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ABSTRACT

The quality of briquettes varies greatly among small scale producers in Uganda due to the different methods of
production, absence of standardization, lack of technical knowledge and quality control procedures. The study aimed at
investigating the effect of binder ratio, compaction pressure, and particle size on thermo-physical properties of carbonized
maize cob briquettes. A 3x4x5 factorial experiment with four replicates was used. Three particle size levels (small,
medium and large), four compaction pressures (P1=2MPa, P2=4MPa, P3=6MPa and P4=8MPa), and five cassava binder
ratios (B1=5%, B2=7.5%, B3=10%, B4=12.5%, B5=15%) were used. Briquettes were made from carbonized maize cobs
using a manually operated hydraulic briquette press. Proximate analysis, heating value and density were determined.
Linear regression models were used to investigate the effect of compaction pressure, binder ratio and particle size on
each of the dependent variables. All the independent variables had significant effect on briquette quality. Much as all
briquettes met the minimum quality requirements, medium sized particles (4mm to < 6mm), 5% binder ratio and 8MPa
compaction pressure produced superior quality briquettes (8.421% ash content, 12.923% volatile matter content, 65.38%
fixed carbon content, 13.358% moisture content, 25247.5 J/g heating value, and 409.8824 Kg/m® relaxed density). In
addition to the high quality briquettes, 5% binder ratio is low enough to minimise food insecurity and the use of smokeless

briquettes shall reduce the high death toll caused by indoor air pollution.
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1. INTRODUCTION 90% of the energy used in Uganda which can
) ) o ) further be partitioned into 70% wood, 16%
Global fossil fuel deposits are declining at high rate ]
] ) ) charcoal and 4% crop residue (Ferguson, 2012 [3]).
which requires alternative renewable energy ) ) ) ) )
) _ _ Maize being the third most important food crop in
sources in order to meet the increasing energy . .
) the country (Haggblade & Dewina, 2010 [4]), it
demand for development ( Singer, 2011 [1]). Three . ) )
. ] ] generates large quantities of maize cobs which are
billion people worldwide are estimated to use .
. . . ) normally  discarded as waste and pose
traditional biomass for cooking and heating, and . .
o ) ) environmental pollution problem when not well
majority of them are located in Sub Saharan Africa . ) )
) managed. Conversion of the maize cobs into fuel
(Belward et al., 2011 [2]). Biomass accounts for
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briquettes is environmentally friendly and
economically viable (Adetogun et al., 2014 [5]).
However, the quality of briquettes varies greatly
among small scale producers in Uganda due to the
different methods of production, absence of
standardisation, lack of technical knowledge and
quality control procedures. Sub-standard products
undermine briquette potential to tap into available
markets (Ferguson, 2012 [3]).

The type and amount of binder affect combustion
properties of briquettes. Briquetting using a binder
is sufficient at low compaction pressure (Grover &
Mishra, 1996 [6]), but particles must bind properly
during compression to prevent the briquettes from
crumbling. Examples of binders include crude oil,
starch, molasses, clay, sodium silicate and cement.
Despite the great variety of binders, starch binder
results into high quality briquettes. Cassava is a
good binder because it has high starch content and
is readily available (Ugwu & Agbo, 2013 [7]).
However, excessive use of cassava for briquette
production has a negative effect on food security
(Katimbo et al., 2014 [8]). Knowledge of optimal
binder ratio, compaction pressure, and particle size
for production of high quality briquettes might be
important. The quality of a briquette can be
measured from its heating value, density, ash
content, volatile matter content, fixed carbon
content, and moisture content among others (Sastry
et al.,2013 [9]).

This study therefore aimed at investigating the
effect of binder ratio, compaction pressure, and
particle size on thermo-physical properties of

carbonized maize cob briquettes.

2. METHODOLOGY

2.1 STUDY AREA

The research was conducted at Uganda Industrial
Research Institute which is located in Nakawa
6.7km along Jinja road.

