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SUMMARY

lonic liquids (ILs), due to their unique chemical and thermophysical properties, are
the subject of a large number of the currently conducted research studies, and
embody the potential of several interesting applications. Their unique properties (i.e.
the negligible vapor pressure, thermal stability, unique solvation, good ion
conductivity, catalytic activity and selectivity performance) have rendered them
excellent candidates as extraction media, solvents for organic/organometallic
synthesis and catalysis, electrolytes, supports for the immobilization of enzymes and
as solvents for gas separation and purification technologies.

Supported ionic liquid phase (SILP) systems have lately attracted a great deal
of attention because of their potential to circumvent two major problems, namely:
1) the large quantity of ionic liquid usually needed to render viable a catalytic or
separation process, which increases the cost of the application due to the high price of
the ionic liquid solvents
2) the high viscosity of ionic liquids inducing mass transfer limitations which are
more pronounced in the case of fast chemical reactions. In these cases, the reaction
takes place only within the narrow diffusion layer and not in the bulk of the ionic

liquid catalyst solution.

Lately, research efforts were focused on the development of supported lonic Liquid
(IL) catalysts and adsorbents as well as on the development of supported IL
membranes for gas separation and heterogeneous catalysis applications. In most of
these cases, ILs are deposited as thin layers on the external surface of non porous
supports or introduced into the pores of porous powders and membranes via a
physical imbibition method by just mixing the powder with a solution of the IL or the
IL directly with the powder and the membrane. Although these procedures have
resulted in the SILP and SILM materials with outstanding gas separation properties,
there are not any references concerning their stability and reproducibility according to
our knowledge. Especially, there is a lack of investigations related to their application
at elevated temperature and pressure conditions that are usually applied in a
membrane under Pressure Swing Adsorption technologies. For this reason, our

research work was mainly directed towards the elucidation of chemical paths for the



stabilization of the IL into the pore structure via covalent bonding with the active
groups of the pore surface.

In this regard, we have extensively studied the case of grafting the IL onto the pore
surface of siliceous supports through the use of a silane functionality. First,
investigations included the elucidation of the effect of several parameters to the
overall material development procedure such as the activity of the pore surface, the
polarity and water content of the solvents as well as the pore network structure of the
porous support. For this reason, we have initially used a typical and not expensive
siliceous support like porous glass (Vycor) in order to address the development of
highly CO, separating SILPS, utilizing ordered mesoporous silicas like MCM-41 and
SBA-15.

More specific hybrid materials were prepared by immobilizing ionic liquid (IL), based
on grafting methylimidazolium cation on the internal surface of porous Vycor®. The
extent of the initial silane grafting, expressed as the fraction of the occupied Vycor®
silanol groups, was determined by the analysis of water vapor adsorption-desorption
isotherms. Chloroform was shown to be the most appropriate solvent, giving silanol
occupation degree of the order of 80%. Moreover, the pretreatment of Vycor® at
430K under high vacuum conditions, enhanced the monolayer grafting presumably
due to the prevention of silane polymerization on the Vycor® surface, thus expanding
the degree of chloroform coverage up to 96% . Combination of nitrogen physisorption
with SAXS led to the elucidation of the morphology of the internal surface after
grafting. It was concluded that the adsorbed water on the Vycor® surface, in
combination with the presence of residual water in the solvent, facilitated the
formation of bulky but not continuous organosilane entities, which were generated by
the silane polymerization. The grafted samples were further treated with 1-
methylimidazole at 358K for 48 hours following ion exchange with the PFg". A new
methodology was developed aiming at the determination of the w/w % percentage of
IL loading on the grafted materials. The method is based on appropriate analysis of
the transient data of CO, adsorption isotherms and the results were in good agreement
with the analysis of the TGA measurements.

Supported ionic liquid phase systems (SILP) of high CO, separation performance,
were prepared by immobilizing a methylimidazolium cation based ionic liquid onto
the pore surface of Vycor® and of two types of MCM-41. The “grafting to” method
was applied involving (3-Chloropropyl) trialkoxysilane anchoring on the supports’



silanol groups, followed by treatment with 1-methylimidazole and ion exchange with
PFe". Optimum surface pretreatment procedures and reaction conditions for enhanced
ionic liquid (IL) loading were properly defined and applied for all modifications. A
study on the effect of different pore size on the physical state of the grafted 1-
(silylpropyl)-3-methylimidazolium-hexafluorophosphate  [spmim][PFs] was also
conducted. The [spmim][PF¢] crystallinity under extreme confinement into the pores
was investigated by modulated Differential Scanning Calorimetry and XRD and was
further related to the capacity of the developed SILP to preferentially adsorb CO, over
CO. On this purpose, CO, and CO absorption measurements of the bulk ionic liquid
[bmim][PFs] and the synthesized alkoxysilyl-IL were initially performed at several
temperatures. The results showed an enhancement of the bulk IL performance to
preferentially adsorb CO; at 273 K. The DSC analysis of the SILPs revealed transition
of the melting point of the grafted alkoxysilyl-IL to higher temperatures when the
support pore size was below 4 nm. The 2.3 nm-MCM-41 SILP system, exhibited
infinite CO,/CO separation capacity at temperatures below and above the melting
point of the bulk IL phase, adsorbing in parallel significant amounts of CO, in a
reversible manner. These properties make the developed material an excellent
candidate for CO,/CO separation with pressure swing adsorption (PSA) techniques.
Similar silane functionalised lonic Liquids were synthesized for the development of
the supported IL membranes. The stabilization of a room temperature
methylimidazolium cation based ionic liquid (IL) into the pores of ceramic
nanofiltration (NF) membranes, was achieved by means of a novel in-situ pressure
assisted imbibition/reaction method. The complete coverage of the nanopores void
space by the synthesized IL phase, introduced an additional parameter that was
pursued in parallel. The purpose was to develop hybrid membranes that will solely
exhibit the gas solvation/diffusion properties of the IL. A silane functionalized ionic
liqguid phase of 1-methyl-3-(1-trialkoxysilylmethyl) imidazolium as cation and
hexafluorophosphate as anion, was first synthesized and subsequently grafted onto the
pore surface. The CO,/CO separation performance of the modified membranes was
quite significant. The maximum CO,/CO separation factors achieved were 11 at 30°C,
25 at 50 °C, 12 at 100 °C and 5 at 230 °C. The respective CO, permeability values
were 226, 520, 715 and 2000 Barrer. The stability of the developed membranes has
been verified in 3 sequential cycles of heating/cooling, in temperatures ranging
between 25 and 250 °C and a differential pressure up to 0.5 MPa.



ITEPIAHYH

Ta oviikd vypd eivar opyoavikd GAato TOL AOY® TNG ACLUUETPIOG TOV KOTIOVTOG N
OV aVIOVTOG TOVG TOPOUEVOLY GE LYPN Kotdotoaon o Bepupokpocio dwuatiov. Ta
tehevtaio ypdvia S1eEAYETOL GLOTNUOTIKY £pguva o€ BEUATO TOV APOPOVV TOGO TN
ovvheon kot KaBoPATNTA TOV LOVIIKAOV VYP®V 0G0 KOl TNV AVATTLEN TEXVIKAOV Y10 TOV
YOPOKTNPIGUO TOV BEPLOPLCIKMOV TOVG 1O10THTOV. AvTd cvuPaivel Ady® TV TOAD
EVOLLPEPOVGMOY  WIOTATOV TOLG 7OV TO KOOGTA VROYNELoL Y €upy  PAGUA
ONUOVTIKOV  €QUPUOYOV 00 eVIDUATIKEG KOU KOTOAVTIKEG aVTIOPACELS £MC
NAEKTPOADTEG 0 MAOKEG KUWEADES KOl poeNTIKA PEoa Yo Saymplopd aepiwv. Ta
wvTikd vypd mapovcstalovy opeAntéa Téom aTU®V, TOAD KOAEG  OLOALTIKEG
wKavoTTEG, LYNAN OepUKn avToyn, Oy®YLOTNTO, KATOAVTIKEG 1010TNTEG EVA Elvarn
€0KOAO v OAAGEOVY Ol QUOIKOYNUIKEG KOl YNUIKES TOVG 1010TNTES TPOcHETOVTOG

OULYKEKPIUEVEC OUAOEG GTO KATIOV 1 GTO avidV.

YBp1dikd vAKA 10vIIKOV vypdv/mopmdmdy vikdv [Supported ionic liquid phase
(SILP) systems] &yovv tpafnéel to evola@épov Ta TeEAELTALN XPOVIA Yo V0 KLPimG

Adyovug:

A) Vv peyEAN TOcOTNTO TOV OVIIKOV VYPAOV OV OTOUTOVVIOL Y10 KOTOAVTIKES
depyaocieg kabmg Kat yio dlepyacieg dSo®PIGHOD 6€ GLVIVAGUO HE TO VYNAO KOGTOG

TOV LOVIIKOV VYPOV.

B) 1o peydro Emdeg mov mapovstdlovy Ta 1oVTIIKE VYPE dNUIOVPYDVTOS TPOPAT LT

petapopds palag Kupimg oe dlepyaciec pe peydAn taydnro aviidopaong.

Ta vBpOkd avtd cvotiuato avaeépoviar oty PipAloypagio ®g KotaAdTeg M
POPNTEG VIOGTNPLYHEVOD 1ovTikoh vypov (Supported lonic Liquid Catalysts and
Systems-SILC and SILP) kot ¢ peufpaves vmootnprypévon 10vTikod Vypov
(Supported lonic Liquid Membranes SILM).

O ocvmbng 1poémog yw. ™V oavanTuln TETOLWV GLOTNUAT®OV &ival O ELGIKOG
EUTOTIGHOG TOL TOPMIOVE 1} UM TOPADIOVS HEGOV LE TNV YPNOT VOGS OLOADILOTOS TOV
LOVTIKOV VYPOV. META TNV OOUAKPLVOT] TOL SLOAVTY TO OVTIKO VYPO EITE TOYIOEVETOL

0TOVG TOPOLG €iTe KAAVTTEL TANP®G TNV EEMTEPIKY] EMPAVELD [T TOPOOIDOV HECOV.



[Tapodro mov M dadikacio oVt £xEL 0ONYNOEL GE DAKA IE CNUOVTIKY] 0TOO0GT GTOV
Sl ®Popd aepiv M €QOPUOYN TOVG YiveTal €QIKT HOVO Lo cuvOnkeg, dnAaon,
YoUNAEG Olapopég mieong kot Oyt vymAég Beppokpocies. Kot ot Vo avtéc
npobmobécelc  avtifaivovy 6TV GLVNON  TPOKTIKY  EQOPUOYNG  TEYVOAOYLDV
Sl ®PIGHOV aepiwv OO Ol TeYVOAOYieC HeUPpavav Kol 1 TexvoAloyion pdENoNG
uéow taAdvtoong micong (pressure Swing Adsorption). T to Adyo avtd 1 épguva
OV TPAyHOTOTOMONKE ota TAaiclo TG mapovong dutpiPng eotioce Kupiwg oTov
TPOGOOPICUO CLUVOETIKOV HOVOTATIAOV Ylol TV 6TAOEPOTOINGN TOV 1OVTIKOV VYPOV

VYPOV KOt TNG EMLPAVELNG TOV TOPOV.

'Eto1 €€etdonKe GUOTNUOTIKG 1 TEPITTOON YNUIKNAG TPOGIEGNC TOV 1OVTIKOD VYPOV
OTOVG TOPOVLE VAIK®V TuPLTiog HE TNV YPNOYN UG  AETOVPYIKNG  OUASOGC
aAko&uotlaviov. Apykd epeuvinke 1 NOPOCT TOPOUETPOV OTMOG 1) OPUCTIKOTNTA
G TOPMOOVS EMPAVELNS, T TOAKOTNTO KOl TEPLEYOUEVT VYPACIO TOV SOAVTOV
otlovomoinong kot 1 TOAVTAOKOTNTO TOV TOPMOOVE SIKTVOV GTNV ATOd0CT, GTNV
TopMON OOUN HEGE® OCYNUOTIGUOV OUOLOTOAKOD OEGHOV UETAED TOV  LOVTIKOV
evanmdBeone. o ™V TPOKATOPKTIKY 0T €PELVO YPNOLOTOMONKE £val GYETIKA
QTNVO VAKO OTeg 10 TopmOES Yuol thmov VYCOor. Xtnv cuvéyetla yia vo avartuyfovv
o VMKG vynAng anddoong o€ doywpiopd aepiov kot mo ocvykekpuéva COL/CO,
ypnooromdnkay mo TPONYUEVA TOPDON LIOCTPMOUATO ONWS Ol OPYOVMUEVES

pesonopmdelg muptrieg tomov MCM-41 ko SBA-15.

[T0 GLYKEKPLLEVO DPPLSIKE VAKE 1OVTIKGY VYpdV pe VYCor® mopackevndoTnKay e
OUOLOTIOALKY] GUVOEST TOL 3-YAMPOTPOTVLAOTPLOAKOELGIAAVIOV LE TIG VOPOEVAOUADES
MG EMPAVELNG TOV Vycor®. To 1060616 G GLAOVOTOINGONG LVIOAOYIOTNKE HE TN
péEB0dO POHPNONG- EKPOPNONG VOPATUDV KoL E0MGE UEYIGTN TN Y10 T OELYLLOTOL TTOV
TOPOUCKELAGTNKOV € YA®POoPOpuUlo. Aglypata mov elyav mpoepyoaotel otovg 430K
VO LYNAO KEVO €000G0V LOVOGTOLROOIKY) ETICTPMOT TOV GIAAVIOL ATOPEVYOVTOS TOV

TOAVUEPIGHO KOl SIVOVTOG TOGOCTO EXIKAALYNG GE YAWPOPOpLLo LEXPL 96%.

EmnAéov puokn poenomn aldTtov 6e GLVOLAGUO PE UIKPOYOVINKT OKESAOT] OKTIVOV-
X (SAXS) Bondnoav vo S1evkpvIoTEL 1 LOPPOLOYI TG ECMTEPIKNG EMLPAVELNG HETA
TNV OUOLOTOAIKT) GUVOEST TOL TpLoAkoSuoiriaviov. ‘Etot kataAnEape 610 cupmépaciio

6TL | ToPOLGia VYpaoiag otV emeavew. Tov Vycor® kafdg kat 6To SAdTN TG



avTiOpaoNG 00N YOVCE GTN ONUIOLPYI TOAVUEPICUEVOV OVIOTHTMV GTNV EMUPAVELL.
2 ovvéKEln To OElYHOTA UE TO OUOIOTOAMKA GUVOESEUEVO YAMPOTPOTLAOGIAGVIO
vroPAOnkav oe avtidpaon pe 1-pebvropdaloio otovg 358K kot yio 48 dpec evd

™V ovTidpaotn akoAovOnce 1ovoavtaiiayn pe to oviov PFg.

Mo kawvovpyla pebodoroyion avomtuxOnKe Yoo TOV VTOAOYICUO TOL 1OVTIKOD VYPOV
7OV (VoL OHOLOTOAIKA GUVOEIEUEVO GTNV EMPAVELL TOV VITOGTP®Uatos. H pébodog
Bacileton otV avdivon dedopévov petofatikod otadiov g poenong tov CO, kot

etvar o koA cvpewvia pe petpnoetg Beppoostaduikng avaivong (TGA).

Emniéov mopackevdomray vppdwkd LVAKE 10vTikoD VYpoL pHE VTOGTPOUO
opyavopévng pecomopmoovg mupttiag tomov MCM-41 kar SBA-15. E@appooctke 1
pnéBodoc  «evamobeong oe» (otadiakn ovvheon mAVO ©T0  VROGTPOUA). 3-
YA®POTPOTLAOTPLOAKOEVGIAGVIO GUVOEONKE OUOIOTOMKA  HE TO VIPOELAD TNG
EMPAVELOG TOL VITOCTPAOUATOS KOl TNV cLVEXELR avTiédpace pe  1-peBvioyudaloito
axolovBovpevo and ovoavtoriayn pe PFg. Ot Bédtiotec cuvOnkeg 6Gov apopd v
eneepyacio TG EMPAVELNS TOV VITOCTPAOUATOS KAODS Kot TIG GLVONKEG OVTIOPAONC
Y10 TNV OUOLOTOALKT] GUVOEGT TOV 10VTIKOD VYPOoV Tpocdlopiotnkay pe pebodoroyia
avVTIoTOYN UE OVTN OV EPOPUOGTNKE TNV TOPpON Voro. Emiong éywve perémn g
EMOPAONG TOV YOPOKTNPICTIKOV TNG TOPMOOVS OOUNG GTN QULGIKY| KATACTOGT TOL
OUOOTOAKE GLVOESEUEVOL 10VTIKOD VYPoV. H KpuoTadhiky KOTAGTOGN TOL 1OVTIKOV
vypov [spmim][PFs] otav Ppioketon péoo oty mopmon dSoun peiethOnke pe
Oepridopetpio drapopikng odpmong kot XRD.

CO; kau CO petprioelg poé@Nong tov toviikov vypov [bmim][PFs] kot tov
oAko&uGiALA0  1oVTIKOD  VYPOV  OpPYIKA  TpaypotomowmOnkav  oe  O1dpopeEg
Oepuoxpacies. To amoteléopota  €0e1&av avOOIKY] TAGT TOV 1OVIIKOL LYPOL Vo
npocpopd CO; otovg 273 K. H avarvon Oepudopetpiag drapopikng odpwong (DSC)
TV LVRPWIKOV VAMKOV £0€1iEe  petdfaocn tov onpeiov T™ENG TOL OUOLOTOAIKE
oLVOESEUEVOD OAKOEVLGIAVAD 1OVTIKOV VYPOV GE LYNAOTEPES Bepokpacieg OTav TO
néyebog mOPWV TOV VIOGTPMOUATOG NTAV HKPOTEPO TV 4nm. Ta 2.3nm-MCM-41
VPpdIKd  VAKE Toapovciacav  amelpn  dayoplotiky  wkavotnta, CO,/CO  og
Bepurokpaocieg kdto kot whveo ond To onpeio TENG TOL OUOIOTOAIKA GUVIEIEUEVOL

LOVTIKOV VYPOV, TPOGPOPDVTOS oNUaVTIKES TocdtnTeG CO2 KATA AVTIGTPENTO TPOTO.



AvTég 01 1010 TEC KOOIGTOVV TO, VAIKG TOL TOPACKEVACTNKOV 100VIKA Y10 TEXVIKES

TPOGPOPNGNG LIO TiEDT).

Opotomolikn) ovvdeon &vog 1OvVIIKOL vYpoL Pacilopevov oe  peBvroydaloiko
KATOV, TPOYUOTOmOOnKe 6Tovg TOpovg HeUPpdvne vavodmnong pe t pébodo

eUTOTIGHOV/avTidpaong o€ atuds@apa. aldTov Kot VITd LVYNAN Ttieon.

[TapdAAnAo pe TNV OUOIOTOAIKY] GUVOEST EMOIDYONKE KOl TO TANPEG KAEICIUO TV
TOP®V amd TO 1OVTIKO VYPO MGTE 1 VPPOIKN UHEUPPAVN VO OTOKTHOEL TANPMG TIC
W teg  dtdvtdoTTag/dtdyvong  oaepiov  Tov  KaBopod  ovtikov vypov. H
dymprotikr]  woavotnte, o CO/CO g vPpdkng pepPpdvng Mrav apkKetd
onuavtikn. H péytom anddoon doywpiopod CO,/CO mov emitedydnke frav 11
otoug 30°C, 25 otoug 50°C, 12 otovg 100°C kar 5 otovg 230°C. Ou avrtictoryeg
dwamepatoTnTeg NTOV 226, 520, 715 wo 2000 Barrer. H otafepotnta g vPpdtkng
peuppavne dwmotdbnke pe Tpelg dadoytkovg kKikAovg 0épuavenc/yoéne oe e0pog
Beppokpacidv amd 25 péypt 250°C kot drapopikn wicon péypt 0.5 MPa.
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1 INTRODUCTION

1.1 History of ionic liquids

Room Temperature lonic Liquids (RTILs) are a unique class of salts with
melting points at or below 100 °C. They resemble high-temperature molten metallic
salts, such as sodium chloride, but they contain at least one organic ion (cation) that is
relatively large and asymmetric compared to metallic ions' (Figure 1). The
crystallization of ionic liquids is not favorable due to weak interactions between
cations and anions, thus resulting in a substance that is in liquid state at room

temperatures.’

common cations
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Figure 1. Most common cations and anions

In 1914, Walden? reported the first RTIL which was no other than ethylammonium
nitrate. lonic liquid research started in 1940s with the study of eutectic mixtures of N-
alkyl-pyridinium halides with aluminum chloride or bromide for low temperature,

highly conductive electrolytes in batteries.?

Wilkes and co-workers*® reported in the early 1980s the first examples of ionic
liquids based on dialkylimidazolium as a cation and chloroaluminate as an anion,
exhibiting excellent catalytic properties for Friedel-Craft alkylation and acylation
reactions.> Unfortunately, the chloroaluminate anion was found to react with water

forming hydrogen chloride, thus leading the researchers to investigate for alternative
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cation-anion pairs where the anion is resistant to hydrolysis. In 1990s, anions such as
tetrafluoroborate, hexafluorophoshate, nitrate, sulfate, acetate were introduced in ionic

liquids.®

1.2 Properties of ionic liquids

One of the most important physical properties of ionic liquids is that they exhibit
negligible vapor pressure®, and do not tend to evaporate even when they are exposed
to vacuum. In addition, most of them do not combust even when they are exposed to
an open flame. The fact that ionic liquids are non-volatile and non flammable, renders
them safer and more environmentally friendly solvents than the traditional volatile

organic solvents.

Other properties of ionic liquids include good thermal stability, high ionic
conductivity and a wide electrochemical window representing high stability towards

oxidation and reduction reactions.®

Furthermore, ionic liquids have very good solvency power for both organic and
inorganic materials, polar and non-polar, which makes them suitable for catalysis.****
By varying the nature of the cation and anion, it is feasible to fine-tune the

physicochemical properties of ionic liquids and generate task-specific ionic liquids.”

1.3 Applications of ionic liquids

Due to their properties such as negligible vapor pressure, thermal stability, unique
solvation, good ion conductivity, catalytic activity and selectivity performance, ionic
liquids exhibit a wide spectrum of applications. They were initially used as low
temperature water-free electrolytes showing similar electrochemical windows to the
conventional systems possessing an increased safety profile due to their lower toxicity

and flammability.*?

