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ABSTRACT: The role played by catalysts in solid fuel reactivity toward oxygen as a viable method for reducing toxic
combustion emissions was studied. Catalyst (1 wt % Pd−Sn/alumina) treated and untreated solid fuels were analyzed using
thermogravimetric analysis/diﬀerential scanning calorimetry (TGA/DSC) coupled with a gas detection system at heating rates
of 20−40 °C/min and airﬂow rates of 30−100 mL/min. The relative CO emission factors, NOx, CH4, energy output, and
combustion eﬃciency were determined as well as values of the activation energy (Ea) and pre-exponential factor (A) for the
oxidation of the solid fuels. Results showed that the catalyst treatment enhanced the energy output by more than 22% and
reduced CO emission factors by up to 87%. The temperature for release of nitrogen compounds was considerably reduced;
however, the amounts produced were not impacted. The combustion eﬃciency was also improved by up to 60%. In terms of
reactivity, catalyst treatment lowered the Ea for oxidation especially at 0.2 ≤ α ≤ 0.8. Catalyst treated samples had more free
active sites on their surfaces, which decreased at temperatures of >500 °C possibly due to thermal deactivation of the catalyst.
This is a viable method for minimizing toxic emissions from solid fuel combustion and enhancing energy output for domestic
and industrial applications.
detected using an electrolyte20 between a working electrode
and a counter electrode. Semiconductor sensors have been the
most used21−23 employing transition metal oxides such as SnO
combined with other metal oxides.
The above-mentioned methods for reducing combustion
emissions work in the postcombustion mode (reducing already
released emissions); hence a more robust method that
minimizes toxic emissions from the source is needed. To
develop a unique product that releases reduced toxic gases
during cooking operations, this work draws motivation from
several studies that were performed to enhance desired
products during solid fuel pyrolysis/combustion/gasiﬁcation.
These involved the addition of catalysts on solid fuels.
Inorganic mineral salts,24 particularly potassium (K) salts,25
decreased the temperature at which maximum degradation
occurs. Char yields are also increased upon impregnation of
K.26 Potassium also reduced torrefaction time by over 28%.27
Tungsten carbide (W2C/alumina)28 and molybdenum carbide
(Mo2C)/support29 have been impregnated on biomass as
eﬀective hydrodeoxygenation agents of biomass-derived small
oxygenates, phenolics, and furan derivatives. This method has
been used for the selective production of aromatic hydrocarbons from lignocellulosic biomass via catalytic fast hydropyrolysis by removing sulfur, nitrogen, oxygen, and metals. In
another study, waste ashes containing Al, Ca, Mg, Cu and Fe,
K, Na, and Zn were impregnated with 10% Ni to enhance
hydrogen-rich gas yield by over 15% from biomass.30 Catalyst
impregnation works in real time (in heterogeneous reactions)

1. INTRODUCTION
Solid fuels (coal, lump charcoal, and charcoal briquettes) are
extensively used for home and recreational cooking applications. Due to insuﬃcient oxygen availability during combustion, fuel-rich conditions that produce toxic emission are
created at mid-to-high temperatures (300−800 °C). The toxic
emissions (carbon monoxide, nitrous oxide, etc.) from
incomplete solid fuel combustion have caused several fatalities
and chronic illnesses.1−6
To reduce the emissions of toxic gases from solid fuel
combustion systems, technologically advanced/improved
cookstoves7−9 that use forced draft systems, with electric
fans10 and chimneys, have been used. These enhance the air
circulation around the fuel improving the air-to-fuel ratio
hence reducing the combustion emissions, as well as drawing
out any released pollutant through the stack. Other stoves use
a catalyst layer/mesh just above the solid fuel11 to oxidize the
toxic emissions during combustion while other ﬁx the catalyst
mesh in the stack of an improved cookstove12 for the same
purpose.
In domestic heaters and boilers, air-staging/two-stage
combustion has been used as an eﬀective way to reduce
toxic emissions.13 This involves supplying secondary air to aid
further oxidation of ﬂue gases from primary combustion hence
reducing toxic gases.14,15 Others use a combination of air
staging and catalyst layers16 in stacks to further oxidize
unreacted toxic emissions.
The use of CO detectors/alarms17 for warning against lethal
combustion emissions has been embraced extensively. Some
sensors are colorimetric,18 forming colored complexes as the
concentrations of pollutants change.19 Others are electrochemical, which work by converting CO to CO2 that is
© 2019 American Chemical Society
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to eﬀect desired products hence; using such a method will
ensure that the cooking products (char) are safer from toxic
emissions regardless of where they are used.
The objectives of this study, therefore, were to investigate
and quantify the diﬀerence in reactivity of catalyst (Pd−Sn/
alumina) treated charcoal briquettes (CTCB) in comparison
to untreated charcoal briquettes (UTCB), commercial lump
charcoal (ComC), and coal in the air (21% oxygen).
Experimental studies were conducted to compare the emission
of carbon monoxide, carbon dioxide, nitrogen oxides, and
methane as well as the energy released from combustion and
the combustion eﬃciency. All the experiments were carried out
at diﬀerent heating rates (20, 25, 30, and 40 °C/min) and
airﬂow rates (30, 50, 80, and 100 mL/min), with temperatures
ranging from 50 to 800 °C. The diﬀerence in reactivities was
quantiﬁed at diﬀerent conversion levels of the solid fuels in
terms of activation energies and pre-exponential factors. This
study expands on our previous work31 in which catalyst
impregnation was done on charcoal but the experiments were
done isothermally in a tube furnace, yet real-life combustion
occurs nonisothermally. Also, CO emissions were quantiﬁed
and the temperature range was 300−600 °C, and ﬁnally, this
study uses laboratory manufactured charcoal briquettes similar
to products on the market.
Figure 1. Charcoal briquettes.

