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1 | INTRODUCTION

Richa Ghosh® |
Dante A. Simonetti®

Brian Ko® | Abhaya Datyel? |

Abstract

This work probes the effects of La on reactions involving CuO sorbents and H,S in
gaseous streams. La-CuO sorbents with nominal La/Cu atomic ratios of 1:2 achieved
higher capacities (27 and 36 g H,S per 100 g sorbent) compared to CuO sorbents
(25 g H,S per 100 g sorbent). Comparison of the La-CuO sorbents using energy dis-
persive x-ray spectroscopy and La Lz-edge XAS suggested that increased capacity
resulted from more uniform dispersion of La within the CuO phase (3.3 wt.%
vs. 1.0 wt.% La). X-Ray absorption near edge structure analysis suggested more
electron-rich Cu species in La-CuO samples, while extended X-ray absorption fine
structure modeling showed an increase in single-scattering path lengths for neighbor-
ing and near-neighbor atoms. These changes suggest that La induces strain in the
Cu-O lattice, thereby increasing H,S capacity by reducing energy barriers associated

with surface reactions between oxygen atoms and adsorbed H,S molecules.

KEYWORDS
copper oxide, desulfurization, doping, lanthanum oxide, reactive sorption, X-ray absorption
spectroscopy

in the coming two decades.! This increase in energy consumption,
along with an increase in environmental regulations, calls for enhanc-

The total global energy demand for natural gas, driven by population

growth and technology development, is projected to increase by 43%

Griffin A. Canning and Sara A. Azzam contributed equally to this study.

ing current gas purification technologies to be cleaner and more effi-
cient? Raw natural gas contains significant amounts of sulfur
contaminants which reduce its quality,>~> corrode transfer pipelines,

damage catalysts and process equipment, and pose toxic hazard to
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humans and to the environment.® Many technologies are currently
available for sulfur removal including absorptive processes (e.g., amine
scrubbing), adsorptive processes (e.g., using molecular sieves), and
chemical reactions (e.g., using metal oxides).”? For trace levels of
these sulfur contaminants (i.e., less than a few ppm), chemical reaction
with a metal oxide (also known as reactive sorption) is advantageous
compared to physisorption because the favorable thermodynamics of
these reactions allow for essentially complete removal of the contami-
nant. Moreover, the process converts toxic reactants to environmen-
tally benign metal sulfide products.'®

The materials studied previously for reactive sorption of hydro-
gen sulfide (H,S) consist mostly of the oxides, hydroxides, and carbon-
ates of iron, zinc, and copper at 473-1073 K.**"*2 Elevated process
temperatures are used to mitigate the kinetic limitations encountered
at low temperature which result in low utilization factors.!?'* Among
these materials, copper oxides (CuO and Cu,O) are considered the
most favorable sorbents for sulfur removal. A comprehensive thermo-
dynamic study of the copper-sulfur-oxygen system® show high equi-
librium constants (e.g., Koq = 6.3 x 107 at 900 K) which result in a
decrease in H,S concentration from several thousand ppm to the sub-
ppm concentrations. Nevertheless, CuO is susceptible to reduction to
metallic copper (Cu) at high temperatures, leading to agglomeration
and structural degradation which inhibits contaminant sorption rates
and kinetics.'® Thus, additives are often added to CuO (e.g., ZnO) in
an effort to stabilize Cu?* and Cul* against reduction to Cu, thereby
improving sulfur removal capacities and rates.!”~8 Similar studies of
mixed metal oxides at ambient temperature also demonstrated the
benefits of metal additives on H,S removal capacity, suggesting that
the impact of these additives may extend beyond improving reduction
resistance.? %2

To probe how the structural and chemical changes incurred by
introducing metal atoms into CuO impact reactions with H,S at the
molecular/atomic scale, advanced characterization techniques must
be utilized in addition to reaction studies. In our previous work, the
effects of crystallite size and micro-porosity on the performance of
chemically similar CuO sorbents were investigated using a combina-
tion of reaction studies, advanced characterization techniques such as
x-ray absorption spectroscopy (XAS), and density functional theory
(DFT).2%"2% These studies showed that the observed increase in H,S
capacity with decreasing CuO crystallite size could be the result of a
higher density of threefold coordinated oxygen atoms within small
CuO crystallites that are more reactive toward adsorbed H,S mole-
cules (i.e., for bulk reactions CuO + xH,S — CuO1_,S, + xH,0) com-
pared to fourfold atoms. These threefold coordinated O-atoms also
form vacancies in the CuO surface more readily (i.e., via formation of
hydroxyl groups with reaction with adsorbed H-atoms) than fourfold
sites. Importantly, this work showed that fourfold sites actually
become increasing reactive as CuO converts to CuS because S atoms
induce lattice strain by disrupt the Cu—O bonding states. Further-
more, our previous work also showed that the formation of thermody-
namically favorable, surface-strained Cu—S bonds stabilize surface
hydroxyl groups, thereby reducing barriers toward reaction and

migration.

