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Abstract

The research activities reported in this PhD thesis focus on one class of time-depending input
variables: temperature and reactant concentration. Specifically, reactivity parameters (reagents
conversion and products formation) were recorded as a function of temperature in temperature-
programmed experiments with variable feed conditions (reducing or oxidizing atmospheres)
and spent materials were characterized with surface analyses (SEM, EDS) to correlate their
activity to chemical (mass and heat transfer) and physical (aggregation, segregation)
phenomena. Also, the common feature between the catalytic materials investigated is the
oxygen-storage capacity, i.e. their ability to store and release oxygen in oxygen-lean conditions,
that represents a critical feature for more flexible operations, highly-selective oxidations and
safer working conditions.

Two model materials were selected as oxygen-donors for two distinct applications: CuO was
chosen to correlate the effect of different reaction parameters to its morphological features,
long-time stability during redox cycles (H2-O2) and formation of peculiar superficial
nanostructures while LaFeOs (perovskite) was identified as a possible candidate for the
oxidative function, in automotive converter by taking advantage of oxygen diffusion in the
lattice to transform CO into COo.

The last class of materials (CuY zeolites) was studied in CH4 activation to assess their potential
application to an industrial-relevant reaction (methane-to-methanol, MTM) in which the
oxygen provided by the zeolites selectively reduces the extent of over-oxidation products in

favour of the partial oxidation to methanol.
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Chapter 1
Research context

The central idea of the research activities reported in the PhD thesis is that catalysts are dynamic
materials: the structure changes together with the local reaction conditions and it is strictly
connected to the reactivity. This feature is crucial in the current energy transition from a fossil-
based to low-carbon emission society: novel strategies and technologies are developed on
renewable energies in combination with (electro-)chemical conversion solutions [1,2]. One of
the biggest challenges to face in this changeover is the time-dependent availability of raw
materials (e.g. biomass) and energy (solar and wind power). The use of alternative, renewable
and fluctuating sources has a strong impact on their subsequent utilization and transformation
into chemicals and fuels through catalytic processes [3]. Thus, chemical plants already designed
and working at steady-state conditions (feed, temperature, pressure) should face a new
operation mode characterized by frequent shut-offs and start-ups depending on the energy and
feedstock availability. Buffering systems and adaptation of the catalyst properties to oscillating
conditions are required to reduce the production fluctuations to preserve the same efficiency
and affordability in a high-demanding market.

The perspective of more sustainable catalytic processes focused the academic and industrial
research towards the design and implementation of new materials able to maintain high
performance and productivity even with different reaction pathways and conditions. The
boundary conditions for these new systems differentiate with current and former chemical
processes, typically performed at steady-state with a narrow operation window identified with
standard activity experiments and process simulations. Thus, the vision of the catalyst as static
material with a chemical and physical structure unaltered by the reaction, kept at the same
experimental conditions unless some deactivation processes start, could not be the modern view
for catalysts and catalytic processes, in which a high flexibility is required. Additionally,
transient conditions are not only related to few elitist and selected processes, as some
applications are intrinsically dynamic and thus the real performance strongly depends on the
oscillating input variable environment, either to restore the catalytic activity or as result of
engine working principle. In fluid-catalytic cracking (FCC) the catalyst is regularly regenerated

to burn off coke deposition [4] as well as Chemical-Looping Combustion (CLC) in which the



material provides the oxygen for fuel combustion and it is subsequently restored in an oxidation
reactor [5]. In automotive applications the operation conditions are intrinsically dynamic as the
catalytic converter is subjected to different reaction atmosphere caused by start-ups,
accelerations, engine temperature and variable air-to-fuel ratio [6]. Also, the variation of
reactive atmosphere could improve the catalyst life-time and reaction rate, e.g. improving the
redispersion of metal particles on the surface thanks to the reducing conditions (Pd on LaFeO3
[7]) or increasing the production of NHj3 by periodically switching between H> and N>
atmosphere [8].

Time-dependent conditions (concentration, temperature, pressure, electric potential) influence
transport processes for both macroscopic (reactor) and microscopic (particle) scale, causing
changes and rearrangements at atomic level [9—-11] . These modifications reflect on the particle
itself, on the mutual interactions between particles and the gas phase: changes at microscopic
level induce transformation of the chemical and physical properties with structural changes
such as sintering and redispersion, dissolution/leaching, surface alloying and segregation,
morphological restructuring, phase change and the formation of other species (metal
complexes, carbides, composites, etc.) [11]. Therefore, the knowledge of a catalytic system
should not be determined just by the optimum reaction conditions but also the connection
between reactivity parameters (conversion, yield, selectivity) and relevant microscopic
processes between catalyst bulk and surface. The complete understanding of these phenomena
gives important details for catalyst and reactor design, improvement of the overall performance,
prediction of deactivation behaviours and life-time/stability and actions to increase catalyst and

process efficiency.

Under these perspectives, this PhD thesis was focused on correlating the reactivity of different
materials and applications to chemical (mass and heat transfer) and physical (aggregation,
segregation) phenomena with temperature-programmed experiments under variable feed
conditions. In Chapter 2, the influence of several experimental conditions (sample mass,
reagent concentration, particle size, total volumetric flowrate, heating rate) applied to
temperature-programmed reduction (TPR) and oxidation (TPO) was thoroughly investigated
on a model system (bulk CuO reduction with H> and Cu reoxidation with O2) to correlate the
reduction (or oxidation) profiles to macroscopic performance (degree of reduction/oxidation)
and chemical/physical phenomena (reaction mechanism, mass- and heat-transfer limitations).

In Chapter 3, the identification of the process (reduction, oxidation, thermal/non-reactive
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cycle) responsible for the loss in reactivity caused by agglomeration in CuO/Cu system was
analyzed. In Chapter 4, long-term reactivity in CuO/Cu system was also investigated with 11
sequential TPR-TPO experiments and a progressive loss in activity was visible from the degree
of reduction/oxidation. In Chapter 5, axial temperature measurements were performed on
CuO/Cu system to identify the role of temperature distribution during the agglomeration
process. In Chapter 6, the formation of nanostructures to act as oxygen-donors on Cu/CuO
surfaces (Cu foil and Cu/CuO powder) was investigated. In Chapter 7, transient experimental
techniques were applied to analyze the oxygen mobility in LaFeOs; for CO oxidation. In
Chapter 8, Cu-exchanged Y zeolites were tested in CH4 activation to preliminary assess the
activity of CuY zeolites towards methane-to-methanol reaction, and finally Chapter 9 collects

general conclusions.

Most of the experimental and computing activities were performed the premises of K-INN Lab
research group at the Department of Industrial Engineering (Universita degli Studi di Padova).
The results reported in Chapter 8 were collected at the Atomic-Scale Analysis Department at
Haldor Topsee (Kongens Lyngby, Denmark) during a visiting fellowship.
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Chapter 2

Parametric sensitivity in temperature-programmed
experiments on CuO reduction and reoxidation

Abstract

The influence of several experimental conditions (sample mass, reagent concentration, particle
size, total volumetric flowrate, heating rate) applied to temperature-programmed reduction
(TPR) and oxidation (TPO) was thoroughly investigated on a model system bulk CuO reduction
with H> and Cu reoxidation with O) to correlate the reduction (or oxidation) concentration
profiles to macroscopic performance (degree of reduction/oxidation) and chemical/physical
phenomena (reaction mechanism, mass- and heat-transfer limitations). The profiles were
significantly affected by the experimental parameters and their combinations, identifying a
primary role for the sample mass, reactant inlet concentration and heating rate, while a
negligible contribution was given by the particle size for both CuO reduction and Cu
reoxidation. Agglomeration phenomena were observed during the reduction and severe
morphological changes were observed in the final sample form, implying that the selection of
the experimental variables for TPR/TPO protocols could not be solely performed through a
characteristic number retrieved from the combination of parameters in which mass-transfer

limitations have been disregarded.

Introduction

Metal oxides and the reduction to the corresponding metals have emerged as prominent active
compounds in heterogenous catalysed reactions, covering a large variety of industrial and
environmental processes.

The identification of the oxidation state at which are active and the analysis of their specific
properties along with their effects on the reaction performance is essential to rationally design
optimized catalysts capable of increasing the overall process efficiency in medium- and long-
term operation. In connection with this purpose, several characterization techniques are applied
to evaluate morphological, surface and bulk features of solid catalyst [1,2]. In a heterogeneous

reactive system, the interaction between gas species and active sites on the solid surface is the



key to characterize and investigate the reactivity towards specific reaction categories, such as
reductions and oxidations. Temperature-programmed experiments belongs to the thermo-
analytical techniques that provide quantitative information on the redox properties of metal
oxides and metals as a function of temperature [3—5]. Specifically, the reduction behaviour of
metals either in the bulk or dispersed on support materials forms is examined through
Temperature-Programmed Reduction (TPR) experiments, in which a reducing gas (Hz, CO)
flows on the metals oxide sample while temperature is increased at constant rate and the
reductant consumption is continuously recorded with a high-frequency detector (thermal
conductivity detector or mass-spectrometer). Similarly, Temperature-Programmed Oxidation
(TPO) are carried out using an oxidizing atmosphere (O2, air) and the reduced sample is
reoxidizes to determine the facility to restore the metal oxide form. These temperature-
programmed analyses elucidate primary phenomena such as metal-support interaction, pre-
treatment impact, role of promoters and influence of more metal oxides on the reducibility of a
specific phase. Also, calculation of kinetic parameters and reaction rate are performed,
indicating the ease of oxygen removal and thus the strength of metal-oxygen bond [3].

The information obtained through these analyses are numerous, but the results can significantly
vary depending on the physical and chemical characteristics of the system along with the
experimental parameters selected, affecting multiple aspects of reduction profiles [6—-10].
Specifically, the incorrect combination of experimental variables (sample mass, particle size,
total volumetric flowrate, initial reducing gas concentration, heating rate) could lead to severe
misinterpretations, decreasing the reliability of the results obtained through TPR experiments.
Deviations from standard values are indeed affecting the activation energies calculation, e.g.
ranging from 18 to 246 kJ/mol in NiO reduction [11], the shape and characteristic temperatures
(activation and peak) of the reduction trends.

Parametric sensitivity studies were already carried out in the past, on a model material (CuO,
reduced with H») to identify a general rule to properly choose a reliable set of operating
variables. Characteristic numbers (called K in [6] and P in [9]) have been defined together with
their optimal range of application, by analysing the influence of different experimental
parameters. Reduction profile shape and maximum reduction temperature are both affected by
peculiar features of the reactive system (chemical and physical properties, such as mass-transfer
limitations and particle agglomeration) and distinctive factors of the experimental technique
(fluidynamic and heat distribution). The parameter X is defined as K(s) = noyige/ Viot * Cred)

[6] in which n,,ig. is the amount of reducible species [mol], V,,; is the total volumetric
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flowrate [Ncm?/min] and y,.q4 is the fraction of the reducing gas [-]. It compares the amount
of material with the flow rate of reducing gas. It was developed as a combination of operating
variables and the limits of applicability were built based on the instrument sensitivity (for K <
55 s the sensitivity is too low to detect any change in the reduction profile) and reaction kinetics.
K is derived assuming a differential reactor (if K > 140 s the reductant consumption is too fast
and the assumption of linear concentration profile is not preserved) and a specific heating rate
range (8 = 6 to 18 °C/min). The parameter P is defined as P(K) = B * noxide/ Vot * Vreq) in
[9]; it is the evolution of K, accounting for the heating rate. The suggested range of application
is P <20 K as higher values deform the reduction peak, by flattening the curve. This effect was
still assigned to the large consumption of reducing gas, violating the assumption of the reaction
driving force residing in a mean reducing gas concentration, i.e. low conversion (> 10%).
However, the reduction profiles exhibited perturbations (multiple peaks for one-step reduction
mechanism and/or flat profiles at the maximum reduction peak) even when K and P numbers
were selected in their optimal range of applicability [10]. This result is clearly an indication of
the crucial role of mass-transfer limitations on a heterogeneous, gas-solid reaction, as the
apparent reaction rate becomes affected by the gas transfer rate to the solid and within its
porosity, up to the active sites; these processes are neglected in the development of both
characteristic parameters, K and P. Both internal and external mass transfer may have a relevant
impact in the reaction progress, particularly at higher temperature, and it is affected by the initial
morphology and the final bulk/surface configuration of the oxide [12]. Specifically, the
reduction of a metal oxide to its corresponding metal is described with two models (interface
and nucleation model) in which the formation of the metal occurs on the surface of the oxide
as a uniform layer or a series metal nucleus with reduced porosity and thus the reaction
boundary is shifted towards the particle bulk, modifying the overall morphology and porosity,
i.e. enhancing diffusion limitations caused by physical features and affecting the reactivity [13].
Increasing the complexity of the reactive system (supported multi-metal oxides with micro- and
meso-porosity), more errors in interpreting the reduction profiles could arise and thus the
indications of K and P parameters are misleading. unreliable information could be obtained

from the analysed reactive system.

In this work, bulk CuO reduction with H; and its re-oxidation with O, was selected as model
system, to correlate the reduction (or oxidation) profiles to macroscopic performance (degree

of reduction/oxidation) and chemical/physical phenomena (reaction mechanism, mass- and
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heat-transfer limitations), by means of temperature-programmed experiments (TPR, TPO).
Specifically, a sensitivity analysis was performed for each experimental condition (sample
mass, reactant concentration, particle size, total volumetric flowrate and heating rate) to retrieve
specific key descriptors of the reduction and oxidation processes, such as reduction and
oxidation degree, activation and peak temperature. The influence of the listed parameters is
already reported in literature as well as characteristic numbers to properly select the set of
experimental parameters to perform TPR and TPO reaction. Based on the results obtained in
this study, more details and recommendations will be added for the use of these numbers

including a preliminary analysis on agglomeration phenomena.

Materials and methods

The effect of different experimental parameters on CuO (Alfa Aesar, 99.995%) reduction with
H> and its reoxidation was carried using pure gases (Hz, Oz, Ar) connected to mass-flowmeters
(Brooks and Bronkhorst High-Tech) through which the desired inlet composition was achieved.
Before entering the reactor, the gas feed went through an automatic four-way valve (VICI
Valco, Figure 1) to optimize the reaction protocol, ensure the total separation between the
reducing and oxidizing atmosphere in CuO cyclic experiments. The valve switch between the
two positions and mass-flowmeters operation were controlled though purpose-built MATLAB
executable programs. The reactive section could be approximated to a plug-flow reactor, in
which the sample bed (~ 2 — 5 mm) was inserted into a quartz tube (ID 6 mm) and kept in
position by two quartz wool layers. It was then introduced into an electrically heated furnace
(Watlow) and two thermocouples (type K) were present in the system to control and monitor
the temperature in two different positions (the controlling thermocouple is downstream under
the second quartz wool layer and the monitoring thermocouple is upstream, close to the upper
surface of the bed) and the temperature-protocols were set on the thermoregulator (Omron) with
CX-Thermo software and a purpose-built MATLAB executable program. The temperature used
to plot the H> or O consumption profiles was the one measured upstream with the monitoring
thermocouple, as it better approximate the real bed temperature and it is more sensitive to
thermal effects caused by the heat of reaction as it is closer to the bed surface. The monitoring

temperature reported in the plots was also corrected for the delay between the thermocouple

. : . . v, .
and the gas-analysis measurements with the following correlation: T = Tppqs + ,B(V—t in
tot

which: T= temperature value corrected from the delay and used in the plots [°C], Teas =



temperature measured by the thermocouple [°C], S = heating rate [°C/min], V; = tubing volume
[cm?] and V,,,= total volumetric flowrate [Ncm?®/min]. A pressure transmitter (MPX coupled
with a PicoLog data logger) with a range of 0-500 mbar was also added before the reactor inlet
to continuously measure the pressure drop along the reactor, as an indication of macro-
agglomeration phenomena during the reaction. Before the analysis section, a silica-gel or zeolite
traps (volume < 1 cm?) were added to remove the water produced during the reducing cycles.
The measurement of H> and O» consumption was performed with a thermal conductivity
detector (TCD) and O chemical sensor (Alphasense O2-C2) respectively. The TCD (from
Agilent 6890 HP) was optimized to have a high analysis frequency (1 Hz) as the reactor outlet
was directly conveyed into the detector without any previous separation with packed columns.
Using this strategy, a fast and sensitive identification of transient effects during the reaction
was possible and the same measurement frequency was obtained in the oxidation stage with an
oxygen sensor. The same experimental protocol was kept for all the tests; it was 1) an inert pre-
treatment to desorb water and/or contaminants at 200°C for 30 min with Ar, 2) isothermal
oxidative pre-treatment at 250°C achieved at 5°C/min, 5%0>/Ar with 50 Ncm?/min), 3) H,
reduction followed by 4) O oxidation with ramping temperature at fixed heating rate. The
selection of an inert bed dilutant was based on its thermal conductivity to investigate the thermal
effects associated to both reactions and thus silicon carbide (SiC) was chosen. Details of the
test conditions, experimental parameter values and thermal properties [7,18,19] are reported in

Table 2.

Reactor Reactor
Position: Position:
OFF ON
Reducing Oxidizing Reducing Oxidizing
mixture mixture mixture mixture
Vent Vent

Figure 1: Scheme of the automatic four-way valve.



Table 1: List of experimental parameters, values and combinations utilized in parametric sensitivity analyses for
reduction and oxidation reaction.

Parameter Symbol UoM Values SiC dilution

Sample mass my mg 10, 50 No

Particle size width d, pum <45, 100-150, 200-250 No

Total volumetric flowrate Veot Nem?/min 25,50, 100 No

H; or O; volumetric percentage il]zz % 1,5,10 No
2

Heating rate B °C/min 1,25,5,10 No

H, or O, volumetric percentage il/zz % 1,5, 10 Yes
2

Heating rate B °C/min 2.5,5,10 Yes

Table 2: Thermal properties of CuO, Cu;0, Cu and SiC (cp=specific heat capacity, A=thermal conductivity,
Tn=melting temperature).

Material [J/Igg)/K] [W/r;;l/K] [Ig]
Cu0 705 6 1326
CwO 489 45 1235

Cu 460 350 1085
SiC 675 490 2730

Results and Discussion
Parametric sensitivity - Reduction

The influence of the experimental conditions (single and combined) on CuO reduction and
oxidation performance was evaluated by varying the process parameters reported in Figure 1.
The relationship between the CuO reactivity and mass and heat transfer phenomena in
temperature-transient conditions will be discussed for each variable, through the profile of
instantaneous H, consumption, as function of temperature. Also, a number of key parameters
will be discussed in distinct table; these include the activation temperature T, ., (temperature at
which the H, molar flowrate consumed starts to increase), the maximum reduction temperature
Tpeai (temperature of the peak), the shoulder temperature (if present) T (temperature at which

the H> molar flowrate consumed has a slope variation), the range of the reduction peak Tqpge
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(temperature range from the activation to the end of the H> consumption), the total H> moles

consumed is equal to the oxygen from CuO consumed nf'¢, 0= notio and it was calculated

through the peak integration. The percentage of O from CuO consumed with respect to the

initial
... initi . . 0,Cu0
initial amount (n3'¢!3") and assuming the complete reduction to Cu %52, = (ng";so) -100.
,Cu

The distinct nature of these parameters enables a more detailed point of view on the CuO
physical and chemical effects during reduction: temperatures and peak shape will give
information on the punctual/specific response and the overall efficiency or reducibility degree
will be provided by the total H> moles and lattice O consumed.

Based on the values used in standard TPR analyses on commercial instruments [20], the
reference case was chosen using 50 mg CuO sample with an average particle size < 45 um
reduced with 50 Ncm?®/min of total flowrate, with 5% H/He and heated up at a rate of 2.5°C/min
The results related to this experiment will be always shown in the plots with an orange curve.
A high-thermal conductivity (A) material (SiC) was mixed with CuO with 1:1 weight ratio to
test the influence of increased heat propagation on H; reduction activity and correlate the
temperature distribution along the bed to H> consumption profiles. Furthermore, the addition of
a solid diluent prevents or reduce the extent of any particle agglomeration phenomena leading
to diffusion limitations and thus to lower reactivity. Primary bed diluent properties are reported
in Table 2, observing that the particle size range is consistent with the CuO granulometry to
avoid an impact on bed porosity that may modify the gas distribution in the bed, affecting the
resulting reaction profile. The addition of SiC was implemented in two sets of parameters, 1.e.

H> and O concentration and heating rate variation. Plots will report the H> molar flowrate
consumed (n,‘_l,‘z’t'cons) as a function of the monitoring temperature; the reduction peak is

associated to a higher H> consumption.

Sample mass (m.)

The influence of an increased CuO sample mass (compared to the reference case) on the
reduction profile is shown in Figure 2, while key temperatures and quantification results are

reported in Table 3.
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Figure 2: Reduction profiles for CuO at different H, inlet concentration (d,< 45 um, Vtot=50 Nem?’/min, VH,=
1% or 5%, B = 2.5°C/min).

Table 3: Relevant calculated parameters for the sample mass variation experiments.

ms yH2 K Tact Thpeak Ts Peak width  %g°C,0
[mg] [%] [s] [°C] [°C] [°C] [°C] [Ye]
10 1 359 2901 337 - 52 90.6
50 1 1832 251 358 315, 385 163 96.7
50 5 366 248 305 320 79 92.8

From Figure 2 it is immediately apparent that both the sample amount and the concentration of
reducing gas can affect the position of the peak, and also its shape. That questions the use of
tabulated reduction temperatures to identify specific oxidation states. Apparently, either a small
sample or a larger H> concentration (i.e. a small K value) are required to shape a fairly

symmetric, sufficiently sharp peak. Unfortunately, they differ by approx. 30°C.

Less obvious features of the reported profiles, suggest finer details. Comparing the reduction
profiles of high (50 mg) and low (10 mg) CuO mass before the reduction peak, a similarity
between the slopes is apparent. The parallel increase in H> consumption as the temperature
increases suggesting that the O lattice consumption for 50 mg (corresponding to 6.35-10™* mol
CuO moles) is confined to the superficial layer of the entire CuO bed. The mass for this limited
layer can be approximated to 10 mg (1.24-10* mol), demonstrated by the consumption slopes
and the physical appearance in the reactor tube: the low sample mass loaded in a 6 mm internal
diameter tube barely covers the supporting quartz wool bed, forming a CuO monolayer of

particles, completely exposed to the gas. Also for 10 mg, the total amount of reducible oxide is
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5 times lower than the 50 mg sample; given that the CuO particle are sieved in the same size
range, the 50mg case provides 5 times the surface of the 10mg one. Since the H> consumption
is proportional to the particle surface, we expect a 1/5 ratio for each temperature scanned. At
the same time, the increase of CuO mass implies a thicker bed, where external mass-transfer
limitations may play a role; accordingly, the maximum H> consumption requires higher
temperature to counteract diffusion limitations. The causes of H» external mass transfer
limitations could lie on three different and interacting reasons: low H» initial concentration (1%)
thus lower the driving force, bed agglomeration during reduction and the reduction mechanism
itself. The consumption of Ocyo with Hy is not a uniform process at the interface between Cu
and CuO aggregates and when CuO conversion is > 50%, the Cu formed covers the non-
converted CuO increasing diffusion resistances [21]. Differently, internal mass-transfer
limitations could be neglected as the degree of reduction (%g’;o) shows that the CuO
conversion to Cu is almost complete in all the cases, given the low particle size of CuO particles
(<45 pm).

Additionally, macroscopic bed agglomeration was observed (see Figure 10 and Figure 11)
always present when reducing with H» and this effect is also suggested by the broader peaks
(52°C for 10 mg sample and 263°C for 50 mg); agglomeration will be extensively explained in
section “Pressure drop and thermal effects” later in Chapter 3. The maximum reduction
temperature shift between the 50 mg and 10 mg case is around 20°C and it is another evidence
of the increased mass-transfer limitations as the reaction is progressing. The shift of the
activation temperature by 50°C is a counterintuitive result, as the chemistry of the process is
the same for both cases. However, a possible explanation for this phenomenon could be found
in the exothermicity nature of the reaction: as the superficial CuO layers are reduced, a local
temperature increment, at the particle surface is produced but not detected by the monitoring
thermocouple placed at the proximity of the bed, particularly when the heat generated is lower,
as in the case of 10 mg (it is an extensive propriety). This hypothesis is also proven by the
results of the combined experiments in Figure 2, in which both the initial CuO mass and H»
concentration were varied. The 50 mg sample treated with 1% and 5% H> activate at the same
temperature, i.e. 40-43°C lower than the 10 mg sample, meaning that the heat of reaction
produced with the small sample is not enough to heat the surrounding particles, and reach the

required activation energy in the whole volume; thus a shift in T, 1s observed.
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A peculiar feature in the 50 mg reduction curves for H; initial concentrations, is the appearance
of shoulders, at T (Table 3). This variation in the profiles could be assigned to a physical and/or
chemical phenomena: release of embedded hydrogen and activation of different reaction
mechanism, involving other copper oxides (Cu20, CuzO4). The former occurrence is typical for
face-cubic crystal structure, such as Cu, with structural defects (dislocations and micro-voids)
acting as hydrogen trap sites [21,22], thus a small amount of the initial H, fed could be
consumed by this physical process, rather than the reduction itself. The presence of different
reduction pathways was observed with specific combinations of reaction conditions and oxide
structures [21]. Specifically, CuO converts directly into Cu (Reaction 2) without undergoing
into intermediates/suboxides formation under standard H» initial concentration (5%) as the
system attains metastable states reacting with H> rather than generating Cu2O (Reaction 1)
because of higher activation energy for CuO reduction to Cu20 (114.6 kJ/mol) compared to Cu
formation (60.7 kJ/mol) [21,23]. The conversion to CuxO is visible by decreasing the H» flow
(decreasing H» initial concentration and/or increasing the contact time between gas and solid
phase) or at high heating rates (>20°C/min). The formation of other copper oxides (e.g. CuzOs)

is discarded as a considerable distortion of cell parameters would be required.

2CuO + H; 2 Cu;0 + H,O Reaction 1

CuO+H; > Cu+HO Reaction 2

The hypotheses of trapped H> and formation of other oxides can explain the slight decrease in
H> consumption at higher temperatures (385°C), low H2 concentration (1%) and higher CuO

initial mass.
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Particle size (d,)

The particle size influence on reduction profiles is reported in Figure 3 and Table 4. Three
ranges were investigated (dp;on=< 45 um, dp;meq=100-150 pm and dpy;g,=200-250 um) to
have a wide representation of usual powder size ranges.

%1070 -

5r _dp<45 um
— dp 100-150 um
dp200250um

[mol/min]

dot,cons
H2
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Temperature [°C]

Figure 3: Reduction profiles for CuO at different particle size ( Ve =50 Nem?/min, Yu,= 5%, B = 2.5°C/min).

Table 4: Relevant calculated parameters for the particle size variation experiments.

dp K Tat Ts Tpax  Peak width %S,
[nm] [s] [°C]  [°C] [°C] [°C] [Yo]
<45 366 241 318 305 79 92.8
100-150 371 240 274 302 85 86.1
200-250 375 229 270 288 96 88.4

Surprisingly, larger particles are reduced first, but to a lower extent, as expected. Larger
particles (dppign) increase the local CuO reduction rate by decreasing the activation and peak
temperature, while increasing the peak width by 11°C and 17°C compared to dp;,eq and dp;ow
respectively. This effect is associated with a lower surface area [10] and it is consistent with the
results obtained, as the surface area decreases by increasing the particle size with the same
porosity, assuming low porosity [24]. Also, the temperature shift at higher temperature for
smaller particles suggests a H» diffusion limitation through the bed and inside the particle as an
effect of the higher packing caused. The presence of shoulders at high temperatures indicates
morphological restructuration (agglomeration and/or formation of surface defects) supporting
different reduction mechanisms as reported in Sample mass (mg). To prevent interparticle mass

transfer limitations, a particle size distribution as narrow as possible is recommended.
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Total volumetric flowrate (Vyo:)

The changes in CuO reactivity were correlated to the fluidynamic of the system by varying the
total volumetric flowrate from the reference (50 Nem?/min) to half (25 Nem?®/min) and double

value (100 Ncm?/min). The results are reported in Figure 4 and Table 5.
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Figure 4: Reduction profiles for CuO at different total volumetric flowrates (mg = 50 mg, d, < 45 um yy,=
5%, B = 2.5°C/min).

Table 5: Relevant calculated parameters for the total volumetric flowrate variation experiments.

Vgot ) K [S] Tact [OC] Es T;)eak Peali Width %3?350
[Nem?/min] [°C] [°C] [°C] [Yo]
25 714 247 - 334 93 99.1
50 366 248 318 305 79 92.8
100 180 230 290 277 63 95.2

Applying a lower volumetric flowrate decreases the overall reduction performance (7pear) as a
combination of different phenomena such as internal and external mass-transfer limitations. At
the beginning of the reaction, the intra-particle H diffusion is inhibited by the reduced H:
concentration gradient between the gas phase and CuO, i.e. the diffusion driving force is
decreased, shifting the activation temperature towards higher values and slowing down the
global reaction rate. As the reduction progresses, more surface defects and Cu nuclei are formed
[21] starting to cover the non-converted CuO, making H» diffusion is even more limited by the
lower Cu porosity and the overall effect is the reduction profile shifted at higher temperatures.

In the case of lower volumetric flowrate, the inlet gas mixture has a reduced fluid velocity
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suggesting a possible external mass-transfer limitation as the mass-transfer coefficient hy, g,

depends upon the properties of the gas and solid phase with the reported in Equation 1.

1/2
him,h2 (i;:) : DI?I/Z:,)’mixv;lgG Equation 1
where v,.,; is the relative velocity of the fluid with respect to the particles, dp is the particle
diameter, Dy, i, is the Hz diffusion coefficient in the binary mixture fed, and v, its
kinematic viscosity. As an effect of internal and external mass-transfer limitations, the
temperature window for the complete CuO reduction is shifted at higher temperatures: the 74
difference between the lowest and highest flowrate is 7% and this value increases to 17% when
comparing 7peqsr. The broadening of the peak is another evidence of the inferior reduction
performance (i.e. reaction rate) when the H> molar amount fed to the system is decreased. These
results demonstrates that mass-transfer limitations are mainly external, as the H» flux is
controlled by the mass-transfer coefficient h,, y, but also from the concentration gradient
between the gas phase and the surface. At the same H> concentration but at lower flowrate, the
creation of H> low-concentration areas around the particle and their slow replenishment
decreases the external mass-transfer. Increasing the flowrate, the average H» concentration

around the surface is increasing as well as the mass-transfer driving force.

Initial hydrogen concentration (vi)

The inlet H> concentration influence on CuO reduction was evaluated by selecting a H»
concentration below (1%) and above (10%) the reference value (5%). Additionally, the effect
of bed dilution with an inert material (SiC) was investigated in the whole H> concentration
range. The profiles and quantification data with and without SiC dilution are reported in Figure

5 and Table 6.
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Figure 5: Reduction profiles for CuO at different a) H, inlet concentration with and without SiC dilution
In both cases, mg (only CuO) = 50 mg, dp< 45 um, Viot =50 Nem?/min, B = 2.5°C/min.

Table 6: Relevant calculated parameters for the H, inlet concentration variation experiments.

yin K [s] Tact T Tpeak  Peak width .SiC. %o en0
[%] [°C] [°C] [°C] [°C] dilution [%]
1 1831 251 315,385 358 163 - 96.7
5 366 248 318 305 79 - 92.8
10 184 240 270 288 67 - 85.3
1 1908 270 - 369 131 Yes 89.3
5 368 245 320 306 76 Yes 91.1
10 184 230 260 273 63 Yes 94.5

Regardless the bed dilution, increasing the initial H> concentration enhances the reduction
activity by markedly decreasing the overall reduction profiles in terms of 7Tucs, Tpeak and Trange.
The maximum difference among relevant temperatures is even more evident for the diluted bed,
as the high SiC thermal conductivity allows a uniform temperature distribution and thus a more
homogeneous reaction progress throughout the bed. Indeed, 4.3%, 19.5% and 58.9% are the
percentage variation between Tycs, Tpeak and Trange at the lowest (1%) and highest (10%) of the
non-diluted samples while 14.8%, 26.0% and 51.9% are related to the difference between
highest and lowest heating rate in the SiC diluted samples. Increasing the initial H»
concentration improves the reagent mass-transfer rate from the gas phase to the surface, its
concentration at the surface and thus the surface kinetics. At a microscopic scale two
counteractive events occur, that involve the CuO reduction mechanism with H». According to

the nucleation model, the CuO particles do not undergo a sequential and uniform reduction, but
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small Cu aggregates/clusters initially evolve on the CuO surface and the Cu nuclei overlap
when Cu >50% shifting the reaction interface inwards [13,21]. Specifically, the key feature in
the reduction mechanism is the removal of O lattice through the H> adsorption on the surface,
the subsequent dissociation into H atoms and the reaction with surface oxygen generating a
superficial vacancy [21] by the release of steam. However, if the H, available is significantly
high, the H-atom diffusion in the unreacted bulk activates and hydroxy species are formed as
intermediates that desorb as H,O, simultaneously generating O vacancies [13]. The mechanism
also involves an initial induction period in which surface defects, i.e. active sites for H»
adsorption and dissociation, are formed and both higher temperature and high H> concentration
increase the presence of defects and thus reduce the induction period [23]. The H atom
embedding is negligible during this reaction step and thus the reduction profile appears flat at
the beginning of the reaction, while it becomes crucial when increasing the reduction rate. The
effect of higher H> concentration is visible for the induction period temperature, underlining an
increased active sites formation extent. As the same heating protocol was applied for the
experiments reported in Figure 5.a, the different duration and temperature range of the induction
period could be ascribed to the different H, composition: 240°C, 260°C and 270°C are the
temperatures from which the reaction rate becomes faster due to the migration of atomic H into
CuO bulk and simultaneously H>O formation by O removal from the lattice [8,21,23,25].