2. MATERIALS AND METHODS
2.1. Materials. The CTCB and UTCB were prepared in the
laboratory using in-house recipes developed to maximize the desired
product. The recipes contained the following: (i) charcoal ﬁnes (<400
μm particle size) as the main fuel, wood sawdust (<400 μm particle
size) as an ignition enhancer, and cassava ﬂour as the binder for
UTCB (ratio: 20:2:1); (ii) charcoal ﬁnes (<400 μm particle size) as
the main fuel, wood sawdust (<400 μm particle size) as an ignition
enhancer, cassava ﬂour as the binder, and 1 wt % Pd−Sn/alumina as
the catalyst for CTCB (ratio 20:2:1:0.25). The charcoal used for these
recipes was prepared by laboratory pyrolysis of wood as per our
previous method.32 Appropriate amounts of water were added to the
solid components and mixed thoroughly with an autoblender to form
a paste that was extruded with a mold, dried, and stored for
subsequent analysis. Figure 1 shows the extruded charcoal briquettes.
The ComC and coal used in this study were obtained from sales
stores.
2.2. Experimental Setup. The experimental setup is as shown in
Figure 2. Four samples were analyzed: CTCB, UTCB, ComC, and
coal. Dried powdered sample aliquots of 3−5 mg were inserted into
alumina crucibles and loaded onto a Mettler Toledo TGA/DSC3+.
The outlet from the chamber of the TGA/DSC was connected to a
MultiRae lite gas analyzer calibrated for CO, CO2, NOx, and CH4.
The gas analyzer uses a pumped model operation to suck gases onto
its sensors at a rate of 2 L/min. The MultiRae lite gas analyzer was
programmed to autolog data at a rate of a single data point per
minute. Combustion experiments were carried out nonisothermally
(in triplicate) at 20, 25, 30, and 40 °C/min heating rates from 50 to
800 °C and airﬂow rates of 30, 50, 80, and 100 mL/min. The
proximate analysis was performed as per the methods described
elsewhere.33 Since the gas analyzer pump required 2 L/min air, a
connection to dry air was added to top-up the total ﬂow during each
experiment. The additional air, however, did not aﬀect the
concentration of combustion emissions analyzed since all the eﬄuents
were directed to the gas analyzer and were in such low concentrations
to not overload the sensors. The gas analyzer is equipped with ﬁlters
at the inlet for volatile organic compounds (VOCs), particulate
matter, and moisture to avoid damage to the sensors and ensuring
accuracy and reproducibility of results. Blank runs with air only were
performed every after a sample run for 30 min to ensure the MultiRae
lite gas analyzer was fresh for the next sample.

Figure 2. Experimental setup for the combined TGA/DSC and
evolved gas analysis.
The computation of CO emission factors was performed as per the
method described in our previous work.34
Speciﬁc surface areas were determined using the ASAP2020
Micromeritics surface area and porosity analyzer instrument. Samples
(0.5−1.0 g) were degassed at 200 °C for 120 min. Surface area
analysis was done using nitrogen and helium gases.

