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Abstract: This work provides a method to use waste carbon of fuel ash left after steam generation in
power stations in Egypt to prepare valuable products such as activated carbon and alumina-dolomite-
carbon bricks. Carbon content in ash as received amounts to 41.22%, S to 7.2% and others to 11.36%
compared to 80%, 4.2% and 2.55% after cleaning respectively. Impurities (21 wt%) in carbon were
decreased to 4.78% by sulphuric acid leaching, and carbon content in ash amounts to 95.22%, S to
4.35% and others to 0.36%. Activated carbon (AC) with surface area of 1050 m%/g was prepared by
steam gasification at <800 °C in presence of zinc chloride. The activation process has AE value of
82.6 ki/mol. The AC quality was tested by adsorption of hexa-valent Cr®* from waste tannery
solution. It adsorbed 124 mg Cr®/g C equivalent to 94% of the present Cr®". Alumina-dolomite-
carbon bricks were made by hot mixing Al,O3, dolomite, C with coal tar pitch. The green bricks
were baked at 1000 <C, multi-impregnated with molten coal tar pitch followed by charring at 750 <C
to seal the porous system of the fired bricks.The prepared brick samples have high density value,
good thermal and chemical stability, an outstanding resistance against hydration (>60 days). Brick
body is a heterogeneous composite of dolomite and carbon particles that possess different physico-
chemical properties.
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1. Introduction

Fossile fueloil is used in Egypt providing close to 90% of entire power needs. Upon combustion
of the olil, it produces fly and bottom ashes. Water used in electricity generating plants is supplied
from River Nile. Assiut electric power plant has 2 generation units 312 MWh each (a maximum
power of 2 x312MW/h) [1]. Solid wastes from power plants can be classified into three categories.
Partial utilization of ash has been commonly practiced, as fill for roads, runways, construction
sites—cement and brick admixtures. Burning heavy fuel oil yields about 3 kilogram of ash per cubic
meter of oil [2], whereby most of the remaining was ash (approximately 90%). In some cases, ash
may be collected by electrostatic precipitators or cyclones [3,4]. It has been reported that some ashes
from the flue-gas and boiler residue were fed to the agriculture growing area to reclaim the soil. The
minerals in ashes may improve or increase the land fertility, crop growth and yield more agriculture
productivity [2].

Fuel oil ash may contain vanadium and other noncombustible and potentially toxic chemicals
that may be present in the oil [5,6]. The recovery methods of vanadium from the vanadium-
containing ashes showed that there was no single approach to directly recovering vanadium. Specific
leaching mode from each ash depended on its chemical and phase compositions [7]. The type of fuel
determines the amount and properties of ash. For instance, coal used in boiler produced large amount
of both types of ashes, whereas fuel oil produces little bottom ash. On the other hand, gas produces
little of either the two types of ashes. U.S. Geological Survey reported that fossil fuel combustion
resulted in concentration of most trace elements in ash by approximately 10 times the concentration
in the original fuel [8,9] Heavy oil ash (HOFA) consisted of inorganic substances such as silicon
dioxide (SiOy), iron oxide (Fe;03), aluminum oxide (Al,0O3) and 70-80% unburned carbon [10] The
HOFA contains a considerable amount of metal values such as vanadium (V, 20-30%), nickel (Ni,
0.8-6%), arsenic (As), cadmium (Cd), mercury (Hg), chromium (Cr) and copper (Cu) [11]).
Worldwide several million tons of HOFA are generated each year, and only a small portion of these
ashes is re-used for productive purposes [12].

Recently, recycling concern of ash is due to increasing landfill costs and current interest in
sustainable development. In U.S., coal-fired power plants generate >71 million tons of ash [13]. In
case about 42 million tons of the ash is recycled, the need for landfill space will be only
27,500 acres. Other environmental benefits to recycling ash includes reducing the demand for virgin
materials that would need quarrying and cheap substitution for materials such as Portland
cement [13,14]. As of 2006, about 125 million tons of coal-combustion byproducts, including ash,
were produced in the U.S. each year, with about 43% of that amount used in commercial applications,
according to the American Coal Ash Association Web site. As of early 2008, the United States
Environmental Protection Agency hoped that figure would increase to 50% [14].

