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EYXAPIXTIEX

®a NBera va evyaptotiom tov kabnynt [avtedn Tpucodritn mov pov £édmwoe T dvvatdtnTa vo
TPOYUOTOTOO® LT T datpPn o¢ vroyneog ddaktopag tov Iavemomuiov Kprtng kabag
Kol ylo TV dptio emoeTnUovikny Tov Kabodnynon. Ewdwotepa, Oa ffela va evyopiotiom ta puéypt
TPOTIVOG LEAN TNG EPELVNTIKNG TOV opddac, Ap. Iodvvn Zravorovio ko Ap. Zepivo Ayyéin yio
™V Qyoyn cuvepyacio pog kot tn ot)pién g daTpPng pov, mpoundevovtis |e, Tivio pe
EVOLUPEPOVGES VAVOTOPMOES OOUES, KOPTOVG NG EMImovNng CLVOETIKNG €pYyOciog TOLG GTO
epyaotnplo Avopyavng Xnueiog tov Ioavemommuiov Kpnmg, vwo v emnifreyn tov kabnynt
Tpwcorim.

®a Bera emiong va gvyapiomom toug kadnyntég l'ewpyo Ppovddkn (Ilavemotuo Kpnmg),
Anuntpro Tovpvn (ITavemompio loavvivov), Kovoetavtivo Mnad (Iavemomuo Kpnng) kot
Kovotavtivo TplavtaguArion (Aptototéreto [lavemot)pio GecGaA0OVIKNG) Y0l TNV TN TOV LOL

£KOVOLV GUULUETEXOVTAG GTNV ENTAUEAN EEETAGTIKN EMLTPOT].

Evyopioto emniong péoa amd v kapdid pov 6Aa to pEAN tov epyactnpiov Meuppavaov/YMkov
vy IepParrovtikode  Awympiopodg (MESL) tov Ivotitovtov  Novoemotiung Kot
Navoteyvoroyiog, Tov EKEDE «Anuokpirogy, yio v kabnpuepivi) Toug vmootipién kot yio oA
0G0 polpacTiKape avtd To ¥povia. Evieddg kotaypnotikd, Oo avaeépm ovopaotikd toug Ap.
Evdyyeho KovPeho ko Ap. Zépyro Iamayempyiov yio v moAdTUn Bondeid Toug oTig TEXVIKES
TPOKANGELS TOV OVTILETOMIGO KOODS Kot Tov Ap. Iodvvn Mrpdtco, yia v akobpootr dOVAELL

1OV, GLVOETOVTOG GE PEYOAES TOGATNTES TOL VAK( TTOL LEAETMVTOL GTNV TOPOVGH SoTPifp).

Téhog, evyaplotd yioo GAOVG TOL AOGYOLG TOV KOGHOL, OV OV €SAVTAOUVTOL GE 10 TUTIKY)
emifAeyn 0100KTOPIKNG OlaTpIP1g Kau ivar advvatov va arotvrmBodv o yapti, 1@ epevvnt@
(EKE®E «Anuoxprtocy) Ap. Oeddwpo Xtepidtn ko Ap. ['ewpyia XapoaiopumomrodAiov yio v
aveKTiuN T otNp&n Toug 6Yeddv o€ OAEG TIG EKPAVOELS TNG LG Hov ta TelgvTaia xpovia. Tovg

glpon evyvopwv yo tava.
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IHEPIAHYH

Ot depyacieg amobnkevong Kot Saympiopod aepiov oyetilovtar dueco pe SaPopeg
EKQAVOELG TNG PLOUNYOVIKNG Kol KOIVOVIKNG OpacTnplotntog Kot eEEMENG, OTmg 1) TpoosTacio Tov
TePPAAAOVTOC, 1| AVATTLEY OTOOOTIKMV SIEPYACIMV KOl TPOTOVIMV KO 1) TOPOYWYN/KOTAVAAMGOT)
evépyelog. H khpatiky odhayn mov mapotnpeitol adtop@iofitnto Tic TEAEVTOIEG OEKOETIES
OLVOEETAL KUPIMG LE TIG EKTTOUTES AEPIOV PUTMV GTNV OTULOGEOLPM, TOPATPOIOVI®MV TNG KOVONG
TOV 0PLKTOV KOVGIH®V, Kot TeEPtocotepo pe 1o COo.

Ye kdOe mepintmon, avtd TOL TPOPAAAEL MG 1) TAEOV TEGTIKY] KOl GLLEGT OVAYKT] AVAANWYT
dpdaong Yo TNV AVTIUETOTIOT TNG KAMUOTIKNG Kpiong, etvar 1 exhextikn déapevon tov CO2 amod ta
onueia mwopaywyng tov mpv oameievfepwbel otov aépa kot M ac@oing amobnkevon tov. H
TeXvoLOYia OV ypMoponoteitan vpéws onpepa otnpiletor ot yMukn déopevon tov CO2 pe
xp1on deAvpdtov aptvne., H diepyasio mapovcidlet 98% déopuevon aArd o facicd LELOVEKTT LA
™G HeBOdoL eival To HEYAAO €VEPYEIOKO KOGTOG OV GMOLTEITOL Y10l TN JIAOTOGT TOV OEGHOD
peta&v tov CO2 ko TV apwvopddmv, €tcl ®ote 10 SAvpo va avayevvnbel kot vo
emavoypNnoLomomosi.

Tavtdypova, Ady® TOV TETEPAGUEVOV KOl GLVEYDSG UEWOVUEVOV amOBEUATOV OPLKTOV
KOLGIH®V, 1] ETGTNUOVIKT KOWOTNTO £XEL GTPEYEL TO PAEUUO TNG OTY SIEPEVVNON EVOAAAUKTIKDOV
myov evépyelog mov Ba etvat To 1010 amodoTIkEG pe To GLUPATIKE KOG Kol TV 1010 GTUyUn|
PUKOTEPQ TTPOG TO TEPPAALOV.

To vdpoydvo Bewpeitar mTAEOV €VPEMS ®G TO WOVIKO KOVGIHO TOL HEAAOVTOG KABMG
VIapyeL GPOBOvo GTOV TAAVIATN KOt 1] KOOOT TOV €Yl UNOEVIKO amotOHnmpo avOpoka. Qotdc0 o1
VILAPYOVCEG TEXVOLOYIEG AMEXOVV AKOUN OPKETH OO TO GNUEID YEVIKELUEVNC YPTOTG TOV, AOY®
HEYAAOL £DPOVG TEXVIKDOV SVCKOAMDV GTOV GYESAGHO TNG EPOSACTIKNG TOV aAvGidag. To puoikd
aép1o, Tov amoteAsitan Kupimg and pebavio (ne ovykevipooeig CO2 émg ko 30%) e€etaletan g
po eVOLapesn AVoT|, KoOMG PEPEL IKAVOTOMTIKO EVEPYELNKO POPTIO avd povada palog Kot Exet
TOV LYNAOTEPO AOYO VOPOYOVOL TTPOG AvOpaKa amrd GAOVS TOVG LOPOYOVAVOpaKES, KaGTOVTAG TO
neporiroviikd eulikotepo. Kot oe avt v mepintowon Opmg vrapyovv akoun cofopd
TEYVOLOYIKA EPTTOOLN e TO factKOTEPA VO £IVOIL 1] AGPAANG KOt 0TOS0TIKY amodnKevoT Kabdg Kot

N avafaduion 1 o kabapiopdg Tov (kupimg amopdkpvven CO2) mpog Eva 0modOTIKOTEPO KOVGILLO.
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Ta televtaio ypdvia N ¥PNON CTEPEDV TPOGPOPNTIKMV LAIK®OV, TO OTOi0 LITOPOVV Vi,
GUYKPOTNGOVV TNV ETPAVELL TOVG CTIUOVTIKEG TOCOTNTEG AEPIOV LEGM PUGIKNG TPOGPOPNONG
€Yl TPOCEAKVOEL €VTOVO gpeuvnTikKO evdlopépov. H ootk mpoopdenon ogeidetor otnv
avantuén acfevdv NAEKTPooTATIK®V duvapemy tomov van der Waals peta&d g emipdvelog tov
oTEPEOD KOl TOV 0EPIOV, YEYOVOG OV 00MYEL GE £val YP1YOPO, GVIIGTPENTO PUIVOUEVO TTOV OEV
OmoLTEL LEYAAO EVEPYELOKO KOGTOC Y10 OVOLYEVVIOT KO ETOVOLYPTGUYLOTOINGT TOV TPOGPOPNTIKOV
HEGOV. XVVETMG, TO CNTOVUEVO TTOL TPOKVTTEL VIO L0 ATOJOTIKY dlepyacio Tpospdenong (yio
dwywpiopd N amobrkevon aepimv) eitvar  peytotonoinon g GAANAETidpaong aepiov-6TEPEOD.
210 TAOiG10 aVTd Exel TPOoTabel 1 YPNON VAMK®OV UE EKTETOUEVO VAVOTOPMAON OiKTLO TO OTTOoiaL
gpeoviCovv vymAég Tipég edkng emeavetlog (kat dpa SETPAVELNS 6TEPEOV-0EPiov). EmmAéov,
&xel amodelyDel 6TL o€ TOPOLS e PEYEDN oTNV TEPLOYN TG VOVOKATIOKAG, GUYKPIGLLO SNAadn pe
TN HOPLOKN OAUETPO TOV TPOG TPOSPOPNoN aepiwv, mapatnpeitor avénon e Tpospdenong
AOY® GUVEPYICTIKMOV GAANAETIOPAGEMY GTEPEOV-PEVGTOV.

Atbpopa TopdON VAIKA Exovv Otepevvnlel ekteTOUéva [l OKOTO TN YXPNON TOVS GE
depyaocieg amobnKevong Kot Say®PIocHoL aepiwv G 6TEPEOL TPocpoPnTég, Ommwg Leobot,
evepyol avOpakeg kAn. Ta petadio-opyavikd miéyuata (metal organic frameworks, MOFs), pua
OUAd KPLGTOAMK®Y VOVOTOPMOIMV VAIKAOV, £(OVV TPOGEAKVGEL TOYKOGUIMG TO E£PELVNTIKO
EVOPEPOV  AOY®  TOV  10W0HTEPOV  WOTATOV KOl SOUIKAOV  YOPOKTINPIOTIKAOV — TOVG.
[Mapaockevdlovtal oyetikd edxola, cvvnlwe pe avtidpdoelg evog otadiov, amd T GLVOPUOYN
OPYOVIKMOV GLVOETMOV UE 10VTO PHETOAAOL 1| LETOAMKEC TAELAOES, LE OMOTEAEGLO T Onpovpyio
TPIGOUGTATOV KPVGTUAAMKADV VOVOTOP®ODV TAEYUAT®V OV TOPOLGLALOVY TOAD VYNAEG TIULES
EL01KNG EMPAVELNS KOt GLVOAIKOD OYKOL TOpV. To 1310{TEPO KO TOAD EAKVGTIKO YOPAKTNPLOTIKO
TOVG ivat Op®G M dSvvaTOHTNTA EAEYYXOL TNG SOUNG KO TV 1O10THTMV TOVG KOOMG efvat EDKOAO va
pocyediancfov Ta peyén, To Gy Kot 01 AEITOVPYIKEG OUAOEG TNG ETPAVELNS TWV TOP®V TOVC,
He v  epappoyn «dktvetg ynueiac»  («reticular chemistry»), mpoodidovtag Etot
YOPOKTNPLOTIKA TPOCAVATOMGUEVA OTIG ATALTIGELS TG EKACTOTE dlEPYACTOG.

H mapovca owtpifr] eoticoe otnv evoereyn HeAETN dVO VROPYOVIMOV, GYETIKA VE®V
dyetodikov MOFS, pe cuvovooud OVOALTIKOV TEXVIKMOV KoL OVATTUEN VE®V TEPOUOTIKOV
TPOTOKOA WV, Yoo TNV anodnkevon CH4 kou tov dwywpiopd prypdtov COz. Ta ev Adym viud
&xovv avantuyBel petd and cuvepyacio tov Tunpatog Xnueiog tov [av. Kpnng pe 1o EKE®E

«ANUoOKPITOCH HECH UG KOWOTOUOG GOUVOETIKNG  TPOCEYYIoNG KOl GUYKEKPLUEVA
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YPNOUOTOLOVTOG VOV 0PYaVIKO GUVOET 0 0TOi0g Eival oVoLAOTIKA £va, obumAoko tov Pd. Mg
TOV TPOTO OVTO, emyelpnOnke N adénon TG NAEKTPOVIOKNG TUKVOTNTOS TOL KPULGTUAAIKO
mAéypatog Tov MOFS pe okomd v avénon g aAANAETIOPAONC EMPAVELNG-TIPOGPOPOVLEVOL
aegpiov. ITo ovykekpuéva, okolovBdvtag mNOMN  OMupoclevpéveg oLvOeTiKES  dladikaoieg
TOPACKEVAGTIKAY dVO QULYDE UIKPOTOPMOT VALKE: (1) £vol 6TO 01010 0 TAAAASIOUEVOS GUVOETNG
ocvvapuoletal pe pia dimupnviky Tisdado Cu kot épet v tomoAoyio nbo (Cu-Pd-nbo), kot (B)
évol 6T0 0moi0 0 GLVOETNG cuvdEeTar pe pia Tpl-rupnvikn TAewdda In kot tomoroyia soc (In-Pd-
S0C). Inpewdvetol 0Tt ovtd 10 VAKS eivar o mpmdto Katayeypappévo MOF pe ivdo 6to omoio
amod60nKe 1 Tororoyia SOC. O GLVIVACUOG TOV AKOPESTMV UETOAAIKOV KEVIPWOV (OTIG TAEINOES)
Kot TV ektedelpuévov tpoylakdv tov Pd (otov ouvdétn) kabiotovv ta dvo véa avtd MOFS wg
VTOGYOUEVOVS TTPOCPOPNTEG oe dlepyacieg amobnkevong CHs kot dwuywpiopod CO2 péowm
EKAEKTIKNG TPOGPOPNONG TOVG amd piypota mov w.y. meptéyovv CHa 1 N2,

210 TP®TO UEPOG TNG OTPPNG, apyikd peAethOnke N duvatdtnTa Evepyomoinong twv
véov vAkav. H gvepyomoinon tov Cu-Pd-nbo emetevydn ypnowonowdvrag tn dadedopévn
uébodo g Béppavong vod kevo. Qotdco, Yo v mepintmon tov In-Pd-soc amoutiOnke n
avamtoén Waitepng pebodoroyiag. T'e 10 AOY0 ovTO OYESIAOTNKE KOl KOTOOKELAGTNKE
TEWPAPATIKY dtdtadn evepyomoinong LEc® pong vepkpictpov d1o&ewdiov Tov dvOpaxa, pe GKomod
TNV ATOUAKPLVON OO TO TOPMOES OIKTVLO TOV JEIYLATOS TOV TAYOELUEVDY (KaTd Tn cVuvBeoT))
popimv oAty ko dAAwv mpoouiewv. EmutAéov, otepevviOnke m ynuikn kot Oeppukm
o100epOTNTO TOV VAMK®OV KOOMOG Kot 1) LOPPOAOYIH TV KPVGTAAA®V LE GLVOVOGUO TEIPAUATIKDOV
teyvikav (XRD, IR, TGA, SEM). Zt ovvéycw, pe petpnoelg 1c00épumv Tpoopoenong
almtov/apyov otovg 77/87 K avtictorya, yopaktpiomnke T0 mOpMOES SIKTVO TOV VAMK®OV Kol
voAoyiomnkay Kpiocyo HeyEOn Ommg M €101KN EMPAVELD, O GLUVOMKOSC OYKOG TOPMOV Kol 1|
KaTovoun HeYEBoLE TV TOPWOV TOV SELYUATOV.

210 00TEPO PEPOG TNG OALTPIPNS, OMOTIUONKAY 0L TPOGPOPNTIKES WOOTNTEG TV VAK®DV.
Me 1 ypnon eEEdKeEVUEVOY  OYKOUETPIKMY Kol OTOOMIKOV TEWPAUATIKOV  HEBOd®V
npoaypototomOnkav petpnoelg 16obéppmv tpoopoéenong CO2, N2 ko CHs og peydro €bpog
Bepuoxpaocidv (100 — 300 K) kot méoewv (0 — 20 bar). And v avdAvon TOV TEPIUATIKOV
ATOTEAECUAT®OV VITOAOYioTNKAY Kpicipa Beppodvvopikd Kot Kivntikd peyédn omwg, cuvoAlkn
amofnkevpévn  TOGOTNTO  TPOGPOPNUEVOL  0EPiOV, 1000TEPIKN  evBaATio  TpoopdPNoNg,

OUVTEAEGTEG OYLTOTNTOG EVA TPOSUPUOLOVTOS OTIC 1600epueG TPOSPOPNONG KATAAANAES
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Bempntikéc e€lodoelg eENYONCOV KATO1EG TPMOTEG EKTIUNOCELS Y10 T OLYWPICTIKY IKOVOTNTO TOV
VAoV og piypata CO2/N2 kar CO2/CHa pe vrodoyioud tov avtictolymv ekiektikotitov. To Cu-
Pd-nbo, mopovcioce a&loonueioto SOUIKG YOPOKTNPIOTIKG KOl EVIVIMGLOKY TPOGPOPNTIKY
KavoTnTo, €101KA ¢ Tpog 10 CO2, yia 10 omoio kataypdenke Ty 8.5 mmol/g otovg 273 K ko 1
bar. Avto 10 OTOTELEGHO TO KOTOTACGEL TO GUYKEKPIUEVO VAIKO UeTaéd TV amodoTiKOTEP®OV
oAOKANPNG TG owovévelng towv MOF, enl g ovoiog emPefordvovtog v €mA0yY TG
OLYKEKPIULEVNC GLVOETIKNG TPocEyyionc. ['ia to Adyo awtd, emedéyn yio TepaTéEP® dlEPEHNON. 1€
avt6 10 TAaicto, dtevepynnkav 1660epueg mpocspdenong CH4 oe vymiég méoeig mg 100 bar kot
drapopeTikég Beppokpaocieg (273, 288 kar 298 K), pe okond v amotiunon g Kavottog Tov
v oofnkevon CHa. H avdAivon tov arotedecpdtov £de1ée mwg mapdro mov to Cu-Pd-nbo dev
TPOCPOPNGE ONUOVTIKY) TOGOTNTA OVl Hovada HALaG, TOPOVGIOGE EVIVTIMGLOKN TIUN OTNV
ouvolkn Tpocpopnuévn mocdtta CH4 avéd povada 6ykov, tpooceyyilovtag to 80% Tov 6TOYOL
ov éxel Béoel to Ymovpysio Evépyswag tov HITA (US DOE), Adyw g avénuévng Tng
KPUOTOAAOYPAPIKT|G TUKVOTNTAG TOV OElYUATOS, AmdppOola TG TPOGONKNG TOv TaALadiov GTOV
0pYOVIKO GLVOETT).

270 TEAEVTOHO HEPOG TNG SLOTPIPNC 1 Sl ®PLOTIKY IKavdTNTa piypotog agpiov tov Cu-Pd-
nbo diepevvinke oe cLVONKES TOL TPOGOUOLALOVY OVTEG oG TPAYUATIKNG Otepyaciog. TTo
OUYKEKPIUEVO, KOTOOKEVAGTNKE TEPAUATIK] GULOKELT,  OINV ONOi0. TPOYUATOTOm 0KV
newpapata in Situ Swyopiopod prypdtov (CO2 / CHa, CO2 / N2) oe d10p0peTiKéG GLOTACELS,
(10:90, 50:50), méoeic and 1 émg 5 bar ko Oeppokpacio dopatiov. O petpnoelc avtég £de1&av
OTL e TNV XPNOT) TOV GLYKEKPYEVOL DAIKOD eMETELYOM EMITLYNG, TANPNS S WPIoUOG GE OAES TIG
TEPMTOGES. ATMO TIG KAUTOAES Obppnéng mov mpoékvyav LToAoyioTKaY HECOL YPOVOL
TOPOUOVIG TOV 0EPIOV KOl TPOYUOTIKEG EKAEKTIKOTNTEG EVM TO TEPANATIKE dedopéva Oa
YPNOUOTOMNOOVY HEALOVTIKA Y10 TV KATOoKELT €vOG BewpntikoD povtélov mov Ba meptypapet
TANPOG TN dlepyacio doympiopold HEcH EKAEKTIKNG Tpoopopnong tov CO2 évavtt Tov dAlmV

CLOTUTIKOV.

A€ Khewdrd: dvoikn tpospodgnon, Metarro-Opyovikd-ITAeypoto, Navomopmon LAIKA,
Aéopevon CO2, Amobrkevon CHs
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ABSTRACT

Gas storage and separation processes are closely linked to various aspects of
industrial and social activity and evolution, such as environmental protection, industrial
processes and manufacturing as well as energy production/consumption. Climate change
that has been unequivocally observed is considered to occur mainly due to the continuously
increasing emission of harmful gas by-products of fossil fuels combustion into the
atmosphere.

CO: represents almost 75 % of the of the so called green-house gases. Thus,
controlling and subsequently reducing its atmospheric concentration level, constitutes a
vital environmental priority globally. Therefore, selective capture of CO2 from its emission
points before it is released into the atmosphere, and its safe storage represent the most
pressing and immediate course of action. The most common CO; capture technology is the
use of amine solutions. CO; reacts with the amino group creating a chemical bond in a
process showing 98% yield, nevertheless the process has a major drawback related to the
high energy cost of regeneration.

Moreover, due to the finite, constantly decreasing reserves of fossil fuels, strong
emphasis has been given to the use of alternative energy sources that can be as efficient as
conventional fuels and at the same time more environmentally friendly. Hydrogen is
considered to be the ideal fuel of the future as it is abundant on the planet and its
combustion has zero carbon footprint. However, existing technologies are still far from
widespread use, due to the significant technical difficulties related to its whole supply-use
chain. Natural gas, consisting mainly of methane (CO. can be as high as 30%), is
considered as an intermediate solution, since it carries sufficient energy density per unit
mass and has the highest hydrogen-to-carbon ratio of all hydrocarbons, addressing some
major environmental concerns. Nonetheless, similarly to hydrogen, there are still serious
technological obstacles, the most important of which is its safe storage and efficient
upgrade/purification.

During the last decades, the use of solid adsorbents, which can retain significant
amounts of gases on their surface through physical adsorption, has attracted great interest.

Physical adsorption occurs due to weak van der Waals-type electrostatic forces between
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the surface of the solid and the gas, which leads to a fast, reversible phenomenon that is
usually not connected with a significant energy penalty for regeneration and reuse of the
adsorbent. Therefore, the main objective for an efficient adsorption-based process is to
maximize the gas-solid interaction. Materials possessing extensive nanoporous networks
exhibit high specific surface areas (and thus extended gas-solid interfaces) and total pore
volume values. Furthermore, it has been shown that in nanosized pores, i.e., comparable to
the molecular diameter of the adsorbate gases, increased interactions are observed due to
the overlap of potential energies of the neighboring atoms.

Various materials have been extensively investigated as solid adsorbents for gas
storage and separation processes, such as zeolites, activated carbons, etc. Metal-organic
frameworks (MOFs), a particular group of crystalline nanoporous materials have attracted
significant interest due to their remarkable properties and intrinsic structural features. They
are usually produced through one-step reactions, from the assembly of organic ligands with
metal ions or metal clusters, resulting to the creation of three-dimensional crystalline
nanoporous networks presenting very high values of specific surface area and total pore
volume. However, their most intriguing feature is the possibility to control their structure
and properties through "reticular chemistry” syntheses, which allows to pre-design sizes,
shapes and functional groups of their pore surface, thus incorporating characteristics
tailored to the specific requirements of each process.

This thesis focused on the study of two existing, however relatively new bi-metallic
MOF structures for CH4 storage and COz separations that have been prepared via an
innovative synthetic concept, i.e. by using a palladated organic linker. By following this
strategy, it was attempted to increase the electron density of the MOF crystal lattice in order
to enhance the gas-surface interactions. In this context, two novel microporous structures
have been successfully obtained: (a) Cu-Pd-nbo, utilizing the dinuclear Cu-paddlewheel
cluster linked with the palladated linker, and (b) In-Pd-soc produced by the association of
the In(111)-based trimeric oxo-centered cluster with the same ligand, constituting the first
indium-based MOF with soc topology.

In the first part of the thesis, the possibility of activating the new materials was
investigated. Cu-Pd-nbo was easily activated by means of mild heating under high vacuum.

However, this was not the case for In-Pd-soc and a special activation methodology had to
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be developed. For this reason, a supercritical carbon dioxide flow experimental device was
designed and built, with the aim of removing the trapped (during synthesis) solvent
molecules and other impurities from the material’s porous network, while leaving the
framework intact. In addition, the chemical and thermal stability as well as the morphology
of the materials were investigated by means of a combination of experimental techniques
(XRD, IR, TGA, SEM). Moreover, the structural features of the materials’ porous network
were fully characterized by measuring nitrogen/argon adsorption isotherms at 77 and 87 K
respectively.

In a next step, the adsorption properties of the materials were systematically
evaluated. Using specialized volumetric and gravimetric experimental methods, CO2, N2
and CHys adsorption isotherms were measured in a wide range of temperatures (100 — 300
K) and pressures (0 — 20 bar). From the analysis of the experimental results, critical
thermodynamic and Kinetic parameters such as, total capacities, isosteric heat of
adsorption, diffusion time constants, etc., were determined. By fitting the adsorption
isotherms with appropriate theoretical equations, it was possible to deduce some first
estimates for the separation ability of the materials with respect to CO2/N2 and CO2/CHas
containing mixtures, by calculating the respective selectivities. Cu-Pd-nbo exhibited
superior structural features and sorption capacities for all gases. More specifically, its
excess COz adsorption uptake was calculated to be 8.5 mmol/g at 273 K and 1 bar, a value
which ranks it among the top performing CO2 adsorbents within the whole family of MOFs,
essentially verifying the novel synthetic approach. For this reason, Cu-Pd-nbo was selected
to be further investigated for its CHs4 storage capacity. More specifically, high pressure CHs
adsorption isotherms were performed up to 100 bar at 273, 288 and 298 K. Although Cu-
Pd-nbo exhibited rather modest gravimetric storage capacities, it showed remarkable total
volumetric uptake, approaching 80% of the DOE target. This is attributed to the relatively
high crystallographic density of the material, as a result of the Pd presence in the organic
linker. The latter constitutes an interesting choice for increasing the volumetric capacity,
which is an important metric for CH4 storage.

In the last part of the thesis the gas mixture separation properties of Cu-Pd-nbo
were investigated under conditions simulating those of a real process. More specifically,

an experimental rig was constructed for performing dynamic column breakthrough
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experiments on the aforementioned mixtures (CO2/CHas, CO2/N>) at different ratios, (10:90,
50:50), and pressures from 1 to 5 bar at room temperature. Complete separation was
successfully achieved in every case. Mean retention times, and actual selectivities were
calculated from the resulting breakthrough curves while the derived experimental data will
be used to build a theoretical model that will fully describe the separation process through

selective adsorption of CO2 over the other components.