3. RESULTS AND DISCUSSION
3.1. General Properties of the Solid Fuels. Values for
the energy released from the combustion of CTCB, UTCB,
ComC, and coal as well as the proximate analysis and speciﬁc
surface area are shown in Table 1. The energy produced from
each solid fuel was calculated from integrals of the exotherm
peaks for each run and expressed as kilojoules per gram. This
energy increased with airﬂow due to increased oxygen
availability and decreased with the heating rate. CTCB
produced up to 6.7% more energy compared to UTCB, up
to 22.3% more energy compared to ComC, and 14.8% more
energy than commercial coal. In general, the high energy
output from CTCB was attributed to enhanced combustion
facilitated by oxygen adsorbed on the catalyst surfaces. The
energy output of fuels analyzed was directly linked to their
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Table 1. Energy Released from Combustion, Proximate Analysis, and Speciﬁc Surface Area (SSA)a
kJ/g
CTCB
UTCB
ComC
coal

25.33
23.64
19.70
21.57

±
±
±
±

0.48
1.26
0.25
1.22

M (wt %)

FC (wt %)

VM (wt %)

A (wt %)

SSA (m2/g)

±
±
±
±

2.71 ± 0.20
3.04 ± 0.50
4.8 ± 0.19
3.54 ± 0.48

91.8 ± 0.69
91.0 ± 0.69
68.15 ± 1.29
88.58 ± 0.33

3.88 ± 0.87
4.32 ± 0.08
25.96 ± 1.00
6.93 ± 0.43

67.3
78.3
82.2
27.0

1.52
1.64
1.09
0.95

0.11
0.24
0.24
0.06

CTCB, catalyst treated charcoal briquettes; UTCB, untreated charcoal briquettes; ComC, commercial charcoal; M, moisture content; FC, ﬁxed
carbon; VM, volatile matter; A, residual ash; SSA, speciﬁc surface area.
a

Figure 3. Average CO emissions (Av. CO) at diﬀerent airﬂows and 30 °C/min heating rate. (A) CTCB; (B) UTCB; (C) ComC; (D) coal.

volatile matter (VM) content: the higher the VM, the higher
the energy released. ComC had the highest speciﬁc surface
area (SSA), while coal had the lowest SSA.
3.2. CO Emission Trends. The emission of CO from the
solid fuels took diﬀerent patterns during the combustion
process:
(i) CTCB underwent four CO emission stages (Figure 3A).
The ﬁrst positive steep phase between 290 and 350 °C (CO
values reaching 15 ppm as lowest and 25 ppm as highest) was
attributed to release of CO from pyrolysis as a result of
enhanced temperatures in sawdust and cassava binder due to
the impregnated metal catalyst. Previous research has proved
that metal impurities enhance the combustion temperature
during combustion.35 The second low gradient phase
happened between 370 and 450 °C, in which maximum
adsorption of oxygen and CO onto the catalyst surface took
place resulting in maximum oxidation of CO to CO2 (CO
values increased by 2 ppm as lowest and 5 ppm as highest).
The third stage happened between 470 and 500 °C, where the
catalyst continuously lost activity due to sintering as temperature increased until most of the charcoal was burnt (CO
values increased by 5 ppm as lowest and 15 ppm as highest).
The last phase occurred between 500 and 570 °C when the
remaining carbon was decomposed along with the decay of the
accumulated CO.