2.2 STUDY DESIGN

A 3x4x5 factorial experiment was carried out in a
completely  randomised  design  with  four
replications to investigate main effects and
interactions of the factors. The three factors were
particle size, compaction pressure, and binder ratio.
Particle size had three levels ( Small (2 to < 4mm),
Medium (4 to < 6mm) and Large (6 to < 8mm)),
compaction pressure had four levels (P;=2MPa ,
P,=4 MPa, P;=6 MPa, P,=8 MPa), and starch
binder ratio had five levels (B1=5%, B2=7.5%,
B3=10%, B4=12.5%, B5=15%) of the weight of
maize cob char. Four replications provided four
samples per treatment which were sufficient for all
the required experimental tests (Quinn & Keough,
2002 [10]).

23 BRIQUETTE  PRESS, MATERIAL
COLLECTION AND SAMPLE PREPARATION

A manually operated hydraulic briquette press with
a capacity of four briquettes was fabricated for the

experiment as shown in figure 2.1 below.

Figure 2.1: Manually operated hydraulic briquette
press connected to pressure gauge

Each of the cylindrical moulds in the compression
chamber of the press had an external diameter of

52.5mm, internal diameter of 20mm, and height of
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120mm. The press was powered by a 20 Ton
hydraulic jack with 56mm piston base diameter and
connected to a pressure gauge of 10MPa capacity

using high pressure hydraulic fittings.

Maize cobs collected from farmers in Tiribogo
(central Uganda) were sun dried for 5 days to 25%
moisture content and then carbonized using a
gasifier because it produces homogeneous char.
Operating temperatures of the gasifier reactor
ranged from 850°C to 1200 °C, maize cob
consumption rate was 30 kg/hr and the char
generated was 12% of the raw material by weight
(Wabwire, 2014 [11]). Carbonization liberates
volatile matter and results into smokeless briquettes
of high energy density (Tokan et al., 2014 [12]).
Size reduction of the char was achieved by
pounding using a mortar and pestle, and then
sieved using four different mesh sizes (2mm, 4mm,
6mm, and 8mm) to obtain the required sizes. The
particles of size less than 2mm were termed as fine
particles, from 2mm to less than 4mm were termed
as small particles, from 4mm to less than 6mm
were termed as medium particles, whereas from
6mm to less than 8mm were termed as large
particles. Then the fine particles were uniformly
mixed with each of the three groups of particles
(small, medium, and large) in a proportion of 15%
by weight to increase strength as specified by
Grover & Mishra (1996)[6]. All weights were
measured using a digital weighing balance of
0.0001g precision. Cassava tubers of Nasel4
variety were harvested from a farmer in Koboko
(North Western Uganda), peeled, washed, grated,
sun dried to 10% moisture content, and then ground
to produce flour using a grinding machine. Starch
paste was prepared using a ratio of 1kg cassava
flour to 10 litres of water with continuous agitation

and the temperature was raised to 80 °C.

Char of a given particle size was uniformly mixed
with starch binder of a given ratio and then
compacted using the briquette press at a given
hydraulic cylinder pressure and uniform dwelling
time of 25 seconds was maintained.

A total of 240 experimental briquette samples were
made for evaluation of heating value, moisture
content, volatile matter content, ash content, fixed
carbon content, and density. Proximate analysis
was done using ELTRA  Thermostep
Thermogravimetric analyzer (Przyborowski et al.,
2012 [13]) whereas heating value was determined
using IKA KV600 digital bomb calorimeter
(Sugumaran & Seshadri , 2009 [14]). Briquette
density was computed from their mass and volume
(Demirbasg, & Sahin, 1998 [15]).

R-statistical software version 3.1.1 was used for
data analysis. Since two of the independent
variables (compaction pressure and binder ratio)
and all dependent variables (heating value,
moisture content, volatile matter content, fixed
carbon content, ash content, and density) are
continuous, multiple linear regression models were
chosen to investigate the effect of compaction
pressure, binder ratio and particle size on each of
the dependant variables. The multiple regression
models also allow for determination of interaction
of the factors (Quinn&Keough, 2002 [10]).

