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Iepiinyn

Ot avlyKeg TG GUYYXPOVNG KOWVMVIOG Yot VEQ LDAK(, KOIVOTOUES EPUPLOYEG Kol TEXVOAOYIEG
aLYUNG, avEAVOVTAL HEPA LE TN HEPQ, KOL 1] EMCTNUOVIKY KOWOTNTO OEiyvel va PpickeTol o€ Eva
ouveyN aydva dpOHov yia vEeg avakoAlvyels. H avtikatdotaon tov Topadoslokdv VAIKGOV ard
VEQ KOl T OTOO0TIKG VAIKA KPIVETOL TAEOV EMITOKTIKT, WO0ATEPA OTOV YO TNV TOPOYMYY] TOVG
yivetar ypnon mov Ppiockovion oe EAAewyn. Emumdéov, xdbe véo mpooiyyion mpémer va
EVOPUOVILETOL UE TIC OMOTACELS Y10 £VOL IO TPAGIVO UEAAOV, Y®PIg amoPAnTa, Ko younAdtepo
EVEPYELOKO KOl VAIKO OTOTOTTM L.

Ta vavomop®don vAKE, T®V 0ToimV 1 EKUETAAAELOT) AmavTAToL 1)O1 0o TV apyoidTnTa, Ppickovy
EPOPLOYN OTNV EMOYN MOG OTO TENiO TNG KATAAVONG, TG evépyelog (amobnikevon vopoydvov,
TUKVOTEG, Umatapieg 1OvTov ABiov, keAld Kovoipov kot oaeOntipeg), v TePPUAlOVTIKY
AmTOKOTAGTACT] (LOPLOKH KOGKIVO/TPOCPOPNTIKA, OTOpdKpLVeT o&edimv aldTtov Kot vdpdheiov),
aKOUN Kol TNV WIPKY, Y6pn ot ovvatdtto eAéyyov Tov HEYEBOVG TV TOPWV, TNG
TOWKIAOLOPONG  YEOUETPIOG, TMV EMPOVEINK®OV WOIOTATOV Kol TNG KOVOTNTAS TOLG Vo
OAANAOETIOPOHV e HOPLOL Kot ATOpa, 1| VO To amoppo@ovv/areievfepmvovy. Agdopuévov OTL 0
advBpaxag cvykataALyeTol HETOED TV TAEOV dpOBovmv oTotyeiwv 6T YN, Kot propet va Ppebet og
mAnfopo pHope®dVv, ta VAMKA AvOpako amoteAohV eEMPETIKES EMAOYEG YO EQUPUOYEG TOL
TEPLAUPAVOVY TOPMOES.

To mopddeg ota VAKE pmopel va oynuatiotel pe moAAODS TPOTOVG: 1 TAPOVGA SOUKTOPIKT
SwTpipn] eoTidlEl GTOVG TOPDOES AVOPAKES TTOL TPOKVTTOVY ATd TNV AVOPUKOTOINGT, TN “YNLUKN
xopaén’ (chemical etching), ™ cvvBeom pe ypnon TPOTHTOL KOt TNV EVEPYOMOINGN, OAAL Kot
VTOGTVAMUEVEG OOUES TTOV TpoGopolalovy avtr Tov [Tapbevava. Ta tedevtaio KATOCKEVLAGTHKOV
pécm TG TOoPEUPOANG oTIBapdV OpyOVIKOV NM/Kal ovOpyoveV TLAOVOV HETAED QUAL®V
YPaPeEVIOL, MOTE va. dtay®PilovTol To CTPMOUATO Kol VO ONUIOVPYOVVTOL S10CLVIESEUEVOL KEVOL
Y®POL, GLVOLALOVTOG LE TOV TPOTO OVTO TIG WOLOTNTEG TOV YPOAPEVIOV UE TO TOPMDOEC.

H bwtppn ovt yopiletor o 000 péEPN: TO TPOTO TOL EIVOL APLEPOUEVO GTO. VITOGTLAMUEVOL
ypapévia (Kepdrowa 3 & 4), kot to dgvtepo pépog (Kepdrawa 5 & 6) mov avagépetot 6 LYNAOD
TOPMOOVG dOUES AvOpaKaL.

>10 Kepdhato 3, mapovoidletan pia tayeio cuvhetikn dtadikacio yio tn dnpovpyio eTepodouUdV
VYNAOL TOPMAOVG LLE TPOCAPUOGUEVES IOLOTNTEG LEGM TNG TLPLTIWGNG OPYOVIKA TPOTOTOUUEVOL
oewiov tov ypageviov. Tpewg Eexwplotés opyavomupitikés mpodpopeg evaooels (1,4-
og(tpratBoéuotivro)-Pevioro - BTB, terpa(onboeidio) tov mupitiov — TEOS ko 3-apivo-
npomvro Tprfoleidio tov mupitiov - APTEOS) pe 610popetikd SOpIKA YOpOKINPIOTIKA
yPNooToOmONKaY MG SOUIKA GTotYElR Y10 TN dNUIOVPYIN VTOGTLAMTMOV PETAED TOV CTPOUATOV
TOVL opyavikd tpomomomuévonv ofewdiov tov ypageviov. H 10éa Ntav va avamtuyfodv vyning
amdO00N G TLPITIKA HIKTLO GTOV EVOOCSTPMUATIKO XDPo, HEGH avTidpdoemv sol-gel. H Oeppun
amocUVOEST EMETPEYE TNV ATOUAKPVVGT] TV OPYOVIK®OV LOPIOV SNUIOVPYDOVTOS £TGL TOPMOELS
ETEPOOOLES LE TOAD LYNAT| EOTKT EMPAVELN KO GTTOYYOELOT OO, O1 OTTO1EG EIVOIL TOAD EAKVLOTIKEG
v Thovn ¥pNon 6€ KATAAVOT), TPOGPOPNOT|, OALY Kol OC TANPOTIKA VAKG 0€ vavosUuvOeTaL
moAvpepn]. Ta TeAKA VAKE yopakTnpioTnKay TANPOG HE Evay cLVOLOCUO TEXVIK®OV (TepiBiaon
axtivov-X, @acpatockomiec HECOV LIEPVOPOL KOl QOTONAEKTPOVIOV oKTivev-X, Bgpuukn
avAALGY, TMAEKTPOVIKY] WIKPOOKOTIOL GAPMOONG Kol HETPNOELS EWIKNG  EMPAVELNS) Kot
aglohoynOnke o Pabudg mupitimong yio ke avrdpactiplo. H yepupopévn pe potvoropddsg
Top®ONG £TEPOdOUN £0€1EE TNV UEYOADTEPT] TEPIEKTIKOTNTO GE TUPITIO GTNV TEAIKN TOL OO, KOl
N emakoilovdn mupodAvon £0eige va dnuovpyel v emBounty Top@ON Soun pe pio £1801kn



emPGvELo. TOL AyyiEe T 550 m?/g. T To cvykekpyLévo vPpdtd VAIKS Stepeuvifnke ev cuvtopio
N dvvatdTTa TPOoSPOPNOoNG O10EEBioV TOV AvOpaKa, Kol JMICTOONKE 1 LYNAN KOVOTHTO
TPocpOPNoNg Tov £m¢ katl 3.5 mmol/g ota 5 bar kot 0 °C, Ty 1 onoia T0 kaO16TA TOAAG
VTOGYOUEVO Y10 TEPALTEP® EEETAOT) MG VAIKO amofnkevong d1o&ediov tov avOpaxa.

To Kepdlao 4 meptypapetl Tnv £vOeon TV 10OV VTOGTOAMGONG AVALEGH OTIC GTPOGELS 0EEIOI0V
TOV YPOPEVIOV pe oKomd TN dnpovpyio evog oTifapod TPIGO1cTITON HIKTVOV PVALMY YPOUPEVIOV.
Ta oxtopepn OAYOSIAOEAVIO. GYNUOTIOTKOY HEGH TN VOPOAVTIKNG TOAVGLUTVKVOONG TG N|-
3-(tpyeboéuothvr)mpomvro]-arbvievodopivnie  (EDAPTEOS) «ar  eviébnkav oe  1pia
dwpopetikd eoptia (1.5, 4.5 ko 9 mmol). Ta clho&avia mEpav TG GLVEICEOPAS TOLG OTN
dNUovpyia TNG VOVOTOPMOOVE OGS, KaO1GTOVV T0 VAIKE 10(LPOo1G TPOGPOPNTES 010EE1010V TOV
avOpaKa yap1 OTIC U1 OVTOPMOES AULVOUAOES TOVG TTOL LLE TNV TOPOVGIN TOVG GTOV OVOLYTO YMPO
HETOED TV QUAA®V YPO@PEVIOv, €yyvovior Tnv OEGUEVOT TOL dto&ewiov tov  AvOpaxa.
XpNOWOTOImVTOG ENPOVOT O aépo OAAA KOl AVOQIMI®OT, OVO OlKPITEG HOPPOAOYiES
emtevyOnKav, ot onoieg emaAnbevTnKav pe ™ ypnomn pikpookoniog SEM. H emituymg évBeon
emPeformbnke pe mepibiaon axtivov-X kot pacpatoskonio FT IR, 1o oyetikd m1ocootd 0&egidiov
Tov mopttiov yo KOs @optio opiotnke pe Bepuikr] avdAvon, Kot To ATOUIKE TOGOGTE TMOV
OTOEL®V OV VITAPYOLY 6Ta delypaTa, Kabmg Kot pio eikdva Yio To 100G TV OAANAETOPACEDV,
amoktHOnKav pécw g @acpatockonioc XPS. Ta mopdon yopoktnploTikd peiethonkov pe
mopootpetpio al®dtov, Kot 1 dvvaTOTNTO TPOSPOPNoNG dlo&ediov Tov dvBpaka yioo Ol To
delypata depevvninke péom g Kataypaens 1600épuwv tpoopdenong otovg 273 K kot 298 K,
uéypt 1 bar. Katoaeépape va deiovpe 0Tt 1) AoPIMmoT eVIGYDEL GNUAVTIKG TO TOPDOES GE GYEOT
ne v ENpaveon 6 aéPa, Kot OTL 1| LOPPOAOYIL ALTH UTOPEL VO OONYNOEL GE EVIGYLUEVT] TKOVOTNTO
pocpdPNoNg 610&18iov Tov AvBpaka e6v eTAeYEl TO BEATIOTO POPTIO TOPAYOVTO VTOGTOAMGCTNC.

To Kepdhoto 5 emkevipdveTal 6€ (o S0QOPETIKT TEPPAALOVTIKT TPOKANOT|, TNV OTOUAKPVVOT
0V LOPOBelov. Me Bdom ™V amodederylévn amdo0cT TOV TOPOOIMY UNTPOV GE OodKOCTIES
aroBeiwong 6tav avtég cuvdvdlovtal e 0Eelda LETAAA®Y, 1] XPNOT| ELTAOVTIGUEVOD UE YOAKO
Top®ON KuPoedn avlpaxa yro dEceLST VOPOBEIOL TapovclaleTal Yo TPMTN Popd. Mécw oG
avTidpaoTG CLVTOVIGHOV 1 omoia akoAoVONONKE amd éva 6Tdd10 TLPOALGNC, TPio SLUPOPETIKA
delypata mopackevdaotnkoy: o dopun TAovot 6€ YOAKO ALY LLE YOUNAT EOTKN EMQAVELY, pia
pope1 avlpaka pe VYNAO TOPDOES OALL YwpPic TPosONKT petdAlov, Kot TEAOG TNV S0 LOpPN
TOPMA0VG GvOpaKa AL OVTN TN POPE OKOGUNUEVNG HE YOAKO. Ta Topdon yopaKTNPIoTIKA
TOV SEYUATOV pHeAeTNONKOV Le avAAVOT TPOGPOPNGNG-EKPOPNONG AlMDTOL, KoL 1) TEPLEKTIKOTNTA
ToVG o€ PETAAAO mpoodopiotnke pe Oepuikn avdivon. H eacpatookonio potoniektpoviov
aktivov-X €dmoe TANPoopieg yioo TNV GTOENKN ovvleon Kol o ynuikd mepiBdAiov TV
oToLEl®V, EVO 1 LOPPOAOYiL TV VEDV pOPNTIKOV HESV pelethOnke pe pkpookorio SEM. TNa
va dtepevvn Bl 1O TAOC 1 LYNAY] EO1KT] ETLPAVELD KOL 1) TTOPOVGT0 0EEIOI0V TOV YAUAKOD UTOPOVV Vi
e€looppomnBovv, Kot 10 oG emnPedlovy CLVEPYATIKA TNV OmOpdKpLVen ToL VOPOHEIOL, 1
andooon TV ToPp®MO®V KLPoeWwdv avlpdkov allohoyndnke pe éva meipapo yMUEOPOENONG
opoBetov otovg 150 °C. Ta poenTikd pe TO VYNAOTEPO TOPDOES £OEIEAV UIKPOTEPT IKAVOTNTA
pPOENONG KO NTAV TOPAAANAQ KATOAVTIKG evepyd. To TAoOG10 € YaAKS OAAL pe YouUnAT €101KN
empavelo detypa amodeiymke 6Tl Asttovpyel eMioNG G KATAAVTNG, e EMAEKTIKY 0EE10®OT TOV
3pHOetov va Aapfavetl xopa. To detypo avtd peAet)ONKe TEPUITEP® KOl TOPOVCIAGTNKAV 1OEEG
vy Tov Tlhavd pnyoviopud mov kpvuPetot wiow omd TV KATOAVTIKY dpactnprotnta. [epartépw
BeAtioon tOV VAKGOV mov oxedidotnkoy, 0o pmopohoe vo 0OMYNCEL GE KATOADTEG LVYNANG
amod00M G KOTAAANAOLG Yo LeTATPOTH LOPOOELOL.

210xehOVTOG OTNV EMOVOYPNOCLUOTOINCT amoPANTOV Yoo THV avOTTLEN VYNANG amOO00Mg
POPNTIKOV VAIKOV, o610 Kepdlowo 6 mapovsialetor yio mpdTn Qopd pio Gepd KOVOTOU®mY



EPOPYNUEVOV TTOP®ODV avBpdKmv (Topmoels GvBpaxeg mov cvvovalovv Kot To Tpio €0M
TOP®OOVG) Ol 0Toiol GVVTEDMKAVY pe TNV evowpdtoon amofintev (dyapng kot kagé. Téooepa
€lon mopmoovg AvOpako avamTHYONKAY GUVOAKA: €vo TOL YPTGILOTOIEL AVUOTO HEAAGOS GE
GLVOLOGHO pE O10EEIB10 TOV TLPLTIOL MG GVLVOETO APYIKO VAIKO, VO TOV YPNGILOTOLEL aTOPANTA
expiopdtov  pllav  loaxapotevtihov kot dwo&eldo tov  mupitiov, €va  Tpito, OmOL
YPNOLOTOMUEVOL KOKKOL KOPE YPNOIUEVoAV ®G €vioyvon o€ pio mpoomdbeln 10aymyng
AELTOVPYIKAV OUAd®V TTOL Bo LTOPOVGAV VO VOl ETMPELELS V1oL LEAAOVTIKEG EQAUPLOYES, KOl EVOL
TeEAEVTOLO OTTOL JVO £idN amoPANTOV (LEAGCH KOt XPTCIUOTOMUEVOL KOKKOL KAPE) GLUVOVAGTNKAV.
O 1010 TEG KOl TO EMPOAVELOKA YOPAKTIPIGTIKA OAMV TOV TAPOYOUEVOV LEPAPYNUEVAOV TOPDIDV
avOpakwv peretnOnkav pe mopooiueTpion aldTOV Kol MAEKTPOVIKY WKPOOKOTIO GOHp®ONG.
Emtedydnkoy edikéc empdveie 610 gopoc tov 260-1009 m¥/g. Tpio and to Seiypata
voPANONKav ce QUGIKN evepyomoinomn pe 010&eidlo Tov avBpaka, Tov £lye ®G AMOTELECUA TN
peylotomoinom g €W0KNG empavelng €mg kot kotd 127 % petd v elcaymyn Kpomop®oovc.
Ol ta delypata mapovotdlovy peydiec dvvatdmteg ko Bo pumopovoav vo gival dovikol
VIOYNOLOL Y10 EPAPLOYEG TPOGPOPNONG KOl TUKVAOTAOV, KOODS Kot OmoKOTAGTACN G AMUAGUEVDV
VOATWV.






Summary

The demands of modern society for new materials, novel applications and cutting-edge
technologies are increasing day by day, and the scientific community seems to be involved in a
never-ending race for new breakthroughs. Time weighs in on the emergent need for replacement
of traditional materials by new and more efficient ones, especially when nearly depleted sources
are involved in their production. Furthermore, any new approach has to conform with the demands
for a greener, waste-free, and less energy- and resource-demanding future.

Nanoporous materials have been exploited since antiquity, and are nowadays applied in the fields
of catalysis, energy (hydrogen storage, supercapacitors, Li-ion batteries, fuel cells and sensors),
environmental remediation (molecular sieves/adsorbents, NOx and H2S removal, CO2 capture),
and even medicine because of their controllable pore size, diverse geometries, surface properties
and their ability to interact with molecules and atoms or adsorb/release them. Since carbon is
amongst the most abundant elements on earth, and can be found in a plethora of forms, carbon
materials are excellent candidates for applications that involve porosity.

Porosity in materials can be obtained in many ways; in this PhD project the focus lays on porous
carbons resulting from carbonization, chemical etching, template synthesis and activation, or
‘Parthenon like’ structures. The latter were constructed through the intercalation of robust organic
and/or inorganic pillars between graphene sheets in order to keep the layers apart and create
interconnected void spaces, combining in this way the properties of graphene with porosity.

This thesis is divided in two parts; the first half is devoted to pillared graphenes (Chapters 3 & 4),
and the second part (Chapters 5 & 6) is dedicated to highly porous carbon structures.

In Chapter 3, a rapid synthetic procedure to create highly porous heterostructures with tailored
properties through the silylation of organically modified graphene oxide is presented. Three
distinct silica precursors (1,4-bis(triethoxysilyl)-benzene - BTB, tetraethylorthosilicate — TEOS
and (3-aminopropyl)triethoxysilane - APTEQOS) with different structural characteristics were used
as building blocks for pillars between organo-modified graphene oxide layers. The idea was to
develop high yield silica networks within the interlayer space through sol-gel reactions. Thermal
decomposition enabled the removal of the organic molecules thereby generating porous
heterostructures with very high surface area and sponge-like make-up, which are very attractive
for potential use in catalysis, sorption and as fillers in polymer nanocomposites. The final products
were fully characterized with a combination of techniques (X-ray diffraction, Fourier transform
infrared and X-ray photoelectron spectroscopies, thermogravimetric analysis, scanning electron
microscopy and porosity measurements) and the degree of silylation of each reagent was
evaluated. The porous heterostructure bridged with a phenyl group showed the maximum amount
of silica content in the final heterostructure and subsequent pyrolysis was found to create the
desired porous structure with a specific surface area up to 550 m2/g. For this hybrid the potential
as sorbent of CO2 was briefly explored and a high CO2 adsorption capacity of 3.5 mmol/g at 5
bar and 0 oC was found, which is promising for further consideration as CO2 storage material.

Chapter 4 describes the intercalation of pillaring species between graphene oxide (GO) layers to
create a robust 3-D network of graphene sheets. Octameric oligosiloxanes were formed through
the hydrolytic polycondensation of N-[3-(trimethoxysilyl)propyl]-ethylenediamine (EDAPTEQS)
and intercalated in three different loadings (1.5, 4.5 and 9 mmol). Silsesquioxanes, apart from
helping to create a nanoporous structure, render the materials strong CO2 adsorbents due to the
unreacted amine groups emanating in the open space between the GO sheets, which warrant CO2



binding. Air-drying and freeze-drying were used to achieve distinct morphologies, verified by
SEM microscopy. The successful intercalation was confirmed by X-ray diffraction and FT-IR
spectroscopy, the relative amount of silicon oxide for each loading was defined by
thermogravimetric analysis, the atomic percentages of the elements present in the samples as well
as an insight on the type of interactions were gained through X-ray photoelectron spectroscopy.
The pore characteristics were studied by nitrogen porosimetry, and the CO2 adsorption behaviour
for all samples was investigated by recording the corresponding adsorption isotherms at 273 K and
298 K, up to 1 bar. We could show that freeze-drying significantly enhances the porosity as
compared to air-drying and this morphology can lead to an enhanced CO2 adsorption capacity if
an optimal loading of the pillaring agent is chosen.

Chapter 5 focalises on a different environmental challenge, namely hydrogen sulfide removal.
Based on the proven desulfurization performance of porous matrixes when combined with metal
oxides, the use of copper enriched porous carbon cuboids in H2S capture is reported for the first
time. Through a coordination reaction followed by a pyrolysis step, three different samples were
prepared; a low-surface-area copper-rich structure, a highly porous carbon form without metal
addition, and finally the same porous carbon decorated with copper. The pore characteristics of
the samples were investigated by nitrogen adsorption-desorption analysis, and their metal content
was determined by thermogravimetric analysis. X-ray photoelectron spectroscopy gave insight in
the elemental composition and the chemical environment of the elements, while the morphology
of the novel sorbents was studied with scanning electron microscopy. To explore how the high
surface area and the presence of copper oxide can be balanced and how they synergistically affect
hydrogen sulphide removal, the performance of the porous carbon cuboids was evaluated with a
H2S chemisorption experiment at 150 °C. The sorbents with the higher porosity showed lower
sorption capacity and were also catalytically active. The copper-rich sample with the lowest
surface area was proved to function also as a catalyst, with selective oxidation of hydrogen
sulphide taking place. This copper-rich sample was investigated a bit further and the chapter
reports on ideas about the potential mechanism behind the catalytic activity put forward. Further
improvement of the designed materials could lead in high performance catalysts suitable for H2S
conversion.

Aiming at waste reuse for the development of high-performance sorbents, in Chapter 6, a set of
novel hierarchical porous carbons (carbons that combine all three kinds of porosity), which were
synthesized by incorporating sugar waste and spent coffee grounds, is presented for the first time.
Four kinds of porous carbons were developed in total: one using molasses wastewater in
combination with silica as a composite starting material; another one using sugar beet root extract
waste and silica; a third one where spent coffee grounds served as reinforcement in an attempt to
introduce functional groups that could be beneficial for future applications; and a last one where
two kinds of waste (molasses and spent coffee grounds) were combined. The properties and surface
characteristics of all the produced hierarchical porous carbons were studied with N2 porosimetry
and scanning electron microscopy. Specific surface areas in the range of 260-1009 m2/g were
achieved. Three of the samples were subjected to physical activation with CO2, that resulted in
maximization of the specific area up to 127 % after the introduction of microporosity. All the
synthesized samples show a great potential and could be ideal candidates for sorption, water
remediation and supercapacitor applications.
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Chapter 1: Introduction

“Porous materials are like music: the gaps are as important as the filled-in
bits.”*

The technological evolution has led to breakthroughs that could never have
been imagined a couple of decades ago, and at the same time has set the
scientific community on a constant search for novel materials with
extraordinary properties that will be able to keep up with the ever-
increasing demands for efficient solutions. Among them, nanoporous
materials, which have been used since ancient times, have been attracting
a lot of attention throughout the last past years due to their controllable
pore size, diverse geometries, surface properties and their ability to interact
with molecules and atoms or adsorb them, that can be easily exploited in
various fields such as catalysis, gas storage, environmental remediation,
sensorics, and medical applications.