The SiC addition is not significatively affecting the induction period at high H: initial
concentration (5, 10%) as its final temperature value is decreased by 10°C, but a strong delay
in activation temperature and overall reduction profile is visible for the low H» concentration
sample (1%). The reason for a 20°C delays in the induction temperature could be assigned to a
decreased surface exposed to the reducing atmosphere as the SiC is partly covering the CuO
surface, thus inhibiting the formation of H> dissociation sites until higher temperatures are
reached. The bed dilution with an inert and high conductive material enhances both the thermal
properties and structural features by delaying the agglomeration process, discussed in detail in

the section.
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Heating rate (B)

The application of different heating policies and their effect on CuO reduction profiles was
investigated by varying the heating rate from 1°C/min to 10°C/min (Figure 6, Table 7). H»
consumption was studied through the thermal characteristics of the reactive CuO/Cu reactive
system and thus the bed dilutant with high thermal conductivity was added to compare the

results with the non-diluted cases (Figure 6, Table 7).
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Figure 6: Reduction profiles for CuO at different heating rate with and without SiC dilution (mg = 50 mg, d,<
45 um, Vo, =50 Nem®/min, yy, = 5%)

Table 7: Relevant calculated parameters for the heating rate variation experiments.

rC /Ifnin] K[s] PI[K] [Td Tpeak [°C] Peak width [°C] dilsuigon %[%SLO
1 367 61 230 264 58 - 87.1
2.5 366 152 241 305 79 - 92.8
5 367 306 240 334 126 - 88.8
10 363 605 256 368 144 - 912
2.5 368 153 240 306 76 Yes 91.1
5 367 306 239 330 122 Yes 95.0
10 358 597 244 377 165 Yes 85.8

Increasing the heating rate shifts the reduction profiles to higher temperatures, in terms of
maximum reduction rate and activation temperature; in addition, peaks become broader. All

these effects are independent from the bed dilution. Lower heating rates, such as 1°C/min, allow
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a thermal and chemical steady-state to be better approached; a high temperature scanning
velocity (e.g. 10°C/min) do not allow a uniform temperature distribution to stabilize in the
reactive bed. In other words, the characteristic time scale of heat transfer across the bed can
become larger that the heating duration, so that differences in reduction profiles appear [26].
The non-uniform heat propagation for higher heating rates affects the distribution of initial
surface defects and the surface composition and thus influences the overall reactivity [27,28]
and shifts the reduction peaks to higher temperatures (from 264°C at 1°C/min to 368°C at
10°C/min) and increase the peak width (from 58°C at 1°C/min to 144°C at 10°C/min). The
reduction benefits of the SiC addition to the CuO sample, up to a maximum heating rate of
5°C/min, as the high conductivity supports a more uniform reaction interface between H> and
CuO, thus the maximum reduction temperature is shifted to lower values, sustained also by
smaller agglomeration phenomena. At higher heating rates (3>5°C/min) the addition of a bed
dilutant appears detrimental, as the overall performance decrease but a satisfactory degree of
reduction is achieved with intermediate heating rates (2.5°C/min) with and without bed dilution.
Thus, the heating rate could be increased up to 5°C/min and coupled with bed dilution to reach

higher reduction efficiency and a narrow reduction peak.

CuO reduction with H> at constant characteristic number K and P

The selection of suitable experimental parameters is crucial to obtain reliable data on reduction
processes, as their inappropriate combination could mislead the understanding of the reaction
mechanism and the correct utilization in other applications, such as in characterization studies
and catalytic performance investigations. Great efforts were made to identify a general
parameter to easily select the combination of variables (initial H> concentration, total flowrate,
sample mass, heating rate) within a fixed range to guarantee an accurate view of the chemistry
and kinetic parameters involved in the process. K [6] and P [9] were retrieved through the
comparison of simulated and experimental reduction profiles and simple relations such as the
one for K and P are still widely used in temperature-programmed experiments to select the
operating variables. The limiting values for K (15s — 140s) [6] were calculated from empirical
criteria based on instrument sensitivity, differential reactor assumption and limited heating rate
values (6 — 18°C/min). Also, the kinetic modelling neglect the occurrence of mass-transfer
(inter- and intra-particle diffusion) limitations and heat balance, considering differences in local

temperature caused by adsorption/desorption enthalpies and reaction exothermicity (-85.7
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kJ/mol K). However, reduction processes with multiple peaks were not fully explained by the
K number [7,27,29] and thus P characteristic number [9] was introduced to investigate the
reduction processes following a first-order kinetic with respect to H» and simultaneously
overcome K constraints, directly correlating the dependence on the heating rate. According to
a similar kinetic analysis performed in the previous study, the appropriate range of applicability
is P <20 K to avoid curve distortion and loss of resolution in multistep reductions. The cause
of such differences was mainly ascribed to the reduction process itself through the sample mass
and the transient nature of the study, while mass- and heat-transfer limitations is believed to
have a minor role in changing the reduction profile shape [30]. The validation of P design
criteria was performed through the comparison of the activation energies calculated at different
P values, obtaining low relative error for constant P lower than 20 K [9]. The validity of the
assumptions and reliability of P characteristic number as a tool to select the experimental
parameters in temperature-programmed reductions was investigated by choosing a P value in
the optimal range (15.3 K) and generating different combinations of sample mass, total
volumetric flowrate, H» initial concentration and oxidative pre-treatment at fixed heating rate
(2.5°C/min) to obtain the desired P value (Table 8). The corresponding K value is 367.5 s.

Reduction profiles for 5 sets of experiments are reported in Figure 7.

Table 8: Experimental parameters used in constant K = 367.5 s and P =15.3 K experiments; fixed heating rate

(2.5°C/min).
Set M Vit YR Bed Ox. Pre- %o Cno

[mg] [Ncm3/min] [%] dilution treatment [%]
1 51 50 5 - v 96.0
2 203 100 10 - v 87.2
3 203 100 10 - - 81.9
4 9.9 50 1 - v 90.6
5 201 100 10 v v 89.9
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Figure 7: Reduction profiles for CuO at constant K= 367.5 s and P=15.3 K.

CuO reduction with H» is a one-step reaction (Cu** = Cu®) in standard conditions of Hz supply
(no H; starvation) and/or heating rate (< 20°C/min) [21] and CuxO could be formed as an
intermediate product if the reaction conditions are varied from the standard ones. The series of
experiments at constant P were performed in standard conditions to achieve a constant P value
in the optimal range. The expected CuO reduction profile is formed by one single reaction peak
characteristic for the CuO conversion to Cu and the appearance of secondary peaks is associated
to physical/chemical phenomena. Low sample masses (set 1 and 4) and high sample masses
diluted with SiC (set 5) yield to a single H> consumption peak, while the use of higher masses,
without any solid dilutant generates multiple reduction peaks [7,27,29]. Even if this output
could be correlated to different Cu oxidation states, data show that this inhomogeneous
reduction is caused by interacting effects of temperature and H; gradients and consequent with
physical agglomeration of the bed, as it will be shown in section Pressure drop and thermal
effects; higher amount of reducible species enhances H» diffusion and heat transfer limitations,
and thus generating an uneven temperature distribution caused by the reaction exothermicity,
if the heat of reaction is not uniformed with a highly conductive material. Other explicative
phenomena of multiple reduction peaks are also emphasized at higher CuO masses, such as
embedded H» in CuO lattice as discussed in section Sample mass (mg).

Furthermore, decreasing the Hb> initial concentration along with the sample mass shifts the
reduction profiles to higher temperatures as H> convective transport from the bulk of the gas to

the surface is the limiting step caused by a lower concentration gradient. Mass- and heat-transfer
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phenomena neglected for K and P characteristic numbers have a large contribution in the
development of reduction profiles for specific combination of parameters. Summarizing, results
suggest using higher sample masses (> 50 mg), a larger H> concentration (>10%), a total
volumetric flowrate (>50 Ncm?/min) and a solid dilutant for the oxide bed are required to
produce one single peak and thus obtain more reliable results of the chemical process under
investigation. Being K characteristic number equal, this result demonstrates that increasing the
values of the experimental parameters included its definition (amount of reducible species, H>
concentration and total volumetric flowrate) and the addition of a bed dilutant has an

advantageous effect on the reduction profiles.

Summary of parametric sensitivity on CuQO reduction

The reduction degree (the ratio between the total H> consumed during the reduction and the
initial amount of reducible oxide, %g°(:;p), Was found poorly sensitive to detailed reaction
features (reduction mechanism and physical or chemical phenomena), compared to the analysis
of H, consumption profiles in relation to temperature; the reduction degree provides a general
overview of the reaction performance. The parameter was calculated for each condition and
reported in the corresponding tables (from Table 3 to Table 8) from which some conclusions
and practical indications could be extracted. The most critical experimental parameter is the
sample mass as it influences the H and temperature distribution during the reduction, thus the
choice of the other parameters (H: initial concentration, particle size, total volumetric flowrate
and heating rate) is strongly connected to its value. An approximate distinction could be pointed
out between low (< 50 mg, in our reactor, having 6mm ID) and high (> 50 mg) sample masses,
from which it is clear that increasing the initial H> concentration is detrimental in the first case
as a faster agglomeration of the entire bed occurs (as it will be reported in section Pressure drop
and thermal effects) and inner unreacted CuO particles are not efficiently converted into Cu.
Decreasing the H, concentration reduces H> mass transfer rate, affecting the reduction kinetic,
increasing the time required to complete the reaction (i.e. convert > 95% CuO) and shifting the
peak temperature to higher values. To avoid this confusing effect, higher H: initial
concentration could be used, but it must be coupled with the addition of a highly conductive
inert material, such as silicon carbide. The selection of the total volumetric flowrate mainly
depends on the influence of internal and external mass-transfer limitations, along with the delay

between the reactive area and the measurement system. In the case of higher sample masses,
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H> concentration should be increased to overcome diffusion limitations generated by the low
concentration gradient between the gas and solid phase along with a higher penetration depth.
The influence of the particle size interval is not crucial in terms of total reduction efficiency as
the oxygen consumed from the CuO lattice is comparable for three different intervals as
reported in Particle size (dp), however a narrow diameter (or equivalent diameter) interval
should be as narrow as possible to reduce additional pressure drop caused by variations in the
bed porosity during the H> reduction. Finally, the heating rate value should be set up with a
value < 5°C/min to avoid non-uniform temperature distribution caused by the reactor heating
and increase temperature gradients inside the bed and it can be achieved by decreasing the

heating rate.

Parametric sensitivity - Oxidation

The impact of the experimental variables listed in the Materials and Methods was evaluated
also for the oxidation reaction (Table 1). Specifically, the same conditions used in the reduction
experiments were reproduced also in the following oxidation stage; when the reductions were
carried out at 1, 5, or 10% H> concentration, then re-oxidations adopted the same 1, 5, or 10%

. . . Teg
O: inlet concentration, respectively. The same key parameters Tuci, Tpeak: and %g cy0

(percentage of oxygen regained after the reoxidation, calculated on the Cu obtained after the
reduction) are used to discuss the results, with an additional indication for the final temperature
at which the oxygen is consumed (7},), assuming the total Cu oxidation to CuO [31]. This
additional parameter was added in the Cu reoxidation analyses as the oxygen consumption
continues also in the isothermal and cooling stage and 7}, represents the temperature during the
cooling ramp at which the oxygen consumption reaches the zero. The reference case is still
reported as the orange curve, obtained with 50 mg of initial CuO pre-reduction. The amount of
Cu after the reduction will be less than the initial CuO mass as the oxygen was consumed, but
the same value was reported for an easier comparison between reduction and reoxidation cycle.
Other characteristics (particle size < 45um before reduction, 50 Nem?®/min of total volumetric
flowrate, 5% O inlet concentration, and 2.5 °C/min as heating rate) were kept constant. Data
have been obtained by constant heating and cooling, up to 500°C and cooling to 7%, is also

reported.
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Sample mass

Total volumetric flowrate
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[mg] [%] [°C] [°C] [°C] [°C] [%] [Nem*min] [°C] [°C] [°C] [°C] [%]
10 1 169 244 500 452 84.4 25 161 235 461 404 92.5
50 1 167 244 500 430 75.6 50 163 244 465 371 86.1
50 5 163 244 465 371 86.1 100 201 327 448 448 81.8
O: concentration Heating rate
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[%] [°C]1 [°C]  [°C] [°C] dilution  [%] [°C/min] [°C]  [°C] I°Cl  [°C] [%]
1 167 235 500 431 - 75.6 1 161 211 399 443 77.9
5 168 244 465 371 _ 86.1 2.5 168 244 465 371 86.1
5 152 251 496 449 83.6
10175245 439 303 - 86.9 10 156 292 494 439 838
5 180 236 411 264  Yes 98.1 2.5 180 236 411 264 98.1
10 155 215 388 369 Y 99.5 > 187 300 433 415 764
e ' 10 196 276 458 437 786

Figure 8 and Table 9: Reoxidation profiles and relevant calculated parameters for CuO at different a) initial
sample mass, b) total volumetric flowrate ¢) O; inlet concentration (with and without SiC dilution) d) heating

rate (with and without SiC dilution). Always mg = 50 mg, d,< 45 um, Vior =50 Nem?/min, Yo,= 5%, B =
2.5°C/min where not differently specified in the legend.
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Oxidation profiles will be presented as the consumed O> molar flowrate (15,™°, which is the

difference between the inlet and the outlet molar flow rate) as a function of the monitoring
temperature, in Figure 8.a to Figure 8.d. As a general comment, we can observe that oxidation
apparently occurs over a wide range of temperature, without sharp peaks as in the reduction
phase. That is likely an artifact, due to the slow rection progress compared to the relatively fast
heating rate, as clarified below. Almost always two peaks of activity are reported, suggesting a

2-steps mechanism, following the reactions (Reaction 3 and Reaction 4)
2Cu+ 1/202 2 Cu20 Reaction 3
Cu20 + 1/202 = 2CuO Reaction 4

Differently from the reduction process, Cu oxidation shows a sequential reaction pathway in
which Cu;0 is the intermediate oxide obtained before the total oxidation to CuO. The
explanation of such difference could be found in the modification of the lattice cell geometry,
1.e. an expansion of the Cu lattice to incorporate O atoms and form Cu,O while an expansion
and modification of cell geometry is necessary for the direct CuO formation from Cu [21,23,32]
and the lower activation energy for the second reaction [21,23,33]. Furthermore, the copper
phase reoxidizes completely at 400°C [34].

Further, the heating and cooling policy results in part of the oxidation taking place during
cooling. The very slow oxidation suggests a strong internal diffusion resistance, and ultimately
lead to an incomplete oxidation of the solid. This prolongation of reaction time is attributed to
the reduced surface area and porosity that prevent O: diffusion and the occurrence of
simultaneous oxidation of different Cu phases (dispersed, segregated and H» trapped in the
lattice) [45] 1s limited.

Figure 8.a shows that oxidizing higher sample masses with low O inlet concentration (1%)
reduces the overall oxidation degree (-8.8%) with respect to the same sample oxidized at the
reference conditions (5% O2). This result supports the speculation formulated in the CuO
reduction study, that agglomeration takes place in the reduction, modifying the bed morphology
and increasing the O diffusive resistances. As a matter of fact, higher oxidation degrees
(+10.5%) are obtained with more concentrated O, mixtures (5%) at the same CuO initial mass
(50 mg, before reduction). The variation of the sample mass does not influence the first
oxidation peak temperature (167°C + 4°C) and the same behavior is recurrent also for the

different total volumetric flowrate (Figure 8.b) at 25 Ncm?/min and 50 Ncm?®/min. The
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observation that oxidation begins always the same temperature confirm that the further progress
is controlled by internal diffusion, while the surface oxidation always begins easily. A deviation
on the onset of oxidation was observed at a higher total volumetric flowrate (100 Ncm?*/min).
In this condition, the reaction apparently starts at higher temperatures (+ 90°C) and the peak
resolution is not pronounced, decreasing the oxygen consumption between the two oxidation
peaks; such a higher flow rate is likely to affect the temperature distribution in the bed, resulting
in a local temperature a few tens of degree less that the measure one (used in the plots).
Differently from the reduction stage, smaller volumetric flowrates increase the oxidation
efficiency; likely, the different initial morphology (powder for reduction and agglomerated bed
for oxidation) influences the consumption of the corresponding reactive gas by means of less
effective mass- and heat-transfer rates. The structural bed conformation also impacts the
activation temperature at various O inlet concentration, without bed dilution (Figure 8.c)
resulting in similar values for all the cases (171°C+ 4°C for 1%, 5%, 10%), disregarding the
reactant concentration. Moreover, the first oxidation peak temperatures are similar for all the
non-diluted cases (240°C= 5°C). A larger reactant concentration does not affect the rate of the
first oxidation step (first peak), the second oxidation peak that appears at lower temperature at
increasing O concentration. Once again, this could be an artifact, of a slow reaction
(particularly the second step) compared to the heating rate; increasing the reaction rate of the
second oxidation step (by larger Oz concentration), this step is observed earlier, and reported at
a lower temperature. Consistently, the oxidation degrees achieved a higher O» concentration
markedly improve, by 11%. The addition of bed dilution further enhances the oxidation
performance in terms of peak temperatures (7pear,; 18 30°C lower with 10% Oa, and Tpea > 1S
54°C lower with 5% O and 51°C with 10% O-) and oxidation degrees, approximating total
oxidation, with a dramatic increase (+12% on average) compared to the absence of a dilutant.
As reported for the reduction process, the addition of a bed dilutant both delays bed
agglomeration phenomena and promotes a more uniform oxidation by flatten temperature
gradients. The analysis of the oxidation profiles obtained at different heating rates (Figure 8.d)
suggests that lower values (f<5°C/min) produce two distinct and resolved peaks and their
position (7pear,2) shifts towards lower values (around -100°C from 5°C/min to 1°C/min). A
higher heating rate (10°C/min) prevents the formation of a fully resolved second oxidation peak
in the temperature range analyzed and the cause could be attributed to a slow reaction, that lags
behind the temperature constantly increasing, producing the artifact of a O2 uptake to be

reported at a higher temperature than effectively required. Also, a non-uniform heat and
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temperature distribution as reported can explain the shift of peaks at a lower temperature with
smaller heating rates, as discussed in the section Heating rate (f). The presence of a bed dilutant
strongly deforms the shape of the oxidation profiles in which the distinction between 7Tjpear,; and
Tear,2 1s confused for > 5°C/min, implying that the Cu oxidation to Cu2O (Reaction 3) and its

further conversion into CuO (Reaction 4) are overlapping to some extents.

Pressure drop and thermal effects

The evidence collected in TPR and TPO tests at different conditions, suggest that dramatic
modifications of the bed and particle texture takes place, tentatively mentioned above as
‘agglomeration’. Here we investigate possible changes in morphology by pressure drop
measurements. They are expected to follow, directly and reversibly, the temperature, because
of its role on density, mainly. So, pressure drop must increase and decrease with rising and

falling temperature, in a morphologically stable bed of solid particles.
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Figure 9: a) Reduction and pressure drop profiles, yu, = 10%, b) Reoxidation and pressure drop profiles yo, =
10%. Common conditions: (mg = 50 mg, d,, < 45 pm, Vo =50 Nem*/min, B = 2.5°C/min).
Overlapping H2/O2 consumption curves to pressure drop measurements, Figure 9 we find quite
unexpected results. Figure 9.a shows the pressure drop curve increasing due to the increasing
temperature, as expected; suddenly, the hydraulic resistance of the bed falls approaching 270°C,
where the reduction has a vigorous acceleration. That suggests the agglomeration of the bed,
leaving free channels for the gas to flow through, likely at the inner reactor wall. Such an onset
temperature of CuO agglomeration is largely lower than the Tammann temperature for CuO/Cu
redox pairs (526 °C, reported as the activation temperature for bulk material sintering and

empirically calculated with 0.5T) [35] as extra heat is provided by the exothermic reaction

29



occurring on the surface [48] . Negligible pressure drop variations are observed during the
oxidation (Figure 9.b), just the linear dependence on temperature expected. However, the
hydraulic resistance is much lower than in the early steps of reduction, even though the total
flow rate and its prevailing component (Ar) is the same. That implies that 1) the bed in TPOs
is the agglomerated one left by reduction, and 2) the structural conformation generated by the
reduction step is stable and no further modifications occur. Two small pressure drop
fluctuations are discernible at the same position of the oxidation peaks (240°C, 420°C) but the
temperature effect is larger and misleading.

Such hypothesis about bed agglomeration and shrinkage have been confirmed by the
observation of the sample after a TPR+TPO sequence, Figure 10. The final bed morphology
was dissimilar to the initial configuration, and peripherical by-passes clearly formed. Figure

10.a.

a)
Figure 10: Spent CuO sample after one reduction and oxidation cycles with focus on a) the lateral bed
shrinkage and b) the agglomerated, self-sustaining structure.

a) b)

Figure 11: (a) Fresh 50 mg CuO sample diluted with SiC (1:1 w/w) before pre-treatment, (b) Spent CuO sample
after one reduction and oxidation cycles.

Agglomeration phenomena identified by a decrease in pressure drop measurements cause an
opposing effect: clustering via agglomeration or sintering causes an irreversible merging of

particles with reduced porosity and the accessibility to active sites decreases the overall sample
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performance [37]. Therefore, the initial configuration of the material (powder) undergoes to
microstructural modifications caused by CuO reduction to Cu and a final bulky form of a solid
non-porous pellet is obtained, Figure 10.b, that should increase the pressure drop along the bed.
However, a shrinking deformation in the horizontal direction is generated and preferential
pathways are created both in the sample volume and between the sample and reactor walls,
Figure 10.a, while axial deformations (vertical direction) are negligible or absent. The sintering
mechanism of unsupported CuO particles involves the formation of a neck between two
particles assisted by the surface atoms migration and grain boundary diffusion activated at
temperatures lower than the melting temperature [15,35], e.g. typical operating temperatures

for CuO reduction.

Detectable axial temperature gradients are measured during reduction and oxidation, with and
without SiC dilution, proving that the exothermicity of the reaction, i.e. thermal effects, have a
substantial role in the reaction progress. Axial temperature gradients were measured by
subtracting the temperature measured by the controlling and monitoring thermocouple

respectively, and reported in Figure 12, at 5% reactant (H2 or Oy), and Figure 13, at 10% reactant

concentration.
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Figure 12: a) Reduction and temperature gradient profiles, yy,= 5%, b) Reoxidation and temperature gradient
profiles yo,= 5%. Common conditions: ms = 50 mg, d, < 45 um, Vior =50 Nem?/min, B = 2.5°C/min, No SiC.
The temperature profile follows the H»/O, consumption curve for both samples, with and
without SiC dilution. However, a lower peak is observable in Figure 12.a (no dilution) as the
maximum temperature difference is 50% higher compared to Figure 13.a (SiC dilution) during
the reduction. This difference is also present for the oxidation curves (Figure 12.b and Figure

13.b) with a milder degree (+25%), implying that even at harsher experimental conditions (m;
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=200 mg, V;,;=100 Ncm?/min, Yu,= 10%) for the SiC-diluted sample the addition of an highly
conductive material is able of uniformly distribute the heat of reaction and thus decreasing local
or axial temperature gradients compared to the non-diluted case (ms; = 50 mg, V=50

Nem?®/min, Yu,= 5%).
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Figure 13: a) Reduction and temperature gradient profiles, yy,= 10%. b) Reoxidation and temperature gradient
profiles, yo,= 10%, SiC dilution (SiC : CuO=1:1 w/w). Common conditions: mg = 200 mg, d, < 45 um,
Vyor =100 Nem®/min, B = 2.5°C/min).

Given that the reported temperature is just the average gas temperature before and after the bed,
we may expect that the temperature at the surface could be much higher than the one measured,

likely to play a role in the agglomeration process.

Conclusions

The application of temperature-programmed experiments (reduction and oxidation) to a model
reactive system (unsupported CuO reduction with H> and reoxidation with O,) was thoroughly
investigated under different aspects. The influence of experimental conditions (sample mass,
particle size, gas reactant concentration, total volumetric flowrate, heating rate) was studied to
correlate the reduction (or oxidation) profiles to macroscopic performance (degree of
reduction/oxidation) and chemical/physical phenomena (reaction mechanism, mass- and heat-
transfer limitations). The profiles (peak shape and key temperatures, such as T,c;and Tpeqr) Were
significantly affected by the experimental conditions and their combinations, identifying a
primary role for the sample mass, gas reactant flow rate (i.e. higher concentration or total flow
rate) and heating rate, while a negligible contribution was given by the particle size, for both
CuO reduction and Cu oxidation. The common explanation key is the limitation due to external

mass transfer, in a heterogenous reaction without significant internal mass transfer limitations.
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The rate of reactions appears always high enough to determine a controlling role in the Hz (or
0O) supply to the surface. Accordingly, a higher H, flow rate accelerates the TPR, producing
sharper peaks at lower temperature.

Heat effects play a relevant, underestimated effect. The addition of an inert, highly heat-
conductive bed dilutant (SiC) promoted the CuO reduction to Cu at higher H> concentration,
i.e. both favoring the kinetics, levelling out temperature gradients in the sample, reducing the
diffusive limitations as soon as Cu nuclei are formed on the surface of the unreacted CuO and
delaying agglomeration phenomena.

The final morphological configuration was severely affected by the sequential reduction and
oxidation processes, implying that the selection of the experimental variables for TPR/TPO
protocols could not be solely performed through a characteristic number (disregarding mass-
transfer limitations). Specifically, it was demonstrated that the selection of different set of
variables to fit P characteristic number in its optimal range produces divergent results in terms
of peak shape, characteristic temperatures and reduction degree and thus it should not be used

as benchmark.
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Nomenclature

Cp = Specific heat capacity
Crea = Reducing gas concentration
Dyomix = Diffusion coefficient in the binary mixture
dp = Particle diameter
dpiow = Lower particle size range (<45 pum)
dpmea = Intermediate particle size range (100 - 150 um)
dppign = Higher particle size range (200 - 250 pm)
hmu, = External mass transfer coefficient
ms = Sample mass
gy éuo = Hamol consumed
ndobeons = H, molar flowrate consumed
Noxide — Mol of reducible species
ngiial - = Tnitial O mol in CuO
ngy*® = Oxmol consumed from gas phase
ngtuo = Total sample oxygen consumed
ng?‘cguo = Total oxygen regained by the sample
Ocuwo = Oxygen in CuO lattice
K = Monti-Baiker characteristic number [6]
P = Malet-Caballero characteristic number [9]
T = Temperature
Tact = Activation temperature
Tin = Final temperature
Tm = Melting temperature
Tmeas = Measured temperature (monitoring)
Tpeak = Temperature of the peak
Tpeak,i = Temperature of the first peak
Tpeak2 = Temperature of the second peak
Trange = Temperature range of the reduction peak
Ts = Temperature of the shoulder
Vmix = Kinematic viscosity
Vi = Tubing volume
Viot = Total volumetric flowrate
VROI'Yred = Volumetric percentage
Yu, = Hz molar fraction
Yo, = O molar fraction
%5 eno = Degree of reduction
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Greek letters:

Acronyms:
TCD =

TPO =
TPR =

Degree of oxidation

Heating rate

Thermal conductivity

Thermal conductivity detector
Temperature programmed oxidation

Temperature programmed reduction
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Chapter 3

Investigation on the origin and evolution of solids
agglomeration during reduction by H»

Abstract

Additional analyses were performed to identify the responsible process (reduction, oxidation,
thermal/non-reactive cycle) for the loss in reactivity caused by agglomeration. Reduction was
found to be the key step for the activity decrease, as pressure drop was drastically falling in
correspondence of the reduction peak, while the contribution of other reaction/pre-treatments

is negligible.

Introduction

In the current trend of reducing the utilization of Platinum Group Metals (PGMs) for their high
cost and decreasing availability [1], metal oxides and their reduced form have been identified
as prominent active compounds for heterogeneous catalyzed reactions. The identification of
active metals and the critical analysis of their peculiar chemical properties as well as their
activity is crucial to rationally design efficient catalytic materials and processes capable of
enhancing the overall process efficiency in medium- and long-term operation.

Metal oxides are used both as active species [2] and oxygen carriers in chemical-looping
processes [3] in which the materials are subjected to alternating reducing and oxidizing
mixtures and the reactive performance should be preserved for multiple reaction cycles.
Therefore, to develop new suitable materials for sequential redox loops, attention must be paid
not only to the activity in one reaction cycle but also in long-term response in oscillating
atmosphere. Specifically, Cu?>*/Cu® is an appropriate redox couple to be selected as principal
component of oxygen donor thanks to its favorable properties (oxygen transport capacity, high
reaction rates towards reduction and oxidation, lower cost and environmental issues [3].
However, CuO/Cu has a higher tendency to agglomerate and sinter at high temperatures [4]
inevitably decreasing the reactivity, and thus strategies must be identified to avoid or reduce
the agglomeration contribution. The identification of suitable supports (o and y-AlOs,

MgAl>O4, NiAl2O4) on which specified CuO amount must be efficiently dispersed [5,6] and
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the synthesis method (mechanical mixing, wet-impregnation, co-precipitation) [7] should be
optimized by thoroughly analyzing the correlation between activity and properties and using

the information obtained in the process scale-up stage.

In this work, the CuO/Cu reactivity was studied under several conditions to correlate the loss
in reactivity to bed agglomeration phenomena caused by different pre-treatments (thermal/non-

reactive), reduction/oxidation itself and uneven temperature distribution in the reactive bed.

Materials and methods

The effect of different experimental parameters on CuO (Alfa Aesar, 99.995%) reduction with
H: and its reoxidation was carried using pure gases (Hz, Oz, Ar) connected to mass-flowmeters
(Brooks and Bronkhorst High-Tech) through which the desired inlet composition was achieved.
Before entering the reactor, the gas feed went through an automatic four-way valve (VICI
Valco) to optimize the reaction protocol, ensure the total separation between the reducing and
oxidizing atmosphere in CuO experiments. The valve switch between the two positions and
mass-flowmeters operation were controlled though purpose-built MATLAB executable
programs. The reactive section could be approximated to a plug-flow reactor, in which the
sample bed was inserted into a quartz tube (ID 6 mm) and kept in position by two quartz wool
layers. It was then introduced into an electrically heated furnace (Watlow) and two
thermocouples (type K) were present in the system to control and monitor the temperature in
two different positions (the controlling thermocouple is downstream under the second quartz
wool layer and the monitoring thermocouple is upstream, close to the upper surface of the bed)
and the temperature-protocols were set on the thermoregulator (Omron) with CX-Thermo
software and a purpose-built MATLAB executable program. The temperature used to plot the
H> or O» consumption profiles was the one measured upstream with the monitoring
thermocouple, as it better approximate the real bed temperature and it is more sensitive to
thermal effects caused by the heat of reaction. The monitoring temperature reported in the plots

was also corrected for the dead-volume between the thermocouple position and the gas-analysis

detector with the following correlation: T = Tpeqs + (VL), in which Ty, = temperature
tot

measured by the thermocouple, § = heating rate, V; = tubing volume and V,,,= total volumetric

flowrate. A pressure transmitter (MPX coupled with a PicoLog data logger) with a range of 0-

500 mbar was also added before the reactor inlet to continuously measure the pressure drop

along the reactor, as an indication of macro-agglomeration phenomena during the reaction.
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Before the analysis section, a homemade silica-gel and zeolite traps (volume < 1 cm®) were
added to remove the water produced during the reducing cycles. The measurement of H> and
0> consumption was performed with a thermal conductivity detector (TCD) and O> chemical
sensor (Alphasense O2-C2) respectively. The TCD (from Agilent 6890 HP) was optimized to
have a high analysis frequency (1 Hz) as the reactor outlet was directly conveyed into the
detector without any previous separation with packed columns. Using this strategy, a fast and
sensitive identification of transient effects during the reaction was possible and the same
measurement frequency was obtained in the oxidation stage with an oxygen sensor. The same
experimental protocol was kept for all the tests (inert pre-treatment to desorb water and/or
contaminants at 200°C for 30 min with Ar, isothermal oxidative pre-treatment at 250°C
achieved at 5°C/min, 5%0,/Ar with 50 Ncm?/min) H, reduction and O oxidation with ramping
temperature at fixed heating rate) and repeated in the case of long-term performance
experiments. The selection of an inert bed dilutant was based on its thermal conductivity to
investigate the thermal effects associated to both reactions and thus silicon carbide (SiC) was
chosen. Surface morphology was examined with an Environmental Scanning Electron
Microscope (ESEM) Fei-Quanta 200 (CEASC, University of Padova) equipped with Back-
Scattered Electron Detector (BSE).

Results and Discussion

The parametric sensitivity experiments evidenced that the reactivity for the unsupported CuO
reduction with H» and its sequent reoxidation with O is strongly affected by the experimental
parameters, which determine the kinetics, mass and heat transfer and macroscopic solids
modifications (agglomeration). Here we deepen the effects of different and combined sample
pre-treatments (inert or oxidative) with non-reactive thermal treatments and linked with H»/O>
consumption profiles with pressure drop and temperature gradient measurements. Also,
sequential reduction and oxidation cycles were performed to correlate the loss in reactivity
typical of unsupported metal oxide with variations in morphological features, with and without

bed dilution.

Effect of non-reactive gas flow

The dramatic morphological modifications of the bed, mainly ascribed to TPR, may be

supported by local overheating, due to the reaction. The contribution of temperature alone, and
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its cycling up and down from RT to 500°C, on the bed morphology and its variation was
assessed with thermal cycles under an inert gas flow. This has been achieved by monitoring the
pressure drop across the CuO bed, both during the thermal cycles and at ambient temperature
to identify the step (just thermal cycle in inert gas, or the reduction, or the oxidation) mainly
responsible for the bed agglomeration. The features of the initial CuO bed are reported in Table
1.

Table 1: CuO sample features used to study the effect of non-reactive flows.

Parameter Symbol Unit of measure Values
Mass ms [mg] 203
Particle size range dy [wm] <45
Bed height Hoed [mm] 6
Bed volume Vbed [cm?] 0.284

The experimental protocol consists of a pre-treatment of the sample (thermal cycle under inert
flow and a subsequent cycle with an oxidizing mixture), followed by a single TPR-TPO cycle,
3 heating and cooling cycles under inert flow and one additional TPR-TPO cycle. All cycles’

parameters are listed in Table 2. The total duration of the experiment is 48 h.

