelling of ishacihve indes. a
methnd based on ontical properties showkd be wed. However, for
winenaity ar weeed of suumit, the neethods weing oritical privperties
din not sews smitable far an sooueme e masion of tewe progernie
for MAE bawed [ESy. The same effect, e 4 higher 5 ARD valur
i e messiremeil usmeiaaties lwnd s opeatice, was
abtained for the siomi commbupon mesed predicting the speed
of sound of the BESa abudesd. Thum, the ieiulte indicae thar new
milelbi that will be able ts predicn visouty snd spesd of somnd
of dlkasalammehased €S2 with lowerr TAAKD are worth far
il
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Table S1 Parmmeters of model proposed v Haghbakhsh or af [1].

ParEmeter valnes

Ay =1, (000 111

Al 0,02 566
Ay 02376

Ay - 0004 a7

B =L, OO0 64

Table 52 Parsmeters of model proposed by Hon et al [2],

peramneter  valnes

Al LBk
AZ 1.0601
Bl 0, MKp3E2

a2 -0, 000672

(Fr O.000p0342

Table 53 Parnmeters of model proposed by Taberzadel o al [3]

parmmeters  valies
A 00817
Ag -11.625
Ax Q00227
A L3668

B 2589




Table 54 Expenméenial densiy, o, of deep entectic solvents within tempeérahuwe range I'=
(293,15 10 333.15) K and P = 00100 MP2* .

T'K DES1 DESL DXESS DES4 DESS  DES6 DEST  DESS  DES®

i / (kgem’ ",i

315 2E6.1 ¥75.0 9733 9389 Q560 9533 939.6 Q03 0
20815 SE2A 9Th4 w6 9353 9314 o502 362 9368 36.4
0313 s B 0.7 9639 9320 B9 W67 9318 9333 9329
JoE 15 752 DET.0 62.2 s 9458 LoLE ] 83 q199 193
LJEEE] SN L LR et M50 e 9105 9259 q26.4 sy
3IRLF TR L ¥R Lo e Q3R2 pase 115 119 Ltk
32313 i 3 559 511 938.1 47 93213 9181 R L A
J28.13 a7 22 7.8 346 g3l uaT wie 9138 b B
LELE S LA | 4% 5 BL56 9311 9276 9230 L) 2 9114 SI1.4

* Standard uncertainties u are w(1) 0.01 K, u(p) 0.001 MPa, wid) 0.1 kg'm *

‘Table 55 Iizpenmental viscosities, p, of deep atectic sobvents within temperatre range [
(293,15 10 333.15) K and P = 0.100 MI",

TR TESI DESZ TIRS3 TES THESS DFS6 DFEST  DFSR TIESe

R TR
293 13 2527 5551 Jrss 2370 21 8% 2050 A735 34137 24949

0418 12 1T pLY =) 1478 174) 1874 3427 2813 224
30315 F. N 2182 i) Bl 1520 1433 1353 nz 2075 1R.46
30818 2018 IT3E 1621 1245 115% 1136 2109 [5.2] 1512
LiENL 17.54 1413 RN 1028 100% 9.57 1715 14.13 i)

31815 1407 1159 10.63 BTE B3S 7892 14407 L1556 1144

LA 1164 564 482 136 719 &30 1178 2.50 893
5IE 15 T L] A2 H2¥ 5T 5AS5 1035 T84 TR
33315 BT L] 631 541 4095 457 958 .50 648

* Standard uncenainties » are w71 <0.01 K. wip)~ 0.001 MPa. ufig = 2%



Table 56 Expenmental refiactive indices, ap of deep eulectic solvents willin lemperature range
T= (2931510 333.15) K and 2 = 0. 100 MPn".

TR DES! DES2 DES3 DEs4 DESS DESG DEST  DESS DESS
L]

293.1% 14618 14583 LAs60 b45Er 14551 L4510 L4STI  L45H L45MD
b B R 1. A6 1A%8 1A% L4842 Ladll LA L4551 L4535 L4504
Jod1% LasgT 14547 14524 L4526 14482 14T L4338 1430%F  QdEZ
08 1% 14570 14529 L 4% L4508 14478 L& L4919 LHBE L4468
niis L. AES2 14511 1A4RT 1A490  LA485% LAY LA%02 LHAT 0 1Aa4e
3HB15 14537 1 A485 IR o 14474 1488 L8 LH86  LH4e 443
12L1% LAy 14479 L 14433 1442 L4MS . LM80  14H27 0 LD
JB.1% 1.4%S 14483 1 4434 L4439 14397 1401 LSZ 0 L4 L4der
EERRES 14481 AT EAA 1T L4421 14381 4345 L4430 L4383 43T

*Smndurd uncertakaties U are o/T7 0.1 K wipl  0.000 MPa. wing)

0,0002

Iable 57 Lxperimental speed of sound valnes, w, for 13153 within tempermnture range '
(29315 w0 333.13) K snd = 0100 MPa™

T'K TFSI DFEST TFSA TFS1 TIESS TiFS6 TIERT TIFSR  TIESe
T e

20315 1497 % 1932 1484.1 15913 1ladx 13M4 15214 ISled 131
20815 14820 1me7 1ATRS 15656 155000 P3R40 15058 15000 149786
RlE NS 1166 1464.1 11628 15501 15348 15223 802 MBS RO
ngs 11513 18187 14475 18347 15195 1407 M7 MGRR 4663
F131% 14358 14531 14519 15198 1546 4919 14590 14542 14505
31K.1% 14207 14178 4183 I5043 14¥04 76D H4ME 43ES . 14350
32315 14055 180265 1012 [EELE 14741 M&lLs  MIB6 3G MIeS
REIS 13905 13873 13559 11738 14388 163 14135 14083 laal
nis 13734 137213 TEpliK.] 4587 Ja46 4L 139RS e 1388 5

* Stamchard uncerimmiies uare ¢77=0.01 K. sfaj= 0001 MPa, s =03 m-s"
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Rezearch Article

Bartosz Nowosielshi®, Marrena Jamrogiewicz, lwona Cichowska-Koperyfiska and
Dorota Warmifska

Comprehensive evaluation of physical
properties and carbon dioxide capacities of
new 2-(butylamino)ethanol-based deep
eutectic solvents

It ddem, g L 1S A MUGLALIR

Absirac: The aim of this research was tp assess the impaci of the companents of allkanalamine deep ssieriic
solyemt (1E%) on the physical peoperties of those PS8 mhel thislr curibon dioeide capacity, To achieve thi goal,
narved doeg emertie solvents were synrhesized by using 2-(narylaminelethansl (BAE} & the mirogen bom dommr
(ED, wlong with teernlsuryliommonium broside TRARL vetrabutylymmontom chisride (TRACL ar teerasthy
lnmmenduin chisride (TEAC) a5 the hydrogen bond acoepiors (HEAbat vartous malar ratios (046, 148, and ©0) To
canifirm the presence of hydrogen bond imeraciiomn between (he components Toarler Transforni nfrared
SPECUTTSCORY MeasureEments were conducied. Furthermore, thermal peoperties; incuding mebting pammes and
thermmal talslity, of thews divj eutiic solvents o well m oy phyikesl propertion sach s demity, vaeoally,
refracrve indey, and sound veloory, within the remperanare range of 2931533015 K and ot 2 pressure af 0.1 MPs
were examised, The effect of the molar mitlo af HIA to LD, the rype af snion. and the lengih of the allgd chain
were studied and analysed in regard to plyviiochemecal propersies. In this work, the sstubifity of carbon dioxide
I THESs gherived froe 2 (Buiylnmdnobethanel, Sanminopropan: |- 007, aml 20methylam innbethamol (MALD was
moasured. The highest 00, capacity wis ound for TEACMAE 108 DES charmoierized by the shortes alkyl chain
lengr b Dorlh FBA and MAD molseube thie bighes amine content, st thie kewest viseasiry. Addinomally, e
effed of water addition on carbon di oxide solubility way explored The results showed that the infloence of water
an OOy solabidity waries with the type af DES. In geaeral, this work highlighted that D5 cen serve m elfectve
midiz for carbon dioeide captore. and their performance cen be tailored by chaning the type of hydrogen bond
scovptor af danar, thelr malar ratio and by the nddim of waler

Keywords: Ibuiylsminoethanal, allkanolamine-baoed DES cabon dinxide capeciny: phisicsl properties:
et eyl nmsmo i sl thermal sshillty,
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Introduction

in recenl yearn, denp sulects: gobents IDES have garmered signifiean anention as promisng envmnmestally
friendly aliernatives to traditiomal indusrial sobvents. This shift is driven by their potential 1o redurs emiran-
meral pollution and enhance process efficiency. Theso solvmes exhili excellent properties, simitar o those
presnted by to iomic liqueds (ILsi, such as very low waper presare, noo-lammabiling and efective solvation
capnisiiien for variom compounda’, Fusthermaee, DESs affer soversl advamtnges ovor eonventional [Ls. They ane
iodegradable, less-soxle, snd compurstively eost-effective and vasy 1o prepure”. (05 cam be reatliy synibesized
with lugh petriey ard typdcally condst of vwo or S compossnis i can intnrect threagh ndragen bamds and/
nr elecrostane forces, resalting in the formation of &n emectic movmre”. BESs have fund spplications acrmss
wikilois Aolde, inchiding metallergy, calalyas sgank synthess, lgultligidd seroction, and ol soparation
processes, " Thise mnovatve soheents kave also been employed I gos absorpsion, polymer synthesis, binmass
processing, and drug solubillgaiion, 4

Recenily, there has been p metbie smphasis on the physbcochemical examinomon of DESs and their OO
eapacity, parteuliely i licarporating amines of slRaiolapilae aie pat (680 setesve snimbsilion. Thew
DESE exitihit # comsidernby greater O, absorption eapacioy than other soivenn.'™ Besidps tempersmme, many
Bactors cain srfluence th corbon diexdds wolubslty (n 85, One of the most important |saies (o consider bs the fype
of hydmgen bond donor (HED) and sooeptor (HBA) and thetr moler ratios.” Sarmod ot al. performed shass on
carbivn diiside solubdlity DS composed of THAR and vthanolomine, ™ Thisy e thin ehitiging the malsr
ratlofrem 15 b 157 increased (he soluliiey. Pisheo of sl siodied (e elfect sl the syl chain bemgih of smine-bosed
iEss conjagated with monoothanalsming hydrochiorkls (MTACH on 00y bsorption ahiliey.™ They obrerved
neTease in earbon dicodde selu biliny with an inceense in ko ehain kengh n HED molecalo. Ja e al. svaluased the
effectof amume rype on carban dislde solidilin wsing 0 compesed of potssum probnate or glycnate as A
and monosthanelamine (MEA), disthanolarnine (DEA)L or methyldiethanolamine IMDEA) os HRA. ™ They showed
thant regardiess of HEA used, the solaubilices fullowd the order af umine primany » spoomdary » tertiary, Fffennn
results wore obtiined Iy Bark of al" They combined treshylonetetramine hydrochlorids [TETATD with MEA
DFA, or MDA 10 form [ESe with high CO; abeorption copecithes. The hghest carben dioaide solubili e were
ohaerved in tertiary amines while the lowest in primary smines. The bess resulis for MTTA-bassd DS weere
explaimed by the increase in the rete of carbon dhoxide solubility constant when tertlary mmines are bisnded with
lower-srder amine moleoles, in this rase TETACL which played rols of HiEA,

Thee effisey ol water onatent vn the sslubiliy of carban diesdde i [ES wa invenigated anly In 2 few sudies
and |t was established that it depends strongly on compaunds of which deep satectic sobvent i formed of. The
rewiles for TIESs besedd on choline chloride (CCT ahowed (hat ersasieg water conbant reaubs in decrensing CO.
saluhiliry, " Fovwerer, results obrained for amine-bosod DS shows aither befuriar, Trivedi o al, reported tata
wirinll sdelitian of wster' (g 0o 10 %) bn (MEACIE[EDA) with & 13 inalar atio syates can Linproue carban dkoxlde
salubaly, bur further increase in the waser comtent resulis in o redwction of solubiliry,™ Anvwer eoal sudied the
effict af witer sddithan on e solubliity of CO, b Chil-based 10 S combamed vith smbnes including MES, DEA, o
MITA™ The results showed tht in cose of primary e sscondary amines, namaly MEA- ond DEABased DESx,
e et bom o 5 vt wanter results in dieg in cerhan dioxide copacity. Hewever. in the oave of MDEA-based DESs,
an inersase kn CO sabulilaty wis observed, 1 was pssociaied with the tertiary amine MDEA forming bicarbanoie
dhuring OOy caprure. inieresingly. further addicion of waier 1o 16 s and 15 wo resulied in higher absaepon
walues in case of MIA snd DEA-besed DESS compared to pure DES In the |itersture, sarisom pofentiol mec-
ks far the {mpeey of water on corbon dlavide sedubility hive been propossi. 8 e ol suggestid hat the
Teduciion in carbon dioxide solubility with incroasing water contemt could be attributed 1o & decrease in the
cfigerar addom of neteor reectaiie ™ Mbnmeile, Shidklas of ol theorized that wittor commpsetits with CO, for (e active
wliea within deep sutectle solvents (hereby reducing 00y almorption.™ Howrver. I our opiakon, the incrsdded
solubifiry of carbon digxide may result from o weskening of the mtermelecular (neroctions by creating new
interactions with S und bence OO, o react with BES mare efficently,
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I this sy, we have devsloped & novel sories of deep eutectic ssbvenits by incorporsting 2-{butyismbned
effiinal (BAE} iz the hydrogen bond donor and using tesrabutylammonizm Sromide (THARL teraburylammo:
mliirn chloride (TRACK or tetrastbylsmmonium chioride (TEAD as the hydmgen bond scupioe. Thess DESs
were chirscierised through Fourier Trunsform Infrared spectroscopy (FTIRL The thermal properties of the
ytiesbond DESK were svsesied by diferentlal scamns g eabisrinuetry (IO and ierimogravimetric snalyis (TGA)
techniques. Additinmally, varioes fiedemenal phystcochemicsl properties. sorh 84 density, speed of sound.
wiscoety, and relTactiv indox, were messured over a wide temperatire rangn Q93,15-32015 K, We conductod s
omprehensive analysis o mvestgate the impact of tempersture, the length of the sait chain. and the molar ratio
ol HIBA o D, Thisanlysi vwa thim campared with DESs provie |y staliod by our reseicreh groug, whilch weie
hsed of Jaminigropin--ol (AP and 2metylamisnlethanol (SLAE)L™ Furthermore, we sximined the soli-
biliry o carton diagide {mthese DESs ming gravimenre method und sxpiored te e focs of alkyl chitn lingth, e
type of anfon, the arder of the amine, and the infleence of water addiron on cerbon dioxede solubifiny.

Materials and methods
Chemicals and DESs preparation

Table | presents the informathm aboom the chemioas wed in this sudy, and Fig. 1 shows telr chemicsl strc-
mres. Hborylaminalethamol, aminopropan-1-6l -{medylaminaiethanal eyl ammanium  bromide.
terralsrylasmmonisem chloride smd feroehylmmonium chloride were parchased from Sgmo-Aldrich Teirs-
burylammominm chioride was porified by doohle orys@aliiadion from scetone by addmyg diethy] ether whalle the
otherehemicals wene used & recelvod from the producer. AT sabs were deied ender redoced pressang bofone ase,
TRAB st 223K for £8 b, TEAL ond TEAL at 20815 K for several days.

The nine deep sutectc solvents were syotheted Brough (e oombimston of three distmer etvaalky
Lunmenivm salts aid 2-Cburyl aminajethanol b the melar redos of 19015 and L390HIA o AR The molor ato of
1ifi vt Dowaesd me which o wtakie D15 coubd Be obtained. Purthermor, for THAC/BAL, the sunctic composition
wils im the range of neolar ratios 16— 108 Thas in arder to isvestigate the influence of molarratio m the physical
properties of the DESs, ubl liguids wers testod st the specified ratim. Thisapprossh nlse faciiineeed the comparison
of the impact of ypdrogen bond accepsees on the progerties of DESs with the ssma matar ratios, The preparat lon
olf sabverits vesd carvied mal by mass, Gsng appropriste amoamnts of ench DES comgonent (Menler Toledo balance
wiith e precision of 000001 g Th componsents were tharoaghly mised of & emperamre of 33305 K for 1 bowr
il & homoganeom L, devld of any peckpiie, wis obtsined The realling D150 wore colotles and
exhibited stakility ar room temperarore. To maintsn their integrity, e DESs wers siored in ughily waled
oopisiners 1o preveni comiamingthin from the ewiernal atmesphere, which rould potentislly (nflience
thetr physicsl properties. Prior 1o conducting experiments, the water cortent in [ESs vas determined by the
[Kar] - Fischer Method wsing n Metiler Tefedo Volmmetrie Kol - Ficher (gratior (V1050 Talde 2 presents is valuies
slangwith the moler mass of DESs. their abbrevia tio, and the molar ratis and mass frection of DES commponents

Tble 1 Provesancs ssd s fuction pur ity of he (oesouned ided

(Nl nam LT CAS st Tourial i Gy PurlCutien method  Fasal pu ity

Trantien® tmtlon’
Sty i sfuanad ALY Ngms Bench  t11-FRA Rl B -
Fhmirngropn. 1 (AR Ggrna Marich THGETA 089 e -
T Al vl el [MAE) Ripma Eadvich  W0R-ELY e -
Pyl i v i [TIRAM]  Alpvis iAnch  PRAS-RRD C L] -
Terraetnylammankim rhonide (TEAL)  Spme Nddch 55308 HmE Hanm =
syt i 7 e (TS Spea ech 1113459 AT Crpmalitimon 0.0

"y niawd by the mappler “Dewermined by postmmer bivaman.
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Ifburylasmna)wthanol (BAE) Tetratuty ok bresde (THAD)
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Wriratiun fussnoeman chiandr (TBAC Dt by s ¢ hilusiabe (TEAC)
PR, N et ity o s E105 mnrm oo b i il sty
The pregaration procedure of DESs conmelng uminopropan-io and Hmethylaminojesanal ™ wos

dewribed in sur earfier works. Molar mass, molar ratho, mass fraction amd water costim for {hese THESS e
prewended In Table 51 and Talde 52

Tahle = The abbwwvistian, mular mass, seli§ sabe; mar Sacion sod wess coment ion shemies ovnd s anibesis of J-fwrylsna|
A R D

o Salt iy Mhatar Main Wi b

ratin fraczon® combent®

Symibsl W0’ kg el | Abbrevistion W_o/gmel ' Abbrevistion Mgy mel ' Ssi WED  Sal WD -
PES1 VA5 THAR I3 B LLES | R AL oSy
[ it] 140000 AR e (L8] N B LIS aTa Ll ]
ESy TRES TEE IFTET B IR b W0 R aTETZ N
ik Taaral TRAC FILRET LLES LR B LT mog
DEEE 1125 TEAD 2T BaE s O RL T kL]
(=3 17080 TALD o e MR § A0 B30 mED LR
oesy TG THE  TIRAL s N w0 I OE2NE ETT sanin
[ei ] TRAWM THAL T BAE 1T % N LIMD ETTIO orga
[Tt AN THAD JFTED g (L CL R T T K il T Lt
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DES characterization
Infrared spectroscopy measureme Nt

The |mco-4700 insrument ([asco Comgpany, Takyo, japinl, wos wiilized to perform FTOL expermests on Gguld
simples. The experiments covered 4 spectral rangeaf §00—400 cm with 32 scans and a resobotion of 4o, To
periurm (he exporiments the thim flm mothed afilising sl (KA plates wan implemented. A alngle drop of the
lizpadd solurion was placed on ome of the salt plates. Before recording the specrum, a backgreund spectram was
obitnined [rom o cean plare, The anadysin of the spectra was carried oar tdng thie Spectra Analysls wftware
ijasco Company in Tekya, japand. For sslid samples (snbarses), the speora were recerded wing diry sali Kire. In
this oo, (e materials (1 o) wene comgpremed with potasium brommide (49 mgd 1o form o disc. The analyebs wik
condueted &1 @ temperare of 2815 2 01K

Melting point

The mekting paints of the smibesiaed DESs wers determined ising the Mertier Toledn Star (ne Bifferentisl
Seanning Calnrimeter {501 The messurements were condocied in o parified miropes atmosphers with & fow
rate of 60 ml min " The samples, wirighing between 10 and 18 mg, wers placed in standard aleminism pans. The
DSC gupamient was conneciod 18 o dedostod compuier Funming the STAR® data scipuisition saftware. The beating
anid pealing seeienon was programimed on the STAR® comsale, which contrilled the TRT eguipment. & temjir-
arure ramjge of 156 15~ 29815 K, with n heating rite of 2K min ', wos slected for the determination of the melting
paint. The measurement ancertaimty ws <0 K,

The rimagrasimetri anslhysis

Thie TG A0S apparatiy frons Neteach Grop Sell, Germany) wans smployed for the termograsvt metc: analyse
Approxmetely 10 mg of zamples were carefoliy positioned in 8 corondum dish for texing. The measurements
were eunifducted {n & nltrogen atemigihers with o Bow rote of 50 mi mis °, spanning temperatines friom 290 b
1023 K. and 2 heating rate of 10 K min .

Density and sound veiocity

The dunialties s the sownd velecttiem of the DES samplis were obcained o diFeeent temgieratures winy & diginl
wibiration-tube. ansdyyer (Anon Pasr (94 5006, Awtria) with proportonal tepersnaee oonrsl tul kept the
smnpkes wl warking tompersiure with sn sccuracy of 140,01 K Expecimental frequency for the measorements of
the ultresonic vedooty was equal 1o 3 bz The colibeation was carried oot using double disoiled, delonized and
deganied watnr, s diy air it asmospheric prosuine (00 MPal, The standird uneertalnne of domlty meoamire s
was better than 00 kg m " and 65 m s, nespectivedy

viscosity

The DESY' whcosities were determined using a mmputer controlied LVIV-II Programmiable Rheomoter
(enme-gilate viscometer, Brooldiskd Enginering Lilaratory, USAL Thie sample tenperature was regulated withis
+01,01 K nsing a thermosiatic water hath (Pobycience S106, T5A)L The vicomerers acosmacy wam confirmed naing
& corttfied viscoulny sanidard K900 and S preadded by Cammon s 20015 ¢ 001 K The uhceralndy in viscosiny
mHasurement Was kess than 1% and each sample was measured independencly a1 least three times & each
teaperature o pnaure reprotucibdlity.
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Befracthes index

The Abbe relractometer (RL-3, Poland) sas employed (o measure the relrsaive indloes, with & thermestat
ensuring the cell semperature was comrolbed with an acowracy of = 01 K. The andard uncertainty of ihe
rlfrlﬁ\'lindun_umnu-ﬂbuﬂhiuﬂ“hﬁlﬁhwwmn[hmml
minimurm of three mdependin measnrements wers taiken for esch sampe ot every Empermure

0y sobubllity measurement by gravimetric

The O0; absorptinn copscity. wan- messared by gravimetrc method using the sxperimental zetap shown in
Fig L The setup ommists of o ges gl mensaring ool {5 ploced ks o thermomtat hoty (PolyScence T Wir-
ringion, PA, TSA) (0 and connected fo 8 gas sapply contniner (1) and vacuuam ofl pomp

For aach expormsent, | ml of DES was |njecied inso the measwring ol (1) The cell wits property soalod o nd
placed in the Surmeostat water hath, The iemperntune was ept constant with anaceurscy of +0.1 K The syytem
wah then evacuated guaing & viiomrm ofl pumpand the vacesm wis applbed wol the pressane n the system did
not change in erder to emsure complete gas desorption from the DES sample Then carbon dioxide was intro-
doced i the cell at 7.5 mi/min Aow rate, The fas Bow was increased to 15 mibimm when the DES viscodty
increantd dising the ilwargitioh proces nd 8o iibbles were observid The muse of thi oell was dotermined
wsing an aratytical balance (RADWAGYwth anaccaracy of £ 0.1 meg in regudar mme interviks. The mesviaremen
was finished when the weight of the sample remained comstant. The final solahility values were calculsted at

0.1 MFa prossre.

Results and discussion
FTIR characterization of DESs

bty nrmd ipecipodcopy aiee on a valiable ool for seaminisg the intirmolicailes nteraciiin imong moleciiles
within DESs ™ The FTIR specro of the meestigsed DESs are displayed in Figure 51, alopsside e specirs of pure
BAE, THAH, THAC, TEAC.

The viOHN v(NHY stretching vilration bamsds. ocated af rangea 3900-3000 o, are @ great probe of hdrogen
Band inperactions, For nest AL the maximm of this band b lecated ot 33005 cm . The peale posltions of

o 4

o

- Fig. b frhesut: dhagron of e g ambotrlisy sesap (1 - e
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viDHIVNMI serpiching vibratien bands for all DESs stisied are shows in Flgure 53 Interestingly, rogacdles
of DES components and molar HEATRD roto, thes maxima exhibit o hlueshift compared (o pare BAE. This
et comrrespowls 1o s Increase in enengy reslilng frem the formation of new bpdregen bonds betwern
BAL and tetranlkylemmonium bolldes Funbermare, the other bands observed in the DES spectra remaoin
e ompnred 10 Bise of e frere coppatens, indicating tha alsence of any chern el rosctiony Ismwoen
the msdecules within the DESs

The most cigniflcunt shift s evidmi in TEACHAL (18], mdicating the strengost fpdragen bond {n-
teractions within rhis DES. while the smalless shift is observed in TEAC:BAE (15%). Whan BAE is added, theraby
incremsing the HEASHID malar catio from Db w B8, e blueshilt effect diminishen in cose of THAN and
TEAC baged BESy Further sdditions of BAE have minimal impoc on the posithens of e w(OHWNID
stretrhing v ation b, inerestingly, the moxima for TRAC DAL DESs remaln unchanged regardloss of (he
HAAMMD molar retin,

Thermal properties of DESs

The obensed nrmul preperties of v stndied DS baned an 2arylass e et hinol are dbewn in Talske 1, is
the values of meling tempersiure, T, decompositan (emperatures &t 10 ‘% and 0% weight loss, Ty e and
Tagw. anul maxinmsm (emperatures, M. Figure 2 presests the DYC plots and Pigure 53 shows the TGA and
DTGA curves.

