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Abstract: This works aims to provide an understanding on basic chemical kinetics pertaining to
three-way catalytic (TWC) converters from an educational perspective, aimed at those novel readers
in this field. Rate of reactions and its factors are explained, showcasing that the chosen catalyst is
the main factor affecting the overall rate of reaction. Furthermore, this overview revisit insights of
the catalytic converter structure and the environmental issues that come along with it. Lastly, the
chemical and physical properties of the reactants and products-pollutant and less-toxic gases—are
discussed, in order to gather a better understanding of the reactants and products that enters a
catalytic converter.
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1. Introduction

The use of fossil fuels in the transport sector has increased the greenhouse gas (GHG)
emissions during the last decades [1,2]. Fossil transport fuels such as gasoline or diesel
release exhaust gases composed by carbon dioxide (CO;), methane (CHy), nitrous oxide
(N20), carbon monoxide (CO) and hydrofluorocarbons (HFCs) [3]. Indeed, the GHG from
the transport sector amounts 28% of the total US emissions [1]. This percentage is lower
(19.4%) for European Union, but still important [4]. The reduction of these emissions are
a big challenge for breaking the so called climate change cycle [5]. Some strategies have
been proposed to solve the problem of emissions in the transport sector. Increasing the
share of renewable energy and moving towards hydrogen as an energy vector are the
preferred actions [6]. In fact, powering our vehicles through fuel cells or hydrogen internal
combustion engines is already technically feasible [7], but overcoming the overall cost
attached to these two technologies is still a challenge in the path towards a low-carbon
transport sector [7]. In this line, other options must be explored. As presented in a recent
review [8], advances in engine technologies are placing additional demands on emission
control catalysts. In this sense, the use of catalytic converters to reduce exhaust gases from
vehicles and converting them into unharmful compounds is widely extended [9]. Among
catalytic converters, three-way catalytic (TWC) converters have been the state of the art
technology since 1970 [10].

TWC converters are a tool used for reducing the emission of pollutant gases that are
present in the exhaust gas released from an internal combustion engine of an automo-
bile [11]. TWC is chosen over a two-way catalytic converter in automobiles because it can
reduce the emissions of the N,O gases, as well as the emission of CO gas and unburned
hydrocarbons. Two-way catalytic converters will only be able to reduce the emissions
of CO gas and unburned hydrocarbons, due to the catalysts used and the reactions that
occur [11]. By using the concept of heterogeneous catalysis and rate of reaction, a hon-
eycomb ceramic structure (usually coated with Al,O3), which acts as catalyst support,
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is used. The main reason is that it allows the best possible contact between the flowing
exhaust gas and the catalyst surface [12]. The honeycomb ceramic structure is a catalyst
support that provides a large surface area, in order for redox reactions to take place at
a higher rate and efficiency. A large surface area, along as temperature and pressure, is
one of the main factors that provides a higher rate of reaction [13]. The structure is then
coated with a solution containing different noble metal nitrates such as palladium nitrate,
rhodium nitrate and platinum nitrate [14]. The honeycomb structure facilitates the flow of
gas through the converter and controls any pressure drops.

Even though TWC converters are widely used commercially, and fundamental aspects
and technology have been described [15-20], a review from an educational perspective
is still missing. Hence this work is a useful initial resource for newcomers to the field to
familiarize them in a direct and clear manner with the main concepts and characteristics
of TWC technology. Therefore, the goal of this paper is to offer an overview of the main
fundamental working principles of TWC from an educational perspective. To this end, this
work is organised as follows. First, the working principles of TWC converters are explained.
Afterwards, the most common structures used for the devices are reviewed, along with the
typical working conditions for a TWC. The rates of reaction are subsequently provided,
focusing finally on pollutant gases reduction.

2. Working Principles of Three-Way Catalytic Converters

Internal combustion engines use the exhaust stroke to expel the spent gases, via the
exhaust system, where the harmful emissions are then passed through a muffler-type
looking device which is the catalytic converter [12,21]. Components of the spent gases
consist of unburned hydrocarbons, NO, and CO [21]. As mentioned above, the main
purpose of the catalytic converter is to reduce the original harmful emissions to the most
acceptable levels, by the means of catalyst controlled chemical reactions. Therefore, there
are needs to be the most careful attention to the engine design, before venting out the gas
into the air [12].

The majority of automobile catalytic converters have a design of a monolithic structure,
which is coated with an alumina washcoat. The monolithic structure is referred to as the
core of the catalytic converter, where the core is typically a ceramic monolith with a
honeycomb configuration. The purpose of the honeycomb structure is to allow for the
heterogeneous catalysis to occur on the surface of the honeycomb structure. Metallic
monolith is made out of FeCrAl where it has high heat resistance. The washcoat can also
consist of aluminum oxide, silicon dioxide, titanium dioxide or a mixture of silica and
alumina [22].