1.1. Porous materials

As suggested by the International Union of Pure and Applied Chemistry
(IUPAC), porous materials can be categorized according to the width of
their pores in three big categories: microporous (< 2 nm), mesoporous
(2nm < w < 50 nm) and macroporous (> 50 nm).? This classification
though, is not sufficient if someone bears in mind the rest of criteria by
which one can differentiate porous materials such as the pore structure and
shape (cylindrical, spherical, hexagonal and slit types). High surface area
(m?/g), controlled pore diameter, thermal stability and catalytic properties
make porous materials outstanding candidates for gas adsorption, energy
storage and heterogenous catalysis applications. The most known porous
solids are:

+» zeolites; microporous crystalline silicate frameworks that occur
naturally;

« metal organic frameworks (MOFs); porous crystalline materials
formed by metal clusters/ions linked with organic ligands;

¢+ clays; naturally occurring aluminium phyllosilicates;

++ silica nanoparticles; inorganic high pore volume nanometer sized
structures, and



%+ carbonaceous porous sorbents (among which activated carbons);
materials that are made up solely of carbon.

1.2. Carbon

Carbon is present everywhere around us. In the things we touch, the things
we eat, the ones we breathe. It is a dominant element of our lives, and it is
not surprising that carbon research has been the focus of thousands of
researchers within the global scientific community, with major
accomplishments like two Nobel prizes in Chemistry and Physics within
15 years. The first one was awarded to Harry Kroto in 1996 for the
discovery of the ‘buckminsterfullerene’, a spherical hollow carbon
structure made of 60 carbon atoms arranged in hexagons and pentagons.®
A couple of years later it was the turn of Andre Geim and Konstantin
Novoselov to get recognition in 2010 "for ground-breaking experiments
regarding the two-dimensional material graphene™ for which they isolated
a single flake of graphene using simple scotch tape.*

Carbon can be encountered in a variety of forms due to its ability to form
structures with diverse properties depending on the way its atoms are
covalently bonded between them in diverse hybridization states (sp, sp?,
sp?® and mixtures of the latter).® Till the 80’s, graphite and diamond were
the only carbon allotropes known but over the following years a lot of new
members were added to the carbon family, namely in addition to the
already mentioned fullerenes and graphene, carbon dots,® single and multi-
wall carbon nanotubes (SWCNTs and MWCNTS),” & nanodiamonds® and
graphene nanoribbons®. Apart from C-C bonds, carbon can be covalently
connected with other elements in a strong and stable manner as well,
allowing the formation of an almost infinite number of compounds.

1.2.1. Graphene

Graphene is a two-dimensional (2D) sheet made of sp? bonded carbon
atoms (Figure 1.1), each of which is connected to three neighbouring ones
creating this way a strong honeycomb lattice. Chemical vapour deposition
(CVD) on liquid or crystalline copper, micromechanical exfoliation and
liquid-phase exfoliation of graphite are the most common ways of
producing high quality graphene.!!: 12



mEEE T E L
= T T T LT

Figure 1.1. Structural representation of graphene

Its outstanding properties include a very high carrier mobility,*
extraordinary thermal conductivity,* high surface area (theoretically 2630
m?/g),*> mechanical stiffness,*® impermeability,}” flexibility'® and
transparency,'® which render it a perfect candidate for industrial
applications in sectors like transport, (bio)medicine, electronics,
photonics, energy, or desalination.?%-23

1.2.2. Graphene oxide

Starting from graphite and choosing one of the oxidation methods
developed long before graphene became fashionable by Brodie,?*
Staudenmaier,® and Hummers?® or their more recent variations, oxygen
containing functional groups (epoxy, methoxy, carboxyl) are introduced
on the basal planes and edges of the carbon nanosheets (Figure 1.2). The
resulting layered structure is hydrophilic and soluble in many solvents.?’
The presence of these groups allows for reactions (ring-opening reactions,
noncovalent functionalization, cycloaddition, etc.)® and grafting of
moieties (molecules, long chain hydrocarbons, polymers)?®%® that
(partially) occupy the interlayer space.

1.2.2.1. Graphene Pillaring

Graphene and graphene oxide’s lack of permanent porosity can be
overcome through pillaring. Once a moiety has been intercalated between
the layers, stability can be gained through a thermal process, which enables
the preservation of the layered structure and hence of the porosity (an
example of silsesquioxane pillared graphene oxide is shown in Figure 1.2).
Experiments with different pillaring agents and extensive theoretical
modeling,®! 32 have proven that with the insertion of a suitable and robust
organic and/or inorganic species between the layers, demanding
technological targets in gas storage or sensing can be easily reached. Apart
from graphene and graphene oxide, the pillaring method can and has
already been applied to other materials such as zeolites, clays and layered
double hydroxides.
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Figure 1.2. Structural representation of graphene oxide (up) and silsesquioxane
pillared graphene oxide (down)

1.2.2.2. Silsesquioxanes as pillaring agents

Polyhedral silsesquioxanes (POSS) are cage-like organosilicon
compounds with  the chemical formula [XSiO15]n (where X =
H, alkyl, aryl or alkoxyl) that derive from the hydrolytic condensation of
organosilicon monomers.®® They can act as pillaring agents creating a
robust three-dimensional network by attaching to the graphene oxide
sheets and be exploited in this way in a variety of applications ranging
from hydrogen storage®* to removal of water pollutants®.

1.2.3. Porous Carbons

Nanoporous carbons is an important category of porous materials that
combine micro and mesoporosity in their structure and have been at the
centre of scientific attention for a while due to their high specific area,
electrical conductivity, and chemical inertness.



1.2.3.1. Hierarchical Porous Carbons

Hierarchical Porous Carbons (HPCs) denotes a carbon structure that
possesses a labyrinthian porous network of well-defined macropores and
interconnected micro- and mesopores, which provide better accessibility
and a large amount of active sites distributed all over the bulk and not only
the surfaces.®® HPCs are usually synthesized by employing a soft or hard
template method or a combination of both, which is moreover coupled with
an activation process (CO2, KOH, etc.)*’-* that can induce microporosity
as explained further in Chapter 6. Templating methods involve the use of
suitable scaffolds that are being later removed during the synthetic
procedure, leaving behind pores. Depending on the size and form of the
template, the porous structure can have tailored characteristics. Thermally
decaying polymers, micelles and emulsions are usually used as soft
templates and simply decompose during carbonization, whereas inorganic
solids (silica particles or gel, Na2COs, MgO, CaCOs, etc. ) are used as hard
templates, which need to be removed by chemical etching.3® 40-42

1.2.3.2. Porous Carbon Cuboids

In 2014, Stefan Kaskel and co-workers** came up with a new form of ultra-
hydrophilic porous carbon with cuboid shape, which is decorated with
uniformly distributed N and O heteroatoms (Figure 1.3). The functional
groups, in combination with the relatively high specific surface area (800-
900 m?/(g), abundance of narrow micropores, low weight and great
stability, render carbon cuboids very promising candidates for
adsorption/molecular sieving in the gas industry.

Figure 1.3. Structural representation of porous carbon cuboids



1.3. Applications

All the forementioned categories of materials have been receiving
increasing attention recently due to their potential use in a plethora of
applications that can meet the demands of our modern ultra-consuming
world. These applications are for the most part localized in the fields of
energy, environmental remediation, and catalysis.

1.3.1. Energy

Energy storage and conversion are two of the biggest challenges of our era
due to the rising demands and the changes necessary to avoid even more
global warming. Porous materials are being developed and studied in order
to be used in hydrogen storage applications,* as supercapacitors,* in Li-
ion batteries,* fuel cells and sensors*’.

1.3.2. Environmental remediation

With most limits of emissions being exceeded by far, a lot of effort is being
made towards the development of technologies that can minimize or at
least control the damage being caused to the environment by removing or
separating pollutants from gas and waste streams, as well as from
contaminated water. All these problems can find solutions through the
development of materials that can serve as molecular sieves/adsorbents,*”
49 in NOx and H.S removal,* 5! and in assisted oil recovery among others.

1.3.3. Catalytic Applications

Porous carbons are promising candidates for the substitution of traditional
catalysts and its already being studied extensively their use as catalysts or

as supports for metal nanoparticles or for metal complex anchoring.*" 48
52-54

1.4. Thesis Outline

This thesis is a representative sample of the research efforts during my
PhD journey towards the development of porous carbon materials with
tailored properties that can be applied in energy storage, environmental
remediation, and catalysis. The property that has constantly been under the
spotlight all along these four years was porosity. In order to achieve high
porosity materials my attempts were divided along two pathways; the



construction of ‘Parthenon like’ structures inserting columns between the
sheets of layered carbon materials like graphene oxide in an attempt to
create interconnected empty spaces, and the development of porous
carbons cuboids and hierarchical porous carbon structures that serve as
tiny waste recyclers.

As briefly described in the following paragraphs, the research conducted
during this PhD project is organized in six chapters in this dissertation.

Chapter 2 explains all the characterization techniques that were employed
during the preparation and characterization of the developed materials, as
well as the methods used in order to determine their potential use in future
applications.

Chapter 3 describes the synthesis of highly porous heterostructures with
tailored properties through the creation of a silica network in the interlayer
space of organically modified graphene oxide. Three distinct silica
precursors were used as building blocks and the potential as sorbent of CO>
was briefly explored for the heterostructure with the highest specific
surface area.

Chapter 4 is devoted to our exploration of the use of silsesquioxane-
pillared graphene oxide for CO2 capture, where we demonstrated that
modifying the silsesquioxane loading and drying method causes important
variations in the adsorption capacity.

Chapter 5 gives an overview of the ability of copper-enriched porous
carbon cuboids to capture H>S gas. The properties of the sorbents were
explored and their hybrid behaviour acting both as adsorbents and catalysts
was investigated.

Finally, in Chapter 6 a set of hierarchical porous carbons that were
developed making use of sugar and coffee wastes is presented. High
specific surface areas and pore volumes were achieved, and it was shown
that both can be maximized by subjecting the samples to physical
activation with CO..



References

1.

B oo~

11.

12.
13.

14.

15.

16.

17.
18.

G. Q. Lu and X. S. Zhao, in Nanoporous Materials: Science and
Engineering, World Scientific Publishing Co. Ltd, Singapore,
2004,

K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A.
Pierotti, J. Rouquerol and T. Siemieniewska, Pure and Applied
Chemistry, 1985, 57, 603-619.

H. W. Kroto, J. R. Heath, S. C. Obrien, R. F. Curl and R. E.
Smalley, Nature, 1985, 318, 162-163.

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva and A. A. Firsov, Science, 2004,
306, 666-669.

V. Georgakilas, J. A. Perman, J. Tucek and R. Zboril, Chemical
Reviews, 2015, 115, 4744-4822.

X. Xu, R. Ray, Y. Gu, H. J. Ploehn, L. Gearheart, K. Raker and W.
A. Scrivens, Journal of the American Chemical Society, 2004, 126,
12736-12737.

S. lijima, Nature, 1991, 354, 56-58.

S. lijima and T. Ichihashi, Nature, 1993, 363, 603-605.

V. V. Danilenko, Physics of the Solid State, 2004, 46, 595-599.

D. V. Kosynkin, A. L. Higginbotham, A. Sinitskii, J. R. Lomeda,
A. Dimiev, B. K. Price and J. M. Tour, Nature, 2009, 458, 872-
876.

Y. Zhu, S. Murali, W. Cai, X. Li, J. W. Suk, J. R. Potts and R. S.
Ruoff, Advanced Materials, 2010, 22, 3906-3924.

S. Park and R. S. Ruoff, Nature Nanotechnology, 2009, 4, 217-224.
Y. Zhang, Y. W. Tan, H. L. Stormer and P. Kim, Nature, 2005,
438, 201-204.

A. A. Balandin, S. Ghosh, W. Bao, I. Calizo, D. Teweldebrhan, F.
Miao and C. N. Lau, Nano Letters, 2008, 8, 902-907.

A. Peigney, C. Laurent, E. Flahaut, R. R. Bacsa and A. Rousset,
Carbon, 2001, 39, 507-514.

C. Lee, X. Wei, J. W. Kysar and J. Hone, Science, 2008, 321, 385-
388.

V. Berry, Carbon, 2013, 62, 1-10.

S. Bae, H. Kim, Y. Lee, X. Xu, J.-S. Park, Y. Zheng, J.
Balakrishnan, T. Lei, H. Ri Kim, Y. I. Song, Y.-J. Kim, K. S. Kim,
B. Ozyilmaz, J.-H. Ahn, B. H. Hong and S. lijima, Nature
Nanotechnology, 2010, 5, 574-578.



19.

20.
21.
22.
23.
24,
25.
26.
217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

R. R. Nair, P. Blake, A. N. Grigorenko, K. S. Novoselov, T. J.
Booth, T. Stauber, N. M. R. Peres and A. K. Geim, Science, 2008,
320, 1308.

K. S. Novoselov, V. I. Fal'’ko, L. Colombo, P. R. Gellert, M. G.
Schwab and K. Kim, Nature, 2012, 490, 192-200.

E. P. Randviir, D. A. C. Brownson and C. E. Banks, Materials
Today, 2014, 17, 426-432.

J. Yang, P. Hu and G. Yu, APL Materials, 2019, 7, 020901.

The University of Manchester, Graphene - Applications,
https://www.graphene.manchester.ac.uk/learn/applications/
retrieved on August 101" 2021.

B. C. Brodie, Ann. Chim. Phys., 1860, 59, 466.

L. Staudenmaier, Berichte der deutschen chemischen Gesellschaft,
1898, 31, 1481-1487.

W. S. Hummers Jr and R. E. Offeman, Journal of the American
Chemical Society, 1958, 80, 1339.

J. I. Paredes, S. Villar-Rodil, A. Martinez-Alonso and J. M. D.
Tascon, Langmuir, 2008, 24, 10560-10564.

I. V. Pavlidis, M. Patila, U. T. Bornscheuer, D. Gournis and H.
Stamatis, Trends in Biotechnology, 2014, 32, 312-320.

K. Spyrou, G. Potsi, E. K. Diamanti, X. Ke, E. Serestatidou, 1. I.
Verginadis, A. P. Velalopoulou, A. M. Evangelou, Y.
Deligiannakis, G. Van Tendeloo, D. Gournis and P. Rudolf,
Advanced Functional Materials, 2014, 24, 5841-5850.

K. Spyrou, L. Kang, E. K. Diamanti, R. Y. Gengler, D. Gournis,
M. Prato and P. Rudolf, Carbon, 2013, 61, 313-320.

G. K. Dimitrakakis, E. Tylianakis and G. E. Froudakis, Nano
Letters, 2008, 8, 3166-3170.

K. Duan, L. Li, Y. Hu and X. Wang, Scientific Reports, 2017, 7,
14012.

L. y. V. I. Voronkov M.G., Polyhedral oligosilsesquioxanes and
their homo derivatives, Springer, Berlin, Heidelberg, 1982.

Y. Matsuo, S. Ueda, K. Konishi, J. P. Marco-Lozar, D. Lozano-
Castello and D. Cazorla-Amoroés, International Journal of
Hydrogen Energy, 2012, 37, 10702-10708.

C. E. Flores-Chaparro, C. J. Castilho, I. Kulaots, R. H. Hurt and J.
R. Rangel-Mendez, Journal of Environmental Management, 2020,
259, 110044.

R. Fu, Z. Li, Y. Liang, F. Li, F. Xu and D. Wu, New Carbon
Materials, 2011, 26, 171-179.



10

37.

38.

39.
40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

J. Wang and S. Kaskel, Journal of Materials Chemistry, 2012, 22,
23710-23725.

M. C. Mittelmeijer-Hazeleger and J. M. Martin-Martinez, Carbon,
1992, 30, 695-709.

A. Ahmadpour and D. D. Do, Carbon, 1996, 34, 471-479.
Z.Zhang, Z. P. Cano, D. Luo, H. Dou, A. Yu and Z. Chen, Journal
of Materials Chemistry A, 2019, 7, 20985-21003.

W. Zhang, R.-r. Cheng, H.-h. Bi, Y.-h. Lu, L.-b. Ma and X.-j. He,
New Carbon Materials, 2021, 36, 69-81.

A.-H. Lu, G.-P. Hao, Q. Sun, X.-Q. Zhang and W.-C. Li,
Macromolecular Chemistry and Physics, 2012, 213, 1107-1131.
G.-P. Hao, G. Mondin, Z. Zheng, T. Biemelt, S. Klosz, R. Schubel,
A. Eychmiller and S. Kaskel, Angewandte Chemie International
Edition, 2015, 54, 1941-1945.

D. Giasafaki, G. Charalambopoulou, C. Tampaxis, K. Dimos, D.
Gournis, A. Stubos and T. Steriotis, Carbon, 2016, 98, 1-14.

L. Estevez, R. Dua, N. Bhandari, A. Ramanujapuram, P. Wang and
E. P. Giannelis, Energy & Environmental Science, 2013, 6, 1785-
1790.

R. Sahore, L. P. Estevez, A. Ramanujapuram, F. J. DiSalvo and E.
P. Giannelis, Journal of Power Sources, 2015, 297, 188-194.

A. Stein, Z. Wang and M. A. Fierke, Advanced Materials, 2009,
21, 265-293.

F. Rodriguez-Reinoso and A. Sepulveda-Escribano, in Handbook
of Surfaces and Interfaces of Materials, ed. H. S. Nalwa, Academic
Press, Burlington, 2001, pp. 309-355.

L. Estevez, D. Barpaga, J. Zheng, S. Sabale, R. L. Patel, J.-G.
Zhang, B. P. McGrail and R. K. Motkuri, Industrial & Engineering
Chemistry Research, 2018, 57, 1262-1268.

A. G. Georgiadis, N. D. Charisiou and M. A. Goula, Catalysts,
2020, 10, 521.

E. Garcia-Bordejé, A. Monzon, M. J. Lazaro and R. Moliner,
Catalysis Today, 2005, 102-103, 177-182.

J. L. Figueiredo, Journal of Materials Chemistry A, 2013, 1, 9351-
9364.

H. Liu, X. Liu, S. Mu, S. Wang, S. Wang, L. Li and E. P. Giannelis,
Catalysis Science & Technology, 2017, 7, 1965-1970.

I. Matos, M. Bernardo and I. Fonseca, Catalysis Today, 2017, 285,
194-203.



Chapter 2: Characterization techniques

This chapter describes the key experimental methods used to characterize
the porous carbon materials presented in this dissertation. If a specific
measurement was not performed by the candidate, this is specified herein
as well.
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2.1. X-Ray Diffraction

X-ray diffraction (XRD) is a non-destructive analysis method based on the
X-Ray photons scattering from a crystalline sample; it provides
information about the crystalline phases and structure, interlayer distance
and the size of the coherently diffracting domains. The XRD pattern is
unique for each crystalline compound hence collecting diffraction data
enables the identification of an unknown compound or phase.

The powder X-ray diffraction (XRD) patterns of the pillared graphene
oxide described in Chapter 3 and of the carbon cuboid samples labelled
PCC and PCC-Cu in Chapter 5, were collected on a D8 Advance Bruker
diffractometer with a Cu Ko X-ray source (wavelength 1.5418 A) and a
secondary beam graphite monochromator. The patterns were recorded in a
260 range from 2 to 40 °, in steps of 0.02 ° and with a counting time of 2.00 s
per step. The measurements were performed by Dr. Christina
Papachristodoulou (University of loannina, Greece).

The diffraction spectra of the silsesquioxane-pillared graphene oxide
samples described in Chapters 4 and of the carbon cuboid sample labelled
PCC-unleached described in Chapter 5 were collected on a D8 Advance
Bruker diffractometer with a monochromatic Cu Ko X-ray source
(wavelength 1.5418 A): a 1 mm divergent slit and a 3 mm antiscattering
slit were used. The 26 scans were performed from 2 to 80° with a step size
of 0.02° and a counting time of 1.00 s per step.

The XRD measurements that were recorded before and after the H»S
adsorption measurements reported in Chapter 5, were performed on a
Panalytical X'Pert PRO powder diffractometer. About 30 mg of the
selected sample was first placed on a zero-background holder and the
measurements were conducted using Cu-Ka radiation (A = 1.5406 A). The
diffraction patterns were collected over the 20 range of 10° to 80° with a
step size of 0.02° and the time per step of 1.3 s. The measurements were
performed by Dr. Georgia Basina (Khalifa University, United Arab
Emirates).

2.2. Fourier Transform Infrared Spectroscopy

Infrared Spectroscopy is a widely used tool in chemistry for qualitative and
guantitative identification of substances. When an infrared beam passes



through the sample, part of the radiation is absorbed, and part transmitted.
Each compound absorbs, reflects, and transmits IR radiation at different
frequencies resulting in a unique signal, which represents the molecular
‘fingerprint’ of the sample. The vibrational characteristics of the molecules
are used for the identification of functional groups and bonds present in
the structure.

Fourier transform infrared (FTIR) spectra reported in Chapters 3 and 4
were measured in the range 400-4000 cm™* with a Shimadzu FT-IR 8400
spectrometer equipped with a deuterated triglycine sulfate (DTGS)
detector. Each spectrum was the average of 64 scans collected at 2 cm™
resolution. Samples were in the form of KBr pellets containing ca. 2 wt%
sample.

2.3. Surface Area and Porosity Measurements

The morphological characteristics of porous solids and fine powders can
be studied by means of gas adsorption measurements. An inert gas (usually
nitrogen) is physisorbed at low temperature and the quantity of adsorbate
on the material’s surface is measured over a wide range of relative
pressures resulting in an adsorption isotherm. The physisorption isotherms
can be grouped in 8 categories after the updated classification
recommended by the International Union of Pure and Applied Chemistry
(IUPAC) in 2015 (Figure 2.1).1

Each category is indicative of the type of porosity of the adsorbent: 1(a):
ultramicropores, 1(b): supermicropores, 11 & I1I: non porous heterogeneous
planar surfaces, 1V(a): large mesopores, 1V(b): narrow mesopores, V:
mesopores and micropores, and V1: non porous homogeneous surfaces.’
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Figure 2.1. Classification of physisorption isotherms!

Information can be extracted about the geometrical structure of the pores
from the shape of the hysteresis loop formed on the adsorption-desorption
isotherms; this hysteresis loop is associated with capillary condensation.
The main types of hysteresis loops are summarized in Figure 2.2.
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Figure 2.2. Classification of hysteresis loops!

Each type of loop is related with specific pore structures. In summary, H1
is observed for cylindrical pores, loops H2(a) & H2(b) for the so-called
‘ink bottle’ pores, which consist of a larger volume connected by a narrow
neck to the next pore; H3 results for a disordered pore structure, usually
aggregates of lamellar particles or networks consisting of not fully filled
macropores; H4 is found if both micro- and mesopores are present, and H5
when there are open as well as restricted pores.!