Melting poine

Differentinl scanning calorimetry wan waed o determination of mlting peints and smy olidsinie phase
rnitions of BAE-hased 55 Table § provides an everview of the meiting painis of these DESs. Meamwhile,
Fijure 52, b, ¢) lamtrates the D60 curves for DES systems with theeo different I HED ritios - namaly, 196, 18
and 130

fix moat of the DSC curves, o distinetive pamern sppens, charseierised Ty dnghenshaped sndothermic peaks
indicsive of meling ponts. However, nitable exceptions were olserved in the case of TRACBAL 16 and
THARBAE 100, wivero p idoubibe peak sigiifies the melting proces. Impartantly, for all the sudisd DS, thelr
meliing poants are conssently ower than those of the mdivideal components and remain below 3598 86 K
affoerding them a wide Dguid range.

Table T Thersai charaevisne: sbamred from TDA, DI04 @0 50 curers docompoonen Demperaruers at 1% s 908 weige: logs,

Py otell Ty, i £y iy Wp Fro i HAE im0

oas Bl Tann T Fosaa’ Tt
DESY ] SN &L E R 16733
i35 ma g 11 g JBT &3
DEES AR N (LT R E iR
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(AL Mhi Ly L M BN,
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Clear crysintlization asd melting peaks are obarrved for all e studied DESa. Porthermore, when consdering
DFESs with the same malar ratio of salt m 2-(borplammaiethane], the arder of melfing empersures b as follows
TEACHAE » TRARBAE » TEACHAL This sequence implies that the miltiing lemperanare of the sals may indeed
influence the melting temyemnre of deep patectic ssbvents.

Akl Hopaalky, ther higher melting tesperatars vadues fmd for TRAR-based ESL in comparisan oo thase of
TBALC based. sigies that the type of didet live oo effect o melilng point of DES Surprisingly, o comiparion ol
tht wrleing semperatures of 11735s conusiniog ietrndmerybmmoniom and stroedyinmmenium chlorides sowed
increase of melting empersture with & decresss in alky] chain ength. The opposite observations were made for
DESS featiiring T-amdnopropan-1ol™ and J-meihylaminosthenel = This diferencn might be due 1o high steric
kindrances berween TRAC and BAE meolemles. which can weakes the pfrogen bomd network in THAC-based
DES, and revult in lower melting temperatum

Thermogravimatric measurements

Figure 33 presents TOA carves, Le. the weight less meastred i % sgainst remperarare, for the snsdied (432 along
wiith Uhedr pure comparyents. |n general the curves conslst of twe steps- g e shows the BAL decmponit on
amnd the second corespoms o the-degradation of the salr.

As can be sepn from e TCA plots, the stabiliry ol TRAR ind THAC based DESs & Ly benween that of their
emmpanenis and the order of stability i= BAE « DES < sl The initial decompmsition temperature measimred as
10 e welghit bons (g} dor thoee (1% eecillste armmnd the temmpuraturs of pure BAL, while the end of the
decompasinion messred 25 90 % mass lokd (Tey o) b higher. In general the increass of BAEL conrent is the
menthoned BESa resudts in lower tharrmal statailicy, For TEAC: baved DESs however, thermal stability (ncreases
dimttneedy with unincroase of RAF contend. As can he abserved in Figure 53, decomposition of TEAC starts sasfier
thun BAL which reslin in lower Quereal ssabiling in the cam of TEAC rich DESe Liv et al. performed TOA
stuigdies on the effect of HRAHED molar ratin un the thermal stability of ChClaron DESs ™ Thiy found that ar
Reigher (Ol conten, there is o sufficient peewnt of eholiee chlaride o nrm hydregen binds with ures, so
“ameess” ChCl pcts as am sty fowards formed DES, which resolts in @ different thermagrem o tham for
DESs with other HIAMAD molar rathis Thie sisllar sbtintean can be obaerved R oor easi for TEACHAE (DESY
wnel DESS);

For DESs with & maler rotle of HIRA 1o HED equal to 18 and 18, il Ty, o valies chings néoording 1o ihe
wofuence; TCACRHAE « TRACBAE < TRAR: BAL, whils for DESs with the molar ratio 120, the order of Tes i
different, as k& TEACHAE < TRAHBAF < TEACBAE (Table 3 As the temperamre of decompositen ol
THAD-based DESE is alwiays higher than THAC-hosed ones it cun be concludied that the anion hay ingpact on
DESa thermal stahifity, Inthe case of MAE-basesd DESs. the more stahle DESs were those based on THAC due to
etrofiger hydrogen bonds formed by 0 thas for Br 7 Howeees, DAL maoleculs hay o long alkyl chain thi
provides steric hindrmnce which possibly cam intlusnee the hy drogen bond sirengrh benwees amine group and
the halide anbon. Rromlde inion hos higher lonic radil than G Le, is placed furiher from totrabaiylamme-
mium atich and passibly can interst more effectively with BAE molecule resuiting in higher thermal
wtahiliny.

Comparssn of TRAC and TEAC-based at 3 madar ratio 16 amd 18 show's thit thermal stability increises
weith an increase of alkyl chain length in HEA Similsr resmbts wore obtained for phosphomium-besed BES.™
Howewer, 8t o molar composition of 180 the thermal stability & reversed, It could be due ro sualler steric
hindrances betwesn TEAC and BAE molecules than Detweon TBAC anid RAL which allows o form more
complicated hydrogen bood nest in TEAC-based DESs, resulting i higher thermal sability 1 & modar ratin
L
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Physical properties of DESs
Dansity

The dermity data mmsuned o8 8 function of emporsore i the g of 26015330015 K mre shown i Vg 1 and
Tahle 53

Sitnmlinrty t ouher deepeutectc solvenn, (e density of wodied ywems decreanes Enearly with iemperspure.*
Ap elewared emperatures, ihe volume of the sohvent iscreases dur B the lormatien of more intermolecilar vobis,
Tuiling 10 i decresie 0 denaily.

Comparing DiSs a1 the same HBAFRD malur ratio and jemperansre, the densay valees follow the anler
TIARBAE » TEACRAE * TRACRAL The sume order of densities wis found bey oar group for DESs hesed on
ather lkanalmines |y, 2 fmethyloming)ethanol (MAE) and 3 sminoprepan-1-st (A1 The highsst demsities
hrTﬂﬂ:-ld DESs e obviously due (o e higher mobar mass of bromide anion compuired 10 chloride
ankin

Analyuis of the density reusilts obtained for THACBAL and TEACHAL shovws the Infludnoe of 10 alkvl chad
lengh on the density of DES. The higher densiry for TEAC-based IESs indicates that sharter aliol chalns lead 1o
hijghes disrmiey. This b due 1o the smalier o e volume resuling rom Oy pecking e ot sceurring i sseh solvente
The same beluavior was observed for other tetraalicylammoniume-based DESs combined with alkanolamines,
lactie sl o ghyvals, 5

Anather facoor that could be discussed s the effecr of HBATED maolar ratio on dersiry. Regardiess of 1he
HAA used., e desiiry of BES decronses with incressing BAL costent. This behnovior |5 consisiead wiih oihee
fiterature reparte ™" It 15 warth mentioning that m the case of THAC-based DESs, different relations wene
observedl |n DESs compesed of Jambnaprapan ol or 24meihylaminalethamol as bpdrogen boned donor. As
shown in our previous studies, for TBACAT DES, the densiny increases with increising AP content. while in the
cane of TIACMAE DS, the HEAMID malnt ratln seerms o huve o vegligible effoct on the density values " i
ol b antribvisted v (he different nesocintion effec botwesn DES molecules and the reintionship between DES
ety and HIATIBED malar rath may be slso dependent on density of neat slkanokamine ™ The donatii of
THACAP are foweer than pure AP, THACAMAL are similar o nest MAE whila for THACBAL are higher than pure
Al

Connection of density valoes for DESs presented in this study, is well a5 in our previows studies for AP and
MAT-tasd dewy cutecth smivents, with the same HRAHED molar ratlo, shows the efect of RID on this property,
The relatlonship bevween various DES st a molar tatks 16 2 presested bn Plgure S4. Regardies of hydrogen bond
sconpter whed, DES based on AP have the Dighist demsity, wiila hose oompossd of IAK ove e kowos. ™ For
expmple, the densry of TRARAP 14 s 1056 kgm ™, TRARMAE is 9851 kg * while for TRARBAT 16 b
A7 g m i 205 K This behanior of donadty valses (e 2{bityleminoiethanal can be correled with kngen
alkyl chains for this HED The decrease of density with an incesse in allyl chain lengih was sho shown by
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Florindo et ol for carboxyl scid-baaed DESA.™ The vnly differsnce butween AF snd BAE |y that AF s 0 primary
amiine while MAE = 3 verondury s, There(ore, AP may form more rydrogen bonds with HBA, leading (o higher
densiey viloes

icosity

The rxpertmental dynomic viscosity data of the stadied (45, obtalned at the mmperatum rungs of 29915~
5K are presented in Tahle 54 and Fig. 4 As can be seen, Fig 4 shows the non-linear decresse in visoosity
weith temperatsire. 11 is weil known phenomenon ocoarring both for DESs and T1a." ™ On the ane hand, & i the
effect of weakaning of modecular inieractions between companenss of BES, which nifecs the mobility ol specles
in D% haw g & magor irmpact on this paramerer.™ On e other haod, it can be sxploined uring a bk theory, ™
Thi underlying concept of this theary suggests that the viscosiry of & liquid & infleenced by the presesce of
appropriotely alxed gape that enabibn the movement of fane. in this contess, (ocior Hie geric hindrances play s
mare sgnifizant rmie in nfluencing viscosity compared e the interastinns betwesn HEA and HRD. As the
ternperature rison thi lapdd contodne @ groater nentber of largee gaps. Ay @ revull, deep sutectic sulents
exhibis brwer viscosiey.

Thee ivepectbon of beth Table 54 and FI. 4 shows thir the lowest viscosities are observed for TEAC (DES-6)
Based UESA whike the highesr for THAR (DEST-N based. A relatively low difference berwesn viscosies of THAR
il TRAL-baded D%, iind & bigher differoni bolveen TRAL and TIAC - baisd D% sijggests that alkyl chali
length has & greswey impact on wisoosiny than onion of sl Addidenafly, higher molecular mess of DESs
enampanents dls reslts in higher vincoalty of desp eutectic solvent "

Thee addition of HED @2 changiry fhe HRAHBD molar ratio in DES oemposition et in deop in visosity.
Thln is diveetly linked 10 the [ncrease of the slverts frie volume and milecular motlon of species™ Smilar
results wiere ohserved for other TESS in the [Merarre

For THAD based 5% (4 masker Fatle 16) o1 20005 K, the viscouthrs fullow the order AP=IAL > SIALS witl
walnes 75, miaa, G6 mitas ond 459 mPas respectively, This relstiansbips sre unchanged in the ase of ster
HiAs which b shown i Pl 55 The highes! stsoosty of Ahesed 135a inight be sttribeted 1s the
Faminopropan-1-ols copability to craate 3 grester mumber of Tydregen boneds than both 2-f methy laminndedanol
and 2batirleminobethanod. Furthermons, bong alkyl chalne of IAE could potentially be aryimge |n layers, which
can Feduce speclies mabillity, thereby resilting i o bgher viscosly of BAE-based DESs coinfared o MAT-badad

Archeniiss and Vel Daleher-Tamman (VT equstions are the most commanly used for g sxpermental
wispsity o Empersiore data in the e of deep eotecte sohvenis™ The Arrhenies (17 and VT eqeation (2) s
expronsed e
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whiere i, Bl #g band T, soo g jamisei, . 6 e viscosny of isfinke temn peeahire E, |6 th activatlin
energy, f i the gas constant, and T & the tempesture m Kebvn, Table 55 and Table 56 contain the fiting
praeneiers deforminnd from (e experimntal dita sbong with & and oot meanscuare deviations (RMSITL The
setiwation energles (Kb can be wefil for amsessing the ineractions ocomrring in Hoqusd solvemi. High £ values
indicats stronger imtermolecular intoracrionk, which bead 1m0 drop in loes mebilisy. This s reflected in increased
viscouy, Thim, the enbeulared 1, vabues align with the previously oullined vismsiry relntiombips The statisties
mweries Lis B and B saloes saggess that (e VET expiation is Desser suited for fitting the viscoskty data of [ESs,

Figure 5 und Tukde 57 prowide & simmaey of the refractive Indicen for the TESS examined in thés wiudy, The
refractive indices at a spedillc semperatire, regandless of the molar rathe of the HBA to' the HED, are in the
fiatlenwing sequonce: THARRAL » TRACHAL » TEACHAL Such observation can lead 10 a conchubon (hst g [
primarily dependent of the mobeculir mass of DESs. The effect of allyd chais bength 1 not as pronouneed as
il ok ¢ pesad s § comian 1o g ealoed; TRAC mnd TEAC have sirilar n, valies, slthough THAC hased D15
tend 12 show slightly higher valzes, This ohservanen aligns with the refranere index rmend observed among
s weith. varying MUAMBD molar ratdos, s the refroctive index decreases with an Inoreas|ng BAL content
acriss alk examined DESs Tt isnotewnrthy that BAE-based DESs exhibit @ linear decrense in refractive index
wilh rining temperajure, almisr b proviewly reporied Andings for DESs baned on sslfosalieylle acid™,
benrylie acid™, Zomethylaminakethanol ™, and 3-amisoprogan-1-of, ™

Mspeier, the eilect of HBD oo refractive Bidices vabses Is shew in Digure 56 0% hased on BAE gxhibi the
lowess refracive indices shen comipares i those based on AP™ and MAE ™ In the caze of THAB hased DESs, a1 2
mikar rallo T8, combined with AP, MAL, BAE the vl of refrecive indices & 20005 K are 14756 1408 and
14595 pegpectively. This shows that medar mass doss nol play a significant robe (i the cose of varkous hdrogen
b dhamiare, wnlide ity rolbe i et bydrogen bond oeorptors IF |s clear that the length of the aliey] chaims in
HAD determmas the [ESan,; valned. Anather important factar eoold be the type of smine used & the HED The
pronsed fy vilues sov sen (o the prumary amine AP, wheress secondary smines Bl MAL and BAE hove
enmparable but unmistakahly bower refroctive indices than AP,

Speed of sound
Tutsle 58 v Figg. 6 Sustrate the relitionsbhip betwoes temperstire and sund wlocty soross the various studied

DESs. Wheen DE s bused on THAR und THAC are comparid, regiodies of thi mokar oo of FLAHED, an iverse
correlathon appears hetween molecular mass and sound veloelty valum. Specifeally, DESa based on TRAC exhibin
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Biggher scund velociny vabises. (T highest volses foand for DESy based o TEAC further highlight e «gnificant
imflivence of afioy] chain et on seund velocity. As for the sther properties, an increase of e HBD oontent lewds
o n decrease in sound velaeity i the case of all devp sotectie solveni studied, Eianpour et ol reparted a similar
fimdbig for ninfydrin hased DESs Moreover, o lnear decrease in sound velscity with (nereased temperanire
wah uleriyed

Figure ST shovws the influpnee of HBDO oo the speed of ssand valoss The highest valuee of winnd velority foe
abkarnolarmines bawed DES studied by oar group wore faund 1o be e the onm comtatning 3 amsnopropand-ol, ™ it
couild be attributed 1o the fsct, that AP is flra erder amine. which can fsrm & more compiex. hydrogen bonds
mirfwork. |1 makies AP-based DESs denuer and mace satable far traveling sound waves in the proper time withos
faciing the petasdints The higher values of sousd velocit e of MAT-baaed™ DES: comgpared to BAE e e are
dhuit o sharter alkyd chadm i MAT modecules

Solubility of CO;, in alkanclamine-based DESs

The carbon doxide capacmes of pure DESs used m this sudy are presented in Table 4, and the bald values
inaicate DI with highest €0, sbuoiption pupaciiles. Thi slpibiliey values of OO bn THABAP 14 1000 sl
miilyyy ') e close 1o thise reported by Shulkn and Mikkoda (051 mkog; Mol 1™ The disscution of ©0y
ecevrs due o phyieal, chemical or mised sorptian mechabeem, Wethin the runge of (5 sdectod for this dudy,
the presence of o kanolimine i SRD induced 8 mixed mechanlsm of CO, absorption. ™ To confirm this, lor DESs
enanped of THAB with AP, MAE aind BAE it & maolar ritio LS, T8 specra were recorded before and ilber the
reaction of DES and carbon diswide. The diagrams are presented in Figure 58 The presence of a new band around
2060 erm ' for all uprerra snsdied can be attriboted o ssyiimetrle 0600 srstching vibration and it i repressnis
phoysically absorbed 005 tn addition. new bands &t 1206 om ", 1296 om ™ and 1405 on ' wene ohserved far AP,
MAE amd HAE, respectively They rrsislt from the C<0 vilraton of the cacbnmate specho, whiich conlinms the
ehwmiral Fraction betwoen DES snd C0; mobessiles,

In Figguere 59, the examglen of the carbon el abaorpeion knetics for D5 conposed of vareus HIA and
HBD sl mnkar renos are presenied. Figure 59e shows the effec of hydrogen bond accepior on ©0; wpinke
lanetses in APbased DESs. Ar the bnitisl atep, absorpiion s repid snd e cote i stmilar for all pressoted DES.
Further, the proces slews down and the lowest capacity @& ohserved for THAS hased DES, which also has the
g howt vispmsiry, The exceptions sre [HESs with BAE o HID and AP with 16 rothe. Figure S9b presins the effect of
Sycirogen bemd domor on C0; ahsorption [setherms. for TRAC-hesed DESs. The Kinetlos smd ©0; abraeption
unpucities follow ihe order of AAE « AP« MAE The increasie content of JIND resides in highey carbon dioxide
capedry (Flgure 55c) and this more rapid ket

Abssorption capacities of [H3s haed on (e same molar rats (15 compoard of viorises hydeogon bond
acrepiors and donars are presented in Fig. 7. Taking into soeount the €0, capnoey of TEAR and TEAC hosed DESs
thit irflsanse of thie anlon type on the Alsarptan cipaclly b cloarty vislble. Highsy sobubillities ae obiserved fise
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g & Sauni wenciie of deep noectin sabe e meksnisg BAE sudied sk ol therange of 194 14- 533,15 0 and
AT it L) TIRAR IRAT (B b L U0 TIAC AR (T =0 et o) TIRAT AL D[S T (e - Iinﬂ = 1, green = 1N),
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Table & Cortoe diitnulie Cajiaciry ol shadel ol Gd-hased (H%e unil st the premses | e

oS iins Bons "
THARSF T4 nITE
FibABLAF 16 ain
THAEAF 18 RIS
THAC A Fd 0,158
TRAL AP L6 R
THACA 14 018
THAC I 114 wsr
TEALEP 16 [REH
TEAC AR 18 .t
THARSAR 1:6 LR
TRABAAAL 1§ 018
FiAlAsAL 1,8 ajw
THACBAAE 16 01k
TRACMAL 110 e
THACMAE 110 o
TRALBAAR 156 [F ]
TEALSMAR 118 o
TRALBAAK 198 [F-1]
Thalng 18 (REE
TRARESE 15 048
FRARTLAE 1740 n1ss
THAL 88 16 LR
TRAC 8 10 CRE ]
PRAL AR 1230 010
TEAC B 15 215
TEAC e 18 o1k
TEAC B8 1110 0i7E

DESs based on 198A coasasning ©1'. Moreover, the kmger the syl chain s the HBA srucrare, the higher
ahsarption sapacity iz sheerved. Litprature datn report simalar ohservations regurding anion and abkodl chain
Yenygits for 105s baaed om ethamolamine " [nterestingly, reverss trend wis reparted for (115 that aluerb (0,
physically.*** Thus lower C0; absorption in DESs compased BAE than AP or MAE mipht supeest a greater
propartion of plrysical alserptien (n those [5s. This con. be Rirther confirmed by the moleoiar volume (V) of
thiose DESE Thi values of this prigerty are feporied i Table S10. The lowess valae of V., iy U case of TEAC -hibusd
DESs shows the origin of the peorost sabubiliny volees nnd yot sgain confirms the grester influsnce of physical
phenomena i this type of DES

I general, the corbon diccide capacity followa the T80 ondor: BAL < AF < MAL The only excepian is
wmm.mm stmdies revesled different factors that inflsence C0; soluhility in DESs with
phiysical pnd chimical mechaniem. Alamonh o al showod that the stroagih of inferactions bevween phenylaootic
acii-based DES and €O bs almost half kower than fior bevidinie acid-based ones. ™ They suggested that there are
other factors, such as the volime rearrangment of BES (Le it froe volame), Sut piay a kiry rolo io e physlcal
abyssrprion of carbon dioide in TESs, On the other hund, the studies conducted by Shukln snd Mikiala™ showed
lowwr carbon dlvadde absorjition for DES composed of -methylimidezollum chioride and etbylenediamine
(HMIMCLEDAY tham for monoethaloammoniem chieride and ethyenediamine (MEACHEDA) at various molar
o Thisy cancladed tist th stremgih el ydeogon bard imersciian between DESs oomponentn pdaye & key roli
i cheir O sorpemn abdlicies, Do to more acidlc profons i ANAMCT mobeosle than In MEACL EIW &s mane
utrdibghy coordinnted by HMIMEL i Fesiles Ly wildosr eiricthons beow een FIMINCEL0A D006 and carbon dicile,
thos causes kewer absorpn RpICMes in comparsan o MEACEEDA. These observations are crucial in um-
derstunding influence of HED on carbon dloxide copeciiies in stodied D05, The tower curbos dioide copacity of
AP-barsed DESE than that of MAE-hised might be nttrifated so the fact, that. as AP is @ primary amine. it oo form
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Fig ¥ Atrwweprtin cageie|boes iy g Q| it ket vt 0 dow

2 # ﬂ : b~ AP: ol - MAE:
o -.P:'H_d;&#&#‘rrdfvbd* l:!:l..-:'i:flnﬂ-\t:mnwlﬂh.ﬁﬂ AP redl - MINE:

maore comjples hipdrogen boend srectumes with HEA than MAE thes AP-bssed DESs canngt infernct with 00, a
efflchently s MAE- Tasid onms: 116 in e with revults sbinined foe pary alianolsminee ™ Por BAE beed DESS the
mitieg Factor for abacrpien appears 1o be the low Froe velame of solvent cassed by bnger alkiyl chalne

Thee Las imporsant facmr that bnfinences carbos diogide solshility o pure DESS &8 HEAVHRD malar ratio
Regirdbeis of FLA and HID usod, the carbon dioxide sobubiiliny invcresanes with an increass of nIkanodamine condent
Thils treent v also sbserved by L et al™ for 45 composed of chiline chioride and et harobnmine, Gnee agsin this
phanmmenon wan correlmed with weakening of hydrogen bonds befween HRA and HED npon HED adiition

Salubifity of €O, in DESs mintures with waler

Figure 8 Olusystes the impact of water sddition on the carbon dioxsde copacity of DESs 580 meolsy retio of JBD o
HEA of 14, The presence of water can sither snhamoe or diminlak (the CO, absorpsien capacty of DESL For
MAFE-tmsed DESs, the addstion of 8.5 ' wi water resalis in spprommately 11 % incresse n 00, sobobiliy from
LI 48 R T s ') O OLBGT BT g B N Thie 1% Wi winter misiures also present hgher abneption
capicites, equal 10 0171 gos s, Farther water oontent incresse resulls in the decrease af C0: copaty in
onpaiisin b pire DES, naumety deop Bom G001 60 00293 §o e Foi AP aid BAE based BESD, svei 8 small
amount of water pdded reduces the PheOTRTIEN CAPCITIE:

Fig B Alriangeitn GRbeciio B Gue | Tr stutlied D650 a1
ke watie DA and B wates sivtunes compeed of TEAR,
TE&E o THAC coujibind witl wed - &P Wi - AR grve -
fhE
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Taking o socoun the cagachty of pure DES and pure water i well as ibe mas fraction of the sslution
eompeaents, culoutations of the 0, capacity of the sehutiom were cirmed oot sssuming addigivity of solulbility.
The thenietical capacity preseniest in Table 2 represenis the sum of ssdublling shares in pure compronents.

Thero are several hypotheses on modeculsr mechankoms rolaed 10 the infloence of water additon on carbon
m.hmwmrﬂthq al. an Increase 0 winler contend may lead fo o reiductlon i e
sdubility of carban dicadde, potentinlly cnused by o decline in the concengrntion of active reacomns e, mobecles
that cam intoract with COy effectively ™

In THARAPF and TBAK: BAE systems all of the salutions studind presensed lower (0, capacity than the
theoretical vabue simply semming Up the solubility in pure components. A sory sthong offec was shaerved fir
THARBAE, The addbitlon of 5% of wister reslied & 4% decresss (o soluliey (feom 0,738 10 0081 g 1
(from 0.0 18 0081 Goos o) compared 1o the summed solability in pure components fwater s BES), In
TUARSIAL 0.5 and 1% salstinns the capaciny was equal to respectively 0179 snd 0171 and was higher than the
thenretical ane (060 nnd 0199 Ge e ). Trivedi of sl suggested that the addition of water resuli in the
formatinn of new hydropen honsts benween DES and water moleosles, this leads o the weakening ol interscrioms
betwesn DS malecules™ snd (hum i o kigher Geee volume of anivent ond allows DESs molectden t interan mone
efficiently with carbon dioxide Our research group's investigations info blmary misures of water with
alkanalaminebiwed 015 eveabed the strongest interactions hetaesn wator and ke fosed on MAL™ i line
with the absorprion capscities of water-IES mixyores, @ can b deduced thar the srength of bydrogen bonds
farined between water and DESs plays & phsotal rale in determinmg whethor the sddition of water o o DES will
enhance ar diminksh W carbon dioxide solublility capabillithes.

Conclusions

The presenied resubn ind discussibon are o comprehenidve evalustion of our powby synthesized and recenily
studied deep entectic sotvents. This snsdy presents experimental dats of the ITIR specira thermal propertes
densiry, viscoaity, refrucsive index, and sound velacey of deep sutecte solvenis derived from 2-dbutylamino
sthanol, with 2 fomus an their temperanme-dependent behavionr at the atmosphieric pressure. The DESs taken
under irvestigation i thls work feamred rersburydammenium rombde, retrathylammeniunm chiloride. and
ttrabutylammoniuen chlovide s hydrogen bond scoepiors, combined with 2 (bhutylaminclethanal (BAEY in
varying medar rstios of T4, 14, and 120 The mentimed propertes wers ales comparer] with thees pioevicualy
obtained for Famimopropan-1-ol (AP} and 24 methylaminoiethans (MAE based DESs. The messurements showes
a cracial effect of alky] chain length, HRAHRD molar retio, anion's malecular wright and type of amine on
physochemical propertie of stadied DESs.