Catalytic converters use metallic catalysts to promote the desired reactions at lower
temperatures [14]. Common metal catalysts used could be a base metal (such as chromium)
and noble metals, such as platinum, palladium, and rhodium [14]. These catalysts can be
used for redox reactions; the reduction of N,O and the oxidation of unburned hydrocarbons
and CO. If platinum, palladium, and rhodium metals are used, these can be a part of
the Platinum Group of Metals Solution (PGM Solution), which is also used to coat the
honeycomb structure. This would allow for heterogeneous catalysis to take place on the
surface of the core, allowing for the production of less toxic gases (CO,, nitrogen and water
vapour) to be produced [23].

Another component of the catalytic converter is its metal casing that surrounds the
core of the catalytic converter. This metal casing directs the exhaust gas flow through
the catalyst bed. The metal casing is usually made out of stainless steel, but since low-
temperature catalysts are used, stainless steel may not be necessary for the construction of
the catalytic converter [24]. A diagram of a TWC converter is shown in Figure 1.
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Figure 1. Automobile catalytic converter. Adapted from [25,26].

The initial step in heterogeneous catalysis is the adsorption of the reactants, where
adsorption refers to the binding of molecules to a surface [12]. Adsorption would occur
because of the high reactivity of the atoms/ions on the surface of the solid, facilitating the
honeycomb the flow of gas through the converter and controls pressure drop. Since the
composition of the exhaust gas also contains oxygen gas and the pollutant gases (CO, N,O
and unburned hydrocarbons), oxygen atoms are made available to react with the other
adsorbed pollutant gases. In the case of CO, the oxygen atom reacts with CO yielding CO»,
and so, as the final step in heterogeneous catalysis, CO, desorbs from the metal surface
and is released as a product out of the catalytic converter. This concept is identical for both
the N>O and the unburned hydrocarbons.

Briefly, in a TWC converter, the simultaneous redox reactions consist of a three-way
system which controls emissions by oxidation of the unburned hydrocarbons and CO
and by the reduction of the NOx [27], (unlike two-way catalytic converters, where only
2 oxidation reactions occurs, so the N,O are not reduced), so the three-way catalytic
converter would have the following functions:

(1) Oxidation of unburned hydrocarbons, where oxygen gas is present in the exhaust gas,
has its bonds broken and the oxygen atom reacts with the unburned hydrocarbons
to produce CO, and water vapour as the final products. An example would be the
oxidation of benzene (Equation (1)):

2C6H6(g) + 1502(g) — 12C02(g) + 2H20(l) (1)

In this particular reaction, palladium or platinum would be used. Even though
palladium and platinum both have similar chemical properties [28], palladium would be
preferred over platinum because of the decline in effectiveness of the converter, which
means that platinum deactivates faster than palladium, therefore the converter efficiency
would decrease very fast [29].

(2) Oxidation of CO to form CO; by using either catalysts platinum or palladium nitrate.
Oxygen gas that is present in exhaust gases is adsorbed to the surface of the honey-
comb ceramic, and so the oxygen bond is weakened and so the oxygen atom reacts
with CO to give CO, (Equation (2)):

CO(g) +O2(g) — CO2(g @)
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Either platinum of palladium can be used as a catalyst for this reaction, as they both
have very similar physical and chemical properties.

(3) Reduction of N>O to give stable nitrogen and oxygen gas (Equation (3)). Since this is
a reduction reaction, rhodium is used instead. Since it is a rare type of noble metal,
rhodium is usually alloyed with platinum or palladium.

ZNOX(g) — XOz(g) + Nz(g) 3)

Rhodium metal is used for this reduction reaction because it is an oxidising agent
(a substance that loses electrons), compared to the other reducing agents, palladium and
platinum. For these redox reactions the amount of oxygen gas present in the exhaust
gas is a critical parameter. If there was a higher concentration of oxygen gas present in
the exhaust gas than required, the system is defined as lean, so oxidation of unburned
hydrocarbons and CO would more likely occur, as there is less fuel in the automobile.
However, if there is a lower concentration of oxygen gas present in the exhaust gas, the
system is defined as rich, so reduction of N,O are more likely to occur as there is a higher
concentration of fuel than needed. Therefore, the efficiency of catalytic converters are not
always 100% efficient [11].

In order to achieve the best efficiency of a catalytic converter, the fuel/air ratio, which
defines how much fuel or excess air is inside the catalytic converter, can be measured
using a feedback control loop system, where the metering of the fuel needs to be precisely
measured, and the concentration of the oxygen leaving the catalytic converter is measured
using a specific sensor [27].

3. Structure of Three-Way Catalytic Converters
To construct a catalytic converter, the following components must be considered:
(1) Catalyst Core (substrate).

