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Abstract

In this thesis work, Temperature-Programmed Reduction (TPR) and Temperature-Programmed
Oxidation (TPO) techniques have been used to determine the cyclic redox reactivity of cupric
oxide, based on the peak shape analysis and the total oxygen removed during reductions and
regained during oxidations. In parallel, the impact of thermal effects, considered as potential
inhibitors of the solid reactivity, has been evaluated.

The variation of experimental parameters allowed to determine the reactivity of cupric oxide
under different experimental conditions and to gain additional information on its reaction
mechanism, mass transfer limitations and thermal inertia of the solid.

The peak shape analysis, coupled with the quantification of oxygen removed from cupric oxide
during the TPR, and regained by copper during TPO, proved to be effective in identifying a
loss in catalytic activity during sequential reduction and oxidation cycles. A physical
agglomeration of the bed has been observed and therefore further studied by increasing the solid
mass analysed. The monitoring of pressure drops along the bed during the reactions and the
images provided by the Scanning Electron Microscope confirmed the agglomeration
phenomenon.

A bed dilution with silicon carbide has positively affected both reduction and oxidation process,

as it reduced temperature gradients in the solid bed and delayed the agglomeration effect.
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Introduction

Temperature-Programmed Reduction (TPR) is a characterization technique widely used in
surface science to determine the reduction properties of bulk and/or supported metal oxides as
temperature is linearly increased in a reducing flow. Similarly, Temperature-Programmed
Oxidations (TPO) measure the reactivity of a reduced material towards oxidation by flowing
an oxidant mixture. The metal oxide reactivity is then inferred with the peak shape analysis and
the quantification of gaseous reagent consumed allows to indirectly evaluate the reduction or
oxidation degree of the reacting solid phase. When coupled and performed cyclically, these two
techniques can be used to evaluate the properties and the long-term reactivity of redox
materials. These assessments are essential for the selection of a suitable metal oxide to carry
out cyclic redox processes, such as chemical looping combustions. In these peculiar systems,
the metal oxide acts as an oxygen carrier, thus limiting or avoiding the use of gaseous O». The
advantages in terms of cost and safety are evident, but unaltered performances over time are
indeed desired.

TPR and TPO analyses are usually carried out using a standardized experimental protocol and
conditions (solid mass, flowrate, reducing/oxidizing concentration, heating rate) to guarantee a
fair comparison between results. However, the major drawback is the lack of information
regarding potential mass transfer limitations, surface and bulk species reactivity, thermal
inertia, structural changes/aging that may mislead the analyses.

As first assessment of this thesis work, the behaviour of CuO/Cu system was studied by varying
the experimental conditions and demonstrating that the aforementioned information can be
retrieved.

The second objective was the assessment of the cyclic redox efficiency of cupric oxide (CuO)
to be used as oxygen donor in chemical looping processes. In parallel, insights about the
efficiency loss were carried out by studying the thermal effects of both reduction and oxidation.
As literature reports, even placing in optimal conditions and using a model reactive specie as
CuO, anomalous reactivity, resulting in multiple peaks in reduction profiles, has been detected.
This behaviour has been attributed to three reasons: diffusional limitations induced by the
reaction products covering the unreacted particles, the release of trapped gaseous reagent, the
presence of a multiple-step mechanism.

The third objective was the correlation of these anomalies in CuO reactivity to an uneven

temperature distribution in the sample. Following this hypothesis, the effect of bed dilution with
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silicon carbide (SiC), known for its excellent thermal properties, on the reduction profiles and
bed agglomeration was also studied.

This thesis is structured in four chapters. In Chapter 1, a bibliographic research is reported to
provide a general view on TPR/TPO techniques, with particular attention to the optimal choice
of experimental parameters, multiple-peaks and thermal phenomena. The experimental set-up,
the experimental procedure to carry out TPR and TPO analyses and the method to quantify the
oxygen consumed and regained by the oxide are presented in Chapter 2. The results of the
parametric sensitivity on TPR/TPO techniques are then shown in Chapter 3. In Chapter 4, the
outcome of CuO/Cu system cyclic redox reactivity and characterizations with SEM of spent
CuO are shown.

This experimental work was carried out at the premises of K-INN Lab research group, based at
the Department of Industrial Engineering (Via Marzolo, 9) at University of Padova.

SEM and EDS analyses were performed at Centro di Analisi e Servizi per la certificazione
CEASC (Via Jappelli 1/A).



Chapter 1

State-of-the-art

The main objective of this thesis work is providing a more thorough insight into the
temperature-programmed reaction analyses and their possible utilization for intuition on the
reaction mechanism of a catalyst. The influence of experimental parameters variation on
TPR/TPO test is then explored using Cu/CuO as a reference. Finally, the results obtained are
interpreted taking into consideration the thermal effect that naturally develops as the reaction
progresses.

In this chapter the literature concerning the interpretation and optimal conditions for

temperature programmed reductions is reviewed.

1.1 Temperature programmed reductions

Temperature-Programmed reactions are simply chemical transformations carried out under a
given temperature policy. Depending on the reagent, they can be either reduction or oxidations.
Temperature-Programmed Reduction (TPR) is a characterization technique commonly used to
assess the redox proprieties of metal oxides, mixed metal oxides and metal oxides dispersed on
a support. Namely, it provides qualitative and quantitative information of the type and
reducibility (i.e. oxidation state) of metals on the surface and in the bulk, as well as changes in
reactivity resulting from promoters or metal/support interactions [1]. In a typical TPR
experiment, the sample is placed in a fixed bed reactor through which a reducing mixture
(usually H» in Ar) flows across and the temperature is linearly increased. A highly sensitive
detector, such as a Thermal Conductivity Detector, continuously analyses the outlet stream and
the reducing gas concentration can be plotted against temperature. The integration of the
concentration curves yields the total amount of reducing gas consumed, directly correlated to
the total reducible species in the sample, and the peak position (i.e. temperature) gives
information on the sample reducibility (e.g. reaction rate and steps).

The basic rationale for Temperature-Programmed Oxidation (TPO) is the same as for TPR, but
in the TPO the sample is in a reduced form and an oxidizing mixture (air or O) is flowed over
the sample. This analysis is also performed to quantify the amount of carbonaceous deposits
deriving from coking or any other reaction involving organic compounds [2], however the same
results obtainable with TPR are achievable for oxidations. Additionally, coupled TPR/TPO
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experiments provide useful information on the redox behaviour of a catalyst and its long-term
reactivity when subject to cyclic reducing/oxidizing atmospheres.

For the sake of simplicity, only TPR will be analysed as it is a wider applied technique than
TPO.

1.2 Reduction reactions

1.2.1 Thermodynamics

The complete reduction of a metal oxide can be written as in Equation (1.1)
M,0, + yH, - xM + yH,0 (1.1)

and pure metal M with an oxidation state of 0 is produced together with H>O. The Gibbs free
energy of reaction (AGR) can be computed as a function of temperature (T) and activities of the
gaseous species (a;). Assuming ideal gas mixtures, the activities of the gas species are the
partial pressure (P;) divided by a reference pressure, while the activity of solids is unitary, so

the resulting equation is Equation (1.2):

Ag20 Pyao

AGr = AGQ + RT log ~ AGQ + RT log

1.2
2530) Py, (1.2)

From a thermodynamic point of view, this reaction is spontaneous only when AGg < 0. This
condition is satisfied when AGS is negative, as it happens for most of the metallic oxides, but
also when AG} is positive (e.g. for vanadium or chromium oxides [3]) provided that the second
term is sufficiently negative. Practically speaking, the reaction is favoured by decreasing H>O

partial pressure in the system, i.e. removing the product as soon as it is formed [3].

1.2.2 Kinetics and mechanism of bulk oxides
The kinetics for a reduction reaction is usually expressed as degree of reduction (&), which is a

function of time (t) and is defined as in Equation (1.3)

L _Vu®
VM,fin

(1.3)

where V,(t) is the volume of the metal M formed at a certain time t and V) ¢;, is the volume
of the metal M at the end of the process. Alternatively, if the metal percentage and the reaction

stoichiometry are known, the degree of sample reduction is given by the ratio (Equation (1.4))
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Ny

Ny Sy

(1.4)

where ny, is the number of detected hydrogen atoms that are proportional to the peak area, ny,
is the total number of metal atoms contained in the sample and s is the stoichiometric factor
depending by the initial oxidation state and by the final product.

The reduction of a metal oxide is usually described with two models: the nucleation one and

the contracting sphere one [3]. They are based on few assumptions:

1. the metal oxide is in its bulk form (thus no effect due to support, impurities or
anisotropies are present);
the metal oxide is made of spherical particles;

3. the reaction rate depends on the surface area.

These two models are somewhat simplified since they do not consider thoroughly the oxide ion
diffusion, or the production of water that modifies the composition of the fluid phase, or also

the porosity of the bed. Those parameters may be introduced to properly fit experimental data.

1.2.2.1 Nucleation Model

According to this model, which considers a particle of a bulk oxide as represented in Figure

1.1.a, the reducing gas reacts with surface oxygen from the metal oxide creating an anion
vacancy in the lattice. A structural rearrangement happens when the vacancy concentration
exceeds its critical value and this yields to the formation of small grains of lower oxide or metal.
The surface available for reaction begins then to increase, and so does the reaction rate, as
shown in Figure 1.1.b and Figure 1.1.c by means of a and its derivative over time. These grains
grow until their boundaries overlap, creating a core-shell structure in which the inner part is
still oxidised and covered by a reduced oxide/metal layer. From this moment onwards the
reaction rate decreases, and the reduction follows the contracting spheres model.

This model successfully describes the reduction of NiO [3].
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Moetal oxide

da
Metal nuclei ¥ dt

Time
(a) (b) ©)

Figure 1.1: Nucleation model: (a) particle representation, (b) degree of reduction over time and (c) reduction
rate over time.

1.2.2.2 Contracting sphere model

This model is an extreme case of the nucleation model and it can be used when the nucleation
process is fast, such as in the reduction of MnO> to Mn metal [3]. In this case a large number
of small reduced oxide grains are formed on the oxide surface, whose boundaries overlap
creating a thin layer of metal over the oxide surface, as represented in Figure 1.2.a. Since the
reaction surface decreases (i.e. the interface between metal and metal oxide) and the height of
the reduced metal shell through which the reagents should diffuse increases, the rate of
reduction (da/dt) slows down as the process evolves. This is shown in the plot of Figure 1.2.c.

The profile of the degree of reduction a will consequently have the shape reported in Figure
1.2.b [3].

1
Metatl ’-
Metal oxide da
43 dt
0 J I

Time

(a) (b) (c)

Figure 1.2: Contracting sphere model: (a) particle representation, (b) degree of reduction over time and (c)
reduction rate over time.

1.2.2.3 Theory of non-isothermal reductions

When a generic gas-solid reaction
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Gas + Solid — Product

is considered, the reaction rate can be expressed as

R=-———=———=K[G]P[S]4 (1.5)

where [G] is the concentration of the gaseous reagent, [S] is the concentration of the solid
reagent, p and q are the partial orders of reactions for the gaseous and solid reagent respectively,
and K is the kinetic constant of the process. K of Equation (1.5) can be expressed with the

Arrhenius equation as in Equation (1.6):

K =Ae_@ (16)

where A is its pre-exponential factor, Ej is the activation energy, Ry is the gas constant and T
is temperature.
Since temperature is raised in TPR experiments it is a function of time. For a constant heating,

the heating rate [ is defined as in Equation (1.6)
B=5 (1.7)

Through a change of variables, Equation (1.5) can be rewritten as

R =B = ~B = K[GIP[S]" (1:8)

making explicit its dependence upon f and T.
Following a thermogravimetric approach, E, can be retrieved analytically by rewriting

Equation (1.7) in terms of reduced solid fraction y:

Y =5 (1.9)
being S the amount of reducible solid at a certain time t and S, the initial amount of reducible
solid, and the concentration of reducing gas is assumed constant (e.g. in excess reducing gas),
the term [G]P can be embedded into the kinetic constant K, so that K’ = K[G]?, and Equation
(1.8) takes the form
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RzﬂzK'u— )4 (1.10)
dt 14 '

Combining Equations (1.6), (1.7) and (1.10), integrating and taking logarithms gives

(1.11)

1—y)t-a AR 2R, T E
og 1 - L2 < g 20 1 - 2] - e

1— 93E, E, |~ 23R,T
if ¢ # 1 (i.e. when the reaction is not first order with respect to the solid) while it gives

(1-7)  log AR [ 2R,T) Eg
T2 BE, E, | 23R,T

log | ~log (1.12)
if ¢ = 1 (i.e. when the reaction is first order with respect to the solid).

For most values of E, over temperature the value of log (AR,/BE,)[1 —2R,T/E,] is
essentially constant, so a straight line with slope equal to —E, /(2.3R,) will be found by plotting
the left-hand side of Equation (1.11) or (1.12) against 1/T, provided that the parameter q is
correct.

However the derivation of kinetic parameters with Equation (1.11) or (1.12) is not practical,
since most of the experimental TPR systems monitor the difference in reducing gas
concentration between the reactor inlet and the outlet. To overcome this issue, Gentry et al. [4]
suggested to focus on the consumption rate of gas instead of using the fraction of reduced solid
y. By working with the rate of reaction expressed as in Equation (1.8) together with the

simplifying assumptions of:

1. the reactor behaving like a plug-flow;
2. low conversions of reducing gas;

3. p =q =1 (i.e. the reaction is elementary);

the authors derived an analytical equation through which a value of E,, is obtained by means of
experimental data at peak conditions. The equation is derived by considering that at the
maximum rate of reaction, the derivative of both the rate of reaction and the concentration of
reacting gas are null, resulting in the equation

E
2InTpgy — INB + In[G gy = ———— + constant (1.13)

Rg Trnax
where Ty, indicates the temperature at peak conditions and [G],,4, the concentration of
reducing gas at peak conditions. A straight line of slope E; /Ry is then obtained by plotting the
left side of Equation (1.13) against 1/T;,4x-
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Similarly, Monti and Baiker [5] found an analytical expression to correlate the H> consumption
rate with temperature by modelling the reacting system as a perfectly mixed reactor. The
Authors solved the mass balance for H> using the mean H» concentration ¢ between the inlet
and the outlet, combined it with Equation (1.8) to express the rate of reaction as function of
temperature and assumed the reaction elementary with respect to both the gas and the solid (i.e.
m = q = 1). The resulting relation between the experimental parameters and the kinetic

parameters is

ds _ ZCOV*( 1 14
SAeRT"

where S is the current amount of reducible species, V™ is the total flowrate of the reducing gas,
Co 1s the inlet concentration of hydrogen, and the other terms as described above. The equation
used to estimate kinetic parameters A and E, through linear regression is then found by
considering that at the H> consumption peak there is a maximum in the rate of reduction and

logarithms are applied to both sides, giving

T2 3G, E E
| Lmaxtmax _ LI a

= n 1.15
B Ry Tax RjA (1.15)

where subscript max refers to the operating conditions at the peak.
While this method to estimate kinetic parameters is simple and it is well suited to be fitted by a

computer program, it is valid under the assumptions of:

1. negligible interparticle mass transfer limitations;
2. diffusion coefficients calculated on the assumption of binary mixture composed of H»
and Nz only;

3. negligible intraparticle diffusion limitations.

Hypothesis 1) involves the calculation of a mass transfer coefficient based on Sherwood non-

dimensional number of the particles in the bed. This number can be expressed by accounting

directly for the porosity of the bed, as Gunn [6] derived in his work

_ 2kgRp
D

Sh = (7 — 10 + 5¢%)(1 + 0.7Re)2Sc*/3) + ---

(1.16)
...+(1.33 — 2.4¢ + 1.2e?)Re)7Sc/3

where Sh is the Sherwood number, kf is the fluid-solid mass transfer coefficient, Rp is the
particle radius, D is the diffusion coefficient, ¢ is the porosity of the bed, Re,, is the Reynolds
number of the particle and Sc is the Schmidt group. If Equation (1.16) provides a value for Sh
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so that the concentration gradient of the reducing gas between the particle surface and the bulk
gas phase is negligible with respect to ¢y, hypothesis 1) is correct. On the other hand, Equation
(1.15) could not be appropriate if the bed agglomerates in the process, since its porosity would
not be constant anymore, and so a more suitable correlation should be found. Moreover, in this
case also the bed surface area could not be supposed constant, thus leading to a complication
of the reagent rate of consumption.
Hypothesis 2), instead, can be too simple, since diffusion coefficients of a component in a
mixture are strongly dependent upon the molar fraction of all the components present in the
mixture. This is pointed out by the Maxwell-Stefan equation [7]

NC

Vx; = —Zi(xﬂvj —xN;), i=1..NC (1.17)

= cD; j
where x; is the molar fraction of component i in the mixture, N; the molar amount of component
{ in the mixture, c is the total mixture concentration and D; ; the binary diffusion coefficient of
component i into component j. Considering that the reduction of an oxide produces water, a
more precise calculation of the diffusion coefficient D would account for its molar fraction
dynamically, changing its value as the reaction progresses. Moreover, the calculation of the
single D; ;’s should account also for temperature, as the binary diffusion coefficients for gases
are dependent upon T1*. However, diluted H, mixture are usually adopted, so that the Stefan-
Maxwell correction is expected to be small.
Hypothesis 3) is based, instead, on the correlation proposed by Ibok and Ollis [8], for which a

dimensionless number @ is calculated as

(D_Rg <1<dn> >1 118
Deff Vc dt max’ Cs ( )

with Drr being the diffusion coefficient accounting for both particle surface porosity and

tortuosity of its pores, V. being the sample volume, (dn/dt),4, the consumption rate of
hydrogen at the peak, and ¢, the sample volume. If @ is smaller than 0.3, intraparticle diffusion
can be neglected. Under the experimental conditions used by Monti and Baiker [5], the
assumption was satisfied if using particles with radii < 0.04 cm and tortuosity factor < 3, but
the validity of this assumption should be checked experimentally or using Equation (1.18).

Differently from Gentry ef al. and Monti and Baiker, who focused on the gaseous reagent
consumption, Malet and Caballero [9] developed a model that expresses the rate of reduction
of a solid species with hydrogen using the degree of reduction y as stated in Equation (1.9).
Supposing a one-step reduction process which follows a first-order kinetic both with respect to

hydrogen and solid concentration, the resulting relation is
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_Ea
dy ~ AeRT (1—vy)
dT B
Co

g (1.19)
+ PAeRT (1—vy)

where P is the Malet parameter and the other parameters remain as defined above. In this case
the Malet parameter P [K] is defined as

_BSs

P =
Fcy

(1.20)

where F is the volumetric flowrate of carrier, ¢, the hydrogen concentration at the reactor inlet,
So the initial amount of reducible species and £ is the heating rate. This model was used
successfully by the authors to obtain theoretical TPR curves, and the definition of P as in
Equation (1.20) allowed them to study separately the influence of its parameters on the peak

shape and maxima.

1.3 Variation of experimental parameters and conditions

Since it was experimentally ascertained that TPR results are very sensitive to the experimental
conditions used (e.g. mixture volumetric flowrate V *, initial oxide mass S, heating rate 5, and
inlet reductant concentration at standard conditions c;), Gentry et al. [4], Monti and Baiker [5]
and Malet and Caballero [9] investigated their influence on the temperature of maximum
reduction rate (peak temperature, T,,,) as it was demonstrated to be essential in Equation
(1.13) and Equation (1.15). Additionally, Gentry ef al. [4] and Malet and Caballero [9] analysed
the peak shapes, relating their deformations to the change in the operating parameters. The
sensitivity analysis that Monti and Baiker [5] carried out is shown in Figure 1.3, which provides
a comparison between experimental results and values predicted by the numerical integration
of the mass balances into the reactor model of Equation (1.14).

From the results obtained, T;,,, almost linearly increases with the heating rate, while by
increasing ¢y, Tmay €Xponentially decreases. This trend is confirmed by Gentry ef al. [4] in
their copper zeolite (Cu, Na)-X-50: T, decreases by approximately 10 K for each 1% increase
in inlet hydrogen concentration. For these two parameters, the model fit experimental data in
an acceptable way.

On the other hand, the model predictions deviate from experimental values of Tpy,, for low
values of V * (between 0.7 and 1.7 cm*(NTP)/s) which are instead in accordance with the ones
of Gentry, who reported that an increase from 0.167 to 0.333 cm*(NTP)/s with 4% Hz lowered
Tmax by 15-30 K. The total mass of solid (i.e. the quantity of reducible species), has a weak
but not negligible effect on T),,4y, as an S, increase from 199 to 500 pmol lead to an increase
of the experimental T,,,, by 12 K.
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Figure 1.3: Parametric sensitivity of the temperature of the maximum reduction rate. Standard conditions:
co=2.46umol/cm’ Sy=405 umol NiO, V*=1.25 cm® (NTP)/s, B=0.2 K/s. (m) Experimental values, (A ) calculated
values. [5]

To facilitate the selection of appropriate operating variables, a number, called the Baiker
parameter K [s] is defined as

So

K = (1.21)

V*Co

where S is the initial quantity of reducible species, V' * is the mixture volumetric flowrate and
Co 1s the inlet reductant concentration at standard conditions.

The Baiker parameter itself is developed to make reasonable the assumption of using the mean
hydrogen concentration ¢ into the reactor. Practically speaking, it requires to operate with low
fractional conversions of hydrogen, but high enough to be measured by the detector. As a
general rule, it is then prescribed to operate in such a way that the amount of hydrogen
consumed at the peak never exceeds 2/3 of the hydrogen fed and that the minimum conversion
at the peak should be 10%. Within these conditions, a value of K from 55 to 140 s is suggested
when heating rates between 0.1 and 0.3 K/s are applied.

