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Abstract

Temperature-programmed reduction (TPR) and temperature-programmed desorption (TPD) are
techniques widely used for catalyst characterization, providing information about active sites.
However, results from these experiments are usually interpreted with the aid of empirical models,
based on the representation of reduction or desorption profiles as summations of empirical
reference curves. In this context, phenomenological approaches can present several advantages
over this traditional empirical approach, as in this case the extracted information can be based on
theoretical models that allows for a deeper understanding of the catalyst properties. For this
reason, in the present work, empirical and phenomenological modelling approaches are evaluated
for the quantitative analysis of H2-TPR and NHs-TPD profiles, obtained from the characterization
of Ni/SiO2 and Al203 alumina catalysts, respectively, and results from both approaches are
thoroughly compared and discussed for the first time. Our results, obtained from the fitting of
both modelling approaches to the whole experimental profile by using nonlinear regression,
indicate that the phenomenological modelling approach can be considered better and should
therefore be preferred, as it allows for significantly more accurate quantification and correct
discrimination of distinct active sites, in addition to simultaneously enabling the determination of

reduction or desorption kinetics parameters.

Keywords: heterogeneous catalysts; temperature-programmed reduction; temperature-

programmed desorption; curve deconvolution; parameter estimation; nonlinear regression.



Introduction

Thermoanalytical techniques are often associated with transient characterization methods
that are designed to monitor certain sample properties as functions of time, usually accompanied
by the simultaneous increase of temperature [1-3], allowing the acquisition of significant amount
of information about the analyzed material properties in a short period of time. These
thermonalytical techniques have been widely applied in several fields, like the investigation of
the thermal stability and thermal and mechanical properties of polymers [4] and the
characterization of heterogenous catalysts [5-8].

In the field of heterogenous catalysis, monitoring of some specific catalyst properties,
such as the number of acidic, basic or metallic active sites, may constitute a step of paramount
importance for development of optimized catalysts, which can allow the maximization of the
yields of products of interest. In addition, the characterization of these (and possibly other)
properties can also be fundamental for development of mathematical kinetic models required for
the design, control and optimization of industrial reactors [9].

In this context, temperature-programmed (TP) techniques play a unique role, as they may
allow for characterization of catalyst properties and assessment of the physico-chemical
interactions that take place between the catalyst surface and the reactive species [2,10]. Among
the many available TP techniques, Temperature-Programmed Reduction (TPR), Temperature-
Programmed Desorption (TPD), Temperature-Programmed Oxidation (TPO) and Temperature-
Programmed Surface Reaction (TPSR) are of particular importance. Whereas the evaluation of
bulk oxygen mobility in catalysts (such as nanostructured ceria [11] and other metal catalysts
[12-14]) can be performed through standard TPR analyses, which normally make use of gaseous

H2 streams as the reducing agent, the characterization of acid, basic and metallic sites can



frequently be carried out through TPD analyses, which make use of probe molecules (such as
NHs, CO2 and H) that can adsorb onto and subsequently desorb from catalyst sites located on the
catalyst surfaces [7,15,16]. Moreover, the evaluation of the extent of coke deposition on the
catalyst surfaces can be evaluated through TPO analyses, which usually make use of Oz streams
as oxidizing agents [17,18], whereas interactions between the catalyst surfaces and the reactive
species can be evaluated through TPSR analyses [1].

Nevertheless, despite the intensive and ample use of TP techniques for characterization of
heterogeneous catalysts, the proper interpretation of the obtained thermograms still constitutes a
challenge, as measured thermograms may depend not only on the catalyst properties, but also on
the experimental conditions employed in the TP runs, such as the catalyst mass, gas flow rate,
feed concentration of the reacting/probe molecule and temperature program [19-21].

The quantification of the number of reducible metallic species, acid, basic or metallic sites
usually involves the calculation of the integral over time (or temperature) of intensities of the
monitored TP signal during the thermoanalytical experiment, as the number of sites of a
particular nature is expected to be proportional to the amount of consumed reducing agent, in the
case of TPR analyses, or desorbed probe molecules, in the case of TPD analyses [21,22].
However, when two or more peaks are present in the TP thermogram, there may be an indication
that the catalyst can contain sites with distinct characteristics, with more than one type of
reducible species or active site (acid, basic or metallic) [10]. Since TPR and TPD experiments
lead to transient responses, peaks related to distinct active species can be partially or highly
overlapped, making the determination of the number of different types of catalyst sites and their
relative quantities difficult or unfeasible [10,12,15]. Hopefully, in some cases it may be possible
to separate the overlapped peaks through manipulation of the experimental TP conditions,

although it is not always obvious how operation conditions should be changed to achieve this



result. As a consequence, it may be necessary to perform additional experiments for efficient
peak resolution, rendering the experimental procedure more expensive and time consuming [21].
A strategy that has been frequently used in the literature to resolve overlapping peaks in a
thermogram is deconvolution (although a more appropriate term should be “curve
decomposition”, since "deconvolution™ is a term used to describe a set of more complex and well-
defined mathematical procedures [23]), which assumes that the obtained multimodal thermogram
can be represented as the sum of simpler unimodal curves, after adjustment of some suitable
parameters. Functions that are employed very frequently in deconvolution procedures resemble
probability distribution functions like the Gaussian curve, which is unimodal, bi-parametric and
symmetrical around its point of maximum. Nevertheless, any family of curves, in principle, could
be considered in the decomposition procedure [24]. After curve fitting, the point of maximum,
the peak width and the area beneath the individual curves can be calculated for each element of
the sum. Usually, the number of curves needed to provide the appropriate fitting for the
experimental thermogram is assumed to be equal to the number of distinct active species,
whereas the relative area generated by each individual curve is regarded to provide a measure of
the relative importance (quantity) of that site. As a matter of fact, curve deconvolution (or
decomposition) has been widely used for TPD and TPR quantitative analyses [25-30]. Given the
simplicity of the proposed empirical numerical approach, the use of deconvolution procedures
seems appealing, despite the complete lack of phenomenological basis to support the use of the
vast majority of available statistical functions to describe either the reduction or the desorption
processes. Besides, it must be emphasized that there is no formal guarantee that the number of
adjusted Gaussian curves, used to fit the TP thermogram, can indeed correspond to the actual

number of distinct active species present in the catalyst.



