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ABSTRACT

As mankind attempts to halt climate change and global warming, large-scale carbon
dioxide (CO,) capture, utilization and storage (CCUS) technologies are viewed as an indispensable
approach to curb CO; emission. This thesis focused on better understanding COz-amine
interactions during adsorption, while developing in parallel covalently immobilized
polyethylenimine (PEI) adsorbents for CO, adsorption. In addition, catalyst reusability issues
reported in the synthesis of cyclic carbonates (CCs) from CO; and epoxides using metal-free
supported immobilized quaternary ammonium salts are addressed, while developing new
organosilicas for the synthesis of CCs.

The reaction between CO; and amine was investigated at the gas-solid interface in an
attempt to provide a unified COz-amine interaction both in adsorption and absorption. A
combination of density functional theory calculations and experimental data (FTIR and 3C NMR)
showed that the formation of the zwitterion intermediate often reported in the literature is
highly unlikely, instead a six-atom centered zwitterion mechanism involving the “assisting” effect
of water, amine or other functional groups was found to be more feasible due to its lower
activation energy. Moreover, evidence was provided to suggest that under humid conditions,
bicarbonate and carbonate are formed from the reaction between water and CO2, and not the
widely reported carbamate hydrolysis.

With a goal of minimizing the leaching of amines on PEl-impregnated adsorbents, PEl was
covalently immobilized on mesoporous aluminosilica using 3-glycidoxypropyltrimethoxysilane or
3-triethoxysilylpropyl isocyanate as linkers. The resultant materials were found to be more
resistant to leaching (in ethanol) and degradation (air at 100 °C) compared to their impregnated
counterparts. Further enhancement in oxidation stability was achieved by covalently grafting
epoxide-functionalized PEIl onto mesoporous aluminosilica.

CO; uptake over amine-containing adsorbents is widely reported to be enhanced in the
presence of moisture. However, the same cannot be said for other adsorbents, such as,
carbonaceous and zeolite-based materials, and most MOFs. In a soon to be submitted review
manuscript, a comprehensive analysis on the role of water on CO; uptake (equilibrium and

kinetics), material structure and regeneration over a wide range of adsorbents is presented.



As for COz-epoxides fixation to cyclic carbonates, a quaternary ammonium salt supported
on SBA-15 was used to investigate the observed literature trend between product yield and
substrate type with catalyst reuse. Under mild reaction conditions (1.0 MPa CO,, 100 °C and 4 h),
1,2-butylene carbonate was obtained in high yields (> 95%) over 5 cycles as the substrate is easy
to activate and the product can be completely removed from the catalyst surface due to its low
boiling point. Nonetheless, using styrene oxide led to decrease in yield over reuse cycles, mainly
because styrene carbonate crystals were trapped on the catalysts surface (33C MAS NMR and TGA
data), thereby blocking access to active sites. By extensively washing all spent catalysts in acetone
and using chromatographic grade SiO; as support material, styrene carbonate was obtained in
very good yield (> 93%) over five cycles.

Finally, novel quaternary ammonium iodide-based organosilicas, grouped into
disordered, ordered and periodic mesoporous organosilicas, were prepared and tested for the
cycloaddition of CO; to epoxide to yield cyclic carbonates. Under mild reaction conditions (0.5
MPa CO;, 50 °C and 10 — 15 h) catalysts with the ordered mesoporous organosilicas structure
were found to be more active owing to their larger surface area and pore volume, enhancing the

accessibility of active sites by epoxides.



ACKNOWLEDGMENT

I would like to express my deepest gratitude to my supervisor Prof Abdelhamid Sayari for
accepting me into his research group, thereby giving me the opportunity to fulfil this academic
milestone. | will equally like to thank him for his invaluable advice and guidance, unwavering
patience, constant inspiration and encouragement throughout these years. Research-wise, | have
improved a lot under his supervision.

| present my sincere gratitude to all members of the Sayari group for their ideas and valued
discussions that helped improved the quality of my research.

My sincere gratitude goes to my partner, our kids, families and friends for their unstinted support
and endless encouragement during these years.

Finally, | would like to thank God Almighty for giving me the strength and health to pursue my

endeavors.

Vi



TABLE OF CONTENTS

TRESIS TILI... vttt ettt et et s et et et e e eaesaesbe st stesessensesbes st et et ensersanesbe st ste e nbesberaerennernes i
Declaration and statement of contributions of collaborators...........cceceiieeicececicceece e i
(DT FTor= Y o o VOO USRSt iii
Y o1 i - [ OO TSR USROS iv
ACKNOWIEUZEMENT ..ottt ettt e st e et ettt e sesae st st st e e e s e st eb et aseareaneane st see st sessentessesanseannas vi
TADIE OF CONTENT....co e ettt et et e e e sbeebeebesueeaseasaesaesbestesaeesee sbeebeateaseersarssassentansannn vii
List of abbreviations and SYMDOIS.......ccciiiiicc sttt st e e s e s es s eseareesesee sreneen X
LiST Of FIgUIES..u ittt sttt ettt st st st e s e s bttt eae et steseeea e eases esteb e s aneaaeaseaae et sesessessassasaesareaness Xii
Ty o =1 o] L= OSSO R USRS X
Chapter 1 Introduction 1O ThESIS .....uuiiiiiiiee e et e e s e e e e s e e e searaaeeeenas 1
1.1. Introduction to carbon dioxide capture, utilization and storage (CCUS).......cccocvevereervieeriieescrieeenenn. 1
A =T E o U ot (U1 USSR 3
PART ONE ...ttt e e ettt e e e e et e e aataeeeeeaeeses s tssaeeeaeeeesaaasssaaeeeaeseesassnreens 7
Chapter 2 Mesoporous Organosilicas for CO; Capture: reaction insight and Material
DLV 7] (o 11 0 1= | SRS 7
2.0. INtroduction 10 CO2 CAPTUIE....uuiiiiciiieeeciieee ettt e ettt e e e st ee e e e sbt e e e e sbteeeesbeeeesssteeessseaeessnssaeessnes 7
Chapter 3 CO; — Amine Reaction Mechanisms: A Unified Approach .......ccccceevieeiiiiiencinciienenn, 18
3.0, OVEIVIEBW ettt ettt ettt et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeseeeeeeeeeeeeeeeeaeaeaeeeeaeeeeeeaeaeaeeanenans 18
I 0 I [ o o Yo [¥ ot o o FEU P UUPPN 20
S o (oY= o 0 (=14 - PRSP 24
I W 1Y T Yo L= T Y= 1Y, = o o To Yo LU RUTSURE 24
3.2.2. Preparation of AdSOIDENT ........ooo ittt e e et e e e e e e e e e e rae e e e eanes 26
3.2.3. FT-IR SPECEIOSCOPY eeieeieeeeeieiieiieeeeeeeeeeee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeeeeaeaeeeeeasasaeeeeneens 26
3.3. ReSUIS @Nd DiSCUSSION .....uuviieeeiiiee et eeecctte e e ettt e e e tte e e et e e e e tbee e e abaeaeesbaeesensseeesanbeaesasseeesennsenas 27
3.3.1. Reaction mechanism for carbamate/carbamic acid formation .......ccoeeeeueeeeeeeiiiieevneneeenn 27
3.3.1.1. Four-centered MeChaniSM........ccoi i e 27
3.3.1.2. Self-assistance in CO; adsorption over diamines. ......ccccceeeccviieeeeeeececcciieeeeeenn, 29
3.3.1.3. Amine-CO; reaction assisted by another amine.......ccccccoeveiciiiieeiecccieeeee, 34
3.3.1.4. Water-assisted formation of carbamic acid. ........cccceeeeeiieicciiiii e, 35
3.3.1.5. Experimental evidence of six-centered mechanism.........cccccvvvveeeiiieiccciienenennn. 37
3.3.2. Carbonate and bicarbonate formation ........cccceeiieciiii e 39
3.3.2.1. Carbamate hydrolysis. .........uueeeieeiieeeeee e 39
3.3.2.2. Amine-assisted formation of ammonium bicarbonate. .........ccccceeeeiiiicciiiinnnn.n. 43
Chapter 4 Covalently Immobilized Polyethylenimine for CO, Adsorption.........cccoccveeeeeiiecnnnnnee. 52
O O YT o VTNt 52
s O 1o o Yo [ o1 o T SRR 53
Y/ =Y o Yo Yo Fo] o =Y SRR 56
oy N oY= T 41T | =Y SRR 56
4.2.2 Preparation Of Materials ........cccuiii ittt et e e e ta e e e e ta e e e e b ae e e eeanraeaean 56
4.2.3. Material charaCterization.........ccui e e e e e e e e st e e e e e e e e e nrrraeeeeas 58
4.2.4. CO; adsorption MEASUIMEMENTS . ....ccccciiiiiiiieeeeeeciiiteeeeeeeeeeeibareeeeeeeeessinsssaseeeeesesssssssssseeaesesanssnes 59
4.2.5 Ethanol leaching test and oxidation stability.........cccceeeieieeciii e 59
e T T U1 £ T I T o U 1 (] o T ER 60
4.3.1. Material charaCterization..........eeii i e e e e e e e e e e stare e e e e e e e e eenannnes 60
4.3.2. CO; capacity and the effect of ethanol leaching test.........ccceecuviiiviiiieiicciie e, 68

Vii



e T T @ (e =Y o T =1 o 11 1 Y2 72

Chapter 5 Understanding the Effect of Water on CO, Adsorption — A RevieW.........cccceeeevvveennee 80
5.0, OVEIVIBW ..ottt ettt e e e e e ettt e e e e e s e bbbttt e e e e e e s abb ettt e e e e e e e s bebteeeeeseaannrenaeeeesesanan 80
LT I [0 o Y ¥ T o o ST PPPPROURPRINS 81
5.2. Measuring CO; uptake in the presence of humidity........ccceveeiiiiiiiiiiii e, 82
LI T o (VA (o= 1 I [ Yo T4 o<1 o £ PSP 84

5.3.1 Carbon-based MaterialS........ccuiiiiiciiiiiiiiiee e e e s e e s sreae e e snes 84
LI T A 4 Yo ] 11 =R PPPUPRRN 84
5.3.3. Metal Organic FramEWOIKS. ......ccoiciiiiiiiiiieieiieeeestiee e sette e e e sitee e ssteeeessbeeeessbeeeessseeesssaseneessnes 85
5.4. AMine-containing AdSOIDENTES .....ciiiiiiiiiiiie e e e s e e e s e e e e ssbeee s enabeeas 87
5.4.1. Amine-Impregnated AdSOrDENTS ......coicciiiiiiiiee e e e e s e e e 88
5.4.2. Amine-Grafted AdSOrDENTS ......coi i e e 88
5.4.2.2. Amine-functionalized zeolites and Others .........ccve i 89
5.4.3. Regeneration of amine-containing adsorbents .......cccccuveiiiciiiiiciiiee e 90
R T =T T 4 VI AV Eo T o 1T | PRSP 90
5.5.1. Alkali and Alkaline Earth Metal-Based AdSOrbents.......c..cceevcieeiiicieee it 90
5.5.2. HydrotalCite AdSOIDENTS ....cc.eviieecciieee ettt e e e bte e e s e bae e e s ebeeeeeenraeeeennes 91
5.5.3. Metal oxides (excluding Group | and I Metals) .......coeeecuiiieeeciiii e e 92

N 2 A TR 104

Chapter 6 Mesoporous Organosilicas for Coz Fixation to Cyclic Carbonates: Reaction Insight and

Material DEVEIOPMENT....ccc e e e e e e s r e e e e e e s e anr bt a e e e e e e e e s anntaeeaaaaens 104
6.0. Introduction t0 CO2 ULIlIZAtioN .....uieceieeeie ettt e e e sate e sbee e snree s 104

Chapter 7 Substrate dependence on the fixation of CO2 to cyclic carbonates over reusable

[oYoTgo 10T 117/ o1 g e o] 1o [T RPN 115
7.0, OVEIVIBW ..ttt et ettt e e e e e ettt e e e e e e a bt bt e e e e e e e e nn b et teeeeeeaaassbeeeeaeeseaanssbeeeaeeesaaannreneeeeaeesanan 115
728 N 1) e o U Tl o Y o [P PRSP 116
A o (oY= a4 T=Ta N - | SRR 120

7.2.1. Preparation of Materials .......cueee it e e e e e aaae e 121
7.2.1.1. SBA-15 SYNtNESIS ceeieiiei ittt e e e e e e e et raaaaeas 121
7.2.1.2. Grafting of aminoSIlane ... 121
7.2.1.3 Quaternization of amine grafted Silica ..........ceeecviiiiiei e, 122

7.2.2. Characterization of Materials........cccceeceiiiiiiiie e 123
7.2.2.1 Textural properties and organic content.........ccccoecciiiiieieei e s 123
7.2.2.2. FT-IR SPECIIOSCOPY .. iieiiiiiiiiieieieeeeeetticeie e e e et ettaiess s e s e e e e eaabba s s e e eeeeaaabaaeseeaaeaanes 123
7.2.2.3 Solid state and solution NMR analysis.......cccccceeeeieiiiiiiieeeee e 124

7.2.3. Cycloaddition reaction and analysis of reaction mMixture .........ccccccoeeeeicieeeeciiee e, 125

7.3. ReSUILS @Nd AiSCUSSION ...uiiiiiiiiiiiciiee ettt e st e e s s ebe e e s s sabee e s ssabeeesennbeeessareeas 126

7.3.1. Catalyst characterization ............uuieiiii e e 126

2 T O - | AV A [ol- [or 4 VA 1 V2SR 131
7.3.2.1. NBual vs. tributylpropylammonium iodide immobilized on SBA-15 (PHS-1)
......................................................................................................................................... 131
7.3.2.2. Reusability of PHS-1 Catalyst .....cccceiiviiiiiiiiieeceee e 135
7.3.2.3. PHS-2 catalyst: Reusability studies........ccccoeviiiiiiiiiiiiniee e 142

Chapter 8 Novel Porous Organocatalysts for Cycloaddition of CO; and Epoxides........cc.......... 156
8.0, OVEIVIBW ..ttt ettt e e e e e ettt et e e e e e e bttt e e e e e e e s aaa b e e teeeeeseaussbeeeeeeesesanssbeeeeeeeeasannsaneeeeasesanan 156
20 I o e Yo ¥ ot o o [P PSPPSR 157



I A o d o T=T o o 1= o] = PR PR 161

Y LT = | £ PP 161
8.2.1. Preparation of Mesoporous Organosilica MaterialS........ccccceeevieeeieciiie e, 162
8.2.1.1. Method A: preparation of DMOs via grafting and quaternization of amine..... 162
8.2.1.2. Method B: Preparation of OMOs via co-condensation of BHBPD or poly-
YO Y| = [ o N I = O LTS 164
8.2.1.3. Method C: Synthesis of PMOs via condensation of BHBPD and poly-SQ
LY 1 U 167
8.2.2. Characterization of Materials ......ccciiiiiiiiii e s 168
8.2.2.1. Textural properties and 0rganic CONtENT .........ceeeciiiiieiiiie e 168
8.2.2.2. IR SPECEIOSCOPY .uueiiiiiiiiiiiiiiieeeeeeettitiieis e e eeetttarsas e e s eeetaasrsaasseeeesseessnnnsseseesnanes 168
8.2.2.3. 13C and 2°Si solid state and solution NMR .......c.ccceeeieieerieviecieceeereee e 169
320 T GAVZel (o Y- To Lo [ 1o T g =T- [o1 4 (o] o NP 169
8.3. RESUILS aNd diSCUSSION ..ueiiiiiiiiiiiciee ettt ettt ettt e e te e st e e saee e sbeeeateesneeesnseessaseenn 171
8.3.1. Characterization of mesoporous organosiliCas ........cccceecuieeieciiieeecciee e 171
I T R 0| - | AV o Lol Yot 4 Y/ 1 U 178
8.3.2.1. Comparative analysis .....cccuiiiiieeie e 178
8.3.2.2. Optimization of reaction timMe........ccccocoiiii e 182
8.3.2.3. Reusability StUAIS.....ccco o 183
Chapter 9 Conclusion and recommendation for future Work .........ccccoeeeeiieiiiiiiiee e, 193
1 0 R 67 o Yol [V 1T o SR 193
1 U o] ToF 1 d e o Y-SR 195
9.2. Recommendation fOr fULUIE WOIK .........c.eiiiiieiie ettt see e e e e ste e sae e e snaee s 196



LIST OF ABBREVIATIONS AND SYMBOLS

1,2-BC 1,2-Butylene Carbonate

1,2-EB 1,2-Epoxybutane

4-CDO 4-(Chloromethyl)-1,3-Dioxolan-2-One

4-PDO 4-((3-(Trimethoxysilyl)Propoxy)Methyl)-1,3-Dioxolan-2-One
ACAs Amine-Containing Adsorbents

ACs Activated Carbon

API Active Pharmaceutical Ingredients

APTES 3-Aminopropyltriethoxysilane

ATR-IR Attenuated Total Reflection (ATR) - Infra-Red Spectroscopy
BET Brunauer-Emmett-Teller

BHBPD N,N'-Bis(2-Hydroxyethyl)-N,N'-Bis(Trimethoxysilylpropyl)Ethylenediamine
Cso Fullerene

CCs Cyclic Carbonates

CCus Carbon Capture, Utilization and Storage

CHO Cyclohexene Oxide

CNTs Carbon Nanotubes

CO2 Carbon Dioxide

COPs Coordination Organic Polymers

CP-MAS Cross Polarization Magic Angle Spinning

DAC Direct Air Capture

DFT Density Functional Theory

DMO Disordered Mesoporous Silica

Dp Pore Diameter

EDTA Ethylenediaminetetraacetic Acid

EDX Energy Dispersive X-Ray Analysis

EOR Enhanced Oil Recovery

EPH Epichlorohydrin

FID Flame lonization Detector

FTIR Fourier-Transform Infrared Spectroscopy

GHG Greenhouse Gas

GPS 3-Glycidoxypropyltrimethoxysilane

HDO Hexahydrobenzo[D][1,3]Dioxol-2-One

HKUST Hong Kong University of Science and Technology
HMS Hexagonal Mesoporous Silica

HOMO Highest Occupied Molecular Orbital

IPCC Intergovernmental Panel on Climate Change

IRC Intrinsic Reaction Coordinate

LDH Layered Double Hydroxides

LUMO Lowest Occupied Molecular Orbital



MCM-41
MCM-48
MCT
MEA
MOFs
NMR
oMO

P

PO

P123

PE-AISIO;
PEI
PEO
PES
PHS
PMO
PO
PSA
PVA
RD&D
RIRC
Sa
SBA-15
SC
SiO,
SO
TEA
TEOS
TGA
TMOS
TPS
TSA
Vi
VSA
WHO

Mobil Composition of Matter No. 41
Mobil Composition of Matter No. 48
Mercury Cadmium Telluride
Monoethanolamine

Metal Organic Frameworks

Nuclear Magnetic Resonance
Ordered Mesoporous Silica
Adsorbate gas pressure (bar)
Adsorbate gas pressure (bar)

HO[CH2CH20],0[CH2CH(CH3)0]70[CH2CH20],0H.

Pore-Expanded Aluminosilica
Polyethylenimine

Polyethylene Oxide

Potential Energy Surface

Porous Hybrid Solid

Periodic Mesoporous Silica
Propylene Oxide

Pressure Swing Adsorption
Polyvinyl Alcohol

Research and Development and Demonstration
Reactive Internal Reaction Coordinates
Surface Area

Santa Barbara Amorphous-15
Styrene Carbonate

Silica

Styrene Oxide

Triethylamine

Tetraethyl Orthosilicate
Thermogravimetric Analysis
Tetramethyl Orthosilicate
3-Triethoxysilylpropyl Isocyanate
Temperature Swing Adsorption
Pore Volume

Vacuum Swing Adsorption
World Health Organization

Xi



LIST OF FIGURES

Figure 2-1. Generalized CO, Capture Pathways. Reproduced with the permission of the Department of

Natural Resources Canada (2020)........eeieeeeeiiiiureeeieeeeeiiirereeeeeeeeeeiireeeeeeeessssssrereeesesessssssreresessssssssssssssesssnnns 8
Figure 2-2. Classification of post-combustion CO; capture technologies. Copyright (2016) Springer Nature
.................................................................................................................................................................... 10

Figure 3-1. Formation of 1,3-zwitterion and carbamic acid. (A) Four-centered mechanism, (B)
Frontier orbitals involved in four-centered mechanism: (a) HOMO and LUMO of N-H and C=0, (b)
symmetry-forbidden orbital recovery. (C) Corresponding energy profile: (a) in gas state, (b) in the
Presence Of Water @S SOIVENT. ... e e e e e et e e e e e e e s s e e ae e e e e e e esnnnrasaeeaas 27
Figure 3-2. CO; reaction with ethylenediamine. (A) Calculated structures: (a) TS, (b) 1,6-zwitterion,
(c) TS’, and (d) carbamic acid. (B) (a) Energy profile of carbamic acid formation in the gas state, (b)
the corresponding force profile, and (c) variation of selected internuclear distances versus reaction
coordinate in gas state. (C) (a) RIRC versus N1-C and C-O1 internuclear distances in the gas state.
(b) Energy profile of carbamic acid formation in water, and (c) RIRC versus N1-C and C-O1
internuclear distances in water as percentages of final distances in carbamic acid. R and P =
reactants and product, Z = 1,6-zwitterion, TS and TS’ = transition states, A and B = limits of TS zone

of influence, C = preparation of the Product. ... e 31
Figure 3-3. CO; reaction with a primary amine. (A) Amine-assisted reaction: (a) transition state TS, (b)
ammonium carbamate, (c) transition state TS’, and (d) carbamic acid........ccccveeeeevveiiiciieeeeicieee e 35

Figure 3-4. Water-assisted reaction: Calculated structures of (a) reactants, (b) transition state TS, (c)
product P, (d-1) corresponding energy profile and (d-11) force profile........cccoveeiieiieeccieeccee e 36
Figure 3-5. FT-IR data in support of CO,-amine reaction assisted by D,0. (Spectrum a): thermally treated
adsorbent, (Spectrum b): difference between the spectrum of adsorbent exposed to D,0 and Spectrum a,
(Spectrum c): difference between the spectrum of adsorbent exposed to D,O/CO, mixture and Spectrum
a, (Spectrum d): difference between SPectrum b and C.......coccveiiiiiiiiieccieeeecee e 37
Figure 3-6. Carbonate/bicarbonate formation. (A) Calculated structures associated with hydrolysis of
carbamic acid: (a) reactants, (b) transition state TS, and (c) product P, (d) corresponding energy profile.
(B) Calculated structures associated with amine-assisted CO; reaction with water: (a) reactants, (b)
transition state TS, (c) 1,6-zwitterion Z, (d) transition state TS’ and (e) product, (f) corresponding force
[ T0) 1 TSP 40
Figure 3-7. Hydrolysis of carbamic acid assisted by another water molecule. Calculated structures of (a)
supermolecule, (b) transition state, and (c) product, (d) corresponding energy profile........cc.ccccecuvveennns 41
Figure 3-8. 3C NMR Spectra of; (A) Ethanolamine (18 wt%) after bubbling CO, for different periods of time
at room temperature as indicated, (B) for the samples shown in Fig A3-3(A) after 5 days (without

additional exposure to CO;). R is the ratio of the area of peak 4’ t0 4” ......ccccveeeieciiieeeciee e 42
Figure 3-9. Unified schematic mechanism for COz-amine-water interactions. .......cccccceevcveervieinieenneeennne. 45
Figure 4-1. Nitrogen adsorption—desorption isotherms of pristine support and functionalized materials.
.................................................................................................................................................................... 61
Figure 4-2. 27Al NMR Spectrum Of PE-AISIO ......cecvivriereieiereeteeteeteeteeteetesteeeeeseeseeseesessessessessessessesesssesessens 62
Figure 4-3. 3C NMR of solid materials dissolved in 10% NaOH in D20. .......ccccoveieeereereiieieeeeeeereereeve s 64

Xii



Figure 4-4. 3C CP-MAS NMR spectra of GPS (top) and TPI (botton) immobilized on PE-AISIO; in anhydrous
120 LU= o1 PP 66
Figure 4-5. Thermal decomposition of PEl-containing adsorbents (rate = 2 °C/min under N,) ................. 67
Figure 4-6. Thermal stability of PEI-containing adsorbents under isothermal conditions (150 °C/N,). .....68
Figure 4-7. Decrease in CO; capacity of materials following leaching in EtOH. Percentage losses are
[ g [ ToF- 1 4=Tc FA PSP 69
Figure 4-8. Variations in CO; uptake of materials after oxidation in air at 100 °C in an oven. Percentage
Lo XIS T I g Lo Lok 1 =Tc PSP 72
Figure 5-1. TGA experiments during humid CO- adsorption on PEl-impregnated CARIACT silica......... 83
Figure 5-2. The different adsorption sites for CO, and water on a hydrotalcite-based adsorbent.!*

Copyright (2018) Creative COMIMONS.......c.veeciiieeieeeitteesteeeteeesteestaeessseesaseeessseesssesasssesnsesasseesssessssseessseenn 92
Figure 6-1. Growth in global demand of CO; over the years (left); breakdown of demand in 2015 (right).
Copyright (2019) International ENErgy AZENCY.....cccuiiiiecieieeeciieeeecireeeectee e e eeree e e esraeeeesaaaeeessssaeeessaneeeaens 105
Figure 6-2. Pathways for CO; utilization. Copyright (2020) International Energy Agency.........cccccueeuuien. 106
Figure 6-3. Examples of chemical fixation of CO,. Copyright (2014) Royal Society of Chemistry. ........... 107

Figure 6-4. Chemical pathways for cyclic carbonate synthesis using CO,. Copyright (2016) John Wiley &

Figure 7-1. Nitrogen adsorption—desorption isotherms of pristine and functionalized supports.127

Figure 7-2. TGA profiles of pristine and functionalized SUPPOITS ......ccueeeeeciiiieeciiie e, 128
Figure 7-3. FT-IR spectra of supports, amine-grafted supports and immobilized catalysts of (a) SBA-15 and
(b) SiL based materials; aNd NBULl ......cc.uiii et e et e e e et e e e e bte e e e sbeeeeeenraeeeeanes 129
Figure 7-4. a) 13C CP-MAS NMR and (b) >N CP-MAS NMR of NBu4l and immobilized catalysts. ............. 130
Figure 7-5. Reusability studies of immobilized PHS-1 catalyst. Reaction conditions: 22.7 mmol 1,2-
EB, 2 mol% PHS-1, 100 °C, 1 MPa CO2 and 4 . ..cooeeieceeeeecee ettt st 136
Figure 7-6. Reusability studies of immobilized catalyst PHS-1. Reaction conditions: 17 mmol SO, 2 mol%
PHS-1, 100 °C, 1 MPQ CO2 @Nd B . coeeiiiiiciiee ettt sttt s e tee e e e e e sba e e e e sabe e e e s enraeeeenareeas 138
Figure 7-7. 13C CP-MAS NMR spectra of fresh and spent catalysts PHS-1.......cccccoevivveveieeeenesreeeesreennen 141
Figure 7-8. Recycling studies of immobilized PHS-2 catalyst. Reaction conditions: 17 mmol SO, 2 mol% PHS-
2,100 °C, 1 MPa CO2 @NA 4 .ottt ettt ettt sttt et e st s e saba e sbte e sabeesbteesabeesabaeesabeens 143
Figure 7-9. Normalized textural properties of fresh and spent PHS-2 catalyst after cycles 1 and 5........ 145
Figure. 7-10. 3C CP-MAS NMR spectra of fresh and spent PHS-2 catalyst after cycles 1 and 5.............. 146
Figure 8-1. Nitrogen adsorption—desorption isotherms of pristine and functionalized supports........... 172

Figure 8-2. TGA profile of (a) amine-functionalized supports and DMOs, (b) OMOs and (c) PMOs........ 174
Figure 8-3. 3C CP-MAS NMR spectra of (a) i — Q10@amine, ii — DMO-Q10: (b) i — as-synthesized SBA-15, ii
— SBA-15%, iii — OMO-2, iv— OMO-4, v — OMO-6: (c) i — as-synthesized SBA-15, ii — SBA-15%, iii — PMO-2, iv
— PMO-4, v—PMO-5 and (d) 2°Si MAS NMR of; i — SBA-15*, ii— OMO -2, iii— OMO-4, iv— OMO-6, v — PMO-

2, VI m PIMIO-6B....ciii ettt ettt ettt et e et e et e e s be e e ba e e e be e e baeeeabe e e baeeabaeabaeeataeeabeeeatteeaareeeraeeebeenn 176
Figure 8-4. IR adsorption spectra of (a) SBA-15, (b) DMO-1, (c) OMO-4, (d) PMO-2, (e) PMO-4 and (f) PMO-
B ettt ettt et et e e eeee—eeei—eeea et eaiteeeaetea—eeeateteabee ettt eateeaateteaateeaateeeabateaateeeateeeaateeaatetenteeeateeearreenreeenres 178

Figure 8-5. Optimization of reaction time. Reaction conditions; 2 mol% catalysts, 22.7 mmol 1,2-EB... 182

Xiii



LIST OF TABLES
Table 2-1. Large-scale carbon capture projects in operation and under construction. Copyright (2016)
(€1 lo] o1 6F [ o To T o I8 o 1) A1 (U1 TP PRSP 9
Table 3-1: Activation energy Ea and Gibbs activation energy A.G* in kcal mol™ calculated in the gas phase
and in the presence of CCl, and water solvents by DFT/ 6-311++G(d,p) with the three functionals M06-2X,
PWBBOS5 E1 BILY P ..ottt ettt s e e e e e et e et re e e e e e e e e aa b e e e e e e e ta et e e e eeeeeaaebaaaaaes 25
Table 3-2. Activation energy Ea* and free Gibbs energy ArG* in kcal mol-1 for the reaction involving CO,
and several amines in dry and wet conditions in gas state and in the presence of Cl, and H,0 solvents .29
Table 3-3. Activation energy Ea* and free Gibbs energy ArG* in kcal mol-1 for the reaction involving CO,
and several amines in dry and wet conditions in gas state and in the presence of Cl, and H,0 solvents .33
Table A3- 1. Activation energy Ea and Gibbs activation energy A,G* in kcal mol*calculated in the gas phase
by the DFT/ 6-311++G (d, p) method with the three functionals M06-2X, PW6B95 et B3LYP and by post HF

techNiQUES IMP2 @Nd CCSD(T) couviieeieiiiiie ettt e eette e e e ecttee e e e ctte e e e eate e e e eateeeeeastaeeeeasaeeeensaeeesassseeesanssneesnnseneenns 51
Table A3- 2. Table A3-3. Selected bond lengths of the 1,6-zwitterion obtained by addition de CO; on
ethylenediaming HaN(CH2)aNHa. ..ottt ettt e et e e st e s ta e e sabe e ebaeesareesbaeesnreean 51
Table A3- 3. Table A3-4. Zwitterion cartesian coordinates of addition de CO; on ethylenediamine.51Table
4-1. Properties of PEI-containing CO2 adSOrDENTS ........oieiuiiiiieiiee ettt e e e aeee e 62
Table 4-2. CO; capture performance of covalently anchored PEl ...........cooocveeiiiiiieiiciiiee e, 71
Figure Ad- 1. BC NMR spectrum Of PEITN D20 ..uecvuiieeeiiiiiceeeticeeeee st steete st et sreeses v enteste v evesreenes 78
Figure A4- 2. 3C NMR spectra of solid materials, with higher grafting agent-to-PEl ratio, dissolved in 10%
N T T 5@ ) OO 78
Table 5-1. Typical compositions of different flue ZaSes .........ceeecuiiiieciiiie e e 82
Table 5-2. Summary of trends in water uptake of different MOFs .........ccoocviiiiiiiiiiiciee e, 87
Table 6-1. Selected companies worldwide converting CO; to fuels and chemicals ..........ccccceeveveeeenneen. 108
Table 7-1. Textural properties and N-content of solid materials ..........cccoccveeeeeciei e, 127
Table 7-2 A comparison of the catalytic performance of NBusl and PHS-1 for cycloaddition of CO; and 1,2-
epoxybutane into 1,2-butylene carbonate (1,2-BC) or styrene oxide into styrene carbonate (SC)......... 132
Table 7-3 Textural properties of fresh and spent PHS-1 from the model reactions in Scheme 3............ 139
Table 7-4 Immobilized ionic liquids on silica and polystyrene for the synthesis of SC from SO and CO,.147
Table 7-5 Yield and selectivity of various epoxides with CO; using PHS-2 .........ccoceviiiiiniiiniieiieeeieene 149
Table 8-1. Textural properties of Solid MaterialS........cceeiicciiiieeiiie e e e 173
Table 8-2. A comparison of the catalytic performance of different organosilica materials..................... 180
Table 8-3. Reusability of OMO-2 in the synthesis of 1,2-butylene carbonate..........cccceeevevieiniinnennnen. 183
Table 8-4. Yield and selectivity of various epoxides with CO; using OMO-2..........c.ccccveeeeecieeeeccriee e, 185
Table 9-1. Summary of the Main fINdINGS ......ccoiiiiiii e 194

Xiv



Chapter 1 INTRODUCTION TO THESIS

1.1. Introduction to carbon dioxide capture, utilization and storage (CCUS)

The current debate on detrimental effects of greenhouse gas (GHG) emissions on global
warming and climate change is overwhelmingly supported by scientific evidence. Numerous
reports by the Intergovernmental Panel on Climate Change (IPCC)!, World Metrological
Organization (WMO),%? and other international organizations®>*, point to our long-standing
dependence on fossil fuel (oil, coal and natural gas) and increasing deforestation as the main
reasons for the continuous increase of GHG emissions, notably carbon dioxide (CO;), while
equally emphasizing the urgency to mitigate these emissions. Although not the most potent GHG,
the sheer volume of CO; emissions (ca. 60% of GHG) has drawn close attention as a synonym for
GHG, and the main anthropogenic contributor to global warming and climate change.3 A recent
report showed that the CO, emissions of every country showed a general increase over the
years.> Accordingly, cutting down on CO2 emissions has been the focus of many governments and
environmental agencies, as is reflected in the number of international treaties on climate change,
with the 2015 Paris Agreement (COPS21) ratified by more countries than any previous treaty.®
With the demand for electricity, cement, steel and base chemicals expected to stay high to
support a growing and increasingly urbanised global population, the future production of these
materials and others must be more energy efficient, emitting less CO. Different technologies and
approaches are needed to address the decarbonisation challenge while supporting sustainable
and competitive industries. Three general courses of action are proposed to curb CO; emissions;
(i) substitution of fossil fuels with renewable energy sources, (ii) reduction in energy consumption

by improving the efficiency of existing processes and buildings, (iii) CO2 capture, utilization and



sequestration/storage (CCUS); with the first being the most significant and effective, notably in
the long term’. Nonetheless, CCUS technologies are required in the short and long term to
mitigate CO, emissions. Although strides have been made in CCUS technologies, these
developments face both technological and non-technical challenges. Available CO; capture and
storage techniques are still energy intensive, while limited storage capacity exists for CO..
Moreover, environmental risks of storing CO; in underground reservoirs (e.g. potential for CO;
leakage, impacts on drinking water, and induced seismicity), to establishing an adequate legal
and regulatory framework to fully support such technologies are limiting their large-scale
application around the globe.?