During the last decade, ionic liquids were found to be suitable solvents for chemical
reactions since they combine excellent thermal and chemical stability with good and

tunable solubility and catalytic properties.’®** One of the most studied reactions in
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ionic liquids is the Pd catalyzed Heck reaction.™® Other examples of transition metal

catalyzed reactions in ionic liquids are hydrogenations, hydroformylations, oxidations

and dimerization and oligomerization reactions, %14

Potential applications of ionic liquids in biotechnology can be divided in two main
branches: enzymatic and whole-cell processes. The former applications are the most
abundant in the literature,’” with a wide variety of enzymes being capable of
performing catalytic activities. The activities of these enzymes in ionic liquids was
found to be comparable to or even higher than those observed in conventional organic
solvents. The latter applications are still restricted to microorganisms able to tolerate
the presence of ionic liquids. In addition, due to their unique solvation properties,

ionic liquids have been studied lately as materials for gas separation and purification

technologies.***

The following schematic (Figure 2) provides detailed information on the current
applications of ionic liquids and the state of deployment (research and development,
pilot, commercialization) for each application.
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Figure 2. lonic Liquids: An overview of applications

1.3.1 CO, capture/separation
Room Temperature lonic Liquids (RTILs) have received increasing interest in

applications involving CO, separations, due to the large solubility of CO, in selected



RTILs. In Table 1, Henry’s constants for various gases in different solvents are
provided.® Depending on their selectivity, ILs are stronger candidates for CO,
capture. The solubility of CO,, ethylene, ethane, methane, argon, oxygen, carbon
monoxide, hydrogen and nitrogen in  1-n-butyl-3-methylimidazolium
hexafluorophosphate ([omim][PFg]) in a temperature range between 10 and 50 °‘C and
pressures up to 13 bar, proves the superiority of IL over various organic solvents like
heptane, cyclohexane, benzene, ethanol and acetone (see Tablel). The relatively
higher solubility of CO, may be attributed to its quadrapole moment and dispersion

forces.

The nature of anion seems to have a stronger influence on gas solubility than that of
the cation. lonic liquids possessing [Tf,N] anion show higher CO, solubility among
imidazolium-based RTILs.?® The equilibrium pressure not only depends on
temperature but also on CO, concentration. At 60 bar, CO, solubility in 1-ethyl-3-
methylimidazolium bis[trifluoromethylsulfonyl]imide ([emim][Tf;N]) is found to be
60 mol% which proves the higher efficiency of this IL for CO;, capture. When
compared with 1-ethyl-3-methylimidazolium hexafluorophosphate ([emim][PFg]), the
gas is found more soluble in the IL with the [Tf,N]anion. Such data is confirming the
effect of anion on CO, interaction with IL.*° The fluoroalkyl group enhances the CO,

solubility, thus making [emim][Tf,N] more efficient for CO, capture.

Table 1. Henry’s constants (bar, at 25 “C) for gases in different organic solvents

[bmim][PFs] Heptane Cyclohexane Benzene Ethanol Acetone

CO; 534 84.3 133.3 1041  159.2 54.7
CoHa4 173 44.2b - 82.2 166.0 92.9
CoHe 355 31.7 43.0 68.1 148.2  105.2
CHy 1690 293.4 309.4 4878 7916  552.2
O, 8000 467.8 811.9 1241.0 1734.7 1208.7
Ar 8000 407.4 684.6 1149.5 1626.1 1117.5

CO  Nondetect  587.7 1022.5 1516.8 2092.2 1312.7
N2 Nondetect ~ 748.3 13315 22714 2820.1 1878.1
H> Nondetect  1477.3 2446.3 3927.3 4902.0 3382.0

A number of factors like free volume, size of the counterion, and strength of cation—
anion interactions within the ionic liquid structure seem to govern CO; solubility in
RTILs.



The CO, capture ability can be enhanced by introducing basic functional groups, like
amino-groups, in the ILs. The functionalized in this way ILs are called Task Specific
lonic Liquids (TSILs). CO, absorption ability of TSILs can reach up to three fold of
the corresponding RTILs. The enhanced effect of pressure in the case of TSILs was
observed due to a steady increase in gas load with rise in pressure, providing evidence
for both chemical as well as physical sorption.”* Drawbacks for the use of TSILs in
CO, capture, is their extremely high viscosity (>2000 mPa s) which causes mass
transfer problems, the much longer equilibrium time required and the exceptionally
long regeneration time (> 24h).?2?* The general practice of tethering an alkylamine
group on the imidazolium ring is lately avoided due to the formation of hydrogen
bonding between the imidazolium C2-hydrogen and the anions of the IL that may lead
to increased viscosity.

Lately, amine group tethering on the anion, especially through the use of amino acids
as anions, has been proved a feasible way to overcome the problem of high

viscosity.2%

Amino acid anions combined with the phosphonium and
alkylammonium based families of cations, exhibit low viscosities (below the 400 mPa
s level) and very high CO, capture capacities (close to 1 mol/mol) at room
temperature and pressures below 1 bar. However, the chemical capture mechanism
and the formation of carbamic acid or carbamates leads to tremendous increase of the
viscosity (250 fold) during the CO; capture, constituting unfeasible the application of
these ILs in industrial scale CO, scrubbing processes. Dilution in water and the use of
ILs in mixtures with amines are the possibilities currently investigated in order to
confront this problem. Moreover, the development of supported ionic liquid phase
systems is an alternative strategy to overcome the problems of high viscosity and slow

diffusivity.

In this regard, a number of studies have been performed to explore the prospects of
supported ionic liquid membranes (SILMSs) involving RTILs or TSILs or both in CO,
capture. The RTIL [bmim][Tf;N], supported on porous alumina membrane, revealed
very optimistic results in favor of CO, capture ability.”> The SILM with
[omim][Tf,N] showed higher selectivity of 127 (CO,/N;) than 72 with
[CsF1smim][Tf;N]. Also, the fluorinated ionic liquid is much more viscous than

[bmim][Tf,N] causing a decrease in CO; diffusivity.
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In an other study,??*

[omim][BF4] was adsorbed on to polyvinylidene fluoride
(PVDF) polymeric membrane. With the increase of IL content, the permeability
coefficient was seen to increase abruptly. Through optimization of operating

conditions, a selectivity of 25-45 (CO,/CH,) was achieved.

One of the negative aspects of SILMs is the leaching of the liquid through membrane
pores as the pressure drops, surpassing the liquid stabilizing forces within the matrix.
Polymerized ionic liquid membranes have been lately under study where CO,
absorption experiments demonstrate their superiority over RTILs.?® In contrast to
RTILs, the poly(ionic liquids) with PFs show higher efficiency as compared to BF,
or Tf,N anions. Unfortunately, like polymeric membranes they suffer of
plasticization induced selectivity losses, thus limiting their performances to low
pressures.”® In membrane studies, plasticization is generally defined as an increase in
the segmental motion of polymer chains, due to the presence of one or more sorbates,
such that the permeability of both components increases and the selectivity
decreases.® Permeation of strongly plasticizing penetrant molecules (e.g. CO,)
through the polymer cause changes in the packing of the polymer chains in the
polymer matrix due to swelling. This can induce significant polymer network dilation
resulting in increased permeability values for the other components in the feed
mixture. Studies for CO,/CH, separation?® with poly(RTILs) showed that CO, is an
equally strong plasticizer in single gas as well as mixed gas experiments: the
permeability of CO, increases by more than 60% over a pressure range of 40 bar.
Methane does not plasticize the poly(RTIL) by itself in single gas experiments,
however the presence of CO, accelerates its transport by more than 250%.

1.3.1.1 State of the art

At present, there are a number of absorption solvents commercially available for CO,
capture. They are classified into two categories, chemical and physical solvents. The
chemical solvents are commonly used for treating gas streams with low and moderate
CO, partial pressure, while the physical solvents are suitable for high-pressure gas
streams. The typical chemical solvents are alkanolamines, which are commonly used
in the form of aqueous solutions. These chemical solvents include monoethanolamine
(MEA), diethanolamine (DEA), N-methyldietha-nolamine (MDEA), diglycolamine
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(DGA), diisopropanolamine (DIPA), and 2-amino-2-methyl-1-propanol (AMP).
Today, the main implications in using the chemical sorption technology with amines
arise because of the volatile character of amines and their corrosiveness and fast
degradation rates by impurities present in the flue gas such as SOx and O,. It is
estimated that the amount of degraded amine that is replaced per year for a 400 MW
plant, can be up to 690 tones. Given the current price of 2 €/kg of MEA, a total cost of
1.4 M € is calculated. On the other hand, the annual emission of amines to the air
(due to slippage) for a 400 MW plant can vary from 40-160 tones. Also, some of the
emitted amines are proved to be toxic for the air and marine environment and even
carcinogenic, especially the degradation byproducts like nitrosamines. Finally, the
corrosiveness of amines requires high dilution in water and consequently enormous
scrubbing/stripping towers to increase the gas/liquid contact time. This further leads
to high capital costs and the need of high amount of water vapor to the stripper (for
regeneration). Thus, the parasitic energy loss is enhanced constituting the overall

process economically infeasible.

A promising alternative to chemical absorption using solvents such as MEA is the use
of physical solvents in which the solvent selectively binds CO, at high partial
pressures and low temperatures Physical absorbents such as Selexol (a mix of
dimethylethers of polyethylene glycol) and Rectisol (methanol chilled to -40 °C), for
example, have been used industrially for 40 years for natural gas purification and the
treatment of synthesis gas.>* The advantage in this case is the lower heat consumption

in the solvent regeneration step.

Metal oxides (such as CaO and MgO) are promising capture materials given their
ability to retain high adsorption capacities at temperatures above 300 °C.*? The
operation of the materials can be defined by a carbonation—calcinations cycle: the
carbonation reaction of CO, with solid CaO at 600-650 °C precipitates calcium
carbonate (CaCOs3), while the reverse calcination reaction regenerates the oxide at
800-850 °C.

On the other hand, Zeolites are amongst the most widely reported physical adsorbents
for CO, capture in the patent and journal literature.®® They constitute the primary

adsorption material for commercial hydrogen production (involving H,/CO,
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separation) using pressure swing adsorption, with the most popular of these based on
zeolite 13X.3* Zeolites are typically employed at elevated pressures (above 2 bar),
and their adsorption capacity has been shown to be greatly reduced by the presence of
moisture in the gas, thereby necessitating very high regeneration temperatures (often
in excess of 300 °C).* Therefore these additional recovery costs for their regeneration

pose a significant disadvantage.

1.4 Scope of the thesis

The aim of this thesis was to synthesize with the “grafting to” and “grafting from”
method Supported lonic Liquid Phases (SILP) and membranes (SILM) respectively
for CO, capture and separation applications.  Hybrid materials were fully
characterized by means of pore morphology, their physicochemical and
thermodynamic properties as well as gas adsorption capacity. Furthermore, an effort
was made to relate the physicochemical and thermophysical properties of the
deposited IL phase to the surface properties and pore structure characteristics of the
several supports applied.

The performance of the developed materials was investigated with regards to their
gas diffusion rates and permeability factors as well as their CO,/CO separation
capacity, which is of great importance in the production of synthesis gas. CO; is a
desirable feed to the reformer (or gasifier) reducing methane consumption and
producing syngas with an optimum H,/CO ratio. However it can also be found in the
reformer/gasifier discharge stream where it is undesirable and must be separated and
recycled back to the feed.

1.4.1 Beyond the state of the art

As concluded from sections 1.3.1 and 1.3.1.1, RTILs can play a crucial role in
replacing amines in the CO, capture and separation processes. For this reason Task
Specific lonic Liquids (TSIL) should be modeled and checked concerning their

captured ability for CO, and their separation efficiency to various gases including CO.
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Supported lonic Liquid Phases (SILP) and Membranes (SILM) have been prepared so
far by impregnation of the ILs into the pores of the inorganic supports, thus limiting
their applications to moderate pressures.

Moreover, Supported lonic Liquid Membranes (SILM) can be prepared by covalent
bonding of the ILs on the inorganic supports (preferably on ceramic nanofiltration
membranes in order to avoid plasticizing that occurs in polymeric membranes), thus
increasing the surface area of interaction as well as obtaining a broad spectrum of

operations in high trans-membrane pressures.
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2 THEORETICAL PART

2.1 Porous materials - Classification of Pore Sizes

Porous solids are classified according to their pore size distribution, as proposed by
Dubinin, in three classes:

a) microporous for pore widths below ~ 20 A

b) transitional ( or intermediate ) for pore widths between ~20 A and ~ 200 A

¢) macroporous for pore widths above ~ 200 A

21.1 MCM-41

The most striking fact about the material MCM-41 is that, although composed of
amorphous silica, it displays an ordered structure with uniform mesopores arranged
into a hexagonal, honeycomb-like lattice.“*** A nice example of this structure can be
seen in Figure 3. In this figure, one looks directly inside the uniform mesopores
which are separated from each other by thin walls of amorphous silica, approximately
1 - 1.5 nm thick. MCM-41 displays a very large specific surface area of approximately
1,000 m? g™.

MCM-41 can be synthesized following a wide variety of preparation procedures.
However, there is one thing all these procedures have in common next to the obvious
presence of a source of silica, a templating agent. A template is a structure-directing
agent which is usually a relatively simple molecule or ion, around which a framework
is built up. The most common templates are quaternary ammonium ions with short
alkyl chains, which are used for the synthesis of a large number of zeolites. For the
synthesis of MCM-41, similar quaternary ammonium ions are frequently used with
one important modification: at least one of the short alkyl chains is replaced by a long
alkyl chain, generally a hexadecyl group.

This slight modification has an enormous impact on the behavior of the template in
aqueous solutions. Due to the large hydrophobic alkyl chain, the template ions will
aggregate together in order to minimize energetically unfavorable interactions of the
non-polar alkyl chains with the very polar water solvent molecules. Although
unfavorable from an entropic point of view, this is exactly the same behavior as
displayed by soaps upon dissolution in water. The resulting aggregates of ions are

denoted as micelles. It follows that these micelles have a hydrophobic core,

12



containing the large alkyl chains, and a hydrophilic surface due to the ionic character

of the ammonium head groups.
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Figure 3. TEM micrograph of MCM-41, allowing the viewer to look
directly inside the mesopores. The mesopores are arranged in a
honeycomb-like structure, separated by thin, amorphous silica pore
walls (black). The pore size of this MCM-41 material is approximately
3nm in diameter.

It is observed that at increasing amounts of template in water, different micelle
geometry evolves: the spherical micelles gradually transform into long tubes, often
denoted as rod-like micelles. Increasing the template concentration even further,
results in aggregation of the rod-like micelles into a hexagonal liquid crystalline
structure, resembling the MCM-41 structure. If the template concentration is
increased further, this hexagonal liquid crystalline phase first transforms into a cubic
liquid crystalline phase and eventually, at the highest template concentrations, into a
lamellar liquid crystalline phase. The cubic liquid crystalline phase resembles the
structure of mesoporous MCM-48, whereas the lamellar phase is the structural
analogue of MCM-50 (an unstable material which consists of platelets of amorphous
silica). During the synthesis of MCM-41, the electrostatic repulsions decrease as a
result of the formation of a monolayer of silica around the micelles, thereby
facilitating the subsequent aggregation of the micelles into close-packed hexagonal
structures.

Next to a structure-directing agent and water as a solvent, two more ingredients are
required for the synthesis of MCM-41: a source of silica and a mineralizing agent.
Various sources of silica can be used for synthesis, water glass, amorphous silica and
Kanemite (a layered silicate structure consisting of anionic silica sheets with charge-
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compensating sodium ions present in the interlayers). Furthermore, organic silicon
alcoxides are also used frequently. For the dissolution of the various silica sources, a
so-called "mineralizing agent” is used. For this purpose, sodium hydroxide or a
concentrated ammonia solution are frequently employed, in addition to HF which can
also find application despite the hazards associated with its use. Upon dissolution of
silica by the mineralizing agent, small silicon oxy-anions are produced. In the
presence of the rod-like template micelles, the silicate anions diffuse towards the
surfaces of the micelles as a result of electrostatic attractions. Therefore, the
concentration of silicate anions at the surface of the micelles rapidly increases with an
increase of the electrostatic repulsions between the individual silicate ions. In order to
alleviate these repulsive interactions, the silicate ions start to condense with each
other, thereby forming a monolayer of amorphous silica around the micelles. Charge
compensation of the ionic headgroups of the template is still brought about by
deprotonated silanol groups of the silica monolayer. At this stage, the silica "coated"
micelles can start to cluster together by condensation reactions between the silica
layers of individual micelles, thus generating the MCM-41 framework. As a result of
these processes, the pore walls of MCM-41 are amorphous and only 2-3 monolayers
thick.** The processes described above can take place over a wide range of synthesis
conditions, including gel composition, pH, timescale, temperature and pressure.
However, once MCM-41 has been formed, its pores are filled with template and the
micelles must be removed in order to obtain a completely mesoporous support
material. The most elegant solution to this task, is removal by means of repeated
washing with slightly acidified mixtures of an organic solvent and water, resulting in
extraction of the template. The resulting solutions containing the template, can be
evaporated to dryness and lead to the recovery of the template. Mild synthesis
conditions may enable the recycling of the template and subsequently its use in a next
synthesis cycle. A simpler method for template removal is calcination. During this
process, the template is decomposed into CO,, some NOy and water vapors. Although
MCM-41 is unstable with respect to steam, the quantities of steam produced during
this process are too small to do any damage to the MCM-41 framework structure.
Some modifications to the synthesis procedure described above are possible. The first
possibility is the incorporation of hetero-elements inside the pore walls of the MCM-
41 structure. The most frequently incorporated elements are aluminium and titanium.

The presence of aluminium inside the pore walls generates an excess negative

14



framework charge (as in zeolites and amorphous silica-aluminas). When protons
compensate this charge, the resulting material is weakly Bronsted acidic. Compared to
all-silica MCM-41, the physical properties of materials containing aluminium are
generally a bit less well developed and dealumination can take place during template
removal (especially in the presence of steam during calcination). Incorporation of
titanium inside the pore walls, results in materials displaying interesting oxidation
properties. A second adaptation that can be made to MCM-41 is “engineering" of the
pore size. The most frequently used template for the synthesis of MCM-41 is
hexadecyl (cetyl) trimethyl ammonium bromide (or chloride), i.e. a template with an
alkyl chain containing sixteen - CH,- moieties. This template yields MCM-41 with a
uniform pore size of approximately 2.7 nm (vide infra). Using templates with longer
or shorter alkyl chains, the pore size can be influenced. Nevertheless, due to the
limited range of alkylammonium ions suitable for the preparation of MCM-41, the
pore size can be adjusted to a small extent only. A more dramatic increase of pore
size can be accomplished by the addition of so-called "auxiliary organics” to the
synthesis gel, e.g. 1,3,5-trimethylbenzene (mesitylene). These organic molecules,
which must be nonpolar, do not dissolve in water but instead they are absorbed in the
hydrophobic core of the template micelles. Due to this absorption, the micelles swell
and increase the average size of the mesopores in MCM-41 up to values of
approximately 8-10 nm in diameter. Finally, it should be mentioned that a wide
variety of preparation methods for MCM-41 have been reported, where details of the
presented methods often dictate reproducibility and stability of the prepared MCM-41
material to a large extent.

2.1.2 SBA-15

SBA-15 is an ordered mesoporous silica material (OMS) like MCM materials. OMS
were employed in preparation of advanced materials** applied as catalysts, chemical
sensors, optical and magnetic devices. Also, these OMS based advanced materials
performed as hard templates for the preparation of other ordered mesoporous solids
and for drug release. SBA-15 silica displayed significantly higher stability under
various conditions (steaming, high temperature) compared with MCM-41 silica.
Therefore, it is frequently used for the synthesis of various advanced materials. SBA-

15, unlike MCM-41, contains micropores within the walls of primary mesopores
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forming 3-D connected pore network with connections between mesopores. First,
increasing microporosity enhanced hydrothermal stability in steam. The porosity of
the walls may also promote molecular transport in catalysis and adsorption. SBA-15
preparation includes four main steps: (1) synthesis of silica—organic polymer
nanocomposite using silica source (for example TEOS) and amphiphilic triblock
copolymers as a structure-directing agent (template), (2) ageing of the composite at
elevated temperatures, (3) filtration (and optionally washing) of the obtained solid,
and (4) removing the copolymer by extraction and/or calcination.

2.1.3 Vycor glass

Vycor glass is prepared from a quaternary glass mixture,* of typical composition
62.7% SiO,, 26.9% B,03, 6.6% Na,O, and 3.5% Al,O3. This glass is melted and
formed into the desired shape, and then held at a temperature above the annealing
point but below that which it would cause deformation. The material phase separates
(on a microscopic scale) into two continuous phases, one rich in silica and the other in
borosilicate and alkali. It is then treated with a hot dilute acid solution, which
dissolves away the borate, leaving some (small) colloidal silica particles inside the
pores of the other phase. The finished glass is 96% silica. Vycors have a porosity of
28%, an average internal pore diameter somewhere between 4 and 6 nanometers, and
a surface area of between 90 and 200 m?%g, as calculated from BET analysis of

nitrogen adsorption isotherms.

2.2 Membrane technology

2.2.1 Classification of membranes

A membrane can be natural or synthetic, thick or thin, where its structure can be
homogeneous or heterogeneous and transport across membrane can be active or
passive. Passive transport can be driven by various means (e.g. pressure,
concentration, electrical difference), neutral or charged. As such, membranes can be
classified according to different viewpoints. The first classification is by nature, i.e.

biological or synthetic membranes. This is the clearest distinction possible. Synthetic
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membranes can be subdivided into organic (polymeric or liquid) and inorganic (e.g.
ceramic, metal) membranes. Another means of classifying membranes is by
morphology or structure. For the case of solid synthetic membranes, the two types of

membrane structures are the symmetric and asymmetric (anisotropic) membranes.

In general we have the following Types of Membranes:

A. Isotropic Membrane
Microporous Membranes
Nonporous, Dense Membranes
Electrically Charged Membranes

B. Anisotropic Membranes

C. Ceramic, Metal and Liquid Membranes

The principal types of polymeric membranes are classified as shown in Fig. 4.

Ceramic membranes are a type of artificial membranes made from inorganic

materials (such as alumina, titania, zirconia oxides or some glassy materials). They

are used in membrane operations. By contrast with polymeric membranes, they can
be used in separations where aggressive media (acids, strong solvents) are present.
They also have excellent thermal stability, which makes them usable in high
temperature membrane operations. Like polymeric membranes, they are either dense

(non porous) or porous.

