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ABSTRACT 

Coal ash is identified as an important mineral 

source for a variety of metals. A chlorination route 

is suggested to transform metals into their chlorides. 

The feasibility of the chlorination route is demon-

strated by equilibrium calculations using the minimiza-

tion of Gibbs free energy technique. A total of 

12 elements and more than 135 chemical species were 

included for the equilibrium computations. The pres-

ence of a reducing agent is found necessary in order 

for the chlorination of aluminum to take place. 

High temperature chlorination of 4 metal fractions 

was investigated experimentally using an 8 cm diameter 

fluidized bed reactor. The extent of conversion is low 

when carbon monoxide is the only reducing agent. With 

the addition of carbon to the reacting ash, the chlori-

nation of aluminum improved significantly. At tempera-

tures above 900 ° C, about 25% of aluminum in ash could 

be chlorinated in 2 hours. Although,the reactions are 

sufficiently fast initially, a sharp decline in the 

rates of reaction is observed after an initial 

10 minute period. 

The effect of temperature, particle diameter and 

gas composition are studied with a factorial design of 

experiments. The chlorination of aluminum above 900 0C 



is unaffected by a variation in temperature. Reducing 

the particle size and increasing C1 2/CO ratio have 

beneficial effects on the extent of aluminum chlorina-

tion. 

The initial global reaction rate for aluminum is 

at least 5 to 8 times faster than that for the later 

period. The chlorides of alkali and alkali earth 

metals retard further chlorination of aluminum and 

other metals. The presence of these chlorides after 

chlorination is confirmed by surface area measurements, 

the differential thermal analysis and the water solu-

bility studies. The decline in reaction rates is due 

to the slow diffusion of gaseous components through a 

film of molten chlorides. 

The study indicates a possibility of chlorinating 

metals in ash. Further attempts are needed to improve 

the conversion of aluminum. This study has provided an 

important insight into the process of ash chlorination. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Introduction 

A significant fraction of coal burnt in thermal 

power plants remains as coal ash. This fraction may 

vary from 8 to 20 percent depending on the type and 

source of coal employed. With an ever increasing 

dependence on coal, especially through the gasification 

and liquefaction routes being proposed and adopted, 

substantial quantities of coal residue will be gen-

erated. The disposal of coal ash in an environmentally 

compatible manner poses a formidable task. Convention-

ally the coal ash from coal-utilising facilities is 

disposed off by burial in either surface or deep mines, 

that is as landfill or backfill. 

In the recent years there has been an increasing 

number of attempts made to explore productive usages of 

ash. The suggested applications vary widely in nature; 

as diverse as road paving to waste water treatment. 

Other possible means of ash utilization include appli-

cations in cement manufacture, brick making, as soil 

conditioner and as a rubber filling agent. However, 

the' fraction of ash employed' in such applications 

barely exceeds 10-15% of that generated. 
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Concurrently, a deterioration of the naturally 

occuring mineral supplies is being experienced 

throughout the industrialized world. The continually 

increasing demands for the minerals are causing severe 

problems for the supplying countries in meeting the 

demand. This shortage also creates large scale price 

escalation. Under these circumstances, it may be in 

the best interest of many countries importing raw 

materials to develop indigenous alternatives instead of 

relying largely on diminishing international resources. 

Canada, for instance, has to satisfy its aluminum needs 

by depending almost completely on imported bauxite ore. 

As present trends in the demand for minerals of all 

sorts continue, the processing of inferior ores will be 

essential at the expense of increased extraction costs. 

It is at this point where coal ash could become an 

important mineral source. The extraction of metals 

from coal ash could help resolve two potential problems 

with: ( a) a decrease in the importation of minerals, 

such as bauxite, with a domestic substitute and ( b) 

elimination of the disposal of coal ash and the 

environmental problems associated with it. 

One distinct advantage in using fly ash for the 

extraction of metals is that as a raw material, it is 

available in the " mined" and " crushed" form. This 

ready access of ash as a feed-stock eliminates the 



costs incurred in the mining and size- reduction steps 

necessary with conventional ores. This should help 

make the substitution of other ores by fly ash commer-

cially more viable. 

The concentration of aluminum in coal ash compares 

well with that found in several bauxite ores(l). Other 

metals of increasing commercial importance that could 

be extracted from coal ash are iron, titanium, gallium. 

Should the demand for silicon increase, it can be 

readily obtained from ash as a by-product. Coal ash 

also has the potential of becoming an important mineral 

source for germanium, selenium, uranium, antimony, 

beryllium, bismuth, cadmium, molybdenum, nickel, vana-

dium and magnesium ( 1). 

One factor which may have deterred the exploita-

tion of this vast mineral resource, coal ash, is the 

unavailability of sufficient amount of it from a single 

source. However, with the development of large coal 

gasification and liquefaction units this concern would 

be precluded. Under such favourable circumstances, one 

could envision a giant industrial complex producing 

aluminum and a series of other important metals and 

chemicals, in proximity of a coal-based facility. 

Despite the fact that several studies have been 

made on the extraction of metals from coal ash, much of 
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the work aimed at obtaining metals in their oxide form. 

Such an approach, in reality, attempts to obtain con-

centrated ore from a low-grade source. Though high 

recoveries of various metals from coal ash have been 

claimed, the processes appear to be quite involved and 

employ techniques such as causticization, sintering, 

leaching and solute extraction ( 2). An alternate route 

to extract aluminum and other metals is to chlorinate 

ash in the presence of a strong reducing agent at high 

temperature. This would result in chlorination of a 

majority of constituents in ash, and the produced 

chlorides of importance can be condensed fractionally. 

To obtain aluminum metal, the condensed aluminum 

chloride fraction is decomposed electrolytically. The 

technology for this electrolysis-step is commercially 

available ( 3,4,5). Interestingly, only 70 per cent as 

much electrical energy is needed to obtain pure metal 

from aluminum chloride as from bauxite. Thus the 

chlorination route appears to be favourable from an 

overall economic viewpoint. 

1.2 Research Objectives and Scope 

The objective of this study was to examine the 

reductive-chlorination process for extracting metals, 

aluminum in particular, as their chlorides from coal 

ash. An important first step in studying any reaction 

route is to explore the thermodynamic feasibility of 



the reaction system. This was achieved by employing 

the minimization of Gibbs free energy technique. It 

was found that the chlorination reactions would proceed 

favourably over a wide range of temperature, but only 

in the presence of a reducing agent ( 6). Beyond 

1200 K, the chlorination of aluminum in ash is shown to 

be restricted due to predominance of the reverse reac-

tion. 

Coal ash samples were obtained from a power plant 

in Central Alberta. The results presented in this 

study are those that were obtained with the available 

ash samples. Several physical and chemical properties 

of the available ash samples were determined. Sieve 

analyses of the fly ash sample indicates that about 65% 

of the particles are smaller than 75um. The chemical 

analyses show the aluminum content in all fractions to 

be about 15-16%. The Differential Thermal Analysis 

(DTA) tests were performed for a number of ash samples 

before and after the chlorination runs. The results, 

in general, indicate phase transformations that take 

place when ash is heated to about 1200 ° C. Particle 

surface measurements and water solubility tests were 

• performed to show the presence of alkali and alkali 

earth metals as their chlorides after chlorination. 

The chlorination reactions over a wide temperature 

range were studied in a fluidized bed reactor made of 
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quartz. The overall rates of reaction were observed to 

be quite slow upto a temperature of about 800 °C with 

carbon monoxide as the reducing agent. Increasing the 

temperature beyond 820 0C resulted in the formation of a 

liquid melt which severely disrupted the operation of 

the fluid- bed. This occurence was even more prominent 

with smaller diameter ash particles. In order to 

achieve higher reactor temperatures, ash was premixed 

with coke from the fluid-bed coking unit. This helped 

in maintaining fluidized conditions in the bed at tem-

peratures upto 950 ° C. The effects of 3 reaction param-

eters were studied at 2 levels each according to a fac-

torial design of experiments. The reaction parameters 

are temperature, ash particle size and chlorine/carbon 

monoxide ratio in the reaction gas. 

The initial global reaction rates for aluminum are 

5 to 8 times faster than that for the later period. 

The decline in reaction rates is due to the simultane-

ous chlorination of alkali and alkali earth metals. 

The chlorides of these metals exist as liquid at the 

reaction temperatures. The presence of the liquid over 

the reacting ash surface adds an additional mass 

transfer resistance. This results in a slow down of 

the chlorination reactions. 



CHAPTER 2 

LITERATURE REVIEW 

2.1 Formation of Coal Ash 

When pulverized coal is burned in the fire box of 

a boiler about two-thirds of the residual ash leaves 

the furnace with the exit flue gas ( 7). This ash is in 

the form of finely divided suspended particles which 

are mostly trapped by means of electrostatic precipita-

tors, cyclones or collector bags ( 8). The remainder of 

ash leaves as bottom ash; the portion of ash which 

slags and falls into the pit below the furnace. Coal 

burns rapidly at a temperature of 1500±200 ° C, and as a 

result many of the minerals originally present in the 

coal undergo chemical and physical changes ( 8). The 

composition of ash varies considerably with the 

minerals originally present in coal, and it depends 

upon the combustion temperature and the residence time 

of ash at high temperatures. The specific reaction 

environment surrounding a burning coal particle may 

also affect the ash characteristics. Thus the forma-

tion of coal ash is influenced by several factors. 

2.2 Chemical Characteristics of Coal Ash 

Coal ash can be visualized as a mixture of parti-

cles of complex mineral composition ( 8,9,10). The 
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mineral fraction in coal can be either linked with the 

organic part of the light fraction or as individual 

formations well separated from it ( 11). The mineral 

content of fly ash, determined by X-ray diffraction, is 

primarily quartz, rnullite ( 3A1 203 .2SiQ 2) with hematite 

(a-Fe 2O3 ) , magnetite ( Fe 3O4) , silica and gyp-

sum ( 12,13,14). It is found that the particles are 

colourless to green, broken, hollow spheres, elipsoids 

and teardrop along with irregular shapes. 

Chemically, the glassy fly ash contains aluminum, 

silicon, calcium, magnesium, iron and several other 

minor and many trace elements as oxides, silicates, 

aluminates, sulfates and carbonates ( 12) . Most of the 

iron in fly ash is not chemically bonded with aluminum 

or silicon ( 14). In general, bituminous type ash con-

tains more iron oxide than calcium plus magnesium 

oxides, whereas lignite-type has more calcium plus mag-

nesium than iron oxide ( 14). Bottom ash is chemically 

and physically similar to fly ash except for the larger 

diameter particles. The chemical composition of the 

sub-micron fraction, approximately 10% of fly ash, is 

found to be considerably different from the bulk ( 15). 

In Table 2.1, some of the analyses of coal ash avail-

able in the literature have been listed. 

Aluminum and silicon are frequently referred to as 

the acidic constituents. Their origin is primarily as 



Metal Content in Ash, % by weight 

Source Wright and Behie Tibbetts Fisher Chakrabarti Abel and 
Roffman Alberta : cAw1•IET : et al India Rancitelli 

Element (1) (18) (16) (17) (13) (42) 
I I  I  

I i I 

Silicon 9.4-21.5 25.3 20.9 28.4 22.3 .... 

I I 

Aluminum 9.2_21.r 12.8 15.9 1 14.1 13.8 12.6 
I J I I I I 
I I I I I 
I I I I I I I 

Iron 5.3-23.0 3.1 3 0 2• 9 7 • 0 6.5 I I I I I I 

L L I 
I I I I I I I 
I I I I I I I 

Calcium 0.1- 4.4 6.2 9.7 2.3 1 2.9 ' I •• I 

I I I I I I I I 

I I I I I I I 

Sodium 1 0.2- 0.6 2.0 1.4 1.8  • • I 0 4 

I I I I 

I I I 

Potassium 1.0- 2.0 1 0.5 1 0.3 0.8 ... 1.7 

I I I I I I 

Titanium 1 0.8- 1.2 0.4 0.3 0.7 0 8 I I •• I 

I I I I I I 
I I I I I I i I 

Magnesium 0.2- 0.7 0.7 0.5 1 0.6 1 ... 2.1 I I 

I I I I  I   I 

Table 2.1 Major Metal Constituents in Fly Ash. 



extraneous ash and they are, to a large extent, respon-

sible for the innocuous particle material in the flue 

gas ( 19). Iron, calcium and magnesium are also found 

in the extraneous portion of ash, but to lesser 

degrees. The latter three elements, together with 

sodium and potassium, constitute the basic portion of 

ash. As individual constituents, the two acidic 

ingredients have high melting points. The acidic and 

basic constituents could combine during combustion to 

produce low melting point compounds. Sodium and potas-

sium generally volatilize in the furnace. The alkalies 

thus released, especially from high sulfur coals, tend 

to form complex aluminum or iron alkali sulfates. 

These sulfates have lower melting temperatures, in the 

vicinity of 810-977 K. An important thermochemical 

transformation takes place during ashing of coal at 

around 800 ° C. The ashing results in liberation of cal-

cium oxide which combines with oxides of sulfur to form 

calcium sulfate ( 11). It is important to note that 

calcium sulfate is a low melting point substance, which 

would create a liquid phase when the ash is heated to 

high temperatures. 

Fly and bottom ashes also contain a variety of 

trace elements. The smaller fly ash particles show a 

significant enrichment of several volatile trace ele-

ments. The enrichment of trace elements involves the 



volatilization of these elements during combustion fol-

lowed by condensation or adsorption over non-volatile 

oxides of aluminum, silicon and magnesium ( 20). The 

elements Ti, Al, Mg, K, Na have a smaller fraction 

volatilized during combustion. Also there is an inverse 

concentration dependence upon particle size for many 

trace elements ( 20). Several analyses for trace ele-

ments in coal ash are listed in Table 2.2. 

2.3 Chlorination of Pure Metal Oxides 

The chlorination reactions to obtain metal 

chlorides from the oxides have been studied quite 

extensively in the past. This route provides aneffi-

cient means of acquiring metals in pure form. Gen-

erally, chlorine alone is employed as the reaction 

medium at high temperature for a host of metals. But 

there are certain metals having high affinity for oxy-

gen, and the presence of a strong reducing agent, such 

as carbon, is necessitated. In most instances, the 

product chlorides are volatile at the reaction tempera-

tures, hence the metal chlorides are easily separable. 

Piccolo et al ( 21) studied the chlorination of 

alumina in the presence of calcined petroleum coke in a 

fluidized bed reactor. The results were expressed in 

terms of the fraction of chlorine consumed in a tall 

fluid bed ( height 85 cm) . They found that increasing 

temperature and the particle surface area result in 



Metal Content in ash, ppm 

Source : Wright and I3ehie, Fisher Abel and 

Roffman Alberta et al Rancitelli 

Element (18) (17) (42) 

Barium 10,000 5,000-10,000 1,680-4,090 3,400 

Strontium 500 3,000 410-700 1,900 
I   - 

Manganese 300 100 209-309 489 
L.  L 

Vanadium 200 300 86-327 220 
I I 

Chromium 60 <50 28-71 131 
L. 

Rubidium • • : 51-57 124 
L 

Arsenic 11 . . 14-132 : 61 
L. L 

Lanthanum . . 62-69 : 82 
I I 

Cobalt <10 9-21 40 
L  

Thorium . . : . . : 26-30 28 
I I I  

Table 2.2 Minor Metal Constituents in Fly Ash. 



improved chlorine consumption. The optimum carbon-

alumina ratio was close to the stoichiornetric composi-

tion. The temperature range studied was between 900 to 

below 1100 ° C. However, neither the conversion of 

alumina nor the duration of experimental runs were men-

tioned. The heat released from the reactions was suf-

ficient to maintain the process temperature. 

In another study on chlorination of alumina ( 22), 

the reactions were reported to proceed according to the 

thermodynamic calculations to yield AlCl 3 . At 

1200-1450 ° C, the partial formation of aluminum mono-

chloride was predicted, but the reverse reaction dom-

inated when the products were allowed to cool. 

Interestingly, beads of metallic aluminum were also 

observed to form inside the reaction tube at 1200° C. 

However, the thermodynamic calculations of Spineila et 

al ( 23) contradict the possibility of the formation of 

AlCl at the reaction temperatures. It was stated that 

the role of AlCl in vapour-phase transport of aluminum 

into the cooler zone is completely negligible. The 

main chlorination product, predicted thermodynamically, 

was AlCl 3, with a much smaller fraction represented by 

AlCl 2* 

In an attempt to purify bauxite by removing the 

iron fraction, the chlorination with CO-Cl 2 mixture 

resulted in the removal of iron but only at the expense 
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of aluminum which also reacted with the chlorine. 

Holliday and Milne ( 24), however, found that sulfidiza-

tion of iron to FeS prior to the chlorination stepper-

mits beneficiation of bauxite to final iron contents of 

0.1 to 0.3%. With additional purification using molten 

aluminum or hydrogen gas, the resultant bauxite would 

be of ideal characteristics for aluminum production via 

AlCl 3 . An alternate way to remove iron oxides from 

bauxite was considered by Foley and Tittle ( 25), where 

the removal was carried out in two stages. The tech-

nique involved the chemical reduction of iron oxides.by 

carbon as the first step. This was followed by the 

selective removal of iron species by chlorination. The 

reduction process was carried out with pre-calcined 

bauxite at 1040-1100 ° C. The chlorination was carried 

out at 500-750 °C employing Cl 2' C1 2/N 2 , or C1 2 /N 2/CO 

mixtures. At temperatures above 750 °C the attack of 

alumina became significant, causing a loss of alumina 

and a decrease in chlorine efficiency. The final pro-. 

duct was found to contain 0.5-1.0% Fe 2O3 and 87-92% 

A1 203 . 

Geisser et al ( 26) obtained an intimate mixing of 

carbon and alumina prior to the alumina chlorination 

reactions. The combinations of reactants considered in 

their study were CO/Cl 2, COd 2 ( phosgene) and C/Cl 2 in-

0 
the temperature range 400-900 C. Of the three follow-
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ing methods, only the cracking method produced a mix-

ture which could be completely chlorinated: 

(a) thermo-catalytic cracking of gaseous hydrocarbons 

on the alumina surface at 800° C, 

(b) carbonizing of alumina-glucose mixture, and 

(c) mechanical mixing of alumina and soot. 

However, for a lower temperature chlorination in an 

industrial system, the CO/Cl 2 ( particularly COC1 2) 

chlorination method would be a more attractive route. 

It was also indicated that the pore diffusion step 

could be the rate- controlling factor in determining the 

overall rate of reaction. The reaction times for the 

chlorination with CO/Cl 2 were shorter than those with 

carbon as the reducing agent. 

The chlorination of aluminum oxide for the estima-

tion of aluminum, titanium, chromium and iron was stu-

died by Storozhenko ( 27). The product of chlorination 

of alumina samples was Al 2Ci 6 at about 500-550 ° C. The 

overall reaction rate was found to increase by approxi-

mately 10 per cent per 100 °C increase in the tempera-

ture. 

Landsberg ( 28) studied the chlorination kinetics 

of prepared )'- alumina and low-grade alumina source 

using a packed bed reactor. The rate of alumina 

chlorination increased gradually with an increase in 

reaction temperature. The reaction rates were found to 
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be slow when carbon was used as the reducing agent. 

The reactions progressed rapidly at the beginning, but 

much more slowly later on even though considerable 

amounts of bauxite had remained unreacted. This 

decrease in reaction rate was attributed to a reduction 

in surface area and the presence of less reactive com-

ponents such as silicon. The initial rates for clay 

were also found to be high. 

In an attempt to remove iron and titanium from 

kaolins by chlorination, Brin and Eremin ( 29) found 

that the rate of iron chlorination depended substan-

tially on increased chlorine concentration. In the 

absence of any reducing agent, alumina and silica frac-

tions did not react appreciably at 800-1000 ° C. 

Dunn ( 30) studied chlorination of titanium bearing 

minerals. The reaction rate in this case was found 

proportional to the partial pressures of CO and Cl 2* 

The chlorination with phosgene ( Cod 2) was much faster 

than that with CO+C1 2 . The reaction rate increased 

with temperature, passed through a maximum, fell to a 

minimum and then rose with temperature as the CO+Cl 2 

reaction dominated. 

The chlorination route is applied to a variety of 

other metal oxides besides iron and aluminum. Mehra et 

al ( 31) studied the chlorination of niobium pentoxide 

in the presence of graphite powder. It was found that 



the amount chlorinated is proportional to the partial 

pressure of chlorine and independent of chlorine flow. 

The range of temperature considered for the reactions 

was 600-750 0 C.. In another study by the same group of 

researchers, the chlorination rate for tantalum pentox-

ide was found to be proportional to the square root of 

the partial pressure ( 32). In both cases, the rates 

were proportional to the geometric surface of the pel-

lets. 

Skeaff ( 33) studied the chlorination process for 

the extraction of uranium and thorium from their ores 

The reducing agent used was carbon monoxide. He found 

that at higher temperatures for this case, the conver-

sions were restricted by equilibrium considerations. 

The chlorination of other metals, such as silicon, iron 

and aluminum, was also observed to be occuring simul-

taneously. 

Olsen and Black ( 34) studied the chlorination of 

columbite, containing niobium and tantalum fractions, 

in a fluidized-bed reactor. The reaction rate in the 

temperature range 550-650 °C was independent of chlorine 

concentration and only a weak function of mineral con-

centration. 
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2.4 Recovery of Alumina from Ash 

There have been several studies aimed at recover-

ing aluminum as alumina from coal ash. An excellent 

bibliography of the work done in this direction was 

published by Condry ( 2). Out of the 24 references 

abstracted in this bibliography there appear to be two 

different approaches that have been adopted in the 

past. These are: 

(a) acid- leach process using sulfuric acid with other 

sulfates to give aluminum in ash as aluminum 

sulfate, and 

(b) causticization process using strong alkalies, 

such as KOH, NaOH, along with milder compounds 

such as Na 2CO 3 , Ca(OH) 2. Aluminum hydroxide 

or alumina is the final form obtained with this 

approach. 

The processes that were suggested are used fre-

quently in extractive metallurgical operations. The 

steps employed include acid or caustic leaching, 

sintering, roasting, burning ash-caustic mixtures, etc. 

Though a large number of interesting options with vary-

ing success have been reported in the past, the wet-

techniques required in such processes would make the 

separation of different metal fractions even more 

cumbersome. A detailed investigation into the 

aforementioned approaches is, however, beyond the scope 



of this study. 

2.5 Chemistry of Chlorination Reactions 

The overall process of reductive- chlorination of a 

metal oxide, particularly of alumina, can be summarized 

by the following equation: 

A1 203 + (m+n) C + 3 c1 2 

2 ALC1 3 + m CO + n CO 2 

where, m + 2 n = 3 

(2.1) 

Similar reactions will take place with other metallic 

constituents in ash. This equation can be the sum of 

different steps depending on the mechanism of the 

overall 1process. 

Mechanism I 

Al 203 + 3 C1 4. AlC1 3 + 1.5 02 

C + 0.5 ° 2 CO 

CO + 0.5 0 2 CO 2 

C + CO 2 2 CO 

iiechanism II 

(2.2) 

(2.3) 

(2.4) 

(2.5) 

A1 203 + 3 Cl 2 + 3 CO 2 A1C1 3 + 3 CO 2 ( 2.6) 

C + CO 2 2 CO (2.5) 



Mechanism I consists of the equilibrium reaction 

(2.2) which, thermodynamically, strongly favours the 

formation of A1 203 . To produce Aid 3 it is necessary 

that the oxygen released be withdrawn by reactions such 

as ( 2.3) and ( 2.4). The heterogeneous gas- solid reac-

tion ( 2.2) involves the adsorption of chlorine on ash 

surface, the reaction between the adsorbed chlorine 

with the oxide, and finally desorption of oxygen and 

the metal chloride from the surface of ash particles. 

The reaction ( 2.4) is homogeneous in the gas phase 

whereas reactions ( 2.3) and ( 2.5) are heterogeneous. 

Among these three reactions, reaction ( 2.4) is the 

fastest while reaction ( 2.5) appears to be the slowest. 

Mechanism II, on the other hand, consists only of 

two steps. The first step, given by equation ( 2.6), is 

a heterogeneous gas-solid reaction. According to this, 

CO and Cl 2 are absorbed on the ash surface giving rise 

to the formation of metal chlorides and CO 2 which are 

then desorbed. In the second step, reaction ( 2.5), 

CO 2 is reduced to CO at the expense of carbon added to 

the system. It is found for alumina chlorination with 

carbon that Mechanism II does not lead to the formation 

of Aid 3 ( 21). However, if carbon monoxide is employed 

as the reducing agent, the reaction may very well pro-

gress according to this reaction mechanism. 



With carbon monoxide as the reducing agent, the 

reaction may proceed according to the following equa-

tions: 

Al 2O3 + 3 Cl 2 3 Aid 3 + 1.5 

3 Co + 1.5 ° 2 3 CO 2 

(2.2) 

(2.7) 

An increase in the metal chlorination with increased 

chlorine partial pressure would indicate the dominance 

of reaction ( 2.2) on the overall reaction. The reac-

tion ( 2.7) is a homogeneous reaction and the reaction 

rate is usually observed to be quite high ( 21). 

It is of importance to note that if a mixture of 

gaseous chlorides is brought in contact with additional 

metal oxide, a series of disproportionation reactions 

will take place. The metals ( or, their oxides) with a 

higher affinity for chlorine would react to form the 

chlorides. The chlorides of metals with the lower 

affinity will, subsequently, revert to the respective 

oxides. Equation 2.8 illustrates this situation with 

iron and aluminum. Iron oxide has a greater tendency 

to form chloride than aluminum. 

Fe 2O3 + 2 AlCl 3 2 FeCl 3 + Al 2O3 (2.8) 

During chlorination, metals can assume various 

valencies to give a variety of products. Aluminum, for 

instance, can react with chlorine to give AlCl, AlC12, 
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Aid  3, Al 2C1 4 and also Al 2C1 6 . The proportions in 

which these will form, will be dictated by thermo-

dynamic equilibrium and influenced by the specific 

reaction environment. This particular aspect will he 

the subject of Chapter 3. 

2.6 Aluminum Chloride from Ash 

In general, the chlorination of pure metal oxides 

can be achieved relatively easily. However, chlorina-

tion of complex mixtures, such as coal ash, is 

inherently more involved. The presence of silicate 

materials further complicates the problem of ash 

chlorination. While recovering aluminum and other 

metals from minerals and ash as their chlorides, the 

concern is not merely to chlorinate the metals but also 

to avoid the chlorination of constituents of less 

value. Additionally, the complications can be due to 

the metal chlorides which do not appear as vapours 

below the reaction temperatures. These metal chlorides 

will remain within the reactor and, in particular, 

could hinder complete chlorination of aluminum. The 

metal chlorides with lower melting points but high 

vapourizing temperatures are those of calcium, sodium, 

potassium and magnesium. Thus it is evident that the 

chlorination of coal ash would he a lot more complex 

than the chlorination of metal oxides individually. 
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In a patented process ( 35), a technique was illus-

trated for the chlorination of aluminum rich ores. In 

the reaction zone of the suggested scheme, alumina and 

other metallic compounds are halogenated in the pres-

ence of carbon to form the corresponding chlorides. 

The chlorides and the inert gas are passed upward 

through an elongated compact gravitating bed where 

fractional condensation is effected. In another 

patent ( 36), the use of sulfur halide, such as S2C1 2 , 

was suggested as a means of producing AlCl. The 

disproportionment of AlCi. to A1C1 3 and aluminum is car-

ried out in a flash condenser using AlCl 3 as a liquid 

coolant. A process for the selective recycle produc-

tion of aluminum chloride required the condensation and 

recycle of sodium aluminum chloride to improve the 

chlorination of aluminum ( 37). 

While studying the chlorination of Georgia clay 

with 39% Al 2O3 , 44% SiO and less than 1% Fe 2O3 , 

Ujhidy et al ( 38) observed very slow reaction rates. 

