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LEACHING RATES FOR THE HCI EXTRACTION OF ALUMINUM
FROM CALCINED KAOLINITIC CLAY

By R. S. 01 sen, 1 S. J. Bu liard, 2 W. G. Gruzensky,2 R. V. Mrazek, 3

and J. L. Henry 4

ABSTRACT

The Bureau of Mines is engaged in research to recover aluminum from
kaolinitic clay and other nonbauxitic domestic resourees. As part of
this work, calcined Georgia kaolin was prepared by a process that pre­
vents slime formation and makes the leached residues fast settling and
easy to filter. The leaching reaction for calcined kaolinitic clay in a
5 pct stoichiometric excess of boiling 23- to 26-pct HGI was found to be
zero order. Rate constants based on the weight-fraction of aluminum in
the clay were found to be between 0.095 and 0.15. min- 1 depending on feed
preparation and leaching parameters. The mathematical relationships be­
tween aluminum extraction and time for both batch and continuous,
stirred-tank operations were derived and verified experimentally.

INTRODUCTION

The scarcity of bauxite in this country suggests abundant kaolinitic
clay as an alternative source of aluminum for metal production. The
Bureau of Mines is examining methods for extracting aluminum from kao­
linitic clay and other nonbauxitic domestic resources. Determination of
the kinetics of leaching kaolinitic clay with hydrochloric acid (HCI)
was part of this effort.

A study of leaching rates for calcined kaolin in nitric, sulfuric, and
hydrochloric acids was done by Hulbert and Huff.5 ThiB work was done in
batch process at 90° C and below. They made no effort to extend their
rate relationships to continuous, stirred-tank leaching. A major objec­
tive of the present Bureau of Mines work, therefore, was to determine
the kinetics of leaching clay in boiling solutions and to relate the
batch process to continuous operations.

'Chemical engineer.
2Chemist.
3Chemical engineer; also faculty member, Oregon State Univl~rsity, Corvallis, Oreg.
4Supervisory research chemist.
All authors are with the Albany Research Center, Bureau of Mines, Albany, Oreg.

5Hulbert, S. F., and D. E. Huff. Kinetics of Alumina RBmoval From a Calcined
Kaolin with Nitric, Sulphuric and Hydrochloric Acids. J. Clay Miner. Group, Miner.
Soc., v. 8, No.3, 1970, pp. 337-345.
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PROCEDURES

FEED PREPARATION

Easy separation of leached residues
from their pregnant liquors is a key to
efficient extraction of aluminum from
kaolinitic clay. This objective was
attained with development of a clay feed
preparation method in which a fine mist
of water is applied to the. crushed clay
prior to calcining.6 Calci.ned clays used
in the present work were prepared by this
misting process, which consisted of the
following steps: As-received clay con­
taining about 19 pct free water was
crushed by passing through a jaw crusher
and then a roll crusher, with pro­
gressively closer settings of the rolls.
The crushed clay was screened between
stages to recover the sized material,
usually minus 20 mesh, and to minimize
the generation of fines. After crushing
and screening, the clay conta:i.ned about
18 pct free water. The crushed clay then
was dampened with a fine mist of water
while tumbling on an inclined, rotating
disk, to wet the surfaces of the crushed
clay but not to form pellets. The mist­
ing operation caused any fines to adhere
to the larger particles and also caused
the rough, feathery surfaces of the
larger particles to become smooth and
hard after calcining. Misted clay con­
tained about 19.5 pct free water. The
misted clay was calcined at 7500 C in
either a muffle furnace or a continuous,
fluidized-bed calciner. In srnne of the
fluidized-bed tests, coal was added with
the clay to simulate proposed :industrial
practice, in which coal would be burned
directly in the fluidized bed to provide
the necessary heat. Coal additions had
no noticeable effect on the quality of
the calcined clay other than leaving it
dark gray rather than its normal light­
yellow color. For this investigation, a
typical Georgia kaolin, containing 19.6

60lsen , R. S.,
Bullard, and J.
Feed Preparation
cined Kaolinitic
BuMines RI 8618,

W. G. Gruzensk:y, S. J.
L. Henry. Effects of
on HCl Leachin'9" of Cal­
Clay To Recover Alumina.
1982, 24 pp.

to 20.5 pct AI, was obtained from Thiele
Kaolin Co., Sandersville, Ga. (Pure kao­
linite (AI 203 ·2Si02 ·2H20) contains 20.9
pct Al.)