Tarthermera, the carton dioxide copocity of pressnt WAK and earlier obodned AP and MAT-based TESs win
studied. T impae of HIA. HAD and their molar rato an carbon dioxide solbifiry in deep satectic solvents wis
expliored and cormypard b s up this praect. The findiogg denvonsarated gt both the keogrh of the syl chain jind
the type af anion sxert infisen e on ciarbon dicxide siuhility. in the s of AP snd MAE-based DES:, a0 inomase in
alicyl chakn bength resuleed in decronsed solubdling, wheres for BAL based DES, this relationship waa (rvemied,
Anditienally, both alkyl chaln length and the oype of amine influmond b carbon dicide capacities in DES. The
Jonig, iy cheadrg i WAL, imobecilin octed a4 steri hindrance benling i the bowess carbon diuxide wisbiliie. Mo
imitricats imberactions berween AP moleoules and HEA smlis resabied in lover curbon dlexhde ssiobliiny compared o
MAT-basird DESA, I the case of sl studied DESs, higher content of HAID {ncreased in O, capocity Thisindereored
the recial role of the interaction strength berween DES components and carbon dicde solabiltry.

Fimally, the effect af watir conlert b ES on carbon disxlde eipuciry wiis stuillsd bty abowed that the
additmn of water could wither decresse or nerease carbon diamide wdubility in DESs, o the cese of AP and
BAL hased DI5s, pwer o sinall aisodnt of pdded waker led bo s eedieetion in cirbon diadde saabillity. However, in
MAT-tasod DESS, the addivion of 0.5% or 1% water resulied (n an increase in (0 absorprion copacity. This
indicates that rhe sirengih of interactioms between UESs and water miecules plajs o plvoial rele in ihe efecin of
witter adifition on carhon dioxide solubidicy.
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Table S1 The abbreviation, molar mass, molar talio, mass Facton awd waler content Tor chemcals wsed m synthesis of 3=ammepropan-1 -0l based

DESs.

DES Salr HED Molar vatio Mass fraction?
Water content”
Mo/ M Mmzp!
Syrnbol Abbreviabion Abbreviation Salh IIBD Sali T1BD
! ]! gmol?!
DES10 124 229 TRBAR 12237 AP T5:11 1 4 5155 (14845 G O00aE
DEST1 11005 THAB 32237 AP T5.11 1 & (A T6ER 0.5832 (hois3
DESI2 10Z. 580 TEAEB 32237 AP T5.11 1 ] 03488 0.6312 .00
DES13 Q3265 TEAC 165,71 AP TE11 1 1 03650 [REH R 00D 56
DESI4 28072 TEAC 165.71 AP TaEE 1 4] 020692 0.7308 DOnE27
DESLS B5.130 TEAC 16571 AP T5:11 1 a2 02i64 0.7836 0OOL2%
DESTG 115834 THAT 27792 AP T5.11 1 4 (han1s {1.5182 [ 78
DESI7T 103,851 TBAC 27792 AP Tall 1 G A792 0.6208 GODE2]
DE3SLE o7.696 TBAC 2772 AP Ta.ll 1 3 03168 0.6832 L0202

4 The standard vncernamey of DES mass fraction composition 150,001

"Water content of DESs momass frection determined by Karl Fisher titmtion with the standard unceriamty 20,0001,



Table 532 The abbreviation, molar mass, molar ratio, mass fraction and watcr content for chenucals used in synthesis of 2-{methy lamnojethanol
based DESs.

DES Salt HED Maolar ratio Mass (raction®
T ¢ontent®

Muoes! Mo ! Waan !
Symbxal Abbrevintion Abbreviation Hall HHI2 Kall HHD

gmel gmel gmal!
1IESTS LRLEECE THARB 32237 MAE 75.11 1 [ 04183 D5¥17 0,007 54
DES20 102472 TBAB 32237 MAE 75.11 1 B 03444 6550 000183
DES2I 07 675 TBAB 32237 MAE 75.11 1 10 03012  D.E9EE 000204
DESZ2 87015 TEAC 210,14 MAE 7511 1 G 02664  0.7330 000168
DES22 E5 208 TEAL 21014 MAE 7511 1 & 002167 07233 0.001az
DESZ4 53.390 TEAC 210,16 MAE 75.11 1 10 01816  [.B134 000210
IESZS 104,336 TBAC 27792 MAE 75.11 1 fi 03838 6162 0.0n203
DIESZG o7 629 TBAC 2TEeZ MAE 7311 1 b 03lel 06339 000247
DES2T? 03574 TBAC 27792 MAE 75.11 1 10 02704 0729 000276

* The standard nncertainty of DES mass fraction composition i3 0,001
" Water content of I¥ESs in mass fraction determined by Karl Fisher titmtion with the standard uncertuin e =0.0001



Table §3. Expenumental densines of deep eutectic solvems ( DESs) withm temperamre range 1
=(293.1510 333, 15) Kaud P = €. | MPa",

T'K DES] TSI THES3 TESA TDESS DESS DEST DESS DESS

o/ bgan -3

2313 0iTe oo 9224 ol1.3 WY e oLl L SR
aggys 90 9252 SIEE SOEO 9041 90L)  §977  B960 8946
ETIERE] 9303 nLe ®i5.1 M w0s 97T A2 M5 WL
0815 96T @IT®  ®ILS 9010 B9GP AP B9DT  BSRP  RETS
g5y 31 92 078 89T B934 B0 BT EES4 ER40
(AL He3 #1105 M1 LR LR 509 i wle w04
ag1s 9158 069 9004 SW4  BRS2  SA3D EROM TR BTGR
13514 122 9032 8967 RR6.S RR2.G ATG KT6g 7k BT31

Ja378  DOEEe  EWA  BUSD  HEM4 ETMO ¥TSS ET34 §TL3 BB

* Standard nncertainties s are w1} 001 K wip) 0000 MPa wid) 0.1 kg-m™

Table 84 Fxpenmental viscosmiss, g, of deep emectic sofvents within s2mperanre range |
(2931510 33215 K and 7 0,000 MPa’.

TR RS DFES2 TSR3 TIESA THFESS TIESG DEST  TIESR TIFSS

fwkus
293.1% 505 483 46.2 60 iz4 X6 0 457 440
20015 464 ELN] LR R 8.2 59 ) oK 39 LENS
ELIER A A5G R3 2 114 0.6 13 3 na 6.5
3015 76 T 223 182 166 154 247 2.5 20E
J1318 LT 17.7 174 14.7 13.3 123 29 172 1.6
J1RIS 113 2 .2 (21 11 13 159 139 133
17308 e L] & 1.5 oo 9.2 £5 129 13 12
3ms s b .5 B4 7.6 T0 10,6 2.3 2
333.15 95 T.E TE 71 Gt 59 iR T3 7.6

* Stancard uncennmties o are i =001 K, wip)=0.001 MPa, wf ) =2%



Table S5 Fitting parmetess foe the Arrhenivs equation far dynmnic viscosity results of BAE-
based DESs determined within temperature range 7'={293.15 to 333.15) Kand = 0.1 MPa.

DES o /10° mPas Ea 10 Imel? RS RMSD
DESI 079 FYTH 00997 04l
Drsz 046 176 sl 08
DES3 1.52 1 099EE 047
LS 387 338 Unese 031
DRSS 3.8 111 09999 009
Dlise 242 Lig L R
DEST 1.00 377 NS 045
DSk 123 LK L TL R e '
DESS 150 162 09993 033

Table 56 Fillme pasameters for the VopclFulcher-Tamnan (VET) equation for dynunoe

viscosity results of BAL-based 131:8s derermined within temperanire mnge /

333.15)K md P=0.1 M.

DE'% Na mpPax B "Tk

DSl

LTS
LTS
LULHIT
LR ]
LLUHIE
g
E01ID
o0y

21138
1053k
4.7
15183
24465
24545
12641
16085
L4265

Hee 0RO 0o
586 0098 nnie
12T 00993 o3
70 09098 000
462 0ObbeE  DOTE
fRZ  N0ReET  0ned
15 099996 Q009
1207 D999 N
1310 059901 0013

(291,15 to



Table S7 Expertmental refractive indices, ny of deep cutectic solvents within tempetatione range
F=(293.15 0 333.15) Kand £ = 0:100 MPs®.

'k DES] DES2 DES3 DEs4 DES' DESs  DEST DESE  DESD
i

291,12 L4593 1 A%70 L4541 AT  Jas30  LAS10 LMD 18 LaM2
J9R.15 14573 1 4550 14513 LASIR 14500  LMRT  LASIR 145D L4403
5031 L4356 L4329 14506 L4%s | 4esr L4ded LaS10 L4am LTS
13 (L 14311 Lase Lagng 482 440 L0 L4472 L4458
EPER L2 14521 14491 14468 L47TE 1445 L4431 L7 1452 14439
1IR.15 | A%03 14473 11451 LAIES 28 LM LM iy LA
Iz 1 4484 14452 1440 1448 408 14391 L& L4y A9
L5 S L 14468 L5 L4412 L4430 D489 14489 18470 1481 1437E
LEERES 4450 LAt 11303 LAt 14370 L4351 LBe  AFT 1A38T

iSmndacd uncertaintes vare Wil 01K wj) 0001 MPa wing 00002

Table 5% 1xpermeantal spead of sonnd valnes, o, for DISs within temperature range 7
(2931510 333 |5) K md F =0 100 MPa".

T'K TIES1 [} = NFS NESY  NFSS  NFESG TFST  DFESR DES
i fm-g

29318 14817 142758 4248 14535 14814 14853 MM M3 [43ES
JOR.15 14137 14105 1 4A0RF 11375 11253 1171 M2 14275 14225
ETTHE el 1305 .5 13926 M2 1oed 0ln MIRA MLLE TI0ET
JOE 1= 13850 13T 13767 14060 139334 13851 4027 13958 15910
31313 13684 1is.0 L3608 1350 4 13776 13603 IS8T Q3802 137A%
Jlg1s 13329 13483 13452 13749 13619 13535 13TLT 13646 13000
3205 3374 13327 13295 [3%94 363 13378 13563 190 135
AR08 (3218 1372 13138 j3s0 13307 1327 1309 133346 1XIR9
33315 1306.5 13017 13982 14535 14414 1453.2 13285 13181 13135

* S wncertambes uare (7 =001 K. wipn=0001 MPa, =035 ms"



Table 59 Theoretical caleulation of the CO; capueity of diffevent solutions of TBAB
{0 E:I:E.':}-

Sewl of waler it
DES niueons solutions "Ec::;f' "E:-l‘::ﬁ-" incrense/decrease [ %
of DES

] 0.177 . .

0.5 0.170 0176 -3
THAREAP | 0.151 0178 =14
5 0140 0.168 =27

Y 0161 - .

THARMAL 0.5 0179 0,160 12
1 0171 0.159 7
3 0.123 01352 <19

TBAB-BAE i 0142 - -
.5 0.1 0141 -19
L 0.102 0.140 -27

5 (ox1 01w -1l

Fable S10 Moleeular volume of BAL -based 11955 ar 294 15K

DES Ve £ 10 o™ pnin
DS 157
DES2 L51
DES3 147
DESA 1.37
DESS 136
DISé 138
DEST 156
DESE 1.51

DESS 147
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Figure 81 FTIR spectra for DESs containing BAE: a) TBAB:BAE (DES 1-3), b) TEAC:BAE (DES 4-6) and ¢) TBAC:BAE (DES 7-9); (blue —
1:6, red — 1:8 green — 1:10; black —neat BAE, grey - corresponding anmymonium salt).
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Figure 52 DSC curves for DESs containing BAE: a) TBAR:BAE (DES 1-3) . b) TEAC:BAE (DES 4-6) and ¢) TBAC:BAE (DES 7-9); (blue line

— 16, red line — 1:8, green line— 1:10),
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Figure 53 TGA curves: (a, b, ¢) and DTGA curves: (d, e, f) obtaied by thermogravimetry of DESs containing BAE: a) and d) TBAB BAE (DES
1-3) , b) and ¢) TEAC:BAE (DES 4-6); c) and ) TBAC:BAE (DES 7-9); (blue line - 1:6, red Iine — 1:8, green line — 1:10, black— salt, grey
BAE ).
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Figure 54 Densities of deep eutectic solvents studied as a function of tempersture m the moge of 293 15-333.15 K and a1 atmosplenc

pressure for various DESs at molar mtio 1:6 a) TBAB-based b) TEAC-based and ) TRAC-based (blue -AP, red - MAE, preen BAE.
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Figure S5 Viscosities of deep eutectic solvents studied as a fimetion of temperature m the range of 293.15-333.15 K and at atmosphene

pressure for various DESs at molar ratio 1:6 a) TBAB-based b) TEAC-based and ¢) TBAC-based (blue -AP, red — MAE, green BAE
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Figure 56 Refmetive mdices of deep eutectic solvents siudied as 8 function of temperature m the mopge of 2931533315 K nd o
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Figure 57 Speed of sound of deep eutectic solvents studied as n function of temperature mn the range of 293, 1533315 K and at simospheric
pressime for varions DESs st melar mtio 1,6 ) THAB-based b) TEAC -based and o) TBAC-based (blue -AP, red - MAE, green BAE
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Figure S8 FIIR spectra of pure DESs (black line) and different TBAB based DESs afier CO; absorption (colow lme) a) TBABAP 16, b)
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Abstzact: This paper demonstrates the sscesament of phiysioochensioa] snd thensedynsmic peop-
erthes of aqueous solutions of novel devp oubectic sobrent (TESY baill of totrabutylammonbam
chloride and 3-amine: |-propansd or lctrabuhdasmmoniem bromide and Jamine | -propancl or
?{th.-hmlmnihmrﬂ' ne 2 fhutylaminoicthamal. Thrrmitiia, wpeds o smand, sefractive indioe,
and dmiﬁﬂhrbnﬂ'lpmr:ld aqm'lmrulm:lﬂl:.‘iwmlntmﬁw crer the emtine ramge
of evrnpoaitioms. st atmoapheric pressrns and T o= (29015 - WR15) K, I was conclimdod that the
H.Tﬂi'rrm| dlmmmmﬂhﬂFEuEdudqﬂrlmﬂmﬂ~kﬂvr-pddwhhmhﬂrnm-
cirdzation. | Nraiwal reslin shypyind thal this matheinetical eguathon i an socusate voresatbon e
thie prediction of squems UES propestioes. Key plivaioocbenuce) properies of e misturs—sich as
wcesd oular volumes, escess Benlogic oo pressibill e, dovisiicns b viesosily, and Sevialion by
rafractive indicee—wese calrnlated and correlalad by the Redlach-Kister e with emperatine-
cheparndient poramsaters. The men-ides! Behevior of the eusdicd systme wene also evaluaed by ising
!l'hrl'ﬂ-m"hur I'Im'y Fmﬂ-wrmdﬂwmhwhrmﬂdi‘n berrees wf rdeTarhoms
Bitvicivn e siBITe cotripamrTb.

Keyworde DES: dowy sulectic solvenls; sguouus ol pcms proporiie (A FF?

1. Introdution

Deep eutectic solvenss (5] ane very important and well-Enown components or
inabetlals used often i chemistry but also in other indusioes os phamacy, chemical
technolegy as an inexpensive solventy componmmt beinyg, sustninable altemative to the
comwoniional organke solvents which s non-scological, Curmenily, the sdv inoement ol
difteremit DES had enabied the production of materials for unique parpose for peaction
inedtivm, Blodiee] prooetien, meldl eledbaodeseithon, nanotechinalogy amnd othes |1,
Cobal reseanch = sl foorsed on the developing new imnovative DES which will probably
roplace non-ecological classic solvents as well |2,5]

Dieepy putectic solvents, based omoanes amad guatermry ammoniem salts, were first
roparted by Abbott o al. [4] Sknee then many derivatives have been invented and applied.
Generally, DFESS ane built from bedirogen bovd acoeptor (HBA D and hoydirogen bond donar
{HBE) in the appropriate molar oo ferming compleses throwgh hydrogen bonds. As g
meswlt, desp eutechic solvents have a bower medtingg point than their compsme s | 5§

135 phame many properties with moom lemperatune boade baquid (KTILY They are
practscally nome=vodatle and non-Aarmmable, and exhibit high thermal and electro-chemacal
stabsility, but ame definilely cheaper, less bosic, and often bodegradable i comparison

Wlissrales BEED, 37 THA. himpe il a0 T g il ST

Tumge et atje st il Fmiled ulios
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with RTIL {0]. Addibionally, since the physical properties of DES ane dependent on the
eompasitiom and proportions of the compornents making up a given cubechic mistune,
it i= possible o propose 4 particular composition whose properties should be applied
specitically [1,7]

Deep wulectic solvents ane highly hygroscopic liguids, so race ameunts of wiber an
often imaviidahio as impurity [4]. Ploweyver, depending on the application, warer can bo
defiberately added 1o the D125 o modulate the physicochiemical properties of the solvent,
espicially mass tramsfier properies such s viscosity

Aguenus mistures of DES have already been used in nanoparticle sypthesis [9], car-
bon dioxide ab=oeption [10,17 ], and-as medla in chombcal reactions |12 Some conflicting
imfrmation s found o the eratome rrﬁdrliln!.; the I:rrlp..!.::l af water ii DES on Processes
of O absarption. Su et ol, | 1] discoversd that even a small additbon of waler b DES
1!|.|ﬂ11:||r_«:d of cholioe chlomdes {EHCH and vivd reduces the M:IL!Hl!It:, of carben dwxade,
while Liet al. 111] concluded that the solubiiity of OO increases in teteamethylammaontiom
chilurede and momneethamilaming LS afier the addibion of Hli.-fl.. and meaches & maxaimmim
ab 10% water content. Therefore, since the water content has o great influence on the
Fh:,.'xln.l:.'hl:mll.'al pnll:n:rhus wl |]|-.'|_1:| subechic solverits, 11 s erocial b condeal it in adjuenis
1S solutions from a fechnolosical point of view and in further application. A significant
part of the research carried oul so far has been devoted Lo the properties of pseudo-pure
135 15 6] Thermsdynamic properties of agoeoss [¥ESs are also mandy. poblishied [17]
Kuddushi et al. measured denslties of aquesus solution of DES composed of ChCl with
srburtaric poid andd malenic acid (18] They cobou lated excess molar vilumie (V5 for those
systems (hat lound bo be negative, indicaling strong interactions between water and DS
miolecules, Additomally, volumetric properties were described for such aguomes 1ES sys-
temis s nH:-|h'i'E\"5ﬁ1}-| rrhg;gph:m'ium brarmidse {ATPPI) with dirﬂ'l.}licnr E|}'n.1r [l}l-f{:il [':-J]
o triethylene ghycol (TR 200 ChC] with ethy lene gheood or ghvoerol [21] and Chol with
lactic acid [E‘!].

Studies that comsider other properties of mpeeous DES solutions—such as scoustic
pn:rfuﬂ'rirs II":'L. mefractive indices [EI ,l"'-], and viscosatios [: "...f-l-]—;rrl.* st ram and not
popular. All of them conficm that the intersctions between DES and water modecubes
sigmificantly influenee on thermodynamic properties of aqueaus S golubons,

o general. maost of the reseanch it bas been carried out o date o dieep cutectic
salvents a5 potentlal CO absorbe fs are devoted to DESs in which physical absanption of
carbon dioabkdi oocurs, The carbum disside shsorptum capacity in thime DES i ower
than that in commerclally used absorbers thevefore thelr potential application In indios-
try i sagmicantly Hrmitod. Thoerefore, tee aim of Bas work s o charsctorize and betier
understand the waler solutzons of deep eulectic solvents based on alkanolamlnes with
chemigal absorption capacity In teems of e suifability for the effectivie separation of
carbon dioxide from gas streams at relatively low pressare. 1i bs by from the lierature
that carbon dioxide capacity, apant from others factors; depends alse on the strenglh of
imtermuslocular interactions bebween DES components [75.26]. As the interactions between
HBA and HBED increase, the CO0; solubility decreases. Sumilar eflects can be expected {or
acvos solations of IESs, where incroasing strength of the DES-H20imteractions might
result in-a decrease of carban dioxide capacity due lo the weaker interactions belween
C0; and TIES [77] The final etfect of the presence of water in DES on thesolubility of
L0y will also depend on which of the components {DES or water) will have Lhe greaber
atfinity far the gas ahsorbed. Herefn, we prepared deep cutectic solvents built of tetm-
butylammimanm bromide with 3-aming- | -propanol (AP} 2-(methylaminoiethanol (MALE),
ar 2-1|"||::|.‘!.-|nmh1|,1]1-l']'mn:'§| |i:F| A aned E{‘l‘mhut}' lammyortom chilaride i TBACY with AIL dit
1:& miolar ratigs, Then, the physicochemical properties of pure and agueous solutions
of DVESs an dimsity, gpevd of aiuind, viscodity, and refrachve indes weee mcasooed, and
Jouyban—Acree predictive model (1AM was used to oorrelate the expenmental data; Seov-
il mathemateal models for the correlatinn of p]!yxim!phjprrﬁln 13 I'!||nrn‘_v mixburas can
b Fommd i thar hitorature [25]. However, these models were wsed mainly to commelate the
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clermity of mistures. Thus, so decidied to wee the | AM expuation, o s far B hasalso been
used to predict thie visoosity of two-component mixtuns of dassical solvents {29], Ther-
imodynamic esoms properties—incloding escoss molar wolume, escens isobaric thermal
expansion, exows igmiopic compressibility, deviation in refractive indices, deviation in
wisooslthes, and exoess Gibbs anergy of activation for viscous fiow—swere caloulated and
cormeinted by the Kedlich-Kister-type polynomial equation considered as the most common
and accuraly mathematical model (or this purpose. Prigogine=Flon-Patteson Theory
(TF1) weas used 0 correlate the experimental oooss molar volume as the most accepsed
oy to interprt the bebavior off non-ldeal liquid solution, which has been applied o
many mivtures of clasical spdvents as well a5 B0 svstems contsining onic liquids and some
agqueons solutions of DESs. The effect of the HBA andon type of obtabned DS salutions
wits evaluated ss well as the arder and length of the alkyl chain of esch allanolamine were
disoussed. The iInfluence of ternperatune on thermodynamic properthes of LIS solutions
weas also involved in this study:

2 Materlals and Methods
2.1, Chyicanls

The chemicals used in this study—3-aming-1-propasal (AP}, 2{methylsminajethenl
(MAL), 2-{butylaminethanal (BEA], tetrbutylammondum bromiche (THBAB), and tetrabaty-
Iammmorium chioride {THAC }—were purchased from Sigma-Aldrich. TRAC wis puritied
Ty bbb crystallization Trorm acetone by adding diethy] vthee. AT salts wore deied under
Teduced preveure before vse, THAR a8 323 K for 48 h while THAC at 298 15 K for several
dlays. The cortesponding sdorenethon amad the chemical structunes of the TFSs compisemis
are presented in Table 1.

Table 1. Pronsonaneo, mass fraction pority, mnd chemical serocturees, of S compounds studiod .

cAs Malecsiar Weight Masw
Chamical Name Saurrce . Wigmolly Froction pagty | Chemical Structue
Lamine-T-propansl (AP} Siama Aldach 156576 F=N b oo i
24 methlameno) : H
¥ I;HI'M}M Sigma Aldrich 108804 =n e ¥ .
“““"T“m""'*m otanal e Alddeh 11199 e i . .
.I__& -
tetrabtylammuoniurn .
Sipine Aldsich 166192 mw >0
bremicte (THAR) —
~
II 1)
retrubuty |l amminium s 7 =
Aldach 1112474 o) > __
chilsridde (THACH Sigma /
* As sinlesd by supplier ¥ Aher crystalizsivm, determieed by poeenticmer—ic wwmtie

212 Pyeparation of DESs and Thelr Agecoes Solubioes
DESs wete prepared by mass with the ssime molsr ratio of 16 salt o smbso aloohal.
The weighing was done using an anabytical balance (Mettler Toledo) with the precision
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of 1,1 mg. The standard uncertainty in the mass Eraction was estimated o be less than
41 % 104 The combinations of the quatemary ammoninm saltsand AF/MAESBEA wene
iz i 233,03 K for | b using 0 magnetic sticrer in a fume hood until a homeggeneous and
umitorm liguid without any precipitate was formed, Wirter comeent of IDESs was measured
using a Mettler Toledo Coulometric Karl-Fisdher titrabor (899 Coulometer apparatus from
Metrohm) and it was fond to be less than (0016 mass fraction, Table 7 displays tho
abibreviaton of chemicals and DESs along with their molar mass, molar ratio, mass raction,
aned water comtent.

Tabkle 2. Abbreviations of chemicils and DESs alomg with their molar mass, molar ratio, mass fraction,
il wiiler condent

Mol Mg ! Mass Fraction Waler

Spwhal. WK i Ratin (g mal 1) ai HA * Content
IS THAR Al 1% LI 172 (RIS
M52 TRAC A 15 YL L3578 oz
LIFA3 THAR MAE 1% 110433 L4170 (T TH
e ThAL BAE 16 146514 L35 o159

= The stamdand umncertabnty of TES mass frachios conapostrim m G0, 7 Water crmient of DFSs in mems fraction
drtermaned by Kard Fwher fitrotiom widh the standard anoertanby -H 60l

Desmed, double distilbad, degassed waber with a speaific conductance. of
L1310 *5cm b was uaed for the prepaeation of aqueous mixteees of [ESs. The witker
comhenbs e LIRS was scoounted for wpon solution preparation,

i | f’b!.lm:mrl Droiperties Memarmrinreds
231 Density and Speed of Soumd

Measurements of density and speed of sound were peeformed by using o digital
vibrabiom-tuby ma|:,-'ﬂ"r {Artom Pasr IRA U, Grae, Auvsbra) with pﬂ:rpw:rrhl:rnal b,,-rrrpw—
afuee comtrol that kept the samples ot woeking temperature with an accuracy of 007 K
|'_tpl|.-111'rn|.-n|a| I;rH.|u|.-|-'|.r.-_'|r Forr Lhe mneasuremends of the ulérasgme Tm-d s 1.‘1..'|J|!| e 3 MH-
I'hie apparatus wis calibrated with dooble distilled deionieed omd degaseed water omd dey
ale af atmospheric pressure according Lo the apparatus catalop, proceduse, The E-cper.lm&m.al
uncettaimty of density and wltrasonic velooty misssanments wos botter tham 3% « i kg m—*
and2 = 10 | ms !, respecilvely

222 Viscosity

Siscisitios of the solvimts were determined ssimg | VIN-UE Programmabhke Ehoometer
leone-plale viscometer; Brookfeld Engineering Laboratory, USA), controlled by a compuber.
The temperatune of the samples was comtrolled within = R K using a thermastatic water
buath {PolySeience 9100, Niles, IL, USA), The display of te viscosimeler was vezibed wilh
certificd viscosity stondard W10 and 53 provided by Cannon at 29815 £ k1 K. The
standard uncerlainty of viscosily measusemmenl was betler than 1%.