As their objective was to recover aluminum as aluminum 

chloride, another source of concern was the simultane-

ous chlorination of silicon. At temperatures above 

800 ° C, the conversion of aluminum to aluminum chloride 

was 25% in 2-hours. The effect of varying reaction 

parameters, such as temperature, alkali and alkali 

earth metal chlorides as catalyst, etc., was found to 
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be insignificant. Even the addition of solid reducing 

agent along with CO-Cl 2 mixture did not increase the 

conversion beyond 40%. However, the chlorination of 

granules of clay and coal at 850-930 °C resulted in a 

yield of about 80%. But the usefulness of the process 

is doubtful for a large scale operation. 

The chlorination of coal fly ash was investigated 

by Burnet et al ( 7). As a first step, the separation 

of the magnetic fraction of fly ash was suggested. 

This was able to isolate 10 to 25% of the high density 

(mostly submicron) magnetic fraction from ash ( 39,40). 

But about one-third of the iron was left with the non-

magnetic fraction. The unseparated fraction 

represented the iron trapped in the interior of vitre-

ous particles ( 39) . Moreover, about 10% of the total 

aluminum in ash was also lost to the magnetic frac-

tion ( 7). 

In the chlorination step, the non-magnetic frac-

tion of fly ash was mixed with carbon and chlorinated 

in a fixed bed. The remaining iron couldbe removed as 

iron chloride at lower temperatures between 400 to 

600 ° C, at which very little silicon and aluminum 

reacted. By raising the temperature to 850-950 0 C, the 

aluminum and silicon fractions were chlorinated. They 

found that the amount of reducing agent, carbon, was 

not a controlling factor, but the rate of chlorine 
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flow had a major effect on the conversion suggesting 

the overall rate to be controlled by the gas phase dif-

fusion ( for their packed bed experiments) . The conver-

sion of aluminum to A1C1 3 was favoured by high tempera-

tures. The final conversion, at the end of each run, 

varied from 40 to 80%. Although the exact duration of 

runs was not mentioned, it appears to be between 2 to 

4-hours ( calculated from the bulk rate data provided) 

The investigation with a fluidized-bed reactor, and the 

recycling of silicon tetrachloride along with CO were 

suggested. 

From an experimental study, Milne ( 41) concluded 

that the addition of SiCl 4 to the chlorination gas 

resulted in some reduction in the amount of SiO 2 react-

ing. The reaction rates were also lowered signifi-

cantly. The detrimental effect of SiC1 4 on the reac-

tion rate of A1 203 could be due to: 

(a) SiO 2 produced from A1 203-SiCl 4 deposited 

on the surface of alumina to hinder gaseous 

diffusion. 

(b) SiCl 4 selectively chemisorbed on alumina 

surface which effectively led to the poisoning 

of the reactive surface. 
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2.7 Summary 

The difficulties that are anticipated while 

chlorinating the metals in coal ash are: 

(a) The refractory nature of ash particles may render 

the chlorination process very arduous. 

(b) The presence of several, metals and their simul-

taneous chlorination may introduce complexities. 

(c) The formation of metal chlorides, such as NaCl, 

KC1, CaCl 2 etc., may result in a liquid phase 

at the reaction temperatures. 



CHAPTER 3 

THERMODYNAMIC ANALYSIS BY FREE ENERGY MINIMIZATION 

3.1 General Description 

For the estimation of equilibrium composition 

within a system of a number of reactive chemical sub-

stances, a convenient thermodynamic property to use is 

the Gibbs free energy. The procedure for arriving at a 

set of algebraic correlations is well documented in the 

literature ( 43,44,45,46,47). Hence only a brief 

description will be given here. A procedure to obtain 

the necessary equations is outlined in Appendix I. 

The usefulness of the equilibrium composition 

predicted by the free energy minimization calculations 

is restricted largely by the role of reaction kinetics 

and the mass transport resistances. However, if it is 

presumed that at high temperatures ( 800-1000 0 C) antici-

pated for the chlorination reactions, the kinetic con-

siderations do not dominate, then the thermodynamic 

aspect of the reactions would be the controlling fac-

tor. In fact, since the chlorination reactions are 

exothermic ( Table 3.1), the high temperatures necessary 

for improved chlorination rates may very well limit the 

extent of conversion for the reversible chlorination 

reactions. Hence the feasibility of the chlorination 



General Chlorination Reaction: 

MO +- C+yCl 2 ->xMC1 +- CO 2 
- z 

and, z= 
I  x  

Metal Oxide Chlorinated form Heat of Reaction, 
(-  H) 

I r 298 
I I I $ 

(1.1 0( MCi ) ' (MJ/krnol of MC1 ) 
Z Z 

I I I I 

-   I  I 

A1 203 AlCl 3 145.6 I I I I 
I $ I I 

I I I I 
I I I 

$ CaO CaCl 2 359.4 

I I $ 

L I 

Fe 2O3 $ FeCl 3 283.3 I I I 
I I I I 

I I I I 
L 

K20 1 KC1 354.8 
I I I I 
I I I I 

236.0 I MgO '1gCl 2 I 

I I I I 

Na 2O NaCl 301.7 I I I 
I I I I 
I I I I 

Sb 2 SiCl 4 173.2 
I I 

I I I 
I I   I 

Tb 2 I TiCl 4 I 211.3 I I I 

I I I I 
I I $ I 
I  I  I   I 

Table 3.1 Heat of Reaction for Chlorination Reactions. 



reaction route can be effectively tested with these 

calculations. 

3.2 Purpose of the Equilibrium Calculations 

The purpose of the outlined free energy minimiza-

tion calculations is to explore the following important 

features ( 6): 

(i) the possibility of recovering aluminum and other 

important metals as chlorides from fly ash from a 

thermodynamic view-point, 

(ii) selective recovery of aluminum from chiefly a 

mixture containing oxides of silicon, aluminum, 

iron and calcium, 

(iii) ratio of fly ash and chlorine and/or other 

reactants necessary for complete recovery of 

aluminum, 

(iv) the effect of temperature in altering the equi-

librium composition of products, and 

(v) the effect of variation in feed composition on 

the redistribution of reaction products. 

3.3 System Description 

The system for the minimization of free energy 

calculations is necessarily heterogeneous, consisting 

of "is" condensed species and " g" gaseous components. 

It is assumed that " 5" condensed species ( liquids and 

solids) are mutually insoluble, and that each of these 

exists as a pure independent phase. This assumption is 



necessary due to the lack of information on solid-solid 

or solid- liquid solutions for many of the species under 

consideration. The assumption is reasonable for the 

fly ash system as most of the condensed species, such 

as aluminates, silicates, oxides, etc., exist as solids 

in the temperature range of interest. However, this 

assumption can be relaxed if sufficient thermodynamic 

data were to become available in future. It is further 

assumed that each species exists as either a condensed 

phase or a constituent of the gas phase mixture. This 

implies that the vapour pressure of a condensed species 

below its condensation temperature is neglected. 

Assumption two avoids the requirement for consideration 

of component phase equilibria and thus the computa-

tional task is simplified. This, of course, may result 

in some inaccuracy when the calculations are performed 

in the vicinity of the condensation temperature of a 

species. 

There are at least 8 metal elements, namely Si, 

Al, Fe, K, Na, Ca, Mg and Ti, which occur in signifi-

cant concentrations in coal ash. In addition, 

chlorine, carbon and oxygen will be introduced to form 

the reaction environment. Sulfur was included to study 

the reaction path via S2-C1 2 , as suggested in the 

literature ( 48). Thus a total of 12 elements were 

chosen for compiling a data library. A total of over 



140 non-ionic chemical species were selected with 

available free energy data in JANAF Tables (49,50,51). 

The free energy values for all of these species at 15 

different temperatures ( 298-1700 K), and the phase 

transition temperatures were acquired.. 

In order to solve the set of ( 14+S+1) equations 

given in Appendix I as Equations ( 1.6), ( 1,7) and ( 1.8) 

with ( 14+S+1) unknowns, the following should be pro-

vided: 

(i) Non- zero initial molar amounts of all the species 

satisfying element balance as trial values. 

(ii) A suitable algorithm for the convergence of 

iterative computations. 

The convergence scheme selected for this study is the 

method of steepest descent ( 52). The computational 

flow scheme is described as Figure 3.1. The calcula-

tions were performed on a CDC 6400 computer. 

3.4 Application of Gibbs Phase Rule 

Of all compounds listed for calculations, a large 

number of these appears as solids in the temperature 

range of interest. If the number of variables exceeds 

the degrees of freedom, the computation scheme will 

produce erroneous results. It is shown that the max-

imum number of condensed phases for one computation 

should be one more than the number of elemental species 

in the condensed phase ( 43,46). With temperature and 
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Figure 3.1 Computational Flow Scheme. 
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pressure of the system specified, the degrees of free-

dom are reduced by two. Hence the number of condensed 

phases that can be arbitrarily chosen is one less than 

the number of elements in condensed species. It is 

thus evident that not all the solids listed can be 

included in one calculation. It is also apparent that 

two or more condensed species with composition vectors 

linearly dependent of one another can not be considered 

in one calculation run as doing this would cause two 

equations within " S" equations to have identical row 

vectors resulting in a trivial solution ( Appendix I). 

Thus the Gibbs phase rule has exposed some very impor-

tant constraints for these free energy minimization 

calculations. 

The restriction to include only a certain maximum 

number of solid phases for any one calculation can have 

significant effects on the computed equilibrium values. 

The selection of more probable condensed species for 

all the runs involved a large number of trial program 

runs. The preliminary calculations indicated that the 

complex silicate and aluminate compounds were usually 

absent at the equilibrium over the temperature range of 

interest. After a number of trial runs, the solid 

species that were retained are shown in Table 3.2. 



Species 

Melting! 

Sublimation 

Temp.  , K 

I I 
II Species 
II 

II 

I I  

Me iting! 
Sublimation 

Temp. , K 

II 

II 
II 

II 

Species 

Melting! 
Sublimation 

Temp. , K 

Al 933 SiCl 3 . . . Ti 0 2047 

A1C1 . . . TiCl 3 1104 Nal1 424 

AlCl 2 . . S1C1 4 . . . Na 10 6 780 

Aid 3 466 TiCl 249 NalO 2 <1920 

Al 0 () 2315* Fe C . . . Na 2C0 1123 
KAKI 529 Fe 2 6 1809 Mg 920 

ii 2ci . . . FeO 1650 1 t1g0 3100* 

hl 2Siö > 3000 Fe 20 1735 Ca 1112 

Si 8 2023 Fe 2 (0 4)3 1451 NaCl 1 1074 

C >1700* I 1 Fe 3Q 1870 Cad 2 1045* 

K CO 3 1175 1 K 336 MgCl 987* 

C8 KO 1154 L1gSi 3 1850 

CO 2 . . . FeSO 4 944 MgTi0 1950 

CS . . . TiO 2023 MgTi25 1960 
Si .) 3245 0 . . . Mg 2T1O 4 2010 

TIC 3290 .1 S ... Mg 2SiO 4 2170 

Cl . . . S i8 1996* Na 

KC1 1044 1 Ti0 2143* I I 20 1 1405 

KC1O A 1 798 0., . . . Na Si0 1360 
II I II 2 I 

£ I II SI 3  II La2 
3 1223 

Fe1 2 950 H T1 203 2112 1 Na SO 4 1 1157 

SiCl 2 . . . I S 388 H Ca 3220* 

TiC1 2 1582 1 Si 1 1685 1 K2SO 
Fed 3 577 H Ti 1933 I Fe 2C 4 

solids included for the final calculations. 

Table 3.2 Important Compounds and their 
Melting and Sublimation Temperatures. 

(from JANAF Tables) ( 49,50,51) 



3.5 Fly Ash Composition 

Eased on several ash analyses listed in Tables 2.1 

and 2.2, an average ash composition was assumed. This 

ash composition, given in Table 3.3, was employed in 

all computations. It is realized that the metals in 

fly ash do not necessarily exist as simple oxides, but 

under the reacting conditions considered in this study 

the complex silicate compounds are unstable at equili-

brium. Thus treating metals as their oxides should not 

affect the results obtained. 

The stoichiometric amount of chlorine required to 

produce the highest chlorides of all metals was calcu-

lated. Similarly, the required stoichiometric amounts 

of C and CO to utilize the oxygen atoms liberated dur-

ing reduction of metal oxides were calculated 

(Table 3.3). These estimates provided the basis for 

specifying reactant amounts. All calculations were 

performed at a constant total pressure of 1 atmosphere. 

The effect of the following variables on the conversion 

was studied: 

(i) amount of chlorine with the stoichiometric 

amounts of C and CO in the feed, 

(ii) amount of CO with the stoichiometric amount of 

chlorine in the feed, and 

(iii) system temperature wih the stoichiometric amount 



Element 

0xidized 

form 

in 
ash 

Avg. 
Fraction 

in ash 

(% wt) 

Moles 

as oxide 

Basis 
(100 wt) 

Atoms : Cl 2 
of of 

Cl total 

nee.ed (%) 

Atoms 

of 
C 

needed 

Al 
Ca 
Fe 

K 
Mg 

Na 
Si 

Ti 

0 
Inerts 

Al fl 

Ca 
Fe 203 
KO 

Na 0 
Si3 2 

TiO2 

13.0 
3.0 
7.0 

1.5 
1.5 

0.4 

15.0 
0.8 

34.9 
22.9 

0.2409 
0.0749 
0.0627 
0.0192 
0.0617 

0.0087 

0.5340 
0.0167 

1.4455 33.3 
0.1497 3.4 
0.3761 8.6 
0.0384 0.9 
0.1234 2.8 

0.0174 0.4 

2.1360 49.1 

0.0668 1.5 

0.3614 
0 . 0374 
0.0941 
0 . 0 096 
0 • 0308 

0 . 0043 

0 . 534 0 
0.0167 

1.0883 

Total 100.0 4.3532 l00.0 1.0883 
(2.1766 with CO) 

Table 3.3 Reactants for Average Ash Composition. 



of CO and chlorine in the feed. 

In addition, recycling silicon tetrachloride to 

suppress further chlorination of silicon in ash and to 

economize the reactants consumption was explored. 

3.6 Discussion of Results 

The results obtained from . the free energy minimi-

zation calculations are discussed in this section. As 

stated previously, these results should be viewed as 

the maximum attainable conversions predicted by the 

thermodynamic considerations alone. 

3.6.1 Oxides - Carbon - Chlorine System 

The utilization of chlorine with a stoichiometric 

quantity of elemental carbon in the feed is illustrated 

in Figure 3.2. The temperature, 1200 K, falls in the 

range reported in the literature for the chlorination 

of metal oxides ( 21,22,23,24,40). Though not shown in 

the figure, sodium and potassium oxides are the first 

to be chlorinated. These are followed by calcium and 

magnesium. Iron oxide is chlorinated preferentially to 

the ferrous form ( and its dimer) until almost 90% of 

the stoichiometric amount of chlorine is provided. 

The behavior shown by the chlorination of titanium 

appears somewhat intriguing. Although virtually all 

titanium is chlorinated initially, it is the lower 

chlorides ( mono and di-chlorides) which dominate under 
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the low chlorine supply situation. But these are gradu-

ally converted to trichloride when about a quarter of 

the total chlorine is provided. The tetrachloride form 

is ultimately produced as the chlorine amount is 

increased to about half. The seemingly persistent sta-

bility of titanium trichloride can be attributed to its 

occurence as a solid at 1200 K, whereas the trichloride 

form exists as gas. 

Silicon and aluminum oxides start chlorinating 

only after all other metal oxides have reacted. Silicon 

appears to be preferentially chlorinated than aluminum. 

In both cases, the highest chlorides essentially dom-

inate. The redistributIon of aluminum compounds shows 

that carbon alone is able to reduce aluminum oxide 

yielding aluminum metal ( Figure 3.3). This would not 

seem plausible when the kinetic considerations are 

superimposed as it involves reaction between two 

solids. Hence not much practical significance should 

be attached to this observation. With the introduction 

of small amounts of chlorine, aluminum dichloride is 

formed. Further increases in chlorine amounts result 

in trichlorides ( monomer and dimer) . Finally when the 

stoichioxnetric amount of chlorine is available to the 

mixture, about 80% of aluminum appears as aluminum tn-

chloride dimer and the rest as monomer. 



100 

uJ 
U 
U. 

z80 

-j 

I-
0 

IL 
0 

60 

0 
10 

TEMPERATURE- 1200 1< 

CARBON- THEORETICAL MAXIMUM 

20 30 40 50 60 70 80 

CHLORINE AMOUNT, % OF THEORETICAL MAXIMUM 

90 

Figure 3.3 Distribution of Aluminum Compounds with C and C1 2' 

100 



3.6.2 Oxides - Carbon monoxide - Chlorine System 

The free energy calculations were also performed 

using carbon monoxide in place of carbon in the feed. 

The results of these calculations at 1200 K are shown 

in Figure 3.4. The results obtained with CO are quite 

similar to those in Figure 3.2, except that a different 

behavior is obtained for titanium chlorides. In the 

presence of CO, titanium oxide is completely chlori-

nated to titanium tetrachloride before the chlorination 

of calcium and magnesium. The overall minimum with 

gaseous CO for titanium compounds is found to be dif-

ferent than with solid carbon. The behavior of other 

constituents is not affected greatly as titanium 

represents only a small fraction of ash. The curves 

for iron, aluminum and silicon follow a pattern that is 

qualitatively similar to Figure 3.2. However, the 

curves for aluminum and silicon appear to be somewhat 

more spaced, indicating that silicon is chlorinated 

even more preferentially than aluminum when CO is the 

reducing agent. 

The redistribution of aluminum compounds, shown as 

Figure 3.5, indicates the absence of elemental alumi-

num. This is different from the case with carbon as 

the reducing agent ( Figure 3.3). Gradual chlorination 

of aluminum into its trichioricle ( both dimer and mono-

mer) is observed. At almost total chlorination of 
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aluminum, ratio of dimer to monomer is 3.3 compared to 

4.3 for the case of carbon. 

A series of program runs were made using the 

stoichiometric amount of chlorine but only a limited 

supply of carbon monoxide. This was done to identify 

the oxides which would chlorinate in absence of suffi-

cient reducing agent ( i.e. with chlorine alone). The 

computed equilibrium data at 1200 K are plotted in Fig-

ure 3.6. It wasrevealed that the oxides of sodium, 

potassium, titanium, iron, magnesium and calcium do not 

require the presence of a reducing agent. The result-

ing liberated oxygen was found to be present as free 

oxygen molecules. Silicon and aluminum oxides began 

chlorinating only after the free oxygen molecules were 

used up by the reducing agent, i.e. at about 20% of the 

stoichiometric amount. Though there was an excess of 

unreacted chlorine available at all times, the chlori-

nation of aluminum and silicon fractions progressed 

with increased amounts of the reducing agent. This 

affected the distribution of iron chlorides too. With 

added amounts of the reducing agent in the mixture, 

ferrous chloride became the more prominent iron com-

pound in the mixture. 

From the results of these calculations, it is evi-

dent that oxides of aluminum and silicon need the pres-

ence of C or CO for their chlorination.' Other major 
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metal constituents in ash can be chlorinated with 

chlorine alone. 

3.6.3 Effect of Temperature 

The variation in the system temperature with 

stoichiornetric amounts of CO and chlorine indicated no 

significant changes in the chlorination of all but iron 

and aluminum oxides. For aluminum and iron compounds, 

a significant redistribution was observed as shown in 

Figure 3.7. At lower temperatures the more stable 

chloride of aluminum is AlCl 3 , but Al 2C1 6 is more 

stable at intermediate temperatures. About 8% of alumi-

num is used up in the formation of KA1C1 4 at all tem-

peratures. More importantly, at temperatures beyond 

1200-1300 K, the chlorination of aluminum oxide is 

suppressed to some extent. This could put an upper 

limit on actual chlorination temperatures to be studied 

experimentally. 

Iron chlorides show an interesting redistribution 

pattern. The trichloride appears to be stable at lower 

temperatures, but is replaced by the dichlorides. 

Between 600 and '1200 K, Fe 2C1 6 shows a limited stabil-

ity with a maximum of 30% obtained at 900-1000 K. 

3.6.4 Oxides - Sulfur - Chlorine System 

The purpose of studying this system was to evalu-

ate sulfur as a reducing agent in place of carbon or 
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carbon monoxide. It also helped in testing the vali-

dity of the proposal that the presence of sulfur as 

S2C1 2 enhances the preferential formation of 

Fed 2 ( 48). When carbon is replaced with sulfur, no 

significant difference in the equilibrium values was 

noticed ( from those given in Figures 3.2 and 3.3). As 

carbon and sulfur have similar reactions with oxygen, 

the equilibrium values for the compounds of interest 

were found identical in two cases. 

The use of sulfur over carbon as the reducing 

agent does not appear to offer any advantage. On the 

other hand the use of sulfur will present inherent 

design and severe environmental control problems. 

Therefore, its use as a reducing agent for the recovery 

of metals from ash seems unlikely. 

3.7 Recycle of Silicon tetrachloride 

In the previous sections, it was shown that for 

the two more abundant metals in ash, aluminum and sill-

con, the chlorination process requires the presence of 

a reducing agent. In addition, the calculations 

predict the chlorination of silicon to be marginally 

preferential over aluminum ( 53,54). Since the demand 

for silicon or silicon tetrachloride is not great, the 

production of large amounts of silicon tetrachloride 

would be a serious drawback. Thus unless the recovery 

of chlorine associated with SiCl 4 is practised, the 



overall economics of the metal recovery process would 

be unattractive. 

One possible means of accomplishing the recovery 

of chlorine from S1C1 4 is through its decomposition to 

form silica and hydrogen chloride ( 7). This scheme is 

quite involved requiring catalytic conversion of hydro-

gen chloride to produce chlorine. An alternative 

approach involves the recycling of SiCl 4 vapour. This 

idea needs investigation to establish if the recycle 

would provide an efficient means of suppressing the 

formation of the less desirable product. The effect of 

the recycle is examined by adding SiCl 4 to a 

stoichiometric mixture of ash, chlorine and carbon 

monoxide. 

With increased addition of silicon tetrachloride 

to the stoichiometric mixture, any significant change 

in the product distribution at the equilibrium was not 

observed. However, by reducing the amount of chlorine 

in the mixture along with recycling SiCl 4 , further 

chlorination of silicon in ash was suppressed. The 

results of the equilibrium calculations for three 

ratios of chlorine supplied to the reaction mixture is 

shown in Figure 3.8. In this figure, the area above the 

dashed curve represents the region where complete 

chlorination of aluminum in ash is predicted. In order 

to totally suppress the chlorination of silicon in ash, 
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the operating point of recycle should lie on the diago-

nal ( chained line) . This will make the ratio 

(SiCl 4/SiO 2) in the feed and the product identical. 

For 25% chlorine supply situation, the process requires 

an external source of SiCl 4 whereas for 75% chlorine 

supply an excess of chlorine is predicted. It may be 

noted that at about 50% of the stoichiometric chlorine 

demand, neither an accumulation nor a depletion of 

SiC1 4 occurs. A satisfactory operating point of recycle 

is achieved when the ratio ( SiCl4/S102) assumes a value 

of 1.5 to 2.0. 

It is important to bear in mind that the above 

mentioned set of conditions is optimum for the ash com-

position assumed initially for the calculations ( Table 

3.3). For an ash of different composition or at tem-

peratures other than 1000 K, these operating conditions 

will change. In Table 3.3, it is also indicated that 

the fraction of chlorine required for silicon alone is 

50% of the total stoichiometric amount. To achieve an 

optimum recycling of SiCl 4 , the chlorine amount should 

be sufficient to chlorinate all constituents in the ash 

except silicon. 

The distribution of aluminum between aluminum tn-

chloride dimer and monomer is also affected by the 

recycle of SiCl 4 . The effect of recycling SiCl 4 on the 

ratio ( Al 2C1 6/AlCl 3) is shown in Figure 3.9. An 
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increase in the supply of chlorine to the reaction mix-

ture with SiCl 4 recycle enhances the formation of 

Al 2Cl 6 when the chlorination of aluminum is incomplete. 

However, it is interesting to note that this trend is 

reversed when the total chlorination of aluminum has 

occured. Further increases in the amount of recycled 

SiCl A lower the fraction of aluminum as aluminum 

chloride dimer. 

Thus the thermodynamic feasibility of recycling 

silicon tetrachloride to suppress the chlorination of 

silicon in ash is demonstrated. The possibility of such 

a recycle introduces an effective means of improving 

the overall economics of the ash chlorination process. 

3.8 Summary and Conclusions 

The thermodynamic free energy minimization calcu-

lations have been very useful in providing an under-

standing of the overall chlorination process. The fol-

lowing can be concluded from this study: 

(i) Coal ash has the potential of becoming an impor-

tant source of several metals through a reductive 

chlorination process. There does seem to be a 

clear reaction path for the chlorination of alum-

inum in particular. The use of chlorine alone 

will not result in chlorination of aluminum and 

silicon. For complete chlorination of aluminum in 



ash, stoichiornetrjc amounts of chlorine and 

carbon/carbon monoxide are reqiiired. 

(ii) Though the variation in system temperature has a 

dominant effect on the redistribution of aluminum 

compounds, total chlorination of aluminum is 

predicted up to 1300 K. Above this tempera-

ture, the stability of aluminum is enhanced. 

(iii) There is no apparent pathway for selective 

chlorination of aluminum. It is predicted that 

simultaneous chlorination of silicon will occur. 

However, it is shown that the recycle of silicon 

tetrachloride would suppress further chlorination 

of silicon in ash. This should give tremendous 

savings due to the reduced reactant consumption. 



CHAPTER 4 

EXPERIMENTAL 

4.1 Introduction 

Experiments were conducted to evaluate the effect 

of selected process variables on chlorination of ash. 

The reduction chlorination reactions involved in 

extracting metals as their chlorides are exothermic in 

nature ( Table 3.1). In order to achieve a rapid dissi-

pation of the heat that is released during the reac-

tions, a fluidized bed reactor offers several advan-

tages. A fluid-bed as opposed to a fixed bed yields 

superior homogeneity and control over the reaction tem-

perature. In addition, the gas- solid film resistance 

is relatively higher in the packed bed system. Due to 

the higher gas velocity, the film resistance is much 

smaller in magnitude for the fluidized bed reactor. 

The fluid bed reactor was operated at 1.5 to 2 

times the minimum fluidization velocity. It provided a 

means of controlling the solids entrainment. In addi-

tion, this aided in diminishing the extent of back mix-

ing in gas phase that is encountered in fluidized bed 

reactors. Thus by keeping the reactor at slightly 

above the minimum fluidization velocity, an optimum 

operation of the fluid bed was achieved. 



4.2 Description of Apparatus 

A schematic of the experimental apparatus is shown 

in Figure 4.1. The parts exposed to high temperatures 

and corrosive gases were fabricated from quartz or 

pyrex glass. The reactions were carried out in a 

8.0 cm diameter fluid bed reactor made of quartz. The 

reaction bed was supported on two porous frits, also of 

quartz. The reactor assembly was encased vertically in 

a 3-zone Lindberg Sola-basic tubular furnace. The fur-

nace with an appropriate temperature controller was 

capable of attaining temperatures upto 1000 °C with pre-

cise control. The temperature within the reactor was 

monitored with 4 thermocouples inserted into thermocou-

ple wells provided at the wall of the reactor. Other 

important features of the reactor are shown in Fig-

ure 4.2. 

The reacting gas mixture of chlorine and carbon 

monoxide was fed to the reactor through appropriate 

rotameters and a silica gel dryer. The entrained solid 

particles of ash were trapped in a cyclone separator of 

quartz. Since transporting the solids collected in the 

cyclone separator back to the reactor would have intro-

duced serious operating difficulties, the experimental 

runs were conducted at slightly above the minimum 

fluidization conditions. The exit gas with metal 

chlorides in vapour form entered a scrubbing column 
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where metal chlorides were dissolved in a mild HC1 

solution. 

