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 A B S T R A C T

NO selective reduction by H2 (H2-SCR) has been developed as a promising technology for the emission control 
for H2 combustion engines. This work focused on experimentally evaluating the effect of catalyst supports 
by performing material characterization, followed by the development of a kinetic model that incorporated 
mass transfer effects. 1 wt% Pd catalysts supported on Al2O3, TiO2, BEA zeolite, and SSZ-13 zeolite were 
prepared and H2-SCR performance tests were performed across the temperature range of 100–300 ◦C, under 
varying H2/NO ratios and both dry and wet conditions. The Pd/TiO2 sample was found to exhibit the highest 
performance for NO conversion and N2 yield. Material characterization confirmed its larger Pd particle size 
and lower dispersion helped suppress the competing H2 oxidation reaction; the presence of reduced-state 
Pd promoted catalytic conversion; and the Pd/TiO2 chemical properties facilitated hydrogen spillover. In 
the kinetic model, reactions involving NO reduction to N2, N2O, and NH3, as well as H2 oxidation, were 
simulated, accurately reproducing the experimental trend and values for all the samples. NH3 formation was 
observed only on the Pd/TiO2-supported catalyst and was found to be independent of NO concentration. 
The kinetic parameters for the different samples were consistent with both the catalytic performance and 
material characterization results. Moreover, the study showed that external mass transfer played a crucial role 
by suppressing the fast hydrogen oxidation reaction, thus enhancing hydrogen availability for NO reduction.
1. Introduction

The transition towards a decarbonized transportation sector is in-
creasingly focusing on hydrogen as a clean alternative fuel for com-
bustion engines. [1–3]. Hydrogen combustion engines emit no CO2, 
but NOx emissions are a concern due to high combustion tempera-
tures. Therefore, emission after-treatment strategies, which deal with 
hydrogen slip and NOx reduction are essential to meet stringent emis-
sion regulations in hydrogen-powered vehicles. Hydrogen selective 
catalytic reduction (H2-SCR) of NOx using hydrogen as the reductant 
has emerged as a promising alternative to urea-based SCR systems. 
The use of hydrogen removes the need for urea injection and enables 
NOx conversion at lower temperatures than conventional NH3-SCR 
systems [1,2,4]. Nevertheless, one of the major challenges in H2-SCR 
is achieving high selectivity towards nitrogen gas (N2) formation while 
minimizing the production of nitrous oxide (N2O), a potent greenhouse 
gas with a global warming potential approximately 300 times greater 

∗ Corresponding author at: Competence Centre for Catalysis, Chalmers University of Technology, Gothenburg, 412 96, Sweden.
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than CO2 [3,5,6]. Low selectivity towards N2 reduces the environmen-
tal benefits of hydrogen combustion and increases the complexity of 
the catalyst, highlighting the need for a fundamental understanding of 
the H2-SCR catalytic mechanism and factors influencing selectivity.

H2-SCR catalysts currently under development are based on Pd or 
Pt as active metals. [7–9]. Generally, Pd supported on metal oxides 
exhibits two main reaction mechanisms with two distinct temperature 
regions of activity: at low temperatures (100–150 ◦C), direct NO dis-
sociation occurs on metallic or reduced Pd sites, while at intermediate 
temperatures (180–250 ◦C), NH3 can also form, which thereafter can 
undergo classical NH3-SCR reaction [4,10,11]. A similar pattern is 
observed for Pt which shows higher NOx reduction activity at low tem-
peratures, albeit with lower selectivity and thus higher concentrations 
of undesired by-products such as nitrous oxide (N2O) [5,8,11–13].

Mechanistic studies, including In-situ Diffuse Reflectance Infrared 
Fourier Transform Spectroscopy (DRIFTS) and Density Functional The-
ory (DFT) calculations, provided further insights into the reactions. 
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Studies showed that NO reduction over Pd and Pt catalysts proceeds 
via bifunctional reaction mechanism. NO adsorption and dissociation 
occur predominantly on the metallic sites, creating nitrogen and oxy-
gen atoms. Hydrogen atoms, activated on the metal surface, reduce 
these species, producing NH3 at intermediate temperatures and N2
at higher temperatures [4–6]. The support provides acidic sites for 
NH+

4  ion formation and storage, facilitating the NH3-SCR mechanism. 
Hydrogen spillover from metal to support enhances these processes 
by increasing the availability of reactive hydrogen species beyond the 
metal particles [2,8].

In addition to the active metal, the catalytic behavior of an H2-SCR 
catalyst is also heavily influenced by the type of support, which not 
only disperses the metal but also modulates the electronic structure 
and oxidation state of the active sites through metal-support interac-
tions [8]. Supports such as aluminum oxide (Al2O3), titanium oxide 
(TiO2), lanthanum cobaltite (LaCoO3), and various zeolites (e.g., SSZ-
13, ZSM-5, SAPO-34) play multiple roles in the reaction mechanism 
for NOx reduction by hydrogen [2,14]. For instance, TiO2 supports 
are known to promote the reduction of Pd species to their metallic 
state more easily than Al2O3, due to strong metal-support interactions 
(SMSI) [15]. In addition, Al2O3 is also known to form stable palladium 
aluminates, which impacts H2-SCR negatively [12,16]. The benefit of 
Pd reduction on TiO2 enhances hydrogen dissociation, a key step in NO 
reduction, and increases hydrogen spillover into the support. Hydrogen 
spillover, i.e. the migration of activated hydrogen atoms from the metal 
to the support surface, is crucial for the hydrogenation of adsorbed 
nitrogen oxides and the formation of NH +

4  ions on Brønsted acid sites, 
which subsequently participate in the NH3-SCR cycle [14,15,17].

Compared to metal oxides, zeolite supports (particularly those with 
strong Brønsted acidity and thermal stability) offer an additional ad-
vantage of stabilizing ammonium ions (NH +

4 ) and NH3 intermedi-
ates formed during the hydrogenation reaction of nitrogen atoms, 
thus facilitating NOx reduction through established NH3-SCR reaction 
pathways [3,4,10]. The acidity strength and density of Brønsted sites 
directly affect NH +

4  ion stability and mobility, thereby influencing the 
selectivity and overall reaction kinetics. However, excessively strong 
acid sites can over-stabilize NH +

4  ions, reducing their reactivity and 
decreasing NOx conversion. The ion-exchange capacity of zeolites also 
enables higher dispersion and incorporation of Pd ions into the frame-
work, which can enhance NO adsorption and hydrogenation steps [3,
10].

Besides the support properties, Pd particle size is also expected to 
influence H2-SCR performance and selectivity, because it defines the 
balance between the PdO sites for NO adsorption, the reduced Pd0
sites for H2 activation and the metal-support interface where spillover 
and intermediates storage happen [18,19]. Generally, smaller particles 
with a larger metal-support interface facilitate H2 spillover. This could 
enhance H2 oxidation depending on the support properties [18]. Fur-
thermore, large particles could facilitate H2O dissociation on Pd sites, 
which create hydrogen reservoirs on the Pd particle which are easy to 
access to the adsorbed NOx species [20].

Water vapor and oxygen, which are present at high concentrations 
in the exhaust gas, affect the H2-SCR catalysts in multiple ways. Wa-
ter vapor can inhibit NO conversion by competitive adsorption on 
active sites and blocking NO or hydrogen adsorption, particularly on 
Pd/Al2O3 catalysts [2,3,11,13]. However, it has been proposed that 
water can also dissociate on metal sites, increasing hydrogen coverage 
and potentially enhancing the hydrogenation steps when there is avail-
ability of Brønsted acid sites and high temperatures (> 180◦C) [12]. 
Generally, the influence of water is highly dependent on the metal-
support system and reaction conditions [8,10]. The role of oxygen 
appears comparably complex. Oxygen easily reacts with hydrogen, 
reducing the available H2 to be involved in the H2-SCR reaction. 
Oxygen competes with hydrogen and NO for adsorption sites. However, 
at low temperatures, as H2 adsorption is the rate-limiting step, the 
high reactivity between oxygen and hydrogen, enhances the removal of 
2 
adsorbed species, which creates vacant sites for NO and reduces N2O 
formation [2,13,16].

Selectivity control remains a key challenge in H2-SCR catalysts, 
with the formation of N2O being a major concern due to its potent 
greenhouse gas effect. N2O production is influenced by the coverage 
and ratios of adsorbed NO, N, and H species on the catalyst surface, 
with increased hydrogen concentrations favoring ammonia formation 
but sometimes promoting N2O under certain conditions [6,14]. Pre-
reduction treatments and the use of reducible supports such as TiO2 and 
V2O5-modified catalysts have demonstrated improved N2 selectivity 
and resistance to deactivation, especially in the presence of high water 
concentrations [2,8].

