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Kurzzusammenfassung

In dieser Arbeit wurde eine Auswahl an literaturbekannten MOFs, ausgewahlt aufgrund ihrer
spezifischen Eigenschaften, beziiglich ihres Adsorptionsverhaltens gegeniiber SO, und weiteren
Aspekten, wie Selektivitdt und Stabilitit untersucht. Das Hauptaugenmerk wurde dabei auf die
zugdngliche Oberfliche, das zugingliche Porenvolumen, Poren- sowie Poreneingangsdurchmesser
und funktionelle Gruppen gesetzt. Auf Basis von entsprechend gemessenen Einzelgasisothermen
konnten mit Hilfe von ,.ideal adsorbed solution theory* (IAST) Rechnungen SO,/CO.-Selektivititen
bestimmt werden und damit Aussagen iiber das potenzielle Gastrennverhalten der untersuchten
Materialien getroffen werden. Die Ergebnisse dieser Untersuchungen ermdglichten es, systematische
Einflussfaktoren fiir die SO,-Sorption in entsprechenden Netzwerken zu identifizieren und damit die
Effizienz bei der Suche nach potenziellen Adsorbentien fiir die Anwendung in adsorptionsbasierten
Rauchgasentschwefelungsprozessen zu verbessern.

In den angefertigten SO,-Sorptionsstudien wurden einerseits hoch stabile Zr- und Al-MOF
untersucht, andererseits wurden prototypische MOFs im direkten Vergleich zu industriell etablierten
pordsen Materialien wie Zeolith, Silicagel oder Aktivkohle analysiert.

Entsprechend ihrer hohen Oberfliche zeigten die untersuchten MOFs im Vergleich zu anderen
pordsen Materialien hohe Aufnahmekapazititen fiir SO,. Eine wiederholte Materialcharakterisierung
nach Exposition gegeniiber SO; legte jedoch auch deutliche Schwichen vieler MOF-Materialien dar,
welche teilweise degradierten bzw. nicht vollstindig regeneriert werden konnten.

Allgemein zeigte sich eine gute Korrelation der SO,-Aufnahmekapazitit bei 293 K und 1 bar mit der
zugdnglichen Porenoberfliche, weitgehend unabhidngig von anderen Strukturmerkmalen der
Geriistverbindungen. Da typische Rauchgasmischungen jedoch nur geringe Mengen SO,
(500 — 3000 ppm) enthalten ist fiir die Rauchgasentschwefelung (engl. flue gas desulfurization, FGD)
insbesondere die Niedrigdruckadsorption relevant. Eine Korrelation der SO,-Aufnahmekapazitit bei
293 Kim Druckbereich < 0,1 bar mit der Porenoberfliche wurde jedoch nicht beobachtet. Stattdessen
konnte ein Zusammenhang zwischen dem porenlimitierenden Durchmesser eines porésen Materials,
womit hier der kleinste Durchmesser einer Pore oder eines Porenzugangs gemeint ist, und der SO,-
Aufnahme im Bereich von 0,01 - 0,1 bar bei 293 K gezeigt werden. Hierbei erwiesen sich insbesondere

mikropordse Adsorbentien mit Porendurchmessern zwischen 4 und 8 A als vielversprechend, welche
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in der Groflenordnung des kinetischen Durchmessers von SO; (4,1 A) liegen.

Als eine weitere Moglichkeit zur Einflussnahme auf die Niedrigdruck-SO,-Adsorption in MOFs
wurden Porenfunktionalisierungen untersucht. Aminofunktionalisierte MOFs konnten einerseits zu
einer erhohten Affinitit des Netzwerkes zu leicht polarisierbarem SO fithren, zeigten andererseits aber
auch ein schlechteres Abschneiden in den Stabilititstests verglichen mit ihren nicht-funktionalisierten
Varianten.

Weiter wurden fiir ausgewdhlte MOFs die isosterische Adsorptionsenthalpie nahe einer Beladung von
Null (AHQ,;) fiir SO, berechnet, wodurch die stirkste Wechselwirkung zwischen Gastmolekiil und
Netzwerk bestimmt werden konnte. Die AHJ;-Werte waren in guter Ubereinstimmung mit
Dichtefunktionaltheorie (DFT) basierten Berechnungen fiir praferierte Bindungsstellen von SO, in
entsprechenden MOFs. Dabei zeigte sich, dass insbesondere i-OH Gruppen innerhalb der secondary
building unit (SBU) attraktive Bindungsstellen fiir SO, darstellen konnen.

In einer weiteren Studie wurden MOFs, mit auflergewohnlich hoher Oberfliche bzw. besonderer
Stabilitdt ausgewdhlt und beziiglich SO,-Sorption und potenziellem Gastrennungsvermogen
untersucht. MOF-177 mit einer BET-Oberfldche von 4100 m? g* zeigte einen Rekord-Gasaufnahme
von 25,7 mmol g™ fiir die SO,-Sorption bei 293 K und einem Druck von 1 bar, erwies sich allerdings
als instabil gegeniiber der Exposition von SO,.

Das AI-MOF MIL-160 hingegen zeigte mit 7,2 mmolg” zwar eine deutlich niedrigere
Maximalkapazitit konnte jedoch mit einer hohen SO.-Aufnahme im Niederdruckbereich bei
Temperaturen zwischen 293 und 373 K und seiner hohen Stabilitit {iberzeugen. Weitere
Untersuchungen zum Trennvermdgen von MIL-160 ergaben IAST-Selektivititen von 128 (SO./CO5;
viv; 10/90) sowie eine erfolgreiche Retention von SO, in simulierten als auch experimentellen
Durchbruchskurven mit einer anwendungsrelevanten Gasmischung (N/CO./SO5; viviv;
84,9:15,0:0,1). Diese Ergebnisse zeichnen MIL-160 als vielversprechenden Kandidaten fiir

adsorptionsbasierte, regenerative FGD-Prozesse aus.
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Abstract

In this work, a selection of MOFs known in the literature, chosen for their specific properties, were
investigated in terms of their adsorption behavior towards SO, and other aspects, such as selectivity and
stability. Here, special attention was paid to the accessible surface, the accessible pore volume, pore and
pore-entrance diameters, and functional groups of investigated MOFs. Based on the measured single
gasisotherms, SO./CO; selectivities could be determined using “ideal adsorbed solution theory” (IAST)
calculations and thus statements could be made about the potential gas separation behavior of the
investigated materials. The results of these studies enabled the identification of systematic factors
influencing SO, sorption in corresponding networks, thus improving efficiency in the search for
potential adsorbents for use in adsorption-based flue gas desulfurization processes.

should enable the identification of systematical influencing factors on the SO, sorption in the
corresponding frameworks and thus enhance the efficiency of the search after potential adsorbents for
the application in adsorption-based flue gas desulphurization processes.

In the performed SO, sorption studies on the one hand highly stable Zr- and Al-MOFs were
investigated, and on the other hand a series of prototype MOFs were analyzed in direct comparison to
other established porous materials such as zeolites, silica gel, or activated carbon.

Following their high surface area, investigated MOFs showed comparatively high absorption capacities
for SO,, however, it was also shown that the accessible surface can be partially degraded or not
completely regenerated after exposure to SO.. In general, the SO, uptake capacity at 293 K and 1 bar
was found to correlate well with the accessible pore surface area, largely independent of other structural
features of the frameworks. However, since typical flue gas mixtures contain only small amounts of SO,
(500 — 3000 ppm), low-pressure adsorption is particularly relevant for flue gas desulfurization (FGD).
The fraction of SO, in flue gas is typically around 500 — 3000 ppm. However, a correlation of the SO,
capacity at 293 K in the low-pressure region (< 0.1 bar) and the pore surface area was not observed.
Instead, a relationship between the pore-limiting diameter, which is the smallest diameter of a pore or
pore access of a porous material, and the SO, uptake in the range of 0.01-0.1 bar at 293 K was observed.
Microporous adsorbents with pore diameters between 4 and 8 A, near the kinetic diameter of SO,
(4.1 A), have proven to be particularly promising. As a further possibility to influence the low-pressure

SO, adsorption, pore functionalization was investigated. On the one hand, Amino functionalized

Vil



ligands showed an enhanced affinity of the framework to easily polarizable SO, but on the other hand,
they also showed worse performance in the stability tests compared to their non-functionalized
variants.

Further, for selected MOFs the isosteric adsorption enthalpy near zero loading (AH2 ;) for SO was
calculated, allowing to determine the strongest interaction between the guest molecule and the
network. The AHJ;¢-values were in good agreement with density functional theory (DFT) based
calculations for preferred binding sites of SO, in corresponding MOFs. Herein, pu-OH groups within
the networks” secondary building units (SBU) tend to be attractive binding sites for SO..

In a further study selected MOFs with special properties, such as high surface area or exceptional
stability, were investigated concerning SO, sorption and potential gas separation capability. MOF 177,
with a BET surface area of 4100 m? g™, showed a record uptake value of 25.7 mmol g for SO, at 293 K
and a pressure of 1 bar but did not prove to be robust against corrosive SO.. The AI-MOF MIL-160, on
the other hand, showed a lower capacity with 7.2 mmol g SO, uptake, but its high SO, adsorption in
the low-pressure range at elevated temperatures between 293 — 373K and high stability were
convincing. Further investigations on the separation capability of MIL-160 resulted in IAST-selectivity
values of 128 (SO,/CO,; v:v; 10/90) and successful retention of SO, in simulated as well as experimental
breakthrough curves with an application-related gas mixture (N,/CO/SOj v:viv; 84.9:15.0:0.1).
These results mark MIL-160 as a promising candidate for adsorption-based, regenerative FGD-

processes.
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1  Einleitung
1.1 Metall-organische Gerustverbindungen

Als eine junge Klasse der anorganisch-organischen Hybridmaterialien konnten Metall-organische
Geriistverbindungen (engl. metal-organic frameworks, MOFs) in den wissenschaftlichen
Untersuchungen der letzten Jahrzehnte eindrucksvoll unter Beweis stellen welche Vorteile einzigartige,
gleichmiflige und pordse Netzwerke mit sich bringen.'” Dabei werden ihre physikalischen und
chemischen Materialeigenschaften insbesondere von synergistische Effekte ihrer Struktur und
Zusammensetzung bestimmt.?

Arbeiten zu Koordinationspolymeren von Hoskins und Robson stellten dabei die Grundlage fiir die
spater von Yaghi gepragte ,,retikuldre Chemie® in Bezug auf MOFs dar.*>%7

MOFs werden durch die IUPAC als Koordinationsnetzwerke mit organischen Liganden und
potenziellen Holrdumen definiert® MOFs werden aus einer Kombination von anorganischen und

organischen Baueinheiten gebildet.

Metal-organic framework

Metal ions or clusters Organic linkers

- >

RO L 3 &

Zn,0(CO0), CufCOO),  CrOH,0),(CO0), Mg, (OH) (COO) Zr,0(OH), (H 0)(COO0),

BT I

Abb. 1: Strukturelles Model von MOFs (obere Reihe), représentativen SBUs (mittlere Reihe) sowie Liganden

(untere Reihe). Nachdruck mit Genehmigung von Referenz 9. Copyright 2016 Springer Nature.
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Multidentale Liganden (Lewis-Base) verbriicken dabei iiber funktionelle Gruppen benachbarte
Metallcluster (Lewis-Sdure) durch koordinative Bindungen, wodurch zwei bis dreidimensionale
Strukturen entstehen (Vgl. Abb. 1). Unter den bisher untersuchten Koordinationsgruppen der
Liganden sind beispielsweise Carboxylate, Azolate, Sulfonate und Phosphonate zu finden. Liganden
mit Carboxylat- oder Azolat-Funktionen und einem starren Kohlenstoffriickgrat als Korpus bilden
besonders stabile MOFs aus (Vgl. Abb. 2)./%!*

Die secondary building unit (SBU) besteht aus einem molekularen Komplex bzw. Cluster sowie den
koordinierenden Atomen (O, N, etc.) des Liganden und beschreibt damit die Koordinationsgeometrie
des Knotenpunkts zwischen einzelnen Liganden. Die SBU ist somit entscheidend fiir die Topologie
eines Netzwerkes.® Obwohl MOFs haufig Merkmale von Kristallinitdt und Porositit aufweisen, sind
diese Kriterien nicht bzw. nur eingeschrénkt in der Definition eines MOFs eingebunden. Dies ist
dadurch begriindet, dass manche MOFs dynamische Strukturanderungen induziert durch duflere
Einfliisse durchlaufen. Solche Einfliisse konnen Druck-, Temperaturédnderungen oder die Einlagerung
von Gastmolekiilen sein. Aufgrund dieser potenziellen Dynamik kann sich sowohl die Kristallinitdt als

auch die Porositat eines Netzwerkes verandern.®

HO z© = & e o Carboxylatbasierte
HO.__O | OH OH Liganden
HO OH (o} o}
X
A LT
Isophthalsaure 07 “OH
0F o O~ ©OH H,IPA o
(o] Trimesinsaure o
Fumarsaure Terephthalsaure o H,BTC
T L, SN e
" | y)
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Abb. 2: Die fiir diese Arbeit relevanten carboxylat- und stickstoftbasierte Liganden.

Mikroporose Zeolithe oder Alumophosphate sowie mesoporose Silicate zéhlen zu den wichtigsten
geordneten pordsen Materialien und finden Anwendung in zahlreichen Gebieten. Allerdings sind sie
im Unterschied zu MOFs stark eingeschrinkt in der Modifikation von Struktur oder
Oberflicheneigenschaften.'>!>!

Durch den modulartigen Aufbau von MOFs aus organischen Liganden mit Metallclustern bzw.
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Metallionen, sind viele verschiedene Kombinationen mit unterschiedlichen Koordinationszahlen
und -geometrien moglich. Bislang wurden iiber 70000 verschiedene MOF-Strukturen in der Literatur
beschrieben."*'® Die dabei gebildeten Netzwerke verfligen in der Regel iiber eine gleichmaf3ige
Topologie und Porenstruktur.?

Daraus ergibt sich die Moglichkeit zu einer gewissen ,,Designbarkeit®, durch die MOFs in ihrer
chemischen Natur (Metallkation und organischer Ligand), der Porengréfie (mikro- bis mesoporos)
sowie der geometrischen Form ihrer Poren (kubische oder sphérische Kéfige, dreieckige, quadratische
oder hexagonale Tunnel) angepasst werden konnen.*'” Da ,,Designbarkeit™ aber eine Vorhersage iiber
bisher unbekannte Strukturen impliziert, soll dieser Punkt im Folgenden néher erlautert werden.
Hierbei hilft das Konzept der SBUs, bei dem Bausteine eines Netzwerkes zu geometrischen Koérpern
oder Formen simplifiziert werden. Diese Bausteine konnen unter Beachtung ihrer Konnektivitit
miteinander kombiniert werden, um auf der Basis von bekannten Topologien Vorhersagen zu
hypothetischen Strukturen machen zu kénnen.®'®

Ein einfaches Beispiel stellt hierbei die Verldngerung von starren, linearen Carboxylatliganden dar. Die
Erweiterung eines Liganden wie Terephthalat um zusitzliche Benzoleinheiten zu Biphenyl-4,4"-
dicarboxylat bzw. Terphenyl-4,4-dicarboxyylat fiihrt bei erfolgreicher MOF-Synthese mit gleichem
Metallzentrum auch zu einer gleichen Topologie, welche jedoch durch die veranderten Zellparameter
oft zu erhohten Oberflichen und Porenvolumina fiihrt (Vigl. Abb. 3 links)."* Dieser Ansatz wurde in
der Literatur unter dem Begriff der ,,isoretikularen® Erweiterung bekannt und insbesondere von Yaghi
et al. gepragt. >

Des Weiteren kann eine Verdnderung der Koordinationsgeometrie, beispielsweise durch Austausch
des Metallkations innerhalb der SBU, in Kombination mit dem gleichen Liganden zu einer
andersartigen Topologie fithren. Dies wird am Beispiel der Kombination von Terephthalat mit den
unterschiedlichen Metallkationen Zn*, Cr’* und Zr* zu den jeweiligen MOF-Strukturen MOF-5

(kubisch), MIL-101 (MTN Topologie) und UiO-66 (fcu Topologie) in Abb. 3 (rechts) verdeutlicht*'*2
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Secondary building units Different MOFs
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ADbb. 3: Linke Seite: Isoretikuldre Erweiterung durch Verldngerung des Liganden. Terephthalat in UiO-66 (oben),
Biphenyl-4,4 "-dicarboxylat in UiO-67 (mittig) und Terphenyl-4,4 "-dicarboxyylat in UiO-68 (unten). Nachdruck
mit Genehmigung von Referenz 21. Copyright 2008 American Chemical Society. Rechte Seite: Strukturen von
verschiedenen MOFs mit Terephthaltat als Ligand. SBU und Koordinationspolyeder (links) schematische
Uberstruktur des MOFs (rechts). Nachdruck mit Genehmigung von Referenz 22. Copyright 2010 Springer.

Die letztliche Struktur des MOFs kann durch die Auswahl des Metallsalzes und des Liganden gesteuert
werden. Zusdtzlich kénnen auch noch weitere Synthesebedingungen mafigeblich Einfluss auf die
Topologie, Morphologie, Partikelgrofle, Kristallinitdt, Porositit und Defektstellen einer MOF-Struktur
nehmen*** Besonders wichtige Faktoren bei der MOF-Synthese sind die Wahl der Synthesemethode,
des Losungsmittels, der Temperatur und die Reaktionszeit sowie die etwaige Zugabe eines Modulators
(Abb. 4)»

Als etablierte Synthesemethoden sind die Solvothermal-, Riickfluss- und Mikrowellensynthese zu
nennen, bei denen die Reaktanden unter thermischer Energiezufuhr in geloster Form und unter
Selbstassemblierungsprozessen zunéchst die SBUs bilden, welche weiter zur komplexen Struktur

vernetzt werden.
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Die Solvothermalsynthese, welche in einem geschlossenen GefifS bei autogenem Druck und oberhalb
der Siedetemperatur des Losungsmittels durchgefiihrt wird, stellt hiaufig eine ideale Methode zur
Synthese von MOF-Einkristallen dar? Die Riickflusssynthese kann eine geeignete Methode fiir ein
Upscaling einer Synthesevorschrift sein, allerdings wird das Produkt hier durch kontinuierliches
Rithren in der Regel als Pulver erhalten*” Mikrowellensynthesen konnen bereits nach kurzen
Reaktionszeiten von wenigen Minuten zu einer erfolgreichen MOEF-Bildung fiihren. Zudem sorgt das
schnelle und gleichmiflige Erhitzen durch die Mikrowellenbestrahlung fiir besonders kleine MOF-
Partikel mit enger Groflenverteilung*®

Die bisher seltene mechanochemische Synthese hat den Vorteil, dass hier kein bzw. nur sehr geringe
Mengen an Losungsmittel erforderlich sind und die benétigte thermische Energie vollstindig durch
Reibung zugefithrt wird.* Die sonochemische Synthese nutzt Hochleistungs-Ultraschall, bei dem
durch Implosion von Kavitationsblasen hochenergetische Schockimpulse entstehen, welche zu lokalen
Hotspots mit Temperaturen von 5000 °C und Driicken von 2000 atm fithren, wodurch die Bildung
von MOF-Kristallisationskeimen unterstiitzt wird. Gleichzeitig wird das Kristallwachstum durch

extreme Abkiihlraten begrenzt. !
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Abb. 4: Uberblick zu verschiedenen Synthesemethoden (oben), Durchsatzverfahren bei entsprechenden
Temperaturen (mittig) und die Reaktionsprodukte mit verschiedenen Eigenschaften (unten). Nachdruck mit

Genehmigung von Referenz 25. Copyright 2012 American Chemical Society.
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Wihrend der Kristallisation werden Losungsmittelmolekiile als ,,Platzhalter” in die potenziell porose
Struktur eingebaut. Dies bewirkt eine Stabilisierung des Geriists und wird auch als ,, Templat-Effekt*
bezeichnet.”> Da die Wahl des Losungsmittels Einfluss auf die Bildung der SBU hat, kann dessen
Austausch, bei ansonsten gleichen Prakursoren, zu unterschiedlichen MOF-Strukturen fithren.** Ein
weiteres Phdnomen, welches durch das Losungsmittel beeinflusst wird, ist die Interpenetration.*
Hierbei werden zwei oder mehrere gleichartige Netzwerke parallel gebildet und wachsen dabei durch
die Porenéffnungen des jeweils anderen Netzwerkes, jedoch ohne dabei kovalent mit diesem
verbunden zu sein.”

Eine weitere Moglichkeit die Kinetik der MOF-Kristallisation zu beeinflussen, besteht in der Zugabe
von Modulatoren als Additive, was einerseits zu hochkristallinen oder aber defektreichen Strukturen
fithren kann.***¢ Eines der am besten untersuchten MOFs im Forschungsfeld des ,,defect engeneering™
ist UiO-66, dessen SBU idealerweise iiber 12 Liganden mit benachbarten Zirkoniumoxidoclustern
verbriickt ist. Durch die hohe Konnektivitit in UiO-66 ist die Struktur auch noch bei einer hohen
Anzahl an Defektstellen stabil, wobei hier zwischen fehlenden Linkern und fehlenden Clustern
unterschieden werden kann ¥

Syntheserouten bei Raumtemperatur oder geringen Heiz- bzw. Abkiihlungsraten und entsprechend
langen Reaktionszeiten konnen ein langsames Kristallwachstum mit geringer Anzahl an
Kristallisationskeimen bewirken, was entsprechend zu vergleichsweise grof3en, qualitativ hochwertigen
MOF-Kristalliten fiihren kann, wie sie zur Strukturbestimmung fiir die Einkristallstrukturanalyse
benétigt werden.*

Neben der Topologie lassen sich auch Oberflicheneigenschaften von MOFs beeinflussen. Dies kann
unter anderem durch Funktionalisierung der SBU bzw. des Liganden erfolgen. Man unterscheidet
zwischen den verschiedenen Strategien der pre- bzw. post-synthetischen und der in situ
Funktionalisierung***' Hierdurch kénnen Poreneigenschaften wie beispielsweise Polaritit,

Hydrophilie, Flexibilitit oder Porenvolumen beeinflusst werden.**+344
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Obwohl MOFs ein reges wissenschaftliches Interesse erfahren und durch ihre Porositét zahlreiche
potenzielle Applikationen denkbar sind, konnte der Einsatz von MOFs bisher noch keine breite
industrielle Anwendung finden.*” Dabei scheitert der Einsatz oft an mangelnder Langzeitstabilitét
unter normalen bzw. anwendungsspezifischen Bedingungen.***” Aus diesem Grund ist die ,,Stabilitét*
im Bereich der MOFs auch nicht als absolute Charaktereigenschaft zu beurteilen, sondern muss
differenziert, entsprechend der Bedingungen, denen das Material ausgesetzt wurde, bewertet werden.
Parameter zur Uberpriifung der Stabilitit eines MOFs sind beispielsweise die Bestindigkeit in
organischen Losungsmitteln bzw. in wéssrigen Losungen (pH-Abhangigkeit), die Temperatur oder
der Druck. Trotz der Vielzahl an bekannten MOF-Strukturen gibt es bisher nur eine begrenzte Anzahl
an MOFs, die sich unter nicht-inerten Bedingungen, auf3erhalb ihrer Mutterlauge, {iber lingere Zeit
handhaben lassen, ohne dabei eine Degradierung innerhalb der Netzwerkstruktur beobachten zu
kénnen.*®

Diese Instabilitdit kann dadurch begriindet werden, dass ein pordses Netzwerk bei enthalpisch
getriebener Kristallisation in der Regel eine hohere Energie, verglichen zu seiner entropisch
bevorzugten dichten Phase, innehat und damit nur metastabil ist.*’

Eine geldufige Methode zur Uberpriifung der Stabilitit ist die wiederholte Charakterisierung derselben
Probe mittels Pulverdiffraktometrie (engl. powder X-ray diffraction, PXRD) und Stickstoffsorption.
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Dadurch kann ein Vergleich der Kristallinitdt bzw. Porositit dieser Probe, vor und nach Exposition zu
spezifischen Substanzen oder Bedingungen, aufgestellt werden.* Stabilititen kénnen allgemein in die
drei Hauptkategorien, chemische Stabilitit, thermische Stabilitit und mechanische Stabilitit
unterteilt werden.

Die chemische Stabilitit bezieht sich auf die Bestandigkeit eines Stoffes gegeniiber Auswirkungen der
Exposition zu verschiedenen Chemikalien, wie beispielsweise Feuchtigkeit, Sduren, Basen oder
Losungsmitteln in jhrer Umgebung!

Es gibt verschiedene Strategien, um die chemische Stabilitit, also die Besténdigkeit gegeniiber
Hydrolyse oder anderen chemischen Reaktionen, eines MOFs zu verbessern.”* Thermodynamisch
kann zum einen die Stirkung der koordinativen Bindung zwischen Liganden (Lewis-Base) und
Metallkation (Lewis-Saure), nach Pearsons Konzept der ,,Hard and Soft Acids and Bases™ (HSAB),
durch die Wahl von sauren Metallionen mit hoher Ladungsdichte (AP*, Zr**) oder dem Einsatz von
Liganden mit stark komplexierenden funktionellen Gruppen mit hohen pK.-Werten (z.B. Azol-
Derivate) erfolgen.” Allerdings ist es denkbar, dass hier die gegeniiberstehende dichte Phase mit
derselben Metall-Ligand-Bindung gleichermaf3en stabilisiert wird und damit nur die Energiebarriere
fiir einen Phaseniibergang erhoht wird. Zum anderen kann die Wahl von kinetisch inerten
Metallionen dazu fithren, dass die Energie eines potenziellen Ubergangszustandes erhéht und dadurch
die Metall-Ligand-Bindung stabilisiert wird. Die Raten des Ligandenaustauschs werden dabei am
Beispiel des homoleptischen Austauschs von Metall-Aqua-Komplexen quantifiziert und konnen fiir
oktaedrische Aquakomplexe bis zu 19 Groflenordnungen auseinanderliegen (Vgl. Abb. 6).****° Des
Weiteren kann eine Strategie der Abschirmung dazu flihren, dass die Metallkation-Ligand-
Wechselwirkung vor Angriffen konkurrierender Spezies, durch Einfiihrung sterisch anspruchsvoller

Gruppen oder durch Erhohung des hydrophoben Charakters eines Materials geschiitzt wird.®
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Kinetic stabilization by using inert metal ions
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Abb. 6: Auswahlkriterien fiir kinetisch stabilisierte MOFs. a) Austauschraten von H,O Liganden in
Metallaquakomplexen. b) Energiediagramm fiir kinetisch inertere oder labile Metallionen. ¢) Trends zur
Starkung der heterolytischen Bindung d) Energiediagramm fiir eine starke oder schwache Metall-Ligand-
Bindung. Nachdruck mit Genehmigung von Referenz 46. Copyright 2019 Springer Nature.

Die thermische Stabilitit eines MOFs wird typischerweise mittels thermogravimetrischer Analyse
(TGA) untersucht und ist aufgrund von verschiedenen Einflussfaktoren, wie den anorganischen und
organischen Bestandteilen sowie der Topologie einer Struktur, nur schwer vorhersagbar. Es zeigte sich
jedoch, dass Metallionen in ihrer jeweils stabilsten Oxidationsstufe mit zunehmender Oxidationszahl
thermisch stabiler werden (Fe(III), Cr(III), AI(III), Zr(IV)).* Auch der Wechsel zu interpenetrierten
MOFs fiihrt durch eine verringerte Porengréfien oft zu einer erhohten thermischen Stabilitit,
verglichen zu den entsprechenden nicht-interpenetrierten Netzwerken.”> Des Weiteren konnte bei
MOFs mit unendlichen (Ketten) anstelle von diskreten SBUs bei ansonsten gleichen Metallionen und
Liganden, hdufig eine erhohte thermische Stabilitit nachgewiesen werden. Kurze aromatische
Liganden sowie eine defektfreie und dichte Packung des Netzwerkes konnen die thermische Stabilitit
in MOFs weiter positiv beeinflussen.*®

Mechanische Stabilitit, in Bezug auf MOFs, bezeichnet deren Belastbarkeit unter erhdhtem Druck

oder Vakuum. Diese wird insbesondere bei der ,,Aktivierung“, dem Entfernen des nach der Synthese

in den Poren vorliegenden Losungsmittels auf die Probe gestellt.* Hierbei werden im MOF
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eingeschlossene Losungsmittelmolekiile durch thermische Behandlung und bzw. oder das Anlegen
eines Vakuums evaporiert und somit aus den Poren entfernt. Das Austreten von
Losungsmittelmolekiilen kann jedoch, durch Zunahme der Oberflichenspannung wiéhrend des
Verdampfens, mit stark wirkenden Kapillarkraften verbunden sein, die zu einer Beschédigung bis hin
zu einem Kollaps der pordsen Struktur fithren kann.** Um diesem Effekt entgegenzuwirken, werden
hiufig Methoden des Losungsmittelaustausches hin zu Losungsmitteln mit einem niedrigeren
Siedepunkt vorgenommen.®

Zwei weitere Methoden fiir die Aktivierung von pordsen Materialien, stellen die iiberkritsche
Trocknung sowie die Gefriertrocknung dar. In beiden Methoden wird die Oberflichenspannung und
die damit verbundenen Kapillarkréfte durch einen verédnderten Phaseniibergang verringert, wodurch
eine schonendere Aktivierung erreicht werden kann.**” Da die mechanische Stabilitét typischerweise
quadratisch mit der Dichte einhergeht, kann auch hier Interpenetration, eine hohe Konnektivitidt und
kurze Liganden zu einer erh6hten mechanischen Stabilitit fithren.****

Aufgrund ihrer Porositit werden MOFs hinsichtlich zahlreicher potenzieller Anwendungen
untersucht (Abb. 7). Dazu zdhlen beispielsweise die heterogene Katalyse, bei der MOFs durch ihre
hohen Oberflachen aktiven Metallzentren und potenziellen Ligandenfunktionalititen, einerseits selbst
als Katalysatoren eingesetzt werden oder andererseits als Tragermaterialien fiir andere katalytisch
aktive Spezies dienen kénnen.**¢'* Auch der Einsatz von MOFs als Sensoren fiir Gase und fliichtige
organische Verbindungen (engl. volatile organic compounds, VOC) wird zunehmend erforscht und
beruht auf Anderungen der chemischen oder physikalischen Eigenschaften eines MOFs bei Exposition
zu einem spezifischen Gastmolekiil® Typische Arbeitsprinzipien von MOE-Sensoren basieren auf
Magnetismus, elektrischer Leitfahigkeit, Lumineszenz oder Farbgebung.***°

Weitere mogliche Anwendungsgebiete von MOFs stellen beispielsweise Wirkstofftransport,

Protonenleitung oder nicht-lineare Optiken dar 5768

24



. 'E’Stable MOFs

Catalysis
Abb. 7: Schematische Darstellung von stabilen MOFs, bestehend aus Metallclustern (blau oder orangene
Kugeln), organischer Ligand (graue Stibe) und funktionelle Gruppen (griine und pinke Segmente) fiir
verschiedene potenzielle Anwendungen. Nachdruck mit Genehmigung von Referenz 51. Copyright 2019 Royal
Chemical Society.

Eines der wohl am besten untersuchten potenziellen Anwendungsgebiete von MOFs stellt die
reversible Gasadsorption dar.®”° Als Materialien fiir die Gasspeicherung bieten MOFs eine hohe
volumenspezifische Aufnahme, was vor allem fiir die Lagerung von Wasserstoff und Methan
interessant ist”'”>> Des Weiteren kénnen MOFs fiir die selektive Trennung von Gasgemischen
eingesetzt werden.”*”> Hierbei konnen Prozesse der Bio- oder Erdgasaufbereitung unterstiitzt oder aber
unkontrollierte Schadstoffemissionen von Rauchgasen reduziert werden”® Auf das Verfahren der
Rauchgasentschwefelung, bei der selektiv SO, aus Rauchgasen entfernt wird, wird aufgrund der

Relevanz fiir diese Arbeit noch einmal detailliert in Abschnitt 1.4 eingegangen.

1.2 Theorie Gassorption

Da die Porositit eine der zentralen Eigenschaften von MOFs darstellt, kommt der Untersuchung der
Oberfliche und des Porenvolumens besondere Bedeutung bei der Charakterisierung von MOFs zu.
Die Untersuchung der Porositit erfolgt mittels Gassorptionsanalyse, bei der ein Analysegas
(Adsorptiv) an der Oberfliche eines zu untersuchenden Stoffes (Adsorbens) adsorbiert. Das
adsorbierte Molekiil (Adsorpt) wird Teil der Grenzfliche zwischen Adsorbens und Adsorptiv
(Adsorbat) (Abb. 8).
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Abb. 8: Schematische Darstellung und Terminologie der Adsorption.

Es kann dabei zwischen den zwei Arten, Physisorption und Chemisorption unterschieden werden.
Physisorption zeichnet sich durch schwache van-der-Waals-Wechselwirkungen (= 20 — 40 k]-mol™)
aus und ist typischerweise reversibel”” Weiter kann bei der Physisorption Adsorpt als Adsorptionsstelle
fiir weiteres Adsorptiv dienen, wodurch die Ausbildung von Multischichten ermdglicht wird. Bei der
deutlich stirkeren Chemiesorption (=200kJ-mol') kann es zu kovalenten Bindungen in der
Adsorbatphase, welche als Monolage vorliegt, kommen und ist in der Regel irreversibel.”® Fiir die
Darstellung des Adsorptionsgleichgewichts konnten sich Adsorptionsisothermen in der
wissenschaftlichen Praxis durchsetzen und werden als Auftragung der Beladung nin Abhéngigkeit des
Partialdrucks p/pydes Adsorptivs bei konstanter Temperatur dargestellt.

Der Charakterisierung pordser Materialien mittels Gassorptionsmessungen liegt der Physisorption
zugrunde, wihrend weitere Wechselwirkungen, induziert durch Dipol- oder Quadrupolmoment des
Adsorptivs, unterdriickt werden sollen. Als Adsorptive fiir die Gassorptionsanalyse werden
typischerweise Inertgase wie Stickstoff oder Argon eingesetzt. Stickstoft kann durch seine Hantelform
zwar verschiedene Orientierungen an einer Oberfliche einnehmen, hat aber den Vorteil der einfachen
und kostengiinstigen Handhabung. Argon weist als einatomiges Molekiil hingegen kein
Quadrupolmoment auf und kann durch einen geringeren kinetischen Durchmesser (Qu(Ar) =
340pm; ODu(N2) = 364pm) auch noch in sehr kleinen Mikroporen Zugang finden.”
Adsorptionsprozesse sind stark abhidngig von Temperatur und Druck und werden deshalb unter
isothermen Bedingungen am Siedepunkt des Adsorptivs durchgefiihrt (Na: 77 K; Ar: 87 K). Dies hat

den Vorteil, dass bei Normaldruck unterhalb des Sattigungsdampfdruck des Adsorptivs gemessen
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werden kann. Eine Einteilung der Isothermen in verschiedene Typen erfolgt dabei auf Grundlage der
Empfehlungen der [UPAC, welche 1985 verdffentlicht und 2015 aktualisiert wurde 34!

Es wird insgesamt zwischen sechs Isothermentypen unterschieden, wobei insbesondere strukturelle
Eigenschaften wie die Porengroflie Einfluss auf die Isothermenform nehmen (Abb. 9). Fiir
Porengrofien wurden deshalb die Begriffe Mikroporen (<2nm), Mesoporen (2-50nm) und
Makroporen (>50 nm) eingefiihrt*'

Reversible Typ I-Isothermen sind insbesondere bei mikropordsen Materialen zu beobachten.
Kennzeichnend fiir Typ I-Isothermen ist ein steiler Anstieg der Adsorption, welcher bereits bei sehr
geringen Partialdriicken (p/po) erfolgt und durch starke Wechselwirkung zwischen Adsorbens und
Adsorptivaufgrund der kleineren Porendurchmesser zu erklaren ist. Dabei wird die Gasaufnahme von
dem zuginglichen Porenvolumen und nicht von der zuginglichen inneren Oberfliche beschrankt.
Typ I(a)-Isothermen sind in der Regel Materialien mit Porendurchmessern <1nm zuzuordnen,
wiahrend Typ I(b)-Isothermen Materialien mit Porendurchmessern zwischen 1-2,5nm zu
beobachtet sind.*"

Typ II- und Typ IlI-Isothermen hingegen sind charakteristisch fiir nicht-porése oder makropordse
Feststoffe. In Typ II-Isothermen lagert sich zunidchst das Adsorptiv in einer Monolage an der
Oberfliche des Adsorbens an, welche bei weiterer Erhohung des Partialdrucks zu Multischichten
erweitert wird, was anschlieflend bei hohen Partialdriicken zur Kondensation innerhalb der Poren
fihrt. Typ IIl-Isothermen weisen im Gegensatz zu Typ II-Isothermen keine
Monoschichtenadsorption, sondern deutlich schwichere Adsorbens-Adsorbat-Wechselwirkungen
auf, was sich in einer Multilagenadsorption mit endlicher Gasaufnahme bei Séttigungsdruck p/po=1
zeigt.

Typ IV-Isothermen lassen sich mesopordsen Adsorbentien zuordnen und zeichnen sich durch einen
zweistufigen Adsorptionsprozess aus, bei dem die Gasaufnahme zunichst tiber Mono- und
Multischichtenadsorption geschieht und weiter iiber Kapillarkondensation bei hoheren
Partialdriicken erfolgt. Im Gegensatz zu Typ II-Isothermen erreicht die Gasaufnahme in Typ IV-
Isothermen jedoch bei vollstindiger Porenfiillung ein Plateau. Bei den zuvor behandelten
Isothermentypen (I-III) lagen Adsorptions- und Desorptionsisotherme genau iibereinander, was

bedeutet, dass der Adsorptionsprozess ungehindert reversibel ist. Sollte die Desorptionsisotherme
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oberhalb der Adsorptionsisotherme verlaufen, so spricht man von einer Hysterese. Das Auftreten einer
Hysterese bei Typ IV(a)-Isothermen ist das Unterscheidungsmerkmal zu reversiblen Typ IV(b)-
Isothermen. Diese Hysterese kann in Abhéngigkeit des Adsorptivs und der Temperatur, bei
Materialien mit Porendurchmessern >4 nm beobachtet werden.

Typ V-Isothermen zeigen, wie auch Typ III-Isothermen, vergleichsweise schwache Adsorbens-
Adsorbat-Wechselwirkungen, gefolgt von einem steilen Anstieg der Gasaufnahme bei hoheren
Partialdriicken, was durch Clusterbildung zu erklaren ist. Die anschlieflende Porenfiillung wird durch
ein Plateau bei hohem Partialdruck aufgezeigt.

Abschlieflend zeigen Typ VI-Isothermen charakteristische Adsorptionsstufen, die Schicht fiir Schicht

aufeinander folgen und bei nicht-pordsen Materialien zu beobachten sind.*!

I(a) 1(b)

‘\
}
Ht

Amount adsorbed —————

Relative pressure ——— m—
Abb. 9. Die verschiedenen Isothermentypen nach IUPAC Klassifizierung. Nachdruck mit Genehmigung von

Referenz 81. Copyright 2015 De Gruyter, IUPAC.

Die Bestimmung der spezifischen inneren Oberfliche eines pordsen Materials ist fiir dessen
Charakterisierung von zentraler Bedeutung. Hierbei konnte sich die nach den Erfindern Brunauer,
Emmett und Teller benannte BET-Methode bei der Bestimmung von Oberflichen in nicht-pordsen,
mikro- oder mesoporosen Feststoffen, mithilfe entsprechender Gassorptionsisothermen, etablieren.
Die BET-Methode kann als eine Weiterentwicklung des Langmuir-Modells angesehen werden, da hier

im Gegensatz zum Vorgingermodell nicht nur Monolagenadsorption, sondern auch

28



Multilagenadsorption beriicksichtigt wird (Abb. 10).3*#* Ein weiterer wichtiger Unterschied der beiden

Modelle ist die Starke der angenommenen Wechselwirkungen. Wahrend das Langmuir-Modell von

starken Adsorbens-Adsorbat-Wechselwirkungen im Bereich von Chemisorption ausgeht, basiert das

BET-Modell auf den deutlich schwicheren Van-der-Waals-Wechselwirkungen und ist damit der

Physisorption zuzuordnen. Zudem basiert die BET-Theorie auf folgenden Annahmen:

L. Es liegt eine homogene Oberfliche vor bei der alle Adsorptionsplitze energetisch gleichwertig
sind.

2. Die Adsorptionsenthalpie (AH.) zwischen Adsorbens und Adsorbat kann nur aus den
Wechselwirkungen der ersten Adsorptionsschicht bestimmt werden.

