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This study investigates the efficiency and cost-effectiveness of cobalt, nickel, and copper as promoters for
palladium catalysts supported on pelletized aluminum oxide, aimed to enhance the performance of catalytic
converters for flue gas treatment. We explored the outstanding performance and conversion costs of these
transition metals and noble metal catalysts. A series of 12 samples with varying metal loadings were synthesized
and evaluated under conditions simulating real driving environments from the automotive world. The flue gas
conversion results demonstrated significant improvements in catalytic activity across all promoter-enhanced
samples. Notably, the 5 wt% Co + 0.1 wt% Pd combination exhibited a remarkable 38 % increase in CO con-
version at 0.5 kW operating condition and a 27 % improvement at 1.0 kW while reducing the cost of conversion
by 61 %, compared to the 0.1 wt% Pd benchmark. Regarding NOx conversion, Ni/Pd samples showed superior
performance, with enhancements of 14 % at 0.5 kW and 36 % at 1.0 kW relative to the pure Pd catalyst. The
observed performance enhancements are suggestive of a synergistic effect ... Further surface characterization
would be needed to fully elucidate the specific mechanisms involved. Our research highlights the potential for
developing more efficient and cost-effective catalytic systems for automotive emissions control through strategic

metal combinations.

1. Introduction

Catalytic converters are critical components in reducing harmful
emissions from internal combustion engines. These devices rely on
catalysts, typically composed of noble metals, to facilitate the conver-
sion of toxic exhaust gases like carbon monoxide, hydrocarbons, and
nitrogen oxides into less harmful substances such as carbon dioxide,
water vapor, and nitrogen. Among noble metals, palladium (Pd), plat-
inum (Pt), and rhodium (Rh) have traditionally been favored due to
their high catalytic efficiency. However, the escalating cost and limited
availability of these precious metals present significant challenges to
both economical and sustainable automotive manufacturing. As a result,
recent research has focused on improving catalyst efficiency while
reducing the reliance on these scarce materials, with techno-economic
and techno-ecological assessments providing a framework to evaluate
the overall impact of alternative catalytic systems (Bin et al., 2022;
Michatek et al., 2024) In recent years, researchers have increasingly
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emphasized techno-ecological assessments, which evaluate the perfor-
mance of catalytic systems and also their environmental and economic
impacts throughout their lifecycle (Uddin and Wang, 2024; Yadav et al.,
2023). These assessments highlight the need to reduce noble metal
content while maintaining or enhancing catalytic efficiency. This chal-
lenge has driven significant interest in transition metals as promoters for
noble metal catalysts in automotive applications. Transition metals such
as nickel (Ni), cobalt (Co), and copper (Cu) are more abundant and less
expensive than noble metals, offering a pathway to reducing costs while
maintaining or even enhancing catalytic performance. Studies show that
the incorporation of transition metals can also improve the catalyst’s
resistance to poisoning, a critical factor in the long-term durability and
sustainability of catalytic converters (Darby et al., 2018; Robles-Lorite
et al., 2023).