The specific surface area, pore volume and pore size distribution can be
extracted from the adsorption measurements. The most widely used
procedure for evaluating the specific surface area is the Brunauer-Emmett-
Teller (BET) method?, which is an extension of the Langmuir theory for
monolayer formation, and makes use of the following equation:

D 1 C—-11p
0= v c T v.e oo
@’ —-p) Vn mC P

where V is the volume adsorbed, Vn is the volume of a monolayer, p the
equilibrium pressure, p° the saturation pressure and C is a constant related
to the enthalpy of adsorption in the first adsorbed layer (BET constant).
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The nitrogen adsorption-desorption isotherms for the pillared graphene
oxide described in Chapter 3 and the porous carbon cuboids presented in
Chapter 5, were measured at 77 K on a Sorptomatic 1990 Thermo Finnigan
porosimeter. Specific surface area values were determined by the
Brunauer—Emmett-Teller (BET) method. The measurements reported in
Chapter 5 were performed by Dr. Vasilis Kostas (University of loannina,
Greece).

Low-pressure nitrogen sorption measurements for the silsesquioxane-
pillared graphene oxide samples of Chapter 4 were carried out using an
Autosorb 1-MP instrument from Quantachrome equipped with multiple
pressure transducers for highly accurate analyses and an oil-free vacuum
system. Ultra-high purity N2 gas (99.999 %) was used for the adsorption
measurements. Prior to the measurement, each sample was transferred to
a 9 mm quartz cell and activated under dynamic vacuum at 100 °C for 20 h
(until the output rate was less than 2 mTorr/min) to remove all volatile
species. After activation, the sample was weighed to obtain the precise
mass of the solids and the cell was transferred to the analysis port of the
gas sorption instrument. The measurements were performed by Dr.
Giasemi K. Angeli (University of Crete, Greece).

The nitrogen adsorption-desorption isotherms for all the hierarchical
porous carbon samples described in Chapter 6 were recorded on a
Micromeritics ASAP2420 apparatus at 77 K before processing to the
activation step. The specific surface area was evaluated with the BET
method. The samples were degassed under reduced pressure at 120 °C for
15 h prior to the measurements.

The nitrogen adsorption-desorption isotherms for the carbon cuboid
sample labelled PCC-unleached of Chapter 5, and the activated
hierarchical porous carbon samples of Chapter 6, were recorded at 77 K
on a Autosorb iQ gas sorption system from Quantachrome Instruments.
The samples were degassed under high vacuum for respectively 10 h at
100°C (PCC-unleached) and 120 °C (activated hierarchical porous carbon)
before performing the measurements. The measurements were performed
by Dr. Konstantinos Spyrou (University of loannina, Greece) and the
analysis by myself.



2.4. X-Ray Photoelectron Spectroscopy

Based on the photoelectric effect, X-ray photoelectron spectroscopy (XPS)
Is a surface-sensitive quantitative spectroscopic technique that is applied
to acquire useful information about the surface elemental composition (up
to a depth of ~10 nm), as well as the chemical environment and electronic
state of each element present.> The material is irradiated with an X-ray
beam and the kinetic energy and number of the electrons emitted are
analysed in order to acquire the spectra.

XPS analysis in Chapters 3, 4 and 5 was performed using a Surface
Science SSX-100 ESCA instrument with a monochromatic Al Ko X-ray
source (hv = 1486.6 eV). The pressure in the measurement chamber was
maintained at 1x10° mbar during data acquisition. The electron take-off
angle with respect to the surface normal was 37°. The XPS data were
acquired by using a spot size of 1000 um in diameter and the energy
resolution was 1.3 eV for both the survey spectra and the detailed spectra
of the core level regions. All XPS spectra were analysed using the least-
squares curve-fitting program Winspec (developed at LISE laboratory of
the University of Namur, Belgium). Deconvolution of the spectra included
a Shirley baseline* subtraction and fitting with a minimum number of
peaks consistent with the chemical structure of the sample, taking into
account the experimental resolution. The profile of the peaks was taken as
a convolution of Gaussian and Lorentzian functions. All binding energies
derived from deconvolution are reported +0.1 eV. For the spectra reported
in Chapter 3 the binding energies are referenced to the C1s photoemission
peak centred at a binding energy of 284.8 eV.° The uncertainty in the peak
intensity determination is 2 % for all core levels reported. For the analysis
I was helped by Dr. Oreste de Luca (University of Groningen, the
Netherlands). For the spectra of the silsesquioxane-pillared graphene oxide
samples shown in Chapter 4 the Au4f72 core level was used as a reference
binding energy.® For the measurements, evaporated polycrystalline
150 nm thick gold films supported on mica (grade V-1, TED PELLA),
prepared by sublimation of 99.99% gold (Schone Edelmetaal B.V.) as
detailed in Mendoza et al.® were used as substrates where freshly prepared
samples were drop casted. All the data were normalized to the number of
scans and corrected for the sensitivity factor of the spectrometer. The
analysis was performed by Dr. Konstantinos Spyrou (University of
loannina, Greece).
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XPS measurements on the porous carbon cuboids detailed in Chapter 5
were performed under ultrahigh vacuum conditions with a base pressure
of 5 x 107 mbar in a SPECS GmbH instrument equipped with a
monochromatic Mg Ka source (hv = 1253.6 eV) and a Phoibos-100
hemispherical analyser. Samples were suspended in water, drop casted on
Si wafers, and after they were dry, they were left in high vacuum overnight
to outgas, before being transferred to the main chamber for XPS
measurement. The energy resolution was set to 1.18eV, and the
photoelectron take-off angle was 45° with respect to the surface normal.
Recorded spectra were the average of three scans with the energy step set
to 0.05 eV and a dwell time of 1 s. All binding energies were referenced
to the Cls core level at 285.0 eV. Spectral analysis included a Shirley
background subtraction and peak deconvolution employing mixed
Gaussian—Lorentzian functions in a least-squares curve-fitting program
WinSpec. The analysis was performed by Dr. Konstantinos Spyrou
(University of loannina, Greece).

2.5. Thermal Analysis

Thermal analysis techniques reveal the phase transitions of a sample,
which are almost always accompanied by a mass loss, as a function of
temperature. They can provide qualitative and quantitative information
regarding the thermal stability, decomposition, as well as the exothermic
and endothermic character of the phase transitions taking place.

Thermogravimetric (TGA) and differential thermal (DTA) analyses for
Chapters 3 and 5 were performed using a Perkin Elmer Pyris Diamond
TG/DTA. Samples of approximately 5 mg were heated in air from 25 to
850 °C, at a rate of 5 °C/min.

Thermogravimetric analysis (TGA) for Chapters 4 and 5 was performed
with a TA-Instruments Discovery TGA 5500. Samples of approximately
5 mg were heated in air from 25 °C to 850 °C, at a rate of 5 °C/min. The
measurements were performed by Jur van Dijken (University of
Groningen, the Netherlands).



2.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a method for obtaining detailed
imaging of the morphology of a surface at high magnification. A finely
focused beam of electrons is used to probe the surface of the solid sample
and the backscattered and secondary electrons are detected. Asperities on
the surface modulate the intensity of the signal being emitted from the
scanned area and the intensity variations recorded while scanning over the
surface are used to construct the image. Since the impinging electrons can
also interact inelastically and the excited atoms decay emitting X-rays
typical of the specific element, most SEM setups are equipped with X-ray
detectors, which allow elemental analysis and mapping, in addition to
revealing the surface morphology. All samples analysed by SEM must be
conductive to avoid charge build-up; insulating samples are coated with a
thin metallic film before analysis.

The SEM micrographs of the graphene based heterostructures described in
Chapter 3 were collected using a JEOL JSM-7401F field emission
scanning electron microscope (FE-SEM). A low acceleration voltage was
applied (~2 kV), and the working distance was set to 3 mm. A powder
sample was mounted onto the round brass substrate using double-coated
conductive carbon tape. The measurements were performed by Lamprini
G. Boutsika (National Centre for Scientific Research “Demokritos”,
Greece).

SEM analyses on the silsesquioxane-pillared graphene oxide samples
described in Chapter 4 were carried out using a JEOL JSM-6390LV
microscope equipped with an Oxford Instruments detector for energy
dispersive X-ray spectroscopy (EDS). The measurements were performed
by Konstantinos G. Froudas (University of Crete, Greece).

SEM images of the porous carbon cuboids depicted in Chapter 5 were
recorded using a JEOL instrument (JSM-6510LV with a LaBs filament)
equipped with an EDS detector (Oxford Instruments, x-act) operating at
an accelerating voltage of 20 kV and using high vacuum (107° bar). All
samples were in the form of a powder; they were placed on a double-sided
carbon tape to be stabilized and were measured without coating.

The SEM images of the carbon cuboid samples labelled PCC-unleached,
before and after the H>S adsorption measurements reported in Chapter 5,
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were obtained on a Quanta 250 FEG-FEI microscope, using a Schottky
field emission gun as the electron source, with a spatial resolution of ~1 nm
at 5-10 kV. Elemental analysis and phase mapping were also conducted
using this microscope, equipped with an Apollo silicon drift detector,
integrated with the EDAX Genesis software. The measurements were
performed by Dr. Georgia Basina (Khalifa University, United Arab
Emirates).

The SEM images of PCC-unleached reported in Chapter 5, were recorded
using a Zeiss Gemini 500 Scanning Electron Microscope at the Cornell
Centre for Materials Research. The measurements were performed in Dr.
Emmanuel P. Giannelis group (Cornell University, United States of
America).

The SEM measurements on the hierarchical porous carbons described in
Chapter 6, were performed with a FEI Philips FEG-XL30s microscope by
Dr. Ligiang Lu (University of Groningen, the Netherlands).

2.7. CO2 adsorption measurements

The evaluation of the graphene-based materials synthesized in Chapters 3
and 4 as carbon dioxide sorbents was performed by monitoring their ability
of capturing CO..

CO- adsorption isotherms at 0, 10 and 20 °C reported in Chapter 3 were
measured on an Intelligent Gravimetric Analyser (IGA-Hiden Ltd.).
Before exposure to CO> the samples were outgassed overnight in 250 °C
under high vacuum (10 mbar) until the mass was observed to remain
constant. The measurements were performed by Dr. Andreas Sapalidis
(National Centre for Scientific Research “Demokritos”, Greece).

Low-pressure carbon dioxide sorption measurements on the
silsesquioxane-pillared graphene oxide samples described in Chapter 4
were carried out using an Autosorb 1-MP instrument from Quantachrome
equipped with multiple pressure transducers for highly accurate analyses
and an oil-free vacuum system. Ultra-high purity CO2 gas (99.999%) was
used for the adsorption measurements. Prior to the measurement, each
sample was transferred to a 9 mm quartz cell and activated under dynamic
vacuum at 100 °C for 20 h (until the output rate was less than 2 mTorr/min)
to remove all volatile species. After activation, the sample was weighed to



obtain the precise mass of the solids and the cell was transferred to the
analysis port of the gas sorption instrument. The measurements were
performed by Dr. Giasemi K. Angeli (University of Crete, Greece).

2.8. Anion exchange chromatography

To determine the sugar (monomer) composition in the biomass derived
samples of Chapter 6, High-performance anion exchange chromatography
(HPAEC) was performed on a Dionex Ultimate 6000 system (Thermo
Scientific, Sunnyvale, CA, USA) equipped with a CarboPac PA-1 column
(2 mm x 250 mm ID) in combination with a CarboPac PA-1 guard column
(2 mm x 50 mm ID) and PAD detection. The system was controlled using
Chromeleon 7.2.9 software (Thermo Scientific, Sunnyvale, CA, USA).
The samples were freeze dried and milled (powder) prior to the analysis.
The dry samples were dissolved in MilliQ water (concentrated liquid sugar
beet root wastewater: 9.2 mg/mL, and molasses: 38 mg/mL), centrifuged
and diluted 6-40x and injected on the Dionex HPAEC system on the
Oligomer method, which is described as follows. Elution of oligomers
(0.3mL min?t) was performed with a multi-step-gradient using the
following eluents: A: 0.1M NaOH and B: 1M NaOAc in 0.1M NaOH.
After 12 min equilibration with 100 % A a linear gradient over 35 min up
to 38 % B was performed, followed by 8 min wash with 100 % B.
Quantification was performed based on the pure fructose/sucrose and
glucose standards. The measurements were performed by Dr. Edita Jurak
(University of Groningen, the Netherlands).
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Chapter 3: New Porous Heterostructures
Based on Organo-Modified Graphene
Oxide for CO; capture

A facile and rapid synthetic procedure to create highly porous
heterostructures with tailored properties through the silylation of
organically modified graphene oxide is reported in this chapter. Three
silica precursors with various structural characteristics (comprising alkyl
or phenyl groups) were employed to create high-yield silica networks as
pillars between the organo-modified graphene oxide layers. The removal
of organic molecules through the thermal decomposition generates porous
heterostructures with very high surface areas (> 500 m?/g), which are very
attractive for potential use in diverse applications such as catalysis,
absorption and as fillers in polymer nanocomposites. The final hybrid
products were characterized by X-ray diffraction, Fourier transform
infrared and X-ray photoelectron spectroscopies, thermogravimetric
analysis, scanning electron microscopy and porosity measurements. As
proof of principle, the porous heterostructure with the maximum surface
area was chosen for investigating its CO2 adsorption properties.

Published as:

New Porous Heterostructures Based on Organo-Modified Graphene Oxide for
CO, Capture, Eleni Thomou, Evmorfia K. Diamanti, Apostolos Enotiadis,
Konstantinos Spyrou, Efstratia Mitsari, Lamprini G. Boutsika, Andreas
Sapalidis, Estela Moreton Alfonsin, Oreste De Luca, Dimitrios Gournis and
Petra Rudolf, Frontiers in Chemistry, Vol. 8, Article 564838, 2020
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3.1. Introduction

The dramatic effects of global warming (sea level rise, wildfires, flooding,
extreme weather conditions) and the constant degradation of our planet are
among the most important and challenging issues the modern world is
facing. Approximately 35 billion metric tons of CO. are emitted globally
each year! and with the already existing technology only an insignificant
fraction of these emissions is currently prevented from contributing to the
greenhouse gas effect. Instead of being considered a detrimental waste
product, carbon dioxide can become a precious and perfectly sustainable
source material, which, once captured, can be utilized in a plethora of
commercial processes such as enhanced oil recovery, chemical or
biological conversion, food industry, mineral carbonation etc.! Therefore
the development of low cost, efficient, easily applied, reusable and
environmentally friendly materials capable of capturing and storing
greenhouse gases, and more specifically CO2, which constitutes a major
factor in global warming, is more urgent than ever before.

Adsorption that involves binding of carbon dioxide onto the surface of a
solid sorbent, is one of the most promising CO> separation technologies
that are currently being developed and used.? A wide range of sorbents has
been proposed, from activated carbon, to zeolites, alumina, or MOFs—just
to name a few® and among the materials that have been studied for this
purpose is also graphene oxide*’. Graphene-based materials hold a
prominent position as they combine a series of significant advances such
as excellent physicochemical properties, high specific surface areas, low
adsorption energy, high selectivity and light weight®. Graphene oxide
(GO), a layered structure produced by the treatment of graphite with strong
oxidizing agents and characterized by a high concentration of diverse
oxygen containing functional groups, which make it hydrophilic, has been
identified as an excellent host matrix for diverse functional molecular
structures. Organic molecules, inorganic pillars or metal ions can be
accommodated in its interlayer space to design porous hybrid materials for
energy®, environmental® and sorption*! applications. An essential step for
realizing such nanostructures was the modification/intercalation of
graphene oxide with primary aliphatic chains in order to create an
organophilic GO derivative that can be readily dispersed in polar organic
solvents'2,



Large specific surface area and high selectivity are two of the most
important characteristics a material should have in order to be considered
a suitable candidate for CO- adsorption applications.? Saha and Kienbaum
showed that higher selectivity for CO. over other gases can be achieved
by introducing selected functionalities and heteroatoms (nitrogen, oxygen,
sulfur) to the sorbent’s surface.!® However, it is quite challenging to meet
the high specific surface area criteria when employing GO for the
development of sorbents since the big disadvantage of layered materials
like GO is their lack of permanent porosity: a normal layered material can
for example swell upon hydration, but collapses again after dehydration.
Hence, in order to overcome this obstacle, taking advantage of
intercalation chemistry, permanent pillars have to be introduced between
the layers in order to create a robust 3-D network of adjacent graphene
sheets with nanopores of the right size and surface properties to
accommodate COs.

Pillaring of 2-D layered materials allows for a fine control of the structural
characteristics of the resulting micro- and nanoporous composites** and
assures structural stability, permanent pore sizes and high surface areas.
Such rational interlayer design has opened new prospects for applications
in areas as diverse as the nanocomposites themselves®>'’, namely
catalysis'® 1 metal uptake®, sensors?!, environmental remediation??,
supercapacitors?>-2° and lithium-ion batteries?®.

In cases where an improved structural stability was crucial, graphene oxide
sheets were kept apart via the creation of metal oxide networks in the
interlayer space.?” Many studies have been published regarding the
pillaring of graphene-based materials based on the incorporation of
different silicon sources mainly by the sol-gel method. Organosilanes are
silicon sources that have already been used successfully for the synthesis
of periodic mesoporous organosilicas (PMOs) in the form of thin films?
29 and fibers®, as well as materials with other morphologies depending on
the choice of precursor and the experimental conditions®®, Matsuo’s
group has studied extensively the synthetic conditions for pillared GO with
various silylating reagents such as 3-amino-propylethoxysilanes or alkyl
trichlorosilane with various alkyl lengths.3* 3> A pyrolysis step is required
for these hybrids to obtain large surface areas and controlled pore sizes,
both essential characteristics to extend their use to applications in the fields
of hydrogen storage®®, catalysts®’: %, electrodes® and sensors®?.
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Matsuo et al. have shown that the BET surface area of porous graphene
heterostructures can be increased up to 756 m?/g after insertion of two
different organosilanes between graphene layers in a two-step process.*°
The same group also showed that repeating silylation process of graphene
oxide with trichlorosilane affects the density of the siliceous pillars, and
allows to tailor the BET surface area between 77 and 723 m?/g.*

In the work described in this chapter, a new effective and efficient
silylation process is proposed for the development of high surface area
materials, which is considerably faster than the ones reported in the
literature so far®” %°, The silylation was performed on an organically
modified GO derivative employing three distinct silica precursors with
different structural characteristics and chosen to develop silica networks
within the interlayer space of the organo-modified GO. The final products
were fully characterized with a combination of techniques and the degree
of silylation of each reagent was evaluated. The one bridged with a phenyl
group showed the maximum amount of silica content in the final
heterostructure. Subsequent pyrolysis was found to create the desired
porous structure raising the samples’ specific surface area up to 550 m?/g.
For this hybrid the potential as sorbent of CO2 was briefly explored.

3.2. Experimental Section

3.2.1. Materials

Graphite (purum, powder < 0.2mm), Nitric acid (65 % HNO3) and
Potassium chlorate (KCIO3, 98+ %) were purchased from Fluka Inc.
Dodecylamine (DA, > 99 %), 1,4-bis(triethoxysilyl)-benzene (BTB 99 %),
tetraethylorthosilicate (TEOS 98+ %) and (3-aminopropyl)triethoxysilane
(APTEOS > 98 %) were acquired from Sigma-Aldrich, and sulfuric acid
(H2SO4, 95-97 %), n-butanol and sodium hydroxide (NaOH) were
obtained from Merck. All reagents were of analytical grade and used
without further purification. Distilled deionized water was used for all the
experiments.

3.2.2. Graphene Oxide Synthesis

Graphene oxide, denoted as GO in the following, was synthesized using a
modified Staudenmaier’s method*. In a typical synthesis, 10 g of
powdered graphite was added to a mixture of 400 mL of 95-97 % H>SO4



and 200 mL of 65 % HNOs3, while cooling in an ice—water bath in order to
counteract the heat released during the very exothermic chemical reaction.
200 g of powdered KCIO3 was added to the mixture in small portions under
continuous stirring and cooling. The reaction was quenched after 18 h by
pouring the mixture into distilled water and the oxidation product was
washed until the pH reached an almost neutral value (~6.0), and finally
air-dried at room temperature after being spread on a glass plate.

3.2.3. Organo-Modified Graphene Oxide

1.5 g of dodecylamine were dissolved in 50 mL of ethanol and the solution
was added slowly to an aqueous GO suspension (beforehand 0.1M NaOH
was added to adjust the pH value to ~7.5) under vigorous stirring
(dodecylamine/GO 3:1 w/w). The mixture was stirred for 24 h,
centrifuged, washed three times with ethanol/water: 1/1, and air-dried after
being spread on a glass plate. The organo-modified GO is denoted as org-
GO.

3.2.4. Silica-GO Heterostructures

Before silylation, GO was dried a second time under vacuum at room
temperature overnight. 100 mg of org-GO were dispersed in n-butanol
(5 mL), sonicated for 30 min and left under stirring overnight. The silica
precursor (APTEQS, BTB or TEOS; chemical structures shown in
Figure 3.1) was slowly added to the org-GO dispersion under stirring for
2 h before adding the water (containing a drop of hydrochloric acid) while
keeping constant the molar ratio silica precursor/H>O/n-butanol: 1/4/54.
The sol-gel reactions were performed at 50 °C while stirring, and the
obtained gel was placed in the oven at 50 °C overnight. The silica-GO
organo-heterostructures are denoted as GO-BTB, GO-APTEOS and
GO-TEQOS, depending on which of the three organosilica precursors was
employed. The final porous structures were collected after calcination in
air at 370 °C for 120 min. The calcinated samples are denoted as G-BTB,
G-APTEOS, and G-TEOS.
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APTEOS BTB TEOS

Figure 3.1. Chemical structures of the silica precursors used (APTEQOS, BTB
and TEOS)

3.3. Results and Discussion

The XRD patterns of the parent materials and of the final hybrids after the
sol-gel modification are shown in Figure 3.2.
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Figure 3.2. XRD patterns of pristine graphite, graphene oxide, organo-modified
GO (org-GO), and heterostructures prepared by silylation with the three
different organosilane precursors: BTB, TEOS, and APTEOS (GO-BTB,

GO-TEQOS, GO-APTEQS)



The XRD pattern of pristine graphite shows the characteristic peak
corresponding to the 002 reflection of graphite at 26.6°, which translates
into a basal spacing of 3.3 A. This peak disappeared after the oxidation
process, when the 001 reflection peak is found at 12.0°, corresponding to
a basal spacing of 7.3 A, characteristic of layered GO®. In fact, due to its
hydrophilicity, GO exhibits one-dimensional swelling and can exhibit
basal spacings between 6.1 and 11 A, depending on the amount of water
adsorbed®.

After exposure of GO to dodecylamine the 001 reflection moved to even
lower angles, attesting to an increase of the doo1 spacing of GO and hence
to the successful insertion of the guest molecules in the interlayer galleries.
More specifically, the basal spacing, doo1, of the org-GO shifts to 18.4 A
corresponding to an interlayer separation of A = 18.4-6.1 = 12.3 A, where
6.1 A is the thickness of the GO monolayer*®. Through the organo-
modification, the interlayer space of the GO becomes more accessible and
readily modifiable with the silica precursors.