Regarding the peak shape, Gentry et al. [4] observed that the mass of solid and pre-treatments
influence the H> consumption and the resolution and number of peaks. Decreasing the mass of
solid (from 400 mg to 50 mg) the resolution of the peak increases and two separate reduction
steps can be observed, i.e. the presence of two peaks. This fact was attributed by the authors to

the temperature gradients that can originate into the sample, and to the hydrogen concentration
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gradients. Additionally, they observed that the use of air or an inert gas to pre-treat the sample
influences both T,,,, and the H> consumption: specifically, air increases the consumption of
H> in (Cu, Na)-Y-68 zeolite with respect to N> without altering the temperature of the peaks.
This could be connected to some morphological transformation of the solid.

The influence of the experimental parameters on the peak shape was computationally proven
also by Malet and Caballero [9] who simulated TPR curves integrating the model of Equation
(1.19) and studying the influence of both the ratio /¢, and P separately.

The model predicts that an increase in the ratio [/c, shifts the peaks towards higher
temperatures, as Fig. Figure 1.4.a shows. Moreover, if the influence of the ratio Sy/V * on the
shape of the peaks is explored, it is seen that peaks flattens at their maxima as the number P
increases, as shown in Figure 1.4.b. These two results are consistent with the experimental
evidence of Monti and Baiker [5].

0.5 g 160
< . — N
— = e TR il X \
300 400 T/K 500 600 400 500 /K 600 700

(a) (b)
Figure 1.4: Simulated TPR curves for a single reduction process. E=24 kcal/mol, A=6-10° min’!; (a) P=5 K:
effect of the ratio f/co; (b) p/co=20, effect of P. [9]

The authors simulated TPR curves also for a two-step reduction process, and found that if P is
kept constant and /¢, is increased, both a shift of the peaks and a loss of resolution occur, as
Figure 1.5.a shows. If B/c, is instead kept constant and P is increased, a progressive loss in
resolution accompanied by a flattening of the resulting peak is observed, as it can be seen in
Figure 1.5.b.
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Figure 1.5: Simulated TPR curves for a two-step reduction process. E;=15 kcal/mol, E;=24 kcal/mol, A;=6-10°
min!, A;=6-10° min”' (a) P=5 K: effect of the ratio f/co; (b) f/co=20, effect of P. [9]

These results are reproduced experimentally by the authors, who analysed different amounts of
pure CuO while keeping constant the other parameters present in P. As shown in Figure 1.6,
peaks merge together losing their resolution with greater amounts of sample analysed. These
results explain also the ones obtained by Gentry et al. [4], who observed a similar loss in

resolution with increasing amount of zeolite (Cu, Na)-X-50 analysed through their TPR studies.
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Figure 1.6: TPR profiles for pure CuO (F=50 cm’/min, f=0.167 K/s, Cp=2.232 umol/cm?). Sy/umol= (a) 63, (b)
126, (c) 189, (d) 252 and (e) 378. Values of P/K are shown. [9]

In order to clarify if those effects could be induced by heat-transfer phenomena, TPR profiles
of 63 umol of CuO sample were compared with the ones obtained by diluting the same amount
of catalyst with 15 mg of Pyrex glass, sieved at d=100-200 um. Since the two curves obtained
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showed the same three peaks, it is concluded that no heat transfer effects is responsible of the
merging of the peaks, but only the influence of incorrect ratio between the parameters used,
whose effects are summarized in the parameter P. According to these authors, then, to avoid
high distortions in the TPR profiles and maintain a good resolution, the parameter P should be

kept as low as possible, and in any case lower than 20 K.

1.4 Anomalous peaks investigations

Considering Malet and Caballero results and applying Monti and Baiker approach, Fierro et al.
[10] investigated TPR data of copper oxides (CuO and Cu,O) catalysts under both adequate and
inadequate conditions.

As Figure 1.7.a shows, a difference in the particle size of the CuO sample (D, smaller than 100
um and between 450 and 800 pum) at K = 148 s leads to a shift in the peaks towards higher
values and to the appearance of a shoulder when the particle diameters are higher. Moreover, a
drastic decrease in surface area of the samples leads to broader peaks and a slight shift of the
maximum temperature towards higher values, as Figure 1.7.b reports. In both cases, no double
peak appears, so none of these sample parameters could be the cause of multiple peaks observed
in TPR’s.

CuO
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Figure 1.7: TPR profiles of two CuO batches having (a) different particle sizes: less than 100 um (blue curve),
and between 425 and 800 um (red curve); (b) different surface area: 40 m2/g (blue curve), 2.4 m2/g (red curve).

[10]

As can be seen in Figure 1.8.A and Figure 1.8.B, instead, working intentionally with values of
K greater than the ones proposed by Monti and Baiker gives rise to double peaks both in CuO
and in Cu20 samples. Differently, when experimental parameters are combined to have a value
of K of 118 s for CuxO and of 148 s for CuO, one sharp peak is produced in both cases.
Anomalous results are generated, instead, while testing CuO with K = 65 s: even if K was
within the suggested constraints, indeed, two broad peaks arises. The authors report that, in this

case, a layer of copper deposited on the reactor wall. The test was then repeated using a different
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reducing mixture and different sample amounts to have K = 65 s in one case, and K = 38 s in
the other. What resulted is that a single and quite sharp peak was observed in both cases, as
Figure 1.8.C shows.

Different profiles were also obtained by varying the heating rate parameter f while keeping
high values of the parameter K, so studying the influence of the parameter P expressed in
Equation (1.20). As Figure 1.8.D shows, for low enough values of P such as 7.3 K, a single
peak is obtained.

A 8
Cu,0 & CuQ
X
X IS
ie) K=12505 — Ql
Q D
D
K=118¢ ¥
2 T
N i
273 373 73 573 273 373 3 573 673
7K /7K
¢ Cu0 D cuo
@ K=1166s
X Q a
O X -1 =
S 8 | oy <
. min
> % c=04Kmin
= <

| — J
273 : 273 373 173 573 673
/K

Figure 1.8: TPR profiles of (A) Cu:0 under correct and wrong Baiker parameter,; (B) CuO under correct and
wrong Baiker parameter; (C) CuO under =5 K/min, 10% Hin V*=90 ml (STP)/min of total flowrate; sample
loadings: for K=65 s and P=5.4 K: 0.03490 g, for K=38 s and P=3.17 K: 0.02030 g, for the sake of
comparison, also the reduction profile of CuO under K=65 s from frame (B) is reported; (D) CuO at fixed K
value (ca. 1100 s) and different heating rates. Conditions for (b) and (c): 3% v/v Hz in N>, V¥=40 ml (STP)/min,
sample loadings: 0.07600 g, P(b)=18.3, P(c)=7.3. [10]

These inconsistent results prove that the criterion of Monti and Baiker to choose the correct
combination of experimental parameters through the K parameter is incomplete. The

assumptions on which it is based must be revised and the dependence upon the heating rate
should be clarified.

1.5 Hypotheses on the double-peak origins
As seen in §1.4, a double-peak profile could arise when an incorrect combination of the

experimental parameters is chosen. The reasons behind this behaviour are supposed to be both
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the reactive environment at microscopic level and chemical nature of the sample. The following
considerations are applied to the case of CuO since its reduction is easy to model and the

experimental evidence regarding its behaviour in reduction is broader.

1.5.1 Sublimation of copper species

According to Fierro ef al. [10], using low but adequate values of K on bulk CuO, double peaks
could arise even when the particles are dispersed onto a membrane. This can happen when,
upon temperature increase, the small particles of metallic copper can have enough energy to
sublimate, thus covering the reactor walls and unreacted CuO particles. The reduction of the
covered particles becomes more difficult since hydrogen needs to diffuse through it before
reacting. Therefore, a second reduction peak appears at higher temperatures, producing a

double-peak shape.

1.5.2 Hydrogen occlusion inside the copper lattice

It is known that metals with face-cubic crystal structures, such as Cu, may have structural
defects like dislocations and micro-voids which can act as trap sites for hydrogen, as Lee and
Lee [11] reports. It may happen that during a TPR test the small molecules of hydrogen are
retained into the copper crystal lattice. If these phenomena happen while ramping up the
temperature in a TPR run, the outlet hydrogen concentration will decrease because of a physical
process, and not because of the reduction itself. At temperatures high enough to overcome the
trap activation energy, on the other hand, hydrogen can desorb, giving rise to a double peak like

the ones shown in Figure 1.8.

1.5.3 Presence of stable intermediates

Through time-resolved XRD studies of CuO powders, Rodriguez et al. [12] experimentally
observed that the isothermal reduction of CuO at 240°C and at 200°C did not produce any stable
intermediate, such as CuxO. The only difference was found in the induction times of the
reactions, which were lower at higher temperatures. On the other hand, Cu2O was found as a
stable product when lower volumetric flowrates of reductant mixture together with low
concentration of H, were fed to the reactive environment. A similar result can be obtained by
mixing hydrogen with oxidants, as it was found by Glinter et al. [13] using CuO/ZnO catalyst
during methanol steam reforming.

To explain the phenomenon, Rodriguez et al. [12] suggest the presence of two parallel reduction

processes:

2Cu0 + H, - Cu,0 + H,0
Cu,0+H, - 2Cu+ H,0
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and
Cu0O + H, - Cu+ H,0

with the first one being dominant at higher temperatures, since the diffraction lines for Cu,O
grew more intense as the reaction temperature increased in isothermal reductions, as compared

in Figure 1.9.a-d.
Thus, high reaction temperatures and a limited supply of H» favour the appearance of CuxO as

an intermediate of the reduction process.
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Figure 1.9: Time-resolved XRD data for the isothermal reduction of CuO under a 5% H»/95% He mixture
(flowrate: ~1 cm’/min) at three different temperatures: (a) 210, (b) 270 and (c) 300 °C. The arrows indicate the

main diffraction lines for Cus0. (d) intensity of the main diffraction lines for Cus0 in each case. [12]
Also Kim et al. [14] report that CuyO is an unstable copper oxide: indeed, through the
combination of TPR and XRD analyses, they evidenced that Cu0 is formed using high heating
rates (e.g. at 20°C/min or 40°C/min), obtaining a greater amount of this oxide with higher
heating rates. The formation of more complex oxides such as Cus4Os is instead excluded since

its formation would require a substantial distortion in the cell parameters.

Studying CuO slabs, moreover, the authors found that a high pressure of H> combined with
high concentration of structural defects led to a significant decrease in the induction times.
These sites are thought by the authors to be the most active ones for adsorption and dissociation
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of Ha, with the latter process being the rate-determining step for the removal of atomic oxygen
from the bulk and the formation of the new Cu phase.

It can be suspected that anomalies in the reaction conditions combined with the microscopic
structure of the catalyst can lead to different mechanisms of reduction, which are then reflected

on the results of the TPR analysis.

1.6 Temperature programmed oxidations (TPO)

As introduced in §1.1, the rationale behind TPO and TPR is equivalent except that the solid is
in its reduced form and the reacting mixture is oxidant.

TPO curves describe the consumption of the oxidant component: they are retrieved from
experimental tests and peaks are shown where the oxidation rate is higher. The temperature at

which the peak is found is the one at which the process takes place.

1.6.1 Cu oxidation
If TPO analyses are made on pure Cu samples, a single peak or more peaks will result according
to the mechanism of oxidation involved in the process. To understand if the process is carried

out in a single step or through a multiple-step mechanism such as

(1) 2Cu+0.50, - Cu,0

(2) Cu,0 + 0.50, - 2Cu0 (1.22)

investigations should be made while analysing the outlet gas composition and the sample
evolution over temperature. Rodriguez et al. [12] performed XRD studies while oxidizing Cu
samples at 300°C for 140 minutes and found that at the end of the process more CuzO is
produced than CuO, the first one being the dominant oxide. On the other hand, a different
situation emerges when XRD analyses are carried out while varying the temperature from 30°C
to 600°C: the results shown in Figure 1.10 highlight that Cu20 is the main oxide and that only
CuO is observed at the end.

It is concluded that Cu20O is a stable species in the process of Cu oxidation, and the most

favourable oxidation path is the one reported in Equation (1.22).
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Figure 1.10: Time-resolved XRD data for the oxidation of Cu under a 5% 05/95% He mixture (flow rate: ~20
cm’/min) at 25-600°C and constant 600°C (30 min). The arrow indicates the main diffraction line of Cu:0. In
the right-hand-side graph is shown the variation of the main diffraction lines for Cu, Cu;0 and CuO as function
of temperature. [12]

1.7 Thermal effects

Since both the reduction of CuO and the oxidation of Cu are exothermic reactions, the
formulation of a heat balance that describes the thermal gradients over the reactive environment
(e.g. the solid bed) is of primary importance in TPR/TPO systems, as unaccounted temperature
inhomogeneities would eventually lead to a local increase in the reaction rates and a distorted
reaction peak. Moreover, if the temperature at any point of the bed reaches values near the
melting point of the reactive solid, the bed sinters and its reactivity is modified irreversibly.

A model that can be used to predict such effects in single particles is the Non-isothermal
Changing Grain Size one, which is used by Garcia-Labiano et al. [15] to solve coupled mass
and energy balances inside some oxygen carriers particles typically used in Chemical Looping
Combustion processes. The parameters and conditions used in the simulation are reported in
Table 1.1.

Table 1.1: Parameters and conditions used in the simulation.

Variable Reference Range
Temperature (K) (Co, Fe, Mn and Ni) 1223
(Cu) 1073
Gas concentration (vol %)
Oxidation: O, 21
Reduction: fuel gas 70
Particle size (mm) 0.7 0.1-1.0
Particle porosity 0.3 0.1-0.6
Grain size (um) 0.5 0.1-0.6

Nusselt number 7 2-30
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The results of the sensitivity analysis performed by the authors revealed that in every
exothermic reactions the temperature of the particles increased quickly in the beginning of the
reaction, reaching a maximum (AT, ) and then decreasing smoothly to the bulk temperature.
The possibility of having sintering effects is also excluded, since the AT,,,, obtained in every
compound studied never raised the particle temperature enough to reach its melting point.

Entering into detail, for the oxidation of Ni at the conditions expressed in Table 1.1 an increase
in the particle porosity produced an important increase in the reaction rate, as shown in Figure
1.11.a. This behaviour was attributed to the lower resistance to the gas diffusion in the pore
system. On the other hand, the maximum temperature increase is predicted for € = 0.4, since
for higher ¢ the heat power per unit volume of particle is lower. If the particle diameter is
increased, instead, the maximum temperature increase is found for higher particle diameters
(namely, for D, = 1 mm), as Figure 1.11.b shows: this is explained with the increase of the
particle surface coupled with the external heat transfer regime, which was computationally
proven to be the heat transfer main resistance in the system considered. These results also show
that for D,, < 0.2 mm the reaction rates were almost independent of this variable, and that the
thermal gradients within the particle can be neglected without significantly affecting the

conversion.
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Figure 1.11: (a) Effect of the porosity on the maximum temperature increase inside of the particle during the Ni
oxidation and (b) effect of the particle size on the solid conversion and the maximum temperature increase of the
particle for the Ni oxidation reaction (dotted line: isothermal particles).[15]

Other variables that could affect the heat balance are:

1. the thermal conductivity A of the gaseous mixture, since high values of A allows a better

heat dissipation;
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2. the physical properties of the inert material placed among the reacting solid particles,
which should have a high thermal conductivity to allow a better dissipation of the heat
generated on the surface of the particles;

3. the Nusselt group of the fluid phase, which determines the heat transfer coefficient and
is influenced by the fluid dynamics of the system.

From what have been reported, the identification of thermal gradients in a reactive system is
not straightforward and should be evaluated based on its specific physical and chemical
characteristics. However, using both a mixture and a diluent having high thermal conductivity
will surely help to distribute the reaction heat among the particles of the bed, favouring a more

homogeneous reaction.
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Materials and methods

The aim of this chapter is to describe the general procedure, the setup and the instrumentation
involved in the sequential TPR-TPO test which were used to determine the parametric
sensitivity of the analytical technique. This test consisted of an inert pre-treatment of the cupric
oxide sample, followed by an oxidizing pre-treatment and then sequential TPR and TPO
analyses. The standard experimental setup and procedure is described in the following
paragraphs, but some variations were also applied to study specific aspects of the system and
they will be highlighted accordingly in §4.

The setup can be divided into three parts: feed, reaction and analysis section. The components
of each part will be described. The complete configuration is shown in Figure 2.1, in which the

analysis section depends on the type of experiments.
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Figure 2.1: Schematic representation of the setup used to study the parametric sensitivity.
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2.1 Feed section
High accuracy mass flowmeters are used to measure the gases flowrates and a four-way valve
is installed to keep reducing and oxidizing gas mixture separated and, most importantly, to

prevent the contact between the air and reduced bed when switching from TPR to TPO analysis.

2.1.1 Mass flowmeters

Pure gases from the cylinders are conveyed to manifolds that are connected with the mass
flowmeters through polyamide tubes. All the flowmeters have a flow controller based on a
calorimetric principle: the control action is performed by measuring the temperature before and
after a capillary heated bypass with an electrical resistance. The wire heats up and the

temperature difference gives an output signal linked to the gas flowrate by Equation (2.1):
Vsignat = Kcpp®y (2.1)

where Vg; gnq s the output signal produced, K is a constant factor, ¢, is the gas specific heat, p
is the gas density and @, is the gas volumetric flowrate [16].

These devices are usually calibrated by varying the operating setpoint (e.g. from 5% to 95%)
and measuring the flowrate downstream (e.g. through a manual bubble flowmeter) of a single
reference gas (N2). The correct setpoint for different gases can be obtained by adjusting the

reference calibration curve with a corrective factor (C) that depends on gas physical proprieties:

_Cpi1P1
Cp,2P2

C

where subscript 1 refers to the reference gas while subscript 2 refers to the actual gas flowing.
Depending on the type of flowmeter, different Dynamic Data Exchange (DDE) software are
used to allow bidirectional connection between flowmeters and Windows applications. In the
case of Bronkhorst-type flowmeters, FlowDDE and FLOW-BUS interface are used (Figure 2.2)

to directly control and monitor the setpoint and measured value.
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Figure 2.2: Flow-DDE and its FLOW-BUS interface.
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2.1.2 Four-way valve

Gas sampling valves are normally mounted on gas-chromatographs to perform versatile
analyses in which sample loops and column switches are required. In this thesis work, a four-
way valve configuration is installed in the feed section to optimize the transition between TPR
and TPO analyses. The rotary valve is made of a chamber that has four equally spaced ports
paired to each other with micrometric internal lines and, depending on the ports coupling, two
valve positions can be identified: ON and OFF. Internal connections can switch from one
position to the other by using a two-position air actuator implemented with a solenoid valve
assembly that pulses air (5 bar) to the actuator to switch the port connections and redirect the
gas flow (Figure 2.3). The solenoid valve is remotely controlled with electrical impulses
regulated by a MATLAB® executable program. When performing consecutive TPR-TPO
analyses, two inlet ports are specific for reacting mixtures (reducing and oxidizing) while the
outlets are connected to the rector and the chemical hood with 1/16” stainless-steel and
polyamide lines. During TPR the Position OFF is chosen as the reducing mixture is fed to the
reactor while the oxidizing one is discharged, while the Position ON is selected in TPO
experiments. This automatized procedure prevents the mixing between gases and avoids the

contact of the reduced sample with air (i.e. the spontaneous oxidation).
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Figure 2.3: Four-way valve scheme.

2.2 Reaction section
The reactor setup for the experimental tests is a quartz glass tube with the geometrical
parameters reported in Table 2.1. The choice of the internal diameter is crucial to minimize

radial concentration and thermal gradients. Quartz glass is chosen for its high chemical inertia,
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high melting temperature (about 1400°C) and low thermal expansion coefficient (i.e. for its

remarkable ability to undergo rapid temperature changes without cracking).

Table 2.1: Geometrical parameters of the quartz glass tube.

Parameter Symbol Unit of measure Value
Internal diameter Di [mm] 6
External diameter De [mm] 10

Length L [cm] 60

A CuO sample of 50 mg, in powder form and with a particle size smaller than 45 pm, is placed
in the tube central part to reduce thermal dispersions and it is kept in place with two quartz wool
beds. Such quantity of catalyst is chosen so that the resulting bed approximates a monolayer
and so to neglect axial diffusion. The tube is then sealed with two junctions that allow the gas
flow and the thermocouples fastening. Two thermocouples are positioned inside the reacting
system: a monitoring and a control one. The tip of the monitoring thermocouple, with a diameter
of 1/16”, pierces the upper quartz wool piece and registers the temperature close to the bed
surface, which can be approximated to the sample one. The control one is placed under the
lower quartz wool bed and registers the reactor internal temperature. With its higher diameter
(i.e. 1/8”) it also provides physical support to the bed.

An example of copper oxide bed is shown in Figure 2.4.

CuO bed itori
ul) be v Monitoring
R ‘ thermocouple
Controlling a
- Em———
thermocouple Mk R B s ente o Quartz wool bed
. TR e

Figure 2.4: Central part of the loaded reactor.

Once assembled, the quartz glass tubular reactor is placed inside a cylindrical furnace (Watlow)
that heats it through an electrical resistance. The final configuration of the reaction section is
shown in Figure 2.5.a and the simulation of the temperature profile which is generated upon
heating is shown in Figure 2.5.b. As it can be seen, only in the central part of the furnace the
setpoint temperature (i.e. 1000°C) is achieved while thermal gradients arise along the axial
direction and thus an isothermal behaviour is guaranteed only in a delimited area. Finally, since
the furnace diameter is higher than the external diameter of the tubular reactor, the reactor is
fastened with quartz wool pieces, preventing also heat losses due to air currents generated by

natural convection.
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Figure 2.5: (a) Reaction section and (b) temperature profile simulation of the reactor.

The power given to the reactor is controlled by a thermal regulator (Omron) with an integrated
PID control logic (Figure 2.6.a). The thermal policies are implemented on CX-Thermo
commercial software while few parameters (actual temperature, internal set-point, heating
power, etc.) are monitored through the TrendViewer interface (Figure 2.6.b). Thermal data
retrieved are finally stored in a text file. The monitoring thermocouple data are instead collected
and viewed via a dedicated MATLAB® executable file, named Tin8, and stored in a text file.
These text files can be read and edited afterwards by the MATLAB® script used for data
processing and calculations.