Despite the increasing interest in H2-SCR catalysts, very little work 
has been devoted to their kinetic modeling. Previous studies have 
mainly addressed H2-NO reactions under rich conditions, such as am-
monia generation over Pt-based catalysts for passive ammonia SCR 
catalysis or rich phase in lean NOx traps applications [21–23]. One 
study explored Pt/boron-doped graphene catalyst for H2-SCR appli-
cations in rich conditions (without oxygen), but only presented a 
parity plot without a mechanistic interpretation [24]. However, the 
high concentration of O2 in H2-SCR catalysts significantly changes the 
reaction pathways and mechanisms, limiting the relevance of these 
models. As far as we can tell from the available literature, there is 
only one published paper reporting a kinetic model for an H2-SCR 
catalyst under lean conditions, developed for a Pt/WO3/ZrO2 catalyst 
in dry conditions using NO, H2 and O2 [25]. A summary of the main 
kinetic parameters from these studies is presented in Table  1. The broad 
range in the different parameters demonstrates the dependency of them 
on modeled reaction mechanisms, sample properties, and experimental 
conditions.

To our knowledge, no kinetic models exist for H2-SCR catalysts in 
lean conditions over palladium-based catalysts that focus on the role of 
water or account for mass transfer limitations, both of which are critical 
for H2 engine applications. Kinetic models at a reactor scale are crucial 
for clarifying catalyst dynamics and enabling the deployment of H2-SCR 
catalysts. Moreover, a systematic investigation with a kinetic model 
describing the role of the support has not been presented, despite its 
central importance in governing conversion and selectivity. Support–
metal interactions can promote different reaction pathways and, under 
different reacting conditions, affect selectivity and reaction rates.

This study provides a comprehensive framework to address these 
gaps. We systematically investigate Pd supported on TiO2, Al2O3, 
BEA zeolite and SSZ-13 zeolite. The experiments are performed on 
lean conditions, both in the absence and presence of water. Catalyst 
samples were characterized using BET surface area measurements, CO 
chemisorption, and X-ray photoelectron spectroscopy (XPS) to under-
stand how support properties influence NO conversion and N2 selec-
tivity. Catalytic performance was evaluated for all the supports in a 
gas flow reactor for monolith samples under varying H2/NO ratios 
and water concentrations, considering a wide experimental region. 
This study, performed on monoliths, reduces the confounding fac-
tors commonly present in cross-study comparisons (e.g., differences in 
Pd loading, preparation, and test protocols), while being relevant to 
aftertreatment systems. Building on these results, we develop support-
specific kinetic models that identify the dominant reaction steps and 
capture the influence of water, the interplay of support properties, and 
the role of external mass transfer phenomena.

2. Methodology

2.1. Catalyst preparation and characterization

Beta zeolite (CP814E, SAR=25, powder), titanium oxide (pellets) 
and 𝛾-alumina (SBa-200, powder) from Zeolyst, Thermo Scientific and 
Sasol, respectively, were calcined in form of powder (TiO2 was pow-
dered) at 550 ◦C for 6 h before being used as catalyst supports. 



A.F. Suarez-Corredor et al. Applied Catalysis B: Environment and Energy 395 (2026) 126855 
Table 1
Pt-based catalyst kinetic parameters from different studies. [21–27].
 Activation energy, 𝐸𝑎

(kJ/mol)
NO reaction
order

H2 reaction
order

 

 NO reduction 38[24], 153[27] 0.15[24], 1[21,22] 0.7[24], 1.22[25]  
 N2O formation 43[22,23], 92[21] 1[27] 1[27]  
 NH3 formation 78[22,23], 131[21] 1[21,23] 1[21,23]  
 H2 oxidation 44[26], 61[25] – 1[26]  
Na-SSZ-13 zeolite (SAR = 20) was synthesized in the laboratory using 
the hydrothermal method described earlier [28]. The Na-SSZ-13 pow-
der was ion-exchanged to H-SSZ-13 using NH4NO3 (Thermo Scientific) 
solution twice, followed by washing with MilliQ water five times. The 
NH4-SSZ-13 was then calcined at 550 ◦C for 6 h to transform it to H-
SSZ-13. 1 wt% Pd was loaded on the four types of support materials 
(Al2O3, TiO2, BEA and H-SSZ-13) via incipient wetness impregnation 
technique, using Pd(NO3)2 (Alfa Aesar 10% Pd) as the precursor. 
After the loading process, the wet powder was first dried at 80 ◦C 
for 12 h, followed by calcination at 600 ◦C for 8 h. The synthesized 
catalyst powder was further wash-coated on the honeycomb monoliths 
(Cordierite, 𝐷 × 𝐿 = 2.1 cm×2.0 cm, 400 cpsi) to reach a washcoat 
loading of 500 ± 5 mg per monolith sample. The wash-coating slurry 
was prepared as a solution with 50 wt% ethanol and 50 wt% Milli-Q 
water with a 5 wt% boehmite binder (Disperal P2, Sasol). The bare 
monolith was first immersed in the slurry and then it was dried with 
a heating gun, this process repeated 4 times. The monolith sample was 
dried at 80 ◦C for 12 h and calcined at 500 ◦C for 2 h.

The catalysts in powder form were characterized using multiple 
methods. Prior to each characterization experiment, the powder was 
pretreated under an oxidative atmosphere (10%O2, 5%H2O in Ar at 
500 ◦C for 4 h). The Pd content was determined by Inductively coupled 
plasma sector field mass spectrometry (ICP-SEMS) by ALS Scandinavia 
(Lulea, Sweden). N2 physisorption (Micromeritics TristarII 3000 An-
alyzer) measurements provided surface areas and pore volumes (BET 
and t-plot methods), and X-ray diffraction (XRD) was used to evaluate 
the crystalline structure of the samples using a D8 advanced diffrac-
tometer (Bruker AKS, CuK𝛼 radiation). CO chemisorption was done 
to measure metal dispersion (Micromeritics ASAP2020 Plus). High-
resolution transmission electron microscopy (HRTEM) was performed 
to visualize the particle morphology and distribution (FEI Titan 80–300 
microscope). X-ray photoelectron spectroscopy (XPS) analysis was em-
ployed to study oxidation states (PHI5000 VersaProbe III-Scanning 
XPS™), and Temperature-programmed desorption of ammonia (NH3-
TPD) was used to evaluate the acidity of the support (Sensys DSC 
calorimeter, Setaram). Detailed experimental details of each charac-
terization technique are given in the Supporting Information, section 
S1.

2.2. Catalyst performance test

Catalyst performance tests were performed in a gas flow reactor for 
monolith samples. The gas flow reactor consists of three sections: a flow 
control section equipped with several mass flow controllers (MFCs); 
the reactor section with the sample holder located in a temperature 
controlled zone; and the gas analysis section with a Fourier transform 
infrared (FTIR) spectroscopy equipment (AVL Sesam i60FT) and a O2
sensor (AVL Magnos 106). A detailed description of the setup is given 
in [29] (see also Fig. S1 in Supporting Information). Two monoliths, 
each 2 cm in length, were placed in row in the reactor. For H2
estimation, the water signal from the FTIR at dry experiment conditions 
was used. When water was added, the signal from the FTIR has high 
noise and the discrimination between H2O from the feed and H2O 
formed in the reaction was not possible.

The reference temperature for the kinetic model and analysis was 
assigned to the sample inlet. Temperature variation along the sample 
at steady state were around 3 − 10◦C. Each sample was subject to 
3 
pretreatment procedure to stabilize the catalyst at an oxidized state. In 
the pretreatment, the sample was heated to 500 ◦C, with a constant gas 
flow of 15 NL/min and a gas composition of 5% H2O and 10% O2. The 
flow represents a space velocity of 65000 h−1. After the pretreatment, 
the performance test was started. For all the experiments, the carrier 
gas in the gas flow reactor was nitrogen.

The performance tests aimed at measuring the catalytic perfor-
mance of the four catalyst samples at different temperatures and gas 
compositions. In the test, the temperature was set to the experiment 
temperature, and it was stabilized, using nitrogen only, until isothermal 
conditions were reached. Then, the water and oxygen concentration 
were set until it was stable. For all the experiments, the oxygen con-
centration was set to 10% and NO to 500 ppm. Experiments with 
different water concentrations, 0%, 5% and 10%, were used to study 
the effect of water. When the water and oxygen concentration was 
constant, different steps, changing the H2 concentration (7500, 5000, 
followed by 2500 ppm) were performed, corresponding to H2/NO 
ratios of 15, 10, and 5, respectively, and each step was held until 
steady-state conditions were reached. Eight temperatures were studied, 
chosen from an earlier screening procedure done examining H2-SCR 
performance. The test temperature ranges from 100 to 300 ◦C. The 
detailed experiment scheme is presented in the Supporting Information, 
Fig. S2.