223 Refractive Index

The refroctive indices were measured wsing ane Abbe refractometer (RE-3, Warsaw,
Poland) equipped with a thermostal for controlling the cell temperalure with an acouracy
af 011 K. The standard uncertainty of refractive indes mepsurement on the np scale wiss
(002, AL least three independent measurements were laken lor éach sample al each
temperatune b assere reproducibiity of the measurement

234, bobsirle Heal Capacity

A Melller Toledo Slar One differential scanning calorimeter (W), STAR-1 System
{Mettier Toledo, Greifensee, Switzerland), was used to measurne specific heat capacities of
mervel DESs, The DS dnstrunsent was calibraled by the mdiun slandard price o sample
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st rerrties. Durig the memsasretient, an inort stoosphane was creatid undier 8 nitrogen
flow of 80 mL min . The sspphine method for op determination was wsed | 3], A asdine'
or blank measurement wan pedormed for heating s 10 K min', Al of the neslts
wbtained were blank curve comected and performed twice. The test matenial and the
rederenoe were placed into individual aluminium cricibles which wens then seabed with
pherced lds. The dats from the DSC were recurded and then analyred 1o obtain the Cp
Arenms thee dlata

3. Resulis and Discusalon

‘A1, Phgvacal Propertaes of ey Mictues

The mcperimental valoes of dennity, speod of sound, viscoslty, and mfractive Indices
fiar aquieors solutions of TESs consisting of trbuty lammonium bramide and 3arming-1-
propanol or 2 -imethylamina)jethanol or 3-(butylaminohethanel and for the aqueous sola-
tion= ol DES built of tetrabitylammonium chilaride and S-amine-1-propanct over the entire
romge of compositions at temperahiunes rangng from 253,05 K to 31315 K and reported in
Tables 51-54. Moresver, in Figore | the physical properties are plotad as a fumetion of the
12835 molar fraction at 29815 K for all wrstems stedivd, As it can be observed, depending
on this propertis, its dependence on the deep eulectic selvent conlent varies. Moreoves, all
trenddi ane nonlinearn, mdicating deviation from the idual conre.

ns RE :E] (1] L 1] L1 ]

e =
i
iz
{-.'4 e
L

LR

(1] o i ok aE i
Ny wp

Figmre 1. The dependence of the physical properties of squeos solifions of DES: on molir fraction
o i wulicthe solvent an 2900 8K (a) denwiny; (i) spoed of sound | (o visoostiy; (d) meiracsve indes
B DES) e DESY. & 1655, ¢ DESE, —, Equation (1)

Taking into account the density;, its values decrease i the whole ange of S conoemn-
tratione only for aqueous THARBAE (DES4) salutions fisr which o negative deviation from
idkeal behavior s observed. For the uther systems, the demally incneases with ncressing DES



Mlocules 303227 bl 22

7]
=

concentraton al low deep eutechic solvent content, reaches s masimem value at certain
minlar fractiom of EHS, and afterwarcds boggins to decronse. The composition of the solution
with the highest density depends on both the amine alcobol and the sali.

The depemdenee of the sonnd velocity and visoosiey of aquegas DES solutions on thie
milar fraction of DES also shows a maximum, Hewsvern in the case ol viscosity, unlike
the speoed of scamd and the density, it occumeat high DES content. The refractive mdox
incremses momirtonically in fhe whole mnge of DES coneentrations for all systems,

Whien the temperatune dependence i= comsidered, one con ohserve that all propersics
decmse with the incnease of emperature as the result of thermal expansion,

The experimental values of of demally, speed ol soand, viseosity, and refractive brdices
of blnar}' imixbores wers coerelsed h}' usimg af ]uuj‘b\.ﬂn—.‘\.rmﬂ mosd el [_"-J.. 1 |—.i'\-]. Theis
misthematical model wses the physioochemical properties of the individual solvents as
Jrl'Pl.ll'. dhata and & riumber of curve-R H:.rlﬁ frara sl qu:!h-ul‘ll: e effecks of acdveni—olveni
imteractions In the solution

T L
g = apdmyy b by % 3 ki = {1}
e

Ther v, Wy, and s e the physicnl properiies of the mivhore, deep cutectic solvent
and waler, at specilic lemperature, The &y and &y are mole racions of DES and waler
respectively, The | torms ane coefficionts of the model compuated by usings a sero<interoept
regrassion analysis

¥ =i - )
]lr_r.l — xylmyy — rg]::_ul; — —_— ‘II: filwy — -.r:.'!.' 2}
T =5

Root mean squane deviationof 0 (RMSD) and the average deviation (ARD %) were
ealcubated accarding o the fol lewing equations

¥ L

pasp = | EVer =] Y"I"r - i"""j &

l
(T T '.-'-.-rr.1|
: —l d )

= Hprad

ARD % =

wehieiiwe o1 s B el of l.‘!lr.u.-ﬂn‘u.-jll.ﬂ claga, b o the pumber of P.I!I'.IIMI.!M'I'H of modiel and ¥
i5 eypual fo Dy,

Paramubers | of Bguation |1 rnt mean squand desiation of BE (RMSUY and the comme-
spomding, average relative deviation (AR %) for the svstemns studiod ot T= (20315 10 313151 K
are presented in Table 55 (Supplemenlary Malerials),

Maoreaver, the values of density, speed of sound, visoosity, and refractive indox ob-
tained by JAM are depicted as the smoothed solid lines in Figure |. As can be seen, the
Jemyban-Acree model cormelates the experimental physical propertics satisfactorily, eape-
cially [or density and relractive lnides, for which average relative deviallons are the same
order as the oxperimental uncertainty. Thes, the | AM can be comsidered a redinble model
lor predicting the densities and reflmctive indices as well as it can be used for estimalion o
thie speeds of sound and viscosity of squenus DES solutions, for which, however, higher
ARD 'S are observed.,
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A2 Volessetrie Properibies
A2 1 Exgese Molar Volume

The excess maolar volemes (V') were calculated using the experimental denaity data
acconding to the following equation
pE o Ty b 1My 5y XaMe

P M ]

whiere if &8 the density of the misctune aod 2, My, and p; ane the mole raction, the molar
mnﬂidﬂﬂijfdﬂtﬁiltl!l‘dﬂh‘h‘lt

The cllained values of ¥F are presonied in Tables Eiél and plotbed as a functon
of the LES mode fractbon. 1), in Figure 2. fgure 2a shows the plots of V¥ against mole
fraction of LIZ5 for all studied mixtures at 29815 K and Figure Zb depicts the
dependencs of evcrss molar volumes for the sysliem (TRARBAE + water) s an exsmple, 1
izan bt observed in thesi figures that the curves of ¥ ane asymmictrical and theeir values ane
negative over the whale composition and temperstune range. The minkmum was foungd
betwoen msl fractiom of .35 and 0.4 of DES equal to - (098 for DESL. - 1400 for DESZ, - 113
o DYRSS, — 102 for DESE. The ssymmetry of the curves is dwe to the Ol ferenoe betweon
thir molar vobumes of the componmits mixhane.

5]

B0 A afr—wr Pl
2384 ) w2 {
¥ = H ;"f

;lqum : 3 '!.-“- !— ‘lh
wfam : '3 E as l_.
% i T l ]

- NI E8

. ] :
B - a LB b

Y Y 0N 19 00 B %4 oM oM 18
Xy y

HFLihpmﬂﬂummin mﬂmmhd L% o ok fractaoe gl
e iteckic sodvanl: (a) al 29605 K for I DEST: @ DEFSZ. & DIESS; & DESL (b)) for DEST sl 2905 K
(L SRS K (el 300 15K (Ak LIS K (bl 3113 K (v —. Fauablon ()

In Frigure 2, the dashed lines represent the correlated values sccording to the Redich-
Kisber paabirnomial | 34

z

VE=nn T A ~n¥ ()
-

whers- the A; values are adpssiable parameless,

As ot can b seer, the cﬂimhhd values agtee very will with the paperimental data,
The A; values werne determined the least squares method and they ane fsted in
Tialslos S6=50, along with thelr RMST For all syshena, saoms tolar volumes werr comilated
utsing three-parameter Redlich—Kister polynomial equation.

The regtiv values of excess molas volumies con e explained based o (e strength
uf the specific interactions. size, and shape of molemules. When DES i= added to water,
e intraoempdeoular interactions Betwveen DES or water molecules ase disrupted and new
hydrogen bonding interactions between water and chioride/bmmide anion of HBA and
between witer and <OH group and -NH; group or =NH of amino sloobol e forming,
Muoreowver, wober molecuiss—nas much smaller than the deep eutectic solvent one—may
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fit it thee interstices of the DES. Therefore, the: filling eifect of water in the interstices of
126z, and thee stromgg hydrsigen bonding intiractions hetwoon the unlike components of the
systems, all lead 1o the negative values of the excess molar volumes.

The semperatuse dependence of fhe exces molar velumes con determine wiat kind
of eifect—ie., the packing phenomenaon or the strong fomes bebween this oom ponenis-—
is respomsthlie for the negative values of V5 Ingenorml, s femperaneme increases, thy
specific interactivons break down and doe 1o the increased thermal uetustion, mome hodes
of ssfficient swe for the accommadation of the onlike companent ane formed, 1 hes offects
influence the excess molar volums in & reverse manner. A decrese of specilic interactions
causes an increase in V- values, while o loosening of (e TES structi e beads o4 decnzase
of pecoas molar volume with L-n:mpa:r.lh'll'u 11'|:|.|sr thas ubserved mcrease of 1" with I'I:il.!‘l!.:‘
temperature for all systems investigated sugpests that specific iteractions determine the
vislumistoie behavior of agueLls sobutons of JHP eulechc solvesits based on aleobod amine,
Acsimilar phenomenon was obzerved by other researchers for agueous solutions of DES
based on chioline dilondie [I. ) L ﬂ*] oF a|.|'|.-|.|:!ip.'r!ﬂ1}'|:|:||u|q=|'||nl:|.|m Broride E"J._"I. ].
What Is interesting, for the (DES + alcoholp svstenss, due fo the decrease v the excess maolis
il with I::Irrpﬂnl.uh:. the divminance of tha F.:l:hns el was Fl.lul.l.lla.l.rr] [.W..ill].

The dominance of specific interactions in the squooss solutoms of the 1S stodicd
can be confirmed by the Prigogine-Flory-Tatterson (TTT) theory |41—45], This theory
fips b prigimally meed inimterpreting tueovalees of the excess molor vishomaes of binory
systems [ormed by polar compounds which do nol form strong elecirostatic or hrdrogen
bymd imberactioms, Cver fime, however, it has emomged that thae use of the Floty formalism
can still provide an Interesting correlalion belween the excess volumes ol more complex
TN TS S0 far the P theary bias been sucoesstolly applied to prodict and model the
ewcrss Toolar vodormes of mamy Tinhares :I:ml‘.li'l-‘l'inl; I 1|:|:|'|:r|d|| i-:-l—"-l'I] and s AU
systems with deep eutectic solvemds 115.51,52],

According to the PFIF theory, the excess molar volume containg throi comiributions: an
imteractional contribution, o free valume contribution, and a pressane contribution, The
expression for Y5 is given as

)P0 ~(f= 1) [oumi e (F =) 05 - e

:FFI' | t]I.n"_

[rm:»—”‘ 15 [iav-ta 1] P M+ P

where 15 s excess molar vohame, & mele frachion, V* chametenstic volume, 1 characiemstic
prematime, i moleciilie contact emery fraction, (1 aslecilar siorface feaction, V' rediced
volume, and gz nteractional paramater.

The n;dul.\'d wolumie for frufi stibsdarwe | s detined in bieemis af the theemal e panEog

cocthoients, o, as :
= bpdaT
Vi= ( 1+&T &

The reduced vohime of mixtame, ¥, is calculated from

Vo=mVi Ve )
whese the moleculnr contack energy frackion, ¢, is expressed by: gy = 1 — ||ur'1:l'L [

wy L-"

with e hardeore volume fracton, ¢, calowlated from gy = 1 — ¢ = _'I"l'TxL["'
Tho chmacteristio volumme, V7, s coloalated from the molar volame from the expression

L ;_:- angl the characterstic pressune saxpressed by

p == K“—I‘_I:rl;i: (1)
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whasne K 1s thee isothermal compressibility sbtained (rom the sentropic comprossibility

from the thermad yramic redation

|..-'|“.r'|"-‘.l'
I‘:_|I|

Ky = Kgj {E1}

with the isobaric heat capacity. T,
The modecular surface fraction of component 2.1 given by: €, = #}“-T_ inwhich
thi watiis of thi sarbace contact sites par sopment & gven by B

- ('—JL}I } (12
51 By

In presemt study, the thermal pxpansion coefficent, ap, defined asay = | I:ﬁ'i- :I,.'
weits caiculated by whe the bempuerature dependence of densiby, winch wias found bo be the
second-order polynomial equation,

Thwe psrbarte hiat capacity of DESswas determined expermentally, Table 510 shows,
lor all pure DESs used In thds work, the theérmal expansbon coelllclent, the dsobarle heat
capacity and the Flory parameters necessary for the appheaton of the PEF theory, The
segilts of oo exporiments compare the Cp of DEST-DESE Qoite naticeahly diftenencis ane
observed, Generally, lhe Cp values [lmol ' X | are arranged in cxder: DES3 < DES 2
< DES | < I35 4 at st tempemhime poinis

According to the I'TT theory, for the separation of the values of excess molar volume
intu threo conbvibo Hong, the intorectionsl parametor 3o most be found . Inthe present
study, it has been done by minimalization of the objective [unction considering deviations
in the prodiction of the e volome, defined as

OF =Y (vE, - v;._.)? ({5
=l

In caleulatlons, the value of the Interactional parameter yqq was assumed o be in-
dlupemdient un the compusitiom OF misture. Figtne 3 shows e composition depondence
of caloulated excess modar volume, logether with the these contelbulinns (V5 V};, VEL
compared with the experimental VE data for cach svstem stodied at 208 15 K

Moreover, Table 5 reparts the adjusted values of interactional parameter y1y and
caleulatod three contributions o exeess molar volume fioe the bliare mictines of deep
eutectic splvents with water at all emperatunes invesbgated and at oy = (L4 topether
with RASEY

Study of tho dota presented m Table § s woll as an amalyss of Fgare 7 reveals that
thit inferactional contriburtion & always negative and it ssemsa to be the oot impontant o
explam the values of the excess molar volume. It deodes pbauat the mgn and magnitude of
it VE due o [is grmier value commpared to thie other fwa contribuotions for sl estigzted
systerms at all temperatures. The free volume contmbubon, which s e measure of geometn-
cal pecommmddabion, s negative bot i magnitode b moch smallee than for the intersctional
contributhons. Thesefore, it can be said that the FTT model confirms the conclusions re-
stilting Trosm the dependence ol daeess melar vl on the wemperatuee, postulating itk
significance of the packing effect for the svstems studied. The third conteibution s the
fesiilt o i Terenees b interal presaoee ancd in the faduced volismes of Qaw componoits,
It Is positive, its magoitude is smaller than the interachonal contribution and decreases
clinthrnetly with b pupatiane.
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Figare . The deprmdencn of thi esews molar soiume of aquoms solutony of CSs on matar
fraction of deep eubecti sabvent al 259,15 K (4) for DESL: (b for DESE fe) for DESY: (d) for [ES,
() evpenmenial data {— calculisled uzing the PFF model: (... oo | ieractional comiribuiion
WEE [~ -1, e vurbiame ceimbribiniton (V5 1 (- b charscteisic pressane contribution (VE ),
Table 3, Calvulated vabash of the tideractional parameter gEL st owan squsne deviation of B
1SR, el thue thewe contesbstivns (V5. VEL WE | from the VR iheory o Hee exces molee volumes
o b bedinary miviaunes of dewp aulici solvenls with skt d wl = O wnld T=(29315 - M5 K
K =315 I9HAS fLERE] 315 INi1E
DES; (1) » water (2)
15 g (fm = —mE3 o b —317h -B3T <3517
e #J-M" Loy 1.726 1534 1,35 1.2
1F K, S Ll [T P () k)
i U"f,,.im' frvel = ={Li3 ~iliwE ] ~ (b -{)083
Khed) nos D4H 2 3 LS
DIES (1) = wates (2}
1 gz /J-m—? —urT -385 —32.7 —F2 —25a10
TP WE o =" 19600 1752 L3 1184 128
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RAE aoan (L0 s 2o [ilikL}
DS (V) = water (3)
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10 W S ek = LT L7 055 LE] 0301
1 Vel = - T o =007 s AT
A L s 0 BHD (Lo




Plokecailes BEED, 17, THK

JRE &+ 2

Tabls A, Cuni,
TR 205 FLUR L] LIE bR L MLs
DSy (1) = water (1)

10® J"!-u"‘ -2 ~2574 ~ 1 ~l6a8 ~1484
10* VE, St ot = L ~ 1754 ~13x ~-13%2 -1 154

W* VL S k! i (e s [iFs ] 0.xE
1w ‘f”ug'i-r-rl ~(Liw —(aimiy T — i e
RABD el NME iy QO s

Por dioeper analysis of the obtiained rosslts, the peromitage of the thnve comtritntions
I emess. maolar volume wes caloulabed. Figuee | presings the obbabned rewalts # 20815 K,

L] T Li

hlw&hhmhmmhmdmﬂnh-dm
w2y = 0k BA1Y K

Aop g b soen, e knderactional contribation and e characterisiic prrssa e oontel-

- bution determine the order of the excess molar volume observed for the studied

which b an follows TRABMAFE (OFS 1) < TRARBAE ([JFS 4) < TRACAD (DRES 2) =
TUABAF (DES 1). The froe volome fraction has practically mo effect on the excess molar
weduine, aeie] (g abmibube valos incaanes with i leagih of the allay] chain L the aindaa iloshal,

Moreowver, the results show that the anion of the sait in DES does not practically effect
o the valie of excess molar volume. As doploted |n Figiires 5 and |, almost identical
infevactional contribetion, fres volume contribution and charsciensie presaen: contriboton
are observed for aquecus solutions of THAC AL (DES 20 snd THAIRAL {DES 1),

Furthwer analysss of Table & shows that the interactional contribution & mainly respon-
nible for the incromse of excess moliar volume with increasing temperture. The decrease
in its absolube value 5 greater tun the docnease of the posative characteristc pressare
contribution, and corsequently the excess volumes of the studiod spatiems nerease with
temperature. The percentage of free volume contribution increases with incressing tem-
perature. bt dise bo the low sbaolute values Vi i has oo laflugnce on the s molar
volume or its dependence on temperature.

Summing up, i & evident from Fygure | that the PFP theoey presdicls e experimestal
dats satisfoctorily. Thus, while the PFP theory does not take into account the strong
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Inbetac tions between components—sich s eleactrontatic, bicd rogen boned g, and comples
formation—we can indfer that the PFI* model reproduces the main characteristics of the
experimental dati by using only oo fitked pasanetes (o describe eucess maslir vabme

322 Bxeen of Thermal Hxpanison

Ac the temperature dependence of density was found to be second order polyno-
mial, bpe: Injp) = wtd b e, the eobare thirmal enpatishon coeffickmis ab different
temperatures weare derived accosding to the aquation

(), -2(8), (), en

T IT
Ther excess thermnl exponsson; day, was caloulated ssing the equation

L]
Anp = &, Elw.-,,, L]

where @, s the volume fraction of pume companent |, defined an @, = x, 1/ 1, 1V, The
vatlues of sy and Anp ane given in Tables $1-56 in Supporting Material and varfation of the
oxowss thermal expansbon with DES mole fraction. xy. s plotbed in Figure 5.
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Flgme 5, Dependence of tha esess tharem] expansson of squoos solutzne of DESs on ol frsstion
of deep eulectic solvent: (a) ot 20815 K [or Bl DESL & DESD: & DESY, & DESE (b} foe DESL a0 2318
KO 0A05 K (el 6005 K Ak 30805 K (8 A5 K (9 —, Faquation (6.

Tt s b s thiat thae waliies of esevss thermal expanaion am positive in the entine
compuosithon range for all systems studied, regardiess of emperature. Sinee posdtive da,
are typioal for the systerms contamning mobeoule capable o wlf-asciate, the obtabined
results comfirm strong hydrgen bonds betwesn water maolecules or between mokecules of
dewp eutectic solvents, the stremgth of which decresses with emperatuss, as indicated by a
reduiction in excess thermal expansion with temperature [51]. Moreover, the less positive
values of exvcess thermal expansion obiained for the [THAR:RAE (DES 4) = waler] aysiem
Inddeatie the weskest byd rogen bond interactions between molocules of this LES companed

iy thee others.
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820, Partial Maolar Volumes

The partial malar volumes of the snadied DESs and water in their binary mistres, T
ond Py, were calculated from the Fouations (16) and (17), using the pacametors of Redlich
Kaister equation (Tables 56-55) and the molar volumes of the pure compaonents, ¥ and V)

i i
Vi= W ol - 1P Ay -0 4 200 - 0P 1 Adizey -1 (s
i b

i
1?;:1.5'+I.:Ea,qzx,_nf_:_r.=:1-:,pt.1,r[h,-1:-‘ ! {17
o | [

The cbtained values of lhe partial molar volumes ingether with the molar volumes
of prine components are presented in Table 517 in Supplymentary Material. As can by
seert, al all sludied lemperatures, the molar volumes of Lhe interacling compounds in
the pure stote wore higher tham their cormespondingg values in the mistuee, i lcatiogg
ihe redoction in volume upon adding a desp entectic solvenl W water. Figure & shows
e s partial molar volumes of the componmts o 298,15 K. Thisse properties wern
calculated from definition as: ¥, =V, — V7 and their values are negative over the wholp
composition range. mmmwuu?‘mﬁuﬂummuumd
sigrificardt solute-solvent ifrtersctions between unlike moleciles, whenas e positive

y and ﬂvmﬁmwmdw“ﬂvmmmlﬂmm
btwien like molecubes in the misture 1547 In the presest work, the neggative oaces. partil
amoiar vidumes of the companends indeate thal the DES—water interactions ane stronger
#hans the [FE—DES on thie waker-svator inberaction, what b combsient with thi conclusdons
Irom encess malay volwmes.

0 G T T 3 #T W %0
a s * i
1 a g -
] e g 2 — ‘4
£ 3 o H
= 3 1 -1
FE [ -
E 4 [ -4 B
;_ - b ‘;h
= ] & L5
' -
£ L -6
T L3
L] - -8
QTIJ 1 IJ.E lilrl Il..ll- Ut& m

x

Figure & Uq?ndm:ﬁﬂhﬂmwmuhl volieme 1] of B DES], » DESZ & DIS3, § DES4,
and wanr ¥y in CTTHS), O DRS2, & T3, © D65 on molar fraction of deep eatectic solvent at
AN K
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Singe the partial molar properties at infimte dilotin provide vseful infoerabon about
the interactioms bebween compoaents of o mixtore that ane independent on composition,
thiir values for DES and water wene: calculisbed,

The partial moder vohames at infimdte dilution of DES wene obtoined by setting = 0
in Eqpuation (13} as

I
T =V LAy {18}
(]

Simitarly, setting vy = 1 in Equistion (1) allowed o estimate the partial molir valiomes
at infindte dilution of wates
V=14 (149
i

Table 4 presents the oblained values of partial molas volumes al infinite dilutions of
13E5 pmd water in their hinpry svstoms

Table 4. Partlod rsolar volumees at ndinige dibetion of RS and water motbseie binary mixmmes of 7=
91510 310.05) K and at atlmﬂphnrir pressun fILE M a).

