
an average of 15 wt. percent ash, of which 70 wt. 
percent was collected as fly ash. 

600 

PROJECTED COAL CONSUMPTION— y' 

PROJECTED ASH PROOUCTiON 

ACTUAL COAL 
VA",MaT ION -

 

FLY ASH 

'\\\ 

1950 1960 196S 19:0 1575 1980 
YEAH 

Figure 1. Coal Consumption and Ash Production by 
U.S. Electric Utilitics.1 
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Abstract. The large volume of fly ash being produced, largely 
in'centralized locations, and the composition of the ash present 
unique opportunities for the recovery of minerals. A typical 
United States fly ash will contain about 21 percent alumina and 
17 percent iron oxide, the balance being primarily silica. Up 
to 85 percent of the iron oxide can be removed from the ash by 
magnetic separation. 

Since 1972, three different processes for recovering alumina 
from the non-magnetic fraction of fly ash have been under in-
vestigation at the Ames Laboratory. The processes are lime-
sinter, hydrochemical and high-temperature chlorination. Signi-
ficant progress has been made with the latter and it will be 
discussed in detail. 

In the chlorination process, the non-magnetic fraction of 
the fly ash is mixed with carbon and chlorinated in a fixed bed. 
Because the iron has a high chlorine affinity, the iron remaining 
in the ash can be removed as volatile iron chloride at 400°C to 
600°C; very little aluminum and silicon react. The temperature 
is then raised to 850°C to 950'C where a mixture consisting 
mostly of volatile aluminum and silicon chlorides forms. When 
the vapors are cooled, solid aluminum chloride condenses at 120°C 
to 150°C while the silicon tetrachloride remains in a vapor 
state because of its low condensation temperature. The silicon 
tetrachloride can be easily decomposed to form silica and HC1 
thus recycling the chlorine. 

Introduction 

With the declining long-term availability of 
oil and natural gas, coal is assuming a major role 
in the generation of electricity to meet national 
demands. The reduced availability of fuel oil and 
natural gas, and the environmental, sociological, 
and regulatory problems which are slowing the de-
velopment of nuclear power, have pushed coal con-
sun.ption to unexpected levels. As the demand for 
coal increases, lower grade, higher ash content 
coals will be burned. At the same time, better ash 
removal facilities are more effectively removing ash 
particles from the combustion gases. These factors 
tend to further increase coal ash production. Data 
which illustrate the extent of the continuing in-
crease in the rate of coal consumption and resultant 
ash production are shown in Figure 1.1  • 

Most of the coal used in power generation 
plants is burned in pulverized form. The coal 
particles burn in the fire box of the boiler and 
about two-thirds of the residual ash leaves in the 
furnace gas stream in the form of suspended, finely-
divided particles which are collected as a fine 
powder known as fly ash. The remainder leaves as 
bottom ash, the portion of the ash which slags and 
falls into the pit below the burner. The data in 
Figure 1 show that the coal burned in 1975 contained 
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Coal Ash Composition 

The amount of ash in coal varies over a wide 

range. This variation occurs not only in coals from 

different locations, but in coals from different 
areas of a mine. The composition of the ash, how-
ever, is much less variable. 

Composition data for the major ash constituents 
have been collected in a study in which commercial 
samples of coals produced throughout the United 
States were analyzed.2  Similar data have been col-
lected for the fly fsh fraction only. These data 
are shown in Figure 2.3'4  Although the constituents 
are reported as oxides, they occur in the ash as a 
mixture of silicates, oxides, carbonates, and sul-
fates, with small amounts of phosphates and othe; 
compounds. From Figure 2, the average fly ash analy-
sis for the three major constituents is shown to be 
44 wt. percent silica (Si02), 21 wt. percent alumina 
(A1203), and 17 wt. percent ferric oxide (Fe203). 
These constituents comprise about 90 wt. percent of 
the fly ash from bituminous coals; lignite coal 
ashes contain larger amounts of calcium oxide (Ca0) 
and magnesium oxide (Mg0) and less ferric oxide. 

Minerals from Coal Fly Ash 

The large volume of coal ash produced presents 
a unique opportunity for the recovery of minerals. 
Using average values, the fly ash produced by a 
1,000 megawatt power plant will contain mineral 
equivalents as listed in Table 1. The total amount 
of fly ash produced per day from this single plant 
will be about 1,500 tons. 