3. RESULTS AND DISCUSSION
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All the dependant variables (heating value,
moisture content, volatile matter content, ash
content, fixed carbon content, and density) were
normally distributed since histograms and box plots

in preliminary analysis were symmetrical.

Pearson's correlation matrix shows that particle
size, binder ratio and compaction pressure are not
correlated (r < 0.014). Table 3.1 below shows p-
values for linear regression models of main effects

and interactions on each of the dependant variables.

Table 3.1: p-values from linear regression analysis for each of the dependant variables

Effect Variable(s) Ash Volatile Fixed Moisture Heating Density
content matter carbon content Value
content content
Main Effects | PS MP >0.05 >0.05 >0.05 >0.05 >0.05 <0.0001
SP 0.00986 >0.05 >0.05 >0.05 0.00079 <0.0001
BR >0.05 < 0.0001 < 0.0001 >0.05 <0.0001 <0.0001
CP >0.05 >0.05 0.445 >0.05 >0.05 <0.0001
Interactions PSxBR >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
PSxCP >0.05 >0.05 >0.05 >0.05 >0.05 >0.05
BRxCP >0.05 >0.05 >0.05 >0.05 >0.05 0.00059
PSxBRxCP >0.05 >0.05 >0.05 >0.05 >0.05 >0.05

Where PS=Particle size, BR=Binder ratio, CP=Compaction Pressure, MP= Medium particles, SP= Small

particles, and the reference particle size = Large particles (LP). Level of significance = 5%.

3.1 : Ash Content

Binder ratio and compaction pressure did not have
significant effect on ash content at 5% level of
significance (p-values > 0.05). Much as compaction
pressure increases density which reduces porosity
that could limit the amount of oxygen required for
combustion (Chirchir et al., 2013 [16]) and result in
ELTRA Thermostep

proximate

increased ash content,

Thermogravimetric analyzer uses
sufficient amount of oxygen that allows complete
combustion. In addition to that, cassava binder only
contains 0.2% ash content ( Eze & Azubuike, 2010
[17]) which is very negligible at low binder ratios
in comparison to 4.2% ash content for char. This
explains why compaction pressure and binder ratio
never had significant effect on ash content. Particle

size had a significant effect on ash content (p-

value: 0.00986 <0.05). Ash content of briquettes
for the various particles is graphically represented

by the bar graph below.
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Figure 3.1: Bar plot of ash content for briquettes

made from different sizes of particles
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Large particles had 8.433% ash content which was
not statistically different from that of medium
particles (p-value: 0.69357>0.05). Small particles
had significantly higher ash content than large
particles by 0.421% (p-value: 0.00986<0.05)
because of incombustibles such as sand that were

retained by the 2mm sieve.

3.2 : Volatile matter content
The fitted simple linear regression model for
volatile matter content is as shown by equation one

below.

VC =10.723 + 0.407BR @

Where;

VC = Volatile matter content on dry basis (%)
BR = Binder ratio (%)

Unlike compaction pressure and particle size,
binder ratio had a significant effect on volatile
matter content at 5% level of significance (p-value:
3.54x10™") and it accounts for 38.5% of the total
variation in volatile matter content. Low
compaction pressure at room temperature does not
alter composition of particles (Grover & Mishra,
1996[6]), hence the

compaction pressure on volatile matter content.

insignificant effect of

Maize cobs were carbonized in a gasifier where the
high reactor temperatures (850-1200°C) (Wabwire,
2014 [11]) expelled most of the volatile substances.
The char particles therefore had very low volatile
matter content which explains the insignificant
effect of particle size on volatile matter content of
the briquettes. Volatile matter content significantly
increased with increase in binder ratio as shown by

the scatter plot below.
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Figure 3.2: Scatter plot of volatile matter content

against binder ratio for maize cob briquettes

The volatile matter content of cassava lies in the
range of 72-75% (Jarinee & Kiatfa, 2012 [18])
which is higher than 9.4% volatile matter content
of maize cob char measured. The higher volatile
matter content in cassava than maize cob char
explains the increase in volatile matter content with

increasing cassava binder ratio.