(ii) The UTCB (Figure 3B) had an initial slow release of
CO between 290 and 370 °C from pyrolysis of hemicellulose,
pyrolysis of cellulose, and breakdown of unstable surface oxide
complexes from sawdust and cassava binder (CO values
reached about 25 ppm). The second phase was a positive steep
gradient from 380 to 500 °C attributed to the decomposition
of the main char matrix (CO values increased by 120 ppm as
lowest and 230 ppm as highest). The last stage between 530
and 620 °C involved the breakdown of any remaining carbon
as well as the washout of accumulated CO.
(iii) The ComC (Figure 3C) had an initial slow release of
CO between 340 and 430 °C from the breakdown of unstable
surface oxide functional groups (CO values increased to 20
ppm as lowest and 50 ppm as highest). The second positive
steep stage from 440 to 500 °C corresponded to the
decomposition of the main char material (CO values increased
by 110 ppm as lowest and 150 ppm as highest). The last stage
between 530 and 700 °C involved the breakdown of any
remaining lignin in charcoal as well as the decay of
accumulated CO.
(iv) Coal (Figure 3D) had an initial slow release of CO
between 350 and 500 °C from the breakdown of unstable
surface oxide complexes (CO values increased to 50 ppm as
lowest and 110 ppm as highest). The second CO release was
from 510 to 590 °C corresponding to degradation of the main
carbon structure (CO values increased by 180 ppm as lowest
10309
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and 300 ppm as highest). The last stage between 600 and 790
°C corresponded to the breakdown of the remaining stable
lignin structures and decay of accumulated CO.
(v) The emission proﬁles took a general similar shape for all
solid fuels; however, there was a general increase in peak height
with an increase in airﬂow rate. There was also an observed
shift in the peak CO emission values to higher temperatures
with a decrease in airﬂow rates. Similarly, there was a shift of
the mass loss proﬁle to higher temperatures (Figure 2,
Supporting Information) with a decrease in airﬂow rates.
This behavior could be explained by the slow decomposition
rates of samples at low airﬂows creating a shift in the
attainment of the peak mass loss and CO emissions. Of all the
solid fuels analyzed, ComC had the highest ash content. In
terms of thermal stability (resistance to decomposition at high
temperature), coal > ComC > UTCB ≥ CTCB.
Other plots showing the variation of mass loss and CO
emissions at diﬀerent heating rates and airﬂows are shown in
Figures 1−3 of the Supporting Information.
Figure 4 shows a summary of the ratios of the CO emissions
(CO emissions from one solid fuel divided by CO emissions

Figure 5. Overall CO emission factors as a function of airﬂow for Pd−
Sn/alumina CTCB, UTCB, ComC, and coal.

emitted almost similar values though the former had slightly
higher values (highest of 52 mg/g at 100 mL/min and lowest
of 13 mg/g at 30 mL/min). From our previous work,34 the
emission factors for ComC were 257.8 mg/g at 720 mL/min,
210.9 mg/g at 1240 mL/min, 186.6 mg/g at 1710 mL/min,
and 212.7 mg/g at 2200 mL/min. This trend shows that CO
emission factors were generally decreasing with airﬂow.
However, these values were obtained at isothermal temperatures ranging between 300 and 600 °C in a tube furnace and
at relatively high airﬂows. In another study,31 mechanically
impregnated catalysts were used to minimize CO emissions
from charcoal. CO emissions were reduced, but the catalyst
lost activity with an increase in temperature. However, that
study was also performed at isothermal temperatures yet reallife combustion takes place nonisothermally. In the present
study, nonisothermal temperatures (50−800 °C) were used
with diﬀerent heating rates (20−40 °C/min) and low airﬂows
(30−100 mL/min).
3.4. CO/CO2 Ratio. The CO/CO2 ratio is a very important
property during combustion of solid fuels. High ratios are
usually associated with incomplete combustion. CTCB (Figure
6A) showed a slight increase in CO/CO2 between 300 and
370 °C, reaching the maximum ratio of ≈0.12 with a few spikes
close to ≈0.23 and a continuous decline to 0.02 until all the
char was burnt above 550 °C. The initial increase was due to
pyrolysis reactions in sawdust and cassava ﬂour binder as well
as the breakdown of unstable carbon oxide surface complexes
and other functional groups. The subsequent decline was due
to increased oxidation of CO as a result of strong adsorption of
oxygen and CO on catalyst surfaces resulting in enhanced
reactions forming CO2 until the ﬁnal decay of accumulated
combustion products from the TGA/DSC chamber. UTCB
Figure 6B showed a slight increase in CO/CO2 ratio initially to
≈0.25 at 400 °C which declined gently to 0.1 at 500 °C and
then dropped sharply due to completion of char oxidation and
then washing out of accumulated CO from the reaction
chamber. ComC Figure 6C showed a steep rise in CO/CO2
ratio to about 0.25 especially at 80 mL/min followed by a
decline until 600 °C. Coal had a continuous increase in CO/
CO2 ratio reaching the highest recorded value in this study of
slightly above 0.5 at 600 °C (Figure 6D). In general, coal had
more than twice as much of the CO/CO2 ratio compared to
the other solid fuels. In our previous study,34 the low CO/CO2
ratio was linked to secondary reactions occurring in the pores
of the charcoal promoting the conversion of CO to CO2,
whose pores are minimal in coal. This is also reﬂected by the

Figure 4. Ratios of average CO emissions (Av. CO) for coal/CTCB,
ComC/CTCB, and UTCB/CTCB at 20 °C/min. The acronym “ttd”
means treated charcoal briquettes or CTCB.