As seen Figure 2.1, a differential pressure transmitter (MPX) is installed so that pressure drops
along the reactor are continuously monitored during the cycles. The sensor has a chamber which
is split in two by a membrane, each one having its own inlet. The membrane is connected to an
electrical resistance and its bending produces a voltage signal (mV) converted into pressure
difference (mbar) between the two chambers through a calibration curve. A 0-500 mbar
pressure range transmitter model (MPX-5050) is chosen for the studied reactions.

The pressure measurements are then transferred and stored with a data logger device (PicoLog).
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Figure 2.6: (a) Thermal regulator and (b) CX-Thermo trend viewer interface.

2.3 Analysis section
The outlet composition is analysed by different instruments according to the reaction carried
out, as explained in the introduction. The signals are then processed with MATLAB® to display

concentration curves and to quantify the reagent consumed.

2.3.1 Thermal conductivity detector

The Thermal Conductivity Detector (TCD) is a detector installed in the gas-chromatograph
Agilent HP-6890 (Figure 2.7.a) that compares the thermal conductivity A [W/(m K)] of two gas
flows (i.e. a pure reference gas and a mixture of the same reference gas and gas containing
sample components) and produces an electrical signal (uV) proportional to the difference in A.
The detector cell is divided into two parts, as shown in Figure 2.7.b, one of them containing an
electrically heated filament (W-Re) kept at constant temperature (>150°C) with a constant flow
of the reference gas (such as Ar, He, N2). As the analysis is carried out, the sample gas stream
alternately flows across the filament (5 times per second) and changes the thermal conductivity
by changing the temperature. Therefore, the filament increases its temperature and produces a
measurable voltage change. In most chromatographic applications, the sample gas exits from a
separation column and the TCD measures the difference in thermal conductivity, i.e.
concentration after the calibration process for each component. In this work, H> is the only
sample gas fed to the system thus no separation columns are required. The advantage of this
configuration is the direct injection into the detector cell leading to a high analysis frequency
(1 Hz up to 5 Hz) and the absence of temperature/pressure programs to favour single component
separation.

Argon is selected as reference gas because its thermal conductivity is much smaller than the
H; one (A4, = 0.016 W/(mK) < Ay, = 0.168 W/(mK) at 25°C). Therefore, the sensibility is
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increased even with small variations in Hz concentration and the curves obtained with low H>
concentration maintain a good resolution

H; calibration curves were performed before each analysis to obtain a linear correlation between
the TCD signal and the H; fraction at constant volumetric flowrate. Since the signal intensity is
dependent upon this last experimental parameter, calibration curves are built for a wide range
of flowrates (from 25 to 250 Ncm?/min) and the R? is always greater than 0.998. To confirm
their validity, a comparison between reference values (yy, = 0 and yy, = inlet concentration)

is carried out before each experiment.

Vent Vent

Reference Reference
e switching switching
valve
— e = r
HeREE —
E éécg — Makeup flow
SEEEEE T
(a) (b)

Figure 2.7: (a) Agilent HP 6890 and (b) TCD cell configurations in the measurement process.

2.3.2 Mass spectrometer

The mass spectrometer (Hiden HPR 20, Figure 2.8.a) is an instrument that measures the mass-
to-charge ratio of ions. Before reaching the detector, the mixture is ionised under high vacuum
(~10"% bar) by a stream of electrons that produces ions. These ions are then accelerated by an
electric field and then deflected with a magnetic field according to their m/z (i.e. mass to charge)
ratio. All the ions with a mass different than the ones to be analysed are diverted, while the ones
of interest are focused on a transducer that generates an electrical signal acquired by the
computer in terms of partial pressures.

In this experimental campaign the instrument is used in the oxidation analyses, and the masses
of molecular oxygen (32 amu), argon (40 amu) and molecular nitrogen (28 amu) are monitored.
This last one is considered to account for the oxygen contribution due to air infiltrations into
the system.

The output value, provided by Hiden in real time by the software MasSoft (Figure 2.8.b), is the
partial pressure of the monitored species: this value should not be considered as a real partial

pressure, since even without feeding a component its output partial pressure is different from
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zero. For this reason, the reference mass of argon is chosen, and all the partial pressures are
scaled on its value during the data processing. The output expressed in terms of scaled partial
pressures is then converted into volumetric fraction by a calibration curve with the same
procedure used for the TCD, but in this case the dependence on the flowrate is negligible.
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Figure 2.8: (a) Hiden HPR 20 mass spectrometer and (b) its scanning for a TPO analysis.

2.3.3 Oxygen sensor
The oxygen sensor (Alphasense O2-C2, Figure 2.9.a) consists of a galvanic cell equipped with

an inlet capillary tube through which the mixture flowrate gets to the cathode. This device
operates like a metal/air battery (Figure 2.9.b): the gas mixture reaches the cathode in which
the oxygen reduction to hydroxyl ions takes place, and the lead oxidize at the anode. The current
generated in this process, which is proportional to the rate of oxygen consumption, is measured

by a load resistor between the cathode and the anode and measuring the voltage drop (0-3 V,

0.1-20.9% O,).
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Figure 2.9: (a) Alphasense O2-C2 oxygen sensor and (b) representation of its components.
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Since the pressure at the cathode decreases as the oxygen is consumed, this pressure drop
increases the rate of oxygen diffusion through the capillary. This arises a non-linearity between
the output signal and the oxygen concentration, which, however, was insignificant in the narrow
composition ranges studied during the experimental campaign.

As declared by the producer [17], the output signal varies also according to the carrier gas, as

written in Equation (2.2)

28

Vz = V1 MW

(2.2)

where V] is the output signal obtained using N> as a carrier and V, is the output signal obtained
using a different carrier of molecular weight MW. To select the proper carrier gas, the sensor
response is analysed by varying the carrier gas in step-input experiments. For each carrier
tested, Table 2.2 reports the signal values (So2) and the time constants t both for a positive step-

input change (from 0% to 5% O2) and a negative step-input change (from 5% to 2% O.).

Table 2.2: O; sensor signals and time constants for different carriers and step-input experiments.

. So2 (5%) T (0%-5%) So2 (2%) T (5%-2%)
Carrier
[mV] [s] [mV] [s]
Ar 850 26 633 17
N» 870 30 643 17
He 1540 112 911 n. a.

Since the response obtained using helium tended towards high values stabilizing slowly, this
carrier has been discarded. Argon and nitrogen, instead, gave similar signal values with the
same mixture composition analysed, stabilizing in comparable times both with positive step
input changes and negative step input changes. However, considering that the mass
spectrometer quantifies the oxygen infiltrating into the system based on the nitrogen content
measured, this carrier has been discarded. All things considered, argon has been chosen as the
TPO gas carrier.

Calibration curves and their validity are retrieved with the same procedure carried out for Ho,

but also in this case the dependence on the flowrate is negligible.

2.4 Second setup

To measure the temperature axial profile of the sample during the thermal cycles, a different
setup from the one just described has been used, and is presented in the following section,
keeping the same division between the feed one, the reactor one and the analysis one adopted

above.
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2.4.1 Feed section
The gas is fed to the reaction section thanks to the equipment already described in §2.1, with
the only exception that the four-way valve is not used in this case. To prevent the oxidation of

the reduced sample the reactor is kept sealed thanks to manual valves.

2.4.2 Reaction section
A picture focusing on its reaction section and its main components is reported in Figure 2.10.

The gas path is evidenced in blue.

Gas in

Manual =

ball valve Safety
valve
Heating
furnace
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Multipoint
thermocouple

Condenser

Figure 2.10: Focus on the second setup reaction section.

The tests are carried out in a tubular plug-flow reactor consisting of an Inconel (i.e. a steel alloy
enriched with nickel) tube with an internal diameter of 12 mm. A multipoint thermocouple with
outer diameter of 1/8” is placed inside the reactor, centred in axial position, and allows to gather
10 measurements, one each 5 mm starting from its tip. A bed of quartz wool supports the cupric
oxide bed, and its height is chosen to have the thermocouple tip uncovered. This allows to

monitor the gas temperature and the sample inner temperature at the same time. A scheme of
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the reactor, normally being installed vertically, but here represented horizontally for
convenience, is provided in Figure 2.11.

The reactor is then arranged into a tubular furnace consisting of two ceramic heating elements
which can supply a maximum power of 550 W. The temperature ramp is controlled by an
OMRON thermoregulator through the software CX-Thermo, which works in the same way as
described in §2.2. The controlling temperature profile is collected by the software just
mentioned, while six of the remaining ones by a MATLAB executable file named TAID and
the other three by a Picolog data collector.

The reactor is combined with a pressure transducer that continuously monitors the pressure at
its top, whose signal is acquired by the same TAID program. For safety reasons, the reactor is
equipped with a vent valve which is calibrated to open when a pressure of 24 bar is reached.
Downstream the reactor, a condenser and a chiller are used during the reduction cycles to
separate the water produced from the gases entering the TCD. The condenser consists of a
chamber filled with alumina spheres, each one with the diameter of 5 mm, through which the
gas passes. Its external jacket is cooled by the continuous flow of a refrigerating liquid (i.e. a

mixture of water and glycol) whose temperature is kept at 5°C by the chiller.
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D = quartz wool bed, ®= cupric oxide bed.

Figure 2.11: Scheme of the second setup reactor.

2.4.3 Analysis section
To analyse the outlet mixture composition, the thermal conductivity detector already described

in §2.3.1 and the oxygen sensor already described in §2.3.3 are used.

2.5 Experimental procedure

After the reactor has been assembled and put into the furnace as shown in Figure 2.5.a, it is
connected through polyamide pipes both to the feed section and the analysis section. The
sample is then pre-treated and finally TPR and TPO analyses are performed in sequence. The

parameters reported in the following sections are referred to the reference case of the parametric
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sensitivity study. Since also specific aspects of the system have been studied in §4, the variation

of the parameters of interest will be evidenced in detail in the following chapter.

2.5.1 Pre-treatments

Before running the analyses, the sample is pre-treated in an inert and in an oxidative flow with
two separate thermal cycles. The former desorbs possible contaminants (e.g. water or
carbonaceous substances) from its surface using a mild temperature ramp, while the latter brings

all the particles of the bed in a reducible state. The parameters of each cycle are reported in
Table 2.3.

Table 2.3: Experimental parameters used in the pre-treatment cycles.

Inert [-] Reagent[-] V,, [Nem*min] yr[%] B[°C/min] T:n[°C] ts[min]

Inert
thermal cycle Ar ) 50 - 5 200 30
Oxidant Ar O 50 5 S 250 0

thermal cycle

The inert pre-treatment is performed by flowing 50 Nem?/min (Vi) of argon into the reactor
while the temperature is linearly increased from ambient temperature to 200°C (Tgn) with a
heating rate of 5°C/min (P). The reactor remains at the final temperature for 30 minutes (ts), and
then cools down naturally to ambient temperature.

After reaching ambient temperature, the oxidative pre-treatment begins: 50 Ncm®/min of
oxidant mixture at 5% (yr) O: are flowed in the reactor while the temperature is linearly
increased to 250°C with a heating rate of 5°C/min. The reactor is kept at the final temperature
for 60 minutes, and finally cools down again to ambient temperature.

During the process, the gas flowrates are controlled by the mass flowmeters and pass through
the four-way valve positioned in ON, while the furnace keeps the temperature ramp and the
differential pressure transmitter registers the pressure drop through the bed. The oxygen sensor
is placed downstream the reactor to detect air infiltrations during the inert pre-treatment, and to

detect the possible further oxidation of the bed during the oxidative pre-treatment.

2.5.2 Reductions
After the temperature has reached ambient temperature again, the TPR analysis is carried out

with the parameters of Table 2.4.

Table 2.4: Experimental parameters used in the TPR.

Inert [-] Reagent [-] Vot [Nem*/min)] YR [%] B [°C/min] Thin [°C]  ts [min]
TPR Ar H, 50 5 2.5 500 0
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The four-way valve switches from ON to OFF position to allow the reducing mixture to enter
the reactor. A diluted stream of H» in Ar is flowed as the temperature is increased linearly to
500°C with a heating rate of 2.5°C/min. When the final temperature is reached, the reactor is
let cool down to ambient temperature naturally. The hydrogen flow is shut off, but a continuous
flow of argon is added to prevent the spontaneous oxidation of the reduced sample with air.
The thermal conductivity detector (TCD) is placed after the reactor to monitor the outlet gas
composition. Since H>O is a reaction product and no component separation is made before
entering the TCD cell, a silica-gel-trap is added at the reactor outlet to avoid that it negatively
affects the analysis.

The signal processing couples the TCD and DPT signals to infer the CuO reduction rate and its

effect on the arrangement of the bed.

2.5.3 Oxidations
TPO analysis is performed with the parameters of Table 2.5.

Table 2.5: Experimental parameters used in the TPO.

Inert [-]  Reagent [-] Vior INem*min]  yr[%] B [°C/min] Tun[°C]  ts[min]
TPO Ar (0)) 50 5 2.5 500 0

The four-way valve switches from OFF to ON position to feed the oxidative mixture to the
reactor while preventing air infiltration. The copper oxidation is then studied with the same
experimental procedure described for reductions.

The analysis section is composed of the oxygen sensor and the mass spectrometer, and the
signal produced by both instruments is related to the quantity of O, consumed in the oxidation
process. Having two instruments linked in series that perform the same task allows to check if
anomalies occur during the process. In every case, the oxygen concentration trend detected by
the two instruments were consistent with each other, but the quantifications of the oxygen

consumed has not always given the same results.

2.5.4 Parametric sensitivity study

To study the parametric sensitivity of the system with respect to the sample mass (ms), the
particle size (dp), the mixture total volumetric flowrate (V,,,), the reagent concentration (yr) and
the heating rate (), one of these parameters at a time has been varied in reductions and
oxidation cycles, keeping the others as reported in the previous sections. Moreover, also the
effect of a bed dilution with silicon carbide of the same particle size range of the CuO sample
has been studied combined with the variation of the heating rate 3 and the volumetric percentage

of the reagent. The conditions studied are summarized in Table 2.6.
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Table 2.6: Experimental parameters variation in the parametric sensitivity study.

ms [mg] dp [pm] Viot INem*/min]  yr[%] B [°C/min]  yr[%] B [°C/min]
<45, 100-150,
Values 10, 50 200-250 25,50, 100 1,5,10 1,2.5,5,10 1,510 25,5,10
S?C l?ed No No No No No Yes Yes
dilution

2.6 Signal analysis

As the analyses are performed (i.e. reductions and oxidations), one or more peaks are observed
in the output signal of the analytical instruments, which are connected to the main reactions and
processes occurring in the system at the explored temperatures.

All the signals produced by the laboratory instrumentation are coupled with the acquisition date
and time: this allows their synchronization, which is made through an ad-hoc MATLAB®
script. The synchronization process accounts also for the dead time (8) between the reactor and

the analytical instrument, and is calculated through (2.3)

V. .
. pipe
0 [min] = — (2.3)
tot
where V), is the volume of the pipe that connects the reactor to the analytical instrument and

V,or is the gas volumetric flowrate, assumed constant throughout the process. The signals are
then overlapped and plotted against time, allowing to retrieve the times that will be later used
in the quantification process (i.e. the beginning and the end of the peak, tin and tfn).

The TCD signal, O2 sensor signal and mass spectrometer output overlapped to the temperature
profile are shown in Figure 2.12.a, Figure 2.12.b and Figure 2.12.c respectively. Through the
calibration curve, the signals are then converted into the reagent gas concentration, and their

profile over time is obtained.
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Figure 2.12: (a) TCD signal, (b) oxygen sensor signal and (c) oxygen scaled partial pressure trends over time.

2.7 Quantification of the reagent consumed

TPR analyses also provide information on the quantity of reducing gas consumed during the
reduction (i.e. the amount of reducible species and metal oxidation state). The quantification
procedure is described in the following equations (from (2.4) to (2.9)). Since the process is
carried out at ambient pressure and high temperatures are explored, the ideal gas behaviour is
supposed to hold.

The inlet molar fraction of Ha (y/%) is calculated as in Equation (2.4):

. vin
Vizl—1 == (2.4)
tot

where V% is the inlet hydrogen volumetric flowrate and V% is the inlet total volumetric
flowrate, both of them retrieved from experimental measurements (e.g. through a manual
bubble flow meter). The inlet total molar flowrate (14, ), which is assumed constant during the

whole process since diluted mixtures are used, is then calculated as in Equation (2.5):

mol] Vi

in (2.5)

tot
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where P is ambient pressure, Ry is the universal gas constant and T is ambient temperature. The
inlet hydrogen molar flowrate (1) is calculated combining Equation (2.4) and Equation (2.5)
through Equation (2.6):

. l i .
0l |2 = yif - o (2.6)

The outlet hydrogen molar flowrate (79%"), variable in time, is defined as in Equation (2.7):
ngst(t) [ ] Yis () - Tor (2.7)

where yf5t(t) is the molar fraction of hydrogen, whose values are retrieved from the
transformation of the TCD electrical signal (mV) into molar fractions with the calibration curve.
The consumed hydrogen molar flowrate (n55*) is calculated by combining Equation (2.6) and
Equation (2.7) through Equation (2.8):

mol .
nlciozns(t) —| = iy — nHZt(t) (2.8)

The n55* (t) integration over the time subtended by the peak (Equation (2.9)) gives the total

hydrogen consumed in the reduction (nj%*

trin
neos[mol] = f REIS (t)dt (2.9)
tin

To correlate the consumption of Hz to the consumption of the CuO atomic oxygen, the reaction

stoichiometry should be considered:

CUO(S) + Hz ) il CU(S) + HZO(g)

obtaining that for 1:1 ratio

cons

No.cuo [mol] = ni5*

The degree of reduction is finally calculated as:

cons

%S, [%] = 210 100 (2.10)

O cuo

being ng ¢, the moles of atomic oxygen into the CuO sample before the first reduction.
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The same procedure is applied for the TPO analysis, in which the gas of interest is O», and the
equations to be used are the same of Equation (2.4)-(2.9). Since the Cu oxidation is expressed
as

CU(S) + 0.5 Oz(g) - CUO(S)

the atomic oxygen n(rfguo regained by the sample through oxidation is calculated as in Equation

2.11)

cons

n
n(rfguo [mol] = 00; (2.11)
and the degree of oxidation is calculated through Equation (2.12)
nreg
Yoorcuol%] = —5—=+ 100 (2.12)
no,cuo

When reduction and oxidation cycles are performed in series, the comparison between the

re . .
values of %555, and %, o, are used to assess if the reactions are complete.
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Parametric sensitivity

The effect of different experimental parameters and combinations on CuO reduction/oxidation
profiles has been investigated as described in §2. The objective is to demonstrate that
standardized protocols and parameters for TPR and TPO lead to a loss of information on the
system reactivity and on potential mass transfer limitations, even in the case of a model reaction
such as CuO reduction with H> (Equation (3.1)) and oxidation with O, (Equation (3.4)).

In this chapter, the influence of different experimental parameters and some major
combinations (Table 3.1) will be presented by analysing the peak shapes, maximum
temperature, reduction and oxidation degree (i.e. atomic oxygen from CuO consumed/regained)
and the comparison between literature results in terms of Baiker parameter (K) will be

discussed.

Table 3.1: Experimental parameter varied.

Parameter Symbol
Sample mass ms
Particle size width dy
Total mixture volumetric flowrate Viot

Reducing/oxidizing agent volumetric percentage Vi
Heating rate B

SiC dilution -

3.1 Temperature programmed reductions (TPR)

The global reaction considered is the reduction of CuO with H» [15]:

K]
mol Cu0 (3'1)

CuO(s) + Hy (g) = Cu(s) + Hy0(g), AHp = —85.763

The experimental parameters varied are shown in Table 3.2. The results will be presented

evidencing:
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the hydrogen flowrate fed (nl?,), as it defines the maximum hydrogen consumption
achievable in the test;

the calculated K parameter (refer to Equation (1.19));

the activation temperature (Tact), defined as the temperature at which the hydrogen
consumption becomes positive;

the temperature at which the maximum hydrogen consumption is observed (Tpeax);

the temperature at which shoulders are detected (Ts);

the temperature range in which the peak develops (Peak width);

the sample total oxygen consumed (ng’’i0);

the degree of reduction (%g’C:i0)-

The reference case, obtained by analysing a 50-mg sample under 50 Ncm?®/min of mixture at

5% hydrogen concentration, using a particle size <45 um and a heating rate of 2.5°C/min, will

be always shown with an orange curve in the plot.

Table 3.2: TPR experimental parameters variation.

Parameter Symbol Unit of measure Values SiC dilution
Sample mass m [mg] 10, 50 No
Particle size width dy [wm] <45, 100-150, 200-250 No
Total mixture volumetric flowrate Viot [Nem?/min] 25,50, 100 No
Hydrogen volumetric percentage YH2 [%] 1,5,10 No
Heating rate B [°C/min] 1,2.5,5,10 No
Hydrogen volumetric percentage VH2 [%] 1,5,10 Yes
Heating rate B [°C/min] 2.5,5,10 Yes

As Table 3.2 shows, the effect of the hydrogen concentration and the heating rate have been

studied also diluting the bed with silicon carbide. This choice has been done because its addition

increases the heat distribution among the bed thanks to its excellent thermal properties,

evidenced in Table 4.19. In parallel, it also delays the agglomeration of the bed, which could

cause barriers of diffusional type. The dilution has been done keeping a ratio of 1:1 on mass

basis, using the same particle size of the CuO analysed not to affect the bed fluid-dynamics. Its

effect on the sample reactivity is then explored under the experimental conditions reported in
Table 3.2.
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3.1.1 Sample mass effect (ms)

The effect of the sample mass on the TPR profile is shown in Figure 3.1 and Table 3.3. The
TPR profile of the reference case is also reported to underline the similarities between the

activation temperatures identified in the two 50-mg samples.
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Figure 3.1: Sample mass influence on TPR profiles.