2.3. Catalyst model development

The catalyst model treats the gas flow reactor as a diluted, isother-
mal and radially homogeneous plug flow reactor. Six chemical species 
are considered. On one hand, these are the limiting reactants NO and 
H2 and the products N2O and NH3 whose concentrations evolve along 
the length of the catalyst sample. On the other hand, the reactants O2
and H2O are present in excess and, accordingly, their concentration 
variation along the catalyst is negligible, due to their high concen-
trations. NO2 was not detected in the experiments and therefore not 
included in the model. The six species distribute between the bulk gas 
phase and the catalyst washcoat. Steady state mass balances for the 
limiting reactants and the products read as: 

𝑣
𝑑𝑐𝑖
𝑑𝑧

=
∑

𝑗
𝜈𝑖,𝑗𝑟𝑗 (𝐶NO, 𝐶H2

; 𝐶O2
, 𝐶H2O), 𝑖 = NO,H2,N2O,NH3 (1)

where 𝑐𝑖 and 𝐶𝑖 are the concentration of species 𝑖 in the bulk gas phase 
and the catalyst washcoat, respectively, 𝑣 is the superficial gas flow 
velocity (which due the diluted conditions is treated as a constant), 𝑧
is the axial coordinate, 𝜈𝑖,𝑗 is the stoichiometric coefficient of species 𝑖
in reaction 𝑗, and 𝑟𝑗 is the reaction rate in reaction 𝑗. The left hand side 
of Eq. (1) describes convective transport of species 𝑖 in the gas phase, 
while the right-hand-side describes the formation of species 𝑖 in the 
washcoat. Consequently, the reaction rate 𝑟𝑖 depends on the reactant 
concentrations in the washcoat. Mass transfer between the gas phase 
and the catalyst washcoat is described by means of a mass transfer 
coefficient 𝑘𝑚,𝑖: 

𝑎𝑝𝑘𝑚,𝑖(𝑐𝑖 − 𝐶𝑖) = −
∑

𝑗
𝜈𝑖,𝑗𝑟𝑗 (𝐶NO, 𝐶H2

; 𝐶O2
, 𝐶H2O) (2)

where 𝑎𝑝 = 4𝑑𝑜∕𝑑2𝑐  is the washcoat surface area per unit volume of 
monolith, with 𝑑𝑜 denoting the open channel width and 𝑑𝑐 the honey-
comb channel width (open channel plus twice the washcoat thickness). 
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The geometrical characteristics of the monolith channel are described 
in Fig. S3 in the Supporting Information. The mass transfer coefficient 
𝑘𝑚,𝑖 is calculated from a Sherwood correlation as described below. 
Eqs. (1) and (2) are complemented with models for the reaction rates 
𝑟𝑖 whose development based on data from the experiments is presented 
in the result section.
Mass transfer limitations. For assessing the mass transfer limitations we 
considered a reduced model that ignores mass transfer and that only 
accounts for the consumption of NO and H2. The reduced model thus 
consisted of Eqs. (1) written for 𝑖 = NO and H2, and 𝑐𝑖 replaced by 
𝐶𝑖. Fitting this reduced model to the experimental data allowed for 
determining the apparent reaction rates for NO and H2, denoted by 𝑟obsNO
and 𝑟obsH2

.
External mass transfer was assessed by calculating the Damkohler 

number that relates the reaction rate to the external mass transfer rate. 
In the present case, Damkohler number is defined as: 

𝐷𝑎𝑖 =
𝑟obs𝑖

𝑎𝑝𝑘𝑚,𝑖𝑐𝑖
(3)

where 𝑘𝑚,𝑖 is the external mass transfer coefficient of species 𝑖. The lat-
ter was estimated using the Sherwood correlation for monolith catalysts 
with square channels [30]: 
𝑆ℎ = 𝑆ℎ𝑎 + 6.874(1000𝑧𝑆ℎ)−0.488 exp(−57.2𝑧𝑆ℎ) (4)

where 𝑆ℎ = 𝑘𝑚,𝑖𝑑𝑜∕𝐷𝑖 is the Sherwood number, with 𝐷𝑖 being the 
molecular diffusivity; 𝑆ℎ𝑎 is the asymptotic Sherwood number which 
for square channels assumes 𝑆ℎ𝑎 = 3; and 𝑧𝑆ℎ = 𝑧𝐷𝑖∕(𝑣𝑑2𝑜 ) is the di-
mensionless axial coordinate. The molecular diffusivity was calculated 
using the Wilke’s mixture equation with the binary diffusion activities 
obtained from the Fuller–Schetter–Giddings equation [31]. For 𝐷𝑎 >
10, external mass transfer dominates and significantly affects the overall 
conversion rate, whereas for 𝐷𝑎 < 1, the reactor operates in the kinetic 
regime where the reaction kinetics govern the overall conversion rate.

Internal mass transfer was assessed by calculating the Weisz–Prater 
criterion which compares the overall reaction rate and the internal mass 
transfer in the porous washcoat. The Weisz–Prater criterion is defined 
as: 

𝑁𝑊𝑃,𝑖 =
𝑟obs𝑖 𝑑2𝑎
𝐷eff ,𝑖𝐶𝑖

(5)

where 𝑑𝑎 is the washcoat thickness and 𝐷eff ,𝑖 is the effective diffusivity 
of species 𝑖 in the porous washcoat. The latter is calculated from the 
combination of molecular diffusion (𝐷𝑖) and Knudsen diffusion (𝐷𝑘,𝑖): 

𝐷eff ,𝑖 =
𝜖∕𝜏

𝐷−1
𝑖 +𝐷−1

𝑘,𝑖

(6)

where 𝜖 is the washcoat porosity and 𝜏 is its tortuosity. The former 
was estimated from measurements of the pore volume from the N2
physisorption experiment and the washcoat density, while the tortuos-
ity was assumed to be 3, from previous studies [32–34]. The Knudsen 
diffusivity 𝐷𝑘,𝑖 was calculated as described by Thomas et al. [35]. 
Additional parameters can be found in Supplementary Information, 
section S4.
Parameter optimization. The catalyst model was implemented in Mat-
Lab and solved using ode15s. For this, the governing Eqs. (1) and (2) 
were rewritten in dimensionless form to simplify numerical integration. 
Initial conditions to Eq. (1) were taken as the reactor inlet gas compo-
sition. The reactor model was coupled to an optimization module for 
estimating the kinetic parameters by minimizing the difference between 
the experimental concentrations at the reactor outlet and the modeled 
ones. The objective function was defined as the sum of the normalized 
squared residuals, adjusted for the number of data points for each gas 
phase species: 

min(𝐹 ) = min

( 𝐺
∑ 𝑁𝑖 − 1

𝑁

𝑁𝑖
∑

(𝑦𝑒𝑥𝑝𝑖,𝑗 − 𝑦𝑚𝑜𝑑𝑖,𝑗 )2

2

)

(7)

𝑖=1 𝑖 𝑗=1 𝜎𝑖
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where 𝐺 = [NO,H2,N2O,NH3] is the number of detected gas species, 
𝑁𝑖 is the number of datapoints for species 𝑖, 𝑦𝑖,𝑗 is the mole fraction 
concentration of species 𝑖 in experiment 𝑗, and 𝜎2𝑖  is the variance of 
all concentration measurements of species 𝑖. The objective function 
given in Eq. (7) integrates over all species and all experiments, thus 
providing a balanced contribution of all the fitted data which en-
hances information use, facilitates convergence, and reduces issues of 
parameter correlation in complex optimization tasks [36]. Thereby, the 
adjustment by the number of datapoints, i.e. the term (𝑁𝑖 − 1)∕𝑁𝑖 in 
Eq. (7), is important to weigh the contribution for species for which 
less data was available. This is in particular the case for H2 whose 
experimental concentration was derived from product water and thus 
was only available under dry conditions.

The optimization workflow was carried out using a genetic algo-
rithm with a high mutation rate to map the objective function over the 
parameter ranges. A high mutation ratio ensures an efficient mapping 
of the objective function in the optimization region. Then a refinement 
with external mass transfer and a narrowed experimental region was 
done, finalized with a fine optimization of the five best parameter sets 
using a gradient method (lsqnonlin). A scheme of the optimization 
workflow is given in the Supporting Information, Fig. S4.

The model quality was evaluated by indicators such as the adjusted 
R-squared, the Akaike Information criteria (AIC), and the residual 
distribution of the model. Also, the correlation matrix and parameter 
confidence intervals were calculated to assess overfitting of the model. 
Although the adjusted R-squared is not strictly designed for non-linear 
models, it is a useful and intuitive measure of overall model per-
formance, which is recommended to complement by other indicators 
better suited to non-linear models [37,38]. Additional indicators used 
for model quality are described in more detail in section S3 in the 
Supporting Information [39,40].

3. Results and discussion

3.1. Catalyst characterization

The physical properties of the four catalyst samples are shown in 
Table  2. The actual Pd loading for all four catalysts was 0.8–0.9 wt% 
which is slightly lower than the calculated 1 wt%. Furthermore, the 
specific surface area for the zeolite-supported catalysts Pd/BEA and 
Pd/SSZ-13 was found to be higher than that of the oxide-supported ones 
(526 and 614 m2/g compared to 170 and 31 m2/g for Pd/Al2O3 and 
Pd/TiO2, respectively) which is well known and reflects the morphol-
ogy and framework of zeolites [42]. Accordingly, the zeolite-supported 
catalysts exhibit small palladium particle sizes and high dispersion as 
determined through CO chemisorption measurements.