After the sol-gel reaction with silica alkoxides, the 001 reflection of the
final hybrid materials is shifted to lower angles than for org-GO,
confirming the successful expansion of the interlayer space and suggesting
the formation of a silica network for each precursor. When org-GO was
treated with the TEOS (GO-TEOS), the d spacing was calculated to
amount to ~24.5 A and even larger d values (26-27 A) were achieved for
APTEQS and BTB. The diffraction peak in this case is broader as a result
of a distribution of different conformations. These larger values may be
attributed to steric effects from the amino-terminated alkyl chains or
phenylene ring anchored/bridged by silane centres of APTEOS and BTB,
respectively.

Figure 3.3 displays the XRD patterns of the silica-GO heterostructures
obtained after calcination of GO-BTB, GO-TEOS and GO-APTEOS at
370 °C. For all hybrid heterostructures, the 001 reflection at lower angles
(2-10°) is not clearly identifiable but very broad features are observed.
This indicates that the graphene layers have lost their ability to stack and
proves that the silica-GO heterostructures are in an exfoliated form upon
heating*®.
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Figure 3.3. XRD patterns of the heterostructures obtained after calcination of
GO-APTEOS, GO-TEOS and GO-BTB at 370 °C to yield G-APTEOS,
G-TEOS and G-BTB.

FTIR and XPS spectroscopies can provide additional information on the
elemental composition and the type of chemical bonds present in the final
hybrid heterostructures. Figure 3.4 compares the FTIR spectra of GO-BTB
before and after (G-BTB) the calcination treatment with those of graphite,
pristine graphene oxide (GO) and organo-modified graphene oxide
(org-GO). Compared to that of GO, the spectrum of org-GO shows two
additional bands at 2847 and 2919 cm™* associated with the asymmetric
and symmetric stretching vibrations of CH2 groups as well as a band at
1450 cm™* due to the vibrations of the N-H bond of the amino group. These
spectral signatures clearly serve as evidence for the presence of
dodecylamine in org-GO and thereby testify to the success of the organo-
modification. The spectra of the heterostructure obtained by reaction with
the silica precursor BTB exhibit a set of new peaks before (GO-BTB) and
after calcination (G-BTB), which can be attributed to vibrations of the
silicate matrix: the peaks at 520, 1065 and 1151 cm™* are due to Si-O-Si
vibrations, while the ones at 690 and 950 cm™ are assigned to the
vibrations of O-Si-O. Similar spectral signatures were also found for the



other heterostructures (GO-APTEOS, GO-TEOS, and G-APTEOS,
G-TEOS, see Figure 3.5) confirming the presence of silica networks in all
three heterostructures before and after calcination. For the BTB precursor,
two new peaks at 1396 and 3059 cm™* corresponding to the vibrations of
the double bond C=C and C-H of the phenyl rings appear in the GO-BTB
spectrum. The characteristic bands of the intercalated dodecylamine
identified in the spectrum of org-GO (2847, 2919 and 1483 cm™) are
absent from the spectrum of G-BTB, pointing to the successful removal of
the surfactant molecules and hence give a first hint that a porous
heterostructure consisting of silica and reduced graphene oxide building
blocks developed during calcination.
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Figure 3.4. FTIR spectra of the GO-BTB heterostructure before and after
(G-BTB) calcination; the spectra of graphite, pristine graphene oxide (GO) and
graphene oxide intercalated with dodecylamine (org-GO) are plotted for
comparison.
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(3-aminopropyl)triethoxysilane (GO-APTEOS - bottom panel) and
subsequently calcinated (G-TEOS — top panel, G-APTEOS — bottom panel)



The relative amount of silicon oxide in the three porous structures can be
deduced by TGA; Figure 3.6 presents the results for all three
heterostructures. The initial, relatively small weight loss up to about
250 °C is due to the removal of the adsorbed water and of hydroxy, epoxy
and carboxyl groups present in the graphene oxide layers!?2. When the
temperature increases to 450 °C, combustion of dodecylamine takes
place*’, while in the temperature range between 500 and 700 °C, the mass
loss attests to the combustion of the graphene layers*® as well as to the
dehydroxylation of the silica networks*®. The residual mass of 8 % for
GO-TEOQS, 30 % for GO-APTEOS and 40 % for GO-BTB, corresponds to
silicon oxide in each case. These percentages can be explained by the
chemical structure of each silica precursor: for APTEOS and BTB
alkoxides a larger amount of silica precursor was activated/reacted to give
GO-APTEQS and GO-BTB than for the modification with TEOS, which
does not have any functional group favouring bonding.
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Figure 3.6. TGA curves of heterostructures prepared by silylation of organo-
modified graphene oxide with 1,4-Bis(triethoxysilyl)-benzene (GO-BTB), with
(3-aminopropyl)triethoxysilane (GO-APTEOS) and with tetraethylorthosilicate

(GO-TEOS).
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To determine the surface area of the heterostructures after calcination
(G-BTB, G-APTEOS and G-TEOQOS), we monitored N2 adsorption and
desorption at 77 K. Figure 3.7 shows the isotherms obtained, all
characterized by an H4 hysteresis loop (based on IUPAC classification)®®
°1 with a shape typical of slit-shaped pores®? >3, At low relative pressures
(P/Po < 0.01), the G-BTB heterostructure shows the highest N2 adsorption,
which indicates that a significant amount of micropores is accessible after
the creation of the silica network. For this system the BET surface area
was calculated to be 576 m?/g, or more than twice that of G-APTEQS
(227 m?/g) and more than 20 times that of G-TEQS (27 m?/g). Note that
for all three heterostructures the final increase of the N2 uptake at relative
pressures above 0.95 is attributed to adsorption on the external surface
and/or the surface of macropores.

350

P/P,

Figure 3.7. N2 adsorption (full symbols)-desorption (empty symbols) isotherms
at 77 K of heterostructures prepared by silylation of organo-modified graphene
oxide with either 1,4-Bis(triethoxysilyl)-benzene, or with
(3-aminopropyl)triethoxysilane, or with tetraethylorthosilicate, and calcinated to
give G-BTB, G-APTEQS and G-TEOS.



Hence, we followed all modification steps leading to the G-BTB sample
by X-ray photoelectron spectroscopy. The XPS survey scan of the G-BTB
is shown in Figure 3.8(a) (top panel). All the expected elements are
observed and there is no indication of presence of any kind of contaminant.
C and O are the main constituents of the sample, while the Au signature is
ascribed to the gold surface where the sample was deposited. The C:Si
ratio amounts to 6.8+0.6, which is comparable with the C:Si ratio before
the calcination step, and confirms the presence of BTB molecules in the
GO/dodecylamine matrix. The C1s spectrum of org-GO in Figure 3.8(b)
shows an asymmetrical peak, which requires four components to obtain a
good fit; the main component at a binding energy of 284.8 eV (marked in
blue in Figure 3.8(b)) can be ascribed to C-C/C=C species, while the other
peaks located at 286.0, 287.2 and 288.7 eV can be assigned to C-O/C-N
(yellow), C=0/C-O-C (green), COOH (light red) bonds, respectively>* >
The same four components also contribute to the C1s line in the cases of
GO-BTB (see Figure 3.8(c)) and of G-BTB (see Figure 3.8(d)). All
percentages indicating the relative amounts of carbon atoms involved in
each type of bond as deduced from the XPS measurements for org-GO,
GO-BTB and G-BTB are shown in Table 3.1. The O1s core levels of all
the samples are shown in Figure 3.9. The corresponding Si2p lines of
GO-BTB and G-BTB in Figures 7(f, g) are centred at 102.5 eV, a binding
energy typical of Si-O/Si-O-C species®®. As expected, no Si signal is found
for org-GO (Figure 3.8(e)). In addition, the Si2s core level spectrum was
also acquired to corroborate the presence of only one chemical species of
silicon in both samples (see Figure 3.10). The Si-O-C component is
difficult to identify in the C1s peak because of the strong C-C/C=C and
C-O/C-N signals®’.
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Figure 3.8. Survey scan (top panel (a)), C1s (b-d) and Si2p (e-g) XPS spectra of
graphene oxide intercalated with dodecylamine before (org-GO), after silylation
with 1,4-Bis(triethoxysilyl)-benzene (GO-BTB) and after subsequent
calcination (G-BTB) (dots) and corresponding fits (full lines); for the differently
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Figure 3.9. XPS spectra of the O1s core level region of graphene oxide
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1,4-Bis(triethoxysilyl)-benzene (GO-BTB) and (c) after subsequent calcination

(G-BTB). The red component is assigned to COO chemical species while the
green and yellow components are ascribed to C=0/Si-O-C/C-Si-O and C-O
respectively. Finally, the light blue peak is attributed to adsorbed water.®

(a) (b) :
GO-BTB Si2s G-BTB Si2s
o
— _ @
g 24 g £
g 'Sél Il'll S I:Q %
£ b8 £ g ¢
L) @ | o | %
— | % — ? °
= f \ 2 $ $
e ¢ & e ¢ 3
2 ¢ 3 o $ &
= CAE = S
Srs® o - & %
Gmoc% _ - - ] O"G 5 2 %)odi
- e e
1 | | I | T I L B L |
160 158 156 154 152 150 148 160 156 152 148
Binding Energy (eV) Binding Energy (eV)

Figure 3.10. XPS spectra of the Si2s core level region of (a) GO-BTB and (b)
G-BTB samples.



38

The presence of the other two precursors employed in the sol-gel synthesis,
which lead to GO-TEOS and GO-APTEOS is also confirmed by X-Ray
photoelectron spectroscopy. The C1s and N1s XPS spectra are depicted in
Figure 3.11. The C1s photoemission spectra of GO-TEOS (Figure 3.11(a))
and GO-APTEOS (Figure 3.11(b)) are similar to GO-BTB before

calcination,

(Figure 3.11(c)).
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Figure 3.11. XPS spectra of the C1s (a-c) and N1s (d-f) core level regions of
heterostructures prepared by silylation of organo-modified graphene oxide with
1,4-Bis(triethoxysilyl)-benzene (GO-BTB), with
(3-aminopropyl)triethoxysilane (GO-APTEQOS) and with tetraethylorthosilicate
(GO-TEOS) (dots) and corresponding fits (full lines); for the differently
coloured peaks see text.



Table 3.1 summarizes the results of the fits in terms of binding energies,
attribution of the various components and relative contribution to the total
C1s intensity. Since XPS is a quantitative technique, these percentages
indicate the relative amounts of carbon atoms involved in each type of
bond. The presence of nitrogen from the intercalated dodecylamine for
GO-TEOS, GO-APTEOS and GO-BTB is confirmed by the N1s
photoemission lines, shown in Figures 3.11(d—f); note that its position in
binding energy at approximately 400.0 eV (yellow in Figure 3.11)
indicates that there is no C-N-C bond, which would give rise to a spectral
signature at lower binding energies, but that the amines prefer to bind
electrostatically with the oxygen groups of the graphene oxide®®. The peak
at higher binding energies for all hybrid materials (lilac coloured in
Figure 3.11) arises from protonated amines that may interact as well with
the oxygen functional groups of GO (C-OH and C(O)O). In the case of
GO-APTEOS there is also the contribution from the amine end groups of
APTEQS, which do not participate in the sol-gel reaction.

Table 3.1. Binding energies and percentages indicating how much the
component contributes to the total C1s intensity; these percentages indicate the
relative amounts of carbon atoms involved in each type of bond as deduced
from the XPS measurements.
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Carbon B.E. Sample name Sample Sample name
Species (eV) and % name and % and %
C-Si 283.8 - - GO-APTEOS
5.6
Cc-C/c=C 284.8 org-GO 555 GO-TEOS GO-APTEOS
GO-BTB 53.2 40.7 40.3
G-BTB 704
C-O/C-N 285.9 org-GO 215 GO-TEOS GO-APTEOS
- GO-BTB 27.8 30.5 35.4
286.2
C-0 2859 G-BTB 212 - -
C=0/C-O0-C 287.1- org-GO 173 GO-TEOS GO-APTEOS
287.4 GO-BTB 14.7 21 14
G-BTB 6.3
COCH 2884— org-GO 57 GO-TEOS GO-APTEOS
288.9 GO-BTB 4.3 7.8 4.7

G-BTB 21
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From the areas of C1s and Si2p lines in the XPS spectra, we calculated the
C to Si ratio for all three heterostructures, taking into account the
sensitivity factors for each element. GO-BTB (C:Si=6.8+0.5) contains a
higher amount of Si than GO-APTEOS (C:Si=65.3+0.9), and GO-TEOS
(C:Si=101.4+4.1) ranks lowest in Si content, in agreement with the TGA
results discussed above.

Representative scanning electron micrographs of G-BTB are shown in
Figure 3.12. Both SEM images (a) and (b) reveal the layered nature of the
porous hybrid heterostructure and confirm the high degree of exfoliation
of the GO after silylation and calcination.

The CO> capture performance of G-BTB was studied at three different
temperatures (0, 10, and 20 °C) and for different pressures. The results are
presented in Figure 3.13. From these data one deduces CO adsorption
capacities of 3.5 mmol/g at 5 bar and of 4.5 mmol/g at 17 bar and 0 °C. At
higher temperatures the capacity is slightly lower, which is probably
because the kinetic energy of the CO> gas molecules is higher and hence
the molecules desorb more easily (lower sticking coefficient). Such high
values agree with the high BET surface area and the presence of
microporosity. Furthermore, the CO2 adsorption capacity is comparable
with that of other graphene based porous materials with higher surface
areas, measured under the same conditions®®. This implies that there is
potential for achieving even higher values with further structural
optimization.

Figure 3.12. SEM images of the heterostructure prepared by silylation of
organo-modified graphene oxide with 1,4-Bis(triethoxysilyl)-benzene, and
calcinated to give G-BTB. The scalebar corresponds to 1 um
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Figure 3.13. CO;adsorption at 0, 10 and 20 °C on the heterostructure, prepared
by silylation of organo-modified graphene oxide with
1,4-Bis(triethoxysilyl)-benzene, and calcinated to give G-BTB.

Thus, G-BTB appears to be a very interesting candidate as CO> storage
material, which combines the properties of graphene with the very high
porosity of silica resulting from the sol-gel procedure.

3.4. Conclusions

Graphene-based porous heterostructures were produced by combining
organo-modified graphene oxide with three different organo-silica
precursors through sol-gel reactions. After one step silylation, the
interlayer space increased for all the heterostructures compared to organo-
modified GO and was maximum for 1,4-Bis(triethoxysilyl)-benzene due
to steric effects. FTIR and XPS spectroscopies gave evidence for the
reduction of graphene oxide to graphene after calcination of the
heterostructures and confirmed the presence of silica oxide.
Thermogravimetric analysis allowed to evaluate the degree of silylation
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for each silica precursor, and to identify 1,4- Bis(triethoxysilyl)-benzene
(with the bridged phenyl group) as the one giving the highest yield.
Thermal treatment is necessary to obtain highly porous materials with
sponge-like structures, characterized by a BET surface area of 550 m?/g in
the case of G-BTB. The latter heterostructure was found to have a high
CO- adsorption capacity of 3.5 mmol/g at 5 bar and 0 °C, which is
promising for further consideration as CO; storage material.
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Chapter 4: A diamino-functionalized
silsesquioxane pillared graphene oxide for
CO:; capture

In the race for viable solutions that could slow down carbon emissions and
help in meeting the climate change targets a lot of effort is being made
towards the development of suitable CO> adsorbents with high surface
area, tuneable pore size and surface functionalities that could enhance
selective adsorption. In the study reported in this chapter, we explored the
use of silsesquioxane pillared graphene oxide for CO. capture; we
modified silsesquioxane loading and processing parameters in order to
obtain pillared structures with nanopores of the tailored size and surface
properties to maximize the CO:z sorption capacity. Powder X-ray
diffraction, X-ray photoelectron and Fourier transform infrared
spectroscopies, thermogravimetric analysis, surface area measurements
and CO. adsorption measurements were employed to characterize the
materials and evaluate their performance. Through this optimisation
process, materials with good CO. storage capacities of up to
1.7/1.5 mmol/g at 273 K/298 K in atmospheric pressure, were achieved.

Published as:

A diamino-functionalized silsesquioxane pillared graphene oxide for CO.
capture, Eleni Thomou, Viktoria Sakavitsi, Giasemi K. Angeli, Konstantinos
Spyrou, Konstantinos G. Froudas, Evmorfia K. Diamanti, George E. Romanos,
Georgios N. Karanikolos, Pantelis N. Trikalitis, Dimitrios Gournis and Petra
Rudolf, RSC Advances, 11, 13743-13750, 2021
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4.1. Introduction

The level of atmospheric carbon dioxide emissions, one of the main
contributors to global warming, has been increasing dramatically year after
year, and despite the attempts towards the moderation and decrease of
greenhouse gas production the situation seems irreversible. CO> is mainly
generated from fossil fuel combustion and since there will be no substitute
main energy source in the immediate future, the most promising plan of
action is Carbon Capture, Utilization and Storage (CCUS).!

The capture process of CCUS is focused mainly on industries with high
CO- emissions, such as power plants, refineries and oil production, while
Enhanced Oil Recovery (EOR), although not of universal application,
offers a unique financial incentive for capturing carbon: using waste CO>
as a source material for producing hydrocarbons and at the same time
preventing its harmful release into the atmosphere. In EOR CO: is injected
in almost depleted oil fields in order to force out residual oil and natural
gas. The problematic amine-based and ammonia solutions that have been
broadly used until now for CO. capture, need to be replaced by sorbents
that are low-cost, easy to scale up and that can be regenerated and reused
at low energy cost.® It is well-known that carbon materials such as
amorphous carbon, nanotubes, fibers and graphite can be used as
sorbents/sieves,** catalytic substrates,'® membranes,! etc. due to their low
mass in combination with chemical inertness, thermal stability and
mechanical properties.

Theoretically, defect-free isolated graphene sheets have a very high
surface area (2630 m?/g),'? in addition to being easily (chemically)
modified and exhibiting superior mechanical and thermal stability.
Graphene is also chemically inert and thus represents an ideal system for
sorption and catalysis applications. If the full scientific and technological
potential of graphene is to be achieved, lightweight, open 3D structures
with high surface area, tuneable pore size and aromatic functionalities
must be synthesized. However, the direct use of the unique surface
properties of isolated graphene sheets is hampered by the underlying
physical-chemical constraints, since due to their aromatic n-Systems these
structures are extremely prone to aggregation. It is thus clear that the only
way to develop nanostructured materials based on graphene or its
derivatives as building blocks, is to devise means to maintain the sheets



detached. This can be implemented by taking advantage of the concept of
intercalation chemistry and the so-called pillaring method, which involves
the insertion of suitable and robust organic and/or inorganic species as
pillars between the layers. These methods have been successfully applied
in other layered structures such as clays® and layered double hydroxides.*
Pillaring of graphene sheets can provide the necessary structural stability
and keep the single carbon layers at a controlled distance, so that a
maximum active surface area is easily accessible to small molecules. In
such a way, new micro- and meso-porous materials with larger pore sizes
than traditional porous materials such as zeolites can be designed. In 2008,
using a multiscale theoretical approach Dimitrakakis et al.'® proposed a
3D nanostructure consisting of parallel graphene layers, connected by
carbon nanotube (CNT) pillars. This system, consisting mainly of sp?
hybridized carbon, shows superior structural stability, tuneable porosity
and improved storage properties. CNT pillared graphene combines high
surface area, narrow and tuneable pore size distributions with available
aromatic functionalities arising from both the graphene layers and the
CNTs. It is exactly this combination, which makes this class of materials
most suitable candidates for the “Holy Grail” storage adsorbent for
important gases such as H.%® Various organic and/or inorganic pillars
between graphene layers can impart enhanced and/or diverse properties for
gas separation or catalysis, while further “functionalization” can be carried
out by the well-established carbon chemistry. Furthermore, by properly
choosing the pillaring species, 3D porous structures can be conceived,
which are superior to metal organic frameworks (MOFs)!’ in terms of
stability at higher pressure and durability in normal environmental
conditions.

A particularly promising approach is the intercalation of cubic
silsesquioxanes as pillaring species in chemically oxidized graphene
(graphene oxide, GO). Cubic siloxanes (silsesquioxanes) are synthesized
from the hydrolytic condensation of the corresponding trifunctional
organosilicon monomers, and offer the opportunity to realize materials
with extremely well-defined dimensions and behaviour.*®*® Cubic
siloxanes of the type XgSigO12, where X can be -(CHs)sNH.,
or -(CH3)sNH(CH2)2NH, have been successfully employed as precursor
reagents for pillaring inorganic layered solids such as clays?®?* or
metal(1V)-H- phosphates.?®
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In the study reported here we focused on the synthesis and characterization
of novel pillared materials where amino-functionalized cubic
silsesquioxanes were intercalated among GO layers at different loadings.
Silsesquioxanes assure the robustness of the 3-D network of adjacent
graphene sheets, while the unreacted amine groups in the open space
between the GO sheets warrant strong CO> adsorption.

4.2. Experimental Section
4.2.1. Materials

Graphite (purum, powder <0.1 mm) and N-[3-(trimethoxysilyl) propyl]-
ethylenediamine (EDAPTEOS, 97%) were purchased from Sigma
Aldrich, whereas potassium chlorate (KCIO3s, 99+%) was acquired from
Alfa Aesar, sulfuric acid (H2SOa4, 96 %) and ethanol (absolute for analysis)
from Merck, and nitric acid (HNOs, 65 %) from Penta Chemicals
Unlimited, and sodium hydroxide carbonate (NaHCO3, >99.7 %) from
Riedel-de Haén. All reagents were of analytical grade and used without
further purification. The water used in the experiments was distilled and
deionized.

4.2.2. Graphene Oxide Synthesis

GO was produced through graphite powder oxidation using a modified
Staudenmaier's method?® 27 that leads to a higher amount of epoxy groups
compared to carboxy and hydroxy groups, and thereby a starting material
that favours reactions with amine ending moieties.?® In a typical synthesis,
10 g of powdered graphite were added to a mixture of concentrated sulfuric
acid (400 mL) and nitric acid (200 mL), while stirring and cooling in an
ice-water bath in order to absorb the heat released during the very
exothermic chemical reaction. Potassium chlorate powder (200 g) was
added to the mixture in small portions, while stirring and cooling. The
reaction was quenched after 18 h by pouring the mixture into distilled
water and the oxidation product was washed until an almost neutral (~6)
pH value was reached. The sample was then dried at room temperature by
air-drying, where the sample was spread onto a glass plate and left to dry,
as well as by freeze-drying (a laboratory freeze dryer BK-FD10 series by
Biobase was used), where the sample was redispersed in 150 mL of H20,
frozen by contact with liquid nitrogen and the ice was subsequently
removed by sublimation at low pressure.