Typically, for a catalytic converter, the core is an open-channel ceramic monolith or
either a metallic honeycomb substrate that provides an area for the catalyst [30]. The
most commonly used structure, the honeycomb ceramic, is designed to maximize the
surface area (Figure 2) [31]. A larger surface area would result in a higher reaction rate [32].
Cordierite (2MgO-2Al,03-55i0,) is the most commonly used type of monolith because it
has a high surface area, large open frontal area, low heat capacity, and good mechanical
strength [30,33]. Figure 2 displays how the catalyst is placed on the monolith channel.

3-D View of a single Monolith Channel (for a
catalytic converter)

Catalyst Washcoating

Symmetric Channel
(Monolith) Wall

Exhaust gas entering
monolith channel
€O, NOy, HC

Figure 2. Reactants passing through a single monolith channel and exiting as products. Monolith wall = solid grey colour,

secondary support = black and catalyst layer = green. Adapted from [34,35].
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(2) Washcoat

A coat of supported catalysts is applied to the surface of the honeycomb ceramic
structure. A thin coating of a wet-based slurry is directly applied on the highly porous
material, which contains alumina as well as different metal oxides or zeolites [36]. The
honeycomb ceramic structure is usually coated with y-Al,Os, due to its high resistance
towards higher temperatures [14], which contains the catalyst materials of about 0.1-0.15%,
20% cerium oxide, and stabilisers such as barium oxide. Rare earth and alkaline ions can
improve stabilisation [14]. Cerium oxide is mixed with the catalyst materials as it is used
to improve the thermal stability of alumina, and can store and release O; in, respectively,
lean and rich conditions [37]. This thin coating of the wet based slurry is then dried up and
calcined, which is the heating of solids to a high temperature to remove volatile substances.

There has been research done to directly apply the metal catalysts onto the surface
of the honeycomb ceramic without the involvement of drying and calcination. According
to [38], this method involves the use of electrolysis (the electroplating technique), where
a washcoat of y-Al,O3 on nickel oxide (NiO) catalyst is electroplated onto the FeCrAl
substrate; the honeycomb ceramic is submerged into a solution and alumina ions are
directly transferred to the honeycomb surface. A schematic diagram showing the set-up
of the experiment is shown in Figure 3. As a result, [38] concluded that the CO emissions
were below 7 ppm when a catalytic converter of this experiment was used.

Power supplier |

Niplate FeCrAl foil (with
~ ultrasonic treatment
with Al,O; powders)

Liquid suspension———> @i >

Electromagnetic stirrer

Figure 3. Schematic diagram of the electroplating process. Adapted from [38].

Washcoat materials are selected in order to form a rough, irregular surface, which will
increase the surface area compared to the smooth surface of the substrate. This coat will
protect the sintering of catalytic metal particles even at high temperatures that can go up to
1000 Degrees Celsius [39].

(3) Catalyst Solution

Noble metals are the most commonly used heterogeneous catalysts, as they can be
made more thermally resistant to reduced low-temperature activity. Another excellent
characteristic is that they provide equivalent catalytic activation with smaller volumes than
do base metals. Therefore, a small number of noble metals in the form of a solution, such as
palladium, platinum and rhodium nitrates, is used to coat on the surface of a honeycomb
ceramic [14]. This type of heterogeneous catalyst solution, called a PGM Solution, is a
solution of platinum group metals that are highly resistant to chemical attacks and have
very high-temperature resistance and corrosion resistance [40], therefore deemed to be the
most appropriate catalyst solution in a catalytic converter [41]. The PGM Solution contains
platinum, palladium and rhodium, where its chemical and physical properties are shown
in Table 1, and is coated onto the honeycomb ceramic structure, supported by a coat of
supported catalysts of thermal resistant metals [41].
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Table 1. Chemical and physical properties of PGM metals. Adapted from [42].
Chemical Name (Symbol) Platinum (Pt) Palladium (Pd) Rhodium (Rh)
Density (g/cm3) 21.45 12.02 12.41
Melting Point (°C) 1769 1554 1960
Vickers Hardness No. 40 40 101
Thermal Conductivity (W/M/°C) 73 75 150
Tensile Strength (kg/mm?) 14 17 71

Physical Properties

Soft, ductile and resistant to oxidation and high

. Excellent performance
temperature corrosion

Preparation and
homogenisation

The quantity of platinum, palladium and rhodium used in auto catalysts depends
on the vehicle type, manufacturer, country, year and additional factors [40]. In TWC
Converters, the ratio of Pt/Rh is 5 to 1, and the ratio of Pd/Rh is 7 to 1 [40].

As demand for TWC converters are increasing, the demand for PGM is also increas-
ing [40]. About 15-20% of the world demand for platinum comes with recycling from
used catalytic converters, however, the amount of platinum required is not enough to meet
the growing world demand, hence the shrinking in platinum reserves and the increase in
platinum price. Therefore, the high value of PGM has stimulated the recovery of PGM
from used catalytic converters [40], and it is widely practiced. One of the common methods
of PGM recovery is shown in Figure 4. Recovering PGM is very important as it provides
supplementary source to the mining of these metals, therefore protecting the environment
by limiting the number of waste disposal, saving natural resources exploitation, limiting
electricity consumption and diminishing pollutant emission [40].