Table 3.3: Relevant data concerning the sample mass variation.

ms yH2 ni, K Tact Tpeak Ts  Peak width ngteo %G eno
[mg] [%]  [molV/min]  [s] [°C] [°C] [°C] [°C] [mol] [Yo]
10 1 2.08:10% 359 291 337 - 52 1.15-10*  90.6
50 1 2.08:10° 1832 251 358 315,385 163 6.14-10*  96.7
50 5 1.04-10* 366 248 305 320 79 5.89:10*  92.8

As the gathered data evidences, a greater mass of sample under the same experimental
conditions produces a broader peak and shifts the reaction activation and the maximum
hydrogen consumption at higher temperatures.

The enlargement of the peak could be explained with the creation of the copper layer on the
unreacted particle, which are predicted by the models presented in §1.2.2.1 and §1.2.2.2 and
observed experimentally by Kim et al. [14], and, in parallel, to the bed agglomeration which
has been observed in all the tests (see §3.3). This layer covers the surface of the CuO particles
as soon as they start reducing, adding a diffusional resistance to the reactive process. Since the
main driving force for diffusion is the concentration gradient of gaseous reagent (in this case,

between the outer and the inner copper interface), a lower hydrogen concentration will slow
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down the entire process, resulting in larger peaks. This is observed in the two 50-mg samples
(orange curve and blue curve in Figure 3.1), which activate at almost the same temperatures
and react with similar rates in the first 10°C, but then reduce at considerably different rates. The
10-mg sample, on the other hand, could have reduced faster because of the lower bed height
(the same reactor diameter has been used for all the tests) and lower bed packing, both leading
to a lower diffusional resistance.

The shoulders observed at Ts in the 50-mg profiles could be connected to the release of trapped
hydrogen (see §1.5.2), or by a change in the reaction mechanism, involving lower copper oxides
or other compounds, such as copper hydride or hydroxide (see §1.5.3). As observed by
Rodriguez et al. [12], the establishment of severe conditions (i.e. 5% Hz in 1 Nem®/min of
mixture) favours the CuO formation, and so a two-step reduction mechanism, which will result
in additional peaks. It could be possible that these conditions establish also in the 50-mg sample
reduced at 1% Hoa, probably when the hydrogen fed is mostly consumed (from T=315°C to
T=385°C approximately), so favouring its formation and a two-step reduction process.

It is interesting to observe that using higher masses the activation temperature is lower (i.e. 40-
43°C less when using a sample of 50 mg instead of 10 mg). In this case it can be guessed that
the reaction occurs even at lower temperatures, but the heat of reaction is not retained in the
subtle layer of the 10-mg cupric oxide, being flowed away by the feed mixture. This fact could
prevent the required activation energy to be reached by most of the particles which, as they do
not react, does not even provide energy to the system, shifting the reaction towards higher
temperatures.

The quantifications suggest that a higher reduction degree is achieved by using higher masses,

which is counterintuitive. Probably the cause lies in experimental errors.
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3.1.2 Patrticle size effect (dp)

The particle size effect on the TPR profile is shown in Figure 3.2 and Table 3.4. The mass of
sample used has been kept equal in all the three cases reported.

50 mg CuO - 5% H, - 50 Ncm*/min - 2.5°C/min
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51 | e— dp<45 um .
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Figure 3.2: Sample particle size influence on TPR profiles.
Table 3.4: Relevant data concerning the sample particle size variation.
dp n;}‘Z K Tact Ts Tpeak Peak width nf,’fé‘jo %3??{:0
[nm] [mol/min] [s] [°C]  [°C] [°C] [°C] [mol] [%o]
<45 1.04-10* 366 241 318 305 79 5.89-10+ 92.8
100-150 1.04-10 371 240 274 302 85 5.46-10* 86.1
200-250 1.04-10 375 229 270 288 96 5.61-10* 88.4

As the data show, an increase in the peak width and a decrease in the peak temperature is
observed when larger particle are used. As reported by Fierro ef al. [10] a broader peak is
associated with a lower surface area of the sample, which is in accordance with the results
obtained. On the other hand, the shift of the whole peak towards slightly higher temperatures
when decreasing the particle size suggests that the reagent diffusion through the bed is
hindering. This could be an effect of the higher bed packing of the first and the second cases,
the first being evidenced by the high polydispersity of the bed particles (see Figure 4.10.b). The
higher bed packing, resulting in a smaller &,,4, Will indeed lower the effective hydrogen
diffusion coefficient D,sf p, as in Equation (3.2)

1
Ephed -
) : = LUy H2 " €ped? (3.2)

Deff,HZ = Dg,HZ
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where Dy i, 1s the diffusion coefficient of hydrogen, accounting for the reagent diffusion into
the inert and for the Knudsen diffusion, and t the tortuosity of the bed passages. As higher
temperatures are reached, the effective diffusion coefficient will rise, promoting the reduction
of the bed.

The shoulder which is evident using higher particle sizes could be connected to a different
reaction mechanism than the one proposed in §3.1, or to the beginning of the agglomeration.
The quantifications results do not suggest any trend, but the observations made above
underlines the importance of preventing intraparticle mass transfer limitations by having a

particle size distribution as narrow as possible.

3.1.3 Mixture volumetric flowrate effect (V,,.)

The particle size effect on the TPR profile is shown in Figure 3.3 and Table 3.5.
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Figure 3.3: Mixture volumetric flowrate influence on TPR profiles.

Table 3.5: Relevant data concerning the mixture volumetric flowrate variation.

Vtot n;;lz K [S] T [OC] Ts Tpeak Peak width nf)??{io %3?(1:1;0
[Nem®/min] [mol/min] o [°C] [°C] [°Cl [mol] [Ye]

25 5.20-10° 714 247 - 334 93 6.29-10* 99.1

50 1.04-10* 366 248 318 305 79 5.89-10* 92.8

100 2.08-10* 180 230 290 277 63 6.04-10* 95.2
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As shown above, when increasing the total mixture volumetric flowrate, the peak width
decreases together with the peak temperature. The profile shapes obtained in this case could be
caused by the variation of the reagent molar amount fed (nl?,) in parallel with a change in the
fluid-dynamic of the system and in the external mass transfer coefficient.

As the reaction progresses, the hydrogen concentration in the mixture drops quicker in the case
of a lower volumetric flowrate with the same inlet hydrogen concentration, because the quantity
of hydrogen fed is lower. This will lower the reaction rates, as observed in the three profiles,
and slow down the reaction. Moreover, since the reagent diffusion through the layer of copper
is hindered by the lower driving force (i.e. the decrease in concentration gradient), the reduction
of the whole sample is further slowed, and the peak temperature is shifted towards higher
values.

In addition, using lower volumetric flowrates will favour the hydrogen dispersion in the mixture
exiting the reactor, as the time required for the mixture to travel to the analyser increases. This
will result in an increase of the hydrogen concentration distribution variance, and so in a broader
peak.

Moreover, the development of a slower reaction in the case of using low fluid velocities (i.e.
lower volumetric flowrates) suggests that also external mass transfer limitations are present.
Since the external mass transfer coefficient h,, ;, dependence upon the system and the fluid

properties could be expressed as in Equation (3.3)

1/2
Uy 2/3 -1/6
hm,HZ x (d;l) DHz,mixvmix (3'3)

where v, is the relative velocity of the fluid with respect to the particles, d,, is the particle
diameter, Dy, mix 1S the effective Ha diffusion coefficient in the binary mixture fed, and vy,
its kinematic viscosity, a higher mixture velocity will result in a higher h,, y,. The mass transfer
coefficient increase will then promote the reaction, which will occur at lower temperatures, as
shown in Figure 3.3.

Like observed in 3.1.1, a shoulder is detected also in the profile obtained when flowing 100
Nem?/min of mixture: as explained in §1.5.2 and in §1.5.3, this could derive from the
development of a different reaction mechanism than the one proposed.

The quantifications do not suggest any trend, but taking into account the considerations made
up to now, using a higher volumetric flowrate is generally recommended, since the peak shape

is less influenced by the fluid-dynamics.

3.1.4 Inlet hydrogen concentration effect (yH2)

The inlet hydrogen concentration effect on the TPR profile, obtained with and without the bed

dilution as explained in §3.1, is shown in Figure 3.4 and Table 3.6.
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Figure 3.4: Inlet hydrogen concentration influence on TPR profiles.

Table 3.6: Relevant data concerning the inlet hydrogen concentration variation.

yr, nr K Tact Ts Tpeak  Peak width  SiC nyteo %G cuo
[%]  [mol/min] [s] [°C] [°C] [°C] [°C] dilution  [mol] [%]
1 2.0810° 1831 251 315,385 358 163 - 6.14-10%  96.7
5 1.04:10 366 248 318 305 79 - 5.89-10*  92.8
10 2.08:10 184 240 270 288 67 - 5.41-10* 853
1 2.0810° 1908 270 - 369 131 Yes  5.67-10%  89.3
5 1.04:10 368 245 320 306 76 Yes  5.78:10*%  91.1
10 2.08:104 184 230 260 273 63 Yes  6.00:10% 945

As the data above show, using a higher hydrogen concentration without a silicon-carbide bed
dilution markedly decreases the peak temperature Tpeax and the peak width, underlining a higher
activity. The significantly faster hydrogen consumption at lower temperatures obtained with a
10% hydrogen mixture, moreover, proves that diffusion through the copper shell is limiting
from the beginning of the reaction, as already explained in §3.1.1. The higher concentration
gradients that establishes in this case, indeed, favours the hydrogen inward diffusion, resulting
in a faster reduction and in a narrower peak. On the other hand, when this contribution is not
enough large (i.e. when feeding a 5% H»> mixture), the peak rises at higher temperatures because
diffusion is improved by temperature. This favours the inward hydrogen diffusion and so the
reduction of the core. In the case of feeding a 1% hydrogen mixture, the diffusion is furtherly

hindered, and a broader peak is produced.
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Using a silicon carbide bed dilution as explained in §3.1 improves the solid reactivity when
using higher hydrogen concentrations. In the case of feeding a 10%-H> mixture the peak is
shifted towards lower temperatures and is narrower with respect to the non-diluted case, while
feeding a 5%-H; mixture makes it just narrower. In both cases, the SiC high thermal
conductivity helped to spread the reaction heat in the sample, promoting a more uniform
reduction. Moreover, its capability of delaying the agglomeration process (see §4.4) could have
mitigated the surface area decrease of the sample, resulting in a faster kinetic. At contrary, the
combination of low hydrogen concentrations and a bed dilution seems to be detrimental, as the
peak is shifted towards higher temperatures. On the other hand, a peak free of shoulders is
obtained, meaning that the reaction is carried out with the mechanism of Equation (3.1).

Recalling the observations made in §3.1.1 about the high %g°Cyo obtained with a low hydrogen
concentration, the quantifications confirms that combining a high hydrogen concentration in
the feed coupled with a silicon carbide bed dilution provides better results, as the degree of

reduction of the bed is higher.

3.1.5 Heating rate effect (B)

The inlet hydrogen concentration effect on the TPR profile, obtained with and without the bed

dilution as explained in §3.1, is shown in Figure 3.5 and Table 3.7.
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Figure 3.5: Heating rate influence on TPR profiles, with and without SiC dilution.
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Table 3.7: Relevant data concerning the heating rate variation.

B [°C/min] [m(ﬁ%l in] [ls(] [Ect] Tpeak [°C] Peak width [°C] dilSuitCion Tﬁﬁi’ %[éff"
1 1.0410% 367 230 264 58 ; 553104 87.1
2.5 1.0410% 366 241 305 79 - 5.89-10%  92.8
5 1.0410% 367 240 334 126 ; 5.63-10%  88.8
10 1.0410% 363 256 368 144 - 579104 912
25 1.0410% 368 240 306 76 Yes  57810% 911
5 1.0410% 367 239 330 122 Yes  6.0310% 950
10 1.0410% 358 244 377 165 Yes  544-10% 858

As shown above, an increase in the heating rate without a silicon carbide bed dilution increases
both the activation temperature and the peak width. The curves obtained suggests that for lower
heating rates, such as 1°C/min, the sample is given more time both to reach thermal equilibrium
and to react. These two facts shift the peak towards lower temperatures and produce narrower
peaks. On the other hand, higher heating rates prevent the reach of a thermal equilibrium in the
sample, which cause the reaction to be carried out in a broader temperature range. The shift of
the reaction towards higher temperatures, and the fast consumption of the reagent fed,
moreover, lower the hydrogen concentration in the reactor, hindering the hydrogen diffusion
and further slowing down the process.

The reduction will benefit more from the use of silicon carbide as diluting agent when combined
with intermediate heating rate (i.e. B<5°C/min), as the peak will be narrower and shifted
towards lower temperatures. As stated in §3.1.4, these effects could be attributed to its high
thermal conductivity and the capability of preventing the bed agglomeration. Differently, at
higher heating rates its presence seems irrelevant, if not even detrimental: probably the mass
used was not enough to grant a visible effect.

The quantifications suggest that a higher degree of reduction is achieved with 2.5°C/min
without bed dilution, and with 5°C if coupled with a silicon carbide bed dilution: intermediate

heating rates should then be preferred if a more complete reduction of the bed is desired.

3.1.6 Overall conclusions

Given the results obtained, it can be asserted that the parameters which most affect the shape
of the TPR profile are the hydrogen inlet concentration and the heating rate.
Generally speaking, in the first part of the process the reduction is carried out on the surface of

the particles and, since it happens at relatively low temperatures, it is under kinetic control: an
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increase in the inlet hydrogen concentration both accelerates it and activates it at lower
temperatures. As the process develops the bed shrinks and agglomerates, as proved by the fall
of the pressure drop through the bed (see §3.3). A shell of copper is then produced, through
which the gas must diffuse to react with the cupric oxide present in the core. This resistance is
overcome by feeding a more concentrated mixture, as the main driving force for diffusion is
the concentration gradient, and in this case the peak is shifted towards lower temperatures. On
the other hand, when a less concentrated mixture is fed or when the heating rate is too high, the
reagent diffusion through the sample is so slow that the peak appears at higher temperatures.
The external mass transfer resistance is overcome by raising the fluid velocity.

A bed dilution with silicon carbide is proven to influence the TPR profile obtained, as visible
changes are produced in the profile varying both the inlet concentration of hydrogen and the
heating rate. This suggests that the action of silicon carbide could be dual, as it could help both
to decrease the agglomeration, making thus the diffusion of the reducing mixture easier, and to
level out temperature gradients along the bed.

The parameters choice of the reference case provided the achievement of a good degree of
reduction in the system studied, and slightly higher results are provided when using a higher
volumetric flowrate (+2.4% with 100 Ncm?/min), a higher hydrogen concentration coupled
with a bed dilution (+1.7% with a 10% H> mixture) or a higher heating rate coupled with a bed
dilution (+2.2% with 5°C/min).

Taking into account the K parameter, defined as in Equation 1.19 and calculated for every test,
the results obtained show that whenever K is lower, narrower peaks are produced. Broader
peaks are instead produced whenever K is quite higher than the upper limit suggested by the
authors [5] (i.e. 140 s for 6<pf<18°C/min), or also with quite low K values coupled with high
heating rates. These observations suggest that a parameter choice that makes K lie in proximity
of the ranges suggested favours the obtainment of narrow peaks, and so in a faster reduction, at
least in the system just studied.

From the results obtained, high heating rates are not recommended, since they favour an
inhomogeneous temperature distribution in the sample that will lead to an inaccurate analysis.
Moreover low volumetric flowrates should be avoided a priori, as the peak shape would be

affected more by dispersion effects linked to the slower gas velocity.

3.2 Temperature programmed oxidations (TPO)

After each sample reduction whose results have been reported in §3.1, an oxidation is
subsequently carried out without extracting the sample from the reactor.

The global reaction considered is the oxidation of Cu to CuO [15]:
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KJj
mol Cu

1

The experimental parameters varied are shown in Table 3.2. The results will be presented

evidencing:

1. the oxygen flowrate fed (ﬁg‘z), as it defines the maximum oxygen consumption
achievable in the test;

2. the activation temperature (Tac), defined as the temperature at which the oxygen

consumption becomes positive;

the temperatures of the maximum oxygen consumption (Tpeak,1 and Tpeak.2);

the temperature at which the oxidation ends (T#);

the total oxygen regained by the sample (ngfguo

A

the degree of oxidation (%nguo .
The reference case, obtained by analysing a 50-mg sample under 50 Ncm?/min of mixture at

5% oxygen concentration, using a particle size <45 pm and a heating rate of 2.5°C/min, will

be always shown with an orange curve in the plots.

Table 3.8: TPO experimental parameters variation.

Parameter Symbol Unit of measure Values SiC dilution
Sample mass m [mg] 10, 50 No
Particle size width dy [pm] <45, 100-150, 200-250 No
Total mixture volumetric flowrate Veot [Ncm?/min] 25,50, 100 No
Oxygen volumetric percentage yo [%] 1,5,10 No
Heating rate B [°C/min] 1,2.5,5,10 No
Oxygen volumetric percentage Yo [%] 1,5,10 Yes
Heating rate B [°C/min] 2.5,5,10 Yes

As for the TPR, the effect of the oxygen concentration and the heating rate have been studied
also diluting the bed with silicon carbide. The motivations are the ones already discussed in
§3.1.



Parametric sensitivity 53

3.2.1 Sample mass effect (ms)

The effect of the sample mass on the TPO profile is shown in Figure 3.6 and Table 3.9. The
TPO profile of the reference case is also reported to compare the results in terms of oxidation

degree when using the same sample mass.
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Figure 3.6: Sample mass influence on TPO profiles
Table 3.9: Relevant data concerning the sample mass variation.
ms Yoz n'onz Tact Tpeak,l Tpeak,z Ttin n:fguo %Z?Cguo
[mg] [%o] [mol/min] [°C] [°C] [°C] [°C] [mol] [%]
10 1 2.08:10° 178 244 500 452 1.07-10*4 84.4
50 1 2.08107 167 244 500 430 4.80-104 75.6
50 5 1.04:10* 163 244 465 371 5.46:10* 86.1

Looking at the data above, two peaks are produced in all cases, but when using a greater sample
mass an inflection at T=454°C (i.e. an abrupt change of the oxygen rate of consumption) is
more evident, meaning that the process has accelerated. As explained in §1.6, the appearance
of two distinct peaks could be associated with the copper oxidation being carried out in two
steps, which are (Equation (3.5))

(1) 2Cu+0.50, - Cu,0

(2) Cu,0 + 0.5 0, > 2Cu0 (3.5)

Since the second peak is observed at the maximum temperature explored, and the oxidation

continues also in the cooling process, it is clear that the second peak has not fully developed at
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500°C. To fully develop the oxidation profile, the process should be carried out exploring a
wider temperature range (e.g. from 50°C to 600°C) as Rodriguez et al. [12] did.

As the quantifications points out for the two cases oxidised with a 1% O mixture, an increase
in the sample mass decreases (-8.8%) the degree of oxidation of the sample. This result suggests
that the complete oxidation is hindered if high sample masses are used, probably because a
higher diffusional resistance develops in the process. The establishment of this resistance could
be proved by the higher oxidation degree (+10.5%) obtained when feeding a more concentrated

mixture (i.e. 5% Oz, see the orange curve of Figure 3.6) and using the same mass (i.e. 50 mg).

3.2.2 Patrticle size effect (dy)

The effect of the fresh powder particle size on the TPO profile is shown in Figure 3.7 and Table
3.10.
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Figure 3.7: Particle size influence on TPO profiles.
Table 3.10: Relevant data concerning the particle size variation.
dp n'onz Tact Tpeak,l Tpeak,Z Ttin nZ?guO %:f‘cquo
[nm] [mol/min] [°C] [°C] [°C] [°C] [mol] [%]
<45 1.04:10* 163 244 465 371 5.46-10* 86.1
100-150 1.04-10* 153 231 490 433 4.84-10* 76.3
200-250 1.04-10* 139 270 452 420 4.99-10 78.6

As can be seen by the data above, two peaks in the oxidation process are obtained. Differently
from the results in §3.2.1 the second peak is fully developed before the beginning of the cooling
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ramp. Based on the results shown in §3.3 and §4.2, temperatures cannot be directly connected
to the particle size because the bed has agglomerated during the previous TPR run.

The use of CuO powders of intermediate particle diameter range (i.e. 100-150 um) decreaes the
oxygen consumed between the two peaks (from T=250°C to T=450°C) compared to the other
classes. In this particular case the oxygen consumption between the two peaks is lower than in
the others. If the reaction exothermicity is advocated, it could be inferred that the smaller heat
release due to the lower oxygen consumption makes the reaction slower, and so the second peak
appears at a later time (i.e. at higher temperatures).

The quantifications show that a greater efficiency in oxidation is achieved when working with
smaller particle sizes from the beginning of the previous TPR (+7.5~9.8%). Moreover, since
the trend of the %gq Cyo follows the one obtained in reductions (see Table 3.4), this suggests
that the incomplete reduction of the bed could be caused by the effectiveness of the previous

reductions.

3.2.3 Mixture volumetric flowrate effect (V,,.)

The effect of the mixture volumetric flowrate on the TPO profile is shown in Figure 3.8 and
Table 3.10Table 3.11.
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Figure 3.8: Mixture volumetric flowrate influence on TPO profiles.
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Table 3.11: Relevant data concerning the mixture volumetric flowrate variation.

Vioe na Tact Tpeak,1 Thpeak,2 Tfin n’,}f’cguo %:;,"guo
[Nem*/min] [mol/min] [°C] [°C] [°C] [°C] [mol] [%]
25 5.20-107 161 235 461 404 5.87-10* 92.5
50 1.04:10* 163 244 465 371 5.47-10* 86.1
100 2.08:10* 201 327 448 448 5.19-10* 81.8

As data above show, using lower volumetric flowrates (i.e. 25 Nem?®/min or 50 Nem?/min) leads
to the appearance of two peaks approximately at the same temperatures, even if the first one
slightly reduces its height in the case of feeding 50 Nem?/min of mixture. Differently, a higher
mixture volumetric flowrate (i.e. 100 Nem?®/min) makes the oxidation process start at higher
temperatures, (+83~92°C) and the resolution of the peaks is not pronounced. This leads to a
higher oxygen consumption in between the two peaks.

