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SUMMARY

The negative health and socio-economic impacts of emissions associated with domestic fuel
burning are widely recognized. Studies in South Africa have found that domestic fuel burning
accounted for approximately 75% of all air quality related premature mortalities and approx-
imately 70% of respiratory hospital admissions over selected metropolitan areas and the
Highveld and Vaal Triangle areas (FRIDGE, 2004). The negative impacts of household
emissions are exacerbated by the fact that they are released in the breathing zone of indi-
viduals (DEA, 2019).

Various studies have been conducted in South Africa to investigate interventions to reduce
domestic fuel use and emissions from burning, such as the electrification of households, the
use of top down ignition techniques and improvements in the energy efficiency of housing
(Scorgie, 2012; Matandirotya et al., 2019). While various investigations have been done on
reducing household emissions by reducing the use of polluting fuels and improvements in
combustion efficiency, comparatively fewer studies have been conducted on the reduction
of emissions through secondary emission reduction using abatement technology (Amann et
al., 2018; Lim et al., 2015; Li et al., 2007; Messerer et al., 2004, Yamamoto et al., 2013;
Hukkanen et al., 2012; Ozil et al., 2009; Paulsen et al., 2019).

The study aimed to investigate the potential of abatement technologies such as catalytic
conversion to reduce particulate matter from locally available domestic stoves. The study
focused on the reduction of particulate matter emissions which is expected to be comprised
mainly of organic particles, soot and inorganic fly ash. Although catalytic methods have not
been effectively utilized widely in practical domestic applications, studies have shown effec-
tive soot reduction during laboratory testing (Paulsen et al., 2019; Gao et al., 2020).

To prevent the formation of organic particulate matter, organic compounds and soot formed
during the combustion process can be oxidized to CO2 using supported noble metal cata-
lysts and metal oxide catalysts. Noble metal catalysts generally are more active than metal
oxide catalysts, but metal oxide catalysts are more resistant to certain catalyst poisons such
as halogens, As and Pb. Metal oxide catalysts importantly have a lower cost and can be

sufficiently reactive for some applications (Huang et al., 2015). Manganese was selected for
il



this study due to the promising results achieved with laboratory testing (Gao et al., 2020).
Furthermore, Mn oxide catalysts have low toxicity, low raw material cost and have a diversity

of crystalline structures which determines the catalytic activity (Huang et al., 2015).

Three catalyst preparation techniques were tested namely precipitation, wet deposition and
dry deposition. The catalyst was synthesized onto a stainless steel mesh support for direct
use in domestic flues. The catalysts were examined using scanning electron microscopy
(SEM) to determine the catalyst morphology, catalyst coverage and particle size. The cata-
lysts were further analysed using Energy Dispersive X-Ray (EDX) analysis to determine the

semi-quantitative composition of the catalysts.

The application of the synthesized catalyst was tested in a commercially available stove
without a catalyst (referred to as baseline runs) and with the catalyst in place at the bottom
of the flue (four catalyst runs in series using the catalyst prepared by precipitation followed
by a comparative run using the catalyst prepared using wet deposition). The test runs were
conducted under similar ambient conditions at the same time each day to improve repro-
ducibility. The soft wood used as fuel was sized, weighed and bagged to reduce fuel varia-
bility and to ensure consistent fuel moisture content. The particulate concentrations were
measured gravimetrically by active collection onto polytetrafluoroethylene (PTFE) filters us-
ing a Gilian (GilAir Plus) Personal Sampling pump at a flowrate of 600 cm3/min over a period
of 10 min.

Contrary to expectation, the collected particle mass concentrations of the catalyst runs were
found to be higher than the baseline runs. Scanning Electron Microscopy (SEM) analysis
showed that the catalyst run filters had particulate clusters comprised of spherical particles
in the pores of the filters. The baseline runs had very few, if any, of these patrticle clusters.
Electron Dispersive X-Ray Spectroscopy (EDX) analysis indicated that the increased partic-
ulate concentration on the catalyst runs was not likely to solely be attributed to the catalyst
being dislodged from the support, as no manganese was detected in the particulate matter.
The increased particulate matter could result from the dislodgement of very small metal
particles from the catalyst which served as nucleation nodes for particle growth. The metallic
nuclei could potentially have a carbonaceous, non-metal coating which may lead to non-

detection by EDX. The increase in particulate matter could also be caused by the impinge-



ment of particulate matter precursors on the catalyst followed by particle growth and dis-
lodgement from the catalyst substrate by the flue gas. If the catalyst does not oxidize the
impinged pollutant efficiently, particle growth can occur with the increased residence time in

the concentrated flue gas stream, resulting in chain-like aggregates.

Even though laboratory testwork has indicated that manganese based catalysts are able to
oxidize CO, soot and VOCs, the practical application of the catalyst differs significantly in
terms of residence time and contact between pollutants, which can have a significant impact
on the efficiency of the catalyst. It is recommended that a range of optimized, potentially
active catalysts be tested to improve the oxidation of particulate matter precursors to COs-.
Should a suitable catalyst be identified and synthesized, design optimization of the catalyst
can be pursued which may include parameters such as the mesh configuration and type
used as catalyst support and the number of catalyst layers used. It is recommended that an

optimised catalyst be tested on a variety of fuels.

It is further recommended that the catalyst be tested over a prolonged period to determine
whether the catalyst remains self-cleaning or clogs over time. Continuous particulate matter
monitoring should be conducted in future testwork to provide information on the performance
of the catalyst during the different stages of combustion and the monitoring of gaseous com-
ponents such as CO, VOCs and CO:2 should be included to determine the extent of oxidation
of the particulate matter precursors.

The testwork has shown that an active catalyst can be synthesized onto a mesh catalyst
support in a facile manner and utilized in domestic fuel burning devices. The catalyst is easy
to install and can be customised to fit non-standard domestic combustion units. The man-
ganese based catalyst is heat resistant and does not release detectable particles or toxic
materials. The catalyst is light in weight and requires no electricity to operate. During the
limited test runs conducted, the catalyst did not clog, the airflow was not restricted and the
stove vented as per the baseline runs. It is therefore recommended that a range of opti-
mized, potentially active catalysts be tested to improve the oxidation of particulate matter

precursors to COz.
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CHAPTER 1: INTRODUCTION

1.1. BACKGROUND

Although there has been much progress in the provision of electricity to households in South
Africa, many still rely on traditional fuel sources such as wood and coal (Israel-Akinbo,
Snowball & Fraser, 2018). A study conducted by the Department of Energy came to a similar
conclusion as their results indicated that poorer households relied on multiple sources of

energy regardless of electrification status (DOE 2012, 19).

The negative health and socio-economic impacts of emissions associated with domestic fuel
burning are widely recognized. In a synthesis of the available information on air quality in
South Africa, the emissions from domestic fuel burning was shown to have the highest
health impact of all air pollution sources (Friedl et al., 2008). The South African comparative
risk report analyses the risk associated with 17 risk factors, including indoor air pollution and
urban air pollution (MRC, 2008). The report estimated that 20% of South African households
are exposed to indoor pollution from the burning of solid fuels. Areas that experience the
highest impact of domestic fuel burning would be densely populated with a high density of
emission sources. The negative impacts of household emissions are exacerbated by the
fact that they are released in the breathing zone of individuals (DEA, 2019). Globally, the
greatest negative health impact of domestic energy use is from incomplete combustion of

fuels in low efficiency stoves and lighting devices (WHO, 2014).

A South African study analyzing the economic impact of various air quality initiatives found
that technology interventions in the domestic sector would be the most efficient way to re-
duce healthcare costs associated with urban air pollution (Leiman et al., 2007). The inter-
ventions that have been investigated in South Africa include the electrification of house-
holds, the use of alternative fuels, improved household energy efficiency and encouraging
the use of top down fire ignition methods, amongst others (Scorgie, 2012; Matandirotya et
al., 2019).



1.2. PROBLEM STATEMENT

While various investigations have been done on reducing household emissions by reducing
the use of polluting fuels and improvements in combustion efficiency, comparatively fewer
studies have been conducted on the reduction of emissions through secondary emission
reduction using abatement technology. The emissions from domestic, fixed bed devices dif-
fer from that of larger sources such as solid fuel boilers and abatement technologies typically
used on such installations are not necessarily appropriate due to the size of the installations

and the physical and chemical properties of the emissions.

The particulate matter emissions comprise mainly of organic particles, soot and inorganic
fly ash (Torvela et al., 2014). Various technologies have been developed to capture partic-
ulate matter (non-catalytic methods) such as cyclones, scrubbers and air filters, but due to
the expected size distribution of the emissions, non-catalytic methods are unlikely to achieve
the desired emission reduction (Perry et al., 1994). Catalytic oxidation could be utilized to
oxidize particulate matter precursors such as volatile organic compounds and soot particles
to reduce secondary particulate formation. Although catalytic methods have not been effec-
tively utilized in practical domestic applications, studies have shown effective soot reduction

during laboratory testing (Gao et al., 2020).

1.3. RESEARCH OBJECTIVE

The study investigated the potential of abatement technologies in reducing particulate mat-
ter emissions from a locally available domestic cast iron stove. An assessment of the litera-
ture was first conducted to inform the study by identifying the emissions that are likely to
arise from the burning of domestic solid fuel such as wood and coal and identifying the
available catalytic and non-catalytic abatement technologies for the reduction of the partic-
ulate emissions reported in the literature. The objectives of the study were thus to:

1. Synthesise a prototype emission control device suitable for use in a domestic cast
iron stove and to characterise the synthesised products using scanning electron mi-
croscopy.

2. Perform a screening test on the effectiveness of the prototype to reduce particulate

matter emissions from a locally available, wood fired, domestic cast iron stove.



1.4. DISSERTATION OUTLINE

The dissertation is outlined as follows: Chapter 2 presents a literature review which gives
an overview of the characteristics and impacts of emissions from domestic fuel burning and
how domestic fuel burning emissions have been addressed previously in South Africa. Fur-
thermore, the chapter outlines the catalytic and non-catalytic methods for reducing domestic
fuel burning emissions. It concludes with a discussion of the abatement technologies that
could be appropriate to reduce these emissions. Chapter 3 presents the methods and pro-
cedures that the study employed, and the results thereof are presented and discussed in
Chapter 4. Lastly, Chapter 5 presents the conclusions of the study and recommendations

for future testwork.



CHAPTER 2: LITERATURE REVIEW

This chapter presents an overview of relevant literature related to the study. As previously
stated, this study aims to investigate whether emissions from domestic fuel burning can be
reduced using end-of-pipe abatement. The chapter, therefore, discusses the
characterisation and impacts of domestic fuel burning and how it has been addressed in
South Africa. Furthermore, it investigates the catalystic and non-catalytic abatement
technologies that are avaiable to reduce PM emissions. The last section concludes with a
discussion on which abatement technologies could be applicable to the reduction of

domestic fuel burning emissions.

2.1. EMISSIONS FROM DOMESTIC FUEL BURNING

2.1.1. Fuel usage

Although there has been much progress in the provision of electricity to households in South
Africa, many still rely on traditional fuel sources such as wood and coal (Israel-Akinbo,
Snowball & Fraser, 2018). Households were found to utilize predominantly wood and coal
in areas of South Africa close to coal mines for space heating purposes and electricity and
paraffin for cooking (Friedl et al., 2008). Coal usage was found to be more prevalent in the
Mpumalanga Province due to the proximity of coal mines, with 21% of households reporting
using wood and coal (StatsSA, 2022).

In a study conducted in Zenzele, a non-electrified, low income settlement in the Gauteng
Province, household fuel usage was investigated by means of surveys and hanging scales
to quantify the fuel use of 15 households (Naidoo, 2014). The study found that there were
significant seasonal variations in fuel use. Coal and wood were not frequently utilized during
the summer months and that in winter, wood was burnt in the morning, if needed, and wood
together with coal were utilized in the evenings. While cost of fuels played a role, the choice
of fuel also has cultural aspects associated with it.



A study conducted in Kwadela, Mpumalanga Province found that 90% of the residents made
use of solid fuels for cooking and heating purposes during the winter. During the summer,

the use of these fuels continued, albeit at reduced rates (Nkosi et al., 2017).

In a study conducted in Doornkop in the Gauteng Province and Kwaguga in the Mpumalanga
Province, it was found that 80% of electrified households utilized coal for space heating and
cooking (Mdluli & Vogel, 2010). The study found that coal was utilized to save electricity and
that households that did not use coal mainly did so because their stoves were broken or
they did not have a stove. A very small percentage did not utilize coal as they reported
negative health impacts. The study suggested that continued coal use could be partly at-
tributed to functioning coal supply networks as relatively cheap coal was delivered to house-
holds.

The Department of Energy (DOE), now the Department of Mineral Resources and Energy
(DMRE) conducted a survey of energy-related behaviour and perceptions in South Africa in
2012 (DOE, 2012). The survey gathered information on fuel usage and electricity usage for
various applications such as lighting, cooking and space heating. The survey results indi-
cated that poorer households tended to rely more heavily on multiple energy sources. A
study conducted by Friedl et al. (2008) indicated that households use a mix of fuel sources

and switch between fuel sources to suit their particular needs.

The survey by the Department of Energy further indicated that households made use of a
substitution strategy when there are electricity interruptions or the household budget for pre-
paid electricity is exhausted (DOE, 2012). In terms of geographical differences, rural house-
holds were found to be more reliant on firewood as an energy source than household resid-
ing in urban areas and small towns. The study found that a complex set of factors, including
cultural inertia and the perceived high cost of electricity, exist that explains the usage of dirty

fuels for cooking, despite electrification.

A study by Israel-Akinbo et al. (2018) examined how poor households transition from tradi-
tional energy carriers such as such as wood to modern energy carriers such as electricity,
biofuels and liquefied petroleum gas. The transition could follow an ‘energy ladder’ model

whereby households move from traditional energy carriers to transitional and then to modern



energy careers as their income improves. The ‘energy stacking’ model indicates that house-
holds will utilize a combination of energy carriers on the upper and lower stages of the en-
ergy ladder, depending on their needs. The study found that for cooking, households will
transition from traditional fuels to modern fuels as income rises in accordance with the en-
ergy ladder approach. In the case of energy usage for heating purposes, income was not a
statistically significant determinant of energy usage, which means households will not nec-
essarily switch to modern fuels as income rises, in line with the energy stacking model. A
study conducted by the Department of Energy came to a similar conclusion as their results
indicated that poorer households relied on multiple sources of energy regardless of electri-
fication status, which further points to an energy stacking model rather than the energy lad-
der theory (DOE 2012).

A study conducted by Madubansi and Shackleton (2006) investigated the change in energy
use in five rural settlements in South Africa. The study found that, despite electrification,
households continued to use wood for their thermal needs and viewed electricity as an ad-

ditional energy source and not necessarily as an alternative.

Even though it is recognized that a mixture of fuels is used in the domestic sector, the actual
volumes utilized are not well research and estimates for wood use in urban areas are scarce
(Pauw et al. 2006). In rural areas the estimated annual use of wood used per household
was estimated at an average of 4.5 tons/household/annum (Damm & Triebel, 2008). The
number of households using solid fuels is included in the National Census as well as the
General Household Survey and respondents are required to provide their main energy car-
rier used for different purposes (cooking, heating, lighting), which does not provide a full
picture of energy usage due to the use of multiple energy carriers or fuel stacking. It is thus
expected that significantly more households use solid fuels than is reported in these surveys
(Pauw et al., 2022).

2.1.2. Health impacts from domestic fuel burning

The Global Burden of Diseases Study estimated that household air pollution was responsi-
ble for 2.8 million deaths and 85.6 million disability adjusted life years (DALYS) globally in
2015 (Cohen et al., 2017). The study concluded that household fuel burning contributed
significantly to mortality in low and middle income countries. The study further described
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household fuel burning along with ambient air pollution as a ‘substantial health challenge’
and concluded that reductions in ambient PM2.s can be expected to increase life expectancy

over a short period of time.

In analyzing the data for the Global Burden of Disease project, it was noted that the use of
solid cooking fuels does not only contribute to poor indoor air quality, but affects ambient air
quality and thus outdoor air pollution as well (Smith et al., 2014). Therefore, interventions
such as improved stoves with chimneys does not solve the problem of the use of dirty duels.
The study noted that the risk should be framed as the risk associated with the use of solid
fuels for domestic purposes or ‘household air pollution’, rather than drawing the distinction
between indoor and outdoor impacts of this type of fuel use. In South Africa low-income
areas experience between 51 and 78% higher PMio concentrations than urban/suburban
residential and industrial areas respectively (Hersey et al., 2015). In the Gauteng Province,
both PMio and PMzs display diurnal patterns that are most distinct during winter in low-in-

come areas (Hersey et al., 2015).

In the South African context, while studies have shown an association between air pollution
and negative health impacts, the quantification of these health impacts is limited by the
availability of appropriate data (Wright et al., 2017). Various studies have attempted to esti-
mate the health impacts of emissions resulting from domestic fuel burning. A study as-
sessing the socioeconomic consequences of different pollution sources found that domestic
fuel burning accounted for approximately 75% of all air quality related premature mortalities
and approximately 70% of respiratory hospital admissions over the study area which com-
prised of selected metropolitan areas and the Highveld and Vaal Triangle areas (FRIDGE,
2004). In the City of Johannesburg and Ekurhuleni, Gauteng Province domestic fuel burning
was calculated to be the most significant cause of premature mortalities and respiratory

hospital admissions of all the emission sources considered.

In a synthesis of the available information on air quality in South Africa, the emissions from
domestic fuel burning was shown to have the highest health impact of all air pollution
sources (Friedl et al., 2008). Areas that experience the highest impact of domestic fuel burn-
ing would be densely populated with a high density of emission sources. The South African
comparative risk report analyses the risk associated with 17 risk factors, including indoor air



pollution and urban air pollution (MRC, 2008). The report estimated that 20% of South Afri-
can households are exposed to indoor pollution from the burning of solid fuels and proposed
interventions to reduce this risk including behavioral change to reduce exposure and tech-
nologies to improve cooking and heating devices. The report further concludes that the
health impacts associated with urban air pollution have been under recognized.

Shezi and Wright (2018) reviewed studies that provided evidence on hazardous air pollutant
exposure and respiratory health outcomes in South African between 2005 and 2017, and it
was found that there were no studies available that provide local relative risk data or expo-
sure response functions that could be used in calculating the burden of disease attributable
to hazardous air pollutants. The study further highlighted the need for local epidemiological
studies to provide evidence of the association between pollutant exposure and negative
health outcomes to motivate for policy making and to contribute to the international body of

knowledge.

A study conducted in two towns in the Mpumalanga Province, South Africa found that the
prevalence of respiratory illness amongst children was significantly elevated for households

that utilize non-electrical fuels for cooking and heating (Albers et al., 2015).

In the study conducted by Mdluli et al. (2010), respondents reported that although there
have been campaigns to raise awareness on the negative health impacts of coal usage,

respondents did not believe that coal usage would have long term health impacts.

Various local and international studies have highlighted the negative health impacts of do-
mestic solid fuel use, which highlights the need to address these emissions to improve com-
munity health. Residential burning of solid fuels is a major source of particulate matter emis-
sions, which degrade air quality particularly in low-income settlements (Nkosi et al., 2018).
Furthermore, literature has indicated that there is a strong positive association between fine
and ultrafine particulate exposure and negative health outcomes such as cardiovascular
impacts, cancer risk and premature mortality, amongst others (Alemayehu et al., 2020). The
study therefore focused on the reduction of particulate matter and conducted particulate
matter measurements to assess the potential use of abatement technology on domestic

solid fuel stoves.



2.1.3. Domestic burning devices utilized in South Africa

Various studies have investigated the types of fuel burning devices utilized in electrified and
non-electrified areas of South Africa. In a study conducted to determine fuel use in Zenzele,
a non-electrified, low income settlement in the Gauteng Province, it was found that where
coal stoves were available, households preferred using these for cooking and heating pur-
poses (Naidoo, 2014). In that settlement seven out of the 15 study participants utilized coal
stoves and the remaining eight utilized smaller, handmade coal stoves. It was further found
that electrified households with elderly women residing preferred using coal stoves for heat-
ing and cooking. The study indicated that there was widespread use of coal fired brazier
stoves (imbaulas), constructed out of a perforated drum, but that these were utilized out-
doors due to the emissions generated.

A study conducted in a non-electrified area of Alexandra in the Gauteng Province found that
residents collected firewood which was used in inefficient imbaula stoves (Kimemia et al.,
2010). Of the 103 households interviewed, a total of 40 imbaulas were found and charac-
terized. Even though the devices were manufactured from similar containers, the study

found that the devices varied in design and that there was no standard configuration.