4.2.3. Formation of the pillaring agent

The organosilane used in this study was N-[3-(trimethoxysilyl)propyl]-
ethylenediamine (EDAPTEQOS). The formation of the octameric
oligosiloxanes (see Figure 4.1) from the hydrolytic polycondensation of
the monomer occurs after dilution of EDAPTEOS in ethanol-water (v/v =
14/1) to give a solution of 0.45 M concentration.?22% 2°

4.2.4. Preparation of silsesquioxane pillared graphene oxide

A sample of 200 mg of GO was dispersed in 100 mL water by stirring for
24 h. The pH value of the dispersion was adjusted to slightly basic (~7.1)
by adding a few drops of 0.1 M NaHCO3 solution so that amines (—NH>)
are not protonated and thus easily form covalent bonds. Subsequently,
aliquots of the siloxane solution were added such that 1.5, 4.5 and 9 mmol
loadings were achieved. Upon addition of the siloxane solution the GO
solid swelled instantly and flocculation was noticed (see Figure 4.2(a)).
After stirring for 24 h, the GO-organosilane aggregates were washed with
water two times, separated by centrifugation and either air-dried (see
Figure 4.2(b)), and freeze-dried (see Figure 4.2(c)) as described above. The
samples are denoted PILGDxAD and PILGDxFD (where x is the loading).
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Figure 4.1. The cage-like structure of the siloxane
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Figure 4.2. Photographs presenting the flocculation phenomenon (a), and
silsesquioxane-pillared GO after air drying (b) and freeze drying (c)

4.3. Results and Discussion

Oxidizing graphite powder following the modified Staudenmaier's
method,? produces exfoliated hydrophilic single layer flakes of graphene
oxide (GO), which are perfectly dispersed in water. As detailed above, the
pillaring solution was derived from controlled hydrolysis of N-[3-
(trimethoxysilyl) propyl]-ethylenediamine (EDAPTEQS) and hydrolytic
condensation of the silanes takes place smoothly in an ethanol-H.O
solution, resulting in the creation of an octameric cubic structure.?®% The
immediate flocculation observed when the ethanolic solution containing
the pillaring agent was added to the GO suspension, hints to the insertion
of cubic siloxanes between the GO layers through covalent bonding via
the amide functionality of the organosilane molecules. Interaction of the
primary aliphatic amines of the EDAPTEOS end groups with GO is
expected to take place mainly via nucleophilic substitution reactions on the
epoxy groups of GO.27 %0

The X-ray diffraction (XRD) patterns of the pristine graphite, GO and the
PILGD samples are shown in Figure 4.3. Note that the sharp peak at 21.4°
visible in most of the samples, originates from the silicon oxide used as a



substrate for the measurements. The pattern of pure graphite exhibits a
peak at 26.6° corresponding to the basal spacing dooz = 3.34 A, while for
graphene oxide a 001 reflection®® 3 appears at 11.9°, consistent with a
basal spacing of doox = 7.4 A. Treatment of GO with the siloxane cubes
leads to a shift of the peak to lower angles, which confirms an expansion
of the interlayer space by the organofunctionalized silicon oxide cubes
inserted as bonded pillars between GO sheets. In the case of the air-dried
samples, two peaks are distinguished in the XRD patterns, one in the range
of 6.3-7.7° and a second one at 9.6°. The existence of these two peaks is
due to the different orientations of the cubes, facilitated by the flexibility
of the aliphatic chains.®> Applying the Bragg formula (nk = 2d sin6), and
bearing in mind that the thickness of a graphene oxide layer is 6.1 A, the
interlayer distances giving rise to the two peaks are calculated to amount
to 11.4, 14 and 9.2 A, respectively. Taking into account the intercalant's
size as marked in Figure 4.1, one concludes that it has adopted a very
slightly inclined orientation between the GO sheets. There is also a very
broad feature centred around the peak position of pure GO, which indicates
that not all layers are pillared and very small coherently diffraction
domains of unfilled GO persist in between the pillared structure. On the
other hand, in the case of the freeze-dried samples the peak positions
cannot readily be discerned because the diffraction pattern shows very
broad features, pointing to small coherently diffracting domains.

Thermogravimetric analysis (TGA) was performed on the air-dried
silsesquioxane-pillared structures in order to determine the relative amount
of silicon oxide for each loading; the results are presented in Figure 4.4.
Heating up to 250 °C an initial mass loss of ~24 % is noticed, which is
attributed to the removal of the adsorbed water and of the oxygen
containing groups of the GO.*° Increasing the temperature to 350 °C, a
second mass loss of ~12 % is recorded, which can be assigned to the
removal of the organic groups bonded to the siloxane cubes, and
successively a third weight loss of approximately 45 % indicates
combustion of the graphene layers. From the remaining weight after
heating to 850 °C, we calculated that the inorganic silicon oxide cubes
correspond approximately to 10.8, 13.1 and 14.2 % of the total mass of the
pillared material obtained with 1.5, 4.5 and 9 mmol loading respectively.
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Note that the silicon oxide cubes' content does not scale with the loading
because in the last step of the synthesis the samples were washed two times
to remove the excess amount of cubes as well as the loosely bonded ones.

An additional characterisation tool, which can confirm the successful
insertion of the silsesquioxane cubes between GO sheets, is Fourier
transform infrared (FTIR) spectroscopy. As shown in Figure 4.5, while
pure graphite is an IR inactive solid, graphene oxide exhibits all the IR
features expected after oxidation, namely at 3411 cm™ the hydroxyl
stretching vibrations of the C—-OH groups, at 1630 cm™ the C=0 stretching
vibrations of the —COOH groups, at 1069 cm™ the C-O stretching
vibrations, at 1294 cm the asymmetric stretching of C—-O—C bridges in
epoxy groups, and at 1646 cm™ the C=C stretching vibrations of the
aromatic ring.3*® In the case of the pillared samples, extra peaks appear
in the spectrum, which are attributed to the presence of the silsequioxane
cubes. In fact, the band at 773 cm™ is assigned to the stretching vibrations
of O-Si—O bonds, and the ones at 445, 596, 1067 and 1197 cm™ are due to
the Si—-O-Si bending and stretching vibrations;3 3 together these spectral
features confirm the integrity of the silsesquioxane cubes.
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Figure 4.5. FTIR spectra of graphite, graphene oxide (GO) and of the air-dried
silsesquioxane-pillared graphene oxide structure PILG4sAD
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The band at 692 cm™ is due to the C—H bending vibrations of the aliphatic
chains of the silsequioxane cubes®? and the one at 920 cm™ stems from Si—
O stretching vibrations.3” The spectral fingerprints of C-N at 1315 cm™,
the asymmetric N*-CHs; deformations?> at 1474 cm™, the —NHs"
deformation?® 3" at 1570 cm™ and the NH, deformation at 1627 cm™
together testify to the integrity of the aliphatic chains of the cubes.?
Finally, asymmetric and symmetric stretching vibrations of -CH>— groups
observed at 2931 and 2874 cm™ reveal the presence of organosilane
molecules in the solid. Analogous spectra were obtained for all the other
pillared samples (data not shown here).

X-ray photoelectron spectroscopy (XPS) was performed on the three air-
dried silsesquioxane-pillared structures in order to verify the presence and
integrity of the siloxane cubes in the interlayer space of GO and also to
evaluate the quality of the graphene-based material in terms of chemical
moieties present after intercalation. The detailed spectra of the Cls and
N1s core level regions are shown in Figure 4.6.

Deconvolution of the C1s spectrum requires five components. The first
and most prominent peak at a binding energy (BE) of ~284.2 eV is
attributed to C-C/C=C bonds within the graphene oxide layers and
contributes with respectively 41.4, 38.8 and 48.7% of the total C1s spectral
intensity for PILGD1sAD, PILGD4sAD and PILGDoAD. The second one
at a BE of ~285.4 eV is due to the C-O bonds of the GO lattice as well as
from the C—N bonds of the cubes and makes up 24.7, 24.4 and 31.3 % of
the C1s spectral intensity for the 3 loadings respectively, while the third
component at a BE of ~286.9 eV originates from the epoxy groups and its
lower intensity with respect to pure GO for all 3 loadings (17.7, 17.0 and
11.3 % of the total C1s spectral intensity) indicates the formation of
covalent bonds.
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Table 4.1. Stoichiometry of the air-dried silsesquioxane-pillared GO structures
as deduced from the XPS analysis

Atomic percentage %

Element PILGD:1sAD PILGD4sAD PILGDyAD
C 78.8 63.9 66.9
@) 10.8 21.7 21.7
N 3.5 4.1 4.1
Si 6.9 10.3 7.3

Finally, the two components at BEs of ~288.2 and ~289.8 eV are attributed
respectively to C=0 bonds (relative intensity 12.3, 12.9 and 5.8 % for the
three loadings) and to carboxylic groups present in the graphene oxide
sheets (relative spectral intensities 3.9, 6.9 and 2.9 % for the three
loadings).

Through the analysis of the XPS spectra of the N1s core level region
additional insight on the type of interactions can be gained. The nitrogen
spectrum requires three components for a good fit: the first one at a BE of
~398.4 eV is attributed to the covalent bonds formed between the amines
and the epoxy groups (relative spectral intensities 25.7, 22 and 33.8 % for
the three loadings); the second contribution at ~400 eV is due to amines of
the precursor and amounts to respectively 50.7, 56.7 and 44.8 % of the
total N1s intensity and the last one at a BE ~401.4 eV stems from
protonated amines (relative spectral intensities 23.6, 21.3 and 21.4 % for
the three loadings).

The atomic percentages of the elements present in the samples were
calculated and are presented in Table 4.1. The silicon content agrees with
the data of the thermal analysis of the samples.

The porous structure of the different silsesquioxane-pillared GO samples
and of pure GO was studied by recording the N2 adsorption—desorption
isotherms at 77 K; the data are presented in Figure 4.7. The BET specific
surface area, deduced from the adsorption data and reported in Table 4.2
for all samples, is significantly higher for the freeze-dried samples. In fact,
for the latter it reaches more than 5 times larger values than those of the
air-dried ones synthesized with the same silsesquioxane loading.
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Figure 4.7. N2 adsorption (full symbols)-desorption (empty symbols) isotherms
at 77 K for graphene oxide (air dried and freeze-dried) and for all
silsesquioxane-pillared GO structures prepared with different loadings and both
ways of drying

Table 4.2. The values of the specific surface area of GO and silsesquioxane-
pillared GO as deduced from N adsorption measurements at 77 K

BET surface area (m?/g)

Sample AD FD
GO 9 7
PILGD;5 10 50
PILGD4s 9 46
PILGDg 8 42

The pillared structures were examined with SEM in order to spot the
differences in the structures for the two different ways of drying;
representative images of the PILGD4sAD and PILGD4sFD samples are
shown in Figure 4.8. As expected, by simply air drying the samples in
ambient conditions, we get compact stacks of graphene oxide layers since
with the removal of water the structure shrinks and the layers are only kept
apart by the silsesquioxane cubes (left image of Figure 4.7). On the other
hand, when freeze-drying is employed, the ice crystals sublime, leaving
behind pores in the structure. In the SEM image (Figure 4.8, right picture)
one easily discerns a more foam-like macroscopic structure of the sample,
very distinct from the one resulting from air-drying. This explains the
increased specific surface area for the freeze-dried samples.
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The CO adsorption behaviour for all samples was investigated by
recording the corresponding adsorption isotherms at 273 K and 298 K, up
to 1 bar (see Figure 4.9).
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Figure 4.8. Representative scanning electron microscopy images of the air-
dried (PILGD4sAD, left) and freeze-dried (PILGD4sFD, right) silsesquioxane-
pillared GO structures. The scalebar corresponds to 1 um
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Figure 4.9. CO, adsorption (full symbols)-desorption (empty symbols)
isotherms at 273 K and 298 K up to 1 bar for graphene oxide (air dried and
freeze-dried) and for all silsesquioxane-pillared GO structures prepared with
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For the neat GO samples, although the uptake is relatively poor, the freeze-
dried GO is able to capture twice as much CO2 [16.1 cm®/g (0.72 mmol/g)
and 15.3 cm®/g (0.68 mmol/g), at 273 K and 298 K respectively] as the air-
dried one [8 cm®/g (0.36 mmol/g) and 7.7 cm®/g (0.34 mmol/g), at 273 K
and 298 K respectively]. Interestingly, for the pillared freeze-dried
samples, the CO> uptake at 1 bar as a function of surface coverage, does
not follow Vegard's law, meaning that it does not monotonically increases
with increasing loading. Instead, it shows a maximum value for the
intermediate sample PILGD4sFD, reaching 37 cm®/g (1.65 mmol/g) and
32.9 cm®/g (1.47 mmol/g), at 273 K and 298 K, respectively (Figure 4.10).

The gravimetric uptake is expected to increase with increasing available
pore space and decrease with increasing density of the sample. One can
anticipate that the insertion of silsesquioxane pillars improves porosity but
also makes the material heavier. The lower CO; uptake of the high loading
sample, PILGDgFD [17.9 cm®/g (0.80 mmol/g) at 273 K and 17.8 cm®/g
(0.79 mmol/g) at 298 K] suggests that this sample is clogged due to an
excess of silsesquioxane pillars. In other words, a high amount of pillars
reduces the accessible pore space and increases the density of the material,
reducing in this way the CO. gravimetric uptake. The high CO> uptake of
PILGD4sFD is also supported by the corresponding isosteric heat of
adsorption, Qst, calculated using the adsorption isotherms at 273 K and 298
K and applying the Clausius—Clapeyron equation. As shown in Figure
4.11, for PILGD4sFD the Qst at zero coverage is 5.7 kJ/mol; it slightly
increases up to 7.4 kJ/mol with increasing loading and drops back to 5.4
kJ/mol at high loadings. This behaviour implies the presence of an
energetically uniform adsorption environment that favours CO.-CO>
interactions that contributes to high uptake, as has been observed in other
porous materials, including MOFs.*®
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In contrast, the samples with lower and higher silsesquioxane content both
show a rapid decrease of the Qst values with increasing CO2 coverage,
reaching 2.3 kJ/mol and 0.1 kJ/mol for PILGD1sFD and PILGDoFD,
respectively. Therefore, the average Qs is significantly lower in both as
compared to PILGD4:sFD, consistent with the higher CO, uptake of the
latter. Interestingly, the air-dried samples show a different CO> adsorption
behaviour, implying a different mechanism of CO> sorption in these solids
(see Figure 4.9). An uncommon result is that for PILGD1sAD and
PILGD9AD the CO; uptake is higher at 298 K than at 273 K, suggesting
that CO2 molecules have better access to the porous space in these solids
when their Kinetic energy is higher. This can be rationalized considering
that these samples have a very compact structure as seen in the SEM
images, and therefore a higher Kkinetic energy (higher temperature) is
required for the CO2 molecules to be able to penetrate between the layers.
The fact that PILGD4sAD shows marginally higher CO> uptake at 273 K
compared to 298 K, could be associated with a less dense packing of the
layers in this case, due to optimum silsesquioxane content. For
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PILGD4sAD, the calculated Qs drops also fast as a function of surface
coverage, reaching 3.3 kJ/mol at high CO> loading, consistent with the
relatively low CO; uptake 22.0 cm®/g (0.98 mmol/g) at 273 K and 20.4
kJ/mol at 298 K.

4.4. Conclusions

Diamino-functionalised silsesquioxane-pillared graphene oxide structures
were synthesized with an easily upscalable protocol, by intercalating
reactive silylating agents in the interlayer space between the carbon sheets.
We showed that by simply opting for freeze-drying, the preferred drying
technique in biology as well as in the pharmaceutical and food industries,
the porosity can be significantly enhanced as compared to air-drying. The
morphology change induced by freeze-drying can lead to an enhanced CO>
adsorption capacity depending on the loading of the pillaring agent. The
CO- storage capacity of the pillared structures that were developed is
relatively high despite their low specific surface area — in general
considered one of the key characteristics a highly efficient sorbent
material. The pillared structure can compete easily with the performance
at ambient conditions of other graphene-based materials possessing much
higher specific surface areas ranging from 500 to 1000 m?/g.°
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Chapter 5: H»S removal by copper
enriched and porous carbon cuboids

Hydrogen sulfide (H2S) removal by adsorption from gas streams is crucial
to prevent the environmental and industrial damage it causes. Among the
nanostructures considered excellent candidates as sorbents, porous carbon
has been studied extensively over the last years. In this chapter we present
a synthetic procedure for three high potential sorbents, namely a low-
surface-area copper-rich structure, a highly porous carbon form without
metal addition, and lastly the same porous carbon decorated with copper.
The properties and performance as catalysts of these three sorbents were
evaluated by powder X-ray diffraction, X-ray photoelectron spectroscopy,
thermal analysis, scanning electron microscopy with energy dispersive X-
ray analysis, surface area determination through N2 adsorption and
desorption, as well as by H.S adsorption measurements.
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The results of this Chapter have been submitted for publication as:

H>S removal by copper enriched porous carbon cuboids, E. Thomou, G. Basina,
K. Spyrou, Y. Al Wahedi, P. Rudolf and D. Gournis
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5.1. Introduction

Hydrogen sulfide (H.S), is a hazardous, colourless, flammable gas, with a
‘rotten egg’ odour, that can be encountered either in the natural
environment of gas/crude oil wells and hot springs, or as a by-product of
industrial activities.! It has lethal effects on humans and animals and at the
same time is the cause for extreme corrosion in industrial facilities.? A lot
of effort has been put into developing technologies that can effectively
remove H>S and mitigate its negative effects; most of them fall under the
following categories: absorption, adsorption, conversion, catalytic
reactions, chemical oxidation, chemical scrubbing, incineration, and
biological treatment.}*

Adsorption is the most widely applied approach due to the good balance
between cost and effectiveness,! and among the types of sorbents that have
been studied for capturing H>S (activated carbons, zeolites, polymers,
metal oxides, etc.)®, porous carbons are particularly attractive due to their
surface chemistry and large surface areas.® ® ” Furthermore, it has been
proven that the desulfurization performance can be further improved when
combining a porous matrix, that acts as support, with metal oxides.®1!

Inspiration for the work presented in this chapter came from a recently
reported new member of the carbon family that combines porosity with the
capability to accept functional groups on its surface, and has shown
excellent performance in the capture of atmospheric water vapour.'? This
novel nanostructure is called porous carbon cuboids (PCCs) and combines
a series of intriguing properties, such as light weight, unusual ultra-
hydrophilic behaviour, great stability, surface heterogeneity, and a very
high hierarchical porosity (estimated approximately 800-900 m?/gr).*? In
contrast with graphene, which has to be subjected to oxidation in order to
make it easily processible in solution, PCCs are highly hydrophilic as
synthesized, because of the high number of functional groups on the
surface. PCCs show a significant number of N:C and O:C active sites
(Figure 5.1), which, in combination with the narrow micropore size
distribution, constitute a very promising sorbent. Additionally they have
the advantage of being functional up to 400 °C, making their use possible
in higher temperature applications. The specific geometrical
characteristics, hierarchical porosity, and surface chemistry identify PCCs
as perfect hosts for metallic nanoparticles (NPs) that are homogeneously



Figure 5.1. Structural Representation of Carbon Cuboids®

distributed on their surface as well as inside their pores. Immobilizing
metal cations via functional groups avoids aggregation, which would
compromise the outstanding properties of such nanoparticles.*> * In fact,
encapsulation of Cu and Ag NPs on the PCC scaffolds has already been
confirmed as yielding promising antibacterial agents.*®

To explore how the high surface area and the presence of copper oxide can
be balanced and how they synergistically affect hydrogen sulfide removal,
in the study reported in this chapter three different carbon nanostructures
were synthesized and their performance evaluated with a H.S
chemisorption experiment at 150 °C. Powder X-ray diffraction (XRD), X-
ray photoelectron spectroscopy, thermal analysis, scanning electron
microscopy (SEM) with energy dispersive X-ray analysis (EDX), as well
as surface area determination through N2 adsorption and desorption were
used to characterize the novel sorbents.

5.2. Materials and methods

5.2.1. Materials

4,4’ bipyridine (98%) was purchased from Alfa Aesar, ethanol (absolute,
99.9 %) was obtained by J.T. Baker, and Pluronic F127 and copper
chloride dihydrate (> 99 %) CuCl2-2H20 were acquired from Sigma-
Aldrich. All reagents were of analytical grade and used without further
purification. The water used in the experiments was distilled and
deionized.
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5.2.2. Materials synthesis

5.2.2.1. PCC synthesis

Two solutions were prepared. The first one consisted of 1 g of pluronic
dissolved in 100 mL of 0.1 M 4,4’-bipyridine in water-ethanol (volume
ratio of 1:17) and the second one was an aqueous solution of copper (I1)
chloride (900 mL, 5.6 mM CuCl2-2H20). The first solution was then
poured rapidly into the second one under vigorous stirring. The formed
products were retrieved through centrifugation, washed three times with
water, and air dried. The turquoise-coloured product was then pyrolyzed
under argon flow (500 °C for 2 h, heating rate 1 °C/min) and the copper
species were leached away (stirred in a 4M HNO3 aqueous solution for
24 h). The final black powder was washed with water until the pH value
reached ~5.0 and air dried. This sample was denoted as PCC.!? The
intermediate product before the leaching step was denoted as PCC-
unleached.

5.2.2.2. PCC-Cu synthesis

Metal-substituted porous carbon materials were synthesized using Cu.
PCCs were dissolved in a metal salt aqueous solution (approximately
10 % w/w). The mixture was stirred for 1 h and then centrifuged. The
precipitate was dissolved again in a new solution (1 h stirring), and the
material was centrifuged again, washed with water, and air-dried. This
sample is denoted as PCC-Cu.

5.2.3. H2S adsorption experiments

Hydrogen sulfide adsorption experiments were performed at atmospheric
pressure in a fixed-bed U-shaped quartz reactor with 4 mm internal
diameter. After sieving to sizes ranging between 125 um and 250 um,
200 mg of quartz particles were used to dilute 10 mg of the adsorbent and
the mixture was transferred to the reactor, where it was sandwiched
between two layers of quartz wool. After pre-treating the bed at 150 °C
overnight using a stream of ultra-pure Ar (flow rate: 44 mL/min, 5.0
purity) to remove all water and residues, a feed gas comprised of 100 ppm
H>S in N2 having a flow rate of 40.5 mL/min was introduced (the setup for
H>S adsorption is shown in Figure 5.2). Effluents of the bed were analysed
using a PerkinElmer Clarus 580 gas chromatograph equipped with Model
Arnel 4025 PPC and Model Arnel 4016 PPC sulfur chemiluminescence



detector (see Figure 5.3). After breakthrough took place, the GC argon gas
was passed through the system to flush out any remaining H>S.

Figure 5.3. Gas chromatograph equipped with a sulfur chemiluminescence
detector

75



76

Sulfur capacity determination®®:/

The breakthrough time was determined as the time when the total
concentration of sulfur gases (H2S+S0.) at the outlet exceeded 5 ppm (and
the experiment was stopped at 100 ppm of H.S at the outlet).® The sulfur
capacity (mmol/g) was calculated from the Equation (1), defined as the
total H>S moles adsorbed per mass of sorbent.

