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Abstract
A quick overview of the increasing pollutants worldwide shows a parallel move-
ment toward strict legalization to limit contamination of air before it gets out of 
hand, however, in this paper, we are discussing a source of emissions that is yet to 
receive its’ deserved attention rendered in non-road mobile machinery. Our proposal 
to solve this issue unfolds by delivering an efficient catalyst, starting by character-
izing its relevant properties such as the choice of material, the shape of the catalyst, 
the chemical structure, and the active coating agent. So, in this sequence of experi-
ments, we are investigating the performance of five ceramic supports impregnated 
with 0.1 and 0.2 wt% palladium (II). Starting by testing the samples’ ability to oxi-
dize CO in a fixed bed reactor, we will measure their performance in converting 
flue-gas emissions by testing the samples on a custom-designed catalytic converter 
connected to a dynamometer system. Following this study, we can achieve an out-
standing 98% reduction in NOx and 95% reduction in CO and build a direct relation 
between sample properties and performance. For now, this research will be the first 
part of a tailored proposed solution to reduce NRMM emissions using a catalytic 
converter where this paper will mostly be concerned with the overall performance of 
the catalyst.
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Introduction

The increased number of pollutant sources and the lack of efficient catalytic con-
verters made the “diesel boom” that began in the European Union in the mid-
1990s most certainly provide a little climate benefit in terms of total CO2-eq 
emissions between 1995 and 2015 where CO2 emissions were reported at 8395 
Mt and 11,761 Mt respectively [1, 17]. Moreover, between 2008 and 2015 the 
worldwide production of biodiesel increased from 1.6 to 3.2 million m3 per 
year [2, 18]. For that many strict regulations were applied worldwide on vehicle 
exhaust and various sources of emissions as the air pollutants produced contrib-
ute to a major air quality problem, arguably most important is health problems. 
For example, according to a large number of studies confirm that air pollution 
can cause a variety of diseases, including stroke, chronic obstructive pulmonary 
disease, trachea, bronchus, lung cancer, increased asthma, and lower respiratory 
infections [3, 4, 19, 20]. The European Union (EU) has set a goal of reducing 
emissions by 80–95 percent to be achieved by 2050 [6], with a proposal for addi-
tional emission reductions that would bring the EU to climate neutrality by 2050 
[5]. this paper will be concentrating on a massively overlooked source of pollut-
ants caused by Non-Road Mobile Machinery (NRMM), which is a transportable 
or mobile machine that is not intended to transport passengers or goods on roads. 
It also includes machines installed on passenger or transport vehicles [7, 21, 22]. 
According to a report published in 2017, NRMM was responsible for 15% of 
overall NOx emissions and 5% of total PM emissions in the European Union [8, 
9]. The table below shows statistical ratios of NRMM in the London area [10]

In this study, we opted to use different types of Aluminum oxide (Al2O3) in 
the process of catalytic oxidation of flue-gas emissions for their high mechani-
cal properties and resistance to thermal decomposition [11]. Moreover, Al2O3 
is known for its acidity which increases the catalytic activity, furthermore, it’s 
a non-toxic, easy-to-use, and chemically stable material [12]. Nobel metal palla-
dium was also chosen over metal oxides as an agent because of their superior spe-
cific activity and selectivity, making them the best candidates for low-temperature 
complete oxidation [13]. The key property that we are most keen to address its 
effect on catalytic activity is the shape of the samples and the structure of their 
masses inside the catalytic converter since we believe that this approach will have 
numerous advantages over its conventional counterparts such as more rigidity and 
less exposure to choking and melting, the ease in adjusting catalytic converter 
capacity according to the engine volume, and the seamless recovery and restora-
tion of catalysts.

In this sequence of experiments, we investigated the performance of five 
ceramic supports impregnated with 0.1 wt% Pd. First, we tested the samples’ 
ability in oxidizing CO in a fixed-bed reactor and the best performing materi-
als were further tested on a custom-designed catalytic converter connected to a 
dynamometer setup to measure their performance in converting flue-gas emis-
sions. The results showed outstanding performance by the pellets and spheri-
cal shapes caused by their characteristic length and high BET surface area. This 
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research will be the first part of a tailored proposed solution to reduce NRMM 
emissions using a catalytic converter where this paper will mostly be concerned 
with the choice of support material, coating agent, durability, and the overall per-
formance of the catalyst (See Table 1).

