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Abstract

A lab-scale prototype of a bioethanol fuel processor unit to produce Hs suitable for high
CO-tolerant fuel cells was developed in this Thesis. To this end, a system that couples
bioethanol reforming to produce syngas and the CO removal from the syngas produced in
the reformer was designed. Initially, the system was evaluated using powder catalysts in
both modules of the fuel processor unit (i.e., the bioethanol reformer and the reactor for
CO removal), focusing on selecting an appropriate AuCu-based catalyst to carry out CO
removal from an actual syngas in a single catalytic unit. The effect of the Au/Cu ratio and
the support on the catalytic performance in CO removal was studied. It was found that an
AuCu catalyst with a weight ratio of Au/Cu = 1 supported on polyhedral nanoparticles of
CeO, favors a balance between activity, selectivity and stability, ensuring a CO conversion
> 96%. Afterwards, catalysts structured on monoliths were evaluated for each module of the
fuel processor unit. So, syngas was produced over monoliths washcoated with RhPt/CeO,-
SiOq, which were evaluated with actual bioethanol (i.e., obtained from sugarcane press).
The bioethanol reformer ensured a continuous production for 120 h of a syngas with an H,
content > 60%. Similarly, monoliths washcoated with AuCu catalysts were used for the CO
removal, seeking to develop a compact and economical system to connect to the bioethanol
reformer. It was identified that a monolith coated with an AuCu catalyst supported on a
mixed oxide of CeOy-Si04 (with molar ratio Si/Ce = 3) favors the production of a suitable
gas (i.e., with a concentration of CO < 5%) to be fed to a high temperature proton exchange
membrane fuel cell. Finally, the results of the catalytic evaluations were used as a starting
point to build a scaled prototype to produce H; from bioethanol obtained from residual
biomass. The prototype had a cost of US$53,000, where 24% corresponds to the bioethanol
reformer, 31% correspond to the unit to remove the CO, and the rest was ascribed to
auxiliary equipment. The results of This thesis seek to contribute to the implementation of
unconventional technologies associated with Hs in the Colombian agroindustry sector.
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1 Overview

1.1 Introduction

Energy availability is a key pillar to ensure economic development and human wellbeing in
modern societies. However, negative effects on the environment and public health associ-
ated with the use of fossil fuels demand a rapid substitution of current energy resources.
Thus, the concept of sustainability has gained relevance in the energy sector, becoming
the starting point for designing new energy models. Indeed, according to Our World Data
(https://ourworldindata.org), worldwide investment in renewable energies technologies ex-
ceeds US$ 280 billion. However, sustainability involves several areas of knowledge, includ-
ing technical, environmental, economic and social considerations [1], and its application in
emerging technologies requires a complex interdisciplinary collaboration. Hence, sustain-
able energy production is considered a manifestation of “collective intelligence” in human
societies [2].

Power and heat production in fuel cells (FC) powered with hydrogen (Hy) has the poten-
tial to become a sustainable energy model due to the environmental and commercial benefits
of its implementation [3]. Hy has a high energy density (142 kJ/g) and can be obtained from
residual biomass from agroindustry [4]. Furthermore, FC fed with Hy do not generate pollu-
tion because water is the only chemical product [5], and they can be integrated into a variety
of applications, including homes, commercial buildings, vehicles and electronic devices [6].
Consequently, the Ho-based technologies have gained ground in the last years, attracting the
attention of several media, as shown in Table 1.1. In addition, tax incentives, Law & Policy
changes in policies to promote clean energy, development of macro programs, and creation of
specialized institutions are common strategies of governments to support Hso-based technolo-
gies, as shown in Table 1.2. Likewise, according to Cleantech group (www.cleantech.com),
in 2019 investments in Hy technologies exceeded US$ 580 million, being USA and China
the main shareholders. Thus, the outlook of Hy demand for new applications is promising.
Nonetheless, there are still challenges that need to be addressed to establish sustainable
H,-based energy models [7].

Table 1.1. Recent news related to H, technology.

Organizations ~ Newspaper/

News Description Country . Autor
involved Resource

First came the Shows the increasing in Neal E.

hydrogen cars. Hs electric cars market Honda and The New Boudette;

Now, the refill- and the refilling stations Usa Toyota York Times May 18,

ing stations in California 2017
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Toyota and

A hydrogen- Description of a bus fu- Stark Area Fredrick
powered bus eled with Ho that started . The Wash- Kunkle;
. . USA Regional Tran- . . th
goes to Wash- operation in Washington . . ington Post  April 12"%
eton D.C sit  Authority 2019
B - (SARTA)
hy the f
W y the future Five key facts are pre- Henry
will be pow- The  Wall .
sented to show why Hs Bewicke;
ered by hydro- .. Japan Several Street
. technology as a promising September
gen: Five key . Journal th
energy solution. 16*", 2019
facts
A discussion about Hy- University  of .
N .. Allison
Next stop, droflex, which is a proto- Birmingham .

; o Hirschlag;
hydrogen- type of Hy train at Long UK and British BBC Februar
powered trains Marston with an auton- rail company 97th 20%,0

omy of 75 miles. Porterbrook ’
Eo:lvirej by Vera Eck-
YArog ,If’ Hy-powered 18-tonne . ert, John
Hyundai’s . . . Hyundai Mo- .
. trucks are being tested in  Switzerland Reuters Revill;
trucks aim to . tor Company
Switzerland February
conquer  the 95th 9020
Swiss Alps )
An overview of Hy train
technology in the Nether-
Dutch hy-
ute test. V" lands. In 2018, a similar Netherlands Sam Mor-
drogen train as . Alstom corpo- .
. technology was tested in and  Ger- . Euractiv gan; March
EU alliance set . ration h
Germany managing to the many 9t 2020
to launch . .
first commercial train fu-
eled with Hos.
Ja.hpans MHPS A report. 'of a thermal Mitsubishi Naoki
wins US order power facility that uses a . Watanabe;
. Heavy In- Asian Re- oy
for hydrogen- fuel mix of natural gas Japan . . Nikkei,
.. dustries and view
fired thermal and Hs to electricity pro- Hitachi March
power system  duction. ' 151, 2020
Graforce devel- An explanation of . the
ops technolo use of an unconventional Joanna
P 8 method called plasmaly- Graforce com- . Sampson;
to produce . . Germany Hy view
hvdrogen from S5 to Hy production from pany March
YAToge © animal and human excre- 17% 2020

manure

ments.
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Is hydrogen A proposal to replace nat- Stuart

the solution to pl P by T tp heati Worcester The Clark;

net-zero home EZ?HS;S&S y Hz to heating UK Bosch Guardian March 215¢,

heating? ' 2020

Toyota plans A new electrical motor Naomi

to develop fuel based on heavy-duty fuel- Tajitsu;

cell truck with cell fueled with Hy for 92Pa0 Toyota USmews  yareh

Hino unit trucks. 2342020
Table 1.2. Incentives, Law & Policy, and programs associated with H, technology.

Country/ re-
gion

Incentives, Law & Policy

Programs and institutions

Resource

United
States
America

of

Up to 50% of the cost to ac-
quire zero emission vehicles

US$ 0.50 of tax credit per
gallon of liquefied Ho

Alternative fuel tax exemp-
tion, including Ho

A tax credit of up to US$
8,000 for purchase fuel cell
motor vehicles

Inclusion of Hy as alterna-
tive fuel (Reference 42 code
13211 and Reference 26 code
6426).

National corridors for alter-
native fuels (Public law 114-
94)

Acquisition of alternative fu-
els Fleets (Reference 42,
codes 13257, 13251, 13263
and 13212)

Clean cities coalition network

Clean construction and agri-
culture program

Congestion mitigation and air
quality (CMAQ) Improvement
program

State Energy Program (SEP)
funding

Department of Energy (DOE)
Hydrogen Program

15

https://afdc.ene
rgy.gov

WWW.energy.gov

cleancities.ener gy.gov

www.hydrogen.en
ergy.gov



Europe

France and the Netherlands
have tax exemptions for the
use of Hy

Most european countries
have tax incentives for
purchase fuel cell electric car

Spain, Germany, Italy, Bel-
gium, France and England
have incentives for use of Hy
in gas grid

Hydrogen Strategy for a cli-
mate neutral Europe

HyL AW: Identification of legal
rules and administrative pro-
cesses

Hydrogen mobility Europe
(H2ME1 and 2) programs
Fuel cells and hydrogen joint
undertaking (FCH JU) pro-
grams

Hycarus: Hy for aircraft

FC powered RBS program:
Fuel cells systems for commu-
nications

CLEARgen DEMO program:
system based on blue Hy

https://hydrogeneuro
pe.eu

www.fchea.org/
intransition/2019
/6/24 /european
union

http://hycarus.eu

http://fcpower
edrbs.eu

www.cleargen.eu

Asia

Japan is to offer 10% in tax
reduction for companies that
develop HHy fuel cell tech-
nologies. Also, there are sub-
sidies (~ 25%) for purchase
fuel cell electric car

China has subsidies and tax
exemptions for purchase fuel
cell electric car costing less
than US$ 42,000.

Arab Emirates provides ben-
efits in tax and fees for the
use of green energy, includ-
ing HH,.

South Korea has a subven-
tion of US$ 3,400 on each
purchase of fuel cell electric
cars

Fukushima hydrogen energy
research field (FH2R, Japan)

National Center of Hydrogen
Innovation (China)

King Salman Park (Saudi Ara-
bia)

World’s largest liquid hydro-
gen factory (Korea)
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Latin Amer-
ica

Chile, Argentina, Mexico
and Colombia (ley 1964 de
2019) offer tax exemptions
for electric car, fuel cell elec-
tric motor and hybrid cars

Programa nacional de
hidrégeno verde (Chile)

Instituto de tecnologias
del hidrégeno 7y energias
sostenibles ~ (ITHES,  Ar-
gentina)

Plan nacional de hidrégeno
(PNH, México)

Convocatoria 879 para energia

https://energia.gob.cl

https://ithes-
uba.conicet.gov.ar

https://petroq
uimex.com/plan-

nacional-de-
hidrogeno-alternativa-

sostenible y su aporte a la
planeacién minero-energética

(Colombia)

energetica

https://minciencias

.gov.co/convocatorias/

Current Hy technology is based on consecutive steps that are addressed independently:
(i) production, (ii) purification, (iii) distribution, (iv) storage, and (v) use [8]. This kind of
models are designed for centralized power production, which requires a large production plant
and interconnected distribution systems. The centralized production of Hy from natural gas
and oil is standardized, achieving annually more than 75 million metric tons [9] that are
mainly destined to the petrochemical industry and the production of oils and fertilizers.
Nevertheless, the use of non-renewable resources and the technical challenges related to
delivery and storage of Hs [9,10] impacts the sustainability of the technology, restricting its
use in mobile applications or in remote places that are not connected to the distribution
network. An alternative is to produce Hy in a decentralized way (called on-site production
[9]), where the Hy is produced in lesser amounts in compact units assembled close to the
end-use devices. Besides, Hy on-site production can be integrated with several renewable
resources depending on the area where the technology is implemented.

Emerging Hy-based technologies for centralized [11] and decentralized [12] power produc-
tion is coupled to solar and wind systems. However, the implementation of these systems
in developing countries is still scarce [13]. Likewise, as the use of a single type of energy re-
source may not be enough to supply the total energy demand to continue with the economic
development of Latin America [13] energy sources must be diversified using the alterna-
tive resources available in each region. Therefore, a combined strategy between solar, wind
and biomass energy could be the key to the development of sustainable energy models in
Latin America [14]. Nonetheless, biomass presents important challenges to develop Ho-based
technologies. Firstly, government policies in Latin America for the energy production from
biomass are mainly focused on obtaining biofuels as ethanol and diesel [15], which do not
effectively reduce the pollution [16], leaving cleaner alternatives such as the FC in the back-
ground. Secondly, Hy obtained from biomass requires complex purification processes to be
used in FC [17], demanding a rigorous engineering design. Finally, the investment for the
implementation of Ho-based technologies is high because they are not massively widespread
[18]. Despite this, technical, economic and environmental evaluations [3,5,7,19-21] show that
it is possible to develop sustainable energy models based on Hy obtained from biomass if
some aspects are carefully managed.

Recently, the research group in Energies, Materials and Environment (GEMA) of Univer-
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sidad de La Sabana and the research group in Environmental Catalysis (GCA) of Universidad
de Antioquia have worked on the development of a decentralized Ho-based technology to ob-
tain power, using residual biomass from the Colombian agroindustry. The framework project
includes economic, social, environmental and technical aspects, which involve the integration
and cooperation with several organizations from both the academic and productive sectors,
as shown in Figure 1.1.1. The core of this technology is a bioethanol fuel processing unit
(B-FPU) that is a device where the Hy is produced and purified sequentially using catalytic
processes.

Universidad de Antioquia
- (Colombia)

-~ Colombian Ministry of
7 v > e L B TR Technische Universitat Graz
/ Science (formerly v )
/ L e (Austria)
) ) Colciencias) ' [
Leader P (;i_ov:e-:n?ent < i\‘ / Technische Universitat Hamburg
/ institution \ [ ([ r—
Universidad de La S o Gobernacién de / —
S pans ~ Cundinamarca |/ Universidad Nacional Auténoma
(Colombia) ' B / * de México (Mexico) -
/ Universitat Politécnica de
AN / - .
L A > External —— International " Catalunya (Spain) [—
cooperation \
e \ Universidad de Alicante
[ Executor > (Spain) -
\\
» *—
. . Local
- Financial support Universidad Nacional de
>
Colombia — Sede Bogota
@  Research cooperation B ~
Cooperation of the productive sector e Panela Don Pedro

Figure 1.1.1. Cooperation network in the framework project for the power and heat
production from residual biomass that involves a Hy-based technology.

This document details the development of a lab-scale prototype of a B-FPU to produce H2
adequate for FC. The project builds on the previous work conducted by the research groups
[22-24], namely, an optimized RhPt/Ce0,-SiOy powder catalyst for SRE. The previous
optimization of the catalyst for the SRE included (i) the selection of the CeO2 support
among other options such as ZrO, and Lay O3 [22], (ii) the study of the effect of the Rh/Pt
ratio on the catalytic performance [23] and (iii) the evaluation of the inclusion of SiO, in the
RhPt/CeO, catalyst [24]. Thus, the Thesis begins with the evaluation of the CO elimination
from an actual syngas coming from RhPt/CeO,-SiOy-based reactor, using only one catalytic
system based on AuCu/CeQO, powder catalyst. The use of a single catalytic reactor to carry
out the CO removal (i.e., CO elimination by simultaneous preferential oxidation of CO, water
gas shift and methanation) could contribute to reduce the size and complexity of B-FPU. In
particular, an optimum Au:Cu weight ratio was found (Chapter 2/Section 1), and the use
of mixed supports was studied as a means to reduce deactivation resulting from structural
changes of the support (Chapter 2/Section 2). In addition, the nanoshape of the support was
found to play a crucial role in the performance of the system (Chapter 2/Section 3). Once
the powder catalysts were optimized, the Thesis focused on the monolith reactors. Therefore,
the performance of the RhPt/Ce0,-Si0O5 and AuCu/CeOs catalysts washcoated on cordierite
monoliths was assessed for SRE (Chapter 3/Section 1) and CO removal (Chapter 3/Section
2) Finally, the lab-scale prototype is described and a brief economical assessment of its use

18



into a sugarcane press-mud process (locally known as Panela) is presented (Chapter 4).
Consequently, the objectives of the Thesis are the following.

1.2 Objectives
1.2.1 General

Develop a stable, active and selective monoliths-based, lab-scale prototype of a catalytic
system to produce Hy suitable for fuel cells, coupling the steam reforming of bioethanol and
the CO removal.

1.2.2 Specific

v’ Evaluate the catalytic performance of Au-Cu catalysts (powder) in the CO removal
from actual syngas streams.

v' Evaluate monoliths washcoated with a RhPt/CeO4-SiO, in the syngas production from
bioethanol reforming.

v' Evaluate monoliths washcoated with AuCu catalysts in the CO removal from syngas
streams.

v' Perform a preliminary economic analysis of the Hy production in a bioethanol fuel
processor unit to assess the potential of developed prototype.

1.3 Document structure

The development of a lab-scale prototype to produce Hy suitable for fuel cells was divided into
3 chapters. The results of the powder-based catalytic system are presented in the Chapter
2, which is divided into three sections, each presented as a paper. This chapter corresponds
to the first specific objective of the Thesis.

v' Section 2-1: This section presents a description of the proposed catalytic system to

produce H, suitable for fuel cells. The study focuses on the evaluation of CO removal
from an actual syngas using a powder catalyst of AuCu/CeOy with several Au/Cu
ratios.
This section corresponds to an article published in the International Journal of Hydro-
gen Energy, (2018), 43, 17216 - 17229. - DOI:10.1016/j.ijhydene.2018.07.139 Raw
and processed data of this section can be downloaded from https://data.mendeley.
com/datasets/scwxcwdgez/1 - DOI:10.17632/scwxcwdgcz. 1

v' Section 2-2: This section presents a catalytic screening of several metal oxides as
supports for an Au—Cu based catalytic system for the CO removal from an actual
syngas. The study aims to identify alternatives to overcome the shortcomings of the
AuCu/CeO; catalyst identified in section 2-1.

This section corresponds to an article published in Catalysts, (2019) 9, 10, 852-877.
- DOI:10.3390/catal9100852
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Raw and processed data of this section can be downloaded from: https://data.
mendeley.com/datasets/6pxcnbk3sx/1 - DOI: 10.17632/6pxcnbk3sx.1

v' Section 2-3: This section presents a modification in the CeOy morphology as an
alternative strategy to improve the catalytic performance of AuCu/CeQO,. Thus, the
performance of several nanostructures of CeOy as supports of an Au-Cu catalyst for
CO removal is shown.

This section corresponds to an article published in Applied Catalysis A: General, (2020)
598, 117568. - DOI: 10.1016/j.apcata.2020.117568

Raw and processed data of this section can be downloaded from: https://data.
mendeley.com/datasets/38c6gy3tdr/2 - DOI: 10.17632/38c6gy3t4r.2

The results obtained using monolithic reactors are presented in Chapter 3, which is
divided into 2 sections.

v' Section 3-1: This section presents the evaluation of a system of monolithic reactors
washcoated with a RhPt/CeO,-SiO, catalyst for the reforming of ethanol. Stability
of structured system was evaluated with several bioethanol samples: (i) synthetic (a
mixing between water and ethanol), (ii) obtained from fermentation of glucose patrons,
and (iii) obtained from fermentation of residual biomass. This chapter corresponds to
the second specific objective of the Thesis.

This section corresponds to a paper in preparation.
Raw and processed data of this section can be downloaded from: https://data.
mendeley.com/datasets/k2jb73b39z/1 - DOI: 10.17632/k2jb73b39z.2

v' Section 3-2: This section presents the evaluation of a system of monolithic reactors
coated with an AuCu/CeQO, catalyst for the CO removal from syngas streams. In
addition, the cost of the catalyst and a simulation of structured system in a multiphysics
software are presented. This chapter corresponds to the third specific objective of the
Thesis.

This section corresponds to a paper submitted to International Journal of Hydrogen
Energy (www.journals.elsevier.com/international-journal-of-hydrogen-energy)
on July 9, 2020.

Raw and processed data of this section can be downloaded from: https://data.
mendeley.com/datasets/rw8drwgv8p/1 - DOI: 10.17632/rw8drwgv8p.2

Chapter 4 presents a description of the developed lab-scale prototype. In particular, the
cost of the prototype is estimated.
Finally, Conclusions and Supplementary Material are found at the end of the document.

1.4 Academic products

1. Research papers: first author

v Cifuentes, B.; Bustamante, F.; Araiza, D. G.; Diaz, G.; Cobo, M. Hydrogen
purification of actual syngas streams for energy applications: Au-Cu supported
over nano-shaped CeQOs as stable catalysts for the carbon monoxide removal. Appl.

Catal. A Gen. (2020), 598, 117568.

20


https://data.mendeley.com/datasets/6pxcn5k3sx/1
https://data.mendeley.com/datasets/6pxcn5k3sx/1
https://data.mendeley.com/datasets/38c6gy3t4r/2
https://data.mendeley.com/datasets/38c6gy3t4r/2
https://data.mendeley.com/datasets/k2jb73b39z/1
https://data.mendeley.com/datasets/k2jb73b39z/1
www.journals.elsevier.com/international-journal-of-hydrogen-energy
https://data.mendeley.com/datasets/rw8drwgv8p/1
https://data.mendeley.com/datasets/rw8drwgv8p/1

v Cifuentes, B.; Bustamante, F.; Cobo, M. Single and Dual Metal Oxides as Promis-
ing Supports for Carbon Monoxide Removal from an Actual Syngas: The Crucial
Role of Support on the Selectivity of the Au/Cu System. Catalysts (2019), 9, 10,
852-877.

v’ Cifuentes, B.; Bustamante, F.; Conesa, J.; Cérdoba, L; and Cobo, M. Fuel-cell
grade hydrogen production by coupling steam reforming of ethanol and carbon
monoxide removal. Int. J. Hydrogen Energy (2018), 43, 17216 - 17229.

v’ Cifuentes, B.; Figueredo, M.; Cobo, M. Response Surface Methodology and Aspen
Plus Integration for the Simulation of the Catalytic Steam Reforming of Ethanol.
Catalysts (2017), 7, 15 - 35.

2. Research papers: co-author

v' Sanchez, N.; Ruiz, R. Y.; Cifuentes, B.; Cobo, M. Controlling sugarcane press-
mud fermentation to increase bioethanol steam reforming for hydrogen produc-
tion. Waste Management (2019), 98, 1-13.

3. Patent application
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2 Catalytic system based on powder catalysts

2.1 Catalytic system to produce and purify syngas

The objective of this chapter is to present the initial advances in the development of a
catalytic system that integrates the production and purification of syngas to obtain fuel-
cell grade hydrogen. This chapter corresponds to the first specific objective of the Thesis:
“Evaluate the catalytic performance of Au-Cu catalysts (powder) in the CO removal from
actual syngas streams”. Thus, this first section focuses on the study of the Au/Cu ratio in
powder catalysts of AuCu/CeO, for CO removal from an actual syngas.

This section corresponds to an article published in the International Journal of Hydrogen
Energy, (2018), 43, 17216 - 17229. - DOI:10.1016/j.ijhydene.2018.07.139

Raw and processed data of this study can be downloaded from https://data.mendeley.
com/datasets/scwxcwdgcz/1 - DOI:10.17632/scwxcwdgez. 1
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2.1.1 Abstract

Challenges of coupling steam reforming of ethanol (SRE) and carbon monoxide (CO) re-
moval to continuous fuel-cell grade hydrogen (Hs) production were assessed. A SRE reactor,
based on a previous optimized RhPt/Ce04-SiOs catalyst, was coupled to a CO removal re-
actor, based on AuCu/CeOs catalysts with different Au:Cu weight ratios. Fuel-cell grade
H, was achieved with an Auj ¢Cuyo/CeOs catalyst at 210 °C on the CO removal reactor.
AuCu/CeO, catalysts characterization suggests that Au favors CO conversion by the forma-
tion of possible Au’-CO,q species, and Cu improves CO, yield by promoting oxygen vacancies
on CeOy. However, operando DRIFTS by 95 h showed that Auy oCuyo/CeO, catalyst is sus-
ceptible to deactivation by the diminish on the CO,q species and oxygen vacancies, and the
formation of carbonate species. These results allowed us to propose a cyclic reduction treat-
ment to prevent catalyst deactivation of Au;oCuyy/CeOs (95 h of time-on-stream) while
producing fuel-cell grade H,.

Keywords: Methanation; Preferential Oxidation of CO; Surface Response Methodology;
Thermogravimetric Analysis; X-ray Photoelectron Spectroscopy.

2.1.2 Introduction

Hydrogen (Hj) is a promising fuel to develop a cleaner energy system because it can be
used in fuel cells (FC) to decarbonizing both mobile and stationary applications [1]. Water,
heat, and electricity are the only products in FC fed with Hy. Also, this technology can
be integrated with local renewable resources to improve energy efficiency and security. For
instance, Hy can be obtained from fermentable biomass, which is widely present in industrial
and agricultural wastes, allowing to close the COs cycle [2].

The general process for energy production from biomass may be divided into four stages,
as shown in Figure 2.1.1. Traditionally, these stages are considered separately, and informa-
tion of process integration is still missing. Bioethanol production is well-studied and depends
strongly on the kind of the biomass fermented and the purification steps, but ethanol and
water are the main products expected. In Hy production from bioethanol, steam reforming
of ethanol (SRE) stands out for having higher Hy yield compared to other alternatives, such
as partial oxidation or oxidative steam reforming [3]. Depending on the operating conditions
and catalyst, SRE yields different amounts of H,, carbon monoxide (CO), carbon dioxide
(CO3), and methane (CHy) [4]. Therefore, purification of the Hy stream is required but,
as the purification requirements depends on the end-use of Hy, this stage is usually studied
independently from the SRE.

COg4, CHy, and CO should be removed from post-reforming streams to reduce the envi-
ronmental impact of the process and to protect FCs [5]. Thus, several strategies have been
proposed to Hy purification. Strategies such as chemical looping steam reforming (CLSR)
of ethanol [6] and parallel plate reactors (PPR) [7] avoid the formation of undesirable prod-
ucts, increasing Hs selectivity. Also, the inclusion of a sorbent in CLSR favors CO5 capture
with low cost [8]. However, emission of other undesirable products such as CO and CH, are
still present. On the other hand, membrane reactors could simultaneously remove CO, and

26



(1) Bioethanol production (2) Hydrogen production (3) Hydrogen purification (4) Power generation

_ Carrier (Ar) Air Air
Volatile Ii{’urlll ied | l
compounds "mﬁdrn_ >
- fi | Biethanol )
I Power
Pump . h ] P:"“I H-O
Gas mixer Gas mixer Cell
Unpurified
Bioethanol cO
X J removal Adsorber
Biomass .
) SRE Condenser COs
Distillation e
. ) CH,
Fermentation
.
Solids of fermentation Heavy aliphatic Post-reforming H> stream

free of CO

Figure 2.1.1. Opverall process for energy production from biomass. Solid lines indicate
continuous processes, while dotted lines indicate batch processes. The processes of interest
in this paper are highlighted in blue.

CH, during reaction [9-11]. Nevertheless, the presence of CO reduces the permeability and
selectivity of the membrane [12]. The use of selective membranes for CO removal has been
previously proposed, but a membrane with high perm-selectivity is needed [13]|, which is
expensive; thus, this technology is still in development. Therefore, CO removal from post-
reformed streams could be currently the biggest barrier to connect Hs-reach streams to
commercially available FCs devices.

FC represents a great opportunity to develop and deploy environmentally friendly devices.
Among FC, proton exchange membranes FC (PEM-FC) have the larger share of the market
because they can be used in a wide range of temperatures with high efficiency [14], making
them suitable for diverse applications. Also, recent energy and economic simulations in
Aspen Plus software show the potential of coupling SRE and PEM-FC technologies [15,16].
As the presence of CO is highly undesirable in PEM-FC applications due to its deleterious
effect on the cell electrodes, these studies include several stages to remove CO, followed
by membranes to remove COy and CHy. However, an experimental study that integrates
directly SRE and PEM-FC have not been reported because CO-removal is a bulky step [17].
Removal of CO from the Hy stream prior to its purification with membranes and use in
PEM-FC is a key aspect in implementing this technology.

Chemical treatment is a promising way to remove CO from post-reforming streams due
to it achieves low CO concentration (<100 ppm) [18]. Table 2.1.1 shows the reactions that
would be involved in CO-removal from Hj streams, along with the main side-reactions. Con-
ventionally, CO-removal from post-reforming streams is carried out by a partial conversion
through water gas shift reaction (WGSR) (R.1) to ensure an outlet CO content close to
2000-5000 ppm [19] -which may require two reactors-, followed by a final stage to ensure
low CO (<100 ppm [20]) -which could also include several reactors-. Preferential oxidation
of CO (CO-PROX, R.2) and CO methanation (R.3) are the most common methods used
in the final stage [21]. Nevertheless, high Hy loss is common during the final stage by the
presence of secondary reactions (R.4 and R.5). Therefore, the conventional Hy purification is
extremely complex and bulky, limiting the application of the existing Hy production technol-
ogy in mobile and small FC applications [17]. Thus, an integration of the CO-removal process
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in the same reactor, which would be promising for the development of new applications with
PEM-FC, has been proposed recently [22]. The challenge to integrate Hy production and pu-
rification lies on finding a catalytic system that ensures fuel-cell grade hydrogen production,
reducing the number of reactor units.

Table 2.1.1. Chemical reactions involved in the CO-removal of post-reforming streams

Reaction Description
CO + H,O = CO, + H, Water gas shift reaction, WGSR R.1
2C0 + Oy — 2C0, Preferential oxidation of CO, CO-PROX R.2
CO + 3H, = CH, + H,O CO methanation R.3
CO, + 4H, = CH4 + 2H,0 CO5 methanation R.4
2H, + Oy — 2H50 H, oxidation R.5

In previous works, our Group designed an active and stable catalyst for the SRE by
assessing different supports (CeOsq, ZrOs, and LasO3) [23] and Rh:Pt ratios [24], as well as
a novel mixed Ce:Si support [25]. In particular, a RhPt/CeO,-SiO, catalyst with 0.4 wt%
Rh, 0.4 wt% Pt, and a Ce/Si molar ratio of 2 in the support yields a Ha-rich stream (71%
of Hy, 18% of CO, 3% of COs, and 7% of CHy), making it a promising material for mobile
and stationary applications. Now, it is our intent to clean this stream (i.e., remove CO) to
be able to connect it to a PEM-FC.

Mono- and bi-metallic Au-Cu supported on CeOs have been reported as favorable cat-
alysts for the CO-removal in synthetic post-reforming streams (containing CO, Hy COs,
and H,0) because they promote WGSR [22,26,27], CO-PROX [28], and methanation [29].
However, CO-removal depends strongly on temperature and active metals ratio [25]. Also,
catalysts assessment of the CO-removal in a stream that comes directly from the reformer
have not been reported yet, which is necessary to implement a hydrogen technology in mobile
and small devices. Therefore, the challenge is to evaluate the CO-removal in an actual post-
reforming stream and identify operational variables that promote high activity and stability,
preventing Hs losses.

This study aimed to evaluate a system for CO-free Hy production that couples SRE and
CO-removal reactors, looking forward to designing an in-line process to produce electricity in
PEM-FC (see Figure 2.1.1). SRE was carried out over a RhPt/CeQ,-SiO, catalyst previously
reported [25], and AuCu/CeO; catalysts were evaluated for CO-removal. The effect of the
Au:Cu ratio and temperature on activity and selectivity was studied by surface response
methodology (RSM). Stability tests in continuous operation were conducted in the coupled
system and some strategies for catalyst reactivation were assessed. Characterization tests,
such as Brunauer-Emmett—Teller (BET) surface area, X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), and
operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) were carried
out to determine possible changes on the surface of AuCu/CeO; catalysts during CO-removal
from actual post-reforming streams.
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2.1.3 Experimental
Catalyst synthesis

RhPt/Ce0,5-SiO, catalyst for SRE was prepared according to [25]. Firstly, the CeOy-SiOq
support was prepared by mixing Ce(NOj3)3-6H20 (99.5%, Alfa Aesar, USA) and SiOq (Merck,
Germany), using water as solvent and achieving a Ce/Si molar ratio of 2. The support was
dried at 105 °C for 24 h and calcined at 500 °C in a muffle for 4 h. Subsequently, aqueous
solutions of rhodium (III) chloride hydrate (RhCl3-H50O) (Aldrich Chem. Co., USA) and
chloroplatinic acid hexahydrate (HyPtClg-6H,O) (Aldrich Chem. Co., USA) were used to
load Rh and Pt on the support by incipient wetness co-impregnation, achieving 0.4 wt% of
each noble metal (Rh and Pt). After drying at 105 °C for 24 h and calcination at 700 °C in
a muffle for 2 h, the catalysts were sieved to ensure particle sizes between 74 and 177 pm.

Au-Cu/CeOy catalysts for CO-removal were prepared with different nominal Au:Cu
weight ratios (1:0, 3:1, 1:1, 1:3, and 0:3) by a two-step procedure. Firstly, HAuCly-3H,O
(99.9%, Sigma Aldrich, USA) was dissolved in water and the pH of the solution was adjusted
to 6 with NaOH (0.1 M); then, CeO, (labeled as “Ce”) was added and heated to 80 °C under
continuous stirring for 2 h [30]; ]; the resulting slurry was filtrated, washed with water until
constant pH, and dried at 105 °C for 24 h. This precipitation method has been reported
as effective to load Au and promote more dispersed particles [30]. Afterwards, the required
amount of Cu(NO3)2-3H20 (99%, Sigma Aldrich, USA) was used as Cu precursor and loaded
to the previously prepared Au/CeQO, catalyst by incipient wetness impregnation. This pro-
cedure has been reported to favor a Cu enrichment on the catalytic surface and allow similar
values between nominal and experimental Au/Cu ratio [31]. The nominal total metal load-
ing (Au+Cu) was 2 wt% in all catalysts. Catalysts were dried at 100 °C for 24 h, calcined
in a muffle at 500 °C for 2 h, and sieved to ensure a particle size between 74 and 177 pm.
These samples were labeled as “fresh” (F) catalysts. The prepared AuCu/CeO, catalysts
were represented as Au,Cuy ,/Ce (x= 0, 0.5, 1.0, 1.5, and 2.0), where x indicates Au loading

(wt%).
Catalytic tests

SRE was carried out over a RhPt/Ce0,-SiOs catalyst in a fixed-bed reactor (ID of 12
mm) at 700 °C, atmospheric pressure, and under kinetic control (i.e., avoiding external and
internal mass transfer limitations), according to the procedure described elsewhere [25]. The
catalytic bed was made of 50 mg of RhPt/Ce05-SiOy and 250 mg of inert quartz particles.
RhPt/Ce0,-Si0q catalyst was reduced in-situ with 8% Hy/No (300 mL/min) at 700 °C for
1 h. SRE was conducted at 6.4 4 0.2 L*g .. *min! of space velocity (SV) (GHSV=63,500
h™') to avoid mass transfer limitations. The feed was 0.03 mL/min of synthetic bioethanol
(water/ethanol with a stoichiometric molar ratio of 3). Before entering the reactor, the feed
was diluted in Ar to achieve 1.8 and 5.4 mol% of ethanol and water, respectively, in the inlet
stream. The SRE catalytic stability test was conducted for 120 h time-on-stream (TOS)
using the conditions described above. Steady state SRE product distribution was reached
after 30 min (see Supplementary Material, Figure SM.1), achieving yields of 5.1 for Hy, 1.3
for CO, 0.5 for CO,, and 0.2 for CHy, with a deviation less than 7%.
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When the SRE’s product distribution was stable (i.e., after 30 min), the SRE output
was directly connected to the CO-removal reactor to carry out the catalytic evaluation of
CO conversion in the actual post-reforming stream. The effluent stream from SRE was
mixed with dry air, to achieve a O2/CO molar ratio of 0.9 £ 0.04 in the inlet of the CO-
removal reactor: O2/CO ratio was selected based on preliminary tests (see Supplementary
Material, Figure SM.2), where the 0.9 ratio favors CO conversion and mitigates Hy losses,
similarly to results reported by [32]. Likewise, water in post-reforming was not condensed
because activity and selectivity were slightly improved above 180 °C by water presence (see
Supplementary Material, Figure SM.3), in agreement with [31]. Catalytic tests were started
at 300 °C and the temperature was decreased in 20 °C intervals until 60 °C (continuous
sequence, 20 min at each temperature) in a plug flow reactor (ID=12 mm). External and
internal mass transfer limitations were controlled as reported in [25]. The catalytic bed was
made of 50 mg of catalyst sample of Au-Cu/Ce catalysts and 250 mg of inert quartz particles.
A SV of 6.5 + 0.2 L*g.,  *min (GHSV=64,100 h'!) was used in the CO-removal reactor.
All catalyst samples were reduced in-situ with 8 mol% Hy/Ar at 300 °C for 1 h, degassed in
Ar at 300 °C for 30 min, and stabilized in 10% air/Ar at 300 °C for 30 min. These samples
were labeled as “reduced-oxidized” (R-O) catalysts. Samples used in catalytic evaluation
were labeled as “used” (U) catalysts.

Contribution of the main reactions involved during CO removal and listed in Table 2.1.1
was individually evaluated on Au;oCuyo/Ce using synthetic feeds. Inlet concentrations
where simulated from those found at the SRE outlet for the species relevant to each reaction.
Table SM.1 of Supplementary Materials shows the experimental details of each reaction.
Briefly, for CO-PROX, the feed was 2.0% CO, 7.8% H,, 1.8% O,, and 6.8% N, in Ar
balance; for WGSR, 2.0% CO and 1 % H,O in Ar balance; for CO methanation, 2.0% CO
and 7.8% Hsy in Ar balance; for CO, methanation: 1% CO, and 8.2% H, in Ar balance; and,
for Hy oxidation, 1.8% O,, 8.0% N,, and 8.2% H, in Ar balance. Besides, thermodynamic
equilibrium of each reaction (see Supplementary Material, Figure SM.4) was evaluated using
a Gibbs reactor in Aspen Plus V9.0 (Aspen Tech, USA, 2016). NRTL-RK was used as
thermodynamic package in simulations to model all species present in hydrocarbon reforming
[16,33].

CO-removal stability tests with several reactivation treatments were conducted on Auy
Cuy0/Ce at 210 °C for 95 h TOS, as described in Table SM.2 of Supplementary Material.
The sample used during this initial stability tests was labeled as “ST”. The reactivation
treatment 4, namely in-situ catalyst reduction with 8 mol% Hy/Ar stream (300 mL/min)
at 300 °C for 1 h followed by a degasification in Ar at 300 °C for 30 min, was selected as
the most appropriate to keep the catalyst active. This reactivation treatment was applied
during a new stability test by 95 h, in which the reactivation treatment was applied every
24 h. This sample was labeled as “R-ST” catalyst.

The outlet products of the SRE and CO-removal reactors were measured on-line by gas
chromatography (GC, Perkin Elmer, USA). The GC was equipped with an Innowax column
(30 m, 0.53 mm ID, Perkin Elmer, USA) connected to a flame ionization detector (FID) and
a Carboxen 1010 plot column (30 m, 0.53 mm ID, Restek, USA) connected to a thermal
conductivity detector (TCD), using Ar as carrier. This configuration allowed measuring CO,
CO,, Hy, CHy, ethylene, and ethanol. Carbon elemental balances between inlet and outlet
of each reactor were measured in all tests.
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CO conversion (z;) and yield for each detected product were calculated by 1 and 2.

Fi,inlety - E,outlety

z; = x 100 1
E,inlety ( )
E outle —remova
Yield; = —-oulet€o : (2)
CinletSRE

Where F; jper, is the mole flow (mol/min) of species i (ethanol, Hy, CO, CHy, or COy)
entering the reactor y (SRE or CO-removal) and Fj ,user, 1s the mole flow (mol/min) of
unreacted species ¢ detected by GC in the outlet of the corresponding reactor.

