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ALUMINA MINIPLANT OPERATIONS—INFLUENCE OF REACTOR DESIGN
ON THE ATTRITION OF CALCINED KAOLIN DURING HCI LEACHING

By Don B, Hunter, ' Dwight L. Sawyer, Jrs, 2 and Theodore L. Turner?

ABSTRACT

The Bureau of Mines Investigated the extraction of alumina from cal-
cined kaolin by leaching with boiling HCLl in a train of three 50-gal
continuous, stirred reactors. Slurry discharged from the reactors con-—
tained an excessive amount of fines, which impeded solid-liquid separa-
tion. Autogenous grinding of coarse solids that accumulated in the
reactors was the source of the fines. This report describes modifica-
tions to the reactors and to the operations that led to decreased fines
generation and improved solid-liquild separation.

Modifications to the reactors included custom-made impellers, the ad-
dition of a baffle system, a subsurface slurry discharge system, and
slower rotation of the impellers., Concurrent testing of a continuous
horizontal belt filter showed that the form filtration rates were in-
creased from 350 to almost 1,000 1b/h+ft™2 when the modified reactors

were used.,

1Metallurgist.
2Supervisory chemical engineer.
3research chemist (retired). ,

NV.

Boulder City Engineering Laboratory, Reno Research Center,

Bureau of Mines,

Reno,



INTRODUCTION
In the c¢lay-HCl1 miniplant, leaching excessive amount of solids, 81.2 to 96
sized, calcined kaolin with HCl was car- 1b, compared with 35.2 1b theoretical,
ried out in 50-gal, glass-lined continu- while the second and third reactors had
ous, stirred tank reactors (CSTR's). lesser amounts (table 1). This finding
Originally four reactors arranged in a suggested that the retreat-curve impel-
cascade configuration were used, but ex— lers, operating at 120 r/min and with

perience showed that acceptable alumina
extraction was obtained with three reac-
tors (1).4 The fourth reactor was kept
on a standby basis. The reactors were
equipped with one h-baffle and a standard
three—arm, tubular retreat-curve impeller
operated at 120 r/min. This arrangement
did not prevent centrifugal classifica-
tion of the reactor contents (2-4). Sev-
eral 5- and 10-day miniplant leaching
campaigns, made with a solid-liquid sepa-
ration section that evolved to five
thickeners and four classifiers, indi-
cated that excessive fines were a problem
(5-7). The problem became acute during
an operation using minus 8-mesh calcined
kaolin (1). The quantity of fines gener-
ated during leaching resulted 1in a vis-
cous pulp that increased the suspension
of the 1larger particles and prevented
their effective separation in the spiral
classifiers. Returning to minus 10-mesh
feed eliminated the thick wviscous pulp
that could not be separated in the spiral
clagsifiers.

At the end of several leaching opera-
tions, the total weight of the 1leaching
slurry, the solids in each reactor, and
the particle size distribution of the
solids were determined. The data showed
that the first reactor contained an

MINIPLANT

The leaching section of the
consisted of three 50-gal,

miniplant
glass-lined

inadequate baffling, did not produce ade-
quate slurry suspension and permitted
centrifugal classification of the reactor
contents., The swirling mass of particles
in the lower portions of the reactors be-
came large enough so that fines were gen-
erated by autogenous grinding.

TABLE 1. - Weight of solids in alumina
miniplant leaching reactors, pounds
(dry basis)!

ReaCtOreeeesscscsscssccs 1 2 3
Before modification:
1978w svonssnmenavess | 8le2 | 348 | 5442
1980cececsccccsccsces| 96.0| 26.9 | 28,2
Theoreticaleeseesesess | 35.2| 33.8( 36.3
After modification:
Experimental.ceeeceeces | 70.9| 74,1 | 68.6
Theoreticaleeeseesoos | 41.5| 41.8 | 44,5

'Feed: minus 10-mesh crushed kaolin.

An investigation was made to determine
the contribution of chemical and mechani-
cal attrition to the degradation of cal-
cined particles during leaching, and the
CSTR's were modified to decrease the
accumulation of <coarse feed particles
in the 1lower portions of the reactors.
Another approach to the problem was to

use minus 18-mesh calcined kaolin feed

produced by a "misting” method (8).
DESCRIPTION

Pfaudler® reactors in cascade (fig. 1).