In this work, we study the impact of induced strain via addition of
lanthanum (La) on the structural properties and sulfur removal perfor-
mance of CuO through a combination of fixed-bed kinetic studies and
synchrotron-based characterization techniques. La was chosen
because of its large cationic radius (R, ./Rcy ~ 1.5) compared to the
more commonly studied additives such as zinc, nickel and cobalt (R,
/Recu = 1.0). This difference in cationic radius is expected to introduce

2326 \which would cause the formation

disruptions to the CuO lattice,
of O-atoms that are more reactive with adsorbed surface species,27
similar to previous studies that have found similar disruptions to the
([Mn, Zn]Fe;04, ZnMnO3) lattice by the presence of Mn increases the
sulfur sorption of a Fe-Mn-Zn-Ti mixed oxide.?®

To explore the structural and chemical changes upon lanthanum
addition, we collected X-ray absorption spectroscopy (XAS) spectra
for fresh and spent reference commercial CuO-based sorbent and
laboratory-synthesized La-CuO sorbents (1:2 nominal La to Cu atomic
ratio) prepared by different synthesis methods (sol-gel and co-
precipitation with ammonium). XAS data were collected at the S K-,
Cu K-, and La Ls-edges to provide complimentary evidence of the
chemical and structural differences between the samples. In situ X-ray
absorption near edge spectroscopy (XANES) data at the S K-edge
were collected for the three samples using 1000 ppm H,S/He, 1 atm,
and 323 K. The resulting kinetic rate information that was directly
related to structural changes was consistent with fixed-bed reactor
results. Additionally, X-ray diffraction (XRD), N,-physisorption mea-
surements (BET), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and energy-dispersive x-ray spectroscopy
(EDS) were used to form a chemical and structural analysis of the

samples.

2 | EXPERIMENTAL METHODS

21 | Materials

Several CuO and La-CuO materials at various La:Cu ratios were pre-
pared using an acid catalyzed sol-gel synthesis technique or a method
of coprecipitation. Section 1.1 in the supplementary information
(SI) provides synthesis details of these samples as well as naming con-
ventions. The main text of this article focuses on one CuO-based sam-
ple (CuO-1), and two CuO samples with La synthesized with a
nominal La:Cu molar ratio of 1:2 (CuO-La-1 and CuO-La-2). Other
synthetic conditions (CuO-La-3 thru 5) produced less performance
improvement upon La inclusion and are discussed in the Supplemental
Information.

CuO-1 is a commercially produced material (HIFUEL W230; lot
number LO4Y006; 63.5 wt.% CuO, 25 wt.% ZnO, and 10 wt.% Al,O3)
purchased from Alfa Aesar. This sample was used as a reference for
comparison with the lanthanum containing samples and was studied
in previous work.2324

CuO-La-1 was prepared using an acid-catalyzed sol-gel pro-
cess.?? 1.0 cm® of glacial acetic acid (VWR, ACS grade) was added to
300 cm® of 0.133 M copper (Il) nitrate (Sigma Aldrich, 99%) and
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0.067 M lanthanum (lll) nitrate hexahydrate (Sigma Aldrich, 99%)
under vigorous stirring and heating. Upon boiling, 0.8 g 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 h at 333 K. A ref-
erence La,O3 material was synthesized by the same method using
only lanthanum (lll) nitrate hexahydrate.

CuO-La-2, sample was synthesized via an aqueous ammonia
coprecipitation method.®° 1.0 cm® of ammonium hydroxide (Fisher
Scientific, ACS Plus) was added dropwise to 300 cm® of aqueous
0.133 M copper (ll) nitrate and 0.067 M lanthanum () nitrate hexa-
hydrate 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) over-
night, and thermally treated at 873 K for 2 h, afterward.