Keywords: Physical adsorption, Metal-Organic-Frameworks, Nanoporous materials,
CO, capture, CHg storage
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1. Introduction

Gas storage and separation applications constitute physicochemical processes that are
closely linked to various aspects of social evolution, such as protection of the environment, energy
use and industrial production. Indicatively, carbon capture is considered to be crucial for tackling
global warming, purification and storage of hydrogen and methane are necessary for the
widespread implementation of “clean™ energy technologies while the sequestration of toxic gases

such as carbon monoxide and ammonia, are important for managing environmental pollution.*

Climate change on the planet is believed to occur largely due to the emission of harmful,
gas byproducts of fossil fuel combustion, the most prominent of which is considered to be CO2.2
Therefore, development of technological systems that will selectively capture CO. from its
emission points and its subsequent sequestration has become a research subject of crucial
importance.® Meanwhile, due to the depletion of liquid fossil fuel deposits, alternative energy
sources are being explored, which need to be as efficient as current fuels, but environmentally
friendlier at the same time.*®> Among the various clean energy sources investigated, the use of
natural gas is preferred as an immediate solution®, while H, seems to be the ideal fuel of the future’.
However, there are still significant technological obstacles that need to be overcome until their
extensive application, the basic demands being safe storage systems with satisfactory performance

characteristics (capacity, kinetics).®

Therefore, global scientific research interest has shifted in quest to discover new
technologies for the capture/storage of these gases as well as their successful separation from
impurities. One method that has emerged over the last decades as relatively efficient for the storage
of H> and CH4 as well as CO> capture from mixtures, is adsorption, i.e. storage and/or separation
is based on the ability of solid materials to (selectively) retain substantial amounts of various gasses

on their surface.>1°

Nanoporous materials are being studied for their use on a broad range of sorption
applications due to their fascinating structural characteristics. Activated carbons, zeolites and more
recently metal-organic frameworks (MOFs), exhibit high surface areas and pore volumes per unit

mass, resulting from their porous networks. In such materials, due to the extended gas-solid



interface but also the pore confinement, the physical adsorption phenomena are intensified leading

to increased densities of adsorbed species inside their porous structures.

The aim of this dissertation is the in-depth understanding of the physical adsorption

phenomenon on two newly synthesized nanoporous materials through systematic study of their

pore properties and moreover the exploitation of their optimal interaction characteristics, for

efficient CH4 storage and successful CO» separation from its mixtures with CH4 or N2. More

specifically, during this thesis, the following milestones were reached:

Extensive structural characterization of two novel heterobimetallic MOFs using a variety
of analytical techniques. In particular, by measuring nitrogen and argon adsorption
isotherms at 77 or 87K, respectively, useful information was extracted about the porous
networks of the materials, such as specific surface area, pore size distribution and total pore
volume, among others. In combination with thermogravimetric analysis (TGA), which
evaluates the thermal stability of the material and X-ray diffraction (powder, PXRD and
single crystal, SCXRD) which provides information about their crystal structure, the overall
picture of the adsorbents’ structure was evaluated.

Design and development of a device for the materials’ "activation” using supercritical
carbon dioxide (sc-COz). In order to accurately characterize and evaluate the storage /
separation properties of the respective material, removal of the solvent molecules which
remain attached in the pore structure after synthesis is required. For this purpose, a device
was developed in which samples, sensitive to traditional activation methods (e.g. heating
and/or evacuation), are treated initially with liquid and subsequently with super-critical
COs2 in order to gently "activate™ them, without damaging their crystal framework.
Systematic study and evaluation of the storage capacity of the materials at low and high
pressures. Using volumetric and gravimetric methods, N2, CHs and CO; adsorption
isotherms were recorded over a wide range of pressures and temperatures. Important
thermodynamic properties (isosteric heats of adsorption, diffusion time constants etc) were
extracted providing useful information on the gas-surface interaction.

Development of a novel experimental protocol for performing low-temperature CO-

thermal desorption spectroscopy (TDS) by modifying a commercial volumetric instrument.



This new technique provides insight on the energetic landscape of the COz-adsorbent’s
interaction.

Design and construction of an experimental device for performing gas mixture adsorption
measurements mimicking the actual conditions of a gas separation application.
Breakthrough curves were obtained for various predetermined ratios of CO2/N. and
CO./CH4 mixtures providing valuable information such as in situ selectivity, competitive

adsorption capacity etc.



2. Theoretical Part

2.1 Adsorption

Historically, the term adsorption emerges in the literature in 1881, when Kayser!! described
gas condensation on free surfaces, in an attempt to distinguish it from gaseous absorption, where
gas molecules penetrate the crystal lattice of the absorbing material. Earlier in 1777, Fontana and
Scheele, on separate occasions, had observed the phenomenon during their famous charcoal
experiments in which they illustrated that a porous solid can adsorb on its surface substantial
volumes of subcritical gases. Later, in experiments conducted by de Saussure in 1814 and
Mitscherlich in 1843, it was realized that the amount of adsorbed gas varies depending on the
nature of both the solid and the gas. The terms of surface area and porosity (or pore volume) were

then recognized as crucial parameters for understanding the adsorption phenomena.*?

Important milestones for the construction of adsorption theory were the works of
Zsigmondy*® in 1911, who observed vapor condensation in micropores at pressure lower than
vapor pressure (P, a phenomenon known as capillary condensation, of Polanyi*? in 1914 who
introduced the concept of the formation of an adsorbed layer on the gas-solid interface whose
density decreases with increasing distance from the surface and Langmuir** in 1916, who unified
the existing data by proposing the concept of the adsorbed monolayer suggesting the Langmuir
equation. In 1938 the Brunauer-Emmett-Teller’> (BET) theory was published introducing the
adsorbed multilayer formation. Although BET theory uses some simplistic assumptions, it is still
being used as the most prominent way for comparing calculated specific surface areas between
different adsorbents. Finally, over 1950-1970, extensive studies from Dubinin and others
illustrated that adsorption mechanism in pores with size of a few molecular diameters differs
significantly than the one observed in larger mesopores or free surfaces, proposing the notion of

micropore filling.1?

Gas adsorption measurements have been widely recognized as a valuable technique for the
characterization of the surface and textural properties of porous solids and powders. In general,
adsorption is internationally defined as “the enrichment (positive adsorption or simply adsorption)
or depletion (negative adsorption or desorption) of one or more components in the gas/solid

interfacial layer”.'® Another important distinction that needs to be established is between physical
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adsorption (physisorption) and chemical adsorption (chemisorption). Physical adsorption is a fast,
reversible phenomenon which is accompanied by moderate release of heat. It occurs when an
adsorbable gas, the adsorptive, interacts with the surface of a solid, the adsorbent Gas molecules
are “adsorbed” on the surface of the adsorbent through a combination of weak attractive dispersion
forces, short range repulsive and occasionally electrostatic forces (depending on the adsorptive’s
and adsorbent’s nature).!” On the other hand, chemisorption is characterized by large interaction
potentials between the gas molecule and the surface resulting to an irreversible, activated,
kinetically slow phenomenon which releases substantial amount of heat, approaching the value of
chemical bonds.*® The present dissertation will focus on physical adsorption. For reasons of clarity,

physical adsorption will be mentioned simply as adsorption from now on.

2.1.1 Adsorption isotherm

Considering an isolated space in which a solid material is exposed to a gas of specific
pressure, the material will begin adsorbing gas molecules on its surface resulting to an increase on
the solid’s weight and a decrease on the gas’ pressure. When the phenomenon reaches equilibrium,
both the gas pressure and material’s weight will become constant. The quantity of adsorbed gas
can be determined from the pressure drop or the weight increase, constituting the volumetric and

gravimetric method of adsorption determination, respectively*®.

The amount of adsorbed gas n, is proportional to the mass of the adsorbent and depends on
the pressure of the gas P, the temperature of the system T as well as the nature of both the adsorbate

and the adsorbent and is expressed as follows:
n = f(P,T,gas,solid) (2.1)

For a particular adsorbate-adsorbent system under constant temperature T, equation 2.1 is

modified to

n = f(P)rgas,solid (2.2)

If the adsorbate is subcritical at the system’s constant temperature T and its saturation vapor

pressure is P?, the equation takes the form



n= f(P/PO)T,gas,solid (2-3)

Equations 2.2 and 2.3 are essentially definition of the adsorption isotherm and express the
relationship between the adsorbed amount of gas and the pressure at which equilibrium has been

achieved under isothermal conditions.

The adsorption properties of porous materials depend on the particular characteristics of
their porous network, i.e., the shape, quantity and size of the solid adsorbent’s pores, which reflect
on their respective adsorption isotherm shape. In 1985, IUPAC published a manual on “Reporting
Physisorption Data for Gas/Solid Systems™!’, in which adsorption isotherms of subcritical gases
were classified in six major types. However, over the years, advances in gas adsorption analysis
have led to a revised manuscript, published in 2015, in which an updated adsorption isotherm

categorization is proposed and illustrated below.
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Figure 2.1: Classification of adsorption isotherms (subcritical gases).°

The categorization of adsorption isotherms illustrated in figure 2.1 is briefly discussed
below.

e Type | isotherms are given by exclusively microporous adsorbents (pore widths < 2 nm).
Due to increased interaction potentials within the walls of very narrow pores, the reversible
isotherm reaches a plateau at low pressure, indicative of micropore filling. At higher
pressures, the adsorbed amount is not further increased, since all the micropores are already
filled. For nitrogen/argon adsorption at 77/87K, type I(a) isotherms are given by materials

having pores of width < 1nm while type I(b) isotherms are given by materials exhibiting a
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wider pore size distribution with larger micropores and even narrow mesopores of width <
2.5 nm, where the uptake step is not that steep.

Type Il reversible isotherms are given by adsorption of most gases on non-porous or
macroporous adsorbents. The adsorbed gas covers the whole surface forming a monolayer
and as the pressure rises multilayers are developed. Point B reflects the completion of the
monolayer coverage.

Type Il isotherms are given by non-porous materials with relatively weak gas-surface
interactions. As a result, there is no point B since gas molecules are adsorbed to distinct
favorable adsorption sites rather than forming a monolayer.

Type IV adsorption isotherms typically correspond to adsorbents possessing mesopores
(pore widths 2 < w < 50 nm). The main characteristic is the adsorption sharp step which is
attributed to capillary condensation. The gas molecules initially form a film on the
mesopore walls. At a particular pressure less than PP, associated with the pore diameter,
the gas condenses inside the pore to a liquid like phase, due to interactions between the
adsorbed molecules. In type 1V(a), the phenomenon is accompanied by hysteresis, i.e.,
adsorption and desorption do not coincide. It has been observed that for nitrogen/argon at
77/87K hysteresis does not occur for pores smaller than 4 nm?, which is the case for the
completely reversible isotherm of type IV(b).

Type V isotherm, which is comparable to type Il at low relative pressures, is given by
micro and meso-porous adsorbents exhibiting weak adsorbate-adsorbent interactions.
However, at higher pressures, capillary condensation occurs.

Type VI isotherm is given by non-porous adsorbents exhibiting remarkably uniform
surfaces. As a result, the well-defined adsorption steps correspond to the formation of

individual adsorbed layers.

2.1.2. Adsorption forces

Physisorption phenomena are governed by van der Waals forces between the adsorptive

and the adsorbent. Although the nature of these forces is well known for decades and has been

theoretically studied extensively based on idealized models, it is still not possible to develop

accurate calculations from inherent parameters of the gas and the solid. However, useful
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understanding on the nature of the adsorption process can be gained by assessing different

independent parameters, such as gas polarizability or solid polarity?2.

Attractive dispersion forces and short-range repulsive forces are always present when
physical adsorption occurs. Occasionally, coulombic forces are included, depending on the charges

(or partial charges) of either the solid or the gas molecules?,

Attractive dispersion forces occur due to transient fluctuations of electron density within
each atom which leads to temporary charge separation, resulting to attraction between two
neighboring atoms. London described the nature of these forces using quantum-mechanical theory

and later studies developed the following simplified expression:
ep(r)==Cr=® (2.4)

where ¢p(r) is the potential energy between two distinct atoms separated by distance r, C is a
dispersion constant related to spontaneous dipole-dipole interactions and the minus sign indicates

the attraction between the two atoms, provided that they are not too distant from each other.

Short-range repulsive forces occur when two atoms approach each other to a degree where
their electron clouds overlap. Their repulsive potential energy er(r), which is also derived by means
of quantum-mechanical considerations, is described by the following approximated expression:

eg(r)=Br ™ (2.5)

where B is an empirical constant while a value of 12 is usually assigned to m.2* The sum of
equations 2.4 and 2.5 (Figure 2.2) corresponds to the total potential energy, &(r) between the two

atoms and is defined as the (6-12) Lennard-Jones potential?®:

e(r)=-Cr=®+Br 12 (2.6)
If a Lennard-Jones particle (e.g., a gas molecule) positioned at distance z from an
atomically described (e.g., flat) solid surface is considered, the total potential energy ¢(z)
experienced by the particle would be the sum of all individual interactions of particle i, with each

atom j of the solid (rij, is the i-j distance). Equation 2.6 then takes the form:

@(z) = —Cy Xjr;° + By X2 (27)



The curve derived from equation 2.7 for the total potential energy ¢(z) of a gas molecule
as a function of its distance from the surface of the solid is of identical shape to the Lennard-Jones

potential which is illustrated in figure 2.2.
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Figure 2.2: Schematic representation of the potential energy &(r) of a gas molecule as a function of its
distance from another molecule.

Essentially, analyzing figure 2.2, as a free gas molecule approaches the surface of the solid,
it begins to “feel” the interaction with the molecules of the adsorbent’s surface and the attraction
forces are enhanced, until a critical distance where the potential energy reaches a minimum.
Further decrease of the distance between them is less preferred since it would give rise to the short-

range repulsive forces, leading to a sharp rise on the potential energy.

Furthermore, if the adsorbent is polar (bearing polar groups or n-electrons or ions), it will
create an electric field which will subsequently induce a dipole in the adsorbate molecules resulting
in an additional interaction gp. Moreover, in case the gas molecule maintains a permanent dipole,
another interaction ¢r, contributes to the total potential energy. Finally, gas molecules like CO>
and N2 possess quadrupole moments resulting to even more enhanced interaction grg with the

adsorbent’s electrical field.
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Consequently, taking into account all the parameters acknowledged above, the overall
interaction energy ¢(z) between a gas molecule and the solid surface at distance z, can be expressed

as follows!®:

©(z) =¢p+@rt @p+ Pru t Pro (2.8)

where ¢p and ¢@r correspond to the attractive dispersion and short-range repulsion forces,
respectively and, as already mentioned above, are always present when physical adsorption occurs.
On the other hand, ¢p, ¢r. and grq occur occasionally, depending on the nature of the gas and the

solid.’?

Besides the nature of the forces that transpire when a gas molecule interacts with a solid
surface and actually determine the thermodynamic gas-solid equilibria, the Kinetics of the
adsorption process is another factor of crucial importance. For this reason, diffusion phenomena
need to be considered in order to accurately describe the gas-solid dynamic behaviour and identify
the optimal system characteristics.

11



2.2 Diffusion

The inherent property of matter to migrate in such a way as to eliminate local variations in
composition, in order to bring the system into equilibrium, is called diffusion. This behavior of
matter is observed at any temperature above absolute zero and is an expression of the tendency
towards greater entropy or maximum randomness.?® Diffusion phenomena may occur through two

different ways:

(a) as mass transfer (or transport diffusion), a result of a concentration gradient existence under
isobaric and isothermal conditions and expressed by Fick’s first law of diffusion, which
essentially provides the definition of diffusivity, D:

J=-Dgradc (2.9)
where J is the diffusive flux and c is the concentration of the diffused species. The minus
sign indicates that the flow moves in the opposite direction from that of the concentration
increase.

(b) as self-diffusion, a consequence of the random Brownian motion of the molecules (or
atoms) that constitute the system, under thermodynamic equilibrium conditions. The
connection between Brownian motion and diffusion was first introduced by Einstein
through equation 2.10, also known as Einstein’s relation:

<71%(t) >=6Dygt  (2.10)
where <r(t)> is the mean square displacement of the diffusants present in the system, as a

function of time t and Dy is the diffusivity coefficient attributed to self-diffusion?’.

2.2.1 Diffusivity coefficients

This dissertation focuses on mass transfer in microporous media due to the existence of a
concentration gradient. Therefore, the term diffusivity will be exclusively used as described in
equation 2.9. However, considering the phenomenon of diffusion as a macroscopic manifestation
of the tendency towards equilibrium, it becomes apparent that the real driving force is the degree

of chemical potential (x), a fact originally recognized by Einstein. If the diffusion mass transfer
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phenomenon is treated as a flow due to the chemical potential gradient, the following equation is

obtained:
— g o
u=-L, ™ (2.11)

where u is the flow velocity of the diffusant and L., is a proportion coefficient. The flux J, is given

by u*c. The chemical potential is related with the (partial) pressure by the following expression:
pw=u’+RTIn(p) (2.12)

In the center of a micropore where the potential energy reaches a minimum due to overlap
of the pore wall interactions (see chapter 2.3.1), there is no clear distinction between adsorbed
molecules on the surface and bulk gas. It is therefore convenient to consider the intracrystalline
concentration (q). The flux then can be written as follows:

dIn(p) dq

J=uxq=—-RTLo" 55

(2.13)
Considering an ideal vapor phase (or low pressures) and comparing equation 2.13 with
equation 2.9, the following expression is obtained:

_ dln (p)
D =D, aln (q)

(2.14)

where Do =RTL, is the “corrected diffusivity” and dIn(p)/din(q) is the “thermodynamic correction
factor”.?8 It is evident that the concentration dependence of the diffusion coefficient (D) is related
to the term Do and/or the thermodynamic correction factor (dinp/ding). However, for adsorption
systems, taking into account that in the saturation region the isotherm becomes almost horizontal
resulting in din(p)/din(q) — oo, or that in low pressures (Henry region) din(p)/din(q) — 1, one
realizes that the dependence of the thermodynamic correction factor on concentration is much
higher than that of the term Do. In fact, in many cases it has been observed experimentally that the
corrected diffusivity is practically independent of the concentration. Therefore, in order to gain
meaningful insight on transport phenomena during gas adsorption at the molecular level, it is

accustomed to use the “corrected” diffusivity instead of the Fickian.?°
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2.2.2 Diffusion mechanisms

Diffusion in nanoporous adsorbents is governed by different mechanisms related to the
respective regions of porosity. According to IUPAC classification, pore diameters less than 2 nm
are classified as micropores, between 2 and 50 nm as mesopores and more than 50 nm as
macropores. This classification is derived based on the different type of interactions that control
the adsorption behavior of small molecules in the aforementioned pore size ranges.?® Diffusion in
micropores is an activated process dictated by interactions with the pore walls as well as steric
effects. On the other hand, in the macropore range, mass transfer is dominated by collisions
between the adsorbate molecules. Molecular diffusion and viscous flow occur, which mainly
depend on the bulk pressure. In the mesopore region, capillary forces become important and

consolidation between Knudsen and surface diffusion contribute to the mass transport.?’

Although this dissertation focuses on two novel materials which are purely microporous,
implementation of a simple micropore diffusion resistance model does not always describe the
system adequately. This is for instance the case when the synthetic procedure yields crystals with
small particle size. The assemblage of primary particles can then appear as a macroporous structure
due to the void between the crystals, affecting the diffusion rate significantly and requiring a
complicated model to account for both the micropore and macropore resistances. Therefore, it is
important to distinguish between the different mechanisms in order to identify which regime(s)
may control the transport phenomena in an adsorption process. The main diffusion mechanisms

are briefly discussed below.

2.2.2.1. Molecular diffusion

Macropores and large mesopores do not contribute significantly to the material’s specific
surface area. However, they are frequently incorporated in microporous adsorbents since they play
an important role in enhancing the mass transfer characteristics. Therefore, it is of great importance
to understand the diffusion process in this pore region. When the pore diameter is larger than the
mean free path of the diffusing gas molecules, collisions between the diffusing molecules will be

much more frequent than collisions with the pore walls. In this case the size of the pores does not
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play a role and the regime is called molecular diffusion. The molecular diffusion coefficient (Dm)

can be determined by the kinetic theory of gases®:

1,
D,, = 8%""% (:;1) (2.15)
where ¢ is the molecular collision diameter, ks the Boltzmann constant, T temperature, P pressure
and mg the adsorbate’s molecular mass. However, in real solids the pore structure consists of a
random network of interconnecting pores with various pore sizes, orientations and geometries.
This results in substantial diversity in the adsorbate’s diffusion path. In order to account for this
deviation from ideality the effective molecular diffusivity (Dm)macro in the macropores which is

related to the molecular diffusivity coefficient according to the following equation is defined:

Dm
(Dm)macro = —

(2.16)

where 1 is the tortuosity factor which is assumed to account for all the structural variations of the

adsorbent and a value of 3 is used in several occasions as a rough estimation.

2.2.2.2. Knudsen diffusion

As the pore size or the pressure decreases, the mean free path of the diffusant molecules
can become comparable to or larger than the pore diameter. It then happens that the collisions of
the molecules with the walls are more frequent than the intermolecular collisions. Each time a gas
molecule collides with the pore walls, energy is exchanged with the surface atoms resulting in a
totally random reflection of the diffusant. The above diffusion mechanism is known as the
Knudsen mechanism. In the Knudsen region the rate of momentum transfer from one gas molecule
to another is negligible, compared to the rate of momentum transfer from the diffusing molecules
to the pore walls. Therefore, Knudsen diffusivity is independent of the pressure and is only affected
by the pore size and the mean molecular velocity. Similarly to molecular diffusion, taking into
account the kinetic theory of gases in order to calculate the velocity distribution of gas molecules,

the following expression is obtained for the Knudsen diffusion coefficient (Dk)3:
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DK==9700nl/é; (2.17)
)

where r, is the pore diameter, T the temperature and mg the molecular mass of the diffusant.

2.2.2.3. Transition region

In the transition region, the mean free path of the diffusant becomes comparable with the
pore diameter, constituting the momentum transfer between colliding gas molecules equally
significant to collisions of the diffusant with the pore walls. In this case, diffusion occurs as a
combination of molecular diffusion and Knudsen mechanism. Therefore, the combined effective
diffusivity (Dp) for the specific pore is expressed as follows?':

—=$+i (2.18)

Since D is proportional to the pore diameter and D inversely proportional to the pressure,
the expression above essentially describes the transition from Knudsen mechanism in small pore
sizes and low pressure, to molecular diffusion in larger pore sizes (meso and macropores) and

higher pressure.

2.2.2.4. Surface diffusion

The mass transfer mechanisms discussed above, describe the diffusion of gas molecules in
the pore structure of a solid material through the free gas phase. If the diffusive molecules exhibit
high affinity for the material’s surface, a film of physically adsorbed molecules occurs and an
additional flux of the adsorbed phase, the “surface diffusion”, has to be considered. Although the
mobility of the diffusing adsorbate molecules is significantly lower than in the vapor phase in the
center of the pore, the density of the adsorbed layer can be relatively high in thermodynamically
favored adsorption systems and needs to be taken into account as an additive phenomenon. In this

case the overall diffusivity for the specific pore (Do) is given by the following equation?’:
D,, =D, +K'D;  (2.19)
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where Dy is the diffusivity coefficient as described in equation 2.18, K’ is a dimensionless
adsorption equilibrium constant which expresses the ratio of the adsorbed molecules to the free
gas molecules in vapor phase and Ds is the surface diffusion coefficient. However, considering a
pore as part of an entire solid structure, it is accustomed to express the overall diffusivity
coefficient as a function the particle’s porosity (&p), which is the ratio of the structure’s total pore

volume to its bulk volume (solid+pores).?°

&
Doy = Dy + K( - ”) Ds  (2.20)
14

where K is the dimensionless Henry constant. The contribution of surface diffusion in the overall
process depends on the term K-Ds/Dp. Surface diffusion is an activated process described as a
series of “jumps” between specific adsorption sites exhibiting low potential energies. However,
the diffusional activation energy is significantly lower than the heat of adsorption so that the term
K-Ds increases as the temperature is decreased. Therefore, the relative importance of surface
diffusion becomes negligible at temperatures that are high with respect to the adsorbate’s boiling
point.

2.2.2.5. Micropore diffusion

Diffusion in micropores is dictated by the interaction between the adsorbate molecules and the
material’s surface since the gas molecules never escape the dynamic force field induced by the
pore walls. Consequently, there is no clear distinction between adsorbed and free gas phase inside
the micropores. Thus, it is considered that in a microporous material the diffusive flux under
investigation is essentially the total intracrystalline adsorbed quantity denoted by . Steric
hindrance becomes particularly important while a dramatic diffusivity decrease is observed as the
gas’ molecular diameter is increased. Micropore diffusivity D¢ can be experimentally determined
by fitting the appropriate diffusion models on the adsorption kinetics as expressed by the material’s
uptake change in response to a pressure step change. Models developed to describe microporous
diffusion usually result in relations similar to the form of equation 2.14, with the corrected
diffusion coefficient Do (q) obeying an Arrhenius-type relation. Many characteristics of diffusion

in microporous materials are similar to those of surface diffusion, both being activated processes.
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Likewise, micropore diffusivity may depend on the adsorbed phase concentration in the non-linear
region of the adsorption isotherm. For this reason, is accustomed to measure the so called limiting
micropore (as well as the surface) diffusivity, i.e. the diffusivity in the Henry region of the

isotherm.?®
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2.3 Nanoporous materials

The use of solid adsorbents is considered comparatively advantageous over other methods
for efficient gas storage and/or separation. It is a relatively safe, cost-effective method, in which
increased densities of molecules in the adsorbed phase are achieved in a reversible way. In this
respect, the aim is to maximize the gas-solid interfacial area in order to intensify the extent of
physical adsorption. Specific surface area values vary considerably among different adsorbents

and are affected by the porosity, ¢, but also the number, size and shape of the pores.®?

Generally, porous materials are structures with voids within their matter, exhibiting thus
extended gas-solid interfaces. The pores usually originate from the crystal structure (e.g., zeolites
and MOFs) but also from the gaps that are created, either between the (primary) particles or
between agglomerates of these particles, while some pores emerge due to defects in the crystal
lattice of the solid. There are also pores, which are created when atoms are removed from the

crystal lattice, during chemical reactions.®®

According to the 1985 IUPAC recommendations!’, nanoporous materials are considered
solid adsorbents that possess pores with widths in the nanometer scale (10® m), the upper limit
being 100 nm. In the context of physical adsorption, nanopores are classified as follows (the

classification is historically based on nitrogen adsorption/desorption isotherms analysis at 77 K):

e Macropores: pores with width >50 nm

e Mesopores: pores with width between 2 nm and 50 nm

e Micropores: pores with width <2 nm. Micropores can be further divided to ultramicropores
(width <0.7 nm) and supermicropores (width between 0.7-2.0 nm).

As mentioned above, porous materials exhibiting high specific surface areas such as zeolites,
activated carbons and more recently metal-organic frameworks (MOFs) are mainly used as solid
adsorbents. These materials have the advantage of relatively low production cost and enhanced
chemical stability. Furthermore, they show extremely fast kinetics when adsorbing gases on their
surface, while the usually weak gas-solid interactions allow completely reversible processes that

require minimal energy cost for their regeneration and reuse.
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2.3.1 Physical adsorption on microporous adsorbents

The interaction between a specific gas molecule and the surface of a particular solid
material is described by equation 2.8 and depends on the nature of both the adsorbent and the
adsorbate. As already mentioned above, the attractive forces are maximized at a certain gas-solid
distance, in which adsorption is thermodynamically most favored. In microporous materials, which
have pores with width less than or equal to 2 nm, the potential fields of opposing walls (or
neighboring atoms of the solid) overlap and the interaction of the solid with the gas molecules
increases further within the pore®*, as can be seen in figure 2.3 below.

(a) (b)

r Pore width, w

w/d>3 w/d=2

rore wian
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Figure 2.3: Interaction potential in a slit-shaped pore as a function of the ratio of the pore width w, to the

gas molecular diameter, d.