With high capital cost and energy demand and environmental issues associated with CO;
capture based on mature aqueous amine solution technologies, CO, capture using solid
adsorbents has been considered as a more viable option. Of the different materials used for CO;
adsorption, the use of amine-containing adsorbents for large-scale CO, capture is attracting
commercial interest.>19 As for CO> utilization, urea production and enhanced oil recovery (EOR)
are the two large-scale processes that reuse CO,. Large scale conversion of CO; to fuels and
chemicals is largely in the early stages of development. CO; conversion to polymers for instance
has the advantage of holding up CO2 in these materials for years to come.'! Accordingly,
polymerization reactions than utilize CO, as a reagent have the potential to provide both
economic and climate benefits. Cyclic carbonates (CCs), produced from the cycloaddition of CO;
to epoxides, are used as monomers for the synthesis of polycarbonates.'> CCs are equally used
as green (biodegradable) solvents in the production of lithium ion batteries and other

applications.!3



1.2. Thesis structure

This thesis addresses specific aspects on reaction insight and material development vis-a-
vis CO; capture and utilization; with the first part devoted to CO, capture via adsorption, and the
second to CO; conversion to chemicals (with a focus on cyclic carbonates). The thesis is organized
as follows:

Chapter 1: Introduction to thesis. This chapter provides a general introduction to CO; capture,

utilization and storage (CUSS) and the structure of the thesis.

Chapter 2: Mesoporous Organosilicas for CO2 Capture: Reaction Insight and Material

Development. This section introduces CO; capture including opportunities, technologies,
industrial-scale operations and challenges.

Chapter 3: CO, — Amine Reaction Mechanisms: A Unified Approach. This Chapter addresses some

guestionable issues, notably zwitterion formation and carbamate hydrolysis during CO2-amine
reaction with and without moisture. The augments provided are supported by both experimental
and theoretical data.

Chapter 4: Covalently Immobilized Polyethylenimine (PEI) for CO, Adsorption. In this section

grafting PEl on mesoporous aluminosilica using 3-glycidoxypropyltrimethoxysilane or 3-
triethoxysilylpropyl isocyanate as linkers is presented as a method that significantly reduces
leaching of PEI from the support in PEl-impregnated adsorbents. This method was further
extended to graft epoxide-functionalized PEl on mesoporous aluminosilica, with the obtained
material demonstrating superior oxidation stability compared to both the PEl-impregnated and

epoxide-functionalized PEl-impregnated materials.



Chapter 5: Understanding the Effect of Water Vapor on CO,; Adsorption — A Review. This section

summarises a review manuscript in progress devoted to understanding the role played by water
during CO; adsorption over different types of adsorbents. The effect of water on the CO; uptake
(equilibrium uptake and kinetics), and on the structural stability of and regenerability of
adsorbents is discussed.

Chapter 6: Mesoporous Organosilicas for CO, Fixation to Cyclic Carbonates:

Reaction Insight and Material Development. This section provides an introduction to CO;

utilization, including opportunities, challenges and current commercial processes for CO> reuse.

Chapter 7: Substrate Dependence on the Fixation of CO, to Cyclic Carbonates over Reusable

Porous Hybrid Solids. In this chapter, data from TGA, 3C MAS NMR and textural properties were

used to delineate the observed literature trend showing decreasing yield with catalyst reuse
when styrene oxide (as opposed to propylene or butylene oxides) was used as a substrate in the
cycloaddition of CO, to epoxides to yield CCs over immobilized quaternary ammonium salts.
N, N,N-tributyl-N-propylammonium iodide immobilized on silicas was used as catalyst, with the
apparent density and catalyst recovery steps proving to be key parameters affecting the
reusability of this catalyst.

Chapter 8: Novel Porous Organocatalysts for Cycloaddition of CO, and Epoxides. In this chapter,

organosilicas with the same chemical composition but belonging to three different classes, i.e.
disordered, ordered and periodic mesoporous organosilicas, were prepared and their catalytic
activity compared using the cycloaddition of CO, and epoxide as a model reaction. Due to their

larger surface area and pore volume, ordered mesoporous organosilicas (OMOs) were found to



be the most active organosilicas over a wide range of substrates (epoxides) and showed very

good stability and yield of 1,2-butylene carbonate (= 93%) reusability over 5 cycles.

Chapter 9: Conclusion and Recommendation for Future Works. This section highlights the main

findings and contributions of chapters 3, 4, 7 and 8; while suggesting future research areas to

complement these findings.
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PART ONE

CHAPTER 2 MESOPOROUS ORGANOSILICAS FOR CO:
CAPTURE: REACTION INSIGHT AND MATERIAL
DEVELOPMENT

2.0. Introduction to CO: capture

Over the next 10 to 20 years, capturing CO>—a powerful greenhouse gas emitted from
sources such as fossil-fuel-burning power plants, natural-gas processing plants and cement
plants—could become a significant method for mitigating climate change. On May 11 2019,
carbon dioxide levels in our atmosphere reached 415 parts per million for the first time in human
history.? The last time CO; levels were this high was probably 2.5 to 5 million years ago, when
temperatures were 2 to 3°C higher than today.? The Intergovernmental Panel on Climate Change
(IPCC) has warned that we need to limit global warming to 1.5°C to avert the most catastrophic
effects of climate change. CO; capture has the potential to achieve up to 14% global GHG
reductions by 2050 and is viewed as the leading practical option to decarbonize the industrial
sector. Besides capturing carbon from fossil fuel plants directly,>* there are a variety of ways to
remove CO; from the atmosphere.>® Four general methods are employed for CO2 capture (Figure
2-1), including, (1) industrial processes - CO, removal to purify other industrial gases, such as
hydrogen and natural gas; (2) post-combustion CO; capture - CO, from fossil fuel combustion
units; (3) Pre-combustion CO; capture - fuel is transformed to CO and H, and CO; via steam
reforming and water gas shift reactions, followed by hydrogen separation; and (4) oxyfuel CO>

capture - fossil fuel combustion in pure oxygen to generate a CO,-rich exhaust gas.” The



captured CO; is then compressed and mainly used directly in enhanced oil recovery (EOR) or
stored (sequestration).
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Figure 2-1. Generalized CO, Capture Pathways.® Reproduced with the permission of the
Department of Natural Resources Canada (2020).

As of 2017, over 21 commercial-scale carbon capture projects (Table 2-1) are operating
in six countries around the world (i.e. USA, Canada, Norway, Saudi Arabia, Brazil and United Arab
Emirates),’® with over 20 more in development (demonstration plants).!! Large-scale carbon
capture is commercial operational in the following sectors; ethanol production, fertilizer
production, natural gas processing, refinery hydrogen production and coal-fired power
generation.' Over 90% of industrial facilities are thought to consist of post-combustion systems,

making post-combustion CO; capture an important method for CO> capture.



Table 2-1. Large-scale carbon capture projects in operation and under construction.'? Copyright (2016) Global Carbon Institute.

Country Project name Location Lifecycle Stage Operation  Capture
Early Advanced Construction Operation date EEMP:I'-"W
development development V)
UsA Terrell Natural Gas Processing Plant Texas b 1972 04-0.5
Enid Fertilizer Oklahoma b 1982 07
Shute Creel Gas Processing Flant Whyoming ® 1986 7.0
Century Plant Texas ® 2010 84
Air Products Steam Methane Reformer Texas X 2013 1.0
Coffeyville Gasification Mant Kansas ¥ 2013 1.0
Lost Cabin Gas Plant Wyoming s 2013 09
Petra Nova Carbon Capture Texas ® 2017 14
Illinois Industrial Carbon Capture and Storage Iinois u 2017 10
Lake Charles Methanal Louisiana x 201 42
Texas Clean Energy Project Texas b 2021 15-20
Canada Great Plains Synfuel Mant and Weyburn-Midale Saskatchewan » 2000 30
Boundary Dam Carbon Capture and Storage Saskatchewan u 2014 1.0
Quest Alberta u 2015 Approx.
10
Alberta Carbon Trunk Line with Agrium CO, Alberta ¥ 2018 0.3-0.6
Stream
China Yanchang Integrated Carbon Capture and Storage Shaanxi 3% 2018 0.4
Sinopec Qilu Petrochemical CCS Shandong b 2019 0.5
Sinopec Eastern China CC3 Jiangsu ¥ 2020 05
China Sinopec Shengli Power Plant CC5 Shandong * 2020 10
China Resources Power (Haifeng) Integrated CCS Guangdong 2020 10
Huaneng GreenGen IGCC Project (Phase 3) Tianjin 2020 20
Shanxi International Energy Group CCUS Shanxi 2020 2.0
Shenhua Ningxia CTL Ningxia 2020 20
CNPC Jilin Qil Field CO; EOR Jilin * 2017 05
Australia Gorgon Carbon Dioxide Injection Western Australia 3 2007 3.4-4.0
CarbonMet Victoria 3 2020 1.0-5.0
South West Hub Western Australia F 2025 25
Korea Korea-CCs 1 Either Gangwaon ¥ 2020 10
Province
or Chungnam
Korea-CC5 2 Unknown * 2020 10
Norway Sleipner CO; Storage Morth Sea ® 1996 10
Snehvit OO Storage Barents Sea ¥ 2008 0.7
Morway Full Chain CCS Southern Norway * 2022 1.2
UK Teesside Collective Tees Valley ¥ 2020 0.8
Caledonia Clean Energy Scotland ¥ 2022 38
Saudi Uthmaniyah CO2-EOR Demanstration Eastern Province ® 2015 Ik
Arabia
United Arab  Abu Dhabi CCS Project (Phase 1) Abu Dhabi ® 2016 08

Emirates



As seen in Figure 2-2, technologies for post-combustion capture of CO; include;

13 adsorption,’* membrane-based methods,*> and cryogenics.'® The high cost of

absorption,
operating most of these strategies is driving the need for more efficient materials and processes
for large scale CO; capture. Moreover, finding new commercial uses for the captured CO; is key
to lowering the costs of these technologies and scaling them up. Besides cost, the absence of
policy incentives, lack of confidence in CO; storage and public acceptance are holding up progress

in large-scale CO, capture and storage implementation.'® This has been the case in Germany,

where CO; capture and storage technologies have met strong opposition from the public.t’

CO, Capture
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irect s Gis absorbents
\ ) \By direct synthesis y,

Figure 2-2. Classification of post-combustion CO; capture technologies.'® Copyright (2016)
Springer Nature
While post-combustion CO; capture based on amine solution has been practiced for
decades, high energy for solvent regeneration, health and environmental concerns, and capital
cost means this method is not sustainable.’®?2 Adsorption is considered as a more viable
technology for CO, capture from large point sources.?®> Accordingly, several materials were
developed as solid adsorbents, including metal-organic frameworks (MOFs),?*26 coordination

10



organic polymers (COPs),?’ clays,?®2° carbons,3® basic oxides3'*? and amine-containing porous
materials.3® The latter materials were found to be attractive for post-combustion, low
temperature CO; capture due to their excellent adsorptive properties, including high capacity
and selectivity as well as favorable adsorption and desorption kinetics.3*3® Amine-containing
adsorbents are prepared using different methodologies®’, including impregnation of amines or
polyamines on porous supports, particularly silicas, 3% and less frequently activated
carbons,*+*? zeolites*® and MOFs,***> or grafting of amine-containing silanes via coupling with
surface silanol groups.*®™8 Despite significant progress in fundamental understanding of CO; —
amine interactions under a variety of adsorption conditions,*>° some aspects are still debatable
or not well understood.

While structural variation of amines offers different basicity, it is the steric hindrance
effect that impact their reactivity with CO,. It is generally reported that aliphatic primary or
secondary amines form a zwitterion upon reacting with CO2 (eq 2.1), which then proceeds to the
formation of a fairly stable carbamate complex with another amine (eq 2.2) 3>°* or carbamic acid
by intramolecular hydrogen transfer.>® In the presence of water, this carbamate complex
hydrolyses to form a bicarbonate ion and a free amine (eq 2.3). In the presence of water, tertiary

amines react with CO; to form bicarbonate and alkylammonium ion (eq 2.4).

RR'NH + CO, <—» RR'NH*COO" (2.1)
RR'NH*COO" + RR'NH <«— RR'NCOO" + RR'NH,* (2.2)
RR'NCOO" + H,O <=—» RR'NH + HCO’ (2.3)
RR'R?N + CO, + H,0 <=—» RR'R?NH* +HCO5" (2.4)

11



Similar to aqueous amine, CO; adsorption over supported amines under dry conditions led to the
formation of mainly alkylammonium carbamate, while under humid conditions, carbamate and
bicarbonate were found to be the dominant species. Although introduced in the 1960s,3 a
zwitterion species, presumed to be formed through a four-centered mechanism, has never been
detected experimentally, calling into question its existence. Moreover, the origin of bicarbonate
or carbonate species detected during CO; uptake in the presence of moisture is equally
debatable. In Chapter 3, experimental and theoretical data are combined to provide answers to
the following questions; (1) how likely is it that carbamic acid or ammonium carbamate form
through the intermediacy of the much reported zwitterion?, (2) does the formation of
ammonium bicarbonate/carbonate involve the hydrolysis of carbamate species or reaction
between water and CO;? And (3) is there a possible unified mechanism for the interactions of
CO, with amines and water (or other species), whether in solution or at the solid-gas interface?
Although significant progress has been achieved regarding this type of solid adsorbents,
efforts to improve their performance (kinetics and capacity) and stability (chemical, thermal,
hydrothermal and reusability) are continuing. Impregnated amines, e.g. tetraethylenepentamine
(TEPA), PEI etc., are attractive adsorbents due to their high amine density which translates to
high CO, capacity. °*>> However, such materials are susceptible to active-site leaching,>®
evaporation®’*® and oxidative degradation.>>®° In chapter 4, an attempt to address these
setbacks through covalent immobilization of epoxide-functionalized PEl on aluminosilica is
presented. The effects of two linking agents, i.e. 3-glycidoxypropyltrimethoxysilane or 3-

triethoxysilylpropyl isocyanate, and epoxidation are discussed.
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CHAPTER 3 CO2 - AMINE REACTION MECHANISMS: A
UNIFIED APPROACH

3.0. Overview

A unified COz-amine reaction mechanism applicable to absorption in agueous or non-
aqueous solutions and to adsorption on immobilized amines in the presence of both dry or humid
conditions is proposed. Key findings supported by theoretical calculations and experimental
evidence are as follows. (1) The formation of 1,3-zwitterion, RH,N*-COO" is highly unlikely,
because not only the associated 4-centered mechanism has a high energy barrier, but it is not
consistent with the orbital symmetry requirements for chemical reactions. (2) The nucleophilic
attack of CO; by amine requires the catalytic assistance of a Brgnsted base through a 6-centered
mechanism to achieve proton transfer/exchange. An important consequence of this concerted
mechanism is that the N and H atoms added to the C=0 double bond do not originate from a
single amine group. Using ethylenediamine for illustration, detailed description of the reaction
pathway is reported using the Reactive Internal Reaction Coordinate (RIRC) as a new tool to
visualize the reaction path. (3) In the presence of protic amines, the formation of ammonium
bicarbonate/carbonate does not take place through the widely accepted hydration of
carbamate/carbamic acid. Instead, water behaves as a nucleophile that attacks CO, with catalytic
assistance by amine groups, and carbamate/carbamic acid decomposes back to amine and CO,.
(4) Generalization of the catalytic assistance concept to any Bronsted base established through
theoretical calculations, was supported by infrared measurements. A unified six-centered
mechanism was proposed to describe all possible interactions of CO, with amines and water,
each playing the role of nucleophile and/or Brgnsted base, depending on the actual conditions.
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3.1. Introduction

The increasingly rapid development of amine-based adsorbents for the removal
of CO; from large point sources or via direct air capture to mitigate the greenhouse gas
effect is currently close to commercial-scale implementation. Although many practical
issues are yet to be fully addressed such as oxidative degradation and other
deactivation processes,! there has been significant progress in fundamental
understanding of CO; - amine interactions under a variety of adsorption conditions.?3
Similar effort is being deployed for the development of viable amine absorption
technologies for CO; capture.*

The main species actually detected upon interaction of CO, with supported
amines or amine solutions are strikingly similar. In a series of reports, Kortunov et al.>~
8 applied in situ *H and 3C NMR to systematically investigate the chemistry of CO;
absorption in a wide range of conditions, including different temperatures and
pressures. They studied a variety of amines and promoters, in both aqueous and non-
aqueous solvents. Depending on the prevailing conditions, the following species were
detected in different proportions: ammonium carbamate, carbamic acid and
carbonate/bicarbonate. Only ionic species occurred in agueous solutions, whereas
carbamic acid was detected in particular in polar non-aqueous solvents.® Likewise, CO2
adsorption over supported amines generates carbamic acid and alkylammonium
carbamate and/or bicarbonate, depending on the amine loading and the adsorption

conditions.? Such species were characterized mostly by FTIR'®16 and 3C solid state

NMR,7-29 and to a lesser extent >N NMR?%22 and X-ray diffraction.?? They are typically
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stabilized through hydrogen bonding with other species, including amines, water and
hydroxyl groups.182023-25> Furthermore, the nature of the chemical species formed as
well as the amine efficiency, i.e. CO2/N ratio, were found to depend on the surface
density of amine groups.'®19.2426 Although the formation of alkylammonium carbamate
is often dominating under dry condition, Cendak et al.'® found that at low surface
density, supported amines give rise mainly to carbamic acid, whereas at high density,
the formation of alkylammonium carbamate prevails. Carbamic acid was also
demonstrated to occur in the absence of moisture, on primary amine-bearing metal-
organic framework,?! or other hydrophobic media.?®> In contrast, under humid
condition, carbamate and bicarbonate were found to be the dominating species.?%24
With regard to the reaction mechanism, based on the nature of the products
and their evolution, Kortunov et al.> surmised that the first step is a nucleophilic attack
of CO, carbon by amine (Lewis base), leading to zwitterion RH2N*-COO", which will be
referred to as 1,3-zwitterion, where 1 and 3 indicate the positive and negative centers,
respectively. Depending on the actual conditions, the 1,3-zwitterion may undergo an
intermolecular proton transfer with another amine (Brgnsted base) to form ammonium
carbamate >, or an intramolecular hydrogen transfer to afford carbamic acid.® As for
water, it may also behave as a nucleophile, reacting with CO; to afford carbonic acid,
which in turn reacts with amine to generate carbonate/bicarbonate.>® It may also
hydrate the carbamate anion to form carbonate/bicarbonate, releasing one amine

molecule for further reaction with CO,.>’ As in amine solution, the formation of 1,3-
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zwitterion during CO; adsorption over supported amines was often mentioned, but
never observed.131527

Parallel to experimental work, theoretical studies were conducted to unravel the
nature of adsorbed species and elucidate the CO, capture mechanism by supported
amines in the presence and absence of moisturel®31427-31  Didas et al.l® and
others!427:30.31 demonstrated that the energy barrier for the formation of carbamic acid
using two amine molecules per CO; (ca. 16 kcal mol!) was much lower than the one-
to-one reaction (ca. 40-50 kcal mol?). Presumably, one amine acting as a nucleophile
(Lewis base), attacks the CO; carbon, whereas the other (Brgnsted base) facilitates the
proton transfer/exchange. There is evidence that surface hydroxyl groups?®?° and
water molecules?®3? are also capable of assisting the proton transfer process.

Nonetheless, despite the apparently simple species involved and decades of
effort, the mechanisms of CO; interaction with amines, whether immobilized or in
solution, are still a matter of debate. For example, 1,3-zwitterions introduced since the
1960s,3334 were mentioned repeatedly in the literature, but never detected, and their
involvement in CO; - amine interactions has been controversial. Numerous kinetic and
computational arguments were put forward both in favor,343> and against,?’3637 the
formation of 1,3-zwitterions in aqueous amines. Alternatively, other investigations
pointed out that the nucleophilic attack of CO, carbon by amine is assisted or catalyzed
by another species such as amine, water or OH groups, playing the role of a Brgnsted
base to achieve the proton transfer/exchange required for the formation of ions pairs,

such as ammonium carbamate,>'%27-2° obviating the intermediacy of 1,3-zwitterion.

22



This termolecular mechanism is strongly supported by kinetic3®37 and theoretical?’:2838
data.

The main questions to be addressed in this chapter are as follows. How likely
that carbamic acid or ammonium carbamate form through the intermediacy of a 1,3-
zwitterion? Does the formation of ammonium bicarbonate/carbonate involve reaction
of water with CO; or the hydrolysis of carbamate species? Is there a unified mechanism
for the interactions of CO; with amines and water, whether in solution or at the solid-
gas interface? Accordingly, the objectives of the current work are threefold: (i) provide
theoretical and experimental evidence that the mechanisms of CO; reactions with
protic amines under different conditions, including adsorption in dry or humid
conditions, and absorption in aqueous or organic solvents, takes place through a 6-
centered mechanism, without the intermediacy of the widely reported 1,3-zwitterion.
(ii) demonstrate based on theoretical and experimental data that the formation of
bicarbonate/carbonate occurs via amine-assisted nucleophilic attack of CO; by water,
instead of the highly popular carbamate hydrolysis. (iii) establish a unified mechanism
for all CO; interactions with amines and water, each playing the role of nucleophile
and/or Brgnsted base, depending on the actual conditions.

Our calculations dealt primarily with COz-amine-water interactions in the gas state
to uncover the intrinsic reactivity of these species. Solvent effects were also discussed
using water and CCls as representative polar and non-polar solvents. The most salient
theoretical findings were further supported by specifically designed FTIR and NMR

experiments.
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3.2. Experimental
3.2.1. Modelling Methods

Density functional theory (DFT) calculations were carried out using the Gaussian
09 software package3® associated to the B3LYP4#%, M06-2X*! and PW6B95%2 functionals.
All the obtained data are listed in Tables 1 and S1. As seen, all three methods gave
consistent results with no systematic departure from each other. As shown in Table 3-
1, Post HF calculations MP2 and CCSD(T) for amine - CO; reaction fitted better with the
B3LYP results. Hence, the discussion will be based primarily on data of the latter
functional. Optimization of geometrical structures of the reactants, transition states,
and products was performed using the 6-311++G(d,p) basis set.*®* This included
polarization and diffuse functions, which are required for investigating dipolar species.
All stationary points of the potential energy surface (PES) corresponded to local
minima, all with real vibrational frequencies or to transition states characterized by
only one imaginary frequency. Energy, force and internal coordinate profiles were

obtained from the intrinsic reaction coordinate (IRC) analysis.4446
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Table 3-1: Activation energy Ea and Gibbs activation energy A:G* in kcal mol™ calculated in
the gas phase and in the presence of CCls and water solvents by DFT/ 6-311++G(d,p) with the
three functionals M06-2X, PW6B95 et B3LYP

CH3NH,/ CHsNHy/ CAP + H,0/
CH3sNH,@ H,0@ H.O CH3NH,@

CH3NH2 H2NCH,CH2NH>

Ea  Gas B3LYP 428 26.5 13.2 16.5 47.3 21.0
M062X 40.3 19.8 15.5 20.0 53.8 164
PW6B95 41.4 27.4 18.8 24.1 543 21.7
AG* Gas B3LYP 448 32.6 25.9 27.7 55.4 185
MO062X 42.2 27.8 20.7 22.2 55.1 191

PW6B95 43.1 30.0 22.5 27.7 55.1 23
CCls B3LYP  41.8 234 16.7 24.7 549 20.5
M062X 36.9 18.3 9.3 19.1 50.4 16.3
PW6B95 39.6 20.9 15.8 25.1 53.4 184

H.O B3LYP  31.3 5.2 2.4 15.1 531 94
M062X 30.2 8.3 1.6 13.1 51.7 6.5
PW6B95 36.4 10.9 1.9 15.8 52,5 13.0

(@ The first compound is the reactant and the second is the assisting species. ) CA designates
carbamic acid.

To include solvent effects, if any, additional calculations were carried out using water
and CCls as representative polar and non-polar solvents. The PCM model*’ was used
with the three above-mentioned functionals B3LYP, M06-2X and pw6b95. To discuss
solvent effects, we used the free Gibbs activation energy, which stems from statistical
thermodynamics, rather than the activation energy, which is more appropriate to

discuss molecular properties.
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3.2.2. Preparation of Adsorbent

Propylamine-grafted silica was prepared as described elsewhere.*® 1 g of pre-
dried Q-10 CARIACT silica (Fuji Silysia, Japan) support was dispersed in 40 mL of toluene
in @ 100 mL two-neck round bottom flask immersed in an oil bath. After 30 min stirring
at room temperature, 0.3 mL of distilled water was added while stirring continued for
30 min. The temperature of the mixture was then raised to 100 °C. After 30 min, 2 mL
of (3-aminopropyl) trimethoxysilane was added and the mixture kept under reflux for
2 h. The flask was cooled down to room temperature and the material was filtered,
washed with toluene and ethanol, and dried under vacuum at 60 °C for 5 h. The amine
content was determined by decomposition using a thermogravimetric analyzer. The
material was first heated in N2 up to 800 °C at 10 °C/min, then in air at 800 °C for 10
min. The amine content based on the weight loss beyond 200 °C was 4.4 mmol/g.

3.2.3. FT-IR spectroscopy

In situ FT-IR experiments were specifically designed to demonstrate that CO;
adsorption on immobilized amine in humid conditions takes place through a six-
centered mechanism assisted by water (here D;0). Measurements were carried out on
a Nicolet 6700 spectrometer equipped with a mercury cadmium telluride (MCT)
detector, using ambient air as background. Self-supported translucent wafers of about
5 mg and 1 cm diameter were placed inside a stainless-steel IR cell equipped with CaF;
windows. The sample was thermally pre-treated in N2 at 120 °C for 2 h to remove any
adsorbed species. Then, the cell was allowed to cool down to room temperature, and

a spectrum was recorded through 128 scans under nitrogen. The material was exposed
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for 15 min to Nz saturated in D;0 at 20 °C, then regenerated at 120 °C, and a spectrum
was recorded. A similar experiment was carried out replacing N2 by 15% CO2/N,.