2.2 | Fixed-bed sulfidation tests

Fixed-bed sorption experiments were carried out in a plug flow appa-
ratus shown schematically in Figure S1.3! A 0.25-inch outer diameter
tubular stainless-steel reactor was packed with 100-180 mg of mate-
rial that was sieved to 75-125 pm particle sizes. The packed beds
were 1.4-1.9 cm in height and were fixed between two plugs of qua-
rtz 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 flow composition to the
reactor consisted of 1000 ppm-vol H,S in N, (produced by diluting
1.0% H,S/N, [Praxair] in UHP N,). The total inlet flow rate of 90 sccm
was controlled using MKS GE50A and GM50A flow controllers. An
online gas chromatograph (Agilent 7890B) with a sulfur chemilumines-
cence detector (SCD; Agilent 755) was used to measure the concen-
tration 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) to mitigate adsorption of sulfur onto the apparatus
flow path walls.

2.3 | Nonsynchrotron characterization techniques

The sorbents were characterized using a variety of techniques. Pow-
der XRD patterns were obtained using either a JEOL JDX-3530, a
Philips X-Pert diffractometer, or a Rigaku Smart Lab Diffractometer
equipped with a D/teX position sensitive detector with a nickel filter
using Cu Ko radiation (1.5410 A) to identify the crystalline phases.
Average crystallite sizes were determined using whole-pattern
Rietveld refinement by the Jade software package from Materials
Data, Inc. Nitrogen adsorption-desorption isotherms were measured
at 77 K with a Micrometrics ASAP 2020 Plus system. Before measure-
ments, the samples were degassed at 1 x 102 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
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was derived from the adsorption branches of the isotherms using the
Barrett-Joyner-Halenda model.

SEM (NOVA 230 Nano SEM) was used to determine the mor-
phology of the sorbents. The diameter of the sorbent particles was
calculated from the SEM images using the Image) software. For TEM
analysis, the powdered sample was ground in a mortar and pestle and
dispersed on a holey carbon grid by dry impregnation. Two different
TEMs were used to obtain images for the samples. The first, a FEI
Tecnai G (2) F30 S-Twin operated at 300 kV; and the second, a JEOL
2010F 200 kV equipped with an Oxford AZTEC 80 mm? SDD EDS
detector with an ultrathin window. STEM imaging was performed on
the Tecnai F30, TEM imaging and selected area EDS was performed
on the JEOL 2010F. In this technique, the microscope is operated in
TEM mode, and the beam condensed at higher spot sizes and a con-
denser aperture is inserted 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. EDS spectra were collected at
8-10 spots to obtain an average elemental composition for each

sample.

2.4 | Synchrotron-based characterization

XAS spectra were recorded at the Stanford Synchrotron Radiation
Lightsource (SSRL) at wiggler beamline 4-3 using a liquid-nitrogen
cooled. 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 vertical x 3 mm horizontal.
XANES spectra were recorded at the S K-edge (2472 eV) and La L3
-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.

The sample for XAS experiments comprised a non-self-supporting
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 Lz-edge.
The wafer was placed at 45° to the incident beam on a heated stage
inside a 100 cm?® internal volume cell, as described previously and as
shown in Figure 52.3% The experimental cell was connected to the Iy
ion chamber and beam conditioning assembly through a welded steel
bellows and KF flanges. Helium from the I ion chamber was allowed
to purge the bellows to reduce adsorption by heavier gases in the
beam path. A five micron mylar film was placed between the KF
flanges and O-ring of the experimental cell and the welded bellows to
isolate the process gas from the ion chamber and purge gas.

For XAS monitoring of in situ sulfidation experiments at the S K-
edge, 1000 ppm H,S in helium (Airgas) and helium (99.95%, Airgas)
gases were used. All process gases were supplied by Airgas with a
purity of 99.5% or higher for each component. No further purification
was performed to remove trace moisture of oxygen. Effluent gas from

the experimental cell was monitored by mass spectrometry (MS) using
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a Hiden QGA. Prior to experiments, the cell was leak checked and
purged with each feed component until all signals in the MS were sta-
ble. Care was taken to check for air leaks by monitoring m/z signals of
18, 28, and 32 corresponding to H,O, N,, and O5 in the stream. Addi-
tionally, the MS was used to ensure that H,S was purged before
accessing the cell as well as confirming the lack of air leaks. Initially,
the temperature of the cell is ramped up to 323 K at a ramp rate of
5 K-min~? under a 20 sccm flow of helium. Once temperature stabi-
lized, the helium was replaced with 1000 ppm H,S/He (20 sccm) and
XANES spectra collected every 9 min. The samples were exposed to
1000 ppm H,S/He flow for 4-6 h until saturation was achieved. The
cell was then purged by helium (20 sccm) and allowed to cool to room
temperature before spectra of spent samples were obtained.