The interaction enhancement is expressed by the dimensionless form ¢/¢*, which is the
ratio of the adsorbate’s potential energy ¢ between two opposing pore walls (the distance between

them being w), to the potential energy of the adsorbate interacting with a free surface of the same
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solid material, ¢*. For wide pores with respect to the adsorptive’s molecular diameter (fig 2.3, a),
the interaction exhibits two minima in the potential energy. Essentially this means that the gas
molecule behaves like it is interacting with two separate free surfaces, the two minima
corresponding to the minimum of figure 2.2 (in this case ¢/p*=1), while in the center of the pore
the gas molecule “feels” no interaction, behaving like bulk gas. As w/ d is decreased, the
interaction potentials of the two walls begin to overlap (b), leading to a critical pore width where
the potential energy in its center reaches a single, even lower minimum. This results to increased
adsorption, to such an extent that the pores are filled at fairly low relative pressures, a phenomenon

known as micropore filling.3*

Therefore, design and development of materials that possess extended nanoporous
networks, control of the surface chemistry, in depth understanding of the diffusion mechanisms
and adsorbate — adsorbent interactions are the main research pillars for efficient gas storage and

successful gas separation applications.

2.3.2 Metal-organic-frameworks (MOFs)

Metal — Organic — Frameworks (MOFs), represent a unique class of porous crystalline
materials which have received extensive scientific interest owing to their outstanding intrinsic
properties. MOFs are synthesized (usually solvothermally, in one step reaction) by the
coordination of metal ions or clusters (termed as secondary building units, SBUs) with polytopic
organic linkers resulting to three dimensional open structures exhibiting permanent porosity and
exceptional structural characteristics such as high specific surface areas and total pore volumes
compared to traditional porous solid materials.®>2® It needs to be noted that in literature MOF
specific surface area values may extend beyond 6000 m?/g.%’
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Figure 2.4: Simple schematic representation of the MOFs’ molecular building blocks assembly

However, their most intriguing aspect lies within the core of what is called reticular
synthesis, which is the process of assembling judiciously designed rigid molecular building blocks
into predetermined ordered structures (networks), which are held together by strong bonding.®
This process gives the ability to predesign the geometric characteristics of the MOF building
blocks, in order to form a porous network with desired structural properties. This way, rational
construction is achieved and has permitted the discovery of a vast variety of nanoporous MOF
structures exhibiting an extensive range of different topologies, also offering the capability to tailor

different pore sizes, shapes and surface functionalities towards specific applications.34°

MOFs, being crystalline, periodic structures are classified based on their network topology,
which is essentially the way the metals (ions or clusters) are connected with the organic ligands.
The underlying topology assigned is depicted by lower case three-letter codes according to the
Reticular Chemistry Structure Resource (RCSR) Database developed by O’Keeffe and co-
workers.*! The three letter codes listed in the database are derived due to their resemblance with
known solid structures or based on the geometry of their building blocks. In this dissertation, two
newly synthesized MOFs are studied; one assigned as soc (square octahedron) and one as nbo

(niobium oxide type).
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2.4 Gas storage and separation applications address energy and environmental concerns

2.4.1 Methane as an intermediate solution

The last decades, the exploding development of the economy, has led to a steady growth
in demand for crude oil. The projected shortage of liquid fossil fuel reserves in the near future as
well as raising environmental concerns, have shifted the scientific focus towards a quest for
alternative, cost effective and cleaner fuel systems. Natural gas (NG), which essentially consists
of methane, poses as the prime candidate to replace petroleum in the automotive sector (amongst
others) due to its natural abundancy and low carbon footprint.*? Specifically, methane exhibits the
highest H to C ratio amongst all hydrocarbons, therefore the greatest energy per unit mass.
Compared to gasoline, combustion of methane has shown 86% less CO, 26% less CO», and 77%
less NOx emissions addressing a series of environmental issues related to the use of coal and

petroleum products.*

On the other hand, several technical drawbacks need to be overcome so that the widespread
use of natural gas, especially in the automotive sector, can be implemented. At ambient
temperature and pressure, methane is a supercritical gas which results to very low volumetric
energy density (0.04 MJ L) as opposed to gasoline (32.4 MJ L™).* Due to its low critical
temperature (T: 190.6 K / -82.6 °C) methane cannot be liquefied solely by compression alone
above T, rendering thus the increase of its volumetric energy density a challenging problem. Since
it cannot be stored like the traditional liquid fossil fuels, three different natural gas storage
technologies have been proposed, i.e., compressed natural gas (CNG), liquefied natural gas (LNG)
and adsorbed natural gas (ANG).*

2.4.1.1 Compressed, Liquified and Adsorbed Natural Gas (CNG, LNG and ANG)

CNG is the most typical way to store natural gas and is used in mobile as well as stationary
systems. Natural gas is compressed at ambient temperature up to 250 bar and is stored as a
supercritical fluid. Although its volumetric energy density is increased and can reach up to 9 MJ

L1, it still accounts for only 26% of that of gasoline.*® Moreover, CNG demands expensive multi-

23



stage compressors in order to fill the thick and heavy stainless-steel tanks required, while major
safety issues associated with the remarkably elevated pressures have halted its overall use,

especially when it comes to light duty passenger vehicles.*’

In order to address these disadvantages, LNG is used to store methane as boiling liquid at
112K (=161 °C) and 5 bar in cryogenic tanks resulting to further increase of its volumetric energy
to about 21 MJ L, which still constitutes 64% of gasoline.*® In this case the storage vessels
required are much cheaper and lighter since they operate at moderate pressure. On the other hand,
the use of complicated and expensive cryogenic systems in order to refuel and maintain the
extremely low temperature generates a substantial energy penalty and raises the overall process
costs significantly.*®

A promising alternative to the previously mentioned methods is the implementation of
ANG in nanoporous materials. It has been observed that due to high confinement of the methane
molecules within the material’s porous structure, storing greater densities of natural gas can be
achieved at comparatively moderate conditions with the use of relatively inexpensive gas cylinders
and single stage compressors.*® During the past three decades methane storage in porous materials
has been a subject of intense research in order to establish the relationship between the amount of
methane required for vehicle autonomy, the current technology in adsorbents development as well

as the cost of on-board equipment.

2.4.1.2 Nanoporous materials for ANG

In 2012, the Advanced Research Projects Agency-Energy (ARPA-E) of the US DOE set
the target for adsorbed natural gas to 350 cc (STP) /cc at 298 K and 65 bar (energy density of 12
MJ L1). A gravimetric ANG target was also set at 0.5 g (CH4) /g or 700 cc (CH4) /g (adsorbent),
which accounts for the energy density of CNG at 250 bar considering a penalty of 25% of losses
due to pelletization and packing inside the fuel tanks.>® To date, the goals have not yet been met.
Therefore, the quest for understanding the methane-adsorbent interactions in order to develop
materials that can store ANG at relatively low pressure and near ambient temperature becomes of

crucial importance.
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Initially, zeolites, a purely inorganic microporous aluminosilicate class of materials
attracted scientific attention. Zeolites exhibit relatively low surface areas (<1000 m? g*) and low
micropore volumes which lead to insufficient amounts of sorbed methane as well as low packing
densities.> Moreover, their extreme hydrophilicity is a major disadvantage since vapors of water

are favorably adsorbed over methane lowering even more their ANG storage capacity.*®

Subsequently, nanoporous carbons were systematically researched as efficient adsorbents
for methane. Their cheap and facile synthesis from a wide range of precursors, extremely
hydrophobic surface, high mechanical strength which can eliminate any packing related energy
loss as well as their intriguing structural properties such as extended microporosity, high specific
surface areas and pore volumes constitute them as prime candidates for ANG applications.®
Extensive studies in mainly carbon nanotubes and activated carbons have established a linear
relationship between specific surface area and total gravimetric capacity.*%°3 Moreover, theoretical
studies suggested that an activated carbon that exhibits a predominantly microporous structure
with slit-like pores of 7.6 A diameter, which can accommodate two layers of adsorbed CHa on the
opposing surface walls, would be ideal for maximizing the volumetric capacity at 35 bar and 25
°C. Indeed, a highly porous activated carbon LMA738 (BET, 3290 m?/g), which showed high
volumetric working capacity of 174 cm® (STP) cm™ at 298 K between 5-65 bar was reported, while
high methane uptakes were also reported for ordered-mesoporous carbide-derived carbons (OM-
CDC) with an excess adsorbed amount of 0.208 gg™ at ~100 bar and 298 K492

Such values are promising; however, they are not high enough to meet the targets set by
the DOE. Computational studies have predicted a maximum ANG volumetric capacity of 198 v/iv
at 34 bar and 25 °C.>* This amount, even if the energy loss due to packing is neglected, is still
much lower than anticipated. The adversity of fine tuning the structural properties of carbons such
as pore size and shape and the difficulty of controlling surface functionality are the major

drawbacks that prevented further optimization for this class of adsorbents.

In this respect, Metal-organic-frameworks (MOFs) have been considered as an alternative
solution for CH4 storage. Just like for activated carbons, a linear relation between specific surface
area of MOFs and total methane gravimetric adsorption capacity has been established.*348
Theoretical studies suggest that the gravimetric storage goal set by the DOE would be satisfied by
a MOF which would hypothetically exhibit a surface area of around 7500 m?/g, pore volume of
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3.2 cm®/g and density of 0.28 g/ cm?® while at the same time this MOF would approach the
volumetric target with an uptake estimated at around 200 cc(STP)/cc.*® Indeed, Al-soc-MOF-17%
and NU-111%, presenting ultra-high porosities have been reported to reach the US DOE total
gravimetric uptake at near ambient temperatures and relatively high pressures (288 K / 80 bar and
273 K/ 65 bar, respectively). However, many MOFs possessing high specific surface areas have
been found to perform poorly in terms of volumetric capacity.’” Notably, Long and coworkers
have illustrated that unlike gravimetric uptake, volumetric adsorption does not necessarily

correlate with volumetric surface area.*®

Consequently, further understanding of the factors that influence the storage capacity of a
material is required in order to achieve simultaneously the desired volumetric and gravimetric
methane uptakes. Pore size (and shape to a certain degree) plays a crucial role in the efficiency of
ANG systems by determining the methane molecules confinement within the material’s pore
structure. Simulation studies suggest that an ideal adsorbent should exhibit a pore size of 11.4 A,
which corresponds to accommodation of three methane molecular layers.®® A strategy that has
been proven efficient for CH4 uptake enhancement is the incorporation of unsaturated metal sites
(UMSs) in the framework.*® In combination with confinement effects the CHa-surface affinity is
increased due to enhanced electrostatic interactions of the metal with the slightly polarized CH4
molecule.>® In fact, it has been postulated that although the CH4 is a highly symmetric, nonpolar
molecule, some binding enhancement may still be possible, since adsorption on a metal site could
perturb the charge distribution of the CH4 molecule, reduce the molecular symmetry, and induce
multipole moments.%® Moreover, modification of the organic linker by incorporating hydrophobic
groups such as methyl or aromatic groups lead to enhanced framework electron density which in
turn may increase the CHs-adsorbent interactions.®*

In order to accurately evaluate the performance of potential ANG adsorbents, high pressure
adsorption isotherms are performed. It is of vital importance to distinguish between the different
terminologies used in literature, avoiding unnecessary uncertainty, so that the reported storage and
deliverable capacities of different materials can be compared in a consistent way, producing

meaningful conclusions about the underlying methane-substrate interactions.*®
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2.4.1.3 Excess, absolute and total adsorption

Excess, absolute and total amounts adsorbed are terms frequently used in literature to
describe high pressure adsorption properties. Adsorption occurs when gas molecules interact with
a solid surface through weak van der Waals forces, resulting to an adsorbed film of density greater
than would normally be at the same temperature and pressure conditions in the absence of the
material. The strength of the interaction, described by the Lennard- Jones potential, will decrease
as the distance between the surface and the gas molecule is increased until the gas molecule is far
enough from the surface where the attractive forces are negligible and only free gas molecules
exist. The distance at which a gas molecule approaching the surface begins to “feel” the attractive
interaction, constitutes an arbitrary border known as the Gibbs dividing surface.®> Gas molecules
that are closer to the solid than the Gibbs dividing surface are considered to be adsorbed, while
molecules beyond this surface are considered as bulk, free gas.

Absolute amount adsorbed refers to the number of molecules (statistically) that actually
experience the potential field of the solid. By considering an ideal situation in a perfect uniform
cylindrical pore, where the Gibbs dividing surface is clear and defines the “adsorption volume”,
Va, the absolute amount adsorbed (naps) is considered as the sum of the molecules that are found
within Va. including the molecules that interact with the pore walls, plus the free gas molecules

that would be present in the absence of the attractive interaction.®

Excess amount adsorbed (nex), is actually what is being directly measured using either
volumetric or gravimetric experimental methods. This refers to the difference between the absolute
amount adsorbed and the quantity of the bulk gas molecules that could be found in Va (i.e. between
the Gibbs dividing surface and the solid) in the absence of adsorption forces.®* For the ideal case

described above:
Nex = Ngps — Vadbulk(P' T)

In fact, the Gibbs dividing surface and the pertinent adsorbed volume are imaginary
concepts, and such a surface or volume cannot be geometrically defined. Therefore, the amount of
molecules within the adsorption boundary layer (or the adsorbed volume) cannot be
experimentally determined and the absolute amount adsorbed (nass), cannot ever be directly
measured.®® On the other hand, it should be mentioned that naps is the only thermodynamically
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correct and relevant quantity that can describe adsorption. For this reason, in many cases some

simplifying assumptions have been considered and are used (not always correctly though).

excess bulk absolute

-——
——

-~ -

excess pore volume x bulk density total

Figure 2.5: Schematic representation of the (a) Gibbs dividing surface for adsorption on a 2D
surface and the corresponding absolute amount adsorbed. (b) total adsorption inside a cylindrical pore.

(adopted from reference*®)

One assumption is that the adsorbed phase has the density of the liquid phase. Under this
assumption the amount adsorbed is a fluid of constant density that occupies increasing volumes as
pressure is increased. Then at each pressure a “virtual” adsorption volume can be estimated and
Nabs Can be consequently deduced. This introduces a common framework for comparing absolute
isotherms but is of course an oversimplification as it has been many times proved by simulations
that the density of the adsorbed phase has huge fluctuations (also depending strongly on the pore
size). Another approach is to consider the total pore volume of the system as the adsorption volume
and treat the amount adsorbed as a fluid that always occupy the same volume but has different

density at different equilibrium pressures.®® This concept is very logical (and quite accurate) for

28



microporous materials but loses its validity as the pore size increases. Moreover, at larger

mesopores and beyond (e.g., >10 nm) it leads to huge overestimation of the amounts adsorbed.

As an alternative, the total amount adsorbed (ntwt) is sometimes used. Total adsorption
accounts for all the molecules (bulk plus adsorbed) which are found within the pore volume of the

adsorbent and can be derived from excess adsorption using the following equation.*®
Niot = Nex + TPV dpy (P, T)

where TPV is the total pore volume of the material and dpui is the bulk gas density at the
experiment’s temperature and pressure. For micro- and meso-porous materials the total pore
volume can be experimentally determined by performing a nitrogen or argon adsorption isotherm
(at 77 or 87 K respectively) and it accounts for the volume of condensed N2 or Ar needed to
completely fill the whole porous structure of the material at an adequately high pressure close to
the gases vapor pressure.?’ Again when the material has very large pore sizes the calculation of niet

leads to unreasonable results.

Nevertheless, since the materials used for gas storage are mainly micro- to meso- porous,
for natural gas, reporting in total adsorption is the most common way for comparing capacities
between different adsorbents as it is considered the most relevant property that represents the total
amount of gas that is stored in the material’s porous network. At elevated pressures, the gas density
in the bulk phase raises significantly resulting to a substantial deviation between excess and total
adsorption.®” Thus, it becomes of vital importance to clearly distinguish between the two when

reporting for high pressure isotherms.

2.4.1.4 Gravimetric and Volumetric capacity

Gravimetric capacity is expressed as the amount of gas adsorbed divided by unit mass of
adsorbent and can be directly calculated simply by weighing the mass of the activated material.
Volumetric capacity is defined as the amount of gas (usually volume of adsorbed gas under
standard temperature and pressure conditions, STP) per unit volume of adsorbent.®® In order to
calculate the volumetric capacity, the value of material’s apparent (or bulk) density needs to be

determined. For highly crystalline materials, such as MOFs where crystallographic data can be
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acquired by single crystal x-ray diffraction (SC-XRD) experiments, it is accustomed to use the
crystallographic density. Although this method is considered to overestimate the material’s uptake,
it provides valuable information acting as a fingerprint at least for initial comparisons amongst
different adsorbents. A more realistic approach, though more time consuming, is to perform helium
pycnometry to the activated sample, prior to the high pressure adsorption isotherm.®® This can
provide a “skeletal density”, which can be used with the pore volume (obtained e.g. from
adsorption experiments) to deduce the apparent density. A more “application related” approach is
to use the so called “tap density” by measuring the volume that a certain mass of the adsorbent

occupies (after “tapping” the container).

Both gravimetric and volumetric capacities contribute essential information for the
adsorbent properties, especially the latter which is of decisive importance since it determines the

amount of gas that can be stored in a fuel tank with specific size limitations.

2.4.1.5 Working/Deliverable Capacity

Working capacity is amongst the most crucial metrics for an adsorbent since it represents
the actual amount of deliverable methane between specified working pressure conditions. It is
derived through high pressure adsorption isotherms by subtracting the total adsorbed uptake at 5
bar (Pees, the typical working pressure for natural gas-powered internal combustion engines)’® from
the total adsorbed amount at 35 or 65 bar (Pags, which are the upper working pressure limits for
common single stage and dual stage compressors, respectively)’ for applications at moderate

pressure or at 80 or 100 bar for high pressure ANG operations.’?

An ideal adsorbent should not only demonstrate high storage properties but mainly the
ability to deliver the adsorbate in an efficient way, cost and energy wise. Considering a material
designed for on board ANG storage in the automotive industry, the main objective is maximizing
the working capacity between predetermined pressure limits, as mentioned above. An adsorbent
exhibiting high total uptake via a steep adsorption isotherm at low pressure, indicates strong CHs-
substrate interactions and relatively high isosteric heats of adsorption Qst. Such a material might
look promising but in the particular application most of the methane cannot be desorbed at the

delivery pressure, and only a small fraction of its capacity (figure 2.6 left) is released; the residual
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amount would require the application of vacuum and/or heating in order to be released.
Alternatively, a material designed to demonstrate reduced affinity between the adsorbate and the
surface at low pressure but high overall uptake, results in a less steep isotherm (figure 2.6 center)
thus increasing the fraction of the deliverable methane. Ideally, an adsorbent which would feature
a flexible structure, undergoing a reversible phase transition from non-porous at low pressure to
porous framework above a specific pressure, demonstrating an “S-shaped” adsorption isotherm
(figure 2.6 right), maximizes the working capacity by releasing the adsorbed CH4 in the most
efficient way.” However, flexible MOFs are still way underdeveloped for gas storage applications,
mostly because of their doubtful structural stability due to the continuous phase transitions in
multiple charge-discharge cycles. Thus, the high-pressure isotherm shape bares critical

information regarding the compatibility of a material with a specific application.

Pes Pads Pies Pags Pes Pads

Deliverable CH,

Deliverable CH,

Deliverable CH,

Methane Uptake

Pressure Pressure Pressure

Figure 2.6: Schematic representation of the correlation between adsorption isotherm’s shape and working

capacity.

2.4.2 Carbon dioxide capture and separation from mixtures as an immediate solution

Modern human society has evolved to a point where its prosperity is heavily relied on the
combustion of fossil fuels, which currently constitute the main source of energy. As a result, an
unprecedented increase of carbon dioxide (CO.) emissions into the atmosphere has been observed,
which is considered to be the main cause of the projected global climate deterioration with

disastrous consequences for all forms of life residing on earth.”* Addressing these major
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environmental concerns, the use of alternative, clean energy sources such as wind, solar, biomass,
nuclear and hydrogen (which is considered to be the ultimate fuel due to its natural abundancy
and zero carbon footprint) have been investigated during the past decades. However, major
technological challenges need to be addressed before widespread implementation of these systems.
In this regard, fossil fuels are expected to be the primary source of energy in the near future for
power generation as well as transportation.” The use of natural gas / biomethane (upgraded biogas)
is being explored as a mid-term solution, since it produces significantly lower CO2 emissions than
the rest of the hydrocarbons. CO2 coexists in substantial amounts in some natural gases and is
around 50% of biogas, so it needs to be removed from the streams since it significantly lowers
their heating value. Further carbon capture and sequestration (CCS) technologies must also be
adopted as an immediate option. Essentially, four steps need to be employed in order to begin
reducing the anthropogenic CO> emissions into the atmosphere, the first being the most urgent.
CO- removal from emission sources, subsequent storage, transportation and finally permanent

sequestration/reuse.”®
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Figure 2.7: Global CO; emissions (Gt) since 1990.”
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The prevailing technology for CO. capture so far is mainly the use of amine solutions
(amine scrubbing), which results from chemical reaction between the amine group and COa,
yielding up to 98% capture.”® However, the main disadvantage is the substantial energy penalty
due to the high temperatures required for the regeneration and reuse of amine solutions, as well as
the challenging handling of these highly corrosive and chemically unstable liquids. In this regard,
the use of nanocomposite and nanoporous materials as adsorbents have attracted scientific
attention during the last few decades since physisorption relies on relatively weak attractive
dispersive forces, constituting a reversible process with considerably lower energy demands for
regeneration. Zeolites were one of the first group of solid adsorbents that were systematically
tested for CO> capture. They performed better than amine solutions in terms of energy required for
regeneration while they exhibited superior adsorption kinetics. On the other hand, their instability
in humid conditions as well as their limited CO. adsorption capacity, due to their relatively low
surface areas halted their widespread use.” Activated carbons, display higher capacities than
zeolites, especially at high pressures, but perform poorly in terms of CO2/N2 and CO2/CHjs4
selectivity.® MOFs, an emerging class of crystalline materials, are considered to be ideal
candidates for the development of innovative CO capture materials due to their outstanding
intrinsic properties such as extended microporous networks, high surface areas, tunable pore sizes,

facile introduction of surface functionalities etc.8!

Below, the four most prominent CO. capture/separation applications and their respective
thermodynamic characteristics are briefly discussed.

2.4.2.1. Post-combustion capture

The flue gas produced in power plants from combustion of coal in air consists mainly of
N2 (73-77%) and CO- (15-16%) and other minor components such as H>O, Oz, CO, NOx and SOx
with a total pressure of approximately 1 bar. The temperature of the mixture is estimated between
40 and 60 °C. In this case the process of interest essentially lies in the successful CO2/N2 separation
while the partial pressure of CO; is equivalent to about 150 mbar.8? Therefore, a solid adsorbent

that has an increased interaction with CO> and reduced interaction with N2 at ambient pressures,
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relatively high temperatures and probably in the presence of low moisture concentration should be

sought.

2.4.2.2 Pre-combustion capture

Pre-combustion capture of CO> initially involves the conversion of the fuel into a mixture
of mainly Hz and CO> prior to combustion through processes such as "gasification™ or "reforming".
CO2 needs to be separated from high pressure gas mixtures (5-40 bar) in order to produce pure
hydrogen for the subsequent combustion stage.®® Due to the obvious difference between the kinetic
diameters of Hz (2.89A) and CO; (3.30A), the separation of the two gases using solid sorbents
(preferably in the form of membranes) with uniform pores of a certain size acting as "molecular

sieves" is the most advantageous way.

2.4.2.3 Direct air-capture (DAC)

In both the cases mentioned above, the capture of CO> during its production is approached
as a by-product of a reaction before its release in order to reduce its increasing concentration in
the atmosphere. The concept of "negative carbon technology"” has recently been proposed and
examines the capture of CO that has already been emitted into ambient air.3* In addition, the DAC
can also help maintain low CO- levels in confined spaces such as submarines or space crafts.
Atmospheric COz level is currently around 400 ppm, therefore its partial pressure during the DAC
process is 0.4 mbar at 25 °C. This scenario requires a material that possesses a suitable
microporous structure that will lead to increased (but at the same time reversible) interaction with

the gas molecules at extremely low pressure and room temperature.

2.4.2.4 Natural gas / Biogas upgrading

Natural gas and its renewable analogue, biogas, consist mainly of CHa, but CO2, N2 as well as
traces of other impurities such as, H2S, Cz+ and H.O vapor coexist in substantial amounts,

depending on the stream’s source. CO2, which is not combustible, lowers their heat efficiency

34



and in the presence of humid conditions reacts with H>O forming carbonic acid resulting to the
corrosion of the pipes and the transportation equipment in general.® Therefore, CO2 content needs
to be reduced to below 2-3% before transportation and in order to obtain pure methane for
combustion must be completely removed. Natural gas typically contains up to 8% CO. while
biogas, depending on the production method, consists of much higher concentrations ranging
from 25 to 50%.%8 Consequently, the design of an adsorbent that will selectively adsorb CO2
resulting to pure methane needs to be tailored to the specific application. For natural gas
purification with low CO> content, a microporous material which would exhibit high capacity at
low pressure, hence increased substrate-adsorbate interaction is needed. For biogas upgrading,
mixtures with CO.:CH4 compositions that can reach 50:50 are being studied, suggesting that the
ideal candidate should possess high pore volume and a less steep isotherm reaching saturation at
higher pressure.
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2.5 Pressure swing adsorption processes (P.S.A.)

The use of solid nanoporous adsorbents on pressure swing adsorption processes has been
industrially employed for gas separations since the late 1950s and nowadays is considered an
established method used in several industrial applications such as production of N2 and O from
atmospheric air, recovery of H, from synthesis gases from steam reforming processes etc®”88,
Therefore, application of P.S.A. processes for CO> capture from stationary emission points is
feasible but needs to be optimized, both technically and economically, before widespread, large-

scale implementation.

The P.S.A. principle of operation lies on the ability of a column packed with an adsorbent
to selectively adsorb CO> on its surface, thus extracting it from the gas mixture. Selectivity can be
achieved either due to thermodynamic (as expressed by the corresponding single component
adsorption isotherms) or kinetic factors (difference on the components’ diffusion coefficients).

The process includes two main steps®®:

a) the charging or adsorption cycle, during which the mixture components that exhibit the higher
affinity for the material’s surface are retained (e.g. those that are more strongly adsorbed or diffuse

faster in the porous network) and

b) the desorption or regeneration cycle, during which the retained components are released in order
to “empty” the material’s porous network so that it can be reused for the next adsorption cycle.
Adsorbent regeneration can be achieved either by pressure reduction (PSA), temperature increase
(TSA), application of vacuum (VSA) or a combination of the aforementioned methods (e.g.
VTSA).

The extent of the process’ technical practicability is governed by the adsorption step, while
its economic sustainability is dictated by the desorption step. Careful screening for the use of the
appropriate adsorbent is required. A successful material should exhibit superior sorption properties
(capacity, kinetics) towards CO> based on its enhanced interaction with the adsorbent’s surface
compared to the other mixture components. However, a balanced interaction needs to be achieved,
since the stronger the affinity with the surface, the harder the adsorbent regeneration, thus leading

to increased cost for reuse in the next cycle.
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A P.S.A. process includes one or more columns packed with an adsorbent, a simple schematic

representation of which is illustrated in figure 2.8.