Table 2: Details of the experimental protocol to investigate the effect of non-reactive flows. (TPX-# = number of
the sequential reduction or oxidation cycle, yr = reagent (H: or Oz) concentration, f = heating rate, Tp, = final

temperature after the heating ramp, t;= time at Tp,).
The total volumetric flowrate, Vo, is constant in all steps at 100 Ncm?/min,

Inert Reagent yr B Tfin ts

[-] [-] [%] [°C/min] [°C] _[min]
Pre-treatment (inert) Ar - - 5 200 30
Pre-treatment (oxidative) Ar 0, 10 5 250 60
TPR-1 Ar H; 10 2.5 500 0
TPO-1 Ar 0O 10 2.5 500 0
Inert cycle Ar - - 2.5 500 0
Inert cycle N - - 2.5 500 0
Inert cycle Ar - - 2.5 500 0
TPR-2 Ar H; 10 2.5 500 0
TPO-2 Ar 0 10 2.5 500 0

The macro- and microscopic (SEM) appearance of the fresh CuO bed is shown in Figure 1. It
is worth noting that some of the grains stuck to the internal wall of the quartz tube and were
caught by the upper quartz wool bed when it was assembled. A detail of the particle shape and

size, provided by SEM, is also shown in Figure 1; the particles used in this test were
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predominantly flaky, almost flat, with sharp spikes at their edges, but grains of smaller size with
rounded edges are also present. The high polydispersity of the sample suggests that the resulting
bed packing must be much higher than spherical particles.

(

Figure 1: (a) Appearance of the fresh CuO bed in the reactor and (b) SEM analysis of the fresh CuO powder.

The pressure drop variation with the gas flow was measured across the whole process line
(reactor, up- and downstream tubing, and quartz wools) without any CuO, with an inert gas
(Ar), by changing the total volumetric flowrate. This procedure was repeated when the reactive
CuO bed was loaded inside the reactor. The measurements were fitted with a quadratic function
AP() = aV + bV, for both cases, to determine the functions APy, (V) and APjinespeq (V).
The pressure drop produced only by the reactive bed AP,.4(V) at room temperature was

calculated by difference:
APyeq (V) = APynerpea(V) — APy (V), T = 20°C Equation 1

The bed porosity was estimated comparing the fitting parameters a, b with the Ergun relation,
Equation 2. The first term indicates the pressure drop variation in laminar regime, while the

second term is related to the turbulent regime.

AP, v (1—¢gp.4)> v: 1—¢ .
bed _ 150 ._2.%4_ 1.75'p'—'# Equation 2
Hpea dp €bed dp  Epeq

where Hp.,= bed height, &,.4= bed porosity, u= gas dynamic viscosity, v = superficial gas

velocity, d,, = equivalent particle diameter and p = gas density [8]. Bed features used in

43



Equation 2 are reported in Table 1, and pure Ar was used for the gas properties calculation [9].
The actual mixtures are different along the experiment (H»/Ar for reduction and O/Ar for the
oxidation), but the deviation is small as the gas mixture is very diluted. Particles were
approximated as spherical and mono-dispersed with 45 um as average diameter, implying an
underestimation of bed porosity as the actual particle size and shape distribution, Figure 1, is
quite distant from this premise. Even within the limits of this assumption, the calculated bed

porosity is relatively small (gpeq = 0.304).

The pressure drop variation with temperature, AP,.4(T) was calculated performing a heating
cycle with 100 Ncm?/min of Ar and increasing the temperature up to 500°C at 2.5°C/min, both
in the empty reactor and with the CuO bed, before any TPR or TPO. This allows to determine

the bed pressure drop during the thermal cycles using Equation 3.

APpeq(T) = APjinesbed(T) — APy (T), Vtot =100 Ncm3/min Equation 3

After fitting the functions representing the line pressure drop AP, (V) and AP}, (T), the inert
and oxidant pre-treatments have been run in sequence using the parameters reported in Table
2. The pressure drop across the bed during these thermal cycles exhibited linear behavior, and
no anomalies (i.e., pressure drop reductions) were detected. The procedure to calculate the bed’s
porosity with the function APj;,, (V) and Equation 2 has been repeated after both pre-
treatments, obtaining a value of &,,4 = 0.304 for both cases. It is then concluded that pre-
treatments, either with inert or oxidative mixture, up to 250°C, did not affect the bed structure.
The results of the following TPR, along with the pressure drop in the bed as the analysis was
performed, are shown in Figure 2, whereas Table 3 reports the characteristic values derived by

the plot, along with the quantification of the total hydrogen consumed during the reduction.
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Figure 2: Hydrogen consumption and pressure drop through the bed during TPR-1. Conditions as in Table 1.

Table 3: Relevant calculated parameters for TPR-1.

TPR number Tact Tpeak,1 Secondary Ts Peak range %5’ cao
[-] [°C] [°C] peak(s) [°C] [°C] [%]
1 158 233 v 204, 266, 276 142 87.2

As the data shows, with the selected parameters m;, V,,, and yr multiple peaks in the hydrogen
consumption profile are observed. Moreover, the pronounced decrease of the bed pressure drop
(already at T =220°C) clearly indicates that the bed agglomerated during the reduction. Closely
observing the APy, (T) profle, there are indications that the catalyst bed starts agglomerating
soon after the reaction begins (T = 190°C), as a slight but noticeable decrease in pressure drop
is detected. As the reaction proceeds the agglomeration continues, and when the pressure drop
falls dramatically (T = 220°C), a by-pass for the gas is evidently created. The conditions for the
application of Equation 2 following the merging of individual particles do no hold anymore,
and the estimation of the porosity through the Ergun equation cannot be obtained. As discussed
in the section CuO reduction at constant characteristic number P, the presence of multiple
peaks could not be a chemical effect, connected with the reduction mechanism, but just the
result of the agglomeration that has been identified at T = 220°C: this process would indeed
enallage the effective ‘particle’ size, produce a layer through which the hydrogen needs to
diffuse before reacting with the underlying oxide, adding a delay to the hydrogen consumption
curve, which is indeed observed at T =220°C. Further, gas by-pass manifest as drops in the H>
consumption profile. One possible hypothesis for the onset of the secondary peak observed
around T = 270°C could be a sudden physical re-arrangement of a small portion of the bed,

where the gas passage was previously impossible. In this way some of the least reduced particles
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would become exposed to the gaseous reagent, increasing the rate of reaction. On the other
hand, an inhomogeneous temperature distribution inside the sample, possibly caused by the
local reaction exothermicity or by an uneven heat distribution in the system due toa poor heat
transfer in an inhomogeneous bed, could also be the cause for the multiple peaks. In this case a
higher rate of reaction would be experienced by the hotter zones, leading to an increase in the
hydrogen consumption. In parallel, the colder zones would react later, resulting in delays in the
peak and the creation of secondary peaks, as was observed in this case. The degree of reduction
provided by the quantification (i.e., %@ ¢yo in Table 3), indicates that the bed has not reduced
completely: because of that, some cuprous or CuO are expected to still be present in the reduced

sample, apparently inaccessible to H» just because of the bed restructuring and agglomeration.

The results of the following TPO are shown in Figure 3 and Table 4. The pressure drop through
the bed is quite low, which suggests an irreversible packing of the bed during the previous TPR,
to which channeling is associated. Three peaks seem to be present in the oxygen consumption
curve (i.e., a mechanism of reaction comprised of three steps is likely). As the shape of the
profile indicates, the oxidation of the bed has also been carried out during the cooling process,
and ended at T = 460°C. The degree of oxidation resulting from the quantifications suggests
that the Cu effectively produced by the TPR-1 has been oxidized completely, as its value is
comparable (+0.2%) to the previous TPR degree of reduction. The result confirms that
oxidation cycles after a reduction cycle inevitably operate on a modified solid, that cannot be

reversed to its original, particle bed arrangement.
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Figure 3: Oxygen consumption and pressure drop through the bed during TPO-1. Conditions as in Table 1.
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Table 4: Relevant calculated parameters for TPO-1.

TPO number Tact Tpeak,1 Tpeak2 %nguo
[-] [°C] [°C] [°C] [%]
1 155 250 415 87.4

The following three thermal cycles have been carried out under inert flow. Figure 4 reports the
raw pressure drop registered by the pressure transmitter rather than the APy,4(T). They differ
markedly depending on the inert gas used (argon and nitrogen), as expected. The viscosity of
Ar is approx. 1.3 times the one of Ny, resulting in a higher pressure drop. Also, keeping the
same volumetric flow rate in all tests, imply that the velocity for gases of different molecular
weights is not the same. However, having measured similar pressure drops during the first and
third cycles, both carried out using argon as an inert, suggests that these cycles do not further
modify the macroscopic structure of the catalyst, even reaching 500°C for 3 times. Still, the bed
structure was already modified by TPR-1 and results of Figure 3 suggest that thermal treatment

cannot reverse the agglomeration caused by the reduction.

25 T T T T

1st cycle - 100 Necm®/min Ar
2nd cycle - 100 Nem®/min N2
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Figure 4: Pressure drop through the bed during three inert cycles. Conditions as in Table 1.

After the thermal cycles under inert conditions, a second TPR has been performed, with results
presented in Figure 5 and in Table 5. Differently to what observed during the first reduction
cycle, only one peak is obtained in the second cycle, on an agglomerated bed. In this case the
reaction starts at a lower temperature, possibly because some structural defects have appeared
during the first cycle. Indeed, the formation of these more active sites lowers the induction time

for reduction (i.e., the reaction starts at lower temperatures) [10].
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Figure 5: Hydrogen consumption and pressure drop through the bed during TPR-2. Conditions as in Table 1.

Table 5: Relevant calculated parameters for TPR-2.

TPR number Tact Tpeak,1 Secondary Ts Peak range  %g’Cio
[-] [°C] [°C] peak(s) [°C] [°C] [%]
2 146 228 - - 124 75.6

Conversely, the decrease of the surface area due to previous agglomeration of the sample lowers
the reaction rate when T < 180°C, increasing diffusion limitations and thus producing a single
peak. Moreover, since the secondary peak appearing at T = 270°C in TPR-1 does not show in
this cycle, a further bed rearrangement likely did not happen. Two inflections in AP} .q(T)
indicates the transition between laminar, intermediate and turbulent flow caused by preferential
pathways close to the reactor walls and thus the APy, function is no more linearly dependent
with the velocity. The calculated degree of reduction is further reduced, compared to the one in
the first TPR (-11.6%): therefore, some copper oxides are expected to still be present in the
sample, while other, produce by the TPO-1, could not be reduced, perhaps by further solids
restructuring during TPR-2.
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Figure 6: Oxygen consumption and pressure drop through the bed during TPO-2. Conditions as in Table 1.

Table 6: Relevant calculated parameters for TPO-2.

TPO number Tact Tpeak,1 Tpeak,2 %:;,e&quo
[ [°C] [°C] [°C] [%]
2 155 220 500 72.3

The results of the following TPO are shown in Figure 6 and in Table 6. During TPO-2 a rection
mechanism consisting of two step occurs as well, in which the first peak appears at nearly the
same temperature as TPR-1, while the second peak develops at a higher temperature, and the
oxidation process is also carried out during cooling. Since this gap between peaks increases as
more cycles are performed, and during every reduction the sample is subjected to further
agglomeration, it is suggested that a correlation between these two phenomena could hold. The
subject will be explored further in Chapter 4. The oxidation degree for TPO-2 is slightly lower
than the degree of reduction for the previous TPR (-3.3%): as a result, some CuO or elemental

Cu are expected to still be present in the sample.

As every thermal cycle completes, a scan of different argon flowrates through the reactor, at
ambient temperature, have been carried out, and the corresponding pressure drops have been
registered. APpgq (V) has been calculated using Equation 1, the points have been fitted using a

quadratic function, and the results are shown in Figure 7.
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Figure 7: Pressure drops through the bed after each thermal cycle.

Note that this plot does not report APy, (V) before TPR-1, since only a punctual value was
available for the comparison (namely, AP,,;(100 Ncm3/ min Ar) = 93.3 mbar after the inert
pre-treatment and AP,,;(100 Ncm3/ min Ar) = 92.8 mbar after the oxidant pre-treatment).
Considering these values, it is seen that the higher pressure drop decrease between cycles is
found immediately after TPR-1, for which at V,,=100 Ncm?/min the difference is of
approximately 91 mbar (-99%!): this supports the previous conclusion that the main, dramatic
agglomeration happened during TPR-1. Moreover, the plots show that a further agglomeration
occurred during TPR-2, since the APp.4 (V) are even (slightly) lower than the ones registered
after each inert cycle. That explains also the further loss of efficiency in TPR-2.

After all cycles described in Table 2 were concluded, the testing tube was extracted from the
oven and observed, Figure 8. It appeared as a solid cylinder and showed a remarkable axial
shrinkage of approx. 1 mm coupled with a comparable lateral shrinkage. According to the

analysis above, this structure had been attained during TPR-1.

Controlling

Monitoring E, el =
) o s thermocouple

thermocouple

Figure 8: Sample appearance in the testing tube, after the complete cycles described in Table 2.
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The sample has then been further analyzed by Scanning Electron Microscope; representative

images are reported in Figure 9, together with the fresh particles.

Figure 9: SEM images of (a) the fresh CuO powder used in the sample, b) the oxidized sample surface after all
the cycles, (c) a breakage of the external shell and (d) the internal structure.

As suggested by the sudden drop of hydraulic resistances of the bed during reduction, Figure 2,
the particles have agglomerated and their edges have been rounded, clearly shown by the
comparison between Figure 9.a and Figure 9.b. Still, some fibers can be observed on top of the
agglomerated surface, clearly shown in Figure 9.b, which may compensate for the surface area
decrease caused by the agglomeration process. According to the SEM images, and specifically

Figure 9.c, the reduction of the oxide caused a sort of local melting, that created a shell,
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enveloping other oxide particles, likely shielding them to further exposure to H>, and then
reduction. The breakage of the external layer of the agglomerated sample (Figure 9.c and Figure
9.d), whose thickness was about 1um, reveals indeed some inner particles, partially reacted;
their edges are smoother than the fresh sample ones, and did not completely merge, in the

process.

Pre-treatment variation

The conclusion of the previous combined test is that agglomeration takes place during TPR-1.
Now the question is whether the former pre-treatment of the sample may contribute to such an
evolution during the following TPR. We planned and carried out a test with the purpose of
investigating the effect of a pre-treatment consisting only of a thermal cycle under inert flow,
on both the agglomeration phenomenon and the peak shape. The same sample amount
previously used, discussed in section Effect of non-reactive flow, has been used to perform the
new test, so that the sample’ characteristic and appearance remain consistent with the ones
reported in Table 1. The plan for the test is summarized in Table 7; it includes a pre-treatment
of the sample under inert conditions, followed by a single TPR-TPO sequence.

Table 7: Details of the experimental protocol fo investigate the effect of an inert pre-treatment. Yr = reagent (H>

or O3) concentration, § = heating rate, Tp, = final temperature after the heating ramp, t,= time at Tgy,).
The total volumetric flowrate, Vyo, is constant in all steps at 100 Nem®/min

Cycle Inert Reagent YR B Tfin ts
[-] [-] [-] [%] [°C/min] [°C] _ [min]
Pre-
treatment 1 Ar - - 5 200 30
(inert)
TPR 2 Ar H» 10 2.5 500 0
TPO 3 Ar 0O 10 2.5 500 0

As in previous experiments, the AP, (V) at ambient temperature and APj;,.(T) @ 100
Nem?/min Ar flowrate were determined, before loading the CuO catalyst into the reactor.
Subsequently, APp.q4 (V) and the APy, (T) could be determined, as explained in section Effect
of mnon-reactive flow, to finally estimate the bed’s initial porosity. The resulting value,
€pea=0.296, indicates that the bed packing was slightly higher than the bed used in section
Effect of non-reactive flow.

TPR results are reported in Figure 10.a and Figure 11, and TPO in Figure 10.b.
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Figure 10 Reagent consumption and pressure drop for CuO a) reduction with H b) reoxidation with O; .
Conditions as in Table 7

Table 8: key parameters for CuO a) reduction with H>, b) reoxidation with O;. Conditions as in Table 7.

a) b)
Peak o/.cons oyT€9
Tact Tpeak,l Secondary Ts range A)olcuo Tact Tpeak,l Tpeak,Z Ts A)O,Cuo
[°C] [°C] peak(s) [°C] [°C] [Yo] [°Cl [°C]  [°Cl [°C]  [%]
175 268 v 28 125 81.9 160 205 460 425 877

As in the TPR-1 of the previous test (section Effect of non-reactive flow), the bed has
agglomerated. The dramatic drop in the measured APp,;(T) curve confirms that the reduction
process is responsible for the agglomeration. Contrary to the previous experiment, though, the
hydrogen consumption profile shows two peaks instead of four: this suggests that the formation
of the last two peaks in the previous experiment could be due to the different pre-treatment
conditions or by random phenomena happening with the rearrangement of the bed, which
cannot be consistently reproduced. The double-peak shape could be explained by the same
processes by the bed rearrangement that creates several structural phases, exposing different
portions of materials and generating uneven reduction process on the surface. The degree of
reduction is unexpectedly low if compared to the previous TPR (-5.3% with respect to TPR-1
of section Effect of non-reactive flow) which was executed under similar conditions: this could
have been caused by experimental errors, as in this particular experiment the TCD signal was
quite noisy, or by the absence of the oxidant pre-treatment. However, this last hypothesis seems
unlikely, as the high sample purity should have allowed to start with an almost completely
oxidized sample, even without an oxidating pre-treatment as in the last test. It is interesting to
notice that the axial temperature gradient obtained as described in section Pressure drop and

thermal effects (i.e., by subtracting the monitored temperature, upstream, from the controlling
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temperature, downstream) follows the hydrogen consumption profile quite closely, as shown in

Figure 11.
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Figure 11: Hydrogen consumption and temperature gradient during TPR-1.
Conditions as in Table 1 and Table 7.

Since thermal peaks are delayed with respect to hydrogen consumption ones, we speculate that
the temperature rise in the sample is a consequence of the reaction exothermicity, rather than
being the cause of the double-peak profile in the hydrogen consumption curve.

As shown by the data, the TPO-1 carried out on the sample presents two distinct peaks.
Although AP is much lower, due to the agglomeration that took place in the former TPR, small
rearrangements can be observed after each peak, more evident at higher temperature. They
indicate additional modifications of the bed, in the direction of a further agglomeration, leaving
an easier path for the gas. The degree of oxidation is higher than the preceding TPR’s degree
of reduction (+5.8%). As it will be mentioned in section Sequential reduction-oxidation cycles
— no bed dilution, a possible explanation for such a mismatch could be the formation of a small
quantity of copper peroxide, but in this case an underestimation of the hydrogen consumed

during the previous TPR appears more likely, since the values of %g’¢y;o agrees with the first

TPO quantifications reported in the former test, described in section Effect of non-reactive flow
(+0.3%). To examine whether the absence of an oxidative pre-treatment could have influenced
the bed structure, and to confirm the correlation between the reduction process and the catalyst’s
agglomeration, the bed pressure drop as a function of flowrate, AP, 4 (V), has been calculated
by measuring several flowrates and correlating it with Equation 1 before and after the pre-
treatment, and after the first TPR. The experimental measurements, along with their fittings,

are shown in Figure 12.
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Figure 12: Pressure drop variation before and after the pre-treatment, and after the TPR-1.

As the plot shows, the pressure drop generated by the bed is dramatically lower when measured
after the reduction process, proving that the agglomeration of the bed happened during the TPR
cycle. On the other hand, the inert pre-treatment is also responsible for some bed rearrangement,
leading to some shrinkage of the bed, as the corresponding measured pressure drop is lower
than the one measured before the pre-treatment. If the values obtained feeding 100 Nem?/min
Ar are to be taken as a reference, a difference of 20 mbar between the value before and after
the pre-treatment is measured. The corresponding value for the previous test was of
approximately 1 mbar. If these values are related to the total decrease in the pressure drop before
the pre-treatment and after the TPR, in the first case the pre-treatment contributes for 15.5% of
the total pressure drop, while in the second case this contribution is only 1.7%.

Considering these results, it is concluded that the pre-treatments marginally affect the bed

agglomeration, which remains concentrated in the reduction phase.

As with the previous tests, the sample has been visually inspected at the end of the protocol.
The catalyst shrinkage was evident, leading to a final bed height of less than 1 mm; all the

individual grains merged and were covered by a layer of black copper oxide (Figure 13).

Trapped CuO Cupric oxide bed

Figure 13: Bed appearance after all the reaction cycles.
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Furthermore, the sample has been analyzed by SEM; the most significant images are reported
in Figure 14. Figure 14.a shows the oxidized sample surface still retained a granular-looking
appearance, although the particles have visibly merged, and their external surface has been

smoothed.

200 ym

Figure 14: SEM image of (a) fresh sample surface, (b) magnification of the external surface after all the
reaction cycles and c) enlargement on a broken protuberance after the reaction cycles.

A further magnification allows to identify fibers of approximately 100 nm of diameter on the
sample surface, as reported in Figure 14.b. Since they seem to be present in higher number
compared to the two other cases (see Figure 9.a and Figure 9.b), it could be concluded that their
number and length decrease as more reactive cycles are conducted. A detailed investigation on
the formation of superficial nanostructures is reported in Chapter 5. In addition to the fibers,
distinct bumps are also found, as the focus of Figure 14.c reports; the breakage of one of them

showed that a shell formed even after a single redox cycle. This layer, which is approximately
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0.6 um thick, covered the remaining particles, which still retained a granular aspect. Since
Figure 9.d established that the thickness of this layer was of approximately 1 um after two redox

cycles, further hindering the inward diffusion of the reagent.

Conclusions

Heat effects play a relevant, underestimated effect. The addition of an inert, highly heat-
conductive bed dilutant (SiC) promoted the CuO reduction to Cu at higher H> concentration,
i.e. both favouring the kinetics, levelling out temperature gradients in the sample, reducing the
diffusive limitations as soon as Cu nuclei are formed on the surface of the unreacted CuO and
delaying agglomeration phenomena.

The loss in reactivity cause by physical phenomena, such as agglomeration, was further
analysed to clearly identify the responsible process (reduction, oxidation or thermal/non-
reactive cycle) or pre-treatment (inert, oxidative) for such decrease. Pressure drop was
continuously monitored during all the reaction steps and superimposed to the reaction profiles
to find a correlation between them. It was proven that when unsupported CuO is reduced to Cu
in a reducing mixture (H»/Ar) pressure drop falls drastically in correspondence to the highest
H> consumption (reduction peak) and agglomeration could be attributed to this process, while
the contribution of other pre-treatment/reaction step is negligible. SEM analyses of the spent
CuO sample show great variations from the initial morphology, as a bulky layer covers the
particles and copper oxides nanostructures are created in the surface. The formation of this layer
is ascribed to the reduction step as soon as the pressure drop decreases, preventing further H»
or O, diffusion and thus shifting the reduction peak to higher temperatures and/or showing
multiple peaks. In most cases, the degree of reduction and oxidation was <100%, suggesting

that mass-transfer limitations were influencing the activity as soon as the reaction activates.
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Nomenclature

dp
APpeq
APline

APjinesped

Hbed
ms
T
Tact
Tin
Tpeak
Tpeak, 1

Tpeak,Z

YR

0/.coONs
/OO,CuO
o.Teg

/OO,CuO

Greek letters:

€ped

Acronyms:
BSE

EDS
(E)SEM
PGM
TCD

= Particle diameter

= Pressure drop of the bed
Pressure drop of the line

= Pressure drop of the line (tubing) and bed

= Bed height

= Sample mass

= Temperature

= Activation temperature

= Final temperature

= Temperature of the peak

= Temperature of the first peak

= Temperature of the second peak

= Temperature of the shoulder

= Soak time

= Bed volume

= Superficial gas velocity

= Volumetric flowrate

= Total volumetric flowrate

= Volume tubing

= Reducing gas volumetric percentage

= Degree of reduction

= Degree of oxidation

Heating rate
Bed porosity
Dynamic viscosity

Density

Back-Scattered Electron Detector

Energy Dispersive X-ray Spectrometry
(Environmental) Scanning electron microscope
Platinum-Group Metal

Thermal conductivity detector
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TPO = Temperature programmed oxidation
TPR

Temperature programmed reduction
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Chapter 4

Sequential reduction-oxidation cycles on CuO/Cu
redox couple

Abstract

Long-term reactivity was investigated with 11 sequential TPR-TPO experiments and a
progressive loss in activity was visible from the degree of reduction/oxidation, decreasing from
100% in the 1%t cycle to 15% in the 11™ cycle. Furthermore, one single step is present after the
5" reaction cycle in the Oz consumption curve indicating a strong bed restructuration limiting
the second step in the oxidation mechanism (from Cu2O to CuO). SEM analyses and pictures
of the fresh and spent samples are a further proof of the different morphological status. The
presence of multiple peaks in the reduction profiles (one-step mechanism) is another evidence
of a non-uniform reaction progress and a crucial role could be ascribed to an uneven
temperature distribution together with physical phenomena. However, axial temperature
measurements showed that the additional reduction peaks are not cause by thermal effects in

the reactive bed but uniquely to the sample agglomeration, increasing diffusive-type limitations.

Introduction

Metal oxides and the reduction to the corresponding metals have emerged as prominent active
compounds in heterogenous catalyzed reactions, covering a large variety of industrial and
environmental processes. A crucial feature of metal oxides when exposed to reducing and
oxidizing mixtures, e.g. acting as oxygen carrier for chemical-looping processes [26], is the
preservation of reactive performance after multiple cycles. During the development of new
suitable materials for sequential redox loops, attention must be paid not only to the activity in
one reaction cycle but also in long-term response. Specifically, Cu?*/Cu is an appropriate redox
couple to be selected as principal component of oxygen donor thanks to its favorable properties
(oxygen transport capacity, high reaction rates towards reduction and oxidation, lower cost and
environmental issues [26]). However, CuO/Cu has a higher tendency to agglomerate and sinter
at high temperatures [27], inevitably decreasing the reactivity, and thus strategies must be

identified to avoid or reduce the agglomeration contribution. The identification of suitable
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supports (a and y-AlLOs;, MgALOs, NiAlO4) on which specified CuO amount must be
efficiently dispersed [28,29] and the synthesis method (mechanical mixing, wet-impregnation,
co-precipitation) [26] should be optimized by thoroughly analyzing the correlation between
activity and properties and using the information obtained in the process scale-up stage.

In this work, long-term performance of CuO/Cu system was investigated through 11 TPR-TPO
cycles and the appearance of multiple peaks was tentatively correlated with an uneven

temperature distribution in the reactive bed or agglomeration

Materials and methods

The sequential reduction and oxidation cycles on CuO (Alfa Aesar, 99.995%) were carried
using pure gases (Hz, O, Ar) connected to mass-flowmeters (Brooks and Bronkhorst High-
Tech) through which the desired inlet composition was achieved. Before entering the reactor,
the gas feed went through an automatic four-way valve (VICI Valco, Figure 1 in Chapter 1) to
optimize the reaction protocol, ensure the total separation between the reducing and oxidizing
atmosphere in CuO cyclic experiments. The valve switch between the two positions and mass-
flowmeters operation were controlled though purpose-built MATLAB executable programs.
The reactive section could be approximated to a plug-flow reactor, in which the sample bed (~
2 — 5 mm) was inserted into a quartz tube (ID 6 mm) and kept in position by two quartz wool
layers. It was then introduced into an electrically heated furnace (Watlow) and two
thermocouples (type K) were present in the system to control and monitor the temperature in
two different positions (the controlling thermocouple is downstream under the second quartz
wool layer and the monitoring thermocouple is upstream, close to the upper surface of the bed)
and the temperature-protocols were set on the thermoregulator (Omron) with CX-Thermo
software and a purpose-built MATLAB executable program. The temperature used to plot the
H> or O consumption profiles was the one measured upstream with the monitoring
thermocouple, as it better approximate the real bed temperature and it is more sensitive to
thermal effects caused by the heat of reaction as it is closer to the bed surface. The monitoring

temperature reported in the plots was also corrected for the delay between the thermocouple

and the gas-analysis measurements with the following correlation: T = Tyeqs + ,6’(‘./i in
tot

which: T= temperature value corrected from the delay and used in the plots, Tieqs =
temperature measured by the thermocouple [°C], [ = heating rate [°C/min], V; = tubing volume

[cm?] and V,,= total volumetric flowrate [Ncm?®/min]. A pressure transmitter (MPX coupled
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with a PicoLog data logger) with a range of 0-500 mbar was also added before the reactor inlet
to continuously measure the pressure drop along the reactor, as an indication of macro-
agglomeration phenomena during the reaction. Before the analysis section, a silica-gel or zeolite
traps (volume < 1 cm?) were added to remove the water produced during the reducing cycles.
The measurement of H> and O» consumption was performed with a thermal conductivity
detector (TCD) and O chemical sensor (Alphasense O2-C2) respectively. The TCD (from
Agilent 6890 HP) was optimized to have a high analysis frequency (1 Hz) as the reactor outlet
was directly conveyed into the detector without any previous separation with packed columns.
Using this strategy, a fast and sensitive identification of transient effects during the reaction
was possible and the same measurement frequency was obtained in the oxidation stage with an
oxygen sensor. The same experimental protocol was kept for all the tests; it was 1) an inert pre-
treatment to desorb water and/or contaminants at 200°C for 30 min with Ar, 2) isothermal
oxidative pre-treatment at 250°C achieved at 5°C/min, 5%0O,/Ar with 50 Ncm?/min), 3) H,
reduction followed by 4) O> oxidation with ramping temperature at fixed heating rate and
repeated for 11 cycles. The selection of an inert bed dilutant was based on its thermal
conductivity to investigate the thermal effects associated to both reactions and thus silicon
carbide (SiC) was chosen. Details of the test conditions, experimental parameter values and

thermal properties [7,18,19] are reported in Table 1.

Table 1: Thermal properties of CuO, Cu:0, Cu and SiC (cp=specific heat capacity, A=thermal conductivity,
Tn=melting temperature).

Material [m?g’/lq [W/I)Il/K] [T(':n]
Cu0 705 6 1326
Cuz0 489 45 1235

Cu 460 350 1085
SiC 675 490 2730

Results and Discussion

The test carried out so far suggest that reduction and oxidation are not reversible, but the sample
redox history determines the future behavior, under oxidizing or reducing atmosphere. To
further elaborate on the concept, we carried out a longer series of cycles, alternating reduction

and oxidation on the same sample. The investigation is useful both to clarify the limitation of
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the TPR and TPO as analytical techniques, and to explore the technology of CLC, where the
same solids must go through several such cycles.

The experimental protocol for each reduction-oxidation cycle is the same used in the parametric
sensitivity (described in section Materials and methods and Table 2 and Table 3). Now the
initial CuO sample was not removed from the reactor after the first reoxidation as it was tested

for 11 reduction-oxidation cycles.

Table 2: CuO sample features used in redox cyclic experiments.

Parameter Symbol Unit of measure Values
Mass ms [mg] 50
Particle size range dy [wm] 250-300
Bed height Hyed [mm] 2
Bed volume Vied [em?] 0.071

Table 3: Details of the experimental protocol to investigate the effect of sequential TPR-TPO cycles. (# =
number of cycles, yr = reagent (H, or O3) concentration, § = heating rate, Ty, = final temperature after heating
ramp, ts= time at Tgp).

The total volumetric flowrate, Vyy is constant in all steps at 50 Nem?/min,

4 Inert Reagent YR B Ttin ts
[ [ [%] [°C/min] [°C] [min]

Pre-

treatment 1 Ar - - 5 200 30
(inert)

Pre-
treatment 1 Ar O, 5 5 250 60
(oxidative)
Reduction 11 Ar H; 5 2.5 500 0
Oxidation 11 Ar (0)) 5 2.5 500 0

Results of the 11 reduction-oxidation cycles (TPR-TPO) are displayed as the consumed H; or

dot, . .. A
O, molar flowrate (nf,‘z’t'cons or ng ™), as a function of the monitoring temperature in Figure

1 and Figure 2; a reduction (or oxidation) peak is associated to a higher H (or O2) consumption.
Relevant quantifications data are reported in the corresponding Table 4 and Table 5, as Tuer
(activation temperature, °C), Tpearx (maximum reduction/oxidation temperature in which x is
the number of the peak if multiple peaks are present, °C), Ty (difference between Tpeur in the
n™ and n-1 cycle, °C), Peak width (range of the reduction peak temperature, °C), Shoulder
(presence of shoulder in the reduction/oxidation profiles), 7 (if present, shoulder temperature,

°C), %’tuo (percentage of O from CuO consumed with respect to the initial amount and
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assuming the complete reduction to Cu or %nguo (percentage of O regained after the oxidation

assuming the complete oxidation to CuO).
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Figure 1: Profiles for 11 sequential CuO reductions. Conditions as in Table 3.

Table 4: Relevant calculated parameters for sequential reduction-oxidation cycles (reductions).

Cycle Tact Tpeak Tonite Peak o ulder T, %Coms
mumber €l °Cl PCl e H eCl %l
1 181 260 - 111 - - 96.0
2 186 271 +11 106 - - 97.5
3 190 295 +24 149 - - 95.4
4 210 295 0 153 v 330 85.6
5 200 280 -15 130 - - 58.9
6 222 299 +19 119 - - 43.0
7 226 305 +6 119 - - 36.1
8 211 263 -42 161 v 300 31.2
9 223 315 +52 154 - - 27.0
10 217 282 -33 112 - - 19.1
11 225 312 +30 112 - - 16.0

Figure 1 shows that CuO sample’s activity decreases in subsequent cycles, as the degree of
reduction (i.e. %¢°¢y0) gradually diminishes. The only exception to this behaviour appears to
be the second cycle, for which the calculated hydrogen consumption increases from the value
obtained in the preceding TPR, see Table 4. This slight deviation from the established trend

could be due to experimental errors, or more likely to some processes occurring during the first
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TPR that modified the catalyst’s structure, allowing for an increased degree of reduction in the
bed.