Catalytic performance of AuCu/Ce catalysts was evaluated by RSM using Design Expert
8 software (Stat-Ease Inc, USA). The adjustment of the response surfaces was validated by
the probability (“Prop. F”), “Lack of fit” test, “Adeq precision”, and variability with respect
to the experimental data (R?), as reported in [24].

AuCu/CeO; catalyst characterization

AuCu/CeO, catalyst surface area was determined by the single-point BET surface method
in a ChemBET Pulsar TPR/TPD unit (Quantachrome Instruments, Boynton Beach, FL,
USA). 70 mg of sample was previously degassed in He (20 mL/min) at 120 °C for 1 h; surface
area was measured with 30% Ny /He (20 mL/min) as the adsorption gas, at liquid nitrogen
temperature. The measurement was repeated until a deviation lower than 5% was obtained.

XPS spectra of catalysts were obtained using an VG-Microtech Multilab electron spec-
trometer (Thermo-Scientific, Waltham, MA, USA) with a twin anode radiation source in the
Mg Ko (1253.6 €V) constant energy analysis mode and an energy flow of 50 eV. The analysis
chamber was maintained at 5.10 x 107 Pa. The C 1s line was set at 284.6 eV. The binding
energy (BE) values were obtained with a precision of 0.2 eV using the Peak Fit program of
the spectrometer control program.

TEM was carried out in a JEOL JEM-2010 microscope at 200 kV coupled to energy-
dispersive X-ray spectroscopy (EDS, INCA Energy TEM100, Oxford Instruments, Abingdon,
UK) with a Si(Li) detector, 30 mm? detection area, and 142 eV resolution. Samples were
dispersed in ethanol by ultrasonic vibration and dropped on a carbon film-coated copper
grid. The active metal particles were measured with ImageJ software. The mean particle
diameter was calculated according to 3, where n; is the number of particles and d; is the
particle diameter [34].

= Zz nidf?

TGA using a thermogravimetric analyzer (Mettler Toledo, Columbus, OH, USA) were
performed to measure residues and deposits on catalyst samples. Each sample (20 mg) was
previously degassed in Ny (20 mL/min) at 100 °C for 1 h and then heated from 30 to 1000
°C in air (5 °C/min, 100 mL/min flow rate). Weight loss reported for used samples includes
the subtraction of the weight loss obtained in R-O samples.

Stability of Auy ¢Cuyo/Ce was evaluated for 95 h at 210 °C by operando DRIFTS. The
outlet stream of SRE was connected to a Thermo Scientific Nicolet iS10 spectrum (USA)
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equipped with a diffuse reflection attachment DRK-3 Praying Mantis (Harrick, USA) in the
range of 4000400 cm ™!, with an average of 32 scans each 1.5 min and a resolution of 4 cm™.
About 40 mg of powder AuCu/CeQO, catalyst were loaded into the high temperature Harrick
reaction cell equipped with ZnSe windows. Each spectrum was obtained by subtracting the
background collected for R-O sample.

2.1.4 Results and discussion

Activity and selectivity of AuCu/CeQO- catalysts during CO-removal

Catalytic performance of AuCu/Ce during CO-removal of the post-reforming stream was
evaluated by RSM. Figure 2.1.2 shows response surfaces for CO conversion, CO yield, Hy
loss, and CHy yield over several AuCu/Ce catalysts between 60 and 300 °C. A volcano-shape
trend is observed in CO conversion with temperature (Figure 2.1.2a), likely due to a com-
petition between CO-PROX and hydrogen oxidation at high temperature[35,36]. Besides,
when Au loading increased, CO conversion was favored (Figure 2.1.2a), probably due to
the fact that Au has been reported as 9 times more active than Cu in WGSR (R.1) and
CO-PROX (R.2) [37].

CO, yield displays a similar trend that CO conversion with temperature (Figure 2.1.2b),
suggesting that CO-PROX is the main reaction that consumes CO and produces CO5. More-
over, larger CO, yield was observed in those catalysts with higher Cu content. It has been
reported that dispersed Cu on catalytic surface favors CO adsorption, promoting high CO4
yield during CO-PROX [38].

Au:Cu ratio in the AuCu/Ce catalysts also affects Hy loss, which is undesirable (Fig-
ure 2.1.2¢). Between 175 and 260 °C, a pronounced decrease in Hy loss is observed on bimetal-
lic Auy5Cug5/Ce and Auy ¢Cuy/Ce. The lower Hy loss was recorded over Auy ¢Cuyq/Ce
at 210 °C (25%, see Figure 2.1.2¢), achieving a CO concentration of 70 ppm in the outlet
gas. Hy loss, which is still elevated compared to the recommended goal for CO-PROX (<5%
[39]), may be correlated mainly to CHy formation. Figure 2.1.2d shows that CH4 formation
follows the Hs loss profile. Although Au-Cu catalysts are recognized for avoiding methana-
tion during CO-PROX of synthetic post-reforming streams [37], this reaction appears to be
important in the cleaning of the actual post-reforming stream. Wang at al. [40] also reported
CO and COy methanation at 160 °C during CO-PROX over Au-supported catalysts, using
a synthetic post-reforming stream (CO, Oy, and Hy). Thus, AuCu/Ce catalysts could favor
methanation under certain conditions, resulting in Hy losses in the coupled SRE-CO-removal
system.

To identify the specific contribution of each reaction in carbon selectivity and Hs loss,
independent evaluation using synthetic feeds of all the reactions listed in Table 2.1.1, namely
CO-PROX, WGSR, H, oxidation, CO-methanation, and COs-methanation, was carried out
over the catalyst that displayed the lowest Hy loss, i.e., Au; ¢Cuy/Ce. Results are shown
in Figure 2.1.3; the behavior of the actual post-reforming stream cleaning is also included.
CO-PROX (R.2), which is favored between 140-210 °C, and WGSR (R.1), favored at high
temperatures [22], are the main ways to remove CO over Au; oCuy/Ce catalyst (see Fig-
ure 2.1.3a), whereas CO methanation has a slight participation in CO conversion, mostly at
lower temperature. When compared with CO-removal of the actual post-reforming stream,

32



CO conversion (%)
CO, yield (mol CO,/mol C inlet)

- 1
— 100

%, A0S g8 60

H, conversion (%)
CH, yield (mol CH,/mol C inlet)

Figure 2.1.2. (a) CO conversion, (b) COs yield, (c¢) Hs loss, and (d) CHy yield for
CO-removal of a post-reforming stream on AuCu/CeQO, catalysts. Inlet stream: 7.8% Has,
2.0% CO, 0.5% CO,, 0.3% CHy, 1.4% H,0, 1.8% O, 6.8% Ny, and 79.4% Ar. Total metal
loading (Au+Cu) = 2 wt% in all catalysts. Response surface: Quartic model, R > 0.82,
Adjusted R? > 0.8, Prop. F<<0.1 (significant), and Lack of Fit>>3 (nonsignificant). The
regression analysis for the response surfaces is available in Supplementary Material,
Table SM.3
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it is observed that at temperatures lower than 180 °C, total CO conversion is not a sum of
the different reactions involved, but it is lower than CO-PROX conversion. It seems that
CO-PROX is mitigated at lower temperatures in this complex post-reforming stream. A
higher CO, content in the post-reforming could favor a competitive adsorption of CO with
CO., decreasing CO conversion [41]. However, at temperatures higher than 180 °C, CO-
removal is a combination of CO-PROX and WGSR, increasing the CO-removal. Likewise,
COy yield (see Figure 2.1.3b) is directly related to CO conversion for CO-PROX and WGSR.
But, CO, yield in post-reforming stream has a drastic decreasing, especially between 100
and 180 °C. In this way, some additional reactions are not only mitigating CO-PROX, but
also consuming the CO4 formed during the actual post-reforming stream cleaning.

Again, Hy, and CH,4 behavior could provide some insight into decreasing of CO, yield and
CO-PROX mitigation in the actual post-reforming stream. In independent reactions, high Ho
loss is observed at the lower and higher temperatures (see Figure 2.1.3c) during CO-PROX;
interestingly, high Hy losses match low CO conversions (see Figure 2.1.3a). Oppositely
to CO-PROX and actual post-reforming stream, Hy loss is not significant in COy and CO
methanation. Furthermore, the same trend is observed in CH, formation (see Figure 2.1.3d).
Then, the large amount of CO, formed by CO oxidation would promote its methanation, thus
consuming Hy. Yet, CH, yield in the actual post-reforming stream is larger than the sum of
the independent reactions at temperatures lower than 180 °C. Thermodynamic calculations
for each reaction (see Supplementary Material, Figure SM.4) show that CHy is the main
product in most of the scenarios, except during WGSR, where CHy is not formed. Thus,
according to thermodynamics, the favorability for the hydrogenation of the carbon species
leads to a high loss of hydrogen.

On the other hand, since the amount of CH, formed is lower than the sum of each
independent reaction, Hy consumption in post-reforming would not be the sole result of
methanation at temperatures higher than 220 °C. Thence, in that temperature range, Hs
oxidation is the main contributor to Hy loss. In an intermediate zone, between 180 and 220
°C, methanation is mitigated, delivering a minimum of 25% Hs loss at 210 °C in the post-
reforming stream treatment. Thermodynamics show a clear favorability for this hydrogen loss
(see Supplementary Material, Figure SM.4), reaching more than 40% under the conditions
of the actual post-reforming stream, but the catalyst can mitigate the hydrogenation of
carbonated species, controlling the hydrogen loss until 25%. Therefore, CO-removal on the
actual post-reforming stream is not a cumulative contribution of the CO-removal reactions.
The high CO concentration, and subsequent COy formation, and the complex network of
reactions in an actual post-reforming stream could favor Hy loss greater than the 5% goal.
This behavior has not been observed in synthetic streams [37], where a simple system allows
catalysts to be more effective to control the hydrogenation of carbon species.

Therefore, catalyst characterization was employed to identify how the AuCu/Ce ratio
on the catalyst affects the complex phenomena occurring during the CO-removal of post-
reforming streams.
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Figure 2.1.3. Individual contribution of the main CO-removal reactions on (a) CO
conversion, (b) COs yield, (¢) Hy lost, and (d) CHy yield on Au; oCuyo/Ce catalyst. Lines
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Catalysts characterization

BET surface area Table 2.1.2 shows textural and morphological characteristics of
AuCu/Ce catalysts. Surface area of the catalysts, which were activated by reduction-oxidation
(R-0), increased with Cu content, reaching a maximum of 83.6 m?/g..; for Cuyo/Ce. For-
mation of irregular and highly dispersed Cu particles may favor this higher catalyst surface
area [42]. A direct relationship between catalytic activity and catalysts surface area was not
detected in this study, but the high CO, yield found in Cu catalysts could be attributed
to their larger specific surface areas. However, BET surface area decreased after use (U
samples), suggesting that catalysts could be susceptible to surface changes and formation of
carbonaceous deposits under operation, as it will be shown in Section 3.2.4.

XPS Oxidation states of the elements on AuCu/Ce catalysts were evaluated by XPS.
Figure 2.1.4 shows the XPS spectra of Au, Ce, and O in AuCu/Ce catalysts before (R-O) and
after (U) CO-removal process. The amount of each species was determined by integration of
each characteristic peak. Since Cu can be easily reduced under ultra-high vacuum chamber
of XPS unit its reduction state is difficult to follow with this test. Thus, Cu spectra were
not including to avoid speculative interpretations. Figure 2.1.4a shows XPS spectra of Au
4f for fresh, R-O samples. The characteristic peak of Au’ around 84 eV is observed. Au’
interacts with adsorbed CO (CO,q) to form Au®-CO,q species, which is an intermediate in CO
oxidation [43]. The possible formation of Au’-CO,q species could be related to the elevated
CO-PROX on Au-containing catalysts (see Figure 2.1.2a and Figure 2.1.3a). However, it is
expected that the Au-CeO, interaction involves a charge transfer, leading to Au oxidized
species [44]. However, oxidized species as Au™ (85 eV [31]) and Aut (86eV [44]) were
not detected, indicating a weak interaction of Au with CeOy when Cu is present. This Au
reductive state was kept in used samples (Figure 2.1.4b).

Figure 2.1.4c and d show XPS spectra of Ce; symbols V and U represent the spin—orbit
coupling of 3ds/ and 3ds/s, respectively, associated with Ce3* and Ce** species. Deconvo-
luted peaks of V°, V*  UY and U~ could be ascribed to Ce,O3 (Ce), while V, V" ", V""" U,
U, and U""" correspond to CeOy (Ce*™) [45,46]. Ten peaks are observed in all AuCu/Ce
catalysts, indicating that CeQ, is partially reduced. Partial reduction of Ce** to Ce?* gener-
ates oxygen vacancies, which dissociate CO into CO,q species [47], and favor oxygen mobility,
which can act as an oxidizing agent [48]. The Ce**/Ce?T ratio for AuCu/Ce catalysts (see
Table 2.1.2) increases with Cu loading, which could be linked to the incorporation of Cu
species into the lattice of CeOy [49] to form CuO and oxygen vacancies [50]. Thus, high
selectivity of AuCu/Ce catalysts with high Cu loading could be associated to a synergetic
effect of the redox characteristics of Cu and CeO,, to promote oxygen vacancies. In addi-
tion, possible interaction between Cu and Ce could be related to the increase in BET (see
Table 2.1.2). In used samples, Ce™3/Ce™ ratio decreases in Cug/Ce and AugsCuy 5/Ce,
remains constant in Au; ¢Cuyo/Ce, and increases in Augy/Ce and Au; 5Cug5/Ce, indicating
that Cu promotes the oxidation of CeOy under operation. Au; oCuy o/Ce shows favorable Cu

and Au loadings to promote and retain oxygen vacancies on the catalysts. Correspondingly,
oxygen vacancies on Auy oCuyo/Ce can activate HoO (in WGSR) and O, (in CO-PROX) to
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Table 2.1.2. Textural and morphological characteristics of AuCu/Ce catalysts

Metal average

BET Ce3t/Ce*t (04 +OH")/Ce surface-area- Weight loss
1 surface area ) . of used
Catalysts 9 molar molar ratio weighted
(m*/g . 9 . samples
catalyst) ratio diameter of Au (%)1
(dp, nm)?
R-O U R-O U | RO U R-O U U
Cug,/Ce 836 755 | 09 0.7 ] 0.5 0.6 - - 2.2
Aug5Cuy 5/Ce 759 71.7 | 0.7 06 | 04 0.5 4.93 4.81 1.4
Auy oCuy,o/Ce 70.8 68.0 | 0.6 0.6 | 0.5 0.9 4.80 5.12 1.6
Auy oCuy/Ce (ST) 70.8 56.8 | 0.6 0.4 | 0.5 0.9 4.80 5.63 3.0
Auy oCuyp/Ce (R-ST) | 70.8 67.5 | 0.6 0.6 | 0.5 0.8 4.80 5.24 1.3
Auy 5Cug5/Ce 62.8 61.1 | 0.5 0.7 | 04 0.9 4.66 5.02 1.9
Augo/Ce 61.1 604 | 0.5 0.6 | 04 0.8 4.40 5.24 24

ISubscript in catalysts corresponds to the nominal metal loading. R-O: reduced-oxidized fresh
sample; U: used sample with post-reforming gas; ST: sample used during stability tests; and
R-ST: reactivated sample during stability test by in-situ reduction. 2Obtained from XPS.
30Obtained from TEM. ‘Measured by TGA

promote CO oxidation trough both reactions (WGSR and CO-PROX) [22], as was observed
during synthetic feeds evaluation (Figure 2.1.3a). Likewise, oxidation state of CeO surface
affects methanation, excess in oxygen vacancies could inhibit hydrogenation of carbon inter-
mediates, mitigating CHy formation [29]. Thus, oxidation of CeOy promoted by Cu could
prevent methanation, as was observed in synthetic feeds evaluation (see Figure 2.1.3d).

XPS spectra of O (Figure 2.1.4e and f) indicate the presence of three main species: O
(related to the lattice oxygen in CeOs) at 529 eV, surface oxygen (Oy), and surface OH
species, both associated to the peak at 531 eV [44]. Oy and OH™ groups play an important
role in the catalytic activity and selectivity. Og can react with CO in the gas phase or
with the CO,q, formed by interaction of CO with the oxygen vacancies, to produce CO, [26].
OH- species are intermediates required in CO-PROX on Au catalysts [51]. In R-O samples,
significant changes in Og and OH™ species by Au:Cu ratio are not identified and, in average,
a 0.45 of (Og and OH™)/Ce molar ratio is observed in AuCu/Ce catalysts (see Table 2.1.2).
However, in used samples, the amount of Oy and OH" species increases, particularly when
the Au loading is higher than 1 wt%. Au is recognized to promote OH™ formation from
water decomposition [31] or from reactants in the gas phase [51]. Despite the participation
of OH™ groups is considered an effective way to CO oxidation in CO-PROX [37], the excess in
OH- species could promote high amount of carbon intermediates [52], which could be easily
hydrogenated [53], as observed by thermodynamic calculations (see Supplementary Material,
Figure SM.4). In fact, the presence of OH" species has been linked to simultaneous WGSR
and CO-methanation [53]. OH™ species on Au; ¢Cuy9/Ce could be linked to the occurrence
of both WGSR and methanation during CO-removal of the synthetic and post-reforming
streams (see Figure 2.1.3a and d). Therefore, the inclusion of Au in AuCu/Ce catalysts
could favor the formation of OH" species under reaction conditions, which increases the
activity but could also affect the selectivity by hydrogenated carbon intermediates.
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Figure 2.1.4. XPS spectra of Au 4f (a and b), Ce 3d (¢ and d), and O 1s (e and f) for
reduced-oxidized (R-O) and used (U) samples of AuCu/CeO, catalysts.
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TEM TEM micrographs and particle size distribution of AuCu/Ce catalysts are show
in Supplementary Material (Figure SM.5). As Cu may form irregular, highly dispersed
particles [42], it was not clearly identified in TEM micrographs; moreover, there is not
enough contrast between active particles and support. Therefore, this study only evaluated
the Au average particle sizes obtained from the TEM, which are listed in Table 2.1.2. In R-O
samples, Au average active particle diameter increased with Cu loading, suggesting that Cu
promotes a slight Au agglomeration, which could be ascribed to the low interaction between
Au and Ce, as was discussed in the XPS section. In used samples (U), Au average active
particle diameter increased with respect to R-O samples. Therefore, TEM results show
that AuCu/CeQO, catalysts are susceptible to a slight agglomeration of Au active particle
sites under operation, especially with high Au content; but this agglomeration is not clearly
increased with TOS (ST and R-ST samples), probably due to it is just an initial Au particle
rearrangement.

TGA The amount of adsorbed and deposited species was evaluated by TGA. Ta-
ble 2.1.2 shows the weight loss of used samples. Mitigation of deposits is most significant
in bimetallic Augs5Cu 5/Ce and Auy oCuyo/Ce. As discussed in previous sections, carbon
intermediates were favored by OH™ species, which are formed on CeO; and Au. These in-
termediates favor CO oxidation, but also promotes surface carbon during CO-PROX [54].
Thus, OH" groups could contribute to produce CH, or carbonaceous deposits. Therefore,
Auy Cuyo/Ce catalyst has a proper Au:Cu ratio to favor enough OH species on surface,
which favor CO removal, and oxygen vacancies, which improve CO, selectivity, mitigating
carbonaceous deposits.

Thus, despite the high Hy loss, CO-removal of post-reforming streams on Auy ¢Cuy9/Ce
catalyst at 210 °C ensures low CO concentrations (~ 70 ppm). Therefore, stability tests were
carried out to evaluate this FC-grade Hy production, to identify the catalyst stabilization
time, and to check the possible changes that could shift the behavior of the catalyst outside
the narrow operation window observed in Figure 2.1.2.

Stability of the coupled SRE/CO-removal system

Operando DRIFTS Catalysts stability and productivity are the most relevant indus-
trial parameters [55]. So, these characteristics must be established prior to the extensive
application of a catalyst. Thence, Auy oCuyo/Ce catalyst was subjected to a stability tests
at 210 °C by 120 h TOS. Figure SM.6 of Supplementary Material showed that Au; ¢Cuy,0/Ce
catalyst presented rapid deactivation after 40 h TOS, accompanied by a high CH4 produc-
tion, which matches with the thermodynamic predictions (see Supplementary Material, Fig-
ure SM.4). Then, stability of Au; ¢Cuy/Ce catalyst was evaluated with operando DRIFTS
for 95 h to determinate the main species involved in catalyst deactivation. Figure 2.1.5 shows
the DRIFTS spectra for the gas phase during the CO-removal of an actual post-reforming
stream; the spectra in shown every 5 h. Intensity of OCO stretching vibration at 1736 and
1300 cm™!, which is related to CO,q on active metal [56], decreases over 45 h, indicating
that the catalyst loses its capacity to interact with CO. Increasing in metal active particles
diameter by sintering in ST sample (see Table 2.1.2), which corresponds to the sample used
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in stability test, could cause the deficiency in the CO,q formation. Additionally, peak at
1648 cm™!, which is associated to water on Au/CeQ, [44], also decreases with TOS. The high
concentration of oxidants, such as water, on the catalytic surface during the first hours of
operation could be related to the reduction in oxygen vacancies (Ce?*/Ce*") in ST sample
(see Table 2.1.2) and consequently to the lost in COy yield with TOS (see Figure SM.6 of
Supplementary Material).

Peaks at 1300 and 1500 cm™ are linked to the presence of [COOH], formates, while peak
at 1450 cm™ corresponds to carbonate species [51]. Both species, formates and carbonates,
are intermediate in the formation of CO4, CH,, and other stable carbon species [41,56]. Peaks
of formate species decrease slightly with TOS possibly due to the reduction of v4(OCO) of
[COOH]; by the deficiency in CO,q formation. Meanwhile, carbonates species remain stable,
suggesting that carbonates are the main intermediates in CO-removal of post-reforming
stream on Au; ¢Cuy/Ce. Band intensities of surface bidentate carbonate species (1150 to
1279 cm™! [44]) increased after 45 h TOS. Carbonate species, such as bidentate carbonate,
have been previously associated with carbon deposition [31,57], which contributes to decrease
in catalytic activity. The formation of a new peak around 1000 cm™! would confirm the
formation of n-alkanes [58] on the surface of the catalyst. In fact, weight loss of ST sample
(see Table 2.1.2) was higher compared to the other samples. Therefore, reduction in oxygen
vacancies by oxidation of the catalytic surface with TOS and elevated formation of carbonate
species with subsequent carbonizing to n-alkenes, could be the main causes of deactivation
of Auy oCuy /Ce catalyst with TOS.

In-situ reduction 1300

..y 1736 1500 1150
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Iy SR
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Figure 2.1.5. Operando DRIFTS spectra for CO-removal of a post-reforming stream on
Auy ¢Cuyg/Ce catalyst. Each spectrum was taken every 5 h t a total of 95 h.

Additionally, peak about 3400 cm™! corresponds to a hydroxyl group, which is related
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to formate and carbonate species [52]. Then, formation of carbonate intermediates and sub-
sequent deposition on Au;oCuy/Ce catalyst could be favored by the excess of hydroxyl
groups on the catalyst surface (see (Os + OH™)/Ce molar ratio in Table 2.1.2). On the other
hand, the CO, peak, observed between 2450-2300 cm™! [59], shows a continuous decrease
which is consistent with the loss in the CO yield observed during stability test (see Sup-
plementary Material, Figure SM.6). However, C-H stretching vibration at 2900 and 3000
cm™! [44], which are related to CH4 formation [59], increased with time, indicating that
CH,4 formation was not affected by carbon deposition and seems to be favored by catalyst
oxidation In fact, CH, formation is thermodynamically favorable (see Supplementary Mate-
rial, Figure SM.4) and the role of the catalysts could mitigate the hydrogenation of carbon
species. Thus, reduction in oxygen vacancies by cumulative surface oxidation and deposition
of carbonate compounds could be related to the decrease in CO5 formation and the increase
in CH, formation.

Finally, this catalyst was in-situ reduced using an 8 mol% Hy/Ar stream by 1 h at 300
°C. The last spectra on Figure 2.1.5 was taken after this treatment. Significant changes
were not observed after reduction, indicating that, if the reactivation process is delayed, the
catalyst could be irreversibly deactivated.

Reactivation tests Based on operando DRIFTS results, several reactivation treat-
ments were carried out to Au; oCuyo/Ce catalyst (see Supplementary Material, Table SM.3
and Figure SM.4 to easily identify their effect on the recovery of catalytic activity. An in-situ
reduction (treatment 4 in Table SM.2) with 8 mol% Hy/Ar stream (300 mL/min) at 300 °C
for 1 h, followed by a degasification in Ar at 300 °C for 30 min was selected as treatment to
prevent catalysts deactivation. Moreover, this reactivation treatment was carried out every
24 h to prevent the irreversible deactivation observed by operando DRIFTS. Figure 2.1.6
shows the catalytic performance of the AujcCuyo/Ce catalyst undergoing the reactivation
treatment every 24 h. Low concentration of CO (70 ppm) is achieved when the catalysts
was periodically reduced (see Figure 2.1.6a), suggesting that a reduced catalyst surface is
paramount in the CO-removal. Excessive surface oxidation by the presence of oxidants in
the gas phase could quickly affect catalytic activity due to reduced surface oxygen vacancies
20].

H, loss is also shown in Figure 2.1.6a. After 1 h, Hy loss decreases rapidly, achieving 9%
at 9 h, followed by increasing and decreasing intervals. After the first reduction treatment,
H, conversion is kept below 14%. Bimetallic catalysts supported on CeO, tend to experience
surface rearrangements under both reducing and oxidizing atmospheres [60], affecting the
catalytic performance. These rearrangements have been linked to the modification in the
number of oxygen vacancies [61] which are involved in the oxidation mechanism [40]. In
fact, preventive in-situ reduction treatment succeeds in retaining oxygen vacancies on R-ST
sample compared to fresh sample (R-O sample), avoiding oxidation of surface of CeOy and
mitigating carbonaceous depositions observed in ST sample (see Table 2.1.2).

Figure 2.1.6b shows COy and CHy yield with TOS and reactivation cycles. Decrease of
CH,4 and increase of CO5 production are observed at the same time than H, loss decreases.
Thus, methanation activity of the catalyst declined with TOS; furthermore, CH4 consump-
tion was observed in the reduced sample, indicating that CH, decomposition or reverse
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catalyst and 250 mg of inert quartz; 210 °C. Vertical lines show reactivation treatments
every 24 h with an in-situ reduction with 8 mol% Hy/Ar (300 mL/min) at 300 °C for 1 h

followed by degassing in Ar at 300 °C for 30 min.
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methanation could be taking place, favored by catalyst reactivation by reduction. This be-
havior may explain the increasing CO, yield and the mitigation of Hy loss with TOS. Indeed,
CH, increased rapidly in ST sample after 23 h (see Supplementary Material, Figure SM.6).
Caputo et al. [42] reported that a reduction treatment contributes to Cu redistribution and
stabilization on CuO/CeO,. Thus, TOS could favor a rearrangement on the catalyst surface,
which reduces CH, formation and Hs loss. Nonetheless, oxidant species such as Oy and wa-
ter could affect the catalyst activity and selectivity, favoring a rapid deactivation. Periodic
in-situ reduction would mitigate this accumulative surface oxidation, achieving high activity
with less Hy loss.

Table 2.1.3 compares the catalytic results obtained in this work with recent literature
reports dealing with the CO removal of Ha-rich streams. Although reaction conditions,
catalytic regimes, and feed compositions were different, all catalytic systems reported a high
activity in CO conversion (> 90%), using a total metal loading lower than 3 wt%, except for
studies reported by Castaneda et al. [35] and Lee et al. [62], where a higher metal loading
was used. However, a distinct feature of this work is the evaluation of catalysts for CO
elimination directly from a post-reforming stream. Most of the studies use a model mixture
for this purpose. Likewise, the model mixture commonly used corresponds to the outlet of
the primary step (traditionally a reactor of WGSR), when most of the CO has been removed
[19] and Hy/CO ratio is higher. Therefore, the feasibility of integrating CO removal with
reforming using only two reactors is presented in this work, avoiding several reactors [31,62].
Also, the percent of Hy lost was explicit in this work because it is an important criterium
in catalysts selection [63]; however, this information is usually missing in the literature.
Similarly, stability tests and reactivation treatment are important to maintain and improve
catalyst performance over time [55]. In this work, a continuous stability test of 95 h TOS was
performed (the longest of all studies included in Table 2.1.3) and several activation methods
(see Table SM.2 of Supplementary Material) were evaluated.

2.1.5 Conclusions

CO-removal in an actual post-reforming stream over AuCu/CeO, catalysts with different
Au:Cu ratios was investigated. The concentration of the post-reforming stream remained
constant due to the stable RhPt/Ce0,-SiO, catalyst used during the SRE. This stream was
subjected to the CO catalytic cleaning. Response surfaces allowed to identify that Au pres-
ence in the AuCu/CeQO, catalyst favors CO conversion but affects COs yield. Auy oCuy/Ce
catalyst showed the lowest Hy loss (25%) achieving low CO concentration (70 ppm) at 210
°C. However, Hs loss is higher than that reported for synthetic feeds because a complex
network of reactions is present in the actual post-reforming stream cleaning. Independent
evaluation of CO-PROX, WGSR, H, oxidation, CO-methanation, and COs-methanation
on Auy oCuy o/Ce catalyst shows that COy formed by CO oxidation during post-reforming
cleaning could be vulnerable to hydrogenation, producing CH, and consuming Hs.
Characterization tests indicated that CeOs interacts mainly with Cu to form surface oxy-
gen vacancies on CeO,. Au favors OH™ formation, improving the catalytic activity, whereas
Cu increases the catalyst surface area and promotes CO, formation, increasing the selectivity
of the catalyst. However, an excess of carbon intermediates as a result of the presence of OH"
species promotes both undesirable CH, formation and the presence of carbonaceous deposits
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Table 2.1.3.

Comparison of various catalytic systems for CO removal

Description This work Other authors
Liao et al. Castaneda Zhang et Iejclorenz? Lee et al. Miao et
31] et al. [35] al. [36] 64 0 62] al. [65]
Au/CuO- AuAg/ Au/CuO-  Au/CeOq
Catalysts AuCu/CeO2  AuCu/CeO3z CeO2/CuO CeO, CeO, CeOs /ALy0;
Total metal
loading (wt%) 2.2 41.4 3 2 1 1.3
GHSV (ht) 64,100 NR 80,000 29,300 8,400 NR 30,000
. Post- Model Model Model Model Model Model
Kind of feed . . . . . . .
reforming mixture mixture mixture mixture mixture mixture
H, (7.8)
’ Hs (35),
0: (L8). g, (1), H200: (59, Hy (65.3), H (40),
. (6.8), CO 05 (1.25), H, (98),
Composition (2.0) CO co (1), co () 02 (1), 05 (1) 029 (1.3), O (1),
in  the feed -0 2 00y (10), © CcO (1), 2V CO (1.3), CO (1),
(0.5), CHy H20O (0.2) and CO
(mol%) H2O (10) and Ny and  He and Ny
(03),  H0 7 g and AT g (1) (32.1) (58)
(1.4) and Ar (48) (48.55) '
(79.4)
€O conversion ) o 100 92 100 90 100 100
(%)
Hz/COmol ra- 5 4 35 50 50 98 50.2 40
t1o
Hy conversion NR NR NR NR NR NR
(%)
(Sﬁ?blhty test g5 NR NR 80 14 NR NR
Reactivation Yes NR NR None None NR NR
treatment

NR: not reported.
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on the catalyst. Finally, stability tests and operando DRIFTS showed that Auy oCuy 0/CeOqy
catalyst is susceptible to rearrangements and cumulative surface oxidation during operation,
which promote high carbon deposition and catalytic deactivation. Nevertheless, periodic
in-situ reduction treatment contributes to stabilize and maintain high activity, decreasing
H, loss with time. Auj (Cuy/Ce catalyst was active for 95h TOS, when is reduced every 24
h, achieving fuel-cell grade hydrogen with a 14% Hj loss.
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2.2 Selection of support for CO removal

In the previous chapter AuCu/CeO, with a mole ratio of Au/Cu = 1 was presented as a
promising catalyst to CO removal. However, AuCu/CeQ, is susceptible to deactivation due
to structural changes in the support. For this, in this chapter, several alternatives of metal
oxides were evaluated as supports for the Au-Cu system, looking for an active, selective, and
stable material for CO removal from an actual syngas.

This section corresponds to an article published in Catalysts, (2019) 9, 10, 852-877. -
DOI:10.3390/catal9100852

Raw and processed data of this study can be downloaded from: https://data.mendeley.

com/datasets/6pxcnbk3sx/1 - DOIL: 10.17632/6pxcnbk3sx. 1
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2.2.1 Abstract

A catalytic screening was performed to determine the effect of the support on the performance
of an Au—Cu based system for the removal of CO from an actual syngas. First, a syngas was
obtained from reforming of ethanol. Then, the reformer outlet was connected to a second
reactor, where Au—Cu catalysts supported on several single and dual metal oxides (i.e.,
CGOQ, SiOQ, ZI"OQ, AIQOg, La203, FGQO:),, CeOQ—SiOQ, CGOQ-ZI‘OQ, and CGOQ-A1203) were
evaluated. AuCu/CeO, was the most active catalyst due to an elevated oxygen mobility over
the surface, promoting CO, formation from adsorption of C-O* and OH™ intermediates on
Au® and CuO species. However, its lower capacity to release the surface oxygen contributes
to the generation of stable carbon deposits, which lead to its rapid deactivation. On the other
hand, AuCu/Ce0,-SiOs was more stable due to its high surface area and lower formation
of formate and carbonate intermediates, mitigating carbon deposits. Therefore, use of dual
supports could be a promising strategy to overcome the low stability of AuCu/CeO,. The
results of this research are a contribution to integrated production and purification of Hs in
a compact system.

Keywords: CO-PROX; CO-SMET; COy methanation; Hydrogen purification; Process
integration.

2.2.2 Introduction

Synthesis gas (syngas) is used as a chemical building block in the synthesis of commodity
chemicals and for energy applications. Specifically, syngas can be used in combustion pro-
cesses [1], gas turbines [2], or hydrogen fuel cells (Hy-FC) [3] to produce energy. The Hy-FC
are promising systems to provide sustainable energy for households, industry, transportation,
and small devices. Likewise, the use of Ho-FC has been proposed as an alternative to supply
energy in places that are not connected to the electrical network and for remote installations
[4].

The syngas composition varies depending on the production source, but mostly contains
H,, carbon monoxide (CO), and light hydrocarbons. Bioethanol reforming is one of the most
used pathways to produce syngas due to its high yield to Hy [5]. In a previous study [6], we
obtained a syngas containing Hy, CO, CO,, CHy4, and H5O from ethanol steam reforming
(ESR) using a RhPt/Ce0,-SiO, catalyst. Syngas production remained stable for 72 h of
continuous operation and on/off cycles. This syngas could be used for sustainable energy
production in Hy-FC. However, CO must be removed from the syngas because of its harmful
effect on fuel cell electrodes [7].

One of the most used strategies of CO removal from syngas is via chemical pathways,
which includes preferential oxidation of CO (CO-PROX) [8,9], water gas shift reaction
(WGSR) [10], and selective CO methanation (CO-SMET) [10]. Traditionally, the objec-
tive of the CO cleanup step is to ensure CO concentrations below 10 ppm, which requires
several catalytic reactors in series [11] and presents a high operating cost. However, recent
research studies have allowed the development of Hyo-FC systems that tolerate CO concentra-
tions above 100 ppm [12-14]. These contributions facilitate the use of less complex systems
for syngas purification, which could lead to the development of more compact and economic
H, technology.
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Anticipating the commercialization of a new generation of more CO-tolerant Hy-FC, it
has been proposed to redesign the CO removal stage to reduce the number of process units
in syngas purification. The new approach seeks to carry out CO removal using a single
catalytic reactor, where several reactions occur simultaneously (i.e., CO-PROX, WGSR,
and CO-SMET). Kugai et al. [15] studied Pt—Cu and Pd—Cu bimetallic catalysts supported
on CeOs for oxygen-enhanced water gas shift (OWGS), where WGSR and CO-PROX occur
concurrently, reporting higher CO removal from a model reformate gas (synthetic syngas)
in the OWGS compared to the WGSR carried out individually. Similarly, Xu and Zhang
[16] reported that the presence of CO-SMET during CO-PROX on a commercial Ru/Al,O3
catalyst allows for wider temperature windows that ensure the CO removal of a synthetic
syngas. Despite these valuable contributions, the CO removal from syngas in a compact
system is still at laboratory scale. Among the limitations for evaluation at the pilot scale is
the lack of consensus regarding the catalyst and the most appropriate operating conditions
to carry out the syngas purification.

Au is recognized as a promising catalyst in the three cleaning reactions of syngas (i.e.,
CO-PROX, WGSR, and CO-SMET) [17,18]. Reina et al. [19] evaluated bimetallic catalysts
of Au-M (M = La, Ni, Cu, Fe, Cr, Y), reporting that CO oxidation is favored by the Au—Cu
combination because Cu interacts strongly with the support, favoring the oxygen mobility
in the catalyst. Also, in a previous study [20], we evaluated Au—-Cu bimetallic catalysts
supported on CeOy for CO removal from a syngas obtained from ESR. It was possible to
reduce the CO concentration below 100 ppm, but the catalyst showed rapid deactivation after
40 h. Deactivation was related to structural changes in the support and to the accumulation
of carbonaceous compounds during continuous operation. Thus, this study illustrated that
the support plays a key role in CO removal from an actual syngas and led us to evaluate
different supports for CO removal from a syngas in the search for a stable material.

Figure 2.2.1 shows the supports most used in the CO removal processes (i.e., WGSR,
CO-PROX, CO-SMET, or their combinations). CeOsq, FesO3, ZrO,y, TiOq, and AlyO3 are
the most commonly used single supports in CO removal from synthetic syngas. However,
there is a growing interest in mixed supports (dual metal oxides) because they may have
characteristics not observed in individual supports [21]. Most combinations of dual metal
oxides include CeQO, in the matrix, usually combined with supports that provide larger
surface area, such as Al,O3 [22] and SiO [23], or with basic oxides, such as ZrOs, to generate
new active sites [24]. TiO, is mainly used in CO removal by photocatalytic processes [25]
and was not considered in this study. On the other hand, although LasOj3 is not among
the most used supports in CO removal, it was recently reported that LayOj is effective for
avoiding carbon deposits during CO-SMET [26].

Although several supports for syngas cleanup have been proposed, each investigation was
carried out under different experimental conditions and using synthetic syngas, which makes
it difficult to select the most suitable support for the CO removal. Therefore, the objective
of this work was to study the CO removal from an actual syngas using bimetallic catalysts of
AuCu-supported on single and dual metal oxides. Specifically, CeO,, ZrO,, LayO3, FeyOs,
Al; O3, and SiO5 were selected as single metal oxides, and CeO5-Si04, CeOs-ZrO,, and CeO,-
Al;O3 as dual metal oxides. The catalytic performance of the supports with and without
active metals (i.e., Au and Cu) was evaluated. Then, the activity, selectivity, and stability
were established as criteria for selecting the most suitable support for the CO elimination. In
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Figure 2.2.1. Supports used in CO removal from syngas streams using CO-PROX,
WGSR or CO-SMET reactions.

addition, characterization tests were conducted, such as temperature programmed reduction
(TPR), surface area tests using the Brunauer-Emmett-Teller (BET) method, oxygen storage
capacity (OSC) tests, thermogravimetric analysis (TGA), and in-situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS).