Ceramic membranes generally consist of permselective material as disks or tubes or
as thin films on porous supports. Thin membrane films can be applied on porous
supports (Fig. 5) by particulate, wet-chemical or vapor phase deposition techniques.
Examples of permselective inorganic membrane compositions are dense Pd alloys and
various perovskites, micro-porous (< 2 nm) amorphous silica and zeolites and meso-
porous (2 < @ < 50 nm) alumina, silica and titania. The latter membranes may act as

intermediate supporting layers for micro-porous membranes.
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Figure 4. Classification of polymeric membranes

2.2.2 Gas separation with ceramic membranes

- Dense inorganic membranes

These membranes are prepared as unsupported ones as well as thin films on porous
supports. They are made of polycrystalline ceramic material, in particular perovskites
(CaTiO3) or metal (palladium), which allows specific gas species to permeate the
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dense material. Depending on the nature of the dense membrane material, hydrogen
selectively permeates in atomic (Pd alloys), molecular (dense SiO,) or protonic
(proton-conductive solid electrolytes) form. Both hydrogen and oxygen can permeate
selectively through various types of dense membranes. Dense membranes are
impermeable to all gases except for a very limited number of gases that can permeate
the material (i.e. H, through Pd) or can be incorporated into the structure of the

membrane and transported through the material (i.e. O, through perovskites CaTiOs3).
top Iayer\

“intermediate layer y ;

membrane support

== =10 pm

Figure 5. Meso-porous y -alumina membrane (top layer) on top of a
macroporous a- Al,O3 “intermediate layer”. The intermediate layer,
in turn, is supported by a 2 mm thick macroporous membrane
support.

-Amorphous silica membranes

Amorphous silica membranes are produced by sol-gel or chemical vapor deposition
(CVD) techniques. The micropore structure of the silica layers is determined by both
the reactivity and the size of the precursors. Microporous silica membranes have a
high potential for gas separation and pervaporation at high-temperatures in chemically
aggressive environments. Such membranes are of particular interest for high-
temperature industrial hydrogen separation and purification. Ultra thin microporous
silica membranes have been prepared and they offer significantly improved gas

permeation compared with earlier types. Such membranes can separate H, from N,
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with an Ha/N, selectivity of up to ~100 and a permeation of the order of 1 x10®
mol/m?-Pa-s at 400 °C.

-Carbon membranes

Carbon membranes are produced by pyrolysis (carbonisation at 500-900 °C) of
polymeric precursor films (e.g. polyimide, polyfurfuryl alcohol, polyvinylidene
chloride or phenolic resin) on a macroporous carbon substrate or an alumina support
tube. Alternatively, carbon membranes are produced by CVD of methane at 1000 °C
on multilayered porous ceramic tubes. Microporous carbon membranes are classified
into activated carbons with pore size 0.8-2 nm and ultra microporous carbons or
carbon molecular sieves with pores 0.3-0.6 nm. At present the most important large
scale application of carbon membranes is in the production of low cost and high
purity N, from air, although they are also used for the separation of other mixtures,

i.e. H, from gas and purification of CH,.

-Zeolite membranes

Zeolite membranes are generally formed on porous supports by hydrothermal
synthesis. The pores in zeolite membranes are part of the crystal structure and, hence,
have uniform dimensions. The size of the micropores, with molecular dimensions
generally less than 1 nm, can be varied by the crystal structure. Zeolites can separate
molecules based on size, shape, polarity and degree of unsaturation, amongst other
things. They offer good separation properties for gas molecules. At low temperatures
the permeation rate increases with molecular weight, being essentially zero for H,. At
high temperatures (about 500 °C), however, the trend is reversed, and permeation
decreases with increasing molecular weight. At high temperatures the permeation rate
for H; is higher than for hydrocarbons, making the membrane particularly useful for
H, separation, e.g. in dehydrogenation reactions. The majority of zeolite membranes
are of an MFI zeolite-type and show a CO,/N, selectivity of the order of 10, CO,
permeations being around 107 mol/m?-Pa-s in the temperature range of 30-150 °C.
With a potassium-ion exchanged Y-type zeolite, a CO,/N; selectivity of the order of

30, with CO, permeations being around 10°mol/ m?-Pa-s, has been achieved. Table 2
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summarizes the separation properties of different types of ceramic membranes and for

a variety of gas mixtures.

Table 2. Gas transport results obtained with different types of microporous and dense
inorganic membranes

Membrane type Permselectivity H, permeation mol/m* Pa-s | T/°C
Microporous silica 561 (H,/CH,) 185 x10°® 200
844 (H,/CH,) 73 x10°® 25

10-400 (H,O/H,) 10 -10°(H,0) <150
188 (He/CH,) 75 x10°¥(He) 145
125 (He/N,) 145
Zeolite 330 x10° 27
Microporous carbon 31 (He/Ny) 0.31 x10°® 150
127 (He/N,) 0.27 x10°® 25
Perovskite (H+) 16 x10°® 950
Pd (supported) 1x10° 300

2.2.3 Catalytic membrane reactors

Membrane reactors are most commonly used when a reaction involves some form of
catalyst, and there are two main types of these membrane reactors: the inert
membrane reactor and the catalytic membrane reactor. The inert membrane reactor
allows catalyst pellets to flow with the reactants on the feed side (usually the inside of
the membrane). It is known as an IMRCF, which stands for Inert Membrane Reactor
with Catalyst on the Feed side. In this kind of membrane reactor, the membrane does
not participate in the reaction directly; it simply acts as a barrier to the reactants and

some products.

A catalytic membrane reactor (CMR) has a membrane that has either been coated
with or is made of a material that contains catalyst, which means that the membrane
itself participates in the reaction. Some of the reaction products (those that are small
enough) pass through the membrane and exit the reactor on the permeate side. An
example of a CMR is given bellow (Figure 6). In literature there is a variety of
catalytic membrane reactors for applications such as production of ethylene using
oxidative coupling of methane, conversion of syngas to liquid hydrocarbons, direct

hydroxylation of aromatic compounds, dehydrogenation reactions etc.
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Figure 6. Direct hydroxylation of aromatic compounds by using a Pd membrane

reactor

2.3 Adsorption of Gases by Solids — Adsorption isotherms

Before proceeding to the insides of this part, it would be wise to make the distinction
between the terms of “adsorption” and “absorption”. As introduced by Kayser in
1881 the term adsorption refers to condensation of gases on free surfaces, in
contradiction to the gaseous absorption where the molecules of gas penetrate into the

mass of the absorbent.

The adsorption now is a consequence of the field force present at the surface of the
solid (the adsorbent), which attracts the molecules of the gas (adsorbate). The
attraction forces may be physical [Van der Waals interactions accompanied by low
heats of adsorption (2 to 3 times smaller than heat of evaporation)] or chemical
[creation of bonding accompanied by high heats of adsorption (2 to 3 times bigger
than heat of evaporation)], thus giving rise to physical adsorption and chemisorption
respectively. Adsorption is described by the adsorption isotherms, equations that
relate the amount of gas absorbed per gram of solid (x) with the pressure (p) of the gas
for a given adsorbate on a given solid and at a fixed temperature.

X=f(p)T,gas,solid Eq 1
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If the gas is below its critical temperature, i.e. if it is vapor, then the alternative form

is used where p, is the saturation vapor pressure of the adsorbate
X:f(p/po)T,gas,solid Eq2

For physical adsorption isotherms measured on a wide variety of solids were grouped
in five classes — the five types of the classification nowadays referred as the Brunauer,
Emmett and Teller (BET) classification.*® These types are shown in Fig. 7.

5

[72]

£ /

£ /

E / <
5 I} // v
(7] p

g s

5 P /

S

<

Relative pressure (P/P,)
Figure 7. The five types of adsorption isotherm in the BET classification

23



Type | isotherm is now generally agreed that is obtained by solids of predominately
microporous nature. They were first noticed with charcoal as absorbent but recently
they have been found with other adsorbents such as silica, ammonium
phosphomolybdate, “molecular sieves” such as Linde 13X. The classical
interpretation of Type | isotherms proceeds from the assumptions that the adsorbed
layer on the walls is only one molecule thick and that the plateau of the isotherm

corresponds to the completion of this monolayer.

Types Il and 111 are obtained by Non-porous Solids. In type Il isotherm, the point
which at low relative pressures the linear portion begins , was taken by Emmett and
Brunauer to indicate the completion of the monolayer. In this type of adsorption, the
interactions between the adsorbent-adsorbate are stronger than those of adsorbate-
adsorbate. Type Il isotherms are characterized by being convex to the pressure axis,
suggesting that the adsorption is co-operative in nature: the more molecules that are
already adsorbed, the easier it is for further molecules to become adsorbed. In this
type of adsorption, the interactions between adsorbent-adsorbate are weaker than the
adsorbate-adsorbate interactions. Adsorbate-adsorbate interactions will tend to be
enhanced if the adsorbate molecule is capable of strong hydrogen bonding. This

occurs with water, and to a lesser extent with ammonia.

Type IV isotherms result from adsorption on porous solids containing pores in the
intermediate or macroporous range, and is generally accepted to appear in a solid
which possesses pores in the “transitional” range of Dubinin. Along the low pressure
branch, monolayer adsorption is assumed to take place on the walls of the pores,
followed by “capillary condensation” of the adsorbate to a liquid at higher pressures.
They possess also a hysteresis loop where the amount adsorbed is greater at any given

relative pressure along the “desorption” branch than along the “adsorption” branch.
Type V isotherms are rather rare. They usually result from adsorption on mesoporous

solids were interaction forces between adsorbate-adsorbate are strong. The isotherm

relates to Type Il in a manner that instead of approaching the saturated vapor
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pressure line asymptotically, the curve bends over giving a branch which becomes

almost horizontal.

2.4 The BET equation-Pore size distribution

Following the path laid down by Langmuir in 1916, Brunauer, Emmett and
Teller®® approached the problem of adsorption as a process of interchange of
molecules between the gas phase and the adsorbed film. According to Langmuir the
surface of the solid is an array of adsorption sites, each site being capable of
adsorbing one molecule. He postulated that when a molecule from the gas phase
strikes an empty adsorption site, it condenses there, i.e. it remains attached to the site
for a mean period t and then re-evaporates. In 1938 Brunauer, Emmett and Teller
extended the Langmuir mechanism to second and higher molecular layers as
experimental evidence had made it increasingly likely that multilayer adsorption was

a frequent occurrence.

Brunauer, Emmett and Teller have made the following assumptions in order to derive
the well known BET equation:

) the heat of adsorption in all layers above the first is equal to the latent heat of
condensation L

i) the evaporation-condensation constants in all layers above the first are
identical

iii)  when pressure p becomes equal to the saturated vapor pressure, the adsorbate
vapor condenses as an ordinary liquid on to the adsorbed film so that the number of
molecular layers becomes infinite on the surface, which is postulated to be freely

exposed to the vapor phase.

The BET equation is of the following form:

P 1

+C—1£ Eq.3
x(P,-P) x,c x,c P, 4

m

where: X is the amount adsorbed in grams per gram of adsorbent, X, is the
corresponding amount of the monolayer formed and c is a constant depending on the

net heat of sorption.
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The BET equation requires a linear plot of _P VS P which for most solids

X(P, —P) P,

using nitrogen as the adsorbate, is restricted to a limited region of the adsorption
isotherm, usually in the Pi range of the 0.05 to 0.35. This linear region is shifted to

0
lower relative pressures for microporous materials. From the linear plot X, and ¢
parameters are determined.
Concerning the pore size distribution which is actually the distribution of pore volume
with respect to pore size, the BJH method is commonly used. It is generally accepted
that the desorption isotherm is more appropriate than the adsorption isotherm for
evaluating the pore size distribution of an adsorbent. In certain cases, depending on
type of hysteresis that the isotherm shows, the adsorption is recommended for pore

size distribution determinations.

With the BJH method, the pore volumes at various relative pressures are calculated

using the following equation:

2
r n-1
Vo= —2 AV —At. > Ac. Eq.4
4 (WAtn/zJ[ A2, J ;

where

rc is the Kelvin radius and for nitrogen it is given r, = _ Al
log(R, / P)

rp is the actual pore radius with rp=r+t , where t is the thickness of the adsorbed

layer. A convenient method for estimating t is the following equation as proposed by

deBoer:

1/2
. 13.99 Eq5
log(P, / P) + 0.034

Ac; is the area exposed by the previously emptied pores from which the physically

adsorbed gas is desorbed. This term is evaluated as follows: The area of each pore A,
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is a constant and can be calculated from the pore volume, assuming cylindrical pore
geometry. That is,
That is,

A, =P Eq.6

c=r T Eq.7

2.5  Diffusion mechanisms in membranes

A real pore structure generally consists of a more or less random network of
interconnecting pores of varying diameter and orientation. However it is helpful to
consider first the mechanisms by which diffusion can occur by reference to a straight

cylindrical pore.

2.5.1 Micropore diffusion
Nowadays it is well established that gas transport through microporous

membranes takes place through two simultaneously occurring mechanisms, namely
micro-pore diffusion and sorption. It has been shown that the activation energy for
permeation is an apparent one, which consists of the isosteric heat of sorption and the
activation energy for micropore diffusion. Barrer was the first who introduced a
theoretical model describing the gas transport in zeolite crystals. Intracrystalline

diffusion was considered to occur of molecular species that follow Langmuir’s

isotherm and therefore their diffusivity is independent of the fraction of channel sites

occupied. An analysis of the interface processes can also be implemented considering

that entry into and exit from porous crystals can occur only through the mouths of the
channels (pores). The external surface is assumed to provide different kind of

adsorption sites categorized to these located around channel mouths and to those
existing on the plain surface. According to this analysis, the following equation was

derived for the case that both internal and external sorption obey Henry’s Law:

27



J — ‘]id

1+20(|j—oexp[(ES+AE—AES—E1)/RT] Eq.8

where Jig is the flux in the ideal case that interface processes do not have an important

contribution in flux,

AE is the energy difference between the gas phase and the molecules present in the
micropores and is equal to the isosteric heat of sorption,

AEqs is the energy difference between the molecules adsorbed on the external surface

and the gas phase,

E is the activation energy for pore entrance from the external surface,

d is the jJump distance for micropore diffusion and | the membrane thickness.

From the above equation, it is clear that interface processes become less significant if
the surface barrier is low (low AEs and or Es) for large crystals or thick membranes

47
l.

and for high temperatures. Based on the above analysis, de Lange et al.”" proceeded

to an integration of sorption and diffusion processes in micropores by making the
implicit assumption that since sorption is strongly enhanced in the micropores
compared to a ‘free’ surface, the term AEs which is the adsorption energy on the
external surface can not be higher than AE (the sorption energy in micropores).
Moreover, whereas in most of the cases permeance experiments for the calculation of
the activation energy take place at elevated temperatures (373-600 K) and membrane
thickness (2-5 pum for silica and 10-50 um for zeolitic membranes) is large enough
compared to the molecule jump distance. Therefore, it could be well assumed that
both internal and external sorption obey Henry’s Law and that interface processes are
of minor importance. Thus, they derived the following equation describing the

activated flux through microporous membranes:

/ p 1 qst
J=——D exp K exp—AP
0 ( j 0 (RTJ Eq.9

where p(kg/cm®) is the top layer skeletal density, D, (m?/sec) the mean intrinsic
diffusion coefficient for micropore diffusion, K, the intrinsic Henry constant, g, the

top layer porosity and AP(Pa) is the differential pressure across membrane. If the
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interface processes are not rate determining indeed and g is available from sorption
experiments at different temperatures, then it is clear from Eq. E9 that E; can be

derived from the apparent activation energy for permeation E, by:

E1= Eaet +q°
17 Bact ¥4 Eq.10

where, E;, the activation energy for micropore diffusion and E. can be determined

from permeance measurements though the Arrhenius analysis.

2.5.2 Knudsen diffusion

In small pores or at low pressure, the mean free path may become comparable
to or even greater than the pore diameter so that collisions between a molecule and the
pore wall occur more frequently than intermolecular collisions. A molecule hitting
the wall exchanges energy with the atoms or molecules of the surface, which will
most likely be reflected; that is, the velocity of the molecule leaving the surface bears
no relation to the velocity of the incident molecule and its direction is purely random.
In other words diffusivity depends only in the pore size and the mean molecular
velocity while the different components of a mixture propagate independently one of
the other. This is known as Knudsen diffusion. In such a case, the diffusion

coefficient is as follows:

1
D, =2 21<_sz2_* Eq.11
3 (Mn f

where r: is the pore radius in cm.
k: Bolzman constant
T: temperature in Kelvin (K).
f: the proportion of molecules that is randomly reflected (for most purposes
f may be approximated to unity).
M: is the molecular weight of the gas
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From the above equation, it is clear that Knudsen diffusion coefficient (D,) slightly
depends on temperature, while it is independent of pressure since the diffusion
mechanism does not involve intermolecular collisions.

The steady-state flux according to Fick’s first law is in molecules per second for one

cylindrical capillary,

1

3 2 -C

J, ——m?p, o4 (2mkT)2 G, =€, Eq.12
dx 3 M /

where C, is the value of C at x =0 and C,its value at x = I.

In accordance with the definition of the permeability coefficient where P=D*S (S
being the solubility), we can define the Knudsen (P,) permeability coefficient as P, =
D, for S = 1. For a capillary of surface area U, the following equation holds for P,

T !

P =—
¢ U(Co_cé)

Eq.13

From equations E12, E13 it is apparent that for two different gas molecules A and B
that flow in the same capillary with Knudsen mechanism, the following equation
holds:

PiuvM, =P M, Eq.14

2.5.2.1 Extension to porous media
For porous media where the actual pore length is zx ¢ (¢ being the tortuosity of

the media and / the thickness of the material), permeability is given by the following

equation:
» 1/2
_8° & [ 2T Eq.15
3A, 7k, 7 M
where

@ ¢ is the porosity of the media as expressed by
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Vv
pores/ gr
£= Eq.16
Vpores/gr +1/ psolid

with psoiig being the density of the material

@ k; is a shape factor which for cylindrical pores is 1.

2.5.3 Poiseuille flow

If there is a difference in total pressure between the ends of a capillary, there
will be a bulk (laminar) flow in accordance with Poiseuille’s equation. The diffusion

coefficient is given by the following equation

2
D, =P Eq.17
&

where (p) is the absolute pressure (dyn/cm?®) and (n) is the viscosity

2.5.4 Surface diffusion

The transport mechanisms considered so far, all involve diffusion through the
fluid phase in the central region of the pore. If there is significant adsorption on the
pore wall, there is the possibility of an addition flux due to diffusion through the
adsorbed phase or <surface diffusion>. If adsorption equilibrium is favorable, the
molecular density in the adsorbed layer may be relatively high. The fluxes through the
gas phase and the adsorbed phase are to a first approximation independent and
therefore additive, so that the diffusivity will be given by the sum of the pore and
surface contributions. For a single pore

D=D,+K'D, Eq.18

where D; is the surface diffusivity and K’ is the dimensionless adsorption equilibrium

constant expressed in terms of pore volume (moles adsorbed per unit pore
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volume/moles per unit volume in gas phase) and D, denotes the contributions from
Knudsen and molecular diffusion, as well as from Poiseuille flow (if significant).
Considering a pore within a solid matrix, it is more usual to express the equilibrium
constant in terms of the total volume of the porous solid so that in place of the

previous equation we have

l—sp

D=D, +K| D, Eq.19

€
p

were g, represents the porosity.

Surface diffusion is an activated process but the diffusional activation energy is
generally smaller than the heat of adsorption. Therefore, it is generally insignificant

at temperatures which are high relative to the normal boiling point of the sorbate.

2.6 Absorption of Gases by ionic liquids

2.6.1 Physical interaction
A number of investigations have shown that CO; is remarkably soluble in

imidazolium-based ionic liquids.*”*°

In all these studies, the ILs solvation capacity
for CO, outperformed this for other gaseous molecules. In this regard, imidazolium
based ionic liquids may be established as excellent candidates for gas separations of
high industrial interest such as CO,/H;, CO,/N,, CO,/CH,4 and CO,/CO.

By observing the effects of varying the anion among different imidazolium-based ILs,
Maginn and coworkers® have shown that the anion influences the solubility of CO; in
ionic liquids to a greater extent compared to the cation. Earlier, the nature of these
anion—CO, interaction has been probed using vibrational spectroscopic methods.
Kazarian et al. have reported a weak Lewis acid—base interaction between CO, and
[PFs] the anions of the ILs® based on ATR-IR studies. Furthermore, molecular
dynamic (MD) simulations®® pointed out that apart from ion-quadrupole interactions
that are expected between the anion and CO,, ion-induced dipole interactions could
also be important. MD simulations indicated also that CO, organizes strongly around

the IL anion in a “tangent like” configuration that maximizes favorable interactions.>
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2.6.2 Chemical interaction

Apart from the physical solubility aspect described in the previous section, ILs
can be functionalized through formation of covalent bonding in order to capture COs.
Taking into account the chemistry of aqueous organic amines reacting with CO»,,
amine functionalities can be added to ILs to introduce specific and tunable chemical
reactivity with CO,. The first reported example contained an amine group on an
imidazolium cation which reacted with CO, in a manner similar to aqueous amines.

Carbamic acid is formed at the first step followed by carbamate and ammonium ions

formation in a stoichiometry of one CO, to two amines, *** as shown in reactions 1
and 2 below.
*wNH, * CO, === *wNHCO,H @)

swNHCO,H + *wNH, === *~NHCO; + **NHg" (2)

Recently Brennecke and co workers®® introduced anion amino functionalized ILs
that react with CO, in a ratio of one CO;, per one amine (1l:1stoichiometry).
Moreover, the results demonstrate that the location of functional groups (anion vs
cation) in ILs provides an additional degree of freedom in the design of functionalized

ILs for specific applications.
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3 EXPERIMENTAL PART

3.1 Characterization of porous materials
3.1.1 Nitrogen porosimetry

Liquid nitrogen isotherms at 77 K were obtained using the Autosorb-1 MP
(Quantachrome) porosimeter. Before each measurement, the samples were degassed
under high vacuum 10 mbar for 24 hours at the outgassing stations of the instrument.
The outgassing temperatures were 433 K for the SILPs and 453 K for the supports and
the silylated supports.

