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ABSTRACT

Offsetting particulate matter emissions has become a critical global aim as there are concerted efforts to
deal with environmental and energy poverty challenges. This study consists of investigations of computing
emissions of particulate matter from biomass fuels in various atmospheres and temperatures. The laboratory
setup included a fixed bed electric reactor and a particulate matter (PM) measuring machine interfaced
with the flue gas from the fixed bed reactor combustion chamber. The experiments were conducted at
seven different temperatures (600°C–1200°C) and six incremental oxygen concentrations (21%–100%).
Five biomass types were studied; A-cornstalk, B-wood, C-wheat straw, D-Rice husk, E-Peanut shell, each
pulverized to a size of approximately 75 microns. The study shows that PM emitted during char combustion
is consistently higher than that emitted during the de-volatilization. During de-volatilization, increase in
temperature leads to linear decrease in PM emission between atmospheres of 21%O2 to 50%O2, thereafter,
between 70%O2 to 100%O2; increase in temperature leads to a rise in PM emission. The average PM
formation from all the five considered biomass is relatively comparable however, with differing atmospheres
and temperatures, the fibrous and low-density biomass forms more PM. During char combustion, the study
shows that at oxygen levels of 21%, 70%, 90% and 100%, increase in temperature leads to increased PM
emission. The increase in oxygen concentration and temperature increases the rate of combustion hence
diminishing the time of combustion.
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Graphical Abstract

1 Introduction

Particulate Matter (PM) is directly associated with several health complications besides the promi-
nent environmental effects. PM10 and PM2.5 is monitored in indoor spaces and outdoor environments
as exposure to them has been linked to respiratory illnesses and carcinogenic effects [1–3]. Extensive
research has been conducted on the impact of particles on human health and its contribution to
global warming using chemical transport simulations and experimental work [4–6]. The amount of
particulate matter emitted from biomass and coal combustion is dependent on certain factors. On
account of biomass combustion, particulates formation undergoes different pathways; In the first one
non-volatile inorganic elements like calcium and silica are collected upon coarse ash particles (>1 μm)
therefore transformed into particulate matter. The second pathway collects inorganic vapors on fine
ash particles of less than1 μm, then after a series of alterations including nucleation, condensation
coagulation and others, particulate matter is formed. The third pathway is the evolution of volatile
organic compounds and soot from incomplete combustion into particulate matter. In consideration
of particle emission causing activities, it has been established that fuel combustion in domestic devices
is a major source of PM2.5 in several parts of the world [7,8].

Oxy-fuel combustion is a recent technology that has been recognized for multiple benefits. It
increases the partial pressure of CO2 in the flue gas hence making CO2 sequestration more economical,
moreover, the CO2 in the flue gas can be recycled for combustion purposes [9]. Additionally, it
reduces the pollutants and precursors that cause adverse health complications like lung diseases and
mutagenic component in the emissions thought to be cancer causing [10–12]. Owing to the effects of
particle pollution, study on PM formation, emission and its control has attracted more attention, the
combustion gas mixture being crucial as well.

Several studies carried out have shown the impact of various conditions on PM emissions during
both biomass and coal combustion investigations. Several studies have been done including the impact
of solid fuel [13–15], the impact of temperature [16,17], residence time [15,18] and gas environment
[19,20]. Studies on impact of operating conditions on PM emission have been done but to the best
of our knowledge, a complete parametric study using a fixed bed reactor and oxygen/carbon dioxide
atmosphere has not yet been performed.

The objectives of this study were to find out how PM formation is related to the combustion
temperature and combustion atmosphere and fuel type. In this study, the emission behavior of PM
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during oxy-biomass combustion was investigated using available materials such as cornstalk, wood,
wheat straw, rice husk, and peanut shell.

2 Methods
2.1 Fuel

Cornstalk (A)

Cornstalk is the tough fibrous stem of the corn plant. China is the second largest producer of
cornstalk in the world. Cornstalk energy can be exploited to produce power therefore eliminating the
effects of open burning and dumping.

Wood (B)

Wood is composed of cellulose (40% to 50%), hemicellulose (15% to 25%) and lignin (15%–30%).

Wheat straw (C)

Wheat straw is the dry stalk of the wheat plant after the removal of grain and chaff. As gathered
from the elemental analysis, the sulphur at 0.4 is the highest of the five biomass types, therefore pausing
a significant pollution potential.

Rice husk (D)

Rice husk is the outer sheath covering of the rice crop, it has low density, high moisture content
and low energy density as opposed to wood.