3. Jedes einzelne Adsorbatmolekiil der ersten Schicht kann als weitere Adsorptionsstelle fiir
Gasmolekiile weiterer Schichten dienen, was zur Ausbildung von Multilagen fiihrt.

4, Wechselwirkungen treten nur bei Adsorbatmolekiilen benachbarter Schichten auf, wobei die
Adsorptionsenthalpie der zweiten und allen hoheren Schichten der Kondensationsenthalpie
(AHiong) des Adsorptivs entspricht und die oberste Schicht im Gleichgewicht mit der Gasphase

steht.

Beginn der Porenfillung

[::Z - Adsorption

Mikro- Mesopore

vollstandige Porenflllung

Abb. 10: Schematische Darstellung der Porenfiillung eines mikro- und mesopordsen Adsorbens mit
Adsorptivmolekiilen. Erste Schicht (dunkelgrau), zweite Schicht (hellgrau) und hoherlagige Schichten
(weif3).
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Bei der Darstellung der Sorptionsisotherm wird typischerweise die adsorbierte Stoffmenge gegen den
Relativdruck aufgetragen. Die Berechnung der spezifischen Oberflichen eines Feststoffs unter
Anwendung der BET-Methode erfolgt dann durch die Linearisierung der BET-Gleichung. Dabei wird
diespezifischen Monolagenkapazitit n. mit der spezifischen Aufnahmekapazitit nin Zusammenhang
gebracht, welche vom Relativdruck p/p, abhéngig ist. Die BET-Konstante Cist dabei ein exponentiell
von der Energie der Monolagenadsorption abhéngiger Parameter und damit ein Maf3 fiir die

Adsorbens-Adsorbat-Wechselwirkung. Cliegt typischerweise bei Werten zwischen 2 und 150.

€ (2)
(1-@)@-2+e(®))

Nach Umformung der BET-Gleichung zu f(x) = mx + b:

n =

1 C—1(p> 1
= )+ —
m _ nmC Po nmC
(6)-1)

Aus der Steigung (m = C-1/n,C)) und dem Ordinatenabschnitt (b = 1/n,C)) lasst sich nach weiterer

Umformung n,, wie folgt berechnen:

1
m+b

Nm
In der Auftragung von 1/[n(pw/p)-1] gegen p/ps, welche auch als BET-Plot bezeichnet wird, kénnen fiir
Typ II und Typ IV-Isothermen mit N, als Adsorptiv, Adsorptionspunkte mit linearer Steigung,
typischerweise im Bereich von 0,05-0,30 p/po ausgewdhlt werden und weiter die spezifische
Monolagenkapazitit n,, bestimmt werden. Fiir mikropordse Materialien ist der lineare Bereich hin zu
niedrigeren Partialdriicken verschoben®
Um abschlieflend die spezifische BET-Oberflache Sger eines Adsorbens bestimmen zu konnen, miissen
neben der Monolagenkapazitit n,, weitere Konstanten wie die Querschnittsfliche o, des Adsorbats,

die Avogadro-Konstante N und das Gewicht des Adsorbens m, beriicksichtigt werden.

S _ Nm NA Om
BET —

ma
Bei Anwendung der BET-Theorie auf mikropordse Materialien mit Typ I-Isothermen bzw.
Isothermen, die sowohl Merkmale von Typ I und Typ II oder Typ I und Typ IV aufweisen, ist

besondere Achtsamkeit geboten, da hier Mono- und Multilagenadsorption und Mikroporenfiillung
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nicht eindeutig voneinander abgegrenzt werden konnen und es mehrere lineare Bereiche im BET-Plot
geben kann** Aufgrund dieser Schwierigkeit fiihrte Rouquerol drei objektive Auswahlkriterien fiir die
BET-Methode ein, die bei der Bestimmung der auf die Monolagenkapazitit zuriickzufithrenden
Adsorptionspunkte angewendet werden sollten. Die Auftragung von n(1-pe/p) gegen p/ps, dem

sogenannten Rouquerol-Plot, dient dabei zur Uberpriifung der folgenden Kriterien:*

1. Die BET-Konstante C muss positiv sein.
2. Der Auswahlbereich sollte so gewdhlt werden, dass der Term n(1-p/py) mit zunehmendem
p/pokontinuierlich steigt.

3. Der Wert fiir p/ps, welcher der Monolagenkapazitit n. zugeordnet wurde, sollte im BET-

Bereich liegen.

Da mikropordse Materialien einige der einleitend genannten Annahmen zur BET-Theorie nicht
erfiillen, ist der absolute Wert der BET-Oberfldche vielmehr von qualitativer als quantitativer Natur.
Deshalb lautet die Empfehlung der IUPAC, BET-Oberflichenangaben fiir mikropordse Materialien
als ,,Fingerabdruck™ dieser Adsorbentien zu betrachten, welcher nur fiir den Vergleich mit anderen
mikropordsen Materialien genutzten werden sollte. Dennoch zeigte sich durch den Vergleich mit
theoretischen Berechnungen von Oberflichen mikroporéser MOFs eine gute Anwendbarkeit dieser
Methodik.*

Weiter kann mittels Gassorption das totale Porenvolumen V, von Adsorbentien, deren
Porengroflenverteilung im Bereich von Mikro- oder Mesoporen liegt und deren
Adsorptionsisotherme in einem Plateau endet (Typ I, IV und V), ermittelt werden (Abb. 11).35#* Unter
der grundlegenden Annahme, dass das Adsorpt kurz vor der Séttigung (p/po=0,98) als fliissiges
Kondensat ps entsprechend der Gurvich-Regel vorliegt, kann V,, iiber das molare Volumen V., das

adsorbierte Gasvolumen V.. und der Molaren Masse wie folgt berechnet werden:***

Vads M

Vp,Gurvich = W p_fl

Jedoch sind die Isothermenplateaus, insbesondere von Typ I-Isothermen, nicht vollkommen
horizontal, was eine Anwendung der Gurvich-Regel zur Bestimmung des Mikroporenvolumens
erschwert. Deshalb wird héufig ein makroskopisches Verfahren durchgefiihrt, bei dem ein Vergleich

zu einem nicht-porésen Referenzmaterial mit chemisch dhnlicher Oberflichenstruktur
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vorgenommen wird und auf den die BET-Methode anwendbar ist. Als ,,t-Plot“ bezeichnet man die
Auftragung des adsorbierten Stickstoffs gegen die statistische Dicke t einer adsorbierten Schicht auf
einem nicht-porosen Referenzmaterial bei entsprechendem Druck. Der Schnittpunkt der Geraden mit
der Ordinate gibt dabei das zugiangliche Mikroporenvolumen des Adsorbens an% Allerdings konnte
Galarneau et al. in einer Vergleichsstudie zeigen, dass die Schichtdicke tin mikroporésen Materialien
mit Porendurchmessern < 10 o (wobei 0 dem Durchmesser des Adsorbats entspricht) nicht nur vom
Relativdruck p/pe, sondern auch durch die starkere Kriimmung der Oberfldche und somit auch von
dem Porendurchmesser abhingig ist. Dieser intrinsische Fehler innerhalb der t-Plot Methode fiihrt
dazu, dass Werte fiir Mikroporenvolumina bei Adsorbentien mit entsprechend kleinen Porengréfien

systematisch zu niedrig bestimmt werden.”
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Abb. 11: Schematische Darstellung der unterschiedlichen Phasen bei der Porenfiillung: unbesetzte Oberfliche
(I), vereinzelte Adsorption (II), Bildung einer Monolage (III), Kapillarkondensation (IV) und vollstindige
Porenfiillung (V). Pfeile und rote Punkte ordnen die Phasen dem jeweils entsprechenden Bereich der
Sorptionsisotherme zu. B, feste Masse; V, Dampf; L, Fliissigkeit; W, Porenwand; M, Miniskus. Datenpunkte der
Isotherme stammen von einem mesopordsen Silicagel. Nachdruck mit Genehmigung von Referenz 85.

Copyright 2018 American Physical Society.

Alternativ ist es auch moglich das Mikroporenvolumen mittels Molekularsimulationen zu berechnen.
Hierzu werden Modelle, basierend auf nicht-lokaler Dichte-Funktional-Theorie (NLDFT) oder Grand
canonical Monte Carlo (GCMC) Simulationen eingesetzt, um Aussagen iiber das Verhalten von

Adsorbat-Kondensat innerhalb der Poren treffen zu konnen. Fiir Standardadsorbentien wie Zeolithe,

32



Silicagele oder Aktivkohlen wurden deshalb entsprechende Modelle fiir beispielsweise
zylinderformige, schlitzformige oder sphirische Poren entwickelt, um unterschiedliche Oberflichen
und Porenstrukturen berticksichtigen zu konnen. Da MOFs jedoch in ihren spezifischen Strukturen
und Oberflicheneigenschaften zum Teil stark von den zuvor genannten Standardmaterialien

abweichen, ist eine Ubertragung der vorhandenen Modelle nur begrenzt anwendbar.*

1.3  Adsorptionsbasierte Gastrennung

Die Trennung von Mischungen ist eine der bedeutendsten Prozesse in der chemischen Industrie,
welche mit schitzungsweise 10 — 15 % des weltweiten Energieverbrauchs in Zusammenhang steht.”"
Darunter sind als relevante industrielle Gastrennprozesse das Erfassen von CO,-Emissionen (CO,/Luft
oder CO./H,), die Erdgasaufbereitung (CO/CH,, N»/CH,, H.S/CH.), die Sauerstoffaufreinigung
(O2/Ny) oder die Auftrennung von Edelgasen und die Trennung von leichten Kohlenwasserstoffen
(Olefine/Paraffine oder lineare Isomere/verzweigte Isomere) zu nennen. Die soeben genannten
Trennprozesse sind aufgrund von dhnlichen Molekiilgréfien oder physikalischen EFigenschaften oft
schwierig und bediirfen energieintensiver Verfahren’> In Abb. 12 sind Fortschritte der

adsorptionsbasierten Gastrennung der letzten Jahrzehnte in Bezug auf MOFs dargestellt.

Durchbruch fir
Gemischt-Matrix- || gntfernung von | MOFs fir CH,/C,H,
Membranen Sulfiden Trennung Langzeitstabilitat von

1 MFM-300 gegenliber
MOFs mit hohen | HKUST-1:CO,/CH, Xe/Kr Gastrennung | TSA, PSA | VSA korrosiven Gasen

Oberflachen selektive Adsorption 1
Pure MOF Membran
ZIFs | | (MOF-5)

1
CAU-10, | Fluorinierte
MIL-160 | MOFs

MILa3 || | MOEIS, Uio-66 Durchbruch in der
MIL—100/101I NO, Adsorption
Kontrolle der PorengroRe | Durchbruch in der Durchbruch in der
(IRMOF-1 bis 16) CO, Adsorption SO, Adsorption

Durchbruch in der
Dampfsorption

Abb. 12: Meilensteine der MOF-Forschung in Bezug auf Anwendungen fiir die adsorptionsbasierte

Gastrennung.
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Nachfolgend werden zunéchst einige grundlegende Begrifflichkeiten in Bezug auf adsorptionsbasierte
Trennverfahren erliutert.

Die Adsorptionskapazitit oder auch Beladung, bezeichnet die quantitative Angabe der gewichts- bzw.
volumenspezifischen Gasaufnahme eines Adsorbens und ist stark abhingig von Parametern wie
Temperatur und Druck. Es kann zwischen verschiedenen Adsorptionskapazititen differenziert
werden. Die statische Gleichgewichtskapazitit entspricht der Gasaufnahme eines unverbrauchten
Adsorbens im equilibrierten Zustand mit der Gasphase bei konstanten Bedingungen (Temperatur und
Druck). Die dynamische Gleichgewichtskapazititbeschreibt die Adsorptionskapazitit eines Adsorbat-
Bettes, welches von einem Adsorptiv mit konstanter Geschwindigkeit durchstromt wird und liegt
typischerweise bei Werten zwischen 5070 % der statischen Beladung. Die fiir die Anwendung
relevante nutzbare Kapazitit berticksichtigt weiter, dass das Adsorbat-Bett niemals bis zur
vollstandigen Sattigung beladen wird und kann nach Bedarf angepasst werden.”?

Die Adsorptionsenthalpie ist ein Parameter zur Bestimmung der Affinitdt, also der Stdrke der
Wechselwirkungen zwischen Adsorbens und Adsorptiv. Demzufolge ist die Adsorptionsenthalpie
eine wichtige Grofle bei der Bestimmung der Adsorptionsselektivitit und dem Energieaufwand, der
fiir die Desorption des Gasmolekiils bendtigt wird. Die Adsorptionsenthalpie AH.4 entspricht der
negativen Adsorptionswéarme (Q) und ist abhidngig von der adsorbierten Menge n eines Adsorptivs.
Auf Basis von mindestens zwei Adsorptionsisothermen des gleichen Adsorptivs, gemessen bei
unterschiedlichen Temperaturen (AT < 20 K), kann AH.qs mittels der Clausius-Clapeyron Gleichung
bestimmt werden. Hierzu werden aus den Isothermen Datenpaare des Drucks p und der Beladung n
evaluiert, welche bei den jeweiligen Temperaturen die gleiche Beladung aufweisen. Dieser Ansatz wird

deshalb auch als ,isosterische® Methode bezeichnet*

AH,ys(n) = =R - In (@)
P1

Tl'TZ
(T2-T1)

Rentspricht dabei der idealen Gaskonstante.

Eine ebenfalls weit verbreitete Methode fiir die Bestimmung von Adsorptionsenthalpien ist die Virial-
Analyse, welche sich insbesondere fiir stark polarisierbare Molekiile wie CO, und SO, eignet.*>*° Fiir
die Berechnung der isosterischen Enthalpien werden die Aufnahmewerte zweier

Adsorptionsisothermen mit einem Polynom global gefittet
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1 m m
Inp=Inn+ ?Z an' + Z b;n'
i=0 i=0

und die zugehorigen differentiellen isosterischen Enthalpien berechnet:"”

m
AHgas(n) = R ) arn'

=0

Da adsorbierte Teilchen untereinander wechselwirken konnen, verandert sich die
Adsorptionsenthalpie mit dem Bedeckungsgrad der Oberfliche. Deshalb wird die
Adsorptionsenthalpie in der Literatur oft als einzelner Wertbei niedriger Beladung AHZ ;s (mit ngegen
0) angegeben. Dabei muss jedoch darauf geachtet werden, dass geniigend Adsorptionspunkte bei
entsprechend niedrigem Druck gemessen wurden, um Aussagen zu den Adsorptionsenergien, der
ersten Molekiile an bevorzugten Bindungsstellen, treffen zu kénnen.”

Die Adsorptionsselektivitit beschreibt das Adsorptionsverhalten eines Adsorbens in
Mehrkomponenten-systemen. Hierbei konkurrieren die vorliegenden Komponenten um die
begrenzte Anzahl an Adsorptionsstellen an der Adsorbat-Oberfldche, weshalb es bei Trennprozessen
von Vorteil ist, wenn eine Komponente bevorzugt adsorbiert wird. Die Selektivitit S einer

Komponente 1 iiber eine Komponente 2 ist nach der folgenden Gleichung definiert:

Wobei yider Molfraktion der Komponente iin der gesamten Gasmischung und x; der Molfraktion der
Komponente iin der adsorbierten Gasmischung entspricht. Dabei sind y; und y,bekannt, wéhrend x;
und x, durch Multigas-Adsorptionsexperimente bestimmt werden kénnen®® Als Alternative zu
aufwendigen Multigas-Adsorptionsexperimenten werden jedoch hdufig auch Einzelgas-
Adsorptionsisothermen der zu trennenden Komponenten verwendet, um die Selektivitit eines
Adsorbens zu bestimmen. Nach Durchfithrung von Einzelgasadsorptionsexperimenten ist die
partialdruckabhingige Beladung beider Komponenten bekannt, wodurch im Folgenden eine
Vorhersage tiber das Adsorptionsverhalten einer Gasmischung dieser Komponenten getroffen werden
kann. Die von Myers und Prausnitz begriindete ideal adsorbed solution theory (IAST) ist, auch iiber
50 Jahre nach ihrer Einfithrung, die weitverbreitetste Methode zur Abschdtzung von Selektivitéiten in

Studien zu Multikomponentengasadsorption.*”’
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Dabei wurde die Theorie hauptsachlich auf Basis der drei folgenden Annahmen entwickelt:

1. Adsorbatmolekiile einer Mischung haben den gleichen Zugang zur Oberfliche des Adsorbens.

2. Das Adsorbens ist homogen.

3. Die adsorbierte Phase ist eine ideale Losung, in der Interaktionen zwischen Molekiilen gleich stark

sind.

Schwichen von IAST zeigen sich jedoch bei der Anwendung mit polaren Adsorptiven oder wenn eine
Komponente bedeutend stérker als die andere Komponente adsorbiert wird.'® IAST-Selektivititen
eignen sich deshalb vorwiegend fiir den qualitativen Vergleich und bieten damit bei der Erforschung
der Selektivitit erste Indizien fiir das Trennvermdgen von Adsorbentien, denen jedoch experimentelle
Messungen wie die der statisches Multigas-Adsorption, dynamischer Durchbruchskurven oder

Molekularsimulationen von Multikomponenten-Gasmischungen folgen sollten.”

14 Rauchgasentschwefelung

Im nachfolgenden Kapitel wird zundchst der Kontext der Atmosphérenchemie von SO, und der damit
verbundenen Relevanz der Rauchgasentschwefelung (engl. flue gas desulfurization, FGD) erortert.
Anschlieflend werden die derzeitig eingesetzten Techniken und Methoden zu FGD-Prozessen dem
Verfahren der adsorptionsbasierten Rauchgasentschwefelung gegeniibergestellt. Weiter wird der
aktuelle Stand der wissenschaftlichen Forschung in Bezug auf selektive Gassorption von SO, in MOFs
wiedergegeben.

Die Verbrennung von fossilen Rohstoffen wie Kohle, Erdol oder Erdgas steht trotz des Ausbaus
erneuerbarer Energien auch noch in naher Zukunft im Mittelpunkt der Energieerzeugung und wird
von einem stetig steigenden globalen Energieverbrauch gestiitzt. Die dabei entstehenden Abgase wie
beispielsweise CO,, SOx und NO, kénnen schwerwiegende Folgen fiir Klima, Umwelt und die
Gesundheit des Menschen auslosen. ' Typische Brennstoffe zur Energiegewinnung wie Kohle oder
Erdol enthalten zwischen 0,5-5wt% Schwefel, welches wéihrend des Verbrennungsprozesses oxidiert
wird.'”?

Ss+80, > 8S0,

850,+ 40, = 850,
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Vor allem in urbanen Regionen werden durch die stindige Smogbelastung insbesondere Menschen
mit Herz- oder Lungenkrankheiten gefdhrdet, was sich in einer erhohten Wahrscheinlichkeit auf
vorzeitige Todesfille widerspiegelt.* Smog verschlechtert allerdings nicht nur die Luftqualitit,
sondern kann in der Atmosphére auch zu troposphérischem Ozon (Os) oder saurem Regen'®
reagieren. Dartiber hinaus tragen SO,-Emissionen durch Umwandlung in Sulfat-Ionen (SO,*) auch
zur Bildung von Feinstaub (Partikel mit einem Durchmesser < 2,5 um) bei (Abb. 13).'%

S§0, + OH - HSO3

HSO3 + 0, - SO; + HO,
S05 + H,0 - H,S0,
H,S0,+ 2NH; —» (NH,),S0,

Die bei der Verbrennung von Kohle entstehenden Rauchgase weisen neben den Hauptbestandteilen
N, und CO,, abhéngig von der Art des Verbrennungsprozesses, typische zwischen 500 — 3000 ppm
SO, Trotz effizienter Reinigungsmethoden summierten sich die anthropogenen SO,-Emissionen
im Jahr 2018 auf 63 Mt, wovon 27 Mt auf die Verbrennung von Kohle zuriickgefiihrt werden
konnen.'%

XS0, Particles in Lower Stratosphere Grow by Coagulation and
'l Smhmurszmmum!VmRmﬂml
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Abb. 13: Quellen und Senken von atmosphérischen Schwefelverbindungen. Nachdruck mit Genehmigung von
Referenz 109. Copyright 1972 American Association for the Advancement of Science.

Wihrend der letzten Jahrzehnte konnte das Bewusstsein fiir die schddliche Wirkung der
Luftverschmutzung innerhalb der Politik und der Gesellschaft signifikant gesteigert werden.''” Daraus

folgend wurden Uberwachungsmechanismen und Regulatoren fiir die Emission von Abgasen, die
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insbesondere fiir den Energie-, Industrie- und Transportsektor eingefithrt, welche mit der Zeit
stufenweise weiter verschdarft wurden. Die internationale Seeschifffahrtsorganisation beschloss
beispielsweise mit dem MARPOL-Ubereinkommen (Kurzform engl. ,,International Convention for
the Prevention of Pollution from Ships®) neue Regelungen fiir Verschmutzungsgrenzwerte fiir den
Schiftverkehr. Dabei regelt die Anlage VI die Anforderungen an Abgaswerte, worunter auch SO»-
Emissionen fallen. Zuldssige SO,-Emissionen sind dadurch ab dem Jahr 2020 weltweit, auf 0,5 %
begrenzt wobei es den Schiffsbetreibern iiberlassen bleibt, ob sie zum Erreichen der Vorgaben
Treibstoff mit entsprechend niedrigerem Schwefelgehalt oder Rauchgas-Reinigungssysteme
verwenden.'!!

Die Forschung an neuen Methoden zur Emissionskontrolle mit flexiblen, effizienten und
kostengiinstigen Einsatzmoglichkeiten, wird mit hohem Interesse verfolgt und durch zahlreiche
Investitionen unterstiitzt."'> Denn neben den primdren Auswirkungen von SO, Emissionen gibt es
sekunddre Auswirkungen, die keinesfalls vernachldssigt werden sollten. So kénnen bereits Spuren von
SO, in Abgasen Adsorbentien fiir CO, oder Katalysatoren zur selektiven Reduktion von NOy
inaktivieren und damit die Effizienz essenzieller Schritte innerhalb der Rauchgasreinigung
verringern.' 34113

Es gibt vielfiltige Methoden, die zu einer Verringerung von SO, Emissionen fiihren und dabei
unterschiedliche Vor- und Nachteile mit sich bringen, so dass die Wahl der Methode oft von dufleren
Faktoren wie z.B. Platzbedarf, Zugang zu Ressourcen etc. abhdngig ist.'” Eine Mdglichkeit SO»-
Emissionen zu reduzieren besteht darin, fossile Rohstoffe vor Ihrer Verbrennung von schwefelhaltigen
Bestandteilen zu befreien."® Dies ist jedoch mit erheblichen Kosten innerhalb des Raffinerieprozesses
verbunden oder kann beispielsweise bei der Kohlenwische die Brenneigenschaften verandern.

Bei den Techniken der Abgasreinigung ist die Rauchgasentschwefelung durch ihre Vielfiltigkeit, hohe
Effizienz und vergleichsweise geringen Kosten die am weitesten verbreitete Methode (Abb. 14). Die
breite Auswahlmaglichkeit an zugénglichen Sorbenzien ermoglicht die Anpassung an spezifisch
vorherrschende Bedingungen, wodurch die Effizienz der Rauchgasreinigung weiter gesteigert werden
kann.""” Zwei weitere Unterteilungen, auf die im folgenden Text noch weiter eingegangen wird, sind
die Unterscheidung zwischen der ,,feuchten und der ,trockenen Rauchgasentschwefelung sowie

zwischen einmalig nutzbaren- und regenerierbaren Adsorbentien.
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Bei der ,feuchten® Rauchgasentschwefelung werden wissrige Losungen von Loschkalk (Ca(OH),)
oder Kalkstein (CaCOs) als typische Absorbenzien eingesetzt. Bei diesen einmalig nutzbaren
Adsorbentien wird SO, irreversibel gebunden und reagiert entsprechend der nachfolgenden
Reaktionsgleichungen. Das dadurch gewonnene Calciumsulfit kann zu Gips umgesetzt werden,

welches Finsatz in der Bauindustrie findet.''*!*

LOSCh.ka]k. Ca(OH)Z + 502 s Ca503 + H20
Kalksteln CaC03 + 502 - CaSO3 + COZ
Calciumsulfit: CaSOs +20, +2H,0 — CaS0, - 2(H,0)

Die ,.feuchte” Rauchgasentschwefelung erreicht, im Vergleich zur ,trockenen® Variante, eine hohere
Effizienz von bis zu 99 %. Allerdings ist diese Methode auch mit hoheren Kapital-, Operations- und
Handhabungskosten verbunden, da sie mit einem aufwendigeren Aufbau, einem hohen

Wasserverbrauch und der Entsorgung von Abwissern verbunden ist.'®*'2°

Flue gas to stack

Wet limestone scrubbing
CaC0,+50,+0.5H,0—CaS0,-0.5H,0+CO,
2CaS0;-0.5H,0+3H,0+0,—2CaS0,-2H,0

Electrostatic
precipitator -
-

i

’\ ( \ e m— ,; I :T:

: <5 F P =S : * Limestone

% & Reaction tank « Water

\ HE

Raw flue gas : To by-product system ' Z"'da“"“
* Air

Abb. 14: Schematische Darstellung der Rauchgasentschwefelung mittels feuchter Kalksteinwdsche. Nachdruck

mit Genehmigung von Referenz 121. Copyright 2019 Springer Nature.

Alternativ konnen regenerierbare Adsorbentien eingesetzt werden, um SO, aus Rauchgasen
einzufangen. Das Einbinden einer Regenerationseinheit ist zwar, unabhéngig von der FGD-Methode,
mit héheren Kapitalkosten verbunden, bietet aber dennoch einige Vorziige."” Zum einen kann das so
gewonnene SO, im Nachgang konzentriert desorbiert und zu hochwertigeren Produkten wie
elementarem Schwefel (Claus-Prozess)'** oder Schwefelsiure (Doppel-Kontaktverfahren)*

umgesetzt werden. Zum anderen kann die Menge an Abfallprodukten reduziert werden. Gleichzeitig
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fihrt die Wiederverwendbarkeit der Adsorbentien zu geringeren Operations- und
Handhabungskosten, was diese Methode im Blick auf Nachhaltigkeit und Zukunftsaussichten
besonders attraktiv macht.'®"”

Eine der weitverbreitetsten Methoden der feuchten, regenerativen FGD ist der Wellman-Lord Prozess.
Hierbei reagiert SO, mit einer wiéssrigen Losung Natriumsulfit zu Natriumhydrogensulfit, welches
durch Erhitzen zu einem Grofiteil wieder in Natriumsulfit umgewandelt werden kann."**

Im Linde-Solinox-Prozess wird SO, aus Rauchgasen, nach dem Prinzip der physikalischen Gaswische,
in einem organischen Losungsmittel mit geringem Wassergehalt gelost."*> Dies bietet den Vorteil, dass
SO, in der Losung schwach gebunden ist und damit leicht regeneriert werden kann. Auflerdem
konnen bei diesem Prozess auch bei schwankenden Eingangskonzentrationen stabile
Ausgangskonzentrationen erreicht werden.'*

Als weitere Verfahren der gipsfreien Rauchgasentschwefelung sind die feuchte Magnesiumoxid-
Methode oder der wissrige Ammoniak-Prozess zu nennen, welche jeweils nach den folgenden

117,127

Reaktionsgleichungen ablaufen:

Magnesiumoxid-Methode: Mg(OH), + SO, + 5H,0 - MgSO05 - 6H,0

2MgS03; + 0, —» 2MgSO0,
Ammoniak-Prozess: 2(NH,)OH + S0, —» (NH,),S0; + H,0

2(NH,),S03 + 0, > 2(NH,),S0,
Die ,trockene“ Rauchgasentschwefelung verbindet hingegen Vorteile wie eine leichtere
Handhabbarkeit der festen Produkte sowie einen niedrigeren Energie- und Wasserverbrauch.'
Bei der Rauchgasentschwefelung mittels Spriihtrocknung wird eine wissrige Suspension eines
Absorbers wie beispielsweise Loschkalk in einer Kolonne mittels Rotationszerstdubers zu einem feinen
Nebel verspriiht. Dieser Adsorbat-Nebel reagiert unter Kontakt mit heiflem Rauchgas nach dem
Prinzip der Loschkalk-Wische, wobei Wasser verdampft und das Nebenprodukt direkt als festes
Pulver erhalten werden kann.'®""”
Als Alternative zu den bereits vorgestellten Methoden der Rauchgasentschwefelung konzentriert sich
diese Arbeit auf die adsorptionsbasierte regenerative SO,-Sorption. Geldufige Methoden zur

Validierung von Adsorbentien im Labormaf3stab beruhen dabei in der Regel auf dynamischen
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(Durchbruchsexperimente) oder statischen (volumetrische oder gravimetrische) Gassorptions-
messungen.

Durchbruchsexperimente erfassen die dynamische Adsorption einer Gasmischung bei
Durchstrémung eines Adsorberbettes. Die charakteristische Adsorptionsdynamik eines Adsorbers
lisst sich anhand von zeitlich aufgelosten Beladungsprofilen festhalten, wobei die
Austrittskonzentration hinter der Schiittung in der Regel mittels Massenspektrometrie detektiert wird.
Unter idealen Stromungsverhéltnissen mit einer homologen Schiittung und konstantem Gasstrom
lasst sich zudem der Massentransferkoeffizient bestimmen.'*® Durchbruchsexperimente bieten damit
den Vorteil, neben thermodynamischen auch kinetische Informationen zu liefern. Mit bereits zuvor
eingdngig beschriebenen statischen Adsorptionsmessungen wird hingegen primér die
Thermodynamik von Adsorptionsgleichgewichten untersucht.

Ideale Adsorbentien verfligen deshalb {iber eine hohe Gasaufnahmekapazitit, wodurch die
Anwendungsintervalle verlingert werden konnen bevor eine Sittigung erreicht wird und in die
Regenerationsphase gewechselt werden muss. Gleichzeitig muss ein effektives Adsorbens eine hohe
Affinitét gegeniiber SO, aufweisen, um selektiv gegeniiber konkurrierenden Gasen wie N, und CO, zu
sein, da diese Gase in typischen Rauchgasmischungen einen vielfach hoheren Anteil darstellen
(N2~ 84,9%; CO,~15%;SO,< 0,1 %).!* Ubertragen auf die Einzelgassorption sollten SO.-
Isothermen bevorzugt dem Typ-I entsprechen. Die damit verbundene Niedrigdruckadsorption ist
dabei oft gut vereinbar mit dem Prinzip der Druckwechsel-Adsorption (engl. pressure swing
adsorption, PSA) bei dem das Adsorbens innerhalb eines schmalen Druckbereichs energieeffizient
regeneriert werden kann'*® Adsorbentien sollten unter milden Bedingungen, ideal bei
Raumtemperatur und unter Vakuum oder mittels Stickstoffstrom, regenerierbar sein und miissen
harschen Anwendungsbedingungen wie Korrosivitit (SO,, NO,), Feuchtigkeit und erhohten
Temperaturen > 100°C {iber mehrere Hundert Arbeitszyklen widerstehen konnen. Die Synthese
dieser Adsorbentien sollte leicht skalierbar und mit kostengiinstigen und 6kologisch unbedenklichen
Edukten realisierbar sein.

Gut etablierte pordse Materialien wie Aktivkohlen, Silicagele oder Zeolithe verbinden Vorteile wie
simple und kostengiinstige Synthesewege mit einer enormen chemischen und thermischen Stabilitt.

Allerdings verfiigen diese Materialien in der Regel iiber eine geringe Adsorptionskapazitit und zeigen
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entweder eine besonders schwache (AC oder Silicagel) oder eine besonders starke Affinitét (Zeolithe)
zu SO,. Dies fithrt im ersten Fall zu einer geringen Selektivitit oder im zweiten Fall zu einer
energieintensiven Regeneration.

Der Einsatz von MOFs als Adsorbentien fiir die Rauchgasentschwefelung kénnte durch ihre
Variabilitit passgenaue Losungen fiir eine effiziente, selektive und regenerative SO,-Sorption bieten. In
diesem Zusammenhang kann ein wachsendes Interesse an Untersuchungen der
Adsorptionseigenschaften von MOFs gegeniiber chemischen Kampfstoffen oder giftigen Gasen wie
SO, NO, beobachten werden.'?!?>1331341> Eine besondere Herausforderung liegt darin, Materialien
zu finden, die bereits bei niedrigem Druck eine gute Adsorptionskapazitit und -selektivitit sowie eine
hohe Robustheit vereinen. Ein optimales Adsorbens zeichnet sich durch eine hohe
Adsorptionskapazitit bei niedrigen Partialdriicken, einer guten Adsorptionsselektivitit und einer
hohen Robustheit gegeniiber den bei der Rauchgasentschwefelung vorherrschenden Bedingungen
aus.

Insbesondere die Stabilitit gegentiiber sauren und oxidativen Gasen (SO, und NOy) ist ein wichtiger
Faktor, da die Oxidation des Metallions einen groflen Einfluss auf die Kinetik einer potenziellen
Ligandensubstitution haben kann.* Auch die Kombination aus Exposition gegeniiber korrosiven
Gasen unter feuchten Bedingungen stellt fiir die Stabilitit vieler MOF-Materialien eine Hiirde dar."*
Typischerweise enthalten Rauchgase zwischen 5 und 7 % Wasser, welches in Kombination mit SO, zur
Bildung von schwefliger Saure (H.SOs) oder Schwefelsaure (H.SO.) fithren kann."””**® Diese Sduren
konnten zu einer Protonierung der koordinierenden funktionellen Gruppe des Liganden fiihren,
wodurch die koordinative Metall-Ligand-Bindung gespalten und das Netzwerk zersetzt bzw.
destabilisiert werden wiirde."*

Erste Arbeiten beziiglich der SO, Sorption in MOFs wurden im Jahr 2010 von Liu et al. zu FMOF-2
und von Behrooz et al. zu verschiedenen Berliner-Blau-Analoga veréffentlicht und gaben damit den
Anstof3 fiir weitere Untersuchungen von MOFs als Adsorbens fiir SO,.'**'*! Schréder et al. konnten in
umfangreichen Studien zu der von ihnen eingefithrten MOF-Reihe, der Manchester-Framework-
Materials (MEM), durchfiihren ,in denen diese hinsichtlich der potenziellen Entfernung von CO,, SO,
und NO aus Rauchgasen untersucht wurden."*>'** Dabei konnten neue Erkenntnisse beziiglich der

Geriist-Gast-Wechselwirkungen mit Bezug auf préferierte Bindungsstellen von SO, in MFM-300
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mittels Methoden der in situ-Synchrotron-Pulverdiffraktometrie und in situ-inelastischen-
Neutronenstreuung gewonnen werden.”” Weiterhin konnte die Indium-Variante MFM-300(In)
erfolgreich als Sensor fiir SO, eingesetzt werden und zeigte hierbei ein herausragendes Detektionslimit
von 75 ppb.” Das Cu-basierte MOF MFM-170 wies eine auflergewohnlich hohe SO.-Aufnahme (17,5
mmol g™ bei 25 °Cund 1 bar) auf und konnte unter Vakuum bei Raumtemperatur regeneriert werden.
Gleichzeitig war es robust gegentiber feuchter SO,-Exposition. Die unerwartet hohe Stabilitit ist durch
die strukturellen Eigenschaften von MFM-170 zu erkldren. Das Cu,(O,CR)s-Schaufelrad wird zum
einen iiber den gewinkelten Liganden 4°4""’-(Pyridin-3,5-diyl)bis([1,1 -biphenyl]-3,5-
dicarboxylsdure)) mit den benachbarten SBUs verbriickt. Gleichzeitig koordiniert das Stickstoffatom
des Pyridylrings an eine der beiden freien Koordinationsstellen des Cu-Schaufelrades, wodurch ein
untypisches (3,36)-verkniipftes txt-Netzwerk entsteht. Die zweite offene Metallstelle (OMS) kann
hingegen als Adsorptionsstelle fiir SO, fungieren.'**

Im Jahr 2014 publizierte Studien von Sun et al. und Song et al konnten Vorhersagen zu SO,-
Adsorptionseigenschaften fiir insgesamt 18 verschiedene MOFs und Zeolithe treffen. Die Grundlage
dieser Arbeiten waren Molekularsimulationen, basierend auf der DFT-Methode, welche zur
Bestimmung von simulierten Gas-Adsorptionsisothermen eingesetzt wurden. Aus diesen Isothermen
lieflen sich die potenzielle Selektivititen der Materialien in Bezug auf die Adsorption von
Rauchgasmischungen abschdtzen und Aussagen zur Korrelation des Adsorptionsverhaltens mit
verschiedenen Materialeigenschaften treffen.'*>'46

Xing et al untersuchten eine Gruppe von Netzwerken bei denen Metallionen (Cu*, Zn* oder Ni*")
mittels Stickstoffdonor-Liganden zweidimensionale Gitter ausbilden und weiter iiber Sdulen von
Hexafluorosilikat-Anionen (SiF¢") zu dreidimensionalen Quadratgittern verkniipft werden. Hierbei
zeigten insbesondere die MOFs SIFSIX-1-Cu und SIFSIX-2-Cu-i herausragende Eigenschaften in der
Niedrigdruck-SO,-Sorption.'*”

Ein dhnliches Prinzip machten sich auch Eddaoudi et al bei der Entwicklung von KAUST-7 und
KAUST-8 zu Nutze. Hierbei wurden Ni**-Ionen zunéchst mit Pyrazinliganden und anschlief}end
mittels (AlFsH,O)* oder (NbOFs)*-Oktaedern zu pordsen Netzwerken verbunden. Fiir beide
Materialien konnte in Durchbruchsexperimenten eine hohe Selektivitit bei der Adsorption von SO,

aus Rauchgasmischungen ermittelt werden. Ferner zeichneten sich sowohl KAUST-7 als auch
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KAUST-8 durch eine enorme Robustheit, auch unter feuchten Bedingungen, aus.!*® Ibarra et al
untersuchten den Einfluss von vorher-adsorbiertem Ethanol auf die Adsorptionseigenschaften von
MEM-300(Sc). Hierbei zeigte sich, dass geringe Mengen Ethanol (2,6wt%) die SO.-
Adsorptionskapazitit von MFM-300(Sc) um bis zu 40 % erhohen konnten. Allerdings wurde nach
mehreren aufeinander folgenden SO,-Ad- und -Desorptionszyklen ersichtlich, dass das Ethanol
innerhalb des Netzwerkes mit zunehmender Anzahl an Zyklen aus dem Netzwerk verdrangt wird."*
Vor kurzem konnte in weiteren Studien die exzellente chemische Stabilitét der beiden MOFs NOTT-
401 und des partiell fluorinerten MIL-101(Cr)-F4(1 %) nach bis zu 50 SO,-Sorptionszyklen dargelegt
werden.>*"!

Diese Zusammenstellung zeitgendssischer Literatur zeigt, dass MOFs ein hohes Potenzial fiir den
Einsatz als Adsorbens fiir Anwendungen der Rauchgasentschwefelung innehaben. Es bedarf jedoch
weitere Forschung, um benannte Hiirden zu {iberwinden, wobei diese Arbeit einen Beitrag zu diesem

Unterfangen geben soll.
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2 Motivation und Aufgabenstellung

SO, ist ein giftiges Gas, dessen Emissionen nicht nur Umwelt und Klima schaden, sondern auch die
menschliche Gesundheit gefihrden. Deshalb werden weltweit grofie Anstrengungen unternommen,
um anthropogene SO.-Emissionen zu minimieren. Die Methode der trockenen und regenerativen
Rauchgasentschwefelung konnte nach weiterer Forschung und Entwicklung eine zukunftsweisende
Alternative fiir die weitverbreitetsten klassischen, feuchten, absorptionsbasierte Methoden der
Abgasreinigung sein.

Ziel dieser Arbeit war es, ausgewdhlte MOFs auf Thre SO.-Sorptionseigenschaften, mit dem
Hintergrund der potenziellen Anwendung in der regenerativen Rauchgasentschwefelung, zu
untersuchen.

Die  Untersuchung der Materialien sollte grundlegend auf Basis von SO,-
Einzelgassorptionsisothermen, gemessen bei 293 K im Druckbereich zwischen 0,001 -1 bar, erfolgen.
Der Vergleich von literaturbekannten, gut untersuchten Materialien sollte es ermdglichen, spezifische
Einflussfaktoren fiir die SO,-Sorption, insbesondere im Niedrigdruckbereich, zu identifizieren, um die
Effizienz bei der Suche nach vielversprechenden Adsorbentien fiir die SO,-Sorption zu steigern. Der
Vergleich sollte auf grundlegenden Materialeigenschaften wie der zuganglichen Oberfliche und dem
Porenvolumen sowie der Porengrofle, aber auch auf dem Einfluss des Metallkations sowie
funktioneller Gruppen basieren.