A 1974 listings  stated that there were 32 
privately owned, coal burning steam power plants 
with capacities of 1,000 megawatts electricity 
generated, or greater. These plants are located 
nationwide but a large percentage are in the Eastern 
states. Figure 3 illustrates this distribution by 
showing the locations where coal ash is produced in 
the United States.6 

Recovery of all of the alumina from the fly ash 
from one 1,000 megawatt facility would produce 
approximately 60,000 tons of aluminum metal per yeas 
This would permit a reduction in imported bauxite 
ore of 250,000 tons. ,The iron oxide can also be 
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Figure 2. Range and Average Content of Different 
Chemical Constituents in United States 
Fly Ashes.3'4 

Table 1. Annual Equivalent Mineral Content of Fly 
Ash from g 1,000 Megawatt Flower Plant 

Mineral Tcns/yr  

Si02 231,800 
Al2O3 111,300 
Fe2O3 50,700 

Ca0 20,100 
SO2 13,800 
K20 8,000 
TiO2 6,400 

Mg0 6,400 
Nat  0 3,200 

P2 05 1 600 

Total tons/yr 493,300 

Figure 3. Locations of Privately Owned, Coal 
Burning Steam Power Plants with 
Capacities of 1,000 Megawatts 
Electricity Generated, or Greater.6 

recovered and theoretically would produce 60,000 
tons of steel per year. 

A fly ash processing complex could be a central 
plant serving several power generatior, facilities. 
Such an installation could be built tc serve each of 
our large cities and would recover sal  to 2,000 
equivalent tons of aluminum per day. The amount of 
transportation required would be small. As few as 
50 such installations could process as much as 75 
percent of the total fly ash produced. 

The development of processes for the recovery 
of valuable minerals from uaste coal ash has great 
economic potential. The material is not being used 
now in any significant amount, is already mined and 
pulverized, and could be processed to produce 70 
percent of our current aluminum requirement and 10 
percent of the national iron demand. These process-
ing facilities would provide jobs, reduce power 
generation costs through the sale of recovered 
minerals, and reduce our national deficit in the 
balance of trade for metals, which is now over two 
billion dollars annually.7  In 1975 only 10 percent 
of the fly ash produced in the United States was 
utilized; 37.8 million tons were trucked or sluiced 
to a disposal area.8 

Requirements for aluminum metal are increasing 
at 5 to 7 percent each year and the demand by the 
year 2000 may be as high as 30 to 40 million tons 
per yeor.9 

84 



:5:C  
Chrrimori• 

le% at,  - CO norp.A. 

---w a No TOW, 
Fyer... 

1,17 1146 

Oftime 

• komp.. I  

11150•C  
am. 

50 

Magnetic Separation of Iron Oxide from Fly Ash  

Since most of the iron oxide in fly ash is nor 

chemically bonded to the aluminum or the silicon 
compounds,,an iron fraction containing 70 to 90 
percent of the iron oxides in the ash can be sepa-
rated magnetically. Table 2 contains chemical 
analyses of the whole fly ash and of the magnet-
ically separated fractions for a typical midwestern 
power plant fly ash. The fly ash used has been 
shown by earlier research10 to contain about average 
mineral values for a midwestern fly ash. and is near 
the tnational average for bituminous-type ash. 

The iron content in the magnetic fly ash 
fraction is about 70 wt. percent Fat  03. With 
further treatment to reduce the silica.and alumina 
content this material should be usable in pelletized 
form as a blast furnace feed. No additional treat-
ment is necessary to market the material as 
"magnetite" for use in the preparation of dense-
media suspensions used in coal washing and ore 
beneficiation. There also may be applications for 
magnetic fly ash as a seed material in high-inten-
sity, high-gradient magnetic processes for desul-
furizing coals.11 

The magnetic separation is made using a special-
ly designed electromagnetic device. A linear 
electromagnet attracts the ferromagnetic particles - 
and transports them along the length of a magnetic 
surface thus separating the magnetic from the non-
magnetic particles. The separation is made dry 
because the fractionation obtained is "satisfactory 
and because dry material is used for the chlorina-
tion reaction. Magnetic separation can be conducted 
commercially either wet or dry, and ordinary 
magnetic drum or magnetic rotor equipment should be 

Table 2. Composition of C-1 Fly Ash and Fractions 
Obtained by Magnetic Separationd." 

Constituent 

Chemical Composition, Wt. Percent 

Whole 
Fly Ash Magneticsc Non-magneticsc 

SW, 39.1 14.4 46.9 
Al2  0, 17.8 7.5 21.0 
Fe, 03 17.8 71.5 5.6 

Ca0 4.5 1.5 5.4 
Mg0 0.7 0.4 0.8 
Na,0 0.4  0.2 0.4 

lt20 1.7 0.8 1 . 8 
SO3 1.9 1.1 1.9 

LODa 0.5 0.1 0.5 
Lo
I
b 10.6 0.6 13.0 

aLOD is loss on drying at 110°C 

bLOT is lose on ignition from 110-800°C 

cWhole fly ash separated as 24 wt. percent magnetics 
and 76 wt. percent non-magnetics 

dC-1 fly ash was collected by mechanical precipi-

tators from a dry bottom type boiler using coal 

from western Kentucky and Southern Illinois. This 

sample was received from the Lakeside Power Plant, 

Milwaukee, Wisconsin.  

satisfactory. Commercial size equipment of this 
type is readily available. 