From preliminary investigations, it was ascer-

tained that in spite of added thermal insulation, sig-

nificant cooling of the gas stream occured in the pyrex 

tubing connecting the cyclone separator and the 

scrubber. This led to partial condensation of metal 

chlorides, especially of iron and aluminum, inside the 

tube. Since the main purpose of installing the 

scrubber was to monitor the concentration of metals on 

a continuous basis, such premature condensation of the 

chlorides had to be minimized. Sections of tube were 

wrapped with electrical heating tape. This worked 

satisfactorily and maintained the temperature above 

300 °C in the heated section. Due to the thermal 

stresses caused in the glass tubing, the section of 

tubing prior to the scrubber frequently broke. Hence, 

it became necessary to remove the heating tape from 

this particular section. All heated sections exposed 

to atmosphere were thoroughly insulated with a ceramic 

insulation material. 

The metal chlorides produced from chlorination of 

ash were dissolved in a weak HC1 solution, which was 

recirculated countercurrently in the scrubbing column. 

The column was filled with 12 mm multiple- turn helical 

packing of borosilicate glass. The design and 
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operating details are listed in Table 4.1. The purpose 

of using weak acidic medium was basically to ensure 

that metal ions remained in solution form. The recir-

culating solution was in turn cooled with tap water 

using a stainless steel cooling coil. Samples of 

recirculating solution were withdrawn from the bottom 

of the column for the determination of metals by an 

atomic absorption technique. 

The gas exiting from the scrubber entered a second 

column for the removal of urireacted chlorine. In this 

column, a strong caustic solution reacted and neutral-

ized the chlorine in the exit gas for safe discharge 

into the atmosphere. 

The temperature history of all the experimental 

runs was recorded on a 24-point chart recorder. 

4.3 Characteristics of the Fluid-bed Reactor 

The selection of porous frits to serve as the bed 

support and inlet gas distributor was based primarily 

on achieving intimate gas-solid contacting without 

appreciable channelling of gas. It is also more effec-

tive in preventing the finer particles from falling 

through the bed support. The resultant high pressure 

drop across the porous frits also yields better gas 

distribution. The uniformity of gas distribution over 

the frit area was studied visually by passing nitrogen 



Item HC1 Scrubber Caustic Column 

Column ID, cm 

Total height, cm 

Packed height, cm 

Cross section area, cm 2 

Liquid rates, 1/rn 

Liquid velocity, cm/s 

Gas velocity, cm/s 

Liquid volume, 1 

HCl/NaOH concn. 

10.0 

100 

35 

81 

3.0-4.0 

0. 62-0  . 82 

1.6 

14.0 

0.1-0.2 N 

7.5 

105 

85 

46 

4.0 

1.45 

2.9 

32.0 

125-150 g/l 

Table 4.1 Operating Conditions for Gas-Liquid Columns. 



gas through a thin bed of ash particles. 

The pressure drop across the gas distributor was 

studied next. The two pressure taps were located 

before and after the reactor assembly. This limited 

the measurement of the pressure drop to a combined 

value for the bed and bed support. The pressure drop 

observations were recorded at several constant tempera-

tures and varying gas flow rates. The data for the bed 

without any solids, i.e. only the bed support, are 

shown in Figure 4.3. The pressure drop is plotted 

against the actual gas flow rate, corrected for pres-

sure and temperature of gas at conditions inside the 

reactor. The variation in slope of the lines with tem-

perature is primarily due to change in viscosity of 

nitrogen with temperature. All curves give almost 

identical slopes once the viscosity effects have been 

taken into consideration ( Table 4.2). The linear vari-

ation of (AP) initially with velocity is in accordance 

with Darcy's equation ( 57) for flow through porous 

media at low velocity and &P << P. 

The reactor was filled with 125).lm bottom ash par-

ticles to a bed height of 10 cm. The pressure drop 

measurements were repeated at 3 temperatures. The 

results after subtracting the pressure drop across the 

frits are shown in Figure 4.4. The break in each line 

signifies the onset of fluidization as the flow rate is 
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Temp. Slope viscos•ty,m Slôpeu Minimum 

I (-AP /V x10 x10 I Fluidization 
I S Velocity I I I I 

Condition ( °C) (cm 11 20 s/lit) (g /cm s) (cm 11 20 s2/lit) (cm/s) 
I  I  

I I 
I I I 

21 0 • 47 0.018 I I  

I I I 
I I 

No 324 0.63 0.026 
I I 

Solids 555 ' 0.72 0.030 I I 

I I I 
I I I I 

778 0.82 0.034 

25.9 

24.4 

24.0 

24.0 

bed of 

I25jim 
particles 

21 

326 

555 

0.56 

0.68 

0.76 

0.018 

0 . 026 

0.030 

31.1 

26.2 

25.3 

Table 4.2 Characteristics of the Fluid-bed Reactor. 
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increased. The bed support ( porous frits) offered a 

much higher fraction of the total resistance to gas 

flow. The fraction of the resistance due to solids 

constitutes only 6-15% of the total. The minimum 

fluidization velocities are in the range 1.5 to 

1.8 cm/s. The minimum fluidization velocity predicted 

by Wen and Yu correlation ( 59) is approximately 

2.2 cm/s. 

4.4 Procedure for Chlorination Experiments 

The procedure adopted for the chlorination experi-

ments is described briefly in this section. 

4.4.1 Rotameter Calibration 

The rotameters were calibrated with nitrogen and 

air using a wet test flow meter. It was found that the 

calibration curves provided by the manufacturer were 

within -1-3% accuracy. The calibration was not done with 

CO and Cl 2 due to the hazardous nature of the gases and 

inability of the wet test meter to handle chlorine. 

Under the circumstances, a correction factor was 

employed to generate the curves for these gases. The 

correction factor is given as follows: 

Cf = ( p1T1P2/p2T2P1 ) 0.5 (4.1) 

4.4.2 Calibration of Thermocouples 

The Chromel-Alumel type K thermocouples were used 

for the temperature measurements. The thermocouples 
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were tested for three different temperatures against a 

precision mercury thermometer. The three reference 

temperatures were an ice bath, boiling water and a 

water bath at room temperature. The thermocouples were 

found to be within ±0.5 °C of the reference values indi-

cated by the thermometer. 

The temperature drop that occured across the ther-

mocouple wells of the reactor was estimated. The meas-

urements were done at 900-920°C in a fluid-bed 10 cm 

deep of 164 um ash particles. A long thermocouple was 

inserted directly into the reactor and thus was exposed 

to- the temperature of the bed. Another thermocouple 

was inserted into the lower most well of the reactor 

shown in Figure 4.2. Several temperature comparisons 

indicated that the readings through the well were 

within 1°C of the actual temperature. It can be 

stated, therefore, that the temperature measurements 

with the thermocouple wells contribute to a maximum 

error of 1 0 C. The temperature values reported 

throughout the study are those obtained through thermo-

couple wells, and are subject to an error of -1° C. 

4.4.3 Preparations for Experimental Runs 

The quartz reactor was filled with a weighed 

amount of narrow- sized ash sample. The fines present 

in the ash sample were removed by passing nitrogen 

through the bed. It was found that the fraction of 
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-Fines was of the order of 1-2%, and the ash weight was 

adjusted for this loss. The assembly of the cyclone 

separator and the quartz tubing was completed. High 

vacuum grease was used to provide sealing of the glass 

connectors. Fresh solutions of caustic ( 30 litres of 

125-150 g/l) and dilute hydrochloric acid ( 13 litres of 

0.1-0.2 N) were placed in the respective tanks. The 

thermocouples were placed in the thermocouple wells 

provided at various locations. A helium leak detector 

(Varian 925-40. Porta-test Mass Spectrometer) was used 

to detect the system for any leakage. 

4.4.4 Experimental Runs 

The initial heating up of the reactor was carried 

out in an inert atmosphere of nitrogen. The flow of 

nitrogen was maintained at about 1.5-2.0 times the 

minimum fluidization velocity for the ash particles. 

The furnace and the chart recorder were switched on. 

Thus a complete record of the experimental run was 

obtained. A typical recording of temperature history 

for one complete run is given as Figure 4.5. 

Once the furnace temperature reached the desired 

temperature in about 2 to 3 hours, the nitrogen flow 

was continued for an extra 15 minutes. This was neces-

sary to allow the reactor to achieve uniform tempera-

ture. Following this, the flow of reacting gases ( Cl 2 

and CO) was commenced while the nitrogen flow was 
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discontinued. The experimental run was timed as soon 

as the reacting gas entered the reactor. Various pres-

sure gauge readings and the pressure drop across the 

reactor were monitored throughout the run. 

Samples ( 150 ml) of the recirculating dilute HCl solu-

tion were withdrawn at regular time intervals. The 

temperature of the reactor was also recorded through a 

digital device at the time of each sampling. 

The temperature of the reactor increased sharply 

at the start of each run. The increase in temperature 

was of the order of 20-35°C and occured in about 3 to 5 

minutes. The temperature returned to the maintained 

value in 10-15 minutes. The rise in temperature could 

indicate the initial rapid rate of chlorination reac-

tions. The reactor temperature following the initial 

rise was maintained within ±1° C. 

The runs were terminated after a predetermined 

period of time. The reacting gases were discontinued 

and the flow of nitrogen was once again commenced. The 

furnace was switched off. The reactor assembly and the 

quartz tubes were allowed to cool for at least 4 hours 

before the set-up could be dismantled for cleaning. 

The samples of HC1 solution and caustic, before and 

after the run, 

tion analysis. 

were also collected for atomic absorp-
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After the quartz sections had cooled sufficiently, 

the tubes were rinsed thoroughly with approximately 

0.5 N HC1 solution to dissolve the solids that had con-

densed over the inside. The volume of each rinsing was 

recorded and the samples were kept for the metals 

analysis. A sample of the mass in the reactor was 

retained for the determination of metals by atomic 

absorption technique to be discussed in Chapter 5. 

4.5 Condensation of Metal Chlorides 

In spite of electrical heating and thorough insu-

lation of the quartz sections, partial condensation of 

metal chlorides occured over the period of entire run. 

The solids condensed, however, could be recovered only 

after the termination of each run. Since the fraction 

of solids condensed was 6-30% of the total formed, it 

was necessary to make the adjustments. 

The driving forces for the condensation of solids 

are the surface temperature of tubes and the concentra-

tion of metal chlorides in the gas stream. The surface 

temperature profile would be almost identical in all 

experimental runs due to the maintained uniformity in 

electrical heating rate, same insulation and constant 

room temperature. Thus the only parameter that would 

govern the condensation is the concentration of indivi-

dual metal chlorides in the gas stream. It is, there-

fore, assumed that the fraction of a metal chloride 



condensing, J, at any time is proportional to the total 

amount, L, in the flowing gas, i.e. 

J = k L (4.2) 

Also the fraction of the chloride dissolved, E, is the 

difference of L and J, 

E= ( L - J) (4.3) 

By combining Equations ( 4.2) and ( 4.3), the following 

is obtained 

L = B /( 1 - k ) (4.4) 

Since the fraction of solids condensed for any run 

is measured at the termination of each run, only one 

pair of J and L was obtainable from a run. The total 

number of chlorination runs was 25. Linear regressions 

performed with the results of all the runs showed a 

good fit for the data. In Table 4.3, the correlation 

coefficient for aluminum and iron chlorides is 0.95. 

The best fit regression lines for aluminum and iron 

chlorides are given in Figure 4.6, and for silicon and 

titanium in Figure 4.7. For the case of silicon, the 

scatter is significant indicating that this treatment 

does not work satisfactorily for SiCl 4 . It is also 

noticed that the condensed fractions are dependent on 

the boiling points of the metal chlorides ( Table 4.3). 

The fraction is higher for the species 



Species 
No. of 
data 

points 

Boiling 
Temp. 

C 

Correlation 

Parameters 

a b 

Correlation 
Coefficient 

In 

Level. of 
Significance 

(%) 

FeCi 3 25 315.0 -62.3 0.325 0.95 >99.9 

Aid 3 25 178.0 -18.3 0.275 0.95 >99.9 

TiC1 4 19 136.4 -10.3 0.273 0.86 >99.9 

SiC1 4 20 57.6 36.5 0.061 0.33 <90.0 

I 1 I I I  I  

Table 4.3 Correlation of Condensed td Total Metal Chlorides. 
J = a + bL 



2.0 

0) 

1.5-
0 
LU 
Cl) 
z 
LU 
0 

- 

0• 
0 

H 

0.5-

2X 

0 0.5 1.0 

-0-- Aluminum Chloride ; r = 0.95, a 18.3, b = 0.275 
--x-- Iron Chloride; r=0.95, a-62.3,b=0.325 

X. 0 

x 

- - 

0 

I I I  
1.5 2.0 2.5 
TOTAL CHLORIDE ( L),g 

0 

3.0 3.5 4.0 

Figure 4.6 Condensation of Aluminum and Iron Chloride Vapours. 



—0— Silicon Chloride 
0.33 

a= 36.5 
b= 0.06! 

0 

0 

—0.02 

-0.0! 

0 

-- Titanium Chloride 
r= 0.86 
a.- l0.3 
b= 0.273 

0 x x  
0 00 xA x 
0 x 

00 o) 0 X /" F 
10 I I x  

00 0.5 1.0 1.5 2.0,0.0 0.05 

TOTAL CHLORIDE ( L),g 
0.! 0.15 02 

Figure 4.7 Condensation of Silicon and Titanium Chloride Vapours. 



with a higher boiling point. 

Due to the fact that several ash particle sizes 

were employed in the chlorination tests, the flow rates 

of reacting gases were different in all the runs. But 

the superficial velocities fall within a narrow range 

of 2.3 to 3.6 cm/s for most of the experiments. A 

variation in the flow rate also changes the residence 

time of the vapours in the glass tube. The amounts of 

condensed and total solids for all 25 runs along with 

the flow rates used are given in Table 4.4. Linear 

regressions were repeated once again for the fraction 

of each metal chloride with respect to the flow rate. 

The correlation of the fraction of metal chlorides and 

the gas flow rate is unsatisfactory ( Table 4.5). The 

fraction of chlorides condensed is an inverse function 

of the gas flow rate in all cases. Increasing the flow 

rate lowers the fraction of chlorides condensed. The 

correlation coefficients ( the Irl values) are always 

less than 0.5. 

From the foregoing, the procedure to correlate the 

condensation of metal chlorides is proved very reli-

able. The condensed fraction of metal chlorides, 

except SiC1 4 , is a function of the total amount present 

in the gas phase. The confidence limit for aluminum, 

iron and titanium are over 99.9% ( Table 4.3). For sil-

icon, the confidence limit is much less than 90%. The 



Total Al Fe : Si : Ti 
Gas - I 

Run Flow Cond. Total Cond. Total Cond. Total Cond. Total 

No. ( 1/rn) : (mg) (mg) : (mg) (mg) (mg) (mg) : (mg) ( rng) 

1 16.5 1.3 53.0 1.6 260.0 

2 15.0 57.0 140.0 55.0 160.0 

3 10.7 38.0 130.0 45.0 200.0 

4 10.2 4.0 59.0 3.2 82.0 

5 14.4 1 330.0 930.0 280.0 1800.0 

6 9.8 160.0 470.0 : 340.0 1300.0 21.0 160.0 3.8 41.0 

7 7.3 460.0 1300.0 1 670.0 2000.0 7.2 180.0 45.0 140.0 

8 1 7.3 : 1200.0 3500.0 1500.0 4100.0 12.0 540.0 48.0 200.0 1 
9 1 7.0 1700.0 4650.0 1 1000.0 2900.0 310.0 1000.0 

10 5.6 770.0 3000.0 970.0 3600.0 160.0 580.0 8.7 97.0 1 
11 6.9 530.0 2300.0 250.0 110.0 200.0 920.0 2.8 44.0 1 
12 8.1 1 880.0 3400.0 260.0 960.0 210.0 1500.0 0.4 13.4 
13 7.8 280.0 980.0 160.0 550.0 100.0 530.0 1.1 15.0 1 
14 6.9 540.0 2100.0 135.0 530.0 150.0 870.0 2.6 54.0 

15 6.9 670.0 3100.0 210.0 920.0 21.0 950.0 3.2 56.0 
16 8.1 900.0 3700.0 390.0 1400.0 66.0 1200.0 8.5 91.0 

17 8.1 360.0 1500.0 1 350.0 1500.0 83.0 420.0 6.0 47.0 

18 8.1 310.0 1400.0 93.0 600.0 19.0 390.0 1.7 29.0 

19 8.1 830.0 3400.0 1 215.0 1200.0 120.0 1300.0 3.5 70.0 
20 1 6.9 1 380.0 1500.0 1 150.0 600.0 22.0 560.0 19.0 75.0 

21 1 6.9 1 750.0 3300.0 1 180.0 1100.0 37.0 1200.0 5.1 83.0 1 
22 1 7.8 1 1000.0 3700.0 320.0 1300.0 63.0 1300.0 3.4 81.0 1 
23 1 7.8 1 950.0 3700.0 1 200.0 870.0 55.0 1300.0 2.3 78.0 1 
24 7.8 1 780.0 3400.0 1 230.0 1100.0 52.0 1200.0 1.5 53.0 1 
25 7.8 1 890.0 3600.0 1 260.0 1100.0 93.0 1600.0 4.9 82.0 1 

Table 4.4 Fraction of Metals Recovered by Condensation. 



Species 
No. of 

data 

points 

Correlation 

Parameters 

a b 

Correlation 

Coefficient 

In 

Level of 

Significance 

() 

Fed 3 25 0.35 -0.014 0.44 >95.0 

A1C1 3 25 0.29 - 0.004 0.12 <90.0 

TiC1 4 19 0.22 - 0.017 0.17 <90.0 

SiCi 20 0.31 -0.027 0.25 <90.0 

I I I 1  

Table 4.5 Correlation of Fraction Condensed with Flow Rate ( Q). 

(ka+bQ 



Al 2Cl 6 

variation in flow rate had a less significant effect on 

the fraction condensed. The confidence limit for iron 

is over 95%, but it is much less than 90% for the other 

chlorides ( Table 4.5). 

4.6 Products of Chlorination 

Each of the metals considered for the study can 

assume a variety of valencies and thus there is a pos-

sibility of each of them forming a number of chlorina-

tion compounds. For example, 'aluminum can react with 

chlorine to yield Aid, A1C1 2, Aid 3 , Al 2Cl 2 and 

Al 2C1 6. Instead of identifying individual chlorinated 

forms for each metal, the results were based on the 

most probable chloride form. 

A preliminary screening of the possible chlori-

nated forms can be aided by the results of the equili-

brium calculations. In the presence of sufficient 

quantities of chlorine and the reducing agent it is 

shown that the more probable species of aluminum are 

A1C1 3 and Al 2C1 6 . At temperatures below 800 K, Al 2Cl 6 

decomposes to give AlCl 3 molecules. The stability of 

in the vicinity of 450 K which is the sublima-

tion temperature for AlCl 3 , is only minimal. It can be 

inferred, therefore, that the product of chlorination 

of aluminum will be Al 2C1 6. However, the lower tem-

perature in the condensation column would cause the 

dissociation of Al 2Cl 6 to give Aid  3 . This is also 



substantiated by the observation that the condensation 

of aluminum chloride was observed only in the cooler 

sections of the quartz tubing. The sections which were 

exposed to temperatures above 300°C did not have an 

appreciable deposition of aluminum chloride. It can be 

concluded that the most probable chlorinated species of 

aluminum is AlCl 3 for the present system. Neverthe-

less, since the aluminum to chlorine ratio in both 

Aid 3 and Al 2C1 6 is identical, the representation by 

either one of them would be acceptable for this study. 

The situation for silicon and titanium is rela-

tively simple. From the equilibrium calculations, the 

likely chlorides of silicon and titanium are SiCl 4 and 

TiCl 4 , respectively. The presence of SiC1 4 and TiC1 4 

is also confirmed by the condensation of solids data 

shown in Figure 4.7. In both cases, the di- and tn-

chlorides tend to have much higher boiling points 

(above 1000 ° C). In the event the lower chlorides were 

to form, the condensed fractions in Figure 4.7 would be 

much higher. Therefore, for silicon and titanium the 

most probable chlorinated forms are SiCl 4 and TiCl 4 , 

respectively. 

The situation for the case of iron is very 

interesting. From the thermodynamic calculations it 

was found that at higher temperatures (> 1000 K) the 

dichloride form becomes more dominant than the 



trichiorides. Whereas at lower temperature (< 800 K), 

Fed 3 is the only probable form. Thus the likelihood 

of the formation of ( Fed 2) is significant at the 

reaction temperatures, as the product gas mixture is 

cooled the trichioride will be obtained. The necessary 

chlorine amount in this transformation will perhaps 

come from the excess chlorine in the carrier gas. Once 

again, the preferential formation of FeCl 3 is confirmed 

by the condensation data shown in Figure 4.6. The con-

densation temperature for ferrous chloride is > 950 K, 

whereas that of Fed 3 is < 600 K. If FeCl 2 were to be 

the probable species, the fraction of iron chloride 

condensed would be more than 31% and significantly 

higher than 26% for Aid 3 with sublimation temperature 

466 K. 

From the foregoing analysis it is concluded that 

the most probable products of chlorination for the four 

metals studied are their highest chlorides. 



CHAPTER 5 

MATERIALS AND METHODS 

5.1 Characteristics of Ash 

A number of physical and chemical characteristics 

of ash samples were determined. In this section, the 

techniques and results obtained will be discussed 

briefly. 

5.1.1 Particle Size Distribution 

The particle size distribution of fly and bottom 

ash were obtained by sieve analysis. The sieving was 

continued for 30 minute periods and each determination 

was repeated for improved reliability. The sieving of 

particles of diameter smaller than approximately 75im 

was poor and extremely slow. This is believed to be 

due to a build up of electrostatic charge which 

resulted in the agglomeration of the fines. In all 

there were 4 different samples of ash available from a 

power plant in Central Alberta; 2 each of fly and bot-

tom ash. The samples of coal ash were obtained by sam-

pling over a period of time. The sieve test results 

are plotted as differential analyses in Figure 5.1. 

The sieve analysis of the fluid coke is given in Figure 

5.1(b) . 

The curves for fly ash indicate similar size dis-

tribution for the two samples. There is, however, a 
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larger fraction of particles with diameter > l0Oim in 

batch I as compared to batch II. Both ash samples 

indicate sharp peaks around 25-5Oim. Bottom ash, in 

contrast, is much coarser in nature. Frequently, par-

ticles as large as 3 cm were found to be present in 

bottom ash. Bottom ash samples show more uniform par-

ticle size distribution, with very low peaks around 

l50-20Oim. Bottom ash sample II contained more fines 

than batch I. For fluid coke, a sharp peak is observed 

around l50- 200m. 

5.1.2 Density 

The density of several size fractions was deter-

mined using a pycnometer procedure and distilled water 

as reference. Care was taken to remove air bubbles 

from the samples. The results are listed in Tabld 5.1. 

In general, the density of bottom ash fractions is 

lower than fly ash. Ash samples after the removal of 

the volatile fraction show an increase in the density. 

5.1.3 Volatile Fraction 

Ash samples contain 2-4 of the mass as a vola-

tile fraction. This was removed by heating the sample 

at 6 50 °C for 15 minutes. The fraction is higher in 

bottom ash, given in Table 5.1, due to a larger frac-

tion of carbon particles present. 



Ash Avg. Dia. Density Vo latil e Moisture  

Tyler Size (AM) (g/0m 3) (%) (%) 
I I I  I 

-20+50 505 2.01 3.2 . . . 
I I 

L L 

-50+60 274 1.94 4.6 . .. 

I I I I 

-60+80 210 1.97 4.0  
I I 

-80+100 163 1.99 1 3.4 0.11 I I 

Bottom -100+140 125 1.99 2.6 ... 

I L J J I I 

I ' -140 <105 2.03 2.4 I I I 0.17 
I I I.. I I I 

_20+50* 505 2.30 . . . . .. 

I I 

I I I - 80-1100* 163 . 2.17 * ... I •.. 

I I  -  I I  I 

I +80 >177 ' 2.01 3.4 
__..__. ...--- ..........__., 

-80+100 : 163 1 2.10 1 2.9 1 0.08 

-100+140 125 . : 2.20 1 2.3 . 

L I I 

Fly -140+200 89 2.21 1 2.2 0.10 
I L_.  

-200 <75 2.24 2.2 

-100+140* 125 1 2.24 • . . 1 . - 140+200* 89 2.26 . . . . 

* Samples after ashing at 650 ° C. 

Table 5.1 Physical Properties of Ash Fractions. 



5.1.4 Moisture Content 

The moisture content, determined at 110° C, is 

found to be very small for the case of fly ash. Bottom 

ash needed considerable drying before the sieve tests 

could be performed. The moisture content for bottom 

ash, given in Table 5.1, is after this primary over-

night drying. 

5.2 Chemical Analysis of Ash 

For the determination of metal concentration in 

ash samples, the following procedure was adopted: 

(a) 0.1 g ash + 0.5 g LiBO 3 were fused together in 

platinum crucible at 1000 °C for upto 2-hour period. 

(b) the crucible was submerged in hot 50% HNO 3 for 

a period of 4 hours or more. 

(c) the diluted solution was finally adjusted to 

100 ml for atomic absorption analyses. 

The lithium rnetaborate fusion procedure is com-

monly used for the determination of metals in soil sam-

ples ( 56). Difficulty was experienced, however, in 

dissolving the fused mass completely in acidic medium. 

Several other dissolving reagents, such as aqua regia, 

50% 1-iCl etc., were also tried, but a small fraction of 

white flaky substance always remained undissolved. The 

analysis given in Table 5.2 represents the composition 

of the supernatant. The determination of silicon by 

this procedure appears erratic and is uestionable 



Ash 

type 

-Si ze 

(jim) 

Elements, % by wt. 

Al Fe Ti Na K Ca Mg Si* 

Fly 

Bottom 

125 

89 

75 

<75 

16.0 1.3 0.4 1.2 0.7 0.8 0.1 27.4 (23.0) 

15.8 1.3 0.3 1.3 0.7 0.8 0.1 27.6(21.9) 

15.5 2.2 0.5 1.5 0.5 0.9 0.2 26.9 ( 6.1) 

12.6 2.9 0.6 2.0 0.8 1.5 0.3 28.0( 5.4) 

163 

125 

89 

<89 

15.4 2.4 0.6 1.2 0.6 1.0 0.2 26.8(16.7) 

15.1 2.5 0.5 1.4 0.6 1.2 0.2 26.9(16.7) 

14.0 2.1 0.6 1.4 0.6 1.0 0.2 28.1(14.0) 

14.3 2.0 0.5 1.5 0.6 1.5 0.2 27.6( 4.8) 

* obtained by difference; the actual analyses are shown in brackets. 

Table 5.2 Metals in Coal Ash. 



(actual analyses are also given) . The silicon fraction 

as calculated from an element balance of ash, assuming 

5% of the ash to be other fractions, is also indicated 

in Table 5.2. The concentration of calcium is also 

low, when compared with the analysis of a similar ash 

sample ( 18), given in Table 2.1. 

5.3 Acid Leaching of Ash 

The purpose of this study was to help understand 

the dissolution of metals in ash into 1 N HCl solution. 

The ash samples of two different sizes were selected to 

obtain the extent of metals dissolution at room tem-

perature. The known quantities of the ash samples were 

placed in 6 flasks and measured amount of 1 N HC1 solu-

tion was poured into each flask. The contents at room 

temperature were mixed with a magnetic stirrer. The 

contents were filtered at regular time intervals and 

the filtrates collected were analyzed by atomic absorp-

tion analysis. A very minor increase in the pH of the 

filtrates indicated that the strength of the solution 

remained constant. The results are expressed as the 

fraction of metals dissolved at the end of each time 

period. The metals that the filtrates were analyzed 

for are aluminum, iron, silicon and titanium. 