» Upgrade of PGM »
) (pyro or ———
hydrometallurgy)

Removal of non- N

PGM elements Separation of PGM %> PGM purification

Figure 4. Main steps to recover PGM from used catalytic converters. Adapted from [40].

(4) Metal Casing

Due to mechanical vibrations inside the car and thermal stresses, the metal casing
is essential [43]. Furthermore, a metal casing is used to direct the exhaust gas flow, since
gas flow is a scalar quantity (only has a magnitude but no direction). High thermal stress
can alter the shape of the substrate easily, so a metal casing is required to hold the ceramic
together. At high thermal stress, this can result in permanent plastic deformations [43]. The
metal casing can be produced through the canning process. A thinned wall metal casing
is desired [44], as this can allow better heat transfer to the surroundings, to prevent the
catalytic converter from reaching temperatures of up to 1000 °C. However, the question of
durability and efficiency is considered, as high temperatures can result in deformation of
the catalytic converter [45,46].

In another design, the option of using a support mat is considered, where it is placed
in between the honeycomb ceramic and the steel casing acting as thermal insulation. A
schematic diagram is shown in Figure 5. A support mat purpose is to act as a mechanical
support of the monolith, provide thermal insulation and minimize the potential for shell
deformation [45]. Shells may be a variety of grades of stainless steel and are an integral
part of the exhaust system. Therefore, the designer should take the thermal expansion
differences and yield strengths of various materials into consideration [45]. Substrate
and the steel shell of the catalytic converter have different thermal coefficients of thermal
expansion, so there is a gap present between both sections. The gap expands and contracts
as the converter cycles in temperature during its use [45]. Gap expansion can be minimized
by adjusting the material of the stainless-steel shell, where it is suggested to use ferritic steel
shells (55409), where is has about 50% lower thermal expansion compared to austenitic
(SS310) [45,47].
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Figure 5. Diagram of converter with the mat. Adapted from [45].

4. Conditions in Catalytic Converters
4.1. Temperature

The temperature conditions inside the catalytic converter must be able to minimize
the cold-start emissions, as well as maintain a high conversion efficiency of pollutant gases
to non-pollutant gases. A summary of the catalyst light-off temperature and operating
temperature can be shown in Table 2 below.

Table 2. Summary of temperature ranges for a specific condition in a catalytic converter. Adapted
from [37,48-50].

Conditions Temperature (°C)
Catalyst Light-Off Temperature 250-300
Operating Temperature 450-500
Pt sinters 700
Pt-Rd and Pt-Rh Alloy forms 700-800
Alumina Sinters 800-900
Ceramic monolith softens 1300-1400
Metal Monolith melts 1500-1600
Pellet Melting >1900

4.2. Cold Start Emissions

An automobile engine usually begins from a cold start; therefore, the catalytic con-
verter is starting up from a cold start, i.e., the catalytic converter is at the same tempera-
ture as its surroundings and the catalyst conversion efficiency is effectively zero at this
point. The catalytic converter is not working to the specified operating temperature (op-
timum temperature) [24], where the operating temperature is suggested to be around
400-800 °C [37,51]. Above this range the thermal aging process begins to accelerate and
the noble metals and the carrier begins to sinter, thus shrinking down the active surface
area [51]. Therefore, there is a certain time interval that is required for the temperature of
the catalytic converter to increase from the ambient temperature (15-25 °C), to its optimum
temperature. During this period, cold-start emissions are present. Cold-start emissions
are defined as the emissions produced by an engine during the initial warm-up period,
after a sufficiently long period of non-use, and before the engine, catalytic converter, or
any other emission reduction systems would reach their optimum operating condition [52].
According to [48] and [50], the so-called light-off temperature, which is the certain thresh-
old temperature for the catalyst to convert harmful emissions, normally exists at around
250-300 °C. The term ‘light-off temperature’ is also used to describe the temperature at
which the catalyst becomes more than 50% effective [50]. Therefore, high levels of exhaust
emission are transferred into the atmosphere when the exhaust temperature is low [48].
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Cold start emissions are considered a problem in the automobile industry because
pollutant gases are emitted to the surroundings when the catalytic converter is starting
up [48,49,53]. In a study recently conducted [48], it was found that the maximum concen-
trations of CO and unburned hydrocarbons that we emitted out of the exhaust engine
ranged from 950 ppm to 8400 ppm and from 220 ppm to 28,000 ppm, respectively. High
emissions of these pollutant gas were caused by poor cylinder combustion and catalyst
efficiency. These two aspects were improved in [48]. Various techniques such as using the
retard ignition timing method, adjusting the air/fuel ratio inside the catalytic converter
and the use of thermal insultation materials were used, as one of the few key thermal
management techniques to control the emission of exhaust gases. Table 3 summarises just a
few key thermal management methods to minimize the light-off period and the cumulative
emission of exhaust gases.