WV WTTY WV W T PV wtWtT Wi Wy
Ik mmal f m' mol ! m' mal b m'mnl ! ™" mal ] m mal ! m'mol !
DES 1+ water DES 1 + waber
5135 LLiai=h —583 150 =211 1alim —ia% 1558 =247
20815 1A =5 1588 =319 10182 =hi] 1360 =138
RN T{M52 522 Taid 146 1251 371 157 T
MBELIR TALK] 485 24 M5 15518 S 15ad M
1i3ils 10545 —4.70 631 —145 1036 =514 1598 =117
VES 3 + winler 1765 4 4 waber
r kR E] F{HLIK] Hid 545 24 1494 AR 153 275
29815 1475 -7 155 -254 150.27 b 1540 1T
w515 1547 =734 15.60 =149 151147 —i3h 1850 — 26
AE15 EiNe 18 =T.1a ES.pR -1 152,14 — il 1539 153
BiRA L] LEE ] B.H3 1577 239 157 94 E1E! 156M 147

As can be seen, both the partial mofar volumes and the excess partial molar solumes
atinfmite dilution moeaso with the mcreasing temperanire, Such results seem to indioa e
{hat the weakening of hiydrogen bond interactions between DES and water molecules
with nerease in temparature is the most importnt factor contralfing the properties of
thet systems and it dommates over the packing effect. Moreover, the pecess partial mslar
vosleemes ot infingte dilustion of DES change in the order TEABRMAE (DES 1) < TRABBAE
(LIS 41 = THBAL AP (13RS5 2) = THAILAP (I7ES 1) confirming the condusiores pbtained on
the basia of excess molar volumes, The dependencr of excess partal maolar volumes at
infimtte dilutiom of seaber on the DES; THAHHA h1|}hﬁ 4:I < THAILMAE {lJI'..,": A< THACAP
(OFES 21« TRARAT (DES 1) is similar and onldy the reordering of DESY and DRSS takes
plase. Hivwewer, taking o an acomunt the uncertainty of partial maolar volamse at infinibg
dilustiom, it cnn be sald, that the T5™ for svatems (DS waber) and {DES% water} ane
practicalty equal,

1.} Exress lenbropic Lompressihlity

The isertropic compressibilities of aqueons solutions of IS were estima ted nsing
experimental values of densities and sound velocities by the Laplace eqguation

c kY
= v...(an = (20)
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prrowleling the Bk betwern thermiodpnamlos and scoustios.
Then, acoording to the approach developed by Benson et al. [55] the exces sontropic
compressibility wir caleulaied os

of wu - Tty - TE 0Vl /6 4 TE sv{E @) 7 e 21
i i [ ] i i

Talskes 5154 in Supplementary Matenial presant She experimiental values of sound
welocity and the mlculated values of excess isentropic compressibility for agueous so-
Instions o [Hs made of fetrabuty lammoniom bromide and 3-amino-1propanol or 2-
{methylamineiethanol or 2-{tutylammojethanol and for the aquecs solutions of DES
brusilt of teteabutylamemonium chiloride and 3amino-1-propenol ever the antine ranige of

tioms af fures from 293,15 K to 31315 K. Figure 7a shows the plots

III'E apgainit ol fraction of IS for the all studied mivtuees ot 29815 K and Figure 7b

icks the of exorss isentropic compressibility for the systemn

(THARAF «water] an an oxample. 1L is evident that the curves sne remackably asymimetric,

wiith ther rinima shifted towards o rich mole fraction of wisker, evien mane than the cooess
molar volurme curves are.

m' T L L " .
° ' 2 = : e
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i '}
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Figmre 7. Dvprmudenion of e owess medrogss commpomsiilily of aguecus soludsomes of TS o maolar

fraction of deep eubectic solvent: (a) st 298015 K for B TESE » TRSE & TRFSS: 4 TESE (b for DESE at
9T I (I 29605 O ) 0015 K MO0 K (Y LIS K () Diguation (8]

I these figures, it can by abso seen that the vabies of of ane negathee for ol sysems
over thie-entine range of the mole fraction as well 25 the temperstuse range This mdicates
that the mdshures might be less compressdble than the coresponding bdeal mixtures dise to
o choser approach and stronger interactions betwesn e unlike molecu les of e mivtures
The negative vahies of oo lity for the binary systemns follow the
order; THAHMAE (DES 3) < THARBAE (S 4) s TRAC AL {DES J) = TBARAP (DS 1)
Thuss, the behavior of the ewnss sentropic compressibility seems o be consistent with the
obtained vahss of the exoess molsr vobume, which sugsests that the imteractions and the
paciing effec! dominats in aqueous solutions of TBABMAE and do rot practically depend
om the anion of the salt in DES,

Morenver, 45 can be sewen hFjg.luFb_ﬂ'leﬂhunll:f-hml- le=s negative with
ircroising temgeratum for all syatems at o fived composition. It is due (o the roduction of
interactions between unlike mokcubes, what has already been suggested by volumetric
properties. Indood, the incnease in emperatune abso inereasis the tharmal mothon of the
maolecules and enlangement of mferstioes, Howeoe, the decrorse in by dogen bonding is
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et and, in the rosalt, the exorss mokar comprremibility of all agueoess srutions of DES
decreases with incrussing senperature.

3.4 Dvointiues iu Refractine ladex
From refractive Indices tha dev athons In nefractive indes, Anp, wene caleulated using
the equation
L]
Anpo=tp Eﬂ'.ﬂrn =)
=
wherne riyy and tp, are the refractive indes of a mixtune and & puré component J, fespectively
and @y denotes the volume fraction of a pure compaonent i
Tables 51-54 In Supplementary Materlal present the esperimental values of ndractive
inden and calculabed values of the deviations in mfractive index for aguoeos sofibons
of DESs over ihe entive mange ol compositions a1 lemperatiines froem 29113 K o
FAN5 K. Fgure 5 shows the plots of Ampy against male faction of TWES for the all studicd
mintures ot 20815 K anel Figune th depicts the lemperaturne depetudence of deviations in
refractive indes for the Sysbem (TBARAF +wiater] 55 an evample.
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Figare & Dependence of thi: deviations in refmactive of agoeows solofons of DESs on mesar feaction
il dewp eutecthc sbyore: Lo 295 15 K for B UVEST; @ DERE & DRSS, @ DES4 () for TS s 20018 K
(I 29 15K () 30015 0 (308 15 X (8 33 IS K { Wi —. Fquation i)

A5 can b zeen from Figure 5. the values of deviations in nefractive index ane positive
aver the whike compaos|lon range of Binary midures and their dependences on moke
fractiom of DS ame ssymmetrical

Tt s kmevwen thiat dlevistions of refractive inde am negatively cormlsted with excess
matar volumes |50]. 1 excess molar volume is negative, then thene will be bess free volume
available than in an ideal misiune and the photoms will mtersct mom stmng ly sith ihe
components of the solution. As a resalt, Eght will travel witha weaker velocity in the
minture: and it mofractive index will be higher than in an ideal solution. Thus, positive
deviations of refractive indes will be observed.

This phundenenen oo i all satemie mvestigitind ln the prosent stady and i (s the
strongest for TRABMAE (THS 31 Therefore, the obtained deviations of mfrachive index
comlirm the conclusbon regarding the strongest Intetactions betwern this decp silectic
potvent and wases molecules compared @ other DESs studied, Moreower, as the values deg
imcrwans with decrodadng heeporatune, they indlcate i Thcnsise in the rirmbar of hydrogon
bonds at lower lemperatures, which cormesponds with the nsulis of densitometric and
acovastle fesearch.
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A5 Dyvsatbonns in Viscorty amd Excon Gibts Emergy of Actristtion fie Visgous Flow
Based on the viscosities of the mixtunes, the viscosity deviations Ay were obtained
accurding to the eguation

By gy = e 1y 4 Tl ) X

which uses bhe visousity of the ideal mivhire as puggested by Archenius,
The excess Gibbs energy of activation for viscous low AGT, was calowlaied using the

equation
AG! = RT(In(y Vi) = (xe In{mpy ¥y ) = 22 In{m Ve ey

where 1 is the gas oonsinng and T i the absolute temporature. The sembold ga, s, Vioand
Vz represent wisoosity of DES, visoosity of water, molar volumes of TS, and molar volume
of woater,

Tables 51-54 n Supplementary Material present the experimental values of viscosity,
calculated values of the viscosity deviations snd the excess Gibbe eremgy of activaton
fowr wiscous flow fiovr aqueous solutlons of TFSs over (he entire range of compositioes
temperatures mmyging from 015 K o 31305 K, Fagure Yab show the plots of Ag and AG!
Against male fraction of DES for the all stodied mixtores ab 298 15 K Figgure “cd depict the
temperatun dependence of viscosity deviations and (hw iemperatues dependence of this
exncess Uabis enerpry of activation for viscous Sow for the system (TBAKRAE +water) asan
wnample,

u R e - b
L] ¥ ‘ w i - . ’ -
e 4 | § ’ " [ F * -.‘-

- b, . " - .'-‘ -‘

-] & N, mE '

Byl . 'E:m __: '.
e __' . r. Y
¥ t 1 = f \
“-tr. it Y i i i .t.i: 03 1a i e 1.

"y L

o] Y, @ == -'F‘] d
o . wl F TR
a M 5 / ;‘

-lﬂq - « -_-!"’ﬂ' ‘: "-"
" | !
] Y Smond f -

e ! ' '.' ‘-!:«. .'Jll ".
m o . = & = B / LY
i a & : P e e SN ™ .“
" i : ¥ : oy 1‘.|
: ¥ ) ' F

oy Ty

Figmere 9. Dvpendence of the devistions in viscosity and the eacess Gibbe snergy of acivabion of
s solutiors of DESs on solar fenction of deep citecthe sulvent () a1 208 15 K for B DES1;
» DES2; & LS 4 DESE; fod) for DEST ot 20515 K (L 29005 K el 30015 K (4] 0815 K (#);
NAIE K W) — Equakion (6]
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It & clearly visable that the siscosity deviations of all mixtures s positive in the whale
range of compasition, It i known that the viscosity of o mistoee is rolated to she liguid
structure [77] Thenefon, the viscosity desistion depends on modecular interactions a=
well as o the size and shape of the mokecnbes forming the solution. The positive viscosity
deviations e obseryed in mistures with strong specific interictions like lydrogen bonding
imtoractions, wheress the inferstitial accommaodation of one component with the other
within the mixiure leads to negative A valuses [524], For our DS systens, the predominani
effectis the hydrogen bomidimgz, thot keady to positive A valoes

Theorder of visorsity deviations is the same as for the viscosity of the studied systems
aind b5 @3 Follews: TBABAP (DES 1) = TRACAT (DES 1) > TEARBAE (DES 4) > TBABEMAE
I:IJE 3jl it Is chifferiml fromn thrse obtaiied for meess imolar volume of ecess :l.mtpn‘:nlhl ||l'_'|-.
Thus, it can concluded that the values of visoosity deviations are determined not only by the
inberactions between unlike molecules, but sl by other effects as shape of the molecules,

Estimation of the results obtalned amd presented in Figume 9 condirm the temperature
d:.-pﬂ-u!nﬂu't- i bl 'i'l.‘vnhli}’ deviations in the studisd :.}':.lﬂm bt fhas 1.'_d]|.|ﬂ: il ﬁ.-llr
become less poaitive with increasing femperstuce. This s due to the weakenkng of the
irteractons between the molecules pﬂ_-umt i s splution, which sassrm o dosminale over
the penitration phenomenon that obviounsly incresses with lemperatone

The puﬁ[ﬂvevalu.?s ol excess Gibbs energy ol activation Prése-nted in Figure Sab once
agrin Approve the dominance of specfic intemctions—i e, hvdrogen bonding, betwoen
DES and waier malecules oocurring In the siudied systems—which become weaker as
tTmperatne increasces | 55]

Lt Correlatams of Eroess Properties

Similarly, as In a case of excess molar volumes, In order (o correlate the calculaled
excess thaermal expamsions, oxcess oTHTopic compressibilites, doviotioms in nofractive
index. deviallons in viscosity, and excess Gibbs energy ol activalion for viscows Bow with
the compasition, the Redlich-Kister polynonmial cquation wos appliod [34]

Y= Tyaz f_ Al .'I:1_IJ 125}
o

where the A; vahios ane adstahle paramitors. They were determinaed using the least
squargs miethod and their values arg Bsted i Tables 56549 along with root mean squam
devlations of fit (RMSDN. s arder to obdain RMSD close b the experinments| uncertainky,
a differont degree of the polynomial equation wae chosen depending on the property
annd DES. Por aleniost all syssermis, exiiss molie vdumes, deviations in refractive indes,
and excess (ibbs enorgy of activatiom for viscous Avw with compasition were cormelated
using e paramiter Redlich-Kistor polynomial equation. For viseosbty diviations and
exoess N topic compressibilities, 2 beter At was obtamed for four-paramieter and for
tive-parameter Bedlich-Kistor polysomial eouation, respectively, In case of excess thar-
mil expansions four-paramet er for ES] and DS 2 and Gve-parameter Redlich-Kister
polymomial for [3ES3 and DRSS were chosen.

In Fgures 2. 5 and 7, the dashed lines represent the correlated values according 1o
thie Reedlleh-Kister eopuation. As i cam e seo, the caleulated valies sgree viry wiell with
the experimental data. Thus, the Redlich-Kister equation perfectly represents the data over
thie uxperimisntal wniperatume mngo for the iovel DES + water binary svatoins stidbed in
this work,

4. Conclusinn

The pevseritod tovl DESs bulleal lelrabibyiam mosdiem chiloeide and 3-amine-1-propanol
or ketzabutylammonium broemade and 3-amune-1-propanel or 2-imethylamunojethanol or 2-
(bt lamvimo jethorol were foumd W0 Bbe attractive in thole properties, mostly loe furthce
eviluation and optimazation during development of mexpensive sco-solvents or other
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saluabie materdal, Most irmgsrtant phivsleochomical propecties have been dimonstratid
in details such as density. speed of sound, refractive indes, and visoosity which were
inasaniinend for thelr adquipous solutions ser the entiee fargge of avmpositions st strospheric
pressune and T = (29313 ~ 31005k The chosen louyban-Aonee mode] was successfully
secd 4o corpelate the experimental physical propertbes with sspect o the concentration,
and the nesules shivwed that this mathematical equation & an scoursbe comelation for the
p-dlﬂh‘ufm EHES propuerties.

Excess molar volumes, excess isentropic compressitillHes, deviations in viscosity, and
deeviations [n s ractive Indices were caleulated to study nonideal bebivioe of binary mis-
tures and they wene cormelsted by the Redlich-Eister equation with temperature-dependsnl
parsmeters, Excess molar volumes and evoess compressiblities were negative and devi-
ations in viscosity amd devistions in refractive mdey wene positive over the entire rangs
of composition and femperatume, suggesting strong intermolecular Inferacbions imeng
unlike molecules, Moregwver, the temperatue dependenoes of the excss molar volumes
arsd compressibdli s biclicate that, n the stiadied syshems, hydnogen bonding prevalle over
the packing eifec) (non-specific interactions),

Thi: deminance of specfic interactions i the squeons sobstions of the DESs also was

‘confirmed by the Frigogine-Fory-Patterson (PFF) theory, which was applied to escess

il vl s,

Ihe calculted negative valmes of the ooess partial molar volumss of DESe and water
demponainated sulTicknk DFS—waster interartaons shicl ane simomger than e TFS—TIFS or
the wister-wiater ones will probably facititnte the efficient utilisation of DES

Trs berrvas oo e s lfabiling of the weabir mixtames of the studied TIFS foc the effeciboe
separation of corbon dicdde from ges streams ot nelatively low pressure; the obtained
vahues of the secrss properties allow us i assume that the best absorbenit would be TBAL:
AR and the worst of TRABMAF.

Supplrmentary Materials The follewving sapporring minrmsstion e be fnand onbine: Tabde 51;
LDhemablies g, iouies imoki vidumies V5, wmwmmhﬁ.mﬂ—m
i Adp. spevsts of oo @, pressibilition of, wlmoositios g, vy
dhewlations Ag. mmmwdmmummﬂ refewctivie il loss ),
pelrmcliir e ey ladinys Aoy an Pt S ool Eside (ractsaln, 2 of LS foe DEARCAN | [EST) + waler
imixtunes 4 the emperabuss (293,55 o 30150 K and smisphenc pressane Talde 52 Dersties
. encens mnlar volunes W_mwwm., enceas thermal exparslon
ﬂg,smhufmmtmsmmmplcwur{.mg wisposily devialions Ay,
incewn Ulbs o enigy of sctivition of viseous flow AT, mfrachive Indioes fip. melracrive indey
deviations dnp s fonctions of mole fracson, 7y of DES for TRACAFP (TESI) + water mivtores al
thiat dpmipserantives (2407065 a0 MO0 15) K and strnongbhoric prowaans Tablhe SG:Poniisios 1, ey malar
volumis VE, isobaric termal expansion coeffickeniy ap. ¢xorss thermal evpansion sy, speod of
ol 11, minmqtmpnﬂhﬂhh:’ wincositien 5. visoosity diewiations Ay, rooess Giths
free enengy of sctvation al viscous Sow ALE, Mrﬁmumm-hhmﬁdg
s gt of mwle fractivm, oy of DS for THARM AT (TS0 woter mintures at the wmperansnes
(260,15 to M4 15} K and abmosphesic pressary; Table S0 Densbies j, euwssn molar vobomes W,
innbmric fvermal wopamson ooetficens o esces arrmal sxpansion S, speed of soamsd o, meons
inertrepic oo mypressibifibbe o visoolles y, viscosily devisions Ay eseess Gl frise eneigy of
seliwnthmn of viecous ow o relrmdtye mthoes o, efractive indes dis dsons Aoty s faiviiaons
of mole Eaction, 1) of CHES dor TRARBAE (DESE & waler miciuses ab Lhe tempemions (26015 10
XA 15} K and ateospheric prsanns Table S5 Pasmeters ol the JAM equaiion, iogeiber with BWSD
v ARDPS for denwiry: apved of bowd, visconlty aned hefackive indies of TS (1) 4 water (2) systzas
at different tempera bomes; Table S Parameters A, of Equarhion (&) and the comesponding RS for
TRAR AP IDES1) + water mastures ai the eeperatures (253,15 o W015) K and iinssphens prssan;
Tatele 57. Paramsehers A, of Eguation (6) and thic comesponding RSMID for TRAC:AT (DES2) & water
miskions ot the semperaticim S8 b 0 I8) K and stmiosphetic prosasnes; Tabie S9- Paramaters
A, of Equation (k) and the comsponding RSMD for TRABMAT (DES3) « waber mixtunes at the
memsporatuee (LS b ML K and atmesphers presseee; Table 35 Parseters A of Equation {n}
and the comeaponding KRS ke TRAB;BAE [DF54] + water mixtunes ot the semperatupes (29505 ko
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3HL15) B unel sk Sherle pressun; Tabhe ST lsobarc tharmul expansion coefficens ), lsochorc
miiar hant copacity (Cpl. Flory theory parnmeterss charactesistic volume (V). nduee volume (W),
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Table S5 Parameters of the JAM equation, together with RS and ARDY for density, speed of sound, viscosity and refractive index of DES (1) + water (2}
systems at different temperatures.
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Table S6. Paramecters A of Eq. (6) and the corresponding A5MD [ for THABAP (DES 1) + water mixmires
the lemperutunes (29315 o 303,15) K and atmospheric pressure,
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Table $7. Pammeters A of Eg. (6) and the cormesponding RSMD for THAC AP (DES2) = water mixmires at
the temperatares (293,15 to 303,15) K and atmospheric pressare.
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Tabie 5% Parameters 4, of Eg. (6) and the coresponding £SMD for TBABMAE (DES3) + water mixmses at
the wmpemmnes (29315 w 305, 13) K and amaesphernic pressung,
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Table 59 Parameters A of Eq. (6] and the comesponding £SMI for THARBAE (IDES4) + water mixmres at
the tempematures (293,15 w0 303.15) K and atmesphenc presstire,
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Table 510 lsobaric thermal expansion coefficien! (a), wochoric molar hent capucity(Cr ), Flory theory parameters: chamcteristic solumey %), reduce volusne (P
), charscteristic pressure (£ #), and ratio of molecular surface to volume mtio (5,5:) of DES w0 water,
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Table S11 Partial malar volumes of THESs und water in their binary mixtures ot 7= (293,15 w0 313 15) K aned at atmospheric pressure (0,1 MPa)®
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investigate it capture and storage chnologies that should be efficiont and economic,
Approndmahely 40 of tukal ermissdon of carbon dioside comes from fosail fuel-based powaer
plants, makirg them perfect targets for immediate OO reductions [ (] Thesefore. rensoval
ol C0Yy frusim bt strvains |s of porticular importanos b lismns of abmosphins peobeokion
Several methods of CO5 caplure were extensively studied over the last decades. The
st kel umed fechinobigy s chasmicn] absorption involving dgueous seine acid salts,
ammonia and alkanolamenes. 1t has been establishesd so lar that agueous aminn acid salts
froem petralization of amino ackds with an organic b such as on amine showe | bettor
Oy absorption capadity than smino acid salts formed by nentralization of amino acids
with an inofganie base nuch as polassum, hyd makde [2.5],

The research performed by B and Yeh showed that the mandmum CO: removal
effichiancy by an ammonds absorbser can teaech #0% and the C0O; loading capacily ean
appronch 1,20 g COy /g NG [4)

Howreyier, becasso of amuiller boukeity companad to ammaonia and higher efficlency
compand to aming acids. the most often used in induastrial CO% separation are atka-
nolarmings | 5,5], Commerclally, & M aquecos solitlon of motoethanalamine (MEA), as

Mawrurls 3ETY, 14, W), Tumps ¢ donairg £ LTV ma | 0T

Tt e B v e maenals
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e st effective and cheapest, = used | 7] A major problem i the nsagpe of alkanolamines
for CO% ab=orption i equipment corrmsfon and cost of regeneration (5]

In e Last decades much atend@on was g'lw'n tih thee fomie Hquil:h |’1|_u:|, ermuidered e a
“grevner” neplacenment for amines; that present many advantages. They have negligible
vapor pressure, which s of particutar importance frem the point of view of induastrial
applications, they am non-Jammable, present high thermal stability, can be easily tuned
for a specific application and are able e ahaorh o wide mange of chemicals, inclsding
CO: [9 0] The magonity. of resesnch reports concludes that [Ls absorh carbon diade
phvalcally. Physleal absorption resulis Inoa low cost of solvent regeneration, but |1 strongly
lmts thietr applications m C0Oy captune ot low parbal pressure of pos-combustion loe
gos |10 ) Industrial gse of londe lgulds s very poos, mainly because of the high peice, which
excludes e from bulk spplicabioms. Moreover, e ame dats exlolnoing thesr tosicrty
and non-blodegeadabiliey |12, 13].

Thimefore, o orversoame e shortcomimgs of 1Ls, deepeatectio sulvents {DES) started
1o be consbilerad as rew abaorberts for OO copture. Slimdlar i [Ls, deep eubectbe solvents
are practically non-velatile and noa-lammabls, exhibit high thermal and electro-chemical
stabifity, bt are definitely chesapen, less fovie ond often bindogradahle, which makes them
better solvents lor carbon diosdde absorption | 14], They are oblained by simply mixing
o substnces, & hydrogom bond dormar and acoeptor, resultiog inom cotechic miskore with
medling point lower than that of each of the two components of DES, Thysical properties of
13RS5 are tumahle and cam be comtralled by changing tho composition smd propertions of
(he components Lo obtain properties essential for a particular application | 15].

Thie carbam diosdde shsorphion in doep eotechic sobvents con be physical, chemical o
mmimed depending on the compounds used to obtain LS [10]. The magority of works 15
ficussed o dewp iibectic solvents (i which phesical abaosption of carbson dlesdde gocurs,
mainly hased on chohme chlonde (ChCl) acting as o bydrigen bord acceptor (HEA) and
ihea, plvents and carbeecylie acidi as livd noyien borcl dosacs (HBDs) | 19]. These svdlems
anecharactemized by C8); capacity similar to that of 1Ls and by lower OOk solubabity than
e salutions of ed oxvamines (e, at 298K and 10 bar in ChCETEG COs soliuibility
i oapaal e 20wt while o aguecnas 30% MEA B 1095 we) [T7-200]

Tl carbon dicsade absiirplion capacity, desp cttectic solverits basgd i
alkanolamines or amines @5 HBDS were Introduced. Al et al |19 reported series of
LIESe wibiiel wine comripsial of chioline chlorde, sethvltiphenylphosphoniem beoride
(MITPE) and tetrabutylammonium-bromide (TBAB) as HBAs and ethanolamine [MEA),
disthanilaming (LEA) and tmethanaliming (FEAD as HED The obtined results show tial
solubility of C0; in alkanolamine-based [¥ESs is higher tham for ghycol-based. Additionally,
it s shovr that for M TPPH-Based DESs, incioaising e Frecticn of MEA fenulls in the
decrease of OO solubtlity, Adeyemi et al 21| reported ChiCl-based DESs coupled with
MEA, DEA and methvldiethanolamine (MDEA) af three differenl molar ralios of 16, 1.8
and -1 The aothors observed that the sslubility of cathon diovide in pmine-basod
DESs is much highwr {approx. 0.3 gof €Oy /g of ChCL-MEA 1IS) than for 30 wi MEA
solutiom (approx. 01 g of £0y /g of solvent). The highest carbon dioxide absorption
was roporled for ChiZI-MEA and the lowest was for ChCE-MDEA. Additionally, they
concluded that as a molar ratio of amine increases, the sotubility of ©0y alse increases.
Haidar et al [11] described thie influence of HBAs (ChiCl and TBAB) on carbon dioxide
abserption in ethyleme ghyeol (G, dicthy lone ghveol {0FEG), MDEA and DEA-hased [ESs,
e authors reportsd that the lughest absorphon. was obtamed in TEAB-based 1DESs
weirdch was explained due to dncrease in free volime in TBAB-based DESs in com parison
o ChCl-based DESs. Trivedi et al. [15] deseribed novel deep eutectic salvente based on
various aming hydrschbordes, nomely—{ MEACH, (TRACT, unes by drochlordde (UC]) and
thivaretamide kydrochboriche (TAECH, as FillAs and ethylenediamine (E[DA) asan HEL,
High gravimetric uptakes of carbon dioxide were reported with the greatest valuge tor
MEACTEDA imale ratio 1:3) being 318wk
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Herein, a carbon dioxide absorption capacity of previousty davcribed by aur group [11)
Faming-1-propanol (AP deeprestietic solvents is reporticd. AT was meixed with tetra-
bty lammonium bromide (THAR) or tetrabytylammoniun chlotide (TEAC) or btraethy-
lammonium chiaride (TEAC), which sct as hydrogen bond scceptoss to form DESs The
expariments were cone acted] at tiemperatiuee range from 29515 to 31015 K at low pros-

‘sums of COp. Additionally, the effict of nuple ratio of THBAC and AT on OO copacity

s g% arndned.

2 Materials and Methods

The chemicals used in this study, tralwiy lammanism chiorlde, trabotylamionkm
bromide, tetrasthy lammonium chlorde and 3-aming- 1 propana] were purchased from
Sigrna-Aldrich (Saint Livuks, MO, USA) and were used as teceiond, only TRAC was purified
by double crystalllration from acetone by adding diethyl ether. |'tor to synthesds the salts
were dried ina vacuum oven (Thermo Scientific, Waltham, MA, USA) at 323K for48 h
atel 29015 K for 3 days, respoctively for TEAR and both TRAT and TEAC. Cornmpoeding
data are presented in Table |, Figure | shows the stroctures of compounds used for DES
e pation, Carbise dbivide was supsplicd by Oxygen 50 Gdansk [Galand, Polasd) with
purity grade 30,

Table 1. Souroes and mass froction pority of med chemicals.