An interesting alternative to the deconvolution procedure consists in modelling TP
experiments with some sort of phenomenological approach. For instance, mass balance equations
coupled with adsorption/desorption rate equations can be used to model the gas-phase
concentration of the probe molecule in TPD analysis, allowing the determination of the number
of types of active species and their relative quantities [15,31,32]. Similarly, mass balance
equations can be coupled with reduction reaction rate equations in order to model the gas-phase
concentration of the reducing agent in TPR experiments, allowing the quantification of the
number of distinct reducible active sites and their relative amounts [14,33,34]. Moreover, besides
allowing the quantitative characterization of the active species, the use of a phenomenological
approach can also provide additional information about the kinetic rate parameters involved in
the reduction or desorption reactions, such as the specific kinetic rate constants and the activation
energies [31,32], which can constitute a very significant advantageous aspect of this type of
mathematical representation of TP experiments.

Phenomenological approaches can also allow for specific model improvements, for
instance, selection of appropriate desorption or reduction reaction rates or consideration of
activation energy as a function of surface coverage and simultaneous estimation of the parameters
of this function in order to achieve a better description of the experimental data [35]. Moreover,
advanced experimental and chemical modelling techniques can be readily applied, such as DFT
coupled microkinetic modelling [36], modelling CO-TPD profile with mean-field techniques and
kinetic Monte Carlo allowing for the observation of lateral interactions among probe molecules
[37] and coupled NHs temperature-programmed desorption with thermogravimetry for acid sites
quantification in zeolites [38].

In this context, numerical methods have been proposed to perform quantitative kinetic

analyses of thermograms, involving the definition of the points of maximum of modes of



thermograms collected at different heating rates [39-42]. However, although the use of these
methods can seem appealing, as they require the fitting of simple straight-lines to provide the
relative amounts and main characteristics of the individual catalyst sites, they present the
drawback of reducing the entire thermogram profile to a small set of points while completely
disregarding the full shape of the thermogram. For these reasons, numerical approaches that take
into account the complete thermogram information should be preferred, as they can allow more
meaningful characterization of the active species and the kinetics of desorption or reduction
processes [12,14].

Based on the previous paragraphs, the present study evaluates - for the first time - the use
of phenomenological mathematical approaches for the quantitative characterization of
heterogeneous catalysts using TPR and TPD experiments when compared to empirical
deconvolution methods of analysis. To do this, we use the reducible characteristics of a Ni/SiO2
catalyst, as assessed by Hz-TPR, and the acid features of an Al.Os alumina catalyst, as evaluated
by NHs-TPD experiments, and fit both modelling approaches to the experimental profiles by
using nonlinear regression. In both cases, results from both analysis approaches are thoroughly
compared and discussed. Our results indicate that the phenomenological modelling approach can
be considered better and should therefore be preferred, as it allows for more accurate
quantification and correct discrimination of distinct active sites, in addition to simultaneously

enabling the determination of reduction or desorption kinetics parameters.

Materials and methods
H>-TPR experimental procedure
All experimental TPR profiles were compiled from [13,43,44]. Nickel supported on silica

catalyst (Ni/SiO2) was prepared through the well-known deposition-precipitation method, as



described elsewhere [13,43,44]. The silica used as support consisted of a diatomaceous earth,
with 1% of alumina, a specific surface area of 42 m?/g and pore volume of 1.1 cm®/g [13]. A
slurry containing silica and nickel nitrate solution, which was used as active precursor, was kept
at 90 °C under agitation, while a 0.8M NaHCOs solution was added to promote nickel
precipitation. The material was filtered, washed and dried at 200 °C for 20 hours. Then the dried
material was thermally treated at 200 °C for 3 hours and then at 450 °C for 2 hours. Nickel
content of catalyst (NiO/SiO2) was measured by atomic absorption spectroscopy (Perkin Elmer
1100B) and was equal to 40.7 wt.%. Specific surface area was equal to 57 m?/g and measured by
N2 adsorption at 77 K (Micromeritics, ASAP2000), considering BET isotherm [43].

For the TPR analysis, the catalyst sample was pre-treated in situ under argon flow
(30 mL/min) at 120 °C for 30 minutes before exposition to the gas feed, which consisted of a 1.64
vol% Hz/Ar mixture flowing at 20 mL/min. In the sequence, the sample was heated up to 750 °C
at heating rate of 5 °C/min. Exhaust gases were analyzed with a thermal conductivity detector to
quantify the Hz2 concentration after the removal of water produced by the oxide reduction. Water
removal was performed by flowing the gas stream through a silica-gel packed-bed. All TPR
experiments were performed in a SAMP3 system (Termolab Equipamentos, Brazil) [43]. A good
experimental reproducibility of the TPR experimental setup was confirmed by four replicated

experiments, as illustrated in Fig. S1 of the Supplementary Information (SI) [43].