Recent literature has demonstrated that the combination of noble
metals with transition metals in bimetallic systems can create a syner-
gistic effect, improving both catalytic activity and stability. For instance,
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nickel has been widely studied as a promoter for palladium catalysts.
Research has shown that adding nickel to palladium can significantly
enhance the oxidation of methane, a critical component of hydrocarbon
emissions. This synergistic interaction between nickel and palladium not
only boosts catalytic activity but also increases resistance to thermal
degradation, a common issue in automotive exhaust systems (Choya
etal., 2021, 2022; Xiong et al., 2021; Zou et al., 2017). Similarly, cobalt
has been extensively investigated as a promoter for platinum-based
catalysts, particularly in the context of CO oxidation. Studies indicate
that cobalt enhances catalytic activity and increases the catalyst’s
resistance to sulfur poisoning, a major challenge for automotive cata-
lytic converters operating in environments with high sulfur content. This
increased sulfur tolerance extends the lifespan of the catalyst and im-
proves its overall efficiency in real-world driving conditions (Lin et al.,
2022; Zhong et al., 2021a, 2021b). Copper, another promising transition
metal, has also shown potential when combined with palladium for NOx
reduction. Recent research has demonstrated that copper-promoted
palladium catalysts outperform conventional systems in the reduction
of NOx, CO, and hydrocarbons. The addition of copper not only
improved catalytic efficiency but also contributed to a reduction in the
overall palladium content, aligning to reduce the environmental and
economic costs associated with noble metals (Kim et al., 2018; Li et al.,
2021; Peckmann, 2021; Xing et al., 2019) Several techno-economic
analyses have underscored the potential for transition metal pro-
moters to reduce the reliance on costly noble metals in catalytic con-
verters. These studies emphasize that the adoption of bimetallic
catalysts can significantly lower the overall material costs of catalytic
converters while maintaining or enhancing emission control perfor-
mance (Beobide et al., 2022; Guczi et al., 2010; Liu and Corma, 2023;
Nazarpoor and Golden, 2016; Salaev et al., 2022). Moreover, from an
ecological standpoint, transition metals are more abundant and less
environmentally destructive to mine than noble metals, making them a
more sustainable option in the long term. This aligns with global efforts
to reduce the ecological footprint of vehicle manufacturing and opera-
tion, particularly in light of increasingly stringent emission regulations
(Nkuna et al., 2022; Padamata et al., 2020). In conclusion, the inte-
gration of transition metals such as nickel, cobalt, and copper as pro-
moters in palladium-based catalytic systems presents a promising
strategy for enhancing the performance and cost of automotive catalytic
converters.

Despite these advancements, there remains a gap in understanding
how these promoters perform under real driving conditions and across
different engine operating parameters. Additionally, a direct compari-
son of the cost-effectiveness of copper, nickel, and cobalt as promoters
for palladium catalysts in a single study has not been thoroughly
explored. The main objective of this experiment was to address these
knowledge gaps by exploring the synergy between cheap and noble
metals, specifically focusing on improving the performance of catalytic
converters used in gasoline vehicles. The research investigated the
addition of cobalt, nickel, and copper as promoters for palladium cata-
lysts supported on pelletized aluminum oxide under simulated real
driving conditions. This study aims to contribute to the ongoing efforts
to develop more efficient and cost-effective catalytic converters,
potentially reducing emissions and lowering production costs for auto-
motive emission control systems.

2. Experimental methods & materials
2.1. Materials

e Palladium (II) acetate (Pd (OCOCHj3)g; >97 %, Sigma Aldrich)

e Nickel (II) acetylacetonate (C1oH14NiO4; Ni > 98 %, Merck KGaA)

e Copper (II) acetate monohydrate (C4HgCuO4. 1H20; Cu > 98 %,
VWR)

e Cobalt (II) acetate tetrahydrate (C4HgC0O4. 4H20; Co > 99 %, Fluka)

e Acetone (C3HgO, 99.5 %, VWR)
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e Ethanol (C3HgO, purity >98 %, VWR)

e Distilled water

e The fuel used was commercial unleaded gasoline compliant with EN
228 standards (95 RON, <10 ppm sulfur), composition table (hy-
drocarbons: 35 % aromatics, 22 % olefins, 43 % paraffins; oxygen-
ates: 3 % ethanol)

Gamma-Aluminum Oxide (Al;03 > 93) was manufactured by
Thermo Fischer Scientific under the product name Aluminum oxide,
catalyst support, high surface area, Thermo Scientific Chemicals with
pellet form of diameter of 1/8” and 0.6 ml/g pore volume.

Structural steel — S235JR-based reaction chamber was built to
EN10025 European Production standards. This non-alloy structural steel
comprises 0.17 % carbon and has a tensile strength of 400-500 N/mm?.
The electrical resistance is 0.14 Qmm?/m, while the thermal conduc-
tivity is 54 W/(m*K). Figs. 1 and 2 shows the reaction chamber design
and the schematic view of the experimental setup, respectively.