Sulfur capacity (mr;wl) _ Total moles adsorbed of H,S % 10_3 (1)

Mass of sorbent (g)

The total moles of H>S adsorbed was estimated taking into consideration
the amount of H>S (mol/s) passing through the reactor and the
breakthrough time as:

Total moles adsorbed of H,S (mol) = fotbt(r’lin —Nyy)dt  (2)

. XPV
where nin is H2S molar rate in the bed effluent (mol/s), tx is the
breakthrough time, x is H2S mole fraction either in the feed gas or in the
bed effluent, V is the feed gas volumetric flow rate at standard conditions
(L/s), P is Pressure (kPa), R universal gas constant (L-kPa-K1-mol™) and
T is the temperature (K).

The sorbent utilization can be calculated as follows:

Sulfur capacity (4)
12.571'Ycuo

Utilization =

where: 12.571 is the maximum theoretical capacity of CuO in mmols of
H>S per gram CuO, Ycuo is the mass fraction of CuO in the sample. The
experiments were performed by Dr. Georgia Basina (Khalifa University,
United Arab Emirates).

5.3. Results and discussion

5.3.1. Structural and morphological characterization of the sorbents

In order to verify that the synthesis of the porous carbon cuboids was
successful and their properties the same as reported in literature!?, we
applied a series of characterization techniques as detailed in the following.



The pore characteristics of PCC, PCC-Cu, and PCC-unleached were
investigated by nitrogen adsorption and desorption analysis. The
corresponding isotherms are presented in Figure 5.4.

400

200 H

Volume adsorbed (cm®g)

. . , . , . .
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure, p/p,

450

400 ~

350

300

250

Volume adsorbed (cm®/g)

200

150 : . : : : : : :
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure, p/p,

77



78

140

120 ~

100 ~

)
o
1

Volume adsorbed (cm®/g)

. . , . , . .
0.0 0.2 0.4 0.6 0.8 1.C
Relative Pressure, p/p,

Figure 5.4. Nitrogen isotherms of PCC (top panel), PCC-Cu (middle panel) and
PCC-unleached (bottom panel)

Analysing these isotherms with Brunner-Emmett-Teller theory, we found
that the PCC shows a high apparent surface area of ~824 m?/g, which is in
agreement with the first carbon cuboids reported*? and with our earlier
batches.'> 18 After the addition of copper the apparent surface area of
PCC-Cu is slightly lower than that of the pristine compound (BETsa
~790 m?/g). As expected, due to the high copper amount present in
PCC-unleached the porosity is significantly lower with an apparent surface
area of 245 m?/g.

X-ray diffraction patterns of all three samples are shown in Figure 5.5. The
patterns for PCC and PCC-Cu are similar, both exhibiting only one broad
peak at ~25° that is characteristic of an amorphous structure. The absence
of sharp peaks in the case of PCC-Cu is attributed to the good distribution
of the copper species as well as the fact that the broad carbon peak is
superimposed to and probably covering the copper peaks. On the contrary,
in the XRD pattern of the PCC-unleached six peaks appear at 16.2°, 32.4°,
39.7°, 43.3°, 50.5° and 74.1°, which, considering their FWHM (full width
at half maximum) and shape, can be divided into groups that correspond
to different crystal structures containing copper.
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Figure 5.5. XRD patterns of the three carbon structures

Three phases were identified: metallic Cu (sharp double peaks at 43.3°,
50.5° and 74.1°)%°, CuO (32.4° and 39.7°)*° and CuCl,-2H,0 (16.2°, JCPDS
no. 33-0451).

Thermogravimetric (TG) analysis was performed on pure carbon cuboids
as shown in Figure 5.6. The TG curve testifies to the total absence of
copper traces (within the detection limit) after the synthetic preparation of
PCC. From the TG curves of PCC-Cu and PCC unleached, we calculated
that the metal NPs embedded in the final nanostructure make up 4.5 wt.%
of PCC-Cu, while for PCC unleached the metal remaining at the end of the
heat treatment corresponds to 65 wt.%
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Figure 5.6. Thermogravimetric (TG) analyses of PCC, PCC-Cu and PCC-
unleached

The morphology of the samples was characterized with SEM. The image
in Figure 5.7(top left) shows the typical cubic structure of the PCCs, where
randomly aggregated particles overlap with each other. One also notices
that the surfaces of the particles are not smooth but show many
macroporous holes, analogously to what has been observed in previous
reports.’? 15 As seen in Figure 5.7(top right), this distinctive shape of the
nanomaterial is already formed before the leaching step, with the only
difference being that much of the mass of PCC-unleached is made up by
copper. For PCC-Cu, whose image is presented in Figure 5.7 — bottom, the
morphology remained almost unaffected by the metal substitution.
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Figure 5.7. Scanning electron microscopy images of PCC (top left),
PCC-unleached (top right) and PCC-Cu (bottom)

X-ray photoelectron spectroscopy (XPS) was applied to gain insight in the
elemental composition, and chemical environment of the elements.
Figure 5.8 shows the XPS spectrum of the C1s core level region of PCC;
five contributions are necessary to obtain a good fit. The intense peak at a
binding energy (BE) of 284.6 eV is due to C—C bonds and accounts for
51.6 % of the total C1s spectral intensity, whereas the contribution at
285.8 eV is attributed to C—O and C—N moieties, which represent 27.9 %
of the total amount of carbon. The peaks at BEs of 287.4 and 289.1 eV are
attributed to carbon double bond oxygen and carboxylic groups,
respectively. Finally, the fifth peak, located at 291.1 eV, is a shake-up
satellite, characteristic of the aromatic structures.?°

In the case of PCC-Cu, the decoration with copper was confirmed by the
detection of a Cu2p core level photoemission signal (see Figure 5.9).
Unfortunately, the amount of copper is so small that the low intensity of
the signal does not allow to extract more information than that the copper
is in the form of oxides.
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Figure 5.9. XPS spectrum of the Cu2p core level region of PCC-Cu



Moving to the PCC-unleached, in the survey scan of PCC-unleached
which is presented in Figure 5.10(a), we find the signature of expected
elements, namely carbon, oxygen, nitrogen, chlorine and copper, and by
analysing the detailed spectra of the various core level regions we can
calculate the atomic composition as C 44.1 at%, O 32.4 at%, N 11.8 at%,
Cl 7.5 at% and Cu 4.1 at%. The large Au4f signature and the other Au
peaks arise from the Au/mica substrate on which the sample was deposited.
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Figure 5.10. XPS spectra of PCC-unleached: (a) survey scan, detailed spectra
of the (b) C1s, (c) N1s and (d) Cu2p core level regions. For the detailed spectra
the fit is also shown and for each component the relative contribution to the
total spectral intensity of the respective line is indicated.



The XPS spectrum of the C1s core level region, shown in Figure 5.10(b),
requires seven contributions to obtain a good fit. The first peak at a BE of
284.2 eV derives from C-Cu bonds, the most intense peak at 285.0 eV is
due to the C-C bond, whereas the one at 286.1 eV is attributed to the C-O
and C-N bonds.?’ The peaks at 287.3 and 288.6 eV arise from the
C=0/C-0O-C and C(O)O bonds respectively, and the two peaks at 290.1
and 291.8 eV are shake-up satellite peaks due to final states where n-*
transitions of the aromatic rings occurred in the photoemission process
together with the emission of the photoelectrons.

Figure 5.10(c) presents the spectrum of the N1s core level region, where
four contributions can be identified; C-Cu-N bonds give rise to the peak at
a BE of 398.5eV,% pyrrolic-N is responsible for the contribution at
399.6 eV, while the signals at BEs of 401.0 and 402.7 eV are due to
graphitic-N and N-oxidized, respectively.

Finally, in the XPS spectrum of the Cu2ps» core level region in
Figure 5.10(d), the peak at a BE 0f 932.8 eV is attributed to metallic copper
as well as to Cu-C-N bonds,? the one at 935.1 eV is due to the CuO, and
the one at 937.0 eV derives from the Cu(OH).. Lastly, the contributions at
BEs above 940.0 eV represent satellite features of copper?*.

The XPS spectra of PCC-unleached just discussed clearly support the
existence of the coordination network connecting carbon, copper, and
nitrogen atoms, at the basis of the formation of the carbon cuboids.

5.3.2. H2S removal study

Having studied the characteristics and properties of the synthesized
materials, we proceeded to investigate the potential of these compounds
for H>S removal with the experimental procedure explained in
Section 5.2.3.

The breakthrough curves were collected for each sample at 150 °C and are
depicted in Figure 5.11; a summary of the experimental values is presented
in Table 5.1. We noted that H>S and SO- evolution start concurrently. The
breakthrough time, BT, was calculated as the time when the total
concentration of the two sulfur-containing gases exceeds 5 ppm at the
outlet; the BT and the calculated H,S capacity at 5 % for each of the
samples are shown in Table 5.1.
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Figure 5.11. Breakthrough curves of H,S over PCC-unleached (blue) PCC (red)

and PCC-Cu (black) after sulfidation at 150 °C. The SOz evolution for each
sorbent is noted as well

Table 5.1. Experimental values from the sulfidation process

Parameter pPCC PCC-Cu PCC-unleached
BT (min) 202 207 247
Qv (ml/min) 40.42 40.01 40.24
Mass of Adsorbent 0.01 0.01 0.01
9)
H.S(ppm) 100 100 100
Molar Flow HS 9 9 9
(mols/s) 2.75x10 2.72x10 2.73x10
Total mols Adsorbed  3.33x10° 3.38x10° 4.07x10°

Capacity in mmol/g 3.332 3.347 4.069



Conducting the sulfidation experiments on porous (PCC & PCC-Cu) and
copper rich (PCC-unleached) materials, the expected behaviour is that of
sorbents. When a sample acts as a sorbent, the recorded curve reaches at a
certain point the 100 ppm, which marks the point where the material starts
to saturate and stops to adsorb. On the other hand, in the case of a perfect
catalyst there would be no breakthrough and all of the gas would be
transformed into elemental sulfur.

Figure 5.12 shows a photograph of the reactor right after the experiment.
It is easily discernible that a significant amount of elemental sulfur is
concentrated on the walls of the reactor between the sample and the exit.

This indicates that sulfur is produced during the reaction and that the three
carbon powders do not act only as sorbents but also as catalysts. As
reported in Table 5.1, the sorption capability of all three compounds is
significant: PCC and PCC-Cu both capture 3.3 mmol/g of hydrogen
sulfide, and PCC-unleached 4.1 mmol/g (using a steady flow of H.S the
amount of moles adsorbed are recorded and the capacity is calculated as
explained in Section 5.2.3).

For PCC and PCC-Cu, which both show a similar behaviour, the
performance is credited to the porous matrix, since in the first one there is
no copper content and in the latter one the amount of Cu is calculated to
be below 5 wt.%. A factor that might contribute to the good adsorptive
behaviour is the presence of nitrogen heteroatoms in the structure, which
has been proven to give enhancing characteristics to adsorbents.*

\

4

Figure 5.12. Photograph of the reactor after the H,S adsorption experiments:
elemental sulfur is visible on the right near the exit
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The accumulation of sulfur on all three porous carbon cuboids also
decreases the active surface for adsorption and catalysis. With the
evolution of the experiment, from a certain time onwards, H2S can
therefore no longer be totally adsorbed/consumed and this leads to
saturation.??

One notes that in none of the cases the Breakthrough curves are completely
smooth, with the phenomenon being most evident in the case of PCC-Cu
(Figure 5.11(c)), where bursts with an oscillating behaviour are seen. The
reason for this behaviour is not clear but relevant literature reports that this
behaviour is observed whenever elemental sulfur is produced and
accumulated on the catalyst, and cannot be removed from the reactor.?®

PCC-unleached was investigated a bit further because it has the highest
sorption capacity despite its lower porosity, and presents a catalytic
activity caused by the presence of copper in various chemical
environments.

It is clear that at least two reactions take place; as a first step, hydrogen
sulfide is adsorbed onto the carbon matrix, and secondly selective
oxidation of the gas occurs and produces CusS and sulfur.

As mentioned in Section 5.3.1, copper in PCC-unleached is present in
different forms: Cu-C-N bonds, metallic Cu, CuO and CuCl,-2H>0. After
the HoS experiment, the structure of the adsorbent-catalyst was again
assessed via X-Ray Diffraction and the data are shown in Figure 5.13
together with those of the initial PCC-unleached sample (remeasured right
before the sulfidation process for better comparison).

After the sulfidation experiment, the powder XRD pattern displays all the
characteristic peaks of CuS (JCPDS card number of Covellite 06-0464,
shown in Figure 5.13 for comparison). This means that before the
breakthrough time, when the adsorption is taking place, CuO is converted
to CuS concurrently. Secondary reactions start to take place after the first
three hours have passed, and as can be easily seen in Figure 5.11(a), SO>
starts to be emitted. The concentration is low and SO> can be considered a
by-product of the reactions that take place.
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Figure 5.13. Powder XRD patterns of the PCC-unleached sample, before and
after sulfidation at 150 °C. The XRD pattern of CuS (JCPDS card number of
Covellite 06-0464), is shown for comparison.

To learn whether these chemical reactions changed the morphological
characteristics of PCC-unleached, we collected SEM also after the
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sulfidation experiment. As seen in Figure 5.14 no changes in the
morphology of the sample can be identified (compare to Figure 5.7-
top right panel). The EDX results and the elemental mapping (Table 5.2
and Figure 5.14 respectively) confirm that a large amount of sulfur is
present and well distributed all over the sample and the mass. The SEM
elemental mapping and analysis of the PCC-unleached sample before the
sulfidation are shown for comparison in Figure 5.14(top panel), and in
Table 5.2, respectively.

_Sum|N K __Sum

_.Sum|C1K

Figure 5.14. SEM and elemental mapping of the PCC-unleached before (top)
and after (bottom) sulfidation



Table 5.2. EDX analysis of PCC-unleached before and after sulfidation

Element Before After

wt % at % wt % at %
C 39.5 61.8 33.1 57.0
N 6.9 9.3 5.7 8.4
(0] 11.7 13.9 6.6 8.6
S - - 25.5 16.5
Cu 31.5 9.4 29.1 9.5
Cl 10.4 5.6 - -

From the EDX analysis we calculated that the ratio of copper to sulfur
atoms in the sample after sulfidation is almost 1:2, which justifies the
presence of CuS as well as the emission of SO, and the production of
elemental sulfur.

5.3.3. Possible reactions — proposed mechanism

Based on experimental studies and theoretical calculations based on
DFT, 2427 the reaction mechanism that leads to the conversion of H2S to
Cus can be explained by the following reaction steps:

Step 1: HoS + Cu-O & HoS - Cu - O

Step 2: H2S - Cu - O = HS-Cu + H-O
Step 3: HS-Cu + H-O - CuS + H;0

In parallel, a redox (oxidation-reduction) reaction like the one shown here
could be taking place:

H2S + 3 CuO - H20 + SO2+ 3 Cu

which would explain the emission of SO>. CuO is an oxidizing and H>S is
a reducing agent:

3 Cu? + 6 e- = 3 Cu® (reduction)
S?2-6e--> S*(oxidation)
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Sulfur dioxide could in turn react with hydrogen sulfide, to produce
elemental sulfur through the following redox reaction (H2S is a reducing
agent, SOz is an oxidizing agent):

SO2(g) +2H2S(g) 2 2H20 (1) +3S(s)
2S?-4e-->25° (oxidation)
S* + 4 e- = S (reduction)

In the case that a significant amount of oxygen was present during the
experiment (possible leak or impurities in the H.S gas from the provider),
the reactions that take place when CuO is used for gas sensing
applications?®-° could also happen:

Y02+ > O
30"+ H2S & H0 + SO + 3e
CuO + H,S - CuS + H20
2CuS + 302 2 2Cu0 + 2S0;

It has been proven that the presence of oxygen during hydrogen sulfide
capture leads to the formation of elemental sulfur and sulfur dioxide, which
can be enhanced by the presence of water and can improve the adsorption
process especially in sorbents that contain copper.” 3% 32

% 02+ HS > S + H,0
H,S +1.5 O, = SO, + H,0
2H,S+S0, = 1/n S, + H20

Hydrogen sulfide is partially oxidized to sulfur, and as the oxidation
proceeds sulfur dioxide is also emitted, which is then consumed again by
reacting with the gas to produce more sulfur.®

Finally, other copper species (Cu.O, Cu(OH). present on the surface
although not detected by XRD, might also have an important role and even
be responsible for the sulfur production through their involvement in the
reactions taking place.



5.4. Conclusions

Three porous carbon cuboids with different characteristics were
synthesized through carbonization of the product of a coordination
reaction and their potential as H2S sorbents was evaluated. The sorbents
with the higher porosity showed lower sorption capacity and were also
catalytically active. The copper-rich sample with the lowest surface area
was proved to also function as a catalyst, with selective oxidation of
hydrogen sulfide taking place. The latter was investigated a bit further and
ideas about the potential mechanism behind the catalytic activity were put
forward. Further improvement of the designed materials could lead in high
performance catalysts suitable for H»>S conversion.
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Chapter 6: Hierarchical porous carbon
structures derived from sugar and coffee
waste

Abstract

Hierarchical porous carbons were synthesized by incorporating sugar
waste and spent coffee grounds in the materials used in the production
process in an attempt to explore the potential waste reuse as part of the
efforts towards a waste free society. Four different kinds of porous carbons
were developed: for two of them molasses wastewater or sugar beet root
extract waste was used in combination with silica as a composite starting
material, one that was reinforced with spent coffee grounds in an attempt
to introduce functional groups that could be beneficial for future
applications, and in the fourth one two kinds of waste (molasses and spent
coffee grounds) were combined. The properties and surface characteristics
of the hierarchical porous carbons were studied with N2 porosimetry and
SEM measurements. Three samples were selected for CO; activation to
maximize their specific surface area and introduce microporosity to their
structures.
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6.1. Introduction

The ever-increasing demands of modern society are energy and resources
costly as well, apart from being highly challenging to sustain, and require
the development of high-performance materials that can lead to
breakthroughs and keep up with that pace. Porous carbons have been
proven to be one of the greatest assets towards this effort as they can
efficiently perform in a vast range of fields such as energy storage (Li-ion
batteries, supercapacitors),’® desalination,® environmental remediation
(heavy metals, dyes),” catalysis (electrocatalysis, fuel cells),1? as well
as gas capture and storage (CO2, Hz, CH4)**15,

Hierarchical porous carbon (HPC) is one of the forms of porous carbon
that has attracted great attention over the last few years because it has been
proven to be highly efficient for a plethora of applications. Its major assets
are the light weight, low cost, the possibility of physical and chemical
manipulation,*® and the well-defined maze-like network formed by the
interconnected meso- and micropores along with the presence of the larger
macropores. Another advantage resides in the controllability of pore size,
which can be changed by simply modifying synthetic parameters like the
size of the silica used as a template as described below, or the silica to
glucose ratio. Through tuning of the pore size the accessibility of active
sites distributed throughout the whole volume of the sorbent and at the
surface can be improved.

HPCs can be prepared through (hard or/and soft) templating methods as
well as through template-free synthetic pathways, or by combining
templating and activation methods.!” Activation can hugely boost the
specific surface area of the material and consists in removing carbon atoms
from the carbon solid to create extra pores by either exposing the solid to
oxidative gases (CO2, Oz, NH3 and H.0 steam?®) at high temperatures or
by pyrolysis when an activating agent (KOH,** 2 NaOH,?° CaCl,,%*
ZnCl2,2%2 K2C204)?® is mixed with the sample.?*

A major challenge in the greener, more sustainable, and environmentally
friendlier production of carbons with high porosity is the integration of
biomass and waste products in the production process. Apart from
complying with the global efforts towards a waste free world, employing
such products as precursors is also convenient because they are low cost,
renewable and easily accessible. Thus far, numerous porous carbons that



originate from biomass including celtuce leaves, bamboo, olive stones,
almond shells, sawdust, chitosan and coffee grounds have been reported in
the literature.?®

Coffee is probably the second most popular beverage after water, with
millions of tons being produced and consumed globally per year, leading
to excessive amounts of ground coffee waste. Composed of lignin,
cellulose,? tannins, protein, caffeine, and phenols,?” spent coffee grounds
are a cheap and abundant precursor and has already been used for the
development of porous carbons for use in applications like in batteries,?
supercapacitors,?® water purification,® as well as CO2 adsorbents.®!

The production of another popular product, sugar, yields waste streams
with high organic load in the form of molasses wastewater, vinasses, root
extract from sugar beet, etc. Molasses wastewater is mainly composed of
carbohydrates, protein and cellulose, and highly demanding in oxygen,
which renders it easily harmful for the environment.3? Therefore the
treatment of molasses wastewater,® or ways to reuse it are under
continuous development; it has already successfully been used® as an
acidifying agent.

In this chapter we report on the preparation of hierarchical porous carbons
using spent coffee waste, as well as waste derived from the sugar industry.
More specifically, the approach followed was based on the one introduced
by Giannelis and collaborators in 2013,%° where high performance
hierarchical porous carbons are produced through the controlled
combination of an ice template, a hard template and physical activation, as
schematically illustrated in Figure 6.1. Macropores are created by means
of a cryo-template applied to a matrix made of glucose and colloidal silica
(hard template). Mesopores are successively introduced in the sample by
subjecting it to carbonization and etching of the silica with NaOH. The
meso/microporous carbon’s porosity can be further improved by physical
activation with CO; that can produce micropores and consequently a
higher specific surface area. In our study, the glucose used in the original
method was substituted by sugar containing waste, and the matrix was in
some cases further reinforced/functionalized with coffee waste.
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cavity formed
by ice crystals

Figure 6.1. Schematic illustration of the synthetic procedure for hierarchical
porous carbons

6.2. Materials and methods

6.2.1. Materials

12nm LUDOX colloidal silica HS-30 (30 wt.% suspension in water) was
purchased from Sigma-Aldrich, sodium hydroxide (pellets for analysis),
and sucrose (99 %) from Alfa Aesar. Concentrated liquid sugar beet root
wastewater and molasses, a syrup obtained in the processing after the
crystalized sugar is removed and which has a 47 % total sugar content
according to ICUMSA GS4/3-9 analytical method, were provided by
Cosun Beet Company (the Netherlands). Spent coffee grounds (from now
on to referred as FC) was collected from a household filter coffee machine,
dried prior to use in an oven at 80 °C for 24 h to remove any remaining
humidity and ground with mortar and pestle. All chemical reagents were
used as received without further purification and were of analytical grade.
Distilled deionized water was used for all the experiments.

6.2.2. Materials synthesis
HPC-FC

The ratio of silica to sucrose/coffee was chosen to be 1:1. Consequently,
three different HPCs were synthesized by keeping the amount of silica to
1.00 g and modifying the ratio of sucrose to coffee so that their total mass
was always 1.00 g. The process was conducted for 0.20, 0.35 and 0.50 g
of coffee. Sucrose was dissolved in 10 mL of H2O before adding FC and
stirring for 10 minutes. Thereafter the mixture was added to the silica and
stirred for half hour. The mixture was then transferred to two plastic falcon



tubes and submerged in liquid nitrogen for 15 minutes prior to placing
them in a freeze dryer for ~ 3 days. The monoliths (Figure 6.2(c)) that were
collected, were pyrolyzed at 800 °C for 3 h with a heating rate of 10 °C/min
under argon flow. As seen on the photographs in Figure 6.2(e) and (f), the
shape of the monoliths was maintained up to a high degree during
pyrolysis. To enhance the effect of the etching procedure for removing the
silica, the monoliths were all ground. A spherical flask was placed in an
oil bath and ~1.0 g of HPC and 200 mL NaOH 3M were added and
maintained at 80 °C at medium stirring overnight. While still warm, the
mixture was filtered with a Gooch crucible (Por. 4, Pore-Diameter
10 - 16 pm) and washed repeatedly with lukewarm water till the pH value
reached an almost neutral value. The filter was placed in a drying oven at
50 °C and left overnight; the powder was collected the next day and the
etching procedure was repeated to remove any remaining silica and the
sample was dried again at 50 °C.