The fractions of each metal dissolved for the two 

ash sizes are plotted against the logarithm of time in 

Figure 5.2 ( a) and ( b) . The effect of particle size on 
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the extent of leaching is clearly evident. Reducing 

the particle size results in the increase of fraction 

dissolved for all 4 cases. The time required for the 

same fractional dissolution in the c approximately dou-

bled when the particle diameter is reduced by more than 

half. This indicates that the rate for iron is propor-

tional to the mean particle diameter. Reducing the 

particle size by a factor of 2.4 increases the rate by 

5 to 10 times for aluminum, silicon and titanium. 

It can be concluded, therefore, that though the 

rate of dissolution of metals in ash is rather slow, 

the overall rate is definitely a function of particle 

size. The extent of such dissolution is greatest for 

iron and the slowest for silicon and aluminum. 

5.4 Thermal Behaviour of Ash 

The presence of a liquid phase was observed when 

ash samples were heated to beyond 800 ° C. The liquid 

fraction was sufficient to cause the caking of ash par-

ticles. This occured in the temperature range 

820-840 °C and was more prominent with particles smaller 

than 125 gm. The formation of liquid resulted in the 

failure of fluid-bed operation. 



54.1 The Differential Thermal Analysis 

In order to study the thermal changes that take 

place when ash is heated up, a differential thermal 

analysis ( DTA) of the samples was performed. The tests 

were conducted on a DuPont 900 Differential Thermal 

Analyzer at the Research Council of Alberta Labora-

tories, Edmonton. 

In DTA tests, energy changes are detected as the 

difference in temperature between two matched thermo-

couples. One thermocouple was placed below the plati-

num cup holding the sample while the other one remained 

in contact with a thermally 

this study) 

an ice bath. 

resulting in 

The reference 

As the sample 

inactive sample ( Al 203 in 

thermocouple was placed in 

showed energy transitions 

absorption or release of heat, the curve 

on the recorder showed an endotherm or an exotherm, 

respectively. Though the maximum temperature which the 

samples were raised to was around 1250 ° C, the furnace 

was capable of attaining temperatures to 1600 ° C. 

The samples were heated in an inert atmosphere of 

helium at 1 atmosphere. The heating rate for all runs 

was maintained at 10 mv/mm, which for Pt-Pt 13%Rh 

thermocouples gives an initial heating rate of approxi-

mately 45°C/mm. Due to the non-linear nature of 

temperature-millivolt curve for this thermocouple, the 

heating rate drops as the temperature increases. The 



DTA curves, for this reason, have a non-linear tempera-

ture axis. 

Though only the heating curves were recorded in 

most cases, the thermogram traces obtained during the 

ambient cooling of samples were recorded in some cases 

as well. The comparison of heating and cooling curves 

can provide useful information. For instance, if there 

is no weight loss with thermal activity, such as melt-

ing, the two curves should be more or less identical. 

If, however, the process is accompanied with certain 

weight loss, such as decomposition of a constituenk, 

the curves will not have similar profiles. 

5.4.2 Thermograms of Ash Samples 

The DTA thermograms for fly and bottom ash sam-

ples are given as Figures 5.3 and 5.4. There are 

apparently two regions of intense thermal activities. 

The temperature range of the first endothermal activity 

is 375-525 ° C. The second and more prominent activity 

takes place at approximately 1000 ° C. Since both of 

these endothermic dips are reproduced in the cooling 

curve ( Figure 5.3(b)), it can be concluded that these 

correspond to certain phase transformations. The anti-

cipated melting of compounds around 800-850 °C is not 

appaient in the thermograms. Nevertheless, the endoth-

ermic dips are observed clearly in this temperature 

range for the two bottom ash samples. It is also 
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interesting to notice a number of minor endothermal 

dips in the cooling trace for the finer ash particles. 

The fly ash sample ( d=l25im) was examined under atmos-

pheric environment, and thus the exothermic peak in the 

vicinity of 500 °C may be indicative of the combustion 

of carbonaceous matter in ash. 

There is only a limited amount of information that 

can be obtained from the DTA tests for a complex mix-

ture of constituents, such as ash. The presence of 

trough shaped endotherms could indicate the occurence 

of a number of endotherms close to one another. An 

attempt to identify compounds that may he causing the 

observed thermal activities would be fruitless. The 

task of identifying the compounds is complicated due to 

the formation of eutectics within the species. The 

eutectics may possess much lower overall melting 

points. Further attempts in this direction were beyond 

the scope of the present work. A list of compounds 

which may be contributing to the observed thermal 

changes is compiled as Table 5.3. 

5.5 Surface Characteristics 

5.5.1 Microscopic Studies 

A general understanding of the physical geometry 

of ash particles was obtained by examining the parti-

cles with a Carl Zeiss photomicroscope. A 35 mm camera 

was attached to the microscope for taking pictures. 

Ash particles under the microscope were found to be of 
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I I 

I S 

Substance Phase Change : Temp., 'C 
1 I 

I S S S 
J.  

5 5 8 
I I I I 

A1 203 .Na 2O.6SiO 2 melting 1100 
I I 

S I 5 5 
I I I 

A1 203 .K 20.6SiO 2 melting 1150 
S S I 
I I 

CaCl 2 ' melting 772 I I 

$ S I S 
I I 

CaCl 2 boiling >1600 I 

I I I I 
I I I 

CaCO 3 5 decomp. 825 
I I I I 
I I I 

CaSiO trans. 1190 
3 

I I I I 
I I I I 

FeSO 4 I decomp. 671 I 

I I I I 
I I I I 

$ Fe 2 (SO 4)3 ' decomp. 480 
• S I I 

I I I 

KC1 S melting I 790 I I 

I S I I 

I icci boiling I 1500 
S I I 
I I I I 

K2CO 3 ' melting 891 I I I 

I I S S 
I I I I 

melting $ 976 K2SiO 3 
S I I 

I I I I 

MgCl 2 ' melting 712 I I 

I I I I 
I I I 

MgCl 2 8 boiling 1 1412 
I I 

I I I $ 
5 I I I 

MgCO 3 S decomp. 402 I I 

I I I 
I I I 

MgSO 4 melting 1127 I I 

I I 8 I 
I I I 

NaCl melting I 800 
I I I I 
I I I I 

Na C1 boiling 1413 
8 I I 
I I 

I Na 2CO 3 trans. 450 
I I I I 

$ I I I 
I I I I 

Na 2SiO 3 melting S 1089 
I I 

S I I 
I I I 

Na 4SiO 4 ' melting 1018 I I 

I I I 
I I 

S I SiO 2 , Quartz trans. 806 
• $ I 

I S I I 
I I  I  I 

Table 5.3 Some Compounds Showing Phase Change 
in Temperature Range 400-1400°C. 
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varying physical characteristics. A majority of the 

particles were more or less round in shape. The ten-

dency of particles to be more spherical increased when 

the smaller particle size (< 75)1m) was selected. 

The spherical particles also demonstrated a 

striking variation in colour, varying from blueish 

green to red. This colour variation would suggest a 

significant nonhomogeneity in the chemical structure 

among the particles. The photographs of 3 different 

size ranges are given as Plates 5.1 to 5.3. The highly 

roughened surface of the coke particles from a fluid 

bed coking unit is apparent in Plate 5.4. While 

Plate 5.1 is prepared using a transmitted beam of 

light, all other photographs are with the reflected 

light. The particles of ash are highly lustrous with 

the presence of unburnt carbon fraction. The particles 

of < 75im range tend to be more round. A large propor-

tion of fines in Plate 5.1 would substantiate a note, 

in Section 5.1.1, regarding the difficulty in sieving 

small ash sizes. 

Ash particles that have undergone partial chlori-

nation conclusively show a lack of the lustrous charac-

teristics noted previously for the unreacted ash sam-

ples. The particles in Plates 5.5 and 5.6 appear to 

have changed dramatically in their physical appearance. 

The surface of black coke particles in Plate 5.6 is 

also noticed to have changed physically during the 
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Plate 5.1 Fly Ash <75im [ X160]. 

Plate 5.2 Fly Ash 89 .um [ X 200 1. 
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Plate 5.5 Spent Ash (# 10) [ X 200 }. 

Plate 5.6 Spent Ash + Coke (# 21) [ X 200 II 



chlorination process. The reacted ash particles in 

Plate 5.5 have a coating of certain brownish-red 

material, which is absent originally in the ash. This 

material has definitely resulted from the chlorination 

reactions. 

5.5.2 Surface Area Determination 

The measurement of particle surface area was per-

formed on a Perkin-Elmer Sorptometer model 212D. Basi-

cally, the measurement technique required adsorption of 

nitrogen molecules onto the particle surface using 

helium as the carrier gas. The analysis of gas 

released during the desorption cycle provided an esti-

mate of the amount of nitrogen adsorbed. The area 

occupied by a monolayer adsorption is a known quantity 

and it provides an estimate of the total surface area. 

The samples were degassed at 190-195 °C for over an hour 

prior to the adsorption step. Several different size 

samples of fly and bottom ash were tested by this pro-

cedure and were repeated for improved reliability of 

the results. In addition, the surface area of par-

tially chlorinated ash samples along with 3 fluid coke 

samples were estimated. The results are given in 

Table 5.4. 

In order to appreciate the extent of intra-

particle surface area that is available in each case, 

the measured values should be compared with the area 



Specific Surface Area, m2 / g Ratio of Area Lost 

Measured During 
Sample Material Size Measured Spherical :to CalculatedChlornatjon 

No. im Calculated Areas rn /g 

1 163 3.5 0.018 200 
2 Fly 125 3.7 0.022 170 

3 Ash 89 1.4 0.031 46 

4 65 1.0 0.041 23 

5 Bottom : 125 ' 7.2 0.024 300 
I I 

6 : Ash 89 I 4•4 0.033 130 

7 Fluid 163 13.5 0.025 530 

8 Coke 125 14.1 0. 033 430 

9 89 15.8 0.047 340 

10 Reacted 

11 Bottom Ash 
125(# 8) 
89(#10) 

1.0 0.022 46 
0.2 0.031 7 

6.2 

4.2 

12 Reacted Fly 

13 Ash + Coke 
89 (# 21) 
89 (# 24) 

1.6 0.033 50 

2.4 0.033 72 
9.9 
9.7 

Table 5.4 Specific Surface Area Measurements. 



calculated assuming the particles to be perfectly 

spherical. These calculated values are also listed in 

Table 5.4. The measured values in all cases are at 

least an order of magnitude larger than the correspond-

ing area for spherical particles. This indicates that 

the ash particles either have rough surface or are 

porous in nature. It is also noticeable that the mag-

nitude of surface area decreases with the mean particle 

diameter. There can be two explanations for this 

observation. It is shown in Table 5.1 that the larger 

diameter ash fractions contain a greater fraction of 

volatile matter. The volatile fraction is contributed 

by the unburnt carbonaceous fraction remaining with the 

ash. But at the same time the volatile fraction for 

smaller size is around 2%. Thus the difference in 

volatile fractions in large and small particles can not 

completely account for the observed variation in sur-

face area. The other explanation is that the smaller 

size fractions contain particles which are created by 

the condensation of various volatile constituents of 

ash ( 20). The condensation process would produce par-

tides that are non-porous and spherical in shape. 

surface area for such particles will be much smaller 

than the naturally occuring ash particles. 

The 
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The surface area values for the fluid coke frac-

tions are quite high. Also the surface area is a weak 

function of the particle diameter. Increasing the par-

ticle diameter slightly reduces the surface area. But 

the values are of the same order of magnitude, indicat-

ing that th porous or rough nature of the coke surface 

is more or less independent of the particle diameter. 

The ash samples having undergone partial chlorina-

tion of metal constituents have a much reduced surface 

area. For example, the bottom ash sample with an ini-

tial surface area of 7.2 m2/g is found to have a much 

lower value of 1.0 m2/g after chlorination. The same 

is true for the case where fluid coke and ash were 

premixed in a ratio (3:1). The combined surface area 

of ash-coke mixture is reduced by a factor of 5 to 7 

during chlorination. 

5.5.3 Surface Loss During Chlorination 

Surface area measurements of the previous section 

clearly demonstrate a significant loss of particle sur-

face area during ash chlorination. The loss in area is 

primarily due to the presence of metal chlorides which 

exist as liquid at the temperature of reaction. The 

reaction temperature was high enough to liquefy these 

chlorides but not enough to cause their vapourization. 

Such chlorides are mainly of calcium, sodium, magnesium 

and potassium. The normal melting and boiling points 



of these are given in Table 5.3. It can be seen in the 

table that the melting temperatures for all four 

chlorides are below 800 °C whereas the boiling point for 

the case of Cad 2 is greater than 1600 ° C. 

A relatively simple procedure to demonstrate the 

presence of these chlorides employs the fact that the 

metal chlorides are water soluble. A comparison, 

therefore, can be made of the dissolved fractions in 

water for unreacted and partially reacted ash samples. 

Carefully weighed samples ( approximately 10 g) of ash 

were dissolved in 100 ml of deionized water. The sam-

ples were heated at 80 °C for over 45 minutes to ensure 

total dissolution of soluble components. The samples 

were filtered and filtrate was made up to 200 ml. The 

determination of metal fractions was done by atomic 

absorption technique. Analysis was done. for 8 metals: 

Al, Si, Fe, Ti, Ca, Mg, Na and K. The solids after 

filtration were allowed to dry overnight at 1100C and 

weighed to obtain an estimate of the total weight loss. 

The filtrate was also analyzed for total chloride and 

sulfate contents. Chlorides were determined by titrat-

ing against a standard silver nitrate solution with 

potassium chromate as the indicator. Total sulfates 

were determined using a Bausch & Lomb Spectronic 710 

spectrophotometer. The results are summarized in 

Table 5.5. 



Sample 

No Contents 

Weight • Fraction Dissolved, mg/g ash 
Loss 

mg/g ash Ca Na K Mg Al Cl SO 4 2 
I I 
I I 

1 Fly l6 3m 7.8 

2 Ash 125im 10.6 

3 89im 7.6 

I I 

I I S 

4 Bottom 125um 9. 1 
I S 

5 Ash 8 9A ' 8.0 
S S 

I  S I  

6 Reacted 4 8 
7 Bottom Ash # 10 

3.2 0.06 0.15 0.34 0.26 

3.4 0.06 0.22 0.69 0.16 

5.7 0.10 0.12 0.63 0.28 

0.5 0.08 

0.5 0.14 0.02 
0.04 0.39 0.06 
0.14 0.41 0.16 

64.0 23.6 1.17 0.34 0.04 40.9 

70.5 9.9 0.95 0.08 0.10 -- 17.8 

8 Reacted # 21 71.5 23.8 0.19 0.10 0.19 39.0 

9 Fly Ash # 20 41.0 13.2 0.71 0.26 0.09 0.53 24.8 

10 + #23 : 50.0 17.0 0.17 0.07 0.43 28.3 0.17 

11 Coke #24 59.5 : 22.0 0.37 0.12 0.11 1.10 40.1 --

I I S 
I I I 

12 Coke 125rnii 3.2 0.04 -- 0.14 
I I I 

S I I I I I   I I 

Table 5.5 Water Soluble Constituents in Ash Samples. 



A material balance of the ionic content for each 

filtrate is given in Table 5.6. For unreacted ash sam-

ples, the major water soluble cation is clearly cal-

cium. The concentrations of silicon, iron and titanium 

were below the detection limit of 1 mg/l for all cases. 

The anions in terms of chloride and sulfate do not 

match the cations. The difference in the two signifies 

the presence of other undetected anions such as hydrox-

ides, carbonates, bicarbonates, etc. No attempt was 

made to analyze or identify the remaining anions. 

The samples of ash after partial chlorination have 

calcium and sodium concentrations that have greatly 

increased during chlorination. Potassium and magnesium 

fractions are also present in the reacted ash samples. 

The data for samples 8 to 11 are based on coke free ash 

content. A significant soluble aluminum content in 

these samples is probably due to aluminum chloride 

being dissolved in the rest of liquid chlorides. 

The increase in the soluble metal fractions due to 

chlorination corresponds with a simultaneous increase 

in the total chlorides. The anions are essentially 

chlorides and account for over 90% of the total 

cations. This would indicate that there are about 10% 

of the anions which are other than the chlorides. 



I I 

3 Dissolved Ions 3 
Measured Total. 
x m illimOles/g ash 

10 x mjliimoles/g ash 10  
I I 

+2 
No. Contents Ca Na K Mg 4 2 
Sample +2 + + +3 Cations Anions Al Cl SO  

I I 

I I 

I I I 

1 Fly 80 3 0 0 6 10 3 181 16 

2 Ash 85 3 0 0 8 19 2 197 23 
3 142 4 0 0 4 18  : 300 24 
 - -  I  

$ I I 
I I 

4 Bottom 13 3 0 0 1 ii 1 32 13 
5 Ash ii 6 1 0 5 12 2 44 16  

I I 
I I 

6 Reacted 589 51 9 2 0 1152 0 1 1242 1152 . 

7 Bottom Ash 247 41 2 4 0 501 0 545 501 
 - -- 

8 Reacted 594 8 0 4 7 1099 0 . 1225 1099 

9 Fly Ash 329 31 7 4 20 699 0 764 699 
10 + 424 7 0 3 16 797 2 909 801 

11 Coke 549 16 3 5 41 1130 0  1250 1130  
I

-  -.---

I I 

12 Coke 0 2 0 0 04 Ol 2 - 4 

Table 5.6 Ionic Balance of Water Soluble Constituents in Ash. 



It is evident from the solubility study that the 

partially chlorinated ash samples contain increased 

concentration of water soluble metal chlorides. The 

fact that these metal chlorides exist as liquid above 

800°C makes it possible for them to provide a sort of 

surface coating to the ash particles. The accumulation 

of liquid over the surface of ash particles will 

explain the loss of surface area during chlorination. 

5.6 Factorial Design of Experiments 

A commonly used statistical tool for parameteric 

study of the process variables is factorial design of 

experiments. In factorial design, the effects of a 

number of variables are studied at selected levels. 

The details of the procedure and the necessary equa-

tions are summarized in Appendix II. The procedure is 

well documented in literature and is adopted from Gre-

gory ( 55). The replication of experiments was not 

practised in order to limit the extent of experimenta-

tion. The 3- factor interaction term is neglected since 

most practical systems rarely show a three way interac-

tion. The value corresponding to the 3-factor surn of 

squares is interpreted as the estimate of error vari-

ance. The procedure will be used in Chapter 8 for 

studying the effect of temperature, particle diameter 

and gas ratio on chlorination of ash. 



CHAPTER 6 

PRESENTATION OF RESULTS 

CHLORINATION OF ASH WITH CARBON MONOXIDE 

The equilibrium thermodynamic calculations, dis-

cussed in Chapter 3, indicated the effectiveness of 

carbon as well as carbon monoxide as reducing agents 

for the chlorination reactions. From the kinetic 

view-point the use of gaseous CO should facilitate the 

gas-solid reactions between chlorine, CO and metal 

fractions in the ash. In this chapter, the experimen-

tal results of the Cl 2-CO reaction system will be dis-

cussed. The experimental data for all the runs are 

summarized as tables in Appendix III. 

6.1 Exploratory Runs at Low Temperatures 

A number of chlorination experiments were per-

formed employing the gaseous carbon monoxide. The 

first of such runs was conducted at 430 ° C. The tem-

perature for the successive runs was increased gradu-

ally in steps of 100 to 150 C. 

The product yields are expressed in terms of frac-

tion of each metal originally present in ash that is 

chlorinated during an experimental run. At low tem-

peratures the yields and reaction rates were low. A 
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summary of the experimental conditions along with the 

yields obtained are given in Table 6.1. In addition to 

the effect of low temperatures, there are two other , 

factors which may have contributed to the observed low 

conversions. The particle size range was 164 to 

229 aim, and the reacting gas mixture contained 28% 

chlorine. The selection of larger particle size was 

intended mainly to reduce the carry-over of particles 

from the reactor. 

6.2 Effect of Temperature 

The results of the ash chlorination experiments 

are summarized in Table 6.1. The effect of temperature 

on the global rate of chlorination reactions is small. 

The increase in temperature from 430 °C to above 950 0C 

resulted in small increases in the rate of aluminum 

chlorination. The rate of reaction for iron, however, 

showed a more significant improvement with temperature. 

The results for silicon and titanium show no definite 

trends with the variation in temperature. The yields 

for these two metals were also found to be very low. 

Thus the temperature does not appear to be the control-

ling factor in determining the overall reaction rate. 

Shown in Table 6.1, the temperature of operation 

for the run numbers 11 through 13 was maintained in the 

neighbourhood of 800-810 0 C. This lowering of the reac-

tion temperature was necessitated due to the occurrence 



Mean Avg. Gas Duration Fraction Recovered, % 

Run Ash : Dia. Temp. : Ratio : of Run -  I 

No. Type urn °C : cl:co (mm.) Al Fe : Si : Ti 
L _ 

I I I I I I I I 
I I I I I I I I I 

1 Fly 194 430 28:72 60 : 0.1 : 8.3 
2 Fly 164 522 : 28:72 70 0.2 3.2 
3 Fly 164 648 28:72 60 0.3 5.4 

4 : Fly 164 758 : 28:72 80 0.1 2.5 

5 Fly 229 849 : 8:72 70 : 1.5 : 35.0 : 
6 : Bottom 212 902 : 28:72 110 0.9 29.6 0.2 3.0 

7 Bottom 212 960 : 28:72 120 2.5 : 48.9 0.2 10.7 
8 Bottom 125 975 : 28:72 175 : 11.0 : 74.0 : 1.0 25.4 
9 Bottom 1 6 4 970 : 28:72 180 7.5 57.9 : 0.9 

10 Bottom : 89 924 : 50:50 49 : 4.5 : 66.8 : 0.5 : 7.8 
ii : Fly : 89 : 808 : 50:50 : 180 8.0 : 48.4 : 2.2 8.2 

12 : Fly : 125 : 802 : 50:50 : 180 : 6.5 : 22.8 : 1.7 : 1.0 
13 : Fly : 89 811 : 67:33 : 90 : 3.5 : 23.7 : 1.1 : 2.8 

I I I I I I I I I 

I I I I I I I 
I I I I I I I I I  

Table 6.1 Summary of Chlorination Experiments 

with CO as the Reducing Agent. 
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of an intriguing phenomenon. When an ash sample was 

being preheated routinely in an inert atmosphere of 

nitrogen, the bed temperature ceased to increase. The 

cause for such observation is the creation of a liquid 

phase when the ash particles are heated to 820-845°C. 

The disruption of the fluidized state of the ash bed 

was found to be more pronounced with particles of size 

89im or smaller. The bed with l25.im or larger parti-

cles remained fluidized even at temperatures higher 

than 950 ° C. The study and discussion of the limita-

tions imposed by this behaviour will be the subject of 

a later section. 

6.3 Effect of particle Diameter 

The rate of metals chlorination is found to be a 

function of the particle diameter. Shown in Figure 6.1 

are the curves for reaction yields with time 

corresponding to 4 different ash sizes. The curves for 

aluminum show a definite increase in the yields with 

reduction in- mean particle diameter, d p . All curves 

are for the same gas ratio and a narrow range of tem-

perature. The yields based on a 30-minute reaction 

period indicate an approximate proportionality with the 

inverse of mean particle diameter. This may be inter-

preted as the dominance of film diffusion resistance on 

the overall kinetics in this temperature range. 
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Figure 6.1 Effect of Particle Size ori Chlorination of Aluminum. 



yields for iron is shown in Figure 6.2. Though the 

effect is not as apparent as for the case of aluminum, 

the two larger particle sizes give slower rates. The 

trend in the yields obtained for silicon and titanium 

with respect to particle size is inconclusive. 

The curves for both aluminum and iron indicate 

that the reactions proceed rapidly initially in each 

experimental run. After this initial 15-20 minute 

period, the reactions proceed at constant rates. This 

could suggest the presence of two different reaction 

controlling mechanisms. The high initial rates are in 

agreement with an observation that the reactor tempera-

ture rose sharply as soon as the reacting gases entered 

the reaötor. Since the overall chlorination reactions 

are exothermic in nature ( Table 3.1), the initial reac-

tions generated heat which increased the reactor tem-

perature. 

6.4 Effect of Gas Composition 

The equilibrium calculations predict an equimolar 

gas ratio for the reductive chlorination reactions. 

This is because for each atom of oxygen removed from 

metal oxides in ash, one molecule of Cl 2 would be 

needed for chlorination. 
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Figure 6.2 Effect of Particle Size on Chlorination of Iron. 



The effect of gas composition is shown graphically 

in Figures 63 and 6.4 for aluminum and iron, respec-

tively. The effect of changing gas ratio from ( 50:50) 

to ( 67:33) is small for both metals. It should be 

noted that these data are for the runs at lower tem-

perature. The comparison for the higher temperature 

range is not possible due to the loss of bed fluidiza-

tion at a higher temperature. It is shown in the fig-

ures that increasing the chlorine fraction to 67% actu-

ally lowers the rates for Aid 3 and FeCl 3 . This is due 

to a reduced partial pressure of CO in the gas mixture 

when the chlorine fraction is increased. 

65 Effect of Ash Type 

While performing the experiments with CO as the 

reducing agent, samples of fly ash as well as bottom 

ash were tested. The overall reactions -were generally 

slow in both cases. There does not appear to be any 

significant difference in the results with the two 

types of ashes. The effect, if there is any at all, 

could have been obscured due to the simultaneous varia-

tion of other parameters. 

6.6 Reduction in Reaction Rate 

Although the overall aluminum yields are noted to 

be low, the reaction proceeds at a faster rate ini-

tially. The reactions do not cease even after a 3-hour 

time period. This is indicated by the'straight line 
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Figure 6.3 Effect 0-f Gas Composition on Aluminum Chlorination. 
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portion of the yield curves. This would suggest that 

the reactions in the later period are influenced by a 

factor which is not present initially. 

6.6.1 Chlorination of Alkali Metals 

Coal ash contains small fractions of several 

minor and trace metals ( Table 5.2), such as K, Na, Mg 

and Ca. The ease with which these constituents can be 

chlorinated is demonstrated by the equilibrium calcula-

tions in Chapter 3. The chlorides of these metals 

exist as liquids at the reaction temperatures con-

sidered in the study. The metal chlorides after 

chlorination would remain within the reactor, well 

mixed with the unreacted ash. Thus extra amounts of 

liquid could coat the ash particles. The presence of 

such liquid products could be detrimental to the reac-

tions. The chlorination of such metal fractions is 

possible even without any reducing agent. 

6.6.2 Generation of Liquid Melt 

As pointed out earlier, the creation of a liquid 

phase was a serious problem. Though the use of CO did 

not contribute to this problem directly, the impact of 

the problem should be realized. When ash was heated to 

above 820 0 C, the appearance of liquid within the reac-

tor caused complete disruption of the fluid state. 

This occured prior to the passing of the reaction 

gases. 



In one experiment, Run number 10, the experiment 

was continued despite the loss of bed fluidization. 

The continued flow of reacting gases resulted in seri-

ous slugging of the bed. The experiment had to be dis-

continued for the fear of an accident . due to violent 

pressure fluctuations. Although the melt may not be 

enough to cause sticking of the particles as observed 

with larger size particles it will provide some sort 

of liquid coating on the ash particles. This would 

give rise to an added resistance to the overall gaseous 

diffusion. The net effect of the presence of liquid 

melt will be to slow down the reactions. 