Each reactor was 24-in ID by 26-5/8 in

4underlined numbers in parentheses re-
fer to items in the list of references
preceding the appendix.

products does
Bureau of

Sreference to specific
not imply endorsement by the
Mines.
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FIGURE 1. - Equipment flowsheet of the acid leaching and solid-liquid separation secticns of the

clay-HCI alumina miniplant.

tall, and the
glass—coated

contents were mixed by a
retreat—-curve impeller with

three arms. The diameter of the circle
swept by the arms was 20 in. Limited
baffling was provided by one h-baffle,

which also served as a thermowell. The
cross section of an original reactor is
shown in figure 2.

Before reactor modification, the hot
slurry overflowed from the side discharge

reactor to the top inlet of
the next. Slurry from the last reactor
discharged through a heat exchanger to
the solid-1iquid separation section.
Three-way valves between reactors per-
mitted sampling of the slurry stream
during operation and isolation of each
reactor during shutdown. The flowsheet
of the leaching and solid—-liquid separa-
tion sections of the clay-HCl miniplant
is shown in figure 1.

of one



EXPERIMENTAL PROCEDURES

BENCH-SCALE LEACHING

Calcined kaolin was leached in a 4-L
resin kettle with a 25-pet HCl solution.
Conditions of minimum mechanical attri-
tion were produced by stirring the con-
tents with a Teflon tetrafluoroethylene
polymer (TFE), half-moon-shaped blade
at 185 r/min in the apparatus shown in
figure 3. 1In these tests, the acid 1in
the resin kettle was heated to boiling,
and then the calcined kaolin was added.
The initial exothermic reaction was con-
trolled by temporarily replacing the
heating mantle with a water bath. After
leaching at boiling for 1 h, the contents
of the flask were cooled, and the residue

-
[ ‘ i/ 20°

/|

I /

|
]

R
3
77
LI
r*; —12-1/2"——

FIGURE 2. - Vertical section: 50-gal, glass-

lined reactor showing impeller and h-baffle.

was filtered and wet screened. The sized
fractions were dried at 125° C for 24 h
and weighed.

rate studies, the

For reaction same

apparatus was used. To establish a time
for the start of the reaction, the HC1
was heated to boiling, and the calcined

kaolin was added. The time of addition
was noted, and samples of the reacting
slurry were withdrawn at 2, 4, 8, 16, 32,

and 60 min. The samples were immediately
quenched in an ice-water mixture to re-
tard the reaction by dilution and to de-
crease the temperature to almost 0° C.
The liquids were analyzed for alumina.

BENCH-SCALE ATTRITION TESTING

attrition tests were con-—
ducted with a Chemineer BENCO model ELB
test kit, shown in figure 4, Agitator
speed was varied, and two types of impel-
lers were used. Horsepower values were
relative because of the low torque read-
ings obtained under experimental condi-
tions, which reflected low viscosities of
the slurries.

Bench-scale

MINIPLANT PROCEDURES

Miniplant operations were begun by
filling the first reactor with 26-pct HCL
and heating the acid to boiling. Then
both HC1 and calcined kaolin feeds were
begun. This procedure avoided the uncon-
trolled exothermic reaction that occurred
if a large amount of cold kaolin and acid
were heated to the boiling point. Con-
centrated HCl and water were delivered by
metering pumps, and the calcined kaolin

was delivered by a weigh-feeder. All
feed rates were controlled to within 1
pct. Samples were taken on a predeter-

mined schedule for both the leaching sec-
tion and the solid-liquid separation sec-
tion. The streams between the reactors
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FiGURE 3. - Bench-scale apparatus used to leach calcined kaolin.
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and at the discharge of reactor 3 also

were sampled.

At the end of the run, the reactor con-
tents were dumped into cold water to
quench the reaction. A measured volume
of water was used to flush the reactor
bottom valve clear, the valve was opened,
and the slurry flowed into a tared tank
of cold water. Weighing the tank pro-
vided the weight of the slurry. Weighing
and sampling the wet residue gave samples
for moisture determination, wet screen
analyses, and chemical analyses. The dy-
namic or stirred water volumes were mea-—
sured by filling the reactor with water

until it overflowed, with the stirrer
running, then dumping the reactor con-
tents and measuring the 1liquid volume,

Chemical analyses were conducted on lig-
uid and solid portions of the reactor
streams. A material balance was calcu-
lated for the miniplant leaching circuit
operation (1).