3.3. Results and Discussion

A
i1 LT |7 i
I : *
C 4+ NRR; ——s C---"NRyRp| ==t | C—NRR;| ——s C—NR{R,
1 & & /
B c E(kcal mol ™)
4
H—N
0
+ = (a)
o 10
- + (b)
9 @ A . T T
(a) (b)

E(R)

Figure 3-1. Formation of 1,3-zwitterion and carbamic acid. (A) Four-centered
mechanism, (B) Frontier orbitals involved in four-centered mechanism: (a) HOMO and
LUMO of N-H and C=0, (b) symmetry-forbidden orbital recovery. (C) Corresponding
energy profile: (a) in gas state, (b) in the presence of water as solvent.

3.3.1. Reaction mechanism for carbamate/carbamic acid formation
3.3.1.1. Four-centered mechanism.

Fig. 3-1A shows the reaction mechanism of a primary or secondary amine with
CO; involving 1,3-zwitterion as a reaction intermediate. Calculations in the gas state
showed that carbamic acid, the ultimate product of the reaction, is obtained by a
concerted elementary reaction through a single transition state with synchronous
formation of C-N and O-H bonds. The energy barrier (Gibbs activation energy resp.) Ea

(A:G* resp.) for the 4-centered mechanism outlined in Fig. 3-1A, was found to be 42.8
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(44.8 resp.) and 40.0 (41.0 resp.) kcal mol?, for primary and secondary amines (Table
A3-1), respectively. Several authors reported high activation energy barriers of the
order of 40-50 kcal mol for 1:1 reaction between CO; and amines, 1914273031 indicating
that this mechanism is unlikely to occur. Moreover, regardless of the energy barrier,
this mechanism is not consistent with the symmetry requirements according to
Wigner's orbital symmetry conservation rule.?**° Accordingly, for any symmetry-
allowed reaction, the nuclear coordinates must belong to the same point group along
the whole pathway from reagents to transition state and products. Transfer of
electrons takes place from HOMO of the nucleophile to LUMO of the electrophile (Fig.
3-1B(a)) to achieve positive orbital overlap. As illustrated in Fig. 3-1B(b), four-centered
reactions are symmetry forbidden, because the LUMO-HOMO orbitals exhibit opposite
signs in the overlap area.

We also investigated the effect of CCl4 and H,O solvent on the reaction of CO; and
methylamine. In both cases, the activation energy was lower than in the gas state
(Table 3-2), the lowest being in the presence of water (Fig. 3-1C). As shown in Table 3-
2, the activation free energy for the four-centered mechanism of CO,-methylamine
reaction involving 1,3-zwitterion, remained high in the presence of not only CCls (41.8

versus 44.8 kcal mol™? in the gas state), but even in water (31.3 kcal mol?).

28



Table 3-2. Activation energy Ea* and free Gibbs energy ArG* in kcal mol-1 for the
reaction involving CO; and several amines in dry and wet conditions in gas state and in

the presence of Cls and H,0 solvents

CH3NH2  HaN(CH2)2NH2  CHsNHz/  CH3NHy/ CA®) + H,0/

CH3NH,@ H,0®@ H,0 CH3NH,®
Ea Gas 42.8 26.5 13.2 16.5 47.3 21.0
ArG* Gas 44.8 32.6 25.9 27.7 55.4 18.5
CCla 41.8 23.4 16.7 24.7 54.9 20.5
H20 31.3 5.2 2.4 15.1 53.1 9.4

The first compound is the nucleophile (Lewis base), and the second compound is the assisting
species (Brgnsted base). ®) CA designates carbamic acid formed by addition of methylamine and
CO..

Catalytic assistance by a Brgnsted base involving a six-centered mechanism may
significantly lower the energy barrier.1%27.:31 |nterestingly, this mechanism indicates that
the hydrogen atom that binds to the oxygen does not originate from the same amine
group whose nitrogen attaches to CO;. This is demonstrated below in three representative

instances, based on theoretical and experimental arguments.

3.3.1.2. Self-assistance in CO2 adsorption over diamines.

The reaction of CO, with ethylenediamine in the gas state shows that the
catalytic assistance of a Brgnsted base is a requirement rather than a convenient
procedure to generate a low energy transition state. Fig. 3-2A depicts the optimized
structures of the transition state TS, the 1,6-zwitterion, the transition state TS’, and
carbamic acid, corresponding to CO; reaction with HoN-(CH2)2-NH.. Fig. 3-2B(a) shows
the energy profile in the gas state of the carbamic acid formation obtained by the IRC
option of Gaussian 09. The calculated activation barrier was 26.5 kcal mol* (Table 3-2),

and the two ends in this curve corresponded to the reactants and the expected
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carbamic acid product. The transition state TS is the outcome of the N1 atom
approaching the CO; carbon atom C, and the hydrogen H1 leaving. Interestingly, this
hydrogen does not approach the nearby O1 oxygen of CO;, but it moves toward the
other nitrogen atom N2, leading to the formation of an ammonium group. Notice that
the transition state forms a six-membered ring as shown in Fig. 3-2A(a) and
corresponds to an imaginary frequency of 1926 cm™. In TS, the H1 to N1 and N2
distances were 1.46 A and 1.17 A, respectively, while the H2-O1 distance was 2.09 A.
Moreover, the N1-C distance of 1.53 A was close to the final bond length in carbamic
acid, estimated to be 1.48 A. Notice that similar calculations using diamines with up to
5 carbon chain spacers gave similar activation energies and mechanisms.

After completion, this process leads to a 1,6-zwitterion (Fig. 3-2A(b)). Unless the
zwitterion is stabilized by polar species such as the solvent or surface OH groups, one
hydrogen atom of the ammonium group, H2, is detached and binds asynchronously to
the negatively charged oxygen (Fig. 3-2A(c)), giving rise to carbamic acid (Fig. 3-2A(d)).
In the corresponding transition state TS’ (Fig. 3-2A(c)), H2 was located at 1.16 A and
1.39 A from O1 and N2, respectively. It is clear that the 6-centered mechanism stems
directly from the CO; interactions with the two amine groups, without any external
artifact. Therefore, the nitrogen and hydrogen atoms that add to the carbonyl of CO;
originate from two different amine groups. Using propylenediamine, Heldebrant et
al.>! provided spectroscopic evidence for the occurrence of 1,7-zwitterionic carbamate,

consistent with the proposed self-assistance mechanism.
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Figure 3-2. CO; reaction with ethylenediamine. (A) Calculated structures: (a) TS, (b)
1,6-zwitterion, (c) TS’, and (d) carbamic acid. (B) (a) Energy profile of carbamic acid
formation in the gas state, (b) the corresponding force profile, and (c) variation of
selected internuclear distances versus reaction coordinate in gas state. (C) (a) RIRC
versus N1-C and C-O1 internuclear distances in the gas state. (b) Energy profile of
carbamic acid formation in water, and (c) RIRC versus N1-C and C-O1 internuclear
distances in water as percentages of final distances in carbamic acid. Rand P =
reactants and product, Z = 1,6-zwitterion, TS and TS’ = transition states, Aand B =
limits of TS zone of influence, C = preparation of the product.

To elucidate the reaction mechanism, it is customary to consider the energy profile
(Fig. 3-2B(a)), the force profile obtained as RMS gradient norm (Fig. 3-2B(b)) and the
variations of selected internal coordinates (Fig. 3-2B(c)) as a function of the intrinsic
reaction coordinate. Considering the variations of pertinent internuclear bond

distances such as N1-H1, N2-H2 and C-O1 (the C=0 bond length is assumed to be fixed),
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the reaction progress can be described as depicted in Fig. 3-2B(b). At the onset of the
reaction, the energy starts to increase at coordinate ca. -1.59 A, whereas the transition
state TS zone of influence lies between the two maxima A and B located at coordinates
-0.37 and 0.11 A of the force profile. The species Z (Fig. 3-2B(b)) associated with the
asymptotic behavior of the energy profile section corresponding to the transition state
TS is located at coordinate 0.58 A and has a 1,6-zwitterion structure (Fig. 3-2A(b)) as
further confirmed by NBO calculations.52 The N1-C distance of 1.50 A in the 1,6-
zwitterion represents the typical length of a single bond. The C-O1 increased from its
original length of 1.22 A in CO,to 1.26 A in the 1,6-zwitterion. The third maximum C
located at coordinate 1.59 A (Fig. 3-2B(b)) corresponds to the transition state TS' (Fig.
3-2A(c)) controlling the transfer of proton H2 from N2 to O1, leading to carbamic acid
(Fig. 3-2A(d)). Analysis of Fig. 3-2B(c), which represents the evolution of the
internuclear distances of active bonds, i.e. those that break or form, shows clearly that
the formation of carbamic acid involves two asynchronous processes. The 1,6-
zwitterion formation stage ends with the N1-H1 bond almost broken (equal to 1.8 A)
and N1-C bond almost established (equal to 1.49 A), just after the occurrence of the
transition state TS. Furthermore, the N2-H2 bond begins to break up at coordinate 1.59
A, while H2 approaches O1 to establish the O-H bond.

Our work shows that for ethylenediamine-CO; reaction, the 1,6-zwitterion forms
first as a long-lived active transitory species acting as an intermediate species in the
formation of carbamic acid via an asynchronous process. Being a transient species, the

1,6-zwitterion does not correspond to a local minimum, i.e. to a metastable state, but
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its presence is associated with a flat region of the potential surface. Therefore, it is
difficult to gain further insights into such species with the conventional quantum
chemistry tools such as the energy profile or contour plot. To address this shortcoming,
we developed an alternative methodology enabling the visualization of the reaction
path versus two internal coordinates referred to as Reactive Internal Reaction
Coordinates (RIRC).*® Such coordinates often represent the distances associated with
bonds that form or break. The RIRC is a 3D representation of the reaction path (Fig. 3-
2C(a)) independently from the PES. It provides a visual representation of the energy as
a function of the internal coordinates, not the reaction coordinate. This representation
is highly informative because internal coordinates are easier to apprehend than the
reaction coordinate.

Table 3-3. Activation energy Ea* and free Gibbs energy ArG* in kcal mol-1 for the
reaction involving CO; and several amines in dry and wet conditions in gas state and in

the presence of Cls and H;0 solvents

CH3NH: H2N(CH2)2NH; CHsNH/  CH3NHp/ CA®) + H,0/

CH3NH@  H,0®) H,O  CH3NH,®
Ea Gas 42.8 26.5 13.2 16.5 47.3 21.0
ArG*  Gas 44.8 32.6 25.9 27.7 55.4 18.5
CCl4 41.8 23.4 16.7 24.7 54.9 20.5
H20 31.3 5.2 2.4 15.1 53.1 9.4

@ The first compound is the nucleophile (Lewis base), and the second compound is the assisting
species (Brgnsted base). ) CA designates carbamic acid formed by addition of methylamine and
CO..

As in the case of monoamine, the non-polar aprotic solvent CCls did not affect the

proposed mechanism for diamines. Its role was limited to decreasing the energy barrier

(Table 3-2). However, in the presence of water as solvent, the energy profile (Fig. 3-2C(b))

no longer reflects an asynchronous concerted mechanism with a single transition state,
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but becomes characteristic of a two-step reaction with two transition states, each
corresponding to the transfer of a single hydrogen atom. Hence, the 1,6-zwitterion
becomes an actual reaction intermediate that evolves instantaneously into carbamic acid,
because the second transition state is associated with an extremely low energy barrier.

The structure of 1,6-zwitterion together with the NBO analysis show that the C-N
bond was completely established (Tables A3-2 and A3-3), the N2 nitrogen had three N-H
bonds, consistent with an ammonium group, and O1 was negatively charged since it had
three lone pairs, although partially conjugated with the C=02 pi electrons. Consistently,
the bond indices for C-N, C-O1 and C-0O2 as indicated by the corresponding Wiberg indices
were 1.1, 1.3 and 1.5, respectively.

Fig. 3-2C(c) clearly shows the two reaction steps and their evolution as x and y axes
in the RIRC representation correspond to the percent formation of the N-C bond and the
percent cleavage of the pi C=0 bond, respectively. It is seen that at the 1,6-zwitterion
stage, the C-N bond was ca. 80% established, whereas the C-O1 bond was only 20%

shorter than its final length in carbamic acid.

3.3.1.3. Amine-COz reaction assisted by another amine.

The foregoing discussion of six-centered mechanism of CO; interaction with a
diamine was extended to single primary or secondary amines. Fig. 3-3 shows the
optimized structures of TS, ammonium carbamate, and the TS’ that transforms directly
into carbamic acid, using methylamine for illustration. This is the same mechanism as for
the diamine, shown in Fig. 3-2A. The calculated activation barrier of 13.2 kcal mol* (Table
3-2) is consistent with literature data.1%°3
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Figure 3-3. CO; reaction with a primary amine. (A) Amine-assisted reaction: (a) transition state
TS, (b) ammonium carbamate, (c) transition state TS’, and (d) carbamic acid.

In all amine-containing media, the actual species detected by spectroscopic
techniques such as NMR and FTIR, depend on the environment, particularly on the
occurrence of stabilizing species. As for CO; absorption in amine solutions, it is expected
that dipolar species such as 1,6-zwitterions or ionic species such as alkylammonium
carbamate will be stabilized by polar solvent molecules, e.g. water,”> whereas neutral
species such as carbamic acid occur particularly in polar organic solvents that promote
hydrogen bonding.® As for amine-functionalized silica, occurrence of ammonium
carbamate versus carbamic acid is strongly dependent on the amine surface density.!%?4
At high density, the nucleophilic attack of CO;, is typically assisted by a nearby amine,
leading to ammonium carbamate, often stabilized by hydrogen bonding, 3141819 whereas

hydrogen bonded carbamic acid is favored at low amine loading.'#1%24

3.3.1.4. Water-assisted formation of carbamic acid.

Another important question arises when CO; adsorption takes place in the
presence of moisture or in agueous solvent is whether water assists the CO, — amine

reaction? It is worth noting that the base ionization equilibrium, R-NH; + H,0 € R-NH +
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H30*, shifts almost completely to the right in the presence of CO,, given that what counts
in CO2-amine reactions is the nucleophilicity of the base, with R-NH; being more
nucleophilic than R-NH"; although R-NH"is a stronger base. Our calculations indicated that
similar to amine, water may assist the formation of carbamic acid (Fig. 3-4). This is an
elementary stage with simultaneous proton exchange between water and amine through
a 6-centered mechanism. The barrier was found to be 16.5 kcal mol? (Table 3-2),
indicating that from a kinetics point of view, the water-assisted pathway is less
competitive than the amine-assisted formation of carbamic acid. Notice that in the
presence of non-hindered protic amine aqueous solutions, the carbamate anion and
ammonium cation form in equal amounts until amine depletion,>>*>° indicating that,
because such amines are stronger nucleophiles and stronger Brgnsted bases than water,

they play both roles.

20 E(kcal mol™)

(a) (b) (c) (d)

Figure 3-4. Water-assisted reaction: Calculated structures of (a) reactants, (b) transition state
TS, (c) product P, (d-1) corresponding energy profile and (d-Il) force profile.

As for solid-supported amines, because of the limited mobility of amine groups, it
is surmised that water catalytic assistance becomes prominent for low amine surface
density, leading to carbamic acid or hydronium carbamate (CO2/N = 1), often stabilized by

hydrogen bonding.1>1%242% Notice that hydroxyl groups may play the same assisting role
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as water vapor.2® This is consistent with experimental evidence as the enhancement of
amine efficiency in humid condition was found to be most pronounced for low amine

surface coverage.?*
3.3.1.5. Experimental evidence of six-centered mechanism.

Catalytic assistance of a Brgnsted base toward the formation of carbamic
acid/carbamate was substantiated experimentally using D2O as an assisting species. Fig.
3-5a shows the FTIR spectrum of propylamine grafted silica after the initial thermal
treatment. It exhibits bands at 3357-3159 cm™ and 1595 cm’l, attributable to NH>
stretching and deformation, respectively. Difference spectra after exposure to CO,/D,0
mixture and D;0O vapor are shown in Figs. 3-5b and c, respectively.

a]

3347 1595

. 3390
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Figure 3-5. FT-IR data in support of COz-amine reaction assisted by D,O. (Spectrum a): thermally
treated adsorbent, (Spectrum b): difference between the spectrum of adsorbent exposed to
D,0 and Spectrum a, (Spectrum c): difference between the spectrum of adsorbent exposed to
D20/CO; mixture and Spectrum a, (Spectrum d): difference between Spectrum b and c.
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In both cases, the band at 1595 cm* characteristic of §(NH2) deformation disappeared,
and two bands at 3335 and 2096 cm™ attributed to vN-H and vN-D stretching in —NHD,
developed. This indicates that H/D exchange took place in both cases, but not to the same
extent, since the difference spectra are not strictly identical. Interestingly, as shown in Fig.
3-5d, subtracting spectrum 3-5b from 3-5c led to qualitatively the same spectrum as the
starting material shown in Fig. 3-5a. This is clear evidence that the H/D isotopic exchange
due to D,0 is partial (eq 3-1), because spectrum 1c contains the characteristic bands of
both NH; and NHD, whereas upon regeneration of the material after exposure to CO2/D,0
(eqg. 3-2), the deuteration was quantitative. This provides direct evidence that a D atom
from D,O was added to CO; to form the carbamic acid/carbamate (eq. 3-2), which
becomes bonded to the amine N-atom upon regeneration (eq. 3-3), leading to the

observed v(N-D) vibrations.

RNH, + D,O —— RNHD + HOD (3.1)
RNH, + CO, + D,0 ——» RHNCOOD + HOD (3.2)
RHNCOOD ——» RNHD + CO, (3.3)

In Fig. 3.5d, note the presence of symmetric and asymmetric vC-H stretching of at 2750
and 2645 cm™ respectively, vC-H bending at 1475 cm™ of propyl chain (—-CH>-), and the —
NH stretching of primary amine (—NH2) at 1590 cm™ suggests that H/D exchange is only
partial. This may indicate that not all immobilized amines are involved with D;0

assistance.
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3.3.2. Carbonate and bicarbonate formation
3.3.2.1. Carbamate hydrolysis.

Numerous literature reports indicated the formation of ammonium
bicarbonate/carbonate during CO; capture by supported amines under humid conditions,
mostly by inference since the amine efficiency increases in the presence of moisture,*®
but in some cases, experimental'?% or theoretical’® evidence was provided. Likewise,
carbamate and ammonium bicarbonate were found to apparently occur stepwise in
amine aqueous solutions.>>*>> It is widely believed that in the presence of primary and
secondary amines, bicarbonate/carbonate originate from carbamate hydrolysis both in
CO; absorption or adsorption, mostly because bicarbonate/carbonate are observed® or
presumed to occur®® after the formation of ammonium carbamate. Hence, we
investigated this process by optimizing the structures of the compounds involved and the
transition state. As shown in Fig. 3-6, the formation of carbonic acid from carbamic acid
(or bicarbonate from carbamate) follows a concerted one-step mechanism. The transition
state is characterized by the simultaneous breakage of O-H bond, elongation of the
carbamic acid C-N bond, and nucleophilic attack of the CO; carbon by water oxygen.
Notice that the formation of carbonic acid is concerted but asynchronous, i.e. the proton
from H>0 attaches to the nitrogen before oxygen binds to the CO;, carbon. However, the
calculated barrier of 47.3 kcal mol™ is very high. Even when assisted by another water
molecule (Fig. 3-7), the energy barrier associated with the six-centered mechanism

remains as high as 38 kcal mol?. In line with our data, Matsuzaki et al.>’ reported
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activation energies of 41 and 37 kcal mol™ for non-assisted and water-assisted hydrolysis

of monoethanolamine carbamate.
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Figure 3-6. Carbonate/bicarbonate formation. (A) Calculated structures associated with
hydrolysis of carbamic acid: (a) reactants, (b) transition state TS, and (c) product P, (d)
corresponding energy profile. (B) Calculated structures associated with amine-assisted CO;
reaction with water: (a) reactants, (b) transition state TS, (c) 1,6-zwitterion Z, (d) transition state
TS’ and (e) product, (f) corresponding force profile.

The high energy barriers indicate that the formation of carbonic acid/bicarbonate by this
route is highly unlikely. Moreover, based on literature reports,>>*>° it is clear that in the
presence of aqueous solutions of protic unhindered amines (strong Lewis bases), the
formation of bicarbonate/carbonate starts only after quantitative formation of
ammonium carbamate. It is thus intriguing that as long as ammonium carbamate is

accumulating at the expense of amine, no bicarbonate/carbonate formed.
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Figure 3-7. Hydrolysis of carbamic acid assisted by another water molecule. Calculated
structures of (a) supermolecule, (b) transition state, and (c) product, (d) corresponding energy
profile.

To gain further insights into the potential carbamate hydrolysis or the lack thereof,
we exposed aqueous monoethanolamine to flowing CO;, and took samples before and
after complete depletion of amine. 13C NMR analysis showed (Fig. 3-8) that none of the
species evolved over several days even though the sample solutions contained
ammonium carbamate and water, indicating that the formation of bicarbonate/carbonate
requires CO;, but in the absence of significant amounts of protic amines. It is thus clear,
that the occurrence of bicarbonate/carbonate is not the direct result of carbamate

hydrolysis. A similar argument can be made for CO; adsorption over immobilized amines.>®
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Figure 3-8. 13C NMR Spectra of; (A) Ethanolamine (18 wt%) after bubbling CO> for different
periods of time at room temperature as indicated, (B) for the samples shown in Fig A3-3(A)
after 5 days (without additional exposure to CO3). R is the ratio of the area of peak 4’ to 4”
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3.3.2.2. Amine-assisted formation of ammonium bicarbonate.

The formation of ammonium bicarbonate and carbonic acid by nucleophilic attack
of CO2 by a water molecule assisted by an amine group (Fig. 3-6B) was investigated. The
energy profile has a force profile (Fig. 3-6B(f)) comparable to the already discussed CO;
reaction with diamine (Fig. 3-2B(b)). Furthermore, the activation barrier was found to be
about 21.0 kcal mol? (Table 3-2). It is proposed here that in the presence of aqueous
amines, the main route to bicarbonate/carbonate is the reaction of CO, and water.

In the presence of unhindered primary and secondary amines, CO> reaction
generates primarily ammonium carbamate (eq 3-4) since such amines are more basic and
more nucleophilic than water. However, provided that the CO, pressure is maintained,
when the amine is almost depleted, ammonium bicarbonate/carbonate starts forming
according to eq 3-5. This in turn leads to the gradual decomposition of ammonium
carbamate (opposite eq 3-4). Notice that addition of eq 3-5 and opposite eq 3-4

represents the apparent hydrolysis of ammonium carbamate (eq 3-6).

0
v

2R—NH, + CO, —» R—NH—C< RNHY (3.4)
R—NH, + CO, + H,0 — HCO; RNH; (3.5)

0

4 + - +

R-NH-C{  RNH; + H,0 — R—NH, + HCO;  RNH}  (36)

o

In the presence of tertiary amines ° or weak amine nucleophiles such as sterically
hindered amines,”>® water becomes a competitive nucleophile, attacking the electrophilic
CO2 and generating ammonium bicarbonate/carbonate concurrently with, or at the

exclusion of, ammonium carbamate, depending on the severity of the steric hindrance.
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This mechanism is actually not limited to water. It was shown for example that in non-
aqueous solvent, hindered aminoalcohol such as N-tBut-ethanolamine reacts with CO,,
exclusively through the hydroxyl group with assistance of the amine group, leading to 1,6-
zwitterionic carbonate species.>®

It is clear that, conceptually, CO, capture by amines, whether in solution or in solid
adsorbents under dry or humid conditions follows similar reaction mechanisms,
depending on the nature of the nucleophile (Lewis base), the assisting species (Bronsted
base) and other stabilizing components. Fig. 3-9 captures the mechanisms of all possible
reactions of CO; with amines and water, depending on the actual conditions. As for CO;
adsorption by supported non-hindered primary or secondary amines, the mechanism
depends on the amine surface density and on whether the feed gas is dry or humid. At
high amine loading under dry condition, the nucleophilic attack of CO; by amine is
primarily assisted by a neighboring amine (X =N, Y = N), leading to a 1,n-zwitterion (n > 3)
or to alkylammonium carbamate, depending on whether the two amines involved are
linked or separate. At low amine loading, the nucleophilic attack of CO; by isolated amines
may be assisted by hydroxyl groups (X =N, Y = O), leading to carbamic acid or hydronium
carbamate. Under humid conditions, water may also assist the nucleophilic attack of CO
by amine (X = N, Y = O) to form hydronium carbamate or play the role of nucleophile
assisted by amine to form ammonium bicarbonate (X = O, Y = N) at the expense of
carbamate. The latter mechanism applies also for tertiary and hindered amines,

regardless of their surface density.2%¢°
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The most common CO; absorption processes use non-hindered protic amines,
where the amine plays both the role of nucleophile and Brgnsted base (X = N, Y = N),?
leading to ammonium carbamate or carbamic acid, depending on existing stabilizing
species. The assisting species could also be a non-nucleophile strong Brgnsted base, such
as guanidines.®® In aqueous solutions, when the amine is almost depleted, water acts as
a Lewis base attacking CO. with the catalytic assistance of trace amine (X = O, Y = N),
leading to the formation of ammonium bicarbonate and the decomposition of carbamate,
until equilibrium is reached. Such equilibrium was found to depend on the nature of the
amine and the absorption conditions.””” However, in the presence of increasingly
hindered amines (i.e., weaker Lewis bases) or tertiary amines, water becomes a more and
more competitive Lewis base, giving rise to increased formation of ammonium

bicarbonate (X = O, Y = N) in comparison to carbamate ”.

X=NRR'and Y = NNR' or OR
0 Amine attack assisted by amine, water, OH or other Bronsted
/ bases to generate carbamate/carbamic acid.
This mechanism does not applied for strongly hindered amines.

- -~ - C
:’ (X) / X=0HorOR and Y = NRR'
’ - (H)_‘ ’ Water or alcohol attack assited by amines, including hindered
Y - ~ 0 and tertiary amines, to generate ammonium
bicarbonate/carbonate.

Figure 3-9. Unified schematic mechanism for CO-amine-water interactions.

Conclusion

In summary, the 4-centered mechanism leading to 1,3-zwitterion often reported in
the literature was found to be systematically associated with high activation barriers,
greater than 30 kcal moll. More importantly, such mechanisms are unlikely to occur
because they violate Wigner's orbital symmetry conservation rule. Instead, a unified 6-

centered mechanism involving nucleophilic attack of CO; by a Lewis base assisted by a
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Brgnsted base for hydrogen transfer/exchange, is proposed. Depending on the conditions,
different Lewis bases such as amine, water or alcohol and different Brgnsted bases such
as amine, water, guanidine or OH groups may compete, leading to a variety of end-
products. The role of non-polar aprotic solvents such as CCls was limited to slightly
decreasing the reactions energy barriers, but without any change in the reaction
mechanisms, whether synchronous or asynchronous. However, in the presence of water
as solvent, the shape of the energy profiles associated with synchronous mechanisms
remain unchanged, whereas for asynchronous mechanisms, the energy profiles indicate
that they are no longer concerted with a single transition state, but become characteristic

of two-step reactions.
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Appendix A3 — Supplementary Information for Chapter 3

Table A3- 1. Activation energy Ea and Gibbs activation energy A:G* in kcal mol-calculated in
the gas phase by the DFT/ 6-311++G (d, p) method with the three functionals M06-2X, PW6B95

et B3LYP and by post HF techniques MP2 and CCSD(T)

CH3NH2

CH3-NH-CH3s

MO062X B3LYP PW6B95 MP2 CCSD(T)

MO062X B3LYP PW6B95 MP2 CCSD(T)

Ea

AG*

40.3
42.2

42.8
44.8

43.1

414 443 441
46.3

36.7
37.9

40.0
41.0

38.5

39.6 39.7
39.4 41.7

Table A3- 2. Table A3-3. Selected bond lengths of the 1,6-zwitterion obtained by addition de
CO; on ethylenediamine HaN(CH;)2NH,.

Bond Gas Water
C-N1 1.51 1.40
Co1 1.26 1.29
CO2 1.22 1.25
H1-N2 1.05 1.11
H2-01 1.85 1.44

Table A3- 3. Table A3-4. Zwitterion cartesian coordinates of addition de CO; on

ethylenediamine.

Gas Water
X y z X y z
N 1.539445 -0.952416 -0.616101 -1.78599 -1.03859 -0.06228
C 2.094221 0.146258 0.231525 -1.86809 0.43840 -0.32180
H 2.916511 0.608812 -0.316511 -2.84741 0.79650 -0.00497
H 2.468738 -0.27075 1.164196 -1.76399 0.59102 -1.39526
C 0.901971 1.133915 0.456715 -0.75388 1.16881 0.42776
H 0.561107 1.043414 1.489355 -0.98212 2.23452 0.39033
H 1.249287 2.155240 0.291650 -0.77306 0.87533 1.48574
N -0.178421 0.818055 -0.480988 0.57472 0.99308 -0.15564
C -1.252341 -0.106866 0.052270 1.35359 -0.16298 -0.00907
O -2.388349 0.173423 -0.303494 2.58321 -0.06456 -0.19169
O -0.773913 -1.045983 0.749174 0.72903 -1.25268 0.27283
H 0.861173 -0.422860 -1.234146 1.12731 1.83398 -0.22959
H -0.613451 1.633764 -0.892798 -2.20284 -1.58456 -0.81408
H 0.847832 -1.490362 -0.029834 -2.26738 -1.28912 0.80049
H 2.221914 -1.512589 -1.118946 -0.69931 -1.26663 0.06234
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CHAPTER 4 COVALENTLY IMMOBILIZED
POLYETHYLENIMINE FOR CO2 ADSORPTION

4.0. Overview

Covalent immobilization of PElI on PE-AISiO, using 3-glycidoxypropyltrimethoxysilane
(GPS) or 3-triethoxysilylpropyl isocyanate (TPI) as a grafting agent, and EtsN or NaOH as catalyst
was investigated. Compared to traditional PElI-impregnation, covalently immobilized PEl using TPI
and NaOH retained the most CO; following oxidative degradation at 100 °C for up to 40 h and
leaching in EtOH for 2 h. Further modification of PEl with 1,2-epoxybutane led to further

enhancement in oxidation stability.

i H__ _NH, |
—o 2
N H H| (CNH (N f(OH
o';s'\/\/N\n/N"\sz/‘N’\/N\/‘N’\/Nv"NH
—0 o H l)

H,N N <N, In

Material with enhanced leaching and oxidation
stability vs. impregnated PEI
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4.1. Introduction

Recent reports by the Intergovernmental Panel on Climate Change (IPCC)! and the U.N.
World Metrological Organization (WMO)? dealing with the deleterious effect of greenhouse gas
(GHG) on the environment and the economy, called for urgent steps toward mitigating the effect
of such emissions. Although not the most harmful GHG, because of its exceeding large emissions,
CO; is the largest contributor to global warming.® CO> capture and sequestration/utilization at
least from large point sources, is recognized as one of the most promising strategies to mitigate
its environmental impact. Adsorption using amine-based materials has gained prominence as a
viable technology for CO, capture from CO,-rich gas streams*”’ as well as from air 8%, In
particular, polyethylenimine (PEI) impregnated on porous supports is an attractive material
owing to its high CO; capacity. 6712715

Specifically, this class of adsorbent show good to excellent CO, uptake over a wide range
of dry conditions, e.g., 3.7 mmol/g (carbon spheres, 15% CO2/N; at 75 °C)¢, 2.26 mmol/g (HP20
resin, 400 ppm CO; at 25 °C)'” and 4.73 mmol/g (multilamellar silica vesicle, pure CO3 at 75 °C).%8
Significant progress was achieved to improve the CO; capacity of PEl-containing adsorbents,
particularly through the use of; (1) support materials with larger surface areas, larger pore and
pore volume, and higher pore connectivity,”*>%*-21 (2) additives such as surfactants, polymers
and hydroxyl group containing molecules,®?223 and (3) as-synthesized mesoporous materials
with occluded structure-directing agents.”®2* Nonetheless, despite their excellent adsorption

25

attributes, these materials are prone to amine leaching,?®> evaporation?®?’ and oxidative

degradation.?®%°
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Covalent immobilization of PEl on support materials was introduced as a strategy to minimize
leaching and improve thermal oxidation stability.3°3¢ Kassab et al.3! linked PEl onto a
mesoporous silica using 3-glycidoxypropyltrimethoxysilane (GPS) as a grafting agent; but the CO;
capacity was quite low (< 1 mmol/g at 30 °C, 25 wt% PEI). Similar low CO; capacity at 70 °C was
obtained in the presence of PEl immobilized on carbon nanotubes through acyl chloride
functional groups (16 wt% PEI, pure CO3).32 Higher CO, capacity was reported for porous organic
polymers containing glycidyl methacrylate grafted PEI (2.1 mmol/g at 0 °C, 33 wt%, pure C0O,).>3
Even higher CO; capacities were obtained using covalently grafted hydroxylated graphene/PEl
composite (4.1 mmol/g at 25°C, 50 wt% PEI, 10% CO2/N,).3* Furthermore, using acrylamide to
graft PEl on polypropylene fiber, a CO2 capacity of 5.91 mmol/g (25 °C, 85wt% PEI, 10% CO2/N2)
was reported by Wu et al.®> In another study, Zhu et al.3¢ used HKUST/porous polymer composite
with grafted PEI via epoxy—amine reaction, and obtained an adsorption capacity of 4.17 and 4.31
mmol/g at 25 and 50 °C, respectively (30 wt% PEI, 15% CO2/N2). While good CO;, working
capacities were obtained from PEl covalently linked on large surface area supports, e.g.
graphene, fibers and MOFs, there is a need to improve the performance of PEIl grafted on less
expensive supports, such as mesoporous silicas.