Chernical Masne Spusre CAS Namber ity M Praction *
Famibne-1-propanod [ ATF] Sgmmin Aldelch 1574670 09
Letrabutyl uim ide [THAB| Sgma Aldeich L =0
Tetrabutylemmonmem chikeride [THAC] Sgma Aldrich THI3E7-0 ZR9%
Tetrsethy lamarioniim chilaride [TEAC] Sigrma Aldgich S 000
Fmcnimdimg b e mispy e
}:ijeg
M'&
Tgitsmne | gnegamad (AP
HHA;

7

1 J

N

i il § TE AL} semmbnmy b |trwbiity ks chlornds  THA}

Figore L. Seructures of coomponmmaly ued for devp euiectic salvenis {DES) propasition,

1. Syribests af Derp Eitectn Selovals

The absorbents were propared by mixing THAR, THAC and TEAC with 3-amine-1-
propanc al the molar ratios of 14, 16 and 1:A. Weighting was done with an electronic
balance (Wettler Tuledo, Colurmbsa, OH, USA) with the preciséon of 00 mg. The HBL and
HEA wes mived al 35315 K [or | hwith a magnetic stierer until homogensots Bguid was
alstaired. Howabting DISs wiro stored o gime-tght bottles at room tem peratite.
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Berfisret expreriments DESG woeme drbed n g vicuum dever (Thermo Schentile, Waltham,
WA, USA) at HE S5 K foe 48 B, Waler condent was then determined using Karl Fipcher bibra-
thsn methiod using 831 KF Coulometer appanitus from (Mitrohem, Herisaw, Switeerland),
Thie conterds of Hy0 were lenover than the (U2 wedght fraction.

2.2, Properbes of D Ewdechie Smboen £
22,1 Viscosity Measuroments

Viseoay wi miasuinid il fempeidures sanging from 29815 w0 31815 K amd 60 atino-
sphweric pressure. The LVOVY-UI Programmable Rheometer (Searle cone-plate viscometer;
Briwskfield Engineering Laboratory. Middboro, MA. USA), controlled by o computer
wias used to carry oul measurements, To controd the temperaiure of the samples within
=008 K accuracy, i thermestitic water bath [PolyScionee 9006, Warnington, PA, USAY wis
used, CP-80 cone (angled 5, radins 24 cm) and 0.5 ml deep eulectic solvent were usad,
T Taatio of Shiar stress (N/me ) and shear rage {178) al 10 poinks was used to oblain fow
clirves which were used Lo calculate the dynamic viscosity. The viscometer was adjusted
with cortifiod viscogity standard K100 and 53 provided by Cannon at 20815 <0400 K. The
standard uncertainiy of viscosity measutement was better than L%.

222 Polarlty and Kamlet-Talt Parameters

Ultrawiolot visible (UV-vis} absorption spectr of threo solvatochiomic dyes (Re-
Ichardt’s dye, N N-diethvl-4-nilro-aniline, and 4-nitroaniline) dissolved ln DESs were
takem ima gquart cell with a light path lengtf of 10mm o a Thermo Scestific™ Evalu-
ton ™ 3 spectrophodometer {Thermo Sclendific, Waltham, MA, USAL Individual stock
solutions of Beichardi’s dve, N N-diethyl-d-nitroaniline and 4-nitroaniline were prepansd
inmethanpl, To propare a given dye /185 sohotion, the apprepTinte amomt of the dye
stoik solution was micoopipetted info the Eppendor! Bask amd metteanol was evaporated
nndgra wacuum: The 1THS was then added amd stitred um Hl complers dissolation of the
dhyie wits achievedd, WNext, e resultint solution was transfersed infe the quarte cavotte, and
the LIV-vis speetra were rocorded at room termperature

23 fn_fr.?n,\:.f Sruu'h'mlulpy Meauuremmin

To characterize the DESs before and after saturation wifh COx an attenuated tokl ce-
flpetance Fourier trangformg infraned spoctroscopy (A TH-FTTR) was weed. Por this pumpose,
the Micolet 5700 spectrometer { Theomo Electnon Co., Waltham, MA, USA) was appiied,
Employment of an attenuated fofal reflection (ATR] was needed bocouse of the stong
O S w{NHz ) strefching vibrations of A The Specasc Golden Gate single reflection ac-
cessory with o diamend crystal (457 mosnted ina heated nmgsten carbide: diss was wsed,
har ternperature of the samphbe was eept at 29515 = 0.1 K by cireulatng tharrmostated
woater from 4 Julalswy FI2 thermastie, The spectrometer was purged with dey nibtogen
(Oxvgen Gansk, Gdanek; Polandy. Poor teach pxpacimesnt, the sample spectta wiemn
rithoed against abackground spectrum collected for an empty, dry eell. For each spectrum,
250 scans were perforrned with 8 selectod sesolatkon of 24 !, Spectra acepiinitices wis
enntralled by OMNIC 7.3 software package (version 7.3, Thermo Sclentific, Waltham, MA,
LSATY The speetea woerp analyzod using GEANMS 32 software (version AIAA, Galactic
Indistries Corp, Salem, NH, TISA)

T l:['.lg Slh'rlf.ull'i}.

Sehwmatic diagram of the equipment vsed fue OO0 solubility mwasurement is pre-
servtend b Flgure 2 The experimental setup consisted of o stninless ateel equilibriuem
chambur (1) sguipped with o water jacket commected o the water bath lomperatun con-
trofler [PolySewnce #1060, Warelngton, ', USA) (2], to a gas container (3) and to 8 vacuim
pump {5k The equilibrium cell had & magnetic mixer (KA, Staufen bm Bretsgau, Germany),
(41 im order to mine the flulds and to provide that equilibriom state was reached faster. Thie
volume of [he cell was 7.8 = 001 em”. A volume of aboul | cm” of DES was injected 1o
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the cull. The actual amount was determined gravimetrically wing RADWAG analytical
halance The cell, absorbent and gas contuiner wene degasced with the vacuum pump
[VALUE Wenling, Chita). The gas contalier was then filled with OOy fnem a jas nitservoir
(6} Subseqiusntly, both the squilibrium celi and the: gas container wens thirmostated ak a
ghvem temperature. The avperimental uncertainty for the temperature was L0 K When
the temperature of Auids was egqual and stable, the jtes was injectad to the squilibrium
cell and a starting pressiare was recorded. The presaune was measunod by an Aplisers
PC-28 transducer. As the U0y was absorbed, the pressure in the cell decreased. When the
erigeiilibatiaeen won rnached, meanbeg: the prossees in the oell did not dhange, the squilibeum
pressure was recorded. The amount of CCly absorbed was calculated waing Equation (1)

I.._... - -1 T

LE L&

*:1 ﬁhﬂrmdﬂe@mﬂhmﬂﬂhmﬂ—ﬂrﬂh
il 2=—Atwrrrumtal with etnpetature st Se-gas omitsinnr, d=—tragieti stirn Sy ansen premp,
Br—as mEseryoin

A Resulis
Thoee ovitiaal armwmansh oof soduste (i) was obstained from Foution (1)

mmlV
" oEr
whero Vs the vilume of the gas phase b he measuring chamibes, fig is the inltial gas

pressune, B is the univenial gas constant, T—semperatune, 77— the compressibility factor
enprivisid with Edqustion (2):

A (1}

z,=.1+%'“ @)

“where Brs b8 the seoomd virial cocfficient for pume COs. The quantity of solube present in

the gin phane was caleulabed with Equation (3):
Vv

T st of CO% disssobved m the solvent in ropresented by the difference in COy moke
"y =g =m L]

At e lima the gns wan put in contsct with eutectic solvent and alter that the deciase
of pressame was observed due to the solubilization of the CO; in DES. At low presmmes,
e equilibrium was reached within 24 b, though the highor pressune Live more time was
neciled for equilibration, reaching 14 days. The roason was increasing, viscosity and
resulting diffusion mesistance. Higher viscosity crsbes several effects, like shower d|Tuslon
af €Oy to the bulk solvent, inhibition of movement of COx-lopded sobvent to the balk
liguid and hirdrance in diffusion of free stlvent to the gas-liquid interfae. Moover, the
hegher visgomity the slower 1y the hest tranader, Thensfore, when viscoaity decresses dus
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ta incromss of temperature, the squilibrium state i obtained faster. For that reasan the
e OO0k was sdded bo e cell, the longer B time of equilibration. Tempenatus incresse
ressilted im an incroase in pressere cousod by femperature change and by the chatige in
sohubility. After the equilibeium was eached a1 293 K and the temperature was rabied,
1t took a maxtmum of 3 b to reach the equilibrium again. The increase in temperatune
risaafts fest of 2l in lower viscosity and secomd of all lpwer gas solubsility, therelfe durng
the experiment the incrense in equilibrisim presstre was observed when the temperatun:
raised. The time of equilibration was very short and that indicated easy megeneration of
(7S 1wl (e thee whuily.

Viscosity plave a key e in mase-and beat transter and affects the econommy of the
e, opitation paramteey and the design of the unit el Amsong euamined (3RS
|TEAL J| AP} showed the lpwest viscosity, and 3 higher one was observed for [TBACHAP)
arul thie highost for [TRARTAP] This affected tho overall solvond transport propeetiog, Le.,
kinetirs of absorption and the time of equilibration.

Thie obsetvied OO uptake values were molathvely high for all DFSs, s J-amine-1-
prapanol exhibiis o high reactivn mte with OO and therefore even ot fow pressunes gives
good resulls,

The shurpe oof the atwsorption corve is polyromial of the pressoee sange stucdied within
this research (Figure 1), This is mainly duwe 1o the chemical reaction that takes place and
I i pgrreement with the nsearch perfonnod by Dong of al. who obtained similar resolts
for the solution of 1-amine-1-propanal. Thie authon observed an inflection point abosve
T kPa [ 2],

o [TRACTIAR) 4
Wl & [THACHAP] 1% '
wgd & TPRACTIAI 18
-
g L]
=
E &
E m o .
£ - . e
J L]
an ."' . 2
e - g e
T
an
a T T T T r r
b ki a3 al 4 o8
¢ (molet 0, moleDES)

Frgure 3, OO uptake by DS with diferent molar ratho.

The vaahuies obtalnecl for [THABI AT 14 were close to that reported by Shokla ot al, | 2
amund 051 moleCO: / moleDIES at atmospheric pressure. OO capture in DESs can be
tailossd by varying thie maolar ratio of the hydrogen bond donor, changing the stromgth
al the Iydrogen bond betwesn components or by affecting the physical absonption ina
fuarem, oof the slee of (he HBA. Due to the chemisorption eocurring in DESs used in this
stualy, thie OOy uptake was such higher than in DESs as physical absorbents, such as for
example fetrabutylnmmoniem bromide coupled with neihyldisthanal that wias studied by
Haider and gave a capacity of 0,29 molel Oy fmuole solvent at high pressure of 1 3P and
WNIE K122



Mamriale 21, 14 94

Tl 13

How the exarmple of [THACT AP, O0; uptake wias observed to impriove with decrassing
el ratio of hydrogen bond donor (Faming- 1-propanol], as shiswn in Figuse ©. Thae OOy
absarption at the approcdmate prossure in TRAC-banpd DHiSs incrossed about WX from
L6 i 14, wheeneas 16 wias betwein. As presended in Figure &, compared to [TBAC)AP]
135, the [THACT AY] 1:4 and [TUABIAL 14 exhiblted higher OO uptake, though the
st resuits wire obtained for [TRABEAP).

]
s [THACHAT 14
el o ThABAly 1 »
iad ™ [TEACHAP 14
g5 .
=, i
£ ]
1 P,
= ol =
L]
® .,‘.‘a'. 2
0 = iy
“.,.I-" i
ﬂ-r-!""l", T + = - _ PR -
nn 1 I ax (¥ ns
© (moksCOfmaolelFES)

Figmre 4. Tk wytake i different DESs of 14 ousdar raten

Lierature describes the cases where the U0y absorptinn trend varies depending an
the HAEY and HBA ratio. For esample, Zhang o al. conducted maeanch on abmorption
ins tetraethoylenetetramine chloride [TETEA Cl) and ethylene glyool |BG) or diethyiens
Ehyeo] TDGT and dicovensd that the T0z capacity For [TETEA, CTIDG] increwss from
11 1o 122 and then decresses up to 17 and for | TETEA C1{BCG] inoenses from 101 1o 13
ard further decniases |15 Howeves, for MEA o ihe sole of HBE and dealine chloride,
letrpethy lammaonium chioride and tetramethy limmondum chioride as HBA, o et al.
reported incressing C0 shsorption From 12 up o 16, Surpristngly, the sethors seposted
alp imimeane of O capacity when incremsing fempernture, suggrsting that the neaction
Is endothermic |27} Furthermons, Adevemi et al reported increasing OO0 capacity of
[CHCTIIME A and [CHCIEIEA] from Vo oto 100 21,

The comparison of (O sodubility in the studied DESs indicates that the CO; solubiity
devwases with incressing alky] chain length of the hydrogn bond scosplor, Muneover,
enchange of the anion of the compasing salt from Br— 1o Cl results in g significant decresse
im s hudnilibye

The rate of C0y absorption for DESs with different molar ratio of HEA:HBD {s shown
In Figune 5. The graph applies to the firsdt measoring polot for each liguid, hiwever. a1
different CO; pressuns, the trend does not commcide with the total 0y capacity of the DESs.
|n thr ferit 20 min of absorption aller the CO2 was introduced 190 the cell the rate of the
absorption was stmilar for all thees molar ratios. Then, there wan another apprio madely
20 min when the rater of absorption was in the lallowing onder—1 R > Lib > L4, which was
irv aggreement-writh the initial viscosity of the pore DESE (Table 7). After that, the rahe of the
process dramatically decreased in the case of 14 DES whiznean the 1:6 and |8 solutions
stavid chime. A Femiperalune ereace during the stage of high absorption rake Was nol
obmerved, however the temperatare inside the oell was not dinecily measumed, but the
s cell was kept in the theemostaled water bath of & high volimie @ comparisoen b
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the walume of the cell. Taldng Into scomant the highly exothermic reection and its effect on
vigenaity and energy of the syskam, it s likely that thermal elfects play an important role in
that phenomena and @ i worth evaluating together with the changes of viscosity during the
absarption. In compansan o different HEAs with thesame HEA-HRD ratio, the absorphion
rabe &t the tnital stage wian the highent lor DES with the highist visoosity, and the kwest for
the [TEAC]JAT, wiinh has the Lowest viscosidy (Figure o). Undil souedlibeivsm was machesd,
the rite for LYESs based on the chioride salts stayed close, wheroas for [TUARAY] the rate
was much higher

[ TRACH A .
LU R R L
& TTREACHAM 4

- N,

i i

Figure 5. Time-gdeperulent U0 alsarpin of DESS with didfenet nuder catio of HEA sl HHDY

Table & Thermophysical properties of the TES &t p— 0.1 MPa, 24215 X and compamson with libarstume dakn,

[ ] Miotar Batin  nimPas)  Epihikes)imal) 2 @ [ la- 1
TEAB-AF ] L N7 A LMY R Lmsnd) a3
TEAC-AF L4 237 57 RS 1] (13,1 L s
TRALC- AP 14 Va8 630 (HE] 118 L 0is
TRALC-AF L 3386 Y ] 1 (K] 135 [
TRALC: AP LB 4514 485 I 40 105 .65

* Fopapromenial dlata pepureesd Tey Shaibile sl MEkdale |77)

o [TEACTER LA
PINAANTATT Bl
& [TIRAL LAY b

-l i

Alifit b |

Figmre 6. Time-dependent CO; abeorption of DESe with different hydeogen bond scoepiors (HBA)
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Inn general, thie time of reaching equilibrium was short at low pressunes, howevier
increasimg COy pressure resulted in 2 very long time of equilibration. This is attriboted
to thir Incromsing viscasity | 20] upen €Oy absrption that causes higher rosistance of
diffusion and hindrsemoe in migration of OO mokeeules {29, 90] The obusrved lncrease of
vincondty was very high, ldris et al. performed 8 study on viscosity of 3-ambne- |-propanc|
weater alurtion unbosded and kaded with CO; and they neportid aboul a 73% visoesity
frecrease of 05w, [AL"] solution at (053 mode traction of CO; (from 758 to 1314 mfas)
at 298.15 K |2%). Trivedi et al. also reported a dramatic increase in viscosity of D¥ESs, for
ermartiplic for [MEACTTEIIAL aftee 2.5 min of saturation the viscosdty mcrmased from 216 ho
3005 P at 30 7C [,

Pastabled sesults and analysis of phasloochermical properties wene provided elsowdsen:
by Nowesielsid ot al [27) Within this paper, visoosity at 298.15 K and at atmospheric
prrrsstin = L1 MPa) s sislvatochmenbe pararieters st mom bemgaratione afe proseadod,
Asthe J-amine-1-propanod s liguid at rom tempen ture with viscosity of 30,43 mPa-= | 5],
while e HEA b s, the viscosity of all FIFSs bs lighat Bhan that of puee | AT and dichaeses
with the incresse of HED o HBA mtio. As canbe seen from Table 7, the experimentul valoes
ol solvatochmomie pasametsrs wens in good agremment wdth values inund in the leratun,

Taking irbo accoont Fr{30, it was observed that the higher elecinonic tramsition enenzy
fwsaslts in higher £0y solubility Figune 7). Momeover as described by Shukla et al [ 1] e
neativee value of a-f descrles the noture of inberactions betwoen DESs and COz. The doser
the sirengths of the donor and acceplor ane. the mone [avonind the synergistic action and the
higher the OO capacity observed (Figure £ This phenomenon can be cons idered in the
prodiction of the optimuom HBAGHBL rativ for o specific DES, though it should st bie seed
fior comparison of DESs with ditferent types al comgnsing sgenta. This was confinmed by
Shikla anid Mikkula [79F who studied [THARLATT and [HMIBMCTTAM and observed ar
increase in COx capacity with increasing | AP} contént, due (o the faivarad synapgistic eifect
Owr ezt comfirm that the 0y uptabee in DESs deponds on the equilibriom betwees o
snd i that describes the intermalecular intemctbons betveeen e HED and HOA

Thee sulubslity vver the series of IFSs e in this stusly varies as follews—[THA R AT
> [TEACH AP] > [TBACIAP]. With regard 1o the synergiatic effect, [TEAC || AP} should
have ihe best solubility, but apart from the basicity and acidity of DESs components,
thie solubility s tnflvenced by the froe volomie oned thae strength of bvd rogen interactions
between the compansiis. Solubility increnses with increasing free volume and decmases
with increasing strometh of hydrogen imteractions. Apparently, the superimpaosition of all
{hese efiecis determines the ahility af the DESs (o dissolve carbon dioxide. The synergistic
effect is mowt evident in the case of [TEACL while in the case of [TEAB] the froe volome
lawors the OO absorption. Moreover, the relative special position of the functional groups
imw the: molocule is ssential. According o Shukla et al, the presence of Al* with am acidic
prtory <O s crudal in OO captune. Ay the ~OH group i at the o position o NH; it
wabvilimes C0p ot bhe carbamic acid form [ 25]

H M I

Figure 7. Effect of FEEFILA mtion o Er (0]
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1t has been established that in dicep euteone solvenbs based on al kanolamines, chemisarp-
tion of carbon dissdde aocurs [22,07]. The resction of OO0 and DESs mesilts trom the ¢omtent
of pramury alkanobuming AF and the: reactions of its functional groups -NHz and -0H:

~NH; + (0 = -NHOOO H*
~OH + €0y = 0000 |

However, scconding to Astarita and other authoes [0, 540], the lather roaction & neghig-
ble due Lo Lhe cond itions resded and. the main product of the reaction s carbamate. The
mdecule 3amine-1-propanel folflows the medbanism presserted in Fligune 5 As g be seen,
due to the reaciion, carbamate is formed | V']

KX il =N = () e———= K —a—N

0

Mai

KX Ho— Rl o ] — kx— — i,

I
KN i — & —N = gy i— R —N

W, guros saf Telkd
R - any iy oy [ H

Figmre 4. Scherme of albarnlamine and CO% reachions.

Flguse |1 presents the FTIR specira ol [TRACJAP] 14 beloee and alter U0 absorphion.

s can be seom, after carbon diovide alsaorption in e [TRACIATY) 154, new peaks in the
reglon at 1311 and 1150 cm | appear, 1 bs clear that ey belnng by N-C={%0)

and C+M strotching in formed carbamate dus o mesction of COy and alkanolmine [ 17],
Similar mew peaks were observed in [TRAB|[AP] and [TEACH ALY specira. hiwever the
positions of Uhe v{N-C=0(0) bands beoome slightly med-shifted while the frequency of C-N
streiching s practically constant for all DS, The fregiiency of N CoO000) band chanpes is
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in the arder [TUARIIAT & [THAC]| A > [TEACHAF). Thils, it dependu beth on an andan
and a-cation of He hydrogen bond dinor.

\ I.;:’;:""_T.i-‘l Moo
W I| iJ"-:}F'H
W 1 e
v | |-‘|Iil. II JH |
| i
i
4001 W Mﬂ: 1080

Figure 10. Speoctroscopsc analysis of [TBACTATT LA before and alle COx sbswonpton.

The mactian mesulis in the emperatune rise at the inseclacial film According to
Camacho [ W] it is depondent on the AP concentration and can be significant of certain
consditions and can cause cvaporation fe the gas prhase,

Ancording 1o data provided by Benamar et al, stsbility of carbamates based on 3-
amin-1-propanol i higher than of othor amimes ke MEA or TIEA. The atthuars abso
reparied thal AP carbamate is less sensilive 1o the lamperalure than other [wo. SHLL the
eijutlibriwm constart for S-arming-1-propanal cadamate formration was deonsasing s the
temperaiune increased, a8 the resction s exothenmal |55]

4. Concluslons

T thee prosent study, thie COy solsdeility in frve o eseot THSs ot soveral tempemtune
points- and varying pressure was investigated, Viscosity and polarity data were also
meported. 1t was found that €Oy upstake was improvieg with decreasing molar ratio
af 3-amino-1-propanol. Far [TBALC Hbased DESs. the U0 capacity al the approximale
pressurne wis bn fhe following onder—18 > 185 T, Combdering thee impact of the anfon of
st {1 ws found that DES with a beomide anion, nomely [THABHAR]
1:4 exhilited higher U0y uptake than chioride-based DES In the estimation of sbsarpton
kimetion, sevieral wtoges with different charscteristios wene obsorved, and thee rate of COH
ion Iow DVESs with different mnlar ratios of HDA:HID was found fo be similar for
all three molar entios at the inital plege, then thene was another stage when the rate of
absarplion was in the lollowing onler—18=1:f>14, which was in agreement with the
imitial viscomity of fhet pume [IESs, after that the rate of the prooess dramatically dicnoased
incase of 1:4 IES whereas that of 1:6 and 18 stayed close, |8 was also observed that the
ot o bmorption was depondent on the anion of thieoom pesing salt. The evaluation of
=uch behavior should be an object of interest for another study combining the changes of

viseosity and thermal micm effects dering, the absorption.

Aasthor Coniributions: Conceptualiadion LC K. and TUW mathodalogy, |C K forml anatyis,
LC-K, and DUW; investigation, LN respuroes, LC K and MW dam corabion, BN writing—
uehgbnal dradt preparstion, LC K. welting—eview and edithng, LK, DW. and BN saperyviskon,
1C - Al uthors have read and sgrded o the publiched vorsion of the manuscript
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CO, Separation Using Supported Deep Eutectic Liquid Membranes
Based on 1,2-propanediol
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of & hydroayl groap and an st grocy, repectively,
wilille 1h- bands ab 1205-N88 em ! eepresimt O-N

wibsrat Sincr seetylcholine chlonide docs ot have &
oH nm{Fr‘mﬁhldum-ﬂ'lhwﬁr
wils Mmm-ﬂhhw bt dioses shiow &

different hand at 1731 em™' charcheistic for the C=0
stretching vibsullons ™ L the wpectiam of Setealutplanyme-
mm chivride, the characterstc bonds related 1o the presence
ol CH, dnd CHy goups were identified ab 2948 and 3673
am” . Mureover, sn sihlitbenl vibrations b i il snge of
IWT=3173m " wm obseved, probably due o the wates
abwnihed duing the ceperiment, s THAC js & highly
hpprowopic mateniol ™ The hand im the 12p

spoctrmm Prpaesais & (ypacsl regin of the o O] stetching
locatad ot M1 cm™ .

Tor the studved [VESs, the specics did not show 2oy changes
I e posiiim ol ghe bamds gl th Ermiation of @y oes
Bunsids b the relaihon i e spectra of pure sadis. Tlus, ihey
axmifirm the lich of specific chemical interstivns butwesn DES
sumgpenupte Al e oy elfvce iy e DES spoctrmu (s Uis
shifi of the OH band pesition b b Mo due o the
arprarancy of the new OHSalide kydrogen bissds, The larges
Mmﬁﬂ_ﬁ-{lnﬁumwm
betwesn DTS wrbyibe ther wrnallent whif abiissriod for

Table & Parameten of the Models of Rensity amd Refractive
Iddn.ﬂur‘-bd'l hlnw 1hevladimms
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MRS A1 implees the weakest infemchnme.

The demity, viwmity, md reffactivee indes of de desp
sutectz snbvenss siudied were measuesd gn & lumction o
tempematnee @ the mnge of 29015-3101% B ot ambies
presm, wl el salusy @ prevenind i Vilds 3 ond Figom
o The Meratuie dats oaly avadalde for chidhiie (Moride-
Iyd-prapansdnl (TIFSA ) snd TESAZ] & incudad in Talile &
Ao movm, Ue experinenlel vabies of Jdeosity b mlactve odos
e o good agrecment with fhe walues iepodtel by othes
Erevpa Hervpemen, i the coe of wmenuty, thee wa &
wignificant dference i the dats compared i0 the: lnertuee,
malply due w the diffurens woter coamest and the difsrens
mmﬂl—ihnnﬂﬁmﬂﬂhhm
weasiina, the Bteruturs data diflen remarkshly from sach other.