Table 3. Overview of catalyst light-off time reductions and the cumulative emission reductions with different thermal
management methods. Adapted from [48].

Thermal Management Methods Light-off Time Reduction Cumulative Emission Reduction
Start of combustion delay 80% n.a.
Higher idle speed 90% n.a.
Variable Valve Timing n.a. 30%
Air/fuel ratio adjustment na. na.
After-treatment layout 26% n.a.
Burner 40% n.a.
Reformer 50% n.a.
Thermal energy storage device 70% n.a.
EHC 50% n.a.
Coolant and Lubricating Oil Heating na. 20%

The main methods to shorten the warm-up period would be heating with electrical
power, heating with an external combustion chamber, and installing an auxiliary small-
capacity catalytic converter [54]. However, they all employ active means which would
require an external energy source along with a control unit.

4.3. Catalyst Conversion Efficiency

As the temperature of the catalyst increases, the catalyst conversion efficiency would
increase for CO and unburned hydrocarbons [50]. To obtain the catalyst conversion
efficiency mathematically, which is the ratio of the rate of mass removal in the catalyst of a
particular constituent of interest to the mass flow rate of that constituent into the catalyst,
Equation (4) for unburned is used [50]. There is a positive correlation between the catalyst
conversion efficiency and the temperature (Figure 6).

mHC,i;? — MHC,out (4)
MHC,in

Neat =

Figure 6 shows a positive trend as the temperature increases, the catalyst conversion
efficiency increases. At high enough temperatures of around 350 to 450 °C as shown on the
graph, the steady-state conversion efficiencies of CO and HC are typically 98-99 percent
and 95 percent or above, respectively [50].

High temperatures were once the limiting factor for converter designs, as higher
temperatures can lead to sintering, resulting in a decrease in fraction of metal available
for catalytic reactions to occur as well as increased aging of coating when the gas inlet
temperatures into the converter is above 850 °C [49]. As a result, new washcoat formula-
tions were developed, where gas inlet temperatures of 1050 °C can be attained without the
impairment of the coating; high temperature coating of 1050 °C for 24 h can still maintain a
very high conversion efficiency for hydrocarbons at 98% [49].
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Figure 6. Conversion efficiency for CO and HC as a function of temperature for a typical oxidizing
catalytic converter. Adapted from [50].

Furthermore, from [48], in order to maintain the temperature of the catalyst to work
at its optimum, suggestions of improving the insulating material was discussed. A study
from this paper showed that the effect of partially ceramic coated pistons on the cold-start
emissions of engine would increase the temperature by around 100 °C, as well as reduce
the peak values of Hydrocarbon emission by up to 15%. Furthermore, the efficiency of a
precious metal-containing catalyst declines very steeply for a temperature below 350 °C,
and cites the importance of using phase-change-material, so some of the thermal energy of
exhaust gases are stored within the phase-changing material where the catalyst would be
embedded [54].

In summary, if the catalysts is at its optimum at a lower operating temperature of
around 300 °C, then a washcoat applied must be improved to withstand higher tem-
peratures during the cold start period i.e., the wash coat needs to be able to withstand
temperatures of around 950 to 1050 °C [24]. Furthermore, since it is expected that cat-
alysts work at a lower temperature, expensive stainless steel is not required during the
construction of the catalytic converter [24].

4.4, Pressure

The pressure drop is considered an important design parameter as it represents energy
loss [38], and an increase in pressure drop can be an indication that catalyst plugging may
occur [31]. When designing the monolithic substrates, there must be a trade-off between
the pressure drop and the total geometric surface. This is because due to increasing
pressure drop is a major issue as there is significant engine loss in terms of power and fuel
economy [55]. According to [55], an engine will lose about 300W of power per 1000 Pa of
pressure loss. However, increasing the total geometric surface area i.e., the higher the cpsi,
the higher the conversion is [31]. Studies and experiments have been conducted to minimize
the pressure drop, usually to adjust the substrate geometry and the flow distribution.

Experiments to adjust the geometry of the honeycomb ceramic were done to optimize
the flow distribution inside the catalytic converter so the pressure drop remains low. Before
catalytic converter technologies were improved, substrate geometry inside the catalytic
converter used to be in a pellet form using spherical particular of aluminum oxide, before
being replaced with a honeycomb monolith structure, as having a honeycomb monolith
structure would ensure a lower pressure drop of over 70% by having a high open frontal
area (where it is defined as a function of wall thickness, cell spacing and cell density),
which results in little resistance to flow [56].