Des Weiteren sollte die Stabilitit der porosen Materialien in Bezug auf Exposition gegeniiber SO,
sowohl unter trockenen als auch feuchten Bedingungen untersucht werden. Dies sollte durch
wiederholte Charakterisierung der zuvor exponierten Proben erfolgen, wodurch etwaige
Veranderungen der Kristallinitdt und der Oberfldche bestimmt werden konnen. Ferner sollten fiir die
untersuchten Materialien ,,ideal adsorbed solution theory* Selektivititen auf der Grundlage von
Einzelgasisothermen von SO, und CO; bestimmt werden, um eine erste Einschitzung fiir deren
potenzielles Trennvermdgen in der Rauchgasentschwefelung geben zu kénnen. AbschliefSend sollte
die Adsorptionsenthalpie AH.q fiir ausgewdhlte MOFs bestimmt werden, um die Bindungsenergie der
SO,--Adsorbens-Wechselwirkungen abschitzen zu konnen.

Die relevanten Ergebnisse dieser Arbeit sollten aufgearbeitet und in internationalen, wissenschaftlichen

Journalen veroffentlicht werden.
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3  Kumulativer Teil

In den nachfolgenden Kapiteln 3.1 bis 0 werden die Ergebnisse dieser Dissertation, welche in Form von
Publikationen in internationalen Journalen veréffentlicht wurden, in kumulativer Form dargestellt.
Die Publikationen werden entsprechend dem Design der Originalverdffentlichung des jeweiligen
Journals in antichronologischer Reihenfolge présentiert und verfiigen iiber ein jeweils eigenes
Abbildungs-, Tabellen- und Literaturverzeichnis. Vorgestellt zu jeder Publikation ist eine kurze
Einordnung des Kontextes fiir die hier vorliegende Dissertation, sowie die Beitrdge der beteiligten
Autoren zu finden.

Anschlieflend folgtin den Kapiteln 3.4 bis 3.5 eine Zusammenstellung weiterer Verdffentlichungen mit
Eigenanteilen und Bezug zu SO,-Sorption in MOFs. Hierzu werden jeweils eine kurze

Zusammenfassung und die Beitrage der Autoren zu der entsprechenden Publikation aufgezeigt.

3.1 Zirconium and Aluminum MOFs for Low-Pressure SO, Adsorption and Potential
Separation: Elucidating the Effect of Small Pores and NH,-Groups

Philipp Brandt, Shang-Hua Xing, Jun Liang, Giilin Kurt, Alexander Nuhnen, Oliver Weingart,

Christoph Janiak

ACS Appl. Mater. Interfaces, 2021, 24, 29137-29149

DOI: 10.1021/acsami.1c06003, Referenz [152]

Die Entwicklung von MOF-Materialien mit hoher Robustheit gegeniiber harschen Bedingungen, wie

sie bei der Anwendung der industriellen Rauchgasentschwefelung vorherrschen, stellt noch immer

eine grofie Herausforderung dar.

In dieser Arbeit wurden stabile zirkonium- und aluminiumbasierte MOFs hinsichtlich ihrer

Sorptionseigenschaften fiir die selektive Gastrennung von Schwefeldioxid (SO.) gegeniiber

Kohlendioxid (CO,) untersucht. Die bestimmten SO,/CO,-IAST-Selektivititen bei einer SO,-

Molfraktion von 0,01 und einem Druck von 1 bar lagen bei Werten zwischen 22 und 53. MOFs mit

Porengroflen im Bereich des kinetischen Durchmessers von SO, (4,1A) oder mit

aminofunktionalisierten Liganden zeigten eine erhchte Affinitit zu SO, Zusitzlich wurde die

Bestindigkeit der Materialien gegeniiber trockenem und feuchtem SO, getestet, um eine erste

Bewertung der Stabilitit der Materialien unter praxisorientierten Bedingungen treffen zu kénnen.
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Ferner wurden Dichtefunktionaltheorie Rechnungen fiir die drei reprasentativen MOFs Zr-Fum, Al-

Fum und NH,-MIL-53(Al) durchgefiihrt, um die préferierten Adsorptionsstellen zu ermitteln. Dabei

stellte sich heraus, dass bei allen drei MOFs u-OH--O=S=0 Wechselwirkungen (jeweils -51.5, -51.1

und —49.1kJmol™) zu beobachten sind. Dieses Ergebnis spiegelt die Bedeutung der p-OH-

Funktionalititen, innerhalb der SBUs dieser MOFs, bei der Adsorption von SO, wider. Dabei waren

die Energien der stirksten Bindungspositionen in guter Ubereinstimmung mit den Ergebnissen aus

experimentell bestimmten isosterischen Asdsorptionsenthalpie bei einer Beladung nahe Null (AH ;).

Anteile an der Verdffentlichung:

Idee, Konzept experimenteller Arbeiten, Analytik und Manuskript (bis auf gelistete
Ausnahmen).

Aufarbeitung der Ergebnisse, Verfassung des Manuskripts und das Erstellen der Tabellen und
der Abbildungen mit Ausnahme der MOE-Strukturen (von Herrn Dr. Jun Liang) und der
Abbildungen in Zusammenhang mit theoretischen Rechnungen (von Frau Dr. Shang-Hua
Xing und Herrn Dr. Oliver Weingart). Korrektur durch Herrn Prof. Dr. Christoph Janiak.
Synthese und Charakterisierung der Materialien mit Unterstiitzung von Frau Giilin Kurt und
Herrn Dr. Alexander Nuhnen.

Rechnungen zu Dichtefunktionaltheorie wurden von Frau Dr. Shang-Hua Xing und Herrn
Dr. Oliver Weingart durchgefiihrt.

Rechnungen zu Grand Canonical Monte Carlo Simulationen wurden von Herrn Dr. Oliver

Weingart durchgefiihrt.
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ABSTRACT: Finding new adsorbents for the desulfurization of flue gases is
a challenging task but is of current interest, as even low SO, emissions impair
the environment and health. Four Zr- and eight AIMOFs (Zr-Fum, DUT-
67(Zr), NU-1000, MOF-808, Al-Fum, MIL-53(Al), NH,-MIL-53(Al), MIL-
53(tdc)(Al), CAU-10-H, MIL-96(Al), MIL-100(Al), NH,-MIL-101(Al))
were examined toward their SO, sorption capability. Pore sizes in the range
of about 4—8 A are optimal for SO, uptake in the low-pressure range (up to
0.1 bar). Pore widths that are only slightly larger than the kinetic diameter of
4.1 A of the SO, molecules allow for multi-side-dispersive interactions, which
translate into high affinity at low pressure. Frameworks NH,-MIL-53(Al) and
NH,-MIL-101(Al) with an NH,-group at the linker tend to show enhanced
S0, affinity. Moreover, from single-gas adsorption isotherms, ideal adsorbed
solution theory (IAST) selectivities toward binary SO,/CO, gas mixtures were determined with selectivity values between 35 and 53
at a molar fraction of 0.01 SO, (10.000 ppm) and 1 bar for the frameworks Zr-Fum, MOE-808, NH,-MIL-53(Al), and Al-Fum.
Stability tests with exposure to dry SO, during <10 h and humid SO, during 5 h showed full retention of crystallinity and porosity
for Zr-Fum and DUT-67(Zr). However, NU-1000, MOF-808, Al-Fum, MIL-53(tdc), CAU-10-H, and MIL-100(Al) exhibited >50—
90% retained Brunauer—Emmett—Teller (BET)-surface area and pore volume; while NH,-MIL-100(Al) and MIL-96(Al)
demonstrated a major loss of porosity under dry SO, and MIL-53(Al) and NH,-MIL-53(Al) under humid SO,. SO, binding sites
were revealed by density functional theory (DFT) simulation calculations with adsorption energies of —40 to —50 kJ-mol™" for Zr-
Fum and Al-Fum and even above —50 kJ-mol™" for NH,-MIL-53(Al), in agreement with the isosteric heat of adsorption near zero
coverage (AHY,,). The predominant, highest binding energy noncovalent binding modes in both Zr-Fum and Al-Fum feature -
OH?*.-4~0S0 hydrogen bonding interactions. The small pores of Al-Fum allow the interaction of two #-OH bridges from opposite
pore walls with the same SO, molecule via OH**--*-080°~---**HO hydrogen bonds. For NH,-MIL-53(Al), the DFT high-energy
binding sites involve NH’*--*~OS together with the also present Al-u-OH™:-""OS hydrogen bonding interactions and Cg-
%80, NS0, interactions.

KEYWORDS: sulfur dioxide, pore size, adsorption, metal—organic framework, flue gas desulfurization

H INTRODUCTION construction industry. Yet, lime-stone scrubbing leaves up to
150—450 ppm of SO,, which can significantly reduce other flue
gas purification processes by inactivating sorbents for CO,
removal or catalysts for selective reduction of NO,.”” On the
other hand, reversible SO, adsorption could be utilized in a
much fruitful way by aiming at producing the industrially crucial
sulfuric acid, without other by-products."” Dry FGD technol-

A large fraction of the toxic gas sulfur dioxide (SO,) is emitted
into the atmosphere from industrial processes and fossil fuel
combustion.' In 2018, energy-related coal combustion was
accountable for 43% of SO, emissions worldwide.” SO,
emissions are damaging to the biosphere both through the
formation of acid rain and by contributing to air pollution issues,

5

such as particulate matter (PM) with a diameter of <2.5 gm.” ™

Typically, wet limestone scrubbing or treatment by amine- Received: April 1, 2021 i
based absorbents are used to remove SO, from flue gases. In Accepted: May 27, 2021
both cases, the absorption is usually irreversible or accompanied Published: June 11, 2021

by energy-intensive processes.” Calcium sulfite is the product of
limestone scrubbing and is oxidized to produce flue-gas-
desulfurization (FGD) gypsum, which is mainly utilized in the

@ 2021 American Chemical Society https://doi.org/10.1021/acsami.1c06003
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Figure 1. Schematic visualization of potential influencing factors for the low-pressure adsorption of SO, in porous materials.

Scheme 1. Zr- and AI-MOFs Investigated for SO, Adsorption”
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“Secondary building units (SBUs) depict the metal, carbon (gray), oxygen (red), and metal coordination polyhedra of Zr (cyan) and Al (orange)

(left column), which are connected via the organic carboxylate ligands (acid form in the middle column) to form respective MOFs (right column).

ogies are expected to become competitive if cycling-efficient Metal—organic frameworks (MOFs) represent a promising

adsorbents with quantitative SO, removal would be available to

adsorbent class due to record-holding surface areas (>7000 m’

¢ ') and uniform and designable porosity, typically in the

balance the higher capital costs for a regeneration unit."" microporous domain.'> A combination of both inorganic and
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organic building units is the reason for the high variety and
tunability of MOF materials. Owing to their high porosity,
MOFs outperform competing adsorbents, like zeolites and
activated carbons, leading to a considerable number of studies
related to various gas storage and gas separation applica-
tions,""™"" including the capture of toxic and polluting
gases.l'f'_22

Until about 8 years ago, research on §Q, adsorption of MOFs
was of specialized interest,”*® but recently has experienced a
surge of attention.”” ™ For example, MFM-300(Al) and MFM-
601(Zr) showed promising results for selective SO, adsorption
and outstanding robustness.”~** Previously, we had examined
MIL-160(Al), which exhibited an excellent ideal adsorbed
solution theory (IAST) selectivity of 128 at 293 K and 1 bar for
$0,/CO, gas mixtures (10:90 v/v).*

For the use of MOFs in the selective adsorption of SO, traces
below S00 ppm, the low pressure (p < 0.01 bar) SO, uptake is
more relevant compared to the overall capacity reached at
ambient pressure. Currently, the designed synthesis of porous
adsorbents for highly selective removal of SO, from flue gas is
still challenging and more endeavors are necessary to elucidate
the underlying principles for optimal MOF SO, adsorbents. A
model of potential factors influencing the selective SO,
adsorption of an adsorbent is visualized in Figure 1.

So far, it is still a matter of discussion as to which factors
constitute high SO, uptakes at low pressures (p < 0.01 bar).” In
this work, we elucidate small pore widths and NH,-substituents
as critical MOF parameters to achieve high quantities in low-
pressure SO, adsorption by focusing on Al- and Zr-MOFs,
which are generally regarded as rather hydrothermally
stable”*™"" Also the determination of IAST-selectivities for
§0O,/CO, gas mixtures provides a first indication for the
separation performance of a given material. Overall, the results
should allow designing MOFs to remove low SO, concen-
trations from N,/CQ,/80, gas mixtures.

B EXPERIMENTAL SECTION

Materials and Methods. All reagents were purchased from

commercial vendors and used without further purification. The
MOFs were synthesized according to the published literature or were
purchased {Table $1). The MOF identity was established by positively
matching the powder X-ray diffractograms (PXRD) with the simulation
from published cif-structure files and by a porosity analysis of the
nitrogen sorption isotherms (see the Supporting Information for
details).
Powder X-ray diffraction (PXRD) measurements were performed on a
Bruker D2 Phaser with a Cu Ka-cathode source (4= 1.54182; 30kV, 10
mA) at room temperature. The finely ground samples were measured in
the 57 < 20 < 50° range at a scan rate of 40 s deg’1 using a flat, low
background silicon sample holder. N, gas adsorption for the Brunauer—
Emmett—Teller (BET) surface area and porosity characterization was
performed on a Quantachrome Autosorb 6 automatic gas adsorption
analyzer. This instrument is not optimized to analyze very small
micropores, and hence, a small number of data points are seen in the N,
sorption isotherms in Figures §22—533. At the same time, the MOFs in
this work are already well characterized from the literature, and we note
that cur BET surface area and pore volume results agree very well
(within experimental error) with the literature values. SO, and CO,
sorption isotherms were measured on a Quantachrome Autosorb iQ_
MP.

Before each gas sorption experiment, the samples were activated
according to the literature (<3 hof degassing at <393 K and a ~§ X
10* mbar vacuum}). The gases (He, N,, SO,, CO,) were of ultrahigh
purity (99.999%). The standard temperature and pressure (STP)
volumes at 293.15 Kand 101.325 kPa are reported in all cases according
to the recommendation of the National Institute of Standards and
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Technology (NIST). The N, adsorption experiments were performed
within a pressure range of 0.005—1 bar at 77 K, the SO, sorption
experiments from 0.001 to 1 bar {0.95 + 0.007 bar) at 293 K, and CO,
sorption experiments from 0.001 to 1 bar (0.95 + 0.00S bar). A Drager
Pac 6000 electrochemical $O, sensor with a measuring range of 0.1—
100 ppm was used for leakage testing and maintaining safe work
conditions.

B RESULTS AND DISCUSSION

Four Zr- and eight Al-MOFs were investigated in this work and
are presented in Scheme 1. Structural details are given in Section
§2. The SO, sorption isotherms of these 12 MOFs were
measured volumetrically up to 0.96 bar at 293 K. For clarity in
the presentation of the SO, sorption isotherm diagrams, we will
discuss Zr-MOFs and Al-MOFs separately.

S0, Adsorption by Zr-MOFs. All of the four representative
Zr-MOFs have Zrg nodes albeit with different ligand
connectivity numbers of 12, 8, or 6 for Zr-Fum, DUT-67(Zr),
and NU-1000 or MOF-808, respectively.

Zr-fumarate (Zr-Fum) shows a good SO, affinity, already at
0.11 bar, with an SO, uptake of 3.1 mmol-g™", which increases to
a2 maximum of 4.9 mmol-g~" at 1 bar (Figure 2). MOF-808 and

(@ 350 —— des. MOF-808 S
- +— ads. MOF-808 " [14
‘o 300 —— des. NU-1000
™ —+—ads. NU-1000 (128
5. 2504 des. DUT-67(Zr)  // 'j__
o ads. DUT-67(2r) /) . —4 riog
5 200 ——des.Z-Fum / : g
® —e—ads. Z!‘-Fl;lm/:/ Z ré o
2 1504 I le 3
b A% =}
a et e =
T 1004 Ao —— ta 4
éu i
@ 504F t2
0¥ T T T T 0
0.0 0.2 0.4 0.6 08 1.0
Absolute pressure [bar]
(b) 100 T T T T T 4
—+— ads. MOF-808 l
= ads. DUT-67(Zr) _
o —+—ads. NU-1000 ) P
e 751—s—ads. Zr-Fum -+~ 3 O
i P é
| -~ [~
w - =
® 504 ,," L2 @
e f 3
. s
7, 251 L1
o]
@

0 T T r T T 0
0.00 002 004 006 008 010 012
Absolute pressure [bar]

Figure 2. SO, sorption isotherms (293 K) of examined Zr-MOFs: (a)
0.001—1 bar and {b) 0.001—0.12 bar.

DUT-67(Zr) both exhibit two-step SO, adsorption isotherms
(Figure 2a). In MOF-808, the first adsorption step finishes at
0.01 bar with an SO, uptake of 2.1 mmol-g™', followed by a
moderate uptake in the pressure range of 0.01—0.5 bar up to 8.8
mmol-g”". The second step ends at 0.6 bar with an SO, uptake of
12.7 mmol-g~!, followed by a saturation stage with a maximum
of 14.6 mmol-g™" at 1 bar.

Both DUT-67(Zr) and Zr-MOF NU-1000 exhibit moderate
SO, adsorption capabilities in the low-pressure range with SO,
uptakes of 0.7 and 0.6 mmol-g™" at 0.01 bar as well as 2.3 and 2.6

https://doi.org/10.1021/acsami.1c06003
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Table 1. Characteristics of Examined Materials in this Work and the Results of SO, Adsorption at 293 K

$0,/CO, IAST
SO, uptake selectivity” at SO,/CO,
[mmol-g*] at molar ratio

material BET-surface area” m*g™'] total pore volume? [em*g™"] pore width? [A] 00lbar Olbar 1bar 001¢ 01?7 057
Zr-Fum 600 0.290 4.8; 5.6; 747 12 31 4.9 53 46 41
MOF-808 1990 0.749 4.8; 18.4" 2.1 36 14.6 48 66 370
DUT-67(Zr) 1260 0.544 8.8; 16.6" 0.7 23 9.0 22 22 37
NU-1000 1740 1.196 12; 29" 0.6 2.6 122 16 17 22
MIL-53(Al) 1450 0.706 Bis#H 04 33 10.5 17 22 43
NH,-MIL-53(Al) 620 0.358 7.3 2.0 43 8.0 41 42 56
Al-Fum 970 0.447 5.8% 1.0 4.1 7.5 34 35 36
MIL-53(tdc}(AL) 1000 0.415 8" 0.6 5.0 6.9 24 48 83
CAU-10-H 600 0258 6" 12 37 4.8 29 27 25
MIL-96(Al) 530 0.237 ~d; ~11, 117 12 37 6.5 7 7 8
MIL-100{Al) 1890 0.824 25; 29" 0.4 25 163 17 18 38
NH,-MIL-101(Al) 1770 1.001 25; 347 1.5 3.6 17.3 29 20 16

“Ideal adsorbed solution theory (IAST) selectivity at 1 bar. See Section S4 for the CO, sorption data. “BET surface areas were calculated from five
adsorption points of N, adsorption isotherm data within 0.05 < ppO’l < 0.2. Values were rounded with the estimated standard deviation + 50 m’
g . “Total pore volumes were calculated from the experimental N, sorption data at 0.85 < pp, ' < 0.95, depending on the isotherm shape. For
details, see Section $3.3. “Pore widths as given in the literature. “Large pore form.
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Figure 3. SO, sorption isotherms {293 K) of examined AI-MOFs: (a—c) 0.001—1 bar and (d—f) 0.001—0.11 bar.

mmol-g™" at 0.1 bar, respectively (Table 1). DUT-67(Zr) shows MOF-808, with a significantly higher low-pressure uptake
a slight adsorption step at ~0.3 bar and a further increase until a feature an equally smallest pore width (both 4.8 A). The smaller

maximum SO, uptake of 9.0 mmol-g™". The SO, adsorption pore width of DUT-67(Zr) is 8.8 A and that of NU-1000 is 12
isotherm of NU-1000 increases rather steadily with a maximum

SO, uptake of 12.2 mmol-g ™" at 1 bar and 293 K (in agreement
with the isotherm in ref 52). The saturation uptake could not be
reached in NU-1000 due to its micro- and mesoporosity with
pore diameters of ~12 and ~29 A for the triangular and
hexagonal pore cross sections, respective]y.“

Although all four Zr-MOFs have a bi- or multimodal pore size

A" For a high low-pressure SO, adsorption, this suggests an
optimal pore diameter of ~4 to <8 A, as will be further discussed
in the Porosity—Adsorption Relationships section.

S0, Adsorption by Al-MOFs. The eight representative Al-
MOFs differ in their pore structures with 5 out of 8 having
square to rhombic channels and infinite-chain SBUs. The

distribution (Table 1), we assign the observation of a two-step infinite building units (here the Al-u-OH-chain) and thus the
$O, adsorption in MOF-808 and DUT-67 to the simultaneous resulting MOFs are known to show better thermal stability in
smaller (4.8 and 8.8 A) and larger (16.6 and 18.4 A) micropore comparison to frameworks with the same metal ions and the
diameters in the frameworks.”” The two MOFs, Zr-Fum and type of ligand but with discrete building units.™

29140 https://dol.org/10.1021/acsami.]1 06003
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The AI-MOFs, MIL-53(AI}, NH,-MIL-53(AI), Al-Fum, MIL-
53{tdc}{Al), and CAU-10-H, have one-dimensional channels
with nearly square to thombic cross sections of 5.8—8.5 A. MIL-
53{Al} and NH,-MIL-53{Al) differ from the other MOFs by
their reversible breathing behavior with the adsorption of guest
molecules.”*** The complex structure of MIL-96{Al} consists of
an isolated, not accessible pore A and “zig-zag” channels
connecting the larger B and the smaller pore C.*5% MIL-
100(Al) and NH,-MIL-101{Al} have 3D pore networks of
spherical mesopores of diameter >25 A connected by smaller
windows.

The $O, adsorption isotherms of MIL-53{Al} and NH,-MIL-
53(Al) (Figure 3a,d) show SO, uptakes to 3.3 and 4.3 mmol-g ",
respectively, at 0.1 bar, which is followed by a flattening of the
adsorption. Noteworthy is the rather steep increase for NH,-
MIL-53{Al) up to 0.01 bar, which will be discussed together
with NH,-MIL-101{Al). Further at 0.3—0.4 bar, both frame-
works show second adsorption steps, which lead to maximum
SO, uptakes of 10.5 and 8.0 mmol-g ’ at 1 bar for MIL-33(Al)
and NH,-MIL-53(Al}, respectively. As mentioned above, this
second adsorption step can be explained by a structure transition
{breathing) from a narrow pore {np) into a large pore {Ip)} form,
which significantly enhances the accessible space within the
frameworks. The pronounced hysteresis observed in both
desorption isotherms is additional evidence for phase
transitions.

Previously, Liu et al™ and Yang et al>® have reported
reversible phase transition upon SO, capture of the frameworks
FMOF-2 and MFM-520, respectively. In FMOE-2, the
transition can be described as a breathing mechanism, whereas,
for MFM-520, an unexpected periodic-to-aperiodic structure
transition was observed.

The SO, isotherm of MIL-96{Al) (Figure 3a,d) features two
distinct adsorption steps in the low-pressure range {up to 0.1
bar). The first step finishes at 0.01 bar with an SO, uptake of 1.2
mmol-g~", followed by a second step starting at 0.05 bar with an
$0, uptake of up to 3.7 mmol-g ' at 0.1 bar followed by a
saturation stage with a maximum SO, uptake of 6.5 mmol-g " at
1 bar. The stepwise adsorption reflects the complex pore
structure of MIL—96(A1) , which exhibits an isolated cavity A with
a diameter of 11 A and two further cavities B~ 11 Aand C ~4 A,
which are connected and form zig-zag channels.”” The type H2
desorption hysteresis is further evidence of a more complex pore
structure in which network effects are important. The very steep
desorption branch, which is a characteristic feature of H2{a)
loops, can be attributed either to pore-blocking/percolation in a
narrow ransge of pore necks or to cavitation-induced
evaporation.

Further, we investigated AI-MOFs with similar channel
structures to MIL-33(Al}, albeit more rigid, that is, without an
established breathing behavior and of nearly square cross
section. The SO, adsorption isotherms of Al-Fum, MIL-
53{tdc){Al), and CAU-10-H (Figure 3b,e} feature a similar
behavior for the low-pressure range with SO, uptakes of 4.1, 5.0,
and 3.7 mmol-g " at 0.1 bar and maximum uptake of 7.5, 6.9, and
4.8 mmol-g ™" at 1 bar, respectively.

CAU-10-H is isostructural to previously investigated MIL-
160, which showed promising properties for a potential
application in FGD processe&36 Qur results for CAU-10-H
are consistent with the work reported recently by Alejandre et
al.*® The low-pressure range, up to 0.1 bar, covers 76% of the
total uptake capacity in the case of CAU-10-H, which would be
beneficial for pressure swing adsorption.
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SO, adsorption in MIL-100{Al) and NH,-MIL-101{Al}
(Figure 3¢,f) takes place over the whole pressure range without
reaching the saturation stage at 1 bar, similar to NU-1000
(Figure 2). Again, this is due to the large pore sizes in the
mesopore region. In the absence of smaller micropores, MIL-
100({Al) shows one of the lowest SO, adsorptions at low
pressures; however, with increasing pressure, it surpasses most
materials examined in this work, with a total capacity of 16.3
mmol-g ™! at 1 bar.

The amino-functionalized MOF NH,-MIL-101{Al) shows an
initial steep increase up to ~0.01 bar, very similar to NH,-MIL-
53{Al} (Figure 3d,f). An enhanced $O, uptake at low pressures
was seen with amino functionalization for both NH,-MIL-
53{Al} and NH,-MIL-101{Al} compared to their closely related
frameworks, MIL-53(Al) and MIL-100{Al}, respectively
(Figure 3¢,f). This early increase in uptake of the two NH,-
functionalized MOFs is much steeper than what is seen in this
pressure range for the other ALMOFs (<f. Figure 3d—f), which
suggests its origin in the NH, group. This is in agreement with
similar observations for the MOFs NHZ/—MIL—125<Ti)59 and
also coincides with findings for NH,-UiO-66 exhibiting higher
heat of adsorption values near zero coverage and a h%her SO,/
CO, selectivity, compared to the parent Ui0-66."" From a
simulation of mmen-MIL-101{Cr} {mmen = N,N’-dimethyle-
thylenediamine), the SO, adsorption sites were found to be
transferred from Cr{III} in MIL-101{Cr} to the NH-amino
groups. The lone-pair electrons from N interact with the S{SO,}
atom that has a partial positive charge. The mmen-NH groups
form hydrogen bonds to Q(S0,), of the same SO, molecule,
udﬂlﬁilistances of 1.92and 2.27 A as the predominant adsorption
site.

One gram of NH,-MIL-53{Al) and NH,-MIL-101{Al}
corresponds to 4.5 or 1.5 mmol of the formula unit, respectively
(f. formula unit in Scheme 1) or to 4.5 mmol NH,-bde. Thus, at
0.01 bar, when the SO, uptake slope decreases, the ratios are ~2
$0,/4.5 NH,-bdc in NH,-MIL-53(Al) and ~1.5 $O,/4.5 NH,-
bdcin NH,-MIL-101{Al}. This suggests that two adjacent NH,-
groups can bind one SO, through two NH:-OSO--HN
hydrogen bonds in a high-affinity site. For NH,-MIL-101{AI),
the SO, uptake passes 3.6 mmol-g™ at 0.1 bar and continues
with relatively steady adsorption and reaches, albeit at no
saturation yet, a maximum uptake of 17.3 mmol-g™' at 1 bar,
which is one of the highest reported in the literature (for a
comprehensive compilation of literature data regarding SO,
adsorption in MOFs, see Table S8). Ibarra et al. have recently
investigated SO, adsorption in MIL-101{Cr} in which the bdc
ligand was partially substituted with tetrafluoro-1,4-benzenedi-
carboxylate {4F-bdc) and showed a roughly similar isotherm
shape to the isoreticular NH,-MIL-101{Al} but with slightly
higher SO, adsorption capacity with SO, uptakes of 4.6 and 18.4
mmol-g " at 0.1 and 1 bar, respectively, at 298 K and featured
exceptional stability against 50,5

We do not see an effect of aqua ligands at the SBU for an
enhanced SO, uptake at low pressure since MIL-100{Al} and
NH,-MIL-101{Al} with the same {Al;{y,-O){OH)-
(H,0),{0,C-)¢} SBU behave quite differently (Figure 3f).
The former has the lowest SO, uptakes of up to 0.1 bar of all Al-
MOFs. This is not to say that there would be no effect of aqua
ligands or adsorbed water for other things being equal.

Ibarra et al. could observe enhanced SO, adsorption in the
MFM-300 series related to small amounts of pre-adsorbed
EtOH.” Also, Li et al. predicted enhanced $O, adsorption for
MIL-160 with 0.3% pre-absorbed water.®*

https://doi.org/10.1021/acsami.1c06003
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The terminal metal-OH and metal-bridging u/u;-OH-groups
can also significantly contribute to the SO, adsorption
performance since these groups enter in hydrogen bonding/
electrostatic interactions with O, (M-Q°" —H%"..Q"=8§%"=
0%7)?333 Iy gur chosen Zr- and AL-MOFs, all examples
feature these OH groups. In situ inelastic neutron scattering and
density functional theory (DFT) calculations on the SO,
adsorption in MEM-300(A1)** and in situ synchrotron PXRD
studies for $O, in MFM-601(Zr)*' revealed metal-QH--O=
5§=0 hydrogen bonds for the first adsorbed SO, molecules.
Other than that, the effect of x-OH-groups regarding SO,
adsorption is rarely examined in the literature. In the DFT
Calculations section, we present potential binding sites of SO, in
the representative MOFs, Zr-Fum and Al-Fum, which affirm the
significant contribution of metal-OH:--O=8=0 interactions.

Porosity—Adsorption Relationships. The accessible sur-
face area and the total accessible pore volume are often taken as
the two prime MOF characteristics governing gas adsorption.
Plots of the SO, uptake at 1 bar against the BET-surface area and
pore volume (Figure 4a,b) show a reasonably linear correlation
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Figure 4. SO, uptake {1 bar, 293 K) vs (a) BET-surface area and (b)
total pore volume. The dashed line is a trend line as a guide to the eye.

for most MOFs. Noteworthy outliers in the surface area
correlation are NH,-MIL-101(Al), MIL-100(Al), and NH,-
MIL-53(Al) with a higher than expected uptake based on the
surface area. For NH,-MIL-101(Al) and MIL-100(Al), their
high total pore volume from micro- and mesopores gives rise to
the higher uptake. The higher than expected SO, uptake for the
flexible MOF, NH,-MIL-53(Al), may be traced to a different
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extent of breathing with SO, at 293 Kand N, at 77 K (where the
latter yielded the accessible surface area and pore volume).

An outlier to significantly lower uptake in the uptake—pore
volume relation is the Zr-MOF NU-1000, which has the highest
total pore volume, even more than MIL-100(Al) and NH,-MIL-
101(Al), and is predominantly mesoporous. N, sorption studies
with t-plot analysis yielded micro-to-total pore volume ratios
(cm® g7'/em® g7') of 0.21/1.20 for NU-1000, 0.55/0.82 for
MIL-100(Al), and 0.61/1.00 for NH,-MIL-101(Al) (Table $2).
The total pore volume represents a limit for the maximum
capacity but the SO, adsorption isotherm of NU-1000 at 1 bar
still has a high positive slope and is far from leveling off, which
indicates an adsorption curve far from saturation, which will be
reached only at higher pressures. Evidently, a primarily
mesoporous material can be positioned below the linear trend
line of the uptake—total pore volume dependence.

However, flue gas desulfurization or SO, gas sensors operate
at low partial pressures of SO,. When it comes to the desired
high uptake at low pressure, there is no longer a surface area or
total pore volume correlation. The low-pressure uptake at 0.01
and 0.1 bar is clearly independent of surface area (Figure $35).
Instead, the uptake and isotherm characteristics in the low-
pressure region (Figure $34) must be correlated with the SO,
affinity of the materials. By fitting the SO, adsorption isotherms
with an appropriate model, the affinity constants can be obtained
(Table S3 and Figures $39—550). A high-affinity constant
between the adsorbent and the adsorbate reflects a high gas
uptake at low pressure, which is a type-I isotherm.

When the surface-specific SO, uptake, that is, the uptake at
low pressures (0.01 and 0.1 bar) divided by the BET-surface
area, is plotted against the pore limiting diameter (PLD), an
obvious maximum is obtained (Figure S). The surface-specific
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Figure 5. Surface-specific SO, uptake at 0.1 bar (293 K}, which is the
uptake at this pressure divided by the BET-surface area vs the pore
limiting diameter (PLD). See Figure $36 for the surface-specific SO,
uptake at 0.01 bar.

SO, uptake is obtained by normalization, i.e., division of the
uptake through the surface area, which is necessary as the
absolute value of the uptake at low pressure depends on the
available surface area. The PLD is defined as the smallest
diameter of a pore or pore window in a framework. The
maximum of low-pressure uptake vs PLD suggests an optimal
pore diameter in the range between ~4 and 8 A.” The value of 4
A agrees with the kinetic diameter of $O, (4.1 A).*® In this PLD
range, one can assume the SO, molecule to have dispersive
interactions with both ends of the molecule to the surface. Such
local optima are known for adsorbent structures where the
opposite Connolly surfaces are at a distance of the length of the

https://doi.org/10.1021/acsami.1c06003
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adsorbed molecule, which can then simultaneously interact with
the accessible surface at its opposite sides.”” Grand-canonical-
Monte Carlo (GCMC) simulations for a series of small-pore
MOFs have shown a good correlation between the SO, uptake at
reduced pressures (0.05 bar) and the heat of adsorption.”®

A pore width of ~4 A between the Connolly surfaces, i.c., the
distance between probe-accessible surfaces of the opposite pore
sides’” allows the SO, molecule to have optimal multi-side
dispersive interactions. The optimum range up to ~8 A=2x 4 A
can be rationalized through the side-by-side interactions of two
adjacent SO, molecules through (framework-)O=5§--0=8=
O(-framework) dipole—dipole interactions. The drop in the
surface-specific uptake at larger pore sizes above 8 A is then due
to a change to “one-sided” interactions for the adsorbed SO,
molecules with the uptake of further SO, molecules occurring
solely through (framework-) O=S---0=8=0 dipole—dipole
interactions.”” MOF-808 shows a somewhat low surface-specific
SO, uptake at 0.1 bar, but, at an even smaller pressure of 0.01
bar, it has comparable good performance as Al-Fum (Figure
S36).

From the conclusion that SO, will be preferentially adsorbed
in the smallest pores at low pressures, one can also assume the
micropore volume or the micropore surface area as the
normalizing denominator for the surface-specific SO, uptake
vs the PLD. The micropore surface area normalization is given in
Figures $37 and $38 (at 0.1 and 0.01 bar, respectively). This SO,
uptake normalization, however, then overenhances the uptake of
the two amino-functionalized MOFs, NH,-MIL-53(Al) and
NH,-MIL-101(Al). Thereby, the importance of amino groups is
demonstrated at the same time. Yet, the very small micropore
surface area of the largely mesoporous NH,-MIL-101(Al) gives
a small value in the denominator upon normalization, which
together with the high uptake of NH,-MIL-101(Al) then leads
to an overall high SO, uptake even with the large PLD of about
25 A (Figures $37 and $38). This would distort the conclusions
drawn with respect to PLD.

In summary, the SO, adsorption isotherms of typical Zr- and
Al-MOFs (Figures 2 and 3 for a combination, see Figure §34)
show a wide range of shapes and uptake values in the relevant
pressure regions. Once again, we note that a total SO, uptake at
1 bar, here found between ~5 and 17 mmol-g ™" at 293 K, is less
meaningful when aiming for an application in SO, separation
processes where SO, represents only a small volume fraction
(<1000 ppm) of the gas mixture. Instead, the noted low-pressure
uptake up to ~0.1 bar is more important.

IAST Selectivity. The ideal adsorbed solution theory
(IAST) model is a method that gives first estimations on the
mixed gas adsorption behavior of an adsorbent based on data
gained from single-gas adsorption experiments. IAST-based
estimations are most suitable when the following conditions are
fulfilled: (i) the same accessible surface area is available to all
adsorbates, (i) low pressures (<1 bar), and (iii) similar polarity
of adsorbates.”® TAST selectivities in this work were calculated
with the “3P sim” software (see the Supporting Information) by
fitting the adsorption isotherm data points with the dual-site
Langmuir Sips model (DSLS) (Figures $39—550). Parameters
are given in Table S2.

CO, can be regarded as the main competitor to SO, for a
potential adsorptive separation during flue gas desulfurization.
IAST selectivities for SO,/CQO, gas mixtures for selected MOFs
are displayed in Figure 6 (see Table 1 and Figure §51 for all
MOFs).
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Figure 6. Calculated SO,/CO, IAST selectivity dependence on the
molar fraction of SO, in the range of 0.01—0.5 at 293 K and 1 bar: (a)
Zr-MOFs and (b) Al-MOFs.

The highest calculated SO,/CO, IAST selectivities at 1 bar
and low SO, mol fraction of 0.01 (1% or 10.000 ppm SO,) were
53,48, 41, and 34 for Zr-Fum, MOF-808, NH,-MIL-53(Al), and
Al-Fum, respectively (Table 1). These MOFs had all shown an
early steep SO, uptake (Figures 2b and 3d), which is one
understandable prerequisite for a high SO,/CO, IAST
selectivity at a low molar fraction of SO, together with a low
CO, uptake at low pressure (see Table S4).

Isosteric Enthalpy of Adsorption. The isosteric enthalpy
of adsorption (AH,,) for SO, was determined for the
representative MOFs, Zr-Fum, Al-Fum, and NH,-MIL-53(Al),
by applying a virial analysis on adsorption isotherm data
measured between 293 and 303 K (Figure 7; for details see
Section $6.2). The isosteric enthalpy of adsorption near zero
coverage (AHY,) in Zr-Fum is —49 k] mol™", whereas Al-Fum
and NH,-MIL-53(Al) exhibit values of —42 and —67 kJ mol ',
respectively. At maximum loading, AH,,, decreases to —16,
—30, and —58 k] mol™! for Zr-Fum, Al-Fum, and NH,-MIL-
53(Al), respectively. The values of AHY;, can be compared with
the DFT-calculated highest binding energies (see below). For
Zr-Fum and Al-Fum, the AHY,, value is of the same order of
magnitude as in the previously investigated Zr-MOFs (—48 and
—51 k] mol™! for MEM-600"* and NU-1000,"” respectively) and
AI-MOFs (—42 and —42.8 kJ mol™" for MIL-160°° and CAU-
10-H,*® respectively). The overall higher adsorption enthalpy
for NH,-MIL-53(Al) can be explained by the strong interaction
of the amino group with the polarizable SO, molecule.

https://doi.org/10.1021/acsami.1c06003
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Figure 7. Isosteric enthalpy of adsorption of SO, for Zr-Fum, Al-Fum,
and NH,-MIL-53(Al) determined by virial analysis applied on SO,
adsorption isotherm data measured at temperatures between 293 and
303 K. Computational details are given in the Supporting Information,
Section §7.2.

Stability Test toward Dry and Moist SO,. FGD materials
must endure harsh conditions of humid SO,, containing the
moderately strong and quite corrosive sulfurous acid in
equilibrium. Though MOFs are often stable toward dry SO,,
many of them degrade when moisture is present.*” Also, the
presence of water could partially shift the adsorption of SO,
from physisorption to weak chemisorption, which impacts the
regeneration of an adsorbent.'’ Therefore, in this study, we
tested the stability of all materials after both dry and humid SO,
exposure conditions (Section $3). To assess the stability, the
changes of the PXRD patterns (Figures S10—S21) were
examined qualitatively, while changes of the BET-surface area
and the total pore volume after exposure were used as the
primary quantitative parameters (Figures $22—533 and 8). It is
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Figure 8. Relative (treated/pristine) BET-surface area and total pore
volume of investigated MOFs after dry and humid SO, exposure.

worth mentioning that distinct changes in the PXRD pattern,
after dry or humid SO, exposure, were rarely observed. More
significant and indicative of framework degradation were losses
in surface area for some MOFs. Hence, a combination of
diffraction and adsorption experiments is always recommended.
Moreover, we note that the distinction between framework
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degradation and irreversible adsorption is not trivial. However,
in materials with potential applicability for FGD, neither
framework degradation nor irreversible SO, adsorption is
preferable. An overview of the results from BET-surface analyses
and accessible pore volume, by relating treated /pristine samples,
is presented in Figure 8.