Chlorination of the Non-magnetic  
Fraction of Fly Ash 

The objectives of our research are to demon-
strate the feasibility of chlorination of coal fly 
ash as a method for recovering the aluminum, and to 
develop a process capable of being used for the 
large-scale recovery of aluminum and iron from fly 
ash. Figure 4 shows a schematic diagram for such a 
process based on the work to date. 

The reaction of chlorine witt, metal oxides 
requires large quantities of energy and even at 
high temperatures the yields are low. If carbon is 
added, however, the yield is increased and the 
energy requirements are reduced. The carbon reacts 
with the oxygen released from the oxides when 
chlorination occurs. If the resultant gaseous 
carbon oxides are withdrawn as they form, the 
reactions proceed to completion. In addition the 
combined reduction and chlorination reaction is 
exothermic so the energy requiremcnt is lower. 
Because the overall reaction is exothermic, oxides 
of all the metals in a mixture car, be expected to 
be chlorinated to some extent. 

The non-magnetic fraction of coal ash contains 
from 5 to 10 wt. percent iron oxides. Because iron 
has a high chlorine affinity, it is removed selec-
tively from the fly ash by chlorination at 500 to 
600 C. At this relatively low tetiperature, little 
aluminum or silicon reacts. After most of the iron 
is removed, the remaining fly ash is chlorinated at 
850 to 950 C to produce a vapor mixture of A1C13, 
SiCI,, and CO plus some remaining FeCl3. When this 
vapor is cooled, solid A1C13  cont,,minated with some 
FeCI, condenses at 120 to 150 C. Silicon tetra-
chloride does not condense because of its low 
partial pressure and the relatively high temperature 

There are several possible m,!thods for removing 
the FeCI3 impurity from the A1C13 based on dif-
ferences in vapor pressure and solubility. Some 
type of fused salt scrubbing of the mixed vapor to 
remove the FeCla will probably be most adaptable to 
a commercial process. The AlCia ,:.an then be con-
densed with very little SiCly preeent. 

Procedures are yet to be devliloped for sepa-
rating the SiCly and CO. Silicon tetrachloride is a 
valuable product used in making silicons, metal 
silicides, silanes, silicon organic compounds, and 
silicon ammoniates. It also has .Ise in electronics 
for the preparation of transistor-grade, high-

 

Sievert 
Imps!~ 

Figure 4. Schematic Diagram for Fly Ash 
Chlorination Process. 
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purity silicon metal, in the glans industry, for 
the manufacture of high-purity fused-silica, and in 
the petroleum industry for preparation of oil field 
drilling muds. 2  Recycle of SiClu  to the chlorina-
tion step will, however, reduce SiClte  formation and 
minimize chlorine consumption. Optimization of 
this part of the process may include recycle and 
could become quite complex. 

The byproduct FeCla from the pretreatment step 
can be oxidized to Fes Oa and used to upgrade the 
magnetic ash fraction if it is to be used as blast 
furnace feed. 

The principal product is A1C1.3 which has 
numerous uses including the manufacture of cata-
lysts for many Friedal-Crafts reactions. Because 
of the large quantity potentially available, 
however, it would be expected that most of the 
AlCla  would be converted to aluminum metal. The 
process for doing this is well developed and is 
nearing commercialization 14.15 

Production of aluminum metal from AlCis 
results in a large energy saving. The present 
commercial process from alumina consumes about 40 
percent of all the electrical energy used in the 
metal producing industries of the United States. 
About 7 to 8 kwh of power is required per pound of 
aluminum metal produced. Aluminum metal production 
from the chloride is about 30 percent more effi-
cient. For production of 4 million tons of alu-
minum metal per year, this process would reduce 
power usage by 1.8 x 1010  kwh which is equivalent 
to the power generated by a 2,000 megawatt power 
plant. 

Experimental Work 

Previous research has demonstrated that metal 
oxides can be removed from the non-magnetic 
fraction of fly ash by chlorination.t The pre-
sent work deals with the effects of reaction condi-
tions such as temperature, time, chlorine flow 
rate, and the amount of solid carbon added. Using 
equipment made of glass and vycor and assembled as 
shown in Figure 5, a series of experiments was 
conducted in which dry chlorine gas was introduced 
into a fixed bed of ash and carbon. The major 
components in the ash react with the chlorine 
as follows: 

siO3(s)+2 C(s)+2 Cla(g) SiCl 
(g)

+2 CO
(g) 

Al2 03 (8)+ 3 C(s)+3 C12 (g) 2 AlCla(g)+3 CO(g) 

F A 03 (s)T 3 C( 5 ) +3 C (g) (T. 2 FeCla(g)+3 CO(g) 

CKLIMMI 
C11. ihtlffil 

Figure 5. Equipment Used in Fly Ash Chlorination 
Process. 