6.6.3 DTA Thermograms of Spent Ash 

The samples of spent ash recovered after the con-

clusion of chlorination runs were examined by the DTA 

technique. The thermograms of ash from run numbers 8 

and 10 are given as Figure 6.5. When compared with the 

thermograms for unreacted bottom ash ( Figure 5.4), no 

significant difference is noticeable. Since the extent 

of chlorination in both cases was limited, the partial 

chlorination of ash did not alter the thermal behaviour 

of ash. The three minor endotherms in Figure 6.5(b) 

might be due to the chlorides of alkali metals. 

6.6.4 Handling the Melt 

The creation of liquid is associated with the 

heating of ash to beyond 820 ° C. It was anticipated 



I 

N 

E
n
d
o
t
h
e
r
m
i
c
 

(a) 

Run 1/8 

Heating 

259 457 638 806 96 1+ 

I I ITemperature, °C I 
1258 

Heating (a) 

Run 1/ 10 

Figure 6.5 DTA Thermograms for Spent Ash Samples 

of Run Numbers 8 & 10. 



that the addition of a non-melting material could be 

beneficial. The presence of this material, in particu-

late form, would reduce the overall concentration of 

the liquid phase. The particulate material should be 

non- reacting under the environment of chlorine and 

reducing agents. Therefore, it was decided to study 

the role of carbon in chlorinating the ash. Carbon 

particles premixed with coal ash were expected to serve 

not only as a reducing agent, but also to reduce the 

liquid fraction in the mixture. 

6.7 Sources of Error 

The amount of ash for each run was weighed care-

fully to 0.1 g. But the carryover of the fines into 

cyclone separator resulted in a loss of the reacting 

ash. A typical loss due to carryover for most of the 

experiments was within 1-2% for the run. This loss of 

the reacting mass is not considered for the purpose of 

estimating the conversion values. The results of com-

ponent balance calculations, before and after the reac-

tion, are summarized in Table 6.2. The analyses of ash 

samples after chlorination are also given in the table. 

The calculations for silicon are not included due to a 

lack of reliability in its analysis. 

The error for aluminum is mostly within 5-7% show-

ing that the balance is quite satisfactory. The errors 

for iron and titanium are generally quite large. Iron 



I I Spent Ash Analysis, % Material Balance Error, % 
Run ' Ash  ________ 

I I I 

No. Mass,gm ' Al Fe Ti ' Al Fe Ti 
I  I -  I  

I I I I I 
I I I I I 

250 15.0 2.2 ' 0.3 -0.1 -19.0 

2 

6 

B 

10 

11 
12 

13 

385 0 13.9 1.7 •0 7.1 12.0 
280 ' 14.6 2.0 ' 0.3 2.3 - 5.5 I 

250 13.9 : 1.5 ' 0.0 : 7.2 22.5 
390 13.6 0.8 ' 0.0 7.9 : 25.0 

345 14.1 : 1.8 0.4 : 5.0 -19.5 17.0 

320 13.8 1.4 0.4 5.5 1.0 11.0 

200 12.6 0.9 0.3 5.0 : -19.0 15.0 

390 13.1 ' 1.2 0.4 5.1 ' -18.0 

460 13.2 1.2 ' 0.4 7.5 -27.0 12.0 
200 14.1 1.4 0.4 -2.0 -18.5 12.0 

270 14.0 ' 1.3 ' 0• 3 ' 0.1 12.0 10.0 I  

250 

I I I I I 
I I I I I 
I I I I I  

Table 6.2 Estimates of Error by Material Balance Calculations. 



and titanium fractions in ash are quite small 

(Table 5.2). Even a minor variation in their analysis 

becomes large once the percent values are calculated. 

The concentration of titanium in the absorbing solution 

of weak HC1 was extremely small ( below 10 mg/l) . Thus 

the results for titanium are subject to a greater 

uncertainty. 

A greater confidence in the absorbing solution 

samples was achieved by increasing the sampling fre-

quency. This is the solution where most of the product 

chlorides are dissolved. Thus any scatter in the yield 

data may be attributed to a sampling error. The amount 

of condensed metal chlorides was accounted for by the 

approach described in Chapter 4. Necessary precautions 

were taken in dissolving the solids in the acidic 

medium to ensure their complete recovery. The filtra-

tion of such solutions did not show the presence of any 

ash particles. This confirmed the effectiveness of the 

cyclone separator. The solids condensed prior to the 

cyclone separator were recovered in deionized water. 

This avoided the possibility of an error that could be 

caused due to acid leaching of the metal fractions in 

ash ( as discussed in Chapter 5). 



6.8 Summary 

The chlorination of metal constituents in coal ash 

was examined using the gaseous mixture of Cl 2 and CO. 

The results indicate the possibility of chlorinating 

aluminum and other metal fractions. The experiments 

with gaseous reactants are characterized by lower 

yields. The main reason for the lower conversions is 

the formation of a liquid phase at the reaction tem-

peratures. The amount of liquid was sufficient to dis-

rupt the fluidized state of the reactor, especially in 

the case of particles smaller than 89im. This occured 

typically at 820-845 °C and prior to the start of 

chlorination reactions. 

The reactions for the cases of aluminum and iron 

proceed rapidly at the start of the experiments. There 

was a considerable decline in the global rate of reac-

tion following the initial period. The time dependence 

of the global reaction rate will be investigated in 

greater details in Chapter 8. 



CHAPTER 7 

PRESENTATION OF RESULTS 

CHLORINATION OF ASH WITH CARBON AND CARBON MONOXIDE 

After studying the chlorination of ash in the 

presence of carbon monoxide, a study of the chlorina-

tion of ash with carbon was undertaken. As mentioned 

previously in Chapter 6, the addition of carbon to ash 

served two purposes. This provided an additional 

reducing agent and the bulk of it acted to reduce the 

liquid fraction in the bed. A summary of the 12 exper-

iments performed with fluid coke premixed with fly ash 

is given in Table 7.1. The experimental data and other 

details for each run are tabulated in Appendix III. 

The sieve analysis results are presented in 

Figure 5.1(b) . Surface area measurements for coke sam-

ples are given in Table 5.4. 

7.1 Carbon to Ash Ratio 

The ratio in which coke should be premixed with 

ash was determined. One important criterion was to 

achieve the fluidized state of the reacting bed when 

the temperature was raised to above 820° C. The ratio 

of ( 1:1) failed to maintain the fluidized state at 

0 
825 C, indicating that the fraction of coke in the bed 



Mean Avg. Gas 
:Run Dia. Temp. Ratio 

:No. im 0C C1 2 :Co 

14 125 

15 89 

16 125 

17 125 
18 125 

19 125 
20 89 

21 89 

22 89 

23 125 
24 89 

25 125 

808 

911 

951 

9 51 

952 
912 
920 

951 
947 

913 

912 
951 

Carbon 

to Ash 

Ratio 

3:1 

4:1 

3:1 

3:1 
9:1 

3:1 

3:1 

3:1 

3:1 

3:1 

3:1 
3:1 

Duration Fraction Recovered, % 
of Run 

(mm.) Al Fe Si I Ti 
I I  

180 

180 

160 

175 

150 
150 

35 

150 

130 

130 

130 

130 

13.1 
28.8 

22.9 

9.2 

21.7 

21.4 

10.8 

23.5 

26.4 

23.0 
23.6 

23.2 

41.1 
98.5 

99.0 

99.0 

100.0 
91.2 

50.9 
96.9 

100.0 
66.8 

98.0 
83.7 

3.2 13.5 

5.1 27.8 

4.6 22.9 
1.5 11.8 

3.5 17.9 

4.8 17.5 

2.3 27.9 
5.1 30.8 

5.3 29.9 

5.2 19.4 

4.7 19.6 
5.8 20.4 

Table 7.1 Summary of Chlorination Experiments 

with Carbon and CO as Reducing Agents. 



was insufficient. The ratio in the following trial was 

increased to ( 2:1). Upon heating, the bed collapsed at 

845°C this time, indicating the need to increase the 

ratio still further. The ratio was increased to a 

value of ( 3:1). With this ratio, the bed remained 

fluidized without any signs of the liquid disrupting 

the operation while the temperature was raised to above 

900 ° C. The ratio ( 3:1) was used as the minimum ratio 

for further studies. 

Due to a significant difference in the densities 

of fluid coke and fly ash fractions, the selection of 

particles of similar sizes could result in segregation 

of the two in the bed. The ash particles have a higher 

density and may accumulate at the bottom of the bed. 

This could result in improper contacting of the solids. 

To offset this, the coke particles were intentionally 

selected to be larger than the ash particles for all 

the experiments. For the two ash sizes, 89 and 125 aim, 

the corresponding coke sizes were 125 and 163 Am, 

respectively. 

7.2 Role of Each Reducing Agent 

It will be of importance to estimate the indivi-

dual effect of the two reducing agents, carbon and car-

bon monoxide, on the chlorination of metal fractions. 

The comparison of yields for 4 experimental runs is 

shown in Figure 7.1. 
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In order to study the reaction yields with carbon 

alone as the reducing agent, the gaseous mixture for 

one experiment contained equimolar fractions of 

chlorine and nitrogen. The partial pressure of CO was 

replaced with the inert nitrogen. By doing this, the 

fraction of chlorine is maintained uniform with other 

runs. It is apparent from the results that partial 

chlorination of aluminum occurs at a slower pace. 

About one-half of the conversion obtained in 

175 minutes is achieved during the initial 15 minutes. 

This is indicative of a much rapid initial reaction. 

The result of the run with nitrogen in place of CO 

provides an interesting comparison. Under identical 

conditions, the presence of CO along with coke more 

than doubles the yield obtained with having coke alone. 

It is evident, therefore, that the chlorination of 

aluminum is caused by both reducing agents. It should 

be noted that the yield with coke alone is of the same 

order of magnitude when only CO is used ( given in 

Figure 6.1). 

The above discussion leads to the conclusion that 

both carbon and carbon monoxide play important roles in 

obtaining the chlorination of aluminum. The yields are 

conclusively lower when either one of the two reducing 

agents was absent. 



In order to determine the effect of carbon to ash 

ratio in the bed, an experiment was performed with a 

substantially larger fraction of coke in the bed. The 

initial coke-ash mixture contained 90% coke by weight. 

The comparison of the results from this run with the 

75% coke experiment shows no significant variation in 

the two. The initial rate for the 90% coke case is 

marginally faster than that for 75% coke. But the 

yields at the termination of the run are more or less 

the same. This would suggest that increasing the car-

bon fraction beyond the required minimum does not 

affect the chlorination of aluminum. 

An experiment with the gas mixture containing 

2 parts of chlorine to 1 part of CO gave unproved 

results. It would appear that this improvement is due 

to the increase in chlorine fraction. Further discus-

sion of this aspect will be given in a later section. 

The improvement in aluminum yield is, however, due to 

an increase in the partial pressure of chlorine. 

The comparison of results for the chlorination of 

iron gives somewhat similar conclusions. Shown in Fig-

ure 7.2, the addition of carbon to ash definitely 

improves the reaction yields for the iron fraction. 

And once again, the addition of CO improves the results 

compared to the one with only carbon. A similar com-

parison for silicon and titanium shows that the yields 
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are lower when carbon is the only reducing agent 

(Table 7.1). Increasing the carbon to ash ratio is not 

beneficial in improving the final conversion of these 

two metals. 

7.3 Effect of Temperature 

The lowest temperature employed to study the 

chlorination reactions with carbon was 808 0C. At this 

temperature, the extent of aluminum chlorination with 

carbon and CO is greater than for the case where only 

co is available. By comparing the results of run 12 

(Table 6.1) and run 14 ( Table 7.1), it can be deduced 

that the presence of carbon facilitates the chlorina-

tion of all 4 metal species. The final yields of the 

chlorides of aluminum, silicon and iron are approxi-

mately doubled when carbon was added. 

The effect of temperature on the chlorination of 

aluminum is shown in Figure 7.3. The increase in reac-

tion yield is significant when the temperature is 

raised from 808 °C to 912 ° C. But a further increase in 

temperature by 39 °C does not result in additional 

gains. Even the improvement in reaction rate is 

smaller than two- fold when the temperature is increased 

from 808 °C to 912° C. Once again, the liquid formation 

was observed within this temperature range. Thus there 

is a possibility that the observed gain is due to a 

change in the characteristics of the ash bed and is not 
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related directly with increase in temperature. If this 

is true, it would appear that the global reaction rate 

does not depend on the chemical kinetic step. This is 

substantiated by the results described in Chapter 6, 

where CO was the only reducing agent. 

The effect of temperature on the chlorination of 

iron, silicon and titanium is shown in Figures 7.4 

and 7.5. The chlorination of iron is clearly a func-

tion of the reaction temperature. At 951 ° C., nearly 

complete chlorination of iron is obtained in 2-hours. 

In general, the yields of iron with CO and carbon are 

considerably higher than the case where only CO is 

available. The conversions of silicon and titanium are 

also low at 808 ° C. But at temperatures above 900 ° C, 

there is a small increase in the yield. As in the case 

of aluminum, the temperature increase from 

912 0 C to 951 0 C does not affect the chlorination of 

titanium significantly. 

The increase in temperature from 808°C to above 

900 °C resulted in a general increase in the extent of 

chlorination for all 4 metals. However, increasing the 

temperature further to 951 °C did not yield comparable 

results. 
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7.4 Effect of Particle Size 

In the previous chapter, the ash particle size was 

shown to have significant effect on the chlorination of 

all four metals. A reduction in the particle diameter 

resulted in increasing the extent of metal fractions 

chlorinated with CO as the reducing agent. The effect 

of ash particle diameter on increasing the yield of 

aluminum as AlCl 3 is clearly seen in Figures 7.6 and 

7.7. The comparison is shown for 4 sets of tempera-

tures and gas ratios. In all the cases, it is observed 

that the yields are improved by reducing the particle 

size from 125 Pm to 89 Pm. 

A comparison of the yield curves shown in Fig-

ures 7.6 and 7.7 gives an interesting observation. The 

slopes of lines in each pair are almost identical for 

all the cases. In spite of this, the smaller size par-

ticles give higher conversion than the larger parti-

cles. Therefore, the fraction of aluminum reacted ini-

tially is responsible for causing the yields to differ. 

In other words, the variation in particle size has an 

effect on the chlorination of aluminum during the ini-

tial period of the reaction. After this initial period 

the rate of reaction remains independent of the parti-

cle size. 

The effect of particle size on the chlorination of 

iron, silicon and titanium is not reflected clearly in 
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the results given in Table 7.1. For some of the runs, 

the yields are improved with the reduction in particle 

size, but it can not be generalized. In the case of 

iron, the chlorination is almost complete in a 2-hour 

reaction time when smaller particle size is employed. 

For the larger particles, however, complete chlorina-

tion is not achieved in all cases. The results for 

silicon also indicate that the extent of chlorination 

is generally higher with the smaller particles. 

75 Effect of Gas Composition 

Two different ratios of chlorine and carbon monox-

ide in the feed were selected for this study. The 

ratios are ( 1:1) and ( 2:1) of chlorine and CO respec-

tively. The aggregate effect of varying the gas compo-

sition for aluminum is shown in Figure 7.8. While 

preparing the figure, the effects of other parameters, 

such as temperature and particle size, were not taken 

into consideration. It is interesting to note that 

higher yields of aluminum chloride are obtained when 

the fraction of chlorine is increased from 50% to 67%. 

A similar behaviour is demonstrated for the case of 

silicon in Figure 7.9. It is evident that a higher 

chlorine fraction resulted in enhanced yield of silicon 

chloride. The effect of gas composition for iron and 

titanium is not detected in the results. 
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The partial pressures of Cl 2 and CO are different 

in the selected gas ratios. Since the total pressure 

in both cases was near the atmospheric pressure, 

increasing the partial 

correspondingly reduce 

other. If the partial 

pressure of 

the partial 

pressure of 

one would 

pressure 

chlorine 

of the 

is 

increased from 50% to 67%, this would reduce the par-

tial pressure of CO from 50% to 33%. In Figures 7.1 

and 7.2, it was shown that the absence of CO in the 

feed gas caused a drastic reduction in the yields for 

aluminum and iron. Similarly, the chlorination of sil-

icon and titanium was also affected severely ( compare 

Runs 16 and 17 in Table 7.1). This indicates that the 

presence of CO in the gas mixture improves the extent 

of chlorination for all four metals. On the other 

hand, an increase in chlorine partial pressure alone 

resulted in an improvement of the yields. 

The effect of gas ratio presented in Figures 7.8 

and 7.9 is obtained with increasing chlorine and reduc-

ing carbon monoxide fractions. Since these two changes 

have opposite effects on the overall yield, it is the 

net effect that is seen in the figures. For the cases 

of aluminum and silicon, increasing the chlorine frac-

tion offered advantage over an equimolar ratio. 



7.6 DTA Thermograms of Spent Ash-Coke Mixtures 

Two of the samples of spent ash-coke mixtures were 

examined by the DTA technique. The thermograms for 

samples of Runs 16 and 25 are given as Figure 7.10. 

These thermograms should be compared with Figure 5.3 

for unreacted fly ash. The comparison reveals a third 

endothermic activity at slightly above 806 ° C. The 

presence of the chlorides of alkali metals may be 

responsible for this activity. 

7.7 Sources of Error 

The results of component balance calculations are 

summarized in Table 7.2. The error in material balance 

for the case of aluminum is consistent and mostly nega-

tive. Once again, the weight loss due to carry over of 

particles was not taken into consideration. Due to the 

increased conversion of all constituents, a larger 

reduction in the weight of ash would have occured than 

for the case of CO ( Chapter 6). However, these two 

errors have opposite effects on the balance calcula-

tions. The balance for the case of iron is much 

improved. Possible errors due to other sources will be 

similar in nature to the ones indicated in Chapter 6. 
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I Reacted Mixture Material Balance 
Carbon Analysis, Error, % 

Run Ash -7------------------: 
Uo. Mass,gm Feed Final Al Fe Ti Al Fe Ti 

I  I  I I I  I I  I 

I I I I I I I I I 
I I I I I I I I I 

14 100 75.0 77.8 3.3 0.2 0.05 -6.2 - 7.7 30.0 

15 75 80.0 82.4 2.0 0.0 0.05 - 1.3 1.5 -20.0 I 
16 1 100 : 75.0 : 76.6 2.8 0.0 1 0.10 1.9 0.0 -30.0 

17 1 100 : 75.0 : 72.8 3.8 0.0 0.10 3.1 0.0 H 5.0 

18' 40 90.0 : 91.6 1 1.1 0.0 0.05 -3.8 0.0 -67.5 
19 100 : 75.0 : 75.6 : 3.2 : 0.1 0.10 -3.1 - 23.1 1- 20.0 

20 100 175.0 :78.0 3.2 0.2 0.05 1 -2.5 - 21.0 H 3.3 

21 1 100 : 75.0 I7 .4 1 2.4 0.1 0.05 2.5 1 -33.8 -10.0 
22 : 100 :75.0 :79.2 1 2.6 1 0.0 : 0.05 - 5.7 0.0 1-10.0 

23 1 100 75.0 76.7 1 3.2 1 0.1 0.05 1 - 8.8 1 0.0 1 25.0 
24 : 100 175.0 104.0 1 2.0 : 0.0 : 0.05 1 -2.5 0.0 - 23.3 
25 1 100 75.O 77.2 3.0 0.1 1 0.10 1 - 5.6 1 -15.0 1- 20.0 1 

I I I I I I I I 

I I I I I I I I I I 

Table 7.2 Estimates of Error by Material Balance Calculations. 



CHAPTER 8 

DISCUSSION OF RESULTS 

The results of chlorination experiments with car-

bon and carbon monoxide, in general, indicate an 

overall improvement that is achieved with the addition 

of fluid coke to the reaction mixture. The extent of 

conversion in terms of aluminum recovered in 130 to 

150 minute period is below 30% of the total available 

in all cases. The cause for the low yields will be 

discussed later in this chapter. It is essential, at 

this stage, to study the important reaction parameters 

in a systematic manner. 

8.1 Factorial Design of Experiments 

The factorial design of experiments technique was 

briefly described in Chapter 5 and the procedure is 

summarized in Appendix II. The technique was employed 

to study the effect of 3 reaction parameters on the 

chlorination of ash. 

8.1.1 Selection of Process Variables 

Varying the carbon to ash ratio from ( 3:1) to 

(9:1) showed no appreciable effect on the yield for 

aluminum (Figure 7.1). On the other hand, a ratio 

smaller than ( 3:1) was found unsatisfactory in main-



taming the bed fluidized. Thus the coke to ash ratio 

was disregarded as an important variable for this 

study. The reaction temperature and the ash particle 

size were two important and obvious process variables. 

The chlorination study with carbon monoxide indicated 

the significance of these two parameters in affecting 

the chlorination reactions. The variation in the feed 

gas composition, i.e. the CO/Cl 2 ratio, had an impor-

tant bearing on the overall reaction rates. Therefore, 

the gas ratio provided the third important variable to 

be studied. Thus the three variables selected for the 

statistical analysis were the reaction temperature, ash 

particle size, and the feed gas ratio. An arrangement 

of these variables for the factorial design experiments 

is given as Table 8.1. Also indicated in the table are 

the levels selected for each of the three variables. 

8.2 Analysis of Variance Tables 

The experimental data of the yields for all four 

metals were plotted, and the fractions recovered at 3 

different time periods were obtained. By studying the 

metal yields at different time periods, the time depen-

dent effects are identified. The sum of squares calcu-

lations were performed according to the procedure out-

lined in Appendix II. The results of these calcula-

tions are given in Table 8.2. The entries in error 

column in the table are actually the 3-factor interac-
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Table 8.1 Arrangement for ( 2 X 2 X 2) Three Factor 
Complete Factorial Experiment. 



1 

T 
I P 

Main Effect 2-Factor Interaction 

GR Txd : TxGR d xGR 
I P i I P 
I I 

I I  

Degree of Freedom 1 1 1 1 

Species Time,min 
L I I 
I I I I 

1 1 

Error 

:TxdxGR 
P 

1 

10 2.53 3.25 3.25 • 0.10 

Al 60 2.42 8.00 4.50 0.18 

120 0.04 : 11.52 10.13 0.00 
I I I I I I 

I I I 
I I I I 

I I I I I 

10 : 28.16 : 37.88 ' 46.12 295.21 

Fe 60 : 92.50 : 89.80 ' 178.63 417.60 

1 120 : 81.31 3, • 05 , 59.98 I 404.64 I $ 

I I I I 
I I I I I I 

0.15 

1.28 
1.62 

3.35 
4.49 

20.77 

2.10 

1.62 

0.84 

19.20 

13.51 

141.91 

0.14 
0.81 

1.44 

86.65 

140.42 

48.01 

I I I I 

I I I I I 

10 : 0.00 : 0.02 0.98 : 0.00 
Si 60 0.02 0.05 1.45 0.04 

120 0.08 0.41 2.21 0.32 
I I I I I I 

I I I I I I 
I I I I I I 

0.12 
0.12 

0.08 

0.00 

0.00 

0.00 

Table 8.2 Sums of Squares for Aluminum, Iron and Silicon. 

0.02 

0.02 

0.08 
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tion sums of squares. Since the existence of a 3-

factor interaction for most practical systems is rather 

rare ( 55), the estimated mean square value is inter-

preted as the variation due to experimental error. The 

calculations were repeated for the case of aluminum, 

iron and silicon. 

The sums of squares given in Table 8.2 are tested 

for the significance. The results in terms of F-values 

are given in Tables 8.3 and 8.4. Table 8.3 is prepared 

directly from the values given in Table 8.2. Since 

each sum of square in Table 8.2 has only one degree of 

freedom, the significance test is for F. Having one 

degree of freedom for the error term reduces the sensi-

tivity of the test. It is seen in Table 8.2 that at 

least one of the three 2-factor sum of squares is small 

in comparison to the other two. If it is assumed that 

these 2- factor interaction terms are non-existent, 

their sums of squares can be pooled with the original 

error estimate (55). This procedure thus provides an 

additional degree of freedom to the error term. Conse-

quently, the sensitivity of the significance test is 

greatly improved. 

Following the above procedure, the error sums of 

squares were recalculated with one of the 2- factor 

interaction term pooled with it. The new values were 

then used to estimate new ratios of sums of squares, 



I I I I 

Main Effect I 2-Factor Interaction 
I I I 

I L 

Species Time,min ' T d Gil Txd TxGR d xGR 
I I I I P i P I I P 
I I I I I I I I I 

I  I I I I 
I I I I I I 

I I I I I 

10 18.021 23.141 23.141 1.44 2.16 29.921 I I I I 

Al : 60 2.99 9.88 5.56 0.22 1.58 2.00 
120 0.03 7.99 7.02 0.00 1.12 0.58 

I I I I I I I 

I I I 
I I I I I I I I 
I I I I I I I I I 

I 10 : 0.33 ; 0.45 0.54 3.49 0.04 0.23 I I 

Fe 60 0.66 0.64 1.27 2.97 0.03 1 0.10 
I 120 1.69 0.06 1.25 8.43 0.43 2.96 
I I 

I I I I I I 
I I I I I I I I 

I I I I I I I I 

I I I I I I I 

10 0.00 1.00 48.95* 0.25 6.24 0.25 I I 

Si I 60 1.00 2.25 72.13* 2.24 6.24 0.01 I I 

120 1.00 5.06 27.531 1 3.99 1.00 0.06 I I 
I I I I I I I I I 

I I I I I I 
I  I I I I  

* - significant for a=0.10; 1 - significant for c0.15 

Table 8.3 Significance Test with F-distribution Points. 



Main Effect 2-Factor Interaction 

Species Time,rnin T d GR Txd TxGR d xGR I I I I 

I I P i I P P 
I I I I I 

I I I I I 
I I I I I I 

10 20.94& : 26.90& 26.88& -  1.26 
I I 

Al 60 4.88 16.16* 9.08* - 2.58 
120 0.06 15.94* 14.02* 2.24 

I I 
I I I I I I 

I I I I I 
I I I I I I I I 

I I I I I I 
I I I I I I I 

lO 064 086 104 ' 6•70 I I I I I  , I 

Fe 60 1.28 1.24 2 ' . 46 5 . 76 I I I 

I 120 2• 36 0• 08 ' 1 • 74 11.76* I I I I I I I 

I I I I I 
I I I I I I I I 

17. 38* 

3.28 

1.16 

0.44 

0.18 

4.12 

I I I I I I I 

I I I I I I I 

10 0.00 1.60 78.384k 0.40 10.00* 
Si 60 2.02 4.52 145.04II 4.50 13.54* 

120 ' 1.88 9.52* 51.86fi 7.52 1. 88 I I I 
I I I I I I 

I I I I I I 

L  I I I  I I I  

* - significant fora = 0.10; & - fora = 0.05; # - for a=0.025 

Table 8.4 Significance Test with one 2- factor Effect Pooled 

with the Error Estimate. 
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and the significance tests were repeated. The new F-

distribution estimates are given in Table 8.4. A com-

parison of Tables 8.3 and 8.4 will show the obvious 

benefit of the error pooling procedure. In Table 8.3, 

for instance, merely a few effects fell within the 90% 

confidence limit. By pooling of errors, the effects 

with even 97.5% confidence limits are identifiable. 

The analysis of variance procedure only points out 

if the effect of a factor is significant in the two 

levels. It does not determine the direction of the 

effect. If a change is found to be significant from 

the statistical calculations, this could he either 

beneficial or detrimental to the yields. In order to 

identify the direction of a change, a simple procedure 

is suggested. It will he applied to study the direc-

tion of a change for the main effects only. The yield 

data for each factor are added to give two sums, 0ne 

for each level. The ratio of two sums will simply 

determine whether the effect on the yield is positive 

or negative. In changing from level 1 to level 2, if 

the effect is positive then the ratio of sums will he 

less than 1.0. Conversely, for a negative effect the 

ratio will assume a value that is more than 1.0. The 

yield values with respect to time and the calculated 

ratios of the sums are given in Table 8.5. 