A study in Kwadela located in the Mpumalanga Province revealed that the most common
burning appliance in the study area was cast iron coal stoves fed primarily with coal, sup-
plemented by wood and dung to start the fire (Nkosi et al., 2017). The traditional stoves used
were old with combustion emissions leaking from the stoves, leading to poor indoor air qual-
ity. The stove consists of burning chamber, cooking plates and a baking area. The stoves
were equipped with chimneys that varied in height. The chimney heights were found to ex-
tend between 150 cm and 287 cm from the roof level, which does not allow for adequate
dispersion as emissions are not transported from the breathing zone. The study found that
ash was removed from the stoves before lighting the stove and that the stove parts, including
the chimney, would be cleaned once to twice a week.

While conducting a study in two township areas in Gauteng and Mpumalanga Provinces,

Mdluli et al. (2010) found that 44% of coal burning households in Doornkop and 2% of coal



burning households in Kwaguga burned coal in coal stoves, while imbaulas were utilized by

15% and 6% of households respectively.

Households utilize solid fuels in a variety of cooking and heating devices, ranging from tra-
ditional coal stoves to brazier stoves or imbaulas. The study will focus on devices that have
a means of capturing emissions such as flues. Due to the variability in stove design and flue

arrangements, the catalyst design should be customizable to fit different configurations.

2.2. COMBUSTION PROCESSES AND EMISSION QUANTIFICATION AND ANALYSIS

2.2.1. Emission factors

Various laboratory and field measurement studies have been conducted globally to derive
emission factors for different stove/fuel combinations. Average emission factors for wood,
dung, crop residue and charcoal were developed for household stoves in a laboratory or
simulated kitchen using the water boiling test (WHO, 2014). The study noted that further
research into in-field measurements were required to improve the quality of data on emis-
sion factors. The WHO guidelines on indoor air quality notes that there are limited measure-
ments of emissions from stoves in the field and during the actual process of cooking and
space heating. The guidelines further state that there is not a good understanding of the

variability and causes of variability in emissions over geographical scales.

In explaining the differences between derived emission factors, the WHO notes that operator
behavior affects the emissions and that emission factor derivation is complicated by the
variability in fuel use and fuel characteristics and seasonality of fuel use (WHO, 2014). It
was noted that household combustion is fundamentally not a steady state process. The
evidence collected, however, indicated that laboratory tests were not representative of ac-

tual household activities, which highlights the need for in-field testing.

In assessing emissions from wood fired stoves in Europe, Fachinger et al. (2017) found that
while many studies have examined the emissions of PM, CO and NOx, few studies have
measured in real time the chemical compositions of the pollutants emitted from wood stoves.
Their assessment divided the measurements into three phases - cold/warm startup, stable
burning conditions and the burnout phase. The study analyzed emissions from various types

of wood as well as non-wood sources such as paper and concluded that although there
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were some differences in particle composition when different types of wood was used, the
impact thereof on the emission factors was comparatively low. The use of fuel other than
wood was found to increase emissions significantly and influenced the chemical composition
of the particles emitted. The study further concluded that emissions are operator dependent
and that the user can minimize emissions from a stove by controlling the burning conditions
therein. The study highlighted that, due to the impact of burning conditions on emissions,
direct comparison between the emission factors derived in other studies would be compli-

cated.

Nkosi et al. (2018) conducted field measurements on traditional cast iron coal stoves in
South Africa and concluded that residential fuel burning was a major source of fine particu-
late matter. The study highlighted the need for local emission factors and conducted in-field
measurements of PM emissions from two households in kwaDela, Mpumalanga Province
utilizing a mixture of coal and wood as fuel to calculate emission factors for coal stoves. The
stoves were fed with coal and wood purchased from local stores. The study again showed
that PM emissions vary with operator behavior and that there was a negative correlation
between fuel mass used and emissions due to insufficient mixing of flue gas and combustion
air. The study did not differentiate between the different stages of combustion. PM emissions

varied between 6.8 g/kg and 13.5 g/kg of fuel.

Makonese et al. (2017) calculated emission factors for coal fired brazier stoves (imbaulas)
from stoves collected from user communities as well as stoves manufactured in a laboratory.
The study calculated emission factors for two methods of lighting the fire, the bottom lit
updraft method as well as the top lift updraft method. The study found that emission factors
for PM2s and PM1o were reduced by up to 80% when using a top lift updraft method when
compared to emission factors for the bottom lit updraft method. To collect the exhaust gas,
the imbaulas were placed under a collection hood and the gas diluted to allow for online
measurement as concentration exceeded the measurement range of the instruments during
the initial phases of combustion. The study found that PM2zs constituted more than 90% of
the PMaio fraction. The results further indicated that the method of lighting did not affect the
emission of CO, CO2 and NOx. The combined PMio emission rates were calculated to be
in the range of 0.0008 - 0.0012 g/s.
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In a study by Nkosi et al (2018), isokinetic and direct stack sampling was conducted on
traditional cast iron coal stoves to determine how particulate matter emission profiles
changed with stove operating behaviour. The study obtained an emission factor range of
between 6.8 g/kg and 13.5 g/kg of fuel used, where coal was used as a fuel with wood and
paper to ignite the fire. It was found that operating behaviour, such as poking or re-fueling
the fire produced higher emissions. The study conducted a limited number of field tests due
to equipment failure and the need to consider the impact (inconvenience) of sampling on
the households and highlighted the need to conduct field studies using a larger sample size
due to the variability of the emissions measured.

2.2.2. Combustion theory

Section 2.2.1 reviewed the emission factors derived for various combustion device/fuel com-
binations. These emission factors provide the overall particulate matter mass emitted, but
do not provide information on the composition of the particulate matter or the species that
are formed during combustion. To provide insight into the species that are formed and the
role of combustion conditions on the species formed, a brief review of combustion theory is
provided in this section.

The composition of flue gas and fly ash formed varies considerably depending on fuel type,
combustion conditions and combustion characteristics. The fuel type used influences com-
bustion in a number of ways through the moisture content of the fuel, the level of contami-
nants, the size of the fuel and the peak temperatures that are achieved. Moisture in fuel
leads to lower combustion temperatures, which can lead to low efficiency combustion zones.
Mineral contaminants partition between the solid and vapor phase, with volatile minerals
forming fly ash (WHO, 2014).

During the combustion process, solid fuel is first volatilized and then oxidizes (Nystrom,
2016). In the case of biomass, a partially burned pyrolysis product or char is formed once
most of the fuel has volatilized. The char is then further combusted. Under complete com-
bustion, the fuel is fully oxidized. For complete combustion to occur sufficient air, sufficiently
high temperatures, long enough residence time and sufficient fuel and air mixing are re-
quired. Products of incomplete combustion such as CO, VOCs and soot particles are formed

when these requirements are not met. When the combustion process is interrupted, mainly
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by quenching or poor mixing in the case of household devices, incomplete combustion prod-

ucts such as hydrocarbons and CO enter the flue gas or escape the combustion chamber

(WHO, 2014). When poor mixing occurs, pockets of pyrolysis gasses can form which react

chemically within these pockets, and can either be chemically rearranged in the combustion

chamber or be emitted via the flue gas (Fitzpatrick, 2009).

Emissions from combustion can be classified into four main categories:

1. complete combustion products such as CO2 and H20

2. incomplete combustion products such as CO and many other carbon containing or-

ganic compounds

3. thermal NOx, which is limited at lower temperatures in household burning devices

(WHO, 2014)

4. combustion products formed from the contaminants in fuel such as fuel NOx, sulfur

compounds and fly ash.

Secondary pollutants such as ozone, sulfates, organic aerosols and poly aromatic com-

pounds (PACs) can also be produced downwind of the combustion device. The combustion

process is shown in Figure 2.1.
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Figure 2.1. The combustion process and products typically formed (based on Nystrom

(2016))
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Particulate matter emissions can be classified into an inorganic fraction and an organic frac-
tion. The organic fraction comprising of carbonaceous material results from incomplete com-
bustion. The inorganic fraction is formed from the release of inorganic fuel contaminants
during volitalisation and then are formed as the gas cools and condenses. The ash particu-
lates that are too large and dense to be carried with the flue gas form the bottom ash (Nys-
trom, 2016).

The carbonaceous particles can be further classified into elemental carbon (EC) and organic
carbon (OC), where EC is the optically absorptive fraction and OC is the non-absorptive
fraction of the organic aerosol. Studies have indicated that the organic fraction can exceed
the inorganic fraction in wood stoves or similar appliances. Soot can be described as fine
particulate agglomerates consisting mainly of carbon. The formation of these particulates is
dependent on the fuel utilized as well as combustion conditions (Nystrom 2016, 22).

The organic carbon fraction consists of many compounds in the gas and particle phase at
ambient temperature and the composition is very temperature dependent. Polycyclic aro-
matic compounds (PAC) consist of fused benzene rings and although they make up a minor
fraction of the organic fraction, they are of concern as they are known to be toxic, mutagenic
and carcinogenic. The fuel properties affect the combustion conditions which in turn influ-
ence the particulate and PAC emissions (Munyeza et al., 2019). PACs exist in both the gas
phase and particulate phase depending on their size and are often emitted alongside soot
particulates. The formation of PACs is not fully understood, but studies have suggested they
form by pyrolysis and pyrosynthesis (Nystrom, 2016). Nystrom (2016) found elevated levels
of carbonaceous emissions including soot and organics as well as a higher fraction of larger

particles under high burn rates from biomass combustion.

Particulate matter can be classified into size fractions corresponding to their formation mech-
anism (Seinfeld and Pandis, 2016):

* Nucleation mode - particles with diameters up to 10 nm

+ Aitken mode — particles with diameters between 10 to 100 nm in size

« Accumulation mode — particles with diameters beween 0.1 um and 2.5 um

 Coarse fraction - particles with a diameter above 2.5 pm
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Nucleation occurs when particles are formed as a result of the collision of supersaturated
vapors of low volatility gas phase species. When the particle clusters grow faster than they
dissociate, a stable particle nucleus forms. Homogenous nucleation occurs when gas phase
particulates form directly from the gas phase and heterogeneous nucleation occurs when
gas particles condense onto already existing particulates. Particles can grow larger by way
of condensation which occurs when gases are converted to liquids or solids on the surface
of a particle not in the gas phase. Particles can also grow by way of coagulation, where
particles collide and fuse into larger particles. Particle collision can be due to Brownian
motion or by other phenomenon such as electrical or gravitational forces. After primary for-
mation, particles grow further by secondary coagulation and condensation processes. Par-

ticle formation is illustrated in 2.2.
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Figure 2.2. Particle formation mechanisms (Adapted from: Nystrom (2016) and Seinfeld and
Pandis (2016))

Soot is comprised of agglomerations of carbonaceous particles impregnated with tar and is
formed when the gasses are sufficiently fuel rich for nucleation and condensation to occur
(Seinfeld and Pandis 2016). These initial soot particles can then grow to form large spherical

particles or agglomerate or aggregate to form chains (Fitzpatrick, 2009).

Two mechanisms have been proposed for the formation of soot. The first route is via hydro-
gen abstraction and carbon addition (HACA) and the second is the reaction and transfor-
mation of wood pyrolysis fragments. A third mechanism proposed by Fitzpatrick et al. (2008)
involves PAC formation through the cracking of lignin monomers through a cyclopentadiene
intermediate in addition to the HACA mechanism. In comparing the pyrolysis products from
coal and biomass, Fitzpartick et al. (2009) found that coal pyrolysis products contained more
aromatics and alkyl aromatics and long chain alkenes while biomass pyrolysis produces

oxygen containing products from cellulose and lignin. The study suggested that HACA
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mechanisms of soot formation are less important for coal combustion compared with bio-
mass combustion and that the aromatic nature of coal results in an aromatic route of soot
formation through either the formation of cyclopentadiene followed by naphthalene or

through o-cyclic compounds and oxygenated PACs.

The PM emissions are therefore expected to consist of various organic species as well as
inorganic particulates. The organic emission products react within the flue gas to aggregate
and form chain-like structures. The combustion products further coagulate and condense to

form fine particulate matter.

2.2.3. Characterization of emissions

The most suitable method for reducing particulate matter depends on the physical and
chemical properties of the particulates. These characteristics are determined by the mor-
phologies, size and composition of the particles. Measuring total particulate matter mass
concentrations do not provide sufficient information on the morphology, surface chemistry
and composition. This information is crucial in determining the most efficient collection or

treatment method.

Zhang et al. (2018) sampled primary PM patrticles from various sources using ultrafine pol-
yamide nanofiber filters and the individual particles were analysed. The ‘smoke’ sources
sampled, such as barbecue, cigarette, incense and biomass emissions, were found to have
a narrow size distribution with more than 95% PM:s particles and more than 80% were
smaller than 0.5 um. Particulates from wood smoke sources were found to have a higher
concentration of larger particles, attributed to incomplete combustion. The combustion
smoke particles were found to contain a large amount of oil-like particles which gradually
solidified under atmospheric conditions. The capture mechanisms of the smoke particulates
were found to be different to the capture mechanisms of solid particles such as ‘dust’ or fly

ash emissions with strong adhesion of soot particles to the filter fibers.

The combustion of wood resulted in many soot particles forming from the aggregation of
ultrafine particulates to form smaller groups of chain structures. Fly ash made up of mainly
inorganic material also resulted from biomass burning. The surfaces of the collected parti-

cles were analysed and it was found that the PM2s particles were mainly organic aerosols.
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The PMaio fraction of the barbecue smoke contained mainly soot aggregates with smaller

guantities of fly ash and minerals (Zhang et al., 2018).

The study by Makonese et al. (2019) analysed emissions from a coal brazier during the
different phases of combustion. The study found that during the ignition phase, spherical
organic particles were emitted similar to tar balls. During the flaming phase, small particles
with chain like aggregates were formed. The particles consisted of single spherical particles,
agglomerated patrticles in the form of chains or aggregates and organic particles with inclu-
sions. The organic particles were found to consist mainly of C and O and trace amounts of
Si, S, Mo, K and Al. The study suggested that these particles are found in the plumes of
smoldering rather than flaming fires. Furthermore, these spherical organic particles were
similar to tar balls and polymeric organic compounds that are emitted during biomass burn-
ing. During the char burning phase, non-carbonaceous material similar to ash is emitted as
most of the volatile material has been released during the ignition and flaming phases. The
non-carbonaceous particles were found to be larger in size than the particles emitted during

the preceding phases and were irregular in shape.

The study further investigated ageing of particles emitted from a brazier (imbaula) by using
two sampling points at 1 m and 5 m away from the brim of the brazier. When sampling close
to the brim of the brazier during ignition and early pyrolysis, the filter used clogged up with
a liquid, tarry substance. At5 m from the imbaula rim, the particles had coalesced and cooled

into distinct particles including large spherical organic particles (Makonese et al., 2019).

A study by Fletcher et al. (1997) conducted pyrolysis experiments and found that soot yield
decrease slightly with increased temperatures and that the primary soot particles from coal
combustion were in the 25 nm to 60 nm size range. Bulk sampling also indicated a large
number of large soot particles in the size range 5 um to 38 pum which are only formed when
coal is combusted. Combustion of coal in an imbaula was also found to produce large car-
bonaceous soot particles with diameters of between 5 pm and 100 um (Makonese et al.,
2014). Using more efficient top down lighting methods was found to reduce both the partic-

ulate emissions as well as the diameter of the particulates formed.

Emissions from wood fired boilers were characterized by Torvela et al. (2014). Emissions

were analysed under different combustion conditions, based on the concentration of CO
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emissions. The study indicated that organic carbon and elemental carbon emissions signif-
icantly increased under intermediate (CO: 1-0 - 1000 mg/MJ) and smoldering conditions
(CO: 10-0 - 5000 mg/MJ). Gaseous organic emissions were highest during the firing phase.
The study found that emissions consisted mainly of fly ash, soot and particulate organic

matter.

Studies have indicated that emissions from older wood stoves contain a significant portion
of organic material and soot, while emissions from more modern stoves comprise mostly of
inorganic alkali salts. In an older wood fired stove, the majority of emissions, up to 80%,

were found to be organic carbon and elemental carbon (Nystrom, 2016).

Coal burning has been found to have a lower organic carbon/elemental carbon ratio than
biomass burning. Adding coal to biomass increases the bed and flue gas temperatures as
volatiles are released from coal at a slower rate. Coal also has a longer char burnout rate,
which allows for higher temperatures to be reached. The combustion of coal along with bio-
mass was found to reduce the concentrations of CO and organics including PACs and phe-
nols, likely due to reduced breakthrough of pyrolysis products. However, overall emissions

were higher with co-combustion with coal (Fitzpatrick, 2009).

In order to select an appropriate abatement technology, an understanding of the composi-
tion, size and morphology of the particulate matter emitted from wood and coal combustion
is required. The particulate matter emissions are expected to have a narrow size distribution
with more than 95% consisting of PMzs particles and more than 80% <0.5 pm (Zhang et al.,
2018). Previous studies have indicated that emissions from wood fired boilers consists
mainly of fly ash, soot and particulate organic matter and it is expected that the PM2 s parti-
cles comprise mainly of organic aerosols (Torvela et al., 2014; Zhang et al., 2018). The
abatement technology selected for this study should therefore be able to reduce primarily
organic material comprised of particulate matter with a large portion of emissions below 0.5

pm.

2.2.4. Atmospheric reactions and impacts of emissions

Various studies have indicated that particulates and gasses emitted from combustion con-

tinue to react in the atmosphere. Once emitted, particles have been shown to transform into
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clusters in the atmosphere that can reach sizes of over 100 um. Analysis of aerosol filter
samples in Soweto, Gauteng Province, has shown the presence of large (>3 um) sized par-
ticles rather than the sub-micron aerosols that are generally expected (Wentzel et al., 1999).
Particulates collected by the aerosol filters contained primarily carbonaceous agglomerates
with diameters between 10 and 100 um. These agglomerates were spherical with internal
structures that vary and included dendritic, sponge like as well as ‘melted toffee’ type internal
structures. Mineral particles were found to be occasionally embedded or adhering to the
carbonaceous particles. Due to the low bulk densities of the large particulates and their high
surface to volume ratios, they stay airborne for longer than would typically be the case for
particulates of that size. The results indicated that the conglomerates likely had a liquid
coating, some of which was shed during impaction with the sampling filter (Wentzel et al.,
1999).

A study on the optical characteristics of ground-based, light-absorbing aerosols in the
Kwadela township in South Africa found that daily averaged light-absorbing aerosols con-
tributed more to PM2.sin winter as compared to summer (Xulu et al., 2020) . Bimodal diurnal
cycles, correlated with diurnal PM2s patterns, were seen in both summer and winter, and
measurements in winter indicated the dominance of brown carbon (from biomass or biofuel
burning or burning of low quality coal). At midday and at night in summer, measurements
indicated more black carbon emissions, likely from sources such as diesel emissions (Xulu
et al., 2020).

Pachauri et al. (2013) analysed individual aerosol particles collected during summer and
winter in India. The study found a distinct seasonal variation in the amount of carbonaceous
material present in the aerosols. Carbonaceous particles were found to be more abundant
during winter months, which the authors attributed to increased combustion and stagnant
meteorological conditions. A total of 3500 individual particles ranging between 2 and 70 um
were analyzed using scanning electron microscopy with energy dispersive X-ray analysis
(SEM/EDX). Carbonaceous particles made up approximately 25% of the total particles col-
lected. The particles varied from soot chains to complex carbonaceous structures comprised

of interconnected carbon spheres (Pachauri et al., 2013).
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2.3. ADDRESSING DOMESTIC FUEL BURNING

The ultimate focus of interventions addressing domestic fuel use should be the reduction of
emissions, which influences both indoor and ambient air quality (WHO, 2014). A South Af-
rican study analyzing the economic impact of various air quality initiatives found that tech-
nology interventions in the domestic sector would be the most efficient way to reduce
healthcare costs associated with urban air pollution (Leiman et al., 2007). The interventions
analyzed included the method of starting a fire (top down ignition), improving household
insulation, stove maintenance and electrification of households (Scorgie, 2012). The bene-
fits associated with using a top down ignition methods were significant, with a high benefit
to cost ratio. Housing insulation, as well as stove maintenance and replacement were also
found to have positive benefit to cost ratios. However, the technologies looking at low smoke
fuels in the domestic sector were not found to be economically feasible at their costs at the

time of the study (Leiman et al., 2007).

In South-Eastern Europe, it was found that 30% of households were not adequately able to
heat their homes at reasonable prices. To support these households, the EU launched the
REACH project (Reduce Energy use and Change Habits) which reduced energy poverty
through energy efficiency measures such as energy efficient lighting, insulation and behav-
ioral changes to reduce energy costs (Amann 2018, 37). The study found that, despite only
accounting for 2.6% of total energy use, domestic fuel burning contributed 46% of PMzs
primary emissions in the study area (EU-28), which is three times more than the contribution
of vehicle emissions. The emissions in each member state were found to vary widely and
depended on factors such as the prevalence of small combustion installations, fuel use and
social and regulatory conditions.

The study further highlighted the need for an integrated approach in addressing such emis-

sions and noted that improvements would need sustained intervention over several years.