XAS data were analyzed using ATHENA and ARTEMIS from the
Demeter software package.®* The Cu K-edge EXAFS data were
extracted from a k-range of 3.0-13.0 A~ and the Fourier trans-
formed data were modeled in the range of 1.0-3.2 A. Intensity and
phase of scattering paths were calculated using FEFF6 based on crys-
tallographic data from the tenorite CuO structure (ICSD 16025).3°
EXAFS fitting was performed based on k-, k?-, and k3-weighting. So2
was determined to be 0.73 for these samples based on fitting a refer-
ence copper foil with tabulated coordination numbers (fcc-Cu metal:
ICSD 53247).°

3 | RESULTS AND DISCUSSION

3.1 | Effects of nominal La content and synthesis
method on removal capacity

Initial H,S removal studies were conducted for La-CuO sorbents for vari-
ous nominal La:Cu atomic ratios (1:99, 1:9, 1:2) using fixed-bed experi-
ments at 323 K to probe the impact of La content and synthesis method.
The removal capacity (gs) is defined as g of H,S removed per 100 g of
CuO in the sorbent (g H,S/100 g CuO), with g5 = 42 g H,5/100 g CuO
corresponding to complete stoichiometric conversion of CuO to CuS.

Table S1 summarizes the synthesis conditions, nominal La/Cu
atomic ratio in the synthesis precursors, crystallite size, removal
capacities, and conversion of CuO phase for all the tested samples.
For different CuO samples (CuO-1 through CuO-3), capacities
decreased (from 24.9 to 20.4 g H,S/100 g CuO) with increasing CuO
crystallite size (from 2.8 to 8.0 nm), consistent with results from prior
research.?>2% The removal capacity of the La,O3 sample (determined
using the same fixed-bed experiments) was negligible (~0.005 g H,S
per g La,0O3), demonstrating that CuO and La-CuO are the only active
phases in these samples.

Moderate amounts of La addition (CuO-La-4; La:Cu = 1:9; CuO
crystallite size of 8 nm) lead to a decrease in capacity (13 g H,S/100 g
CuO) compared to CuO samples synthesized via similar methods and
with similar crystallite size (CuO-3; 20.4 g H,5/100 g CuO). However,
capacities increased with increasing La content such that La-CuO
samples with atomic La:Cu ratios of 1:2 achieved capacities (CuO-
La-1: 26.9 g H,S/100 g CuO and CuO-La-2: 35.8 g H,S/100 g CuO)

that were greater than CuO samples, despite the presence of larger
CuO crystallites (CuO-La-1: 15.9 nm and CuO-La-2: 42.2 nm). Fur-
thermore, La-containing samples appear to no longer follow the typi-
cal capacity-crystallite size trend (increasing capacity with decreasing
size) established in our previous work.2® The synthesis method also
appears to impact sorption capacity, with the sample prepared using
aqueous ammonia (CuO-La-2) achieving higher sorption capacity than
those made by the sol-gel or coprecipitation methods. These results
suggest that increasing inclusion of La into the CuO phase improves
total sulfur sorption and that synthesis method (i.e., La content in
solution and pH) is a key factor toward ensuring incorporation of La
atoms into the CuO sample. Precipitation at lower pH (i.e., in aqueous
ammonia) slows the precipitation of La,O3 phases, thereby allowing a
larger extent of incorporation into Cu-La-O.%° To quantify any incor-
poration of La into the CuO lattice, and further explore the structural
and electronic effects of introducing La into CuO sorbents, 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)**°®1 are used to compare against the results for the La-CuO
sorbents and to demonstrate the effects of La addition on the molecu-

lar features of CuO.

