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Hydrocarbon streams derived from natural gas and petroleum processing contain high
concentrations of hydrogen sulfide (H2S) which is corrosive to process equipment, detrimental to
product quality, and harmful to human health and the environment. Reaction of trace
concentrations (<100 ppm) of sulfur compounds in natural gas streams with copper oxide (CuO)
to form environmentally benign copper sulfides is an effective method to purify these streams.
Such reactive sorption processes are advantageous because they are thermodynamically more
favorable than physisorption, leading to higher purity streams and higher solid phase contaminant
capacities. However, the primary drawbacks to reactive sorption systems are incomplete
conversion of the copper oxide phase and slow kinetics, which detrimentally impact their industrial
use by necessitating continuous process shutdowns to reload the reactors or/and over-sized beds.
Moreover, most current predictive models lack the detail to fully capture the important reaction-

diffusion phenomena associated with reactive sorption at the molecular level. Thus, the



extrapolation of these models across a broad range of conditions is difficult. Motivated by these
considerations, the overall goal of this project is to combine advanced characterization experiments
at the atomic level with intrinsic reaction kinetic data at the reactor level to create microkinetic
descriptions that relate reaction mechanisms of sulfur-containing molecules to the chemical and
structural changes of CuO-based materials. This multi-scale research approach (atoms, crystals,
pellets, reactor) exhibits a significant departure from traditional approaches that focus on either
iterative materials screening or simplified reactor modeling.

This project has unraveled the following fundamental insights about the CuO-H2S
reactions: i) CuO-based materials with decreasing extents of crystallinity contain high
concentration of oxygen vacancies which results in higher extent of conversion due to the slower
rates of molecule dissociation and increased diffusivities of sulfur atoms, oxygen atoms, and/or
reactant molecules within the solid phases. ii) The Cu2xSx products change over the course of the
reaction due to changes in the electronic and coordination environments of the interfacial disulfide
groups, with products resembling covellite (CuS) as the conversion increases. iii) The introduction
of foreign atoms to CuO lattice (Zn and La atoms) enhances CuO sulfidation conversions by
disrupting the CuO lattice and forming vacancies for the diffusion of sulfur and oxygen atoms, and
by donating electron density to Cu?* centers and consequently weakening the Cu-O bonds and
making them more susceptible to rapture and reaction with sulfur moieties. Finally, the project
highlights the utility of using fixed bed tests and simple linear driving force models to describe the
surface reaction/diffusion phenomena contingent on operating at conditions where bulk and pore
diffusion resistances are minimal. These insights, among others, are critical for the rational design
of high capacity reactive sorbents and for the optimal operation of the desulfurization processes at

conditions that approach their thermodynamic limits.



The dissertation of Sara Azzam is approval by:

Panagiotis D. Christofides

Vasilios Manousiouthakis

Louis Bouchard

Dante A. Simonetti, Committee Chair

University of California, Los Angeles

2020



This dissertation is dedicated to my parents who taught
me kindness, patience, and perseverance and
to my late grandmother, who survived six wars but

never lost faith in love, life, and humanity.



TABLE OF CONTENTS

(O gF=T o (T gl R I @ =T Y - PSSR 1
(@ gF=To] (1 g I = F- Tod 1o | 01U T o 1RSSR 4
2.1 Reaction Engineering DESCIIPLIONS ..........ooiiiiiiiiiiieieie e 6
2.1.1 Pellet SCAle MOUEIS .......ocveeiieie ettt 7

2.1.2 REACION MOUEBIS ...ttt bbb 9

2.2 Materials development apPrOaCh .........ccveiieie i 11
2.3 Advanced characterization for mechanism and active site identification.................cc.c...... 15
2.4 DFT and quantum chemistry utility in describing reactive sorption processes.................. 20
2.4.1 DFT computational studies for the sulfidation of ZnO-based sorbents ..................... 21

2.4.2 DFT computational studies for the sulfidation of CuO-based sorbents..................... 25

2.4.3 DFT computational studies for sulfidation of less common metal oxide sorbents.... 31

Chapter 3 | Linear Driving Force Approximations as Predictive Models for Reactive

EST0] 0] €T o TSRS 34
K200 I 11 (0T [1 o1 1o o USSP 34
3.2 EXPerimental IMEtNOUS .........cviiiieieee e 35

3.2.1 Materials and charaCterization .............ccccveiieieiie i 35
3.2.2 Fixed-bed eXPerimeNtS ........cci it 36
3.2.3 Cooper and Bohart-Adams models development............covvereiinieieienc s 37
3.3 RESUILS AN0 DISCUSSION .....ecivieiiiiiieiiecie ettt sttt ste e s raesre e reesbeeneesneenas 41

3.3.1 Identification of reaction products and effects of sulfidation on sorbent morphology
............................................................................................................................................. 41

3.3.2 Effects of reactor contact time and sorbent agglomerate size on capacity and rate... 47

3.3.3 Effects of temperature, concentration, and PreSSUre ..........ccoeverveeeiereneneseseseens 51

KR S 10T |V O] o 1] o] SR 56
Chapter 4 | Effects of Morphology and Surface Properties of Copper Oxide on the Removal
of Hydrogen Sulfide from GaseouS STIEAIMS ..........ccoiiiiiiiiieieie e 58
I Y (0o [ Tox (T O PSPP PSPPSR 58
4.2 EXPerimental MEthOUS .........cooiiiiieee b 60
4.2.1 Materials and Synthesis MethodS........cccovviiiiiiiiiieee e 60

A A O T 1= Tox (=] g 2 LA o] o PSP 64

4.2.3 Fixed-Ded eXPeriments .........coci i 65

4.2.4 ComMPUEALIONAT STUAY ...o.viviiiieiieeieee e e 66

Vi



4.3 RESUILS AN DISCUSSION ....oeeeeeeeeeeeee et e e e ettt e e e e e e e e et eeeeeeeaee e eeeeeeeeeeaaans 67

4.3.1 Physio-chemical properties of CuO materialS. ... 67
4.3.2 Effect of crystallite size on HaS removal ... 76
4.3.3 Influence of carbon-based residues on HaS removal............c.coovvivninnnnenc i, 87
N @o o Tod [1ES] [0 L OSSP PRSP 88

Chapter 5 | Fundamentals of the Remediation of Sulfur from Gaseous Streams using

(O0] o] o 1<T g @ )1 [o [ I TSRO P PR U PP PR PRI 90
5.1 INEFOUUCTION ...ttt ettt bbb bbbttt et et sttt abesneeneas 90
5.2 EXperimental MEtNOUS ...........cuiiiiiice ettt 91

5.2.1 Materials and synthesis MethOdS.............cooiiiiiiiiiie s 91
5.2.2 Fixed-Ded eXPerimentS ........coiiiiiieese s 92
5.2.3 Non-synchrotron characterization teChNIqQUES ...........cccocvviieii e, 92
5.2.4 Synchrotron-based X-ray CharaCterization.............cccceeerereiiniiinieeese s 93
5.2.5 XAFS data processing and analySIS ..........coouiiririeieneiese s 97
5.2.6 Random pore model deVEIOPMENL...........coooieiiiiiiii e 98
5.3 RESUILS aN0 DISCUSSION ....vveveeiiieieesiesiee st eiesiee st ee s sie et este e sseesneeneesreenseeneesseenseenee e 100
5.3.1 Non-synchrotron CharaCterization ............coeiieeeeiene i 100
5.3.2 Fixed bed sorption eXPeriments ...........cccceiieiieieeiieseesie et 102
5.3.3 Sulfidation kinetics from bulk XAS measurements...........cc.ccovvevererenenesiesesennens 103
5.3.4 Sulfidation kinetics of individual particles via TXM.......c.ccocooviiiiiiiiiniienciens 106
oI O] o o[]S P PRSI 110

Chapter 6 | Insights into Copper Sulfide Formation from Cu and S K-edge XAS and DFT

RS (0 [0 L= PSPPSR 111
G T0t A 1 0o [ od 1 o] USSR 111
6.2 EXPerimental IMEtNOUS ........cov i 114

6.2.1 Materials and synthesis Methods............cccooveiieiiiic i 114
6.2.2 Non-synchrotron characterization teChNIQUES ............cccvieiiiii i 116
6.2.3 Fixed bed SUlfIdation tESES.........cevieeieere e 116
6.2.4 XAS acquisition and @nalySiS.........cccoviiiiiiiiieiiie e 117
6.2.5 DFT computational StUAY ..........c.eoviiiiiiiie i 121
6.3 RESUILS AN0 DISCUSSION ....vvvieiieieeiiesiie e eiesiee e e ste e teestesseesnaesseeneesreeseaneesseensennee e 121
6.3.1 Structural characterization of fresh CuO SOrDeNtS .........cccceviiiiiiiiiere e 121
6.3.2 Determination of sorption capacities and kinetics from various techniques............ 125
6.3.3 Speciation of Sulfidation ProQUCTS..........ccoviiiiiieieiee e 129



6.3.4 Impact of CusS structure on reaction MechaniSm............cccccovvveveiieeneene e 137

R B o0 Tod 111 o] o TSRS 143
Chapter 7 | Lanthanum Induced Weakening of Lattice Copper-Oxygen Bonds Improves
Hydrogen Sulfide Capacities of Copper Oxide AdSOrbents..........ccoovvevevieiinienieneese e 145

% oo [0 od o] o PSSRSO PR PRSI 145

7.2 EXperimental MEtNOUS ..........ccuiiiiiecie st 147

T2 1 MALEITAIS ...ttt ettt et et re et e e 147
7.2.2 Fixed bed SUlfIdation TESES.........cuoiiiieiieiesie e 148
7.2.3 Non-synchrotron characterization teChNIQUES ...........ccecviieiieie e 149
7.2.4 Synchrotron-based charaCterization .............cocueveieieneiese e 150
7.3 RESUILS AN0 DISCUSSION ....vvviiiiieieesiesiie st eiesiee e te sttt e ste e s e nteeneesreebeeneesreensennee e 151

7.3.1 Effects of nominal La content and synthesis method on sorbents removal capacity 151
7.3.2 Physio-Chemical properties of La-CuO sorbents identified via non-synchrotron-

DASEA tECRNIGUES......c.eiceie e sttt et esre e re e e 154

7.3.3 Multi-edge XAS study of changes in chemical environment .............cccccceeveveenee. 159

7.3.4 Bulk Kkinetics using in-situ XAS and fixed bed experiments ...........cccccvevvrverernnnne. 166

A O] o [ S]] o USSP 170
Chapter 8 | CONCIUSIONS..........couiiiiieeie ettt ae e s be e te e e sraesreenee e 172
Appendix A | Supplementary Information for Chapter 2.............cccocviiiiiiien s 179
Appendix B | Supplementary Information for Chapter 3...........ccccooveiiiieieiie v 186
Appendix C | Supplementary Information for Chapter 4............ccccooniiiiiiiiin s 187
Appendix D | Supplementary Information for Chapter 5...........cccoov e 189
Appendix E | Supplementary Information for Chapter 6............ccocooiiiiiiiiien s 192
Appendix F | Supplementary Information for Chapter 7...........ccccoovoveiieiecic v 202
BIBIIOGIaPNY ... 206

viii



LIST OF FIGURES

Figure 2-1: Possible reaction stoichiometries for sulfur compounds with different metal oxides. 5

Figure 2-2: Model representations of an individual pellet undergoing sulfidation for A. Grain
model and B. Random pore model adapted from Ramachandran et al.?’ and Bhatia et al.l®
compared to C. In situ mapping of CuO particles undergoing sulfidation figure from Hoffman et
BL..28 ettt ettt a ettt et n ettt en e et et esenaneeeas 9

Figure 2-3: Decrease in sulfur removal efficiency due to formation of a ZnS outer layer that
IMPedes aCCESS 10 INNET ZNO. ......oiuiiiiiiiiieiee bbbt e b e 16

Figure 2-4: Model structure of four metal oxide surfaces commonly studied. They are ZnO(0001),
CuO(111), CeO2 (111), and MgO(001), in order of most to least discussed in this review......... 21

Figure 2-5: Illustration for the reaction mechanism of H>S molecules on CuO surfaces referenced
in the computational studies in literature. 234236, .. 26

Figure 3-1: Demonstration of the three levels of the process of H,S removal in a bed of a CuO-
based sorbent: Packed bed, pellet and grain [eVels. ...........ccooeiiiiiiiii e 34

Figure 3-2: Schematic of fixed-bed reactive sorption testing apparatus.............ccccccevveveiiveseennns 37

Figure 3-3: SEM image of the CuO-based sorbent (75-125-micron pellets; 120-200-mesh) at 100x
and a particle size distribution analysis of the sorbent generated by ImageJ software................. 42

Figure 3-4: SEM images of fresh CuO-based sorbent (75-125-micron pellets; 120-200-mesh) at
10000 x magnification in A and C and 15,000 x magnification in B and D. A-B scans are of fresh
materials while C-D set are taken after sulfidation with 110 cm3(STP) min? of 930 ppm-vol
H>S/N> stream at temperature of 294 K and 1.0 atm pressure. Arrows point to cracks in the particles
that form after SUFIAAtION. .........ovi i e 43

Figure 3-5: Energy Dispersive Spectroscopy (EDS) elemental maps (oxygen, aluminium, copper,
and zinc) for a 120-micron pellet of the CuO-based sorbent based on an SEM scan at 1000 x
Magnification (10P PANELY. ....cc.ioii e e 45

Figure 3-6: Diffraction patterns of fresh CuO-based sorbent and spent samples at 294, 323, 338,
353, 368, 383 K after sulfidation with 110 cm*(STP) min of 970-1016 ppm-vol H2S/N2 at ambient
temperature (294 K) and pressure (1.0 atm). The triangles correspond to characteristic CuO peaks
and the diamonds correspond to characteristic sulfur peaks. ..........cccovveviiiieiii i 46

Figure 3-7: Tracer experiment to verify short delay time for the sulfidation tests. 150 mg of inert
alumina (Al203) bed and a feed of 1000 ppm-vol H>S/N2 were used at a flowrate of 100 sccm. 47

Figure 3-8: Effect of varying contact time on maximum saturation capacity, gs, for fixed beds of
CuO-based sorbent at 1000 ppm-vol H2S/N, 294 K and 1.0 atm. Different color codes are assigned
0 ITFErent PEIIEE SIZES. ..o 48



Figure 3-9: Breakthrough curves of normalized effluent H2S concentration (right) collected for
fixed beds of the CuO-based sorbent at 1000 ppm-vol H2S/N2, 294 K and 1.0 atm. Solid black
lines represent fitted linear driving force models (Cooper model for 120, 180, 212, 500 pm and
Bohart-Adams model for 800 and 1000 pm). Inset schematics show representations of the
propagation of reaction front through the volume of the pellet for large pellet size (not to scale)
....................................................................................................................................................... 49

Figure 3-10: Contributions of pore diffusion resistance, 1/kp, bulk diffusion resistance, 1/k», and
solid diffusion/surface reaction resistance, 1/kixn to the overall rate resistance, 1/kK, at various
agglomerate sizes (125-1000 um). The resistances were deconvoluted from Cooper’s regressed
rate parameter for runs at 1000 ppm-vol H2S/N2, 294 Kand 1.0 atm. .......ccccecvvvvvivieiiincinennen, 51

Figure 3-11: A) represents the effect of varying temperature on the maximum saturation capacity
at given conditions. B) represents an Arrhenius plot of the rate parameter regressed from Cooper’s
model fit for runs at 294, 323, 343, 363, 393, and 423 K. The runs were collected for 212 pm
agglomerates at 970-1016 ppm-vol H2S/N2 and a pressure of 1.0 atm. .......ccccceoeviieiiniiinnnnnns 52

Figure 3-12: Breakthrough curves of normalized effluent H2S concentration (right) collected for
fixed beds of the CuO-based sorbent at 1000 ppm-vol H2S/N2 and 1.0 atm for temperatures of 294,
323, 353 K. Solid black lines represent fitted linear driving force models (Cooper model for 294
and 323 K and Bohart-Adams model for 353 K). Inset schematics show a representation of the
propagation of reaction front at two teMPEraturesS...........cccveveieeieiie i 53

Figure 3-13: Breakthrough curves of normalized outlet hydrogen sulfide concentrations collected
for fixed beds of the CuO-based sorbent at A) 1000, 1380 and 2200 ppm-vol H2S/N2 (125 um) and
B) 1.0 atm, 1.4, 1.6 and 2.0 atm (500 pum) both at a temperature of 294 K ........ccccovveiiiinnnnnn 56

Figure 4-1: X-ray diffraction patterns of CuO sorbents. (a) Nanoparticles via sol-gel, co-
precipitation, and hydrothermal treatment (NP and NPC) and (b) nanobelts via co-precipitation.

Figure 4-2: X-ray diffraction patterns of CuO nanofibers synthesized via electrospinning (NF)
before and after thermal treatMent. ...........coooeiiii i 69

Figure 4-3: SEM images at 20,000 times magnification of a select group of CuO sorbents with
different morphological features prepared via various synthesis techniques (e.g., sol-gel,
precipitation , hydrothermal treatment with the aid of a polymer, hydrolysis, and electrospinning).
....................................................................................................................................................... 71

Figure 4-4: Weight loss profiles as a function of temperature from thermogravimetric analysis
(TGA) of (a) pure PVP (M.W.=1,300,000), (b) NF-4 prior to thermal treatment (PVP-Cu(NO3)2),
and (c) pure PEO (M.W.=300,000) NanOfiDErS. .........coooiiiiiiiiiiieie e 73

Figure 4-5: XPS spectrum of CuO nanomaterials (NP-7, NPC-2, and NF-4) prepared via
precipitation (no polymer), hydrothermal treatment in the presence of PVP (M.W.=1,3000,000),
and electrospinning, using PVP (M.W.=1,300,000) as a template, respectively. (a) Wide spectra
of the copper oxide sorbents, (b) high-resolution spectra of C 1s, with peak fittings corresponding
L(0J O O 1y o [ O O U SRR 75

X



Figure 4-6: Effect of carbon residue on carrying capacities of CuO nanofibers and nanoparticles
via hydrothermal treatment. X-ray photoelectron spectroscopy (XPS) was used to determine
carbon residue 0N the SAMPIES. ........cov i e 76

Figure 4-7: Effect of (a) surface area, (b) pore volume and (c) domain size on the carrying capacity.
Brunauer-Emmett-Teller analysis was used to determine surface area, pore volume and domain
] 4= S SRR 77

Figure 4-8: Effect of crystallite size of CuO sorbents prepared via various synthesis techniques as
described in Table C-1 and Table C-2 on H.S removal capacity at 1000 ppm-vol H2S/N2, 294 K
AN L AEML ettt bRt bbb bRt Rttt bbb ere s 78

Figure 4-9: a) TEM image for two 65-75 nm particles of NP-1 sorbent after sulfidation at 1000
ppm-vol H2S/N2, 294 K and 1 atm. b) Cu K and ¢) S K elemental maps for the NP-1 sulfidated
particles based on EDS spectra. d) Cross-sectional atomic composition of Cu, S and O K spectra
across the length of the particle, indicated by a red line in the TEM scan. .........c.cccccoevveiennnee. 79

Figure 4-10: a) TEM image for 545-620 nm particles of NP-1 sorbent after sulfidation at 1000
ppm-vol H2S/N2, 294 K and 1 atm. b) Cu K and c¢) S K elemental maps for the NP-1 sulfidated
particles based on EDS spectra. d) Cross-sectional atomic composition of Cu, S and O K spectra
across the length of the particle, indicated by a red line in the TEM scan. .........c.cccccoevveieinnee. 81

Figure 4-11: a) TEM image for a 55-70 nm particle of FP-3 after sulfidation at 1000 ppm-vol
H2S/N2, 294 K and 1 atm. b) Cu K and ¢) S K elemental maps for the NP-1 sulfidated particles
based on EDS spectra. d) Cross-sectional atomic composition of Cu, S and O K spectra across the
length of the particle, indicated by a red line inthe TEM SCaN. .........cccccccevvevieveiie s 82

Figure 4-12: Model of a CuO {111} surface used in this study, showing the different types of
surface atoms depending on their condition: O3c/Osc and Cusc/Cuac &LOMS. .....cvevvvvrvciiririiriirinne. 85

Figure 5-1: a) Schematic of experimental setup for sulfidation of CuO samples at the XAS and
TXM beam lines. b) XAS cell schematic used for the room temperature sulfidation of CuO. c)
TXM cell schematic featuring 0.5 mm quartz capillary used for the room temperature sulfidation
0] O U1 RS TPRSTOPT SRR 94

Figure 5-2: SEM images of HiFuel W230, CuO-1, A) -270 mesh (>53 um) particles before
sulfidation, B) +200-100 mesh (75-125 um particles) before sulfidation, and B) +200-100 mesh
(75-125 pum particles) after reaction with 110 cm3(STP) min of 930 ppm H2S/N at ambient
temperature (294 K) and pressure (1.1 atm). ....oooeiioiieieccec s 101

Figure 5-3: SEM images of copper (11) oxide nanoparticles prepared by precipitation from copper
(1) nitrate trihydrate precursor, CuO-2, A) before sulfidation and B) after reaction with 84
cm?®(STP) min of 1000 ppm H2S/N; at ambient temperature (294 K) and pressure (1.1 atm). 101

Figure 5-4: Normalized concentration-time profiles for CuO-1 (red circles) and CuO-2 (blue
triangles). Normalized time is calculated by multiplying the time on stream with the mass flowrate
of H,S and dividing by the mass of adsorbent. Solid lines are predictions from the linear driving
force model derived DY COOPEI.I2...........covceeieeeeecee ettt 103



Figure 5-5: Conversion of CuO to CusS as a function of time determined by the LCF of bulk XAS
experiments, CuO-1 (red circles) and CuO-2 (blue squares); and LCF of the TXM spectro-
microscopy images of individual particles of ~10 um (particle A in Figure 5-6; black triangles)
and ~20 um (particle B in Figure 5-6; green diamonds) of CuO-1. Black lines are model fits to the
DUIK XAS QLA ...t b e bbbttt ettt bbb e b s 106

Figure 5-6: A) In-situ Chemical maps of CuO particles during sulfidation reaction. 3B)
Development of the reaction front (defined by the voxels with a chemical composition of 50%
CUO ANA 50%0 CUS) ...teveeieeiieieiesie st te et e et te e taste e e et esa et e sbesteabeaseeseeseeseebessensenreaseaneans 108

Figure 5-7: A) Conversion (lines are data; symbols are model predictions) of CuO to CusS at various
radial distances and at various times on stream. B) RPM rate constants (k) and effective
diffusivities (De) as a function of radial distance. The value of zero is the particle surface and the
value of 1 1S the PartiCle CENTEN. ........ooi i 109

Figure 6-1: A) Presents covellite?>! molecular structure and a summary of symmetry, oxidation
states, and coordination for the different Cu and S centers. B) Illustrates covellite crystal packing.
Both structures are produced using Mercury 3.8 structural visualization application.?®........... 113

Figure 6-2: Experimental setup for sulfidation of CuO-based samples at beamline 4-3 at the
Stanford Synchrotron Radiation Lightsource (SSRL) ......ccccciievieiiiiieiesiese e 118

Figure 6-3: Stick-plot representation of the radial distribution of atoms around Cu'* and Cu?* in
Cus (covellite) and averaged Cu center in the simplified CuS model used in EXAFS fitting of Cu

=T [0 [ oL ox 1 - TP TP TP TP URPRURPRPON 120
Figure 6-4: X-ray diffraction patterns of CuO sorbents. Blue diamonds indicate characteristic CuO
PBAKS. ..ttt bbb b bR e £ bR bR Rt et E bbbt b e 122
Figure 6-5: SEM images of fresh CuO sorbents at 10,000 X magnification................cccccceueenee. 123

Figure 6-6: Normalized Cu K-edge XANES spectra for CuO sorbents of different average
crystallite sizes: CuO-1 (2.8 nm), CuO-2 (7nm), CuO-3 (11 nm), CuO-4 (23 nm) and CuO-5 (40
]2 1) PSS 124

Figure 6-7: Breakthrough curves of normalized effluent H>S concentration collected for fixed beds
of the CuO-based sorbent at 1000 ppm-vol H2S/N and 1.0 atm for temperatures of 323 K, 353 K,
and 383 K. Solid black lines represent fitted linear driving force models (Cooper model*®? for 294
and 323 K and Bohart-Adams!8* model for 353 K)..........cccevveeiriceeeeeseee e 126

Figure 6-8: Conversion of CuO to CuS as a function of time as determined by the LCF of bulk
XAS experiments at Cu K-edge and S K-edge. The experiments were conducted at 323, 353, and
383 K for CuO-1 sample under a flow of 1000 ppm HoS/He at 1 atm. ......cccoovvvieiiiiciinieeens 128

Figure 6-9: Crystal structures, compositions, oxidation states of Cu and S, and X-ray diffraction
patterns for low-chalcocite, high-chalcocite, Djurleite,?®* Anilite,?%? Geerite,?®> Roxbyite,?%* and
Covellite.®®! Red spheres represent Cu while yellow spheres represent S. The structures are
produced using Mercury 3.8 structural visualization application.?>.............cccoevvveeiviveneennne. 130

Xii



Figure 6-10: X-ray diffraction patterns of spent CuO sorbents. The sulfidation tests are run at 298
K and 1 atm with 1000 ppm-vol H2S/N>. Red rectangles identify characteristic covellite peaks.
..................................................................................................................................................... 131

Figure 6-11: Diffraction patterns of fresh CuO-1 sorbent and spent samples for runs at 323, 353,
and 383 K (using 1000 ppm-vol H2S/N2 and 90 cm3(STP) min). The XRD of spent samples are
collected at 298 K and 1 atm after sulfidation at elevated temperatures. Blue diamonds correspond
to characteristic CuO peaks and red triangles correspond to characteristic CuS peaks.............. 131

Figure 6-12: Normalized S K-edge XANES spectra for samples CuO-2 and CuQO-3 after reaction
at 298 K and CuO-1 after reaction at 323, 353, and 383 K (1000 ppm-vol H2S/He, 298 K and 1
atm). The scans were collected under flowing He. Experimental conversion of each sample is
indicated in the fIQUIe IEJENM. ...........eoi i 132

Figure 6-13: Normalized S K-edge XANES spectra for CuO-1 spent at 323 K and 383 K, and two
copper sulfide references (CuS and CuS). The spectra are offset for clarity. The inset shows the
second derivative spectra of the spent samples highlighting the absence of peak b (S2* 1s = Cu?*
3d°) in the sulfided SAMPIE At 323 K. .....ccvcveiiiceeesceeeeeee ettt es st en et 134

Figure 6-14: Normalized in-situ S K-edge XANES spectra for sample CuO-1 during sulfidation at
353 K, 1000 ppm-vol H2S/HE and 1 atM. ......cccueiieiiciie ettt 135

Figure 6-15: Selected normalized bulk in situ S K-edge XAS spectra of CuO-1 sulfidation with
1000 ppm H2S/He at a) 323 K and b) 383 K. The spectra highlight the change in the formed CuS
SPECIES aS CONVEISION INCIEASEA. ......vieiiiitieiieiieiee ettt sttt ettt b ene s 137

Figure 6-16: Part of the reaction pathway on a bare CuO (111) surface where multiple H2S
molecules participate in reaction, showing disulfide bond formation lowering the reaction free
energy, rendering disulfide bond formation as an improvement on reaction favorability.......... 139

Figure 6-17: of the reaction pathway on a partially sulfided CuO (111) surface where one H>S
molecules participate in reaction, showing presence of disulfide bond formation making equivalent
elementary step exothermic instead of endothermic (from step B0 C). ...ooovvvviiiiiiiiiiiieneee 140

Figure 6-18: A) Normalized Cu K-edge XANES spectra for fresh CuO-1 sample, spent CuO-1
samples at 323, 353, and 383 K (1000 ppm-vol H.S/He), and two copper sulfide references (CuS
and Cu,S). B) First derivative spectra of A) highlighting the pre-edge feature associated with Cu?*
1s = 3d° transition. Spectra offset fOr Clarity...........cccovocevvicieiecee e, 142

Figure 7-1: X-ray diffraction patterns of a commercial CuO sorbent (CuO-1), and two lanthanum-
doped sorbents prepared via sol-gel (CuO-La-1) and ammonia co-precipitation (CuO-La-2), before
and after reaction with 1000 ppm H2S/N; at 323 K and 1 atm. CuS and La»Os diffraction patterns
are included as references. Blue markers indicate characteristic CuO peaks, green markers indicate
characteristic CuS peaks, and red markers indicate LazO3 peaks. ........ccoocvevvrieriniinieniienieins 155

Figure 7-2: STEM images of CuO-La-1 (a-b) and CuO-La-2 (d-e). The detector intensity profiles
for CuO-La-1 (c) and CuO-La-2 (f) are generated along the identified yellow lines in the STEM

Xiii



images. The smooth and additive intensity of CuO-La-2 indicates even distribution of the La
species, in comparison with the blotchy appearance of Cu-O-La-1. ........ccccocevvviiiiiiieiiienienns 157

Figure 7-3: EDS spectra for selected 100 nm areas from STEM images of CuO-La-1 (a-c) and
LOT 0[O T I B (o ) PSPPSR 158

Figure 7-4: Normalized Cu K-edge XANES spectra for commercial CuO-based sample, CuO-1,
and CuO samples with La additives, CuO-La-1 and CUO-La-2........c.ccoecevrvrvierieeiiereniieseeiens 160

Figure 7-5: Normalized Cu K-edge XANES spectra for spent CuO-1, CuO-La-1 and CuO-La-2
sorbents at 323, 1 atm, and 1000 ppm-VOl HaS/HE. ........ooiiiiiiieee e 162

Figure 7-6: Normalized S K-edge XANES spectra for CuO-1, CuO-La-1, CuO-La-2 spent at 323
K, 1 atm, and 1000 ppm-vol H.S/He and a covellite reference (CuS). The inset shows the second
derivative spectra of the CuO-1 and CuO-La-2 spent samples highlighting the presence of peak b
(S2* 1s = Cu?" 3d°) in the spent CuO-La-2 which indicates higher conversion and CuS-like
0100 1ot £ PSSR 164

Figure 7-7: Normalized Ls-edge XANES spectra for CuO-La-1, CuO-La-2 both fresh and spent at
323 K, 1 atm, and 1000 ppm-vol H2S/He and a lanthanum oxide reference (La203). ............... 165

Figure 7-8: Breakthrough curves of normalized effluent H,S concentration collected for fixed beds
of the CuO-based sorbents at 1000 ppm-vol H,S/N, 323 K and 1.0 atm. Solid black lines represent

linear driving force model fit (Cooper model). Time is normalized by multiplying the time on
stream with the mass flowrate of H2S and dividing by mass of sorbent.............ccccoveviiiiiinnnne 166

Figure 7-9: Bulk S K-edge XAS spectra of a) CuO-La-1 and b) CuO-La-2 as it was exposed to
flowing 1000 ppm H>S in helium at 323 K and 1 atm. XAS scans were taken every 9 minutes and
the edge step increased consistently With TIMe. ... 168

Figure 7-10: Conversion profiles of CuO in CuO-1 (green), CuO-La-1 (blue), and CuO-La-2 (red)
to CuS as determined by in-situ S K-edge XAS experiments at 1000 ppm-vol H,S/N, 323 K and

1.0 atm. Black dots represent RPM fits for the data. ...........coccceeiiiiiiiiiiii e, 170

Xiv



LIST OF TABLES

Table 3-1: Summary of pore volume and BET surface area of N2 adsorption at 77 K for fresh and
sulfided CuO-based sorbent at 1000 ppm-vol H2S/N2, ambient temperature (294 K) and ambient
PrESSUNE (1.0 LM)..eiiiiieiieiie ittt sttt e et e st e e teese e s beenbeeneesbeeteeneesneenrens 44

Table 5-1: Pore volumes and BET surface areas of fresh and sulfided CuO-based sorbents..... 102

Table 6-1: Physiochemical properties of the CuO sorbents. [©Based on XRD peak at 260=38.8°.
IFjrst shell oxygen coordination number based on EXAFS fits of Cu K-edge (See Supporting
Information). FIBET method. [IBJH method. FIFixed bed experiments at 298 K with 90 cm3(STP)
mint of 1000 vol-ppm H2S/N; at 1 atm total PrESSUIE. ..........cveveeeveveceereeeieseeeeseeeeieseeee s, 122

Table 6-2: Summary of conversion and kinetic and diffusivity parameters deduced from RPM
model for in-situ S K-edge and Cu K-edge tests and, Cooper model for fixed bed tests. Conversion
data were obtained through linear combination fitting for the XANES region using CuO and CuS
references for Cu K-edge tests and using the edge step of fully converted 383 K test as a reference
for S K-edge runs. All runs are carried at ambient pressure and a feed concentration of 1000 ppm-
VOI HS . bbbttt bRttt e bbb nre s 127

Table 7-1: Summary of sulfidation tests results for fixed beds of CuO-based samples at 1000 ppm-
VOl H2S/N, 323 K AN 1.0 LML c.eoiiieiieiiceeiee et nne s 152

Table 7-2: Physiochemical properties of the La-doped CuO sorbents relative to the commercial
CuO-based sorbent. ¥ Based on XRD. [’ Based on BET. [ Based on BJH method. ............... 156

Table 7-3: Summary of rate parameters deduced from Cooper model fit, removal capacity, and
conversion of CuO for fixed bed sorption tests at 1000 ppm-vol H2S/N, 323 K and 1.0 atm.... 167

Table 7-4: Random pore model parameters from fits of the conversion profiles of S K-edge in situ
sulfidation runs at 1000 ppm-vol H2S/N2, 323 K and 1.0 atm.........ccoocvviiinininienene e 169

XV



ACKNOWLEDGEMENTS

I would like to express my gratitude to my advisor, Professor Dante A. Simonetti, for his
guidance and support throughout my doctoral work. Professor Simonetti is a great mentor who has
continually believed in me and trained me to be the researcher | am today. | was fortunate to be
the first student to join his research group and learn from him, firsthand, how to build a catalysis
research lab from scratch and how to not (accidentally) set it on fire. In the same respect, |1 would
like to thank Professor Panagiotis D. Christofides, Professor Vasilios Manousiouthakis, and

Professor Louis Bouchard for graciously accepting to serve on my doctoral committee.

I would like to thank Dr. Tirso Lopez-Ausens for being an excellent colleague and
collaborator in many parts of this project. Tirso inspired me to be more focused, organized and
detail-oriented in my approach. | would like to also thank my collaborator from New Mexico
University, Griffin Canning, for being generous with his time and knowledge. Griffin helped me
tackle some of the most challenging and exciting research questions in my work. |1 would like to
thank my collaborators and advisors at the Stanford Synchrotron Radiation Lightsource (SSRL):
Dr. Alexey Boubnov, Dr. Adam Hoffman, and Dr. Simon Bare for their support and supervision
throughout countless sleepless nights at the beamline and beyond. Working closely with Dr. Bare’s
group has been a significant and unparalleled contributor to my doctoral training. Additionally, |
would like to thank and acknowledge the following individuals who collaborated with me on this
project: Professor Philippe Sautet, Dr. Sergey Prikhodko, Dr. Yijin Liu, Kai Zhang, Faisal
Alshafei, Luke Minardi, Richa Ghosh, Brian Ko, Zubin Mishra, Nicole Chiang, and Brook

Wander.

| would like to thank Mr. William A. Herrera for empowering me and giving me the

opportunity to facilitate the High School Summer Research Program (HSSRP), for three

XVi



consecutive years, as it has been one of the most meaningful and rewarding experiences | have had
at UCLA. | would like to also thank my labmates and peers for their direct and indirect
contributions to my research work and journey at UCLA.

I would like to gratefully acknowledge the funding from the Department of Chemical and
Biomolecular Engineering and the Office of Equity, Diversity, and Inclusion at UCLA and to the
donors of The American Chemical Society Petroleum Research Fund. | would like to also
acknowledge the use of the SSRL, SLAC National Accelerator Laboratory, supported by the U.S.
Department of Energy (DOE).

| would like to thank my previous mentors during my undergraduate education who have
continued to be influential beyond my time at the American University of Sharjah (AUS). | would
like to especially thank Professor Oussama M. El-Kadri, an exceptional mentor and role model
who was the reason behind me pursuing a double major in chemistry. This decision prepared me
for the research work | did during my doctoral work. | would like to also thank Professor Lucia
Pappalardo, Professor Ghaleb Al Husaini, and Professor Yousef Salamin for their invaluable
guidance and mentorship.

Finally, and most importantly, 1 am forever grateful for the special people in my life who
supported me emotionally throughout this journey: My parents (Salwa and Abdulmajid), my
siblings (Belal and Hajar), my partner (Ayman Al-Abdallah), and my friends (Reem Karmouta,
Nour Jabaieh, Tina Al-Attar, Hafsa Shurbaji, Anas Al-Angar, Hawra Salami, Randa Asaad, and
my late dear friend Jason Donovan).

Chapter 2 is a version of: Azzam, S.; Simonetti, D. A.; Alshafei, F.; Lopez-Ausens, T.;
Minardi, L. Reactive Sorption of Sulfur on Metal Oxides: Applications, Reactor Engineering

Descriptions, and Opportunities to Develop Molecular Understanding. In preparation, 2020.

xvii



Chapter 3 is a version of: Azzam, S.; Simonetti, D. A. Linear Driving Force
Approximations as Predictive Models for Reactive Sorption. Energy Technol. 2019, 1900718.

Chapter 4 is a version of: Azzam, S. A.; Alshafei, F. H.; Lopez-Ausens, T.; Ghosh, R.;
Biswas, A. N.; Sautet, P.; Prikhodko, S.; Simonetti, D. A. Effects of Morphology and Surface
Properties of Copper Oxide on the Removal of Hydrogen Sulfide from Gaseous Streams. Ind. Eng.
Chem. Res. 2019, 58 (40), 18836-18847.

Chapter 5 is a version of: Hoffman, A. S.; Azzam, S.; Zhang, K.; Xu, Y.; Liu, Y.; Bare, S.
R.; Simonetti, D. A. Direct Observation of the Kinetics of Gas—Solid Reactions Using in Situ
Kinetic and Spectroscopic Techniques. React. Chem. Eng. 2018, 3 (5), 668-675.

Chapter 6 is a version of: Azzam, S.; Boubnov, A.; Hoffman, A.; Lépez-Ausen, T.; Chiang,
N.; Canning, G.; Sautet, P.; Bare, S.; Simonetti, D. A. Insights into Copper Sulfide Formation from
Cu and S K-edge XAS and DFT studies. Inorg. Chem., submitted, 2020.

Chapter 7 is a version of: Azzam, S.; boubnov, A.; Hoffman, A. S.; Cannin, G.; Alshafei,
F. H.; Ko, B.; Ghosh, R.; Datye, A.; Bare, S. R.; Simonetti, D. A. Lanthanum Induced Weakening
of Lattice Copper-Oxygen Bonds Improves Hydrogen Sulfide Capacities of Copper Oxide

Adsorbents. In preparation, 2020.

Xviii



2010-2014

2011-2014

2015

2015-2020

2017-2020

. Saeed, H.; Husseini, G.; Yousef, S.; Saif, J.; Al-Asheh, S.; Fara, A.; Azzam, S.; Khawaga,
R.; Aidan, A. Microbial Desalination Cell Technology: A Review and a Case Study.

VITA

Bachelor of Science, Chemical Engineering
Department of Chemical Engineering
American University of Sharjah

Bachelor of Science, Chemistry
Department of Biology, Chemistry and Environmental Sciences
American University of Sharjah

Graduation Distinction

Graduate Student Researcher
Department of Chemical and Biomolecular Engineering
University of California, Los Angeles

Teaching Assistant
Department of Chemical and Biomolecular Engineering
University of California, Los Angeles

PUBLICATIONS

Desalination 2015, 359.

Hoffman, A. S.; Azzam, S.; Zhang, K.; Xu, Y.; Liu, Y.; Bare, S. R.; Simonetti, D. A. Direct
Observation of the Kinetics of Gas-Solid Reactions Using in Situ Kinetic and

Spectroscopic Techniques. React. Chem. Eng. 2018, 3 (5), 668—675.

. Azzam, S. A.; Alshafei, F. H.; Lopez-Ausens, T.; Ghosh, R.; Biswas, A. N.; Sautet, P.;
Prikhodko, S.; Simonetti, D. A. Effects of Morphology and Surface Properties of Copper
Oxide on the Removal of Hydrogen Sulfide from Gaseous Streams. Ind. Eng. Chem. Res.

2019, 58 (40), 18836-18847.

. Azzam, S.; Simonetti, D. A. Linear Driving Force Approximations as Predictive Models

for Reactive Sorption. Energy Technol. 2019, 1900718.

XiX



5. Azzam, S.; Boubnov, A.; Hoffman, A.; Lopez-Ausen, T.; Chiang, N.; Canning, G.; Sautet,
P.; Bare, S.; Simonetti, D. A. Insights into Copper Sulfide Formation from Cu and S K-
edge XAS and DFT studies. Inorg. Chem., submitted, 2020.