It was recommended that interventions to reduce domestic use of dirty fuels should be ac-

companied by measures to address fuel poverty. The study identified measures that were

effective in reducing domestic fuel burning emissions including:

» administrative measures such as awareness raising, registration of sources and emission
standards

+ design provisions to improve solid fuel stoves and boilers and improved fuel standards
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« financial incentives such as subsidies for the installation of fuel efficient technologies (as
implemented in Austria)

« fuel substitution strategies and bans and restrictions on the use of solid fuel

* energy efficient building renovations and improved heat management

* strategies to address fuel poverty.

Solid fuel bans have been used in Europe to reduce emissions. In Poland the use of solid
fuel was restricted in the city of Krakow from September 2019, where low stack emissions
contributed 55% to PMao. Coal usage was replaced by expanding the city’s gas distribution
network, modernization the district heating system, and promotion of energy efficient build-
ings and the use of renewable energy. The intervention included subsidies to low income
households (Amann, 2018).

The WHO recommended emission rate for household combustion of PMzs is 0.23 mg/min
for unvented sources and 0.80 mg/min for vented sources, and governments are encour-
aged to make use of interim measures to ultimately reach the guideline with priority given to
measures that yield significant positive impacts. The phasing out of the use of unprocessed
coal for household fuel use is recommended as evidence suggests that indoor emissions

from coal burning are carcinogenic to humans (WHO, 2014).

In South Africa, the governmental strategy is cognizant of the importance of understanding
the needs of households in developing interventions to ensure sustainability and developed
a strategy to address air pollution in dense low-income settlements (DEA, 2019). Research
has indicated that, in understanding domestic fuel burning and fuel usage, the functioning
of the household and social dynamics must be understood (Friedl et al., 2008).

Interventions such as pollution limits or a phasing out strategy for solid fuels are not deemed
suitable in the South African context, as it is mainly poor households that are affected by
household emissions. The use of dirty fuels is typically driven by poverty, even though com-
munities may recognize that emissions are detrimental to their health. The strategy high-

lighted funding concerns when interventions are rolled out on a large scale (DEA, 2019).
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The strategy proposed that the following interventions be investigated as a minimum (DEA,
2019):

« solar technology

* clean stoves

« free basic electricity with efficient appliances

* subsidized liquefied petroleum gas (LPG)

* improving the energy efficiency of houses

« air quality issues should be considered in development planning initiatives

+ the use of air quality offsets

* public awareness campaigns.

The interventions that have been investigated in South Africa include the electrification of
households, the use of alternative fuels, improved household energy efficiency and encour-
aging the use of top down fire ignition methods, amongst others. A brief description of some

of these interventions is given in the Sections 2.3.1 to 2.3.6.

2.3.1. Electrification of households

The World Bank Group estimates that in 1990 an estimated 60% of South African house-
holds had access to electricity (World Bank, n.d.). The South African Government estimates
put this figure at 36% at the end of 1993 (DME, 2001). To provide electricity services to
unserviced households, the National Electrification Programme (NEP) was launched. The
target was to provide access to electricity to 66% by 2001. The National Electrification Pro-

gramme was followed by the Integrated National Electrification Programme.

The NEP target was reached and South Africa has made significant progress in increasing
the percentage of households with access to electricity, as shown in Figure 2.3. By 2021,
89.3% of South Africans had access to electricity, which is significantly greater than the
average for Sub Saharan Africa (StatsSA 2022; World Bank, 2018).
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Figure 2.3. Comparing access to electricity between South Africa and Sub Saharan Africa
(Source: World Bank Group)

To address the issue of the affordability of electricity, the Department of Minerals and Energy
(DME) launched the Free Basic Electricity (FBE) programme in 2003, which provided for 50
MW of free basic electricity per low income household (Israel-Akinbo et. al., 2018). An elec-
tricity tariff structure that increases price with increased usage could have the consequence
of low income households limiting electricity usage by utilizing dirty fuels for space heating
and cooking. During interruptions in electricity supply, households may also utilize dirty fuels
as a backup (Friedl et al., 2008).

2.3.2. Top down fire making

The top down method of starting a fire produces less smoke as the combustion products
travel through a hot zone, thereby encouraging more complete combustion (Wagner et al.,
2005). In Europe, various awareness campaigns have been utilized to encourage top down
emission techniques (Amann, 2018). In the South African context, it has been estimated that
using a top down method of igniting fires could reduce PM emission by 50% and other pol-
lutant emissions by 20% (Scorgie, 2012). A study by Makonese (2015) found that PM emis-
sions from imbaulas could be reduced by an average of 80% when the top down method is
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used and that, due to more complete combustion, a reduction in the formation of large car-

bonaceous agglomerates resulted.

A pilot study in eMbalenhle, Mpumalanga Province rolled out the top down method of fire
making to reduce domestic emissions (Wagner et al., 2005). The project was started in 1998
and adopted a phased approach which included extensive community participation. In 2003,

the project achieved its aim of reducing domestic fuel burning emissions by 50%.

2.3.3. Offsetting Projects

Air quality offsets are a mechanism through which polluting industries invest in reducing
emissions from another source in exchange for leniency from complying with their own emis-
sion limits (Langerman et al., 2018). A pilot offset study conducted by Eskom in Kwa-
Zamokuhle, Mpumalanga Province showed that air quality in the area was poor and that
ambient air quality limits for PM were exceeded on most winter days (Matimolane, 2017).
The study found that for PM2.5, domestic fuel combustion was a significant source, with ve-
hicles and secondary particulates accounting for 13 and 8% of PM2s respectively. The air
quality monitoring further indicated that emissions from domestic fuel burning were trapped

under the inversion layer, particularly on low wind days.

The pilot study implemented various interventions proposed by an EScience and Nova In-
stitute study (2013) to reduce domestic fuel burning including insulation of houses, the use
of a Trombe wall (a wall designed to absorb energy from sunlight) to store energy and re-
placement of coal stoves with an LPG system. Matimolane (2017) investigated the success
of the interventions after installation and found that the use of a Trombe wall was not
deemed successful, as the installation was ‘unsightly’. The pilot study further found that an
electricity subsidy was not effective. Existing roof leaks had a negative impact on the ceiling
installation, which were replaced by polyurethane foam with gypsum ceilings. The study
highlighted the need for public participation and effective communication with households,

as the implementation of interventions was done on a voluntary basis.

Offsetting projects are ongoing and include the provision of LPG to communities, as dis-

cussed in Section 2.3.4, and further investigation into the insulation of housing units.
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2.3.4. Fuel switching

Domestic emissions can be reduced by encouraging households to replace coal and bio-
mass burning with cleaner fuels such as low smoke fuels and LPG. For low smoke fuels to
be a viable alternative, they need to be socially acceptable to households as well as cost
effective and must conform to technical requirements such as heat produced, speed of cook-
ing and ease of ignition (Scorgie et al., 2001). Households were generally not opposed to
switching to low smoke fuels, provided that the low smoke fuel should have similar heating
characteristics to coal, should have a similar cost to coal and must be suitable for use in
existing appliances. The study concluded that the cost of low smoke fuels would have to be
substantially reduced to be a viable alternative to coal and that none of the fuels included in
the study had all the required characteristics to be a suitable substitute for coal.

In a survey conducted by Mdluli et al. (2010), 28% of respondents indicated that they would
utilize low smoke fuel if it burned longer than coal, produced the same amount of heat and
also emitted less smoke, but that they would only consider purchasing such a fuel if they

had seen and tested it.

The offsetting study by Eskom investigated switching coal fired stoves in households with
LPG gas and equipment (Matimolane 2017). The study found that households preferred the
LPG systems to the use of coal stoves with 90% of participants opting to continue using
LPG. On the use of LPG, it has been noted that this intervention can only be successfully
implemented if an LPG distribution network is in place, which was not the case in the study

area.

Biogas can be utilized as a source of energy by the anaerobic digestion of organic waste.
In addition to the production of biogas, fertilizer is produced as a byproduct with provides
additional benefits to the use of biogas. Smith et al. (2012) conducted a financial and eco-
nomic cost benefit analysis on the use of biodigesters in rural communities and found that,
while biodigesters were not a financially feasible investment for rural households, there were
substantial economic benefits attached to the use of biodigesters from a broader social point
of view. The study found that lives saved due to improved air quality was a substantial ben-

efit representing 65.8% of the economic benefit.
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A desktop study was conducted by Msibi and Kornelius (2017) to investigate the feasibility
of biogas use in South African households. The study estimated the average energy needs
of a household, calculated the biogas required to satisfy the household’s energy needs and
estimated the amount of waste required to generate the required biogas. The study con-
cluded that biogas was a feasible alternative for households with access to cattle and pig
waste. It was estimated that approximately 625 000 households could potentially benefit
from the use of biogas, based on the availability of feedstock waste. Due to the low volumes
generated per household, it was found not to be feasible to feed biodigesters solely with
chicken, human and food waste.

The review of a pilot study conducted in the Eastern Cape Province indicated that approxi-
mately 65% of the installed biodigesters were not operational, mainly due to failures as a
result of lack of operator skill or the failure of the digester biology (G1Z, 2016). In a biodi-
gester, the pH, category of organic feed material, frequency of feeding and water availability
determine the health of the microbes and therefore optimal functioning of the biodigester.
There is therefore a need for training and support to biodigester beneficiaries to operate the
biodigesters optimally and reduce failure rates. The study also found that biodigesters were
not cost effective and that most biodigester installations in rural areas were donor funded
(Semelane, 2018).

2.3.5. Provision of new stoves

Emission reductions can be achieved by replacing old, damaged and inefficient stoves with
modern stoves with improved designs. Studies have indicated that bottom lit down drafting
(BLDD) devices can be manufactured quite easily and be customized to suit the intended
use. It was found that such devices run much cleaner than traditionally used imbaulas and
had reduced CO emissions. It is also expected that the PM emissions would be reduced,

but the reduction was not quantified by the study (Pemberton-Pigott et al., 1999).

An investigation by EScience Associates and the Nova Institute (2013) noted that the use
of coal and wood has been steadily declining and cautions that interventions such as new
efficient stoves might slow down this declining trend, highlighting the need to evaluate po-
tential unintended consequences of any intervention. The 1996 and 2011 census data indi-
cated that the proportion of households making use of solid fuels was decreasing in South
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Africa during this period, however there remains pockets of households that are still reliant
on solid fuel (Pauw et al 2020).

2.3.6. Energy efficient housing

The South African Government supplies approximately 100 000 subsidized houses per year
(National Treasury, 2018). Ideally, houses should be built to be as energy efficient as pos-
sible to reduce the need for space heating. In line with this, the norms and standards that
government provided housing must conform to were adjusted in 2014 to include improved
energy efficient measures (DEA, 2019). However, houses built prior to the implementation
of these norms and standards were not designed to be energy efficient, although they could
be retrofitted with ceilings and ceiling insulation as well as improved insulation (Friedl et al.,
2008).

Dense low-income communities, where residential air pollution is more pronounced, include
households living in informal housing or houses that are poorly insulated, which leads to
these communities requiring relatively more energy input to achieve thermal comfort than
middle income households (DEA, 2019).

A survey by the Department of Energy assessed the thermal efficiency of housing by using
dummy variables such as the presence of damp, damaged or broken windows and doors
and leaky roofs, amongst others to assess the dwellings surveyed (DOE, 2012). Using this
approach, the study found that 42% of houses were found to be thermally inefficient. House-
holds that had a lower living standard or were non-electrified had the highest rate of thermal
inefficiency, estimated to be above 85%. Households in urban informal areas were esti-
mated to have thermally inefficient housing of 66%. Approximately a third of formal housing
was found to be thermally inefficient, while 86% of informal housing was classified as ther-

mally inefficient.

A study conducted in three settlements on the South African Highveld investigated the po-
tential to use thermal insulation retrofits to improve indoor thermal conditions in the dwellings
by measuring the daily mean indoor temperatures of dwellings with different levels of insu-

lation (Matandirotya et al., 2019). The study found that the dwellings which where insulated
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had higher daily mean indoor temperatures when compared to dwellings that were not ade-
guately insulated and that thermal insulation of housing could be utilized to improve thermal

comfort of households (Matandirotya et al., 2019).

2.3.7. Addressing domestic fuel burning

The electrification of South African households has increased significantly, with nearly 90%
of all households having access to electricity (StatsSA, 2022). Despite the rollout of electric-
ity provision, many households still utilize solid fuels in line with an energy stacking model.
The number of households that utilise solid fuel is also likely to be underestimated by the
National Census and the General Household Survey in which households only report the

main energy carrier used for each purpose (Pauw et al., 2022)).

Various interventions have been implemented in South Africa to address the emissions from
domestic solid fuel burning including top-down fire making (Wagner et al., 2005), fuel switch-
ing (Scorgie et al., 2001; Mdluli et al., 2010; Matimolane, 2017) and energy efficient housing
(Matandirotya et al., 2019; Matimolane, 2017). Some of these interventions were done as
part of offsetting projects (Matimolane, 2017). While the overall number of households using
solid fuel may have decreased, there remain pockets of households that are reliant on solid
fuel (Pauw et al., 2022; StatsSA, 2022).

2.4. POTENTIAL FOR THE USE OF ABATEMENT TECHNOLOGY

2.4.1. Background review

Investigations and research into the reduction in emissions from household appliances ap-
pears to have been largely focused on improving combustion efficiency and little information
seems to be available on secondary measures or end of pipe type measures to reduce
emissions. The use of secondary measures to reduce emissions from small combustion
sources in Europe was found to be limited due to the high cost and maintenance require-
ments of such installations which were limited to the use of electrostatic precipitators (ESPs)
(Amann et al., 2018).
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A patent of the United States of America details the invention of a polymer based filter to
remove particulate matter from a gas stream. The polymer filter was made up of small di-
ameter fibers that could be manufactured in a variety of ways (US Patent, 2004). While such
polymer based filters would not be suitable for the temperatures encountered in the flues of
domestic fuel burning devices, the principle of using a fibrous material could be applied to a

more heat resistant material.

A review study by Lim et al. (2015) investigated the use of emission reduction technologies
for small scale installations. The study evaluated several technologies that had been tested
such as the use of additives, catalytic filters, electrostatic precipitators as well as technolo-
gies from the automotive industry. The study concluded that most technologies were still
under development and had experienced challenges on implementation. The use of ESPs
were found to be prohibitively expensive and had an added safety concern due to the high

voltages employed.

Cheng et al. (2018) investigated the use of high gradient magnetic separation in capturing
airborne particles. The study utilized a permanent magnet core to capture particulates, which
was preferable to electromagnets as they require little to no external power. The study did
not utilize a matrix within the collector to improve the gradient of the magnetic field. The
study investigated the capture efficiency of FesOa, particles and NaCl particles as a function
of particle size. The study concluded that the use of a matrix such as a steel mesh is required

to effectively capture particles smaller than 50 pum.

Li et al. (2007) investigated the aggregation of fine ash particles from coal combustion to
increase removal efficiency from traditional particulate matter separators. The study tested
three samples from different regions in China in a uniform magnetic field. The fly ash partic-
ulates had a size range of 0.023 - 9.314 um. The removal efficiencies were lower than ex-
pected at 53%, 43% and 14% with increased removal efficiency with increased Fe concen-

trations.

Messerer et al. (2004) investigated the use of a miniature counterflow pipe bundle heat ex-
changer to remove soot particulates from diesel fuel emissions. The heat exchanger cools

the flue gas, which causes the soot particles to migrate to the surface of the heat exchanger
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as a result of thermophoresis and deposit on the surface of the tubes. Particle deposition

efficiencies were found to be up to 45%.

In another study, Yamamoto et al. (2013) investigated the use of a heated carbon fiber filter
to remove soot particles from diesel combustion. Without heating the filter, particles would
accumulate on the filter, reducing the porosity significantly. By increasing the filter wall tem-
perature using an electric heater, the study found that most of the particulates could be
burned off, resulting in continuous filter regeneration. The study indicated that, while most
of the particulates were burned off in the filter, new ultra-fine particles of less than 30 nm

were formed.

Hukkanen et al. (2012) investigated the use of a catalytic combustor in reducing emissions
from a wood fired boiler. The catalyst utilized consisted of three levels of metal wire mesh
covered with a platinum and palladium catalyst. The catalyst layers were inserted into the
stack. Due to the additional unburnt compounds that were oxidized by the catalyst, the O2
content of the flue gas was decreased and the temperature increased. The catalyst was
effective in removing CO from the flue gas with an overall reduction as high as 80% during
the burn out phase. For the entire combustion cycle, reductions of 21% for CO, 14% for
organic gaseous carbon and 30% of PM1 was achieved. In this case, the flue gas tempera-
tures were high enough to activate the catalyst, but the study notes that some residential
heaters may not have sufficiently high flue gas temperatures to achieve this. The catalyst
used was not dense and initially had a low pressure drop, but the pressure drop increased
significantly if the catalyst became blocked. Catalysts can also become deactivated in the
presence of compounds that become attached to its surface. The study notes that the cata-
lyst used was inadequate as it required continuous surveillance, had to be cleaned regularly

and cannot be used at low temperatures.

Ozil et al. (2009) investigated the use of two catalysts, a cordierite honeycomb monolith
support and a metallic corrugated structure impregnated with an alumina washout. The
study showed that the temperature of the flue gas of a wood fired boiler was too low during
start up and shut down for the catalyst to be effective, which is also when the concentrations
of CO and VOCs were highest. The study investigated the use of a heating system to im-
prove the activity of the catalyst when fuel gas temperatures were below 300°C, which was
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found to dramatically reduce the emissions of CO and VOCs, with CO reduction between
80 and 90%.

Paulsen et al. (2019) investigated the use of a chimneyless cookstove equipped with a po-
tassium titanite catalyst on a cordierite monolith to reduce emissions from wood cooking.
The stove achieved a particulate matter emission reduction of 36% compared to a stove
with a blank monolith and a 26% reduction relative to a stove with no monolith. The addition
of a blank monolith increased particulate matter and CO emissions compared to a stove
without a monolith which was attributed to less airflow through the stove, leading to a change

in the air-fuel ratio.

Although the technologies investigated for use on small scale domestic combustion units
have shown that emission reduction is possible, all of the technologies had associated limi-
tations making them unsuitable for wide scale implementation. There is therefore a need to
explore further opportunities to investigate various cost effective options for emission reduc-
tion technologies that can be used on small scale domestic combustion units. The develop-
ment of an effective abatement technology requires that it should be suitable for use under
local conditions and that considerations such as cost, acceptability of use to the end user,

locally available domestic fuel burning devices, and fuel used locally.

2.4.2. Abatement methods

Flue gas typically has a low particle loading and the particles are small in size (Xu, 2014).
Perry et al. (1997) refers to particulates from combustion processes as ‘fumes’ and notes
that these particulates have a diameter of less than 1 um. In the design of a separator, the
most important size related particle property is the dynamic behavior of the particle. Particles
larger than 100 um can be collected using gravitational methods or inertial methods. For
particles below 100 um, the viscous regime dominates and the most useful size specification
is the Stokes settling diameter. For particles smaller than 1 um, the Cunningham correction

should be applied to the Stokes diameter.

In selecting the appropriate separator type, particle size plays an important role (Mueller,
nd). The most challenging particle size to capture is the 0.1 to 2 um size range, as the forces
for deposition by inertia are small. Particle flocculation occurs in this size range and particles

may be discrete or loosely attached clusters. The degree of flocculation depends on the
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concentration of the particulates in the gas stream, which influences the collection efficiency

of the separator (Perry et al., 1997).

Particulates can be removed from the flue gas stream using non-catalytic methods such as
filtering or scrubbing. The PM emissions can also be reduced by oxidizing the organic pre-
cursors of secondary particulate emissions using catalytic oxidation. The catalytic and non-

catalytic methods available are set out in Sections 2.4.1.1 and 2.4.2.2.

2.4.1.1. Non Catalytic Methods

The basic steps for the collection of particles in a separator are as follows:
1. Collection of the particulates
1.1. application of a force that separates the particles from the gas stream
1.2. sufficient retention time for the particles to move to the collection surface
2. Retention of the particles on the collection surface

3. Removal of particles from the deposition surface

The basic principles by which separators operate are gravitational deposition, flow line in-
terception, inertial deposition, diffusional deposition and electrostatic deposition. Particle re-
moval can also occur through scrubbing or filtration. Conditioning methods such as acoustic

agglomeration can be utilized to improve the collection efficiency of separators.

Within a flue or separator, various forces are exerted on a particle in a gas stream. Gravita-
tional forces act vertically downward on a particle. The viscous effect of the gas opposes
the particle motion and exerts a drag force on the patrticle. A particle will experience centrif-
ugal force due to angular motion which is perpendicular to the direction of the particle mo-
tion. Particles of less than 0.1 um experience Brownian movement due to the collisions be-

tween gas molecules and particles (Perry et al., 1997).