For all DE% sedied, the desily. rfractive indes, and
wisuity dleveeane with U owrease of ieosperstare. Maorevrer.
far the denvéy and the refractive indew o lioes relatenshep
with wenpersture W obsoved, while the viscosity divops
anpondnt ity with wmpessti, s okl b wen in Figes 83

The fiting parsmeters of empiricil limesr equations

e giect of wmpeasure on e density  and
rebractive mdes [y = 2 - T + k), obamed by leamtsquares
snalye, are Butwd dm Table &, Viery low EXST vadues and 21
these properizs oo ivmpersiure, & cois be wes o Fpes 51
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band scceptor and the iammaction farces betwesn HRA. and
ghvend

Al the Eed lemperaturs wid the melic raise of HBA o
MBI, il dernivy of Sy siiaen] DS b D felluwling ovder
ACHULP (DES-HI} » Chi'k)* (DES-ALY » TBALP (OIS
CI). The higher demity fur choline chlotdebawd DES
comipared o the srteibuslammaniam chlordebhasasd
TIFS v alen &nr_ncﬂcm crAmTaming -
lusnaislfosic acld s (A0 Aczording m the Nierstern, the
deinvity Beidemey with inoiistng the lemgtll/ symivelty of e
aablovialhyl chain be DES bevaine the elongimon af ibe aliyl
chain bengrth moreases the Sve-vobume of sabyent. This ivin line
with vuar resiadis Decause, s showa o Lol 1) tee TEAC trsed
MRS ks the highet Fes wlume amd e lowea ACHOLP
(DESBI ),

T wiwe of the sabvont e ales bown found w sl e
wiscouly, and it | beon obacrved that biges HBD e HBA
pemlis i b*l' DX viwontty, ™ in the present work, this
phenmmenca s vidble in the TEACP [DESCL) viscosity,
which sbiney (e highest vihies unvosg Ao stodied DES
regardles of ibg The wecnasibem of ACHCLP
(DES.B1) and ChiLP (DES AL} show mudh lower walees
wndihag, that Ve sleyl cliain Jevgh of e asll bas o greato
effgct on [¥ES viconsy thas the prosencs of an additional
m‘.ﬂwu#ﬂﬁ.‘rﬂhhﬂumﬂm“ﬂddl.}

viscosiry dasn that wuﬁndhtr\rnpfwﬂkhﬂ-
Tamman [ VFT) eguation, which, s knosm fom the ersie,
the Arherm sqiasan,” The VFT oqeenion & givon s

o ey i
where m ¥, aml T, are the fitting parsmeters, and T i the

itiperatuire in Kelvin,
Simee 1 2-propanedicl e commen to all DESs, diffe

fil, whee vi by dexTeases whes the raowe of HEA and
HF['lhlil'l'll'r W'I'IIHI' the viscosity valurs of the sudied
DESs sew s o vl of dis pemencs of hydmjen band,
electrtatic. and wma der Waak intersctions betwen the
ndivdial pomponents of TXRSs, whch bond 10 an ineiass in
Honw resiabance.

Wigh mrgasd do the eefractive suhes of (TS, the onder of
ChOLP (DES-ALY » THRAC P (DES-C1) » ACBUED [DES-
mi) tv thar the Cli i the moa fvorshle enhancing
lﬂ.lTllﬁHIhtndﬂ, while ACWCY kst lowee ‘This

i nlthh:—nh.uudﬂﬂ

o the givwical propentien of e THES are dus b the Dysdrogon
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many factom mast dessrmine the eefacte mdes, not only the
B volume & | the cim of denalty, bt absi, Le. the
eleciivme polaisalriley of the DES moleoule,

Aw weem from Tabie § and Figues 53, ol phiysical properiles
of DESe depesd om the HBAHBIY mudar rotio. For Chid
baed deep mectic whvent. both the demiy, refractiee e
ams] sty dicrvase with the lnoressing of midsr ritie of 1,2+
popanediol. Obvicesly, e w the rends of the relaon of
these for DIESs sl ghical. The dorasties, micstive
mdiven, and viscosiises for CRCER [DESAL-AZ] are higher
than for nwat 1.2-propanediol. Thas, as the smosnt of ghyeol
I¥ES increuses. the properties, tending 1o lower propentiss of

pure 1 decrease.
mm.ﬂ Henry's Constant.
The saluhility af €10, in the condied deep stectic snbvests was

maivisivl 17 the lemperatiare rage of 200T5=310,15 K and
peoamares ol B850 kP The sodubiliey reslis ot 30,15 K aw

shown m Figere 6, Tabir &1 poesents the g equikhogm
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Fuare & Solubdity of carbon disxide s duded TES0 cirde. DES
ﬁu wiay, DS AL aquess, DES 81, tnesgle, PESCl, s linen, lrest

prostume (), vhe guid pliase mvodality (myy ) el the male
fraction of OO0, {x, L As expected. it was abweyved that for
exch DES, the sbidslity of OO increamnd with drewasing
temperature s incwasing pressre.

Litersture reports mulicate tha the desrption of carbion
darnbde i [T hawsd on L3 propasediol hJuni; phasieal ™
Thus, the solubilty war descived = terms of Henry's b (eg
A and wbe osbasinod seadis s preniid i Tabde 1 Hemry's
covtanty for DES-centm cholime chloride, Lo, THES-AI
an| DMES-AZ, huve swaly weporinl by Ulen s al™
H tlse suth I | valnes of 3068 and S050 .
29005 K, which wre shout 3 times Bigher than thosr obeained
o this wtudy. This as reedh from didferesy (158 volumes and
the shmular tar= in hoth chodees.

A it yolume of the samply inostases e e eedal s
mwach equilibeesm and o esisre e homogenesas sauestion
of the whle solume o dw somple alw Incivase, Fighes
welums resulls i the ehongasion of equilibration peried due to
ionger time needed for gin molecules W diffne in the wheole
welyna wil thie liguid snd peessire dhanges become dowss with
ame, fmom oor expersence, even harely poticeabie in the shion
fime peviods. Chen ot 0l eported e velune of nguiliinm

Table 6. Menry's Law Constants (H,] of CO; i the Seodied
ESa
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A E AL (TR
s LU= SN
LA LN 2 Nai
L L TE] (LR Y]
W18 B2 5 (s
s AL =148 L]
N1} EE IR
Lo g nE
W 108 .= 8T
PR [LLE NS ]
o =L IR s (L
b 11 ey -
LA ILE g llay
E TE 1L =0dE
L ANE] 2% w 0w
THES-C) 15 TH 4B
A LEENIL
LT A
waLLE B3 135
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e=ll of 141,41 o' and they assumed that the spstem reached
wecquilibemm vehen the prevess remsined stshie for | b From
o cperinne, e tima ws oerl esoigh fod the large sodame
Wi B e homsogencoss asuratlas of He whbole bl
colume n our methodalo gy, equilibrium wis comlbdered w be
reachied when the pressare in the syston did o changr fox 1
Py ower 24 b Thas, a prsch beweer apdnblity of OO0, i the
aizd work may result from oo short waltsg time for reaching
wopalibrissn. The cormrctivess of ver cxpermentsl priscedure i
ale coadinned by the validation presended in the Suppeaiing
QLT

Uompariscm of Henry's consts valses for DES-AL and
DES-AD shiows the et of HEAHBD mely rstie un cxrbon
dwide solubily in dedp estectic salwmn As can B aeem
EnT:H:E,'hrﬂhnpﬂﬂnmmt{iﬂmﬂuﬂnnuf
experlimental eor, Henry's constasts sev undbsinpsnbable
This isdicates & mmslar shbibny of CDy; o CHERLD.
rmppnuﬁ:F.ll HBATIND makar ratio of 14 and 103

When DESs with differese saliy soe comalerol. depeading
vm HIA, the of OO incroases i the falkrwing ooder-
ORI IS AL ] = AchUL (DS 01 ) « TIACE (D010
ey e gronas for TIPS bt snns acetyliclvodinss chibariibes s five
DS haswd o chelime chlonde & comatear wah the
Berature” The renills obizined by Lin et sl for
lmed [WESS shio shoswd 4 posiieee efledt of the cabeaylic
group o the afinity for COy compared te that of the hydroxy!
poap The bighew mlubidoy of carbon diosds w D

ey TBAC seeres bis be reluied io the dagimctly kmgest

fl-'l'd-'}l"- Talde 8) il shis lﬂwm.-nh‘ﬁﬁrlhﬁ'ﬂ
alley| ohaims and grestar wymmetry of the TRAL maokeculs
anmpaned 10 the ChCT and ACC maleiuben ™™

Permeability of Gases in DES-Based SLMa The
permeabslity of pure gase (OO, =nd N,) n the
SLAs wam atudied in the ferspuiatess pange of J9L15=318,14
K, and ihe realts slong with ithe sdasl seleciiviy o, i

prvseaed i Tabslo 7,

LB HH 0] St g pOR] W
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the membrme dead aide mrisce, then difiuses throwgh the
mnrmbeane, ssd Hradly b despedesl Free the permeate ade
surtace of the mpmbrane. The doving foece of this proces w
the g chemsesl potential pradiest over the sembrane. The
separasion process depends on beth the salubilin of the g =
the ligawd torming the membrane phasr and the viscesiny and
Fve volunme of He sidvnl Dot silobslity asl difuaivay
m'rmhh,und

Thwes, the hghes €0, nmmmm.m
conpayd 10 Ny (Table 7) o ondonbiedly e remll of the
distincthy bigher solabiliny of cadbon deride in the studied
DESs

Salabilitr alsn dotermines tho aofer af pure Lod 4
permoabiliny, wihich varses s lollows DES-C1 » DELSH] =
TES-AL » DES-AL This factor stems ta be sronger than the
wisionity offect becasss IES-CI, sewpite the Teighisa sscoity,
wnd the sanw highest difusion restiisece, hus the highes
permsrabilay, The high pemeabibny of ke DES  fovwid no
wnly by high selubilisy off C03; bot also iry s large fres volume.
mmm~m:¢nmnmmhm
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Effect of Temperature on Permeability of Gases in
DES-Based SLMs. As shown in Tahle 7. for 2
maisheanay, 5= dicTemes b ey ressdis b i i
phenomeus may be dor to the ppkl deoaw = D23
I-mﬁrwﬂ.mw,hhghﬂm
the tormiplecmlar interactions n NES: hecne weaker,
remiltmg o lower difielos ¥ This the
mabdliey of e speces in TES and conssuently leads 1o thaer
Wigher parmszhaling. O tha other vand, tha salshiling of gass
kmr-sﬂ&m: , vty vonuld resalt v
decrnzw il prrmasbdity, Vimwen, since the permeshebiry of
Oy end W, morvased with the sacreawe of tomperatese,
wolulsility effent woome 10 be mmh s significant the that
rebitind to deonendig viscesiry, This conclpsion (s oomshateot
whlh fhe fevslts Ghtasied by other aibors for e diferem
DES wsal [ msedd SUM "1 This eflect is the mas aasily
woticable for DESCL, lncremss of teoperbmy comes the
deojy of wiscoaly sl the viscosity decoessed af & fnies it fod
DES-C1, which has the highest siscosity of DESs wed in the
wady. And for et mistuie, the insrease of N pesmvabiing s
the highest wopy; commpoading © the decreme of viscosity.
The petmeabidity of OO Inceases with  denpersmre =
d ﬁrm-mftﬂimmﬂlhn

| wishs the high viscemity, resulting
nﬁuhnpur—mlurnlm.nﬁm.ﬁthp
wisgouty sl Lo Bve vohane than DES-A) and DESAY
shaes walees of €0 , This smggests &
gruaten indlsenie of the sty of carbon dlaside in this DS
Eham h'prnpn-nu lnpmﬂll i chiffumon ressmnce.

The permeability of &, & manly dor to the diffudon
mistesce simce the wololfity of Ny = DESs i meghyiby
small"" " In gonenal, the walue of N, permeabiliiy s the
aglaent for DVES-C1-based SLM &t all eomperatares, while for
ather DES-hased SLA the values of this perameser are amitar,
wnid ihsiie aden w difeiend fivin tempeistisre, 10 s hat e
fue velume of DES: is mostly responsible for shis hebevior o
it kst by baghient o8 DESC 1 el 3 senilar fiw othey [1ESs

wdhmﬂjﬂmlﬂﬂjhm
decresios o the s rabe lor DES-AL, DES-AD, and DES.HIL,
sl the highrs decreane in the ramined mnge w observed for
DESCL The Digghest decrmsn af OO0, salulday combinnd
Iﬂh}uﬁd!ﬂﬁwdumm—hn-nﬂrﬂﬂr_
pormeshility morpas cate.

The wffoct of tempersture on the carbon diexkde
pormesbidity m the siumdied FES—5LMs & prosested in Figue
. Aw can be seen, ol DES=S1LMs shiow Arrhenam behaviar o
termy of COy permeabiliy i the studied range
with e cosMoient of domeminaion (1°) chise to 009, The
atury sl pormwintion sitg a¢tivetion ey wed | g s
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Aurhomims ecuptsom oimte;, DES-AL me, DES-AY; wmpars, D81
= igle, S0,
P= Ry o™ i

wiwtre P s the pormeabsilay of O By i the pre-exposentisi
enattionean, B i the g comstant, T s the semperanere, s 17, s
hmnﬂw.

The stivation cregies of permsation were Rand &0 be
LEHS, 1607, 1444, amd LATH IJr.-d."' o DES-AL DES-AL
DES-BL. amd DESC1 respeictreely. They we therefure
belween fo i oanlies wmﬂﬁhtﬂ'm
enmnmere| suppeets hawd on DESs consenng of
chaline ehlonds and slsnmmines o soai and S1M basod
mmmi;nu:m"'—"“*‘ ﬁ.l&nﬂlirl;hﬂ\:
Meratures, thiv may be dus b maiy resvoms,
differences im the ulznli? ol sohents @l the ponmiy of
slic] imateriads im SLAL'

Solectivity of Studied Membranee The sleal C0, W,
nh:nvqnhnmw_qlrﬂndfmnq:nmdnlmnmﬁ
i Tabsle ™ amd Fighare B, ks can be soen inwn e 6, e kdeal
Eﬁm,umimmhﬂﬂﬁ'muﬁr
permasalay of pure e

Temperatus bus 2 great effect on ol phivsical properses of
[VESs wml by thii wm kleal 0/, sulectivity, As can be seen
tmm Fugre 6, ghe pfiec of empenmre on oy, o, 8 compler
F-'ﬂknwd'dllquﬂnn,.‘r'lgjur ¥ hhan lswm ilivibédd s fo
vegrments. [n general. the el K0y /N, salechray deoresies
with an mcreser of Fwr 2 wysterna smadied becane
huﬂh&hﬂmﬂﬂﬂdﬁkmmlm
eate tham the difusive-drives Hﬂrﬁrml.l-
Togsl SLMu tha jieal CO N, sebeciivity deammsas onpon
tually fromn srgnwits |=1V, while i DES-M-HI‘!F_FBH-
decransing exponuntially from wgmants 1111 and thies diogis
Barshily m segment TV,

In the fest segment, i, o ceder s = Rllows DES-BI =
DES-CI = DES-AY ?lll!hﬂ...'l‘l:.h.ﬂuhﬂir:u_,_-"h
mumhmunhuﬂphfu_m;dm;m

i ilidy o N b comg k
ﬂHhhwﬂiMmhluﬂ“ﬂmﬁﬁﬂm
hmmﬂlm-ﬂh-hnﬁufhm
srtilar values of ideal COWN; slectivey for DES-B1 and
DESACH coukd e dee 1o e compomation of high OO0

T
FEL 2N RBL.2E2RR B
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TIK

Fogiw A Bapsvmsprinnl mbeal LT, /8, swbrobivty v av o fumiiim

dmnﬂgm&mm&m;ﬂ-ﬂﬂ

trangle; DESCL

siuhiliy valees = PRSCl wah i high vscoury in
comparison fior DES-BL e olhes ot sotor may be
the highest diferemies in Bee velnine o these bwo DESs
which have an enplact on the permeshdity of both U0, anad M,
i the sevomal segment; the ideal CO.N, selectivity salues
ﬁlhﬁrlﬁrﬂuuﬂh&ﬂhh&ubﬂﬂm
s wiacosiey for DESH] and FHESC and o relatively o
decreawe for DES-Al =d DES- AL By thar, the viscosity wlues
of DESAZ amid CYES-RY wew becoming sendar s oncly athen
which could eeplaim sbmilar bebaniod and vabocs of aelectivity.
bre the thisd vayment, wion, o, o DES AL sred DES 81 i
rather suble, wheress that of DESA? and DESLL W
decrvawng. The highest ibead CON, slectity fie TIES
AL based SLM s due o lowesr U0 andd 8 permeshaling. The
lewest wahien of wlectivity obizined for DESC1 bamed SLM
ﬂlhthhrhhwt!l ﬂ.l.l'l'wﬂll.lﬂ.l]ﬂ'l.ltm“
In the last segment. mp w, order is 3 follows: DESR] >
DES-AL 5 DTS C2 » DISAL The shidh betiss the sndsr of
DESS havn wemsilor vmcpuity walies at this ommpsirat, Dai
AChOHbused DES has [ower: froe woluse valss snd bigher
sclulsility uF €0, The bewvst valisrs of Wral CO/N;
sefectiviry for the DES-AY based memboney we due o b
Toswerst vincomity ani e carbon dioxide sohubiliry.
bk geneval, s sovms ihai the effect of Empersiore om the
iddeal (00N, of DES-based SLM ja
hsnnainydrivem, an e scosiy of DS decraased b u bigher
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wute thum the solubliry of CDy. Howessr, molsr volene and
Eﬂ,ﬂuhllnglmaﬁﬂu-pu-w,w comipen
i bure and iy, v, which maplies
tilldhpmmuuhuhnuwmwuh
desiguanyg oew 4 A the incel range, the
*r_ni-h:hﬂ;nuhnﬁdh—mt'l.uh&ﬁr
mmmm:mnmmnm“m
frwesr decrra was fed Fior - THES-131, shimogh
sy wincasity drop was compasable i [VES A1 and D15 AZ the
0 sohalslity decvesed e most of the DESs atudied
Only o frwr IS based suppised lgubd mesbreses wem
reported in the loersure Albanclimine based leep ssiecic
sulvents reported by [alisy ot al. wwre dharmcioand by Kiee
prevmoabsilities of CO and N, bt bighes sdeal sebectivities thas
mupnﬂhmml‘hliﬂnlﬂduﬂvh
were et ibotaisod by Saewd ot " From coudis obtsined by
Cﬁm#d,hmﬂmlhﬂlmwwﬂuhﬂuu
ﬁpﬁﬂhhuhﬂf 'Humnnhmdh-mhpﬁ
ndouml-mmwduuhmmm:mﬂﬂ
ideal selectmitios foe STE M hassel on [emim I TEN]
.nd lf..mirull'l‘l'q'lﬁqual 1o 13 andd |8, respesterely. B preves
st DES—SLMy can be 3 “presner” al termative for iomic liquod
based STMA Db 15 worth msoiasming that sspponed Hgud
membanes @ ot pet mere efficent then tradfitiona cirhom
ke rurmorval methosls. Blaweron, thin work shows thae DES
based SLMn e 2 great pew meesrch direction Ex mose
eierpy stficiess and beu esvironmerntally harmehal miskeds

B CONCLUSIONS

Thie mewly sapponiad Iguil membrane were peepared based
an deep swibechic wnlvents ¢ d of LE il

wern tscnirded o gomiiem the formarion of DISa Selubiley of
carton divgde n stwlied DESs was samined and el for
caliulaems of |leney's comtants The permedalidy velies of
pure curbon dicwide md sirogen in DES bassd 510 were
meawes, sl kleal OOV N, selectivities wiere deisrmannd
18 wepn foiumad ihat both bydrogen bond acceptor fypy and
molar et of HIAHRTY affect the phipicochanical peaper-
e oof DESe The dilfersnces wery olsserved e e
TRAChased deep culeots sobwet, [t wis sttobuiod to the
prowence of lowg sliy] chsma in the TIAC mobivuie. T wis
slne pemabilished chat the type of HIA kighly alfects carhos
mmw.h slahility was absereer . e
TRAC bared TVSS, while the lowet was abservid far Chich
laned DES. In addition, 1be male ratio of KA HEA b &
wery Bt piflect on OO selubiliy.

The type of whvmt ued a0 well = i acal propurties
sppesind 10 kv & wgnificant efiect on the panmeability of
Fn-hlﬂhe_&m-hudmﬂhhmh
lectmity, It wan comcluded that carbon daide selislabey, e
s, amd viscosity of decp rutictic salvents must be ke
[ when conidesing, DES poteirial fir l
i 0 decronse of the visoosry of TYESs a8 & highes rate than the
srlishily of OO, swwuliing i a highet mabe of N, pevmsaliliy
mcriease avier the GO permeabBity, sffectiog the values of ke
o lputiwity, 10 appsan dhin ot lower enperatures (e nfhieiios

of C0y sobnbslity peedumsates, while ar bgher iempemtures
thet sty lsctor plive o bay role in membress selectivity.
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CO; separation using supported deep eutectic liquid membranes based on
1, 2-propanedial
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! Department of Physical Chemustry, Chemical Faculty, Gdafsk University of
Technology, Namtowicza 1112, 80-233 Gdansk, POLAND
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Free vohitme {£2) of liqped can be defined as the sobome of the bl mass, that is ol eooipied
by ligud molecules themmelves and hence diffusing molecules con be situted there. Obviomly, this
property bave the great effect on permeability od DES-based SIM. Free volume is defined as:

fn =Wy — Ry (1
where Va [om" mol '] is molr volume and B, [om'mol '] 15 molar refiaction. The molar volume can be
obtuined by Equation (2) while molar refimction from Eguation(1)

Vo= 2)

= 'nd-1
™ n2+2

Where M is 4 molar 1nass of DES [giwol '], p is a density of DES [gom '], 0 b reffoctive index of DES.

L (3}

L= B w

P kPa
<

T T T ¥ T T T T -
f4ne §0001 W0507 DD OONM OGO 0008 DoDT

L] viw

Figure 51 Solubility of COxin water ot 293,15 10 our resulis, ® the litersture data from nef [1]
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Figure S2 Phvsical properties of DESs studied as a function of temperature in the range of
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Table 51 Expenimental CO2 mole fraction (xen:) and molality (meoz) in DESs at temperature (1) and equilibrinm pressure (F)

P
_/kPa

34.02
86.12
180.93
2006k
23181

3237
94.50
108.63
15447
158.31

3.37
115.89
14141
174.46
191.37

el

18.77
44.14
T0.88
108.67
182.55

T-20315K T- 20815 K T—30315K T—308.15K
i oo ! F i Moo/ F o meon F i mico !
T molkg!  /kPa " melkg?  /kPa "™ molke!  /kPa ™ molkg’

DES-AL

0.0043 00473 3504 00042 00463 3644 00041 00445 1794 00039  0.0426
0.0064 0.0706  S%83 00062 00678 9189 00059 00643 9515 00055  0.0606
0.0166 01848 18530 00164 01819 19001 00161 01783 19520 0.0157 0.1739
(0179 ().199] 0468 00176 {1, 1962 209372 00173 1926 21548 00169 0, 1876
0.0223 02488 23708 00220 02456 24330 00216 02408 24998 0.0212  0.2363

DES-A2

(r.00k 5 0504 2353 004 0.0459:4 34,90 00042 00474 3657 0.0040 0,048
0.0093 01054 9710 00091 01029 10016 00088 00994 10346 00084  0.0954
0.0102 01159 11173 00099 01128 11501 0009 01093 11836 00093  0.1058
30128 .1436 158.21 00124 0.1409 16245 0.0120 (L1369 16693 0.0117 0.132/
0.0154 01754 16245 00151 01718 16667 00147 01681 17145 00113  0.1631

DES-B1

0.0054  0.0525 3467 00052 00509 3610 00050 00490 3779 0.0047  0.0466
0.0107  0.1056 11911 00104 01028 12245 00101 00997 12623 0.0097  0.0958
00133 01312 14500 00130 01285 14901 00126 01249 15351 00122  0.1204
(0168 (1667 178.79 00165 . 1636 1583.65 (0.0161 (L1593 188,55 0.0157 .1552
0.0194 01927 19642 00190 01886 20146 00186 01846 20698 00181  0.1797

DES-CI

(FO0E2 (h0250 2097 00025 0.0195 2347 00017 o133 2483 00013 0.0 06
0.0057 00452 4580 00054 00426 4776 00049 00392 5008 00044  0.0348
0.0090 00721 7319 00086 00688 7576 00082 00650 7862 00076  0.0604
0.0149 01193 11159 00145 01162 11486 00140 01121 11883 0.0133  0.1062
(.0225  0.1821 18703 00221 01750 19193 00214 01729 19749 0.0206  0.1660

r=31315K
F mean !
/kPa ™" molkg!
3986 00036 00398
9H.59 (L0051 (L0366
20080 00152 01686
22191 00163 L1813
257.05 00205 (12285
IR2T O D007 00422
10666 00051 009ls
121.95  0.0090 0.101%
171.31 00113 0.1285
175.98 00140 0.1390
56,04 L0045 00440
13493 (L0093 (0914
17396 00117 01159
21561 00150 (L1485
23221 00176 01746
26.55 (L0009 (10065
52,83 0.0037 00254
"2L.59 00070 00557
123,18 00124 005954
203.02 00195 0.1394

"Standard uncertamties o are pf = 0,10 B, ™ = 0.6 kP, i = 002 and wm) = 0.03
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[1]

T. fim, 5. Bi, and J, Wu, "Solubilities of carbon di oxide, oxygen, and nitrogen in aqueous
ethylene giycol selution under |ow pressures,” Fludd Fhase Eguitib, val, 485, pp. 16=22, Apr,
2019, doi: 10, 1016/] 1l id. 2018, 11.035,
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Zatacznik B



Tabela B1 Specyfikacja cieczy gleboke eutektycznych opartych o propano-1,3-diol, uzytych do
przygotowania SLM

stosunek Moes / utamek zawartosc
symbol HEBA molowy _ DEEH molowy wody /
HBA/HED e HED ppm
DES32 chlorek choliny 1:3.006 91,947 0, 7504 0.00207
DES34 chlorek choliny 1:4,030 86,716 0.8012 0.00167
DES35 chlorek acetylocholiny 12,985 102,581 0, 7491 0.00292
chlorek s
DES36 tetrabutyloammoniowy 1:3.026 126,219 0,7516 0.00319

Tabela B2 Temperatury rozktadu przy 10% i 90% utracie masy uzyskane przy pomocy techniki
TGA dla DES opartych o AP

DES T/ K Toow/ K
TBAB/AP 1:4 3962 5083
TBAB/AP 16 3940 507.5
TBAB/AP 1:8 3872 5073
TEAC/AF 1:4 3510 5602
TEAC/AF 16 3837 R4 T
TEAC/AF 1:8 3582 5523
TBAC/AP 1:4 3967 5002
TBACIAP 1:6 35823 485 8
TBAC/AP 1:8 3742 492 5

Tabela B3 Temperatury rozktadu przy 10% i 90% utracie masy uzyskane przy pomocy techniki
TGA dla DES opartych o propano-13-diol.