from CTCB) from the diﬀerent solid fuels at 20 °C/min. We
observed that UTCB emitted up to 8 times more CO than
CTCB at its peak/maximum degradation stage. Even at high
temperatures >500 °C when the catalyst activity had reduced,
UTCB still emitted more CO than CTCB. The same analogy
applies to ComC and coal. But one point to note is that, at the
temperatures shown in Figure 4, coal was just in the initial
phase of oxidation. Coal’s maximum emissions occurred in the
range from 570 to 620 °C, at which point the average CO ratio
was up to 300 times compared to that of CTCB.
3.3. CO Emission Factors. Figure 5 shows the trend of
CO emission factors (the average emission rate of CO relative
to the initial amount of solid fuel used) calculated for diﬀerent
airﬂow rates. Three points are shown at each airﬂow
representing diﬀerent heating rates per sample. Apart from
coal at 100 mL/min, all the values for each sample showed no
signiﬁcant diﬀerences in CO emission factors at a single
airﬂow. However, the CO emission factors increased
exponentially with an increase in airﬂow. Coal had the highest
CO emission factors with a maximum of 155 mg/g at 100 mL/
min and 20 °C/min. CTCB had the lowest CO emission
factors with 2.8 mg/g at 30 mL/min and 20 °C/min. Wu et
al.36 reported that the catalyst treatment of coal tremendously
reduced the combustion emissions. The UTCB and ComC
10310
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Figure 6. CO/CO2 ratios at diﬀerent airﬂows and 30 °C/min heating rate. (A) CTCB; (B) UTCB; (C) commercial barbecue charcoal; (D)
commercial coal.

conversions and airﬂow rates. To obtain the true values that
would be used to predict the CO/CO2 relationships for CTCB
and UTCB, the natural logarithms of A (i.e., ln A) were plotted
against constants B for the diﬀerent airﬂows (Figure 7B). The
point of intersection of the respective lines on the plot is the
true value of ln A and constant B.
Hence, the general CO/CO2 relationships obtained were
CO/CO2 = 0.07 exp(0.00278/T) for CTCB and CO/CO2 =
0.2314 exp(0.00229/T) for UTCB. The predicted equations
overestimate the CO/CO2 though they are close to the
experimental values with minimal error margins. The general
trend is a decline in the ratio with an increase in temperature
similar to experimental data, and the predicted UTCB values
are more than 3-fold compared to CTCB. Morin et al.38
obtained the relationship nCO/nCO2 = 6308.8 exp(−6724/T)
for beech stick char obtained by pyrolysis at 923 K in a
ﬂuidized bed reactor. Their ratio showed an increase in CO/
CO2 ratio with temperature, the opposite of what we have
obtained for CTCB. However, the ratio depends on the
material being investigated,37 among other factors.
3.5. Mass Loss Rate. As shown in Figure 8, the mass loss
rate followed one main segment with a few exceptions. CTCB
(Figure 8A) had the ﬁrst peak at 350 °C (maximum at ≈ |3.9|
%/min) attributed to the breakdown of hemicellulose, and
cellulose components in sawdust and cassava binder during
pyrolysis forming char. The same peak was observed with
UTCB (Figure 8B), though it was relatively shorter. The
decomposition of the main char and lignin components
happened at 530 °C for CTCB, reaching the highest mass loss
rate of |29|%/min at 80 mL/min as also observed elsewhere36
and |27|%/min at 100 mL/min, while 30 mL/min had the
lowest peak maximum mass loss rate of |24|%/min. The
completion of degradation of CTCB occurred at 650 °C.
UTCB reached a maximum mass loss rate of |27|%/min at 100
mL/min, while 30 mL/min still registered the lowest peak
maximum of 23.5%/min. ComC peak breakdown occurred at

low speciﬁc surface area of coal compared to other solid fuels
(Table 1). Other plots showing the variation of CO/CO2 at
diﬀerent heating rates and airﬂow rates are given in Figures 4−
6 of the Supporting Information.
The actual CO/CO 2 ratio was also predicted by
manipulating experimental data using the relationship
analogous to the Arrhenius equation, i.e.
ij B yz
CO
= Aα expjjj− zzz
j Tα z
CO2
k
{

where A is a constant independent of temperature and the
parameter B is analogous to an activation energy.37,38 We
developed a relationship that was used for evaluation of
constants B and A at dynamic heating experiments by
incorporating a heating rate, β = dT/dt. Hence, the
relationship became
ji B zy
jij CO zyzijj dt yzz ijj dt yzzijj Aα yzz
jjj
zzzj z = j zjj zz expjjj− zzz
j Tα z
k CO2 {k dT { k dT {k β {
k
{