2.2.3 Experimental

Support selection

The supports evaluated in this work were selected according to a literature review and are
summarized in Figure 2.2.1. Scientific articles published between 2012 and 2019 that included
at least one of the following reactions were reviewed: CO-PROX, WGSR, and CO-SMET.
The detailed list of reviewed articles can be consulted in Table SM.5 (see Supplementary
Material).

Catalyst synthesis

The single supports of CeO,, ZrO,, and Fe;O3 were obtained by calcination at 500
°C for 2 h of Ce(NO3)3-6H,0 (CAS: 10294-41-4, Sigma Aldrich, St. Louis, MO, USA),
ZrO(NO3)2-xHo0O (CAS: 14985-18-3, Sigma Aldrich, St. Louis, MO, USA), and Fe(NO3)3
‘9H,0 (CAS: 7782-61-8, Merck, Darmstadt, HE, Germany), respectively. Also, commercial
oxides of LayO3 (CAS: 1312-81-8, Sigma Aldrich, St. Louis, MO, USA), Al,O3 (CAS: 1344-
28-1, Sigma Aldrich, St. Louis, MO, USA), and SiOy (CAS: 60676-86-0, Merck, Darmstadt,
HE, Germany) were used, which were also calcined at 500 °C in a muffle for 2 h.

Dual supports of CeOq-ZrO,, CeOy-Al;03, and CeO4-SiO4 were obtained from aqueous
solutions of Ce Ce(NOs3)3-6H,0 (CAS: 10294-41-4, Sigma Aldrich, St. Louis, MO, USA) with
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ZrO(NO3)2-HyO (CAS: 14985-18-3, Sigma Aldrich, St. Louis, MO, USA), Al,O3 (CAS: 1344-
28-1, Sigma Aldrich, St. Louis, MO, USA), and SiOy (CAS: 60676-86-0, Merck, Darmstadt,
HE, Germany), respectively, ensuring a molar ratio of Ce/M = 1 (M = Si, Zr and Al). Each
solution was dried at 80 °C for 24 h and calcined at 500 °C in a muffle for 4 h. All supports
(i.e., single and dual metal oxides) were screened with a 140-mesh sieve.

Bimetallic Au—Cu catalysts supported on each single and dual metal oxide were pre-
pared according to the procedure described in [20], ensuring active metal loads of Au (1
wt%) and Cu (1 wt%). Au was first impregnated on each support by the precipitation-
deposition method at pH 6 and 80 °C, using a solution of HAuCly-3H,O (CAS: 16961-25-4
Sigma Aldrich, USA). The filtered solid was dried at 80 °C for 24 h. Subsequently, Cu was
included in the Au catalysts by the incipient wetness impregnation method, using a solution
of Cu(NOs3)3-3H,0 (CAS: 10031-43-3, Sigma Aldrich, St. Louis, MO, USA). The catalyst
obtained was dried at 80 °C for 24 h, calcined at 500 °C in a muffle for 2 h, and screened
with a 140-mesh sieve.

The RhPt/CeO4.Si04 catalyst for ESR was prepared according to the methodology de-
scribed in [6]. Briefly, CeOy SiO5 support was obtained from Ce(NOs3)3-6H,0 (CAS: 10294-
41-4, Sigma Aldrich, St. Louis, MO, USA) and SiOy (CAS: 60676-86-0, Merck, Darmstadt,
HE, Germany) solutions, ensuring a molar ratio of Ce/Si = 2. Rh and Pt were deposited on
the CeO4-Si04 support by the incipient wetness co-impregnation method, using RhCls-H,O
(CAS: 20765-98-4, Sigma Aldrich, St. Louis, MO, USA) and HyPtClg-6H,O (CAS: 10025-
65-7, Sigma Aldrich, St. Louis, MO, USA) solutions. The catalyst obtained was dried at 80
°C for 24 h, calcined at 700 °C for 2 h, and screened with a 140-mesh sieve.

Obtaining syngas

The syngas was obtained from ESR with a RhPt/Ce04.SiOy catalyst at 700 °C in the
first reactor (ESR reactor). The plug flow conditions in the ESR reactor were maintained
ensuring L/Dp >50 ratios (i.e., catalytic bed height (L) and catalyst particle size (Dp)) and
D/Dp >60 (i.e., diameter internal to the reactor (D)), as recommended in [27]. The catalyst
bed consisted of 0.050 g of RhPt/CeO4.SiOs and 0.250 g of inert quartz. The reactor feed
consisted of 0.3 L/min of a mixture of ethanol (1.8 mol%), water (5.4 mol%), and Ar as
carrier gas. The space velocity (SV) was set at 6.4 £ 0.2 L/gca*min. The syngas obtained
in the ESR reactor, containing Hy (8.4 mol%), CO (2.2 mol%), HyO (1.6 mol%), CO, (0.6
mol%), CH, (0.3 mol%), and Ar (86.9 mol%), remained stable, with a variation <6.8%.

Catalytic test

The supports and Au—Cu catalysts for the CO removal from the syngas were evaluated
in a second reactor (cleanup reactor) between 100 and 300 °C. For this, the ESR reactor
outlet was mixed with dry air, ensuring an excess oxygen factor (A) of 1.8 &+ 0.05 [20], and
connected to the cleanup reactor inlet. The plug flow conditions in the cleanup reactor were
maintained as previously described for the ESR reactor. The catalyst bed consisted of 0.050
g of catalyst (i.e., supports or Au—Cu catalysts) and 0.250 g of inert quartz. The SV in the
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cleanup reactor was set at 6.5 4+ 0.3 L/g..; min. Before the reaction, the supports and Au-
Cu catalysts were pretreated in-situ at 300 °C with streams of 8% Hy/Ar for 1 h, followed
by Ar for 0.5 h, and finally 10% air/Ar for 0.5 h. These samples were labeled as “activated
catalyst” (AC). Also, the samples used to obtain the light-off curves were labeled “U”, while
those used in the stability test were labeled “S”.

The species at the outlet of each reactor (i.e., ESR reactor and cleanup reactor) were
quantified by gas chromatography (GC) in a Clarus 580 (Perkin Elmer, Waltham, MA,
USA), equipped with a Carboxen 1010 plot column (30 m, 0.53 mm ID, Restek, Bellefonte,
PA, USA) connected to a thermal conductivity detector (TCD). Ar was used as carrier gas
and Ny as internal reference. The reaction conditions and GC data processed in Excel can
be consulted in detail and downloaded from [28].

The conversion of CO (z¢0), the production of the main products (Yco,, Yon,), and the
H, obtained (Y, ) from the integrated system were obtained considering the molar flows (F;)
to the output of each reactor (i.e., ESR reactor and cleanup reactor), according to 4, 5 and
6. Production of CO, CHy, and Hs were normalized with the amount of carbon entering the
system (Fg iniet), which remained constant at 5.2 x 10™* mol/min of C.

o FC’O,ESR—reactor - FC’O,cleanup—reactor 4
oo = F ( )
CO,ESR—reactor
v _ FCH4;C’OQ,cleanup—reactor—FcH4;coz,ESR_Tme,M 5
CHi:C02 = o (5)
yinlet
Vo — FHg,cleanupfreactor
Cinlet

Characterization tests

The reducibility of supports and Au—Cu catalysts was determined by TPR. The experi-
ments were carried out in a ChemBET Pulsar unit (Quantachrome Instruments, Boynton
Beach, FL, USA) equipped with a TCD. Prior to the reduction, 0.07 + 0.01 g of AC samples
was pretreated with Ny (0.02 L / min) at 120 °C for 1 h and then cooled to room tem-
perature. Subsequently, 5 % Hy /Ny was passed, and the temperature was increased to 700
°C (5 °C/min). The Hy uptake was calculated by integrating the peaks associated with the
reduction of active metals (i.e., Au and Cu). The apparent active metal dispersion (H/M
ratio) was also determined [29], assuming that the adsorption stoichiometry is one hydrogen
atom for one active metal atom (Au + Cu).

The surface area of the samples was determined by standard physisorption of Ny in a
ChemBET Pulsar unit (Quantachrome Instruments, Boynton Beach, FL, USA). For this,
0.06 = 0.01 g of sample was pretreated with Ny (0.02 L/min) at 100 °C for 1 h and then
cooled to room temperature for 0.5 h. Subsequently, the sample was immersed in a liquid
N; bath. The BET area was measured with a single point, using 30% Ns/He (0.02 L/min).
The measurements were repeated until deviations lower than 5% were obtained.

The OSC values of the samples were measured in a ChemBET Pulsar unit (Quantachrome
Instruments, Boynton Beach, FL, USA), according to the procedure described in [30]. Briefly,
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0.06 £ 0.01 g of sample was degassed in Ar (0.02 L/min) at 300 °C for 1 h. OSC was measured
at 300 and 100 °C with independent samples. For this, 10 pulses of pure O (0.25 mL) were
injected to oxidize the sample, followed by a 20 min purge with Ar. Then, pulses of a 5 %
CO/Ar mixture (0.25 mL) were injected until a constant signal was obtained. The OSC value
was calculated by the CO consumed in the first pulse, and the OSCC value was determined
by the total CO consumed.

The weight loss, associated with the presence of impurities, moisture, and carbon de-
position in samples, was measured by TGA. The change in mass was determined using a
thermogravimetric analyzer (Mettler Toledo, Columbus, OH, USA). For this, 0.02 £+ 0.01 g
of sample was pretreated with a N (0.1 L/min) at 100 °C for 1 h and then cooled to 40 °C
for 0.5 h. Subsequently, the sample was heated to 1000 °C (5 °C/min) in a dry air stream
(0.1 L/min). Then, the rate of carbon formation was calculated according to 7.

Weight loss in terms of C (mg)

Rate of carbon formation = (7)

The CO adsorption on supports and catalysts was studied by n-situ DRIF'TS in a Nicolet
iS10 spectrum device (Thermo Scientific, Waltham, MA, USA) equipped with a diffuse
reflection attachment DRK-3 Praying Mantis (Harrick Scientific Products, New York, NY.
USA). Spectra were taken between 400 and 4000 cm™!, with 64 scans per minute and a
resolution of 4 cm~!. The sample holder was sealed with an airtight hood with ZeSn windows.
In addition, the airtight hood was isolated with an Ar stream to avoid interference from the
environment. Approximately 0.02 g of AC samples were degassed in Ar (15 mL/min) at 50
°C for 30 min. Then, 10 pulses of 30 uL of CO, obtained from a certified 5% CO/Ar mixture,
were injected into the cell; between each pulse, Ar (15 mL/min) was passed for 10 min. Raw
and processed Excel data for characterization tests can be downloaded from [28].

mass of catalyst (g) x Reaction time (h)

2.2.4 Results and discussion

Activity, selectivity, and stability Figure 2.2.2 shows the CO conversion in the cleanup
reactor on the bare supports (i.e., without Au and Cu) and Au-Cu-supported catalysts.
CeO, and ZrO, display the larger CO conversion between single metal oxides (Figure 2.2.2a).
Indeed, the presence of oxygen vacancies on the surface of an oxide could favor a support
showing high activity in the CO oxidation, despite the absence of active metals [31]; on the
other hand, supports with low OSC, such as AlsO3 [32], present lower activity. The use
of dual metal oxides has been proposed as a strategy to overcome the deficiencies of single
supports [21]. Figure 2.2.2b shows that CeO,-SiO, increases the CO conversion compared
to SiOg, which could be associated with the interaction between the two oxides. However,
no significant improvement in the CO conversion with CeO,-Al;O3 was observed, and even
for CeOq-ZrO,, the combination of the two metal oxides leads to a less active material.
Furthermore, below 260 °C the dual metal oxides showed less activity that single CeOo,
suggesting that the combination of several metal oxides does not always lead to more active
materials in the syngas cleaning.

On the other hand, catalytic systems based on Au, Cu and Au-Cu have been studied
extensively for the CO oxidation, CO-PROX, WGSR, and CO-SMET. In-depth descrip-
tions for Cu/CeOs [9], AuCu/CeOs [33], AuCu/SiOs [34], AuCu/Al;O3 [35], Au/Fe;03 [36],
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Au/Lay03/Al,05 [37], and Au/CeOq-ZrO, [38,39] are available in the literature. In gen-
eral, Au favors the CO conversion through a mechanism that involves Au—CO and Au-OOH
species [40], where the formation of C-O* intermediates determines the selectivity of the
process [20], while CuO acts through a redox mechanism [8], promoting oxygen mobility
in the oxide lattice [41] and facilitating the CO oxidation. A synergistic Au—Cu effect has
also been proposed [19,33,42]. Therefore, the inclusion of 1 wt% Au and 1 wt% Cu in the
single and dual metal oxides promotes greater CO conversion (Figure 2.2.2). Despite having
the same active metals (i.e., Au and Cu), the catalysts showed maximum CO conversion at
different temperatures, indicating that the properties of the support have a key role in the
syngas cleaning. Table 2.2.1 shows that only AuCu/CeO; reached CO concentrations below
100 ppm in the actual syngas at 210 °C, whereas minimum CO concentrations of the other
catalysts were above 500 ppm.

On the other hand, the selectivity in the CO removal has been attributed to the support
rather than the active metal [43], being the consumption of Hy an important criterion in
catalyst selection [43]. Figure 2.2.3 shows that Hy consumption increases with temperature,
particularly in the supports and catalysts based on ZrO,. The deficiency of ZrO, to ad-
sorb/desorb bidentate carbonates above 150 °C has been associated with a promotion of
the Hy combustion over the CO oxidation [44]. Likewise, Hy loss increases in the major-
ity of the supported Au-Cu catalysts (Figure 2.2.3c and d) compared to their respective
bare support (Figure 2.2.3a and b), possibly due to affinity of the Au—Cu system to form
intermediates in the Hy oxidation (e.g., hydroxyl groups [33,30]) and methane formation
(e.g., C—O* species [18,20,45]). Also, the most active catalysts in the CO removal (i.e.,
AuCu/CeOs, AuCu/ZrO,, AuCu/Ce02-SiOy, and AuCu/CeOs-ZrO,) promote higher Hy
consumption. That is, an active catalyst in the CO conversion possibly has an inherent
tendency to consume Hs.

The high Hy, consumption, which in some cases exceeds 20%, could be associated with
the syngas composition [20,41], specifically with the Hy/CO ratio. Table 2.2.2 shows the
results obtained in the CO removal with catalytic systems based on Au—Cu. High Hy/CO
ratios (>>10 [46]) are used in CO-PROX with synthetic syngas to favor CO oxidation [47]
and reduce the Hy consumption. To achieve such high Hy/CO ratios before CO-PROX
several WGSR reactors are required, however [11]. Thence, aiming at reducing the number
of units used in the traditional process, it has been proposed to carry out CO removal
reactions in a single reactor using the syngas that comes directly from the reformer [15,20,39].
Nevertheless, the syngas obtained directly from the ESR contains larger amounts of CO.
H,/CO ratios around 4 have been reported for syngas obtained from ESR using Ir/CeO,
[48] and RhPd/CeOy [49] catalysts. Thus, the low Hy/CO ratio in the actual syngas (e.g.,
the syngas used in this work has an Hy/CO = 4) could conduce to a high Hy loss in the
cleanup reactor. Simultaneous production of CO, and CH, was observed in all catalysts
evaluated (Figure SM.7 and Figure SM.8 in Supplementary Material), suggesting that CO-
SMET and CO5 methanation occur together with CO-PROX and WGSR. Then, H, oxidation
and carbon hydrogenation would be the main causes of Hy loss during the CO removal from
an actual syngas.

Although CH, formation implicitly involves an undesirable Hy consumption, it has been
reported that a combination of CO-PROX and methanation improves CO removal compared
to the CO-PROX alone, because of favoritism in the activation of adsorbed CO [16]. Then,
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Figure 2.2.2. CO conversion obtained in the Cleanup reactor with supports (a,b) and

supported 1 wt% Au-1 wt% Cu catalysts (c,d). Syngas feed: 7.8% Ha, 2.0% CO, 0.5%

CO,, 0.3% CHy, 1.4% H50, 1.8% O,, 6.8% Ny, and 79.4% Ar. Reaction conditions: The
space velocity (SV) = 6.5 £ 0.2 L/ge.*min and 0.3 g of the catalytic bed.
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Figure 2.2.3. H, yield obtained from a system that integrate the ethanol steam
reforming (ESR) reactor and the cleanup reactor, where the CO removal is performed with
bare supports (a,b) and supported 1 wt% Au—1 wt% Cu catalysts (¢,d). Reaction
conditions: SV = 6.5 £+ 0.2 L/gct*min and 0.3 g of the catalytic bed in both reactors.
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Table 2.2.1. Minimum concentration of CO obtained in syngas, the apparent active metal
dispersion (H/M ratio), surface area, OSC, and OSCC of Au—Cu catalysts supported on single

and dual supports.

Minimum CO 0SC i AC
Catalyst® concentration | H/M BET surface area samples  (zumol OSCC at 300 °C
in outlet gas | index (m?/gcat) Os/8eat) " (umol Og/gcat)
(ppm)b 2/ Bcat
AC Spent 100 °C 300 °C | Fresh  Spent
AuCu/CeO2 75 at 210 °C 0.9 60 58 (U) 41 91 230 121 (U)
50 (S) 93 (S)
AuCu/SiO, 8320 at 240 °C | 0.7 364 277 (U) | 21 37 45 41 (U)
AuCu/ZrOs 507 at 225 °C | 0.8 58 47 (U) | 39 76 185 84 (U)
AuCu/AlyO3 745 at 180 °C | 0.8 90 65 (U) 31 35 75 41 (U)
AuCu/Lay0O3 5365 at 225 °C | 0.4 19 18 (U) |21 A1 90 24 (U)
AuCu/Fey03 9416 at 140 °C | 0.4 16 5 (U) NR NR NR NR
AuCu/Ce05-SiO, | 861 at 230 °C | 1.6 110 75 (U) |34 78 146 121 (U)
74 (S) 126 (S)
AuCu/Ce04-ZrOy | 941 at 210 °C | 0.9 42 30 (U) | 42 94 210 162 (U)
2{;%1;/ CeO- 1521 at 260 °C | 1.2 65 56 (U) | 32 79 155 121 (U)

2 Nominal metal loading: 1 wt% Au and 1 wt% Cu. P Value includes the carrier gas. AC:
activated catalyst, which were reduced with Hs and stabilized in air before activity tests. U:
sample used to obtain light-off curves. S: sample evaluated in the stability test. Note: NR = Not
reported; OSC = oxygen storage capacity; OSCC = oxygen storage complete capacity; BET:
Brunauer-Emmett-Teller test.

Table 2.2.2. Comparison of various catalytic systems for the CO removal using Au—Cu

catalysts.

Catalyst f;/;legas H,/CO T (°C) ?(7?) conversion ?I% | loss Ref
AuCu/CeO, Synthetic 30 220 90 2 [33]
AuCu/SBA-15 Synthetic  >50 25 ~ 100 ~ 5% [50]
Au/Cu0O-CeOy/Al,O3 Synthetic 4.5 350 ~ 75 NR [17]
éﬁéf?ggog Synthetic 50 110 ~ 95 ~3  [19]
Au/ALO; Synthetic  >50 80 ~ 99 ~ 2% [40]
Au/CeOy-ZrOy Actual 30 100 99 ~ 22 [39]
AuCu/CeO, Actual 4 210 99 17 This work
AuCu/Ce04-Si0, Actual 4 230 97 19 This work

2 Calculated by O, mass balance. NR: Not reported.
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C and H mass balances were carried out to determine the effect of CH, production on Hy
consumption and CO conversion. Figure 2.2.4 shows the Hy and CO converted with respect
to the CHy, formed in the cleanup reactor. CH, formation appears to be directly proportional
to Hy loss (Figure 2.2.4a), but the amount of Hy consumed is larger than the amount of Hy
contained in the formed CHy (yellow line); moreover, in most catalysts, Hy loss is larger than
the Hy required by CO, methanation (green line). Hence, the remnant of Hy loss may be
associated with the production of water or hydrogenated compounds not detected by GC,
indicating that methanation would have a secondary role in the Hy loss during the syngas
cleanup. On the other hand, CO conversion grows faster compared to the contribution of
methanation (Figure 2.2.4b). Xu et al. [16] studied a Rh/Al,O3 catalyst and proposed
that at temperatures above 150 °C, the methanation of COy formed during the CO-PROX
facilitates the CO oxidation caused by changes in the C-O* and H* adsorbed species. This
possible beneficial effect of CO-PROX and subsequent CO5 methanation seems to be stronger
in some catalysts (e.g., AuCu/CeO,-Al;03 and AuCu/Ce02-Si0O,), which would explain
their higher activity at high temperatures (Figure 2.2.2d), where most CH, was produced
(Figure SM.8 in Supplementary Material). AuCu/CeO5 and AuCu/LagO3 show an atypical
trend (Figure 2.2.4b), where the CO conversion decreases with the CH, formation, which
could depend on the intermediates of C—O* formed on theses catalysts, as will be discussed
later. Therefore, these results would confirm the beneficial effect of CO, methanation during
the CO-PROX proposed in [16], but it was also identified that this effect depends on the
support and composition of the syngas.

Although the main objective in the cleaning of the syngas is the CO removal, differences
in the activity and selectivity could lead to changes in product distribution over prolonged
periods of operation. Therefore, the stability of Au—Cu catalysts loaded on the best single
(CeOq) and dual support (CeO,-Si05) was evaluated. Figure 2.2.5 shows the product distri-
bution over time obtained from a system consisting of ESR and cleanup reactors, the latter
of which is packed with either AuCu/CeOy or AuCu/Ce0,-SiO;y. In both cases, a Hy-rich
stream is obtained. However, AuCu/CeO, shows more variability in product distribution,
and after around 42 h of operation deactivation was observed, at which point the test was
stopped. In contrast, the AuCu/Ce0,-SiO, catalyst ensures a stable operation for longer
periods of time (at least 30% more time-on-stream, Figure 2.2.5b) with CO concentration
of about 1000 ppm. The results of the stability test show that the use of dual metal oxides
leads to less active (i.e., CO concentration of 1000 ppm versus 75 ppm) but more stable
materials, which could be more interesting in extended processes.

Activity, Ho consumption, and stability were used as criteria for comparison among the
Au—Cu-supported catalysts for the CO removal from an actual syngas. Now, catalytic prop-
erties, such as reducibility, surface area, OSC, carbon deposit formation, and the CO-support
interactions, will be related to the activity, selectivity, and stability of the Au—Cu catalysts
supported in single and dual metal oxides.

60



16 8
(a) (b)
o AuCw/'CeQ, * AuCu/Fe, 0, o AuCuw/'CeQ; * AuCuFe,0;
A AuCwS10, & AuCu/CeD,-510, o AuCw'S10; & AuCu/CeQ,-510,
o AuCwZr0, = AuCuw/'CeD,-Zr(, o AuCwZrO;, 8 AuCuw/CeQ,-ZrO,
12 9 £ AuCw/ALO; ¢ AuCw/CeOp-ALO; | 6 1 © AuCwWALO: ¢ AuCw/Ce0;-ALO;
S + AuCu/La,0; = + AuCuTLa,0;
e’ o
B T
g Maximum possible E
L og contribution of - 24 -
§ methanation P 8
o o . “yﬁih 8 ﬁgn%.ﬂ 0g oo piy o me
C o ~ © s g o =
R4y 8 o . Y U E T
3% #8 0 Axg O B g__o“* . ?Q o
° aoe " e & #8 _—
“f o) L2 < _____.--"'-----SvIB_‘L'iIﬂ'LIID possible
= a E© _— confribution of
0 4= T T T T T 0 ﬁP T T T rFlEth;_nat.an
o0 03 06 0% 12 15 18 00 03 06 09 1.2 15 18
mol CHy produced (10%) mol CH, produced (10%)
Figure 2.2.4. Contribution of methanation in (a) the Hy consumption and (b) CO

conversion during the CO removal from an actual syngas. The shaded area conveys the
trend of the experimental data.

61



100 (a) AuCu/Ce0,
- ‘pmmwmww& :
70 4. - H, |

w ="
\_@2[} ] | g
g F
.E BB NS e om R b onnnms o :g
210 - Doy | 24
E CO -~ I-3
s] [w)
@] I
o ¢ I
[} T T T T ¥ T T T T T
0 5 10 15 20 25 30 35 40 45 50 35
TOS (h)
100 - .
(b) AuCu/Ce0-5i0; |

o]

|

[ |
=]
I

_z'CDJ

OoO0O00ooit 0800000 000000M0go00000000g00000 00hooo D

[a—
=]
I

Concentration (mol%)

CO —-

P s DA Ny GO

g Iy L M

0 5 10 15 20 25 30 35 40 45 50 55
TOS (h)

Figure 2.2.5. Products distribution obtained from a system that integrate the ESR
reactor and the cleanup reactor, where the CO removal is performed with (a)
AuCu/CeO4 and (b) AuCu/Ce02-Si0O, catalysts. Syngas feed: 7.8% Ha, 2.0% CO, 0.5%
CO,, 0.3% CHy, 1.4% H50, 1.8% O, 6.8% Ny, and 79.4% Ar. Reaction conditions: The
space velocity (SV) = 6.5 £ 0.2 L/ge*min and 0.3 g of the catalytic bed. Note: TOS =
Time-on-stream.
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Catalysts characterization

TPR The redox properties of catalysts have a significant effect on CO oxidation and
metal-support interactions [17]. Figure 2.2.6 shows the Hy-TPR profiles for the Au-Cu
catalysts supported on single and dual metal oxides. Deconvolution peaks are presented to
identify possible individual contributions in each reduction zone, but they are not intended to
be exact. Contrary to bare supports (Figure SM.9 in Supplementary Material), discrepancies
are observed between supported Au-Cu catalysts. The specific reduction temperatures for
Au and Cu are very diverse in the literature, possibly because the reduction of metals
strongly depends on the interaction with other species [51]. In this study, a first zone (<130
°C) observed was attributed to the reduction of Au** and Au™ nanoparticles [30]. The second
zone (130 to 430 °C) was associated with the reduction of Cu, where at least three species
[52] can be identified: («) easily reducible CuO nano particles, (3) particles of CuO dispersed
that interact moderately with the support, and (v) isolated particles of Cu [53]. In the last
zone (>430 °C), the reduction of surface layers and bulk of the support is likely happening
[38]. The a and 3 species promote the formation of oxygen vacancies [54], contributing to the
CO oxidation. Thus, preferential formation of CuO species in single and dual metal supports
would explain the increase in CO5 production over Au—Cu-supported catalysts compared to
bare supports (Figure SM.7 and Figure SM.8 in Supplementary Material).

AuCu/Cey

Signal (mV/g_.;)
Signal (mV/g..;)

6530 30 230 430 830

Figure 2.2.6. H,-temperature programmed reduction (TPR) profiles for Au—Cu catalysts
supported on (a) single and (b) dual metal oxides.

On the other hand, the displacement of the reduction peaks to lower temperatures has
been associated with changes in metal-support interactions [51]. CeOy shows an exceptional
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ability to facilitate the reduction of Cu and the formation of (mostly) 5 species. This effect
has been previously studied [9,55], correlating a stronger CuO-CeQO, interaction with high
activity during CO-PROX. However, the increase in the contribution of ~-species and a
slight shift of reduction peaks to higher temperatures could indicate a variation of the CuO-
CeQs interaction in the Au—Cu catalysts supported in dual oxides. Thus, a change in the
redox properties of the support caused by the presence of a second metal oxide could explain
why the Au—Cu catalysts supported on dual oxides (i.e., AuCu/Ce0O2-SiO2, AuCu/CeOsq-
ZrOs, and AuCu/Ce042-Al;03) showed less activity compared to AuCu/CeO, (Figure 2.2.2).
However, an exceedingly strong CuO-support interaction could also mitigate the formation of
selective Au—Cu alloys [35]. In fact, AuCu/ZrOy and AuCu/CeOy-ZrOy show a significant
contribution of a species, which could be related to the high Hs loss observed in these
catalysts (Figure 2.2.3c and d). On the contrary, the combination of inert metal oxides such
as Al,O3 with CeO, could facilitate the migration of CuO towards Au particles [35], leading
to lower Hy loss compared to single CeOs support. Then, the change in redox properties of
CeOy by the presence of inert metal oxides (e.g., SiO3) could lead to less active but more
selective materials during CO removal.

Table 2.2.1 shows the H/M index, which has been associated with apparent active metal
dispersion [29]. The H/M index in AuCu/Fe;O3 and AuCu/LayOj is particularly low, indi-
cating that these catalysts are not as effective for dispersing active metals [29]. In the other
catalysts, the H/M index was close to or larger than 1.0 (i.e., complete reduction of Au
and Cu), which could be associated with a higher dispersion of Au and Cu on the catalytic
surface. However, a high H/M value could also indicate an additional effect of superficial
reduction of the supports by the interaction between metal oxides and active metals [56].
Au-Cu catalysts supported on dual metal oxides showed higher H/M index compared to
their respective single supports, which could be associated with a favoring in the reduction
of both active metals and support due to the interaction between metal oxides. If so, then
the redox properties of Au—Cu catalysts supported on dual oxides would depend on several
interactions: (i) active metal-active metal; (ii) active metal-support, and (iii) oxide I-oxide
I1. The variation of these interactions influences catalytic performance during CO removal.

BET area The surface area of the catalysts is key to the availability of the active sites
and catalytic performance [57]. The BET area (Table 2.2.1) of the catalysts supported on
basic oxides (i.e., CeOsq, ZrOy and LayO3 [58]) is larger than their respective bare supports
(Table SM.4 in Supplementary Material), which has been previously associated with the for-
mation of high disperse /3 species [20,59]. On the other hand, AuCu/Fe;03 and AuCu/LayO3
show low surface areas, which match to the low capacity of these metal oxides to disperse
active metals (low H/M index, Table 2.2.1). The synthesis method of the catalysts could
influence the surface area of the support, overcoming some drawbacks of metal oxides such
as Fe;O3 by using alternative synthesis methods [32,60]. In contrast, the higher surface area
of AuCu/Ce0,-Al;03 and AuCu/CeO4-SiO5 could favor the dispersion of Au and Cu, which
is reflected by a larger H/M index (Table 2.2.1).

Although an increase in the surface area could contribute to improving the catalytic
activity [57], the trend for surface area of the catalysts does not match their activity (Fig-
ure 2.2.2), indicating that the supports have other features that could be more relevant
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during the CO removal. Figure 2.2.7 shows the conversion rate of CO normalized by the
surface area of catalysts. AuCu/LayO3 has a high normalized activity, possibly because the
basic supports promote the formation of Au nanoparticles [37] and formation of § species
[20,59], which are active in the CO conversion. In fact, basic oxides, such as CeOy and ZrOs,
also have higher normalized activity compared to less basic supports, such as AlyO3 and
SiOg. Also, the normalized activity of the AuCu/CeOy-ZrO, catalyst increases compared
to their respective single supports. Recently, it was reported that the replacement of Zr+
ions in the lattice of the CaO-CeO4 system leads to the formation of highly basic sites [61].
Then, we speculate that the high interaction in CeO,-ZrOs observed by TPR could lead to
the formation of sites with greater basicity. However, the low surface area of basic supports
is a well-known limitation that affects their activity [6]. So, because of the possible role of
basic sites in CO removal, the design of catalysts for CO removal should include a support
with both a high surface area and elevated basicity. Modifications in the morphology of
metal oxides have been proposed as a successful strategy to achieve this objective in other
catalytic processes [62]. Then, preparation of Au—Cu catalysts supported on single and dual
metal oxides can be optimized to improve their catalytic properties during CO removal.
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Figure 2.2.7. CO conversion rate normalized by the surface area of the Au—Cu catalysts
supported in (a) single and (b) dual metal oxides.

OSC measurements The OSC of the support plays a central role in the oxidation of
CO adsorbed on active sites [31]. Table 2.2.1 shows the OSC of Au—Cu catalysts supported
on single and dual metal oxides. In general, the OSC of supported Au—Cu catalysts is
higher than that of the bare supports (Table SM.4 in Supplementary Material), indicating
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that the presence of Au and Cu favors greater oxygen mobility in the catalyst. Also, the
presence of o and [ species has been associated with the formation of oxygen vacancies on the
catalytic surface [55]. Catalysts that have a higher OSC at 300 °C (i.e., AuCu/CeQOy-ZrO,,
AuCu/Ce0q, AuCu/Ce02-Si09, and AuCu/ZrO;) were the most active (Figure 2.2.2), but
also those that showed the highest consumption of Hy (Figure 2.2.3). However, the OSC
depends strongly on the temperature: at 100 °C, all catalysts except AuCu/AlyO3 showed
an OSC up to 60% lower compared to 300 °C, which could be related to the lower activity
of catalysts at low temperatures (Figure 2.2.2).

Likewise, the CO, formation depends on the availability of surface oxygen [15]. The
first CO pulse (OSC) in AuCu/CeOs only corresponds to 39% of its oxygen storage com-
plete capacity (OSCC), indicating that oxygen adsorbed on CeOs; may not be easily re-
leased. The possible deficiency of CeO, to release the oxygen absorbed on its surface could
limit the oxidation of carbon intermediates, which could, in turn, be related to the atyp-
ical trend observed in Figure 2.2.4b. The OSC in supports with larger surface area (i.e.,
AuCu/SiOy, AuCu/Aly O3, AuCu/Ce02-SiOg, and AuCu/Ce0s-Al;03), on the other hand,
corresponds to more than 50% of their OSCC. A higher availability of surface oxygen (>
OSC/OSCC) could be associated with the strong effect of CO, methanation on the CO re-
moval for AuCu/Ce0,-SiO2 and AuCu/CeO2-Al;03, as previously discussed. If so, then the
beneficial effect of methanation during the CO-PROX proposed by [16] could be enhanced
in catalysts that combine a high OSC and readiness to release their adsorbed oxygen (i.e.,
high OSC/OSCC ratio), which would require a high surface area.

On the other hand, the OSCC of the catalysts used decreases with respect to the fresh,
activated ones (AC samples), reaching up to 73% reduction with AuCu/LayO3. This reduc-
tion could be associated with progressive oxidation of the catalyst surface by the presence
of oxidants in the gas stream and deposits on the catalytic surface [20], conducive of a
progressive deactivation. To clarify this, a TGA study was conducted.

TGA Table 2.2.3 shows the weight loss of Au—Cu catalysts supported on single and dual
metal oxides. Most AC samples show a weight loss of less than 1% that could correspond to a
remnant of the precursors of the active metals. However, AuCu/Fe;O3 and AuCu/Ce05-SiO4
show an increase in weight that can be associated with an oxygen adsorption; specifically,
the CeO2-SiO4 system can form a Ceg 33(Si04)-605 phase that is susceptible to consume
oxygen above 600 °C [6]. The used catalysts have a higher weight loss than the fresh,
activated ones (AC samples), indicating the presence of compounds deposited on the catalytic
surface during the reaction. To determine the nature of the deposits, the TGA results were
analyzed by weight loss in terms of rate of carbon equivalent formed in each temperature
interval (Table 2.2.3). In the first interval (40-250 °C), light compounds, such as water, and
adsorbed OH™ and gases are released [36]; in this interval, AuCu/SiOy and AuCu/Al,O3
showed the highest weight loss, which could be related to their high surface area, which favors
moisture adsorption. In the second interval (250-600 °C), light hydrocarbons are oxidized
[26]; AuCu/LayO3 and AuCu/Fe;O3 had the highest rate of carbon formation in this interval,
which would explain the strong decrease in the OSCC and surface area, respectively, observed
in these samples (Table 2.2.1). In the last interval (600-1000 °C), heavy hydrocarbons are
oxidized, which are the type of deposits that could favor a faster deactivation of the catalyst
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[58]; in this zone, AuCu/CeOy showed a higher rate of carbon formation. Thus, rapid
deactivation observed in AuCu/CeQO, (Figure 2.2.5) could be associated with the decrease in
surface area (17%, Table 2.2.1) and OSCC (59%, Table 2.2.1) promoted by the accumulation
of deposits on the catalytic surface (Table 2.2.3). The formation of stable deposits could be
associated with the formation of intermediates during the CO removal [32]; therefore, in-situ
DRIFTS was carried out to identify how the interaction between CO and support affects the
performance of the supported Au—Cu catalysts.

Table 2.2.3. Weight loss of Au—Cu catalysts supported on single and dual supports evaluated
in CO removal from an actual syngas.

Weight loss of spent catalyst samples

Catalyst Total weight loss (%) by temperature intervals (mg of C/gcat*h)
AC Spent 40-250 °C 250600 °C 600-1000 °C

AuCu/CeO, 0.7 3.8 (U) 17.1 (U) 6.8 (U) 11.8 (U)

5.6 (S) 14.5 () 15.1 (U) 18.1 (U)
AuCu/SiO, 0.3 3.7 (U) 355 (U) 3.4 (U) 3.9 (U)
AuCu/ZrO, 0.9 1.6 (U)  92(U) 2.1 (U) 4.7 (U)
AuCu/Al,O5 0.5 3.7 (U)  28.9 (U) 2.1 (U) 9.4 (U)
AuCu/LasyOs 0.6 21(U) 9.2 (U) 7.5 (U) 2.4 (U)
AuCu/Fey03 —0.3 2.5 (U) 18.4 (U) 8.9 (U) NR
gil(l)cu/ CeOx- ~0.9 0.3 (U) 3.9 (U) 4.8 (U) NR

2

1.3 (9) 15.8 (S) 4.1 (U) NR
AuCu/CeO,- 0.5 1.7 (U) 9.2 (U) 6.2 (U) 0.8 (U)
YA @D
AuCu/Ce0,- 0.6 2.6 (U) 17.1 (U) 2.7 (U) 7.1 (U)
Al,03

Note: AC = activated catalyst, which were reduced with Hy and stabilized in air before activity
tests; U = sample used to obtain light-off curves; S = sample evaluated in the stability test; NR
= Not reported.

In-situ DRIFTS Figure 2.2.8 shows the DRIFTS spectra of CO adsorption on bare
supports and supported Au—Cu catalysts. CeO, and ZrO, show higher intensity in the area
associated with hydroxyl groups (~ 3500 cm™!) that contributes to the CO conversion [40],
which would explain their high activity among single metal oxides (Figure 2.2.2). Although
the CO pulses were free of Hy or water, hydroxyl groups may be formed from the interaction
of Hy with the surface of the support [63], which could occur during the Hy reduction that
was performed on the AC samples. In fact, Zhou et al. [64] studied the CO adsorption on
bare ZrO, by DRIFTS and Fourier transform infrared spectroscopy (FTIR), identifying up
to three families of hydroxyl groups in the zone from 3675 to 3772 cm ™!, which are activated
by the adsorption of CO, even at room temperature, and have an active role in the formation
of surface intermediates. CeO, favors the formation of hydroxyl groups even with the first
pulse of CO, which could be decisive in ensuring a syngas with a lower CO concentration.
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In the C-O* zone (1200 to 1700 cm™! [65]), the formation of bidentate carbonates (1600
cm™!) and formates (1300 and 1500 cm™!) are observed, which are also intermediates in the
CO conversion [20,54,65]. The formation of hydroxyl groups and C-O* species were lower
than dual supports when compared to CeO,; specifically, CeOs-Al;O3 shows a significant
reduction in the formation of C-O* intermediates, which would correspond to its lower
activity among the dual supports (Figure 2.2.2).