In addition, the limited thermal stability of PEl-containing adsorbents in an inert or
oxidizing environment is a major factor that limits their application. TGA data acquired under N;
at a heating rate of 2 °C/min up to 800 °C showed that for up to 60% PEI/SiO, adsorbent,
evaporation of PEl occurred between 100 and 160 °C (ca. 6.5 wt% loss), while PEI decomposition
began thereafter, contributing to most of the weight loss.?® Using a heating rate of 0.25 °C/min

up to 200 °C, Drage et al.?! reported that for 40 wt% PEI/SiO, adsorbent, weight loss due to
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evaporation and/or thermal degradation occurred from 135 °C (ca. 2 wt%). Introduction of
specific additives was also reported to improve the thermal and oxidation stability of PEI-
containing adsorbents. Enhanced thermal stability was reported for PEI impregnated onto as-
synthesized KIT-6, which the authors attributed to the resultant Pluronic P123/PEl composite.3’
Moreover, PEI/PVA/SiO; adsorbents were reported to be more stable than their PEI/SIO;
counterpart to cyclic CO, capture and oxidative degradation environment,® presumably because
of multiple interactions between the —OH and amine groups. Nonetheless, lower amine capacity
and efficiency were reported for the PEI/PVA/SiO; system due to polymer chain entanglement
facilitated by H-bonding. However, in a related study, enhancement in CO; efficiency was
reported for a PEG200/PEI adsorbent.?® Furthermore, Choi et al.*® reported three benefits of
epoxide functionalization of PEI for CO; uptake under moist conditions; (1) increased resistance
to oxidative degradation, (2) suppressed formation of urea during regeneration with 100% CO
at 120 °C, and (3) energy efficient CO2 desorption due to weakened COz-amine interactions.*!
Based on current literature, there is a need to develop covalently immobilized PEI-based CO;
adsorbents with improved thermal and oxidative stability, while maintaining high CO, capacity
and efficiency. To achieve this goal the properties of the support material, as well as the mole
ratio of PEl-grafting agents, and PEl-oxidation stability enhancing agents needs to be optimized.
In this chapter, a simple, green and cost-effective methodology of covalently bonding PEI on
mesoporous aluminosilica, with high CO, capacity/efficiency and improved thermal/oxidation
stability, is presented. 3-(triethoxysilyl)propyl isocyanate (TPI) and GPS were used as a SiO»-PEl
linker, while 1,2-epoxybutane (1,2-EB) was used to enhance oxidation resistance, with EtsN and

10% NaOH solution as catalysts for the hydrolysis and condensation of TPl and GPS onto SiO..
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4.2. Methodology
4.2.1 Experimental

PEI (M 600), tetraethyl orthosilicate (TEOS, 98%), 3-triethoxysilylpropyl isocyanate (TPI,
97%), fumed silica (Cab-O-Sil, M5), tetramethylammonium hydroxide (TMAOH, 25wt% solution),
cetyltrimethylammonium bromide (CTAB, 98%), N,N-dimethyldodecylamine (DMDA, 97%),
triethylamine (EtsN, 99%) and 1,2-EB (99%) were obtained from Sigma Aldrich. GPS (99%) was
purchased from Sigma Aldrich. Sodium aluminate (NaAlOz, 92%) was purchased from Strem
Chemicals. Methanol (99 %), ethanol (99%), pentane (99%) and ammonia solution (28 wt%) were
obtained from Fisher. All chemicals were used as obtained with no further purification. Ultra-high
purity (99.999%) nitrogen and 15% CO; in nitrogen gas cylinders were purchased from Linde
Canada.
4.2.2 Preparation of materials

Our previously reported method for the synthesis of pore-expanded MCM-41 was used
for the synthesis of pore-expanded aluminosilica (PE-AISiO;) with some modifications.*?*3 In a
typical synthesis, 4 g of TMAOH was diluted with water (38.5 g) in a 700 mL Teflon-lined container
before adding 5.7 g CTAB under vigorous stirring. After 15 min, 0.2 g of NaAlO; was added and
stirring continued for 30 min, after which 2.1 g Cab-0-Sil was added. The composition of the
synthesis mixture was 1.0 Si02:0.317 TMAOH:0.45 CTAB:0.035 Al;03:67 H,0, with a nominal Si/Al
ratio of ca. 15. The mixture was then sealed in an autoclave and placed in an oven preheated at
80°C for 40 h. The obtained material was filtered, washed extensively with water and dried under
ambient conditions to afford as-synthesized aluminosilica. Partial surfactant (CTAB) extraction

was carried out in EtOH (10 mL EtOH/g solid) and room temperature for 1h. Pore expansion was
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carried out through hydrothermal treatment of the resultant dried powder in the presence of
DMDA. To a mixture of DMDA (1 g) and water (30 g) at RT, 0.8 g of the as-synthesized sample
was added. After stirring for an hour, the mixture was heated at 120 °C for 2 days under
autogenous pressure. The solid material was collected by filtration, dried at ambient temperature
and calcined in flowing N2 at 550 °C by raising the temperature at 1 °C/min. The gas was then
switched to air at 550 °C and kept for 5 h to remove any remaining carbonaceous material, to
afford PE-AISiO,.

Grafting of GPS and TPI on PE-AISiO; in toluene was carried out using an established
procedure.** In a typical preparation, 1.0 g of pre-dried PE-AISiO, was dispersed in 30 mL of
anhydrous toluene in a 100 mL two-neck round bottom flask immersed in an oil bath. After
stirring for 30 min at room temperature, the temperature of the mixture was then raised to 85
°C. After 30 min, 0.5 mL (ca. 2 mmol) of GPS or TPl was added and the mixture kept under reflux
for 16 h. The flask was allowed to cool down to room temperature and the grafted material was
filtered, washed with toluene, ethanol and pentane, and dried under vacuum at 60 °C for 3 h, to
afford GPS@PE-AISiO; and TPI@PE-AISIO,, respectively.

Three methods were used to prepare 50 wt% PEl-containing adsorbents; mechanical
mixing, impregnation and covalent immobilization. 0.5 g each of PE-AISiO2 and PEI was mixed
using a ceramic mortar and pestle for 15 min. In a typical procedure for impregnation, 0.5 g of
PEI was dissolved in 30 mL of MeOH at RT for 30 min, followed by addition of 0.5 g of PE-AISiO».
Where applicable, the mixture was stirred for 2 h and 0.2 mL EtsN or 10% NaOH solution was
added. The mixture was then stirred to dryness. The preparation of covalently immobilized PEI

was as follows; 0.22 mL (ca. 1 mmol) of GPS or TPl was added to a mixture of 0.5 g PEI/30 mL
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MeOH, and where applicable, 0.1 mL of 1,2-EB was added after 2 h of stirring. Thereafter, 0.5 g
PE-AISiO, was added and stirring continued for another 2 h. Then, 0.2 mL of 10% NaOH solution
or EtsN was added and the mixture was stirred to dryness.
4.2.3. Material characterization

The specific surface area, pore volume and mean pore diameter of the supports and
amine-grafted materials were determined by nitrogen adsorption measurements at -196 °C on
a Micromeritics 2020 instrument, using a previously reported method.*> Samples were degassed
for 4 h at 100 or 150 °C prior to analysis. Specific surface areas were calculated using the BET
method at relative pressures of 0.06 to 0.2. The total pore volume (Vp) was calculated using the
amount of nitrogen adsorbed at p/po=0.99 to exclude possible interparticle pores. The average
pore size (Dp) was determined using the density functional theory; a molecular modeling method
used to describe properties of fluid systems as a function of the fluid density.*® As the gas
pressure is increased during nitrogen adsorption measurements, nitrogen condenses, filling the
pores. The pore size of the material is then determined from the density of the condensed fluid.

The thermal stability of selected adsorbents was determined using thermogravimetric
analysis (TGA) on a TA Q500 instrument. Approximately 20 mg of material was heated to 100 °C
at 5 °C min~! under flowing nitrogen and held for 60 min to remove residual species (e.g. CO2,
water and solvent). The sample was further heated to 700 °C at 2 °C min~* under flowing nitrogen,
then air at 700 °C for 30 min, to remove any residual carbonaceous material. The PEl loading was
calculated as the weight loss beyond 100 °C.

The 13C solid-state NMR spectra of PEI-containing solid adsorbents are usually not well

resolved, consisting of a broad signal between 30 and 65 ppm. In order to determine the identity
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of the covalently immobilized species, from the reaction between GPS or TPI, 1,2-EB and PEI, 0.25
g of adsorbent was stirred in 1 mL 10% NaOH solution (prepared with D,0). After filtration, the
supernatant solution was diluted with D,O and analyzed by NMR. 2’Al MAS NMR was used to
investigate the state of aluminum sites in the PE-AISiO; support. An AVIIl 400 Bruker NMR
spectrometer and a previously reported method were used.*’
4.2.4. COz adsorption measurements

CO, adsorption measurements were carried out using a thermogravimetric analyzer
(Q500 TGA, TA Instruments) as previously reported.*® In a typical procedure, about 30 mg of a
powder material was preheated at 100 °C in N, for 60 min to remove residual species. The sample
was cooled to 75 °C, then adsorption began by switching the purge gas to a mixture of 15% CO»
in N2. Adsorption capacity was determined based on weight gain after exposure of the dry
material to 15% CO2/N; mixture for 30 min.
4.2.5 Ethanol leaching test and oxidation stability

To determine the resistance of the materials to leaching, 0.5 g of powder material was
stirred in 50 mL of EtOH for 2 h at room temperature. The solid was recovered by filtration,
washed with MeOH and dried under low vacuum at 50 °C for 3 h, and the CO; uptake at 75 °C
and PEl loading was determined
The effect of grafting agents and 1,2-EB on the oxidation stability of immobilized PEI was
investigated as follows: a ceramic crucible (10 mL) containing 0.1 g of adsorbent was placed in a
pre-heated oven at 100 °C. Samples were collected after 16, 24 and 40 h and their CO; capacity

at 75 °C was determined by TGA.
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4.3. Results and Discussion
4.3.1. Material characterization

As shown in Figure 4-1 the nitrogen adsorption—desorption isotherms of PE-AISiO, and
PEl-containing adsorbents were of Type IV with H1 hysteresis loop characteristic of mesoporous
solids.*® The corresponding textural properties of the pristine support (entry 1) and adsorbents
prepared by mechanical mixing (entry 2), impregnation (entries 3 and 4) and covalent
immobilization (entries 5 — 11) are presented in Table 4-1. It is worth mentioning that higher
values were obtained for the surface area (850 m?/g), pore volume (1.91 mL/g) and pore
diameter (10.8 nm) when the support was degassed at 150 °C. All adsorbents had significantly
lower BET surface areas and pore volumes than their corresponding supports. These
observations provide strong evidence that the organic moieties were immobilized mostly on the
internal surface. Introduction of NaOH during impregnation did not significantly alter the textural
properties of the material (Table 4-1, entry 3 vs. 4).

27 Al MAS NMR spectra of PE-AISiO support showed two signals centered at 55 and 0 ppm
with relative intensity of 80 and 20 %; corresponding to framework tetrahedral (Al"Y, AlO4) and
extra-framework octahedral (AlY!, AlOg) Al-sites, respectively (Figure 4-2). Earlier work showed

that the latter species occurred by dealumination during calcination.*’
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Figure 4-1. Nitrogen adsorption—desorption isotherms of pristine support and functionalized materials.
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Table 4-1. Properties of PEl-containing CO, adsorbents

Entry Material® PEI GPS TPI 1,2-EB BET Vp Dp organic content
() (mmol) (mmol) (mmol) (m?*/g) (mL/g) (nm) (wt%)

1 MO 716 1.56 9.0 -

2 M1 0.5 - - - 90 0.29 12.2 47.18

3 M2 0.5 - - - 96 0.27 104 52.32

4 Mm3Pb 0.5 - - - 77 0.26 12.6 47.31

5 M4 0.5 1 - - 66 0.20 11.8 49.78

6 M5 0.5 - 1 - 66 0.20 13.0 49.78

7 M6¢ 0.5 1 - - 62 0.19 12.2 51.20

8 M7° 0.5 1 - - 57 0.15 10.5 51.58

9 WVER 0.5 - 1 - 43 0.10 9.5 53.44

10 MmaPb 0.5 1 1 50 0.16 12.2 49.15

11 M10P 0.5 - 1 1 35 0.12 14.2 50.12

PEI = Polyethyleneimine, GPS = 3-glycidyloxypropyltrimethoxysilane, TPI = 3-(triethoxysilyl)propyl isocyanate ,1,2-
EB = 1,2-epoxybutane, MO = PE-AISiO2, ?= 0.5 g PE-AISiO2 used in material preparation, all samples degassed at 100
°Cfor4 h,?=0.2 mL 10% NaOH, €= 0.2 mL EtsN. All materials were degassed at 100 °C for 4 h prior to BET analysis.

AIIV

AIVI

400 300 200 100 O  -100 -200
& (ppm)

Figure 4-2. 27 Al NMR spectrum of PE-AISiO>
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Given the high nitrogen content in PEl (ca. 11 mmol N for 0.5 g PEI) and limited grafting agent (1
mmol), the formation of PEl-grafting species is likely to proceed quantitatively. This was
confirmed by calculations based on the weight loss of the sample before (i.e. only grafted GPS or
TPI) and after PEI tethering as measured by TGA. The 3C NMR (Figure 4-3) of grafted epoxide-
modified PElI showed peaks which were assigned to the carbon nuclei as indicated in Scheme 1.
Compared to pure PEIl in D20 (Figure A4- 1), all 3C NMR spectra were characterized by low signal-
to-noise ratios due to the high molar ratio between PEI-grafting agent and PEl-epoxide, and the
highly basic medium. Separate experiments were carried out with four-time higher ratios to
clarify the assigned carbon nuclei (Figure A4- 2). Signals at 77 ppm (a) and 79 ppm (a’') respectively
arose from the fact that either the primary or secondary amine of PEl can react with the grafting
agents.?® All samples exhibited resonances attributed to the corresponding ammonium
carbamate (x = 164.6 ppm) and carbamic acid (y = 168.3 ppm) respectively (Figure 4-3); stemming
from interaction with atmospheric CO> and CO/H.0, respectively.”® Note that for each
established bond between PEl and TPI, a 2° amine is formed, providing an additional site for CO;

adsorption.
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It is worth mentioning that attempts to graft GPS and TPl onto PE-AISiO, followed by PEI
immobilization were not successful. Epoxide and isocyanate groups reacted with trace amount
of water to form diol and urea (Scheme 4-2), respectively; which cannot further react with PEI.
This reaction is reflected in the 3C MAS NMR spectra of PE-AISiO2@GPS and PE-AISiO,@TPI
(Figure 4-4). Hence, the covalent immobilization of PEI was not achieved via this route. Note that
due to the higher nucleophilicity of 1°/2° amine compared to water, GPS and TPl will

preferentially react with PEl rather than water.

0o R, _c?° H
R_ _C% H;0 T N7 I I
N~ — R/NHZ + CO, S R’N\C/N\R
Il
o
isocyanate amine urea

(a)

R/\/O\/L\O ;D- R’\/O\)_\ oH
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(b)
Scheme 4-2. Reaction of (a) isocyanate and (b) 2-(propoxymethyl)oxirane with water to form
urea and diol, respectively
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Figure 4-4. 13C CP-MAS NMR spectra of GPS (top) and TPI (botton) immobilized on PE-AISIO; in
anhydrous toluene

Thermal decomposition of PEl-containing adsorbents showed similar stability for
materials derived by mechanical mixing and impregnation up to 250 °C (Figure 4-5, M1 vs. M2),
beyond which the impregnation-derived material was slightly more stable. In these materials, PEI
interacts with the support through relatively weak hydrogen bonding between surface silanols
and amine groups.?° Materials with improved stability were obtained by covalently linking PEI to
PE-AISiO; via grafting agents, with loss of PEl at 300 °C up to 21 wt% lower compared to the
impregnated material (Figure 4-5, M2 vs. M7/M8). GPS-linked PEI, with 14 wt% PEI loss at 300
°C, showed superior stability compared to TPI-linked PEI, with 19 wt% PEI loss at the same
temperature (Figure 4-5, M7 vs. M8): this could be attributed to the —OH groups in the structure
of M7. The -Si-O-Si-C- linkages at the interface of the silica surface and grafted PEl is thought to

be responsible for improved thermal stability. Nonetheless, materials of similar stabilities were
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obtained following epoxide-modification of PEI (Figure 4-5, M9 vs. M10). Similar decrease in
thermal degradation was observed for low density polyethylene (LLDPE) following grafting on
montmorillonite via vinyltrimethoxysilane during reactive extrusion, which the authors

attributed to the formation of cross-linked structures during thermal oxidation.38
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Figure 4-5. Thermal decomposition of PEl-containing adsorbents (rate = 2 °C/min under N3)

To further verify the observed decrease in volatility or enhancement in thermal stability
with grafting and epoxide-modification, samples were subjected to thermal decomposition
experiments in N2 at 150 °C for 4 h. As shown in Figure 4-6, similar weight losses (ca. 3.5 wt%)
were observed for PEl-containing adsorbents derived by mechanical mixing (M1) and
impregnation (M2), confirming the similar stability or PEl-volatility of these materials as
mentioned earlier. Reduction in PEl evaporation and/or degradation was evident following
grafting with GPS (M7) and TPI (M8). Although no noticeable change in thermal stability was
observed by combining TPI grafting and epoxide-modification (M8 vs. M10), even smaller weight

loss was observed for M9 (ca. 2.2 wt%), suggesting a combination of grafting with GPS and
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epoxide-modification of PEl is effective to reduce PEIl evaporation and decomposition. These
findings suggest that while grafting PEl on PE-AISiO, improved thermal stability, further
enhancement in stability can be achieved by a combination of grafting and epoxide-modification

of PEI.
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Figure 4-6. Thermal stability of PEI-containing adsorbents under isothermal conditions (150 °C/N,).
4.3.2. CO2 capacity and the effect of ethanol leaching test

Owing to their high 1° and 2° amine content, materials derived by PEl impregnation (fresh
M2, Figure 4-7) and mechanical mixing (Table A4- 1, fresh M1, , entry 2) adsorbed 2.76 mmol
CO2/g. A slightly higher uptake, 2.89 mmol/g, was obtained for PEl-impregnated material in the
presence of NaOH solution (fresh M3;Table A4- 1, entry 2), suggesting that introduction of NaOH
solution might have a positive impact on CO; uptake. Lower CO; capacities (ca. 2.30 mmol/g)

were obtained for materials derived by reacting PEl and GPS or TPI, followed by impregnation
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(fresh M4 and M5, Figure 4-7). This expected outcome was attributed to decrease in contents in

1° and 2° amines, as a result of PEI-GPS or PEI-TPI reactions.

3.04 Il Fresh I EtOH-treated

CO, capacity (mmol/g)

M2 M4 M5 M6 M7 M8 M9 M10
Materials

Figure 4-7. Decrease in CO; capacity of materials following leaching in EtOH. Percentage losses
are indicated.

As with PEl impregnation in the presence of NaOH, higher CO; capacities were obtained
for impregnated PEI-GPS in the presence of EtsN and NaOH (fresh M6 and M7, respectively —
Figure 4-7), compared to the material prepared without a base (fresh M4 — Figure 4-7). A 5%
higher CO; capacity was recorded for M7 compared to M6, indicating a plausible beneficial effect
of NaOH over Et3sN. Hence, NaOH solution was further used as catalyst to chemically immobilize
PEl on PE-AISiOz. Impregnation of the PEI-TPI reaction mixture yielded an adsorbent (fresh M8 —
Figure 4-7) with a similar capacity as that from the PEI-GPS reaction (fresh M7 — Figure 4-7),
suggesting the longer GPS species compared to TPI did not affect CO; uptake. A combination of
PEI grafting and epoxide-modification led to further reduction in CO2 uptake (2.19 mmol/g —fresh
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M9 and M10 - Figure 4-7), as more 1° and 2° amine of PEIl were used up during these reactions.
Hence, immobilized PEI with the highest CO, capacity was obtained by reacting 0.5 g PEI (11 mmol
of N) with 1 mmol of TPI, followed by impregnation in MeOH, using 10% NaOH solution as
catalyst. The capacity of this material (M8) was only 11 % less than that for conventional PEI-
impregnated adsorbent, M2 (2.76 mmol/g).

Leaching of PEIl from support material is of notable concern when the adsorbent comes
in contact with steam®! or other solvents. Nonetheless, this aspect has received less attention in
the literature.?®> The percent loss in CO capacity following exposure of selected materials to
ethanol is shown in Figure 4-7, while complete data including percent losses in PEI can be found
in Table A4- 1. A 58 % decrease in CO, uptake and 42% PEI loss were measured following M2
treatment with EtOH (Figure 4-7 and Table A4- 1 — entry 2). Even higher losses were obtained for
materials derived by mechanical mixing (M1, Table A4- 1, entry 1); 83 and 50 % decrease in CO2
uptake and organic content, respectively. Surface grafting of PEI-GPS (or TPI) decreased the
losses in CO, uptake and PEl loading by 20% or more (Figure 4-7, M2 vs. M4/M5). Using NaOH or
EtsN as catalyst to enhance the hydrolysis of GPS on PE-AISiO; further improved the materials
resistance to leaching (Figure 4-7, M4 vs. M6/M7), with the PEI-TPI/NaOH system delivering the
best result (M8 vs. M6/M7 — Figure 4-7). Being a stronger base, NaOH is thought to enhance the
grafting of GPS- or TPI-linked PEIl on PE-AISiO;, while the 2° amine formed during TPI-PEI reaction
(Scheme 1b) could be attributed to the smaller loss in CO; capacity of M8 (18%) compared to M7
(26%). A combination of PEI grafting and epoxide-modification appeared to increase the leaching
resistance of the final materials (Figure 4-7, M7 vs. M9 and M8 vs. M10). We think further

reduction in leaching can be achieved by increasing the grafting agent-PEl molar ratio, although
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this result in lower CO; capacity, with a less severe decrease with TPl as it provides an additional

2° amine during grafting. The amine efficiency was estimated to be between 0.24 — 0.28 for the

PEl impregnated adsorbents and 0.20 — 0.22 for the covalently grafted PEl materials. The

observed decrease in efficiency was attributed to the loss of active amine during PEl and TPI (or

GPS) reaction. The efficiency was calculated based on all amine groups, including tertiary amines.

Table 4-2 shows the CO. uptake of different covalently immobilized PElI materials

reported in the literature alongside the corresponding PEl loading, with different PEl loadings and

test conditions. Although a fair comparison is difficult under these varying conditions, the

material presented in this work (Table 4-2, entries 7 and 8) had a decent CO; capacity at 50 and

75 °C.

Table 4-2. CO; capture performance of covalently anchored PElI

PEl loading
Entry Support Linking agent (wt%) CO: uptake Refs
Capacity

Test conditions (mmol/g)
SiO, GPS 25 30°C, pureCO; <1 31
Carbon 32
nanotube acyl chloride 16 70°C, pure CO; =1
Porous organic  glycidyl 33
polymer methacrylate 33 0 °C, pure CO; 2.1
Hydroxylated Hydroxyl groups 25°C, 10% 34
graphene of graphene 50 CO2/N; 4.1
Polypropylene 25 °C, 10% 35
fiber acrylamide 85 CO2/N3 5.91
HKUST/porous 50 °C, 15% 36
polymer epoxy 30 CO2/N3 4.31

50°C, 15% This
AlSiO2 TPI 50 CO2/N; 2.51 work

75 °C, 15% This
AlSiO2 TPI 50 CO2/N3 2.34 work
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4.3.3. Oxidation stability

The lack of stability of amine-containing adsorbents in oxygen-containing environment
could be a major setback to their application, for example, if the feed is oxygen-rich, or if air is
used to cool the material after regeneration in a temperature-swing adsorption (TSA) process. As
shown in Figure 4-8 and Table A4- 2, a decrease in CO; capacity was observed when selected
materials were exposed to air at 100 °C for up to 40 h, which was attributed to the oxidative

degradation of the materials.

30 EEonI6eh24h[_]40h
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Figure 4-8. Variations in CO; uptake of materials after oxidation in air at 100 °C in an oven.
Percentage losses are indicated.

Similar percent losses in CO2 capacities were measured for the PEl-impregnated (M2) and grafted
PEI-GPS (M7) materials after air exposure for 16, 24 and 40 h, suggesting that any enhancement
in oxidation stability was minimal. Lower percent losses were obtained for TPI-linked PEI (M8)

materials compared to M2; suggesting chemical immobilization of PEI on PE-AISiO; using TPI led
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to improved thermal stability. A combination of PEI grafting and epoxide-modification led to
significantly lower percent losses in CO, uptake (Figure 4-8: M9 vs. M7 and M10 vs. M8), with the
least decrease measured for M10. This result shows that while grafting PElI on PE-AISiO, can
improve the oxidation stability of the resultant material, further enhancement in stability was
achieved by a combination of PEI grafting and epoxide-modification, which is consistent with the
thermal stability data. Following exposure to 50 TSA cycles under humid conditions and
desorption with 100% CO, at 120 °C, Choi et al.*° reported that 1,2-EB/PEI ratio of 0.37 was
optimal for enhancing oxidation stability and maintaining a steady CO, working capacity of 2.2
mmol/g, of silica impregnated with epoxide-modified PEI compared to unmodified PEI/SiO; (2.9
and 1.1 mmol/gin the 15tand 50" cycles, respectively). Although the current study involved lower
1,2-EB/PEI molar ratio (ca. 0.1) and CO; measurement under dry CO2, we think the -Si-O-Si-C-
linkage between TPl and PE-AISiO, and urea connection between TPI-PEI, alongside the —OH
groups introduced by epoxide-PEl reactions, are thought to be responsible for the improvement
in oxidative stability.
Conclusion

Materials derived by traditional PEl-impregnation, mechanical mixing and the chemical
immobilization of PEl on PE-AISiO; using GPS and TPI as grafting agents, and EtsN and 10% NaOH
solution as catalyst for silane hydrolysis were prepared and characterized by TGA, nitrogen
adsorption-desorption isotherm and solution and solid-state NMR. The application of these
materials in CO; adsorption was investigated before and after EtOH leaching test, while their
oxidation stability was also studied. TGA data showed that immobilized PEI had better thermal

degradation properties, with up to 20% less weight lost at 300 °C/under N, compare to PEI-
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impregnated material. Moreover, materials derived from PEI-grafting were more resistant to the

EtOH leaching test, while optimum oxidation stability was achieved by a combination of PEI

grafting and epoxide-modification with TPl and grafting agent.
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Appendix A4: Supplementary Data for Chapter 4
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Figure A4- 1. 13C NMR spectrum of PEl in D,0
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Figure A4- 2. 3C NMR spectra of solid materials, with higher grafting agent-to-PEl ratio,
dissolved in 10% NaOH (D,0)
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Table A4- 1. Changes in CO; capacity and organic content following leaching in EtOH

CO; uptake (mmol/g) Organic content (wt%)
Entry | Material | Fresh  EtOH-leached % Fresh EtOH- %
difference leached difference

1 M1-68 |2.76 0.48 83 47.18 23.63 50
2 M2 2.76 1.17 58 52.32 30.39 42
3 M3-59 |2.89 1.34 54 47.31 32.07 32
4 M4 2.31 1.51 35 49.79 40.46 19
5 M5 2.28 1.39 39 49.82 38.78 22
6 M6 2.34 1.68 28 51.20 43.73 15
7 M7 2.46 1.83 26 51.58 45.59 12
8 M8 2.44 2.01 18 53.44 495 7

9 M9 2.19 1.56 29 49.15 45.24 8

10 M10 2.19 1.65 25 50.12 45.61 9

11 M11-62 | 2.75 1.15 59 51.64 36.47 29

Leaching test procedure: 0.5 g of material stirred in 50 mL EtOH for 2 h

Table A4- 2. Variation of CO; uptake following thermal oxidation degradation at 100 °C over

time

Entry Material Thermal oxidation duration

Oh 16 h 24 h 40 h
1 M1 2.76 - 0.63 -
2 M2 2.76 2.21 0.97 0.23
3 M7 2.46 1.84 1.05 0.34
4 M8 2.44 2.19 1.97 1.13
5 M9 2.19 1.95 1.55 0.76
6 M10 2.19 2.09 1.82 0.98
7 M11 2.75 - 1.05 -
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CHAPTER 5 UNDERSTANDING THE EFFECT OF WATER ON
CO2 ADSORPTION - A REVIEW

5.0. Overview

Water vapor is a ubiquitous component in flue gas and other CO;-rich industrial gases.
Accordingly, understanding the role played by water during humid CO; adsorption is of
paramount importance to the development of efficient adsorbents and processes for CO;
capture. This review attempts to provide a critical analysis on the effect of water over different
types of adsorbents, including; carbon-based materials, zeolites, MOFs, amine-functionalized
materials, clays, metal oxides and carbonates. For carbon-based materials, water seemed to be
beneficial to CO; uptake only at high pressures, while the high affinity of many zeolites for water
significantly decreased their CO; uptake with rising humidity. MOFs, on the other hand, may
undergo structurally degradation in the presence of water vapor either by ligand displacement
or hydrolysis, adding the need for water-stable MOFs for application in CO; adsorption under
humid conditions. Nonetheless, for water-stable MOFs there exists a threshold of quantity of
(pre-)adsorbed water below which CO; uptake is enhanced and above which a severe decrease
in CO, uptake is observed due to pore blockage by pre-adsorbed water. Amine-containing
adsorbents are an attractive class of materials and generally showed a beneficial effect of
moisture owing to a maximum amine efficiency, i.e., CO2/N ratio of 1 in the presence of moisture,
compared to 0.5 for dry conditions. As for reactive adsorbents, e.g. metal oxides and carbonates,

they showed a mixed effect under humid conditions. Any gain in CO; uptake in the presence of

80



moisture is usually associated with an energy penalty for water desorption during regeneration.
Several approaches to material and process design were proposed to reduce this energy demand.
5.1. Introduction

Climate change and global warming are arguably the greatest challenges faced by
mankind; most of which is linked to CO2 emissions. ! The development of efficient materials and
industrial-scale processes for CO; capture is one of several strategies to mitigate CO; emissions
and improve our chances for long-term human survival.>** CO; adsorption using a variety of
materials capable of reversibly removing CO; has been proposed as a more viable and sustainable
approach with lower energy requirements compared to CO; absorption using aqueous amine.>
Several types of adsorbents have been developed for CO; capture,®’ including metal-organic
frameworks (MOFs),® 20 coordination organic polymers (COPs),'%'2 zeolites,'3'* clays,'>1®
carbons,*"?0 silica,?>?? basic oxides?*?* and amine-containing porous materials.>>~%’

Flue gas and many other CO»-rich industrial gases may contain 6 to 18% water vapor
(Table 5-1),%8 whereas biogas is typically water-saturated with 6-7% moisture.?® Taking into
account the high molar specific heat capacity and large dipole moment of water, it is therefore
critically important to understand the different roles that water may play with respect to CO;
adsorption, and their implications on the selection of materials and processes. Although there
are some review articles on the effect of water vapor on CO; capture performance of MOFs3031
and membranes,®° there is no comprehensive report on the effect of water vapor on CO> capture
performance over a wide range of adsorbent types. Such a report would be highly informative
since different types of adsorbents demonstrate completely different behaviors when CO;

adsorption is conducted under humid conditions. The current review aims at filling this gap,
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starting with discussion of analytical techniques to quantify CO; uptake under moist condition,
to the effect of water on CO, adsorption over physisorbents, then over amine-containing
adsorbents, and reactive materials. Specifically, the effects of water on structural stability of the
adsorbent, CO; capacity, CO; kinetics and regenerability are discussed.