3.3 : Fixed Carbon Content
The simple linear regression model fitted for fixed
carbon content of briquettes is as shown by

equation two below.

FC = 66.99 — 0.36 BR (2)
Where;

FC = Fixed Carbon Content on dry basis (%),

BR = Binder Ratio (%)

Unlike particle size and compaction pressure,
binder ratio had significant effect on fixed carbon
content at 5% significance level (p= 3.37x107%
***) and it explains 28.5% of the total variation in

fixed carbon content.
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All the particles were obtained from the same char
having uniform fixed carbon content which
explains why variation of particle size could not
cause any significant effect on fixed carbon
content. Low compaction pressures at room
temperature do not have any effect on composition
of particles (Grover & Mishra, 1996 [6]), hence the
insignificant effect of compaction pressure on fixed
carbon content. Fixed carbon content decreases
with increase in binder ratio as shown by figure 3.3

below.
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Figure 3.3: Scatter plot of fixed carbon content

against binder ratio for maize cob briquettes

The fixed carbon content of maize cob char
determined (69.3%) is greater than (9-13%) of
cassava (Jarinee & Kiatfa, 2012[18]) which
explains the decrease in fixed carbon content as the

cassava binder ratio increases.
3.4 : Moisture Content

Compaction pressure, particle size and binder ratio
did not have significant effect on moisture content
(p-value > 0.05). The drying time and weather
conditions were sufficient which released all the
free water as evidenced by moisture content of less
than 18% (Onchieku et al., 2012 [19]), hence the

insignificant effect of the treatment on moisture
content. The low moisture content implies that less
amount of heat energy is wasted in moisture
liberation during combustion which shows that the
briquettes produce sufficient heating effect (Grover
& Mishra, 1996 [6]).

3.5 : Heating Value
The multiple regression model fitted for heating

value is as shown by equation three below.
HV = 25340 — 288.2SP —61.99 BR (3)
Where;

HV = Heating Value (J/g), SP = Small Particles,
BR = Binder ratio (%)

Particle size and binder ratio have significant effect
on heating value at 5% significance level (p =
1.421x10%) and explain 36.9% of the total
variation in heating value. The graphical
representation of heating value is as shown by

figure 3.4 below
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Figure 3.4: Heating value against binder ratio for

maize cob briquettes with different particle sizes

The heating value of medium particles at all binder

ratios was not significantly different from that of
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large particles at 5% level of significance (p-
value:0.292140). At all binder ratios, small
particles had significantly less heating value than
large particles ( p-value:0.000788). Small particles
had 288.2J/g less heating value than large particles
due to the presence of sand particles which were

retained by the small sieve.

One percent increase in binder ratio reduced
heating value by 61.99J/g which agrees with the
findings of Chirchir et al., (2013) [16] that increase
in binder ratio reduces heating value. The reduction
of heating value could be attributed to the reducing
fixed carbon content of the briquette as binder ratio

increases.

Compaction pressure did not have statistically
significant effect on heating value at 5% level of
significance (p-value:0.959912) because it only
enhances the volumetric calorific value of biomass,
but not heating value(Grover and Mishra,1996[6] ).

3.6 : Density
The fitted multiple regression model for density of

the briquettes is as shown by equation four below

D = 226.58 + 20.64 MP + 41.62 SP + 7.8 BR +
19.56 P — 0.8206 X P X BR (4)

Where;

D = Density ( kg/ m®), MP = Medium Particles,
SP = Small Particles, BR = Binder ratio (%),

P = Compaction Pressure ( MPa)