Under dry SO, exposure, NH,-MIL-100(Al) and MIL-96(Al)
had already demonstrated a major loss of porosity, and thus were
deemed SO,-unstable. Interestingly, the dry SO, exposure
during <10 h did not strongly affect the majority of examined
materials (>90% retained BET-surface area and pore volume).
In contrast, under humid SO, exposure during 5 h, most MOFs
showed a noticeable decrease in accessible porosity. After humid
SO, exposure, the surface areas of MIL-53(Al) and NH,-MIL-
53(Al) decreased by more than 50%, while NU-1000, MOF-
808, Al-Fum, MIL-53(tdc), CAU-10-H, and MIL-100(Al)
showed less significant losses in surface area (>50-90%
retained BET-surface area and pore volume). Only Zr-Fum
and DUT-67(Zr) showed good performance in both stability
tests without a noticeable decrease in porosity. Both MOFs
previously showed good water stability also under acidic
conditions.*"*”

DFT Calculations. For the investigation and illustration of
the possible binding sites of SO, we applied dispersion-
corrected DFT (DFT-D) calculations on model frameworks of
the three example MOFs—Zr-Fum, Al-Fum, and NH,-MIL-
53(Al). Distances between the oxygen atom of the SO, molecule
and hydrogen atoms of the framework above 2.8 A7 were not
viewed as (O/C—)H--O bonds, as the distances between the
SO, sulfur atom and oxygen atoms of the MOF were above 4 A.
For computational details, see Section §7.

Zr-Fum. With the discrete secondary building units in Zr-
Fum, a cluster approach is appropriate. To mimic the local pore
environment in Zr-Fum, three different cluster models, each
being neutral, were isolated from its crystal structure (Figure 9).

Hydroxido-Centered Model 1. An isolated [Zrg(ps-O)(ps-
OH)(Hfum);(0,CH),] cluster with three mono-deprotonated
fumarate'” ligands surrounding a 1;-OH group by spanning the
three edges of a triangular face of the Zr octahedron was used to
model part of the pore cavity (Figure 9a). Out of the 12 bridging
fumarate®” ligands around a Zr, cluster in Zr-Fum, nine ligands
were replaced by formiate ligands, “O,CH, each spanning a Zr--
Zr edge of the Zry octahedron. This ensured the electro-
neutrality of the cluster model.

Metal-Centered Model 2. An isolated [Zrg(p5-0)(py-OH)-
(Hfum),(0,CH);] cluster with four fumarate'™ ligands
surrounding a metal vertex by spanning the four edges around
a Zr corner of the Zr; octahedron was used (Figure 9b).

Oxido-Centered Model 3. The [Zr,(¢;-O)(u;-OH)-
(Hfum);(O,CH),] cluster is similar to model 1, except that
the three fumarate'~ ligands now surround a y;-O group (Figure
9¢,d).

Four main binding sites for SO, are found in the optimized
cluster models of Zr-Fum (Figure 9). In binding site 1 of the
hydroxido-centered model 1, the O atom of SO, interacts with
the H atom of the uy-OH group. This OH*-*~0$ hydrogen
bonding interaction with the optimized H---O distance of 1.88 A
is supplemented by an electrostatic interaction at a distance of
3.33 A between the fum-carboxylate O atom and the °§ atom of
SO, as well as (fum)C--§ dispersion interactions. This site has
the highest binding energy of —51.5 kJ mol™" of all found four
higher-energy binding sites. The value is close to the
experimental enthalpy of adsorption near zero coverage

https://doi.org/10.1021/acsami.1c06003
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(a) Hydroxido-centered model 1:
Binding site 1: =51.1 kJ/mol

(b) Metal-centered model 2:
Binding site 2: —41.0 kJ/mol

(c) Oxido-centered model 3:
Binding site 3: —=34.9 kJ/mol

(d) Oxido-centered model 3:
Binding site 4: —-30.8 kJ/mol

Figure 9. DFT-simulated higher-energy binding sites of SO, in Zr-Fum.
Left: Close-up of potential $O, binding sites with closest contacts (in
A) between the SO, molecule to nearby framework atoms depicted by
dashed lines. Right: Complete cluster model of SO, in Zr-Fum. See the
text for a description of models 1-3.

(AHS,,) in Zr-Fum of —49 kJ mol™" (cf. Figure 7). In binding
site 2 of the metal-centered model 2, there are multiple weak
(fum)CH®"-» =08 interactions (2.44-2.67 A) together with
the electronic attraction between CO®™--%°§ (2.77 A), as well as
the fum--SO, dispersion interactions. Together, this gives site 2
a binding energy of —41.0 k] mol™". The next lower-energy
binding sites 3 and 4 exist in the oxido-centered model 3. Their
lower binding energies of —34.9 and —30.9 k] mol™, compared
to sites 1 and 2, derive from a longer/weaker (fum)CH®---5-08
contact of 2.75 A (site 3) and longer/weaker CO°™--*'§
contacts of 3.39—3.46 A (site 4) as well as weaker (fum)C--§
dispersion interactions than seen for sites 1 and 2, respectively.

Al-MOFs. For Al-Fum and NH,-MIL-53(Al), with their
infinite secondary building units {Al(#-OH)(0,C-),},, unit
cells were generated from their respective crystal structures
instead of a cluster model as in Zr-Fum. Figures §56 and 857
depict geometries and structure parameters of the plane wave
DFT-D3-optimized Al-MOFs. The free optimized structures
exhibit near-parallel alignment of the linker units with 90° O—
Al—-0O angles, while the constrained structures are slightly more
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distorted. In the constrained structures, the parameters were
fixed according to the crystal structure data. We also note
variations in the optimized cell vector lengths and angles with
respect to the crystal structure parameters. In Al-Fum, the b-
vector lengthens by ca 0.9 A, while the respective a- and ¢-
vectors shorten by 0.1 and 0.2 A. The f-angle widens by ca. 5°.
For NH,-MIL-53(Al), we observe a lengthening in the b- and a-
vectors of ca. 0.5 and 0.15 A, respectively, and a shortening of 0.3
A in the c-vector. The overall cell volume is mostly preserved in
the optimized vacuum structure of Al-Fum. NH,-MIL-53(Al)
has a ca. 3% larger cell size after full relaxation. Optimization of a
single SO, molecule within the structures partially results in
turther contraction along the c-axis in Al-Fum and additional
lengthening along b in NH,-MIL-53(Al), indicating the
breathing capability of both MOFs at low pressures (Figures
10 and 11). Interestingly, most of the computed high-energy
binding modes (1-3) show this contraction along ¢ and
expansion along b.

The predominant noncovalent binding mode in sites 1—4 in
Al-Fum (Figure 10a—e) can be traced to OH*'-..~08 hydrogen
bonding interactions of SO, with the u-OH bridge and H---O
distances from 1.98 to 2.82 A. The binding site 1 (Figure 10a)
with —51.1 k] mol™ and with the shortest H-~-O distance is
energetically close to binding sites 2 (—49.5 k] mol™) and 3
(—48.6 IJ mol™). In the latter two sites, the small pores of Al-
Fum allow the interaction of two u-OH bridges from the
opposite pore walls with the same SO, molecule via OH
#..22080%*"HO hydrogen bonds (Figure 10b,c). The
experimental enthalpy of adsorption near zero coverage
(AHY,) in Al-Fum was —42 kJ mol ™" (cf. Figure 7).

In the two lower-energy binding sites 4a and 4b of equal
energy (—41.0 kJ mol™'), again SO, interacts with the
framework through OH?"-%"0$ and a (fum)CH’"-*0S
hydrogen bond in site 4a, while weaker H--O hydrogen
bonding is observed in site 4b (Figure 10d,e). Additional
(fam)CO’ %80, contacts as well as (fam)C-OSO dis-
persion interactions lead to the energy differentiation between
the binding sites in Figure 10.

From the fully relaxed optimization of NH,-MIL-53(Al) with
one SO, molecule, we obtained at least four binding sites with
binding energies ranging from —67.3 to —49.1 k] mol™" (Figure
11a—d). Binding site 1 (Figure 11a) has the highest binding
energy (—67.3 kJ mol™"), and it is dominated by NH”--*~0$§
hydrogen bonding and HN’"--*SO electrostatic attractive
interactions between —NH, groups from two independent
BDC-NH, linkers. The value is again close to the experimental
enthalpy of adsorption near zero coverage (AHY,) in NH,-MIL-
53(Al) of —67 kJ mol™" (ct. Figure 7). Binding site 2 (Figure
11b) has a slightly lower binding energy (—58.2 k] mol™'). Here,
SO, mainly binds to Cg-7 from bde-NH, through Ce-n®~ %80
interactions with Cg-7--S distances between 2.99 and 3.19 A.
For binding site 3 (Figure 11¢) with a binding energy of —55.1kJ
mol™!, we note a NH?"--#~08§ hydrogen bond, CO0%#850
electrostatic interactions, and weak CH®*--*~ QS interactions as
cooperating effects, trapping SO, within the pores of NH,-MIL-
53(Al). The shortest distances between SO, and the ligands
(NH?"---08 = 1.99 A and CH*" =08 = 2.56 A) in site 3 are
between ligands on different Al atoms. Binding site 4 (Figure
11d) has the lowest binding energy (—49.1 k] mol™"); besides
C6-7°"-#80 and NH?-2-0S interactions, an additional
OH?*.-#-08 hydrogen bond between p-OH and SO,
contributes to the adsorption of SO,.

https://doi.org/10.1021/acsami.1c06003
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(a) Binding site 1: —=51.1 kJ/mol

(b) Binding site 2: —49.5 kJ/mol

(c) Binding site 3: —48.6 kJ/mol

(e) Binding site 4b: —40.1 kJ/mol

3.57 f_aE‘

319

Figure 10. DFT-simulated higher-energy binding sites of SO, in Al-
Fum. Left: Close-up of potential SO, binding sites with closest contacts
(in A) between the SO, molecule to nearby framework atoms depicted
by dashed lines. Right: Cross-sectional model of SO, in Al-Fum. See the
text for a description of the model.

It should be noted that the free relaxation of Al-Fum and NH,-
MIL-53(Al) cells for each binding site can give an additional
contribution to the binding energy.

Further, we simulated SO, adsorption isotherms for Al-Fum
in the pressure range of 0.01—1 bar at 293 K (Figure S58) using
the GCMC program Cassandra (for computational details, see
Section §7.3). The simulations were performed using either a
fully relaxed geometry or the fixed cell parameters of the crystal
structure data and by setting the Lennard-Jones parameter & for
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(a) Binding site 1: —67.3 kJ/mol

(d) Binding site 4: —49.1 kJ/mol

Figure 11. DFT-simulated higher-energy binding sites of SO, in NH,-
MIL-53{Al). Left: Close-up of potential SO, binding sites with closest
contacts in A between the SO, molecule to nearby framework atoms
depicted by dashed lines. Right: Cross-sectional model of SO, in NH,-
MIL-53(Al). See the text for a description of the model.

aluminum either to 254.12 K (100%) or zero, allowing only
electrostatic interactions with this atom type. The best
agreement with our experimental data was achieved with the
fixed geometry and £(Al) = 0, which somewhat underestimated
the SO, adsorption capability or with the approach using the
relaxed structure and £(Al) = 100%, which overestimated the
SO, adsorption capability of Al-Fum.

The simulated isotherm data for Al-Fum was also used to
model the pore filling in Al-Fum by a GCMC approach and is
displayed in the form of single snapshots related to a defined
pressure or as a movie, with a time-lapse over the complete
pressure range (Figure S59 and Supporting Movies: SI-Al-Fum-
2 kPa and SI-Al-Fum-0.05—100 kPa). Within the snapshots
(e.g, at 2 and 3 kPa), it is observed that some pores are empty,

https://dolorg/10.1021/acsami.1¢06003
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while nearby pores are already filled with multiple SO,
molecules. This could be an indication of uneven filling of the
pores, which might be caused by intermolecular dipole—dipole
interactions of the SO, adsorptive process. It is recognized that
the dipole moment of SO, plays an important role in the
adsorption process with the pore filling occurring by (frame-
work-)0O=§--0=8=0 and {framework-)O=8=0--§=0
dipole—dipole interactions, forming SO, chains or clusters.
However, this observation could also be assigned to “artifacts/
background noise” of the randomized Monte-Catlo simulations
and thus needs further investigations.

Bl CONCLUSIONS

Four Zr- and eight Al-MOFs, most of which are frequently
investigated prototypical MOFs, were examined for their SC,
adsorption capability to identify factors that influence the
activity of SO, separations from CO, by MOFs. A strong
correlation between the $O, uptake and BET-surface area and
pore volume, at 1 bar and 293 K, was observed for all materials
independent of their pore structure. Especially, MOFs featuring
narrow pores with pore diameters between ~4 and 8 A yielded
high SO, affinities.

Also, amino groups at the linker tend to be advantageous for
tuning SO, affinity. Among all tested MOFs, NH,-MIL-53(Al),
which combines both of the aforementioned properties, showed
the highest SO, affinity and excellent low-pressure adsorption
performance.

The chemical stability of MOFs vs acidic gases such as SO,
over a prolonged time {10 h) and in the presence of moisture
{for 5 h) presents a fundamental problem. Among the selected
and proven water-stable Zr- and AI-MOFs, only Zr-Fum and
DUT-67{Zr) could be called stable, while the other MOFs
showed more or less loss of porosity, especially under the
simultaneous presence of SO, and H,0. Interestingly, PXRD
patterns were less indicative of framework degradation than
losses in surface area {porosity}. This suggests that degradation
at the pore mouths leads to pore blocking, thereby leaving the
inner framework of the MOF crystallites intact, albeit
inaccessible.

Theoretical calculations on Zr-Fum, Al-Fum, and NH,-MIL-
53{Al} point also to metal-bridging y-OH- and NH,-groups in
the SBU or at the linker as an important component of primary
binding sites for —OH--*" 080 and —NH""--# 080 hydro-
gen bonding interactions with binding energies of —50 kJ mol ™’
and above. At the same time, a low CO, aflinity is required for
trace SO, separation from flue gases. Calculated IAST
selectivities for the highly SO,-affine MOFs, Zr-Fum, MOF-
808, NH,-MIL-53(Al), reached values above 40 for SO,/CO,
binary gas mixtures and low SO, mol fraction of 0.01 (1% or
10.000 ppm SO,) at 1 bar.

In the end, this work not only gives a compilation of potential
MOFs for possible use in adsorptive flue gas desulfurization
processes but also offers guidelines to design new adsorbents for
this important application.
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S1 MOF Syntheses

Materials: All reagents were commercially purchased and used without any further purification.
Examined materials were synthesized according to the literature (Table S1) or were
commercially purchased. Examined Materials were synthesized according to the literature (Table S1).

Table S1. Synthesis references of prepared MOF materials and activation conditions.

Material Synthesis Purchased ACth.ilFIOH
conditions

Zr-Fum Behrens ef al! - 12 h; 120 °C
MOF-808 Hwang et ol - 12h; 120 °C
DUT-67(Zr) Stock et al? - 12 h; 150 °C
NU-1000 Farha et al? - 12 h; 120 °C
MIL-53(Al) Kim et ol - 12 h; 180 °C
NH,-MIL-53(Al) Guo et al.b - 12 h; 150 °C
Al-Fum - Sigma-Aldrich 12h; 120 °C
MIL-53(Al)(tdc) Janiak et al” - 12 h; 150 °C
CAU-10-H Stock et al.® - 12 h; 180 °C
MIL-96(Al) Latroche et al.’ - 12 h; 150 °C
MIL-100( Al) Lietal!® - 12 h; 120 °C
NH;-MIL-101(Al) Kapteijin et al.™* - 12 h; 150 °C

S1.1 Literature-based MOF Syntheses

Zirconium-fumarate (Zr-Fum) was synthesized according to the literature.! ZrCls (0.517 mmol,
0.1204 g, 1 eq) and fumaric acid (1.550 mmol, 3 eq) were dissolved in 20 mL of N,N-
dimethylformamide (DMF) in a 100 mL Schott glass bottle. Formic acid (15.5 mmol, 0.583
mL, 30 eq) was added as a modulator. The glass bottle was Teflon-capped and heated in an
oven at 120 °C for 24 h. The resulting white precipitate was washed with 10 mIL of DMF and 2
x 10 mL of ethanol, respectively. The washing process in ethanol was carried out under stirring
and heating at 70 °C for 1 h. The white precipitate was centrifuged off and dried at room
temperature overnight.

MOF-808 was synthesized according to the literature.? ZrOCl-8H,O (1.57 mmol, 0.506 g) and
trimesic acid (1,3,5-Habte) (1,58 mmol, 0.331 g) were dissolved in a mixture of 27 mL of DMF
and 30 mL of formic acid. The reaction mixture was placed in an 80 mI Teflon-lined stainless-
steel autoclave and heated in an oven at 135 °C for 48 h. The resulting white precipitate was
centrifuged off and washed with 40 mL of DMF and 43 mL of ethanol for 24 h, respectively.
The respective solvents were exchanged twice during the washing procedure. The precipitate
was collected by centrifugation and dried in an oven at 80 °C overnight.

DUT-67(Zr) was synthesized according to the literature.’ ZrOCl,-8H20 (4.00 mmol, 1.289 g
and 2,5-thiophenedicarboxylic acid (2,5-Hz-tde) (2.66 mmol, 0.459 g) were dissolved in 10 mL
of water and 10 mL of acetic acid in a 35 mL. microwave tube. The resulting mixture was heated
in a microwave oven at 95 °C for 1 h. The white precipitate was collected by centrifugation and
washed with 2 x 15 mL of an aqueous sodium acetate solution (0.1 mol/L) and 15 mL of water,
respectively. Finally, the precipitate was dried in an oven at 95 °C overnight.
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NU-1000 was synthesized according to the literature.* ZrOCl-8H20 (15.1 mmol, 4.85 g) and
benzoic acid (1.1 mol, 135 g) were added in a 1 I Pyrex-bottle and dissolved under sonication
in 300 mL of DMF. The reaction mixture was heated in an oven at 100 °C for 1 h. In the
meantime, in a 500 mL Pyrex-bottle the ligand 4,4',4".4"-(pyrene-1,3,6,8-tetrayl)tetrabenzoic
acid (H4TBAPY) (2.9 mmol, 2.0g) was dissolved in 100 mL of DMF under sonication and
heated in an oven at 100 °C for 1 h. Then the HyTBAPy solution was poured in the 1 L bottle
containing the zirconium precursor. The two solutions were well mixed and placed in an oven
at 120 °C for 16 h resulting in a yellow precipitate. After cooling to room temperature, the
mother solution was centrifuged off in 6 x 50 mL centrifugation tubes. The precipitate was
soaked in fresh DMF (45 mL each) for 2 h and then centrifuged off. This procedure was
repeated two times. The precipitate was transferred in a 1 L Pyrex-bottle and 650 mI, of DMF
and 25 mL of an 8 mol/LL HCI aqueous solution were added and mixed accurately. The mixture
was heated in an oven at 100 °C for 16 h. After cooling to room temperature, the mother solution
was centrifuged off in 6 x 50 mL centrifugation tubes. The precipitate was soaked in fresh DMF
(45 mL each) for 2 h and then centrifuged off. Then the precipitate was soaked in fresh acetone
(45 mL each) for 12 h during that time the acetone was replaced two times. After the final
separation of solid and solution, the solid was dried in a vacuum oven at 80 °C for 12 h.

NH3-MIL-53¢Al) was synthesized according to the literature.® AIC13-6H,O (1.584 mmol, 0.3824
g) and 2-aminoterephthalic acid (1.551 mmol, 0.2809 g) are dissolved in 14.5 mL of DMF and
0.5 mL water. The solution was placed in a Teflon-lined stainless-steel autoclave and heated in
an oven at 150 °C for 24 h. The precipitate was separated from the mother solution by
centrifugation and then soaked in 20 mL fresh DMF and heated in an oven at 150 °C for 24 h.
This procedure was repeated one time. Then the precipitate was washed with 30 ml acetone
and centrifuged off. This procedure was repeated two times. After final centrifugation, the
precipitate was dried in air for three days.

MIL-53(tdc)(A]) was synthesized according to the literature.” Ala(SQ4)3-18 H20 (3.58 mmol,
2.386 g and 2,5-thiophenedicarboxylic acid (2,5-Ha-tde) (3.14 mmol, 0.540g) are dissolved in
amixture of H;O and DMF (4:1,20.1 mL: 5.02mL) in a 50 mL round bottom flask. The mixture
was heated under reflux at 135 °C for 24 h. The resulting white precipitate was separated from
the mother solution by centrifugation and redispersed in 40 mL of water. This procedure was
repeated two times. A fourth washing step was applied by re-dispersing the precipitate in 40
ml, of water which then was heated under reflux for 3 h. After final centrifugation, the
precipitate was dried in a vacuum oven at 60 °C for 24 h.

CAU-10-H was synthesized according to the literature.® Aly(SO4)3- 18I0 (1.20 mmol, 0.800
g) and isophthalic acid (1,3-Hz-bdc) (1.20 mmol, 0.200 g) are mixed in 1 mL of DMF and 4
mL of water. This mixture was placed in a 50 mL Teflon-lined steel autoclave and heated in an
oven at 135 °C for 12 h. After cooling to room temperature, the resulting white precipitate was
collected by centrifugation. Then the solid was re-dispersed in 20 mI of water and stirred for 5
h. After centrifugation, the solid was dried in air overnight.

MIL-96(Al) was synthesized according to the literature.” AI(NO3)3-9H20 (3.508 mmol, 1.316
g) and trimesic acid (1,3,5-H»-btc) are dissolved in 5 mL of water. The solution (pH = 1) was
placed in a 10 mL Teflon-lined steel autoclave. The autoclave was sealed and heated in an oven
at 210 °C for 24 h. After cooling to room temperature, the white precipitate was recovered by
centrifugation and washed with 2 x 20 mL of water. After the final centrifugation, the precipitate
was dried in air overnight.
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MIL-100¢Al) was synthesized according to the literature.!® AI(NO3)3-9H20 (3.543 mmol, 1.329
g) and trimesic acid (1,3,5-H»-bte) (2.93 mmol, 0.616 g) and SAPO-34 (2.40 mmol, 0.142 g)
were dissolved in 20 mL of water in a 35 mL quartz vessel. The vessel was sealed and heated
in a microwave oven at 190 °C (150 W and an autogenic pressure of 20 bar) for 10 min. After
cooling to room temperature, the resulting white precipitate was collected by centrifugation.
Then the solid was washed and centrifuged with 3 x 40 mL of DMF and 3 x 40 mL of ethanol,
respectively. Finally, the precipitate was dried in a vacuum oven at 60 °C for 3 days.

NH3-MIL-101{Al) was synthesized according to the literature.!! AICl;-6H>0 (2.222 mmol,
0.510 g) and 2-aminoterephthalic acid (3.093 mmol, 0.560 g) were dissolved in 25 mL of DMF
and placed in a 50 mL Teflon-lined steel autoclave. After sealing, the autoclave was heated in
an oven at 130 °C for 72 h. After cooling to room temperature, the resulting yellow precipitate
was separated from the mother solution by centrifugation and then washed with 3 x 30 mL of
acetone. Then the solid was again recovered by centrifugation and re-dispersed and refluxed in
50 mL of methanol for 20 h. After the final centrifugation, the precipitate was dried in a vacuum
oven at 100 “C.

S1.2  Modified or Alternative Synthesis

MIL-53(Al) was synthesized with modification to the literature.® AlCl;-6H>O (0.67 mmol, 163
mg) and 1,4-benzenedicarboxylic acid (0.99 mmol, 165 mg) are dissolved in 9.58 mL. of DMF
and left standing for 24 h. The mixture was transferred in a 100 mL Teflon-lined steel autoclave
and heated in an oven at 180 °C for 72 h yielding a white powder. The precipitate was separated
from the mother solution by centrifugation and then soaked in 10 mL of fresh DMF and heated
in an oven at 110 °C for 24 h. This procedure was repeated one time. After final centrifugation,
the precipitate was dried in a vacuum oven at 100 °C for 24 h.

S2 MOF structures

The following sections of the framework structures were drawn with the program Diamond !?
based on the noted Cambridge crystallographic data center (CCDC) cif-files from the
Cambridge Structure Database. A distinct pore cavity is depicted by a sphere and its diameter
given. For a channel-type cavity the dimensions of the cross-section are given. The given
distances take the van der Waals surface of the adsorbent into account.
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Figure S3. Section of the framework structure and pore size of DUT-67(Zr) (CCDC 902898).*
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Figure S5. Scction of the framework structure and pore size of Al-Fum (CCDC 1051975)* and
isostructureal MIL-53( Al), NH,-MIL-53(Al) and MIL-53(tde)(Al).

Figure S6. Section of the framework structure and pore size of CAU-10-H (CCDC 1454066).""

S-7

67



Al3(H3=0(CO;)s

AlO4(OH), (here blue)

PN

AlO,(OH), (here orange)

Figure S8. Section of the framework structure and pore size of MIL-100(Al) (CCDC 789872)'® and
isostructural NH,-MIL-101(Al).
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S3  Characterization of Materials as-Synthesized, After Dry SOz and Humid SO2
Exposure

The characterization was done on the as-synthesized materials and on the materials after dry and
humid SO; exposure to check for the stability against SO, and SO,/H;O.

The stability tests were carried out as follows: Before and after stability tests for dry and humid SO,
exposure all MOFs were activated as described in Table S1, SI. For dry exposure, the volumetric SO,
ad- and desorption measurement was taken and the sample was characterized again by PXRD and N,
sorption after the SO;-isotherm measurement. For humid SO, exposure, a controlled airflow of 2 I, min’
! was bubbled through a sodium hydrogen sulfite solution (0.4 g Na,S,0s in 100 mL of water) in a
Schlenk round bottom flask to transport gaseous SO, into a humidity chamber (desiccator vessel). The
experimental setup is shown in Figure S9. To ensure a largely constant SO, concentration in the exposure
chamber, the setup was constructed with a 3-way valve for the possibility to divert the gas flow. The
SO, was either directed to the chamber or diverted to the exhaust if there was sufficient SO, in the
chamber. The desiccator was equipped with a crystallizing dish filled with saturated sodium chloride
solution (80 mL, giving a relative humidity (RH) of 75%) and the sample (50 mg). The RH and the
amount of SO: in the desiccator was monitored with a hygrometer (VWR TH300 hygrometer) and an
SOz-sensor (Driger Pac 6000 electrochemical sensor), respectively. Materials were exposed to a humid
SO, environment at room temperature with 75 + 6% RH and 35 + 5 ppm SO; for 5 h.

Figure §89. Setup for humid SO, exposure experiments.
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S3.1 Powder X-ray Diffraction

Powder X-ray diffraction (PXRD) measurements were performed on a Bruker D2 Phaser (300 W, 30
kV, 10 mA) at ambient temperatures. As radiation source a Cu-Ka-cathode (A = 1.54182 A) between
5° < 20 < 50° was used. Diffraction patterns were obtained using a silicon “low background” sample

holder.

——Zr—-Fum exp. after humid SO, exposure
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—— Zr—-Fum sim.
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Figure $10. Comparison of PXRD patterns of Zr-Fum (simulation based on crystal structure data,
CCDC 1002678, Reference 13).

—— MOF-808 exp. after humid SO, exposure
—— MOF-808 exp. after dry SO, exposure

—— MOF-808 exp.
—— MOF-808 sim.
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Figure $11. Comparison of PXRD patterns of MOF-808 (simulation based on crystal structure data,
CCDC 1002672, Reference 13).
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——DUT-67(Zr) exp. after humid SO, exposure
—— DUT-67(Zr) exp. after dry SO, exposure
—— DUT-67(Zr) exp.

—— DUT-67(Zr) sim.
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Figure $12. Comparison of PXRD patterns of DUT-67(Zr) (simulation based on crystal structure data,
CCDC 902898, Reference 14).

——NU-1000 exp. after humid SO, exposure
—— NU-1000 exp. after dry SO, exposure

—— NU-1000 exp.
—— NU-1000 sim.

Intensity [a.u.]

20[]

Figure S13. Comparison of PXRD patterns of NU-1000 (simulation based on crystal structure data,
CCDC 955328, Reference 15).
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—— MIL-53(Al) exp. after humid SO, exposure
—— MIL-53(Al) exp. after dry SO, exposure
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—— MIL-53(Al) np sim.

—— MIL-53(Al) Ip sim.
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Figure S14. Comparison of PXRD patterns of MIL-53(Al) (simulation MIL-53(Al) large pore or
narrow pore, based on crystal structure data, CCDC 220476 and 220477, respectively, Reference 19).
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Figure S15. Comparison of PXRD patterns of NH.-MIL-33(Al) (simulation based on crystal structure
data, CCDC 901254, Reference 20).
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—— Al-Fum exp. after humid SO, exposure
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—— Al-Fum sim.
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Figure §16. Comparison of PXRD patterns of Al-Fum (simulation based on crystal structure data,
CCDC 1051975, Reference 16).
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Figure S17. Comparison of PXRD patterns of MIL-53 (tde)(Al) (simulation based on crystal structure
data, which was generously provided by Serre and co-workers).
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Figure $18. Comparison of PXRD patterns of CAU-10-H (simulation based on crystal structure data,
CCDC 1434066, Reference 17).
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Figure $19. Comparison of PXRD patterns of MIL-96(Al) (simulation based on crystal structure data,
CCDC 902898, Reference 9).
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Figure $20. Comparison of PXRD patterns of MIL-100(Al) (simulation based on crystal structure
data, CCDC 789872, Reference 18).

—— NH,—MIL-101(Al) exp. after humid SO, exposure
—— NH,—MIL-101(Al) exp. after dry SO, exposure
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Figure S21. Comparison of PXRD patterns of NH;-MIL-101(Al) (simulation based on crystal
structure data, CCDC 605510, Reference 21).
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S3.2 Nitrogen Adsorption

Nz-sorption isotherms were measured on an Autosorb 6 (QUANTACHROME, Odelzhausen,
Germany) instrument at 77 K within a pressure range of 0.005-1 bar. Before each experiment,
the samples were activated for at least 12 hours and at a minimum of 393 K under a vacuum of
less than 5-107% mbar.
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Figure S22: Nz-adsorption isotherms (77 K) of Zr-Fum.
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Figure §23. N;-adsorption isotherms (77 K) of MOF-808.
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Figure $24. Nz-adsorption isotherms (77 K) of DUT-67(Zr).
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Figure 8§25. N;-adsorption isotherms (77 K) of NU-1000.
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Figure $26. Nz>-adsorption isotherms (77 K) of MIL-53( Al).
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Figure §27. N;-adsorption isotherms (77 K) of NH,-MIL-53(Al).
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Figure $28. Nx-adsorption isotherms (77 K) of Al-Fum.
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Figure §29. N;-adsorption isotherms (77 K) of MIL-53(tdc)(Al).
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Figure $30. Nz-adsorption isotherms (77 K) of CAU-10-H.
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Figure §31. N;-adsorption isotherms (77 K) of MIL-96( Al).
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Figure 833. N;-adsorption isotherms (77 K) of NH,-MIL-101(Al).

5-21

81



Table §2. Micropore properties of investigated MOFs obtained by t-plot analysis.

Material

Zr-Fum
MOF-808
DUT-67(Zr)
NU-1000

MIL-53(AD
NH>-MIL-S3(Al)
Al-Fum
MIL-53(tdc)(AD)
CAU-10-H
MIL-96(Al

MIL-100(AD)
NH>-MIL-101(Al)

Micro BET-
surface area

[m® g
480
1740
1050
510

1190
373
820
940
550
450

1420
360

BET-surface

area
[n? g
600
1990
1260
1740

1450
620
970
1000
600
530

1890
1770

S5-22

82

Micropore
volume
[ent® g7]
0.189
0.593
0.403
0.205

0.463
0.150
0.319
0.362
0.203
0.175

0.548
0.603

Total pore
volume
[en?® g7']
0.290
0.749
0.544
1.196

0.706
0.358
0.447
0.415
0.258
0.237

0.824
1.001



S4 SO2 Sorption Studies
S4.1 Method

Before each experiment samples were activated for at least 3 hours and at a minimum of 393 K
under vacuum < 5-10° mbar. All used gases (He, 8Oz, CO», N2) were of ultra-high purity (UHP
grade 5.0, 99.999%) and the STP volumes at 293.15 K and 101.325 kPa are given according to
the NIST standards. SO; and CO» sorption experiments were performed on an Autosorb iQ MP
(QUANTACHROME, Odelzhausen, Germany) instrument within a pressure range of 0.001-1
bar and 293 K. For safety precautions of toxic SOz, a Drdger Pac 6000 SOz-detector (0-100
ppm in 0.1 ppm steps) was used in close range to the sorption-device.

SO»-sorption experiments with our setup involve some limitations emerging from the corrosive
nature of the SOz-adsorptive. The Quantachrome i MP device was equipped with Viton®
gaskets. The chemical compatibility of gasket materials is available in ref. 22. For these Viton®
gaskets each SOz-sorption run had to be completed within a maximum time of 10 h. This time
limit was specified by the company Quantachrome to prevent damage to the gaskets. After this
time the system had to be regenerated by flushing with nitrogen. Irreversible swelling of the
SO, adsorbing gaskets in the measurement device, which could cause leaks in the system, had
to be prevented by setting the measurement time to this maximum (10 h) to meet safety
precautions and to protect the device. Then, after each measurement, the gas line was flushed
with N; several times and remained under N; atmosphere for at least 12 h to regenerate the
gaskets. In the case of long equilibration times upon adsorption and desorption we decided to
collect the adsorption data points as complete as possible with long-enough equilibration times
at the expense that for desorption, fewer data points could be measured. This compromise then
led to incomplete, i.e. not-closed desorption branches, which however are solely due to the
experimental boundary conditions and cannot be interpreted in terms of decomposition or
chemisorption. Also the pressure range from ~0.05 to 0.5 bar was measured with a larger
spacing of data points to lower the total measurement time. This may have prevented in a few
cases to clearly show the formation of adsorption steps of MOFs with bi- or multimodal pore
size distributions. However, if the individual pore sizes of a given material do not differ
significantly a potential adsorption step is difficult to be observed anvhow, especially when the
measurement temperature is 30 K above the boiling point of the adsorbate, where adsorbent-
adsorbate interactions are already weaker.
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S4.2 Combination Figures of SOz Adsorption Isotherms
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Figure 834. Overlay of the SO, adsorption isotherms (293 K) for all examined materials (a) 0.001-1
bar, (b) 0.001-0.11 bar.
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Figure S35. SO, uptake at different pressures vs BET surface area (293 K). The MOF correlation for
the green data points (diamonds) can be seen in Figure 4a in the main text.
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Figure $36. Surface-specific SO, uptake at 0.01 bar (293 K), which is the uptake at this pressure divided
by the BET-surface area vs the pore limiting diameter (PLD). The surface-specific SO; uptake at 0.1 bar
is shown in Figure 5 in the main text.
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Figure S37. Micropore surface-specific SO, uptake at 0.1 bar (293 K), which is the uptake at this
pressure divided by the micro-surface area vs the pore limiting diameter (PLD).
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Figure $38. Micropore surface-specific SO, uptake at 0.01 bar (293 K), which is the uptake at this
pressure divided by the micro-surface area vs the pore limiting diameter (PLD).
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SS SOz and CO2 Sorption and Isotherm Fitting

The measurement of adsorption isotherms of both SOz and CO; under the same conditions are
used to examine sorption capacity and affinity and are further used to calculate the IAST-
selectivity. Fitting-simulations were calculated using 3P sim software.?* We applied several
commonly used models (eq. 1-6) on our isotherm data. The best comparability for two
adsorption isotherms is obtained by applying the same model on both isotherm data. Fitting

parameters are shown in Table S3.

Freundlich: foq = K-pt

Langmuir: Bag = %

o

DSL: Kz p

— K p |
—_ T
Geq Tmax1 1+K,p Tmax2 14K, p

DSLSips Geq = Gmax (o + Grelesr)

{eq= amount adsorbed [mmol/g]

Gmax = Maximum adsorption capacity [mmol/g]

K = affinity constant for adsorption [1/bar]
p = pressure [kPa]

t = index of heterogeneity

The Sips model represents a combination of the Langmuir and the Freundlich model. This
becomes apparent when K or p approaches 0 and the model is reduced to a Freundlich equation
whereas for homogeneous materials with ¢ = 1 concentrations it is reduced to the Langmuir

equation.?
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Figure 839. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO;- (line)
and CO;- (dashed line) adsorption isotherm of Zr-Fum at 293 K.

350 )
300
;m . < des. SO,
§ 250 § &sico
: —fit. ads. SO,
b 200 -
®
o 150 -
: o des. CO,
7 = ads. CO,
é - - - -fit. ads. CO,
o 50
- = ‘i-l-g—'n-u-.—'i-l--la—i—l-l—-—l-l
() | =
0.0 0.2 0.4 0.6 0.8 10

Relative pressure p/pg [-]

Figure S40. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO,- (line)
and CO;- (dashed line) adsorption isotherm of MOF-808 at 293 K.
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Figure S41. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO;- (line)
and CO;- (dashed line) adsorption isotherm of DUT-67(Zr) at 293 K.
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Figure S$42. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO,- (line)
and CO,- (dashed line) adsorption isotherm of NU-1000 at 293 K.
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Figure S43. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO,- (line)
and CO;- (dashed line) adsorption isotherm of MIL-53(Al) at 293 K.
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Figure S§44. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO;- (line)
and CO:- (dashed line) adsorption isotherm of NH-MIL-53(Al) at 293 K.
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Figure 845. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO;- (line)
and CO;- (dashed line) adsorption isotherm of Al-Fum at 293 K.
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Figure $46. Experimental SO,- (thombs) and CO,- (squares) sorption isotherm and fitted SO,- (line)
and CO;- (dashed line) adsorption isotherm of MIL-53(tdc)(Al) at 293 K.

S5-32

92



120 -

7100
e o des. SO,
§ 80l ¢ ads. SO,
o sim. ads. SO,
»
) 60 - e L]
e
g - ®
S 404 —
Q
7 0 des. CO,
© 201
3 = ads. CO,
- - - sim. ads. CO,
04
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure p/pg [-]

Figure 847. Experimental SO»- (thombs) and CO:- (squares) sorption isotherm and fitted SO»- (line)
and CO;- (dashed line) adsorption isotherm of CAU-10-H at 293 K.
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Figure S48. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO,- (line)
and CO;- (dashed line) adsorption isotherm of MIL-96( Al) at 293 K.
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Figure 849. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO;- (line)
and CO;- (dashed line) adsorption isotherm of MIL-100( Al) at 293 K.
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Figure S$50. Experimental SO;- (thombs) and CO;- (squares) sorption isotherm and fitted SO,- (line)
and CO,- (dashed line) adsorption isotherm of NH,-MIL-101(Al) at 293 K.
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S6 Computational Details

S6.1 Ideal Adsorbed Solution Theory, IAST-Selectivity

Selectivities of SOz over COz in Table S4 were calculated from fitted isotherm data (Table S3)
of experimentally measured isotherms at 293 K. The 3P sim software (3P Instruments,
Germany, version 1.1.0.7) calculates the maximal loadings of each gas depending on the given
mole fraction. IAST selectivities S of binary gas mixtures were calculated using equation 7,
where x; represents the absorbed gas amount and y; the mole fraction of each adsorptive.

_ X1 /X3
$= /2 (7)

Table S4. Gas uptake values of SO; and CO: isotherms measured at 293 K and the resulting SO»/CO,
TAST selectivity values.

