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Abstract

This study investigated the physicochemical properties of particles generated from different combustion phases (viz. ignition, flaming
and coking). Atotal of three chicken grilling/ braaiing stalls were selected for physicochemical profiles of charcoal combustion particles.
The samples were collected 1.5 m above the ground and 0.8 m away from the stove. Samples were collected in triplicate to minimize
uncertainty making a total of 27 data points (in triplicates) for studying particle size distribution, mass and number concentration.
Monitoring of particles was done using a real-time Nanozen DustCount 9000 Personal Dust Monitor. Samples for chemical assessments
were collected on 37 mm PVC filters with a pore size of 5 pm. A Gilair pump at a flow rate of 2.2 [/minute was used to draw in the air
over a monitoring campaign of 2 hours and 20 minutes per burning cycle. APM, , cyclone with a PM, cut-off point at 50% was attached
to a cassette to isolate larger particles. The filters were subjected to acid digestion as a sample preparation step prior to analysis
inductively coupled plasma mass spectrometry (ICP-MS). Coking phase had the highest number of particles with 2.20E*% + 3.31E*7#/
cm?® (48%), followed by flaming with 1.54E* + 8.60E*"#/cm?® (34 %) and ignition with 1.09E*% + 3.38E*°"#/cm? (18 %). Submicron
particles contributed the highest number concentration in all phases. Using mass concentration, coking had the highest contribution
of 41.6+ 15.0 ug/m? (38.0%), ignition 35.5+ 8.8 pg/m? (32.4%) and flaming 32.3+ 2.1 pg/m? (30 %). Aluminium was the highest emitted
element with 1.3E%'ug/m?® (43 %), followed by zinc 7.7E°2 pg/m?3 (25 %), magnesium 7.0 E* ug/m? (22 %) and chromium 1.4E2ug/m?
(5%). The particle mode was more towards the smaller particle size bin. These particles have atmospheric radiation forcing and health
implications. We detected toxic heavy metals such as Cd, Cr, Pb and Hg. These metal leads to various health complications as they do
not have a safe threshold. The study suggests a comprehensive health risk assessment for workers exposed to emissions from charcoal
burning activities to develop the best risk management strategies.
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Introduction

In South Africa, the informal sector's contribution of 15-17% to
employment highlights its importance in providing livelihoods
and income for a significant portion of the population (ILO,
2019; Charman et al., 2019). Despite contributing about 5.2% to
GDP, which is lower than in some other developing countries,
the informal sector still plays a vital role in the economy, often
serving as a buffer against unemployment and economic
instability (Hogg, 2020). Demand for charcoal burning in Africa
is increasing due to high-rise of electricity tariff, shortage of

sufficient electricity, increased urbanization and slow growth of
alternative clean energy sources (Bockarie et al., 2020). Charcoal
is a commonly used energy source obtained from carbonized
materials such as wood and coconuts shells (Ahmad et al.,
2022). Wood is the most abundant material with a variety of
wood species having high carbon content and low ash residues
(Getahun et al., 2024). Low to middle income stakeholders
mainly use solid fuel (charcoal) for fuel energy requirements for
food preparation, as it is cheaper and said to be contributing
unique flavour to the meat (Cova et al., 2022). Moreover, charcoal
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burning produces less smoke than wood and coal (Ahmad et
al., 2022). However, charcoal emissions are associated with the
release of smaller particles, which contribute to poor air quality,
climate change and health complications like upper respiratory
diseases, lung cancer, heart diseases and neurological disorders
(Ali et al., 2020. This is because of inhalation of small particulate
matter in different size fractions from (PM,_,, PM, and PM, ),
toxic metals (lead, zinc, copper, vanadium, chromium, cobalt,
cadmium, iron, selenium and arsenic) and other elements like
magnesium, sodium, potassium, calcium and chloride (Kabir et
al., 2011; Kopanakis et al., 2012).

The charcoal combustion process can be separated into
three distinct phases, which are characterized by a variety of
parameters (temperature, carbon monoxide (CO) and visible
smoke). The ignition phase is usually the shortest process,
lasting a few minutes, with highly visible smoke as the reaction
between charcoal, fuel and air takes place. The flaming
phase is mainly characterized by a highly visible flame, high
temperature, and smoke, and lasts longer compared to ignition.
The coking /smouldering phase is flameless, with hot amber-
coloured charcoal and high CO emissions. The CO emission is
alsoinfluenced by the ash layer on the surface of coal preventing
oxygen from effectively reacting with the surface of charcoal
carbon and resulting in more CO emission (Masekameni et al.,
2018; Huang, Lee, and Wu, 2016a).