Peanut shell (E)

Peanut shells are generally herbaceous biomass fuel with composition of raw peanut shell
determined to be lignin, cellulose, minimal compositions of protein, ash and moisture. The shells have
a fibrous ‘skeleton’ supporting a cellulose-lignin layer.

2.2 Fuel Analyses
The ultimate analysis for carbon and hydrogen was done according to the ASTME 777 standard.

Nitrogen and sulphur were done using the ASTME 778 and ASTME 775 standard, respectively.
Oxygen was determined by difference.

Proximate analysis was performed on the biomass samples for the determination of the moisture,
volatile and ash content according to the British and European standards respectively (BSI 2009 a,
b, c). The fixed carbon content was determined by difference. The moisture content was determined
using oven method at 105°C.

The heating values of the samples were both determined by bomb calorimeter measurements and
calculated by formulae available in literature. The bomb calorimeter was used according to the ASTM
D 2015 standard method.

2.3 Combustion Facilities and Appliance
Five types of biomass which are readily available: maize stalk(A), wood(B), wheat straw(C), rice

husk(D), and peanut shell(E) were combusted to produce PM. Investigations were conducted in an
electric fixed bed reactor with ability to perform in a constant pre-determined temperature and airflow
for stable and complete combustion as illustrated in Fig. 1. The fixed bed combustion reactor was made
of a cylindrical horizontal ceramic pipe of about 30 mm in diameter and 200 mm in length fixed in a
horizontal position. It had orifices for gas supply and at its centre was an electric furnace with a thermal
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regulator to control the temperature. To mimic normal conditions, the combustion gas was delivered
to the combustion furnace through steel piping with a gauge for measuring the gas in ml/min. The
PM concentration per cubic metre of gas measurement was recorded using a portable soot analyser
(Foedisch PFM 92 K) having a stainless-steel probe with a pre-amplifier. The measuring principle was
dependent on the friction electric sensor with a measuring range of 0.1–1000 mg/m3. Investigations
were carried out for various parameters as indicated in Tables 1 and 2.

Figure 1: Illustration of the experimental setup. A: Oxygen, B: Carbon dioxide, C: Pressure valve for
oxygen, D: Pressure valve for carbon dioxide, E: Gas mixing chamber, F: Combustion chamber, G:
Ceramic boat with fuel sample, H: Thermal regulator, I: Flue gas, J: PM measuring device, K: To vent

Table 1: Analysis of the samples used

Elemental
(wt.% adb)

Cornstalk(A) Wood(B) Wheat straw(C) Rice husk(D) Peanut
shell(E)

N 1.7 1.5 1.5 1.2 1.3
C 42.2 45.1 40.9 34.1 43.1
H 5.6 5.8 5.5 4.5 5.4
S 0.2 0.2 0.4 0.1 0.1
O 31.9 39.5 31.6 42.4 37.0

Proximate Analysis (wt.% adb)

Moisture
content

11.5 5.2 11.1 9.4 9.7

Ash content 6.9 2.7 9.0 8.3 3.4
Volatile matter 71.7 80.8 76.1 73.6 73.7
Fixed carbon 10.0 11.3 3.7 8.7 13.1

(Continued)
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Table 1 (continued)

Elemental
(wt.% adb)

Cornstalk(A) Wood(B) Wheat straw(C) Rice husk(D) Peanut
shell(E)

Heat value
Gross calorific
value
(Mj/kg.db)

19.98 20.79 19.13 20.21 21.64

Table 2: Experimental conditions

Feature Specifics

Biomass type Maize stalk(A), Wood(B), Wheat straw(C), Rice husk(D), Peanut shell(E)
O2/CO2 concentration 21%O2/79%CO2, 30%O2/70%CO2, 50%O2/50%CO2, 70%O2/30%CO2,

90%O2/10%O2, 100%O2

Temperature(°C) 600–1200 (Step size-100)
Fuel particle size Less than or equal to 75 microns

After attaining the predetermined temperature in the combustion furnace at the set airflow of
20 ml/sec, a ceramic boat with approximately 30 mg of sample fuel was introduced and the combustion
started instantly in the combustion zone. Both readings were simultaneously recorded by the portable
soot analyser and flue gas analyser. After a considered period, the concentration of the flue gases in
the exhaust stream decreased to normal at which point the experiment was terminated. All emissions
parameters were recorded from the moment when the samples were introduced into the combustion
furnace up to when the experiment was terminated. All samples were kept under the same ambient
conditions. All PM measurements were done at least twice after which a mean emission value was
calculated from results obtained.