XX



Chapter 1 | Overview

This dissertation compiles the author’s work on unravelling the fundamentals of the
reaction between CuO and trace amounts of H>S through reactive sorption. Chapter 2 of this
dissertation covers a literature review of reaction engineering descriptions, materials development
approaches, advanced mechanisms characterization, and an in-depth review of density functional

theory (DFT) studies that are relevant to the project.

The dissertation work is then organized in an order of descending length scales. At the
macro-scale, Chapter 3, assesses the utilization of linear driving force approximations as predictive
models for H>S removal in fixed beds of commercial CuO-based sorbent at different flow
conditions, temperatures, total pressures, and inlet hydrogen sulfide concentrations. This study
demonstrates that, in the absence of bulk and pore diffusion resistances, linear driving force
approximations that are zero order in bulk gas phase concentration but first order in solid phase
capacity effectively model contaminant breakthrough curves. The model-deduced sorption rate
parameters reflect, predominantly, the reaction and diffusion at reactive interfaces, rather than bulk

or pore diffusion.

Zooming in on the micro-scale, Chapter 4 explores the structure-function relationships
governing the CuO-H.S reaction. The effect of different physiochemical properties (microscopic
shape, porosity, crystallinity, and purity) on H>S removal capacity of CuO sorbents is probed using
fixed bed experiments at ambient conditions. The study shows that, despite ostensible differences
between the various properties of the tested sorbents, a strong linear relationship was recognized
between the sorbents’ sulfur removal capacity and crystallite size, independent of changes in the

materials’ microscopic shape and porosity. In addition, the effect of residual carbon on CuO



surfaces is also probed in this study for the first time, showing that amorphous carbon inherently
imparted by the use of a polymer (PVP or PEO) or a surfactant (P123) in the synthesis procedure
inhibits reaction and deleteriously impacts the H2S uptake capacity. First principles atomistic
simulations were performed to explain which surface oxygen anions are most reactive and

supportive to the observations.

Chapter 5 probes the spatial-temporal chemical and structural changes of copper during the
sulfidation reaction using advanced synchrotron-based characterization techniques such as X-ray
absorption spectroscopy (XAS), and transmission X-ray microscopy (TXM). This study
demonstrates that H.S removal reaction kinetics show similar trends in fixed bed reactors as in 10-
20 um sized particles. However, reaction fronts proceed through the entire diameter of particles
heterogeneously, indicating the presence of pore diffusion resistance even at very small length
scales. In addition, the study shows that CuO sorbents of similar characteristics exhibit different
sulfidation conversion and reaction rate constants. These differences in reaction kinetics and
conversion indicate the critical impact of possible atomic scale differences and the formation of

different copper sulfide products.

On the atomic scale, Chapter 6, combines ex-situ and in-situ XAS at the S and Cu K-edges
and other characterization techniques to speciate the CuS products formed at different
temperatures and from CuO sorbents with different crystallite sizes. This work identifies,
unprecedentedly, the initial formation of a distorted CusS layer at the surface of CuO crystals with
disulfide groups that have longer Cu-S bonds and higher delocalization of the positive charge of
the Cu center into (S1).. First principles atomistic simulations confirmed the thermodynamic
favorability of the formation of surface (S™), on both CuO (111) and (111) surfaces, providing
further support for the experimental observations.
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Chapter 7 branches out to explore the effects of lanthanum (La) additives on the capacity
and kinetics of CuO sorbents for the removal of H.S. La was selected because of its relatively large
cationic radius (Rra/Rcu = 1.5) compared to the more commonly studied additives such as Zinc,
Nickel and Cobalt (Rx/Rcu = 1.0). The results of the study show that two La-CuO sorbents with
nominal La/Cu ratio of 1:2 achieved 64% and 85% conversion respectively, compared to 59%
conversion achieved by the best performing CuO sample. Advanced multi-edge XAS tests were
performed to identify the structural and chemical changes introduced by La that led to the increase
in capacity. X-ray absorption near edge structure (XANES) analysis at Cu K-edge suggested more
electron-rich Cu species in La-CuO samples, while X-ray absorption fine structure (EXAFS)
modelling showed longer second, third and fourth shell single scattering paths. Together, these
changes suggest that La weakened Cu-O bonds thereby lowering their barrier for rupture via

reaction with H>S-derived species.

Finally, Chapter 8 summarizes the findings of the dissertation and suggests avenues for the

expansion of this work.



Chapter 2 | Background

Reactive sorption involves employing a selective and high-capacity solid substrate that
possess preferential affinity towards a targeted molecule and reacting that solid with the general
purpose of removing a gaseous contaminant. One industrially and environmentally relevant
application is the removal of sulfur-containing contaminants from hydrocarbon streams derived
from natural gas processing' and petroleum refining.>® This purification application is essential
to meet product specifications® and emissions regulations®>® and to protect equipment and
catalysts.>? Many regenerable adsorbents can remove these contaminants’ through adsorptive
separation where trace amounts (1-1000 ppm-mol) of sulfur compounds (e.g., mercaptans, HzS,
CSz, COS)*® and elemental mercury (1-2000 pg/Nm?® ~ 0.1-200 ppb-mol)* are picked up from
these streams. However, reactive sorption using metal oxide has proven to be superior due to (i)
the favorable thermodynamics compared to physisorption resulting in higher purity effluent
streams® and (ii) the permanent sequestration of contaminants in an environmentally benign
form.2® Figure 2-1 shows how COS and H.S molecules react with metal oxides via different
reaction stoichiometries to form stable metal sulfides.®1° Each of these reactions is governed by
different kinetics.!*2 Therefore, fundamental knowledge of these reaction paths and their
respective kinetics is critical to the efficient use of reactive sorbents in hydrocarbon purification

processes.



Reactions of sulfur compounds with metal oxides.
R=CO or H:

RS + ZnO — RO + ZnS |

E oo s

[RS + Fe O, > yRO + Fe S | |x =1,2.,3 | [y =1,3,4]

|}~Rs + Ni O, — yRO +Nz’xs}_| |x - 1,2.3 | |y _ 1,3,4|

[YRS + Mn 0, > 3RO + Mn S| [x = 1,2,3] |y =1,2,3,4,7]

Figure 2-1: Possible reaction stoichiometries for sulfur compounds with different metal oxides.

Several catalyst companies (e.g., UOP, Johnson-Matthey, Axxens, Clariant) sell these
materials at very large scale, highlighting the importance of these reactive sorption processes.
Nevertheless, despite the maturity of these technologies and the abundance of their applications,
these materials still suffer from incomplete conversion of the active phase and high sensitivity to
process upsets. This variation in performance between materials is illustrated in the materials

development section of this review.

Even though many decades of research have been conducted on these systems, most of the
previous work has focused on two areas: reactor engineering models and materials development.
In this review, we aim to focus on the work that has been conducted to combine advanced
characterization techniques with microkinetic and computational models to probe the
fundamentals of these reactions at the molecular level. It is this molecular level of understanding
that will be required to advance previous research beyond combinatorial studies of materials and

macro-scale reactor engineering models. Indeed, this fundamental knowledge could lead to a



rational framework for designing new materials and to higher-fidelity predictive models for fluid-

gas reaction processes that will help overcome reactive adsorption process limitations.

2.1 Reaction Engineering Descriptions

Solid-gas reactions in an industrial setting occur in packed bed reactors where the desired
effluent gas is free from sulfur containing compounds. As the solid material becomes saturated the
concentration of the sulfur compound increases along the length of the reactor as a function of
time until it is measured in the effluent. It is critical to be able to quantify capacity of the solid

materials and to predict the breakthrough time.

Two types of experiments are typically run to characterize the solid reactant or sorbent,
the first is static thermogravimetric experiments and the second is packed bed breakthrough
experiments. The change in mass as a function of time can give insights to the reaction kinetic
limited regime and diffusion limited regime. These static experiments can be described with solid
models to quantify the kinetic rate constant and diffusivity constant while accounting for structural

variations and changes within a material.*®

Packed bed experiments are modeled with a gas phase transport model, the term for the
consumption of the sulfur compound is described by either the aforementioned pellet-scale
reaction model**® or the linear driving force model.'® The pellet-scale model was referred to
above and will be discussed in detail below, the linear driving force model is a mass transfer model
where the driving force is the difference between the equilibrium and the average adsorbate
concentration. In the following sections we will discuss the solid reactant model, the reactor scale

model, and finally the coupling of models with experiments and model limitations.



2.1.1 Pellet scale models

The backbone of complex grain reaction models is the sharp interface model where there
is a fast surface reaction step and a slower diffusion-controlled reaction step as the reaction
progresses to the center of a grain. Some research has used the sharp grain model to describe a
very low surface area zinc titante, ~2m? g%, react with H,S. The sharp grain model used by, Huang
et al., accurately captured the zinc titanate conversion as a function of time and observed the
expected temperature dependence of the parameter estimate of diffusivity.!” The sharp interface
model can be made more complex by including temperature gradients due to heat of reaction and

structural changes due to the solid reaction.

Grain or distributed pore models are more realistic models for many processes where an
individual pellet is composed of many grains having a tortuous pore structure. Each individual
grain or surface element is treated the same as the sharp interface model where the surface reaction
is fast and there is an unreacted core of solid reactant beneath the surface. Pore structure is included
in these models, so the sharp interface includes surfaces inside of the pellet that the gas must diffuse
to. Precise knowledge of the internal pore structure is typically poorly understood, so models have
used different methods to describe them. There are various pore models from single pore,*8 random
pore,'°2% and distributed pore models.?* Further, both pore and grain models are easily made more
complex by allowing for the pore structure change as a function of conversion of the solid material
due to changes in the molar volume of the solid?! or accounting for changes in temperature due to
heat of reaction.*® Due to the more realistic nature of the grain and pore models, they are typically

used to describe desulfurization for static experiments.



Assumptions typically made for solid reaction modeling for simplicity include assuming
the reaction order,?? gas-solid mass transfer resistance is negligible,?® gas concentration at each

grain is uniform,?® and/or no pore creation or clogging®®.

Bhatia and PerImutter applied the random pore model they developed!®?° to the reaction
of SO, with limestone (Ca0).2* Equation 1 and Equation 2 are both dimensionless and they

describe the conversion of mass with surface reaction and diffusion.

L9 (prm22C) = p2 X
n2 an (Den an) =¢ dr @
dx _ c*(1-x){/1-9In(A-X) @)

ar 1+ EZ [i=pinG-0-1]

A variety of additional equations and material data®* are necessary to describe the solid
surface such as surface area, pore length, pore structure, modified Thiele modulus, etc. Bhatia and
Perlmutter used data from Hartman and Coughlin?® and Borgwardt?® to model with the random
pore model, which resulted in accurate fits to both data sets and resulted in parameter estimates
for reaction rate constants and diffusivity from the model fit. Additionally, the parameter estimates
for the reaction rate constant and product layer diffusivities fit the expected relationship as a

function of temperature.

Experimentally, material information must be characterized with N2 physisorption either
to describe the average grain radius for the grain model or to determine the internal pore structure
for the distributed pore model. Equations developed by Sohn and Szekely?® can be used to estimate
the average particle radius for various grain geometries. Equations developed by Bhatia and
Perlmutter®® can be used to estimate structural parameters for the distributed pore model. Most of
the other information necessary to use the grain model or random pore model is available based

on experimental conditions (i.e. temperature) or a literature review (i.e. change in molar volume).
8
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Figure 2-2: Model representations of an individual pellet undergoing sulfidation for A. Grain model and
B. Random pore model adapted from Ramachandran et al.?” and Bhatia et al.® compared to C. In situ
mapping of CuO particles undergoing sulfidation figure from Hoffman et al..?8
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2.1.2 Reactor models

One of the most common models for packed bed reactors where a contaminant is adsorbed
or there is reactive sorption is a 1-D Plug Flow Reactor (PFR) model. Bohart?®, Cooper*°and
Yoshida®! each developed dimensionless forms of the 1-D PFR model for chlorine contaminant
removal, ion exchange columns, and generic adsorption with square breakthrough curves,
respectively. Each of these models used a linear driving force to describe contaminant
consumption but used different expressions for concentration as a function of time. There are two
parameters in these models the maximum capacity of the sorbent material and the sorption rate
parameter. The maximum capacity (concentration) of the contaminant on the solid is determined
by thermodynamics (adsorption isotherms) or stoichiometry (reactive sorption). Maximum
capacity is determined by calculating the total amount adsorbed when the material is fully saturated

by a mass balance. The adsorption rate parameter is then related to adsorption resistance to the

9



bulk diffusion, diffusion in solid pores, and reaction and diffusion on the surface. The method of
using a 1-D PFR with LDF was recently applied to H.S breakthrough experiments with a CuO

bed.16

The 1-D PFR model can be made more complex by adding an axial dispersion term?2 or
using a pellet/grain model if there is a bulk solid reaction. The governing equations of a recent
model developed by Parandin and Rashidi, recently studied zinc oxide reacting with H>S and

developed a model that combined a 1-D PFR with axial dispersion model with the grain model.™

52Cb 6Cp _ 6Cp
522 - Usé'_Zr - kmaS(Cb - Cp) = Epg (3)

Dq

Equation 3 is the mass balance over the bed, where Cy, and Cp is the bulk and pellet
concentration, respectively. Dq is the axial dispersion coefficient, Us is the superficial velocity, km
is the convective mass transfer coefficient, as is the solid surface area per unit volume, and ep is

the bed porosity. The independent parameters are: Z, the distance from the start of the bed and t is

the time.

Equation 3 is the fundamental equation for each of the 1-D PFR models, with boundary

conditions defined as:

6C
Dd 5_21: = Us(Cb - Cin)rzr =0 (4)

5C
5_Zi = OIZT = Lb (5)

where Cin is the concentration of the inlet gas and Ly is the length of the bed. The pellet mass

balance was based on earlier work by Hartman and Coughlin,? defined as follows:
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2
16 sC 3ky(1-¢ - 5C
‘—(rDea—f)—M(r—> G=63 O

r ér Tg Tg
where rc and rg are the radial position of the unreacted core and the radius of the particles in the
pellet. ki and De are the reaction rate and effective diffusion coefficient of the gas through the

pellet.

Work by Knox et al.®2 combined the experimental study of water and CO; breakthrough
curves in a packed bed reactor (Zeolite 5A) with a model of 1-D axially dispersed PFR with LDF
mass transfer coefficient. This work found that experimental systems must satisfy the plug flow
condition to have accurate adsorbate/adsorbent mass transfer information. The only way to verify
that this condition is satisfied is by comparing the breakthrough curves with in situ data along that

axis center.

2.2 Materials development approach

A variety of adsorbents such as, metal oxides (supported and unsupported),101233-52
zeolites (aluminosilicates and all-silica),>*%? metal-organic frameworks (MOFs),®*7° carbons,’*
76 and composite materials®® 7”81 have been used and reported on in the literature for H.S capture
from gas mixtures containing CH4, CO, COz2, N2, Hz, and/or H20. This large body of literature,
however, is beyond the scope of this review, and so in this section, we focus on unsupported metal
oxide sorbents with emphasis on oxide materials that operate at low to moderate temperatures (25-
500 °C). Also, to avoid overlap with®* a recent review which presents on new materials
development for various H»S adsorbents (e.g., ionic liquids, metal oxides, metals, metal-organic
frameworks, aluminosilicates, etc.), this section was kept intentionally short, albeit here we try to

expand on this subject as well as highlight the need for fundamental understanding for rationale
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materials design. Readers interested in metal oxides for high temperature (> 600 °C) HzS removal

3335 or zeolites®*82 may refer to the cited reviews.

In 1976, Westmoreland and Harrison!? conducted a pioneering thermodynamics study,
screening the high-temperature (400-1200 °C) desulfurization potential of 28 solids comprising
primarily of metal oxides. The authors used a computational free energy minimization method to
estimate equilibrium sulfur removal and determine solid compound stability. Eleven candidate
solids based upon the metals Fe, Zn, Mo, Mn, V, Ca, Sr, Ba, Co, Cu, and W showed
thermodynamic feasibility for high-temperature desulfurization of low-Btu gas (i.e., at least 95%
desulfurization and solid stability). Much of the research conducted to date on these metal oxides
and others are presumed to remove H.S according to the general reaction (MxOy (s) + YH2S () <>
MxSy + YH20 (g), where M denotes a suitable metal). Of the metals proposed by Westmoreland and
Harrison, Zn, Mg, Cu, Fe, and rare earth sorbents are among the most promising and most
extensively investigated. Table A-1 and A-2 show selected results of pure and doped-metal oxides
at various experimental conditions. Table A-1 comprises primarily of zinc- and copper oxide-
based sorbents, which are the most promising oxides for low- to moderate- temperature H.S
removal,1%3%3* whereas Table A-2 comprises of other metal oxides that have been less
investigated. The majority of the metals in Table A-2 are drawn from a screening study performed

at room temperature on simple oxides (Ag, Co, Ni, Ca, Mn, and Sn).%°

Zinc-based sorbents have been extensively used in the desulfurization of natural gas
feedstock typically in the 300 — 400 °C range. Early work on ZnO dealt with trying to understand
the effects of product layer diffusion, pore diffusion, and gas-film diffusion on the sulfidation
kinetics.®2 Gibson and Harrison,® for instance, attributed the low utilization of ZnO at temperature
below 600 °C to grain diffusion resistance and formation of a dense sulfide layer. Skrzypski et al.?*
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later performed a study on the sulfidation of pure and metal-doped ZnO nanostructure sorbents,
focusing in their study on the performance of ZnO sorbents at temperatures between 200 and 350
°C. The authors reported that the adsorption of H2S by ZnO is stoichiometric at 350 °C but falls
off rapidly as the temperature is reduced due to slower reaction kinetics. Although ZnO has a high
theoretical and experimental H>S sorption capacity at ~350 °C when compared to other oxides,
ZnO, at elevated temperatures, can be reduced in syngas atmosphere. Therefore, a significant part
of research on ZnO as well as on other promising oxides, has gravitated towards doping the desired
metal oxide with other inert or active metallic species. In most screening studies, the choice of
dopant is rather arbitrary and is based on trial and error, but the goal behind doping is to improve
the sorbent’s properties in one or more of these areas: sorption capacity and selectivity, sorption
Kinetics, stability, structural regenerability upon repeated sulfidation-regeneration cycling,

chemical (e.g., crystallite size) and mechanical properties (e.g., low attribution).33-3%

Skrzypski et al.3* demonstrated that the reactivity of nanostructured ZnO-based sorbents at
low temperatures can be further enhanced by doping. Specifically, it was shown that the addition
of Fe, Mn, Ni, Co, and/or Cu oxides to ZnO allows an increase in the H2S breakthrough capacity
of the sorbent at room or moderate temperatures.®*848 The authors found a 6-fold increase in
capacity at 200 °C by doping 6 mol% Cu. XPS of the Cu-Zn-O sample showed a Cu 2ps2 peak at
933.5 eV, characteristic of Cu?* surrounded by oxygen. After partial sulfidation, this peak shifted
to lower energy, indicating the appearance of Cu®. Using in-situ synchrotron XRD and TEM to
analyze the sulfidation mechanism, the authors suggested an inward growth mechanism where S
anions diffuse from the external surface to the internal oxide-sulfide interface and exchange with
O? anions. This change in mechanism was attributed to the presence of sulfur vacancies in the

zinc sulfide layer due to the replacement of Zn?* by Cu*.*®°
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In spite of the promising properties of some metal-doped oxide nanoparticles, like the one
described in the previous paragraph and shown in Table A-1 and A-2, detailed kinetic studies of
the sulfidation of those sorbent systems are rarely available in the literature, and as such, the origin
of the improvement observed in reactivity is unclear. Often, the justification of improved metal
dispersion in the doped solids is invoked to explain a better surface reactivity; however, it’s not

clear how that translates to an increase in the bulk metal oxide reactivity.

Baird et al.%! reported on the hydrogen sulfide sorption capacity of series of cobalt-zinc
oxides at room temperature. The authors reported a 91% conversion for CosO4, however, Xue et
al.1 reported only a 1% conversion for a similar sorbent. These studies, as well as a few others in
Table A-1 and A-2, suggest at the possible effect of synthesis recipe on particle and crystallite size,
morphology, as well as surface area, which in turn may affect the H,S breakthrough capacity. In
fact, there are several reports exploring desulfurization using different ZnO morphologies.®?*° Our
group recently reported on the chemical reaction of CuO nanoparticles with hydrogen sulfide to
form copper sulfide by investigating the effects of microscopic shape, crystallinity and purity.%’
Specifically, we synthesized materials, which had different morphologies (flowerlike, nanobelt-
like, petal-like, spherical, and fiber-like) and physiochemical-chemical properties (crystallite size,
surface area, and pore volume), and tested them in fixed-bed experiments at room temperature and
1 atm. Despite ostensible differences between the various properties of the tested sorbents, a strong
linear relationship was recognized between the sorbents’ sulfur removal capacity and crystallite
size, independent of changes in the materials’ microscopic shape and porosity. What’s ambiguous
is why the effect of surface area, for instance, is absent in one study such as in our work but present
in another such as, in the work of Baird et al.,?® where transition metals co-precipitated with ZnO

produced mixed oxides of higher surface areas, which performed differently. Moreover, Jiang et
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al.%” studied Cu-Zn and Cu-Zn-Al mixed metal oxides prepared via co-precipitation and multi-
precipitation. Better aluminum dispersion resulted in smaller crystallite sizes and higher specific
surface areas in the samples that contained higher levels of Al. H.S breakthrough capacities also
improved as a result of reducing the thickness of the sulfide shell by effectively reducing the

diffusion path length.

Certainly, quantification of improvements in performance due to physiochemical
properties such as, surface area, crystallite size, and pore volume under similar reaction conditions
at different temperatures for various dopants would be tremendously useful. While it is hard to
draw head-to-head comparisons from the independent studies shown in Table A-1 and A-2 due to
differences in feed compositions, reactor type and volume, definitions of breakthrough
concentration, and gas velocities, the data in those tables aim to highlight (i) the different knobs
that can be turned that may influence H>S capacity, particularly at low to moderate temperatures,

and (ii) promising sorbent materials that require further investigation and characterization.

2.3 Advanced characterization for mechanism and active site identification

In the chemical industry, metal oxide-based materials have been used in the past years for
purification of feedstocks at temperatures ranging between 350 and 500°C.% However, in some
other applications, requiring sulfur removal, moderate temperatures must be used (200-300°C).°
At these moderate conditions, the reactivity of the sorbents (such as ZnO and CuO) is insufficient.
To rationally design and assess metal oxide-based sorbents, the reactive sorption process must be

understood clearly.

Zn0O is a commonly used sulfur sorbent in the industry, despite the mechanism of the entire

process not being fully comprehended. It is accepted that the drop in reactivity of this metal oxide
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at moderate and low temperatures is the result of a ZnS layer being formed over the oxide, which
passivates the rest of the oxide material and keeps it from reacting further with H>S due to the
diffusional barrier of the sulfide layer. Even though the first stage of the process (the surface
reaction) is quick, the second step (bulk reaction) is much slower.® In principle, smaller
nanoparticles exposing more atoms on the surface should be preferred so that a greater fraction of
the material reacts in the first stage, and indeed some improvement has been observed.'® However,
even in small nanoparticles, a relatively large fraction of the oxide remains unreacted, as seen in

Figure 2-3, resulting in a much lower conversion than the theoretical stoichiometric capacity.

Small ZnO Large ZnO
Particles Particles

Figure 2-3: Decrease in sulfur removal efficiency due to formation of a ZnS outer layer that impedes access
to inner ZnO.

In order to increase the removal capacity of oxide-based materials, one must achieve a
complete sulfidation of the bulk material, which means that diffusion through the bulk of the

sulfide layer (e.g. ZnS), must be accelerated. This can be done if the process is properly understood
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so that rational procedures can be developed to increase the efficiency of the process. To this regard,
Bezverkhyy et al.,*° used advanced characterization in order to shed light on the process of ZnO
sulfidation at moderate temperatures. They studied the sulfidation of pure and Cu-doped ZnO
nanoparticles at 250-350°C by H>S, using electron microscopy (TEM) and in-situ X-ray powder
diffraction (XRD) to characterize, in detail, the microstructure of the ZnS phase formed after
partial and complete sulfidation. The TEM images before and after sulfidation showed ZnO
particles with a compact shell of ZnS over them, which was physically separated from the oxide
core by voids at the ZnO/ZnS interface. Interestingly, sulfidation at 350°C revealed void formation
also, but in this case such voids were of a much lower regularity in shape and size. The formation
of voids was attributed to a consequence of the Kirkendall effect,'°* while the differences in them

as a function of the temperature was attributed to lower stability of the voids at higher temperatures.

The authors also performed in situ XRD on pure and Cu-doped ZnO. They found the
absence of a noticeable variation in the crystallite size, attributed to a small width of the reaction
front. Also, when comparing the process on these two materials they found that: 1) nearly a pure
sphalerite phase (ZnS) was formed in both of them and 2) the width of the Bragg peaks of ZnS
decreased sharply with time, indicating that the formed ZnS crystallites grew in size. Specifically,
Cu-doped ZnS showed a rapid growth of these ZnS crystallites, showing that the mobility of atoms
in both materials is quite different. The in situ XRD spectra thus revealed that in Cu-doped
materials the mobility of sulfide anions is much higher than in pure ZnO, which led to a faster
growth of ZnS crystallites. Such acceleration of crystallite growth rate was attributed to the
presence of anionic vacancies formed through Cu'* charge compensation.’%?% The authors

concluded that the presence of anionic vacancies, probably located at the grain boundaries enabled
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a strong acceleration of sulfur diffusion, making the inward growth of ZnS more rapid than the

outward one observed for pure ZnO.

Another example of the importance of characterization in shedding light on the
identification of active sites and the mechanism at molecular level is the work by Samokhvalov et
al.’ They studied Cu-doped ZnO particles supported on SiO- for reactive adsorption of H,S at
room temperature using X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area
analysis, electron spin resonance (ESR), ultraviolet-visible (UV-vis) and diffuse reflectance
spectroscopy (DRS), and computational modelling using density functional theory (DFT). Their
findings showed that the structural characteristics of ZnO/SiO> sorbents did not significantly

change when Cu was added as a promoter and yet, sulfur uptake increased significantly.

XRD data showed that at ZnO percentages above 21%, the sorbent exhibits large crystals
whose desulfurization behavior corresponded to a ‘plateau’ in sulfur uptake capacity. XRD data
also showed the presence of supported ZnO in a nano-dispersed form with a crystalline size less
than ~40A. No additional lines due to copper compounds were found, indicating a high degree of
dispersion of Cu in the sorbent. To further characterize the Cu promoter, they used ESR, a highly
sensitive technique which allows the detection and speciation of various localizations and chemical
states of the same minor component (Cu) in composite materials. Using this technique, they found
that no Cu® species existed, and Cu was in the materials as Cu®*. More information about the
atomic-level structure of these Cu?* promoter sites was found using UV-vis DRS. This technique
showed that Cu?* cations were in an octahedral coordination environment. It also showed a charge
transfer occurred between O 2p orbitals and Cu 3d orbitals. Finally, all these data were combined
with a computational DFT study of a model surface of the sorbent, which showed a distorted
tetrahedral geometry of Cu?* surface sites, which was consistent with the findings by ESR and
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UV-Vis DRS, indicating the presence of surface Cu?* sites featuring a octahedral symmetry with
tetragonal distortions, rather than pure tetrahedral sites. This multidisciplinary study concluded
that Cu?* acted as promoter by providing surface active sites which showed a higher affinity for
H>S compared to Zn?* sites. Dhage et al. concluded that on a ZnO surface with some Zn?* sites
substituted with Cu?*, there can be a displacement of H.O with H,S at the Cu?* surface sites which

explains the promoter effect of Cu?* sites.

In another work, Samokhvalov et al. performed a multi-characterization study to shed light
on the active sites of sulfur sorbent® They studied Ag/TiO. sorbents for removal of
desulfurization-refractive polycyclic aromatic sulfur heterocycles (PASHs) from liquid
hydrocarbon fuels, with the objective of identifying active sites for the process. They found that in
this kind of sorbents with this specific synthesis procedure, XPS measurements showed that Ag
was present mainly as an Ag oxide, with minor concentrations existing as Ag>* (around 0.1% of
total Ag). Furthermore, ESR indicated that the majority of Ag is present in the diamagnetic form
Ag*. These findings were confirmed by XRD and UV-Vis spectroscopy, which found no optical
adsorption in the relevant spectral UV-Vis range and no XRD patterns of metallic Ag. Further
thermodynamic considerations according to the Ag-O.-N2 phase diagram supported these findings.
They also measured surface areas by O chemisorption at 170°C and N2 adsorption. The Ag
specific area they found was 7-14 m?/g, and 114-58 m?/g for the total surface area. The data
indicated that Ag oxide was highly dispersed on the TiO2 support, with the average crystallite size
being 24-69A depending on the Ag content. Finally, with all these findings, the authors suggested
that based on the oxidation state of the active Ag component of the Ag/Titania sorbent, the

adsorption of thiophene and the PASHs at room temperature could proceed via the non-reactive
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strong adsorption, without scission of the C-S bond, as what happens with sorbents containing

Ni2* % and contrary to those with transition and noble metals in metallic state.*°

2.4 DFT and quantum chemistry utility in describing reactive sorption processes

As already shown in this work, reactive sorption involves contacting a fluid with a solid
phase to remove a specific molecule from the fluid via chemical reaction. H.S reacts with metal
oxides to produce a metal sulfide and water. COS and CS; can react with a metal oxide to produce
a metal sulfide and CO2 or undergo hydrolysis to H>S in the presence of H.O with subsequent
scavenging of the HoS by the metal oxide. Reactive sorption of mercaptans is more complex
because these molecules can undergo catalytic reactions to form larger oligomers, desulfurization
reactions to form alkenes and H»S, oxidation reactions to form disulfides, water, and a reduced
metal oxide, or chemical reaction to form copper thiolates or copper sulfides. For this reason, most
of the scientific literature regarding computational studies on reactive sorption of sulfur
contaminants has been restricted to the simple molecule of H2S, with few exceptions such as SO>
or thiophene. Such literature, for the most part, have focused on studying the interaction between
metal oxide surfaces with the concomitant molecular or dissociative adsorptions. Many of them
have studied subsequent steps of dissociative adsorption of H,S resulting in adsorbed S and OH
groups on the surface, while other works have gone further exploring surface reactions of these

fragment eventually yielding water or Ho.

Most of the studies use Density Functional Theory (DFT)%1% as the computational
method of choice, thanks to its accuracy at a reasonable computational cost. It is an ab initio
quantum chemical technique nowadays considered as the standard method for calculating energies,
determining reaction pathways and modelling geometries of reactive surface sites.'®” This section

of the review focuses on the computation work done on metal oxides only, Figure 2-4 and Table
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A-3, leaving out the studies involving more complex species such as molecular clusters of metal

oxide ions.1%

Metal Oxides Commonly Studied

ZnO(0001) CuO(111) CeO,(111) MgO(001)

Figure 2-4: Model structure of four metal oxide surfaces commonly studied. They are ZnO(0001),
CuO(111), CeO; (111), and MgO(001), in order of most to least discussed in this review.

2.4.1 DFT computational studies for the sulfidation of ZnO-based sorbents

As previously stated, ZnO is one of the most widely used materials for removal of sulfur
compounds from gaseous streams. Its major advantages are the high sulfur adsorption capacity
and the favorable thermodynamics of the sulfurization reaction.'® Recent interest has focused on
low-temperature sulfur adsorbents based in ZnO and operate in the range of 25-100°C,*° since
temporal deactivation of high-temperature desulfurization sorbents occurs partly due to the
destruction of their 3D structure. Similar to the wealth of experimental work carried out on ZnO

sorbents, most of the computational studies focus on ZnO-based sorbents too.

Early computational studies on ZnO sorbents date back to the late 90s, such as the one
carried out by Casarin et al..*'! They conducted a DFT study focused on the chemisorption of H2S
on ZnO (0001) and (10-10) crystallographic surfaces. Using the so-called Local-density
Approximation (LDA)*? coupled with a molecular-cluster approach, they simulated ZnO surfaces
using a Zn22022 cluster for the (0001) and a Zn1801s one for the (10-10) surface, onto which they
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adsorbed H.S. They observed that molecular adsorption is favored over dissociative adsorption
yielding SH and OH adspecies for the (0001) surface (133 vs 28 kJ/mol). However, they observed
the opposite case for the (10-10) which favors the dissociative adsorption (152 vs 248 kJ/mol for

molecular vs dissociative adsorption).

Rodriguez et al. also performed DFT studies on (0001) ZnO surfaces.!'® Using the
Generalized Gradient Approach (GGA)!* and periodically repeating slabs to model continuous
ZnO surfaces,'!® they investigated the adsorption and decomposition of H,S molecules. They
found that strong bonding occurred between H>S and S-containing dissociated species and the
reactive surface. The bonding energies of the adsorbates followed the sequence: H>S (-84 kJ/mol)
< HS (-152 kJ/mol) < S (-256 kJ/mol). They also tested the influence of surface coverage and
found it proportional to the adsorption energies (-256 kJ/mol at 0.25 monolayer vs. -236 kJ/mol at
0.50 monolayer). Additionally, they observed how the smaller degree of ionicity of ZnO compared
to other metal oxides such as MgO leads to larger electron densities around Zn atoms which

enhances their reactivity towards S-containing molecules.

It should be noted that while some studies focused on the polar Zn-terminated (0001)
surface!'t113118 since it is one of the simplest ZnO surfaces, the (1010) surface is important as
well because of its thermodynamic stability and, even more importantly, because it was found
experimentally to dominate ZnO nanoparticles and powders.*'” To this regard, Wang et al.1!8
studied the (10-10) surface. They modelled not just the dissociative adsorption of H.S and
formation of adspecies, but also further steps involving a proton hopping processes which could
yield either molecular H> or water. Their calculations were carried out using GGA-DFT with the
PW91° exchange-correlation function and a double-numeric quality basis set with polarization
functions (DNP), being the basis set comparable to that of Gaussian 6-31G**. In a similar way to
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the aforementioned work of Rodriguez et al.'*3, they found a preferential dissociative adsorption
of H.S. As for adsorbed species, they found that both SH and S adspecies have a tendency towards
bridge-like coordination with two Zn atoms, whereas hydrogen atoms prefer one-fold coordinated
adsorption on O-top sites. Regarding the reaction pathway yielding a water molecule (coming from
the proton hop on one hydroxyl to another), it was found both kinetically and thermodynamically
more favorable than the one yielding hydrogen (Eactivation= 319 (H20) vs. 421 (H2) kJ/mol, Ereaction

=166 (H20) vs. 220 (H2) kJ/mol).

Goclon et al. also studied the (10-10) ZnO surface at the DFT level using the Perdew-
Burke-Ernzerhof (PBE)!? exchange-correlation functional together with a planewave basis set and
Vanderbilt ultrasoft pseudopotentials.*?* In this work they also the so-called Hubbard-U method
for a more accurate description of Zn 3d electronic states.?2? Again, they found a preference for
H>S towards dissociative adsorption. They found essentially no activation barrier for the first S-H
bond cleavage (yielding SH and OH groups on the surface), whereas they observed an activation
energy of 48 kJ/mol for the second one (yielding adsorbed S and two OH groups). They also found
preference of bridge-mode adsorption for surface species. However, upon increased surface
coverage, SH groups shifted to single-coordinated environments due to stronger repulsion between

neighboring molecules.

Another ZnO-related study was carried by Dhage et al. .1% In a multidisciplinary work
involving characterization techniques and DFT studies, they investigated the H>S adsorption
mechanism of Cu-promoted ZnO nanoparticles supported on SiO>. They employed the hybrid DFT
method B3LYP?4125 together with the LANL1MB basis set for geometry optimization and the 6-
31G(d) for refined energies. They used quantum mechanical slab models consisting of Zns7Os7
CuZns7037 to simulate ZnO/SiO. desulfurization sorbents and investigated the dissociative
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adsorption of H>S and S-H bond cleavages on the surface to yield an adsorbed S atom and two
hydroxyl groups. In the CuZnz7O37 model they tested the Cu atom as the active site for adsorption
of a H2S molecule and then compared it with adsorption on a Zn center on the Zn3;O37 to account
for the effect of Cu. They found that the activation barrier for the first S-H bond cleavage (H2S —
SH + H) is similar on both pure and Cu-promoted ZnO models. However, the barrier for the second
S-H bond cleavage was found to be notably lower (140 kJ/mol difference) for Cu-promoted ZnO.
The easier reduction of Cu?*— Cu* compared to Zn®>*— Zn* facilitates the migration. They
concluded that when a copper atom replaces a zinc atom on the ZnO surface, the reaction is driven

to complete dehydrogenation of HS by the high stability of the Cu-S bond.

Finally, in the case of ZnO, it is worth mentioning the computational work by Wang et al.,
in which he studied the regeneration process of ZnS back to ZnO.!8 This is paramount because a
good desulfurizer must exhibit not only high affinity towards sulfur but also must be able to be
converted back from the sulfide to the oxide form for subsequent sequestration cycles.'?®
Following the regeneration reaction with molecular oxygen: ZnS + 3/2 O2 — ZnO + SO2, Wang’s
group studied via DFT GGA level and the PW91 exchange-correlation functional the reaction of
S adatoms on the surface with Oz, producing SO>. They found that the process had two elementary
steps (adsorption of S and O, and bonds rearrangements to form adsorbed SO> on the surface) and
that the activation energy for the rate limiting step was just 36.79 kJ/mol, meaning that sulfide
ZnO surfaces could be regenerated relatively easily. They tested as well reduced (10-10) surfaces

and found they were regenerable as well, with an activation energy of 29.43 kJ/mol.
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2.4.2 DFT computational studies for the sulfidation of CuO-based sorbents

CuO sorbents, which are the focus of this dissertation work, are known for their high
efficiency in sulfur removal.***!3! Thermodynamics suggest that lower equilibrium levels of H,S
can be achieved with CuO compared to Fe2O3 and CaO at temperatures below 800°C.%2 Indeed,
experimental results by Jiang et al.**® on mixed Cu-Zn and Cu-Zn-Al materials showed that Cu-
rich sorbents are more suitable than Zn-rich ones, mainly because of the faster sulfidation rate of

CuO compared to ZnO.

Computational studies on sulfur removal using CuO have focused on the (111) surface as
it is the most stable one, i.e. lower surface free energy,*** and because it is found experimentally.*’
To this regard, recent studies such as those Sun et al.!® and Zhang et al.**® investigated the
dissociative adsorption of H.S on this surface. For the former, they investigated the sequential
abstraction of hydrogen atoms from H>S until the transformation to elemental sulfur bonded to
surface copper atoms, similar to the computational work on other metal oxides. Sun et al. used the
GGA approach within DFT with the PW91 exchange-correlation functional together with double
numerical basis with polarization functions (DNP) and effective core potentials for the inner
electrons of Cu.*®” Since DFT computations do not take formal van der Waals dispersion forces
into account, they used a DFT-D correction to account for them. A 3x2 supercell slab was used to
model the CuO (111) surface. There, they found that upon dissociative adsorption of H>S the most
stable configurations for SH and S adspecies is a bridge mode with two 4-fold coordinated Cu
atoms (labelled as Cusub), with H atoms from H»S adsorbing preferentially on surface O atoms with
a 3-fold coordination. In addition, they observed that the activation energies for the

dehydrogenation process of H»S exhibited 2.42 and 23.10 kJ/mol for the first (H.S — SH) and

second (SH — S) dehydrogenation steps respectively, which indicates that the dissociative
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adsorption of HS is most likely to occur on low-coordinated O atoms. Figure 2-5 illustrates the 6-

step sulfidation mechanism.

(4) Sulfur Oxygen Exchange
(1) Adsorption

(3) 2" Dehydrogenation

(5) Water Formation

Copper Oxide Surface

Figure 2-5: Illustration for the reaction mechanism of H2S molecules on CuO surfaces referenced in the
computational studies in literature.13+13¢

Zhang et al.'*® carried out a study on CuO (111) and H2S with a similar computational
methodology but with an expansion of the scope accounting for reduced and slightly-sulfided
surfaces. The reduced surface was modelled by creating an oxygen vacancy upon removal of a
surface O atom, whereas the slightly-sulfided surface was modelled by adding one S atom to the
stoichiometric surface. Sun et al.* also found the dissociative adsorption of H,S to be exothermic
on reduced and slightly-sulfide surfaces, although the activation energy for the first
dehydrogenation step was higher compared to the stoichiometric surface. Nevertheless, the overall

dissociation process was most exothermic on the reduced surface (-169 vs -34 kJ/mol).

However, it should be noted at this point that for metal oxides such as CuO, which exhibit

a strongly correlated electronic nature, there is a strong interelectronic interaction and, thus, the
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dynamics of electrons are greatly influenced by the rest of the electrons. In these systems, the
exchange-correlation functional approximations of standard DFT fall short of properly capturing
qguantum exchange and correlation effects, giving rise to difficulties in accounting for electron
localization.'® One solution is the so-called Hubbard U approach, in which an additional
parameter, namely the Hubbard U, is introduced for electrons to properly describe the on-site
Coulomb interaction .**° The on-site Coulomb correction potential U is introduced as an energy
penalty on the delocalization of electrons, thus restricting the amount of delocalization done by
standard DFT methods. Its easy implementation coupled with marginal additional computational
cost makes it a good choice compared to other higher level functionals and a good choice for
studying surface reactivity of highly correlated metal oxides. This approach has been used for
adsorption studies on CuO (111).14%-142 |t should be noted that the aforementioned studies on CuO
did not take into account this fact and therefore did not include any correction of this type. In
addition, these studies only reached the dehydrogenation processes of a single molecule of H2S
leading to adsorbed S and OH groups, which does not give any insight about the process on further
stages beyond the initial step. These facts led our group to perform a new computational study on

this matter.