In the first two cycles the catalyst’s performance is satisfactory, as the reaction activates at a
low temperature and the reduction process affects close to the totality of the bed (i.e., the degree
of reduction approaches 100%), and proceeds rapidly (i.e., the peaks are narrow). As the
catalyst undergoes subsequent cycles, however, the reactivity gradually lowers, as indicated by
higher activation temperatures and wider peaks, associated with a progressively lower degree
of reduction of the bed. From cycle no. 5 onwards, a sharp decrease in reactivity is observed.
This is reflected in the calculated reduction efficiency (-26.7% compared to the value for cycle
no. 4) and in the peak’s shape, in which the value for maximum hydrogen consumption is
greatly reduced. The profiles associated with the following cycles show a clear asymmetry,
with progressively longer tails at low temperatures, which indicates some sort of resistance in
the first stages of the reaction, likely associated with diffusion processes. This trend is inverted
in cycle no. 8, whereas cycle no. 10 has once again a symmetrical profile. Moreover, from cycle
no. 9 onwards two peaks seem to develop. These observations indicate that in these cycles a
different reaction mechanism should be investigated, which involves not only the direct
reduction of CuO to elemental Cu, but also its partial reduction to CuO [32], and the associated
diffusive limitations. A distinct shoulder is present in cycles no. 4 and 8 could be considered an
indication of the release of trapped hydrogen [33], as already mentioned in Chapter 1. Since
every TPR has been followed by a TPO, the correct hypothesis for explaining this behavior
could be deduced by analyzing the oxygen consumption profiles during the oxidation cycles,

shown in Figure 2.
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Figure 2: Profiles for 11 sequential CuO oxidation after reduction. Conditions as in Table 3.
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Table 5: Relevant calculated parameters for the sequential reduction-oxidation cycles (oxidations).

Cycle Tact Tpeak,1 Tshit 21 peak Tpeak,2 %::‘Cquo

number [°C] [°C] [°C] [°C] [%]
1 105 201 - v 318 98.2
2 131 215 +14 v 366 100.4
3 116 211 -4 v 457 93.8
4 102 223 +12 - - 80.0
5 115 217 +6 - - 49.5
6 123 221 +4 - - 35.4
7 126 224 +3 - - 26.7
8 120 226 +2 - - 25.1
9 130 233 +7 - - 19.7
10 124 227 -6 - - 18.7
11 137 229 +2 - - 14.5

Oz consumption indicates in all the cycles has a first peak, whose maximum temperature ( 7peax, 1)
always lies between 200°C and 230°C. A second peak appears in the first three cycles alone,
and its maximum temperature (7pea,2) shifts towards higher values while progressing through
the cycles, suggesting an increase of apparent activation energy. Moreover, the degree of
oxidation (proportional to the integral of the profile) decreases, from one cycle to the following
one, implying a reduced reactivity of the material.

To explain the processes behind these O2 consumption peaks, the mechanism for CuO oxidation
should be considered; the first step involves the creation of a CuO shell on the surface of the
reacting solid [49], confirmed by the detection of small quantities of CuO at the reaction onset
[34]. Subsequently, the simultaneous migration of copper ions to the inner shell interface and
the diffusion of oxygen ions through the CuO shell into the interface allows for the partial
oxidation of the core to Cu0. Finally, oxygen diffusion completes the core’s oxidation to CuO.
Since two peaks are evident in the first three oxidation cycles, it can be concluded that they

reflect the two reactions occurring in the core:
2Cu + 1/202 2 Cu20O Reaction 1

Cu20 + 1/20, = 2CuO Reaction 2
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Figure 3: Reduction and oxidation efficiencies in 11 redox cycles. Conditions as in Table 3.

An explanation of the whole process consisting of the eleven TPR-TPO cycles could be
formulated by considering the efficiencies of the redox cycles, Figure 3. During the first
reduction, some of the CuO initially present in the sample is not reduced to copper, since its
reduction degree is lower than 100%. Therefore, in this cycle either a small quantity of
elemental copper was present before the reduction started, or some copper oxides are still
present in the sample at the end of the cycle. During the following TPO, the whole sample is
expected to be re-oxidized to its original state, since its degree of oxidation is higher than the
preceding TPR degree of reduction. This behavior is then repeated in the second cycle as well.
The slightly higher degree of oxidation obtained in these cases could be due to the production
of small quantities of copper peroxide (CuO-), of which however it was not possible to verify
the presence. It can also be the positive effect of cycling reduction and oxidation to level off
uneven redox states in the original sample.

In the third cycle the trend reverses: the reduction in the TPR is incomplete, as indicated by a
degree of reduction of 95.4%, and in the following TPO the sample is not oxidized completely
either, because the cycle degree of oxidation (93.8%) is lower than the reduction degree in the
preceding step. As in the previous cycles, during the TPR some Cu»O is expected to form
instead of CuO, and some more Cu,O is expected to form in the following TPO. This pattern
of an incomplete bed reduction followed by an incomplete bed oxidation seems to repeat over
the cycles for which the degree of reduction is slightly higher than the preceding TPO degree
of oxidation. In this case, some of the Cu20 present in the bed could have reduced again to

copper, thus consuming more hydrogen than what could have been predicted by the preceding
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TPO degree of oxidation. Since a substantial decrease in the TPR performances is observed in
cycle no. 5 (-21.6% with respect to the preceding TPO), while the TPO degree of oxidation in
cycles no. 4, 5 and 6 does not decrease significantly compared to the preceding degree of
reduction, it is suggested that the sharp decrement in the efficiencies from cycle no. 5 onwards
lies in some phenomena happening during the fifth TPR. Therefore, if this test involving
cyclical TPR and TPO is to be repeated in the future, a sample characterization before and after

the decrease in efficiency is suggested.

Once the eleventh and last TPO cycle had finished, the sample has been removed from the
reactor and analyzed. Its appearance is shown in Figure 4. The catalyst’s shrinkage was evident,
leading to a final bed height of less than 1 mm; all the individual grains merged and were

covered by a layer of black copper oxide.

Figure 4: Spent CuO bed after 11 redox cycles.

The oxidized sample has been observed with SEM, as shown in Figure 5. The resulting images
showed that most of its surface was smooth and covered by short fibers, but scattered across it
were granules and bumps, as shown in Figure 5.a. The flattening and smoothing of the surface,
which is shown in Figure 5.b, was probably due to the agglomeration of particles combined
with the high number of reaction cycles. The breakage of one of the protuberances, shown in
Figure 5.c, revealed that the external smooth layer has a thickness of approximately 3 um,;
below, an inner porous structure with a pore diameter of 200~800 nm is present. Having also
found a similar structure under the external smooth surface, which from Figure 5.d seems to be
collapsed in some places (probably during the extraction of the sample from the reactor),

suggests that the sample is surrounded by a shell under which a nano-porous structure lies.
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An EDS (Energy Dispersive X-ray Spectrometry) analysis reports that under the surface of the
sample different compositions of copper oxides prevail, with small quantities of impurities
(Si0; and CaO, belonging either to the sample or to supporting quartz wool). Furthermore, a
quantitative analysis showed the presence of 61.90% Cu and 32.35% atomic oxygen (1.91:1
ratio), which suggests that the sample is composed mainly (approx. 90%) of CuxO.
Unfortunately, neither the cycle number nor the process (i.e. TPR vs TPO) during which this
structure first formed could be known from these analyses, but starting from the moment in
which this structure emerged the diffusive resistance associated with the shell should be

considered as part of the reactive process.

Figure 5: a) Back-scattered SEM image of the sample surface after 11 TPR/TPO cycles, (b) SEM image of the
sample surface, c) magnification of sample surface and d) focus on the structure under its surface.
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Sequential reduction-oxidation cycles with bed dilution

The presence of large temperature gradients in the reactive bed was proved with different
measurements and experiments (See Chapter 2). Accordingly, the addition of SiC as an inert
material with high thermal conductivity was deemed useful to lower the gradients. The role of
SiC is to increase the heat propagation among the particles, thus reduce thermal gradients in the
bed; further, it can reduce or even preventing bed agglomeration. The selected dilution ratio
was 1:1 w/w, using the same particle size range of the CuO particles, to avoid any influence on
the bed fluidynamic. CuO and SiC features are reported in Table 6 and the characteristics of the
experimental protocol in Table 7, including an inert and oxidative pre-treatment and 4
sequential TPR-TPO. Pressure drop was monitored during TPR-1 and TPO-1 and APbed(V)
was measured after each reaction step at room temperature, according to the procedure

described in Chapter 2.

Table 6: CuO sample and diluent features used to study sequential reduction-oxidation cycles with bed dilution.

Parameter Symbol Unit of measure Values
Sample mass mg [mg] 201
Sample particle size range dy [pm] <45
Diluent type - - SiC
Diluent mass mq [mg] 206
Diluent particle size range dy [um] <45
Dilgtion ratio .Sic [] 11 wiw
(SiC:Cu0O) dilution
Bed height Hped [mm] 6
Bed volume Vbed [cm?] 0.302

Table 7: Characteristics of each experimental step in the investigation of sequential reduction-oxidation cycles
with bed dilution (Vi = total volumetric flowrate, yr = reagent concentration, 3 = heating rate, Tp, = final
temperature, ty=isotherm time).

Inert Reagent Viot YR B Tin ts
[-] [-] [Nem®*/min] [%] [°C/min] [°C] [min]
Pre-
treatment Ar - 100 - 5 200 30
(inert)
Pre-
treatment Ar ()} 100 10 5 250 60
(oxidative)
TPR (x4) Ar H; 100 10 2.5 500 0
TPO (x4) Ar 07} 100 10 2.5 500 0

The results for the four TPR cycles are presented in Figure 6 and Table 8.
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Figure 6: H, consumption in 4 sequential CuO reductions with SiC dilution (1:1 w/w). Conditions as in Table 6
and Table 7.

Table 8: Relevant calculated parameters for sequential TPR.

TPR number Tact Tpeak,1 Secondary Ts Peak range  %g’Cio
[-] [°C] [°C] peak(s) [°C] [°C] [Yo]
1 193 236 - - 78 89.9
2 155 238 - - 111 81.3
3 155 240 - - 111 78.4
4 174 234 - - 84 76.4

As Figure 6 shows, every reduction produces a single peak, whose temperature remains almost
the same during the four cycles (i.e., 237 = 3 °C). The first peak distinguishes itself from the
others for its slightly higher initial reaction temperature, higher reaction rate and increased
degree of reduction, the latter of which is higher than all the others obtained in the first TPRs
using 200 mg of sample. This effect could be related to the high thermal conductivity of SiC
used in these tests, suggesting that heat conduction in the bed plays a significant role in the
process, and that the formation of temperature gradients in the bed could be the real cause for
the secondary peaks. The following three cycles shows almost superimposable profiles and
almost equal degrees of reduction. Moreover, since left-skewed profiles are obtained for cycle
2, 3 and 4, it is suggested that the same phenomena considered in Chapter 2 (Effect of non-
reactive flow) for the second reduction cycle occur; namely, the generation of structural defects,
that decrease the activation temperature, and the decrease of specific surface area, which lowers

the reaction rate.
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The corresponding four TPO profiles are shown in Figure 7, while the characteristic values for

the profiles of each TPO are reported in Table 9.
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Figure 7: O, consumption in 4 sequential Cu oxidation, with SiC dilution (1:1 w/w). Conditions as in Table 6
and Table 7.

Table 9: Relevant calculated parameters for sequential TPO.

TPO number Tact Tpeak,1 Tpeak,2 %Z‘fé’uo
[-] [°C] [°C] [°C] [%o]
1 159 210 377 85.4
2 150 243 436 78.6
3 152 221 455 73.8
4 158 253 483 78.3

All of the TPO curves exhibit a double-peak shape (i.e., a mechanism consisting of two steps),
which have a better resolution than the ones obtained in Chapter 3 (Effect of non-reactive flow
and Pre-treatment variation) without dilution, and do not show any additional peak.

The results also indicate that the second peaks always shift towards higher temperatures as the
cycle number increases, resembling the results obtained in section Sequential reduction-
oxidation cycles with bed dilution. Conversely, the first peak does not follow this trend, as in
cycle 3 its initial onset at a lower temperature is evident, and its initial reaction rate is higher,
indicating that the final SiC and CuO distribution achieved at the end of the reduction step is
not reproducible.

Overall, it could be observed that adding SiC to the bed favors the resolution of the oxidation
peaks. Considering the high exothermicity of the oxidation process and the good results
obtained with SiC addition, it can be concluded that thermal effects developed during the TPOs

have a large impact on the test’s results. The sequential degrees of reduction and oxidation,
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finally, suggest that in the first three cycles both the reductions and the oxidations are not
complete, since the quantity of consumed reagent is smaller than the one in each previous
reaction. This trend is not followed during the fourth cycle, as its degree of reduction is higher
than the third degree of oxidation, and it is further surpassed by the fourth oxidation degree.
Being these differences small, however, they could be associated with experimental limits in

the quantification.

Variation of bed porosity in sequential reduction-oxidation cycles with bed
dilution

In the last test, using SiC as bed diluent, the pressure drop variation as a function of pure argon
flowrate at ambient temperature has been measured after every thermal cycle; from the
measured APy g4 (V) an estimation of the variation of bed porosity has been obtained, following

the method described in Chapter 3.
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Figure 8: Pressure drop variation across the diluted bed at room temperature, after each reaction step.

The results, Figure 8, indicate that the bed agglomerated considerably both during the first TPR
and during the first TPO, as two major drops of hydraulic resistance are found when these two
cycles are involved.

This effect is also proved by the pressure drop measured during the reactive cycles, Figure 9.
during the first TPR, indeed, a pressure drop decrease is detected in correspondence of the peak,
and at the end of the first TPO a dramatic fall is registered, notwithstanding an increasing

temperature (naturally magnifying the hydraulic resistances). This suggests that the
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agglomeration continued as the two processes were carried out, and that towards the end of the

TPO remarkable by-passes were created in the bed.
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Figure 9: Pressure drop variation in the diluted bed compared to the reagent consumption rate during
(a) TPR-1 and (b) TPO-1,

It is then concluded that the bed dilution with silicon carbide helps to level out temperature
gradients inside the bed in the case of TPOs as well but does not prevent the almost complete
agglomeration of the catalytic bed, even if this process is delayed to the end of the first TPO.
This is further confirmed by the final aspect of the bed, Figure 11, as compared to the initial
one, Figure 10. The bed after the 4 cycles became a compact cylinder, Figure 11.a. Its axial
shrinkage is smaller than 1 mm but still noticeable, as shown in Figure 11.b. Moreover, the
external by-passes created during the oxidation are visible, Figure 11.c, similarly to what
happened with the diluted bed samples in the Chapter 2. As the figures show, the agglomeration

was quite pronounced, but the decrease in bed volume was not as pronounced as in the test

without bed dilution, Figure 4.

SiC CuO SiC:CuO
1:1 w/w

Figure 10: Appearance of the components before mixing and after mixing, and in the reactor before the reaction
cycles.
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Figure 11: Appearance of the diluted bed after the TPO-4.
(a) final shape, (b) axial shrinkage and (c) lateral by-pass channels.

Conclusions

The long-term reactivity was studied with 11 sequential TPR-TPO experiments and a
progressive loss in activity was visible from the degree of reduction/oxidation, decreasing from
100% in the 1% cycle to 15% in the 11% cycle, and peak shape analysis. Particularly, the Cu
oxidation mechanism is made of two steps (Cu = Cu20 = CuO) in standard condition, but as
the number of cycles increased, the second peak was shifting to higher temperatures until it
disappeared completely in the 5" oxidation cycle. This behavior was attributed to the
restructuration of the reactive bed at macro and microscopical level, limiting the complete
oxidation to CuO in successive cycles. At the end of the 11 cycles, the sample appeared as a
packed cylinder showing visible agglomeration and the formation of a compact surface layer
on the underlying particles was showed with SEM analyses. Furthermore, EDS measurements
demonstrated that Cu and O atoms had a 1.91:1 ratio in the underneath layers, suggesting Cu>O
to be the prevailing oxide.

Finally, the appearance of multiple peaks was tentatively correlated with an uneven temperature
distribution in the reactive bed. Additional sequential TPR-TPO cycles using 1:1 Sic: sample
were extremely effective in leveling out temperature gradients inside the bed. Sequential TPRs
become much more reproducible, with a single peak. Also, TPO clearly show 2 oxidation steps
well reproducible. Still, agglomeration was measured, now mostly concentrate in the second
oxidations step, at higher temperature. The role of temperature distribution in the bed emerges

as a key factor for reproducible reductio/oxidation cycles, deserving further studies.
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Nomenclature

Cp =
dp =
APpeq
Hbed =
ms =
myg =
nigtson

dot,cons
No2.cuo

cons —
Nocuo =

reg
Mo cuo

T

Tmeas
Tact =
Ttin =
Tu =
Tpeakx =
Tpeak1 =
Tpeak2 =
T, =
Tshift =
t S =
Vbed =
v, =
14 =
Vtot =
YR =

0/.CONS -
/OO,CuO

o.Teg _
/OO,CuO -

Greek letters:

ﬁ =
s =

Acronyms:
EDS =
SEM =

Specific heat capacity

Particle diameter

Pressure drop of the bed

Bed height

Sample mass

Diluent mass

H> molar flowrate consumed

O> molar flowrate consumed
Total sample oxygen consumed
Total oxygen regained by the sample
Temperature

Temperature measured

Activation temperature

Final temperature

Melting temperature

Temperature of the peak number x
Temperature of the first peak
Temperature of the second peak
Temperature of the shoulder

Temperature difference between Tpeak in n' and n'™!

cycle
Soak time

Bed volume

Volume tubing

Volumetric flowrate

Total volumetric flowrate

Reducing gas volumetric percentage

Degree of reduction

Degree of oxidation

Heating rate

Thermal conductivity

Energy Dispersive X-ray Spectrometry

Scanning electron microscope
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TCD = Thermal conductivity detector
TPO = Temperature programmed oxidation
TPR = Temperature programmed reduction
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Chapter 5

Investigation of the axial temperature distribution
on CuO reduction with H»

Abstract

The presence of multiple peaks in the reduction profiles (one-step mechanism) is another
evidence of a non-uniform reaction progress and a crucial role could be ascribed to an uneven
temperature distribution together with physical phenomena. However, axial temperature
measurements showed that the additional reduction peaks are not cause by thermal effects in

the reactive bed but uniquely to the sample agglomeration, increasing diffusive-type limitations.

Introduction

The interaction between gas species and active sites on the solid surface is one of the crucial
features to characterize and investigate the reactivity towards specific reaction categories, such
as reductions and oxidations. Temperature-programmed experiments belongs to the thermo-
analytical techniques that provide quantitative information on the redox properties of metal
oxides and metals as a function of temperature [ 1-3], the influence of primary phenomena such
as metal-support interaction, pre-treatment impact, role of promoters and influence of more
components on the reducibility of a specific phase. Also, calculation of kinetic parameters and
reaction rate are performed, indicating the ease of oxygen removal and thus the strength of
metal-oxygen bond [1]. The information obtained through these analyses are numerous, but the
results can significantly vary depending on the physical and chemical characteristics of the
system along with the experimental parameters selected, affecting multiple aspects of reduction
profiles [4-8] (Chapter 1). Specifically, reduction profile shape and maximum reduction
temperature are both affected by peculiar features of the reactive system (chemical and physical
properties, such as mass-transfer limitations and particle agglomeration) and distinctive factors
of the experimental technique (fluidynamic and heat distribution).

The focus of this study was to demonstrate the connection between non-uniform temperature
distribution in the bed and the presence of multiple peaks in the reduction profile of a one-step

mechanism, i.e. one single peak should be displayed.
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Materials and methods

Experiments for investigating the thermal effects of CuO (Alfa Aesar, 99.995%) reduction-
oxidation cycles along the axial reactor coordinate were carried out in an Inconel tube (ID 12
mm) with a 1/8” multipoint thermocouple with 10 measurement points with a 5 mm gap from
each other (Figure 1). Pure gases (H2, Oz, Ar) connected to mass-flowmeters (Brooks and
Bronkhorst High-Tech) were fed with the desired composition. Before entering the reactor, the
gas feed went through an automatic four-way valve (VICI Valco) to optimize the reaction
protocol, ensure the total separation between the reducing and oxidizing atmosphere in CuO
experiments. The valve switch between the two positions and mass-flowmeters operation were
controlled though purpose-built MATLAB executable programs. The reactor was then
introduced into an electrically heated furnace (Watlow) and the temperature-protocols were set
on the thermoregulator (Omron) with CX-Thermo software and a purpose-built MATLAB
executable program. The controlling thermocouple was identified as T10. A pressure
transmitter (MPX coupled with a PicoLog data logger) with a range of 0-500 mbar was also
added before the reactor inlet to continuously measure the pressure drop along the reactor, as
an indication of macro-agglomeration phenomena during the reaction. Before the analysis
section, a homemade silica-gel and zeolite traps were added to remove the water produced
during the reducing cycles. The measurement of H, and O» consumption was performed with a
thermal conductivity detector (TCD) and O> chemical sensor (Alphasense O2-C2) respectively.
The TCD (from Agilent 6890 HP) was optimized to have a high analysis frequency (1 Hz) as
the reactor outlet was directly conveyed into the detector without any previous separation with
packed columns. Using this strategy, a fast and sensitive identification of transient effects
during the reaction was possible and the same measurement frequency was obtained in the
oxidation stage with an oxygen sensor. The same experimental protocol was kept for all the
tests (inert pre-treatment to desorb water and/or contaminants at 200°C for 30 min with Ar,
isothermal oxidative pre-treatment at 250°C achieved at 5°C/min, 5%QO,/Ar with 50 Ncm?/min)
H; reduction and O» oxidation with ramping temperature at fixed heating rate) and repeated in
the case of long-term performance experiments. The selection of an inert bed dilutant was based
on its thermal conductivity to investigate the thermal effects associated to both reactions and

thus silicon carbide (SiC) was chosen.
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Figure 1: Scheme of the second setup reactor.

Table 1: Thermal properties of CuO, Cu:0, Cu and SiC (cp=specific heat capacity, A=thermal conductivity,
Tn=melting temperature).

Material I /Izg K] [W /1);1 /K] [rf(?]
CuO 705 6 1326
Cu,0 489 4.5 1235
Cu 460 350 1085
SiC 675 490 2730

Results and Discussion

Since previous results (Chapter 3 and 4) indicate a crucial role of temperature distribution in
the bed, a larger bed has been considered, and its axial temperature profile during the thermal
cycles has been registered, using a multipoint thermocouple. This experiment has been

conducted both with a diluted and with a pure CuO one bed.

Bed dilution with SiC

This experiment aims at investigating whether an axial temperature profile arises as TPR and
TPO reactions are carried out. The CuO bed has been diluted with a mass of silicon carbide 20
times larger than the CuO one (20:1 w/w), in order to verify whether the particles could still
agglomerate in the process even if, theoretically, they were kept isolated from each other
through an unreactive inert. The silicon carbide particles have been sieved to a size similar to
the CuO ones for a consistent fluid flow in the bed. The CuO bed features are reported in Table
2.
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Table 2: CuO sample and diluent features used to measure axial temperature gradients with bed dilution.

Parameter Symbol Unit of measure Values
Sample mass mg [mg] 472
Sample particle size range dy [wm] 100-200
Diluent type - - SiC
Diluent mass my [mg] 9478
Ao S0 i
Diluent particle size range dy [wm] 100-200
Bed height Hyea [mm] 59
Bed volume Vbed [cm?] 6.67

CuO
SiC:Cu0O
20:1
W/W
SiC

Figure 2: Bed components before mixing and after mixing.

The appearance of the bed after mixing the two components is shown in Figure 2. No visible
segregation appears, suggesting an adequate mixing of the two phases. Taking as a reference
the reactor scheme of Figure 1, the monitoring thermocouple used in this test was the one
denominated T9, while T10 remained outside of the bed, and the bed covered all of the
monitored points up to T1. This test included a sample pre-treatment, consisting of one thermal
cycle in inert gas and one thermal cycle using an oxidizing mixture, followed by two TPR-TPO

cycles, whose parameters are reported in Table 3.
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Table 3: Characteristics of each experimental step in the investigation of axial temperature gradients with SiC

bed dilution (V,o, = total volumetric flowrate, yr = reagent concentration, § = heating rate, T, = final
temperature, ty=isotherm time).

Cycle Inert  Reagent Vot YR B Trin ts
[ [-] [ [Nem®/min] [%] [°C/min] [°C] [min]
Pre-treatment Ar - 250 - 5 200 30
(inert)
Pre-treatment Ar 0 250 10 5 250 60
(oxidative)
TPR-1 3 Ar H» 250 1 2 500 0
TPO-1 4 Ar (073 250 10 2 500 180
TPR-2 5 Ar H, 250 10 2 500 0
TPO-2 6 Ar (0]} 250 10 2 500 30

All of the cycles have been carried out using a reagent concentration of 10%, except from the
first TPR in which a lower reagent concentration has been used (specifically 1% H>) to study

the effect of a slower reaction on the axial temperature profile.

10
2 X T T T T T T T

18+ e Cycle 1, 1% H,

e Cycle 2, 10% H2

[mol/min]
~
T

0.8

ndot,cons
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Temperature [°C]

Figure 3: Hydrogen consumption profiles for TPR-1 and TPR-2, with 20:1 w/w SiC dilution.
Conditions as in Table 2 and Table 3

Table 4: Relevant calculated parameters for TPR-1 and TPR-2.

TPR number P Tact  Tpeakt  Secondary Ts Peak range %@ Cuo
[-] K] [°C] [°C] peak(s) [°Cl] [°C] [%]
1 115.1 193 361 - - 210 97.3
2 11.5 177 246 - - 97 81.4
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The results of the two TPR cycles are shown in Figure 3 and Table 4. Even with a high amount
of CuO to be reduced, and the P parameter for TPR-1 lying outside of the suggested range (P<
20 K [7]) a single peak forms in both cases. As already observed in Chapter 1, with a low
hydrogen concentration the peak is broader; this happens because almost all of the reagent being
fed is consumed from T = 323°C to T = 400°C; in other words, reduction is starving for Ho.
Note that the limitation on the reaction rate due to Hz, in a test at constant heating rate,
erroneously reports some activity at a higher temperature (broadening the peak, when
temperature is used as an abscissa). Still, the sample have reduced almost completely even
(97.3%) with a high bed dilution and with a low reagent concentration, meaning that the reagent
was able to reach almost all of the particles and their cores, and no agglomeration took place.
On the other hand, TPR-2 run showed a narrower peak centered at a lower temperature and
with a significantly lower degree of reduction, 81,4%, indicating a fairly incomplete process.
Thanks to the high dilution with SiC and the low reagent concentration, 1%, the axial
temperature profile at peak conditions for TPR-1 run results in quite uniform axial temperature,
Figure 4.a, notwithstanding the higher temperature reached. This is reasonable, since the
reaction is slow and the reaction heat is evenly distributed thanks to the high thermal
conductivity of silicon carbide.

Similar, flat axial temperature profiles are obtained for TPR-2, Figure 4.b, which confirms the
capacity of silicon carbide for levelling out temperature gradients inside the sample, even with

a faster reaction rate (i.e. a larger rate of heat release from the reaction).
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Figure 4: Axial temperature profiles at near peak conditions during the heating ramp (step size: 3 min) with SiC
dilution (20:1 w/w)
(a) TPR-1 (b) TPR-2.
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The results of the two TPOs carried out after each TPR are shown in Figure 5 and Table 5.
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Figure 5: Oxygen consumption profiles for TPO-1 and TPO-2, with 20:1 w/w SiC dilution.
Conditions as in Table 2 and Table 3

Table 5: Relevant calculated parameters for TPO-1 and TPO-2.

TPO number  Tact Tpeak1  Tpeak,2 %:fguo
[-] [°Cl I°Cl  [°C] [%]
1 159 230 381 81.2
2 118 232 500 65.0

Both TPOs exhibit two peaks, as already reported in the preceding Chapters. In both cases the
first one is distorted and noisy, because of the small temperature oscillations in the furnace, but
the temperature of its maximum activity is almost coinciding (230 vs 232°C). The second peak,
however, shifts towards higher temperatures in the second cycle, as already observed (Chapter
4). Contrary to the results of Chapter 4, (Sequential reduction-oxidation cycles with bed
dilution), it seems like a high bed dilution (i.e., 20:1) with silicon carbide does not prevent the
shift of the second peak towards temperatures higher than 500°C in TPO-2. Even though in the
first run the sample remained in the oxidant mixture at 500°C for three hours after the heat
ramp, advancing the oxidation, the final degree of oxidation is lower than the expected one (i.e.,
-16.1% with respect to the results of the previous TPR), and the second oxidation’s efficiency
is further diminished. Both these facts suggest that a high bed dilution hinders the complete

oxidation of the sample, possibly because of preferential passages created in the bed, whose
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height and dilution are high, which may limit the availability of certain portions of the bed to
the oxidizing mixture. On the other hand, the complete oxidation of the bed could have also
been hindered by the slight agglomeration of the sample which occurred during TPR-1.

As with the previous TPRs, the temperature profiles acquired during the oxidation are compared
in Figure 6. Small thermal gradients in the axial direction are detected in either case. At the
highest temperature, a difference of less than 1°C is measured between center and edges of the

bed, in both cases.
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Figure 6. Axial temperature profiles at near peak conditions during heating (step size: 3 min) with SiC dilution
(20:1 w/w)

(a) TPO-1 (b) TPO-2

The four reactive cycles performed on the diluted sample have not caused any visible
agglomeration of the bed, which was extracted from the reactor in powdery form, Figure 7. It
is therefore concluded that a high bed dilution with thermally conductive inert prevents the
agglomeration of the bed, at least on the macroscale, and allows to level out temperature

gradient inside the bed.

Figure 7: Appearance of the diluted bed after the two TPR-TPO cycles.
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Pure CuO bed

Since a high bed dilution did not identify significant variations of the sample temperature as the
peak developed, a bed of pure CuO has been analyzed, using the setup described in Materials
and method. The investigation aims to prove the sensitivity of the axial measurements to local
temperature gradients.

A larger mass of sample has been used, producing a bed approx. 3cm long, to include six of the
ten available measuring points of the thermocouple (from T7 to T2); the resulting features of
the bed are reported in Table 6. The height of the quartz wool bed has been adjusted to keep the
controlling T8 in the gas phase and close to the sample’s upper surface. The test protocol is
reported in Table 7; the sample underwent a thermal (in inert) and oxidizing pre-treatment, and
two TPR-TPO cycles whose parameters are collected in Table 7.

The volumetric percentage of reagent for the TPRs, 7.5%, has been chosen to avoid its total
consumption and the simultaneous reduction of multiple layers of the bed.

The same volumetric percentage was also used for Oz in the two TPOs.

Table 6: CuO sample used to measure axial temperature gradients with no bed dilution.

Parameter Symbol Unit of measure Values
Mass ms [mg] 4750
Particle size range dy [pwm] <300
Bed height Hyea [mm] 29
Bed volume Vbed [cm?] 3.27

Table 7: Characteristics of each experimental step in the investigation of axial temperature gradients with no
bed dilution (Vo = total volumetric flowrate, yr = reagent concentration, § = heating rate, Tp, = final
temperature, ty=isotherm time).

Cycle Inert Reagent Vot YR B Thin ts
[-] [-] [-] [Nem®/min] [%] [°C/min] [°C] [min]
Pre-treatment = Ar ; 250 ; 5 200 30
(inert)
Pre-treatment ) 0 250 10 5 250 60
(oxidative)
TPR-1 3 Ar H» 250 7.5 2 500 0
TPO-1 4 Ar (0)) 250 7.5 2 500 0
TPR-2 5 Ar H» 250 7.5 2 500 0
TPO-2 6 Ar (03 250 7.5 2 500 0

The two TPR profiles and their characteristic values are reported in Figure 8 and Table 8.
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Figure 8: Hydrogen consumption profiles for TPR-1 and TPR-2 without SiC dilution.
Conditions as in Table 6and Table 7.

Table 8: Relevant calculated parameters for TPR-1 and TPR-2.

TPR number P Tact [°C] Tpeak,t  Secondary Ts ::rgke %o Ciio
[-] K] * [°C] peak(s) [°C] [°C] [Yo]
1 153.17 125 304 - - 261 93.5
2 153.17 105 304 - - 281 92.1

One broad peak is obtained in each TPR cycle, even with the operating parameters which bring
the P parameter outside of the suggested range (P<20K [7]) That is a consequence of a
relatively small H> concentration in the gas. The peaks appear significantly reproducible; in
both cases the maximum temperature is the same, and so is the one at which the peak ends, but
in the second case the onset of the reaction appears to be at a higher temperature, and proceeds
with a lower velocity, because of the combined effect of the creation of structural defects and
decrease of the surface area already discussed. The second hydrogen consumption profile seems
also to be affected by the slightly oscillating temperature caused by an uneven oven control,
which deformed its peak. Both reductions have a high efficiency, and almost all the copper
oxide had been reduced.

The axial temperature profiles are shown in Figure 9. We see already in TPR-1, Figure 9.a, a
noticeable local temperature increase in the bed as the reduction progresses: the maximum of
each profile moves from T7 to T2, i.e. with the gas flow, as the peaks develops without reaching
T2, suggesting that the reaction front advances from the top to the bottom of the bed, along with

the gas flow. Since the temperature reached by the sample is far away from the melting point
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of any likely species in the bed (all above 1000°C, see Table 1) throughout the entire thermal
cycle, agglomeration cannot be not caused by the exothermicity of the reaction. Similar
phenomena happen in TPR-2; in this case the temperature rise caused by the reduction is
slightly higher than the previous one, Figure 9.b. This could be caused by the sample
agglomeration and the resulting increased spacing of the bed from the control thermocouple,
which would not allow the furnace to compensate fast enough for temperature increases given
by the reaction. A loss of contact between thermocouples, and especially the one controlling
the heating resistance, may explain the onset of oscillation in the oven temperature, that gave
rise to the irregular profile of TPR-2 observed in Figure 8. Interestingly, quite remarkable axial
gradients developed before the maximum temperature. Overall, the axial temperature gradient
is never so large, to suggest that the presence of the double peaks in the reduction profiles could

be caused by an inhomogeneous hydrogen consumption in the sample.
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Figure 9: (a) Axial temperature profiles in a pure CuO bed, near peak conditions (step size: 3 min)
(a) TPR-1 and (b) TPR-2.