Introducing natural logarithms and rearranging
ÄÅ
ÉÑ
ÅÅÅ ij CO yzÑÑÑ
ji 1 zyz
j
z
zz
lnÅÅÅβ jj
zzzÑÑÑ = ln Aα , k − Bα , k jjjj
z
j
ÅÅ CO2 ÑÑ
{ÑÖα , k
ÅÇ k
k Tα , k {
ÄÅ
É
Å CO ÑÑ
A plot of lnÅÅÅÅβ CO ÑÑÑÑ
against 1000/Tα,k at several kth
2 Ñ
ÅÇ
Öα , k
heating rates and a particular conversion α yields straight lines
in Figure 7A that were used to determine the constants B and
A. In a similar study, Hu et al.37 expressed the CO/CO2 ratio
with a universal gas constant (R = 8.314 J/mol·K) so that the
constants A and B could be interpreted as relationships to preexponential factors and activation energy, respectively.
Tables 1 and 2 of the Supporting Information show the
values obtained for the constants A and B at diﬀerent

( )
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Moreover, the study was focused on comparing catalyst
treatments on the oxidation behavior of solid fuels used for
cooking purposes. ComC and commercial coal are also
compared and discussed intermittently.
3.6.1. Ea and A Based on the Conversion Rate from Mass
Loss Data. The Friedman equation40 for determination of Ea
and A was developed from dα/dt = k(T)f(α), where k = A
exp((−Ea)/RT), and takes the general form
ij −E yz
dα
= Aα expjjj α zzzf (α)
j RTα z
dt
k
{

(1)

Introducing a heating rate β = dT/dt and rearranging
ij −E yz
i dα y
βk jjj zzz = Aα expjjj α zzzf (α)
j RTα z
k dT { α , k
k
{

(2)

Introducing natural logarithms
ÄÅ
É
ÅÅ i dα y ÑÑÑ
E ij 1 yz
ÅÅ j z ÑÑ
lnÅÅβk jj zz ÑÑ = ln[Aα f (α)] − α jjj zzz
ÅÅ k dT {α , k ÑÑ
R jk Tα z{
ÅÇ
ÑÖ

(3)

where f(α) is the reaction model function at a particular kth
heating rate, and α is the conversion. A plot of the left-hand
side of eq 3 against 1000/Tα should yield straight lines with
gradient −Eα/R and intercept ln[Aα f(α)] (Figure 9A).
Figure 9B shows the variation of the energies of the samples
at transition states with conversion for UTCB and CTCB. We
observed that at low conversions α < 0.1 (and low
temperatures T < 300 °C), the Ea values were similar for
UTCB and CTCB. This implied that the attainment of the
activated complex during CTCB pyrolysis was the same as that
of UTCB. At higher conversions 0.2 < α < 0.8, the Ea for
CTCB continued to be lower than that for UTCB (with
statistical signiﬁcance) due to the catalytic action.36 However,
at high conversions α > 0.9, the Ea values for both solid fuels
were almost the same. At this conversion (and high
temperatures T > 500 °C), the catalyst continuously lost
activity due to thermal sintering and agglomeration.41
At low temperatures (<300 °C) and lower conversions (α <
0.1), the major reactions involved loss of physically and
chemically bound moisture and other weakly attached
functional groups in endo/exothermic reactions. The addition
of a catalyst enhanced the temperature and the exothermicity
of the system at lower conversions (with statistical
signiﬁcance) and hence the positive temperature diﬀerence
Figure 9C. The temperature diﬀerence dT oscillated between
negative and positive (0.0 ± 5 °C) at 0.2 < α < 1 but was kept
more to the negative side, meaning that catalyst treatment
lowered the temperature for heterogeneous reactions during
oxidation.
Assuming both the CTCB and UTCB followed a similar
reaction mechanism, f(α), at a particular kth heating rate and α
conversion, then the ratio of pre-exponential factors can be
determined as follows:
ÄÅ
ÉÑ
dα
ÅÅi
ÑÑ
ij Eα yz
dT Tt, α , k
A Tt, α , k
ÅÅj Eα yz
ÑÑ
zz
jj
zz
ÑÑ
expÅÅÅjjj
=
−
jj RT zz
ÑÑ
dα
ÅÅj RTα zz
AUtt, α , k
Ñ
α
k
{
k
{
Å
Utt, α , k
Tt, α , k Ñ
ÅÇ
ÑÖ
dT Utt, α , k

Figure 7. (A) CO/CO2 function against 1000/T for determination of
B and A at diﬀerent conversions for UTCB. A similar plot was used
for CTCB. (B) ln A against constant B for CTCB for determination of
the true values of constants A and B that were used to predict the
CO/CO2 ratios.

