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Abstract Coal is an important fuel used in boiler fur-

naces. There are problems like unburnt coal and solid

wastes like ash contain arsenic, selenium, chromium and

cadmium while using it. In order to avoid all such diffi-

culties, aluminium metal powder in various grain sizes

mixed with pulverized coal and burned. aluminium metal

powder is one of the pyrotechnics having higher calorific

value and low ignition temperature. The thermal behavior

of aluminium powder along with coal is recorded in DTA.

The collected ashes were tested in Scanning Electron

Microscope and X-Ray Diffraction meter. The SEM results

show that coal ash is having granular and regular structure.

All the particles have a size range from 5 to 8 lm. On the

other hand, the aluminium coal mixture ash shows a fibrous

matrix and the particles are irregular. In XRD graph, the

peaks in the graph show orientation of atoms in particular

plane and angle. The coal ash has a lot of peaks, but the

maximum count value reaches only to 340.97. However the

value of counts reaches a maximum of 1,539.06 for alu-

minium ash. This denotes high atom orientation in a single

lattice plane.

Keywords Aluminium metal powder � Coal �
Combustion � DSC � SEM � XRD

Introduction

The use of Boiler is inevitable nowadays. Almost all

boilers have coal fired furnace. The coal is used in the

pulverized form. The calorific value and the composition of

coal vary from each allotment. This gives a lot of problem

during operation of furnace.

The main defect in this system is that considerable

portion of coal is unburnt. The efficiency of operation also

depends upon the ash content of the coal.

To sustain combustion in the furnace and also to reduce the

unburnt mass and incomplete combustion of coal (Production

of carbon monoxide), attempt is made by using some other fuel

of high calorific value in addition to coal. Aluminium powder is

selected because of its high calorific value (30,000 kJ/kg) and

low ignition temperature (as low as 65 �C).

While using aluminium powder along with coal, the

unburnt mass can be minimized. The use of oil in the

intermediate stage can be completely eliminated, thereby

increase in productivity.

The mass of oil and coal used can thus be minimized

and hence savings in the cost. Moreover, production of CO

is eliminated as complete combustion prevails.

The usage of main fuel coal is minimized and so, the

emission of CO2 and SO2 and solid wastes like heavy metals

arsenic, selenium, chromium and cadmium, carcinogenic

organic compounds and radioactive elements is also

reduced.

The main objective of this research work is as follows:

Use of aluminium powder along with coal is to maintain

sustained combustion. Therefore use of oil in the intermediate

stages due to failure of feeding of coal is to be eliminated.

Complete combustion of coal reduces the mass of

unburnt coal and this gives substantial savings and also

maintains pollution free atmosphere by reducing CO.
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Ultimately it is aimed for

i. Reduction of usage of coal

ii. Savings of foreign exchange

iii. Environmental friendly

iv. Productivity increase

Problems in use of coal

The largest source of mercury pollution is coal fired power

plants. Solid wastes from coal fired power plant also con-

tain heavy metals like arsenic, selenium, chromium and

cadmium, carcinogenic organic compounds and radioac-

tive elements. The 600 plus coal fired power plants in the

United States, releases 98,000 pounds (44 metric tonnes) of

mercury into the air each year [1].

Although pollution scrubbers in modern smoke stacks

reduces air pollution, they do nothing to help the coal

miners who die each year in mine accidents or from dis-

eases brought on by breathing hazardous coal dust [2].

Several European countries have begun to lead the

transition away from coal. In Germany, coal use has been

cut in half since 1990. Coal use in the United Kingdom has

dropped by 46% over the same period [2].

In the coal fired furnace, ignition energy needed to ignite

the coal is high. Almost it consumes 30% of the calorific

value of the fuel. The disturbance in coal feeding also

disturbs the temperature state in the furnace and leads to

reduced productivity.

The release of sulphur dioxide during the burning of

coal is an unwanted hazard. Therefore minimizing the

amount of coal used not only is eco friendly and saves in

cost.