CO, lean gas (raffinate) CO, lean gas (raffinate)
V3 X i k
D c 3%
CO_(extract) 2
V4 2 + CO, (extract)
V2 Q&

Bed

Recyle / Vent

Multi component feed Multi component feed

Figure 2.8: Schematic representation of single bed (left) and two packed-bed (right) PSA systems. (figure
adopted from reference 89)

In industrial processes it is accustomed to use at least two columns which interchangeably
operate so that continuous feed and product flow is achieved. The gas stream passing through the
bed during adsorption is known as "raffinate"”, while the product obtained during regeneration is
characterized by the term "extract”. The desired components can be contained in either the raffinate

or the extract®®.

Each bed undergoes a sequence of elementary steps®, the most common of which are the

following and are illustrated in figure 2.9:
» Compression to operating pressure.
» Adsorption with simultaneous raffinate production.
+ Blowdown
* Pressure equalization (which is used in many variants of P.S.A. before blowdown, to save

energy).
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* Desorption or regeneration.
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Figure 2.9: Schematic representation of the main steps sequence on a two-packed bed PSA process

Important information for designing the process is obtained by the breakthrough curves
which are produced as the response of the initially “clean” column when introduced to a gas
mixture. A typical single component breakthrough curve (normalized component concentration in

the column’s outlet vs time) is depicted in figure 2.10.
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Figure 2.10: A typical single component breakthrough curve.

Breakthrough of a component is considered the time at which its normalized concentration
(outlet/inlet) reaches 0.05 in the outlet stream. Saturation time is the time that is required for the
component to reach adsorption equilibrium and is reached when the outlet concentration equals
the one of the feed. Beyond this time, adsorption is considered not to occur in the column®.
Moreover, by numerically integrating the breakthrough curves for each component, mean retention
times (average time that each species are retained in the column) and competitive adsorption
uptakes can be calculated and consequently values of real selectivities can be extracted. The
adsorption cycle is usually terminated when the concentration, in the outlet stream, of the
component which is retained from the bed exceeds a predetermined limit, based on economic and
technical criteria related to the desired final product purity.> Therefore, by studying the
corresponding breakthrough curves in combination with the single component isotherms, the
duration of each PSA cycle as well as critical parameters such bed volume, feed flow and feed

pressure can be determined.
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2.6 Scope of the dissertation

It has been well established that the use of solid nanoporous adsorbents in gas storage /
separation processes have the potential to improve existing related technologies, addressing major
environmental concerns. Metal-organic-frameworks, displaying outstanding structural properties
and the ability to be synthetically tailored towards specific applications represent the most
promising class of solid adsorbents to serve this purpose. However, several drawbacks need to be

addressed before their widespread implementation in practical applications.

An ideal MOF should present high total uptake with fast adsorption kinetics and optimal
thermodynamics, in order to simultaneously achieve good selectivity and mild requirements for
regeneration and reuse. Although specific surface area and total pore volume are crucial
parameters, special focus needs to be given on the strength of adsorbate-adsorbent interaction since
it is considered to be a key factor associated with uptake, selectivity and regeneration ability.

Many synthetic strategies have been explored in order to enhance the gas-surface
interaction including contraction of pore sizes by ligand shortening, incorporation of exposed
metal cation sites in order to increase the number of strong adsorbing sites or functionalization of
the organic linker with polar groups exhibiting either acidic or basic properties such as sulfonic

acid®, carboxylic acid®*, amine®® and amide® groups.

The present dissertation attempts a complete experimental study on gas storage and
separation processes through physical adsorption using nanoporous materials, coupling
experimental techniques with theoretical tools. More specifically, the thesis focuses on the
investigation of CO> selective adsorption from mixtures containing CH4 or N2 and the potential
high pressure CHa storage ability by two newly synthesized MOFs, following a novel approach
which is the use of a square planar metalated linker.®”% This way, introduction of extra adsorption
sites through the relatively low energy d,= orbital lying perpendicular to the square plane of the

organic linker is attempted.

The two novel materials were successfully activated and extensively characterized using a
variety of analytical techniques. In one case, where traditional activation methods proved to be

unsuccessful, a custom-made, supercritical-CO2 flow device had to be developed. Subsequently,
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low- and high-pressure CO2, CH4 and N2 isotherms were measured on various temperatures in
order to comprehensively evaluate their adsorption properties; critical thermodynamic and Kinetic
properties were also extracted. By means of a new experimental protocol (low-temperature CO>
TDS), CO2-adsorbent interaction was thoroughly investigated in an attempt to verify previous

theoretical calculations.

While CO2/N> separation by MOFs has been the subject of intense research for the past
decades, there is a lack of experimental studies reporting the competitive adsorption between
them®>1%, Even more pronounced is the limited number of reports in literature presenting multi-
component equilibrium adsorption data, while the corresponding process modeling studies are
based on simple extensions of the single component isothermsi®1%2 The reason for that is
apparently the difficulty on performing breakthrough experiments with limited amount of material

since MOFs are usually synthesized in the range of milligrams and are challenging to scale-up.1%

Consequently, an experimental rig designed to perform dynamic multicomponent
breakthrough experiments for small amounts of sample was built. The two novel materials were
extensively studied by performing dynamic column breakthrough experiments (DCB) for binary
mixtures containing CO2/CH4 and CO>/N; at different ratios, room temperature and pressure up to
5 bar.
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3. Experimental Part

3.1 Samples — Characterization
3.1.1. Cu-Pd-nbo

As already mentioned, unsaturated metal sites (UMSs) in MOFs provide relatively strong
metal-CO> interaction without chemical bonding thus leading to reversible adsorption. However,
the number of UMSs in MOFs is limited by the nature and number of inorganic secondary building
units (SBUs) per unit cell. The Cu(ll)-based paddlewheel SBU with general chemical formula
Cuz2(—COO)4 provides two UMSs (figure 3.1), one per Cu(ll) in the axial position as well as good

framework stability?®.

Figure 3.1: The Cu(ll)-based paddlewheel SBU with general chemical formula Cux(—COO)4
displaying the two UMS (Lewis acid sites).

An alternative general approach in MOFs, that is currently actively followed in order to
increase the number of strong CO. binding sites while maintaining high porosities, is to
functionalize the organic linker. In this Thesis, the two materials that are being studied were
prepared following an already published novel approach, which is the use of d® square planar
metallated linkers suitable for the formation of Cu-based MOFs with nbo topology. The idea is to
utilize the relatively low energy d, orbital lying perpendicular to the square plane of the d® metal
center in order to introduce Lewis base metal-CO: interactions on these sites and in combination

with the Lewis acid Cu(Il)-COz interactions, to increase the overall CO> uptake and selectivity.
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The idea was validated by utilizing the palladated ligand, trans-[dichlorido(3,5-
dicarboxypyridyl)palladium(11)] (HsL), which upon reaction with CuCl2.2H20 in DMF readily
afforded the desired nbo-type MOF in single crystal form.

3.1.2. In-Pd-soc

Another important inorganic SBU that provides UMSs is the trimeric oxo-centered clusters
with general chemical formula Ms(u®-O)(—COO)sLs (usually L=H,0O) known for s- (Mg?*), d-
(Cr¥*, Fe®"), and p-block (AI¥*, In®") elements. This SBU possesses a trigonal prismatic linking
geometry and is compatible with the augmented soc (square-octahedron), binodal edge-transitive
net. Upon activation, the L ligands are removed resulting to unsaturated metal sites (Fig3.2). The
designed synthesis of this important type of MOFs requires rectangular, 4-connected organic
linkers and opens new pathways for the construction of a family of porous solids that will combine
a particular topology with additional pore functionality, originating from the presence of Pd?" sites.
Using the same palladated metallolinker (HasL), the first heterometallic MOF with soc topology
based on the trimeric SBU Ins(u3-0)(—CO0)sCI(H20). was synthesized, activated and extensively

studied in order to evaluate its porous properties and gas storage and separation ability.

/ | Lewis Acid siles
4

Figure 3.2: The In(111)-based trimeric oxo-centered cluster with general formula Ma(z-
0)(—COO)s displaying the three UMS (Lewis acid sites).
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3.1.3 Thermogravimetric analysis

The thermal analysis of a solid sample consists of monitoring (e.g. bond breakage, melting, etc.)
as a function of temperature. Although this is a destructive method of materials’ characterization,
it is widely applied in both qualitative and quantitative analyzes since it demands only a small
amount of sample while useful information is obtained. The term, thermal analysis, includes a
variety of techniques, the main being thermogravimetric analysis (TGA), differential thermal
analysis (DTA) and differential scanning calorimetry (DSC). In TGA experiments the sample’s
mass change is recorded as a function of temperature and time. Taking into account all the factors
that contribute to the buoyancy effect, such as air buoyancy and heat driven gas flows inside the
furnace, blank measurements become necessary. Thus, it is ensured that under identical
experimental conditions these effects are compensated and the observed changes in the actual
experiment can be attributed exclusively to the properties of the material under investigation. In
DTA (temperature differences between sample and reference when the heat flow is constant) or
DSC (changes in heat flow while the temperatures of both the sample and reference material are
increased linearly over time) experiments the temperature difference AT between the sample and
an inert reference substance (in this case an empty Al.Os sample holder) is measured as a function
of temperature and time. Therefore, changes in the thermal content of the test sample are detected
due to physical or chemical change (phase change, degradation, etc.). Usually, the TG and DSC

measurements are performed simultaneously during the analysis of the sample.

In the present work, TGA measurements were carried out in
order to evaluate the thermal stability of the samples under air
and/or inert atmosphere as well as to determine the concentration
of the metal clusters in the framework of the prepared materials.
More specifically, by studying the mass loss observed for the as
made samples, safe outgassing temperatures can be determined,; this
is crucial for the successful activation of the sample. These
measurements were performed on a SETARAM SETSYS
Evolution 18 Analyzer, at a temperature range of 25 — 800 °C, with

a heating rate of 5 °C/min and under argon flow (16 ml/min), using

Al>0O3 sample holders
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3.1.4 Argon / Nitrogen porosimetry

In order to determine the specific surface areas as well as other attributes (e.g., total pore
volume, pore size distribution etc.) correlated to the porous structure of the materials, nitrogen and
argon porosimetry was employed at 77.35 and 88.45K, respectively. The measurements were
performed on an automatic volumetric gas sorption analyzer (Quantachrome gas type Autosorb-1
MP) equipped with an oil-free high vacuum system (consists of a diaphragm pump, Pfeiffer
MVP015-2 in combination with a turbo molecular pump, Pfeiffer TMH-071P) as well a series of
pressure transducers that cover the 0-1 bar range. Using the above equipment, isotherms starting
from very low relative pressures (P/P°: 10e"), which are required for the detailed study of
microporous materials, can be achieved. Moreover, the instrument is connected to a closed-cycle
helium cryocooler, CTI-Cryogenics, which ensures accurate temperature control during the long

measurements required to perform high-resolution low-pressure isotherms.
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Figure 3.3: Schematic representation of volumetric Autosorb-1
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Additionally, low pressure isotherms (up to 1 bar) were performed in the same instrument

for CO2, CH4 and Nz in a wide range of temperatures.

3.1.4.1. Experimental procedure

Prior to analysis the samples need to be activated; either by in-situ heating under high
vacuum or by supercritical CO, drying (see chapter 3.1.4.2). The experimental process is fully
automated. Four main parameters need to be determined by the user before successful initiation of
the measurement: the desired relative pressure points, the equilibrium time, the pressure deviation

tolerance limits and the mass of the activated sample.

The measurement at a specific relative pressure point P/P° is performed through a series of
steps. Initially, the sample pressure is measured and accordingly the pressure in the dosing space
(manifold) is increased so that when valve S1 is opened, the relative pressure in the sample space
will be equal to the desired P/P° value plus the upper pressure deviation tolerance set for that point,
provided that no adsorption occurs. When the manifold pressure reaches the desired value, valve
S1 opens for eight seconds allowing the sample to interact with the adsorbate through the combined
(sample + manifold) volume. The sample space is then isolated and its pressure is measured after
fifteen seconds. If the relative pressure has fallen below the specified tolerance value, a new
pressure dose is built in the manifold based on the same process. Otherwise, after one minute, the
device begins to measure the sample pressure every six seconds in order to determine if
equilibrium has been achieved. The equilibrium criteria are on the one hand the relative pressure
not to fall below the preset value minus the lower tolerance limit and on the other hand the pressure
change to be less than 0.0008 atm for the equilibrium time the user has determined. In case both
of the above conditions are met, the sample is considered in equilibrium. The specific relative
pressure point has been achieved and the instrument proceeds to determine the next isotherm point.

The amount adsorbed for each point is derived from the following equation:

N
ng = Z An* + Any (3.1)
i=1
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where n? is the adsorbate amount adsorbed (mol) for the x isotherm point. Anj" is the gas mole
difference found in manifold before and after the gas relief (opening of S1 valve) in the sample
space for the i dose of the x isotherm point. N is the total amount of doses required in order to
reach equilibrium for the x point of the isotherm. An3 = n;_; — n; are the gas moles in the sample
space before the measurement for the x isotherm point and after equilibrium has been achieved,

with n3. =0 for x=0.

Ultra-high purity grade N2 (99.999%), Ar (99.999%), CO: (99.9993%), and CH4
(99.9995%) were used for all adsorption measurements. He (99.999%) was used for sample void

volume determination.

3.1.4.2. Sample activation using super-critical CO,

Solvent molecules or other residuals from the synthetic procedure occupying the sample’s
porous network need to be removed prior to analysis. Thus, its successful activation (i.e. removal
of guest molecules from its porous framework) is required. Most commonly, this is achieved by
exposing the sample to high vacuum and occasionally elevated temperature. However, outgassing
sensitive materials may result to irreversible, partial or complete structural changes and in many
cases total collapse of the framework upon solvent removal or pore blockage by the retained

solvent molecules. 1%

Super-critical CO2 (sc-COz) drying has been successfully applied in polymer chemistry
and for the preparation of aerogels'® as well as activation of MOF structures that exhibited
discrepancies between calculated and experimentally determined specific surface areas®. It is
believed that the structural collapse is prevented by initially exchanging the solvent molecules with
liquid CO> of similar density and subsequently by the elimination of surface tension/capillary

forces, taking advantage of the supercritical nature of CO; at elevated temperature and pressure.

For this purpose, a custom-made, super-critical CO, flow device was developed and is
illustrated in figure 3.4. Accordingly, samples sensitive to high temperature are introduced to a
stream of liquid CO: in order to exchange the solvent in the crystal structure. Subsequently, by

increasing the temperature, CO> enters in the supercritical regime while flowing through the
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sample and gaseous CO; can be vented in an extremely slow manner. The sample is thus

“activated” in the most benign manner leaving its crystal lattice intact.

Prior to analysis, as-made samples were soaked in methanol, which is miscible with CO.,
at room temperature for three days during of which the supernatant solution was replaced six times.
The methanol suspended samples were transferred inside the chamber of the supercritical CO>
device and methanol was exchanged with liquid CO2 over a period of 1.5 hours at room
temperature and under constant flow of 1.5ml min. The apparatus is equipped with a back
pressure regulator set at 120 bar, so as to maintain full drying conditions inside the chamber.
Subsequently, the temperature was raised to 50 °C (above the critical temperature of CO3), kept

there for 1.5 hours (under the same flow) and then slowly vented by a release valve in a controlled

manner.

Block
~— line heater
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Valve
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o
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Figure 3.4: Simple schematic representation and actual photo of the super-critical CO2 drying device

The chamber was sealed, de-attached and moved to an MBraun Argon glove box, where
the dried sample was transferred immediately inside a pre-weighted, Argon filled sample cell while
special “cell seals” (Quantachrome Instruments) were used to prevent intrusion of oxygen and

atmospheric moisture during transfers and weighing. The cell was then transferred to the
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outgassing station where the sample was outgassed under dynamic vacuum at room temperature
until the outgas rate was less than 2 mTorr/min. The sample and cell were then reweighed to obtain
the mass of the activated sample, and the cell was attached to the analysis port of the gas adsorption

instrument.

3.1.4.3. BET surface area

The Brunauer-Emmett-Teller method, although based on assumptions that are not valid for
microporous materials, is still considered as the most prominent way to evaluate and compare the
surface area of porous materials. The theory’s key element is the determination of the monolayer
capacity, nm. Considering the material’s surface as an array of specific adsorption sites, nm is
defined as the amount of adsorbate (per unit mass of the solid) required to completely fill these
sites, forming a single molecular layer. The monolayer capacity can be derived by transforming

the model BET adsorption isotherm into the following linear relation:

po 1 -1
n(l—P/po) n,C n,C

(P/po) (2)

where n is the adsorbed amount at relative pressure P/P° and C is a parameter associated to the
monolayer’s net heat of adsorption, which indicates the adsorbate’s affinity for the adsorbent
surface. nm and C can be derived from fitting a straight line to the experimental points in a BET
plot (1/[n(P%P)-1] vs. P/ PP. Subsequently, the BET specific surface area, as(BET), can be

calculated:
as(BET) = n,, Lo,  (3.3)

where L is the Avogadro constant and om is the cross-sectional area of the adsorbate molecule. The
BET method can be directly applied to many type Il and IV isotherms where the formation of the
monolayer can be easily identified. However, the presence of micropores shifts the linear range of
the BET plot and the monolayer formation cannot be easily distinguished from micropore filling
and multilayer adsorption. In order to address this difficulty a procedure which consists of the three

following main criteria has been proposed3?:
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(a) the value of the parameter C should always be positive

(b) BET equation should be applied within the range where the term n(1-P/P° continuously

increases as P/P° increases

(c) the P/P° value at which the monolayer is formed should be located within the aforementioned
selected BET range.

As already mentioned, especially for type I isotherms of microporous adsorbents, the
obtained BET surface area values only act as means for comparing “apparent” areas (BET areas)

between different materials and do not necessarily correspond to realistic probe-accessible areas.

3.1.4.4. Total pore volume (TPV)

The total pore volume of a solid adsorbent can be approximated by measuring the
adsorption isotherm of a gas or vapor at subcritical conditions. In the absence of macropores,
beyond a certain pressure, all the pores are filled and the isotherm remains nearly horizontal at
least at relative pressures close to unity. By applying the Gurvitch rule, which assumes that the
pores are filled with adsorbate in the bulk liquid state, the amount adsorbed can be converted to
the volume of liquid adsorbate. For instance, if the amount adsorbed is expressed in ideal gas
volume at STP, the following equation can be used:

V. = PaVadst

A RT (3.4)

where P, and T are ambient pressure and temperature, respectively, and Vr, is the molar volume of
the liquid adsorbate. However, even for microporous materials, most experimental isotherms
exhibit a sudden increase of amounts adsorbed at relative pressures near P/P° = 1, indicating the
presence of external surface or macropores formed by interparticle voids. In this case, the limiting
adsorbed volume is assigned at a slightly lower relative pressure which needs to be clearly

declared.

3.1.4.5. Pore size distribution (PSD)
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The distribution of the material’s pore volume with respect to its pore size is defined as
pore size distribution. Kelvin equation, assuming mesopores of cylindrical geometry, correlates

the pore size with a corresponding relative pressure:

_ZVVm

Ty = WP/PO) (35)

where y is the surface tension of the adsorbate at its boiling point T, Vi, is the molar volume of the
liquid adsorbate and rk is the kelvin radius of the pore in which condensation occurs at the
respective relative pressure P/P°. However, prior to condensation, gas molecules have already been
adsorbed on the pore walls forming an adsorbed layer with thickness, t. Therefore, the actual pore

radius (rp), is given by:
=1+t (3.6)

The statistical estimation of the adsorbed film’s thickness can be based on “generic” model
isotherms (e.g., de Boer (Harkins-Jura), Halsey) or experimental data on non-porous materials
(e.g., carbon black method) while many macroscopic theories e.g., Dollimore and Hill (DH), or
Barrett-Joyner-Halenda (BJH), considering pore condensation phenomena, have been proposed
for the determination of pore size distributions. However, in the case of micropore filling and
narrow mesopores these approaches do not produce a realistic description of the adsorption
phenomena, thus resulting to underestimation of pore sizes. The main drawback is the assumption
that the pore condensate has the same thermodynamic properties with the bulk fluid. On the
contrary, numerous experimental and theoretical studies have shown that the confined adsorbate’s

thermodynamic properties can significantly deviate from the bulk properties,107:108.109.110

Addressing this adversity, methods based on statistical mechanics such as the Density
Functional Theory (DFT), Monte Carlo molecular (MC) or Molecular Dynamics (MD) simulations
have been developed in order to provide a more accurate approach regarding the phase behavior
of fluids confined in narrow pores. Considering intermolecular fluid-fluid as well as fluid-solid
interactions, these microscopic methods allow for equilibrium density profiles to be determined
for fluids adsorbed on various surfaces and for all locations inside pores of different geometries,
bridging the macroscopic approaches with the molecular level. The past two decades, through

optimization procedures, different DFT approaches have been proposed like the so called Non-
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Local Density Functional Theory (NLDFT) which quantitatively predicts the range of capillary
condensation and evaporation transitions of argon and nitrogen in ordered mesoporous materials
with cylindrical and spherical pores or Quenched Solid Density Functional Theory (QSDFT)
which accounts for the surface inhomogeneity with respect to the surface roughness.

Pore size distributions can be derived by relating individual “single pore” isotherms (local
isotherms) determined by the aforementioned microscopic methods with the measured
experimental adsorption isotherm of a material through the Generalized Adsorption Isotherm
(GAI) equation:

Wm ax

N(Plpo) = [ NE o waw 37)

where N(P/P?) is the experimental adsorption isotherm data, W is the pore width, N(P/P°, W) is
the isotherm of a single pore of width W, also known as a kernel and f(W) is a pore size distribution
function. The GAI equation essentially describes the assumption that the total isotherm is the sum
of a set of DFT-derived isotherms for individual single pores multiplied by a relative distribution
f(W), on the whole pore size range. The numerical solution of the GAI equation using a non-

negative least square function corresponds to the pore size distribution.

3.1.5. Other characterization techniques (SC-XRD, PXRD, IR, NMR, SEM)

The crystalline structure, phase purity as well as chemical stability of the newly synthesized
materials were investigated by powder x-ray diffraction. PXRD patterns of the samples were
collected on a Rigaku R-AXIS 1V Imaging Plate Detector mounted on a Rigaku RU-H3R Rotating
Copper Anode X-ray Generator (A = 1.54 A). The patterns were recorded in the 20 range from 5
to 50°.

During the synthetic procedure of both materials, crystals suitable for single-crystal XRD
analysis were deposited. SC-XRD data for Cu-Pd-nbo were collected at beamline 119, 90 Diamond
Light Source, Didcot, UK using a wavelength A = 1.0402 A at 120 K. Solvated single-crystals

were mounted on MiTeGen loops. Data collection, integration and reduction were performed using
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CrystalClear software from Rigaku. The structure was solved by direct methods using SHELXS

and refined by full-matrix least squares on F? using SHEL XL software.

For In-Pd-soc, data were collected at the X-ray diffraction beamline (XRD1) of the Elettra
Synchrotron, Trieste (Italy), with a Pilatus 2 M hybrid-pixel area detector. Complete data sets were
collected at 250 K (nitrogen stream supplied through an Oxford Cryostream 700) with a
monochromatic wavelength of 0.700 A through the rotating crystal method. The crystals were
dipped in N-paratone and mounted on the goniometer head with a nylon loop. The diffraction data
were indexed, integrated, and scaled using XDS. The structure was solved by direct methods using
SIR2014 Fourier analyzed and refined by the full-matrix least-squares based on F? implemented
in SHELXL-2014.

Infrared spectra were performed using a Thermo Scientific Nicolet 6700 FTIR equipped
with a N2 purging system and a liquid N2-cooled wide range Mercuric Cadmium Telluride detector
in the mid-infrared region of 4000-400 cm ™.

'H NMR data which confirmed the successful synthesis of the new palladated linker were
recorded on a 500 MHz Bruker Avance spectrometer. Samples were prepared by dissolving a small
portion of the solid in a DMSO-d® solution. *H NMR spectroscopy was also used to confirm the
successful activation of the new MOFs. Samples were prepared by digesting a small portion of the
degassed solid with a drop of HCI 37% in a DMSO-d® solution. The spectrum demonstrated the
absence of residual peaks assigned to solvent or other guest molecules.
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3.2 Gravimetric apparatus
3.2.1 Instrument description

All the gravimetric gas adsorption experiments were performed on an automated high-
pressure instrument (up to 20 bar) (Intelligent Gravimetric Analyzer IGA-001 by HIDEN
ISOCHEMA). As shown in the figure below, the device comprises of a precision microbalance
(resolution + 0.1 pg) with a dual suspension arm (for sample and counterweight respectively, as
can be seen in Figure (3.5). The same device also includes three 0.1, 1 and 20 bar manometers as
well as two valves (one inlet and one outlet) fitted to stepper motors, thus ensuring excellent
pressure control and stability even for very small pressure changes. The microbalance head, which
contains the balance electronics, is always heated at a constant temperature (50 "C), in order to
minimize electronic noise. The device is equipped with a vacuum system consisting of a diaphragm
pump (Vacumbrand MZ-2D) in combination with a turbo molecular pump (PFEIFFER TMU 260)
and a vacuum gauge (Edwards Penning CP25-K) as well as thermostatic units for degassing /

heating samples and maintaining the desired temperature during the experiment.
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Figure 3.5: Schematic representation of the IGA-001 gravimetric device

The microbalance’s principle of operation is based on the induction phenomenon.
Specifically, the arm of the microbalance (which is almost perfectly weighed with respect to its
center) is the rotor, which rotates inside an electromagnet (stator). An electric current of such
intensity passes through the electromagnet so that the arm is kept in a horizontal position, which
is detected by a sensor. If there is a change in weight either in the sample area or in the

counterweight the arm tends to rotate. This movement is detected by the sensor, which instructs a
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PID controller to change the electrical current flow through the electromagnet in such a way that
the arm returns to the horizontal position. This change in current, through the inductive effect,

translates into a change in weight from the electronic circuits of the balance.

Position Electromagnet

SEensor

Gas inlet

[] (]

Sample Counterweight

Figure 3.6: Schematic representation of the microbalance

The force caused by the mass of the adsorbed molecules (ma) is equal to F, = m, * g,
where g is the gravitational acceleration. The magnitude of the buoyancy (Cp) is derived from
Archimedes' Principle: "Every body of mass ms and density ps immersed in a fluid of density pg,
experiences an upward buoyant force equal to the weight of the fluid that the body displaces™ and

can be written as

Cp = mgyg pg/ps (3.8)
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The total force F; is defined as

Fe=F -G =msg{1_pg/ps} (3.9)

The density, pg, is related to the molecular weight MW, pressure P, temperature T, and the

compressibility factor Z, through the expression:
pg = MW P)/(ZpnRT)  (3.10)

Taking into account the correction of buoyancy for weighing in air, a sample of mass ms and
density ps, while in the counterweight area there is a reference body of mass my and density p1, in
a balanced system the following equation applies:

m1(1 _ pair/pl)g — ms(l _ pair/ps)g (3_11)

Assuming that due to the small distance between the sample and the counterweight space the

acceleration of gravity is practically unchanged, the sample mass can be calculated:

1-— Pair
mg = mlT/m (3.12)
1-— alr/ps

3.2.2 Experimental procedure

The experimental procedure consists of a series of steps through a semi-automatic process

with the help of the instrument software.

Initially, all the accessories (counterweights, sample holder, etc. but not the sample), are
attached to the balance and their respective masses, densities and temperatures (depending on
which part of the balance they are located) are entered in the buoyancy calculation table so that the

initial indication of the balance, Lin is correctly calculated.