LEACHING

Leaching tests were conducted in either
batch or continuous, stirred-tank reac­
tors. Both batch and continuous tests
were done to determine and verify a
kinetic model that would describe clay
leaching and to demonstrate that extrac­
tions in continuous equipment can be pre­
dicted from the more easily obtained
batch extraction data.

Batch tests were made by adding the
calcined clay to 2 L of boiling reagent­
grade Hel in a S-L, round-bottom flask
equipped with a heating mantle, a low­
speed paddle stirrer, a thermometer, and
a condenser. Calcined clay was added in
amounts to provide a 5 pct stoichiometric
excess of acid. The reaction starting
time was taken as the time at which boil­
ing resumed, usually about 30 sec after
the feed was added. Leaching was then
allowed to proceed for a predetermined
length of time. For longer reaction
times, more than 5 min, when the reac­
tion was nearing completion, the heating
mantle was removed and replaced by a pan
of ice water to cool the flask and stop
the reaction. In this way, samples from
the longer runs could be taken for set­
tUng and filtration tests as well as for
aluminum extraction determinations. For
shorter reaction times, 5 min or less,
when the reaction was still proceeding
vigorously, a liter of ice water slurry
was added to stop the reaction by both
cooling and dilution. In both cases, the
residues were separated from the pregnant
liquor by filtration and washed immedi­
ately with water until no chloride was
indicated in the wash water by silver
nitrate. The quenching procedure was
based on the findings of Hulbert and
Huff7 that the leaching reaction rate

7Work cited in footnote 5.



decreases rapidly at temperatures below
the boiling point.

Continuous leaching tests were done in
a 5-L, round-bottom flask equipped with
heating mantle, thermometer, stirrer,
condenser, and overflow port that main­
tained a slurry volume of 2 L. Clay and
acid were fed continuously with a screw
feeder and a metering pump, and leached
slurry was allowed to overflow through a
water-cooled side arm. Samples were
taken after a startup period of four or
five residence times, filtered immedi­
ately, and washed until free of chloride.
Continuous, multiple-stage tests were
carried out in a train of two or three
5-L flasks equipped with stirrers, heat­
ing mantles, and condensers. In these
tests, the slurry overflowed from one
reactor to the next. The overflow ports
were positioned such that each flask con­
tained 2 L. Boiling was maintained in
each flask. Samples were taken by pump­
ing a portion of slurry from each stage
onto a separate Buchner vacuum filter
after steady-state operation had been
established.

3

ANALYSES

Samples of the washed solid residues
were analyzed by dissolving them in HN03­
HF solution and determining aluminum and
silicon by atomic absorption spectropho­
tometry. Since essentially no silicon
was leached from the clay, aluminum ex­
traction (X) was calculated on the basis
of aluminum-to-silicon ratios in the feed
and residue as

"-

X = (Al/Si)t - (Al/Si)r (1)
(Al/Si) t

where (Al/Si)t is the aluminum-to-silicon
weight ratio in the feed and (Al/Si)r is
the aluminum-to-silicon ratio in the
leached residue. Use of the aluminum-to­
silicon ratio removed any uncertainty due
to water absorption gain or loss by the
clay feed or leached residue samples. It
also removed the need for overall mass
balances on the leaching tests and al­
lowed samples to be taken for residue
settling and filtration tests as well as
for chemical analyses.

RESULTS AND DISCUSSION

BATCH TESTS

Aluminum in kaolinitic clays becomes
acid-soluble when the clay is calcined at
6000 to 900 0 C to remove its water of
formation. Initially, the misted clay
feeds were calcined by heating them to
7500 C in a muffle furnace, holding them
at 7500 C for 2 hr, and cooling them in
the furnace. Batch leaching results for
these feeds are shown in table 1 and
figure 1. The figure shows that, for
particle sizes of minus 20 mesh and
smaller, particle size had no effect on
reaction rate. It also shows that
slightly lower reaction rates and lower
aluminum recoveries were obtained with
26-pct HCI than with 23-pct HCI. Lower
reaction rates are probably due to the
higher viscosity and, consequently, lower
diffusion rates of aluminum and hydrogen
ions in the aluminum chloride solutions
derived from 26-pct HCI. The incomplete
extraction was due to the escape of HCI
from the more concentrated boiling