Material SO, uptjlke COuptake [mmol g'] Soszél(; 3izvlif;ST
[mmol g™ at o at SO,/CO, molar ratio

N L LRV C T

Zr-Fum 1.2 31 4.1 0.05 0.3 1.2 53 46 41
MOF-808 21 3.6 8.8 0.03 0.3 1.0 48 66 370
DUT-67(Zr) 0.7 23 7.4 0.02 0.2 0.9 22 22 37
NU-1000 0.6 26 81 0004 02 1.0 16 17 2
MIL-53(Al) 0.4 33 7.0 0.07 0.6 1.4 17 22 43
NH,-MIL-53(Al) 2.0 43 6.2 0.1 0.8 2.1 41 42 56
Al-Fum 1.0 4.1 6.1 0.02 0.3 L5 34 35 36
MIL-53(tde)( Al) 0.6 5.0 6.5 0.03 0.3 1.4 24 48 8
CAU-10-H 1.2 37 43 0.03 0.4 1.7 29 27 25
MIL-96(Al) 1.2 37 54 0.1 1.0 3.0 7 7 8
MIL-100( Al) 0.4 25 103 0.003 0.2 0.8 17 18 38

NH:-MIL-101(Al) 1.5 3.0 11.0  0.09 0.6 1.6 29 20 16

Calculated SO2/CO2 IAST-selectivities for all examined materials are presented in Figure S51.
MOF-808 demonstrates superior affinity and adsorption capacity for SO; over CO; with a gas-
uptake of 97.3 and 16.8 em® g'! at p/po= 0.1 (293 K), respectively. This gap in gas adsorption
(SO2/COy) 1s increased when moving to elevated pressures of (0.5 bar, resulting in high IAST-
selectivities in the range of 48-370. The unusual drastic increase of IAS T-selectivity for MOF-
808 reflects the pronounced SO; adsorption step at p/po = ~0.5 bar, observed for this MOF.
NH2-MIL-53(Al) and MIL-53(Al) show IAST-selectivities between 41-56 and 17-43. Note that
the additional SO; capacity, gathered by the transition from the #p to the /p form of NHz-MIL-
53(Al), is probably not exploitable for SO2/CO2 separation processes since after the pore
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opening of the MOF it is expected that the adsorbed amount of CO; is also enhanced. A
summary of IAST-selectivity values is also given in Table 1 in the main text.

T T T T T
—&—Zr-Fum —&— MOF-808 & NH,-MIL-53(Al)
—— A-Fum MIL-53(tdc)(Al) —&— MIL-53(Al
——CAU-10-H NH,—MIL—101(Al)
——DUT-67 —&—NU-1000
—&— MIL-100(Al) MIL-96(Al)
s
= 100+
[&]
o
(O]
)
'_
w
<
10 .
5 T d T g T > T = T -
0.0 0.1 0.2 0.3 0.4 0.5

Molar fraction of SO,

Figure S51. The calculated SO,/CO, IAST selectivity dependence on the molar fraction of SO, in the
range of 0.01-0.5 (293 K, 1 bar).

S6.2 Enthalpy of Adsorption via Virial Analysis

p=n-exp (Z C; ni) (8)
i=0

In egqn. (8) Co is a constant for the adsorbate—adsorbent interaction, Ci1, Ca, etc. are constants
for the double, triple, etc. interactions in the adsorbent field. The constants Cj depend on
temperature and the heat of adsorption s (not to be mistaken as the enthalpy of adsorption,
since AHads = —(O«) is given as eqn. (9).

Y dl; o s
Qst(n) = ZERT n (9
=0
The equation for the global fit used for viral analysis is given as eqn. (10).
1 m m
Inp=Inn+ ?Z ant + Z b;nt (10)
i=0 i=0

From the virial fit, AHads(n) is then calculated by multiplying the ideal gas constant R with the
sum of the g coefficients multiplied by the uptake # to the power of i, according to eqn. (11).

m
BHos() =R - ) an’ (11)
=0
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Figure §52. Virial analysis for SO; adsorption isotherms of Zr-Fum at 293 K and 298 K with the fitting
parameters (virial coefficients) & and 5.
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Figure S53. Virial analysis for SO, adsorption isotherms of Al-Fum at 293 K and 303 K with the
fitting parameters (virial coefficients) ¢ and b,.
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Figure §54. Virial analysis for SO, adsorption isotherms of NH,-MIL-53(Al) at 293 K and 303 K with
the fitting parameters (virial coefficients) ¢ and b,
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S7 DFT Calculations

We used two different approaches to locate possible binding sites and binding energies for Zr-
Fum and Al-Fum via density functional theory (DFT) calculation simulations. The reason for
these different approaches is found in the nature of the framework structures. Zr-Fum forms
octahedral metal clusters which are suitable for a modeling approach using a single SBU
together with attached ligands. Contrary Al-Fum forms infinite {AI{OH)(O2C-)2} chains. When
the Al-chain is cut and subsequently optimized the former linear chain undergoes significant
deformation. Thus, for Al-Fum, the more complex periodic approach is more suitable to locate
binding sites of potential guest molecules.

S7.1 DFT Calculations for Zr-Fum

DFT calculations were performed with Becke, three-parameter, Lee-Yang-Parr (B3LYP)
functional by using the Gaussian 16 software.?> We used three model systems (Figure S55)
which were derived from the crystal structure of Zr-Fum (CCDC no. 1002678, Refcode
BOHKAM), and which resemble the different local environments of the pore surface cavity
pockets around the {Zrs(13-O)LzOH)(O2C-)12} cluster. Hydrogen atoms were added to no-
longer metal-binding carboxyl groups of now terminal fumarate ligands. For less computation
time and costs, the linkers which were not part of the cavity pockets were simplitied to terminal
formiate, HCOO-groups . Hach model was set as the initial configuration for geometry
optimization by the B3L YP-D3 method.?® The double-Z basis set LANL2DZ. was used for Z1-
atoms and the 6-311G** basis set was used for non-metal atoms (C, H, O and S). In structure
optimization, the Zr atoms, as well as the outside carbon atoms of linkers, were fixed according
to their coordination position in the experimental crystal structure.

Zrs04(OH)(fum)s(HCOO), Zrs0,4(OH)(fum),(HCOO), Zrs04(OH),(fum)s(HCOO),

Hydroxido-centered model 1 Metal-centered model 2 Oxido-centered model 3
Qﬁ

Saturated by hydrogen atom

Figure S55. Simplified models of Zr-Fum to determine SO, binding sites via DFT calculations.
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The SO2 molecule was manually placed on each of the optimized Zr-Fum configurations with
a different site at various positions, and then the fully relaxed optimizations of the SO»---Zr-Fum
models were performed. The binding energies of the SO; molecule with Zr-Fum were
calculated by the dispersion corrected B3LYP-D3 functional along with 6-311G™". The basis
set superposition error (BSSE) was corrected by the counterpoise method.?” Thus, the binding
energy is given by eq. 12.

AE = Eyorssoz — (Emor + Eso2) + Epsse (12)

Table S5. Calculated binding energies for potential SO, binding sites in Zr-Fum.

Bindi MOF--S0- MOF 50 BSSE Bindi
m. ng- Model [Hartree- [Hartree- [Hartree- [Hartree- nding el!frgy
site [T mol ']
energy| energy| energy| energy|
1 Hydroxide-centered  -4503.590028 -3954.904287 -548.658202 0.007925 -515
2 Metal-centered -4769.654488 -4220.971984 -548.658326 0.008571 -41.0
3 Oxido-centered -4503.583418 -3954.904096 -548.658454 0.007562 -349
4 Oxido-centered -4503.582641 -3954.904443 -548.658485 0.007982 -308

Table §6. Representative non—covalent bonds between the Zr-Fum framework and SO, molecules, and
binding energies based on DFT calculations.

Interaction Contact distance [A] Binding energy [kJ mol™|
model 1: Binding site 1 —51.5
OH:--0OS0 1.88
(fum)C-- SO, 3.26
3.37
3.37
(fum)O---SO; 3.33
model 2: Binding site 2 —41.0
(fum)II -OSO 2.44
2.67
2.68
(fum)O---SO; 2,77
(fum)C -S5O, 3.68
model 3: Binding site 3 —34.9
(fum)H--OSO 2.75
(fum)C--OSO 2.96
2.98
3.20
(fum)C --SO; 3.17
3.30
model 3: Binding site 4 —30.8
(fum)C --SO; 3.18
3.33
(fum)H---SO 3.36
(fum)O---SO, 3.39
3.46
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S7.2 DFT Calculations for AI-MOFs

Quantum mechanical calculations for the AlI-MOFs Al-Fum and NH>-MIL-53(Al) alone and
with adsorbed SO, were performed using DFT and the Quantum-Espresso software.?® The
crystal structure of Al-Fum/NH;-MIL-53(Al) served as starting geometry. Oxygen atoms
belonging to guest water molecules in Al-Fum were removed, and hydrogen atoms were added
to the fumarate linker carbon atoms and oxygen atoms forming OH-bridges, which were not
reported in the cif-structure file. The structures of Al-Fum and NH;-MIL-53(Al) were
geometry-optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) scheme, ultrasoft
Rappe-Rabe-Kaxiras-Joannopoulos(RRKI)-type pseudopotentials and the generalized gradient
approximation (GGA) with Perdew-Burke-Enzerhof (PBE) exchange-correlation. To account
for dispersion effects, the semi-empirical Grimme D3-cotrection scheme was applied.?”
Calculations were performed using the Monkhorst pack scheme with a 2 x 2 x 2 k-point mesh,
an energy cutoff of 70 Rydberg and a charge cutoff of 700 Rydberg. Geometry optimizations
were performed by (a) allowing the cell parameter to fully relax and (b) by fixing the cell
parameters to the experimental values. After geometry optimization of the fully-relaxed Al-
Fum/NH>-MIL-53(Al) structure (a), SO, was placed at various locations and the geometries
were allowed to fully relax. To compute the binding energy of SO, we optimized a single SO
molecule in an empty cell of the same size as the Al-Fum/NH>-MIL-53(Al) structure and under
the same conditions stated before. The binding energy was then obtained as the difference
between the sum of energies of Al-Fum/NH>-MIL-53(Al) and SO; and the energy of Al-
Fum/NH2-MIL-53(Al) including the adsorbed SO2 molecule.

Freely optimized structure Constrained structure
(both PBE-D3)

NV
& A
~ NS
- Nz —! 7
e ™

a= 6.7581 a=  6.8419

b= 129714 b= 12.0877

c= 14.3752 c= 14.2070

a= 90.00° o= 90.00°
B=128.11° B=122.55°

y= 90.00° y= 90.00°

V= 6691.4262 bohr? V= 6683.7687 bohr?
E = 0.00 kJ/mol E= 71.65 kJ/mol

Figure S56. Geometries and structure parameters of DFT-D3 optimized Al-Fum.
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Freely optimized structure Constrained structure
(both PBE-D3)

NS A4
NS NS
A Pas

a= 6.8078 a=  6.6425

b= 16.8583 b= 16.3870

c= 13.0258 c= 13.3679

a= 89.97° a= 90.00°

B= 90.29° B= 90.00°

y= 89.66° y= 90.00°

V= 10088.1575 bohr? V= 9819.5325 bohr?
E = 0.00 kJ/mol E= 19.80 kJ/mol

Figure S57. Geometries and structure parameters of DFT-D3 optimized NH,-MIIL-53(Al).

Table S7. Representative non—covalent bonds between the Al-Fum framework and SO, molecules, and
binding energies based on DFT calculations.

Bond type Contact distance [A] Binding energy [kJ mol!]

Binding site 1 =51.1
OH--0S0O 1.98
(fum)H--OSO 272
(fum)O--SO, 3.11
(fum)C-+-SO, 343

Binding site 2 —49.5
OH--0SO 2.05
2.80
(fum)O--SO, 335
344

Binding site 3 -48.8
OH--0SO 2.04
2.18
(fum)H--OSO 3.09
330

Binding site 4a —41.0
OH--0SO 212
(fum)H --OSO 249
(fum)O--SO, 3.69

Binding site 4b —41.0
OH--0SO 2.82
(fum)H --OSO 3.19
(fum)O--0OSO 3.57
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Table S8. Representative non—covalent bonds between the NH;-MIL-53(Al) framework and SO,
molecules, and binding energies based on DFT calculations.

Bond type Contact distance [A] Binding energy [kJ mol ]
Binding site 1 —67.3
NH-O80 1.97
3.24
NSO 2.56
Ce-1 ~S0; 335
Binding site 2 —58.2
NH:-OSO 1.97
Co-1t ~S0; 2.99
3.19
(BDCO)H -- OSO 3.53
Bindingsite 3 =55.1
NH:-OSO 1.99
(BDC)H--OS0O 2.58
(BDCYO---50, 3.48
Binding site 4 —49.1
NH:-OSO 2.17
2.79
Cs-mt OSSO 2.95
OH---0S0O 2.19

S87.3 Monte-Carlo-simulations of adsorption isotherms

Atomic partial charges for the DFT-optimized structures (a) and (b) of Al-Fum were generated
with the REPEAT method*° and the CP2K program.?! Atoms were described using DZVP-
MOLOPT-GTH basis sets and corresponding GTH-PBE pseudopotentials. Simulations of SO»-
adsorption isotherms were performed with the program Cassandra’? using a fixed 7x4x4
supercell and Lennard-Jones parameters from the Universal Force-Field (UFF)** for C, H and
O atoms and UFF4MOF parameters *! for Al. The SO2-molecule was described as a rigid entity
using the parameter set developed by Ketko et al.** For each model, additional simulations were
performed where the Lennard-Jones parameter & was set to zero for all Al atoms, thus allowing
only electrostatic interactions with this atom type. A similar strategy was successfully applied
by Borges et al. to obtain water adsorption isotherms in MOFs containing Al. 3437 Adsorption
isotherm simulations were conducted in the Grand-Canonical ensemble at 293 K with 2x107
Monte-Carlo steps for equilibration and production phases. The chemical potential of SO2 was
determined for each pressure point using the Peng-Robinson equation of state.®
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Figure S58. SO,-adsorption of Al-Fum at 293 K: fixed structure (dark gray), freely optimized structure
(light gray). Lennard-Jones interactions of aluminum are considered to 100 % (triangles pointing

upwards) or 0 % (triangles pointing downwards).
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12 kPa

3kPa

100 kPa

40 kPa

Figure S59. Snapshots of the pore filling of SO, in Al-Fum at 0.1-100 kPa and 293 K. The circles for 3

kPa emphasize the empty (blue) and multiple-SO,-fi

lled pores (green)
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S8 Comparison with Literature

Table §9. Comparison of SO, sorption data from this work with the literature.

Material

Z1-Fum
MOF-808
DUT-67(Zr)
NU-1000
MIL-53(Al)
NHz-MIL-53(Al)
Al-Fum
MIL-53(tdc)(Al)
CAU-10-H
MIL-100(Al)
NH2-MIL-101{Al)
MIL-96{ Al)

MIL-160
NHz-MIL-125(Tf)
MOF-177
MFM-202a
MFM-300(Al)
MFM-300(In)
MFM-300(AD)-MW
MFM-305
MFM-305-CHs
MFM-600
MFM-601

MFM-170

MFM-170-H,O
NU-1000
MIL-101(Cr)-4F
CAU-10-H
MOF-505
Fe-soo-MOF
MIL-125(Ti)
SIFSIX-1-Cu
SIFSIX-2-Cu-1
[Znz{oxo-dihbac):
{bipy}]
Ni(bde)(ted)os
Zn(bde)(ted)os
Mg-MOF-74
Ni-DMOF-TM
UNAM-1

50:-uptake [mmol-g’]

0.01 bar
13
2.1
0.7
0.6
04
2.0
1.0
0.6
12
04
15
12

4.2

30
03

3.43
4.16

0.4%

0.1 bar
29
36
2.3
2.6
33
43
4.1
5.0
37
25
3.6
37

5.5
7.9
1.0
3.0

8.6
5.1#
447

2.1
4.6
39

7.3

38

8.74
6.01

4.54

6.44

1.6%

1 bar
6.5
146
9.0
12.2
10.5
8.0
7.5
6.9
48
163
173
6.5

7.2
10.8
25.7
10.2
7R
8.28

7.0
52
50
12.3

17.5

13.0
10.9
18.4
4.47
12.9%
1.7
9.8
11.01
6.90

10.9

9.97
4.41
8.60
4.8%
35

Temp.
K]
293
293
293
293
293
293
293
293
293
293
293
293

293
293
293
298
293
298
283
208
298
298
298

298

208
298
298
298
298
208
298
298
298

293

208
208
298
298
298
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BET
[mr g']
600
1190
1260
1740
1450
1120
970
1000
600
1890
1770
530

1170
1560
4100
2220
1370
1071
1272
779
256
2281
3644

2408

2003
1970
2176
630
2216
1470
1527

630
47/275°

1783
1888
1206
940
522

Total pore-
volume
[enr g']

0.290
0.749
0.535
1.196
0.706
0.358
0.447
0.415
0.258
0.824
1.001
0.237

0.460
0.651
151
0.375"
0.419
0.58
0372
0.184

0.88

1.19
0.25
0.73
0.58

0.059%/
0.098"

0.74
0.84

0.459

Pore width
[A]
438,56, 7.4
4.8;18.413
8.8;16.613
12;29%
§.540
7.34
5816
g7
642
25,294
25; 344
~dy 11,119

5
5-846
10.6-11.8%748

57

5
6.2
52

12.8:
14.2:15.9

542

83, 10.1

4.5-6.5,8

7.8
7.8

Lit.

this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work
this work

49
49
49
50

51,52
53
54
55
55
56
56

57

57
58
59
60
61
62
63
64
64

65

66
66
66,67
68
60



KAUST-8 - 2537 29° 298 250 70

KAUST-7 . 2.1¢ 2.68 208 280 70
ELM-12 . 1.95 2.73 298 706 0.26 43-6.1 71
Co3[Co(CN)g]2 . . 25 298 712 : . 7
Zns[Co{CN)e]2 2 . 18 298 700 s . 7
FMOF-2 - - 5.5 298 378 - - 73

*read from isotherm, * from CO3 sorption data (273 K)
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3.2 Comparative Evaluation of Different MOF and Non-MOF Porous Materials for SO,
Adsorption and Separation Showing the Importance of Small Pore Diameters for Low-
Pressure Uptake
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DOI: 10.1002/adsu.202000285, Referenz [153]

Diese Studie beschiftigt sich mit der Untersuchung von SO,-Adsorptionseigenschaften von

prototypischen MOF Materialien und vergleicht diese mit Vertretern klassischerer pordser

Materialklassen wie z.B. Zeolith, Silicagel, Aktivkohle oder kovalente triazinbasierte Netzwerke (CTF).

Einzelgassorptionsmessungen wurden dazu genutzt, Riickschliisse auf Einflusstaktoren der

Materialeigenschaften beziiglich SO, ziehen zu kénnen. Unabhingig von der Mikroporenstruktur und

etwaiger Oberflichenmodifikationen der pordsen Netzwerke, konnte ein linearer Zusammenhang

zwischen zugdnglicher Oberfliche und der SO,-Adsorption bei 293 K und 1 bar beobachtet werden.

Weiter zeigte sich, dass Netzwerke mit kleinen Mikroporen, entsprechend einem Durchmesser von

~4 -8 A, eine erhohte SO,-Aufnahme im Niedrigdruckbereich aufweisen. Die an den kinetischen

Durchmesser von SO, (4,1 A) angepassten Porengrofien scheinen eine effizientere Packung des

Adsorptivs und starke SO,-Porenwand Interaktionen zu ermdéglichen.

In Bezug auf SO./CO,-IAST-Selektivititen bei SO.-Molfraktionen von 0,01 und 1 bar konnten fiir

MOF-Materialien Werte zwischen 41 und 34 erreicht werden, wihrend die Selektivititswerte fiir

andere Materialklassen zwischen 265 und 9 schwankten. Unter zusétzlicher Beriicksichtigung der

Stabilitit gegeniiber feuchtem SO, zeigten CTEF-1 und SAPO-34 die mitunter besten Ergebnisse.

Anteile an der Verdffentlichung:

e  Idee, Konzept, experimentelle Arbeiten im Labor, Durchfithrung der Analytik (bis auf unten
gelistete Ausnahmen)

e  Aufarbeitung der Ergebnisse, Verfassung des Manuskripts und das Erstellen der Abbildungen
und Tabellen. Korrektur durch Herrn Prof. Dr. Christoph Janiak.

e  Synthese und Charakterisierung der Materialien mit Unterstiitzung von Frau Giilin Kurt, Frau

Dr. Secil Oztiirk, Herrn Dr. Alexander Nuhnen und Herrn. Dr. Jun Liang.
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Comparative Evaluation of Different MOF and Non-MOF
Porous Materials for SO, Adsorption and Separation
Showing the Importance of Small Pore Diameters for

Low-Pressure Uptake

Philipp Brandt, Alexander Nuhnen, Segil Oztiirk, Giilin Kurt, Jun Liang,

and Christoph Janiak™

Dedicated to Prof. Wolfgang Kaim on the occasion of his 7oth birthday

The search for adsorbents for flue gas desulfurization processes is a current
interest. For the first time, a comparative experimental study of SO, adsorption
by porous materials including the prototypical metal—organic frameworks
NH,-MIL-101(Cr}, Basolite F300 (Fe-1,3,5-BTC), HKUST-1 {Cu-BTC), the

zeolitic imidazolate frameworks (ZIF)-8, ZIF-67, the alumosilicate Zeolite Y,

the silicoaluminumphosphate (SAPQJ-34, Silica gel 60, the covalent triazine
framework (CTF)-1, and the active carbon Ketjenblack is carried out. Microporous
materials with pore sizes in the range of 4-8& A or with nitrogen heterocycles are
found to be optimal for SO, uptake in the low-pressure range. The SO, uptake

containing CQs, NQO,, and SO, For
example, 43% of total SO, emissions (62.7
Mt in 2018) are related to coal combustion
(270 Mt in 2018).[* Emission of the toxic
and acidic anhydrate gag SO, is harmfil
to the biosphere and to human health both
through air pollution and the formation of
acid rain.®*)

The classic separation of SO, from flue
gases is done by wet limestone-scrub-
bing or treatment by amine-based absor-
bents.’l Flue gases generated by heavy

capacity at 1 bar correlates with the Brunauer-Emmett-Teller-surface area and
pore volume rather independently of the surface microstructure. Zeolite Y and
SAPQ-34 are stable toward humid SO,. The materials Zeolite Y and CTF-1(600)
show the most promising SO,/CQO; selectivity results with an ideal adsorbed
solution theory seledctivity in the range of 265-149 and 63—43 with a mole fraction

of 0.01-0.5 SO,, respectively, at 293 K and 1 bar.

1. Introduction

COver 85% of the global energy is still generated from the
burning of fosgil fuels leading to the emisgion of exhaust fiimes,
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ofl- or coal combustion typically contain
500-3000 ppm of SO,;, which can be
reduced by up to 95% using these estab-
lished methods.”! Importantly, traces of
SO, of <500 ppm remain in the flue gas
and are emitted into the atmosphere. Also,
this residual SO, inactivates CO, adsor-
bentz or poisons selective NO,-oxidation
catalysts B A further decrease of the
SO, content in flue gases is therefore of high economic and
environmental importance. Reversible SO, physisorption by
porous materials is seen as a means to achieve a further SO,
reduction in flue gases.

Curtrently, the SO, adsorption with metal-organic frame-
works (MOFs) experiences high interest.21 Metal-organic
frameworks are typically microporous metal-ligand coordina-
tion networks with uniform porosity, low density, and high tun-
ability through the organic linker, that i, the metal-bridging
ligand.”¥ MOTs are actively studied in the role of adsorbents
{particularly N,, H,, CO,, CHy, etc.) for prospective gas storage
and gas separation®1 or the capture of toxic and polluting
gases.’¥ Yet, MOFs are often not of high chemical and
hydrothermal stability*? An advantage of MOFs is clearly their
designability, in particular their controllable pore size and mod-
ifiable pore surface is unmatched, yet, other porous materials
may also feature good SO, uptake characteristics.

The main components of a typical flue gas mixture are N,
or CO, with a minor part of SO, (500-3000 ppm).”) Superior
affinity to SO, over CO, and N, which conditions high selec-
tivity, is essential for reaching high efficiency of separation. A
promiging material should algo possess a high SO, single-gas

© 2021 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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adsorption capacity in the low-pregsure range without appre-
ciable hysteresis. The overall potential of an SO, adsorbent
depends also on stability and recyclability. SO, sorption materialg
should withstand corrogive conditions under dry and humid
SO, exposure without a decrease in adsorption capability.*]
Further, the reversibility of the SO, adsorption at near room
temperatures and energy-efficient recovery is crucial[*l The
prospective porous materials for reversible physisorption
should be microporous (dpq. < 2 nm), as adsorption should
occur at low pressures to secure the removal of the relevant
trace amounts of SO, from flue gases.[*]

In view of the current high interest on the physisorption of
SO, with MOFs we are critically comparing here gelected MOFs
with other selected porous materials, namely the alumosili-
cate Zeolite Y, the silicoaluminumphosphate (SAPO)-34, Silica
gel 60, the covalent triazine framework (CTF)-1, and the active
carbon Ketjenblack. The collected SO, adsorption data were
used to verify existing sirmulation calculations!** and assess
the materials for their capabilities to remove low SO, concen-
trations from N;/CO;/SO; gas mixtures, with quantitative
agsessment of SO,/CO, selectivities using the ideal adsorbed
solution theory (IAST) model. Furthermore, the relative sta-
bilities toward dry and humid SO, gas were determined via a
follow-up porosity and powder X-ray diffraction pattern analysis.

2. Results and Discussion

We selected the MOFs NHj-Matériaux de I'Institut Lavoisier
(MI1)-101{Cr)[*€], Basolite F3001%#! (also named Fe-1,3,5-ben-
zenetricarboxylate (BTC)), Hong Kong University of Science
and Technology (HKUST)-14%*" (also named Cu-BTC), the
zeolitic imidazolate frameworks (ZIF)-8,°%% and ZIF-675°4
which can all be considered highly prototypical and which
are intensely investigated toward application-oriented proper-
ties (see the Supporting Information for information on their
structure). From the other porous material classes Zeolite Y,1*°)
the silicoaluminum phosphate SAPO-34,°% Silica gel 60, the
carbon-nitrogen framework CTF-17] {covalent triazine frame-
work), and the active carbon Ketjenblack were investigated for
SO, physisorption. Ketjenblack is a form of active carbon with
high electroconductivity and a broad pore size distribution with
a somewhat more ordered structure compared to other active
carbong.’®*? With this selection of materials we aim to cover
a broad range of properties, e.g., pore size, functionality, open
metal sites, etc. for comparative purposes (see Section S1, Sup-
porting Information, for details). The MOFs NH,-MIL-101(Cr),
HKUST-1, ZIF-8, and ZIF-67 were synthesized according to lit-
erature procedures and their identity was established by powder
X-ray diffractometry (PXRD) and porosity analysis from nitrogen
sorption isotherms (see the Supporting Information for details).
The materials Basolite F300, Zeolite Y, SAPO-34, Silica gel 60,
and Ketjenblack were purchased from commercial sources (see
the Supporting Information for further information).

The individual SO, adsorption isotherms were meagured at
293 K (Figures 1 and 2, for a combination, see Figure S22, Sup-
porting Information) and the corresponding data together with
the porosity characteristics from nitrogen sorption isotherms
is given in Table 1. For clarity in the SO, sorption isotherm
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Figure 1. 5O adserption isotherms (293 K) of the examined MOF mate-
rials: a) 0.001-1 bar and b) 0.001-0.11 bar. SO, desorption isotherrms are
ommitted for clarity and are displayed in Figures $23-529 in the Supporting
Information.

diagrams we will present and digcuss the MOF and the non-
MOF materials separately.

2.1. SO, Adsorption by MOF Materials

The amino-functionalized MOF NH,-MIL-101(Cr) shows a
moderate rige in SO; uptake in the pressure range from 0.001
to 0.1 bar with an SO, uptake of 4.1 mmol g! at 0.1 bar. The
SO, isotherm reflects a steady increase up to ambient pres-
sures with a maximum SO, uptake of 167 mmol g at 1 bar
without reaching a saturation stage. The adsorption isotherm
is far from leveling oft at 1 bar. This can be explained by rela-
tively large micropores with a diameter of 15.4 and 19.9 A for
NHy-MIL-101{Cr) {vide infra).""]

The amine functionalization of the MOFs was chosen as a
possible factor, favoring adsorption of SO, interpretable both as
an interaction between bagic and acidic species or as an interac-
tion between polar species with enhanced dipole-dipole inter-
actions.["’] Interestingly, however, NH,-MIL-101{Cr) shows no
surface-specific enhancement of SO, uptake, i.e., the uptake per
unit of the Brunauer-Emmett-Teller (BET) surface (see below),
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Figure 2, SO; adsorption isotherrms (293 K) of the examined non-MOF
materials: a) 0.001-1 bar and b) 0.001-0.12 bar. SO, desorption iso-
therms are ornitted for clarity and are displayed in Figures $23-529 in
the Supporting Information.

Table 1. SO; adsorption data and porosity characteristics at 293 K.
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compared to other materialg in thig study. Ibarra et al. recently
investigated SO, adsorption in the fluorinated MIL-101{Cr}j4-F
which shows a roughly similar isotherm shape to the isoreticular
amino-functionalized frameworks but with slightly higher SO,
adsorption capacity with uptakes of 4.6 and 18.4 mimol g at 0.1 and
1 bar, regpectively, at 298 K and features exceptional stability
against SO,.P This is in agreement with a smaller enthalpy
of adsorption near zero coverage, AH,;; = —36 kJ mol™! for
NH;-MIL-101{Cr) (Figure S35, Supporting Information) than
AHC,;, = =54 k] mol™ for MIT-101{Cr)4-F.FY

Basolite F300 shows somewhat lower SO, adsorption over
the whole pressure range than NH,-MIL-101(Cr1j, reaching
9.5 mmol gt at 1 bar.

The SO, isotherm of HKUST-1 features a single sharp
increase in uptake to 10.1 mmol g™ at 0.1 bar, followed by a fast
transition to near saturation with a maximum SO, uptake of
13.8 mmol gt at 1 bar {a type-Ib isotherm by the International
Union of Pure and Applied Chermistry (IUPAC) classification) ]
To the best of our knowledge HKUST-1 shows one of the highest
SO, capacities with a type-1 isotherm under ambient temperature
and pressure ever reported. The remarkable uptake of HKUST-1
can be explained by the abundance of open metal sites (coordi-
natively unsaturated copper sites).”*] Our experimental results
are in good agreement with simulation calculations for SO, in
HKUST-1 carried out by Song et al. (sim./exp. at 298/293 K at
0.05 bar = =0.9/0.8 mmol g or 1 bar = =15/13.8 mmol g4
where absolute values deviate only slightly due to differences in
accessible surface area. However, in subsequent stability tests,
HEKUST-1 showed no sustained stability (see below).

Z1IE-8 and ZIF-67 both feature an unusual “S*shaped (IUPAC
type-V isotherm)P? adsorption isotherm, with an initial stage at
< =0.1 bar where the adsorption i very low. The delayed SO,
uptake for ZIF-8 was previously predicted by Sun et al. and
Song et al. by simulation calculations and is in good agreement

Material Formula SO, uptake BET® [m2 g7] Total pore Pore width? [A] S04/CO; selectivity?
[mmol g7 ] at vol.Bl [em® g7 at SO2/CO; molar ratio
0.01bar 0.1 bar 1 bar 0.01 01 0.5
NH3-MILI01(Cr) [Crs(Q) (OH) 12 4.1 16.7 22% 116 154, 19,909 34 30 30
(NHz-bd)3(H;0)]
Basolite F300; n.a 0.6 2.4 95 1070 0.49 18-2218 n.d. n.d. n.d.
Fe(BTC)
HKUST [Cus(1,3,5-btc);(H;0)5] 20 10.1 1338 1490 0.61 5,11, 14161 41 36 28
ZIF-8 Zn(2-Melm), 01 0.7 82 1820 0.80 3.4, 1143 n.d. n.d. nd.
ZIF-67 Co(2-Melm), 0.1 0.9 10 1980 0.69 3.4, T1.478 n.d. n.d. n.d.
Zeolite ¥ (NaY) n.a 5.0 5.8 737 930 0.33 7.4,13.789 265 180 149
SAPO-34 n.a 19 4.0 6.4 720 0.28 = 5i 42 36 33
Silica gel 60 n.a 0.2 0.9 33 540 0.75 =10-100, av. 60154 n.d. n.d. n.d.
CTF-1(400) Ideally (C;H N, 22 4.9 10.8 980 0.46 =672 516566 62 40 27
CTF-1(600) Ideally (CgH,N5), 21 55 16.0 2060 120 =8-356687] 63 46 43
Ketjenblack Ideally € 0.5 21 10.7 1410 124 =20-80, av. 40656 9 10 14

*IBET areas were calculated from five adsorption points of the N, isatherrs within 0.05 < p py™! < 0.2, Values were rounded according to the estimated standard deviation

of 420 m? g7; "Total pore volumes were calaulated from experimental N; sorption data at p p,™' = 0.85-0.95, depending on the isotherm shape. For details see Section
52.3 in the Supporting Information; 9 Pore widths as given in the literature; 9See Section 52.5 in the Supporting Information for the CO; sorption data. The MOFs Basolite
F300, ZIF-8, ZIF-67, and Silica gel 60 did not show an appreciable SO, uptake at low pressure, hence the SO,/CO; seledtivities were not determined (n.d.).
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with our experimental results.** The observation of “S-

isotherm chapes can be explained by the small pore entrance
diameter of 3.4 AP*™ for both ZIF-8 and ZIF-67 and hence steric
hindrance for the passage of SO, (kinetic diameter of 4.1 A) )

The gate-opening effect occurring in both ZIFs, where the
methyl groups of the ligand rotate due to the swinging of the
imidazolate rings,l”! is the reason for the delayed rise in SO,
adsorption occurs at =0.3 bar for both ZIF-8 and ZIF-67 The
maximum SO, uptake reaches 8.2 and 11.0 mmol g at 1 bar,
respectively.

2.2. SO, Adsorption by Non-MOF Zeolite Y, SAPO-34,
Silica Gel 80, CTF-1, and Ketjenblack

From all examined materials the previously investigated Zeo-
lite YP**9 shows the highest affinity toward SO, with excep-
tional uptake of 5.0 mumol g~ even at 0.01 bar (65% of the 1 bar
capacity) with a fast transition into near saturation and max-
imum SO; uptake of 77 mmol g~! at 1 bar.

SAPO-34 shows a type-Ib SO, adsorption isotherm with
an uptake of 4.0 mmol ¢! at 0.1 bar, followed by a saturation
stage with a maximum SO, uptake of 6.4 mmol g at 1 bar. The
adsorption differences in Zeolite Y and SAPO-34 which have a
broadly similar structure correlate rather well with the differ-
ence in surface area and pore volume. The high early uptake
of both materials can be traced to their small pore sizes which
favor multiple SO,-pore wall interactions (see below).

Silica gel 60 demonstrated a steady linear rige of SO; adsorp-
tion reaching an uptake of 3.3 mmol g at 1 bar, which is the
lowest value in this comparative study. The effect could be
explained by the combination of relatively low surface area and
large pore sizes of the chiefly mesoporous Silica gel, which
worsens the efficiency of the host-guest interactions. The satu-
ration stage should be reached at pressures exceeding 1 bar.

The two covalent triazine frameworks (CTFs) CTF-1{(400)
and CTF-1{600) are synthesized at 400 and 600 °C, respec-
tively. CTF-1{(400) and CTF-1{600) show steep uptake steps with
49 and 5.5 mmol g adsorbed at 0.1 bar, followed by a neatly
linear uptake reaching the values of 10.8 and 16.0 mmol g1 at 1
bar, respectively. Ketjenblack has a nearly linear uptake over the
whole pressure range and arrives at an uptake of 10.7 mmol g
at 1 bar. Neither of the three carbon materials reaches the sat-
uration at 1 bar. Especially, the isotherms for CTF-1{600) and
Ketjenblack still have a high positive slope and are far from
leveling off at 1 bar. The superior affinity of the CTFs to SO,
compared to Ketjenblack iz likely due to the presence of smaller
pore gizes in the former and more importantly due to stronger
dipole—dipole interaction between the triazine and nitrile
nitrogen atoms and SO,. The nitrogen atoms are primarily het-
eroarylic, but residual, unreacted terminal nitrile groups are
also present.f1

2.3. Structure—Adsorption Relationships
The surface area and the total accessible pore volume could be

taken as the two primary factors governing the total SO, adsorp-
tion at 1 bar. The SO, uptake of all examined materials at 293 K
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Figure 3. SO, uptake (1 bar, 293 K} versus a) BET-surface area and
b) total accessible pore volume (both determined by Ny adsorption at
77 K). The dashed trend lines are a guide to the eye. The dotted line in
(b) separates the micro- and mesoporous materials.

and 1 bar ig plotted against the BET-surface area and the pore
volume in Figure 3. The examined materials differ significantly
in terms of chemical composition and surface microstructure,
nevertheless, the microporous materials without diffusion
restriction show a reasonable correlation between SO, uptake
and BET-surface area and total pore volume (Figure 3).

The two microporous ZIFs are noteworthy outliers in the
uptake-surface area and pore volume correlation. Thiz can
be explained with the noted small pore window diameter of
3.4 AU475] and steric hindrance for the passage of SO,. Above the
threshold or gate-opening pressure of =0.3 bar, the SO, molecules
could enter the pores. The two ZIFs are microporous materials
with no mesopores. However, when probing the BET surface
area, the smaller N, molecule with its kinetic diameter of 3.64 A
can more effectively cover the surface and fill the 114 A diam-
eter pore, than the larger SO, molecule with its kinetic diameter
of 4.1 A. Part of the pore surface and volume will remain inac-
cesgible or empty with SO, due to steric hindrance from nearby
adsorbates. A geometric estimate suggests that about 6 SO,
molecules may fit into the 11.4 pore, while about 15 N, molecules
can fill the same space. Thig effect of inaccessible surface is
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especially pronounced in pores wider than the molecule length,
but not wide enough for unrestrained surface coverage.

Also, the wuptake of NH,-MIL-101(Crj, CTF-1{600),
Ketjenblack, and Silica gel 60 iz lower than expected from
their surface area or pore volume which corresponds to the
not reached saturation stage at 1 bar (see their above sorption
igsotherms). The total pore volume represents the limit for the
maximum capacity. This is why the (partially) mesoporous
materials are positioned below the linear trend line of the
uptake versus surface area and pore volume dependence. The
larger pores are not completely filled as the adsorption curve is
far from saturation (in terms of an idealized Langmuir curve).
The saturation uptake ig only reached at pressures higher than
1 bar. The pore filling of such larger mesopores would have
to occur by (framework)O=S..-0=S=0 and (framework-)
0=8=0-.-S=0 dipole-dipole interactions, forming SO,
chains or clusters. The dipole moment of SO, plays an impot-
tant role in the adsorption process. In mesopores only part of
the adsorbed SO can interact with the surface. If in addition
the surface of the mesoporous materials has only low affinity
sites (e.g., Ketjenblack, Silica gel 60) then this contributes to the
not reached saturation.

Most applications, incuding flue gag desulfurization or gas
gensors, are restricted to pas mixtures with low partial pres-
sures of SO,. The optimization of the material performance at
low pressures (< 0.1 bar) is therefore essential, whereas the total
accessible pore volume should only be nonlimiting, i.e., only a
certain threshold for the minimal uptake should be guaranteed.
For the targeted low-pressure region, it is evident that there is
no correlation between low-pressure SO, uptake and BET sur-
face area (Figure S30, Supporting Information) and there is
also no correlation of the SO, uptake to the micropore volume
(Figure 531, Supporting Information).

For a high gas uptake at low pressure, that is a type-I iso-
therm, there must be a high affinity between the adsorbent and

Table 2. Fitting parameters for SOfCO; IAST-selectivities at 293 K.

Material® Gas Model? Affinity const. [bar™]
NH,-MIL101(Cr) SO, DSL 16.0
CO, DSL 9.6
HKUST-1 S04 LAI 22.0
Co, LAl 0.4
SAPO-34 504 DSL 95.1
cO, DSL 5:5
Zeolite Y 504 DSL 2739
CO, DSL 93
CTF1(400) 50, DSL 143.3
CO, DSL 6.1
CTF1(600) 50, DSL 115.3
CO, DSL 10.5
Ketjenblack SO, LAI 0.9
co, LAl 0.4

ABasalite F300, ZIF-8, ZIF-67, and Silica gel 60 were not included in the IAST calcu-
lations for their low $O7 uptakes at low pressures. The correlation coeffidents for
the isatherm fits were 0.996; YDSL = Dual-site Langmuir; LAl = Langmuir.
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the adsorbate. At low pressure, the adsorption affinity is syn-
onymous with the uptake as long ag the latter is not limited
by surface area or accessible volume. The SO, adsorption iso-
therms of the materials were fitted with a Langmuir (LAI) or
dual-gite Langmuir (DSL) model yielding the affinity constants
given in Table 2. The remarkably high initial SO, affinity con-
stant of Zeolite Y (2739 bar™j correlates with the higher initial
uptake compared to SAPO-34 or CTF-1{400/600) with less steep
uptake und thus yielding lower SO, affinity constants (95, 143,
and 115 bar), respectively).

There is an optimum (or local optima) of pore size and pore
shape for a given molecule. For example, one local optimum
for a linear gag molecule with a length of L4, is an adsorbent
structure with opposite surfaces at a distance of L, between
the Connolly surface, i.e., probe the accessible surface of the
opposite sides"?l This ensures optimal dispersive interactions
with both ends of the molecule to the surface and this model is
often used for computations.