In a study performed by the authors of this work, we investigated the complete reaction
between H»S and CuO to form H.O and CusS. After two dehydrogenation steps of the H.S molecule
to give rise to adsorbed S and two OH groups, there is a proton hop between the latter groups,
which gives rise to an adsorbed water molecule. The vacancy left by the water molecule is healed
by the S atom. Therefore, the process results in an exchange of one O atom from the CuO lattice

by a S atom, together with removing H>S and forming water. In order to account for later stages
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of the reaction, we studied also the process in a highly-sulfided surface with most of the O surface

atoms already exchanged by S atoms.

We used GGA+U approach of DFT with the PBE exchange-correlation functional and a
planewave basis set, modelling the CuO (111) surface with a 2x1 supercell slab. It should be noted
that we carried out the same study on the (-111) surface, which is the second most stable CuO
surface and we found similar results as in the (111). We found the whole process of forming CuS
(CuO1xSx more specifically) and H20 from CuO and H»S to be thermodynamically favorable
(AGr=208k =-106 kJ/mol). The elementary steps that comprise it can be organized into two different
groups: Proton hopping processes in which one proton gets transferred from one group to another,
and migration of heavier groups. As for the second type of elementary steps, migrations of heavier
atoms, we found that migration of hydroxyl species from the lattice position is energetically costly
in most cases. Indeed, we found that it was one of the most energetically demanding steps of all
the mechanism, together with the initial molecular adsorption of H.S that is inhibited by the
entropy loss. On the other hand, the healing of an oxygen vacancy by a sulfur atom was found to

be favorable.

In agreement with the other studies on the (111) surface, we found a greater reactivity on
lower coordinated O atoms: AGT=208k = -106 kJ/mol on O atoms with coordination number (CN)
3, whereas AGr=208x = -52 kJ/mol for O atom with CN=4. This is in agreement with experimental
data that shows how smaller CuO particles have a greater sulfur removal capacity: As the particle
size decreases, the population of low-coordinated O atoms increases due to an increase in defects,

dislocations and edges, which in turn increase the reactivity of the particle.

In addition to improved surface reactivity, low-coordinated O atoms may facilitate the

diffusion of O atoms through the bulk of the metal oxide by enhancing the creation of oxygen
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vacancies. This is important from the mechanistic point of view because solid diffusion of atoms
plays a fundamental role in the overall process of reactive sorption in metal oxide materials. A
previous work by Elliott et al. studied the formation of oxygen vacancies on (111) CuO surfaces
via vacuum annealing and Hz reduction.!®® They observed that formation of oxygen vacancies is
more favorable for Osc than for Os atoms (265 vs. 314 kJ/mol): A vacancy formed via
displacement of lattice O by formation of a OH group is thermodynamically favorable for Osc
atoms but unfavorable for O4c ones. All of this, points towards the fact that oxygen vacancies may
be formed to a greater extent when the population of low-coordinated O atoms increases (smaller
particle size) which may also enhance solid diffusion across the bulk of the material needed to

complete the reactive sorption process at later stages.

Finally, two more findings worth noting were related to the later stages of the reaction,
namely the process on highly-sulfided CuO surfaces. Reaction with Os atoms in a bare CuO
surface results in AGr=298x = -52 kJ/mol, whereas AGt=208k = -101 kJ/mol is observed for partially-
sulfided surfaces in which the outer Ozc atoms have been replaced by S atoms. The reactivity of
the O4c atoms increases because S atoms disrupt the Cu-O bonding states inducing lattice strain.
Additionally, it was also found that sulfur exhibits a tendency towards forming covalent bonds
with itself. Results on the (111) surface showed a thermodynamically favorable process for the
formation of S, dimers from sulfur adatoms present on the surface, with a calculated Gibbs free
energy of reaction of AGt=208k=-47 kJ/mol. This kind of dimers are present in the CuS phase
experimentally formed, namely Covellite, providing a hint for the mechanism to complete

sulfidation of CuO.

Another copper which has found its use in reactive sorption processes is Cu.O. Wang et al.

performed computational studies on the (111) surface of Cu20 (the most stable Cu2O surface)'**
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analogue to the studies described above for CuO.* Wang et al. made use of DFT with the Becke-
Lee-Yang-Parr (BLYP) exchange-correlation functional,’*® double-numerical basis with
polarization functions for valence electrons, and basis effective core potentials for inner electrons.
A 2x2 supercell slab was used as Cu20O model. They probed both the molecular and dissociative
adsorption of H,S and found that dissociative adsorption occurred predominantly on reduced
surfaces with oxygen vacancies present. Similar to the studies on CuQ, the dissociative pathway
for Cu20 was found to be exothermic on both the stoichiometric and reduced surfaces (E=-95
kJ/mol and -148 kJ/mol respectively), again with lower-coordinated O atoms being the most
reactive ones. From the kinetic point of view, dehydrogenations show activation barriers at around
50 kJ/mol, which are in agreement with experimental findings that showed sulfur present on Cu,O

(111) surfaces via variable-energy photoelectron spectroscopy.4’

Stenlid et al. used a different approach to study the interaction between sulfur and Cuz0.#
In this computational study they investigated early stages of the sulfidation of Cu.O (111) and
(100) surfaces by sequentially exchanging O atoms of Cu.O by S atoms. Through this approach,
they were able to test the thermodynamic stability of the overall process as reaction cycles went
on in which H2S was consumed and water formed (together with the process Cu20 —Cu201xSx).
Using GGA+U DFT level of theory and D3 for dispersion corrections, they found that the
replacement of O atoms with S atoms is thermodynamically favorable for all stoichiometries
(Cu201xSx) up to pure CuzS for both (111) and (100) surfaces (AGT=208x=-683 and — 852 kJ/mol
respectively). They also observed that it is more thermodynamically favorable to completely
sulfide the first layer rather than the next sublayer partially, indicating that the sulfidation process

of the sorbent may proceed on a layer-per-layer fashion.
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2.4.3 DFT computational studies for sulfidation of less common metal oxide sorbents

Ceria (CeOy), a well-known metal oxide in catalysis and other technical application has
been subject to several computational studies as well. For example, both Chen et al.1*° and Yildiz
et al.»> used GGA+U and the PW91 functional to study the dissociative adsorption of H,S on the
(111) surface of CeOs, testing different pathways from H.S dissociating leading to H20O, H and
SO> as products. However, the latter group, whose results were closer to experimental findings,
found that none of such pathways were energetically favorable, with activation barriers greater
than 182 kJ/mol and reaction energies of around 96 kJ/mol. Only when the surface was previously

reduced containing oxygen vacancies the pathways were energetically favorable.

Mixed oxides of Ceria-Lanthanide were studied as well by DFT (GGA+U). Janik et al.*>
investigated dissociative adsorption of H2S over Ce16032, La2Ce14031 and Th2Ce14031 model slabs,
and found that the dissociation for the first S-H bond (H.S — SH) was the rate limiting step with
barriers greater than 211 kJ/mol on all three cases. However, the apparent activation energy for
dissociative HS adsorption was much larger in pure Ceria compared to mixed La and Tb oxides,
suggesting that the larger sulfur uptake capacity experimentally observed for Ceria-Lanthana is

due to faster surface kinetics.

Finally, other sulfur-containing molecules rather H>S were computationally studied on
Ceria-based materials. For instance, the reduction of SO2 to S by CeO> (111) and (110) surfaces
was studied using GGA+U by Hermansonn et al. .»> They observed that, under reducing
conditions, sulfide species were the most stable species on the (111) surface whereas sulfate
species were predominant on the (110) surface. However, under oxidizing conditions sulfates
dominated both of them. They also found that the reduction process followed a Mars-van Krevelen

mechanism, for which the activation barrier was relatively low (less than 100 kJ/mol). Similarly,
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the same group found that when adsorbing sulfur rather than SOz, it was likely to be found within
the lattice replacing when present in the (111) surface, but on the lattice as SO2> when interacting

with the (110) surface.

MgO can be also found as the matter of several computational studies regarding adsorption
of sulfur-containing compounds. For example, Bagheri et al. used DFT (B3LYP) to study the
adsorption and dissociation of H,S over MgO nanotubes.?>® They found a barrierless process for
the non-dissociative molecular adsorption, whereas the dissociative adsorption consisting of HzS
— SH showed an activation barrier of 16 kJ/mol respectively and an adsorption energy of -104

kJ/mol, with these low values found on low-coordinated Mg centers.

Since MgO surfaces were not found to be as active for sulfur uptake as other metal oxides,
like ZnO, some authors like Rodriguez et al. explored other altered MgO-based materials such as
Ni-doped MgO and mixed CrxMgi-xO.1*3154 For the former, when Mg centers are replaced by Ni,
new electronic states are created above the occupied O 2p + Mg 3s band. In these systems there is
a large electron density around Ni centers, which provides strong bonding for S and SH species
adsorbed on the surface. Indeed, the H2S adsorption energy increase from 36 kJ/mol in pure MgO
to 68 kJ/mol. Similarly, an enhanced sulfur removal activity is found for mixed CrxMgi1xO. In this
case Cr atoms have a lower oxidation state than the atoms in Cr.Oz and exhibit occupied 3d levels
that are less stable than the valence bands of MgO. Both properties favor strong interactions with

the orbitals of S-containing molecules.

The current studies in the literature have mainly dealt with H>S interaction on selected

metal oxides, most of which strongly bind to H>S and normally dissociate it into elemental sulfur
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and OH groups, going beyond simple molecular adsorption. Strong adsorption energies of several
kJ/mol are often obtained via computational modelling. Several theoretical studies point out how
modification in the type of mixed oxides or doping may induce even more affinity towards sulfur
contaminants. Sulfur species in the form of SH or S atoms are found to form strong metal-sulfur
bonds with metal surface centers whereas protons from H»S are transferred to surface O atoms
resulting in hydroxylated surfaces. However, reactive sorption is a complex phenomenon which
goes beyond dissociative adsorption of sulfur-containing molecules, especially in the later stages
of the reaction. Understanding both the transformation of the bulk of a metal oxide into a metal
sulfide and other phenomena such as solid diffusion across the oxide and sulfide phases are equally

important to fully explain the reactive sorption at the atomic level.**®
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Chapter 3 | Linear Driving Force Approximations as Predictive Models for

Reactive Sorption

3.1 Introduction

To optimize the use of CuO-based materials in an industrial setting, modeling the reactor
in which the reactive sorption process takes place becomes an important task. In this process, the
contact between contaminant molecules and solid phase can be studied at three scales: the bed
scale, the pellet scale and the grain scale as demonstrated in Figure 3-1.1"* The contaminated gas
flows through a packed bed of granular medium whose properties change in space and time upon
the progression of the process. The contaminant travels from the bulk of the flowing gas to the
pellet surface and diffuses through layers of product phase and pores of fresh materials to reach
the crystallite surfaces available for reaction.!’> At the surface of the grain, H.S gas reacts

heterogeneously with solid CuO forming Copper (1) sulfide (CuS) and water.

Pellet

Figure 3-1: Demonstration of the three levels of the process of H,S removal in a bed of a CuO-based
sorbent: Packed bed, pellet and grain levels.
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The complexity of this multi-scale process and its dependency on the sorbent and
contaminant’s properties led to the development of various models such as the single pore
model,}”® random pore model,'* volume reaction model,'”>!"® nucleation model,}’"'"® grain
model, 1% and incremental model.>'? In this work, we apply mathematically simple linear
driving force models to describe the system in terms of the sorbent removal capacity (gs, g H2S/
100 g sorbent) and the sorption rate parameter. These models provide quantitative approximation
for adsorptive systems when the equilibrium constant is sufficiently large'® as is the case for

reactive sorption of hydrogen sulfide using CuO (>10%).

The concentration-time profiles of H2S contaminant in the reactor effluent were analyzed
using two linear driving force models: a solid film-based model derived initially by Cooper®? and
a quasi-chemical model derived by Bohart and Adams.'8 A range of process conditions (sorbent
pellet size, contact time, temperature, pressure and contaminant concentration) were varied to
probe their effects on the parameters if the models as well as to determine apparent rates of

reaction/diffusion occurring at the molecular scale.

3.2 Experimental Methods

3.2.1 Materials and characterization
A CuO-ZnO-based sorbent was purchased from Alfa Aesar (HIFUEL W230; 63.5 wt. %
CuO, 25 wt. % ZnO and 10 wt. % Al20s; lot number: LO4Y006). The sorbent is received as 5.5

mm x 3.65 mm cylindrical pellets which were crushed and sieved to obtain agglomerates with

various size distributions within a range of 75-1000 microns.

Scanning electron microscopy (SEM) images were collected on a Nova Nano 230. An ETD

detector and 10 kV accelerating voltage settings were used for all the scans with magnifications
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ranging from 100x to 15000x. The system was used simultaneously to obtain energy dispersive X-
ray spectra (EDS) of the material before and after sulfidation to provide qualitative and quantitative
evidence of elemental composition for the surface layers. X-ray diffraction patterns in the range
of 0°-100° 20” (at the rate of 20°'min™t) were obtained on JEOL JDX-3530 and Philips X-Pert
diffractometers with Cu Ko radiation. The Brunauer-Emmett-Teller (BET) method was used to
evaluate surface area and total pore volume of fresh and spent samples from N2 physisorption
isotherms collected on a Micrometrics ASAP 2020 Plus unit. Prior to N2 adsorption, the sample

was degased at 120 “C for 12 hours under controlled pressure of 10 microns of mercury

3.2.2 Fixed-bed experiments

Reactive sorption of H.S was studied in an apparatus with plug-flow hydrodynamics shown
schematically in Figure 3-2. Flow rates of gaseous H.S and N2 were introduced via mass flow
controllers (MKS GE50A and GM50A). Feeds to the reactors consisted of H2S in N2 (900-2200
ppm-vol) and were produced by diluting a 1.01% H>S (Praxair UHP) in N2 mixture with UHP No.
Sorbent samples (150-500 mg) were fixed between plugs of quartz wool in 0.25-inch, outer
diameter, tubular stainless-steel reactors. All gas transfer lines, and the interior of the reactor were
treated with an inert coating (SilcoNert 2000) to mitigate H2S adsorption onto tubing walls. A
resistively heated jacket with a PID temperature controller (TEMPCO EPC-100) were used to
regulate reactor temperature (21-200 ‘C). Downstream back pressure regulator is used to control
and adjust total pressure (1-2 atm). Compositions of feed and effluents were determined using
online gas chromatography (Agilent 7890B) with a sulfur chemiluminescence detector (SCD;

Agilent 755) and continuous gas phase FTIR spectroscopy (MKS Multigas).

36



13

12
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Figure 3-2: Schematic of fixed-bed reactive sorption testing apparatus

3.2.3 Cooper and Bohart-Adams models development

Reactive sorption of hydrogen sulfide from a gaseous stream can be described by the mass

balance across a differential element of the bed as follows:18*

(52), (), + = (50), =0 @

where v is the axial interstitial velocity of fluid, z is the axial distance coordinate in the
direction of the flow, C is the concentration of the contaminant in the bulk fluid, ¢ is time, € is bed
void fraction (obtained from Ergun equation) and q is the average concentration of contaminant in

the solid phase.
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This equation is derived based on several assumptions about the system. The first

assumption is that the dispersive terms are negligible which is justified by the system’s large axial

aspect ratio, L/d > 50,18 where L is the bed depth and dp is the pellet diameter. Since axial
p

dispersion can be neglected, it’s reasonable to assume a plug flow and a constant velocity in the

axial direction. Moreover, the velocity and concentration are assumed to be invariant in the radial

direction because of the plug flow assumption. The high D/d ratio, where D is reactor diameter,
14

guarantees minimal channeling effects and constant interstitial velocity (>20 in this study).'®
Finally, the system is assumed to be isothermal as it’s well isolated and the temperature is

controlled along the length of the bed. To solve Equation 7 for the contaminant concentration,
Bohart-Adams model proposes a quasi-chemical law that describes the overall sorption rate (%)

as follows:184

8q
ﬁ - kaC(qs - (I) (8)

where k,is the sorption rate constant and g, is the maximum saturation capacity achieved at
equilibrium. The main assumption for this model is that the capacity of the sorbent is fixed at gs
and is independent of the concentration of contaminant in the gas phase (rectangular isotherm).8’

The resulting concentration profile becomes:

Cc e’

S 9
Cob e+ e—-1 ©)

where 7 = k,C, [t — L/U], z= (koqsL/v)((1 —€)/¢€), and C, is the contaminant concentration
in the inlet stream. Cooper applied a different linear driving force equation where the overall

sorption rate is described as follows:*8?
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q — —
= = k@, - (10)

where k is the adsorption rate parameter. The analytical solution of the coupled PDE-ODE system

(Equations 7 and 10) is a piece-wise equation:

Cc
—=1-3e7", <1 (11)
Co
Cc
—=1-e¥" 1 <3<l+ (12)
Co
c
=02l (13)

0

where T = k[t — L/v] and z= (kqsL/Cov)((1 — €)/¢€). These models relate the properties of the
material and the experimental conditions to the concentration-time profile (breakthrough curve) of
the contaminant in the effluent of the reactor. The two parameters (the sorption rate parameter (k)
and the maximum saturation capacity (qs)) are regressed from breakthrough curve data using
Excel’s GRG nonlinear least squares solver. Alternatively, the saturation capacity can be
determined by integrating the breakthrough curve after the effluent concentration reaches the inlet
concentration. In these instances, the linear driving force models reduce to single parameter models

(the sorption rate parameter).

The rate parameter (k) consists of contributions to the overall sorption rate from (i)
diffusion in the bulk fluid, (ii) diffusion in the pores of the solid, and (iii) diffusion through product

phase/ reaction occurring at the surface of the reactive phase according to Equation 14:’

L %, i bt 14
kK 3k; 15&,D, Kk 14

=Ry + Ry + Ry (15)
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where dp is the radius of the pellets of the solid phase (derived from particle size distribution
measurements), Dy, is the effective diffusivity of the contaminant within the pores of the pellet, ks
is the fluid film mass transfer coefficient, and &y is the porosity of the solid pellets obtained from
N2 physisorption. The distribution parameter (K) is the ratio of the contaminant in the solid phase
to that in the fluid phase at equilibrium (gs/Co). The lumped rate parameter (kin) contains
contributions from both the rate of reaction at the grain surfaces and diffusion of molecules through

solid reactant/product phases.

The value of ki can be determined using the equation for the Sherwood number as

follows:

_ DySh

r= 24,

1
Sh = 2 + 1.1Sc3Re%® (16)

where Sc is the Schmidt number, Re is the Reynolds number?!® and Dwm is the molecular

diffusivity of the contaminant molecule in the bulk gas phase which is calculated as follows:%

3
0.00266T2
Dy=—7—"" 17)
PM?,0%5Qp
where T is the absolute temperature (K), Mag is the average molar mass (g/mol), P is the pressure

(atm), a45 is the average collision diameter (A) and Qp is a temperature-dependent collision

integral.

The contribution from pore diffusion can be determined by calculating the value for Dy

from the sum of diffusion in the macro- and mesopores of the solid according to:

D,=—, —=—4— (18)



Finally, the Knudsen diffusivity is given by:
T 1
Dg =9700r(—)2 (19)
MAB
where r is the pore radius and 7 is the tortuosity (assumed to be 3 for spherical pellets).®

3.3 Results and Discussion

3.3.1 Identification of reaction products and effects of sulfidation on sorbent morphology

During reaction with HzS, bulk conversion of CuO occurs in which crystalline CuO forms
smaller crystallites of CuS leading to pore structure changes within the solid.?® SEM and EDS
analyses and N2 physisorption were conducted on the sorbent materials before and after reaction
with HS to identify solid phase reaction products and to probe the effects of reaction on solid

morphology.

The SEM micrograph in Figure 3-3 shows fresh CuO sorbent agglomerates between 75-
125 microns at 100x magnification. Individual agglomerates consist of various shapes from
crushing and sieving of the initially cylindrical pellets to achieve the desired size range. The
particle distribution analysis (Figure 3-3) shows that the mean agglomerate size is 78.4 um with a
mode of 74.0 um. The mean agglomerate size was used as the agglomerate diameter when
calculating uptake resistances from pore and bulk diffusion according to Equation 14. Moreover,
the pellet size distribution analysis suggests that the average difference between particles’
minimum and maximum diameters is 8 microns (10.5% of the average pellet size), thus, spherical-

shaped particles are assumed for these calculations.
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Figure 3-3: SEM image of the CuO-based sorbent (75-125-micron pellets; 120-200-mesh) at 100x and a
particle size distribution analysis of the sorbent generated by ImageJ software.

Figure 3-4 shows SEM micrographs at 10,000x and 15,000x magnification before and after
reaction with 110 cm*(STP) min of 930 ppm H2S/N; at ambient temperature (294 K) and pressure
(1.1 atm). The initial material in Figure 3-4A and 1B exhibited a textured surface with macro-
voids which diminished after sulfidation (Figure 3-4C and 1D). This apparent decrease in the
volume of voids is also reflected in changes in surface area (via the BET method; Table 3-1) which

decreased from 67.3 to 17.6 m?-g* after sulfidation at room temperature.
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Figure 3-4: SEM images of fresh CuO-based sorbent (75-125-micron pellets; 120-200-mesh) at 10000 x
magnification in A and C and 15,000 x magnification in B and D. A-B scans are of fresh materials while
C-D set are taken after sulfidation with 110 cm3(STP) min'! of 930 ppm-vol H2S/N. stream at temperature
of 294 K and 1.0 atm pressure. Arrows point to cracks in the particles that form after sulfidation.

Figure 3-4 also shows an appearance of cracks on the agglomerates’ surface after reaction
(arrows in Figure 3-4C and 1D). These fractures may be the result of the volume expansion
accompanying the conversion of CuO (Crystal density of 6.32 g-cm) to CuS (4.76 g-cm®) which
is the predominant product identified by XRD and EDS as discussed below. Despite these changes
in volume and texture, the SEM images of the sulfided agglomerates indicate that they retained
their initial sizes/shapes without a complete fracturing of 75-125 micron agglomerates into a
distribution of smaller particles. The retention of the initial overall shape may be the result of ZnO

and Al,O3 phases that are unreactive at these conditions and thus serve as a binder for the Cu0.%
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Finally, the surface area of adsorption and total pore volumes obtained from BET
measurements for fresh sample and selected spent samples are summarized in Table 3-1. The
measurements show a 3.8-fold decrease in surface area and a 2.7-fold decrease in pore volume
upon sulfidation of the sorbent at room temperature with 1000 ppm-vol H2S/N2. This drastic
decrease of porosity resulted in an increase in diffusion resistance which explains the incomplete
sulfidation of sorbent at room temperature and pressure. The table also shows a slight but
consistent increase in pore volume with temperature increase, from to 0.051 cm3g™ at 294 K to
0.083 cm®.g* at 383 K. It also shows an increase in surface area from 17.6 to 29.8 m?.g* as
temperature increased from 294 K to 383 K. This increase in porosity with temperature aligns

with the observed enhancement in conversion.

Table 3-1: Summary of pore volume and BET surface area of N, adsorption at 77 K for fresh and sulfided
CuO-based sorbent at 1000 ppm-vol H.S/N,, ambient temperature (294 K) and ambient pressure (1.0 atm).

Pore volume Surface area
Sorbent g < 2 _ci
[cm*-g7] [m™g7]
Fresh sorbent 0.139 67.3
Spent at 294 K 0.051 17.6
Spent at 323 K 0.066 20.8
Spent at 383 K 0.083 29.8

To probe the chemical changes of the agglomerates after sulfidation, EDS scans of the
fresh and sulfided particles were collected. Figure 3-5 shows the elemental maps of copper, zinc,
aluminum and oxygen for a fresh 120-micron agglomerate up to 2-micron penetration depth. The
quantitative results from the EDS scan demonstrate higher surface sulfur weight percentage (16.3
wt.%) than the bulk removal capacity obtained from mass balance across the reactor (12.5 wt.%)
suggesting that surface layers (up to 2 microns) sulfide more readily than deeper layers because of

diffusion resistance to molecules and atoms through solid sulfide product layers.
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Figure 3-5: Energy Dispersive Spectroscopy (EDS) elemental maps (oxygen, aluminium, copper, and zinc)
for a 120-micron pellet of the CuO-based sorbent based on an SEM scan at 1000 x magnification (top
panel).

Figure 3-6 shows the X-ray diffraction patterns for the fresh and sulfided sorbents at
various temperatures (294-383 K) which resulted in increasing extents of conversion (46 to 100%

at 294 K and 383 K, respectively). The peaks at 26 = 35.8° and 38.9° in the fresh sorbent pattern
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correspond to (111) and (111) planes of CuO, respectively. The diffraction patterns of the sulfided
samples at different temperatures show broadening and decreasing intensity of the CuO

characteristic peaks with the increase in temperature.
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Figure 3-6: Diffraction patterns of fresh CuO-based sorbent and spent samples at 294, 323, 338, 353, 368,
383 K after sulfidation with 110 cm3(STP) min* of 970-1016 ppm-vol H,S/N; at ambient temperature (294
K) and pressure (1.0 atm). The triangles correspond to characteristic CuO peaks and the diamonds
correspond to characteristic sulfur peaks.

The CuO crystallite size (estimated by Debye—Scherrer formula using 260 = 35.8°)
decreased from 3.1 nm for fresh sample to 1.8 nm for the sample sulfided at 294 K. CuO diffraction
peaks are absent for samples sulfide at temperatures higher than 323 K. The diffraction patterns
also show rising of peaks at 26 = 29.1°, 32.1°, 48. 3° and 59.5° which correspond to (102), (103),
(110) and (116) planes of hexagonal CuS phase, respectively. The emergence of CuS peaks and
disappearance of CuO peaks confirm the reaction of CuO to CuS. Furthermore, the change in CuO

crystallite size with increasing extents of sulfidation suggests that the reaction disrupts the
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crystallite structure of CuO leading to less crystalline (or possible amorphous) CuO, consistent

with the textural changes identified via SEM and N2 physisorption.

3.3.2 Effects of reactor contact time and sorbent agglomerate size on capacity and rate

In this study, the effect of varying contact time, tc, defined as the ratio of bed volume to
volumetric flow rate, was investigated for a range of pellet sizes to explore possible dependency
of models’ parameters (k and gs) on flow conditions. A tracer experiment was run using a fixed
bed of inert alumina to assure that the delay time is of negligible effect. The delay time, Figure

3-7, was 1.2 minutes compared to > 5 hours breakthrough time for all runs.
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Figure 3-7: Tracer experiment to verify short delay time for the sulfidation tests. 150 mg of inert alumina
(Al;O3) bed and a feed of 1000 ppm-vol H,S/N, were used at a flowrate of 100 sccm.

Sulfidation experiments were carried for fixed-beds of the CuO-based sorbent with pellet
sizes ranging from 125 pum to 1000 um at ambient temperature (294 K) and pressure (1.0 atm) and
inlet concentration of 1000 ppm-vol H2S/N2. Figure 3-8 shows that varying contact time within

0.31-1.40 s range had no effect on the saturation capacity for a given pellet size. It shows, though,

47



that increasing pellet size from 125 to 1000 pum decreased the average saturation capacity from

12.8 wt. % to 9.5 wt. % (g H2S/ 100 g sorbent) which will be further discussed.
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Figure 3-8: Effect of varying contact time on maximum saturation capacity, gs, for fixed beds of CuO-
based sorbent at 1000 ppm-vol H2S/N2, 294 K and 1.0 atm. Different color codes are assigned to different
pellet sizes.

Figure 3-9 presents selected breakthrough curves where contaminant concentration is
normalized for inlet feed concentration and the time on stream is normalized for weight of sorbent
and flowrate. The breakthrough curves show a positive shift in breakthrough time with pellet size
decrease which correlates to an increase in saturation capacity. It also shows that the shape of the
breakthrough curve changed from sickle shape for smaller pellet size (characteristic of Cooper
model) to sigmoidal shape (characteristic of Bohart-Adams model) for larger pellet size. Cooper
model provided better fit for the breakthrough curves of 125-212 um runs compared to Bohart-
Adams model which tend to underestimate the initial breakthrough rate and over estimate it at later
periods. Bohart-Adams model provided better fit for the shape of the larger pellet sizes’

breakthrough curves, 800 and 1000 um, and for the initial part of the medium pellet sizes, 600 and
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500 um, breakthrough curves. Nevertheless, both models provided comparable predictions of the
maximum saturation capacity with slightly higher accuracy of Bohart-Adams’ estimates as pellet
size increases. Summary of all runs’ conditions along with regressed parameters and estimated

errors are listed in Table B-1.

c/c,

6 8 10 12 14 16
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Figure 3-9: Breakthrough curves of normalized effluent H,S concentration (right) collected for fixed beds
of the CuO-based sorbent at 1000 ppm-vol H,S/N2, 294 K and 1.0 atm. Solid black lines represent fitted
linear driving force models (Cooper model for 120, 180, 212, 500 um and Bohart-Adams model for 800
and 1000 pm). Inset schematics show representations of the propagation of reaction front through the
volume of the pellet for large pellet size (not to scale)

To explain both changes in saturation capacity and model fit with pellet size, the sulfidation
process at the pellet and grain scales must be deconvoluted. The sorbent pellet (hundreds of
microns) is a porous agglomerate comprised of packed nonporous grains. For larger pellets (> 500
pm), the outer surface of the pellet reacts instantaneously with sulfur contaminant but the
propagation of the reaction front through the pellet is limited by the high pore-diffusion resistance,

Rp, which is proportional to the square of pellet’s diameter (Equation 14). The propagation of
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reaction follows a nucleation process where the rate increases as nuclei connect (region A, Figure
3-9). Afterwards, significant CuS product layer accumulates which results in (i) restriction of
access to unreacted core of grains due to the high solid-diffusion resistance and (ii) decrease in the
porosity of the pellet due to the difference in molar volume between products and reactants (factor
of 1.6 for CuS/CuO) which causes pore collapsing/clogging. The first effect explains incomplete
conversion of individual grains while the other explains incomplete conversion through pellet
volume. The combined effects of CuS formation results in switching from nucleation/pore-
diffusion-controlled regime (region A, Figure 3-9) to solid-diffusion-controlled regime (Region C,
Figure 3-9) which manifests as an inflection in the breakthrough curves (800 and 1000 pm).**°

This inflection is better captured by Bohart-Adams model under these conditions.

On the other hand, for smaller pellet sizes (< 212 um) where pore-diffusion resistance is
negligible, no concentration gradient is established across the pellet and access to fresh grain
surfaces throughout the volume of the pellet is instantaneous. At the surfaces of the grains, CuS
layers are formed and the process is slowed down by solid-diffusion resistance immediately. This
explains why Cooper model, which is derived under the assumption of solid-diffusion control,82
provides better fit for smaller pellet sizes. The change in porosity is less important for smaller
pellet sizes as the reaction propagates through the volume of the pellet before the effect of pore
clogging can impede access to the pellet core. This explains the enhanced saturation capacity with

pellet size decrease.

Explaining the effect of pellet size on rate parameter requires quantification of the
contributing resistances using theoretical correlations (Equations 14-19). Figure 3-10 demonstrates
how the estimated contributing rate parameters varied with pellet size change. For all pellet sizes,

bulk diffusion resistance had a negligible contribution to the rate parameter as discussed earlier.
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At small pellet sizes (125-212 um) both pore and bulk diffusion resistances were negligible and,
thus, the rate parameter was dominated by the rate of reaction at CuO/CusS interface and diffusion
through solid products, kmn. In the intermediate range of pellet sizes (500-600 pm) the
contributions of solid diffusion and pore diffusion resistances were comparable with an increase
in pore diffusion contribution as pellet size increased. For significantly larger pellets (> 800 um),
regressed rate parameter equated to the estimated pore-diffusion rate (Equation 14). This can be
extrapolated to larger pellet sizes given that flow conditions and axial and radial aspect ratios

remain large enough for channeling effects and axial dispersion to be negligible.

0 200 400 600 800 1000

Pellet size, um

Figure 3-10: Contributions of pore diffusion resistance, 1/k,, bulk diffusion resistance, 1/k,, and solid
diffusion/surface reaction resistance, 1/kixn to the overall rate resistance, 1/kK, at various agglomerate sizes
(125-1000 pm). The resistances were deconvoluted from Cooper’s regressed rate parameter for runs at
1000 ppm-vol H2S/N2, 294 K and 1.0 atm.

3.3.3 Effects of temperature, concentration, and pressure

To assess the utility of using linear driving force models as a predictive tool when operating
under temperatures higher than room temperature, runs were conducted using 212 um pellets for
a range of temperatures (294-423 K). Plots of temperature effect on the regressed rate parameter,

kK, and saturation capacity, gs, are presented in Figure 3-11. Figure 3-11A shows that the value of
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maximum capacity increased consistently from 12.5 wt. % at 294 K to 39.2 wt. % at 423 K. The
stoichiometric conversion of the CuO phase was achieved at 26.7 wt. % (highlighted by the dotted
red line). The saturation capacities that are beyond stoichiometric conversion were a result of
reaction of ZnO phase at higher temperatures. Table B-1 summarizes the values of saturation
capacity estimated by Cooper and Bohart-Adams models and shows that Bohart-Adams model

provided, overall, better fits for the saturation capacity.
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Figure 3-11: A) represents the effect of varying temperature on the maximum saturation capacity at given

conditions. B) represents an Arrhenius plot of the rate parameter regressed from Cooper’s model fit for runs
at 294, 323, 343, 363, 393, and 423 K. The runs were collected for 212 pm agglomerates at 970-1016 ppm-
vol H,S/N; and a pressure of 1.0 atm.

In addition to the better estimations of capacity by Bohart-Adams, the model captured the
behavior of the breakthrough curves at higher temperatures as demonstrated in Figure 3-12. To
explain this change in breakthrough behavior, we must revisit the sulfidation process for small
pellets which was discussed earlier. The immediate access to internal grains due to low pore
diffusion resistance makes surface reaction on grains throughout the pellet volume fast enough for
it not to contribute to the overall resistance. At room temperature, after initial CuS layers are
formed, the propagation of reaction through grains is slowed down and the process is dominated by

the rate of diffusion through solid product phase.
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For higher temperatures, the enhanced diffusivity through solid phase (and porosity as
demonstrated in BET measurements) allows for the formation of product nuclei throughout the
volume of the grain. The initial increase in the rate of sulfidation is a result of formation and
connection of these nuclei (region A).* As product layers accumulate, the diffusion resistance
increases until the rate of diffusion to fresh grain core is slower than the rate of nuclei formation and
connection. At this critical point, the rate shifts from domination by nucleation/connection through
grain volume to diffusion through thick product layer. This shift point explains the inflection in the
breakthrough curve which resembles the shape of Bohart-Adams model. Although the shape of
breakthrough is better captured by Bohart-Adams model, both models deviated from mass-balance-

estimated capacity with temperature increase as demonstrated in Table B-1.
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Figure 3-12: Breakthrough curves of normalized effluent H.S concentration (right) collected for fixed beds
of the CuO-based sorbent at 1000 ppm-vol H>S/N; and 1.0 atm for temperatures of 294, 323, 353 K. Solid
black lines represent fitted linear driving force models (Cooper model for 294 and 323 K and Bohart-Adams
model for 353 K). Inset schematics show a representation of the propagation of reaction front at two
temperatures
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Figure 3-11 B shows an Arrhenius plot of the log of the regressed rate parameter, kK, as a
function of the reciprocal of temperature. Since pellets of small size were used in these runs, 212
pm, kn and kKK were expected to be close in value (Table B-1). Based on earlier discussion, for
125-212 pm pellet size range, the dominant resistance is the resistance to diffusion through the
solid product phase rather than the surface reaction, pore diffusion or bulk diffusion. Although the
increase in temperature enhances diffusivity, the increase in conversion with temperature results
in a thicker products layer which poses higher diffusion resistance. These two factors counter one
another and have different contributions to the rate of solid diffusion which can’t be easily
deconvoluted. This explains why the dependency deviates slightly from the predicted Arrhenius
law for diffusivity dependence on temperature. Nevertheless, since these processes go hand in
hand in chemisorption, the regressed rate parameters can be used to describe the combined effects

for a given reactive system given that the pellet size is small enough.

Furthermore, to investigate the effect of varying inlet concentration of hydrogen sulfide on
Cooper model’s regressed parameters, experiments were conducted at inlet contaminant
concentration levels of 980, 1380 and 2200 ppm-vol. The experiments were run at room
temperature and pressure using 125 um pellets of the CuO-based sorbent. Figure 3-13 shows the
breakthrough curves collected for the runs along with the Cooper model fits. Varying
concentration, for small pellet size, didn’t affect the behavior of the breakthrough curve which
followed Cooper model for the three concentration levels. The regressed rate parameter, kK,
increased slightly from 5.0 s at 980 ppm to 7.7 s at 1380 ppm-vol then dropped down to 6.4 s
at 2200 ppm-vol. This suggests that changing concentration of feed has no effect on rate parameter
which aligns with that the rate of diffusion through solid products, rate determining at this pellet

size, has no contributions from elementary reaction steps. Moreover, the removal capacity stayed

54



constant at around 12.5 wt. % and both Cooper and Bohart-Adams estimates were within 10.4 %

of the mass balance estimate, gs.

Finally, to investigate the effect of varying the total pressure of the reactor on regressed
parameters, experiments were conducted at total pressure of 1.0, 1.4, 1.6 and 2.0 atm. The
experiments were run at room temperature and an inlet concentration of 1000 ppm-vol using 500
pm pellets of the sorbent. This pellet size was picked to allow for studying the effect of pressure
on the two contributions of rate parameter that are relevant at this pellet size: pore diffusion and
solid diffusion through products. Figure 3-13B shows that the breakthrough curves followed the
Bohart-Adams breakthrough fit for all pressure levels which is expected for this pellet size. Table
B-1 shows that no trend was observed in the effect of increasing pressure on rate parameter. The
rate parameter consists, at this pellet size, of two contributions: rate of pore diffusion and rate of
diffusion through products. For pore diffusion, the molecular diffusivity, Dm, which contributes to
effective diffusivity, Dy, is inversely proportional to pressure (Equation 17). Nevertheless, this
contribution constitutes only 2-5% of D, at these tested conditions which explains the lack of
dependency. On the other hand, diffusion through product layer is only dependent on the thickness
of the product layer and temperature as previously discussed. The tabulated values in Table B-1
also show that no change in sulfidation capacity was observed as pressure increased and both

models provided estimates of removal capacity within 11.0% of mass balance estimates.
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Figure 3-13: Breakthrough curves of normalized outlet hydrogen sulfide concentrations collected for fixed
beds of the CuO-based sorbent at A) 1000, 1380 and 2200 ppm-vol H2S/N, (125 um) and B) 1.0 atm, 1.4,
1.6 and 2.0 atm (500 pm) both at a temperature of 294 K .

3.4 Study Conclusions

In this study, linear driving force models were used to fit breakthrough profiles of H2S
contaminant obtained from fixed beds of CuO-based sorbent for a wide range of conditions. The

experiments resulted in deep desulfurization of the feed stream from 1000-2200 ppm to 0-50 ppm.
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For runs at room temperature, an average of 42 % of the maximum saturation capacity was
achieved (12.5 wt. %) with negligible effects of changing inlet concentration, total pressure or
contact time. Cooper model provided good fit for the breakthrough behavior for runs where pore
and bulk diffusion resistances weren’t dominant (125-212 pm pellet size) at room temperature,
while Bohart-Adams captured the shape of the breakthrough curves for the larger pellets’ runs (<
800 um) and higher temperatures. Both models provided predictions for removal capacity within

11% of the mass balance estimated capacity at room temperature.