The effect of each of the three factors will be indivi-



Yields of Metals with Time, % of Total 

Run 

No. 
I Code 
L 

T : D 
I I 

Al 

-H  -H  
GR 10 60 120 10 

mm. mm. mm. mm. 
L  

Fe Si 

I I I 
I I I 

19 i 1 1 : 66 124 187 : 370 

23 1 i : 2 9.0 14.9 21.9 : 45.8 
15 1 : 2 : 1 1 9.5 16.5 22.9 : 57.1 
24 1 2 2 9.1 15.4 22.4 1 41.3 
16 2 1 : 1 5.8 11.7 18.8 1 63.4 
25 2 : 1 2 8.0 14.0 21.4 1 51.2 
21 2 2 : 1 7.5 13.4 20.7 : 40.8 
22 2 2 : 2 8.4 15.7 24.4 40.8 

( T1 / T2) :1.15 1.08 1.01 0.92 

( D1 / D) : 0.85 0.87 0.89 1.10 

( / G2) : 0.85 0.90 0.90 1.11 

60 120 10 60 120 

mm. mm.:min. mm. mm. 

49.0 70.7 : 1.5 2.7 4.1 

52.5 60.5 2.0 3.2 4.8 

71.2 82.2 1 1.6 2.3 3.1 
Ln 45.8 75.0 2.0 3.0 4.1 

80.6 95.0 1.3 2.3 3.5 

63.4 77.4 1 2.1 3.5 5.0 1 
50.2 64.2 1 1.3 2.4 3.7 

51.5 77.3 2.4 3.4 4.7 

0.89 0.92 :i.00 0.97 0.95 

1.12 1.02 10.95 1.05 1.12 

1.18 1.08 : 0.67 0.74 0.77 

Table 8.5 Direction of Main Effect for Each Factor. 



dually discussed in the following sub-sections. 

8.3 Analysis of Temperature Variation 

The effect of varying the reaction temperature 

from 911°C to 951°C is not significant on the yields 

(or, the reaction rate) for any of the three metals. 

The chlorination of aluminum during the first 10 minute 

is affected by temperature to some extent. Table 8.5 

indicates that the increase in temperature actually 

reduces the yield in this initial period. However, the 

yields at the end of 2-hour period are essentially the 

same for both temperatures. Since the initial drop in 

the aluminum yield is shown to he within 95 confidence 

limit, the effect is conclusive. From the results of 

thermodynamic calculations of Chapter 3 ( Figure 3.7), 

the stability of aluminum oxide is enhanced only when 

the temperature is above 1300 K. Hence the temperature 

951 °C is still below the region where the reverse reac-

tion becomes significant. Moreover, the yields at both 

temperatures eventually become identical at the end of 

2-hour period. This means that the reaction at 951°C 

is slow only initially, but is more rapid during the 

later stage. Hence a likelihood of significant reverse 

chlorination reaction can be safely discounted. 

The effect of temperature on chlorination of iron 

• and silicon is inconclusive from the data. Referring 

to Table 8.5, it is seen that increasing the 



temperature may have beneficial effect on the chlorina-

tion rates for these two metals. But the effect is 

insignificant from a statistical view point. The above 

discussion suggests that the chemical kinetics is not 

the controlling step in the temperature range 

911-951 ° C. Nevertheless, it was shown in Chapter 7 

that increasing the temperature from 810°C to above 

900 °C resulted in an approximately 2-fold improvement 

in the aluminum yield ( Figure 7.3). 

8.4 Analysis of Particle Diameter 

The effect of particle diameter on the chlorina-

tion of aluminum is statistically significant. The F-

ratios in Table 8.4 show that the effect is within 90% 

confidence limit. The effect is even more definite for 

the initial reaction period where the F-value is 95%. 

It is indicated in Table 8.5 ( and also Figures 7.6 

and 7.7) that reducing particle size improves the 

chlorination of aluminum. At first this observation 

appears to be very reasonable, because reducing the 

particle diameter generally results in increased sur-

face area. However, the surface area measurements 

given in Table 5.4 show that there is actually a reduc-

tion in surface area for ash samples when the particle 

diameter is smaller. The surface area of 125 Am diame-

ter ash particles is 4 times the area for 89 .im size. 

For the reaction to be dependent on the surface area, 
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the observed yields should have been lower for smaller 

particle size. Yet the yield increased for the smaller 

diameter particles. And the available surface area has 

an opposite effect. Therefore, the surface reaction 

step does not control the overall chlorination reaction 

in the case of aluminum. 

The inverse relationship between particle diameter 

and reaction rate suggests that the overall reaction 

process could be pore diffusion controlled ( 60). In 

spite of the reduced surface area of the smaller ash 

particles, the overall rate of reaction is about 15% 

higher in the first 10 minutes of the reaction. The 

magnitude of surface area indicates that fly ash parti-

cles cannot be labeled as truly porous. However, the 

dependence of aluminum chlorination on particle diame-

ter, and not the actual surface, dictates that the 

reaction is influenced by pore diffusion resistance. A 

previous study on the chlorination of alumina with 

C1 2/CO also revealed the dominance of the pore diffu-

sion step ( 26). 

The effect of particle diameter on the chlorina-

tion of iron fraction in ash is shown in Table 8.4 to 

be statistically insignificant. The main effect ratios 

in Table 8.5 show that the reaction rate may be 

slightly higher for larger ash particles. The larger 

ash particles also possess greater surface area. The 



effect of particle diameter is minimal for the case of 

silicon as well. The effect for silicon chloride after 

2-hour reaction period is within 90% confidence limit. 

This effect, as seen in Table 8.5, is similar to that 

for iron, i.e. higher yields are obtained with larger 

diameter ash particles. Thus in both these cases the 

reaction is apparently favoured by increased particle 

surface area. 

It is concluded, therefore, that the particle 

diameter and surface area have an inverse relationship 

with the yield of aluminum. The effect of particle 

size ( or the surface area) is much smaller in magnitude 

for the cases of iron and silicon. Overall yields of 

these two metals are somewhat improved when the parti-

cle size is bigger ( with larger reaction surface) 

8.5 Analysis of Cl 2/CO Gas Ratio 

The effect of increasing chlorine partial pressure 

in the reacting gas mixture is significant for aluminum 

and silicon ( Table 8.4). In changing from level 1 to 

level 2, the chlorine fraction in gas is increased from 

50 to 67% whereas the CO fraction is reduced from 

50 to 33%. The direction of change is shown to be 

positive for both cases ( Table 8.5). The confidence 

limit for the case of aluminum is at least 90% and is 

even higher for silicon. Once again, the effect is 

more certain during the initial 10 minutes of the 



reactions. 

The effect of increasing the chlorine fraction 

should be viewed as a combination of two separate 

changes. Increasing the partial pressure of chlorine 

results in a simultaneous reduction for CO due to the 

constant total pressure. In the previous chapter, the 

contribution of CO in facilitating the chlorination of 

metals was demonstrated. The yield of aluminum 

chloride was found to be about halved when CO was 

replaced with nitrogen in one of the experiments ( Fig-

ure 7.1). It would be anticipated, therefore, that 

lowering the partial pressure of CO from 50% to 33% may 

be detrimental to the reaction. On the other hand, 

increasing the partial pressure of chlorine may facili-

tate the reaction. The two changes would have opposite 

effects on the overall process. It is the resultant of 

the two effects that is identified in this study. The 

effect of gas ratio is not significant for the case of 

iron. 

8.6 Two-Factor Interactions 

The significance test values of Table 8.4 indicate 

that 2-factor interactions are generally not important. 

The effects that are found to be significant fall only 

within a confidence limit of 90%. Since no definite 

trends are observed, it will be assumed that the 

effects are actually due to random fluctuations. 



Except for the case of iron, all other 2-factor 

interactions correlate with the main effects. For 

example, the only 2-factor interaction for aluminum can 

be related to the main effects of particle diameter and 

gas ratio. In case of iron, none of the main effects 

are shown to be significant. The error term for iron 

is rather high ( Table 8.2), possibly due to random 

fluctuations. The concentration of iron in the ash is 

much smaller than of aluminum or silicon. Any error in 

the measurements would be greatly magnified while the 

percent recoveries are calculated. 

It is, therefore, concluded that 2-factor interac-

tion terms are practically insignificant. The presence 

of any seemingly significant effect is attributed to 

random fluctuation in the experiments. 

8.7 Time Dependence of Reaction Rate 

Previous discussion of the ash chlorinatibn exper-

iments indicates that the reaction rates vary signifi-

cantly with time. The reaction yields for all 4 metals 

are reasonably high during the initial 10-15 minutes. 

The reactions after this initial period of time are 

retarded drastically. The thermodynamic calculations 

of Chapter 3 predict that chlorination of all important 

metals should proceed to completion. Hence, the yields 

should not be constrained by the consideration of reac-

tion equilibrium. 



In order to appreciate the extent to which the 

reaction rates are affected, the yield data described 

previously are presented in differential form. This 

procedure gives the global rates of reaction for the 

entire run. Comparison of the reaction rate data aver-

aged over 5 minute time intervals is shown in Fig-

ures 8.1 and 8.2. 

8.8 Significance of Chemical Kinetics Step 

In Figure 8.1, the global reaction rates are given 

for 3 different temperatures. When the temperature is 

increased from 808 °C to above 900 °C an improvement in 

the reaction rate is observed. The difference between 

912 and 951 °C is not so significant. However, the 

difference in the initial and final rates is of an 

order of magnitude in all cases. At temperatures above 

900 ° C, the reaction rate after about 30 minutes shows 

almost no decline in its magnitude. 

Similar characteristics are again apparent when 

the reaction rates are compared for two particle sizes 

(Figure 8.2). A careful examination of the yield data 

for all other experiments confirms that the decline in 

reaction rate is present in all cases. The global 

reaction rates for the initial 10 minutes are compared 

with the rates during the later period. The numerical 

values are presented in Table 8.6. The reaction rates 

initially are about 5 to 8 times faster than for the 
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Run No. 

Global Reaction Rate, g/ky/min 

Initial 

10 minutes 

Straight line 

portion 

Ratio 

of the 

Global 
Reaction 

Rates 

15 

16 

19 

21 

22 

23 

24 

25 

8.1 

5.7 

6.5 

7.3 

8.5 

9 . 1. 

9.3 

7.6 

1.2 

1.1 

1.1 

• 2 

1.5 

1.2 

1.2 

1.3 

6.8 

5.2 

5.9 

6.1 

5.7 

7.6 

7.8 

5.8 

Table 8.6 Global Reaction Rate for Aluminum. 

(Initial and Straight Line Sections) 
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later period. . A graphical comparison in Figure 8.3 

reveals a similar behaviour for the cases of iron, sil-

icon and titanium. 

A behaviour of this kind is not explained by 

assuming any apparent order of reaction kinetics. The 

initial portion of the curves may satisfy an' extremely 

high order of reaction model, but a constant rate of 

reaction for the later stage will suggest a zero order 

reaction. Thus an explanation in terms of reaction 

kinetics is not satisfactory and was discarded. 

8.9 Reaction of Compounds with Varying Structures 

Another attempt to explain the strong dependence 

of reaction rate with time stems from the fact that 

coal ash is a heterogeneous mixture of numerous chemi-

cal compounds. The existence of several chemical 

structures in coal ash is demonstrated in the studies 

done by several researchers ( 12,13,14). The topic has 

been discussed previously in Chapter 2. Aluminum in 

coal ash, for instance, is shown to exist as alumina, 

aluminates, alumino-silicates, etc. It may be postu-

lated, therefore, that each of these forms may be 

reacting independently at varying rates. The global 

rate of reaction, as found experimentally, would be a 

composite of the individual rates. The fast reacting 

constituents would be chlorinated initially leaving 

other species to react at a slower pace. Thus the 
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observed initial high rate of reaction could be due to 

the faster reacting compounds. 

The yield curves for other metal constituents are 

given in Figures 7.2, 7.4, 7.5 and 7.9. It should he 

noted that the decline in global reaction rates occurs 

at about the same time and simultaneously far all metal 

constituents ( Figures 8.1, 8.2 and 8.3). It could be 

argued that silicon, titanium and iron constituents in 

ash might also be present in several chemical forms. 

And that the rates drop due to the exhaustion of the 

faster reacting constituents. But there is a notice-

able similarity in the yield curves for all the four 

metals studied. The decline in the reaction rate and 

the beginning of straight line portion of the curve 

occur at almost the same instant. Following the 

decline, chlorination of all metals proceeds with con-

stant rates. Moreover, the reactions are retarded for 

all metals at the same instant irrespective of the 

variation in reaction temperature,, particle size, or 

gas ratio. Thus the noted similarities in the yield 

curves are due to some other phenomenon. The rate of 

chlorination might'be influenced by a variation in the 

chemical structure. But an identical and simultaneous 

decline for all four metals may not be explained in 

terms of such a variation. 
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8.10 Simultaneous Chlorination of Other Metals 

A constant rate of reaction, shown in Figures 8.1 

and 8.2, following the initial decline in the rate sug-

gests that the reaction is mass transfer controlled. 

Thus far in the discussion, the chlorination of only 

four metals in ash has been considered. The analyses 

of ash, given in Tables 2.1 and 5.2, indicate that 

there are small but significant concentrations of cal-

cium, sodium, potassium and magnesium also present. 

These metals belong to the first and second group in 

the periodic table of elements. 

Thermodynamic calculations of Chapter 3 showed 

that chlorination of these metals takes place preferen-

tially over silicon, aluminum and titanium. In other 

words, during the initial period of the reaction, the 

first and second group metals will be chlorinated 

rapidly. 

8.10.1 Existence of Molten Chlorides in Bed 

The melting and boiling point data of Table 5.3 

reveals that the chlorides of these metals are liquid 

above 800° C. The boiling points fa11in the range 

1412 °C for MgCl 2 to > 1600 °C for Cad  2. Thus the tem-

perature range 808-950 °C is high enough to cause the 

melting of these chlorides, but not enough to allow 

them to vapourize. Once the formation of these 

chlorides is complete, these will remain as part of the 
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ash-coke mixture in the reactor. 

The chlorides of all eight metals are soluble in 

water. A comparison of the water soluble fractions of 

all eight metals in unreacted and partially reacted ash 

samples was given in Tables 5.5 and 5.6. From the data 

it is evident that the soluble fraction of the first 

and second group metals increases after chlorination. 

In Table 5.6, the soluble forms after chlorination were 

shown to be mostly chlorides. 

8.10.2 Reduction in Particle Surface Area 

Specific surface area values of Table 5.4 

revealed that there is a significant reduction in the 

surface area of ash after chlorination. The molten 

chlorides formed by chlorination of the first and 

second group of metals would be deposited on ash and 

coke particles The presence of the liquid would par-

tially flood the available ash surface. When the ash-

coke mixture was cooled at the termination of experi-

ment, the molten salts would have solidified. With the 

solidified salts covering the rough ash and coke sur-

faces, the specific surface area of the mixture would 

be reduced. A loss of the particle surface area during 

chlorination was confirmed by the surface area measure-

ments ( Table 5.4). 
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8.10.3 Gaseous Diffusion through Molten Salts 

The presence of molten salts in the reaction 

mixture introduces an additional resistance to the 

overall reaction. As discussed previously, the molten 

salts would coat the particle surface providing a thin 

liquid film. The reacting gases, chlorine and carbon 

monoxide, will be required to diffuse through the film 

to reach the reaction surface. In addition, the reac-

tion products will have to diffuse to the outer surface 

of the liquid film. It can be appreciated, therefore, 

that the reaction mechanism will involve these two 

additional mass transfer resistances. 

8.10.4 Rate of Diffusion Estimation 

An attempt is made to estimate the magnitude of 

gaseous diffusion through a film of molten salts. The 

data on physical properties, such as density and 

viscosity, of pure salts is available in the litera-

ture ( 63). However, the properties for a mixture of 

Cad 2, NaCl, KC1 and MgCl 2 are not available. The 

solubility of chlorine in molten chlorides seems to 

involve an interaction between the gas and the 

melt ( 6,1). The gas liquid diffusivity data for Cl 2 is 

almost completely lacking for the chlorides of 

interest. Thus an effort to estimate the rate of gase-

ous diffusion is restricted due to a lack of the data. 
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The calculation procedure for a simplified case of 

NaCl-Cl  system is given in Appendix IV. The dif-

fusivity of chlorine in NaCi at 950 °C is calculated by 

Wilke-Chang correlation ( 62). Viscosity and density of 

molten NaCl are estimated using the polynomials given 

by Janz et al ( 63). The solubility of chlo.rine in NaCl 

is estimated by employing Henry's constant ( 64). The 

calculated solubility is of the order of 

0.9 x io mol C1 2/cm3 , which is quite small. The rate 

of diffusion is finally estimated by using a model 

described in Figure 8.4. The model assumes a spherical 

particle coated uniformly with a thin film of liquid 

and is submerged in the diffusing gas. The calcula-

tions are done for the case where sphere diameter is 

125 ..im and the gas is 50 chlorine. The calculations 

are repeated for 3 different film thicknesses, 0.1 kim, 

1 im and 5 Pm. The corresponding rates of diffusion 

are 2.1 x 2.1 x 10-10 and 4.5 x 10 - 12 irol/h 

respectively. 

8.10.5 Experimental. Chlorine Consumption Rate 

The actual rate of chlorine consumption by Al, 

Fe, Si and Ti fractions are estimated for Run#16. From 

the calculations of Table IV.l, the rate of chlorine 

consumption is 0.0954 mol/h for 100 gram of ash. While 

this rate is for the actual particle surface area, the 

flux cal culations' are for one spherical particle. The 
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surface area measurements given in Table 5.4 indicate 

that actual surface area for 125 jim particle is 

170 times the area of a sphere of the same diameter. 

If it is assumed that the flux is proportional to 

available surface, the corrected flux will be approxi-

mately 170 times the value calculated before. 

8.10.6 Validity of the Model 

A comparison of the two rates after the correc-

tions indicates that in order for the two rates to 

match, the film thickness should be of the order of 

1 to 5 jim. The mass of NaCl melt corresponding to this 

range of film thickness is estimated to be between 5.6 

and 28.0 g for 100 g of ash. The predicted mass of 

NaCl film should be compared to the total corresponding 

to complete chlorination of the fractions originally 

present in ash. Based on the analyses of ash given in 

Tables 2.1 and 5.2, the mass of liquid chlorides is 

somewhere between 6 and 12 g for each 100 g ash. There 

is an excellent agreement between the two estimates. 

In spite of the several assumptions and simplifications 

made in the model, the agreement in the results is very 

remarkable. The gas- liquid diffusivity was calculated 

by using a simple generalized correlation. The proper-

ties of molten NaCl were assumed to represent those of 

the mixture. In addition, the counter diffusion of 

vapour metal chlorides was neglected. It was assumed 



that the diffusion of chlorides such as AlCl 3 is rela-

tively faster than that for chlorine, and does not con-

trol the overall rate of reaction,. 

It is, therefore, postulated that the observed 

decline in the rate of chlorination reactions is due to 

the creation of a liquid phase. The liquid phase is 

comprised of several molten metal chlorides. The 

metals which form the high boiling point chlorides 

belong to the first and second groups of the periodic 

table of elements. These metals occur naturally in 

coal ash. The rapid chlorination of these metal frac-

tions results in the formation of liquid phase. The 

presence of liquid chlorides provides a thin film over 

the ash surface; this introduces a large resistance to 

gaseous diffusion. The ultimate effect of this liquid 

film is to slow down the overall rate of reaction. 

8.11 Comparison of Results with Published Data 

Though a number of studies have been made in the 

past to study the chlorination of pure metal oxides 

(Chapter 2), the results of such studies are of little 

significance to ash chlorination. First, only a small 

fraction of metals in ash is present as simple metal 

oxides. Secondly, as demonstrated previously in this 

chapter, the presence of a number of other metals 

affects the chlorination reactions for aluminum, sili-

con, etc. The effect of alkali and alkali earth metals 
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present in ash is shown to hinder the chlorination of 

aluminum in particular. Hence, very little will be 

gained if the comparison is made with the results of 

pure metal oxide. However, the results will be com-

pared with two studies that are reported in literature 

on simultaneous chlorination with a mixture of metal 

oxides. 

8.11.1 Chlorination of Georgia Clay 

Ujhidy et al ( 38) studied the chlorination of 

Georgia clay using a fluidized bed reactor. As men-

tioned in Chapter 2, their study showed very slow reac-

tion for aluminum at temperatures above 800 ° C. The 

conversion of aluminum was only 25% at the end of 2-

hour with C1 2-CO mixture. Addition of carbon increased 

the conversion to 40%. The corresponding conversions 

from the present study are about 10% and 25%. It 

should be understood that two completely different 

types of materials are being compared. The analysis of 

Georgia clay indicated smaller amounts of metals other 

than Al, Si and Fe, whereas the fraction is much higher 

in coal ash. The aluminum fraction in the clay is 

relatively higher than in ash. Thus the two materials 

are chemically very different. 

A point of agreement in the results of the two 

studies is that the addition of carbon to the solids in 

reactor enhances the metals recovery. However, 
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ujhidy et al ( 38) mentioned the testing of alkali and 

alkali earth metals as catalysts, but found no improve-

ment in the yield by doing so. The reaction tempera-

ture of above 800 °C is higher than the melting points 

for the chlorides of these metals. Hence, the 

chlorides would remain as liquid in the reactor. As 

demonstrated in the present study, the presence of 

liquid chlorides in the reactor is actually detrimental 

to the main chlorination reactions. It is not clear as 

to how NaCl could act as a catalyst in chlorination 

reactions. The reasoning that led them to. such an 

approach is highly questionable. 

8.11.2 Chlorination of Ash in Packed Bed 

The chlorination of fly ash is studied by 

Burnet et al(7,40) using a packed bed system. In their 

experimental apparatus, the conversions for aluminum, 

silicon and iron were measured only at the end of each 

run. Thus the conversion data with time, as obtained 

in this study, could not be collected. The reactions 

were studied with carbon alone as the reducing agent. 

The use of CO along with carbon was not explored. From' 

their experiments with the non-magnetic fraction of fly 

ash, the final conversion of aluminum was found to be 

much higher than achieved in the present study. Also 

each of their experiments was terminated as soon as 

chlorine was detected in the outlet gas. Thus the 
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duration of their experiments varied with the conver-

S ion. 

The yields for aluminum were as high as almost 

100% at 950 ° C. However, the average rate of reaction 

was independent of temperature. The value for this 

average rate of reaction is between 30 and 50% on an 

hourly basis. A comparison of the global reaction 

rates for the first hour will indicate that the rates 

from the present study are less than half of their 

rates. 

Since only the average rates are available, the 

rapid decline in reaction as found in this study can 

not be inferred from their experiments. The total 

fra:tion of other metals as oxides in their ash sample 

is 8.4%. It is comparable to the similar fraction in 

this study. Any effect due to the chlorination of 

other metals is not mentioned in their study. However, 

the possibility of gas phase diffusion to be control-

ling the overall reaction rate is suggested ( 7). This 

seems plausible for their packed bed reactor system. 

From the above discussion, it is evident that the 

results of Burnet et al ( 7,40) are seriously restricted 

in their applicability. It is believed that their rate 

data involved extrapolation to some extent. An extra-

polation of the conversion data for the ash chlorina-
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tion reactions can lead to erroneous results. If the 

rate data at 910 ° C ( shown in Figure 8.1) for the first 

5 minutes are subjected to a linear extrapolation, the 

duration for complete conversion of aluminum would be 

about one hour. In contrast, the actual yield data 

reveals that approximately 25% of aluminum reacted in a 

2-hour period. The fact that the presence of molten 

chlorides tremendously lowers the rate of reaction cau-

tions against any extrapolation of the data. 

8.12 Summary 

The effects of three important parameters are 

studied by a factorial design of experiments. The 

analysis of variance indicates that the ash particle 

diameter and higher chlorine fraction in the gas mix-

ture have statistically significant effects in improv-

ing the yield for aluminum. Temperature in the range 

910-950 °C does not have any significant effect. 

The chlorination reactions are strongly time 

dependent. It is likely that the chlorination of 

aluminum in the initial 10 minute period is pore diffu-

sion controlled. While the reactions proceed rapidly 

in the beginning, the decline in the rate is dramatic 

following the first 10 minutes in each case. The main 

cause for this decline is identified as the creation of 

a liquid phase in the reactor. The chlorides of alkali 

and alkali earth metals are the main contributors to 
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the liquid melt. It is proposed that the molten salts 

provide a thin film of liquid over the particle surface 

area. The diffusion of chlorine, for example, is shown 

to be extremely slow in molten salts. Thus the overall 

reaction rate is controlled by liquid film diffusion 

resistance. It is concluded that the low rate of gase-

ous diffusion is the reason for decline in the reaction 

rate. As long as the molten chlorides are present in 

the reactor, the overall chlorination of metals in ash 

will be slow. 



CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

The following conclusions are reached from this 

study on the chlorination of metals in coal ash. 

(1) Coal ash has the potential to become an important 

mineral source for a variety of metals. The 

recovery of aluminum from ash is of particular 

interest. The chlorination route for recovering 

metals from coal ash offers several advantages 

over other suggested wet techniques. 

(2) Thermodynamic equilibrium calculations have demon-

strated the feasibility of metals chlorination over 

a wide range of temperature. While chlorine alone 

can convert most of the metal oxides into their 

chlorides, the extraction of aluminum and silicon 

demands the presence of a reducing agent such as 

carbon. Selective chlorination of aluminum in coal 

ash is not possible. It was shown that a 

judicious recycle of silicon chloride can suppress 

any further chlorination of silicon from ash. 

(3) Difficulties were encountered in maintaining the 

fluidized state of the reactor bed above 820°C. 



When smaller size ash fraction was heated to about 

this temperature, the bed fluidization was dis-

rupted due to the agglomeration of ash particles. 

It is concluded that this is caused by the presence 

of certain low melting constituents in ash. 

(4) The extent of aluminum chlorination is low when 

carbon monoxide is the only reducing agent. Simul-

taneous chlorination of iron, silicon and titanium 

fractions was also evident. The rate of reaction 

was higher at the beginning, but it decreased 

with time. 

(5) Fluid coke of petroleum origin was mixed with the 

ash to avoid caking of the bed upon heating. It 

was found that a ( 3:1) ratio of coke to ash 

resulted in achieving the fluidized state of the 

bed over 900 0 C. Addition of coke also helped 

increase the extent of chlorination for all 

four metals. Increasing the coke fraction in 

the reactor bed, however, did not affect the 

chlorination reactions. 

(6) Effects of three important parameters on the 

overall yields are studied using a statistical 

technique. It is found that a variation in 

reaction temperature above 900 °C does not affect 

the reactions appreciably. Increasing the tempera-



ture from 800 °C to over 900 ° C, however, gives a 

2- fold increase in the fraction of aluminum 

chlorinated. The effect of reducing particle 

diameter or increasing the fraction of chlorine in 

reacting gas is statistically significant for the 

case of aluminum. 

(7) Though the chlorination reactions proceed rapidly 

at the initial stage, a considerable decline in the 

rate is observed after a first 5-15 minute period. 

The reaction rates, after this initial period, 

remain virtually constant with time. It is shown 

conclusively that the decline is due to the 

formation of a liquid phase. The liquid phase 

results from the simultaneous chlorination of 

alkali and alkali earth metal fractions present 

in ash. The chlorination of such metals occurs 

preferentially and during the initial few minutes 

of the reaction. The chlorides of alkali and 

earth metals are essentially liquid above 800° C. 

(8) The presence of such chlorides on the surface of 

reacted ash mass is shown by a number of tech-

niques. With the help of a simple mathematical 

model it is shown that the decline in the 

reaction rates is due to the mass transfer 

resistance. Since gaseous diffusivity through 

molten chlorides is extremely slow, even a film 



thickness of 1 lrn to 5 um may cause a drastic 

reduction in the rate of gaseous diffusion. 