The sample holder is then filled with the sample and after equilibration for a short amount
of time, the indication Lsin is recorded. The initial, non-outgassed mass of the material mo is derived

from the equation mo = Lfin-Lin.
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The material is then activated in situ by heating it to a predetermined temperature under
high vacuum (<1.0e®). The outgassing process is considered concluded when no further weight

loss is recorded and the mass reading becomes stable.

The determination of the sample’s initial outgassed mass ms is calculated by the instrument
software. In particular, the mass mo initially introduced into the sample holder of the balance is
equal to the activated mass of material (ms, density ps) and the impurities adsorbed in its pores and

surface, (mass mz and density p2), as weighed in air, according to the equation:
my = mg(1 - pair/ps) +m,(1 - pair/pz) (3.13)

Upon completion of the degassing, mass loss dmo is determined, by taking into account not
only the removal of unwanted impurities, but also the buoyancy of all the parts of the balance that
are suspended either in the sample area or in the counterweight (chain, sampler hook, etc.). If we
denote by mj and pi the masses and densities respectively of all the elements in the sample space

and m;, pj those of the elements in the counterweight space, the following relation is obtained:
dmy = ms(pair/ps) + m2(1 — pair/pz) + Z§=1mi (pair/pi) _ Z?:lmj (pair/p]_) (3.14)

Solving equation 3.13 with respect to ms and substituting it in the above equation (3.14) an
expression for m. is obtained, which is used to calculate the outgassed mass of the material. Due
to the fact that the activation of the material takes place under vacuum, d the relation is simplified
to dmo = m2. However, equation 3.14 is used to calculate the adsorbed amount in the pores of the
material at various step pressure changes which essentially constitute the gas isotherm (by
replacing pair With pg which is given by eq. 3.10). Given that the temperature varies between the
different parts of the balance (hence the different gas densities surrounding the various components

of the balance), buoyancy corrections become of critical importance for accurate calculations.

The IGA cryofurnace that accompanies the instrument and can control the reactor/sample
temperature in the range -150 "C (by means of a liquid nitrogen flow) to 500 °C, was used to adjust
the appropriate degassing temperature. During the measurements, a GRANT refrigerated
circulating bath was used to control the reactor temperature (0-35 'C) during adsorption

measurements.
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The experimental procedure starts after the sample’s temperature has been stabilized at the
analysis setpoint and the input of the basic experimental parameters such as the gas to be used, the
isothermal pressure points for which the amount of adsorbed gas will be calculated, the minimum
and maximum equilibrium time of each point, etc, have been determined. During the measurement,
the kinetic experimental data (weight change versus time) are also recorded while a kinetic model
function can be constantly fitted to the measured points in order to predict the equilibrium time as
well as the amount of adsorbed gas at each isotherm point. For the measurements described in this
Thesis, the Linear Driving Force (LDF) model for gas adsorption kinetics!'! was used in the

following form:
_(t=to
my = Mipe +4m (1 —e (% )) (3.15),

where my is the mass of the material at random time t, minit is the initial mass of the sample, Am is
the change in mass of the sample after a step change in pressure, to is the moment at which the
equilibrium measurement is considered to begin and k is a time constant. The values of Am and k
are determined by the method of least squares for each point of the isotherm. The material is
considered to be in equilibrium when the change in mass approaches 99% of the theoretical value
or if an arbitrary maximum equilibrium time has been set by the user. When the equilibrium

condition is satisfied, the instrument proceeds to the next predetermined point of the isotherm.

3.2.3 Diffusion time constant calculation

Adsorption kinetics can be additionally analyzed by a more elaborate approach. In more
detail, by assuming micropore diffusion, the apparent diffusion coefficient D, can be calculated by
fitting the proper solution of Fick’s second equation to the experimental adsorption kinetic data.
The solution for isobaric, isothermal uptake and micropore diffusion in spherical particles is given

below:

m, 6« 1 —N2Dn2(t — t,)
m—ooz 1—Flvzlm exp T‘Z (316)

where m is the uptake at any random time t, m., is the equilibrium uptake of the material, N is the

equation’s number of terms, to is the time at which data recording begins and r is the radius of the
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particle. Although the above equation applies to spheres, it can also be used for particles of various
shapes provided that the radius is replaced by an equivalent size, defined as the sphere radius
having the same ratio of outer surface area to volume as the particle to be studied. In the case where
the radius of the particle is not known, as in the present case, the diffusion time constant D/r? is

calculated.

3.2.4 Isosteric heat of adsorption calculation

The value of the isosteric heat of adsorption (Qst) is an indication for the intensity of the
interaction between adsorbed gas molecules and the surface of the adsorbent. More specifically, it
describes the amount of heat released during the adsorption of gas molecules on the surface of the
material as a function of the surface coverage. As the pressure increases, the interaction between

the adsorbed molecules within the porosity of the material becomes of critical importance as well.

The Qs values were calculated by using the virial coefficients method. In particular,
adsorption isotherms of the gas to be studied are required at different temperatures (as Qst may
change with temperature, usually three neighboring temperatures are used with e.g., a difference
of 10 °C). The data of the three isotherms are fitted to an equation having the form:

m n
1 | |
InP = InN + (?) z a; Nt + Z bNE  (3.17)
i=0 i=0

where P is the equilibrium pressure, N is the adsorbed amount, T is the temperature, i and bj are
the virial coefficients and m, n are the numbers of coefficients required to adequately describe the
isotherms. Finally, the adsorption enthalpy for zero coverage (Qsto), which is practically the
interaction energy of the first molecule that comes in contact with the surface of the material, and
the adsorption enthalpy as a function of the amount of adsorbed phase are given respectively by

the following two equations, where R is the universal gas constant:

Qsto = —Ray,  (3.18)

Qst(N) =—R > a;N' (3.19)
2
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3.3 High pressure volumetric apparatus

The materials’ methane storage properties were evaluated by measuring gas excess
adsorption isotherms at pressures up to 100 bar and near ambient temperatures. More specifically,
the experiments were performed on a high presssure volumetric apparatus (Hy Energy PCTPro
2000, SETARAM), simple schematic representation of which is illustrated in figure 3.7.

Appropriate sample quantities (approximately 100 mg) were loaded on a stainless steel
sample holder and were activated (when needed) in situ with heating under high vacuum (< 10
mbar) for approximately 12 h. Isothermal conditions during the measurements were ensured by
means of a water bath in which the sample holder was immersed while the main part of the device

remained at 30 °C with the aid of an integrated air bath.

Figure 3.7: Schematic representation of the high pressure volumetric apparatus

The principle of the volumetric method is described in chapter 3.1.4.1 and is identical to Autosorb-
1 which as already mentioned is a low pressure volumetric analyzer. Ultra pure He (5.0) was used
for void volume detertmination at instrument and sample temperature prior to each measurement.
For the isotherms, ultra pure CHa (5.0) was used.
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3.4 Breakthrough curves determination apparatus
3.4.1 Device description

The experimental device for the study of breakthrough curves, simple schematic
representation of which is given in figure 3.8, has been constructed entirely in the HySorb
laboratory of NCSR "Demokritos™ and has the ability to perform gas mixture experiments under
flow at high pressures (up to 20 bar) and temperatures (up to 350 ‘C), by means of a custom made
heating mantle. It consists of stainless-steel pipes (size 1/4 "and 1/8" type 103 SS 316), connected
through stainless steel valves and either Swagelok® or VCR® connectors. The device is

essentially divided into the following three main parts:

1) Gas mixing chamber connected to the mass flow controllers
2) Fixed bed (adsorption column) and bypass manifold

3) Gas analyzer.

Specifically, the gas mixing area includes three digital mass flow controllers (Bronkhorst
EL-FLOW F-201CV), factory calibrated for various gases (N2, CHas, He, Hz, COg, etc.). The first,
connected to an Ar cylinder (5.0) has a flow-rate of 4 - 200 ml NTP / min and the other two,
optionally connected to CH4 (5.0), He (5.0), N2 (5.0) and CO- have a flow rate of 0.1 - 5 mI NTP
/ min. The outlets of the above regulators are connected to isolation valves that are in turn
connected to a cross-type connector (Swagelok®), which is essentially the mixing space.

The column section consists of a) the packed bed itself, which contains the sample to be
analyzed. It is made of a 77.50 mm long stainless-steel cylinder with internal diameter of 3.0 mm.
At the ends of the cylinder VCR connectors are welded for easy connection and disconnection
from the set-up. By using nickel gaskets equipped with a 2 pum diameter filter, an airtight
connection is achieved and the elution of material particles in the remaining piping of the device
is avoided, b) the sample bypass tube using two three-way valves located in the column’s inlet and
outlet, ¢) a pressure transducer (Wika Tronic Line) mounted at the column inlet, d) an electronic
flow regulator (Bronkhorst EL-FLOW F-201CV, digital mass flow controller), which essentially
acts as a flowmeter at the column’s outlet and e) an electronic pressure regulator (back pressure
regulator ELPress, 0-20 bar, 400 ml / min, by Bronkhorst).
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Finally, the analyzer is a residual gas analazer (RGA) mass spectrometer (PFEIFFER
OMNISTARTM GSD 301 O2), which is connected to the system after the back pressure regulator
via a cross-type connector (Swagelok®), to which venting valve and a vacuum metering valve are

also connected. The vacuum valve is connected to a high vacuum turbomolecular pumping station.
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Figure 3.8: Experimental device for gas mixture break through experiments containing: i) Gas mixing
chamber connected to the mass flow controllers, ii) Fixed bed and bypass manifold, iii) Gas analyzer

3.4.2 Mass spectrometer

The analyzer is a quadrupole mass gas spectrometer OMNISTAR™GSD 301 O2 constructed
by PFEIFFER. It consists of three main parts: a) the inlet system, b) the vacuum part and c) the
mass analyzer and the appropriate electronic components. The inlet includes a thermostated 1/16"
diameter, 1m long stainless steel capillary tube, with a solenoid valve and a 0.02 pm diameter
constrictor. The gas mixture to be analyzed is pumped in the system through the capillary tube,
which is heated to 120 C to avoid vapor condensation, under a flow of 1-2 ml/min (when the
mixture is at atmospheric pressure). The vacuum compartment includes a diaphragm pump in
combination with a turbo molecular pump as well as a full-scale combined pirani/penning gauge
of range from 1e® to 1000 mbar. The analyzer’s simple schematic representation is depicted in
figure 3.9. It consists of the ionization source, a quadrupole mass filter and of two detectors: a) a
Faraday type (Faraday Cup) and b) a Channeltron with Secondary Electron Multiplier. The latter

exhibits at least 100 times more sensitivity than the first.
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Figure 3.9: Schematic representation of the mass spectrometer

The RGA instrument can work under different modes, the most common being a m/z (mass
over charge) scan (0-200 amu for the specific instrument). However, the most convenient for
breakthrough experiments is the temporal measurement of intensities at predetermined m/z values.
In order to carry out such a measurement, an appropriate method needs to be established. The main
parameters to be resolved are: a) the definition of individual m/z values to be monitored, (b) the
measurement time period per m/z and c) the type of detector to be used.

3.4.3 Experimental procedure

CO2/N2 and CO2/CHy4 separation experiments were performed at pressures ranging from 1
to 5 bar at room temperature. Due to the small amount of material available to be studied, the aim
was to achieve low flow-rates in order to increase the analysis time and observe the separation
phenomenon in detail with well-defined breakthrough curves. Thus, CO2, CHs4 and N2 were
introduced with the 0.1-5 mlI NTP / min mass flow controllers (MFCs) and the Ar with the 4-200

ml NTP/min MFC. Double stage pressure reducers set to 8 bar were connected to all gas cylinders.
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The adsorption column, containing the material, is then weighed and after calculating the
tare weight, is reattached to the device. Subsequently, the sample is degassed on the device (in
situ) under argon flow (10 ml/min) or vacuum while heating at the desired temperature. During
the activation, the exhaust gases are analyzed by the mass spectrometer, in order to monitor the
progress of the process. After the activation process is completed successfully, the system is cooled
to room temperature. Then, using the Argon MFC, a pressure equal to the separation process is
applied to the sample (it is assumed that Argon adsorption at room temperature is negligible).
Then, by using the vacuum pump the rest of the system (i.e., 3-way valves to bypass) is cleaned.
In the next step, the proper flow rate values for nitrogen or methane and carbon dioxide are adjusted
in the MFCs while the pressure of the process (in which the sample is already under argon) is
adjusted using the back pressure regulator. When the signals recorded by the mass spectrometer
are stabilized, the three-way valves are used to guide the flow of the mixture through the column.
This moment is considered as the start time of the experiment. The experiment is completed when

the gas mixture composition at the outlet of the bed is the same as that of the feed.

The breakthrough curves obtained during the experiment require a correction corresponding to
the time it takes for the "dead" volume of the device to be filled by the gas mixture. The correction
is done by following the same procedure described above, with the only difference that instead of

the mixture, helium is used, (helium adsorption is considered negligible at room temperature).
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4. Results and Discussion

In this chapter, the synthetic procedure of the palladated ligand and the corresponding two
heterobimetallic MOFs is briefly described. Subsequently, structural characterization using a
combination of the analytical methods described in the previous chapter was achieved. Low- and
high-pressure CO2, CH4 and N isotherms at a broad range of temperatures were measured in order
to extensively evaluate the material’s adsorption properties. Finally, dynamic column
breakthrough (DCB) experiments were performed in order to assess the separating ability of the

best performing adsorbent by selective CO> adsorption from mixtures containing CHs or N>.

4.1. Synthesis and characterization of palladated ligand, trans-[dichlorido(3,5-
dicarboxypyridyl) palladium(I1)] (HsL)

An amount of 3 5-pyridinedicarboxylic acid (PDC 334.2 mg, 2.0 mmol) was suspended in
tetrahydrofuran (THF) (150 mL) and the mixture was degassed by three vacuum/Ar cycles. After
the addition of [Pd(PhCN).Cl] (383.6 mg, 1.0 mmol) the mixture was degassed again, and then
was stirred for 5 h under Ar atmosphere at room temperature to yield a yellow solution. Rotary
concentration under reduced pressure to ca. 1/3 of the initial volume and addition of hexane (250
mL) induced the formation of the product as a pale-yellow solid. It was collected by filtration,
washed with THF/hexane (1:2) and hexane, and vacuum dried. 501.1 mg of the final product was

recovered, which corresponds to a yield of 98%.%
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Figure 4.1: Synthetic route for the synthesis of palladated ligand, trans-[dichlorido(3,5-
dicarboxypyridyl)palladium(11)] (Hal)

'H NMR of the sample was collected (figure 4.2) and confirms the successful synthesis and purity of the
palladated ligand (HaL).
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Figure 4.2: "H NMR spectrum of HsL in CDsOD (500 MHz).

Subsequently, HsL was used for the synthesis of two new heterobimetallic metal-organic-

frameworks according to the experimental procedure briefly described in chapters 4.2 and 4.3.
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4.2. Synthesis of Cu-Pd-nbo

A solution of 10 mL dimethylformamide (DMF), 0.025 g (0.049 mmol) of HsL and 0.025
g (3 equiv., 0.147 mmol) of CuCl»-2H,O were placed in a 20 mL glass scintillation vial. The vial
was sealed and placed in an isothermal oven at 85 °C for 72 hours. During this period, small light
green cubic crystals of [CuzL], suitable for single crystal X-ray diffraction analysis (SC-XRD),
were deposited. The crystals were washed in fresh DMF (3 x 8 mL) for 1 day and MeOH (4 x 8
mL per day) for 4 days, and vacuum dried (40% yield based on HsL). SEM images were collected
for the newly synthesized material, revealing a broad distribution of crystal sizes as can be seen in

figure 4.3.

X1,800  10pm

Figure 4.3: A representative SEM image of Cu-Pd-nbo crystals

The InfraRed spectrum of the as made Cu-Pd-nbo is depicted in figure along with the
spectrum of the ligand. As can be seen, the peaks in the region above 3000 cm™ that are assigned
to the hydroxyls in the carboxylic acid groups of the ligand have disappeared indicating the
formation of the complex via de-protonation of the ligand. Moreover, the strong sharp peak at
1715 cm characteristic of the C=0 stretch has been split and shifted to lower wavelengths (i.e.
asymmetric vas(COO) = 1616 and 1568 cm—1 and symmetric vs(COO) = 1375 cm—1 carboxylate
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stretching vibrations characteristic of coordinated L) suggesting the formation of C-O-Cu bonds
that constitute the creation of the Cu?* based paddlewheel SBU.
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Figure 4.4: ATR-IR spectrum of as-made Cu-Pd-nbo. For comparison, the corresponding spectrum of

palladated ligand HalL is also shown.

Single-crystal X-ray diffraction studies revealed that the framework consists of dimeric

paddlewheel units [Cu2(O2C-)4] and La- linkers forming a 4,4-connected, non-interpenetrated 3D

network with the nbo topology. The structure features two types of cavities, alternating along the

c-axis, one made of 12 ligands and 6 paddlewheel units which is illustrated as a yellow sphere in

figure 4.5 and the other, made of 6 ligands and 12 paddlewheel units corresponding to the light

blue sphere. These cavities are decorated with —PdCl- units in which the CI™ anions are found

disordered over two positions. Taking into account the van der Waals radii of the atoms, the

diameter of these cavities is about 10 A. The total solvent accessible volume was found to be 64
%, using the PLATON software.*

70



Nor/
O\C\O
O g)/o

\Ox

1]

Q
|
)
o
I
o
1

Figure 4.5: Visual representation of the Cu.-paddlewheel cluster and the palladated organic linker HiL
(left) and X-ray structure of Cu-Pd-nbo (right). [C = gray, N = blue, O = red, Pd = pale blue, Cl = green,

Cu = orange; H’s have been omitted for clarity].

Phase purity was confirmed by powder X-ray diffraction (PXRD) analysis, and the
experimental patterns compared to the calculated from SCXRD data, are illustrated in figure 4.6.
Moreover, it was found that even after the activation procedure in which guest molecules are
removed from the porous network, the material’s structure remains intact, as can be seen in figure

4.6.
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Figure 4.6: Experimental PXRD patterns of the as-made (red) and activated (green) Cu-Pd-nbo. For
comparison, the PXRD pattern calculated from the single crystal structure (black) is also shown.

Studying the XRD pattern of the activated sample, an estimation of the average crystallite
size (L) was attempted using the Scherrer equation!!?;

KSCh/1
= 4.1
FWHM cos6 (4.1)

where Ksch is a constant related to crystallite shape usually taking the value of 0.94, X is the X-ray
wavelength (1.54178 A) and FWHM is the width at half maximum height of the diffraction peak

L

centered in 20 degrees. Analyzing the three high intensity peaks that can be seen from 7 to 14
degrees in figure 4.6, an average crystallite size of 29.8 nm was calculated for Cu-Pd-nbo.
Subsequently, small amounts of crystals were introduced to various solvents and their
corresponding XRD patterns were collected in order to evaluate the sample’s chemical stability.
The results are depicted in figure 4.7 suggesting that the Cu-Pd-nbo is stable in most of the
common organic solvents but partially collapses in water and is completely destroyed in

chloroform.
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Figure 4.7: Experimental PXRD patterns of Cu-Pd-nbo in various solvents. For comparison, the PXRD

pattern calculated from the single crystal structure (black) is also shown.
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4.3. Synthesis of In-Pd-soc

A solid mixture of HsL (112.5 mg, 0.22 mmol) and InCls (116.8 mg, 0.53 mmol) was
dissolved in 56 mL of THF/DMF/H20 (4:3:1) in a round-bottomed flask after vigorous magnetic
stirring at room temperature for several minutes. The resulting yellow solution was dispensed
evenly into 10 scintillation vials (8 ml size), which were sealed and placed in an isothermal oven
at 65 °C for 3 days. During this period, high-quality yellow cubic crystals of the sample, suitable
for single-crystal X-ray analysis, were deposited. After cooling the vials to room temperature, the
crystals were removed by decanting with mother liquor, samples merged into one batch and
washed in fresh DMF (3 x 8 mL per day) for 3 days, MeOH (3 x 8 mL per day) for 1 day, and
activated under SC CO2 resulting to 121 mg of sample and a corresponding yield of 30% based
on HiL. SEM images were collected for the newly synthesized material, revealing a broad

distribution of crystal sizes as can be seen in figure 4.8.

e

20kV X550  20um

Figure 4.8: Representative SEM image of the crystals of activated In-Pd-soc

The InfraRed spectrum of the as made In-Pd-soc along with the spectrum of the ligand is
presented in figure 4.9. As discussed above for the Cu based MOF, the pattern is similar. The peaks
in the region above 3000 cm™ that are assigned to the hydroxyls in the carboxylic acid groups of
the ligand have disappeared indicating the formation of the complex via deprotonation of the
ligand. Moreover, the strong sharp peak at 1715 cm™ characteristic of the C=0 stretch has been
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split and shifted to lower wavelengths (i.e. asymmetric vas(COO) = 1618 and 1570 cm—1 and
symmetric vs(COO) = 1355 cm—1 carboxylate stretching vibrations characteristic of coordinated
L) suggesting the formation of C-O-In bonds that represent the creation of the oxo-centered indium
carboxylate cluster.

100 g

920 |

80

70
X 60 L
: |
2 50
© [ |
£ a0 |
g 30 | In-Pd-soc
g 20 | ——Ligand H4L

1715 1570
10 - 1618 1355
0
4000 3500 3000 2500 2000 1500 1000 500

Frequency (cm-?)

Figure 4.9: ATR-IR spectrum of as-made In-Pd-soc. For comparison, the corresponding spectrum of
palladated ligand HalL is also shown.

SCXRD study reveals that the structure comprises oxo-centered trimeric indium clusters
linked by L* linkers, as shown in figure 4.10. The clusters contain three octahedrally coordinated
In® cations sharing one central oxo-anion. In each octahedron, the In®*" is coordinated by four
different carboxylate groups and one ps-O atom, while the apical site is occupied by 2/3 of a
terminal water molecule and 1/3 of a chloride ion which counter balances the cationic framework.
The trimeric clusters are bridged together by six different metalloligands L, resulting in an
extended three-dimensional structure. Essentially, six metalloligands L, acting as 4-connected
nodes with a rectangular planar geometry as can be seen in figure 4.10, connect the eight corners
occupied by In3O trimers, each of which can be considered as a 6-connected node with a trigonal
prismatic geometry. This kind of assembly results in the construction of a connected structure in
which the augmented soc net is assigned. This structure comprises of a periodic arrangement of
cages with a diameter of 11.2 A and two infinite intersecting channels with approximate diameter

of 4.7 and 5.3 A, both of which are decorated with PdCl, moieties. The cages are accessible only
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through small trapezoidal-shaped windows (window dimensions are 7.9 X 4.8 A). Using PLATON

software, the total solvent accessible volume for In-Pd-soc is calculated to be 52%.%
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Figure 4.10: Visual representation of the oxo center Ins cluster and the palladated organic linker HsL (left)
and X-ray structure of In-Pd-soc (right). [C = gray, N = blue, O = red, Pd = pale blue, Cl = green, In =
pink; H's have been omitted for clarity].

The high phase purity of the sample was confirmed by the excellent agreement between the
experimental PXRD pattern of In-Pd-soc and the calculated PXRD pattern derived from the single

crystal structure analysis as can be seen in figure 4.11.
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Figure 4.11: Experimental PXRD patterns of the as-made (black) and activated (blue) In-Pd-soc. For

comparison, the PXRD pattern calculated from the single crystal structure (red) is also shown.

Moreover, it was verified that upon activation, the crystal structure of the material remains
undamaged. Using equation 4.1 for the first 5 high intensity PXRD peaks of the activated In-Pd-
soc, the average crystallite size was found to be 23.1 nm, slightly smaller than that of Cu-Pd-nbo.

Subsequently, the chemical stability of the material was investigated by immersing small
amounts of crystals in various commonly used solvents. The corresponding XRD patterns are
depicted in figure 4.12. In-Pd-soc appears to be stable in acetone, methanol and DMF. However,
it seems to be completely destroyed in chloroform. Interestingly, when introduced to water the

sample suffers a structural transformation although it maintains part of its crystallinity.
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Figure 4.12: Experimental PXRD patterns of In-Pd-soc in various solvents. For comparison, the PXRD
pattern calculated from the single crystal structure (black) is also shown.
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4.4. Thermogravimetric analysis of Cu-Pd-nbo

In order to investigate the material’s thermal stability, TGA/DSC experiments were
performed up to 800 °C with a moderate heating rate of 5 °C/min under continuous argon flow of

20 ml/min.

Inside an argon MBraun glove box, approximately 8 mg of as made Cu-Pd-nbo were placed
in a pre-weighed alumina crucible. Prior to the analysis, the furnace was purged with argon so that
the exposure time of the sample in atmospheric air would be minimized. Along with the TGA/DSC
curves, the 1% derivative gravimetric curve (DTG) was also produced; both are illustrated in figure
4.13. In order to determine the thermal stability limits Tonset and T onset Values were calculated
respectively and are presented in table 4.1. T’onset Values, result from the DTG curves and are
considered to be a safer choice than the Tonset Values which generally overestimate the thermal

decomposition temperatures, since they are affected by the experimental parameters such as

heating rate etc.113114
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Figure. 4.13: TGA/DSC/DTG plots of as made Cu-Pd-nbo. (a) Change of weight percent with temperature

and heat flow curves (b) change of derivative weight percent with temperature.

The sample exhibits thermal stability up to approximately 180 ‘C. Three weight loss steps,
evident in the DTG curve, can be observed for as made Cu-Pd-nbo. Firstly, the solvent molecules
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and other impurities occupying the porous structure of the MOF were removed up to 100 'C, as
can be concluded by the characteristic endothermic DSC peak. After the solvent removal, a stable
plateau was observed up to 180 ‘C. Further temperature increase results to the main two-step
weight loss due to degradation of the organic linkers as can be seen by the broad exothermic DSC
peaks, leading to the complete collapse of the porous framework. The remaining residue was

metallic Cu and Pd powder.
Table 4.1: TGA/DTG Tonset and T’onset values for Cu-Pd-nbo

Tonset (° C) T onset (OC)
Cu-Pd-nbo 205 180
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4.5. Thermogravimetric analysis of In-Pd-soc

TGA/DSC experiments were performed for In-Pd-soc according to the experimental
procedure described above for Cu-Pd-nbo and the results are illustrated in figure 4.14. The first
main weight loss that is complete before 210 “C, occurs due to evaporation of guest solvent
molecules and other impurities from the porous structure of the material, evident for the broad
endothermic peak on the heat flow curve. Almost immediately, a second main step is observed
corresponding to structural breakdown as the palladated ligand decomposes. Tonset and T’ onset
values were calculated to be 230 and 215 °C suggesting enhanced thermal stability compared to

Cu-Pd-nbo. The remaining residue is considered to be metallic In and Pd powder.

Table 4.2: TGA/DTG Tonset and T’ onset values for In-Pd-soc

Tonset (OC) T onset (OC)
In-Pd-soc 230 215
100 In-Pd-soc [0 1007 In-Pd-soc [ 2
90 - 90 -
80 A -5 80 | 1.5
70 A S 70
£ F 1
< 60 - L 0= 60 -
)
S 2
350 @ 50 - 0.5 5
2 a0 L 5% 40 =
] L 0
30 | T 30 A
20 TG 10 20 A —TG | o5
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Figure. 4.14: TGA/DSC/DTG plots of as made In-Pd-soc. (a) Change of weight % as a function of

temperature and heat flow curves (b) change of derivative weight % as a function of temperature.