The dispersion ratio decreased according to Pd/SSZ-13 > Pd/BEA >
Pd/Al2O3. The mean particle size followed the opposite trend (see Ta-
ble  2). Regarding the Pd/TiO2 sample, CO chemisorption was revealed 
to be an unsuitable technique for this catalyst due to the reducibility 
of TiO2 and strong metal-support interaction (SMSI) effects [43]. SMSI 
effects involve an enrichment of the metal surface by partially reducible 
metal oxides, facilitating electron transfer between the support and 
the metal [44–46]. Since there is a reduction pretreatment with H2 at 
400 ◦C before the CO adsorption, the CO chemisorption was suppressed 
as a result. To evaluate the particle size and dispersion of the Pd/TiO2
catalyst, we therefore reverted to the analysis of TEM images. Approx-
imately 100 randomly selected particles were measured to derive the 
particle size distribution and plot a histogram as shown in Fig.  1. To 
validate this method, TEM images were also taken for Pd/Al2O3. The 
mean particle size obtained from TEM images of Pd/Al2O3 is about 
4.3 nm, which is consistent with the result from CO chemisorption mea-
surements (4.4 nm). Compared to this, the TEM images of Pd/TiO2 gave 
a larger mean particle size of around 16.6 nm. Therefore, combining 
the CO chemisorption and TEM results (Fig.  1 and Fig. S5), the particle 
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Table 2
Physical properties catalyst samples. 
 Pd loading 

(mg∕kg)
Surface area 
(m2∕g)

Pore volume 
(cm3∕g)

Dispersion 
(%)

Mean particle 
size (nm)

 

 Pd/Al2O3 0.87 170.1 0.43 25.5 4.4  
 Pd/TiO2 0.88 30.9 0.13 7.0a 16.6a  
 Pd/BEA 0.93 526.0 0.66 48.9 2.3  
 Pd/SSZ-13 0.80 613.8 0.43 64.4 1.7  
a The particle size of Pd/TiO2 was measured and calculated from TEM images. The dispersion of Pd/TiO2 was calculated based on [41]. Other 
dispersion and mean particle size results were obtained by CO chemisorption measurements.
Fig. 1. HAADF-HRTEM images of (a) Pd/Al2O3 and (b) Pd/TiO2 catalysts and the particle size distributions.
Table 3
X-ray photoelectron spectroscopy results of Pd catalysts.
 Pd0 Pd2+ Pd4+

 BE/eV 
(Pd3d5/2/3d3/2)

Fraction 
%

BE/eV 
(Pd3d5/2/3d3/2)

Fraction 
%

BE/eV 
(Pd3d5/2/3d3/2)

Fraction 
%

 

 Pd/Al2O3 336.7/342.1 54.8 337.9/343.3 45.2  
 Pd/TiO2 335.3/340.6 31.8 336.7/342.0 68.2  
 Pd/BEA 336.5/341.7 32.0 338.0/343.3 68.0  
 Pd/SSZ-13 336.0/341.3 7.4 338.0/343.4 92.6  
sizes of the four catalysts are in the order from small to large Pd/SSZ-13 
< Pd/BEA < Pd/Al2O3 < Pd/TiO2.

The XRD patterns of the four catalysts are shown in Fig. S6 in Sup-
porting Information. All samples display the characteristic reflections 
of their support materials. The typical anatase patterns of TiO2 was 
observed for the Pd/TiO2 sample, while based on the reference card 
number from the Joint Committee on Powder Diffraction Standards 
(JCPDS), no distinct PdO (JCPDS: 88-2434) or Pd (JCPDS: 87-0645) 
was detected, likely due to the low loading and small particle size 
on the surface [47]. For the zeolite catalysts Pd/BEA and Pd/SSZ-13 
the reflections of PdO (002) and (101) surfaces and Pd (111) surfaces 
overlap with the reflections of the zeolite framework.

The oxidation state of Pd in the four catalyst samples was examined 
using XPS. Results are shown in Fig.  2 and Table  3. Fig.  2 shows 
the deconvoluted Pd 3d spectra of the four catalyst samples. The 
characteristic reflections of the Pd 3d5∕2 spectra at 336.0–337.0 eV and 
337.9–338.0 eV correspond to Pd2+ and Pd4+ species, respectively [48–
50]. According to Moulder’s handbook [51], the reflections belonging 
to the Pd 3d3∕2 spectra have a fixed binding energy shift of +5.26 eV 
with respect to Pd 3d5∕2 which is clearly observed in all four panels in 
Fig.  2. Observing Pd2+ and Pd4+ species in the catalyst samples can 
be explained by noticing that the catalysts underwent hydrothermal 
treatment in an oxidative environment during degreening. Palladium in 
all catalysts, except Pd/TiO2, is thus present in the oxidized state. For 
Pd/TiO2, the Pd 3d5∕2 spectra displays reflections at binding energies 
of 335.0–335.5 eV and 336.7 eV, which are assigned to metallic Pd 
(indicated as Pd0 in Fig.  2, upper-right panel) and Pd2+, respectively. 
5 
The presence of metallic Pd in Pd/TiO2 might indicate an SMSI effect 
that facilitates electron transfer between the support and the metal and 
causes an electron enrichment on Pd [52]. We also observed that after 
being stored for more than one year, this catalyst powder still retained 
metallic Pd, but to a smaller extent. Table  3 summarizes the results of 
the XPS analysis. Putting aside Pd/TiO2, the fraction of Pd2+ is order 
from low to high Pd/SSZ-13 < Pd/BEA < Pd/Al2O3. The fraction of 
Pd4+ increases in opposite order. It is noted that the XPS measurement 
is a surface technique, and the oxidation states calculated by decon-
volution are semi-quantitative. The spectra of zeolite catalysts exhibit 
pronounced noise, which is attributed to the low metal dispersion on 
the surface.

The four catalyst samples were subject to NH3-temperature pro-
grammed desorption (TPD) measurements, to get an insight into the 
adsorption capacity and nature of acid sites. The TPD curves (shown in 
Fig. S7 in Supporting Information) in most cases showed two peaks, one 
at around 210±5◦C and one at around 420±5◦C representing weak and 
strong acid sites, respectively. Desorption of NH3 from strong acid sites 
at over 400 ◦C is typically associated to Brønsted acid sites, while peaks 
at 100-300 ◦C are associated to Lewis acid sites [53]. The two zeolite 
catalyst Pd/BEA and Pd/SSZ-13 exhibit a larger adsorption capacity 
compared to the two metal oxide catalyst Pd/Al2O3 and Pd/TiO2, 
with Pd/BEA having more weak acid sites and Pd/SSZ-13 having more 
strong acid sites. The adsorption capacity of the two metal oxide 
catalysts is relatively small, with Pd/TiO2 having virtually no strong 
adsorption sites. The acidity of the catalyst, which is mainly controlled 
by the catalyst support, plays a significant role in determining the 
chemical state of noble metals [54,55].
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Fig. 2. X-ray photoelectron spectra of pretreated 1 wt% Pd catalysts supported on Al2O3, TiO2, SSZ-13 and BEA. Black dashed line: raw spectra. Black solid line: 
pre-processed spectra for deconvolution.
3.2. Catalytic performance

The catalytic performance of the four catalyst samples was investi-
gated by measuring NO conversion in a flow reactor at different H2/NO 
ratios, water concentrations, and temperatures. Fig.  3 shows the NO 
conversion as a function of temperature for all four catalyst samples, 
organized by water concentration (rows) and H2/NO ratio (columns). 
From the experimental data obtained in the catalytic performance tests, 
NO conversion was calculated as follows: 

𝑋𝑁𝑂 =
𝑦𝑖𝑛𝑁𝑂 − 𝑦𝑜𝑢𝑡𝑁𝑂

𝑦𝑖𝑛𝑁𝑂
(8)

where 𝑦𝑖𝑛𝑁𝑂 is the mole fraction of NO at the reactor inlet, and 𝑦𝑜𝑢𝑡𝑁𝑂 is 
the mole fraction of NO at the reactor outlet. Among the four catalyst, 
Pd/TiO2 exhibited the highest NO conversion across every H2/NO ratio 
and water content. Under dry conditions, its conversion peaked at 
180 ◦C. When water was introduced, the peak shifted slightly to higher 
temperatures, between 180 and 200 ◦C. Pd/Al2O3 followed a similar 
trend, although with lower conversion values than Pd/TiO2. Its highest 
conversion occurred under dry conditions at 180 ◦C and the conversion 
window becomes broader with increasing the H2/NO ratio. Pd/BEA ex-
hibited with the highest conversion at low temperatures (100–130 ◦C), 
achieving about 50% NO conversion under dry conditions at a H2/NO 
ratio of 15. However, this low-temperature peak disappeared when 
water was added, shifting the conversion to higher temperatures and 
lower values. Pd/SSZ-13 showed the lowest overall conversion across 
most conditions. Under dry conditions, the conversion for this catalyst 
had its maximum at 150 ◦C, while under wet conditions the peak 
diminished and shifted to 200 ◦C.