Despite this, studies have shown that to date, over 3 billion
people globally rely on solid fuel as a basic energy source for
cooking, space and water heating for low-income earners (Ezzati
and Kammen, 2002). About 75% of the sub-Saharan African
population is reliant on solid fuels like charcoal (Jelonek et al.,
2020). Despite the high electrification rate in South Africa, there
is still reliance on the use of charcoal amongst low-income
dwellers or those in the informal economy (Masekameni et al.,
2016; Balmer, 2007). There is little attention dedicated to field-
based charcoal combustion emission characterisation as one of
the air pollution sources (Bautista et al., 2009; Bhattacharya et
al., 2002; Jolonek et al., 2020). Research focus has been directed
to activities like coal burning for power generation that have
emission control mechanisms (Susaya et al., 2010).

There have been many studies quantifying charcoal solid fuel
combustion emissionsfrom domesticdevicesthroughlaboratory
performance tests (in order to place such devices on the market)
(Jelonek et al., 2020; Makonese et al., 2017; Masekameni et al.,
2018; Kabir et al., 2005; Bautista et al., 2009). However, there is
a paucity of information characterising emissions from charcoal
burning activities in small-scale business enterprises in real-
world use, despite increasing literature on the associated and
toxicological impacts of exposure to PM and other pollutants
(Kabir et al., 2011; Kocbach et al., 2005).

Charcoal users are exposed to xenobiotic emissions of gases
and particulate matter at high concentrations in excess of the
World Health Organization (WHO) recommended limits during
cooking and space heating activities (North et al., 2019). There

are several studies that confirm the association between
charcoal emissions exposure and chronic health effects (Sana
et al. 2019; Hussein et al., 2021), acute health effects (Owusu-
Boadi et al., 2005; Juntarawijit et al., 2020; Das et al., 2017) and
acute respiratory effects (Bautista et al., 2009; Admasie et al.,
2018), but limited to household charcoal usage but little focus
on informal food trading.

Diffuse emissions from charcoal burning activities outside
laboratories in South Africa for advanced small-scale micro-
enterprises such as food vending remains underreported.
The underreporting of emissions from small combustion
activities increases the uncertainties in geo-land mapping,
emission inventory, air quality management, climate effects,
environmental and health risk management. The detailed
study of the physicochemical properties smoke particles, seeks
to contribute to the limited available knowledge on smoke
emissions from small-scale charcoal combustion activities.
Data generated from this study may contribute to further
understanding of interventions required to mitigate/prevent
exposure in every step/phase of the combustion cycle namely,
ignition, flaming and coking. To our knowledge, this may be
amongst the few field-based study to assess the physicochemical
properties of particles emitted from charcoal burning in South
Africa.

Methodology

Description of the study area

The study was conducted in the City of Johannesburg, Fordsburg
flea market (26°12'24"S 28°1'24"E), Region F in Fordsburg, west
of Johannesburg (Figure 1). Johannesburgis home to 6,2 million
people (Statistics South Africa, 2023). The Fordsburg flea market
is a semi-open structure facility with approximately 30 informal
food traders and 16 traders in clothing and other consumables.

Figure 1: Fordsburg flea market (Photo obtained from Google Earth Pro,
2024).

Methodological approach

Apparatus
Nanozen DustCount 9000 (Nanozen Industries Inc, model
9000-Z1, Vancouver, Canada), real-time monitors were used to
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monitor particle number concentration and mass concentration
of particles during each phase cycle of the combustion cycle.
The Nanozen is a direct-reading optical particle counter with
20 particle size bins ranging from 300 nm to 20 um. It has a
built-in cassette with a removable PVC 25 mm filter and a
direct-reading optical particle counter for number and particle
size quantification. Nanozen was selected as it provides an
automated operation that reduces the effort of the researcher.
The Nanozen monitoring device provides mass and number
concentration as an output. This is an advantage since there will
be no need to convert from mass to number concentration and
vice versa.

Particles for studying the chemical properties were collected
using a gravimetric sampling technique. The sampling train
consisted of a Gilian Gilair 300plus, (Sensidyne, USA) pump, a
Teflon tube, 37 mm cassette fitted with a 37 mm PVC membrane
filter with a pore size of 5.0 um and a PM,, cyclone with a PM,
cut-off point at 50% to isolate larger particles.