80



4.6. Nitrogen/Argon adsorption isotherms for Cu-Pd-nbo

Argon and nitrogen isotherms were performed at 87 and 77K respectively, in order to
evaluate the porous properties of the sample. Successful activation of Cu-Pd-nbo was easily
achieved in two straightforward steps. Firstly, MeOH was used to exchange the DMF molecules
occupying the porous framework during the synthetic procedure. The sample was soaked in
methanol over a period of 4 days, replenishing the methanol 4 times a day. Subsequently, methanol
was removed by drying under dynamic vacuum (< 10°® mbar) for 12 hours and heating at 50 "C.
The successful activation of the sample can also be visually confirmed by a characteristic color
change from green (as-synthesized) to deep blue-violet (activated), as can be clearly seen in figure
4.15.

Figure 4.15: Color change before and after activation at 50°C under vacuum for Cu-Pd-nbo

Argon and nitrogen adsorption isotherms confirmed the permanent porosity of Cu-Pd-nbo
by showing a fully reversible type-1 isotherm, characteristic for predominantly microporous
materials, as can be seen in figure 4.16. The BET area for nitrogen and argon, calculated with
respect to the BET consistency criteria as described in section 3.1.4.3, was found to be 1473 m? g
Land 1415 m? g%, respectively (figure 4.17). The subtle difference between the values is attributed
to nitrogen’s quadrupole moment which results in enhanced electrostatic interactions with highly
polar surfaces, such as Cu-Pd-nbo. This is evident by the sharp rise on nitrogen uptake at very low

relative pressure (< 1x10°) compared to argon. On the other hand, argon’s lack of quadrupole

81



moment makes it the preferable adsorbate for more accurate calculations especially in the case of
microporous materials with increased surface electron density. The total pore volume, calculated
from the Ar adsorption isotherm at 0.995 P/P° is 0.53 cm®/g, very close to the crystallographic
value of 0.65 cm®/g, confirming that the structure remains intact after activation.
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Figure 4.16: Argon and nitrogen adsorption isotherms at 87 and 77K, respectively for Cu-Pd-nbo. The

measurements are plotted on logarithmic scale (right) in order to reveal the material’s l0W-pressure

behavior
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Figure 4.17: BET plot for Cu-Pd-nbo calculated from the nitrogen isotherm (left) at 77K and argon (right)
at 87K

The pore size distribution was obtained using Non-Local Density Functional Theory
(NLDFT) by applying an argon equilibrium NLDFT kernel at 87K for spherical/cylindrical pores.
As can be seen in figure 4.18, the calculation results on a major peak centered at 9.5 A, in full
agreement with the crystallographic analysis. The validity of the calculation is confirmed by the

successful fitting of the measured argon adsorption isotherm.
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Figure 4.18: Pore size distribution (a) derived from the argon adsorption isotherm at 87K for Cu-Pd-nbo

and the corresponding NLDFT fitting (b).

4.7. Low pressure single component isotherms for Cu-Pd-nbo

Following the structural characterization, the adsorption properties of the material were
evaluated. The relatively large gravimetric surface area, due to the sample’s microporosity, in
combination with the presence of unsaturated Cu?* sites and the square planar Pd?" cations,
constitute Cu-Pd-nbo a very promising material for selective CO> capture from various gas
mixtures. As already mentioned, this dissertation focuses on the challenging separation of CO>
from N2 and/or CHs mixtures, as well as CHas storage, which are key topics in

environmental/energy research. In a process like that, one of the main parameters that determine
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the material’s performance is the adsorbed amount that can be retained in specific pressure /
temperature conditions. This property is determined through the adsorption isotherm. Accordingly,
using the volumetric method, CO2, N2 and CHg sorption measurements were performed at different
temperatures up to 1 bar, from which important properties including uptake, isosteric heats of
adsorption (Qst) and Ideal Adsorption Solution Theories (IAST) selectivities, were extracted. Low
pressure, compared to high pressure isotherms, provide better resolution through many equilibrium
points that are measured at sub-atmospheric pressure. Therefore, useful insight on the adsorbent-

adsorbate interaction at very low loadings can be obtained.

Initially, CO> adsorption properties were evaluated for Cu-Pd-nbo by performing a series

of isotherms from 195 to 293 K and pressure up to 1 bar, as illustrated in figure 4.19.
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Figure 4.19: Excess CO; adsorption isotherms for Cu-Pd-nbo up to 1 bar at various temperatures

Cu-Pd-nbo performed exceptionally in terms of CO. uptake since it adsorbs 8.5 mmol/g
(190.1 cm®/g, 373.5 mg/g) at 1 bar and 273K, a value which ranks it among the highest in the entire
family of MOFs. In terms of volumetric uptake, which was calculated using the material’s
crystallographic density, Cu-Pd-nbo showed the highest value reported for the entire Cu-based nbo
family of MOFs (186.2 cm® STP/cm®). This can be attributed to the high density of relatively
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strong CO; interacting sites (Cu?* and Pd?*) within the microporous structure in combination with
the material’s high crystallographic density (0.98 g/cm®). At 293K, the material exhibits an almost
linear increase in uptake as pressure rises suggesting that the strong adsorption sites are not yet
saturated at these pressure/temperature conditions. As the temperature of the experiment is
decreased the isotherm’s shape gradually changes to a Langmuir type, displaying a sharp uptake
rise at low pressure. At the same time, the adsorbed CO. quantity is increased as expected. At
195K, a clear saturation plateau is observed at 15.0 mmol/g. All the isotherms are completely
reversible highlighting that sorption is purely physical and further indicating the absence of steric

or kinetic hindrance even at low temperature.

In order to further assess the CO,-surface interaction the isosteric heat of adsorption Qst
was calculated as a function of surface coverage. CO> adsorption isotherms at 0, 10 and 20 °C were
fitted using the virial equation as described in section 3.2.4 and the results are depicted in figure
4.20.
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Figure 4.20: Virial type fitting of CO. adsorption isotherms for Cu-Pd-nbo at 0, 10 and 20 °C and the

corresponding isosteric heat of adsorption as a function of CO; uptake (inset)
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Zero coverage isosteric heat of adsorption Qsto was calculated to be 26.2 kJ/mol which is
lower than that of other high performance nbo-type MOFs whose values fluctuate around 30
kJ/mol. Considering the shape of the isotherms at the aforementioned temperatures which exhibit
a slow but steady increase on CO> uptake, a synergistic effect of the open metal sites — adsorbate
interactions and confinement in the material’s microporous network is suggested. Qs slightly
increases as the pressure reaches 1 bar, indicative of inhomogeneity of the adsorbed phase,
probably due to adsorbate intermolecular forces as the active adsorption sites become gradually
populated by CO> molecules. These results are consistent with quantum chemistry calculations
which were executed and revealed a relatively strong Lewis base Pd?*-COy interaction, calculated
to be 24.3 kd/mol in addition to the expected Lewis acid Cu?*-CO; interaction (30.3 kJ/mol).%

Subsequently, CH4 and N2 adsorption isotherms were performed following the same
experimental procedure.CH4 adsorption isotherms up to 1 bar were measured for Cu-Pd-nbo at

temperatures varying from 112 to 273 K as depicted in figure 4.21.
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Figure 4.21: CH,4 adsorption isotherms for Cu-Pd-nbo up to 1 bar at various temperatures

The shape of the CH4 adsorption isotherms follow the trend observed for CO,. However,

the CH34 — surface interactions are weaker compared to CO> since Cu-Pd-nbo adsorbs 1.3 mmol/g
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(28.4 cm®g, 20.3 mg/g, 27.3 cm3STP/ cm®) at 1 bar and 273K. The CH4 adsorption isotherm
recorded at its boiling point (112K), showed a fully reversible type-I isotherm with a saturation
plateau at 14.32 mmol/g (320.7 cm®/g). Using CHs as the probe molecule, the material’s total pore
volume was calculated to be 0.54 cm®/g at P/P°: 0.96, which is in excellent agreement with the
value calculated from the Ar adsorption isotherm. This verifies that the porous network is fully
accessible to the methane molecules. Accordingly, the isosteric heat of adsorption was calculated
and the results are illustrated in figure 4.22. Due to the low quantity adsorbed at low pressure and
ambient temperature, isotherms at 273, 253 and 223K were selected for the calculation using the

same procedure described above.
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Figure 4.22: Virial type fitting of CH,4 adsorption isotherms for Cu-Pd-nbo at 0, -20 and -50 "C and the

corresponding isosteric heat of adsorption as a function of CH,4 uptake (inset)

As expected, the CHy isosteric heat of adsorption for zero coverage yielded 17.48 kJ/mol
compared to 26.22 kJ/mol for CO,. The difference on the affinity for the material’s surface
between them can be explained by the reduced polarizability that the CH4 molecule exhibits. Qst
slightly increases as a function of the adsorbed quantity but never exceeds 20 kJ/mol, a rather

modest value compared to the ones reported in literature for methane storage®. Based on the
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difference in affinity for the surface between CO. and CH4, Cu-Pd-nbo poses as a potentially

successful candidate for CO./CHj4 separation applications through selective physical adsorption.

Furthermore, in order to investigate the material’s ability on another impotrant application,
CO2/N2 separation, nitrogen adsorption isotherms were measured and the results are depicted in
figure 4.23.
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Figure 4.23: N, adsorption isotherms for Cu-Pd-nbo up to 1 bar at various temperatures

Nitrogen exhibits even lower affinity for the material’s surface. Cu-Pd-nbo adsorbs 0.4
mmol/g (8.6 cm®/g, 5.4 mg/g, 8.3 cm3STP/cm?) at 1 bar and 0 °C. Accordingly, Qsto was calculated
to be 12.12 kJ/mol. Nitrogen isosteric heat of adsorption increases as the surface coverage is

increased due interactions between the adsorbed molecules but does not exceed 20kJ/mol at 1 bar
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Figure 4.24: Virial type fitting of N, adsorption isotherms for Cu-Pd-nbo at -10, 0 and 15 °C and the

corresponding isosteric heat of adsorption as a function of N2 uptake (inset)

The values derived for the virial coefficients by successful fitting of the isotherms for the

three gases as already described, are listed in table below.

Table 4.3: Virial coefficient values for CO2, CH4 and No.

ao
ai
az
as

bo
b1
b2

CO2
-3153.76203
0.72469
-0.00523
-1.84E-06
9.90E-09
11.19426
-0.00008
0.00002

error
66.01668
1.1309
0.00384
5.64E-06
7.89E-09
0.23305
0.00401
0.00001

Virial equation

CHa error
-2102.93687 @ 48.88889
-25.99942 7.15937
0.48842 0.22287
1.46E-03 1.46E-03
-6.67E-06 = 8.80E-06
10.65952 0.18804
0.14101 0.02622
-0.00268 0.0007
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N2
-1457.60821
-10.04834
-12.86891
5.64E-01
-1.81E-02
9.21948
0.13342
0.02697

error
152.6165
76.45992
8.78845
2.83E-01
9.61E-03
0.55139
0.27015
0.02818



In order to gain a first estimation on the gas separation properties of the material the Ideal
Adsorption Solution Theory (IAST) was applied to the CO2, CH4 and N2 adsorption isotherms.
IAST was developed by Myers and Prausnitz!'® in 1965 with the aim to provide gas mixture
equilibrium data derived from individual single component isotherms. Considering the gas phase
as an ideal gas mixture and the adsorbed phase as an ideal solution whose components exhibit
activity coefficients equal to unity, IAST has been a powerful tool for researchers for obtaining
mixture isotherm adsorption properties on a relatively accurate and less time-consuming way than
performing actual gas mixture experiments. Although the ideality assumptions have been proved
to lead to inaccurate results occasionally, careful choice of an appropriate adsorption model and
successful fitting to the experimental adsorption data can produce qualitatively reliable results
which can be used as a fingerprint for the material’s properties. However, the solution of a system
of non-linear equations is required in order to obtain the final results which can be a tedious
process. For this reason, the IAST* GUI software!® was used and the final results are depicted

below.

Initially, the CO2/CHj4 separation ability of the material was investigated at 0 °C and low
loadings. The respective single component isotherms can be seen on the left of figure 4.25. The
red dotted lines correspond to the fitted data according to the selected adsorption model. For both
isotherms the best fit was achieved when the Dual-Site Langmuir-Freundlich (DSLF) model was
adopted.

(k P)™M (kpP)™2
L1+ (kP2 2 1+(kyP)"2

m(P) =q (4.2)

where m(P) is the experimentally determined amount adsorbed as a function of pressure P, g and
g2 are the adsorbed amounts at saturation for the two different adsorption sites 1 and 2, ki, ko are
the adsorption constants and ni, n2 the coefficients accounting for heterogeneity for the respective

sites.
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Figure 4.25: Cu-Pd-nbo excess adsorption isotherms for CO, and CH, at 0 “C and the corresponding DSLF

fitted curves(a), IAST selectivities for three different CO,:CH4 mixture ratios (b)

For CO2, which is evidently the most strongly adsorbed species of the mixture, the relation
with the two sites of DSLF reflects the interaction of the adsorbate with the unsaturated Cu?*
centers found in the paddlewheel cluster and the m-orbitals of the planar Pd coordinated on the
organic linkers, in agreement with the theoretical studies performed.®® For CH4 however, there is
no solid evidence that two distinct interaction sites occur. Indeed, it can be seen from the fitted
parameters (Table 4.4.) that the second component of the dual model is rather insignificant since
gz is practically negligible (around 0.25% of q1).

Subsequently, the binary adsorption isotherms were determined by IAST++ for three
different mixture CO2:CHy ratios at 0 "C and the corresponding selectivity S, as a function of

pressure was calculated according to equation expressed below.

X
1/3/1

x
2/ Y2

51’2 = (43)

where x is the molar fraction of each of the components in the adsorbed phase and y the molar
fraction of each component in the gas phase.

As can be seen in figure 4.25b, the material is predicted to exhibit significant selectivity

for all the mixtures studied. However, a clear enhancement is observed at 50:50 ratio which
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becomes more pronounced as the pressure rises. This behavior is probably attributed to the gradual
saturation of CO- strong adsorbing sites with increasing loading. Essentially IAST confirms the
picture that was already revealed by the shape (lack of steepness) of the isotherms and the moderate
Qsto value obtained for CO; in contrast to the exceptionally high uptake obtained at 1 bar.

Subsequently, the same procedure described above was employed for CO2/N2 mixtures at
0 °C and pressure up to 1 bar. The best fit to the N2 experimental adsorption isotherm was achieved
using the Langmuir model as follows:

kP
1+kP

m(P) = q o (4.4)

Accordingly, the CO; over N2 selectivity obtained at 0 °C as a function of pressure reveals
an identical behavior to the CO2/CH4 mixtures. As can be seen in figure 4.26a, the difference in
uptake is even larger since N exhibits very low affinity for the material’s surface. This results to
higher values of selectivity for the material which for the 50:50 ratio exceeds 1000 at 1 bar. These
high values need to be treated with caution since the presumed ideality of the adsorbed phase has

been found to produce over-optimistic values for gasses with large Qs differences.
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Figure 4.26: Cu-Pd-nbo excess adsorption isotherms for CO, and N at 0 'C and the corresponding DSLF

and Langmuir fits respectively (a), IAST selectivities for three different CO:N, mixture ratios (b)
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All the parameters obtained from the fitting of the experimental isotherms, as described

above, are listed in table.

Table 4.4: Values obtained from fitting the experimental isotherms

Dual Site Langmuir Freudlich Langmuir
CO2 CHa N2
1" 0.99 4.18 q 1.65
n2 1.24 1.00 k* 4x10*
ki 0.02 6x10*
ko™ 3x10°® 0.17
n1 0.96 0.98
02" 10.37 0.01

[*mmol/g, **mmol/(g mmHg)]

The calculated IAST selectivities are comparable to some of the top-performing MOFs that

appear in literature and are listed in table 4.5

Table 4.5: IAST CO2/N2 and CO2/CHg4 selectivities for various adsorbents and Cu-Pd-nbo at 1

bar.
Materials CO2/N2 (15/85) CO2/CH4 (50/50) = Reference
Cu-Pd-nbo 25.8 (298K) 8.8 (298K) This work
134.2 (273K) 15.4 (273K) This work
MOF-5 10.1 (298K) 2.3 (RT) [117, 118]
Cu-BTC 34.4 (293K) 6.5 (RT) [119, 118]
MIL-101 11.4 (298K) [120]
MIL-101(Cr) 5.0 (RT) [118]
PCN-88 29.8 (296K) [9]
MOF-505 27.8 (298K 7.6 (298K) [121]
NJU-Bai21l 7.8 (298K) [96]
Cu-TDPAT 20 (298K) [122]

The low-pressure adsorption isotherms revealed a promising behavior for the potential use
of Cu-Pd-nbo in CO; capture processes by its selective adsorption from mixtures containing CHa
and/or N. Cu-Pd-nbo performed exceptionally in terms of CO> uptake at 1 bar achieving values
for gravimetric and volumetric capacity which rank it among the highest ever reported for the nbo
family in general.®® It needs to be noted that this was accomplished while the shape of the CO;

adsorption isotherm does not exhibit a steep step in uptake at low pressure, indicative of enhanced
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gas-solid interactions, but it presents a gradual but consecutive increase in adsorbed amount. This
translates to a moderate value of Qs Which is increased as the surface coverage proceeds. Thus, it
is implied that the material will be able to be regenerated and reused under mild conditions,
reducing substantially the cost and energy penalty usually associated with this stage of a potential
future application. Furthermore, IAST calculations predict that the material will be an interesting
candidate for CO. separation processes where the corresponding concentration is relatively high

such as biogas upgrading or syngas processing.
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4.8 Thermal Desorption Spectroscopy (TDS) experiments for Cu-Pd-nbo

In order to gain further insight on the CO.-substrate interactions and the consequent
impressive adsorption uptake the sample demonstrated, TDS experiments were performed on the
AS-1 volumetric device. More specifically, by using the cryocooler and acquiring control of the
instrument via the “manual mode” option, the following experimental procedure was followed.
The activated sample was charged with different amounts of CO, at 300K and isolated until
equilibrium was achieved by means of monitoring the pressure change. Subsequently, the sample
was cooled down with a 4 K/min rate to 50 K and remained there for 15 minutes. Then, the sample
was evacuated and consequently heated under dynamic vacuum back to 300 K using a ramp rate
of 0.5 K/min while the pressure change was recorded, ultimately producing the thermal desorption
spectrum that is depicted in figure 4.27.
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Figure 4.27: Low-temperature CO, TDS experiment for Cu-Pd-nbo
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Initially, a series of TDS experiments were performed on an empty sample holder with
various CO: loadings. Subsequently, 20 mg of (in situ) activated Cu-Pd-nbo were placed in the
same sample holder and the same experimental procedure was followed for 8 different CO;
loadings. During cooling, the sample adsorbs CO- to an extent which obviously depends on the
amount that was initially introduced to the system at 300 K. At 50 K, which is below carbon
dioxide’s triple point, the gas even under vacuum remains either “trapped” inside the microporous
network or, in case there is a surplus, solidified around the sample. In all cases, subsequent heating
(the part of the experiment that is depicted in figure 4.27), was performed by using the same rate
(0.5 K/min).

Evidently, two main peaks can be easily identified. The first, which can be seen for the
initial loadings of 760, 600 and 475 mmHg and begins at approximately 120 K and is attributed to
sublimation of bulk solid CO2 which solidified “outside” the material (figure 4.28). The
assumption made at this point is that the sample’s porous network is completely filled with
adsorbate and this hypothesis is validated by the fact that the three corresponding lines (black,
orange and purple) coincide at approximately 160 K to form the second distinct peak centered at
around 190 K. This peak is assigned to the desorption of the adsorbed phase in the sample
micropores—. The adsorbed molecules need greater energy in order to be desorbed due to the
enhanced interactions with the framework (including the metal centers). The area between the two
peaks is attributed to CO2 molecules that are adsorbed on the material’s external surface area (or
pores formed between the primary particles) and demand intermediate energy in order to be

desorbed compared to the bulk gas and the adsorbed phase in the micropores.
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Figure 4.28: TDS experiments for CO, on an empty sample holder (red line) and on Cu-Pd-nbo (in the

same sample holder) for various loadings

Although two distinct energy adsorption sites have been identified by quantum chemistry
calculations, their presence could not be resolved or verified by these TDS experiments since only
one peak is observed for the adsorbed species. However, a very “subtle” shoulder can be detected
at high temperatures and this may be related to a second set of sites with slightly increased
interaction with CO, (compared to the main peak at 190K). For this reason, the thermal desorption
process was further investigated by applying lower CO> loadings which resulted in partial filling
of the material’s microporous structure. Interestingly, the suggested energetic inhomogeneity of
the structure is strongly suggested. As the amount of the adsorbed phase is decreased, the
corresponding peak clearly shifts to higher temperatures (by more than 10 °C) indicating the

existence of a second family of adsorption sites with increased CO. — surface interactions.
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Figure 4.29: TDS experiments for the same CO; loading (600 mmHg) on Cu-Pd-nbo with various heating

ramp rates

Subsequently, a series of TDS experiments were performed in order to pursue additional
confirmation for the material’s surface energetic inhomogeneity using the same CO- loading and
different heating ramp rates ranging from 0.1 to 2.0 K/min (figure 4.29). Evidently, for the highest
heating rate (2.0 K/min), the peak assigned to the adsorbed species in the sample’s micropores
presents a rather symmetrical shape indicating a homogeneous energetic landscape. This can be
explained since the two distinct interactions have been theoretically calculated to be quite close to
each other (30.3 and 24.3 kJ/mol) thus more difficult to be experimentally distinguished. However,
as the heating ramp rate is decreased and the system is given more time to desorb the adsorbate,
the peak gradually presents an asymmetry which indicates the existence of a second family of
adsorption sites for which the CO2 molecules exhibit higher affinity. Ideally a system that could

achieve even lower heating rates than 0.1K/min would be able to distinguish the different
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adsorption sites by complete peak splitting although this would translate to tedious experiment

times.

4.9. High pressure single component isotherms for Cu-Pd-nbo

In order to gain a more complete picture of the material’s behavior, CO2, CHs and N>
adsorption isotherms were measured over a broader pressure range using the gravimetric method.
More specifically, gas adsorption isotherms were performed on the IGA-1 at different (near

ambient) temperatures and pressure up to 20 bar.
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Figure 4.30: CO, excess adsorption isotherms for Cu-Pd-nbo at 0, 5, 15 and 25 "C and pressure up to 20
bar.

The CO. excess adsorption isotherms at different temperatures that are illustrated in figure
4.30 exhibit a gradual uptake increase up to 2 bar which upon further pressure increase reaches a
quasi-saturation plateau of 12.48 mmol/g (549.2 mg/g, 279.6 cm® STP/g, 274.0 cm3STP/cm?) at
19.5 bar and 25 “C. For comparison reasons, total uptake was also calculated according to the
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equation described in section 2.4.1.3 and was found to be 12.95 mmol/g at 25 °C (570.0 mg/g,
290.1 cm3STP/g, 284.3 cm3STP/cm®) and pressure 19.5 bar. Isosteric heat of adsorption was also
calculated (figure 4.31) as a function of surface coverage and revealed the same trend observed for

low pressure isotherms.
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Figure 4.31: Virial type fitting of CO, adsorption isotherms for Cu-Pd-nbo at 5, 15 and 25 "C and the

corresponding isosteric heat of adsorption as a function of CO; uptake (inset)

The Qsto Value calculated is very close to the one estimated from low pressure isotherms.
As already shown from the low-pressure data, Qs slightly increases for the whole uptake range
suggesting favorable adsorbate-adsorbate interactions along the populated low energy sites of the
unsaturated metal sites as well as the metal centers of the organic linker. The high-pressure
isotherms appear to be completely reversible suggesting mild conditions required for the sample’s

regeneration even at high loadings.

Subsequently, methane excess adsorption isotherms were measured at identical

experimental conditions as described for CO> above.
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Figure 4.32: CH,4 excess adsorption isotherms for Cu-Pd-nbo at 0, 5, 15 and 25 "C and pressure up to 20
bar.

The measurements revealed completely reversible isotherms that exhibit a continuous
increase in uptake as the pressure rises. Cu-Pd-nbo adsorbs (excess) 7.0 mmol/g (112.3 mg/g,
156.8 cm® STP/g, 153.7 cm® STP/ cm®) at 25 °C and 19.5 bar. Isosteric heat of adsorption is in
complete agreement with the values obtained from low pressure isotherms. Interestingly, Qst
remains constant as the surface coverage increases with pressure up to 20 bar, suggesting (unlike
CO.) a homogeneous distribution of the adsorbed methane molecules within the microporous
structure of the material. This can be explained taking into account that methane is a non-polar
molecule with zero quadrupole moment. This way, methane would not “feel” the interaction with

the active sites of the structure as strongly as the COa.
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Figure 4.33: Virial type fitting of CH, adsorption isotherms for Cu-Pd-nbo at 5, 15 and 25 "C and the
corresponding isosteric heat of adsorption as a function of CH4 uptake (inset)

The shape of the isotherms, which continuously increase without reaching a plateau,
suggest that the material could also serve as an adsorbent for ANG applications. In order to
investigate its working capacity, adsorption isotherms were measured up to 100 bar at near ambient
temperatures using the volumetric method and the results are illustrated in figure 4.34.

CHys excess adsorption isotherms for Cu-Pd-nbo exhibit the common isotherm shape for
adsorption of supercritical fluids. CH4 uptake at 25 °C is gradually increased and reaches a plateau
at approximately 60 bar. Further pressure rise results to a slight decline as can be seen in figure
4.34. As the temperature decreases, the plateau is shifted to lower pressure and the subsequent
uptake decline becomes more visible. This is an ordinary behavior for methane excess adsorption
at higher pressures and near ambient temperatures. At a certain pressure the density of adsorbed
phase in the pores reaches a maximum value and further densification is not possible. On the
contrary, the bulk gas density is continuously increasing with pressure leading thus to a decreasing

excess amount.
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Figure 4.34: High pressure CH, excess (dots) and total (lines) adsorption isotherms for Cu-Pd-nbo at 0,
15 and 25 “C up to 100 bar.

For this reason, curves for total CH4 uptake, which give a more realistic description of the
system, were derived as described in chapter 2.1.4.3. Cu-Pd-nbo exhibits at 100 bar, total CH4
uptake of 10.25 mmol/g (164.4 mg/g, 229.6 cm3STP/g, 225.0 cm®STP/cm?®) and 11.38 mmol/g
(182.5 mg/g, 254.9 cclg, 249.8 cc/cc) at 25 and 0 °C respectively.

This highlights a limitation of the strategic use of purely microporous adsorbents, which
usually exhibit rather modest total pore volumes, for high pressure CHa4 storage applications.
Essentially, the shape of the excess isotherm reveals that at pressure higher than 60 bar the
material’s contribution to the increase of the energy density is negligible since there is no more
space inside the pores for CH4 to be adsorbed. The slight increase observed in the total uptake
curves at high pressures is attributed to the compression of bulk CHa as a result of the pressure
rise. In order to address that, a material that would exhibit a well-defined pore size distribution
ranging from large micropores to narrow mesopores or at least high total pore volume could
potentially offer more space for CHs to be adsorbed, taking advantage of the process’ whole

pressure range.
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Cu-Pd-nbo performs poorly when compared with the gravimetric DOE targets for methane
storage due to its relatively low total pore volume and moderate gravimetric specific surface area
value. As already mentioned, a linear relation between gravimetric capacity and specific surface
area (SSA) has been established. Specifically, total gravimetric uptake at 25 C and 65 bar was
estimated to be 154.6 mg/g (215.9 cm® STP/g) when the target is 500 mg/g (700 cm® STP/g).