The most significant conversion gain came from increasing the 
H /NO ratio from 5 to 10. Further increase of H /NO gave only small 
2 2
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benefits for most catalysts. Notable exception were Pd/BEA which 
showed a distinct conversion rise at low temperatures (around 130 ◦C), 
and Pd/TiO2 which showed an increase from 40% to 50% when in-
creasing the H2/NO ratio from 10 to 15 at 10% water concentration. 
Overall, higher H2/NO ratios improved NO conversion under both dry 
and wet conditions, with stronger enhancements observed when no 
water was present. The positive impact of higher H2/NO was most 
evident for Pd/Al2O3 and Pd/TiO2. The presence of water, on the other 
hand, consistently reduced NO conversion across all catalyst samples. 
The degree of inhibition followed the order, from most inhibited to 
least inhibited Pd/BEA > Pd/Al2O3 > Pd/SSZ-13 > Pd/TiO2. Water also 
delayed the NO light-off temperature towards higher values in all cases.

At temperatures above 250 ◦C, all catalysts showed low conversion, 
regardless of water content or H2/NO ratio. This behavior is attributed 
to the increased rate of H2 oxidation on palladium, which overcomes 
NO reduction by consuming all the available H2. Although, the low 
conversion at high temperatures for all the samples could be interpreted 
as a thermodynamic limitation, this is not the case for the current study. 
NO2 was not detected by the FTIR measurements, indicating that NO 
oxidation equilibrium does not constrain the observed reaction rates. 
The decrease on NO conversion reflects the competition between H2
oxidation and NO reduction.

To further examine the catalytic performance, we calculated the 
reaction yield of NO, defined as the product of NO conversion (𝑋NO) 
multiplied by the selectivity towards species 𝑖 (𝑆𝑖), where 𝑖 stands 
for any of the products that form in the reactions with NO. Using 
the reactor inlet and outlet concentrations, the reaction yield towards 
species 𝑖 follows as: 

𝑌𝑖 = 𝑋NO𝑆𝑖 =
𝑦out𝑖 𝜁𝑖

in
, for 𝑖 = N2O,NH3 (9)
𝑦NO



A.F. Suarez-Corredor et al. Applied Catalysis B: Environment and Energy 395 (2026) 126855 
Fig. 3. NO conversion as a function of temperature for the different H2-SCR catalysts. Rows refer to different water concentrations: 0 and 10%; Columns refer 
to different H2/NO ratios: 5, 10, 15. NO concentration is 500 ppm.
Fig. 4. Yield contour maps for all catalyst samples at dry conditions, 0% H2O. Rows refer to different H2/NO ratios: 5, 10 and 15. Columns refer to different 
catalyst samples.
where 𝑦out𝑖  is the mole fraction concentration of species 𝑖 at the reactor 
outlet, 𝑦inNO is the mole fraction of NO at the reactor inlet, and 𝜁𝑖 is the 
number of nitrogen atoms in one molecule of species 𝑖. The yield for 
N2, i.e. how much of NO converted into N2, followed from the balance 
𝑌N2

= 𝑋NO − 𝑌N2O − 𝑌NH3
.

NO2 was not observed under the studied conditions. According to 
the literature [56,57], oxidation of NO by Pd becomes relevant only 
temperatures above those studied here.

Fig.  4 shows the reaction yield under dry conditions as a function of 
temperature. Each column refers to a specific catalyst while the rows 
refer to different H /NO ratios. In each panel, the yield towards N , 
2 2
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N2O, and NH3 is shown as a contour map. Pd/Al2O3 exhibited high 
N2 selectivity under most conditions, but low yields due to low NO 
conversion. The yield increases with increasing H2/NO ratio, with the 
highest value observed at 180 ◦C where the N2 yield reached 40% 
and the N2O yield 10%, at the highest NO conversion point. Pd/TiO2
was the only catalyst that produced NH3, with its yield increasing at 
a H2/NO of 10 and decreasing afterward. Under dry conditions, the 
N2 yield reached 30% at 180 ◦C and a H2/NO ratio of 5; the N2
yield varied only slightly at higher H2/NO ratios. Pd/BEA achieved 
the highest N2 yield, peaking at 40% at 150 ◦C and a H2/NO ratio of 
15. As temperature increased, the N O yield decreased, shifting from 
2
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Fig. 5. Yield contour maps for all catalyst samples at 10% H2O concentration. Rows refer to different H2/NO ratios: 5, 10 and 15. Columns refer to different 
catalyst samples.
around 10% at low temperatures to less than 5% at high temperatures. 
Pd/SSZ-13 showed similar behavior as Pd/BEA during dry conditions.

Fig.  5 shows the yield contour maps at 10% water concentration. 
In general, the presence of water reduced the N2 yield and promoted 
N2O formation, especially at temperatures between 150 and 250 ◦C. 
This is most visible for Pd/Al2O3 for which the presence of water 
reduced the N2 yield while increasing N2O formation, particularly at 
high temperatures (> 200◦C) and high H2/NO ratios. For Pd/TiO2, 
water had a strong impact, reducing the overall yield for N2, NH3 and 
N2O, especially at high H2/NO ratios. At high temperatures (> 250◦C) 
and high water concentration, N2O selectivity was the highest, with 
a drop in N2 selectivity. Pd/BEA showed a narrowing of its high N2
yield region under wet conditions. The highest N2 yield was reached at 
200 ◦C with a reduction in the formation of N2O. At high temperatures, 
N2O selectivity is high but the catalyst has the lowest yield. In contrast, 
Pd/SSZ-13 remained relatively stable across the different conditions 
when adding water. Changes in water concentration and the H2/NO 
ratios had minimal effect on the selectivity profile, but influenced the 
overall yields. The N2O yields was around 5% at 200 ◦C for Pd/SSZ-13, 
however, this is due to the lowest NO conversion which is reflected by 
the low overall yield.

3.3. Catalyst modeling

The experiments in the flow reactor revealed that the reaction 
between NO and H2 on Pd/Al2O3, Pd/BEA, and Pd/SSZ-13 leads to 
the formation of N2 and N2O, while Pd/TiO2 additionally lead to 
formation of NH3, next to N2 and N2O. NO2 was not detected, as 
the experimental temperature range was too low for significant NO 
oxidation [56,57]. Based on these observations a reaction scheme based 
on four stoichiometric reactions was proposed:

R1: NO + H2 ⟶ H2O + 0.5N2 (I)

R2: H2 + 0.5O2 ⟶ H2O (II)

R3: 2NO + H2 ⟶ N2O + H2O (III)

R4: 2NO + 5H2 ⟶ 2NH3 + 2H2O (IV)

Reaction (I), (II), and (III) are relevant for all four catalysts as 
all catalysts showed formation of N2O, N2 (via mass balance), and 
hydrogen oxidation. On the other hand, Reaction (IV) is only relevant 
for Pd/TiO  as this was the only catalyst for which NH  was detected.
2 3
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Table 4
Rate expressions for Reaction (I) to (IV).

 𝑟1 =
𝐴1 exp

(−𝐸𝑎,1

𝑅𝑇

)

𝐶𝛼1
NO𝐶

𝛼2
H2

1 + 𝐴𝐼
1 exp

(−𝐸𝐼
𝑎,1

𝑅𝑇

)

𝐶𝛼3
H2O

(10) 

 𝑟2 =
𝐴2 exp

(−𝐸𝑎,2

𝑅𝑇

)

𝐶𝛽1
H2
𝐶O2

1 + 𝐴𝐼
2 exp

(−𝐸𝐼
𝑎,2

𝑅𝑇

)

𝐶𝛽2
H2O

(11) 

 𝑟3 = 𝐴3 exp
(−𝐸𝑎,3

𝑅𝑇

)

𝐶𝛿1
NO𝐶

𝛿2
𝐻2

(12) 

 𝑟4 =
𝐴4 exp

(−𝐸𝑎,4

𝑅𝑇

)

𝐶𝛾1
NO𝐶

𝛾2
H2

1 + 𝐴𝐼
4 exp

(−𝐸𝐼
𝑎,4

𝑅𝑇

)

𝐶𝛾3
H2O

(13) 

Reaction (I) to (IV) were modeled as quasi-homogeneous reactions 
assuming power-law kinetics with an Arrhenius-type temperature de-
pendency. The inhibiting effect of H2O was accounted for by including 
an additional power-law expression as denominator. The empirical rate 
expressions for reaction (I) to (IV) are given in Table  4. In this table, 
𝐴𝑗 and 𝐸𝑎,𝑗 denote the prefactor and the activation energy for reaction 
𝑗, respectively, while the greek letters 𝛼1 … 𝛽1 … 𝛿1 … 𝛾1 … 𝛾3 represent 
empirical reaction orders. The oxygen concentration was not varied 
in the experiments. As a consequence, the reaction order for O2 in 
Reaction (II) could not be determined and therefore was set to unity 
in Eq. (11). Also, formation of N2O was found to be independent of the 
water concentration. Therefore, no water inhibition function was in-
cluded in the rate expression Reaction (III), see Eq. (12). The power-law 
rate expressions in this study were not intended to represent a sequence 
of elementary reaction steps, which will vary with supports. Rather, 
they were aimed to capture the observed temperature and concentra-
tion dependencies, which can be coupled to mass transfer descriptions 
to provide insight into the catalyst performance in monoliths.