Pump calibration procedure

To ensure the correct pump flow rate before and after sampling,
the two Gilian Gilair 300plus pumps underwent a flow calibration
test. The calibration setup included a filter cassette, membrane
filter, filter support pad, Teflon tubing, pump, soap dispenser,
and a Gilibrator. Each pump was placed on a flat platform in the
laboratory. The Gilibrator airflow was adjusted according to the
manufacturer's instructions. The Teflon tube was connected
from the pump inlet to the cassette outlet and from the cassette
inlet to the Gilibrator outlet. A soap dispenser was used to
introduce soap into the Gilibrator flow glass through the inlet.
The pump was switched on, and the flow rate was set to 2.2 L/
min. Soap was dispersed to measure the pump's airflow. This
process was repeated three times before and after sampling.
Once the pump flow and Gilibrator flow rate were matched, the
pump was ready for sampling. The pre- and post-sampling flow
rates were considered acceptable if the difference was within a
5% margin; otherwise, the data was discarded.

Air sampling

Sampling was conducted to capture and study the elemental
composition of PM during different phases of combustion. Each
phase was sampled using a uniquely identified filter attached to
a cassette. PVC membrane filters were used to capture particles
for the analysis of elements. PVC membrane filters are ideal in
air monitoring for metals, silica and dust and their low moisture
pickup makes it ideal for use in gravimetric analysis (Soo et al.,
2016). These filters have proven to have a very high collection
efficiency compared to other filters, especially for metals, dust,
and silica (Soo et al., 2016). Emission from three food stalls
were collected over three day period, with three combustion
cycles sampled for each day. A total of 27 samples was therefore
collected.

Monitoring arrangement
A Nanozen monitoring device was placed on a wooden surface
platform away from high temperatures. A 1.5 meter long Teflon

tube was attached to the Nanozen sampler and to the outlet
of the Gilair sampling cassette. Particles were collected at 1.5
m height assuming the breathing circumference of a person
carrying out braaiing activities (i.e. grilling) and 0.8 m away
from the charcoal burning stove. The combustion conditions
were divided into three phases viz. ignition, flaming and coking
phase. The Nanozen monitoring device was switched on to
match the duration of each combustion phase and a new cycle
of measurements was carried out when a new combustion
phase commenced. Three charcoal-burning stoves were
monitored in triplicate. Each combustion phase was monitored
in triplicates per combustion stove, for studying the particle
number concentration, mass concentration and particle size
distribution. The monitoring probe was placed on the same
position for the duration of each combustion phase. The
changes/transitioning from one phase to the next were noted
with the change in characteristics (e.g. during flaming when the
flame subsides and combustion station charcoal is amber, this
was noted as end of flaming). The time was recorded as each
phase ended and the next commenced. The instruments were
set to collect particles every 10 seconds continually during each
phase.

Sampling for chemical properties

Before sampling at the Fordsburg Flea Market, polyvinyl chloride
(PVC) membrane filters of 37 mm in diameter and pore size of
5.0 um were conditioned in a controlled laboratory environment
over 24 hours. The filters were pre-weighed gravimetrically
at the occupational health laboratory at the University of the
Witwatersrand. Each filter was pre- and post-weighed 3 times
and the average mass was taken. The weighing was done under
laboratory conditions, after equilibrating at a temperature of
21 + 2°C and relative humidity 35 + 2%) using an electronic
microbalance scale, model CPA225D (Sartorius, AG, Gottingen,
Germany) that has a minimum resolution of 0.001 mg. The
weighing scale was calibrated at the Occupational Hygiene
Laboratory, University of the Witwatersrand, using the internal
function of the scale by pressing CAL option before weighing
filters. Field blank filters were included for every sampling run
(each day). These filters were not exposed to contaminants
during sampling. These field blanks account for moisture gain/
loss and possible contamination that might have taken place
during the handling of filters (Parera et al., 2012). Each filter
was exposed three times at each assigned combustion phase to
collect sufficient particles for chemical analysis.

Final particle mass was calculated using Equation 1, while
particle mass concentration was calculated using Equation 2.