3.2 | Phyiscochemical properties of La-CuO
sorbents identified via nonsynchrotron based
techniques

XRD was used to identify the crystalline phases and estimate the
average CuO crystal sizes of CuO-1, CuO-LaO-1, and La-Cu-2. The
XRD patterns (Figure S3) of the fresh sorbents show diffraction peaks
that are characteristic of single-phase monoclinic CuO.3¢ Peaks at
20 = 29° and 42° in the pattern for CuO-La-1 identify NaNO5 and
indicate that some of the Na precipitated as a solid phase during the
sol-gel synthesis. CuO-La-2 showed evidence of minor contributions
of the CulLa,O, phase (Figure S4; 1.8 total wt.% Cula,O,), contribut-
ing to, but not fully explaining, the higher level of La inclusion in that
sample. The average crystal sizes of the sorbents using Rietveld
refinement were 16 nm for CuO-La-1, 42 nm for CuO-La-2, and 2.8
for CuO-1 (Figure S4). Rietveld refinement results show that there is
strain present in CuO-La-2 (0.13%) and CuO-La-1 (0.30%). The unit
cell volume of both CuO-La-1 (81.20 A% and CuO-La-2 (81.19 A%
also show small expansions as compared to the CuO tenorite struc-
ture (81.080 A3). The phase and strain identification from XRD analy-
sis support the conclusion of La incorporation into CuO. As
mentioned above, the La-containing samples exhibit higher removal
capacities than the CuO sample despite possessing larger CuO crystal-

23,25 and

lites, and according to previous work (both by the authors
others??), the increase in capacity results from strain induced by lat-
tice expansion. Thus, the addition of La into CuO disrupts the lattice
and leads to the increase in H,S capacity. Furthermore, the small lat-
tice expansion observed in CuO-La samples may make the conversion

from CuO to CuS more facile by reducing CuO lattice energy.

d ‘T “170T S06SLYST

1e//:sdny woyy papeoy

ASUSOI'T suoUNo)) dANear)) dqedridde oy £q pouIdA0S a1e SA[ITIE Y 95N JO SA[NI 10§ AIRIQIT SUIUQ) AS[IA\ UO (SUOTIPUOI-PUE-SULIA) W0 KI[1M’ATRIQI[OUI[UO//:SAN) SUONIPUO)) Pue SULS ] oY) S *[£207/L0/01] U0 Arexqry aurjuQ A9[IA\ ‘(9M0KejeT 104 ) AISIOATUN) dnpIng £q 484/ 1°918/Z00 0 1/I0P/W0d" A[IM "



CANNING ET AL

N,-physisorption measurements were performed for the samples
(CuO-1, CuO-La-1, and CuO-La-2) to probe their textural properties
(Table S2). Both La-CuO sorbents had surface areas that were lower
than the commercial sorbent (23 m? g~* for CuO-La-1 and 11 m? g~ !
for CuO-La-2 compared to 63 m? g2 for CuO-1). On the other hand,
CuO-1 and CuO-La-1 exhibited comparable porosities (0.14 and
0.17 cm® g~ ! respectively) while CuO-La-2 had a considerably lower
porosity of 0.019 cm® g~1. Thus, BET results suggest that surface area
and porosity were not the determining factor for the sorbents' perfor-
mance, as the sample with lowest porosity, CuO-La-2, achieved the
highest removal capacity (35.8 g H,S per 100 g CuQ). This is consis-
tent with findings in a previous study that concluded that favored tex-

tural properties (i.e., small agglomerates in SEM, and larger surface

(A) CuO-La-1

FIGURE 1 STEM images of
CuO-La-1 (a-b) and CuO-La-2 (d-e).
The detector intensity profiles for

AI?BIl:'J R NALJE’;f10

areas and pore volumes) do not necessarily equate to improved per-
formance.?®

Moreover, Figure S3 shows the XRD patterns of the spent samples
where peaks corresponding to both CuO and CuS were identified. A
reduction in the peak intensity and broadening of the CuO reflections
were observed for all spent samples due to the conversion of CuO to
CuS. The small crystallites of CuO remaining contribute only weak inten-
sity, broad CuO peaks to the XRD pattern. The sulfidation of copper
oxide is associated with a unit-cell volume expansion (60%) that disrupts
lattice structure of the remaining CuO phase at the CuO-CuS inter-
face.?> This disruption is likely a critical factor for the overall extent of
sulfidation, and explains, in part, the apparent lack of correlation

between capacity and textural properties.?2~2%

CuO-La-1 (c) and CuO-La-2 (f) are 20 ©)
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 is caused
by the smaller crystallites and their 1 1 1 1