3.1.2 Adsorption isotherms-Diffusivity

The CO,, CO gas solubility measurements were performed with a gravimetric
microbalance (IGA, Hiden Analytical). The masses of the sample and counterweight
pans, the hooks, the counterweight material and the hang chains of the microbalance
assembly were of the order of one to three hundreds of milligrams per item and were
defined with an accuracy of +0.1%. The materials were appropriately selected to
induce a symmetrical configuration to the balance set-up in order to minimize
buoyancy effects. The microbalance had a 0.1 ug stable resolution. The amount of
the bulk ionic liquid usually applied was 100-150 mg. Before each measurement, the
bulk ionic liquid samples were degassed at 353 K and high vaccum (10 mbar). The
involved amounts of the developed SILP systems and the corresponding supports
were of the order of 50 mg and degassing was performed at high vacuum (10 mbar)
and temperatures of 433 K and 453 K respectively. It should be noted that outgassing
temperatures were selected in relation to the results of DSC analysis and were set at
least 100 K lower than the melting or decomposition temperatures. The maximum
time allowed to reach equilibrium at each pressure step was 10 hours and the internal
algorithm of the microbalance software detected equilibration within a period of 3-4

hours.

3.2 Characterisation of membranes

3.2.1 Permeability-selectivity
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Permeability and selectivity evaluation was performed in a flow apparatus
(Figure 8) in which the feed, permeate and retentate gas compositions were analysed
using a SRI gas chromatograph equipped with a stream selection valve, a gas
sampling valve and TCD, FID detectors in series. Chromatographic separation was
achieved with an Alltech Hayesep D 100/120 packed column (1/8, 30 ft).
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Figure 8. The Wicke-Kallenbach apparatus applied for the measurement of the
CO,/CO selectivity

The gas flow of each stream was controlled by electronic mass flow controllers
(Bronkhorst F-200CV) with a scale of 2-100 ml/min for CO (99.997%) and CO;
(99.998%) and 20-1000 ml/min for He (99.999%) that was used as the sweep gas
from the permeate side of the membrane. The pressure at both sides of the membrane
was controlled by means of two electronic backpressure regulators (Bronkhorst P-
702CV). The temperature was controlled with a PID controller and a Type K
thermocouple in contact with the surface of the testing cell. All tests were performed
in the Wicke-Kallenbach configuration with a mixture of 50/50 %vol CO,/CO
sweeping the inner side of the tubular membrane (feed) and He sweeping its outer

side (permeate).

3.3 Pore surface chemistry/morphology

3.3.1 Adsorption/desorption of water

The water adsorption-desorption isotherms were obtained using a homemade

stainless steel gravimetric rig. The balance head (Cl), counterweight compartment,

valves andtubing of the system were thermostated in an air-circulating bath (£0.1 K),
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whereas the sample compartment was separately thermostated in a silicon oil bath
(£0.01 K).

3.3.2 Thermogravimetric analysis
TGA experiments were performed with SETCYS-Revolution instrument and

with temperature increments of 10 °C per minute.

3.3.3 SEM/EDAX
The cross sectional elemental composition of the membranes was analyzed
with a Field emission SEM (JEOL JSM-7401F) equipped with EDS analyzer.

3.3.4 Small Angle X-ray Scattering (SAXS)
Small-Angle X-ray Scattering (SAXS) measurements were carried out on a
SAXS/WAXS apparatus manufactured by JJ X-Ray Systems. The samples were in

powder form and the measured Q range varied from about 0.012 to 0.16 At

3.3.5 Differential scanning calorimetry (DSC)

Modulated DSC analysis was performed with a TA Instruments 2920 MDSC.
The runs proceeded with a cooling down to —50 °C followed by an isothermal step of
10 minutes at this temperature and heating up to 330 °C with rates of 1.5 °C/min and
10 °C/min. The modulation parameters were set to 0.08 W/g for the amplitude and —
2x10™ W/g/°C for the slope.

3.3.6 X-ray diffraction (XRD)

The X-ray diffraction (XRD) measurements were performed at a D8 Bruker
system using Cu-Ka radiation. The samples were in powdered form and were
mounted on a glass slide. Measurements were carried out to both pristine and SILP

samples.
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3.3.7 Elemental analysis
Elemental analysis (C, H, N) was performed with a Perkin EImer 2400 CHN
Analyser.

338 NMR
NMR spectra were obtained on a Bruker Avance/S00MHz spectrometer.

3.4 Synthesis of ionic liquids and silylated ionic liquids

3.4.1 Synthesis of 1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][
PFg]).

1-Chlorobutane (3 mL, 28.7 mmol ) was added to a round bottom flask
containing 1-methyl-imidazole (2 mL, 23.4 mmol). The flask was fitted with a reflux
condenser and the reaction mixture was heated at 85 °C under stirring and N
atmosphere for 48 hr. The viscous yellow—orange liquid obtained was washed with
EtOAc (2 x 30 mL) and dried under high vacuum at 90 °C to give 3.9 g (95%) of 1-
butyl-3-methylimidazolium chloride. For the ion exchange step, 1.39 g (7.59 mmol)
of 1-butyl-3-methylimidazolium chloride was dissolved in 6 mL of CH,ClI, followed
by the addition of sodium hexafluorophosphate (1.7 g, 10.1 mmol) as a solution in
CH3CN (10 mL). The milky solution was left under stirring at room temperature for
24 h, cooled at -10 °C for 10 min and then centrifuged at 9000 rpm for 20 min to
remove sodium chloride produced during the ion exchange step. The supernatant
phase was treated with 10 mL of dichloromethane and the resulting organic phase was
washed with deionized (3 x 50 mL) water until the AgNO3 test was negative. The
organic phase was dried over MgSQ,, filtered and then concentrated in a rotary
evaporator to yield 1.57 g (73%) of less viscous light yellow to colorless liquid. *H
NMR (500 MHz, CDCls) : & 0.93 (t, 3H), 1.34 (m, 2H), 1.86 (m, 2H), 3.95 (s, 3H),
4.2 (t,2 H), 7.47 (s,2H), 8.71 (s,1H).

3.4.2 Synthesis of 1-methyl-3-(3-triethoxysilylpropyl) imidazolium
hexafluorophosphate ([spmim][PF¢]).
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(3-Chloropropyl)-triethoxysilane (12 mL, 49.8 mmol) was added to a round
bottom flask containing 1-methylimidazole (3 mL, 37.6 mmol). The flask was fitted
with a reflux condenser and the reaction mixture was heated at 85 °C under stirring
and N atmosphere for 48 hr. The resulting mixture was washed twice with ethyl
acetate (30 mL) and then dried under vacuum at 80 °C to afford 1.1 g (90%) of a
viscous yellow liquid. 'H NMR (500 MHz, CDCl5):50.61(t, 2H, Si-CH»-CH,-CH2-N
), 1.23 (t,9H, CH3-CH»-0O ), 2.0 (m, 2H, Si-CH,-CH»-CH>-N), 3.78 (m, 2H, CH3-CH,-
0), 4.11 (s, 3H, N-CHa), 4.33 (t, 2H, Si-CH,-CH,-CHy-N), 7.26 (s, 1H, N-CH-CH-
N), 7.17 (s, 1H, N-CH-CH-N ), 10.97 (s, 1H, N-CH-N).
lon exchange step: The complex of 1-methyl-3-(3-triethoxysilylpropyl) imidazolium
chloride (281.2 mg, 0.87 mmol) was dissolved in CH3CN (3 mL) and then treated
with 1.1 equivalent of sodium hexafluorophosphate (160.9 mg, 0.96 mmol). The
resulting slurry was stirred for 5 days at room temperature under N, atmosphere. The
precipitate was removed by centrifuging at 9000 rpm for 20 min, while volatiles

where removed by rotary evaporation at reduced pressure to give a light yellow liquid.

3.4.3 Synthesis of 1-methyl-3-(1-trimethoxysilylmethyl)imidazolium
hexafluorophosphate ([smmim][PF¢]).

Chloromethyl-trimethoxysilane (2 mL, 13.3 mmol) was added to a round
bottom flask containing 1-methylimidazole (1.4 mL, 17. 6 mmol). The flask was
fitted with a reflux condenser and the reaction mixture was heated at 85 °C under
stirring and N, atmosphere for 48 hr. The resulting mixture was washed with diethyl
ether (2 x 30 mL) and then dried under vacuum at room temperature to afford 3.2 g
(95%) of a viscous orange/brown liquid ([smmim][CI]).
lon exchange step: The complex of 1-methyl-3-(1-trimethoxysilylmethyl)
imidazolium chloride (3.2 g, 12.7 mmol) was dissolved in CH3CN (4 mL) and treated
with 1.1 equivalent of sodium hexafluorophosphate (2.3 g, 13.7 mmol) dissolved in
CH3CN (40 mL). The resulting slurry was stirred for 5 days at room temperature
under N, atmosphere. The precipitate (NaCl) was removed by centrifuging at 9000
rpm for 20 min, while volatiles where removed by rotary evaporation at reduced

pressure to give a yellow liquid ([smmim][PF¢]).
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3.5 Development of supported ionic liquid systems for CO, capture

Hybrid materials of ionic liquid on Vycor, MCM-41 and SBA-15 supports
were prepared with the “grafting to” method. The Vycor® substrate was initially
treated with H,O, 30% wi/v at 90 °C for 30 min, washed with deionized water until
neural pH, and dried at 433 K for 24 hr under high vacuum. Solvents were used as
purchased without further drying. Toluene (puriss, Reag ACS, Aldrich),
dichloromethane (GC 99.5%, Aldrich), chloroform (GC, Aldrich), methanol (>99.8%,
Aldrich). Reaction reagents were used as purchased without further purification. (3-
Chloropropyl)-trimethoxysilane (97%, Aldrich), (3-chloropropyl)-triethoxysilane
(95%, Aldrich), sodium hexafluorophosphate (98%, Aldrich), hexafluorophoric acid
(60 wt% solution in water, Aldrich).

3.5.1 Pore surface activation
Vycor glass was treated in different basic conditions and time periods in order

to induce more hydroxyl groups on the pore surface.

Table 3. Surface activation conditions

Sample ID pH Time
Vyc 1 8.1 30 min
Vyc 2 8.1 1hr
Vyc 3 8.1 3hr
Vyc 4 8.5 20 min
Vyc 5 8.5 1hr
Vyc 6 9.5 20 min
Vyc 7 9.5 2 hr
Vyc 8 9.5 6 hr

In a round bottom flask, approximately 500 mg of vycor glass was treated under
sonication with an aqueous solution of NH,OH of different pH (Table 3). Then,

samples were washed with deionized water until a neutral pH was reached.
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3.5.2 Preparation of the hybrid material 1-(silylpropyl)-3-methyl-imidazolium
hexafluorophosphate/Vycor® ([spmim][PFg] /vycor®).
Samples prepared via a silylation procedure are summarized in Table 4.

Table 4. Silanization conditions

Vycor
Samples S3 S4 S5 S1 S2
Solvent CH,CI, | CHCI; | CHCI; | toluene | toluene

Reflux temperature (K) 313 334 334 383 383
Silylant concentration (M) | 0.05 0.4 0.4 0.4 0.4
Reaction time (h) 24 24 24 24 24

The synthetic procedure of grafting the (3-chloropropyl)trimethoxy silane on the
surface of vycor was as follows: A solution of (3-chloropropyl)trimethoxy silane in
the corresponding solvent (Table 4) and corresponding concentration was added to
Vycor® glass in a round bottom flask. The mixture was stirred under reflux and N,
atmosphere for 24 h. The samples were then washed by refluxing sequentially with
pentane (40 mL), CH3CN (40 mL) and dried in vacuum.

Sample S6. Sample S1 (precursor) of 1.5 g was treated with an excess of 1-
methylimidazole at 85 °C under N, atmosphere for 48 hr. The sample was then
washed with toluene at rt (2 x 15 mL) and dried in vacuum for 2 hr. To the dried
sample, a solution in methanol of HPFg (20 ml, 0.05M) was added. The mixture was
sonicated under N, atmosphere for 30 min and then stirred at room temperature for 72
hr. lon exchange was confirmed with a positive AgNOj3 test. The mixture was filtered
and subsequently washed with deionized water until neutral pH and a negative
AgNOQO; test was observed in the water phase. The sample was left to dry in air.

Sample S7: Sample S4 (precursor) of 1.04 g was treated with an excess of 1-
methylimidazole at 85 °C under N, atmosphere for 48 hr. The sample was then
washed with toluene (2 x 15 mL at rt) and dried in vacuum for 2 hr. To the dried
sample, a solution (0.06 M) of NaPFg (50 mg) in MeOH (5 mL) was added and the
mixture was sonicated under N, for 30 min. lon exchange was confirmed with a

positive AgNO3 test. The mixture was left at room temperature under stirring for 70
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hr. The reaction mixture was filtered and the sample was washed with MeOH (30

mL) for 15 min. After filtration, the sample was dried in vacuum for 1 hr.

Sample S8: Sample S5 (precursor) of 0.74 g was treated with an excess of 1-
methylimidazole at 85 °C under N, atmosphere for 48 hr. The sample was then
washed with toluene (2 x 15mL at rt) and dried in vacuum for 2 hr. To the dried
sample, a solution (0.05 M) of NaPFg (56 mg) in MeOH (7 mL) was added and the
mixture was stirred under N, atmosphere at room temperature for 90 hr. AgNOs; test
was found positive in the first 24 hr from the reaction onset. The reaction mixture
was filtered and the sample was washed by reflux with MeOH (30 mL) for 15min.

After filtration, the sample was dried in vacuum for 1 hr.

3.5.3 Preparation of the hybrid material 1-(silylpropyl)-3-methyl-imidazolium
hexafluorophosphate/MCM-41 ([spmim][PFs]/MCM-41).

204 mg of MCM-41 was dried at 423 K and in high vacuum for 1 h. To the
dried powder, a solution of triethoxychloropropyl silane (2.5 mL , 10.4 mmol ) in 10
mL of dry CHCI; was added and the mixture was refluxed under N, atmosphere for
24 hr. The mixture was filtered and the remaining powder was washed sequentially
with pentane (30 mL), acetonitrile (30 mL) and then refluxed with diethyl ether (30
mL). The powder was filtered and dried at 343K in vacuum for 1 h. Then 1-methyl
imidazole (5 mL) was added and the mixture was stirred at 358 K under N,
atmosphere for 48 h. The mixture was filtered and the remaining powder was refluxed
with diethyl ether (30 mL) for 30 min, filtered and the remaining powder was then
dried at 343 K under vacuum for 1 hr. To 64 mg of the dried powder, a solution of
NaPFs (68 mg, 0.4 mmol) in EtOH (6 mL) was added and the mixture was left for 5
days under stirring and N, atmosphere. AgNQOj test was positive in the first 24 hr from
the reaction onset. The reaction mixture was filtered and the sample was washed by
reflux with MeOH (30 mL) for 15 min. After filtration, the sample was dried in

vacuum for 1hr.

3.6 Development of ionic liquid membranes for CO,/CO separation
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Tubular nanofiltration membranes (tubes of 15 cm length, 0.7 cm ID, 1 cm
OD, glazed ends 1.5 cm) with an active NF area of 26 cm?® were obtained from
Inopor®. The tubes consisted of a macroporous a-alumina support (2.5 pm mean pore
size), two intermediate p-alumina layers of mean pore size 0.5 and 0.25 pum and
thickness of 25 and 40 um respectively, and a top separating layer of about 1.5 um
thickness, located on the inner side of the tubes. The pore size for the NF y-alumina

layer was 5 nm and for the NF silica layer 1 nm.

Table 5. Samples treated in different conditions for membrane activation

sample | pH | Temperature (°C) | Time
Cer 1 (98 r.t 6h
Cer 2 |98 r.t 21h
Cer 3 19,8 60 20 min
Cer 4 19,8 60 1h
Cer 5 198 95 20 min

Before preparing the hybrid material, nanofiltration membranes were activated by
means of increasing the hydroxyl groups on their surface. For this reason, basic
hydrolysis was chosen (see Table 5) and different samples were prepared in order to
elucidate optimal conditions. The experimental conditions were as follows: In a
round bottom flask, a solution of NH,OH in water (pH = 9.8) was applied to a piece
of the membrane (~1 g) and the mixture was either left at room temperature or heated
in an oil bath ( Table 5) for several periods of time. The samples were then washed

with deionized water.

3.6.1 Membrane accommodation

After surface activation at the optimum conditions (NH;OH pH = 9.8, 20 min
at 60 °C), the tubular NF membranes were incorporated in a specially manufactured
high-pressure stainless-steel reactor cell (Figure 9), which apart from its use in the
membrane modification procedure was further applied as the permeation cell for
investigating the CO,/CO separation performance. In this way, we avoided contact of

the SILM with the atmospheric air moisture.
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Figure 9. The complete set-up applied for the imbibition reaction
modification of the tubular ceramic membranes

As it can be seen in Figure 9 (left), the glazed ends of the tubular ceramic
membrane (1.5 cm each) are initially passed through the borehole of two flanges
(intermediate), while the inner flanges hold in place the tubular borosilicate glass cell
of the reactor. Thereafter the outer flanges are introduced and squeezed together with
the other two, by means of four internal setscrews. In this way the small diameter o-
ring that embraces the glazed ends of the membrane, ensures efficient gas tight
sealing between the outer and inner space of the membrane, whereas the large
diameter o-ring, placed around the borosilicate glass cell, ensures the proper sealing
between the outer space of the membrane and the environment. The outer setscrews
allow for the involvement of elevated pressures in the internal space of the membrane

tube and are tightened with a lower torque than this applied for the inner ones.

3.6.2 Membrane modification

3.6.2.1 Physical imbibition
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The reactor cell is transferred to the imbibition/reaction device (Figure 9, right
side) where the membrane is evacuated at both its sides for several hours by switching
the three-way valves 8 and 9 to the vacuum pump (7) working ports and the valves 3
and 4 to the shut-off position. The maximum temperature applied at this stage is 180
°C to ensure the preservation of most of the surface hydroxyls of the membrane.
Thereafter, the temperature is decreased and a solution (0.6 M) of the silylated IL in
acetonitrile is suctioned under vacuum to the internal space of the membrane tube
(lumen) by switching valve 3 to the IL solution working port (5) and valve 8 to the

shut-off position.

As soon as the bore space of the membrane fills up with the solution, valve 3
is switched to the nitrogen flask working port (1) and the pressure is increased by
means of the front pressure regulator (2). The pressure is applied to assure proper
wetting of the pore structure and its maximum value depended on the pore size of the
involved nanofiltration membrane. Then the high vacuum on the external side of the
membrane is replaced by a gentle flow of nitrogen gas, generated by means of the
second front pressure regulator (10) after switching valve 4 to the on position. The
nitrogen stream sweeps the external surface of the membrane and flows out of the
cell, through valve 9, which is switched to the vent working port. This configuration
ensures sufficient pressure relief in case of membrane failure and, at the same time,
the atmosphere at the external side of the membrane is inert during imbibition and

subsequent reaction.

3.6.2.2 Reaction

The imbibition procedure ceases as soon as there is an optical indication for
complete wetting of the membrane external area. This was achieved after about 1 hour
at the pressures of 7 and 1 MPa for the NF membranes with pores of 1 and 5 nm
respectively. At this point, the internal pressure is lowered to permit a very small
flow rate of the IL solution through the pore structure. The temperature is increased
to 80 °C and the reaction procedure starts and continues (see Figure 9) until the
collection of a 5 mL volume of the IL solution from the vent working port of valve 9.
This corresponds exactly to the internal volume of the membrane tube, from the lower

end of its upper glazed part to the common port of valve 3.
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3.6.2.3 Washing and regeneration

After the completion of the reaction stage, the pressure in the internal side of
the membrane is relieved down to 2 bars and the valve 8 is energized to the drain
working port in order to remove the remaining IL solution. Then both the internal and
external sides of the membrane are evacuated and pure solvent (acetonitrile) is
suctioned in the internal side of the membrane. The sequence of the solvent suction
and draining is repeated for a minimum of three times and, finally, acetonitrile is
driven to flow through the pores of the membrane under elevated pressure with a
procedure similar to the one already described in section 3.6.2.2. This stage is
necessary to remove excess (unreacted) ionic liquid phase from the interior of the
pores. Then the pressure is relieved, the solvent is drained and the residual solvent is
removed with the application of high vacuum on both sides of the membrane under
elevated temperature (180 °C). Energizing all the surrounding valves to the shut-off
position seals the reactor cell, which is then transferred to the permeability apparatus.
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4 RESULTS-DISCUSSION

4.1 Supported ionic liquid systems for CO; capture

CO, capture experiments were performed in materials with pore size

distributions of 4 nm (Vycor), 2.3 nm (MCM-41) and 3.3 nm (MCM-41) which were
modified by a covalently linked ionic liquid in order to produce the desired hybrid
material. The synthetic procedure was performed by the “grafting to” method where
the hydroxyl groups on the surface of the materials were covalently bonded to a
chloropropyl trialkoxysilane followed by an SN2 type reaction (see Figure 10) with
methyl imidazole in order to produce the chloro anion based ionic liquid hybrid
material. Then, exchange of the chloride ion with PFg" ion completed the synthetic
procedure resulting in materials expected to give high values of CO, capture.
With the “grafting to” method, the surface of the inorganic material had to be silylated
first giving optimal coverage. Therefore conditions for this reaction step were
optimized in accordance to solvent polarity, concentration of reactant, and
temperature reaction. In Table 5, samples prepared in different reaction conditions
are provided with the percentage of coverage accomplished as determined by water
vapour adsorption-desorption cycles.

The water desorption method for the determination of the percentage of
silanization coverage is described in section 4.1.1. From reaction parameters
provided in Table 5 it can be seen that polarity of the solvent plays an important role
in the silanization step. For type Il SN2 mechanism (expected to be involved in the
reaction under consideration), where the reactants are neutral, reactivity is expected to
be enhanced by polar solvents. As it can be seen, the grafting extent correlates well
with the polarity of toluene and chloroform. However the presence of trace water in
toluene solvent is inducing quite different silanization mechanisms (as it will be
discussed in section 4.1.1), thus prohibiting the extraction of reliable conclusions
about the polarity effect. Also the solvent reflux temperature favours in the direction
of a faster diffusion of the reacting silanes into the nanoscale pores of the involved
materials. In this work the reaction time applied for all the samples (24 hours) was

extended enough and thus it didn’t allow for an investigation of diffusion limitations.
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Figure 10. Synthesis of hybrid material with the “grafting to”” method

Table 5: Effect of silanization conditions on the grafting extent

Vycor

Samples S3 S4 S5 S1 S2
Solvent CH,CI; | CHCI; | CHCI; | toluene | toluene

Polarity index 3.1 4.1 4.1 2.4 2.4

Reflux temperature (°C) 40 61 61 110 110

Silane concentration (M) | 0.05 0.4 0.4 0.4 0.4

Reaction time (h) 24 24 24 24 24

Sample pretreatment” - - + - +
% Coverage ” 16 80 96 41 55

“ At 180 °C and high vacuum (10" mbar) for 24 h

® As determined by water vapour adsorption-desorption cycles
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4.1.1 Surface rehydroxylation-Silanization process (Water adsorption-

desorption method, N, porosimetry)

The grafting extent of the silylating agent was determined by water vapour
adsorption-desorption cycles. This method is based on the determination, by
gravimetric measurements, of the amount of water vapor that is hydrogen bonded with
the remaining, after silylation, hydroxyl groups on the surface of the sample assuming
one to one hydrogen bond interaction between water and the hydroxyl groups of the
surface. This method requires at first samples to be thermally treated at 160 °C under
high vacuum (10 mbar) for 24 h in order to free the surface silanol groups from
absorbed water. Then samples are equilibrated at a water vapor relative pressure P/Po
of 0.75 to ensure sufficient coverage of the total pore surface by water molecules. The
succeeding desorption step takes place at 35 °C under high vacuum conditions (10
mbar) and for a quite extended period of time up to when no alteration of the mass can
be detected by the high accuracy microbalance (resolution 0.2 pg).