reaction slurry. Even when an initial
10 pet excess of HCI was provided in
the 26-pct runs, the final leached slurry
was free of HCI at the end of the
leaching cycle. For both the 23- and
26-pct HCI tests, the reaction was rapid
up to about 80 pc.t extraction and showed
a linear relati.onship between aluminum
extraction and time. The straight line
relationship demonstrates the zero-order
kinetics typical of diffusion-controlled
reactions, as e:xplained by Levenspiel. 8
The slopes of the initial parts of the
extraction curves were 0.105 min- 1 and
0.095 min- 1 for the tests done with 23­
and 26-pct HCI, respectively. The alu­
minum extraction curve for the 23-pct HCI
series becomes asymptotic with X = 0.965.
This is due to the presence of acid­
insoluble aluminum compounds in the clay.

8Levenspiel, o. Chemical Reaction En­
gineering. John Wiley & Sons, Inc., New
York, 1967, p. 322.
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TABLE 1. - Batch leaching tests for misted kaolin calcined in muffle furnace 2 hr at 7500 C

26 •••••do •••••••••••••••••••••
27 Minus 20 plus 28 ••••••••••••
28 Minus 28 plus 35••••••••••••
29 ••• ••do ••••••••••••••••••••.
30 •••.•do ••.••••••••••••••••••

21 •••••do •••••••••••••••••••• II

22 Minus 10 ••••••••••••••••••• (I

23 •••••do ..
24 Minus 10 plus 14••••••••••••
25 •••••do •••••••••••••••••••••

16 Minus 35 plus 48 ••••••••••••
17 Minus 20 ••••••••••••••••••• D

18 •••..do .•..••.•..•..•..••.• tl

19 •••••do •••••••••••••••••••••
20 •••.•do •••••••••••••••••••• (l

11 •••••do •••••••••••••••••••• o

12 •••••do •••••••••••••••••••• "
13 •••••do .•••••••••••••.••.•• 0

14 ••••.do .••••••••....•..•... o

15 Minus 20 plus 28 ••••••••••••

.119

.089
53.8
22.3

4.5
2.5

23
23

Acid Leaching Aluminum Rate constant
:centration, time, min extraction, (k/C Ao ),l min- 1

pct pct
26 9.1 69.8 0.077
26 9.1 73.6 .081
26 29.2 84.1 NAp
26 4.3 50.2 .117
26 9.3 84.0 .090

26 2.3 19.5 .085
26 4.3 36.3 .084
26 1.8 18.1 .101
26 9.1 87.0 .096
26 14.1 90.1 NAp

26 4.1 33.8 .082
26 8.9 86.3 .097
26 2.2 20.7 .094
26 29.1 90.5 NAp
26 14.0 88.4 NAp

26 14.1 89.6 NAp
26 9.1 85.4 .094
26 29.1 91.1 NAp
26 14.1 89.3 NAp
26 1.75 16.3 .093

26 3.9 35.9 .092
23 9.3 83.1 .089
23 14.5 89.8 NAp
23 4.0 42.5 .106
23 14.0 84.0 NAp

23 9.0 73.0 .081
23 14.5 93.7 NAp
23 14.3 94.4 NAp
23 4.4 46.8 .106
23 29.4 96.4 NAp

23 9.3 90.2 .097
23 4.3 40.9 .095
23 8.8 89.1 .101
23 2.4 25.7 .107
23 3.8 48.6 .127

23 29.5 93.1 NAp
23 9.4 88.4 .094
23 2.3 27.4 .119
23 14.4 94.6 NAp
23 9.4 90.5 .096

23 2.6 20.7 .080
23 4.6 47.6 .103
23 14.4 93.8 NAp

con

20 plus 28 ••...•....•.
20 plus 28 •••••••..•..
35 plus 48 ••••••••••••

10•••••.•••••••••.•••.