The aim of the present work is to reuse fuel ash to prepare valuable products such as activated
carbon and alumina-dolomite-carbon bricks. The impurities in ash amounts to 21 wt% were
decreased to 4.78 % by leaching with sulphuric acid. Carbon increased to 95.22%, S to 4.35% and
impurities to 0.36%. Activated carbon (AC) having surface area of 1050 m?/g pores of meso size was
prepared by steam gasification at 900 <C. The effect of mass ratio of water vapour:carbon on the
quality of the produced activated carbon was investigated. Also it shows that leaching of the ash with
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sulphuric acid has no harmful effect on the thermal and mechanical properties of the prepared bricks
samples.
The objectives are:

1. To treat the waste ash by leaching with sulphuric acid to remove the major part of its impurities
mainly of mineral source.

2. To prepare active carbon by steam gasification at temperature <1000 °C for time up to
90 minutes.

3. To prepare alumina-dolomite-carbon bricks by mixing alumina, dolomite and purified carbon and
use of coal tar pitch as a binding agent.

4. To improve the thermal and mechanical stability of the fired bricks by multi impregnation using
coal tar pitch. Each impregnated sample was claimed at 750 <C to carbonize the tar pitch.

5. To predict that the method is effective, simple and friendly environmental.

2.  Materials and Method
2.1. Materials

Ash sample weighing about 10 kg was supplied by Assuit Power station plant 2 < 312 MW
(East of Assuit City). The sample was dried, fine ground, and sieved to pass an opening size 42 um
prior to de-ashing. It was washed with distilled water in hot conditions for 3 hours.

2.2. Characterizxation of Ash
2.2.1.  Chemical Analysis

Chemical analysis of a sample was carried out according to American Society for Testing and
Materials method ASTM, D1762-84. Samples were dried for 3 h at 105 °C to get rid of moisture
before analysis. Volatile matters analyses was carried out at 550 °C for 7 min in capped crucibles
while ash content was determined at 900 °C for 6 h in open crucibles. Carbon content was
determined by difference as shown in Equation (3). The ash content is defined as the remaining
inorganic contents after the complete removal of fixed carbon, volatile matter and moisture. Sulphur
was determined by the Eschka method as lead sulphate.

The ash content was calculated using the equation:

Ash [%] = ash weight [g] x 100% )

oven dry weight of ash sample [g]

Volatile matters were calculated using the equation:

weight of volatile compound [g]

Volatile matter (VM) [%] =

x 100% ()

oven dry weight of ash sample [g]

Fixed Carbon (FC) [%] = 100% — (VM + Ash) (3)
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2.2.2. Elements Content

Determination of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) was conducted using a
Costech TM. Elemental Analyzer, ECS 4010 Elemental Combustion System.

2.2.3. Particle Size Distribution

Representative sample was placed into a size screen analyzer (Retsch S1000) to determine the
size distributions of particles.

The BET surface area and pore volume distribution of the obtained carbon were determined
using Micromeritics ASAP 2020 using nitrogen adsorption isotherms at 77.35 K. A sample of
0.3210 g was degassed and dried at 150 °C under vacuum for 6 h [15].

2.2.4. X-ray Fluorescence Spectroscopy Determination (XRF)

Quantitative analysis of the major elements within the candidate CFA with particle size less
than 99 um (obtained by sieving) was determined by X-ray Fluorescence Spectroscopy, using a
Magi”X Pro XRF spectrometer from PANalytical. The sample was placed in an aluminum cup and
hydraulically pressed into pellets under very high pressure of 20.2 MPa for 60 seconds.

2.2.5 Scanning Electron Microscope (SEM)

To examine the surface morphology of samples was observed by JEOL JSM-646LV Scanning
Electron Microscope. The sample was initially dried, fixed with double-side masking tape, and then
gold-coated using a sputtering machine for 6 minutes in order to improve the conductivity of the
sample. The aim of carrying out this test was to determine the shape of the carbon particles.