The best alternative fuel found as aluminium metal

powder.

Aluminium is being used as a fuel in fireworks, explo-

sives due to high combustion temperature (730.98 kJ/g) [3,

4]. It is one of the propellants which is used in rocket fuels

[11]. Its ignition temperature is 65 �C only [4].

Therefore, aluminium is selected for this study. Unfor-

tunately, the literature in such mixture of fuel is very few.

Aluminium powder as a substitute

DSC studies on the effect of aluminium particle size led to

multiple exothermic activity. Onset temperature increased

with increase in particle size and remain as constant. The

decrease in the aluminium particle size increases the heat

of reaction [2].

As combustion temperature of aluminium metal powder

is very high in the order of 3,500 �C, it is used as one of the

fireworks fuels and propellants in rocket [4, 5]. During

burning, it emits high heat energies (32,32,210 J),

enhances the explosive properties. Impulse of explosion,

improves with the addition of aluminium metal powder

[6–8]. Exhaustive studies on blast parameters and proper-

ties of explosive compositions by varying the percentage of

ingredients, particularly aluminium powder, in high energy

formulations have been carried out [9].

The large amount of energy liberated by subsequent

reactions of aluminium with primary detonation products,

however, maintains a high pressure for longer period [10].

The blast effect is improved by adding aluminium powder

to the explosive compositions [11].

Aluminized’’ Liquid Hydrocarbon Propellant Fuels [11]

and Aluminized Gel Propellants are used in the liquid and

gas propellants. It is observed that the burning life of single

aluminum particle in oxygen is inversely proportional to

the square of the diameter and nano aluminum powder has

burning rates twice that of micron size powders.

Aluminium has electronegativity of 1.5. This is lower

than for the coal (2.5). This special property refers the

capability of receiving electrons and thus oxidized. Sto-

chiometric ratio for aluminium is 16.40 with air or 3.8 with

oxygen [11].

Valencies of elements normally encountered in com-

bustion phenomena. The element valency for aluminum is

3. Values of equivalence ratio confirm the expected feature

regarding fuel richness [12].

Materials and methods

Availability of aluminium metal powder

The aluminium metal powder of various grades is readily

available in Sivakasi, Tamilnadu, India, because it is one of

the main raw materials for the fireworks. The manufac-

turers of this aluminium metal powder are catering nearly

700 fireworks and various other companies in and around

Sivakasi.

Preparation of different particle sizes of aluminium powder

The aluminium powder was sieved using different meshes of

numbers 150 (118 l), 200 (63 l), 300 (40 l) and 400 (35 l)

into five different particle sizes such as -100 ? 150, -150 ?

200, -200 ? 300, -300 ? 400 and -400.

Preparation of different mixtures of coal/Al powder

The five different particle sizes of aluminium powder

referred above were mixed thoroughly in three different

ratios: 90:10, 80:20, 70:30 of coal and Al powder respec-

tively. Also, pyrotechnic aluminium powder which is used

in fireworks (999 grade which comprises particles below
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40 l size) was also mixed in the following ratios: 90:10:0

and 70:15:15 of coal, pyrotechnic powder and -400 mesh

atomized powder respectively.

The method of mixing is as follows:

The powders are not mixed as per ASTM standard

[D2396-94 (2004)]. But, the homogeneous mixing was

obtained using the mechanical aided mixture machine. The

sieves used for this mixing are satisfying BSS standard.

The number of mixtures required was calculated with help

of Design of Experiment software. The use of aluminium

powder is limited to 30% in the mixture, because of the

safety aspects in the use of powder.

All the ratios are calculated by percentage of weight.

The details are shown in the Table 1.

Thermal analysis

Bomb calorimeter

The mixtures are tested in a bomb calorimeter to find its

heat of combustion. The results are tabulated in the

Table 2.

Thermal analysis in DTA

Experiments were conducted at non-isothermal conditions

with heating rate of 10 �C/min under atmospheric air up to

1,000 �C.