Experimental methods & materials

Sample properties

As the reaction of oxidation is exothermic, catalyst shape and structure nature play 
an important role in facilitating the heat release from particle to gas, this assumption 
can be approved by monitoring the temperature of the exhaust outlet gas. To regard 
the differences in sample geometry, we need to determine most of their physical 
properties such as the characteristic length and void fraction for better comparison. 
We can determine these values using the following equations and substituting the 
appropriate values according to the shape geometry.

Below are the basic proprieties summed up in Table 2 showing the BET, charac-
teristic length, and void fractions of the samples that may affect the performance in 
converting flue-gas emissions.

Materials

Palladium (II) acetate (Pd(OCOCH3)2); ≥ 97%) was manufactured by Sigma 
Aldrich. The raw materials used for the production of the porcelain mass were 
obtained from the following companies: Alumina (Al2O3, ≥ 95%) was manufactured 
by SILKEM Hungary Ltd.; talc (Mg3(Si4O10(OH)2), ≥ 85%) was traded by Imerys 

Characteristic length =

surface area

volume

Voidfraction =

empty tube volume

total tube volume

Table 1   Data on the flue gas 
emitted by NRMM in the 
London area, and their ratio to 
road traffic emissions

Pollutant 2010 2013 2016

CO2 tons/year 187.126 179.956 200.388
NRMM to Road 

traffic emis-
sion ratio

27% 30% 29%

NOX tons/year 5833.2 3967.5 3214.2
NRMM to Road 

traffic emis-
sion ratio

51.2% 51.5% 48%
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Refractory Manufacturer Ltd. Hungary and clay (Al2O32SiO2 + 2H2O, clay miner-
als ≥ 85%) was manufactured by Keraclay Plc. Czech Republic.

Ceramic support preparation

Using the appropriate quantities of raw materials, a dense ceramic mass was pre-
pared by adding water to it, which was homogenized several times so the clay com-
ponents were enough time to unfold. After approximately one week of daily homog-
enization process, when the moisture content of the ceramic mass reached 22–25% 
we started to produce the three types of cylindrical ceramic bodies with the vacuum 
press extrusion method. The drying process took two weeks in the case of this type 
of extruded sample, after that they were heat-treated two times at elevated tempera-
tures (900–1250 °C).

The ceramic bodies including the cylinders without holes and the one-hole and 
four-hole ones were all made of a hard porcelain ceramic mass, with the follow-
ing typical oxide composition (64,21% SiO2; 20,98% Al2O3; 2,08% Fe2O3; 1,85% 
TiO2; 1,75% Na2O; 1,69% K2O; 0,90% CaO; 0,35% MgO; 6,19% LOI = Loss on 
Ignition).

As for the spherical-shaped and the Pellets catalysts they both are Gamma-Alu-
mina, which means both of them were annealed below 900–1000 °C in their fabrica-
tion process with the following approximate chemical composition for spheres (46% 
SiO2, 39% Al2O3, and 14% H2O).

Catalyst sample preparation

All catalyst samples were prepared using the wet impregnation method to create a 
wash-coat covering the ceramic support. Firstly, the impregnating solution is pre-
pared by dissolving palladium (II) acetate in Acetone solvent using an ultrasonic 
sonication bath for 5 min, the exact amount of dissolved palladium (II) salt was pro-
portional to the mass of the ceramic support that the resulted sample was 0.1 wt % of 
Pd for 125 g of ceramic support. Once the solution was ready to use a dropper was 
used to impregnate the ceramic support with the solution. Afterward, it was dried 

Table 2   Basic properties of the ceramic samples containing their mass, BET surface area, characteristic 
length, and void fraction

Shape Mass/pcs BET surface 
area (m2/g)

Surface area to volume ratio 
for a 400–500 mg of catalyst 
(mm−1)

Void fraction

Cylindrical/no holes 0.1wt% 
Pd

0.47 g 1–2 0.8 0.969

Cylindrical/one hole 0.1wt% 
Pd

0.49 g 1–2 0.88 0.971

Cylindrical/4 holes 0.1wt% Pd 0.46 g 1–2 1.16 0.979
Pellets 1/8″ 0.1wt% Pd 0.07 g 200 6.75 0.972
Spherical 0.1wt% Pd 0.09 g 326 10.4 0.984
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in an 80 °C oven for 1 h, and the same process was repeated until all the solution is 
completely absorbed by the ceramic sample.