It should be noted that at this stage the method is not reliable for quantitative
estimation of the amount of hydroxyl groups on the surface of the inorganic material.
In comparison with other methods such as 2’Si cross-polarization magic-angle-
spinning NMR (*Si-CP-MAS NMR), isotopic exchange followed by 'H-NMR
spectroscopy,”’ thermogravimetric analysis (TG) up to 1273 K,*® diffuse-reflectance
infrared Fourier-transform spectroscopy (DRIFT)*® and water sorption calorimetry
BET analysis,® the method seems to underestimates the amount of silanols on the
materials surface (see Table 6).

The aon values (umol OH/m?) were calculated from the amount of water h,,
(9/g) remaining adsorbed after 24 hours of evacuation at 308 K and 10™* mbar,
assuming a one to one interaction/correspondence between the hydroxyl groups of the
silanols and the water molecules. The following equation was involved for the

calculation:

6
ooy = _107hy, Eq.20
|\/lw ABET

where Mw = 18 g/mol and Ager (M?/g) the surface area of the material defined by

LN, porosimetry.
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Xerogel silica® and MCM-41,%? dehydroxylated through thermal annealing at 550 °C
and rehydroxylated by refluxing in hydrochloric acid (18.5% w/w) as well as VVycor®
dehydroxylated through thermal annealing at 550 °C and rehydroxylated in H,O, (30
% wiw 90 °C) followed by sequential washings with deionized water, were adopted as
reference materials to evaluate the validity of the water vapor desorption method

applied in this work.

Table 6. Hydroxyl population determined by different analytical methods

aon (nmol OH/m?)
Literature This work
N Calcination | Rehydro
Calcination at 823 K Rehydroxylated at 550 °C xylated
H,O H,O .
NMR | TG . DRIFT | NMR | TG . H,O desorption
sorption sorption
2_
MCM' 492 | % | 2659 | 15 | 5 |4.4% 0.75
4-58
Xerogel | 29 | 3 8 | 85 0.77 26
Vycor® /1.55% 3.8% 0.6 1.3

Comparing the surface hydroxyl numbers presented by different authors, one
should consider that the results could depend on both the analytical techniques
involved and the synthetic procedures of the corresponding mesoporous materials.
However as it can be observed (Table 6), in all cases our method underestimates the
surface—-OH population by a significant factor of the order of 3. The rough
assumption of a one to one interaction between the surface silanol groups and water
molecules is also adopted in other studies using different techniques®® and thus it
cannot be considered as a reason for the —OH number underestimation. It is rather the
hypothesis that all of the hydrogen-bonded water remains on the solid surface under
the involved high vacuum conditions (10 mbar, 35 °C) that generates this large
discrepancy. From the several methods applied, DRIFT and *Si-CP-MAS NMR

spectroscopy primarily provide qualitative information about the type of surface
silanol groups and isolated terminal (=SiOH), hydrogen bonded terminal (SiOH...

OSi), geminal (=Si(OH),) and associated geminal groups that can be distinguished,®
with relative populations depending on heat treatment and rehydroxylation conditions
of the material. The most important finding of these studies is that from the different
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types of surface silanol groups, the isolated terminal (=SiOH) exhibit the higher

affinity towards water™® ®

and can be regarded as the most capable of retaining
hydrogen-bonded H,O molecules under high vacuum. On the basis of the latter
concept we suggest that our method provides an estimate of the more reactive isolated
terminal silanols alone, as these are the first silanol groups to be anchored with the
silylating agents. Although thermogravimetric analysis up to 1273 K is the more
direct and accurate method for the calculation of the surface hydroxyl number,
thermal stability limitations prevent the determination of the extent of organic grafting
through this approach. Thus we propose the water desorption method as a simple
procedure, instead of the more complicated isotopic exchange *H-NMR and DRIFT
spectroscopies, in order to compare materials treated under different conditions and

investigate the degree of their hydroxylation and silanization.

Before silanization optimal conditions for rehydroxylating vycor and xerogel
silica materials were monitored in order to obtain maximum concentration of surface
sinalol groups. Samples were treated in acidic and basic conditions at different time
periods and temperatures, while the aon values (umol OH/m?) were calculated from
the amount of water hy, (g/g) remaining adsorbed after 24 hours of evacuation at 308
K and 10™* mbar (see Figure 11).

6
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Figure 11. Effect of basic and acidic treatment on the aoy humber for (a) Vycor and
(b) xerogel silica

Figure 11a shows that in the case of Vycor® and under mild basic hydrolysis
conditions (pH = 8.1-9.5) at room temperature, the period of treatment rather than the
pH is the most important parameter and the ooy value presented a maximum after
about 2 hours of sonication in a NH3 solution of pH = 9.5, whereas for treatment
periods well in excess of 2 hours, extended leaching of the surface led to a moderate

population of the hydroxyl groups. Moreover acidic hydrolysis with a solution of
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H.SO4/H,0, (4/1) for 20 minutes, presented similar to the NH3 solution (pH = 9.5)
efficiency in regenerating surface silanol groups. In the case of xerogel silica and
under stronger basic conditions (pH = 9.8), a treatment period of under 0.5 hr suffices
for the full rehydroxylation of the surface (Figure 11b), whereas 60 °C was the
optimum treatment temperature. Acidic treatment (H,SO4/H,0,, 4/1) at 60 °C, under
same periods of time as with the basic conditions, was found less efficient with

regards to the capacity to regenerate surface hydroxyls (Figure 11b).

Moreover, the ability of the material to retain its pore structure unaffected
during the rehydroxylation procedure was investigated by LN, porosimetry for the
basic hydrolysis conditions, as it was considered the procedure of choice. As shown in
Figure 123, the N, (77 K) isotherms indicate that in moderate pH conditions (pH =
9.5, 2 h) Vycor exhibits higher surface area than the calcinated sample, while from the
pore size distribution (Figure 12b) the pore sizes are slightly smaller than the
calcinated ones. This is attributed to the fact that the silanol groups resulting from the
basic hydrolysis act as adsorption sites during the formation of N, monolayer, thus
enhancing the surface roughness (fractality). Therefore subsequent multilayer
adsorption of nitrogen starts to form at a distance from the pore walls occupied by the
silanol groups.

On the other hand, the extended leaching of the VVycor sample treated at pH =
14 for 15 min led to lower surface area and larger pore sizes compared to the
calcinated samples, as shown in Figures 12(a) and (b) respectively. In such drastic pH
conditions, elimination of certain fine features of the silica framework such as thin
necks is unavoidable, leading to pore merging and surface area reduction. The later is
confirmed by water adsorption isotherm (Figure 12c), where the water upload of the
leached sample at pH = 14 is much less than the calcinated one.

Concerning now the silanization process, water adsorption-desorption cycles
were obtained for the samples prepared (see Table 5) in order to have a relevant
indication of surface coverage in different reaction conditions. Figure 13 shows the
water desorption curves of the Vycor and the silanized samples of Table 5. As
observed, sample S5 prepared in CHCI;z and thermally pretreated for 24 h at 453 K
and high vacuum (10 mbar), gave the lowest amount of water remaining at the
desorption step of the isotherm, thus indicating optimal silanization conditions. It

should be noted that at this stage to ensure sufficient coverage, the involved
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concentration (mmol/g) of the 3-(chloropropyl)trialkoxysilane per mass of the solid
was well in excess of the surface hydroxyl concentration, which was 0.24 mmol/g for
the H,0O, (30%) treated and 0.47 mmol/g for the fully rehydroxylated Vycor at pH =
9.5 for 2 h.

The grafting extent G4(%/g) and Gs (%/m?) were calculated from the water

desorption method through the following equations:

hgvyc - hg sil GS % =100 hSvyc - hssiI Eq21

g vyc Svyc

G, % =100

where, hgy,c and hg is the mass of water remaining adsorbed per mass of the Vycor®
sample and the silanized sample respectively and hsyy and hsg; is the mass of water
remaining adsorbed per the specific surface area of the materials.
The specific surface area of the samples, BET (m?%(g), for the calculation of the G
(%/m?) factor was determined by N, porosimetry. In Figure 14 the N, (77 K)
adsorption isotherms of the calcinated Vycor and the silylated samples are provided.
The pore size distribution was extracted from the adsorption step of the isotherm in
order to investigate the alterations caused on the size of the bulk of the pores, thus
excluding the contribution of existing constrictions in the pore structure such as the
narrow pore mouths of the Vycor® pores.

From the isotherms in Figure 14, it can be seen that for the samples prepared
in toluene (S1, S2) we have a significant pore volume reduction of the order of 30%,
as compared to Vycor®, while samples prepared in CHCI; (S4, S5) showed a much
smaller reduction in the pore volume (8% and 15% respectively). This at first comes
in contradiction with the grafting extent of the samples determined by the water
adsorption-desorption cycles methods. The values of G4 (%/g) and Gs (%/m?) for all
samples measured are provided in Table 7. The highest silane coverage was achieved
in samples prepared in CHCI3 (S4, S5) rather than in toluene (S1, S2) as it would be
expected by the reduction in the pore volume with Gy (%/g) values being in the order
of 94% and 51% respectively. To elucidate this inconsistency, the carbon content of
the samples was calculated out of the grafting extent and it was compared to that
determined experimentally by elemental analysis. The results are provided in Table 7

and are in fully agreement indicating that the water desorption method is reliable for
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the determination of relevant coverage. Thus for the inconsistency between the pore

volume reduction and the extent of silanization observed in samples prepared in
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Figure 12. (a) LN, adsorption desorption curves, (b) corresponding PSD distributions,
and (c) water adsorption desorption cycle
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Figure 14. N, (77 K) adsorption isotherms and BJH derived pore size distributions
after silylation

toluene, it was concluded that residual water present in toluene led to polymerization
of the alkoxy-silanes before anchoring to the surface silanols and thus leading to the
formation of bulky organosilane entities.

The BJH derived pore size distribution of all samples showed moderate
changes in comparison to Vycor® (Figure 14, Table 7). In particular for the toluene
prepared samples which showed significant pore volume reduction, it was expected
that the pore size distribution would be significantly altered in comparison to Vycor®.
The fact that we had a moderate alteration for these samples, led to the conclusion
that the bulky entities of polymerized silane formed, as concluded earlier, are not
continuous but randomly distributed on the pore surface. Moreover pretreatment of
samples at 453 K and high vacuum (10 mbar) for 24 h prior to silanization, enhanced
the grafting extent by a factor of 1.2-1.3 independently of the reaction solvent. This
leads to the conclusion that residual water absorbed at the surface of Vycor®
hydrolyzes the unreacted alkoxy groups of the already grafted silanes and enhances
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the polymerization with incoming alkoxy-silanes, creating entities that hinder surface

silanols from reacting.

Table 7. Effect of silanization conditions on the grafting extent

Vycor®  S3 S4 S5 S1 S2
Solvent CH,Cl, CHCI; CHCI; Toluene Toluene
Polarity Index 3.1 4.1 4.1 2.4 2.4
Reflux temperature °C 40 61 61 110 110
(Sl:/'f;‘”e concentration 005 044 037 046 044
MmMOlsijane/Gsample 1.8 7.3 7.4 5.5 5.5
Reaction time (hr) 24 24 24 24 24
Sample pre-treatment** - - + - +
EET surface area m%g 200 202 179 165 142 142
BET
%t\*;' pore volume milg  0.24 025 022 0.2 0.17 0.19
Mean pore size
BIH method nm  2.00 1.85 1.85 1.85 1.75 1.85
hg; glg 4.3x10° 3.6x10° 8.6x10* 2.5x10° 2.6x10° 2.1x10°
hs; g/m?> 2.2x10° 1.8x10° 4.8x10° 1.5x10° 1.8x10° 1.5x10°
gr""/ﬂ(';”g extent % 16/17 80/78 94/93 40/15 51/31
g S
Carbon content* % C 0.23 1.15 1.35 0.57 0.73
Carbon content g, ¢ 031 108 - : 0.8
experiment

Regarding the BET surface area (Table 7), it was reduced for samples

prepared in toluene and in accordance with pore volume reduction, while for samples

prepared in CHCI3 the alteration was insignificant.

From the analysis of the data

presented, we concluded that the presence of water either in the solvent or on the

material’s surface plays a crucial role in the silanization process and the pore

morphology of the hybrid material prepared. For samples prepared in toluene where

residual water was present in the solvent, we had the highest pore volume reduction in

the hybrid material prepared, while surface coverage of the silanol groups was only

limited to 51% maximum for the pretreated samples where absorbed water on the

surface of Vycor® was removed.
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Figure 15. Pore morphology of the silylated samples

In this case we concluded that bulky entities of polymerized alkoxy-silanes are
grafted on the surface prohibiting reaction of free silanol groups with incoming
alkoxy-silanes due to steric effects (Figure 15a). For samples prepared in dry CHCI;
and thermally pretreated in high vacuum, the highest surface coverage (94%) was
obtained, while the sample’s pore volume was insignificantly affected leading to the
conclusion that we have the formation of a monolayer of grafted silanes (Figure 15b).
The presence of absorbed water on the surface of the sample could also lead to limited
polymerization prohibiting full cover to an extent of 80% as obtained in the non

pretreated sample prepared in dry CHCI; (Figure 15c).
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4.1.2 Surface Analysis by LN, porosimetry and SAXS

The pore surface fractality of the hybrid material prepared in deferent silanization
conditions was investigated with both N, porosimetry and Small-angle X-ray
scattering (SAXS). From N porosimetry, the fractal dimension Ds was calculated
from the adsorption isotherms by involving the following equation®:

P
in| | = const x tant + (Ds —3)| InIn(-2) Eq.22
Vi P

where, Vq, is the volume of adsorbed molecules in a monolayer at the standard
temperature and pressure STP, V is the volume adsorbed at equilibrium pressure P, D
is the fractal dimension, and P, is the saturation pressure of the adsorbate. By
analyzing the relation between In(V/Vy,) and In In(P, /P), the fractal dimension Ds can
be obtained by:

D:=S+3 where S =d[(In(V/Vy,)]/d[InIn(P,/P)] Eq.23

In the following Figure 16, the nitrogen adsorption isotherms are expressed as

the relation between In (V) and Inin(Po/P).
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Figure 16. Determination of the fractal dimension from N, (77K) isotherms

The slope at the linear region of these curves equals S and the derived Ds values are
also presented in Table 8. The calculated fractal dimension of the dry Vycor® (Ds =
2.46) was in good agreement with the value defined in a previous work® (~2.5) via an

experimental procedure involving water adsorption in conjunction with small-angle
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neutron scattering (SANS). The fractality of the pore surface geometry of the dry
Vycor® has already been attributed to open silicate entities emanating from the

surface of the Vycor® pores.®” %

Table 8. Extent of grafting and its effect on pore morphology

Vycor® Sl S2 S3 S4 S5
Solvent Toluene Toluene CH,CIl, CHCI; CHCl3
Silane concentration (M) 0.4 0.4 0.05 0.4 0.4
Sample pre-treatment** - + - - +
0, i-
% Amount of grafted Si 41 55 16 80 9%

OH per gram
Fractal dimension Ds
from adsorption isotherms
Fractal dimension Ds
from SAXS data

2.46 2.37 2.36 2.48 241 2.40

2.50 2.40 - 2.52 2.44 -

**At 453 K and high vacuum.

The Ds values determined by SAXS were in reasonable agreement with those
calculated from the adsorption isotherms (Table 8). The scattering curves from dry

Vycor® as well as from the silane grafted samples are illustrated in Figure 17.
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Figure 17. Scattering curves of Vycor® and silylated samples
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The surface fractal dimension D, is calculated from the slope of the

S

scattering curves according to the Bale-Schmidt formula®®:

1(Q Q™" Eq.24

where 1(Q) is the intensity of the scattered radiation and Q =4zsin8/ A is the wave

scattering vector, with A the wavelength and 26 the scattering angle. SAXS is a
well-established technique for obtaining information about the texture of the pore

interface. According to the theory, at the high-Q region the intensity decreases

asymptotically as Q™ following the so-called Porod’s law. When the interfacial

boundary is not sharp, deviations from Porod’s law behavior may occur which can be
explained in terms of a fractal dimensionality according to the Bale-Schmidt formula.

If a surface is smooth, Dg = 2 (Porod’s law). When, however, the surface interface is
fractally rough as in the case of many porous materials such as Vycor®, 2 < D, <3.
Table 8 shows the values of D, extracted from the scattering curves of most of the

samples under investigation. In the case of dry Vycor®, Ds = 2.50, in accordance to
previous measurements.®® ° Regarding the surface modified samples, S3 [prepared in
CH,CI; and very low concentration of silylating agent (0.05 M)] did not present any
alteration of the initial fractal dimension of the dry sample and it showed an
insignificant increase, whereas for all the other samples the grafting procedure led to
the smoothening of the pore surface geometry. This defractalization was more
pronounced in the cases where toluene was used as the grafting solvent (samples S1,
S2).

In addition all samples show a pronounced peak at Q ~0.025A™. It is well
known that the small-angle scattering from Vycor® porous glass exhibits a broad peak
at the aforementioned position, which has been attributed to spinodal decomposition
during the formation process of the glass.”*”> The location of the peak is also related
to the mean pore size of each particular glass, that is, the larger the average pore size
the lower the scattering vector where the peak is located. In samples S1 and S4, a
slight tendency of shifting the peak towards higher scattering angles is observed. This
is in agreement with the isotherm data where a reduction of the pore size was
deduced.
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4.1.3 Pore characteristics of the IL modified Vycor®-([spmim][PFs]/Vycor®)

Silylated Vycor samples were further reacted with methylimidazole in order to
synthesize with the “grafting to” method (Figure 10) the composite ionic liquid
materials [spmim][CI]/Vycor®. lon exchange of [CI] ions with [PF¢] was followed
in order to produce the desired hybrid material [spmim][PFs]/Vycor®. Pore volume

reduction in comparison to Vycor® and the silylated precursor samples was monitored

by N, porosimetry while BET surface area was calculated both by N, (77 K)

adsorption isotherms and CO, adsorption at 273 K. Results are provided in Table 9.

Given that nitrogen shows low to non detectable adsorption in PF6-

imidazolium cation based ionic liquids,”® nitrogen porosimetry can be considered

reliable for the determination of pore characteristics such as total pore volume

reduction and BET surface area.

Table 9. Pore characteristics of the IL modified Vycor®

Precursor Precursor Precursor
Samples Vycor® S1 S6 S5 S8 S4 S7
Trialkoxysilyl-
Grafting Toluene CHCl; CHCl3
solvent
Sample
+
pretreatment* - _
% Silylation
surface 41 96 80
coverage
BET m?/gr 175 142 96 165 147 179 125
Total pore
volume 0.242 0.170 0.12 0.206 0.2 0.223 0.2
ml/gr
compared compared | compared compared compared compared
Pore volume to to to to
. ® ® to S5 ® to S4
reduction Vycor S1 Vycor 30 Vycor 10%
30% 29% 15% 8%
BET reduction 19% 32% 6% 11% 24%
_ Fractal 2.46 2.37 2.34 2.40 2.38 2.40
dimension Dq
BET from
CO, 203 119 142
m?/gr

* At 180 °C and high vacuum.
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Deviations to higher values obtained by CO, adsorption isotherms indicate the
presence of ionic liquid on the surface of the material prepared. Sample S6 (prepared
from the silylated sample S1 in toluene) showed a significant reduction in total pore
volume and BET surface area in the order of 29% and 32% respectively (Figure 18,
Table 9) as compared to the precursor. In this case and in accordance with the
morphology of the precursor material S1 as described in Section 4.1.1, it is concluded
that a polymerized in bulky entities ionic liquid is formed and grafted on the surface
of Vycor®. In contrast to pore volume reduction, the pore size distribution (Figure 18)
remained unaffected. The later is attributed to the not continuous character of the

grafted silane layer.
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Figure 18. N, (77 K) adsorption isotherms and BJH derived pore size
distribution
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On the contrary, sample S8 presented insignificant alteration on the pore
volume and BET surface as compared to its organosilane-grafted precursor S5
(prepared in dry CHCI; with water removed from the sample’s surface prior
silanization). As it was concluded in Section 4.1.1, in this case polymerization of the
alkoxy-silanes was prohibited at the surface of the precursor S5, thus leading to the
formation of a monolayer of ionic liquid grafted on the surface of sample S8 unable to
significantly affect the total pore volume. Sample S7 showed an intermediate
alteration in pore volume in the order of 10% and in accordance to its precursor’s S4
pore morphology, as showed in section 4.1.1. S4 was prepared in dry CHCI3 while
water was not removed from the sample’s surface prior silanization leading to partial

polymerization.

The BET surface area of Vycor® and samples S6, S7, extracted from the CO»
isotherm was 203, 119 and 142 m?/g respectively (Table 9). CO, produces a 16%
higher BET value for Viycor® as compared to the value obtained from the N, (77 K)
isotherm (Table 9), whereas for sample S6 the increase was much higher (24%)
indicating the presence of an ionic liquid phase that adsorbs enhanced amount of CO,
compared to nitrogen. For the calculations the isotherms were reconstructed in terms
of CO, relative pressure (Vapor Pressure of CO, at 237 K = 33 bar) and the BET
method was involved to calculate the specific surface area of the samples by adopting
an occupation area of 18.7 A? for the adsorbed CO, molecule at 273 K.”” The
adsorption isotherms of the developed hybrid ([spmim][PF¢]/Vycor®) samples at 273
K are presented in Figure 19 in comparison with these of the pristine Vycor® and the
bulk ionic liquid [omim][PF¢] synthesized in our lab.
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Figure 19. CO; isotherms at 273 K (Axes in logarithmic scale)

4.1.4 Loading of IL on hybrid material — CO, adsorption Kinetics at 273 K

For the determination of IL loading on hybrid material, the well known
solution for the transient sorption curve for slabs®* was appropriately modified to
incorporate two diffusivity constants characterizing the two different mechanisms of
diffusion occurring simultaneously in the hybrid [spmim][PFs]/Vycor® samples:
diffusion in nanopores (Vycor®) and dissolution-diffusion in the ionic liquid phase
[bmim][PF¢].