2.2.6.  Fourier Transform Infrared Spectroscopy (FT-IR)

The functional groups on the surface of the OFA were analyzed using FPC FTIR Perkin Elmer
spectrophotometer. A weight of 1-2 mg of the OFA was mixed thoroughly with 1.0 g of fine dried
powder of KBr. Then the resulting mixture was hydraulically pressed at10 ton/m? to obtain a thin
transparent disk. The thin disk was placed in an oven at 110 °C for 4 hours to prevent any
interference of any existing water vapor or carbon dioxide molecules. All the FTIR spectra were
taken in the transmission mode.

2.2.7.  Thermal Analysis
Thermal characteristics were determined using a TGA Instrument TGA-50/50H Shimadzu

thermogravimetric analyzer. Approximately 10 mg of the sample was heated from room temperature
to 1000 °C at a heating rate of 10 °C/min. The thermogravimetric (TG) plots describe the weight loss
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of the sample with increasing temperatures while the differential thermogravimetric (DTG) plot
illustrates the derivative of sample mass with time at a specific temperature.

2.2.8. Steam Activation

The steam activation process was conducted in a tube furnace fitted with digital temperature
control, by inserting superheated dry steam in a tube furnace containing a dish loaded with 10 g de-
ashed carbon. The flow rate of steam, temperature and time of steaming were managed to achieve a
total loss in weight of 70% max. Figure 1 and Figure 2 show a schematic diagram and a photograph
of the test rig used for streaming the carbon respectively.

Figure 1. A schematic diagram of the steaming test rig. 1: support, 2: tube furnace fitted
with digital temperature control, 3: Steam super heater, 4: Alumina boat with carbon
sample, 5: Steam generator.

Figure 2. A Photograph of the experimental rig used to activate carbon.
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2.3. Preparation of the Alumina-dolomite-carbon Brick

Alumina-dolomite-carbon bricks were prepared by mixing fines of high quality bauxite,
magnesium oxide with carbon up to a weight ratio of 75% of Al,0; and MgO. The blend moistened
and bound with fire clay or hot mixed with coal tar pitch and pressed in a rectangular die having the
dimensions 100 %80 <80 mm. The pressed green bricks, with fire clay, were air-dried for 48 hour
and in a drier maintained at 105 <C for 24 hours. The bricks were then fired in a salamander crucible.
The bricks were covered with graphite powder and covered with a SiC lid. It was then placed in a
chamber furnace. The furnace was then switched on and heated at temperature up to 1200 <C at a
heating rate of 5 <T/min. The fired bricks were tested for density, chemical and thermal resistance
applying the methods given in the standard methods.

2.4. Characterization of Alumina-dolomite-carbon Bricks

Density value was determined with the help of water displacement technique using density
bottle 50 ml volume. Mechanical strength was measured by subjection cubes of the brick specimen
on a bed plate of a compression machine till rapture.
3. Results and Discussion
3.1. Ash
3.1.1.  Chemical Analysis

Ash sample was analyzed to identify the unwanted elements other than carbonto clean it. The
major impurity was iron, vanadium and sulphur. Iron and vanadium were successfully leached with
2 M hot sulphuric acid. Only sulphur in sulphidic form was removed while organic sulphur still
remains. Table 1 shows the chemical analysis of the ash sample, Table 2 shows the elements detected
after acid leaching, while Table 3 shows the elements in the ash after carrying out the acid leaching

process. It is seen that the carbon percentage in ash increases from 41% to about 80% by weight.

Table 1. Chemical analysis of the ash sample (as received).

Moisture content (wt%)  Fixed carbon (wt%)  Volatile matter (wt%)  Ash content (wt%)
0-11 ~40 <28 21.12

Table 2. Elements detected in the fuel ash sample.

C (wt%) H (wt%) N (wt%) S (wt%)
41 0.57 0.59 7.96
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Table 3. The XRF analysis of the carbon material.