The inclusion of Au—Cu in the single oxides (Figure 2.2.8¢c) favors the presence of hy-
droxyls and the formation of C—O* intermediates, possibly due to the ability of Au to form
Au—-CO and Au-OOH species [40]. In fact, most catalysts show an increase in CO adsorbed
(2100 em™!), which is associated with CO-Au® species [66], indicating that Au could be
present mostly as Au’ on the catalytic surface, as previously reported for systems such as
Au/CeOq [20] and Au/LasO3/Al,03 [37], evaluated by XPS. However, in AuCu/CeO2-SiOy
and AuCu/CeQO,-ZrO,, a weak peak of CO adsorption between 2075 and 2050 cm™! is also
observed, which has been associated with the formation of CO-Au’~ species [67]. In the
case of AuCu/CeQO5-ZrO,, the formation of these species only occurs after several CO pulses.
The presence of Au®~ has been related to a stronger support-metal interaction, which could
be ascribed to the high stability of AuCu/CeO2-SiO, (Figure 2.2.5).

The formation of C-O* intermediates may occur on different active sites, including Au®,
Au’, and CuO, but the formation of carbonate species at approximately 1470 cm™! occurs
preferably on Cu™ species [68], which are very active in CO-PROX [69]. The peak associated
with Cu™ is well defined in AuCu/CeQO,. Furthermore, the formation of active Cu*t species
due to the high affinity in CuO-CeO, has been extensively studied by XPS and DRIFTS
[25,70]. Thus, a smaller amount of Cu™ species on the other catalysts could explain their
inability to ensure CO concentrations below 100 ppm (Table 2.2.1). Besides, the peaks asso-
ciated with formate species, which are related to CH, formation, are better defined on CeOs.
It is accepted that CH4 formation is promoted on several oxides (e.g., AlsO3, ZrO,, Y5Os3,
MgO, and CeO, [71]), but the special ability to adsorb and activate carbon species makes
CeO, an adequate support in COs methanation and CO-SMET [72]. Nevertheless, during
the CO removal the Boudouard reaction and the CH; decomposition could contribute to
the production of carbon deposits [26], favoring the catalyst deactivation. Then, the ability
of CeO, to form C-O* intermediates (Figure 2.2.8) assisted by Cut species and its lower
capacity to release the surface oxygen (low OSC/OSCC) could contribute to the generation
of stable carbon deposits, as was observed by TGA, leading to its rapid deactivation (Fig-
ure 2.2.5). Besides, the deficiency of AuCu/CeO; to mitigate carbon deposition due to the
excessive formation of C-O* intermediates could be also related to the atypical behavior of
CH, formation (Figure 2.2.4b). However, the less active materials show low formation of
intermediates (e.g., AuCu/LasO3, AuCu/Fey03, and AuCu/SiOs). Thus, the selection of
the support for the CO removal from a syngas must consider the balance between activity
and stability.

The results of DRIFTS support the notion that the use of dual metal oxides favors
less active but more stable catalysts. Therefore, in this study, CeO, is presented as the
most promising support for developing a compact system to carry out the CO removal from
an actual syngas. However, the selectivity and stability of CeOs require improvements.
Furthermore, it was shown that the use of dual supports, specifically CeO,-SiO, and CeO»-
7105, could be a promising strategy to overcome the deficiencies presented by CeQOs.
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Figure 2.2.8. In-situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) of CO adsorption of (a, b) bare supports and (c, d) supported Au-Cu catalysts.
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2.2.5 Conclusions

Several single and dual metal oxides were investigated as supports in a catalytic system
based on Au-Cu for the CO removal from an actual syngas. The use of a syngas obtained
directly from the ESR affects the effectiveness in the CO removal; specifically, a low Hy/CO
ratio could favor greater Hy loss. AuCu/CeOy was identified as the most active catalyst in
the CO removal, but it also contributes to a higher Hy consumption. Hj is lost mainly by
the formation of water and CH,, where the occurrence of CO, methanation affected the CO
removal differently. Over CeO,.Al,03 and CeO,.SiO,, methanation seems to improve CO
removal because the CO-PROX product, CO,, is constantly consumed to produce CH4. On
the contrary, methanation has a negative effect on CeO4 and LasO3 because the formed CHy
favors carbon deposition.

Differences among the catalysts were evaluated by several characterization techniques.
DRIFTS spectra of CO adsorption showed that CeO, has a superior activity because it
favors the formation of C-O* and OH™ intermediates, but it promotes the formation of
carbon deposits that lead to its deactivation. Similarly, TPR showed that ZrOs has a high
interaction with active metals (Au-Cu), which makes it active but less selective, favoring
a high H, oxidation. In addition, the low OSC of Al,O3 and SiO,, and the lower surface
area of FeoO3 and Lay;O3 make these metal oxides less active. Regarding dual supports, the
inclusion of a second metal oxide weakens the interaction of CeO, with the active metals,
reducing activity. However, dual metal oxides are more selective and stable than single CeOq
because they mitigate the excess of C—O* species, as was observed by DRIFTS; specifically,
Ce04.51045 mitigates the formation of stable carbon deposits that deactivate the catalyst.
Thus, AuCu/CeO, was identified as a promising catalyst for carrying out the CO removal
from a syngas using just one catalytic reactor, but improvements in CeO, stability are
still required. Therefore, the use of dual supports (e.g., CeOy.Si03) could be a strategy to
overcome single CeQO, deficiencies. Thus, the development of more compact systems for the
purification of Hjy suitable for FC implicitly promotes greater Hy consumption. The results
of this work aim to contribute to the development and establishment of sustainable energies
based on Hs.
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2.3 Modification of CeO; morphology

In the previous section the effect of several single and dual metal oxides as supports for a
catalytic system based on Au-Cu in the CO removal from an actual syngas was presented.
It was identified that the inclusion of a second metal oxide in the CeOy matrix impact in the
activity of the AuCu/CeO, system. For this reason, in this section a different approach was
evaluated, which seeks to obtain both active and stable catalyst of AuCu/CeOy by modifying
the nanomorphology of CeQOs.

This section corresponds to an article published in Applied Catalysis A: General, (2020)
598, 117568. - DOI: 10.1016/j.apcata.2020.117568

Raw and processed data of this section can be downloaded from: https://data.mendeley.
com/datasets/38c6gy3tdr/2 - DOI: 10.17632/38c6gy3t4r.2
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2.3.1 Abstract

Nano-shaped CeOs (i.e., polyhedra, rods and cubes) and CeOq without defined morphology
were compared as supports of AuCu/CeQO, catalysts in the CO removal of actual syngas
streams. Catalyst characterization indicates that oxygen vacancies, exposed CeQO crystal
planes, surface area and the interaction between active metals and support translate into
changes in the catalytic performance on each nano-shape of CeO,. CeOs nano-polyhedra
and nano-rods show the higher activity and selectivity due to their high surface area and
the presence of both {111} and {100} lattice planes. However, nano-rods are susceptible of
losing COs-selectivity under continuous operation due to the presence of an additional and
unstable {110} lattice plane. Therefore, an AuCu catalyst supported on nano-polyhedra
CeO; ensures complete CO removal (i.e., <100 ppm) from an actual syngas stream for 48
h. These results are a contribution to the development of a simple, continuous, and robust
system for fuel-cell grade Hy production.

Keywords: Fuel-cell grade hydrogen; in-situ DRIFTS; Post-reforming stream cleaning;
XRD; XPS.

2.3.2 Introduction

Hydrogen fuel cells (Hy-FC) are promising devices for pollution-free and efficient power pro-
duction, which would favor their integration in commercial applications. However, obtaining
Hy from renewable resources is a key step in the establishment of the Ho-FC technology. In
particular, production of Hy from bioethanol obtained from agroindustrial wastes [1] is an
attractive alternative because bioethanol from residual biomass is cheaper than that from
food-crops and does not endanger food security [2,3].

Bioethanol conversion to Hy is usually carried out via ethanol steam reforming (ESR) due
to its high Hs yield. The main products in the ESR include Hy, carbon monoxide (CO) and
carbon dioxide (COs); hydrogenated species such as methane (CHy) or ethylene (CyHy) could
also be present in lesser amounts. Then, the post-reforming gas (syngas) should be purified
depending on the final use of Hy. For the specific use of Hy in proton exchange membranes
FC (PEM-FC), which are the FC currently commercially available, CO must be removed due
to its poising effect on the FC electrodes. Thus, the ESR is followed by a purification process
to reduce the CO level in the syngas streams. Currently, CO is eliminated in two stages
involving the chemical reactions presented in Table 2.3.1: a water gas shift reaction (WGS,
R.1) is first used to remove most of the CO, followed by a final step that could include CO
oxidation (R.2) or CO methanation (R.4) to ensure CO levels of parts per million (ppm).
Each of these stages may require several reactors [4], making CO removal a complex and
bulky process.

Recently, miniaturization has become a key aspect for the implementation of emerging
technologies in the commercial sector [5]. Consequently, several technologies have been
proposed to reduce the number of units used in the suitable production of PEM-FC grade
H,. For instance, advances in the design of PEM-FC have contributed to the development
of more CO-tolerant devices. Narayanan and Basu [6] proposed the use of a solution of
KMnO, to regenerate the PEM-FC electrodes, recovering the initial current density of a FC
poisoned with a Hy stream containing more than 100 ppm of CO. Similarly, Devrim et al. [7]
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Table 2.3.1. Reaction network for the CO removal from syngas streams

Reaction Description

CO + H,O = CO,+ H, Water gas shift reaction, WGS R.1
2C0 + Oy — 2CO0O, CO oxidation R.2
2H, + 02 — 2HQO H, oxidation R.3
CO + 3H, = CH,4 + H,O CO methanation R.4
COy + 4Hy, = CH4 + 2H,0 CO5 methanation R.5

reported that an increase in the operating temperature of the PEM-FC mitigates the effect
of CO poisoning, achieving a proper functioning at 160 °C for 500 h of a PEM-FC fed with a
gas containing 3% of CO. Thus, 100 ppm of CO in the Hy streams represents a conservative
concentration for the most recent models of PEM-FC [8].

Integration of catalytic CO removal in a single reactor has also been studied. Ayastuy
et al. [9] evaluated a CuO/CeO; catalyst in a system that integrated WGS and CO-PROX
reactions in the same reactor, achieving the removal of most of the CO from a syngas (CO,
H,0O, Hy, CO5 and He). Similar results were reported by Reina et al. [10], who found that
an Au/CeFey/Al catalyst is promising for carrying out both WGS and CO-PROX reactions,
but without complete CO conversion. Then, catalytic process integration would simplify the
bulky CO removal step, but improvements in the catalysts design are required to ensure a
CO-free Hy stream.

Recently, we evaluated a system for CO removal of an actual syngas stream coming
from ESR using only one catalytic reactor based on an AuCu catalysts supported on several
metal oxides [11]. That work focused on the understanding of the effect of the support in
CO removal. Complete CO removal (i.e., <100 ppm) was only achieved on AuCu/CeOq
catalyst, but the catalyst was deactivated due to progressive changes in the CeO, structure.
We also studied the Au/Cu ratio in CeO, [12], identifying that a weight ratio of Au/Cu =
1 provides a balance between CO removal and Hs loss. Therefore, our intention now is to
evaluate several CeO, nanostructure configuration to develop a stable AuCu/CeO, catalyst
for the CO removal of actual syngas streams.

The modification of the support nanostructure has been reported as a novel strategy
to develop more active, selective, and stable catalysts. Si et al. [13] assessed Cu catalysts
supported on nano-cubes and nano-rods of CeOy in the WGS, reporting that the morphol-
ogy affects the active metal dispersion and the oxygen vacancies of CeO,. Similarly, Yi et
al. [14] and Soler et al. [15] evaluated Au/CeO, catalysts with polyhedra, rods and cubes
morphologies for the CO-PROX, reporting that CeOs; morphology influences the CO ad-
sorption/desorption properties and Au-CeOs interaction, which alters the catalytic activity.
Therefore, modification of CeO, nanostructure would promote an active, selective, and sta-
ble catalyst for CO removal of a syngas coming directly from the ESR. Although there are
reports on the effect of CeOy morphology on the CO-PROX and WGS,; all these studies have
been conducted with synthetic feeds. Catalysts evaluation using actual syngas streams could
show catalytic phenomena that would be otherwise not observed, such as a high formation
of formates and carbonates that increase carbon deposits and Hy consumption [12]. Thus,
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the effect of CeO5 nanostructure in the CO removal should be evaluated using actual syngas
streams. In addition, none of the previous studies have assessed specifically the bimetallic
AuCu/CeO; system.

Therefore, this study aimed to evaluate the effect of CeOy nanostructure, looking to de-
velop an active, selective, and stable AuCu/CeQOy catalyst for CO removal from an actual
syngas stream. To this end, several CeO, morphologies were assessed, including polyhe-
dra, rods and cubes; besides, a CeO, without a defined morphology was used as reference.
Catalytic performance and stability tests were carried out in a system that couples ESR
and CO removal in line. Characterization by X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), Ny adsorption (BET), energy-dispersive X-ray
spectroscopy (EDS), Atomic Absorption Spectroscopy (AAS), thermogravimetric analysis
(TGA), in-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), X-ray
diffraction (XRD) and Raman spectroscopy were performed to identify structural changes
of AuCu/CeO; catalysts during CO removal.

2.3.3 Experimental
Catalyst synthesis

AuCu catalysts were prepared over CeOqy with different morphologies (i.e., polyhedra,
rods and cubes); a sample without defined morphology was used as a reference to establish
a base line for comparison. CeQO, supports with a specified nano-shape were prepared by
hydrothermal method according to [16]. Briefly, 0.3 M NaOH and 9.0 M NaOH solutions were
mixed with Ce(NO3)3-6H,0 (Sigma Aldrich, USA) for polyhedra and rods/cubes synthesis,
respectively, under continuous stirring for 1 h at 600 rpm. The slurry obtained was heated
in an airtight container for 24 h at 100, 120 and 160 °C for polyhedra, rods and cubes,
respectively. The precipitate was neutralized with water and calcined at 500 °C for 2 h.
Blank CeO, was obtained from Ce(NOj3)3:6H,0O calcined at 500 °C for 2 h. All supports
were sifted using a 140-mesh sieve.

Au (1 wt%) and Cu (1 wt%) metals were impregnated according to the procedure de-
scribed elsewhere [12]. Briefly, Au was included in specified nano-shaped CeOs by precipitation-
deposition method, using a solution of HAuCly-3H,O (Sigma Aldrich, USA). Afterwards, Cu
was loaded into the previously prepared Au/CeOs catalyst by incipient wetness impregnation
method, using a solution of Cu(NOj)2-3H,0 (Sigma Aldrich, USA). Catalysts were calcined
at 500 °C for 2 h. The prepared AuCu/CeO, catalysts were labeled as AuCu/Ce-X, where
X indicates morphology (X = P for polyhedra, R for rods, C for cubes and B for the blank).

Actual syngas streams were provided by ESR reaction using a RhPt/CeO,-SiOy cata-
lyst prepared according to previous reports [17]. Briefly, the dual CeO,-SiOy support was
prepared by incipient wetness co-impregnation of SiOy (Merck, Germany), using solutions
of Ce(NO3)3-6H,0 (Alfa Aesar, USA). Subsequently, Rh and Pt active metals (each metal
content is 0.4 wt%) were loaded into the support by incipient wetness co-impregnation, using
solutions of RhCl3-HyO (Sigma Aldrich, USA) and HyPtClg-6H2O (Sigma Aldrich, USA) in

water.
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Catalytic tests

The actual syngas was generated from the ESR, using a fixed-bed catalytic reactor fed
with 0.03 mL/min of synthetic bioethanol (water/ethanol molar ratio = 3) and 300 mL/min
of Ar as carrier gas. Reaction was carried out at 700 °C, atmospheric pressure, and 6.4 +
0.1 L/gcat min of space velocity (SV). The catalyst bed was made of 0.050 g of RhPt/CeO,-
SiO, and 0.250 g of inert quartz particles. The molar composition of the syngas obtained,
excluding carrier gas, was: Hy (70.8%), CO (18.1%), CO2 (8.3%), and CH, (2.8%), with a
deviation lower than 7.3%.

The ESR output was mixed with dry air and directly connected to the CO-removal reac-
tor, where AuCu catalysts supported over CeO, with different morphologies were evaluated.
According to our previous study [12], an Oq excess factor (\) [18] of 1.8 £ 0.05 at the inlet
of the CO-removal reactor was used to ensure a high CO conversion, reducing the Hy loss.
The catalytic bed was made of 0.050 g of Au-Cu/CeO, and 0.250 g of inert quartz particles,
achieving a 6.5 £ 0.2 L/g..s min of SV. Before activity tests, catalysts samples were reduced
in-situ at 300 °C with 8 mol% Hy/Ar (330 mL/min) for 1 h, followed by a purge with Ar
(300 mL/min) for 30 min and ended by a stabilization in 10% air/Ar (330 mL/min) for 30
min. These samples were labeled as “Activated” catalysts (AC). Light-off curves for each
AuCu/CeO; catalyst were built from 300 to 100 °C, decreasing the temperature every 30
min in sequence of 20 °C. Samples used in catalytic evaluations were labeled as “Used” (U)
catalysts. Finally, stability tests were conducted at 210 °C for 48 h time-on-stream (TOS)
under the same conditions described above for the activity tests. Samples used in stability
tests were labeled as “S”. External and internal mass transfer limitations were controlled
in both reactors as reported in [17]. Reaction conditions and processed Excel data of all
activity and stability tests can be observed in detail and downloaded from [data set] [19].

Outlet streams of the ESR and CO-removal reactors were quantified by a Clarus 580 gas
chromatograph unit (GC, Perkin Elmer, USA). Conversion (z;) and yield for each detected
product were calculated using 8 and 9.

E inlet — E outlet
P outlel 100 8
-Fi,inlet ( )

YZ(ildz _ E,outlet - E,inlet (9)
Cintet ESR
Where F; is the mole flow (mol/min) of species i (i.e., CO, COq, Hy, and CHy) entering or
leaving the reactor of CO removal and Cyeipsr is the total carbon flow (mol/min) fed into
the system. Elemental carbon balances were calculated in each temperature and reported in
Table SM.6 (see Supplementary Material).

Catalyst characterization

The catalytic surface of activated catalysts was studied by XPS in a NAP-XPS unit (Specs
group, Germany) with a PHOIBOS 150 1D-DLD analyzer, using a monochromatic Al-Ka
source (1486.7 eV, 13 kV, 100 W) and a pass energy of 20 eV for high resolution spectra. The
binding energy (BE) reference was taken at the Cls transition at 284.8 eV. An estimated
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error of 0.1 eV can be assumed for measurements. Data processing was performed with the
CasaXPS program (Casa Software, UK), ensuring an adjustment parameter (R?) > 0.9.

The morphology of the samples was verified by TEM using a JEM 2010 F FasTem
analytical electron microscope equipped with a Z-contrast annular detector working at 200
kV (Oxford Instruments, UK). Samples were previously dispersed on a carbon-film-coated
copper grid using a syringe at high pressure. The particle size was measured using the
ImageJ software.

Surface area of samples was estimated by Ny adsorption tests in a ChemBET Pulsar unit
(Quantachrome Instruments, USA), using a single point of 30% Ny/He (20 mL/min). The
repeatability of the test was confirmed by a standard error < 5%.

Au and Cu presence in AC samples of AuCu/CeOs catalysts was initially confirmed by
EDS analysis in a Noran microanalysis system (Thermo Electron Corporation, USA) con-
nected to a SEM JSM 5600 microscope. Afterwards, actual Au and Cu loadings in AC
samples were measured by AAS using a Solaar S4 spectrometer (Thermo Electron Corpora-
tion, USA).

Deposits on catalyst samples were measured by TGA using a thermogravimetric analyzer
(Mettler Toledo, USA). Test was performed between 30 to 1000 °C (5 °C/min) in dry air
(150 mL/min). Weight loss of the AC samples was subtracted to the weight loss obtained
in the spent catalysts.

In-situ DRIFTS was used to evaluate CO adsorption on AC samples in a Nicolet iS10 unit
(Thermo Scientific, USA). 0.02 g of samples were put on a sampler holder, which consisted
in a DRK-3 Praying Mantis (Harrick, USA) equipped with ZeSn windows. Then, the sample
holder was sealed and aisled to avoid interference from the environment using an external
flow of Ar (20 mL/min), which remained during the entire test. Afterwards, the sample was
flushed with Ar (15 mL/min) at 50 °C [20] for 30 min. Finally, 10 pulses of 30 pL of CO,
obtained from a certified 5% CO/Ar mixture, were injected into the sampler holder; between
each pulse, Ar (15 mL/min) was passed for 10 min. Signal was collected between 4000-400
cm™!, 2 ecm™ of resolution and 64 scans/min.

The crystalline structure of catalysts was determined by XRD in a D-8 diffractometer
(Bruker Corporation, USA). Rietveld refinement of XRD data was performed using a FullProf
suite software. Statistical parameters were used to validate the data adjustment: Chi-square
test (Chi®) <2.2 and R-weighted pattern (Ryp) < 30% were assured in all settings.

Structure of the materials was analyzed by Raman spectroscopy in a DRX-Raman Mi-
croscope unit (Thermo Electron Corporation, USA) with a 532-nm laser excitation source
(10 mW) and a spectral resolution of 2 cm™ at ambient conditions.

Raw and processed Excel data of all characterization tests can be downloaded from [data
set] [19].

2.3.4 Results and discussion

Activity and selectivity Figure 2.3.1 shows CO conversion, CO, yield, Hy loss and CHy
yield as a function of temperature obtained AuCu/CeO, catalysts with different nano-shapes
of CeOq (i.e., polyhedra, rods, cubes and blank). Supports were included for comparison,
for which it can be seen that although CO conversion is favored by temperature in the low
temperature range (Figure 2.3.1a), the exothermic nature of the reaction and the competition
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with Hy oxidation (R.3) [12] delivers a maximum in CO conversion at different temperatures,
depending on the CeOy morphology: Ce-R, (150 °C), Ce-B (210 °C), Ce-P (255 °C) and Ce-C
(300 °C). The redox properties (Ce3™ <+ Ce't) and the high oxygen storage capacity (OSC)
of the support [11] favor the high activity of CeOs in the total oxidation reactions, even
without active metals [21].

The effectiveness of the Au-Cu system in the CO oxidation has been studied extensively
[22,23]: Au favors the formation of C-O* intermediaries, which favor CO oxidation [24] (R.2)
and methanation (R.4 and R.5) [12]. Similarly, Cu interacts with the support to form CuO
species [22] and oxygen vacancies [25], favoring CO oxidation. In a previous study [12], we
found that an Au/Cu weight ratio of 1 favors an active catalyst to remove CO and reduce Hy
loss due to the formation of hydrogenated compounds, such as CH,. Besides, a synergistic
effect of Au-Cu due to a possible alloy formation was proposed [23,26]. For this, the inclusion
of Au and Cu in the catalysts promotes greater CO removal from an actual syngas compared
to the supports. In particular, it was possible to obtain a CO-free Hy stream (i.e., <100 ppm
including the carrier gas) with AuCu/Ce-B (CO <70 ppm at 210 °C), AuCu/Ce-P (CO <60
ppm at 230 °C) and AuCu/Ce-R (CO <80 ppm at 255 °C); while the AuCu/Ce-C sample
did not reach complete CO removal (4.800 ppm at 280 °C). The support and reaction gases
(actual syngas) are extrinsic factors that have a crucial role in the performance of the Au-Cu
system [22]. Therefore, differences in the catalytic activity among the AuCu/CeO, catalysts
with different nano-shaped CeQOs in the CO removal from an actual syngas seem to be
associated with the nanostructure of the support and its interaction with the active metals
(Au and Cu), as will be discussed in the “Catalysts characterization” section.

Figure 2.3.1b shows the CO; yield during the CO removal. Despite having similar ac-
tivities, AuCu/Ce-P and AuCu/Ce-R show higher COs yield than the blank (AuCu/Ce-B).
The selectivity for CO oxidation depends strongly on the availability of oxygen vacancies
on the catalyst surface. Then, the variation in the COy yield could be associated with the
oxygen mobility [27,28] on each type of CeOy morphology, as it will be discussed latter.

The consumption of Hy during the CO removal is an important aspect to consider due to
its impact on the efficiency of the process. Figure 2.3.1¢ shows Hj losses up to 35% depending
on the catalyst and the temperature. The presence of O, in excess favors Hy oxidation (R.3)
[29]. In this study, a previously optimized value [12] of A=1.8 was used, which is higher than
the stoichiometric factor (A = 1) for CO oxidation (R.2). Also, CH4 formation is observed in
all catalysts (Figure 2.3.1d), especially on AuCu/Ce-B and AuCu/Ce-P samples, suggesting
the presence of hydrogenation reactions, such as methanation of CO and CO,. CH4 formation
depends also on the oxygen vacancies on the surface of each CeOy morphology [30]. The
elemental balance of Hy shows that CH, production contributes on an average of 20% to
the Hy loss during CO removal, which increases up to 30% at low temperature (<150 °C)
on AuCu/Ce-B and AuCu/Ce-P samples. The remaining Hy loss could be attributed to the
formation of H,O and other not quantified hydrogenated carbonaceous compounds.

Therefore, the CeO, morphology has a strong influence on the activity and selectivity of
the AuCu/CeO; catalysts evaluated in the CO removal. The interaction between the active
metals (Au and Cu) and the support (nano-shaped CeQO,), in addition to possible struc-
tural changes on the different nanostructures, could also influence the catalytic performance.
Consequently, catalyst characterization was used to determinate how the CeO, morphologies
affect activity and selectivity of AuCu/CeO, catalysts in the CO removal from an actual
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Figure 2.3.1. (a) CO conversion, (b) CO, yield, (c¢) Hy loss and (d) CHy yield during the
CO removal of a syngas stream over 1wt%Au-1wt%Cu/CeOs catalysts with different
nano-shaped CeOs: polyhedra (P), rods (R), cubes (C), and a blank (B) included for

comparison. Syngas composition: 8.5% Hsy, 2.2% CO, 0.5% CO,, 0.3% CHy, 1.5% H,O and

Ar balance. A = 1.8.
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syngas stream.
Catalysts characterization

XPS Oxidation states of Au, Cu, Ce and O on the catalyst surface of the 1wt%Au-
1wt%Cu/CeO, catalysts with different nano-shaped CeO, was studied by XPS; Figure 2.3.2
shows the results. Au is identified only as Au® species in all AC samples (Figure 2.3.2a).
AC samples were previously reduced in Hy and oxidized in air at 300 °C, but the oxidant
atmosphere was not enough to oxidize an appreciate amount of the Au loading. Au® promotes
the CO conversion by formation of Au’~OOH and Au’-CO intermediates, as reported in [31].
Meanwhile, Cu shows the typical spin-orbital pair of Cu2ps/s zone for Cu and Cu® (932,6
eV), and Cu?* (934 eV), with two satellites of Cu®* (~ 940 eV) [32]. Reduced species
(e.g., Cup0) are the main active sites in CO-PROX over Cu/CeO; catalysts, as a result
of its strong association with ceria (Cu-O-Ce) [33] and the fact that it acts as an effective
adsorption site for C-O* intermediates, promoting a rapid conversion of CO [34]. Moreover,
a certain amount of Cu?*t (CuO) sites is necessary to mitigate an excessive Hy dissociation
[34]. The (Cut+Cu")/Cu®" ratio is shown in Table 2.3.2. AuCu/Ce-B shows a higher
(Cu™+Cu?)/Cu?* ratio that could be related to its high activity (Figure 2.3.1a). However,
the possible deficiency of CuO species could influence the greater loss of Hy observed over
AuCu/Ce-B (Figure 2.3.1c). Similarly, a low (Cu™+Cu?)/Cu®" ratio in AuCu/Ce-C could
have impacted its activity. Therefore, an appropriate (Cu™+Cu®)/Cu?* ratio, among other
features discussed later, can be determinant in the activity and selectivity of the AuCu/CeOq
system.

Figure 2.3.2c shows the XPS spectra for Ce on AuCu/CeOs catalysts. In addition, Ta~
ble 2.3.2 presents the abundance of Ce*" species (peaks v?, v, u’, and u’), which are as-
cribed to oxygen vacancies [35], respect to the Ce* species (peaks v, v'’, v’’’ u,u’’, and
u’"’). The highest availability of oxygen vacancies in AuCu/Ce-P and AuCu/Ce-R could
be associated with its higher CO, formation (Figure 2.3.1b); while AuCu/Ce-B has 21%
less vacancies, which could impact its CO oxidation capacity (less CO, yield, Figure 2.3.1b)
and favor the hydrogenation of C-O* intermediates (high CHy yield, Figure 2.3.1d). Thus, a
possibly enrichment of oxygen vacancies, along with a moderate (Cu™+Cu®)/Cu?* ratio, in
AuCu/Ce-P and AuCu/Ce-R would lead to active and selective catalysts for CO removal.

O spectra (Figure 2.3.2d) also show that AuCu/Ce-B has a significant difference respect
to the other samples. Specifically, the amount of Oy + OHg species, which are involved in the
formation of intermediaries for CO conversion [36], is up to 4.2 times greater in AuCu/Ce-
B compared to Au-Cu catalysts supported on well-defined-morphologies (Table 2.3.2). The
presence of OH™ in the catalytic surface favors the formation of Au’~-OOH-, which contributes
to the CO adsorption [12], conducing to a high activity of AuCu/Ce-B (Figure 2.3.1a). How-
ever, an excess of OH" groups and a high (Cu™+Cu?)/Cu?* ratio also favor a greater carbon
intermediates formation [37], which can be easily hydrogenated to produce CH4 and coke
[38]. Also, hydrogenation of carbon intermediates could compete with CO oxidation, reduc-
ing CO, formation. Therefore, a deficiency in oxygen vacancies, along with a high content
of OH" species, could explain the lower CO, yield of AuCu/Ce-B compared to AuCu/Ce-P
and AuCu/Ce-R (Figure 2.3.1b). Changes in oxygen mobility have been associated with
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the lattice planes exposed by each nanostructure of CeOy; accordingly, the AuCu catalysts
morphology will be evaluated by TEM in the following section.
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Figure 2.3.2.

XPS spectra of (a) Au 4f;; and 4f7/5, (b) Cu 2ps/2, (¢) Ce 3ds/ and 3ds,,

and (d) O 1s for AC samples of the 1wt%Au-1wt%Cu/CeO, catalysts with different
nano-shaped CeOs (polyhedra (P), rods (R), cubes (C), and a blank (B)).

TEM The morphology of the CeO, supports was verified by TEM (Figure SM.10 in
Supplementary Material). The TEM micrographs show that each nano-shaped CeOs (i.e.,
polyhedra, rods and cubes) has a defined morphology and homogeneous distribution of CeO,
nanoparticles. Table 2.3.2 shows the average size of particles for each morphology measured
by TEM. The AuCu/CeOs catalysts maintain the shape (Figure SM.11 in Supplementary
Material) of their corresponding CeOs support, indicating that the method of loading active
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Table 2.3.2. Element abundance on catalyst surface, particle size and surface area of the
Iwt%Au-1wt%Cu/CeO, catalysts with different nano-shaped CeO, (polyhedra (P), rods (R),
cubes (C), and a blank (B)).

Ce+ Qe Surface
(Cut4Cu®)/Cu?* abundance of | CeOs particle BET surface area
Catalysts . a molar h 2
molar ratio a (Os + OHy) size (m?/g)
ratio .
species (%)?

9.4 4+ 1.5 nm of

AuCu/Ce-P | 14 0.49 9.5 average diame- | 84 86 76 72
ter
18 £ 1.9 nm
of average di-

AuCu/Ce-R | 1.3 0.48 10.0 ameter and 275 | 80 84 74 63
+ 28 nm in
length
38 £ 11 nm

AuCu/Ce-C | 1.1 0.45 14.8 of the average | 20 22 16 18
edge

AuCu/Ce-B | 2.1 0.38 39.9 without de- 65 71 1 g3
fined shape

SP: Support; AC: activated; U: used; and S: spent catalyst samples after stability test.
aMeasured by XPS. PMeasured by TEM.

metals does not affect CeOy morphology.

Au and Cu particles were not identified in TEM micrographs due to the low contrast
between CuO and CeO, [12,16,39], together with a low particle size of Au [8,24]. How-
ever, Au and Cu presence in AuCu/CeO, catalysts was confirmed by EDS (Figure SM.12
in Supplementary Material), XPS and AAS (Table SM.7 in Supplementary Material), with
values ranging 0.77 and 1.14 for Au loading and 0.82 and 0.92 for Cu loadings. Also, the
concentration of active metals on the surface (measured by XPS, Table SM.7 in Supplemen-
tary Material) is greater than the concentration in the bulk (measured by AAS, Table SM.7
in Supplementary Material), indicating that Au and Cu are mostly on the surface of the
AuCu/CeO, catalysts.

A Fast Fourier Transform (FFT) analysis to the TEM images were used to identify
the lattice fringe spacing in each of the AuCu/CeOs catalysts, as shown in Figure 2.3.3.
Interplanar distances between 0.21 to 0.24 nm can correspond to active metals (Au and
Cu) [40,41]. On the other hand, the lattice planes traditionally reported for each CeOq
nanostructure [15,42] were confirmed by interplanar distances observed in TEM micrographs.
Cu/Ce-P (Figure 2.3.3a) shows stable {111} lattice planes (distances of 0.33 and 0.31 nm
[43,44]) and less stable {100} lattice planes (distance of 0.27 nm [45]), associated with a
high CO adsorption and the favoring of oxygen vacancies formation [46], as observed by
XPS. Thus, the presence of both {111} and {100} lattice planes can improve CO yield
(Figure 2.3.1b).

Similarly, AuCu/Ce-R (Figure 2.3.3b) shows mainly the {111} and {100} lattice planes,
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Figure 2.3.3. TEM images of 1wt%Au-1wt%Cu catalysts supported over CeOy with
different morphologies: (a) polyhedra, (b) rods, (¢) cubes and (d) blank.
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which would explain why AuCu/Ce-P and AuCu/Ce-R displayed similar trends in CO con-
version and COy yield (Figure 2.3.1a and b). However, an additional unstable {110} plane
(distance of 0.19 nm) [20], which promotes the CO oxidation even at low temperatures
(<200 °C), is present in nanorods [47]. Then, the presence of the {110} lattice planes in
AuCu/Ce-R could be linked to its greater effectiveness in mitigating the CH4 formation at
low temperature (<210 °C), compared to AuCu/Ce-P (Figure 2.3.1d).

The AuCu/Ce-C sample mainly exposes CeOy {100} lattice planes, which can favor a
high CO, selectivity, with few {110} lattice planes associated with the corners of the cubes
[48]. Nevertheless, the nano-cubes required higher temperatures to oxidize CO due to the
high activation energy between the adsorbed CO and the O vacancy over the {100} lattice
planes [20]. Then, the presence of {100} lattice planes in the nano-cubes promotes the
COq selectivity, but could affect its activity at low temperature, as observed in AuCu/Ce-
C (Figure 2.3.1a). Finally, AuCu/Ce-B exposes several facets, including {111}, {110} and
{100} lattice planes. This combination of lattice planes could be related to the high activity
of the unmodified CeOy (AuCu/Ce-B in Figure 2.3.1a), as was presented above. However,
the presence of an excessive number of unstable lattice planes (e.g., {110} and {100}) could
favor structural changes that affect the catalytic performance, as previously reported [12].

TEM test was carry out in spent samples (data not shown), observing the same lattice
planes and CeO, morphology as in the activated samples.

Therefore, the lattice planes exposed by each CeOs morphology significantly affect the
activity and selectivity of the AuCu/CeOs catalysts. However, other structural features of
the supports can also contribute to the catalytic performance in the CO removal from an
actual syngas stream.

BET area Table 2.3.2 shows the specific surface area of supports and AuCu/CeOq
catalysts. It is accepted that catalytic activity scales with surface area [49], which agrees
with the results of the activity test (Figure 2.3.1a). However, to assess the intrinsic activity
of nano-shaped CeO,, CO conversion rate and CO, formation rate were normalized by the
specific BET surface area of the catalysts, Figure 2.3.4. When surface area is the main
reason on the differences in catalytic activity, normalized rates measured on the different
samples should be identical [49]. AuCu/Ce-P, AuCu/Ce-R and AuCu/Ce-B show a similar
normalized activity and COy selectivity profile (Figure 2.3.4), but they were already similar
in Figure 2.3.1.

Nevertheless, the catalyst with the lowest surface area shows the highest normalized
activity data (AuCu/Ce-C in Table 2.3.2 and Figure 2.3.4, respectively). Therefore, other
features seem to be affecting activity and selectivity. For instance, the AuCu/Ce-C catalyst
showed a larger presence of the {100} lattice planes which can be related to a higher oxygen
mobility [15,50] and, therefore, to its highest normalized CO conversion rate. Similarly,
the combination of multiple lattice planes could favor a slight increase in the AuCu/Ce-B
normalized activity compared to AuCu/Ce-P and AuCu/Ce-R (Figure 2.3.1a). Additionally,
the normalized COs-production rate (Figure 2.3.4b) is also favored by the presence of CeOq
{100}, while the additional {110} lattice planes on AuCu/Ce-R and AuCu/Ce-B do not
seem to contribute significantly to the CO, production. Therefore, activity and selectivity of
AuCu supported on nano-shaped CeQO, catalysts are greatly influenced by the surface area
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Figure 2.3.4. Normalization of (a) CO conversion rate and (b) CO.-formation rate with
respect to the surface area on the CO removal from an actual syngas streams over
Iwt%Au-1wt%Cu/CeOy catalysts with several nano-shapes: polyhedra (P), rods (R) and
cubes (C); blank (B) is included as comparison.

but this feature is not the only one when considering their differences.

On the other hand, the surface area of the catalysts decreases after the activity tests
(Table 2.3.2). The decrease percentage followed the order: AuCu/Ce-C (27%) > AuCu/Ce-
B (14%) > AuCu/Ce-R = AuCu/Ce-P (11%). The change in the surface area could be
associated with carbon deposition and/or structural changes of the supports, as will be
discussed in the following sections.