The reproducibility of the models’ predictions was demonstrated by varying contact time
(changing flowrate and/or bed depth) which proved to have no significant effect on the models’
regressed parameters. Cooper’s regressed rate parameter was used to predict the reaction/diffusion
through products rate parameter, krn, (5.8 s) at room temperature and pressure for small pellets
where the estimated pore and bulk diffusion resistances are negligible. At larger pellet sizes (800-
1000 um), the estimated pore diffusion resistance dominated which makes implementing Bohart-
and-Adam model in an industrial setting a feasible option since the pellets’ sizes are an order of
magnitude larger than the tested pellet sizes. Cooper model predicted, reasonably, the changes in
Krn With temperature (298-423 K) which followed an Arrhenius equation. Finally, variations in
total (1.0-2.0 atm) and partial pressure (1000-2200 ppm-vol) of H2S contaminant had no significant
effect on the apparent rate parameter which is expected since the surface reaction is highly
irreversibly and, thus, ki provides insight into the dominating CuO/CuS interface diffusion
resistance rather than the surface reaction kinetics. The ability of the model to elucidate the
diffusivity at the CuO/CusS interface, within the established limits of the model, can be used to
compare sorbents’ microkinetic performance of similar chemical composition but varying

structure and morphology.
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Chapter 4 | Effects of Morphology and Surface Properties of Copper Oxide on

the Removal of Hydrogen Sulfide from Gaseous Streams

4.1 Introduction

Because of the chemical affinity of H»S for metallic cations, chemical reaction with a solid
metal oxide is a frequently used technique to purify natural gas from trace levels of sulfide
constituents that often remain even after amine scrubbing. Such reactive sorption processes are
advantageous because they are thermodynamically more favorable than physisorption leading to
higher purity streams and higher solid phase contaminant capacities. Zn, Fe, Ca, Mn, and V metal
oxides have been studied rather extensively in the literature as adsorbents for H.S removal at
elevated temperatures (>573 K).1%1-1% Despite possessing favorable thermodynamics (AGT=298 =
126 kJ mol?, -76 kJ mol?, -74 kJ mol*? and -136 kJ mol? for CuO, ZnO, Fe;0s, and NiO,
respectively)!’ these oxides when reacted with H2S at room temperature suffer from low removal
capacities due to (1) slow ion migrations to and from the lattice structure, (2) sintering,'*® (3)
mechanical disintegration,®® (4) diffusional resistance,?°%?°! and/or (4) limitations in the number

of adsorption sites.

Of the previously reported oxides that can remove H>S at low temperatures, CuO has
garnered interest because of the favored sulfidation thermodynamics of Cu?* and Cu™ at room
temperature. The high equilibrium constant of CuO sulfidation (Ks = 6.8 x 10%° at 298 K)2®
enables CuO to reduce H.S from several thousand ppm down to sub-ppm levels. Realizing this
advantage, current research efforts have focused on (1) synthesizing small CuO nanoparticles and
supporting them on mesoporous materials (e.g., activated carbon, SiO2, Al>Os, clay, and modified

zeolites),1%9203-205 or (2) combining other metal oxides (e.g., Zn, Fe, Al, V, and Mo-based) with
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CuQ,290:206207 15 create materials with improved thermodynamic stability and/or kinetics.
However, because most of the literature deals with such supported or mixed oxide materials as
well as high-temperature H,S removal processes to avoid kinetic limitations imposed by ambient
conditions, little work has been done on unsupported, pure CuO at these milder ambient conditions.
Knowledge about several parameters such as the influence of synthesis procedures and crystallite
size at low temperatures on reactivity is therefore critical to the use of reactive sorbents in

purification processes.

In this work, pure CuO sorbents with varying properties (crystallite sizes, surfaces areas,
pore volumes, and purities) and morphologies were synthesized via sol-gel, co-precipitation,
hydrothermal treatment, hydrolysis, and electrospinning, and reacted with 1000 ppm-vol H2S/N2
in a fixed bed reactor at room temperature and pressure. The sulfur removal capacity, gs (g H2S/100
g sorbent), was estimated by a sulfur mass balance across the reactor. The overall rate parameter,
k, was evaluated by analysis of the collected breakthrough curves using Cooper'®2% linear driving
force model. Sol-gel, co-precipitation, hydrothermal treatment in the presence of a polymer, and
hydrolysis were used to fabricate CuO nanoparticles with appropriate properties (i.e., small
crystallite sizes) for this reaction as the literature indicates that high surface areas, porous
structures, and nano-sized particles with small cluster sizes are advantageous for metal oxide
desulfurization.?®® Electrospinning, which is a simple, easy-to-use electrostatic fabrication
technique, was used to generate one-dimensional Cu-containing nanofibers with varying fiber
diameters, which were later thermally treated to remove the polymer matrix and form CuO
nanofibers. Different polymers (PVP, PEO and P123) and treatment temperatures (353-823 K)
were used to probe the effect of purity (i.e., residual carbon remaining on the surface of the sorbent)

on CuO activity.
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4.2 Experimental Methods

4.2.1 Materials and synthesis methods
4.2.1.1 Sol-gel synthesis of CuO nanoparticles

Polyvinylpyrrolidone (PVP) (M.W. 1,300,000, Sigma-Aldrich), PVP (M.W. 40,000,
Sigma Aldrich), polyethylene oxide (PEO) (M.W. 300,000, Alfa Aesar), copper (Il) nitrate
trihydrate (Sigma Aldrich, 99%), copper (Il) acetate monohydrate (Sigma Aldrich, 99%),
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123; Sigma
Aldrich, M, ~ 5,800), methyl alcohol anhydrous (Sigma-Aldrich, 99.8%), sodium hydroxide
(BDH, 97%), glacial acetic acid (VWR, ACS grade) and ethyl alcohol (Sigma-Aldrich, 100%)

were purchased and used without subsequent purification.
4.2.1.2 Sol-gel synthesis of CuO nanoparticles

CuO nanoparticles were prepared using an acid-catalyzed sol-gel process.?*® 1.0 cm?® of
glacial acetic acid was added to 300 cm? of 0.02 M copper (11) nitrate or copper (11) acetate solution
under vigorous stirring and heating. At boiling point, 0.8 g of sodium hydroxide was added to the
solution with continuous stirring. The solution was then allowed to cool to room temperature while
a black precipitate continued to form and settle in the bottom of the beaker. The precipitate was
then vacuum filtered or centrifuged for 10 minutes (JA-14 rotor) at 293 K and 6000 RPM. The
supernatant was then poured off and the precipitate was washed with deionized water and ethanol.
The washed precipitate was dried in a furnace for 8 h at 313 K and then samples were either
collected or thermally treated a second time at higher temperatures to achieve particles of various
crystallite sizes. Thermal treatment was performed by heating samples at a ramping rate of 1 K h-

! and holding the furnace temperature at 623 K, 823 K or 1023 K for 4 h. The samples prepared
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via this technique are denoted as NP-X, where X is the sample number (NP-1 to NP-6). Table

shows the specific synthesis conditions for making the sorbents prepared in this work.
4.2.1.3 Co-precipitation of CuO nanoparticles

CuO nanoparticles were prepared by a drop-wise addition of aqueous 0.1 M sodium
hydroxide solution to aqueous 0.1 M copper (Il) nitrate trihydrate solution under continuous
mixing. The obtained material, copper (I1) hydroxide, was then vacuum filtered with distilled water
and ethanol, dried in air at 353 K for 14 h, and then thermally treated in air at 773 K for 4 h at a

ramping rate of 1 K h™t. The sample prepared via this technique is denoted as NP-7.
4.2.1.4 Co-precipitation of CuO nanobelts

CuO particles with belt-like shapes were prepared by dropwise adding 5 M sodium
hydroxide solution to aqueous 0.6 M copper (I1) nitrate trihydrate solution under continuous
mixing. The solution was then aged for 3 days and precipitates were then vacuum filtered and
washed using ethanol and deionized water. The washed precipitates were dried overnight at 333

K and then thermally treated in air at 623 K for 4 hours. This material is denoted as NB-1.
4.2.1.5 Hydrolysis and precipitation of CuO flowerlike nanostructures

CuO flowerlike nanostructures were synthesized using a facile route by hydrolyzing a
copper acetate solution.?!* In a typical synthesis, 100 cm® of 0.02 M copper acetate solution was
dissolved in deionized water in a beaker, and heated from room temperature to 373 K for 45
minutes. After hydrolysis and crystallization, the black precipitate formed in the solution was
centrifuged and washed with DI water and ethanol and dried overnight in air at 353 K. The

nanostructures prepared via this technique are denoted as FP-1.
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4.2.1.6 Co-precipitation of CuO nanoflake-based flowerlike hierarchical nanostructures

Nanoflake-based flowerlike CuO nanostructures were synthesized via thermally
decomposing a [Cu(NH)s)4]* solution, without the aid of any surfactants.?'? In a typical synthesis,
0.5 or 2.0 g of copper nitrate was dissolved in 50 or 30 cm? of deionized water in a sealed bottle.
Ammonia (~ 1-3 cm?) is then added dropwise until a change of color is observed (darker blue).
The bottle is then sealed tightly and heated to 353 K for 8 h or 376 K for 24 h, while stirring. After
that, the black precipitate that formed in the bottle was washed with distilled water and ethanol to
remove impurities and then centrifuged. The centrifuged solid was dried in a drying oven (353 K)
overnight. The solids collected from this synthesis technique are denoted as FP-2 (353 K) and FP-

3 (376 K).
4.2.1.7 Hydrothermal synthesis of CuO nanoparticles

A porous CuO sample was synthesized according to the method of surfactant-assisted
hydrothermal interaction using CuO powder as starting material.?*>?' The polymer-containing
solution was prepared by dissolving either 0.65 g of P123 or 0.65 g, 0.52 g, 0.26 g or 0.13 g of
PVP (M.W.=1,300,000) in 15 cm? of water while stirring for 2 h. After that, 0.65 g of CuO (NP-
7) was added to the beaker and the solution was left to stir at 800 rpm for 48 hours. The solution
was then ultrasonically treated for 1 h and transferred to a glass tube reactor (cylindrical pressure
vessel) for hydrothermal treatment at 383 K for 24 h. The black solid substance was centrifuged
and washed with DI water and ethanol for the removal of the majority of the P123 surfactant or
PVP polymer. The solid was then dried overnight in a drying oven at 353 K. The as-obtained
material was subsequently thermally treated in air from room temperature to 823 K for 4 h at
ramping rate of 2 K min‘* for the generation of CuO. These materials are denoted as NPC-1 (P123),

NPC-2 (0.65 g PVP), NPC-3 (0.52 g PVP), NPC-4 (0.26 g PVP) and NPC-5 (0.13 g PVP).
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4.2.1.8 Electrospinning of PVP-Cu(NO3)2/PEO-Cu(NOs)2 and CuO nanofibers

Polymer solutions were prepared by dissolving PVP M.W.=1,300,000 (1.30-1.75 g), PVP
M.W.=40,000 (10.5 g) or PEO M.W.=300,000 (2.7 g) in solvent (methanol or ethanol; 22-25 cm?).
The polymer solution was then vortexed (Fisher Scientific Digital Vortex Mixer) at 3000 rpm for
1 h until the polymer was completely dissolved. The solution was left to settle for 10 minutes,
transferred to a beaker, and stirred for 0.5 h. The metal containing solution was prepared by
dissolving copper (I1) nitrate (0.15-4.0 g) in 5-10 cm? of DI water and stirring the solution for 0.5
h. The copper containing solution was then added dropwise to the polymer containing solution.

The solution was stirred for 0.25 h, and then vortexed for 0.5 h at 3000 rpm.

The electrospinning solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer
Lok™ tip) with a hypodermic needle (Monoject™ Standard 30G x %”). The distance between the
tip of the needle and a stainless-steel collecting plate, which was covered with aluminum foil, was
6-22 inches. A Gamma High Voltage Research ES75 power supply was used to apply 20-35 kV
on the polymer jet while the polymer solution was extruded through the needle at a rate controlled
by a syringe pump (1.0-5.0 cm? h'!; Kent Scientific Genie Plus). Dry air was circulated inside a 3
m3 chamber at 6 cm® min to control the relative humidity at 19.5 + 2%. All electrospinning was
carried out at ambient conditions, temperature (294 + 3 K) and pressure (101 kPa). The collected
fibers were thermally treated in air at 773-898 K for 2-10 h at a ramping rate of 0.4-2.0 K min* to
remove the majority of P\VP/PEO and form CuO. The CuO nanofibers are denoted as NF-X (NF-

1to NF-6) in Table C-1.
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4.2.2 Characterization

The synthesized CuO sorbents prepared via sol-gel, co-precipitation, hydrothermal
treatment, hydrolysis, and electrospinning, as described in Section 3.2.2 were characterized using
a variety of techniques. Powder X-ray diffraction patterns were obtained on an X-ray
diffractometer (JEOL JDX-3530 and Philips X-Pert) using Cu Ka radiation of 1.5410 A to identify
the CuO phases. The average crystallite sizes were found using Scherrer’s formula. Nitrogen
adsorption-desorption isotherms were measured at 77 K with a Micrometrics ASAP 2020 Plus
system. Before measurements, the samples were degassed at 1 x 10 Torr and 573 K. The
Brunauer-Emmett-Teller (BET) surface areas were calculated from the isotherms by using the
BET equation. The pore size distribution was derived from the adsorption branches of the

isotherms using the Barrett-Joyner-Halenda (BJH) model.

Scanning electron microscopy (NOVA 230 Nano SEM) was used to determine the
morphology of the sorbents. The mean diameter and size distribution (standard deviation) of the
electrospun nanofibers were calculated from the SEM micrographs using ImageJ software (n =
250; where, n is the number of fibers that were measured and averaged). Microstructure of the
particles was imaged using scanning transmission electron microscope (STEM) Titan (Thermo
Fisher Scientific) operating at 300 kV and equipped with the X-MaxN 100TLE (Oxford) detector
for energy dispersive spectroscopy (EDS) analysis. Windowless EDS detector was used with high
counts rate to optimize the detection of light elements. Samples were prepared by direct deposition
of the dry powder onto the carbon film supported TEM grids. EDS spectral maps of individual
particles were acquired with the pixel size 2.5 nm in continues mode. Maps were stopped after
satisfying elemental images were attained with full map acquisition time varied between 10-20

min. Line scan profile results of individual particles were generated from acquired spectral images.
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Thermogravimetric analysis was conducted in a Perkin EImer TGA. Alumina crucibles
were used to hold the samples. Gas flowrates were set to 200 standard cm® min™ to minimize
external diffusion from the bulk gas to the sample interface. Heating/reaction occurred in air
(Matheson UHP Argon, 99.999% purity) at a ramping rate of 10 K mint. XPS was conducted with
PHI 3057 spectrometer using Mg Ko X-rays source at 1286.6 eV. All binding energy values
presented in this paper were charge corrected to C 1s at 284.8 eV. For the interpretation of the

spectra, the literature positions were applied.?*®

4.2.3 Fixed-bed experiments

Reactive adsorption of H>S was studied in an apparatus with plug-flow hydrodynamics
shown schematically in Figure 3-2. Copper (11) oxide samples (120-200 mg) were sieved to 75-
155 um agglomerate diameter and packed between plugs of quartz wool in a 0.25-inch outer
diameter tubular, stainless steel reactor. Flow rates of gaseous H>S and N2 (65 sccm) were
introduced to the packed reactor via mass flow controllers (MKS GE50A and GM50A). Feeds to
the reactors consisted of 1000 ppmv H.S in N2 and were produced by diluting a 1.0% H»S (Praxair
UHP) in N2 mixture with UHP Na. All the sulfidation tests were carried at ambient temperature
and pressure. The compositions of feed and effluents were monitored using online gas
chromatography (Agilent 7890B) with a sulfur chemiluminescence detector (SCD; Agilent 755)
and continuous gas phase FTIR spectroscopy (MKS Multigas). All gas transfer lines and the
interior of the reactor were treated with an inert coating (SilcoNert 2000) to mitigate H2S

adsorption onto tubing walls.
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4.2.4 Computational study

Section 4.3.2 of this work features a computational study using Density Functional Theory
(DFT) for the reaction mechanism of the dissociative adsorption of H.S molecules on CuO {111}

surfaces. This surface was picked because it is the most stable surface'** found experimentally.

The dissociative adsorption of H2S on a CuO surface involves several elementary steps,
i.e., the molecular adsorption of H>S on the surface, with subsequent dissociative steps,
rearrangement of adsorbed species and formation of water, which overall corresponds to the

stoichiometric reaction:

Cu0 + H,S — Cu04_,S, + H,0 (20)

The net balance of the process is the exchange of one oxygen atom of the CuO surface by
one sulfur atom provided by H.S. The reaction mechanism was studied by determining the relevant
stationary points for all the elementary steps, along with the potential energy surface (PES), using
DFT together with a planewave basis set as implemented in the VASP code.?*5-2!° Exchange and
correlation effects were treated within the generalized gradient approximation (GGA), using the
Perdew—Burke—Ernzerhof (PBE) functional along with projector augmented-wave
pseudopotentials.'?® Potential van der Waals interactions were considered by using the dDsC
correction as implemented in VASP.??° The planewave basis set cutoff was set to 450 eV. A

Monkhorst-Pack scheme was used for sampling the Brillouin zone.

Due to the failure of conventional DFT functionals to properly account for the strong
correlation effects among the partially filled Cu 3d states in Cu0.??! The Hubbard parameter, U,
was introduced for the Cu 3d electrons to describe the on-site Coulomb interaction (GGA+U).

Specifically, the values of U=7 eV and J=0 eV were adopted from the literature.??> Upon
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optimization of a bulk CuO unit cell to agree with experimental lattice parameters and the proper
anti-ferromagnetic character, a CuO {111} model surface featuring a 2x1 CuO {111} supercell
was built using the slab approach. The dimensions of the supercell were 11.6 A x 6.1 A, with a
slab thickness of 7 A and a vacuum region in the Z axis of 19 A to avoid spurious electrostatic

interactions between supercell instances. The model used can be seen in Figure 4-12.

4.3 Results and Discussion

4.3.1 Physio-chemical properties of CuO materials

XRD was used to identify the crystalline phases and average crystal sizes of the nineteen
CuO sorbents prepared in this work, using the synthesis techniques described in Section 3.2.1. As
shown in Figure 4-1 and Figure 4-2, all the XRD patterns collected show diffraction peaks which
are characteristic of the planes of a single-phase monoclinic CuO. The average crystal domain size
of the CuO sorbents calculated using Scherrer’s formula based on the 38.8° peak were in the range
of 5 to 74 nm, with the majority of the sorbents having crystallite sizes less than 25 nm (Table C-
1 and Table C-2). The XRD results show that, in general, sorbents that did not undergo thermal
treatment in air at elevated temperatures (T > 773 K) as part of their preparation technique had
significantly smaller crystallite sizes (< 20 nm). This effect is important to highlight because it was
observed in this work that crystallite size influences the H.S removal capacity of pure CuO
sorbents, irrespective of other properties (such as, surface area, pore size, and pore volume)
generated by the synthesis technique (discussed in detail in Section 4.2.1). Furthermore, the d-
spacing obtained from the XRD data for all sorbents was in the range of 2.29-2.30 A for the (200)

plane, which is consistent with the literature??®, and indicative of phase pure monoclinic CuO.
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Figure 4-1: X-ray diffraction patterns of CuO sorbents. (a) Nanoparticles via sol-gel, co-precipitation, and
hydrothermal treatment (NP and NPC) and (b) nanobelts via co-precipitation.
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Figure 4-2: X-ray diffraction patterns of CuO nanofibers synthesized via electrospinning (NF) before and
after thermal treatment.

Figure 4-2 also shows the XRD patterns of the as-synthesized NF-1 (PEO-Cu(NO3)2) and
NF-4 (PVP-Cu(NOs).) prior to any thermal treatment. Well defined diffraction peaks are absent
from the XRD pattern of the pre-thermally treated NF-4 fibers, which indicates that these materials
consist of amorphous PVP phases and copper species that are too small to diffract X-rays.
Moreover, the XRD patterns of NF-1 (prior to thermal treatment) contains several small peaks
consistent with PEO as well as copper nitrate peaks reported previously in the literature 24225
These results indicate that thermal treatment in air is required for the formation of CuO from the

copper-species that exist in PEO or PVP nanofibers after electrospinning.

N2-physiosorption was performed on one sample from each of the morphologically distinct
groups (NP-4, NP-7, NB-1, FP-2, NPC-2 and NF-6) to determine the effect of synthesis method
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on surface area and porosity. Table C-2 presents the structural parameters calculated from nitrogen
adsorption. Analysis of structural parameters along with the degree of micro- and meso-porosity
reveals differences in surface area and porosity among the sorbents. Specifically, sorbents that
were prepared via precipitation (NP-7 = 58.8 m? gt and FP-3 = 59.1 m? g!) possessed larger BET
surface areas than those prepared from sol-gel (NP-1 = 14.5 m? g'%), hydrothermal treatment (NPC-
2=17.4m?g"), and electrospinning (NF-6 = 2.79 m? g'!). CuO nanobelts appear to be an exception
to this observation with a surface of area 6.18 m? g™* which can be attributed to the long aging step
(72 hours) in the synthesis procedure which can lead to micropore and mesopore closure.
Additionally, NP-7 (precipitation) had pore volumes of 0.181 cm3g™* which is more than double
that of FP-3 (0.079 cm3g™) despite their comparable surface area. These differences in total pore
volume are the result of different pore size distributions. NP-7 consists of a larger concentration
of pores in the 15 to 150 nm pore size range compared to FP-3, which has higher pore volume
within the lower pore size range > 15 nm. In general, changes in pore volumes followed the same
trend as for the surface area (i.e., samples with smaller pore volumes also exhibited lower surface
area). The significantly lower surface area and low meso-porosity of the electrospun materials
result from the formation of single CuO fibers with large intra-fiber interstices as determined by

SEM (Figure 4-3(h)).

SEM was used to investigate the effect of preparation technique on the morphology of the
synthesized materials. Figure 4-3 shows the SEM images (20,000 times magnification) of the
representative CuO materials synthesized in this work—Nanoparticle samples: NP-1, NP-5, NP-
7; Nanoparticles synthesized with polymer: NPC-1; Nanobelts: NB-1; Flower-shaped particles:
FP-2, FP-3; and Nanofibers: NF-4. These SEM images reveal that various CuO morphologies and

dimensionalities can be obtained by simply varying the preparation technique. Figure 4-3(a-b)
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shows that nanostructures prepared via sol-gel (NP-1, NP-5) were found to have irregular particle
shapes with varying domain sizes depending on the copper precursor (average domain size of 4.5

+ 1.47 um for copper (1) acetate in Figure 1(a) and 1.3 £ 0.4 um for copper (1) nitrate NP-5).

Figure 4-3: SEM images at 20,000 times magnification of a select group of CuO sorbents with different
morphological features prepared via various synthesis techniques (e.g., sol-gel, precipitation , hydrothermal
treatment with the aid of a polymer, hydrolysis, and electrospinning).
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Unlike sol-gel, which yielded materials that were irregular in shape, precipitation,
hydrothermal treatment and electrospinning, yielded materials with regular, defined shapes and
structures. For instance, by hydrothermally treating NP-7 (Figure 4-3(c)) in the presence of
P123 (NPC-1), closely aggregated and distinctly spherical CuO particles were formed, with
sizes ranging from 5 to 9 um as seen in Figure 4-3(d). Properly aging a precipitated CuO sample
(NP-7) lead to nanobelt-like materials as shown in Figure 4-3(e). The effect of reaction time
and metal concentration on precipitation of flowerlike particles (FP-2 and FP-3) can also be
observed in Figure 4-3(f-g). As the reaction time and copper precursor concentration were
increased, flowerlike structures formed (Figure 4-3(g)), with an average size of 2.7 £ 0.9 um.
At low concentrations and temperatures, however, instead of forming these micron-sized
flowerlike structures, petal-like structures are formed (0.5-2 um) (Figure 4-3(f)).%?® Lastly,
Figure 4-3(h) shows how electrospinning can result in the fabrication of a highly porous, fibrous
structure, with significant macro-porosity (NF-4). The fibers formed via electrospinning (NF-
4) after undergoing thermal treatment had an average diameter size of 629 + 194 nm (measured
using ImageJ, n=250). The SEM images, indeed, confirm that different synthesis techniques
yield nanomaterials with markedly different morphological features while also shedding light

on the growth mechanism of CuO nanostructures as a function of synthesis condition.

TGA experiments were conducted on pure PEO (M.W.=300,000), pure PVP
(M.W.=1,300,000), and NF-4 (prior to thermal treatment; PVP-Cu(NQs)2) to quantify the
extent of polymer removal during thermal treatment (i.e., quantity of residual carbon left after
treatment) and provide evidence of the conversion of copper nitrate to CuO. Figure 4-4 shows
the TGA curves of pure PEO, pure PVP, and NF-4. All three samples were decomposed under

air at a heating rate of 10 K min. The nanofibers synthesized using pure PEO (M.W.=300,000)
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decomposed under air in a single step, with a total weight loss of approximately 99%. The TGA
results prove that at the 823 K, the majority of the PEO polymer is removed. The nanofibers
synthesized using pure PVP (M.W.=1,300,000), on the other hand, decomposed under air in
two steps, with a total weight loss of approximately 93.7% at 773 K, 94.2% at 823 K, and 94.7%

at 897 K, which is a slightly lower weight loss percentage than PEO (Figure 4-4).
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Figure 4-4: Weight loss profiles as a function of temperature from thermogravimetric analysis (TGA)
of (a) pure PVP (M.W.=1,300,000), (b) NF-4 prior to thermal treatment (PVP-Cu(N0O3)2), and (c) pure
PEO (M.W.=300,000) nanofibers.

In the case of PVP, the first step weight loss of 16% occurred between ambient
temperature and 622 K and was attributed to the evaporation of volatile solvents. The second
step weight loss of 78% from 623 K to 773 K was attributed to the thermal degradation of the
PVP chains. It is clear from the TGA curve that the majority of the PVP matrix (much like in
the case PEQ) is removed at temperatures higher than 773 K and only a small amount of carbon
residue is left, albeit this amount of carbon residue is slightly higher in the case of PVP (due to

the presence of more carbon atoms in the PVP monomer than in PEO). The work of Borodko
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et al. further supports the presence of residual carbon after the thermal treatment of PVP at
elevated temperatures.??’ Using spectroscopic techniques, the authors studied the degradation
of PVP and showed that in an oxygen atmosphere, the PVP forms a polyamide-polyene-like
material at temperatures above 523 K. At temperature above 573 K, these materials transform
into amorphous carbon. Lastly, NF-4, an electrospun nanofiber sample consisting of PVP
(M.W.=1,300,000) and Cu(NOs3)., decomposed under air in two steps, with a total weight loss
of approximately 84% (Figure 4-4). These total weight losses in air are consistent with the
complete conversion of copper nitrate to CuO. Thus, the first step weight loss can be attributed
to the evaporation of volatile solvents, and the second can be attributed to the decomposition of
the PVP chains and the conversion of copper nitrate to CuO. Figure 4-4 also reveals that the
decomposition of NF-4 (475 K) occurs at a much lower temperature than pure PVP (640 K)
indicating the effect of copper nitrate, which weakens the bonds within the PVP chains, and of
the nitrate anions, which act as an oxidant to combust the polymer. These TGA results are in
agreement with the results from the other characterization techniques described in this section,
as they provide quantitative evidence of the removal of the majority of the polymer (PEO or
PVP), decomposition of the copper nitrate, and formation of CuO during the thermal treatment
of electrospun nanofibers (e.g., NF-4) in air while also hinting at the presence of small amounts
of amorphous carbon remaining in the sorbent after thermal treatment of the as-synthesized

fibers.

To further probe the presence of carbon and quantify its amount on the surface of the
oxide sorbents, X-ray photoelectron spectroscopy (XPS) experiments were performed. Figure
4-5 shows the overall XPS spectra as well as the spectra of the C 1s core level for a select group

of sorbents (NP-7, NPC-2, and NF-4).
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Figure 4-5: XPS spectrum of CuO nanomaterials (NP-7, NPC-2, and NF-4) prepared via precipitation
(no polymer), hydrothermal treatment in the presence of PVP (M.W.=1,3000,000), and electrospinning,
using PVP (M.W.=1,300,000) as a template, respectively. (2) Wide spectra of the copper oxide sorbents,
(b) high-resolution spectra of C 1s, with peak fittings corresponding to C-C and C-Cu.

As mentioned in Section 4.2.1 and Table C-1, NP-7 was a CuO sorbent that was
prepared via precipitation , NPC-2 was a CuO sorbent that was prepared by hydrothermally
treating NP-7 in the presence of PVP (M.W.=1,300,000), and NF-4 was a CuO nanofibrous
sample that was synthesized using electrospinning from a copper nitrate precursor in the
presence of PVP. In the case of both NPC-2 and NF-4, the weight ratio of PVP to Cu added
during synthesis was 1:1 whereas no polymer was added in the case of NP-7. The XPS results
reveal the presence of CuO nanocrystals, as shown by the Cu 2p3/2 peaks in Figure 4-5, for all
three sorbents. The binding energy of the Cu 2p3/2 peaks was found to be 933.6 eV, which is
in agreement with the literature.??®22° Additionally, the intensities of the Cu 2p shake-up peaks
obtained from the CuO sorbents is close to the ratio characteristics of reference CuO.?*® Figure
4-5(b) shows the C 1s spectra for three selected CuO sorbents. In Figure 4-5(b), the C 1s peak
has the highest intensity, demonstrating the presence of carbon. The main carbon peak at 284.8
eV corresponds to the C-C bonding (all three sorbents contain this C-C bond) while the shoulder
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at 283.3 eV corresponds to the C-Cu bonding energy, which is mainly due to the carbon residue
remaining on the surface of the sorbent after thermal treatment. Fitting results of the C 1s high-
resolution XPS spectra were used to quantify the amount of C-Cu present in each sorbent. The
fittings reveal that NPC-2 and NF-4 contained 22% and 19% C-Cu, respectively, whereas NP-
7 contained less than 2% C-Cu. XPS results for other samples, summarized in Figure 4-6, show
a variation in surface C-Cu percentage ranging from 19% to 50%. The XPS results discussed
in this section signify the impact of synthesis (i.e., the utilization of a polymer or a surfactant)
on the amount of residual carbon (C-Cu) present in the sorbent which is important for the

evaluation of sulfur removal performance.
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Figure 4-6: Effect of carbon residue on carrying capacities of CuO nanofibers and nanoparticles via
hydrothermal treatment. X-ray photoelectron spectroscopy (XPS) was used to determine carbon residue
on the samples.

4.3.2 Effect of crystallite size on H2S removal

To probe the effect of morphology and crystallite size on H2S removal performance, the
capacities of the sorbents synthesized in this work for H2S removal were measured during fixed
bed experiments. The capacities are defined as g H>S per 100 g of sorbent (wt%) where
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q; (Wt%)

complete sulfidation of CuO corresponds to 42 wt%.

introducing a feed with a nominal concentration of 1000 ppm-vol H2S in N2 and monitoring the
H>S concentration in the reactor effluent (as described in Section 4.2.3). Experiments were
terminated after the concentration of the effluent was equal to the inlet concentration, and H2S

capacities were calculated from the mass differential between the inlet and outlet of the reactor

over the course of the experiment.

microscopic domain size, Figure 4-7(a-c), but no apparent correlation was observed between
capacity and any of these parameters. In contrast, Figure 4-8 shows that H>S capacity is
inversely proportional to crystallite size (from a range of 5-26 nm) regardless of synthesis
procedure and thus, regardless of morphology, surface area, and pore structure. Samples with
crystallites >26 nm exhibited similarly low capacities (0.4-0.5 wt%) across a broad range of

sizes (26-75 nm). These results indicate CuO crystallite size is the critical parameter that

The capacities were plotted as a function of surface area, total pore volume and

Capacities were determined by

influences H.S removal performance and that a critical crystallite size exists at ~26 nm.
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Figure 4-7: Effect of (a) surface area, (b) pore volume and (c) domain size on the carrying capacity.
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Brunauer-Emmett-Teller analysis was used to determine surface area, pore volume and domain size.
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Figure 4-8: Effect of crystallite size of CuO sorbents prepared via various synthesis techniques as
described in Table C-1 and Table C-2 on H,S removal capacity at 1000 ppm-vol H2S/N, 294 K and 1
atm.

TEM images and EDS elemental maps for sulfided NP-1 (5 nm crystals; 12 wt%
capacity) and FP-3 (19 nm crystals; 4 wt% capacity) were collected to further probe the length
scale that limits H»S removal capacity. Figure 4-9(a) presents TEM scan of two NP-1 65-75 um
particles after sulfidation at 1000 ppm-vol at 298 K and 1 atm. The scans show nearly spherical
particles with some microstructure details in particle 1. The dark areas in particle 1 correspond
to unevenly distributed mesopores, and the absence of copper and sulfur in these regions
confirms that these areas correspond to voids rather than topographical features. Figure 4-9(b-
c¢) show the corresponding elemental maps for Cu K and S K series derived from EDS spectra.
Figure 4-9(d) shows a cross-sectional elemental composition across the indicated line in the
TEM image of particle 2. Again, sulfur appears to follow the same concentration trend as copper

throughout the cross section.
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Figure 4-9: a) TEM image for two 65-75 nm particles of NP-1 sorbent after sulfidation at 2000 ppm-
vol H2S/N2, 294 K and 1 atm. b) Cu K and ¢) S K elemental maps for the NP-1 sulfidated particles based
on EDS spectra. d) Cross-sectional atomic composition of Cu, S and O K spectra across the length of
the particle, indicated by a red line in the TEM scan.

For larger particles of NP-1 (Figure 4-10), the elemental maps and TEM images reveal
slight heterogeneity. The TEM image in Figure 4-10(a) features 545-620 nm particles, and the
Cu K and S K elemental map (Figure 4-10(b-c)) and EDS analysis across the center of the

particle (Figure 4-10(d)) shows that the portion of the particle on the right side of the image is
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less dense than that on the left side. This density difference may be caused by uneven packing
of crystallites within regions of this larger particle, which in turn, leads to the slightly uneven
distribution of the elements throughout the volume of the particle as highlighted in Figure 4-10.
Despite these intra-particle heterogeneities, intra-particle regions with similar density exhibited

constant Cu and S chemical profiles.

Furthermore, Cu K and S K series EDS elemental maps for 55-70 nm particles of
sulfided FP-3 (Figure 4-11) also exhibit uniform distributions of Cu and S within the same intra-
particle regions, despite the lower ratio of S to Cu in this particle (compared to NP-1). The
overlapping and homogeneous spatial distributions of copper and sulfur in these particles
suggests a homogenous propagation of reaction front throughout particles (>50 nm diameter)
that could consist of on the order of 10%® individual CuO crystallites (of 5-19 nm diameter).
These results confirm the most significant influence of H2S removal in these studies is at the
crystallite level (rather than meso-porosity, macro-porosity and/or microscopic morphology),
and thus sulfur gradients (implied by the lower than stoichiometric capacities in Figure 4-8)

must exist at the CuO crystallite level.

80



NP-1 Cu K series

S K series

500 nm
20&]0—; All Elements ( d)

H ~~ CuKal
16000 ~ 0Kal
: S Kal

nm

Figure 4-10: a) TEM image for 545-620 nm particles of NP-1 sorbent after sulfidation at 1000 ppm-vol
H>S/N2, 294 K and 1 atm. b) Cu K and ¢) S K elemental maps for the NP-1 sulfidated particles based on
EDS spectra. d) Cross-sectional atomic composition of Cu, S and O K spectra across the length of the
particle, indicated by a red line in the TEM scan.
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Figure 4-11: a) TEM image for a 55-70 nm particle of FP-3 after sulfidation at 1000 ppm-vol H2S/Nz,
294 K and 1 atm. b) Cu K and c) S K elemental maps for the NP-1 sulfidated particles based on EDS
spectra. d) Cross-sectional atomic composition of Cu, S and O K spectra across the length of the particle,
indicated by a red line in the TEM scan.

The apparently much stronger influence of crystallite size on sorption capacity
(compared to morphology, surface area, and pore structure) may be the result of enhanced

constraints for the solid diffusion of atoms across the crystallite as size increases. Previous
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studies of the sulfidation of ZnO*3 proposed a reaction mechanism consisting of the following

general steps:

(1) The dissociative adsorption of H>S on the particle surface

(2) Nucleation of ZnS on the ZnO surface

(3) Outward diffusion steps of Zn and O vacancies and of O atoms

(4) Vacancy annihilation and water desorption

We propose a similar mechanism for CuO sulfidation in which oxygen and/or copper

atoms from the bulk CuO crystal phase diffuse to the reaction interface (step 3 above) after
reaction of H>S molecules with the surface oxygen atoms (step 2 above). The increased
crystallite size may hinder this diffusion phenomenon, which is necessary for CuO to fully
transform into copper sulfide (CuS), in two ways: (i) via the formation of thicker CuS layers
which lead to a decrease in effective diffusivity values and (ii) via the formation/presence of

surface features that are less reactive toward H>S and its dissociation products.

Sick et al.?° reported the formation of dense onion-like sulfide layers during CuO
sulfidation which dramatically increase solid diffusion resistance by lower values of effective
solid phase diffusivities. Increasing crystallite size would require the formation of a thicker
outer sulfide layer to achieve the same conversion as a smaller sized crystallite. Indeed, the
thickness of this sulfide layer increases with increasing initial CuO crystallite size between 5-
20 nm (and up to 4.0 wt% HaS capacity). These thicker sulfide layers (compared to smaller
crystallites) may inhibit the diffusional processes needed for the reaction to proceed to

completion.
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If sulfide layer thickness was the only phenomenon impeding complete conversion at
the crystallite scale, then calculated thickness should be the same for all samples, and the
capacity should have a relationship to initial radius that is approximately R (see SI). Since the
data in Figure 4-8 follow a linear trend with R, an additional phenomenon must also impede
conversion. As mentioned above, changing crystallite size could also impact the surface
features of the reaction interface (e.g., CuO facets) which could change the reaction rates of
H>S molecules and surface species with O and Cu atoms. To probe this molecular explanation
for the effect of crystallite size on surface reactivity, our group performed a computational study
using Density Functional Theory (DFT) for the reaction between H,S and CuO surfaces,
specifically for the dissociative adsorption of H2S molecules on a CuO {111} surface. This
crystallographic surface is the most stable and common facet of CuO and is the predominant
peak in the XRD patterns of the materials tested in this work (see Figure 4-1). CuO {111}
surfaces feature two types of surface O atoms: 3-fold (Osc) and 4-fold (Oac) coordinated. Figure

4-12 shows the structure of a CuO {111} surface with these types of atoms.
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Figure 4-12: Model of a CuO {111} surface used in this study, showing the different types of surface
atoms depending on their condition: Oz¢/Osand Cus/Cusc atoms.

These computations revealed that low-coordinated O atoms such as Osc atoms are
present to a greater extent for smaller crystallite sizes and that these Osc atoms are more reactive
toward adsorbed H2S: They result in AGr=208x = -106 kJ/mol for the stoichiometric reaction
Cu0 + x H,S —= Cu0,_,S, + x H,0 versus AGr=208k = -52 kJ/mol for O4c atoms. Thus, the
higher capacity of CuO materials consisting of smaller crystallites may result from a higher

concentration of more reactive O atoms.

In addition to improved reactivity, low coordinated atoms may facilitate diffusion of O
atoms via more facile vacancy formation (step 2 above). Previous work by Nolan et al.**° used
DFT to study the formation of oxygen vacancies on CuO {111} surfaces via vacuum annealing
and H: reduction. This study observed that formation of vacancies via vacuum annealing from
Osc atoms is more favorable than in O4c atoms (Evac=2.77 eV for Ozc VS. Evac=3.27 eV for Oxc,
computed with the hybrid HSEO06 functional). The DFT studies in this work also revealed that
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forming O vacancies by formation of water via Hz adsorption is favorable (AEads t=0k= -0.82
eV) for Ozc atoms but is unfavorable for O4c atoms (AEagst=0k= 0.02 eV). This is in agreement
with what we found in our computational study, in which the formation of O vacancies via
displacement of oxygen atoms by formation of hydroxyl groups proceeds at AG < 0 for Osc
atoms whereas it does at AG > 0 for O4c atoms. Thus, O vacancies may be formed to a much
greater extent when the population of low-coordinated O atoms increases (i.e., when crystallite
size decreases) which would in turn enhance diffusional processes needed for complete
sulfidation. Furthermore, DFT studies showed that upon reaction of the O3z atoms (i.e.,
replacement with S atoms), the reactivity of the O4 atoms increases because S atoms disrupt
the Cu-O bonding states inducing lattice strain: Reaction with O4c atoms in a bare CuO surface
results in AGt=208k = -52 kJ/mol, whereas they show AGt=208x = -101 kJ/mol in a partially-
sulfided surface in which the outer Osc atoms have been replaced by S atoms. This result implies
that as the active Osc atoms in small crystallites react (i.e., leave the lattice), the overall
reactivity of the particle is maintained because less reactive O4c atoms become activated for
vacancy formation and H»S reaction. Taken together, these DFT results support a molecular
interpretation for the increasing capacity of CuO with decreasing crystallite size that extends
beyond a simple diffusion length explanation. Specifically, reaction of low coordinated oxygen
(which are predominant on small CuO crystallites) rapidly react with adsorbed H>S to produce
a partially-sulfided surface while also increasing the reactivity of more highly coordinated
oxygen atoms. Thus, rates of elementary reaction and molecular diffusion steps (steps 2 and 3

above) occur more rapidly and to a greater extent on smaller CuO crystallites.
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4.3.3 Influence of carbon-based residues on H2S removal

Figure 4-8 also shows a group of samples that deviate from the linear trend of increasing
capacity with decreasing crystallite size in the range from 14-24 nm. Namely, decreasing the
size of NPC and NF samples, both which involved the use of polymer/surfactant in synthesis,
didn’t result in an enhancement in the removal capacity compared to other samples in the same
crystallite range. The deviation appears to be more pronounced for a nanofiber sample, NF-1,
which had a crystallite size of 14 nm which fell well below the trend line, as the removal
capacity of this material was merely 2.2 £ 0.1 wt% (compared to 7 wt% for other samples with
similar crystallite sizes). As explained in Section 2.2, the synthesis of electrospun nanofibers
requires the use of a polymer (PVVP or PEO), which upon thermal treatment leaves carbon-based
residues on the surface of the material, as discussed in Section 3.1. Thus, this residual carbon,
which is undetectable by TGA but apparent on the surface from XPS, influences the reaction in
such a manner as to decrease capacity when the crystallite size is less than 20 nm. To further
probe the effect of residual C, NF-2 and NF-3 samples were prepared using PVP of different
molecular weight, M.W.=1,300,000 and 40,000, respectively. XPS results in Figure 4-6 show
that the variation in molecular weight didn’t affect the amount of residual carbon retained on
the surface with 32% C-Cu ratio in NF-2 and 34.9% in NF-3 and it impacted the capacity in the

Same way.