NH3-TPD experimental procedure

Alumina catalysts were prepared and NH3-TPD analysis performed as described
elsewhere [6,45]. Aluminum hydroxide was precipitated from a solution of aluminum nitrate
(100 g of AI(NO3)3.9H20 (Vetec, 98%) in 200 mL of deionized water) by dropwise addition of

ammonium hydroxide solution (NH4OH, 28 wt.%) until the solution pH was equal to 9. Solution
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agitation was maintained for an additional 30 minutes. Then, the solid was filtered, washed with
deionized water and ethanol (Vetec, 95%) and then dried at 100 °C for 20 hours under static air.
The dried material was grinded and sieved to particles smaller than 0.3 mm. Finally, the material
was calcined at 500 °C for 2 hours with a heating rate equal to 2 °C/min, under air flow (50
mL/min). The sample presented a y-alumina structure according to powder X-ray diffraction
patterns (XRD), and a specific surface area, pore volume and pore size equal to 274.3 m?/g, 0.23
cm®/g and 32.8 A, respectively, calculated from measured N2 adsorption-desorption isotherms at
77 K (Micromeritics, ASAP2000) [6,45].

NHs-TPD analysis was carried out in a Chembet-3000 system (Quantachrome
Instruments, USA). The NHs concentration of the gas effluent was measured in-line with a mass
spectrometer (ThermoStar™ Pfeiffer Vacuum Quadrupole, Pfeiffer, USA), by monitoring the
signal m/z equal to 16 and subtracting the water interference as further detailed in [6]. Alumina
samples (200 mg) were pre-treated in situ under nitrogen flow of 19 mL/min at 500 °C for 1 hour,
at heating rate of 10 °C/min. For the NH3z adsorption step, the sample temperature was stabilized
at 100 °C before exposition to the gas feed, which consisted of a 5 vol% NH3s/N2 mixture, flowing
at 19 mL/min for 30 min or until sample saturation, as observed by a constant baseline signal.
The excess of ammonia was removed with a flow of N2 for approximately 2 hours or until
attainment of a constant baseline signal. Finally, the desorption step was performed by heating
the sample at 10 °C/min from 100 to 677 °C and maintaining this temperature or 1 hour under a
N2 flow. A good experimental reproducibility of the TPD experimental setup was confirmed by

three replicated experiments, as illustrated in Fig. S2 of the SI.
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Empirical deconvolution quantitative analysis

Deconvolution procedures are usually employed to resolve a curve that contains two or
more overlapping peaks using a sum of simpler unimodal curves, which can allow for easier
identification and analysis of the thermogram peaks. To perform this task, a family of Gaussian
probability distribution functions, Eq. (1), is normally considered [27,46], considering that the
sign placed before the summation is positive for TPD and negative for TPR experiments. The

subscript i = 1, ... NS represents the individual Gaussian curves; Ai represents the area under the

individual curve i; and oi and xo,i represent the standard deviation (closely related with the peak-

width) and the central position of the curve i, respectively.

y=yoiia'3i2—ﬂem{—%(x;*°'i] } (1)

Several combinations of NS (typically NS ranges from 2 to 5) curves can be tested until
attainment of the optimal number of sites that can be used to fit the thermogram signal, y&, by
minimizing the difference between the observed, y¢, and the simulated thermogram response, y.
Ai, ai, and Xo,i , i = 1, ... NS, are the model parameters that must be estimated with the available
experimental data. yo is the baseline offset: in the TPD experiments, its value is equal to zero,
while in the TPR experiments it must be equal to the feed Hz2 concentration. Thus, the
thermogram deconvolution performed with NS peaks and based on Eq. (1) leads to 3xNS

estimable parameters. Estimation of model parameters was performed as described in Section 2

6.
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TPR phenomenological modelling
The mathematical phenomenological modelling of TPR experimental thermograms
involved two molar balances: one over the catalyst surface for each reducible species i, Eq. (2),

and another one for the reducing agent in the gas-phase, Eq. (3).

dC
— Xi =r =kPP Cq 2
dt i im Hy, % ()
: M NS
Ch —Cy, =%Zq (3)
i=1

The rate of reduction ri of species i was described as a function of the kinetic constant ki, which

depends on temperature, the concentration of the reducible species C, and the partial pressure of
hydrogen B, , while the reaction orders p and g, related to the hydrogen partial pressure and the

reducible species concentration were fixed at values equal to 1 and 2, respectively. These values
were determined after an initial analysis that indicated these orders as the most suitable for
describing the experimental thermogram when compared to remaining possible combinations for
p and g as equal to 1 or 2.

For the molar balance of the reducing agent, Eg. (3), the gas-phase composition was
assumed to be perfectly uniform across the reactor vessel. Additionally, the steady state
hypothesis was assumed to be valid, given the much slower dynamics of the reduction reaction at
the catalyst surface. In Eq. (3), Mcat represents the mass of catalyst; v denotes the volumetric

flowrate; NS indicates the number of reducible species; and E};; and Cy, represent the Hz

concentration in the reactor feed and output streams, respectively.
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The dependence of the reaction rate constant, ki, on temperature was described with the
reparameterized Arrhenius equation, Eq. (4) [47-50], where T is the measured temperature, Tref iS
a reference temperature, defined as the average temperature of experimental thermogram (equal
to 850 K), and E;i is the activation energy of the reduction reaction involving the i" reducible

species.

E (T _Tre
ki =exp| I (K; et )+?(T—f)

ref

(4)

The In(ki,trer) constant is related to the pre-exponential factor of the original Arrhenius
equation, ko, according to Eq. (5).