Turning to the TPO cycles analysis, the O> consumption rates have been now reported as a
function of time, together with the controlling temperature, Figure 10.b and Figure 11.b. The
unexpected temperature oscillations already suggested above are now clear; they are associated
to oscillations in the reaction rate (measured by the O» uptake), which is expected to be the

origin of the oscillations, not the result.
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Figure 10: (a) Axial temperature profile (step size: 3 min) and (b) oxygen consumption and controlling
thermocouple values TPO-1.
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Figure 11: (a) Axial temperature profile (step size: 3 min) and (b) oxygen consumption and controlling
thermocouple values TPO-2.

Table 9: Relevant calculated parameters for TPO-1 and TPO-2.

reg

TPO number | Tact | Tpeakt | Tpeak2 | % cuo
[-] [°C] [°C] [°C] [%e]
1 169 293 461 97.5
2 172 322 494 85.7

The characteristic values for the profiles of the two TPO cycles are presented in Table 9; the

temperatures reported correspond to the control thermocouple at the peaks. The bed oxidized

almost completely in both TPOs. However, as the first peak developed (i.e., from t = 115 min

in both TPOs), the energy released by the reaction was so high that the temperature in the bed

increased by almost 100°C. As a consequence, the increase in the kinetic constant made the

oxygen consumption accelerate dramatically, further supporting the rate of heat release. From
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that moment onwards, a distinctly oscillatory behavior established in both temperature and
oxygen consumption, because the furnace control tries to compensate for the exothermicity of
reaction but was not fast enough to do so. As said above, this was further amplified by the fact
that the sample’s upper surface moved away from the control point T8 due to bed shrinkage,
combined with an inadequate PID controller tuning and thermal delays naturally occurring in a
closed furnace. Multiple peaks in the temperature and oxygen consumption are then obtained,
which are almost coinciding in time. This indicates that the two variables are correlated, but it
is not straightforward to determine whether this behavior is due to the oscillation in the kinetic

constant or to the superposition of an additional temperature gradient.

In both cases, especially as the first peak first develops, a heat wave travels fast to the bottom
of the sample, since the temperature at the sample’s bottom rapidly reaches the upper
temperature values, as seen in Figure 10.a and Figure 11.a. Close to the oxidation peak, axial
gradients in excess of 100°C can be noticed. This behavior could have been caused by the good
thermal conductivity of the sample, which initially consisted of almost pure copper, coupled
with the higher reaction enthalpy associated with the oxidation.

In any case, as the temperature of the sample throughout both TPOs never approached the
melting temperature of its components, the agglomeration process could not be caused by the
oxidation exothermicity either, and its root cause should be investigated in other chemical
phenomena.

Confirmation that the bed agglomerated during TPR-1 are given by the monitored pressure loss,

that dropped, as shown in Figure 12.
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Figure 12: Pressure at the reactor top and hydrogen consumption in TPR-1.
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This could have been detrimental in the following cycles because the bed may have axially
shrunk, thus loosing contact with the controlling point, with its upper surface, and therefore

making the temperature control loop less representative of the solid temperature.

a) b)

Figure 13: (a) Axial view of the sample and (b) the sample seen in perspective.

Indeed, the appearance of the bed at the end of the test, Figure 13, shows that a compact cylinder
of copper oxide was produced. The agglomeration most likely happened during TPR-1, as the
pressure data of that test indicates. The axial shrinkage of the sample is confirmed; it measured
approx. 5 mm. The bed weight was 220 mg less than its initial value (i.e., 4.75 g), or -4.6%,
Lilley because of some material lost on the internal surface of the tubular reactor during
extraction. The spent oxide composition and structure is unknown, as no further analyses have
been carried out, but Figure 13.b. shows evidence of some orange compounds in the hole
created by the thermocouple. As copper and CuzO are both orangish, it could be hypothesized
that in the inner part the sample did not oxidize completely, as also suggested by the last TPO’s

degree of oxidation.

Conclusions

Axial temperature gradients were measured during TPR and TPO experiments to correlate the
appearance of multiple peaks with an uneven temperature distribution in the reactive bed.

Pure CuO and a highly diluted (20:1) beds were tested, using a good thermal conductive
material (SiC) as the inert.

During the reduction, a single H, consumption peak and low temperature gradients are observed
in both cases, suggesting that double peaks are not generated by thermal effects but from
physical phenomena (agglomeration and shrinking). On the other hand, the oxidation is much
more exothermic than the reduction and the oscillating temperature gradients, reflected on the
O, consumption profiles, were attributed to the poor furnace control-loop, one the bed shrunk,

loosing contact with the controlling thermocouple.
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Nomenclature

Cp = Specific heat capacity
dp = Particle diameter
Hbed = Bed height
ms = Sample mass
mgq = Diluent mass
ndoteons = H, molar flowrate consumed
naoLeons = 0, molar flowrate consumed
ngtuo = Total sample oxygen consumed
ny o, = Total oxygen regained by the sample
P = Malet-Caballero characteristic number [7]
Tact = Activation temperature
Ttin = Final temperature
T = Melting temperature
Tpeak = Temperature of the peak
Tpeak,y = Temperature of the first peak
Tpeak2 = Temperature of the second peak
Ts = Temperature of the shoulder
ts = Soak time
Vbed = Bed volume
Viot = Total volumetric flowrate
YR = Reducing gas volumetric percentage
%5’ o = Degree of reduction
%Z?guo = Degree of oxidation

Greek letters:

B = Heating rate
A = Thermal conductivity
Acronyms:
TCD = Thermal conductivity detector
TPO = Temperature programmed oxidation
TPR = Temperature programmed reduction
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Chapter 6

In-situ growth of CuO 1D nanostructures in cyclic
reducing-oxidizing environment

Abstract

The formation of nanostructures on Cu/CuO surfaces (Cu foil and Cu/CuO powder) was
investigated for applications in which the oxide acts an oxygen carrier. Specifically, thermal
treatment methods with different pretreatments (acid washing, inert, oxidative at different
oxygen partial pressures and reducing at different contact times) and multiple reducing-
oxidizing cycles were applied to determine the final surface morphology and chemical activity.
Cu-foil pre-treated with a nitric acid washing to remove impurities generates higher defects
concentration, favoring nanowhiskers growth in the subsequent oxidation. Their density
depends on the O; partial pressure and annealing temperature. The same outcome could be
obtained with lower O; partial pressure (e.g. air), and higher temperature or vice versa. Also,
applying a reducing (with Hyz) pre-treatment to unsupported CuO powder favors nanowhisker
formation as the rough and defective morphology is the appropriate substrate to initiate the
growth, at increased contact time between the gas and solid surface (0.4s). However, the
Cu/CuO reactive system shows strong agglomeration phenomena in consecutive reducing-
oxidizing cycles decreasing the surface area and the beneficial effect of higher oxygen content,

requiring CuO particles to be well dispersed on adequate supports.

Introduction

The removal of unburnt hydrocarbons, volatile organic compounds and CO emitted from
industrial and transportation activities is carried out through catalytic total oxidation which
makes the conversion to CO; and H>O feasible at lower temperatures (<600°C) than the energy-
intensive homogeneous reaction (>1000°C). Whereas noble metal-based catalysts (Au, Pd, Pt,
Rh) have typically been chosen thanks to their well-known high activity toward oxidation
reactions, the need of reducing environmental impact and cost has become essential in the
development of novel catalytic systems. The widely applied strategy is the replacement of noble
metals (classified also as critical raw materials [1]) by transition metals (TM, e.g. Cu, Ni, Fe,
Cr, Co, Mn) to catalytically promote oxidations.
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TMs and their oxides find applications to take advantage of their capability to reversibly store
and release oxygen, in redox reactions. They can support oxidations, such as combustion of
carbonaceous fuels [2] and selective oxidations [3—6]. The principle relies on a two-step
process: the metal oxide oxidizes the feed while transforming into its reduced state; afterwards,
the reduced carrier is oxidized before being returned to the first step to complete the cycle.
These Chemical Looping Processes (CLP) have the significant advantage of completely
avoiding the use of gaseous oxygen, thus improving the intrinsic safety of the process by
minimizing the risk of forming explosive mixtures, removing the necessity of operating in
oxygen-lean conditions thereafter increasing single-pass conversion, improving selectivity for
partial oxidations and eliminating the purification step for oxygen and products [7]. The oxygen
carrier needs to have suitable properties for this purpose and together with the typical high
activity and selectivity. The material requires a high oxygen loading and mobility as well as
chemical and mechanical stability under repeated redox cycles.

Among transition metals and the corresponding oxides, Cu-based species have proven to be
efficient oxidation catalysts for carbon monoxide, methane, ethane, propane together with ethyl
acetate, ethanol, toluene, benzene and p-xylene [8,9]. In addition, the CuO-Cu couple is largely
studied as oxygen carriers in CLP, thanks to its favorable cost-availability relation and efficient
oxygen transport capacity [10]. The practical application has been constrained by some intrinsic
limitations, such as the agglomeration and low decomposition temperature [11,12] that decrease
the reactivity along with redox cycles. The use of a suitable support (Al>O3 [10], SiO [13]) has
been studied to increase Cu dispersion and stability, however the presence of agglomerated
particles and the formation of Cu/Al,O4 complexes together with a lower reactivity of Cu/SiO>
compared to Ni/SiO; remain critical issues [14]. With the purpose of exploiting the advantages
of Cu redox proprieties and decreasing the detrimental effect of agglomeration on the oxygen
transport capacity, a solution could be to increase the oxygen content by means of total oxygen
moles of the material to compensate for the activity loss.

Recently, the formation of shape-controlled CuO nanostructures has gain more attention in gas
sensors [ 15], superconductors [16], li-ion batteries [17], solar energy conversion [18] as well as
heterogenous catalysis [19]. The beneficial effect in increased surface area and superficial
oxides content is worth the study in catalysis. Covering the surface of copper substrates with
copper oxide nanostructures can be achieved with different methods depending on the desired
features such as composition, length, diameter and morphology. The wet chemical methods

(precursors-based [20], hydrothermal decomposition [21], solvothermal [22], self-catalytic
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growth [23]) are the most used synthetic route thanks to their good yields in terms of
controllability, however they are carried out by mixing different chemicals (inorganic
precursors) in aqueous solutions to obtain the desired characteristics and facilitate the synthesis
(templates, surfactants and shaping agents). The drawbacks of this procedure are the length of
synthesis times, from hours to days, the use of expensive and toxic chemicals that are
encapsulated inside the product, hence a purification step of the final product from templates
and shaping agents is required and low process reproducibility. On the contrary, thermal
oxidation is a direct method to grow CuO nanostructures on copper samples such as thin films,
foils or nanoparticles. It is performed by heating the metal sample at high temperature (>400°C)
in an oxygen-rich atmosphere (often just air), pure oxygen or oxygen mixture with inert gases
[24]. This method is convenient, faster and green since the use of chemicals and consequent
purification steps are avoided and nanostructures characteristics are controlled by adjusting the
experimental parameters such as oxygen partial pressure, temperature and annealing or contact
time. In particular, the density and diameter of the nanostructures are influenced mainly by the
oxygen partial pressure and temperature, while the annealing time affects the nanorods diameter
[24,25]. The presence of water vapor increases the Cu oxidation rate below 700°C [26,27] and,
if present, the effect is higher than the oxygen partial pressure [28].

In this work, CuO nanostructures in whisker-form were synthesized with a thermal method on
Cu-foil and Cu/CuO powder, to investigate the possibility of increasing the oxygen content for
CLP and surface area for catalytic applications. Specifically, the model system with
unsupported CuO powder was chosen as a benchmark to generalize a procedure for producing
nanowhiskers on different metal/oxide systems with milder reaction condition (using air as
oxidant instead of pure oxygen) and inducing the nanowhiskers formation and growth with the
real process mixtures. To do so, different pretreatments (acid washing, inert heating, oxidative
at different oxygen partial pressures and reducing at different contact times) and multiple
reducing-oxidizing cycles were tested to analyze the final surface morphology, coupled with

H> and O consumption data.

Materials and Methods

Two forms of copper-based materials were used: Cu foil (Sigma Aldrich, 99.98% purity, Smm
x 5Smm) and CuO powder (99.99% purity, Alfa Aesar, particle size <45 pm). The Cu foil was

pre-treated to remove the impurities with deionized H>O in which, afterwards, 5 ml of HNO;
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(Sigma Aldrich, solution at 70% in water) were added and left for 5 mins. Then, the Cu foil was
washed again with deionized H,O and sonicated in an acetone bath for 5 mins. The Cu powder
was used without any pre-treatment.

Surface morphology was examined with an Environmental Scanning Electron Microscope
(ESEM, Fei-Quanta 200), equipped with Back-Scattered Electron Detector (BSE).
Nanostructure dimensions (length and diameter) were retrieved from ESEM images; the surface
elemental analysis was obtained with Energy Dispersive Spectroscopy (EDS, EDAX, Genesis
model). The initial and final powder structure was analysed with X-ray Diffraction (XRD,
Panalytical X Pert 3 Powder) with Cu-K,radiation and 26 scanning from 3° to 70° with 0.013°
step. Results were interpreted with Panalytical High Score Plus 4 with 3 databases (PDF2,
Panalytical ICSD, COD).

The thermal treatment on Cu foil was performed in a modified microbalance setup (CI-
Precision), with accuracy of 0.1pg to combine thermogravimetric measures with ex-situ
characterizations. The foil was placed in a quartz sample-holder, hanging to the balance head
with an inert wire, in the middle of a quartz tube to control the atmosphere. The quartz pipe was
positioned inside a resistively heated furnace, in which the controlling thermocouple (type J) is
in the refractory material surrounding the heating elements, while the monitoring thermocouple
(type K) was measured close to the sample. Air (100 Ncm?®/min) was controlled by a mass
flowmeter (Brooks) and fed from the top; the balance head is under a small N> make-up flow
(8 Ncm®/min) to avoid its elements oxidation; N> eventually mixes with air reaching the sample.
The temperature was raised to 500°C with a heating rate of 5°C/min and kept constant for 30
mins. The sample was then naturally cooled to RT, keeping the same air flow. A blank
experiment with the same amount of an inert material (SiC) was previously performed, to
eliminate the interferences on the weight measurement caused by the drag on the wire and
sample-holder; the following measurements were adjusted accordingly.

Reduction and oxidation reactions on CuO powders were carried out with a fixed bed, in a
quartz tubular reactor (ID=6 mm or 8§ mm) in which different amounts of oxide and inert (SiC)
were loaded. The tube was inserted into a temperature programmable furnace (Watlow)
controlled by a thermocouple (type K) placed right downstream the bed. Temperature was also
monitored by a thermocouple (type K) placed upstream, close to the bed upper surface. The
temperature protocol was the same for all the samples (from RT to 500°C at 2.5°C/min, no
isothermal time and uncontrolled cooling rate); the reducing (or oxidizing) gas mixtures

contained 10% H» (or 10% O3) balanced with Ar; they were fed with different flowrates to
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examine the effect of gas contact time. Before entering the reactor, an automatic four-way valve
(VICI Valco) allows to rapidly switch mixture (reducing vs. oxidizing), ensuring the total
separation between them. The outlet gases in reductions were analyzed by means of a Thermal
Conductivity Detector (TCD, in an Agilent GC-6890 by-passing the separation columns),
sampled at 1 Hz, to quantify the H> consumption. Similarly, O> concentration was measured
with an electrochemical O, sensor (Alphasense) during oxidations, sampled at 1 Hz. A pressure
transducer (MPX5100, Honeywell) was added to the system to evaluate the pressure difference

between the reactor inlet and outlet and verify the occurrence of bed agglomeration.

Results and discussion

Results will be presented starting from the Cu-foil, where earlier surface structuring and
nanowires formation have been observed. Later, improved pretreatments of the samples,

including CuO particles, have been implemented to enhance nanowires formation and density.

Influence of O; partial pressure on Cu-foil oxidation morphology

CuO on Cu foils has been generated by oxidation in a flow of air (Py,= 0.21 bar), increasing its

temperature linearly, up to 500°C; the maximum temperature has been kept constant for 30
mins, as the standard procedure reported in [25]. The process has been monitored through the
foil weight; its increase was recorded as function of the monitoring temperature and thus the
highest value is not 500°C but 510°C (Figure 1). The resulting oxidized sample has been
characterized by SEM, Figure 2, and EDS analyses on different areas and spots, Figure 3 and
Table 1, to determine the local Cu/O ratio.
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Figure 1: Weight variation during Cu-foil oxidation with air (Py,=0.21 bar).
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Figure 3: areas and spot for EDS analyses of of Cu-foil sample on a representative area after oxidation with
air.

Table 1: Cu and O atomic percentage and Cu/O in different areas and spots after Cu-foil oxidation with air
(Po,=0.21 bar) at 500°C for 30 min measured with EDS analyses.

Selected | Selected | Selected EDS EDS EDS
Area 1 Area 2 Area 3 Spot1 | Spot2 | Spot3

(0) Atomic % 45.20 44.27 48.49 46.20 40.05 50.21
Cu Atomic % 54.80 55.73 51.51 53.80 59.95 49.79
Cu/O 1.21 1.26 1.06 1.16 1.49 0.99

Figure 2.a of Cu foil surface after the oxidative reaction shows different regions with peculiar

features. The presence of smooth and rough areas indicates a non-uniform oxidation of the
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metal surface, confirmed by EDS analysis. The causes of these peculiar oxide non-uniform
oxide distribution can be attributed to the acid pre-treatment to remove impurities and the
presence of different superficial oxides, prior to the reaction. The native oxide layer is unevenly
etched by the nitric acid reacting on the surface [30], as the reaction is triphasic and the
immediate formation of bubbles on the surface causes an uneven contact between the oxides
and the acid. The non-uniform liquid-solid reaction generates different surface morphologies
that influence the nanostructure yield and formation mechanism. After the oxidation process
with lower oxygen partial pressure (Pp,= 0.21 bar), the overall result is a completely oxidized
surface, but with different local oxide composition and conformation. This result is confirmed
by both thermogravimetric analysis (Figure 1) and EDS analyses (Table 1) on the same sample.
The weight ratio between Cu and O in CuO and Cu0O is 20% and 11.1% respectively; the
maximum weight measured, Figure 1, totally attributed to Cu oxidation, was 16.5%u:. The
oxidation is thus incomplete, and a mixture of CuO-Cu,O is prevailing over one single oxide.
The local distribution of Cu oxides is revealed by EDS analyses (Figure 2 and Table 1). The
local Cu/O atomic ratio, frequently above 1, confirms the presence of a CuO-Cu,O mixture on
the surface; the prevalence depends on the region. The average Cu/O ratio in the smooth region
(Selected Area 1 and 2 in Figure 3) is significantly > 1 (CuO), suggesting a significant share of
Cu0, while in the rough region (Selected Area 3) CuO is predominant (Cu/O =1). However,
punctual EDS analyses in the rough region show the presence of nanostructures dramatically
different in Cu/O ratio. The effect of acid pre-treatment and oxidation efficiency can be
determined combining the information on surface morphology and composition after the
oxidation. The regions in which the acid etches the surface, cleaning from impurities and native
oxides, favors the formation of surface defects since the formation of nanowires through defects
is promoted [31,32]. The initial stage of these nanostructures is visible in Figure 2.b as the small
white filaments growing from the surface in the rough regions. These areas mainly consist of
CuO, meaning that the Cu complete oxidation is achieved in the surface layer (Selected Area 3
and EDS Spot 3) on the top of Cu,0, while the Cu/O ratio increases as the nanowire is formed
from the base to the tip (EDS Spot 1 and EDS Spot 2). The areas in which the nitric acid had
un uneven contact with the surface are not completely oxidized to CuO. The nanowire
composition is represented by EDS Spot 2 in which the Cu/O atomic ratio approaches 1.5,
suggesting Cu is still prevalent and a mixed CuO-CuxO phase is present.

The heating protocol adopted in Cu foil oxidation is the same as in Literature [24,25], where

higher O partial pressures is frequently used (pure Oz, 4.76 times higher than O in air, as we
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used); that may affect the nanowires morphological features. The sample thermally annealed
with a flow of pure O, using the same heating protocol, [25] shows a higher nanowire density
and length. However, increasing the annealing temperature above 600°C, [25] has the same
lower yield of nanowires observed at lower O partial pressure. This effect can be explained by
Ehrlich-Schwoebel (ES) barrier concept, that explains surface roughening of metal surfaces
[33,34]. Rough regions shown in Figure 3 are constituted by protrusions of the surface with a
triangular pyramid shape, and their number is directly proportional to the oxide islands formed
during the initial oxidation steps to CuO in the surface portions efficiently etched by the acid
pre-treatment [35]. In view of this surface configuration, lower temperatures (< 600°C) favor
the formation of small oxide islands while increasing the temperatures (= 600°C) the density
decreases as their size increases due to a lower ES barrier, i.e. the diffusion resistance to cross
a terrace/step is lower as the energy barrier decreases with temperature. This feature justifies
the lower nanorods density obtained at higher temperature [24] similar effect could be expected
with reduced O partial pressure; in this condition, the driving force for O to diffuse inside and
along island edges is lower and thus the growth of existing oxide islands is preferred. Therefore,
the oxidant partial pressure affects the nanowires formation and morphological features such
that using a pure oxidant (O2) efficiently increases 12 times nanowires growth rate [25].
Considering the formation mechanism previously disclosed, higher O» partial pressures
increase nanorods density at lower annealing time and the same uniform distribution can be
obtained by decreasing O» partial pressure, i.e. using air, but extending the annealing time at
the maximum temperature [29]. Furthermore, in high O; partial pressure condition, the only
morphological feature affect by increased annealing time is nanowires length, and density and

diameter and not affected [25].

Nanowhiskers growth on particles with prereduction

Most studies on CuO nanostructures are mainly focused on the identification and optimization
of synthesis to generate shape and dimension-controlled structures, with improved
morphological features, such as length, diameter, distribution, orientation and number density
[24,25,36]. However, the practical implementation of the nanostructured material produced in
gas-solid catalytic applications is limited and not widely diffused [19]. The model Ha-reduction
and O;-oxidation heating cycle, from RT to 500°C, at 5°C/min, and 30 min at the maximum
temperature, was tested on CuO bulk powder to confirm the possibility that a prereduction step

favors oxide nanowires growth during the oxidation step. A comparison between nanowires
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density was carried out, with and without the reducing step, and at different gas contact time,
by means of SEM image analysis and H2 consumption analyses. Considering that any difference
in surface morphology will be attributed to a variable contact and reaction between the reducing
gas and the CuO surface, space velocities will be mentioned as low contact time Tiow=0.14 s

(high space velocity) and thigh= 0.4 s (low space velocity).

Figure 4: SEM figures of unsupported CuO powder: a) fresh, b) after oxidation with 10%0;, c) after reduction
at thigh with 10%H,, d) after reduction at tiow with 10%H>.

Comparing the fresh sample, Figure 4.a, with the sample after the oxidation without any
preliminary reducing step, Figure 4.b, we can observe a similar surface morphology, with
negligible particle porosity and surface roughness. The addition of a reducing treatment Figure
4.c and Figure 4.d, modifies the morphology, increasing the roughness, as an effect of particle
coalescence achieved by the removal of atomic oxygen with H> from the original CuO sample
and agglomeration (details are reported in Chapter 3). Comparing the two samples exposed to

the H, flow, additional discrepancies can be observed, between Figure 4.c and Figure 4.d.
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Increasing the contact time (tnigh) between the reducing gas and the solid, the surface roughness
increases, suggesting a superficial microstructure rearrangement. The lower contact time (Tiow)
generates superficial cavities, with an average radius of 150 nm that are removed at Thigh,

indicating a less uniform distribution of copper grains.
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Figure 5: H, consumption profiles for CuO powder at different contact times (Tipw = 0.145, Thign = 0.4s).
mg =50mg, dp < 45 um yy,= 10%, B = 5°C/min.

Table 2: Relevant calculated parameters from Figure 5, for CuO reduction at different contact times (Tiow =
0.14s, thigh = 0.4s). Ocuo= total atomic oxygen from CuO consumed, %Ocuo = percentage of atomic oxygen from
CuO consumed with respect to the initial amount.

Thigh Tlow
Ocuo consumed | 0.932 mmol | 0.873 mmol
% Ocuo consumed 74.1% 71.2%
Peak temperature 277°C 273°C

The H, consumption curves, Figure 5, and quantifications, Table 2, at different contact time
shows an alternative perspective on the results speculated through SEM image analysis. The
reduction efficiency (% ¢s0 > is measured by the ratio between the atomic oxygen consumed
(from Hz consumption) and the atomic oxygen initially available in the CuO sample. The
reduction efficiency is comparable for both cases, of short and long gas contact time, since the
difference is <3%; however, the O available is not completely consumed. In a previous study
(in Chapter 2), we reported that high H» inlet flow rates support the flux from the gas phase to
the solid surface, and the reduction rate increases. At this stage, CuO is converted into Cu nuclei
on the surface and when the relative Cu amount is > 50%, the nuclei start to create a non-porous
shell, developing residual oxide. The poorly permeable shell limits the inward H» diffusion, and
consequently further oxide reduction to metallic Cu. In addition, H>O outward diffusion, as
reaction product, is further limited as the reduction progresses due to the Cu shell lower porosity

that enhances the Knudsen diffusion component to the effective diffusion. More precisely, at
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the maximum reduction rate observed from Figure 5, (T~ 275°C), with 0.1 as theoretical
particle porosity and particle dimension of 100 um, the difference between H> and H>O
effective diffusion coefficients is one order of magnitude (1.19E-07 m?%/s and 3.97E-08 m?/s,
respectively). Thus, this mechanism is limiting at increased molecular weight of the species and
then it affects HoO more than H,. EDS analyses (Table 2) of both samples prove that the surface
is almost completely converted to Cu (no O is detected on the Thigh sample while 1.59% of O is
present on the surface tiow) , while the oxygen consumption data (Ocuo) reveals that the
reduction is far to be complete in the whole sample volume. Additionally, the maximum
reduction temperature for Tiow is 4 °C lower compared to Thigh. This minor variation can result
from the combination of different experimental conditions: thigh test was carried out halving the
gas flowrate (50 Ncm?®/min) with the same sample mass (explained in Chapter 2), and a slightly
different thermocouple position, after reloading the bed in the reactor. Increasing the flowrate
and the presence of a bed dilution shift the reduction peak at lower temperature (Chapter 2) as
H:> concentration gradient between the gas and surface is higher and the heat generated from
the reaction together is dispersed with a delayed bed agglomeration, respectively. In these
experiments, the combination of higher flowrate and no bed dilution (tiow) has a stronger
influence on the reaction rate, i.e. maximum reduction temperature, than combining a lower

flowrate with the bed dilution (Thigh).

The general conclusion of CuO particles prereduction with Ha, before their oxidation requires
combining H> consumption with surface analysis: the H> treatment on CuO powder using high
reductant inlet concentration speeds up the overall conversion to Cu and simultaneously
decreases the global reduction efficiency, since the superficial Cu shell is limiting the diffusion
of gas species into the oxide particles. The different contact time (Thigh = 2.85Tiow) 1s not
influencing the global reaction outcome (Ocuo consumption) while the surface morphology is
strongly affected by this experimental parameter: a less uniform distribution of copper grains
generates hollows on the surface at thigh while decreasing the contact time at tiow produces a

rougher surface with a uniform grain distribution.

The purpose of H> pre-treatment is promoting the surface morphology that is most favorable
for nanowhiskers growth. Different mechanisms are proposed for the spontaneous
nanowhiskers formation such as vapor-solid (VS) or vapor-liquid-solid (VLS) model [37],
short-circuit diffusion [38] and stress-driven mechanism [39]. The VS and VLS models are
widely used to describe this process, however few objections can be raised: the oxidation occurs
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at temperatures much lower than the melting points of Cu and the oxides, thus the equilibrium
vapor pressures are so small that these mechanisms appear unlikely to take place. On the other
hand, the accumulation and relaxation of compressive stress is considered the representative
mechanism for nanowires growth, in which the driving force is the high compressive stress at
the oxides interface generated from the difference in molar volume between metal and oxides.
First, the mechanism includes the formation of macro-thick oxide layers (Cu2O and CuO) and
the interface between the two oxides generates the compressive strain that promotes the outward
diffusion of Cu cations through the grain-boundaries [40] and this is the rate-determining step
in intermediate temperatures (<500°C) [41], due to the p-type semiconductive nature of Cu-
oxides and Cu. However, the nanowires growth is initiating directly from the CuO surface rather
than the grain-boundaries that act as transport preferential pathway for Cu cation diffusion. All
things considered, the effect of H» pre-treatment should modify the morphological structure to
a more advantageous configuration to reduce the effect of the rate-limiting step and, i.e. increase
the overall nanowhiskers growth. In view of the reaction mechanism and the controlling
phenomena occurring, the higher density of oxide grains leads to an increased number of
substrates to initiate and advance the growth mechanism and promote the Cu cation diffusion
along the grain-boundaries. Increasing the contact time between the H>-gas phase and CuO
results in a rougher surface with a uniform distribution of grains and without superficial
hollows, Figure 4.c, thus the advantageous morphological configuration described beforehand.
On the other hand, both at tiow (Figure 4.d) and without any reducing pre-treatment (Figure 4.b)

the surface appears smoother, and the initial sites for nanowhiskers formation are reduced.

NW growth in cyclic reduction/oxidation

Given the enhancement in nanowhiskers formation obtained after a prereduction of the samples,
here we investigate the further improvements achievable with reiterated reduction/oxidation
cycles. A redox cycle is considered as both reduction and the consecutive oxidation. The
evolution of nanowires formation in sequential redox cycles is crucial when the application is
based on the fluctuation between reducing and oxidizing. Each reduction and oxidation step
were carried out in a temperature-transient experiment by constantly increasing the
temperature, at 2.5°C/min, slower than above, with a single prereduction step, to better
characterize the consumption mechanism and compare the performance of different reaction.

Other conditions as specified in Materials and methods, i.e. mg = 50 mg, d,, <45 um, Vior=100
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Ncem?/min and Yu,0r Yo,= 10%. We applied 1 and 2 sequential redox cycles; we also

introduced three heating and cooling cycles, in an inert atmosphere, between two redox cycles.

a) b)

Figure 6: SEM images of CuO powder after pre-treatment (heating/cooling in inert), and a single reduction and
oxidation cycle a) and b), or 2 cycles with intermediate thermal cycles in inert atmosphere c) and d).

Samples after 1 and 2 redox cycles (with intermediate thermal cycles in inert atmosphere) are
compared in Figure 6. It is evident the detrimental impact on nanowires dimensions and density
of increasing the cycles number. SEM images after the first reaction cycle (Figure 6.a and
Figure 6.b) show the expected outcome of the H» pre-reduction, with nanowires ranging from

1 um to 6 um in length and high density in the whole oxide surface. Increasing the redox cycles
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to 2 (Figure 6.c and Figure 6.d), the nanowires average length is shorter than 1 um and their

density is significantly reduced.

The H, and O consumption rates are shown in Figure 7. The relevant features (key

temperatures and degree of reduction or oxidation) are collected in Table 3.
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Figure 7: H, (dashed) and O: (solid) consumption profiles for a single reduction and oxidation cycle a), or 2
cycles with intermediate thermal cycles in inert atmosphere c), starting from CuO powder.

Table 3: Relevant parameters for CuO reduction and oxidation steps

Step Gas [lc:gt] T[l:,eék]’] ’[ig%k]z %[C?;giio

Inert pre-treatment Ar

3 1.Reduction 10%H, 175 268 81.9

E 1.Oxidation 10% 02 160 205 460 87.7
Inert pre-treatment Ar
Oxidative pre-treatment Air

1.Reduction 10% H2 158 233 232,264,273 87.2

7 1.0xidation 10% O2 155 250 415 87.4
‘:% Inert cycle Ar
N Inert cycle Ar
Inert cycle Ar

10% H2 146 228 - 75.6

10% 02 155 220 500 72.3

Multiple peaks are observed in the reduction steps. We already reported that particle

agglomeration occurs during their reduction with Hz (Chapter 3). The bed restructuring reflects
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on the H> consumption profiles, Figure 7; the appearance of multiple peaks as proven to indicate
the formation of a Cu shell with reduced porosity over the unreacted CuO particles, and not a
different chemical reduction mechanism (Chapter 2). The shell causes H» diffusion limitations
that shift the apparent reduction temperatures to higher values. The difference between the
reduction profiles after 1 or 2 redox cycles is ascribed to uneven particle agglomeration, that
determine local bed rearrangements unevenly distributed in the bed, and temperature gradients
caused by higher sample mass (200 mg). The H, consumption rate is higher in the hotspots and
the extent increased by the heat of reaction (CuO reduction is exothermic, AH = -85.763 kJ/mol
CuO) and thus areas at lower temperatures (< T activation) react only when the heat is more
uniformly distributed. In the second cycle reduction, after an oxidation and three thermal cycles,
only one peak is present at 228°C, Table 3, and the activation is at lower temperature. The
appearance of structural defects, i.e. reduction active sites, and surface rearrangements
decreases the activation temperature, as the induction time is lower [42], with a simultaneous

decrease of reduction rate for temperatures <180°C caused by a decrease in surface area.