HPC-M

Following a similar experimental path, the sucrose was substituted by
molasses wastewater and the freeze-dried monoliths shown in
Figure 6.2(d) were formed. Bearing in mind that the actual sugar content
of the molasses wastewater was ~47 % w/w, two porous carbons were
prepared with 1:1 and 2:1 ratio of silica to sugar, respectively. Molasses
although it instantaneously dissolves in water, was stirred with 10 mL of
H->O for 10 minutes prior to being added to the silica and stirred again for
15 minutes until a homogeneous mixture was achieved. The samples were
frozen as above, and the same calcination and etching protocol was
followed.

HPC-M/FC

The same procedure as in HPC-M was followed with the only difference
that 1.0 g of filter coffee waste was added to the molasses aqueous solution
and stirred for 10 minutes before adding it to the silica and moving on to
the succeeding steps. The process was performed for both ratios. The
corresponding freeze-dried monoliths are shown in Figure 6.2(b).
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Figure 6.2. Optical images of the monoliths of hierarchical porous carbon
produced after the freeze-drying procedure (a — HPC-B, b — HPC-M/FC, ¢ —
HPC-FC, d — HPC-M), as well as two examples of calcination products that

showcase that the monolith form is preserved in the process (e-f)

HPC-B

Working in an analogous fashion, porous carbons were created from
concentrated liquid sugar beet root extract. The percentage of sugar in this
case was much lower (~10 % w/w) making it difficult to work with the
above experimental volumes. For this reason, it was chosen that two
samples would be synthesized where in 1.0 g of silica 10 and 20 mL of
sugar beet root extract was added, respectively. After 15 minutes of
stirring, the freezing, calcination, and etching procedures were followed as
described above. The corresponding freeze-dried monoliths are shown in
Figure 6.2(a).

6.2.3. CO2 activation

A partially home-made CVD system consisting in a quartz vacuum tube
surrounded by a commercial heater (Carbolite) and connected to gas
injection lines was used. The selected samples were placed in the quartz



tube, then first pumped to a base pressure of 7x10* mbar before being
exposed to 0.2 mbar of Argon (> 99.9999 %, SOL Nederland B.V.) for
15 minutes to establish an inert environment, and thereafter heated up to
800 °C with a heating rate of 10 °C/min. When the target temperature was
reached, the samples were exposed to 0.7 mbar of CO> (99.995%, Sigma
Aldrich) for 2 hours (the Argon flow was removed with the CO, gas
introduction). Afterwards, the CO> flow was switched off and the samples
were cooled down to room temperature in 0.2 mbar of Ar. The activated
samples are identified by “Act” after the sample name in the following.

6.3. Results and Discussion

Porous structures were successfully synthesized making use of one single
waste product derived from coffee or sugar or of a combination of two
waste products. Before initiating the synthesis, a fast analysis of the waste
products was performed in order to have an estimation of the composition
so that the ratios would be kept almost identical with respect to the original
protocol® upon which the project was based. For this reason, the soluble
carbohydrates were analysed through anion exchange chromatography
which was performed using a Dionex system. The molasses waste sample
was estimated to contain sucrose, glucose, and fructose, in weight
concentrations of respectively about 37.9, 0.14 and 0.20 %w/w. In the case
of the sugar beet root extract, the dominant monosaccharide was arabinose
with about 7 %wi/w, followed by glucose and fructose with 1.27 and
0.46 %w/w, respectively. There were only negligible amounts of sucrose
detected, which can only be considered as traces. Sucrose is a disaccharide
made up of one molecule of glucose and one molecule of fructose joined
together. The structures of all the monosaccharides present in the sugar
beet root extract are shown in Figure 6.3.

H /O
\c/ CH;0H o ;
H————OH —0 o
HO H HO H HO—————H
H OH H OH H————OH
H OH H OH H————0H
CH,0H CH,OH CH,OH

Figure 6.3. Two-dimensional depiction of glucose (left), fructose (middle) and
arabinose (right)
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The first set of samples was prepared by following the original protocol®
and simply adding coffee waste in the mixture. Spent coffee grounds have
been reported?® to have a high sugar content on their own but since here
we used them as ‘reinforcements’ to an already existing composite matrix
made of sucrose and colloidal silica, we decided to not proceed with
further analysis. The porosity of the carbons was evaluated through N
adsorption and desorption. The corresponding isotherms are presented in
Figure 6.4; all samples show a characteristic hysteresis loop, which
identifies them as type IV according to the IUPAC classification and is
associated with capillary condensation taking place in mesopores. The
hysteresis becomes less noticeable as the amount of coffee waste
integrated increases, and the specific surface area decreases. The BET
(Brunauer, Emmett and Teller) theory and BJH (Barrett-Joyner-Halenda)
method®® were used to evaluate the gas adsorption data and calculate the
specific surface area, which ranged between 580 and 1009 m?/g for the
three HPC-FC samples. The pore volume was found to amount to between
0.32 and 0.91 cm®/g and the pore size was determined to be between 2.9
and 4.3 nm. All the morphological characteristics for the HPC-FC are
summarized in Table 6.1.
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Figure 6.4. N2 adsorption (full symbols) — desorption (empty symbols)
isotherms of hierarchical porous carbon produced with three different loadings
of spent coffee grounds (HPC-FC)



Table 6.1. Morphological characteristics of hierarchical porous carbon
produced with filter coffee waste (HPC-FC), based on the measured N,
adsorption at 77 K, analysed with the Barrett-Joyner-Halenda method

Specific
surface .
) Pore size Pore volume
Sample area (m?/g) (nm) (cm¥/g)
according

to BET
HPC-FCo. 1009 4.3 0.91
HPC-FCo.s 736 3.7 0.58
HPC-FCos 580 2.9 0.32

Characteristic SEM images of the HPC-FC structures are shown in
Figure 6.5 (a-c). HPC-FC is made up of micron-sized particles consisting
of a three-dimensional network of connected macroporous channels with
thin carbon walls. The different contrast in each area hints the presence of
empty cavities and there seems to be disordered porosity. In the image with
the higher magnification one can clearly distinguish the rough surface
structure that is usually seen in mesoporous materials.

The next synthetic step was to substitute commercial sucrose with waste
products from sugar production. Two attempts were made: first we
replaced sucrose with molasses and then we employed sugar beet root
extract as sugar source. The morphology of the result, of the first attempt,
HPC-Mzt1, which has quite similar morphology as HPC-FC, can be seen
in the SEM images shown in Figure 6.5 (d-e) and that of the two loadings
applied in the second attempt, HPC-B1o and HPC-Byo, in Figure 6.8. The
similarity to the previously reported®” fishbone-like structure is an
indication for the successful synthesis of HPCs.
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Figure 6.5. SEM images of hierarchical porous carbon produced with (a-c)
filter coffee waste - HPC-FC, (d, ) molasses wastewater - HPC-M1.; and (f, g)
filter coffee waste and molasses wastewater - HPC-M/FC1.1

The nitrogen adsorption-desorption isotherms for the two HPC-M samples
are shown in Figure 6.6, while Figure 6.7 presents the isotherms for the
two HPC-B samples. The data were analysed in the same way as described
for the HPC-FC samples. The morphological characteristics are
summarized in Table 6.2. Molasses wastewater proved to be a better
potential candidate for substituting sucrose in the synthesis of the HPCs,
since structures with a specific surface area of up to 862 m?/g could be
produced.
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Figure 6.6. N2 adsorption (full symbols) — desorption (empty symbols)
isotherms of hierarchical porous carbon produced with two different loadings of
molasses wastewater - HPC-M
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Figure 6.7. N adsorption (full symbols) — desorption (empty symbols)
isotherms of hierarchical porous carbon produced with two different loadings of
sugar beet extract waste - HPC-B
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As expected,” when increasing the silica to sugar ratio, the specific surface
area is significantly higher than the one achieved for a 1:1 ratio. In the case
of the beet root extract, it should be noted that when doubling the amount
of waste added, the pore volume and surface area are decreasing by
~ 50 %, which can also be explained by the change in silica to sugar ratio.

As far as the adsorption-desorption isotherms are concerned, in both types
of samples a hysteresis loop is found again, indicative of the existence of
mesopores. In the SEM images of the HPC-B we observe a structure quite
different from the rest of the porous carbons developed here. Due to the
low percentage of sugar in the sugar beet root extract waste, the rest of the
unidentified impurities that are present have an active role in the formation
of the structure. The SEM image in Figure 6.8(c) shows that the hollow
macroporous structure of the HPC-B that is created during sublimation
remains unaltered throughout the calcination and etching procedure.

Table 6.2. Morphological properties of HPC-M, HPC-B and HPC-M/FC
(measured by N2 adsorption at 77 K with the BJH method)

Specific surface area .
Pore size Pore volume

Sample (m?/g) aézécfll_rding to (nm) (cm?g)
HPC-Mi:1 559 12.1 1.40
HPC-M2:1 862 4.4 0.79
HPC-B1o 482 7.8 0.64
HPC-Bao 260 8.7 0.39

HPC-M/FC11 643 4.3 0.59

HPC-M/FC:., 361 11.6 0.87



Finally, when molasses waste and filter coffee waste were employed in the
synthesis, the resulting porous carbon structures gave rise to the
adsorption-desorption isotherms presented in Figure 6.9. Analysis
following BET gave specific surface area values of ~ 300-600 m?/g; this
implies that the coffee waste affects negatively the porous structure, in
agreement with our findings for the first set of samples (see Table 6.1).
The morphological properties are summarized in Table 6.2. The properties
that the coffee waste could add to the porous materials synthesized (e.g.
the nitrogen content) should be explored and, depending on the target of
the specific application envisioned, a balance between functionalities and
porosity should be found.

Figure 6.8. SEM images of hierarchical porous carbon produced with two
different loadings of sugar beet extract waste (a, b ) HPC-B1o and (c) HPC-Byo
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Figure 6.9. N2 adsorption (full symbols) — desorption (empty symbols)

isotherms of hierarchical porous carbon produced with two different loadings of
molasses wastewater and filter coffee waste - HPC-M/FC

After having ascertained that we had indeed been successful in the
production of mesoporous carbons, three samples were selected for CO>
activation to enhance and improve their properties. CO. activation is
performed within the temperature range of 800-1000 °C; at this
temperature the carbon structure interacts with the gas and carbon atoms
are removed from the porous framework in a controlled way, thereby
micropores are created and the pore volume of already existing smaller
pores increases. The reaction that takes place is described by:

C+C02>2CO

Flow rate, reaction time, temperature as well as the specific furnace design
are parameters that can lead to completely different results.3” % In the
study described here we decided to keep all parameters the same and use
a reaction time and temperature that were proven to produce positive
results on the previously published HPCs on which we based our project.
Activation in oxidative gases is a simple process that gives good control
over porosity, despite the significant losses in carbon. The weight loss
during the activation process for the selected samples was 51.5 % for



HPC-Mz., 45.5 % for HPC-M/FCi:1 and 61.0 %, for HPC-Bio, which
promises well for the success of the activation procedure.

The introduction of the micropores through the activation step was
confirmed by the increase in specific surface area; the latter augmented by
54.9 % for HPC-M2.1, by 45.3 % for HPC-M/FC1.1, and by impressive
127.6 % in the case of HPC-B1o (see Table 6.3). The nitrogen adsorption-
desorption isotherms of the three activated samples are shown in
comparison with the isotherms of the samples before the activation in
Figures 6.10(a), 6.11(a) and 6.12(a). It is easily seen that all activated
carbons show a steep nitrogen uptake at low pressure (p/po) related to the
filling of the micropores. The morphological properties are summarized in
Table 6.3.

Table 6.3. Morphological properties of the three activated samples (Total
surface area was calculated by the BET model and pore size distribution was
calculated by the QSDFT method on adsorption isotherm.)

Total
2 pore V micro Vmeso
Sample Seet (M*/9) volume (cm3/g) (cm3/g)
(cm®/g)
HPC-M2:1Act 1335 (862)" 1.15 0.34 0.81
HPC-BioAct 1097 (482)" 1.22 0.28 0.94
HPC-M/FC11Act 934 (643)" 0.86 0.17 0.69

* The specific surface area before the activation is shown for comparison.
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of the activated sample as derived by DFT (b)
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The pore diameter of the mesopores, which is centred around 11-13 nm for
all samples (Figures 6.10(b), 6.11(b) and 6.12(b)), corresponds to the size
of the colloidal silica used (12 nm) proving that the mesoporosity can be
controlled through the choice of the hard template. The slightly bigger
pores present could be caused by aggregation of the silica particles during
the freeze-casting step, which happens because the amount of sugar is
insufficient to ‘wrap’ them. In Figure 6.13, the SEM images of the samples
after the activation process are presented.

Figure 6.13. SEM images after the CO- activation of different types of
hierarchical porous carbon produced with waste products: HPC-Ma:1
synthesized adding molasses wastewater (a-b), HPC-M/FC.1 synthesized
adding molasses wastewater and filter coffee waste (c-d) and HPC-Bio
synthesized adding sugar beet extract waste (e-f)
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The morphology of the porous carbons appears to be less dense, but the
physical activation has not caused substantial changes to the structures.

6.4. Conclusions

In conclusion, four different types of porous carbons were produced
adding waste products in the synthesis and following a facile approach that
combined ice and hard (colloidal silica) templates, in order to create
macropores and mesopores, respectively. The as-synthesized porous
carbons possess specific surface areas ranging from 260 to 1009 m?/g, and
after their porous characteristics were evaluated, three of them were also
subjected to physical activation with CO2, which introduced micropores in
the structures and led to even larger specific surface areas and pore
volumes. The porous structures synthesized show a great potential and
could be ideal candidates for sorption and supercapacitor applications.
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Summary

The demands of modern society for new materials, novel applications and
cutting-edge technologies are increasing day by day, and the scientific
community seems to be involved in a never-ending race for new
breakthroughs. Time weighs in on the emergent need for replacement of
traditional materials by new and more efficient ones, especially when
nearly depleted sources are involved in their production. Furthermore, any
new approach has to conform with the demands for a greener, waste-free,
and less energy- and resource-demanding future.

Nanoporous materials have been exploited since antiquity, and are
nowadays applied in the fields of catalysis, energy (hydrogen storage,
supercapacitors, Li-ion batteries, fuel cells and sensors), environmental
remediation (molecular sieves/adsorbents, NOx and H2S removal, CO>
capture), and even medicine because of their controllable pore size, diverse
geometries, surface properties and their ability to interact with molecules
and atoms or adsorb/release them. Since carbon is amongst the most
abundant elements on earth, and can be found in a plethora of forms,
carbon materials are excellent candidates for applications that involve
porosity.

Porosity in materials can be obtained in many ways; in this PhD project
the focus lays on porous carbons resulting from carbonization, chemical
etching, template synthesis and activation, or ‘Parthenon like’ structures.
The latter were constructed through the intercalation of robust organic
and/or inorganic pillars between graphene sheets in order to keep the layers
apart and create interconnected void spaces, combining in this way the
properties of graphene with porosity.

This thesis is divided in two parts; the first half is devoted to pillared
graphenes (Chapters 3 & 4), and the second part (Chapters 5 & 6) is
dedicated to highly porous carbon structures.

In Chapter 3, a rapid synthetic procedure to create highly porous
heterostructures with tailored properties through the silylation of
organically modified graphene oxide is presented. Three distinct silica
precursors (1,4-bis(triethoxysilyl)-benzene - BTB, tetraethylorthosilicate
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— TEOS and (3-aminopropyl)triethoxysilane - APTEOS) with different
structural characteristics were used as building blocks for pillars between
organo-modified graphene oxide layers. The idea was to develop high
yield silica networks within the interlayer space through sol-gel reactions.
Thermal decomposition enabled the removal of the organic molecules
thereby generating porous heterostructures with very high surface area and
sponge-like make-up, which are very attractive for potential use in
catalysis, sorption and as fillers in polymer nanocomposites. The final
products were fully characterized with a combination of techniques (X-ray
diffraction, Fourier transform infrared and X-ray photoelectron
spectroscopies, thermogravimetric analysis, scanning electron microscopy
and porosity measurements) and the degree of silylation of each reagent
was evaluated. The porous heterostructure bridged with a phenyl group
showed the maximum amount of silica content in the final heterostructure
and subsequent pyrolysis was found to create the desired porous structure
with a specific surface area up to 550 m?/g. For this hybrid the potential as
sorbent of CO2 was briefly explored and a high CO, adsorption capacity
of 3.5 mmol/g at 5 bar and 0 °C was found, which is promising for further
consideration as CO; storage material.

Chapter 4 describes the intercalation of pillaring species between graphene
oxide (GO) layers to create a robust 3-D network of graphene sheets.
Octameric oligosiloxanes were formed through the hydrolytic
polycondensation  of  N-[3-(trimethoxysilyl)propyl]-ethylenediamine
(EDAPTEOS) and intercalated in three different loadings (1.5, 4.5 and
9 mmol). Silsesquioxanes, apart from helping to create a nanoporous
structure, render the materials strong CO> adsorbents due to the unreacted
amine groups emanating in the open space between the GO sheets, which
warrant COz binding. Air-drying and freeze-drying were used to achieve
distinct morphologies, verified by SEM microscopy. The successful
intercalation was confirmed by X-ray diffraction and FT-IR spectroscopy,
the relative amount of silicon oxide for each loading was defined by
thermogravimetric analysis, the atomic percentages of the elements
present in the samples as well as an insight on the type of interactions were
gained through X-ray photoelectron spectroscopy. The pore characteristics
were studied by nitrogen porosimetry, and the CO> adsorption behaviour
for all samples was investigated by recording the corresponding adsorption
isotherms at 273 K and 298 K, up to 1 bar. We could show that freeze-



drying significantly enhances the porosity as compared to air-drying and
this morphology can lead to an enhanced CO, adsorption capacity if an
optimal loading of the pillaring agent is chosen.

Chapter 5 focalises on a different environmental challenge, namely
hydrogen sulfide removal. Based on the proven desulfurization
performance of porous matrixes when combined with metal oxides, the use
of copper enriched porous carbon cuboids in H2S capture is reported for
the first time. Through a coordination reaction followed by a pyrolysis
step, three different samples were prepared; a low-surface-area copper-rich
structure, a highly porous carbon form without metal addition, and finally
the same porous carbon decorated with copper. The pore characteristics of
the samples were investigated by nitrogen adsorption-desorption analysis,
and their metal content was determined by thermogravimetric analysis. X-
ray photoelectron spectroscopy gave insight in the elemental composition
and the chemical environment of the elements, while the morphology of
the novel sorbents was studied with scanning electron microscopy. To
explore how the high surface area and the presence of copper oxide can be
balanced and how they synergistically affect hydrogen sulphide removal,
the performance of the porous carbon cuboids was evaluated with a H2S
chemisorption experiment at 150 °C. The sorbents with the higher porosity
showed lower sorption capacity and were also catalytically active. The
copper-rich sample with the lowest surface area was proved to function
also as a catalyst, with selective oxidation of hydrogen sulphide taking
place. This copper-rich sample was investigated a bit further and the
chapter reports on ideas about the potential mechanism behind the catalytic
activity put forward. Further improvement of the designed materials could
lead in high performance catalysts suitable for H>S conversion.

Aiming at waste reuse for the development of high-performance sorbents,
in Chapter 6, a set of novel hierarchical porous carbons (carbons that
combine all three kinds of porosity), which were synthesized by
incorporating sugar waste and spent coffee grounds, is presented for the
first time. Four kinds of porous carbons were developed in total: one using
molasses wastewater in combination with silica as a composite starting
material; another one using sugar beet root extract waste and silica; a third
one where spent coffee grounds served as reinforcement in an attempt to
introduce functional groups that could be beneficial for future applications;
and a last one where two kinds of waste (molasses and spent coffee
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grounds) were combined. The properties and surface characteristics of all
the produced hierarchical porous carbons were studied with N>
porosimetry and scanning electron microscopy. Specific surface areas in
the range of 260-1009 m?/g were achieved. Three of the samples were
subjected to physical activation with CO», that resulted in maximization of
the specific area up to 127 % after the introduction of microporosity. All
the synthesized samples show a great potential and could be ideal
candidates for sorption, water remediation and supercapacitor
applications.



Samenvatting

De moderne samenleving eist altijd meer nieuwe materialen, nieuwe
toepassingen en geavanceerdere technologieén, en de wetenschappelijke
gemeenschap lijkt verwikkeld te zijn in een nooit eindigende race voor
nieuwe doorbraken. De opkomende behoefte aan vervanging van
traditionele materialen door nieuwe en efficiéntere materialen, vooral
wanneer bijna uitgeputte bronnen betrokken zijn bij de productie, zijn
urgenter dan ooit. Bovendien moet elke nieuwe aanpak voldoen aan de
eisen voor een groenere, afvalvrije en minder energie- en
bronnenverslindende toekomst.

Nanoporeuze materialen worden al sinds de oudheid gebruikt en worden
tegenwoordig toegepast op het gebied van katalyse, energie
(waterstofopslag, supercondensatoren, Li-ionbatterijen, brandstofcellen en
sensoren), milieusanering (moleculaire zeven/sorptiemiddel, NOx- en
H>S-verwijdering, CO»-afvang), en zelfs medicijnen vanwege hun
controleerbare porie grootte, diverse geometrieén, oppervlakte-
eigenschappen en hun vermogen om te interageren met moleculen en
atomen of deze te adsorberen/af te geven. Omdat koolstof een van de meest
voorkomende elementen op aarde is en in een overvloed aan vormen kan
worden gevonden, zijn koolstofmaterialen uitstekende kandidaten voor
toepassingen waarbij porositeit betrokken is.

Porositeit in materialen kan op vele manieren worden gegenereerd; in dit
doctoraatsthesis lag de focus op poreuze koolstoffen die het resultaat zijn
van carbonisatie, chemisch etsen, sjabloonsynthese en -activering, of
'Parthenon-achtige' structuren. De laatste werden geconstrueerd door de
intercalatie van robuuste organische en/of anorganische pilaren tussen
grafeenplaten om de lagen uit elkaar te houden en onderling verbonden
lege ruimtes te creéren, waarbij de eigenschappen van grafeen op deze
manier werden gecombineerd met porositeit.

Dit proefschrift is opgedeeld in twee delen; de eerste helft is gewijd aan
grafenen met pilaren (Hoofdstukken 3 en 4) en het tweede deel
(Hoofdstukken 5 en 6) is gewijd aan zeer poreuze koolstofstructuren.