The gaseous chlorides formed in the high 
temperature section of the fixed bed reactor con-
(kilned in the cuAer section at their respective 
dew points. Ferrous chloride condensed first just 
where the reactor tube left the furnace. A mixture 
of FeC1:, and AICIn then condensed in the tube down-
stream. The remaining mixture of SiC14  and CO did 
not condense but the silica and chlorine were 
recovered by hydrolyzing the SiC14  to silicic acid 
and HCl. 

Figure 6 (a and b) shows the extent to which 
the metal oxides in the fly ash are chlorinated as 
a function of reaction temperature and chlorine flow 
rate. The chlorination reaction is very rapid. No 
chlorine was detected in the gases leaving the 
reactor until a significant amount of the ash had 
reacted. At the lower chlorine flow rate, the 
reactions involving alumina and silica do not appear 
to be temperature dependent. The iron oxide data 
are erratic, but iron is a minor component and 
sample inhomogenity may be a factor. The higher 
chlorine flow data show a distinct temperature 
dependence for alumina but none for silica until the 
reaction temperature is increased to 900 C where the 
amount reacted increases. 

Figure 6. (a) Alumina Chlorination of (oal Fly Ash 
(3:10 Carbon Ratio) as a Function of 
Chlorine Flow Rate, (b) Silica and Iron 
Oxide Chlorination. 
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A series of experiments were made next using 
different carbon to ash ratios. Data were collected 
over a temperature range of 750 to 900 Q, and the 
quantity of carbon used was varied from one-half the 
stoichiometric amount required for complete reaction 
to twice that amount. 

The stoichiometric ratio is 3 grams of solid 
carbon to 10 grams of non-magnetic fly ash. The 
results of these rune are shown on Figure 7. It 
appears that the amount of carbon present is not a 
controlling variable, within the range of composi-
tion investigated. When less than the stoichio-
metric amount of carbon is present, it is possible 
that the CO formed enters into the reaction as a 
substitute for C and forms CO2. 

650 700 750 900 930 900 950 

Each of the runs conducted to investigate car-
bon to ash ratio was continued until chlorine gas 
was detected in the product vapor. Consequently, 
the runs were of different lengths of time. Figure 
8 shows the same data given in Figure 7 but in a 
form which takes into account both time and the 
amount of reactant initially present. The kinetic 
reaction rate appears to be almost constant and 
independent of temperature and of carbon to ash 
ratio. The runs at higher temperature and lower 
carbon to ash ratios can be maintained for a longer 
period of time before any chlorine leaves the 
reactor unreacted. These runs therefore have 
higher recoveries of alumina from the ash. The " 
results from the experiments conducted to investi-
gate the effect of chlorine flow rate are treated 
in the same manner in Figure 9. The average 
reaction rate is about three times greater for the 
higher chlorine rate than for the lower one. This 
would suggest that the overall rate is controlled 
by gas phase diffusion at the gas-solid interface. 

Conclusion 

It has been estimated that by 1985 or 1990 the 
annual coal consumption by U.S. electric utilities 
will be about one billion tons. If this takes plac% 
about 100 million tons per year of coal fly ash will 
be produced from which 10 million tons of iron and 
10 million tons of aluminum can be recovered. Since 
most of the iron in fly ash is in magnetically 
susceptible particles, magnetic separation can be 
used to recover 70 to 80 percent of the iron. 

Under proper conditions, 70 to 80 percent of 
the alumina in the non-magnetic fraction of the ash 
can be recovered as aluminum trichloride by high-
temperature chlorination in a fixed bed. The 
reaction rates are sufficiently high that it appears 
a fluidized reaction bed could be used. Additional 
research is needed to investigate the use of a 
fluidized bed reactor and the recycle of silicon 
tetrachloride and carbon monoxide. Reactivity 
improvement through the addition of reaction cata-
lysts should also be investigated. It is planned 
to develop the process to where a small pilot plant 
can be designed and operated which will incorporate 
recycles, product purification, and residue and 
off-gas cleanup. 

TEMPERATURE , 

Figure 7. Alumina Chlorination of Coal Fly Ash 
(3.1 x 10-3  g mole Clz/min flow rate) 
as a Function of Carbon to Ash Ratio. 

TEMPERATURE.'C 

Figure 8. Reaction Data for the Chlorination of 
Alumina in Fly Ash (3.1 x 10-3  g mole 
Clz/min flow rate) as a Function of 
Carbon to Ash Ratio. 
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