9.2 Recommendations for Future Research 

(1) Further attempts are necessary to achieve higher 

conversions of aluminum. Since the reaction yields 

are reduced by the presence of molten salts, the 

primary task will be to eliminate the alkali and 

alkali earth metal traces from the ash. The inves-

tigation should focus on selective reaction and 

separation of these alkali metals. In the absence 

of the liquid forming constituents, the chlori-

nation of aluminum is anticipated to proceed 

rapidly. 

(2) Attempts should be undertaken to study and compare 

the chlorination behaviour of coal ash of varying 

composition and origin. It is indicated in 

this study that coal ash characteristics vary 

significantly with the type and source of coal. 

(3) The separation of various metal chlorides, such as 

Aid 3 from FeCl 3, by fractional condensation should 

be investigated. Conventionally, the vapours are 

allowed to deposit on the cooler walls of a 

condenser. The collected solids are mechanically 

scraped. Since AlCl 3 is extremely corrosive, 

serious design and operating problems will he 
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inevitable. 

(4) Attempts should be undertaken to investigate the 

recycling of silicon tetrachloride experimentally. 

The feasibility of SiCl 4 recycle to suppress 

further chlorination of silicon has been demon-

strated with equilibrium computations. 

(5) Complete utilization of ash particles of all sizes 

would require chlorination of finer fractions as 

well. Due to an excessive carry over of the fines 

with exit gases from the reactor, an efficient 

collection and recycling of these particles will be 

necessary. Once higher reaction yields are 

achieved for all particles, it would be of interest 

to study the process of ash chlorination on a 

pilot plant scale. 

and necessary data 

large scale metals 

This will provide the important 

to be used for constructing 

recovery plant. 
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APPENDIX I 

Mathematics of Free Energy Minimization 

1.1 The Derivation 

A system for the minimization of free energy com-

putations is defined by specifying the following: 

(a) temperature and pressure of the system, and 

(b) the amounts of all reactants. 

The contribution to the total gas phase free 

energy function F by any component i for an ideal case 

(ideal gas and ideal gas mixture) at 1 atmosphere pres-

sure is 

G. n. 
F. = n. {} + lnE --] i=S+1, S+1 1. .. 1C ( 1.1) 

For the condensed species, due to the assumption 

of pure phase, the ratio ( n./n) is unity. Thus 

Equation ( 1.1) for the condensd species simplifies as 

G. 

F. = n. {} i = 1, 2,...,S ( 1.2) 

In the above formulation it was arbitrarily 

decided to list all the condensed species first fol-

lowed by the gaseous ones. The set of expressions 

given by Equations ( 1.1) and ( 1.2) can be combined to 

yield a general expression for the total free energy of 

the system 
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S G. C G n 
3- 

F = n. {} + n. {•} + ln[ --] 
RT i=1 i=S+l 

C 
where, n = 2 n. 

i=S+l - 

(1.3) 

The function, F, given by Equation ( 1.3) is to be 

minimized subject to the conditions that all molecular 

amounts, n.s, are non-negative and that all elemental 

balances are satisfied, i.e. 

n. 1 > 0 
- 

and, 

C 

a..n. = B. 
i=1 J1 1 J 

i = 1, 2,...,s,s-i-1,...,c ( 1.4) 

j = l,2, ... ,M (1.5) 

By using Lagrangian multipliers, ir, and following 

the procedure outlined by Balzhiser et al ( 47) , a set 

of ( M+S+l) linear algebraic equations with ( 14+S+1) 

unknowns for the kth iteration is given as follows: 

M equations are 

M C S C n k 
k k+l k+l 1 

a..a . n.+ a..n. + n a j — 
J1 l. 1 J1 1 i k 1=1 i=S+l 1=1 i=S+l n 

k 
k G. n 

= b. + 2 a. . n. {--} + ln[ - ] 
j J11 RT i=S+l n 

S equations are 

17 . a 
3 31 

G. 
3. 

RT l<i<S 

1<j<N (1.6) 

(1.7) 



and, the last equation is 

j1 1rB = ri {} + 
(1.8) 

The ( M+S+1) unknowns in the above Equations ( 1.6), 

(1.7) and ( 1.8) are 

N unknowns - Lagrangian multipliers, if.? 

S unknowns - amounts of solids, n 1, 

1 unknown - total moles of gas phase. 

It should be noted that at the overall system 

equilibrium, the free energy of gas phase would also be 

at minimum. The expression for calculating moles of 

i thndividual gas phase constituents after the k itera-

tion is: 

k+1 k 
n• = n. 
1 1 

k+l N 

n s:— + 

n j=l 
iiJ.  Ji a. - 

G. n k. 

{} + 1n[ —RT  

i=S+l,S+2,...,C 

(1 .9) 

1.2 Limitation on Number of Phases 

A significant limitation of the free energy minim-

ization calculations for heterogeneous systems is 

exposed by the Gibbs phase rule. The restriction is on 

the number of solid ( or liquid) phases that may be 

included in a single computation. The degrees of free-

dom for a reactive system are given by the phase rule 



as 

f=x-+2 (1.10) 

van Zeggeren and Storey ( 43) showed that for reac-

tive systems, the number of components x can be 

replaced by the number of atomic species H in the sys-

tem. The remaining ( x-M) components can be obtained 

simply by writing ( x-M) algebraic equations and solving 

them simultaneously. However, this is valid only if 

the chemical structures of the species do not contain 

any two or more elements in one proportion in all the 

species containing them. In a system with S condensed 

phases in equilibrium with one gas phase, the number of 

phases is 

=S + 1 

Hence the phase rule for a heterogeneous system can be 

rewritten as 

f = H - S + 1 (1.12) 

The temperature and pressure of the system will be 

specified for the minimization calculations. The 

material balance for an element ( or a set of elements) 

appearing as condensed species will not be essential 

for the gas phase. This is true because the amount of 

species in the condensed phase does not affect the cal-

culation routine given by Equations ( 1.6), ( 1.7) and 



(1.8). The number of moles of the species in the con-

densed phase is thus a reservoir for those elements. 

As long as the condensed phase is predicted to exist 

from the calculations, any amount of the species can be 

either added to or removed from the gas phase without 

affecting the computational process. For each element 

present in the condensed phase, one less element bal-

ance for the gas phase is required. The amount of an 

element that necessarily satisfies the mass balance 

condition, Equation ( 1.5), is called the abundance of 

that element ( 43). 

From the preceding discussion, it is evident that 

the number of degrees of freedom is equal to the number 

of specified thermodynamic variables, i.e. temperature 

and pressure, plus the number of ratios of elemental 

abundances, n r' that can be arbitrarily specified ( 43) 

f= 2+n 
r 

Equations ( 1.12) and ( 1.13), when combined, result in 

Equation ( 1.14): 

S = H - n - 1 
r 

(1.13) 

(1.14) 

Thus the maximum number of condensed species that can 

be considered for any one computation is restricted by 

the total number of atomic species present in the con-

densed phase. In order to include as many condensed 



species with a total of M elements, the number of ele-

mental abundances must go to the minimum, i.e. n=O, 

and 

S = M- 1 
max 

(1.15) 

Equation ( 1.15) yields two important conclusions 

regarding the maximum number of solids that can be 

included for the calculations. These are: 

(i) The number of condensed phases can never exceed 

one less than the number of elements, and 

(ii) only one element balance, Equation ( 1.5), 

would suffice to compute the overall equilibrium. 

While selecting a particular set of the condensed 

species, caution is needed in avoiding two compounds 

with composition vectors that are a linear combination 

of one another. An illustrative example will be given 

to make it more explicit. The inclusion of three 

solids, Al 2O3 , SiO 2 and Al 2SiO 5, in one calculation is 

not justified. The three composition vectors, a..s, 

are ( 2, 0, 3), ( 0, 1, 2) and ( 2, 1, 5). Since the 

vector ( 2, 1, 5) can be obtained simply by adding the 

other two; having all three solids will result in a 

trivial solution of the computational process. 



APPENDIX II 

Design of 3-Factor Experiments 

11.1 3-Factor Complete Factorial Experiments 

In a Factorial Experiment, the effects of a 

number of independent variables, called factors, are 

investigated at a finite, and usually a small number of 

levels. In a complete factorial experiment, all possi-

ble combinations that can be formed by choosing one 

level for each factor, are studied. 

It will be assumed that factor ' A' is to be inves-

tigated at a' levels, factor ' B' at ' b' levels, and 

factor C at ' c' levels. The replication of experi-

mental runs will not be considered in this study. A 

total of ' abc' trials must be performed at abc treat-

ment combinations. Ideally, in any factorial experi-

ment, the order in which each trial is performed should 

be randomized. 

11.2 Interpretation of Experimental Data 

The equations and procedure of the analysis are 

adopted from Gregory ( 55). The model for the 3-Factor 

experiment is given as 



+ e + e   + 
ijk i j k 

+ AB + e AC + 9 B + 8 ABC 
jk ijk 

where, y ijk = the observed response at the ith 

level of jkth block 

= the overall population mean of 

all possible results 

= correction to ii to account for mth 

level of M ( has zero expectation) 

E) MN = 2-factor interaction term ( has zero 
mn 

expectation) 

&I4NO = 3- factor interaction term ( estimate 
mno 

of error variance) 

The existence of a three- factor interaction is rather 

rare for most real systems ( 55). Consequently, the mean 

square associated with the three- factor interaction can 

be interpreted simply as the variation due to experi-

mental error. 

11.3 The Sum of Squares 

The various sums of squares will be defined in 

this section. 
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11.3.1 Correction for the Mean 

The correction for the mean is the square of grand 

total for all the observations divided by the total 

number of observations. 

CM = 

y..j 
i=l j=l k=1 ijk 

abc 

a b c 
2 

(11.2) 

11.3.2 Main Effect 

The main effect sums of squares for the three fac-

tors are given as: 

a b c 

SSA= -  y..k]_CM 
i=1 j=1 k=1 

C 

(11.3) 

SSB = - [ S S y 1 - CM (11.4) 
ac =i j=. k=1 ijk 

1 c a b 
SSC = [ • - CM 

k=1 i=1 j=1 ' 

(11.5) 

11.3.3 Two- factor Interaction 

The two- factor interaction sums of squares are 

defined by: 

a b c 
2 

SS (AB) c 2 2 'ijk - SSA - SSB - CM 
i=1 j=1 k=1 

a c b 
1 2 

SS ( AC) = y..] - SSA - SSC - CM 

i=1 k=1 j=1 

b c a 
SS ( BC) = 2 a YI ijk - SSB - SSC - CM 

j=1 k=1 i=1 

(11.6) 

(11.7) 

(11.8) 



11.3.4 Three- factor Interaction 

As mentioned previously, the three- factor interac-

tion term for this case will be interpreted as an esti-

mate of the error variance. The three- factor interac-

tion sum of squares is given by: 

a b c 
2 

SS ( ABC) = 2 2 2 (y..) - SSA, - SSB - SSC 

i=l j=1 k=1 

- SS(AB) - SS(AC) - SS(BC) - CM (11.9) 

11.3.5 Total Sum of Squares 

The total sum of squares is the sum of the squares 

of all observations minus the correction for the mean 

and is represented by: 

a b c 

SST = ijk - CM 
1=1 j=]. k=1 

The analysis of variance for complete three- factor 

factorial experiments is summarized in Table 11.1. 



Source Sum of 

Squares 

Degrees of 

Free dom 

Er ror 
(Mean Square) 

A 

B 

C 

AB 

AC 

BC 

ABC 

SSA ' (a- i) ' 

SSB ' (h-i) + ac 

SSC ' (c- i) ' + ab 

SS(AB) (a- 1)(b--1) 0 + C dAB 

SS(AC) o + b 0 AC 

SS(BC) C + a 0 BC 

SS(ABC) ( a- 1)(b-1) (c-i) + ABC 

Table 11.1 Analysis of Variance for Complete 
Three- Factor Factorial Experiments. 



Appendix - III 

Experimental Data Tables 
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Lxperimental Run # 1 

Ash Type: Fly Size: l94im Mass: 250 gm 

Gas Flow ( 1/mm): Chlorine: 4.6 CO: 11.9 
Fluid Coke: None 

Average Reaction Temperature: 430 °C 

Maximum Temperature Reached Initially: 431 °C 
Average Pressure Drop: not available 

Loss due to Carry over: 2 gm 

% of Metal Recovered 
Sample 

No. 
Time Temp. 1  

mm ( ° C) I Al Fe Si Ti 

1 0.0 425 

2 15.0 430 

3 30.0 432 

.4 45.0 435 

5 60.0 431 

6 60.0+ 431 

-1- 0.00 

0.13 

0.13 

0.13 

0.13 

0.13 

0.0 

5.9 

5.9 

5.2 
8.3 

8.1 

Table 111.1 Lxperimental Data for Run Number 1. 

L 

Experimental Run # 2 

Ash Type: rly Size: 164im Mass: 385 gm 

Gas Flow ( 1/mm): Chlorine: 4.2 CO: 10.8 
Fluid Coke: None 

Average Reaction Temperature: 522°C 

Maximum Temperature Reached Initially: 534 C 

Average Pressure Drop: 80 cm Ii2O 
Loss due to Carry over: 8 gm 

Sample 
No. 

1 
2 

3 
4 
5 
6 

7 

Time 

mm 
Temp. I-

(° C) I Al 

-1--
0.0 531.8 0.00 0.00 

% of Metal Recovered 

Fe Si Ti 

10.0 524.3 0.02 4.04 

25.0 520.3 0.06 2.29 
40.0 520.7 0.17 2.16 
55.0 520.4 0.17 2.40 

70.0 519.8 0.23 3.22 
70.0+ 0.23 3.13 

Table 111.2 Experimental Data for iun Number 2. 
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Experimental Run 3 

2s1 Type: Fly Size: l64im Mass: 385 gm 
Gas Flow ( 1/mm): Chlorine: 3.5 CO: 7.2 

Fluid Coke: None 

Average } eaètion Temperature: 648 °C 

t'aximum Temperature keached Initially: 660 C 
Average Pressure Drop: 84 cm 

Loss due to Carry over: 6 gin 

of Metal Recovered 
Sample 

No. 
Time 

mm 
Temp. 

(° C) Al Fe Si Ti. 

1 0.0 650 

2 10.0 649.5 

3 20.0 647.3 
4 30.0 647.3 

5 45.0 646.7 

6 .60. 0 645.2 
7 60.0+ 

0.0 

0.02 

0.13 

0.13 

0.18 

0.29 

0.29 

0.0 

3.0 

4.0 

4.4 
4.9 

5.2 

5.4 

Table 111.3 Experimental Data for Run Number 3. 

Experimental Run # 4 

Ash Type: Fly Size: 164i.im Mass: 260 gin 
Gas Flow ( 1/mm) : Chlorine: 3.3 CO: 7.0 
Fluid. Coke: None 

Average Reaction Temperature: 758 °C 

iaximum Temperature lieached Initially: 765°C 
Average Pressure Drop: 86 cm 11 0 
Loss due to Carry over: 7 gm 

Sample Time Temp. 
No. mm ( C) 

1 0.0 762.0 

2 5.0 762.8 
3 15.0 758.0 

4 25.0 758.6 

5 40.0 757.5 

6 60.0 757.5 
7 80.0 

of Metal Recovered 

Al Fe Si Ti 

0.0 

0.0 

0.0 

0.1 

0.1 

0.1 

0.1 

0.0 
0.7 

1.1 
1.6 

2.3 

2.4 

2.5 

Table 111.4 E>perimental Data for Run Number 4. 
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Experimental Run # 5 

Ash Type: Fly Size: 229Dm Nasa: 390 _gm 
Gas Flow ( 1/mm) : Chlorine: 4.0 CO: 10.4 
Fluid Coke: None 

Average Reaction Temperature: 849 °C 

Maximum Temperature Reached Initially: 855 C 

Average Pressure Drop: 121 cm 1120 
Loss due to Carry over: 8 gm 

% of Metal Recovered 
Sample 

No. 

Time 

mm 

Temp. 

(° C) Al Fe Si Ti 

1 0.0 849.2 

2 5.0 848.6 

3 10.0 847.1 
4 20.0 849.3 

5 30.0 848.8 
6 45.0 849.9 

7 60.0 849.9 
8 70.0 

9 70.0+ 

0.0 

0.0 

0.1 
0.2 
0.4 

0.6 

0.9 

0.9 

1.5 

0.0 
10.6 

10.2 
13.6 
16.8 

20.6 

23.1 
27.4 

35.4 

Table 111.5 Experimental Data for Run Number 5. 

Experimental Run # 6 

Ash Type: Bottom Size: 212.im Mass: 345 gm 

ijas Flow (]./rnin) : Chlorine: 2.7 CO: 7.1 

Fluid Coke: None 
Average Reaction Temperature: 902 °C 

I4aximum Temperature Reached Initially: 906 ° C 

Average Pressure Drop: 110 cm H 2 0 
Loss due to Carry over: 3 gm 

% of Metal Recovered 

Saaple Time 

140. mm 
Temp. 

(° C) Al Fe Si Ti 

L-

1 0.0 
2. 10.0 
3 20.0 

4 30.0 
5 40.0 

6 50.0 
7 66.0 
6 80.0 

9 95.0 

10 110.0 

11 110.0+ 

898.5 

904.3 
903.3 

902.4 
902.8 

902.2 

901.6 
901.5 

901.6 
901.7 

0.0 
0.1 

0.3 

0.4 
0.5 

0.5 
0.6 

0.7 

0.7 
0.9 

0.9 

0.0 
9.5 

21.1 

22.2 
22.8 

23.9 

27.0 
27.0 

28.1 
28.1 
29.6 

0.0 
0.1 

0.1 

0.1 
0.1 

0.1 

0.1 

0.2 
0.2 

0.2 
0.2 

0.0 
0.0 

0.0 

0.0 
0.0 

0.0 

0-.0 
0.0 

0.0 
3.0 

3.0 

Table 111.6 Experimental Data for Run Number 6. 
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Lxperimental Run t 7 

Ash Type: Bottom Size: 2l2im Mass: 320 gm 

Gas Flow ( 1/mm) : Chlorine: 2.0 CO: 5.3 
Fluid. Coke: None 

Average Reaction Temperature: 960 0C 

Maximum Temperature Reached Initially: 966°C 

Average Pressure Drop: 98 cm H 2 0 

L Loss due to Carry over: 2 gin 

Sample Time 

No. mm 
Temp. 

(° C) 

.% of Metal Recovered 

Fe Si Ti 

L 

1 0.0 960.0 

2 10.0 952.8 

3 20.0 953.0 
4 35.0 962.9 

5 50.0 961.8 
6 65.0 961.1 

7 85.0 961.4 
8 105.0 961.7 
9 120.0 961.4 

0.0 

0.0 

0.0 
0.3 

0.7 

0.8 

1.4 
1.8 

2.5 

0.0 

25.1 
27.0 

28.6 

32.4 

32.4 

39.5 

40.3 
48.9 

0.0 

0.0 

0.0 

0.0 

0.0 

0.1 
0.1 

0.2 
0.2 

0.0 
0.0 

0.0 
0.0 

0.0 

0.0 

0.0 
0.0 

10.7 

Table 111.7 Experimental Data for Run Number 7. 

Ash Type: Bottom 

Gas Flow ( 1/mm) 
Fluid Coke: None 

Average Reaction Temperature: 975 °C 

Maximum Temperature Reached Initially: 1020 C 

Average Pressure Drop: 98 Cm 520 
Loss due to Carry over: 8 gin 

Experimental un IT 8 

Size: l25im Mass: 220 gin 
Chlorine: 2.0 CO: 5.3 

S ainpi e 

No. 

I-

Time 

in in 

Temp. 
(C)C ) 

1 0.0 978.6 

2 15.0 974.3 
3 30.0 973.5 

4 60.0 978.2 
5 90.0 976.0 

6 120.0 973.2 
7 150.0 972.6 

8 175.0 972.4 
9 175.0-i-

% of Metal Recovered 

- i  
Al Fe Si Ti 

0.0 
2.0 

2.4 

4.4 
5.2 

7.3 
8.6 

11.1 
11.0 

0.0 
24.0 

28.1 

30.3 
34.6 

52.0 
60.8 

73.5 
74.0 

0.0 

0.1 
0.1 

0.3 

0.4 
0.6 
0.8 

1.0 
1.0 , 

0.0 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
25.4 

25.4 

Table 111.8 Experiniental Data for Run Number 8. 
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r 
Experimental Run i 9 

Ash Type: Bottom Size: 164.im Mass: 390 gm 
Gas Flow ( 1/mm) : Chlorine: 2.0 CO: 5.0 

Fluid Coke: None 

Average Reaction Temperature: 970 °C 
Maximum Temperature Reached Initially: 995 C 

Average Pressure Drop: 99 cm H2O 

Loss due to Carry over: 6 gin 

$ arip1e 

140. 
Time 

m in 
Temp. 

C) 

% of Metal Recovered 

Al Fe Si Ti 

1 0.0 973.8 
2 15.0 968.7 

3 30.0 970.5 

4 60.0 969.9 

5 90.0 969.5 

6 120.0 969.8 
7 140.0 969.7 

8 160.0 970.2 

9 180.0 969.9 
10 180.0+ 

0.0 

1.6 
1.8 
2.9 

4.0 

4.7 
5.7 
5.7 
7.1 
7.5 

0.0 
29.2 

33.0 
36 . 7 
40.3 

43.9 
47.5 
47.5 

51.0 
57.9 

0.0 

0.1 

0.1 
0.2 

0.3 

0.5 

0.6 
0.8 

0.9 

0.9 

Table 111.9 Experimental Data for Run Number 9. 

L 

Experimental Run 0 10 

Ash Type: )iottoin Size: S9m Mass: 460 gm 
Gas Flow ( 1/min) : Chlorine: 2.8 CO: 2.8 
Fluid Cake: None 

Average Reaction Temperature: 924 °C 

Maximum Temperature Reached Initially: 946° C 
Average Pressure Drop: 75 cm H20 
Loss due to Carry ove r: 3 gm 

Sample Time Temp. 

No. mm ( ° C) 
I-

% of Metal Recovered 

Al Fe Si Ti 

1 0.0 905.0 
2 15.0 932.0 

3 30.0 925.8 

4 45.0 925.4 
5 49.0 925.0 

0.0 
3.4 

4.4 
5.2 
4.5 

0.0 
52.8 

58.4 
65.7 

66.8 

0.0 

0.1 
0.4 

0.5 

0.5 

0.0 
5.7 
1.8 
7.8 
7.8 

Table 111.10 Experimental Data for Run Number 10. 
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Experimental Run # 11 

L 

Ash Type: Fly Size: 8911m Mass: 200 gin 
Gas Flow ( 1/mm): Chlorine: 3.5 CO: 3.5 
Fluid Coke: None 

Average Reaction Temperature: 608 °C 

Maximum Temperature Reached Initially: 822 °C 

Average Pressure Drop: 67 cm H20 
Loss due to Carry over: 4 gin 

% of Metal Recovered 

Sample Time Temp. No. min mm ( C) Al Fe Si 

1 0.0 802.0 0.0 0.0 0.0 

2 10.0 805.6 0.5 11.5 0.0 

3 20.0 808.0 0.9 13.6 0.2 

4 30.0 811.1 1.3 15.6 0.3 
5 45.0 811.6 1.9 19.7 0.6 
6 60.0 809.9 2.5 23.7 0.6. 

7 75.0 808.4 3.1 26.7 0.7 
8 90.0 808.0 3.7 29.6 1.0 

9 105.0 807.6 4.5 32.5 1.2 
10 120.0 806.5 5.4 35.4 1.3 

1]. 140.0 806.0 6.3 39.2 1.3 
12 160.0 806.2 7.2 42.9 1.8 
13 180.0 805.8 7.6 46.6 2.2 

14 180.0+ --- 8.0 48.4 1.9 

Ti 

0.0 

0.0 

2.9 
2.9 

2.9 

5.6 
5.6-

5.6 
5.6 

5.6 

5.6 

8.2 

5.7 
8.2 

Table 111.11 Experimental Data for Run Number 11. 

xperixnenta1 Run 0 . 12 

Ash Type: Fly Size: 125.im Mass: 270 gin 
Gas Flow ( 1/mm) : Chlorine: 4.1 CO: 4.1 

Fluid Coke: None 
Average Reaction Temperature: 802 °C 

kaximum Temperature Reached Initially: 816 C 

Average Pressure Drop: 61 cm I•i 20 
Loss due to Carry over: 6 gm 

Sample Time Temp. 
Iso. mm ( ° C) 

% of Metal Recovered 

Al Fe Si Ti 

1 0.0 800.2 
2 10.0 800.8 
3 20.0 802.5 

4 30.0 801.4 
5 4 5. 0 801.9 

6 60.0 802.7 

7 75.0 802.4 

8 90.0 802.2 
9 105.0 802.2 

10 120.0 802.3 
11 140.0 802.7 

12 160.0 802.4 
13 180.0 802.1 

14 180.0+ ---

0.0 

0.6 
0.9 

1.3 
1.7 

2.1 
2.5 

3.4 
3.9 
4.6 
4.9 

5.8 

6.3 

6.5 

0.0 
6.9 
7.6 

8.9 

11.6 

13.5 

14.2 
15.5 

16.1 
17.4 

18.0 

19.2 

20.4 
22.8 

0.0 
0.2 

0.3 
0.4 

0.5 
0.6 
0.7 
0.8 

1.0 

1.0 
1.0 

1.4 
1.5 
1.7 

0.0 

0.5 

0.5 

0.5 
0.5 

0.5 
0.5 

0.5 

0.5 
0.5 

0.5 

1.0 

1.0 

1.0 

Table 111.12 Experimental Data for Run Number 12. 
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Lxperiinentaj. Run 13 

L 

Ash Type: Fly Size: 894m Mass: 250 gm 

Gas Flow ( 1/mm) : Chlorine: 5.2 CO: 2.6 
Fluid Coke None 

Average Reaction Temperature: 811°C 

Maximum Temperature Reached Initially: 836 C 
Average Pressure Drop: 75 cm H20 
Loss due to Carry over: 5 gin 

Sample Time 

No. mm 
Temp. t-
(°C) I Al 

% of Metal Recovered 

Fe Si Ti 

1 0.0 806.0 0.0 0.0 0.0 0.0 

2 10.0 809.5 0.7 13.4 0.3 0.0 
3 20.0 809.8 1.1 13.4 0.3 0.0 

4 30.0 811.5 1.5 16.1 0.4 0.0 
5 45.0 811.5 1.9 17.4 0.6 2.8 

6 60.0 811.3 2.5 18.6 0.8 2.8 
7 75.0 812.8 3.1 21.2 1.0 2.8 

& 83.0 812.4 3.5 23.7 1.1 2.8 
9 90.0 810.0 3.5 23.7 1.1 2.8 

Table 111.13 Experimental Data for Run Number 13. 

Experimental Run # 14 

Ash Type: Fly Size: l25imMass: 100 gm 

Gas Flow ( 1/miri) : Chlorine: 3.5 CO: 3.5 

Fluid Coke: Size: 169).lm Mass: 300 gm 
Average Reaction Temperature: 808 °C 

Maximum Temperature Reached Initially: 847 C 
Average Pressure Drop: 79 c1n H2O 

Loss due to Carry over: 6 gin 

Sample 
No. 

Time 
mi n mm 

Temp. 

