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ABSTRACT 

A detailed investigation of the kinetics of dissolution of 

kaolinite clay in hydrochloric acid solution has been carried out. The 

rate of dissolution increases with calcination temperature, calcination 

time, and leach temperature. For example, almost 98% of the aluminum in 

the clay sample roasted at 540°C for 1 h can be dissolved in 20 min. 

The presence of fluoride ions in the leach solution significantly 

enhances aluminum dissolution. 

Changes in the pore structure of kaolinite clay due to calcina

tion and hydrochloric acid leaching have been studied by a gas adsorption 

technique. The results obtained show that the surface area, macropore 

volume, and micropore volume of the leached residue increase with the 

extent of leaching up to a leach time of 1 h and thereafter decreases. 

Calcination at 500-750o C appears to destroy the structure of the clay but 

has no significant effect on the porous nature of the clay. 

xii 



CHAPTER 1 

INTRODUCTION 

The abundance of kaolinite clay, its high grade with respect to 

alumina and the ease with which the alumina may be rendered acid soluble, 

combine to make kaolinite clay a preferred raw material, after bauxite, 

for the extraction of alumina. The U.S. Bureau of Mines (USBM) has inves

tigated the leaching of kaolinite clay using different reagents, such as 

hydrochloric acid, sulfuric acid, sulfurous acid, and nitric acid. Among 

these reagents, hydrochloric acid appears to be the most promising in 

terms of cost and fewest technical problems (Bengston, 1979). 

The hydrochloric acid process for kaolinite as developed by the 

USBM consists of five major steps: (1) calcination, (2) leaching, 

(3) iron removal, (4) crystallization, and (5) thermal decomposition. 

In the calcination step, the clay is roasted at a temperature in the 

neighborhood of 750°C to render the aluminum soluble in the acid. Leach

ing of the calcined clay is carried out at 95°C with approximately 21-

26% HC1. The leach liquor containing iron and aluminum is then subjected 

to a purification step that involves solvent extraction of iron. Alumi

num values in the purified liquor are recovered as A1C1 3 06H20 by crys

tallization. The final step in the process is the thermal decomposition 

of A1C1
3

06H
2

0 at 110-1200°C to produce high grade A1
2

0 3 . 

The USBM has carried out detailed investigations on many of the 

practical aspects of the process. However, much of the fundamental 
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aspects of the process, such as the interrelation between roasting, 

leaching, and physical characteristics of the clay, and kinetics of the 

leaching process have not been paid much attention. The primary objec

tive of this dissertation was to carry out detailed kinetic investiga

tions of the hydrochloric acid leaching of clay and to propose a mecha

nism for the leaching process. A secondary objective was to establish 

the change in the structural characteristics of clay such as surface 

area and porosity upon calcination and leaching. It is needless to say 

that a knowledge of the physical properties of leach residues is impor

tant from a tailings disposal and byproduct point of view. 



CHAPTER 2 

LITERATURE REVIEW 

Aluminum is the third most abundant element in the crust of the 

earth and is present in many naturally occurring minerals and rocks. In 

general, the total cost of producing a unit of alumina from the raw mate

ridl will be higher (1) the lower the percentage of aluminum in the raw 

material, (2) the more strongly the alumina is chemically combined with 

other substances in the raw material, and (3) the larger the number of 

components in the raw material that must be separated in order to obtain 

the alumina. Most of the aluminum produced in the world comes from 

bauxite. Although bauxite resources of the world may be considered 

abundant, even if they are different in quality, the utilizatio~ of non

bauxite raw materials is an exigence, in particular for countries with 

increasing demand for alumina and aluminum that do not possess any baux-

ite resources. 

The abundance of kaolinitic clay, its high grade with respect to 

alm.'ina, and the ease with which the alumina may be rendered acid soluble, 

combine to make kaolinitic clay a preferred raw material, after bauxite, 

for the extraction of alumina. Kaolinite [AI2Si
2

0S(OH)4J is a two-layer 

silicate mineral that typifies the kaolin group. A schematic structure 

of kaolinite is shown in Figure 1. The structural unit of kaolinite is 

formed by the superposition of a tetrahedral sheet (containing Si) upon an 

octahedral sheet (containing AI). The structural units are held together 

3 



H-bondlnQ 
between basal planes 

o 

OH 

At 

O,OH 

4 

Figure 1. Schematic structure of kaolinite.--From Bohn, McNeal, 
and O'Connor, 1979, p. 78. 

in the basal plane by hydrogen bonding between oxygen ions of the tetra-

hedral sheet and hydroxyl ions of the octahedral sheet. 

The USBM (Bengston, 1979; Bremner, Nicks, and Bauer, 1984; 

Cohen and Mercier, 1976; Olsen et al., 1982; Olsen, Gruensky et al., 

1983; Olsen, Bullard et al., 1983) extensively investigated the leach-

ing of kaolinite clay using different reagents such as hydrochloric 

acid, sulfuric acid, and nitric acid. Poppleton and Sawyer (1977) and 

Bengston (1979) found hydrochloric acid to be the most promising among 

these reagents. The salient features of the hydrochloric acid leaching 

of clay are as follows: 
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1. Hydrochloric acid is an aggressive reagent that, after calcina

tion, will dissolve up to 98% of alumina with a 2-h leach time 

at the boiling temperature and at atmospheric pressure. 

2. The leaching process is exothermic, making it easy to reach and 

maintain the boiling temperature. 

3. Iron in the clay dissolves in about the same proportion as alu-

mina. Titanium, sodium, potassium, calcium, and magnesium pres

ent in small amounts in accessory minerals tend to have a much 

lesser but variable solubility in hydrochloric acid. 

4. Properties of the HCI-H
2

0 system are well known, and properties 

of the M
x

Cly-HCI-H
2

0 system for the metals of interest are known 

to a lesser but sufficient extent to allow the design of evapo-

rators, crystallizers, acid recovery units, etc. 

5. All of the metallic elements in the periodic system with the 

exception of sodium, potassium, calcium, magnesium, and alumi

num form anionic chloride complexes. Iron, in particular, may 

be separated as an ionic chloride complex from the aluminum 

by solvent extraction using an appropriate organic extractant. 

6. It is relatively easy to operate the leaching process so as to 

obtain almost quantitative separation of silica, and the silica 

is in a form that can be filtered and washed easily. 

A generalized flowchart for the extraction of aluminum from kao

linite clay is shown in Figure 2 (Bengston, 1979). 



Recycle 
Acid 

Aci d 
Regeneration 

L 

Makeup 
Acid 

Organic 
Solvent 
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Acid 
Vapors 

Solid to 
Waste 

Impurities 

Figure 2. Generalized acid-leaching process flowsheet.-
From Bengston (1979, p. 219). 
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Ziegenbalg and Haake (1983) estimated the costs and technical 

problems of various acids processes. The results of their investiga-

tions indicate the following ord~r: 

via via 

They also compared the Bayer process with the process for the clays 

using hydrochloric acid and sulfuric acid and the results of their com-

parison are given in Figure 3. 

III 

II 

t~~~----~~--~~ 
8t7j/t!'/-/!/tl,t'.J'S ,lay 1l/(),t!'Sf//7j7 

A~IlJIJit:?~.f Aftl 1I;.f~,. 

Figure 3. Cost structure of alumina extraction.--From 
Ziegenba1g and Haake, 1983, p. 1139. 
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Calcination of clay in the temperature range 500-750°C is 

necessary to solubilize alumina. The beneficial effects of calcination 

are not yet clearly understood. The general opinion is that calcination 

increases the reactivity of the particles besides removing the physi-

cally and chemically combined water and any organic material in the 

pores. Bengston (1979) and Phillips and Wills (1982) indicated that 

kaolinite [AI
2
Si

2
0

5
(OH

4
)] can be converted to meta kaolinite (AI

2
Si

2
0

7
) 

by heating in the temperature range 473-900°C and that aluminum can be 

extracted much more rapidly from meta kaolinite than from kaolinite. 

The kinetics of hydrochloric acid leaching of calcinced clays 

has received only limited attention. A study of leaching rates of cal-

cined kaoline with nitric, sulfuric, and hydrochloric acids was done by 

Hulberg and Huff (1970). They found that the rate of leaching was fast-

est with HC1, slower with H
2

S0
4

, and slowest with nitric acid. They 

concluded from their results that aluminum ion leaching of calcined 

kaolin can be mathematically represented with a nucleation rate equa

tion of the general form In ---11 = kt
m

, where m varies between 1.10 and 
-x 

1.55, depending on the experimental conditions. 

Olsen, Bullard et al. (1983) investigated the leaching of cal-

cined kaolinitic clay in a 5% stoichiometric excess of boiling 23-26% 

HCI and found the data to fit a zero-order reaction. The rate constants 

were found to be in the range 0.095 and 0.15 min-
1

, depending on feed 

operation and leaching parameters. 

The addition of fluoride ions in the form of H
2
SiF

6 
has been 

found to improve the extraction of aluminum from clays and silicate with 
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hydrochloric acid (Bremner, Eisele, and Bauer, 1982). The amount of 

fluoride that is needed 'may be as large as 4% to 5% of the clay. 

Limited attention has been paid to the characterization of the 

silica residues resulting from the leaching of the clays. Ziegenbalg 

and Haake (1983) characterized the density and specific surface area 

of residues obtained from the HCl and H
2

S0
4 

leaching of clays. The 

residues were found to be very porous with specific surface areas in 

2 
the range 80-250 m /g. 

Chon, Tsuru, and Takahashi (1978) investigated changes in the 

pore structure of kaolin due to dealumination by treating with sulfuric 

acid. They found the surface area and pore volume of kaolin to increase 

with increasing amounts of dealumination. However, they measured a 

sharp decrease in the surface area when the aluminum extraction exceeded 

70%. This was attributed to the growth of micropore into large ones 

and the collapse of some larger pores. 

The stablity constants for several fluoride and chloride com-

plexes are tabulated in Tables 1 and 2 (Hogfeldt, 1983). 

Table 1. Aluminum complexes of chloride 

Reaction K 

++ + 
AICl + Cl + AlCl

2 

+ 
AlCl

2 
+ Cl +AICl 3 
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Table 2. Aluminum complexes of fluoride 

Reaction K 

Al+++ + F + A1F++ 

++ + 
A1F + F + A1F 

2 

+ 
A1F2 + F + A1F 

3 

A1F + 
3 

F + A1F 
4 



CHAPTER 3 

EXPERIMENTAL MATERIALS AND METHODS 

The kaolinite sample used in this investigation was donated by 

the Anaconda Research Center in Tucson, Arizona. The kaolinite sample 

was crushed, ground, and sieved into various size fractions. The chem-

ical analyses of two size fractions of the kaolinite sample used in this 

study are shown in Table 3. The peaks obtained in the X-ray diffraction 

pattern of the kaolinite sample are summarized in Table 4. The data in 

Table 4 indicate the presence of small amounts of montmorillonite, 

quartz, and feldspar in the sample. 