Table 5-1. Typical compositions of different flue gases?®

Pulverized Waste Coal-fired Natural gas- Cement rotary
Components
coal incineration IGCC fired CC kiln

02 (vol%) 6 7-14 12 14 7

N2 (vol%) 76 Balance 66 76 59

CO:2 (vol%) 11 6-12 7 3 19
H20 (vol%) 6 10-18 14 6 13

Ar (vol%) 1 1 1 1 1

SOz (ppm) 300-5000 200-1500 10-200 - 5-1200
NOx (ppm) 500-800 200-500 10-100 10-300 100-1500

5.2. Measuring CO: uptake in the presence of humidity

Different techniques, e.g. gravimetric analysis using TGA, dynamic column breakthrough
experiments, and TPD-MS experiments, have been applied to measure the effect of humidity on
CO; adsorption. To separate CO; uptake from water uptake using TGA experiments, humid
nitrogen adsorption and humid CO; adsorption were conducted separately, with the difference
in uptake attributed to CO,.3? Alternatively, pre-hydrating the adsorbent using a CO>-free stream
containing specific amount of RH, and conducting dry CO, adsorption was reported amid
potential displacement of pre-adsorbed water during exposure to dry CO,. The most applied
method used to decouple the adsorption of water from the adsorption of CO; is saturating the

adsorbent using a CO,-free stream containing water vapor, and subsequently conducting
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adsorption tests on the samples using identical humidified gaseous stream containing CO,, with
the mass gain attributed to CO adsorption (Figure 5-1).%% Nevertheless, Sayari group® found that

TGA data significantly underestimated CO> uptake, even when the above-mentioned procedure is

undertaken.
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Figure 5-1. TGA experiments during humid CO; adsorption on PEI-impregnated CARIACT

silica.®®

Breakthrough experiments which rely on CO, and water vapor co-adsorb in a column
containing adsorbent, while CO, concentration in the outlet flow is continuously measured using
a variety of instruments such as GC-TCD, MS and gas analyzer, are generally more precise than
their TGA counterparts. Nevertheless, the accuracy of breakthrough experiments also strongly

depends on the monitoring instrument, especially for direct air capture (DAC).3>3¢
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5.3. Physical adsorbents

5.3.1 Carbon-based materials

The large surface area and low cost of activated carbons (ACs), carbon nanotubes (CNTSs)
and graphene make them an attractive material for CO; adsorption. AC often have low affinity
toward water vapor at low RH; however, at high RH levels, water uptake increases significantly,
eventually forming three-dimensional water clusters, which make the study of competitive
adsorption of water and CO, complicated.3”38 Most studies on carbonaceous materials under
sub-atmospheric pressures reported a negative impact of humidity on CO; uptake as a result of
competitive adsorption of water,3>%° while a few studies found that water had no effect on CO2
uptake*¥*2 A number of theoretical investigation on the effect on brown coal*3, AC*, neutral and
charged CNT,* and N-doped AC*® on the competitive adsorption of water and CO, were reported.
At high pressure however, several studies showed the beneficial effect of water on CO;
adsorption over carbon adsorbents; coconut shells carbon?’, bamboo carbon*® and activated
carbon BY-1%°. Such enhancement in CO2 uptake was ascribed to mechanisms other than
adsorption, including dissolution, and bicarbonate or hydrate formation.

5.3.2. Zeolites

Zeolites, notably ion-exchanged zeolites have been reported as efficient CO, adsorbents,
because of the strong interactions between the extra framework cations and CO, molecules.>®>2,
Nonetheless, strong electrostatic interactions between extra-framework cations and water

molecules result in significantly higher affinity of zeolites toward water (through electrostatic

forces) compared to CO,, leading to less favorable C0,°%°3
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5.3.3. Metal Organic Frameworks

Metal organic frameworks (MOFs) have shown great potential for a wide range of
applications, including carbon capture.>*>® Water-stability of MOFs is an important factor
surrounding their use for carbon capture from humid gas streams, with the degradation of MOFs
in the presence of water vapor thought to occurs through two mechanisms, namely ligand
displacement and hydrolysis.>”*® MOFs containing high-valence metal cations (e.g. Fe3* and
Zr*+)>980  bi-metallic atoms,®! hydrophobic groups®?, basic ligands®3%* and ligands with special
structures®>%” exhibit strong metal-ligand bonding and/or shield the metal atom from water,
were reported to improve their stability towards water. Nonetheless, structural collapse of
adsorbent upon water exposure is not the only reason for dramatic loss in CO; uptake of MOFs.
The effect of water vapor or pre-adsorbed water on CO; capture performance of different MOFs
is influence by the quantity of water adsorbed by the MOF. For some MOFs, there exist a
threshold of quantity of pre-adsorbed water below which CO, uptake is enhanced (due to the
confinement effect), and above which a severe decrease in CO, uptake is observed due pore
blockage by pre-adsorbed water.?8%° Moreover, several properties of the MOF-based adsorbent,
including the nature of metal centers,’%’! ligand type,3’?and framework structure,’>’* were
tailored in an attempt to improve CO; uptake under humid conditions. Furthermore, several
groups reported on the beneficial effect of amine-functionalization of MOFs on wet CO; capture
owing to the selective binding between amine groups and CO2 molecules via chemical
interactions.”’® For instance, Long group’” showed that diamine tethering on CuBTTri increased
CO; uptake at 0.15 bar and 25 °C by 350 %, i.e. from 0.69 to 2.38 mmol/g. In addition, coating

MOFs with amines was also found to improve their water stability and CO; uptake under moist
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conditions.”®’? The presence of water was also reported to have an adverse®®2! and in some rare
cases no effect®? on CO; uptake.

The above experimental findings are complimented by theoretical studies on the effect
of water of CO, uptake of MOFs, highlighting; the maximum quantity of pre-adsorbed water
required for enhanced CO; uptake,® and the effect of charged MOF framework.®* Furthermore,
Llewellyn group® conducted a comprehensive screening study on the effect of pre-adsorbed
water on CO; uptake over 45 MOFs, using 100 % CO;. As shown in Table 5-2, the materials were
categorized into five groups based on trends of CO, uptake as measured by TGA versus
preadsorbed water. As expected, the CO; uptake of MOFs is affected by trends in their water
uptake, as well as the strength of water interaction with the material surface as expressed by

Henry law constants (Ku).2°
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Table 5-2. Summary of trends in water uptake of different MOFs

Groups Trend in water uptake Example of MOFs

Group | hydrophobic MOFs: CO; uptake not affected ZIFs, ScCBDCs, MIL-121s, MIL-
by pre-adsorbed water. 69(Al), MIL-103(La)

Group Il CO2 uptake decreased linearly with MIL-102(Cr), CPO-27(Ni)

increasing pre-adsorbed water, indicating
that CO; and water share the same
adsorption sites

Group I decreasing CO; adsorption capacity as the MIL-100(Cr), MIL-100(Cr)-Me,
amount of pre-adsorbed water increased, MIL-101(Cr), MIL-130(Al), MIL-
albeit with different slopes 68(Ga)

Group IV decreasing CO; uptake with increasing MIL-53(Cr), MIL-53(Al)

amount of pre-adsorbed water, combined
with a plateau region for low water

contents.
Group V a maximum water uptake at particular MIL-110(Al), MIL-163(Zr),
water loadings HKUST-1, UiO-66(Zr)s (UiO-

66(Zr), UiO-66(Zr)-CF3, UiO-
66(Zr)-2CF3, UiO-66(Zr)-Me,
UiO-66(Zr)-2Me

5.4. Amine-containing Adsorbents

Amine-containing adsorbents (ACAs), prepared by impregnation on porous support or
grafting of aminosilane on surface hydroxyl groups of supports, are attractive materials for CO;
capture owing to achievable high adsorption site density, reversible COz-amine interaction, and
practical regeneration energy demands. In the absence of moisture, CO2 adsorption on ACAs
with primary or secondary amine occurs primarily via carbamate formation, while in the presence
of moisture, the formation of bicarbonate and carbonate are obtained to different extends
depending on the type of amine, i.e., 1°, 2° and 3°, on the adsorbent.?> Coincidentally, in the
presence of humidity, the maximum amine efficiency, i.e., CO2/N ratio, is 1 compared to 0.5 for

dry conditions, which generally implies more CO, uptake under wet conditions.?’
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5.4.1. Amine-Impregnated Adsorbents

Several studies were devoted to the role played by water during CO; (= 2% CO; in feed
gas) uptake on a wide range of amine-impregnated materials including; PEI/MCM-41,%8
TEPA/KIT-6,% PEl/hierarchical silica monolith,?® PEI/mesoporous silica foams,’* PEl/carbon,?
PEl/clays,®®  PEl/single-walled  CNT,**  hyperbranched  polyamine/Si0,,°>  5-diazo-
bicyclo[4.3.0]lnon-5-ene/AC,%® and PEI/Ce.>” While the presence of water, within specified
humidity limits, led to an enhanced in CO; uptake for these materials, other amine-impregnated
adsorbents showed no effect on CO, uptake at low (6.7% RH)®® and high (>70% RH)”” humidity
level. In the same vein, higher CO, uptake were reported for amine-impregnated adsorbents for
CO; capture from air (DAC), i.e., poly(allyamine)/SiO,%° PEI/mesoporous carbon,'% PEl/styrene-
divinylbenzene, lewatit and PEl/metal carbonates,'®® PEl/nanofibrillated cellulose.3®
Nonetheless, some studies found no effect no effect of moisture (TEPA/CARIACT silica'®?) and a
negative effect of moisture on CO; uptake (PEl/fumed silica'®® and PEI/polymer resins'04).

As a general observation for amine-impregnated materials, the presence of adsorbents
with high amine loading can negatively affect CO, adsorption especially at high RHs.3® For some
materials, pre-adsorption of water as opposed to co-adsorbed of water and CO; may be
beneficial as conducting adsorption on a dry adsorbent hinders water build-up, which is required
for efficient formation of bicarbonate. Moreover, water inside the pores facilitate the loosening
of the polymer network, thereby facilitating the diffusion of CO, molecules to the active sites®>19>
5.4.2. Amine-Grafted Adsorbents

Compared to amine-impregnated materials, amine-grafting adsorbents (AGAs) or

covalently immobilized amines are less volatile and thermally stable. Different AGAs have equally
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been studies for CO, adsorption, with reported enhancement in CO; uptake in the presence of
water, including; propylamine(monoamine)/MCM-48,1% diamine/SBA-15,%" and triamine/SBA-

111 In

15,198109 monoamine/hexagonal mesoporous silica (HMS) ! and polyamines/SiO,.
comparison to amine-impregnated adsorbents, significantly less AGAs were studied for DAC,
although less dramatic increase in CO2 update were obtained. Some of such adsorbent included;
monoamine/SBA-15,112 diamine/nanofiber cellulose,1% and triamine/PE-MCM-41.113 |n a series
of breakthrough contributions involving in-depth investigation of CO, adsorption-desorption
cycling under dry and humid conditions, Sayari group, discovered the key role of humidity in
stabilizing any supported amine against COz-induced deactivation. Such deactivation, which
occurred under dry conditions, proceeded via the formation of stable urea linkages.*'* Although
tertiary amines do not react with CO; under dry condition, yet in the presence of moisture, they
contribute to COz adsorption via bicarbonate formation.'>1® Theoretical studies by Cho et al.1’
outlined the key role of silanol groups, acting as assisting species, in facilitating proton transfer

reaction in amine groups during CO; adsorption over amine-grafted silica.

5.4.2.2. Amine-functionalized zeolites and others

Given the microporous nature of zeolites, the rational of combining zeolites and amines
for the purpose of CO; adsorption is questionable. Nonetheless, different groups have studied
amine-functionalized zeolites for CO; capture, including; monoethanolamine (MEA)-
impregnated 13X zeolite, 18 TEPA-modified Y-zeolite and APTES-impregnated beta zeolite.!'® For
these adsorbents, enhancement in CO; uptake under humid conditions attained a maximum as
a specific moisture content, beyond which CO; uptake decrease with further increase in water

content. In addition to zeolites, nitrogen-rich porous polymers'?%12! and quaternized amines
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attached to a polymer resin with hydroxide or carbonate groups as mobile counterions,*?? with
mixed outcomes of CO; uptake under humid conditions.
5.4.3. Regeneration of amine-containing adsorbents

CO; adsorption technology based on amine-containing adsorbents is centered on the
reversible reaction between CO; and amine. The total energy required to regenerate (Qreg) an
adsorbent is a sum of heat of CO, desorption (Qqes), sensible heat (Qsen) required to increase
temperature of sorbent to regeneration temperature and latent heat of vaporization of water
(Quap)*** —eqn 5.1

Qreg = Qades T Qsen + Quap (5.1)

Different regeneration approaches including pressure swing adsorption (PSA), vacuum swing
adsorption (VSA), temperature swing adsorption (TSA), have been used separately or in
combination.??4#12> For ACAs, the gain in CO, uptake in the presence of moisture is associated
with energy penalty for water desorption during regeneration, quantified by the desorption
temperature. The need for high desorption temperatures is related to the high specific heat
capacity of water and its slow desorption rate.'?7128 Two main approaches, i.e., materialt?4128-
131 and process?®132 designs have been proposed to curb the energy demand for the
regeneration of ACA.
5.5. Reactive Adsorbents
5.5.1. Alkali and Alkaline Earth Metal-Based Adsorbents

Due to the basic nature of some metal oxides, hydroxides and carbonates they are
reactive towards acidic CO,, notably at high temperatures with high CO, uptake and selectivity

over water.133 Alkali metal carbonates react with CO, under humid conditions to form different
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salts (e.g. bicarbonate, NasH3(COs)s, Wegscheider’s salt, sesquicarbonate, etc.) depending on the
CO; concentration, adsorption temperature and humidity; 343> while pre-hydration was found
to be beneficial during regeneration.3¢ Jayakumar et al.*3” showed for the co-adsorption of water
vapor and CO,, parallel reactions involving K;COs and pre-hydration active species
(K2CO3¢(1.5H,0)) led to the formation of KHCOs. Contrary to alkali metal-based adsorbents, alkali
earth metal-derived adsorbents can react with CO; in the absence of water, with CO; uptake and
kinetics reportedly enhanced!3814% and decreased'*! under humid conditions.
5.5.2. Hydrotalcite Adsorbents

In general, the presence of water exhibits a beneficial effect on CO; uptake of Hydrotalcite

142 \while

materials (also known as layered double hydroxides (LDH)), notably at high temperature,
the calcination temperature during adsorbent preparation was reported to affect CO; uptake.#3
Using a potassium-promoted hydrotalcite based adsorbent, Coenen et al.}** established four
adsorption sites (A, B, C and D) with different affinities toward CO, and water (Figure 5-2). Sites
A and B were assigned to water and CO; adsorption, respectively, and can be regenerated under
flowing nitrogen, while site C, which can be either occupied by water or CO;, can be regenerated

only by water vapor and not N3 flushing. Site D can adsorb CO; only during exposure to both CO;

and water, and can be regenerated completely using water, or partly using nitrogen.
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Figure 5-2. The different adsorption sites for CO; and water on a hydrotalcite-based
adsorbent.'* Copyright (2018) Creative Commons

5.5.3. Metal oxides (excluding Group I and II metals)

In the absence of moisture, metals with surface defect sites, lattice oxygen or surface
hydroxyl groups, e.g. Fe, react with CO; to form bicarbonates (Fe—OCO;H), while Fe—CO3™ +
H30O* was formed under humid conditions. For some metals (Cu and Zn) CO, was adsorbed in
the form of solvated carbonate through the intermediacy of carbonic acid at high RH.14®

Conclusion

This review attempts to provide an understanding on the effect of water across a wide
range of materials (carbon-base materials, zeolites, MOFs, amine-functionalized materials, clays,
metal oxides and carbonates) during CO; uptake under humid conditions. For each material, test
conditions and material design parameters which enhanced or diminished CO; uptake in the
presence of water was discussed. Moreover, the energy penalty associated with the regeneration
of CO;-saturated wet adsorbents was presented.
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PART TWO

CHAPTER 6 MESOPOROUS ORGANOSILICAS FOR CO:
FIXATION TO CYCLIC CARBONATES: REACTION INSIGHT
AND MATERIAL DEVELOPMENT

6.0. Introduction to CO: utilization

With advances in CO; capture and storage technologies,* the demand for CO; is projected
to increase steadily over the years (Figure 6-1), thereby creating opportunities for CO; reuse and
ultimately contributing to greenhouse gas mitigation. Currently, besides the commercial
production of urea, other large-scale applications of CO; involve direct use of the gas (non-
conversion pathways), e.g. enhanced oil recovery, food and beverage production (Figure 6-1).2
New opportunities to use carbon dioxide (CO;) as a raw material for the production of different
products (conversion pathways) are capturing the attention of governments, industry and the
investors interested in mitigating climate change and supporting a circular economy, with

targeted products including; fuels, chemicals and building materials (Figure 6-2).
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Figure 6-1. Growth in global demand of CO; over the years (left); breakdown of demand in 2015
(right).3 Copyright (2019) International Energy Agency.
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Governments and private investors in Canada (NRG COSIA Carbon XPrize)?, Japan®, United
Kingdom®, United States of America,” Germany?® and other European countries,>'? and China'%-*?
are providing significant research, development and demonstration (RD&D) support for CO; use.
The market for CO; fixation is expected to remain relatively small in the short term, while in the
long term, CO3 conversion could play a key role in a net-zero CO, emission economy. For this to
come into effect, applications for CO; reuse need to be scalable, use low-to-no carbon energy,
replace fossil fuel-derived products, and generate products with longer life-cycle emissions (e.g.
polymers). While fuel (e.g. methane, methanol, gasoline and aviation fuels) provide potentially
high CO; use by volume, CO,-derived construction materials®? (e.g. fillers, cement and concrete)
have the greatest potential to deliver climate benefits as they can retain CO; for many years.
Moreover, employing energy from carbon-free renewable sources in CO»-to-chemicals/fuel
conversion processes, i.e. COz-neutral chemicals production, will reduce CO; emission

significantly, while offering economic opportunities.'**>
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Figure 6-2. Pathways for CO> utilization.'® Copyright (2020) International Energy Agency.

Due to relatively low energy requirement and high market value, polymer processing with CO;
can compete with established processes. Reports claim that if CO; is cheaper than fossil fuel-
derived monomer, CO;-based polymers can be made at up to 30% lower costs than their fossil
counterparts. Moreover, climate benefit of CO,-derived polymers is echoed by the fact that some
CO,-derived polymer can contain up to 50% by mass C0O,.%7 Although relatively small compared
to the production of CO,-derived polymers, CO; fixation to fuels and fine chemicals through
catalytic®22, photo-catalytic/photochemical,?224 electro-catalytic/electrochemical, >’
enzymatic/biochemical?®?® and plasma3®3! processes represent an important contribution
towards the production of sustainable energy carriers and carbon derived products. Using
captured CO; as a carbon source for the production of a chemicals and fuels is very attractive
because CO; is readily available, non-toxic and offers several conversion pathways (Figure 6-3).
Nonetheless, because of its high thermodynamic stability, chemical fixation of CO3 is very
challenging.3? Other technical challenges to CO> reuse has to do with the need for CO> reuse
facilities to be near the sources of captured CO; (cost of transport), and for these technologies to

be deployed on a commercial-scale quickly. 33 Moreover, the fact that economic and climate
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benefits of many CO; reuse technologies are not fully quantified is a significant market
challenge.343> Accordingly, in-depth and systematic strategies are needed for the design of
sustainable CO; utilization processes that guarantee profitability.3® The ambiguity surrounding
the potential economic benefits of CO; conversion is a major hurdle as to why established
technologies based on fossil fuel-derived feed materials are reluctant to invest into CO; reuse.
Furthermore, regulations on CO; emissions need to be stringent enough to accelerate the
creation of a commodity market for CO,. A simple approach could be to incorporate a label for

all CO,-derived products, with associated benefits compared to its traditional counterpart.

carbonates and carbamates

CHg4

Et;SiH
P"QS}' CH30H
=

Figure 6-3. Examples of chemical fixation of CO2.3” Copyright (2014) Royal Society of Chemistry.

Despite these challenges, several breakthrough findings on CO; utilization have been
patented.3® Moreover, a good number of companies in their early stages of development across

the globe have taken a lead in emulating nature in an attempt to close the carbon dioxide cycle
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via conversion (Table 6-1); an extensive list of companies can be found in ref.3® One extensively
studied reaction is that between CO; and epoxides, which can be controlled to form either cyclic
carbonates (CCs) or polycarbonates®. Industrial production of cyclic carbonates involves mainly
the transesterification of diols with highly toxic phosgene in an energy-intensive process*' CCs
are used in the chemical industry as precursors for the synthesis of polycarbonates, resins,
biomaterials, electrolytes, aprotic polar solvents, and as intermediates in fine chemical
production such as dialkyl carbonates, glycols, carbamates and pyrimidines.*> Polycarbonate
production from CO; is currently being commercialized in the UK, Japan, Germany, USA and

South Korea.*3

Table 6-1. Selected companies worldwide converting CO; to fuels and chemicals

Target products Companies (location)

fuels and plastics ThyssenKrupp, Sunfire, Novomer and Covestro A.G.(Germany)
polyols Econic Technologies** (United Kingdom)

bioplastic Newlight Technologies*® (United States of America)

Methanol George Olah facility of Carbon Recycling International?® (Iceland)
diesel or gasoline Carbon Engineering®’ (Canada).

polycarbonates Asahi Kasei Chemicals and Chi Mei Corp*® (Japan)

Cyclic carbonates Huntsman Corporation*® (United States of America)

Using CO; as a Cl-building block, a number of pathways have been reported for the
production of CCs (Figure 6-4), with CO, addition to epoxide being the most studied.*3°0°1
Although the synthesis of CCs from epoxides and CO, has been a low scale commercial process
since the 1950s,°2 current commercial CCs synthesis proceeds via phosgenation reactions due to
its high efficiency and the lack of an economically sustainable alternative. If the cost of CO, and
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energy demand of the reaction (CO; pressure and temperature) can be reduced, CCs synthesis
using CO, can compete economically with the phosgenation route, such that other companies
may follow the path of Huntsman Corporation® in the reuse of CO; in the synthesis of CCs. One
approach to reducing this energy demand lies on employing catalysts that is highly active at mild
reaction conditions. In this regard, different homogeneous catalysts (e.g. ionic liquids®3 and metal
complexes®*), immobilized catalysts including supported ionic liquids>*>> , MOFs-derived,>® and
traditional heterogeneous catalysts®>” were reported to be active towards CO; cycloaddition. Of

these catalysts, quaternary ammonium salts are amongst the most active.>9°2>8-64
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Figure 6-4. Chemical pathways for cyclic carbonate synthesis using C02.5? Copyright (2016) John
Wiley & Sons.

This section of the thesis is devoted to two studies in line with CC synthesis from CO; and
epoxides using supported ammonium halides as catalyst. An analysis of different reports on the
reusability of supported ammonium salts (ionic liquids) revealed high and steady yield over
multiple cycles with propylene oxide and 1,2-epoxybutane as substrates. However, a decrease in
yield was observed when similar catalysts were used with styrene oxide. In the first study

(Chapter 7), a thoroughly investigated substrate dependence on the recyclability of this type of
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catalyst is presented. In chapter 8, novel porous immobilized quaternary ammonium salts based

on three classes of porous materials, i.e. disordered, ordered and periodic mesoporous

organosilicas, are presented. The catalytic activity of these organosilicas was then compared,

with the most active employed in reusability studies.
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CHAPTER 7 SUBSTRATE DEPENDENCE ON THE FIXATION
OF CO2 TO CYCLIC CARBONATES OVER REUSABLE POROUS
HYBRID SOLIDS

7.0. Overview

An analysis of reports on the reusability of immobilized ionic liquids for the synthesis of
CC showed that for some substrates no decrease in yield over multiple cyles occurred, while with
other substrates, a drop in yield was observed from one reaction cycle to the next. To gain insight
into this discrepancy, N,N,N-tributyl-N-propylammonium iodide-functionalized mesoporous
silicas (SBA-15 and a silica gel) were prepared, and their reusability in the solvent-free synthesis
of cyclic carbonates (CCs) from epoxides and CO; investigated by analyzing reaction
quantification, TGA, textural property and 3C MAS NMR data. The reusability of the catalysts was
found to be dependent on the nature of the support and the substrate. In the presence of 1,2-
epoxybutane (1,2-EB) as substrate, the SBA-15-based catalyst (PHS-1) exhibited a constant
catalytic activity for five reaction cycles (yield > 96.0%) under mild conditions (1.0 MPa CO,, 100
°C and 4 h). Conversely, in the presence of styrene oxide, a gradual decrease in yield was
observed. Based on textural properties and 3C CP-MAS NMR measurements, such decline was
attributed to the adsorption of reaction product (styrene carbonate - SC) onto the catalyst
surface. Using a chromatographic silica gel as support and an improved catalyst recovery step
gave rise to a highly efficient, robust and fully reusable catalyst (PHS-2) for the synthesis of CCs.

Notably, PHS-2 led to a 33 - 50% decrease in reaction time, and maintained an excellent and
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steady catalytic activity over 5 cycles in the synthesis of SC (yield > 96% and selectivity > 97%).

The amount of trapped solid SC product on PHS-2 surface was also significantly reduced.

P
@/{ Mo
1 MPa COZ, 100 °C 4 h

2 mol%
Yield > 96% and sel. > 97%
over 5 reaction cycles

o]

7.1. Introduction

There is strong evidence linking our long-standing energy dependence on fossil
fuels (oil, coal and natural gas) and the associated greenhouse gas (GHG) emissions,
particularly CO2, due to their deleterious impact on the world climate.'? In order to abate
anthropogenic GHG emissions, arguably one of the most critical challenges of our time, a
number of international treaties on climate change have been ratified, such as the 2015
Paris Agreement (COPS21) and others.?> The main goal of these treaties is to curb GHG
emissions, with a major focus on CO,. Four broadly defined options are proposed to cut
down CO; emissions; (i) reduction in energy consumption by improving the efficiency of
existing processes and buildings, (ii) substitution of fossil fuels with renewable energy
sources, (iii) CO2 capture and sequestration (CCS), and (iv) utilization of CO3, including its
conversion to useful chemicals.?