The values for PM in mg/g were derived from the following equation:

WZ = q.t.cp/mf (1)

where, WZ is the mass of pollutant in mg/g of fuel, which is measured by a portable soot analyser, q
is the flow rate of gas (O2 and CO2) supplied to the combustion chamber in m3/s while t is the time
considered in seconds. CP is the PM concentration during combustion in mg/m3 that was recorded
once per second during the experiment. Finally, mf is the mass of fuel sample in grams.

2.4 Data Analysis
All data was examined for outliers using MATLAB using the code as shown in Fig. 2 below, all

outliers were excluded from the final data considered.
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Figure 2: Print screen showing the outlier identification process

3. Results and Discussion
3.1 Effect of Temperature and Combustion Atmosphere on Total PM Emission

During the entire temperature profile considered in the investigation, the amount of PM emitted
during char combustion is consistently higher than that emitted during de-volatilization (Figs. 3A &
3B to 8A & 8B). Therefore, char combustion is the dominant pathway for PM formation during
oxy-biomass combustion which does not differ with natural thermochemical conversion outcomes.
PM formed during de-volatilization is mainly composed of unburnt carbon, tar and poly aromatic
hydrocarbons (PAH) while PM formed during char combustion is dominantly composed of inorganic
ash particles [21,22]. Carbonyl and aromatic compounds account for majority of volatile organic
compound at 50% and 30%, respectively [23]. As the oxidant remains constant as shown in Fig. 3A,
the temperature varies, the peculiar rise at 1100°C is against the trend and could be attributed to either
the onset melting of major and minor elements due to the high temperature or the volatilization of a
fraction of the ash forming compounds in the fuel followed by successive nucleation and condensation
forming more emissions of PM [24].
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Figure 3: A & B: PM vs. Temperature during de-volatilization and char combustion

The cornstalk trend shows little variation as the temperature increases, during both de-
volatilization and char combustion (Figs. 3A & 3B) the range is almost equal to the mean at 0.8 mg/g
of fuel for de-volatilization and 0.3 mg/g of fuel for char combustion respectively as shown in Table 3.
Wood shows a very high range of 0.54 illustrated in Table 3 during de-volatilization with major PM
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emission at 600°C and 1100°C (Fig. 3A). However, according to Table 3, there is very little difference
in PM formation during char combustion with a range of 0.3 which is less than the mean of 0.4 mg/g
of fuel; this shows that temperature increase has very little impact on PM emission during char
combustion for wood at an atmosphere of 21%O2/79%CO2.

Table 3: Data statistics during de-volatilization and char combustion

Value Cornstalk Wood Wheat straw Rice husk Peanut shell

Min 0.04 0.07 0.06 0.05 0.02
Max 0.12 0.61 0.32 0.31 0.42
Mean 0.08 0.20 0.17 0.19 0.19
STDEV 0.03 0.20 0.09 0.11 0.13
Range 0.08 0.54 0.26 0.26 0.40

Min 0.17 0.26 0.24 0.25 0.32
Max 0.54 0.56 0.75 1.43 1.22
Mean 0.30 0.42 0.50 0.65 0.62
STDEV 0.15 0.13 0.17 0.40 0.30
Range 0.37 0.30 0.51 1.18 0.90

During de-volatilization, wheat straw, rice husk and peanut shell show a linear decrease in PM
emission as temperature increases specifically between 600°C and 1000°C, exceptionally high PM
emission is experienced at 1100°C (Fig. 3A). During char combustion, wheat straw shows no variation
with a mean almost equal to the range of 0.51; therefore no major impact paused by the temperature
variance. The rice husk and peanut shell shows a linear increase in PM emission from 700°C to 1200°C
and 600°C to 1000°C, respectively. Of the five fuels considered, wheat straw, wood and peanut shell
had a maximum PM emission at 600°C during de-volatilization while the cornstalk and rice husk had
maximum PM emission at the same temperature during char combustion.

During de-volatilization there is a linear decrease as the temperature increases with inconsistent
spikes at 1100°C (Fig. 4A). Cornstalk shows a slightly different trend with major PM emissions at
600°C, 1100°C and 1200°C, however there exists a linear decrement as the temperature increases
between 600°C and 1000°C (Fig. 4A). Combustion at the gas atmosphere of 30%O2/70%CO2 shows a
significantly high PM emissions at 1100°C zone as observed in Fig. 4A.