TGA The amount of reaction deposits was evaluated by TGA. Table 2.3.3 shows the
weight loss of spent catalysts. AuCu/Ce-R and AuCu/Ce-P were the catalysts with the
highest weight lost. A detailed review of the weight loss by temperature interval (Table SM.8
in Supplementary Material) shows that about 64% is between 80 to 250 °C [51], which can
correspond to adsorbed water in the bulk of the catalysts. The HoO content in the syngas
and the Hy oxidation during CO removal would be related to the adsorption of H,O in the
catalysts. In addition, between 250 and 600 °C, weight loss can be related to the formation
of less stable carbon deposits. AuCu/Ce-P shows the lower weight loss in this zone, while
AuCu/Ce-C presents the higher one. Moreover, the percentage of weight loss between 600
and 1000 °C, associated with the formation of stable carbon deposits, is lower in AuCu/Ce-C
and higher in AuCu/Ce-P. The elemental carbon balances (Table SM.6 in Supplementary
Material) indicate that most carbon deposits are formed between 160 to 240 °C, where the
carbon balances decrease in all samples. This zone match with high CO conversion in the
most samples (see Figure 2.3.1a). Then, the differences in the formation of carbon deposits
could be associated with the reaction intermediates formed on each nanostructure. For
this reason, the formation of intermediates during the CO removal was analyzed by CO
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adsorption measured by in situ DRIFTS.

Table 2.3.3.

TGA, XRD and Raman characterization of 1wt%Au-1wt%Cu/CeO, catalysts
with different nano-shaped CeO, (polyhedra (P), rods (R), cubes (C), and a blank (B)).

Weight loss CeO, average Lattice Fy, peak of
of used o parameter of
Catalysts crystallite size CeOq
samples (nm)® F samples (cm)e
(%)° (A)P
sp U S |SP AC U S | SP AC SP AC U S
AuCu/Ce-P | 2.0 24 25|89 89 9.3 9.0]54293 54199 | 465 452 459 452
AuCu/Ce-R | 2.1 29 31[103 10 9.8 9.1]54294 54195 | 463 454 459 455
AuCu/Ce-C |34 22 26205 21 20 17 | 5.4203 5.4202 | 464 452 450 457
AuCu/Ce-B | 1.6 1.9 29|78 7.8 88 9.5]54295 54194 | 462 456 448 449

SP: Support; AC: activated; U: used; and S: spent catalyst samples after stability test.
aMeasured by TGA. PMeasured by XRD. “Indentified by Raman spectroscopy.

in-situ CO DRIFTS Figure 2.3.5 shows the DRIFTS spectra for the CO adsorption
on bare-supports and Au-Cu catalysts. The intensity of the adsorption peaks of CO as car-
bonyls (2147 and 2095 cm™) and CO, (2355 cm™) is higher in the Au-Cu catalysts compared
to their respective supports. Peak at 2095 cm™ has been associate with the formation of
Au®-CO species [52], confirming the presence of Au” evidenced by XPS (Figure 2.3.2a). It is
well known that both Au and Cu favor the formation of intermediaries during CO removal
[52,53]. However, the formates and carbonates zone (C-O* spectral region in Figure 2.3.5)
shows that each nanostructure favors different intermediaries, which could be associated with
the presence of different lattice planes exposed [20,54]. A high variety of peaks in C-O* spec-
tral region is favored by {111} lattice planes [54], mostly present in AuCu/Ce-P, AuCu/Ce-R
and AuCu/Ce-B, while {100} lattice planes exposed by the AuCu/Ce-B favor a decrease in
the number of bands in this region. The presence of {100} lattice planes also favors the
shift of the CO adsorption at a high wavenumber (2095 to 2103 cm™) [20]. {100} lattice
planes in nano-cubes favor the regeneration of OH" groups, mitigating carbonates formation
(peaks 1395 and 1480 cm™) [50], which are intermediates in carbon deposition [37]. Thus,
the presence of CeOy {100} in AuCu/Ce-C seems to mitigate the formation of stable car-
bon deposition favoring the normalized COq-production rate (Figure 2.3.4b). On the other
hand, a high formation of carbonates and formates is promoted by CeOq {111} [50], favoring
carbonaceous deposits during the CO removal [12]. Therefore, the presence of {111} lattice
planes could be associated with a higher amount of carbon deposits on the other samples
(AuCu/Ce-P, AuCu/Ce-B and AuCu/Ce-R). Although AuCu/Ce-R and AuCu/Ce-B show
greater band intensities in the C-O* spectral region (1200 to 1750 cm™ in Figure 2.3.5),
which could be associated with the presence of highly reactive and unstable {110} lattice
planes, results of TGA are not conclusive about the effect of {110} lattice planes on carbon
deposition. In addition, a high resistance to carbon deposits formation has been recently
attributed to nanorods [55,56]. However, it is noticeable that carbonate peaks (peaks 1395
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and 1480 cm™) have a significant intensity in AuCu/Ce-B, which could lead to a high carbon
deposition under long operation time.

(a) (b)

_. AuCu/Ce-P /]

Absorbance (a. u)
Absorbance (a. u.)

2800 2600 2400 2200 2000 1800 1600 1400 1200 2800 2600 2400 2200 2000 1800 1600 1400 1200

Wavenumber (cm™) Wavenumber (cm™)

Figure 2.3.5. DRIFTS spectra for CO adsorption on (a) supports and (b)
1wt%Au-1wt%Cu catalysts supported on several CeOy nanoshapes: polyhedra (P), rods
(R), cubes (C) and blank (B).

The adsorption and deposition of species on the catalyst surface could significantly affect
the BET surface area of the catalysts. However, the tendency in weight loss does not match
the decrease in surface area, so possible structural changes in the catalyst could be also

taking place. Accordingly, an XRD study was performed to identify the possible changes in
the crystallite size of the nanostructures of CeOs.

XRD Figure 2.3.6 shows the XRD diffraction patterns of CeOy supports and AuCu/CeOq
catalysts. A cubic fluorite structure of CeOy (JCPDS 34-0394 [16]) was confirmed by peaks
at 20 = 28.6°, 33°, 47.4°, 56.6°, 76.3° and 79.1° [57], however the peak intensities changed in
each sample, which could be linked to a variation in the nano-CeOy structure. Table 2.3.3
shows CeQO, average crystallite size obtained from Rietveld refinement of XRD patterns.
Low CeOy crystal sizes favor higher surface areas, so the large size of the ceria crystal in
AuCu/Ce-C contributes to its low surface area. On the other hand, diffraction peaks at 26
= 35.7° and 38.9°, associated with Cu [58], were not observed by XRD, indicating that Cu
would be well-dispersed [16] on AuCu/CeO, catalysts. Similarly, peak of Au at 20 = 38.3°
[58] was only detected in AuCu/Ce-R, suggesting that Au is also well dispersed in most of
the AuCu/CeO, samples. Besides, Rietveld analysis showed a decrease in cell parameter of
CeOy in the AuCu/CeO, catalysts compared to the corresponding supports (Table 2.3.3).
The shrinkage of the CeO, lattice has been associated with the incorporation of some Cu?*
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in CeOy [59], as was observed by XPS, promoting high Cu dispersion and oxygen vacancies
formation [60].

After the activity test, the AuCu/Ce-B catalyst showed a 13% increase in the average
CeOy crystal size, while the variation in the other AuCu/CeQO; samples (i.e., AuCu/Ce-P,
AuCu/Ce-R and AuCu/Ce-C) was less than 5% (Table 2.3.3). Thus, the unmodified CeOq
(AuCu/Ce-B) is susceptible to both carbon deposition and changes in crystallinity. Thus, the
modification of the CeOy morphology (i.e., polyhedral, rods and cubes shapes) is a promising
strategy to mitigate structural changes and carbon deposition during the CO removal from
an actual syngas, which is in agreement with other studies [42,45,61].
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Figure 2.3.6. X-ray diffraction patterns of (a) CeO, supports, (b) AC samples of
AuCu/CeO; catalysts, (c) spent AuCu/CeO, catalysts after the activity tests and (d)
spent AuCu/CeQO, catalysts after the stability tests. Suffix indicate the kind of
nano-shaped CeOs: polyhedra (P), rods (R), cubes (C) and blank (B).
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Raman spectroscopy The structure of the catalysts was further investigated by Ra-
man spectroscopy. Raman spectra for the AuCu/CeQO, catalysts are shown in Figure 2.3.7.
Typical Raman spectrum for fluorite crystal structure was observed in all samples [16], in
agreement with XRD results. The main peak around 460 cm™ is attributed to Fa, mode [62]
and shoulders at 600 and 250 cm™ correspond to longitudinal optical (LO) and transverse
optical (TO) modes [8], respectively, which include contributions from oxygen vacancies
8,63]. The Fa, band is particularly dependent on the disorder induced in O%* ion sub-lattice
of the CeO, [8]. Table 2.3.3 shows the Fy, peak position displayed by AuCu/CeO, catalysts.
After Au and Cu inclusion on nano-CeOs, the Fy, band widens (Figure 2.3.7) and shifts
towards lower frequencies indicating the presence of a second phase [56], possibly due to the
strong interaction between CuO and CeO,. The shift was similar in all samples, indicating
that the Cu-CeQO, interaction is morphologically non-dependent. After activity tests, slight
shifts are observed in the position of the Fg, peak, suggesting that the operating conditions
may influence the metal-support interaction. In addition, the relative intensity in the LO
mode is higher in AuCu/Ce-P, confirming the enriched in oxygen vacancies in the surface of
AuCu/Ce-P observed by XPS, which would be in agreement with other reports [61].
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Figure 2.3.7. Normalized Raman spectra of 1wt%Au-1wt%Cu supported over CeO, with
different morphologies: polyhedra (P), rods (R), cubes (C) and blank (B). AC catalysts
(AC), spent samples after the activity tests (U) and used after the stability tests (S).

Carbon deposits on the catalysts were also investigated by G and D vibrations modes. G
peak approximately at 1590 cm™ is related to nano crystalline, more stable carbon, whereas
D peak at about 1350 cm™ is associated with amorphous, less stable carbon. D vibration was
not identified by Raman spectra in any sample (Figure 2.3.7). However, TGA showed that
small amounts of non-stable carbon are present in used AuCu/CeQO, samples. Contrarily,
G vibration mode was detected in used samples of AuCu/Ce-P and AuCu/Ce-R catalysts,
confirming the presence of stable carbon deposits in these catalysts, as was observed in the
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TGA results (Table 2.3.3).

Stability test A purpose of this research was to develop a stable catalyst for its future
use in applications linked to Ho-FC. Therefore, the stability for CO removal from an actual
syngas stream over AuCu/CeQO, catalysts was evaluated, Figure 2.3.8. The stability tests of
all AuCu/CeOs catalysts was carried out at the same temperature (210 °C), representative of
the highest activity of most catalysts. At the outlet of the CO removal reactor, AuCu/Ce-
P achieved a CO concentration <80 ppm during the whole stability test (Figure 2.3.8a),
while AuCu/Ce-R and AuCu/Ce-C showed an improvement in CO elimination with TOS,
AuCu/Ce-R reaching a concentration of CO < 95 ppm after 30 h TOS. A possible interaction
between Cu and nano-shapes was analyzed above and ascribed to a Fy, band shift, detected
by Raman spectroscopy, which promotes a more stable material [39]. Then, the high amount
of oxygen vacancies, the presence of stable {111} lattice planes, a high surface area and a
strong interaction with the active sites lead AuCu/Ce-P to be more active and stable in
the CO removal compared to the other CeOs morphologies. On the other hand, despite its
high initial activity, AuCu/Ce-B showed a drastic deactivation after 38 h TOS, which could
be associated to: (i) a 11% reduction of the surface area (Table 2.3.2); (ii) a high carbon
deposition (Table 2.3.3), of which 24% corresponds to stable carbon deposits (Figure 2.3.7
and Table SM.8 in Supplementary Material); (iii) an increase of 22% in the crystal size of
CeOy (Table 2.3.3); and, (iv) the decrease in oxygen vacancies (Figure 2.3.7).

The CO, yield also changes with TOS (Figure 2.3.8b). AuCu/Ce-P and AuCu/Ce-C
show a slight improvement in the CO4 selectivity with TOS. In contrast, AuCu/Ce-R shows
a decrease in COy produced after 11 h. {110} lattice planes, which favor the oxidation of
CO [47], are very unstable and tend to form {111} lattice planes [20], which are active but
less selective. Then, the presence of unstable {110} lattice planes would lead to a loss in
the selectivity of AuCu/Ce-R with TOS. Similarly, AuCu/Ce-B shows an initial increase
in CO,, yield, followed by a rapid decrease after 27 h. Drastic changes in the selectivity of
AuCu/Ce-B with TOS could be ascribed to its susceptibility to structural changes, oxygen
vacancies deficiency, and the excess of unstable {100} and {110} lattice planes.

In general, Hy loss decreases with TOS, except on AuCu/Ce-R. Possible rearrangements
on CeOy promoted by both reducing and oxidizing atmospheres [27,64] reduce the Hy loss
during CO removal [12]. At the end of the stability test, H loss followed the trend AuCu/Ce-
R (24%)> AuCu/Ce-C (20%)> AuCu/Ce-P (17%)> AuCu/Ce-B (15%), and only AuCu/Ce-
P and AuCu/Ce-R ensured CO-free Hy streams (<100 ppm including the carrier gas). A
slight increase in the oxygen vacancies (Figure 2.3.7) and less C-O* intermediates (Fig-
ure 2.3.5) that avoid an excess in stable carbon deposition (Figure 2.3.7 and Table 2.3.3)
could be related to the reduction of Hy loss in AuCu/Ce-P.

Additionally, AuCu/Ce-P and AuCu/Ce-C showed a decrease in CHy yield, reducing
simultaneously the Hj loss during CO removal (Figure 2.3.8c). On the contrary, AuCu/Ce-
B and AuCu/Ce-R show a significant increase in CH, yield, contributing to the Hy loss.
Formation of carbonates and formates in excess, as observed by DRIFTS (Figure 2.3.5), can
be related to the higher CH, production (Figure 2.3.8d) and carbon deposits (Table 2.3.3)
observed on AuCu/Ce-B and AuCu/Ce-R.

Previous studies [14,15,47] present nano-shaped CeOy with rods morphology as the most
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appropriate support for the CO removal from synthetic-syngas streams, which only contains
Hy and CO. However, in our study we found that, despite of its high activity to remove
CO (Figure 2.3.1a), the AuCu/Ce-R catalyst is prone to lose selectivity over time when is
evaluated with an actual syngas stream (Figure 2.3.8). Thus, the CeOy morphology and the
actual syngas stream influence the catalytic performance of the AuCu/CeOs system. There-
fore, AuCu/Ce-P is shown as a promising catalyst for CO removal from an actual syngas
stream during continuous operation due to: (i) the combination of {111} and {100} lattice
planes that simultaneously favor high activity and selectivity; (ii) a higher surface area that
contributes to active-site dispersion; and, (iii) mitigation in the formation of intermediaries
that lead to carbon deposition and methanation, due to an enrichment of superficial oxygen
vacancies.

2.3.5 Conclusions

CeO, with nano-shapes of polyhedra (P), rods (R), cubes (C) and a blank (B), i.e., without
defined nano-shape, were evaluated as supports for 1wt%Au-1wt%Cu/CeOs catalysts in the
CO removal from an actual syngas stream. It was possible obtaining a CO-free Hy stream
(i.e., <100 ppm including the carrier gas) over AuCu/Ce-P (CO <50 ppm), AuCu/Ce-B
(CO <70 ppm), and AuCu/Ce-R (CO <80 ppm), while the AuCu/Ce-C sample did not
achieve complete CO removal.

Activity and selectivity of the AuCu/CeOs catalysts was found to be related to the mor-
phological properties of each nano-shape. Among all the samples, the presence of Au®, Cu?*
and reduced Cu (Cu™ + Cu®) species on the catalyst surface favors the formation and adsorp-
tion of C-O* intermediates, improving CO conversion compared to bare-supports. However,
samples with defined morphology (i.e., polyhedra, rods and cubes) are more structurally
stable than the blank sample, which makes the latter susceptible to deactivation. The {111}
and {100} lattice planes simultaneously shown by nano-polyhedra and nano-rods along with
a high surface area, favor higher activity and selectivity over these catalysts. However, the
presence of unstable {110} lattice planes in the nano-rods affects the CO; yield on AuCu/Ce-
R in continuous operation. Conversely, the AuCu/Ce-P catalyst remained stable for 48 h
of continuous operation, ensuring a CO concentration below 100 ppm in the syngas stream
without loss of CO, selectivity. However, a Hy loss of 17% is a consequence of an integrated
reactor to eliminate CO from actual syngas streams. These results are a contribution to the
development of a simple and continuous system for fuel-cell grade Hy production.
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Figure 2.3.8. Stability of 1 wt%Au-1wt%Cu/CeO, catalyst supported on different
nano-shaped CeOy (polyhedra (P), rods (R) and cubes (C); blank (B) is included for
comparison) for CO removal of a syngas stream: (a) CO conversion, (b) COs yield, (c) H
loss and (d) CHy yield. Inlet stream: 7.8% Hs, 2.0% CO, 0.5% CO,, 0.3% CHy, 1.4% H50,
1.8% 02, 6.8% Ny and 79.4% Ar. Reaction conditions: 210 °C, SV=6.5 £ 0.2 L/gc.s min;
0.050 g of catalyst and 0.250 g of inert quartz.
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3 Catalytic system based on monolith reactors

3.1 Monolithic reactor for syngas production

In the previous chapter, the initial advances in the development of a prototype to Hy produc-
tion integrating the ethanol reforming and CO removal processes, using powder catalysts,
were presented. The objective of the second chapter was to select the catalyst to perform
the CO removal from an actual syngas coming from an ethanol reformer, finding that an
AuCu catalyst supported on CeOy nanoparticles is promising to remove CO in a single cat-
alytic unit. Therefore, in this third chapter, efforts focused on evaluating the structuring of
catalysts used in each module of the prototype: i.e., (i) the syngas production from ethanol
reforming and (ii) the CO removal from a syngas; seeking to contribute to the development
of a compact and economical bioethanol fuel processor unit.

In this first section of the third chapter, the findings in the evaluation of a RhPt/CeOs-
Si04 catalyst structured in monoliths for the syngas production from bioethanol reforming
are presented. This chapter links to the second specific objective of the Thesis: “Evaluate
monoliths washcoated with a RhPt/Ce02-SiO5 in the syngas production from bioethanol
reforming”.

This section corresponds to a paper in preparation.

Raw and processed data of this section can be downloaded from: https://data.mendeley.
com/datasets/k2jb73b39z/1 - DOI: 10.17632/k2jb73b39z.1

Ethanol steam reforming over structured catalysts

700°C

Bioethanol
obtained from sugarcane |
press-mud

Ethanol o
Water i, (~67 %)
Impurities SN/ CO (~27 %)
S/E=3 0.12ggfem® CO>(~6 %)
1.6 L inert gas/L bioethanol 120h

Cordierite monoliths washcoated
with RhPt/Ce0,-SiO, catalyst

The use of bioethanol
obtained from residual
biomass could be a key point
to decrease the cost of H,
production.

Between 550 to 650 °C, two
monoliths in series favors
conversion of ethanol and

CH,. favoring H; yield.
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3.1.1 Abstract

Effectiveness of monoliths washcoated with a RhPt/CeO,-SiOy catalyst in ethanol steam
reforming was evaluated. Initially, synthetic bioethanol (a mixture of anhydrous ethanol
and water) was used to assess the performance of catalytic system, finding that ethanol
conversion improved over monoliths than powder samples due to low pressure drop favored
on the structured catalysts. Also, two monoliths in series with a low washcoat loading (0.08
geat/cm?) improve conversion of ethanol and CHy, favoring Hy yield, compared to just one
monolith with a high washcoat loading (0.16 ge.;/cm?). Likewise, a decrease in the carrier
gas proportion contributes to diffusion limitations into monoliths, reducing the Hy/CO ratio.
Then, monoliths stability was evaluated using several bioethanol samples: (i) synthetic, (ii)
obtained from the fermentation of glucose standards (glucose-bioethanol), and (iii) obtained
from sugarcane press-mud (SPM-bioethanol), a local residual biomass. In all cases, a syngas
with > 60% of Ha, together with CO and COs, was produced. For SPM-bioethanol, a 3.1+0.2
mol Hy/mol EtOH was obtained, without evidence of deactivation for 120 h. Also, the use
of bioethanol obtained from residual biomass could be a takeaway to decrease ~ 20% the
cost of Hy production, becoming a promising way to develop a technology for sustainable
energy production.

Keywords: Bioethanol impurities; Biorefineries; Fuel processing unit; Non-centrifugal
sugarcane waste; Structured catalysts.

3.1.2 Introduction

The rapid worsening of environmental quality, in both urban and rural areas, has led nations
to discuss sustainable strategies that allow them to obtain chemical products, supplying
energy demand and gradually reducing dependence on non-renewable sources [1]. The way
to achieve this objective depends on the resources and needs of each region. However, the
use of environmental friendly technologies linked to the productive sector is a growing trend
2], becoming a key point for the establishment of new chemical and energy production
models. Biorefineries, where value-added products are obtained from renewable sources, are
promising to integrate into the agroindustry sector. Currently, there are above 500 biorefinery
facilities in the world [3], and fast growth is expected due to the need to use non-fossil-based
technologies, as agreed in COP-21 [4] commitments, recently ratified in COP-25 [5].

Most biorefineries focus on the production of bioethanol and biodiesel [3], whose produc-
tion has increased in recent years. Moreover, it has been proposed to use bioethanol to obtain
high added-value products [6,7]; thus, avoiding its use in polluting internal combusting en-
gines. One of the alternatives is to use bioethanol to produce syngas (Hy + CO), which is a
chemical building block to obtain energy and chemicals of high industrial demand. Generally
speaking, the final use of syngas depends upon the Hy/CO ratio, i.e., a high concentration
of Hy (i.e., Hy/CO molar ratio >3) could be beneficial for power production, while a lower
value is required in the most chemical synthesis. Also, the use of ethanol reforming systems
to obtain syngas can promote the closing of the carbon cycle [8]. Therefore, obtaining syngas
from biomass excels as a promising approach to effectively reduce the dependence on fossil
fuels.
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We previously reported that a powder catalyst of RhPt/Ce02-SiOs is promising to pro-
duce a syngas containing mainly Hy, CO, CO, and CH,4 by ethanol steam reforming (ESR)
[9]. The catalytic system was evaluated in continuous and intermittent (i.e., on/off tests)
processes without observing evidence of deactivation. RhPt/CeOy-SiO9 catalyst was also
evaluated with bioethanol obtained from sugarcane press-mud [10], a waste from the non-
centrifugal sugarcane agroindustry. We found that the negative effect of bioethanol impuri-
ties over Hy yield during steam reforming of bioethanol could be mitigated through proper
control of residual biomass fermentation [10]. In addition, recent works with similar cata-
lysts, such as PtNi/CeO,-SiO4 [11] and Rh/SiCeO, [12], confirm the effectiveness of these
phases (i.e., Rh, Pt, CeO5 and SiOs) to stably syngas production from ethanol. Although the
use of noble metals (i.e., Rh and Pt) is a controversial issue in the large-scale establishment
of catalytic processes, Moraes et al. [13] reported that these catalyst does not significantly
impact the cost of the process because the noble metals are more active, stable and require
a lower than base metal options. So, the next step is to scale the technology to contribute
to the development of sustainable processes. For this, it is necessary to structure the pow-
der catalysts to have more robust systems that can be easily integrated into the extensive
processes.

Pellets [14], foams [15] and monoliths [12,16] are common ways to structure powder cat-
alysts for obtaining syngas from ethanol. Monolith structures offer lower pressure drops,
high activity and more useful life compare to powder catalysts [17]. Therefore, monolithic
reactors are promising to be coupled to fuel processing units (FPU), which are compact
systems to supply power in small devices or remote areas [13]. In addition, the ESR needs
high temperature (>500 °C) and involves strong reactive species (e.g., Hy, CO and H,O), re-
quiring thermally stable and chemically resistant materials. Ceramic monoliths of cordierite
(2MgO-2A1,03-5S5105) has low overall expansion, thermal shock resistance, good washcoat
adherence and high chemical resistance [18]. For this, cordierite monoliths have been pro-
posed as an adequate material for ESR [19].

Reports of syngas production from ESR with monolithic reactors are usually carried
out using synthetic bioethanol (i.e., mixtures of anhydrous ethanol and water). However,
the impurities present in the bioethanol obtained from fermentation (actual bioethanol) can
influence the performance of the catalyst during ESR [10,20].

Based on the above, the aim of this work is to study cordierite monoliths washcoated
with a RhPt/Ce0,-SiO, catalyst in the syngas production from actual bioethanol steam
reforming. First, the operating conditions of a monolith catalytic system were evaluated for
the syngas production using synthetic bioethanol. Afterwards, the stability of the catalytic
system was tested in continuous tests, using different kinds of bioethanol: (i) synthetic
bioethanol, (ii) bioethanol obtained from the fermentation of glucose standards and (iii)
bioethanol obtained from sugarcane press-mud, a local residual biomass. The study also
includes complementary characterization tests such as scanning electron microscopy (SEM),
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and thermogravimetric
analysis (TGA). This work is a contribution to the scaling up of a clean and compact
technology to obtain energy and high added-value products from residual biomass.
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3.1.3 Experimental
Synthesis of RhPt/Ce0,-SiO, catalyst

The RhPt/Ce0,-SiO, catalyst was prepared according to the methodology detailed in
[9]. Briefly, the dual CeO,-SiO5 support was prepared by incipient wetness impregnation
method using SiOy (Merck, Germany) and Ce(NO3)s-6H2O (Sigma Aldrich, USA) as pre-
cursors. Then, 0.4 wt% of Rh and 0.4 wt% of Pt were loaded into the CeO,-SiO, support by
incipient wetness co-impregnation, using aqueous solutions of RhCl3-H,O (Sigma Aldrich,
USA) and HyPtClg-6Ho0O (Sigma Aldrich, USA). Catalysts were dried in an oven at 80 °C
for 24 h, calcined at 700 °C for 2 h (5 °C/min) and sifted using a 140-mesh sieve. Several
characterization tests, including X-ray diffraction (XRD), high-resolution transmission elec-
tron microscopy (HRTEM), COs-temperature programmed desorption, Ny adsorption, TGA
and energy-dispersive X-ray (XPS) of the RhPt/Ce05-SiOs powder catalyst were reported
in [9].

Monolith washcoating

Cordierite monoliths (Corning Inc., USA) with 400 CPSI (cells per square inch), 0.018 cm
average wall thickness, edges with 8 channels and 1 cm long, were used. All square cordierite
monoliths were immersed in a HNOj solution (20 wt%) for 3 h. Then, the monoliths were
washed with deionized water until neutral, dried at 100 °C for 24 h, immersed in acetone for
24 h, calcined at 600 °C for 2 h (2 °C/min) in muffle and stored in a hermetic container.

Monoliths were washcoated with RhPt/CeO,-SiOy catalyst by the dip-coating method
using an aqueous slurry with 25 wt% solids. The slurry was previously grinding for 36 h
in a ball mill programmed at 36 rpm (2 balls/g of slurry), achieving an average particle
size of solid in the slurry of 776 + 13 nm, measured in a Zetasizer NanoZ$S unit (Malvern
Instruments, UK) [21], and a viscosity of 19 mPa*s, measured in a MCR 502 rheometer unit
(Anton Parr, Austria).

External walls of the monoliths were covered with tape and then the samples were sub-
merged in the slurry for 5 s, partially dried in a gentle flow of Ny, dried at 100 °C for 1 h,
blown with abundant air (500 mL/min) and weighed. The process was repeated to ensure
the proper washcoat loading. Then, monoliths coated with RhPt/CeO,-SiOy were calcined
at 700 °C for 1 h (10 °C/min) and the final loadings were determined. Several catalyst
loadings were evaluated: 0.08 £ 0.02 (~ 0.100 geat), 0.12 £ 0.03 (~ 0.140 gcat) and 0.16 £+
0.04 gear/cm? (~ 0.180 geat). Monoliths were labeled as M-X, where X is the catalyst loading
(X=0.12, 0.16 and 0.18 g,;/cm?). Also, the remnant slurry was dried at 120 °C for 24 h and
sifted using a 140-mesh sieve. This sample was labeled as dried slurry. The resistance and
stability of the coating was assessed in an ultrasound unit (pulses of 10 s with amplitude of
40%) and controlled atmospheres of water (1.3 L/min) and Ny (2 L/min). Figure SM.13 (see
Supplementary Material) shows that the coating remained stable, losing less than 20% of the
catalyst in all tests. In addition, SEM micrographs (Figure SM.14 in Supplementary Ma-
terial), obtained in a JSM 6490LV microscope (Jeol Geo Solutions, USA), of the monoliths
with a loading of 0.12 g.,;/cm3 show that the washcoating does not obstruct the monolithic
channels, forming a homogeneous film (~ 23 pum of thick) on the walls.
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Bioethanol production

Bioethanol was obtained through alcoholic fermentation using a previously standardized
process [22], which seeks to mitigate the formation and reduce the concentration of impu-
rities, such as 2-methyl-1-propanol, 3-methyl-1-butanol, 1-butanol and ethyl acetate, which
negatively impact the performance of the catalyst during ESR. Briefly, bioethanol was ob-
tained in an Erlenmeyer (400 mL) at 30 °C, 200 rpm and 48 h, using a Saccharomyces
cerevisiae strain (Fermentis, Ethanol Red, France). Glucose standards and sugarcane press-
mud were used as substrates at a concentration of 160 g/L. Sugarcane press-mud is a residual
biomass obtained from non-centrifugal sugar mills in the Colombian Andean region. The
sugarcane press-mud was previously hydrolyzed at 130 °C for 1 h [10]. Bioethanol samples
were purified on a rotary evaporator at 70 °C until getting a steam to ethanol ratio (S/E) of 3.
The bioethanol obtained from glucose was labeled as glucose-bioethanol and the bioethanol
obtained from sugarcane press-mud was labeled as SPM-bioethanol. Bioethanol composition
was determined by gas chromatography (GC) in a Clarus 580 unit (Perkin Elmer, USA),
equipped with an Elite Wax ETR column (60 m, 0.25 mm, Perkin Elmer, USA) connected to
a flame ionization detector (FID). The GC oven was programmed at 80 °C for 1min, followed
a heating to 230 °C (8 °C/min). Table 3.1.1 shows the composition of the actual bioethanol
samples used in this study.

Table 3.1.1. Composition of actual bioethanol samples

Glucose-bioethanol ~ SPM-bioethanol

Component (mol%) (mol%)
Ethanol 26.3 24.8
Ethyl acetate 0.006 0.017
1-propanol 0.024 0.018
2-methyl-1-propanol  0.071 0.063
3-methyl-1-butanol 0.105 0.114
1-butanol 0.002 0.002
Total impurities 0.208 0.214

SPM-bioethanol: bioethanol obtained from sugarcane press-mud fermentation.

Activity tests

Powder samples of RhPt/CeO,-SiO, catalysts were evaluated in a quartz tubular reactor at
atmospheric pressure (Chia, Colombia: elevation above sea level of 2,564 m and atmospheric
pressure ~ 550 mmHg). External and internal mass transfer limitations were controlled
according to reported in [9,23]. The inlet was 0.06 mL/min of liquid synthetic-bioethanol
(i.e., bioethanol obtained of the mixture between anhydrous ethanol and water with S/E=3),
which was evaporated and mixed with inert gas (Ar), ensuring 5.0 L Ar/mL bioethanol before
entering the reactor. The catalyst bed consisted of 0.100 g of catalyst and 0.250 g of ground
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quartz as a diluent, achieving 3.5 £ 0.2 L/gca*min (~ 0.28 ge.s*h/grion) of space velocity
(SV).

Monoliths washcoated with RhPt/CeO,-SiOs were evaluated into a quartz reactor at
the same atmospheric pressure reported above. Several operating conditions were assessed:
(i) catalyst loading, (ii) proportion of carrier gas (inert gas) in the feed and (iii) type of
bioethanol sample (i.e., synthetic-bioethanol, glucose-bioethanol, and SPM-bioethanol). Be-
fore entering the reactor, bioethanol (0.06 mL/min) was evaporated and mixed with inert
gas. Initially, washcoat loadings (between 0.08 and 0.16 & 0.04 g.,;/cm?®) and proportion of
inert gas in the feed (proportion of 0.8, 1.6, 3.3 and 5.0 L Ar/mL bioethanol) were evalu-
ated, using synthetic-bioethanol. Subsequently, the catalytic stability of the monoliths was
evaluated in continuous operation test at 700 °C, using several kinds of bioethanol samples
(i.e., synthetic-bioethanol sample, glucose-bioethanol, and SPM-bioethanol). In all tests,
both powder and monoliths samples of RhPt/CeO,-SiO, catalyst were reduced in-situ with
an 8% Hy/Ar stream at 700 °C for 1h. This samples were labeled as reduced samples.

Outlet stream of the reactor was quantified by GC in a Clarus 580 unit (Perkin Elmer,
USA), using Ny as an internal reference [9]. GC unit was equipped with a Carboxen 1010
column (30 m, 0.53 mm, Restek, USA) coupled to a thermal conductivity detector (TCD)
and an Innowax column (30 m, 0.53 mm, Perkin Elmer, USA) connected to an FID. The
oven temperature in the CG unit started at 60 °C for 6 min, follow by an increase to 120
°C (10 °C/min). Carbon balances between the inlet and outlet streams of the reactor were
performed, reaching balances of 95 &+ 0.5 % C. Conversion (x;), yield (Y;) and mol ratios
between products (1V;) for detected species were calculated by 10 to 12.

EtOHinlet - EtOHoutlet .
= m

) 100 10

’ EtOHinlet “ ( )
E outlet

Y, = — 22 11

EtOHmlet ( )
F1i outlet

Ni = ’ 12

Fj,outlet ( )

Where EtOH ,ue is the ethanol flow (mol/min) leaving the reactor, EtOH ;,; is the
ethanol flow (mol/min) inlet into the system, and Fj/; use: is the flow (mol/min) of product
i (i.e., Hy, CO, CO5 and CHy) leaving the reactor.

Reaction conditions and processed Excel data of activity and stability tests can be ob-
served in detail and downloaded from [data set] [24].

Catalysts characterization

The washcoating on the monolith walls was carefully removed with a soft bristle brush,
avoiding removing the cordierite walls. Then, DRIFTS was used to evaluate the catalytic
surface of removed washcoating from used monoliths in a Nicolet iS10 unit (Thermo Sci-
entific, USA). 0.020 g of sample were put on a DRK-3 Praying Mantis accessory (Harrick,
USA). Then, the DRK-3 Praying Mantis was sealed and aisled with an external flow of Ar
(20 mL/min). Subsequently, the sample was purged with Ar (15 mL/min) for 15 min at
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room temperature. Spectra of removed washcoating from reduced monolith was used as
background. Spectra were collected from 4000 to 400 cm™! with 64 scans/min and 2 cm™
of resolution. Also, carbon deposits in the removed washcoating from used monoliths were
determined by TGA in a TGA/DSC1 unit (Mettler Toledo, USA). 0.020 g of removed wash-
coating was used. The weight change in the samples was examined between 30 and 1000 °C
(5 °C/min) in dry air (100 mL/min). The change in weight of the corresponding reduced
sample was subtracted from the final weight change of the spent samples.

3.1.4 Results and discussion

Effect of the washcoat loading on catalytic performance

Figure 3.1.1a shows the ethanol conversion during ESR over powder catalysts and mono-
liths with several washcoat loadings, evaluated with synthetic bioethanol. A similar trend
in ethanol conversion was observed between the powder sample (CP) and the dried slurry
(DS), indicating that slurry preparation does not affect the performance of the catalyst. On
the other hand, ethanol conversion is higher on monoliths compared to powder catalysts,
gradually increasing with the washcoat loading. Lower drop pressure favors conversion into
endothermic processes [25], which would favor the ethanol conversion during ESR over mono-
liths. Simson et al. [26] evaluated cordierite monoliths coated with a commercial catalyst
based on Rh-Pt, finding that between 660 and 680 °C the ethanol conversion increases more
than 5 times when the washcoat loading increases from 0.03 to 0.12 g..;/cm?®. The authors
suggest that at low washcoat loadings there is competition between ethanol and reaction
intermediates (e.g., acetaldehyde) for active catalyst sites. However, an excessive increase
in washcoat loading leads to thicker coatings promoting greater pressure drops and mass
transfer limitations [26,27]. For this reason, two monoliths were evaluated in series with a
washcoat loading of 0.08 g..;/cm?® (sample 2M-0.08 in Figure 3.1.1a). The use of two mono-
liths with a low washcoat loading (i.e., 0.08 gca;/cm?) is more effective in increasing ethanol
conversion than using a single monolith with a high washcoat loading (e.g., 0.16 gc.;/cm?).
We speculate that a greater area of contact between the reaction gas and the catalytic surface
could play a crucial role in this result.

Figure 3.1.1b shows Hj yield in the ESR over monoliths washcoated with a RhPt/CeOs-
SiOy catalyst, using synthetic-bioethanol. Two zones of operation are observed: (i) at
temperatures <650 °C, H, yield is higher on monoliths with a washcoat loading >0.12
geat/cm?, possibly due to the higher ethanol conversion over these monoliths at this zone
(Figure 3.1.1a); and (ii) at higher temperatures, Hy yield is superior on powder catalysts. Ci-
fuentes et al. [28] simulated the ESR on cordierite monoliths washcoated with a RhPd/CeOq
catalyst by computational fluid dynamics (CFD), finding a change in the temperature profile
and in the flux of the products (i.e., Hy, CO, COy and CHy) along the monolith. In fact,
the CFD profiles show a variation of ~ 10 °C between the outer walls and the center of the
monolith at 677 °C; the authors suggest that this change is due to the endothermic character
of the ESR and well-known heat transfer limitations of cordierite. However, the use of two
monoliths in series (sample 2M-0.08) manages to slightly mitigate this effect and increases
~ 5% the Hy yield compared to the other monolith configurations (Figure 3.1.1b), which
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Figure 3.1.1. (a) Ethanol conversion, (b) Hy yield, (¢) CH,4/Hs molar ratio and (d)
H,/CO molar ratio obtained in the ESR over washcoated monoliths (solid lines) and
powder catalysts (dashed lines) of RhPt/Ce0,-SiO,, using synthetic-bioethanol. Reaction
conditions: 5.0 L Ar/mL bioethanol inlet and S/E=3. CP: fresh powder catalyst, DS: dried
slurry of catalyst, M-X: Monolith, where X is the washcoat loading in g..;/cm?.
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could be associated with a longer contact between ethanol and reaction intermediaries on
the monolith walls.