Details of Thermogravimetric/Differential thermal

analyser

Make: Perklin Elmer

Model: Pyris Diamond

Temperature range

Standard system: Room temperature to 1,100 �C

High temp system: Room temperature to 1,500 �C

Weight measurement: Horizontal differential balance

method

Sample weight: Max 200 mg

Heating range: 0.01–200.0 �C/min

Before starting the experiments, the temperature

calibration was done.

Experimental conditions:

The following parameters are kept constant during the

experiments:

Heating rate: 10 �C/min

Gas flow rate: 2 ml/min

Gas: Air

The temperature calibration before conducting experi-

ments was performed following manufacturer’s instructions.

Being the initial study to check the possibility of

inclusion of aluminium powder in coal, only three samples

are selected by the stratified sampling basis. Since the

results are conclusive, future study may include testing of

all samples under consideration.

Table 1 Different mixtures of Coal/Al. powder

Sample No. Al powder particle size Composition/wt%

1 999 90/10

2 999 and -400 70/15/15

3 -400 70/30

4 -400 80/20

5 -400 90/10

6 -300 ? 400 70/30

7 -300 ? 400 80/20

8 -300 ? 400 90/10

9 -200 ? 300 70/30

10 -200 ? 300 80/20

11 -200 ? 300 90/10

12 -150 ? 200 70/30

13 -150 ? 200 80/20

14 -150 ? 200 90/10

15 -100 ? 150 70/30

16 -100 ? 150 80/20

17 -100 ? 150 90/10

18 Coal only 100/0

Table 2 Heat of combustion for different Aluminium powder and

coal composition

Sample

No.

Al powder particle

size

Composition/

wt%

Calorific value/

cal g-1

1 999 90/10 8,259

2 999 and -400 70/15/15 8,160

3 -400 70/30 7,836

4 -400 80/20 7,841

5 -400 90/10 7,851

6 -300 ? 400 70/30 7,806

7 -300 ? 400 80/20 7,810

8 -300 ? 400 90/10 7,950

9 -200 ? 300 70/30 8,188

10 -200 ? 300 80/20 8,190

11 -200 ? 300 90/10 8,258

12 -150 ? 200 70/30 8,261

13 -150 ? 200 80/20 8,245

14 -150 ? 200 90/10 8,241

15 -100 ? 150 70/30 8,260

16 -100 ? 150 80/20 8,254

17 -100 ? 150 90/10 8,194

18 Coal only 100/0 8,284
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The graph between the heating temperature and the

temperature difference is given for coal with mixture of

aluminium powder (-150 ? 200) in the ratio of 80/20 and

90/10 is given in the following Figs. 1, 2 and 3. The burn

out and peak temperatures are shown in the Table 3.

Results of DTA

DTA behavior of clear coal sample is analysed and given in

Fig. 1. It has an initial onset point at around 250 �C. After

that, the output rises steeply to a peak and reaches a

maximum at 527 �C. After that, the temperature difference

decreases and at 657 �C, the reaction reaches a steady state.

For sample 13, which is an 80/20 mixture, the onset

point is at 224 �C. This is 26 �C lesser than that for coal.

This emphasizes the fact that Al powder addition has made

the mixture to ignite more quickly. The peak is reached at

the same temperature as that of coal, at 527 �C. However,

before reaching the final point, aluminium undergoes

melting since its melting point, 660 �C, is reached. This

allows a dip of output temperature from 634 to 647 �C.

Similarly the sample 14 also has the onset point reached

at 227 �C. This is around 23 �C lesser than that for coal.

The peak is reached at 524 �C almost the same as that of

coal and sample 13. The melting of aluminium takes place

from 632 to 647 �C, similar to that of sample 13. However

the amount of decrease in temperature of sample during

melting is decreasing with decrease in aluminium compo-

sition. This melting process is major disadvantage of the

usage of aluminium powder.