In(ki’Tref):In(kovi)—ﬁ ()

ref

Due to the observation of three reduction peaks in the experimental thermogram, as it will
be discussed later, the presence of three reducible species was considered, resulting in six kinetic
parameters that were estimated from the experimental data (In(kiref), E1, In(kz,7rer), E2, In(K3 Tref),

Es). However, the initial concentrations of reducible species, ¢, , were also estimated as extra

model parameters. Thus, the TPR fitting procedure based on the phenomenological model
involved the adjustment of nine parameters. Finally, it must be noted that it was not necessary to
model the temperature program because the temperatures used for model calculations were the

actual measured values.

TPD phenomenological modelling
The phenomenological modelling of TPD curves also comprised two molar balances
[6,45], one for the acidic species at the catalyst surface, Eq. (6), and another one for the gas phase

NH3 concentration, Eq. (7).
13



dé.
dtNH3 =K, Pun, (1—'9i,NH3)_ kD,i‘gi,NHs K
dC,,, _ ~Cyp, +(1—g)pp —NZS:N do \u, (7)
" . - &~ ' dt

For the adsorbed NHs molecules, a kinetic expression used to describe the rates of
adsorption and desorption was considered, as presented in Eq. (6), where (1-&nn3) and & nH3
represent the fractions of acidic species of type i that are empty or that contain an adsorbed
ammonia molecule, respectively. The parameters ka,i and kp,i are the adsorption and desorption
Kinetic rate constants, respectively, while Pnns represents the ammonia partial pressure.

For the gas phase molar balance, Eq. (7), the variation of NHs concentration, CnHg, along

the reactor length was neglected, as the catalyst mass used to perform the experiment was very
low. In Eq. (7), t is the spatial time, defined as the ratio between the volume of the catalyst and
the volumetric feed flowrate; pp is the catalyst particle density; ¢ is the catalyst porosity; and Ni
and NS represent the specific concentration and the number of distinct types of acidic species,
respectively.

The dependence of the adsorption and desorption kinetic constants, ka,i and kp,i, on
temperature was described with aid of the reparameterized Arrhenius equation, Eq. (4), where the
reference temperature was kept constant and equal to the average temperature of the experimental
desorption thermogram (equal to 673 K). Finally, the initial conditions for the set of ordinary

differential Eqgs. (6-7) were fixed at &; vy  €qual to one and Cy;;, , equal to zero. Thus, the TPD

phenomenological model involved the estimation of 4-NS kinetic parameters, depending on the

number of considered NS species.
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Parameter estimation procedure

The set of ordinary differential equations used to describe both TPR and TPD processes
were solved numerically with the help of the DASSL code [51], with relative and absolute
tolerances of 108, Estimation of model parameters was performed through minimization of the
least squares objective function, Eq. (8), where Ci®? and Ci™ represent the concentration of Hz
or NHs observed experimentally and simulated by the model, respectively, and NE is the number
of data points collected from the TPR or TPD experimental curve.

NE 2
Fon; = iz_l“(ciexp —cm™) (8)

The minimization of Eq. (8) was performed with the aid of a hybrid optimization method
[52,53] implemented in Fortran 90, where the initial minimization phase was performed with the
Particle Swarm Optimization (PSO) algorithm [54], followed by a second estimation round where
the best estimate obtained in the previous phase was used as the initial guess for the Gauss-
Newton method [55,56]. At least five minimization trials were performed, using 50 particles and
500 iterations at each numerical run. Convergence was achieved when the relative modification
of the objective function was smaller than 1075

Statistical significance of model parameters was evaluated with the standard t-test [57],
with confidence level of 95%. The statistical performance of empirical and phenomenological
models was further assessed by the comparison of their prediction variances, om?, with each other,
as defined in accordance to Eq. (9), with the help of the standard F-test [56,57]. In Eq. (9), Npar
represents the number of parameters used in the model to represent the experimental thermogram.

oot ©)
NE — NPar
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Results and discussion

H,-TPR quantitative data analysis

The reduction profile of the TPR analysis of the Ni/SiO: catalyst is presented in Fig. 1.
Two well-defined Hz consumption peaks were observed around 20 and 35 minutes (close to 500
and 600 °C, respectively), which can be attributed to more and less accessible nickel atoms that
present weaker and stronger interactions with the support, respectively [58,59]. A third peak with
lower intensity was also observed around 50 minutes (around 650 °C) and can be attributed to

nickel species that present even stronger interactions with the support or to nickel silicate species,

such as Ni2SiOs or NiSiOs [58,59].

- 750
-
. 700

- 650

5 ! L 600 &

.. - S

-3 - b
% : ~ 550

0.6 4 .

ol - 500
0.2 - 450
0.0 ' 400

v T T v T T T
0 10 20 30 40 50 60
t/min

Fig. 1 TPR experimental profile (®) and temperature as a function of time obtained for the

Ni/SiO2 catalyst

The empirical deconvolution model, Eq. (1) with NS of 3, was able to simulate the
experimental TPR curve fairly well, as illustrated in Fig. 2, with coefficient of determination, R?,

equal to 0.992, and final objective function value of 0.2324. Although the third peak presented
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lower intensity, it was necessary to consider the presence of three reducible sites in order to

obtain a good description of the TPR curve, resulting in the fitting of Eq. (1) with 9 parameters,

whose estimates are summarized in Table 1 with the respective absolute standard deviations. The

relative amounts of each nickel reducible species, /"y, are also presented, calculated as the ratio

between the peak area related to the i species and the total area under the curve.