2.2. Experimental methods

2.2.1. X-ray diffraction (XRD)

The composition of the samples was determined at each step of the
project process using a Cu anode X-ray source, for increased resolution
the samples were evaluated at a measurement speed of 1°/min. The X-
ray diffractometer brand is Rigaku MiniFlex IL

2.2.2. Flue-gas conversion

A Real Driving Emission (RDE) setup was utilized to perform the
necessary tests on the prepared samples. The system comprises two
primary components: a controlled flue-gas emission source and a gas
analyzer. The first is a mobile design measuring table on wheels with a
galvanized surface and a damage-prevention frame. The load unit is a
three-phase asynchronous electric motor serving as the internal com-
bustion engine’s starter. The HONDA GX390 engine is a 4-stroke single-
cylinder gasoline engine with a net power of 8.7 KW. The ENERGO-
POWER (Telj-4) measurement software, which also regulates the oper-
ation of substantial braking systems, can be used to set the static
working point or control the entire measuring cycle. All tests were
performed at two different engine working conditions (Table 1). The
second component is a gas analyzer probs of the testo type, where two
sensors are used to read the data before and after the reaction chamber
where the prepared samples reside. Each sample was tested at least 3
times at every operating condition, where every test lasted for an
average of 1 h, The presented results constitute the average of the
collected data. these power levels represent low and medium load
conditions for the specific engine used, allowing evaluation under
diverse thermal and flow conditions relevant to engine operation.

2.2.3. Preparation of the samples

The list of resulting samples that were prepared during this experi-
ment is listed in Table 2 below. Hereafter the prepared samples are
referred to by their short name as listed in the same table.

Each prepared patch contained 100 g of ceramic support before
loading it with metals. all catalyst samples were prepared using the wet
impregnation method to form a wash-coat covering the ceramic support.
Starting with the Ni and Ni/Pd Samples, the impregnating solution is
made by dissolving Ni (II) acetylacetonate in distilled water using a
stirrer at 40 C with 500 rpm for 6 h, when the solution was ready, a
dropper was used to impregnate the ceramic support with it.

Once the ceramic support completely absorbed the solution, it was
then treated in an oxidation furnace with air at 400 °C for 4 h, afterward
the sample was wet impregnated with 0.1 wt% Pd, and finally, the
resulting samples were treated first in an oxidation furnace with air at
400 °C for 4 h, and second, in a reduction furnace with an H-Ar mixture
at 750 °C for 12 h. The Cu, Cu/Pd, Co, and Co/Pd samples followed the
same process of preparation except they were dissolved in their suitable
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Side view

Top view

Fig. 1. Reaction chamber used for testing the prepared catalyst where 1. shows the schematic emission flow inside the reactor, II. A schematic representation, and III.

Shows real photos of the reactor.
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Fig. 2. Schematic representation of the RDE setup utilized for testing the prepared samples.

Table 1

The exhaust flow and engine parameters at the two operating conditions.

solvent. Fig. 3 represents some batches of the prepared catalysts.