The derived expression is:

M _1_pa8

—D,(2n+1)2n% 8 & 1 —D,(2n+1)2x%, EQ.25
2 zexp( a( 2 ) T )_(1_A)_22 zexp( b( 2 ) t )
My n° n=0(2n+1) 473 n° n-0(2n+1) 404

where A the mass fraction of the ionic liquid phase in the total material, D,, Dy
(cm?/sec), the diffusivity constants of the ionic liquid and Vycor® respectively and 2/

(cm) the slab thickness.
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Figure 20. CO, adsorption transient curves at 273 K and corresponding fitting
curves

The apportionment of the contribution of the two diffusion constants,
expressed as A mass fraction, was defined by fitting the experimental CO, adsorption
transient curve of the prepared hybrid material with the modified solution using the
Lavenberg—Marquardt algorithm and adopting the experimentally calculated
diffusivity constants of the bulk ionic liquid [omim][PF¢] synthesized in our lab and
the pristine Vycor® for identical pressure steps during adsorption. The diffusivity
constants D,, Dy were calculated from the corresponding [bmim][PFs] and Vycor®

CO, adsorption transient curves using the equation:

_ _ii xo(~ D@0 +1)2722t) Eq.26
m, 7?45 (2n +1) 402

o0

The experimental with their calculated fitting curves are illustrated in Figure 20,
whereas the defined IL mass fraction values A% for the pressure steps examined are
presented in Table 10 in comparison with those derived by thermogravimetric analysis
(TGA).
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Table 10. IL loading derived by TGA and CO, transient curves
Pressure step (mbar)  0-100 100-300  300-500 500-700 700-900

D./4¢%(sec™) 3.85E-06 5.89E-06 7.13E-06 8.09E-06 8.09E-06
Dy/4¢%(sec™) 4.90E-04 7.10E-04 7.30E-04 7.30E-04 8.00E-04
A%
S6 7.5 7.1 7.4
76 AS; 549%) 36 35 3.6 3.9 36
S8 3.5 2.7 2.5 2.2 3.3

For sample S7, an IL loading value of 3.54% was determined by TGA (Figure
21) and is in full agreement with the corresponding values determined by the CO,
transient curves method (Table 10). Sample S6, with the lowest extent of grafting,
gave the highest IL loading. The later enhances the already derived, by N
porosimetry, conclusion (Section 4.1.3) that a polymerized ionic liquid is grafted on

the surface.

Water loss= 7.73mgr
91  IL decomposition=6.08mgr
.11 4  Total sample mass =180mgr

Mass loss (mgr)

_13 T T T T 1
0 100 200 300 400 500

Temperature (°C)
Figure 21. TGA curve of the hybrid sample S7

4.1.5 Thermal Stability of grafted lonic Liquid
A thermolysis study of dialkylimidazolium salts reports that the decomposition
is a SN2 process that results in a mixture of N-alkylimidazoles and 1-alkylhalides.”

Ohtani et al.,” studied the thermal decomposition behaviours of several imidazolium
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based ionic liquids by pyrolysis-gas chromatography. They observed that the thermal

decomposition proceeds through C-N bond cleavage (Figure 22).
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[
!
, @N_\
PFe
(I N=\
I F—CHs N

Figure 22. Thermal decomposition pathways of 1-butyl-3-methylimidazolium
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Figure 23. Grafted [spmim][PF¢] ionic liquid
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Figure 24. Tangent method for the determination of the grafted
[spmim][PFs] IL decomposition temperature

Based on the former, we assume that grafted [spmim][PFs] (Figure 23)
thermally decomposes through a similar path. For the grafted [spmim][PFs], a
decomposition temperature of the order of 300 °C was determined by TGA as shown

in Figure 24.
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4.1.6 Pore characteristics of the IL modified MCM-41 - ([spmim][PFs]/MCM-
41)

MCM-41 with pore sizes of 2.3 nm and 3.3 nm respectively were modified
with the “grafting to” method in order to prepare the [spmim][PF¢]/MCM-41 hybrid
material. To avoid polymerization during the silanization step, samples were
thermally pretreated in high vacuum while dry CHCI; was used as a solvent in order
to obtain maximum surface coverage (see Section 4.1.1). As is clear from the
nitrogen porosimetry results (Figure 25), the pores of the MCM-41, having a mean
size of 2.3 nm, were totally occupied by the grafted [spmim][PFs] ionic liquid face.
The upward step of the LN, isotherm at a relative pressure close to unity, observed for
both the Supported lonic Liquid Phase (SIPL) and the MCM-41, is attributed to

nitrogen condensation in the interparticle void volume of the solid support.

For MCM-41 with larger pores (3.3 nm), the blockage of the void space was
significant but not complete (Figure 25b). Again the upward step of the LN, isotherm
at relative pressure close to unity is attributed to phenomena of capillary condensation

in the interparticle void volume of the solid.
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Figure 25. LN, (77 K) isotherms for MCM-41 and SILP: (a) 2.3 nm, (b) 3.3 nm.
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4.1.7 CO;and CO absorption in the Bulk lonic Liquid Phases — Selectivities

In Figure 26 we present the results of CO, and CO absorption at different
temperatures in the three bulk ionic liquid phases examined in this work. Gas
absorption properties were for the first time studied at the temperature of 273 K,
which is about 6 K below the melting point of the bulk ionic liquid [bmim][PF¢].
However, after considering several studies describing the difficulty to obtain stable
[bmim][PFs] crystals by cooling, as solidification often results in glass formation,®* &
we cannot claim that at this temperature the ionic liquid was in its solid state.

As it can be observed, independently of the IL physical state, the carbon dioxide
follows the exothermic character of solvation in both the commercial [bmim][PF¢]

and the synthesized [spmim][PF¢]. For the three bulk ionic liquid phases examined,

the Henry constants (H bar/mol fraction) were determined from the CO, absorption
isotherms (Table 11). Calculations involve the determination of the slope of the line

that arises by plotting the moles of absorbed CO, per mole of IL versus pressure

where H =1/slope.
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Figure 26. (a) Open symbols: commercial [bmim][PF¢7], filled rhombs: synthesized
[omim][PF¢], filled rectangles-filled cycles: synthesized [spmim][PF¢]. (b) Open
symbols: commercial [bmim][PF¢], filled rhombs: synthesized [bmim][PF¢], filled
rectangles: synthesized [spmim][PF¢].

Table 11. Henry constants of CO, absortion in bulk IL
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Henry constants ( H bar/mol fraction)
lonic Liquid
273K 288K 308K

Commercial

[bmim][PF¢] 31.9 40.3 63
Synthesized

[bmim][PF¢] 33.8

Synthesized
[spmim][PF¢] 39.2

The Henry constants (H bar/mol fraction) correlated positively with

temperature. The H values of 31.9, 40.3 and 63 bar/(mol fraction) calculated for the

commercial ionic liquid at 273, 288 and 308 K respectively, were in good accordance

with those often encountered in literature.?> The H value of the synthesized
[omim][PF¢] (33.8 bar/mol fraction) at 273 K, deviated no more than 6% from the
value of the commercial material and this signifies the purity of the synthesized ionic
liquid phase. It should be noted that the absorption results presented in Figure 26a,
were normalized over the entire mass of the bulk ionic liquid absorbents. However, in
the case of the synthesized alkoxysilyl-IL [spmim][PFs] and in order to derive
reliable conclusions, absorption results should be normalized per the net mass of the
1-propyl-3-methylimidazolium-hexafluorophosphate [pmim][PF¢] in the alkoxysilyl-
IL molecule, since the silyl part is not expected to have any remarkable contribution
on the CO, absorption capacity. By applying a mass fraction (silyl/[pmim][PFs]) of
0.45 as calculated from the stoichiometry of the molecule and with the assumption

that hydrolysis of the silyl part of the silylated IL was completely avoided under the

involved conditions of inert atmosphere and high vacuum, we derived an H value of
39.2 bar/(mol fraction) at 273 K for the synthesized alkoxysilyl-IL. There are two
possible reasons for the lower absorption capacity of the silylated-IL.

The first has to do with the number of carbon atoms in the alkyl chain of the
imidazolium ring, that is 3 for the [spmim][PFs] and 4 for the bulk ionic liquid
[omim][PF¢]. Although several studies revealed that only the anionic part of the IL
significantly affects the CO, solubility,® changes in the imidazolium cation involving
alkyl groups were also proved to have a relatively moderate influence on the gas
solubility properties. In fact the longer alkyl chains usually resulted to slightly better
CO, absorption capacity in the ionic liquid but there are not sufficient explanations

about this issue.®* ® In our case the effect of the carbon atom number seems to be

69




more enhanced, as the Henry constant ratio for a difference of one carbon number in
the alkyl chain was 0.87 compared to ratios of 0.94 often found in literature® for
differences of 2 up to 4 carbon atoms. Based on this fact we can claim that the lower
CO; solubility value results from the presence of the silyl group attached to the alkyl
chain of the imidazolium ring. Recent MD simulations indicated that CO, organizes
strongly about the [PFs] anion in a “tangentlike” configuration that maximizes
favorable interactions®® which enhance its solubility. The presence of the silyl group
may lead to a modest loss of organization of the anion and the CO, around the cation
as had also occurred in other studied cases, where the acidic hydrogen on the C2
carbon of the [bmim] cation was replaced with a methyl group.®*Concerning the CO

solubility (Figure 26b), this was detectable just for the commercial and the

synthesized [bmim][PFs] at 308 K. The calculated H values of 2158 and 2202
bar/(mol fraction) respectively were in good accordance with those found in the work
of Kumelan et al.,®® and deviated positively by approximately 100 % from those
found in the studies of Jacquemin et al.¥” Interesting enough is that for the ionic
liquid [bmim][PF¢] at 273 K, the CO absorption was undetectable producing negative
erroneous values for the amount absorbed. Thus the CO,/CO selectivity rises from
the value of 40 at 308 K to infinite at 273 K. Moreover in both of the aforementioned

studies the calculated Henry constant H values for CO practically did not depend on
temperature. More specifically, Kumelan even had a negative correlation as it also
holds in our case, showing that the amount absorbed increases with temperature. This
different solvation behavior of the carbon monoxide has been already emphasized in
several studies by the calculated zero enthalpy of solvation compared to the negative
values calculated for the carbon dioxide and the other investigated gases.?” This
indicates that the crossed gas—ionic liquid molecular interactions are of different
nature in CO and in CO,. As will be shown in the following sections, independently
of the temperature, the examined ionic liquid under extreme confinement into the
small pores of the MCM-41 supports was in its solid state. This implies for enhanced
IL stability and infinite CO,/CO selectivity even at elevated temperatures rendering

the developed SILP systems potential candidates for PSA applications.
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4.1.8 Adsorption of CO, and CO on the pristine supports and absorption in the
SILP systems

In Figures 27 and 28 we present respectively the obtained CO,, CO isotherms
for the small pore size (2.3 nm) MCM-41 and the relevant supported ionic liquid
system (SILP). As we have shown in Section 4.1.6 from the nitrogen porosimetry
results, the pores of the MCM-41, having a mean size of 2.3 nm, were totally
occupied by the developed [spmim][PF¢] ionic liquid phase. Based on this it can be
stated that the further described CO, and CO absorption capacity of the developed
SILP is only related to the inherent solvation properties of the [spmim][PFs] phase
that fully occupied the pores of MCM-41. This is the reason we adopted the term
absorption for the SILP systems. As an exception to this statement it is noted that the
higher CO, amount absorbed in the SILP at the low-pressure region and the relevant
curvature in the absorption curve (Figure 27), compared to this in the bulk
[omim][PF¢7], arise as a result of the contribution of the external surface area of the
support particles. On the other hand, the CO, absorption capacity at higher pressures,
above 5 bars, appears artificially lower due to the normalization over the entire mass
of the hybrid SILP material. The entire mass of the hybrid material comprises the
mass fraction of the MCM-41 support that has negligible contribution to the CO,

uptake at high pressures.

An interesting feature is that the CO, absorption in the SILP system (Inset
Figure 27) did not follow the exothermic character observed for the commercial ionic
liquid [bmim][PFs] (Section 4.1.7). Indeed the isotherms obtained at two quite
different temperatures seem to come in convergence and their slight difference could
lie within the accuracy limits of the microbalance setup, as suggested by the error
bars. However we can still note the significant contribution of the support external
surface at low CO, pressures and the low temperature (273 K) and the higher CO,
solubility at the higher temperature (308 K) for pressures above 5 bars.
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Figure 27. CO, isotherms at 273K. Inset: CO, absorption in the SILP (MCM41-2.3
nm) at different temperatures.

This inversion of the CO, solubility dependence on temperature, observed for
the SILP system was a first indication that the developed ionic liquid [spmim][PFs]
phase under extreme confinement was in a different physical state from the bulk
liquid. A possible existence of crystallinity in the developed ionic liquid may be
responsible for the higher amount of CO; dissolved at the higher temperature as
expected besides the dissolution dependence on temperature for solids. Supporting
discussions on that, in relation with the results of XRD and DSC analysis are found in

the following section 4.1.9.
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Figure 28. CO isotherms at 273 K. Inset: CO absorption in the SILP (MCM41-2.3
nm) at different temperatures.
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Finally the CO,/CO selectivity at 273 K for the SILP and the ionic liquid [bmim][PFs
] was infinite as a result of the zero CO solvation and for this reason it is not included
in the selectivity plots (Figure 29).

At 308 K and for the SILP system, CO,/CO selectivity increases with pressure
up to 300. For pressures up to 1 bar the SILP CO,/CO selectivity values were in the
order of 100 and about double from those of the bulk ionic liquid [omim][PFs]. This
again indicates for different solvation properties related to the different physical state
of the developed [spmim][PF¢] phase under extreme confinement into the pores. The
SILP system developed on the MCM-41 3.3 nm support gave also a higher amount of
CO, absorbed at low-pressures (Figure 30), compared to that in the bulk [omim][PF¢

], attributed to contribution of the external surface area of the support particles.

In contrast to the SILP developed in the support with the smaller pores of 2.3
nm, the CO, adsorption in this case followed the usual exothermic trend (inset Figure
30), emphasizing the fact that after the silane grafting and sequential treatment with
methylimidazole and anion exchange with PFg’, there must still exist a void pore
space that significantly contributes to the CO, uptake and defines the characteristics

of the adsorption isotherm.
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Figure 29. CO,/CO selectivity vs pressure

Despite this explanation, this exothermic character of the CO, adsorption could also
be attributed to the probability that the developed into the larger pores [spmim][PF¢]

phase does not crystallize and retains the absorption characteristics of the bulk liquid
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(IL). However, as it will be shown in the following section, this statement does not
hold.
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Figure 30. CO; isotherms at 273 K. Inset: CO, absorption in the SILP (MCM41-
3.3nm) at different temperatures.

What arises as a stronger evidence for the persistence of an open pore space is
that the CO adsorption (Figure 31) was detectable even at 273 K, something that was
observed neither for the bulk IL nor for the SILP developed on the 2.3 nm support.
Interesting enough is also that the SILP developed in the 3.3 nm MCM-41 support
exhibited a much lower CO; adsorption capacity than the one developed in the small
pores support. Since the deposition of the IL phase starts from a surface reaction and
proceeds to the bulk of the pore, lonic Liquid loading should be related to the initial

specific surface area of the supports.
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Figure 31. CO isotherms at 273 K. Inset: CO absorption in the SILP (MCM41-
3.3nm) at different temperatures.
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Indeed the BET surface area is 1205 and 1120 m?/g for the 2.3 and 3.3 nm MCM-41
respectively and this justifies a higher IL loading into the smaller pores support. The
CO adsorption capacity increases with temperature (Figure 31), as was the case for
the bulk [omim][PFs]. Interesting enough is the extended hysteresis of the CO even
at very low pressures that can be attributed to diffusion limitation phenomena during
absorption. This means that although the allowed experimental time for equilibration
was 10 hr, the absorption isotherm points were still obtained in the transient state of
each pressure increment due to the extremely slow rate of diffusion.

In what concerns the performance of the developed SILP, the CO,/CO
selectivity had the value 50 at 273 K (Figure 32) that is by far superior to the
performance of the pristine 3.3 nm MCM-41 support, which gave a CO,/CO
selectivity of 8. However, the incomplete coverage of the pores void volume
considerably suppressed the separation performance that was about 5 at 308 K, when
compared to the value of 280 obtained for the SILP developed on the small pore size
support (Figure 32).

In the case of Vycor® the extent of pore blockage was negligible and no enhancement
of the CO,/CO separation capacity of the SILP compared to the pristine support was
observed.
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Figure 32. CO,/CO selectivity vs pressure

75



4 7 o [bmim][PF6] 37 —o-SILP 273 K

3,5 1 % Vycor 251 —eSILP 308.K

mmol/(

0 10000 20000

0 10000 20000 30000 40000 50000
Pressure (mbar)

1,2 - ~--®-- [bmim][PF6] 0,9 7—o—SILP 273 K
—e— Vycor 0,8
—O—SILP g 0,7
0,6
0,5
0,4
0,3
02 1 4
0.1 g

0 10000 20000 b

0 20000 40000
Pressure (mbar)

Figure 33. (a) CO, isotherms at 273 K. Inset: CO, absorption in the SILP (Vycor) at
different temperatures. (b) CO isotherms at 273 K. Inset: CO absorption in the SILP
(Vycor) at different temperatures.

The CO; and CO isotherms (Figures 33a and b respectively) followed the
exothermic character of adsorption as a result of the significant contribution of the
Vycor® open pores. Concerning the CO,/CO selectivity of the SILP system at 273 K,
it was found to be better than the selectivity of the VVycor® support (Figure 34) only at
pressures up to 500 mbar. This is because in very low pressure ranges the effect of
the CO, solvation in the [spmim][PFs] phase becomes more evident due to the small
amounts of CO, and CO that are stacked on the open pore surface forming the

adsorbed monolayer.
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Figure 34. CO,/CO selectivity vs pressure

419 Physical state of [spmim][PF¢] in the developed MCM-41 hybrid
material- Differential Scanning Calorimetry (DSC) and XRD Results

In Figure 35, the results of modulated DSC analysis for the SILP developed on
the 2.3 nm MCM-41 support, are presented in comparison to those for the pristine
MCM-41 support.

The reversing component of the SILP comprises of an endotherm in the area of 260
°C that was larger in the case of faster heating (10 °C/min), as expected for a heating
rate depended on reversing transition. This endotherm is attributed to melting of the
developed [spmim][PFs], which was already crystallized in room temperature (see
XRD, Figure 37b) under the extreme confinement into the 2.3 nm pores.

The second endotherm at 320 °C, appearing only in the non-reversing component of
the MDSC was the result of the thermal decomposition of [spmim][PFs] (Figure 35
b). As it can be observed in Figure 35b, the melting endotherm also comprises of a
non-reversing component. This change in behavior can be explained as follows:
During the early stages of melting, the presence of many crystallites facilitates
melting and recrystallization as heating modulation occurs. Eventually, however, all
the crystallites (sites for recrystallization) have melted and recrystallization cannot
occur. At that point, melting becomes non-reversing. The relative amount of

reversing and non-reversing melting behavior depends primarily on the modulation
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frequency but further investigations were not performed to address this issue. Finally
the high heating rate did not allow to obtain well-resolved melting and decomposition

endotherms (Figure 35c).

The development of the [spmim][PF¢] phase into the VVycor pores is verified

by the decomposition endotherm at 320 °C (Figure 36b), in good accordance with the
endotherm observed in the case of the MCM-41, 2.3 nm support. The higher heating
rate (Figure 36b), did not induce any alteration on the intensity of the non-
reversingtemperature depended decomposition event, except from a slight shift of its
occurrence temperature at 300 °C. No signs of [spmim][PFs] crystallization were
observed, as it was also concluded from the XRD analysis of the sample.
Finally in Figure 36 we present the thermogram of the silanized sample. The
decomposition of the grafted silane molecules starts at temperatures well above 320
°C and on this concept we can claim that the presence of silane does not affect the
thermal stability of the developed [spmim][PFs]. On the contrary we can claim that
the grafted [spmim][PFs] ionic liquid has a better thermal stability than the bulk
[bmim][PFe] (290 °C).

Figure 37a illustrates the diffraction spectra of both pristine (3.3 nm) MCM-41
and the correspondent SILP sample developed on the MCM-41 support. The
background pattern (glass slide) is presented as well. Compared with the pristine
sample, the SILP sample shows diffraction peaks appearing at 260 = 18.2°, 31.9°
38.2°, 39.4°, 44.5° 46.2° and 50.9°. The results strongly suggest the formation of
[spmim][PFs] crystals within the pores of the nanoporous material. This transition
might be attributed to the IL confinement within the pores of the nanostructured
materials. Chen et al.,%® based on DSC and XRD analysis, have also reported the
transition of IL [bmim][PFs7] from liquid to high-melting-point crystal when confined

in multi-walled carbon nanotubes.
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Figure 35. a) MDSC analysis of pristine MCM-41, 2.3 nm, heating rate 1.5 °C/min. b)
MDSC analysis of SILP, heating rate 1.5 °C/min. ¢c) MDSC analysis of SILP, heating
rate 10 °C/min. Lines from top to bottom of the plots correspond to non-reversing,
conventional and reversing components.

In addition, some of their reported peaks (1%, 4™, 6" and 7 are comparable to
ours, implying that the solid phase formed inside the carbon nanotubes has similarities
with the one formed within the pores of MCM-41. As in the case of the IL
encapsulated inside the nanotubes, a detailed investigation of the IL crystal structure
within the pores of the MCM-41 support is difficult to attain and out of the scope of
the present study.

Figure 37b presents the diffraction patterns of both pristine MCM-41 (2.3 nm) and
the SILP sample. In this case, only the 26 = 18.1° and 32.3° peaks might be attributed
to the silylated IL crystallization due to its confinement in the pores, suggesting a

short-range order.
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Figure 37. a) X-ray diffraction spectra (from bottom to top) of glass, pristine MCM-
41, 3.3 nm and the correspondent SILP system. b) X-ray diffraction spectra (from
bottom to top) of glass, pristine MCM-41, 2.3 nm and the correspondent SILP system.