560 °C, with |23|%/min as the maximum mass loss rate at 100
mL/min, while 50 and 30 mL/min tied on the peak maximum
value of |20.7|%/min and its completion of oxidation happened
at 710 °C. Coal peak decomposition happened at 620 °C, and
it registered the lowest peak mass loss rate among all the
samples at |18|%/min for 100 mL/min while its complete
degradation occurred at 800 °C. There was a shift in the
attainment of the main decomposition peak to higher
temperatures with a decrease in airﬂow rate and an increase
in heating rate. Other plots showing the variation of mass loss
rate with temperature are shown in Figures 7−9 of the
Supporting Information. This variation in mass loss rate was
attributed to complex reactions, mass transfer, and heat
transfer during the char oxidation reactions and the interaction
of the char with the metal catalyst39 in the case of CTCB.
3.6. Kinetic Parameters. Four diﬀerent heating rates were
used for the determination of activation energy and preexponential factors with the Friedman and CO−CO2 model
equations. The selection of the best ﬁt was based on the
highest regression coeﬃcient possible. The computed values
are shown in subsequent ﬁgures and tables in the Supporting
Information. From now onward, more emphasis will be put on
CTCB and UTCB as these have the same recipe except that
CTCB has the added 1 wt % Pd−Sn/alumina catalyst.

( )
( )

(4)

where ATt and AUtt are the pre-exponential factors for the
CTCB and UTCB at the kth heating rate and conversion α.
Using eq 4, the ratio of pre-exponential factors can be deduced
10312
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Figure 8. Mass loss rate at diﬀerent airﬂows and 30 °C/min heating rate. (A) CTCB; (B) UTCB; (C) commercial barbecue charcoal; (D)
commercial coal.

Figure 9. Plots of (A) Friedman function against 1000/T for data obtained at 100 mL/min and diﬀerent heating rates for CTCB. (B) Activation
energy for CTCB and UTCB at diﬀerent conversions. (C) Temperature diﬀerence between CTCB and UTCB at each degree of conversion for
diﬀerent airﬂow rates. (D) Ratio of pre-exponential factors for CTCB A(ttd) to UTCB A(utt).

where A ratios were >1.0 (which are the majoritywith
statistical signiﬁcance), the active sites on the CTCB were
more compared to UTCB. This was attributed to adsorptive
sites provided by the catalyst, and these sites allowed faster and
quick turnover of reactions.
3.7. Methane and Combustion Eﬃciency. Methane is a
common byproduct of solid fuel combustion. The quantity
obtained depends on the C/H ratio of the solid fuel and the

at diﬀerent airﬂow rates. Equation 4 was customized for the
ComC and coal.
Except for 100 mL/min airﬂow whose A ratios kept
ﬂuctuating up and below unity (1.0), there were general
trends in A ratios for all airﬂows (Figure 9D). At α < 0.1, the A
ratios were mostly >1.0. Between 0.2 < α < 0.5, the A ratios
were <1, while at 0.5 < α < 0.9, the A ratios were >1.0. At α >
0.9, the A ratios were generally close to unity (1.0). In regions
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break at low temperatures compared to carbon−carbon and
carbon−oxygen bonds. Also, catalyst treatment reduced the
temperature at which NOx emissions were produced. We
observed that, except for ComC, the areas under the curves
(giving total amounts of NOx) were not distinguishable,
implying that catalyst treatment did not increase the amounts
of NOx produced. The low NOx emissions produced by ComC
could be related to its low nitrogen content as observed in our
previous study.34 However, in one study,44 it was observed that
metal impurities in biomass solid enhanced NOx emissions
during combustion.

sensitivity of the analysis system. From all the samples
analyzed, methane was not detected, possibly due to very
low concentration.
The combustion eﬃciency or selectivity to CO2 is the
measure of the total emission of CO2 as a ratio/percentage of
the total carbon oxides (CO2/(CO + CO2)) × 100. This was
computed for CTCB, UTCB, ComC, and coal (Figure 10).