(° C) 

% of Metal Recovered 

Al Fe Si Ti 

1 0.0 802.0 

2 10.0 817.5 

3 20.0 806.3 
4 30.0 805.9 
5 40.0 807.4 

6 55.0 606.3 
7 70.0 807.2 
8 85.0 607.1 

9 100.0 607.2 

10 115.0 807.5 
11 130.0 808.0 

12 145.0 807.5 

13 160.0 807.5 
14 175.0 807.4 

15 160.0 807.4 

0.0 

3.6 

3.9 
4.7 
5.8 

6.4 
7.6 
8.4 

9.1 

10.0 
10.5 

11.3 
12.0 
12.7 

13.1 

0.0 
19.6 

21.5 

23.4 
25.3 

25.3 
29.0 
30.8 
32.6 

34.4 

36.1 

34.4 
36.1 

39.5 

41.1 

0.0 

1.3 

1.5 
1.7 
1.9 

2.2 
2.5 
2.9 

3.2 
2.6 

2.5 

2.2 
2.6 

2.7 

3.2 

0.0 

7.0 

10.4 
10.4 
10.4 

10.4 
10.4 
10.4 

10.4 
10.4 

10.4 

13.5 

13.5 

13.5 
13.5 

Table 111.14 Experimental Data for Run Number 14. 
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Experimental Run f 15 

Ash Type: Fly Size: 89gm Mass: 75 gm 
Gas Flow ( 1/mm) : Chlorine: 3.5 CO: 3.5 

Fluid Coke: Size: l25iin I1as: 300 gm 
Average Reaction Temperature: 911 C 

Maximum Temperature Reached Initially: 936 °C 

Average Pressure Drop: 113 cm 11 2o 

Loss due to Carry over: 7 gm 

% of Metal Recovered 

Sample Time Temp. 1-

No. mm ( C) Al Fe Si Ti 

1 0.0 909.2 0.0 0.0 0.0 0.0 

2 5.0 925.0 8.3 60.8 1.6 14.2 
3 10.0 916.2 8.1 63.5 1.4 14.2 
4 23.0 909.0 12.2 68.6 2.1 21.1 

5 30.0 909.5 13.3 71.2 2.1 21.1 

6 45.0 909.3 15.3 76.2 2.7 21.1 
7 60.0 909.4 17.3 81.1 3.0 21.1 

8 75.0 910.0 18.1 81.2 2.6 27.7 

9 90.0 910.2 20.8 86.0 3.5 27.7 

10 105.0 910.2 22.0 86.0 3.5 27.7 

11 120.0 909.9 23.7 90.8 3.2 27.7 

12 135.0 909.7 25.0 93.1 3.7 27.7 
13 150.0 910.5 26.3 97.7 4.1 27.7 

14 165.0 910.0 27.2 97.7 5.0 33.8 

15 180.0 909.5 27.9 99.8 5.3 27.7 

16 180.0+ --- 28.8 100.0 5.1 27.8 

Table 111.15 Experimental Data for Run Number 15. 

1xperiierita1 Run Or 16 

Ash Type: Fly Size: l25.im Mass: 100 gm 
Gas Flow ( 1/mm) : Chlorine: 4.1 CO: 4.1 

Fluid Coke: Size: 89im !lass 300 gm 

Average Reaction Temperature: 951 C 
Maximum Temperature Reached Initially: 971 °C 

Average Pressure Di-op: 102 cm h2O 

Loss due ' to Carry over: 5 gm 

% of Metal. Recovered 

Sample Time 
No. mm 

Temp. 

(° C) 

1 0.0 950.1 

2 5.0 965.6 

3 10.0 959.4 
4 20.0 949.2 

5 30.0 949.6 
6 40.0 949.8 

7 50.0 950.0 
6 60.0 950.2 
9 75.0 949.5 

10 90.0 950.5 
11 105.0 950.0 
12 120.0 950.4 

13 135.0 950.6 
14 150.0 950.3 
15 160.0 950.4 
16 160.0+ 

I Al 

t 

Fe Si Ti 

0.0 
4.9 

5.7 

7.1 

8.4 
9.8 

10.8 

12.0 

13.5 
15.6 

17.4 
18.6 
20.6 

21.9 
22.9 

22.9 

0.0 

61.3 

63.7 
68.5 

68.5 
75.5 

77.8 

80.1 
82.3 
89.0 

91.2 
95.6 
97.7 

99.8 

99.8 

100.0 

0.0 

1.4 

1.4 

1.4 

1.2 
1.7 

1.9 
2.2 

2.2 
2.8 

2.9 

3.5 
3.6 

4.2 

4.4 
4.6 

0.0 

8.1 

8.1 

9.1 

12.1 
12.1 

12.1 
12.1 
15.8 

15.8 

1.8 
15.8 

19.4 

19.4 
22.9 

22.9 

Table 111.16 Experimental Data for Run Number 16. 
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Lxperirilental Run # 17 

Ash Type: Fly Size: 125wn Mass: 100 gm 
Gas Flow ( 1/mm) : Chlorine: 4.1 Nitrogen: 4.1 
Fluid Coke: Size: 169.im Ilass: 300 gm 
Average Reaction Temperature: 951 C 
Maximum Temperature Reached Initially: 972 C 
Average Pressure Drop: 116 cm H20 
Loss due to Carry over: 7 gm 

Sample Time T8mp. 

No. mm ( C) Al Ti  

1 0.0 951.2 0.0 0.0 0.0 0.0 
2 5.0 967.0 3.4 47 .0 1.0 4.2 
3. 10.0 959.8 4.0 52.4 1.1 4.2 
4 20.0 950.0 4.6 54.1 1.2 4.2 
5 30.0 949.9 5.2 57 .6 1.2 8.2 
6 40.0 950.0 5.5 61 .1 1.2 8.2 

7 50.0 950.5 5.9 64 .5 1.3 8.2 
8 60.0 950.4 6.2 66 .2 1.3 8.2 
9 75.0 950.3 6.8 69 .5 1.4 8.2 

10 90.0 950.6 7.2 76 .0 1.3 8.2 
11 105.0 949.7 7.5 79 .2 1.4 8.2 
12 120.0 950.2 7.8 80.8 1.5 8.2 

13 135.0 949.8 8.2 87 .1 1.5 11.8 

14 150.0 949.8 8.6 94.8 1.5 11.8 
15 165.0 950.4 8.7 95 .0 1.5 11.8 

16 175.0 950.5 8.8 97.0 1.5 11.8 

17 175.0+ --- 9.2 98.2 1.5 11.8 

1 
of Metal Recovered 

Fe Si 

Table 111.17 Experimental Data for Run Number 17. 

Experimental  Run 18 

Ash Type: Fly Size: 125im Mass: 40 gm 
Gas Plow (1/mm): Chlorine: 4.1 CO: 4.1 
Fluid Coke: Size: 225um Mass: 360 gm 

Average Reaction Temperature: 952°C 
Maximum Temperature Reached Initially: 984 0C 

Average Pressure Drop: 106 Cm 1120 
Loss due to Carry over: C gm 

Sample Time Temp. 

No. mm ( C) 

0.0 952.0 

% of Metal Recovered 

Al Fe Si Ti 

2 5.0 977.5 

3 10 0 960 5 
4 20.0 948.7 

5 30.0 950.2 
6 40.0 950.4 

7 50.0 950.5 
8 60.0 950.6 
9 75.0 950.3 

10 90.0 950.5 
11 105.0 950.7 

12 120.0 950.8 
13 135.0 950.2 

14 150.0 950.5 
15 150.0+ 

0.0 
6.2 
6.5 
7.2 
8.3 
9.6 

11.0 
12.0 
13.7 
15.3 
16.9 
1.2 
19.8 
20.7 
21.7 

0.0 
42.8 

46.3 
46.3 
49.7 

53.1 
56.5 
59.8 
63.0 
66.3 
69.5 
72.6 
81.9 
97.2 
99.0 

0.0 

1.2 
1.3 
1.4 
1.7 
1.8 

2.0 
2.2 
2.5 
2.7 
3.0 
3.2 
3.4 
3.5 
3.5 

0.0 
9.1 
9.1 
9.1 

17.9 
17.9 
17.9 
17.9 
17.9 
17.9 
17.9 
17.9 
17.9 
17.9 
17.9 

Table 111.18 Experimental Data for Run Number 18 
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Experimental Run v 19 

Ash Type: Fly Size: 125im Mass: 100 gm 
Gas Flow ( 1/mm) : Chlorine: 4.1 CO: 4.1 

Fluid Coke: Size: 169).lm Mass: 300 gm 

Average Reaction Temperature: 912°C 
Maximum Temperature Reached Initially: 942°C 

Average Pressure Drop: 99 cm H 2 0 
Loss due to Carry over: 6 gm 

of Metal Recovered 

Sample 
No. 

Time 
mm 

Temp. )-
(° C) Al Fe Si Ti 

1 0.0 913.0 

2 5.0 938.0 
3 1(1 0 922.8 

4 20.0 909.3 
5 30.0 910.0 
6 40.0 911.0 

7 50.0 910.6 

8 60.0 910.2 
9 70.0 910.9 

10 80.0 909.9 
11 90.0 910.0 

12 100.0 910.0 
13 110.0 910.0 

14 120.0 910.2 
15 130.0 910.4 
16 140.0 909.9 

17 150.0 909.5 
18 150.0+ 

0.0 0.0 
5.7 36.6 
6.4 36.6 
7.6 39.7 

9.3 42.7 
10.2 44.3 

11.3 47.3 
12.5 48.7 
13.3 51.7 

14.5 53.1 
15.5 57.4 

16.5 60.2 
17.7 65.8 
18.7 69.9 
19.8 76.7 
20.7 83.3 
21.3 88.6 
21.4 91.2 

0.0 
1.3 
1.3 
1.9 
2.0 
2.3 

2.5 
2.6 

2.9 

3.3 
3.4 
3.7 
3.8 
4.0 
4.1 
4.6 
4.6 
4.8 

0.0 
7.3 

10.9 
10.9 
10.9 

10.9 
10.9 

14.4 
14.4 
14.4 

14.4 

14.4 
14.4 
17.5 
17.5 

17.5 
17.5 
17.5 

Table 111.19 Experimental Data for Run Number 19-

Experimental Run 20 

Ash Type: Fly Size: d9im Mass: 100 gin 
Gas Flow ( 1/mm) : Chlorine: 4.6 . CO: 2.3 

Fluid Coke: Size: 125wn Mass: 300 gin 

Average Reaction Temperature: 920 °C 
Maximum Temperature Reached Initially: 948°C 
Average Pressure Drop: 89 cm 11 2G 
Loss due to Carry over: 8 gm 

Sample 
No. 

Time 

mm 

Temp. 
(° C) 

% of Metal Recovered 

Al Fe Si Ti 

1 0.0 910.6 
2 5.0 937.6 

3 12.0 9 25. 0 
4 15.0 920.5 
5 20.0 916.0 
6 30.0 913.5 

7 33.0 912.8 
8 35.0 

0.0 
7.7 
8.4 
8.4 
8.7 

10.0 
10.2 
10.8 

0.0 
44.5 
46.7 
46.7 
46.7 
48.8 
50.9 
50.9 

0.0 
1.6 
1.7 
2.2 
2.1 
2.6 
2.6 
2.3 

0.0 
19.0 
19.0 
19.0 
19.0 
19.0 
19.0 
27.9 

Table 111.20 Experimental Data for Pun Number 20. 
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-t-
Experimental Run 4 21 

Ash Type: Fly Size: 89.im Mass: 100 gm 

Gas Flow ( 1/mm): Chlorine: 3.5 CO: 3.5 

Fluid Coke: Size: l25im Mass: 300 gin 
Average Reaction Temperature: 951 0C 

Maximum Temperature Reached Initially: 975 C 

Average Pressure Drop: 90 cm H 2 0 
Loss due to Carry over: 7 gin 

% of Metal Recovered 
Sample Time Temp. 

No. mm ( ° C) Al Fe Si Ti 

1 0.0 947.3 0.0 0.0 0.0 0.0 

2 5.0 964.4 6.8 43.5 1.3 10.8 
3 10.0 951.4 7.0 45.1 1.3 10.8 

4 20.0 949.4 8.5 46.7 1.8 16.1 

5 30.0 950.0 9.6 49.8 2.4 16.1 

6 40.0 950.7 11.0 52.8 2.5 21.3 
7 50.0 . 950.3 12.1 54.3 2.5 21.3 

8 60.0 951.2 13.1 55.8 2.6 21.3 
9 70.0 951.0 15.1 60.3 3.0 21.3 

10 80.0 950.8 15.4 60.3 3.0 21.3 

11 90.0 951.2 17.2 58.8 3.7 26.2 

12 102.0 950.7 19.1 64.5 3.7 26.2 

13 110.0 950.8 19.7 65.9 3.9 26.2 
14 120.0 950.1 20.7 71.5 4.4 26.2 
15 131.0 950.8 22.2 76.9 4.4 30.8 
16 140.0 950.5 22.7 86.4 4.5 30.8 

17 150.0 950.4 23.5 90.4 5.1 30.8 

18 150.0+ --- 231 96.9 4.9 30.8 

Table 111.21 Experimental Data for Run Number 21. 

Lxperirnerta]. Run Tr 22 

Ash Type: Fly Size: 89im Mass: 100 gin 

Gas Flow ( 1/miri) : Chlorine: 4.6 CO: 2.3 
Fluid Coke: Size: 125um Mass: 300 gm 

Average keaction Temperature: 947 C 

Maximum ' emperature Reached Initially: 981 °C 
Average Pressure Drop: 92 cm H20 

Loss dueto carry over: 8 gin 

Sample Time Temp. 

No. mm ( ° C) 

1 0.0 951.8 

2 5.0 970.9 

3 10.0 952.5 
4 20.0 949.7 

5 30.0 958.0 

6 40.0 949.8 
7 50.0 949.3 

8 60.5 944.0 
9 70.0 943.8 

10 80.0 942.5 

11 90.0 939.8 
12 100.0 938.6 

13 110.0 940.6 

14 120.0 940.6 
15 130.0 940.5 
16 130.0+ 

of Metal Recovered 

Al Fe Si Ti 

0.0 
6.8 

7.9 

9.9 

11.8 

12.9 

15.6 

16.3 

17.0 

18.8 

19.4 
20.9 

22.3 
24.9 

26.4 
25.9 

0.0 

44.7 
44.7 

50.9 

50.9 

52.9 

54.9 

56.9 
58.9 

62.7 

64.6 

72.1 
75.9 
86.8 

90.0 

94.0 

0.0 

2.4 
2.6 

2.9 

2.9 

3.6 

3.7 

4.1 
4.0 

4.4 

5.0 

4.4 
4.8 

5.0 

5.3 

5.3 

0.0 
15.6 

15.6 

15.6 

20.6 

20.6 

25.5 

25.5 
25.5 

25.5 

25.5 

25.5 
25.5 

25.5 

29.9 
29.9 

Table 111.22 Experimental Data for Run Number 22. 
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Experimental Run T  23 

Ash Type: Fly Size: 125.mm Mass: 100 gm 
Gas Flow ( 1/mm): Chlorine: 5.2 CO: 2.6 

Fluid Coke: Size: l69Amm Ilass: 300 gm 
Average Reaction Temperature: 912°C 

0 •ax1mnum Temperature Reached Initially: 951 C 

Average Pressure Drop: 76 cm II2O 
Loss due to Carry over: 6 gm 

of Metal Recovered 
Sample. 

No. 
Time 

mm 
Temp. 

(° C) Al Fe Si Ti 

I 

1 0.0 912.0 
2 5.0 945.1 
3 10.0 923.6 

4 20.0 909.7 
5 30.0 909.9 

6 40.0 910.0 

7 50.0 910.4 
8 60.0 910.4 

9 70.5 910.6 

10 60.0 910.3 

11 90.0 910.7 
12 100.0 910.8 

13 110.0 910.6 
14 120.0 910.8 

15 130.0 910.7 
16 130.0+ 

0.0 
8.0 

9.1 

10.5 

11.1 
12.5 

14.1 

15.4 
16.8 

17.1 

19.5 

20.5 

21.5 

21.9 
23.0 

23.0 

0.0 
45.7 

45.7 

47.5 
47.5 

51.0 
52.7 

54.4 
57.7 

54.4 
57.7 

56.1 

59.3 
60.8 
60.8 

60.9 

0.0 
1.8 

1.9 

2.3 
2.6 
2.8 

3.2 

3.4 
3.7 
3.7 

4.2 

4.3 

4.6 
4.9 

4.3 
4.8 

0.0 

10.0 

13.3 

13.3 
13.3 

13.3 

16.4 

16.4 

16.4 
19.4 

'19 .4 
19.4 

19.4 
19.4 

19.4 
19.4 

Table 111.23 Experimental Data for Run Number 23. 

Experimental Run 1 24 

As  Type: Fly Size: 89izn Mass: 100 gm 

Gas Flow ( 1/nun) : Chlorine: 5.2 CO: 2.6 

Fluid Coke: Size: 125wn lass: 300 gm 
Average Reaction Temperature: 912 C 
Maximum Temperature Reached Initially: 9590C 

Average Pressure Drop: 91 cm 

Loss due to Carry over: 6 gm 

Sample 

No. 
Time 

mm 
Temp. 

(° C) 

% of hetal Recovered 

Al Fe Si Ti 

L 

1 0.0 909.5 

2 5.0 945.0 

3 10.0 920.5 

4 20.0 910.1 
5 30.0 910.7 

6 40.0 911.5 
7 50.0 910.9 
8 60.0 910.6 

9 70.0 910.8 

10 80.0 910.6 
11 90.0 910.9 

12 100.0 910.1 

13 110.0 910.2 
14 120.0 909.7 

15 130.0 909.9 
16 130.0+ 

0.0 
8.5 
9.2 

10.5 
11.8 
12.9 

14.4 

15.5 

16.4 
17.4 
18.6 
19.6 

21.1 
22.3 
23.4 

23.6 

0.0 
47.0 
47.0 

45.1 
45.1 
45.1 
46.9 

50.4 

57.3 
60.7 

65.7 
72.4 

75.7 
83.8 
88.5 

98.0 - 

0.0 
2.2 

2.3 

2.5 
2.7 

2.8 

3.0 

3.0 

3.2 
3.5 
3.7 
3.8 

4.1 
4.5 
4.6 

4.7 

0.0 

15.3 

15.3 
15.3 
15.3 

15.3 

15.3 
15.3 

15.3 

15.3 
15.3 

15.3 
15.3 
19.6 

19.6 

19.6 

Table 111.24 Experimental Data for Run Number 24. 



Experimental Run 25 

I-

Ash Type: Fly Size: 125am Mass: 100 gm 
Gas Flow ( 1/mm): Chlorine: 5.2 CO: 2.6 
Fluid Coke: Size: l69.im Mass: 300 gm 

Average Reaction Temperature: 951 °C 

!JaximuIn Temperature Reached Initially: 974 C 

Average Pressure Drop: 100 cm 1i 20 

Loss due to Carry over: 7 gm 

% of ! ietal Recovered 

Sample Time Temp. No. min mm ( C) Al Fe Si Ti 

1 0.0 952.2 0.0 0.0 0.0 0.0 
2 5.0 969.5 7.3 50.2 2.2 7.1 

3 10.0 956.1 7.6 50.2 2.0 10.6 
4 20.0 950.4 9.4 53.8 2.5 10.6 

5 30.0 950.6 10.3 57.4 2.5 14.0 

6 40.0 950.6 12.4 59.2 2.7 14.0 
7 50.0 950.5 13.2 64.4 3.3 14.0 

8 60.0 950.7 13.6 64.4 3.6 17.3 

9 70.0 950.5 15.3 66.2 3.5 17.3 
10 80.0 949.5 17.0 67.8 3.8 17.3 

11 90.5 950.0 17.8 67.8 4.0 20.5 

12 100.0 949.8 18.6 71.1 4.3 17.4 
13 111.0 950.3 19.7 74.3 4.9 20.5 

14 120.0 950.0 21.2 74.3 6.2 17.4 
15 130.0 949.8 23.2 80.6 5.8 20.4 

16 130.0+ --- 22.8 83.7 5.6 20.4 

Table 111.25 Experii;tental Data for Run Nuraber 25. 



Appendix IV 

Gaseous Diffusion in Molten Salts 

Sample calculations will be performed to demon-

strate the slow rates of diffusion of a gas through a 

film of molten salt. The diffusion of chlorine, in 

particular, is estimated in a micro layer of molten 

NaCl over a spherical particle. The results will be 

compared with an actual gas consumption rate for the 

case of fly ash chlorination. Thoughthe computations 

are done only for C1 2-NaCl system, similar results can 

be obtained for other salts as well. 

The solubility of chlorine in molten chlorides 

seems to involve an interaction between the dissolved 

gas and the melt ( 61). Such interaction will introduce 

serious non-idealities to the the problem at hand. 

Simplifying assumptions will be made where data are 

lacking. The following procedure will only give 

approximate estimates accurate to an order of magni-

tude. 

IV.l Physical Properties Estimation 

The diffusivity, D, of a gas through a liquid 

film is approximated by Wilke-Chang equation ( 62). The 

diffusion of chlorine in molten NaCl is calculated at 

950 ° C. 

- 220 - 
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D = 7.4 x 10 

11 V06 
cp 

-8 T(y MW)_. 0. 

where, D = Diffusivity, cm 2Is 

MW = Mole weight of solvent 

T = Temperature, K 

Viscosity of solvent, cp 

V = Molar volume of solvent, cm3/mol 

y = an association factor. 

A viscosity correlation for molten NaClis given 

by Janz et al ( 63). 

cp = 81.9-O.1856T+1.428x10 3 T2-3.7x10 8 T3 

The calculated ju NaCl is 1923 cp at 1223 K. The 

(IV. 2) 

association factor, y, is assumed 1.0, and V = 48.4 is 

given by Danckwerts ( 62). With these values, the dif-

fusivity of C1  in NaClis calculated using Equation 

(IV.1) to be: 

D = 7.4x108 (1223)(S8.5) 

(1923) ( 48.4)0.6 

3.5x10 8 cm 2/s 

The solubility of chlorine in molten NaClis cal-

culated using Henry's constant ( 64) given as 0.83 x 

io mol Cl 2/(mol NaClPa) . The solubility will be 

calculated for chlorine fraction of 50% in a gas mix-

ture at atmospheric pressure ( 660 mmHg) . 



c = 0.83x10 -7 x l.013x10 5x 0.5 x 660 
760 

= 0.365 x io2 mol C1 2/mol NaCl 

The density is calculated from the correlation given by 

Janz et al ( 63): 

PNaCl = 2.14 - 0.543x10 -3 x T 

1.48 g/cm3 

Hence, the molar density = 1.48 - 2.53x10 2 mol/cm3 
58.5 

The solubility on a volumetric basis is 

C = 0.365x10 2 x 2.53x10 2 

= 0.924 x 10 mol Cl 2 /cm 3 

(IV. 3) 

IV.2 Rate of Diffusion 

The rate of diffusion of chlorine is calculated 

using a model described by Bird et al ( 65) for the dif-

fusion of a gas through a spherical film shell. The 

model is shown as Figure 8.4. Very briefly, the pro-

cedure is as follows: 

Mass balance on a spherical film shell leads to 

d 2 
— {r N} = 0 

The appropriate substitutiQn of Na for the case where 

counter diffusion is absent leads to 

d 2 cD dx a 
dr (1-X ) dr = 0 

a 

(IV. 5) 



At constant temperature, Equation ( IV.5) is integrated 

to give 

(l-X ) 
a2 

= 1 (1-x ) 
al 

The molar flux is Na multiplied by the shell area for 

the flow. 

W = 4iir N at a a rr 1 

- 4  
(l/r 2) 

(l-x 

ln ( l-x)1 

The flux calculated by his equation gives the rate of 

gas flow assuming there is no other resistance to the 

flow. Hence, X 2 = 0 ( at the reaction surface) and 

Xai c ( the solubility of gas in molten salt) . It 

will be assumed that the diameter of particle is 125um 

and a film thickness of 0.lim is present on the parti-

cle surface. The corresponding values of r1 and r2 are 

62.6im and 62.5im respectively. With the values of a 

and D calculated earlier, the molar flux is now calcu-

lated using Equation ( Iv.7): 

(l_0..00367) ] 
W ln [------ 
a (( 1/62.6) - (1/62.5)) x10 4 

4 if 0.924x10 4x 3.5x10 8 

= 0.585 x 1012 mol/s or, 2.1 x 1O 9 mol/h 



The rate of diffusion of chlorine through a 0.1im thick 

film of molten NaCl is 2.lxl0 mol/h. Similar values 

are calculated for other film thicknesses as well. 

When the film thicknesses are 1.um and 5im, the molar 

fluxes are 2.13 x 10 -10 and 4.5 x 10 -12 mol/h, respec-

tively. 

These rates are based on a stationary spherical 

particle surface. It can be seen that the rate is an 

inverse function of the film thickness. The concentra-

tion of gas in melt and the diffusivity terms have a 

direct proportionality with the rate term. It is 

reiterated that the calculations are based on the 

assumption of no other resistance to mass transfer. 

With the presence of other resistances, the resultant 

flux will be even smaller. The rate will increase, 

however, if the particle is non-spherical or has larger 

surface area available. 

IV.3 Comparison with Experimental Rates 

The experimental data in terms of the yields of 

metal chlorides from one of the runs with coke and CO 

will be used for the comparison. The data of experi-

ment # 16 are chosen to calculate the composite rate of 

chlorine consumption. This particular run was made 

with l25im particles at 950 °C and with 50% C1  in the 

feed gas. It is important to note that the diffusion 

through molten salts appears most dominating where the 



yield curve is a straight line. It will be assumed, 

once again, that this diffusion step is considered to 

be the rate controlling step. The chlorine consumption 

for only Al, Si, Fe and Ti is being considered. The 

yield data at 1-hour and 2-hour periods are obtained 

for these 4 metals graphically. It is assumed that 

complete chlorination of all other metallic species has 

occured within 1 hour. 

The computations of total chlorine consumption in 

one hour are presented in Table IV- 1. The amount of 

chlorine required to achieve the experimental chlorina-

tion is 6.77 g C1 2/h. On a molar rate basis, this is 

equivalent to 0.0954 mol C1 2/h. 

It is shown in Chapter 5 that the ash particles 

are not simple solid spheres. The ratio of actual area 

to the calculated area for spheres is 170 for l25im 

diameter fly ash particles. The molar flux value, cal-

culated previously in Section IV.2, should be multi-

plied by this ratio to obtain a more realistic approxi-

mation of the rate of diffusion. In addition, the flux 

calculation is for one ash particle. The experimental 

rate is based on 100 gram of ash sample. Assuming that 

the density of fly ash is 2.2 g/cm3 , there are approxi-

mately 4.45 x 1O 7 particles of 125iim diameter in 

100 gram of ash. 



Element 

Yield, Fraction Mass of each Metal 

in Ash Chlorinated in 1 hour 
1-hour 2-hour Basis: 100 gm ash 

Aluminum 11.5 19.5 16.0 1.20 
I I I 

Iron 81.0 95.0 1.3 0.18 

Silicon 2.3 3.5 27.4 0.33 
I I I 
I I 

Titanium 12.1 15.8 0.4 0.01 

Chlorine 

Required 

gm/h 

4.73 

0.34 

1.67 

0.03 

Total 6.77 

Table IV -1 Calculation of Chlorine Consumption Rate. 



Hence the modified value of the calculated flux 

for l).lm film thickness is 

W = 2.1 x 10-10 x 4.45 x 10 x 170 

0.161 mol/h 

Similarly, the flux corresponding to a 5im film thick-

ness is 0.034 mol/h. 

The chlorine consumption rate from the experimen-

tal data is 0.0954 mol/h. Clearly, the experimental 

rate falls ithin the two flux values calculated above, 

and a film thickness of the order of 1 to 5im is 

predicted. Similar calculations can be repeated for 

other salts such as Cad 2, KC1 and MgCl 2. The flux in 

each case is expected to be of the same order of magni-

tude. 

The complications will arise, however, when a mix-

ture of the molten salts is considered. The diffusion 

of chlorine in molten chlorides is not clearly under-

stood. As mentioned previously, the dissolution of 

chlorine involves an interaction between the gas and 

the liquid phases ( 61). The estimation of diffusivity 

of chlorine and other physical properties for a complex 

mixture will present serious difficulties. 