Physical forces such as the gravitational force, drag forces and inertial forces act on particles
in separators and are dependent on the particle size, shape and velocity as well as the gas
stream’s density and viscosity. The ratio between the viscous and inertial forces acting on a

particle is described by the Reynolds (Re) number. The Re number determines whether the

32



inertial or viscous regime is dominant and therefore whether laminar or turbulent motion
results (Perry et al., 1997).

The flue gas consists of a heterogeneous mixture of gas and solids/liquids. Heterogeneous
mixtures are separated by using mechanical-physical forces such as gravitational, centrifu-
gal, mechanical or kinetic forces. The separation of gas and solid/liquid streams typically
utilize the following technologies (Sorsamaki and Nappa, 2015):

+ Gravity settlers

* Impingement separators

 Centrifugal (cyclones)

* Filters

* Wet scrubbers

Electrostatic precipitators

Gravity settlers utilize the gravitational force exerted on a particle to remove solids from a
gas stream. The separators are appropriate for low gas flow (Perry et al. 1997). Gravitation
settling separators are generally only effective for particles larger than 42 um, as the settling
velocity for smaller particles will necessitate the use of an excessively large separator (Perry
et al., 1997).

Impingement separators provide surfaces that intercept a particle or fluid such as wire mesh
separators. These separators typically have large voids and can be designed such that the
gas has to change direction while moving through the voids. Particles are captured mainly
through impingement. Impingement separators are mainly considered liquid separators as
solids, viscous or sticky liquids plug the voids which decreases the efficiency of the separator
(Mueller, nd).

Centrifugal separators such as cyclones are widely used to separate solids from gas
streams. Particulates move towards the outer wall of the separator as a result of centrifugal
acceleration (Perry et al., 1997). The minimum particle size that can be separated from a
gas stream depends on the the number of turns the particle makes and the velocity of the
gas (Mueller, nd). The collection efficiency for particles smaller than 5 um is low (Perry et
al., 1997). Due to the small size of the particulates, centrifugal separation will not be suitable

for this application.
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Air filters utilise diffusion, impaction and interception to capture particles and can be classi-
fied as surface filters and depth filters. A variety of surface filter designs are utilized including
mesh and perforated plate filters. Depth filters can be further classified into high or low solid
filters (Xu, 2014). Conditioning may be required to separate particles smaller than 6 um and
a commonly utilized method is coalescence which makes use of a fiber mat or surface on
which agglomeration occurs until particles are large enough to shear off back into the gas
stream. A fine fiber such as fiberglass can collect small aerosol particles which agglomerate
until larger particles or droplets shear off and are then collected by a separator capable of
removing larger, agglomerated particles (Mueller, nd). The pressure drop over the filter is
an important consideration, as flue gasses must be able to vent to the atmosphere to avoid
flue gas leaks into houses. Due to the presence of tar-like substances, filtration is unlikely
to be sustainable due to the potential clogging of the filters.

Wet scrubbers utilise a liquid, normally water, to collect particulates. A wide variety of scrub-
ber types have been developed such as condensation scrubbers, entrainment scrubbers,
venturi separators, spray scrubbers and packed bed scrubbers (Perry et al., 1997). Wet
scrubbing results in a contaminated water stream that must be disposed of, which is not

ideal for household use.

Electrical precipitators (ESPs) apply an electrostatic field to charge and collect particles.
Precipitators can be single stage where ionization and collection are combined or two stage
where ionization is followed by particle collection. The field strength applied to the precipita-
tor determines the behavior of the particulates. Particulates can be collected on parallel
plates which produce a uniform field or concentric cylinders that produce a higher field closer
to the cylinder (Perry et al., 1997). ESPs require electricity to operate, which adds a signifi-
cant cost to households. Furthermore, electricity may not be available to operate the ESP

in unelectrified households.

For the size range of the particulates in the flue gas, gravity settlers and centrifugal separa-
tors will not be suitable due to the low collection efficiencies. Electrostatic separators are
theoretically capable of collecting the particulates but require the application of an electric
field. The separator will therefore only be functional when electricity is supplied to the unit,

which may not be available and adds an additional cost to the household. The utilization of
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a scrubber requires the use of a scrubbing liquid which will require the management and

disposal of a contaminated liquid effluent, which is thus not ideal for domestic applications.

2.4.1.2. Catalytic Methods

Particulate matter emissions could be reduced by the oxidation of the organic particulate
matter precursors such as VOCs and soot. The oxidation of VOCs has been extensively
studied and the modeling of VOC catalytic combustion is complex due to the variability in
experimental conditions, particularly in the case of mixtures (Spivey, 1987). The mechanism
for catalytic oxidation depends on the type of catalyst used. Three models have been pro-
posed for the catalytic oxidation of VOCs, namely the Langmuir-Hinchelwood (L-H), Eley-
Rideal (E-R) and Mars-van Krevelen (MVK) models (He et al., 2019). In the L-H model, the
reaction occurs between adsorbed oxygen and adsorbed VOC. The E-R model assumes
that the reaction occurs between an adsorbed species and a gas phase species. According
to the MVK model, the reaction occurs between the adsorbed VOCs and the oxygen in the
catalyst. The metal oxide is reduced and immediately reoxidized by oxygen from the gas
phase. The oxidation of VOCs over metal catalysts are generally described using the MVK

model.

For a catalyst to be effective, fouling and catalyst poisoning must be considered. Carbona-
ceous deposits can form on the catalyst causing fouling (Li et al., 2009). Oxidation interme-
diates were found to be the most significant source of catalyst deactivation. The catalyst
active sites can also be poisoned by chlorides, sulfites, bromides and nitrides. The suitability
of a catalyst depends on the reversibility of the deactivation to allow for the reactivation of
the catalyst (He et al., 2019). In general, the presence of water in emissions inhibits catalytic
VOC oxidation, although a hydrophobic catalyst support can be utilized to minimize the in-
teraction of water at the catalyst surface (He et al., 2019). The efficiency of the catalyst is
dependent on the catalyst support properties such as specific surface area, pore structure

and hydrophobicity.

In a review of the recent advances in the catalytic oxidation of VOCs since 1990, He et al.
(2019) noted that, although the oxidation of VOCs has been extensively studied, very few
studies were conducted under real world conditions. The study further noted that catalytic

performance, reaction kinetics and the oxidation mechanism could be different in practical
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applications. The behavior of VOC mixtures can be different from the behavior of single
component systems as their relative reactivities and behavior are dependent on factors such

as catalyst type, components present in the mixture and reactions conditions.

Volatile organic compounds can be oxidized using supported noble metal catalysts and
metal oxide catalysts. The most commonly used noble metal catalysts are either Pt or Pd
on an Al203 or SiO2 support (Spivey, 1987). The carbon atom of CO adsorbs onto the Pt
surface and Spivey (1987) postulated that a similar mechanism is involved for other VOCs.
Noble metal catalysts generally are more active than metal oxide catalysts, but metal oxide
catalysts are more resistant to certain catalyst poisons such as halogens, As and Pb. Im-
portantly metal oxide catalysts have a lower cost and can be sufficiently reactive for some

applications (Huang et al., 2015).

Metal oxide catalysts can be grouped according to their conductivity. N-type semi-conduc-
tors have an excess of electrons present in their lattice structure. CO oxidation occurs via
lattice O? followed by oxide regeneration. P-type oxides are electron deficient in the lattice.
Oxygen adsorption occurs readily on p-type metal oxides as electrons can be removed from
cations to form reactive species such as O". Oxidation occurs through adsorption of Oz which
forms O and then reacts with adsorbed CO. Adsorbed O2 species are more reactive than
lattice oxide ions and therefore p-type catalysts are more active (Spivey, 1987). Insulators

have relatively low conductivity and are generally not active catalysts.

Heterogeneous supported catalysts can be synthesized using a number of techniques. Co-
precipitation involves mixing the salts of the active metal and the support to precipitate a
combined metal-support precursor. Deposition precipitation occurs when a precursor solu-
tion undergoes a change in pH, temperature or evaporation and a precursor with low solu-
bility forms that deposits on the support. The support functions as a nucleation site for the
precursor. Impregnation and drying involves contacting a porous support with a solution
containing the metal precursor. Water is commonly used as a solvent with inorganic salts
and organic solvents are used with organometallic salts. In the case of wet impregnation,
an excess amount of solution is used. Volume impregnation or dry impregnation utilizes just
the amount of solvent to fit the pore volume of the support due to capillary pressure. With
melt infiltration, the metal or metal precursor salt is physically mixed with the support and

heated to above the melting temperature of the metal or metal salt (Munnik et al., 2015).
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The most effective single metal catalysts have been found to be oxides of V, Cr, Mn, Fe,
Co, Ni and Cu (Spivey, 1987). Cr based catalysts are highly active for VOC oxidation, but
the Cr toxicity is problematic for catalyst disposal. Ce oxide catalysts have also shown to be
highly active for VOC oxidation including chlorinated VOCs (Li et al., 2009). The high activity
of Ce oxide catalysts has been attributed to its high oxygen storage capacity and ability to
shuttle between Ce3* and Ce** (He et al., 2019).

Mn catalysts have been extensively studied as they have high activity, durability and low
toxicity. Mn oxides can occur in different crystal phases and can have various oxidation
states. The ability to change oxidation states increases catalyst activity due to the increased
oxygen mobility. Previous studies have indicated that the most reactive Mn oxide catalyst is
Mn3O4 followed by Mn20Os and MnO, which correlates with the oxygen mobility of the cata-
lyst. Catalyst activity can be enhanced by the addition of K, Ca or Mg. The reactivity of Mn
oxide is highly dependent on the morphology of the catalyst, with studies indicating that well
defined morphological Mn oxide catalysts were suitable for VOC oxidation (Huang et al.,
2015).

Gao et al. (2020) investigated the impact of the crystal structure of Mn oxide catalysts on
the catalytic oxidation of soot. Different Mn precursors (sulfates, nitrates, acetates) were
used to prepare the catalyst. Manganese catalysts were manufactured using colloidal solu-
tion combustion synthesis with calcination temperatures ranging from 550 to 950°C to obtain
different crystalline structures and an amorphous phase. The study showed that the soot
conversion curves with Mn oxide catalysts shifted to lower temperatures compared to non-
catalysed reactions and that the amorphous Mn oxide catalyst was more active for soot
oxidation which was ascribed to the low temperature reducibility of the catalyst, the abun-
dance of Mn** ions and the increased surface oxygen availability. The soot conversion per-
centage was temperature dependent and increased at temperatures above 250°C. The soot
particulates studied had a diameter of >25 um which exceeded the catalyst pore diameter,
which can be addressed by creating mesopores or micropores. The Mn oxide catalysts were
also effective in oxidizing NO with the maximum oxidation (over 50%) occurring at 350°C.
Soot oxidation was further found to be enhanced when NO was present as was previously

reported in literature.
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Liu et al. (2017) used a Fe wire mesh to serve as a nucleation site for Mn-Fe bimetal oxides
through growth on the Fe metal sites. Different morphologies were achieved by changing
the Mn:Fe ratio. The catalysts were prepared using a water bath deposition method with
urea and the precursors formed were calcined for four hours at 500°C. Ferric nitrate
tetrahydrate was used as the source of Fe ions and manganese acetate tetrahydrate pro-
vided the Mn ions. The catalyst produced had good stability attributed to the good adhesion
between the bimetal oxides and the wire mesh and was used in the selective catalytic re-
duction of NO to Na.

Augustin et al. (2015) utilised manganese acetate tetrahydrate and tetra ethylene glycol
(TEG) in ethylene glycol (EG) to produce precursors that were calcined at different temper-
atures and under different atmospheres. Small particle sizes of less than 100 nm were re-
ported and attributed to the use of tetra ethylene glycol and the relatively mild reaction con-
ditions. The study found that the structure and morphology of the crystals produced de-
pended on the calcination temperature as well as the Ar or Oz atmosphere. The precursors
were calcined under Ar flow for 2 hours at 350°C and 550°C to produce MnzO4 and a-Mn20s3
respectively. To produce MnsOs the precursor was calcined for five hours under Oz flow. No

further laboratory or field tests were conducted as part of the study.

Li et al. (2011) utilized polyethylene glycol (PEG) and KMnOza in distilled water to synthesize
Mns3O4 nanooctrahedral shaped particles. The polyethylene glycol acted as the reducing
agent as well as a “structure-directing” agent. The nanoparticles formed had an octrahedral
shape, a size of approximately 150 nm and a Mn/O ratio of 0.74. The PEG reduced the Mn"*
to Mn** or Mn3*. The PEG also reduced the random aggregation of nanoparticles and tai-
lored the morphology of the nanoparticles. The concentration of the PEG as well as the
reaction temperature was found to determine the role of the PEG in the reaction system.
Lower PEG concentrations (less than 10%) resulted in fast aggregation of the nanoparticles.
At 100°C the particles formed were nanorods and at a temperature of 180°C the nanoparti-
cles transformed into a pseudo spherical shape. Samples were taken during the duration of
the synthesis to determine the crystal growth evolution. The study found that the crystal
growth followed a self-assembly mechanism followed by Ostwald ripedening. The catalyst
was tested for photodecomposition activity and it was found that the photocomposition ac-
tivity of the Mn3O4 nano-octahedra was superior to that of commercially available Mn3O4

powders.
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Liu et al. (2010) synthesized manganese oxide nanoplates with different shapes by using
different organic additives in a polyol-based process. The nanoparticles were synthesized
using manganese acetate and ethylene glycol with an organic additive. The precursors were
calcined to produce Mn20s. The reaction was performed at 195°C using 0.5 g of manganese
acetate and 50 mL of ethylene glycol as well as an organic additive to control the shape of
the particles formed. The suspension was heated for 30 min and a white precipitate formed
after 10 min. The precipitate was rinsed with ethanol and calcined at 500°C for 2 hours.
Nanoplates were formed when polyvinyl-pyrrolidone (0.4 g) was used and hexagonal nano-
plates were formed when polyethylene glycol (5 mL) was added to the reaction. The study
noted that the morphologies of the precursors were preserved when calcined and that the
shape and size of the precursors did not change appreciably. The catalyst efficiency was
not tested as part of the study.

A study by Sukhdev et al. (2020) also found that the morphology of the nanoparticles formed
depended on the addition of a polymer such as polyethylene glycol, polyacrylamide, polyvi-
nyl alcohol and so forth as reducing agents. The concentration of the polymer and the reac-

tion temperature regulate the morphology of the nanoparticles formed.

Wojnarowicz et al. (2016) synthesized manganese doped ZnO nanoparticles using zinc ac-
etate dihydrate and manganese acetate tetrahydrate using ethylene glycol as a solvent.
Ethylene glycol was chosen as a solvent as it has weak reducing properties which prevents
the precipitation of foreign phases caused by the change in the oxidation state of the Mn?*
ions. The particles formed had a spherical shape and the size of the particles decreased
with increased dopant concentrations. The use of ethylene glycol therefore prevented a

change in the oxidation state of the Mn?*.

The polyol method is a well-known synthesis method involving dissolving a metal precursor
in a poly alcohol such as a glycol solvent and heating the reaction solution to a refluxing
temperature to produce metallic nanoparticles (Benseeba, 2013). The glycol functions as
both the solvent for the precursor and the reducing agent during the synthesis. The glycols
are further able to control particle growth by controlling nucleation, growth and agglomera-
tion of the particles. The high boiling points of the glycols further allows higher synthesis

temperatures required to form certain metal nanopatrticles. Various polyalcohols are suitable
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for polyol synthesis such as ethylene glycol, propylene glycol, tri ethylene glycol and tetra
ethylene glycol, amongst others, and the selection of the appropriate reagent is dependent
on the reaction temperature required and the reduction potential of the solvent (Rao et al.,
2017).

Soot has complex physiochemical properties that depend on the fuel, combustion conditions
and combustion device. Therefore, laboratory testwork typically uses model soot samples
with uniform characteristics which differ from real world soot emissions, which have higher
volatile, ash and moisture contents which can affect oxidation characteristics (Khaskheli et.
al. 2022). Tests on gaseous pollutants such as CO typically investigate the oxidation of sin-
gle component systems, however oxidation properties may differ in the case of a multi com-
ponent system as will be the case in practical applications, where the flue gas is likely to
contain a mixture of soot, and gaseous inorganic and organic pollutants. This was illustrated
in a study conducted by Dos Santos et. al. (2014) which investigated the oxidation of a
multicomponent system consisting of CO, hydrocarbons and soot using a Ce-Zr-Nd mixed
oxide catalyst. The study showed that for the less active catalysts, there was a net increase
in CO concentrations, as the catalyst was not active enough to oxidize the CO resulting from
soot combustion. The multiple chemical components in the emissions may compete for ac-

tive sites on the catalyst that can result in further inefficiency.

Volatile organic compounds can be oxidized using supported noble metal catalysts and
metal oxide catalysts. Although noble metal catalysts are generally more active, metal cat-
alysts are cheaper to manufacture and may still achieve an acceptable level of activity. The
most effective single metal catalysts have been found to be oxides of V, Cr, Mn, Fe, Co, Ni
and Cu. Of these, a Mn catalyst was selected for use in this study due to its low toxicity and
low raw material cost. Mn particles can have different crystal structures and oxidation states,
which have an impact on the catalystic activity towards oxidation of VOCs, which are pre-
cursors of organic particulate emissions. The polyol catalyst synthesis method described by
Augustin et al. (2015) utilizes affordable reagents and mild reaction conditions to produce
manganese oxide particles. The technique is also capable of producing Mn particles with
varying structures and compositions and was therefore utilized in the synthesis of the cata-

lyst in this study.
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2.4.3. Abatement Design

Due to the expected size distribution of the emissions, non-catalytic methods are unlikely to
achieve the design objectives as discussed in Section 2.4.2.1. The use of catalytic abate-
ment technology is relatively understudied in South Africa, but has been investigated in other
parts of the world (Paulsen et al., 2020). There is therefore a potential use for abatement
technologies in the South African context to supplement the interventions already investi-

gated and implemented.

Although catalytic methods have not been widely utilized in practical domestic applications,
studies have shown effective soot reduction during laboratory testing (Gao, 2020). A base
metal catalyst was used in this study due to the lower relative cost of required reagents
compared to precious metal catalysts. Manganese was selected due to the results achieved
with laboratory testing using soot Temperature Programmed Reduction (TPR) (Gao, 2020).
Three catalyst preparation techniques were tested namely deposition precipitation, wet dep-

osition and dry deposition, as further detailed in Chapter 3.

Data on the emission factors for various fuels from a range of studies reported in the litera-
ture was compared in Section 2.2.1. The results indicate that particulate loads of approxi-
mately 7.5 g/kg fuel can be expected for coal fired stoves and 2.75 g/kg for wood fired
stoves. The loads provide an indication of the expected loading, but the loading will be de-
pendent on the fuel type and stove type used. The emissions are expected to be dependent
on combustion conditions and operator behavior and as such are expected to vary. Emis-
sions are also expected to vary during the different stages of the combustion process. As
the abatement will be in operation during the entire combustion cycle, it must accommodate

the emissions from the combined combustion cycle.

The particulate matter emissions are expected to be comprised mainly of organic particles,
soot and inorganic fly ash, which may react with each other and gaseous emissions in the
combustion chamber and flue. The temperature of the flue gas, which is likely to depend on
the positioning of the abatement device, will influence the catalyst efficiency as well as the
aging of the particulates and their properties. Closer to the combustion chamber, sticky, tarry
carbonaceous particles may form (Makonese et al., 2019). Various other chain like or cluster

like particulates are also likely to be present (Forbes, 2012) as well as organic particles with
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inorganic inclusions. A smaller fraction of inorganic fly ash emissions is expected, which

may be larger in size than the organic particles (Zhang et al., 2018; Makonese et al., 2019).

The particulates are expected to be 95% PM:zs (Zhang et al., 2018; Fletcher et al., 1997),
although larger carbonaceous soot particles can be expected from coal combustion with

sizes varying between 5 um and 100 um (Fletcher et al. 1997; Makonese et al., 2014).

In order to be considered effective, the designed catalyst should conform to various safety
and performance criteria. The catalyst must further be acceptable to the end user. It is ex-
pected that the requirements of an end of pipe technology for emission reduction from a
domestic fuel burning device would preferably need to meet the following requirements and
considerations:

* acceptable emission reduction

* acceptable to end users

* ease of installation

« safety (heat resistant, no release of fiber particles and use of non-toxic materials)

* installation possible on non-standard domestic combustion units

* cost effective

* light in weight

* low or no electricity requirements

* cleaning mechanism that is either automated/automatic or easy

* high air flow

* low pressure drop

* limited clogging or particle build up.

In order to utilise the catalyst in a domestic stove, the catalyst must be suspended on a
catalyst support structure. The choice of the catalyst support structure considered the above
requirements, particularly the requirements related to high air flow, low pressure drop,

limited clogging and ease of installation and customisability.