H2/% v v

p

0.0 —T
0 10

T T

20 30
t/min

40

T 1
50 o0

- 750

=700

650

L 600 &
~ 550

- 500

450

400

Fig. 2 TPR experimental profile (®), empirical deconvolution model (- and --), Eq. (1) with three

Gaussian curves, and temperature as a function of time obtained for the Ni/SiO2 catalyst

Table 1 Parameter estimates and their standard deviations obtained from the TPR experimental

curve (Fig. 1) for the deconvolution model, Eq. (1) with 3 Gaussian curves

Peak (i) A Xo,i (Min) oi (min) Fus,

1 17.2 £ 0.249 19.0 £ 0.087 5.50 £ 0.075 0.607 £ 0.008
2 9.08 £0.472 34.7 £0.168 5.38 £0.228 0.320 £ 0.017
3 2.07 £ 0.351 51.2 +1.303 7.00 £1.115 0.073 £0.012
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Fobj ? 0.2324 R? 0.992

2. defined according with Eq. (8).

Similarly, the TPR phenomenological model, Eq. (2-4) with 3 NS reducible species, was
also able to describe well the experimental TPR curve, as illustrated in Fig. 3, presenting a
coefficient of determination, R?, equal to 0.996. Although this value was just slightly higher than
the one obtained with the empirical model, the final objective function value was equal to 0.1189
in this case, resulting in a model prediction variance, based on Eqg. (9), which was almost two
times smaller (and statistically different, according to the classical F-test) than the one obtained
for the empirical model (see Table S1 in the Supporting Information (SI)). Therefore, it can be
concluded that the phenomenological model provided a statistically better fit to the experimental

data compared to the empirical model.

T A g T T T
L6 1% g oS - 750
A v - 700
1.2 4 I
—' | / \\ ™ (‘50
, / \ —
Z 104 : .
& ; ' - 600
=~ / =~
O?Q 0.8+ -— ; —
g /, - 550
- ().6 )
0.4 - 500
0.2 - 450
0~“ ] T L T T 4‘)('

0 10 20 30 40 50 60
t/min
Fig. 3 TPR experimental profile (®), phenomenological model (- and --), Eq. (2-4) with three NS

reducible species, and temperature as a function of time obtained for the Ni/SiO2 catalyst
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In this case, parameter estimates obtained from the TPR experimental curve are

summarized in Table 2, with relative amounts of individual reducible nickel species, Fyz.,

calculated as the ratio between the estimated initial concentration of the i reducible species,

C

Xip!

and the total concentration of reducible species.

Table 2 Parameter estimates and their standard deviations obtained from the TPR experimental

curve (Fig. 1) for the phenomenological model, Eq. (2-4) with three NS reducible species

Peak (i) C&x;, (Mmol/g) In(Ki Trer)? Ei (k) mol)  Fus,

1 0.1267 £0.0009  15.476+0.082 3982+3.6  0.546 +0.004

2 0.0941 +0.0015  8.793 +0.050 2645+6.6  0.405 = 0.007

3 0.0112+0.0011  5.237 +0.462 371.6 +44.3  0.048 +0.005
Fobj 0.1189 R? 0.996

% the units of ki ref are g mol™* atm™ s,

Whereas parameter estimates obtained with the empirical model, Eq. (1), provided
information only about the central position of each peak and the respective peak areas, used to
determine the fractions of the reducible species, parameter estimates obtained with the
phenomenological model unveiled a much more detailed characterization of the reduction
kinetics for the different active species, in addition to the molar fractions of each reducible
species. Besides the larger content of information extracted from the phenomenological model,
the accuracies of the parameter estimates associated with the amounts of reducible species were
also higher when the phenomenological model was employed, as indicated by the smaller

standard deviations presented in Table 2 for F; when compared to the values presented in Table
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1, suggesting that the use of phenomenological approaches for quantitative TPR analyses can also
lead to more precise characterizations of heterogenous catalyst properties.

It is interesting to observe that both empirical and phenomenological models could not
provide good representations of the initial stages of reduction, as shown in Figs. 1, 2. In the case
of the empirical model, the poor fit of the Gaussian curve in this region could be explained by the
less symmetrical shape of the first peak. In the case of the phenomenological model, one should
consider that Hz adsorption at these initial stages may be difficult, since the catalyst surface is
composed by oxidized nickel species. When some nickel atoms are reduced, H2 adsorption can be
facilitated, leading to higher rates of reduction and faster decrease of the Hz concentration [60].

Therefore, in order to account for the above-mentioned process and better describe the
kinetics of the reduction reaction for the first reduction peak, the phenomenological model was
modified to include the contribution of the reaction between adsorbed H2 with metallic nickel and
nickel oxide sites on the overall rate of reduction of the first reducible species. The reaction rate
was described by assuming a system of two consecutive reactions, Egs. (10-11), where the first
H2 adsorption step is assumed to be in equilibrium, Eq. (10), and the second surface reaction step,

Eq. (11), controls the reaction rate according to Eq. (12).

H,+Ni’ 2 H,Ni’ (10)
H,Ni"+NiO — 2Ni"+11,0 (11)
r=kC,, «Cio (12)

As the adsorption of hydrogen is assumed to be in equilibrium, Hz-Ni® concentration can

be expressed as a function of the Hz partial pressure and the metallic nickel concentration, ;a,

resulting in the reaction rate described by Eq. (13), where Kads represents the equilibrium constant

for the Hz adsorption step, Eq. (10).
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r =kK

ads P, Cyo Crvio (13)
Consequently, the molar balance for the first reducible species at the catalyst surface can

be described in accordance to Eq. (14), where the first term on the right-hand side represents the

rate of reduction due to the reaction between Hz and nickel oxide species, as described previously

in Section 2.4, and the second term is the rate of reduction associated with reactions presented in

Eqgs (10-11), as shown in Eq. (13). However, the metallic nickel concentration, € .., was inferred

as the difference between the initial concentration of reducible species, ¢, and the remaining

concentration of this species attime t, C,, .