Given these results, it can be said that an increase in the fluid velocity negatively affects the
phenomena related to the first peak. Possibly a higher mixture velocity could have removed the
reaction heat from the reactive bed, preventing the oxidation to develop in the first part (i.e.
from Tact to Tpeak,1).

The quantifications show a greater efficiency in oxidation when using smaller volumetric
flowrates, while no correlation is found with the values obtained in the relative reduction

process.

3.2.4 Inlet oxygen concentration effect (yo2)

The inlet oxygen concentration effect on the TPO profile, obtained with and without the bed
dilution as explained in §3.1, is shown in Figure 3.9 and Table 3.12. The data for the oxidation

with a 1% Oz mixture coupled with the bed dilution are not available.
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Figure 3.9: Inlet oxygen concentration influence on TPO profiles, with and without SiC dilution.

Table 3.12: Relevant data concerning the inlet oxygen concentration variation.

ya nay Tact Tpeak,1 Tpeak2 Tt SiC Ny %o ono
[%] [mol/min] [°C] [°C] [°C] [°C] dilution [mol] [%]
1 2.08-10°° 167 235 500 431 - 4.80-104 75.6
5 1.04-10* 168 244 465 371 - 5.47-10* 86.1
10 2.08:10* 175 245 439 303 - 5.51-10* 86.9
5 1.04-10* 180 236 411 264 Yes 6.22:10* 98.1
10 2.08-10* 110 215 388 369 Yes 6.31-10* 99.5

As the data show, when a bed dilution is not used and the mixture concentration is varied, the
activation temperatures are quite similar (171£4°C) and two peaks are always obtained.
Likewise, the temperatures at which the first peak appears are similar (240+£5°C), so a kinetic
control is expected at lower temperatures, being the reaction not influenced by the feed
concentration. On the other hand, when the oxygen concentration is increased, the second peak
occurs at lower temperature. This could be caused by the establishment of diffusional limitation,
which are overcome at higher temperatures and with a higher concentration gradient between
the bulk and the outer surface of the sample. In the case of 1% Oz, the low oxygen concentration
seems to be not sufficient to overcome the diffusional limitation, and the second peak (i.e. the
second reduction step) is not fully developed.

Quantifications provide quite good results, suggesting that a greater efficiency is obtained when
feeding a more concentrated mixture. The low oxidation degree with the less concentrated
mixture could be related to the uncompleted development of the second peak, which leads to

an incomplete oxidation of the sample.
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A bed dilution with silicon carbide improves the results obtained: as Table 3.12 shows, indeed,
it lowers the significantly Tpeak,1 (-30°C) when feeding a more concentrated mixture (10% O2).
Tpeak,2 1s lowered as well in both cases (-54°C with 5% Oz, and -51°C with 10% O), and an
almost-complete oxidation of the sample is reached. As will be shown in §4.4, the SiC bed
dilution could have favoured the oxygen diffusion by delaying the agglomeration of the bed,

and could also have levelled out temperature gradients, promoting a more uniform oxidation.

3.2.5 Heating rate effect (8)

The heating rate effect on the TPO profile, obtained with and without the bed dilution as
explained in §3.1, is shown in Figure 3.10 and Table 3.13.
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Figure 3.10: Heating rate influence on TPO profiles, with and without SiC dilution.

Table 3.13: Relevant data concerning the heating rate variation.

W Teg Teg
B nbnz Tact Tpeak,1 Tpeak,2 Ttin nO,CuO %

[°C/min] [mol/min] [°C] [°C] [°C] [°C] [mol] (%)
1 10410 161 211 399 443 49410 77.9
25 10410 168 244 465 371 5.46:10% 86.1
5 1.04-10% 152 251 496 449 5.30-10% 83.6
10 1.04-10 156 292 494 439 5.32:10 83.8
2.5 10410 180 236 411 264 6.2310% 98.1
5 10410 187 300 435 415 4.85-10% 76.4

10 1.04-10* 196 276 458 437 4.99-10* 78.6
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Looking at the data above regarding the non-diluted bed, two visible peaks are produced with
low heating rates (B<5°C/min). The shift of the first peak towards higher temperatures as the
parameter B is increased suggests that the diffusion of the oxygen through the copper oxide
formed becomes soon the dominant resistance.

When a greater heating rate (10°C/min) is used, the second peak is not obtained in the
temperature range analysed: in this case the mixture could not have time to diffuse inwards due
to the high heating rate used, while in parallel this fast temperature rise caused a decrease in the
gas concentration, further hindering the process. The fact of not reaching the second peak seem
also to suggest that an uneven temperature distribution is present in all the samples to be
oxidised, being greater as 3 increases.

Quantifications values are average and seem to follow the trend given in Table 3.7 for the
relative reduction, suggesting that an intermediate heating rate (2.5°C/min) provides better
results both in reduction and in oxidation.

A bed dilution with silicon carbide shifts the activation temperatures towards higher values and
strongly deforms the peaks shape, almost merging the two peaks in the case of using high
heating rates (B>5°C/min). This seems to suggest that the oxidation of CuyO to CuO (see
Equation (3.5)) is promoted by the SiC bed dilution, probably due to its capability of levelling
out temperature gradients in the bed generated by the reaction exothermicity and the high
heating rates. Moreover, as pointed out in §3.2.4, it could have also favoured the oxygen
diffusion in the inner part of the bed, as it delayed the agglomeration of the sample.

As well as in the case without bed dilution, using higher heating rates (f>5°C/min) seems to
hinder the complete oxidation of the bed. On the other hand, the highest degree of oxidation is
reached using a bed dilution and intermediate heating rates (f=2.5°C/min), which suggest that

this particular combination of parameters favours a complete oxidation of the bed.

3.2.6 Overall conclusions

Given the results obtained, the parameters which have a greater influence on the TPO profile
are the inlet concentration of oxygen and the heating rate. Double peaks are obtained in most
of the cases studied, while in some conditions (e.g. with 100 Ncm®/min total volumetric
flowrate and with 10°C/min and 5°C/min combined with a bed dilution) they are almost
indistinguishable.

Referring to the results of Rodriguez et al. [12] and their analyses reported in Figure 1.10, the
two peaks could be related to the two reaction steps that occur in the oxidation of copper, being
the first one related to the Cu2O production and the second to the CuO production.

Based on the results of Figure 1.10, it could be argued that when two peaks are formed both
reactions starts at lower temperatures (around 200°C), but the first one finishes (at ca. 400°C)

while the second one is carried out until all the Cu;0 is converted. The second reaction is slow
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at the beginning because low quantities of cuprous oxide are present, while it reaches a
maximum at around 450°C because a greater quantity of that oxide is present at that
temperature. The peak merging suggests that a shift of the second reaction towards lower
temperatures occurs, making the CuxO react faster to form CuO.

Since it was proven that the activation temperature and the temperature of the first peak are not
influenced by a change in composition of the mixture fed, it can be guessed that the reaction is
under kinetic control at lower temperatures. On the other hand, the shift of the first peak at
higher heating rates suggests that in the first part of the oxidation process also diffusional
limitations influence the outcome.

Since feeding a more concentrated mixture shifts the second peak towards lower values, it could
be guessed that the main resistance in the later part of the oxidation process is diffusional. This
is reasonable, since the reaction is first carried out on the surface of the solid and low diffusional
limitations are present. As the reaction advances, however, the oxygen must diffuse inwards
before reacting, making the diffusion the main limitation. This resistance becomes greater as
the reaction progresses due to a simultaneous agglomeration and gradual increase of the oxide
layer, making the oxidation of inner layers more difficult. This unfavourable condition is
overcome by raising the oxygen concentration gradient between the solid bulk and the reaction
interface, thus using a more concentrated feed.

The bed dilution with silicon carbide improves the results at different inlet oxygen
concentrations, while promotes the Cuz0 oxidation to CuO when higher heating rates are used.
Since in both cases the second peak temperatures are decreased with respect to those without
dilution, it can be guessed that its action is dual also in TPO: SiC dilution decreases the contact
between reacting particles, making the diffusion process easier by decreasing agglomeration

effects, and levels out temperature gradients in the sample.

3.3 Pressure drop and thermal effects

Both in TPR and TPO analyses, pressure drop data have been registered for each run. The
results were then plotted against temperature and overlapped to the hydrogen consumption rate
for every test carried out. As Figure 3.11.a shows, during a TPR run the pressure drop fall just
before the peak, meaning that from that moment onwards the bed agglomerates. In every test
performed and presented in this chapter, pressure drop showed the same behaviour.

Moreover, a slight but appreciable decrease in pressure drop has been registered during the
following TPO in the presence of the peaks (Figure 3.11.b), probably meaning that a further

agglomeration of the bed occurred also during the oxidation process.
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Figure 3.11: Measured pressure drop through the bed during (a) TPR with 10% H> and (b) TPO with 10% O,
both without SiC dilution.

Axial temperature gradients are detected in all the reactions carried out. This result is obtained
by subtracting the temperature of the monitoring thermocouple with the controlling one (see
Figure 2.1 for their arrangement in the reactor), and the resulting profile, overlapped to the
reagent consumption curve, is shown in Figure 3.12. Since the profiles show the same
behaviour, both during reduction (Figure 3.12.a) and oxidation (Figure 3.12.b), it is likely that
a thermal effect deriving precisely from the reactions exothermicity could play a significant

role in the progress of the reactions analysed, accelerating them and influencing the reaction

peak shape.
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Figure 3.12: Axial difference in temperature for (a) TPR and (b) TPO, both carried out with f=10°C/min and
without bed dilution.
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Furthermore, the silicon carbide capability of levelling out temperature gradients, more likely
to happen when reactions are carried out at high heating rates, can be demonstrated by
comparing the axial temperature gradient with (Figure 3.12) and without (Figure 3.13) the bed
dilution using f=10°C/min. The comparison is immediate for the TPR case, since the baseline
is straight for both the thermal profiles of Figure 3.12.a and Figure 3.13.a: using a SiC bed
dilution, in this case, reduces the thermal axial gradient by 50%. In the case of the TPO run the
effect is milder, as the maximum thermal gradients that develops with the SiC dilution is only
25% lower than the one without dilution. Thus, the addition of a highly conductive and inert
material such as silicon carbide to dilute the bed is proven to positively affect the temperature

distribution along the bed by reducing its axial and radial component.
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Figure 3.13: Axial difference in temperature for (a) TPR and (b) TPO, both carried out with {=10°C/min and a

SiC bed dilution.

3.4 Oxidised sample appearance

Interestingly, the agglomeration effects described in the aforementioned paragraphs and shown
in multiple plots (Figure 3.11) are clearly visible on the bed conformation. Fresh and used
(exposed to inert and oxidative pre-treatment, TPR and TPO) samples are shown in Figure
3.14.a and Figure 3.14.b, accordingly. As expected, different processes transformed a non-
diluted bed in powder form into a compact lump with an axial shrinkage of 1 mm together with

a lateral one (Figure 3.14.c).
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(a) (b) (©)

Figure 3.14: (a) 4 50 mg-sample before pretreatment, (b) the same sample after the TPO analysis and (c)
highlight of the lateral shrinkage.

In the case of bed dilution with silicon carbide, a powder bed of 3 mm was produced (Figure
3.15.a). These samples showed agglomeration but negligible axial shrinkage. On the other hand,
some lateral wrinkles appeared (Figure 3.15.b).

(a) (b)
Figure 3.15: (a) 4 50 mg-sample diluted with silicon carbide before pretreatment; (b) the same sample after the
TPO analysis.

These wrinkles show that preferential passages between the bed and the reactor walls have
established, which suggests that the gas preferentially took those paths during the test, partially
by-passing the innermost part of the bed. As result, these parts could have been reached by the
reactive mixture mainly through diffusion, which explains the importance of diffusive
processes both reduction and oxidations.






Chapter 4

Cyclic redox reactivity

This chapter contains the results of further tests made to assess the cyclic redox reactivity of

the cupric oxide under different experimental conditions. In detail, these studies involved:

1) The cupric oxide reactivity under eleven redox cycles;

2) The effect of additional thermal cycles under a flow of inert;

3) The influence of a different pre-treatment on the TPR and TPO profiles;
4) The effect of a bed height minimization;

5) The effect of a bed dilution with silicon carbide;

6) The axial temperature profile of a larger cupric oxide bed, both diluted and pure.

Apart from the tests 1) and 4), all the other investigations were performed using a larger quantity
of sample, since a significant amount of it was required to be analysed after the test, both

chemically and visually. The images produced are here presented to complete the analysis.

4.1 Sequential reductions and oxidation cycles

The activity of a copper oxide sample under sequential reduction and oxidation cycles has been
analysed by performing 11 cycles of TPR-TPO in series. The setup used for the thermal
treatments is the one reported in §2, with the only exception that the differential pressure
transmitter was not used in this test. The sample features are reported in Table 4.1, while the
parameters of the thermal cycles are reported in Table 4.2. The experimental procedure outlined
in section §2.5 has been followed. The combination of mixture volumetric flowrate, reagent
concentration and sample mass were chosen so to have a parameter K equal to 367.5 s (see
Equation (1.21)), which proved to be effective in obtaining a single peak, as shown by the
results of §3.1.



66 Chapter 4
Table 4.1: Cupric oxide bed features.
Parameter Symbol Unit of measure Values
Main reagent species - - CuO
Sample purity - [%] 98
Sample mass ms [mg] 51
Sample molecular weight MW, [g/mol] 79.54
Sample molar amount ng [mol] 6.35-10*
Sample particle size range dy [um] 250-300
Particle bed height Hyed [mm] 2
Particle bed volume Vhed [cm?] 0.071
Table 4.2: Cycles parameters.
Inert  Reagent Vior YR i B Tin ts
[-1 [-1 [Nem?®/min| [%] [mol/min] [°C/min] [°C] [min]
Inert
thermal cycle Ar - 50 - - 5 200 30
Oxidant Ar 0s 50 5 104104 5 250 60
thermal cycle
TPR Ar H» 50 5 1.04-10+ 2.5 500 0
TPO Ar 02 50 5 1.04-10* 2.5 500 0
4.1.1 TPR profiles
The results of the eleven reduction cycles are shown in Figure 4.1 and Table 4.3.
105 TPR: 51 mg CuO - 5% H,, - 50 Nem®/min - 2.5°C/min
4 C T T T T T T T T ]
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] cycle 8
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Figure 4.1: TPR profiles obtained by the 11 sequential reduction and oxidation cycles.
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Table 4.3: Relevant data concerning the TPR profiles of sequential reduction and oxidation cycles.

Cycle Tact Tpeak Tshife VI;f:tl; Shoulder Ts ng'teo %o o
number [°C] [°C] [°C] [°C] [-] [°C] [mol] [Yo]
1 181 260 - 111 - - 6.10-10* 96.0
2 186 271 +11 106 - - 6.19-10* 97.5
3 190 295 +24 149 - - 6.06-10* 95.4
4 210 295 0 153 v 330 5.43-10* 85.6
5 200 280 -15 130 - - 3.74-10* 58.9
6 222 299 +19 119 - - 2.73-10* 43.0
7 226 305 +6 119 - - 2.29-10* 36.1
8 211 263 -42 161 v 300 1.98-10* 31.2
9 223 315 +52 154 - - 1.72-10* 27.0
10 217 282 -33 112 - - 1.21-10* 19.1
11 225 312 +30 112 - - 1.01-10* 16.0

As the data collected show, the activity of the cupric oxide sample decreases with the number
of cycles, as the degree of reduction (i.e. %gq Cao) gradually lowers. The only exception to the
trend is the second cycle, for which the calculated hydrogen consumption increases with respect
to the preceding TPR. This slight deviation from the trend could be caused by experimental
errors, or by some phenomena happening in the preceding cycles that could change the catalyst
structure, allowing a better reduction of the bed.

In the first two cycles the catalyst performances are good, since the reaction activates at low
temperatures and almost all the bed is reduced (i.e. the reduction degree is close to 100%) fast
(i.e. the peak width is narrower). As the cycles are performed, instead, the reactivity gradually
worsens, since higher activation temperatures and a higher peak width are observed, coupled
with a progressively decreasing bed reduction.

A drastic decrease in reactivity is observed from cycle 5 onwards: this reflects on the calculated
reduction efficiency (-26.7% with respect to cycle 4) and in the peak shape, whose maximum
hydrogen consumption visibly lowers. The profiles of the following cycles show an evident
asymmetry, with progressively longer tails at low temperature, which suggests a resistance in
the first part of the reaction, probably of diffusional type. This trend is inverted in cycle 8, while
cycle 10 retains a symmetrical profile. Moreover, from cycle 9 onwards, double peaks seem to
develop. All these observations suggest that a different reaction mechanism should be
investigated in these cycles, involving not only the direct cupric oxide reduction, but also its
partial reduction to cuprous oxide and diffusional limitations.

A shoulder is detected both in cycle 4 and 8, which from the studies of Lee ef al. [11], as already

mentioned in §3.1.3, could be considered a clue for the trapped hydrogen release.
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Since every TPR has been followed by a TPO, the correct explanation for these behaviours

could be deduced by looking at the oxygen consumption profiles during the oxidation cycles.

4.1.2 TPO profiles obtained with the oxygen sensor

The results of the eleven oxidation cycles are shown in Figure 4.2 and Table 4.4.

dot,cons

02

[mol/min]

n

5| e— cycle 2

4+ cycle 5

TPO: 51 mg CuO - 5% O,, - 50 Ncm3/min - 2.5°C/min

%107

— CycCle 1

e cycle 3

e cycle 4

cycle 6
cycle 7
cycle 8
cycle 9
—— cycle 10
— cycle 11

50 100 150 200 250 300 350 400 450 500
Temperature [°C]

Figure 4.2: TPO profiles of the 11 sequential reduction and oxidation cycles obtained with the oxygen sensor.

Table 4.4: Relevant data concerning the TPO profiles of sequential reduction and oxidation cycles.

Cycle Tact Tpeak,1 Tshire 21 peak Tpeak,2 n:‘cquo %:fguo
number [°C] [°C] [°C] [°C] [mol] [%]
1 105 201 - v 318 6.24-10 98.2

2 131 215 +14 v 366 6.37-10* 100.4
3 116 211 -4 v 457 5.96:10"* 93.8
4 102 223 +12 - - 5.08:10* 80.0
5 115 217 +6 - - 3.14-10* 49.5
6 123 221 +4 - - 2.25-10* 354
7 126 224 +3 - - 1.69-10* 26.7
8 120 226 +2 - - 1.59-10* 25.1
9 130 233 +7 - - 1.25-10* 19.7
10 124 227 -6 - - 1.19-10* 18.7
11 137 229 +2 - - 0.92-10* 14.5
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The data presented above evidence the presence of the first peak in all the cycles performed,
which always lies between a temperature (Tpeak,1) of 200°C and 230°C. On the other hand, the
second peak shows only in the first three cycles, and its temperature (Tpeax2) shifts towards
higher values as the cycle number increases. As the cycles are performed, moreover, the degree
of oxidation (i.e. the integral of the peak) decreases: this lowers the value of %g°Cyo calculated
evidencing the decrease of the sample reactivity.

To explain the phenomena happening as the peaks form, the oxidation mechanism of cupric
oxide should be advocated: based on the studies of Zheng et al. [18], the first step involves the
creation of a cupric oxide shell on the surface of the reacting solid. This explanation is
confirmed by the results of Rodriguez et al. [12] who evidenced the presence of small amounts
of cupric oxide since the beginning of the reaction. Subsequently, the contemporary migration
of copper ions to the inner shell interface and the diffusion of oxygen ions towards the interface
allows the partial oxidation of the core to cuprous oxide. Finally, the complete oxidation to
cupric oxide follows. As two peaks appear in the first three oxidation cycles, it can be concluded
that they are related to the two reactive steps of the mechanism (i.e. the 2Cu + 0.5 0, - Cu,0
reaction and the Cu,0 + 0.5 0, — 2CuO reaction respectively).

The explanation of the whole process consisting of the eleven TPR-TPO cycles could be
formulated by looking at the efficiency of the redox cycles, which is represented graphically in
Figure 4.3. During the first reduction, not all the cupric oxide initially present in the sample is
reduced to copper, since its reduction degree is lower than 100%: in this case some copper or a
small quantity of its oxides are expected to be still present in the sample. During the following
TPO, all the sample is expected to be re-oxidised to its original state, since its degree of
oxidation surpasses even the preceding TPR degree of reduction. This behaviour is repeated in
the second cycle. The slightly higher degree of oxidation obtained in these cases could be
associated to experimental errors, or to the production of small quantities of copper peroxide
(Cu02), whose presence, however, could not be verified.

In the third cycle the trend reverts: during the TPR the sample is not reduced completely, as the
cycle degree of reduction is still lower than 100% (i.e. 95.4%), and in the following TPO the
sample is not oxidised completely either, because the cycle degree of oxidation (i.e. 93.8%) is
lower than the reduction degree just mentioned. As in the preceding cycles, some CuxO is
expected to form instead of CuO during the TPR, and some additional Cu,O is expected to form
in the following TPO. This trend composed of the incomplete bed reduction followed by an
incomplete bed oxidation seems to repeat over the cycles, except for the TPR of cycle 7, 8 and
9, for which the degree of reduction is higher than the preceding TPO degree of oxidation. Also
in this case some errors in the quantification may have occurred, or simply some of the cuprous
oxide present in the bed could have reduced again to copper, thus consuming more hydrogen

than what could be predicted by the preceding TPO degree of oxidation.
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Since a substantial decrease in the TPR performances is observed in cycle 5 (-21.6% with
respect to the preceding TPO) while the TPO degree of oxidation in cycle 4, 5 and 6 does not
decrease significantly with respect to the preceding degree of reduction, it is suggested that the
drastic decrease in the efficiencies from cycle 5 onwards lies in some phenomena happened
during the fifth TPR. Therefore, if this test involving cyclical TPR and TPO will be repeated in

future, a sample characterization before and after the decrease in efficiency are suggested.
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Figure 4.3: Graphical representation of the cycles efficiencies.