42



CHAPTER 3: EXPERIMENTAL METHODS

This chapter describes the approach that was followed to address the objectives of this
research. The chapter sets out the catalyst synthesis methods utilized, followed by the meth-
odology for investigating the catalyst structure, morphology and composition. The chapter
further outlines catalyst field testing methodology and the flue gas particulate measurement
methodology utilized to determine the efficacy of the catalyst.

3.1. PROTOTYPE ABATEMENT PRODUCTION

In order to be utilized in the cast iron stove, the manganese oxide catalyst was synthesized
on a catalyst support base. A stainless steel mesh was used as catalyst support and the
catalyst was prepared on the catalyst support using in-situ deposition, wet impregnation and
dry impregnation. Once prepared, the catalyst was placed in the stove for field testwork.
Further information on the catalyst synthesis is provided in Section 3.2.

The choice of the catalyst support was based on the risk of clogging, ease of installation,
pressure drop, high air flow through the catalyst and cost amongst other parameters. A

coarse 0.5 mm thick steel mesh was thus used as the catalyst support as shown in Figure
3.1.
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Figure 3.1. 0.5 mm thick steel mesh used as catalyst support
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3.2. EXPERIMENTAL

Figure 3.2 provides an overview of the testwork conducted. Catalyst development testwork
was done to determine the optimal method for the catalyst synthesis. Once the catalyst
synthesis method was developed, the bulk catalysts were prepared and tested in a domestic

stove. The detailed experimental plan is shown in Figure 3.3.

Catalyst development Bulk catalyst preparation Catalyst field testwork
testwork
*Testing of catalyst *Prepare bulk catalyst *Field testwork in a
preparation methods using the preferred solid fuel burning
-Analysis of catalysts catalyst preparation stove
synthesized using method -Baseline and catalyst
scanning electron mi- testwork
Croscopy *PM emission meas-

urements to determine
efficacy of catalyst

Figure 3.2. Experimental design
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Catalyst development Testwork

Deposition Precipitation

Wet impregnation Dry Impregnation
-5 x 5 mm mesh Prepara-|* 30 mm x 30 mm mesh Prepara- | *30 mm x 30 mm mesh
Run1 |-Procedure set out in Augustin et al. tion | <Impregnated with manganese ace- tion *Impregnated with dry manganese
(2015) tate tetrahydrate solution acetate tetrahydrate

* Add ferric nitrate to improve catalyst
Run2 | coverage (Liu et al., 2017)

*30 mm x 30 mm mesh size

Run 3 | “Procedure as per Augustin et al.,
2015

*Repeat Run 3
Run 4 - Calcining directly after synthesis
* Reduce calcining time to 2 hours

*Repeat Run 4
Run5 | Run only with ethylene glycol
- No addition of tetraethvlene alvcol

*Repeat Run 4

Run 6  °Sandblasted mesh to improve adhe-
sion & coverage

Bulk Catalyst Preparation

*85 mm x 40 mm mesh Wet Im- | |85 mm x 40 mm mesh
Dep_o_smc_)n - Three mesh layers pregnation | - Impregnated with manganese ace-
Precipitation - tate tetrahydrate solution
- Staggered addition of manganese ace-
tate

Catalyst Field Testwork

- Baseline runs
« Catalyst test runs
« Particulate emission mass measurements

Catalyst
Testwork

Figure 3.3. Overview of the experimental design
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3.2.1. Catalyst development testwork

In order to determine the most suitable catalyst preparation method, catalysts were synthe-
sized using precipitation, wet impregnation and dry impregnation techniques.

3.2.1.1. Synthesis using Precipitation

A synthesis method based on that described in Augustin et al. (2015) was utilized to prepare
the catalyst. This method was preferred due to the mild reaction conditions and the relatively
low cost of the required reagents. Manganese (ll) acetate tetrahydrate (>99%), tetraethylene
glycol (99%), iron (l11) nitrate nonahydrate (>98%) and ethylene glycol (>99%) were obtained
from Sigma-Aldrich (South Africa). All reagents were wused as received.

Typical test conditions were as follows: The reaction solution was prepared by dissolving
manganese acetate tetrahydrate and tetraethylene glycol in ethylene glycol as detailed in
each test run described below. The catalyst support mesh (commercially available 0.5 mm
thick steel mesh obtained from Leroy Merlin Hardware Store) was rinsed using acetone prior
to synthesis. The mesh was then suspended in the reaction solution using wire hooks se-
cured to the beaker using rubber-based putty adhesive as shown in Figure 3.4. The mixture
was then gradually heated on a magnetic stirrer hot plate (Heidolph, Germany) and stirred
using a magnetic stirrer. The temperature of the reagent mixture was measured manually
using a thermometer. The reagent solution was gradually heated to a temperature of 170°C
to achieve the temperature required for the desired chemical reaction to occur. The catalyst
which formed on the mesh substrate was removed from the reaction solution after precipi-
tation occurred at 170°C and was rinsed with ethanol (>98%, Sigma-Aldrich). The samples
were dried under argon (99.9%, Afrox) and were then transferred to a muffle furnace (Len-

ton, South Africa) at 550°C for five hours to calcine under stagnant air.
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Figure 3.4. Catalyst preparation setup for precipitation tests a) side view and b) top view

In Test Run 1 a small piece of mesh (5 mm x 5 mm) was suspended in the reaction solution
to determine whether the precipitate would form on the untreated mesh. 0.5 g of magnesium
acetate was dissolved in 60 mL of ethylene glycol and 6 mL of tetraethylene glycol. The
reaction solution was heated and stirred using a magnetic stirrer. At 120°C a brown precip-
itate formed which disappeared upon further heating. The mixture was heated for approxi-
mately 3.5 hours until a temperature of 170°C was reached and a light colored precipitate
formed, likely manganese (ll) oxide on account of the light pink colour. The reaction solution
was left to cool and the precipitate was filtered using a Buchner funnel. The wire, mesh and
precipitate were rinsed using ethanol and dried under argon gas. The precipitate, wire and

mesh were calcined under stagnant air in a Lenton muffle furnace (Figure 3.5) at 550°C for

five hours.
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Figure 3.5. Samples were calcined in a Lenton muffle furnace

To increase coverage of the mesh, ferric nitrate (0.2 g) was added to the reaction solution
in Test Run 2 and the same procedure was followed. The use of ferric nitrate was to provide
Fe ions to produce a bimetal oxide with better adherence to the metal, similar to the study
by Liu et al. (2017).

In Test Run 3, the procedure used for Test Run 1 was repeated using a larger piece of mesh
(30 mm x 30 mm). To increase coverage, the surface of the mesh was roughened using
sandpaper. The mesh was suspended in the reaction solution and secured using a putty like
adhesive to minimise movement of the mesh. The reaction solution was heated and again
turned brown at 120°C. The mixture was heated further and a light precipitate formed at
170°C after heating the reaction solution for 2 hours. The temperature was maintained at
170°C for a further two and a half hours. The reaction solution was left to cool and the pre-
cipitate was filtered. The mesh and precipitate were rinsed using ethanol and dried using
argon gas. The light pink colored precipitate was left to dry overnight and turned dark brown

in colour. Thereafter, the mesh was calcined at 550°C for two hours.
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To determine whether morphological changes occur when the sample is exposed to air, Test
Run 4 was conducted using the same procedure and mesh size as Test Run 3. After for-
mation of the precipitate after 3 hours, the sample was removed from the reaction mixture,
rinsed with ethanol and directly transferred to the furnace for calcining at 550°C for two
hours. In order to improve catalyst adherence, the manganese acetate used was increased

tolg.

To determine the impact of the tetra ethylene glycol (TEG) on the morphology and adher-
ence of the catalyst to the mesh, Test Run 5 was conducted using the same procedure and
mesh size as Test Run 4 without the addition of the TEG. The colour changes were similar
to those observed during Test Run 1. The precipitate started forming once a temperature of

170°C was reached after two hours. The mesh was removed from the solution the next day,

rinsed with ethanol, dried and calcined at 550°C for two hours.

In order to determine the impact of surface roughness on precipitate coverage, the mesh
sample (30 mm x 30 mm) was sandblasted for Test Run 6 and the same procedure was
followed as for Test Run 1. An overview of the experimental design is provided in Figure
3.3.

3.2.1.2. Synthesis using wet and dry impregnation

Diefallah (1991) studied the kinetics of the thermal decomposition of manganese acetate
tetrahydrate using isothermal and thermogravimetric techniques. The analysis indicated that
the manganese acetate tetrahydrate loses water in two stages at temperatures slightly
above room temperature to form an anhydrous salt. At a temperature of approximately

320°C the anhydrous salt decomposes to MnO with losses of CO2 and acetone (Diefallah

1991, 2).

To produce the wet impregnation catalyst, a solution of 30 mL of deionized water (DI, 9.2
uS/cm? from a Milli-Q water purification system (Millipore, Bedford, MA, USA)) and 5 g of
manganese acetate tetrahydrate was prepared and the sandblasted mesh dipped in the
solution. The mesh was calcined directly for two hours at 400°C to form MnO (Diefallah
1991). The coating of the mesh was improved where the reaction solution pooled on the

surface.
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To produce the dry impregnation catalyst, the mesh was physically mixed with dry manga-

nese acetate tetrahydrate and calcined at 550°C for two hours.

3.2.2. Bulk catalyst synthesis

Two bulk catalysts were produced using deposition precipitation and wet impregnation. The
deposition bulk catalyst was synthesized using 300 mL of ethylene glycol and 2.5 g of man-
ganese acetate. Three 0.5 mm steel mesh sheets of a larger size that can be installed in the
flue of the cast iron stove (85 mm x 40 mm) were suspended in the reagent mixture and the
same procedure as Test Run 5 was followed without addition of TEG. When a temperature
of 170°C was reached, a precipitate formed as shown in Figure 3.6. 2.4 g of additional man-
ganese acetate was added the reaction solution in 0.8 g aliquots every 15 minutes. The
precipitate which formed settled and did not remain in suspension. The mesh was removed
from the reaction solution, rinsed with ethanol, dried under argon gas and calcined for two
hours at 550°C.
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Figure 3.6. Reagent mixture at a measured temperature of 170°C. Precipitate can clearly be

seen at the base of the beaker

The wet impregnation catalyst was synthesized using a concentrated solution of deionized

water and manganese acetate tetrahydrate as described in Section 3.2.1.2.

3.3. Catalyst testwork

The experimental setup consisted of a one plate combustion device with a flue. The device
used was a commercially available design with one cooking plate (Ndebele Appliances and
Coal Stoves, Bronkhorstspruit, South Africa), which is representative of cooking stoves
available in South Africa. The catalyst was positioned at the base of the flue where the
highest flue temperatures were expected, as the catalyst efficiency is temperature depend-
ent as discussed in Section 2.4.1.2. The experimental setup is shown in Figure 3.7. A flue
or chimney was utilized to enhance the reproducibility of the sampling even though stoves

without flues may also be in use in South Africa.
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640 mm

300 mm

Catalyst Placement at the inlet
of the flue

Figure 3.7. Experimental setup showing the stove and positioning of the catalyst

Baseline and catalytic test runs were conducted as shown in Table 3.1. Four baseline, three

catalyst run repeats using the deposition catalyst, and one comparative catalyst test run

using the wet deposition catalyst were conducted. A catalyst hot run (Filter #6) was con-

ducted by sampling only during the flaming phase of the run to exclude the emissions re-

sulting from ignition and flame out. Filter #2 was utilised as a field blank.
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Table 3.1. Test Runs conducted

Test Run Type Filter #

Baseline 1 Baseline - Repeat 1 3

Baseline 2 Baseline - Repeat 2 4

Baseline 3 Baseline - Repeat 3 10

Baseline 4 Baseline - Repeat 4 1

Catalyst 1 Bulk Catalyst produced using deposition - |7
Repeat 1

Catalyst 2 Bulk Catalyst produced using deposition - |8
Repeat 2

Catalyst 3 Bulk Catalyst produced using deposition - |9
Repeat 3

Catalyst Wet Bulk Catalyst produced using wet 5

Impregnation impregnation

Catalyst Hot Run Bulk Catalyst produced using deposition - |6
Sampling only during flaming phase of
combustion

For each test run 100 g of soft wood sticks approximately 150 mm in length and 20 mm
diameter were utilized and the combustion process was started using a single wax based
firelighter ball. The wood was positioned in the same stacked manner for each run with the
firelighter ball positioned in the middle. A single batch of wood purchased from a local hard-
ware store was used to ensure consistency in composition. The soft wood was selected as
fuel to improve the reproducibility of the test runs as the wood is more homogenous in size
and composition when compared to hard wood or coal. The test runs were conducted under
similar ambient conditions (ambient temperature, wind speed and precipitation) at the same
time each day to improve reproducibility. The fuel used for the runs was sized, weighed and
bagged and stored indoors to reduce fuel variability and to ensure consistent fuel moisture
content. All the test runs were conducted over a two week period to ensure that tests were
conducted within the same season and to limit any changes to the composition of the wood

and firelighter balls. The runs were sampled over the entire combustion cycle from ignition
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to extinction. For the Catalyst Runs, the catalyst was secured at the bottom of the flue as

shown in Figure 3.8.

Figure 3.8. Catalyst secured at flue inlet to optimise the reaction temperature

3.4. Measurement methodology

Particulate concentrations were collected for gravimetric analysis using 37 mm styrene cas-
settes, as shown in Figure 3.9, with 37 mm polytetrafluoroethylene (PTFE) filters with a pore
size of 2 um (Environmental Express, Charleston, South Carolina, USA). PTFE filters were
selected as they are temperature resistant up to 260°C. A Gilian (GilAir Plus) personal sam-
pling pump was used to collect particulates onto the filters at a sampling flow rate of 600
cm?/min for 10 min. A flow rate of 600 cm3/min was selected as it provided a stable flow rate
with the filter in place. Ten cassettes were prepared using the method described in Appendix
A. Sample filters were weighed using a Mettler Toledo microgram analytical balance in a
temperature and humidity controlled environment as shown in Figure 3.10, using the proce-
dure set out in Appendix B. Particulate matter was collected to provide a relative measure
of the particulate matter emissions and was intended to provide an initial screening of the
potential efficacy of the catalyst. Sampling was conducted over the entire burn sequence
and commenced as soon as the firelighter was lit. It should be noted that the wood selected

ignited within seconds of the firelighter being lit.
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Figure 3.10. Measurement of PTFE filters using a Mettler Toledo microgram analytical bal-

ance

The flue gas flow rate was measured using a vane type Benetech GT8907 digital anemom-
eter (Benetech, China). The flue external temperature was measured using an infrared ther-
mometer (Shenzen FLUS Technology Company, China). The measurements were con-
ducted at the base of the flue to ensure that the catalysts were exposed to similar tempera-
tures across test runs. Particulate matter measurements were taken at 290 mm from the
flue exit point to allow for the cooling of the flue gas to protect the equipment from damage.

The measurement position is shown in Figure 3.11.
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Particulate matter measure-
ment point

_____

Figure 3.11. Flue gas measurement in the plume above the flue gas exit point

3.5. Characterization methodology

The catalyst samples produced were examined using Scanning Electron Microscopy (SEM)
using a Zeiss Crossbeam 540 SEM at 20 kV to determine the morphology and particle size

of the catalyst and to determine the catalyst coverage on the mesh substrate.

The filter samples were examined using the same instrument at 2 kV. A section of the center
part of each filter was removed using a steel blade, mounted on an aluminum stub and

sputter coated using Au to improve conductivity.

The catalyst samples were analysed using Energy Dispersive X-Ray (EDX) (OXFORD Link-
ISIS-300 Zeiss, Germany) analysis to determine the semi-quantitative composition of the
catalysts. The analysis was conducted on the entire mesh to investigate the catalyst cover-

age over the entire area of the mesh.
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3.6. Quality Control and Assurance

A limited number of test runs were performed to serve as an initial screening to determine
whether the catalyst was able to reduce particulate matter emissions, as set out in Section
3.3. In order to compare the baseline runs and catalyst runs, various quality control
measures were taken to improve reproducibility of the tests. The tests were conducted under
similar ambient conditions (ambient temperatures and wind speed) to ensure similar plume
dispersion conditions. A single batch of wood fuel was used and the samples were weighed,
bagged and stored indoors to maintain the wood moisture content. The wood sticks used
were of similar shape and size and stacked in a consistent manner during testwork. The
temperature at the base of the flue was measured to ensure that the catalyst was exposed
to similar operating temperatures across the test runs. A wind box was utilized to minimize
disturbance of the plume during sampling and particulate measurements were taken at a

fixed sampling point as indicated in Figure 3.11.

A Gilian (GilAir Plus) personal sampling pump was used to collect particulates onto the filters
and a flow rate of 600 cm3/min was selected as it provided a stable flow rate with the filter

in place. The flow rate was checked using a bubble flow meter.

The procedure followed for the preparation of the cassettes is set out in Appendix A. Sample
filters were weighed using a calibrated Mettler Toledo microgram analytical balance in a
temperature and humidity controlled environment using the procedure set out in Appendix
B.
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CHAPTER 4: RESULTS AND DISCUSSION

This chapter presents the results of the catalyst synthesis testwork and bulk catalyst prepa-
ration runs. The chapter further describes the results of the catalyst testwork in a household

scale solid fuel stove.

4.1. CATALYST DEVELOPMENT TESTWORK

Samples of the catalyst were prepared as detailed in Sections 3.3.1 and 3.3.2. Catalyst
preparation test runs were conducted to determine the appropriate procedure for the prep-
aration of the bulk catalysts. Catalysts were prepared using precipitation, wet impregnation

and dry impregnation.

4.1.1. Synthesis using precipitation

The six catalyst synthesis runs using precipitation were conducted as described in Section
3.3.1.1. An example of the mesh samples before and after calcining are shown in Figure

4.1. The catalyst turned from a light pink colour to a black colour during calcination.
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Figure 4.1. Mesh with precipitate before (a) and after (b) transfer to the muffle furnace
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4.1.1.1TestRun 1

Test Run 1 utilised the synthesis methodology as set out in Augustin et al (2015) utilizing a
5 x 5 mm piece of mesh suspended in the reagent mixture. On parts of the mesh and wire,
precipitate formed in clusters as evident from the SEM micrographs shown in Figure 4.2. At
10000 X magnification, clusters of spherical particles could be seen as shown in Figure 4.3.

Although the precipitate formed on the wire mesh, the precipitate was patchy and did not

cover a large percentage of the mesh surface.

Figure 4.2. SEM micrographs of the product of Test Run 1 utilising precipitation synthesis
showing the precipitate formed on the wire mesh sample (200 X (a) and 1000 X (b) magni-
fication)

EHT = 20.00 kV Signal A = SE2 Date :31 May 2021 Mag= 10.00 KX
WD = 6.0 mm Photo No. = 38834 Time :11:18:58

Figure 4.3. SEM micrograph showing spherical particle clusters at 10000 X magnification of

the Test Run 1 sample prepared by precipitation synthesis
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The samples were analysed using Energy Dispersive X-Ray (EDX) analysis to determine
the semi-quantitative composition of the catalysts. The analysis confirmed that the precipi-
tates formed during the precipitation runs as well as the wet impregnation runs are manga-
nese oxides with carbon inclusions. Fe oxides were detected in the samples, likely from the

mesh substrate. The EDX results are shown in Figures 4.4 and 4.5.
Mn Kal

Figure 4.4. EDX results showing manganese oxide precipitate on the mesh (precipitation

synthesis Test Run 1)
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Figure 4.5. EDX results showing manganese oxide precipitate on the mesh (bulk synthesis

preparation sample)

4.1.1.2 Test Run 2

In Test Run 2, Test Run 1 was repeated with the addition of ferric nitrate. It was observed
that the reaction solution turned dark brown and no visible precipitate formed. The reaction
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conditions were not conducive to formation of the required product and ferric nitrate was

thus not utilised in subsequent tests.

4.1.1.3 Test Run 3

Test Run 3 utilised the same reaction conditions of Test Run 1 and the mesh was left to dry
overnight prior to calcining. The catalyst synthesized from Test Run 3 formed clusters of
precipitate on the mesh as shown in Figure 4.6. The coverage of the mesh was found to be
visually similar to Test Run 1.

100 pm EHT = 20.00 kv
b= WO = 18.0 mm

Figure 4.6. SEM micrograph showing clusters of precipitate at 100 X magnification formed

from Test Run 3 of the precipitation synthesis

Under higher magnification the amorphous clusters can be distinguished, as shown in Fig-
ure 4.7.

EHT =20.00 kV
WD =182 mm

b)

Figure 4.7. SEM micrographs of the catalyst synthesized in Test Run 3 showing amorphous

clusters of precipitate at 500 X (a) and 1000 X (b) magnification
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When the rinsed and dried sample is exposed to air, the morphology of the sample changes
significantly, as shown in Figure 4.8. The exposed sample does not have the spherical par-
ticle morphology and changes to an amorphous morphology. The morphology is expected

to be spherical, as found in Augustin et al. (2015) and not amorphous.