Table 3. Chemical analyses of kaolinite sample 

Particle 
Size 

% 

(Tyler 
A1

2
0

3 mesh) 
Fe Si0

2 
K Ca Na H

2
O 

20 x 28 35.5 0.90 44.6 0.08 0.06 0.02 14.7 

28 x 65 35.9 0.88 44.5 0.10 0.04 0.02 14.7 

11 
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Table 4. X-ray diffraction analysis of kaolinitic clay samples 

Intensity 
d(AO) ( 1/1 

0 
) Expected Mineral 

7.1890 1.00 Kaolinite 

4.4578 0.29 Kaolinite 

3.5870 0.86 Kaolinite 

3.3237 0.05 Quartz 

2.5616 0.21 Kaolinite 

2.4926 0.21 Kaolinite and montmorillonite 

2.3779 0.29 Kaolinite and feldspar 

2.3363 0.29 Kaolinite 

2.2850 0.14 Montmorillonite and kaolinite 

1.9959 0.10 Kaolinite and feldspar 

1.8937 0.05 Quartz 

1 .6681 0.01 Kaolinite 

1.4890 0.20 Kaolinite 
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The calcination of the clay samples was carried out in a 1 1/8-

in.-diameter fluidized bed reactor. A schematic sketch of the reactor 

is shown in Figure 4. The reactor was heated using a vertical tube 

furnace and the fluidization was effected using air. The temperature 

distribution in the reactor is displayed in Figure 5. 

A 2DD-mesh stainless steel screen was placed at the bottom of 

the reactor. Stainless steel balls of 1/8-in. diameter were packed to 

a height of approximately 4 in. over this screen. The balls served to 

preheat the air used in fluidization. Another 2DD-mesh stainless steel 

INSULATING 
MATERIALS 
FIBER GLASS 

~ SCREEN 
IXXXXXXXXXXXXj MAXIMUM 

FLUIDIZATION 
ZONE 

MINIMUM 

2 in.- --1·- fi~~::-~:'~:-:"':':"~~ ~""~_~~:-----I----_~6~~D I ZA TI ON 

f

:..:. ~:-- RE LEVEL .................. _ .. ................ ... 
-:;: ;;: :." 
............... :.."'2: 

8 3/4 in. ~p I:~~~~~::~ 

j~ ~~l~~~§;i 
4 1~4 I". 1---,_ "EHEAllNG ZO"' 

, '-is .. ~WtU~-'!--1- STAINLESS STEEL 

t 
1111 i BALLS 

'-!-t------+- SCREEN 

25 in. 

6 If in. 
_I- FURNACE 

AIRIN~~ 

Figure 4. Schematic sketch of the fluidized bed reactor for 
kaolinitic clay roasting 
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screen was placed over the balls. The sample to be roasted was placed 

over the top screen. The pressure drop in the bed was measured with a 

water manometer. The procedures used in the roasting experirnents were 

to heat up the vertical tube furnace to the required temperature and 

then push the fluidized bed reactor containing the clay material to be 

roasted in the upper zone of the furnace. Approximately 120 g of mate-

rial was roasted per run. 

The fluidization plot (In ~p vs ln Vm) is shown in Figu~e 6. 

Above a volumetric flow rate of about 148 cc/sec (or ln Vm = 5) there 
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Figure 6. Fluidization plot for the reactor 

was a tremendous oscillation in the pressure drop reading. Ideally, 

15 

for complete fluidization, one would expect the pressure drop to go up 

and then to come down (Szekely and Themekis, 1971), but in this case 

such a sharp peak was not observed and only instability was observed. 

This could have been caused by the small diameter of the fluidized bed 

reactor where bubbles of size comparable to the reactor size used may 

be generated. Visually, at a temperature of 750°C, complete fluidiza-

tion was observed at a flow rate of 33.9 cc/sec. Velocity calculations 



based on the Ergun equation are shown in Appendix A, and the minimum 

theoretical velocity, V
th

' is shown in Figure 6. 

Differential Thermal Analysis 

Differential Thermal Analysis (DTA) was carried out in a 

16 

Dupont Model 900 differential thermal analyzer. The analysis was done 

by measuring the changes in heat ccn~ent as a function of the difference 

in temperature between the sample under investigation kaolinitic clay, 

and a thermally inert compound as the reference materials was heated to 

elevated temperatures as shown in Figure 9, p. 20. 

Thermogravimetric Analysis 

The Thermogravimetric Analysis (TGA) was also carried out on 

the Dumot Model 900 thermal analyzer. The analysis was done by mea

suring the change in weight of kaolinitic clay as temperature was 

increased at a rate of lSoC. This technique can provide valuable 

information regarding changes that take place during calcination. 

Surface Area and Pore Volume Analysis 

The surface areas and pore volumes of the uncalcined, calcined, 

and leached samples were determined using the micromeritics 2100-D 

Surface Area-Pore Volume analyzer. Nitrogen gas was used as the 

adsorbate. All the samples were evacuated for 24 h. 

Scanning Electron Microscope Analysis 

The changes in the surface morphology of the clay samples due 

to calcination and leaching were studied using a scanning electron 

microscope (SEM). Model lSI Super IlIA. 



17 

Leaching of Clay 

The leaching experiments were carried out in a 1-liter Chemco 

glass reactor, manufactured by Chemical Equipment Corporation (Figure 

7) at 4% solids using 26% HC1. The HCl concentration used was> 100% 

excess over the stoichiometric amount needed to dissolve all the alu-

minum. 

A complete flowchart of the project is given in Figure 8. 

o 

Figure 7. Schematic diagram of the experimental reactor 
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Figure 8. Project flowchart 
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CHAPTER 4 

EXPERIMENTAL RESULTS AND DISCUSSION 

Differential Thermal Analysis and 
Thermogravimetric Analysis Studies 

The results of the differential thermal analysis (DTA) of the 

kaolinitic clay sample are displayed in Figure 9. The DTA indicated 

two distinct peaks; an endothermic peak at 545°C and an exothermic peak 

in the neighborhood of 1000°C. The peak at 545°C can be attributed to 

the removal of chemically combined water in the kaolinitic clay sample. 

The peak at 1000°C has been claimed to represent transformation of the 

clay structure to a mUllite-type structure (Grim, 1953). The letters 

A and B on Figure 9 represent the regions of removal of the physically 

combined water. 

The thermogravimetric analysis (TGA) of the kaolinitic clay 

sa~ple is given in Figure 10. The clay lost weight during heating due 

to the removal of physically and chemically adsorbed water. In the 

temperature range of 25°C to about 100°C, there was approximately 1.6% 

weight loss and this was due to the removal of physically combined 

water. In the temperature range of 400°C to 800°C, there was an addi-

tional 14.3% weight loss. This loss was due to the reaction of hydroxyl 

groups in the aluminum octahedral layer with the consequent elimination 

of water. 

19 
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Figure 9. Differential thermal analysis of a kaolinitic clay 
sample.--Distance A to B represents region of removal of the physically 
combined water. 
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Figure 10. Thermogravimetric analysis of a kaolinitic clay 



21 

Leaching Tests 

The first series of leaching tests was carried out on uncalcined 

clay primarily to check the information available in the literature. The 

results of the leaching tests carried out on a 20 x 28-mesh sample of 

uncalcined clay with HCI (26%) at a temperature of 95°C are presented 

in Figure 11. As will be evident from this figure, even after 12 h of 

leaching, only about 35% of aluminum could be extracted from the uncal-

cined clay. Besides that, the leaching of uncalcined clay without 

hydrochloric acid produced a very mushy liquor that was quite difficult 

to filter. 
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Figure 11. Leaching of uncalcined claY.--Conditions: 20 x 28 
mesh; 26% HCI; leach temperature 95°C. 
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The second series of leaching tests was carried out on three kao-

linitic clay samples roasted at 425°C, 540°C, and 750°C. A roasting 

time of 3 h was arbitrarily chosen. The samples were roasted in a fur-

nace for 3 h, then power to the furnace was turned off and the samples 

were allowed to cool in the furnace. Roasting at 425°C yielded approxi-

mately 55% aluminum extraction in a leaching time of about 40 min; roast-

ing at 540°C yielded about 98% aluminum extraction for the same time. 

The aluminum extraction from clay roasted at 750°C was also quite high 

(95%), but the rate of extraction was somewhat lower than from the clay 

roasted at 540°C. Results of these experiments are shown in Figure 12. 
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::::;) 

0= 540°C I = Mean point -' c:z: 

20 0= 425°C 

20 40 60 80 100 120 

LEACH TIME (mi n) 

Figure 12. Leaching of kaolinitic clay samples roasted at dif
ferent temperatures.--Conditions: 20 x 28 mesh; 26% HCI; leach temper
ature 95°C. 
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The next step in the investigation was to optimize the roast-

ing time, and for this purpose two different roasting temperatures, 

425°C and 540°C, were chosen. The effect of the roasting time on alu-

minum extraction from the 540°C-roasted clay is shown in Figure 13. 

As will be evident from the figure, a roasting time of 60 min was more 

than sufficient to yield almost complete extraction of aluminum in a 

period of 20 min. 

The effects of roasting times on aluminum extraction from clay 

samples roasted at 425°C are given in Figure 14. For this experiment, 

clay samples roasted for 30 min, 3 h, 6 h, and 11 h were chosen. A 

very interesting observation can be made from the results shown in 
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Figure 13. Effect of calcination time on the kinetics of alumi
num extraction from the clay samples roasted at 540°C and air cooled.-
Conditions: 20 x 28 mesh; 26% HCl; leach temperature 95°C. 
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Figure 14. Kinetics of aluminum extraction from the clay sam
ples roasted at 425°C for different times and air cooled.--Conditions: 
20 x 28 mesh; 26% HCl; leach temperature 95°C. 

Figure 14; namely, if the clay is roasted for sufficient time, almost 

complete extraction of aluminum can be achieved. The kinetics of alu-

minum extraction from the clay samples roasted at 425°C for 11 h were 

extremely fast, and in about 10 min of leaching time almost complete 

extraction of aluminum occurred. The results presented in Figure 14 

are replotted in Figure 15 to bring out the importance of roasting 

time in the aluminum extraction from clay samples roasted at 425°C. 