Mass transfer analysis. For the analysis of mass transfer limitations we 
first estimated the apparent reaction rates of NO and H2 by fitting a 
reduced model to the experimental data. The reduced model considered 
only reaction (I) and (II) and ignored mass transfer limitations between 
the bulk gas and the washcoat, such that 𝑐 = 𝐶 . Accordingly, the 
𝑖 𝑖
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Fig. 6. Damkohler number (𝐷𝑎) and Weisz–Prater criterion (𝑁𝑊𝑃,𝑖) from the apparent reaction rate 𝑟obsNO and 𝑟obsH2
. Left: 𝐷𝑎 for H2 (solid line) and NO (dashed 

line). Middle: 𝑁𝑊𝑃  for NO. Right: 𝑁𝑊𝑃  for H2 from reaction (I) (solid line) and reaction (II) (dashed line). The panels show the highest values of 𝐷𝑎 and 𝑁𝑊𝑃,𝑖
across the catalyst length as a function of temperature for all catalyst samples. H2∕NO = 15 (H2 7500 ppm) and 10% H2O.
reduced model can be written as: 

𝑣
𝑑𝐶NO
𝑑𝑧

= −𝑟1, 𝑣
𝑑𝐶H2

𝑑𝑧
= −𝑟1 − 𝑟2 (14)

where 𝑟1 and 𝑟2 are the reactions rates of Reaction (I) and (II) given 
in Table  4. Fitting Eq. (14) to the experimental data resulted in the 
apparent reaction rates 𝑟obsNO and 𝑟obsH2

 which were used to calculate 
the Damkohler number (𝐷𝑎) and the Weisz–Prater criterion (𝑁𝑊𝑃,𝑖), 
according to Eqs. (3) and (5).

Fig.  6 shows the Damkohler number and the Weisz–Prater criterion 
obtained in this way for the different catalysts under the most severe 
experimental conditions (H2∕NO = 15, 10% H2O). The three panels 
thereby show the highest value of 𝐷𝑎 and 𝑁𝑊𝑃,𝑖 along the catalyst 
length as a function of the temperature. Both 𝐷𝑎 and 𝑁𝑊𝑃,𝑖 show a 
strong increase with temperature. However, while 𝐷𝑎 assumes values 
well above unity, the Weisz–Prater criterion 𝑁𝑊𝑃,𝑖 within the consid-
ered temperature range remains below unity. From the magnitude of 
𝐷𝑎 and 𝑁𝑊𝑃,𝑖 we thus conclude that internal mass transfer is negligible 
for all catalyst samples (because 𝑁𝑊𝑃,𝑖 < 1), while external mass 
transfer rapidly becomes relevant as the temperature increases (because 
𝐷𝑎 > 1).

Reaction kinetics. Based on the above findings, a catalyst model that 
takes into account external mass was developed. The full catalyst model 
consists of Eqs. (1) and (2) formulated for the reactants NO and H2 and 
the products N2O and NH3. The mass transfer coefficient appearing in 
Eq. (2) was calculated from the Sherwood correlation given in Eq. (4). 
The full catalyst model reads as: 

𝑣
𝑑𝑐NO
𝑑𝑧

= 𝑟NO = −𝑟1 − 2𝑟3 − 2𝑟4 (15a)

𝑣
𝑑𝑐H2

𝑑𝑧
= 𝑟H2

= −𝑟1 − 𝑟2 − 𝑟3 − 5𝑟4 (15b)

𝑣
𝑑𝑐N2O

𝑑𝑧
= 𝑟3, 𝑣

𝑑𝑐NH3

𝑑𝑧
= 2𝑟4 (15c)

𝑎𝑝𝑘𝑚,𝑖(𝑐𝑖 − 𝐶𝑖) = −
∑

𝑗
𝜈𝑖,𝑗𝑟𝑗 , 𝑖 = NO,H2 (15d)

where 𝑟1 to 𝑟4 are the reaction rates given in Table  4 evaluated at 
the washcoat concentrations 𝐶𝑖. The catalyst model (15) was applied 
to the experimental data by optimizing the model parameters, using 
the objective function (7). Given that the Pd/TiO2 sample showed 
the highest conversion, it was elected for a more in-depth analysis 
with modeling results shown in Fig.  7. Modeling results for the other 
catalyst samples can be found in Supporting Information, section S6. 
The modeling results in the Supporting Information present the outlet 
gas composition and yields. Overall, the modeled yields follow the same 
trends and magnitudes as the experimental data, with a slight under-
estimation of N2O formation for the zeolite-based samples under dry 
conditions and an overestimation of N2 formation in the 150–200 ◦C 
range under both dry and wet conditions. From Fig.  7, the model 
accurately predicts NO conversion as well as the formation of N O, 
2
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NH3, and N2 (by nitrogen balance). A key featured captured is the 
maximum NO conversion at around 200 ◦C, followed by a decrease 
at higher temperatures (> 200◦C), where H2 oxidation dominates over 
NO reactions. The influences of water and different H2/NO ratios was 
well captured, by optimizing the reaction orders and inclusion of water 
inhibition. N2O and NH3 were estimated with proper magnitude and 
trend, showing a maxima of formation aligned with the peak in NO 
conversion.

Table  5 summarizes the kinetic parameters for the full catalyst 
model for all catalyst samples. The activation energies for the hydro-
gen reactions (𝐸𝑎,1, 𝐸𝑎,2 and 𝐸𝑎,3) are of similar magnitude for all 
catalysts, while the activation energy for the water inhibition (𝐸𝐼

𝑎,𝑖) 
varies significantly among the different samples, suggesting different 
extents of water inhibition among the different catalysts. Notice that 
no direct comparison of the pre-exponential factors can be done, due 
to differences in units dictated by the reaction order. The latter were 
found to lie between 1 and 2. Reaction orders near 1 may indicate 
single-molecule surface mechanisms without adsorption limitations, 
whereas values around 2 could point to the involvement of more than 
one molecule or dissociative adsorption [35,58,59].

Fig.  8 presents the reaction orders for the four reactions for all 
four catalyst samples. For NO reduction (reaction (I)), Pd/TiO2 exhibits 
the highest reaction order for NO and the lowest for H2, indicating 
that the NO concentration strongly influences its reduction, while the 
role of H2 is more limited. In contrast, Pd/BEA shows the largest H2O 
inhibition order, suggesting that water has a stronger inhibitory effect 
on this catalyst. In the case of H2 oxidation (reaction (II), Pd/SSZ-13 
has the highest reaction order for H2 and H2O, pointing to a catalyst 
that has high conversion for hydrogen oxidation under dry conditions 
but becomes significantly inhibited by water. Regarding N2O formation 
(reaction (III)), Pd/TiO2 has the highest NO reaction order, while 
Pd/Al2O3 has the highest for H2. This underlines the observed trend 
where Pd on metal oxide supports (Pd/Al2O3 and Pd/TiO2) promotes 
N2O formation more than Pd on zeolite supports [6,14]. Turning to 
NH3 production (reaction (IV)), only Pd/TiO2 was found to produce 
NH3 which exhibited a low NO reaction order. This indicates that NH3
formation in this case is unaffected by NO concentration and likely 
driven by other factors such as H2 availability and water inhibition.

The model quality was evaluated using fitting quality indicators 
(adjusted R-squared, AIC, residual analysis (See Fig.  9)) and param-
eter robustness indicators (confidence intervals found in Fig. S13 of 
Supporting Information, and parameter pairwise correlation presented 
in Fig.  9). All proposed models yield adjusted R-squared values above 
0.93, which is acceptable given the broad experimental range, the 
model simplification by using power-law kinetics, and the complexity 
of predicting multiple gas compounds at the outlet. The AIC values 
(Table  5) are similar compared to the two-reaction models, implying 
that the benefit of improved accuracy outweighs the cost of added 
complexity by adding more parameters [39].