The results of this study support the existence of an optimal
pore sizel®™2 for a high adsorption affinity of SO, at low pres-
sures. The existence of such optimum is cleatly visible by the
maximum in the distribution of the surtace-specific SO, uptake
at 0.01 bar and 0.1 bar (293 K} against the pore limiting diam-
eter (PLD), shown in Figure 4. As the absolute value of the
uptake at low pressure depends on the surface area, it was nor-
malized by division through the surface area, giving the sur
face-specific SO, uptake.

The PLD is the smallest diameter of a pore or window, present
in a framework. The optimum pore width would be ~4-8 A, as
found in HKUST-1, Zeolite Y, SAPO-34, and CTF-1{400). Porous
materials with such pore widths exhibit a surface-specific SO,
uptake larger than 1 107 or 5x 10~ mmol m at 0.01 or 0.1 bar,
respectively. In contrast, materials with pores outside the above
pore criteria exhibit a surface-specific SO, uptake smaller than
0.5 107 or 2 x 10~ mmeol m? at 0.01 or 0.1 bar, respectively.

Grand-canonical Monte Carlo (GCMC) simulations for SO
sorption in MOFs, among them HKUST-1 and ZIF-8, also indi-
cated that the amount of SO, adsorbed at 1 bar correlated nei-
ther well with the surface area nor with the total accessible pore
volume. Instead, a good correlation of SO, uptake was found
with the heat of adsorption in small pore (dp.,. = 4 A) materials

at 0.05 bar pressure. [
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£ 6E-03 y ZIF-8
= SAPO-34
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Figure 4. Surface specific SOy uptake (i.e., the total uptake divided/nor-
rmalized by the BET-surface area) at 0.01 bar (squares) and 0.1 bar {circles)
versus the pore limiting diameter. Note that for Silica Gel 60, CTF-1, and
Ketjenblack only the smallest pore diarneter is indicated and these rmate-
rials have a broad pore size distribution (Table 1).
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Furthermore,  studies  on  NHy-MIL-125(Ti)  and
[Z1,(L1),(bpe)] indicate a positive eftect of nitrogen function-
alization to enhance the SO, affinity at low pressures.[**
The effect could be operating here for CTF-1{400), CTF-1(600),
and NH,MIL-101(Cr) and partially offset the (expected) lower
uptake from the larger pore diameters.

In gitu inelastic neutron scattering and density functional
theoty (DFT) calculations of SO, at manchester framework
material (MFM)-300(A)¥ and in situ synchrotron PXRD
studies on MFM-601{Z1)*¥) had shown that stronger SO,
anchor points are also metal-OH groups as the hydrogen-
bonding sites (metal-OH---0=8=0) for the first SO, mole-
cules. Here NH,-MIL-101{Cr) and most likely Basolite F300
feature metal-OH anchor points. Also, the open metal sites in
HKUST-1 are strong binding sites. However, in situ SO, sorp-
tion synchrotron single-crystal X-ray diffraction experiments
on the Cu(ll) paddle-wheel MOF MEM-170 gave the open Cu?*
sites only as the secondary adgorption sites, where the SO; mol-
ecule binds to in an end-on mode Cu- - -O=S=0 with 2.3(1) A
and an occupancy of only 0.67. Upon desorption the diffraction
data under a dynamic vacuum at 298 K left the Cu®-bound SO,
with an occupancy of 0.09 which suggests that due to the Jahn-
Teller effect the Cu-0=8=0 bonding ig weak so that it is almost
entirely desorbed on the reduction of pressure.’ On the other
hand, ZIF-8 and ZIF-67 neither have metal-OH nor open metal
sites, contributing to a low affinity, besides the low uptake due
to the gate-opening effect (vide supra).

2.4. |AST Selectivity

CO; is the main competitor of SO, regarding the binding to the
adsorbent during the flue gas desulfurization. The SO,/CO,
selectivity, which is crucial for the separation of gas mixtures,
was assessed with the TAST model for some of the most prom-
ising materials using binary SO,/CO, mixtures. IAST-based
estimations are adequate when the conditions of low relative
pressures, similar polarity, as well as close molecular volumes
of the components of the gas mixture, are fulfilled.(*4

The calculation of [AST-selectivities was performed by fit-
ting the adsorption isotherm data points (Figures $23-529 and
Table S2, Supporting Information) using the “3P sim” software
(parameters in Table S3, Supporting Information).[*]

The dependence of the calculated SO,/CO, IAST-gelectivities
on the mole fraction of SO, {1 bar, 293 K) for all the exam-
ined materials are shown in Figure 5. Along with the order
of Zeolite Y, CTF-1{600), CTF-1{400), SAPO-34, and HKUST-1
with SO,/CO, [AST-selectivities from 265, 63, 62, 42, and 41
thege materials demonstrated the highest selectivities at 0.01
(10.000 ppmy molar fraction of SO; (293 K and 1 bar). It is inter-
esting that at a higher SO, molar fraction of 0.5, the respective
values become 149, 43, 27, 33, and 28 (293 K and 1 bar), ie,
the order changes somewhat. Overall, Zeolite Y shows the most
promising result regarding the capture of SO, from flue gag
mixtures since it provides a high SO,/CO; selectivity and itg
type-I isotherm should allow a relatively small pressure interval
for pressure swing adsorption processes.

Although, HKUST-1 shows decent SO,/CO, selectivity of
41 at a 0.01 molar fraction of SO, previously, Yaghi et al. and
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Figure 5. SO./CO, IAST selectivity dependence on the molar fraction of
SO; in the range of 0.01-0.5 (293 K, 1 bar).

Jones et al. used HKUST-1 in breakthrough experiments in
which the material showed no significant retention of SO, F%5]
Furthermore, a decreaging IAST-selectivity of HKUST-1 toward
even lower SO, partial pressures than 0.01 indicates that the
material might not be able to separate trace amounts of SO,.
Noteworthy, HKUST-1 had the highest calculated selectivity
for NO, from GCMC simulations on a broad range of porous
materialg, including MOFs, ZIFs and zeolites with respect to a
gas mixture of CO4, Ny, Oy, SO, and NOQ,.[4

Despite the high surface area of Ketjenblack the low affinity
to SO; results in its unremarkable SO,/CO; IAST-selectivity of
9 at a 0.01 molar fraction of SO, (293 K and 1 bar).

2.5, Stability Test toward Dry and Moist SO,

Stability tests of investigated materials were carried out with
both dry and humid SO, (the experimental methodology is
given in the Supporting Information). From thermogravimetric
analysis the porous materials show an initial water loss from
their pores, but the frameworks are stable to 300 °C (Figures
$32 and $33, Supporting Information). Humid SO,, containing
the moderately strong and quite corrosive sulfurous acid in
equilibrium, reflects much better the real-world conditions in a
potential sequestration application. The change of the BET-sur-
face area and the total pore volume after SO, exposure during
the specified time was used as the primary stability indicator
parameters (Figure 6 and Figures S11-S21, Supporting Infor-
mation), while changes of the PXRD patterns were examined
qualitatively (Figures S4-S10, Supporting Information). Note
that the influence of humid SO, exposure was mainly examined
for materials that demonstrated both notable stability under dry
SO, exposure and remarkable SO, affinity. While ZIF-8, ZIF-
67, and Silica gel 60 were very stable toward dry SO, (Figure 6},
their affinity was low, hence neither of the three was subjected
to humid SO, anymore. It is worth mentioning that changes
in the PXRD pattern were less prominent upon decomposi-
tion which i why a combination of diffraction and adsorption
experiments is always recommended.
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Figure 6. The relative (treated/pristine) BET surface area and total pore
volurne of investigated porous rmaterials afterdry and humid SO, exposure.

The dry SO, exposure during <10 h did not affect the
majority of examined materials strongly (Figure 6). Most
materials retained more than 90% of the BET-surface area
and pore volume, in comparigson to the untreated material.
However, the amino-functionalized MOF NH,-MIL-101(Cr) as
well as Basolite F300 demonstrated a major loss of porosity
and were deemed SOj-unstable. We note that the parent
MOF to NH,-MIL-101{Cr), namely MIL-101{Cr) is also not
stable toward SO, which was explained by its comparatively
hydrophilic nature’! We suggest that both NH5-MIL-101(Cr}
and Basolite F300 are unstable because the SO; can interact
with the metal-aqua and hydroxido ligand M-OH, and M-OH
{Figure S1, Supporting Informationj, which are still present in
both metal-cluster secondary building units (SBUg) after acti-
vation at 120 °C. Such an interaction can form sulfurous acid
or hydrogen sulfite which may break the metal-carboxylate
bonds with formation of metal-sulfite and the conjugated
acid of the ligand. Mounfield et al. have performed in situ
IR experiments on MIL-125 which confirmed the presence
of bisulfite gpecies and, in combination with computational
simulations of formation energies of these adsorbed species,
indicated that the degradation of the framework. The degra-
dation likely proceeds through a reaction involving water, the
dissociation of water or sulfurous or the combined reaction
of sulfurous acid and water. Sulfurous acid, H,SO; can be
formed from SO, with humidity inside the MOF [*]

Under humid SO, exposure (35 + 5 ppm) during 5 h
SAPO-34 showed nearly no change in porosity and could
be considered stable under both dry and humid conditions
(Figure 6). CTF-1{600), Ketjenblack and surprisingly, HKUST-1
demonstrated moderate surface area logs under the humid-
SO, exposure conditions. CTF-1(400) showed a more severe
loss in surface area and pore volume toward humid SO,.
When HKUST-1 wag subjected to a humid SO, exposure time
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of 8 and 24 h a drastic degradation of the framework struc-
ture became visible in subsequent PXRD and N, adsorp-
tion analysis (Figures S6 and S13, Supporting Information).
Concerning, the initial higher stability of HKUST-1 in com-
parison to usually regarded more stable NH,-MIL-101(Cr) and
Basolite F300 we refer again to the SBUs with their reactive
metal-carboxylate bonds. The principle difference in the three
SBUs ig that the metal-aqua and -hydroxido ligands M-OH,
and M-OH in NH,-MIL-101(Cr) and Basolite F300 are normally
bound ligands where reaction with the SO, under forma-
tion of reactive sulfurous acid or hydrogen sulfite can occur
{(Figure S1, Supporting Information). Whereas in HKUST-1,
the aqua ligand on d°-Cu{I) is subject to the Jahn-Teller dis-
tortion with an elongated Cu-O distance and weaker interac-
tion (Figure S2, Supporting Information). This Cu-aqua ligand
is easily removed upon activation. Further, sulfurous acid,
which may still form, will also bind much weaker to Cu and
thereby interact much slower with the Cu-carboxylate bonds.

Furthermore, SO, is also a strong reducing agent and may
reduce the metal atoms in the MOFs to a lower valent state,
such as Cr(Il), Fe(IT), and Cu(l). Upon reduction, the metal-
carboxylate bonding can change more drastically, for example,
high-spin d*Cr(Il} is also subject to Jahn-Teller distortion. In
thiz regard, it is interesting to note that in activated HKUST-1
it was observed through the spectroscopic investigation of
adsorbed C0O,, CO, or NO that Cu(l) is present and coexists
with Cu(II). Obviously, in HKUST the oxidation state of copper
can be reduced to Cufl) by redox treatments, using vacuum
and/for reducing gases at different temperatures, albeit without
noticeable framework degradation.*** Hence, a higher “redox
stability” could also be an explanation for the higher kinetic sta-
bility of HKUST-1 compared to the MIL frameworks.

A special case is Zeolite Y which exhibited better stability
performance under humid exposure conditions than toward
dry SO, (Figure 6). In the case of Zeolite Y, the accessibility
and the location of the Na® counter cations to the anionic alu-
mosilicate framework contribute largely to the adsorption prop-
ertieg of this material.®? Polar molecules, like water, can induce
cation redistribution and thus change adsorption properties,
e.g., selectivity and capacity, significantly.®>*? So, it might be
the case that preadsorbed water blocks or rather changes the
accessibility for SO, in our experiment.

3. Conclusions

Five prototypical MOF materials were compared with six repre-
gentatives of other clagzes of porous materials regarding their
SO, adsorption capabilities. A strong correlation between the
SO, uptake at 1 bar and 293 K and BET-surface area and pore
volume was observed for all microporous materials, indepen-
dently of their surface microstructure. The highest affinity
constants toward SO, at low partial pressures (0.01-0.1 bar)
were registered for materialg featuring pores with diameters of
=48 A, and aromatic nitrogen atoms (e.g. CTFs).

The calculated TAST-selectivities for SO, over CO, were in
the range of 9-265 (at 0.01-0.5 molar fraction of SO,), with the
highest selectivity over the whole range given by Zeolite Y. Also,
remarkable selectivities at low pressure were demonstrated by
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CTF-1{400/600), which reflect the benefit of weakly bagic acrylic
nitrogens as more affine adsorption sites. When the stability
toward humid SO, is further taken into consideration, this then
leaves CTE-1{600), and SAPO-34 ag the most promising mate-
rals for realistic use (i.e., humid conditions). The results of this
work should raise the awareness for well-known porous mate-
rial classes in the competition with currently advocated MOFs
for SO, adsorption.

4. Experimental Section

Materials: The exarmined materials were synthesized according to
published methods or obtained commercially (see Table S1, Supporting
Information).

Gas  Adsorption:  BET  characterization was  performed on  a
Quantachrome Autesorb 6 autornatic  gas  adsorption  analyzer
(further instrument). 5Oy and CO; isotherms were measured on a
Quantachrorme Autosorb iQQ MP instrurment. Before each experiment,
the samples were activated according to the literature (but at least
3 h of degassing and a ternperature of not less than 393 K} and a
=5 % 107 rnbar vacuurn. All gases (He, N, SO;, CO,) were of ultrahigh
purity (99.999%). The standard termperature and pressure volumes at
29315 K and 101.325 kPa are reported according to the recomrnendation
of the National Institute of Standards and Technology. The N,
adsorption experiments for the BET surface area and pore volurme
determination were performed within a pressure range of 0.005-1 bar at
77 K. The SO; sorption experiments were performed within a pressure
range of 0.001-1 bar (0.96  0.007 bar) and 293 K. A Driger Pac 6000
electrochernical SO, sensor with a measuring range of 0.1-100 pprm was
used for leakage testing and maintaining safe work conditions.

Powder X-Ray Difffaction: The PXRD rneasurernents were performed
on a Bruker D2 Phaser with a Cu-K-cathode source (4 = 1.54182; 30 kv,
10 mA) at roorn temperature. The finely ground samples were measured
in the range of 5 < 26 < 50° using a low background silicon sample
holder.

Thermogravimetric Analysis (TGA): TGA was performed on a Netzsch
Thermo-Microbalance Apparatus TG 209 F3 Tarsus, at a heating rate of
10 K min™" under a nitrogen flow. Samples were not activated before the
measurernent.

Stabifity Tesis toward Dry and Moist SO: For the determination of the
material stability under SO, exposure the change in BET surface area
(N, sorption) and crystallinity (PXRD) were exarmined. Samples were
activated as described above.

Stability tests toward dry SO, were carried out as the above SO,
ad- and desorption isotherm measurement by exposing the sarmple
between & h to less than 10 h under a variable pressure of 0.001-1 bar.
Afterward the stability was assessed by the identity or changes in the
PXRD and BET sutface area and porosity.

Stability tests toward humid SO; were done in a self-constructed
exposure chamber (Figure 52, Supporting Information), which
contained a vessel of saturated sodium chloride solution (80 mL) to set
a relative hurnidity (RH) of 75%. The chamber was filled with humid SO,
by bubbling air through a solution of sediurm hydrogen sulfite (Na; S;05
dissolved in water). The generated SO, concentration and the RH-value
in the charmber were rmonitored by a Driger Pac 6000 504 sensor and a
VWR TH300 hygrometer, respectively. The exposure was done at roomn
ternperature under an atmosphere containing 35 £ 5 ppm SO, and of
75 £ 6% RH humidity for 5 h. Experimental details and setup can be
found in Section S2.1in the Supporting |nformation.

Supporting Information

Supporting Information is available frorm the Wiley Online Library or
from the author.
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1  Materials

Table S1. Reference to synthesis or vendor of the materials.

Material Synthesis Purchase * Activation
conditions

NH,-MIL-101(Cr) Edler et al.' - 12h; 120 °C
Basolite F300 - BASF 3h;120°C
HKUST-1 Fan et ol - 12 h; 120 °C
ZIF-8 Ooi et al”’ - 12h; 120 °C
ZIF-67 Carreon et al’ - 12h; 120 °C
Zeolite Y (NaY) - Alfa Aesar 12h; 120 °C
Silica gel 60 - Machery-Nagel-NAGEL 3h;120°C
SAPO-34 - Clariant AG 4h; 120 °C
CTF-1(400) Antonietti ef al.’ - 12 h; 120 °C
CTF-1(600) Antonietti ef al.’ - 12 h; 120 °C
Ketjenblack (EC-600JD) - AkzoNobel 4h; 120 °C

* Used without further purification.

NH-MIL-1601(Cr) 1s a MOF which is like its parent MIL-101(Cr), with the empirical formula [Crs(p,-
O)(bde)s(F,OH)XH,0),] (bdc = benzene-1,4-dicarboxylate), considered moisture stable,’™ has micro- to
mesopores and is frequently emploved in various gas sorption studies, including CO,,"" and in
catalysis, ™ Both MOFs are chromium-terephthalate based porous materials. The structure of both
MOFs resembles the augmented MTN zeolite topology. MIL-101(Cr) is synthesized in quite harsh
reaction conditions (220 °C in water). Thus, a fundamental water stability of this material can be
expected and has been proven.™!

Basolite F300 (Fe-BTC) is part of a series of MOFs, which has been commercialized by BASF.I'!
The precise structure of Basolite F300 is unknown but it has a disordered framework of locally
ordered units! and is related to the crystalline MOF structure of MIL-100(Fe) with the empirical
formula 3D-[Fe,(O)(bte),(F,OH)(H,0),]; (bte = benzene-1,3,3-tricarboxylate, trimesate) which has
received attention in literature with respect to its catalytic, gas separation and gas storage properties.
The porosity of MIL-100 originates from both 25 A and 29 A mesopores, which are accessible via 5.5
Aand 8.6 A windows, respectively."* MIL-100(Fe) has been shown to be a hydrothermally very
stable MOF and withstand repeated cyclic adsorption of water vapor.!" Also, Fe-based materials are
of relatively low cost and low toxicity.['***!

HKUST-1 (Cu-BTC or MOF-199), with the empirical formula [Cus(btc),(H,0)],, 18 probably one of
the most investigated MOFs. The porous framework of HKUST-1 is composed of Cu*" cations as
metal nodes and benzene-1,3,5-tricarboxylate (btc) anions as organic ligands.'® The pseudo-octahedral
coordination sphere of HKUST-1 includes paddle-wheel clusters formed by Cu,(OOC-), units (Figure
$2).16711 Cy* jons are coordinated by four oxygen atoms from the bt ligand and one oxygen atom
in the axial position from a water ligand " HKUST-1 comprises three kinds of pores and windows.
Two larger cuboctahedral pores (11 A and 14 A), are accessible through square-shaped windows (9
A1 Octahedral site cavities (5 A) are connected to the main channels by triangular windows
(3.5 &)1 Dye to four benzene rings from the btc ligand these small pores have a more
hydrophobic character.”! Upon thermal or vacuum activation, water ligands coordinated at the
secondary building unit (SBU) of HKUST-1 are removed creating coordinatively unsaturated metal
sites (CUS, open metal sites, OMS)."" These open Cu*"sites could bind to distinet guest
molecules.[*’!

[13]
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Secondary building units of NH,-MIL-101(Cr), MIL-100(Fe) and HKUST-1:

Figure S1. Secondary building unit (SBU) of MIL-101(Cr) and NH,-MIL-101(Cr) (left) and MIL-
100(Fe) (right). Basolite F300 (Fe-BTC) is the commercial variant of the prototypical MOF MIL-
100(Fe). The outward-pointing three O atoms represent two aqua ligand (H,0) and one hydroxido or
fluorido ligand (OH/F), depending on the fluoride-free or fluoride-based synthesis. The latter cannot
differentiated by crystal structure refinement as it is also disordered over all three positions. The SBU
formulae are {Cry(u;-O)H,O0)(OHF)(O,C-)} and {Fey(us-OXWH; O),(OH,F)(O,C-)s}, respectively.
Graphics have been drawn with the software DIAMOND P*! from the deposited cif-files under CCDC
no. 605510, Refcode OCUNAK for MIL-101{(Cr)}*'! and CCDC no. 640536, Refcode CIGXIA for
MIL-100(Fe).*!

B
§2165A

Figure 82. Secondary building unit (SBU) of HKUST-1 (Cu-btc) with its paddle-wheel structure of
the square-pyramidal Cu atoms. The axially-oriented two O atoms represent two aqua ligand (H,0)
along the direction of the Jahn-Teller distortion of the d°-Cu(I) atom. The given Cu-O distances
underscore the weaker binding of the axial ligands. The SBU formula is {Cu,(H;0)(0,C-)4}.
Graphics have been drawn with the software DIAMOND 4 from the deposited cif-files under CCDC
no. 112954, Refcode FIQCEN.!®!

ZIF-8/ ZIF-67 are two isostructural frameworks”®! with the empirical formula [M(2-Melm),] (M =
7Zn, Co, 2-MeIm = 2-methylimidazolate) and are the parent MOFs of the “zeolithic imidazolate
framework’ series for the respective metal. ZIFs show great potential for several applications, in
particular high-capacity storage and separation of gases, catalysis, sensing and optics.?" > ZIF-8 or
ZIF-67 are composed of tetrahedrally nitrogen-coordinated Zn or Co atoms, respectively, and linked
by 2-methylimidazolate ligands. ZIFs have structures similar to aluminosilicates (zeolites ). The
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robustness and comparatively facile and inexpensive synthesis make ZIF-8 an 1deal material for
investigations on permanently porous 3D frameworks in general ™!

Zeolite ¥ is the synthetic variant of the naturally occurring Faujasite (FAU-type) zeolites.”"! The
framework structure of Zeolite Y consists of sodalite cages which are connected via channels of
hexagonal prisms forming pores which are 7.4 A and 13.4 A in diameter.”™ The S¥/Al ratio (~2.5) in
Zeolite Y exceeds most other zeolite structures.”! Zeolite Y is widely used as a catalyst in fluid
catalytic eracking (FCC).H**!]

SAPO-34 is a silicoaluminophosphate (SAPO) and the synthetic variant of the naturally occurring
Chabazite (CHA-type) zeolite. During the synthesis, silicon is substituted with phosphorous forming
AIPO, units."™! Commenly used template molecules in the synthesis of SAPO-34 are
tetracthylammonium hydroxide (TEA-OH) or morpholine.™ SAPO-34 is a frequently used catalyst
for methanol-to-olefin (MTO) conversion.F**1

Silica gel 60 is an amorphous silicon dioxide material which is generally used as drying agent or in
standard separation processes like column chromatography.“**"! The number 60 in the name silica gel
60 indicates the average pore size which has an overall range between 10-100 A 1!

CTFs (covalent triazine(-based) frameworks) were developed by Kuhn, Antonietti and Thomas ef al.
as porous organic materials with permanent porosity.”***! CTFs are nitrogen-containing aromatic
polymer frameworks with triazine rings that exhibit high surface areas, porosity, thermal and chemical
stability. CTFs are interesting because of advantages such as cheap and readily available starting
materials, facile synthesis and a certain hydrophilicity. In addition, CTFs have been used in
heterogeneous catalysis,"! as catalytic support in liquid phase reactions,”™ for gas storage,®*! and
separation of organic dyes.”*! CTFs can be synthesized through different methods and different
reaction conditions that enable the tunability of their porosity and surface area.’***"** The nitrogen
moieties within the CTFs can provide coordination anchors or support for metal and other species.™*"!

Ketjenblack (KB) is an clectro-conductive carbon material that is suitable for many applications such
as batteries, conductive coatings etc. It has very high specific surface area of 1400 m*/g and excellent
charge transfer properties. KB is an amorphous carbon with mesopores around 2-8 nm. When it is
used as a component for composites, it can boost the overall performance of materials. KB has the
same level of electro-conductivity as conventional carbon black but requires only 1/2 to 1/3 of the
loading quantity in a composite. Because KB is effective at a lower loading quantity, it has less effect
on the physical properties of the base resins or paint. Further, KB experiences minimal reduction in
electro-conductivity when mixed with other materials.
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2 Physical characterization of examined materials as-synthesized, after dry SO, and humid
SO, exposure

2.1  Stability tests

Before and after stability tests for dry and humid SO; exposure all MOFs were activated as described.
For dry exposure, the sample was characterized again after SO;-isotherm measurement. For humid
SO, exposure, a controlled airflow of 2 L min" was bubbled through a sodium hydrogen sulfite
solution (0.4 g Na,S;0; in 100 mL water) in a Schlenk round bottom flask to transport gaseous SO,
into a humidity chamber (desiccator vessel). The experimental setup is shown in Figure S3. To ensure
a largely constant SO, concentration in the exposure chamber, the setup was constructed with a 3-way
valve for the possibility to switch the route of gas flow. The SO, was either directed to the chamber or
the exhaust air if there was sufficient SO, in the chamber. The desiccator was equipped with a
crystallizing dish filled with saturated sodium chloride solution (80 mL, relative humidity (RH) 75%)
and the sample (50 mg). The RH and the amount of SO, in the desiccator was monitored with a
hygrometer (VWR TH300 hygrometer) and an SO;-sensor (Driger Pac 6000 electrochemical sensor),
respectively. 7 materials were exposed to a humid SO, environment at room temperature with 75 + 6%
RH and 35 + 5 ppm SO, for 5 h. The unit for humid SO, exposure is given by multiplying the
concentration by the exposure time.

Figure 83. Setup for humid SO, exposure experiments.
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2.2 Powder diffraction Experiments

Powder X-ray diffraction (PXRD) measurements were performed on a Bruker D2 Phaser (300 W, 30

kV, 10 mA) at ambient temperatures. As radiation source a Cu-Ka-cathode (A = 1.54182 A) between

5° <26 < 50° was used. Diffraction patterns were obtamed using a silicon “low background” sample

holder.

Intensity /a.u.

—— NH,-MIL-101(Cr) exp. after humid SO, exposure
—— NH,-MIL-101(Cr) exp. after SO, exposure

—— NH-MIL-101(Cr) exp.

—— MIL-101(Cr) sim.

20/°

Figure 84. Comparison of experimental and simulated (sim.) PXRD patterns of NH,-MIL-101(Cr)
(simulation based on crystal structure data, CCDC 605510, Reference [61]).

Intensity / a.u.

—— Basolite F300 exp. after SO, sorption

—— Basolite F300 exp.
—— MIL-100(Fe) sim.

10

20 30 40 50
20/°

Figure S5. Comparison of experimental and simulated (sim.) PXRD patterns of Basolite F300
(simulation based on crystal structure data of MIL-100(Fe), CCDC 640536, Reference [13]).
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HKUST-1 exp. after humid SO, exposure for 24 h

HKUST-1 exp. after humid SO, exposure for 8 h
—— HKUST-1 exp. after humid SO, exposure for 5 h
—— HKUST-1 exp. after dry SO, exposure

—— HKUST-1 exp.
—— HKUST-1 sim.

L

Intensity /a.u.

k

10 20 30 40 50
20/°

Figure S6. Comparison of experimental and simulated (sim.) PXRD patterns of HKUST-1 (simulation
based on crystal structure data, CCDC 755080, Reference [62]).

—— ZIF-8 exp. after dry SO, exposure
—— ZIF-8 exp.
—— ZIF-8 sim.

Intensity / a.u.

Il JL‘ll. [ | At |

10 20 30 40 50
20/°

Figure S§7. Comparison of experimental and simulated (sim.) PXRD patterns of ZIF-8 (simulation
based on crystal structure data, CCDC 864309, Reference [63]).
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—— ZIF-67 exp. after dry SO, exposure
—— ZIF-67 exp.
—— ZIF-67 sim.

Intensity / a.u.

NN

k l“llll o | llla.l Ty : ‘

10 20 30 40 50
20/°

Figure S8. Comparison of experimental and simulated (sim.) PXRD patterns of ZIF-67 (simulation
based on crystal structure data, CCDC 864309, Reference [64]).

—— Zeolite Y exp. after humid SO, exposure
—— Zeolite Y exp. after dry SO, exposure

—— Zeolite Y exp.
—— Zeolite Y sim.

Intensity / a.u.

[\ l P\ l;l |I|l. A Ao

10 20 30 40 50
20/°

Figure §9. Comparison of experimental and simulated (sim.) PXRD patterns of Zeolite Y (simulation
based on crystal structure data, Reference [38]).
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—— SAPO-34 exp. after dry SO, exposure

—— SAPO-34 exp.
—— SAPO-34 sim.
5
©
2
2
g
L~
-
10 20 30 40 50
20/°

Figure S10. Comparison of experimental and simulated (sim.) PXRD patterns of SAPO-34
(simulation based on crystal structure data, CCDC 1582922, Reference [65]).

2.3 Gas sorption experiments

Before each experiment samples were activated for at least 3 hours and at a minimum temperature of
393 K under a vacuum of less than 5-10° mbar. All used gases (He, SO, CO,, N;) were of ultra-high
purity (UHP grade 5.0, 99.999%) and the STP volumes at 293.15 K and 101.325 kPa are given
according to the NIST standards. N, sorption experiments were performed in a Quantachrome
Autosorb 6 (QUANTACHROME, Odelzhausen, Germany) instrument within a pressure range of
0.005-1 bar at 77 K. SO, and CO, Sorption experiments were performed on an Autosord iQ MP
(QUANTACHROME, Odelzhausen, Germany) instrument within a pressure range of 0.001-1 bar and
293 K. For safety precautions of toxic SO, a Drdger Pac 6000 SO,-detector (0-100 ppm in 0.1 ppm
steps) was used in close range to the sorption-device.

SO,-sorption experiments with our setup involve some limitations emerging from the corrosive nature
of the SO;-adsorptive. Each SO,-sorption run had to be completed within a maximum time of 10 h.
This time limit was specified by the company Quantachrome to prevent damage to the gaskets. After
this time the system had to be regenerated by flushing with nitrogen. Irreversible swelling of the SO,
adsorbing gaskets in the measurement device, which could cause leaks in the system, had to be
prevented by setting the measurement time to this maximum (10 h) to meet safety precautions and to
protect the device. Then, after each measurement, the gas line was flushed with N, several times and
remained under N, atmosphere for at least 12 h to regenerate the gaskets. In the case of long
equilibration times upon adsorption and desorption we decided to collect the adsorption data points as
complete as possible with long-enough equilibration times at the expense that for desorption, fewer
data points could be measured. This compromise then led to incomplete, i.e. not-closed desorption
branches, which however are solely due to the experimental boundary conditions and cannot be
interpreted in terms of decomposition or chemisorption.

2.4 Nj; sorption

N,-sorption isotherms were measured on an Awtosordb 6 (QUANTACHROME, Odelzhausen,
Germany) instrument at 77 K within a pressure range of 0.005-1 bar. Before each experiment samples
were activated for at least 3 hours and at a minimum of 393 K under a vacuum of less than 5-107
mbar.

10
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Figure S11. N;-adsorption isotherms (77 K) of NH,-MIL-101(Cr) before and after exposure to dry
and humid SO,.
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Figure S12. N,-adsorption isotherms (77 K) of Basolite F300 before and after exposure to dry SO,.
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Figure 8§13. N;-adsorption isotherms (77 K) of HKUST-1 before and after exposure to dry or humid
SO,
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Figure S14. N;-adsorption isotherms (77 K) of ZIF-8 before and after exposure to dry SO,.
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Figure S15. N;-adsorption isotherms (77 K) of ZIF-67 before and after exposure to dry SO,.
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Figure $16. N,-adsorption isotherms (77 K) of SAPO-34 before and after exposure to dry or humid
SO,.
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Figure S17. N;-adsorption isotherms (77 K) of Zeolite Y before and after exposure to dry or humid
S0,.
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Figure S18. N;-adsorption isotherms (77 K) of CTF-1(400) before and after exposure to dry or humid
SO,
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Figure S$19. N;-adsorption isotherms (77 K) of CTF-1(600) before and after exposure to dry or humid
S0,.
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Figure §20. N,-adsorption isotherms (77 K) of Ketjenblack before and after exposure to dry SO;.
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Figure S21. N;-adsorption isotherms (77 K) of Silica gel 60 before and after exposure to dry SO,.
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2.5 80, and CO,=sorption and isotherm fitting

The measurement of adsorption isotherms of both SO, and CO, under the same conditions are used to
examine sorption capacity and affinity and are further used to calculate the IAST-selectivity. SO, and
CO, uptake values are given in Table S2 Fitting-simulations were calculated using 3P sim software.
We applied several commonly used models (eq. 1-6) on our isotherm data. Here the best fitting results
are achieved by applying the Langmuir or Dual-site Langmuir (DSL) model. Fitting parameters are

shown in Table S3.

Freundlich: Qeq = K-p*

Langmuir: Geq = %

Sips: Geq = %fix—,:;ft

Toth: Geq = (ﬁr?f—z;;(t.;/t

DSL: Qe = Gmamt l'f;fp* s ;f;fp
DSLSips Qeg = Gmax (Tl + 22 2)

geq~ amount adsorbed [mmol/g]

Gmax — Maximum adsorption capacity [mmol/g]

K = affinity constant for adsorption [1/bar]
p = pressure [kPa]

t = index of heterogencity

The Sips model represents a combination of Langmuir and Freundlich model. This becomes apparent
when K or p approaches 0 and the model is reduced to a Freundlich equation whereas for

homogeneous materials with 7 = 1 concentrations it is reduced to the Langmuir equation. "
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a)

bar, (b) 0.001-0.11 bar.
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Figure 823. Experimental SO;- (rhombs) and CO,- (squares) sorption isotherm and fitted SO,- (line)
and CO;- (dashed line) adsorption isotherm of NH;-MIL-101(Cr) at 293 K.
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Figure 824. Experimental SO;- (rhombs) and CO,- (squares) sorption isotherm and fitted SO,- (line)
and CO,- (dashed line) adsorption isotherm of HKUST-1 at 293 K.
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Figure 825. Experimental SO;- (rhombs) and CO;- (squares) sorption isotherm and fitted SO,- (line)
and CO,- (dashed line) adsorption isotherm of SAPO-34 at 293 K.
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Figure $26. Experimental SO,- (thombs) and CO,- (squares) sorption isotherm and fitted SO,- (line)
and CO;- (dashed line) adsorption isotherm of Zeolite Y at 293 K.
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Figure 827. Experimental SO;- (rhombs) and CO;- (squares) sorption isotherm and fitted SO,- (line)
and CO,- (dashed line) adsorption isotherm of CTF-1(400) at 293 K.
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Figure S28. Experimental SO,- (thombs) and CO,- (squares) sorption isotherm and fitted SO,- (line)
and CO,- (dashed line) adsorption isotherm of CTF-1(600) at 293K.
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Figure 829. Experimental SO;- (rhombs) and CO;- (squares) sorption isotherm and fitted SO,- (line)
and CO;- (dashed line) adsorption isotherm of Ketjenblack at 293K.
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Figure S30. SO, uptake at different pressures vs BET surface area (293 K).
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2.6 Thermogravimetric analysis
TGA curves for NH,-MIL-101(Cr) can be found in the Supporting Information to ref. " or in ref, ],

Interpretation of the weight loss during thermogravimetric analysis: The first weight loss in the TGA
curves, shown in Figure S32, can be assigned to the removal of water, from ambient humidity, and/or
the removal of residual solvent out of the pores. MOF materials exhibit more limited thermal stability
with decomposition of the organic frameworks at approximately 300 °C, whereas the covalent triazine
frameworks CTF-1 (synthesized at 400 °C/600 °C) start with a significant weight loss at temperatures

of over ~500 and ~700 °C, respectively and the zeolitic compounds, Zeolite Y and SAPO-34,
withstand temperatures beyond 800 °C.
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Figure §32. TGA curves measured under N,-atmosphere, heating rate 10 K/min.
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Figure S33. TGA curves measured under N,-atmosphere, heating rate 5 K/min. Data replotted from
the data obtained for the same samples used in ref. L
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3  Enthalpy of adsorption for NH,-MIL-101(Cr)
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Figure S34. SO, sorption isotherms of NH,-MIL-101(Cr) at 293 K and 313 K for the determination of
the enthalpy of adsorption (see in Figure S34).
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Figure S35. Left: Virial fit for the SO, adsorption isotherms of NH,-MIL-101(Cr) at 293 K and 313 K

and right enthalpy of adsorption AH,q from the virial analysis SO, adsorption isotherms of of NH,-
MIL-101(Cr) at 293 K and 313 K. The isotherms were fitted from #,;, = 0.28 mmol g’l.

When comparing the slightly lower AH,i(SO,) of NH,-MIL-101 (<36 kT mol™) to MIL-101(Cr)-
4F(1%) (=54 kI mol™) the difference is possibly explained by the “pin™ mechanism in which the
fluorinated ligand leads to an SO, interaction with the Brensted acid site (Cr-OH group in the SBU)
and the Lewis acid site (open Cr*” metal site in the SBU) thus also leading to a more efficient packing
during SO, adsorption in MIL-101(Cr)-4F(1%).1%™

4  IAST-selectivity

Selectivities of SO, over CO, were calculated from fitted isotherm data of experimentally measured
isotherms. The 3P sim software (3P Instruments, Germany, version 1.1.0.7) calculates the maximal
loadings of each gas depending on the given mole fraction. IAST selectivities S of binary gas mixtures
were calculated using equation 6, where x; represents the absorbed gas amount and 3, the mole fraction
of sach adsorptive.

§ = X1/%Xp (7

Y1/¥2
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Table S2. Gas uptake values of SO, and CO, isotherms measured at 293 K and the resulting SO,/CO,
TAST selectivity values.

M ORI o0, mta

WOH B W N R e oa
NH,-MIL-101(Cr) 1.2 41 105  0.05 0.4 14 34 30 30
HKUST-1 20 101 126 0.1 0.7 3.0 41 36 28
Zeolite Y 5.0 5.8 6.7 0.4 23 4.4 265 180 149
SAPO-34 1.9 4.0 54 0.1 0.7 2.1 42 36 33
CTF-1(400) 22 4.9 83 0.1 0.7 2.0 62 40 27
CTF-1(600) 2.1 55 116 0.1 0.6 1.7 63 46 43
Ketjenblack 0.5 2.1 6.8 002 03 1.0 9 10 14
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5 Comparison with the literature

Table S4. Comparison of SO, sorption data from this work with the literature.