Even though it has been quite well established that heating at 

very near to boiling temperatures is very necessary to remove aluminum 
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Figure 15. Effect of roasting time on aluminum extraction from 
kaolinitic clay samples roasted at 425°C for different times and air 
cooled.--Conditions: 20 x 28 mesh; 26% HCI; leach time 1 h at 95°C. 

from clay samples, no published information is available for the value 

of the activation energy for aluminum leaching from the clay. Because 

one of the primary objectives of this dissertation was to propose a 

kinetic model for the aluminum extraction from the clay, it was decided 

to investigate the effects of leaching temperatures on aluminum extrac-

tion from the clay samples roasted at different temperatures. Clay 

samples roasted for 3 h at 425°C, 540°C, and 750°C were chosen. Even 

though 1 h of roasting time was sufficient at 540°C and 750°C, for the 

sake of comparison, the roasting time was chosen to be 3 h. All sam-

pIes were air-cooled. 
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The aluminum extraction from clay samples roasted at 425°C as 

a function of leaching time is given in Figure 16 for leaching tempera-

tures of 27°C, 55°C, 70°C, and 95°C. The leaching temperatures had a 

significant influence on the rate of extraction as is evident from 

Figure 16. The data from this figure were used to construct an 

Arrhenius-type plot shown in Figure 17. A rough value for the activa-

tion energy of the leaching process was calculated to be 9.6 kcal/mole 

of clay from this plot. 
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Figure 16. Kinetic data for kaolinitic clay samples roasted 
at 425°C for 3 h and air cooled.--Conditions: 20 x 28 mesh; 26% HCl. 
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The Arrhenius-type plot for the effect of temperature on the 

leaching of clay roasted at 750°C is also given in Figure 17. The 
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kinetic data in Figure 18 were used to construct this plot. The acti-

vat ion energy for the extraction of aluminum from 750°C-roasted clay 

was 21 kcal/mole, twice that obtained for the 425°C-roasted clay. The 

aluminum extraction from the clay calcined at 540°C depicted in Figure 

19 was characterized by an activation energy of 17.05 kcal/mole. 
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Figure 18. Kinetic data for kaolinitic clay samples roasted 
at 750°C for 3 h and air cooled.--Conditions: 20 x 28 mesh; 26% HC1. 
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Researchers at the USBM have indicated that fluoride ions may 

enhance the rate of dissolution of silicates in hydrochloric acid leach-

ing. However, no kinetic data are available for the effect of fluoride 

on the leaching process. Hence it was decided to collect data pertinent 

to the development of a kinetic model for the HCI leaching of clays in 

the presence of fluoride ions. 

The effect of fluoride ions on the leaching of uncalcined clay 

at 95°C is given in Figure 20. A striking observation that can be made 

from this figure is that a fluoride-to-aluminum ratio (by weight) of 0.3 

markedly enhanced the leaching rate as well as the extent of extraction. 
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Because uncalcined kaolinitic clay responded quite well to leach-

ing upon addition of fluoride ions, it was decided to look at the effect 

of fluoride ions on clay samples roasted at 425°C for 30 min. The extrac-

tion was studied at fluoride-to-aluminum ratios of 0.3 and 0.03. The re-

sul ts of these experiments are given in Figure 21. As is evident from 

Figure 21, 95% aluminum extraction was found to contain a lot of slime. 

The effect of fluoride ions was then tested on the clay sample 

calcined at 425°C for 3 h. In this case, the fluoride-to-aluminum 

ratio was varied between 0.3 to 0.03 as shown in Figure 22. The rate 

of aluminum extraction can be seen to depend on the F/Al ratio. Unlike 
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Figure 21. Effect of fluoride ions on aluminum extraction from 
a kaolinitic clay sample roasted at 425°C for 30 min and air cooled.-
Conditions: 20 x 28 mesh; 26% HC1; leach temperature 95°C. 



100~----------------------------------~ 

z 
o 

80 

-t; 60 
c( 
a: 
l
x 
UJ 

20 

20 

0= 0.03 0= 0.0 ~=O.l 0= 0.3 

40 60 80 100 120 

LEACH TIME (min) 

31 

Figure 22. Effect of fluoride ions on aluminum extraction from 
a kaolinitic clay sample roasted at 425°C for 3 h and air cooled.-
Conditions: 20 x 18 mesh; 26% HC1; leach temperature 95°C. 

the sample roasted for 30 min, the sample roasted for 3 h yielded a 

residue that was very easy to filter. 

Because fluoride ions enhance the leaching rate of clays, it 

may be possible to conduct le~ching experiments at temperatures lower 

than 95°C without any loss of aluminum extraction. To test this possi-

bility, the effect of leaching temperature on aluminum extraction from 

clays roasted at different temperatures was studied in the presence of 

fluoride ions present in the lixiviant at a F/Al ratio of 0.3. The re-

sults obtained from the clay samples roasted at 425°C, 540°C, 750°C, and 

uncalcined clay are plotted in Figures 23, 24, 25, and 26, respectively. 
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Figure 23. Effect of leaching temperature on aluminum extrac
tion in the presence of fluoride from kaolinitic clay samples roasted 
at 425°C for 3 h and air cooled.--Conditions: 20 x 28 mesh; 26% HCl; 
F/Al = 0.3. 
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Figure 24. Effect of leaching temperature on aluminum extrac
tion in the presence of fluoride from kaolinitic clay samples roasted 
at 540°C for 3 h and air cooled.--Conditions: 20 x 28 mesh; 26% HCl; 
F/Al = 0.3. 
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Figure 25. Effect of leaching temperatures on aluminum extraction 
in the presence of fluoride from kaolinitic clay samples roasted at 750°C 
for 3 h and air cooled.--Conditions: 20 x 28 mesh; 26% HCl; F/Al = 0.3. 

100 
LEACH TEMPERATURE 

0" 95°C 
80 6." 75°C - 0" 55°C ... 

~ 

:z: 
0 

.... 60 
u 
«2; 
0: 
0: 
X .... 
:E 40 "" :z: 
:E 

"" -' «2; 

20 

5 10 15 20 25 30 

LEACH TIME (min) 

Figure 26. Effect of leaching temperatures on aluminum extrac
tion from uncalcined kaolinitic clay in the presence of fluoride ions. 
--Conditions: 20 x 28 mesh; 26% HCl; F/Al = 0.3. 
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The activation energy calculations for these four samples are 

shown in Figure 27. The presence of fluoride can decrease the activa-

tion energy for HCl leaching by a factor of 2; this indicates fluoride 

can activate the clay during leaching. Because fluoride ions enhance 

dissolution tremendously, it was decided to check its effect on clay 

samples calcined at 750°C and leached at room temperature by increas-

ing the amount of fluoride from 0.3 to 0.6. Results obtained from these 

experiments indicate that increasing the FIAl ratio above a value of 

0.3 does not result in any increase in extraction (Figure 28). 
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Figure 27. Arrhenius plots for kaolinitic clay samples leached 
with HCl in the presence of fluoride.--Conditions: 20 x 28 mesh; 26% 
HC1; 0.3 F IAl. 
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Figure 28. Effect of fluoride ion on aluminum extraction from 
a kaolinitic clay sample roasted at 750°C for 3 h and air cooled.-
Conditions: 20 x 28 mesh; 26% HCl; leach temperature 27 DC. 



CHAPTER 5 

REPRODUCIBILITY OF EXPERIMENTAL RESULTS 

The reproducibility of different experiments has been studied 

by finding the mean and standard deviation of each of the three tests 

conducted under the same conditions. The results of the experiments 

are given in Figures 29, 30, and 31; the analyses of the means and 

standard deviations are shown in Tables 5, 6, and 7. The standard 

deviations obtained for the different experiments were: 

1. 425°C-calcined clay at 95°C for 3 h and air cooled was 3.95. 

2. 540°C-calcined clay at 95°C for 3 h and air cooled was 5.20. 

3. 540°C-calcined clay at 95°C for 30 min and air cooled was 4.72. 
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Figure 29. Reproducibility of leach data for kaolinitic clay 
samples roasted at 425°C for 3 h and air cooled.--Conditions: 20 x 28 
mesh; 26% HC1; leach temperature 95°C. 
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Figure 30. Reproducibility of leach data for kaolinitic clay 
samples roasted at 540°C for 3 h and air cooled.--Conditions: 20 x 28 
mesh; 26% HCl; leach temperature 95°C. 
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Figure 31. Reproducibility of leach data for kaolinitic clay 
samples roasted at 540°C for 30 min and air cooled.--Conditions: 20 x 
28 mesh; 26% HCl; leach temperature 950C. 
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Table 5. Standard deviations and means at different reaction times for 
kaolinitic clay calcined at 425°C for 3 h, air cooled, and 
leached at 95°C 

Leach Aluminum Extraction (%) 
Time 
(min) Test 1 Test 2 Test 3 M SD 

5 45.48 51.20 44.60 47.098 3.584 

10 51.20 56.70 55.10 54.333 3.578 

15 51.30 58.03 56.90 55.410 3.604 

Table 6. Standard deviations and means at different reaction times for 
kaolinitic clay calcined at 540°C for 3 h, air cooled, and 
leached at 95°C 

Leach Aluminum Extraction (% ) 

Time 
(min) Test 1 Test 2 Test 3 M SD 

5 71.30 77.60 81.53 76.810 5.162 

10 85.80 85.97 95.03 88.933 5.281 

15 86.70 93.04 95.30 91.680 4.485 

60 91.84 93.00 97.80 94.213 3.267 

90 44.00 92.00 97.60 94.533 2.840 
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Table 7. Standard deviations and means at different reaction times for 
kaolinitic clay calcined at 540°C for 30 min and air cooled 

Leach Aluminum Extraction (% ) 
Time 
(min) Test 1 Test 2 Test 3 M SD 

5 64.10 50.04 60.80 58.313 7.353 

10 82.50 72 .14 83.00 79.213 6. 131 

15 84.96 80.93 86.80 84.230 3.003 

20 81.50 83.80 87.40 84.233 3.000 

25 87.40 83.22 90.50 87.040 3.650 

35 86.40 82.00 89.80 86.100 3.970 

45 86.50 80.00 89.10 85.200 4.700 

60 87.70 79.10 90.90 85.900 6.100 

90 88.30 77 .44 91.00 85.580 7.180 

120 87.00 88.00 91.10 88.700 2.140 

Note: See Figure 31. 



CHAPTER 6 

PHYSIOCHEMICAL CHARACTERIZATION OF 
CALCINED AND LEACHED CLAY 

To date there have been no systematic investigations reported 

in the literature on characterizing the clay samples heated at differ-

ent temperatures through surface area, porosity, or X-ray diffraction 

techniques. Hence, one of the main parts of this dissertation is 

directed toward gathering information on the effect of roasting and 

leaching on the physical characteristics of the clay samples. 

Results of X-ray Diffraction Experiments 

The X-ray diffraction patterns of clay samples roasted at dif-

ferent temperartures are given in Figure 32. It can be noted from 

this figure that roasting at 540°C or 750°C changes the X-ray diffrac-

tion patterns quite markedly. In fact, the only peaks at 26 values of 

20° and 25° are quite broad; this indicates that roasting in the tem-

perature range of 540°C to 750°C makes the clay structure amorphous. 

As was discussed earlier, the duration of roasting at 425°C 

can affect the solubilization of aluminum from the clay lattice; this 

means the longer the holdtime at 425°C the larger is the conversion of 

the clay to an amorphous form. In order to understand this phenomenon, 

the X-ray diffraction of the clay sample roasted at 425°C for differ-

ent times was measured and the results are swnmarized in Figure 33. 

These results show that as the holding time increases at a roasting 

40 
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Figure 32. X-ray diffraction pattern for (a) raw kaolinitic 
clay; (b) roasted kaolinitic clay at 425°C for 3 h and air cooled; 
(c) roasted kaolinitic clay at 540°C for 3 h and air cooled; 
(d) roasted kaolinitic clay at 750°C for 3 h and air cooled 
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Figure 33_ X-ray diffraction pattern for: (a) raw kaolinitic 
clay; (b) roasted kaolinitic clay at 425°C for 3 h and air cooled; 
(c) roasted kaolinitic clay at 425°C for 6 h and air cooled; (d) 
roasted kaolinitic clay at 425°C for 11 h and air cooled 
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temperature of 425°C, the intensity of the peaks in the X-ray diffrac-

tion pattern decreased. In fact, for the clay roasted for 11 h, the 

peaks seemed to broaden out, indicating that the clay was quite amor-

phous. 