Compaction pressure, binder ratio and particle size
had significant effect on briquette density at 5%
significance level(p-values < 0.05) and account for
78.5% of the total variation. Large un compacted
particles had a density of 226.58 kg/m®. Medium
and small particles had higher densities than large
particles by 20.64kg/m®> and 41.62 kg/m’

respectively because reduction in particle size eases
compaction and allows more mass of material for a
given volume which increases briquette density
(Mitchual et al., 2013 [20]). The interaction
between binder ratio and compaction pressure had
a negative effect on briquette density. This could be
attributed to the displacement of excess binder
from the particles at increasing pressure which
results into increase in volume, hence decreasing
density. However, the resultant effect of pressure
and binder ratio on briquette density is positive.
One percent increase in binder ratio changes
briquette density by (7.8 - 0.8206 Pressure,) kg/m?
if all other conditions are kept constant. Where
Pressure, is the compaction pressure in MPa.
Increase in cassava binder ratio increases briquette
density (KriZan et al., 2011 [21]) because it fills the
pores, hence increasing the mass of material in a
given volume. Increasing compaction pressure by
one mega Pascal alters the density of briquettes by
(19.56 - 0.8206 Binder Ratiog) kg/m® while
keeping other factors constant. Binder Ratioy is the
proportion of binder wused in percentage.
Compaction pressure increases briquette density
(Wilaipon, 2009 [22]) because it reduces volume at

constant material mass.

Particle size, compaction pressure and binder ratio
never had significant interaction on moisture
content, volatile matter content, fixed carbon
content, ash content and heating value. However,
there was significant interaction between

compaction pressure and binder ratio on density.

Residual plots for the fitted multiple linear
regression models were investigated and therefore
the assumptions of independence, homoscedasticity
and normality required for linear regression

analysis were satisfied.
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3.3: OPTIMAL CONDITION

Factor levels in each model were ranked basing on
importance, followed by average ranks of the factor
levels in all models, and then the optimal condition
was determined by selecting the levels with the best
rank for each factor. Much as all treatments
satisfied the minimum  briquette  quality
requirements, the fitted linear regression models
show that medium sized particles, 5% binder ratio
and 8MPa compaction pressure of the hydraulic
cylinder produced briquettes with superior quality
(8.421% ash content, 12.923% volatile matter
content, 65.38% fixed carbon content, 13.358%
moisture content, 25247.5 J/g heating value, and
409.8824 Kg/m® relaxed density).

The ash content for the briquettes (8.421%) at
optimal condition was less than 18% which implies
that they burn with little slagging effect and the
fixed carbon content (65.38%) is greater than 60%
minimum requirement for barbeque use (Zagreb,
2008[23]). Given the fact that volatile matter
content is directly proportional to smoke level
(Tokan et al., 2014 [12]), the volatile matter
content at optimal condition (12.923%) is less than
30% limit for barbeque use ( Zagreb, 2008 [23])
which solves the problem of indoor air pollution
that has been killing 4.3 million people annually
(WHO, 2014 [24]). Heating value of the briquettes
at optimal condition (25247.5 J/g) is greater than
17500 J/g requirement for sufficient heating effect
(Emerhi, 2011[25]). The moisture content at
optimal condition (13.358%) is less than 18% limit
for adequate heating without wasting energy to
drive extra moisture during combustion (Onchieku
et al., 2012 [19]). Relaxed density of maize cob
briquettes at optimal condition (409.8824 Kg/m®)
is greater than the bulk density of maize cobs of
50.32Kg/m? reported by Oladeji, 2004 [26 ], which

implies that the briquettes occupy 12.25% of the

space requirement for storage of maize cobs.
4. CONCLUSION

Compaction pressure, binder ratio and particle size
have a significant effect on thermo-physical
properties of carbonised maize cob briquettes.
Compaction  pressure increase  significantly
increases briquette density. Binder ratio increase
significantly increases volatile matter content,
reduces fixed carbon content, reduces calorific
value, and increases density of briquettes. Particle
size increase significantly reduces density, reduces
ash content, and increases calorific value of
briquettes. Much as all treatments satisfied the
minimum briquette quality requirements, the fitted
linear models show that 5% cassava binder ratio,
medium sized particles (4mm to < 6mm) and 8MPa
hydraulic cylinder pressure produced briquettes
with superior quality. In a nutshell, the briquettes at
optimal condition burn without smoke, leave little
ash after combustion, posses high heat intensity,
and require little storage space. These briquettes
attained good quality requirements for barbeque
use and therefore have the potential of reducing
wood consumption, hence minimizing

deforestation rate.
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