Finally, concerning Vycor sample, the XRD spectra of pristine and SILP samples are

similar (not shown), indicating the absence of crystallization at room temperature.

4.2 Supported ionic liquid membranes for CO, separation
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For the preparation of the Supported lonic Liquid Membranes (SILM) the
“grafting from” method was used, where the ionic liquid is synthesized and then
grafted to the support (Figure 38). In order to test the reproducibility of the proposed
IL grafting method and the effect of the silanes alkyl chain length on the imbibition
efficiency, we have proceeded with the modification of nanofiltration membranes
with different pore size. Thereby, two silica (1 nm pore size) and one gamma-
alumina (5 nm pore size) membranes were modified with 1-methyl-3-(1-
trimethoxysilylmethyl) imidazolium hexafluorophosphate (CgH17N,SiOsPFg). Also,
one silica and one gamma-alumina membranes were modified as well with 1-methyl-
3-(3-trimethoxysilylpropyl) imidazolium hexafluorophosphate (C1oH2:N2SiO3PFg).
The sample codes are included in the following Table 12.
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Figure 38. Synthesis of 1-methyl-3-(1-trimethoxysilylmethyl) imidazolium
hexafluorophosphate (CgH17N2SiO3PFg) /[smmim][PFs]

For the preparation, a chloroalkyl(methyl, propyDtrialkoxysilane is reacted
with methylimidazole in order to obtain the corresponding ionic liquid with the [CI]
anion. The procedure is followed by the ion exchange step where the [CI] anion is
exchanged by the [PFg] anion. A solution of the prepared ionic liquid in acetonitrile
is applied to the membranes in a modified reaction cell (see experimental section) in

order to graft the ionic liquid on the inorganic supports.
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Table 12. Modified and unmodified membranes with the corresponding chemical
formulas of the grafted ionic liquids

Sample code  Poresize Grafted molecule

M1 1nm untreated
SILM1A -/l- CgH17N2SiO3PFg
SILM1B -I1- -I1-

SILM1C -I1- C10H21N,SiO3PFg
M5 5nm untreated
SILM5A -I1- CgH17N2SiOsPFg
SILM5B -I1- C1oH21N,SiO3PFg

4.2.1 Membrane Rehydroxylation

The effect of basic and acidic treatment on the surface hydroxyls population
was investigated by means of TGA analysis in argon atmosphere. The ooy Values
(umol OH/g) presented in Table 13 were calculated from the mass loss during the

temperature ramp from 250 °C to 900 °C and the isothermal step at 900 °C.

Table 13. The surface activation conditions and the resulting hydroxyl group
concentration

Entire membrane tube

Conditions of treatment TGA npmol OH/g
Untreated membrane 17
H,0,/H,S04 (1/2), 20 min 60 °C 39
H,0,/H,S04 (1/4), 20 min 60 °C 61
NH;OH pH 9.8, 6 h 25 °C 22
NH;OH pH 9.8, 18 h 25 °C 15
NH;OH pH 9.8, 20 min 90 °C 34
NH;OH pH 9.8, 10 min 90 °C 48
NH;OH pH 9.8, 1 h 60 °C 33
NH4OH pH 9.8, 20 min 60 °C 71
NH,;OH pH 9.8, 10 min 60 °C 41

Silica nanofiltration layer

NH;4OH pH 9.8, 20 min 60 °C 150

Before the ramp, an isothermal step at 250 °C was applied to completely
remove the physically adsorbed water. The results show that under mild basic
hydrolysis conditions (pH = 9.8) and at each of the examined solution temperatures,
there is a maximum of the aoy value with the time of treatment. For treatment periods

well in excess of the point where the maximum occurs, extended leaching of the
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surface leads to a moderate population of the surface hydroxyl groups. Acidic
hydrolysis in a solution of H,SO4/H,0, (4/1) for 20 minutes, presented moderate
rehydroxylation efficiency compared to the NH,OH solution (pH = 9.8).

What is most important to note is the inhomogeneity in the population of surface
hydroxyls along the asymmetric structure of the membrane. Indeed, after activation,
the silica nanofiltration layer exhibited a double OH population compared to the entire

membrane.

4.2.2 Nitrogen porosimetry

The LN, porosimetry was performed on the bare alumina support and the
entire silica membrane; both materials were provided by the ceramic manufacturer
(Inopor®). The support isotherm was subtracted from that for the entire membrane
and the derived isotherm was appropriately interpreted in order to calculate the open
microporosity (¢) and pore surface area (4) of the silica nanofiltration layer. The raw
isotherms and the one produced from the subtraction procedure are presented in
Figure 39.

From the geometrical dimensions and the solid density (d) of the materials
consisting the NF layer (silica, d = 2.2 g/cc, thickness 1.5 um) and the support
(alumina, d = 3.2 g/cc, ID =7 mm, OD = 10mm), we were able to calculate the mass
ratio of the NF layer over the entire membrane. The following equation describes the
isotherms subtraction procedure:

cc(STP)

4 STP) V. M R
cc (STP) mem (CC( )) sup( )x mem (g) X sup

) =
Mmem (g)XRNF

Eq.27

Vi (

where, Vg is the standard gas volume per mass adsorbed by the nanofiltration layer,
Ve IS the absolute standard gas volume adsorbed by the entire membrane, Vg, is the
standard gas volume per mass adsorbed by the support, Mmen is the mass of the entire
membrane, Rgy is the mass ratio of the support, and Ryr is the mass ratio of the
nanofiltration layer. The derived NF layer isotherm was interpreted with the Dubinin
and Radushkevich approximation to define the micropore volume and microporosity

(Vim= 0.128 cc/g, & = 0.22) and the micropore surface area (4. = 360 m?/g).
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Figure 39. The low-pressure area of the LN, isotherms performed on the support and
the entire membrane

4.2.3 Elemental analysis [EDAX analysis

The following Table 14 presents the C, H, N content of the nanofiltration
layer, as determined by elemental analysis, and the macroporous support of the 1 nm
membrane  (SILM1A), which was modified with the 1-methyl-3-(1-
trimethoxysilylmethyl) imidazolium hexafluorophosphate. These sections of the
tubular membrane are easily distinguishable and were mechanically removed and
subjected to elemental analysis after the completion of permeability tests. Before the
elemental analysis and in order to avoid the contribution of absorbed CO and CO,, the
membrane was degassed at high temperature (180 °C) in the imbibition/reaction

device.

By EDAX elemental analysis, a strong gradient of the surface concentration of the
grafted ionic liquid (C%, N%) is found along the thickness of the membrane (see
Figure 40); the simplest explanation is that the concentration gradient results
completely from the already discussed in Section 4.2.1 inhomogeneity in surface

activity.
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Table 14. Elemental analysis results

Silica nanofiltration layer

C H N

% % % CIN CH N/H

4.42 0.67 1.74 2.5 6.6 2.6
a-Alumina macroporous support

¢ H N CIN C/H N/H

% % %

0.84 0.16 0.33 2.55 5.3 2.1

Predicted ratios depending on the number of the grafted alkoxy groups of the silylated
IL

C/IN C/H N/H
C7H14N2Si10,PFg 3.0 6.0 2.0
CeH11N2SIOoPFg 2.6 6.5 25
CsHsN,SiO-PFg 2.1 7.5 3.5

However, the ooy ratio ~2.1 between the silica NF layer and the entire
membrane (Section 4.2.1), was much lower than the relevant ratio ~5.3 of the carbon
concentration (Table 14); consequently the (-OH) gradient along the asymmetric

membrane structure is not the only reason for the observed grafting inhomogeneity.
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Figure 40. EDAX elemental (C, P) analysis of the membranes’ vertical cross-section
and top nanofiltration layer
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In this context we might conclude that the anchoring of the silylated ionic
liquid into the nanopores of the NF layer effectively hinders the passage of additional
molecules into the pore structure of the succeeding layers. The latter interpretation is
supported by Figure 40, where we present the P% weight content defined by the
EDAX analysis of the membrane cross section as a function of the distance from the
NF layer. The x-coordinate corresponds to the center of the scanned area, with a
width and a height of 40 um. Thus, the first point pertains to the NF layer together
with the main part of the subsequent y-alumina layer (see Figure 41) and each of the
remaining points is obtained by successive shifts of the x-coordinate by 5 microns in
the direction from the inner to the outer side of the membrane. The horizontal lines
represent the average C% and P% wi/w contents, defined by scanning the top surface
of the silica nanofiltration layer. The very sharp drop of the P% occurring up to a
distance of 60 microns from the internal side demonstrates the sieving action of the
grafted nanofiltration pores. On the other hand, the almost identical P% contents of
the NF layer’s top surface and cross section indicate that most of the excess silylated
IL layer, which may have been formed due to the sieving mechanism on the top of the
internal membrane’s surface, have been effectively removed by means of the washing
procedure described in the experimental section.

In addition, the C%/P% w/w content ratio for the top surface is about 2.4
instead of 3.1, which would be the value expected from the stoichiometry of a non
grafted silylated IL molecule (CgH17N2SiO3PFg).

Moreover, both the C%/P% ratio of the top surface and the C%/N% ratios
presented in Table 14 are compatible with the idea that grafting occurred with two of
the methoxy groups of the silylated IL. This is evidence for the high density of the
OH groups being the result of the optimum activation conditions defined in this work.
Finally although the derived by elemental analysis hydrogen content can be affected
by the contribution of the surface hydroxyls, the good accordance of the C%/H% and
N%/H% with those of the grafted silylated IL molecule (CgH11N2SIO,PFg) is
compatible with the idea that there is almost a complete consumption of the surface

hydroxyls, especially those of the NF layer.
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Figure 41. (a) SEM image of a vertical cross section of the membrane showing the
sequential layers of different pore size as defined by mercury porosimetry and (b)
SEM image focusing in the area of the top nanofiltration layer.

4.2.4 Permeability of He - Extraction of the structure factor

In order to determine how tortuous the structure of the membranes’ NF layer
was, He permeability experiments were conducted. Structure factors (xy) were
calculated for three silica membranes of the same batch and are provided together

with the corresponding permeability values in Table 15.
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Table 15. Experimental values of He permeability and the calculated structure factors
Temperature °C
100 200 300
He permeability (cm?/sec) / structure factor (i)
M1A 2.17E-06 / 6.4E-03 4.36E-06 / 1.1E-02  1.12E-05 / 5.9E-03
M1B  1.10E-06 / 3.3E-03 2.28E-06 / 6.0E-03  6.98E-05 / 3.7E-03
M1C 1.37E-06 / 4.0E-03 3.69E-06 / 9.7E-03  1.09E-05 / 5.8E-03

For the calculation of the structure factor x4, the following equation was used which

gives the permeability factor D (cm%/sec) according to the Fick’s first law:

1/2
S por —p8 . E[2RT ’Krzﬁ Eq.28
3 % A4\xM £ o7

where, D° (cm%/sec) is the thermodynamic or ‘ideal’ permeability factor for the case
of parallel cylindrical pores of uniform size, xy is the structure factor, R is the gas
constant, M is the gas molecular weight and z the tortuosity factor. & is depended on
pressure and for low pressures P,—0, 5—(2-f)/f, where f is the fraction of molecules
striking the pore walls. The porosity ¢ and pore surface area 4. used for the
calculations were determined by LN, porosimetry as we saw in Section 4.2.2. The xy
values for the three membranes were derived by the ratio between the experimentally
defined and the ideal permeability factor and are included in Table 15. These values
indicate a quite tortuous structure of the NF layer with the tortuosity factor ranging
between 20 and 60.

4.25 CO,-CO absorption curves/Solubility

In Figure 42 we present the results of CO, and CO absorption at different
temperatures for the ionic liquid [omim][PFs] and its silylated analogue 1-methyl-3-
(1-trimethoxysilylmethyl) imidazolium hexafluorophosphate (CgH17N2SiO3PFg)
[smmim][PFs]. As it can be observed, the carbon dioxide follows the exothermic
character of solvation in both the commercial [bmim][PF¢] and the [smmim][PFsT].

The Henry constants (ﬁbar/mol fraction) correlated positively with temperature. The

H values of 32, 40 and 63 bar/(mol fraction) calculated for the commercial ionic
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liquid at 273, 288 and 308 K respectively, were in good accordance with those often

encountered in literature.®

The H value of the synthesized [bmim][PFs] (33.8 bar/mol fraction) at 273
K, deviated no more than 6% from the value for the corresponding commercial
product; this finding is compatible with the assumption that the synthesized ionic
liquid phase is a substantially pure one. In the case of the synthesized alkoxysilyl-I1L
[smmim][PFs], absorption results were normalized per net mass of the 1-methyl-3-
methylimidazolium-hexafluorophosphate  [mmim][PFs] in the alkoxysilyl-IL
molecule since the silyl part is not expected to have any remarkable effect on the CO,
absorption capacity.

By applying a mass fraction (silyl/[mmim][PF¢]) of 0.5 as calculated from the
stoichiometry of the molecule, we derived an H value of 42 bar/(mol fraction) at 273
K, 60 bar/(mol fraction) at 288 K and 80 bar/(mol fraction) at 308 K for the
synthesized alkoxysilyl-IL. There are two possible reasons for the lower absorption
capacity of the silylated-IL. The first has to do with the number of carbon atoms in
the alkyl chain of the imidazolium ring, that is 1 for the [smmim][PF¢] and 4 for the
bulk ionic liquid [bomim][PF¢]. Various studies suggest that apart from anionic part
of the IL, changes in the imidazolium cation involving alkyl groups might also affect
the CO, solubility.®* In fact the longer alkyl chains usually lead to slightly better CO,
absorption capacity in the ionic liquid phase.”™ %

In our case the effect of the carbon atom number seems to be more enhanced
as the Henry constant ratio, for a difference of 3 carbon atoms in the alkyl chain, was
about 0.7 compared to ratios of 0.94 often found in literature for differences of 2 up to
4 carbon atoms.®* Based on this fact we might conclude that the lower CO, solubility
value mainly arises as a result of the presence of a silyl group attached to the alkyl
chain of the imidazolium ring; the latter feature might lead to a modest loss of
organization of the anion and the CO, around the cation.

As regards the CO solubility, the calculated H values of 2158, 2185, and
2373 bar/(mol fraction) at 308, 288 and 273 K for the commercial [bmim][PFs] and
2202 at 273 K for the synthesised [bmim][PF¢], were in good accordance with those
found in the work of Kumelan et al.*® and deviated positively by approximately

100% from those found in the studies of Jacquemin et al.**
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Figure 42. a) CO, absorption on the synthesized [bmim][PF¢] and silylated [smmim]
[PFs], and (b) CO absorption on the synthesized [bmim][PF¢] and silylated [smmim]
[PFs].

Moreover in both of the aforementioned studies and also in our work the calculated

H values for CO practically did not depend on temperature. As a matter of fact, in
the case of Kumelan’s® work there was even an indication of a slightly negative
correlation and the same is true in our case (ﬁ:2373, 2185 and 2158 bar/(mol
fraction) at 273, 288 and 308 K respectively); such trends indicate that the crossed
gas—ionic liquid molecular interactions are of different nature in the CO and CO,

cases.
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Table 16. Solubility of CO, and CO and the derived ideal selectivities

T(K) 308 288 273
Solubility (S;) 10" x (mol/cm®/Pa)
Sco? /Sco/ (selectivity C02/CO)

8.61/0.24/36 125/0.23/54 15/0.21/72

Commercial
[omim][PF¢]
Silylated

[smmim][PFs] 591/0.12/50 7.71-1- 11.5/0.11/105

In Table 16 we present the CO, and CO solubility values expressed in
mol/cm*/Pa and the derived ideal sorption CO./CO selectivities. As it can be seen,
the silylation of the imidazolium based ionic liquid had a more intense negative effect
on the solubility of CO compared to CO,, thus resulting in an enhanced CO,/CO
separation capacity.

In general the selectivity values observed suggest that the potential of membrane CO,

separation technology by means of a SILM system is a substantial one.

4.2.6 Transient curves/CO, Diffusivity

For the definition of the diffusivity D (cm?/sec) of CO, in the commercial
ionic liquid and the silylated IL, the transient curves of the CO; adsorption at 308 K
were fitted to the solution proposed by Crank for the adsorption in a plane sheet at the
beginning of a sorption experiment when the following conditions are satisfied:* 1)
the initial concentration of the gas in the liquid is uniform, 2) the surfaces of the liquid
film are kept at constant concentration, 3) the amount of the gas taken up by the liquid

is a negligible fraction of the whole. The solution has the following form:

1
m D2 | o & nt
L =) — 2 +2) (=1)"ierfc Eq.29
m sz { ;( )y e \/Dt)}

0

where my is the total amount of gas which has diffused into the liquid film at time t,
m.. is the total amount of gas that has diffused into the liquid after infinite time and /

(cm) is the half liquid film thickness. For very short times, the fractional uptake of the

gas by the liquid is approximated well by the simple equation:

1
m, _ 2[ Dtj : Eq.30

2
m 7l

0
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The diffusivities for the several pressure steps were calculated from the slope of the

L vs +/t, for a liquid film thickness 27 of about 0.15 cm, as calculated by the liquid
m

0

mass and density and the diameter of the sample basket used in the microbalance

setup. The results are presented in Table 17.

Table 17. Diffusivity constants (D) and permeability factors calculated from the
transient curves of the absorption experiments
Pressure steps (mbar)
50-150 250-400 500-600

2(DI(n/?))? (sec™) | D (cm?¥sec)

Commercial

[bmim][PFs1 0.0055/1.7E-06 0.0063/2.33E-06 0.0096 /5.4E-06

Silylated

) . 0.0041/9.8E-07 0.0048/1.35E-06 0.0057/1.91E-06
[smmim][PF¢]

Permeability (10™° x (mol cm/cm?®/sec/Pa)) / Barrer

Commercial [bmim][PFs] 14.63 /4368 20 /5971 46.5 /13883

Silylated

[smmim][PFs] 5.8/1732 7.98/2383 11.28 / 3368

The M vs t plots for the synthesized ionic liquid and the silylated IL are depicted
m

0

in Figure 43. In both examined cases, the diffusivity increases with pressure as the
result of the decrease of the ionic liquid viscosity due to the dissolution of higher
amounts of CO..

The diffusivity constants (D) of 10° cm?sec coincide with the results of Hou and
Baltus.*® Finally, the predicted CO, permeability values are also included in Table
17. They were calculated with the assumption that transport through a SILM follows

the solution/diffusion mechanism:

P=DS Eq.31
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where P is permeability, S is solubility (in moles per volume per partial pressure), and

D is diffusivity.
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Figure 43. M vs 1 plots at several pressure steps: (a) [bmim][PFs] and (b)
m

o0

[smmim][PFs].

A remarkable observation is that the presence of the silyl group on the alkyl chain of
the imidazolium ring not only resulted in considerably lower CO, absorption capacity,
but also decreased the rate of diffusion to about half the value of that of the

commercial [bmim][PF¢7] sample.

4.2.7 Selectivity CO,/CO — Diffusion mechanism
The stability of the developed SILM membranes and the reproducibility of the
proposed imbibition/reaction method can be concluded from the permeability

selectivity results presented in Figure 44.
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Figure 44. (a) Permeability of CO, dependence on temperature, (b) permeability of
CO dependence on temperature, conditions for (a-c): trans-membrane pressure = 0.5
MP, feed conc. = 50% - 50%, CO,/CO (v/v), (d) permeability dependence on pressure
at 25 °C.

The duration of testing at each temperature was about 4 hours. For example,
membrane SILM1A which was subjected to three sequential heating/cooling cycles
from RT (or rt) to 250 °C, at a trans-membrane pressure of 0.5 MPa, exhibited a 5-day
stability. In addition, the similarly developed membrane SILM1B exhibited
permeability factors within £10% of those defined for SILM1A.

The permeability was calculated with the assumption that the pore volume of
the thin nanofiltration layer (1.5 um thickness) is completely occupied by the silylated
ionic liquid phase [smmim][PF¢], which primarily controls the gas diffusion through

the entire SILM. Indeed, the CO permeability of the pristine nanofiltration membrane
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M1 at room temperature is about 100 times higher than that of the modified SILM

membranes; this finding is indicative of the high extent of pore blockage.

An issue that requires further explanation is that at the temperature of 30 °C,
the experimentally derived permeability values of CO, for the modified membranes
SILM1A and SILM1B (Figure 44a) are about one order of magnitude lower than
those calculated by means of Equation 30 (Table 17), with the factors D and S already
defined from the CO, isotherm of the silylated ionic liquid [smmim][PFs] (Table 16).
Several factors may contribute to the deviation from the predictions, each one with a
different impact, such as:

A) The counter diffusion of the sweep gas applied in the permeability-selectivity
measurements.

B) The fact that even if the pores are completely filled with the ionic liquid, the IL
permeability is underestimated due to the presence of the non permeable ceramic in
the remaining fraction of the membrane volume (porosity) and the tortuosity of the
pore structure.

C) The presence of the second type of gas molecules that dissolve simultaneously
with the CO, molecules in the bulk of the silylated ionic liquid.

D) The contribution of the silylated ionic liquid phase that is deposited on the pore
surface of the subsequent macroporous membrane layers without blocking, at the
same time, the pore space. This contribution is indirectly demonstrated on the basis of
the data presented in Table 18. From the comparison of the cases of M5 (hon grafted
nanoporous) and SILM5B (grafted but non blocked nanoporous), it is clear that the
CO,/CO selectivity is worse in the latter case i.e. when the grafted material does not
block the pores, it favors the passage of CO over that of CO,,

E) The application of elevated trans-membrane pressures (0.5 MPa).

The negative effect of the first two factors has already been discussed in

literature:®"-%°

the larger of the two contributions corresponds to the second factor and
depends on the porosity ¢ of the membrane and the tortuosity factor z (usually ¢ =70
% and 7 = 1.2-2 for macroporous polymeric membranes). The ceramic nanofiltration
membranes used in this work had a moderate open microporosity of 22%, whereas

the tortuosity (z) exceeded the value of 20. According to these pore structural
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characteristics, the experimentally defined CO, permeability of the ionic liquid should
be 20/0.22, that is~100 times lower than the predicted one. Thereby, we can claim
that the ionic liquid permeability is overestimated rather than underestimated. A
possible explanation for this discrepancy is that the routes of the permeating CO,
molecules inside the pores are less tortuous than those in the bulk liquid because the
grafted material inside the pores is a structured one.