To further investigate the source of poor removal capacity of carbon contaminated
samples, NPC-1, NPC-3, NPC-4 and NPC-5 samples were prepared using PVP
(M.W.=1,300,000) and a varying polymer to salt ratio (50%, 40%, 20% and 10%). It appears,
as shown in Figure 4-8, that the performance of the sorbent fluctuated between 1.9 and 2.4 wt%

regardless of the polymer to salt ratio, and the change in crystallite size in 24-14 nm crystallite
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size range. Figure 4-8 also confirms the same conclusion by showing that the presence of any
carbon residue (quantified by XPS results as C-Cu atom%) between (19% and 50%) dampened
the performance of the sorbent significantly, in the same way. A plausible explanation for why
the presence of any carbon-based residues affects the sorption capacity is due to them blocking
the active sites of the reaction, namely the surface oxygen atoms acting as Bregnsted basic
centers that react with the hydrogen atoms of H2S molecules and/or the surface copper atoms
acting as Lewis acid centers that bond to sulfur atoms. Since the sulfidation process is diffusion-
limited (with most of the reaction taking place on grain surfaces) as demonstrated in previous

sections, the blocking of any surface-active sites will adversely affect the extent of reaction.

The significance of this observation stems from its relevance to the recent interest in
applications of nanofibers in catalytic and chemisorptive processes. Most of the synthesis
procedures for nanofibers in literature necessitate the use of polymers in the electrospinning
process. Our work shows that the thermal treatment at temperatures as high as 898 K, couldn’t
get rid of all carbon residue. Increasing the temperature of calcination beyond this point, causes

crystal growth which will compromise the performance as well.

4.4 Conclusions

Several CuO-based nanomaterials were prepared and tested for their performance as
low-temperature desulfurizing sorbents by performing fixed-bed sulfidation experiments at
ambient temperature and pressure. These materials were prepared via various synthesis
techniques, including sol-gel, precipitation, hydrothermal treatment in the presence of a
polymer (PVP or PEO) or surfactant (P123), hydrolysis, and electrospinning. A linear driving

force model was used to analyze the collected breakthrough curves, to evaluate the removal
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capacity, gs, and overall rate parameter, k, for the nineteen sorbents synthesized in this work
and glean information about the properties that affect the sorption capacity of unsupported

CuO-based sorbents.

Despite differences between the various properties of the tested CuO sorbents as well
as their morphologies, a strong linear relationship was recognized between the sorbents’ sulfur
removal capacity and crystallite size, particularly when the crystallite size of CuO was below
26 nm. It was also observed that CuO materials with crystallite sizes larger than 26 nm had
negligible sulfur uptake capacities (~0.5 wt%). The effect of residual carbon was also
investigated, and it was found that carbon residues resulting from the use of a polymer (PVP or
PEO) or a surfactant (P123) in the synthesis procedure remained on the surface of the sorbent
after thermal treatment and detrimentally effected its HoS uptake capacity. The results in this
paper demonstrate the strong influence of crystallite size of unsupported CuO sorbents and their
purity on H.S removal capacity at ambient conditions, irrespective of morphology and other
physiochemical properties, such as surface area, pore size, and pore volume. An atomic scale
explanation of the strong influence of crystallite size is proposed from model DFT calculations,
explaining how elementary reaction and molecular diffusion steps occur more rapidly and to a

greater extent on smaller CuO crystallites.
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Chapter 5 | Fundamentals of the Remediation of Sulfur from Gaseous

Streams using Copper Oxide

5.1 Introduction

The primary drawbacks with current reactive sorption materials are incomplete
conversion and mass-transfer limited rates.8231-233 These limitations can result from either
morphology (e.g., decreasing porosity) and/or chemical structure changes (i.e., changes at the

product-reactant interface) that occur during reaction.?” 17

Indeed, the technologies that remove sulfur contaminants from natural gas need to be
very well understood so that existing and future gas conversion technologies can be deployed
successfully. Developing fundamental insight for these gas-solid reactions requires
characterization at the molecular/atomistic level while also collecting reaction kinetic data to
use in microkinetic models that enable reaction model parameters to be related to chemical and
structural changes.?* These fundamental models have parameters with distinct physical
meanings and can be used across a wide range of conditions and materials. Only a few recent
studies have used both advanced characterization and intrinsic kinetic studies to develop such
molecular descriptions of gas-solid reaction systems,®231.2352% and very few previous studies
have attempted to probe, in real time, the spatial and chemical conversion of solid phases during

reaction with gaseous species.®%3!

Herein, we report results from the use of synchrotron-based X-ray techniques to
elucidate quantitatively how the fundamental Kkinetics relates to the evolution of chemical
heterogeneity of two different copper oxide sorbent materials during reaction with hydrogen

sulfide to form copper sulfide. X-ray absorption spectroscopy (XAS) tracked changes in the
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average chemical environment of Cu atoms during sulfidation, and allowed determination of
CuO conversion with time, providing direct determination of the bulk sulfidation Kinetics.
These data were complemented using transmission X-ray microscopy (TXM) within individual
micrometer sized CuO particles to quantify chemical and structural changes on a length scale
of tens of nm. Our primary discoveries show that H.S removal reaction kinetics exhibit similar
trends in fixed bed reactors and in individual um-sized particles. However, reaction fronts
proceed through the diameter of the these particles heterogeneously. Furthermore, we
quantitatively identify, for the first time, H>S concentration gradients within particles as small
as 10 um, which indicate pore diffusion even at very small length scales. We also show that
copper oxide sorbent samples with similar physical characteristics exhibit ~3 times different
sulfidation conversion with reaction rate constants that differ by a factor of 1.5. We conclude
that differences at the crystallite level must be taken into account with differences in pore
structure and/or grain size of CuO even at tens of um length scales to completely describe the
observed differences in sulfidation reactivity. Furthermore, we suggest that the formation of
different copper sulfide products also influence the capacity and rate differences between
similar copper oxide materials. These results represent an advancement toward the fundamental
molecular understanding of gas-solid reactions by simultaneously collecting kinetic data and

characterizing the real-time chemical and structural changes of the solid phase.

5.2 Experimental Methods

5.2.1 Materials and synthesis methods

Copper (1) oxide particles were prepared by a dropwise addition of aqueous 0.1 M

sodium hydroxide solution (BDH, 97% minimum assay) to aqueous 0.1 M copper (1) nitrate
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trihydrate (Sigma Aldrich, 99.0%) solution under continuous mixing. The copper (1) hydroxide
precipitate was then vacuum filtered and dried in air at 353 K for 14 hours. The precipitate was
treated in air at 823 K (0.7 K min™) for 4 h. This sample is denoted as CuO-2. A commercially
produced copper-based material (HIFUEL W230; lot number L0O4Y006; 63.5 wt% CuO, 25
wit% Zn0O, and 10 wt% Al>03) was purchased from Alfa Aesar. This sample is denoted as CuO-

1.

5.2.2 Fixed-bed experiments

Reactive adsorption of H>S was studied in an apparatus with plug-flow hydrodynamics.
Flow rates of gaseous H>S and N2 were introduced via mass flow controllers (MKS GE50A and
GMb50A). Feed to the reactors consisted of H2S in N2 (900-1000 ppm-vol) and was produced
by diluting a 1.0% H>S (Praxair UHP) in N2 mixture with UHP N2. Powder adsorbent samples
(155-260 mg) were sieved (+200-100 US mesh; 75-125 um agglomerate diameter) and fixed
between plugs of quartz wool in a 0.25-inch outer diameter tubular, stainless steel reactor. All
gas transfer lines and the interior of the reactor were treated with an inert coating (SilcoNert
2000) to mitigate H»S adsorption onto tubing walls. Compositions of feed and effluents were
determined using online gas chromatography (Agilent 7890B) with a sulfur chemiluminescence

detector (SCD; Agilent 755) and continuous gas phase FTIR spectroscopy (MKS Multigas).

5.2.3 Non-synchrotron characterization techniques

Scanning Electron Microscopy (SEM) images of the CuO materials were taken before
and after sulfidation using a Nova Nano 230 in the Materials Science and Engineering
Department at UCLA. X-ray diffractograms were collected using a Panalytical X’pert Pro

Powder X-Ray diffractometer in the UCLA Molecular Instrumentation Center. N2
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physisorption isotherms were collected at 77 K on a Micromeritics ASAP 2020 Plus. Prior to
adsorption, the samples were treated at 423 K (10 K min™t) under flowing N2 for 8 h. Surface
areas were calculated using the Brunauer—Emmett-Teller (BET) method, and pore volumes

were calculated using the Barrett-Joyner-Halenda (BJH) method.

5.2.4 Synchrotron-based X-ray characterization

XAS and TXM measurements (shown schematically in Figure 1, collected at beamlines
2-2 and 6-22%" at the Stanford Synchrotron Radiation Lightsource) were performed in order to
establish a comprehensive understanding of the reaction kinetics. Bulk XAS data provide
spectra with good signal to noise and are sensitive to subtle chemical changes in the chemical
state of the copper atoms. However, bulk measurements miss the reaction front propagation
within individual particles. Two and three dimensional X-ray spectro-microscopy, with spatial
resolution down to 30 nm has the ability to map chemical variations across pm-sized 23-24% and
can identify reaction fronts as they proceed through particles. In this work, we designed,
constructed, and implemented two different gas phase reaction cells (Figure 5-1) that are

compatible with the experimental criteria of TXM and XAS, respectively.
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Figure 5-1: a) Schematic of experimental setup for sulfidation of CuO samples at the XAS and TXM
beam lines. b) XAS cell schematic used for the room temperature sulfidation of CuQO. c) TXM cell
schematic featuring 0.5 mm quartz capillary used for the room temperature sulfidation of CuO.

Transmission X-ray images were collected using the full-field TXM at beam line 6-2 of
the Stanford Synchrontron Radiation Lightsource, SSRL. The X-rays from a 56 pole 0.9 Tesla
wiggler pass through several mirrors and are then focused to a spot size of a few hundred
micrometers, which acts as the virtual source for the microscope. The monochromator installed
at beam line 6-2 is a liquid nitrogen cooled double-Si(111) crystal system. The monochromator
selects a narrow band pass from the incident X-ray, providing quasi-monochromatic
illumination over a 2.1- 17.0 keV range for the optics downstream. A mirror pitch feedback
system is installed to monitor the micrometer-level beam movements and adjust the toroidal
mirror for stabilizing the beam. The TXM, designed to work over an energy range of ~5-14
keV, utilizes a capillary condenser to focus the beam to a spot with size down to a few tens of
um. A Fresnel zone plate with 200-pum diameter and 30-nm outermost zone width is employed
to achieve a magnification of around 50 (depending on the energy configuration of the incident
X-rays), which is further increased by a factor of 10 using the optical objective lens downstream
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of the scintillator crystal. A 2048 by 2048 pixel CCD optically coupled with the scintillator
crystal is used to collect the projection images. The nominal spatial resolution of this system is

~30 nm confirmed by a Siemens calibration standard and modulation transfer function.

In our experiments, the energy scan was coupled with the full-field imaging.
Transmission images were recorded at over 100 energy points. Over the near edge region, we
chose energy step of 1 eV to achieve the necessary energy resolution. The energy step outside
of the near edge region is set to be 10 eV for covering a relatively large energy window, which
is necessary for normalization or the spectra. The reduction of the spectro-microsocpic data is

performed using an in-house developed software package known as TXM-Wizard. %’

For in-situ, TXM measurements, copper oxide samples were ground into a fine powder.
Less than 1 mg of the sample was loaded into a 0.1 mm OD quartz capillary with a 0.01 mm
wall thickness that had been previously heat treated into a U shape. X-ray imaging was
conducted around the Cu K-edge (~8979 eV), which is sufficient to penetrate through the
capillary cell and sample. Both ends of the capillary were cut off to create a U shaped tube. The
U shaped capillary was glued into a sample holder using 5 minute epoxy. The gas delivery

system at beamline 6-2C of SSRL allows easy switch of different gas environments.

Cu K-edge, 8979 eV, XAS spectra were collected in transmission mode on the bending
magnet beamline 2-2 at SSRL. The incident beam energy was selected using a water-cooled Si
(220) phi = 0 monochromator with a beam size of 1 mm vertically x 3 mm horizontally. The
ion chambers were filled with nitrogen gas. X-ray absorption near edge spectra, XANES, scans
were collected every 7 minutes. Extended X-ray absorption fine structure, EXAFS, scans were

collected every 15 minutes. A copper foil was scanned simultaneously for energy calibration.

95



For in-situ XAS experiments, copper oxide samples were ground into a fine powder.
Approximately 12 mg of CuO-1 was diluted with 48 mg of boron nitride (Sigma Aldrich) to
achieve between 2-3 absorption lengths given the geometry of the experimental cell. In a similar
manner, 10 mg of CuO-2 was diluted 100 mg of y-alumina and 100 mg boron nitride to give a
similar absorption length. The addition of the y-alumina in the copper oxide nanoparticle
sample was to prevent the sample bed from packing under gas flow. The samples were packed
into a 10 cm long 6 mm OD glassy carbon tube (HTW Hochtemperatur-Werkstoffe GmbH) and
stabilized with glass wool to prevent sample movement under gas flow. The glassy carbon tube
was mounted into a flow through cell that acts as a plug flow reactor. The cell was purged with

flowing helium prior to data collection.

Gases used during the in-situ XAS and TXM sulfidation experiments were helium
(99.95%, Airgas) and 1000 ppm H>S in helium (Airgas).The gas flow rates and pressures for
the XANES and TXM measurements were 10 mL(STP)/min and 1 atm, and 2 mL(STP)/min
and 1 atm, respectively. Samples were exposed to flowing helium while spectra, EXAFS and
energy resolved TXM images, were collected to determine the initial state of the copper in each
sample. Maintaining the same flowrates as above, the helium was replaced with the 1000 ppm
H>S/He blend while XANES scans or energy resolved TXM images were collected. The copper
oxide samples were exposed to sulfidation conditions for approximately 10 hours during the in-
situ XAS and TXM measurements. The samples were purged with flowing helium at the end

of the sulfidation process.
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5.2.5 XAFS data processing and analysis

The Demeter package®*

was used to process and analyze the XAS data. Athena was
used to calibrate, align, and normalize all XAS spectra, to average XAS scans, and to extract
the (k) data used in the EXAFS modeling. Artemis was used for the EXAFS modeling. The
X-ray energy of each XAS spectrum was calibrated to the first inflection point of the Cu K-
edge of the Cu foil, 8979.0 eV, collected simultaneously. The pre-edge was approximated as a

second-order polynomial, and the background was approximated with a cubic-spline. Data were

normalized by subtracting a pre-edge and normalizing to an edge-jump of 1.

Athena was used for the linear combination fitting of the XANES spectra characterizing
the sulfidation of the copper oxide. XANES spectra were fit using normalized spectra over a
range from -30 eV to 50 eV above the edge energy. The contributions of all standards were
forced such that the weight of each contribution was restricted to a value between 0 and 1.

XANES spectra of CuO and CuS were used as standards in the linear combination fitting.

FEFF 6 was used to determine the scattering paths in the EXAFS analysis based upon
CIF files (from the Inorganic Crystal Structure Database (ICSD)?*?) of bulk copper compounds
(fcc-Cu metal (ICSD 53247), and CuO (ICSD 16025)). The amplitude reduction factor, Se?,
was determined to be 0.81 by modeling of bulk Cu. Due to the complexity and large number of
scattering paths in CuO, the models were simplified using the following assumptions: (i) only
single-scattering paths; (ii) coordination numbers, N, scale linearly by a factor a; (iii) “like”

scattering paths have the same o2 values.

The TXM data reduction was conducted using an in-house developed software package

known as TXM-Wizard.?*" We first used the difference between the images acquired above and
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below the Cu absorption edge to generate an “edge jump map”, which is then used to reject
pixels with insufficient absorption signal. After that, the spectra over every individual pixel are
normalized separately using a well-established method.?** We performed linear combination
fitting of all the pixel XANES using the standard spectra of CuO and CuS. Two dimensional
chemical maps are generated based on the fitting results. The chemical maps in Figure 5-6 are
color coded to the local chemical compositions based on the similarities of the local Cu XANES
spectra that associate with each of the pixels at ~35x35 nm? to the standard spectra of the known
end chemical compositions. The sample slightly drifted during the measurement. As a result,
we did not capture the entire particle throughout the experiment. However, the common area in
the chemical maps covers a significant portion of the larger particle (Particle B) in Figure 5-6
and the entire particle (Particle A) in Figure 5-6 (except for the map of the initial state, which
is known to be pure CuO (purely red)) and is, therefore, sufficient for further quantification in

this work.

5.2.6 Random pore model development

The Random Pore Model (RPM) was used to analyze the conversion versus time data
collected from the in-situ XAS studies.!’® Briefly, the model assumes that the pores are
cylindrical and are not created nor destroyed, an expression encompassing both the kinetically

controlled and the diffusion-controlled regimes can be written as follows:

dx _ krpuSoCyr(1 — X)/1 —¥In (1 - X)
dt  (1-g9)[1+pZ/¥(/1-PIn(1-X) —1]

(21)

The Z term is the ratio of the molar volume of the product to the molar volume of the

reactants (0.63 for CuS and CuQ). The B term represents a modified Biot number that
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encompasses the rate constant and the effective product layer diffusivity of the system at hand.
For a stoichiometrically balanced equation, such as the sulfidation of CuO, this Biot number
can be expressed as

_ 2kppm(1 — &)
VeuoDreuSo

(22)

The parameter W is a function of three structural parameters that can be calculated from
a pore size distribution of the material*®® obtained by mercury porosimetry. These parameters
are the initial surface area of reaction (So), the initial total length of pore structure (Lo), and the
initial porosity (e0). W can be calculated as follows:

4tLlo(1— ¢
W = o( a 0) 23)
A)
0
In the kinetic region, the modified Biot number tends to 0, and in the diffusion region,
the modified Biot number tends to infinity. Applying this to Equation 21, and then integrating

and simplifying the resulting equation allows for the creation of two distinct functions relating

conversion and time:

1 _ krpuSo(Cp — C)t

m [V1-%In(1-X)—-1] = 21— 2 (24)
1 _So [DrpmMcyoCpt

7 [V1-%In(1-X)—-1] = T 80\/ 2oz (25)

The left-hand sides of Equations 24-25 represent a modified conversion which is a
simple algebraic relation to the parameters krpm and Drewm. In the kinetically controlled region,
the modified conversion is linearly proportional to time, while in the diffusion limited case,

modified conversion has a square root of time dependence. Equations 24 and 25 were used to
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regress the experimental data and determine the kinetic rate constants and diffusivities of the

copper oxide samples.

5.3 Results and Discussion

5.3.1 Non-synchrotron characterization

Both CuO samples were characterized to identify their initial chemical composition,
crystalline phases, and pore structure. XRD patterns for the two samples show only
characteristic peaks for hexagonal CuQO. Analysis of the peak at 26=37°, CuO (1 1 1), indicates
that the CuO exists as crystallites of 28.3 nm and 2.8 nm in CuO-2 and CuO-1, respectively.
No characteristic ZnO peaks were observed for CuO-1, suggesting that the zinc oxide is either
amorphous or has crystallites below the detection limit of XRD. SEM images (Figure 5-2 and
Figure 5-3) reveal particles that are 1-5 um in diameter consisting of agglomerates of smaller
(<1 pm) particles (CuO-2) and 5-15 um sized particles, also consisting of agglomerates of
smaller (~1 pm) particles (CuO-1). The best-fit model of the Cu K-edge EXAFS data
characterizing both CuO-1 and CuO-2 contained only scattering paths matching hexagonal CuO
(see Table D-1). However, the coordination numbers for all paths are lower than those of bulk
CuO, and for CuO-1 are smaller than CuO-2, consistent with the XRD that the CuO-1 contains
smaller CuO crystallites than CuO-2. We note that there were no detectable scattering paths
from Cu-Zn or Cu-Al contributions in CuO-1. However, while the Cu K-edge XANES
spectrum of CuO-2 contains spectral features that match those of monoclinic CuO, the XANES
of CuO-1 appear to be slightly modified. This may be a result of the small crystallite size?** or

from an interaction of the CuO with the ZnO or Al>,O3 as observed in other mixed oxide
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samples.?#52% Analysis of the pore structures of these materials from N2 physisorption data
reveal similar pore volumes and surface areas for the two samples (Table 5-1). In summary,
these characterization data indicate that the two samples studied herein are chemically and

structurally similar, with the only measurable difference being the CuO crystallite and particle

size.

Figure 5—2: SM mages of HiFuel W230, CuO-1, A -270 mesh (>53 pm partlcls befre sulfidation,
B) +200-100 mesh (75-125 pum particles) before sulfidation, and B) +200-100 mesh (75-125 pum

particles) after reaction with 110 cm3(STP) min* of 930 ppm H,S/N. at ambient temperature (294 K)
and pressure (1.1 atm).

mag
500

Figure 5-3: SEM images of copper (I) oxide nanoparticles prepared by precipitation from copper (1)
nitrate trihydrate precursor, CuO-2, A) before sulfidation and B) after reaction with 84 cm3(STP) min*

of 1000 ppm H2S/N; at ambient temperature (294 K) and pressure (1.1 atm).
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Table 5-1: Pore volumes and BET surface areas of fresh and sulfided CuO-based sorbents.

Adsorbent Fresh pore Fresh surface Spent pore Spent surface
HiFuel W230

(Cu0O-1) 0.139 67.3 0.051 17.6
CuO

(Cu0-2) 0.181 58.8 0.112 87.1

5.3.2 Fixed bed sorption experiments

The sulfidation kinetics of the two samples (at ambient temperature and pressure) were
measured in fixed bed sorption experiments to determine the saturation capacities and sorption
rate parameters from the breakthrough curves (Figure 5-4). In these breakthrough curves, the
time on stream is normalized against the weight-hourly space velocity (mass flowrate of H.S
divided mass of adsorbent). This normalization procedure accounts for any small variation in
inlet HoS flowrate and adsorbent bed size and allows for the direct comparison of breakthrough

curves.

The breakthrough data for CuO-1 (red in Figure 5-4) and CuO-2 (blue in Figure 5-4)
both exhibit a sickle shape which are best modeled by the linear driving force model derived
by Cooper!82247:248 (plack lines in Figure 5-4). CuO-1 exhibited a higher H2S capacity (12 wt%;
44% conversion) compared to CuO-2 (6.0 wt%; 14% conversion). Reaction rate parameters (k)
were determined from linear least square regression of the data using the Cooper model. The
values for the bulk and pore diffusion terms were calculated from known engineering
correlations (Refer to Section 2.2.3). The calculated values for the bulk diffusion (22,000 s
and 7400 s for CuO-1 and CuO-2, respectively) and pore diffusion (260 s* and 90 s* for CuO-
1 and CuO-2, respectively) terms are more than an order of magnitude larger than the
experimental reaction parameters (5.2 s and 6.1 s for CuO-1 and CuO-2, respectively) for
each sample. Thus, bulk and pore diffusion resistances have negligible impact on the measured
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rate of H>S removal under the conditions of these experiments, and the experimentally
determined reaction rate parameter represents the rate of chemical reaction and diffusion
phenomena at the interface of CuO-CusS. The rate parameter for CuO-2 was a factor of 10 larger
than for CuO-1 (4.3x10* st vs. 4.0x10° s1). These results suggest that the lower conversion of
the CuO-2 sample (compared to CuO-1) results from rapid CuS formation that covers surfaces

and fills particle pores, eventually impeding transport of HzS to CuO surfaces.
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Figure 5-4: Normalized concentration-time profiles for CuO-1 (red circles) and CuO-2 (blue triangles).
Normalized time is calculated by multiplying the time on stream with the mass flowrate of H,S and
dividing by the mass of adsorbent. Solid lines are predictions from the linear driving force model derived
by Cooper.*2

5.3.3 Sulfidation kinetics from bulk XAS measurements
Direct determination of the bulk sulfidation kinetics of CuO-1 and CuO-2 were
determined using in-situ XAS. The Cu K-edge spectra show changes concomitant with a change

from CuO-like features to those of CuS. Linear combination fitting (LCF) of the spectra was

used to determine the extent of CuO conversion as a function of reaction time (Figure 5-5).
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Conversion rapidly increases with time for both samples during the first 10-30 minutes, but the
rate slows thereafter. After ~10 h time on stream, the reaction appears to stop (conversion
approaches a constant value with increasing time). The initial region lasted 3 times longer for
CuO-1 (30 min) then CuO-2 (10 min), and the total conversion to CuS was ~3-fold higher for
CuO-1 than CuO-2 (38% vs 13%), similar to the results of the fixed bed experiments. The LCF
XAFS data were analyzed using the random pore model'’* (RPM); a reaction rate controlled
regime that evolves into a diffusion controlled regime as conversion increases, and values for
reaction rate constants and effective diffusivities were regressed. The rate constant for CuO-2
(8.3 x 10 cm* mol™ s) was higher than that for CuO-1 (5.6 x 10 cm* mol™* s), indicating
that rapid reaction rates lead to CuS products that fill pores/cover surfaces and ultimately to the
early onset of slower, diffusion controlled reactions. The effective diffusivity in the diffusion-
controlled regime was higher for CuO-2 than CuO-1 (2.0 x 102 vs 1.1 x 102 cm? s?)
suggesting that restriction of H.S to CuO surfaces is more severe in CuO-1 than CuO-2 during
their respective diffusion controlled reaction regimes because of higher product content within
CuO-1 than CuO-2. While the access to reactive surfaces is apparently more facile in CuO-2
(than CuO-1) during the diffusion-controlled regime, the much earlier onset of this regime
mitigates this apparent advantage. Indeed, these data reveal that slower reaction rates are

beneficial to extending reaction-controlled sorption rates to achieve maximum conversions.

Previous studies on H,S reactions with ZnO and ZnO doped with Cu or Nj&231-23
attributed improvements in reaction rate and conversion to dopants (e.g., Cu) that can facilitate
the oxidation of the sulfur in an adsorbed HS" species from S to S”because they are more easily
reduced than Zn. This oxidation of S leads to a lower energy barrier for H-S dissociation with

the final reaction steps being re-reduction of S™ to S?* (with oxidation of Cu* to Cu?*) and
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formation of ZnS.823! However, both samples in this study are comprised of crystalline CuO,
and there is no evidence for significant interaction between the Zn and Cu at the atomic scale
(as evidenced by EXAFS) for CuO-1. Furthermore, both samples have similar pore volume and
surface area (Table 5-1). Therefore, the differences in reaction rate constant and final
conversion in our studies are unexpected and must result from differences in the initial copper
oxide surface (e.g., preferentially exposed planes and/or defects) or from differences in the
evolution of the reactant-product interface (e.g., different products formed). On predominantly
Zn-based materials, the final redox step (S to S%) is likely to occur for all H2S molecules
converted because ZnS is the only product that can form with Zn?*. In contrast, a variety of
copper sulfide products can form (CuxSy with 1<x/y<2) because of the multiple oxidation states
of Cu and S (S% and (S°)2). Thus, we hypothesize that the differences in the intrinsic reaction
rate constants measured in this work suggests that the single reaction assumption (i.e., formation
of only CuS) for both materials is insufficient, and therefore, additional studies are necessary
to characterize sulfide products and construct a more detailed atomistic-level mechanism that

includes the formation of all relevant copper sulfide products.
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Figure 5-5: Conversion of CuO to CuS as a function of time determined by the LCF of bulk XAS
experiments, CuO-1 (red circles) and CuO-2 (blue squares); and LCF of the TXM spectro-microscopy
images of individual particles of ~10 um (particle A in Figure 5-6; black triangles) and ~20 um (particle
B in Figure 5-6; green diamonds) of CuO-1. Black lines are model fits to the bulk XAS data.

5.3.4 Sulfidation kinetics of individual particles via TXM

As mentioned previously, both porosity and chemical structure influence the average
rate of reaction in particles of metal oxides.?"174232233 Thys, heterogeneity at the particle or sub-
particle scale can critically affect the performance of the solid phase, and it is of fundamental
interest and practical importance to visualize the evolution of this chemical heterogeneity at
fine length scales. Thus, we performed 2-dimensional XANES mapping on particles of the CuO
samples (using TXM). Figure 5-6 shows chemical maps, determined by LCF, of a ~10 um and
a ~20 um particle of CuO-1 during the course of exposure to 1000 ppm HzS for 8 hours. Direct
observation of the chemical maps in Figure 5-6 suggests that the evolution of the chemical
heterogeneity follows a complex pathway, highlighting the importance of studying the particles

using a chemical sensitive probe with good spatial resolution.
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For quantification of the XANES imaging data, we first average the chemical signatures
of the entire particle A and the common areas in particle B, respectively. The amounts of
remaining CuO in both particles change over time and, follow the same trend as the data from
the bulk XAS measurement (Figure 5-5). The matching trends of both the bulk XAS and
averaged TXM XANES results not only confirms the reliability of our measurements but also
suggests that the critical length scale of the chemical heterogeneity is at the mesoscale (sub-
single particle) level. For a better visualization of the dynamic evolution of the chemical
distribution at sub-particle level, we segment out the reaction front based on the local chemical
composition of particle A. The pixels associated with local CuO/CusS ratio at 1:1 (indicating
50% conversion of CuO to CuS) are labeled in white in Figure 5-6, and are defined as the
reaction front. The sulfidation front clearly initiates within the outer portions of the particle (at
distances that are >90% of the radius) and propagates towards the center of the particle after
being exposed to the H»S stream for ~5-6 hours. The morphology of the reaction front also
changes from isolated pockets into a complex interconnected network upon progression of the
reaction. At the beginning of the reaction, the nucleation events dominate the system leading to
relatively fast conversion of CuO to CuS. After the first few hours, the propagation of reaction
front in the solid phase becomes the dominating event and the system becomes diffusion

limited, slowing down the overall conversion efficiency.
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Figure 5-6: A) In-situ Chemical maps of CuO particles during sulfidation reaction. 3B) Development
of the reaction front (defined by the voxels with a chemical composition of 50% CuO and 50% CusS)

Analysis of the entire volume of both particles reveals similar kinetics as those measured
in a reactor (containing multiple particles), indicating that analysis of reaction of mg amounts
of powders can produce kinetic expressions suitable for reactor scale design and operation.
However, the different dynamic conversion profiles measured at different radial positions
within individual particle indicates that H.S concentration gradients (and thus, pore diffusion)
exist even at very small length scales and cannot be detected by analyzing the kinetics in fixed
beds of particles. The conversion versus time data at various radial positions within Particle A
were analyzed using the RPM to quantitatively determine any kinetic differences with radial
position. The RPM predicted the conversion versus time data with good agreement to the

experiment data (Figure 5-7A). However, the rate parameters exhibited a sharp decrease at
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positions less than 90% of the radius (Figure 5-7B). Furthermore, the diffusivity exhibited a
linearly increasing trend with radial distance into the particle (Figure 5-7B). These conversion
profiles measured from TXM suggest that H2S concentrations are higher within the outer
regions of the particle, leading to higher initial reaction rates, faster buildup of product layers,
and more rapid pore structure change. Conversely, lower concentrations within the particle
interior would lead to slower reaction that allows diffusion to occur more rapidly as product
layers form more slowly. This explanation is supported by the increasing values of the effective
diffusivity with increasing proximity to the particle interior. Furthermore, the abrupt decrease
in reaction rate constant (followed by a more gradual decrease of rate constant) indicates that
this value is dependent upon H.S concentration. Thus, this reaction rate constant is an apparent
rate constant and not an intrinsic rate constant as has been suggested by previous work.2"174
This conclusion further supports the need for identification of fundamental mechanism for the

reaction between CuO and H.S that can describe this reaction across a wide range of conditions.
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Figure 5-7: A) Conversion (lines are data; symbols are model predictions) of CuO to CuS at various
radial distances and at various times on stream. B) RPM rate constants (k) and effective diffusivities
(De) as a function of radial distance. The value of zero is the particle surface and the value of 1 is the
particle center.

109



5.4 Conclusion

The observations from the in-situ XAS and TXM are consistent with the conventional
kinetic studies that evaluate the role of the porosity and chemical structure in affecting the bulk
performance of CuO for H2S removal. These phenomena were quantitatively probed via TXM
of individual particles to show average kinetics within single particles mirror the reaction
kinetics measured from fixed bed of sorbents. Similarly, analysis of data from XAS of a
gradientless reactor reveals the same kinetic differences between the two CuO samples as
analysis of breakthrough curves in a fixed bed experiment with sharp axial concentration
gradients. However, the growth of reaction fronts proceed heterogeneously within solid phase
particles and pore diffusion persists even for particles less than 10 um in size. This combined
characterization-kinetic analysis ultimately revealed that chemically and structurally similar
CuO can exhibit different kinetics upon reaction with H>S and that explaining these differences
must include more detailed reaction stoichiometry and analysis of specific surface properties of

the reactant and product phase.
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Chapter 6 | Insights into Copper Sulfide Formation from Cu and S K-edge
XAS and DFT Studies

6.1 Introduction

Earlier work has demonstrated the critical role of crystallite size and micro-porosity in
predicting the performance of CuO sorbents at both fixed bed and individual micrometer-sized
particle scales.?*° The synchrotron-based techniques of X-ray absorption spectroscopy (XAS) and
transmission X-ray microscopy (TXM) have been successfully used to quantify the kinetics of the
sulfidation process and to observe the chemical and structural changes that are associated with it
in real time. These studies confirmed the presence of pore diffusion resistance within individual
particles (< 10 pm) and hinted at the potential formation of different copper sulfide products.?®
Additionally, fixed bed experiments and Density Functional Theory (DFT) calculations showed
that reducing crystallite size leads to an improvement in the removal capacity of CuO sorbents.?4°
This work uncovered a difference in reactivity of oxygen atoms based on their coordination
environment, with three-fold coordinated atoms, more abundant in smaller crystals, being more
reactive towards sulfur than four-fold coordinated oxygen. Furthermore, these three-fold
coordinated oxygen atoms form oxygen vacancies more readily, which could indicate more facile
diffusion of atoms through the bulk of the solid phase in smaller crystals. These studies introduced
new questions pertaining the reaction of CuO with H»S, such as what the type of copper sulfide
species are formed, do these phases depend on the structure of the starting material or/and the
conditions of the sulfidation process, and how does the phase formation impact the final conversion

(and thus, performance) of the material.
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The conventional stoichiometry used for the CuO sulfidation reaction assumes the
formation of covellite (CuS), however, new emerging evidence has challenged this long-held
belief of the formation of a single product species/phase.?® Indeed, copper sulfide systems are
highly complex, featuring a range of species with CuzxS stoichiometries (0 <x < 1), diverse crystal
phases, and varying bonding arrangements and electronic structures (see Figure 6-9).2%2%2 The
crystallographic characterization of these intermediate Cu>«S species (between CuzS and CuS) is
difficult due to the ill-defined positions of the copper atoms within the close-packed sublattice of
S atoms. Despite their simple chemical formulae, the two end members (i.e., x = 0 or 1) of the Cuo.
xS family, CuzS (chalcocite) and CuS (covellite), also have complex crystalline structures.
Covellite features a hexagonal crystalline structure, with two thirds of the Cu atoms in tetrahedral
coordination and the other third has a trigonal planar symmetry; the oxidation states of Cu in these
centers are +1 and +2, respectively. On the other hand, one-third of S atoms are monosulfides (S%
) in trigonal bi-pyramidal coordination, and two thirds are in disulfide (S*-S*) arrangement. These
atoms are arranged in alternating Sz and CuSs-CuSs layers as shown in Figure 6-1. Chalcocite
(Cu2S) is known for its instability and its inclination to degrade to copper deficient species at
ambient conditions. The oxidation state of Cu in the 96-atom monoclinic unit of chalcocite is
mostly +1 with evidence of mobile Cu (0) centers.?®® Successful elucidation of copper sulfide
species that form (and evolve) during reactions between CuO and H>S will fill a gap in the efforts
towards fundamental understanding of this reaction, and the evident complexity of copper sulfides
calls for the use of advanced characterization techniques that can probe the oxidation states, local
geometry, bond lengths and coordination numbers of both Cu and S in order to achieve accurate

speciation.
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A) S2

Center Symmetry Oxidation state First shell atoms
cu(1) Trigonal planar +2 Three S(1)

Cu(2) Tetrahedral +1 One S(1) and three S(2)
S(1) Trigonal bipyramidal -2 Three Cu(1) and two Cu(2)
S(2) Tetrahedral -1 Three Cu(2) and one S(2)

Figure 6-1: A) Presents covellite?® molecular structure and a summary of symmetry, oxidation states, and
coordination for the different Cu and S centers. B) lllustrates covellite crystal packing. Both structures are
produced using Mercury 3.8 structural visualization application.?>*

XAS is a powerful technique that can provide valuable information in this regard, by both
ex-situ analysis of fresh and spent samples and in-situ study of the evolved species throughout the
course of the reaction.?>>?% The extended X-ray absorption fine structure (EXAFS) can be used to
determine local structural information about the target atom, and the near-edge spectrum (XANES)
can provide information about the oxidation state of an atom and its coordination symmetry.2552%
Nevertheless, probing a heterogenous mixture of species, such as a partially sulfided CuO sample,
is a challenging task because of the numerous local environments of Cu within one phase (CuS)
and across the two phases (CuO and CuS). In this work, we probe the reaction of CuO with dilute
H>S gas streams (1000 ppm-vol in N2) using in-situ and ex-situ XAS at both the S K- and Cu K-
edges. We verify that in-situ XAS experiments accurately represent this reaction by comparison
with the capacities and kinetics from fixed bed absorption studies at the same conditions. These
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experimental techniques (and the resulting data) are also used to probe the influence of CuO
crystallite sizes (across a range of 2 — 40 nm) and reaction temperature (298-383 K) on CuxS
formation. The results of our work suggest the formation of a distorted CusS layer at the surface of
the CuO crystals, with disulfide groups of longer Cu-S bonds and higher delocalization of the
positive charge of Cu center into (S). at the initial stages of the reaction. Our findings also suggest
the dominance of these species at lower temperatures (298-323 K) compared to higher
temperatures (353-383 K) and where the CuS products more closely resemble pure covellite. DFT
calculations for the sulfidation of CuO (111) and (111) surfaces also support our hypothesis of the

formation and dominance of disulfides at the initial stages of CuO sulfidation.

6.2 Experimental Methods

6.2.1 Materials and synthesis methods

A commercial CuO-based sorbent (HIFUEL W230; denoted as CuO-1) was purchased
from Alfa Aesar and tested without subsequent treatment. This sorbent is composed of 63.5 wt%
Cu0, 25 wt% Zn0O, and 10 wt% Al>Os. For the synthesis of all other CuO sorbents, copper (I1)
nitrate trinydrate (Sigma Aldrich, 99%), copper (Il) acetate monohydrate (Sigma Aldrich, 99%),
sodium hydroxide (BDH, 97%) and glacial acetic acid (VWR, ACS grade) were used in the

preparation.