Final mass = ff(pm — prm) + fb(pm — prm) (1)
Where: ffis the field filter, fb is the field blank, pm is the post mass
and prm is the pre mass.

m (ug)
()

Concentration = Vm)

M refers to the final mass calculated using a field blank. Final
mass was calculated using Equation 1 and V is the volume of air.
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Volume of air was determined using equation 3.

V= Fr(L/min)x t {min) @)
1000

Where Fr is the pump flowrate in litres, t is time in minutes and
1000 is a conversion factor from litres to m®.

Data analysis

Processing of Nanozen data

Nanozen data was extracted to a personal computer and data
was analysed using Microsoft Excel software through graphical
representations. This was done to determine the concentration,
number and mass particle size distributions in all 3 phases
(ignition, flaming and coking). The comparison was made
between the phases to determine which phases contribute in
terms of number and mass particle size distributions because of
conditions pertaining during the monitoring period.

Inductively coupled plasma mass spectrometry (ICP-MS)
Elemental analyses were conducted at the University of the
Witwatersrand, Chemistry Laboratory, Braamfontein campus,
using a Perkin Elmer NexION 300 ICP-MS (Perkin Elmer, Waltham,
MA, USA). Sample filters were folded and placed in pre-cleaned
microwave digestion vessels, where 9 mL of suprapure nitric
acid (HNO;) and 1 mL of suprapure hydrogen peroxide (H,0,)
(both from Merck) were added. A reagent blank was included in
each batch as a control. The vessels were sealed and processed
using a Mars 6 microwave digestion system.

Post-digestion, the samples were transferred to 50 mL
volumetric flasks and diluted to the mark with 18.2 MQ/cm?
ultrapure water. Calibration standards of 0 pg/L, 0.1 pg/L, 0.5
pg/L, 1.0 ug/L, 5.0 ug/L, and 10 pg/L were prepared using 100
mg/L NIST traceable stock standards (Masekameni et al., 2020).
Before analysis, the samples were filtered using 0.45 pm syringe
filters and further diluted tenfold (1 mL diluted to 10 mL). The
ICP-MS analysis procedure was also applied to a blank filter
for quality control (Masekameni et al., 2020). The analyzed
elements included manganese (Mn), magnesium (Mg), silicon
(Si), lead (Pb), vanadium (V), cadmium (Cd), sodium (Na), iron
(Fe), cobalt (Co), nickel (Ni), copper (Cu), chromium (Cr), and
zinc (Zn). This method was adopted from a similar study on coal
particle analysis (Chajduk and Pawet., 2023).

Statistical analysis

Statistical analysis was conducted to understand the underlying
patterns and trends of the results. An F-test was conducted to
test variances amongst compared phases, on particle number
and mass concentration. T-test was conducted to compare
mean differences between two compared phases. An alpha
value of >0.05 indicates a test is not statistically significant,
while an alpha value of <0.05 indicates a test that is statistically
significant at 95% confidence interval (Zhao et al., 2024).

Results and discussion

Particle number, mass concentration and

size bin distribution

In Table 1 we report the duration of individual combustion
phase. The entire combustion cycle took about 134 minutes to
complete. It must be noted that braaiing takes place the entire
8-hour shift in a day. Once one cycle is completed the operator
decides to either start a new combustion cycle or refuel charcoal
on the existing combustion process at the coking phase. In our
study, operators were requested to allow the combustion cycle
to complete and starta new one. The combustion phase duration
comprised of triplicate measurements in a day, meaning the
burning activities were carried out 3 times in a single monitoring
and sampling campaign day.

Braaiing activities are only conducted at the coking phase once
no visible flame can be observed. At this stage, it is anticipated
that charcoal roast under sufficient temperature and oxygen.
However, the braaiing activities at the coking phase leads to
insufficient supply of oxygen, since the top part of the cooking
platform is covered with raw chicken meat. The coking phase
is also characterised by homogeneous heating generation and
no visible smoke. The coking phase is the longest phase with
over 63% of the time taken in a combustion cycle. The longer
the coking phase may indicate adequate heating efficiency to
sustain the braaiing activities. The ignition phase is the second
longest combustion phase at about 22%. The ignition phase is
reportedly associated with increased particulate and gaseous
emissions. In a similar study where coal was an energy source
ignition phase contributed the highest emissions of volatile
organic compounds (Masekameni et al., 2018). Reducing the
time taken to complete the ignition phase might lead to reduced
emissions and increase the duration of the flaming (which
can be used for space heating purposes) and coking phase for
cooking and braaiing activities.