In what follows we provide evidence that the ionic liquid phase, which is
deposited on the pore surface of the subsequent macroporous membrane layers, may
have a considerable contribution to the reduction of the CO,/CO separation
performance. To this end we present (Table 18) the results obtained for the modified
y-alumina NF membrane (SILM5) with nanofiltration pores of 5 nm. The latter size
was too large for complete pore filling by the surface anchored [smmim][PF]
species. Because of the openings left, the combined result was a CO,/CO selectivity

less than one.

It can be concluded that when the deposition of the silylated IL was not
accompanied by complete blockage of the nanopore structure (SILM5A), we had an
opposite effect on the CO,/CO separation capacity, e.g. the CO permeated faster.
Based on these findings, a complex diffusion mechanism is proposed for the
[smmim][PFs] modified nanofiltration membranes of 1 nm pore size (Figure 45).
Specifically, at the section of the nanofiltration layer (A), the preferable solvation of
CO; into the silylated ionic liquid favors its separation from CO. Thus more CO,
molecules diffuse through the bulk ionic liquid and desorb into the gas phase inside
the void space of the succeeding macroporous layers. Next to that, partitioning of the
CO, and CO molecules occurs between the gas phase and the ionic liquid film. The
partitioning mechanism favors the faster permeation of CO, since the CO;, molecules
reside for a longer time into the liquid phase. The partitioning effect must be strong
due to the minor diffusion length of the nanofiltration layer (1.5 um) compared to that
of the succeeding macroporous layers (1500 um).

However we cannot accept it as the only reason for the CO,/CO selectivity
decrease from 50, as predicted from the absorption results (Table 16), to about 11 as
defined from the permeability experiments (Table 18). On the basis of the data

presented in Figure 44d, we suggest that the elevated trans-membrane pressure and

96



the co-solvation/diffusion of CO have a negative effect on the permeability of the CO,

species.

Table 18. Experimental permeability values measured with the Wicke-Kallenbach
set-up

Material Molecular T Pe CO, PeCO Selectivity
Formula °Cc Barrer Barrer CO,/CO
M5 ) 25 27412 28496 0.96
100 27365 27941 0.98
. 25 22987 27375 0.84
SILMSA — CeHuN>SI0sPFe ) 23124 27564  0.84
) 25 454 624 0.73
SILM5B C10H21N28|O3PF6 100 460 672 0.68
M1 ) 25 1135 1373 0.83
100 635 800 0.8
) 25 226 20 11.3
SILM1A C8H17NQSIO3PF6 100 715 60 11.9
) 25 124 154 0.81
SILM1C C10H21N28|O3PF6 100 84 79 1.07
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Figure 45. The proposed overall diffusion mechanism showing the contribution of the
uncovered macroporous layers of the asymmetric membrane

The pressure plot demonstrates that for a 50/50 (% v/v) mixture of CO,/CO, the trans-
membrane pressure increments have provoked considerable reduction of the CO,
permeability and an exactly analogous increase of the CO permeation. Contrary to

this, the analysis of the single-phase CO, absorption transient curves revealed a
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positive correlation of the CO, diffusivity with pressure, as expected due to the
decrease of the IL viscosity upon absorption of higher amounts of CO,.

In this context we can argue that the reason behind the negative correlation of the CO,
permeability with pressure is ultimately due to the increasing amounts of CO
molecules, which they strongly modify the CO,-ionic liquid interactions. In a study

concerning the system ionic liquid/carbon monoxide,*®

conducted by high pressure
13C NMR spectroscopy, it was shown that the CO solubility depends upon the nature
of the ionic liquid due to the presence of dipole moment and polarisability. In the
same study concerning the 1-butyl-3-methylimidazolium cation based ionic liquids,
the solubility of CO increased with increasing anion size due to the decrease in ©*
interactions. Thereby the interaction of the CO molecules with the anion may lead to
the loss of the “tangent like” organisation of the CO, molecules around the anion,
which is regarded as the main reason for the high CO, solubility.'*

Concerning the performance dependence on temperature, it is interesting to
note that the CO,/CO selectivity presented a maximum at 50 °C for both membranes
SIM1A and SILM1B. This indicates that the solution-diffusion mechanism is not a
simple one. Selectivity would normally be a monotonous function of temperature in a
bulk material where local structural subtleties are averaged. On the other hand in our
case the structure of the matrix material (grafted pore-filling material) exhibits a
variation along the radius and at least in the case of CO, species there might be a
preference for certain, far from random, paths that favour Lewis-acid based
interactions. When the temperature is raised, individual CO, diffusion steps might
become easier but at the same time the intraporous material might become less
ordered and hence the original path might become more tortuous/less efficient; the
outcome of the combined effect of the latter two factors allows for the exhibition of
subtleties (including non-monotonous variation of selectivity with temperature) which
are not encountered in the usual case of bulk matrices.

Finally from the results presented in Table 18, we can conclude that the longer
alkyl chain of the silane molecule (chloropropyl instead of chloromethyl silane) was
not sufficient to provoke the complete blockage of the 5 nm pores (SILM5B).
Although the permeability factors were considerably reduced compared to membrane
SILM5A, the CO,/CO selectivity was still inversed, thus confirming the partitioning

effect, which occurs in cases where the ionic liquid phase is just deposited on the pore
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surface without effectively blocking the pore space. On the other hand, the propyl
chain was long enough to prohibit the entrance of the silylated-IL (1-methyl-3-(3-
trimethoxysilylpropyl)imidazolium hexafluorophosphate) into the 1 nm pores of
membrane SILM1C. In this case, the permeability was about one order of magnitude
lower than that of the unmodified membrane as a consequence of the deposition of the
silylated IL molecules on the external surface of the top-separating layer around the
pore mouths. Thus the pore mouth openings were partially blocked resulting to
considerable hindrance on the entrance of the gas molecules into the pore structure but
not to a considerable enhancement of the CO,/CO selectivity since the deposited IL

phase was not exerting full control over the diffusion of the gaseous molecules.

4.3 Study of the effect of pore structure characteristics on the gas diffusivity —

and gas separation of SILPs

4.3.1 Amount of IL deposited in a porous system by ex-situ dipping techniques

In order to elucidate physicochemical properties of the IL under confinement,
supports of various diameter were modified either by grafting the IL on the surface
(functionalized IL) or by impregnating [bmim][PF67] (non-functionalised) into the
pores of the support (Table 19).

Factors, which control the amount of IL loaded into the channels of a porous
support, are exemplified in regard to the LN, porosimetry results (Table 19). These
are the total pore volume and surface, the surface chemistry (functional groups) and
charge, as well as morphological characteristics of the pore structure such as the
dimension of the pores, the pore size distribution and the tortuosity of the network.
The volume of IL loaded during the ex situ dipping technique, using the
functionalized and non-functionalized IL, was calculated from the pore volume
difference between the pristine support and the SILP system.

When a silylated IL was applied as surface modifier, there was a quite
satisfying correlation between the BET surface area of the pristine support and the
pore volume reduction after dipping, the latter expressed as volume of IL loading
(Figure 46a).

No correlation was observed between the IL loading and the initial pore volume or

pore dimension (Figure 46b). In this regard, the formation of a monolayer of the
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functionalized IL on to the pore walls of the support can be safely concluded. Small
deviations from linearity (Figure 46a) can be attributed to the different population and
proximity of the silanol (Si-OH) groups on the surface of the several materials applied
as supports. In general, the silanol density of ordered mesoporous silicas (e.g. MCM-
41 or SBA-15) ranges'®?'® between 1 and 3 SiOH/nm? whereas for porous glasses
like Vycor® and CPG, silanol densities between 1.6 and 3.8 SiOH/nm? have been
reported.'® However the population of surface silanols and their distribution on the
mesopore surface strongly depends on thermal treatments, activation under vacuum
and dehydroxylation/rehydroxylation processes.

In the case of a standard SBA-15, a silanol density closer to 1 SiOH /nm? had
been observed when the material was heated at 200 °C under vacuum,™® conditions
which were similar to those applied in the current work in order to regenerate the

samples just before the LN, measurement and the ex situ dipping process.

On the other hand, in a recent study of our group,'® a water vapor desorption
method has been developed and applied that allowed for the definition of the surface
silanol population. By means of this method, silanol densities of 1.3 and 2 SiOH/nm?
were obtained for Vycor and MCM-41 respectively. In this respect, the correlation
factor is readily improved from 0.92 to 0.96 when the IL loading is plotted in relation
to the silanol density per mass unit of the support (Figure 46¢). Deviation from
linearity was observed solely for the MCM-41 samples of different pore size. The
reason behind this might be that MCM-41 is characterized of at least three types of
silanol groups: single silanols (SiO)3SiOH, hydrogen bonded (SiO)3;SiOH-
OHSI(SiO); and geminal silanols (SiO),Si(OH), with different accessibility to
silylating agents and different relative population between samples. It is also worth
noting that there is no deviation from the linearity between the tortuous (Vycor, CPG)
and non-tortuous samples (MCM-41, SBA-15, a fact indicating that the
interconnectivity and constrictions of the channel network do not affect the proper

wetting of the pore walls with the IL solution during the ex situ dipping process.

The absence of a good correlation between the amount of IL loaded and any of
the pore structure characteristics for the supports modified with the non-functionalised
IL, is evidenced in Figure 46d, e. The main reason is that the interactions of the IL

with the pore surface are limited to dipole interactions (there is not chemical bonding)
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and therefore a random leaching of the deposited IL layers during the sequential

washings with the solvent might occur.

Table 19. Surface area pore size and volume of the samples before and after the
modification with the ILs

BET Pore Total pore

size
volume

mig nm  mlig

Vycor 175 43 024
CPG 153 20.1 0.85
SBA-15 711 56 093

MCM-41-3.3 1117 33 154

MCM-41-2.9 1068 2.9 1.8

MCM-41-2.3 1543 2.3 0.86

Vycor-f* 96 0.12
CPG-f 147 0.71
CPG-nf** 96 0.61
SBA-15-f 359 0.65
SBA-15-nf 14 0.05
MCM-41-3.3-f 430 0.84
MCM-41-2.9-f 368 0.42
MCM-41-2.9-nf 113 0.33
MCM-41-2.3-f 41 0.08
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* A functionalised (silylated) IL is abbreviated with —f. ** A non-functionalised IL is

abbreviated with —nf.
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Figure 46. Correlation of the IL loading with
a) and d) the surface area of the support, b)
and e) pore volume and pore size, c) surface

silanol density.

Even though interactions with the surface are weak, we should emphasize that

the amount of IL loading was higher for the cases when the non-functionalized

[omim][PF¢] was applied as support modifier (Table 19). The smaller molecular

volume compared to the silylated IL as well as different deposition orientations with

both anions and cations in direct contact with the surface, may generate enough intra

pore space for the formation of succeeding layers and enhanced loading. Extended



discussion on the possible orientation of IL molecules in relation to the obtained gas
diffusivity data, and with the support of recent findings of other groups that apply
techniques such as photoelectron and surface vibrational spectroscopy, is given in
paragraph 4.3.4. In the next paragraph, we discuss the inability of LN, to provide
information on the extent of pore blocking by the deposited IL layers and we also
highlight the potential of SANS as a pore bulk sensitive method to provide an insight

on this issue.

4.3.2 Extent of pore coverage

Complete pore coverage or blocking by the deposited IL phase may be
detrimental for a catalytic process where the high pore surface must be exploited to
the maximum. On the contrary, it may be a requirement for a gas separation
application, especially when a task specific IL (i.e. amino functionalized for CO,
sorption) is involved as surface modifier. The results of LN, porosimetry (Figure 47)
cannot by themselves lead to safe conclusions about the pore coverage extent for two
reasons. LN, porosimetry is a pore mouth sensitive technique and as an example, the
almost zero adsorption capacity observed for the MCM-41 (2.3 nm) modified with the
silylated IL (Figure 47a) and for the SBA-15 (5.6 nm) modified with the non-
functionalised IL (Figure 47e), might be the result of pore blocking due to
accumulation of the deposited IL close to the pore entrance. Consequently a zero N,
adsorption capacity does not mean complete coverage of the pore surface by the IL.
On the other hand, there is uncertainty on whether the observed in some cases gas
uptake, is the result of adsorption in the interparticle voids or the pore voids or both.

Besides the cases of the Vycor modified with the silylated IL, the CPG
modified with both kinds of IL and the SBA-15 modified with the silylated IL, where
it is evident that the pore cores have remained open, for all the other samples it is
unsafe to discriminate between the contribution of open pores and interparticle voids.
Evidence for the above statements is provided by the LN, adsorption curve of a non-
porous fumed silica (red line in Figure 47b) that converges with that of the MCM-41

(2.9 nm) sample modified with the non-functionalized IL.
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Small-angle neutron scattering (SANS) was obtained for the impregnated with
[obmim][PF6-] samples of ordered mesoporous silica MCM-41 and SBA-15. The
results were in agreement with those of LN, absorption suggesting that the pores of

SBA-15 are completely filled with IL where as a small fraction of the pore volume,

the pore “core” of MCM-41 2.9 nm is empty.
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Figure 47. LN, porosimetry of the porous supports and the relevant SILPs

4.3.3 Structure formation in IL layers confined into pores

Due to the high loading of the IL phase, it was possible to monitor liquid
crystalline ordering in the supported phase with typical analytical methods such as X-
ray diffraction (XRD).
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Figure 48. a) XRD spectra of SILPs developed with the functionalised IL, b) XRD

spectra of the supports and relevant SILPs developed with the non-functionalised IL.

In all XRD spectra, the broad reflection located at about 22° is due to silica. The
SILPS developed with the functionalized IL (Figure 48a), exhibited a diffraction peak
at around 18.2° a feature revealing ordering of the silylated IL molecules in the
grafted layer. The only exception was the SILP developed using the Vycor® as the
support. The reason was the low surface area of Vycor® compared to the SBA and
MCM that led to moderate IL loading. The samples MCM-41-3.3-f and MCM-41-
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2.3-f, presented the higher degree of ordering as indicated by their intense Bragg peak
at 18.2° and the additional diffraction peaks appearing at 20 = 32.5, 38.5, 39.6, 43.5,
44.9, 46.3, which should correspond to the different crystal planes of the silylated IL
inside the pores. Comparing between the samples developed on several MCM-41 and
SBA-15 supports, there is no evidence of a correlation between the intensity and
number of their Bragg peaks and the pore structural characteristics such as the pore
surface, size and volume. In this regard, we can conclude that ordering of the
functionalized IL molecules in the grafted monolayer is a function of the density of
the surface silanol groups, which however may differ even between portions of the
same sample, depending on the thermal treatment and regeneration conditions. On
the other hand, Bragg peaks had never been observed for the SILPs loaded with the
non-functionalised IL (Figure 48b).

4.3.4 Orientation aspects

Oriented layering of the deposited IL phase is discussed in relation to CO,
diffusivity at 35 °C only for the SILP samples which, as evidenced by the liquid
nitrogen porosimetry and SANS analysis, underwent complete pore blockage upon IL
deposition. The concept was to exclude the contribution of open porosity on the
overall diffusion mechanism and focus on the characteristics of the IL phase.
We have chosen CO, as the probe gas molecule, since the system [bmim][PF67/CO,
is the most studied one and the mechanism of CO; absorption and diffusion in the
bulk IL phase has already been elucidated by many research groups through
absorption, molecular simulation and spectroscopic studies. Simulations indicate that
CO, organizes strongly around the [PF67] anion in a “tangent-like” configuration that
maximizes favourable interactions, but is more diffusely distributed around the
imidazolium ring. Kazarian and co-workers investigated mixtures of CO, with
[bmim][PF67 and [bmim][BF47] using ATR-IR spectroscopy. They found evidence
of a weak Lewis acid-base interaction between the CO; and the anions of the ILs. In
the case of a SILP system, CO, dissolves into the pores of immobilized ionic liquid
through the IL/gas interface close to the mouth of the pores and becomes ionized
through its interaction with the anions. The ionized species diffuse along the length of

the pore by successive jumps between the anions of the deposited IL. As shown in the
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schematic of Figure 49, a possible orientation of the deposited IL phase with the
anions towards the core of the pore (case A) may considerably enhance diffusivity
when compared to a completely random orientation that leads to a random walk of the
diffusing species between the anions (case B).

The use of a functionalised (silylated) IL, in our case the 1-(3-silylpropyl)-3-
methylimidazolium hexafluorophosphate, which can be grafted on the surface of the
support through covalent bonding between the alkoxy groups and the surface silanol

groups, certainly enhances the possibility of a deposition orientation like the one

presented in Figure 49 (case A).
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Figure 49. (A) Orientation of the silylated IL under confinement into the pores (B)
Random accommodation into the pores of a non-functionalised IL.
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Figure 50. Transient curves of CO, adsorption of the several SILPs a) pressure
step 0-250 mbar, b) pressure step 250-500 mbar.
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The transient curves of CO, adsorption of two successive pressure steps (0-
250 mbars, 250-500 mbars) presented in Figure 50 verify the proposed orientation.
By fitting the kinetic results with the appropriate solution of the transient diffusion
equation for spherical particles, it was possible to derive the diffusivity constants (D/r®
(1/min) where r = the radius of sphere). The values of the highly ordered samples
MCM-41-2.3-f and MCM-41-3.3-f were 100 to 600 times higher than those of the less
ordered samples like MCM-41-2.9-f as well as of the non ordered at all samples such
as the MCM-41-2.9-nf and SBA-15-nf.

It is interesting to note that correlation of the high CO, diffusivity with the
degree of the IL layer ordering, also holds between the two most crystallized SILPs.
Indeed the MCM-41-3.3-f sample, presenting a very intense Bragg peak at 18.2° and a
plurality of reflections of significant intensity (Figure 48a) exhibited a double
diffusivity constant (D/r> = 0.057min™) compared to the MCM-41-2.3-f (D/r* =
0.026min™).
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5 CONCLUSIONS

Hybrid materials of IL/Vycor® were prepared with the “grafting to” method.
A method was developed based on the gravimetric technique in order to elucidate the
extent of coverage on the modified material. SAXS and N, (77K) physisorption in
conjunction with the aforementioned method provided important information on the
morphology of the modified material. From this analysis, we concluded that the
presence of water either in the solvent or on the material’s surface plays a crucial role
in the silanization process and the pore morphology of the hybrid material prepared
after the SN2 type reaction with the imidazole. For samples prepared in toluene
where residual water was present in the solvent, we observed the highest pore volume
reduction in the hybrid material prepared while surface coverage of the silanol groups
was only limited to 51% maximum. For samples prepared in dry CHCI; and
thermally pretreated in high vacuum, the highest surface coverage obtained was 94%
while the sample’s pore volume was insignificantly affected: the combination of these
findings suggests the formation of a monolayer of grafted silanes.

In view of the fact that CO, diffusion in the hybrid materials with open pores
proceeds through a combined mechanism of diffusion in nanopores and
dissolution/diffusion in the IL phase, a new methodology was developed in order to
define the extent of the organic phase loading on the inorganic material.

SILP of MCM-41 2.3 nm revealed that excellent CO,/CO separation capacity is
obtained when pore is totally blocked by the ionic liquid phase. Moreover XRD
analysis from the SILP sample developed in the MCM-41 support with 3.3 nm pore
size revealed, for first time, the liquid crystalline phase transition of silylated IL at
room temperature due to its confinement and orientation within the pores. Similarly,
on the basis of DSC and XRD analysis, this phase transition also occurs, to a lesser
extent, in the case of the confined IL developed on the MCM-41 with the smaller pore
sizes (2.3 and 2.9 nm) as well as on the SBA-15 (8 nm). On the other hand, no
evidence for crystallization was detected for the IL encapsulated into the pores of the
Vycor sample. Signs of liquid crystalline phase ordering were not obtained for the
samples prepared via the physical imbibition method. Liquid crystalline phase
formation was attributed to the ordering induced by the parallel arrangement of the IL
units grafted to the pore walls. The latter structural arrangement is also compatible

with the transient CO, adsorption curves of the corresponding diffusivity
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measurements. Diffusivities for the grafted-derived SILPs were more than one order
of magnitude larger than those obtained for the physically impregnated ones.

In addition, a novel pressure-assisted imbibition/reaction method was
proposed for the chemical stabilization of silane functionalized imidazolium based
ionic liquids into the pores of ceramic nanofiltration membranes. Stabilization is for
the first time achieved via chemical bonding between the solid surface hydroxyls and
the alkoxy group of the silane part of the functionalized ionic liquid molecule, rather
than with the help of capillary forces and ionic interactions. The membranes exhibit
high permeability (750 Barrer), considerable CO,/CO separation capacity (25 at 80
°C) and excellent stability at temperatures up to 250 °C. The method was proved
efficient and reproducible in the case of membranes with 1 nm pore size and ionic

liquids functionalized with the chloromethyltrimethoxysilane.
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6. FUTURE PROSPECTS - FURTHER RESEARCH

e Grafting of separation specific ionic liquids on the pore surface of nanoporous
membranes, exploiting the stronger interaction of these ILs with CO,. Possible

synthetic routes and IL molecules are presented in Figure 51.

N=\
OR NH
RO.g; =~ OR \
wl/Mn\U _ A ROS[i’(V)'\N/\» o OR
OR OR "y /O\éi/WNH RX RO\S‘_/T\/)/\KI,R
7 n 2 » ! n V"R
\
O\ OR X R
N 0
cl NH, 2:0
RRR
+N— NH; o
c HZN/\H/
[¢]
NH, OR
RO-g
S'I/M:N@ i HO
OR e RO-Si~OR HO.
(@N cr o ) OH OR
N/ HO RO. L + R
QOH <2 ST ONR
S B ! na
NaBF, OR R
4 o
ROSI o HZN/\[(

HEBOH <—RO,§5M:N@

on " B
a b
Figure 51. Possible chemical reaction routes for grafting amino functionalized ILs

on the silica surface

Figure 51a describes the synthesis of an alkyl amine functionalized imidazolium
based IL which can be further grafted on the pore surface. Figure 51b describes the
synthesis of an alkyl ammonium functionalized IL where the halide anion can be
exchanged with amino acids. This silylated ammonium based-amino acid IL can be

further grafted to the pore surface of the membranes.

e Improve the performance characteristics of the membranes by confining the
grafting of ILs solely into the pores of the nanofiltration layer of the membrane. The
permeability-selectivity performances reported in the present work (750 Barrer,
CO,/CO 25), are still far from those defined by recent Robenson plots (Figure 52),

concerning the performance of CO, separating membranes.
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e Trying to reduce the cost of the membrane separation process by involving
cheaper supports e.g. carbon fibers instead of ceramics (Silica, Alumina). In this case,
surface modification of the carbon membranes will be necessary to graft the silylated

lonic Liquids (Figure 53).
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