EHT = 20.00 kV Signal A = SE2 Date :6 Aug 2021 ag= 500KX 2pm Signel A = SE2 Date 6 Aug 2021 Mag= S.00KX
WD = 18.0 mm Photo No. = 40447 Time :10:40:23

Figure 4.8. SEM micrographs at 5000 X magnification comparing the precipitate exposed to
air prior to calcination (a) and sample transferred directly to the muffle furnace once rinsed
and dried (b)

4.1.1.4 Test Run 4

Test Run 4 utilised the same synthesis methodology as Test Run 1 with an increased man-
ganese acetate tetrahydrate concentration to improve the catalyst coverage on the mesh.
The mesh was calcined directly after synthesis and the calcining time reduced to 2 hours.
For the catalyst synthesized from Test Run 4, the precipitate on the mesh could clearly be

seen at 100 X magnification as shown in Figure 4.9.
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EHT = 20,00 kV Signal A= SE2 Date :6 Aug 2021 Mag« 100X

EHT = 20.00 kV Signal A = SE2 6 202
V oA £ Dete 0 fug 2021 WD = 156 mm Photo No. = 40468 Time :11:49:36

WD = 15.1 mm Photo No. = 40463 Time :11:38:34

Figure 4.9. SEM micrographs of the catalyst synthesized from Test Run 4 showing precipi-

tate on the mesh at 100 X magnification

The precipitate covered the mesh well and formed clusters of precipitate in places, as can
be seen in Figure 4.10. The utilization of higher concentrations of manganese acetate tet-

rahydrate greatly improved the precipitate coverage on the mesh.

EHT =20.00kV Signal A = SE2 Date :6 Aug 2021 Mag= 500X 20 E 0.00 k\ Date 6 Aug 2021
WD=153mm Photo No. = 40464 Time :11:40:24 Wi 6 m Photo No. = 40469 Time :11:50:40

Figure 4.10. SEM micrographs of the catalyst synthesized from Test Run 4 showing precip-

itate coverage at 500 X magnification

The clusters were made up of spherical particles, as can be seen in Figure 4.11. The clusters
have similar morphology to those observed for Test Run 1, indicating that oxidation prior to

calcination impacts the morphology of the product significantly.
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EHT = 20.00 kV Signal A = SE2 Date :6 Aug 2021

EHT = 20.00 kV Signal A = SE2 Date :6 Aug 2021 Mac 1.00 K X
o 9 & * WD = 15.6 mm Photo No. = 40466 Time :11:42:11

WD = 156 mm Photo No, = 40465 Time :11:41:19

Figure 4.11. SEM micrographs showing clusters made up of spherical particles at 100 0 X

(a) and 5000 X (b) magnification produced from Test Run 4

At 10000 X magnification the individual spherical particles were evident, as shown in Figure
4.12.

EHT = 20.00 kv Signal A= SE2 Date :6 Aug 2021 Mag= 10.00 KX
WD =15.6 mm Photo No. = 404867 Time :11:42:53

Figure 4.12. SEM micrograph showing the precipitate comprised of spherical particles

shown at 10000 X magnification produced from Test Run 4
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4115 Test Run 5

Test Run 5 utilised the same synthesis methodology as Test Run 4 without the addition of
TEG. The catalyst synthesized from Test Run 5 showed full coverage on the mesh as shown
in Figure 4.13.

EHT = 20,00 kV Signal A = SE2 Date :6 Aug 2021
WD =16.3 mm Photo No. = 40457 Time :11:25:29

Figure 4.13. SEM micrograph showing the precipitate coverage at 100 X magnification for

the catalyst produced from Test Run 5

At 500 X magnification it can be seen that the precipitate covered the mesh well as can be

seen in Figure 4.14.

EHT = 20.00 kV Signal A = SE2 ate 202 Mag < 500 X 20 pm EHT = 20,00 kv
WD = 16.0 mm = 40451 ime 5:28 WD = 153 mm Photo No. = 40462

Figure 4.14. SEM micrographs showing the precipitate coverage at 500 X magnification for

the catalyst produced from Test Run 5

The precipitate was comprised of spherical particles, as shown in Figure 4.15.
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EHT = 20,00 kV Signal A = SE2 u Mag= 100 KX 2 EHT = 20.00 kV
WD = 15.9 mm Photo No. = 40459 Time WD =158 mm

Figure 4.15. SEM micrographs showing the precipitate comprised of spherical particles at
1000 X (a) and 5000 X (b) magnification for the catalyst produced from Test Run 5

The spherical particles that make up the precipitate vary in size from 0.5 pm to 1.5 um as
shown in Figure 4.16. EDX analysis indicated that the spherical particles were manganese

oxide particles.

EHT =20.00 kv Signal A = SE2 Date :6 Aug 2021 Mag= 30.00 KX
WD =15.8 mm Photo No. = 40456 Time :11:23:47

Figure 4.16. SEM micrographs showing spherical particles of various sizes at 30000 X mag-

nification for the catalyst produced from Test Run 5

The addition of TEG does not appear to improve coverage of the mesh with catalyst particles

and the precipitates appeared to have similar morphologies as shown in Figure 4.17.
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Signal A = SE2 2 S 2 Date 6 Aug 2021
Photo No. = 40466 ra WD mm ho! 0460 Time :11:28:07

Figure 4.17. SEM micrographs at 5000 X magnification comparing the samples prepared
with the addition of TEG (a) and samples prepared without TEG (b)

4.1.1.6. Test Run 6

The results for Test Run 6 at magnifications of 100 X and 500 X are shown in Figure 4.18,
in which the same synthesis conditions as for Test Run 1 were used except that here the
wire mesh was sandblasted prior to synthesis. The roughened surface of the mesh can be
seen with clusters of spherical particles. The catalyst adherence visually appears to be sim-
ilar to Run 1, indicating that the increased manganese acetate concentrations used for Runs
4 and 5 greatly improves catalyst coverage and the sandblasting does not result in improved

coverage.

Figure 4.18. SEM micrographs showing the catalyst prepared on a sandblasted mesh sur-
face at 100 X (a) and 500 X (b) magnification produced from Test Run 6
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The clusters of particles are shown in Figure 4.19 at 1000 X magnification. The clusters

showed similar morphology to that of Run 1.

EHT = 20.00 kV

WD = 7.2mm

Figure 4.19. SEM micrograph showing the catalyst clusters at 1000 X magnification pro-

duced from Test Run 6

4.1.2. Synthesis using wet and dry impregnation

4.1.2.1. Wet Impregnation Synthesis

A mesh sample was prepared using 8 g of manganese acetate tetrahydrate in 30 mL of
water. The sample was dipped in the solution, removed and calcined without drying at 550
°C for two hours. The catalyst sample was analysed using SEM and the results are shown
in Figure 4.20.
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EHT =20.00kV

WD =11.2mm

Figure 4.20. SEM micrographs showing the catalyst synthesized using wet impregnation at
100 X (a) and 500 X (b) magnification

At higher magnifications it can be seen that the mesh was covered in plate-like particles as
shown in Figure 4.21. This indicates a different crystal structure to that obtained by the pre-

cipitation synthesis route.

Figure 4.21. SEM micrographs showing the plate like coverage of the catalyst prepared
using wet impregnation at 5000 X (a) and 10000 X (b) magnification

The morphology of the catalyst changed significantly depending on the synthesis method
used. At magnifications of 100 X and 500 X the results indicated that spherical particles
were formed when the synthesis was done using deposition precipitation and a relatively
smooth manganese oxide deposit was formed using wet precipitation as shown in Figure

4.22. Good coverage of the catalyst on the mesh as achieved using both techniques.
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100 pm = 20,00 KV Signal A = SE2 Date 6 Aug 2021
{ Photo No. = 40477 Time :12:11:33

Figure 4.22. SEM micrographs comparing the catalysts synthesized using wet impregnation
(left) and precipitation (right) techniques at 100 X magnification

At higher magnifications, the surface of the wet impregnation sample had a plate-like struc-
ture compared to the spherical structure of the sample prepared using precipitation as
shown in Figure 4.23.

A7 4

a) b)
Figure 4.23. SEM micrographs comparing the surface of samples prepared using wet im-

pregnation (a) and precipitation (b) at 5000 X magnification

4.1.2.2. Dry Impregnation Synthesis

The catalyst was prepared using dry impregnation. As shown Figure 4.24, the coverage

achieved was poor and the sandblasted mesh surface was still clearly visible.
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Signal A = SE2 Date :19 Aug 2021
Photo No. = 41286 Time :10:17:31

Figure 4.24. SEM micrographs showing the catalyst prepared using dry impregnation on a
sandblasted mesh at 100 X (a) and 500 X (b) magnification

4.2. BULK CATALYST PREPARATION

Both the optimized precipitation synthesis (Test Runs 4 and 5) and wet impregnation tech-
niques achieved good coverage of the mesh substrate. The wet impregnation technique is
a simpler process involving dipping the mesh into a concentrated solution of manganese
acetate tetrahydrate prior to calcination, whereas the precipitation technique involves the
gradual heating of the reagents to form a precipitate. The morphologies of the samples pre-
pared were significantly different, as shown in Section 4.1.2.1. Bulk catalyst samples were
prepared for testwork using both techniques. The sandblasting did not significantly improve

coverage and the mesh used for the bulk synthesis was thus not sandblasted.

4.2.1. Bulk synthesis using precipitation

It was found that in order to achieve improved coverage, a higher concentration of manga-
nese acetate tetrahydrate should be used than was used in the method described by Au-
gustin et al. (2015). In the preparation of the bulk catalyst, the additional manganese acetate
tetrahydrate was added incrementally as discussed in Section 3.3.2. The addition of tetrae-
thyl glycol (Test Run 4) did not significantly change the coverage, morphology or particle
size of the precipitate formed and was therefore not used in the synthesis of the bulk catalyst
(as was done for Test Run 5). In order to preserve the morphology of the particles formed,
the sample was transferred to the muffle furnace once rinsed. The prepared sample is

shown in Figure 4.25.
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Figure 4.25. Mesh after synthesis and calcination from the bulk catalyst synthesis using

precipitation

The sample was analysed using SEM. The results indicated that good coverage was

achieved as shown in Figure 4.26.

EHT =20.00 kV Signal A = SE2 Date 6 Aug 2021 g 00X Signal A = SE2 Date 6 Aug 2021 Mag= 100X
WD = 7.7 mm Photo No. = 40478 Time :12:12:61 — WD = Photo No. = 40477 Time 112:11:33

Figure 4.26. SEM micrographs showing the coverage of the precipitate on the mesh at 100

X magnification produced from the bulk catalyst synthesis using precipitation

The mesh was covered in precipitate several layers deep as can be seen in Figure 4.27.
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Signal A = SE2 Date :6 Aug 2021
Photo No. = 40479 Time :12:13:69

Figure 4.27. SEM micrographs showing the precipitate coverage at 500 X (a) and 1000 X
(b) magnification produced from the bulk catalyst synthesis using precipitation

The precipitate was comprised of spherical particles with some agglomeration as shown in
Figure 4.28.

EHT = 20.00 kV Signal A= SE2 Date :6 Aug 2021
WD = 7.3 mm Photo No. = 40473 Time :12:08:08

Figure 4.28. SEM micrographs showing spherical particles with agglomeration at 5000 X (a)

and 10000 X (b) magnification produced from the bulk catalyst synthesis using precipitation

Figure 4.29 indicates that the procedure can be successfully scaled up and that similar cov-

erage and morphology was achieved to that obtained in the smaller test scale tests.
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Figure 4.29. SEM micrographs at 500 X magnification comparing the catalyst synthesized
from Test Run 5 (a) and synthesis of the bulk sample (b)

4.2.2. Bulk synthesis using wet impregnation

A bulk catalyst was prepared using the same technique as set out in Section 4.1.2.1. The
sample prepared using wet impregnation is shown in Figure 4.30. The catalyst covered the

entire mesh, with similar morphology to that of the smaller test catalyst.

Figure 4.30. Substrate after wet impregnation and calcination

4.3. CATALYST TESTING

Test runs were conducted with and without the catalyst as set out in Section 3.3.3. The
PTFE filters after sampling are shown in Figure 4.31. The filters were weighed using the
procedure set out in Appendix B and the full gravimetric results are included in Appendix C.
The masses obtained were divided by the total volume of flue gas sampled to account for
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differences in sampling times and flow rates. The sample PM mass concentrations obtained
are presented graphically in Figure 4.32.

Figure 4.31. PTFE filters with their numbered filter supports after the testwork sampling
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Figure 4.32. Measured total PM mass concentrations for the Baseline and Catalyst Runs

The results indicate, contrary to expectation, that higher concentrations of particulate matter
were recorded for the Catalyst runs compared to the Baseline runs. Visual inspection of the
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catalyst indicated that the emission were not due to the clogging of the catalyst. It was ex-
pected that due to the full oxidation of VOCs to CO:2 over the catalyst, secondary particulate
matter would be reduced during the catalyst runs. To investigate the morphology of the par-
ticulate matter, Scanning Electron Microscopy (SEM) analysis was conducted on five of the
samples. Two baseline samples (Filters 3 and 10), two catalyst samples (Filters 6 and 9)

and the field blank sample (Filter 2) were selected for analysis.

The structure of the filter and the filter pores can be seen on the field blank sample (Filter

2) as shown in Figure 4.33.

100 pm EHT = 2.00 kV Signal A = InLens Date :13 Apr 2022 Mag 400 X

F——— wb=39mm Photo No. = 45183 Time :15:24:54

Figure 4.33. SEM micrograph of the field blank filter showing the structure of the filter and
the pores (Filter 2) at 400 X magnification

At 400 X magnification, the Baseline Run samples appeared similar to the field blank sample
as shown in Figures 4.34 and 4.35. At 5000 X magnification, chain-like structures could be

seen within a few of the pores as shown in Figure 4.36.
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100 pum EHT = 2.00 kV Signal A = InLens Date :13 Apr 2022 Mag AN7TX
WD = 3.9 mm Photo No. = 45177 Time :15:13:49

Figure 4.34. SEM micrograph of the Baseline Run 1 filter (Filter 3) at 417 X magnification

EHT = 2.00 kV Signal A = InLens Date :13 Apr 2022 Mag= 400 X
WD = 42 mm Photo Mo. = 45179 Time :15:17:43

Figure 4.35. SEM micrograph of the Baseline Run 3 filter (Filter 10) at 400 X magnification
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EHT = 2.00 kV Signal A = InLens Date :13 Apr 2022 Mag= 5.00 KX
WD = 3.9mm Photo Mo. = 45186 Time :15:28:47

Figure 4.36. SEM micrograph of a chain-like structure, likely a soot aggregate, found in one

of the pores for Baseline Run 3 (Filter 10)

For the catalyst runs, clusters of particles could be seen within the pores of the filters as
shown in Figures 4.37 and 4.38. Both filters had patrticle clusters within the pores, but the
Catalyst Hot Run which was sampled only during the flaming phase of the run (Filter 6) had
fewer of these clusters likely due to the shorter sampling time of 5 min when compared to

10 min sampling time for the Catalyst Run (Filter 9).
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100 pm EHT = 2.00 kv Signal A = InLens Date :13 Apr 2022 Mag= 200X
}—1 WD = 3.9mm Photo No. = 45188 Time :15:32:25

Figure 4.37. SEM micrograph showing particulate clusters in the pores of the filter from Cat-

alyst Run 3 (Filter 9) at 200 X magnification

200 pm Signal A = InLens Date :13 Apr 2022 Mag= 200X
WD = 44 mm Photo No. = 45190 Time :15:34:57

Figure 4.38. SEM micrograph (at 200 X magnification) of the Catalyst Hot Run Filter 6 show-
ing fewer particulate clusters due to the shorter sampling time than the catalyst run
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At higher magnification (1150 X), the clusters of particulates can be seen as shown in Fig-

ure 4.39.

EHT = 2.00 kV Signal A = InLens Date :13 Apr 2022 Mag

WD = 3.8mm Photo Mo. = 45175 Time :15:09:33

Figure 4.39. SEM micrograph (at 1150 X magnification) of Catalyst Run 3 (Filter 9) showing

the particulate clusters

Figure 4.40 shows the clusters of particulates at 5000 X magnification along with a sharp

edged particle, likely a fly ash particle.
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EHT = 2.00 kV Signal A = InLens Date :13 Apr 2022 Mag= 5.00 KX
WD = 3.8mm Photo No. =45176 Time :15:11:25

Figure 4.40. SEM micrograph (at 5000 X magnification) of Catalyst Run 3 (Filter 9) showing

the spherical particulates and a sharp edged particle, likely fly ash particle

The clusters and chains can be seen at 3000 X and 10000 x magnification as shown in
Figure 4.41.

EHT = 2.00kV Signal A = InLens Date :13 Apr 2022 Mag 300KX 2 um EHT = 2.00 kV
WD = 4.3 mm Photo No. = 45181 Time :15:21:54

Signal A = InLens
WD = 4.3 mm Photo Mo. = 45182

b)

Figure 4.41. SEM micrograph at 3000 X (a) and 10000 X (b) magnification showing spherical

particles smaller than 1 um in size for the Catalyst Hot Run (Filter 6)
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Figure 4.42 shows the comparison between a catalyst run (a) and a baseline run (b) at 200
X magnification. Particulate clusters can clearly be seen in the pores of the filter for the

catalyst run. Very few similar clusters could be seen on the baseline sample filter.

Signal A = InLens a Mag= 200X 00 pm = 2.00kV Signal A = InLens

Photo No. = 45174 i I WD = 4.0mm Photo No. = 45187

Figure 4.42. SEM micrographs comparing the filters from catalyst Run 3 (Filter 9) (a) to
baseline Run 3 (Filter 10) (b) at 200 X magnification

Energy-dispersive X-ray spectroscopy (EDX) analysis was conducted at 15 kV on the sam-
ples to determine whether there was any detectable catalyst lost to the flue gas which would
contribute to the PM load on the filters. Carbon and fluoride were detected by the EDX anal-
ysis due to the composition of the filter, although it was not possible to definitively determine
whether the particulates formed were carbon-based due to the background carbon content
of the filter.

The EDX analysis did not detect any manganese and the increased particulate mass on the
filters used for the catalyst runs were therefore not as a result of macroscopic particles of
the catalyst detaching from the support. Increased particulate matter could result from the
dislodgement of very small metal particles from the catalyst which served as nucleation
nodes for particle growth. The metallic nuclei would thus have a non-metal coating which

may lead to non-detection by EDX.

The increase in particulate matter could also be caused by the impingement of particulate
matter precursors on the catalyst. Particle growth occurs on the catalyst surface until the
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particles formed are dislodged from the catalyst by the flue gas. If the catalyst does not
oxidize the impinged pollutant efficiently, particle growth can occur with the increased resi-

dence time in the concentrated flue gas stream, resulting in chain like aggregates.

Various studies have shown that manganese oxide catalysts are able to oxidize CO, how-
ever previous studies investigating the use of manganese oxide catalysts for soot, CO and
VOC reduction have mostly been conducted at laboratory scale and not under typical prac-
tical conditions. During laboratory testing, the soot or gas mixture has sufficient time to react
and sufficient contact is achieved between the catalyst and the soot or gas (Khaskheli et. al.
2022). In a practical application, there will be much less contact time between the catalyst

and the flue gas, which may impact on the efficiency of the catalyst.
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS

The catalyst was synthesized using three different synthesis methods and the synthesis
using precipitation and wet deposition produced a manganese oxide catalyst with good cov-
erage on the mesh support. The synthesis method used influenced the morphology of the
catalyst. The catalyst synthesized using precipitation comprised of spherical particles and
the wet deposition catalyst had a plate like structure. Both synthesis methods could be
scaled up to produce bulk catalysts for field testwork. For future work, it is recommended
that the mesh be weighed before and after synthesis to allow for quantification the mass of

the catalyst deposited.

The catalyst testwork was conducted on the stove as-is (Baseline runs) and with the catalyst
in place at the bottom of the flue (Catalyst runs). The testwork showed that an active catalyst
can be synthesized in a facile and cost effective manner (as compared to precious metal
catalysts) onto a mesh catalyst support which can be utilized in domestic fuel burning de-
vices. The catalyst is easy to install and can be customised to fit non-standard domestic
combustion units. The manganese based catalyst is heat resistant and does not release
toxic materials. The catalyst is light in weight and requires no electricity to operate. During
the limited test runs conducted, the catalyst did not clog, the airflow was not restricted and
the stove vented as per the baseline runs. It is recommended that the catalyst be tested
over a prolonged period to determine whether the catalyst regenerated due to the burn off
of entrained particulate matter or whether it clogs over time. The number of consecutive
cycles it can be used over should also be determined.