Characterization methods

CO oxidation

first, we started by testing the catalyst activity which was determined using Fixed-
bed connected to a gas chromatography (GC) type Hewlett Packard 5890 Series II. 
A constant mass of 450–500 mg of solid catalyst samples was placed in the middle 
region of a 1 mm wall thickness, 8 mm internal diameter, 200 mm long quartz tube 
that was inserted vertically into a tube furnace during the measurements. Before ini-
tiating the measurement, the samples were oxidized and then reduced. During the 
oxidation, the sample was purged with pure O2 gas for 30  min at 300  °C. After 
oxidation, the system was purged for 5 min with pure Argon. Following oxidative 
pretreatment and argon purging, the samples were reduced. During the reduction, 
the sample was purged with pure H2 for 30 min at 300 °C to remove unwanted sur-
face poisons. Then, the entire system was purged with Argon for 5 min. Following 
the pretreatment of the catalyst samples, our system was cooled back to 60 °C, and 
measurements were taken using a CO–O2–Ar reaction gas mixture at seven different 
measuring points ranging from 60 to 200 °C. Our reaction gas mixture flow rate was 
4–10–46 mL/min during the O2 rich measurement condition and 10–4–46 mL/min 
during the CO rich measurement condition, respectively. The thermal conductivity 
detector (TCD) provided the signal based on the different thermal conductivity of 
the components.

X‑ray diffraction (XRD)

The composition of our samples was determined using a Rigaku MiniFlex II X-ray 
diffractometer. For the maximum possible resolution, the samples were evaluated 
at a measurement speed of 2°/min. Cu K anode X-ray source was adopted for the 
measurements.

Flue‑gas conversion

The equipment consists of two main systems, a controlled flue-gas emission source, 
and a gas analyzer. The first includes a mobile design measuring table with a gal-
vanized surface on wheels and a damage-prevention frame. The load unit used is a 
3-phase asynchronous electric motor, which also performs as the starter of the inter-
nal combustion engine. The engine used is a HONDA GX390, a 4-stroke single-cyl-
inder OHV petroleum engine with a net power of 8.7 KW. The static working point 
setting or the control of the complete measuring cycle can be performed utilizing 
the ENERGOPOWER (Telj-4) measuring software, which also controls the opera-
tion of large braking systems. And the second is gas analyzer probs of the type testo 
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350 that were installed before and after the catalyst sample. The testo 350 emission 
analyzers can measure a wide range of flue gas components, including carbon mon-
oxide (CO), carbon dioxide (CO2), nitrogen oxides (NOX), and sulfur dioxide (SO2) 
as well as pressure and temperature differences. Gas analyzers are connected to a 
computer and their data are collected through Testo Easy Emission software. The 
measurements were done at 3 different points 1500 rpm, 2500 rpm, and 3500 rpm. 
The catalytic converter chamber was designed to fit our catalyst samples and was 
attached to the engine’s exhaust outlet (See Figs. 1 and 2).

Coke resistant tests by Transmission Electron Microscopy

This characterization was carried out to identify the pellets sample’s ability to resist 
coke formation, which reveals the direction of the pellets sample’s capacity to per-
form consistently for long periods. The experiment was held under 1500  rpm and 
1  N  m at which emissions are typically high, the experiment was repeated three 
times lasting 1  h each, and the mass of the catalyst used was 63  g. Fig.  3 below 

Fig. 1   the dimensions and shape of the five different samples used in the experiments

Fig. 2   Schematic representation and a real photo of the flue-gas conversion characterization setup
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shows the TEM images of the sample before and after performing in the catalytic 
converter showing no signs of coke formation.

Result and discussion

X‑ray diffractogram (XRD)

XRD patterns of Pd/ceramic support were obtained in the range of 10 to 90 2θ 
and illustrated in Fig. 4. The chemical composition of the ceramic support showed 
mainly hexagonal α-aluminum oxide (α-Al2O3) for the cylindrical shape samples, 

Fig. 3   TEM image of pellet sample before and after performing inside a catalytic converter for three 
hours

(a) (b)

Fig. 4   XRD patterns of the ceramic support powders containing 0.1wt% Pd, where Panel a shows the 
peeks of alpha Aluminum oxide as well as Pd peeks, and Panel b represents the peeks of gamma Alu-
minum oxide and Pd
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and mainly cubic γ-aluminum oxide (γ- Al2O3) for the pellets and spheres, where all 
the samples contained 0.1 wt% Pd.

It can be observed from the XRD results that the peaks of the first three samples 
(a.) correspond to alpha-alumina and are crystalline, while the next 2 samples (b.) 
are gamma-alumina and are rather amorphous.