In order to characterize the 50-gal
CSTR's 1in the clay-HCl miniplant, the
amount of short-circuiting or bypassing
and the amount of dead space in each re-
actor were determined at a feed rate of
100 1b/h of minus 10-mesh calcined kao-
lin. Copper was used as a tracer because
this element was not present in signifi-
cant amounts in the kaolin. CuCl, was
fed to the first reactor at a constant
rate, Samples were withdrawn at inter-
vals from each reactor and from the dis-
charge stream of each reactor. The sam-
ples were analyzed for copper, and the
changing copper concentrations were used
to calculate the effective volume, the

dead space, and the short-circuiting as-
sociated with each reactor. Residual
solids in the reactors were measured as
described above.

MATERIALS

Georgla kaolin was crushed and calcined
to make the bench-scale and miniplant
leaching feeds (1, 8). Raw kaolin was
crushed to minus 1/2 in and calcined at
750° C 1n a 2-1/2-ft-diam by 20-ft-long
gas—-fired rotary kiln. The calcined kao-
lin was crushed to minus 8 or 10 mesh
(market grade screens) for miniplant
work, or to sizes using Tyler standard
screens for bench-scale testing,

For misted feed, kaolin was crushed to
minus 16 or 18 mesh and was tumbled on a
3-ft-diam pelletizing disk fitted with a
nozzle that sprayed the tumbling material
with a fine water mist. Enough water was
used to cause the fine particles to ad-
here and be smeared onto the larger par-
ticles without causing agglomeration of
the larger particles into pellets. The
18-mesh misted kaolin was calcined in
the rotary kiln described above, whereas
the 16-mesh misted kaolin was calcined
in a direct, coal-fired fluidized-bed
calciner.

Leached solids were prepared for attri-
tion and agitator testing by wet screen-

ing. Wet screening created fewer fines
than dry screening and provided a con-
sistent sizing technique because the
leached solids were wet screened without
drying.

DISCUSSION OF RESULTS

BENCH-SCALE TESTS

The reaction rate and the generation of
fines during stirring and by additional
stirring after the chemical reaction were
studied. Leaching tests were run wusing
boiling 25-pct HC1l solution in the resin
kettle reactor (fig. 3) and crushed cal-
cined minus 10- plus l4-mesh and minus
65— plus 100-mesh kaolin. The reaction
rate studies were based on timed and

quenched liquid samples for alumina anal-
yses. Results are shown in figure 5, in
which the percentage of acid-soluble alu-
mina extracted is plotted against elapsed
leaching time. The straight 1line rela-
tionship during the 1initial stage of
leaching typifies the zero-order kinetics
of a diffusion-controlled reaction (9-
10). The minus 65~ plus 100-mesh parti-
cles leached faster than the minus 10-
plus l4-mesh particles. Eighty percent
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FIGURE 5. - HCI leaching of alumina from

calcined kaolin.

of the alumina was extracted in 8 min.
After this level of extraction, the reac-—
tion rate decreased and deviated from
zero—order behavior. Leaching kinetics
for a similar calcined kaolin were inves-—
tigated by Olsen (10).

Degradation of calcined kaolin parti-
cles 1s caused by physical attrition and
acceleration of the physical attritioning
process by chemical leaching and weaken-
ing of the particulate structure. An in-
vestigation was carried out to determine
the structural weakening of the calcined
kaolin particles by acid leaching. Minus
10-mesh calcined kaolin was leached for
1/2, 1, and 2 h (fig. 6). Wet screen
analyses of the residue are compared with
the 1initial analysis of minus 10-mesh
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Leached for 1 h
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FIGURE 6. - Comparison of particle size dis-
tributions as a measure of attrition.

Fines were
first and second half hour
small change occurred during
hour of leaching.

feed. generated during the

periods. A
the second

Batch leaching differs from miniplant
leaching in that the chemical concentia-
tions change during the test. The par-
ticles beccme more porous and their bulk
density decreases, and the 1liquid be-
comes denser as Al,0s dissolves and forms
AlCls, The leached solids become more
buoyant and easily suspended toward the
end of batch leaching. To determine the
effact of agitation in the higher density
miniplant leaching 1liquor, samples of
calcined kaolin were agitated for 1 h in
a boiling AlCls solution having a 1.28

density at 25° C. The tests were per-—
formed in the apparatus shown in figure
3. Results of wet screening of the sol-

ids are compared in figure 7, which shows
that the attrition of calcined kaolin was
only slightly greater during acid leach-
ing than during boiling with AlLClz solu-
tion. Leaching was a small factor in the
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FIGURE 7. - Particle size degradation of mi-
nus 10-mesh calcined kaolin resulting from ag-
itation in AlICI; solution.

generatlon of fines, and feed degradation
in the clay-HCl miniplant was caused pri-
marily by mechanical attrition.