Detector Intensity

200

100 =

superposition to generate variation 0 002 N W
in signal intensity nm
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STEM and TEM images of CuO-La-1 and CuO-La-2 samples are
shown in Figure 1. In Figure 1D, the CuO-La-2 particles, of 20-50 nm
size, show uniform intensity across the width of each particle. An
intensity line profile (Figure 1F) along the yellow line in Figure 1D
shows the plateau of intensity across a single particle in the CuO-La-2
sample. CuO-La-1 shows larger variation in intensity over shorter
length scales. Both images are representative of the samples and in
agreement with crystallite sizes obtained by XRD. Selected area EDS
results (Figure S5) show that in any given 100 nm area, La is 3.3
+ 0.3 wt.% for CuO-La-2 sample and 1.0 £+ 1.4 wt.% for CuO-La-1.
The relatively low variation in the EDS results of the CuO-La-2 sample
is consistent with the even intensity of each particle throughout the
sample in the STEM images. On the other hand, the high relative devi-
ation of La content in the CuO-La-1 sample suggests some composi-
tional nonuniformity on the 100 nm scale.

In summary, the laboratory-based characterization showed that
CuO-La-2, compared to CuO-La-1, features larger crystals but has a
higher inclusion of La throughout the CuO phase. These results sug-
gest that the improvement in sulfur uptake by CuO-La-2, compared to
CuO-La-1, is related to a higher concentration of La dopants which
induce lattice expansion and strain, which have been previously iden-

tified as a means to increase H,S capacity of CuO adsorbents.?22%2>

3.3 | Multiedge XAS study of changes in chemical
environment

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 Lz-edges. For the S- and La-edges, XANES
spectra were measured, while full EXAFS was measured at the Cu K-

edge. Figure 2 shows the Cu K-edge XANES of the fresh and spent
samples: CuO-1, CuO-La-1, and CuO-La-2. Spectra of the fresh sam-
ples are qualitatively consistent with CuO XANES in previous studies
and XRD results presented above.®” The pre-edge feature at 8979 eV
in all three samples arises from a Cu 1s? to 3d’ dipole forbidden tran-
sition. This feature is indicative of Cu®* species as there are no empty
3d orbitals in the Cu™ species. Upon addition of La to the CuO, there
is an increase in the definition of the pre-edge peak and the white
line. The increased pre-edge definition is consistent with the larger
CuO crystallites present in the lanthanum containing samples (16 and
40 nm) as compared to the CuO-1 (3 nm).

To quantify the structural differences between La-CuO samples
and the reference CuO-1 sample, the Cu K-edge EXAFS of the fresh
samples was modeled. The EXAFS best-fit model for all samples,
Table S2 and Figures S6-S8, included scattering paths matching hex-
agonal CuO structure, tenorite, in agreement with the XRD results. It
was not possible to model a Cu-La scattering contribution. The first
Cu—O scattering path, at ~1.95 A, was the same, within error, for all
samples. Subsequent Cu—Cu and Cu—O scattering paths characteriz-
ing the La containing samples were elongated by approximately 0.2 A
compared to the CuO-1 sample. These results indicate an expansion
of the packing structure caused by the inclusion of La into the CuO
lattice. In turn, this expansion could explain both the unit cell expan-
sion and the origin of the strain measured by XRD, which leads to the
observed increases in capacity by reducing reaction barriers for oxy-
gen atoms to reaction with absorbed species derived from H,5.2325

Figure 2 also shows XANES spectra measured at the Cu K-edge
for spent samples after exposure to 1000 ppm-vol H,S, 323 K, and
1 atm for 4-6 h. For both La-CuO samples, linear combination analysis
using the spectra of tenorite (CuO) and covellite (CuS) as the basis set
shows (see Figure S9; Table S3) that approximately 50% of the oxygen
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FIGURE 2 Normalized Cu
0.2 |- K-edge XANES spectra for the
CuO-based sample, CuO-1, and
L | . | | 1 | La-CuO samples, CuO-La-1 and
0 CuO-La-2. Curves shown include
8970 8980 8990 9000 9010 9020 9030 9040

Energy (eV)
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FIGURE 3 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 (5,2~ 1s — Cu?" 3d°) in the spent CuO-La-2
which indicates higher conversion and CuS-like products

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 white
line peak relative to the CuO sample. However, in contrast to the
fresh samples, the white line is attenuated relative to that of spent
CuO-1 sample, which is indicative of a more electron-rich Cu species
in the spent material. The absence of a strong peak at 8980 eV (char-
acteristic of Cu,S) in the spent samples, indicates that Cu™-5~2 spe-
cies are not formed in this reaction.®