4.1.3 TPO profiles obtained with the mass spectrometer

Following the procedure outlined in §2.5, the composition of the outlet mixture during
oxidations has been analysed also using the mass spectrometer to cross-check the final results
with the quantifications values and the oxidation profiles obtained through the oxygen sensor.
The profiles obtained by the signal processing are shown in Figure 4.4 and Table 4.5. The first
TPO data are not available.
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Figure 4.4: TPO profiles of the 11 sequential reduction and oxidation cycles obtained with the mass
spectrometer.

Table 4.5: Relevant data concerning the TPO profiles of sequential reduction and oxidation cycles.

reg %cons

Cycle Tpeak,1 Tshife 2" peak Tpeak,2 Ny cuo 0,Cu0

number [°C] [°C] [°C] [mol] [%o]
2 212 - v 370 5.78-10* 91.1
3 214 +2 v 461 4.76:10* 74.9
4 223 +9 - - 1.98-10* 31.2
5 213 -10 - - 2.32-10* 36.6
6 226 +13 - - 1.86-10* 29.3
7 226 0 - - 0.65-10* 10.2
8 230 +4 - - 1.13-10* 17.8
9 232 +2 - - 0.83-10* 13.2
10 228 -4 - - 1.24-10* 19.6
11 231 +5 - - 1.20-10* 18.9

As the data above show, the oxygen consumption profiles obtained through the mass
spectrometer are similar to the ones obtained using the oxygen sensor (Figure 4.2), but a higher
noise is present. This is supposed to be the cause of the anomalous behaviour shown by the
quantifications, which suggests that the sample oxidation performances are dramatically
compromised from cycle 4 onwards (i.e. when %§°%, reaches 31.2%, in parallel with the second
peak disappearance). The presence of noise prevents also a precise estimation of the activation
temperature, but still allows the correct identification of the peak temperatures and the
disappearance of the second peak from cycle 4 onwards.

Given these facts, only data deriving from the oxygen sensor will be shown.
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4.1.4 Sample characterization

Once the eleventh TPO cycle had finished, the sample has been extracted from the reactor and
analysed. Its shrinkage was evident, being the final bed height of less than 1 mm, and all the
particles merged and were covered by a layer of black copper oxide. Its appearance is shown in

Figure 4.5.

Figure 4.5: Spent CuO bed after 11 redox cycles.

The oxidised sample has been observed also using a SEM (i.e. Scanning Electron Microscope),
and the images provided by the instrument showed that most of its surface was plain and
covered by short fibres, yet also granules and protuberances were found, as shown in Figure
4.6.a. This surface flattening, which is evidenced in Figure 4.6.b, was probably due to the
agglomeration of particles combined with the high number of reactive loops. The breakage of
a protuberance, whose inner part is shown in Figure 4.7.a, revealed that under its external layer,
whose depth is of approximately 3 pm, an inner porous structure with pore diameter of 200~800
nm is present. Finding a similar structure under the external surface, which from Figure 4.7.b
seems to be collapsed, suggests that the sample is surrounded by a shell under which a nano-
porous structure lie.

Also an EDS (i.e. Energy Dispersive X-ray Spectrometry) analysis has been carried out, which
revealed that under the surface of the sample mainly copper oxides were present, with a small
quantity of impurities such as silicon dioxide and calcium oxide, probably belonging to the
sample or to some quartz wool fibre residual. Furthermore, a percentage of 61.90% copper and
ot 32.35% atomic oxygen has been found (1.91:1 ratio), suggesting that the sample is composed
mainly (around 90%) of cuprous oxide (Cuz0), being the ratio between these two elements 2:1
in this oxide.

Unfortunately, nor the cycle number nor the process (i.e. TPR or TPO) in which this structure
is acquired could be known from these analyses, but from the moment in which it is formed,
the diffusional resistance induced by the shell should be considered as part of the reactive

process.
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(®)

(2) (b)

Figure 4.7: (a) Enlargement of Fig. 4.5 and (b) focus on the structure under its surface.

4.2 Pressure drop through the packed bed

4.2.1 K parameter calculations

Since further sample-destructive laboratory analyses on the oxidised sample had to be carried
out to investigate on the particles agglomeration evidenced in §4.1.4, the mass used in the
following tests has been increased. The criterion followed to decide the sample mass consisted

in finding a trade-off between:



74 Chapter 4

- the resulting height of the bed;
- the K parameter, which should be kept constant and equal to the one used in §4.1 (i.e.

367.5 s) in order to investigate on the effects given by a change in its parameters (i.e.
ms, Viot, Yo)-

A program which calculates the K values as function of the mixture volumetric flowrate and its
composition, parametric in the sample mass, has thus been made. The trade-off between the
two conditions has been found in using a sample of 200 mg and performing the analyses with
100 Ncm®/min of mixture at 10% reagent concentration. The surface representing the K value

variation and the plane intersecting it at the desired value are shown in Figure 4.8.a and Figure
4.8.b respectively.
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Figure 4.8: (a) K parameter calculations for a sample mass of 200 mg and (b) choice of the experimental
parameters’ combination.

4.2.2 Intermediate cycles under inert flow

This test has been made with the purpose of verifying the effect of thermal cycles in an inert
gas on the bed structure. The objective has been achieved by monitoring the pressure drop over
the copper oxide bed both during the thermal cycles and at ambient temperature. This allowed
to find the step responsible for the bed agglomeration.

Following the K parameter predictions of §4.2.1, the sample mass to be analysed has been
increased with respect to the one used in §4.1 together with the mixture volumetric flowrate

and its composition. The same setup shown in §2 is used, and the experimental procedure
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outlined in §2.5 has been followed to perform the tests, while a different cupric oxide with
respect to the one of §4.1 has been used. This test included a sample pre-treatment consisting
in a thermal cycle under inert flow and a thermal cycle under oxidant mixture, followed by a
redox cycle, 3 cycles under inert and one additional redox cycle. The cycles parameters are
provided in Table 4.7.

Before running the test, the fresh oxide has been sieved to investigate its particle diameter
distribution, and the results are reported in Figure 4.9. A particle size smaller than 45 pm has

been chosen to maximize the specific surface area of the sample.
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Figure 4.9: Particle size analysis of the CuO sample used.

The resulting bed features are reported in Table 4.6, while the appearance of the bed is shown
in Figure 4.10.a. While setting the reactor up, some of the particles adhered to the internal
surface of the quartz tube, and have been trapped by the upper quartz wool bed while it was
positioned. As a result, the quartz wool got dirty.

A focus on the particle shape and size, provided by the SEM, is shown in Figure 4.10.b. As the
picture evidences, the particles used in this test are mostly flat with sharp protuberances on their
edges, while at the same time also grain of smaller size and rounded edges are present. The high

polydispersity of the sample suggests that the resulting bed packing will be high.
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Table 4.6: Cupric oxide bed features.

Parameter Symbol Unit of measure Values
Main reagent species - - CuO
Sample purity - [%] 99.995
Sample mass ms [mg] 203
Sample molecular weight MW, [g/mol] 79.54
Sample molar amount ng [mol] 2.54:1073
Sample particle size range d, [pm] <45
Particle bed height Hbiea [mm] 6
Particle bed volume Ved [cm?] 0.284
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20.00 kV|2 000 x 13.1 mm| Low vacuum ' DualBSD

(a) (b)
Figure 4.10: (a) Appearance of the reactive bed and (b) focus on the bed particle size and shape.

Table 4.7: Cycles parameters.

Cycle Inert Reagent Vior YR nn B Thin ts
[ [ [ [Nem®*/min] [%] [mol/min] [°C/min] [°C] [min]
Inert thermal Ar i 100 i i 5 200 30
cycle
Oxidant
thermal 2 Ar 0 100 10 4.16-10* 5 250 60
cycle
TPR 3 Ar H» 100 10 4.16-10* 2.5 500 0
TPO 4 Ar 0 100 10 4.16-10* 2.5 500 0
Inert cycle 5 Ar - 100 - - 2.5 500 0
Inert cycle 6 N> - 100 - - 2.5 500 0
Inert cycle 7 Ar - 100 - - 2.5 500 0
TPR 8 Ar H, 100 10 4.16-10* 2.5 500 0
TPO 9 Ar 0, 100 10 4.16-10* 2.5 500 0
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4.2.2.1 Bed pressure drop and initial bed porosity calculations

Before beginning the test, the pressure drop variations of the line (i.e. of reactor, piping and
quartz wool beds) have been measured under a flow of argon at ambient temperature while
varying its volumetric flowrate. Once the reactive bed was placed into the reactor, the same
measures have been taken using the same gas type and flowrates. The data obtained in both
cases have been fitted using a quadratic function which allowed to retrieve the functions
AP (V) in the first case, and APgy,grer, (V) in the second one. The subtraction of these function

allowed to find the pressure drop generated by the bed AP, ;(V), as in Equation (4.1)

APpeq ) = APsystem(V) — APjpe (), T =20°C 4.1)

In order to estimate the porosity of the bed, moreover, the Ergun equation expressed in Equation
(4.2) has been used

APped _ 150 - pu v, (1=€pea)” +1.75p- v?  1-tped 4.2)

2 3 3 7
Hped dp €ped dp €hed

where Hj.4 is the height of the bed, €34 is the porosity of the bed, u is the gas viscosity, v is
the gas velocity, d,, is the particle diameter and p is the gas density [4]. This equation merges
the Blake-Kozeny equation, which is seen in its first term and expresses the pressure drop
variation when a laminar regime establishes in the particle bed, and the Burke-Plummer
equation, which is seen in its second term and expresses the pressure drop variation when a
turbulent regime establishes.

Equation (4.2) has been solved for & by inserting the value of AP,,4 found by flowing 100
Ncm?®/min of argon together with the values of p, v and p of argon at ambient temperature [20],
and the values of Hj,¢q and d,, shown in Table 4.6. In this case, the calculations have been made
approximating the particles as spherical and mono-dispersed with a diameter equal to 45 pm.
The resulting bed porosity was €,.4 = 0.311, meaning that the bed packing was quite high.
The line pressure drop has been also measured from T=20°C to T=500°C with a heating rate of
2.5°C/min and with a constant flowrate of 100 Ncm?®/min of argon, and the quadratic fitting of
the registered data allowed to retrieve the function AP;;,.(T). This has been done in order to

calculate the bed pressure drop APy, (T) during the thermal cycles using Equation (4.3)

APpeq(T) = APsystem(T) — AP} (1), Vtot = 100 Nem® /min (4.3)
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The bed pressure drop obtained by Equation (4.3) could deviate from the real ones, since the
APsystem (T) of the reactive cycles have been obtained with different conditions with respect to
the ones found when measuring AP;;,,.(T) (i.e. a mixture of Ar/H; flowed when performing a
TPR, and a mixture of Ar/O; flowed when performing a TPO), but since the reactive mixture

was diluted, this deviation has been assumed negligible.

4.2.2.2 Thermal cycles results

Once the functions representing the line pressure drop AP;ie (V) and APj;,,. (T) were fitted, the
inert and the oxidant pre-treatments have been run in sequence and with the parameters reported
in Table 4.7. The pressure drop over the bed during these thermal cycles showed a linear
behaviour, and no anomalies (i.e. pressure drop falls) were detected. The procedure outlined in
§4.2.2.1 to calculate the porosity of the bed has been repeated after every pre-treatment, which
given a value of g,,4 =0.304 in both cases. It is then inferred that no evident agglomeration
happens during the pre-treatments.

The results of the following TPR combined with the pressure drop variation in the bed as the
analysis was performed are shown in Figure 4.11, while Table 4.8 highlights the relevant data

retrieved by the plot together with the quantifications of the total hydrogen consumed in the

reduction.
TPR 1: 203 mg CuO -10% H,, - 100 Ncm®/min - 2.5°C/min %107
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Figure 4.11: Hydrogen consumption and pressure drop through the bed during the first TPR.

Table 4.8: Relevant data concerning the first TPR run.

TPR number Tact Tpeak,1 Secondary Ts Peak range  MgG'cyo %0 Cro
[-] [°C] [°C] peak(s) [°C] [°C] [mol] [%]
1 158 233 v 204, 266,276 142 2.21-1073 87.2
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As the data gathered show, with the parameters ms, Vi, and yr chosen multiple peaks are
observed in the hydrogen consumption profile. Moreover, the dramatic fall of the bed pressure
drop (T=220°C) evidence that, during the reduction, the bed clearly agglomerated.

If the behaviour of AP,.q(T) is observed, it could be guessed that the catalyst bed starts
agglomerating soon after the reaction begins (T=190°C), as a slight decrease in the pressure
drop is detected. As the reaction is carried out the agglomeration continues, but when the
pressure drop falls dramatically (T=220°C) a by-pass for the gas is created. Since the conditions
for the application of Equation (4.2) are not met from this moment onward (i.e. the particles
merged), the estimation of the porosity through the Ergun equation is not carried out.

As analysed in §1.5, the presence of multiple peaks could derive from the agglomeration that
has been identified at T=220°C: this phenomena would indeed produce a layer through which
the hydrogen should diffuse before reacting, adding a delay to the hydrogen consumption curve,
which is observed at T=220°C.

One hypothesis to explain the secondary peak observed around T=270°C could be a sudden
physical re-arranging of a small portion of the bed, where the gas passage was previously
hindered. In this way some less reduced particles could become more exposed to the gaseous
reagent, slightly increasing the rate of reaction.

On the other hand, also an inhomogeneous temperature distribution inside the sample, probably
caused by the reaction exothermicity or by an uneven heating of the system, could be the cause
of the multiple peaks. In this case a higher rate of reaction would be present in the hotter zones,
leading to an increase in the hydrogen consumption, and so in a peak. In parallel, the colder
zones would react later, producing delays in the peak, creating secondary peaks, as observed in
this case.

The degree of reduction provided by the quantification (i.e. %g’r;;0) suggests that the bed has
not reduced completely: as a consequence, some cuprous or cupric oxide are expected to be still
present in the reduced sample.

The results of the following TPO are shown in Figure 4.12 and Table 4.9.
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TPO 1: 203 mg CuO - 10% O, - 100 Ncm3/min - 2.5°C/min «107°
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Figure 4.12: Oxygen consumption and pressure drop through the bed during the first TPO, obtained with the
oxygen sensor.

Table 4.9: Relevant data concerning the first TPO run.

TPO number Tact Tpeak,] Tpeak,z n:‘:guo %:fguo
-] [°Cl [°Cl [°C] [mol] [%]
1 155 250 415 2.22:10° 87.4

As Figure 4.12 shows, the pressure drop through the bed is very low, that suggests an
irreversible packing of the bed during the previous TPR. Three peaks seem to be present in the
oxygen consumption curve (i.e. a mechanism of reaction consisting of three steps is likely). If
the profiles provided by the mass spectrometer are analysed, though, two peaks are identified,
and their temperature are reported in Table 4.9. Probably the additional peak detected by the
sensor could have been caused by an uneven oxidation of the bed.

As the shape of the profile evidences, the oxidation of the bed has been carried out also during
the cooling process, and ended at T=460°C.

The degree of oxidation provided by the quantifications suggests that the bed has been oxidised
completely, as its value is only slightly higher (+0.2%) than the previous TPR degree of
reduction, probably due to experimental errors.

The following three thermal cycles have been carried out under an inert flow. The raw pressure
drop registered by the transmitter are shown in Figure 4.13 instead of the AP,.q(T), as in the
three cycles two different inert gases have been used. The fact of registering similar pressure
drop during the first cycle and the third one, both carried out using argon as inert, suggests that
they do not influence the macroscopic structure of the catalyst.
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Figure 4.13: Pressure drop through the bed during the three inert thermal cycles.
The following TPR results are presented in Figure 4.14 and in Table 4.10.

TPR 2: 203 mg CuO -10% H,, - 100 Ncm?®/min - 2.5°C/min « 107
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Figure 4.14: Hydrogen consumption and pressure drop through the bed during the second TPR.

Table 4.10: Relevant data concerning the second TPR run.

TPR number Tact Tpeak,1 Secondary Ts Peak range ngcuo %0.Cuo
[-1 [°C] [°C] peak(s) [°C] [°C] [mol] [Yo]

2 146 228 - - 124 1.92103 75.6
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Conversely to what observed in the first reduction cycle, one peak is obtained in the second
cycle. In this case the reaction starts at lower temperatures because some structural defects
could have appeared during the first cycle. As the studies of Rodriguez et al. [12] evidences,
the formation of these more active sites decreases the reduction induction time (i.e. the reaction
starts at lower temperatures). In parallel, the decrease of the surface area due to the previous
agglomeration of the sample lowers the reaction rate when T<180°C. On the other hand,
observing a single peak after the agglomeration suggests that when the conduction prevails over
diffusion in the heat transfer mechanism, one peak is obtained. Moreover, since the secondary
peak evidenced at T=270°C in the first TPR does not show in this cycle, probably a bed
rearrangement did not happen.

The fact of having two inflections in AP,.4(T) seems to suggest that the bed had agglomerated
further during the TPR, and that this process happened in the second part of the reduction.

The calculated degree of reduction is smaller than in the first TPR (-11.6%): also in this case,
then, some copper oxides are expected to be present in the sample.

The results of the following TPO are shown in Figure 4.15 and in Table 4.11.

TPO 2: 203 mg CuO - 10% 02 -100 Ncm®/min - 2.5°C/min
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Figure 4.15: Oxygen consumption and pressure drop through the bed during the second TPO.

Table 4.11: Relevant data concerning the second TPO run.

TPO number Tact Tpeak,] Tpeak,l nro"iguo %Z(,?&quo
[-] [°C] [°C] [°Cl [mol] [%]
2 155 220 500 2.22-1073 72.3

Also for the second TPO a mechanism consisting of two reactive step occurs: the first peak is

barely distinguishable with the profile obtained through the oxygen sensor, but its presence is
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confirmed by the one obtained through the mass spectrometer. The second one, instead, is
evident in the profiles obtained by both the instruments.

As observed in the second TPO of §4.1.2, the first peak is found nearly at the same temperatures
as the first TPO run, while the second peak shows at higher temperatures, and the oxidation is
carried out also during the cooling process. Since this gap between the peaks increases as the
cycles are performed, and during every reduction a further agglomeration of the sample
happens, it is suggested that a correlation between these two phenomena could hold.

The oxidation degree of the second TPO is slightly lower than the reduction degree of the
previous TPR (-3.3%): as a result, some cupric oxide or copper are expected to be still present.
As every thermal cycle finished, different argon flowrate at ambient temperature have been
flowed in the reactor, and the pressure drop has been registered. AP, .4 (V) has been calculated
using Equation (4.1), the points have been fitted using a quadratic function, and the results are

shown in Figure 4.16.

203 mg CuO - 10% H, - 100 Ncm*/min - 2.5°C/min
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Figure 4.16. Pressure drop through the bed after each thermal cycle.

Note that this plot does not show APy (V) before the first TPR, 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 APp,;(100 Ncm3/min Ar)=92.8 mbar after the oxidant pre-
treatment). Reminding these values, it is seen that the higher pressure drop fall between the
cycles is found after the first TPR, for which at V,,=100 Ncm?®/min the gap is of approximately
91 mbar: this supports the hypothesis made before, and so that the main agglomeration happens
during the first TPR. Moreover, the plot evidences that a further agglomeration happened during
the second TPR, since the APy, (V) are slightly lower than the ones registered after each inert
cycle.
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4.2.2.3 Visual inspection and sample characterization

After the tests were finished, the sample (Figure 4.17) appeared as a compact cylinder, and
showed an axial shrinkage of 1 mm coupled with a lateral shrinkage. The analysis made
throughout §4.2.2.2 suggests that this structure has been attained during the first TPR cycle.

Controlling

Monitoring 2 S e ol
e 3 ' thermocouple

thermocouple
- ”  Gas flow

Figure 4.17: Sample appearance after the thermal cycles.

The sample has been then analysed with the Scanning Electron Microscope, and its images are
reported in Figure 4.18 and Figure 4.19.

Figure 4.18 shows a comparison between the fresh particles (Figure 4.18.a) and the external
structure of the spent oxide (Figure 4.18.b): as it could be expected by the pressure drop
behaviour in reduction, the particles have agglomerated and their edges have been rounded off.
Moreover, some fibres are observed on the top of the surface, which could compensate for the
surface area decrease given by the agglomeration process. Since some short fibres have been
detected also in the oxidised sample of §4.1.4, as evidenced by Figure 4.6.a, it is suggested that
they form during the first reactive cycles and then they are rounded off as the cycles are

performed, thus reducing the rate of reaction at high cycles number.

HV | mag W vac mode | det

20.00 kV|5 000 3. Low vacuum | LFD

ma / vac mode | det 10 pm

HV
20.00 kV|5 00 8 Low vacuum | LFD

(@) (b)

Figure 4.18: SEM image focus of (a) the oxidised sample surface and (b) the fresh cupric oxide powder used in
the sample.
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The breakage of the sample external layer (Figure 4.19.a and Figure 4.19.b), whose depth was
about 1pum, revealed that the inner particles have reacted, since their edges are smoothed with
respect to the fresh sample ones, and did not merge in the process. The difference between the
shell depth of the oxidised sample of §4.1.4 (3 um) and this one suggests that this layer grows

cycle by cycle, increasing the diffusional resistance of the process.

»

HV mag WD vac mode | det \ mag WD R I O — (1100 R —
20.00 kV |5 000 x[12.6 mm| Low vacuum | LFD 00 20 000 x |12.6 mm| Low vacuum | LFD

(a) (b)
Figure 4.19: SEM image of (a) a breakage of the external shell and (b) the internal structure.

4.2.3 Pre-treatment variation

This test has been made with the purpose of investigating the effect of a pre-treatment consisting
only in a thermal cycle under inert flow both on the agglomeration phenomenon and on the
peak shape.