dC
-——>2= h= |(1PH2C>§1 + klaPHZ (Cx1,0 -C (14)

a )c

X X

It is important to note that the kinetic constant kia in Eq. (14) is an apparent kinetic rate
constant, since it represents the product between the kinetic rate constant k and the Hz adsorption
equilibrium constant Kags, as illustrated in Eq. (13). Additionally, the temperature dependence of
the apparent kinetic rate constant kia can also be described in the form of the reparametrized
Arrhenius equation, Eg. (4). Thus, the modified phenomenological model comprised four
ordinary differential equations, where the molar balances for the first, second and third reducible
species were described by Eq. (14) and (2), respectively, and the Hz balance for the gas phase
was described by Eq. (3), resulting in 11 model parameters to be estimated from the TPR
experimental curve: In(kyTref), E1, In(K1aTref), E1a, IN(K2,1ref), E2, IN(K3,Tref), E3a, Cx1,0, Cx2,0, Cx3.0.

As expected, the improved phenomenological model was able to simulate the TPR
experimental curve with significantly higher statistical quality, as illustrated in Fig. 4, where the
much better description of the initial stages of reduction can be clearly visualized. In this case,

the coefficient of determination was equal to 0.998 and the final objective function value was
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equal to 0.0569. The model prediction variance, Eq. (9), was found to be approximately 2 times
lower than the prediction variance obtained with the previous phenomenological model (and 4
times lower than the empirical model variance, as illustrated in Table S1 of the Sl), indicating
that the modification of the reaction rate equation for the first reducible species resulted in an
improved version of the model, when compared to the results obtained with the first proposed

phenomenological modelling approach.
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Fig. 4 TPR experimental profile (®), phenomenological model accounting for the autocatalytic
reaction contribution on the reduction rate for the first reducible species, Eq. (2-3 and 14), (- and
--), and temperature as a function of time obtained for the Ni/SiO2 catalyst. Note how initial

stages of reduction are better described when compared to Fig. 2-3

Thus, the improved description of the TPR experimental curve supports the assumption
that the kinetics of reduction during the initial stages can be facilitated by the contribution of the
reaction involving Hz adsorbed on metallic nickel atoms, in accordance with a reaction pathway

that resembles an autocatalytic reaction, Egs. (10-13), in line with previous hypotheses [60,61].
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As a result, the accuracies of the parameter estimates related to the relative amounts of individual

reducible species, Fy, was at least doubled, as illustrated by the smaller standard deviations

presented in Table 3, which also summarizes the parameter estimates for the kinetic constants and

initial concentrations of reducible species.

Table 3 Parameter estimates and their standard deviations obtained from the TPR experimental
curve (Fig. 1) for the phenomenological model accounting for the autocatalytic reaction

contribution on the reduction rate for the first reducible species, Eg. (2-3 and 14)

Peak (i)  Cu;, (MMOIG™Y)  In(Kitrer)? Ei (kimol?)  Fus

16.494 + 0.231 513.3+14.8
1 0.1227 + 0.008 0.532 + 0.003
8.425 + 0.096 -5.21 +5.16

2 0.0968 + 0.0012 8.780 + 0.036 259.3+4.8 0.420 +0.005
3 0.0110 +£ 0.0008 5.193 + 0.334 376.0+31.8 0.048 +£0.003
Fobj 0.0569 R? 0.998

2 the units of ki rer are g mol* atm™ s). Underlined values are the kinetic constants for the

autocatalytic reaction (constant kia from Eq. (13)).

Regarding the activation energy of the kinetic rate constant that describes the first
autocatalytic step, a negative value equal to -5.21 kJ/mol was obtained. In fact, considering its
high standard deviation, equal to 5.16 kJ/mol, this value was not significantly different from zero
and might also be positive. However, it must be emphasized that this is an apparent activation
energy, since this parameter represents the product between the kinetic rate constant k and the

adsorption equilibrium constant Keq. This result can be explained by the fact that Hz adsorption
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onto metallic nickel can decrease with temperature [62], leading to a negative apparent activation
energy for this autocatalytic reaction. Consequently, it is not necessary to consider this
autocatalytic reaction step in the mechanism that describes the reduction of the second and third
reducible species, since the contribution of adsorption can be assumed to become less significant
as the temperature increases. Furthermore, the description of reduction kinetics for the second
and third reducible species with Eqg. (2) was very good, not justifying the inclusion of additional
reaction steps, and respective parameters, into the model.

Based on the previous paragraphs, it can be said that quantitative TPR data analyses with
the proposed phenomenological approaches should be preferred, instead of using the empirical
deconvolution procedures, as the phenomenological technique allowed for quantification of
active sites with higher accuracy and provided information about the kinetics of catalyst
reduction. Additionally, the phenomenological model can be used to simulate TPR profiles at
other operational conditions, guiding the design of experiments that can be carried out to enhance
the separation of overlapped peaks, thus also contributing for the quantification of relative
amounts of reducible species with even higher precision, as illustrated in Fig. S3 of the SI, which
presents simulated TPR profiles calculated with different heating rates. However, it should be
noted that model simulations as presented in Fig. S3 represent the model behavior only, which
should be further confirmed by additional experiments. In this work, to assess how well model
predictions could describe TPR experimental profiles at different heating rates, we have
compared an additional experiment performed using a heating rate of 15 *C/min with model
simulations at the same conditions, as illustrated in Fig. S4. As it can be seen, the additional
experimental profile was described fairly well by the model simulations, supporting the use of the

developed model for TPR quantitative analysis and further design of experiments.
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NHs-TPD experimental data analysis