CuO nanoparticles (denoted as CuO-2 and CuO-3) were prepared using an acid-catalyzed
sol-gel process.?!? For CuO-2, 1.0 cm?® of glacial acetic acid was added to 300 cm® of 0.02 M
copper (I1) acetate solution under vigorous stirring and heating. Upon boiling, 0.8 g of sodium
hydroxide was added to the solution under continuous stirring. The solution was then allowed to

cool to room temperature while a black solid continuously precipitated out of solution. The solid
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precipitate was recovered via centrifugation of the solution for 10 minutes (JA-14 rotor) at 293 K
and 6000 RPM followed by decanting the supernatant liquid. The precipitate was then washed
with deionized water and ethanol. The washed precipitate was dried in a furnace for 8 h at 313 K.
Sample CuO-3 was prepared by additional thermal treatment of sample CuO-2 in air at 623 K for
4 hours to achieve larger crystallite size (as evidenced by X-ray diffraction patterns). Additional
CuO nanoparticles (denoted as CuO-4) were prepared by a drop-wise addition of aqueous 0.1 M
sodium hydroxide solution to aqueous 0.1 M copper (Il) nitrate trihydrate solution under
continuous mixing. The obtained material, copper (I1) hydroxide, was then vacuum filtered and
washed with distilled water and ethanol, dried in air at 353 K for 14 h, and then thermally treated

in air at 773 K for 4 h at a ramping rate of 1 K h,

CuO nanofibers (denoted as CuO-5) were synthesized through electrospinning. Polymer
solutions were prepared by dissolving 1.30 g of PVP M.W. 1,300,000 in ethanol solvent (23 cm?).
The polymer solution was then vortexed (Fisher Scientific Digital Vortex Mixer) at 3000 rpm for
1 h until the polymer was completely dissolved. The solution was left to settle for 10 minutes,
transferred to a beaker, and stirred for 0.5 h. The metal containing solution was prepared by
dissolving copper (11) nitrate (1.3 g) in 10 cm® of DI water and stirring the solution for 0.5 h. The
copper containing solution was then added dropwise to the polymer containing solution. The
solution was stirred for 0.25 h, and then vortexed for 0.5 h at 3000 rpm. The electrospinning
solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer Lok™ tip) with a
hypodermic needle (Monoject™ Standard 30G x %”). The distance between the tip of the needle
and a stainless-steel collecting plate, which was covered with aluminum foil, was 22 inches. A
Gamma High Voltage Research ES75 power supply was used to apply 30 kV on the polymer jet

while the polymer solution was extruded through the needle at a rate controlled by a syringe pump

115



(1.0 cm® h'!; Kent Scientific Genie Plus). Dry air was circulated inside a 3 m® chamber at 6 cm?®
min’* to control the relative humidity at 19.5 + 2%. The collected fibers were thermally treated in

air at 823 K for 4 h at a ramping rate of 2.0 K min™* to remove the majority of PVVP and form CuO.

6.2.2 Non-synchrotron characterization techniques

All CuO sorbents were characterized using a variety oftechniques. Powder X-ray
diffraction patterns were obtained on an X-ray diffractometer (JEOL JDX-3530 and Philips X-
Pert) using Cu Ka radiation of 1.5410 A wavelength and used to identify the crystalline copper-
containing phases. The average crystallite size of each sample was determined using Scherrer’s
formula. Nitrogen adsorption-desorption isotherms were measured at 77 K with a Micrometrics
ASAP 2020 Plus system. Before measurements, the samples were degassed at 1 x 107 Torr and
573 K. The Brunauer-Emmett-Teller (BET) surface areas were calculated from the isotherms. The
pore size distribution was derived from the adsorption branches of the isotherms using the Barrett-
Joyner-Halenda (BJH) model. Scanning electron microscopy (NOVA 230 Nano SEM) was used
to visualize the morphology of the materials. The diameters of the agglomerate sizes of the sorbents

were measured from the SEM images using ImageJ software.

6.2.3 Fixed bed sulfidation tests

Fixed-bed sorption breakthrough experiments were carried out in the apparatus outlined in
Figure 3-2. A tubular stainless-steel reactor with 0.25-inch outer diameter was packed with 100-
180 mg of sorbents with average agglomerate sizes of 75 um (i.e., particles sieved through +200-
100 mesh screens). The packed beds were 1.5 cm in height and were fixed between two plugs of
quartz wool. The temperature of the reactor (298-383 K) was regulated using a resistively heated

jacket with a PID temperature controller (TEMPCO EPC-100). Reactant feed streams consisted of
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1000 ppm-vol HzS in N2 and were produced by diluting 1.0% H2S/N. (Praxair) in UHP N2. The
total inlet flowrate of 90 cm3(STP) min was controlled using MKS GE50A and GM50A flow
controllers. Online gas chromatography (Agilent 7890B) with a sulfur chemiluminescence
detector (SCD; Agilent 755) was used to measure the concentration of HS in inlet and outlet
streams. The interior of the reactor and all the gas transfer lines were treated by an inert coating

(SilcoNert 2000) to mitigate adsorption of sulfur onto the walls of the apparatus tubing.

6.2.4 XAS acquisition and analysis

S K- and Cu K-edge X-ray absorption spectra were recorded at Stanford Synchrotron
Radiation Lightsource (SSRL, California, USA) at wiggler beamline 4-3 using a Si (111) double-
crystal monochromator. The storage ring was operated at 3 GeV with a ring current of 494-500
mA in top-up mode. The beam cross-section was 1 mm x 3 mm. X-ray absorption near-edge
structure (XANES) spectra were recorded at the S K-edge (2472.0 eV) in fluorescence mode using
a 7-element silicon-drift detector (Canberra). Energy calibration was achieved using sodium
thiosulfate (Na2S203.5H20) where the first peak of the spectrum was fixed at 2472.0 eV. Full
extended X-ray absorption fine structure (EXAFS) spectra were recorded at the Cu K-edge (8979.0
eV) in transmission mode. A Cu foil, situated between two ionization chambers after the sample,

was scanned simultaneously for energy calibration purposes.

The XAS samples comprised a wafer (36 mg of CuO-based sample mixed with 14 mg of
boron nitride (BN) (Sigma Aldrich)) for the S K-edge, and 2.4 mg of sample diluted with 47.6 mg
BN for the Cu K-edge. The wafer was placed at 45° to the incident beam on a heated stage inside

a 100 cm? cell, as described previously and as shown in Figure 6-2.2%
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For in-situ XAS sulfidation experiments, 1000 ppm H2S in Helium (Airgas) and Helium
(99.95%, Airgas) gases were used. XAS scans were initially taken under Helium flow, then the
temperature was ramped up to the desired set point (298, 323, 353, or 383 K) at a rate of 5 K min°
Land under a 20 cm®(STP) min* flow of Helium. Once temperature stabilized, XAS scans were
taken again to obtain initial spectra at the reaction temperature. After collection of initial spectra,
a stream of 1000 ppm H2S/He was introduced into the reaction cell, and XAS scans were collected
continuously (every 6.25 minutes for Cu K-edge and every 5-11 minutes at S K-edge) until
saturation was reached. The cell was then purged with Helium at 20 cm3(STP) min* and allowed
to cool to room temperature before XAS scans of spent samples were obtained. For the S K-edge,
additional XAS scans were obtained for an inert BN sample under H2S gas flow, in order to allow

subtraction of the gas phase H2S signal contribution from the overall in-situ XANES scans.

Temperature
control

\ A
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Figure 6-2: Experimental setup for sulfidation of CuO-based samples at beamline 4-3 at the Stanford
Synchrotron Radiation Lightsource (SSRL)
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XAS data were analysed using ATHENA and ARTEMIS from the Demeter package
software.?** The Cu K-edge EXAFS data was extracted from 3.0-11.3 A in k-space, and the
Fourier transformed data was analyzed in the range of 1.0-2.4 A for partially sulfided materials
and 1.0-3.4 A for fresh and reference materials. Experimental data were fitted with theoretical
back-scattering paths calculated using FEFF6, based upon CIF files from the Inorganic Crystal
Structure Database (ICSD).?*? The fits were performed based on k*, k?, and k® weighting. The
amplitude reduction factor, Se?, was determined by fitting a reference copper foil, from each
beamline visit, with tabulated coordination numbers of bulk copper (fcc-Cu metal: ICSD
53247).242 This Se? value was 0.86, 0.91, and 0.96 for the three beamline visits at which the data

were collected.

Intensity and phase of scattering paths of the oxide materials were calculated using FEFF6
based on crystallographic data from the tenorite CuO structure (ICSD 16025).2%? To simplify the
models, only single scattering paths were included and the coordination numbers, N, were scaled
by a factor a. The term, a, was introduced in order to account for the size effect on the EXAFS
scattering path intensity. This term is a scaling factor for all the scattering paths associated with a

spectrum that is consistent across samples of a given crystallite size.

The intensity and phase of the scattering paths in the sulfided material were also calculated
using FEFF6 based on a modified CusS covellite CIF file (ICSD 32105).22 This modified structure
averages the two Cu centers (tetrahedral Cu'*, and trigonal planar Cu?*) sites in covellite. Figure
6-3 presents a stick plot of the averaged coordination numbers and distances for Cu in the modified
structure. For a reliable quantification of each of the phases, the fitting model of partially sulfided
materials was simplified to take into account only the most significant scattering paths. Because

the focus of the EXAFS investigation of these materials was the determination of the types of
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sulfur species formed, only the first Cu-O and Cu-S shells were fit. In these fits, we assumed that
the unreacted CuO material was not significantly modified by the sulfidation reaction. This
allowed us to fix the Cu-O path length and associated mean squared displacement term (¢?) at the
values obtained for the starting material, while scaling the coordination number down from the
initial value by multiplying with the molar fraction of unreacted material, Xcuo. The Xcuo term is
defined as 1- Xcus Where Xcus is the conversion determined by linear combination fitting of the
XANES region of sulfided samples. Thus, the CuO component of the final material has fixed
EXAFS parameters while the EXAFS parameters of the CuS portion were allowed to vary. These
parameters were Cu-S coordination number, N, scattering path length, R, and its associated mean

squared displacement term, ¢2. In all of the fits, AEo was allowed to vary.
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Figure 6-3: Stick-plot representation of the radial distribution of atoms around Cu* and Cu?* in CuS
(covellite) and averaged Cu center in the simplified CuS model used in EXAFS fitting of Cu K-edge spectra.
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6.2.5 DFT computational study

First principles atomic simulations were conducted using density function theory (software
package VASP) with plane wave basis set, PAW pseudopotentials, and GGA XC functional PBE.
A Hubbard U correction of +7 eV was used to account for the strongly correlated d-electrons. This
value is found to most accurately reproduce experimental values for properties such as lattice
parameters.**! A 2x1 slab was used to model the CuO (111) and (111) surfaces. The local minima
on the potential energy hypersurface were found using the conjugate gradient method. The
optimized structure of a proposed elementary step is used to calculate the change in free energy
using energy differences between connecting elementary steps under realistic conditions of room

temperature (298 K) and ambient pressure (1 atm).

6.3 Results and Discussion

6.3.1 Structural characterization of fresh CuO sorbents

Table 6-1 summarizes the key physical characteristics of the five samples, CuO-1 — CuO-
5. The diffraction patterns for all samples, Figure 6-4, show characteristic peaks of single-phase
monoclinic CuO. (XRD patterns of sulfided CuO are shown in Figure 6-10 and will be discussed
in subsequent sections.) The crystallite sizes of the CuO sorbents were determined using Scherrer’s
formula based on 26=38.8°, CuO (111), and are summarized in Table 6-1. The crystallite sizes
range from 2.8 nm for CuO-1 to 40 nm for the lab-synthesized nanofibrous sample (CuO-5). The

223 and

estimated d-spacing for the (200) plane for all samples (2.29-2.30 A) match literature
confirm the formation of pure monoclinic CuO. The results of N2-physiosorption experiments are
summarized in Table 6-1, and they reveal comparable surface areas (44.5 to 67.3 m? g!) and pore

volumes (0.079 to 0.181 cm?’g™!) for all the samples except CuO-5. The notably low surface area
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and void volume for the nanofiber sample is due to the electrospinning process which produces

samples that consist of fibrous networks (nanofibers with diameters between 160-600 nm) with

low meso-porosity, as shown in the SEM images in Figure 6-5. On the other hand, SEM images

of the lab-synthesized CuO nanoparticles and CuO-1 sample reveal highly textured micrometer-

sized particles consisting of finer agglomerates (<100 nm).

Table 6-1: Physiochemical properties of the CuO sorbents. [IBased on XRD peak at 20=38.8°. PIFirst shell
oxygen coordination number based on EXAFS fits of Cu K-edge (See Supporting Information). IBET
method. BJH method. FIFixed bed experiments at 298 K with 90 cm3(STP) min* of 1000 vol-ppm HzS/N;
at 1 atm total pressure.

Sample Crystallite .~ Surfacearea Void volume  Conversion
ID Morphology size (nm)® N (Cu-O) (m2g)il (cm3g) (%)Eel
CuO-1 Nanoparticles 2.8 30+10 67.3 0.139 44
CuO-2 Nanoparticles 7.0 25+1.1 59.1 0.079 28
CuO-3 Nanoparticles 11 32104 44.5 0.102 24
CuO-4 Nanoparticles 23 4.0+0.6 58.8 0.181 14
CuO-5  Nanofibers 40 54+05 7.23 0.006 3
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Figure 6-4: X-ray diffraction patterns of CuO sorbents. Blue diamonds indicate characteristic CuO peaks.
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Figure 6-5: SEM iages of fresh CuO sorbents at 100 X magnification.

Figure 6-6 shows the Cu K-edge XANES spectra for the five CuO sorbents. The spectral
features for all samples agree qualitatively with a recent XAFS exploration of copper oxide
materials.?>® The small pre-edge feature at 8979 eV results from a Cu 1s = 3d° dipole forbidden
transition that is completely absent in compounds with the Cu* oxidation state due to its fully
occupied d shell. This suggests a 2+ oxidation state of Cu in these samples, which is consistent
with the electronic structure of Cu in CuO. Moreover, the best-fit model of the Cu K-edge EXAFS
data for all the samples, contain only scattering paths matching monoclinic CuO (see Table E-1)
for a summary of best fit parameters the fresh materials. The spectra and fits are displayed in

Figures E1- E-5.
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Figure 6-6: Normalized Cu K-edge XANES spectra for CuO sorbents of different average crystallite
sizes: CuO-1 (2.8 nm), CuO-2 (7nm), CuO-3 (11 nm), CuO-4 (23 nm) and CuO-5 (40 nm).

The change in the height of white line in the XANES is consistent with literature, where,
in the absence of any chemical change to the material, the height of the white line correlates
positively with crystallite size of transition metal oxide systems such as Cu0.?*° This amplitude
change is also accompanied by a change in the magnitude of the oscillations found in the post edge
region of the spectra, i.e. the EXAFS signal. As a result of this change in magnitude, the
coordination numbers of each of the constituent scattering paths derived from fitting the EXAFS
signal also change. Table 6-1 summarizes the coordination numbers of the first shell Cu-O single
scattering path as determined by the best-fit model for Cu K-edge EXAFS of the samples. The
model-estimated coordination number decreased as crystallite size decreased, with the lowest

estimate of 2.5 + 1.1 in CuO-2 (7 nm) as compared to 5.4 £ 0.5 in CuO-5 (40 nm). Estimating the
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coordination numbers in fresh samples proved to be essential for fitting the partially sulfided
materials. The Cu-S paths were fit to characterize the formed sulfides, while the Cu-O path lengths
were fixed to their fresh materials’ counterparts, with the necessary conversion adjustment (See

section 6.2.4).

6.3.2 Determination of sorption capacities and Kinetics from various techniques

Fixed bed sorption and in-situ XAS experiments at Cu and S K-edges were performed to
study the sulfidation kinetics of the sample that exhibited the highest conversion, CuO-1, at
different temperatures (323 K, 353 K, and 383 K). The effect of crystallite size has been explored
in earlier work showing that a decrease in size leads to an increase in the removal capacity and a
decrease in the sorption rate parameter.?*® It was demonstrated that the lower sorption rates in
smaller crystals leads to extended kinetic regimes allowing for higher conversion.?® These previous
studies also demonstrated that the average kinetics and capacities determined from a small number
of particles using synchrotron-based techniques (i.e., 1 mm x 3 mm beam window for in-situ bulk
XAS and 10-20 pm diameter particles for transmission X-ray microscopy?®) are similar to those
deduced from the breakthrough curves of a 0.3 mL fixed beds. In this work, we focused on the
effect of temperature on kinetics and conversion to further study the relationship between
determining capacities and kinetics using various techniques (i.e., fixed beds and in-situ XAS at

the Cu and S K-edges).

The fixed bed sorption experiments yielded H>S concentration breakthrough curves (as
shown in Figure 6-7) from which the sorption capacities and linear driving force rate parameters
can be estimated. A linear driving force model that is zero order in H.S concentration (Equation

4) describes the breakthrough curves at 323 K,® however, at 353 and 383 K, a model that is first
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order in H2S concentration (Equation 2) describes the curves.'® The values of rate parameter and
conversion of CuO are summarized in Table 6-2. The results show a consistent increase in
conversion with an increase in temperature, with complete conversion achieved at 383 K.
Moreover, the sorption rate parameter increased following an Arrhenius law relationship with an

260 \we demonstrated that bulk

apparent activation energy of 23.5 kJ mol™. In our previous study,
mass transfer and macropore diffusion are negligible for pellet sizes of ~75 um and flowrates of
90 cm*(STP) minL. Under these conditions, reaction rate parameters account for reaction-diffusion
phenomena in particles with less than ~10 um diameters (as identified by Transmission X-ray
Microscopy).?° Thus, temperature effects on both reaction and diffusion are likely reflected in this
measured activation energy, however, determining the rate of growth of the product layers is
required to quantify the relative contributions of diffusion and reaction to the sorption rate, a task

that is beyond the scope of the experiments presented herein. Nonetheless, the rate parameters and

activation energy can be useful for semi-quantitative comparison with in-situ XAS results.
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Figure 6-7: Breakthrough curves of normalized effluent H,S concentration collected for fixed beds of the
CuO-based sorbent at 1000 ppm-vol H2S/N and 1.0 atm for temperatures of 323 K, 353 K, and 383 K. Solid
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black lines represent fitted linear driving force models (Cooper model®? for 294 and 323 K and Bohart-
Adams!® model for 353 K).

Table 6-2: Summary of conversion and kinetic and diffusivity parameters deduced from RPM model for
in-situ S K-edge and Cu K-edge tests and, Cooper model for fixed bed tests. Conversion data were obtained
through linear combination fitting for the XANES region using CuO and CusS references for Cu K-edge
tests and using the edge step of fully converted 383 K test as a reference for S K-edge runs. All runs are
carried at ambient pressure and a feed concentration of 2000 ppm-vol H.S.

XAS Cu K-edge XAS S K-edge Fixed bed
3 12 3 12
T (%) (cmk4 )r:u:)l-lpl s I?cr)r(lzls(')l) ) (cmk4 )r;(:)l-lg sh I?cr):lzls(?l) &) K(s7)
323 45 1.3+£0.2 49+0.7 45 6.0£14 49+0.3 54 17+£23
353 89 4615 23+x4.1 78 41+£6.0 29+ 38 88 35+£39
383 100 45+9.2 50+9.7 100 9317 31+£35 100 6859
Ea (kJ mol?) 60.6 40.2 47.3 32.0 235

These in-situ XAS experiments were performed for the same sample (CuO-1) and
conditions (1000 ppm-vol H>S/He at 323, 353 and 383 K) as the fixed bed experiments. At the Cu
K-edge, linear combination fitting (LCF) was used to determine the CuO/CusS ratio at every scan-
time point, where the spectra of CuS and fresh CuO-1 were used as fitting references. At S K-edge,
the edge steps of the spectra were correlated to the extent of conversion, where the saturation edge
step for 383 K (complete conversion) was used as a scaling factor. The contribution of H.S gas
was subtracted from spectra for accurate CuS quantification. Figure 6-8 presents the conversion
curves for these runs, which were analyzed using the random pore model (RPM).1 Similar to the
fixed bed experiments, conversion increased with temperature, and complete conversion was
achieved at 383 K. Conversion estimates based on Cu and S K-edge XAS data were similar to

conversions measured from fixed beds after similar time of exposure to H>S on stream (Table 6-2).

The rate parameters and effective diffusivities determined from Cu and S K-edge
experiments are summarized in Table 6-2. The 95% confidence intervals for the rate parameters

are larger (>20% of the parameter value) than those for the diffusivities (less than 10% of the
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parameter value), which results from shorter kinetic regimes (i.e., few data points) compared to
diffusion-controlled regimes. Comparisons of the effective diffusivity values are within the same
order of magnitude for both edges, and the activation energies determined from the two
experiments conducted at the two edges are within 25% agreement (and less than a factor of 2
larger than the activation energy determined from the fixed bed studies). Thus, we conclude
(similar to our previous work) that the kinetic information derived from our in-situ XAS
experiments is representative of the kinetics derived from analysis of fixed bed breakthrough

curves and is suitable for interpretation of the phenomena that occurs during reaction H,S sorption.
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Figure 6-8: Conversion of CuO to CuS as a function of time as determined by the LCF of bulk XAS
experiments at Cu K-edge and S K-edge. The experiments were conducted at 323, 353, and 383 K for CuO-
1 sample under a flow of 1000 ppm H,S/He at 1 atm.
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6.3.3 Speciation of sulfidation products

The conversion of CuO to CusS is incomplete for all of the sorbents at 1000 ppm-vol H2S
and 298 K (see Table 6-1). The conversion ranges from a high of 44% for CuO-1 to a low of 3%
for CuO-5. This makes the speciation of the sulfidation products somewhat challenging as there is
a mixture of species present. However, using a combination of S K-edge XANES, Cu K-edge
XANES and EXAFS, and XRD on these spent samples, it is possible to identify the sulfide copper
species that are formed. These experiments focused on exploring the effect of crystallite size of

the CuO starting material and the effect of temperature on the formed copper sulfide species.

Figure 6-10 presents the XRD patterns of the five CuO sorbents after reaction in fixed bed
experiments at 1000 ppm-vol H2S 298 K, and 1 atm. For all samples, a peak at 26 = 48° is observed
in the pattern of the spent samples, which corresponds to the (110) plane of hexagonal copper (I1)
sulfide (ICSD 16025). Nevertheless, the low conversion (3-28% as summarized in Table 6-1)
along with the overlap of XRD patterns of most sulfides (Figure 6-9) suggests that XRD alone is
insufficient in determining the speciation of the formed sulfides. Furthermore, Figure 6-11 shows
the XRD patterns of spent CuO-1 samples following sulfidation at 323 K, 353 K and 383 K. The
patterns show significant broadening of the monoclinic CuO peaks and a consistent increase in the
intensity of the 20 = 48° peak with temperature increase. This is consistent with the increase in
conversion with temperature observed in the fixed bed experiments (54-100% for 323-383 K). We
note that the conversion of CuO-1 at 383 K is 100% (see Table 6-2 and discussion in Section 3.2).
While the XRD results for both sets of samples suggest the formation of CuS (covellite), they are
insufficient to conclusively identify the specifications of the CuS phase and whether any

distortions are present.
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Minarsl nate Coniposition Crystal Cuoxidation S oxidation
P System states states
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Figure 6-9: Crystal structures, compositions, oxidation states of Cu and S, and X-ray diffraction patterns for low-chalcocite, high-chalcocite,
Djurleite,?8! Anilite,?? Geerite,?®® Roxbyite,?®* and Covellite.! Red spheres represent Cu while yellow spheres represent S. The structures are
produced using Mercury 3.8 structural visualization application.?*
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Figure 6-10: X-ray diffraction patterns of spent CuO sorbents. The sulfidation tests are run at 298 K
and 1 atm with 1000 ppm-vol H,S/N.. Red rectangles identify characteristic covellite peaks.
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Figure 6-11: Diffraction patterns of fresh CuO-1 sorbent and spent samples for runs at 323, 353, and
383 K (using 1000 ppm-vol H>S/N, and 90 cm3(STP) min't). The XRD of spent samples are collected
at 298 K and 1 atm after sulfidation at elevated temperatures. Blue diamonds correspond to characteristic
CuO peaks and red triangles correspond to characteristic CuS peaks.
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Since different Cu2xS structures have different electronic and coordination
environments of the S and Cu atoms, XANES provides insight into the type of species that is
formed. Figure 6-12 shows the S K-edge XANES of the spent CuO-1 sample at 323 K, 353 K
and 383 K, and CuO-2 and CuO-3 spent at 298 K. Three main observations can be made from
this figure: (1) The white line amplitude (peak a) decreases with a decrease in crystallite size,
(2) the white line is shifted to lower energy for spent samples at elevated temperatures (353 K
and 383 K), and (3) a small pre-edge peak (peak b) is present only at elevated temperatures
(353 K and 383 K). The first observation aligns with the discussion of the relationship between
crystallite size and white line intensity in the fresh Cu K-edge XANES. The two other
observations provide an evidence for the formation of different Cux«S species at elevated

temperature.
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Figure 6-12: Normalized S K-edge XANES spectra for samples CuO-2 and CuO-3 after reaction at 298
K and CuO-1 after reaction at 323, 353, and 383 K (1000 ppm-vol H,S/He, 298 K and 1 atm). The scans
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were collected under flowing He. Experimental conversion of each sample is indicated in the figure
legend.

In the S K-edge XANES of the reference covellite (CuS, Figure 6-13), there are two
characteristic pre-edge features, denoted as (b) and (c). These features have previously been
assigned to a S% 1s = Cu?* 3d® transition (2469.9 eV) and a S;> 1s = Cu?* 3d° transition
(2470.7 eV).%2 It is apparent from the spectra shown in Figure 6-13 that in the spent CuO-1
samples at 383 K, both pre-edge peaks are present, but the second peak (b) is absent in the
spectra collected on the spent sample at 323 K. (The conversion of CuO-1 at 383 K is 100%,
Table 6-2). This difference is further highlighted by the second derivative plots of these spectra
(inset of Figure 6-13). The white line (peak a) is assigned to a Sy 1s = 3p transition,
confirming the presence of S;% in all spent samples. Thus, rather than indicating the absence of
disulfide ions, the absence of peak (b) in spent samples at low temperatures (298 and 353 K)
indicates that the geometry of the S;% in these samples differs from that of S2?"in bulk covellite
(CuS). The pre-edge feature (peak b) is dipole forbidden and quadrupole allowed, and thus, it
IS present as a weak transition. When this feature is additionally forbidden by symmetry or spin
inversion selection rules, it will be so weak that it will no longer be distinguishable from the
background. Thus, the transition S;* 1s = Cu?* 3d° must also be forbidden by symmetry

selection rules for the CuO-1 samples after reaction at 298 and 353 K.
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Figure 6-13: Normalized S K-edge XANES spectra for CuO-1 spent at 323 K and 383 K, and two
copper sulfide references (CuS and Cu,S). The spectra are offset for clarity. The inset shows the second
derivative spectra of the spent samples highlighting the absence of peak b (S;* 1s = Cu?* 3d°) in the
sulfided sample at 323 K.

To further explore whether the blue shift (shift to higher energy) of white line is
characteristic only of spent samples at lower temperatures, in-situ S K-edge XANES spectra of
CuO-1 sulfidation at elevated temperatures (353 K and 383 K) are inspected. Interestingly, the
CusS species formed in the beginning of the sulfidation process at elevated temperatures matches
those in spent samples at low temperatures (See Figure 6-14 for 353 K and Figure 6-15 for 383
K).%3 Figure 6-14 shows the move towards a dampened white line at lower energy, and the
emergence of peak b as the reaction progresses at 353 K. Similar behavior is observed at 383
K (Figure 6-15) where the early spectrum, at low conversion, does not show the presence of

peak b. This suggests that the formation of this distorted Cus is independent of temperature and
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its presence is primarily dependent on the total conversion of CuO to CuS. Thus, because the
sulfidation begins at interfaces (both the solid-gas interface and crystallite interfaces in the
bulk), we suggest that it is at these interfaces that a geometrically distorted CuS structure is
formed. As conversion proceeds, the intensity of peak b at 2470.7 eV (associated with the
spectral features of bulk covellite) also increases, indicating the formation of bulk CuS away

from the reaction interfaces.
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Figure 6-14: Normalized in-situ S K-edge XANES spectra for sample CuO-1 during sulfidation at 353
K, 1000 ppm-vol H,S/He and 1 atm.

Concurrent with the growth of peak b, is the red shift (lower energy) of the white line
observed at the latter stages of the sulfidation process at elevated temperatures. This peak is
associated with a S> 1s = 3p transition®2 and it results from the hole character in the S;% 3p
orbitals due to the delocalization of these orbitals onto the electron deficient metal center. The
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more electron-deficient metal centers are, the easier it will mix with the 3p orbitals of S,>. Thus,
small shifts in the energy of this peak can indicate the oxidation state of the metal center itself.?>
In other words, the environment of S,* in spent samples at low temperatures is more
electropositive than that of S2% in bulk covellite. This further supports our theory of distorted
CusS structure at the interface of CuO. The higher energy contribution of this peak, in the
interfacial region, is because of the Cu?* centers that are bonded to both O? and S,* ligands.
These centers are more electron deficient than Cu*/Cu?* centers in bulk covellite which are only
bound to S% and S,?. It is these same S,-Cu-O centers which are responsible for the strained

geometry that causes the disappearance of the 2470.7 eV peak.
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Figure 6-15: Selected normalized bulk in situ S K-edge XAS spectra of CuO-1 sulfidation with 1000
ppm H.S/He at a) 323 K and b) 383 K. The spectra highlight the change in the formed CusS species as
conversion increased.

6.3.4 Impact of Cus structure on reaction mechanism

Computational simulations using Density Functional Theory (DFT) on CuO surfaces
show that sulfur exhibits a tendency towards forming covalent bonds with itself. DFT studies

carried out by our group on CuO (111) and (111) surfaces, which are the most stable
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thermodynamic surface (surface free energies of 0.75 and 0.89 J/m? respectively)**! and are

experimentally found in CuO materials,?*°

show that, upon dissociative adsorption of HzS
molecules on CuO surfaces, sulfur atoms progressively replace oxygen atoms. As the reaction
progresses and more H»S is adsorbed (thus releasing H20), the sulfur coverage on the oxide
surface increases, at which point close sulfur atoms start interacting among them via covalent
bonding, which results in sulfur dimers appearing on the surface. Pathways on the CuO (111)
surface show that elementary step structures that feature disulfide bond formation are more
favorable than equivalent counterparts without these bonds. This is exemplified in two
pathways, the first on a bare CuO (111) surface where multiple H>S molecules participate in

the reaction and the second on a partially sulfide CuO (111) surface where only one H,S

molecule is involved.

In the first case, disulfide bond formation stabilizes the structure of a step that requires
migration of the hydroxyl. This is an energetically costly process since the hydroxyl is displaced
from its equilibrium position on the lattice. However, with favorable sulfur-sulfur interaction,
what will require a +43 kJ/mol increase in energy is reduced by 44% to only +24 kJ/mol. A
snapshot of this improvement is shown in Figure 6-16, with the elementary step progression
plotted against the reaction free energy. Only the part of the reaction involving hydroxyl
migration is shown, with the case featuring disulfide formation in blue, and the case that does
not in black. The blue curve lies below the black, highlighting disulfide bond formation as a

favorable interaction that lowers the free energy of the system.
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Figure 6-16: Part of the reaction pathway on a bare CuO (111) surface where multiple H.S molecules
participate in reaction, showing disulfide bond formation lowering the reaction free energy, rendering
disulfide bond formation as an improvement on reaction favorability.

In the second case on the partially sulfide CuO (111) surface that simulates the surface
in later stages of the reaction, disulfide bond formation lowers the energy of the structure for
the elementary step involving the formation of a second hydroxyl and the subsequent hydroxyl
migration step. The stabilizing effect is less pronounced for the second hydroxyl formation step,
only by 2 kJ/mol, since it is already a greatly exothermic step. However, for the typically
endothermic hydroxyl migration step, the presence of disulfide bonds makes the otherwise
endothermic step exothermic, as seen in Figure 6-17, where the curve in blue (with disulfide
formation) slopes downwards from steps B to C instead of upwards as shown in black (without
disulfide formation). This corresponds to a change from +5 kJ/mol from steps to -4 kJ/mol from

steps B to C. Observation of disulfide bond formation in energy minimization calculations for
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proposed elementary steps of reaction suggests that disulfide bond formation is favorable during
the reactive sorption of H>S on CuO. These results further support our claim of the dominant
presence of the disulfide ions on the surface of CuO crystallites which contributes significantly

to the XANES signal at lower conversions.
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Figure 6-17: of the reaction pathway on a partially sulfided CuO (111) surface where one H,S molecules
participate in reaction, showing presence of disulfide bond formation making equivalent elementary step
exothermic instead of endothermic (from step B to C).

Finally, XANES spectra taken at the Cu K-edge of the spent samples (Figure 6-18A)
show that as temperature of sulfidation increases from 323 K to 383 K, the features of the CuO
starting material, most notably the intense white line at 8998 eV, fade while the features of the
covellite form of CuS grow in. Using tenorite (CuO) and covellite (CuS) standards as the basis
set, linear combination analysis was performed to determine the degree of sulfidation in these
materials. The results are shown in Table 6-2, showing a clear increase in total conversion of

CuO to Cus as a function of temperature, with 100% conversion at 383 K. In all spectra, there
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is a peak around 8978-8979 eV (highlighted by first derivative plot in Figure 6-18B). This peak
is only present in compounds containing Cu?* and is absent in the CuzS standard (yellow trace),
as it results from a Cu?* 1s = 3d° transition.?®® Because this peak is forbidden by dipole
selection rules, it is much weaker in systems with centrosymmetric ligands (as is the case of
CuO) due to decreased p/d orbital hybridization. However, the presence of this peak in spent
samples agrees with previous studies of CusS in the covellite structure.'® Further evidence that
Cu?*is present in spent samples can be readily seen when comparing the first derivative of the
XANES region (Figure 6-18B) for these materials. The sample sulfided at 323 K shows a weak
pre-edge feature at 8979 eV, both because the material only contains 40% CusS, and because
much of the CusS that forms is in a strained geometry. However, the strong single peak at 8980
eV from the Cu.S standard is completely absent in the 323 K spent sample, indicating the lack

of the formation of a Cu*-S species in this reaction.

141



Cu,S (Chalcocite)

CusS (Covellite)

25 |-

CuO-1/383K |

CuO-1/353K

1)

Cu0-1/323 K

in

CuO-1 (Fresh)

Normalized Absorption (au)

[

0.5 |~

0 1 | 1 1 | 1 ]
8960 8980 2000 9020 9040 2060 2080 9100 9120

Energy (eV)

1

Vo

: Cu,S (Chalcocite)
:

1

1

__#L/k\/\,“_ CuS (Covellite)

Jaa CuO-1/383K

Va —— . o — —

CuO-1/353K

CuO-1 (Fresh)

15t Derivative of Normalized Absorption (au)

| | | | 1 |
8960 8970 8980 8950 9000 9010 9020 9030 9040

Energy (eV)

Figure 6-18: A) Normalized Cu K-edge XANES spectra for fresh CuO-1 sample, spent CuO-1 samples
at 323, 353, and 383 K (1000 ppm-vol H,S/He), and two copper sulfide references (CuS and Cu.S). B)
First derivative spectra of A) highlighting the pre-edge feature associated with Cu?* 1s - 3d° transition.
Spectra offset for clarity.
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Furthermore, the structure of the spent CuO species were analyzed by fitting of the
EXAFS region of the Cu K-edge (Table E-2). By fixing the Cu-O contributions to the spectra
and fitting the Cu-S scattering paths, it can be seen that covellite is a good fit for the spent
material at higher conversions (353 and 383 K). At lower conversion, the Cu-S bond distance
is appreciably longer (2.30 + 0.02 A at 323 K versus 2.26 + 0.01 A in covellite reference and
sample spent at 383 K). In complement to the results at the S K-edge, this indicates that while
the Cu is in a similar oxidation state to that in covellite at lower conversions, a strained geometry
is generated by the initial sulfidation of the material. Finally, the coordination numbers of the
Cu-S paths, derived from EXAFS models in the spent samples, were consistent with the change
in conversion as temperature increased: 1.5 £ 0.5, 3.3+ 0.1 and 3.4 + 0.4 at 323 K, 353 K, and

383 K, respectively. These compare with 3.67 coordination in the averaged CuS model.

6.4 Conclusion

In conclusion, this study sheds light on the sulfidation mechanism of CuO sorbents
during the uptake of H.S. In particular, data are presented highlighting a unique structure at the
interfacial CuO-CusS area which, consequently, unravels mechanistic details of the sulfidation
process. S K-edge XANES showed evidence of S;%, characteristic of CuS, for all spent samples,
with a geometrically strained and more electropositive S;* form at lower conversions (Spent
samples at 298 K and 323 K and early in-situ sulfidation spectra of 353 K and 383 K). These
differences are because the initially formed disulfide groups are bonded to Cu?" which are
bonded to O% in bulk CuO, as compared to S;* in bulk covellite which are connected to
Cu*/Cu?" that are bound to S* and S;2. The DFT simulations of CuO sulfidation paths (non-
sulfided and partially sulfided (111) and (111) surfaces), suggest that the formation of disulfide
ion is, indeed, thermodynamically favorable in the initial sulfidation stages which aligns with
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our findings from S K-edge XANES. Finally, the Cu K-edge EXAFS fits of the sulfided
samples show longer Cu-S scattering paths at lower conversions which, again, supports the

strained interfacial geometry theory.
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Chapter 7 | Lanthanum Induced Weakening of Lattice Copper-Oxygen
Bonds Improves Hydrogen Sulfide Capacities of Copper Oxide Adsorbents

7.1 Introduction

The sorbents studied for reactive sorption of hydrogen sulfide (H.S) consist mostly of
the oxides, hydroxides, and carbonates of iron, zinc, and copper at 473-1073K.2%-%67 Elevated
process temperatures are used to mitigate the kinetic limitations encountered at low temperature
which result in low utilization factors.?662%® Among all studied sorbents, copper oxides (CuO
and Cu0) are considered the most favorable sorbents for sulfur removal.?®® A comprehensive
thermodynamic study of the copper-sulfur-oxygen system?’® show high equilibrium constants
(e.9. Ks = 6.3 x 10 for CuO sulfidation at 900K) which result in a decrease in H.S
concentration from several thousand ppm to the sub-ppm level. Nevertheless, CuO has low
resistance to reduction to metallic copper (Cu) at high temperatures, which agglomerates and
leads to structural degradation and poor kinetics.!3 Thus, CuO is often mixed with other metals
or supported on inert matrices. The mixing of metals stabilizes Cu?*and Cu'* against reduction
to Cu, which results in new compounds of superior sulfur removal capacities.!?® An example of
this is the mixing and supporting of CuO and ZnO on SBA-15 zeolites using wetness

impregnation which achieves an 87% oxide conversion at 423K .?"

However, unlike high-temperature desulfurization studies there is limited work done on
the removal of H2S by metal oxides at low temperature.?’22"4 Xue et al. investigated a series of
pure metal oxides and mixed metal oxides (CuO, ZnO, NiO, CaO, SnO, Mn30a, Zn-Mn-0, Zn-
Co.0, Zn-Al-O, and Zn-Ti-Zr, which were prepared from various hydrous oxides and

hydroxycarbonates precursors) and found that several of these oxides had high H>S removal
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capacity (10.0-28.0 g H2S g sorbent) at room temperature.?’* This suggests that the mixing
and doping of oxides is promising not only at elevated temperatures where it mitigates reduction

to elemental metals, but also at low temperatures.

A fundamental understanding of the CuO-H>S reactions, and the structural and chemical
changes incurred by introducing foreign atoms is necessary for optimal deployment of these
technologies. To probe these processes at the molecular scale, advanced characterization
techniques must be utilized in addition to bulk kinetic studies which, together, allow for relating
structural and chemical parameters to sorbents performance. In our previous work, the effects
of crystallite size and micro-porosity on the performance of chemically similar CuO sorbents
was thoroughly investigated. CuO demonstrated an increase in removal capacity with crystallite
size decrease with a maximum conversion of 44% for 2.8 nm crystallite size at room
temperature.?®24° The spatial and temporal evolution of reaction front within few millimeters-
sized CuO sorbent was probed through simultaneous X-ray absorption spectroscopy (XAS) and
transmission X-ray microscopy (TXM) which suggested the presence of pore diffusion

resistance at the micro scale.?

In this work, we study the effects of lanthanum (La) additives on CuO sorbents’
structural properties and sulfur removal performance through a combination of fixed bed kinetic
studies and advanced synchrotron-based characterization techniques. La was selected because
of its relatively large cationic radius (RrLa/Rcu = 1.5) compared to the more commonly studied
additives such as Zinc, Nickel and Cobalt (Rx/Rcy = 1.0). This difference in cationic radii is
expected to introduce disruptions to the CuO lattice,”>2"® which would cause the formation of
more vacancies that facilitate the diffusion of oxygen and sulfur atoms through solid phases.?’’

To explore the structural and chemical changes upon lanthanum addition, we collected XAS
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for fresh and spent reference commercial CuO-based sorbent and two lab-synthesized La-CuO
sorbents (2:1 Cu to La ratio) prepared by different synthesis methods (sol-gel and co-
precipitation with ammonium). XAS scans were collected at S K-, Cu K-, and La Lsz-edges to
provide complimentary evidence of the chemical and structural differences between the
samples. In-situ XANES at S K-edge for the three samples at 1000 ppm H.S/He, 1 atm, and
323K, provided Kinetic information that are consistent with fixed-bed reactor results.
Additionally, X-ray diffraction (XRD), Nz-physiosorption measurements (BET), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and energy-dispersive
X-ray spectroscopy (EDS) were used to form a comprehensive chemical and structural analysis

of the samples.