Engine operating Parameters

Inlet flow parameters

2.2.4. Energy-Dispersive X-ray Spectroscopy (EDS)
The elemental composition and distribution of the prepared catalysts

Rpm  Torque Vel. (m/  Temp. Flow Vel. were analyzed using Energy-Dispersive X-ray Spectroscopy (EDS), EDS
(n.m) s) ) (m®/h) (m/s) measurements were performed at multiple points on the catalyst surface
0.5 kW 2000 2-2.5 0.45-0.5 500 11000 3.7 to ensure representative dataThe analysis quantified the weight per-
condition centages of Cu, Co, Ni, and Pd on the Al,O3 support, verifying the metal
Lokw 2000 4.5-5 0.95-1 590 18000 6.5 loadings achieved through wet impregnation.
condition
3. Results & discussion
Table 2 3.1. Crystal structure analysis (XRD)
List of the prepared samples and their short names.
Short name The crystallographic structure and phase purity of the prepared
0.1 wt% Pd Pd materials were determined through XRD pattern and recorded wigh 201in
1 wt% Cu 1% Cu the range of 4-85 o with type X-Pert Pro MPD, Cu-Ka: A = 1.54 A Fig. 4
1 wt% Ni 1% Ni displays characteristic diffraction peaks corresponding to the ~22.12°:
1x:22 gz 01 wioe pd i ZZ gz/Pd Close to the (110) °, 38.12°: Matches with the (222) 46.27: Near the
1 wt% Ni + 0.1 wt% Pd 1 9% Ni/Pd (400), 53.64°: Matches closely with the (334), 71.86°: Near the (308)
1 wt% Co + 0.1 wt% Pd 1 % Co/Pd and 79.61°: Close to the (533) plane have appeared. It is. These values
2 wt% Cu + 0.1 wt% Pd 2 % Cu/Pd correspond exactly to the International Center of Diffraction Data ICDD
Z va://s lgj):%ll "‘:’/t;/;’ F};‘; ; Z;: g“)// 11);21 database pattern gamma-alumina JCPDS reference no. 00-010-0425
5 wtd Cu + 0:1 Wi% Pd 59 Cu/Pd (gamma-Al;03) (Ding et al., 2018; Farahmandjou and Nazafarin, 2015).
5 wt% Ni + 0.1 wt% Pd 5 % Ni/Pd These peaks provide clear identification of the crystallin Alumina
5 wt% CO + 0.1 wt% Pd 5 % Co/Pd phase. The Cu & Cu/Pd wet impregnated to Alumina support No clear

peaks appeared for 1 %Cu/Pd, 2 % Cu/Pd, and 5 % Cu/Pd. Also, The Co
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Fig. 3. Pictures of the prepared catalysts where a. shows Aluminum Oxide support without loadings, b. shows a Ni/Pd sample, c. shows a Co/Pd sample, and d.

shows a Cu/Pd sample.

& Co/Pd wet impregnated to Alumina support no clear peaks appeared
for 1 %Co/Pd, 2 % Co/Pd, 5 % Co/Pd, and Ni & Ni/Pd wet impregnated
to Alumina support no clear peaks appear Cu, Co, and Ni promoted Pd at
the Alumina support through wet impregnation, retains the phase
structure with enhanced dispersion.

This introduction of the mentioned elements doesn’t induce phase
changes., only at higher doping levels, showing no new secondary
phases (Rezaei and Moradi, 2018). Particle size increases with higher
Cu, Co, and Ni loading. The Primary crystallite sizes were calculated
using the Scherrer formula in Table 3. Generally, All three systems show
similar peak positions, indicating that Pd dominates the crystal struc-
ture, peak intensities generally increase with metal loading (1 %-5 %),
the oxidized samples consistently show less pronounced peaks across all
systems, and finally the "spent" catalysts often show sharper peaks,
which could indicate particle growth during use.

3.2. Elemental composition analysis (EDS)

To further characterize the catalysts, Energy-Dispersive X-ray Spec-
troscopy (EDS) was employed to confirm the elemental composition and
distribution of Cu, Co, Ni, and Pd on the Al,O3 support. The results,
summarized in Table SM8 in the supplementary material, show that the
metal loadings are close to the nominal values, indicating good control
over the wet impregnation process. For Cu-Pd catalysts, Cu content
increased from 0.9 to 5.6 wt% as the nominal Cu loading rose from 1 %
to 5 %, with Pd content ranging from 0.4 to 0.53 wt%. In Co-Pd cata-
lysts, Co varied from 1.0 to 5.7 wt%, with Pd between 0.43 and 0.5 wt%.
For Ni-Pd catalysts, Ni content ranged from 0.7 to 6.0 wt%, with Pd
from 0.4 to 0.46 wt%. Notably, Pd loadings were consistently higher
than the intended 0.1 wt%, which may be attributed to the limitations in
EDS sensitivity, or interactions with the support or secondary metals
(Cu, Co, Ni), potentially leading to alloy formation or encapsulation.
Such interactions could enhance the synergistic effects observed in CO
and NOx conversion. While EDS verifies elemental incorporation,
additional techniques like SEM or XPS could further elucidate surface
morphology and chemical states to fully explain the enhanced catalytic
activity. Future work will include these methods to confirm the mech-
anisms underlying the observed synergy.