One interesting fact that is worth mentioning here is that the 

thermogravimetric analysis of clay indicates that at 425°C the onset of 

the removal of chemisorbed water had not yet started, although at 540°C 

half of the chemisorbed water had been removed. This may account for 

more sharp peaks still remaining in the 11-h-roasted clay at 425°C as 

compared to the clay sample roasted at 540°C. The question that 

remains to be answered is whether roasting should be carried out at a 

temperature high enough for the removal of chemisorbed water from the 

lattice. This question is addressed at a later stage. 

The characterization of leach residues was also done using the 

X-ray diffraction technique. Figure 34 compares the patterns of raw 

clay, clay roasted at 540°C, and the residues of the leaching of clay 

roasted at 540°C. It should be evident from the patterns that there 

was no significant difference between the patterns of roasted clay and 

leach residues. This indicates that the leach residues were also amor-

phous. 

Changes in the Porous Nature of Kaolinite 
with Hydrochloric Acid Leaching 

The nitrogen adsorption-desorption isotherms for clay samples 

subjected to different treatments are presented in Figure 35. The iso-

therms for the uncalcined and calcined clay were each of Type II (BET), 
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Figure 34. X-r.ay diffraction pattern for: (a) raw kaolinitic 
clay; (b) roasted kaolinitic clay at 540°C for 3 h and air cooled; 
(c) leached residues of roasted kaolinitic clay at 540°C for 3 hand 
air cooled 
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while the isotherms of the leached clay samples were of the distorted 

Type I, characteristic of microporous solids. The almost parallel 

nature of adsorption and desorption branches in the relative pressure 

range of 0.3 to 0.8 indicates slit-shaped pores in all the clay samples. 

An interesting feature that can be noted from Figure 35 is that the 

clay sample leached for 2 h exhibited less of an adsorption capacity 

than the clay sample leached for 1 hand 7 min. 

The adsorption-desorption data were used to calculate the surface, 

macropore volume
l

, and micropore volume in the samples. The macropore 

volume calculations were made using the method of Orr and Dellaville 

(cited in Gregg and Sing, 1976). The macropore volume was calculated 

from the low-pressure (pips < 0.2) adsorption data following the method 

of Dubinin (cited in Gregg and Sing, 1976). The Dubinin plots are 

shown in Figure 36. The results of all these calculations are tabulated 

in Table 8 and the calculations appear in Appendix B. 

The surface area, macropore volume, and micropore volume of 

kaolinite did not seem to be influenced by calcination. Upon leaching, 

the calcined samples were rendered very porous, as is evidenced by a 

large increase in surface area and total pore volume. For example, 

the surface area of clay calcined at 540°C increased almost 15-fold on 

leaching with hydrochloric acid for 1 h. The surface area and pore vol-

urnes (both macro and micro) of leached samples increased with leaching 

time up to 1 h and thereafter decreased with leaching time. 

1. In this work, the term "macropore volume" includes macro
and mesopore volume. 
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Table 8. Surface area and pore volume of 20 x 28 mesh kaolinitic clay 

Surface Area Pore Volume (cc/cc) 

Sample 2 
(m /g) Macro- Micro- Total 

As mined 19.9 0.185 0.026 0.211 

Calcined 540°C 21 • 1 0.137 0.028 0.165 

Calcined 540°C, 21.0 0.135 0.028 0.163 

Calcined 540°C, 
leached 1 min 135.0 

Calcined 540°C, 
leached 3 min 215.9 

Calcined 540°C, 
leached 7 min 270.9 0.361 0.259 0.620 

Calcined 540°C, 
leached 1 h 294.0 0.520 0.357 0.877 

Calcined 540°C, 
leached 2 h 117.9 0.296 0.148 0.440 

Uncalcined clay, 
leached 12 h 40.6 0.290 0.052 0.342 
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In Figure 37, an attempt was made to correlate the surface 

area and pore volume with aluminum extraction at,different leach 

times. The surface area and pore volume increased with the extent of 

dealumination up to a leach time of 1 h. During this time, the micro-

pore volume increased by about 12- to 15-fold, whereas the macropore 

volume increased only by 2- to 3-fold. This indicated the generation 

of large amounts of micropores during leaching. If the leaching time 

is increased beyond 1 h, the aluminum extraction increases only by a 

few percentage points, but the surface area and pore volume decreased 
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Figure 37. Correlation between percentage of aluminum 
extracted, surface area, and total pore volume of kaolinitic clay sam
ple calcined at 540°C 
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significantly. This was probably due to the collapse of the pore 

structure of kaolinite due to pore growth. Chon et al. (1978) obtained 

similar results with dry clay samples leached with sulfuric acid. 

To better understand the change in the macroporous nature of 

the different samples, a plot of cumulative pore volume versus pore 

size was made and is shown in Figure 38. The plots for clay samples 

leached for 1 hand 7 min indicate that leaching increased the meso

pore (20-100 A in radius) and macropore (> 100 A in radius) volumes 

in the clay. It is interesting to note that in the sample leached for 

2 h the mesopore (in volume) was the same as in the sample leached for 

h, but the macropore volume was substantially smaller. This is per

haps due to the collapse of the pre structure due to extensive pore 

growth. 

The nitrogen adsorption-desoprtion isotherm for the residue 

obtained from the leaching of uncalcined kaolinitic clay is displayed 

in Figure 39. The isotherms displayed a very pronounced hysteresis. 

From the shape of the desorption isotherm, it may be concluded that 

the pores in the srnple were of the "ink-bottle" type. 

Table 8 lists the surface area and pore volume of the residue 

obtained from the leaching of the uncalcined kaolinitic clay. The 

micropore volume and surface area of this sample were significantly 

smaller than that of the residue obtained from the leaching of cal

cined clay. 
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Scanning Electron Microscope Analysis 

Scanning electron micrographs of calcined and leached kaolinitic 

clay particles were taken to document the changes, if any, in the sur

face morphology due to leaching. These micrographs are shown in Figures 

40 and 41. The layer structure is particularly evident in the leached 

particles. 



Figure ·40. Scanning electronmicrograph of kaolinitic calcined 
clay (200X) 
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Figure ~1. Scanning electronrnicrograph of a partially leached 
20 x 28 mesh clay particle (200X) 
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CHAPTER 7 

KINETIC MODELS FOR LEACHING 

Diffusion Model 

The literature indicates that the leaching of kaolinite by hot 

hydrochloric acid may be a zero-order reaction. It has also been spec-

ulated that diffusion may be the rate-controlling step in the leaching 

process. In order to understand if diffusion is the rate-controlling 

step, a diffusion model was developed assuming the clay particles to 

be in the shape of thin, flat disks. The development of the model is 

quite similar to that for spherical particles described by Levenspiel 

(1972). A schematic sketch of the kaolinitic clay particles before 

and during leaching is shown in Figure 42. 

Assuming a quasi steady-state approximation, the rate of ex-

change of hydrochloric acid (A) with time is given by the following 

equation: 

-dN 
A 

dt 

dC
A 

= 21TrhDe dr = constant ( 1 ) 

where h = thickness of the disk. Rearranging Equation 1 and integrat-

ing dr between rand Rand dC between the limits of (CA)b and 0, 
c A 

then 
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(Note: 

r 
-dN 

J 
dr A -- . 

dt r 
R 

(CA)b = molar 

-dN 
A 

dt 
• ln 

0 

21ThDe J d(CA)b . 
(CA)b 

concentration of the acid 

From the stoichiometry of the leaching equation, 

where 

then 

and 

-dN 
B --= 

dt 

1 dNA 
---
6 dt 

B represents clay and 

p = molar density of clay. Since 
B 

-dN 
B 

--= 
dt 

r dr In(r /R) = dt 
c c c 
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(2 ) 

in the bulk.) 

(3 ) 

(4 ) 

(5 ) 

(6 ) 

(7 ) 



Let 

where 

Then 

and 

D 
e 

t 

R 

t 

F 

2 
diffusion coefficient in cm /sec, 

conversion, 

= time, 

initial particle radius, 

molar density of clay, and 

molar concentration of the acid in the bulk. 

In(r /R) 
c 

r dr 
c c 

F frc 
2 

In(r /R) L 2 c 

dt 

ir 2 (R2 - r 2) ] 
F L+ In(rc/R) + 4 c 
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(8) 

(9 ) 

( 10) 

( 11 ) 
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The radius of the core (r
c

) can be related to the conversion (X
B

) as 

follows: 

( 12 ) 

( 13) 

Fitting the leach data to the model gave very inconsistent dif-

fusion coefficient values as shown in Tables 9 and 10. This indicates 

that diffusion is not the rate-controlling step in the leaching process. 

A First Order Distributed Rate Constant Model for the 
Leaching of Clay with Hydrochloric Acid 

As will be evident from the results discussed, heat treatment of 

clay makes the aluminum more soluble in HCI. The proposed kinetic model 

considers the clay to consist of two kinds of aluminum sites, one that 

is readily attacked and the other that is refractory or difficult to 

leach. The aluminum sites in the uncalcined clay can be considered to 

be in a difficult-to-Ieach form, whereas the aluminum in the clay roasted 

at 540°C or 750°C can be considered to be present in the readily extract-

able form. All the clay samples roasted at a temperature below 540°C 

can be considered to consist of both kinds of sites. The proposed model 

will attribute one rate constant for the dissolution of aluminum from 

the difficult to leach sites, and another rate constant for the disso-

lution of aluminum in the easily extractable form. Mathematically 

stated, 



Table 9. Values of diffusion coefficients (De) cm2/sec predicted by the diffusion model for leached 
clay with hydrochloric acid 

Leach 
Time 
(min) 

LT
a 

at 95°C 
(3h) 

Leaching of Clay Samples Using 0.3 FIAl 

425°C Calcination Temperature 

LT at 95°C 
(6 h) 

LT at 55°C 
(3 h) 

LT ilt 95°C 
(11 h) 

LT at 70°C 
(3 h) 

750°C Calcination 
___ 'I:.e_m!,e.r~_t_ure _______ _ 

LT at 95"C 
(3 h) 

LT at 70°C 
(3 h) 

540°C Calcination Temperature 

VI' at gS"C 
(3 h) 

I:J' at 70 0 e 
(3 h) 

L'r at SsoC 
(3 h) 

-------------- .----

3 

5 

7 

10 

15 

20 

25 

30 

35 

45 

60 

90 

120 

a. 