4. CONCLUSIONS
The eﬀect of catalyst treatment on solid fuel reactivity in an
oxidative environment was studied and quantiﬁed experimentally. Two laboratory prepared biomass briquette types of
catalyst (1 wt % Pd−Sn/alumina) treated charcoal briquettes
(CTCB) and untreated charcoal briquettes (UTCB) were
studied in addition to commercial charcoal (ComC) and coal.
CO emissions and NOx were usually aﬀected by oxygen supply
and thermal reactivity. To study how these factors aﬀect solid
fuel reactivity, nonisothermal thermogravimetric analysis in air
(21% oxygen) coupled with evolved gas analysis with a robust
online multisensor gas analyzer was performed. The outputs
from the experiments were used to determine and compare
energy outputs, CO emission factors, NOx, combustion
eﬃciencies, activation energies (from mass loss and CO−
CO2 emissions), and pre-exponential factors. It has been
demonstrated that catalyst treatment of solid fuels enhanced
their energy output by more than 22% and reduced CO
emission factors by 87.1, 63.6, and 55.6% compared to coal,
UTCB, and ComC, respectively. Catalyst treatment lowered
the temperature at which NOx emissions were produced but
did not aﬀect their quantity. The combustion eﬃciency was
also improved by up to 60% compared to coal and up to 20%
compared to UTCB and ComC. Treatment of solid fuels with
catalyst lowered the activation energy for oxidation especially
at 0.2 ≤ α ≤ 0.8. CTCB had more free active sites for reactions
evidenced by an increased ratio of pre-exponential factors;
however, the active sites decreased at temperatures >500 °C
possibly due to thermal deactivation of the catalyst. Overall,
this is a very promising method for minimizing toxic emissions
from the combustion of solid fuels and enhancing energy
output for domestic and industrial applications. However,
more research is needed for thermally stable catalysts at high
temperatures.

Figure 10. Plots of combustion eﬃciency for diﬀerent solid fuels as a
function of temperature.

We observed that coal had a decreasing CO2 selectivity due to
increased production of high amounts of CO as the
temperature increased. The CTCB had low selectivity at
temperatures <400 °C due to low oxidation of CO. At
temperatures >400 °C, CTCB had rapidly increasing selectivity
due to enhanced oxygen adsorption on catalyst surfaces that
promoted the conversion of CO to CO2.
3.8. Nitrogen Oxides. The combined nitrogen oxides,
commonly known as NOx, were also analyzed in this study and
are presented in Figure 11. The NOx arising from the nitrogen
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Figure 11. Scatter plots for NOx emissions for diﬀerent solid fuels.
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in the fuel are termed “fuel nitrogen”. Fuel nitrogen is found in
plants, animal proteins, and nitrogen-rich bacteria. Reactions of
amines with carboxylic groups or aldehyde groups give rise to
nitrogenous species present in solid fuels which are typically
bound to organic matter. Nitrogen content in solid fuels
usually ranges from 0.2 to 2%.42 Biomass fuels usually contain
<1% nitrogen, while coal typically contains 1−2% nitrogen
with bituminous coals usually containing 1.5−1.75% and
anthracites mostly containing less than 1%.43
The NOx emissions were observed starting from 440 °C for
CTCB and above 500 °C for the rest of the samples. This is
because nitrogen forms strong triple bonds that are not easy to
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NOMENCLATURE

Acronyms

ComC = commercial charcoal
CTCB = catalyst treated charcoal briquettes
DSC = diﬀerential scanning calorimetry
SSA = speciﬁc surface area
TGA = thermogravimetric analysis
UTCB = untreated charcoal briquettes
VOCs = volatile organic compounds
Symbols

α = fractional conversion
β = heating rate (°C/min)
A = pre-exponential factor (s−1)
Al = aluminum
Ca = calcium
CH4 = methane
CO = carbon monoxide
CO2 = carbon dioxide
Cu = copper
Ea = activation energy (kJ/mol)
Fe = iron
K = potassium
k = rate constant (s−1)
Mg = magnesium
Mo2C = molybdenum carbide
n = reaction order
Na = sodium
NOx = nitrogen oxides
Pd = palladium
R = universal gas constant (8.314 J/mol·K)
Sn = tin
T = thermodynamic temperature (K)
t = time
V = char oxidation rate (mol/s)
W2C = tungsten carbide
Zn = zinc
Subscript

C0 = concentration of gaseous products at initial temperature
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