3.3. Flue-gas conversion & cost analysis

We opted to utilize a real driving emission (RDE) setup for testing our
sample instead of only using a fixed bed reactor setup due to the nature
of this experiment, this was inspired by The European Union (EU) which
regulates the emissions limits through the Fuel Quality Directive (FQD)
and the European standard EN 228, as they found out that real-world on-

road emissions may be different than the laboratory tests, and the Euro 6
standard in particular, introduced RDE testing to address discrepancies
between laboratory tests and on-road performance.

The synergy between transition metals and Pd likely arises from
electronic modifications, as Co, Ni, and Cu may donate electrons to Pd,
lowering the activation energy for CO and NOx reactions, which aligns
with the observed conversion trends (Figs. 5 and 6). Promoter metals
such as Cu, Ni, and Co play a crucial role in enhancing the catalytic
performance of Pd-based systems by modifying electronic properties,
enhancing oxygen storage capacity, and providing additional active sites
for NOx and CO reduction. These modifications lead to improved cata-
lytic activity and selectivity, making these systems highly effective for
environmental catalysis applications(Meng et al., 2020; Qi et al., 2024;
Salaev et al., 2021; Zhou et al., 2023).

3.3.1. CO conversion

The results of Cu samples show a slight promotion of the catalytic
activity toward CO, 1 % Cu/Pd catalyst was able to promote CO con-
version by 5 %, whereas 2 % Cu/Pd increased the conversion by 7 %
compared to Pd catalyst (Fig. 5.). However, the continuous addition of
Cu decreased the CO conversion, particularly at 5 % Cu/Pd where the
conversion started dropping. Ni samples showed a unique behavior
while converting CO, and although all Ni loading points were able to
promote the catalytic activity of the catalyst, increased loading of Ni
started dipping the catalyst activity and that is apparent at 5 % Ni/Pd
catalyst. Lastly, the Co/Pd samples were the highlight of this experiment
as the conversion of CO kept on increasing with the increase of Co
loading. The highest loading of Co was 5 % for the sake of consistency of
the experiment.

Fig. 5 also present a compelling economic perspective on various
palladium-based catalysts, at 0.5 kW and 1.0 kW operating conditions,
we observe significant variations in the money spent per 100 ppm CO
reduction across different catalyst compositions. However, the 5 %Co/
Pd catalyst emerges as the standout performer, achieving the highest
conversion rates (55 % and 93 %) while also being the most cost-
effective option. Moreover, The overall money spent per 100 ppm
reduction at 0.5 kW operating condition is generally lower compared to
the 1.0 kW scenario, Lastly, Catalysts like 1 %Ni/Pd, 2 %Cu/Pd, and 2 %
Co/Pd present moderate costs and conversion rates, offering a second to
best alternative option see Table 4 at the end of this section.