The oxidation profiles and quantifications results, also in Figure 7 and Table 3, demonstrate the
formation of extra-oxides in the form of nanowires on the Cu-shell obtained after the reduction
pre-treatment. The efficiency of reduction and re-oxidation is measured by the %Ocuo and
reported in Table 3. The O regained during the oxidation is higher than the %Ocuo consumed
by H» in the first redox cycle. However, a substantial difference is visible between the two
oxygen consumption values: in the 1-redox cycle the difference between %Ocuo, red and %Ocuo,
ox18 6.6% while in the 2-redox cycle test is < 1%. The difference is ascribed to the pre-treatment
protocol, suggesting that an inert cycle has a higher efficiency than combining an inert and
oxidation cycle, due to the different impact on the surface morphology. The application of an
oxidative pretreatment uniforms the surface and decrease the superficial defects, identified as
the active sites for CuO reduction. In the second redox cycle, Table 3, the amount of oxygen
regain is less than the one consumed during the oxidation, meaning that any growth of
nanowires or increased density is lost. The nanowhisker density is decreased caused by the
partial agglomeration of CuO particles after the first reduction (Chapter 3) creating a non-
porous copper oxide layer and subsequently increasing diffusion limitations for further
reduction or oxidation processes. Also, the surface appears smooth after the reduction treatment
and the growth mechanism of nanowires formation is unfavored due to the disappearance of

surface defects. As CuO-based materials have an excellent reactivity towards reducing mixtures
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by donating the oxygen from the lattice, solutions to prevent agglomeration phenomena must
be identified, such as the deposition of Cu/CuO particles on a suitable support to efficiently
increase the dispersion. However, the volumetric capacity of the bed to store oxygen will

dramatically drop.

The practical implication of these results could be understood by considering a reducing-
oxidizing process: the metal oxide acts as an oxygen-donor in which the lattice oxygen is
consumed during the reduction step, while the feed (possibly a fuel) is oxidized before the
reduced solid is re-oxidized with O,. Under this perspective, increasing the amount of oxygen
available on the metal oxide through nanowires could increase the reduction yield and
simultaneously control the product selectivity. The redox process investigated in this study is a
model system with H», air and CuO as reductant, oxidant and metal oxide respectively, but the
same reasoning could be applied to different reducing gas, like fuels, provided that the
previously mentioned agglomeration effects are reproduced. If so, the reducing step in the redox
loop could serve also as a pre-treatment to generate an improved substrate to facilitate the
nanowires growth during the oxidation step. These considerations can be proven with simple
experiments: a temperature-programmed reduction (TPR) with the same process reducing
mixture to find the maximum reduction temperature (the temperature at which the pre-treatment
should be carried out at steady state in consecutive reaction loops), SEM analyses after the first

redox cycle and a performance comparison in terms of conversion/selectivity.

Conclusions

The formation of nanostructures on CuO surfaces (Cu foil and Cu/CuO powder) was
investigated by applying thermal and chemical treatments, also through multiple cycles.

The non-uniform surface etching during the acid washing of Cu-foil generated areas with
different morphologies (apparently rough and smooth) at a different oxide composition (mainly
CuO is present in the rough regions while a mixture of CuxO-CuO in the smother ones) after an
oxidation treatment in air at 500°C for 30 min. This composition depends also on the presence
of nanowhiskers confined in the areas with a high concentration of surface defects, caused by
the efficient acid etching that favor the initiation of nanowhiskers growth. Nanowhisker
dimensions and density can be adjusted by varying the O partial pressure and maximum

temperature of the oxidative treatment. Higher O partial pressures increase the NW density at
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lower maximum temperature, but the same output could be obtained by decreasing O» partial
pressure at increased temperature.

The application of a complete reduction-oxidation cycle showed that the H, treatment prior to
the oxidation stage favors the nanowires growth. Specifically, the CuO sample after the
oxidation without any reducing step exhibits a surface morphology comparable the fresh one
with negligible particle porosity and surface roughness, while the addition of a reducing
treatment modifies the morphology, increasing the roughness as an effect of particle
agglomeration, after the (exothermic) removal of atomic oxygen by H» from the original CuO
sample. Also the contact time between the reducing gas phase and oxide influenced the surface
morphology: increasing the contact time (0.4s) the surface roughness increases as an effect of
the superficial microstructure rearrangement, while a lower contact time (0.14s) generates
superficial cavities, indicating a less uniform distribution of copper grains. As we already
reported (Chapter 2), the application of different experimental conditions influences the
reaction outcome, as the extent of chemical and physical phenomena (mass and heat transfer)
varies, reflecting on the morphological configuration of the surface; high H> concentration
speeds up the overall conversion to Cu and simultaneously decreases the reduction extent, since
the superficial Cu shell is limiting the diffusion of gas species into the oxide particles. The
different gas contact time is not influencing the global reaction outcome, but the surface
morphology. The nanowires formation mechanism includes the generation of macro-thick
oxide layers (Cu20 and CuO) that initiates their growth. Increasing the contact time, leads to a
rougher surface with a uniform distribution of grains and without superficial hollows), thus the
initial sites for nanowhiskers formation are increased as the rate-limiting step of the process
(outward diffusion of Cu cations through grain-boundaries) is favored. However, strong particle
agglomeration is occurring in consecutive reduction and oxidation reactions on bulk CuO, thus
the importance of disperse the Cu/CuO particles on a suitable support. However, the volumetric

capacity of the bed to store oxygen will dramatically drop.
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Nomenclature

dp
AH

Ocuwo

%OCuO, red

%OCuO, 0X

0/.c0NS
/OO,CuO

Greek letters:

B

Tlow

Thigh

Acronyms:
BSE

CLP
EDS
(E)SEM
NW
RT
TCD
™
TPO
TPR
ES
VS
VLS
XRD

Particle diameter

Enthalpy of reaction

Sample mass

O, partial pressure

Activation temperature

Temperature of the peak

Temperature of the first peak

Temperature of the second peak

Total volumetric flowrate

Hydrogen volumetric percentage

Oxygen volumetric percentage

Atomic O from CuO consumed

Percentage of atomic oxygen from CuO consumed during reduction
Percentage of atomic oxygen regained by CuO during oxidation

Degree of reduction

Heating rate
Low contact time

High contact time

Back-Scattered Electron Detector
Chemical Looping Combustion
Energy Dispersive X-ray Spectrometry
(Environmental) Scanning electron microscope
Nanowires/nanowhiskers

Room temperature

Thermal conductivity detector
Transition metal

Temperature programmed oxidation
Temperature programmed reduction
Ehrlich-Schwoebel

Vapor-liquid

Vapor-liquid-solid

X-Ray Diffraction

116



References

[1] Study on the EU’s list of Critical Raw Materials (2020) Final Report, (n.d.).
https://doi.org/10.2873/904613.

[2] J. Adanez, A. Abad, T. Mendiara, P. Gayan, L.F. de Diego, F. Garcia-Labiano, Chemical
looping combustion of solid fuels, Progress in Energy and Combustion Science. 65 (2018) 6-66.
https://doi.org/10.1016/j.pecs.2017.07.005.

[3] P. Pal, S.K. Pahari, A. Sinhamahapatra, M. Jayachandran, G.V.M. Kiruthika, H.C. Bajaj, A.B.
Panda, CeO2 nanowires with high aspect ratio and excellent catalytic activity for selective oxidation of
styrene by molecular oxygen, RSC Advances. 3 (2013) 10837-10847.
https://doi.org/10.1039/c3ra23485a.

[4] M. Dyballa, K. Thorshaug, D.K. Pappas, E. Borfecchia, K. Kvande, S. Bordiga, G. Berlier, A.
Lazzarini, U. Olsbye, P. Beato, S. Svelle, B. Arstad, Zeolite Surface Methoxy Groups as Key
Intermediates in the Stepwise Conversion of Methane to Methanol, ChemCatChem. 11 (2019) 5022—
5026. https://doi.org/10.1002/cctc.201901315.

[5] J.M. Thomas, R. Raja, G. Sankar, R.G. Bell, Molecular-sieve catalysts for the selective
oxidation of linear alkanes by molecular oxygen, 1999. www.nature.com.

[6] D. Papageorgiou, A.M. Efstathiou, X.E. Verykios, The selective oxidation of methane to C,-
hydrocarbons over lithium-doped TiOz catalysts, Applied Catalysis A: General. 111 (1994) 41-62.

[7] M.S.C. Chan, H.G. Baldovi, J.S. Dennis, Enhancing the capacity of oxygen carriers for selective
oxidations through phase cooperation: Bismuth oxide and ceria-zirconia, Catalysis Science and
Technology. 8 (2018) 887—897. https://doi.org/10.1039/c7cy01992k.

[8] C.H. Wang, S.S. Lin, C.L. Chen, H.S. Weng, Performance of the supported copper oxide
catalysts for the catalytic incineration of aromatic hydrocarbons, Chemosphere. 64 (2006) 503—-509.
https://doi.org/10.1016/j.chemosphere.2005.11.023.

[9] V. v. Galvita, M. Filez, H. Poelman, V. Bliznuk, G.B. Marin, The role of different types of CuO
in CuO-CeO2/Al 203 for total oxidation, Catalysis Letters. 144 (2014) 32-43.
https://doi.org/10.1007/s10562-013-1144-x.

[10]  T. Mattisson, A. Jardnids, A. Lyngfelt, Reactivity of some metal oxides supported on alumina
with alternating methane and oxygen - Application for chemical-looping combustion, Energy and Fuels.
17 (2003) 643—651. https://doi.org/10.1021/ef020151i.

[11]  P. Cho, T. Mattisson, A. Lyngfelt, Comparison of iron-, nickel-, copper- and manganese-based
oxygen carriers for chemical-looping combustion, Fuel. 83 (2004) 1215-1225.
https://doi.org/10.1016/j.fuel.2003.11.013.

[12]  E. Jerndal, T. Mattisson, A. Lyngfelt, Thermal analysis of chemical-looping combustion,
Chemical Engineering Research and Design. 84 (2006) 795-806. https://doi.org/10.1205/cherd05020.

[13] Q. Zafar, T. Mattisson, B. Gevert, Redox investigation of some oxides of transition-state metals
Ni, Cu, Fe, and supported on SiO2 and MgAI204, Energy and Fuels. 20 (2006) 34-44.
https://doi.org/10.1021/ef0501389.

[14]  W. Akram, Sanjay, M.A. Hassan, Chemical looping combustion with nanosize oxygen carrier:
a review, International Journal of Environmental Science and Technology. 18 (2021) 787-798.
https://doi.org/10.1007/s13762-020-02840-8.

117



[15] D. Li, J. Hu, R. Wu, J.G. Lu, Conductometric chemical sensor based on individual CuO
nanowires, Nanotechnology. 21 (2010). https://doi.org/10.1088/0957-4484/21/48/485502.

[16] W. Gao, S. Yang, S. Yang, L. Lv, Y. Du, Synthesis and magnetic properties of Mn doped CuO
nanowires, Physics Letters, Section A: General, Atomic and Solid State Physics. 375 (2010) 180—182.
https://doi.org/10.1016/j.physleta.2010.10.065.

[17] L.B. Chen, N. Lu, CM. Xu, H.C. Yu, T.H. Wang, Electrochemical performance of
polycrystalline CuO nanowires as anode material for Li ion batteries, Electrochimica Acta. 54 (2009)
4198-4201. https://doi.org/10.1016/j.electacta.2009.02.065.

[18]  S.John, S.C. Roy, CuO/Cu20 nanoflake/nanowire heterostructure photocathode with enhanced
surface area for photoelectrochemical solar energy conversion, Applied Surface Science. 509 (2020).
https://doi.org/10.1016/j.apsusc.2019.144703.

[19] R.L.Papurello, A.P. Cabello, M.A. Ulla, C.A. Neyertz, .M. Zamaro, Microreactor with copper
oxide nanostructured films for catalytic gas phase oxidations, Surface and Coatings Technology. 328
(2017) 231-239. https://doi.org/10.1016/j.surfcoat.2017.08.066.

[20] C. Xu, Y. Liu, G. Xu, G. Wang, Preparation and characterization of CuO nanorods by thermal
decomposition of CuC204 precursor, Materials Research Bulletin. 37 (2002) 2365-2372.

[21] T. Jiang, Y. Wang, D. Meng, X. Wu, J. Wang, J. Chen, Controllable fabrication of CuO
nanostructure by hydrothermal method and its properties, Applied Surface Science. 311 (2014) 602—
608. https://doi.org/10.1016/j.apsusc.2014.05.116.

[22] C. Wu, L. Shen, H. Yu, Y.C. Zhang, Q. Huang, Solvothermal synthesis of Cu-doped ZnO
nanowires with visible light-driven photocatalytic activity, Materials Letters. 74 (2012) 236-238.
https://doi.org/10.1016/j.matlet.2012.01.125.

[23] C. te Hsieh, J.M. Chen, H.H. Lin, H.C. Shih, Synthesis of well-ordered CuO nanofibers by a
self-catalytic =~ growth  mechanism, Applied Physics Letters. 82 (2003) 3316-3318.
https://doi.org/10.1063/1.1569043.

[24] M. Kaur, K.P. Muthe, S.K. Despande, S. Choudhury, J.B. Singh, N. Verma, S.K. Gupta, J. v.
Yakhmi, Growth and branching of CuO nanowires by thermal oxidation of copper, Journal of Crystal
Growth. 289 (2006) 670—675. https://doi.org/10.1016/j.jcrysgro.2005.11.111.

[25] A.Kumar, A.K. Srivastava, P. Tiwari, R. v. Nandedkar, The effect of growth parameters on the
aspect ratio and number density of CuO nanorods, Journal of Physics Condensed Matter. 16 (2004)
8531-8543. https://doi.org/10.1088/0953-8984/16/47/007.

[26]  Z.Feng, C.R. Marks, A. Barkatt, Oxidation-Rate Excursions during the Oxidation of Copper in
Gaseous Environments at Moderate Temperatures, Oxidation of Metals. 60 (2003).

[27] R. Haugsrud, The Influence of Water Vapor on the Oxidation of Copper at Intermediate
Temperatures, Journal of  The Electrochemical Society. 149 (2002) B14.
https://doi.org/10.1149/1.1427076.

[28] X. Wang, J.C. Hanson, A.IL. Frenkel, J.Y. Kim, J.A. Rodriguez, Time-resolved studies for the
mechanism of reduction of copper oxides with carbon monoxide: Complex behavior of lattice oxygen
and the formation of suboxides, Journal of Physical Chemistry B. 108 (2004) 13667—-13673.
https://doi.org/10.1021/jp0403660.

[29] X. Jiang, T. Herricks, Y. Xia, CuO Nanowires Can Be Synthesized by Heating Copper
Substrates in Air, Nano Letters. 2 (2002) 1333—1338. https://doi.org/10.1021/n10257519.

118



[30] D. Senyildiz, O.T. Ogurtani, G. Cambaz Buke, The effects of acid pretreatment and surface
stresses on the evolution of impurity clusters and graphene formation on Cu foil, Applied Surface
Science. 425 (2017) 873—878. https://doi.org/10.1016/j.apsusc.2017.07.092.

[31]  N. Chopra, B. Hu, B.J. Hinds, Selective growth and kinetic study of copper oxide nanowires
from patterned thin-film multilayer structures, Journal of Materials Research. 22 (2007) 2691-2699.
https://doi.org/10.1557/jmr.2007.0377.

[32] C.H. Xu, C.H. Woo, S.Q. Shi, Formation of CuO nanowires on Cu foil, Chemical Physics
Letters. 399 (2004) 62—66. https://doi.org/10.1016/j.cplett.2004.10.005.

[33] R.L. Schwoebel, E.J. Shipsey, Step motion on crystal surfaces, Journal of Applied Physics. 37
(1966) 3682—3686. https://doi.org/10.1063/1.1707904.

[34] G. Ehrlich, F.G. Hudda, Atomic view of surface self-diffusion: Tungsten on tungsten, The
Journal of Chemical Physics. 44 (1966) 1039-1049. https://doi.org/10.1063/1.1726787.

[35] J.C. Yang, B. Kolasa, J.M. Gibson, M. Yeadon, Self-limiting oxidation of copper, Applied
Physics Letters. 73 (1998) 2841-2843. https://doi.org/10.1063/1.122608.

[36] A.M.B. Gonalves, L.C. Campos, A.S. Ferlauto, R.G. Lacerda, On the growth and electrical
characterization of CuO nanowires by thermal oxidation, Journal of Applied Physics. 106 (2009).
https://doi.org/10.1063/1.3187833.

[37] K.K. Lew, J.M. Redwing, Growth characteristics of silicon nanowires synthesized by vapor-
liquid-solid growth in nanoporous alumina templates, Journal of Crystal Growth. 254 (2003) 14-22.
https://doi.org/10.1016/S0022-0248(03)01146-1.

[38] C.L.Cheng, Y.R. Ma, M.H. Chou, C.Y. Huang, V. Yeh, S.Y. Wu, Direct observation of short-
circuit diffusion during the formation of a single cupric oxide nanowire, Nanotechnology. 18 (2007).
https://doi.org/10.1088/0957-4484/18/24/245604.

[39] S.M. Prokes, S. Arnold, Stress-driven formation of Si nanowires, Applied Physics Letters. 86
(2005) 1-3. https://doi.org/10.1063/1.1925756.

[40] L. Yuan, Q. Yin, Y. Wang, G. Zhou, CuO reduction induced formation of CuO/Cu20 hybrid
oxides, Chemical Physics Letters. 590 (2013) 92-96. https://doi.org/10.1016/j.cplett.2013.10.040.

[41] L. Yuan, Y. Wang, R. Mema, G. Zhou, Driving force and growth mechanism for spontaneous
oxide nanowire formation during the thermal oxidation of metals, Acta Materialia. 59 (2011) 2491—
2500. https://doi.org/10.1016/j.actamat.2010.12.052.

[42] J.A. Rodriguez, J.C. Hanson, A.l. Frenkel, J.Y. Kim, M. Pérez, Experimental and theoretical
studies on the reaction of H2 with NiO: Role of O vacancies and mechanism for oxide reduction, Journal
of the American Chemical Society. 124 (2002) 346—354. https://doi.org/10.1021/ja0121080.

[43] T. Proll, P. Kolbitsch, J. Bolhar-Nordenkampf, H. Hofbauer, A novel dual circulating fluidized
bed system for chemical looping processes, AIChE Journal. 55 (2009) 3255-3266.
https://doi.org/10.1002/aic.11934.

[44] Y. Wei, H. Wang, K. Li, X. Zhu, Y. Du, Preparation and characterization of Cel-x NixO 2 as
oxygen carrier for selective oxidation methane to syngas in absence of gaseous oxygen, Journal of Rare
Earths. 28 (2010) 357-361. https://doi.org/10.1016/S1002-0721(10)60358-4.

119



Chapter 7

Transient experiments to investigate the role of
lattice oxygen 1n the CO oxidation on LaFeOs

Abstract

Perovskites are promising materials to incorporate transition metals in their structure as
substitute of the expensive PGMs for TWC applications. Thanks to the mobility of lattice
oxygen, perovskites can sustain oxidation reactions even when the oxygen from the gas phase
is lower than the stoichiometric. The application of transient experiments (CO-TPR) confirms
the mobility of oxygen in LaFeOs which is slow and governed by a diffusive mechanism for
temperatures higher than the activation one, in which also bulk oxygen could reach the surface

and take part of superficial reactions.

Introduction

Climate changes are observed on a worldwide scale and these alterations are unprecedented in
thousands of years and mostly irreversible. IPCC report from 2021 showed that the emissions
of greenhouse gases are mainly caused by human activities and if the current trend continues
without prompt actions the global temperature is expected to exceed 1.5°C of warming [1]. In
automotive applications, the emission of pollutant gases as NO, CO and unburnt hydrocarbons
plays a crucial contribution in the formation of acid rains and air pollution. Catalytic converters
are efficient devices to reduce the emission of harmful gases on which Platinum-Group Metals
(PGMs) acts as the active centers for the multiple reduction and oxidation reactions [2] thanks
to their outstanding performance in terms of low temperature operation, conversion and
selectivity. However, PGMs (Pd, Pt, Rh, Ir, Ru) have been recently classified as critical raw
materials [3] and the demand is expected to increase in the future due to new promising H»
technologies for energy applications (electrolyzer [4], fuel-cell [5]), leading to a further increase
in their demand [6] and cost, as a forecast of the current 15-year trend [7]. Noble-metal catalysts
also undergo to deactivation caused by poisoning with chloride and sulfuric compounds [8] and
thus transition metals (Cu, Ni, Cr, Co, Mn, etc.) have become crucial in the development of

innovative low-PGM or PGM-free catalytic systems with comparable activity and durability as
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well as a lower cost. In automotive applications, PGMs promote CO and hydrocarbons
combustion together with NOx reduction and Cu, Fe and Mn in their metallic forms are active
towards these reduction and oxidation reactions but their vulnerability with respect to severe
oxidative atmosphere [9] prevents their extensive utilization in three-way catalytic reactions
(TWCO).

Perovskites are promising materials in the general form of ABO3 in which A and B are cations
of different size and the catalytic activity depends on their valence state. The incorporation of
inexpensive and available transition metal cations as active sites favors the transition to more
sustainable materials [10]. Also, this process tunes the crystallographic configuration of the
perovskite, changing the chemical composition and structure, enriching the redox couples and
increasing the concentration of structural defects [11]. These features of the perovskitic
framework are strictly connected to the mobility of lattice oxygen as the higher number of
defects generates oxygen vacancies that increase the amount of active oxygen, contributing to
a greater oxidation capability [12]. Most studies on perovskite for TWC applications are
dedicated to the oxidation of CO and HC [13] and the CO oxidation with NO [14] and their
resistance towards deactivation and poisoning, e.g. coke deposition and SO; resistance by
tuning the composition of the perovskite. Also, the mobility of lattice oxygen is a crucial feature
for the practical application of perovskite as TWC materials, as the real operation conditions
are characterized by strong oscillations in oxygen concentration [15]. The discriminating factor
to identify the most active catalyst under these transient conditions is its ability to provide
oxygen from the lattice when the O; from the gas phase is under the stoichiometric value.
Therefore, mass-transport and physical phenomena (reagents and oxygen diffusion and
adsorption/desorption) should be critically included while developing reaction mechanism and
kinetic analysis. Despite the complexity of the exhaust gas mixtures, the reactive system could
be studied in a simplified configuration in which both oxidation and reduction reactions are
considered, i.e. assisted CO oxidation with NO. Specifically, the participation of lattice oxygen
involves the CO oxidation step that initiates the formation of structural vacancies involved in
further reaction steps with other species. The connection between oxygen mobility and catalytic
activity could be performed by focusing on the CO oxidation. The reaction mechanism on a

model perovskite (LaFeOs3) is reviewed in the next section.

In this study, the crucial role of oxygen diffusion during CO oxidation was assessed for a model
perovskite (LaFeO3). The experimental demonstration of the importance of integrating oxygen

diffusion steps in Mars-Van Krevelen mechanism will be performed with transient experiments
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(switching of the gas) and temperature programmed reduction with CO (CO-TPR) and

isothermal experiments at various temperatures without feeding oxygen.

Microkinetic model of CO oxidation

The mechanism of oxidation of CO with lattice oxygen over LaFeOs3 is a Mars-Van Krevelen
type, [16], in which CO is first absorbed on an active site of Fe (*) (Step 1) and then oxidized
by the oxygen present in the catalyst’s structure Oqy (Step 2). CO2 is then formed on the surface

of the material (COg, ags), and then desorbs from it (Step 3), freeing an active site.

CO + * = COads Ea’ ads ™~ 0 eV Step ]
COgas + Oy = COz44s+ V™ Ear=0.74 eV Step 2
COZ,adS - COZ + * Ea’ des = N.A. Step 3

There is therefore an effect both in the gas phase (CO; formation) and in the catalyst (formation
of vacancies in the structure and restoration of active sites). Besides the surface oxidation step
itself (Step 2) there are other two steps whose rate influences the macroscopical result of the

reaction, which are adsorption/desorption and O diffusion in the solid.

Adsorption kinetics

Step 1 represents the chemical adsorption of the CO molecule onto the surface, to which it
forms a bond stronger than the van der Waals interaction typical of physical adsorption. There
is an associated activation energy for adsorption (Eaadas) > 0, thereby defining the kinetic

constant (kags) and the rate of adsorption (Rags) in Equation 1 and Equation 2 respectively [17].

P _Egads
kgos =——="¢e k8T Equation 1
ads 1/ ankBT q
doe .
Ruas = E = Kaas f(e) = kggs - (1 —0) - S(0) Equation 2

in which P = pressure, m = mass of the adsorbed molecule, kg = Boltzmann constant, 7 =

Nads

temperature and 0 = = fraction of coverage of active sites on the catalyst’s surface.

adsmax

The function f(©)=(1 — 0) - S(O) is the sticking function, which represents the probability
with which a molecule adsorbs onto the surface, and S(0) is the sticking coefficient, which

depends on the absorbate molecule and the nature of the adsorbent. In the present case, the
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function has been assumed to be of the first order, as a single molecule of adsorbate (CO)
occupies a single active site (there is no dissociation). Therefore, the rate of adsorption is
defined as the variation of the number of active sites over time, and it depends on temperature,
pressure and mass of the adsorbate molecule (Equation 1). An increase in the rate of adsorption
is directly proportional to an increase in pressure and inversely proportional to increases in mass
and temperature. The effect of temperature is higher compared to pressure and mass influence
thanks on the exponential function dependency in Equation 1. The parameter © can be obtained

through Equation 3:

0= Naas [adim] Equation 3
Asur "Meg: - Pactsite

In which N4 = moles of adsorbate [mol], Ag,, = surface area [m%/g], M., = catalyst weight
[g/mol], pacesite = density of superficial active sites. This parameter can assume two extreme
values: ® = 0 when the adsorbing capacity of the surface is at maximum since no active site is
currently occupied and ® = 1 if the surface is saturated and no more active sites remain
available. In the interval 0 < @ < 1, O is a function of the rates of adsorption and desorption
(Equation 4)

© = f(Rugs) Raes) = f(t, T, P) Equation 4

In this study, the adsorbate is CO and the adsorbent LaFeO3, and the active sites are Fe sites

linked to O in the structure, as depicted in Figure 1.

CO

LaFeO; o“) LaFeO;
Figure 1: Insight of surface adsorption of CO on LaFeOs.

Assuming the surface is saturated (0 = 1, so all of the active sites can potentially react with the
adsorbate), Equation 3 can be rearranged to calculate the total quantity of O, relative to the
surface (Equation 5).
Equation
Nco,ads = Asur * Mcat * Po,sur [mol] 5
This equation could be used both to calculate moles of CO adsorbed on the surface that

correspond to the moles of active sites, i.e. superficial oxygen (1 ) OF an approximate
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value of surface area (Ag,;-). To do so, the Langmuir model of monolayer adsorption must be
considered as the surface is assumed at saturation and thus the correlation between Ag,,,- and
Ng,surs Still holds. The density of di O active sites is reported in Equation 6, assuming that
each Fe site has 4 O(l) around, but periodicity imply that it is still 1:1 Fe:O so that the initial
density of Fe and O(1) is equal, at 4.6 10'® atoms/cm? each.

t l .
atoms _ 7.6 - 10-6% Equation 6
m

Po,sur = 4.6 10'®

Oxygen diffusion in the lattice
Oxygen is present in the whole structure of the catalyst, from the outer layers to the bulk. The
oxidation reaction of CO over LaFeOs (Step 2) implies the formation of structural vacancies

(V*) when Qg is consumed, inducing a diffusion of oxygen atoms inside the solid (Figure 2).

00000
OO 0
OOHOO

Vacancy

Figure 2: Insight of vacancy diffusion mechanism.

The general equation describing 3D unsteady-state isotropic diffusion is reported in Equation

7, assuming that diffusion is favored in preferential pathways

dco,zzD-<azco 92C, azco>

It 322 + 3y7 + 372 Equation 7
in which C, , = oxygen concentration along the axial direction z [mol/cm?] and D = diffusion
coefficient. The behavior of Oy atoms migration in LaFeOs3 can be described with a diffusion
of vacancies mechanism [18], in which the diffusion coefficient D can be defined with the
general Arrhenius-like relation (Meyer-Neldel rule) reported in Equation 8. It represents an
activated diffusion since the jump of an atom to a nearby site (vacancy) requires a certain
activation energy to overcome the energy barrier when moving from one equilibrium state to
another (Figure 3)

E. ..
D =D, - exp (— %}ﬁ) Equation 8
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In which D, = pre-exponential factor, Eg ;¢ = activation energy for diffusion, R = gas constant

M

Distance

and T= temperature.

Energy

Atom
@

Figure 3: Energy trend involved in vacancy diffusion mechanism (Qm, = Eg qif5).

The pre-exponential factor D (or frequency factor) represents the probability of an atom to
possess enough energy to jump into the new position and find a vacancy in the vicinity of the
site. Equation 9 can then be obtained, which describes the dependence of the diffusion
coefficient D on other variables (structure of the material and of the lattice, vibrational motion
of atoms).

Eqaifr Eqaiff '
D = Dy-ex (—'—)zv-az-a-ex (——) Equation 9
0 p RT p RT q
in which v = characteristic atomic vibrational frequency, a = lattice constant and a =
geometrical factor. With equal microstructure and mechanism, diffusion is favoured by

temperature, which becomes the key variable in explaining the results obtained during tests.

A solid’s structure can be divided into different zones, and the model for LaFeOs [19] identifies
two of them: surface and bulk. Based on the results obtained during tests without gaseous O»,

this model can be modified (Figure 4) to differentiate between types of O(): grain boundaries y

and bulk £.

a4y a4y

o o

Figure 4: Schematic representation of two LaFeQOj3 grains and their structures.
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J co, co,

sup Dsup

Figure 5: Oxygen diffusion in surface a4 in LaFeQOs.

The surface « is the physical adsorption layer, of gaseous molecules (O2, N2, remaining CO)
whose bonds with the surface are weaker than chemical (i.e., van der Waals interactions). Its
contribution is negligible since the inert (He) flow during the heating phase physically adsorbed
species. The a4 surface is the real boundary of the solids, with a density of superficial sites and
quantity of O represented by Equation 5 and Equation 6. When the surface comes into contact
with the CO being fed, Step 1 (CO adsorption) and Step 2 (formation of CO> and vacancies)
happen (first two images of Figure 5). At the level of the solid the diffusion of vacancies comes
into play, which is described by Equation 8 and for which a diffusion coefficient D can be

defined as in Equation 9 (assuming Dy is constant), leading to Equation 10.

E. ..
M) Equation 10

D=D0-exp<— RT

In which Eg 457 «, 1s the energy of diffusion through the surface a;. Grain boundaries y are the

interfaces between grains of LaFeOs, in which there is a faster diffusion of atoms to the surface

compared to bulk diffusion [19], with an activation energy of E, 4;¢f, (Figure 6).

o vEse | 1> V¥ o

0‘.2 V*+ — 1> V* (12

Figure 6: Oxygen diffusion in grain boundaries y in LaFeOs3.

The bulk g is the innermost zone of the material, in which there is a slow diffusion with an

activation energy E, qirf g-
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Figure 7: Oxygen diffusion in bulk B in LaFeOs3.

Comparing the activation energies of the different zones [19,20], the relation reported in

Equation 11 stands:

Eqaiffa, < Eaairry < Eaaifsp Equation 11

Therefore, it can be deduced that surface diffusion is activated by lower temperatures compared

to the diffusion in grain boundaries or in the bulk.

Materials and methods

LaFeOs in powder form was synthesized at the Unité de Catalyse et Chimie du Solide,
University Lille Nord — 1, France, within a common EU program, with a standard sol-gel
method via citrate route [21]. CO-TPO was performed with a fixed bed configuration in a quartz
tubular reactor (ID=6 mm) in which 45 mg of LaFeO3 (45 um — 150 pum) were loaded. The tube
was inserted into a temperature programmable furnace (Watlow) controlled by a thermocouple
(type K) placed right downstream the bed. Temperature was also monitored upstream by a
thermocouple (type K) close to the bed surface. The temperature protocol consisted in a heating
ramp (from RT to 500°C at 2°C/min, no isothermal time and uncontrolled cooling rate) with
1% + 0.4% CO/He. Gases were fed with a total flowrate of 100 Ncm?/min, obtained with mass-
flow controllers (Brooks, Bronkhorst). Before entering the reactor, an automatic four-way valve
(VICI Valco) allows to rapidly switch mixture (inert vs. reducing), ensuring the total separation
between them. The same logic applies also to isothermal CO oxidation experiments, with the
difference that the catalyst mass is higher (102 mg) and the heating ramp up to the desired
temperature is carried out in an inert flow (He) at 10°C/min and then a mixture of 0.7% of
CO/He is fed by switching the automatic valve. In both cases, the outlet gases (CO, CO») were
analysed with a by means of FTIR (Shimadzu [RTracer-100), at a frequency of 4 Hz. Prior to
the CO-TPR and isothermal CO experiments, the sample was pre-treated in air at 500°C for 2h.
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Surface morphology was examined with an Environmental Scanning Electron Microscope
(ESEM, Fei-Quanta 200), equipped with Back-Scattered Electron Detector (BSE).
Nanostructure dimensions (length and diameter) were retrieved from ESEM images; the surface
elemental analysis was obtained with Energy Dispersive Spectroscopy (EDS, EDAX, Genesis
model). The initial and final powder structure was analyzed with X-ray Diffraction (XRD,
Panalytical X Pert 3 Powder) with Cu-Kg radiation and 20 scanning from 3° to 70° with 0.013°
step. Results were interpreted with Panalytical High Score Plus 4 with 3 databases (PDF2,
Panalytical ICSD, COD).

Quantification of CO2 produced from isothermal CO experiments and its correlation to the
amount of oxygen taken from LaFeOs are two key parameters in this study. Quantifications are
described in detail in the following paragraph and the theoretical elemental analysis of 100 mg

sample is reported in Table 1.

Table 1: Elemental composition and relative weights for LaFeQ3

Element Mole:;/l::lro;;'elght Atoms Weight percentage Wel%:rt {) ;zellslgnent
La 139 1 57.2% 58.3 mg
Fe 56 1 23.0% 23.5 mg
(0 16 3 19.8% 20.2 mg

At any time, the quantity of O, from the catalyst has been calculated from the CO, produced by
the reaction. From the volumetric %o, (t) obtained by FT-IR, 710, (t) (molar flowrate of CO»)
has been calculated with Equation 12.