There is significantly high PM emission during char combustion with mean values of approx-
imately 0.5 mg/g of fuel which are quite high compared to values of 0.2 mg/g of fuel during de-
volatilization as seen in Table 4. There is an upward trend of PM emission during char combustion
with exceptional low emissions at 1100°C as shown in Fig. 4B.
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Figure 4: A & B PM vs. temperature during de-volatilization and char combustion
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Table 4: Data statistics during de-volatilization and char combustion

Value Cornstalk Wood Wheat straw Rice husk Peanut shell

Min 0.14 0.11 0.08 0.08 0.04
Max 0.42 0.61 0.58 0.32 0.26
Mean 0.27 0.26 0.22 0.20 0.15
STDEV 0.12 0.17 0.17 0.08 0.08
Range 0.28 0.5 0.5 0.24 0.22

Min 0.34 0.41 0.37 0.37 0.34
Max 0.76 0.63 0.70 0.70 1.58
Mean 0.52 0.51 0.53 0.52 0.47
STDEV 0.13 0.11 0.12 0.11 0.09
Range 0.42 0.22 0.33 0.33 0.24

The increase in temperature leads to a decrease in PM emission during de-volatilization with
exceptional trend at 1100°C and 900°C except for peanut shell where the decreasing trend is perfectly
linear as seen in Fig. 5A. Fig. 5A shows that all biomass considered during de-volatilization has
maximum emission ranging from 0.34 mg/g for wood to 0.57 mg/g (Table 5) for wheat straw at 600°C.

The observation made during char combustion at Fig. 5B indicates a high PM emission for
all biomass with no remarkable consistent impact paused by the increasing temperature at this gas
combination of 50% O2/50%CO2.

Figure 5: (Continued)



EE, 2022, vol.119, no.3 873

Figure 5: A & B PM vs. temperature during de-volatilization and char combustion

Table 5: Data statistics during de-volatilization and char combustion

Value Cornstalk Wood Wheat straw Rice husk Peanut shell

Min 0.03 0.08 0.08 0.10 0.07
Max 0.36 0.34 0.57 0.41 0.53
Mean 0.15 0.18 0.23 0.17 0.22
STDEV 0.12 0.09 0.17 0.11 0.15
Range 0.33 0.26 0.50 0.31 0.46

Min 0.33 0.29 0.30 0.29 0.35
Max 0.59 0.54 0.59 0.59 0.75
Mean 0.46 0.45 0.45 0.42 0.50
STDEV 0.09 0.08 0.09 0.12 0.13
Range 0.26 0.25 0.29 0.30 0.40

There is a linear increment in PM emission as temperature increases from 600°C to 800°C
concurrently for the five biomass fuels during de-volatilization as shown in Fig. 6A. There is a
following decrease in PM emission as temperature increases further between 1100°C to 1200°C. At
1200°C, wood (0.6 mg/g), wheat straw (0.6 mg/g), rice husk (0.6 mg/g) and peanut shell (0.1 mg/g)
emitted their least PM during de-volatilization as shown in Table 6 and Fig. 6A. At 70%O2 and
30%CO2 in Fig. 6B, there was a converse observation compared to observations made when the O2

concentration was below 70%, i.e., in Figs. 4B and 5B, significantly high PM emissions were observed
at 600°C during both de-volatilization and char combustion. The initial cases record a mean of more
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than 0.3 mg/g of fuel for all fuel at 600°C while at 70% oxidant onwards, the emission of PM is
at 0.2 mg/g and below at the same temperature with scanty differing outcomes. At this point the
atmosphere of 70%O2/30%CO2 starts to register its effect significantly. The abundant oxidant makes
the combustion reaction efficient enough to eliminate the excessive emissions of PM formed earlier on
when the oxidizer and the temperature were deficient making the combustion incomplete.

Figure 6: A & B PM vs. temperature during de-volatilization and char combustion
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Table 6: Data statistics during de-volatilization and char combustion

Value Cornstalk Wood Wheat straw Rice husk Peanut shell

Min 0.06 0.06 0.06 0.06 0.10
Max 0.22 0.27 0.18 0.24 0.24
Mean 0.14 0.14 0.13 0.15 0.16
STDEV 0.06 0.08 0.04 0.06 0.05
Range 0.16 0.21 0.12 0.18 0.14

Min 0.13 0.15 0.14 0.28 0.29
Max 0.48 0.51 0.46 0.47 0.65
Mean 0.35 0.38 0.39 0.41 0.48
STDEV 0.15 0.12 0.11 0.06 0.14
Range 0.35 0.36 0.32 0.19 0.36

There is significantly low PM at 700°C and 1200°C during de-volatilization as shown in Fig. 7A.
During char combustion (data statistics during devolatilization and char combustion summarized in
Table 7), all biomass increases steadily with increase in temperature as shown in Fig. 7B with slight
inconsistencies at 600°C and 1100°C. Special observations were severally observed at 600°C and
1100°C showing exceptional emissions that seem to break the pattern. This could be linked to the
thought that at 600°C the biomass is not efficiently burned especially the volatile organic compounds
giving rise to high emissions in several de-volatilization investigations. At 1100°C, studies have shown
that there is marginal or no unburnt volatile organic compounds at this temperature, the temperature
is efficient for combustion however, the high emissions observed in several occasions at this thermal
zone could be associated to the volatilization and melting of major and minor biomass elements as
well as sublimation of refractory species followed by nucleation and coagulation giving rise to high
emissions of PM [25].