3.3.2. NOy conversion

It is important to note that our "NOx conversion’ data represents the
total reduction of NO and NO2 species from the gas stream, as measured
by our analyzer. We were not able to quantify the specific nitrogen-
containing products, such as inert N2 or nitrous oxide (N20), in this
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Fig. 4. X-ray diffraction patterns of self-prepared A. Co/Pd catalyst, B. Cu/Pd catalyst, and C. Ni/Pd catalyst, all wet impregnated over pelletized Al,O3 support at 3
different points oxidized at 450 °C for 4 h (fixed temp, no heat rate), reduced in H-Ar mixture at 700 °C for 12 h (heating rate of 5 °C/min), and spent in RDE setup.

study." Because Pt is not as active for NO reduction, commercial cata-
lytic converters use a mixture of noble metals, such as Pt-Pd, rather than
solely Pd (Bourges et al., 1998; Després et al., 2004; Kim et al., 2011).
Graham et al. reported that Pd functions as a promoter for Pt in the NO
conversion process, reducing the hydrothermal sintering of Pt (Graham
et al., 2007), from the results it was noticed that Pd catalyst had a
moderate NOy conversion, however, the addition of promoters increased
the conversion of NOy particles. Fig. 6 shows NOx Conversion and
conversion cost for different catalyst compositions at two engine oper-
ating conditions mentioned earlier 0.5 kW and 1.0 kW.

In summary, the conversion rates and conversion costs of the
different samples are compared to the benchmark conversion of the Pd
catalyst which are 73 % and 0.71$ at the 0.5 kW operating conditions
and 28 % and 0.49% at 1.0 kW. Results suggest that for all metal types,
adding Pd generally improves NOx conversion, especially at higher
power. However, the 0.5 kW setting consistently outperforms the 1.0 kW
setting across all catalyst types and that is due to the low amounts of NOy
produced at this operating condition which averages around 380 ppm
compared to 1400 ppm at 1.0 kW operating condition. A limitation of
this study is the lack of direct measurement of N2 selectivity due to
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catalyst samples without promoter addition, at 0.5 and 1.0 kW engine power
output operating conditions.

equipment constraints. While literature suggests Pd-based catalysts
typically achieve >90 % N2 selectivity for NOx reduction (Graham et al.,
2007), the introduction of Cu, Ni, and Co may influence by-product
formation, such as N20. Future studies should quantify N2 and N20
to confirm selectivity. The best-performing catalysts at 0.5 kW are 5 %
Co/Pd, 2 % Cu/Pd, and 1 % Ni/Pd, whereas at 1.0 kW, the Ni-based
catalysts seem to maintain higher conversion rates compared to Co
and Cu. Starting with Cobalt-based catalysts, Generally, the 0.5 kW
operating condition yields higher NOx conversion than 1.0 kW, and the
5 % Co/Pd catalyst shows the highest conversion at 0.5 kW, reaching
about 80 %. The Copper-based catalysts showed the same trend of
higher conversion at 0.5 kW, where 2 % Cu/Pd shows the best perfor-
mance at 0.5 kW, with over 80 % conversion, similar to Co adding Pd to
Cu significantly improves performance, especially at higher power.
Lastly, for Nickel-based catalysts, the 0.5 kW vs 1.0 kW trend persists as
1 % Ni/Pd shows the highest conversion at 0.5 kW, slightly above 80 %.

there’s a wide range in cost-effectiveness. Some catalysts (like 5 % Cu/
Pd) offer high conversion rates at relatively low costs, while others (like
pure Pd) are expensive with moderate performance. At 0.5 kW, the cost
spread is narrower, but significant differences remain. 5 %Co/Pd stands
out as highly cost-effective, offering the highest conversion rate at a
moderate cost. It was also evident that changing operating condition
from 1.0 kW to 0.5 kW significantly decreases the money spent per 100
ppm NOx reduced for all catalysts (by roughly a factor of 20-30),
however, this cost reduction comes at the expense of lower conversion
rates for most catalysts. So the general conclusion of the financial
analysis indicates that first, for high conversion requirements, operating
at 1.0 kW with 5 % Cu/Pd catalyst appears to offer the best balance of
cost and performance. As For more cost-sensitive applications, operating
at 0.5 kW with 5 %Co/Pd catalyst provides excellent cost-effectiveness
while maintaining good conversion rates. Pure Pd catalysts are gener-
ally not recommended due to their high cost and moderate performance.
Doped catalysts offer superior value. Table 4 below provides a com-
parison of the cost reduction/increase for reducing CO and NOx mole-
cules compared with palladium catalyst. The percentages indicate how
much each catalyst increased or decreased the cost of conversion rela-
tive to the Pd sample at two operating conditions 1.0 kW and 0.5 kW.
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Table 4
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Percentages of the decreased cost of CO conversion, and the percentages of the increased/decreased cost of NOx conversion all compared to the Pd sample.