Material

NH,-MIL-
101(Cr)

Basolite F300

HKUST-1

ZIF-8

ZIF-67

Zeolite Y

SAPO-34

Silica gel 60

CTE-1(400)

CTF-1(600)

Ketjenblack

MOF-177
NIH,-MIL-
125(Ti)
MIL-160
MIL-101(Cr)-4F

MFM-170

MFM-170-H,O
MOF-505
MFM-600
MFM-601

SIFSIX-1-Cu

0.01
bar

1.2

0.6

2.0

0.1

0.1

5.0

1.9

0.2

2.2

21

0.5

0.3

3.0

4.2
~1.3°

3.43

0.1
bar

4.1

24

10.1

0.7

0.9

5.8

4.0

0.9

49

5.5

21

1.0

79

5.5
4.6

{\66

-3
~8
8.74

SO,-uptake [mmol g]

1 bar

16.7

9.5

13.8

82

11.0

7.8

6.4

33

10.8

16.0

10.7

25.7

10.8

72
18.4

17.5

13.0
12.9*
5.0
123
11.01

Temp.
[K]

293

293

293

293

293

293

293

293

293

293

293

293

293

293
298

298

298
298
298
298
298

28

153

BET

[m* g

]
2290
1070
1490
1820
1980
930
720
540
980
2060

1410

4100

1560

1170
2176

2408

2003
2216
2281
3644

Total
pore-
volume
[em® g
1.162
0.488
0.612
0.799
0.694
0.334
0.283
0.754
0.459

1.195

1.242

0.651

0.460
1.19

0.88

0.73

Pore or
window
width [4]

15.4; 19.9'
18-22
5, 11; 14
3.4, 114"
3.4;11.47"
7.4,13.7¢
572
~10-100"
~6-25557
~g-35°%74

~20-807°7°

10.6-
11.8778

5_880

5

12.8,14.2,
15.9

8.3,10.1

Lit.

this
work
this
work
this
work
this
work
this
work
this
work
this
work
this
work
this
work
this
work
this
work

79

79

79
69

81
82
83
83
84



SIFSIX-2-Cu-i 416 601 690 298 630 : - 84
b
dﬂl[li?)(:zzfpy)] = _ 100 203 V2P %‘_%59985 45-65,8 85
MFM-202a : 3.0 102 208 2220 : : 86
Nibde)(ted)os - 454 997 298 1783 0.74 7.8 87
Zn(bde)(ted)s.s - - 441 298 1888  0.84 7.8 87
MIL-125(Ti) < 3 98 298 1527 - - 88
Mg-MOF-74 : 644 860 208 1206 : : 87,89
MFM-300(In) - 828 208 1071  0.419 - 90
MEM-300(AL) - - 77T 203 1370 0375 5.7 91,92
MEM-300(Al)-
MW( N T 283 1272 058 5 93
MFM-305 - 50° 70 298 779 0372 6.2 94
MFM-305-CH, - 44 52 298 256 0.184 5.2 94
NiDMOF-TM - - 48 208 940 0459 - 95
UNAM-1 0.4 16 35 208 522 - - 96
KAUST-8 - 23' 29" 298 250 97
KAUST-7 - 21' 26 298 280 97
Fe-s0c¢-MOF 9" 117 298 1470 0.58 ; 98
ELM-12 - 195 273 298 706 0.26 4.3-6.1 99
Cos[Co(CNYs]s - - 25 208 712 - - 100
Zns[Co(CN)] - - 1.8 298 700 - - 100
FMOF-2 - - 22 298 378 - - 101

* read from isotherm, ® from CO, sorption data (273 K)
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3.3 Metal-Organic Frameworks with Potential Application for SO, Separation and Flue Gas
Desulfurization
Philipp Brandt, Alexander Nuhnen, Marcus Lange, Jens Mollmer, Oliver Weingart, Christoph Janiak
ACS Appl. Mater. Interfaces, 2019, 19, 17350-17358.
DOI: 10.1021/acsami.9b00029, Referenz [154]
Industrielle Prozesse, wie die Verbrennung von fossilen Rohstoffen fiir die Energiegewinnung fithren
zu Emissionen von giftigem Schwefeldioxid, welche sowohl der Umwelt als auch dem Menschen
schaden. Aus diesem Grund ist es von grofiem Interesse neue Materialien fiir die regenerative SO,-
Adsorption zu finden, die eine Alternative zur klassischen Rauchgasreinigung mit irreversiblen
Absorptionsprozessen darstellen.
In dieser Arbeit wurden die drei literaturbekannten Metall-organischen Geriistverbindungen MOF-
177, NH,-MIL-125 und MIL-160 in Bezug auf SO.-Sorption untersucht. MOF-177 konnte dabei
durch seine hohe Porositit Rekordaufnahmewerte fiir die SO.-Sorption in MOFs erzielen, stellte sich
jedoch in nachfolgenden Stabilititstests als ungeeignet fiir eine reversible SO,-Sorption heraus. Sowohl
NH,-MIL-125(T1) als auch MIL-160 zeigten gute SO,-Aufnahmewerte im Niederdruckbereich, was
besonders wichtig ist, um kleinste Mengen SO, selektiv aus Rauchgasmischungen zu adsorbieren.
MIL-160 zeigte die vielversprechendsten Ergebnisse, welche sich in exzellenten IAST-Selektivititen,
insbesondere unter anwendungsorientierten Bedingungen (79-95 bei 80 °C und 1 bar), und einer
hohen Stabilitdt nach trockener und feuchter SO,-Exposition widerspiegeln. Eine Erklarung fiir die
hohe Affinitit von MIL-160 zu SO, konnte durch die Bestimmung der Energien der energetisch
giinstigsten Bindungsstellen (~40-60 k] mol™) mittels Dichtefunktionaltheorie erfolgen und durch
experimentelle Ergebnisse zur Bestimmung der Adsorptionswidrme bei niedriger SO,-Beladung
(~42 k] mol™) weiter gestiitzt werden.
Abschliefiend wurden Durchbruchsexperimente fiir MIL-160 mit typischen Rauchgasmischungen
(No/COY/SO5  vivlv; 849; 150; 0,1) simuliert, welche nachfolgend durch dynamische
Durchbruchsexperimente verifiziert und weiter verfeinert werden konnten. Die Ergebnisse dieser
Untersuchungen zeigten eine herausragende Trennleistung von SO, gegeniiber CO, und N; fiir MIL-
160, was dieses porose Material zu einem interessanten Kandidaten fiir die regenerative

adsorptionsbasierte Rauchgasentschwefelung macht.
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ABSTRACT: Sulfur dioxide (SO,) is an acidic and toxic gas and its emission h

from utilizing energy from fossil fuels or in industrial processes harms human
health and environment. Therefore, it is of great interest to find new materials
for SO, sorption to improve classic flue gas desulfurization. In this work, we
present SO, sorption studies for the three different metal—organic frameworks
MOF-177, NH,-MIL-125(Ti), and MIL-160. MOF-177 revealed a new
record high SO, uptake (25.7 mmol-g™" at 293 K and 1 bar). Both NH,-MIL-
125(Ti) and MIL-160 show particular high SO, uptakes at low pressures (p <
0.01 bar) and thus are interesting candidates for the removal of remaining
SO, traces below 500 ppm from flue gas mixtures. The aluminum
furandicarboxylate MOF MIL-160 is the most promising material, especially
under application-orientated conditions, and features excellent ideal adsorbed

MIL-160

solution theory selectivities (124—128 at 293 K, 1 bar; 79—95 at 353 K, 1 bar) and breakthrough performance with high onset
time, combined with high stability under both humid and dry SO, exposure. The outstanding sorption capability of MIL-160
could be explained by DFT simulation calculations and matching heat of adsorption for the binding sites Opgy,n++Ss0, and
OH 1 dhain™"Oso2 (bOth ~40 kj'mOI-l) and Oﬁuan/carhuxylalc'"ssol ("“55_60 k:]'mc'l_l)'

KEYWORDS: metal—organic framework, sulfur dioxide sorption, gas selectivity, breakthrough, DFT simulation,

flue gas desulfurization

B INTRODUCTION

Constant economic growth leads to ever increasing energy
consumption and thus to new environmental burdens and
hazards for human health." Hence, the development of new
methods to capture air pollutants such as CO,, NO,, and O, is
an important scientific challenge.” The majority of anthro-
pogenic SO, emission emerges from combustion of coal and
heavy oil or is caused by industrial processes.”" The SO, content
in flue gases is already relatively low, with around 500—3000
ppm, and [arge parts of it (85—95%) can be scrubbed with classic
flue gas desulfurization, using limestone as an absorbent.™®
However, this still [eaves up to 150—450 ppm of SO,, which are
emitted to the atmosphere, contributing largely to 80 Mt of
worldwide anthropogenic SO, emissions from energy-related
sources in 2015.% There are substantial reasons to envision the
target of a complete removal of SO, from flue gas. On the one
hand, SO, emissions damage the environment, with effects such
as acid rain, and lead to pulmonary diseases and premature
deaths of humans caused by declining air quality.”™ On the
other hand, it is important to note that even traces of SO, can
significantly reduce other flue gas purification processes by
inactivating sorbents for CQ, removal or catalysts for selective

<7 ACS Publications  © 2019 American Chemical Society
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reduction of NO..""~"* This is why the stepwise purification of
flue gases, starting with selective and quantitative removal of
80,, would be highly desirable." Porous materials with high
uptake capacity, selectivity, and stability for SO, are therefore of
major interest to decrease the global emission of anthropogenic
pollutants. Metal —organic frameworks (MOFs) are a promising
material class to fulfill these specific requirements.”*~'” These
organic—inorganic hybrid compounds show remarkable sorp-
tion capability including selective capture of a series of toxic and
polluting gases.'"*"** However, in comparison to other
adsorptives such as N,, H,, CO,, or CH,, in the past, there are
only a few experimental studies dealing with SO, adsorption in
MOFs. ">~ Currently, the research of $O, sorption in
MOFs is receiving increasing interest for SO,—CO, separation
applications.”*™**

In this study, we examine the three MOFs: MOF-177, NH,-
MIL-125(Ti), and MIL-160 (see Scheme 1 and Section 1 of the
Supporting Information for their short structure descrip-
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Scheme 1. Linker and Metal Ion in MOF-177, NH,-MIL-
125(Ti), and MIL-160

COOH

O + Zn?* —— MOF-177
HOOC Il; [lii COOH
COOH
NH;
+ T e NH,-MIL-125(Ti)
COOH
HOOG O~ _-COOH
W A —— iLteo

tion).* 7 Our investigations include single gas sorption, heat
of adsorption, IAST selectivity, DFT-calculated binding sites,
breakthrough experiments and simulations, and stability tests
under dry and humid SO, exposure conditions. The selected
materials feature a wide range of different properties (BET
surface area, total pore volume, pore window size, functionality,
etc.).

For the ultrahigh surface framework MOF-177, an unusual
SO, isotherm shape and incredible high SO, uptakes of ~38
mmol-g~! were theoretically predicted.”

Schroder et al. previously examined gas-binding interactions
of amine-functionalized materials with the hydroxy-function-
alized MFM-300. Here, the amine-functionalized materials
showed increased heats of adsorption in comparison to the
hydroxy-functionalized MEM-300 aluminum framework.”

MIL-160 and NH,-MIL-125(Ti) had been examined
thoroughly for their water sorption properties and showed
remarkably high H,O vapor uptake at low partial pressures and
high water stability,"*>*” We assume that these H,O sorption
properties should be relevant for the SO, sorption properties
because SO, sequestration applications take place under humid
conditions. Therefore, water stability is highly important for any
MOF, which is studied for SO, adsorption. Further, Walton et al.
already performed comprehensive stability tests for MIL-
125(Ti) and NH,-MIL-125(Ti) under aqueous, humid, and
dry SO, exposure in which the amino-functionalized MOF
showed sufficient robustness.” An additional aspect, which led
to the choice of MIL-160 over other MOFs, is that it can be
synthesized in large quantities under green (aqueous) and mild
conditions in a single step from readily commercially available
compounds.”® These are especially important factors regarding a
possibly larger-scale industrial MOF usage in the future.

B RESULTS AND DISCUSSION

Detailed information and description about the examined
structures and their characterization (BET and PXRD) can be
found in the Supporting Information,

SO, Sorption. MOF-177 showed by far the highest SO,
capacity with a maximum uptake of 25.7 mmol-g~" at 0.97 bar
and 293 K (20 °C) (Figure 1). To the best of our knowledge,
this is the highest reported value, measured from experimental
SO, isotherms, in the literature so far,”**"*" A comparison with
S0, capturing MOFs from the literature can be found in Table
S5 of the Supporting Information. The SO, adsorption isotherm
of MOF-177 at 293 K shows an “S”-shape or type V isotherm,
which can be attributed to relatively weak adsorbent—adsorbate
interactions. For such adsorbent—adsorbate pairs, molecular
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Figure 1. (a) Experimental SO, isotherms (0—1 bar) at 293 K; (b) low
pressure area (up to 210 mbar) of experimental SO, isotherms at 293 K.
For the nonclosure of the desorption isotherm for MOF-177 in (a), see
the section on SO, adsorption in the Supporting Information.

adsorbate clustering only occurs at higher p/py, followed by pore
filling.™ Such type V isotherms are typical for water adsorption
on hydrophobic microporous and mesoporous (MOF)
adsorbents. A similar “S”-shape or type V isotherm behavior
for SO, sorption has been predicted for a few other materials
with non-functionalized linkers, large pore sizes, and high total
pore volume (IRMOF-1, IRMOF-8, and IRMOF-15)."*'° The
SO, gas uptake in MOF-177 starts slow, with an uptake of 4.8
mmol-g~" at 0.5 bar, rises sharply to 21.3 mmol-g ™' at 0.6 bar and
reaches a maximum of 25.7 mmolg ' at 0.97 bar. The
desorption isotherm shows a significant hysteresis below 0.5
bar. The SO, desorption of MOF-177 had to be aborted at 0.3
bar due to the comparatively slower adsorption and desorption
kinetics leading to a long measurement time for this high
capacity MOF (see explanation on maximum SO, measuring
time in Section 2 in the Supporting Information). This sorption
performance together with changes in the crystallinity (Figure
§22, Supporting Information) and significant decrease of BET
surface area (Figure S18, Table S4, Supporting Information)
suggests at least partially chemisorption, that is, strong
interaction of SO, and the MOF-177 framework. The gas
uptake at high partial pressures is attributed to the relatively
large pore diameter (10.6—11.8 A)."® Combined with a high
Brunauer—Emmett—Teller (BET) surface area of 4100 m*-g ™"
and a total pore volume of 1.51 cm®g™!, this leads to the
exceptional high maximum uptake. The insignificant adsorption
at low partial pressures also suggests that MOF-177 is no
effective adsorbent for selective SO, capture because in potential
applications, adsorbents have to deal with low SO, concen-
trations of 500 ppm and less. These results are in accordance

DOI: 10.1021/acsami.3b00029
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Figure 2. (a) Comparison of single gas sorption isotherms (SO,, CO,, N, and H,) for MIL-160 at 293 K. (b) Comparison of single gas sorption
isotherms (SO,, CO,, N,, and H,) for NH,-MIL-125(Ti) at 293 K. {¢) Isosteric heat of adsorption of SO, for MIL-160 and NH,-MIL-125(Ti). (d)

Isosteric heat of adsorption of CO, for MIL-160 and NH,-MIL-125(Ti).

with breakthrough experiments performed previously by Yaghi
and Brit in which MOF-177 showed no significant retention of
1.0% SO, in N,."® Therefore, and also because of the low
stability of MOF-177 (see below), no further SO, sorption
investigations for MOF-177 were considered. In comparison to
the simulated SO, adsorption isotherms of MOF-177, published
by Song et al." and Sun et al.'® at 298 K and 313 K, respectively,
it has to be noted that the high maximum SO, uptake of MOF-
177 from experimental measurements of 25.7 mmol g ™' at 0.97
bar stays below the predictions of ~34 mmol-g™' (298 K) or of
~28 mmol-g™! (313 K) from the simulated isotherms. The
adsorption isotherm with “S” or type V shape of MOF-177 at
293 Kis in good agreement with the simulations done by Song et
al. at 298 K, where a steep SO, uptake is predicted at around 0.5
bar,'* whereas in the simulation of Sun et al. (at 313 K), the
ls)teeg\ 80O, uptake is shifted to higher pressures starting at 0.9
ar.

NH,-MIL-125(Ti) exhibits a compromising performance in
both reasonable SO, capacity and good SO, uptake at low
pressures. The SO, adsorption of NH,-MIL-125(Ti) at 293 K
showed a steep rise up to 0.1 bar (7.9 mmol-g™') while the
further uptake proceeds with a lower rise up to the end of the
adsorption at 0.95 bar (10.8 mmol-g™"). The uptake agrees with
the one reported by Walton et al. at 298 K.'” The isotherm can
be assigned as type Ib.

MIL-160 showed specific high SO, uptake at low pressures.
The SO, adsorption isotherm at 293 Kis of type I, shows a steep
rise up to 0.01 bar (4.2 mmol-g™"), and quickly approaches the
limiting value. Already at 0.1 bar (5.5 mmol-g™"), 76% of the
maximum measured uptake at 0.97 bar (7.2 mmol-g™!) is
reached. For microporous MIL-160 and NH,-MIL-125(Ti)
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with the functionalized and more hydrophilic furan and amino
benzene moiety, respectively, in the linker, the interaction with
polar adsorbents is increased, and physisorption and micropore
filling occurs at lower pressures.”

Selectivity of MIL-160 and NH,-MIL-125(Ti). To further
compare the selective sorption capabilities of MIL-160 and
NH,-MIL-125(Ti), we performed sorption experiments, with
$0O,, COy, N, and H, as adsorptives at 293 K in a pressure range
of 1 X 1073—1 bar (Figure 2a,b). Both MOFs have similar
adsorption properties, with insignificant adsorption of N, and
H, and a slow rise of CO, adsorption across the entire pressure
range (1 X 107°—1 bar), whereas the majority of the SO,
adsorption occurs at low pressures of <0.1 bar. This encourages
that MIL-160 and NH,-MIL-125(Ti) should be able to separate
SO, selectively from CO,, N, and H, at low partial pressures.

We measured adsorption isotherms at two additional
temperatures (313 and 373 K for SO, and 273 and 373 K for
CO,) for MIL-160 and NH,-MIL-125(Ti) and applied several
commonly used models on our isotherm data. The best fits for
our isotherms were given for the Sips and DSLAI fitting models,
which we compare in Figures $4—57 in the Supporting
Information. This enabled us to simulate adsorption isotherms
for any given temperature within the interval of the measure-
ment temperatures for this specific gas (Figures $4-S7,
Supporting Information). For all fitting and simulation
calculations, the “3P sim” software was used.”’ Detailed sets of
fitting parameters for Sips and DSLAI models are given in Tables
S1 and 52 of the Supporting Information.

Adsorption isotherms measured at 273 and 293 K were used
to calculate isosteric heats of adsorption (Q,,) of SO, and CO,
for MIL-160 and NH,-MIL-125(Ti), respectively (Figure 2¢,d).

DOI: 10.1021/acsami.8b00029
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In case of SO,, we used virial analysis, whereas for CO,, the Sips
analysis combined with Clausius—Clapeyron calculations
(Figures $S8—S11, Supporting Information) was applied on
isotherm data. For a detailed explanation including equations,
fits, and parameters, see the Heat of Adsorption section of the
Supporting Information.

The heat of adsorption for 8O, near zero coverage (Q,”) in
MIL-160 is ~42 kJ-mol™', whereas the amino-functionalized
MOF NH,-MIL-125(Ti) exhibits Q. values of ~53 kJ-mol™.
For CO,, both MIL-160 and NH,-MIL-125(Ti) show similar
Q," values with ~37 kJ-mol™" and ~41 kJ-mol™’, respectively.
The higher heat of adsorption for the amine-functionalized
MOF is in agreement with previous work by Schroder et al.”

Normally, a decrease in the heat of adsorption is observed
with increased loading as the higher energy binding sites are
occupied first. For MIL-160, we see here an unexpected increase
in Q, with SO, loading. At the same time, we note an agreement
in the measured Q,, value near a zero loading of ~42 kJ-mol™
with the calculated binding energies for the Og,,,*Sspn and
OH i Osos sites (~40 kJ-mol™") and in the measured Q,,
values for the maximum loading (~$5 kJ-mol™') with the
calculated energy for the O, /carboryiate* S50z Site (60 kJ-mol ™)
(see below). Although the close match of experimental and
calculated values may be somewhat coincidental, we would
rationalize the trend by a phase transition in MIL-160 from an
activated empty phase I, where the Opy/caboxylue " Ss02 Site is
not accessible, to a guest-loaded phase II with the accessible
Ofyran/carborylate”* ‘Ssoz Site. Thus, in the initial phase T, only the
lower energy binding sites can be occupied. In this aspect, we
point to studies on the water sorption in MIL-160 where a phase
transition upon water loading was concluded.”

Next, we applied ideal adsorbed solution theory (IAST)
calculations on dual-site Langmuir (DSLAI)-fitted isotherms to
determine selectivities for mixed gas adsorption in binary SO,/
CO, mixtures (10:90—50:50 v/v) (Figure 2c). Note that for
meaningful TAST calculations, adsorption capacities of the
adsorbates should not differ substantially.” Here, we applied
IAST calculations on the mixed gas adsorption process of SO,
versus CO,, two polar molecules, up to only 1 bar pressure.
Known limitations for IAST simulations, that is, high pressure
and different polarity, are not present in our case. Therefore, we
expect IAST calculations to give a first and sufficiently reliable
estimation of the selectivity, and indeed, IAST calculations,
albeit with different concentrations, are in good agreement to
the experimental breakthrough experiments (see below).

The results from the TAST calculations show that MIL-160,
compared to NH,-MIL-125(Ti), has increased selectivity
toward SO,. The SO,/CO, IAST selectivities at 293 K and 1
bar are between 124—128 and 42—55 for MIL-160 and NH,-
MIL-125(Ti), respectively (Figure 3a). In comparison to the
leading MOF materials with regard to 8$O,/CO, separation,
IAST selectivities between 32 and 100 at ambient temperatures
are reported.'****7*% MIL-160 surpasses these values. Using the
same method on SO,/N, gas mixtures leads to no quantifiable
values because of low N, affinities for both frameworks.

As most of the potential SO, adsorption applications (e.g., flue
gas desulfurization) take place at elevated temperatures, it is
important to characterize material properties at these temper-
atures. A common temperature for flue gas desulfurization is at
around 353 K (80 °C) to condense the water vapor before the
desulfurization."""* For both MIL-160 and NH,-MIL-125(Ti),
the gas uptake for SO, and CO, decreases with increasing
temperatures. Note that for MIL-160, the SO, adsorption curve
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in the simulation (353 K) and measurement (373 K) remains
type Ib (Figure 4, Supporting Information). At the same time,
the CO, adsorption isotherm for both materials converts to an
almost linear uptake curve with low gas uptakes at these elevated
temperatures (Figures S5 and $7, Supporting Information).
Even though the 8O,/CQO, IAST selectivities at 353 Kand 1 bar,
in comparison to 293 K, are decreasing for MIL-160 and NH,-
MIL-125(Ti) to values between 79—95 and 47—55, respectively,
for both materials, a significant selectivity remains (Figure 3b).

Breakthrough Performance for Potential FGD Appli-
cation. For the most promising material MIL-160, experimental
breakthrough experiments were performed to ensure its
separation capability not only under equilibrated but also
under dynamic conditions. For MOF-177, previous break-
through experiments with 1.0% SO, in N, showed no significant
retention of SO, vapor.'*

For MIL-160, we measured breakthrough curves of the
ternary gas mixture N,/CO,/SO, (84.9:15.0:0.1 v/v/v) at 293
and 353 K and a ternary gas mixture with increased SO,
concentration with N,/CO,/S0, (84.0:15.0;1.0 v/v/v) at 293
K (Figure 4a,b and Figure $13, Supporting Information). The
0.1% SO, ternary gas mixture was also employed in the
simulations. The sample was pretreated at 373 K under
continuous nitrogen flow (16.6 mL-min~") until no other gas
than nitrogen was detected. The composition of the ternary gas
mixture was chosen according to the typical flue gas composition
from the air-fired coal combustion.™ The breakthrough plot in
Figure 4a shows an immediate rise of the N, and CO,
concentrations in the outlet. Under the chosen experimental
conditions, this immediate rise indicates almost no N,
adsorption and a rapid saturation for CO, inside the MOF,
which can be assigned to a spontaneous breakthrough for CO,.

DOI: 10.1021/acsami.9b00029
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Figure 4. (a) Experimental and simulated breakthrough curves for
MIL-160 at 293 K. (b) Experimental breakthrough curve for MIL-160
at 353 K.

In contrast, SO, could be retained for about ~600 min-g~' and
shows no significant loss in retention time in the second run after
identical activation of the MIL-160 material (Figure $12,
Supporting Information). Subsequently, to the second run, we
investigated regenerability of MIL-160 in purging the column
under N, flow (16.6 mL-min~') at 293 K for 12 h. This
experiment shows that the MIL-160 material is a fully reversible
SO, adsorber, which recovers easily at low temperatures and
without the need of vacuum (Figure $14, Supporting
Information).

At an elevated temperature of 353 K (Figure 4b) or with a 10-
fold higher SO, concentration of 10,000 ppm SO, (Figure 5§13,
Supporting Information), MIL-160 still shows remarkable
capability to retain $O,, with retention times of ~350 and
~500 min-g . As expected, the total SO, loadings at dynamic
conditions (breakthrough experiment, 293 K, 0.1% SO,, 1.17
mmol-g™') are lower than SO, loadings under equilibrium
conditions (sorption isotherm, 293 K, 0.001 bar, 1.8 mmol-g™").
However, the maximal loading of SO, increases with rising SO,
concentration in our breakthrough experiment (293 K, 1% SO,,
3.65 mmol-g™").

Note that at 353 K, the dynamicloading of SO, for MIL-160 is
still 0.85 mmol-g™". This comparatively high SO, loading can be
explained by the SO, adsorption isotherm at 373 K (Figure 54,
Supporting Information), which shifts from type Ia (293 K) to
type Ib (373 K), and does not flatten completely, compared to
the CO, adsorption under the same conditions. For a
comparison of maximum loadings under equilibrium or dynamic
conditions at selected partial pressures, see Table S3 of the
Supporting Information.
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Breakthrough Simulations. In addition, we simulated
breakthrough curves with an identical gas mixture to our
breakthrough experiments with a gas mixture of N,/CO,/S0,
(84.9:15.0:0.1 v/v/v) at 293 K (Figure 4a) and further
simulated CO,/carrier gas/SO, (90/9.75/0.25) gas mixtures
in a style of oxyfuel combustion™® at 293 and 353 K for MIL-160
and NH,-MIL-125(Ti), respectively (Figures $15—S17, Sup-
porting Information). The simulated breakthrough curves were
calculated from Sips-fitted isotherm data of MIL-160 and NH,-
MIL-125(Ti) (Figures $4—S7 and Tables $4 and S5, Supporting
Information).

We would like to point out that breakthrough simulations
(Figure 4a, blue dashed line), which were performed ahead of
breakthrough experiments, gave already a good estimate for the
breakthrough onset time of SO, in MIL-160 under identical
conditions. These simulations could be further refined by taking
into account experimental breakthrough data and slight
deviations in the experiment from which we obtained optimized
parameters for the mass transfer coefficient and axial flow
(Figure 4a, red dashed line). Slight deviations in the
experimental and simulated curvature slope are caused by the
small particle size of MIL-160 combined with a marginal
pressure drop (inlet to outlet) and the low flow rate for the gas
mixture.

The simulations based on oxyfuel combustion with strongly
increased CO, concentration as well show solid separation
capability of SO, versus CO, at 293 K for MIL-160 and NH,-
MIL-125(Ti) with retention times of about 200 min-g™*
(Figures S15 and S16, Supporting Information). Even though
the retention times are decreased at higher temperatures (353
K) for both materials, it is still worth mentioning that a
separation of CO, and SO, is predicted for both materials
(Figures S1S and §16, Supporting Information).

DFT Calculations. To better understand the exceptional
good adsorption performance of MIL-160, we used DFT
simulation calculations to investigate the possible binding sites
for SO, in the framework. Geometry optimization of SO, within
MIL-160 yielded at least three different possibilities for SO,
binding: First, in one structure (Figure 5a), SO, is oriented with
sulfur toward the ether oxygen of a furan linker (OgypSson
distance 3.27 A, distances to other nearby oxygens from 3.91 to
448 A). A second binding site is provided by the O—H bridge,
where SO, associates with one oxygen toward hydrogen (Figure
5b, OH,y O distance 2.10 A). These two binding sites,
Ofyean--Ss02 and  OH,p Qg exhibit similar binding
energies of 39.3 and 40.6 kJ-mol™!, respectively. In a third
configuration, SO, sits above the plane spanned by two furan
units (Figure 5¢), with Ofypn/caboriate’ "S5 distances of 3.15
and 3.36 A toward the ether oxygens and between 3.22 and 3.68
A to the carboxylate oxygens. This latter configuration has the
largest binding energy of 60.4 kJ-mol ™ and may provide a model
for low-concentration SO, binding. In this geometry, however,
SO, has much closer proximity to ether and carboxylate oxygens
as in the structure Figure 5a, suggesting that at higher loadings,
the binding site in Figure 5a is displaced to the binding site in
Figure 5¢ when more SO, molecules enter the channel to occupy
binding sites. For MFM-300, Schrider et al. located preferred
binding sites of SO, at the AlI-OH groups from the AIO,(OH),
chain by in situ inelastic neutron scattering (INS) and DFT
calculations.”

MIL-160 was also studied profoundly by Maurin et al,”’
where the preferred binding sites for various guest molecules
(H,0, CO,, CH,, CO, N,, and H,) to the MIL-160 framework

DOI: 10.1021/acsami.9b00029
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(c)

Figure 5. DFT-simulated binding sites of $O, in MIL-160. () O,y S50, interaction, (b) OHyy g Osp, interaction, and (c) Ofyran fcarboxylate" " S502
interaction. The closest contacts (as given in the text) from the SO, molecule to nearby framework atoms are depicted by orange dashed lines. The
upper row shows the full channel cross section; the lower row gives an enlarged view of the SO, binding site.

were predicted by applying density functional theory (DFT),
force field-based grand canonical Monte Carlo (GCMC)
simulations, and radial distribution function (RDF). In these
studies, CO, showed preferred binding to the heteroatom of the
faran ligand with a distance of 3.1 A and a binding energy of 32.5
kJ-mol™! for the Ogyy O, interaction. Thus, we rationalize
the selectivity toward SO, by its higher binding energies. We also
note that the exceptional selectivity and breakthrough perform-
ance of MIL-160 correlate with its small pore size of S A
diameter,®® which is close to the kinetic diameter of SO, (4.11
A)"™ and thus suitable for a selective adsorption of SO, under
kinetic control.

Stability under Dry and Humid SO, Exposure. The
stability of MOF materials was tested by SO, exposure
experiments under dry (SO, sorption measurement) and
humid conditions (SO, humidity chamber). For the experiment
under humid conditions, we used a similar setugr to Walton et al.
(see the Supporting Information for details). " To assess the
(in)stability, BET surface area and PXRD before and after
exposure were measured to see whether porosity and
crystallinity were preserved (Figures $18—520 and $22-S24
and Table S4, Supporting Information).

For MOF-177, the BET surface significantly decreased from
4100 to 2270 m*.g™! (55%) under dry SO, conditions. Changes
in the powder diffractogram (Figure $22, Supporting
Information) also support the conclusion that MOF-177
undergoes a partial destruction under SO, exposure. Regardless
of the low stability of MOF-177, we note again that this MOF is
not practical for SO, adsorption applications at low concen-

trations where MOF-177 exhibits no uptake due to its “S”-
shaped isotherm.

For NH,-MIL-125(Ti), the BET surface decreased from 1560
to 1270 m>g™" (81%) and 1250 m>g™" (80%) under dry and
humid conditions. Contrarily, MIL-160 showed no significant
degradation in the BET surface under the same conditions
(1170 m*g ™" as., 1120 m*g~" after dry SO, exposure, 1130 m*
g ! after 175 ppm-h SO,, and 75% relative humidity). PXRD
patterns for NH,-MIL-125(Ti) and MIL-160 remained
unchanged.

Both MIL-160 and NH,-MIL-125(Ti) were further inves-
tigated by measuring multiple individual SO, sorption runs of
the same sample to evaluate SO, stabilities (Figure S21,
Supporting Information). MIL-160 showed excellent stability
with insignificant reduction of the gas uptake over five runs. In
contrast, NH,-MIL-125(Ti) displayed a reduced SO, uptake in
the second run and then stabilized its adsorption capacity at the
third run. This supports the assumption of a partial irreversible
adsorption of SO, in the pores of NH,-MIL-125(Ti).

The dry and humid stability tests show MOF-177 is
unsuitable, and NH,-MIL-125(Ti) is only of limited suitability
for applications in flue gas desulfurization, where only a highly
humid SO, stable adsorbent will be feasible. In contrast, MIL-
160 showed remarkable stability under both dry and humid SO,
conditions. These results expand previous studies in which Al-
MOFs have shown extraordinary hydrothermal stability'” ™'
and thus indicate that AI-MOFs (e.g., MIL-160 and MFM-
300™") can be considered among the most promising MOF
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materials with regard to application under chemical aggressive
conditions.

B CONCLUSIONS

MOF-177 showed a record maximum SO, uptake of 25.7 mmol-
g ' at 293 K and 1 bar but turned out to be unsuitable for flue gas
desulfurization {FGD) applications due to its chemical
instability and low adsorption at low partial pressures of SO,.
NH,-MIL-125(Ti) showed promising properties in IAST
selectivity and breakthrough simulations for 8O, but not as
good as MIL-160, which exhibited outstanding performances in
terms of SO,/CO, selectivity, onset breakthrough time, and
stability toward SO, under dry and humid conditions. In
breakthrough experiments, MIL-160 could retain SO, for at
least 500 min-g ' from a typical flue gas composition of air-fired
coal combustion, even at elevated temperatures. Further, MIL-
160 could be easily regenerated at low temperatures {293 K)
after breakthrough experiments. We would like to emphasize
that for practical separation applications, it is essential for the
material to feature an early gas uptake at very low partial pressure
rather than a high total uptake at higher pressures. Especially so,
if the gas, which ought to be separated, is present in a low volume
fraction, such as SO, with less than 500 ppm remaining after
limestone scrubbing in flue gas. The IAST-based SO, selectivity
of MIL-160 over other gases {CO, and N,} is on the level of
leading benchmark MOFs. Further, MIL-160 features extra-
ordinary stability under both dry and humid 8O, exposure
conditions, which together with the established low cost, green,
and easily up scalable synthesis routes make MIL-160 a
promising material for FGD applications.

B EXPERIMENTAL SECTICN

Materials. All reagents were commercially purchased and used
without any further purification.

MOF-177. MOF-177 was synthesized by a solvothermal reaction
according to the literature.*” Zn(NQ,),-6H,0 (0.124 g, 0.41 mmol)
and H,BTB {0.031 g, 0.07 mmol) were dissolved in DEF (3 mL) and
transferred into a glass vial. The mixture was then heated to 90 °C, kept
at 90 °C for 24 h, and cooled down to 30 °C in 10 h. The resulting
crystals were washed with DEF (three times, 3 mL each) and CH,Cl,
(three times, 3 mL each). Afterward, the sample was dried under
vacuum {1 X 107 mbar) for 24 h at room temperature.

MIL-160. The synthesis of MIL-160 was performed according to the
literature.>® A{OH)(CH,COO0), (1.037 g 640 mmol) and 2,5-
furandicarbocylic acid (0.999 g, 6.40 mmol) were added to a round-
bottom flask {100 mL) and dispersed in ultrapure water (40 mL). The
mixture was thenstirred and refluxed for 24 h, giving a white precipitate.
The solid was washed with water {three times, 50 mL each) and then
dried under vacuum at 60 °C for 24 h.

NH,-MIL-125(Ti). The synthesis of NH,-MIL-125{Ti) was
performed according to the literature.”” NH,-benzenedicarboxylic
acid (1.086 g, 6.00 mmol) was dissolved in a 50:50 v/v mixture of DMF
(3.5 mL) and MeOH (3.5 mL) under sonication. Ti(iPrO), (0.44 mL,
1.5 mmol) was added to the solution, which was then transferred in a
stainless steel autoclave with a Teflon inlay and was heated in an oven at
150 °C for 16 h. After cooling down to room temperature, the yellow
precipitate was at first washed with DMF (7 mL) and secondly washed
two times with MeOH (7 mL). The solid was dried under vacuum at 60
°C for 24 h.

Material Characterization. BET and PXRD characterizations
were performed on a Quantachrome Autosorb 6 and a Bruker D2
phaser, respectively. SO, isotherms were measured with a Quantach-
rome Autosorb iQ MP (for detailed description see the Supporting
Information). Breakthrough curves were determined on an inhouse
apparatus. Experimental details for humid SO, exposure are also given
in the Supporting Information.
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1 Synthesis
All reagents were commercially purchased and were used without further purification. MOF-177,
MIL-160 and NH;-MIL-125(Ti) were synthesized according to the literature.”*?

1.1 MOF-177

The Zn-based MOF-177 contains the tetranuclear and tetrahedral {Zna(us4-O)} secondary
building unit, SBU as in MOF-5. The linker is benzene-1,3,5-trisbenzoic acid, btbHs {5'-(4-
carboxyphenyl)-[1,1':3',1"-terphenyl]-4,4"-dicarboxylic acid}. The compound is synthesized
from Zn(NOs)2:(H20)s and btbHz in DEF under solvothermal conditions, to yield the MOF
formula [Zna(us-O)btb)].! The linker and SBU connectivity are depicted in Figure S1. The
material exhibits a surface area of 4050 m® g™! and a pore volume of 1.51 em® g%,

Figure S1. Structural elements in the framework of MOF-177. Top row: Linker and linker connectivity. There are two
crystallographically independent SBUs which are both disordered, with one of them disordered about a special position.
Bottom row: Due to this disorder, the SBUs were depicted as octahedra, with the carboxylate carbon atoms as vertices, to
illustrate a view the trigonal unit cell of the framework in space group P—31c. Graphic produced by software Diamond* from
cif-file for MOF-177 (CSD-Refcods BABRIT).?

1.2 MIL-160

The AI-MOF MIL-160 (Matériaux Institut Lavoisier), was described by Cadiau et al. in 2015
They obtained the MOF by applying reflux conditions for aqueous solutions of 2,5-furan-
dicarboxylic acid, sodium hydroxide and aluminum chloride. MIL-160 is constructed identical
to CAU-10-H 7® by cis-u-OH-connected, vertex-sharing {AlOs} octahedra, that form helical
chains, which are then joined by the linker 2, 5-furandicarboxylate (Fig. S2).
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Figure S2. Structural elements in the framework of MIL-160: {a) Extended asymmetric unit with full Al coordination spheres
and full ligand bridging mode. Symmetry transformationsi=1-x, y, z; il = x, =y, —z iii = 0.25+y, 0.25-x, —0.25+2; iv = 0.2 5+y,
—0.25+x, 0.25-z, v = 0.25-y, 0.25+x, 0.25+z. (b) Helical chains of cis vertex-bridged {AlOs}-polyhedra and (¢) surrounded
by the carboxylates ligands, to vield square-shaped one dimensional channels. Graphic produced by software Diamond? from
cif-file for MIL-160 (CSD-Refcode PIBZOS).®

MIL-160 is reported to be isostructural to CAU-10-H, having chains of {AlO¢}-polyhedra that
are surrounded by linker molecules.® This results in a chemical formula of
[AI(OH)(02C-C4H20.CO2) - n H20]m and microporous square-shaped channels of 5 A edge
length.5'? The material exhibits a surface area of 1070 m* g™! and a pore volume of 0.40 ¢cm?® g!
from AICI3 and NaOH (theoretically: 1250 m? g, 0.48 cm® g1).° respectively 1150 m? g and
0.46 cm®g!, from AI(OH)CH3C00).,'" although very recent theoretical calculations

suggested a surface area of 776 m* g ! and a pore volume of 0.45 cm® g1.!!

1.3 NH:-MIL-125(Ti)

The structure of 3D-[TisOs(OH u(INH2-bdc)s] is based on the structure of titanium terephthalate
MIL-125.12 The SBU is an eight-membered ring of edge- and vertex-sharing TiOs octahedra,
which is connected to 12 neighboring SBUs in a body-centered cubic (bec) packing
arrangement (Fig. S3).
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Figure S3. Structural elements in the framework of NH>-MIL-125(T1) aka MIL-125: Left the secondary building urit of eight
edge- and vertex-sharing TiOs octahedra with the twelve surrouding terephthalate ligands. Right the unit cell with the body-
centered cubic arrangement of the SBUs. The structure is drawn from the deposited cif-file under CCDC 751157 (MIL-125).1*

2 Gas sorption experiments

Before each experiment samples were activated for at least 3 hours and at a minimum of 373 K
under vacuum < 5107 mbar. All used gases (He, SOz, CO2, N2, TT2) were of ultra-high purity
(UHP grade 5.0, 99.999%) and the STP volumes at 293.15 K and 101.325 kPa are given
according to the NIST standards. If not described differently, Sorption experiments were
performed on an Autosorb iQ MP (QUANTACHROME, Odelzhausen, Germany) instrument
within a pressure range of 1-107-1 bar. For safety precautions of toxic SOz a Drdger Pac 6000
SOz-detector (0-100 ppm in 0.1 ppm steps) was used in close range to the sorption-device.

SOn-sorption experiments with our setup involve some limitations emerging from the corrosive
nature of the SOz adsorptive. Each SOz sorption run had to be completed within a maximal time
of 10 h. This time limit was specitied by the company Quantachrome to prevent damage to the
gaskets. After this time the system had to be regenerated by flushing with nitrogen. Irreversible
swilling of the SOz adsorbing gaskets in the measurement device, which could cause leaks in
the system, had to be prevented by setting the measurement time to this maximum (10 h) to
meet safety precautions and to protect the device. Then, after each measurement the gas line
was flushed with N2 several times and remained under N2 atmosphere for at least 12 h to
regenerate the gaskets. In the case of long equilibration times upon adsorption and desorption
we decided to collect the adsorption data points as complete as possible with long-enough
equilibration times at the expense that for desorption, fewer data points could be measured. This
compromise then led to incomplete, i.e. not-closed desorption branches, which however are
solely due to the experimental boundary conditions and cannot be interpreted in terms of
decomposition or chemisorption.