Table 1: Duration of different combustion phases.

Ignition Flaming Coking

N =3 per day N =3 per day N =3 per day
Day 1 25 min 15min 88 min
Day 2 30 min 22 min 75 min
Day 3 35 min 19 min 92 min
Average 30 min 19 min 85 min

The average particle number and mass concentration of each
combustion phase are shown in Table 2. Particle number
concentration for different combustion phases was determined.
The coking phase contributed the most to the particle number
concentration [(2.20E*%® + 3.31E*" (48%)], followed by the
flaming phase at 34% and the ignition phase at 18%. This
finding suggests that particle number concentration is directly
proportional to the combustion progression. This is unlike
other studies where the ignition phase and flaming phase often
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release more particles than the coking phase, during which the
combustion conditions are often homogeneous (Chen et al.,
2019; Liu et al., 2017). In our study, an increase in the particle
number concentration might have been influenced by the
introduction of chicken pieces being placed on the braaiing
stand. When meat was introduced, there was an observable
white plume for a few minutes the meat was removed. This
might be due to the evaporation of the moisture contained in
the meat and the liquid spice that was used to soak the meat
as a flavour. A study by Fix et al. (2013) suggested that the solid-
to-particle process caused by high-temperature exposure from
charcoal heat causes mechanisms such as bubble bursting of
particles and phenomena of surface ash shedding, which also
contribute to a high number concentration, especially during
the coking phase and flaming.

Table 2: Average (+ 1 standard deviation) of particle number and mass
concentration per phase.

Combustion Mass concentration Number concentration

Phase

(ug/m3)  %Contribution #/cm? %Contribution

07 4
35.5+8.8 32 8.2387" % 18

Ignition 3.38E*7

+084.
32.3+2.1 30 L.54E""4 34

Flaming 8.60E°"

+08
41.6+15.0 38 2.20E" %

Coking 331607

Figure 2(a) shows the average particle number concentration
per combustion phase, ranging from 8.23E"7 to 2.20E* (#/m?3).
Coking contributed the highest number followed by flaming
and ignition respectively. In Figure 2 we report the average
mass and particle number concentration at each combustion
phase. In Figure 2(a), particle number concentration increases
as the combustion process progresses. This finding is similar to
other studies that reported high particle number concentration
as combustion progresses (Masekameni et al., 2018; Tiwari et
al., 2014). According to Susaya et al. (2010), the coking phase
in combustion takes the longest compared to ignition and
flaming. The extended duration in the coking phase results
in a greater impact on the overall combustion process. A
similar study on barbecue activities found that the duration of
combustion phases significantly affects both the number and
mass concentration of emissions (Zhang et al., 2014; Tiwari et
al., 2014). In Figure 2(b), a decline in mass concentration can
be seen between the ignition phase and the flaming/ coking
phase. Although the ignition phase produced the smallest
number of particles compared to the flaming and coking phase,
the mass concentration was found to be higher. A higher mass
concentration at the ignition phase might be due to the release
of larger particles compared to smaller particles produced
during the flaming phase as heat increases. The coking phase
has the highest mass concentration, which might be due to
the introduction of meat that then releases smaller droplets as
water vapour. This finding is contrary to a previous study, which
reported lower mass concentration at the coking phase (Guo et

3E+08
a 1.20E+08

2E+08

1.54E+08

2E+0B

1E+0E 8.23E+07

SE+07

Number concentration (#/m')

0E+00

ignition flaming coking

Combustion phase

355

33 323
30
25
20

1%

10

5

o

Flaming

Ignition

Mass concentration (ug/m?)

Coking

Combustion phase

Figure 2: Average particle number (a) and mass concentration (b) per
combustion phase.

al., 2018). In the case of our study adding to the introduction
of meat on a braaiing panel there are variety of sources added.
Major ingredients of barbeque sources included vinegar, salt,
sugar, salt and water.

The major ingredients of BBQ sauce are soy sauce, vinegar
and occasionally sesame oil and hot pepper. When burning
ingredients, there was an observable plume suggesting an
increase of particulate matter and gases. A similar finding was
reported in a charcoal burning study by Buttacharyia et al. (2002)
who indicated that burning of oil and dipping sauce contributes
to increased emissions of PM and gases.