Components Amount (%)
S 7.2
Fe 4.7
\% 3.14
Ni 2.18
Si 1.00
Ca 1.3
Al 0.314
Zn 0.281
Mg 0.314
Pb 0.204
Ba 0.103
K 0.0985
Cr 0.0979
Ti 0.0589
Mn 0.0405
Sr 0.0398
Co 0.0377
Cu 0.0202
Ir 0.0106
w 0.0103
Sn 0.00545
C 79.8

Total other than C 21.12

3.1.2. Size Distribution

The cumulative particle size of the ash sample is shown in Figure 3. It can be seen that the
largest size amounts to 117 um whereas the finest amounts to 0.09-0.11 um. The weight percent of
these two ultimate sizes amounts to 0.01% and 0.04%. The results given in Figure 3 illustrates that
the cumulative weight of the different grain sizes increases to 30% gradually with increase of the
grain size up to 10 um. The cumulative % weight increases dramatically up to 70% with coarser size.
With the coarsest size, the cumulative percentage decreases drastically to 100%.
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Figure 3. The cumulative weight of the different grain sizes.

The difference in grain size distribution can be explained due to the following reasons:

a. The power plants work in different conditions.

b. The properties of the used fuel may differ, i.e., heavy oil containing excessive weight of free
carbon particles generates large amounts of ash as compared to the light fuel.

c. The size of nozzle of the burner fitted in the boiler of the power generation cannot be resist
frequent wear [16], showed that carbon in ash may be attributed to modification of the combustion
process but there are a number of other factors such as boiler design, boiler operation and fuel
properties which also play a part. It is usual that the term loss on Ignition (LOI) is wrongly used to
mean chemically investigated analysis. But it is true that in many cases the figures are quite similar,
LOI also contains losses which are not carbon and so it is not a true indicator of the ability of a LNB
system to burn coal efficiently. In most instances the LOI figure will be marginally higher than CIA
depending upon the coal type and sample condition. Refs [17,18] showed that the nozzle geometry
plays a vital role in fuel-air mixing. The emission levels of hydrocarbon and NOy are appreciably
reduced with the addition of CON.

d. The air:fuel mass ratios also display an important reason to determine the extent and size of
the ash carbon. Air in excess will alleviate the extent on grain size of the formed ash, whereas
shortage of in air:fuel mass ration will help smoking of the fuel due to incomplete combustion.
Refs [17,19] showed postulated two systems to explore the mechanism of combustion of the mazout
fuel. The authors found appropriate method, which would detect change in the composition of the
fuel being burned. We have utilized wavelet transform of a signal corresponding to flame radiation
intensity. The signal is obtained through flame monitoring system that was developed at Dept. of
Electronics, Lublin Univ. of Technology. The multichannel, fiber-optic probe, which is the key part
of the system, enables far better spatial resolution of measurements comparing with the other
solutions and is specially designed to work in harsh conditions. The two systems were the fiber-optic
flame monitoring system and the Wavelet transform system. In conclusion, they reported that both
continuous and discrete wavelet transforms are the proper methods, which applied in analyzing flame
pulsation signals could detect the change of the fuel to be burned. However, continuous wavelet
transform is only applicable at preliminary research for it requires far more computational power.
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Results obtained in such a way are more legible. Continuous wavelet transform could be helpful with
choosing the proper analyzing wavelet to ensure the desired resolution in time and frequency [scale]
domain and avoid phase distortions due to asymmetries of some wavelets. Table 1 shows the
approximate analysis of the ash. Table 2 shows the elements present in the ash.

The presence of moisture content in the ash denotes its hygroscopic nature. Volatile matters are
due to incomplete combustion in the burner of the power plant, while the extraordinary high
percentage of ash content is due to the fact that the oil used is inferior and contains high mineral
impurities.

3.1.3. Elemental Analysis

Results obtained assume that the process of combustion taking place in the power station is
incomplete. However, burning of the liquid fuel may proceed through a multistep process. The liquid
fuel transforms from the liquid phase to a gaseous phase, the latter admixes with the gaseous oxidizer
which is air. The gaseous mixture [fuel and air] catches fire. Step (1) involves the presence of fuel
mazout in low viscosity to help smooth flow. The latent heat to accomplish this step is comparatively
low in summer days and becomes of consideration in winter season of ~11 kJ/kg -C [20]. The
second step involves vaporization of the liquid fuel to a vapor state (1100 kJ/kg/<C), the third step is
assigned to transfer the vapor to gas by a latent heat of gas formation, the fourth step in which fuel
gas is mixed with air can be physically matched with a very low energy, the fifth step is the burning
process of the fuel/air mixture. In the latter step, complete burning of the fuel/air mixture takes place
with generation of heat energy and subsequent formation of ash (mainly metallic ash). The overall
process of combustion steps 2 through 6, the products are heat energy, carbon, ash and volatiles. This
model explains why the ash contains carbon and ash. Table 3 shows the metal components of the
carbon material as obtained by XRF determination. The element sulphur is present as organic sulfur,
elemental sulfur and pyritic sulfur compounds [21]. Acid leaching removes most of minerals together
with some sulphur. This statement finds support from the fact that during carbon activation by steam,
the output products contains hydrogen sulphide gas.