Fig. 5 shows the TPD experimental profile obtained for the alumina catalyst, where two
distinct peaks can be observed: the first one is highly asymmetrical and the second one is nearly
symmetrical. The first peak presented a steep slope due to the high rates of ammonia desorption.
After reaching a point of maximum, the smooth reduction of the ammonia concentration could be
observed. Around 50 minutes, the ammonia concentration in the effluent gas presented a second
increase, although not so sharp as the first peak, which was probably due to ammonia desorption
from a distinct type of acidic site. It has been commonly accepted that acid sites associated with
desorption peaks at higher temperatures are stronger than the ones observed at lower
temperatures. NHs desorption peaks observed for y-Al203 alumina catalysts at lower temperature
ranges are usually assigned to Lewis acidic sites related to Al*" atoms. Meanwhile, desorption
peaks placed at higher temperatures are normally ascribed to Brgnsted acidity related to hydroxyl

groups or stronger Lewis acid sites [6,63].
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Fig. 5 NHs-TPD experimental profile (®, left axis) and temperature (-, right axis) as a function of
time obtained for the alumina catalyst.
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Given the experimental observation of two desorption peaks, the quantitative analysis of

the experimental TPD profile was initially evaluated with the empirical modelling approach and

two Gaussian curves, as illustrated in Fig. 6 (a). However, in this case, the second experimental

peak was not described by the model at all, with the two Gaussian curves being used to describe

the first asymmetrical peak, resulting in a poor fit and suggesting that additional Gaussian curves

could be needed to provide a reasonable fit. For this reason, the experimental TPD profile was

also evaluated with the empirical deconvolution model with 3, 4 and 5 Gaussian curves, as

illustrated in Fig. 6 (b-d). When a third Gaussian curve was employed (Fig. 6 (b)), the second

experimental peak was described slightly better by the model, but the quality of the overall model

simulation was still poor.
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Fig. 6 TPD experimental profile (®) and empirical deconvolution model (- and --), Eq. (1) with 2

(@), 3 (b), 4 (c) and 5 (d) Gaussian curves, as a function of time obtained for the alumina catalyst

By adding a fourth (Fig. 6 (c)) and a fifth (Fig. 6 (d)) Gaussian curve, the quality of the
empirical model fit was improved significantly, as also indicated by a significant reduction of the
final objective function value, summarized in Table 4 along with the remaining parameter
estimation results for each analyzed empirical model. However, although leading to the
significant reduction of the final objective function value, the use of 5 Gaussian curves generated
poor parameter estimates for peaks 2 and 3, which presented very large standard deviations. In
fact, the areas of the peaks 2 and 3 could be regarded as not significantly different from zero,
assuming a confidence level of 95 %. Therefore, 4 Gaussian curves could be considered
sufficient for proper statistical description of the experimental TPD profile. Consequently, one
could conclude that the catalyst contains 4 (or 5, if statistical significance is not considered)
different types of acid sites. Additionally, one could also classify the strength of the identified
acid sites as weak, medium and strong (and maybe very strong), depending on the respective

characteristic peak time (or temperature) [28,64]. It must be advised that this procedure must be
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discouraged, since these quantitative (and phenomenological) conclusions are based on results

obtained with an empirical model that lacks physical significance.

Table 4 Parameter estimates and their standard deviations obtained from the TPD experimental

curve (Fig. 5) for the deconvolution model, Eq. (1) with NS acid sites varying from 2 to 5

Peak

NS  Fobj i) i Xo,i (Min) oi (min) Fs,
|
0.329 =
1 1.27+0.18 17.13+0.15 4.12+0.28
0.047
2 0.04954 0.939
0.671
2 259020 28.43+0.89 9.86+0.53
0.047
0.250 =
1 1.06£0.11 16.13+0.08 3.48+0.15
0.027
0.517 £
3 0.01003 0.988 2 219020 25.65+0.42 7.35+0.41
0.047
0.233
3 099+0.12 48.60+£1.81 13.35+1.39
0.028
0.165 +
1 0.69+0.16 14.79+0.10 2.66+0.14
0.037
0.277
2 1.16+0.41 20.44+053 450+0.64
0.097
4  0.00204 0.997
0.422
3 1.77+£0.29 3030+1.23 7.78+0.72
0.069
0.136 =
4 0.57+0.03 55.73+£0.40 8.00+£0.33
0.006
0.100
1 042+0.19 1366+0.19 210£0.15
0.046
5 0.00046 0.998
0.182 +
2 0.76 £0.52 17.42+0.58 3.06+0.68
0.124
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0.258 +

3 1.08+0.67 23.25+1.32 4.82+1.11
0.161
0.335+
4 1.40+£0.37 3256+1.90 7.58+0.89
0.089
0.124 +
5 0.52+0.02 56.47+0.26 7.28%0.18
0.004

On the other hand, when the phenomenological modelling approach was considered, just
two acid sites were required to represent with good quality the experimental TPD profile, as
illustrated in Fig. 7 and Table 5, which summarizes parameter estimates and their respective
standard deviations. In this case, the obtained final objective function value was equal to 0.00150,
which was smaller than the one obtained with the empirical deconvolution model containing 4
Gaussian curves. Thus, the phenomenological approach supports the hypothesis that both
desorption and re-adsorption rates were important to describe the net desorption rate associated
with the first acidic site, as the adsorption rate at this site was responsible for the slow reduction

of the ammonia concentration in the effluent gas.
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Fig. 7 TPD experimental profile (o) and phenomenological model (- and --), Equations (6-7) with
2 NS Kkind of acid sites, as a function of time obtained for the alumina catalyst. The catalyst
particle density, pp, and its porosity, €, were measured in laboratory and were equal to 0.96 g cm™

and 0.6, respectively

Table 5 Parameter estimates and their standard deviations obtained from the TPD experimental

curve (Fig. 5) for the TPD phenomenological model based on 2 NS acid sites, Eq. (6-7)