20 •••••••••••.••••••••

Clay size, Tyler mesh

Minus 35 plus 48 ••••••••••••
Minus 20 ••••••••••••••••••••

Minus 20 ••••.•••••••••••••••
Minus 35 plus 48 ••••••••••••

Minus
Minus
Minus
Minus
Minus

• •• ••do •••••••••••••••••••••

Run

6 ••• ••do •••.•••••••••••••••• "
7 ••• ••do •••••••••••••••••••• "
8 Minus 35 plus 48 ••••••••••••
9 •••••do .•••••••••••••••••• 81'

10 Minus 28 plus 35 ••••••••••••

1 Minus 10••••••••••••••••••••
2 Minus 10 plus 14 ••••••••••••
3 'II •• • 'lido •• 'II ••••••••••••••••••

4 ••• ••do •••••••••••••••••••••
5 Minus 20 plus 28 ••••••••••••

41
42
43
44
45

31 Minus 35 plus 48 ••••••••••••
32 Minus 10 ••••••••••••••••••••
33 Minus 28 plus 35 ••••••••••••
34 •••••do •••••••••••••••••••••
35 Minus 20 plus 28 ••••••••••••

36
37
38
39
40

• •• ••do •••••••••••••••••••••
• •• ••do •••••••••••••••••••••

46
47
48 .....do •••..••••••••••••••..
49 •••••do •••••••.•....•.•..••• I

I
50 •..•.do •••••••••••••••••••••--,
NAp Not applicable.
lRuns with longer holding times are

23 29.5 96.7 NAp
23 29.4 94.1 NAp
23 14.0 92.1 NAp
23 59.2 96.5 NAp
26 59.3 93.9 NAp

not applicable to calculation of rate constants.
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FIGURE 1. Q Aluminum extraction as a function of leaching time~, clay particle size,
and acid concentration for misted clay calcined in a muffle furnllce and leached in a
batch, sti rred-tank reactor.

In a diffusion-controlled t zero-order
reaction t the reaction rate is indepen­
dent of concentrationt or

where k is a rate constant and CA is the
weight-fraction of aluminum in the cal­
cined clay at tlLme t after leaching be­
gins. Integration of equation 2 gives

where CAo is the weight-fraction of alu­
minum in the ealcined clay prior to
leaching. In terms of fractional conver­
sion or extractiont

(2)

(3)

(4)
kt=-.CAo

dCA = -k dt,

Further work on feed preparation showed
that crushed and misted clay could be
calcined in a fluidized-bed calciner. In
this case t the misted claYt with or with­
out 5.7 pct coal, was injected directly
into a 7500 C bed of clay particles flu­
idized with air. Leaching results for
these samples are shown in table 2 and
figure 2. Figure 2 shows aluminum ex­
traction as a function of time for minus
20-mesh clay calcined for 30 t 60 t and 100
min in the fluidized bed. Calciner hold­
ing times between 30 and 100 min showed
no effect on aluminum extraction. How­
ever, aluminum extraction was again slow­
er and less complete when 26-pct HCI was
used. Slopes for the initial parts of
the extraction curves were 0.150 min- 1

and 0.145 min- 1 for the tests done with
23- and 26-pct HCl t respectively. The
23-pct HCI curve was again asymptotic
with X = 0.965.
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TABLE 2. - Batch leaching tests for misted kaolin calcined in fluidized bed at 7500 C

(Clay size: minus 20 Tyler mesh, except as indicated)

'.dd Leaching Aluminum Rate constant (k/C Ao )'
tration, time, extraction, min- 1
ct min pct
23 14.4 93.1 NAp
23 59.5 94.1 NAp
23 4.5 67.6 0.150
23 9.4 91.7 .097
23 2.5 43.3 .173

26 9.3 88.9 NAp
26 59.2 92.9 NAp
26 2.2 35.1 .160
26 4.2 63.5 .151
26 14.2 89.7 NAp

23 9.4 92.8 .099
23 59.4 96.9 NAp
23 59.4 96.4 NAp
23 4.3 72.3 .168
23 2.4 47.0 .196

23 7.3 86.2 .118
23 14.5 94.4 NAp
23 4.6 74.7 .162
23 59.9 96.0 NAp
23 9.5 91.9 NAp