Deviations in the normalized residual distribution, presented in Fig. 
9 (left), remain under 10%, highlighting good predictive performance. 
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Fig. 7. Outlet gas composition for Pd/TiO2 over different water concentrations: 0 and 10%, and different H2/NO ratios: 5 and 15. NO feed concentration was 
500 ppm for all the experiments. Blue line = experimental data. Red line = modeled data. Oxygen concentration was 10% and the space velocity (SV) was set 
at 65000 h−1. It should be noted that the hydrogen concentration is estimated based on a hydrogen overall mass balance.
Fig. 8. Reaction order for NO, H2, and Inhibition order for H2O for reactions (I) (left) to (IV) (right) for the different catalyst samples. Reaction (IV) was observed 
only on Pd/TiO2.
Fig. 9. (Left) Normalized residual distribution for the full reactor model for the studied H2-SCR samples. The normalized residual was calculated for NO, H2, 
N2O and NH3 comparing experimental and modeled values. The boxes represent the 25th–75th percentile range, with the median shown inside the box. Whiskers 
indicate the points beyond the 25th–75th percentile range, including outliers. (Right) Pair-wise correlation distribution for the models developed for all the 
H2-SCR samples. Each point corresponds to individual pairwise values from the correlation matrix.
Larger deviations occur for N2O predictions for Pd/TiO2 and Pd/SSZ-
13, and NO predictions for Pd/TiO2 under low temperature, low H2, 
and high water conditions. These deviations point to potential oversim-
plifications in the power-law kinetics, indicating that a more detailed 
model might be required in these specific experimental regions.
10 
Pairwise correlations between model parameters were analyzed as 
an indicator of possible overfitting. For visualization, Fig.  9 (right) plots 
the non-diagonal elements of the pairwise correlation matrix projected 
onto one axis, where each point represents the correlation between 
two model parameters. The lowest correlations were found for Pd/BEA, 
while Pd/Al O  had some values close to 1. These correlations are 
2 3
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Table 5
Kinetic parameters for catalyst models for all the studied H2-
SCR samples. The last two rows are model quality indicators: 
R2 and AIC.

 

expected to some degree, especially due to the interaction of param-
eters in the Arrhenius expression for the reaction rate constant. The 
higher correlations observed for Pd/Al2O3 reflects limited experimental 
information for the model, indicating that the optimal experimental 
region for model development is sample-dependent. Additional data 
could reduce parameter correlation and improve robustness.

Confidence intervals for all model parameters were calculated and 
presented in Fig. S13 in Supporting Information. Most parameters lie 
within the 95% confidence interval, with a few exceptions (especially 
for the NO reaction order in the N2O formation reaction, and the water 
inhibition parameters in the H2 oxidation on Pd/TiO2 and Pd/BEA). De-
spite these limitations, the confidence intervals confirm the reliability 
of the model and the adequacy of the experimental design for extracting 
kinetic information.

4. Discussion

Support effects. Results from the catalyst characterization combined 
with the calibrated catalyst model allowed for evaluating the effect of 
the catalyst support and external mass transfer on NO conversion. All 
H2-SCR catalyst samples were synthesized by the same method. How-
ever, this resulted in different dispersion and particle size distribution 
for Pd, which likely is a result of different surface area of the support 
and different interactions of the Pd precursors with the support. Higher 
NO conversion occurs due to the delayed H2-to-H2O reactions, which 
for Pd/TiO2, could be a consequence of its low surface area, large Pd 
particle size, and low dispersion. However, the presence of metallic Pd, 
only present in Pd/TiO2, enables a higher conversion to NO reactions 
and selectivity towards N  and NH .
2 3
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The kinetic parameters derived from the H2-SCR model for the 
different samples provide insight on how the support properties affect 
the reaction mechanism and Pd site nature. For the NO reduction 
(Reaction (I)), Pd/TiO2 exhibits the highest reaction order for NO but 
the lowest for H2. This indicates that the overall rate is governed by NO 
activation, since hydrogen species remain available on the surface due 
to H-spillover effects. In contrast, Pd/SSZ-13 shows high reaction orders 
for both NO and H2, suggesting stronger adsorption that limits surface 
mobility and slows reaction turnover. Water inhibition is present across 
all samples, with Pd/BEA displaying the strongest effect, consistent 
with its adsorption strength and larger storage capacity, as observed 
in the NH3-TPD experiments. Notably, Pd/Al2O3 presents a large pre-
exponential factor, exceeding the other catalysts by several orders of 
magnitude. This large prefactor is associated with the formation of 
stabilized hydroxyl species on the support, which partially block NO 
and H2 adsorption sites.

For H2 oxidation (Reaction (II)), activation energies are comparable 
among all samples, indicating that the reaction is driven by Pd species 
that is present in all catalyst samples, which is the case for Pd in 
a high oxidation state [60,61]. Regarding reaction orders, Pd/BEA 
exhibits the lowest values, Pd/SSZ-13 the highest, while the metal 
oxides fall in between. This trend highlights the different behavior of 
the zeolite-based catalysts.

In the case for N2O formation (Reaction (III)), high reaction orders 
were observed across all supports for one or both reactants, indicating 
that adsorption is the rate-limiting step and that the support governs the 
availability of adsorbed species. The difference in the reaction order for 
NO and H2 further indicate support-dependent effects such as spillover 
and buffer of intermediates species (H, OH, NHx). The distribution and 
stability of these intermediates vary with the support nature, directly 
influencing selectivity [6,14,55]. In addition, the support influences the 
Pd oxidation state, as seen by the XPS data (Table  3) which is also 
important for the catalyst performance.

NH3 formation (Reaction (IV)) was only observed for Pd/TiO2. The 
higher reaction order for hydrogen compared to NO indicates that 
NO is adsorbed and available on the surface, while hydrogen governs 
the overall rate through its dissociation, surface mobility, and subse-
quent formation of NHx intermediates. Water inhibits NH3 formation 
strongly, as evidenced by a high inhibition order. The proposed kinetic 
model includes inhibition terms for NO conversion to N2 (Reaction I), 
H2 oxidation (Reaction II), and NH3 formation (Reaction IV), showing 
good agreement with experimental data in the 0%–10% water con-
centration range. Since the intended application involves higher water 
concentrations, the model identifies inhibition as the dominant effect of 
water. We have therefore performed simulations also for higher water 
contents, and the results are shown in Fig. S16 (Supporting Informa-
tion), marked with extrapolation. Fig. S16 shows the conversions for 
all samples at different water concentrations (up to 20%) at 175 ◦C and 
an H2/NO ratio of 10. Notably, the extent of inhibition varies among 
reactions and supports. It is also worth noting that N2O formation was 
increased in the simulation, as it is not affected by water.

The support plays a relevant role in shaping the distribution, par-
ticle size, and oxidation state of Pd active sites, thereby controlling 
both the reaction mechanism and overall kinetics. In Pd/TiO2, Pd 
exhibits low dispersion, large particles, and a lower oxidation state 
compared to the zeolite-supported samples, where Pd is more finely 
dispersed and at a higher oxidation state. These features suggest that 
metallic Pd provides higher intrinsic performance for NO conversion. 
Moreover, a support that allows an easy reduction of the active sites, 
such as Pd/TiO2, can generate oxygen vacancies, promoting H2O disso-
ciation, and enhancing NO conversion [7–9]. The NH3 formation, only 
present on Pd/TiO2, suggests that metallic Pd promotes H2 and H2O 
dissociation, enabling hydrogen spillover in the support [62–64]. The 
adsorption characteristics affects the buffer capacity, the surface mobil-
ity and the selective interaction with other adsorbed species which is 
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Fig. 10. Catalyst regimes based on H2 concentration at different temperatures along the catalyst sample length for all H2-SCR samples. Inlet gas composition 
NO=500 ppm, H2=7500 ppm, H2O=5%, O2=10%. Yellow area = kinetic regime, green = mixed regime, blue = external mass transfer regime, blank = no reactions 
(H2 fully consumed).
related to the low reaction orders. These trends emphasize adsorption 
properties as key factors governing NO conversion and selectivity.

Additionally, Pd/TiO2 also exhibits a more diverse adsorption pro-
file (Lewis and Brønsted), favoring dissociative over molecular ad-
sorption, and stabilizing intermediates (H, OH, NHx) through titania 
d-electron orbitals [65,66]. The role of adsorption strength extends 
to the formation and mobility of intermediates, central to H2-SCR 
reaction pathways: stronger acid sites stabilize intermediates but re-
duce their mobility, thus limiting conversion, whereas weaker acidity 
promotes spillover and surface diffusion [67–70]. Particularly, TiO2-
supported catalysts have been shown to enhance H-spillover not only 
through weaker acidity but also via strong metal–support interac-
tions with Pd, highlighting the interplay between adsorption strength, 
H-spillover, and support–metal interactions in determining catalytic 
performance [71,72].
External mass transfer. The full catalyst model (15) with the param-
eter values listed in Table  5 was used to explore the external mass 
transfer limitations of the different catalyst samples. Simulations at 
different temperature were run from which the hydrogen concentration 
in the bulk gas phase (𝑐H2

) and in the washcoat (𝐶H2
) was extracted. 