In Hoofdstuk 3 wordt een eenvoudige synthetische procedure
gepresenteerd om zeer poreuze heterostructuren met op maat gemaakte
eigenschappen te creéren door de silylering van organisch gemodificeerd
grafeenoxide. Drie verschillende silicaprecursoren (1,4-
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bis(triethoxysilyl)-benzeen - BTB, tetraethylorthosilicaat - TEOS en (3-
aminopropyl)triethoxysilaan - APTEOS) met verschillende structurele
kenmerken werden gebruikt als bouwstenen voor pijlers tussen organo-
gemodificeerde grafeenoxidelagen. Het idee was om silicanetwerken met
een hoge opbrengst te ontwikkelen binnen de tussenlaagruimte door
middel van sol-gelreacties. Thermische ontleding maakte de verwijdering
van de organische moleculen mogelijk, waardoor poreuze heterostructuren
met een zeer groot oppervlak en sponsachtige samenstelling werden
gegenereerd, die zeer aantrekkelijk zijn voor mogelijk gebruik bij katalyse,
sorptie en als vulstoffen in polymeer nanocomposieten. De eindproducten
werden volledig gekarakteriseerd met een combinatie van technieken
(rontgendiffractie, Fouriertransformatie infrarood- en rontgenfoto-
elektronspectroscopieén, thermogravimetrische analyse, scanning-
elektronenmicroscopie en porositeitsmetingen) en de mate van silylering
van elk reagens werd geévalueerd. De poreuze heterostructuur overbrugd
met een fenylgroep vertoonde de maximale hoeveelheid silica in de
uiteindelijke heterostructuur en daaropvolgende pyrolyse bleek de
gewenste poreuze structuur te creéren met een specifiek oppervlak tot
550 m?/g. Voor deze hybride werd het potentieel als sorptiemiddel van
CO2 kort verkend en werd een hoge CO2-adsorptiecapaciteit van
3,5 mmol/g bij 5 bar en 0 °C gevonden, wat veelbelovend is voor verdere
ontwikkeling als CO.-opslagmateriaal.

Hoofdstuk 4 beschrijft de intercalatie van pilaarvormende soorten tussen
grafeenoxide (GO)-lagen om een robuust 3D-netwerk van grafeenlaagjes
te creéren. Octameer oligosiloxanen werden gevormd door de
hydrolytische  polycondensatie  van  N-[3-(trimethoxysilyl)propyl]-
ethyleendiamine (EDAPTEQS) en geintercaleerd met drie verschillende
ladingen (1,5, 4,5 en 9 mmol). Silsesquioxanen helpen niet alleen bij het
creéren van een nanoporeuze structuur, maar maken de materialen ook
sterke  COg:-adsorptiemiddelen  vanwege de  niet-gereageerde
aminegroepen die CO2 binden. Luchtdrogen en vriesdrogen werden
gebruikt om verschillende morfologieén te creéren, geverifieerd door
SEM-microscopie. De succesvolle intercalatie werd bevestigd door
rontgendiffractie en FT-IR-spectroscopie, de relatieve hoeveelheid
siliciumoxide voor elke lading werd bepaald door thermogravimetrische
analyse, de atoompercentages van de elementen die in de monsters
aanwezig zijn, evenals een inzicht in het type van interacties werden
verkregen door middel van rontgenfoto-elektronspectroscopie. De porie
kenmerken werden bestudeerd door stikstofporosimetrie en het CO»-
adsorptiegedrag van alle monsters werd onderzocht door de adsorptie-



isothermen bij 273 K en 298 K, tot 1 bar, te registreren. We konden
aantonen dat vriesdrogen de porositeit aanzienlijk verbetert in vergelijking
met drogen aan de lucht en deze morfologie kan leiden tot een verhoogde
COq-adsorptiecapaciteit als een optimale lading van het pilaarmiddel
wordt gekozen.

Hoofdstuk 5 focust op een andere milieu-uitdaging, namelijk de
verwijdering van waterstofsulfide. Op basis van de bewezen
ontzwavelingsprestaties van poreuze matrices in combinatie met
metaaloxiden, wordt voor het eerst het gebruik van met koper verrijkte
poreuze koolstofblokken bij H»S-afvang gerapporteerd. Door een
coordinatiereactie gevolgd door een calcineringsstap werden drie
verschillende monsters bereid; een koperrijke structuur met een laag
oppervlak, een zeer poreuze koolstofvorm zonder metaaltoevoeging en
tenslotte dezelfde poreuze koolstof verrijkt met koper. De porie
kenmerken van de monsters werden onderzocht door middel van
stikstofadsorptie-desorptie-analyse en hun metaalgehalte werd bepaald
door thermogravimetrische analyse. Rontgenfoto-elektronenspectroscopie
gaf inzicht in de elementaire samenstelling en de chemische omgeving van
de elementen, terwijl de morfologie van de nieuwe sorptiemiddelen werd
bestudeerd met scanning-elektronenmicroscopie. Om te onderzoeken hoe
het grote oppervlak en de aanwezigheid van koperoxide in evenwicht
kunnen worden gebracht en hoe ze synergetisch de verwijdering van
waterstofsulfide beinvlioeden, werd de prestatie van de poreuze
koolstofblokjes geévalueerd met een H.S-chemisorptie-experiment bij
150 °C. De sorptiemiddelen met de hogere porositeit vertoonden een
lagere sorptiecapaciteit en waren ook katalytisch actief. Het koperrijke
monster met het laagste oppervlak bleek ook als katalysator te werken,
waarbij selectieve oxidatie van waterstofsulfide plaatsvond. Dit koperrijke
monster werd verder onderzocht en het hoofdstuk doet verslag van de
ideeén over het mogelijke mechanisme achter de katalytische activiteit.
Verdere verbetering van de ontworpen materialen zou kunnen leiden tot
hoogwaardige katalysatoren die geschikt zijn voor H>S-conversie.

Met het oog op hergebruik van afval voor de ontwikkeling van
hoogwaardige sorptiemiddelen, wordt in Hoofdstuk 6 voor de eerste keer
een reeks nieuwe hiérarchische poreuze koolstoffen (koolstoffen die alle
drie soorten porositeit combineren), die werden gesynthetiseerd met
suikerafval en verbruikt koffiedik, gepresenteerd. In totaal zijn vier soorten
poreuze Kkoolstoffen ontwikkeld: één met melasse-afvalwater in
combinatie met silica als composiet uitgangsmateriaal; een andere die
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afval van suikerbietenwortelextract en silica gebruikt; een derde waar
gebruikte koffiedik als versterking diende in een poging om functionele
groepen te introduceren die gunstig zouden kunnen zijn voor toekomstige
toepassingen; en een laatste waar twee soorten afval (melasse en koffiedik)
werden gecombineerd. De eigenschappen en oppervilaktekenmerken van
alle geproduceerde hiérarchische poreuze koolstoffen werden bestudeerd
met Nz-porosimetrie en scanning-elektronenmicroscopie. Specifieke
oppervlakten in het bereik van 260-1009 m?/g werden bereikt. Drie van de
monsters werden fysiek geactiveerd met CO,, wat resulteerde in
maximalisatie van het specifieke oppervlakte tot 127 % na de introductie
van microporositeit. Alle gesynthetiseerde monsters vertonen een groot
potentieel en zouden ideale kandidaten kunnen zijn voor sorptie-,
watersanerings- en supercondensatortoepassingen.



IHepiinyn

Ot avdykec g oOyypovng kKowmviag yio véd VMKCO, KOWVOTOUEG
EQUPUOYEG KOl TEYVOAOYIES atyUNG, aVEAVOVTOL LEPO LE TN UEPQ, KOL M
EMOTNUOVIKY] Kowdtnto Oelyvel vo PBploketal oe éva cvveyn aydva
opopov yu véeg avakoldyelc. H aviikotdotoon towv mopadocioKdV
DAMKOV omd VEN KOl TO OOO0TIKA LVAIKE Kpivetol MAEOV EMITOKTIKY),
wlitepa OTOV Yoo TNV Topoy®yn Toug yivetan ypnomn mov Ppickovtal o
EMewyn. EmmAéov, kabe véa mpocéyyion mpémel va evapprovileTon pe Tig
OTTOLTNOELG Y10 VAL O TTPACIVO EALOV, Y®PIic amdPANnTa, Kot youniotepo
EVEPYELNKO KOl VAIKO OTOTOTTMLLAL.

Ta vavomop®mon vAd, Tov onoimv 1 ekueTdAlevon amavtdtol 1N and
v opyondtta, PPicKovv €QOPUOYN OTNV EMOYN MOG OTO TEdiM TNG
KatdAvong, TS evépyelag (amodnkevorn vOPOYOVOL, TVKVOTES, UTATAPIES
wvtov AMbiov, KeMd Kovoipov kot oaeOntipeg), v mepPoiiovtikn
AmoKOTAGTACT (LOPLOKE KOGKIVO/TPOCPOPNTIKA, Amopdkpuven o&edimv
almtov Kot VOPOBEIOL), AKOUN KOl TNV 1ATPIKY, XAPT OTN OLVOTOTNTA
eAEYXOL TOL HEYEBOLG TV TOPWV, TNG TOWKIAOLOPPNG YEOUETPIOS, TOV
EMPAVELNKAOV O10THTOV KOt TNG KOVOTNTAS TOVS VoL AOAANAOETIOPOVV e
popa ko ATopa, 1 vo To amoppopovv/aneievfepdvovy. Agdopévov 6t o
vOpakag cuykaTaAEyETOl LETAED TV TAEOV ApBovmVv cTotyeimv otn 1,
ko propel va Bpebel oe TAnOdpa popedv, ta VAIKE dvOpaka aroteAodv
eEAPETIKEG EMAOYES Y10 EPUPUOYEG TTOV TEPILAUPAVOVY TTOPMDIEC.

To mopmddec ota VAIKA pmopel vo oynuatiotel pe moAlovg TpOTovS: M
TapoHoo JOOKTOPIKY] datpiPn €0TIALEL GTOVG TOPMIELS AvOpaKeS OV
TpokOTTOVV Omod TNV avOpakomoinom, T ‘ynukn xapaén’ (chemical
etching), ™ cOvOeon pe ypron TPOTLITOL KOl TNV EVEPYOTOINGN, AAAL Kot
VTOGTVA®WEVEG Oopég mov mpocopowdlovy avty tov [lapBevova. Ta
TEAEVTOLO KATOAOKELAGTNKOV HECH TNG TOPEUPOANG STIBOPDV 0PYUVIKADV
n/kar avépyoveov TOAOVOV pHeTad @OAA®V  ypageviov, ®OCTE Vo
Stywpilovot To GTPAOUATO Kot VL ONILOVPYOUVTOL S1AGLVIEOEUEVOL KEVOL
YDPOL, GLVOLALOVTOG E TOV TPOTO AVTO TIC IOLOTNTES TOV YPAPEVIO LE TO
TOPMOEC.
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H dwatpin vt yopiletor g 600 péEPN: T0 TPMOTO TOL Eival APIEPOUEVO
oto vrootvAopéva ypagévia (Kepdiawo 3 & 4), kot to dgdtepo pépog
(Kepdhaia 5 & 6) Tov avapépetal oe LYNAOD TOPMOOVG dOUES AvOpaKa.

>t0 Kepdrawo 3, mapovoialetan pio tayeio cuvOetikn dadikacio yio
dNUovpyic ETEPOSOUMDY LYNAOD TOPMOOVS LLE TPOGUPUOCHEVES 1O10TNTESG
HEC® TNG TUPLTIMONG OPYOVIKA TPOTOTOUEVOL 0EEIBIOV TOV YPAPEVIOV.
Tpewg  Egyoplotéc  opyavomvpitikég  mpddpoueg  evooelg  (1,4-
dg(tprafo&uoiivro)-Pevioito - BTB, tetpa(aBoeidio) tov mopitiov —
TEOS kot 3-opwvo-mpomvro tpraboleidio tov mopitiov - APTEOS) pe
JPOPETIKA  OOMKE  YOPAKTNPIOTIKG ypnoipomombnkay ®g Jdopkd
oToyEla yoo T SNUIOVPYIN VITOCTLAMTAOV HETOED TOV CTPOUAT®OV TOV
opyavikd tpomomoimuévov ofewiov tov ypapeviov. H 10éa Ntav va
avamTuYOoLV VYNANG amdd0oNg TLUPLTIKG OTKTLO GTOV EVOOGTPMUATIKO
YOPpo, pHécwm avtidphoswv sol-gel. H Oeppukn anochvieon emétpeye v
OTOUAKPLVOT] TV OPYOVIKAOV HOPImV INUOVPYDOVINS £T6L TOPMOELS
ETEPOOOUES e TOAD LYNAN E01KT EMIPAVELD KOl GTOYYOEWN doun, Ot
omoieg elvor mOAD eAkvoTiKEG Y mBavi] ypNom GE  KATAALOM,
TPOGPOPNGN, AL KOl OC TANPOTIKG DAMKA G€ VAvosOVOETA TOAVLEPT).
Ta teAKd vVAIKE yopaxTnpioTnKay TANPWOG LE VOV GUVOLOGUO TEXVIKOV
(mepiBhaon  oktivov-X, @acpotookomies pEocov  vmepvOpov Kot
eoToniektpoviov  aktivov-X,  Oegppikny  aviAvom,  MAEKTPOVIKN
HUIKPOOKOT{O. GAP®ONG KOl UETPNOES EOKNG  EMPAVEING) Kot
aSoroynOnke o Pabudc muprtioong yw kdBe oavtidpactipo. H
YEQUPOUEVN LE POLVVAOLAOEG TOPMOING ETEPOOOUN EOE1EE TV LEYAADTEPT
TEPLEKTIKOTNTA GE TLPITIO CTNV TEAIKT] TOL OOUTN, KOl 1 ETAKOAOVON
mupoALON £5€1EE vaL dOnovpyel TNV emBounti TopdON doun e pio 101KN
empavelo Tov ayyiée ta 550 m?/g. I'a 1o cuykekpiuévo VRPLSIKS VALK
depeuvinke ev ovvtopia 1 dvvotdmTa TPospdPNoNg docewdiov Tov
GvBpaka, Kot S1meTOONKE 1) LYNAN IKOVOTNTO TPOGPOPTGNG TOL MG KO
3.5 mmol/g ota 5 bar ko 0 °C, tiun n omoia 1o Kab1oTd TOALG VTOGYKOUEVO
Yo TEPALTEP® EEETAOT) MG LAIKO amofnkevong dto&ediov tov avOpaxka.

To Kepdrowo 4 meprypdopet v €vOeom TV €100V VTOGTOAMONS OVALEGH
oTIG oTpwoelg ofewdiov Tov ypageviov pe okomd TN dMuovpyio evog
oTifapod TPLGdGoTaTOL OIKTVOV QUAAWV Ypageviov. To oxtapepn
OAYOOTAOEAVIO GYNUOTICTKOY HEGM TNG VOPOAVTIKNC TOAVGUUTHKVMOTG
¢ N[-3-(tpruebovoiivd)porvro]-aifvievodiapivig (EDAPTEOS) kot
evtédnkav oe 1pia drapopetikd @option (1.5, 4.5 xar 9 mmol). Ta



GlA0EAVIa TEPAY TNG GUVEICPOPES TOVES GTN ONULOVPYIN TNG VOVOTOPDOOVG
doung, KoOoTOOV TO VAIKA 10YVpovs TPospoentés dto&ewdiov Tov
GvOpaka xapn oTIC U AVTIOPDOGES AUIVOUAOES TOVG TTOV LLE TNV TOPOVGCia
TOVG GTOV aVOLYTO Y®OPo PETAED TV OAA®V Ypapeviov, yyvovtal TNV
déopevon Tov d10&ediov Tov GvOpoaka. Xpnolpuonowmvtag ENPaven o€
aépa aAAG Kot AVOPIAIoT), dVO S10KPITEG LOPPOAOYIEG emTELYONKAY, OL
omoleg emoAnBevtnKav pe ™ ypnon pikpookomiog SEM. H emtuyng
évBeon emPefordbnke pe mepibBiaon aktivov-X Kot QOCUATOCKOTIO
FT-IR, to oyetikd mocootd ofewdiov tov muprtiov oo kdbe @optio
opiotnke pe Oeppukn avaAvon, Kot To ATOUIKE TOGOGTA TV GToyEI®V TOV
VIapyovv ota deiypato, kKaOdc kol pio €KOvo yuoo To €00G TV
aAAnAemidpdoemy, aroktnOnkav pécm g eoacspatookoniog XPS. Ta
TOPMON YOPAKINPIOTIKE peAeT)ONKav pe mopooyueTpio aldtov, Kot M
duvatodtTa TPOsPOENoNS dto&ewiov Tov dvBpaka Yo OAa o delyparto
Otepeuvinke péom NG Kataypoensg 1oo0épumv mPospoOPNoNG GTOVG
273 K ko 298 K, puéypt 1 bar. Kataeépape va dgi&ovpe 0t Avopidioon
EVIoYVEL GNUAVTIKE TO TOPMIOEG GE GYECN UE TNV ENpavon o€ aépa, Kot OTt
N HopeoAoyio. vt Umopel va OONYNCEL G EVIGYLUEVT] KOVOTNTO
TpocpoeNnons do&ewdiov Tov dvBpaka eqv emdeyel 10 PéATIOTO POpTiO
TOPAYOVTO VTOGTOAMOTG.

To Kepdhowo 5 emkevipodvetal 6e U0l SOPOPETIKN TEPPAALOVTIKN
TPOKAN G, TNV ATOUAKPVVGT TOL LOPOHEIOL. Me Bdom TV amodederypévn
amdd00N TOV TOPMOMV UNTPOV o€ dadikacieg amobeiwong 0tav avTtég
cuvdvdlovtar pe o&eidlo HETGAA®V, M YPNOT EUTAOVTIGUEVOL HE YOAKO
TopmAN KvPoewdn avOpaxa yia décpevon vdpoHelov mapovslaleTorl yio
TpOTN opa. Mécm Hiag avtidpacns cLVTOVIGHOV 1) ool akoAovO|Onke
amd  évo.  othoo  mupoéAvong,  Tpion  SlopopeTikd  delypatol
TOPOCKEVAGTNKAV: i doun TAOVGLN GE YOAKO OAAG PE YOUNAY €101KN
emedvela, pio popen dvBpaka pe VYNAO TOPOIES AAAL XWpig TPocHNKN
petdAdov, Kot TéAog TV o Lopen Top®dOovg AvOpaKo aAAL oVTH TN
@opa Jdwakoounuévng pe yoAkd. To mopdOn YopOKINPIOTIKE TMV
detypdtov pedetnonkoy pe avaivon Tpocpoenong-ekpdenong aldTov,
Kol 1 TEPLEKTIKOTNTO TOVG o€ PETAAAO Tpocdlopionke pe Oepuiknm
avéivon. H oacpatookomioc @oToniektpoviov oxtivov-X £0moe
TANPOPOPIES Y10 TNV GTOLYELOKT GUVOEST] KOt TO YNUIKO TEPPAALOV TV
OTOLEIDV, EVD 1 LOPPOAOYID TWV VEDV pOPNTIK®OV LEGMV PHEAETNONKE [E
pikpookonion SEM. T'a va diepevvnfel 1o TdOS N VYA €101KN emEavELn
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Kol 1 Topovsio 0EE13iov Tov Yalkol pmopovv va e&lcopponnBoiv, Kot To
TAOC emMPeAlovV GLVEPYOTIKO TNV OATOUAKPLVGT TOL VOPOBEIoy, M
amodoon TOV TOPOO®V KLVPoeddv avlpdkwv aftoloyndnke pe éva
nelpapa ynuelopdéenong vopoddeiov otovg 150 °C. Ta poenTikd pe TO
VYNAOTEPO TOPMOEG E0e1EOV LIKPOTEPT IKOVOTNTO POENONG Kol NTOV
nopdAnia Katahvtikd evepyd. To mAovo10 G€ YOAKO OAAL pe younAn
€101KN eMPAveLn detypo amodelytnke 0Tl Agttovpyel emiong ¢ KATaAVTNG,
pe emhektikn o&eidmaon Tov VOPOBelov va AapPavel yopa. To detypa avtd
peAeTNONKE TEPAUTEP®D KOL TOPOLGLACTNKOV 10€EC Yoo TOV THAVO
UNYOVICHO 7oL KPUPETOL TG® 0amd TNV KATOAVTIKA OpactnploTnTa.
[Mepartépw Pertioon twv VAKOV Tov oyedidotnkay, Bo uropovoe va
00MYNGEL G€ KOTAADTEG VYNANG amOd00NG KATAAANAOVS Y10 LLETATPOTN
VOpOOELOV.

2T0oYev0oVTag GTNV gmavaypnoomoinon amofAitev yw v avémtuén
VYNNG Amdd00MG POPNTIKAOV VAIK®OV, 6T0 Kepdrato 6 mapovaidleron yio
TPAOTN POPA Pio GEPA KOVOTOU®MV 1EPAPYNUEVOV TOPWODV avOpIK®V
(Topiddeig avOpakeg mov cuvdLALovY Kot Ta Tpia €101 TOPDOOVE) Ol 0TToi0l
cuvtEédnKav pe TV eveoudtoon omofAntov (ayapng kot kagé. Téooepa
€lon mopddovg dvBpaka avoarTOYONnKeV CLVOAIKA: £vol TOV YPNGUYLOTOLEL
Apota peddoog o€ cuvovacud pe 010Eeidlo Tov mupttiov MG cVVOETO
apyKo LAIKO, éva mov ypnolomolel amdPAnta exyvAopdtov plov
CoayxapotevtAv kot O00&eidlo  Tov  mupttiov, €va Tpito, Omov
YPNOUOTOMUEVOL KOKKOL KOQE YpNoipHevcav ¢ evioyvon o€ [
TPOSTADELD EICAYWYNG AEITOVPYIK®V OLAd®V TToV o Lropovoay va eivat
EMMQPEAELS Y10 LEALOVTIKES EQOPUOYES, Kot Eva TEAgvTaio dmov Vo €idn
amofANTOV (LEAGGO Kot XPNCLOTONUEVOL KOKKOL KOPE) GUVIVAGTIKOV.
O1 110N TES KOl TO EMUPAVELOKA YOPAKTNPIOTIKE OAOV TV TOPAYOLUEVOV
EPUPYNUEVOV TOPOIDV avOpdkwv pedethOnkay pe topociuetpio aldtov
KO NAEKTPOVIKY] HKpooKoTia capmong. Emtevyniay e1ducég empdveieg
oto €0poc tov 260-1009 m?/g. Tpia amd to Seiyporo LVIOPARONKAV e
QLOIKN evepyomoinon e 010&eidto Tov AvBpaka, Tov glye MG ATOTEAEGLOL
TN UEYIOTOTOINGT| TNG EWOIKNG EMPAVELNG £m¢ Kot Katd 127 % petd v
gloaymyn pkpomop®dovs. Ola to deiypato mapovotalovy peydAeg
duvatdTTEG Kot Bo pmopovoay va tvat 1davIKol LTOYNPLOL Y10 EPOPLOYESG
TPOCPOPNONG KOl TLUKVOTAOV, KOOMG KOl OTOKATAGTOONG AUOCUEVOV
VOGTOV.
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