CO Conversion Cost

NO, Conversion Cost

Cu Ni Co Cu Ni Co
1.0 kw 0.5 kW 1.0 kw 0.5 kW 1.0 kw 0.5 kW 1.0 kW 0.5 kW 1.0 kW 0.5 kW 1.0 kW 0.5 kW
1 % pro./ —7.10 % —-524% -228% -33% —-360% —-27.9% 33.7 % 0.3 % —49.7% -14.4% —46% 3%
Pd
2 % pro./ —28 % —55 % —23.3% -369% —243% -575% —-27% -146% -55% -57% —-49% 10%
Pd
5 % pro./ —6.90 % -169% -11.5% -31.6% —-28.8% —-61.7% —-49% -02% -43% -58% —40% -1.70 %
Pd

4. Conclusion

This study examined the effects of different promoters (Cu, Ni, and
Co) at various concentrations (1 %, 2 %, and 5 %) on Pd catalysts for CO
and NOx conversion in flue gas. The performance and cost-effectiveness
of these catalysts were compared to a pure Pd sample, the tests were
performed in a Real driving Emission setup at two operating conditions
(1.0 kW and 0.5 kW). the findings demonstrate significant potential for
enhancing catalytic converter performance while reducing noble metal
content. The key results are mainly shown in the ability of all samples to
promote the catalytic activity of the Pd catalyst although in different
percentages. Notably, the 5 wt% Co + 0.1 wt% Pd sample showed the
highest conversion of the overall emissions at an average of 93 %, which
translates to a 38 % increase while being the most cost-effective sample
with a 61.7 % decrease in conversion cost compared to pure Pd catalyst.
The observed enhanced performance between palladium and transition
metal promoters, particularly cobalt offers promising avenues for
developing more efficient and cost-effective catalytic converters. While
our study provides valuable insights, it also highlights areas for further
investigation. Our experimental results suggest that the enhanced per-
formance of the 5 % Co/Pd catalyst (55.20 % at 0.5 kW) may be
attributed to improved dispersion of Pd nanoparticles on the alumina
support, as indicated by the XRD analysis (Fig. 4). The observed crys-
tallite size increase with higher Co loading (Table 3) likely facilitates
better interaction between Co and Pd, enhancing active site availability
for CO oxidation. Additionally, the high NOx conversion of Ni/Pd
samples (e.g., 87 % at 0.5 kW for 1 % Ni/Pd, Fig. 6) could be due to Ni’s
ability to modify Pd’s electronic properties, promoting NOx reduction,
as observed in the increased conversion rates compared to pure Pd.

Future research should explore loading optimization, especially for
cobalt samples as performance kept increasing with higher loading
percentages. Additionally, investigating N2 selectivity through gas
chromatography or mass spectrometry would provide a more compre-
hensive evaluation of NOx conversion efficiency, addressing potential
by-product formation like N20. Moreover, I strongly suggest the
exploration of a mixture of noble metals particularly Pd and Pt with
cobalt promoters to have a better conversion of all flue gas emission
components, we also encourage investigation of stability and activity
over extended periods. Overall, the addition of promoters generally
improved both the performance and cost-effectiveness of the Pd catalyst
for flue gas conversion. However, the optimal promoter, concentration,
and power level varied between CO and NOx conversion. This suggests
that the choice of catalyst composition should be tailored to the specific
target pollutant and operating conditions.
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