-6 
0.178 x 10 

-6 
0.155 x 10 

-6 0.119 x 10 

-7 
0.77 x 10 

0.553 x 10 
-7 

0.436 x 10 
-7 

0.353 x 10 
-7 

0.282 x 10 
-7 

-8 
0.292 x 10 

-6 -8 
0.668 x 10 0.516 x 10 -5 

0.147 x 10 

-7 
0.130 x 10 

-7 
0.128 x 10 

-7 
0.192 X 10 

-6 
O. I'll x 10 

-8 
0.288 x 10 -5 0.183 x 10 

-7 
0.377 x 10 -8 

0.475 x 10 

-6 -8 -5 -7 -6 -8 -5 -7 -8 
0.619 X 10 0.431 X 10 0.337 x 10 0.309 x 10 0.566 x 10 0.361 X 10 0.169 x 10 0.864 x 10 0.313 x 10 

-6 -8 -5 
0.432 x 10 0.654 x 10 0.252 x 10 

-6 
0.323 x 10 

-6 
0.215 x 10 

0.151 x 10 
-6 

0.114 x 10 
-6 

0.784 x 10 
-7 

0.699 x 10 
-7 

-8 
0.354 x 10 

0.714 x 10 -8 

0.704 x 10 
-8 

0.126 x 10 
-7 

-5 
0.179 x 10 

-5 
0.110 x 10 

0.679 x 10 
-6 

0.488 x 10 
-6 

0.297 x 10 
-6 

0.259 x 10 
-6 

--_._-------

-6 -8 -5 -6 -8 
0.917 x 10 0.637 x 10 0.118 x 10 0.139 x 10 0.312 x 10 

-6 -8 
0.898 x 10 0.659 x 10 

-6 
0.712 X 10 

-6 
0.646 x 10 

-7 
0.162 x 10 

-6 
0.632 x 10 

-6 -7 
0.519 x 10 0.259 x 10 

-7 -6 
0.445 x 10 0.374 x 10 

-7 -6 
0.739 x 10 0.280 x 10 

-6 -6 
0.120 x 10 0.210 x 10 

-6 -A 
0.206 x 10 0.531 x 10 

LT leach temperature. 

(j\ 



Table 10. Values of diffusion coefficients (De> cm2/sec predicted by the diffusion model 
for leached clay with hydrochloric acid in the presence of fluoride 

Leaching of Clay Samples Using 0.3 FIliI 

Leach 
Time 

42S DC Calcination Temperature 

(min) 1.'1' a " 95 DCh LT at 70DCD 

3 

5 

7 

10 

15 

20 

25 

30 

35 

45 

60 

90 

120 

-6 
0.316 x 10 

-6 -6 
0.808 x 10 0.241 x 10 

-6 
0.509 x 10 

-6 
0.209 x 10 

-6 -6 
0.485 x 10 0.240 x 10 

0.378 x 10 
-6 

0.315 x 10 
-6 

0.248 x 10 
-6 

0.227 x 10 
-6 

0.172 x 10 
-6 

0.7.7.0 x 10 
-6 

L'l' at S5"Cb LT at 7.7"C b 

-7 -8 
0.867 x 10 0.935 x 10 

-7 -8 
0.996 x 10 0.976 x 10 

-6 -7 
0.105 x 10 0.1)2 x 10 

-7 
0.969 x 10 

-7 
0.11) x 10 

-7 -7 
0.858 x 10 0.909 x 10 

0.791 x 10 
-7 

0.109 x 10 
-7 

0.730 x 10 
-7 

0.114 x 10 
-7 

0.509 x 10 
-7 

0.117 x 10 
-7 

0.413 x 10-7 
0.101 x 10 

-7 

.--.---- :>411"C 

Calcin~tion 7S0 DC 

!~_~J~.!:!_i1~_l1r<: ~.!.~nati.u~..!':.~{~.:~~~~ 

LT at 7SDC c L1' at <;~"Cb LT at 75"Cb LT ~t SS"Cb 

-6 
0.518 x 10 

-6 
0.420 x 10 

-6 
0.574 x 10 

-6 
0.700 x 10 

0.434 x 10-6 

0.407 x 10 
-6 

0.305 )( 10 
-(, 

-6 -6 
0.223 x 10 0.252 x 10 

-6 -6 
0.1)1 x 10 0.324 x 10 

-7 
0.493 x 10 

-7 
0.850 x 10 

-6 -6 -5 
0.299 x 10 0.402 x 10 0.109 x 10 

-6 -6 -6 
0.330 x 10 0.495 x 10 0.11) x 10 

-6 
0.447 x 10 

0.312 x 10 
-6 

0.362 x 10 
-6 

n.26S x 10 
-6 

0.103 x 10 
-6 

0.108 x 10 
-6 

0.140 x 10 
-6 

0.132 x 10 
-6 

0.133 x 10 
-6 

Uncalcinecl 
Clay 

L£'iH .. -hnci 

i!t 7S"C 

-7 
0.7)2 x 10 

-7 
0.817 x 10 

-7 
0.936 x 1-

-7 
0.794 x 10 

0.683 x 10 
-7 

0.6S1 x 10 
-7 

----- -. --- ----------------------------
a. LT = leach temperature; b. Columns designated "b" indicate 3-h calcination time; c. Column designated "c" indicates l1-h 

calcination time. 
0'1 
IV 
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( 14) 

= the first order rate constant for aluminum extraction 

from easily leachable aluminum sites, 

the rate constant for extraction of aluminum from those 

sites that are too difficult to solubilize, and 

the fraction of aluminum in the clay that is in the 

easily extractable form, 

fO = the fraction of aluminum in the clay that is in the 
Al,O 

difficult extractable form, and 

X
Al 

the fraction of aluminum in the clay that has been 

dissolved. 

The functions of roast temperature are fOl and fO
l 

' while KE 
A ,E A ,0 

and Ko are functions of only leach temperature. In the clay samples 

roasted at 425°C, the duration of roasting is an important factor in the 

extraction of aluminum. For example, in the clay sample roasted for 11 h 

all the aluminum can be considered to be in the easily extractable form 

because almost 100% extraction is possible. The clay roasted for 6 h or 

less consists not only of easily extractable aluminum sites, but also 

difficult-to-leach sites. This is evident from the incomplete extraction 

of aluminum from the sample. Thus, at a given roast temperature fO 
Al,E 

and fO may depend also on the roasting time. 
Al,O 



1. 

The model testing was carried out using the following steps: 

Calculation of KO at 95°C from the leach data of uncalcined 

clay. (Since the extraction is very low at 95°C « 8%), Ko for 

64 

uncalcined clay can be considered to be independent of temper-

ature. ) 

2. Calculation of KE at 95°C, 70°C, and 55°C from the leach data 

of kaolinite clay calcined at 540°C. 

3. Calculation of fOl for clay samples roasted at 425°C for 
A ,E 

4. 

5. 

different times using KE and KO values calculated at 95°C from 

Steps 1 and 2. 

Calculation of fO noting that fO + fO 
Al,O' AI,E Al,O 

Using KO and KE values at 70°C and 55°C and using the fO 
Al,E 

and f01 data for clay roasted at 425°C for 3 h predicts the 
A ,0 

leaching at 55°C and 70°C of the clay sample roasted at 425°C 

for 3 h. 

The results of the model testing scheme are given in Table 11 

and Table 12 and are displayed in Figure 43 and Figure 44. There is a 

reasonably good agreement between the predicted and the measured 1-XAI 

values, as shown in the tables and figures, that is also supported by 

a statistical analysis as shown in Appendix C. The derivation of the 

model and the calculated values of K
E

, KO' fO are also shown in 
AI,E 

Appendix C. 



Table 11. Fitting the model to 425°C calcined clay for 3 h and air 
cooled, and leached at 55°C 

1-X 
Al 

1-X 
Al 

65 

Time 
(min) Experimental Predicted 

o 

3 

5 

10 

15 

30 

60 

90 

120 

KE 

1-X 
Al 

= 

0.971 

0.952 

0.936 

0.904 

0.900 

0.810 

0.766 

0.653 

8.9 x 10-5 -1 
*r 0.96 sec 

5.65 x 10-5 sec-
1 

*r = 0.9625 
_ -5t 

0.41e-·000089t + 0.5ge-.00005b5 x 10 

* Where r is the correlation factor. 

0.987 

0.979 

0.958 

0.939 

0.882 

0.780 

0.700 

0.610 
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Table 12. Fitting the model to 425°C calcined ciay for 3 h and air 
cooled, and leached at 70°C 

Time 
(min) 

o 

3 

5 

7 

10 

KE = 

KD = 

6.263 x 

5.65 x 

10-4 

10-5 
sec 

1-X
AI 

Experimental 

0.939 

0.922 

0.888 

0.833 

r = 0.99 

-1 
0.96 r = 

1-X = 0.41e-·0006263t + 0.5ge-·0000565t 
Al 

1-X 
Al 

Predicted 

0.950 

0.920 

0.885 

0.852 
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Figure 43. Predicted versus measured extraction values at 55°C 
leached clay.--Conditions: Samples calcined at 425°C for 3 h and air 
cooled; HC1 , 26%; 20 x 28 mesh. 

25· 

20 0= EXPERIMENTAL 
It'! 

6~ PREDICTED 
z: 
0 

I- 15 u 
ex: 
c:: 
l-
x 
u.J 

:E 10 
~ 
Z 

:E 
~ 
....I 5 ex: 

2 4 6 8 10 

LEACH TIME (min) 

Figure 44. Predicted versus measured extraction values at 70°C 
leached clay.--Conditions: Samples calcined at 425°C for 3 h and air 
cooled; HC1 , 26%; 20 x 28 mesh. 
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Statistical Analysis of Predicted Values 

A statistical comparison of the predicted (1-X
Al

) values with 

the measured one was made. The comparison was carried out at leach 

temperatures of 55°C and 70°C for a clay sample roasted at 425°C for 

3 h and then air cooled. The calculations appear in Appendix C. A 

"paired different!:. test" was used to analyze the results assuming 

that the mean of the difference between the measured and predicted 

values is zero. The analysis indicates that the null hypothesis 

(experimental value-model value) can be accepted at a significance 

level (a) of 0.70 and 0.30 for the clay leached at 55°C and 70°C, 

respectively. Ideally, for the acceptance of the null hypothesis, the 

a value should be as large as possible. The reasonably high values of 

a in the present analysis indicate that the fit of the data to the 

model was quite good. 

A Kinetic Model for the Hydrochloric Acid Leaching 
of Clay in the Presence of Fluoride Ions 

The enhancement of leaching in the presence of fluoride ions 

was initially thought to be due to the attack of the silica matrix which 

would provide more access to aluminum sites. However, the analysis of 

leach liquor indicated a silica content of less than 10 ppm. This low 

silica content in the leach liquor does not support the "silica attack" 

mechanism. 

In developing a model to explain the effect of fluoride, a key 

point that should be considered is the reduction in activation energy 
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from 17 kcal/mole to 5.45 kcal/mole for the clay sample calcined at 

540°C. This indicates that fluoride may be acting as a catalyst. 

A kinetic model for the leaching of kaolinite in hydrochloric 

acid solution in the presence of fluoride ions will now be developed 

with the following assumptions. 

1. Reaction of aluminum in the edges of the clay particles with the 

acid forming aluminum cations in the solution. This reaction 

occurs as soon as the particles come in contact with the 

solution. 

2. Adsorption of fluoride ions on the solid forming A1F* (activated 

sites) on the surface. 

- K 
AllsOlid + F ! A1F*lsOlid 

K ( 15) 

where N~l is the number of moles of activated Al in the solid 

S 
at time t and NAl is the number of moles of unactivated Al in 

the solid at time t. 

3. Reaction of activated sites with the aluminum in solution from 

Step 1 forming aluminum in the solution and releasing fluoride 

ions for readsorption on the solid surface. 

+++ +++ 
A1F*lsOlid + Al + 2Al + F ( 16) 

A rate equation for leaching will now be derived assuming Step 3 

to be rate controlling. 