However, the total volumetric capacity of the material can be compared with the top
performing adsorbents within the whole family of MOFs. Due to its relatively high
crystallographic density (0.98 g/ cm®) Cu-Pd-nbo has been found to adsorb 211.6 cm® STP/ cm®
CHy at 65 bar and 25 °C, which accounts for 80% of the DOE’s new target of 263 cm® STP/ cm?.
Total CH4 volumetric working capacities were calculated and are listed in table 4.6, along with
four MOFs that reportedly exhibit the highest CH4 storage capacities in literature.

Table 4.6: Porous properties, CH4 total and working capacities for Cu-Pd-nbo with respect to
other published top performing MOFs

SSA TPV CHa4 total uptake ) )
CHa working capacity
(m?/g) (cm?/g) at 298K
(cm? STP/cm?®)
(cm® STP/cm3)
NU-11156 4930 2.09 123 (35 bar) 177 (65-5 bar)
Al-soc™® 5585 2.30 205 (65 bar) 201 (80-5 bar
200 (35 bar) 151 (35-5 bar)
MOF-51972 2400 0.94
279 (80 bar) 230 (80-5 bar)
UTSA-20% 1156 0.62 195 (35 bar)

187 (35 bar) 101 (35-5 bar)

Cu-Pd-nbo® 1473 0.53 212 (65 bar) 125 (65-5 bar)
220 (80 bar) 134 (80-5 bar)

Cu-Pd-nbo demonstrates similar total CHs volumetric capacities with some high-
performance MOFs, although it exhibits rather moderate structural characteristics (SSA, TPV),
thus highlighting the cooperative effect of confinement in micropores and the presence of strong

adsorbing sites. However, in terms of working capacity it delivers the lowest CHs amount in every
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pressure range due to its Qs which results from relatively enhanced adsorbate -adsorbent
interactions at low pressure. Thus, a significant amount of adsorbed CHa is “trapped” and cannot

be released by solely reducing the pressure at 5 bar.

Finally, the nitrogen adsorption properties of Cu-Pd-nbo were evaluated for pressure up to

20 bar and the results are depicted in figure 4.35.
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Figure 4.35: N, excess adsorption isotherms for Cu-Pd-nbo at 0, 15 and 25 "C and pressure up to 20 bar.

Cu-Pd-nbo demonstrates completely reversible nitrogen excess adsorption isotherms with
an almost linear increase in adsorbed amount as the pressure is raised to 20 bar. However, the weak
adsorbate-surface interactions result to uptake values of 3.88 and 5.07 mmol/g at 25 and 0 ‘C,
respectively, at the pressure of 19.5 bar. Isosteric heat of adsorption was calculated to be 11.97
kJ/mol in full agreement with the value extracted from low pressure isotherms (12.12 kJ/mol) and

remains practically constant as the surface coverage increases.
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Figure 4.36: Virial type fitting of N, adsorption isotherms for Cu-Pd-nbo at 5, 15 and 25 'C and the

corresponding isosteric heat of adsorption as a function of N2 uptake (inset)

The values for the virial coefficients that were extracted from the CO,, CH4 and N

adsorption isotherms fitting, as already described, are listed in table 4.7

Table 4.7: Values for virial coefficients as obtained from fitting of the experimental isotherms

a0
al
a2
a3
a4
b0
bl
b2

Virial equation

CO; error CH, error N2 error

-3206.65342 94.97523 -2049.73456 29.79078 -1440.28031 29.59981
1.2256 0.7723 0.52169 1.70292 -6.83458 2.16552

-0.00625 0.00148 -0.02027 0.01971 0.08941 0.0305
-2.3232E-07 2.10E-06 0.00029 0.00012 -4.00E-04 2.10E-04
7.4222E-09 1.80E-09 -6.70E-07 @ 6.21E-07 1.78E-06 1.17E-06
11.34271 0.3256 10.5725 0.10328 9.10551 0.10319
-0.00131 0.00263 0.00894 0.00592 0.0267 0.00758

0.00002 4.58E-06 -0.00002 0.00007 -0.00021 0.0001

An overview of the high-pressure results is provided in figure 4.35, where the adsorption

isotherms of the three aforementioned gases at 25 °C and pressure up to 20 bar are plotted.
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Figure 4.37: CO,, CH, and Nz excess adsorption isotherms for Cu-Pd-nbo at 25 °C and pressure up to 20
bar. The red dotted lines represent the corresponding Langmuir fit and the black dotted lines highlight the

Henry region of the isotherms.

Evidently, CO, adsorption is thermodynamically favored over CHs and Nz, due to
enhanced electrostatic interactions with the metals on the material’s surface resulting from its
inherent increased quadrupole moment values compared to N2 and CH4 which exhibit reduced
polarity. The difference in uptake is even more pronounced at pressure up to 2 bar. Furthermore,
CO; possesses the smallest kinetic diameter of the three (3.4 A) which makes it easier and faster
to enter the micropores (found to be 9.5 A) that constitute the crystalline porous network. It should
nevertheless be mentioned that while CH4 and N are supercritical fluids at ambient temperature,

COg, is still “condensable” at ambient temperature; its adsorption is thus favored in any case,

regardless the material. All the isotherms were successfully fitted using the Langmuir

thermodynamic model according to the expression previously described and the parameters
obtained are listed in table 4.8. Furthermore, the Henry constants (Kn), for each isotherm were
calculated and are also listed in the same table. Kn essentially represents the slope of the linear part

of the isotherm at low pressure, known as the Henry region. Ky ratios often have been used in
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literature as a quick, though questionable way of estimating thermodynamic selectivities of CO>

over other gases.

In order to highlight the importance of the isotherm’s shape when it comes to gas storage
applications, excess working capacities were calculated for all three gases at the pressure range of
2-20 bar. Interestingly, although CO- is much more strongly adsorbed than CH4, does not possess
the highest value for the aforementioned pressure range since it adsorbs most of the amount at

pressure lower than 2 bar.

Table 4.8: Values obtained from fitting the experimental isotherms and indicative excess working
capacities

Langmuir
q K Working Henry constant
Capacity (Kn)**
(2-20bar)*
CO; 13.24  6.89E-04 4.75 9.12E-03
CH, 10.45  1.04E-04 5.2 1.09E-03
N2 8.69 4.11E-05 3.2 3.57E-04

[*mmol/g], [**mmol/(g mbar)]

Subsequently, the kinetics of the adsorption process were studied for CO2, CH4 and N2. By
using the gravimetric method, a step change in gas pressure is applied and the material’s mass
relaxation is observed as a function of time under isothermal conditions and under constant
adsorbate boundary concentration. Assuming the appropriate gas diffusion resistances, the
diffusivity coefficients can be calculated and valuable information on the kinetic behaviour of the
adsorbed gases on the material’s surface can be derived. In this case, taking into account that Cu-
Pd-nbo is predominantly microporous, it was assumed that the major resistance controlling the

flux of the gas molecules in the porous network is micropore diffusion.

The shape of the particles was assumed to be spherical, however diffusivity coefficients
could not be calculated since the radius of the material’s particles, rc, is unknown. Instead, the

diffusion time constant D/rc2, was calculated by fitting to the experimental Kinetic data, a
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theoretical curve which constitutes the solution of Fick’s second law for a step change in pressure

(equation 3.16)

In figure 4.38, selected kinetic data are depicted at 0 and 25 °C, for pressure step changes
125-250 mbar for CO2 and 1500-2000 mbar for CH4 and N2. Interestingly, equilibrium is achieved
within 15 minutes for all gases, pressure changes and temperatures, illustrated by the observed
plateau of the kinetic curves. This finding indicates that the material’s porous network does not
present significant diffusion resistances to the adsorbate molecules. This satisfies another major
prerequisite in gas separation applications since fast equilibrium is desired for
Pressure/Vacuum/Temperature Swing Adsorption (PSA, VSA or TSA) cycles in order to achieve
high productivity.

109



0.025 0
N, 25°C
0.02 1 Po00ee0RL.0.0.0.0.0.6
0.015
g
= 0.01 2000mbar O raw
S D/r2:0.00277 ... fitted
0.005
0
2 4 6 8 10
Time (min)
0.03 CH, 25°C
0.025 g sIOoOe00 0Q000.00.0.0.6.0..
__ 0.02
£
—0.015
€ 2000mbar O raw
< 001 D/r2: 0.00264
fEREEERT  ieeeee fitted
0.005
0
0 2 a 6 8 10
Time (min)
0.5 €0, 25°C
0.4
0.3
E
Eo2 250mbar O raw
D/r%:0.00112 ... fitted
0.1
0
0 5 Time (min) 10 15

0.8

0.6
0.4

0.2

0
N, 0°C
OOOO-@-O-o-G..O..o..O...

2000mbar O raw

D/r?: 0.00339 fitted

§
5
P>
£

2 3
Time (min)
CH, 0°C

“msocoob 00000
o

2000mbar o
D/r%:0.00215

raw

fitted

Time (min)

€O, 0°C

250mbar O raw
D/r2: 0.000633 === = fitted
5 Time (min) 10 15

Figure 4.38: Selected kinetic data at 0 and 25 °C, for pressure step changes 125-250 mbar for CO, and
1500-2000 mbar for CH4 and N,.(D/r? are given in units min™)

In order to successfully implement the equation to the experimental data, diffusivity

coefficients must remain constant during the time required for equilibrium to be reached. This is

achieved by applying the smallest possible pressure step changes needed for the corresponding

mass change to be measurable. As can be seen in figure 4.38 the equation perfectly describes the

adsorption process for all three gasses suggesting that micropore diffusion is indeed the controlling
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mechanism of the gas adsorption in all cases. Taking into account the first 10 terms of the equation,

diffusivity time constant values were derived and are listed in table 4.9.

Table 4.9: CO2, CHs4 and N2 diffusion time constant values as obtained from fitting of the

experimental adsorption kinetic curves

Pressure
(mbar)
125

250

500

750
1000
1500
2000
3000
5000

Diffusion time constant (D/r?) (min)
CH;25°C CH40°C N225°C N,0°C

C0O;25°C

1.48E-03
1.12E-03
1.07E-03
8.53E-04
7.84E-04
7.75E-04
7.32E-04

CO.;°C

6.33E-04
7.20E-04
4.60E-04
8.50E-04
1.01E-03
7.32E-04

2.71E-03

2.64E-03
2.06E-03
1.56E-03

1.45E-03 3.11E-03

2.15E-03 2.77E-03 | 3.39E-03
2.45E-03
2.70E-03

For CO which is strongly adsorbed in the material’s micropores, the calculated D/ values

showed small variance ranging from 1.5 e to 7.3 e® at 25 'C and 1.0e to 4.6 e® at 0 'C from

pressure 125 t02000 mbar suggesting practically insignificant dependence on pressure. For CH4

and N that exhibit reduced affinity for the material’s surface the D/r? values remain essentially

constant for all pressure and temperature ranges that were investigated and displaying values

comparable to the ones obtained for CO; ranging from 1.6 — 2.7 €% and 1.5 — 3.4 ¢ respectively.

This suggests that there are not serious Kinetic barriers for any of the gasses suggesting that the

difference in adsorbed amount, hence the potential separation properties of Cu-Pd-nbo are

predominantly thermodynamic.
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4.10. Nitrogen/Argon porosimetry for In-Pd-soc

Nitrogen and argon adsorption isotherms were measured at 77 and 87K, respectively, in
order to evaluate the material’s porous properties and are depicted in figure 4.37. Prior to analysis,
In-Pd-soc was attempted to be activated by outgassing at elevated temperatures up to 150 ‘C but
the measured adsorption isotherms produced results deviating substantially from the
crystallographic data. For this reason, activation via supercritical CO> drying on a custom-made
experimental device was employed. The material was placed in a sample holder soaked in
methanol. Subsequently, it was mounted on the device and was put under steady flow (1.5ml/min)
of liquid CO> for 1.5 hours, so that the methanol would be completely exchanged. Then the
device’s temperature was raised at 50 'C and pressure at 120 bar by means of a back pressure
regulator under the same flow for 1.5 hours. Eventually, the flow was stopped and the system was
very slowly decompressed in a control manner. The sample holder was then moved to an argon
glove box where the material was transferred to the porosimeter’s sample cell. Finally, In-Pd-soc
was outgassed at room temperature under high vacuum (< 1x107) for 3 hours before the nitrogen

and argon adsorption isotherms were performed.
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Figure 4.39: Argon and nitrogen adsorption isotherms at 87 and 77K, respectively for In-Pd-soc. The data

are plotted on logarithmic scale (right) in order to reveal the material’s low-pressure behavior
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As expected, fully reversible type-1 isotherms, characteristic of microporous materials were
produced. The BET areas were calculated following the BET consistency criteria and were found
to be 795 and 747 m?/g from nitrogen and argon isotherms, respectively, as illustrated in figure
4.40.
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Figure 4.40: BET plots for In-Pd-soc calculated from the nitrogen (77K, left) and argon (87K, right)

adsorption isotherms

Additionally, the total pore volume at 0.99 P/P° was determined from the nitrogen isotherm
to be 0.35 cm®/g. The corresponding theoretical value obtained from the crystallographic data was
0.40 cm®/g, essentially verifying the successful activation of the material. By applying a NLDFT
kernel on the argon adsorption branch for the isotherm at 87 K and assuming that the pores of the
material are cylindric, the pore size distribution plot for In-Pd-soc was obtained. As expected, the
plot displays just one major peak centered at 5.8 A, in full agreement with the pore size estimated
by the single crystal structure analysis. The suitability of the aforementioned kernel was verified
by successful fitting of the experimental data as can be seen in figure 4.41. A limited volume of

pores with sizes in the low mesopore area (2-3 nm) can also be observed; the size of these pores is
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compatible with crystal defects (either missing ligands or clusters); however, their volume is

practically negligible.
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Figure 4.41: Pore size distribution (a) derived from the argon adsorption isotherm at 87K for In-Pd-soc
and the corresponding NLDFT fitting (b).

Compared to the Cu-Pd-nbo which is constructed using the same palladated organic ligand,
In-Pd-soc presents substantially lower BET area and total pore volume. This is explained if one
takes into account that the latter bares a trinuclear cluster with indium which is much heavier than
the paddlewnheel cluster with 2 copper atoms. Considering the monomer’s molecular weight being
1193.23 g/mol (for [In3O(PdCI2(PDC),)15CI(H20)2] compared to 670.65 g/mol (for
[Cuz2(PdCI2(PDC).)(H20)2]), the gravimetric properties of In-Pd-soc are indeed expected to be
significantly lower. However, the presence of the unsaturated indium sites (after the water
molecules removal through the activation procedure) in combination with the ultramicropores of
the crystal structure decorated with PdCl, moieties, point to an interesting adsorbent for further

investigation of its sorption properties.
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4.11. Low pressure single component isotherms for In-Pd-soc

Low pressure isotherms (up to 1 bar) were measured using the volumetric method at
various temperatures for CO2, CHsand Nz, in order to extract valuable initial information regarding

the adsorbate — adsorbent interactions for different systems.

CO; excess adsorption isotherms for In-Pd-soc were measured at 0, 10 and 20 "C and are
illustrated in figure 4.42. Completely reversible isotherms were produced showing a gradual

increase and no indication of a plateau in uptake at this pressure range.
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Figure 4.42: CO, adsorption isotherms for In-Pd-soc up to 1 bar at 0, 10 and 20 'C

In-Pd-soc adsorbed 4.1 (180.4 mg/g, 91.8 cm® STP/g, 124.2 cm® STP/cm®) and 2.9 mmol/g
(127.6 mglg, 64.96 cm® STP/g, 87.8 cm® STP cm?®) at 0 and 20 "C, respectively. These values are
comparable with other MOFs exhibiting similar porous properties. Compared to Cu-Pd-nbo, the
expected lower gravimetric capacity is attributed to the lower BET surface area and total pore
volume. However, the calculated volumetric capacity which is another important metric for gas

storage applications was found to be 124.2 cm® STP/cm?® at 273 K and 1 bar which rank it among
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the highest performing soc MOFs®’. This is attributed to its high crystal density, highlighting once

again the existing tradeoff between volumetric and gravimetric capacities.
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Figure 4.43: Virial type fitting of CO. adsorption isotherms for In-Pd-soc at 0, 10 and 20 °C and the

corresponding isosteric heat of adsorption as a function of CO; uptake (inset)

By successful fitting of the CO: isotherms, using the virial equation as already described,
the isosteric heat of adsorption for zero coverage was found to be 29.8 kJ/mol, which slightly
decreases to approximately 25 kJ/mol. Interestingly, this value is higher than the one obtained for
Cu-Pd-nbo (23.5 kJ/mol), probably because of the smaller pore size, thus increased adsorbate
interaction with the pore walls, combined with the trinuclear Indium cluster. However, this value
is lower than the ones that other high performance MOFs exhibit, suggesting mild regeneration

conditions.

Accordingly, CH4 adsorption isotherms were measured at temperatures ranging from -20
to 20 °C and 1 bar and are depicted in figure 4.44. Fully reversible isotherms are produced which
exhibit increasing uptake as the temperature is lowered as expected. In-Pd-soc performs poorly in

CHys uptake since it adsorbs less than 1 mmol/g at 0 °C and 1 bar
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Figure 4.44: CH, adsorption isotherms for In-Pd-soc up to 1 bar at -20, -10, 0, 10 and 20 °C

The derived Qsto Was calculated at 19.6 kJ/mol and presents a slight increase as surface
coverage proceeds to occur. This value is also slightly higher than the one obtained for Cu-Pd-nbo
(17.5 kd/mol). Considering the higher Qs values calculated for In-Pd-soc for both the adsorbates,
enhanced gas-surface interactions are suggested compared to Cu-Pd-nbo. This can be attributed to
increased confinement effects due to the presence of ultra-micropores (calculated to be 5.8
compared to 9.5 A for Cu-Pd-nbo) in combination with the increased electron density provided by
the trinuclear SBU. However, its substantially lower gravimetric properties are expected to be a

disadvantage for efficient use in gas storage and separation applications.
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Figure 4.45: Virial type fitting of CH, adsorption isotherms for In-Pd-soc at -20, -10, 0, 10 and 20 'C and

the corresponding isosteric heat of adsorption as a function of CH,4 uptake (inset)

N2 adsorption isotherms were also performed at pressures up to 1 bar and a wide range of
temperatures. In figure 4.46, the fully reversible isotherms from -90 to -50 “C which produced well
defined experimental curves with measurable uptake are illustrated. Evidently, N2 exhibits even
lower affinity for the material’s surface adsorbing 0.9 mmol/g at -50 °C. Because of that,
measurements performed at higher temperatures resulted to adsorption isotherms exhibiting
insignificant uptake at 1 bar thus were omitted from figure 4.44. High pressure experiments were
performed and are analyzed in chapter 4.12 in order to gain insight on the material’s nitrogen

adsorption performance at ambient temperatures.
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Figure 4.46: N, adsorption isotherms for In-Pd-soc up to 1 bar at -90, -80, -70, -60 and -50 °C

Accordingly, the derived value of Qswo using the virial method was 15.3 kJ/mol which is
slightly decreased as surface coverage is increased with pressure reaching 1 bar. Following the
trend observed for CO2 and CHa this value is higher compared to Cu-Pd-nbo. The material’s CO-
/ N2 separation ability is further investigated by IAST calculations in the following section. The
values for the virial coefficients extracted from fitting the experimental isotherms for all the

aforementioned gases are listed in table 4.10.
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Figure 4.47: Virial type fitting of N, adsorption isotherms for In-Pd-soc at -70, -80 and -90 ‘C and the

corresponding isosteric heat of adsorption as a function of N2 uptake (inset)

Table 4.10: Values for virial coefficients as obtained from fitting of the experimental adsorption

isotherms
Virial equation
CO; error CH, error N2 error
a0 -3585.897 59.45401 -2361.18 31.80515 -1844.99 30.21861
al 9.26566 1.96596 -22.1169 10.41563 15.93534 2.84916
a2 -0.08135 0.01339 -1.11143 0.75755 -0.32131 0.05795
a3 2.40E-04 4.00E-05 0.08247 0.01725 1.79E-03 5.70E-04
ad -4,.98E-07 1.11E-07 -1.49E-03 3.40E-04 -9.35E-06 4.24E-06
b0 13.03462 0.20772 11.88576 0.11359 11.20957 0.15364
bl -0.01878 0.00689 0.15363 0.03588 -0.05745 0.0144
b2 0.00016 5.00E-05 -0.00141 0.00228 0.00116 0.00027

Following the same IAST analysis procedure previously described, an initial estimation of
the material’s selective CO, adsorption over CH4 and N2 at 0 "C and mixture pressures up to 1 bar

was attempted.
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Initially, the CO2 / CH4 separation ability of In-Pd-soc was studied. In figure 4.46a, CO>
and CHg4 adsorption isotherms at 0 'C and 1 bar are plotted. Evidently, CO2 adsorption is
themodynamically favored over CH4 for the whole pressure range. Various theoretical adsorption
models were used in order to fit the experimental adsorption data. For both gases, the best fit was
achieved by Langmuir-Freudlich (LF) model expressed as:

(kP)"

m(P) = 4L

(4.5)

where m is the amount adsorbed as a function of pressure P, q is the adsorbed amount at saturation,
k is the Langmuir-Freundlich constant and n is a coefficient accounting for system heterogeneity.
If n=1, the equation reduces to Langmuir isotherm which also produced an adequate fitting; in fact,
n was calculated to be 0.97 for CH4 indicating a very low degree of heterogeneity while for CO>
was found to be 0.89 which can be attributed to the different Lewis acid / base interactions with
the unsaturated indium sites and the palladium exposed orbitals. The corresponding IAST

selectivities produced for three different mixture compositions at 0 °C, are depicted in figure 4.48b.

As it was suggested by the shape of the single component isotherms as well as the
difference in adsorbed amount between the two gases and the corresponding variance of their
isosteric heat of adsorption, In-Pd-soc is predicted to be a promising candidate for CO, / CH4
separation applications, achieving selectivity values greater than 10 for all the investigated mixture
compositions. Moreover, it is expected to perform better for mixtures containing CO> in high

concentrations since for CO2:CHg ratio of 50:50, the selectivity value reached 20 at 1 bar.
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Figure 4.48: In-Pd-soc excess adsorption isotherms for CO, and CH4 at 0 °C and the corresponding

Langmuir-Freundlich fits (a), IAST selectivities for three different CO,: CH4 mixture ratios

Accordingly, the same analysis was performed for In-Pd-soc and its CO2/N, separation

properties as can be seen in figure 4.49. Likewise, the N2 adsorption isotherm at 0 "C and 1 bar

was successfully fitted with Langmuir-Freundlich equation.
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Langmuir-Freundlich fits (a), IAST selectivities for three different CO: N, mixture ratios
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Comparing figure 4.48a and figure 4.49a, as well as their corresponding Qs values, it is
obvious that N2 exhibits even lower affinity for the material’s surface than CHs does. This
evidently translates to the extracted IAST selectivity values for three different CO2/N2 mixture
compositions that are depicted in figure 4.49b. Similarly to the previously mentioned results, In-
Pd-soc is expected to perform exceptionally in separation from mixtures containing high
concentration of CO by selectively adsorbing it over N2. All the parameters obtained from LF

fitting to the experimental adsorption data are listed in table 4.11.

Table 4.11: Values of Langmuir-Freundlich parameters as obtained from fitting the experimental

adsorption isotherms

Langmuir-Freudlich

CO2 CHg4 N2

6.59 2.59 1.14
n 0.89 0.97 0.92
k 2x10°3 8x10* 3x10*
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4.12. High pressure single component isotherms for In-Pd-soc

Further investigation of the adsorption properties of In-Pd-soc was attempted by means of
the gravimetric method on an Intelligent Gravimetric Analyzer as described in chapter 3.2. High
pressure (up to 20 bar) CO2, CH4 and N2 excess adsorption isotherms were measured at various
near ambient temperatures in order to evaluate the materials adsorption capacity up to 20 bar.
Furthermore, the kinetic behavior of the adsorbates was studied in order to gain further insight on
the gas-surface interactions under specific temperature — pressure conditions related to potential

gas storage / separation applications.

Initially, CO> excess adsorption isotherms were measured at 0, 5, 15 and 25 °C and the

results are illustrated in figure 4.50.
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Figure 4.50: CO; excess adsorption isotherms for In-Pd-soc at 0, 5, 15 and 25 'C and pressure up to 20

bar.

Fully reversible isotherms were produced exhibiting the same shape and increasing uptake
as temperature is decreased, as expected. The isotherm shape resembles the Langmuir isotherm
though saturation is not observed at 20 bar. Uptake is increased up to 2 bar and then the isotherm’s
slope is gradually decreased as pressure raises. In-Pd-soc adsorbed 7.0 (308.1 mg/g, 156.8 cm®
STP/g, 212.0 cm® STP /cm®) and 8.3 mmol/g (365.3 mg/g, cm® STP/g, 251.4 cm® STP /cm®) CO;
at 25 and 0 "C, respectively. Successful fitting of the 5, 15 and 25 °C isotherms using the virial
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coefficients method resulted to zero coverage isosteric heat of adsorption Qs0=29.2 kJ/mol, in full
agreement with the value calculated (29.8 kJ/mol) from low pressure CO; isotherms. Qst remains

practically constant as surface coverage increases as depicted in figure 4.51.
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Figure 4.51: Virial type fitting of CO, adsorption isotherms for In-Pd-soc at 5, 15 and 25 °C and the

corresponding isosteric heat of adsorption as a function of CO; uptake (inset)

Subsequently, CH4 adsorption isotherms were measured for In-Pd-soc at the same pressure
/ temperature conditions as for CO> so that a direct comparison in adsorption properties is achieved.
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Figure 4.52: CH,4 excess adsorption isotherms for In-Pd-soc at 0, 5, 15 and 25 °C and pressure up to 20

bar.