DES Trowd K Toosd K
ChClpropano-1, 3-diol 1:3 4513 568.8
ChClpropano-1,3-diol 1:4 444 8 562 8
AcChClpropano-1,3-diol 1:3 452 & 5365

TBAC/propano-1,3-diol 1:3 472 .8 5225




Tabela B4 Wiasciwosci fizyczne cieczy gteboko eutektycznych opartych o propano-1,3-diol

FEES
P kgm n/mPas n

DES TIK
eks. lit. eks. fit. eks.

ChCl/propano-1,3-diol 1:3 283,15 108196 1080512, 6443 69,745 1,4646

1081,08 69,190°

29815 107916 1078142, 4912 5575, 14630
59,5

30315 107637 1075342 4021 45405, 14617
107548 454210
1075,3¢ 40,05¢

308,15 107359 1072555 3228 37422, 14602
1072 5¢ 33.17¢

313,15 1070,82 1069785, 2630 31355 14588
106995 313890
1069,7¢ 27.84¢

ChCllpropano-1,3-diol 1:4 29315 107662 1076273 5540 61318 1,4589
298,15 107377 1073.46° 4850 4949 1,4575

b1 4¢

303,15 107093 1070623, 39,02  40,70° 1,4563

107052 34,459,
30815  1068,09 1067803 3208 33,88 1,4551

106762 258,874
31315 106525 1064973, 26067 27318 1,4540

1064,8¢ 24,214
289315 109444 83,71 1,4628
29815 109141 65,81 1,4616
AChCllpropano-13-diol 1:3 30315 108838 56,67 1,4603
30815 108538 47 42 14581
31315 108238 38.06 1,4578
29315 986,23 237,42 1,4661
298,15 583,43 170,75 1,4651
TBAC/propane-1.3-diol 1:3 30315 580,53 125,95 1,4639
30815 §77.62 85,04 1,4628
31315 97472 7271 1,4616

standardowe niepewnosci wynosza: u{T) = 0,01 K, u{p J= 0,001 MPa, u(p) = 0.1 kgm=,
ulnpy = 0,0002, u{ )= 2%, a-ref [159], b-ref [46], c-ref{160], d-ref[161]
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Rysunek B1 Widma FTIR otrzymane dla cieczy opartych o propano-1,3-diol: a) DES32 {czerwona linia) oraz DES33 (czerwona przerywana linia),
b} DES34 (zielona linia) i ¢) DES35 (niebieska linia); czarna linia — propano-1,3-diol, szara linia —sdl



Tabela BS Wartosci %ARD dla modeli stuzacych do przewidywania wartoscl gestosci uzytych dla
cieczy opartych o 3-aminopropan-1-ol oraz cieczy zawierajacych propan-1,2-diol lub propan-1,3-
diol.

DES %ARD! %ARD2 %ARD® %ARD* %ARDS %ARDE %ARDT
TBAB/AP 1:4 0,62 1.9 7.6 0.3 0.07 1.4 0,35
TBABAP 1:6 0,63 1.9 90 0,36 0,06 2.7 7.6
TBABAP 1:8 0,64 1.8 98 0,35 0.03 45 16,4
TEACIAP 1:4 0,90 23 8.4 0,34 0.09 15 10,2
TEACIAP 1:6 0.83 2.2 98 0,34 0.07 43 19,3
TEACIAP 1:8 0,79 1.0 11,9 0,33 0.05 56 292
TBACIAP 1:4 0,68 2.0 13.4 0,39 0.03 5.0 a1
TBACIAP 1:6 0,67 2.0 13.8 0,59 0,02 49 15.6
TBACIAP 1:8 0,66 210 139 0.56 0.03 5.8 236
TBAB/BAE 1.6 0,46 1.7 14 3.02 0.09 1.0 73
TBAB/BAE 1:8 0,46 1.7 15 3,33 0,15 1.8 12.9

TBAB/BAE 1:10 0,46 1.7 16 347 0,22 33 20.0
TEAC/BAE 16 0,65 2.0 16 3,76 0,12 1.5 15,9
TEAC/BAE 1:8 0,60 1.9 17 3.87 0,16 1.9 21.8
TEAC/BAE 1:10 1,36 0.8 18 3,97 0,22 2.9 282
TBAC/BAE 16 0.50 1.8 18 3,26 0,18 26 13.3
TBAC/BAE 1:8 0,48 1.8 18 347 0,23 2.7 18.7
TBAC/BAE 1:10 0,48 1.8 19 3,64 0,27 15 247
ChClipropano-1,2-diol 062 1.4 44 246 0.73 0.3 48
1:3
ChClipropano-1,2-diol 0,60 14 6.0 230 0,75 0.9 23
1:4
AcChCl/propano-1,2- 0.54 1.2 2.8 2.00 0.77 1.1 11
diol 1:3
TBAC/propano-1,2-diol 041 1.2 13 0,71 0,84 2.1 23
1:3
ChClipropano-1,3-diol 0,69 1.5 3.8 3.59 0,65 1.0 0.4
13
ChCl/propano-1,3-diol 0,30 1.0 48 3,52 0,66 1.5 1,3
1:4
AcChClpropano-1,3- 0,60 1.4 1.5 269 0.70 2.2 0,2
diol 1:3
TBAC/propano-1,3-diol 0,51 1.3 11 0.96 0.74 1,9 11
1:3

1- metoda oparta na rownaniu Rackett'a zmodyfikewanego przez Spencer'a | Danner'a[62], 2-
metoda oparta na rownaniu Racketta zmodyfikowanege preez Mjalii[g3], 3- metoda oparta na
whasciwosciach krytycznych opracowana przez Haghbakhsh i in [64], 4- metoda oparta na BGI[E9], 5
meteda oparta na MCI[7(], 6 metoda oparta na GC opracowana przez Haghbakhsh i in [66], 7- metoda
oparta na AC opracowana przez Haghbakhsh i in.[6G].



Tabela BE Wartosci %ARD dla modelu stuzacego do przewidywania wartosci lepkosci uzytego
opracowanego przez Bakhtyari-ego iin.[61] dla cieczy opartych o 3-aminopropan-1-ol oraz cieczy
zawierajacych propano-1,2-dicl lub propano-1,3-diol.

DES %ARD
TBAB/AP 1:4 7.6
TBAB/AP 1:6 6,7
TBAB/AP 1:8 7.0
TEAC/AP 1:4 6.4
TEAC/AP 1:6 6.4
TEAC/AP 1:3 4.3
TBAC/AP 1:4 6.5
TBAC/AP 1:6 6,1
TBAC/AP 1:3 b6

TBAB/IBAE 1:6 16
TBAB/BAE 1:8 18
TBAB/BAE 1:10 14
TEAC/BAE 16 10
TEAC/BAE 1.8 9
TEAC/BAE 1:10 12
TBAC/BAE 16 17
TBAC/BAE 1.8 16
TBAC/BAE 1:10 14

ChClipropano-1,2-diol 1:3 24
ChCllpropano-1,2-diol 1:4 4.2
AcChClipropano-1,2-diol 1:3 5.1
TBAC/propano-1.2-diol 1:3 52
ChClipropano-1,3-diol 1:3 14
ChCllpropano-1,3-diol 1:4 4.4
AcChClipropano-1,3-diol 1:3 5B
TBAC/propano-1,3-diol 1:3 29




Tabela BT Wartosei %ARD dla modeli stuzacych do przewidywania wartosci wspotczynnika
zatamania Swialta uzytych dla cieczy opartych o 3-aminopropan-1-ol oraz cieczy zawierajacych
propano-1.2-diol lub propane-1,3-diol

DES %ARD' %ARD? %ARD* %ARD* %ARD?
TBABIAP 1:4 1.8 0,31 - 0,15 0,22
TBAB/AP 16 2.0 0,12 - 0,30 0,31
TBAB/AP 1:8 21 0,13 - 0.67 0,50
TEAC/AP 1:4 2.0 0,45 1,06 0.41 0,32
TEAC/AP 1:6 22 0,13 0,74 0,13 0.54
TEAC/AP 1:8 23 0,15 0,56 0,32 0,70
TBAC/AP 1:4 1.6 0,19 1,05 0,25 0,39
TBAC/AP 1:6 19 0,12 0,84 0,15 0,62
TBAC/AP 1:8 2.0 0,19 0,73 041 0,77
TBAB/BAE 16 13 0,59 - 28 1.5
TBAB/BAE 18 15 0,72 5 3.3 1.8

TBAB/BAE 1:10 16 0,83 = 4.0 21
TEAC/BAE 16 17 0,53 2.0 271 1.7
TEAC/BAE 1.8 13 0,73 1,8 3.2 20
TEAC/BAE 1:10 19 0,84 1.7 3.7 2.2
TBAC/BAE 16 14 0,74 23 25 1.7
TBAC/BAE 1.8 15 0,85 2.1 30 20
TBAC/BAE 1:10 16 0,93 2.0 35 FAL

ChCl/propano-1,2-diol 1:3 0,42 0,52 0.29 0,69 1,05
ChClipropanec-1,2-diol 1:4 0.39 0,75 0,62 0,87 1,23
AcChClpropano-1,2-diol 1.3 1.9 1,05 - 0,34 1.19
TBAC/propano-1,2-diol 1:3 47 1,08 0.06 0,32 0,68
ChCl/propano-1,3-diol 1.3 0.86 0,18 0.70 0,45 0,78
ChCl/propanc-1,3-diol 1:4 0.69 0,43 1.07 0.81 1,00
AcChClipropano-1,3-diol 1:3 6,3 0,71 - 0,96 0,90
TBAC/propano-1,3-diol 1:3 0.23 0,60 1,45 0,36 0,22

1- metoda oparta na refrakcji molowel opracowana preez Shabaz'a i in [67], 2- metoda oparta na

wasciwosciach krytycznych opracowana przez Taherzadeh'a i in [60], 3- metoda oparia na GC opracowana
przez Khajeh'a i in [68], 4- metoda oparta na GC opracowana przez Haghbakhsh 1 in.[66], 5- metoda oparta
na AC opracowana prZez Haghbakhsh i in [66].

Tabela B8 Wartosci liczb koordynacyjnych dla badanych cieczy gieboko eutektycznych opartych
o aminoalkohole uzyskane przy pomocy symulacji MD.



Centrum Powloka Ly T £ T Mzcar
TBAB/AP 1.4

Br NH 0,250 0,462 1,566

Br OH 0,232 0,344 2145

Br h* 0,460 0776 2113
TBAB/AP 1:6

Br NH 0,250 0,454 3,857

Br CH 0,232 0344 2,467

Br N* 0,458 0,768 1,812
TEAB/AP 1:8

Br NH 0,252 0,452 3,997

Br OH 0,232 0,338 2,641

Br N* 0,460 0,788 1,685
TBACIAP 1:4

Cl NH 0,244 0,450 3,432

Cl OH 0,226 0,340 2,265

Cl N* 0,454 0772 2,005
TBACIAP 1:6

Cl NH 0,244 0445 3,710

i OH 0.226 0,336 2 626

Cr e 0,454 0,782 1,823
TBACI/AP 18

Cl NH 0,246 0442 3,840

Cl OH 0,226 0,328 2,820

cr N* 0,456 0,763 1,602
TEACIAP 1:4

Ci NH 0,246 0,446 3,583

Cr OH 0,226 0,334 2,299

Cl N* 0,458 0,746 2,593
TEAC/AP 16

Cl NH 0,246 0,446 3,978

Ci OH 0,226 0,332 2677

Cl M* 0,452 0 766 2,200
TEACIAF 1:8

Ci NH 0.246 0,444 4112

Cr OH 0,226 0,333 2,866

Cl N* 0,458 0,763 2,042

c.d. Tabeli B8



TEABMAE 16

Br NH 0,244 0,354 0.236

Br OH 0,232 0,340 2,208

Br N 0,456 0,760 1,891
TBAB/MAE 1:8

Br NH 0,244 0,348 0,878

Br OH 0,232 0,340 2.434

Br N 0,454 0,742 1,660
TBABMAE 1:10

Br NH 0,244 0,352 0,904

Br OH 0,232 0,342 2520

Br N 0.456 0,776 1,626
TBAC/IMAE 16

Cl “NH 0,238 0,342 0.884

Cl OH 0,226 0,332 2.369

cl N 0,450 0,752 1,795
TBAC/IMAE 18

Cl NH 0,238 0,340 0,890

cl OH 0.226 0,332 2616

cl N 0,452 0,756 1,622
TBAC/MAE 1:10

Cl NH 0.233 0,346 0.891

cl OH 0226 0,336 2,758

cl N 0,450 0,768 1,429
TEAC/MAE 16

Cl NH 0,238 0,348 0.856

cl OH 0,226 0,332 2,475

cl N 0,456 0,740 2.411
TEAC/IMAE 1.8

Cl NH 0,238 0,346 0.891

cl OH 0226 0,332 2,509

cl N* 0.456 0,742 2,200
TEAC/MAE 1:10

cl NH 0.238 0,348 0.034

ci OH 0,226 0,332 2,790

cr N 0.454 0,746 1,964

c.d. Tabeli B&



TBAB/BAE 1.6

Br NH 0.244 0,352 1,039

Br OH 0,232 0.338 1,757

Br N* 0,448 0.758 1,689
TBAB/BAE 18

Br NH 0,244 0.352 1,108

Br OH 0.232 0,336 1,896

Br N* 0.452 0.756 1,562
TBAB/BAE 110

Br NH 0,246 0,352 1163

Br OH 0,232 0.336 2,060

Br N* 0.450 0.776 1,556
TBAC/BAE 1:6

cr NH 0,238 0.352 1,025

cl OH 0.226 0,332 1,953

cl N* 0,446 0.748 1,714
TBAC/BAE 1:8

cl NH 0,240 0.350 1,054

cl OH 0,226 0,332 2232

cr N* 0,448 0.754 1,561
TBAC/BAE 1:10

cl NH 0.240 0.346 1138

cl OH 0.226 0,332 2,281

cl N* 0,444 0.762 1,370
TEACIBAE 156

cl NH 0,238 0.350 1103

cl OH 0.226 0,334 2,035

cr N* 0,450 0,698 2.084
TEACGIBAE 18

cl NH 0.238 0,346 1111

cl OH 0226 0,330 2,195

cl N* 0,452 0.730 1,081
TEAC/BAE 1-10

cl NH 0238 0,350 1139

cl OH 0,226 0,334 2277

cl N* 0.450 0.636 1,778
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Rysunek B2 Funkcje rozktadu radialnego oparte na srodkach rozktadow mas a) Cl-H-M; b) CI-H-O; c¢) N*-CI- dia DES opartych o TEAC
zawierajacych 1) AP; 2) MAE, 3) BAE przy utamkach molowych; czarna linia — 1:4; czerwona linia — 1:6; zielona linia 1:8: niebieska linia - 1:10
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Rysunek B3 Funkcje rozktadu radialnego oparte na srodkach rozktadéw mas a) Cl--H-N; b) Cl~-H-O; ¢} N*-Cl- dla DES opartych o TBAC
zawierajacych 1) AP; 2) MAE, 3) BAE przy utamkach molowych; czarna linia — 1:4; czerwona linia — 1:6; zielona linia 1:8; niebieska linia - 1:10
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Rysunek B4 Funkcje rozkiadu radialnego N*-X- oparie o odleglosci srodkow mas
czasteczek dla DES opartych o AP zawierajacych; czerwona linia — TBAB; zielona linia - TBAC;
niebieska linia - TEAC przy stosunku molowym HBA do HBD 1:4.



Tabela BS Wartosci liczb koordynacyjnych dla wodnych roztworow badanych cieczy
oteboko eutekiycznych uzyskanych przy pomocy symulacji MD.

Centrum Powloka o tmx=/nm ___fmin/ nm Mesord
___TBAB-AP 16 + H2O0 xpes=01 o
Br NH 0,256 0.456 0,982
Br OH 0,236 0314 0,188
Br Hz0 0.228 0,302 6.023
Br N* 0,486 0,598 0,151
TBAB-AP 1:6 + Hz0 xoes=0.2 .
Br NH 0.252 0,478 2145
Br OH 0.236 0,318 0,421
Br Hz0 0.226 0,300 5281
Br N* 0.484 0,604 0,399
TBAB-AP 1:6 + Ha0 xpes=03
Br NH 0,250 0.478 2,866
Br OH 0,234 0,322 0,672
Br Hz0 0,228 0,298 4428
Br N* 0484 0,626 0.737
TBAB-AP 16 + Ha0 x0e5=0,4
Br NH 0,254 0,476 3,249
Br OH 0,232 0,326 0,969
Br Hz0 0,228 0,298 3,567
Br N* 0482 0,640 1,044
TBAB-AP 1:6 + H20 xpes=0.5
Br NH 0,254 0.468 3,402
Br OH 0232 0,328 1227
Br Hz0 0,226 0,298 2811
Br N* Db478 0,658 1,269
TBAB-AP 1:6 + H20 xpes=0.6
Br NH 0.252 0,468 3.632
Br OH 0,232 0,330 1,553
Br Hz0 0.226 0,298 2,076
Br N* 0.478 0,682 1,443
TBAB-AP 1:6 + H20 xpes=0.7
Br NH 0,252 0.464 3,625
Br OH 0,232 0,336 1,832
Br H20 0.226 0,298 1423
Br N* 0,474 0,682 1,565
TBAB-AP 1:6 + Hz0 xoes=0,8
Br NH 0,252 0,460 3,681
Br OH 0,232 0,340 2,035
Br Hz0 0,226 0,298 0.902
Br N* 0474 0,664 1611
TBAB-AP 1:6 + Hz0 xpes=0.9
Br NH 0,252 0,458 3,761
Br OH 0232 0,338 2296
Br Hz0 0,226 0.296 0,402

Br N* 0474 0,648 1,586




c.d. Tabeli B9

Br MH 0,254 0.314 0.078
Br OH 0,242 0312 0.135
Br H:0 0,228 0,300 6,084
Br N+ D482 0564 0,112
TBAB-MAE 1:6 + H20 xpss=02
Br MH 0,250 0324 0.153
Br OH 0,236 0.310 0,300
Br Hz0 0,228 0,300 5 550
Br N+ 0,478 0,624 0388
TBAB-MAE 1:6 + H20 xpes=03
Br MNH 0.250 0,326 0.267
Br OH 0,234 0,318 0.397
Br H:0 0,228 0.298 4,888
Br N+ 0482 0,636 0728
TBAB-MAE 1:6 + H20 xp===0 4
Br MH 0,248 0,332 0.350
Br OH 0,232 0318 0.697
Br Hz0 0,228 0298 4094
Br N+ 0,472 0.630 0,931
TBAB-MAE 1.6 + H20 x0es=0,5
Br MH 0,246 0.336 0,463
Br OH 0,232 0.330 1.049
Br Hz0 0,228 0,256 3.139
Br N+ 0 464 0 664 1278
TBAB-MAE 1:6 + Hz0 xpe==06
Br MH 0,246 0,333 0,598
Br OH 0,234 0332 1,277
Br Hz0 0,228 0.296 2,379
Br N+ 0 458 0 662 1,403
TBAB-MAE 1:6 + H20 xpe==07
Br MNH 0,246 0,342 0725
Br OH 0,232 0332 1,556
Br HzD 0,228 0296 1,701
Br N+ 0,458 0,660 1.459
TBAB-MAE 1:6 + Ha0 %pes=0,8
Br MH 0,244 0,348 0,792
Br OH 0,232 0,338 1.843
Br Hz0 0,226 0296 1.058
Br N+ 0,462 0664 1,567
TBAB-MAE 1:6 + H20 xpe==0.9
Br MH 0,246 0.350 0,939
Br OH 0,234 0.338 2.023
Br Hz0 0,228 0,256 0,494
Br N+ 0,456 0 648 1,570
TBAB-BAE 1:6 + H20 xpes=01
Br MH 0,252 0,323 0,024
Br OH 0,232 0,306 0,015
Br Hz0 0,226 0.300 6,296

Br N* 0,486 0,610 0,163




c.d. Tabeli B9

Br NH 0,252 0,330 0.065
Br OH 0234 0,308 0,131
Br H:z0 0,226 0,298 5838
Br N* 0434 __Dhe08 0,386
TBAB-BAE 1:6 + H20 xpes=0.3
Br NH 0,250 0,330 0,121
Br OH 0,232 0,314 0.256
Br H20 0,228 0,298 5,256
Br N* 0.472 0.616 0.656
TBAB-BAE 1:6 + HzO xoes=0.4
Br NH 0243 0,334 0,222
Br OH 0,234 0,322 0.413
Br Hz0 0,228 0,298 4,455
Br N* 0464 0,632 1,071
TBAB-BAE 1.6 + Ho0 xpes=05
Br NH 0.246 0,338 0,326
Br OH 0,234 0,326 0.530
Br Hz0 0,226 0.298 3,605
Br N® 0,462 0,662 1,382
TBAB-BAE 16 + H20 x0es=06
Br NH 0246 0,338 0,459
Br OH 0234 0,328 0,782
Br Hz0 0226 0,296 2,870
Br N* 0,460 0 66 1530
TBAB-BAE 1:6 + H20 xpes=0,7
Br NH 0243 0,346 0,649
Br OH 0.232 0,328 1.0568
Br Hz0 0.226 0,296 2,055
Br N* 0,456 0674 1,621
TBAB-BAE 1:6 + H20 xoes=0.8
Br NH 0.246 0,346 0,802
Br OH 0,232 0,332 1,330
Br Hz0 0,226 0,296 1,239
Br N* 0.456 0,67 1,632
TBAB-BAE 1:6 + HpO xpes=0.9
Br NH 0,244 0,354 0,929
Br OH 0,232 0,334 1.491
Br Hz0 0,226 0.296 0,587
Br N* 0,454 0,654 1,698
TBAB + H20 x7pas=0,1
Br Hz0 0,228 0,300 6.459
Br N* 0,450 0,584 0,135




Tabela B10 Eksperymentaina rozpuszczalnosc COz w cieczach gleboko eutektycznych opartych o propan-1,3-dicl, wyrazona jake utamek molowy
(¥coe) oraz molalnosc (meooz) w zadanej temperaturze (T) i pod cignieniu réwnowagowym (P).
T=20313K T=20813K T=30313K T=30813K T=3313K

Mooz / Meoz £ Meoz/ N Meoz/
P/kPa Xcoz + FP/KPa Xcoz mol kgt P/rkPa Xocoz mot kg P/kPa Hcoz ; FPJ/kPa Heoz
DES32

matka” maotkg”

23,78 0,0014 00150 2502 0,0012 0.0126 26,33 0,0009 0,011 27,76 0,0007 0.0073 29.21 0,0004 0,0045
56,31 0,0033 0,0414 5813 0,0036 0,038 60,08 0,0033 0.0360 62,26 0,0030 0.0327 64,32 0,0027 0,0297
116,13 0,0079 0,0858 119,03 0.0077 0.0841 122,09 0.0074 0,0810 125,21 00071 00779 1233 00,0068 0,0045
145 28 0.,00985 01037 149,12 0,0091 0.0997 152 93 0,0087 0.0959 15712 0,0083 0.0911 161,13 0.007a 0,0370
191,91 00129 0,1425 106,58 0,0126 0,1383 201,99 0,0120 01322 206,83 0,0116 01273 212,02 00112 01227
DES33
33,54 0,0014 00153 34 87 0,0012 0,0120 36,45 0,0009 00102 37,86 0,0007 0.0076 39,383 0,0004 0,0041
54 60 00024 0,0258 56,27 00022 0,0237 58,14 0,0019 0,0210 60,16 0.0Mm7 0.0180 62,15 0.0014 0,0152
90, 86 0,0041 0,0444 93,45 0,0033 0.0413 96,45 0,0034 00372 98.91 0.0032 0,0347 102,02 0,0025 0,0305
12595 00053 00635 125,08 0,0055 00606 132,51 00,0052 0,0569 136,06 0,0049 0,0531 140,14 0,0044 00473
170,13 0,0075 00815 17421 0,0071 0.0781 178,42 00,0068 0,0743 183,67 00062 0.0677 187,91 0,0059 0.0641
DES24
33,37 0.0013 00125 34,67 0,001 0,0110 36,10 0.0010 00,0004 37,79 0.0007 00072 39 58 0,0005 0,0050
78,08 0,0029 00232 80,16 0,0027 0.0267 8252 0.0025 0,0247 84,94 00023 00226 arin 0,0021 0,0211
94 12 00036 0,0360 96,54 0,0035 0,0344 99 13 0,0033 0,0324 101,79 0,0031 0,0304 104,55 0,0024a 0,0283
11744 0,0047 00467 120,08 0,0046 0.0454 123,27 0,0044 0,0431 126,18 0,0042 0.0414 129,30 0,0040 0,03493
162 87 0,0076 00756 196,97 0,0075 0,0739 202,21 0.0071 00701 206,91 0 0062 00674 21220 0.0054 0,0836
DES35
40,32 00,0036 00393 41,35 0,0034 0.0368 4374 0.0031 0.0334 4580 0,0027 002945 48,19 00023 0,0250
55,90 0,0051 0,0552 58,20 0,0047 0.0513 60,54 0,0043 00473 63,14 0,0039 00428 65,89 0,0035 0,0380
76,24 0,0073 00799 78,55 00070 0.0770 81,30 0,0067 00728 8423 00062 0.0883 a7.49 0,0058 0,0830
148 71 00121 0,1332 15271 00117 0,1289 156,58 0,0114 0,1251 161,53 00103 01183 165,69 0,0104 0114
181,24 0.0157 01736 186,44 0,0152 01673 181,12 0,0148 00,1628 19a,00 00141 0,1550 201,82 00137 0.1504

Mooz /

mol kg