The geometry structure of the monolith would affect the pressure drop, where their
hypothesis states that the channel geometry would affect the pressure drop from the
monolith honeycomb [57]. An experiment was conducted and assumed that the flow of gas
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would follow the Poiseuille flow and constant apparent permeability. Data of the channel
velocity and the pressure drop was plotted for different void fractions of 0.60, 0.66, 0.73,
0.84. The channel velocity of the gas was in m/s and was increased from 1 m/s to 6 m/s.
For all void fractions, as the channel velocity increases, the pressure drop entering and
leaving the monolith increases.

As stated in the opening paragraph of the section, another factor that can be directly
adjusted would be the flow distribution. The flow distribution would have a significant
effect on the pressure drop of the catalytic converter [58]. Adjusting the flow distribution
would improve power consumption and can also provide higher conversion efficiency.
Adjusting the geometry of the honeycomb ceramic by using square and hexagonal cells
was carried out in [55]. The authors pursued improving the pressure drop and therefore
the conversion efficiency. Dimensions of 600 cells per square inch (cpsi) and a thickness of
0.114 mm and 400 cpsi and a thickness of 0.089 mm for square and hexagonal shaped cells
were compared, respectively. Air at uniform velocities of 5, 10, 15, 20 and 25 m/s were
used, with an air inlet temperature of 293K and an outlet pressure at atmospheric pressure.
Assuming a constant hydraulic diameter was present, it was found that the hexagonal
cell geometry would reduce the pressure drop more than the square cell geometry. It
is suggested in [55] that the hexagonal-shaped cell gives better mechanical performance
(lower pressure drop), which proves that it would be better for flow distribution, so less
energy consumption is needed for the catalytic converter. Experimental and Simulation
pressure drops were recorded, and the root-square (RS) and root mean square (RMS) was
calculated for each inlet air velocity. Tables 4-6 show that for both a square and hexagonal
shaped cell, with increasing air velocity, there is an increasing pressure drop. From Table 4,
a hexagonal shaped cell would generate less pressure drop. However, there has been
indication that the monolith (honeycomb ceramic) would act as a flow resistance zone,
creating a high-pressure area in the centre of the catalytic converter which would force flow
redistribution to the sides. A simulation of airflow inside the catalytic converter suggests
that there is a significant pressure drop inside the catalytic converter, and that backpressure
can occur at large pressure drops [58]. The larger the backpressure, the higher the resistance
to flow of pollutant gas there is.

It is known that backpressure can be a good indication of a clogged catalytic converter.
If there is higher back pressure, there is a larger resistance to gas flow and the mass flow
rate, which could indicate that the catalytic converter is clogged. This can result in pressure
build-up inside, and the catalytic converter can explode. It is indicated that a back-pressure
of 3 psi is the maximum backpressure that could exist inside a catalytic converter.

Another suggestion was to use a metallic honeycomb instead of the usual ceramic
monolith honeycomb, where it is manufactured using Fecralloy, a ferritic stainless steel with
aluminium, which comes in a broader range of shapes and cpsi than the ceramic, depending
on the structure. Using metallic monoliths would provide thinner walls with open frontal
areas approaching 90%, resulting in larger channel diameters [56], therefore resulting in
lower pressure drop [31]. However, factors such as cost, weight, and maximum temp.
would outweigh the change of material from a ceramic type to a metallic honeycomb [56].

4.5. Surface Areas

An experiment by Amirnordin, et al. [55] indicates that at a higher surface area, there
would be a significant improvement in chemical properties on the monolith structure
(Figure 7). Another reference [30] suggests that a higher surface area and open frontal area
are needed, as it would allow more active components (in this case, the catalysts) to be
present on the surface of the monolith [59].
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Table 4. Geometries of single channel for a square and hexagonal shaped cell, and validation of experiments. Adapted from [55].

A
Characteristic
—p
B
Cell Shape Square Hexagonal
A (mm) 0.95 1
B (mm) 0.95 0.575
Cell Length (mm) 118 69.8
Cell density (cpsi) 600 400
Wall thickness (mm) 0.114 0.089
Air velocity for validation of square . . .
shaped cell Experimental pressure drop (Pa) Simulation pressure drop (Pa)
5 417 476
10 857 987
15 1339 1527
20 1857 2132
Air velocity for validation of square Experimental pressure drop (Pa) Simulation pressure drop (Pa)
shaped cell P P P P P
5 152 153
10 318 364
15 512 576
20 747 822
1400
= 1200
Q
<
= 1000
k)
c
S 800
3
o 600
£
=]
S. 400
[T}
c
o
I 200
: ] —
0.03 0.05 0.1 0.15
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Figure 7. Comparison of a monolith with particulate as a catalyst support at equivalent surface areas. Adapted from [56].
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4.6. Air/Fuel Equivalence Ratio

The air/fuel ratio is also another important condition to consider inside a catalytic
converter. It is defined as the ratio between the air mass flow rate and the fuel mass flow
rate [59], where the mathematical relationship is shown as Equation (5):

Air — Fuel ratio (A) = @ (5)
F mf
The reciprocal, the Fuel/ Air Ratio, can be defined as shown in Eqn. (6):
m
Fuel — Air ratio <F> = —f (6)
A My

Typical values of the A/F ratio in spark-ignited engines using gasoline fuel is between
12 and 18 (for the F/ A ratio, values ranged between 0.056 and 0.083).