The rate of disappearance of aluminum from the clay can be 

written as 

or 

where 

dN 
AI,clay 

- r = 
W dt 

o 

dN 
AI,clay 

dt = -k • N~l 
+3 • C 

Al 

N = number of moles of aluminum in the clay, 
AI,clay 

+3 
CAl = concent.ration of alUIninum in the solution, 

k = the second order rate constant, and 

w = the initial weight of the clay. 
o 

From a mass balance o~ aluminum 

where 

N!~O = the number of moles of Al in the clay at time = 0 and 

V = the volume of the leach solution. 

Using (15) in (19) 

then 

70 

( 17) 

( 18) 

( 19) 

(20) 

( 21 ) 
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If the value of the equilibrium constant, K, is very small compared to 

«1, i.e., only a small fraction of sites are activated at a given 

instant, then 

N . 
Al,clay 

Since the fraction of aluminum leached, (X
AL

) is given by 

then 

or 

then 

dXAl 
dt 

NS,O _ N 
Al Al,clay 

S,O 
NAl 

kK -. 
V 

kK S,O (1 () 
= V NAl -XA1 ) XAl 

k" • dt 

Integrating the above equation, 

X
Al 

ln = k"t + constant 
1-XA1 

(22) 

(23) 

(24) 

(25) 

(26) 

(27) 

(28) 
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The left-hand side of the above equation becomes an undefined quantity 

(-00) at zero time. Thus the value of the constant cannot be evaluated 

by setting t = O. However, it can be easily shown that as time tends 

to zero, the value of the constant approaches ~. 

X 
A plot of ln ( Al) against t for clay samples roasted and 

l-X
Al 

leached at different temperatures using 0.3 F/Al gives a straight line 

as shown in Figures 45 and 46. This indicates that a second-order reac-

tion adequately represents the leaching of clay in the presence of 

fluoride ions. 

~ kK S 0 
The values of k (=" NA~ ) calculated from the slope of the 

lines are tabulated in Table 13. The following comments can be made 

regarding the values listed in this table: 

1. Clay samples calcined at a higher temperature are characterized 

by a higher k~ value. 

2. For the clay samples calcined at 540°C, k~ (and hence k) 

increases with leach temperature. 

3. The clay sample calcined at 425°C for 11 h is characterized by 

a higher k~ value than the clay sample calcined for 3 h at 425°C. This 

is not surprising since it has been shown that the extent of easily 

extractable aluminum in the clay sample roasted at 425°C is a function 

of roasting time. 

One of the main assumptions of the model is that at time = 0 

sec there is enough Al+++ in solution due to very rapid solubilization 

of Al atoms on the edges of the clay particles. If this were true, then 

the addition of aluminum ions to the lixiviant at t = 0 should not 
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Figure 45. Testing of a second-order kinetic model for the 
leaching of uncalcined and 425°C-calcined kaolinitic clay samples in 
the p~esence of fluoride.--Conditions: 20 x 28 mesh; 26% HCl; F/Al 
= 0.3. 
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Figure 46. Testing of a second-order kinetic model for the 
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fluoride.--Conditions: 20 x 28 mesh; 26% HCl; 0.3 F/Al. 
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Table 13. Values of k' 

Leach Temperature 
-1 Clay Sample (OC) k' sec 

Uncalcined 75 3.42 x 10-4 

95 4.99 x 10-4 

Calcined at 425°C for 3 h 55 0.20 x 10-3 

70 1.10 x 10-3 

95 0.90 x 10-3 

Calcined at 425°C for 11 h 75 2.10 x 10- 3 

Calcined at 540°C for 3 h 55 1.68 x 10- 3 

75 2.23 x 10- 3 

95 4.43 x 10- 3 

Calcined at 750°C for 3 h 23 1.30 x 10-3 

55 1.60 x 10- 3 

75 2.00 x 10- 3 
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affect the leaching rate significanLly. In order to test this, one 

experiment was conducted with 400 ppm of Al (5% of Al in the solid) in 

the lixiviant. As shown in Figures 47 and 48, the initial leaching rate 

in the presence of 400 ppm Al is approximately the same as that in the 

absence of any externally added AI. This perhaps justifies the first 

assumption used in the model. 

It is interesting to note that the plots of extrac~ion versus 

time data for the leaching of clay samples in the presence of fluoride 

resemble a Langmuir-type isotherm, i.e., all the curves can be repre-

sented by an equation of the type: 

where 

_~ (or)_1- = 
1 + kt XAI 

1 1 
1 + K t 

X
AI 

= the fraction extracted, 

k = a constant, and 

t = time. 

(29) 

In order to check how well the leach data fit the Langmuir equa-

tion, plots of 1/X
AI 

vs 1/t were made and these are shown in Figures 49 

and 50. The plots are all straight lines indicating a good fit to the 

Langmuir-type equation. Even though the fit is good, it is difficult to 

deduce any mechanisms from this plot. 
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Figure 47. Leaching of uncalcined clay with HCl in the presence 
of fluoride ions.--Conditions: HC1, 26%; leach temperature, 95°Ci FIAl = 
0.3. 
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Figure 48. Leaching of 425°C- roasted clay with HCl in the 
presence of fluoride ions.--Conditions: Calcined for 30 min and air 
cooled; HC1, 26%; leach temperature, 95°C; 20 x 28 mesh. 
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Figure 49. Fitting of a Langmuir-type equation to kaolinitic 
clay samples calcined at different temperatures and leached in the pres
ence of fluoride ions.--Conditions: Clay samples calcined for 3 hand 
air cooled; 20 x 28 mesh; 26% HCI; F/Al = 0.3. 
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Figure 50. Fitting of a Langmuir-type equation to uncalcined 
clay samples leached in the presence of fluoride ions.--Conditions: 
20 x 28 mesh; 26% HCI; F/AI = 0.3. 



CHAPTER 8 

CONCLUSIONS 

Based on the results obtained from this study, the following 

conclusions were reached: 

1. Calcination in the temperature range of 500-750 oC renders almost 

98% of aluminum in the clay soluble in hot HCl (95°c) within 30 

min. 

2. The extent of extraction of aluminum from the clay roasted at 

425°C is a strong fUnction of roasting time. While only 55% 

of the Al is extracted from the clay sample roasted for 3 h, 

almost complete Al extraction is possible from the sample 

roasted for 11 h. 

3. The activation energy for the leaching of clay calcined at 

540°C is approximately 17 kcal/mole. 

4. Fluoride ion activates the clay for leaching making higher 

extraction possible at lower roasting and leaching temperatures. 

The activation energy for the fluoride activated HCl leaching of 

clay calcined at 540°C is approximately 17 kcal/mole. 

5. A first order chemical reaction with two rate constants, one 

for easily leachable sites and the other for difficult to leach 

sites has been found to adequately fit the leaching of clay with 

HCl. 
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6. Dissolution of kaolinite in hydrochloric acid solution in the 

presence of fluoride seems to fit second order reaction mechanism. 

7. The porous nature of kaolinite is not significantly affected 

by calcination. However, a hydrochloric acid leaching treatment 

renders the calcined clay very porous. The residue from the 

hydrochloric acid leaching of calcined clay samples yields a 

distorted Type 1 nitrogen adsorption isotherm indicating the 

presence of micropores. The micropore and macropore volumes 

increase with the extent of dealumination from the clay samples. 



APPENDIX A 

VELOCITY CALCULATIONS 
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Calculated Velocity 

Minimum Velocity 

2 
d g{p -p ) 
psg I 

1650jl 

d "g{ P -p ) 
P s g 

24.5 P 
g 

U = 22.38 cc/sec. 
mf 

for Re < 20 and 

for Re> 1000 

Maximum Velocity 

1. 

2. 

3. 

4. 

U
t 

31.2 cm/sec. 

Calculated Flow Rate 

Diameter of bed 

Area of bed 

Minimum flow rate (QmF) 

Maximum flow rate (QMXF) 

• Ta 
Qmeasured T 

reactor 

( 1 1/8 in.) 2.8578 cm 

6.412 
2 

cm 

143.5 
3 

cm /sec 

3 200.0544 cm /sec. 

143.5 
(750+273) • (23+273) 41.52 cc/sec. 
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sec. 

3 
At room temperature the visualized flow rate is 119.090 em / 

Q = 119.090 • (23+273) 
m,750°C 750+273 

3 
34.458103 em /see. 

3 
Also, at 750°C the visualized flow rate is 33.93 em /see. 
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APPENDIX B 

MACROPORE AND MICROPORE 
VOLUME CALCULATIONS 
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Macropore Volume Calculations 

The macropore volume of the clay samples calcined at 540°C and 

leached at 95°C for different times has been calculated using the method 

of Orr and Dallavalle (cited in Gregg and Sing, 1976). The calculations 

were conducted via the following steps: 

1. Calculation of r k using the equation r
k 

4.14 

where r
k 

is the Kelvin radius. 

2. Calculation of 
. . I- 5 ~ 1/3 

t uSl.ng the equatl.on t = 2.5L2.30310910(PS/P)J ' 

where t is the thickness of the adsorbed layer. 

3. Calculation of r using r = r + t, where r is the pore 
p p p p 

radius. 

4. Calculation of mean pore radius r 
p 

5. Calculation of mean Kelvin radius r
k

. 

6. Calculation of diminution in film thickness ~t. 

7. Calculation of the element of volume desorbed ~V. 

8. Calculation of the amount desorbed from the film on the walls 

during the desorption steps ~Vf using the equation 

9. Calculation of ~Vk using the equation ~Vk = ~V-~Vf' where ~Vk 

is the decrement of capillary condensed material. 

10. Calculation of volume of the actual pore ~V , where 
p 

~V = ~V [~l2 
P k r 

k 
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11. Calculation of area of pore walls ~Sp which corresponds to 

decremental volume ~Vp' where 

12. The total pore volume Vp is calculated by summing all the 

individual decrements ~Vp and then converting to liquid volume, 

where 

where Vp = ~~VpX.00156 . 