The increase in particles emitted during the coking phase is a
result of an increase in temperature within the coal (Huang et
al., 2016). In this study, ignition has the second highest mass
concentration at 35.5 pug/m? as evident in Figure 2(b). At this
stage, char structures break and start to release tar-containing
moisture during the initial evaporation process. The flaming
phase is associated with an increase in temperature and fine
particle emissions. This explains why the flaming phase has a
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lower mass concentration at 32.3 pg/m?®. During flaming, the i
char structure would have released all moisture have no effect %‘33&0 a
on the density of particles, while during the coking phase there 3 30E+0T
is the highest mass concentration of particles of 41.6 pg/m? Ez_sa - mIgnation mFlaming ®Coking
of 11.65 ug/m?>. Moreover, during braaiing activity, the fat and £
[ . . £ 2.0E+07
liquid in the meat also contribute to the density of released =
particles. This makes them heavier even though the phase has § 1.SE+07
. . ~
the highest number of small particles. E L 0E+07
g
) ) o ) E 5.0E+06
Table 3: Particle number per combustion phases statistical analysis. @ '
l b & 00E+00 ----————

. Average particle number . o = > ,} RS R g: @ & &
Combustion conc (#/m3) & Standard  F-Test P-value Sig @ 95% A “ “ R \ M © ‘b w
phase o Yes/No

deviation
Particle size bin (um)
Ignitionvs ~ 1.09E** + 3.38E*""
0.267 0.535 No
Flaming 1.54E" + 8.60E""
14
Ignition vs 1.09E"8 + 3.38E*7 g u Ignition ®Flaming mCoking b
0.981 0.030 Yes = 12
Coking 2.20E"% + 3.31E*" £
< 10
Flamingvs ~ 1.54E*% + 8.60E*" b s
0.259 0.366 No g %
Coking 2.20E% + 3.31E*" “ = 6
w B
CCh
g 4
=
Three possible pairings of the particle number concentration £ E i ' I I I '
emitted from the three combustion phases results are presented E ' l -a

in Table 3. From the results, there was only one pairing with
statistically significant difference. This finding is contrary to
Makonese et al. (2017), where it was found that emissions
significantly reduce as combustion conditions change. However,
the study by Makonese et al. (2017) focused on coal, not charcoal.
Additionally, the reporting matrix was mass concentration,
while our study reports on number concentration.

Particle number and mass concentration per

particle size bin

Figure 3 (a & b) shows the average particle number and mass
concentration per particle size bin of each phase. When using
a number concentration matrix it can be seen in Figure 3a that
most particles released are smaller in diameter irrespective
of the combustion phase. The particle mode is likely to be
less than 1 micrometre. In Figure 3(b) the particle mass shifts
towards a larger mode around PM,. This finding was expected
since smaller particles, although present in larger numbers,
have a lower mass. Larger particles might be low in terms of
number concentration compared to smaller particles, but using
the mass matrix as a unit of expression, they might be high in
concentration. In contrast, the particle number concentration
for smaller particles is often higher compared to larger particles.
Our findings are similar to other studies (Tiwari et al., 2014;
Torvela et al., 2014).

Results obtained from this study show that the particle number
concentration has a left-skewed distribution, with a long tail to
the right, suggesting that majority of the particles are of smaller
diameter (Figure 3a), while the mass concentration showed a
right-skewed distribution, suggesting that the highest mass
is produced by larger particles, see Figure 3b. This finding is

aﬂ;'\.hﬂ;a 8 9 %
’\QNb’\'}‘\h;‘j‘Dbﬁb%b@

Particle size bin(um)

Figure 3: Particle number (a) and mass (b) concentration per particle size
bin for three combustion phases.

worrying because most occupational exposure limits are based
on mass, but little consideration is given to particle number
concentration. Emerging scientific literature suggests that the
toxicity of a chemical compound is based on the number of
particles, surface area and diameters. Smaller particles tend
to have a higher residence time in the breathing zone and can
easily penetrate to the lower respiratory system and translocate
to vital organs during the gaseous exchange process (Morawska
& Buonanno, 2021).