P'Vtot
-T

R

nco,(£) = Y%co, (0) - [mol/min] Equation 12

The total quantity of CO, produced, nco,,,,, is the integral of the 7o, (t) profile since the
beginning (At = trin — tipn). tin is the time at which the slope of the %, starts to increase,

and ts;, the time in which %, reaches zero (if applicable) (Equation 13).

tfin
Ncoztor = jt Nco,(t) ~dt  [mol] Equation 13

in

To standardize the processing of experimental results and eliminate possible differences due to
the calibration of the FT-IR with respect to CO», the %¢o,(t) curve has been translated to
ensure that %co, (tin) = 0. The total quantity of consumed Oz, ng, +op» Nas been calculated

through the stoichiometry of the reaction (0.5mol O2: 1 molCO») as in Equation 14.
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N0, tor = 0.5 "0y ot Equation 14

If a flow of inert is not opened before the test, a correction on the ny,, . was also performed,

considering a small amount of air trapped inside the reactor and piping, before the reaction and
it was quantified by calculating the volume of the system and obtaining the corresponding

quantity of oxygen (ng, . ). The quantity of Oz from the catalyst that has been consumed,
No, > TeSUlts from the difference between the total quantity consumed, from eq. above, and

the due to the oxygen initially in the line (Equation 15).

N0, car = M0200t — M0z 1ine [mol] Equation 15

Depending on the length of the lines, ng, ., varies between 2.214 - 107 mol to 2.937 - 107

mol, corresponding to 0.7 mg and 0.93 mg of O» respectively.

The error on the carbon balance was calculated with Equation 16.

5L

.r'lout .
ErrC = (1 - ) 100 Equation 16
ne

Where 72% = molar flowrate of carbon exiting the reactor [mol/min] as CO or CO», and n&*=

molar flowrate of carbon fed (as CO).

Results and discussion

LaFeOj; characterization

The material used in these tests is LaFeOs3 has been characterized by XRD, as in Figure 8. The
material has the prevalent structure of an orthorhombic perovskite, and there are traces of iron
and lanthanum oxides (Fe>O3 and La,0s3). With a preliminary Rietveld analysis, the relative
prevalence of the different compounds has been estimated as 97.3% LaFeOs3, 2.4% Fe»03, 0.
2% Lay0s. From this data and knowing the mass of catalyst used during tests (45 mg) it is

possible to estimate the stoichiometric quantity of oxygen, as reported in Table 2.
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Figure 8: XRD analysis of the LaFeOs used in all tests.

Table 2: Stoichiometric O content in material used in all tests.

Stoichiometric O [%] TS GO S
[mg]
LaFeOs 19.8 8.7
Fe.0; 30.1 0.32
LaQO3 14.7 0.18
Total 9.04

Temperature-programmed CO oxidation with O

An overall evaluation of LaFeOs reactivity towards CO in absence of Oy, gas, 1.€. just using the
O in the perovskite, was performed with a CO-TPR. From CO consumption and CO; formation
profiles up to 500°C, variations of the reaction mechanism and oxygen diffusion phenomena
could be identified, as well as indications on peculiar temperatures for further isothermal
experiments. The resulting CO and CO> consumed and produced are overlapped in Figure 9

and the corresponding evolution of the error on the carbon balance is reported in Figure 10.
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Figure 9: CO-TPR on LaFeOs (mass=45 mg, 0.7% CO in He, total flowrate = 100 Ncm’/min and heating rate =
2°C/min)
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Figure 10: Error on carbon balance during CO-TPR on LaFeOs3.

It can be noticed that the oxidation reaction starts at temperatures lower than 200°C, while from
350°C onwards there is a change in the shape of the profiles, reflected in the carbon balance,
Figure 10. Specifically, CO2 produced departs from the CO consumed and a maximum error of
-3% on the C balance (excess of C in the output), reached between 350 and 400°C, demonstrates
the over-production of carbon species. This result will be further investigated in the next
section.

CO-TPR confirms the conclusions about the mobility of O in LaFeOs, which is slow and
governed by a diffusive mechanism for temperatures higher that the activation one. In
accordance with what reported in literature, the mobility of O atoms bound to Fe cations is low
[22], but unlike what reported by other authors [19] if enough time is given to the O to diffuse

into the outer layers of the material, even bulk oxygen takes part in superficial reactions.

Isothermal CO oxidation with Og

Given the peculiar CO consumption profile obtained through CO-TPR, Figure 9, additional
experiments were performed to verify the capacity of the material to oxidize CO even without
feeding Oo, just by using the O stored into the material itself and quantify the ratio between
the consumed O» (obtained by analyzing the curve for the produced CO-) and the total O; in
the material, its temperature dependence and the nature of the O (superficial vs bulk). To do
so, isothermal experiments at four characteristic temperatures, identified from CO-TPR profile
of Figure 9, were carried out. Namely, 350°C was identified as the temperature at which the
CO profile changes its slope becoming steeper and thus two temperatures below (250°C,
300°C) and two temperatures above (400°C, 500°) were chosen. CO was fed with a
concentration of 0.7% in He and a total volumetric flowrate of 100 Ncm?/min, as a positive step
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after an equalization time. Results are reported in Figure 11. As a general comment, we can

identify a peak of CO; production after the beginning of CO feed, particularly at lower

temperature, but the production of CO; remains quite significant at the highest temperature.

The quantification of the total CO> produced (O calculated) for each isothermal experiment

and the ratio between the calculated CO> produced and the theoretical O amount (

O(y calculated
O(y stoich

is reported in Table 3. Considering the LaFeO3 mass equal to 102 mg used in the experiments,

the theoretical amount of O available is 20.2 mg, see Table 3.
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Figure 11: Isothermal CO oxidation with O on LaFeOs at a) 250°C, b) 300°C, ¢) 400°C, d) 500°C
mass=102 mg, 0.7% 0.7% CO in He, total flowrate = 100 Nem?P/min

Table 3: Results for CO oxidation at different temperatures on LaFeQO3.

0(y) calculated .
Temperature Oq) calculated W Time
250°C 1.0mg 4.9% 3.2h
300°C 3.2mg 15.8% 3.5h
400°C 27.6mg 136.6% 9.6h
500°C 65.5mg 324.2% 12.8h
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The quantity of Oz, car consumed by the oxidation reaction at 250°C is 1.0 mg, which is 4.9% of
the total quantity of O», cat contained in the completely oxidized catalyst, according to the
stoichiometry of the material. At the final integration time (tf;,) the CO> concentration is
0.00016%, assumed negligible. The quantity of consumed O, cat at 300°C is 3.2mg and equal
to 15.8% of the stoichiometric quantity inside the material. The CO; concentration at the end,
trin, 18 0.0018%, once again negligible. Increasing the temperature to 400°C the quantity of
consumed O, cat 1s 27.6mg, which is 136.6% higher than the theoretical one, which should be
impossible. The shape of the curve and the %o, at tr;, equal to 0.036% suggest that the
formation of COz is still ongoing after almost 10 hours of continuously feeding CO. At 500°C,
the quantity of consumed O; 65.5mg, which is 324% of the stoichiometric. It can also be noticed
that after 13 hours the volumetric fraction of COx is still equal to 0.1% and appears to have
stabile around that value, which again is not possible, given that the co-reactant, O, is a finite
amount.

This division of the LaFeOs3 structure into zones [19], and the relation between their respective
activation energies of diffusion (Equation 9) can explain the results obtained in the tests without
gaseous O at different temperatures. From the graphical results of Figure 11 it is evident that
the material can supply the O needed to oxidize the CO being fed, and this capacity persists
for hours. A temperature of 250°C is sufficient to activate the diffusion across the a4 surface
(and is therefore related to Eg g5 o, ), but not the diffusion across grain boundaries or the bulk.
This is indicated by the fact that the production of CO: stops after 3.2 hrs., which means that
all the available O (the one on the surface) has been consumed, and its supply is not being
replenished by diffusion from other zones, which is limited by the temperature. It is possible to
verify this by applying Equation 6 to the result at 250°C in order to calculate the surface area
and evaluate its plausibility. Knowing that M4, = 102 mg, pg s = 7.6 - 10°mol/m? and
No,sur(250°C) = 3.12 - 10° mol, the calculation results in Ag,,- = 40 m*/g, which is acceptable

for LaFeOs [23]

At 300°C the curve presents a similar trend to the one at 250°C, stopping the CO> production
after 3.5 hrs. Because of the higher temperature both the diffusion across the surface a4 and the
diffusion through grain boundaries are activated, increasing the quantity of O» consumed (from
1 mg to 3.2 mg). Bulk diffusion is still not active, unlike the case of 400°C. In this latter test,
after almost 10 hours of continuously feeding CO the production of CO; had yet to cease

because the temperature for activating the bulk diffusion has been surpassed, and the time-
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temperature variables start to have a reciprocal influence: the higher the temperature (above the
activation one for bulk diffusion), the less time will be required for the diffusion, and the lower
the time to produce CO». Also, quantification data in Table 3 indicates that the method of
correlating the quantity of CO; produced to the O, of the material consumed is only applicable

when bulk diffusion is not dominant.

CO; overestimation

From the results reported in Table 3 the quantity of O()consumed by the CO oxidation reaction
with no O, from the gas, correlated to the quantity of CO» produced by the reaction, surpasses
the stoichiometric value at 400°C. This means that there is an overproduction of CO2 which
cannot be due to O from the solid. To understand the causes of these anomalous results few
hypotheses have been investigated: La-carbonates decomposition, Boudouard reaction and CO

oxidation catalyzed by thermocouples.

La-carbonates decomposition

The aim of this experiment was to quantify the CO> produced which is not derived from the
oxidation of CO through the lattice oxygen, to correct the results of the tests without O from
the gas. The LaFeO3 sample was heated up to 800°C in an inert atmosphere and the total amount
of CO» produced was calculated from the CO» concentration in the outlet, Figure 12. A fraction
of the CO> can in fact be produced by the decomposition of La carbonates that can form on the

catalyst’s surface through the reaction:

La,(C03); — La,0,C05(s) + 2C0, < La,05 (s) + CO, Reaction 1
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Figure 12: Inert heating of LaFeO:s.
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The first decomposition reaction activates at a temperature of 480°C according to Literature
[24], whereas the second one at a 720°C [9]. Accordingly, the LaFeO3; sample has been heated
under inert atmosphere up to a temperature of 825°C. Another fraction of the CO; surplus may
depend not on chemical reaction, but on the instrument used for quantitative analyses. In fact,
the quantification of CO; via FT-IR is conducted after daily calibrations at known CO>
concentrations, and with a background whose signal is acquired before the test starts. The latter
is influenced by the CO, and humidity in atmospheric air, which can vary over time, especially
in longer tests like the ones here discussed. Figure 12 shows that CO» increases over time but
apparently uncorrelated with temperature, as the CO; settles at a stable value even during the
cooling phase, only to drop after 250 minutes. This result validates the hypothesis of the
variation or the background rather than the carbonate decomposition. From the measured CO»
produced in inert atmosphere, it has been calculated the (fictitious) quantity of O» that

correspond to this CO; (Table 4).

Table 4: O; calculated from CO;produced under inert flux.

Final temperature Oq calculated
250°C 0.45 mg
300°C 0.53 mg
400°C 0.81 mg
500°C 1.1 mg

The quantity of CO» calculated and correlated to the fictitious O in the solid is to be intended

as the one produced from ambient temperature up to the final temperature.

Boudouard reaction

Another reaction likely to be involved in this process is the Boudouard reaction, through which

CO decomposes into CO2 and C (solid carbon):

ZCO(Q) A C(S) + COZ(Q) Reaction 2

The forward reaction is exothermic (4H,=-172 kJ/mol [3]) meaning that the carbon formation
is favored at lower temperature. The maximum C-formation rate is between 500°C and 600°C
and the reaction is promoted by the presence of metal particles such as iron and iron oxides [4].
Depending on the synthesis method and quality, LFO can have a pure perovskite structure or it
can be a mixture of perovskite crystals and oxides, such as Fe,Os; (hematite) and La>Os.
Furthermore, structural modifications and rearrangements can be induced by reduction-

oxidation cycles. For these reasons, the formation of solid carbon on the catalyst surface must
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be considered as a source of incorrect CO» quantification and deactivation of LFO active sites
for CO oxidation.
The Boudouard reaction mechanism Is described in steps /V- VII

1) CO(g) = COqqs

V) COuqs = C(sy + Ogqgs

Vi) COgy + Ogas = €Oz gas

Vi) CO3 qas = COyy)

CO adsorption on Fe-active sites is the common step between the two mechanisms (7-1V),
however COags competes between the CO> formation through lattice (superficial) oxygen Ogs)
(1) and CO dissociation into solid carbon and adsorbed oxygen (V). In the last case, CO in the
gas phase reacts with the adsorbed oxygen to form CO, through an Eley-Rideal mechanism.
Therefore, the total CO> monitored at the reactor outlet is produced from two types of oxygen,
one of which is continuously replenished by feeding CO. This effect is evident in high
temperature experiments (400°C, 500°C), or more generally at temperature higher than 350°C
[5], for two reasons: Oq) consumed close or higher than stoichiometric, constant CO;
concentration-time profile. In the last case, CO2 concentration settles on an offset value and
never goes to zero even after 12h.

A SEM-EDX analysis was carried out to confirm the speculations (Figure 13). The solid carbon
formed after the reaction at 500°C (the sample was not re-oxidized before the analysis) is non-
negligible, deposited on the surface and thus pyrolytic. Reaction conditions and morphological
aspect did not lead to encapsulating or whisker carbon. The hypothesis of an excess CO>

production from CO by Boudouard reactions appears confirmed by the surface analysis.

Element  Weight[%]  Atomic [%o]

C 7.38 299
0] 10.21 31.04
La 62.8 21.99
Fe 19.6 17.07

Figure 13: SEM image and EDX on the green area of LaFeOj after reduction with CO at 500°C.
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Structural rearrangement

A further aspect which has not been considered yet is the structural rearrangement of LaFeO3
crystals undergoing heating and exposed to reducing/oxidizing atmospheres. It is likely that at
low temperatures, when the mobility of bulk O is not activated, these modifications are caused
by the exposure to reducing or oxidizing environments, and are limited to the material’s surface,
which can be interested by the formation of oxides (which are not visible with XRD). At higher
temperatures the rearrangement could interest the inner layers as well, due to the mobility of
bulk O). At high temperatures for longer periods of time (such as in tests at 400°C and 500°C)
it is not therefore possible to correlate the results regarding the oxidation of CO, considered as
the capacity to supply O, to the original material, LaFeOs3, since its structure is actually a
composite of various microstructures (LaFeOs, oxides, etc.). This means that the reaction
mechanism, according to which the oxidation of CO occurs via the formation of vacancies and
the following reduction of Fe, is invalid. Surface vacancies, due to the different nature and
structure of the surface, would not be present, with the reaction being catalyzed by possible
oxides instead. Finally, there will not be reproducibility in the results if the catalyst is tested in
a series of reduction/oxidation cycles since the material in the reaction n will be different from

the one in the reaction n-1.

Revision of the test protocol

A new test protocol has been designed with two goals 1) to separate the contribution of
superficial Oqy from the one of bulk O in the oxidation of CO, and 2) to verify potential
structural modifications of the material. In addition, improvements to the set-up (increased

optical path of the FT-R cell) are expected to increase the accuracy of the measurements.

To study the behavior of superficial Oq), the test can be divided into the following steps:

1. Heating under inert conditions, to remove from the surface all the residues of H,O and
carbonates that could have been absorbed there, occupying active sites. The material is
brought back to reference, initial condition.

2. 02-TPO, to recover the possibility that in step 1 some of the superficial O is removed by
heating, this oxidation aims to restore it, monitoring the variation of O in the output. The
maximum temperature at which the sample has to be heated under oxidising conditions
needs to be at least the one used in the preceding test, while being lower than the calcination
temperature of the material, to bring the material’s structure back to its initial state (which

means the modifications are still reversible).
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O>-TPD. This step consists in heating the sample under an inert flow (as in step 1),
monitoring the O> loss via a TCD and an oxygen sensor. The expected result is the
identification of two peaks, indicating the loss of Oy from the surface and from the bulk,
at increasingly higher temperature. The maximum temperature reached during the analysis
would be the one at the end of the first peak, to prevent the activation of the mobility of
bulk O(l) and observe only the superficial component (so possible modifications of the
structure would only interest the surface), which is quantifiable by the area below the peak.
CO oxidation if Oqy, through isotherms. Replica of the previous test, that was done with a
simplified protocol. The maximum temperature for this test would be lower than needed
for the activation of bulk mobility.

Replica to steps 1, 2 and 3, to compare the quantity of O, that the material reacquires after
the reduction test to the one that it can release afterwards. The comparison can also be made
based on the temperature at which the O peaks appear, which along with the total quantity
of Oz is an indication of structural modifications in the material (i.e., if this temperature
shifts to higher values, there can be a fraction of oxides). Hypothetically, it would be
possible to quantify the fraction of each microstructure (oxides, perovskite) inside LaFeO3
from the analysis of TPD peaks.

Replica of step 4

The complete sequence is graphically summarized in Figure 14.

CO oxidation

0, (5%) Inert Inert Inert: 0,(5%) Inert CO(1%)

0 100 200 300 400 500 600 700 800
Time [min]

Figure 14: Scheme of the revised testing protocol for CO oxidation by lattice O.
Heating/cooling rate are constant for all steps and equal to 5°C/min.
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The experimental protocol to isolate the contribution of bulk O(I) would be similar to the
previous, simplified one described in the previous section; the only different is that the TPO
step (and therefore the oxidation of the surface after heating in inert flow) would not be carried
out, to avoid restoring the surface O,. The temperature for the O,-TPD phase and for the
reduction test would be higher than the ones previously used, in order to activate the bulk
mobility and, hypothetically, have the CO oxidation occur using only bulk Oq). The same
considerations on quantification, reproducibility and structural modifications can be used in this

case as well.

The new protocol aims at more accurately quantifying the oxygen that the material provides to
the CO oxidation reaction and check that there is a dynamic variation on the structure of the
material when it undergoes reaction and thermal cycles. At each step we evaluate the meaning
of the experimental results through the quantitative comparison between Oy consumed and
COz produced according to the reaction CO + O CO; and the initial quantity of oxygen in the
fully oxidized material. An oxygen surplus compared to the stoichiometric value could indicate
the occurrence of secondary reactions that produce CO> or a variation in the oxide-containing
structure formed during oxidation steps. The first aspect has already been thoroughly
investigated (see section CO; overestimation) and the setup has been modified to minimize its
contribution. Also, we evaluate the shift of oxidation and desorption peaks during the O2-TPO
and O,-TPD steps, which indicate the presence of different structures (oxides, perovskite), and
the quantification of the peak.

In the first phase of O,-TPO/O,-TPD cycles, the 4-way valve is used to feed alternatively a
diluted mixture of Oz at 5% in Ar during the O2-TPO, or 100% Ar during the O>-TPD, the initial
phase of heating under inert gas up to 120°C (to remove residual humidity from the sample),
and between each temperature program (to completely remove O» from the line and stabilize
the temperature). The mixture exiting the reactor is analyzed in parallel by MS and sensors. The
MS is a direct-access mass spectrometer, monitoring mass 28, 32, 40 and 44. Sensors are an O»
electrochemical sensor and a relative humidity sensor, in series. Ar has been selected as inert
because of the O; sensor, where diffusion of the mixture plays a role in sensing, and the use of
He make the sensor saturate; an inert with a molar mass comparable to N> is required.

During the CO oxidation phase, O; is substituted with CO in the feed. In this case, the 4-way
valve is used to feed Ar during the heating up to the desired temperature, and once this has

stabilized to the isothermal value, the valve switches and feeds the reactor with a 1% CO
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mixture in Ar. In this case the product mixture is monitored in parallel with an FT-IR and a

mass spectrometer.

The experimental protocol just described has been followed with temperature specifications

reported in Table 5, The sequence follows the scheme of Figure 14.

Table 5: Temperature specifications for the new protocol.

Final temperature [°C]
Inert 120
0,-TPO 500
0,-TPD 370
CO oxidation 250

The choice of a final temperature of 500°C for O,-TPO attempts to completely oxidized the
material, below the calcination temperature (600°C). The temperature of 370°C for O>-TPD is
based on the results of previous tests, and from the literature [22], where it has been established
that bulk mobility starts at temperatures higher than 400°C. In the tests at low temperature (i.e.,
<400°C) the activation of bulk diffusion should be avoided, in order to separate the contribution
of the surface from that of the innermost layers of the material.

The results for the O-TPO/O»-TPD cycle are represented in Figure 15.
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Figure 15: O; concentration in the outlet, during O-TPO on LaFeOjs prior to CO oxidation at 250°C.

In the two TPOs it can be observed that the inlet concentration of O is constant and equal to
4.7%, and significant O, consumption are not evident, compared to the sensitivity of the
measurements (MS signal eventually was too noisy, thus not reported). Two negative peaks

apparently depart from noise, of about 0.1%, at 314°C during TPO-1 and 481°C during TPO-
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2, the second one occurs during the cooling ramp may be misplaced in terms of actual bed
temperature, due to the thermal inertia of the sample with respect to the measured temperature,
below the quartz wool. These peaks have a larger amplitude than the sensor’s noise and are not
attributable to perturbations in the feed, since the comparison with the signal from the pressure
transducer does not show any anomaly in that region (and share the same analog-digital
acquisition instrument). A possible physical explanation is the formation of superficial oxides,
being more thermally stable do not decompose at the temperatures reached during the O»-TPD.
Unfortunately, the O>-TPD does not present visible O2 desorption peaks at temperatures below
370°C. While consistent with some Literature [25], where no variation in the outlet O>
concentration was reported, it contrasts Others, that reported a desorption of a-O: (the
superficial one) at temperatures below 400°C [26-29]. O desorption from LaFeOs is not as
intense as in other perovskites based on Mn and Cr [20] because of the low reducibility of Fe**
inside its structure, and TPD is not always used to correlate the catalytic activity data because
of the lack of a correspondence between the reducibility and TPD results [19]. Another possible
explanation is the low oxygen quantity contained in a 45 mg sample. In general, this type of
analysis is carried out on samples heavier than 100 mg (150mg in [15]) that allow to overcome
the limit for the instruments’ sensibility.

Figure 16 shows the profiles for CO and CO», during the CO oxidation test at a 250°C isotherm.
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Figure 16: CO concentration in the outlet, during CO oxidation on LaFeQOj3 at 300°C, using the new protocol

The profiles are very similar to those obtained in the corresponding previous test at 250°C, with
a clear improvement of the CO profile thanks to the new configuration of the FT-IR cell. This
implies that also the CO; profile, in particular in the first instants after the CO step, better
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represents the initial transient. The formation of CO», immediately triggered at the outset of CO
feed, gradually extinguishes, as expected. The error in the carbon balance is 0.75%. The CO»
profiles in both tests reach zero concentration after 170 mins (this test, improved protocol) and
200 mins (previous test, simplified protocol). The 30 minutes difference can be caused by a
higher CO concentration in this test (1.25% vs. 0.7%), that accelerated the consumption of
superficial oxygen.

The total oxygen consumed has been quantified in 2.5 mg, which represents 27% of the
stoichiometric oxygen in LaFeOs. Since the temperature is lower than the one needed to activate
diffusion, a relatively high fraction of CO: production (and therefore O consumption) can be
attributed to oxygen not considered in the stoichiometric calculations, e.g. formed in the
preceding O>-TPO step. It is assumed that these oxidated structures have a high thermal stability
and are therefore not visible during the O,-TPD, but a low chemical stability and therefore they
produce CO> when exposed to a reducing agent.

The protocol has been slightly modified for a replica. The sequence follows the scheme of
Figure 14, except for the O>-TPD that has been removed, since no O desorption was observed.
The oxidation of CO with Oy has been carried out at 300°C, 50°C above the last test. The

temperature specifications are reported in Table 6.

Table 6: Temperature protocol

Final temperature [°C]
Inert 120
0,-TPO 500
CO oxidation 300
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Figure 17: O; concentration in the outlet, during O-TPO on LaFeOj3 prior to CO oxidation at 300°C.
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The results of O2-TPO are represented in Figure 17, in terms of Oz in the outlet, on a largely
magnified scale. Apparently, a constant O, consumption is taking place, without any oxygen
consumption peak, correlated to the oxidation state of the metals inside the structure, suggesting

that oxygen transport is extremely slow, controlled by lattice diffusion.
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Figure 18: CO concentration in the outlet, during CO oxidation on LaFeOj3 at 300°C.

The results of solids reduction by CO are shown in Figure 18. It can be observed that the CO»
production slowly decreases over time, until it drops to zero, suggesting that the O available
for the reaction at 300°C has been totally consumed.

The same modified protocol has been replicated by significantly (+150°C) increasing the
temperature in CO oxidation with O to 450°C. The temperature specifications are reported in
Table 7. Note that the O>-TPO (1% Oz) was also carried out with a slower heating ramp

(2°C/min), to beer tack any short-term O, consumption.

Table 7: Modified temperature protocol

Final temperature [°C]
Inert 120
0,-TPO 500 (2°C/min)
CO oxidation 450
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Figure 19: O; concentration in the outlet, during O-TPO on LaFeQj3 prior to CO oxidation at 450°C.

The O concentration during the material oxidation (TPO) is shown in Figure 19. Interestingly,
a sharp, localized peak of O» consumption (lack of O in the outlet) is evident, as already
observed (with some skepticism) in a previous TPO, see Figure 15, now detected at 350°C. The

same hypothesis previously formulated can be confirmed.
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Figure 20: CO concentration in the outlet, during CO oxidation on LaFeOj3 at 450°C.

During CO oxidation, however, we observe a sustained CO: production at this higher
temperature, unlike Figure 16 (250°C) and Figure 18 (300°C) where the CO> production
appeared to complete, even taking a long time. This result confirms that increasing the
temperature, the Boudouard reaction sustains the production of CO; for temperatures higher

than 350-400°C, so that the quantification of consumed oxygen cannot be achieved.
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Conclusions

CO oxidation with lattice oxygen under constant heating (CO-TPR) confirms the conclusions
about the mobility of O in LaFeO3, which is slow and governed by a diffusive mechanism for
temperatures higher that the activation one. In accordance to what reported in literature the
mobility of O atoms bound to Fe cations is low [22], but unlike what reported by other authors
if enough time is given to the O to diffuse into the outer layers of the material, even bulk oxygen
takes part in superficial reactions [19].

CO oxidation with lattice oxygen at constant temperature show sustained production of CO;
starting from 300°C, because the temperature for activating the bulk diffusion has been
surpassed, and the time-temperature variables start to have a reciprocal influence: the higher
the temperature (above the activation one for bulk diffusion), the less time will be required for
the diffusion, and the lower the time to produce CO».

Improvements in the test protocol and experimental set-up were not satisfactory, apparently
suggesting that the experiment of accurately detecting the exploitation of O in the solid for
reduction requires a more sensible set-up and type of experiment. The sustained CO, production

at high temperature, likely supported by Boudouard reaction, can be the main confusing effect.
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Nomenclature

Eqaiff a,
Eoairf g
Eoairry
Ea,ads
Ea,'r
Ea,des

Eqairr
ErrC

kg
m
M cat

N, ads
N ads,max
Nco,ads
No surf
7:"C 0,
nO? tnt
N0, tine
N0, o

Nco, ror

0(; calculated
O(l) stoich
Viot

Greek letters:

a =

Lattice constant

surface area

oxygen concentration

oxygen concentration along the axial direction z
Enthalpy of reaction

Diffusion coefficient

Pre-exponential factor of frequency factor for the activated diffusion
energy of diffusion through the surface a4
energy of diffusion through the surface 8
energy of diffusion through the surface y
activation energy for adsorption

activation energy for reaction

activation energy for desorption

activation energy for diffusion

Error on the carbon balance

Boltzmann constant

mass of the adsorbed molecule

catalyst weight

moles of adsorbate

moles of adsorbate at saturation

Moles of CO adsorbed on the active sites
Superficial oxygen

molar flowrate of CO>

Total moles of O

Moles of O in the lines

Moles of O» in the catalyst

Total moles of CO»

molar flowrate of carbon exiting the reactor
molar flowrate of carbon fed

Oxygen in the gas phase

Calculated oxygen from the catalyst correlated to CO» production
Theorical oxygen from the catalyst

Total volumetric flowrate

Surface
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B

14

©
Pactsite

Po,sur

Acronyms:
EDS

BSE
FTIR
MS
PGM
(E)SEM
TPR
TPO
TPD
TWC
XRD

Bulk

Grain boundary

fraction of coverage of active sites
density of superficial active sites

density of superficial oxygen

Energy Dispersive X-ray Spectrometry
Back-Scattered Electron Detector
Fourier-Transform Infrared Spectrometer
Mass Spectrometer

Platinum-Group Metal
(Environmental)Scanning electron microscope
Temperature programmed reduction
Temperature programmed oxidation
Temperature programmed desorption
Three-Way Catalyst

X-Ray Diffraction
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Chapter 8

Utilization of CuY zeolites in methane-to-
methanol conversion: preliminary investigations on
CHj4 activation

Abstract

The direct conversion of CH4 into CH30H on Cu-exchanged zeolites is a potential pathway to
efficiently utilize this abundant gas. However, the commercialization of the process is still far
from its implementation as the catalytic system (catalyst and reaction conditions) should be
designed in such a way that the catalyst exhibits a dominant kinetic preference towards CH;OH
using optimal process parameters. A well-known strategy to overcome selectivity issues is built
on the application of a chemical-looping process (MTM) in which O, and CHy are fed in
separate steps. The reaction is then divided into three stages: oxidative activation, CHg4
activation and CH3OH extraction. In this preliminary study, CH4 activation step was brought
into focus. Specifically, two Y zeolites with different Cu/Al (0.345 and 0.604) and Si/Al (2.9
and 30.8) ratio have been synthesised with a standard liquid ion-exchange procedure and
characterized with XRD, ICP-MS, nitrogen adsorption-desorption, SEM, FTIR and Raman
technique. CH4-TPR and CH4 isothermal adsorption and temperature-programmed desorption
in inert flow have been performed to obtain information on the redox properties of the materials
and identify a potential (optimal) temperature for the isothermal CH4 activation in the MTM
loop. The choice was based on the trade-off between maximum CHs consumption and
selectivity (no secondary reactions). Samples performance during CH4-TPR showed a similar
behaviour, but the zeolite characterized with a Cu/Al of 0.604 and Si/Al ratio of 30.8 was the
most active material as the total CH4 consumed was 616 pmol/g zeolite compared to 379 umol/g
zeolite of the second sample. Also, the maximum CH4 consumption peak was observed at 200°C
while secondary reactions (reverse water-gas shift and CHy4 dry reforming) activate at 300°C.
The maximum CH4 uptake capacity was retrieved from CH4 adsorption, in which a value 90%
higher than the CH4 consumed during the CH4-TPR was calculated for both zeolites. This result
suggests the existence of CHs diffusion limitations in the zeolite pore system. These mass-

transfer limitations are overcome at higher temperatures (> 400°C) when unreacted CHjy starts
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desorbing from the zeolite framework and simultaneously producing overoxidation products

(CO, COy).

Introduction

Methane is an abundant component of natural gas and shale gas from which it could be
inexpensively extracted. Due to the high cost for transportation, methane streams are usually
flared or vented in the atmosphere with negative effects on climate change (GWP for COz is 1
and 28 for methane) [1]. The on-site conversion of methane into high added value commaodities,
such as methanol or lighter alkanes, represents an environmental-friendly alternative to increase
the extraction yield [2]. However, the current technologies (e.g. steam reforming followed by a
Fisher-Tropsch to hydrocarbons or methanol) to convert methane into chemicals at large-scale
process cannot be economically applied at small scale due to multiple stages (syngas is
produced as intermediate) and high temperatures [3]. A low-cost, catalytic and small-scale
direct process is then required to replace the indirect route of methane utilization. The direct
selective oxidation of methane-to-methanol (MTM) is proposed as a potential and highly
effective conversion route [4-6]. Methane is a very chemically stable molecule difficult to
activate due to its high symmetry, low polarizability, high ionization energy and strong C-H
bond (~440 kJ/mol) [7]. Since the enthalpy of CHj4 partial oxidation to CH30H is 1/6 of the
total combustion enthalpy and the C-H bond energy in CH30H (~47 kJ/mol) is weaker than the
CH4 one, the process is largely limited by a significant trade-off between selectivity and
conversion [8]. Therefore, the development of an efficient catalytic system to selectively
produce CH30H from direct CH4 oxidation is critical.

Metal-containing zeolites represents a potential alternative to efficiently obtain CH30H from
the partial oxidation of CH4[9—11]. Various factors such as the type of metal active species, the
structure/composition of the zeolite and reaction conditions should be considered to produce
CH30H selectively and overcome overoxidation issues [11,12]. These features and their
combination influence the activation barrier energy for breaking the H-CH3 bond, which is the
rate-determining step of the reaction, and the shape selectivity that directs the reaction to
specific products. Copper is usually chosen as active species since it has a better reactivity
towards CH4 than other transition metals (Fe, Co, Ni) and related Cu-oxo sites are stabilized in
the nanometric and sub-nanometric range inside the zeolite microporous structure. As a matter

of fact, the zeolite structural variety (pore size, channel systems, pockets and cages) governs
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the formation of different Cu-oxo species (mono-, bi- tri-nuclear Cu species) [13—15]. Small-
pore zeolites such as MOR, MAZ, MFI and CHA achieve a better CH4 reactivity and CH30H
selectivity compared to medium and large-pore ones (FAU, BEA) thanks to the favourable
crystallographic location of Cu-oxo sites, Cu-O-Cu orientation angle and lower C-H
dissociation energies [16]. Certainly, CH3OH production is not only influenced by the
proprieties of the catalyst, but also the contribution of reaction conditions is significant [12].
The combination of a less performing material with suitable experimental parameters
(temperature, reagents concentration, contact time, etc.) can improve the overall activity of the
process, as it was observed for Cu-FAU [16,17]. Y zeolites are FAU-type molecular sieves have
a pore and supercage dimension of 7.4 A and 13 A respectively and a three-dimensional pore
structure. Their peculiar property of selective molecules diffusion for specific sizes is largely
utilized in petroleum industry for catalytic cracking of petroleum into gasoline range
hydrocarbons [18], fluid catalytic cracking [19] and NOx storage-reduction [20] as the larger
intercrystallite void space and pore volume as well as external surface aid sites display a higher
activity and stability [21]. Thanks to their large availability and knowledge in petrochemical
processes, Y-zeolite represents a potential active and convenient material for CH4 conversion
into CH30H.