Typical α-Al2O3 peaks can be seen on the left side XRD figure at 25 (012); 35 
(104); 44 (113); 53 (024); 57 (116); 66 (024); 68 (030) and 77 (119) 2θ degrees, 
which correspond to corundum.

Characteristic γ-Al2O3 peaks can be observed on the right side XRD figure at 15 
(111); 37 (311); 46 (400); 60 (511) and 67 (440) 2θ degrees.

Pd peaks can be seen on both XRD figures at 40 (111); 47 (200); 68 (220) and 86 
(222) 2θ degrees.

CO oxidation measurements

CO oxidation measurements were held to select the most appropriate catalyst to 
perform heterogeneous catalytic measurement inside the catalytic converter. The 
experiments were executed using a fixed bed connected to a gas chromatograph, in 
order to imitate the lean and rich conditions occurring inside an internal combustion 
engine, which generally refers to the ratio between air and fuel in the combustion 
chamber, the experiments were held under two different conditions: (a) the first con-
dition represented an oxygen-rich case at which O2 gas flow was 2.5 times higher 

(a) (b)

(c) (d)

Fig. 5   CO conversion as a function of temperature for five different shapes of ceramic samples, where all 
samples contain 0.1 wt% Pd. Panels a. and b show the performance of no holes, one hole, and four holes 
samples at low temperature and high temperature respectively. Panels c and d. show the performance of 
spheres and pellets samples at low and high temperatures respectively
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than CO flow, while (b) the second condition represented an oxygen-deficient case, 
where the CO gas flow was 2.5 times bigger than O2 flow. From Fig.  5a related 
to the GC test, we noticed that the three alpha-alumina catalysts gave very similar 
activity under the O2 rich condition where all samples reached complete oxidation at 
175–178 °C.

In Fig. 5b the one-hole catalyst has a slightly better performance than the 4-holes 
and no-holes catalysts since it has a two times bigger diameter. The bigger diameter 
of the hole affects the diffusion through the catalyst instead of increasing the contact 
surface area. Changing the condition to lean reduced the activity of catalysts, where 
reaching complete oxidation was around 230 °C for the one-hole and 250 °C for the 
rest, this decrease in activity is due to the low O2 concentration needed to oxidize 
CO. In Fig. 5c, we can observe the conversion of gamma-alumina for both pellets 
and spheres, starting at lower temperatures and reaching complete oxidation signifi-
cantly faster than the alpha-alumina, this performance is probably due to their nature 
of amorphous structure and their orders of magnitude larger BET surface area, as 
well as the similar void fraction values make this assumption more likely. In Fig. 5d 
we can observe another significantly better performance of the pellets and spheres 
under lean conditions where all samples reached complete oxidation at 190 °C. To 
show these results in perspective compared with CO oxidation experiments Fukun 
et. al. reported a start of conversion at 150 °C reaching complete oxidation at 200 °C 
for 0.1 wt% Pd loading and a slightly earlier conversion of 0.3, 0.5, and 0.8 wt% Pd 
loading all supported UiO-66, the experiments were held under the rich condition 
with 1:20 CO to O2 ratio [14]. Xiaodong et. al. reported a start of CO oxidation 
at 150  °C and a 20% conversion at 200  °C for CeO2, where CuCeO-IMP started 
converting at 100  °C reaching complete oxidation at 200  °C, also 1:20 CO to O2 
gas mixture ratio was utilized for this test [15]. In a more relative experiment, Nur 
Izwanne et. al. reported a start of conversion at 150  °C reaching complete oxida-
tion at 200  °C for Gamma-Al2O3 loaded with 3, 5, 8, and 10 wt% of Pd, the gas 
mixture ratio was 1:2 CO to O2 [16]. A great distinction can be seen in the per-
formance of our samples and the compared counterparts, showing a significantly 
higher activity both in the early start of conversion as well as at complete oxidation, 
furthermore even at low O2 concentrations both alpha-alumina and gamma-alumina 
were rendered superior. Additionally [24–27] carried out a similar fixed bed reactor 
measurement.