CCS technologies have made great progress in recent years.>® Nonetheless, carbon
capture and utilization is gaining increased popularity.®=* Although relatively small, CO;

utilization through chemical, biological or photo- and electro-chemical activations
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represents a long term contributor to GHG mitigation. Using CO as a carbon source for
the production of useful chemicals is very attractive because CO; is readily available,
cheap and non-toxic. Nonetheless, because of its high stability, only a handful of chemicals
such as urea, methanol and carbonates are produced using CO;, with only urea on a large
commercial scale.’> A more recent example is the successful commercialization of CO»-
derived polyols.’® Often, high temperatures and pressures are required in CO
functionalization reactions.!” Nevertheless, the development of efficient catalytic
processes for the fixation of CO; into valuable organic chemicals under mild conditions
has received considerable attention.®”'* While catalysts can play a significant role in
reducing the activation energy of such reactions, highly reactive co-reactants are amongst
the best options to considerably reduce this energy barrier. One such CO;
functionalization reactions is the cycloaddition of CO, and epoxides into cyclic carbonates
(CCs) as shown in Scheme 7-1. CCs are valuable organic chemicals, with many applications
such as aprotic polar solvents, active pharmaceutical ingredients (APls), and starting

materials in the production of fine chemicals and polymers.17/18

1
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Scheme 7-1. Synthesis of cyclic carbonate from epoxide and CO;
A variety of homogeneous (e.g. ionic liquids), immobilized (e.g. supported ionic

liquids) and traditional heterogeneous (e.g. metal oxides) catalysts, have been reported
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to be active towards this cycloaddition reaction. Progress in this area has been
summarized in a number of reviews.>1371® With the catalyst dissolved in the reaction
medium and all active sites readily accessible, homogeneous catalysts offer improved
selectivity, increased activity, and enhanced mass transfer, consistent with lower reaction
temperature and pressure. Heterogeneous catalysts often suffer from mass and heat
transfer limitations. Consequently, they are generally less active than homogeneous
catalysts, and often require higher temperature and pressure, which may lead to reduced
selectivity. However, they offer several advantages such as stability of active species, easy
catalyst separation/recovery/reuse, and simplified reactor/process design.'® Another
option is to use hybrid solid catalysts, with the expectation to combine the unique
properties of homogeneous catalysts and the technical advantages of heterogeneous
catalysts.?°

Metal-free supported or immobilized ammonium salts, i.e. ionic liquids, are a group
of hybrid solid catalysts, with reported good to excellent performance towards CO;-
epoxide cycloaddition reactions.?22 This class of catalysts combines the high activity of
quaternary ammonium salts with the easy-to-handle attributes of solid catalysts.?* It is
generally accepted that the mode of action of these hybrid catalysts involves a synergistic
effect between an easy-leaving nucleophilic species such as a halide, and an electrophilic
alkylammonium ion. The former activates the ring-opening of the epoxide, while the latter
stabilizes the transition state, leading to an easier and faster insertion of CO. in the rate-
limiting step of the reaction® Porous materials such as mesoporous silica used as

supports?12226 gre expected to accommodate large numbers of active sites with enhanced
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accessibility and productivity. Recently, Werner and co-workers?’ reported an
immobilized phosphonium bromide with surprisingly fourfold higher activity compared to
its homogeneous counterpart. They attributed this enhancement to the availability of
multiple functional groups in close proximity in the immobilized catalyst. This finding not
only highlights the advantages of immobilized organocatalysts, but also offers the
opportunity to develop more active hybrid catalysts than their homogeneous
counterparts.

For economic viability, it is important to achieve efficient methodologies for
catalyst reuse without affecting its performance. Most reusability studies of immobilized
catalysts used propylene oxide (P0O)?3?% and 1,2-epoxybutane (1,2-EB)%> as substrates;
which are easy to activate. It is not surprising that in almost all cases, high yields were
obtained upon catalyst cycling. However, in the presence of styrene oxide (SO), a
significant decrease in the yield was observed upon catalyst reuse.?®3? This drop was
attributed to steric hindrance and active site or pore blockage by the reaction product.
However, no evidence was provided to support these claims. Hence, there is need to
understand the substrate-deactivation relationship upon recycling, to be able to mitigate
any shortcoming.

Tetrabutylammonium bromide in dimethyl carbonate3! or supported on silica3?
was reported to be a reusable catalyst in the synthesis of CCs. However, the need for a
solvent and the tedious recovery of the former catalyst, or the use of supercritical
conditions (8 MPa CO;, 150 °C) with the likelihood of leaching of ionic liquid in the latter

catalyst, makes both systems unattractive. Interestingly, there is indication that
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alkylammonium salts containing bulkier and more nucleophilic halide such as
tetrabutylammonium iodide lead to moderate yields under solvent-free and mild
conditions.?>33 However, no heterogenized butylammonium iodide has been used for the
synthesis of CCs. Inspired by the recent finding that a supported phosphonium salt was
more active than its homogeneous counterpart?’, we immobilized a
tributylpropylammonium iodide on two porous silicas, expecting that OH-groups of the
supports will enhance the catalytic activity by activating epoxides via hydrogen bonding.

In this chapter, it is demonstrated that such hybrid materials are effective catalysts
for the solvent-free synthesis of CCs under mild reaction conditions using terminal and
internal epoxides. Moreover, immobilized tributylpropylammonium iodide was found to
be more active than its homogeneous analog. To investigate the relationship between the
reusability of immobilized catalysts and the nature of the substrate, a systematic study of
the catalytic and textural properties of fresh and spent catalysts was carried out.
7.2. Experimental

N-butylaminopropyltrimethoxysilane (98%) was purchased from Gelest.
Chromatography grade silica gel mesh 230-400 (hereafter referred to as SilL), triblock
copolymer P123 (average M, ~ 5,800), tetraethyl orthosilicate - TEOS (98%),
tetrabutylammonium iodide (99%), 1-iodobutane (99%), styrene oxide (97%), 1,2-
epoxybutane (99%), epichlorohydrin (99%), cyclohexene oxide (98%), diethyl ether
(99.8%), and dichloromethane (98) were purchased from Sigma Aldrich. Ethyl acetate
(99.9%) hydrochloric acid (37%) and anhydrous toluene (99.9 %) were obtained from

Fisher. Chloroform-D was obtained from Cambridge Isotope Laboratories. All chemicals
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were used as obtained with no further purification. Carbon dioxide (99.998%) was
obtained from Linde AG.

7.2.1. Preparation of materials
7.2.1.1. SBA-15 synthesis

SBA-15 was synthesized based on an established procedure.3* Typically, in a 200
mL Teflon-lined container, 4.0 g of triblock copolymer P123 was dissolved in a mixture of
30 g distilled water and 120 g of 2M HCI solution. Thereafter, 8.5 g of TEOS was added
under vigorous stirring. To obtain rod-like particles, stirring was stopped after 5 min.3* The
resultant mixture was kept under static conditions at 40 °C for 20 h. Finally, it was
transferred into an autoclave and heated at 100 °C under static condition for 24 h. The
solid products were collected by filtration, washed with distilled water, dried at ambient
temperature and calcined in flowing N> at 550 °C by raising the temperature at 1 °C/min.

The gas was then switched to air at 550 °C and kept for 5 h.

7.2.1.2. Grafting of aminosilane

The silica supports were dried at 120 °C for 4 h to remove the residual moisture.
An amount of silica (1 and 2 g for SBA-15 and SilL, respectively) was dispersed in 40 mL of
toluene at room temperature for 60 min, followed by addition of 3 mL of N-
butylaminopropyltrimethoxysilane. The resultant mixture was refluxed at 85 °C for 20 h
in an oil bath. The grafted materials were then filtered, washed with toluene, ethyl acetate

and finally pentane. The powder was dried under vacuum at 60 °C for 2 h. The obtained
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solids are hereafter referred to as SBA-15@amine and SiL@amine, depending on their

respective supports.

7.2.1.3 Quaternization of amine grafted silica

An amount of amine functionalized support (1 and 2 g for SBA-15@amine and
SiL@amine respectively) was stirred in 20 mL of toluene at room temperature for 60 min,
followed by addition of 3 mL of 1-iodobutane. The mixture was then heated at 70 °C in an
oil bath and refluxed for 40 h. The obtained solids were filtered off, washed with ethyl
acetate and dried under vacuum (90 °C for 3 h) to yield yellow powder materials of
immobilized tributylpropylammonium iodide (tBPAI). These obtained porous hybrid
materials, labelled PHS-1 (SBA-15@tBPAI) and PHS-2 (SiL@tBPAIl), were kept in a
desiccator containing CaCl,. Because of its hygroscopic nature, tetrabutylammonium
iodide was also dried under vacuum at 90 °C for 3 h and stored in the same desiccator.

The preparation of the PHSs is illustrated in Scheme 7-2.

d 1 N [2] NN
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[1] 1 g (or 2 g) SBA-15 (or silica gel), 3 mL SIB1932.2, 40 mL toluene, 85 °C under reflux, 20 h
[2]11 g (or 2 g) SBA-15@amine (SiL@amine), 20 mL toluene, 3 mL 1-iodobutane, 70 °C, reflux, 40 h

Scheme 7-2. Preparation of porous hybrid solid (PHS) catalysts
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7.2.2. Characterization of materials
7.2.2.1 Textural properties and organic content

The specific surface area, pore volume and mean pore diameter of the supports,
amine-grafted materials and PHSs were determined by nitrogen adsorption
measurements at -196 °C on a Micromeritics 2020 instrument, using a previously
reported method.3>3® Samples were degassed for 4 h at 100 °C prior to analysis. Specific
surface areas were calculated using the BET method at relative pressures of 0.06 to 0.2.
The total pore volume (Vp) was recorded at p/p0 = 0.99 to exclude possible interparticle
pores. The average pore size (Dp) was determined using the density functional theory.
The organic or nitrogen content (N-content) of amine-grafted and PHS materials were
determined using thermogravimetric analysis (TGA) on a TA Q500 instrument. The sample
was heated to 800 °C (at 10 °C min~t) under flowing nitrogen, then air at 800 °C for 10

min. The organic content was calculated based on the weight loss beyond 200 °C 3¢,

7.2.2.2. FT-IR spectroscopy

In situ FT-IR measurements were carried out on a Nicolet 6700 spectrometer
equipped with a mercury cadmium telluride (MCT) detector, using ambient air as
background. Self-supported translucent wafers of about 5 mg and 1 cm diameter were
placed inside a stainless-steel IR cell equipped with CaF; windows. All samples were
thermally pre-treated in N; at 120 °C for 90 min to remove any adsorbed species. Then,

the cell was allowed to cool down to room temperature, and a spectrum was recorded
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through 128 scans under nitrogen. All FT-IR experiments were run in triplicate to ensure

the reproducibility of the results, and average wavenumbers are reported herein.

7.2.2.3 Solid state and solution NMR analysis

Solid-state NMR (*3C and '°N) spectra were recorded with a Bruker AVANCE 11l 200
NMR spectrometer with the following settings:

13C CPMAS and 13C CPMAS with dipolar dephasing: Chemical shifts with respect to the

carbonyl carbon of glycine at 176.5 ppm (TMS at O ppm), MAS rotor size = 7 mm, magic
angle spinning speed = 4500 Hz, cross polarization with high power decoupling, proton 90
degree pulse = 3.75 microseconds, contact time = 2 milliseconds, acquisition time = 25.4
milliseconds, recycle time = 2 seconds, 1024 points collected, spectral width = 20161.291
Hz, data zero filled to 4K points, 40 Hz of exponential line broadening applied, number of
scans collected: 3000 — 17000 and dipolar dephasing time used (when applied) = 40
microseconds.

15N CPMAS: Chemical shift with respect to NH4Cl at -341.2 ppm (neat nitromethane at 0
ppm), MAS rotor size = 7 mm (stretch rotor), magic angle spinning speed = 3000 Hz. cross
polarization with high power decoupling, proton 90-degree pulse = 3.30 microseconds,
contact time = 5 milliseconds, acquisition time = 45.9 milliseconds, recycle time = 2
seconds. 1024 points collected, spectral width = 11160.714 Hz. Data zero filled to 8K
points, 10 Hz of exponential line broadening applied and number of scans collected:

123888
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For solution NMR analysis, 13C and *H NMR spectra of liquid samples were obtained using
a Bruker AV 400 spectrometer. Chemical shifts are reported in ppm relative to the
deuterated solvent, chloroform-D.

Where separation was needed to isolate the cyclic carbonate prior to NMR analysis, silica
gel (grain size 400 — 230 mesh from Sigma Aldrich) flash chromatography was used with a
3:1 ethylacetate:ether mixture as solvent.

7.2.3. Cycloaddition reaction and analysis of reaction mixture

A 100 mL high-pressure autoclave equipped with a magnetic stirrer was charged with
2 mL of a model epoxide (corresponding to 22.7 and 17 mmol of 1,2-EB and SO
respectively) and 2 mol% of catalyst (PHS or NBual) with respect to the epoxide. This
volume of substrate was chosen to ensure proper mixing, which is critical in triphasic
reactions. The reactor was pressurized with CO; to 1.0 MPa and heated to 100 °C under
vigorous stirring. At the end of the reaction, the reactor was cooled with an ice bath to <
15 °C and CO, was released slowly. When NBual was used as catalyst, the reaction mixture
was directly collected using diethyl ether, whereas in the presence of solid catalysts, the
reaction mixture was suspended in diethyl ether and filtered to recover the catalyst. The
solid catalyst was then washed with diethyl ether or acetone (5 x 20 mL) and dried in a
vacuum oven at 90 °C for 2 h. N-content measurements were carried out on all spent solid
catalysts by TGA, while only selected spent catalysts were subjected to N;-adsorption and
13C solid state NMR measurements.

After removal of all volatiles using a rotavap, a solvent-free reaction mixture was

obtained. With SO as substrate, the reaction mixture was a liquid, a slurry or a solid
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depending on the conversion of SO. For all other substrates, the reaction mixture was a
liquid. 0.1 g of slurry or solid reaction product was dissolved in 0.4 mL of toluene and 50
pL of dodecane (internal standard) was added. To 100 pL of liquid reaction mixture, 50 pL
of dodecane was added. 0.4 pL of this mixture were injected into a Varian CP-3800 GC
equipped with a HP-1 capillary column (15 m length, 0.25 mm inner diameter and 0.25
pum film thicknesses) and a flame ionization detector (FID); with helium as carrier gas. The
temperature program used for the analysis was as follows: initial oven temperature 80 °C
(1.5 min); ramp at 30°C/min and held at 250 °C (3 min); injector port temperature: 250 °C;
detector
7.3. Results and discussion
7.3.1. Catalyst characterization

As shown in Figure 7-1, the nitrogen adsorption—desorption isotherms for the
functionalized materials as well as the silica supports were of Type IV with H1 hysteresis
loop characteristic of mesoporous solids®’ The corresponding textural properties are

presented in Table 7-1.
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Figure 7-1. Nitrogen adsorption—desorption isotherms of pristine and functionalized
supports

Table 7-1. Textural properties and N-content of solid materials

. - N-content

Material Specific Sa (m?/g) Vp (mL/g) Dp (nm)
(mmol/g)

SBA-15 716 0.90 6.82
SBA-15@amine 459 0.71 6.50 1.49
PHS-1 228 0.42 6.22 1.05
SiL 478 0.83 6.19
SiL@amine 308 0.41 4.65 1.25
PHS-2 151 0.18 4.31 0.86

All grafted-materials had lower BET surface areas and pore volumes than their pure silica

counterparts. Moreover, the nitrogen capillary condensation in functionalized materials

occurred at lower relative pressure, indicating a decrease in the average pore size. These
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findings provide strong evidence that immobilization of the organic moieties took place

on the internal surface.

The organic contents of grafted silicas as determined by TGA are also shown in

Figure 7-2. The higher N-content for SBA-15@amine compared to SiL@amine, and for

PHS-1 compared to PHS-2 (Table 7-1), is likely to be associated with the higher surface

area of the SBA-15 silica support. The observed decrease in N-content following amine

guaternization confirmed the incorporation of additional organic moieties. Considering

the N-content per gram of silica for both the amine grafted and quaternized solids to be

the same, the yield of the quaternization reactions was evaluated to be 85 % for both

PHSs.
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Figure 7-2. TGA profiles of pristine and functionalized supports

FT-IR spectra depicted in Figure 7-3, show broad bands centered at 3350 and 1630

cm™, associated with the silanol (SiO—H) groups in both supports. Owing to their higher
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organic loading, all SBA-15 based materials showed stronger bands compared to SiL-based
materials. Bands around 2939, 2850, 1850 (on SBA-15@amine only) and 1450 cm™ were

assigned to the —CH,— units of the grafted tributylpropylamine.??
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Figure 7-3. FT-IR spectra of supports, amine-grafted supports and immobilized catalysts of (a)
SBA-15 and (b) SiL based materials; and NBual

Weak bands observed at 3000 and 1580 cm™! were assigned to N-H stretching and
deformation, respectively.3® Finally, the band at 1410 cm™ was ascribed to C—N stretching.
The identification of these functional groups (-CH;-, N-H and C-N) confirmed the presence
of alkyl amine groups on the supports.3® Comparing the spectra of amine-functionalized
materials and that of PHSs, new bands were observed at 2540 and 2410 cm™. These
bands, which were identified in the spectrum of NBual, were assigned to C-N vibrations of
the C-N* bond.3° For both PHSs, the broad signal centered at 3300 cm™ suggests that both

functionalized catalysts contained unreacted silanol groups, which are expected to
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enhance the catalytic activity through hydrogen bonding with the epoxide. This effect was
more pronounced for PHS-2, suggesting it contained more unreacted silanol groups.
NBusl and the functionalized catalysts were further characterized by solid-state *3C
and N CP-MAS NMR studies. For 13C CP-MAS, peaks around 64, 28, 23 and 16 ppm were
assigned to the four carbon nuclei of the butyl groups as illustrated in Figure 7-4a.
Functionalized catalysts showed no distinctive peaks corresponding to the propyl group,
most likely because of a combination of the low intensity of the propyl —CH,— signals and

their overlap with the corresponding —CH,—peaks (b, c and d) of the butyl groups.
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Figure 7-4. a) 13C CP-MAS NMR and (b) >N CP-MAS NMR of NBual and immobilized catalysts.
The >N MAS NMR spectra of NBual showed a single peak at around -312 ppm,
which corresponds to the lone N-atom (Figure 7-4b). A similar peak, although of
significantly lower intensity, was observed in the presence of immobilized catalysts. The
low signal-to-noise ratio was attributed to the combined effect of the low natural
abundance of >N (0.37 %) and N-content of the samples (0.86 — 1.05 mmol/g).
Combination of NMR and FT-IR data clearly indicates the chemical identity of immobilized

moieties, thereby confirming the structure of the PHSs (Scheme 7-1).

130



7.3.2. Catalytic activity

7.3.2.1. NBua4l vs. tributylpropylammonium iodide immobilized on SBA-15
(PHS-1)

The activity of NBual and immobilized PHS-1 catalyst was evaluated using two
model reactions (Scheme 7-3); the solvent-free cycloaddition of CO, and 1,2-epoxybutane
(1,2-EB) to 1,2-butylene carbonate (1,2-BC), and styrene oxide (SO) to styrene carbonate
(SC). 1,2-BC was obtained as a clear oily liquid, while SC was white crystals. These reactions
were chosen due to the less reactive nature of SO compared to 1,2-EB, enabling a
meaningful comparison of catalytic performance. PHS-1 was used instead of PHS-2
because of its higher N-content.

1,2-butylene oxide (1,2-EB) 1,2-butylene carbonate (1,2-BC)
2 mol % catalyst

> (0}
0 )
1.0 MPa CO,, 100 °C
o
+ CO,

styrene oxide (SO) styrene carbonate (SC)

Scheme 7-3. Model reactions for the cycloaddition of CO, and epoxides to CCs.

The effect of time on both reactions is presented in Table 7-2. Surprisingly, the
immobilized PHS-1 catalyst showed significantly higher activity compared to
homogeneous NBual in both reactions (Table 7-2: entries 1 vs. 4, 2 vs. 5 and 3 vs. 6). The
slightly lower selectivity towards 1,2-BC compared to SC was due to the higher reactivity
of 1,2-EB compared to SO. The B-carbon atom of the former is more reactive than that of

the latter. This favour the reaction of 1,2-BC with available water molecules to form 1,2
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butanediol as a by-product. This diol was reported as the main side product along with
minor amounts of the carbonyl isomers of the epoxide.3?

Table 7-2 A comparison of the catalytic performance of NBual and PHS-1 for cycloaddition of
CO; and 1,2-epoxybutane into 1,2-butylene carbonate (1,2-BC) or styrene oxide into styrene

carbonate (SC)

1,2-BC SC

Entry Catalyst Time (h) Yield Sel. (%) Yield Sel. (%)
(%) (%)

1 2 25.2 95.5 27.3 96.0

2 NBual 4 70.5 92.1 60.4 94.1

3 6 80.5 90.8 70.1 91.7

4 2 70.4 97.1 60.6 98.1

5 PHS-1 4 96.2 96.8 81.7 96.9

6 6 90.5 91.5 98.0 98.5
Reaction conditions: 2 mol % NBuasl or PHS-1, 100 °C, 1 MPa CO,, solvent-free

In addition to the diol product, poly(carbonates) have also been reported as side
products.3? Purging the reactor twice with 0.5 MPa CO: did not lead to any significant
changes in yield and selectivity. This observation prompted us to look into the effect of
added water on the synthesis of 1,2-BC. As shown in Table A7-1 (Appendix), addition of
water had no effect on the yield and selectivity of 1,2-BC. Although addition of water has
been reported to improve both the yield and selectivity of CCs*° this was not observed
under the current reaction conditions. The main by-products for this reaction were 1,2-
butandiol and poly(butylene carbonate). The former is formed by hydrolysis of the
epoxide, while the latter is formed either from the ring opening polymerization of 1,2-EB
and CO; or 1,2-BC. Literature data indicate that such polymerization reactions may be
catalyzed by zinc-containing ionic liquids.**™** Nonetheless, it seems that these reactions

proceed to a small extent in the absence of an appropriate catalyst. The yield of 1,2-

132



butanediol and poly(butylene carbonate) were observed to increase and decrease
respectively with the amount of water, suggesting that the presence of water favours the
formation of 1,2-butanediol over poly(butylene carbonate). Judging from the observed
trend, it can be inferred that once poly(butylene carbonate) is produced, it partially
undergoes hydrolysis into 1,2-butanediol, leading to an increase in the amount of the
latter with water.

The observed decrease in selectivity with reaction time was attributed to further
formation of these side products. For both NBusl and PHS-1, the optimum reaction time
was 4 and 6 h for 1,2-EB and SO, respectively. Hence, the reaction conditions used for
reusability studies on PHS-1 were 1.0 MPa CO;, 100 °C and 4 h (for 1,2-EB) and 6 h (for
SO). Similar optimum reaction conditions, were reported with N,N,N-
tris(hydroxyethyl)propylammonium iodide supported on non-porous silica.?
Alkylammonium salt containing hydroxyalkyl or carboxyalkyl groups are well known to
activate epoxides through hydrogen-bonding.* However, long alkyl chains, notably butyl,
have been reported to be equally active due to a stronger nucleophilicity of the halide.
This enhancement in nucleophilicity originates from the weakened electrostatic
interaction between the halide and the butyl ammonium center.4®

The observed high activity of the immobilized catalyst compared to its
homogeneous counterpart may be attributed to three reasons. Firstly, activation of the
epoxides by unreacted silanol groups on the support (SBA-15) is enhanced through
hydrogen bonding. Such an interaction increases the strain on the epoxide ring system,

leading to a lower energy barrier to open the oxygen bridge.* In line with this statement,
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catalysts containing functional groups that are capable of forming hydrogen bonds with
epoxides were reported to be highly active towards the cycloaddition of epoxides and
C0,.47% Secondly, the -Si-O-Si-C- linkages at the interface of the silica surface and the
immobilized organic moieties is known to improve the thermal stability (or resistance to
thermally induced deactivation processes) of immobilized catalysts.>° Thirdly, the fraction
of un-quaternized secondary amino groups on PHS-1 could be involved in CO; capture,
creating and maintaining a CO2 pool close to the active sites and substrate. Consistent
with the current findings, similar activity enhancement was reported following the
immobilization of molecular catalysts.?”°1>2 Toshiyasu and co-workers®! reported a 300-
fold increase in rate constant of propylene and CO, cycloaddition reaction over silica
supported phosphonium salts compared to their homogeneous counterparts. In addition
to activation of the epoxide by silanol groups, the authors attributed this improvement to
a decrease in the frequency factor of the molecular catalysts once immobilized. The lower
frequency factor indicates that the immobilized species collide more readily with the
substrate molecules rather than with each other.

Under mild conditions, alkyl ammonium iodides achieve less than 75 % yield in
CCs.”3 To achieve higher yields, they are often used as co-catalysts in the synthesis of CCs,
alongside other species able to activate epoxides through hydrogen bonding, e.g. 3-
hydroxypyridine and tetra-n-butylammonium iodide®*, tetrabutylammonium bromide in
dimethylcarbonate3?!, tetrabutylammonium bromide and (ethylenediaminetetraacetic
acid) EDTA,*® and tetrabutylammonium iodide and tannic acid.>®> We believe the lower

activity of tetrabutylammonium iodide compared to the PHSs is due to its inability to
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activate the epoxides. Such activation is possible of the PHSs due to the availability of

silanol groups.

7.3.2.2. Reusability of PHS-1 Catalyst

The main purpose of this study was to develop a substrate-independent reusable
solid catalyst under the optimized reaction conditions. Following reactions, spent PHS-1
was recovered by filtration (up to 95% by weight), washed with Et,0 (5 x 20 mL) and dried
under vacuum at 90 °C for 2 h. Prior to each reaction cycle, the N-content of the catalyst
was determined by TGA and the weight adjusted accordingly to meet the required 2 mol%
catalyst loading with respect to the substrate (22.7 and 17 mmol for 1,2-EB and SO,
respectively). Moreover, nitrogen adsorption-desorption measurements were carried out
on the spent catalysts from cycles 1 and 5. Results on the reusability of PHS-1 in the

synthesis of 1,2-BC are shown in Figure 7-5.
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Figure 7-5. Reusability studies of immobilized PHS-1 catalyst. Reaction conditions: 22.7
mmol 1,2-EB, 2 mol% PHS-1, 100 °C, 1 MPa CO; and 4 h.

Cycle 1 represents the run using the fresh catalyst, while cycle 2 stands for the first reused
catalyst and so on. As seen, this catalyst could be reused at least 5 times without any
noticeable loss of activity. Excellent conversions (= 99%) and yields (= 96%) were obtained,
which demonstrate the effectiveness of PHS-1 towards this reaction

Nevertheless, the normalized N-content showed a gradual decrease with reuse,
particularly during the first three cycles. Although proper washing was ensured during the
catalyst preparation steps, some N-butylaminopropyltrimethoxysilane molecules could
have been physically adsorbed on the amine grafted material, a fraction eventually ending
up quaternized and stayed on the catalyst surface. These deposited ammonium species
may leach, particularly during the first two reuses. Another reason behind the early loss
of nitrogen is the leaching of immobilized active sites; possibly via dealkylation of the

136



ammonium groups, which may involve a loss in butyl group(s) or the complete leaching of
ammonium ion units. Different pathways for these deactivation processes of supported
ionic liquids were reported by Villuendas and co-workers °® After the third cycle, further
loss in activity was negligible. This can be ascribed to the presence of strongly bonded
alkylammonium iodide species on the supports; which were relatively stable towards
dealkylation/leaching processes.

We then investigated the reusability of PHS-1 in the presence of a more challenging
substrate, SO. With the exception of the reaction time, i.e. 6 versus 4 h, the recycling
experiments were carried out as with 1,2-EB. As shown in Figure 7-6, very good to
excellent yields and selectivity (= 96%) were obtained for up to 3 cycles. However, a
decrease in yield (90 and 83% in the 4% and 5% cycles, respectively) was observed
thereafter, although the selectivity remained constant. This decline in catalytic activity
may be due to catalyst deactivation and/or physical phenomena such as pore and/or

active site blockage by the reaction product.
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Figure 7-6. Reusability studies of immobilized catalyst PHS-1. Reaction conditions: 17 mmol SO,
2 mol% PHS-1, 100 °C, 1 MPa CO; and 6 h.

Although diffusion constraints due to the steric requirements of immobilized bulky
species such as N-substituted azaphosphatrane on SBA-15 was found to decrease the
catalytic activity®’, tributylpropylammonium iodide is presumably not bulky enough for
diffusion limitations to be a factor in catalyst deactivation. Previous studies also reported
poor reusability of immobilized catalysts in the synthesis of SC, with the observed
behavior attributed to the leaching of active sites.??*® However, we found that the N-
content decreased by 15% after the first reaction cycle and remained unchanged
thereafter. As already mentioned, the early loss of nitrogen may be due to the leaching of
adsorbed alkylammonium iodide species. However, the observed decrease in the yield of
SC at a constant N-content (from cycle 2-5) was unusual. To shed light on this issue, we
looked at changes in the textural properties of the fresh and selected spent PHS-1
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catalysts. If the leaching of active species via dealkylation processes are responsible for
the decrease in the N-content, then changes in the textural properties of the spent
catalysts, with a systematic trend, should be expected. The textural properties of the fresh

and spent PHS-1 from cycles 1 and 5 are shown in Table 7-3.

Table 7-3 Textural properties of fresh and spent PHS-1 from the model reactions in Scheme 3

Entry Catalyst BET (m?/g) Vpo(mL/g) Dp(nm) N-content
(mmol/g)
1,2-EB + CO, =1,2-BC
1 Fresh PHS-1 228 0.42 6.22 1.05
After cycle 1 228 0.42 6.30 1.02
After cycle 5 299 0.52 6.55 0.95
SO + CO, =SC
Fresh PHS-1 228 0.43 6.22 1.05
5 After cycle 1 227 0.41 6.03 0.90
6 After cycle 5 204 0.39 5.86 0.90

For both model reactions, the textural properties and N-content of the fresh catalyst and
that from cycle 1 were similar (Table 7-3: entries 1 vs. 2 and 4 vs. 5). The leaching of
adsorbed species is not expected to lead to a noticeable change in the surface area of the
immobilized catalyst. For the synthesis of 1,2-BC, the spent catalyst from cycle 5 showed
an increase in surface area, pore volume and pore diameter compared to that after cycle
1 (Table 7-3: entries 2 and 3). These increases are likely due to the loss of organic moieties
from the support, mainly as a result of dealkylation processes. If quaternization of amine
grafted silica led to a decrease in all three textural properties (Table 7-1), then dealkylation
should have the opposite effect. The observed increase in all three textural properties is
in agreement with this expectation. In line with this, trends in TGA and N3 adsorption data
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are consistent with the observed decrease in the N-content of spent PHS-1 catalysts with
reaction cycles being due to the loss of immobilized organic moieties. Using Energy
Dispersive X-Ray Analysis (EDX) elemental mapping, similar losses of nitrogen and
bromine in immobilized phosphonium salt were found to take place during recycling in
the synthesis of cyclic carbonates.?’” Hence, a combination of textural properties and TGA
data, provides a useful tool to gain insights into the deactivation of immobilised
organocatalysts by dealkylation processes.