Parameter Acid site | Acid site Il

Ni (mmol g1) 0.696 + 0.003 0.162 + 0.004
In(ko,itrer) (IN(mint atm)) 4.48 +0.09 -5.47 +0.09
Ep,i (kJ mol?) 113.08 £ 1.25 75.93 £ 2.58
In(Ka,itrer) (In(min)) -3.02 £0.09

Eai (kJ mol™) 73.05+1.08

Fs; 0.811 + 0.004 0.189 + 0.004
Fobj 0.00150 R? 0.998
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Additionally, the differences between activation energies for adsorption (73.1 kJ-mol™)
and desorption (113.1 kJ-mol™?) were negative, indicating as expected that the net adsorption
process is exothermic. In contrast, parameter values related to re-adsorption in the second acid
site were not statistically significant, probably due to the lower importance of re-adsorption at
higher temperatures, resulting in also no significant improvement in the model fit quality when
re-adsorption is assumed to occur on both sites simultaneously, as illustrated in Fig. S5 and Table
S2 in the SI. However, when re-adsorption is neglected on both catalyst sites, much poorer model
fits are obtained, as illustrated in Figure S6 and Table S3. It can be observed that desorption
peaks are approximately symmetrical and cannot provide appropriate description of the first
desorption peak when re-adsorption is neglected on both sites.

It is also interesting to observe that, when ammonia release started in the second acid site,
the rate of desorption from the first site was reduced, since ammonia released from the second
site increased the rate of adsorption at the first site, reducing the net desorption rate from this site.
This behavior can also be visualized in Fig. 7 around 53 min, as the ammonia concentration from
the first acid site reached a minimum value which was subsequently increased due to the
adsorption of ammonia released from the second acid site, resulting in a second maximum value
around 62 min, which was then reduced until desorption of the remaining amount of ammonia.
Consequently, the observed second peak presented contributions from both acid sites, a process
which could only be detected due to the use of the phenomenological model and could not be
explained by the empirical modelling approaches.

Additionally, the proposed analysis also places a question mark on the common
agreement that desorption peaks observed at higher temperatures are related to stronger acidic
sites, when compared to the ones observed at lower temperatures, as indicated by the smaller

activation energy estimated for the second acid site (75.9 kJ-molt) when compared to the first
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one (113.1 kJ-mol ), Table 5. It is important to note that these results have been confirmed by the
analysis of a series of distinct alumina catalysts which have been prepared using different thermal
treatments [6], as illustrated in Fig. S7, which further demonstrates the validity of the
phenomenological modelling approach by the comparison of model simulations, using kinetic
parameters as described in Table 5, and experimental profiles obtained for three additional and
distinct alumina catalysts. As it can be seen, obtained model simulations can be regarded as
excellent.

Therefore, we hope that the reader will be convinced of the many advantages provided by
the use of the phenomenological model approach for quantitative analyses of TPD experiments,
as it allows the meaningful determination of the number of distinct active sites and their relative
quantities and also provide information on the kinetic behavior of desorption. Moreover, the
phenomenological approach also allows the analysis of the effect of experimental conditions, like
the temperature program, on the kinetics of NHs desorption, as other temperature values can be
used as inputs to perform model simulations, while similar studies cannot be performed with the
empirical approach, which only considers the ammonia concentration in the effluent gas and does

not provide information about the kinetic behavior of the catalyst sites.

Conclusions

Although temperature-programmed (TP) techniques have been widely used for the
characterization of heterogeneous catalysts for decades, the quantitative analysis of TP data
remains mostly limited to empirical modelling techniques, particularly in TPR and TPD
experiments. Thus, the present work has evaluated the use of phenomenological modelling
approaches for quantitative analysis of TP experiments when compared to results obtained by

empirical deconvolution procedures.
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For TPR, the phenomenological modelling led to hydrogen consumption peaks for each
reducible species that presented shapes similar, to some extent, to empirical Gaussian curves.
However, the fitting obtained with the phenomenological model proved to be statistically better
than the one obtained with the empirical deconvolution model, leading to more accurate estimates
of the relative concentration of reducible species. Furthermore, the phenomenological model
allowed the extraction of physicochemical information that could not be provided by the
conventional empirical deconvolution procedure, particularly in respect to the kinetics of the
reduction reaction. In this case, when the role of the initial reduced nickel atoms on the reduction
Kinetics was taken into account, by facilitating Hz adsorption and thus increasing the reduction
rate of adjacent oxidized nickel atoms, much better fit of the experimental data could be obtained,
as the rapid increase in the initial hydrogen consumption could be more satisfactorily explained.

When the TPD analysis was considered, the asymmetric shape of the experimental
adsorption/desorption peak artificially required the assumption of up to four distinct active acidic
sites on the alumina catalyst surface in order to describe the TPD profile appropriately with the
empirical deconvolution model. On the other hand, the phenomenological model supported the
existence of only two distinct acid sites, as the asymmetric shape of the desorption peak could be
explained by occurrence of re-adsorption. Besides suggesting a more meaningful value for the
number of distinct acidic sites, the use of the phenomenological model provided information
about the desorption Kinetics, placing also a question mark on the common hypothesis that
desorption peaks observed at higher temperatures are always related to stronger acidic sites.

We hope this work can contribute for the better development, design and optimization of

heterogenous catalysts in order to maximize the efficiency of industrial catalytic processes.
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