Table 7: Data statistics during de-volatilization and char combustion

Value Cornstalk Wood Wheat straw Rice husk Peanut shell

Min 0.07 0.05 0.08 0.08 0.05
Max 0.22 0.22 0.32 0.24 0.25
Mean 0.14 0.15 0.16 0.16 0.16
STDEV 0.06 0.07 0.09 0.06 0.08
Range 0.15 0.17 0.24 0.16 0.20

Min 0.18 0.25 0.20 0.28 0.24
Max 0.53 0.44 0.49 0.53 0.71
Mean 0.36 0.35 0.33 0.40 0.40
STDEV 0.13 0.07 0.11 0.09 0.15
Range 0.35 0.19 0.29 0.25 0.47
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Figure 7: A & B PM vs. temperature during de-volatilization and char combustion

There is a consistent increase in PM emission as temperature increases from 600°C to 1100°C
during char combustion as shown in Fig. 8B. The mean PM emitted was 0.28 ± 0.019 mg/g of
cornstalk, 0.30 ± 0.018 mg/g of wood, 0.31 ± 0.018 mg/g of wheat straw, 0.32 ± 0.023 mg/g of rice husk,
0.33 ± 0.023 mg/g of peanut shell.
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Figure 8: A & B PM vs. temperature during de-volatilization and char combustion

The trend shows higher PM potential for the herbaceous, low density fuels. During combustion, a
fraction of the inorganic compounds in the fuel is volatilized, i.e., potassium. Some refractory species
that are copious in burnt herbaceous plants like silica and calcium are also sublimed to gaseous
state making the herbaceous plants more likely to form fly ash depending also on other contributing
factors [24].
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3.2 Residence Time
The increase in oxygen concentration and temperature increases the rate of combustion hence

decreasing the time of combustion. Increasing the temperature from 600°C to 700°C decreases the
time by approximately 40% in low oxygen content (21%/79%) and by 15% in high oxygen content
(100%) as shown in Figs. 9a–9e.

Figure 9: (a)–(e) Profiles of Combustion time for all given fuel types along varying oxidizer ratio under
different furnace temperatures
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The decrease in time of combustion also decreases as the temperatures spiral upwards indicating a
definite limit at a specific point. Studies have shown that oxygen concentration has a significant effect
on coal particle combustion with experimental findings demonstrating that the peak temperature and
the burnout temperature are both decreased with increased oxygen concentration, the same holds in
biomass as observed in Figs. 9a–9e.

4 Conclusions

In this paper, combustion was conducted in a fixed bed reactor. The experiments were conducted
at seven different temperatures (600°C–1200°C) and six different oxygen concentrations. Five biomass
types were studied: A-cornstalk, B-wood, C-wheat straw, D-Rice husk, E-Peanut shell each powdered
to a size of approximately 75 microns. The main conclusions are:

PM emitted during char combustion is consistently higher than that emitted during the de-
volatilization (Figs. 3A & 3B to 8A & 8B). Given that the temperatures investigated are efficient for
combustion of biomass, the emissions of PM are largely associated with the volatilization and melting
of the elements of the fuels considered.

Considering all de-volatilization observations, increase in temperature leads to linear decrease in
PM emission between atmospheres of 21%O2 to 50%O2 (Figs. 3A–5A), thereafter, between 70%O2

to 100%O2 increase in temperature leads to increase in PM (Figs. 6A–8A) with few instances of
inconsistency.

There average PM formation from all the five considered biomass is relatively comparable
however, with differing atmospheres and temperatures, the fibrous and low-density biomass forms
more emissions of PM. The mean PM emitted was 0.28 ± 0.019 mg/g of cornstalk, 0.30 ± 0.018 mg/g
of wood, 0.31 ± 0.018 mg/g of wheat straw, 0.32 ± 0.023 mg/g of rice husk, 0.33 ± 0.023 mg/g of peanut
shell.

During char combustion, the study shows that at oxygen levels of 21%, 70%, 90% and 100%,
increase in temperature leads to increase PM emission with slight peculiar observations at some
temperatures. At 30% and 50% oxygen the observation shows a lateral distribution with no consistent
identifiable rise or fall.

The increase in oxygen concentration and temperature increases the rate of combustion hence
decreasing the time of combustion.
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