At the S K-edge, ex situ XANES spectra were collected for spent
CuO-1, CuO-La-1, and CuO-La-2 under He flow, after sulfidation at
1000 ppm-vol H,S/He, 323 K, and 1 atm (Figure 3). Previous work on
the XANES region of the S K-edge has highlighted its ability to pro-
vide information on the oxidation state of sulfur in the sample, follow-
ing the general trend that the white line maxima is shifted to higher
energy with increased sulfur oxidation state (peak a in Figure 3).3%4°
This indicates that, in comparison to CuO-1, the La-CuO samples pos-
sess 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 3. These features correspond to $%~ 1s > Cu?t
3d® and S,2~ 1s > Cu?' 3d’ transitions, respectively.?>*! Figure 3
shows that the S K-edge spectra of both spent La-CuO samples and
CusS reference contain both pre-edge features, while peak (b) is absent in
the spent CuO-1 spectra. This difference is more apparent in the second
derivative plots of CuO-1 and CuO-La-2 spectra (inset of Figure 3). In a
study that speciates the results of sulfidation of CuO at different
temperatures,*! the absence of peak b was associated with the forma-
tion of distorted CusS species at the interface of CuO/CuS which domi-
nates the spectra at low conversions of CuO to CuS, where most of the

AI?BIl:'J R NALJﬂ

CuS is at grain boundaries. CuO 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,
as the core of the CuO crystallites has been converted to CuS. These
observations are consistent with the extent of conversion of these sam-
ples CuO-1 (59%) CuO-La-1 (64%) and CuO-La-2 (85%) and their crys-
tallite sizes. For CuO-1, the lack of peak b shows that most of the CuS
formed is in interfacial regions such as grain boundaries. Despite a similar
extent of sulfidation, CuO-La-1 shows peak b because much of the CuS
is in the bulk of the crystallites rather than grain boundaries. Finally, the
presence of a peak at 2482-2483 eV in all samples (except CuO-La-2)
indicates the presence of trace SO427, likely in the form of copper sul-
fate.®” This is the result of some partial oxidation of the samples in air
prior to running these scans and not a fundamental difference in reac-
tion mechanism. The presence of the same peak in the CuS covellite ref-
erence confirms this assumption.

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
sulfide products, but rather results from higher concentration 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 improvement
of sulfur uptake upon lanthanum addition to CuO has an electronic
component, in addition to the structural changes shown by EXAFS
and XRD.

Finally, XANES spectra taken at the La L3-edge show that, in com-
parison to CuO-La-1 and La,Os5 reference, CuO-La-2 sample shows a
less intense and broadened white line (Figure 4). This broadening is
characteristic of a decrease in La-O coordination.*? This observation
can be interpreted to be a result of the more uniform atomic distribu-
tion of La in the CuO phase for CuO-La-2 sample, as La in this envi-
ronment 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 environ-
ment in the spent samples. With the high conversion of Cu-La-2 sam-
ple (85%) the average La-O coordination number increases. This may
be due to a restructuring of the local environment around dispersed

La atoms upon formation of CusS.

3.4 | Reaction kinetics using in situ XAS and fixed-
bed experiments

Fixed-bed sorption experiments were conducted to determine removal
kinetics at 1000 ppm-vol H,S/N,, 323 K, and 1 atm. The breakthrough
curves of effluent H,S concentration were then fit using a linear driving
force model (Equations $1-55)3%* to quantify the sulfidation kinetics in
terms of a first order rate parameter, k. The experiments were run under
conditions that eliminate external and macro/mesopore diffusion such
that k reflects the rate of H,S uptake at the crystallite scale.3* Figure S10
shows the breakthrough curves for CuO-1, CuO-La-1, and CuO-La-2

d ‘T “170T S06SLYST

1e//:sdny woyy papeoy

ASUSOI'T suoUNo)) dANear)) dqedridde oy £q pouIdA0S a1e SA[ITIE Y 95N JO SA[NI 10§ AIRIQIT SUIUQ) AS[IA\ UO (SUOTIPUOI-PUE-SULIA) W0 KI[1M’ATRIQI[OUI[UO//:SAN) SUONIPUO)) Pue SULS ] oY) S *[£207/L0/01] U0 Arexqry aurjuQ A9[IA\ ‘(9M0KejeT 104 ) AISIOATUN) dnpIng £q 484/ 1°918/Z00 0 1/I0P/W0d" A[IM "



CANNING ET AL.