3.1.4. The Relation between Surface Area and Pore Size Distribution

Results of surface area and pore size were conducted by BET method using liquid nitrogen. The
shape of the curve obtained exhibits a parabolic shape. The optimum value of surface area takes
place at 70% amounts to 1050 m?/g using steam:C ratio of 10. With lower or higher mass ratio, the
surface area acquires lower value. The reason of that criteria is that with higher steam:C ratio, the
formed pore system collapse and the wall separating two adjacent pores is consumed to form one
wider pore. With lower mass ratio less pores are formed.

3.1.5.  The Thermo Gravimetric Study

A thermo gravimetric study on the as-received ash sample was carried out. The curve (Figure
not given) displays two loss phases. The first phase of loss takes place within the temperature range
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25-120 <C. Such loss in weight is due to the escape of residual moisture content. The second phase
takes place at up to 800 <C. This assumption finds support from the TGA curve and the FT-IR peak
appeared at 1631 cm*, the second phase of loss takes place within the temperature range 450 <C to
~785 T is due to the thermal decomposition and volatilization of the organic compounds found
attached to the carbon surface of the ash. The continuous and gradual decrease in weight taking place
throughout this temperature range (450-780 <C) denotes that more than one organic compound on
the carbon surface decompose and volatilize at different temperatures. The organic compounds are
completely decomposed at 780 <C.

Results are in a good agreement with the hypothesis reported by Engineeringtoolbox.com [22]
and others [23,24].

Figure 4 is a hypothetical schematic structure of carbon particle with metal impurities before
and after dashing.
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Figure 4. A hypothetical schematic structure of carbon particle with metal impurities
before and after dashing. a: Fuel ash composition model, b: Partially deashed carbon
entities, c: deashed carbon (M = metal).

3.2. Activation of Cleaned Carbon Derived from the Ash

Preparation of activated carbon was carried out by steam gasification. The test rig used in this
process is given in Figure 2. The temperature of activation was taken at 750-950 <C. Activation
process was carried out for different periods up to 90 min. The weight loss of carbon is found
insignificant after 45 min. It increases linearly with further increase in time of activation up to
90 min whereby a weight loss amounts to 75%.

Figure 5 shows the effect weight ratio of steam/carbon on the surface area of the obtained
activated carbon. It is seen that the curves display an inverted parabolic shape with its optima at
10 mg steam/g carbon. The optimum magnitude of surface area of 1050 m%g was displayed at
900 <C with steam:carbon weight ratio of 10. With lower of higher steam ratio, the magnitude of
surface area displays a lower value. Results can be ascribed to the following model. The carbon
obtained after acid leaching of the ash is built up of carbon entities without symmetric ordering of
structure, orientation or arrangement. The ash impurities are linked to carbon via bonding of a
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covalent magnitude. Carbon loaded with metals has low magnitude of surface area as the metals have
very low surface area. Acid leaching removes the metals from carbon that helps to acquires high
surface area upon gasification. Although the surface area of the activated carbon obtained from the
ash carbon is lower than that of the surface area of carbon prepared from coconut shell, yet it can be
considered a convenient quality on basis of cost.
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Figure 5. Surface area of carbon as a function of weight of steam:C.

Figure 6 shows the pore volume as a function of size distribution of the obtained activated
carbon. It is seen that the meso pores (2-50 pm) exhibits the major volume (58%). Figure 7 shows
the Arrhenius plot of the activation process. The AE magnitude was computed and found to be
82.6 kJ/mol. Activated carbon sample was tested to adsorb Mg?* and Cr®* from waste Tannery
solution.
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Figure 6. The pore size distribution of the activated carbon prepared from fuel ash carbon.
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Figure 7. The Arrhenius plot of the activation process.