Considering the reusability of PHS-1 in the synthesis of SC, negligible decreases
were observed in surface area and pore volume after cycle 1, while a more noticeable
decrease in pore diameter and N-content was recorded (Table 7-3: entries 4 and 5). The
latter pair of observations seems to indicate the simultaneous occurrence of two
phenomena: deposition of SC crystals on the surface of the spent catalyst (leading to a
decrease in pore diameter), and the loss of organic moieties (leading to lower N-content).
The longer reaction time for the synthesis of SC, compared to 1,2-BC, might have
contributed to the more severe drop in N-content after cycle 1 (Table 7-3: entries 2 and
5). Additionally, an opposite trend in textural properties was observed, as the surface
area, pore volume and mean pore diameter decreased when comparing the spent PHS-1
of cycles 2 and 5 (Table 7-3: entries 5 and 6). Keeping in mind the viscous nature of the
reaction mixture and the porous nature of PHS-1, solid SC product could be trapped in the
pores and/or block the active sites of the catalyst cycle-after-cycle. Occurrence of
deposited SC in spent catalysts was confirmed by 13C CP-MAS NMR data. As shown in Fig.

7-7, the 13C NMR peaks between 10 and 60 ppm observed in fresh PHS-1 (Figure 7-7) were
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attributed to the C-atoms of immobilized tributylpropylammonium iodide, whereas the
spent catalysts exhibited additional peaks at around 60, 65, and overlapped peaks

centered at 130, 144 and 220 ppm.

PHS-1 cycle1 ¢

PHS-1_fresh

300 200 100 0
3 (ppm)

Figure 7-7. 13C CP-MAS NMR spectra of fresh and spent catalysts PHS-1

All these peaks are consistent with the occurrence of SC (Fig. 7-7). The relative
amount of adsorbed SC was found to be higher after the 5% cycle, suggesting that the SC
deposition accumulated upon catalyst recycling. These observations indicate that even
the extensive washing of recovered catalyst (with 5 x 20 mL of diethyl ether) was not
sufficient to remove all the SC product. Washing the recovered catalysts with more polar
solvents might eliminate or at least further reduce the accumulation of SC. Nevertheless,
this was not investigated as we were not satisfied with the long reaction time (6 h) needed

in the synthesis of SC using PHS-1.
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Based on the current findings and related literature, the observed decrease in SC
yield with reaction cycles coupled with a constant N-content after cycle 1 (Figure 7-6)
strongly indicates that the weight gain due to SC deposition and the weight loss due to
dealkylation were comparable, leading to a constant and overestimated N-content as
determined by TGA. Consequently, the actual catalyst loading of spent catalysts was likely
lower than 2 mol% (for cycles 2 to 5). This could partly account for the declining catalytic
performance with reuse. Moreover, deposited SC species could block both the active sites
and pores of the immobilized catalyst, further causing a drop in catalyst performance.

Ideally, catalytic cycloaddition of CO., and epoxides takes place under mild
conditions, including low temperature and CO; pressure as well as short reaction time.
Although PHS-1 catalyst demonstrated very good to excellent activity towards the model
cycloaddition reactions, long reaction times and reusability issues with SO called for
improvement of the material and the catalyst recovery step. Despite its higher N-content
(compared to PHS-2), the low apparent density of SBA-15 means a high volume of PHS-1
is required, creating a viscous reaction mixture, leading to longer reaction times to achieve

high conversion.

7.3.2.3. PHS-2 catalyst: Reusability studies

In an attempt to reduce the impact of heavy deposits on the recyclability of the
catalysts, a more extensive washing procedure was adopted, using SO as substrate in the
presence of more active PHS-2 catalyst. Each spent catalyst was further stirred in acetone
for 30 min at room temperature, filtered and washed with more acetone. The recovered
catalyst was then dried at 90 °C for 2 h under vacuum. Because of its higher polarity
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compared to diethyl ether, acetone is expected to better dissolve and wash off adsorbed
SC crystals.

Interestingly, PHS-2 showed significant improvement in catalytic performance
compared to PHS-1. Notably, the optimum reaction time was found to be 4 h, compared
to 6 h for PHS-1. Moreover, as shown in Figure 7-8, no noticeable changes in the product

yield were observed over five reaction cycles.

[ Yield (%) B Sel. (%) [__] Normalized N-content (%) |

100

80

60 —

40

20—

3 4 5
Reaction cycle

Figure 7-8. Recycling studies of immobilized PHS-2 catalyst. Reaction conditions: 17 mmol SO, 2
mol% PHS-2, 100 °C, 1 MPa CO; and 4 h.

This remarkable outcome was attributed to a two-fold higher apparent density of the
support (SiL, 40 — 60 um in size), compared to SBA-15 (about 1 um in size 3*). This brought about
a major improvement in mixing, mass and heat transfer processes. Also, the presence of more
un-functionalized silanol groups on PHS-2 compared to PHS-1, might have enhanced the

activation of SO. Finally, as explained later, the improved catalyst recovery step had a positive
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impact on the catalyst reusability. Similar to PHS-1, the N-content of PHS-2 showed a noticeable
decrease in cycle 1, which was attributed mainly to the leaching of adsorbed active sites. The
drop in the N-content was significantly less pronounced from cycles 3 to 5; an indication of a
more stable catalyst, which underwent minimal deactivation. Comparison of the textural
properties of fresh and spent PHS-2 after cycles 1 and 5 (Figure 7-9) showed an increase in surface
area and pore volume with reuse. This finding is consistent with deactivation of PHS-2 via
dealkylation processes. Although a 38% increase in surface area and a 30% drop in N-content
were observed after 5 reaction cycles, no attempt was made to correlate these two findings.
Moreover, the mean pore diameter of PHS-2 was observed to slightly increase (1.3 %) after cycle
1 and decrease after cycle 5. If dealkylation proceeds with negligible deposition of SC, pore
diameter is expected to increase; which is consistent with our findings. The recorded decrease in
pore diameter after cycle 5 was attributed to minimal dealkylation accompanied by a significant

deposition of SC.
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Figure 7-9. Normalized textural properties of fresh and spent PHS-2 catalyst after cycles 1 and 5

13C NMR spectra for PHS-2 before reaction and after the first cycle were identical (Fig. 7-
10), whereas, after cycle 5, spent PHS-2 showed all the signals associated with SC as
identified in Figure 7-7. This finding indicates that even after extensive washing, heavy
products may still accumulate on the catalyst surface, albeit at a lower rate. Based on
these results, one can argue that the observed accumulation of SC on PHS-1 with reuse
could be significantly reduced by the two-step extensive catalyst washing procedure used

on spent PHS-2, thereby improving its reusability.
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Figure. 7-10. 3C CP-MAS NMR spectra of fresh and spent PHS-2 catalyst after cycles 1 and 5
To the best of our knowledge, this is the first time that a systematic study using N-content,
textural properties and 3C NMR measurements to correlate the surface and textural
properties of an immobilized catalyst to its recyclability performance in the synthesis of
CCs has been reported.

A survey of literature data was carried out to compare the performance of other
silica and polystyrene-supported ammonium and phosphonium salts (Table 7-4, entries 1-
13) to PHS-2 (Table 7-4, entry 14). Although lower CO; pressures were used in entries 1-
3, the reaction temperature and duration were significantly higher than the current
optimum conditions. Whilst entries 4-9 dealt with solid catalysts operated at moderate
pressures similar to the current study, comparable performances to PHS-2 were obtained

only at significantly higher catalyst loading (entry 6-7), temperature (entry 8) and duration
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(entry 9). The operating conditions of entries 4 and 5 were similar to ours, but the

obtained yields were lower.

Table 7-4 Immobilized ionic liquids on silica and polystyrene for the synthesis of SC from SO and

CO;

immobilized Pco2 t Yield
Entry catalyst Cat. (mol%) (MPa) T(°C) (h) (%) Ref
1 g0 2.77 0.4 120 24 92 2

‘Nirﬁ\’\
2 o 1.93 0.5 130 10 99 58
3 r 0.25 0.6 130 10 77 18

. /-.V,L:N.‘"»\L,GH
4 Y 2.00 1.0 90 6 85 25

OH ]

5 2.0 1.0 90 4 93 25
6 8.0 1.0 65 18 98 45
7 Orp 6.50 1.0 85 6 99 >

Jj

b
8 S 3.37 1.2 130 25 94 60
9 Q- B4 0.6 1.2 120 12 97 49

PDDA-Br-ZnBr;-
10 2/5i0; 0.45 2.5 100 12 93 61
11 MCM-41-Imi/Br 0.13 3.0 100 4 98 30
12 n-BusNBr/SiO; 1.70 8.0 150 8 97 32
13* Q— Pua 5.0 150 10 96 62

s N This
14 § 2.00 1.0 100 4 98 work

* 0.08 g of catalyst per 3 mL of substrate
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Even though very good to excellent yields were obtained in entries 10-13, the CO;
pressure employed was 2.5 to 8 times higher than in the current study. A similar high yield
of SC was reported over an insoluble ion exchange resin functionalized with -N*(CH3)sCl
species, albeit under supercritical CO2 (8 MPa, 100 °C, 12 h).®3 These results highlight the
importance of the iodide ion as a superior leaving group, critical towards achieving high
yield under mild conditions. Clearly, metal-free PHS-2 showed a superior performance
compared to literature data as it offers the best compromise between CO; pressure,
reaction temperature, reaction time and catalytic performance.

Finally, we investigated the scope of PHS-2 using two more substrates, namely
epichlorohydrin (EPH) and cyclohexene oxide (CHO), to synthesize 4-(Chloromethyl)-1,3-
dioxolan-2-one and hexahydrobenzo[d][1,3]dioxol-2-one, respectively. Although less
reactive than 1,2-EB, the former epoxide is relatively easy to activate, whereas the latter,
an internal epoxide, is even more difficult to activate than SO. For both substrates,
optimum reaction conditions were used, and the effect of time was studied. Both EPH and
1,2-EB required just 2 h to attain maximum conversion (Table 7-5, entries 1 and 3). A

decrease in yield and selectivity was observed after 4 h (Table 7-5, entries 2 and 4).
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Table 7-5 Yield and selectivity of various epoxides with CO; using PHS-2

Entry Epoxide Cyclic carbonate time  Yield (%) Sel.
(h) (%)

1 o J:Oﬁo 2 92.2 94.7

Cl

2 oA ° 4 85.4 89.0

3 o O>:O 2 95.1 98.1

4 ~ ° 4 90.2 91.5

5 4 3.1 90.3

H
0
6* AN 24 225 62.3
O O
H

Reaction conditions: 2 mol % PHS-2, 100 °C, 1 MPa, solvent-free. *CHC was exclusively
formed as the cis isomer, as identified by *H and *3C NMR, and FT-IR analysis.®*

In contrast, after 2 h, CHO led to a mere 3.1% cyclohexene carbonate (CHC) (

Table 7-5, entry 5). However, when the reaction time was extended to 24 h, the reaction
yield was 7 times higher (Table 7-5, entry 6). Many research groups reported low yields in
the synthesis of CHC, which was attributed to steric hindrance.*>4%:°8 Although 93% CHC
yield was reported by Xie et al.,?® this was achieved under harsh conditions (6 MPa CO,
110 °C, and 72 h). Based on the current findings, it is clear that PHS-2 is a versatile catalyst
for the efficient synthesis of CCs from external epoxides under mild conditions.

Conclusion

Two tributylpropylammonium iodide immobilized on mesoporous silicas (PHS-1 and

PHS-2) were prepared and tested in the conversion of CO, with two model epoxides (1,2-
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EB and SO) to produce CCs. These materials were found to be effective and easily reusable

hybrid catalysts for this cycloaddition reaction, under mild conditions (2 mol% catalyst

loading, 1.0 MPa CO,, 100 °C, < 6 h reaction time). The desired CCs were obtained in

excellent yields and high selectivity (both > 95%). The synergistic effect between the

support, notably its silanol groups, and immobilized organic moieties resulted in superior

catalytic activity compared to the homogeneous NBugl salt. Moreover, we found that for

reusability studies with SO as substrate, the apparent densities of the supports and

catalyst recovery steps were critical parameters affecting the activity of the catalyst.

Compared with similar solid catalysts reported in the literature, our PHS-2 catalyst was

significantly more active, selective, and stable for the cycloaddition of CO; and SO to

styrene oxide.
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CHAPTER 8 NOVEL POROUS ORGANOCATALYSTS FOR
CYCLOADDITION OF COz AND EPOXIDES

8.0. Overview

While immobilized ammonium salts prepared by grafting aminosilane onto porous silica
(referred to as disordered mesoporous organosilicas - DMO) have been extensively studied for
the synthesis of cyclic carbonates from CO; and epoxide, similar catalysts prepared directly by
one-step co-condensation of an aminosilane/alkoxy-ammonium salt (referred to as ordered
mesoporous organosilica - OMO) with TEOS, or polycondensation of organic bridged-
silsesquioxane (referred to as periodic mesoporous organosilicas PMO) have received less
attention. In this study, these three classes of organosilicas (DMO, OMOs and PMOs) containing
immobilized multi-hydroxyl bis-(quaternary ammonium) iodide salts were prepared and tested
in the cycloaddition of CO, and epoxides. Owing to its higher surface area, pore volume and
optimum nucleophilicity of the iodide ion, OMO-2 with two hydroxyl groups was found to be the
most active catalyst. For substrates that are easy to activate such as propylene oxide, 1,2-
epoxybutane and epichlorohydrin, excellent yields and selectivity were obtained under mild
reaction conditions (0.5 MPa CO2, 50 °C and 10 — 15 h). Moreover, OMO-2 showed very good
catalytic properties (yield > 93% and selectivity > 98%), and excellent chemical and textural

stability in the synthesis of 1,2-butylene carbonate over 5 cycles.
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8.1. Introduction

Among greenhouse gases (GHGs), carbon dioxide (CO;) is the main anthropogenic
contributor to global warming and climate change.? Carbon capture is recognized as one of the
most promising strategies to mitigate the adverse effects of CO, emissions.>* Previously viewed
largely as an industrial waste product, CO; is increasingly being valued as a cheap, readily
available and non-toxic C1 source for the synthesis of chemicals and fuels.>® Accordingly, CO;
utilization is gaining popularity as a complementing tool to CO, capture and sequestration
towards GHG mitigation. However, the inherent thermodynamic stability of CO, makes its less
reactive with several molecules. As such, high CO, pressure and reaction temperature are
generally required for its transformation. Nonetheless, combining CO, with highly reactive
substrates such as epoxides and aziridines, in the presence of suitable catalysts, provides a
pathway to overcome this energy barrier. The catalytic conversion of CO; and epoxides to cyclic
carbonates (CCs) is one of many reactions using CO; as a reactant. Application of CCs as aprotic
polar solvents, active pharmaceutical ingredients, and monomers in the production of fine
chemicals makes them an important group of organic materials in the chemical industry. In the
generalized mechanism for the synthesis of CCs, regioselective CO; insertion is achieved by a
combination of epoxide activation by Y through oxygen atom coordination and ring-opening by

a nucleophile, X (Scheme 8-1).

(:)3 0 o=c=0 O o 0o
A\ QR .~ — - M
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Scheme 8-1. Synthesis of cyclic carbonate from epoxide and CO;
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A variety of homogeneous catalysts such as ionic liquids’ and metal complexes?,
immobilized catalysts including supported ionic liquids’, and traditional heterogeneous catalysts®
were reported to be active towards CO; cycloaddition. On their own, the last group of catalysts
showed low reactivity, and as such received less attention compared to free and immobilized
homogeneous catalysts. The latter may consist of a single catalytic component, or a combination
of a catalyst and a co-catalyst.® Examples of one-component catalysts include
tributylpropylammonium iodide immobilized on silical®, quaternary ammonium!' and
phosphonium??  salts. Two-component catalysts include benzyl bromide/DMF®,
tetrabutylammonium salt/ EDTA!, and polymer-supported quaternary onium salts/aqueous
solutions of metal salts.’> These catalysts are not highly popular as they increase the complexity
of the process, leading to tedious catalyst separation/recovery and product purification steps.
Accordingly, to achieve simplified and cost-effective chemical processes, one-component
catalysts are preferred.

One-component catalysts can be mono- or bifunctional in nature. Mono-functional
catalysts such as alkyl quaternary ammonium®® or phosphonium?’ halides play a single role,
which consists of opening the epoxide ring, leading to the insertion of CO,. These extensively
investigated catalysts were found to exhibit good to excellent yields in the cycloaddition of CO;
and epoxides.'®° Moreover, one-component bifuntional homogeneous or immobilized catalysts
may contain specific functional groups, such as .COOH, —NH; and —OH or metals (e.g. Zn, Co and
Al). Bifunctionality implies that the catalytic material plays two roles in the course of the reaction,
namely; (1) activation of the epoxide by the functional groups,?® rendering it more susceptible to

undergo cycloaddition — Y in Scheme 1, and (2) opening of the epoxide ring by the halide ion?%,,
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similar to the mono-functional catalysts, X" in Scheme 1. The above functional groups activate
the epoxides via hydrogen bonding, while epoxide activation by metal occurs through the
formation of metal alkoxides via Lewis acid interactions.???® Examples of metal-free one-
component bifunctional catalysts include free and supported hydroxylalkyl ammonium salts'* or
phosphonium?’ salts. Regardless of the design, type or functionality of the catalyst, the ring
opening of all epoxides requires a nucleophile. The iodide ion was reported as one of the most
efficient owing to its exceptional leaving group ability, stemming from its bulky nature and lower
electronegativity.

In terms of sustainable and low-cost processes, highly active metal-free one-component
bifunctional catalysts with stable active sites and easy reusability are attractive. Many such
catalysts, covalently anchored onto a variety of solid materials were reported in the literature.?
In some cases, these hybrid solids demonstrate similar or even better activities compared to their
homogeneous counterparts.'’?> Porous inorganic solids such as mesoporous SBA-15 silica 2627
were used as supports for one-component porous hybrid solid (PHS) catalysts for the synthesis
of cyclic carbonates. Compared to organic supports such as polystyrene, they offer better thermal
and mechanical stability, enhanced chemical interaction between the support and the active
organic species and high loading of active sites, thereby enhancing production. Moreover,
mesoporous inorganic supports alleviate molecular traffic within the pore system, which could
enhance both the rate and selectivity of the reaction.

The main preparation method for PHS entails post-synthesis surface functionalization of
a silica; typically through grafting of an aminosilane or phosphine-silane, followed by

guaternization to afford an immobilized quaternary ammonium or phosphonium salt - Scheme
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8-2a. Often, such organosilicas consist of a disordered distribution of the organic moieties; hence
these solids may be referred to as disordered mesoporous organosilicas (DMO). Alternatively,
the co-condensation of a silica network former (e.g. TEOS or TMOS) and an organosilica precursor
(organotrialkoxysilanes, bridged- or poly-silsesquioxanes) over a structure directing agent is a
one-pot synthesis method to obtain ordered mesoporous organosilicas (OMOs) - Scheme 8-2b.
Furthermore, a distinctive group of mesoporous organocatalysts, with a uniqgue homogeneous
distribution and high loading of covalently linked organic functionalities within the silica
framework are periodic mesoporous organosilicas (PMQOs). These materials are derived from the
hydrolytic sol-gel polycondensation of organic bridged-silsesquioxanes (R[Si(OR’)3]n; n 2 2) in the

presence of surfactant templates without addition of silica precursors - Scheme 8-2c.

OH RO
OH +R'0-Si__~ _ARDP —» o s|\/\/®—> o- s|\/\/®

OH RO
(a)
8 3 3
OR OR" ,R"O p+ - | | |
o&—@—s. OR \s 1.—3:_'0'5'- O—S;i—@—sfi—o—s:i—o
OR“ Ruo
-R"OH o) 0] 0
S S S |,

(b)

Scheme 8-2. Synthesis of (a) DMO via surface grafting and quaternization (b) OMO via the co-
condensation route (c) periodic mesoporous organosilicas — PMO

Significant progress in the synthesis of CCs from CO; and epoxides over mesoporous
organocatalysts derived by the grafting of aminosilane followed by quaternization (Scheme 8-2a)

has been reported in a number of reviews.”?® Although OMOs containing ammonium halides?3,

160



and PMOs containing melamine3! and urea? moieties were reported as active catalysts in the
synthesis of CCs, OMOs and PMOs received noticeably less attention compared to DMOs.
Considering the higher surface area of OMOs compared to DMOs, and the significantly higher
organic content achievable with PMOs, organocatalysts with greater surface area and active sites
can be obtained from OMOs and PMOs respectively. If such active sites can be readily accessed,
a significant enhancement in catalytic performance (i.e. higher reaction rates, selectivity and
yield) can be expected. In addition, higher active site density is expected to enhance catalytic
activity. In this sense, homogeneous®? and heterogeneous3* organocatalysts containing two
active sites per molecule were found to be more effective than those containing only one.
Although immobilized catalysts with multiple active sites and OH groups may be beneficial, too
many of these sites may be detrimental to the activity of the catalyst. In this chapter, we present
four groups of novel immobilized multi-hydroxyl bis-(quaternary ammonium) salts prepared via
three routes: (1) grafting of a bridged-SQ on silicas, followed by quaternization, (2) co-
condensation of (i) bridged-SQ and (ii) poly-SQ with TEQOS, and (3) PMOs derived from (i) bridge-
SQ and (ii) poly-SQ. Furthermore, their activity in the synthesis of CCs from CO, and epoxides
under mild reaction conditions was discussed. The reusability of the most active catalyst was also
investigated to better understand the catalyst performance (yield and selectivity), chemical
stability (resistance to leaching) and structural stability (textural properties) with reuse.
8.2. Experimental
Materials

N,N'-bis(2-hydroxyethyl)-N,N'-bis(trimethoxysilylpropyl)ethylenediamine - BHBPD (66-

68% in methanol) was purchased from Gelest. Chromatography grade silica gel mesh 230-400
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(hereafter referred to as SiL), 2-iodoethanol (99%), ammonium iodide (99.5%), P123 (average M
~ 5,800), tetraethyl orthosilicate - TEOS (98%), 3-chloropropyltrimethoxysilane - 3CPTS (97%),
styrene oxide (97%), propylene oxide - PO (99%), 1,2-epoxybutane - 1,2-EB (99%),
epichlorohydrin (99%), cyclohexene oxide - CHO (98%), 3-glycidoxypropyltrimethoxysilane (GPS),
triethylamine - TEA (99%) and KCl (99%) were purchased from Sigma Aldrich. Ethyl acetate
(99.9%), diethyl ether -Et,0 (99.8%), ethanol (99%), methanol (99%), hydrochloric acid (37%) and
toluene (99 %) were obtained from Fisher. P-10 and Q-10 mesoporous silica supports were
donated by Fuji Silysia Chemical Ltd. Chloroform-D was obtained from Cambridge Isotope
Laboratories. All chemicals were used as obtained with no further purification. Carbon dioxide
(99.998%) was obtained from Linde AG.

8.2.1. Preparation of Mesoporous Organosilica Materials
8.2.1.1. Method A: preparation of DMOs via grafting and quaternization of amine

Three commercial grade silicas (Q-10, P-10 and SiL) and SBA-15 silica were used as
supports. SBA-15 was prepared using an established procedure.3> Grafting was carried out in
toluene in the presence of water. Our group previously demonstrated that addition of water
improves both the quality and loading of grafted amine on MCM-41.36 Based on literature
reports,3’ it is possible to estimate the amount of water required to obtain a fully hydroxylated
silica surface. This can be achieved by considering the maximum number of surface silanol groups
to be 5 x 1018 Siu per m?, and by introducing twice as many water molecules/m?.38 Accordingly,
for a typical silica with a surface area of 300 m?/g, the volume of water to be added is

approximately 0.1 mL/g.
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A typical procedure for grafting was as follows; 1 g of thermally pretreated (at 130 °C for
4 h) silica was dispersed in 30 mL of toluene at room temperature, followed by addition of an
appropriate volume of water; 0.1 mL for Q-10 and P-10, 0.15 mL for SiL, and 0.3 mL for SBA-15.
The temperature of the mixture was raised to 85 °C and further stirred for 30 min. Finally, 2 mL
of BHBPD was added and the resultant mixture was refluxed at 85 °C for 16 h in an oil bath. The
grafted materials were then filtered, washed with toluene, methanol, then Et;0, and dried under
vacuum at 60 °C for 4 h. The obtained solids are hereafter referred to as S@amine, where S
indicates the support. The amine-grafted solids were then quaternized as follows: 1 g of material
was dispersed in 15 mL of toluene, followed by addition of 2 mL of 2-iodoethanol under a
nitrogen atmosphere. The reaction mixture was kept under reflux at 70 °C for 3 days. The
obtained solids were filtered off, washed with toluene, methanol, then Et,0, and dried at 70 °C
under vacuum for 4 h to yield pale yellow powder materials of immobilized diammonium iodide
salt. The obtained solids are hereafter referred to as DM0-Q10, DMO-P10, DMO-SiL and DMO-
SBA15 after the corresponding S@amine. The synthesis of amine-grafted materials and their

guaternized counterparts is represented in Scheme 8-3, with Q-10 as silica support.

OH OH
Silane H o ;H / o
on  _(BHEPD) %bSi'\/“N’\/N*/\'SiEO_ LCH,CH, 0L _cc);‘_‘SiMw?vNL/\,Sii —
OH Toluene o~ H o] Toluene o 1 i o
oH OH

Q-10 Q-10@amine DMO-Q10

Scheme 8-3. Synthesis of Q-10@amine and DMO-Q10 via grafting and quaternization
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8.2.1.2. Method B: Preparation of OMOs via co-condensation of BHBPD or poly-

SQ salt and TEOS:

The synthesis of all porous organosilicas by hydrolysis and condensation with a silica
precursor was performed in the presence of a neutral surfactant (P123) under acidic conditions.
In a typical procedure, 2.0 g of triblock copolymer P123 and 2 g of KCl were dissolved in a mixture
of 30 g distilled water and 60 g of 2M HClI solution in a 250 mL teflon-liner at 40 °C. Notice that
the use of KCl was shown to enhance ordering of mesoporous organosilicas.3? To this solution,
4.3 g of TEOS was added and the mixture stirred for 1 h to ensure the pre-hydrolysis of TEOS.
Thereafter, 2 mL (2.83 mmol) of BHBPD, corresponding to a nominal amine loading of 2.0 mmol
per gram of silica, was slowly added under stirring. The resultant mixture was further stirred at
40 °C for 20 h. Finally, the mixture was transferred into an autoclave and heated at 100 °C under
static condition for 2 days. The solid products were collected by filtration, washed with water,
and dried at ambient conditions. The surfactant was removed by refluxing in 100 mL of a 98:2 v/v
% ratio of ethanol: conc. HCl mixture at 60 °C for 6 h. The powder material was collected by
filtration, washed with ethanol, and dried at ambient conditions. A similar preparation, but
without BHBPD, was carried out for SBA-15 silica, herein referred to as SBA-15*. To make sure all
P123 has been removed, 1 g of the solid ethanol-extracted material was subjected to additional
soxhlet extraction with 100 mL of methanol at 70 °C for 16 h. The obtained solid was dried
overnight in ambient condition, then at 60 °C under vacuum for 4 h.

An off-white powder material, hereafter referred to as OMO-1, was obtained from the
co-condensation of TEOS and BHBPD. Because of the acidic conditions, OMO-1 was actually in

the form of a quaternary ammonium chloride salt. OMO-1 was subjected to; (1) ion-exchange
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with ammonium iodide to obtain the corresponding ammonium iodide salt — OMO-2 and (2)
dequaternization, regenerate the amine — OMO-3. To obtain a QAS with additional —OH groups,
OMO-3 was quaternized with 2-iodoethanol to afford OMO-4. The structures of OMO-(1-4) are

represented in Scheme 8-4.
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Scheme 8-4. Synthesis of OMO-1 to OMO-4 via co-condensation followed by ion-exchange or
guaternization

lon-exchange was carried out as follows; 1 g of OMO-1 was dissolved in 30 mL of methanol
followed by addition of 1 mL of ammonium iodide under a nitrogen atmosphere. The mixture
was refluxed at 65 °C for 16 h. The resultant solid was recovered by filtration, washed with
methanol, then Et,0 and dried under vacuum at 70 °C for 4 h to afford a yellow powder (OMO-
2). To regenerate the amine from OMO-1, 1 g of material was dispersed in 50 mL of ethanol,
followed by the addition of 1 mL of triethylamine. After reflux at 60 °C for 2 h, the solid was
recovered by hot-filtration and washed with boiling ethanol, then dried at 60 °C under vacuum
for 4 h to afford an off-white powder material - OMO-3. OMO-3 was quaternized as described in

method A to afford a yellow powder - OMO-4.
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The preparation of OMOs from BHBPD-derived salt involves two steps; the
synthesis of the salt, hereafter referred to as poly-SQ salt, followed by its co-condensation
with TEOS. The poly-SQ salt was synthesized as follows; to a 25 mL two-neck round bottom
flask containing 10 mL of toluene, 2 mL (2.83 mmol) of BHBPD was added. Under a
nitrogen atmosphere, 2.0 equivalent of 3-chloropropyltrimethoxysilane was added. The
reaction flask was sealed under nitrogen and refluxed at 85 °C for 24 h. Toluene and
unreacted reagents were removed under reduced pressure at 90 °C to afford a brownish-
yellow liquid. The procedure for the co-condensation of the poly-SQ salt and TEOS was
similar to that of BHBPD and TEOS (OMO-1). An amount of poly-SQ salt was added to a
pre-hydrolyzed TEOS solution with a nominal amine loading of 2.0 mmol per gram of silica.
The template was extracted as described for OMO-1 to afford a light grey solid denoted
OMO-5. lon-exchange of OMO-5 with ammonium iodide (as described for OMO-1)

produced a yellow solid, OMO-6 (Scheme 8-5).
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Scheme 8-5. Synthesis of poly-SQ salt and OMO-5 and OMO-6 via co-condensation followed by
ion-exchange
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8.2.1.3. Method C: Synthesis of PMOs via condensation of BHBPD and poly-SQ

salt:

To an aqueous solution of P123, prepared as described in method B, 2 mL of BHBPD or

2.8 mL of poly-SQ salt was added slowly under stirring. The resultant mixture was further stirred

at 40 °C for 20 h, and the mixture was transferred into an autoclave and heated at 100 °C under

static condition for 2 days. The solid products were collected by filtration, washed with water,

and dried at ambient conditions. Surfactant extraction, ion-exchange, dequaternization and

guaternization were carried out on the resultant solid as described for OMO-1. All PMOs are

represented in Scheme 8-6. PMO-1 and PMO-3 were obtained as off-white solids; PMO-5 was

light-grey; and PMO-2, PMO-4 and PMO-6 were yellow powder materials.
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8.2.2. Characterization of materials
8.2.2.1. Textural properties and organic content

The specific surface area, pore volume and mean pore diameter of all materials were
determined by nitrogen adsorption-desorption measurements at -196 °C on a Micromeritics
2020 instrument, as reported earlier.’® Samples were degassed under nitrogen for 4 h at 120 °C
prior to analysis. Specific surface areas were calculated using the BET method at relative
pressures of 0.06 to 0.2. The total pore volume (Vp) was recorded at p/p0 = 0.99 to exclude
possible interparticle pores. The average pore size (Dp) was determined using the density
functional theory.