2.1 Isotherm-fitting

Fitting-simulations were calculated using 3P sim software.!> We applied several commonly
used models on our isotherm data. The best fits for our isotherms were given for the Sips and
DSLAI fitting models, which we compare in Figure S4-S7.
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The Sips model is a combination of Langmuir and Freundlich isotherms with the following
equation:
_ gmax KD’
qe'? - 1+KApt (1)
Where g, is the amount adsorbed (mg/g), gmax is the maximum adsorption capacity (mg/g), K

is the affinity constant for adsorption (L/mg), p is the equilibrium concentration of the adsorbate
(mg/L) and # is the index of the heterogeneity.!*

If K or p approaches 0 the fitting of the model is reduced to a Freundlich equation (eq. 2),
whereas for homogeneous materials with # = 1 concentrations it is reduced to the Langmuir
equation (eq. 3)."

Qeq = K-p* 2)
_ GQmax’KPp
Qeq = iy )

The dual-site Langmuir model is based on the following equation:

_ Kyp Ky p
Qeq = Gmax1 1K, P + Gmaxz 111, €]

By fitting isotherms of the same adsorptive at three different temperatures the software is able
to calculate any given temperature for this specific gas (here 353 K, red line).

8 i
7 1 e
T S o
le)) e s, SECT IR e L
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E DA M e
o e
b4
@ 3 4 ads 293K
2 + ads. 313K
B2 ¢+ ads 373K
7 — SIPS simulated 353 K
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(]
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Absolute pressure [bar]

Figure S4. Experimental SO>-adsorption isotherms (squares) and simulated adsorption isotherms with different models (lines
and dashed lines) of MIL-160 at 293 K, 313 K and 373 K. The simulations at 353 K (red) are shown here as this is a common
temperature for flue gas desulfurization processes.
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Figure S5. Experimental COz-adsorption isotherms (squares) and simulated adsorption isotherms with different models (lines
and dashed lines) of MIL-160 at 273 K, 293 K and 373 K. The simulations at 353 K (red) are shown here as this is a common
temperature for flue gas desulfurization processes.
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Figure S6. Experimental SOz-adsorption isotherms (squares) and simulated adsorption isotherms with different models (lines
and dashed lines) of NH>-MIL-125(Ti) at 293 K, 313 K and 373 K. The simulations at 353 K (red) are shown here as this is a
common temperature for flue gas desulfurization processes.
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Figure S7. Experimental COz-adsorption isotherms (squares) and simulated adsorption isotherms with different models (lines
and dashed lines) of NH>-MIL-125(Ti) at 273 K, 293 K and 373 K. The simulations at 353 K (red) are shown here as this is a
common temperature for flue gas desulfurization processes.

Heat of adsorption

2.2 Virial analysis for SO;

To calculate the isosteric heat of adsorption (Qst) for SO2 isotherm data virial method was used.
Equation (eq. 5) was used to fit the adsorption data simultaneously at 273 K and 293 K in
Origin.'

1 n m
In(P) = In(n) + ?Z ant + ijmf (5)
i=0 j=0

In equation (4), P is the pressure in kPa, n is the total amount adsorbed in mmol/g, T is the
temperature in K (here 273K, 293K), a: and b; are virial coefficients, and n, m represent the
number of coefficients required to adequately fit the isotherms.

Then Qst can be calculated from equation (eq. 6), where R is the universal gas constant.

n

Qse = -R Z a;n' (6)

i=0

S8

178



Ln P [Ln kPa]

|o-m o 273K
4] 293 K T
] virial fit S
2]~ viral e
] a, = -4757.62495
0+ a, = -889.98712
] a, = 557.967
-2 1 a, =-303.11363
' a, = 84.43562
-4 g a, =-11.79409
. .)"( a, = 0.79558
-6 a, = -0.02072
' b, = 13.28835
-8 b, = 1.68681
f I p Ll 5 T T I y I L 1
0 2 4 6 8 10 12

Total adsorption [mmol g'1]

Figure S8. Virial analysis for heat of adsorption of SO and MIL-160 at273 K and 293 K.
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Figure S9. Virial analysis for heat of adsorption of SO2 and NH>-MIL-125(T1i) at 273 K and 293 K.
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2.3 Sips analysis for CO:

To calculate the isosteric heat of adsorption (Qs) for CO2 both isotherms at 273 K and 293 K
were fitted according to the Sips equation (eq. 1), to be able to calculate CO2 loadings for both
temperatures at the same pressure.

By applying the Clausius-Clapeyron equation one can now calculate the isosteric heat of
adsorption at any loading (eq. 7)

Qe = —R1n(%2) 2 ()

py/ (T2=Ty)

6 -
5
A
fo)]
3.
£°]
5
© 24
5
7 273 K
& 11 = 203K
Sips fit
0 —— Sips fit
T \ T T T T T T T :
0 20 40 60 80 100

Absolute pressure [kPa]

Figure S10. Sips fit of CO: for MIL-160 at 273 K and 293 K.
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Figure S11. Sips fit of CO2for NH>-MIL-125(T1) at 273 K and 293 K.

IAST calculations

Selectivities of SOz over CO2 and N2 of MIL-160 and NH2-MIL-125(Ti) were calculated from

the dual-site Langmuir (DSLAI) (eq. 4) fitted isotherm data.

The 3P sim software (3P Instruments, Germany, version 1.1.0.7) calculates the maximal

loadings of each gas depending on the given mole fraction.

IAST selectivities S of binary gas mixtures were calculated using equation 8, where x; represents

the absorbed gas amount and y; the mole fraction of each adsorptive.

_ X1/%3
§= Y1/¥2 (8)
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3 Breakthrough experiments

Breakthrough curves were determined on an inhouse apparatus. The adsorbing unit consists of
a stainless-steel column, which holds the adsorbent sample. The column is a '4” Swagelok®-
type tube with a length of max. 10 cm. The dosing unit consist of three different mass flow
controllers (Bronkhorst High-Tech B.V., Netherlands, EL-Flow Prestige Series, max. flow
5 mix min™), each for the carrier gas (Nitrogen, Air Products, Purity 5.2, 99.9992%), COz (Air
Products, Purity 4.5, 99.995%) and a testing gas mixture of SOz in N2 (Linde, 5 Vol.-% SOz2).
An additional H2O-bubbling system can be added to the carrier gas dosing unit. The adsorbing
unit can be temperated by a thermostat (Julabo GmbH, Germany, Series F25) or by an electrical
heating system. The gas phase could be analyzed in a bypass unit after the exit of the adsorber
by an on-line mass selective detector (Pfeiffer Vacuum GmbH, Germany, Prisma QMS 200).

Around 110 mg of the sample were filled into the adsorber tube equipped with a stainless-steel
seal and embedded in glass wool. The adsorbent material was regenerated at ~ 400 K until no
other gas than nitrogen was detected. The sample was purged with 16.6 mlx min™ of carrier gas
nitrogen during the regeneration time for the removal of preadsorbed fluids. After the
regeneration step, the adsorber column was cooled down to the measurement temperature.

After regeneration, the adsorber was purged with the carrier gas nitrogen and the desired gas
mixture was dosed into the system and the gas composition at the outlet of the adsorber was
recorded. The measurements were finished after reaching steady state conditions with no
significant change in gas composition and temperature. Between each breakthrough experiment
the samples were regenerated again to ensure well defined starting conditions for the next
experiment. All samples were weighted after the last regeneration step to get the amount of
activated samples for further evaluations.

o

Bypass g'
Vent outlet £ _} % > Gas outlet

Gas inlet 1 -» [ ]

Gas inlet 2 » [
FIRC =
3 o0
O ple@ Ly
Gas inlet 3 ’D% Bubbler 41\

Adsorber

Scheme S1. Schematic of the apparatus used for breakthorguh curve measurements. The dosing unit consist of three mass flow
controllers for three independent gas inlets. The carrier gas (gas inlet 3) could also be used for dosing different humidities to
the adsorbing unit.
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Figure S12 Experimental breakthrough curves of MIL-160 at 293 K with a gas mixture of N2/CO2/SOz; 84.0/15.0/0.1; viviy
(run | and 2).
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Figure S13. Experimental breakthrough curves of MIL-160 at 293 K with a gas mixture of N2»/CO2/SOz; 84.0/15.0/1.0; v:v:v.
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Figure S14. Reversible regeneration of MIL-160 under Nz flow at 293 K.

N, flow (desorption): 16.6 mL minq; 203K - 90
- 80
-70
60 ¢
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o N,exp. -0 5
» CO, exp. :40 ﬁ%’_
+ SO, exp. L 30 %
des. SO, exp. 20 g
— loading SO, ads. | 10 _h
loading SO, des. i

Table S3. Comparison of maximal loadings under equilibrium or dynamic conditions with a partial pressure of 0.1% and 1%

SOa.

NH>-MIL-125(T1)

SOz-uptake [mmol g']

Soption exp. Soption exp. Breakt]’f“"“gh Breaktllmugh
0001 bar, 293K 0.0l bar, 293K P 3;;,’"( SO, exp. ;213,;-( SO»,
0.07 025 . i
0.50 3.0 X )

1.8 42 1.17 0.85
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4 Breakthrough simulations

Breakthrough simulations were calculated using 3P sim software calculations are based on a
30 ¢m high column with an inner diameter of 3 ¢m, axial dispersion of 50 ¢cm’ min™ and a
continuous gas flow of 20 mL min™'.

Generally mass transfer coefficients in our dispersion model were set to 10 min™ for all gases.
Due to our additional experimental breakthrough measurements for MIL-160 at 293 K and

353K with flowrates of 20 ml min™ for the ternary gas mixture (N2/CO2/SO: (84.9/15.0/0.1

viviv) we were able to optimize the mass transfer coefficient for SO2 in our simulation for this

specific experiments to 0.005 min'! and the axial dispersion to 20 cm? min'..

4.1 DISPERSED PLUG MODEL

14 1.0
—=—ca,
€9+ S 02 i
80, —— &0,
o8 0.8
o 0
< 2
d 04 a ok
G2
0.24
[Hiy]
) i : 000 Lunndl = Ll B S e
g {00 200 200 400 500 600 TOO SO0 a 50 100 189 2t0 280 200
Time [min g7 ] Time [mir g™ ]

Figure S15. Breakthrough simulations of MIL-160 with COu/carrier gas/SOz; 90/9.75/0.25; v:v:v at 293 (left) and 353 K
(right).

1.04 1.04 !
0.8 s 0.8 ——C0,
: ——80, ; ——s0,
2.5 2.5
o o
Q Q
o o
0244 0.44
0.24 0.24
04 1 ey L 24 e e B |
2 200 00 BOB BOO focn 1200 ] 10 20 an 10 50 B0
Tims [ming™] Tims [ming™]

Figure S16. Breakthrough simulations of NH2-MIL-125(Ti) with CO»/carrier gas/SOz2; 90/9.75/0.25; viv:v at 293 (left) and
353 K (right).

12 1.9
0.8+ bR el
—=—C0,
084 0.6 TR
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J 044 G 0.4
0.2+ 0.24
a0 0.0
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Figure S17. Breakthrough simulations of MIL-160 (left) and NH2-MIL-125(T1i) (right) with SO2/CO2/N3; 0.1/15.0/84.9;
viviv at 293 K.
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5  DFT calculations

Quantum mechanical calculations for MIL-160 alone and MIL-160 with adsorbed SOz were
performed using density functional theory (DFT) and the Quantum-Espresso software.!” The
crystal structure of MIL-160 served as starting geometry. Oxygen atoms belonging to water
were removed, and hydrogen atoms were added to saturate the furan linker and oxygen atoms
forming OH-bridges. The structure was geometry-optimized using the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) scheme, ultrasoft Vanderbilt —type pseudoptentials and the
generalized gradient approximation (GGA) with Perdew-Burke-Enzerhof (PBE) exchange
correlation. To account for dispersion effects, the semi-empirical Grimme D2-correction
scheme was applied.'® Calculations were performed using the Monkhorst pack scheme with a
2 x 2 x 2 k-point mesh, an energy cutoft of 40 Rydberg and a charge cutotf of 400 Rydberg.
After geometry optimization of the MIL-160 structure, SOz was placed at various locations and
the geometries were allowed to fully relax. To compute the binding energy of SO2, we
optimized a single SO2 molecule in an empty cell of the same size as the MIL-160 structure and
under the same conditions stated before. The binding energy was then obtained as the difference
between the sum of energies of MIL-160 and SOz and the energy of MIL-160 including the
adsorbed SO2 molecule.

6  Stability investigations

Experimental details: Before and after stability tests for dry and humid SOz exposure all MOFs
were activated as described. For the dry exposure, a SOz isotherm was measured. For humid
SOz exposure a controlled air flow of 2 L min™' was bubbled through a sodium hydrogen sulfite
solution (0.4 gNa2S20s in 100 mL water) in a Schlenk round bottom flask to transport gaseous
SOz into a humidity chamber (desiccator vessel). The desiccator was equipped with a
crystallizing dish filled with saturated sodium chloride solution (80 mL, relative humidity (RH)
75%) and the sample (50 mg). The RH and the amount of SOz inthe desiccator was monitored
with a hygrometer (VWR TH300 hygrometer) and an SOz-sensor (Driger Pac 6000
electrochemical sensor), respectively. MIL-160 and NH2-MIL-125(Ti) were exposed to a humid
SOz environment at room temperature with 75 + 6% RH and 35 = 5 ppm SOz for | hand 5 h.
The unit for humid SO2 exposure is given by multiplying the concentration by the exposure
time.

6.1 N-sorption isotherms before and after exposure to dry and humid SO:

Nz-sorption isotherms were measured on an Autosorb 6 (QUANTACHROME, Odelzhausen,
Germany) instrument at 77 K within a pressure range of 1-107-1 bar. Before each experiment
samples were activated for at least 3 hours and at a minimum of 373 K under vacuum
<-5-107* mbar.
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Figure S18. N>-adsorption isotherms (77 K) of MOF-177 before and after exposure to dry or humid SO>.

18 4

wn 15
(@]
g
£ 12 1
o
b 97
o)
L gl—m—ads. 77K
-g |—*—ads. 77 K after dry 8O, exposure
i 3 {—e—ads. 77 K after 35 ppm h humid SO, exposure
(‘_r}“ |—e—ads. 77 K after 175 ppm h humid SO, exposure
0 T v T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Absolute pressure [bar]

Figure S19. N>-adsorption isotherms (77 K) of MIL-160 before and after exposure to dry or humid SO-.
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Figure $20. N2-adsorption isotherms (77 K) of NH2-MIL-125(Ti) before and after exposure to dry or humid SO..

6.2 SO:-sorption cycling

Between each individual sorption experiment the samples were activated under same conditions.
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Figure S21. SOz-sorption recycling of MIL-160 (left) and NH>-MIL-125(Ti) (right) at 273 K.

Beginning at the third measurement of five cycles for MIL-160 a slightly higher SO,-uptake was
observed due to measurement inaccuracies. The more so as the samples had to be regenerated by heating
to 373 K under vacuum and not by pressure-swing desorption due to the noted instrument time-

limitations for SO: sorption (see Section 2 in Supporting Information).
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6.3 PXRD

Powder X-ray diffraction (PXRD) measurements were performed on a Bruker D2 Phaser (300 W,
30kV, 10 mA) at ambient temperatures. As radiation source a Cu-Ko-cathode (. = 1.54182 A) between
5° <20 < 50° was used. Diffraction patterns were obtained using a silicon “low background” sample

holder.

—— MOF-177 exp. after SO2—sorption
—— MOF-177 exp.
—— MOF-177 sim.
5
S,
2
@
o
=
10 20 30 40 50
26 [°]

Figure S22. Comparison of PXRD patterns of MOF-177 (sim., based on crystal structure data, CCDC 230642, Reference 19).

— MIL-160 after 175 ppm h humid SO, exposure
—— MIL-160 after 35 ppm h humid SO, exposure
—— MIL-180 after dry SO, exposure

— MIL-160 exp.
—— MIL-160 sim.

Intensity [a.u.]

MWM
i i e

10 20 30 40 50
20[°]

Figure $23. Comparison of PXRD patterns of MIL-160 (sim., based on x-ray data refinement, CCDC 1828694, Reference 9).
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—— NH,—-MIL-125(Ti)

after 175 ppm h humid SO, exposure
—— NH,-MIL-125(Ti) after dry SO2 exposure
—— NH,—MIL-125(Ti) exp.
—— NH,~MIL-125(Ti) sim.

I

Intensity [a.u.]

LAJLLAJx_4LMJ“*uhMAJwﬁth*MhMAMﬁMM

10 20 30 40 50
20[7]

Figure S24. Comparison of PXRD patterns of NHa2-MIL-125(T1) (sim., based on x-ray data refinement, CCDC 948966,
Reference 20).

Table S4. Summary of stability tests for MOF-177, NH2-MIL-125(Ti} and MIL-160.

BET after humid BET after

af]tge]f;[j.:y S0» humid SO» max. relativg S02-
Material BE'['I (35 ppm h at (175 ppm h uptake of ml}ltlple mns  PXRD after
[m? g1 802 75% RH) at75% RH) At 02 bar, with firstrun  SOz-exposure
- t to 1009
[rn2 g ] [m2 g—l] [m2 g—l] 2 A’
MOF-177 4100 2270 - - no multiple runs changed
NHz-MIL-125(Ti) 1560 1270 - 1250 100%, 77.7%, 77.9% unchanged
0,
MIL-160 1170 1170 1120 1130 IDD;‘EE&?;X;&;‘L’G’ unchanged
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7 Comparison of SO; sorption materials with literature

Table S5. Comparison of SOz-uptake and characteristics of different MOF's.

Material

MOF-177

NH2-MIL-125(T1)
MIL-160

MIL-125(Ti)
NH2-MIL-125(T1)
MFM-600
MFM-601
SIFSIX-1-Cu
SIFSIX-2-Cu-i

MFM-300(Al)

MFM-300(In)
MFM-202a
ELM-12
[Znx(oxo-dihbac)a
(bipy)]
Ni(bdc)(ted)os
Zn(bdc)(ted)os
Mg-MOF-74
FMOF-2
Cos[Co(CN)s]2
Zn3[Co(CN)g]
MOF-505
Ni-DMOF-TM

SO>-uptake [mmol g']

0.01 bar

0.3

3.0
42

343
4.16

0.1 bar

1.0

79
5.5

3;!
5
~38
~R2
8.74
6.01

30
1.95

4.54

6.44

1 bar
257

10.8
7.2

9.8
9.7

5.0
123
11.01
6.90

8.1,
58

828
10.2
273

10.9

997
441
8.60
22
2.5
1.8
129
4.8

Temp.
[K]

293

293
293

298
298
298
298
298
298

273,298

298
298
298

293

298
298
298
298
298
298
298
298

BET
[m? g']

4100

1560
1170

1527
1861
2281
3644

630
1370

1071
2220
706

47 /275

1783
1888
1206
378
712
700
2216
940

Total pore-
volume

[em’ g']
1.51

0.651
0.460

0.375

0.419

0.26

0.059/
0.098¢

0.74
0.84

0.73
0.459

* taken from isotherm,® at 1.11 bar, © emerged from CO; isotherm data.
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Pore width
[A]

10.6-
11.8282

5.8
52

43-6.1
4.56.5,8

7.8
7.8

Lit.

this work

this work

this work

24
24
25
25
26
26

27,28

29
30
31

32

33
33
33,3
35
36
36
37
38

4
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34 A chemically stable cucurbit[6]uril-based hydrogen-bonded organic framework for
potential SO,/CO, separation

Jun Liang, Shang Hua Xing, Philipp Brandt, Alexander Nuhnen, Carsten Schliisener, Yangyang Sun,
Christoph Janiak
J. Mater. Chem. A 2020, 38, 19799-19804.
DOI: 10.1039/d0ta07457h, Referenz [155]
In dieser Publikation wird die kifigbasierte wasserstoffbriickengebundene organische
Geriistverbindung (engl. hydrogen-bonded organic framework, HOF) Cucurbit[6]uril (CB6),
bezogen auf dessen selektive SO,-Adsorption fiir die potenzielle Anwendung als Adsorbens in der
Rauchgasentschwefelung, untersucht.
CB6 weist mit seiner fassartigen Form zwei Typen von Porenfenstern (5,8 und 3,9 A) aufund kann der
neuen Materialklasse der pordsen organischen Kifige (engl. porous organic cages POCs) zugeordnet
werden. POCs weisen intrinsische Poren innerhalb der Kifige auf. Neben diesen intrinsischen Poren
entsteht durch Wasserstoffbriickenbindungen zwischen 6 benachbarter Kifige eine extrinsische
wabenformige Pore mit einem Durchmesser von 6 A. Hierbei sind beide Porentypen fiir die
Gasaufnahme von SO: zuginglich. Die intrinsische Pore bietet dabei Platz fiir zwei SO, Molekiile.
Nanopartikuldres Cucurbit[6]uril (nanoCB6) zeigte mit einer Gasaufnahme von 4,98 mmol g bei
293 K und einer SO./CO»-IAST-Selektivititen von 120 bei einer SO,-Molfraktion von 0,1 einem Druck
von 1 bar und ist damit ein vielversprechender Kandidat fiir eine potenzielle Anwendung der selektiven
SO>-Adsorption. Dariiber hinaus konnte durch verschiedene Expositionsexperimente die strukturelle
Stabilitit sowie die Zyklierbarkeit von nanoCB6 verifiziert werden.
Anteile an der Veroffentlichung;

e Hilfestellung bei der der Aufnahme der Sorptionsisothermen und Berechnung der IAST-

Selektivitaten.
e Die Entwicklung des Konzepts der Stabilititsexperimente und Hilfestellung bei deren
Durchfiihrung,.
e Durchsicht und Korrektur des Manuskripts als Co-Autor.
e Die Entwicklung des Konzepts und die mafigebliche Laborarbeit wurden von Herrn Dr. Jun

Liang durchgefiihrt.
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Das Manuskript wurde von Herrn Dr. Jun Liang erstellt. Korrekturen erfolgten durch Prof.
Dr. Christoph Janiak.

Theoretische Berechnungen wurden von Frau Dr. Shang Hua Xing durchgefiihrt.
Hilfestellung bei der Berechnung der Adsorptionsenthalpien durch Herrn Dr. Alexander
Nuhnen.

Aufnahme von Bildern mittels Rasterelektronenmikroskopie (REM) durch Herrn Dr.
Carsten Schliisener.

Die Charakterisierung mittels Stickstofsorption wurde von Frau Yangyang Sun durchgefiihrt.
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3.5 Capture and Separation of SO, Traces in Metal-Organic Frameworks via Pre-synthetic
Pore Environment Tailoring by Methyl Groups

Shang-Hua Xing, Jun Liang, Philipp Brandt, Felix Schifer, Alexander Nuhnen, Tobias Heinen, Istvan
Boldog, Jens Méllmer, Marcus Lange, Oliver Weingart, Christoph Janiak
Angew. Chem. Int. Ed,, 2021, 60, 2-10.
DOI: 10.1002/anie.202105229, Referenz [156]
In dieser Publikation wurde der Effekt des pre-syntetischen Zuschneidens der Porenumgebung (engl.
pre-synthetic pore environment tailor, PPET) am Beispiel von 1,4-Diazabicyclo[2.2.2]octan-basierten
DMOFE-Derivaten in Bezug auf deren SO.-Adsorptionseigenschaften untersucht.
Hierzu wurde der Benzoldicarboxylatligand des DMOFs durch den mono-, di- bzw. tetra-
methylierten Liganden substituiert. Die Substitution von Wasserstoffmolekiilen durch sterisch
anspruchsvollere Methylgruppen fiihrt zu einer graduellen Verkleinerung der Porendurchmesser von
quadratischen (7,5 A) und rechteckigen (6,9 x 5,3 A) Kanélen zu schmaleren rechteckigen Kanilen
(4,9 und 6.7x4,5A). Die damit verbundene Anngherung der Porengrofle an den kinetischen
Durchmesser von SO, (4,1 A) fithrte auf der einen Seite zwar zu einer Abnahme der maximalen SO,-
Kapazitit bei einem Druck von 1 bar, auf der anderen Seite konnte jedoch die Niedrigdruck-SO.-
Adsorption deutlich verbessert werden, was fiir die angestrebte Anwendung der Entfernung von SO,
im ppm Bereich relevant ist. Zusitzlich konnte in Expositionsexperimenten gegeniiber trockenem und
feuchtem SO, gezeigt werden, dass die Methylierung des Benzoldicarboxylatliganden zu einer
Steigerung der chemischen Stabilitit des Netzwerkes fiihrt.
Anteile an der Verdffentlichung:

e Hilfestellung bei der Aufnahme der Sorptionsisothermen.

¢ Die Entwicklung des Konzepts der Stabilititsexperimente und Hilfestellung bei deren

Durchfiihrung,.
e Beladung der Probenkristalle mit fliissigem SO, in dickwandigen Kapillaren fiir die
Lokalisierung von SO, innerhalb der Poren mittels Pulverdiffraktometrie.
e Durchsicht und Korrektur des Manuskripts als Co-Autor.
e Die Entwicklung des Konzepts und die mafgebliche Laborarbeit wurden von Frau Dr.

Shang-Hua Xing durchgefiihrt.
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Hilfestellungen bei der Bestimmung der Adsorptionsenthalpien, IAST-Selektivititen und
Auswertung der IR-Spektren durch Herrn Dr. Jun Liang.

Rechnungen zu Dichtefunktionaltheorie wurden von Herrn Felix Schifer und Herrn Dr.
Oliver Weingart durchgefiihrt.

Simulationen zu Durchbruchskurven wurden von Herrn Dr. Alexander Nuhnen
durchgefiihrt.

Durchbruchsexperimente und deren Auswertung wurden von Herrn Dr. Marcus Lange und
Herrn Dr. Jens Mollmer durchgefiihrt.

Die Kristallographischen Messungen wurden von Herrn Tobias Heinen durchgefiihrt.
Rietveld-Verfeinerung und Hilfestellung bei den Strukturexperimenten durch Herrn Dr.

Istvan Boldog.
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4  Zusammenfassung

Im Rahmen dieser Arbeit wurden Metall-organische Geriistverbindungen (MOFs) und andere pordse
Materialien in Bezug auf deren SO,-Adsorptionseigenschaften hinsichtlich ihrer potenziellen
Anwendung in der Rauchgasentschwefelung (engl. flue gas desulfurization, FGD) untersucht.

Nach Synthese und Charakterisierung der zu untersuchenden pordsen Materialien wurden SO»-
Adsorptionsisothermen bei 293 K im Druckbereich zwischen 0,001 und 1 bar gemessen, um Aussagen
tiber das Sorptionsverhalten der Materialien treffen zu konnen (Abb. 15).

Durch den Vergleich der individuellen Sorptionsverldufe konnten Isothermen-Charakteristika in
Zusammenhang mit spezifischen Eigenschaften der pordsen Materialien gebracht werden.
Anschlielend wurden etwaige Veridnderungen von Materialeigenschaften der Proben wie
Kristallinitit und Porositit nach Exposition der Proben gegeniiber trockenem und feuchtem SO,
untersucht. Hierdurch konnten Riickschliisse auf die Stabilitit bzw. die potenzielle Zyklierbarkeit der
Materialien gezogen werden, welche in der angestrebten Anwendung als regenerierbarer Adsorber fiir
die FGD-Prozesse vorausgesetzt wird.

Weiter wurden  SO,/CO»-IAST-Selektivititen =~ der ~ Materialien aus  entsprechenden
Einzelgasisothermen bestimmt, um eine erste quantitative Einordnung des potenziellen
Trennvermogens der Adsorber vornehmen zu konnen. Abschlieffend wurden fiir ausgewéhlte
Netzwerke Adsorptionsenthalpien fiir SO, experimentell bestimmt und in Zusammenhang mit
theoretischen Rechnungen der Dichtefunktionaltheorie (DFT) fiir préferierte Bindungsstellen und
Bindungsenergien von SO, innerhalb der Gertiste diskutiert.

Durch die Analyse der SO,-Sorptionsisothermen einer Vielzahl von diversen pordsen Materialien, war
es moglich, Riickschliisse auf Einflussfaktoren fiir die SO,-Sorption zu ziehen. Darunter fallen
unteranderem die Porenstruktur, sowie das Vorkommen von Funktionellen Gruppen innerhalb der
secondary building unit (SBU) oder des Liganden. Die hieraus abgeleiteten Einflussfaktoren konnen in
Zukunft die Auswahl und das Design neuer Materialien erheblich vereinfachen.

Mehrstufige SO,-Adsorptionsisothermen deuteten beispielsweise auf eine ausgepragte bimodale
Porenverteilung (MOF-808 und DUT-67(Zr), einen ,,Atmungseffekt” in hoch-flexiblen MOFs (NH.-
MIL-53(Al) und MIL-53(Al)) oder einem ,,gate-opening”-Effekt bei rotierenden Liganden (ZIF-8 und
ZIF-67) hin.
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Weiter zeigt die Auftragung der SO,-Gasaufnahme bei 293K und 1bar gegen die zugéngliche
Oberflache der untersuchten Materialien einen anndhernd linearen Verlauf (Abb. 16). Diese
Beobachtung deutet darauf hin, dass die SO,-Kapazitit von vorwiegend mikropordsen Materialien,
nahe den Standardbedingungen, mafigeblich von der Oberfliche der Materialien abhingig ist.
Weitergehende Materialcharakteristika wie Struktur und etwaige Porenmodifikationen spielen bei
diesen Bedingungen hingegen nur eine untergeordnete Rolle. Aufgrund des niedrigen Anteils an SO,
in Rauchgasen ist die SO,-Aufnahmekapazitit bei Normaldruck fiir eine potenzielle Anwendung in
FGD-Prozessen jedoch von niedriger Relevanz. Die SO,-Gasadsorption im Niederdruckbereich
(£0,1bar) beeinflusst maf3geblich die Selektivitit eines Adsorbers und ist daher fiir die Abtrennung

von kleinen Molekiilfraktionen SO aus Rauchgasmischungen von grofler Bedeutung.
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Abb. 15: SO,-Adsorptionsisothermen (293 K) der untersuchten Materialien. SO,-Desorptionsisothermen
wurden aus Griinden der Ubersichtlichkeit nicht dargestellt. a) MOFs publiziert in 3.1, b) MOFs und weiter

pordse Materialien publiziert in 3.2, c) MOFs publiziert in 3.3.

In Abb. 17 wird ersichtlich, dass die Korrelation zwischen SO.-Aufnahme und Oberflache bei

niedrigeren Druckpunkten nicht mehr beobachtet wird. Stattdessen kann ein Zusammenhang
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zwischen dem kleinsten Porendurchmesser und der Niedrickdruck-SO,-Adsorption (0,1 und 0,01 bar)
beobachtet werden (Abb. 20). Hierbei zeigten untersuchte Materialien mit kleinem Porendurchmesser
im Bereich zwischen 4-8 A ein lokales Maximum der Oberflichennormierten-SO,-Adsorption.
Diese Beobachtung ist durch den kinetischen Durchmesser von SO. (4,1 A) zu erkliren, bei dem die

an das Gastmolekiil angepasste Porengréfie zu erhdhten Adsorbat-Adsorbens-Wechselwirkungen

fithren.
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Abb. 16: SO,-Aufnahme (293 Kund 1 bar) versus BET-Oberflache (bestimmt mittels N,-Sorption bei 77 K). Die
gestrichelte Linie dient als Orientierungshilfe fiir das Auge. MOFs publiziert in 3.1 (Kreise), MOFs und weiter

pordse Materialien publiziert in 3.2 (Quadrate) und MOFs publiziert in 3.3. (Sterne).
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Abb. 17: SO,-Aufnahme (293 K) bei einem Druck von 1 bar (griine Rauten); 0,5 bar (blaue Dreiecke); 0,1 bar

(rote Kreise) und 0,01 bar (schwarze Quadrate) versus BET-Oberfliche (bestimmt mittels N,-Sorption bei 77 K).

204



£

a) § 8E-03 T g 6E-03 et

5 £-03 at293 Kand 0.1 bar 5 i O NH,-MIL-101(Cr)

7E-03 1 ° 4 ] ] - - MIL-
E - g SE03 ® MOF-808 O Basolite—F300
& 6E-03- o - ® DUT-67(Zr) m HKUST-1
5 . £ 4E-03- 1 ® NU-1000 u ZIF-8
S 5E-03 ] 3 ® MIL-53(A)) m ZIF-67
& 4£.03] ° & 3E-03- (] | ® NH-MIL-53(A)) Zeolite Y
3 3 n ® A-Fum B SAPO-34
! ! o MIL-53(tdc)(Al) W Ketjenblack
H 3E-031 F oE.034 ] i
w (] w2803 oo ® CAU-10-H Silica gel 60
T2k, o 9 g ° ° E » MIL-96(Al) ® CTF-1(400)
= ° L] ° T 1E-03{ ©0 =m o 1 ® MIL-100(A) ® CTF-1(600)
§ 1E:03 Ef $n e U O, ®  NH,-MIL-101(Al)
S ogs00 1 o' 0E+001 B ®
@ 2 4 6 8 10 12 14 16 18 20 22 24 26 28 @ 2 4 6 8 1012 14 16 18 20 22 24 26 28

Pore limiting diameter [A] Pore limiting diameter [A]

Abb. 18: Oberflachen-spezifische SO,-Aufnahme (i. e., die Gasaufnahme normiert auf die BET-Oberfléche) bei

a) 0,1 bar und b) bei 0,01 bar aufgetragen gegen den porenlimitierenden Durchmesser. MOFs publiziert in 3.1

(Kreise), MOFs und weiter porose Materialien publiziert in 3.2 (Quadrate).

Die Auswertung der Stabilititstests zeigte, dass die Kristallinitdt der Netzwerke weitestgehend erhalten
bleibt (Abb. 19), wohingegen teilweise deutliche Verringerungen in den bestimmten BET-Oberfldchen
beobachtet wurden (Abb. 20). Insbesondere unter feuchten Bedingungen konnte bei vielen der
untersuchten Materialien eine signifikante Abnahme ihrer Porositit festgestellt werden. Die
verringerte Porositit nach den Expositionsexperimenten kann verschiedene Erkldrungen haben.
Einerseits ist es moglich, dass im Falle von besonders starken Wechselwirkungen SO, irreversibel in
den Poren gebunden wird (Chemisorption). Andererseits kann beispielsweise die Bildung von
schwefliger Saure (H.SOs) oder Hydrogensulfit (HSO5") zu einer Verstopfung der Porenéffnungen
fithren oder, durch Bruch der Metall-Ligand Bindung, unter Formung von Metall-sulfit und dem
protonierten Liganden eine partielle Degradierung der Netzwerkstruktur bewirken. Auch konnte
beobachtet werden, dass MOFs mit aminofunktionalisiertem Liganden im Vergleich zu dhnlichen

unfunktionalisierten MOFs schlechtere Ergebnisse bei der Auswertung der Stabilitétstests erzielten.

a) — DUT-67(2r) after humid SO, exposure b) —— MIL-160 after humid SO, exposure c) —— NH-MIL-125(Ti) after humid SO, exposure
—— DUT-67(2r) after dry SO, eiposu,e —— MIL-160 after dry SO exposure —— NH,-MIL-125(Ti) after dry SO2 exposure
—— DUT-67(Zr) exp. —— MIL-160 exp. —— NH-MIL-125(Ti) exp.
—— DUT-67(Zr) sim. —— MIL-160 sim. —— NHp—MIL-125(Ti) sim.
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Abb. 19: Pulverdiffraktogramme der untersuchten MOFs: a) DUT-67(Zr), b) MIL-160 und c)
NH,-MIL-125(T1); simuliert (schwarz), experimentell (rot), nach trockener SO,-Exposition (gelb) und nach
feuchter SO,-Exposition (blau).
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Abb. 20: Relative (behandelte/urspriingliche) BET-Oberflidche und totales Porenvolumen der untersuchten

pordsen Materialien nach trockener und feuchter SO,-Exposition.

Die Ergebnisse der berechneten SO,/CO,-Selektivititen entsprechend der ideal adsorbed solution
theory (IAST) (Abb. 21) zeigen, dass viele der untersuchten MOFs potenziell dazu fihig sein sollten,
SO, aus Gasmischungen mit einem vielfach hoheren CO,-Anteil unter Standardbedingungen selektiv
zu adsorbieren. Die besten Ergebnisse bei niedrigen Molfraktionen (0,1 SO, bzw. einem Verhaltnis von
10/90; v:v; SO,/CO,) zeigten Zeolith Y (180) und das AI-MOF MIL-160 (127), was im bzw. tiber dem
Bereich von Benchmark-Materialien wie MEM-305 (135), SIFSIX-1-Cu-i (87) und MFM-300(In) (70)
liegt.

Es zeigte sich, dass stickstofthaltige Netzwerke wie CTFs und aminofunktionalisierte MOFs bei 10/90
SO,/CO,-Gasmischungen ebenfalls gute Ergebnisse mit SO,/CO,-IAST-Selektivititen zwischen 30
und 58 erzielten, wahrend vorwiegend mesoporose Materialien wie Ketjenblack und Silicagel mit

Werten von 10 und 7 die niedrigsten SO./CO,-IAST-Selektivititen zeigten.
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Abb. 21: SO,/CO,-IAST-Selektivitit in Abhiangigkeit zur Molfraktion SO, im Bereich zwischen 0,01 - 0,5 (293K
und 1 bar). MOFs publiziert in 3.1 (Kreise), MOFs und weiter porse Materialien publiziert in 3.2 (Quadrate)

und MOFs publiziert in 3.3 (Sterne).

Weiter wurden fiir ausgewéhlte MOFs isosterische Adsorptionsenthalpien (AH.) fiir SO, aus
Datensitzen zweier Adsorptionsisothermen mit AT < 20 K mittels Virial-Analyse bestimmt (Abb. 22).
Die isosterische Adsorptionsenthalpie nahe einer Beladung von Null (AH ;) beschreibt die stirksten
Wechselwirkungen des Gastmolekiils in einem Netzwerk und lag nahe den theoretisch berechneten
Bindungsenergien. Durch diese Ubereinstimmung konnten die, mit DFT-Methoden ermittelten,
préferierte Bindungsstellen weiter verifiziert werden und lieferten damit einen Beitrag zur Aufklirung
des Adsorptionsgeschehens in den untersuchten Netzwerken. Die beiden MOFs, NH,-MIL-53(Al)
und NH-MIL-125(Ti) zeigten mit AH2;.-Werten von —67 und -53kJ-mol” die stirksten
Wechselwirkungen, welche durch die Polarisierbarkeit der Aminofunktionen erklart werden kénnen.
Die beiden Al-basierten MOFs Al-Fum und MIL-160 zeigten AH 2, -Werte von jeweils —42 kJ-mol™.
Die schwichere Physisorption der Al-MOFs kann dabei vorteilhaft fiir eine energieeffiziente und
vollstandige Regeneration der Adsorptionsmaterialien sein.

Weiter wurden in allen MOFs, fiir welche Bindungsstellen mittels DFT berechnet wurden,
Wechselwirkungen zwischen den p/ps-OH-Gruppen der Al/Zr-MOFs und SO, (MOF-OH?®..*
0O=S=0) gefunden, was auf eine zentrale Rolle von Wasserstoftbriickenbindungen bei der

SOx-Sorption in MOFs hindeutet.
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Abb. 22: Isosterische Adsorptionsenthalpie von SO, zu untersuchten MOFs, bestimmt mittels Virial-Analyse,
angewandt auf Datenpunkte von SO,-Adsorptionsisothermen, gemessen bei zwei unterschiedlichen

Temperaturen zwischen 273 und 303 K (AT <20 K).

Ein weiteres hervorzuhebendes Ergebnis dieser Arbeit war die Rekord SO,-Aufnahme (25,7 mmol g,
bei 293 K und 1bar) fiir das hoch porése Netzwerk MOF-177, welches jedoch wegen der geringen
Gasaufnahme bei Driicken < 0,5 bar und einer unzureichenden Stabilitét als ungeeignet fiir die FGD
bewertet wurde. Das AI-MOF MIL-160 zeigte hingegen trotz seiner geringeren SO,-Kapazitit
(72mmolg”, bei 293K und 1bar) ein hohes Potenzial fiir die Entfernung von SO. aus
Rauchgasmischungen, da es sowohl in Selektivitit, Stabilitit, als auch unter anwendungsorientierten
Bedingungen (T=353 K) in Durchbruchsexperimenten gute Ergebnisse erzielen konnte.

Diese Eigenschaften, in Zusammenhang mit einer kostengiinstigen, umweltfreundlichen und
skalierbaren Synthese, machen MIL-160 zu einem vielversprechenden Kandidaten fiir den

potenziellen Einsatz in der adsorptionsbasierten Rauchgasentschwefelung.
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