A well-known strategy to overcome selectivity issues and restrain the total CH4 oxidation is
built on the application of a chemical-looping process in which O» and CHj4 feeds are separated
[12,16,22,23]. The reaction is then divided into three steps: oxidative activation, CH4 activation
and CH3OH extraction, in which the first step is required to generate Cu,O, precursors of Cu-
0xo0 active species that can activate CH4 and stabilize the reaction intermediates. Lastly, H2O is
used as a solvent to desorb CH30H from the zeolite pores by decreasing the desorption energy
[24].

In this preliminary work, two Y zeolite supports with different Si/Al ratios (2.9, 30.8) with two
distinct Cu/Al ratios (0.345, 0.608) were Cu-exchanged with a standard liquid ion exchange
their activity towards CHy activation was assessed as an exploratory investigation for further
use in MTM reaction. Specifically, samples were characterized with physicochemical
techniques (XRD, ICP-MS, nitrogen adsorption-desorption, SEM, FTIR and Raman) and their
redox properties and reactivity towards CHj activation was tested with CH4-TPR (temperature-
programmed reduction) and CHs4 adsorption and He-TPD (temperature-programmed

desorption) experiments.
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Materials and methods
Liquid-ion exchange of copper

The two samples used in this study were prepared with a standard aqueous ion-exchange in
copper(Il) acetate solution Cu(CH3COO), of commercial Y zeolites in NHs" (CBV 500) and
H" (CBV 760) form purchased from Zeolyst International. Prior to the Cu ion-exchange
procedure, CBV 500 zeolite was calcined at 500°C for 3h to transform the NH4" into the H"
form. The copper acetate salt (Sigma Aldrich) was diluted in distilled H>O to obtain 2L of the
corresponding solution at 0.015M. Depending on the Cu/Al ratio of each sample, 10 g of the
parent zeolites were stirred with the calculated copper acetate volume for 4h. Specifically, 0.345
Cu/Al ratio on CBV 500 sample was obtained with 1.41 L of the prepared solution, while a
higher Cu/Al ratio of 0.604 was achieved with 0.16 L as the Al content is lower (1.3% in CBV
760 and 11.6% in CBV 500). An ammonia solution (NH4OH) was added drop by drop every 2
h to adjust the pH in between 5.2 and 5.7 to avoid Cu precipitation while continuously stirred.
The solvent was then removed by filtering the solution in vacuum conditions and washed three
times with deionized H>O to remove the excess of Cu ions. The two samples were then dried
overnight at 100C° and then calcined at 550°C for 6h in a static air condition. Samples are

identified as xCuYz, in which x is the Cu/Al ratio and z corresponds to Si/Al ratio.

Characterizations

Elemental analysis was carried out with an HR-ICP-MS Element 2 instrument from Thermo
Scientific, in which the samples were previously dissolved in hydrofluoric acid. X-Ray
Diffraction (XRD) patterns were obtained on a Siemens Bruker D5000 with a Bragg-Brentano
geometry and CuKoy with wavelength A=1.5406 A to determine the phase purity and
crystallinity of the Cu-exchange zeolites. Nitrogen adsorption-desorption isotherms were
recorded on BELSORP MINI II system (BEL Japan) at -196°C and prior to the analysis the
samples were pre-treated in vacuum atmosphere at 80°C for 1 h and then heated up to 150°C
for 2h. Scanning Electron Microscopy (SEM) analyses of the two samples (dispersed on a Si
wafer without any coating) were collected on a Hitachi SU8230 SEM with a SE2/ESB detector
in high vacuum. Fourier-transform infrared spectroscopy (FTIR) measurements were carried
out on a Bruker Vertex 80 with Mercury-Cadmium-Telluride (MCT) detector. Self-supported

thin wafers were prepared by using 20 mg of powdered sample previously sieved (<150 um),
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pressed (2.5-ton max) and positioned inside a standard FTIR reactor cell with KBr windows by
AABSPEC (5 #2000-A multimode). Prior to the analysis, sample were dehydrated at 300°C for
1h in vacuum conditions (1E-03 bar) directly in the IR cell. The measurement was performed
at atmospheric pressure, in transmittance mode and with a resolution of 4 cm™ (32 number of
scans). Raman spectra were obtained with a Horiba LabRamanHR microscope with a Coherent
Sapphire laser (OPSL) emitting at 488 nm. The backscattered Raman signal was scattered over
a 2400 lines/mm grating onto a thermoelectrically cooled CCD detector and a 50x objective
lens was focusing the excitation beam onto the sample. The catalysts were activated directly
inside borosilicate glass capillaries (diameter of 0.3 mm and 0.1 mm of wall thickness) then
inserted in fine drilled holes in a metallic copper block and positioned inside a muffle-oven.
The activation protocol consisted of heating at 3°C/min in static air to 550°C and kept for 12h
and subsequently the open-end capillaries were sealed with a flame to avoid rehydration while
residing in the oven at 550°C. Capillaries were then slowly cooled to room temperature to avoid

cracks due to thermal shocks.

Activity testing

CH4-TPR and their prior oxidative activation experiments were performed on the two Cu-
exchanged zeolites on a standard catalytic testing rig. 100 mg of the Cu-exchanged samples
(0.345CuY2.9 and 0.604CuY30.8) with a particle size range of 250-300 um were inserted into
a stainless-steel U-tube (ID 4 mm) and kept in position with two quartz wool layers,
approximating the reactor to a plug-flow configuration. Pure gases (CHa, Oz, He) bottles were
connected to mass-flowmeters (Brooks) and the desired inlet composition was achieved. Before
entering the reactor, the gas feed went through a manual four-way valve (Swagelok) to ensure
the complete separation between the reducing and oxidizing atmosphere. An electrically heated
furnace (Watlow) was used to heat up the catalytic bed and two thermocouples (type K, 1/16™)
were used to monitor and control the temperature in different positions: one thermocouple was
placed inside the reactor and close to the upper surface of the catalytic bed (monitoring
temperature) while the second thermocouple was anchored to the external part of the tube at the
same height of the catalytic bed (controlling temperature). Temperature programs were set on
the thermoregulator (Omron) with a purpose-built LabView executable software. Profiles of
CH4 and products concentrations were plotted as a function of the monitoring temperature as it

is a better approximation of the catalytic bed temperature and it is more sensitive to thermal
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effects produced by the heat of reaction. Also, the monitoring temperature was corrected for

the dead-volume between the thermocouple position and the gas-analysis detector with the

following correlation: T = Type0s + B(VL), in which Tjy,.,s = temperature measured by the
tot

thermocouple [°C], f = heating rate [°C/min], V, = tubing volume [cm?®] and V,,.= total
volumetric flowrate [Nem?®/min]. To avoid H>O condensation and remove humidity traces in
the system, the lines were heated up to 80°C with heating wires. The outlet gas analysis was
performed with an online quadrupole mass-spectrometer (Pfeiffer Omnistar) with SEM
detector. Calibrations of the key masses (m/z 2, m/z 15, m/z 16, m/z 18, m/z 28, m/z 31, m/z 44)
were performed by normalizing the ion currents to the internal standard (m/z 4) and linear

function with R>> 0.995 were found in the analysed concentration range.
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Figure 1: Experimental protocol for CH;-TPR on 0.645CuY2.9 and 0.604CuY30.8 (ms=250-300um, Vypr =20
Nemd/min, B = 5°C/min).
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Figure 2: Experimental protocol for CHy adsorption and desorption on 0.645CuY2.9 and 0.604CuY30.8
(Ms=250-300um, Vyo, =20 Nem/min, B = 5°C/min).

CH4-TPR experimental protocol consists of four steps: oxidative pre-treatment in neat O flow
(20 Nem?®/min for 8h at 500°C), inert pre-treatment (He at 150°C for 2h) and CHj reaction (20
Nem?®/min, 5%CHa/He, 5°C/min up to 500°C for 30 min) and naturally cooling at room
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temperature. Between each step, the system was flushed for 1h with He (50 Ncm?/min) and
before CH4-TPR the mixture with desired composition was fed into the MS for 1h bypassing
the reactor to obtain the initial baseline. CH4 adsorption experiments followed the same protocol
but the adsorption step was performed isothermally at 200°C and held for 12h with a flowrate
of 20 Ncm?/min of 5%CHa4/He. Subsequently, desorption was carried out in an inert flow (20
Ncm®/min of neat He) and temperature was raised at 5°C/min up to 500°C. Schematic

representations of the experimental protocols are reported in Figure 1 and Figure 2.

Results and discussion

Characterization analyses

0.345CuY2.9 and 0.604CuY30.8 samples were characterized with different techniques to
extract the chemical features of the Cu-ion exchanged zeolites after calcination. Specifically,
ICP-MS and unit cell values (Table 1), XRD (Figure 3), Nitrogen-adsorption and desorption
(Figure 4), SEM (Figure 5), FT-IR (Figure 6) and Raman spectra (Figure 7).

Table 1: ICP-MS results and unit cell values for 0.345CuY2.9 and 0.604CuY30.

0.345CuY2.9 | 0.604CuY30.8
Al [%] 11.0 1.39
Cu [%] 3.8 0.84
Si [%] 315 42.8
Cu/Al [] 0.345 0.604
SI/AI [] 2.9 30.8
Unit cell [A] 24.4585 242587
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Figure 3: XRD patterns of 0.345CuY2.9 (black), 0.604CuY30.8 (red) and reference Y-zeolite (blue)
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Figure 4: Nitrogen adsorption— desorption data plots on 0.345CuY2.9 (black) and 0.604CuY30.8 (red)
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Figure 5: SEM images of 0.345CuY2.9 (a) and 0.604CuY30.8 (b).

Table 1 reports the elemental composition of the samples with a largely different Si/Al (2.9 and
30.8) and Cu/Al ratio (0.345 and 0.609), in which the higher amount of Al in 0.604CuY30.8
zeolite is associated to a larger unit cell retrieved from XRD analysis. Specifically, the removal
of Al atoms changes the acidity of the catalyst and chemical properties reflecting on variations
in reactivity of the acid sites and subsequently to the overall zeolite reactivity [26]. The powder
XRD patterns of the Cu-exchanged samples (Figure 3) shows only the characteristic peaks of
the Y-zeolite framework and no extra-phases or impurities are detected as the comparison with
the reference patterns demonstrates. Nitrogen adsorption-desorption plots (Figure 4) exhibit a
Type 1V-H4 isotherm typical of mesoporous solids with cut-like pores with internal void of
irregular form and broad size distribution [27]. SEM images (Figure 5) show that the ion-
exchange procedure was efficient in producing homogenous structures with no Cu
agglomerates visible at SEM analysis scale.

FT-IR spectra (Figure 6) were acquired to determine the surface morphology and acidic features

1

of both samples. The region band between 3900 cm™ and 3400 cm™ reveals the nature of
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hydroxyl groups (OH-) attached to the zeolite lattice and the highlighted wavenumbers are
assigned to peculiar OH-groups relevant in the reactivity towards organic molecules, such as

OH-groups on- and extra-framework Al species together with their Bronsted and Lewis acidity.
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Figure 6: FTIR spectra of 0.345CuY2.9 (black) and 0.604CuY30.8 (red), dehydrated and inert conditions,
resolution of 4 cm™.

Three well-distinct features could be observed in the OH stretching region of 0.604CuY30.8
sample: 3741 cm™, 3629 cm™ and 3566 cm™!. These wavelengths correspond to the modes of
terminal silanols at the external surface, Bronsted acid sites in the supercage (High Frequency
(HF) hydroxyls) and low frequency band (LF), assigned to Brensted acidicH-groups located in
the sodalith cage. The small low-frequency shoulders observed for the HF and LF bands in the
0.604CuY30.8 sample are related to the interaction of the corresponding hydroxyl groups with
small amounts of remaining EFAL in the samples. This effect is much more pronounced for the
0.345CuY2.9 sample, which contains much more aluminium in the framework and outside the
framework (EFAL, due to steaming). The large band at 3666 cm-1 is related to OH-groups from
EFAL and the broadness of the bands is related to extensive hydrogen bridging between the
various families of hydroxyl-groups. The strong reduction of the terminal silanol band for the
0.345CuY2.9 sample, indicates that some of the EFAL has been deposited at the external

surface.

Raman spectra of Cu-exchanged samples (0.345CuY2.9 and 0.604CuY30.8) as well as the
parent Y-support (Y2.9 and Y30.8) are reported in Figure 7 to identify the difference ascribed
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to the Cu-ion exchange process. These results could provide information on the Si/Al ratio in
the framework, extra-framework Al sites and the interaction with the framework together with
the level of ion-exchanged Cu cations and extra-framework Cu-O clusters from mononuclear

to polynuclear size.
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Figure 7: Normalized Raman spectra of 0.345CuY2.9 (black, solid line) and 0.604CuY30.8 (red, solid line)
samples as well as Y2.9 (dashed line, black) and Y30.8 (dashed line, red) parent zeolites, collected with a blue
laser (488 nm).

The topology characteristic ring vibrations (from 200 cm™ to 600 cm™) shows the ring opening
specific vibrations that cause simultaneous stretching and/or bending of Si-O-(Si,Al) bonds
with respect to the main axis ring [28]. The steaming procedure to obtain the Y-parent (zeolite
Na-Y) materials splits and narrows the bands related to ring vibrations (489 cm™ and 506 cm™
1). The relative intensity of 489 cm™ band changes with Si/Al ratio, decreasing at increased
Si/Al ratio as lower amount of Al in the framework produces more well-defined and sharper
bands. The Cu ion-exchange and air activation generates peculiar features at increasing Cu
content. Specifically, the band at 570 cm™ shifts at higher wavenumbers at increasing Cu/Al
ratio as Cu is interacting with Al-sites in the framework. In the analysed samples in Figure 7, a
small band increase at 561 cm™ and 755 cm™ is visible for the 0.604CuY30.8 compared to
Y30.8 sample without Cu content while in the 0.345CuY2.9 sample is not showing any
difference at the same wavenumber with respect to Y2.9. However, no clear evidence of the

Cu-activated species on the ion-exchanged samples are noticeable on the Raman spectra and
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this feature could be associated to Raman fluorescence issues when analysing Cu-containing

materials.

CH/TPR
The application of CH4-TPR experiments to 0.345CuY2.9 (Figure 8) and 0.604CuY30.8

(Figure 9) catalysts was performed to gain useful information on their reducing-oxidizing
properties as well as the reactivity towards CH4 in absence of gaseous O.. Furthermore, it was
possible to identify the optimal temperature to maximise CHs4 consumption during the
isothermal CHgy activation in MTM loop, increasing the selectivity by avoiding the production
of overoxidation and secondary reaction products. Results are presented as concentration
profiles of consumed CH4 and produced H>, H,O, CO, CH30H and CO: as a function of the
monitoring temperature together with quantification data on the total CH4 consumed. Also, the

parent zeolite Y30.8 was tested to verify the negligible contribution in the CH4 consumption.
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Figure 8: CH4~-TPR on 0.345CuY2.9 (mass= 100 mg, particle size= 250 - 300 um, total volumetric flowrate =
20 Nem/min, CHy initial concentration= 5%, heating rate= 5°C/min).
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The concentration profiles of several gas species (H2, CHs, H2O, CO, CH30H and CO») were
recoreded during CH4-TPR experiments on 0.345CuY2.9 and 0.604CuY30.8 samples and
reported in Figure 8 and Figure 9 respectively. The selection of experimental parameters
(catalyst mass, initial CH4 concentration, total volumetric flowrate and heating rate) relied on
the results presented in Chapter 1, in which the combination of these variables strongly affected
the results. Even for a model system such as the reduction of unsupported CuO with Hz, mass-
transfer limitations played an important role in the overall redox performance of the material.
On the contrary, zeolites are characterized by a complex pore distribution and geometry of
molecular dimension and the productivity could be constrained by mass-transfer phenomena of
reacting molecules to the internal active sites. The two Cu-ion exchanged samples of this study
exhibit a mesoporous structure (Figure 4) with irregular shape pores and thus the contribution
of mass-transfer becomes even more crucial and it cannot be neglected when performing
activity experiments. For these reasons, the total volumetric flowrate for CH4-TPRs was chosen
as a trade-off between the instrumental precision of controlling the flowrate and a low gas-
hourly space velocity (GHSV). The value was set to 20 Ncm?/min with a subsequent GHSV of
9540 h! for 0.345CuY2.9 and 4340 h™! for 0.604CuY30.8 sample. The strongly reduced GHSV
value for the second zeolite was caused by a lower bulk density, calculated through the catalyst
mass and volume inside the reactor tube of the corresponding experiment (0.365 g/cm? for
0.345CuY2.9 versus 0.802 g/m?® for 0.604CuY30.8). Also, the initial CH4 concentration was
chosen at 5% to ensure the absence of mass-transfer limitations by increasing the concentration
gradient between the gas and solid phase as CH4 starvation conditions are not likely to happen.
A heating rate of 5°C/min was utilized to increase the temperature from 150°C to 500°C and

ensure a unform temperature distribution inside the catalytic bed.
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CH4 consumption profiles in Figure 8 and Figure 9 have a similar trend, characterized by a
major CH4 peak around 200C° and a secondary peak at > 400°C. A slightly higher maximum
reduction temperature (+7°C) is found for the 0.345CuY2.9 sample, denoting a reproducible
reduction behaviour for both zeolites. However, quantification data on CH4 consumption curves
show a clear hierarchy of the activity performance, as that the total amount of consumed CH4
is higher for the 0.604CuY30.8 zeolite, based on the total CH4 mol and its value normalized on
zeolite mass. Specifically, 3.79E-05 mol CHs (379 umol/g zeolite) and 6.16E-05 mol (616
umol/g zeolite) were consumed by 0.345CuY2.9 and 0.604CuY30.8 respectively. Negligible
CH4 consumption is visible in the Y30.8 sample (97 umol/g zeolite) (Figure 10) as the active
sites for CHy activation are Cu-oxo species in the zeolite framework [12,15,29,30] and the CH4
consumption could be mainly attributed to physical adsorption at 204°C [31]. Simultaneously
with CH4 consumption, the production of other species is observable in the reaction profiles
activated by secondary reactions. The formation of CO», H>O, H; and CO are similar for both
CuY zeolites in terms of activation temperatures but higher product concentrations are obtained
in the 0.604CuY30.8 sample, implying a higher activity for both CH4 oxidation and secondary
reactions. The formation of CO: is an indication of CH4 complete oxidation and its highest
concentration is visible at 500°C, thus no production peak is observable for both samples. Also,
the CO; appearance in the gas stream starts at ~300°C, i.e. 100°C higher than the CH4 maximum
consumption temperature. These features indicate both the formation of partially oxidised
intermediates subsequently converting into CO» [16] and the high affinity of CuY polar sites
towards CO; adsorption [32]. The lower CO> concentration visible in the outlet stream for
0.345CuY2.9 could be resulting from the lower Si/Al ratio that increases the interactions
between the CO; quadrupole moment and cations/OH groups in the zeolite framework [32].
The CO; profile also indicates the presence of other reactions than CHs oxidation. From
300C°C to 400°C, the simultaneous occurrence of reverse-water gas shift (rWGS) (Reaction 1)
and CHy steam reforming (Reaction 2.) could explain the consumption of CH4 as well as the
low concentration of CO; and Hz in the outlet stream while CO concentration is increasing as
product of both reactions. Specifically, H» is produced by Reaction 2 and it reacts with CO» to
from CO and H>O. H>O concentration profile is not an accurate indication of the reactions
progress as it is strongly influenced by extra-H,O present in the system, thus any description

based on H>O is neglected.

CO,+H,; » CO+HO Reaction 1
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CH4 + H,O = CO + 3H, Reaction 2

Interestingly, a small amount of CH30H (< 1 ppm at 500°C) 1s produced during the CHs-TPR
and its appearance in the gas stream is associated to H>O desorption. The use of H>O to desorb
CH;0H formed on the Cu-oxo active sites on the zeolite is used in the MTM loop after the CH4
activation step. It is indeed energetically difficult to desorb CH30OH from the zeolite pores, but
it is possible to decrease the adsorption energy using H>O [6]. H2O acts as a reactant as it reacts
with the methoxy groups to form CH3OH [33].

Activation temperatures of secondary reaction is a crucial information when selecting the
optimal temperature for CHy4 activation in MTM compete loop based on CH4-TPR data: the
temperature of the isothermal operation should be chosen as a trade-off between the maximum
CH4 consumption temperature and the activation of secondary reactions such as CH4 complete
oxidation to increase the overall selectivity towards CH3OH. Based on the results obtained for
the CuY samples, 200C° was chosen as a potential optimal temperature for the CH4 activation

in MTM complete loop and therefore further investigations were performed with this value.

CH4 isothermal adsorption and He-TPD

CHs isothermal adsorption and inert temperature-programmed desorption (He-TPD)
experiments were carried out on both Cu-exchanged zeolite samples to quantify the total CH4
uptake at 200°C, compare it with results of CH4 consumption extracted from CHs-TPRs and
observe the evolution of adsorbed species at increasing temperature. CH4 isothermal adsorption
was carried out at 200°C for 12h by feeding 5%CH4/He and it was followed by a He-TPD at
5°C/min in He gas flow until 500°C. Desorption profiles of the major species (H2, H>O, CHa,
CO, COy) are reported in Figure 11 for 0.345CuY2.9 and Figure 12 for 0.604CuY30.8.
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The resulting profiles from desorption experiments show a different trend for 0.345CuY2.9

(Figure 11) and 0.604CuY30.8 samples (Figure 12). For the first zeolite, characterized by a

lower Cu/Al and Si/Al ratio, a simultaneous CO and CO: peak is visible at 310°C suggesting

the presence of Cu-oxo active sites specific for the total and partial oxidation of CH4 (Reaction

3 and Reaction 4).

CH4+20; = CO, + 2H,0

CH4+ 1/20; = CO + 2H;

164

Reaction 3

Reaction 4



As the maximum concentration of CO and COz is small (< 5 ppm) in the low temperature range
(< 400°C), the density of CuxOy nanoparticles promoting these oxidations is supposed to be
low [34,35] and the small dimensions are confirmed also by SEM analyses (Figure 5) in which
no large Cu particle agglomerates are visible on the surface. In the second sample (Figure 12),
larger concentration of CO, CO; and H; are visible in the desorption profiles suggesting the
presence of more active sites for CH4 partial and total oxidation supported also by a higher
Cu/Al ratio. The presence of Brensted acid sites and divalent cations (Cu®*") favours H,O
dissociation into CuOH" and H" species [36] that recombine to form H, and H,O as visible in
Figure 11 and Figure 12. Despite H>O concentration profile is affected by the extra-H>O present
in the system, the correlation between CH30H desorption and H>O is clear. Minimal amount of
CH30H (maximum concentration < 0.5 ppm at 500°C for 0.345CuY2.9) starts to desorb at
260°C, 1.e. 44°C higher than in the CH4-TPR experiment (Figure 8). Also, a smaller H>O peak
is present around 205°C, corresponding to the CHs4 consumption peak in CHs-TPR. The
presence of double H>O formation peaks suggests that only the first peak is associated to CH4
oxidation while the second peak is connected to the desorption of extra-H>O from the zeolite
framework and, thanks to the higher H>O concentration, also CH30H desorption is visible. A
different situation is visible in the 0.604CuY30.8 zeolite, as the H>O concentration is lower and
thus negligible CH30H desorption is occurring. For 0.345CuY2.9 zeolite, three species start to
desorb (CH4, CO, CO3) at higher temperatures (> 400°C) as an effect of the increased CHy
diffusion from the internal pores [37] and consequent promotion of overoxidation reactions.
The trend of these species is different in the desorption profiles of 0.604CuY30.8, in which
clear H, and CO peaks are visible at low temperature (340-360°C) while the CO, formation
continues to increase without a relevant peak with a similar behaviour observed in CHs-TPR
(Figure 9).

The total amount of CH4 uptake during the adsorption experiments is 6120 umol/g zeolite for
0.345CuY2.9 and 5630 umol/g zeolite for 0.604CuY30.8. These values are largely higher
(+90%) than the CH4 consumption obtain within the CH4-TPR experiments, implying that the
adsorption process is limited by CHy diffusion into the 12-MR framework with a specific CH4
diffusivity in the order of 10°— 10 m?%/s [37].
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Conclusions

In this preliminary study, the feasibility of Cu-exchanged Y zeolites in MTM loop has been
investigated by focusing the attention on the CHy activation step. Two Y zeolites with different
Cu/Al (0.345 and 0.604) and Si/Al (2.9 and 30.8) ratio have been Cu-exchanged with a standard
liquid procedure with copper(Il) acetate. The characterizations with XRD, ICP-MS, nitrogen
adsorption-desorption, SEM, FTIR and Raman demonstrated the efficient Cu exchanging on
the support and no peculiar features were observed. CH4-TPR and CHj4 isothermal adsorption
and He-TPD experiments have been used to identify the optimal temperature conditions for
CH4 activation in MTM loop. CH4 consumption profiles in both 0.345CuY2.9 and
0.604CuY30.8 samples showed a major peak at around 200°C and the activation of secondary
conditions (reverse water-gas shift and dry CHs reforming) at > 300°C. However, the sample
characterized with a higher Cu/Al and Si/Al ratio showed a higher CH4 consumption (616
umol/g zeolite) than the sample with smaller ratios (379 pmol/g zeolite). CH30OH desorption
assisted with H>O produced during the CH4 oxidation and extra-H,O present in the system was
visible during CH4-TPRs in both samples. Sequential CH4 adsorption and He-TPD was also
tested, showing that the maximum CHj4 uptake is 90% higher than CH4 consumed during TPR
experiments, suggesting CH4 diffusion limitations in the pores. The application of CuY zeolites
appears reasonable based on the results obtained for the CH4 activation step, but further studies
are needed to verify their activity in the e compete MTM loop and correlate these measurements

with CH30H productivity and selectivity.
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Nomenclature

T = temperature
Tmeas = temperature measured by the thermocouple (monitoring)
V: = tubing volume
Viot = total volumetric flowrate

Greek letters:

B = Heating rate
Acronyms:
EFAL Extra-Framework Aluminum
MTM = Methane-to-Methanol
FAU Faujasite
FTIR Fourier-Transform Infrared Spectrometer
GHSV Gas-Hourly Space Velocity
GWP Global Warming Potential
MCT Mercury-Cadmium-Telluride detector
MOR Mordenite
HF High frequency
ICP-MS Inductively coupled plasma mass spectrometry
LF Low frequency
SEM Scanning Electron Microscopy
XRD X-Ray Diffraction
TPR Temperature programmed reduction
TPD Temperature programmed desorption
WGS Water Gas Shift
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Conclusions

The central idea of the research activities reported in the PhD thesis is that catalysts are dynamic
materials: the structure changes together with the local reaction conditions and it is strictly
connected to the reactivity. The application of different reaction conditions induces structural
rearrangements at atomic level reflecting at surface scale with structural modifications, such as
sintering and agglomeration. The knowledge of these relevant processes between catalyst bulk
and surface and their connection to reactivity parameters (conversion, yield and selectivity)
gives important information on catalyst and reactor design, to improve the overall performance,
predict deactivation behaviours and actions to increase catalyst efficiency.

In the perspective of investigating the interaction between reaction conditions,
physical/chemical phenomena occurring on the catalyst and hence on reactivity, temperature
was chosen as transient variable and the combination of conversion, product formation and
surface characterization (SEM) results were assembled to draw a conclusion on each process
investigated.

The application of temperature-programmed experiments (reduction and oxidation) to a model
reactive system (unsupported CuO reduction with H» and reoxidation with O) was thoroughly
investigated under different aspects. The influence of experimental conditions (sample mass,
particle size, gas reactant concentration, total volumetric flowrate, heating rate) was studied to
correlate the reduction (or oxidation) profiles to macroscopic performance (degree of
reduction/oxidation) and chemical/physical phenomena (reaction mechanism, mass- and heat-
transfer limitations). The profiles (peak shape and key temperatures) were significantly affected
by the experimental conditions and their combinations, identifying a primary role for the sample
mass, gas reactant flow rate (i.e. higher concentration or total flow rate) and heating rate, while
a negligible contribution was given by the particle size, for both CuO reduction and Cu
oxidation. The common explanation key is the limitation due to external mass transfer, in a
heterogenous reaction without significant internal mass transfer limitations.

Heat effects play a relevant, underestimated effect. The addition of an inert, highly heat-
conductive bed dilutant (SiC) promoted the CuO reduction to Cu at higher H, concentration,
i.e. both favoring the kinetics, levelling out temperature gradients in the sample, reducing the
diffusive limitations, as soon as Cu nuclei are formed on the surface of the unreacted CuO and

delaying agglomeration phenomena.
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The final morphological configuration was severely affected by the sequential reduction and
oxidation processes, implying that the selection of the experimental variables for TPR/TPO
protocols could not be solely performed through a characteristic number, disregarding mass-
transfer limitations. Specifically, it was demonstrated that the selection of different set of
variables to fit P characteristic number in its optimal range produces divergent results in terms
of peak shape, characteristic temperatures and reduction degree, and thus it should be used with
caution as a TPR design criteria.

The loss in reactivity caused by physical phenomena, such as agglomeration, was further
analysed to clearly identify the process (reduction, oxidation or just thermal, non-reactive cycle)
or pre-treatment (inert, oxidative) responsible for such a decrease. It was proven that when
unsupported CuO is reduced to Cu in a reducing mixture (Hz/Ar), pressure drop falls drastically
in correspondence to the highest Ho consumption (reduction peak) and agglomeration was
attributed to this process, while the contribution other pre-treatment/reaction steps is negligible.
SEM analyses of the spent CuO sample show dramatic variations from the initial morphology,
as a bulky layer covers the particles and copper oxides nanostructures are created in the surface.
In most cases, the degree of reduction and oxidation was <100%, suggesting that mass-transfer
limitations induced by the formed layer were influencing the activity, as soon as the reaction
activates.

The long-term reactivity was studied with 11 sequential TPR-TPO experiments and a
progressive loss in activity was visible from the degree of reduction/oxidation, decreasing from
100% in the 1% cycle to 15% in the 11% cycle, and peak shape analysis. Particularly, the Cu
oxidation mechanism is made of two steps (Cu = Cu20 = CuO) in standard condition, but as
the number of cycles increased, the second peak was shifting to higher temperatures until it
disappeared completely in the 5" oxidation cycle. This behavior was attributed to the
restructuration of the reactive bed at macro and microscopical level, limiting the complete
oxidation to CuO in successive cycles.

Axial temperature gradients were measured during TPR and TPO experiments to correlate the
appearance of multiple peaks with an uneven temperature distribution in the reactive bed.
During the reduction, a single H> consumption peak and low temperature gradients are observed
in both cases, suggesting that double peaks are not generated by thermal effects but from
physical phenomena (agglomeration and shrinking). On the other hand, the oxidation is much

more exothermic than the reduction and the oscillating temperature gradients, reflected on the
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O consumption profiles, were attributed to the poor furnace control-loop, once the bed shrunk,
loosing contact with the controlling thermocouple.

The formation of nanostructures on CuO surfaces (Cu foil and Cu/CuO powder) was
specifically investigated, by applying thermal and chemical treatments, also through multiple
cycles. Nanowhiskers are observed, whose dimensions and density can be adjusted by varying
the O» partial pressure and maximum temperature of the oxidative treatment. Higher O partial
pressures increase the nanowhiskers density at lower maximum temperature, but the same
output could be obtained by decreasing O» partial pressure at increased temperature. The
application of a complete reduction-oxidation cycle showed that the H» treatment prior to the
oxidation stage favors the nanowires growth. Also, the contact time between the reducing gas
phase and oxide influenced the surface morphology: increasing the contact time, the surface
roughness increases as an effect of the superficial microstructure rearrangement, while a lower
contact time generates superficial cavities, indicating a less uniform distribution of copper
grains.

CO oxidation with lattice oxygen under constant heating (CO-TPR) confirms the conclusions
about the mobility of O in LaFeOs, which is slow and governed by a lattice diffusive
mechanism; for temperatures higher that the activation one, CO oxidation with lattice oxygen
at constant temperature show sustained production of CO; starting from 300°C, because the
temperature for activating the bulk diffusion has been surpassed, and the time-temperature
variables starts a reciprocal influence: the higher the temperature (above the activation for bulk
diffusion), the less time will be required for the diffusion, and the lower the time to produce
CO..

The feasibility of Cu-exchanged Y zeolites in MTM loop has been investigated by focusing the
attention on the CHj4 activation step. Two Y zeolites with different Cu/Al (0.345 and 0.604) and
Si/Al (2.9 and 30.8) ratio have been Cu-exchanged with a standard liquid procedure with
copper(Il) acetate. CH4-TPR and CHj4 isothermal adsorption and He-TPD experiments have
been used to identify the optimal temperature conditions for CHy activation in MTM loop. CH4
consumption profiles in both 0.345CuY2.9 and 0.604CuY30.8 samples showed a major peak
at around 200°C and the activation of secondary conditions (reverse water-gas shift and dry
CH4 reforming) at > 300°C. However, the sample characterized with a higher Cu/Al and Si/Al
ratio showed a higher CH4 consumption (616 pmol/g zeolite) than the sample with smaller
ratios (379 pmol/g zeolite). CH30OH desorption assisted with H,O produced during the CH4

oxidation and extra-H,O present in the system was visible during CH4-TPRs in both samples.
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Sequential CH4 adsorption and He-TPD was also tested, showing that the maximum CH4 uptake
is 90% higher than CH4 consumed during TPR experiments, suggesting CH4 diffusion
limitations in the pores. The application of CuY zeolites appears reasonable based on the results
obtained for the CHy activation step, but further studies are needed to verify their activity in the
e compete MTM loop and correlate these measurements with CH30H productivity and
selectivity.

A general conclusion of these studies is that common materials used as catalysts change
dramatically structure and reactivity at different scales, during exposure to reducing or
oxidizing environment. The accurate description of such changes, and the reproducibly of them,
requires further efforts, increasing the accuracy of the characterization, and hopefully observing

in-situ the transformations, while they develop with operando techniques.

174