The organic or nitrogen content (N-content) of all organosilicas was determined using
thermogravimetric analysis (TGA) on a TA Q500 instrument. Sample were heated to 120 °C at 10
°C min™ under flowing nitrogen and held for 30 min, to ensure the removal of physisorbed
species (e.g. water and solvents). Then the temperature was raised to 800 °C under flowing
nitrogen, then air at 800 °C for 10 min. The organic content was calculated based on the weight

loss beyond 200 °C.
8.2.2.2. IR spectroscopy

To identity the incorporated organic species, ATR-IR measurements were recorded on a
Nicolet 6700 spectrometer equipped with a liquid N;-cooled MTC-A (mercury—tellurium—
cadmium) detector and a Fisher Scientific horizontal ATR unit with a ZnSe crystal. For this, a few
mg of powder sample was homogeneously spread onto the surface of the ATR crystal, and the IR

spectra were recorded from 600 to 4000 cm™ at a resolution of 2 cm™ using 128 scans. For each
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scanning, the spectrum was collected by subtracting air (background) spectrum from the original
spectrum. All ATR-FTIR experiments were run in triplicate to ensure the reproducibility of the

results, and average wavenumbers are reported herein.

8.2.2.3. 13C and 29Si solid state and solution NMR

Solid-state NMR spectra were collected at room temperature using an AVANCE Il 200
MHz spectrometer equipped with a MAS probe. The spectra were recorded using cross
polarization with high power decoupling, with samples spinning at 4.5 kHz. The number of scans
was in the range of 6000 — 8000. The contact time and recycling delays were set at 10 ms and 2
s for 13C NMR respectively. For 2°Si NMR, the contact time and recycling delays were set at 2 ms
and 1.5s.
For solution NMR measurements, *3C and *H NMR spectra were obtained using a Bruker AV 400
MHz spectrometer. Chemical shifts are reported in ppm relative to deuterated chloroform.
Where separation was needed to isolate the cyclic carbonate prior to NMR analysis, silica gel
flash chromatography was used with a 3:1 ethylacetate:ether mixture as solvent.
8.2.3. Cycloaddition reaction

Catalytic activity was evaluated using the model reaction in Scheme 8-7. The reaction
conditions were chosen such that the reaction was significantly away from total conversion;
enabling a meaningful comparison of catalytic activity and stability. In a typical procedure, a 100
mL high pressure autoclave equipped with a magnetic stirrer was charged with 2 mL (17 mmol)
of styrene epoxide (SO) and 2 mol% of catalyst (DMO, OMO or PMO). The reactor was directly

pressurized with CO; to 0.5 MPa and heated to 50 °C under stirring for 5 h.
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Scheme 8-7. Model cycloaddition reaction

At the end of the reaction, the reactor was cooled with an ice bath to < 15 °C and CO; was
released slowly. Then, 50 uL of dodecane (internal standard for GC analysis) was added to the
reaction mixture, which was then suspended in diethyl ether and filtered off to recover the
catalyst. After removal of all volatiles using a rotavap, a solvent-free reaction mixture was
obtained. The spent catalyst was further stirred in acetone for 30 min, filtered off and dried in a
vacuum oven at 70 °C for 2 h. TG analysis and nitrogen adsorption—desorption measurements
were carried out on all spent catalysts to determine variations in N-content and textural
properties.

Analysis of reaction mixture: About 0.2 uL of the solvent-free reaction mixture was
injected into a Varian CP-3800 GC equipped with Agilent J&W VF-1ms capillary column (15 m
length, 0.25 mm inner diameter and 0.25 um film thickness) and a flame ionization detector (FID);
with helium as carrier gas. The temperature program used for analysis was as follows: initial oven
temperature 80 °C (1.5 min); ramp at 30 °C/min and held at 250 °C (3 min); injector port
temperature: 200 °C; detector temperature: 250 °C. For solid reaction mixtures, 0.1 g of the

mixture was dissolved in 0.2 mL of toluene, and 0.2 uL of this solution was injected into the GC.

170



13Cand 'H NMR spectra of liquid samples were obtained using a Bruker AV 400 MHz spectrometer
with tetramethylsilane as the internal standard. Chemical shifts are reported in ppm relative to
deuterated chloroform.
8.3. Results and discussion
8.3.1. Characterization of mesoporous organosilicas

As shown in Figure 8-1 (and Figure A8- 1 —supplementary data for chapter 8), the nitrogen
adsorption—desorption isotherms for the support and organosilica materials were of Type IV with
H1 hysteresis loop, characteristic of solids with mesopores. The corresponding textural
properties and organic content are presented in Table 8-1. The TGA profiles of these materials
may be found in Figure 8-2. Compared to their pure silica, all organosilica materials derived by
grafting, i.e. DMOs, had lower BET surface areas and pore volumes (Table 8-1, entries 1-8) — an
indication of immobilization of organic species within the internal surface. The SBA-15 support
obtained by template extraction in EEOH/HCI solution had a higher surface area and pore volume
compared to that derived by calcination (Table 8-1, entry 5 vs. 9). Although thermal calcination
in air can completely remove the organic template, it may however cause significant framework
shrinkage stemming from further silica condensation. On the other hand, template removal by
solvent extraction minimizes framework shrinkage, leading to higher surface area, pore volume
and number of silanols compared to its calcined counterpart.*%4!

The capillary condensation of all DMOs and OMQOs was observed to be less sharp
compared to their corresponding supports and SBA-15%*, respectively; an indication of decreased
pore size. This provided further evidence that immobilization of the organic moieties took place

on the internal surface of the supports. Compared to DMOs and OMOs, all PMOs had significantly
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lower surface areas, while their pore volumes were also lower than the corresponding OMOs

(Table 8-1, entries 10 vs. 13, 11 vs. 14 and 12 vs. 15).
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Figure 8-1. Nitrogen adsorption—desorption isotherms of pristine and functionalized supports
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Table 8-1. Textural properties of solid materials

Entry  Material Specific S.A. Vp(mL/g) Dp (nm) N-content
(m?/g) (mmol/g)

1 Q-10 316 1.34 18.2 -

2 DMO-Q10 160 0.48 11.9 1.26

3 P-10 327 1.53 21.2 -

4 DMO-P10 170 0.54 12.0 1.22

5 SiL 478 0.83 9.2 -

6 DMO-SiL 182 0.22 4.6 1.37

7 SBA-15 763 1.07 7.2 -

8 DMO-SBA15 146 0.21 51 1.41

9 SBA-15* 913 1.23 6.18 -

10 OMO-2 449 0.66 6.0 1.22

11 OMO-4 241 0.37 5.8 1.29

12 OMO-6 270 0.22 4.1 1.22

13 PMO-2 86 0.31 15.7 2.38

14 PMO-4 34 0.20 30 2.37

15 PMO-6 60 0.18 16.7 2.11

Moreover, PMOs showed a broad pore size distribution (Figure A8- 2). This finding may be
attributed to the higher organic content of PMOs, which adversely affects their textural
properties.

Similar organic contents were measured for all amine functionalized supports and DMOs
(Figure 8-2a). The calculated organic content of Q-10@amine, P-10@amine, SiL@amine and SBA-
15@amine were 1.59, 1.70, 1.64 and 1.80 mmol/g respectively — accounting for a grafting
efficiency between 80 and 90 %. This finding illustrates that despite the smaller surface areas of
P-10 and Q-10 silicas compared to SiL and SBA-15, their larger pore volume and pore diameter

enabled them to accommodate as much BHBPDs as SiL and SBA-15.
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Figure 8-2. TGA profile of (a) amine-functionalized supports and DMOs, (b) OMOs and (c) PMOs

The N-content per gram of silica support for both S@amine solids and DMOs being the same, the
yield of the quaternization reactions was evaluated to be between 92 and 97 %. This finding
confirms the structure of DMOs, i.e. as immobilized symmetrical diammonium salts. The weight
lost below 200 °C of SBA-15 was < 2% compared to ca. 10% for SBA-15* (Figure 8-2b), suggesting
the presence of some P123 surfactant (vide infra). It is known that template removal via solvent
extraction does not completely remove the surfactant*’. Hence, the N-content of all OMOs and

PMOs was obtained taking into account the presence of about 8 wt% of surfactant. Relatively

174



higher organic content, up to 80 wt%, was obtained for PMOs compared to DMOs and OMOs
(Figure 8-2c).

The 13C NMR of amine@Q-10 and DMO-Q10 showed peaks around 10, 17, 51, 56, 58 and
62 ppm, which were assigned to the five carbon nuclei of BHBPD as illustrated in Figure 8-3a. As-
synthesized SBA-15 exhibited resonances attributed to —CH,—CH- (76 and 74 ppm) and —CH3 (18
ppm) groups of the PPO, and —CH,— (71 ppm) of the PEO block of P123.%® Following template
removal by solvent extraction, 23C NMR of the resultant material, SBA-15*, showed very low
intensity signals between 71 and 75 ppm, and the complete disappearance of the signal at 18
ppm. Moreover, signals at 16, 50 and 59 ppm were assigned to trapped methanol and ethanol
molecules used during template removal (the 3C MAS NMR spectra of as-SBA-15 and SBA-15*
are compared in Figure A8- 3). Hence, the 8 wt% organic content of SBA-15%*, as determined by
TGA was assigned to the presence of small amount of template. As with DMOs, five carbon nuclei

could be identified in the 13C NMR of all OMOs (Figure 8-3b) and PMOs (Figure 8-3c).
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Figure 8-3. 13C CP-MAS NMR spectra of (a) i — Q10@amine, ii — DMO-Q10: (b) i — as-synthesized
SBA-15, ii — SBA-15%, iii — OMO-2, iv — OMO-4, v — OMO-6: (c) i — as-synthesized SBA-15, ii —
SBA-15%*, iii — PMO-2, iv — PMO-4, v — PMO-5 and (d) 2°Si MAS NMR of; i — SBA-15%, ii — OMO -2,
iii— OMO-4, iv— 0MO-6, v—-PMO-2, vi— PMO-6

The 2°Si CP MAS NMR spectra showed only Q" species for SBA-15*, Q" and T" for DMOs and PMOs,
and only T" for PMOs (Figure 8-3d). The characteristic resonances in the range of -89 to -118 ppm
were ascribed to Q" units, with the peaks at about -97, -102.1 and -110.9 ppm corresponding to

Q2 [Si(HO)2(0Si)2], Q3 [Si(HO)(0Si)s] and Q*[Si(OSi)a] species, respectively (Figure 8-3d(i)). All
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DMOs, OMOs and PMOs showed two intense signals at ca. =58 and -66 ppm, attributed to Si-
species covalently bonded to carbon atoms, namely T? [C-Si(OH)(OSi)2] and T3 [C-Si(OSi)s]
respectively (Figure 8-3d(i) — (iv)).** These signals arise from immobilization of BHBPD onto the
silica surface and framework of silica for DMOs and OMOs/PMOs, respectively. Furthermore, for
some OMOs and PMOs, a weak shoulder at ca. 50 ppm, attributed to T* [C-Si(OH)2(OSi)] species
was also observed. The presence of T! and T2-signals is an indication that the condensation
process was not complete for these materials. Hence, the calculated nitrogen content based on
TGA results, which assumes 100 % condensation, may be slightly overestimated.

All materials showed IR absorption bands (Figure 8-4 and Figure A8- 4 - supplementary
data for chapter 8) at approximately 640, 800 and 1080 cm%, which were attributed to Si-O-Si
bonds of the silicate network. The broad band centered at ca. 3320 or 3440 cm™ was assighed to
the O-H stretching vibrations of silanol groups, hydroxyl groups of BHBPD and/or adsorbed
water. A band at 1650 cm™ confirmed the presence of adsorbed water, whose physisorption was
enhanced by the ionic nature of the -N-I bond. Furthermore, the spectra of all organosilica
materials showed —CH,— stretching vibrations of the propyl chain characterized by weak
absorbance at ca. 3030 and 2980 cm™, —CH,— bending at 1550 cm™ and C-N stretching at 1450
cm™.% These findings are consistent with the presence of BHBPD on the silica supports. The
absence of a band at 960 cm™ suggests that the amount of uncondensed Si-OH groups was
minimal; which is in agreement with 2°Si MAS NMR data. It is worth noting that bands at slightly
different wavenumbers were observed for PMOs and OMOs/DMOs, suggesting differences in the

chemical environment between these two groups of materials.
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Figure 8-4. IR adsorption spectra of (a) SBA-15, (b) DMO-1, (c) OMO-4, (d) PMO-2, (e) PMO-4
and (f) PMO-6

8.3.2. Catalytic activity
8.3.2.1. Comparative analysis

The catalytic activity of iodide-containing organosilicas was evaluated using the
cycloaddition of CO, and styrene oxide (SO) to styrene carbonate (SC) under neat conditions.
Because of its low activity, SO provides a more meaningful comparison than a highly active
epoxide such as 1,2-epoxybutane (1,2-EB). It is worth mentioning that even trace amount of
water may lead to the formation of corresponding diol as side product, alongside minor amounts
of the carbonyl isomers of the epoxide. The effect of temperature, time and CO; pressure on the
selectivity and yield and is presented in Table 8-2, entries 1-11. At 100 °C, 4 h and 1 MPa CO,,
yields and selectivity > 97 % were obtained (Table 8-2, entry 1) with DMO-SiL as catalysts. In an
earlier study, we reported similar findings in the presence of N,N,N-tributyl-N-propylammonium
iodide-functionalized mesoporous silicas.’® These results are in agreement with other reports
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where immobilized ammonium* and phosphonium?’ salts were used. To obtain vyields
significantly below 100 %, the following mild conditions were; 50 °C, 5 h and 0.5 MPa CO.. As

seen in Table 8-2, entries 2 — 11, conversion was found to be < 50 % for all catalysts.
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Table 8-2. A comparison of the catalytic performance of different organosilica materials

» R/E:>=°

o)

R

A+ co,

2 mol % catalyst

Pco,, T, t

Epoxide Cyclic carbonate
on §" OH SiO1s OH
éo\ o~ d\,(/\,sﬁgg Ei’ H - En’ E? e ,
PUTUTITTNG P Tl e
on OH OHH 2 ? & co..
DMO-P10 OMO-2 PMO-2
Entry Catalyst Reaction condition Quantification Spent cat.
N-content T t Yield Sel. Retained N-
Type (mmol/g) (°C) (h)  Pgg, (MPa) (%) (%) content (%)
1 DMO-SIL 1.41 100 4 1.0 96.8 98.5 96.4
2 DMO-Q10 1.22 50 5 0.5 26.2 94.0 96.5
3 DMO-P10 1.26 50 5 0.5 31.8 98.6 93.5
4 DMO-SiL 1.41 50 5 0.5 31.6 98.5 96.8
5 DMO-SBA15 1.37 50 5 0.5 24.3 98.0 94.9
6 OMO-2 1.24 50 5 0.5 44.9 96.1 95.2
7 OMO-4 1.29 50 5 0.5 38.3 97.8 97.6
8 OMO-6 1.22 50 5 0.5 25.8 97.0 95.7
9 PMO-2 2.38 50 5 0.5 23.9 98.5 95.7
10 PMO-4 2.37 50 5 0.5 21.2 98.9 97.1
11 PMO-6 2.11 50 5 0.5 20.0 98.2 93.8
12 OMO-2 1.24 50 15 0.5 76.9 98.5 96.1

Reaction conditions; 2 mol% catalysts based on N-content, 17 mmol styrene oxide (SO)
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Amongst the DMOs, the highest yield was obtained with DMO-P10 and DMO-SIL (Table 8-2,
entries 3 and 4). This may be attributed to smaller particle size of the silicas supports P-10 (40
um) and SiL (40 — 60 pm) compared to Q-10 (75 — 150 um) and SBA-15 (< 150 um).#’

With respect to OMOs, a 45 % yield of SC was obtained with OMO-2 (Table 8-2, entry 6).
However, OMO-4 consisting of four COz-activating hydroxyl groups, exhibited lower activity
(Table 8-2, entry 7), suggesting that increasing the number of hydroxyl groups from two to four
was not beneficial to OMOs. A similar finding by Cheng et al,*® was attributed to an enhancement
in hydrogen bond formation between the halide and additional OH groups, leading to decreased
nucleophilicity or epoxide ring-opening ability of the iodide ion. Alternatively, the observed
decrease in activity could originate from increased diffusion-constraints with additional
ethylhydroxyl groups, such that any benefit in CO; activation due to extra hydroxyl groups was
suppressed by slow reaction kinetics. This finding suggests that similar to homogeneous
systems?®, there is an optimal number of hydroxyl groups required for efficient activation of
epoxides. A combination of diffusion-constrain and a high ratio of hydroxyl groups to organics
may be at the origin of the low yield obtained with OMO-6 (Table 8-2, entry 8). Interestingly,
OMO-4 with four hydroxyl groups, showed superior catalytic activity to all DMOs. This finding
was attributed to the larger surface area and moderate pore volume of the latter, leading to
enhanced accessibility to active sites and improved mass transport. PMOs were found to be the
least active class of organosilicas, with PMO-2 the most active of all PMOs - 24 % vield (Table 8-2,
entry 9). The inferior catalytic performance of PMOs was attributed to their low surface area,
pore volume and disordered pore structure. Accordingly, OMO-2, the most active catalyst, was

used to optimize the reaction conditions and material reusability.
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8.3.2.2. Optimization of reaction time

Using SO as substrate, an increase in yield (44.9 to 76.9%) was observed when the
reaction time was raised from 5 to 15 h (Table 8-2, entry 6 vs. 12). Compared to 1,2-EB for
instance, SO is significantly more difficult to activate, and expected to take significantly longer
reaction times under mild conditions to attain high yields. However, prolonged reaction times
may lead to the formation of side products, ultimately reducing product yield and selectivity.
Hence, optimization of reaction time was carried out with 1,2-EB. As seen in Figure 8-5, the yield
of 1,2-butylene carbonate (1,2-BC) was found to peak after 15 h (97.2 %), which is 25 % more
than was obtained for SC under similar conditions (Table 8-2, entry 12). Moreover, no noticeable
change in selectivity (> 97.5 %) was observed after 20 h. Nonetheless, a slight decrease in yield
was recorded after 20 h, suggesting the onset of the formation of side products beyond 15 h.
Hence, optimum reaction conditions for the synthesis of 1,2-BC using OMO-2 were; 2 mol%

catalyst, 0.5 MPa COy, 50 °C and 15 h.
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Figure 8-5. Optimization of reaction time. Reaction conditions; 2 mol% catalysts, 22.7 mmol 1,2-
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8.3.2.3. Reusability studies

One of the most attractive attributes of heterogeneous catalysts is their reusability. In
this regard, OMO-2 was subjected to recycling experiments with 1,2-EB as substrate. As shown
in Table 8-3, no significant changes in product yield and selectivity were observed over five cycles.
Although a 7 % decrease in organic content was observed compared to the fresh catalyst (Table
8-3, entry 1 vs. 2), the N-content of all spent catalysts was relatively constant, indicating the
stable nature of OMO-2. This finding is consistent with the textural properties of fresh and spent
catalysts being comparable.

Table 8-3. Reusability of OMO-2 in the synthesis of 1,2-butylene carbonate

o

0
f) + CO, 2 mol % catalyst - J: >:o
CzHs

0.5 MPa CO,,50°C,12h C2Hs™ O

1,2-EB 1,2-BC
Entry Reaction N-content Yield Sel. BET SA®  VpP Dp°©
(mmol/g) (%) (%) (m?/g) (mL/g) (nm)
1 Run 1¢ 1.22 96.4 98.2 449 0.66 6.0
2 Run 2¢ 1.14 94.7 98.4 469 0.72 5.9
3 Run 3 1.11 95.1 98.5 453 0.68 5.9
4 Run 4 1.13 93.2 97.8 446 0.69 6.0
5 Run 5 1.12 94.3 98.0 456 0.61 6.2

3BET surface area, Ppore volume, ‘pore diameter, %fresh catalyst, ¢first reuse
8.3.2.4. Scope of substrates
The scope of OMO-2 was investigated using four additional substrates, namely propylene
oxide (PO), epichlorohydrin (ECH), cyclohexene oxide (CHO) and 3-
glycidyloxypropyltrimethoxysilane (GPS) to synthesize propylene carbonate (PC), 4-

(chloromethyl)-1,3-dioxolan-2-one (4-CDO) and hexahydrobenzo([d][1,3]dioxol-2-one (HDO) and
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4-((3-(trimethoxysilyl)propoxy)methyl)-1,3-dioxolan-2-one (4-PDO), respectively. An excellent
yield (98.2 %) of PC was obtained after 10 h under mild reaction conditions (Table 8-4, entry 1).
Doubling the reaction temperature and pressure led to a very good yield (96%) after just 3 h
(Table 8-4, entry 2). The observed marginal decreases in yield and selectively were attributed to
the formation of side products, which are facilitated at higher temperatures.

Similar high yields were obtained in the synthesis of 1,2-BC and 4-(chloromethyl)-1,3-
dioxolan-2-one under mild reaction conditions (Table 8-4, entries 3 and 5). As with the synthesis
of PC, similar high yields of 1,2-BC and 4-CDO were obtained at 4 h, but at higher temperature
and pressure (Table 8-4, entries 4 and 6). It is worth noting the high yield and selectively of these
cyclic carbonates under the current mild reactions condition using a metal-free catalyst.
Compared to other immobilized organocatalaysts, namely; ammonium salts on nanocrystalline
zeolites®®,  imidazole-based ionic liquid (IL) on graphene oxide®! and covalent organic
frameworks®?, triphosphonate cavitand on SBA-15°3, phosphonium-based polymeric L%,
phosphonium salt on polystyrene®, OMO-2 was significantly more active.

As noted earlier, under the current mild reaction conditions, the yield of SC was limited
to 77% (Table 8-4, entry 7). However, 97% yield was obtained by doubling the reaction
temperature and pressure, while limiting the reaction to 4 h (Table 8-4, entry 8). Furthermore,
reacting CHO and GPS under the current mild reaction conditions led to very low yields (Table
8-4, entries 9 and 11). Nonetheless, significantly higher yields were obtained at higher
temperature and pressure (Table 8-4, entries 10 and 12). This is not surprising as these three
epoxides are much more difficult to activate (due to steric hindrance) than the first three in Table

8-4.
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Table 8-4. Yield and selectivity of various epoxides with CO; using OMO-2

P(jo2 T t Yield Sel.
Entry Epoxide Cyclic carbonate (MPa) (°C) (h) (%) (%)
1 Q 0.5 50 10 98.2 99.1
/L\O /E >§o
2 1.0 100 3 96.0 97.2
3 0.5 50 15 96.4 98.2
(o] \/EFO
4 1.0 100 4 95.5 97.4
5 \/E 05 50 15 953 97.5
(0]
6 C'\/A 0 >~ 1.0 100 4 94.8 97.0
7 O/Ao O/E >§0 05 50 15 769 985
1.0 100 4 97.5 98.6
05 50 15 33 967
(> -
10 o 1.0 100 15 70.0 85.2
11 \/EO>=° 0.5 50 15 10.2 96.4
12 ‘“3°°)3Si\/\/°\/L\O (H3C0)3Si _~_0O o 10 100 24 851 953
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Conclusion

A series of novel DMOs, OMOs and PMOs were prepared, characterized and screened

against the cycloaddition reaction of CO, and epoxides. Results showed that OMOs were the

most active class of all materials. Furthermore, OMO-2, containing two hydroxyl groups per

immobilized molecule was found to be the most active material. For substrates which are easy

to activate such as PO, 1,2-EB and ECH, excellent yield and selectivity were obtained under mild

reaction conditions (0.5 MPa CO;, 50 °C and 10 — 15 h). However, higher CO; pressure and

temperature were required with substrates which are more difficult to activate, e.g. SO, CHO and

GPS. Furthermore, OMO-2 proved to be both chemically and structurally stable after five cycles

of 1,2-EB synthesis.
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Figure A8- 1. Nitrogen adsorption—desorption isotherms of pristine supports
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Figure A8- 2. Pore size distribution for representative organosilicas
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CHAPTER 9 CONCLUSION AND RECOMMENDATION FOR
FUTURE WORK

9.0. Conclusion

Hydrocarbons will for years continue to serve as a major energy source while the world
transitions to a lower-carbon energy economy. While the long-term goal is to substitute fossil
fuel with renewable energy, pathways to a net-zero emissions including technologies to remove
and permanently store CO; (i.e. including carbon capture, utilization and storage -CCUS), are the
main short- to medium-term targets. Accordingly, research, development and demonstration in
the areas of CO; capture and utilization have made significant advances in recent years, with a
number of large-scale CO; capture and reuse plants in operation around the world. Nonetheless,
fundamental questions regarding COz-amine interaction during CO, adsorption/absorption
remain unanswered. Moreover, for supported polyethylenimine, an adsorbent with high CO;
capacity prepared mainly by impregnation, to be efficiently used at higher temperatures and in
the presence of moisture, its oxidation stability and leaching resistance need to be improved. Of
the many chemical pathways available for CO; reuse, the reaction of CO; and epoxides to yield
cyclic carbonates has received a lot of attention owing to their application as biodegradable
solvents, monomers in the synthesis of polycarbonates, solvents in lithium-ion batteries, active

pharmaceutical ingredients, etc. The main findings of this thesis are summarized in Table 9-1.
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Table 9-1. Summary of the main findings

Chapter Aspects investigated Main finding(s)

Three COz-amine interaction The nucleophilic attack of CO; by amine requires the
during CO> catalytic assistance of a Brgnsted base (another
absorption/adsorption. amine, water or other species) through a 6-centered

mechanism to achieve proton transfer/exchange. An
important consequence of this concerted mechanism
is that the N and H atoms added to the C=0 double
bond do not originate from a single amine group.
The widely reported zwitterion, R-NH;*-COO was
deemed highly unlikely, because not only the
associated 4-centered mechanism has a high energy
barrier, but it is not consistent with the orbital
symmetry requirements for chemical reactions
Source of ammonium formation of ammonium bicarbonate/carbonate does
bicarbonate/carbonate not take place through the widely accepted hydration
during CO; uptake under of carbamate/carbamic acid. Instead, water acts as a
moist conditions. nucleophile that attacks CO; with catalytic assistance
by amine groups, and carbamate/carbamic acid
decomposes back to amine and CO..
Four Covalent immobilization In the presence of EtsN or NaOH as catalyst, 3-
of polyethylenimine on glycidoxypropyltrimethoxysilane (GPS) or 3-
PE-AISiO, (PEI@PE-AISIO,) triethoxysilylpropyl isocyanate (TPI) were successfully
used as grafting agents to prepare PEI@PE-AISiO;.
These materials showed enhanced thermal stability
and resistance to leaching (in EtOH) compared to their
impregnated counterparts.

Oxidation stability of PEI@PE-ALSiIO; materials showed superior oxidation

PEI@PE-AISIO; stability (100 °C in air) compared to their impregnated
counterparts. Further modification of PEI with 1,2-
epoxybutane led to addition enhancement in
oxidation stability.

Seven In the synthesis of cyclic N,N,N-tributyl-N-propylammonium iodide-

carbonates using
supported ammonium
salts, some epoxides show
no decrease in yield over
multiple cycles, while with
others, a drop in yield was
observed from one
reaction cycle to another.

functionalized mesoporous silicas proved to be an
effect catalyst in the solvent-free synthesis of cyclic
carbonates (CCs) from epoxides and CO..

Compared to 1,2-butylene carbonate, the yield of
styrene carbonate was found to decrease with catalyst
reuse, which was attributed to the adsorption of solid
reaction product on the catalyst surface. Using a
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Chapter Aspects investigated Main finding(s)

chromatographic silica gel as support and an improved
catalyst recovery step, gave rise to a highly efficient,
robust and fully reusable catalyst for the synthesis of
styrene carbonate.

Eight

How different supported Owing to its higher surface area, pore volume and
ammonium salts based on  optimum nucleophilicity of the iodide ion, ordered
different mesoporous mesoporous organosilica with two hydroxyl groups
structures; disordered and was found to be the most active catalyst. Moreover,
periodic mesoporous OMO-2 showed very good catalytic properties (yield >
organosilicas, compare in ~ 93% and selectivity > 98%), and excellent chemical and
the synthesis of cyclic textural stability in the synthesis of 1,2-butylene
carbonates. carbonate over 5 cycles.

9.1. Publications

The work reported in this thesis led to the publication of four articles in peer-reviewed journals,

including;

H. Ziaei-Azad, J.M. Kolle, N. Al-Yasser, A. Sayari, One-pot synthesis of large-pore AIMCM-
41 aluminosilicates with high stability and adjustable acidity, Microporous Mesoporous
Mater. 262 (2018) 166—174. doi:10.1016/j.micromeso.2017.11.036.

J.M. Kolle, A. Sayari, Substrate dependence on the fixation of CO2 to cyclic carbonates
over reusable porous hybrid solids, J. CO2 Util. 26 (2018) 564-574.
do0i:10.1016/j.jcou.2018.06.013 — Chapter 7 of thesis.

J.M. Kolle, A. Sayari, Novel porous organocatalysts for cycloaddition of CO2 and epoxides,
RSC Adv. 9 (2019) 24527-24538. doi:10.1039/c9ra05466a - Chapter 8 of thesis

J.M. Kolle, A. Sayari, Covalently Immobilized Polyethylenimine for CO2 Adsorption, Ind.
Eng. Chem. Res. 25 Nov (2019) Just accepted. doi:10.1021/acs.iecr.9b04669 - Chapter 4
of thesis.

Said, R. B.; Kolle, J.M.; Essalah, K.; Tangour, B.; and Sayari, A. CO2 — Amine Reaction
Mechanisms: A Unified Approach. Submitted to J. Mater. Chem. A. Currently under
review - Chapter 3 of thesis.

In addition, a comprehensive review on the “Understanding the role of water during CO2

adsortion” will be submitted soon - Chapter 5 of thesis.
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9.2. Recommendation for future work

This study presents an insight into fundamental issues on COz-amine interactions, CO;
fixation to cyclic carbonates, as well as materials development. Based on the reported findings,
this study may be improved if the following suggestions, to improve both the materials and CO;
adsorption and/or reuse processes, are implemented:

e The use of chemicals such as antioxidants to improve oxidation stability of amine-
based adsorbent, notably PEl-impregnated materials in the presence of oxygen.

e At the end of the reaction between CO; and epoxide, unreacted CO; is released into
the atmosphere. It will be beneficial if this CO, could be collected and reused in
subsequent CO2-epoxide reactions, or other reactions utilizing CO; as a substrate.

e Supported ammonium salts used as catalysts in the synthesis of cyclic carbonates
from CO; and epoxides appear to undergo loss of the active site with reuse. A reaction
condition under which such loss can be reduced to an unnoticeable level over multiple
cycles will be highly beneficial. Alternatively, it will be useful to investigate the
possibility of restoring the activity of the catalyst once the loss of active site becomes

evident.
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