7.2 Experimental Methods

7.2.1 Materials

The first La-CuO sample, denoted as CuO-La-1, was prepared using an acid-catalyzed
sol-gel process.?!? 1.0 cm® of glacial acetic acid (VWR, ACS grade) was added to 300 cm? of
0.133 M copper (II) nitrate (Sigma Aldrich, 99%) and 0.067 M lanthanum (I1I) nitrate
hexahydrate (Sigma Aldrich, 99%) under vigorous stirring and heating. At boiling point, 0.8 ¢
of sodium hydroxide was added to the solution with continuous stirring, creating a precipitate.
The supernatant was then poured off and the precipitate was washed with deionized water and
ethanol (Sigma-Aldrich, 100%). The washed precipitate was then dried in air for 24 hours at

333 K.

The second La-CuO, CuO-La-2, sample was synthesized via an aqueous ammonia co-

precipitation method.?’® 1 cm® of ammonium hydroxide (Fisher Scientific, ACS Plus) was
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added dropwise to 300 cm? of aqueous 0.133 M copper (I1) nitrate and 0.067 M lanthanum (111)
nitrate hexahydrate solution until a precipitate formed. The precipitate was then allowed to
settle, and the effluent was decanted. The sample was then washed and centrifuged twice, dried

in a drying oven (353 K) overnight, and thermally treated at 873 K for 2 hours, afterwards.

Finally, a commercially produced CuO-based material (HIFUEL W230; lot number
L0O4Y006; 63.5 wt% CuO, 25 wt% ZnO, and 10 wt% Al203) was purchased from Alfa Aesar.
This sample is denoted as CuO-1 and was used as a reference for comparison with other
lanthanum containing samples. Section 1.1 in the Sl provides synthesis details for other pure

CuO and La-doped samples.

7.2.2 Fixed bed sulfidation tests

The fixed-bed sorption breakthrough experiments analyzed in this study were carried
out in the apparatus outlined in Figure 3-2. A tubular stainless-steel reactor with 0.25-inch outer
diameter was packed with 100-180 mg of sorbents of 75-125 um agglomerate size. The packed
beds were 1.4-1.9 cm in height and were fixed between two plugs of quartz wool. The
temperature of the reactor was set to 323 K and was regulated using a resistively heated jacket
with a PID temperature controller (TEMPCO EPC-100). The inlet of the reactor consisted of
1000 ppm-vol H2S in N2and was produced by diluting 1.0% H2S/N. (Praxair) in UHP N2. The
total inlet flowrate of 90 sccm was controlled using MKS GE50A and GM50A flow controllers.
An online gas chromatography (Agilent 7890B) with a sulfur chemiluminescence detector
(SCD; Agilent 755) was used to measure the concentration of sulfur in inlet and outlet streams.
The interior of the reactor and all the gas transfer lines were treated by an inert coating

(SilcoNert 2000) which ensures that sulfur wouldn’t adsorb onto the walls.
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7.2.3 Non-synchrotron characterization techniques

The synthesized La-CuO sorbents and the commercial CuO sorbent, as described in the
previous section, were characterized using a variety of techniques. Powder X-ray diffraction
patterns were obtained on an X-ray diffractometer (JEOL JDX-3530 and Philips X-Pert) using
Cu Ka radiation of 1.5410 A to identify the CuO and La,O3 phases. The average crystallite
sizes were found using Scherrer’s formula. Nitrogen adsorption-desorption isotherms were
measured at 77 K with a Micrometrics ASAP 2020 Plus system. Before measurements, the
samples were degassed at 1 x 10 Torr and 573 K. The Brunauer-Emmett-Teller (BET) surface
areas were calculated from the isotherms by using the BET equation. The pore size distribution
was derived from the adsorption branches of the isotherms using the Barrett-Joyner-Halenda

(BJH) model.

Scanning electron microscopy (NOVA 230 Nano SEM) was used to determine the
morphology of the sorbents. The diameter of the sorbents was calculated from the SEM images
using ImageJ software. Two transmission electron microscopy (TEM) systems were used to
obtain scans for the samples that were dispersed on holey carbon grids. The first is a FEI Tecnai
G(2) F30 S-Twin operated at 300kV; and the second is a JEOL 2010F 200kV equipped with an
Oxford AZTEC 80 mm? SDD energy dispersive spectroscopy (EDS) detector with an ultrathin
window. Basic STEM imaging was performed on the Tecnai F30, while selected area EDS was
performed on the JEOL 2010F. In this technique, the microscope was operated in TEM mode,
and the beam was condensed at higher spot sizes in order to limit the field of excitation to key
areas of interest. This technique was used in place of STEM-EDS mapping due to the beam
sensitivity of copper oxide materials. For this study, areas of interest were smaller clusters of

crystallites — typically on the order of 50-100 nm. Because some samples showed variability
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even at this size regime, more high-resolution EDS mapping was considered unnecessary. EDS

spectra were collected at 8-10 spots in order to obtain an average value for each sample.

7.2.4 Synchrotron-based characterization

X-ray absorption spectra were recorded at Stanford Synchrotron Radiation Lightsource
(SSRL, California, USA) at wiggler beamline 4-3 wusing a Si(111) double-crystal
monochromator. The storage ring was operated at 3 GeV with a ring current of 494-500 mA in
fill-in mode. The beam cross-section was 1 mm x 3 mm. X-ray absorption near-edge structure
(XANES) spectra were recorded at the S K-edge (2472 eV) and La Ls-edge (5483 eV) in
fluorescence mode using a 7-element silicon-drift detector (Canberra) and full extended X-ray
absorption fine structure (EXAFS) at the Cu K-edge (8979 eV) in transmission mode. Obtaining
XANES at multiple edges allows for unravelling the differences in the average chemical
environments of each of the three elements, and subsequently, understanding the differences in
sulfur removal performance between the sorbents. Collecting the EXAFS at the Cu K-edge
allows for quantifying the structural and coordination changes which were incurred by
introducing lanthanum to CuO sorbents. Finally, in-situ XAS experiments at S K-edge were

used to deduce bulk kinetic and diffusion parameters to complement the fixed-bed experiments.

The sample was a wafer consisting of 36 mg of CuO-based sample mixed with 14 mg
of boron nitride (BN) (Sigma Aldrich) for the S K-edge, and 2.4 mg of sample diluted with 47.6
mg BN for the Cu K-edge and La Ls-edge. The wafer was placed at 45° to the incident beam

on a heated stage inside a 100 cm?® cell, as described previously and as shown in Figure 6-2.2%

For in-situ XAS sulfidation experiments at S K-edge, 1000 ppm H.S in helium (Airgas)

and helium (99.95%, Airgas) gases were used. Initially, the temperature of the cell is ramped
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up to 50 °C at a ramp rate of 5 K-min™* under a 20 sccm flow of helium. Once temperature
stabilized, helium flow was stopped and 1000 ppm H»S/He was introduced at 20 sccm and XAS
scans were collected every 9 minutes. The samples were exposed to 1000 ppm H2S/He flow for
4-6 hours until saturation was achieved. The cell was then purged by helium at 20 sccm and

allowed to cool to room temperature before XAS scans of spent samples were obtained.

XAS data were analysed using ATHENA and ARTEMIS from the Demeter package of
software.?*! The EXAFS data was extracted from 3.0-13.0 A in k-space, and the Fourier
transformed data were analysed in the range of 1.0-3.2 A. Intensity and phase of scattering paths
were calculated using FEFF6 based on crystallographic data from the Tenorite CuO structure
(ICSD 16025).242 EXAFS fitting was performed based on k, k?, and k® weighting. So? was
determined to be 0.73 for these samples based on fitting a reference copper foil with tabulated

coordination numbers (fcc-Cu metal: ICSD 53247).24?

7.3 Results and Discussion

7.3.1 Effects of nominal La content and synthesis method on sorbents removal capacity

This work started by exploring the effects of the synthesis method and the amount of La
salt precursor on the La-CuO sorbents’ sulfidation performance. Pure CuO and La-CuO
sorbents were synthesized and tested for H.S removal using fixed bed experiments at 323 K, 1
atm and an inlet H>S concentration of approximately 1000 ppm-vol. The removal capacities,
gs, are defined as g H.S per 100 g of CuO phase in the sorbent, where 42 wt.% corresponds to
the stoichiometric conversion of CuO to CuS. Sulfidation tests for pure lanthanum oxide
(La20O3) at the same conditions were performed and yielded no pickup (<0.5 wt.%). Thus, CuO

was considered to be the only reactive phase in this work. Table 7-1 summarizes the synthesis
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conditions, nominal La/Cu salts ratio in the synthesis precursors, crystallite size, removal

capacities, and conversion of CuO phase for all the tested samples.

Table 7-1: Summary of sulfidation tests results for fixed beds of CuO-based samples at 1000 ppm-vol
H>S/N, 323 K and 1.0 atm.

Sample La/Cu Salt Synthesis ﬁ);gézse:iﬁg Thermal Crystallite qs %
ID Ratio Method Conditions Treatment Size (nm)  (wt%) Conversion
Cuo-1  Commercial - - ; 28 2‘8%* 59.2
Cu0-2 100% Cu Dried at 333K for 24 hours 3.3 21.9+0.2 52.2
Sol-gel fS g/rnztlgersr:izr?l?t:; 313K Dried at 333K for 24 hours
Cu0-3 100% Cu then treated at 473K for 8 8.0 20.4+£0.3 48.7
hours
CuO-La-3 1:99 6.8 7.3+£0.1 174
. Synthesized at 373K .

CuO-La-4 1:9 Sol-gel for 45 minutes Dried at 333K for 24 hours 8.0 13.0+0.1 30.9
CuO-La-1 1.2 10.5 26.9+0.4 63.9
CuO-La-2 1:2 Ag. ammonia Centrifuging :]—giar‘tjd at 873K for 2 4.3 358+10 85.2
CuO-La-5 12 O Synthesized at 373K oy 2t 333K for 24 hours 2.1 25.0+05 595

precipitation  for 45 minutes

The results in Table 7-1 show that introducing La to the synthesis of CuO sorbents
resulted in an enhancement in the sorbent removal capacity at for most samples. Two of the
samples, CuO-La-1 and CuO-La-2 with 33% La content, achieved removal capacities of 26.9
wt.% and 35.8 wt.%, respectively. These results represent a 31% and 63% improvement in
removal capacity compared to pure CuO samples of comparable crystallite sizes (CuO-2 and
CuO-3 in Table 7-1). Comparing samples of similar crystallite size is important as previous
work have demonstrated that crystallite size is the most influential factor in determining
sorbents performance.?” Table 7-1 also shows that the La-CuO samples with La content of 1%

and 10% in the precursor salt didn’t achieve an improvement in sulfur removal performance.
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This might be the result of the precipitation of La as a separate La>O3 phase instead of mixing

with the CuO phase for smaller amounts of La salt in synthesis precursor.?’®

The results in Table 7-1 also show that the sample prepared via precipitation with
aqueous ammonia, CuO-La-2, achieved the highest removal capacity compared to the other two
samples, CuO-La-1 and CuO-La-5, which are prepared via sol-gel and co-precipitation
methods, respectively, with the same amount of La in the salt precursor (33%). Namely, CuO-
La-2, with crystallite size of 4.3 nm achieved a removal capacity that is 43% higher than CuO-
La-5 (2.1 nm) and 33% higher than CuO-La-1 (10.5 nm). In our previous work for pure samples,
the synthesis method didn’t affect the performance of the sorbents as long as they had similar
crystallite size. The influence of the synthesis method in case of mixed samples is, then, a result
of the level of inclusion of La within CuO lattice instead of precipitating as a separate phase.
The addition of ammonia to the precipitation method controls the pH of the solution allowing
slower precipitation of both phases, CuO and La2Os, and thus a higher chance of mixing Cu-

La-0.278 Different characterization methods in the following sections support this claim.

To further explore the effects of introducing La to CuO sorbents, the two best
performing La-CuO samples, CuO-La-1 and CuO-La-2, were thoroughly characterized to
identify the chemical and structural drivers for this improvement. Data from our previous
characterization-kinetics studies on a CuO-based commercial sorbent (CuO-1)?82% are used to
compare against the results for the La-CuO sorbents and to demonstrate the effects of La

addition on the molecular features of CuO.
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7.3.2 Physio-Chemical properties of La-CuO sorbents identified via non-synchrotron-based

techniques

XRD was used to identify the crystalline phases and average CuO crystal sizes of CuO-
1, CuO-La0O-1, and La-Cu-2. The XRD patterns (Figure 7-1) of the fresh adsorbents show
diffraction peaks that are characteristic of the planes of a single-phase monoclinic Cu0.?° The
average crystal sizes of the sorbents using Scherrer’s formula based on the 26=39" peak were
10.5 nm for CuO-La-1, 4.3 nm for CuO-La-2, and 2.8 for CuO-1. These crystallites fall within
the size range for measurable HS capacity (<24 nm) as identified in our previous work.?"
Peaks at 20=29" and 42" in the pattern for CuO-La-1 identify La,O3 and indicate that some of
the La precipitated as a separate La»,O3 phase during the sol-gel synthesis. These peaks were
absent from the CuO-La-2 sample pattern, however, indicating that any La,Os crystallites (if
present) are too small to diffract X-rays. Moreover, Figure 7-1 shows the XRD patterns of the
spent samples where peaks corresponding to both CuO and CuS were identified. The spent
patterns are more difficult to interpret since CuS and La;Os have overlapping peaks. A
reduction in the intensity and size of the CuO peaks (and thus, crystallinity) was observed for
all spent samples due to the conversion of CuO to CuS which is associated with a volume

expansion (60%) that causes a disintegration of the crystals.

154



CuS Reference A A ‘tt‘ Jl A A

La,O, Reference P
cuoLa:2 Spent NS N WY SUE——

A ﬂ
CuO-La-2 r > . oy

CuO-La-1 Spent
. ,; v ¢
CuO-La-1 et v hmprinrare
l 2

Intensity (Arb. Units)

&
o ¢
CuO-1 Spent " e ] Ihlll e Il%
plairbe
L4 L4

CuO-1

10 15 20 25 30 35 40 45 50 55 60
26 (Degrees)

Figure 7-1: X-ray diffraction patterns of a commercial CuO sorbent (CuO-1), and two lanthanum-doped
sorbents prepared via sol-gel (CuO-La-1) and ammonia co-precipitation (CuO-La-2), before and after
reaction with 1000 ppm H,S/N; at 323 K and 1 atm. CuS and LaOs diffraction patterns are included as
references. Blue markers indicate characteristic CuO peaks, green markers indicate characteristic CuS
peaks, and red markers indicate La,O3 peaks.

N2-physisorption measurements were performed for the samples (CuO-1, CuO-La-1,
and CuO-La-2). Table 7-2 summarizes the structural parameters calculated from the
experiments. Both La-CuO sorbents had surface areas that were lower than the commercial
sorbent (23.44 m? g for CuO-La-1 and 10.84 m? g for CuO-La-2 compared to 63 m? g* for
CuO-1). On the other hand, CuO-1 and CuO-La-1 exhibited comparable porosities (0.14 and
0.17 cm3g? respectively) while CuO-La-2 had a considerably lower porosity of 0.019 cm3g™.
Thus, BET results confirm that surface area and porosity were not the determining factor for
the sorbents’ performance, as the sample with poorest porosity, CuO-La-2, achieved the highest

removal capacity and conversion (85%). This is consistent with our findings in a previous study
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that concludes that favored textural properties (i.e., small agglomerates in SEM, and larger
surface areas and pore volumes) do not necessarily equate to improved performance when a

metal additive is present.?8!

Table 7-2: Physiochemical properties of the La-doped CuO sorbents relative to the commercial CuO-
based sorbent. [ Based on XRD. [Pl Based on BET. [l Based on BJH method.

sample ID Synthesis La molar % Lawt. % erstallite SBI_ET Vpo_re
Method (Bulk) (TEM-EDS)  Size (nm)& (m2g L)l (cm3g )l
Cu0O-1 Commercial 0 - 2.8 63.00 0.14
CuO-La-1 Sol-gel 33 1014 10.5 23.44 0.17
CuO-La-2 Co-precipitation 33 3.3+0.3 4.3 10.84 0.019

STEM and TEM images of the sol-gel, CuO-La-1, and ammonia co-precipitation, CuO-
La-2, samples are shown in Figure 7-2. In Figure 7-2d, the CuO-La-2 particles of 20-50 nm size
show uniform intensity across the width of each particle. An intensity line profile (Figure 7-2f)
along the yellow line in Figure 7-2d shows the plateau of intensity across a single particle in
the CuO-La-2 sample. Because STEM contrast is based primarily on atomic number, this
implies that samples made by the ammonia co-precipitation method show uniformity of La and
Cu distribution. In contrast, the La and Cu distribution in CuO-La-1 is less uniform as evidenced
by the uneven intensity of the sample at the same 10 nm length scale as the crystallite size
(Figure 7-2a). This rapidly varying intensity can be seen in the intensity line profile (Figure
7-2¢) and gives the sample a textured appearance in STEM images. Additionally, the selected
area EDS results (Figure 7-3) show that in any given 100 nm area, La is 3.3 £ 0.3 wt. % for
CuO-La-2 sample, while CuO-La-1 averages at 1.0 = 1.4 wt. %. The relatively low variation in

the EDS results of the CuO-La-2 sample is consistent with the even intensity of each particle

156



throughout the sample in the STEM images. On the other hand, the high variation in the CuO-

La-1 sample implies phase segregation which is consistent with XRD results.

(a) CuO-La-1

200 200
(c) (f)
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b
=
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0 1 1 L 1 1 1 1 1 0 1 1 1 1 1
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Figure 7-2: STEM images of CuO-La-1 (a-b) and CuO-La-2 (d-e). The detector intensity profiles for
CuO-La-1 (c) and CuO-La-2 (f) are generated along the identified yellow lines in the STEM images.
The smooth and additive intensity of CuO-La-2 indicates even distribution of the La species, in
comparison with the blotchy appearance of Cu-O-La-1.
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wt% o wt% o
Cu 68.9 0.3 : Cu 75.0 0.3
O 30.7 0.3 : 0217 0.2
La 0.4 0.1 la 3.2 0.1

wt% o wt% o
Cu 74.0 0.3 Cui/2:2. 0.5
0 24203 O 24.6 0.3
lLa 1.8 0.2 La 3.2 0.1

wt% o B wt% o
Cu 73.1 0.3 Cu 70.5 0.4
O 26.1 0.3 O 26.1 0.3
lLa 0.8 0.3 la 3.4 0.2

Figure 7-3: EDS spectra for selected 100 nm areas from STEM images of CuO-La-1 (a-c) and CuO-
La-2 (d-f).

In summary, non-synchrotron-based characterization showed that CuO-La-2, compared
to CuO-La-1, features smaller crystals and a more uniform distribution of La throughout the
CuO phase. It also showed that this synthesis method resulted in more incorporation of La in
the CuO phase, based on EDS, and smaller La>Oszcrystals, based on XRD. These results suggest
that the improvement in sulfur uptake by CuO-La-2, compared to CuO-La-1, is due to an
increased Cu-O-La interfacial area which leads to a larger volume of disrupted CuO lattice that

in turn facilitates the swapping of oxygen for sulfur ligands during the sulfidation reaction.
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7.3.3 Multi-edge XAS study of changes in chemical environment

In order to investigate the structural and chemical changes induced by La addition to
CuO sorbents, XAS experiments were performed at each of the Cu K, S K and La L3-edges.
For S and La-edges, XANES spectra were measured, while full EXAFS was measured for Cu
K-edge. Figure 7-4 shows the Cu K-edge XANES region of the fresh samples: CuO-1, CuO-
La-1, and CuO-La-2 which are qualitatively consistent with CuO XANES in previous
studies.?® The pre-edge feature at 8979 eV in all three samples arises from a Cu 1s? to 3d°
dipole forbidden transition. This feature is indicative of Cu?* species as there are no empty 3d
orbitals in the Cu* species. The presence of Cu?* species indicates, conclusively, that the spectra
is indeed dominated by CuO. Nevertheless, the La-CuO samples display a 1.5 eV blue shift,
and depression of white line peak, at 8997 eV, as compared to the CuO-1 spectra. This indicates
that the copper in the La-CuO samples is more electron rich than that of the CuO-12?8 which is
a result of oxygen pulling electron density away from La, with electronegativity of 1.1, towards
Cu, with electronegativity of 1.9. This higher electron density on the Cu?* atoms weakens the

Cu-O bonds and results in easier replacement of 0% by S,
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Figure 7-4: Normalized Cu K-edge XANES spectra for commercial CuO-based sample, CuO-1, and
CuO samples with La additives, CuO-La-1 and CuO-La-2.

To further quantify the structural differences between La-CuO samples and the
reference CuO-1 sample, the EXAFS regions of the Cu K-edge spectra of the fresh samples
were modelled. The EXAFS best-fit model for all samples, Table F-1 and Figure F1-F3,
included scattering paths matching hexagonal CuO structure, tenorite, in agreement with the
XRD results. While the first shell Cu-O scattering path lengths for CuO-La-1 and CuO-La-2
match very well with those of CuO-1, the second shell Cu-O and third and fourth shell Cu-Cu
scattering paths appear to be elongated by approximately 0.2 A for La-doped samples. This can
be explained by a distortion of the packing structure caused by the inclusion of lanthanum into
the CuO lattice. The increase in 2" and further coordination shell path lengths indicates a larger
unit cell which should allow for easier sulfur diffusion through the lattice, thus making the La

samples capable of removing more H>S.
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Finally, the coordination numbers of all samples appear to be lower than that of bulk
CuO which consistent with the small crystallite sizes for all samples (<11 nm). Nevertheless,
the La-doped samples appear to have lower coordination numbers than CuO-1, despite being
of slightly higher crystallite size. This can be partially explained by the presence of Cu-La

scattering paths that are unaccounted for in the fitting model.

XANES spectra were also measured at the Cu K-edge for spent samples at 1000 ppm-
vol H2S, 323 K, and 1 atm (Figure 7-5). For both La-CuO samples, linear combination analysis
using tenorite (CuO) and covellite (CuS) standards as the basis set shows that approximately
50% of the oxygen had been replaced by sulfur during these in-situ experiments. For the CuO-
La-1, this is the upper limit of sulfur uptake determined from fixed bed experiments. Again,
these spectra show a blue-shifted and attenuated white line peak relative to that of spent CuO-
1 sample, which is indicative of a more electron-rich Cu species. The absence of a strong peak
at 8980 eV (characteristic of Cu2S) in the spent samples, indicates that Cu*-S species are not

formed in this reaction.282
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Figure 7-5: Normalized Cu K-edge XANES spectra for spent CuO-1, CuO-La-1 and CuO-La-2 sorbents
at 323, 1 atm, and 1000 ppm-vol H,S/He.

At the S K-edge, XANES spectra were collected for spent CuO-1, CuO-La-1, and CuO-
La-2 under He flow, after an in-situ sulfidation at 2000 ppm-vol H>S/He, 323 K, and 1 atm
(Figure 7-6). Previous work on the XANES region of the sulfur K-edge has highlighted its
ability to report on the oxidation state of sulfur in the sample, following the general trend that
the more oxidized the sulfur species is, the higher in energy its white line peak will appear (peak
a in Figure 7-6).28328 This indicates that, in comparison to CuO-1, the La-CuO samples possess

sulfur species which are more electron rich.

Another important spectral feature that speciates the type of copper sulfide present are
the pre-edge peaks at 2469.9 eV (c) and 2470.7 eV (b) in Figure 7-6. These features correspond
to S 1s - Cu?* 3d® and Sz 1s > Cu?* 3d° transitions, respectively.?>® Figure 7-6 shows that
the S K-edge spectra of both spent La-CuO samples and CuS reference contain both pre-edge

features, while peak (b) is absent in the spent CuO-1 spectra. This difference is more apparent
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in the second derivative plots of CuO-1 and CuO-La-2 spectra (inset of Figure 7-6). In a study
that speciates the results of sulfidation of CuO at different temperatures (see chapter 5), the
absence of peak b was associated with the formation of distorted CuS species at the interface
of CuO/CuS which dominates the spectra at low conversions of CuO to CuS. Samples that
achieve higher conversion exhibit higher intensity of peak b at 2470.7 eV in their K-edge
XANES spectra which is consistent with the spectral features of bulk covellite. These
observations are consistent with the extent of conversion of these samples CuO-1 (59%) CuO-
La-1 (64%) and CuO-La-2 (85%). Finally, the presence of a peak at 2482-2483 eV in all
samples (except CuO-La-2) indicates the presence of SO4%, likely in the form of copper
sulfate.?® This is the result of some oxidation of the samples in air prior to running these scans
and not a fundamental difference in reaction mechanism. The presence of the same peak in the

Cus covellite reference confirms this assumption.
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Figure 7-6: Normalized S K-edge XANES spectra for CuO-1, CuO-La-1, CuO-La-2 spent at 323 K, 1
atm, and 1000 ppm-vol H,S/He and a covellite reference (CuS). The inset shows the second derivative
spectra of the CuO-1 and CuO-La-2 spent samples highlighting the presence of peak b (S;* 1s = Cu?*
3d®) in the spent CuO-La-2 which indicates higher conversion and CuS-like products.

The similarity between CuO-La-1 and CuO-La-2 XANES at the Cu and S K-edges
shows that the difference in performance between the two samples is not due to a difference in
the form of sulfur products, but rather results from higher dispersion of La in CuO-La-2. On
the other hand, the difference between the XANES of both La-CuO samples and CuO-1

indicates that the true source of the improvement of sulfur uptake upon lanthanum addition is

electronic in nature.

Finally, XANES spectra taken at the La Ls-edge show that, in comparison to CuO-La-

1 and La>Ogz reference, CuO-La-2 sample shows a broadened white line feature (see Figure 7-7).
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This broadening is characteristic of a decrease in La-O coordination.?® This observation can be
interpreted to be a result of the uniform dispersion of La in the CuO phase for CuO-La-2 sample,
as La in this environment has a lower La-O coordination number than that of La>Os. This is
consistent with the EDS results suggesting higher percentage of La in this sample and lower
variations of La concentration from spot to spot. Nevertheless, after reaction, both La-CuO
samples exhibit overlapping La Lz-edge spectra suggesting similar La environment in the spent
samples. With the high conversion of Cu-La-2 sample (85%) the La-O coordination number
increases since La doesn’t react to form lanthanum sulfide but rather precipitates as La,O3 while

the bulk of CuO converts to CusS.
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Figure 7-7: Normalized Ls-edge XANES spectra for CuO-La-1, CuO-La-2 both fresh and spent at 323
K, 1 atm, and 1000 ppm-vol H,S/He and a lanthanum oxide reference (La;Os).
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7.3.4 Bulk Kkinetics using in-situ XAS and fixed bed experiments

Fixed bed sorption experiments were run for all samples to determine removal capacity,
gs, at 1000 ppm-vol H.S/N2, 323 K, and 1 atm. The breakthrough curves of effluent H.S
concentration were then fit using Cooper linear driving force model (Equation 4)'822% tg
determine the sulfidation Kinetics. Figure 7-8 shows the breakthrough curves for CuO-1, CuO-
La-1, and CuO-La-2 experiments, normalized for inlet H>S concentration, along with the model
fits (black solid lines). Table 7-3 summarizes the model regressed rate parameter, k, the removal
capacity, gs, and the percentage of conversion for the CuO phase. The experiments were run
under flow conditions that eliminate bulk and pore diffusion resistance contributions and, thus,

k reflects the rate of uptake at the reaction surface.?®
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Figure 7-8: Breakthrough curves of normalized effluent H,S concentration collected for fixed beds of
the CuO-based sorbents at 1000 ppm-vol H,S/N, 323 K and 1.0 atm. Solid black lines represent linear

driving force model fit (Cooper model). Time is normalized by multiplying the time on stream with the
mass flowrate of H,S and dividing by mass of sorbent.
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Table 7-3: Summary of rate parameters deduced from Cooper model fit, removal capacity, and
conversion of CuO for fixed bed sorption tests at 1000 ppm-vol H,S/N, 323 K and 1.0 atm.

Sample K@) q, (Wt.%0) Conversion (%)
CuO-1 18 =1.6 24.9 59.2
CuO-La-1 22 +1.3 26.9 64.0
CuO-La-2 7.4 =0.80 35.8 85.2

As reported in earlier section, fixed bed results show that La-doped samples achieved a
conversion of 64 % and 85% for CuO-La-1 and CuO-La-2. Opposite to the trend in conversion,
the rate parameter (k) values for CuO-1 (18 s*) and CuO-La-1 (22 s*) were more than double
that of CuO-La-2 (7.4 s). This indicates that lower rate parameters allow for more time for
diffusion of H.S to CuO surfaces resulting in higher conversion. On the other hand, fast
accumulation of CusS layers results in a sooner inhibition for diffusion through products, and

thus, lower conversion.?®

In-situ XAS at S K-edge were also run to determine bulk sulfidation kinetics of CuO-1
and La-CuO sorbents. The S K-edge spectra show changes from H>S like features, in the first
few scans, to CusS like features as the reaction progresses (Figure 7-9). The edge steps for the
scans were used to deduce the amount of sulfur in the sample at each point in time, where the
maximum conversion from fixed bed experiments was assumed to correspond to the edge step
for the spent sample from in-situ XAS experiments. The contribution of gaseous H»S spectra,
determined from the difference between spent sample spectra under H.S and under He flow,

was subtracted from all spectra prior to analysis.
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Figure 7-9: Bulk S K-edge XAS spectra of a) CuO-La-1 and b) CuO-La-2 as it was exposed to flowing
1000 ppm H-S in helium at 323 K and 1 atm. XAS scans were taken every 9 minutes and the edge step
increased consistently with time.
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The conversion profiles for the three samples, as determined from sulfur content, are
shown in Figure 7-10, while Table 7-4 summarizes the rate constants and effective diffusivities
derived from random pore model (RPM) fits of the data (Equations 15-19).17416 The rate
constant for CuO-1 (6.3 x 10 cm* mol s) was double that of CuO-La-1 (2.6 x 10 cm* mol-
151y and an order of magnitude larger than CuO-La-2 rate constant (7.1 x 10 cm* mol™ s1).
This trend can be observed in the the initial region of the conversion profiles, Figure 7-10, with
the most rapid change in conversion for CuO-1, followed by CuO-La-1 and, then, CuO-La-2.
This initial rapid change in conversion results in a shorter reaction-controlled regime, 20
minutes for CuO-1, compared to 55 minutes for CuO-La-1 and 125 minutes for CuO-La-2,
followed by a slower diffusion controlled regime. These results are consistent with the fixed
bed sorption results, and they confirm that higher rates result in early accumulation of CuS
products in pores and surfaces which leads to restriction of further H2S diffusion to reactive
surface as demonstrated in earlier studies.?®® On the other hand, an opposite trend was observed
for the effective diffusivity in the diffusion-controlled regime with the highest diffusivity value
for CuO-La-2 (1.7 x 10 cm? s1). This suggests that, despite higher conversion which leads
to higher product content, CuO-La-2 demonstrated the most facile access to reactive surfaces

in its diffusion-controlled regime.

Table 7-4: Random pore model parameters from fits of the conversion profiles of S K-edge in situ
sulfidation runs at 1000 ppm-vol H,S/N2, 323 K and 1.0 atm.

Sample kx10° (cm’mol™s™) Dx 10" (cm’s’)
CuO-1 6.0 1.6 23 *+1.1
CuO-La-1 2.6 =0.19 54 +1.7
CuO-La-2 0.71 £0.08 17 2.8
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Figure 7-10: Conversion profiles of CuO in CuO-1 (green), CuO-La-1 (blue), and CuO-La-2 (red) to
CusS as determined by in-situ S K-edge XAS experiments at 1000 ppm-vol H,S/N, 323 K and 1.0 atm.

Black dots represent RPM fits for the data.
7.4 Conclusion

In conclusion, a combination of conventional and synchrotron-based characterization
methods allowed us to study the chemical and structural changes induced by the introduction
of lanthanum to CuO sorbents, and the correlation between these changes and the enhanced
performance of the sorbents. Lanthanum-doped sorbents, of similar bulk lanthanum content,
prepared via different synthesis methods: sol-gel and co-precipitation with ammonium, yielded
materials of different physiochemical properties and sulfur removal performance. Both samples
achieved improved sulfur removal capacities despite having larger crystallite sizes and smaller
surface area. This improved removal capacity was associated with slower rate parameters (both
in fixed bed reactor, and gradient-less XAS wafer) compared to CuO-based reference sorbent.

The slower rates allowed for expanding the reaction-controlled regime which resulted in
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improved conversion. Cu K-edge EXAFS fits for the samples revealed that the introduction of
lanthanum weakened the second shell Cu-O, evident by the elongation of this scattering path
along with third and fourth shell Cu-Cu single scatterings. Cu K-edge XANES also revealed a
more electron-rich environment for Cu in La-doped samples which makes the Cu-O bond more
suspectable to breaking and, thus, more reactive towards sulfur. The La Ls-edge results revealed
lower coordination of La-O in the co-precipitation sample, CuO-La-2, compared to the sol-gel
sample, CuO-La-1, and bulk La>Os reference, which is consistent with the higher content of La
in CuO phase that was determined by STEM-EDS. In addition to higher La inclusion, uniform
dispersion of La within CuO phase and smaller crystals allowed for higher Cu-La interaction
and, thus, better performance improvement. These results show that lanthanum doping
improves the sulfidation performance by both altering the average chemical environment of Cu
making it more reactive towards S, and by disrupting the CuO lattice resulting in more

vacancies and defects which enhance the diffusion of H»S to reactive surfaces.
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Chapter 8 | Conclusions

This dissertation work was motivated by the importance of developing a fundamental
understanding of CuO-H5S reactive sorption systems, in order to rationally design improved

sorbents and optimize desulfurization process conditions.

The third chapter of this dissertation demonstrated the utility of simple linear driving
force models in describing the reactive sorption process if the conditions are controlled so that
bulk and pore diffusion resistances are negligible. Namely, the work from this section allowed
for probing the effects of process conditions on these model-deduced rate values and
establishing their relationship to rate constants from elementary mechanistic steps. The
credibility of this relationship is further confirmed by comparing it to advanced synchrotron in
situ tests which showed similar trends in both the pore model-deduced values from experiments
on few micrometers-sized particles and linear driving force-deduced values from experiments
for fixed beds of multiple grams of material. These findings are demonstrated thoroughly in
Chapter 5 of this dissertation. Also, the effects of temperature on the rate parameters and
capacity was tested against synchrotron in situ tests in Chapter 6 of this work. This work can
be further expanded by testing a wider range of experimental conditions than what this
dissertation covered. The practical impact of this work is that the results of these tests can guide
the optimization of industrial desulfurization processes’ conditions so that they achieve the
highest possible conversion and rate values. Furthermore, the effect of trace amounts of
common co-contaminants mixtures of sulfur compounds, H2O, and O (that are often present

in natural gas streams) would be invaluable to solidify the practicality of these results.
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Also, to further improve on this work, thermogravimetric techniques can be used to
study the reactions of sulfur compounds with CuO. These thermogravimetric experiments are
better suited to measure intrinsic reaction rates between gas phase contaminant molecules and
solid phase sorbents because they are conducted under constant concentration conditions. In
these thermogravimetric studies, time derivative of the fractional conversion can be expressed
as the product of a time-independent reactivity function, which depends only on temperature
and contaminant concentration, and a time-dependent geometric function. The geometric
function depends on both the shape and size of the region where the rate-determining step (e.g.,
interfacial reaction, diffusion/growth at the product/reactant interface, or growth via diffusion)
occurs and on the temperature and concentration of the contaminants. A series of experiments
in which the temperature or concentration is suddenly changed at different extents of conversion
can be used to establish the general form of the two functions, and microkinetic models can be
proposed to derive specific equations for the two functions. These studies can provide a more
detailed description of the process that separates the rate of reaction from diffusion through

solid phases which fixed bed tests fail to achieve.

Aside from the effects of experimental conditions, the work in this dissertation shed
light on the physicochemical properties that affect the H.S performance of these materials. This
aim is achieved in chapter 4 of this work. Several CuO-based nanomaterials were prepared and
tested for their performance as low-temperature desulfurizing sorbents by performing fixed-bed
sulfidation experiments at ambient temperature and pressure. These materials were prepared
via various synthesis techniques, including sol-gel, precipitation, hydrothermal treatment in the
presence of a polymer (PVP or PEO) or surfactant (P123), hydrolysis, and electrospinning.

Despite differences between the various properties of the tested CuO sorbents as well as their
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morphologies, a strong linear relationship was recognized between the sorbents’ sulfur removal
capacity and crystallite size, particularly when the crystallite size of CuO was below 26 nm.
This data supports the hypothesis that decreasing CuO crystallite size leads to higher
conversions possibly because of an increase in oxygen vacancies. A possible molecular reason
for this is that decreasing crystallite size exposes more reactive surface facets in CuO that can
facilitate H-S bond cleavage that is required to produce S atoms that can react with CuO
moieties. Open facets can also facilitate the migration of S from surface to subsurface layers.
An atomic scale explanation of the strong influence of crystallite size was also confirmed
through model DFT computations, explaining how elementary reaction and molecular diffusion
steps occur more rapidly and to a greater extent on smaller CuO crystallites. These
computations provided further explanation to this effect which is that higher concentrations of
3-fold coordinated oxygen atoms are present in smaller crystals compared to 4-fold coordinated
oxygen atoms in larger ones. These oxygen atoms are considerably more reactive towards sulfur
moieties. The effect of residual carbon was also investigated, and it was found that carbon
residues resulting from the use of a polymer (PVP or PEO) or a surfactant (P123) in the
synthesis procedure remained on the surface of the sorbent after thermal treatment and
detrimentally affected its H.S uptake capacity. The practical impact of this work is that the
industrial efforts should be focused on developing materials that have small crystallite sizes

using synthesis methods that are carbon-free.

Subsequently, the mechanism of reaction propagation through CuO particles was
explored in chapter 5 through XAS and TXM studies at Cu K-edge. Part of the study explored
the effect of crystallite size on the reaction rates and capacities deduced from in situ XAS

studies which showed consistent trends with the results obtained in chapter 4, as stated
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previously. Specifically, the CuO-based sorbent with smaller (nearly amorphous) crystals
achieved a considerably higher capacity than that of CuO materials with larger crystals.
Interestingly, the study showed also that the rates of reaction followed an opposite trend than
that of removal capacity which can be explained by the fact that higher initial reaction rates in
lower performing materials caused fast coverage of reactive surfaces which inhibited further
penetration of H»S through product phase to react with fresh material. This explanation is also
consistent with the fact that higher diffusivities were observed for higher performing materials
which allowed for deeper penetration of reactive species. The high performing material was
then subjected to in-situ operando TXM study that allowed for quantitative spatial-temporal
monitoring of the structural and chemical changes within few micron-sized particles. The
results of this study showed that the average kinetics within single particles mirror the reaction
kinetics measured from fixed bed of sorbents. However, the operando TXM study detected that
the growth of reaction fronts proceeds heterogeneously within the solid phase particles which

suggests that pore diffusion persists even for particles less than 10 um in size.

Moving on from the structural and chemical changes that are based on the Cu
environment, chapter 6, provides a more detailed study of the sulfur environment which is
necessary to speciate the formed Cu,-xSx species. This was achieved by performing in situ XAS
studies at both S K-edge and Cu K-edge. The complimentary results from both edges captured
the changes in the formed CusS phase in real time and at different temperatures and extents of
conversion. Unprecedently, the results from this study identified a unique structure at the
interfacial CuO-CusS area which, consequently, unraveled mechanistic details of the sulfidation
process. S K-edge XANES showed evidence of S;%, characteristic of CuS, for all spent samples,

with a geometrically strained and more electropositive S2? form at lower conversions (Spent
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samples at 298 K and 323 K and early in situ sulfidation spectra of 353 K and 383 K). These
differences are explained by the fact that the initially formed disulfide groups are bonded to
Cu?* which are bonded to O% in bulk CuO, as compared to S2?"in bulk CuS which are connected
to Cu*/Cu?* that are bound to S* and S,?. Furthermore, DFT simulations of CuO sulfidation
paths (non-sulfided and partially sulfided (111) and (111) surfaces), suggest that the formation
of disulfide ion is, indeed, thermodynamically favorable in the initial sulfidation stages. Finally,
the Cu K-edge EXAFS fits of the sulfided samples show longer Cu-S scattering paths at lower
conversions which, again, supports the strained interfacial geometry theory. The results of this
study challenge the common belief that CuO-H>S reactions result in one form of CuS. Indeed,
this study shows, for the first time, the geometrical and electronic changes in the formed sulfide

species as the reaction progresses.

Finally, the last chapter of this dissertation, branched out from pure CuO sorbents to
explore the effects of introducing foreign atoms to CuO on the sulfur removal capacity. This
section continued to employ a combination of conventional and synchrotron-based
characterization methods which allowed for a study the of the chemical and structural changes
induced by the introduction of lanthanum to CuO sorbents, and the correlation between these
changes and the enhanced performance of the sorbents. Lanthanum-doped sorbents, of similar
bulk lanthanum content, prepared via different synthesis methods: sol-gel and co-precipitation
with ammonium, yielded materials of different physiochemical properties and sulfur removal
performance. Both samples achieved improved sulfur removal capacities (85% and 61%
conversion of La-doped CuO samples compared to 56% in the best performing CuO samples).
This improved removal capacity was associated with slower rate parameters (both in fixed bed

reactor, and gradient-less XAS wafer) compared to CuO-based reference sorbent. The slower
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rates allowed for expanding the reaction-controlled regime which resulted in improved
conversion which aligns with the results in chapter 5. Cu K-edge EXAFS fits for the samples
revealed that the introduction of lanthanum weakened the second shell Cu-O, evident by the
elongation of this scattering path along with an elongation of the third and fourth shell Cu-Cu
single scattering paths. Cu K-edge XANES also revealed a more electron-rich environment for
Cu in La-doped samples which makes the Cu-O bond more suspectable to breaking and, thus,
more reactive towards sulfur. The La Ls-edge XANES results revealed lower coordination of
La-O in the samples compared to bulk La,Oz. This result suggests that La was indeed included
within the CuO rather than present in a separate La>Os phase. The results of this study show
that lanthanum doping improves the sulfidation performance by both altering the average
chemical environment of Cu making it more reactive towards S, and by disrupting the CuO
lattice resulting in more vacancies and defects which enhances the diffusion of H.S to reactive
surfaces. This study can be expanded by performing DFT simulations for La-doped CuO
samples to confirm the suggested reasoning of the cause of improved sulfur removal capacity.
Moreover, other metal dopants of varying cationic sizes can be explored in future studies to
confirm the hypothesis that metals of higher cationic size ratio cause more disruption of the

CuO lattice.