The setup outlined in §2 and the same sample amount of §4.2.2 has been used to perform the
tests, so the sample features and appearance remain the ones reported in Table 4.6 and in Figure
4.10 respectively.

This test included an inert pre-treatment of the sample followed by a TPR-TPO sequence,
whose parameters are shown in Table 4.12.

Also in this case the AP e (V) at ambient temperature and AP, (T) using a 100 Ncm?/min
flowrate of argon were retrieved before placing the cupric oxide bed into the reactor. This was
done in order to calculate the AP,eq (V) and the AP, .q(T) later on as explained in §4.2.2.1. Also
the bed initial porosity has been calculated beforehand following the procedure outlined in
§4.2.2.1, and the result obtained (&,,4=0.296) suggest that the bed packing was higher than the
bed used in §4.2.2.
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Table 4.12: Experimental parameters used in the cycles.

Cycle Inert Reagent Vior YR Ak B Tfin ts
[ [ [ [Nem*/min] [%] [molVmin] [°C/min] [°C] [min]
Inert
thermal 1 Ar - 100 - - 5 200 30
cycle
TPR 2 Ar H» 100 10 4.16-10* 2.5 500 0
TPO 3 Ar 0 100 10 4.1610* 2.5 500 0

4.2.3.1 Redox cycles results

The first TPR results are reported in Figure 4.20 and Table 4.13.

TPR 1: 203 mg CuO -10% H, - 100 Ncm3/min - 2.5°C/min « 107
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Figure 4.20: Hydrogen consumption and pressure drop through the bed during the first TPR.

Table 4.13: Relevant data concerning the first TPR run.

TPR number Tac [°C] Tpeak,1 Secondary Ts Peak range  Nngcyo %0 Cuo
[ o [°C] peak(s) [°C] [°Cl] [mol] [%]
1 175 268 v 228 125 2.08:103 81.9

As for the first TPR of §4.2.2.2, also in this case the bed has agglomerated, as the fall of the
APy, (T) curve suggests: this fact confirms that the reduction process is responsible of the
agglomeration. Differently, the hydrogen consumption profile of this one shows two peaks
instead of four: this suggests that the formation of the last two peaks in the previous experiment
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(see Figure 4.11) could be given by the different pre-treatment or by random phenomena
happening with the rearrangement of the bed. Moreover,

The double-peak shape could be explained using the same phenomena already mentioned in
§4.2.2.2 for the first TPR: as the reaction develops, the bed agglomerates and a shell over the
unreacted particles form. A delay is then added to the peak (i.e. a second peak forms) because
the reagent should diffuse through it before reacting. On the other hand, as in the previous test,
temperature gradients inside the bed could have formed, favouring an increase in the hydrogen
rate of consumption in the hotter zones and a delay in its consumption (i.e. a shift of the peak
towards higher temperatures) because of the slower reaction in colder zones.

The degree of reduction is unexpectedly low if compared to the previous TPR (-5.3% with
respect to the first TPR of §4.2.2.2) which was run in 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 weak, as
the high sample purity should have allowed to start with an almost completely oxidised sample
even without the oxidant pre-treatment.

It is interest to notice that, in this particular case, the axial temperature gradient obtained as in
§3.3 (i.e. by subtracting the monitored temperature and the controlling temperature) followed
quite well the hydrogen consumption profile, as shown in Figure 4.21. Since thermal peaks rise
later in time with respect to the hydrogen consumption ones, it is likely that the temperature
rise in the sample is caused by the reaction exothermicity, rather than it being the cause of the

double-peak profile in the hydrogen consumption curve.
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Figure 4.21: Hydrogen consumption profile and axial difference in temperature for the first TPR run.

The following TPO results are shown in Figure 4.22 and Table 4.14.
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TPO 1: 203 mg CuO - 10% O, - 100 Ncm3/min - 2.5°C/min «107°
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Figure 4.22: Oxygen consumption and pressure drop through the bed during the first TPO.
Table 4.14: Relevant data concerning the first TPO run.
TPO number Tact Tpeak,1 Ts Ny w0 %o, cu0
[-] [°Cl [°Cl [°C] [mol] [%]
1 160 205 425 2.22:10° 87.7

As shown by the gathered data, the first TPO carried out on the sample shows two distinct
peaks. The temperatures at which the peaks are found have been confirmed by the profiles
obtained through the mass spectrometer.

The degree of oxidation is greater than the preceding TPR degree of reduction (+5.8%). As
already mentioned in §4.1.2, a possible explanation could be the formation of some copper
peroxide, but in this case an underestimation of the hydrogen consumed during the previous
TPR seems more likely, since the values of %@ cyo agrees with the first TPO quantifications of
§4.2.2.2 (+0.3%).

To see if the absence of the oxidant pre-treatment could have influenced the bed structure, and
to confirm the correlation between the reduction process and the agglomeration, the bed
pressure drop APpeq4 (V) has been measured as in §4.2.2 before the pre-treatment, after the pre-

treatment and after the first TPR. The experimental measurements coupled with their fitting are
shown in Figure 4.23.
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Figure 4.23: Pressure drop variation before the pre-treatment, after the pre-treatment and after the TPR.

As the plot shows, the pressure drop generated by the bed is visibly lower when measured after
the reduction process, proving that the agglomeration of the bed happened during the TPR
cycle. On the other hand, also the inert pre-treatment made the bed shrink slightly, as the
measured pressure drop is lower than the one measured before the pre-treatment.

If the values obtained while flowing 100 Nem?®/min of argon are taken as reference, a gap of 20
mbar before the pre-treatment and after the pre-treatment is measured. The corresponding value
for the previous test, instead, was of approximately 1 mbar. If these values are related to the
total gap in the pressure drop before the pre-treatment and after the TPR, in the first case the
pre-treatment contributes for the 15.5% to the total pressure drop evidenced, while in the second
case this contribution is only of 1.7%. Given these results, it is suggested that the pre-treatments
affect the bed agglomeration only slightly.

4.2.3.2 Sample characterization

As done with the previous tests, the sample has been visually inspected and the same structure
as §4.2.2.3 has been found. Moreover, the sample has been analysed with the Scanning Electron
Microscope: as Figure 4.24.a shows, the oxidised sample surface still retained a granular-
looking surface, even if the particles sides have been smoothed and the particles visibly merged.
If an enlargement is made, fibres of approximately 100 nm of diameter are seen on the sample
surface, as reported in Figure 4.24.b. Since they seem to be present in higher number with
respect to the two previous cases (see Figure 4.18.a and Figure 4.6.b), it could be concluded

that their number and length decrease as the reactive cycles increase.
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In addition to the fibres, also protuberances are found, as the focus of Figure 4.25 reports: the
breakage of one showed that a crust formed also after one redox cycle. This layer, which is as
deep as 600 nm, covered the remaining particles, which still retained a granular shape. Since
Figure 4.25.b highlights that the depth of this layer was of approximately 1 um after two redox
cycles and 3 um after eleven redox cycles, it can be concluded that this layer depth increases as

the reactive cycles are performed, hindering more the inward diffusion of reagent.

HV mag WD > mode | det

2 HV mag WD vac mode | det
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Figure 4.24: SEM image of (a) the sample surface and (b) enlargement of the external surface.

vac mode | det |

2.7 mm Low vacuum LFD\

Figure 4.25: SEM image of the sample surface: focus on a broken protuberance.
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4.3 Bed height minimization

Since Malet and Caballero [9] experimentally obtained two distinct peaks using very low cupric
oxide masses (i.e. with 5 or 10 mg of CuO, refer to curves a and b of Figure 1.6), one redox
cycle has been performed using a lower quantity of cupric oxide. The setup described in §2 has
been used, and the procedure described in §2.5 has been followed.

To keep the parameter K equal to 367.5 s while having a smaller mass to be analysed, the feed
concentration has been reduced. The cupric oxide bed features are reported in Table 4.15, while
the parameters of each cycle are reported in Table 4.16.

In this case, forming a homogeneous layer of cupric oxide was difficult because of the lower
mass to be analysed, whose particles dispersed on the supporting quartz wool piece. Because
of the low resulting height of the bed, which is shown once placed into the reactor in Figure
4.26, the difference between the measured APy s¢er, (T) and APy, (T) were minimal, and both
the APy, during the thermal cycles and at ambient temperature have not been calculated. As
happened in the previous tests, some of the particles adhered to the internal surface of the

reactor, and have been trapped by the upper quartz wool bed as it was positioned.

Table 4.15: Cupric oxide bed features.

Parameter Symbol Unit of measure Values
Main reagent species - - CuO
Sample purity - [%] 99.995
Sample mass mg [mg] 9.9
Sample molecular weight MW; [g/mol] 79.54
Sample molar amount ns [mol] 1.24-10*
Sample particle size range dy [pwm] <45
Particle bed height Hbped [mm] <1
Particle bed volume Vied [cm?] n.a.

Table 4.16: Thermal cycles parameters.

Cycle Inert Reagent Ve YR ay B Trin ts
[-] [-] [-] [Nem*min] [%] [mol/min] [°C/min] [°C] [min]
Inert pre- 1 Ar ; 50 ; ; 5 200 30
treatment
Oxidantpre- -, Ar 0 50 1 416107 5 250 60
treatment
TPR 3 Ar H, 50 1 4.16:10°% 2.5 500 0

TPO 4 Ar 02 50 1 416107 2.5 500 0
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Trapped CuO Cupric oxide bed

Figure 4.26. Cupric oxide bed appearance.

4.3.1 Redox cycles results

The results of the TPR and TPO cycles are presented in Figure 4.27, Figure 4.28, Table 4.17
and Table 4.18.

TPR1:9.9mg CuO - 1% H, - 50 Ncm3/min - 2.5°C/min %107
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Figure 4.27: : Hydrogen consumption and pressure drop through the bed during the first TPR.

Table 4.17: Relevant data concerning the first TPR run.

cons %cons

TPR number Tact Tpeak,1 Secondary Ts Peak range no.cuo 0.Cu0
[-] [°C] [°Cl] peak(s) [°C] [°C] [mol] [%]
1 280 335 - - 90 1.15-10* 90.6

Differently from the experimental results of Malet and Caballero, using a lower quantity of
catalyst a single peak is produced in the reduction process, at higher temperatures with respect
to the one obtained by the authors (307°C against 227°C). Since the two parameters that differed
in this case were the hydrogen concentration (i.e. 1% against 5%) and the heating rate
(2.5°C/min against 10°C/min), and from the results of Monti and Baiker [5] it is evidenced that
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a more concentrated mixture shifts the peak towards lower temperatures, it is supposed that the
heating rate could be the responsible of the multiple peaks observed by the authors. This is
reasonable, as a higher heating rate could favour the development of temperature gradients
inside the bed. Such temperature inhomogeneity could increase the kinetic rates in the hotter
zones, increasing the hydrogen consumption rates, and so the hydrogen consumed, resulting in
additional peaks.

The slight inflections on the pressure drop registered by the pressure transducer as the peak is
formed, moreover, suggest that also in this case the bed has slightly agglomerated during the
reduction. The bed agglomeration, combined with the lower hydrogen concentration in the feed,
could have been the responsible of the slightly low degree of reduction observed. If the reagent
diffusion through the shell is limiting, indeed, the inner particle reduction could be further
hindered because of the low driving force (i.e. the concentration gradient) provided when
feeding a more diluted mixture. In this case, some unreacted copper or some cuprous oxide can

be expected in the bulk of the solid phase.

TPO 1: 9.9 mg CuO - 1% O, - 50 Ncm?3/min - 2.5°C/min «1077
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Figure 4.28: Oxygen consumption and pressure drop through the bed during the first TPO.

Table 4.18: Relevant data concerning the first TPO run.

TPO number Tact Tpeak,l Tpeak,z nfo'e:cguo %Z?Cguo
[-] [°C] [°C] [°C] [mol] [%]
1 176 250 500 1.07-10* 84.4

Also in the TPO profile both the activation temperature and the one of the first peak shift
towards higher T with respect to the preceding tests, and the second peak is reached at the final
temperature explored (T=500°C). This shift of the peak suggests that the diffusion through the
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layer formed during the reduction could be limiting. A lower oxidation degree is found with
respect to the one of the preceding TPR (-6.2%): as stated in the previous chapters, this fact
suggests that not all the copper and cuprous oxide present are oxidised back to cupric oxide,

and consequently some additional cuprous oxide could be found in the sample.

4.3.2 Visual inspection

As expected by observing the pressure drop behaviour during the reduction, the bed
agglomerated during the reduction cycle: the powder merged in granules of higher diameter,
and sticked to the quartz wool pieces, as reported in Figure 4.29. This is a quite interesting
result, because even with a low catalyst mass, low concentrations of reagent and higher
dispersion the agglomeration could not be avoided. At the same time, although the initial bed
height was minimized, the differential pressure transmitter proved to be sensible enough to

detect the phenomenon.

Granules

Agglomerated
bed

Figure 4.29: Appearance of the 10-mg copper oxide bed after the redox cycle.

4.4 Bed dilution with silicon carbide

Since the results of the previous tests suggested that temperature gradients could arise in the
reactive bed, the influence of a bed dilution with silicon carbide has been investigated. As a
starting point, the thermal properties of the solid compounds and elements involved in the
processes studied are shown in Table 4.19 [15][20][21]. As the table shows, silicon carbide
should increase the heat propagation among the bed particles thanks to its high thermal
conductivity, thus reducing thermal gradients in the bed. Moreover, its presence among the
reacting particle could also prevent their agglomeration.

In this test a silicon carbide-bed dilution with the same mass of cupric oxide has been done.
The same granulometry has been used not to affect the fluid dynamics of the bed. The setup
described in §2 has been used, but since the bed height after mixing resulted in high pressure
drop generation, a quartz tubular reactor with the internal diameter equal to 8 mm has been
used. The resulting bed features are summarized in Table 4.20, while its appearance before and

after the mixing is shown in Figure 4.30.
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Table 4.19: Thermal properties of the compounds involved in the processes.

Cp A Tm

[J/Kg/K] [W/m/K] [°C]
CuO 705 6 1326
Cu0 489 4.5 1235
Cu 460 350 1085
SiC 675 490 2730

Table 4.20: Cupric oxide bed features.

Parameter Symbol Unit of measure Values
Main reagent species - - CuO
Sample purity - [%] 99.995
Sample mass ms [mg] 201
Sample molecular weight MW [g/mol] 79.54
Sample molar amount ng [mol] 2.54:1073
Sample particle size range d, [um] <45
Diluent type - - SiC
Diluent mass mq [mg] 206
Diluent particle size range d, [um] <45
Bed height Hbiea [mm)] 6
Bed volume Vied [cm?] 0.302

SiC SiC:CuO
1:1 w/w

Figure 4.30. Appearance of the components before mixing and after mixing, and appearance of the cupric oxide
bed.

This test included a thermal cycle under inert flow, a thermal cycle under oxidant mixture, and

four TPR-TPO cycles performed in sequence. Each cycle has been carried out with the
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corresponding parameters shown in Table 4.21. The pressure drop over the bed has been
monitored during each thermal cycle and retrieved after each thermal cycle at ambient

temperature following the procedure outlined in §4.2.2.1.

Table 4.21: Experimental parameters used in the cycles.

Inert  Reagent Viot YR Ak B Trin ts
[-] [-] [Nem*min] [%] [mol/min] [°C/min] [°C] [min]
Inert
thermal cycle Ar - 100 - - 5 200 30
Oxidant Ar 0, 100 10 4.1610% 5 250 60
thermal cycle
TPR Ar H> 100 10 4.16-10* 2.5 500
TPO Ar (0)3 100 10 4.16-10* 2.5 500

4.4.1 Redox cycles results

The results of the four TPR cycles are presented in Figure 4.31 and in Table 4.22.

201 mg CuO - 206 mg SiC - 10% H, - 100 Ncm®/min - 2.5°C/min
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Figure 4.31: Hydrogen consumption during the four TPRs.
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Table 4.22: Relevant data concerning the four TPR run.

TPR number Tact Tpeak,1 Secondary Ts Peak range  Mgcyo %0 Ciro
[-] [°C] [°C] peak(s) [°C] [°C] [mol] [Yo]
1 193 236 - - 78 2.28:10°3 89.9
2 155 238 - - 111 2.06:1073 81.3
3 155 240 - - 111 1.99:1073 78.4
4 174 234 - - 84 1.94-1073 76.4

As Figure 4.31 shows, every reduction produces a single peak, whose temperature remains
almost equal during the four cycles (i.e. 237+3 °C). The first peak distinguishes from the other
for its slightly higher initial reaction rate, and the higher degree of reduction, which surpasses
all the others obtained in the first TPRs using 200 mg of sample. As discussed in §4.4, these
effects could be related to the high thermal conductivity of the silicon carbide used in these
tests. This suggests that conduction plays a significant role in the system studied, and that the
formation of temperature gradients in the bed could be the real cause of 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 explained in §4.2.2.2 for the second reduction cycle develop (i.e. the
generation of structural defects that decrease the activation temperature, and the specific surface
area decrease that lowers the reaction rate).

The four TPO profiles are shown in Figure 4.32, while the data regarding each TPO are shown
in Table 4.23.

201 mg CuO - 206 mg SiC - 10% O, - 100 Ncm®/min - 2.5°C/min
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Figure 4.32: Oxygen consumption during the four TPOs.
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Table 4.23: Relevant data concerning the four TPO run.

TPO number Tact Tpeak,1 Tpeak,2 Ny w0 %0 cuo
[-] [°C] [°C] [°C] [mol] [%]
1 159 210 377 2.16:10° 85.4
2 150 243 436 1.99-10°3 78.6
3 152 221 455 1.87-1073 73.8
4 158 253 483 1.99-10° 78.3

All the TPOs shape exhibit a double-peak shape (i.e. a mechanism consisting in two steps),
which all have a better resolution than the ones obtained in §4.2.2 and §4.2.3 without dilution,
and do not show any additional peak.

The results also suggest that the second peak always shifts towards higher temperatures as the
cycle number increases, remembering the results obtained in §4.1.2. Conversely, the first peak
does not follow this rule, as in cycle 3 its anticipation is evident and its initial reaction rate is
higher. This fact could be derived from experimental error or from random phenomena.
Overall, it could be observed that adding the silicon carbide to the bed favours the resolution of
the oxidation peaks. Combining the high exothermicity of the oxidation process with the good
results obtained with the silicon carbide, it could be supposed that the thermal effect developed
during the TPOs has a great impact on the results of the analysis.

The sequential degrees of reduction and oxidation, finally, suggest that in the first three cycles
both the reductions and the oxidations are not complete, since the %§’¢s, value for each cycle is
smaller than its previous one. This trend is not followed in the fourth cycle, as its reduction
degree is higher than the third oxidation degree and is surpassed also by the fourth oxidation
degree. Being these differences small, however, they could be associated with experimental
errors.

Also in this test the pressure drop variation with the argon flowrate at ambient temperature has
been measured after every thermal cycle, and the APy, (V) calculated as in Equation (4.1). The
results reported in Figure 4.33 suggest that the bed agglomerated considerably both during the
first TPR and during the first TPO, as the two major gaps in the curves are found when these

two cycles are involved.
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Figure 4.33: Pressure drop variation in the diluted bed, at ambient temperature.

This effect is also proved by the pressure drop registered while the reactive cycles were
performed, as shown in Figure 4.34: during the first TPR, indeed, a pressure drop fall is detected
in correspondence of the peak, and at the end of the first TPO a dramatic fall is registered. This
suggests that the agglomeration continued as the two processes were carried out, and that
towards the end of the TPO by-passes were created in the bed.
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Figure 4.34: Pressure drop variation in the diluted bed during (a) the first TPR and (b) the first TPO.

It is then concluded that the bed dilution with silicon carbide helps to level out temperature

gradients inside the diluted bed also in the case of TPOs, but does not prevent its almost-
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complete agglomeration, even if this process is delayed to the end of the first TPO. This is
proven by the final shape of the bed, which becomes a compact cylinder during the process, as
reported in Figure 4.35.a. Its axial shrinkage is smaller than 1 mm but still observable, as shown
in Figure 4.35.b. Moreover, as happened with the diluted bed samples of §3, also in this case
the external by-passes created during the oxidation are visible and evidenced in Figure 4.35.c.
As the figures show, the agglomeration was quite pronounced, but the decrease in bed volume

was not as high as the cases shown in §4.2.2 and in §4.2.3.

(a) (b) (©)

Figure 4.35: Diluted sample appearance after the fourth TPO: (a) final shape, (b) focus on the axial shrinkage
and (c) focus on the by-passes.

4.5 TPR and TPO profiles at constant K

Since all the tests displayed from §4.1 to §4.4 have been carried out with a K parameter equal
to 367.5 s and a heating rate equal to 2.5 °C/min, a comparison among the reagent consumption
profiles obtained both during reduction and oxidation is done. The TPR and TPO profiles
obtained are thus overlapped in Figure 4.36 and Figure 4.37 respectively. Whenever more than
one cycle was performed, only the first TPR and TPO run data were reported.

The data summarizing the experimental conditions used in the tests are reported on Table 4.24

to simplify the results reading.
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Table 4.24: Relevant data concerning the 5 tests at K=367.5 s.

Set M Veor YR Bed Ox. Pre- %G tno %o, cu0
[mg] [Nem3/min] [Yo] dilution treatment [%e] [Yo]
1 51 50 5 - v 96.0 98.2
2 203 100 10 - v 87.2 87.4
3 203 100 10 - - 81.9 87.7
4 9.9 50 1 - v 90.6 84.4
5 201 100 10 v v 89.9 854
TPR: KBaiker=367'5 s
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Figure 4.36: TPR profiles of the test with K=367.5 s.