Ash test

Percentage of ash found in the samples are given in

Table 4.

The results like energy released, amount of CO2 pro-

duced, the weight of ash formed and thermal behavior of

aluminium powder along with coal with respect to particle

size of aluminium powder were very promising. This

emphasizes the fact that Al powder addition has made to

ignite the mixture more quickly.

Particle morphology of ash in SEM

The study under scanning electron microscope (SEM)

gives morphological analysis which provides information

about the physical relationships of the size, crystallinity

and juxtaposition of the phases present.

Two SEM images of coal, at 10009 and 30009, and

three SEM images of sample 13, at 10009, 30009 and

50009 were obtained.

Specifications:

Make: HITACHI Model - S 3000H.

Maximum magnification: 300,0009

Resolution: 3.5 nm
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Fig. 1 DTA curve for coal only
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Fig. 2 DTA curve for the mixture of Aluminium powder

(-150 ? 200) with coal in the ratio of 80/20
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Fig. 3 DTA curve for the mixture of Aluminium powder

(-150 ? 200) with coal in the ratio of 90/10

Table 3 Heat of combustion for different Aluminium powder and coal composition

Sample No. Al powder

particle size

Composition/

wt%

Peak

temperature/�C

Burn out

temperature/�C

1 Coal only – 526.77 249.93

3 150 ? 200 80/20 526.65 223.49

4 150 ? 200 90/10 523.55 226.72
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Image display: Secondary electron image

Automatic functions: Auto brightness and contrast, auto

focus and stigmatism, auto gun

alignment, auto start

Samples: Solid samples (pellets, powders, thin

films, metallic samples)

Different structures of coal ash and aluminium mixture

ash are shown in Figs. 4, 5, 6, 7 and 8

The SEM results show that for coal, the ash is granular

with regular structure. All the particles have a size range

from 5 to 8 lm. On the other hand, the aluminium mixture

sample shows a fibrous matrix. The particles are irregular

and of different particle sizes.

These inferences from the images lead us to incline

towards the fact that aluminium ash has some irregular and

needle shaped structures which may be dangerous to the

boiler parts due to abrasive effect of ash while being

removed.

Table 4 Percentage of ash content in different mixtures

S. No Al powder particle size Composition Ash/%

1 999 90/10 17.3

2 999 and -400 70/15/15 47.6

3 -400 70/30 39

4 -400 80/20 24.1

5 -400 90/10 13.4

6 -300 ? 400 70/30 35.35

7 -300 ? 400 80/20 22.8

8 -300 ? 400 90/10 13.12

9 -200 ? 300 70/30 34.28

10 -200 ? 300 80/20 23.8

11 -200 ? 300 90/10 13.4

12 -150 ? 200 70/30 32.31

13 -150 ? 200 80/20 22.1

14 -150 ? 200 90/10 12.3

15 -100 ? 150 70/30 32.4

16 -100 ? 150 80/20 21.8

17 -100 ? 150 90/10 11.8

18 Coal only 100/0 1.92

Fig. 4 Coal ash in 10009

Fig. 5 Coal ash in 30009

Fig. 6 Ash image for the mixture of Aluminium powder

(-150 ? 200) with coal in the ratio of 80/20 in 10009

Fig. 7 Ash image for the mixture of Aluminium powder

(-150 ? 200) with coal in the ratio of 80/20 in 30009

Fig. 8 Ash image for the mixture of Aluminium powder

(-150 ? 200) with coal in the ratio of 80/20 in 50009
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Crystal structure of ash analysis in XRD

X-ray crystallography is a technique in crystallography in

which the pattern produced by the diffraction of X-rays

through the closely spaced lattice of atoms in a crystal is

recorded and then analyzed to reveal the nature of that

lattice. This generally leads to an understanding of the

material and molecular structure of a substance.

The pattern of powder diffraction peaks can be used to

quickly identify materials (from the JCPDS pattern data-

base), and changes in peak width or position can be used to

determine crystal size, purity, and texture.