H, yield depends on the ability of the catalyst to reform CH,, which is one of the main
intermediaries in the ESR [29,30]. CH4/H, ratio was carefully measured in the zone of
high ethanol conversion (i.e., temperatures >550 °C, where Xgy,on was >80%), where it is
expected that CH4 production increases (Figure 3.1.1c) [26,29]. The dotted horizontal lines
in Figure 3.1.1c indicate the percentage of Hs loss due to the CH,4 that was not converted. At
intermediate temperatures (550 to 650 °C), CH4 production (i.e., >CH,/H, ratio) can impact
H, yield (Figure 3.1.1b), reaching a Hs loss greater than 20% over powder catalysts and on
the monolith with a low washcoat loading (sample M-0.08). However, at higher temperatures,
where CHy is easily reformed [31,32], Hy loss is less than 10%. The results show that the
improvement in Hs yield at lower temperatures obtained with the two monoliths in series
(sample 2M-0.08) can be due to the conversation of CHy with this catalytic configuration.
Similar results were reported by [28], where CH, flux during ESR decreased proportionally
with the length in the channel size of a monolith washcoated with RhPd/CeO,. However, the
less Hy yield observed on monoliths at high temperatures are not related to the lack of CHy
reforming. Recently, Kaur Sidhu et al. [27] studied the effect of the geometric parameters and
coating thickness on monoliths for ethanol reformers, reporting that mass transfer resistance
obtained in corners of the walls and cold spots occur inside the reformer could impact the
catalytic performance. Then, decrease in Hy yield over 650 °C respect to powder samples
(Figure 3.1.1b) can be due to mass and heat phenomena that occur in structured catalysts,
which could be more significant at higher temperatures due to the exothermic character of
steam reforming [17,23].

Thinking about a forthcoming implementation of the syngas technology, the Hy/CO
ratio was evaluated at high temperatures (>550 °C), where high ethanol conversion (i.e.,
>80%) was obtained (Figure 3.1.1a). Figure 3.1.1d shows that both the kind of catalytic
system (i.e., powder or monolithic) and the washcoat loading in the monolith influence the
H,/CO ratio and consequently the possible final use of the syngas. Between 550 and 650
°C, monoliths with a washcoat loading >0.12 g..;/cm? favor Hy/CO ratios greater than 3
that would make it more adequate for processes where CO is not required or desired (e.g.,
energy applications). Also, the use of two monoliths in series (sample 2M-0.08) favor a more
stable Hy /CO ratio with less proportion of CHy. Note that the benefits of 2M-0.08 are more
significant at intermediate temperatures (550 - 650 °C) because at higher temperatures a
comparable Hs yield is obtained between monolith samples. For example, at 700 °C, 2M-
0.08 favors an improvement in Hy yield of ~ 5%, but 29% more catalyst is used compared
to M-0.12.

Therefore, monolithic systems show a high ethanol conversion compared to powder cata-
lysts. However, depending on the operating conditions, mass and energy transfer limitations
in these structured systems could impact Hs yield. Now, other operational aspects to consider
for scaling the technology, such as the carrier concentration and the stability of monolithic
reactors, will be presented.
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Effect of the carrier gas on monolith selectivity

At a laboratory scale, the use of carrier gas is common to stabilize the inlet flow and im-
prove diffusivity and conductivity of the reactant and product molecules through the catalyst
[33]. However, the use of carrier gas in scaled processes tends to be avoided due to its diluent
effect on the products of interest (such as Hy) and the energy consumption in processes car-
ried out at high temperatures [23], such as ESR. Figure 3.1.2a shows the synthetic-bioethanol
conversion in ESR over a M-0.12 monolith, using several carrier gas/bioethanol ratios. M-
0.12 monolith was selected to reduce the loading of catalyst compared to other alternatives,
as 2M-0.08 and M-0.16, and avoid a high susceptibility to changes in temperature, as is
observed with M-0.08 sample (Figure 3.1.1b). The ethanol conversion is not affected sig-
nificantly by the proportion of carrier gas possibly because ethanol decomposition depends
mainly on temperature and is favored even without catalyst [29]. Nevertheless, Hy yield
(Figure 3.1.2b) decreases significantly at carrier proportion <1.6 L. Ar/mL bioethanol inlet.
For instance, at 600 °C, despite complete ethanol conversion (Figure 3.1.2a), Hy yield de-
creases ~ 20 % when the carrier gas ratio is reduced by half (i.e., from 1.6 to 0.8 L Ar/mL
bioethanol inlet), indicating that ESR selectivity is affected by the presence of the carrier
gas. Well-known deficiencies in the diffusion of species trough channels of monoliths [17,23]
could be more strong by the reduction of carrier gas [33], modifying the interaction of reac-
tants and intermediates with the catalyst in the walls [34] or favoring temperature gradients
28], which impact the production of Hs.

Figure 3.1.2c shows the CH,/H, proportion at several carrier gas ratios. The decrease
in carrier gas reduces the ability of the catalytic system to convert the formed CH, (i.e.,
>CH4/Hs), reducing H yield (Figure 3.1.2b). CHy4 conversion depends on the temperature
and the interaction with the catalyst [35]. At high temperatures (>650 °C), the impact of
the carrier gas decrease on the CH,/Hs ratio is reduced, which could be associated with
the CHy4 conversion by a thermal effect [36]. Figure 3.1.2d shows that the Hy/CO ratio also
decreases when the concentration of the carrier gas is lower. A possible increasing in CO
production would be linked to a preferment of the partial reforming of CHy (CH4 + H20O <
CO+Hs) instead to its complete reforming (CHy 4+ 2H50 <+ COy + 4H,). The impact of the
carrier gas on the selectivity of catalytic processes has been observed in other applications.
Hu et al. [34] evaluated the effect of carrier gas flow on the decomposition of n-heptane on
ZSM-5 zeolites, reporting that the increase in contact time (lower carrier gas flow) does not
significantly alter the conversion of n-heptane, but favors undesirable side reactions. Kim
et al. [37] studied the effect of carrier gas on cracking JP-8 with HZSM-5 zeolites, finding
that the absence of carrier gas reduces the H/C ratio and favors the formation of olefins and
coke, leading to rapid deactivation of the catalyst. Then, a decrease in the proportion of
carrier gas influences the selectivity of the monoliths, favoring unwanted compounds (e.g.,
CH, and possibly coke) that affect the Hy/CO ratio and can have an impact on the stability
of the catalytic system. However, carrier gas influences also energy demands for the ESR. For
example, we calculate the energy required to heat the inlet stream to reactor (i.e., bioethanol
and carrier gas) according to the methodology described in [38], finding that at 700 °C a
reduction of 5 to 1.6 L. Ar/mL bioethanol inlet reduces up to 40% the energy consumed to
heat.
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Therefore, a decrease in the carrier gas fed to the system reduce the energy demand to
heat the inlet stream, but impact negatively CHy reforming and favor less Hy/CO ratios,
especially at temperatures < 650 °C (Figure 3.1.2c and d). However, at high temperatures
(700 °C), where higher H, yield is expected (Figure 3.1.2b), a 1.6 L. Ar/mL bioethanol inlet
proportion promote a similar Hy/CO (3.4£0.2, see Figure 3.1.2d) that the obtained with
higher carrier gas proportions (i.e., 3.3 and 5 L. Ar/mL bioethanol inlet), but consuming less
energy to heat. For this reason, the stability of the monoliths was evaluated in continuous
operation at 700 °C, using a moderate amount of carrier gas (1.6 L. Ar/mL bioethanol inlet).

Stability of structured catalysts during actual bioethanol reforming

Continuous stability of the monolith system was initially evaluated with synthetic- and
glucose- bioethanol samples (actual bioethanol), measuring the syngas composition in small
intervals (~ 10 min between injections in the GC) to identify the variability of the system.
Figure 3.1.3a shows the syngas composition obtained in the ESR with synthetic-bioethanol.
The monolith washcoated with RhPt/Ce05-SiOg (M-0.12 g.,¢/cm?) showed a similar behav-
ior to that observed on the powder sample, which was reported in [9], remaining stable the
distribution of products with a variation (100*average/standard deviation) <8% for most
species, except for CHy, whose variation was >50% due to its low amount (~ 0.05 mol
CH4/mol EtOH). An H, yield of 4.1 £ 0.1 was achieved with mole ratios of 3.5 £ 0.2 of
H,/CO and 1.8 £ 0.2 of CO/CO,. Similarly, the monolith washcoated with RhPt/CeO,-Si04
catalyst evaluated with glucose-bioethanol (Figure 3.1.3b) shows a stable product distribu-
tion for 50 h, reaching a Hj yield of 3.5 £ 0.2 with mole ratios of 2.7 + 0.3 of Hy/CO and
2.4 £+ 0.2 of CO/CO,. Previously, we identified that the presence of 3-methyl-1-butanol
(Table 3.1.1) in actual bioethanol favors the partial reforming of ethanol (CH3CH,OH +
H,O — CO + 4H,) [10], which increases CO/CO; ratio and impact the Hy performance.
Despite that, a monolith washcoated with RhPt/CeO,-SiO catalyst ensures the continuous
production of syngas with a high Hy content (~ 65%), using either synthetic- or glucose-
bioethanol.

Formation of carbon deposits is common during stability test of ESR over powder cat-
alysts [9,39]. Moraes et al. [12] evaluated the stability of cordierite monoliths washcoated
with Rh/SiCeOy during the ESR (synthetic-bioethanol with S/E=3.5) for 80 h at 750 °C,
indicating that some coke formation was observed using Raman; however, it did not cause
any permanent deactivation. Subsequently, to detect the possible formation of carbon de-
posits during stability tests, a DRIFTS analysis was carried out. Figure 3.1.4 shows the
DRIFTS spectra for washcoats removed from used monoliths. A peak in the zone of OH-
groups (~ 3500 cm™ [40]), which could be associated with the adsorption of water during
ESR, was observed. In addition, changes in signal intensity in the spectral region associated
to formates and carbonates (C-O* zone in Figure 3.1.4 [41]) are identified, indicating the
presence of carbonaceous compounds on the catalytic surface. The presence of peaks asso-
ciated with carbonyls species (CO* in 2147 and 2095 cm™ [42]), C=0 stretches (2355 cm™
[40]) and, -CH3 and -CH; groups (CH* around 2900 cm™ [43]) can confirm the presence of
carbon deposits. Subsequently, the amount of carbon deposits was also measured directly by
TGA, finding that the monoliths evaluated with synthetic- and glucose-bioethanol presented
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Figure 3.1.3. Syngas composition obtained in the ESR over a monolith washcoated with
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similar carbon deposits (5.4 £0.1 mg C/geat*h). A lower S/E ratio (3) [44] and a low car-
rier gas proportion [37] (1.6 L Ar/mL bioethanol inlet) favor the formation of carbonaceous
compounds during ESR over the monolith. Even though, the amount of deposits does not
seem to be significantly affecting the performance of the monolith, which is consistent with
reported by [12]. In addition, SEM micrographs of the walls of monolith used in stability test
with synthetic-bioethanol (Figure SM.14d in Supplementary Material) show that most of the
catalyst coating remains fixed, indicating that common stress due to continuous operation
[45] does not have a considerable effect on stability of monoliths. Then, stability tests show
that monoliths washcoated with RhPt/CeO,-Si0O4 are promising to stably produce a syngas
from ESR, using synthetic bioethanol and bioethanol obtained from glucose. Therefore, the
next step was to evaluate the stability of the monolith using actual bioethanol obtained from
residual biomass.
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Figure 3.1.4. DRIFTS spectra of spent samples of monoliths washcoated with
RhPt/Ce0,-Si0, catalysts evaluated in stability tests. Spectra of removed washcoating
from reduced monolith was used as background.

The SPM-bioethanol was obtained from the fermentation of sugarcane press-mud, a
residue of the non-centrifugal sugarcane sector. Non-centrifugal sugar has an important par-
ticipation in the economy and employment generation in many Latin-American, Caribbean,
Asian and African countries [46], which makes it promise for the development of a sustainable
technology based on Hy. The ESR of SPM-bioethanol was evaluated in a long-term stability
test, measuring the syngas composition every hour during the day, as shown in Figure 3.1.5.
The monolithic system shows a variability between 5 and 10% in the distribution of the
main products (i.e., Hy, CO and CO,). In a recent report [10], we observed that bioethanol
impurities influence the product distribution during ESR due to excessive coke formation.
DRIFTS results (Figure 3.1.4 confirm the formation of deposits on the monolith washcoating
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and the TGA indicates that the deposits in monolith evaluated with SPM-bioethanol (6.2
mg C/get™h) increase ~ 14% compared to synthetic-bioethanol. Despite this, no evidence
of a decrease in the catalytic performance of the system by coke formation was observed,
as seen in the powder catalyst [10]. Then, monolithic systems appear to be resistant to the
presence of carbonaceous compounds.
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Figure 3.1.5. Syngas composition obtained in the ESR over a monolith washcoated with
RhPt/Ce0,-Si0,, using actual bioethanol obtaining from sugarcane press-mud
(SPM-bioethanol). Reaction conditions: 1.6 L Ar/mL bioethanol inlet, 0.12 g..;/cm? of
washcoat loading and S/E=3.

Table 3.1.2 compares the results obtained in this study with recent ESR works on several
structured catalysts. Hy yields and Hy/CO >4 can be obtained with S/E ratios >5. An
increase in S/E favors Hy yield and avoid CO formation [44]. However, Francesconi et al.
[47] simulated an ethanol-FPU, finding that an elevated S/E (>5) could impact the energy
self- sufficiency of the unit. In addition, most studies with structured catalysts use synthetic
bioethanol. ESR over structured catalysts using actual bioethanol was reported on [48].
These authors used a commercial bioethanol, which was previously purified to achieve only
traces of impurities (i.e., 5 ppm S, 1 ppm Cl and 0.4 ppm P). However, the presence of
impurities in actual bioethanol [10] and the reduced carrier gas amount used in the current
study favor a lower Hs yield, which reduces the Hy/CO ratio, as shown previously. So,
despite being evaluated under severe conditions (i.e., S/E = 3, a moderate amount of carrier
gas =1.6 L Ar/mL bioethanol and impurity concentrations of ~ 0.20 mol% in bioethanol), a
monolith system based on a RhPt/Ce04-SiO, catalyst is promising to stably produce syngas
from actual bioethanol (i.e., obtained from fermentation of glucose or residual biomass).
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Table 3.1.2.

Comparison of various structured catalysts for ESR

Hs yield
Structured cat- Bioethanol S/B T (mol Hz/CO Stability
Catalyst mol . mol Ref.
alyst type type rati (°C) Hs/mol rati test (h)
e EtOH)  °
. . Synthetic
Silicon mi- [48]
RhPd/CeO, cromonolith 6 600 3.8 6.3 NR
- . Actual from
RhPd/CeO, Silicon — mi- 4 aeroin- 4 600 3.7 7.1 NR [48]
cromonolith
dustry
Silicon micro- [19]
RhPd/CeO, . Synthetic 4 677 3.4 7.0 100
monolith
Pt-Ni/CeOq Ceramic foam Synthetic 5 500 a5 NR NR [49]
Pt- . Synthetic [49]
Ni/Ce07105 Ceramic foam 3 500 3.4 NR 8
Rh/SiCeO, Monolith —of g} etic 35 750 4.2 3.5 96 12
cordierite
Monolith of 150]
Co, La Y203  doped Synthetic 13 600 4.3 11 NR
with ZrOs
Co/Zn0 Monolith = of g 1) i 6 450 5.6 NR NR [16]
cordierite
. Synthetic: [51]
Pd/y-Al,O5 Monolith —of = 1 4 ling 6 450 4.3 ~67 NR
cordierite
study
. Synthetic: [28]
RLPd/CeO, Monolith —of = 1 ling 6 600 4.8 ~60 NR
cordierite
study
RhPt/CeOq- Monolith  of . This
S0, cordierite Synthetic 3 700 4.1 3.5 50 work
RhPt /CeOs- Mon'oh.th of Actual from 3 700 35 97 50 This
SiO9 cordierite glucose work
. Actual from .
RPt/CeO,- Monolith —of = rcane 3 700 3.1 2.5 120 This
Si0Oy cordierite work
press-mud

NR: Not reported.
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Effect of the use of residual biomass on the cost of Hy production

Cost of Hy obtained from renewable resources is a concern for establishing Ho-based energy
production systems. Figure 3.1.6 shows the levelized costs of Hy production from various
technologies. Several aspects can influence the cost of Hy: (i) on-site production of Hy can
reduce its cost by up to 18% due to the high delivery costs [52] (up to 10 $/kgua [53]).
(ii) The commercial offer of solar panels and wind turbines also favors a low cost in Hs
obtained by electrolysis-based systems [13,54]. However, (iii) a low production (<5 kgga/h)
could increase the cost of Hy (>13 $/kgns) [55]. Likewise, (iv) the low cost of raw materials
contributes to reducing the costs of Hy obtained by reforming of natural gas (NGR - a non-
renewable source) [13,53], biomass gasification [56] or methanol reforming (MeOHR) [57].
However, ESR is the only technology that has failed to bring the cost of Hy down below 8
$/kgno. The price of ethanol represents up to 60% of the cost of Hy obtained from ESR,
while the catalyst, even based on noble metals, contributes less than 1% of the cost [13]. So,
obtaining bioethanol from cheaper sources can contribute to significantly reducing the price
of Hy obtained from ESR.
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Figure 3.1.6. Levelized costs of Hy production from several technologies. Values were
obtained from several references and updated to present value at January 2020.

Most bioethanol produced in the world comes from feedstocks such as corn and sugarcane,
where the cost of the raw material represents between 40 to 70% of the cost of the bioethanol
produced [58]. Hence, the feedstock used to produce bioethanol could influence the cost of
the ESR technology. In 2013, Quintero et al. [59] proposed that the use of residual biomass
(fruit bunches) favors the production of bioethanol at a cost of 0.49 $/L (corresponding to ~
0.54 $/L as of 2020), which is 33% less than the cost of bioethanol in Brazil (~ 0.81 $/L) and
10% less than bioethanol in the USA (~ 0.60 $/L) [13]. These costs are based on bioethanol
use in cars (i.e., anhydrous ethanol with purity > 99.5%). However, for ESR, bioethanol
does not require a high degree of purification (e.g., the SPM-bioethanol used in this study
had a purity of 24.8 mol% ethanol - Table 3.1.1), supposing a reduction in the purification
costs of the bioethanol. Also, the commercial cost of sugarcane press-mud is 0 $, because
it is generally discarded. However, we assume a representative value of 3 $/t-spy. Then,
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the cost of bioethanol was calculated using the information provided by [58,59], finding that
the cost of SPM-bioethanol is ~ 0.42 $/L. Subsequently, this value was complemented with
information obtained from [13] for a bioethanol FPU with a production of 2.4 L Hy/mL
bioethanol, determining that levelized costs of Hy production is ~ 6.85 $/kgps. Therefore,
the use of sugarcane press-mud for Hy production from ESR on monoliths washcoated with
RhPt/Ce03-Si04 could contribute to decreasing the Hy production costs. Despite this, the
production cost of Hy obtained from clean technologies (i.e., solar, wind and biomass) is still
high (>6 $/kgns, Figure 3.1.6) compared to the proposed target for its commercialization (2
$/kgm2 [56]), so it is still necessary to continue working on the design of economic processes
to obtain Hs.

3.1.5 Conclusions

Several operating variables were tested in the syngas production over a monolithic reactor
system based on RhPt/Ce02-SiOs, concluding that: (i) between 400 to 650 °C, compared to
powder catalysts, monolithic reactors are more active possibly due to the lower pressure drop.
However, at higher temperatures the exothermic character of ESR could favor mass and heat
transfer limitations that impact the Hy yield on the structured catalysts. (ii) At intermediate
temperatures (550 to 650 °C), the use of two monoliths in line favors ethanol conversion and
decrease CH4/H, ratio, due to an increasing in the contact between reagents/intermediates
and catalyst. (iii) A reduction in the proportion of the carrier gas increases diffusion limita-
tions in monoliths, impacting the selectivity of the catalytic system. (iv) Monoliths showed
no evidence of deactivation in the reforming of bioethanol obtained from the fermentation of
sugarcane press-mud during a long stability test (120 h). (v) The use of bioethanol obtained
from residual biomass, which has a lower price than commercial bioethanol, could be a key
point to decrease the cost of Hy production (~ 6.85 $/kgps) based on ESR route. Therefore,
the results of this study show that a system of monoliths washcoated with RhPt/CeO-SiO,
can be a starting point to the development of a sustainable technology of energy production
from residual biomass.
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3.2 Monolithic reactor for CO removal

In the previous section, the assessment of monolithic reactors for the first module of the
bioethanol fuel processor unit (i.e., the syngas production from bioethanol reforming) was
presented. Consequently, this section presents the outcomes of the evaluation of a monolithic
reactor for the second module of the prototype (i.e., the CO removal from the syngas). The
study starts from the findings presented in Chapter 2. The objective the section is to
develop a monolith coated with an AuCu-based catalyst, considering the activity, stability,
and cost of the catalytic system. This chapter corresponds to the third specific objective of
the Thesis: “Evaluate monoliths washcoated with AuCu catalysts in the CO removal from
syngas streams”.

This section corresponds to a paper submitted to International Journal of Hydrogen En-
ergy (https://www.journals.elsevier.com/international-journal-of-hydrogen-energy)
on July 9, 2020.

Raw and processed data of this section can be downloaded from: https://data.mendeley.
com/datasets/rw8drwgv8p/1 - DOI: 10.17632/rw8drwgv8p.2

CO removal in a single catalytic unit

Purified syngas to be
used in HT-PEMFC

Lt

Syngas
(post-reforming gas)

>

H, H, (~65 mol%)
C( CO (< 5 mol%)
Cco, CO,
CH, CH,
H,0 220-300°C H0

Monolith based on AuC I AuCu/Ce0,-810, is 36%
onolith based on AuCu catalysts cheaper than AuCu/CeO,
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3.2.1 Abstract

Monoliths washcoated with AuCu/CeO,-SiO, catalysts were evaluated in the CO removal
from a syngas, using a single catalytic unit. Initially, powder catalysts of AuCu supported
on mixed CeO,-Si0Oy oxides with several SiO, loadings (0, 25, 50, 75 and 100 mol%) were
assessed. SiOy addition into AuCu/CeOs increased the surface area of catalysts by up to
3.4 times and reduced its cost by up to 60 %, but also impacts CO conversion. However,
structured catalysts were most effective to remove CO compared to powder samples. Com-
putational fluid dynamics simulations of the monoliths showed that the improvement in heat
diffusion and an intimate contact between the reactant gases and the catalytic monolith walls
contribute to their high activity. Moreover, stability tests in on/off cycles at 220 °C for 100 h
confirmed that outlet CO concentrations from monoliths washcoated with AuCu/CeO, (CO
< 0.2 %) and AuCu/Ce02-SiOs with 75 mol% of SiOy (CO < 3.6 %) is adequate to feed
high temperature fuel cells. Besides, the cost of the Au/CeO5-Si05 monolith (14 USD/gcat)
is 36 % lower compared to the AuCu/CeOs monolith, paving the way to the development of
compact and economic systems to remove CO in bioethanol fuel processor units.

Keywords: CO cleanup; CO oxidation; Hy oxidation; Structured catalysts; WGS.

3.2.2 Introduction

Hydrogen (Hs)-based technologies are promising to supply power to homes, industrial plants,
vehicles, and small devices [1,2]. Hy production in large-scale centralized facilities from non-
renewable resources, such as natural gas [3], is well standardized. However, obtaining Hj
from renewable resources is a key point for the development of sustainable energy systems.
Furthermore, difficulties in Hy delivery and storage have sparked interest in on-site produc-
tion systems [3], where Hy is produced using existing fuels, favoring decentralized energy
production, even in places that are not connected to the electrical network or in remote
installations [1]. The growth of biorefineries to produce biofuels, such as bioethanol and
biodiesel [4], that can be used as a starting point to produce Hy [5,6], offers an opportunity
to implement sustainable energy models using Hs.

Power production based on Hy on-site systems is carried out in compact devices known
as fuel processors units (FPU) [7,8], in which syngas (gas containing mainly Hy and CO) is
produced from a liquid fuel and subsequently purified to obtain Hy suitable for fuel cells (FC)
[9]. FC fed with Hy (Ho-FC) produce electricity, heat and water, without pollutants [10].
Recently, technoeconomic evaluations of FPU fed with bioethanol (B-FPU) have shown that
these devices allow to produce Hy economically competitive to current prices for Ho-powered
car refueling stations [3,11]. Figure 3.2.1 shows the steps involved in a B-FPU (i.e., syngas
production by ethanol reforming and CO removal from the syngas). Ethanol reforming has
been extensively studied [12,13], including the assessment of catalysts structured in foams
[14], pellets [15] and monoliths [7,16]. However, CO removal still presents several challenges
for catalysis and engineering process design.

Figure 3.2.1 shows that the steps to remove CO in the syngas depend on the type of
H,-FC to which the B-FPU will be connected. For FC with low CO tolerance, such as
proton-exchange membrane FC (PEMFC), a low CO content (< 50 ppm [17]) in the syngas

122



is required. Figure 3.2.1 shows that to ensure a low CO concentration two approaches
have been proposed: (i) a traditional approach [18], where a series of catalytic reactions
are carried out, including a reactor for a high temperature water gas shift (HT-WGS),
followed by a reactor for a low temperature water gas shift (LH-WGS) and, finally, a reactor
for CO selective methanation (CO-SMET) and/or CO preferential oxidation (CO-PROX).
The advantage of the traditional approach is that it ensures low CO concentrations (< 20
ppm [19]). However, the use of several units increases the volume and cost of the B-FPU,
constraining its use in some compact applications. Alternative (ii) is based on the use of
a pressure swing adsorption (PSA) unit [3] or selective membranes [20,21] after the WGS
reactor. These processes significantly reduce the volume of B-FPU, but they are usually
expensive.
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Figure 3.2.1. Strategies to remove CO in a bioethanol fuel processor unit according to
the type of fuel cell used. HT-WGS: high temperature water gas shift, LH-WGS: low
temperature water gas shift, CO-SMET: CO selective methanation, CO-PROX: CO

preferential oxidation, PSA: pressure swing adsorption.

The emergence of a new generation of more CO-tolerant Ho-FC, such as high-temperature
PEMFC (HT-PEMFC) that withstands up to 5 % of CO [22], has encouraged the devel-
opment of new approaches to design simpler B-FPU [23]. Therefore, envisioning an early
commercialization of CO-tolerant FC, we have worked on the development of a B-FPU that
contains a single catalytic unit for CO removal. Firstly, we developed an active catalyst of
RhPt/Ce0,-SiO, for stable syngas production from actual bioethanol (i.e., obtained from
fermentation of residual biomass) [6,24]. Secondly, we identified an Au-Cu catalyst (with
an Au/Cu molar ratio = 1 [25]) supported on nanoparticles of CeOs [26] as promising to
perform CO removal from an actual syngas in a single unit. We chose CeO, as support
among other alternatives (i.e., CeOsq, SiOq, ZrO,, Al,O3, LayO3, FesO3, CeO4-SiOy, CeOs-
ZrOy and CeOs-Al;03 [27]) due to its greater activity to oxidize CO; CeOs morphology was
also studied, finding that a polyhedra nano-shape is an active and stable support for CO
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removal over a AuCu/CeO, system [26]. Now, our intention is to structure the AuCu/CeO,
catalyst to favor the development of a compact B-FPU [3].

Recently, monolith reactors washcoated with powder catalysts supported on CeO, have
been shown as promising for Hy-cleanup. Lacoste et al. [28] tested CuO-CeOy/SBA-15 cat-
alysts deposited over cordierite monoliths in the CO-PROX suggesting that the macropores
of cordierite walls conferred mechanical resistance to catalysts, contributing to high stabil-
ity of the structured system. Gonzélez-Castafio et al. [29] evaluated monoliths washcoated
with a Pt/CeO4y/Al,O3 catalyst for WGS, reporting that the structured system favors water
diffusion on metal-support interface, which could be a relevant point in the actual WGS
process intensification. Landi et al. [30] studied monoliths washcoated with a CuO/CeO,
catalyst for CO-PROX, showing that coated monoliths provided both conversion and se-
lectivity higher than the reference powder catalyst. Then, cordierite monoliths washcoated
with catalysts based on CeOy are attractive to develop a compact technology for the CO
removal in syngas streams.

Most economic assessments of B-FPU have focused on the bioethanol reformer [11],
finding few reports on the cost associated with cleaning Hy through catalytic systems. In
general, the use of noble metals such as Au is controversial in the CO removal process: some
authors recommend avoiding Au due to its high cost [31], while others suggest that the high
performance of noble metals translates into a most cost-effective catalyst [32]. Also, the cost
of the catalyst associated with the support goes into the background. However, the high
demand of CeO, for environmental applications and industrial processes [33] has increased
its price. Figure 3.2.2a shows that the average cost of CeOy doubles other supports used in
CO removal, such as ZrO,, Al;O3, FeO, and SiOs [27]. Likewise, considering the overall price
of the catalyst (i.e., active metals plus support) , the AuCu/CeO, has a cost 73 % higher
when compared to the other options (Figure 3.2.2b). The higher cost of CeOs has led us to
look for alternatives to reduce its amount in the structured catalyst, seeking to decrease the
cost of the catalytic system without significantly impacting its catalytic performance.

Figure 3.2.2a shows that SiOs is the cheapest support. Besides, in a preliminary study [27]
it was identified that although the inclusion of a second metal oxide (i.e., ZrOs, Al,O3 and
SiO3) in the CeO, matrix decreases its activity in CO removal, this effect is less significant in
the CeO2-SiOy system. The evaluation was carried out by fixing a Ce/Si molar ratio of 1 in
the catalysts. Thus, prior to catalyst structuring, an evaluation of the effect of SiO5 inclusion
into the AuCu/CeO, catalyst over both the cost and the catalytic performance may be
required.

In this contribution, CO removal from syngas was evaluated using a monolith reactor
washcoated with AuCu-based catalysts, seeking to identify the potential of this catalytic
system to be integrated in a B-FPU. Firstly, the effect of dual supports of CeO5-SiO, with
several SiOs loadings over the cost and activity of powder Au-Cu catalysts was determined.
Then, activity and selectivity of structured catalysts were compared to powder samples. Also,
a computational fluid dynamics (CFD) simulation of the monolithic reactors was carried out
to identify profiles of temperature and concentration of chemical species throughout the chan-
nels of monolithic reactors. Finally, the stability of monoliths washcoated with AuCu/CeO,
and AuCu/Ce0,-SiOy catalysts in the CO removal from a syngas was assessed. The study
also included the use of characterization techniques such as high-resolution transmission
electron microscopy (HR-TEM), UV-visible diffuse reflectance spectroscopy (UV-vis), X-
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Figure 3.2.2. Cost of (a) metal oxides and (b) AuCu based catalysts commonly used for
CO removal in a B-FPU. Values obtained from Sigma Aldrich (www.sigmaaldrich.com),
Merck (www.merckmillipore.com), Fisher Scientific (www.fishersci.com) and Alfa Aesar

(www.alfa.com) in February 2020 for presentations between 50-1000 g and purity > 99 %.

ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), Raman spectroscopy, BET
analysis, ultrasonic pulse test and thermal shock test.

3.2.3 Experimental
Synthesis of powder catalysts

Polycrystalline CeOs nanoparticles were obtained by the hydrothermal method as de-
scribed in [26]. A solution 0.3 M of NaOH (Merck, Germany) was mixed slowly with an
aqueous solution of Ce(NOj3)3-6H20O (Sigma Aldrich, USA), stirring at 500 rpm for 1 h.
Then, the mixing was passed to an airtight container and heated at 100 °C for 24 h. The
obtained slurry was filtered, washed with abundant water and calcined at 500 °C for 2 h.
Formation of nanoparticles of CeO, was confirmed by HRTEM. CeO, occurs as polyhedral
particles with an average diameter of 9+2 nm (Figure SM.15 in Supplementary Material).
Afterwards, the dual supports of CeO9-SiOy with several contents of SiOy (i.e., 0, 25, 50,
75 and 100 mol%) were prepared. For this, nanoparticles of CeO, were added into a slurry
of SiOy (Merck, Germany). The mixing was dried at 80 °C for 12 h, carefully crushed in a
mortar and calcined at 500 °C for 2 h. This preparation method was selected based on initial
tests (Method 1, Figure SM.16 and Table SM.9 in Supplementary Material), where several
alternatives to obtain the dual supports of CeO,-SiOy were assessed. CeO5-SiO5 samples
were labeled as CeSi-X, where X indicates the SiOy percent content in the support (X = 25,
50 and 75 mol% SiO,).

1 wt% Au and 1 wt% Cu were impregnated onto the CeO4-SiO4 supports by deposition-
precipitation and incipient wetness impregnation methods, respectively, using the procedure
described in [25]. HAuCl,-3H,0 (Sigma Aldrich, USA) and Cu(NOs3)2-3H,0 (Sigma Aldrich,
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USA) were used as precursors of active metals. Catalysts were calcined at 500 °C for 4 h and
sifted using a 140-mesh sieve. Before reaction, an activation pretreatment was performed in
all catalyst samples [25], which consisted in a reduction at 300 °C with 8 % Hy/Ar stream
for 1 h, followed by a purge with pure Ar stream for 30 min and ended by a stabilization
in 10 % air/Ar stream for 30 min. AuCu/CeO2-SiOy samples were labeled as “Activated”
catalysts.

Preparation of catalytic monoliths

Cordierite monoliths (Corning Inc.) with 400 CPSI (cells per square inch) and 2 c¢cm long
were used. Monoliths were washcoated by repetitive immersion in a slurry of powder catalyst
(25 wt% of catalyst in the slurry), followed by drying at 105 °C for 1 h under continuous
rotation (60 rpm), and calcination in muffle at 500 °C for 4 h. Polyvinyl alcohol (PVA) was
used as a binder with a proportion of 0.6 gpya /gcat- A net catalyst loading of 3.3 mgc,;/ cm? in
the monoliths was achieved. Before reaction, the washcoated monoliths were activated using
the same procedure described for powder samples. Stability of monolith coatings was assessed
by ultrasonic pulses. In particular, washcoated monoliths were submerged into acetone in a
ultrasonic bath (Fisher Scientific, USA) for 10 s, then dried at 70 °C for 1 h and weighted
[34]; the procedure was repeated to achieve 100 s. Adhesion of the washcoat was assessed by
a thermal shock test [7]. For this, monoliths were heated at 700 °C for 1 h and then quickly
cooled down with abundant Ny (500 mL/min). The procedure was repeated three times,
determining catalyst losses in each cycle. The data of all characterization tests are available
at the website [data set] [35].

Activity and stability tests

Powder samples of AuCu supported on dual oxides of CeO3-SiOy were evaluated in CO
removal with a syngas containing Hy (19.9+0.3 mol%), CO (6.3+0.1 mol%), COy (5.2+0.5
mol%), Oy (5.6+0.3 mol%), HyO (7.840.2 mol%) and Ny (55.2+0.6 mol%). Syngas com-
position was defined in preliminary tests where a cordierite monolith washcoated with a
RhPt/Ce0,-SiOy catalyst was evaluated in the ethanol steam reforming. Besides, an excess
oxygen factor (A) of 1.8 was fixed, which was optimized in a previous work [25]. Channeling
and back mixing through the catalyst bed were avoided using a ratio of 50 between the
catalyst bed height (L) and catalyst particle size (D,), and a ratio of 60 between the reactor
internal diameter (D) and D,, [36,37]. 0.200 g of catalyst with 0.200 g of ground quartz as a
diluent were used in all tests, achieving a space velocity (SV) of 5.6 & 0.3 L/gcas *min. Species
at the outlet stream of the catalytic system were continuous monitored, using a Clarus 580
gas chromatograph (GC, Perkin Elmer, USA) equipped with a Carboxen 1010 plot column
(30 m, 0.53 mm, Restek, USA) connected to a thermal conductivity detector (TCD), using
Ny (20 mL/min) as internal reference. An isothermal method at 60 °C was used in the GC
unit.

CO removal was also assessed over monoliths washcoated with AuCu/CeOy and AuCu/
Ce0,-Si05 (75 mol% of SiOy), using a syngas with the same composition described in the
evaluation of powder samples. Activity was tested between 100 to 300 °C and stability was
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evaluated in on/off tests at 220 °C. The species at the outlet stream were quantified online,
using a 490 micro-GC (Agilent Technologies, USA) equipped with three columns connected
with several TCD. Ny (60 mL/min) was used as internal reference and isothermal method at
60 °C was used. Elemental balances between the inlet and the outlet streams of the reactor
were quantified in all tests, achieving balances of C, H and O > 90 %. Conversion (x;) of
CO and H,, and the molar composition (y; of outlet streams were calculated by 13 and 14,
respectively.

Ninlet - Noutlet .
T, = 1mes100 13
leet ( )
Nj outlet
g = =22l 5100 14
ZO Nj,outlet ( )

Where Ny is the flow (mol/min) of CO or H, inlet into the reactor, Nyyue: is the flow
(mol/min) of CO or H, leaving the reactor, and N; suye: is the flow (mol/min) of species j
(i.e., Hy, CO, CO9, Oz and Ny) leaving the reactor. The data of activity and stability tests
are available at the website [data set] [35].

Catalysts characterization

HRTEM micrographs of CeOy nanoparticles were obtained in a Tecnai F20 Super Twin
unit (FEI, USA). UV-vis spectroscopy was carried out using a UV-VIS-NIR 3600 spec-
trophotometer (Shimadzu, Japan) equipped with PMT, InGaAs, PbS light detectors and
an ISR-3100 accessory. The spectra were recorded at room temperature in the wavelength
range of 200-800 nm with 0.1 nm of resolution. Barium sulphate was used as a reflectance
standard. XPS spectra of catalysts were obtained using a SPECS system (SPECS group,
Germany) equipped with a XR-50 X-ray source and a Phoibos 150 EP hemispherical energy
analyzer with MCD-9 detector. The binding energy (BE) values were obtained with a preci-
sion of 0.1 eV, maintaining the analysis chamber below 10~7 Pa. XPS data was processed in
CasaXPS software, adjusting the adventitious C 1s line at 284.8 eV. XRD was conducted in
a D5000 diffractometer (Siemens, Germany) using Cu Ka radiation (45 kV, 35 mA). Profiles
were collected in 260 at range of 20 to 100°, using a step of 0.02° and 1 s/step. The lattice pa-
rameter and the average crystallite size of CeOy were determined by a Rietveld refinement of
diffraction patterns in FullProf suite software (2019 version, France), ensuring a Chi-square
test (Chi?) < 2.0 and a R-weighted pattern (Ryp) < 30 %. Raman spectroscopy was carried
out in a RE 0.4 in Via Qontor confocal microscope (Renishaw, UK) equipped with a 532.1
+ 0.3 nm laser. Spectra were collected using an exposure time of 2 s, 1 % of laser power and
48 accumulated scans. Surface area of powder samples was determined by BET method in
a ChemBET Pulsar unit (Quantachrome Instruments, USA). 0.1 g of sample was degassed
at 120 °C for 2 h in inert gas (Ny, 20 mL/min). BET surface area was determined with a 30
% Ny /He stream in a liquid Ny bath.
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CFD simulation

CFD simulation of the catalytic system, considering the actual dimensions of the mono-
liths, was carried out in COMSOL Multiphysics commercial software (V5.5), according to
methodology detailed in [38]. A mesh independence test was performed to ensure an accu-
rate numerical solution, identifying that more than 12,000 elements are enough for the CFD
model. Thermodynamic and transport assumptions for reactive gas and monolith are sum-
marized in Table SM.10, Supplementary Material. Table 3.2.1 shows the governing equations
((1)—(4)), kinetic model ((5)—(7)), and chemical reactions (8-(10)) considered in the CFD
model. Kinetic models based on power law ((5) in Table 3.2.1) are widely accepted for the
CO removal on Au and Cu catalysts [39-41]. Thermodynamic and transport properties were
modeled by polynomial approximations, using NASA coefficients [42].