Fully reversible excess adsorption isotherms were produced. CH4 uptake is continuously
increased reaching 4.1 (65.6 mg/g, 91.8 cm® STP/g, 124.2 cm® STP / cm®) and 4.6 mmol/g (73.6
mg/g, 103.0 cm® STP/g, 139.3 cm® STP/ cm?®) at 25 and 0 °C, respectively and pressure of 19.5
bar. The isotherm’s slopes were decreased compared to CO2, which is indicative of weaker gas -
surface interactions. Consequently, Qswo was found to be 16.19 kJ/mol, while it decreases slightly
at higher coverage. This value is significantly lower than the one obtained from the low pressure
CHy adsorption isotherms (19.6 kJ/mol). This discrepancy can be ascribed to the limited amount
of equilibrium isotherm points at sub-atmospheric pressures compared to the low-pressure
isotherm. Acknowledging the slight but continuous decrease in Qs values evident in figure 4.53, a
composition of the low- and high-pressure experiments should be considered regarding the optimal
use of CHs isosteric heat of adsorption. The Qswo value (19.6 ki/mol) obtained from the low-
pressure isotherms should be adopted but as surface coverage increases the plot in figure 4.53

describes the adsorption phenomenon accurately.
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Figure 4.53: Virial type fitting of CH4 adsorption isotherms for In-Pd-soc at 5, 15 and 25 °C and the

corresponding isosteric heat of adsorption as a function of CH,4 uptake (inset)

Finally, N2 adsorption properties for In-Pd-soc were evaluated as well by measuring

isotherms under the same conditions described above and the results are illustrated in figure 4.54.
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Figure 4.54: N, excess adsorption isotherms for In-Pd-soc at 0, 5, 15 and 25 "C and pressure up to 20 bar.
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The experiments revealed fully reversible N> excess adsorption isotherms which exhibit

almost linear uptake increase with pressure. However, due to nitrogen’s weak interactions with the
material’s surface, In-Pd-soc adsorbed 2.1 mmol/g (128.8 mg/g, 103.0 cm® STP/g, 139.3 cm®
STP/cm?) at 25 °C, and pressure of 19.5 bar. Virial fitting of the isotherms resulted at Qs,0=9.01

kJ/mol which substantially deviates from the value obtained at low pressure isotherms, most

probably due to limited amount of equilibrium pressure points below 1 bar, as already mentioned

for CH4 in combination with the low uptake demonstrated by the sample. However, isosteric heat

of adsorption as a function of surface coverage increases to 15 kJ/mol, in agreement with the

aforementioned results, as can be seen in the inset of figure 4.55.
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Figure 4.55: Virial type fitting of CH4 adsorption isotherms for In-Pd-soc at 5, 15 and 25 °C and the

corresponding isosteric heat of adsorption as a function of N, uptake (inset)

The values for the virial coefficients that were extracted from the CO,, CH4 and N

experimental adsorption data are listed in table 4.12.
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Table 4.12: Virial coefficients values for In-Pd-soc as obtained from fitting the experimental

adsorption isotherms

Virial equation

CO; error CHa, error N2 error
a0 -3510.36188 = 48.13204 -1947.91 77.33071 -1083.94 158.6612
al -0.19422 0.68567 10.48626 6.80744 -20.7758 17.06838
a2 -0.01332 0.0021 -0.04326 0.10911 0.25648 0.30244
a3 9.00E-05 4.53E-06 0.0002 0.00121 -5.70E-04 2.98E-03
a4 -1.28E-07 6.30E-09 1.39E-07 8.86E-06 3.89E-06 2.00E-05
b0 12.62557 0.16559 10.4143 0.26774 8.30532 0.55071
bl 0.01104 0.00236 -0.01857 0.02364 0.08457 0.05954
b2 -0.00001 6.80E-06 0.00021 0.00036 -0.0008 0.00104

The kinetic experimental data acquired using the gravimetric method, from the CO,, CH4
and N2 adsorption isotherms were studied according to the procedure described earlier. Plots of
mass relaxation as a function of time following a pressure step change at 0 and 25 °C for the three
adsorbates are illustrated in figure 4.56. The indicated pressure step changes are 500 — 1000 mbar
for N2, 1500 — 2000 mbar for CHs and 250 — 500 mbar for CO.. Similarly to Cu-Pd-nbo,
equilibrium is achieved within 15 minutes in every case suggesting the absence of kinetic
hindrance even though In-Pd-soc exhibits smaller pore size (5.8 compared to 9.8 A). In order to
calculate the diffusion time constants, equation 3.16 was used to fit the experimental kinetic data,
assuming micropore diffusion as the main mass transfer resistance controlling the adsorption
process. As can be seen in figure 4.56, the selected model adequately fits the experimental data

suggesting the latter hypothesis to be accurate.
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Figure 4.56: Selected kinetic data at 0 and 25 °C, for pressure step changes 250-500 mbar for CO, 500-

1000 mbar for N2 and 1500-2000 mbar for CH,. (D/r® values are given in min™ units)

Accordingly, the diffusion time constants (D/r¢?) were calculated for CO,, CH4 and N at
different pressure step changes at 0 and 25 “C and are listed in table 4.13. For the most strongly
adsorbed CO, D/r¢? values were found to be practically constant for the studied pressure ranges
varying from 1.2 to 2.1x10% at 25 ‘C and from 6.9x10* to 1.6x10° at 0 ‘C, suggesting

independence from pressure change and confirming the assumption of micropore diffusion as the
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controlling mechanism of the adsorption process. The same stands for CH4 and N2. The diffusion
time constants for CHa range from 1 to 2.1 x10 at 25 °C and 3.1 to 4 x102 at 0 "C while for N
fluctuate from 6.5 x10* to 2.7 x10° at 25 °C and 2.5t0 5.1 x10° at 0 'C.

Table 4.13: CO2, CH4 and N2 diffusion time constant values as obtained from the experimental

adsorption kinetic curves

Diffusion time constant (D/r?) (min-t)
Pressure  CO; 25°C CO,0°C CH4 25°C CH40°C N 25°C N, 0°C

(mbar)
125 2.12x10° 1.60x10°
200 2.04x10° 7.66x10*
500 1.47x10°3 1.16x10°3
750 1.40x10°3 1.08x10° 3.67 x10°®

1000 1.27x1073 1.46x10° 1.04x10° = 3.72x10° 6.5110* 2.53x1073
1500 1.32x1073 1.37x10°3

2000 1.22x10° 6.94x10* 1.15x10°  4.00x10® 1.60x10°  4.23x10°
4000 2.07x10°  3.09x10° 2.73x10° 5.11x10°3
6000 1.44x10°  3.49x10% 1.90x10°  3.10x10°3

To sum up, CO2, CH4 and N2 excess adsorption isotherms at 25 °C and pressure up to 20
bar are plotted together in figure 4.55. Evidently, CO, adsorption is favored over CH4 and N2 for
the whole pressure range. The difference in uptake is larger for pressures up to 2 bar and
subsequently the slopes of the three isotherms seem to become equal. Considering the information
extracted from the experimental kinetic data the variance in uptake between the three adsorbates

occurs predominantly for thermodynamic reasons.

Compared to Cu-Pd-nbo, In-Pd-soc is expected to perform better in CO, / CH4 separation
applications at relatively high pressure taking into account that it exhibits higher Qst value for CO>
and similar for CHa. However, its substantially lower gravimetric adsorption properties cannot be

overlooked in terms of efficient capacity in a real gas separation system.

131



CO, K,: 3.57E-03

8 r 1
]
]
7 |
]
— ]
X6
S ! ® (C0225C
E£5 [ 1
— ] N2 25C
g |
= 4 ' ® CH425C
I | L
>3 i Sipps fit
(%]
%] I
o) WS e e == Langmuir fit
% 2 &
wl
----- Henry
1
15000 20000

10000
Pressure (mbar)

Figure 4.57: CO,, CH, and N, excess adsorption isotherms for In-Pd-soc at 25 “C and pressure up to 20

bar. The red dotted lines represent the corresponding Langmuir fit, the red continuous line the Langmuir-
Freundlich fit (also known as Sipps) and the black dotted lines the expansion of the Henry region of the

isotherms.

CHas and N2 adsorption isotherms were thermodynamically described using the Langmuir
isotherm model as can be seen by the successful fitting of the experimental data in figure 4.57.
However, Langmuir-Freundlich (also known as Sipps) equation had to be used in order to fit the
CO: adsorption isotherm, suggesting the inhomogeneity of the CO> adsorption sites due to the
different electrostatic interactions induced by the presence of the unsaturated indium sites and the
exposed palladium orbitals. All the parameters obtained as well as the corresponding Henry

constants are listed in table 4.14.

Table 4.14: Values for the parameters obtained by fitting the In-Pd-soc experimental adsorption
isotherms as well as calculated values for Henry constants, in mmol/(g mbar)

Langmuir Sipps Henry
N2 CHg4 CO2 KH
q 3.97239 5.21452 q 8.19213 CO, @ 3.57E-03
k 5.60E-05 1.63E-04 k 4.36E-04 CH;  8.49E-04
n 1.28249 N2 2.22E-04
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4.13. Dynamic Column Breakthrough (DCB) experiments

So far, the materials’ adsorption properties have been determined through single
component isotherms and selectivities between two adsorbates have been predicted using the Ideal
Adsorption Solution Theory. Additionally, Dynamic Column Breakthrough (DCB) experiments
have been performed in order to evaluate a material’s gas mixture separating performance under
conditions that approximate the ones of an actual separation process. The competitive adsorption
of CO, and CH4 or N2 was studied through DCB experiments at room temperature and pressure

ranging from 1 to 5 bar, according to the experimental procedure described in chapter 3.4.3.

The limited availability of the two materials which are synthesized in the scale of
milligrams presents a challenging situation regarding the design of the experiment. For this reason,
a custom-made sample holder (column) of 77 mm length and 3 mm internal diameter for small
sample quantities was built. Moreover, low volumetric flow rates were used in order to extend the
experiment duration and avoid significant pressure drop in the column, so that accurate and well-

defined breakthrough responses (figure 4.58) can be produced.

Breakthrough curves contain valuable mixture equilibrium and Kinetic information.
Adsorbates’ loadings can be determined for different temperature pressure conditions by using a

simple dynamic molar balance of the form:
Nace = Nin — Moy (4.6)

where nacc are the moles accumulated by the column, nin are the moles entering the column related
to the predetermined volumetric flows and nout are the moles leaving the column, a fraction of
which is analyzed by the mass spectrometer. The accumulated moles are the adsorbed moles on
the material’s structure plus the moles that are found in the gas phase, meaning in the dead volume
before, after and inside the column. Considering the size of the particular sample holder, filled
with a predominantly microporous material, it is assumed that its dead volume is negligible for
this system. However, this is not the case for the volume outside the column. For this reason, as
already mentioned in chapter 3.4.3, helium (the adsorption of which is considered negligible at
room temperature) breakthrough curves were obtained under identical experimental conditions to

the mixture measurements in order to account for the time needed by the gas to fill the void volume.
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The mean retention time, t;, of a breakthrough curve (time required for reaching the column’s total

capacity) is calculated by numerically integrating the expression:
t, = f0°°( - %) dt (4.7

where Ct is the adsorptive’s concentration at time t and Co is the feed concentration. Considering
the shape of a typical DCB experiment with two components illustrated in figure 4.58, the integral
of equation for component 2 reflects the area between the red line, the blue dotted line and the two
axes. Component 1 exhibits normalized concentration values that exceed unity. This phenomenon,
known as roll-up effect, is indicative for competitive adsorption on microporous materials
presenting type-l isotherms. In this case, t: corresponds to area A minus area B. The roll-up is
observed on the breakthrough curve of the component which exhibits the weaker interactions with
the surface, therefore moves faster within the column. As the strongly adsorbed gas (component 2
in figure 4.58) is transferred in the column, it displaces the already adsorbed first component,
causing desorption of component 1 and thus a temporary increase in its concentration. The larger
the difference of gas-surface interaction between the two components, (e.g. difference in Qs), the

more intense is the observed roll-up.
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Figure 4.58: A typical DCB experiment with two components successfully separated at the exit of the

column.
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The calculation of t; for each component allows the determination of the adsorbed quantities by
using the following equation.

__ YrQftePs
RTsmg

q1 (4.8)

where gz is the component 1 loading, yr is component’s feed molar fraction, Qf the volumetric feed
flow rate at STP, Ps the standard pressure, Ts the standard temperature and ms is the mass of the
activated sample. It needs to be noted that in equation 4.8, t; is the “corrected” retention time after

subtraction of helium mean retention time determined by the blank experiment.

Cu-Pd-nbo, which showed superior structural and adsorption properties was selected for
further investigation and further tested for its separation potential in CO2/CHs and CO2/N2
mixtures at 25 "C. Binary adsorption experiments were performed for the two mixtures at two
different compositions: 10:90 and 50:50 at 0.97 bar. For CH4 containing mixtures the experiments
were additionally performed at 5 bar in order to further approximate processes that are relevant
with natural gas applications. Initially, the CO2/CHs breakthrough curves at 0.97 bar are

considered and the results are illustrated in figure 4.59.
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Figure 4.59: CO./CH. breakthrough profiles for compositions 10:90 and 50:50 at 0.97 bar and 25 °C(left),
and the corresponding molar fractions of the effluents at the exit of the column after the first component
breaks through (right).

These experiments were performed with a total flow of 1.5 ml/min in order to avoid
significant pressure drop along the column. As can be seen from the breakthrough curves, Cu-Pd-
nbo achieved complete separation of the mixtures even for the composition with the higher
concentration on CO; as already predicted from the IAS theory. In both cases, CHa is eluted first
and CO. follows after 8 and 12 minutes for the 50:50 and 10:90 mixtures respectively. The roll-
up effect is observed for the 50:50 mixture as expected. Interestingly, in the case for the 10:90
composition, it is much less pronounced. This probably occurs due to the slower mass transfer of

COz2 in the column resulting to a “milder” displacement of the adsorbed CH4 molecules. CH4
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breakthrough times are increased with decreasing concentration as anticipated. However, the same
behavior is not clearly observed for CO>, which is indicative of the enhanced interactions with the
surface of the material. The sample exhibits similar CO> breakthrough times for the two
compositions. However, for the 50:50 mixture the slope of the curve is clearly sharper, suggesting
faster mass transfer in the column, as expected for the higher concentration mixture. The
competitive loadings of CO, and CHa as well as the corresponding CO,/CHjs selectivities were
calculated after the helium blank corrections. A summary of the results for all the breakthrough
experiments can be found in table 4.14. The experimental results correlate excellent with the
predicted IAST competitive loadings at 298K for the 50:50 composition resulting to almost
identical selectivities (8.8 predicted by IAST vs 7.0 calculated by the experiment). However, a
slight deviation is observed for the 10:90 mixture where the experimental selectivity was
calculated 17.2 while the predicted IAST was 8.6. The limitations of IAST estimations have been
addressed in literature. Especially for cage-like materials bearing unsaturated metals, CO;
molecules tend to congregate around these sites resulting to an inhomogeneous adsorbate
distribution in direct contrast to the assumption of homogeneity introduced by IAST.!?® The
concept of energetic inhomogeneity on the material’s porous network, was already suggested by
the trend of the slight but continuous increase in CO2 Qs as a function of surface coverage,
observed in both high and low pressure single component measurements as well as from the

thermal desorption spectroscopy (TDS) experiments.

Subsequently, Cu-Pd-nbo was evaluated for its separation ability on CO2/CH4 mixtures at
pressure of 5 bar and the results are illustrated in figure 4.60. The high-pressure binary adsorption
experiments showed similar qualitative characteristics to the ones obtained from the 0.97 bar
breakthrough curves. In both cases, complete separation of the mixture is achieved. CHs is eluted
first and is the only component detected by the mass spectrometer before CO. breaks through the
column. The CH4 breakthrough curve obtained for the 50:50 mixture exhibits a pronounced roll-
up effect, which is not present at the 10:90 experiment, precisely like the 0.97 bar experiments as
described above. The competitive loadings of CO. and CH4 were calculated after the helium blank
corrections and are listed in table. The corresponding calculated selectivities exhibit the same trend
observed from the experiments at 0.97 bar. More specifically, they were calculated to be 18.3 (vs
9.1 calculated from IAST) and 9.3 (vs 9.9 calculated from IAST) for the 10:90 and 50:50 mixture
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compositions respectively. The unusual pattern of the increased selectivity with increasing

pressure predicted by IAST was verified by the experimental data.
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Figure 4.60: CO2/CH,4 breakthrough profiles for compositions 10:90 (total flow: 2.25ml/min) and 50:50
(total flow:1.5 ml/min) at 5.0 bar and 25 "C(left), and the corresponding molar fractions of the effluents at

the exit of the column after the first component breaks through.

Then the material was tested at room temperature and pressure of 0.97 bar in mixtures
containing CO2 and Nz, a process linked with CO2 separation from flue gas applications. Likewise,
two different compositions were tested, containing 50% and 10% CO> molar fractions. The total
flow was 1.5ml/min and the void volume correction was performed with helium at identical
experimental conditions. As can be seen in figure 4.61, Cu-Pd-nbo achieved complete separation

of the mixture in both cases.
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Figure 4.61: CO/N; breakthrough profiles for compositions 10:90 and 50:50 (left), and the corresponding

molar fractions of the effluents at the exit of the column after the first component breaks through.

Evidently, N2 breaks through first and the outlet composition reaches 100 mol% N> and
after approximately 15 and 20 minutes later, CO; is eluted for the 50:50 and 10:90 mixture
compositions, respectively. The roll up effect is observed in both cases although it is clearly more
pronounced for the 50:50 mixture as expected. This probably occurs due to the low N2 — surface
affinity suggested by the low calculated Qs values. Therefore, N2 molecules are desorbed in a more
pronounced way (compared to CHa) as the strongly adsorbed CO: is transferred through the
column. Competitive CO> loadings were calculated and are illustrated in table 4.15. N2 loading
was calculated to be 0.07 mmol/g for the 10:90 composition and the corresponding selectivity
79.8. However, for the 50:50 composition, N2 loading calculations resulted to physically

impossible negative values. In order to assess this, the dynamic column breakthrough experiments
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were repeated so as to be checked for reproducibility. However, it was observed that although the
curves were successfully repeated, the error persisted. It appears that an inherent unreliability for
mixtures containing species with great difference in Qs values between them, hence greater
adsorption competition among them, is observed. The light component is eluted very fast and its
quantitative determination through numerical integration of the breakthrough curve is associated
with a certain degree of uncertainty related to the mass flow controllers’ sensitivity. Similar results
of negative or insignificant amounts of competitive adsorbed N2 on zeolites have been reported in
literature before.1?1%2 This highlights another concern for reporting selectivities based on single
component isotherms only, especially for CO2/N2 mixtures where values exceeding 1000 are often

calculated and is really difficult to be experimentally verified.

Table 4.15: Summary of the conducted DCB experiments and the calculated competitive

adsorption loadings.

Gas Qi P (bar)  yco2 YCH4 YN2 fooz o ane
(ml/min) (mmol/g)  (mmol/g) = (mmol/g)

CO2/CH4 1.5 0.97 0.5 0.5 - 1.76 0.24 -
CO2/CHa4 1.5 0.97 0.1 0.9 - 0.51 0.31 -
CO2/CHa4 2.25 5.0 0.1 0.9 - 2.22 1.24 -
CO2/CHa4 1.5 5.0 0.5 0.5 - 6.04 0.64 -
CO2/N2 1.5 0.97 0.5 - 0.5 2.43 - [0]
CO2/N2 1.5 0.97 0.1 - 0.9 0.67 - 0.07
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5. Conclusions

The synthetic procedure of two new heterobimetallic MOFs was briefly described. The
novelty of this procedure lies within the idea for incorporation of additional strong adsorption
sites in the structure by using a metallated organic linker. More specifically, a palladated planar
linker was used in order to coordinate two different SBUs, the binuclear Cu-paddlewheel and
the trinuclear In-p®-oxo bridge, resulting to the formation of the corresponding novel
structures, Cu-Pd-nbo and In-Pd-soc, respectively. The structures were fully resolved by
synchrotron SC-XRD analysis.

PXRD, IR and SEM were used and confirmed the formation, phase purity and chemical
stability of the newly synthesized crystalline materials. Although the materials appear to be
stable in most organic solvents, they seem to be unstable in water. This can be a disadvantage
for their application in processes like post-combustion CO; capture or natural gas/biogas
upgrading where humidity is always present. However, this can be easily resolved with the use

of an extra column containing a desiccant.

TGA analysis was performed and revealed satisfying thermal stability of the samples. More
specifically it was found that Cu-Pd-nbo remained structurally intact up to180 ‘C, while In-Pd-
soc up to 215 °C.

Cu-Pd-nbo was easily activated by heating at 50 "C under high vacuum for 12 h. Ar/N2
porosimetry at 87/77 K, respectively, revealed fully reversible type-I isotherms verifying the
extensive microporous structure of the sample, already seen by the SC-XRD analysis. The
corresponding BET specific surface areas were calculated 1415 and 1473 m?/g and the total
pore volume 0.53 cm®/g. Moreover, application of an NLDFT kernel in the Ar isotherm
produced a well-defined pore size distribution showing a major peak at 9.5 A. These values
are in agreement with the crystallographic data confirming the successful activation and the

material’s permanent porosity.

Subsequently, CO2, CH4 and N excess adsorption isotherms were performed at a wide
range of temperatures and pressures up to 20 bar. Cu-Pd-nbo presented exceptional CO>
adsorption capacity which was calculated to be 8.5 mmol/g (190.1 cm® STP/g, 373.5mg/q) at

141



0 'C and 1 bar. These values rank it among the highest reported for the entire nbo-family and
it is a strong indication of enhanced gas-surface interactions, essentially verifying the novel
synthetic idea. Moreover, due to its relatively high crystallographic density (0.98 g/cc)
volumetric capacity of 186.2 cm® STP/cm? was calculated which is one of the highest values
ever reported for the entire family of MOFs. The unusually high crystallographic density is
attributed to the presence of Pd on the organic linker and constitutes an interesting choice to
increase the adsorbent’s volumetric capacity which is also a crucial parameter for efficient
applications. The corresponding CO isosteric heat of adsorption, Qst, was calculated equal to
26.2 kJ/mol at zero coverage, while it increases continuously with increasing loading. This
suggest inhomogeneous distribution of the adsorbed species within the porous network of the
material which was already suggested by quantum chemistry calculations that revealed two
distinct, relatively high interactions of the CO> molecules with the unsaturated Cu centers as
well as the exposed Pd orbitals found on the planar rectangular linker. TDS experiments for
CO- that were performed verified this finding. Although the two distinct adsorption sites did
not appear as two well resolved spectroscopic peaks, a clear shift of the peak assigned to the
adsorbed species to higher temperature as the loading was decreased was observed.
Interestingly, this Qs value is rather modest compared to other high performing MOFs. This
attribute is evident by the lack of steepness on the low-pressure adsorption isotherm and

implies that mild conditions are required for the regeneration of the adsorbent.

CHa and N2 excess adsorption isotherms revealed comparatively reduced affinity of the gas
molecules with the surface and the corresponding Qs: values were found to be 17.5 and 12.1
kJ/mol respectively. The total pore volume calculated after performing CHa4 adsorption
measurements at 111.5 K (CH4 boiling point) was identical to the one obtained by Ar (87 K)
confirming that the microporous structure is fully accessible to CHa. Moreover, CH4 adsorption
isotherms were performed at near ambient temperatures. Although the gravimetric capacity
was rather modest, it was found that Cu-Pd-nbo adsorbed 211.6 cm® STP/cm? at 65 bar which
reaches the 80% of the DOE volumetric target, highlighting once more the cooperative effect
of unsaturated metal sites and confinement in micropores in combination with the influence of
a relatively high crystallographic density. However, it is evident that achieving simultaneously
high gravimetric and volumetric capacities constitutes an elaborate task. The material’s excess

CHa high pressure isotherm revealed a plateau at approximately 60 bar suggesting that the
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microporous structure was already filled with condensed adsorbate thus further pressure
increase has negligible effect on the adsorbed phase. Therefore, there is a strong indication that
the solution to the development of efficient adsorbents for gas storage applications will not be
found through an optimal pore size but via a rather optimum combination of pore sizes ranging

from wide micropores to narrow mesopores.

Taking into account all of the above, IAST calculations were performed for various
compositions of CO2/CH4 and CO2/N> mixtures. The corresponding selectivities ranged from
10 t020 and 80 to 1000, respectively, with a trend to increase with increasing pressure and the

best estimations being for mixtures containing CO- in high concentration.

Subsequently, the same experimental sequence was attempted for In-Pd-soc. Traditional
activation methods proved unsuccessful for the material. For this reason, a sc-CO; drying
routine on a custom-made experimental device was applied. Ar/N2 porosimetry at 87/77 K,
respectively revealed fully reversible type-1 isotherms verifying the successful activation and
revealing the extensive microporous structure of the sample, in agreement with the SC-XRD
analysis. The corresponding BET SSA (747 and 795 m?/g, respectively) and TPV (0.35 cm®/g)
confirmed the successful activation of the sample. Moreover, the PSD derived from the argon
isotherm revealed a major peak at 5.8 A, in full agreement with the crystallographic data. In-
Pd-soc exhibits substantially lower gravimetric capacities due to the larger mass of its In-
trinuclear SBU and its corresponding higher crystallographic density. This highlights a
limitation that needs to be taken into consideration when synthetically targeting new MOF

structures.

Accordingly, low- and high-pressure CO2, CH4 and N: adsoprtion isotherms were
performed. As expected, the gravimetric uptakes determined for In-Pd-soc were substantially
lower, i.e., 4.1 mmol/g for CO, and 1.0 mmol/g for CH4at 0 'C and 1 bar. However, the sample
revealed appealing CO> volumetric capacity (124.2 cc/cc) due to its high crystallographic
density. Interestingly, higher Qst values were determined for all gases compared to Cu-Pd-nbo.
The corresponding Qsto Values were found to be 29.8, 19.6 and 15.3 kJ/mol, for CO,, CH4 and
N2 respectively. This can be attributed to the smaller micropores (5.8 A) that constitute the

crystalline framework as well as the increased number of UMS per SBU. IAST calculations
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revealed similar behavior to Cu-Pd-nbo and the corresponding selectivity estimations were
found to range between 10 to 18 for CO2/CH4 and 90 to 1000 for the CO2/N2 mixtures.

Cu-Pd-nbo, due to its superior sorption properties, was selected to be further studied for its
gas separation activity by performing dynamic column breakthrough experiments on a custom-
made experimental rig specially designed for analyzing small quantities of sample. The
material was tested for different compositions of CO2/CH4 mixtures, namely 10:90 and 50:50,
at 25 °C and pressure 0.97 and 5 bar. Cu-Pd-nbo achieved complete separation of all the
mixtures by selectively adsorbing CO2 over CHa4. Competitive adsorption loadings for both
components were calculated from the corresponding breakthrough curves and were found to
be in good agreement with IAST predictions. Slight deviations can be explained taking into
account the energetic inhomogeneity of the surface which is suggested by the CO> sorption
studies. Moreover, the unusual behavior of increasing selectivity with increasing pressure was

experimentally confirmed.

Subsequently, the material was tested in CO2/N, mixtures at 0.97 bar, 25 'C and two
different compositions, 10:90 and 50:50. As expected, successful separation was achieved in
both cases. CO. competitive adsorption loadings were calculated accurately. However, this is
not the case for N2 due to extended degree of competition with CO2 which leads to very low

retention times for the first effluent, leading to increased uncertainty in the calculations.

Future plans derived from this dissertation can be categorized in two main directions; one
as purely scientific and one application-oriented. Taking advantage of the experimental
expertise in combination with the instrumentation plurality of the research group, an open
dialogue between advanced synthetic strategies, theoretical studies, elaborate characterization
techniques and extensive evaluation of sorption properties at a wide range of pressures and
temperatures, can lead to in depth understanding of the optimum characteristics which will

intensify adsorption phenomena in an efficient way.

More specifically, research on new bi-metallic MOF structures that would exhibit an
ensemble of pore sizes and correlation of the pore size distribution with the high-pressure
adsorption uptakes for CH4 storage. Special attention needs to be put on the choice of metals
and the samples’ corresponding crystallographic densities in order to simultaneously achieve

high gravimetric and volumetric working capacities, as well as low-cost and sustainable

144



syntheses. The same strategy can be further implemented for cryogenic hydrogen storage using

nanoporous materials, which is a research field that is expected to blossom the following years.

On the other hand, the experimental rig that was built especially for performing dynamic
column breakthrough experiments for small amounts of sample can be further modified so that
analysis of mixtures containing more gases can be achieved. Moreover, integration of a
humidity chamber in order to evaluate in situ the adsorbent performance in the presence of
H>O vapors. The long-term goal derived from this work lies on the construction of a fully
automated, lab-scale, temperature-, vacuum-, pressure swing adsorption system (TSA, VSA,
PSA) where small amounts of adsorbents will be analyzed under conditions that will
approximate the ones of the actual separation process, while the experimental data derived
from sorption studies will be used for the construction of an accurate theoretical model which

will describe the process in detail.
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