The ignition phase contributed the highest number of large
particles as shown in Figure 3(b). This can be attributed to the
combustion process where there is fragmentation of charcoal
into smallfractions as temperature increases. The flaming phase
also showed an increase in larger particles as shown in Figure
3(b), similar to findings by Masekameni et al. (2018). This may
be because of particle coagulation and agglomeration of smaller
particles. However, unlike in a laboratory experimental set-up,
the transition from the ignition phase to the flaming phase is
difficult to accurately time and control. It can be anticipated
that larger particles should be associated with the ignition
phase due to lower temperature and smouldering combustion
conditions. The coking had the least number of larger particles,
but it showed a presence of coarse particles with aerodynamic
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Ignition phase a
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Figure 4 (a-f): Particle number and mass concentration time series.

diameter of 13.32 um. This can be attributed to the leaking of oil
from the meat, which could have re-suspended larger particles.
It is important to note that the coking phase on average
contributed the highest number of ultrafine particles because
of homogenous combustion conditions, followed by flaming
phase and ignition phase respectively.

Particle number and mass concentration

real-time series plot

Time series plots showing particle number and mass
concentration for the different combustion phases are presented
in Figure 4 (a-f). In Figure 4 (a-b), as particle number increases,
the particle mass is seen to increase. At this stage, most of the

larger particles are emitted as the combustion conditions are
yet stabilised. This phase is associated with low-temperature
conditions and an insufficient supply of combustion air. In
Figure 4 (c-d), the flaming phase shows an inconsistent emission
profile. This was expected as combustion conditions improve,
more of the smaller particles are expected to be released,
hence lower mass. The coking phase in Figure 4 (e-f) presented
a different emissions profile from the literature (Makonese et
al., 2017), who found that emissions of particulate matter were
highest during the first hour of combustion followed by flaming
with the least emissions emitted during the smouldering or
coking phase. However, this study used coal instead of charcoal.
Moreover, there was no introduction of meat during the coking
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phase but only water boiling in a 10 L pot was performed. It was
anticipated, as guided by the literature, that fewer particles
will be emitted at this stage (Tiwari et al., 2014). During the
coking phase, most volatiles are driven out and char burns in
sufficient oxygen. The residual emissions expected at this phase
are often fly ash. However, the study suggests that an increase
in particle mass and number concentration is influenced by the
introduction of meat on the braaiing platform. As meat is placed
on the braaiing platform, there was dripping of water from
sauces used as ingredients to flavour the meat and a limitation
of oxygen supply to the fuel-bed.

From observations regarding particle number and mass
concentration as shown in Figure 4 (a-b) on the real-time series
plot, there is a spike in number concentration (maximum of
4.5E" #/m?®) and mass concentration (maximum of 130 pg/
m?) between 0 - 5 minutes during ignition. At the end of the
ignition phase between 20 - 25 minutes (max 4.5E* #/cm? for
number and max 200 ug/m? for mass concentration). The spike
in concentration subsides after 26 minutes to about 5.0E*7 #/
cm?® and 20 pg/m? for mass concentration. For the flaming
phase as shown in Figure 4 (c), there is an immediate spike in
number concentration from 0 - 5 minutes and peaks again at
about 12 - 19 minutes which is the end of the phase. For mass
concentration as shown in Figure 4 (d), there is a delay in spikes
and this only peaks at about 3 minutes to 5 minutes from around
60 pg/m?* to 200 pug/m?3, and again at about 12 - 15 minutes at
250 pg/m?3. However, the mass is reduced towards the end of the
flaming phase to around 10 pg/m?3.

Reduction in mass concentration may be attributable to
improved combustion conditions at the end of the phase when
the flame subsides and the char is amber with no visible flame
or smoke. The small particles are mainly released during flaming
transitioning into the coking phase. This can also be observed
from the number concentration history, which peaked at the
end of the phase, meaning it was the peak of smaller particles.
With the coking phase there was a regular spike in both number
and mass concentration from the start of the phase till the end
as shown in Figure 4 (e-f). The consistent spikes during the
coking phase can be attributed to the leaking of oil and spices.
This is possible as a result of the limitation of oxygen supply for
homogenous combustion conditions (Boman, 2003).

Elemental composition

In Table 4, we have shown all elements detected, their mass
concentration, and the percentage contribution of each element
that was analysed in different combustion phases. The elements
detected were Mg, Al, V, Cr, Co, Ni, Cu, Zn, As, Se, Cd, Hg and Pb
(Table 4). The fuel analysis of the charcoal used in this restaurant
showed the following elemental contents Mn, S, P, Si, Cr, Ni, Mg,
Ca, Fe, Cu,Al,V, B and Pb. Metals identified were categorised into
transition metals: Mn, Cr, Ni, Fe, Cu, V; alkaline Earth Metals: Mg,
Ca; post-transition metals: Pb, Al and Nonmetals: S, P, Si and,
B. Transitional metals were found to be contributing the highest
mass. Al had the highest mass concentration 1.3E pug/m? with
43 % contribution as shown in Table 4. Higher Al emissions can