23 9.6 92.6 NAp
23 59.5 96.8 NAp
23 4.5 75.7 .168
23 14.5 95.0 NAp
26 3.96 59.0 .149

23 4.22. 60.7 .144
24 4.2q· 60.2 .142
25 4.22 56.9 .135
23 60 95.7 NAp
23 4.43 66.1 .149

23 4.35 58.2 .134
23 60 95.1 NAp
23 60 96.2 NAp
23 4.07' 59.6 .146
23 60 95.0 NAp

23 4.36 55.5 .127
23 60 96.2 NAp
23 4.41 58.7 .133
23 60 96.2 NAp
23 4.28 55.3 .129

23 60 95.6 NAp
23

I
4.90 71.6 .146

23 60 94.8 NAp
23 4.22 61.5 .145

p"

oncen
f~

---,.
NAp Not apphcable. 1Dried prior to calcining. 2Minus 14 Tyler mesh.

Calcining conditions
Run Dried' Time, Coal, c

min pct
51 No 102 5.7
52 No 102 5.7
53 No 102 5.7
54 No 102 5.7
55 No 102 5.7

56 No 102 5.7
57 No 102 5.7
58 No 102 5.7
59 No 102 5.7
60 No 102 5.7

61 No 68 5.7
62 No 68 5.7
63 No 50 5.7
64 No 50 5.7
65 No 50 5.7

66 No 102 5.7
67 No 30 5.7
68 No 30 5.7
69 No 30 5.7
70 No 30 5.7

71 No 30 5.7
72 No 30 5.7
73 No 30 5.7
74 No 30 5.7
75 Yes 63 5.7

76 Yes 63 5.7
77 Yes 63 5.7
78 Yes 63 5.7
79 No 30 0
80 No 30 0

81 2 Yes 30 6
822 Yes 30 6
83 No 60 6
84 No 60 6
852 Yes 60 0

862 Yes 60 0
872 No 60 6
882 No 60 6
89 Yes 60 0
90 Yes 60 0

912 No 30 0
922 No 30 0
93 Yes 30 6
94 Yes 30 6
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35302 '·,)
min

Kaolin calcined in fluidized-bed calciner
at 750 0 C

o 30 min}
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o 100 min
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LEACHING TIME.

Open symbols = 23-pct HC I in 5 pct excess
Closed symbols = 26-pct HCI in 5 pet excess
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FIGURE 2. Q Aluminum extraction as a function of leaching tim.~, calcining time, and

acid concentration for misted clay calcined in a f1uidizedQbed calc:iner and leached in a

batch, stirredQtank reactor.

where t is the time considered and t is
the mean residence time in the tank.

probability that a clay particle will
leave the reactor immediately, reside
there for a given time, or be held there
indefinitely IDllSt. also be considered.

In a continuous, stirred-tank hetero­
geneous reaction, the two factors that
cause the disappearance of component A
are the chemical reaction of A in the
particles and the: loss of particles con­
taining A at the reactor outlet. Dis­
appearance of A i.n the particles because
of chemical reaction is governed by equa­
tion 3; the probability function, Et ,
that particles will remain in a single,
stirred tank is governed by

Equation 4 represents a straight line
through the origin as shown during the
initial rapid reaction phase of the batch
leaching tests. As shown by equation 4,
the slopes of the extraction-versus-time
curves give the values of the rate con­
stant k/CAo •

CONTINUOUS TESTS

If one is to apply the rate data ob­
tained in batch leaching tests to con­
tinuous operation, the reaction mechanism
must be considered. Zero-order reactions
are independent of concentration, and a
homogeneous, zero-order reaction would be
expected to give the same time-extraction
response irrespective of reactor type
or whether it was operated batchwise or
continuously. However, this is not the
case with clay leaching. In clay leach­
ing, the reaction is not homogeneous and
a heterogeneous system prevails. The

1
Et = -= e

t

t- -
t (5)
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For a series of n equal-sized tanks in
series ,9

(9)

(ll)

(12)

(10)

x - (1 CA ) = R(l-e - 1I R) ;
1 - cP: 1

-2/R -2/R
X - R(l-e ) - e2

Equation 8 can be integrated analyti­
cally to give the extraction behavior for
one or more equal-volume stirred tanks in
series:

In equations 9 through 12

The leaching results from batch tests
in figures 1 and 2 show that extraction
begins to deviate from ideal zero-order
behavior at around 80 pct extraction.
They also show that for long holding
tiD~s no more than about 96 pct of the
aluminum will ever be extracted. This is
due to the presence of small amounts of
acid-insoluble aluminum-bearing minerals
such as micas. If the expressions in
equations 9 through 12 are to correlate
the continuous leaching data, they must
be modified to account for the acid­
insoluble aluminum. This can be done
by multiplying them by a correction
f ador, Xm a x , which will then make the
curves asymptotic to the value corre­
sponding to the amount of acid-soluble
aluminum present in the calcined clay.
Figures 1 and 2 show that Xmax is 0.965
for the kaolinitic clay used in this
study.

(8)

(6)

(n-l) !

nn -ntlt
--- edt.

9page 282 of work cited in footnote 8.
10Rietema, K. Heterogeneous Reactions

in the Liquid Phase: Influence of Resi­
dence Time Distribution and Interaction
in the Dispersed Phase. Chern. le:ng. Sci.,
v. 8, No. 1/2, 1958, pp. 103-112.

()

1 nn -nt/tE
t

= 1.. .E. n - . e
t E (n-l) £

(Note: By definition~ O! 1)

where t is the mean residence time for
the entire series of n tanks. Combina­
tion of equations 3 and 6 and integration
gives the overall average coneentration
of A as a function of holding time for a
reactor made up of n equal-sized stirred
tanks in series:

~:o : 1(~:;}Et) dt. (7)

For reactions of order other than zero,
an expression such as equation 8 would be
integrated from zero to infinity. How­
ever, in the zero-order case, the reac­
tion is theoretically complete when time
is equal to CAo/k, which then b4~comes the
upper limit of integration. 10

where CA is the overall averag(;~d weight­
fraction of aluminum in all the particles
of clay leaving the reactor with a resi­
dence time f. Substituting th(;~ expres­
sion in equations 3 and 6 in (;~quation 7
gives
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TABLE 3. - Continuous leaching tests for minus 20-mesh
misted kaolin calcined in muffle furnace at 7500 C

Leaching Aluminum Rate constant (k/CAo),
Run time, min extraction, Rl min- l

pct
95 60 90.9 7.5 0.12.5
96 30 83.4 3.4 .11.3
97 30 83.6 3.45 .11.5
98 15 74.8 1.9 .12'7

lR values derived from curve of R versus X lNhere Xmax= 0.965 in equation 13.

for a given experiment was then used to
evaluate the reaction rate constant.
Since the reactor holding time was known,
the rate constant was calculated as

The average valUi~ of k/CAo in table 3 is
0.12 min- l • Althl:>ugh there is some devi­
ation between the rate constants obtained
from the batch and continuous data, fig­
ure 3 shows that the continuous leaching
results are quite adequately predicted by
a rate constant obtained from the batch
tests and equation 9.

Table 3 and figure 3 show continu­
ous leaching data for misted clay cal­
cined in a muffle furnace and leached
with 23-pct HCI in 5 pct excess. The
curve corresponds to ~ax = 0.965 and
k/CAo = 0.105 min- l • Table 3 shows val­
ues of Rand k/CAo for the continuous
runs made with feed calcined in a muffle
furnace. Values of R were found from a
graph of R versus Xl' constructed by
evaluating the equation

-l/R
Xl = ~ax R(1-e ), (13)

where ~ax = 0.965. The R value corre­
sponding to the aluminum extraction Xl

-
k/CAo = R/t. (14)

60

Clay calcined in muffle furnace at 7500 C and
leached in 23-pct HCI in 5 pct excess

Calculated single-stage Xmax =0.965
k/CAo = 0.105 min-I

'"z 800-r
(.)

« 60a::
l-
X
w 40 -
~
::::>
z

20-
~
::::>
...J
«

"0 I00 r---.,...--......---.----~-~-__.__-_r_-__r_-·___r_-__r-__r-____,I

0. _....m------------O

FIGURE 3. ~ Aluminum extraction as a function of leaching time for mistl~d clay calcined in a muffle

furnace and leached in a continuous, stirred-tank reactor.
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TABLE 4. - Continuous leachi:ng tests for misted kaolin calcined in fluidized bed
at 7500 C

(Clay size: minus 20 Tyler mesh, except as indicated)

0.965.