Calculation of Micropore Volume 
Using the Dubinin Equation 

The Dubinin equation is 

x 

w 
o 

P, 
0 

p 
s 

p 

= 

= 

= 

g gas 
amount of gas adsorbed, lOd g so 1. 

micropore volume (ee/g solid) 

density of liquid nitrogen (0.8' glee) 

a constant dependent on temperature 

saturation pressure of nitrogen at 77°K 

equilibrium pressure of nitrogen. 

and 



Table B-1. Kaolinite calcined at 540°C for 3 h, air cooled, and 
leached for 2 h 

2 log10x 
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PiP 
s (log10Ps/P ) (g gas/g solid) 

0.0003 12.411 - 1.874 

0.022 2.754 - 1.543 

0.026 2.507 - 1.500 

0.047 1.727 - 1.472 

0.083 1.729 - 1.443 

0.121 0.841 - 1.418 

0.165 0.612 - 1.396 

0.206 0.471 - 1.376 

From the Dubinin plots in Figure 36, the intercept log10(W
o

P
1

) 

1.343, then 

WoP 1 = 0.045 

W 
0 

0.045/0.807 

0.056 cc/g solid where the density of clay 2.639 cc/g 

= 0.056 cc/g solid X 2.63 g solid/cc 

= 0.418 cc/cc. 
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Table B-2. Kaolinite calcined at 540°C for 3 h, air cooled, and leached 
for 1 h 

PiP 
2 lo910x 

s (lo910Ps/P ) (g gas/g solid) 

0.001 8.257 - 1. 20 

0.054 2.026 - 1.021 

0.110 0.916 - 0.996 

0.159 0.634 - 0.980 

0.217 0.440 -0.967 

From the Dubinin plots in Figure 36, the intercept lo910(W
o P1) 

= - 0.96 , then 

0.110 

0.110/0.807 

0.136 cc/g 

= 0.136 cc/g X 2.63 9 solid/cc 

= 0.357 cc/cc. 
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Table B-3. Kaolinite calcined at 540°C for 3 h, air cooled, and leached 
for 7 min 

2 log10x 
PiP (log10Ps/P ) (g gas/g solid) s 

0.0009 16.807 - 1.266 

0.017 3.131 - 1.231 

0.054 1.607 - 1.176 

0.133 0.766 - 1.140 

0.242 0.379 - 1 . 116 

From the Dubinin plots in Figure 36, the intercept log10(Wo P1) 

= - 1.1 , then 

W 0.079/0.807 
o 

0.098 cc/g 

0.098 cc/g x 2.63 g solid/cc 

0.259 cc/cc. 
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Table B-4. Kaolinite calcined at 540°C for 3 h and air cooled 

PIP 
2 lo910x 

s (lo910Ps/P ) (g gas/g solid) 

0.108 0.935 - 2.185 

0.153 0.663 - 2.155 

0.194 0.506 -2.113 

0.277 0.415 

From the Dubinin plots in Figure 36, the intercept lo910(W
o

P,) 

= - 2.06, then 

0.009 

0.009/0.807 

= 0.011 cc/g 

0.011 cc/g X 2.63 9 solid/cc 

0.028 cc/cc. 



91 

Table E-5. Kaolinite calcined at 750°C for 3 h and air cooled 

2 log10X 
PIP 

s (log10Ps/P ) (g gas/g solid) 

0.107 0.939 - 2.185 

0.151 0.671 - 2.158 

0.189 0.530 - 2.137 

0.219 0.436 - 2.117 

From the Dubunin plots in Figure 36, the intercept log10(W
o P1) 

= - 2.06, then 

W 
a 

0.009 

0.009/0.807 

0.011 cc/g 

0.011 cc/g X 2.63 g solid/cc 

0.028 cc/cc. 
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Table B-6. Uncalcined kaolinite clay leached for 12 h 

2 10910x 
PIP 

s (10910Ps/P ) (g gas/g solid) 

0.113 0.90 - 1.875 

0.155 0.656 - 1.855 

0.196 0.501 - 1.837 

From the Dubinin plots in Figure 36, the intercept 10g(W
o P1) 

- 1.8, then 

W
o

P
1 

0.016 

W 0.016/0.807 
o 

0.020 cc/g 

0.020 cc/g X 2.63 9 solid/cc 

= 0.053 cc/cc. 

Table B-7. As mined clay 

PiP 
s 

0.142 

0.188 

0.229 

0.719 

0.526 

0.411 

10910x 
(g gas/g solid 

- 2.226 

- 2.194 

- 2.167 

From the Dubinin plots in Figure 36, the intercept 10g(W
p

P
1

) = 

- 2.1, then 

W oP1 = 0.008 

W 
0 = 0.008/0.807 

= 0.010 cc/g 

= 0.010 cc/g X 2.63 9 solid/cc 

0.026 cc/cc. 
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where 

then 

-dNAl 

dt 

Derivation of the Kinetic Model for the 
Leaching with Hydrochloric Acid 

-dN 
Al,E 
dt 

dN 
Al,D 
dt 

E easy leaching aluminum and 

D difficult leaching aluminum. 

-dNAl 

dt 

-dN 
Al 

dt 

N 

J: 
N0 Al 

Al 

k N + k N 
E Al,E D Al,D 

= k N° 
E Al,E 

t 

f exp(-kEt)dt + 

o 

kDN~,. D r exp( -kDt)dt 

o 

+ k N0 D 
[

exp ( - k t) -1j 

D Al,D (-k
D

) 

X
B 

[1-exp( -k t)] fOl + [1-exp( -k t)] fOl D E A,E D A, 
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then 

and 

f O + fO 
Al,E Al,D 

f~l,D 1-fO 
Al,E 

1-X
B 

= exp(-k t)fO
l 

+ exp(-k t)fO
l E A,E D A,D 

exp(-k t)fO
l 

+ exp(-k t)(1-fO
l 

) 
E A,E D A ,E 
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Statistical Analysis of Predicted (1-X
A1

) Values 

The "paired difference" test is used to compare the predicted 

values with the measured values. In this test, the algebraic difference 

between the measured and predicted values is determined at different 

leaching time intervals. The mean difference within the test range, 

d, is calculated. 

Test Hypothesis 

Ho: d 0, the mean difference is zero 

Ha: d ~ 0, the mean difference is not zero. 

Test Statistics 

where 

and 

Student's t distribution 

t = d-O 

n-1 

d = Ld 
n 

Reject Ho at level a 

where 

v = degree of freedom. 



97 

Table C-1. Data for clay samples calcined at 425°C for 3 h, air cooled, 
and leached at 55°C 

Leach 
( 1 ) 

1-X 
Time Al 
(min) Experimental 

0 1.0 

3 0.971 

5 0.952 

10 0.936 

15 0.904 

30 0.904 

60 0.834 

90 0.766 

120 0.766 

l:d 0.057 

d 0.00633 

S 2 
d 0.00122 

Sd = 0.0349 

t = 0.544 

" 9 -1 = 8 

( 2) 
1-X 

Al 
Predicted d ( 1 ) 

1.0 0 

0.987 - 0.016 

0.979 - 0.027 

0.958 - 0.022 

0.939 - 0.035 

0.882 0.018 

0.780 0.030 

0.700 0.066 

0.610 0.043 

l:d
2 

101.23 x 10-4 

-(2) d
2 

0 

2.56 x 10-4 

7.29 x 10-4 

4.84 x 10-4 

12.25 x 10-4 

3.24 x 10-
4 

-4 
9.0 x 10 

43.56 x 10-
4 

18.49 x 10-
4 

From the t table, the probability t > 0.544 is 0.25 and t <0.544 

is 0.35, where 

t a. /2, " = t = 0.706, .25,8 
and 

t 0./2, ,,= t o•35 ,8 = 0.399. 

Reject Ho for a. 0.50 and accept Ho for a. 0.70. 
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Table C-2. Data for clay calcined at 425°C for 3 h, air cooled, and 
leached at 70°C 

Leach 
Time 
(min) 

0 

3 

5 

7 

10 

Ld 

-
d 

Ld
2 

Sd 
2 

S 2 
d 

= 

(1) 
1-X 

Al 
Experimental 

1.0 

0.939 

0.922 

0.888 

0.833 

- 0.025 

- 0.005 

4.95 x 10 
-4 

4~5 [5X4. 95 x 

-5 
9.25 x 10 

t = - 1.162 

\I 5 -1 = 4 

10-4 

(2) 
1-X 

Al 
d

2 
Predicted d = ( 1 ) -(2) 

1.0 0 0 

0.950 - 0.011 1.21 x 10-4 

0.920 0.002 0.04 x 10-4 

0.885 0.003 0.09 x 10-4 

0.852 - 0.019 3.61 x 10-4 

- (-0.025)2J 

From the t table, the probability t < -1.162 is 0.15 and the 

t > -1.162 is 0.20 , where 

t 
0.15,4 

= t 
0.20,4 

-1.190, and 

= -0.941 

Hence, reject Ho for a = 0.40, but do not reject Ho at level a = 0.30. 
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Table C-3. Calculation of FOAl,E for clay samples calcined at 425°C at 
different time intervals and leached at 95°C 

Leach 
Time 

1-X fO 1-X f O 
(min) Al Al,E Al Al,E 

f O 
Al,E 

(30 min) fO 
Al,E 

(6 h) 

5 0.952 0.056 0.884 0.140 

10 0.951 0.050 

15 0.950 0.056 0.875 0.120 

30 0.950 0.040 0.871 0.120 

45 0.948 0.030 0.868 0.110 

60 0.944 0.030 0.843 0.130 

90 0.934 0.021 0.824 0.136 

120 0.919 0.021 0.812 0.135 

f O 
Al,E 

(6 h) f O 
Al,E 

(3 h) 

5 0.727 0.334 0.513 0.600 

10 0.649 0.361 0.380 0.640 

15 0.626 0.371 0.369 0.630 

30 0.583 0.400 0.370 0.624 

45 0.569 0.410 0.358 0.630 

60 0.560 0.420 0.356 0.632 

90 0.523 0.452 0.349 0.632 

120 0.510 0.450 0.308 0.672 
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Table 0-1. 

Leach 
Time 
(min) 

5 

10 

15 

20 

Table D-2. 

Leach 
Time 
(min) 

5 

10 

15 

20 

X 
Pertinent Data for Plotting of in ~ against 

1-X Ai --"~----=.-
Time for Leaching in the Presence of Fluoride 

101. 

Clay samples calcined at 540°C for 3 h, air cooled, and 
leached at 95°C using 0.3 F/Al 

X
Al X

Al 
1-X in 

1-X X
Al Ai Ai 

0.81 4.21 1.44 

0.94 14.40 2.70 

0.98 57.82 4.10 

1.00 221.22 5.40 

Clay samples calcined at 540°C for 3 h, air cooled, and 
leached at 70°C using 0.3 F/Al 

X
Al 

X
Al 

X
A1 1-X in 1-X 

Ai Ai 

0.50 0.99 - 8 x 10-3 

0.70 2.40 0.88 

0.81 4.20 1.44 

0.88 7.60 2.03 
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Table 0-3. Clay samples calcined at 540°C for 3 h, air cooled, and 
leached at 55°C using 0.3 F/Al 

Leach X
Al 

X
Al Time ln 

(min) 
X

Al 
1-X 1-X 

Al Al 

5 0.30 0.44 - 0.82 

10 0.33 0.48 - 0.73 

15 0.55 1. 21 0.19 

20 0.64 1. 74 0.55 

Table 0-4. Clay samples calcined at 425°C for 3 h, air cooled, and 
leached at 95°C using 0.3 F/Al 

Leach X
Al 

X
Al 

Time --- ln 
X

Al 
1-X 1-X 

(min) Al Al 

5 0.53 1. 11 0.10 

10 0.58 1. 36 0.31 

15 0.66 1.92 0.65 

20 0.67 2.01 0.70 

30 0.72 2.50 0.95 

45 0.76 3.20 1. 16 

60 0.81 4.24 1.45 

90 0.84 5.20 1.65 

120 0.95 18.23 2.90 



Table D-5. Clay samples calcined at 425°C for 3 h, air cooled, and 
leached at 70°C using 0.3 F/Al 

Leach X
Al 

Time 
X

Al 
ln 

1-X 
(min) Al 

3 0.29 - 0.90 

5 0.31 - 0.80 

10 0.40 - 0.4 

15 0.50 0.0 

Table D-6. Clay samples calcined at 425°C for 3 h, air cooled, and 
leached at 55°C using 0.3 F/Al 

Leach X
Al 

X
Al 

Time ln 

103 

(min) 
X

Al 
1-X 

Al 
1-X 

Al 

5 0.20 O. 2'-~ - '1.41 

10 0.29 0.41 - 0.89 

15 0.35 0.55 - 0.60 

25 0.43 0.74 - 0.30 

30 0.44 0.78 - 0.25 

45 0.50 1. 00 0.00 

60 0.54 . 1. 20 0.18 

90 0.55 1. 24 0.22 

120 0.57 1.33 0.29 
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Table 0-7. Clay samples calcined at 425°C for 11 h, air cooled, and 
leached at 75°C using 0.3 F/Al 

Leach X
AI 

X
AI 

Time 
X

AI 
1-X 

In 
1-X

AI (min) AJ. 