be due to the decaying of the aluminium produced grilling plates
not necessarily from charcoal. Additionally, the use of aluminium
foils during meat grilling can also contribute to Al emissions.
Taner et al. (2013) also found these metals in abundance with
Al being the highest, followed by Mg with the contribution of
22 %. The element with the second highest concentration in
this study was Zn [7.4E% pug/m? (25 %)], similarly to findings
by Susaya et al. (2010) which found Zn to be contributed the
highest concentration.

A trace elements such as Se is associated with various forms of
ecosystem and human health toxicity. Although in our study Se
was found to be among the least of emitted elements, chronic
exposure even at low dosages may cause Se poisoning (Song
et al.,, 2020). Some toxic heavy metals were released during
charcoal burning with severe toxic effects at certain thresholds.
We found traces of Cr, Pb, and Cd, while it was below the limit of
quantification (<0.0001 pg/m?). Notably however, certain heavy
metals including As, cadmium (Cd), lead (Pb), mercury (Hg), and
chromium (Cr)(VI) are non-threshold toxins, meaning they can
cause harm even at low concentrations. Given the toxicity of
these metals, they are ranked among the highest priority metals
(Tchounwou et al., 2012). In the renal system, high-dose acute
exposure to chromium (Cr (V1)) can lead to tubular necrosis and
renal failure. In contrast, low-dose chronic exposure is generally
associated with transient renal effects (ATSDR 2012).

Table 4: Average elemental composition mass concentration per
combustion phase.

Ignition Flaming Coking
Element :Ioa:cs. %Contr. roa::' %Contr. zlloa::‘ %Contr.

(ng/m?) (ng/m?) (ng/m?)
Mg 0.0902 28.8 0.0462 17.8 0.0735 20.2
Al 0.1205 38.4 0.1090 421 0.1731 475
\Y 0.0009 0.3 0.0008 0.3 0.0009 0.3
Cr 0.0111 3.5 0.0154 5.9 0.0158 4.3
Co 0.0008 0.3 0.0006 0.2 0.0006 0.2
Ni 0.0060 1.9 0.0071 2.7 0.0055 1.5
Cu 0.0055 1.8 0.0047 1.8 0.0043 1.2
Zn 0.0733 23.4 0.0718  27.7 0.0850 233
As 0.0009 0.3 0.0010 0.4 0.0010 0.3
Se 0.0013 0.4 0.0004 0.2 0.0023 0.6
Cd 0.0008 0.2 0.0008 0.3 0.0008 0.2
Hg 0.0001 0.0 0.0000 0.0 0.0001 0.0
Pb 0.0020 0.6 0.0013 0.5 0.0018 0.5

In a recent study, elements such as selenium (Se), arsenic (As),
and vanadium (V) are primarily associated with meat grilling.
However, our study found contrary results (Leite et al., 2020).
We observed that higher concentrations of these elements were
present in all three combustion phases.
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Conclusion

Emissions profiles in a meat-braaiing flea market using charcoal
as a primary source of energy were studied. The study assessed
the particle size distribution of emitted particles, particle
number concentration, mass concentration and chemical
properties. The particle size distribution indicated a left-skewed
data, suggesting that most of the particles were of smaller
diameter when using a number concentration matrix. However,
the mass distribution was skewed to the right suggesting larger
particle mass of particles above PM,. Most of the particles were
emitted during the coking phase with the ignition emitting
the least particles. The mass concentration showed a left
distribution suggesting that the highest mass is produced by
larger particles. This finding is worrying since most occupational
exposure limits are only limited to mass concentrations as a unit
of measure. Smaller particles have been reportedly associated
with high lung deposition efficiency. Once deposited in the
lower respiratory tract they dislocate to other vital organs. We
have found traces of toxic heavy metals in all three combustion
phases. Toxic heavy metals such as Cr, Pb, Se, Cd and Hg cause
various forms of ill-health even at low dosages. Our study
suggests that certain properties of fire-emitted particulate
matter (PM) such as the combustion phase (ignition, flaming
and coking) of charcoal burning must be considered to identify
significant high emissions points. Consequently, to date, there
has been little consideration made in the literature to use
combustion phase indicators in emissions evaluation.
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