The total particulate concentrations were measured gravimetrically and the particle mass
concentration of the catalyst runs were found to be higher than for the baseline runs. A
limited number of test runs were performed as an initial screening and it is recommended
that, should a suitable catalyst be synthesized, sufficient test runs be conducted to deter-
mine whether the difference between the catalyst and baseline runs is statistically signifi-
cant. EDX analysis indicated that the increased particulate concentration on the catalyst
runs was not likely to be as a result of macroscopic particles of the catalyst being dislodged
from the support, as no manganese was detected. The catalyst therefore had good adher-

ence to the catalyst support.
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SEM analysis showed that the catalyst run filters had particulate clusters comprised of
spherical particles in the pores of the filters. The baseline runs had very few, if any, of these
particle clusters. The increased particulate matter could result from the dislodgement of very
small metal particles from the catalyst which served as nucleation nodes for particle growth
or could be caused by the impingement of particulate matter precursors on the catalyst fol-
lowed by particle growth resulting in chain like aggregates. Measuring total particulate mat-
ter mass concentrations does not provide information on the morphology, surface chemistry,
composition and size characterization of the particulates. It is recommended that more de-
tailed analysis be conducted on the particulate matter to provide further insight into particu-

late formation.

Although the reaction mechanism of oxidation over a manganese oxide based catalyst is
generally understood as being through the supply of oxygen from the crystal lattice, a de-
tailed understanding of the elemental reactions are not well understood, particularly for mul-
ticomponent systems (Khaskheli et. al. 2022). An improved understanding of the reaction

mechanism could lead to the optimisation of the catalyst activity.

The study measured particulate matter gravimetrically over the entire burn sequence. It is
recommended that continuous particulate matter monitoring be conducted in future testwork
to provide information on the performance of the catalyst during the different stages of com-
bustion. It is further recommended that further testwork include the analysis of gaseous
components such as CO, VOCs and CO:2 to determine the extent of oxidation of the partic-

ulate matter precursors.

It is recommended that a range of optimized, potentially active catalysts be tested to improve
the oxidation of particulate matter precursors to CO2. Should a suitable catalyst be identified
and synthesized, design optimization of the catalyst can be pursued which may include pa-
rameters such as the mesh configuration and type used as catalyst support and the number
of catalyst layers used. It is recommended that an optimised catalyst be tested on a variety

of fuels.
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Appendix A: Method for preparing cassettes

PARTICULATES NOT OTHERWISE REGULATED, TOTAL 0500

DEFIMNITION:

total asrosol mass

CAS: NONE

RTECS: NONE

METHOD: 0800, Issue 2

EVALUATION: FULL

Issue 1: 18 February 1984
Issue 2: 18 August 1984

OSHA : 15 mgim® PROPERTIES: cantains no ashestos and quartr
NIOSH: no REL l=ss than 1%
ACGIH: 10 mgim”, total dust |e=s than
1% quartz
SYNONYMSE: nuisance dusts; parficulates nol ctherwise classified
SAMPLING MEASUREMENT
SAMPLER: FILTER TECHMIGUE: GRAVMIMETRIC (FILTER WEIGHT)
(tared 37-mm, S-pm PYC filter)
AMALYTE: airbome parliculate material
FLOW RATE: 1 te 2 Limin
BALANCE: 0.001 mg s=rsitivity;
WOL-MIN: 7L @ 15 mgim’ use same balance before and after
M0 133 L@ 15 mgdm™ sample collection
SHIPMENT: routine CALIBRATION: Malional Institute of Slandards and
Technology Class 3-1.1 weighls or
SAMPLE ASTM Class 1 weights
STABILITY: indefinitety
RANGE: 0.1 o 2 mg per sampls
BLANKS: 2 to 10 fiedd blanks per set
ESTIMATED LOD: 0.0% mg per sample
BULK
SAMPLE: mane requined PRECIZION (3 ): 0.026 [2]
ACCURACY
RANGE STUDIED: B bo 28 mgim”
BIAS: 001%

OVERALL PRECISION ($,,): 0.056 [1]

ACCURALCY:

£ 11.04%

APPLICABILITY: The working rangs i= 1 ta 20 mg/m * Tor a 100-L air sample. This method is nonspecific and determines the
iotal dust conceniration to which a worker is exposed. @ may be applied, =.g., io gravimetric determination of fibrous glass [3]
in addition o the other ACGIH particulabes nol otherwise regulaied [4].

INTERFERENCES: Crganic and volatile particulale matber may be removed by dry ashing [3].

COTHER METHODS: This method is similar 1o the citesia document method for fibrous glass [3) and Method 5000 for carbon
black. This methad replaces Melthod 2348 [5]. Impingers and direct-reading instruments may be used bo collect lotal dust

samples, but these hawe limitations for personal samgling.

MNIDZH Manual of Analylical Methods (MMAK), Fourth Edilion, B/15/84
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PARTICULATES NOT OTHERWISE REGULATED, TOTAL: METHOD 0500, Issue 2, daled 15 Augus! 1984 - Page 2 of 3

EQUIPMENT:

=

. Bampler: 37-mm PVC, 2- to 5pm pore size membrane or equivalent hydrophobic filter and
supparting pad in 37-mm casselle filter halder.

Personal sampling pump, 1 to 2 Limin, with fexible connecting tubing.

Microbalance, capable of weighing 1o 0.001 mg.

Static neutralizer: e.g., Po-210; replace nine months after the preduction date.

Forceps (preferably mylon).

Enviranmental chamber or room for balance (e.g., 20 "C £ 1 "C and 50% + 5% RH).

E2 N Bk B

SPECIAL PRECAUTIONS: Mone.

PREPARATION OF FILTERS BEFORE SAMPLING:

1.  Equilibrale the fillers in an environmenially conlrolled weighing area or chamber for at least 2 h.

NOTE: An environmentally controlled chamber is desirable, but not required.

2. Mumber the backup pads with a ballpoint pen and place them, numbered side down, in filter
casselte bollom sections.
3 Weigh the Tillers in an environmanlally controlled area or chamber. Record the filer lare weaight,

W, (mg).

a. Zero the balance before each weighing.

b. Handle the filter with forceps. Pass the filter over an antistatic radiation source. Repeat this
slep if filter does nol release easily from the forceps or if filker atiracls balance pan. Static
eleciricity can cause ermoneous weight readings.

4.  Assembile the filler in the filter cassettes and close firmly so thal leakage arcund the filler wil
nal eccur. Place a plug in each opening of the filter cassette. Place a cellulose shrink band
around the filter cassetle, allow to dry and mark with the same number as the backup pad.

SAMPLING:

5. Calibrate each personal sampling pump with a repressntative sampler in line.

6. Sample at 1 to 2 Limin for a tolal sample volume of 7 10 133 L. Do not excead a iotal filter
loading of approximately 2 mg total dust. Take two to four replicate samples for each batch of
field samples for quality assurance on the sampling procedure.

SAMPLE PREPARATION:

7. Wipe dust fram the external surface of the filler cassetle wilh a moist paper lowel lo minimize
contamination. Discard the paper towel.

8. Remove the top and bottom plugs from the filler cassette. Equilibrate for at least 2 h in the
balance room.

Q. Remove the cassette band, pry open the cassette, and remove the filter gently 1o avoid loss of
dust.
NOTE: If the filter adheres to the underside of the casselle top, very gently lift away by using

the dull side of a scalpel blade. This must be done carefully or the filter will tear.

CALIBRATION AND QUALITY CONTROL:
10. Zero the microbalance before all weighings. Use the same microbalance for weighing filters

before and after sample collection. Maintain and calibrate the balance with National Institute of
Standards and Technology Class 5-1.1 or ASTM Class 1 weighls.

NIOSH Manual of Analylical Methods (NMAM), Fourth Edition, 81554
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PARTICULATES NOT OTHERWISE REGULATED, TOTAL: METHOD 0500, Issue 2, dated 15 August 1984 - Page 3 of 3

11. The set of replicate samples should be exposed to the same dusl environmenl, either in a
laboratory dust chamber [7] or in the field [B]. The quality control samples must be taken with
the same equipment, procedures and persannel used in the routine field samples. The relative
standard deviation calculaled from these replicates should be recorded on contral charts and
aclion taken when the precision is oul of coniral [7].

MEASUREMENT:

12 Weigh esach filter, including field blanks. Record the post-sampling weight, W . (mig). Record
amything remarkable about a filter (e.g., overload, leakage, wel, torn, ele.)

CALCULATIONS:

13 Calculate the concentration of total particulate, C {mgim ), in the air volume sampled, V (L):

o (W W)- (BB O Ly,

where: W, = tare weight of filter before sampling {mg)
W, = post-sampling waight of sample-containing filter (mg)
B, = mean tare weight of blank filters {mg)
B, = mean post-sampling weight of blank fillers (mg)

EVALUATION OF METHOD:

Lab testing with blank filters and generated atmospheres of carbon black was done at 8 to 28 mgm 2
[2,6]. Precision and accuracy data ane given on page 0500-1.

REFERENCES:

1 MIOSH Manual of Analytical Methads, 3rd ed., NMAM 5000, DHHS [NIOSH) Publication Ne.
B4-100 (1984).

2 Unpublished data from MNon-textile Cotton Study, NIOSH/IDRDS/EIS.

131 MIZSH Criteria for a Recommended Standard .. Occupational Exposure o Fibrous Glass, .S,
Department of Health, Education, and Welfare, Publ. (NIOSH) 77-152, 118-142 (1977).

[4] 1993-1994 Threshold Limit Values and Biclogical Exposure Indices, Appendix D, ACGIH,
Cincinnati, OH {1993

51 MIOSH Manual of Analytical Methods, 2nd ed., V. 3, 5349, LS. Depariment of Health,
Education, and Welfare, Publ. (NIOSH) 77-157-C (1877).

6] Documentation of the NIOSH Validation Tests, 5262 and 5349, LS. Depariment of Health,
Education, and Welfare, Publ. (NIOSH) 77-185 (1977).

7 Bowman, J.D., D.L. Barlley, G.M. Breuer, L.J. Doameny, and D.J. Murdeck. Accuracy Criteria
Recommended for the Certification of Gravimetric Coal Mine Dust Personal Samplers. NTIS
Pub. No. PB B5-222446 (1984).

4] Breslin, J.&, 5.J. Page, and RLA. Jankowski. Precision of Personal Sampling of Respirable
Dust in Coal Mines, U.S. Bureau of Mines Report of Investigations #8740 (1983).

METHOD REVISED BY:

Jerry Clere and Frank Hearl, P.E., NIDSHDRDS.

HIOZH Manual of Analylical Methods (MMAM), Fourth Edilion, 81584



Appendix B: Method for weighing sample filters

Mettler Microgram balance

Weighing procedure: Reference and sample filters

=

Download logged data from data-logging environmental monitor
2. Check if environmental conditions in the laboratory was maintained for the previous
24 hours within the prescribed limits
o Dry air temperature =21 + 1.0°C
o Relative humidity = 50 + 5%
3. Record environmental conditions immediately prior to weighing reference filters
4. Ensure balance is level
5. Weigh a mass of 2 grams repeatedly until repeatability is reached. Repeatability =
min and max of three (3) consecutive weights does not differ with more than one (1)
percent from the average
6. Close balance and tare the balance
7. Open balance and place three (3) reference (control) filters on the weighing grid.
Note: Use Three (3) reference (control) filters for each 10 sample filters
8. Close balance and start count down timer
9. Allow 30 seconds for balance to stabilise
10.Note reading on the balance immediately when settling time has expired
11.Remove reference (control) filters from the weighing chamber and hold it next to the
weighing chamber. Take care not to breath over the filters
12.Close the balance door and wait for the balance to return to zero
13.If balance does not return to zero:
o Discard all weighing results
o Inspect the balance pan for dust or any other obstacle
o Tare the balance
o REWEIGH filters
o Balance should not otherwise be tarred between weighing filters
14.Follow Steps 7 — 13 to obtain 3 consecutive weights for the three (3) reference
(control) filters
15.Proceed to weigh 10 individual sample filters by following Steps 7 — 13
16. After weighing the ten (10) sample filters, weigh the three (3) reference filters again
using Steps 7 - 13
17.Record environmental conditions immediately after weighing reference filters
18.1f the maximum and minimum weight of reference (control) filters differ more than
one (1) percent from the average, discard results and re-weigh
19.Place weighed filters with a clearly marked support pad in a clean filter cassette
holder.

Note: Weigh sampling filters in the shortest possible time period.
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Appendix C: Filter masses (raw data)

Pre

Post

Pre
Post

Pre
Post

Pre
Post

Pre
Post

Pre
Post

Pre
Post

Pre
Post

Pre
Post

Pre
Post

Pre
Post

Date Mass1l | Mass 2 | Mass 3 Date Mass 1 Mass 2 Mass 3
H9 H9 H9 H9 H9 Hg
18/02/2021 298397 298394 298389(25/03/2022 298397 298396 298396
Temp: 21.1°C|RH:52 Temp: 20.5°C|RH: 50
298395 298393 298394 298395 298392 298393
Flow Rate |Sampling
Filter # Date Filter Mass (g) Pump # | Setting Time
(cm3/min)| (min)
18/02/2022 101055 101054 101053 600
1 25/02/2022 101109 101108 101110 2 9
18/02/2022 100003 100001 99998 600
2 25/02/2022 100011 100010 100010 2 10
18/02/2022 102938 102935 102935 600
3 25/02/2022 103067 103069 103070 2 10
18/02/2022 104327 104323 104325 600
4 25/02/2022 104359 104358 104359 2 10
18/02/2022 104488 104487 104484 600
5 25/02/2022 104702 104701 104701 2 10
18/02/2022 102276 102273 102273 600
6 25/02/2022 102427 102425 102424 2 5
18/02/2022 101227 101225 101225 600
7 25/02/2022 101531 101532 101531 2 10
18/02/2022 103949 103949 103950 600
8 25/02/2022 104150 104149 104148 2 9
18/02/2022 98122 98121 98120 600
9 25/02/2022 98418 98419 98419 2 10
18/02/2022 101844 101842 101843 600
10 25/02/2022 102033 102030 102030 2 9
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Appendix D: Journal Article

This article was accepted for publication by the Clean Air Journal in February 2023.

102



Studies into the reduction of domestic fuel burning emissions by means of facile
catalytic abatement technology

Marilize Steyn*!, Nicolaas Claassen? and Patricia B.C. Forbes®

1 Department of Geography, Geoinformatics and Meteorology, University of Pretoria, Pretoria 0028, South Africa,
marilizeg@gmail.com
2 Faculty of Health Sciences, Division of Environmental and Occupational Health, University of Pretoria, Pretoria 0028,
South Africa, nico.claassen@up.ac.za
3 Department of Chemistry, University of Pretoria, Pretoria 0028, South Africa, patricia.forbes@up.ac.za https://or-
cid.org/0000-0003-3453-9162
*Corresponding author

The negative health and socio-economic impacts of emissions associated with domestic fuel burn-
ing are widely recognized. Although there has been much progress in the provision of electricity to
households in South Africa, many still rely on solid fuel sources such as wood and coal. While various
investigations have been done on reducing household emissions by reducing the use of polluting
fuels and improvements in combustion efficiency, comparatively fewer studies have been conducted
on the reduction of emissions through emission reduction using abatement technology. Catalytic
oxidation could be utilized to oxidize particulate matter precursors such as volatile organic com-
pounds and soot particles to reduce secondary particulate formation. Although catalytic methods
have not been effectively utilized in practical domestic applications, studies have shown effective
soot reduction during laboratory testing. This study investigated the synthesis and use of a manga-
nese oxide based catalyst to reduce particulate matter from domestic fuel burning stoves. The cata-
lyst was synthesized onto a mesh substrate and inserted into the flue of the stove. During field test-
ing, the presence of the catalyst increased the mass of particulate matter collected onto PTFE filters
used for gravimetric analysis, with Scanning Electron Microscopy (SEM) analysis showing spherical
particles in the pores of the filters used during the catalytic runs. The baseline runs had very few of
these particle clusters. Energy Dispersive X-Ray (EDX) analysis of the catalyst run filters did not
detect manganese, revealing that increased particulate concentrations were not as a result of mac-
roscopic particles of the catalyst being dislodged from the support. Dislodgement of very small metal
particles from the catalyst could, however serve as nucleation nodes for particle growth which would
have a non-metal coating leading to the non-detection of manganese. The increase in particulate
matter could also be caused by the impingement of particulate matter precursors on the catalyst
followed by particle growth and dislodgement into the flue gas. The testwork showed that an active
catalyst can be synthesized onto a mesh catalyst support in a relatively simple and cost-effective
manner, which can be utilized in domestic fuel burning devices. It is recommended that a range of
optimized, potentially active catalysts be tested to improve the oxidation of particulate matter precur-
sors to carbon dioxide.

Keywords: household air pollution; particulate matter; domestic fuel burning; catalytic
reduction.

million deaths and 85.6 million disability ad-
justed life years (DALYSs) globally in 2015 (Co-
hen et al 2017). The study concluded that
household fuel burning contributed significantly

1. Introduction

1.1 Domestic fuel burning
The negative health and socio-economic im-

pacts of emissions associated with domestic
fuel burning are widely recognized. The Global
Burden of Diseases Study estimated that
household air pollution was responsible for 2.8

to mortality in low- and middle-income coun-
tries. The 1996 and 2011 census data indicates
that the proportion of households making use of
solid fuels decreased in South Africa during this
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period, however there remain pockets of house-
holds that are still reliant on solid fuel (Pauw et
al 2020). Areas that experience the highest im-
pact of domestic fuel burning would be densely
populated with a high density of emission
sources. The negative impacts of household
emissions are exacerbated by the fact that they
are released in the breathing zone of individuals
(DEA 2019). Globally, the greatest negative
health impact of domestic energy use is from in-
complete combustion of fuels in low efficiency
stoves and lighting devices (WHO 2014).

Although there has been much progress in
the provision of electricity to households in
South Africa, many still rely on solid fuel
sources such as wood and coal (Israel-Akinbo
et al 2018). A study by Israel-Akinbo et al.
(2018) examined how poor households transi-
tion from traditional energy carriers such as
such as wood to modern energy carriers such
as electricity, biofuels and liquefied petroleum
gas. In the case of energy usage for heating
purposes, households would not necessarily
switch to modern fuels as income rises, in line
with the energy stacking model, where house-
holds use a combination of energy carriers on
the upper and lower stages of the energy ladder
depending on their needs. An earlier study con-
ducted by the then Department of Energy (pres-
ently the Department of Minerals and Energy)
came to a similar conclusion as their results in-
dicated that poorer households relied on multi-
ple sources of energy regardless of electrifica-
tion status, which further points to an energy
stacking model rather than the energy ladder
theory (DOE 2012).

A South African study analyzing the eco-
nomic impact of various air quality initiatives
found that technology interventions in the do-
mestic sector would be the most efficient way to
reduce healthcare costs associated with urban
air pollution (Leiman et al 2007). The interven-
tions that have been investigated in South Af-
rica include the electrification of households,
the use of alternative fuels, improved household
energy efficiency and encouraging the use of
top down fire ignition methods, amongst others
(Matimolane 2017, Msibi and Kornelius 2017,
Mdluli et al 2010, Wagner et al 2005, Scorgie
2012, Makonese 2015).

While various investigations have been done

on reducing household emissions by reducing
the use of polluting fuels and improvements in

combustion efficiency, comparatively fewer
studies have been conducted on the reduction
of emissions using abatement technology.

The aim of this study was to investigate the
potential of particulate matter emission reduc-
tion in the domestic sector using an appropriate
abatement technology. The study thus investi-
gated the emissions that are likely to arise from
domestic fuel burning and the available catalytic
and non-catalytic abatement technologies for
the reduction of the particulate emissions re-
ported in the literature. The study sought to
identify, synthesise and test a suitable abate-
ment technique to decrease particulate matter
emissions from domestic fuel burning devices.

1.2 Implementation of abatement
technologies

1.2.1 Previous studies

Investigations and research into the reduction in
emissions from household appliances appears
to have been largely focused on improving com-
bustion efficiency and little information seems to
be available on secondary or end of pipe type
measures to reduce emissions. The use of sec-
ondary measures to reduce emissions from
small combustion sources in Europe was found
to be limited due to the high cost and mainte-
nance requirements of such installations which
were limited to the use of electrostatic precipita-
tors (ESPs) (Amann et al 2018).

A review by Lim et al (2015) investigated
the use of emission reduction technologies for
small scale installations. The study evaluated
several technologies that had been tested such
as the use of additives, catalytic filters, electro-
static precipitators as well as technologies from
the automotive industry. It was concluded that
most technologies were still under development
and had experienced challenges on implemen-
tation.

Cheng et al (2018) investigated the use
of high gradient magnetic separation in captur-
ing airborne particles but it achieved low cap-
ture efficiency for particles smaller than 50 pm.

In another study, Yamamoto et al (2013)
investigated the use of a heated carbon fiber fil-
ter to remove soot particles from diesel combus-
tion. Without heating the filter, particles would
accumulate on the filter, reducing the porosity
significantly. By increasing the filter wall temper-
ature using an electric heater, the study found
that most of the particulates could be burned off,
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resulting in continuous filter regeneration. The
study indicated that, while most of the particu-
lates were burned off in the filter, new ultra-fine
particles of less than 30 nm were formed, which
may have an impact on human health.