Results are in a good agreement with model suggested for the mechanism of activation (item
3.6). During thermal heating of the carbon under superheated steam, certain sites on the carbon
surface get overheated and these constitute the most active points of reaction with steam. At these
sites, initiation of pore entrance starts. With time the pore system develops and a porous structure
develops. It follows that the surface area of the activated carbon increases with the increase in pore
system. With more time or at higher temperatures >950 <C, some walls separating two adjacent pores
are consumed in the steam—C reaction and a new pores with wider diameter initiate leading to a
decrease in the surface area of the carbon. The surface area of a wide pore is comparatively less than
two adjacent pores having lower diameter. Figure 8 shows the SEM investigation of the activated
carbon.

Figure 8. The SEM of active carbon prepared from cleaned waste fuel carbon.
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Figure 9 shows that the extent of adsorption increases with the increase of the mass of activated
carbon used for adsorption. Nearly adsorption of the all the chromium ions are adsorbed with 50 g
carbon/one liter of the waste solution.

It is also seen that about 124 mg CR®" were adsorbed by 1 g carbon corresponding to 94% of
the available chromium ions in waste tannery solution.
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Figure 9. The extent of chromium adsorption from waste tannery solution as a function
of the weight of activated carbon at room temperature.

3.3. The Alumina-dolomite-carbon Bricks

Brick body is a heterogeneous composite body. Results of density measurement of the finished
brick sample revealed that the density value increases with the increase in the alumina content and
decreases with the increase of dolomite. The green brick samples are stronger than the baked bricks.
In practice, for ladle furnace (LF) needs, the CCS of high performance green and baked carbon-
bonded dolomite bricks amounts to 500 kg/cm? and 450 kg/cm? respectively. The prepared samples
acquired CCS values close to or higher than those of commercial quality. The bricks mechanical
strengths were traced as a function of binder content. It was shown that this property increased with
increase in bider content attaining its maximum with 6-8% by weight of the bonder. Results can be
explained by the gradual satisfaction of body voids with a carbon framework left after charring of the
binder. Voids is only satisfied with an adequate carbon framework with >9 wt% binder. With lower
binder content, the porous system of the brick body is not fully filled in. Figure 10 shows the
mechanical breaking strength (MBS) of the samples. It can be seen that the mechanical strength is
directly related to the mass percentage of alumina present in the body of the brick. The maximum
breaking strength MBS amounts to 325 kg/cm? whereas the minimum value amounts to 180 kg/cm?.
Results can be ascribed to the fact that the filling particles of the brick are bound with hard carbon
bridges formed by thermal charring of the coal tar pitch that was used as a binding agent.
Impregnation also imparts a support parameter to the mechanical properties of the brick body.
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Alumina is a high refractory material with high hardness property as compared to both magnesium
oxide and carbon.
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Figure 10. The mechanical strength of the fired brick as a function of alumina content.
4. Conclusion

From the above results, it can be concluded that ash contains different elements tabulated in
Tables 1 and 3. The weight percent of free carbon amounts to 40%. Total ash amounts to 21%, ash
contains iron oxide (4.7%), vanadium and nickel (3.14 and 2.18%). The detection of total sulphur in
high percentage (7.2%) makes the carbonaceous material immaterial for application otherwise it is
removed. The work done improves the physic-chemical properties of the separated carbon to meet
the specifications for the preparation of different engineering materials such as activated carbon
(adsorbent for purification of wastewater in galvanization industry, printing of electronic boards,
deionizing of drinking pevarage water, decolorization of sxectra pure water, recovery of metals ions
from solutions recovery of chloride and fluoride ions from brakish water, separation of poisoning
soluble gases, adsorption of poisoning gases from aor during dirty war, etc...) and alumina-dolomite-
carbon bricks for use in steel furnaces, and other useful products (alumina-dolomite-carbon bricks
for use in steel furnaces, lining of ladle furnaces, lining of chemical corrosive containers and other
useful products. The method of treatment is rather simple and cost effective.
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