The stoichiometric air to fuel ratio, also defined as A = 1, where A is defined as
the air/fuel equivalence ratio, is when all three pollutants can be converted [14]. A
mathematical relationship can be used to define the air/fuel equivalence ratio [60].

AFR

A= —r——
AFRstoichio

@)
where AFR is the actual air/fuel ratio, and AFRg;y;chio is the stoichiometric air/fuel ratio.
Rich air-fuel mixtures have A < 1, and lean air/fuel mixtures have A > 1 [60].

For oxidation reactions of CO and unburned hydrocarbons, they require an envi-
ronment of excess air i.e., more oxygen is required so they must operate in lean air/fuel
mixture settings, where A > 1 [51]. This is done in a single-bed oxidation catalyst converter,
and the NOx remain practically unaffected.

NOx reduction is conducted in a dual-bed catalytic converter, where the exhaust gases
flow through a reduction catalyst, where the nitrogen oxides are converted into N,, CO,
and water vapour, then the unburned hydrocarbons and carbon monoxide are converted
in a second bed [51]. Its schematic diagram is shown on Figure 8. Air is provided between
the two beds [51]. A rich air-fuel mixture is required for the reduction of NOy, where A < 1.
However, as the mixture enriches further, small reduction in conversion efficiency occurs,
but for leaner mixtures the conversion efficiency is large. For a mixture that is 1.5 percent
lean from the stoichiometric, the conversion efficiency goes down by 20 percent. Therefore,
the use of catalytic converters for NOy reduction require tight control of any lean-burn
combustion [14].

For a three-way catalytic converter, it allows for the air-fuel ratio to operate close
to stoichiometric. When combined with a lambda closed-loop control, it provides the
most effective pollutant reduction possible [51]. Figure 9 shows the optimum conversion
efficiency of all three exhaust gases at different air-fuel ratio equivalents.

Furthermore, the fuel/air equivalence ratio, ¢, can also be defined as the inverse of
the actual fuel/air ratio and the stoichiometric fuel/air ratio in Equation (8):

()
A actual

e
A stoichio

Therefore, a graph showing the relationship between the catalyst conversion efficiency
and the fuel/air equivalence ratio can be shown in Figure 9 for all three types of exhaust
gases. It shows that at the fuel/air equivalence ratios of 0.995 and 1.008, where it is
0.5 percent lean and 0.8 percent rich, respectively, the conversion efficiencies of all three
gases are much greater than 80 percent [14]. Hence, the main criterion for the use of the

®)
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three-way catalytic converter, shown in Figure 9 must have tight air-fuel ratio control
throughout this operating range [14].

SINGLE BED CATALYST OXIDATION SCHEME

Secondary air

- Engine Catalyst
oxidation stage

DUALBED CATALYST OXIDATION SCHEME

Secondary air

- Engine

THREE-WAY CATALYTIC SCHEME

Lambda sensor

Mixture "
Engine

Figure 8. Installation of different types of catalytic converter systems. Adapted from [51].

0.98 0.99 1 101 1.02

Fuel/Air equivalence ratio

100
90
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3
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1
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Figure 9. Window for operation of the three-way catalytic converter. Adapted from [14].

5. Rate of Reaction

The rate of reaction is defined as the change in the concentration of reactants and prod-
ucts in a certain amount of time, or in simpler terms, the speed of a chemical reaction [12].
The reactants, which in the case of a catalytic converter, would be the exhaust gas that is
directly emitted from the combustion engine are conducted inside the catalytic converter,
where these reactions produce the products, which produces the non-toxic gases.

To determine how each reaction happens and the conditions that are required to
optimize the reaction, the factors that affect the rate of reaction need to be known. The
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key factors that would affect the rate of reaction would be the temperature of the reaction,
pressure, the concentration of reactants, surface area, and catalysts [12].

If the temperature of the reaction is increased, the kinetic energy of the molecules
(moving energy) would increase. An increase in kinetic energy means that the molecules
would gain more energy to move around, as kinetic energy is the energy of an object has
because of its motion. This would allow for molecules to move around more frequently
and collide with each other at faster speeds, so the reaction rate would increase. So, a high
temperature is more favorable for a chemical reaction if the reaction needs to be sped up.