The XRD has a sample spinner in which the sample is

placed.

The X-ray beam is made to pass on the sample at

glancing angles from 20 to 80 degrees.

The output of the diffraction is obtained as a graph with

the counts representing the amount of diffraction.

The FWHM (Full Wave Half Maximum) value (i.e.) the

width of the peak at half its height is tabulated along with

the D-spacing values.

The values are used for further calculations.

The specifications of the equipment is as follows:

Make: PANalytical

Model: X’per PRO

Source: Cu K (2.2 KW Max.)

Detector: X’celerator (Semiconductor)

Beta filter: Ni foil (incident beam side) Graphite

crystal (diffracted beam side)

Attachments

sample holder:
Sample spinner and zero background

sample holder

The XRD results are obtained as a graph between the

counts and the glancing angle. The graphs and peak values

in the graphs for coal ash and the sample 13 ash are shown

in Figs. 9 and 10; Tables 5 and 6.

The peaks in the graph show orientation of atoms in a

plane at an angle. Though coal has lot of peaks, its maxi-

mum count value reaches only to 340.97 which is taken as

the reference for relative intensity. However the value of

counts reaches a maximum of 1539.06 for sample 13. This

denotes high atom orientation in a single lattice plane.

Further analysis is to be made and the miller indices,

crystal structure and the grain size have to be found out

using the JCPDS sheet.

Reproducibility and repeatability

The results of all experiments performed by the author

were evaluated with the use of different equipments based

on the original experimental description. The results are

same with negligible error since the coal mixture could not
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Fig. 9 XRD graph of coal ash
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Fig. 10 XRD graph of ash for the mixture of Aluminium powder

(-150 ? 200) with coal in the ratio of 80/20

Table 5 Details of XRD graph details of Coal ash

Position �2h Height/cm FWHM �2h D-spacing Rel. Intensity/%

20.8592 71.30 0.3346 4.25868 20.94

26.7054 340.47 0.2844 3.33819 100

33.3316 39.70 0.2509 2.68817 11.66

35.2928 51.92 0.2342 2.54316 15.25

36.5980 13.36 0.2676 2.45540 3.92

37.1018 11.40 0.2007 2.42321 3.35

39.4270 31.61 0.4684 2.28550 9.28

40.9639 60.56 0.2676 2.20323 17.79

42.6344 26.43 0.3346 2.12069 7.76

45.6859 9.20 0.4015 1.98589 2.70

48.1456 6.36 0.4015 1.89003 1.87

50.2463 22.70 0.4015 1.81583 6.68

57.6222 13.64 0.2676 1.59971 4.01

59.9423 24.87 0.4015 1.54322 7.30

60.6655 32.88 .3680 1.52654 9.66

64.5866 17.22 0.4015 1.44302 5.06

68.0259 14.56 0.8026 1.3720 4.28

70.5077 8.88 0.6691 1.33565 2.61
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be affected by weather or any environment condition. The

repeatability of results is confirmed by conducting same

experiments successively.

Conclusions

The results indicate that the calorific value of the alumin-

ium powder is more than coal. Aluminium powder addition

has made to ignite the mixture more quickly. So, it is

recommended that aluminium powder is the best alternate

to coal. But, the ash content is high and thus the solid waste

problems may be expected.

The XRD results show that the crystal structure of the

ash of the aluminium powder is having irregular and needle

shaped structures. This cannot be used in the boiler parts

due to its abrasive effect. So, the solid waste problems may

be severe.

However the work will be completed after fulfilling the

following:

• The various types of coal also have to be tested along

with aluminium.

• Since coal arrives at different lots even from the same

supplier, different lots of the same coal also have to be

tested.

• Different particle sizes of coal have also to be tested

out.

• Proper waste disposal methods and re-uses for the ash

have to be found out.

• Experimental study of boiler tube abrasion by the ash

could be also done.
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