Table 3.2.1. Governing equations, kinetic model and reaction network involved in CFD

simulations.
Equation/Reaction ? Description
V (prou) =0 Continuity equation (1)
—Vp+ Ve(pu. Momentum balance (2)
prCprueNT + Veo(—k.,,, VT) = Q+ Q, Energy balance (3)
Ve (=DiVe; +uc) = Ri Convgctlon—dlffu31on (@)
equation
rn=k,>. cl' — I% Sl Power law equation (5)
k, = k;ooje% Arrhenius equation (6)
K, = e~RE [1(C5)" Chemical equilibrium (7)
CO(g) + Hy0O(g) = CO2(g)+Ha(g) WGS reaction (8)
CO(g)+ 302(g) — COx(g) CO oxidation (9)
. _—
Hy(g)+ %(32(g) — H,0(g) 2 oxidation (10)

* py = density, u= velocity vector, p = pressure, /= indent matrix, ¢ = dynamic viscosity,
F' = external forces, C,, = heat capacity, 7= temperature, k., = thermal conductivity, Q)
= external heat, @, = reaction heat, D;= diffusion coefficient, i = specie (i.e., CO, Hy0,

COs, O5 or Hy), ¢;= molar concentration, R;= species surface rate, r, = reaction rate, n =
chemical equation (i.e., WGS, CO oxidation or H, oxidation), k,= reaction rate constant,

7i = stoichiometric coefficient, K, = reaction rate constant of equilibrium, k. ;=
pre-exponential factor, E,;= activation energy, R= universal gas constant, AG°= Gibbs
free energy (including formation terms), Cy= sum of all concentration species, P°=
standard pressure.
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3.2.4 Results and discussion

Relationship between cost and activity of the powder catalysts

Table 3.2.2 shows the total price of catalysts (1 wt% Au and 1 wt% Cu) supported on
several CeO,-Si04 supports. Costs were calculated according to the information detailed in
Table SM.11 (Supplementary Material), considering the losses during the synthesis of cata-
lysts and actual market prices of each reagent. The cost associated with active metals (Cu
+ Au) is ~ 3.5 USD /g, for all samples. Thus, the catalysts cost associated to the support
would range between 21 and 84 %, depending mainly on the CeO, content. The high cost of
CeOg is the result of its high market price (Figure 3.2.2a) and the losses during its synthesis
to ensure homogeneous nanoparticles; cheaper CeO,, namely, without a homogeneous and
well-defined morphology, would lead to a rapid deactivation, as shown in [26]. Therefore,
inclusion of SiOy in AuCu/CeO, have a positive effect in terms of the cost of the catalysts,
achieving a price up to 1.6 times lower for AuCu/CeSi-75 compared to AuCu/Ce.

Table 3.2.2. Price of catalysts and the minimum CO concentration obtained in the outlet
stream of the reactor.

Catalyst Total price Cost associated with T (°C) CO concentration
(USD/geat)  the support (%) achieved (mol%)

AuCu/Ce 21 84 220 0.4

AuCu/CeSi-25 19 82 220 0.6

AuCu/CeSi-50 17 80 220 1.7

AuCu/CeSi-75 13 73 260 1.1

AuCu/Si 4 21 260 4.0

Monolith  washcoated with
AuCu/Ce

Monolith  washcoated with
AuCu/CeSi-75

22 82 260 0.2

14 71 300 0.3

Figure 3.2.3 shows the CO conversion from a syngas stream over the bare supports and
supported AuCu catalysts. Volcano type curves [34] are observed for the CO conversion over
both bare supports (Figure 3.2.3a) and AuCu catalysts (Figure 3.2.3b). Inclusion of active
metals (Au and Cu) improves CO conversion; however, the activity of catalysts decreases
with the SiO, content in the support. Notwithstanding, most of AuCu catalysts (except
AuCu/CeSi-50 and AuCu/Si) favor a CO conversion > 85 % (Figure 3.2.3b). While highly
active catalysts are desirable, complete CO removal is not required for a B-FPU connected
to a FC with high CO tolerance, as recent research has allowed for the development of HT-
PEMFC that resist up to 5 % of CO in the cleaned Hy stream [22]. Table 3.2.2 shows the
minimum CO concentration in the outlet stream obtained with each sample. Most catalysts
(except AuCu/Si) ensured CO concentrations < 5 %, paving the way to carry out CO
removal from syngas using a single catalytic unit. Despite being the most active, the cost of
AuCu/Ce is 9 % higher than that of AuCu/CeSi-25 and 61 % higher than AuCu/CeSi-75.
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Figure 3.2.3. CO conversion obtained over (a) bare supports and (b) supported AuCu
catalysts. CeO,-SiO5 supports were labeled as CeSi-X, where X indicates the SiOs percent
content (X = 25, 50 and 75 mol% SiOs). Syngas feed: Hy (19.940.3 mol%), CO (6.3£0.1
mol%), CO, (5.20.5 mol%), O (5.620.3 mol%), HoO (7.84+0.2 mol%), and N, (55.240.6
mol%). Reaction conditions: SV of 5.6 + 0.3 L/gc..*min and 0.35 g of the catalytic bed.

Therefore, AuCu/CeO,-SiO catalysts show promising features in terms of cost and activity
to be integrated into a B-FPU to produce H, streams adequate for HT-PEMFC.

The effectiveness of the AuCu system to promote CO oxidation has been well documented
by other researchers [43-45]. Additionally, in previous studies [25,27] we identified that Au
contributes to the formation of CO* intermediates while Cu provides reactive oxygen on the
catalytic surface, and this combined effect favors the CO conversion on AuCu/CeO; cata-
lysts, as seen in Figure 3.2.3b. However, dilution of CeOy with a second support as SiOq
impacts its ability to convert CO [27]. Nevertheless, AuCu/CeSi-75 sample shows a CO con-
version higher than that of AuCu/CeSi-50 (Figure 3.2.3b), indicating that the SiOs inclusion
in the AuCu/CeO, system could alter several properties of the catalysts. Consequently, to
understand the effect of the presence of SiOs in the catalyst, several characterization tests
were carried out on the powder samples before monolith evaluation.

Effect of SiO, on surface and structure of AuCu/Ce0,-SiO, catalysts

UV-vis spectroscopy Catalyst surface of the activated samples of AuCu catalysts
was assessed by UV-vis spectroscopy. Figure 3.2.4a shows the UV-vis spectra of the AuCu
catalysts. Catalysts based on CeO, show the typical absorptions for O —Ce*t charge
transfer (277 nm) and cerium inter-band transitions (347 nm) [46]. However, the presence
of a second oxide as SiOy can alter the optical absorption of CeQOs, favoring a slight shift
in wavelength [47]. Moreover, absorption with A > 470 nm confirms the presence of active
metals (Au and Cu [48,49]). The intensity and width of the bands are usually related to the
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size and shape of the active particles on the catalyst surface. Signal related to spherical Au
particles (A ~ 528 nm) can present a red-shift towards higher wavelength due to changes in
particle size and morphology of Au [49]. Similarly, bands associated with Cu™ (472 nm) and
Cu?* (692 nm) are susceptible to a red-shift due to changes on the interaction of Cu with the
support [48]. AuCu/Ce-50 and AuCu/CeSi-75 catalysts show wider and less intense bands
than the other samples (Figure 3.2.4a), indicating the formation of active particles of several
morphologies and sizes on the catalytic surface. Thus, SiO, is likely producing a change
in the distribution of active particles on the catalyst surface, which promotes variations in
the activity of AuCu catalysts (Figure 3.2.3b). Consequently, the catalytic surface was also
studied by XPS (vide infra).
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Figure 3.2.4. (a) UV-vis spectra for activated samples of Au-Cu catalysts. (b)
Correlation of the lattice parameter and the average crystallite size of CeO, obtained by a
Rietveld refinement of XRD patterns of Au-Cu catalysts. CeO5-SiO5 supports were labeled

as CeSi-X, where X indicates the SiOy percent content (X = 25, 50 and 75 mol% SiO,).

XPS The surface composition of AuCu catalysts was studied by XPS. Figure 3.2.5
shows the XPS spectra for Au, Cu and Ce, and Table 3.2.3 shows the surface concentration
of Au and Cu. The amount of Au and Cu exposed decreases with the SiOy content in the
support, indicating that SiOy could favor the adsorption of active metals towards the bulk
of the support or the formation of larger particles [37], which would confirm the presence of
particles of Au and Cu with several morphologies, as proposed in the UV-vis spectroscopy
section.

Figure 3.2.5a shows the XPS spectra for Au 4f5/, and 4f;,. The characteristic peak
at 83.8 eV shows the presence of only Au® species [50], which act as CO adsorption sites
25,51]. Also, Figure 3.2.5b shows the XPS spectra for Cu 2p;3/,. The well-known Cu®*
satellites around 940 eV confirm the presence of oxidized Cu species (CuQ), which is in line
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Table 3.2.3.

Atomic surface content, Auger parameter, Ce3+/Ce4+ ratio, TO/Fy, index and
BET surface area of AuCu/Ce0,-SiO, catalysts

Catalyst Surface content Auger e+ /Cot+ @ bTO /Fag index (10?) gljg iga
(at%) @ parameter® 5 .
(m*/geat)
Au Cu Activated Used

AuCu/Ce 1.7 5.0 1849.4 0.21 7.3 6.9 81
AuCu/CeSi-25 1.1 4.0 1849.0 0.18 9.9 5.3 115
AuCu/CeSi-50 1.4 3.2 1849.6 0.18 4.0 3.9 160
AuCu/CeSi-75 1.0 2.4 1849.1 0.18 2.9 2.8 275

AuCu/Si 0.6 2.2 18494 N/A N/A N/A 453

A: activated; U: Used; N/A: Not applicable. *measured by XPS; Pmeasured by Raman
spectroscopy; “measured by Ny adsorption.
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of AuCu catalysts supported on CeO-SiO5 with several SiO4 loadings. CeO2-Si0O4
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XPS spectra for (a) Au 4f, (b) Cu 2pg/, and (c) Ce 3d in activated samples

supports were labeled as CeSi-X, where X indicates the SiOy percent content (X = 25, 50

and 75 mol% SiOy).
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with previous reports [25,44]. However, the identification of reduced Cu species (i.e., Cu’
and Cu™), associated with the 932.6 eV peak, is difficult or impossible only by the Cu2p XPS
spectra [52]. For this, we used the Cu LMM Auger spectra to identify the presence of reduced
Cu species. Table 3.2.3 shows the modified Auger parameters for the AuCu catalysts. Most
of the samples has an Auger parameter corresponding to the Cu't species (1849.2 to 1849.8
eV [52]). No evidence of the presence of Cu’ (~ 1851.2 eV [52]) was identified. Both Cu?*
and Cu™ species have been associated with the enhancement of CO oxidation during H,
cleanup [25,53]. Then, the alteration in the concentration of Au and Cu in the catalytic
surface by SiOy presence could favor changes on the activity of catalysts (Figure 3.2.3b).

The oxidation state of Ce is frequently used to determine the interaction of active metals
with CeO, [51]. Figure 3.2.5¢ shows the XPS spectra for Ce 3ds/, and 3ds/,, where the five
pairs of spin-orbit doublets are observed (Vo, V, V', V""" and V""" for Ce 3d5/, and Uy, U,
U, U and U""" for Ce 3d3/) [25,54]. The peaks Vo, V', Uy and U" are associated with
the presence of reduced species (Ce?"), and the rest of peaks correspond to Cel™ species
[55]. Formation of Ce3* species is favored by interaction between CeO, and cations such
as Cu?* [56,57]. Table 3.2.3 shows that the Ce®t/Ce'" ratio, related to the formation of
oxygen vacancies [25,55], decreases by about 14 % in AuCu catalysts supported on mixed
oxides (i.e., AuCu/CeSi-25, AuCu/CeSi-50 and AuCu/CeSi-75) with respect to the AuCu/Ce
sample (Table 3.2.3). The decrease in the Ce®™/Ce'™ ratio suggests that SiO, alter oxygen
vacancies of CeOs, decreasing the CO oxidation capacity of catalysts [58].

XRD The crystal structure of CeOs in the activated samples of supported AuCu cat-
alysts was evaluated by XRD (see Figure SM.17, Supplementary Material). Figure 3.2.4b
correlates the lattice parameter and the average CeO, crystal size obtained by a Rietveld
refinement. The CeOs lattice size decreases in the AuCu/CeOs sample compared to the
bare CeO,. A decreasing in lattice size has been associated with the replacement of Ce**
ions by CuO species [59,60], which favors the formation of oxygen vacancies [56]. Likewise,
as the SiOy content increases in the AuCu/CeOs system, the lattice parameter of CeOq in-
creases, indicating a lower CuO-CeO, interaction, probably because of the new interaction
between Cu and SiOs. Also, the average crystal size of CeOs does not change significantly
by the presence of SiO,, obtaining a size of 14.4 + 0.4 nm for all AuCu catalysts. Therefore,
the reduction of oxygen vacancies observed by XPS could be associated with an additional
interaction between Cu and SiO,, without affecting the CeO, structure.

Raman spectroscopy The CeOs structure in the activated and used samples of AuCu
catalysts was studied by Raman spectroscopy. Figure 3.2.6 shows the Raman spectra for Au-
Cu catalysts containing CeOs. In all the samples, CeO, shows the typical Fyo mode at 464
cm™ and two satellite bands at 240 (transverse optical mode, TO) and 600 cm™ (longitudinal
optical mode, LO), related to oxygen vacancies in CeO, [61,62]. Table 3.2.3 contains the
TO/F4e index that allows comparing the number of defects in the lattice associated with
oxygen vacancies in CeO,. The results in Table 3.2.3 show that the higher the SiO5 content,
the lower the TO/F,, index value, in agreement with the XPS results, where a decrease in
the Ce?* /Ce** ratio was also observed in AuCu catalysts supported on dual oxides.

The variation in the TO/Fy, index (Table 3.2.3) between activated and used samples was

133



(a) Activated AuCu catalysts (b) Used AuCu catalysts

AuCu/CeSi-75
AuCu/CeSi-75
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Figure 3.2.6. Raman spectra for (a) activated and (b) used samples of supported AuCu
catalysts. CeO5-SiO4 supports were labeled as CeSi-X, where X indicates the SiO, percent
content (X = 25, 50 and 75 mol% SiOy).

less than 5 %. Additionally, no signal was identified in mode G (1590 cm™, associated with
stable carbon deposits) and D (1350 cm™, associated with amorphous carbon) of carbon,
indicating that carbon formation would not be a relevant aspect on AuCu catalysts supported
on mixed CeO4-Si05 oxides [27]. Thus, the characterization tests presented here and those
previously reported in [26,27] show that the AuCu/CeO,-SiOy supported catalysts appear
not to be susceptible to significant changes during CO removal in a single unit, which could
be beneficial for long term operations.

BET surface area Table 3.2.3 shows the surface area of the AuCu catalysts. The
surface area of the catalysts increases with the SiO, content, but not linearly. For example,
the increase in the surface area of AuCu/CeSi-25 is 1.4 times greater than that of AuCu/Ce,
but for the AuCu/CeSi-50 and AuCu/CeSi-75 the increase is 2.0 and 3.4 times, respectively.
As presented above, inclusion of SiOy in AuCu/CeO, system decreases oxygen vacancies
of CeO,, impacting oxidation capacity of catalysts. However, SiO, interacts also actively
with active metals and promotes an increase in surface area of AuCu catalysts, which are
key characteristics to favor CO adsorption on catalytic surface during CO removal [26,34].
Therefore, we speculate that with a 75 mol% of SiOy in the support of the AuCu/CeO,
system, the increase in surface area mitigates the impact of the reduction of oxygen vacancies,
favoring AuCu/CeSi-75 to have a higher activity than AuCu/CeO,-50 (Figure 3.2.3b).

Monolith evaluation

In this section, monolithic reactors were evaluated in the CO removal from a syngas in
a single catalytic unit. The most active catalyst (i.e., AuCu/Ce) and the most economical
one (i.e., AuCu/CeSi-75) that ensured CO concentrations < 5 % (Table 3.2.2) were used to

prepare the monolith catalysts.
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Washcoating assessment Physical stability and adhesion of the catalyst were evalu-
ated with ultrasonic and thermal shock tests. Figure SM.18 (Supplemental Material) shows
the catalyst weight loss corresponding to the ultrasonic and thermal shock cycles. The mono-
lith washcoated with the AuCu/CeSi-75 catalyst showed about 50 % less loss of coating in
both tests, suggesting that the presence of SiO, favors a better adherence of the catalyst to
the monolith walls. Tiscornia et al. [34] evaluated monoliths of cordierite washcoated with
a CuO/Ce0y/Si0, catalysts, reporting that Aerosil (fumed silica) particles anchored to the
macroporous walls of the cordierite contribute to a high mechanical stability. That is, the
inclusion of SiOj in the AuCu/CeO, system reduces the price of the catalyst (Table 3.2.2)
and improves the adhesion of the catalyst coating to the walls of the monolithic reactor.

Catalytic activity of monoliths Honeycomb monoliths present an opportunity to
structure catalysts for CO removal from a syngas because they reduce the volume of the
reactor, which is a critical factor for the implementation of Ho-based technology in compact
applications [34]. Figure 3.2.7 shows the conversion of CO and Hy obtained with the mono-
liths washcoated with AuCu/Ce and AuCu/CeSi-75, where the results using powder samples
were included for comparison purposes. Over 240 °C, monolithic reactors are more effective
in CO removal compared to their equivalent powder samples, which could be associated with
an improvement in the transfer of mass and heat into the monoliths, as discussed later. Also,
both monoliths washcoated with AuCu/Ce and AuCu/CeSi-75 have similar activity at high
temperatures (> 260 °C), achieving CO conversion > 95 % and H, loss < 10 %. As presented
in Table 3.2.2, the price of the washcoated monolith is only slightly higher than the powder
samples due to the low price of cordierite. Therefore, cordierite monoliths offer an increased
activity at higher temperatures with similar cost compared to non-structured samples.

Table 3.2.4 compares the activity of several structured catalysts in cordierite monoliths
for CO removal. In general, it is possible to obtain a high CO conversion (> 95 %) using
monolithic reactors. There were no previous reports on the CO removal of a syngas coming
directly from an ethanol reformer in a single unit. That is why we reported an initial CO
concentration > 6 mol%, with a Hy/CO of 3.1, which is the outlet condition of the syngas
coming from a reformer. These conditions are more severe than those evaluated over mono-
lithic reactors at CO-PROX conditions after several previous pre-cleaning units (i.e., CO
< 2 mol% and Hy/CO >> 10). All the works reported in Table 3.2.4 used the traditional
way to remove CO in fuel reformers (i.e., HT-WGS — LH-WGS — CO-SMET/CO-PROX,
Figure 3.2.1), with higher Hy/CO ratios [19], which favors CO conversion during the final
stage of CO-SMET and/or CO-PROX [63]. Thus, despite that they were evaluated under
more severe conditions, AuCu/Ce and AuCu/CeSi-75 show similar performance to previ-
ous reports for CO removal over structured catalysts. Therefore, structured AuCu/Ce and
AuCu/CeSi-75 catalysts are promising to remove CO in a single catalytic unit, showing
higher activity than powder samples at temperatures higher than 240 °C. A CFD simulation
was carried out to find an explanation of the observed high performance of the structured
catalysts.

CFD model CO removal from syngas over washcoated monoliths was modeled by
CFD, seeking to explain the improvement of catalytic activity in monoliths compared to
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Table 3.2.4.

Comparison of several structured catalysts for CO removal.

Coating of Gas composition in the inlet Reaction T CO conversion Ref

monolith stream cC) (%) '
Hy (50 mol%), CO (7 mol%),

Pt/Ce05/Al;03 COy (7 mol%), HoO (30 mol%) WGS 310 ~ 100* [29]
and N, as balance.

CuO- Hy (40 mol%), CO (1 mol%), O,

Ce04/Si04 (1 mol%) and He as balance. CO-PROX 160 9 [34
Hy (50 mol%), CO (0.5 mol%),

Cu0O/CeOq O5 (0.9 mol%) and Ny as bal- CO-PROX 150 ~ 100* [30]
ance.
H, (60 mol%), CO (1.0 mol%),

Ru/TiO, CO, (20 mol%), H,O (15 mol%) CO-SMET 220 100 [17]
and N, as balance.
H, (40 mol%), CO (1 mol%), O,

PiCu/ALOs élol%) S e 2 CO-PROX 110 100 [64]
Hy (50 mol%), CO (0.5 mol%),

CuO/CeOq 05 (0.9 mol%) and Ny as bal- CO-PROX 150 99 [65]
ance.
Hy (19.9£0.3 mol%), CO

AuCu/CeO,- (6.3+£0.1 mol%), COq (5.240.5 WGS, CO- This

$i0, mol%), O (5.6£0.3 mol%), PROX 260 95 work
Hy0 (7.8£0.2 mol%) and Ny as
balance.
Hy, (19.94£0.3 mol%), CO
(6.3£0.1 mol%), COy (5.240.5 .

AuCu/CeO;  mol%), O, (5.6+0.3 mol%), ;VPSOS};( CO- 500 06 VTV(};T{

Hy0 (7.8£0.2 mol%) and Ny as

balance.

*Values obtained from graphical estimations
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Figure 3.2.7. Conversion of (a) CO and (b) Hy obtained in the CO removal from a
syngas over powder catalysts and monoliths washcoated with AuCu/Ce and AuCu/CeSi-75
samples. Suffixes P: powder and M: monolith. Syngas feed: Hy (19.9£0.3 mol%), CO
(6.3£0.1 mol%), COy (5.240.5 mol%), O (5.6+0.3 mol%), HoO (7.8£0.2 mol%), and Ny
(55.240.6 mol%). Reaction conditions: SV = 5.6 = 0.3 L/gc,; *min.

powder samples at temperatures higher than 240 °C (Figure 3.2.7). Figure SM.19 (Supple-
mentary Material) shows the excellent agreement between the experimental CO, Hy, CO,
and O, flows at the outlet stream of the monolithic reactors and the results obtained in
COMSOL Multiphysics. Then, CFD allows to model simultaneously mass and heat transfer
and kinetics of the process [38]. Kinetic parameters obtained by non-linear regression of
power law model ((5), Table 3.2.1) are presented in Table SM.12 (Supplementary Material).
Parity plots (Figure SM.20 in Supplementary Material) show that CFD models adequately
fit the experimental data, ensuring a deviation < 10 % in most of the values, which in-
dicates that the models correctly predict the product distribution in both AuCu/Ce and
AuCu/CeSi-75 monolithic reactors.

The temperature profile in the monoliths was also studied with the CFD simulation.
Figure 3.2.8 shows that the temperature on the external walls of the monolith (which is
the same as the furnace) is lower than the temperature in the internal channels of the
monoliths. Actually, WGS (AH= -42 kJ/mol), CO oxidation (AH= -283 kJ/mol) and H,
oxidation (AH= -241 kJ/mol) are exothermic reactions [66], which favor the increase in the
temperature of the internal channels of the reactors. The temperature gradient can be up to
80 °C when the furnace operates at 300 °C. For non-reversible reactions, as CO oxidation,
temperature favors an increase in reaction rate [67]. Therefore, increased temperature in
internal channels could be associated with improved activity to CO removal over monolithic
reactors compared to powder samples (Figure 3.2.7). In addition, the temperature increase
is greater at the entrance of the monolith, since the CO conversion occurs mainly at the first
5 mm of the channels, as shown Figure 3.2.9. A high CO conversion in the initial section of
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the channels also shows that the reactive gas interacts easily with catalyst adhered to the
walls. Landi et al. [30] proposed that washcoated monoliths prevent the intra-particle mass
transfer limitation (typically observed in powder samples), favoring CO oxidation during
CO-PROX. Consequently, structured monoliths promote improvements in mass and heat
transfer favoring an increase in activity, which match with previous reports [29,30,34,64].
Then, stability of structured catalysts (i.e., monoliths based on AuCu/Ce and AuCu/CeSi-
75 catalysts) was evaluated in intermittent operation tests.

(a)  AuCu/Ce (200 °C) (b) AuCu/CeSi-75 (200 °C)

Inlet ‘
syngas /[~

syngas

(¢)  AuCu/Ce (300°C) (d  AuCwCeSi-75 (300 °C)

Figure 3.2.8. Temperature profiles for cross section of (a) a monolith washcoated with
AuCu/Ce catalysts operating at 200 °C, (b) a monolith washcoated with AuCu/CeSi-75
catalysts operating at 200 °C, (c¢) a monolith washcoated with AuCu/Ce catalysts
operating at 300 °C and (d) a monolith washcoated with AuCu/CeSi-75 catalysts
operating at 300 °C.

Stability of monoliths in on/off test Thinking in a future implementation in fixed
or mobile applications, stability of FPU is commonly evaluated by on/off stability tests (also
called start-up/shutdown cycling) [7,32]. Figure 3.2.10 shows the conversion of CO and
H, and the distribution of products obtained in an on/off test with monoliths washcoated
with AuCu catalysts. Monolithic reactors were evaluated at 220 °C to prevent complete
CO conversion, favoring the identification of deactivation phenomena [68]. The monolith
washcoated with AuCu/Ce (Figure 3.2.10a) shows a stable conversion of CO (92 £+ 2 %)
and Hy (11 + 2 %), while the monolith washcoated with AuCu/CeSi-75 (Figure 3.2.10b)
loses about 6 % of its initial CO activity (73 %). However, Hy conversion decreases on the
AuCu/CeSi-75 monolith, which is a beneficial effect, achieving only a ~ 4 % Hy loss at the end
of the test. Also, Figure 3.2.10c and d show that despite not being evaluated at the maximum
CO conversion temperature, but at 220 °C, both AuCu/Ce (CO < 0.2 %) and AuCu/CeSi-
75 (CO < 3.6 %) systems ensure a clean Hy stream with a CO concentration < 5 %. In
addition, it is expected that at higher temperatures (260 to 300 °C), the monoliths based on
AuCu catalysts favor a high conversion of CO (> 95 %), achieving CO concentrations < 1
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Figure 3.2.9. Molar concentration of CO at several temperatures vs. channel length of
monoliths washcoated with (a) AuCu/Ce and (b) AuCu/CeSi-75 catalysts.
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%. Therefore, monoliths based on AuCu catalysts are promising to be used in a compact
B-FPU connected to a HT-PEMFC.
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Figure 3.2.10. (a and b) Conversion of CO and Hs and their corresponding product
distribution (c and d) obtained in the CO removal over monoliths washcoated with
AuCu/Ce and AuCu/CeSi-75 catalysts. Syngas feed: H2 (19.940.3 mol%), CO (6.3£0.1
mol%), COq (5.2£0.5 mol%), Oy (5.6+0.3 mol%), HoO (7.84£0.2 mol%), and No (55.2+0.6
mol%). Reaction conditions: 220 °C, 3.3 gear/cm?.

3.2.5 Conclusions

The effect of the addition of SiO, in the AuCu/CeO; system over both the cost and the
catalytic performance for the CO removal from a syngas using only one catalytic unit was
evaluated. It was identified that > 80 % of the catalyst cost relies on CeQOs, while the use
of a noble metal (Au) would contribute with < 20 %. However, the inclusion of SiOs in the
support could decrease the catalyst cost until 60 % compared to AuCu/CeOy. Moreover,
the AuCu/Ce0,-Si0, catalysts achieved conversion > 80 % of the initial CO in the syngas.

On the other hand, the most active catalyst (AuCu/Ce) and the cheapest (AuCu/CeSi-
75) one that ensured adequate CO concentrations to be used in HT-PEMFC (i.e., < 5 %),
were washcoated on monoliths of cordierite. At temperatures higher than 240 °C, monolithic
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reactors were found to be more efficient to remove CO and have a similar cost compared
to powdered catalysts. A CFD simulation showed that the improvement in the activity of
the structured catalysts is related to enhancements in heat diffusion in the internal channels
of the monolith and the easy contact between reactive gas and catalyst in the walls of
monoliths. Thus, both structured catalytic systems (i.e., AuCu/Ce and AuCu/CeSi-75)
allowed obtaining a syngas with concentrations of Hy > 65 % and CO < 5 %. Moreover,
the monolith based on AuCu/CeSi-75 is 38 % cheaper, has greater adhesion to the monolith
walls and favors less Hy losses (only 4 % of Hs is lost), which makes it promising to be used
in a compact B-FPU coupled to an HT-PEMFC.
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4 Technology description

In the previous chapter, syngas production by ethanol steam reforming of actual bioethanol
(i.e., obtained from residual biomass) over monoliths whashcoated with a RhPt/CeO2-SiO,
catalyst, and CO removal from a syngas over monoliths washcoated with AuCu/CeO,-SiO4
catalyst were presented. These results were used as a starting point to design and built a
prototype of a bioethanol fuel processor, which is described in this chapter. This chapter
corresponds to the fourth specific objective of the Thesis: “Perform a preliminary economic
analysis of the Hy production in a bioethanol fuel processor unit to assess the potential of
developed prototype”.

This chapter is presented as a technical report.

Lab-scale prototype
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4.1 Introduction

Despite the growing concern about the negative effects of fossil fuels use on human health
and environment, more than 60% of the energy produced in the world still comes from coal,
oil and natural gas [1]. Also, electricity, even when obtained from renewable resources, is
mainly produced on large-scale facilities (e.g., thermal power stations, hydroelectric plants,
and wind and solar farms) and distributed through the available local electrical network.
However, governmental weaknesses and utilities indifference towards the less productive areas
contribute to a low electrification in rural areas, especially in emerging countries [2]. As a
consequence, more than 30% of the world population does not have clean energy systems (~
2 billion people) and 10% does not have access to power [3] because they are in areas that
are not connected to centralized power plants. Therefore, it is necessary to develop energy
systems that ensure the access of the whole population to sustainable sources of electricity.

The use of multi-sites for small-scale energy production that employ micro-grids to supply
the power demand of small communities has been proposed as an alternative for sustainable
electrification in remote areas [2,4]. In the multi-site approach, energy is produced on site
using various renewable resources available in each region (i.e., sun, wind and/or biomass).
Under this scheme, hydrogen (Hs) based technologies have received great attention due
to the potential of using Hy as an integrating energy vector. Indeed, power-to-gas (P2G)
systems, where Hy is produced using solar- or wind-electrolyzers, have been successfully
established in on site energy production [5]. P2G systems are connected to Hy fuel cells
(Ho-FC) to obtain electricity, heat, and water, without pollutant emissions, offering clean
energy to communities. Furthermore, small-scale Hy supply systems could be up to 18%
cheaper compared to centralized Hy production due to the high cost of Hy distribution [6].

Advances in P2G and Hy-FC are a promising way for electrification in remote areas [7].
However, most of these technologies have been designed and established in developed coun-
tries, so their access in emerging countries is still low [8] due to the high import, adaptation
and maintenance costs. Moreover, it has been proposed that only a combined strategy among
solar, wind and biomass energy could ensure enough production of clean energy to supply the
energy demand of emerging economies [9]. Nonetheless, commercialization of technologies
for obtaining Hs from biomass, one of the most abundant renewable resources in developing
countries [10], seems to be lagged compared to P2G systems. The absence of technologies
designed to take advantage of local resources and the high cost of existing methods to pu-
rify Hy streams could be critical constraints for the implementation of Hy-based systems to
obtain energy from biomass.

The on-site production of Hy from biomass could be carried out in fuel processors units
(FPU) that are devices in which Hy is produced and purified [11]. The FPU are fed with liquid
biofuels such as: methanol [12], obtained from biogas; biodiesel [13], obtained from vegetable
oils; or, bioethanol [14], obtained from fermentable biomass. Among them, bioethanol is the
largest produced biofuel in the world, reaching an annual production of over 97 billion liters
[15] of which more than 35% come from developing regions such as Latin America and Asia-
Pacific. FPU fed with bioethanol (B-FPU) contain two main modules: (i) a bioethanol
reformer to produce syngas, and (ii) a separation system to obtain purified Hy. The degree
of Hy purification obtained from the B-FPU depends on the characteristics of Hy-FC to
which it will be connected (i.e., the level of tolerance to CO). However, auxiliary equipment
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(e.g., heat exchangers, pumps or compressors, or control systems) may be required in each
module according to the configuration of the B-FPU [11]. Both modules of the B-FPU have
been extensively addressed in the literature [11,16-20], making valuable contributions to
the development of lab scale prototypes and pilot plants. Unfortunately, in Colombia the
development of these technologies is very limited.

This research focused on developing a prototype of B-FPU based on monolithic reactors
to obtain Hs from actual bioethanol. Bioethanol was obtained from fermentation of residual
biomass produced by the Colombian agroindustry. The first B-FPU module (i.e., bioethanol
reformer) was assembled based on preliminary studies [21-23] and the information described
above (section 1 of chapter 3). Similarly, the second module of the B-FPU (i.e., CO removal
stage) was built according to the information presented in chapter 2 [14,17,24] and section
3.2 (chapter 3). The particularity of the CO removal module developed here is that it only
involves a catalytic reactor, looking for the reduction of the volume of the B-FPU and the
cost to purify Hy streams. It is envisioned that, after a proof-of-concept evaluation, this
technology will be connected to high CO-tolerant fuel cells (e.g., a high temperature proton-
exchange membrane fuel cell) to supply power to a Colombian farm which produces Panela
(a non-centrifugal sugar product).

This section aims to present a summary of the features of the B-FPU built during the
doctoral research. For this, the details of the developed prototype are presented, including a
description of equipment, process variables and cost. Then, a brief overview of the economic
relevance of the panela sector, its environmental impact and its potential to produced residual
biomass suitable for Hy production are presented. Finally, possible future works associated
with the prototype developed in this research are proposed.

4.2 FPU prototype
4.2.1 General description

Figure 4.2.1 shows the diagram of the prototype developed B-FPU for Hy production from
actual bioethanol. Also, Table 4.2.1 describes the main streams involved in the B-FPU. The
prototype has an evaporator (E-101), two catalytic reactors (R-101 and R-201), a cooler (E-
102), two mass flow controllers (M-101 and M-201), a condenser (E-201), 4 pressure sensors,
7 temperature sensors, valves, mixers and heated sections of pipeline. Most equipment (E-
101, R-101, R-201) are heated electrically, and the condenser has a water chiller unit. The
apparatus is made of SS304 with safety connections for handling dangerous gases (e.g., Ho,
CH4 and CO). The system also has a control panel to manipulate the temperatures of the
equipment and pipelines. Line 4 serves as a relief to avoid an excessive pressure increase in
E-101, while lines 9 and 16 are sampling points. Gas composition in the outlet stream of
each reactor is determined with a gas analyzer or by gas chromatography. The prototype
was built by local suppliers, using materials available in Colombia. Mass flow controllers
(M-101 and M-201) and pump (P-101) were the only devices imported because there are no
domestic manufacturers of these equipments.
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Table 4.2.1.

Description of the main streams of the prototype shown in Figure 4.2.1.

Stream  Description Stream Description
Bloethapgl, ~20°C. Outlet stream from the re-
Composition:  water, ethanol .
. e former (syngas), 600-700 °C.
1 and impurities (i.e., 1-propanol, | 8, 9 and L
Composition:  water, CO,
2-methyl-1-propanol, 3-methyl- COs. CH.. Ho and carrier oas
1-butanol, and 1-butanol). 2 M T gas.
Carrier gas, ~ 20 °C. Cold Syngas, 120-300 °C.
2and 6  Composition: inert gas (e.g., No | 10 Composition:  water, CO,
or Ar). CO,, CHy, Hy and carrier gas.
Mixing between the syngas
Oxidant for CO removal, ~ 20 ?;lci/aghimo)i(?igg%t(] for CO re-
3and 11 °C. 12 and 13 T '
Composition: air or O Composition:  water, CO,
’ 2 CO,, CHy4 and Hs, carrier gas
and oxidant (i.e., air or Oy).
Outlet stream from the CO
Purge stream of evaporator, ~ removal react(:r (purified syn-
190 °C gas), 220-300 °C.
4 Com (;sition‘ water, ethanol 14 Composition: water, CO (<
. i‘in N ’ ’ 5%), COs, CH, and H,, car-
p ' rier gas and oxidant (i.e., air
or Oy).
oBcloethanol evaporated, ~ 120 Water removed from purified
g Composition: water, ethanol, 15 Syngas, ~ 80°C.
and impurities. Composition: water.
Inlet stream to reformer, ~ 120 Pcry and purified syngas, ~ 80
7 C . 16 Composition: CO (< 5%),
Composition: water, ethanol, )
impurities, and carrier gas CO,, CHy and Hy, carrier gas
P ’ gas. and oxidant (i.e., air or Oy).
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Figure 4.2.1. Diagram of the B-FPU developed in the project to Hy production from
actual bioethanol.

4.2.2 Syngas production

In the B-FPU prototype, the syngas is obtained from bioethanol reforming, which is carried
out in the first reactor (R-101, Figure 4.2.1). Table 4.2.2 shows the main operating variables
in the R-101 reformer. The inlet of the system (i.e., stream 1, Figure 4.2.1) consists in actual
bioethanol, preferably obtained from the fermentation of residual biomass such as sugarcane
press-mud [25], at <1 mL/min. Bioethanol should have a steam to ethanol (S/E) ratio be-
tween 3 and 4.2 to ensure the energy self-sufficiency of a system; this interval was determined
according to a preliminary energy analysis (see Figure SM.21 in Supplementary Material).
Thus, the inlet stream to the reformer is bioethanol evaporated (120 °C) and mixed with car-
rier gas (e.g., Ny or Ar) in a proportion of 1.6 L inert gas/mL bioethanol, which was selected
according to the results presented in section 3.1. The reformer could operate between 600
and 700 ° C, temperatures where the highest Hy yield is obtained (>3.1 mol Hy/mol ethanol),
as presented in section 3.1. The reaction system consists of two cordierite monoliths in series
washcoated with a RhPt/CeO,-SiO; catalyst [21] (washcoat loading = 0.1 mge,/cm?), this
configuration was selected to mitigate the formation of unwanted compounds (e.g., CH4 and
CO) and reduce the susceptibility of the system to changes in the operation temperature, as
discussed in section 3A. With these operating conditions, it is expected to produce a syngas
mainly containing Hy, CO, CO, and carrier gas (CH, could be present in a low proportion,
<0.5%), where Hy should be the main product (> 60%). Additionally, experimental data
reported for RhPt/Ce0,-Si0O, catalysts [21] was adjusted to the kinetic model proposed by
[26]. Then, kinetic parameters for syngas production from ethanol steam reforming over
RhPt/Ce0,-SiO, catalyst are presented in Table 4.2.3.