Flue‑gas conversion

similar to the CO oxidation tests we used a constant mass of catalyst, for that we 
prepared 63 g of each of the five samples with the wet impregnation method, moreo-
ver, we increased the loading of Pd to 0.2 wt% instead of 0.1 wt% to withstand a 
large amount of flue-gas emitted by the 8.7 KW engine, and lastly, we pretreated 
each sample and reduced them at 800 °C for 12 h before testing them. The experi-
ments were carried out for approximately 1 h per sample at three points (1500 rpm, 
2500  rpm, and 3500  rpm) to ensure stable combustion leading to stable results. 
Reduction percentages of NOx and CO for the 5 samples are shown in Fig.  6. It 
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is worth mentioning that with the increase in rpm of the engine, the flow volume, 
speed, and temperature will also increase as can be seen in the direct relation in the 
following equation [23]:

VExhaust = Exhaust volume flow rate, TExhaust = Temperature of exhaust gas in kel-
vin, VIntake = Intake volume flow rate.

And for a 4-stroke engine the Intake volume is as follows:

Vstroke = Swept volume of the engine, �volumetric = volumetric efficiency of the 
engine, N = RPM of the crankshaft.

In Fig. 6a all samples showed excellent catalytic activity in oxidizing NOx at 
which both the pellets and spheres showed better performance as was expected 
indicated by their activity in the fixed-bed reactor, moving forward pellets and 
spheres continued their preferable performance at higher flow, speed, and temper-
ature at 2500 rpm and 3500 rpm illustrated in Figs. 6b and 6c. On the other hand, 
Figs. 6d, 6e, and 6f show the reduction of CO using the five different samples, in 
Fig. 6d. the cylindrical samples had a slightly better performance at a low flow 
speed which may occur because of their higher void fraction at this mass, leaving 

VExhaust =
TExhaust

300
× VIntake

VIntake =
(

Vstroke ×
N

2

)

× �volumetric

(a) (b) (c)

(d) (e) (f)

Fig. 6   Performance of the five ceramic samples in reducing NOx and CO at three different engine speed 
points (1500 rpm, 2500 rpm, and 3500 rpm)
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more time for the flue gas to diffuse throw the catalyst and increasing the contact 
surface area. However, the pellets and the spheres samples gained back the edge 
regarding the catalytic activity at 2500 rpm and 3500 rpm where the flow, speed, 
and temperature of the flue gas increased as shown in Figs. 6e and 6f. one expla-
nation for this performance presented by the pellets and spheres samples is their 
amorphous nature and high BET surface area, moreover, their activity in the fixed 
bed reactor is also corresponding to their performance in the catalytic converter. 
As for the overall performance comparison it’s very much dependent on the appli-
cation, on one side the pellet-shaped catalyst showed the best conversion of NOx 
and CO at 1500 rpm and 3500 rpm, so it’s a favorable option for application in 
which engines runs more at these speeds, on the other hand, the results suggest 
that the spherical catalyst will have higher activity in the applications at which 
engines runs more around 2500 rpm, lastly if the engine is continually changing 
speeds then pellets are once again the favorites as they cover more speed range.

By comparing these findings with industrial catalytic converters, we find our 
sample superior in converting emissions in different regards, most notable are the 
conversion at low temperatures (typically temp. at 1500  rpm is around 190  °C 
ranging to 500 °C at 3500 rpm) and the amount of conversion. For example, most 
engineering books present the industrial catalytic converter’s ability to oxidize 
CO as follows, a typical 90 percent oxidation of CO occurs at about 300 °C, and 
the conversion efficiency falls to zero at about 150  °C to 200  °C the same per-
centages also apply to NOx [28]. Moreover, in a modern article, we see a conver-
sion of CO ranging between 30%—80% at different RPMs for industrial catalytic 
converters [29] and an average of 52% reduction of co in some other experiments 
[30].

Conclusion

The geometric features of the five ceramic supports inspired a reliable and easy-to-
install solution for the reduction of the emissions produced by NRMM, where a fab-
ricated catalytic converter chamber and an adequate amount of catalyst are enough 
to decrease pollution drastically. This case can also be profiled to suit NRMMs 
according to their features. We have shown that by wet impregnation method we 
were able to wash-coat our samples with 0.1 and 0.2 wt% Palladium (II)-acetate, 
and the carried-out tests indicated that Pd supported Aluminum-oxide catalysts are 
promising for efficient CO oxidation and selective oxidation of flue gas components. 
The exact property or set of properties that gave the spherical and the pellet-shaped 
catalysts their edge over their counterparts can’t be defined by our experiments, 
however, the fixed bed reactor measurements strongly suggested that amorphous 
structure and the order of magnitude larger BET surface area were the only signifi-
cant variables hence the better performance is most likely regards to them. Lastly, 
the overall performance comparison recommended the pellets catalyst for the appli-
cations where the engine run more around 3500 rpm and the spherical catalysts for 
the application at which the engine run more around 2500 rpm.
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