When the exhaust gas temperature is between 450 K and 500 K, NO conversion
efficiency of less than 10% and concentration of N;O generated is less than 0.01% [61].
It is because as there is a lower temperature in under these temperature conditions, the
activity of the catalyst inside the porous medium is too low, so the reaction progresses
slowly, making the reaction progress slowly. However, at a temperature at 600K, the
NOx conversion efficiency reaches 68%—highlighting the fact that as the temperature
increases, the activity of the catalyst i.e., the kinetic energy of the catalyst increases. A high
temperature is favourable.

For a general gaseous reaction, if the pressure increases, this would force the gas
particles closer together and so there are more gas molecules in a given volume; allowing
for more frequent collisions to occur. Since the rate of reaction is dependent on the number
of collisions, the rate of reaction would increase. Therefore, the products of a reaction are
produced in a much shorter amount of time. The chances of collision occurring are greater.
The effect of pressure on the catalytic activity is investigated by changing the pressure
and observing the methane and CO, conversion. Rising the pressure from 1 to 2 to 4 Bar
leads to an increase in methane, CO and HCHO conversions, and there is higher residence
time. This makes sense as the residence time is the time required to process one (reactor)
volume of feed under specific feed conditions. Therefore, if the pressure increases, the gas
concentration in a given volume increases, giving a higher residence time [62].

Table 5. Key pollutant gas components, their properties and effect on human health. Adapted from [63].

Pollutant Name and Symbol Properties Effect on Human Health

Carbon monoxide, CO

Nitrogen oxides, NOx

Great effect on the oxygen delivery to the
body’s organs and tissues, which may cause
death. CO poisoning can occur.

Highly poisonous, odourless, colourless
and tasteless gas. Flammable.

Mixture of gases composed of Nitrogen
and Oxygen. Nitrogen Oxide, NO is Linked to a wide range of respiratory problems

carcinogenic and toxic than Nitrogen e.g., cough and sore throat.
Dioxide, NO,.
HC, NOx and Sunlight can generate the
Produced from incomplete combustion of photochemical smog. Some hydrocarbon
Unburned hydrocarbons, HC organic fuels. These compounds contain compounds caused irritation to the eye and
Carbon and Hydrogen bonds only. damages lungs e.g., Benzene, C6H6. At high

concentrations, it can cause asthma and death.

Table 6. The emissions (mg/km) of CO, NOX and HC in a gasoline exhaust from vehicles without
catalysts and a TWC. Adapted from [63].

Gasoline Exhaust No Catalyst Three-Way Catalytic Converter
Cco 1800 300
NOx 3.46 0.82
HC 1560 220

Concerning the surface area, as it increases, ‘more molecules are exposed’ to the
surroundings, so collisions between molecules inside the catalytic converter would occur
more frequently, so more products are produced at a higher rate, meaning that the rate of
reaction would increase [62].
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6. Pollutant Gases Reduction and Environmental Issues

The effects of vehicle exhaust from burning gasoline and diesel fuels would release
toxic exhaust components, where some of the main components are CO, NOx and un-
burned HC. These pollutants have serious and irreversible impacts on both the human
health and environment. The implications that the pollutants have on the human health is
highlighted in Table 5 [63].

All of these gases can be minimized by the use of catalytic converters. Using gasoline
fuel as an example, the emissions of CO, NOx and HC is minimized when there is the use
of a catalytic converter, as shown in Table 6. Compared to non-catalyst converter gasoline
vehicles, the Table shown below shows that the use of a TWC converter can reduce CO,
NOx and HC by a factor of six, four and five times respectively. A catalytic converter is just
one of the more effective exhaust after treatment devices which might be able to suppler a
better efficiency of fuel burning and less GHG emissions [63].

7. Conclusions and Outlook

Herein an overview of TWC converters from an educational perspective has been
presented. The function of TWC converters is essential as they reduce harmful emissions
otherwise emitted to the atmosphere. TWC converters are preferred over two-ways as
they are able to remove a wider variety of pollutants. The main parts of a TWC are:
(1) the honeycomb, for which cordierite is the most used compound; (2) the washcoat,
typically formed by Al,O3; or metal oxides; (3) and the catalyst support, where PMG
solutions are common. The working temperature on TWC covers a wide range, although
typical operating temperatures are between 450-500 °C. At these temperatures, CO and
HC conversions range between 90-99.9%. For TWC, the air-fuel ratio can be close to
stoichiometric values which is an advantage from an operational point of view. The future
challenges of TWC will be closely related to emission control policies. Even though during
the past decades significant progress have been carried out for emission control, further
restrictions are envisaged for the coming decades to improve the overall quality of our
atmosphere. Thus, in this sense TWC will play a key role. These challenges will lead to
new developments of TWC and extensive research (i.e., catalyst with better behavior at
cold start emissions). All in all, this work is a useful guide to gather a better understanding
of TWC converters, essential devices for environmental control.
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