MAI?BIFJ RNAL

5~

Normalized Absorption (au)

FIGURE 4 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;O3)
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scans were used to deduce the amount of sulfur in the sample at each

0 1 1 1 1 1
5475 5480 5485 5490 5495 5500 5505
Energy (eV)
TABLE 1 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

qs (g HaS per 100 g
Sample k(s™Y) sorbent) Conversion (%)
CuO-1 18 +2 24.9 59
CuO-La-1 22+1 26.9 64
CuO-La-2 74+08 35.8 85
TABLE 2 Random pore model parameters from fits of the

conversion profiles of S K-edge in situ sulfidation runs at 1000 ppm-
vol H,S/N, 323 K and 1.0 atm

Sample k x 10% (cm* mol~1s7?Y) D x 10*? (cm?s™Y)
CuO-1 60+1.6 23+11
CuO-La-1 26+0.2 54+17
CuO-La-2 0.71+£0.08 17+ 3

experiments, normalized for inlet H,S concentration, along with the
model fits (black solid lines). Table 1 summarizes k, g5, and CuO conver-
sion for each material. As mentioned in Section 3.1, fixed-bed results
show that CuO-La-1 and CuO-La-2 samples achieved g values of 26.9
and 35.8 g HyS per 100 g CuO, respectively. Analysis of the break-
through curves (Figure $S10) show that the material achieving the highest
capacity (CuO-La-2) exhibits the smallest apparent rate parameter
(7.4 57%; Table 1).

In situ XAS experiments at the S K-edge were also run to quantify
the H,S removal kinetics of these materials. The S K-edge spectra show
changes from H,S like features, in the first few scans, to CusS like fea-

tures as the reaction progresses (Figure S11). The edge steps for the

point in time, where the maximum conversion from fixed-bed experi-
ments 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.
The conversion profiles for the three samples, as determined from sulfur
content, are shown in Figure S12, while Table 2 summarizes the rate
constants and effective diffusivities derived from random pore model
(RPM) fits of the data (Equations S6-510).444°

Similar to the trends observed in fixed-bed experiments, the rate
parameters for CuO-1 (6.3 x 1072 cm* mol~* s7%) and CuO-La-1 (2.6
x 1072 cm® mol~* s~1) were larger than the CuO-La-2 rate parameter
(7.1 x 10~* cm* mol~! s~1). This trend can be observed in the initial
region of the conversion profiles, Figure S12, 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, however, results in
a shorter reaction-controlled regime for CuO-1 (20 min) compared to
CuO-La-1 (55 min) and CuO-La-2 (125 min). In addition, CuO-La-2
(17 x 10712 cm? s 1) exhibited the highest effective diffusivity in the
diffusion-controlled regime, despite possessing the lowest initial
porosity (0.019 cm® g~1; Table S4), thereby allowing this sorbent to
continue to remove H,S at a higher rate than CuO-1 (2.3 x 102
cm? 57 and CuO-La-1 (5.4 x 10 2 cm? s %),

4 | CONCLUSION

In conclusion, a combination of conventional and synchrotron-based
characterization methods allowed us to study the chemical and struc-

tural changes induced by the introduction of La to CuO sorbents, and
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the correlation between these changes and the enhanced perfor-
mance of the sorbents. La-containing sorbents, of similar bulk La con-
tent, prepared via different synthesis methods: sol-gel and co-
precipitation with ammonium, vyielded materials with different
physiochemical properties and sulfur removal performance. Both sam-
ples achieved improved sulfur removal capacities despite having larger
crystallite sizes and smaller surface area compared to CuO sorbents.
This improved removal capacity was associated with slower rate
parameters (both in fixed-bed reactor and under gradient-less condi-
tions during in situ XAS) compared to CuO-based reference sorbent.
The slower rates allowed for an extended reaction-controlled regime
which resulted in improved conversion. Cu K-edge EXAFS fits for the
samples revealed that the introduction of La distorted Cu(—Q), unit
packing, 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 susceptible to breaking
and, thus, more reactive toward sulfur. The La Ls-edge results
revealed lower coordination of La—O in the coprecipitation sample,
CuO-La-2, compared to the sol-gel sample, CuO-La-1, and bulk La,
O3 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 allowed for
higher Cu-La interaction and, thus, better performance improvement.
Taken together, these results show that La doping improves the
sulfidation performance by disrupting the CuO lattice resulting in
strain that lowers energy barriers for oxygen atoms to form vacancies

via hydroxyl group formation and migration.?32°
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