For future work, the regeneration of spent CuO-based sorbents would be important for
the commercialization of these sorbents. CuO in these reactive sorption processes is used for
the removal of trace amounts of hydrogen sulfide and, thus, the reloading of beds is infrequent.
Nevertheless, the regeneration of the spent beds after extended periods of use ensures the
sustainable use of resources and minimizes the amount of waste that has to be landfilled. The

oxidative regeneration methods (reaction with SO, O2 and H20) that are commonly employed
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for the regeneration of other metal oxides are extremely exothermic which risks sintering the
sorbents and ruining their ability to absorb sulfur in the following cycles. Thus, careful control
of temperature is important if this route is explored. Moreover, a common undesired side
reaction for these oxidative processes is the formation of copper sulfate which is inert towards
further desulfurization. Thus, studies focused on determining the ideal conditions that minimize

both sorbents sintering and sulfate by-product formation are very important.
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Appendix A | Supplementary Information for Chapter 2

Table A-1: Select results of sulfidation of pure and doped-copper and zinc oxide at various experimental conditions

. . Temperature . . Sulfur Removal Capacity
Metal Oxide Composition Feed C) Reactor Type Synthesis Technique (g of Sig of sorbent)
CuO-based (Me/Cu)
CuQg6 0.00 1% H2S in Helium 300 Fixed-bed Complexation agent ~ 0.23
CuQ 0.00 10 ppm H2S in N2 25 Tedlar Bag® Co-precipitation 0.283
Cuo¥ 0.00 1000 ppmv in N2 21 Fixed bed sol-gel 0.075
27 . . co-precipitation and
CuO 0.00 1000 ppmv in N2 21 Fixed bed hydrolysis 0.011
Cuo¥” 0.00 1000 ppmv in N2 21 Fixed bed co-precipitation 0.003
Cu-Mo-03%® 1.00 1% H2S and 10% H: in He 300 Fixed-bed Complexation agent ~ 0.079
Cu-V-0% 100 1% H.S and 10% Hz in He 300 Fixed-bed  Complexation agent  0:039 moles of SO formed
/moles of H2S removed
Packed . Wn=(m-mo)/(mo-ms),
Al 48
Cu-Al-O (CuAl204) 96.00 20% hydrogen, 25% H20, 1% H2S, and 54% N2 700 bed/TGA Complexation agent normalized weight; 1.26
15-20% hydrogen, 7-25% H20, 0.2-1% H>S, and Packed . Wn=(m-mo)/(mo-ms),
“Al- - 48
Cu-Al-O (CuO-Al203) 2.02 N> 700 bed/TGA Complexation agent normalized weight; 1.27
. . Reported as normalized
_Eo. 129 0 0 0 0 _
Cu-Fe-O (CuFe204) 1.00 0.26% H2S, 20% Hz, 6.85% H20, and 73% N2 538 Fixed-bed Complexation agent breakthrough time only
Cu-Fe-Al-O (CuFez0s, o o o 0 —— . Reported as normalized
FeAl,Os, CUO)12® 2.00 0.26% H2S, 20% Ha, 6.85% H20, and 73% N2 650 Fixed-bed Complexation agent breakthrough time only
2 vol% H2S, 10 vol% Hz, 20 wt% CO, 10 wt% - - Reported as normalized
_Cr-0286 y y ,
Cu-Cr-0 1.22 COz2, 10 wt% H>20, and 48 wt% N> 650 packed bed Mixing, pelletizing breakthrough time only
Zn0O-based (Me/Zn)
Zn0%® 0.00 100 ppm H2S balanced in He 250 Fixed-bed Glycerine method 0.012
ZnO%® 0.00 100 ppm H2S balanced in He 250 Fixed-bed Combustion method ~ 0.017
Zn0%® 0.00 100 ppm H:S balanced in He 250 Fixed-bed Aldrich (commercial) 0.0125
ZnO8% 0.00 0.2 vol% H2S in Ha/N2 (1:1) 200 TGA co-precipitation 0.0393
ZnO™ 0.00 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.032
0 0,
Z1-Ca-01% 072 8 ppmv HzS, 34.4% Hz, 20% H20, and balance 300 Fixed bed Engelhard 169

being N2
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. . Temperature . . Sulfur Removal Capacity
Metal Oxide Composition Feed C) Reactor Type Synthesis Technique (g of Sig of sorbent)
0 0,
Z1-Ca-01% 072 8 ppmv H2S, 34.4% H2, 20% H-20, and balance 350 Fixed bed Engelhard_ 085
being N2 (commercial)
0 0,
Z1-Ca-01% 072 8 ppmv H2S, 34.4% H2, 20% H-20, and balance 375 Fixed bed Engelhard. 06
being N2 (commercial)
0 0,
Z1-Ca-01% 072 8 ppmv H2S, 34.4% H2, 20% H-20, and balance 400 Fixed bed Engelhard. 028
being N2 (commercial)
. . Reported as normalized
= 129 0 0, 0, 0,
Zn-Fe-0O (ZnFe204) 2.00 1% H2S, 15% Hz, 25% H20, and 59% N2 600 Fixed bed Complexation agent breakthrough time only
Zn-Bi-0%7 033 2000 ppm in N2 25 ?;‘?I'”'ESS steel o vothermal 0.079
Zn-Fe-010 0.33 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.066
Zn-Ni-01° 0.33 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.069
Zn-Co-0% 0.33 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.134
Zn-Mn-010 0.33 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.152
Zn-Fe-Zr-0% 0.39 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.075
Zn-Ti-Zr-0% 0.47 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.145
Zn-Cu-Zr-0° 0.41 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.135
Zn-Co-Al-0% 1.00 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.107
Zn-Al-0%° 0.33 10 ppm H2S in N2 25 Tedlar Bag® co-precipitation 0.146
0, 0, 0, 0,
Zn-Ti-0288 0.50 éa‘rl’ ;;C':és 11.7% Hz, 9.6% CO, 5.2% CO2, N2 650 Fixedbed  Physical mixing 0.18
0, 0, 0, 0,
Zn-Ti-Co-02% 153 éa‘? a/;’]CHeéS’ 11.7% Ha, 9.6% CO, 5.2% CO2, Nz 650 Fixedbed  Physical mixing 0.22
0, 0, 0, 0,
Zn-Ti-0%8 0.50 ;éslzﬁciés’ 11.7% Ha, 9.6% CO, 5.2% CO2, Nz 480 Fixedbed  Physical mixing 0.05
0, 0, 0, 0,
Zn-Ti-Co-0%8 1.53 1.5% H2S, 11.7% Hz, 9.6% CO, 5.2% COz, N2 480 Fixedbed  Physical mixing 0.05
balanced
Zn-Cu-08 0.03 0.2 vol% H2S in Ha/N2 (1:1) 200 TGA co-precipitation 0.47 mol of S/mol of ZnO
Zn-Cu-08 0.03 0.2 vol% H2S in Ha/N2 (1:1) 200 TGA co-precipitation 0.61 mol of S/mol of ZnO
0, 0, 0, - DI 1
Zn-Al-Fe-0289 186 1.5 vol% H>S, 11.7 vol% H2, 9.6 vol% CO, 5.2 480 Fixed bed Co p_remplt_at_lon and 018
vol % COz, and N2 balance physical mixing
0, 0, 0, - initati
Zn-Al-Co-02 186 1.5 vol% H2S, 11.7 vol% Hz, 9.6 vol% CO, 5.2 480 Fixed bed Co-precipitation and 0175

vol % CO2, and N2 balance
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. . Temperature . . Sulfur Removal Capacity
Metal Oxide Composition Feed C) Reactor Type Synthesis Technique (g of Sig of sorbent)
0, 0, 0, - initati
Zn-Al-Ni-028 1.86 1.5 vol% H2S, 11.7 vol% H2, 9.6 vol% CO, 5.2 480 Fixed bed Co p_reC|p|t_at_|on and 02
vol % COz, and N2 balance physical mixing
0, 0, 0, - initati
Zn-Al-Ce-0289 1.80 1.5 vol% H2S, 11.7 vol% H2, 9.6 vol% CO, 5.2 480 Fixed bed Co-precipitation and 016

vol % CO», and N2 balance

physical mixing

Table A-2: Possible reaction stoichiometries for sulfur compounds with different metal oxides

. . Temperature . . Sulfur Removal Capacity
Metal Oxide Composition  Feed C) Reactor Type Synthesis Technique (g of S/g of sorbent)
Al20z-based (Me/Al)
Al-Zn-O (Y-Al05)* 009  1%H:SinN; 600  Fluidized bed Dry impregnation E;giﬁ?%j;ﬁ’mgﬁfg
Al-Zn-0 (0-Al,03)% 0.09 1% H2S in N2 600 Fluidized bed Dry impregnation Eri%ok;}]egﬁzr??iﬁn:gﬁg
Al-Ca-O (0-Al203)* 0.12 1% H2S in N2 600 Fluidized bed Dry impregnation E;F;Ok:}]egﬁsr??iﬁ]n:!ﬁfg
MgO-based (Me/Mg)
Mg-Zn-0* 0.03 1% H,S in N2 600 Fluidized bed  Dry impregnation E;Z?(:Legjsmi%n:gﬁfg
Mg-Cu-0* 0.03 1% H,S in N2 600 Fluidized bed  Dry impregnation E;Z?(:Legjsmi%n:gﬁfg
. - . . Reported as normalized
_Ca-0O4%9
Mg-Ca-O 0.05 1% H2S in N2 600 Fluidized bed Dry impregnation breakthrough time only
. - . . Reported as normalized
_ _0O%9
Mg-Mn-O 0.03 1% Ha2S in N2 600 Fluidized bed Dry impregnation breakthrough time only
. - . . Reported as normalized
-Zn-Cu-0% 0
Mg-Zn-Cu-O 0.05 1% Ha2S in N2 600 Fluidized bed Dry impregnation breakthrough time only
La20s-based (Me/La)
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. . Temperature . . Sulfur Removal Capacity

Metal Oxide Composition  Feed °C) Reactor Type Synthesis Technique (g of Sig of sorbent)

Urea coprecipitation/
51 0, 0,

La203 0.00 250 ppm HzS, 70% Hz, 5% H20, and He 800 Packed bed gelation method 0.06

La-Pr-Ost 0.43 250 ppm H2S, 70% Hz, 5% H:0, and He 800 Packedbed e Coprecipitation/ o0
gelation method

La-Ce-0% 0.43 0.1% H2S, 50% Ha, 10% H20, He balance 650 packed bed ;’g&iig‘r’{prec'p'm'onl 0.032

SnO-based (Me/Sn)

SnO™0 0.00 10 ppm H2S in N2 25 Tedlar Bag®  Co-precipitation 0.002

NiO-based (Me/Ni)

NiO™0 0.00 10 ppm HaS in N2 25 Tedlar Bag®  Co-precipitation 0.002

Co030s-based (Me/Co)

C03041° 0.00 10 ppm H2S in N2 25 Tedlar Bag®  Co-precipitation 0.006

Co-Si-O (3DOM 3 . . Colloidal crystal

structure)?™ 1.01 500 mg/m? H.S, at 100 mL/min 30 Fixed bed template method 0.075

Co-Si-0%%0 1.01 500 mg/m? HzS, at 100 mL/min 30 Fixedbed ~ Colloidal crystal 0.012
template method

Co-Si-0%%0 1.01 500 mg/m?3 HzS, at 100 mL/min 30 Fixed bed Colloidal crystal 0.028
template method

Co-Si-O (3DOM 3 . . Colloidal crystal

structure)2%° 1.01 500 mg/m? HzS, at 100 mL/min 30 Fixed bed template method 0.189

CaO-based (Me/Ca)

CaO 0.00 10 ppm HzS in N2 25 Tedlar Bag®  co-precipitation 0.011

Mn3O4-based (Me/Mn)

Mn30410 0.00 10 ppm H2S in N2 25 Tedlar Bag®  co-precipitation 0.016

Ag20-based (Me/Ag)

AgO™0 0.00 10 ppm HzS in N2 25 Tedlar Bag®  co-precipitation 0.031

Ce0»-based (Me/Ce)

CeOz* 0.00 0.1% H2S, 50% Ha, 10% H20, He balance 650 Packed bed ;’J;‘"’t‘ig?"prec'p'tat"’” ! 0.006

Ce-Cu-0% 011 0.1% H>S, 50% H>, 10% H-0, He balance 650 Packed bed ;’g&iig‘;’prec'p't‘""t"’” ! 0.0041

Ce-La-0% 0.43 0.1% H>S, 50% H>, 10% H-0, He balance 650 Packed bed ~ Uredco-precipitation /4 57,
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. . Temperature . . Sulfur Removal Capacity
Metal Oxide Composition  Feed °C) Reactor Type Synthesis Technique (g of Sig of sorbent)
Fe203-based (Me/Fe)
Fe-Al-0?°1 3.10 1% H2S (10,000 ppmv), 10% Ha, and N2 850 Fixed bed Co-precipitation 0.2073
Fe-Al-Mn-0?%1 3.56 1% H2S (10,000 ppmv), 10% Hz, and N2 850 Fixed bed Co-precipitation 0.1
Fe-Al-Mn-0?%1 4.13 1% H2S (10,000 ppmv), 10% Haz, and N2 850 Fixed bed Co-precipitation 0.17
Fe-Al-Mn-0?%1 4.87 1% H2S (10,000 ppmv), 10% Hz, and N2 850 Fixed bed Co-precipitation 0.2014
Fe-Al-Mn-0%%1 7.23 1% H2S (10,000 ppmv), 10% Hz, and N2 850 Fixed bed Co-precipitation 0.2072

Table A-3: List of theoretical studies that investigate the adsorption of H.S or other molecules on various metal oxides. The list is grouped by type
of metal oxide studied, ordered as they appear in section 2.4, and specified with details on computational methods used. Subscripts in alphabetical
order point out studies that do not involve H.S and indicate what molecules were studied instead. a: S, adsorption on zincite (1010) surface b: O,
NO;, H,0, C;Hs0OH, and CHs;CHO adsorption on various CuO surfaces and nanowires ¢: H, adsorption on CuO(111) surface d: CO, adsorption
on CuO (111), (111), and (011) e: H,O adsorption on the CuO (111) surface f: H,O adsorption on the CuO (111) surface g: SO, adsorption on
Ce02(111) and (110) h: SO, and SO3 adsorption on MgO(001) i: S adsorption on MgO(001) j: Hg® HgCl, HgCl,, HgO, and SO, adsoprtion on
Ca0(100) k: CO, and SO sorption on the Li, Na, K, Rb, or Cs doped CaO(100)surface I: C4H4S adsorption on TixCeu-xO2 mixed surface.

References Authors Metal Oxide Method

ZnO & Related Materials

DFT — B3LYP, LANL1IMB with effective core potentials and 6-31G(d) basis set with
Stuttgart effective core potential (SDD)

Casarin et al. ZnO (1010) and (0001) LCAO-LDF molecular-cluster approach

dhage2012 Dhage et al. CuxZnOq1-x)

casarin1996
casarin1995
rodriguez2000 Maiti & Rodriguez Zn0 (0001) fl%l;'l(;o—rrg;ﬁ),nnonlocal ultrasoft pseudopotentials, Becke-88 for exchange37 and Perdew-91

DFT — GGA, PW91 functional, double-numeric quality basis set with polarization functions

wang2013 Wang et al. ZnO (1010) (DNP)

kazemi2017 Rad & Kazemi ZnO nanocage Bg : Si;:;begéllﬁéd(’g)pg]?)s;:izestet

tong2018 Zheng et al.? ZnO (1010) DFT — GGA, norm-conserving and ultrasoft VVanderbilt pseudopotentials
hao2011 Sholl et al. Zn2Ti04(010) DFT — GGA, PW91 exchange-correlation functional, PAW potentials

CuO & Related Materials
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References Authors Metal Oxide Method
hu2010 Hu et al.? (Cl‘f)%(l(loll)o)(l alnlg ((11010(;) (011, bET— GGA+U, PAW potentials
sun2015 Sun et al. Cuo(111) (DE;:l;erl)) — GGA, PW91 functional, double numerical basis set with polarization functions
Zhang2017 Zhang et al. Cuo(111) lI)Dan-irs-sDet_wﬁt?s; I:r\i/;/;%():]u:ucri(:ir:)ar:,s (D[;:’;II'P)Semi-core Pseudopots (DSPP), double numerical
maimaiti2014 Elliott et al.c CuO(111) DFT — GGA+U, PBE & HSEO6 functional, PAW potentials
mishra2015 de Leeuw et al.¢ CuO(111), (111), and (011) DFT — GGA+U, PBE functional, PAW potentials
yu2017 Feng et al.® Cu0O(111) DFT — GGA+U, PBE functional, PAW potentials
fronzi2017 Nolan & Fronzif CuO(111) DFT — GGA+U, PBE functional, PAW potentials
stenlid2017 Stenlid et al. Cu20(111) and (100) DFT-D3 — GGA+U, PBE functional, periodic slab models
CeO:
chen2007 Chen et al. Ce0O2(111) DFT — GGA+U, PW91 functional, PAW potentials
yildiz2012 Yildiz & Marrocchelli Ce0O2(111) DFT — GGA+U, PW91 functional, PAW potentials

mayernick2011
kullgren2014

bagheri2013

rodriguez2000

rodriguez2000b

schneider2001
Xxu2003

wilcox2008

wang2017

ionescu2002

Janik et al.

Hermansonn et al .9

Bagheri & Moradi

Maiti et al.

Rodriguez et al.

Schneider et al.h

Zhang et al.|

Wilcox & Sasmazl
Wang et al.k
Al203 & Cr203

Allouche et al.

Ce02(111), CeO2(111) doped
with Laor Th

CeO, (111) and (110)

DFT — GGA+U, PW91 functional, PAW potentials

DFT — GGA+U, PBE functional, PAW potentials

MgO & Related Materials

MgO nanotube
MgO(100) and NiMgO(100)

MgO(100) and CrxMg-
x0(100)
MgO(001)

MgO(001)

Ca0(100)

Ca0(100) doped with Li, Na,
K, Rb, or Cs

v-Al203 (100) and (110D)

DFT — B3LYP, 6-31G basis set

DFT — GGA, norm-conserving and ultrasoft Vanderbilt pseudopotentials

DFT — GGA, nonlocal ultrasoft pseudopotentials

DFT — GGA, PW91 functional, norm-conserving pseudopotentials, periodic supercell
DFT — B3LYP, 6-311+G basis set

CaO
DFT — GGA, PW91 functional, ultrasoft VVanderbilt pseudopotentials

DFT — GGA, PBE functional, ultrasoft VVanderbilt pseudopotentials

DFT- GGA, PW91 functional, Kleinman-Bylander Pseudopotentials
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References

Authors

Metal Oxide

Method

arrouvel2004
rodriguez1998

nigussa2016
rodriguez2000b

abbasi2017
janik2012

song2013
1in2016

wang2012

Raybaud et al.
Rodriguez et al.

Nigussa et al.

Rodriguez et al.

Abbasi & Sardroodi

Janik et al.!

Song et al.

Lin et al.

Wang et al.

v-Al203 (110)

a-Al203 (0001) and a-Cr203
(0001)

Cr203(0001)
Cr203(0001)

TiO2 nanoparticles (non-
doped and N-doped)

TiO2 (Ce-doped)

a-Fe203 (0001)
a-Fe203 (0001)

NiO (100)

DFT- GGA, PW91 functional, PAW potentials

ab initio SCF methods with cluster models, nonempirical effective core potentials (ECP’s),
double-T quality basis set augmented with polarization functions

DFT-D2 - GGA+U, PW91 functional, PAW potentials
DFT — GGA, nonlocal ultrasoft pseudopotentials
TiO2
DFT-D2 — GGA, PBE functional, numerical pseudo-atomic orbitals (PAOs)

DFT — GGA+U, PW91 functional, PAW potentials
Fe20s
DFT — GGA+U, PBE functional, ultrasoft Vanderbilt pseudopotentials
DFT — GGA+U, PBE functional, ultrasoft Vanderbilt pseudopotentials
NiO
DFT — GGA+U, PBE functional, PAW potentials
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Appendix B | Supplementary Information for Chapter 3

Table B-1: Results summary for sulfidation of samples of CuO-based sorbent at various pellet size, contact time, temperature, pressure and feed
concentration.

Run dp T P Co tc L Q s Osga  Error  Qeoper Errort k-10°5 Error-10° kK 1/kK-10 1/kmn-10? 1/Kp-102 1/k,-10?
No.  (um) (K) (atm) (ppm) (s) (cm) (sccm) (wt.%) (wt.%) (Wt.%) (Wt.%) (wt.%) (s) C) CHIO) (s) (s) (s)
1 125 294 10 960 0.31 3.2 113 122 12.6 1.3 13.7 0.5 5.0 0.2 6.4 15.6 15.3 0.3 0.0
2 125 294 10 1000 035 7.1 227 120 12.0 1.8 12.9 0.7 6.6 0.3 6.9 14.6 14.3 0.3 0.0
3 125 294 1.0 1380 058 7.1 135 124 135 13 13.8 13 9.4 0.0 77 129 12.7 0.3 0.0
4 125 294 10 2200 0.62 6.4 113 125 13.8 1.7 14.0 0.2 11.0 0.1 6.4 15.6 145 11 0.0
6 125 294 1.0 980 071 71 110 124 130 1.5 13.7 0.4 6.6 0.2 50 199 19.6 0.3 0.0
7 180 294 1.0 990 0.35 3.7 114 123 12.5 13 13.6 0.5 5.0 0.2 5.5 18.3 17.7 0.6 0.0
8 180 294 1.0 1000 066 6.8 113 132 142 15 14.7 0.5 7.7 0.3 95 105 10.0 0.6 0.0
9 212 423 11 1000 0.09 13 101 392 483 4.2 51.3 2.0 13.9 0.5 440 23 1.6 0.6 0.0
10 | 212 323 1.0 970 022 19 87 169 169 3.2 18.3 1.0 12.0 0.7 152 6.6 5.8 0.7 0.0
12 212 383 1.0 1016 0.05 10 172 319 347 5.6 384 2.3 15.2 0.9 465 21 15 0.7 0.0
13 212 338 1.0 1016 006 1.1 172 233 281 4.8 30.0 2.7 10.0 0.9 180 5.6 4.8 0.7 0.0
14 212 368 1.0 1016 011 1.0 78 29.1 311 45 32.9 18 16.1 0.9 398 25 1.8 0.7 0.0
15 | 212 363 11 980 0.15 1.3 72 303 367 3.0 385 1.9 13.4 0.7 278 36 29 0.7 0.0
17 212 294 1.0 1000 0.70 7.0 110 125 13.2 0.9 13.6 0.2 10.6 0.2 115 87 7.9 0.8 0.0
18 500 294 1.0 1000 0.39 338 110 112 115 10 121 0.5 11.8 0.5 114 87 4.5 4.2 0.0
19 500 294 1.0 980 0.72 65 100 108 10.7 21 11.7 0.7 9.0 0.6 9.8 10.2 6.0 4.2 0.0
20 500 294 1.0 960 0.75 4.0 58 10.1 9.6 0.8 9.7 0.3 10.6 0.3 9.7 10.3 6.1 4.2 0.0
21 500 294 1.4 960 094 65 107 112 124 0.7 12.7 0.3 10.7 0.3 8.7 115 7.1 4.3 0.0
22 500 294 20 950 122 6.7 120 118 12.8 0.3 131 0.9 12.0 0.8 7.3 13.7 9.2 4.4 0.1
24 500 294 16 920 216 4.2 180 112 122 0.2 124 0.9 13.7 1.0 51 19.7 15.3 4.3 0.1
25 600 294 1.0 1090 0.76 2.1 164 103 11.2 0.4 11.4 0.9 124 1.0 13.0 7.7 15 6.1 0.1
26 800 294 1.0 1050 043 13 174 101 123 0.4 12.8 0.8 11.0 0.7 114 88 -0.9 9.6 0.1
27 800 294 1.0 1050 0.76 2.2 174 9.5 11.6 0.3 11.9 0.7 11.2 0.7 10.1 9.9 0.2 9.6 0.1
28 800 294 1.0 1050 1.06 31 174 97 11.8 0.3 12.0 0.6 11.2 0.6 105 95 -0.1 9.6 0.1
29 1000 294 1.0 980 140 43 180 9.7 122 0.8 125 0.9 17.8 13 6.5 15.3 0.6 14.6 0.1
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Appendix C | Supplementary Information for Chapter 4

Table C-1: Physiochemical properties and synthesis procedures of CuO sorbents prepared via sol-gel, precipitation and hydrolysis. [ Based on
XRD. P Based on BET. [/l Based on BJH method.

Sample  Synthesis Synthesis/Processing Crystallite SeeT Vpore
1D Method Precursors Conditions B VICEE: Size (nm)@ (m?g el (cmighld
NP-1 Vacuum filtration Dried at 313 K for8 h 5 145 0.040
. . Dried at 313 K for 8 h,
NP-2 Vacuum filtration then treated at 623 K for 4 h 18 i i
. . Dried at 313 K for 8 h,
NP-3 Sol-gel Cu(Ac)z-3(H20), Vacuum filtration then treated at 823 K for 4 h 26 ) )
NaOH, CH:COOH _— Dried at 313 K for 8 h,
NP-4 Vacuum filtration then treated at 1023 K for 4 h 53 i i
NP-5 Centrifuging Dried at 313 K for8 h 9 - -
NP-6 Centrifuging Dried at 313 K for8 h 11 - -
i L Cu(NO3)2-3(H20), S Dried at 353 K for 14 h,
NP-7 Precipitation NaOH Vacuum filtration then treated at 773 K for 4 h 18 58.8 0.181
) N Cu(NOs)2-3(H20), Aged for 72 h, vacuum Dried at 333 K for 12 h,
NB-1 Precipitation NaOH filtration then treated at 623 for 4 h 33 6.18 0.02
FP-1  Hydrolysis  Cu(Ac)-3(H20) f‘nyimgz'z‘*d at373foras  pried at 353 K for 12 h 10 - -
FP-2 Precipitation  Cu(NOz)2.3(H20), Synthesized at 353 for 8 h Dried at 353 K for 12 h 13 - -
FP-3 Precipitation = Cu(NOz)2.3(H20) Synthesized at 376 for 24 h dried at 353 K for 12 h 19 59.1 0.079
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Table C-2: Physiochemical properties and synthesis procedures of CuO sorbents prepared via hydrothermal treatment, and electrospinning. @
Based on XRD. ! Based on BET. [/l Based on BJH method. *weight ratio of polymer used to salt precursor.

Sample  Synthesis Precursors Synthesis / Processing Crystallite SeeT Vpore
ID Method (Polymer: Salt)* Conditions el TEEe Size (nm)@  (m2gY)P!  (cmigh)d
NPC-1 CuO (NP-7), P123 (1:1) 21 - -
NPC-2 CuO (NP-7), PVP (MW=1,300,000) (1:1) 24 17.4 0.05
Dried at 353 K for 12 h,
NPC-3  Hydrothermal  CuO (NP-7), PVP (MW=1,300,000) (1:9) Hvdrothermal at383 K 0 treated at 823 K for 4 h 18 - -
for 24 h ;
Dried at 353 K
NPC-4 CuO (NP-7), PVP (MW=1,300,000) (2:7) 22 - -
NPC-5 CuO (NP-7), PVP (MW=1,300,000) (2:3) 22 - -
NE-1 PEO (MW=300,000), EtOH, 14 inches, 30 kV, 1.0 Treated at 823 K for4 hata 14 i i
Cu(NOs3)2:3(H20) (2.7:1) cm’h ramping rate of 1 K/min
NE-2 PVP (1,300,000), EtOH, 15 inches, 35 kV, 5.0 Treated at 898 K for 10 h at 24 ) )
Cu(NOs)2-3(H20) (10:1) cm’h a ramping rate of 0.4 K/min
NE-3 PVP (40,000), EtOH, 18 inches, 30 kV, 1.0 Treated at 823 K for4 hata 25 ) )
o Cu(NO3)2:3(H20) (2.5:1) cmd/h ramping rate of 1 K/min
Electrospinning :
NE-4 PVP (1,300,000), EtOH, 6 inches, 20 kV, 1.0 Treated at 773 Kfor2hata 40 ) )
Cu(NOsg)2:3(H20) (1:1) cmd/h ramping rate of 2 K/min
NE-5 PVP (1,300,000), MeOH, 18 inches, 30 kV, 1.0 Treated at 823 K for4 hata 74 ) )
Cu(NOs)2:3(H20) (1:1) cmd/h ramping rate of 2 K/min
NE-6 PVP (1,300,000), EtOH, 22 inches, 30 kV, 1.0 Treated at 823 K for4 hata 66 279 0.002

Cu(NO3)2-3(H20) (1:1)

cm/h

ramping rate of 2 K/min
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Appendix D | Supplementary Information for Chapter 5

Table D-1: Summary of the EXAFS fit parameters® characterizing the initial CuO samples. The
EXAFS data was collected at room temperature in flowing helium.

Sl Absorber-l?ackscatter N 103x 62 R AEo k-ra_nge R-range
Scattering Path (A2 A (eV) (A A)

Cu-O0 27+03 18+17 1.96 +0.01
Cu-O0 13%£0.2 18+17 2.82 £0.08

Cuo-1 Cu-Cu 27+03 67+62 296+003 L/EL7 30110 1132
Cu-Cu 27+£03 6.7 £6.2 3.16 £0.05
Cu-Cu 1.3+£0.2 6.7 £6.2 3.38+0.08
Cu-O 34+£43 221146 1.96 £0.10
Cu-O0 17122 231146 2,78 £0.57

Cuo-2 Cu-Cu 34+43 424178 2904021 1¥130 301100932
Cu-Cu 34143 42+17.8 3.08£0.23
Cu-Cu 17+£22 42+17.8 3.17£0.28

[a] Notation: So?, amplitude reduction factor, N, coordination number, &2, disorder term (Debye-
Waller factor), R, distance between absorber and backscatter, 4Eo, energy correction term.
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Figure D-1: EXAFS data and best-fit model characterizing the initial state of the commercial
CuO sample, CuO-1. Spectra were collected at room temperature in flowing helium. Top: k-
weighted magnitude and imaginary part of the Fourier transform of the data (black line) and fit
(red line). Bottom: k®-weighted EXAFS function of the data (black line) and fit (red line). The
green line in both plots represents the window used to determine the number if independent

parameters.
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Figure D-2: EXAFS data and best-fit model characterizing the initial state of the CuO
nanoparticle sample, CuO-2. Spectra were collected at room temperature in flowing helium.
Top: k>-weighted magnitude and imaginary part of the Fourier transform of the data (black line)
and fit (red line). Bottom: k?-weighted EXAFS function of the data (black line) and fit (red
line). The green line in both plots represents the window used to determine the number if

independent parameters.
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Appendix E | Supplementary Information for Chapter 6

Table E-1: Summary of the Cu K-edge EXAFS fits demonstrating the effect of crystallite size on
EXAFS fitting parameters for different CuO sorbents. The EXAFS data were collected at room
temperature in flowing helium.

ST Absorber-Backscatter N 10%x ¢? R AEg k-ra_nge R-range
Scattering Path (A?) (A) (eV) (AY A)
Cu-O0 25+10 18+£54 1.95+0.04
Cu-O0 12+05 18+54 275+0.08
(C7unOn-§ Cu-Cu 25+10 46+£80 295+0.05 0.3+6.1 3.0-11.3 1.0-3.2
Cu-Cu 25+10 46+£80 3.14+0.07
Cu-Cu 12+05 46+80 3.36+0.09
Cu-O0 32+04 30x17 195x0.01
Cu-O0 16+02 3.0x17 275+0.08
(Clli?l-n?;) Cu-Cu 32+04 4430 290x0.03 -1.2+£19 3.0-11.3 1.0-3.2
Cu-Cu 32+04 44+£30 3.06+£0.03
Cu-Cu 16+02 44+30 3.18x+0.04
Cu-0 40+£06 36x17 195%+0.01
Cu-0 20+03 36+17 272+0.06
g;?]—ri) Cu-Cu 40+£06 43x18 2.89x0.02 -04+£15 3.0-11.3 1.0-3.2
Cu-Cu 40+£06 43x18 3.04x0.02
Cu-Cu 20+03 43+18 3.16+0.03
Cu-O0 54+05 36+£14 195+0.01
Cu-O 27+02 36+14 270£0.05
Cu0-5 Cu-Cu 54+05 40+14 289+002 -05+14 30113  10-32
(40 nm)
Cu-Cu 54+£05 40+14 3.04+0.02
Cu-Cu 27+02 40+14 3.15+0.02
Cu-O 4 30£10 195%+0.01
Cu-O0 2 3.0£10 277+0.05
Bulk CuO Cu-Cu 4 50£20 291+0.01 79+£1.0 3-11.3 1.0-3.2
Cu-Cu 4 50+20 3.10+0.01
Cu-Cu 2 30+10 3.16+0.01
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Table E-2: Summary of the Cu K-edge EXAFS fits characterizing the effect of temperature on CuO
sulfidation products. The EXAFS data were collected for spent samples at room temperature in flowing
helium, after sulfidation with 1000 ppm-vol H,S/He. “Represents the coordination number of Cu-S
without size and conversion effects.

Sample Scattering N 103x 62 R AEo Cu-Sl  k-range  R-range
P Path (A2 A) (V) CN (A A)
Cu-0 30404  30+21 1954002
Cu-0 15402 30421 275+0.08
(F:Legjl Cu-Cu 30404 53%35 295+005 6719 0 30-11.3  1.0-3.22
Cu-Cu 30404  53+35  3.14+007
Cu-Cu 15402 53+35  3.36+0.09
Cu-0 23 3.0 1.95
ggg”é at 80+08 34+12 30-113 10-24
Cu-s 15+05 90+56  230+0.02
Cu-0 0.3 3.0 1.95
Spe”é at 50+08 38403 30-113 1024
353 Cu-S 33+01 10312 227%001
Cu-s 34+04 94+16 226+001
Spe”é at 43+11 37 30113 1033
383 Cu-Cu 37+04 205+54 3.34+004
cus Cu-s 24+03 82+16 226+001
44412 37 30-11.3  1.0-34
reference Cu-Cu 26+03 201+61 3.34%004
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Figure E-1: EXAFS data and best-fit model characterizing the lab-synthesized CuO-2 sorbent (7 nm
crystallite size). Spectra were collected at room temperature in flowing helium. Top: magnitude and
imaginary part of the Fourier transform of the data (red lines) and fit (black line). Bottom: k2-weighted
EXAFS function of the data (green line) and fit (black line). The yellow line in both plots represents the
window used to determine the number if independent parameters.
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Figure E-2: EXAFS data and best-fit model characterizing the lab-synthesized CuO-3 sorbent (11 nm
crystallite size). Spectra were collected at room temperature in flowing helium. Top: magnitude and

imaginary part of the Fourier transform of the data (red lines) and fit (black line). Bottom: kz-weighted
EXAFS function of the data (green line) and fit (black line). The yellow line in both plots represents the
window used to determine the number if independent parameters.
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Figure E-3. EXAFS data and best-fit model characterizing the lab-synthesized CuO-4 sorbent (23 nm
crystallite size). Spectra were collected at room temperature in flowing helium. Top: magnitude and

imaginary part of the Fourier transform of the data (red lines) and fit (black line). Bottom: kz-weighted
EXAFS function of the data (green line) and fit (black line). The yellow line in both plots represents the
window used to determine the number if independent parameters.
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Figure E-4: EXAFS data and best-fit model characterizing the lab-synthesized CuO-5 sorbent (40 nm
crystallite size). Spectra were collected at room temperature in flowing helium. Top: magnitude and
imaginary part of the Fourier transform of the data (red lines) and fit (black line). Bottom: k2-weighted
EXAFS function of the data (green line) and fit (black line). The yellow line in both plots represents the
window used to determine the number if independent parameters.
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Figure E-5: EXAFS data and best-fit model characterizing spent CuO sample, CuO-1 at 323 K with
1000 ppm-vol H2S/He. Spectra were collected at room temperature in flowing helium. Top: magnitude
and imaginary part of the Fourier transform of the data (red line) and fit (black line). Bottom: k-
weighted EXAFS function of the data (green line) and fit (black line). The yellow line in both plots
represents the window used to determine the number if independent parameters.
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Figure E-6: EXAFS data and best-fit model characterizing spent CuO sample, CuO-1 at 353 K with
1000 ppm-vol H,S/He. Spectra were collected at room temperature in flowing helium. Top: magnitude

and imaginary part of the Fourier transform of the data (red line) and fit (black line). Bottom: K-
weighted EXAFS function of the data (green line) and fit (black line). The yellow line in both plots
represents the window used to determine the number if independent parameters.
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Figure E-7: EXAFS data and best-fit model characterizing spent CuO sample, CuO-1 at 383 K with
1000 ppm-vol H2S/He. Spectra were collected at room temperature in flowing helium. Top: magnitude
and imaginary part of the Fourier transform of the data (red line) and fit (black line). Bottom: k-
weighted EXAFS function of the data (green line) and fit (black line). The yellow line in both plots
represents the window used to determine the number if independent parameters.
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Figure E-8: EXAFS data and best-fit model characterizing CusS reference sample at room temperature
in flowing helium. Top: magnitude and imaginary part of the Fourier transform of the data (red line)

and fit (black line). Bottom: kz-weighted EXAFS function of the data (green line) and fit (black line).
The yellow line in both plots represents the window used to determine the number if independent
parameters.
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Appendix F | Supplementary Information for Chapter 7

Table F-1: Summary of the EXAFS fit parameters® characterizing the fresh CuO-La samples. The
EXAFS data were collected at room temperature in flowing helium.

Sample Absorber-Backscatter cN 10°xo R 4E, k-range R-range
P Scattering Path ( AZ) A) V) (A'l) A)

Cu-0 33+x03 27x17 1.95+0.01
Cu-0 1702 2717 2.79 £0.08

CuO-La-1 7.65+1.0 3.0-12.0 1.0-3.2
Cu-Cu 33+03 6.6+6.2 2.94 +£0.03
Cu-Cu 33+£03 6.6+6.2 3.12 £ 0.05
Cu-O0 35+01 3206 1.95+0.01
Cu-0 17+01 32+06 277+002 ;g9

CuO-La-2 0 47_ 2.8-13.3 1.0-3.2
Cu-Cu 35+01 5.0x06 2.92+£0.01 :
Cu-Cu 35+01 5.0x06 3.11+0.01
Cu-O0 3605 48=x21 1.93+0.01
Cu-0 18402 48+21 256+0.04 735,

CuO-1 1 36_ 3.0-11.0 1.0-3.2
Cu-Cu 36+£05 119+6.1 285%0.04 :
Cu-Cu 36+£05 119+x6.1 295+0.05

[a] Notation: So?, amplitude reduction factor, CN, coordination number, ¢, disorder term
(Debye-Waller factor), R, distance between absorber and backscatter, 4Eo, energy correction
term.
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Figure F-1: EXAFS data and best-fit model characterizing the initial state of commercial CuO sample,
CuO-1. Spectra were collected at room temperature in flowing helium. Top: magnitude and imaginary

part of the Fourier transform of the data (green line) and fit (black line). Bottom: kz—weighted EXAFS
function of the data (green line) and fit (black line). The yellow line in both plots represents the window

used to determine the number if independent parameters.
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Figure F-2: EXAFS data and best-fit model characterizing the initial state of the sol-gel lanthanum-
doped CuO sample, CuO-La-1. Spectra were collected at room temperature in flowing helium. Top:
magnitude and imaginary part of the Fourier transform of the data (red line) and fit (black line). Bottom:

kz-weighted EXAFS function of the data (blue line) and fit (black line). The yellow line in both plots
represents the window used to determine the number if independent parameters.
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Figure F-3: EXAFS data and best-fit model characterizing the initial state of the ammonium co-
precipitation lanthanum-doped CuO sample, CuO-La-2. Spectra were collected at room temperature in
flowing helium. Top: magnitude and imaginary part of the Fourier transform of the data (red line) and
fit (black line). Bottom: k?-weighted EXAFS function of the data (red line) and fit (black line). The
yellow line in both plots represents the window used to determine the number if independent parameters.
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