Hukkanen et al (2012) investigated the
use of a catalytic combustor in reducing emis-
sions from a wood fired boiler. The catalyst uti-
lized consisted of metal wire mesh covered with
a platinum and palladium catalyst. For the entire
combustion cycle, reductions of 21% for CO,
14% for organic gaseous carbon and 30% of
PM: was achieved. In this case, the flue gas
temperatures were high enough to activate the
catalyst, but the study notes that some residen-
tial heaters may not have sufficiently high flue
gas temperatures to achieve this. A major dis-
advantage of this technology is the high cost of
the precious metals used as catalysts.

Ozil et al (2009) investigated the use of
two catalysts, a cordierite honeycomb monolith
support and a metallic corrugated structure im-
pregnated with an alumina washout. The study
showed that the temperature of the flue gas of
a wood fired boiler was too low during start up
and shut down for the catalyst to be effective
and the use of a heating system was found to
dramatically reduce the emissions of CO and
VOCs, with a CO reduction of between 80 and
90% being achieved.

1.2.2 Emissions from domestic fuel burning

Flue gas from domestic solid fuel combus-
tion typically has a low particle loading and the
particles are small in size (Xu 2014); specifically
the particulates are expected to be 95% PM;s
(Zhang et al 2018).

Previous studies have indicated that the par-
ticulate matter emissions from solid fuel burning
comprised mainly of organic particles, soot and
inorganic fly ash (Zhang et al 2018, Torvela et
al 2014, Nystrom 2016, Makonese et al 2019).
These particulates are also expected to react
with each other and with gaseous emissions in
the combustion chamber and flue. The temper-
ature of the flue gas, which is likely to depend
on the positioning of the abatement device, will
influence the catalyst efficiency as well as both
the aging of the particulates and their proper-
ties. Closer to the combustion chamber, sticky,
tarry carbonaceous particles may form (Ma-
konese et al 2019). Various other chain-like or
cluster-like particulates are also likely to be pre-

sent (Forbes 2012). In addition, organic parti-
cles with inorganic inclusions may form. A
smaller fraction of inorganic fly ash emissions is
expected, which may be larger in size than the
organic particles (Zhang et al 2018, Makonese
et al 2019).

1.2.3 Catalytic abatement

The collection efficiency for particles smaller
than 5 pm, as is expected in flue gas streams,
is low and non-catalytic methods are unlikely to
achieve a meaningful reduction in particulate
matter concentration (Perry et al 1997). Cata-
lytic oxidation could be utilized to oxidize partic-
ulate matter precursors such as volatile organic
compounds and soot particles to reduce sec-
ondary particulate formation. Catalytic abate-
ment allows users to utilise the available fuel,
with reduced negative health outcomes. Alt-
hough catalytic methods have not been effec-
tively utilized in practical domestic applications,
studies have shown effective soot reduction
during laboratory testing (Gao et al 2020).

Volatile organic matter and soot can be oxi-
dized using supported noble metal catalysts
and metal oxide catalysts. Noble metal catalysts
generally are more active than metal oxide cat-
alysts, but metal oxide catalysts are more re-
sistant to certain catalyst poisons such as halo-
gens, As and Pb. Metal oxide catalysts im-
portantly have a substantially lower cost and
can be sufficiently reactive for some applica-
tions (Huang et al 2015) and were therefore se-
lected for this study. The most effective single
metal catalysts have been found to be oxides of
V, Cr, Mn, Fe, Co, Ni and Cu (Spivey 1987).
Manganese was selected for this study due to
the promising results achieved with laboratory
testing (Gao et al 2020). The results indicated
that the soot conversion percentage was tem-
perature dependent and increased at tempera-
tures above 250°C. Furthermore, manganese
oxide catalysts have low toxicity, low raw mate-
rial cost and a diversity of crystalline structures
which determine the catalytic activity (Huang et
al 2015). In this study, a manganese oxide
based catalyst was prepared and character-
ized. It was then tested for potential local appli-
cation, utilizing a commercial domestic stove.
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2. Methods

2.1 Catalyst Requirements

In order to be considered effective, the de-
signed catalyst should conform to various safety
and performance criteria such as acceptable
emission reduction, limited clogging, ease of in-
stallation, heat resistance, cost effectiveness
and the catalyst should be non-toxic. Installa-
tion should be possible on non-standardised
units, should be self-cleaning or easy to clean
with little or no electricity required for operation.
The catalyst must further be acceptable to the
end user.

Emissions are also expected to vary during
the different stages of the combustion process.
As the abatement will be in operation during the
entire combustion cycle, it should accommo-
date the emissions from the combined combus-
tion cycle.

2.2 Catalyst Synthesis

Three catalyst preparation techniques were
tested namely precipitation, wet deposition and
dry deposition. The choice of the catalyst sup-
port was based on the risk of clogging, ease of
installation, minimizing pressure drop, high air
flow through the catalyst, and cost, amongst
other parameters. A coarse 0.5 mm thick steel
mesh was thus used as the catalyst support for
direct use in domestic flues as shown in Figure
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a) b)
i. Figure 1. 0.5 mm thick steel mesh used
as catalyst support (a) for installation at the
base of the flue (b)

The synthesis utilizing precipitation was
based on the polyol method, which is well-
known for producing metallic nanopatrticles (Au-
gustin et al 2015, Li et al 2011, Liu et al 2010,
Sukhdev et al 2020). A glycol solvent such as
ethylene glycol functions as a solvent for the
metal precursors as well as functioning as the
reducing agent (Benseeba 2013, Rao et al

2017). The glycol further controls particle for-
mation by controlling nucleation, growth and ag-
glomeration of the particles. The method de-
scribed by Augustin et al (2015) utilizes mild re-
action conditions to produce manganese oxide
particles with varying structures and composi-
tions and was therefore used as a basis for the
synthesis of the manganese oxide catalyst in
this project.

Manganese (Il) acetate tetrahydrate (>99%),
tetraethylene glycol (99%), iron (Ill) nitrate no-
nahydrate (>98%) and ethylene glycol (>99%)
were obtained from Sigma-Aldrich (South Af-
rica). All reagents were used as received.

Typical test conditions were as follows: The
reaction solution was prepared using 0.5 g of
magnesium acetate dissolved in 60 mL of eth-
ylene glycol and 6 mL of tetraethylene glycol
(TEG). The catalyst support mesh (commer-
cially available 0.5 mm thick steel mesh ob-
tained from Leroy Merlin Hardware Store) was
washed using acetone prior to synthesis. The
mesh was then suspended in the reaction mix-
ture using wire hooks secured to the beaker us-
ing rubber-based putty adhesive. The mixture
was then gradually heated on a magnetic stirrer
hot plate (Heidolph, Germany) and stirred using
a magnetic stirrer. The temperature of the rea-
gent mixture was measured manually using a
thermometer. The reagent mixture was gradu-
ally heated to a temperature of 170°C. Samples
were removed from the reaction mixture after
precipitation occurred at 170°C and were
washed using ethanol (>98%, Sigma-Aldrich).
The samples were dried under argon (99.9%,
Afrox) and were then transferred to a muffle fur-
nace (Lenton, South Africa) at 550°C for five
hours to calcine under stagnant air.

The wet deposition catalyst was synthesized
by dipping the catalyst support into a concen-
trated manganese acetate tetrahydrate solution
prior to calcining. A mesh sample was prepared
using 8 g of manganese acetate tetrahydrate in
30 mL of water. The sample was dipped in the
solution, removed and calcined without drying
at 550°C for two hours.

The dry deposition catalyst was covered in
dry manganese acetate tetrahydrate powder
prior to calcining at 550°C for two hours.

2.3 Catalyst Testing Methodology

The experimental setup consisted of a com-
mercial one plate combustion device with a flue
as shown in Figure 2 (Ndebele Appliances and
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Coal Stoves, Bronkhorstspruit, South Africa),
which is representative of cooking stoves avail-
able in South Africa.

290 mm

150 mm

155 mm 420 mm

640 mm =) 300 mm

Figure 2. Diagramﬁof the oﬁe-plate stove em-
ployed in testing of the catalyst

Bulk catalysts were produced using precipi-
tation and wet impregnation. The catalyst was
positioned at the base of the flue where the
highest flue temperatures were expected, as la-
boratory testing had indicated that the catalyst
was only effective temperatures above 250°C
(Gao et al, 2020).

For each test run, 100 g of soft wood sticks
approximately 150 mm in length and 20 x 20
mm diameter were utilized and the combustion
process was started using a single wax based
firelighter ball. The soft wood was selected as
fuel to improve the reproducibility of the test
runs as the wood is more homogenous in size
and composition when compared to hard wood
or coal. The test runs were conducted under
similar ambient conditions at the same time
each day to improve reproducibility. The fuel
used for the runs was sized, weighed and
bagged to reduce fuel variability and to ensure
consistent fuel moisture content.

2.4 Measurement Methodology

The flue gas flow rate was measured using a
vane type digital anemometer (Benetech,
China). The flue temperature was measured us-
ing an infrared thermometer (Shenzen FLUS
Technology Company, China). Measurements
were taken at 290 mm from the flue exit point to
allow for the cooling of the flue gas.

Particulate concentrations were collected for
gravimetric analysis using 37 mm polystyrene
cassettes, with 37 mm polytetrafluoroethylene

(PTFE) filters with a pore size of 2 um (Environ-
mental Express, South Carolina, USA). PTFE
filters were selected as they are temperature re-
sistant up to 260°C. A Gilian (GilAir Plus) per-
sonal sampling pump was used to collect par-
ticulates onto the filters at a sampling flow rate
of 600 mL/min for 10 min. The positioning of the
sampling probe could potentially influence the
size distribution of the particulate matter sam-
pled, favouring the capture of finer particles. For
this study non-isokinetic sampling was consid-
ered adequate as the study was interested in
whether the catalyst affected the particulate
matter formation in a relative manner, and not
to quantify the emissions or derive emission fac-
tors. Sample filters were weighed using a Met-
tler Toledo microgram analytical balance in a
temperature (221+1°C) and humidity (50+5%)
controlled environment.

2.5 Catalyst and PTFE Filter Analysis

The catalyst samples produced were exam-
ined using Scanning Electron Microscopy
(SEM) using a Zeiss Crossbeam 540 SEM at
20 kV to determine the morphology and particle
size of the catalyst and to determine the catalyst
coverage on the mesh substrate.

The catalyst samples were analysed using
Energy Dispersive X-Ray (EDX) (OXFORD
Link-1SIS-300 Zeiss, Germany) analysis to de-
termine the semi-quantitative composition of
the catalysts.

The PTFE filter samples were examined us-
ing the same SEM instrument at 2 kV. A section
of the center part of each filter was removed us-
ing a steel blade, mounted on an aluminum stub
and sputter coated with Au to improve conduc-
tivity.

3. Results and Discussion
3.1 Catalyst Synthesis

3.1.1 Synthesis using precipitation

A test sample was prepared using the proce-
dure described in Section 2.2. The synthesis
was optimized by changing the initial concentra-
tions of manganese acetate tetrahydrate and
TEG used to prepare the reaction mixture. The
test sample was produced utilizing a 5 x 5 mm
piece of mesh suspended in the reagent mix-
ture. Although the precipitate formed on the wire
mesh, the precipitate was patchy and did not
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cover a large percentage of the mesh surface.
The Energy Dispersive X-Ray (EDX) analysis
confirmed that the precipitates formed during
the precipitation runs were manganese oxides
with carbon inclusions.

The test run was repeated with an increased
manganese acetate tetrahydrate mass of 1 g to
improve the catalyst coverage on the mesh. The
mesh was calcined directly after synthesis and
the calcining time was reduced to 2 hours to en-
sure that the catalyst was calcined directly after
synthesis. The precipitate on the mesh could
clearly be seen at 100 X magnification as shown
in Figure 3. The precipitate covered the mesh
well and formed clusters of precipitate in places.
The utilization of higher concentrations of man-
ganese acetate tetrahydrate greatly improved
the precipitate coverage on the mesh.

Figure 3. SEM micrographs of the catalyst synthe-
sized using increased manganese acetate tetrahy-
drate concentrations showing precipitate on the
mesh at 100 X magnification

To investigate the impact of the addition of
TEG on the coverage and morphology of the
catalyst, the previous test was repeated without
the addition of TEG. The precipitate formed had
good coverage, as shown in Figure 4.

a) b)
Figure 4. SEM micrographs showing the precipitate
comprised of spherical particles at 1000 X (a) and
5000 X (b) magnification for the catalyst produced
without the addition of TEG

The addition of TEG did not appear to im-
prove coverage of the mesh with catalyst parti-
cles and the precipitates appeared to have sim-
ilar morphologies as shown in Figure 5.

a) b)
Figure 5. SEM micrographs at 5000 X magnification
comparing the samples prepared with the addition of
TEG (a) and samples prepared without TEG (b)

3.1.2 Synthesis using wet and dry deposition

A relatively smooth manganese oxide de-
posit was formed using wet precipitation and
good coverage of the catalyst on the mesh was
achieved as shown in Figure 6.

200um

—

a) b)
Figure 6. SEM micrographs showing the catalyst
synthesized using wet impregnation at 100 X (a) and
500 X (b) magnification

The morphology of the catalyst changed
significantly depending on the synthesis

method used. At higher magnifications, the sur-
face of the wet impregnation sample had a
plate-like structure compared to the spherical,
agglomerated particle type structure of the sam-
ple prepared using precipitation as shown in
Figure 7.

Figur 7. SEM microraphs comparing the surface
of samples prepared using wet impregnation (a) and
precipitation (b) at 5000 X magnification

The catalyst prepared using dry impregna-

tion did not achieve good coverage and the
mesh substrate was still clearly visible.
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3.1.3 Bulk catalyst preparation

Both the optimized precipitation synthesis
and wet impregnation techniques achieved
good coverage of the mesh substrate. The wet
impregnation technique is a simpler process in-
volving dipping the mesh into a concentrated
solution of manganese acetate tetrahydrate
prior to calcination, whereas the precipitation
technique involves the gradual heating of the re-
agents to form a precipitate. The morphologies
of the samples prepared were significantly dif-
ferent, as shown in paragraph 3.1.2.

The sample was analysed using SEM. The
results indicated that that the procedure can be
successfully scaled up and that similar cover-
age and morphology was achieved to that ob-
tained in the smaller test scale tests as shown
in Figure 8.

a) "b)
Figure 8. SEM micrographs at 500 X magnification
comparing the catalyst synthesized from the opti-
mized test run (a) and synthesis of the bulk sample

(b)

3.2 Catalyst testing

Bulk catalyst samples were prepared for
testwork using both techniques and were then
field tested.

The gravimetric analysis results indicated
that relatively higher mass concentrations of
particulate matter were recorded for the catalyst
runs compared to the baseline runs as shown in
Figure 9. It was expected that due to the oxida-
tion of VOCs over the catalyst, secondary par-
ticulate matter would be reduced during the cat-
alyst runs.

35000 Catalyst1-

Filter 7 CatalystHot Run -

Filter 6
30000 . . .
Catalyst3-
Filter 9
25000
. * .
20000 Catalyst2 -
Baseline 3 - Filter 8 Wet
Filter 10 Impregnation
15000 Catalyst - Filter 5
L]

Baseline 1
- Filter 3

Concentration (pg/m?®)

L4 Baseline 4 -

Baseline 2 Filter 1

- Filter 4 Run Type

ii. Figure 9. Comparison of the gravimetric re-
sults for the catalyst and baseline runs

To investigate the cause of the increased
particulate matter, Scanning Electron Micros-
copy (SEM) analysis was conducted on five of
the samples. Two baseline samples (Filters 3
and 10), two catalyst samples (Filters 6 and 9)
and the field blank sample (Filter 2) were se-
lected for analysis.

For the catalyst runs, clusters of particles
could be seen within the pores of the filters, as
shown in Figure 10. Both filters had particle
clusters within the pores, but the Catalyst Hot
Run which was sampled only during the flaming
phase of the run and therefore for a shorter pe-
riod (Filter 6) had fewer of these clusters.

b)

iv. Figure 10. SEM micrograph at 3000 X (a)
and 10000 X (b) magnification showing spherical
particles smaller than 1 um in size for the Catalyst
Hot Run (Filter 6)

Particulate clusters can clearly be seen in the
pores of the filter for the catalyst run. Very few
similar clusters could be seen on the baseline
sample filter as shown in Figure 11.
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Figure 11. SEM micrographs comparing the fil-
ters from catalyst Run 3 (Filter 9) (a) to baseline Run
3 (Filter 10) (b) at 200 X magnification

Energy-dispersive  X-ray  spectroscopy
(EDX) analysis was conducted at 15 kV on the
samples to determine whether there was any
detectable catalyst lost to the flue gas which
would contribute to the PM load on the filters.
Carbon and fluoride were detected by the EDX
analysis due to the composition of the filter,
therefore it was not possible to definitively de-
termine whether the particulates formed were
carbon-based due to the background carbon
content of the filter. The EDX analysis did not
detect any manganese and the increased par-
ticulate mass on the filters used for the catalyst
runs were therefore not as a result of macro-
scopic particles of the catalyst detaching from
the support.

4. Conclusions and Recommendations

The testwork showed that an active catalyst
can be synthesized in a facile and cost effective
manner onto a mesh catalyst support which can
be utilized in domestic fuel burning devices. The
catalyst is easy to install and can be customised
to fit non-standard domestic combustion units.
The manganese based catalyst is heat resistant
and does not release toxic materials. The cata-
lyst is light in weight and requires no electricity
to operate. During the limited test runs con-
ducted, the catalyst did not clog, the airflow was
not restricted and the stove vented as per the
baseline runs. It is recommended that the cata-
lyst be tested over a prolonged period to deter-
mine whether the catalyst remains self-cleaning
or whether it clogs over time. The number of
consecutive cycles it can be used over should
also be determined (in this study four cycles
were successfully tested in this regard).

The total particulate concentrations were
measured gravimetrically and the particle mass
concentration of the catalyst runs were found to
be higher than for the baseline runs. EDX anal-
ysis indicated that the increased particulate
concentration on the catalyst runs was not likely

to be as a result of macroscopic particles of the
catalyst being dislodged from the support, as no
manganese was detected. The catalyst there-
fore had good adherence to the catalyst sup-
port.

SEM analysis showed that the catalyst run
fiters had particulate clusters comprised of
spherical particles in the pores of the filters. The
baseline runs had very few, if any, of these par-
ticle clusters. The increased particulate matter
could result from the dislodgement of very small
metal particles from the catalyst which served
as nucleation nodes for particle growth. The
metallic nuclei may have had a non-metal coat-
ing which may lead to non-detection by EDX.
The increase in particulate matter could also be
caused by the impingement of particulate mat-
ter precursors on the catalyst. Particle growth
occurs on the catalyst surface. If the catalyst
does not oxidize the impinged pollutant effi-
ciently, particle growth can occur until the parti-
cles formed are dislodged from the catalyst by
the flue gas, resulting in chain like aggregates.
Measuring total particulate matter mass con-
centrations does not provide information on the
morphology, surface chemistry, composition
and size characterization of the particulates. It
is thus recommended that more detailed analy-
sis be conducted on the particulate matter to
provide further insight into secondary particu-
late formation.

Although the reaction mechanism of oxida-
tion over a manganese oxide based catalyst is
generally understood as being through the sup-
ply of oxygen from the crystal lattice, a detailed
understanding of the elemental reactions are
not well understood, particularly for multicom-
ponent systems (Khaskheli et. al. 2022). An im-
proved understanding of the reaction mecha-
nism could lead to the optimisation of the cata-
lyst activity.

Various studies have shown that manganese
oxide catalysts are able to oxidize CO, how-
ever previous studies investigating the use of
manganese oxide catalysts for soot, CO and
VOC reduction have mostly been conducted at
laboratory scale and not under typical practical
(real world) conditions. During laboratory test-
ing, the soot or gas mixture has sufficient time
to react and sufficient contact is achieved be-
tween the catalyst and the soot or gas
(Khaskheli et. al. 2022). In a practical applica-
tion, there will be much less contact time be-
tween the catalyst and the flue gas, which may
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impact on the efficiency of the catalyst. It is
therefore recommended that a range of opti-
mized, potentially active catalysts be tested to
improve the oxidation of particulate matter pre-
cursors to CO». In addition, it is recommended
that further testwork include the analysis of gas-
eous components such as CO, VOCs and CO:
to determine the extent of oxidation of the par-
ticulate matter precursors.

The testwork showed that an active catalyst
can be synthesized onto a mesh catalyst sup-
port which can be utilized in domestic fuel burn-
ing devices. The potential use of an optimised,
cost effective catalyst to reduce domestic fuel
burning emissions by oxidising particulate mat-
ter precursors would enable the continued use
of locally available solid fuel with reduced health
and environmental impacts.
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