4.2.3 CO removal from the syngas

Syngas leaving the reformer (R-101) is mixed with air or O5 in a proportion of 0.9 mol Oy /mol
CO, as defined in section 2.1 (chapter 2) [14], and enters the second reactor (R -201) where
the CO removal is carried out. Table 4.2.4 shows the main operating variables on the R-201,
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Table 4.2.2. Specifications for syngas production in the ethanol reformer

Specification Description
Bioethanol  (0.06 to 1
Inlet .
mL/min)
S/E 3to4.2
Carrier gas 1.6 L/mL bioethanol
Temperature 600 to 700 °C
Reactor type Monolith
. Cordierite (Mg,
Material Fe), ALSisOrs)
Number of reac-
2
tors
Configuration In series
RhPt/CeOQ—SlOQ
0.4 wt% Rh, 0.4 wt% Pt, and
Washcoat

99.2 Ce0,-Si0y (Ce/Si=2)
21

Washcoat loading 0.1 mg/cm?

Expected  prod- Hy (> 60%), CO, COs and
ucts CH,4

Furnace type Tubular with electric heating Monolith size

Table 4.2.3. Kinetic parameters for syngas production from ethanol steam reforming over
RhPt/Ce0,-SiO; catalyst.

Reaction E./R (K)  In(ko)
CoH;0H + 3H,O — 2CO4 + 6H,  -29008 32.7
C,H;0H = CHy + CO + H, -22918 40.2
CH4 + H,O = CO + 3H, -17254 35.4

Experimental data reported on [21] was adjusted to kinetic models proposed by [26].
Deterministic and metaheuristic methods were used to minimize the sum of squared errors.
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which operates between 260 and 300 °C to remove more than 90% of the CO from syngas,
as presented in section 3.2 (chapter 3). The reaction system consists of a cordierite monolith
washcoated with an AuCu/CeQ,-SiO, catalyst (washcoat loading = 0.2 mg.,;/cm?), a more
expensive catalyst based on AuCu/CeO; can also be used to obtain larger CO removal (>
95%). In both cases (i.e., AuCu/CeO2-Si0y and AuCu/CeO;), CeO, should be present as
nanoparticles with polyhedral shape [24]. Hj loss during CO removal is expected to be <10%.
The system also includes a condenser to remove the water. Thus, the syngas obtained from
the B-FPU (stream 16, Figure 4.2.1) should contain mainly Hy (> 65%), CO5 and carrier
gas, and in less proportion CO (<5%), Oy, and CHy. The prototype of B-FPU could produce
~ 2.0 L Hy/mL actual bioethanol, which is close to the 2.4 L. Hy/mL bioethanol reported
for a traditional B-FPU (i.e., ethanol reformer — water gas shift reactor — a pressure swing
absorption unit) that uses synthetic bioethanol (mixture of anhydrous ethanol and water)
[11]. Also, experimental data reported in section 3.2 for monoliths washcoated with AuCu
catalysts was adjusted to power law kinetic models; kinetic parameters for CO removal from
a syngas over AuCu/CeOs and AuCu/Ce0,-SiO, catalysts are presented in Table 4.2.5.

Table 4.2.4. Specifications for CO removal from an actual syngas

Specification Description
Syngas coming directly from
Inlet ethanol reformer (0.1 to 0.6
L /min)
)\1/2 0.9 (Il’lOl OQ/II’IOI CO)
Temperature 260 to 300 °C
Reactor type Monolith
. Cordierite Mg,
Material Fe),ALSisOrs) (
Number of reac- 1
tors
Configuration Single
AuCu/Ce0,-Si0,
Washcoat 1.0 wt% Au, 1.0 wt% Cu, and

98 CGOQ-SiOQ (SI/C€>3)
Washcoat loading 0.2 mg/cm?®

E’Z?;ecwd prod: H,, CO (<5%), COy and CHy

Furnace type Tubular with electric heating Monolith size

4.2.4 Cost of the prototype

The cost of the equipment was US$53,000, which was calculated using the actual values of
its construction. Figure 4.2.2a shows the cost distribution by equipment. 22% of the cost
corresponds to the furnaces (R-101 and R-201, Figure 4.2.1), which includes the control
system for each equipment. In addition, the cost of imported units, mass controllers and
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Table 4.2.5. Kinetic parameters for CO removal from syngas over AuCu/CeO, and
AuCu/Ce0,-SiO, (Si/Ce=3) catalysts.

Reaction AuCu/CeO, AuCu/Ce0,-Si0,
E. A (pre-exponential | E, i{ponential (pre-
(kJ/mol) factor) (kJ/mol) factor)
1 1.6-103 2.2:1072
CO + 5 02 — COQ 20 (m4/mol*s*gcat) 30 (m4/mol*s*gcat)
7.3-103 5.42-103
C + H,O=CO,; + H, | 63 (mol/m”"s" g 65 (mol /m"s"ge)
. 1.3 1.2
H2 + B 02 — HQO 43 (mol/m*s*gcat) 55 (mol/m*s*gcat)

Kinetic models were obtained in COMSOL Multiphysics software (V5.5, Sweden) using the
experimental data described in section 3-2 (chapter 3).

pump (M-101, M-201 and P-101, Figure 4.2.1), corresponds to 20% of total cost due to the
high precision of these devices and the costs of import (>20% of the initial price). The
costs of site preparation and the plant startup correspond to 20 and 10% of the total cost of
prototype, respectively, according to those suggested in [27]. Note that the cost of monoliths
for both bioethanol reforming and CO removal do not have a significant participation (<1%)
in the total cost of the prototype due to the low washcoat loading, which matches with
previous reports [28-30]. Therefore, the use of noble metals (e.g., Rh, Pt and Au) could not
be a relevant constraint for developing B-FPU based on monoliths reactors.

Figure 4.2.2b compares the cost of the equipment associated with each module in the
B-FPU (i.e., (i) syngas production in the reformer and (ii) syngas purification); the cost
of imported equipment, site preparation and plant startup were labeled “others”. The cost
associated with equipment for CO removal (labeled as syngas purification) is 1.3 times higher
than the cost to produce syngas. The use of water-gas shift reactors and pressure-swing
adsorption unit to purify the syngas could be up to 3 times higher than the cost of producing
syngas [11]. So, the prototype developed in this doctoral research could be a contribution
to decrease the volume and cost of B-FPU. The prototype could be coupled to a high
CO-tolerant Hyo-FC, such as high temperature proton-exchange membrane fuel cells (HT-
PEMFC), which commercial cost is ~ 9,000 USD. Consequently, if bioethanol obtained from
residual biomass is used, it is estimated that the cost of Hy produced in the prototype is
~ 7 USD/hgHs, as was discussed in section 3.1 (chapter 3). Thus, it is expected that, in
the medium term, this prototype will be integrated into a panela production farm to supply
energy using bioethanol obtained from residual biomass.

4.3 Non-centrifugal sugar industry in Colombia

Non-centrifugal cane sugar agroindustry (known as Panela, Chancaca, Piloncillo, Rapadura,
Jaggery, Kokuto or Muscovado) is widely developed in Asia and Latin America [31]. Colom-
bia is the second largest producer of Panela worldwide, after India, exceeding 1.3 million
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Figure 4.2.2. Cost distribution for (a) equipment and (b) modules of the B-FPU
developed

ton per year [32]. In addition, Panela is one of the representative products of the Colombian
diet because it is used in nutraceutical and medicinal products [33], and as a sweetener for
drinks, sweets and traditional desserts. In Colombia, Panela is produced mainly on small
farms called Trapiches, which have a low level of technification. Trapiches are distributed in
remote areas along the country [31]. Also, Trapiches produce more than 500 kton of residual
biomass per year [32], which could be used to produce energy. Therefore, Colombian Panela
industry is promising to develop small-scale energy production systems based on biomass.

Production process of Panela is divided into three stages [31]: Initially, (i) the sugarcane
is planted and harvested, followed by (ii) a grinding to extract the cane juice. Subsequently,
(iii) the juice is clarified and concentrated to obtain a solid (Panela). Several fossil fuels,
such as gasoline and diesel, are used to supply power to the grinding, producing greenhouse
gas emission. Also, juice concentration is carried out in several rudimentary evaporators,
where coal, wood, bagasse, and even tires are burned to provide energy to heat, significantly
increasing the emissions of pollutants [34]. Consequently, the process produces about 370
kg of COs-eq per ton of Panela and 1.5 kg PM10-eq of particulate material per ton of
sugarcane [35]. Thus, it is a priority to look for alternatives to face the environmental and
health problems associated with Panela production.

The use of residual biomass from the process, such as bagasse [36] and sugarcane press-
mud [25] (a solid fibrous residue obtained during the juice clarification), has been proposed
to obtain biofuels that can supply part of the energy demand for the Panela production.
Particularly, sugarcane press-mud is discarded in piles, whose leaching results in pollution
of water bodies and attracts pests [37]. For this reason, the use of sugarcane press-mud as a
platform for the development of clean energy technologies could reduce the use of fossil fuels
in the Panela production process, and avoid the negative environmental impact due to its
incorrect disposal.

In the framework project in which this doctoral research was carried out (as is detailed in
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chapter 1), sugarcane press-mud is used to produce bioethanol by alcoholic fermentation, ob-
taining a yield of 40 g ethanol /kg sugarcane press-mud, which is comparable with bioethanol
obtained from glucose patrons [25]. Bioethanol obtained from fermentation of sugarcane
press-mud has also been evaluated in the syngas production using catalytic systems based
on RhPt/Ce04-Si04, as was presented in [38] and section 3.2 (chapter 3), achieving a syngas
with high concentration of Hy (>65%). Moreover, as discussed in section 3.1 (chapter 3)
the use of bioethanol obtained from residual biomass, which have a low market price, favors
the decrease in Hy production costs.Therefore, the B-FPU developed during this research
project, which takes advantage of the bioethanol obtained from sugarcane press-mud, is
a contribution to the development of non-conventional technologies that could reduce the
environmental impact of the Panela industry in Colombia.
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5 Conclusions and Future Work

5.1 Conclusions

A lab scale prototype of a bioethanol fuel processor unit was developed that couples the
processes of (i) bioethanol reforming to produce syngas and (ii) the CO removal from the
syngas produced in the reformer.

Initially, the integrated system was evaluated using powder catalysts, focusing on select-
ing the most suitable catalyst to remove CO from syngas in a single catalytic unit. In this
first part, the following findings associated with CO removal in a single catalytic unit were
found:

v' A low Hy/CO ratio (<4) in actual syngas and the presence of several species from the
reformer (e.g., CHy, HoO and CO,) favors a complex network of reactions, making
difficult the CO removal in a single catalytic unit.

v' The role of active metals during CO removal was identified: Au contributes to for-
mation of CO* intermediates, promoting CO conversion, while Cu provides reactive
oxygen on the catalytic surface, favoring CO, yield and preventing Hy loss. Then,
a weight ratio of Au/Cu = 1 was selected to give a balance between activity and
selectivity of the catalyst.

v" The support also plays a key role in CO removal: high oxygen storage capacity, high
surface area, strong interaction with active metals (Au and Cu), high basicity, stable
and active lattice planes, and the ability to form OH™ and CO* groups are desirable
characteristics for supports used in the CO removal. Consequently, an Auy gyt Cui.owt%
catalyst supported on polyhedra nanoparticles of CeO, was selected as the most promis-
ing catalyst to carry out the CO removal from a syngas, using a single catalytic unit.

Secondly, monolith reactors were evaluated, looking for to develop a compact and eco-
nomic prototype. The following outcomes in the catalytic system based on monoliths were
found:

v’ Structured catalysts are more active in both process (i.e., syngas production and CO
removal) compared to their corresponding powder samples due to low pressure drops
and an enhance in the mass and heat transfer in the monoliths.

v Monoliths based on a RhPt/Ce0,-SiO, catalyst showed no evidence of deactivation in
the reforming of actual bioethanol (i.e., obtained from sugarcane press-mud) during a
long stability test (120 h), ensuring the continuous production of a syngas containing
mainly Hy (> 60%), CO and CO,. Also, the use of residual biomass, such as sugarcane
press-mud, to obtain bioethanol reduces the cost of Hy production, achieving a cost of

~ 7 USD/kgyp.

v' CO removal from a syngas was assessed using structured catalysts based on AuCu/CeQOq
and AuCu/Ce0,-SiOs. Despite being less active, AuCu/CeOy-SiOq is 38% cheaper
than AuCu/CeOq and can ensure CO conversions >90%. Likewise, both structured
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catalytic systems (i.e., AuCu/CeOy and AuCu/Ce05-SiO) allowed obtaining a syngas
with Hy >65% and CO <5%, which is adequate to use in high CO-tolerant fuel cells,
such as high temperature proton-exchange membrane fuel cell.

Finally, the results obtained were used as a starting point to build a scaled prototype
of a fuel processor unit to produce Hy from actual bioethanol (i.e., obtained from residual
biomass). This technology is expected to be integrated into agroindustry, specifically in the
non-centrifugal sugar cane sector. Therefore, this research project is a contribution to the
development of unconventional technologies in Colombia and the establishment of Ho-based
technologies that use domestic resources.

5.2 Future Work

Currently, the prototype is in the laboratories of Universidad de La Sabana (Chia, Colom-
bia). Preliminary tests were carried out using inert gas (Ny) to adjust the temperature
controllers, verify the operation of the pressure sensors, and select a methodology for sam-
pling. Therefore, the next expected step is to carry out continuous and on/off cycle stability
tests for long operation periods (> 200 h), using bioethanol obtained from several sources of
residual biomass.

The prototype will be coupled to a high CO-tolerant Hyo-FC. Currently, commercial HT-
PEMFC options are being evaluated, such as those offered by Serenergy (serenergy.com).
However, the future development of local Hyo-FC devices should not be ruled out in order
to reduce technology import costs and to have independence in equipment maintenance.
Furthermore, it is expected that the coupled system (i.e., B-FPU connected to Ho-FC) will
be evaluated in long stability tests (> 300 h).

It is expected that the prototype will be taken to a Trapiche located in Villeta (Colombia)
and coupled to the Panela production process, to collect information on the operation of
the system on site to identify opportunities for improvement, which could be necessary to
develop of a more robust technology based on the prototype developed in this research.

The energy integration of the prototype could also be considered prior to the establish-
ment of the technology. Previous works on traditional B-FPU has suggested that the outlet
stream of the ethanol reformer could be used to supply energy to heat the liquid bioethanol.
For this, it would be also necessary to carry out a rigorous simulation of the prototype.
Consequently, apparent kinetic models obtained from experimental data for both processes
(i) syngas production on a RhPt/Ce04-SiO4 catalyst (Table 4.2.3) and (ii) the CO removal
from a syngas on AuCu/CeQO,-SiO, catalyst (Table 4.2.5) could be used as a starting point
for energy integration in the B-FPU.

This technology seeks to reduce the negative impacts of the agroindustry on the environ-
ment and the health of the communities. Consequently, results of the developed B-FPU in
this research are being used to carry out a life cycle analysis of the process, looking for to
determine the effectiveness of the technology to reduce CO, emissions and harmful emissions
in the Panela production in Colombia.

Finally, it was suggested in this document that removal of CO from a syngas using a
single catalytic unit could be a promising strategy to reduce the cost of B-FPU. Also, the
preliminary economic analysis described above was based on actual data obtained during
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the building of the prototype, focusing only on the B-FPU. However, thinking about the
scaling up of the technology, a detailed economic analysis should be carried out, including
information on the other stages involved in the technology (e.g., obtaining and pretreatment
of raw materials, fermentation process, production of electricity in the Ho-FC and adaptation
of the device in the Trapiche) and considering also the energy integration of the process.
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6 Supplementary Material

6.1 Figures
6.1.1 Figures for Chapter 2 - Section 1
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Figure SM.1. Stability during the steam reforming of ethanol over Rh-Pt/Ce05-SiOq
catalyst: product distribution of Hy, CO, CO,, and CHy as a function of time-on-stream
(TOS) on RhPt/Ce0,-SiO,. Reaction conditions: 6.4 4+ 0.2 L¥g.,..1*min™ of SV, 50 mg of
catalyst and 250 mg of inert quartz, feed was ethanol, water, and Ar with 1.8, 5.4, and 92.8
% molar, respectively.
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Figure SM.2. Evaluation of the effect of the inlet Oy/CO molar ratio on the CO
removal: (a) CO conversion, (b) COq yield, (¢) Hy conversion, and (d) CHy yield in the CO
removal of a post-reforming stream on 1.0%Au-1.0%Cu/CeOs catalyst with different
O,/CO molar ratios (0.7, 0.9, 1.0, and 1.1). Reaction conditions: 8.5% Ha, 2.2% CO, 0.6%
CO», 0.3% CHy4, 1.5% H,0, and 86.9% Ar. A SV of 6.5 & 0.2 L*g . *min!, 50 mg of
catalyst and 250 mg of inert quartz.
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Figure SM.4. Thermodynamic equilibrium calculations for the main CO-removal
reactions on (a) CO conversion, (b) CO, yield, (c) Hs lost, and (d) CHy yield. Data were
obtained using a Gibbs reactor in Aspen Plus V9.0 (Aspen Tech, Burlington, MA, USA,

2016). The inlet of reactor was the feed composition describe in Table SM.1.
Thermodynamic method = NRTL-SK.
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Figure SM.6. Reactivation treatments for Au-Cu/CeOy catalysts during the CO-removal
of a post-reforming stream: (a) CO and Hy conversion, (b) COs and CHy yield as a
function of time-of-stream, with several reactivation treatments, in the CO removal of a
post-reforming stream on 1.0%Au-1.0%Cu/CeO, catalyst. Reaction conditions: 8.1% Hay,
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+ 2 L*g. ' *min™, 50 mg of catalyst and 250 mg of inert quartz. Vertical lines show
reactivation treatments described in Table SM.1.
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6.1.2 Figures for Chapter 2 - Section 2
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(a and b) COy and CHy (¢ and d) production in the CO-Cleanup reactor
with simple and dual supports. Syngas composition: 8.4% Hs, 2.2% CO, 0.6% CO,, 0.3%
CHy, 1.6% H,0O and Ar. A=1.8. Reaction conditions: SV=6.5 & 0.2 Lg.-1min

of catalyst and 0.250 g of inert quartz.
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with Au-Cu catalysts supported on simple and dual supports. Syngas composition: 8.4%
Hy, 2.2% CO, 0.6% COs, 0.3% CHy, 1.6% H,O and Ar. A=1.8. Reaction conditions:
SV=6.5 & 0.2 Lg. 'mint; 0.050 g of catalyst and 0.250 g of inert quartz.
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6.1.3 Figures for Chapter 2 - Section 3

zoom

(¢) AuCu/Ce-C

Figure SM.10. TEM micrographs of CeO, supports with different morphology. Suffix
corresponds to the type of nano-shaped CeOsq: polyhedra (P), rods (R), cubes (C) and
blank (B).
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100 mm !

Figure SM.11. TEM micrographs of activated 1wt%Au-1wt%Cu/CeO, catalysts with
different CeOy morphology. Suffix corresponds to the type of nano-shaped CeQOs:
polyhedra (P), rods (R), cubes (C) and blank (B).
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Figure SM.12.

EDS spectra of activated 1wt%Au-1wt%Cu/CeO, catalysts with different
CeO, morphology. Suffix corresponds to the type of nano-shaped CeOs: polyhedra (P),
rods (R), cubes (C) and blank (B).
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6.1.4 Figures for Chapter 3 - Section 1
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Stability of RhPt/Ce0,-SiO, coating on a monolith with a 0.12 gg.;/cm?

Figure SM.13.
washcoated loading evaluated by (a) ultrasonic (pulses of 10 s with amplitude of 40 %) and
(b) controlled atmospheres of water (1.3 L/min) and N (2 L/min).
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Figure SM.14. SEM micrographs for monolith with a 0.12 g..;/cm?® washcoated loading:

(a) fresh monolith channels, (b) fresh monolith walls, (c) fresh wash-coating thickness and

(d) spent monolith walls in stability test with synthetic bioethanol. Images were obtained

in a JSM 6490LV microscope (Jeol Geo Solutions, USA). Previously, samples were coated
with gold using a sputter coating machine.
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6.1.5 Figures for Chapter 3 - Section 2
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Figure SM.15. HRTEM micrographs and particle size distribution histograms for CeO,
bare support before (a and b) and after (¢ and d) calcination at 500 °C for 2 h.
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Figure SM.16. Conversion of (a) CO and (b) Hy in the CO removal from a syngas over
several catalysts of AuCu/CeO2-SiO5 (SiOy percent content of 50 mol% was fixed in all
samples) prepared by methods described in Table S-1. Syngas feed: Hy (19.940.3 mol%),
CO (6.3+0.1 mol%), CO4 (5.240.5 mol%), Oz (5.6+0.3 mol%), HoO (7.8£0.2 mol%) and
Ny (55.2+0.6 mol%). Reaction conditions: SV of 5.6 + 0.3 L /g, *min and 0.35 g of the
catalytic bed.
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Figure SM.17. XRD profiles of CeO, for activated samples of AuCu catalysts.
Ce0,-5104 supports were labeled as CeSi-X, where X indicates the SiO2 percent content
(X =0, 25, 50 and 75 mol% of SiO,).
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Figure SM.18. Percentage of catalyst weight loss in the stability tests of the monolith
coating by (a) ultrasound and (b) thermal shock.
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and (c and d) AuCu/CeSi-75 catalysts. CFD model was carried out in COMSOL
Multiphysics software (5.5 version).
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Figure SM.20. Parity plots for the reactor monoliths washcoated with (a) AuCu/Ce and
(b) AuCu/CeSi-75 catalysts. CFD model was carried out in COMSOL Multiphysics
software (5.5 version). Two types of experimental data are included: data used to perform
the non-linear regression of the CFD model (“experimental value”) and data used to
confirm the effectiveness of the model to predict fluxes (“validation point”).
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6.1.6 Figures for Chapter 4
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Figure SM.21. (a) Changes in enthalpy during the ESR and (b) net power production of
the system presented in Figure SM.22. Response surface: Cubic model, R? >0.85, Adjusted
R? >0.85 and Lack of Fit >>3 (non-significant). RhPt/Ce0,-SiO, catalysts were
evaluated with actual bioethanol (i.e., obtained from fermentation of glucose patrons) with
different S/E ratios (i.e., 3, 4, and 5). The results of catalytic tests were used to carry out
an energy analysis of a B-FPU, using the methodology described in®. The energy balances
obtained from the simulated B-FPU were used to make response surfaces in the Design
Expert [®) software (11 version, USA).

®Cifuentes, M. Figueredo, M. Cobo, Catalysts 7 (2017) 1-20
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IC3 HT-FC

Figure SM.22. Bioethanol fuel processor unit simulated in Aspen Plus (11 version,
USA). IC: heat exchanger, BR: bioethanol reformer, M: mixer, CO-RV: unit to CO
removal, S: separator to remove HoO or COy, HT-FC: high temperature fuel cell unit.
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6.2 Tables

6.2.1 Tables for Chapter 2 - Section 1

Table SM.1. Reaction conditions to evaluate the contribution of the main reactions involved
in CO removal
Catalysts amount
Reaction Feed composition (mol %) (mg of GHSV (h')
Aul_OCul.o/CeO2)
WGSR CO (2.0), H,O (1.0), and Ar (97.0) 50.1 63,335
CO (2.0), Hy (7.8), O (1.8), N3 (6.8),
CO-PROX and Ar (81.6) 49.9 63,495
CO tha-
O 00 (2.0), Hy (7.8), and Ar (90.2) 50.0 63,547
nation
COs5 metha-
ation CO, (1.0), Hy (8.2), and Ar (90.8) 49.8 63,512
H, oxidation 2322%2)’ Oz (1.8), N> (8.0), and Ar 50.0 63,526
Post- ) . ) .
0S ' H, (7.8), O5 (1.8), Ny (6.8), CO (2.0), 50 1 63,498
reforming CO4 (0.5), CH4 (0.3), and Ar (79.4)
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Table SM.2.

Reactivation treatment for Auj oCuy o/CeO; catalyst.

Intervals

Conditions

TOS (h)

Carbon bal-
ance (%)

Catalyst treatment: spent catalyst was in situ
reduced-oxidized under the same conditions used for
catalyst activation.

Post-reforming stream treatment: none

Catalyst treatment: spent catalyst was in situ re-
duced with 8 mol% Ha/Ar (300 mL/min) at 300 °C
for 1 h, degassed with Ar at 300 °C for 30 min, and
stabilized with 10% air/Ar (300 mL/min) at 300 °C
for 30 min.

Post-reforming stream treatment: water was removed
by condensation.

Catalyst treatment: spent catalyst was in situ re-
duced with 8 mol% Hy/Ar (300 mL/min) at 300 °C
for 1 h, degassed in Ar at 300 °C for 30 min, and sta-
bilized in 10% air/Ar (300 mL/min) at 300 °C for 30

11111.

Post-reforming stream treatment: none

Catalyst treatment: spent catalyst was reduced in-
situ with 8 mol% Hy/Ar (300 mL/min) at 300 °C for
1 h and degassed in Ar at 300 °C for 30 min.

Post-reforming stream treatment: none
Catalyst treatment: spent catalyst was reduced in

situ with 8 mol% Ha/Ar (300 mL/min) at 300 °C for
1 h and degassed in Ar at 300 °C for 30 min.

Post-reforming stream treatment: none

49

14

28

18

100 £ 9

91 +£4

96 £ 5

94 £ 38

90 £ 5
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Table SM.3.

Results of regression analysis and ANOVA for model of the experimental data

for activity and yield of AuCu/CeO; catalysts in CO-removal of post-reforming stream.

Variable® Factors for mathematical model
/Parameter
CO,, yield CH, yield
C.O COnVEr Hy loss (%) (mol COy/mol C in- (mol CH4/mol C in-
sion (%)
let) let)
-7.3.E+01 -4.3.E+01 1.8.E-01 -2.5.E-01
T 1.2.E+00 8.9.E-01 -8.1.E-03 4.5.E-03
C 6.3.E+01 2.9.E+01 9.0.E-02 6.5.E-02
T*C 3.3.E-02 -2.7.E-01 -1.5.E-03 3.4.E-04
T2 -3.7.E-04 -2.4.E-03 1.3.E-04 -1.9.E-05
C? -6.7.E401 1.1.E402 -2.1.E-01 1.5.E-01
T2*C -2.7.E-03 -5.8.E-04 2.3.E-06 -1.8.E-05
T*C? 2.3.E-01 -3.0.E-01 -4.7.E-04 3.0.E-03
T3 -7.2.E-06 -2.5.E-06 -5.4.E-07 1.4.E-08
C3 3.4.E+01 -1.2.E402 3.2.E-01 -3.1.E-01
T2*(C? -2.3.E-04 -1.2.E-03 -1.2.E-06 -6.6.E-06
T3*C 6.6.E-06 5.6.E-06 1.1.E-08 5.2.E-08
T*C3 -4.2.E-02 5.9.E-01 1.5.E-04 -1.1.E-04
T 3.6.E-09 1.1.E-08 6.5.E-10 2.5.E-11
Cct -6.4.E+00 2.8.E+01 -9.2.E-02 7.7.E-02
Model Quartic Quartic Quartic Quartic
F-value 234.15 23.21 79.76 22.91
Prop. F < 0.0001 < 0.0001 < 0.0001 < 0.0001
Std. deviation  3.69 3.57 0.041 0.033
Mean 77.98 34.12 0.42 0.11
R? 0.98 0.87 0.96 0.86
Adjusted R? 0.98 0.83 0.94 0.82
predicted R? 0.96 0.75 0.91 0.71
Adeq. preci-
: 60.72 26.18 32.35 19.68
sion
Lack of Fit 54 56 56 54

Quartic model

Response = Fo + F;x T+ EixCH+F,xTxC+F;xT*+ F;xC?+ F; xT* x C + F; x
TXC?+F,xT4+FExC34+F,xT?xC?+F,xT?*xC+F,xTxC3*+F,xT*+ F, xC*
where 7' = Temperature (°C), C' = Au content (% wt.), and F; are factors listed above
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6.2.2 Tables for Chapter 2 - Section 2

Table SM.4. Revised papers for the selection of supports evaluated in the CO-removal.
Acti t t
Date ctive  Support  Suppor Journal DOI
metals I IT
Chemical Engineer- .
2012 CuO Fe; O3 - . 10.1016/j.cej.2012.01.017
ing Journal
2012 Pt Other - Electrochimica Acta  10.1016/j.electacta.2012.04.150
Applied Surface Sci-
2012 - Fe,O3 - enizle HEACE 50,1016 /j.apsusc.2011.10.092
Journal of Molecular
2012 - NiOy - Catalysis A: Chemi- 10.1016/j.molcata.2012.05.001
cal
J 1 of All d
2013  Ni,Co  Cos04 - purnat of ATOYS AR 10,1016 /j.jallcom.2013.04.053
Compounds
Surf; d Coati
2013 CuO TiO,  ALO; prace and LOaHISS 10,1016 /j.surfeoat.2012.10.031
Technology
hemical Engineer-
2013 Co Fe,05 - Chemical - Engineer- 4160 e 2013.02.002
ing Journal
Process Safety and
2014 Co MgO - Environmental Pro- 10.1016/j.psep.2013.12.003
tection
Chemical Engineer-
2014 Pt CeOy - nemmeat BRSICET 01016 /j.00§.2014.06.058
ing Journal
2014 Pd Fe; O3 - Journal of Catalysis ~ 10.1016/j.jcat.2014.06.019
2014 Ag Zeolite - Fuel 10.1016/j.fuel.2014.07.011
_ Applied Catalysis A: )
2014 Au NiO, - G 10.1016/j.apcata.2014.02.003
eneral
Journal of Environ-
2014 CuO SiOq CeO, mental Chemical En- 10.1016/j.jece.2014.03.021
gineering
Co, Fe, International Journal .
2015 Cr CeOy - of Hydrogen Energy 10.1016/j.ijhydene.2015.03.044
Applied Catalysis A: )
2015 - Co304 - General 10.1016/j.apcata.2014.10.024
Chi J 1 of
2015  CuO Fe,05 - THeSe O 0N 0.1016/91872-2067(15)60922-6

Catalysis
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Table SM.5. Surface area, OSC, OSCC and weight loss of Au—Cu catalysts supported on
single and dual supports.

OSC in fresh OSCC in fresh

BET surface samples at samples at  Weight  loss
Support area (m?/geat) 300 °C (umol 300 °C (pmol (%)
Qs /Zent) Qo /Zent)

Fresh Used Fresh Used
CeOq 52.4 55.4 61 135 1.1 0.6
Si0s 466.5 410.6 41 49 1.4 1.1
ZrOy 51.6 44.9 55 99 1.6 0.6
Al,O3 96 68.6 36 5%) 1.7 0.2
LasO3 14.1 15.3 21 68 5.5 2.1
Fe,O3 38.1 36.7 5 16 0.7 0.8
Ce05-5i0, 163.2 155.2 54 105 -2.7 1.8
CeOy-Z1r0y  44.3 40.5 46 110 0.2 2.0
Ce0y-Al,O3 727 69.1 41 120 2.0 1.0
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6.2.3 Tables for Chapter 2 - Section 3

Table SM.6. Carbon balance for activity tests.

EEeCn;lperature Carbon balances (%)
AuCu/Ce-P  AuCu/Ce-R AuCu/Ce-C  AuCu/Ce-B

300 91 92 98 96
280 92 91 97 92
260 90 91 98 93
240 87 90 97 91
220 85 86 95 82
200 87 87 92 81
180 87 86 94 84
160 89 85 90 83
140 91 92 96 89
120 93 90 97 90
100 92 90 96 92

Table SM.7. Actual loading and surface abundance of Au and Cu on AuCu/CeO, catalysts.

Actual loading (wt%) in fresh

Catalysts? 9 Surface element content (wt%)3
samples
Au Cu Au Cu
AuCu/Ce-P 1.14 0.82 1.3 4.8
AuCu/Ce-R | 0.86 0.91 2.1 5.2
AuCu/Ce-C 0.77 0.89 2.6 5.8
AuCu/Ce-B 0.83 0.92 1.1 6.1

ISuffix corresponds to the kind of CeO, nano-shaped: polyhedra (P), rods (R), cubes (C)
and blank (B). 2Measured by AAS. 3Measured by XPS.

189



Table SM.8. Carbon deposition and crystal size of AuCu/CeQO, catalysts.

Ceria lattice pa-

Catalyst! Sample Weight loss (%)? rameter (A)3

Total AT1 AT2 AT3

AuCu/Ce-P U 24 14 02 08 0.41933
S 2.5 1.6 06 0.3 5.41880
AuCu/Ce-R U 2.9 20 05 04 5.41941
S 3.1 24 06 0.1 2.41942
AuCu/Ce-C U 2.2 14 06 0.2 0.41846
S 2.6 1.6 0.2 08 5.41991
AuCu/Ce-B U 1.9 1.3 03 0.3 5.41962
S 2.9 1.8 04 0.7 5.41974

ISuffix corresponds to the type of nano-shaped CeOs: polyhedra (P), rods (R), cubes (C)
and blank (B). U: used sample; and S: stability sample. 2Weight loss measured by TGA.
AT1: 80 — 250 °C, AT2: 250 to 600 °C, and AT3: 600 to 1000 °C. *Measured by XRD.
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6.2.4 Tables for Chapter 3 - Section 2

Table SM.9. Methods evaluated for the synthesis of AuCu catalysts supported on a dual
metal oxide of Ce0,-SiO,.

Synthesi

Hifer;hoejls Description P

v

v

Polycrystalline CeOy nanoparticles were obtained by the hydrothermal method
as described in .

Dual support was obtained adding nanoparticles of CeOq in a slurry of SiOq
(Merck, Germany). The mixing was dried at 80 °C for 12 h, carefully crushed
in a mortar and calcined at 500 °C for 2 h.

1 wt% Au and 1 wt% Cu were impregnated on the CeOs-SiOs support by
deposition-precipitation and incipient wetness impregnation methods, respec-
tively, using the procedure described in 2.

Dual support was obtained from aqueous solutions of Ce (Ce(NO3)s3-6H20,
Sigma Aldrich, USA) and SiOs (Merck, Germany) 3. The solution was dried at
80 °C for 24 h and calcined at 500 °C in a muffle for 4 h.

1 wt% Au and 1 wt% Cu were impregnated in the CeO2-SiOy support by
deposition-precipitation and incipient wetness impregnation methods, respec-
tively, using the procedure described in 2.

Polycrystalline CeO9 nanoparticles were obtained by the hydrothermal method
as described in '. Subsequently, 1 wt% Au and 1 wt% Cu were impregnated
on the CeOs support by deposition-precipitation and incipient wetness im-
pregnation methods, respectively, using the procedure described in 2. Then,
AuCu/CeO3 catalyst was obtained.

1 wt% Au and 1 wt% Cu were impregnated in the SiO92 (Merck, Germany) sup-
port by deposition-precipitation and incipient wetness impregnation methods,
respectively, using the procedure described in 2. Then, AuCu/SiOz catalyst was
obtained.

The required amount of both samples (i.e., AuCu/CeO3 and AuCu/SiO2) were
carefully crushed and mixed in a mortar.
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v SiOy was included during the preparation of polycrystalline CeOy particles!.

Briefly, a 0.3 M NaOH solution was mixed with Ce(NO3)3-6H20 (Sigma Aldrich,

USA), under continuous stirring for 1 h at 500 rpm. Then, the required amount

of SiOy (Merck, Germany) was added into the mixing. The slurry obtained was

4 heated in an airtight container for 24 h at 100. The precipitate was neutralized
with water and calcined at 500 °C for 2 h.

v 1 wt% Au and 1 wt% Cu were impregnated on the CeO3-SiOy support by
deposition-precipitation and incipient wetness impregnation methods, respec-
tively, using the procedure described in 2.

& Molar ratio of Ce:Si of 1:1 was ensured in all samples.

b All catalysts of AuCu were calcined at 500 °C for 4 h and sifted using a 140-mesh sieve. Before
reaction, catalyst samples were activated by a reduction at 300 °C with 8% Ha/Ar stream for 1 h,
followed by a purge with pure Ar stream for 30 min and stabilization in 10% air/Ar stream for 30
min.

1 D.G. Araiza, A. Gémez-Cortés, G. Dfaz. Catal. Today. 282 (2017) 185-194.

2 B. Cifuentes, F. Bustamante, J.A. Conesa, L.F. Cérdoba, M. Cobo. Int. J. Hydrogen Energy. 43
(2018) 17216-17229.

3 B. Cifuentes, F. Bustamante, M. Cobo. Catalysts. 9 (2019) 852-877.
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Table SM.10. Assumptions for the CFD model in COMSOL Multiphysics software @ ? ¢ ¢

Assumption Description

1 Steady state conditions
2 Ideal gas behavior
3 Newtonian flow (i.e., viscosity is independent of stress)
Inertial term on the Navier Stokes equation is neglected (i.e., low Re
4 number, inertial terms would be unimportant relative to the viscous
terms)
Reactions take place only at the surface of the catalyst (i.e., external
bt . .
and internal mass transfer limitations are neglected)
6 Conductive heat transfer within the catalyst layer is same to that of

the cordierite
The temperature of the external wall of the monolith was fixed as a

7 boundary condition (i.e., temperature of external wall is equal to the
temperature of the furnace)

“B. Cifuentes, R. Torres, J. Llorca. Int. J. Hydrogen Energy. (2019) In Press
10.1016/j.ijhydene.2019.11.034.

’1. Uriz, G. Arzamendi, E. Lépez, J. Llorca, L.M. Gandfa. Chem. Eng. J. 167 (2011) 603-609.

‘M. Wang, X. Lan, Z. Li. Int. J. Heat Mass Transf. 51 (2008) 3630-3641.

4A.A. Rostami, A.S. Mujumdar, N. Saniei. Und Stoffuebertragung. 38 (2002) 359-367.
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Table SM.11. Cost of precursors and yield for the synthesis of AuCu catalysts.

Substance Price (USD/g) P
Catalog © Colombia, ¢
NaOH 0.02 0.07
Si0s 0.13 0.71
HAuCl,-3H5,0 152 181
Cordierite monolith 0.30 0.50
Efficiency of production #
Obtaining CeO, nanoparticles 0.45
Obtaining CeO,-Si0y support 0.90

Obtaining AuCu/Ce0,-SiO, catalysts 0.80

@ Efficiency includes loss during mixing, calcination, filtration and sieving processes;

b

Currency exchange rate at January 2020 was used (i.e., USD = 3288 COP and USD = 0.9
EUR); ¢ Values correspond to catalog of Sigma Aldrich (www.sigmaaldrich.com), Merck
(www.merckmillipore.com) and Alfa Aesar (www.alfa.com) on February 2020; d Price in

Colombia include taxes and delivery costs.

Table SM.12. Kinetic parameters for CO removal from syngas over AuCu/Ce and
AuCu/CeSi-75 catalysts obtained in COMSOL Multiphysics software.

Reaction AuCu/Ce AuCu/CeSi-75
E. A (pre-exponential E, i{ponential (pre-
(kJ/mol) factor) (kJ/mol) factor)
1.6-103 2.2.102
1
CO + 203 — COg 20 (m4/m01*s*gcat) 30 (m4/mol*s*gcat)
CO + Hy,O = CO4 + 63 7.3-103 65 5.42-103
H, (mol/m*s*gcat) (mol/m*s*gcat)
1
Hy + 3 Oz = HyO 43 (mol/m*s*gcat) 55 (mol/m*s*gcat)
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