> r:,eaching Aluminum Number Rate constant.-
l' time, extraction, of R2 (k/C Ao )' min- 1

min pet stages
30 83.8 1 3.6 0.120
15 80.5 1 2.6 .173
10 71.7 1 1.8 .180
60 89.2 1 8.0 .133

60 91.4 1 10.0 .167
120 95.6 2 14.0 .117
60 94.3 2 7.0 .117
30 86.0 1 4.4 .147
60 95.4 2 10.0 .167

15 80.2 1 2.75 .183
30 91.9 2 3.5 .117
15 79.6 1 2.6 .173
30 90.1 2 2.9 .097

10 73.3 1 1.8 .180
20 89.0 2 2.6 .130
30 92.9 3 2.8 .093
10 7lfo 1 1 1.85 .185
20 87.7 2 2.3 .115
30 92.7 3 2.65 .083

5 51.0 1 .72 .144
10 76.8 2 1.3 .130
15 89.1 3 1.9 .127,-_.

Dr1ed prior to calcining.
2R values derived from curves of R versus X where 11""max
3Minus 14 Tyler mesh.

Calcining condition
Run Dried l Time, Coal

min pct
99 No 68 5.7

100 No 68 5.7
101 No 102 5.7
1023 Yes 60 5.7

1033 No 85 5.7
1043 No 85 5.7
105 No 63 5.7
106 Yes 105 0

107 Yes 105 0

108 Yes 49 5.7

109 Yes 49 5.7

1

Leaching tests were also done on misted
clay calcined in the fluidized-bed re­
actor. These leaching tests, done in
single, double, and triple tank reactors,
are shown in table 4 and figure 4. The
curves in figure 4 correspond. to equa­
tions 9, 10, and 11 when values of ~ax

= 0.965 and k/CAo = 0.15 min- 1 are used.
Figure 4 shows that a good correlation of
the continuous, stirred--tank. leaching
data results when the paraIllleters de­
rived from batch tests are applied to
the appropriate correlatJLng analytical

relationships. The values of Rand k/C Ao
shown in table 4 were again derived from
values of R corresponding to a given alu­
minum extraction and the reactor holding
tilDe. In this case the X-versus-R rela­
tionship depended on the number of stages
corresponding to equations 9, 10, and 11.
In the case of the clay activated in the
fluidized-bed calciner, a value of Xmax =
0.965 and k/CAo = 0.15 min- 1 gave a fair­
ly good correlation of the continuous
single- and multiple-stage leaching data.
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FIGURE 4. - Comparison of experimental and calculated aluminum extraction as a function of leach­

ing time for misted clay calcined in a fluidized bed and leached in single- and multiple-tank, continu­

ous, stirred-tank reactors.

CONCLUSIONS

Leaching tests on calcined clay with
boiling HCl showed that rapid extraction
of aluminum was obtained and that clay
calcined ina fluidized bed reacted 50
pct faster than clay calcined in a muffle
furnace. The leaching reaction was fast
enough that diffusional resistances be­
came rate controlling and a zero-order
kinetic relationship adequately described
the leaching process.

Continuous, stirred-tank leaching tests
also showed a zero-order relationship
between aluminum extraction and holding
time. Leaching reactors made up of one,
two, and three tanks produced results
that were adequately correlated by the
zero-order kinetic relationships. This
shows that a continuous operating clay
leaching system could be designed by

obtaining the zero-order rate constants
from a few batch tests. The required
holding time in a continuous, single or
multitank reactor then could be obtained
with equations 9 through 12 and the data
from the batch tests. The size and num­
ber of tanks to produce a given aluminum
extraction at a given throughput could
be determined fairly accurately. This
would prevent the unnecessary expense of
using too many or oversized tanks in a
leaching system and, more importantly,
would prevent the slurry from being held
for excessively long times in the leach­
ing reactor. Excessive leaching time
causes degradation of the calcined clay
particles and leads to filtration prob­
lems when the leached residue is sep­
arated from the product slurry.
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