5 0.44 0.78 - 0.25 

10 0.53 1.15 0.14 

15 0.70 2.31 0.84 

30 0.91 9.54 2.26 

60 0.95 17.28 2.85 

90 0.99 99.00 4.60 

120 0.99 99.00 4.60 

Table 0-8. Uncalcined clay leached at 95°C using 0.3 F/Al 

Leach X
AI 

X
AI 

Time In 
(min) 

X
AI 

1-X 1-X 
Al Al 

5 0.38 0.60 - 0.51 

10 0.47 0.88 - 0.13 

15 0.48 0.93 - 0.07 

30 0.62 1.63 0.49 

45 0.80 2.09 0.74 

7S 0.81 4.38 1.48 

SlO 0.92 11.99 2.48 

120 0.95 19.53 2.97 
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Table D-9. Uncalcined clay leached at 75°C using 0.3 F/Al 

Leach X
Al 

X
Al 

Time In 
(min) 

X
Al 

1-X
Al 

1-X 
Al 

5 0.18 0.22 - 1.50 

10 0.26 0.36 - 1.02 

15 0.34 0.51 0.57 

30 0.42 0.73 - 0.31 

60 0.53 1.12 O. 11 

90 0.61 1.60 0.47 

Table D-10. Uncalcined clay leached at 55°C using 0.3 F/Al 

Leach X
Al 

X
Al 

Time In 
(min) 

X
Al 

1-X
Al 

1-X 
Al 

5 0.11 0.12 - 2.12 

10 0.17 0.20 - 1.60 

15 0.34 0.52 - 0.65 



Table 

Leach 

Applicability of Langmuir Model to the HCl Leaching 
of Clays in the Presence of Fluoride Ions 

D-11. Uncalcined clay (0.3 F/Al) 

-1 
Temperature 1/t (min ) 

55°C 0.200 

0.100 

0.700 

0.500 

70°C 0.200 

0.100 

0.070 

0.033 

95°C 0.200 

0.100 

0.070 

0.033 

106 

1/X
Al 

9.400 

6.100 

2.930 

5.530 

3.800 

2.980 

2.360 

2.660 

2.130 

2.075 

1.613 



Table D-12. Clay calcined at 425°C for 3 h and air cooled 

Leach Temperature 
-1 

1/t (min ) 

o .20Q 

0.100 

0.070 

0.200 

0.100 

0.070 

0.200 

0.100 

0.070 

1/X 
Al 

5.100 

3.500 

2.850 

3.185 

2.500 

1.992 

1.890 

1.890 

1.720 

Table D-13. Clay calcined at 540°C for 3 h, air cooled, and leached 
at different temperatures using 0.3 F/Al 

Leach Temperature 1/t 
-1 

(min ) 
1/X

Al 

0.200 3.300 

0.100 3.100 

0.087 1.830 

0.200 1. 238 

0.100 1.421 

0.067 1.240 

0.200 1.238 

0.100 1.070 

0.067 1.020 

107 



REFERENCES 

Baumgardner, L. H., and MCCawly, F. X. Aluminum. Bureau of Mines, u.s. 
Department of the Interior, Mineral Commodity Profiles. 1983. 

Bengston, K. B. "A Technological Comparison of Six Processes for the 
Production of Reduction-grade Alumina from Non-bauxite Raw Mate
rials," Light Metals, 1979, pp. 217-282. 

Bennett, J. P. "Corrosion Resistance of Ceramic Materials to Hydrochloric 
Acid," u.S. Department of the Interior, Bureau of Mines Report 
of Investigations, RI-8807, 1983. 

Bohn, H. L., McNeal, B. L., and O'Connor, G. A. Soil Chemistry. New 
York: John Wiley & Sons, Inc., 1979, p. 78. 

Bremner, P. R., Eisele, J. A., and Bauer, D. J., "Aluminum Extraction 
from Anorthosite by Leaching with Hydrochloric Acid and Fluor
ide," u.S. Department of the Interior, Bureau of Mines Report 
of Investigations RI 8694, 1982. 

Bremner, P. R., Nicks, L. J., and Bauer, D. J. "AluminumChloride 
Leaching of Calcinced Kaolinite Clay," TMS of AIME Paper Section 
No. A84-47, 1984. 

Chon, M. C., Tsuru, T., and Takahashi, H. "Changes in pore Structure 
of Kaolin Mineral by Sulfuric Acid Treatment," Clay Science, 
vol. 15, pp. 155-162, 1978. 

Cohen, J., and Mercier, H. "Recovery of Alumina from Non-bauxite 
Aluminum-bearing Raw Materials," TMS of AIME Paper Selection 
No. A76-28, 1976. 

Eisele, J. A., and Bauer, D. J. "Recovery of Alumina from Anothorite 
by an HC1-F-Gas Spraging Crystallization Process," Bureau of 
Mines, u.S. Department of the Interior, Report of Investiga
tions RI-8806, 1983. 

Gokcen, N. A. "Rates of Chlorination of Aluminious Resources," U.S. 
Department of the Interior, Bureau of Mines Information Circu
lar IC-8952, 1983. 

Gregg, S. J., and Sing, K. S. W. Adsorption, Surface Area and Poros
ity. New York: Academic Press, 1976. 

Grim, R. E. Clay Mineralogy. Hightstown, NJ: McGraw-Hill, 1953. 

108 



109 

Hogfeldt, Erik. Stability constants of Metal Ion Complexes. Part A: 
Inorganic Ligands, IUPAC Chemical Data Series, No. 21, Pergamon 
Press, 1983, pp. 194, 226. 

Hulbert, S. F., and Huff, D. E. "Kinetics of Alumina Removal from a 
Calcined Kaolin with Nitric, Sulfuric and Hydrochloric Acids," 
Journal of the Clay Minerals Group of the Mineralogical Society, 
Vol. 8, No.3, pp. 337-345, 1970. 

Kelner, A. D., Ega, B. F., Suley, F.· G., and Campbell, G. D. "Direct 
Acid Dissolution of Aluminum and Other Metals from Fly Ash," 
TMS Paper Selections A81-24, The Metallurgical Society of AIME. 

Levenspiel, o. Chemical Reaction Engineering,. 2nd ed. New York: John 
Wiley & Sons, Inc., 1972. 

Olsen, R. 5., Gruz,ensky, W. G., Bullard, S. J., and Henry, J. L. "Ef
fects of Feed Preparation on HCl Leaching of Calcined Kaolinite 
Clay to Recover Alumina," U.S. Department of the Interior, 
Bureau of Mines Report of Investigations RI-8618, 1982. 

Olsen, R. S., Gruzensky, W. G., Bullard, S. J., and Henry, J. L. "Fac
tors Affecting the Preparation of Misted Clay Feed and Solids
liquid Separation after HCl Leaching," U.S. Department of the 
Interior, Bureau of Mines Report of Investigations RI-8772, 
1983. 

Olsen, R. S., Bullard, S. J., Gruzensky, W. G., Mrazek, R. V., and 
Henry, J. L. "Leaching Rates for the HCl Extraction of Aluminum 
from Calcined Kaolinitic Clay," U.S. Department of the Interior, 
Bureau of Mines Report of Investigation RI-8744, 1983. 

Peters, F. A., and Johnson, P. W. "Revised and Updated Cost Estimates 
for producing Alumina from Domestic Raw l-laterials," U. S. Depart
ment of the Interior, Bureau of Mines Information Circular IC-
8648, 1974. 

Phillips, C. V., and Wills, K. J. "A Laboratory Study of the Extraction 
of Alumina of Smelter Grade from China Clay Micaceous Residues 
by a Vitric Acid Roate," Hydrometallurgy, Vol. 9, pp. 15-28, 
1982. 

Poppleton, H. 0., and Sawyer, D. L. "Hydrochloric Acid Leaching of 
Calcined Kaolin to Produce Alumina," Proceedings of the 106th 
Annual Meeting, Light Metals Extractive Met. Div., AlME, Atlanta, 
GA, March 1977, Vol. 2, pp. 103-114. 



Sawyer, D. L., Jr., Turner, T. L., und Hunter, D. B. "Alumina Mini
Plant Operations: Overall Mass Balance for Clay-HCl Acid 
Leaching," U.S. Department of the Interior, Bureau of Mines 
Report of Investigations RI-8759, 1983. 

110 

Szekely, J., and Themekis, N. J. Rate Phenomena in Process Metallurgy. 
New York: John Wiley & Sons, Inc. 1971. 

Sorenson, R. T., Arney, E. B., III, and Sawyer, D. L. "The Removal of 
Iron from Aluminum Chloride Leach Liquor by Solvent Extraction," 
U.S. Department of the Interior, Bureau of Mines Report of 
Investigations RI-8560, 1981. 

Sorenson, R. T., and Sawyer, D. L., Jr. "Alumina Miniplant Operations 
Separation of Alumina Chloride Liquor from Leach Residue by 
Horizontal Belt Filtration," U.S. Department of the Interior, 
Bureau of Mines Report of Investigations RI-8831, 1984. 

Sorenson, R. T., Sawyer, D. L., Jr., and Turner, T. L. "Alumina Mini
plant Operations Separation of Alumina Chloride Liquor from 
Leach Residue Solids by Classification and Thickening," U.S. 
Department of the Interior, Bureau of Mines Report. of Investi
gations RI-8805, 1983. 

Terry, B. "The Acid Decomposition of Silicate Minerals. Part II: 
Hydrometallurgical Applications," Hydrometallurgy, Vol. 10, 
pp. 151-171, 1983. 

Turner, T. L., and ROc"(1rs, D. T. "Alumina Miniplant Operations-
Evaporative Crystallization of Aluminum Nitrate Nonhydrate 
Aluminum Nitrate Solutions," U.S. Department of the Interior, 
Bureau of Mines Report of Investigations RI-8830, 1983. 

Turner, T. L., Sawyer, D. L., Jr., Hunter, D. B., and Arney, E. G., III. 
"Alumina Miniplant Operations--Calcination of Kaolin in a 
Direct-fired Rotary Kiln," U.S. Department of the Interior, 
Bureau of Mines Report of Investigations RI-8736, 1982. 

Ziegenbalg, S., and Haake, G. "Investigations into the Alumina Extrac
tion from Clay by Hydrochloric and Sulfuric Acid Leaching," 
Light Metals, pp. 1119-1143, 1983. 