Based on Joshi et al. [73], catalytic regime analysis can be done by 
two approaches, concentration-based and resistance-based, which yield 
comparable regime classification under identical conditions. In this 
study, the concentration-based approach was used, by comparing the 
ratio of the hydrogen bulk concentration (𝑐H2

), and in the washcoat 
(𝐶H2

). A 𝑐H2
∕𝐶H2

 ratio below 1.1 indicates a kinetic regime, values 
between 1.1 and 10 indicate a mixed regime, and ratios above 10 
suggests control by external mass transfer [73].

Fig.  10 shows the kinetic regimes along the catalyst length at 
different temperatures for a feed ratio of H ∕NO = 15. The four panels 
2
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refer to the four catalyst samples, with the colored areas indicating 
the different kinetic regimes. The white areas in Fig.  10 indicate full 
consumption of H2 and, accordingly, a cease of the reactions.

At low temperatures, all samples are within the kinetic regime as 
indicated by the yellow colored areas. As temperature increases, the 
reaction rates increases and mass transfer becomes limiting as shown by 
the green and blue colored areas. This is especially the case at the front 
of the catalyst sample where, due to the high reactant concentrations, 
the reaction rate is large. As reactants are consumed along the catalyst 
length, the local rate decreases, causing a shift back to kinetic regime. 
This pattern is very pronounced for Pd/TiO2 and Pd/BEA that ex-
hibit external mass transfer limitations at high temperatures, primarily 
due to fast H2 consumption. This fast H2 consumption results in a 
cease of the reactions in the downstream section of the catalyst and, 
accordingly, in poor catalyst utilization. Pd/SSZ-13, being the least 
active catalyst, remains in the kinetic regime along most of the catalyst 
length. The high selectivity and low H2 oxidation prevent a cease of 
the reaction. The Pd/Al2O3 is in the kinetic regime in most of the 
temperature region, with a mixed regime at high temperatures.

An in-depth analysis to quantify how external mass transfer affects 
NO conversion was done for Pd/TiO2. Simulations were performed at 
150, 250, and 300 ◦C, varying the external mass transfer coefficient. 
Results are shown in Fig.  11 where the panels in the upper row 
show the NO conversion along the catalyst length, with the differ-
ent curves showing simulations where the mass transfer coefficient 
is increased/decreased by a certain factor with respect to 𝑘𝑚 derived 
from the Sherwood correlation (4). At 150 ◦C (upper left panel) ex-
ternal mass transfer has little effect; the conversion begins to decline 
only when the mass transfer coefficient is reduced by a factor of 
ten. However, at 250 and 300 ◦C (middle and right upper panel) a 
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Fig. 11. Simulated NO conversion on Pd/TiO2 at 150, 250 and 300 ◦C, and different external mass transfer coefficients, 𝑘𝑚. Inlet gas composition NO=500 ppm, 
H2=7500 ppm, H2O=5%, O2=10%. Top row: Total NO conversion. Bottom row: Gas compound conversion at 250 ◦C.
pronounced increase in NO conversion upon a reduction in external 
mass transfer is observed, and the effect becomes more noticeable at 
higher temperatures.

This counterintuitive result is explained by reaction dynamics: ex-
ternal mass transfer introduces a resistance that slows down H2 con-
sumption, improving selectivity for NO reduction. As shown in the 
bottom row of Fig.  11, the delayed H2 conversion leads to greater 
N2 selectivity, minimal changes in N2O, and reduced NH3 formation. 
Essentially, slowing down the faster H2 oxidation reaction provides 
more time for the slower NO reduction reactions to proceed, boosting 
the overall NO conversion. Gas compound conversions at 150 ◦C and 
300 ◦C are shown in Fig. S17 (Supporting Information). The figure 
highlights a kinetic regime at low temperatures, with the strongest 
effect observed for H2 oxidation. At high temperatures, NH3 formation 
is the lowest.

These dynamic effects highlight how mass transfer affects the faster 
reactions, giving an advantage to the slower reactions. In H2-SCR, 
external mass transfer suppresses H2 oxidation, thus indirectly enhanc-
ing NO reduction. This effect on reaction rates can be achieved by 
manipulating the external mass transfer, reducing the gas velocity, 
increasing the diffusion path from bulk gas to catalyst surface, or 
modifying the catalyst surface properties. The simulations thus show 
that external mass transfer can enhance NO conversion and selectivity 
at high temperatures, but the magnitude and extent of this effect 
depend on the catalyst properties, especially on those affecting reaction 
kinetics.

5. Conclusions

This study compared the H2-SCR catalytic performance of four Pd-
supported catalysts over Al2O3, TiO2, BEA zeolite, and SSZ-13 zeolite 
within the temperature range of 100–300 ◦C, under H2/NO ratios of 5 
to 15, in both dry and wet conditions. All catalysts showed their highest 
conversion at around 180 ◦C or 200 ◦C, confirming that Pd primarily 
operates within the medium-temperature range. In addition, Pd/TiO2
exhibited the best performance among all the catalysts, maintaining 
good conversion even under wet conditions. Even though the samples 
were prepared by the same method, they exhibited different dispersion 
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and particle size for Pd. CO chemisorption and TEM images showed 
that Pd/TiO2 had the largest particle size and the lowest dispersion. 
Although this is generally unfavorable for catalytic performance, it 
primarily suppressed the competing hydrogen oxidation reaction. XPS 
analysis showed that only Pd/TiO2 contained reduced Pd states, which 
explains its unique catalytic performance. Based on the experimental 
data, a power-law kinetic model was developed, assessing internal and 
external mass transfer effects for all four catalyst samples. The model 
considered NO reduction reactions producing N2, N2O, and NH3, as 
well as the H2 oxidation reaction. The model showed excellent agree-
ment with the experimental data, with a narrow residual distribution 
for all the predicted compounds. The challenging experimental region 
for the model is under high water content, low H2 concentration and 
low temperature which reflects the limitations of a power-law kinetic 
model where adsorbed species are not considered. The correlation be-
tween parameters and their confidence interval showed that there is no 
overfitting but the experimental region for maximizing information is 
sample dependent. The kinetic parameters from the model supports the 
experimental observations. It should be emphasized that external mass 
transfer played an important role in the reaction. At low temperatures, 
the reaction was primarily in the kinetic regime, but as the tempera-
ture increased, it gradually shifted towards mass transfer limitations. 
External mass transfer mainly restricted the fast H2 oxidation reaction, 
especially for Pd/TiO2. The delayed H2 oxidation allowed more H2
to remain available for NO reduction, thereby indirectly enhancing 
the overall performance of the H2-SCR. In addition, NH3 formation 
was observed exclusively on Pd/TiO2 sample, and the corresponding 
reaction kinetics were also calculated. NH3 can act as an additional 
reductant to assist in NO reduction, following the NH3-SCR mechanism.

6. Nomenclature list

 𝐴 Pre-exponential factor, unit depends on reaction order 
 𝑎𝑝 Washcoat surface area per volume of catalyst, m2/m3  
 𝐶 Surface concentration, mol/m3  
 𝑐 Bulk gas concentration, mol/m3  

 



A.F. Suarez-Corredor et al. Applied Catalysis B: Environment and Energy 395 (2026) 126855 
 𝐷 Molecular diffusivity, m2/ s  
 𝐷eff Effective diffusivity, m2/s  
 𝐷𝐾 Knudsen diffusivity, m2/s  
 𝐷𝑎 Damkohler number, –  
 𝑑𝑎 Washcoat thickness, m  
 𝑑𝑜 Open channel width, m  
 𝐸𝑎 Activation energy, J/mol  
 𝑘𝑚 Mass transfer coefficient, m/s  
 𝑁 Number of sample points, –  
 𝑁𝑊𝑃 Weisz–Prater criterion, –  
 𝑅 Gas constant, 𝑅 = 8.3145 J/(mol.K)  
 𝑟 Reaction rate, mol/(m3.s)  
 𝑟obs Apparent reaction rate, mol/(m3.s)  
 𝑆 Selectivity, –  
 𝑆ℎ Sherwood number, –  
 𝑇 Temperature, K  
 𝑣 Superficial gas flow velocity, m/s  
 𝑋 Conversion, –  
 𝑌 Yield, –  
 𝑦𝑒𝑥𝑝 Experimental mole fraction, –  
 𝑦𝑚𝑜𝑑 Modeled mole fraction, –  
 𝑧 Axial coordinate, m  
 𝑧𝑆ℎ Sherwood dimensionless axial coordinate, – 
 Subscripts  
 𝑖 Gas species  
 𝑗 Reaction  
 Greek letters  
 𝛼, 𝛽, 𝛿, 𝛾 Reaction orders, –  
 𝜖 Washcoat porosity, –  
 𝜈 Stoichiometric coefficient, –  
 𝜎2 Variance, –  
 𝜏 Washcoat tortuosity, –  
 𝜁 Number of nitrogen atoms in molecule, –  
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