As shown by the figure above, one peak is obtained when low masses of sample are used, or
when the bed is diluted with silicon carbide: as suggested in §4.4, this effect could be related to
the temperature gradient generation on the reactive bed, which are smaller in the case of a
having a bed with lower height, or when a diluent with a high thermal conductivity is used. This
suggests that the prevailing mechanism of heat transfer in the solid phase is conduction, and
that this phenomenon is critical to have the complete reduction of the bed in a short time (i.e.
in a smaller temperature range). Moreover, as the principal peak is shifted towards higher
temperatures if lower hydrogen concentrations are used, the diffusion through the bed seems to
be crucial, being it driven by the concentration gradient.

Since all these profiles are obtained with the same K parameter, it is concluded that this number
1s not adequate to establish the experimental conditions which favours a homogeneous

reduction of the bed. The multiple-peak phenomenon seems to be related to an uneven
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temperature distribution in the sample, or to the physical changes in the reactive bed rather than
the reduction being carried out in multiple reactive steps, since a single and well-defined peak
is obtained in set 5 using the same parameters of set 2 and 3, but with the addition of a diluent
having high thermal conductivity and capable of preventing the total agglomeration of the

sample.
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Figure 4.37: TPO profiles of the test with Kpaiker=367.5 s.

Looking at the TPO results, two peaks are produced in every case, the second one (at higher
temperature) being always the one at which there is a higher oxygen consumption (except for
test 1, on which a different cupric oxide has been used, refer to Table 4.1). The second peak is
shifted towards lower temperatures using a bed dilution with a highly conductive material,
indicating that the cuprous oxide transition to cupric oxide is favoured when temperature
gradients are levelled out in the sample. The fact of having two well-resolute peaks in this case
also suggests that a more homogeneous temperature distribution in the sample promotes the
oxidation in two distinct steps.

When a low concentration of reagents is used, both the peaks shift towards higher temperatures,
which suggests that in oxidations, as well as in reductions, the diffusion is a limiting factor.

If the efficiency of each reactive cycle is observed (i.e. %57, and % cy0)s it could be
observed that, whenever high concentrations of reagent are used and the bed is not diluted, the
oxygen consumption is higher than the hydrogen consumption of the preceding TPR: this fact
suggests that the bed dilution slightly hinders the first oxidation.
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4.6 Axial temperature profile measurement

Since the previously-exposed results suggests the formation of a temperature gradient in the
bed, which seems to be lowered using a bed dilution with silicon carbide, a larger bed has been
studied and its temperature axial profile during the thermal cycles has been registered using a
multipoint thermocouple. This experiment has been done both with a diluted bed and with a

pure cupric oxide one, and the results are shown below.

4.6.1 Silicon carbide bed dilution

The first experiment aimed to investigate if an axial temperature profile arises as TPR and TPO
analyses are carried out. The cupric oxide bed has been diluted with a mass of silicon carbide
20 times larger than the cupric oxide one to verify if the particles could still agglomerate in the
process even if, theoretically, they were isolated one from each other. To investigate on this
thermal effect, the setup presented in §2.4 has been used. The cupric oxide bed features are

presented instead in Table 4.25.

Table 4.25: Cupric oxide bed features.

Parameter Symbol Unit of measure Values
Main reagent species - - CuO
Sample purity - [%] 99.995
Sample mass ms [mg] 472
Sample molecular weigth MW; [g/mol] 79.54
Sample molar amount ng [mol] 5.93:10°3
Sample particle size range dy [pwm] 100-200
Diluent type - - SiC
Diluent mass mg [mg] 9478
Diluent particle size range dy [pm] 100-200
Bed height Hped [mm] 59
Bed volume Vhed [cm?] 6.67

The appearance of the bed after mixing the two components, shown in Figure 4.38.a, is instead
presented in Figure 4.38.b: as no visible segregation appears, perfect mixing of the two phases

is supposed.
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Figure 4.38: Bed components (a) before mixing and (b) after mixing.

Taking as reference the reactor scheme of Figure 2.11, the monitoring thermocouple used in
this test was T9, while T10 lied outside of the bed, and the bed covered all 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 in oxidant mixture, followed by two redox cycles, whose parameters are reported
in Table 4.26. All the cycles have been carried out using a reagent concentration of 10%, apart
from the first TPR in which a lower reagent concentration has been used (i.e. 1% H>) to study

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

Table 4.26: Experimental parameters used in the cycles.

Cycle Inert Reagent Veor YR ay B Trin ts
[-] [-] [-] [Nem*min] [%] [mol/min] [°C/min] [°C] [min]
Inert 1 Ar - 250 - ; 5 200 30
thermal cycle
Oxidant 2 Ar 0, 250 10 1.0410° 5 250 60
thermal cycle
TPR 3 Ar H» 250 1 1.04-10* 2 500 0
TPO 4 Ar O, 250 10 1.04-1073 2 500 180
TPR 5 Ar H, 250 10 1.04-10°3 2 500 0
TPO 6 Ar (o)) 250 10 1.04-1073 2 500 30

4.6.1.1 Redox cycles results

The results of the two TPR cycles are shown in Figure 4.39 and Table 4.27.
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Figure 4.39: Hydrogen consumption profiles of the two TPR run with 20:1 w/w SiC dilution.

Table 4.27: Relevant data concerning the two TPR run.

TPR number K Tuct [°C] Tpeakt  Secondary Ts :;e;l; ng'tuo %0 Cno
[ [s] o [°C] peak(s) [°C] [ng] [mol] [Yo]
1 3453 193 361 - - 210 5.76:1073 97.3
2 345 177 246 - - 97 4.82-107 81.4

As data shows, even with a high quantity of cupric oxide to be reduced and the K parameter
lying out of the suggested range, one peak forms in both cases. As observed in §3.1.4, with low
hydrogen concentration the peak is flattened and the peak range becomes wider: this happens
because almost all the reagent fed is consumed from T=323°C to T=400°C. Moreover, the
sample seems to have reduced almost entirely even with a high bed dilution and with a low
reagent concentration, meaning that the reagent reached almost all the particles and their core.
On the other hand, the second TPR run showed a narrower peak centred at lower temperatures
and a lower degree of reduction.

As it could be expected by the high dilution used and the low reagent concentration, the axial
temperature profile at peak conditions of the first TPR run gives uniform axial T, as it is shown
in Figure 4.40.a. This is reasonable, since the reaction is slow and the reaction heat is distributed
thanks to the high thermal conductivity of the silicon carbide. Similar profiles are obtained for
the second TPR (Figure 4.40.b), which underlines the capability of silicon carbide to level out

temperature gradients inside the sample.
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Figure 4.40: Axial temperature profiles at peak conditions (step size: 3 min) (a) for the first TPR run and (b)
for the second TPR run.

The results of the two TPO carried out after each TPR are shown in Figure 4.41 and Table 4.28.

Note that the isothermal step is not shown in the figure.
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Figure 4.41: Oxygen consumption profiles of the two TPR run with 20:1 w/w SiC dilution.

Table 4.28: Relevant data concerning the two TPO run.

TPO number Tact Tpeak,l Tpeak,Z nro.“eguo %Ze:guo
[-] [°C] [°C] [°C] [mol] [%]
159 230 381 4.81-103 81.2

2 118 232 500 3.85-10°3 65.0
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As seen by the data, both TPOs show two peaks as found in the preceding tests. In both cases
the first one is distorted because of the small temperature oscillations of the furnace, but the
temperature at which it is detected is almost coincident. The second peak, instead, moves
towards higher temperatures in the second run, following the behaviour of the second peaks of
the preceding results. Differently from the results of §4.4.1, it seems that a high bed dilution
(i.e. 20:1) with silicon carbide does not prevent the shift of the second peak towards
temperatures greater than 500°C in the second TPO.

Even if in the first run the sample remained in the oxidant mixture at 500°C for three hours, the
degree of the oxidation is smaller than the one expected (i.e. -16.1% with respect to the previous
TPR result), and the second oxidation efficiency is further lowered. Both these facts suggest
that a high bed dilution hinders the complete oxidation of the sample, probably because of
preferential passages created in the bed, whose height and dilution are high. On the other hand,
the complete oxidation of the bed could have been hindered also by the sample slight
agglomeration during the first TPR.

As done with the previous TPRs, the temperature profiles acquired during the oxidation are

plotted and shown in Figure 4.42, but no visible thermal increase is detected in both cases.
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Figure 4.42: Axial temperature profiles at peak conditions (step size: 3 min) (a) for the first TPO run and (b) for
the second TPO run.

The four reactive cycles performed on the diluted sample have not caused any visible
agglomeration in the bed, since it was extracted from the reactor in powdery form, as it is shown

in Figure 4.43, but probably the particles structure has changed at a smaller scale.
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Figure 4.43: Appearance of the diluted bed after the two TPR-TPO series.

It is then concluded that a high ratio bed dilution prevents agglomeration of the bed, at least on

the macroscale, and helps to level out temperature gradient inside the bed.

4.6.2 Pure cupric oxide bed

Since a high bed dilution prevented to identify directly from the thermal profiles a variation of
the sample temperature as the peak developed, a sample consisting of pure cupric oxide has
been analysed with the setup described in §2.4. A higher mass of sample has been used in this
test to cover six of the ten available measuring points of the thermocouple (from T7 to T2), and
the resulting cupric oxide bed had the features reported in Table 4.29. The height of the quartz
wool bed has been regulated in order to have T8, the controlling point, lying in the gas phase

and close to the sample upper surface.

Table 4.29: Cupric oxide bed features.

Parameter Symbol Unit of measure Values
Main reagent species - - CuO
Sample purity - [%] 99.995
Sample mass mg [mg] 4750
Sample molecular weight MW, [g/mol] 79.54
Sample molar amount N [mol] 5.97-102
Sample particle size range dy [pm] <300
Bed height Hbped [mm] 29
Bed volume Vhed [cm?] 3.27

The sample underwent a thermal cycle under inert flow, a thermal cycle under oxidant mixture
and two TPR-TPO cycles whose parameters are reported in Table 4.30.
The volumetric percentage of reagent for the TPRs run has been chosen so to develop a peak in

reduction which could grant a peak shape between the two of Fig. 4.30, so avoiding both the
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consumption of almost all the reagent fed and the simultaneous reduction of multiple layers of
the bed. Since the sample had reduced in t=98 min in the first TPR of that test, and in t=55 min
in the second, the desired time for a complete reduction of all the sample would reasonably lie
around the mean of the two, so at tpeak des=76.5 min. Seen the stoichiometry of the reduction
reaction, shown in Equation (3.1), and assuming a constant reduction rate, the molar flowrate

of hydrogen to be fed is calculated as in Equation (4.4)

ns _ 597-107* mol
tpeak,des B 76.5 min

=7.80-10"* mol/ min H, (4.4)

which at standard temperature and pressure is equal to a volumetric flowrate of

) nRT 3,
Vy, = 5 = 18.76 Ncem®/ min H,

being R the ideal gas constant, T the ambient temperature and P the ambient pressure. The total
volumetric flowrate of the mixture is kept equal to the one used in §4.4.1, and so the resulting

hydrogen volumetric percentage in the mixture is

_ 1876 Nem®/min 75
YH2 = 550 Nem3 fmin 00

The same volumetric percentage is used also in the two TPOs.

Table 4.30: Experimental parameters used in the cycles.

Cycle Inert Reagent Ve YR ay B Thin ts
[-] [-] [-] [Nem*min] [%] [mol/min] [°C/min] [°C] [min]
Inert thermal Ar - 250 - ; 5 200 30
cycle

Oxidant 2 Ar 0, 250 10 1.0410° 5 250 60
thermal cycle

TPR 3 Ar H» 250 7.5 7.80-10* 2 500 0

TPO 4 Ar (0)) 250 7.5 7.80-10* 2 500 0

TPR 5 Ar H; 250 7.5 7.80-10* 2 500 0

TPO 6 Ar (03 250 7.5 7.80-10* 2 500 0

4.6.2.1 Redox cycles results

The two TPR profiles and their relative numerical results are reported in Figure 4.44 and Table
4.31.
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Figure 4.44: Hydrogen consumption profiles of the two TPR run with a pure CuO sample.

Table 4.31: Relevant data concerning the two TPR run.

Peak cons

TPR number K Tpeak,i  Secondary Ts ngtao %5 a0
Tact [°C range ’ y
B s T el peke” rar RE mol (%l
1 4595 125 304 - - 261 5.58:10? 93.5
2 4595 105 304 - - 281 5.50-1072 92.1

As the data reports, one broad peak is obtained in each TPR run even with the parameters used,
which made the K parameter lie outside the suggested range. The two peak shapes are similar:
in both cases the temperature at which the peak is detected is the same, and also the one at
which the peak ends, but in the second case the reduction starts at lower temperatures and with
a lower velocity, being it the combined effect of the structural defects creation and the decrease
of the surface area already evidenced. The second hydrogen consumption profile seems also
affected by the slightly oscillating temperature, which deformed its peak.

Both reductions have a high efficiency, and almost all the copper oxide has reduced. Moreover,
the bed agglomerated during the first TPR, since during this cycle the monitored pressure at the
top of the reactor fell, as shown in Figure 4.45.

This could have been detrimental in the following test because, as reported in §4.6.2.2, the bed
has axially shrunk of 5 mm, thus moving away its upper surface from the controlling point and

making the temperature control loop less representative of the solid temperature.
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Figure 4.45: Pressure at the reactor top and hydrogen consumption in the first TPR.

The temperature profiles registered by the multipoint thermocouple, which are plotted in Figure
4.46.a, shows a perceivable local temperature increase in the bed as the reduction progresses:
the maximum of each profile moves from T7 to T2 as the peaks develops, suggesting that the
reaction advances from the top to the bottom of the bed, together with the gas flow.

Since the temperature reached by the sample is far from the melting point of its components
(see Table 4.19) throughout all the thermal cycle, agglomeration is not caused by the
exothermicity of the reaction.

Similar phenomena happen in the second TPR run: in this case the temperature rise caused by
the reduction is slightly increased with respect to the previous one, as Figure 4.46.b shows. This
behaviour could be linked to the sample agglomeration and to its distancing from the control
thermocouple, which could not make the furnace compensate fast enough for temperature
increase given by the reaction.

As the axial temperature gradient is not pronounced, however, it is concluded that the double

peaks are not likely caused by inhomogenous hydrogen consumption in the sample.
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Figure 4.46: (a) Axial temperature profiles at peak conditions (step size: 3 min) (a) for the first TPR run and (b)

for the second TPR run.

The two TPO overall numeric results are presented in Table 4.32, while the single thermal

cycles are represented Figure 4.47.b and Figure 4.48.b: a figure representing the oxygen

consumption in temperature is not meaningful, since in this test the temperatures visibly

oscillated. Given this fact, the temperature reported in the tables are the control thermocouple

ones at their peaks.

Table 4.32: Relevant data concerning the two TPO run.

TPO number Tact

Tpeak,l Tpeak,2

reg

%reg

Ny, cuo 0,Cu0
[-] [°C] [°C] [°C] [mol] [%]
169 293 461 5.82:107 97.5
2 172 322 494 5.12-107 85.7
4
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Figure 4.47: (a) Axial temperature profile (step size: 3 min) and (b) oxygen consumption and controlling

thermocouple values of the first TPO run.
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Figure 4.48: (a) Axial temperature profile (step size: 3 min) and (b) oxygen consumption and controlling
thermocouple values of the second TPO run.

As the data show, the bed oxidised almost completely in both the TPOs. On the other hand, as
the first peak was approached (i.e. from t=115 min in both the TPOs), in both cases the energy
release of the reaction was so high that the temperature in the bed raised of almost 100°C. As a
consequence, the kinetic constant increase made the oxygen consumption accelerate
dramatically.

From that moment on, an oscillatory behaviour established both in the temperature and in
oxygen consumption because the furnace control tried to compensate for the exothermicity of
reaction, though not being fast enough. As said above, this could have happened because the
sample upper surface moved away the control point T8 due to the shrinkage, combined with an
inadequate PID controller tuning.

Multiple peaks in temperature and in the oxygen consumption are then obtained, which are
almost coincident in time. This is a clue that the two variables are correlated, but it is not
straightforward to infer if this behaviour is given by the oscillation of the kinetic constant or by
the superposition of an additional temperature gradient.

In both cases, especially as the first peak develops, the heat wave travels fast to the bottom of
the sample, since temperature in the sample bottom reaches fast the upper temperature values,
as seen in Figure 4.47.a and Figure 4.48.a. This behaviour could have been caused by the high
thermal conductivity of the sample, which consisted initially of almost pure copper, coupled to
the higher molar enthalpy of the oxidation.

In any case, as the temperature of the sample throughout both the TPOs never reached the
melting temperature of its component (see Table 4.19), the agglomeration process could not be
linked to the oxidation exothermicity either, and its cause should be investigated in other

chemical phenomena.
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4.6.2.2 Oxidised sample appearance

As a result of the thermal cycles of §4.6.2, a compact cylinder of copper oxide was produced,
meaning that the agglomeration happened as the first TPR was carried out, as the pressure data

of that test told. Its appearance is shown in Figure 4.49.a and Figure 4.49.b.

(a) (b)

Figure 4.49: (a) Axial view of the sample and (b) the sample seen in perspective.

The axial shrinkage of the sample was of 5 mm, and its weight was 220 mg less than the initial
value (i.e. 4.75 g). Probably some material could have sticked to the internal surface of the
tubular reactor. The spent oxide composition and structure is unknown, since no further
analyses have been carried out, but Figure 4.49.b evidences some orange compounds in the hole
made by the thermocouple. As copper and cuprous oxide are both orangish, it could be guessed
that in the inner part the sample did not oxidize completely, as the last TPO degree of reduction
suggested. Moreover, also the camera flash evidences some orangish reflection on its external
surface, probably meaning that the complete oxidation was not completely favoured even in the

outer layers.



Conclusions

The main objective of this thesis work was to apply temperature programmed reactions to obtain
information about the redox reactivity of CuO/Cu system. This objective has been achieved by
varying the experimental conditions and analysing the reducing/oxidizing profile shapes.
Reagent concentration and heating rate were found to have the greatest effect on the peak shape,
together with the identification of diffusional barriers and thermal inertia of the material. The
bed dilution with silicon carbide proved to be effective both in TPR and in TPO analyses,
promoting the sample reduction and oxidation at higher reagent concentrations. The increased
CuO/Cu activity has been related to the silicon carbide capability of levelling out temperature
gradients in the bed and favouring the inward oxygen diffusion process by delaying the sample
agglomeration.

The CuO/Cu system long-term reactivity during sequential redox cycles (11) has been studied
as well. A progressive loss in catalytic activity was identified through the peak shape analysis
coupled with the quantifications of the sample oxygen consumed in reduction and regained in
oxidation. During each reduction, a single-peak profile has been obtained, related to a single-
step reduction mechanism (CuO — Cu). A double-peak profile has been obtained only in three
oxidations, the second peak progressively shifting to higher temperatures. These two peaks
have been related to a two-step reduction of the oxide (Cu — Cu20 — CuO). The disappearance
of the second peak has been related to a structural rearrangement of the bed, both at a
macroscopical and microscopical level, hindering the complete oxidation to CuO. After eleven
cycles, the sample has visibly agglomerated in a compact lump and the SEM images showed
that a crust developed over the original particles. The EDS results proved that, under the sample
surface, copper and oxygen atoms were present in a ratio of 1.91:1, suggesting cuprous oxide
(Cu20) to be the predominant oxide in that phase.

The analysis of higher-mass samples produced multiple peaks in the first TPR profile.
Monitoring the pressure drop through the bed during reductions, oxidations and thermal cycles,
clearly showed that the process responsible for the agglomeration is the reduction and it was
not caused by the oxidative pre-treatment or thermal cycles carried out under inert flow.

Also in these cases, the bed had visibly compacted and the SEM images show that a structural
change of the sample happens even after one redox cycle: a layer covers the reacting particles
and nanofibres are created all over the flat surface. It is argued that this layer is created during
the reduction step as soon as the pressure drop through the bed falls, hindering the inward

reagent diffusion and delaying the peak. The quantifications show that neither the reduction
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steps nor the oxidative steps were complete, suggesting that Cu,O could be present in the
oxidized sample pulled out from the reactor. The cupric oxide tendency to agglomerate
combined with the loss in redox efficiency show that, if a higher long-term redox efficiency is
desired, the oxide should be deposited over a support.

A silicon carbide bed dilution proved to be effective in obtaining a single peak in reduction,
and two well-defined peaks in oxidation. This positive effect has been related to its capability
of levelling out temperature gradients thanks to its high thermal conductivity, and hindering the
contact among the reacting particles, as the agglomeration is delayed at the end of the first
oxidation.

The axial temperature profile of a higher-mass sample has been monitored using a multipoint
thermocouple: a single peak has been obtained in reduction and low temperature gradients
axially developed, suggesting that double peaks in TPR profiles are not generated by an uneven
temperature distribution in the sample. Rather than that, the multiple peaks observed in the
other tests were most probably caused by physical effects, such as the bed agglomeration or its
collapse. On the other hand, the different behaviour during TPO has been attributed to the
higher exothermicity of the reaction, combined with the slow temperature control loop of the
furnace. This last result underlines the primary importance of the PID tuning and of the correct
placing of the control thermocouple, which should not be affected by disturbances deriving

from the heat of reaction.
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Greek letters:

Nomenclature

Specific heat capacity

Effective diffusion coefficient
Diffusion coefficient

Particle diameter

Standard molar enthalpy of reaction
Pressure drop

Bed height

External mass transfer coefficient
Sample mass

Molar flowrate fed

Sample molar amount

Total sample oxygen consumed
Total oxygen regained by the sample
Activation temperature

Final temperature

Melting temperature
Temperature of the peak
Temperature of the first peak
Temperature of the second peak
Temperature of the shoulder
Soak time

Bed volume

Relative velocity

Total volumetric flowrate
Volumetric percentage

Degree of reduction

Degree of oxidation

Heating rate

Porosity
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Nomenclature

S D = >

Acronyms:

EDS
SEM
TCD
TPO
TPR

Thermal conductivity
Dynamic viscosity
Density

Tortuosity

Energy Dispersive X-ray Spectrometry
Scanning electron microscope
Thermal conductivity detector
Temperature programmed oxidation

Temperature programmed reduction
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