Agitation tests were carried out on
leached calcined kaolin particles in the
test kit shown in figure 4. Tests were
made to determine the amount of attrition
caused by the rotating impeller and the
confining surfaces of the vessel. The
speed of agitation was varied between 160
and 550 r/min. Two types of impellers, a
three-bladed marine propeller and a 45°
four-bladed pitched turbine, both 4-in
diam, were used in the baffled glass ves-
sel. The amount of material passing a
48-mesh screen was used as the quantita-
tive measure of attrition. Horsepower
values were relative rather than absolute
because of the 1low viscosities of the
slurries. Initial tests wusing 11 pct
solids 1n a 28-pct AlClz solution were
performed to correspond to conditions
experienced 1in the alumina miniplant.

Results of the tests are listed in table
2 and show that using sufficient agita-
tion to suspend the solids to 98 pct of
the fluid height 1n the vessel caused
minimal attrition, which was usually less
than 2 pct. The percentage of solids was
doubled to 22 pct, but attrition was less

than 5 pct. The agitation time was 1in-
creased from 1 to 2 h, but no severe at-
trition was observed. 1In an attempt to

promote attrition, tests wusing 11 pct
solids were rerun with wunleached minus
10- plus 48-mesh calcined kaolin 1in wa-
ter. The kaolin was crushed and screened
and had sharp edges and corners, which
should enhance particle degradation 1if
contact between particles and with the
impeller or vessel were the cause of par-

ticle degradation. Data in table 3 show

that attrition was less than 4 pct for
all samples.
The conclusions drawn from the bench-

scale testing were that (1) the chemical
leaching process contributed only a small
fraction of the fines, {2) the mechanical
agitator and baffles 1n the test cell
added less than 4 pct to the accumulation
of fines in a properly suspended slurry,
and (3) the excessive amounts of fines
produced in the miniplant reactors must
be generated by mechanical stirring and
the contacting of large particles, which
are partlally suspended in the lower
portions of the reactors. A listing of
scale—-up parameters, from bench-scale to
miniplant reactor size, is given in table
A-3, 1in the appendix.

MODIFICATION OF MINIPLANT REACTORS

Most miniplant runs were made with a
minus 10-mesh calcined kaolin feed in
which fines were part of the feed. When
the feed was changed to minus 8 mesh, the
generation of an excessive amount of
fines resulted in the formation of a sta-
ble froth that filled the three leaching
reactors and disrupted the operation of
the solid-liquid separation circuit (1).
Returning to a 10-mesh feed restored ‘the
miniplant to stable operation but left
the problem of obtaining further improve-
ments in the leaching operation.
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TABLE 2. - Agitation tests on minus 10- plus 48-mesh leached calcined kaolin!

Type of c,? Z,* [Test |Number |Draft Tip Torque, Index of
impeller? | in in |time,| of tube |r/min | velocity,|1lbf+in hp attrition?®
h |baffles ft/s
11 PCT SOLIDS
Marine.,.. | 1.9 7.75 1 4 No 300 5.24 0.8 {0.0038 0.5
DOeseos | 39 7.75 1 4 Yes 350 6.11 ol .0039 15
DOssses | 487 | 9.75 1 4 Yes 550 9.60 .9 .0079 2.1
Turbine.. | 1.9 7.75 1 4 No 175 3.05 .8 .0022 1.7
DOessos | 15 7.75 1 0 No 200 3.49 .6 .0019 1.9
22 PCT SOLIDS
Marine...| 1.9 7.75 1 4 No 510 8.90 0.9 |[0.0073 4.9
DOevees| 4.2 | 8.12 1 4 Yes 520 9.08 1.0 .0083 4,1
DOeecos| 1.9 7.75 1 4 No 510 8.90 1.0 .0081 3.8
Turbine.. | 1.9 7.75 1 4 No 250 4,36 .9 .0036 2.4
DOoeeses| 1.9 7.75 1 4 No 250 4.36 .9 .0036 2.3
Marine... | 1.9 7.75 2 4 No 510 8.90 «9 .0073 5.6
DOseoss | 1.9 7.75 2 4 No 510 8.90 <9 .0073 5.6
Turbine.. | 1.9 7.75 2 4 No 250 4.36 9 .0036 3.1
DOeeses| 1.9 7.75| 2 4 No 250 4,36 9 .0036 3.3
Do.evss| 1.9 7.5 2 4 No 160 2.79 .5 .0013 15
Marine...| 1.9 7.5 2 4 No 295 5.15 .5 .0023 1.2
ITests performed in hemispherical-bottom vessel.
’Marine = 4-in-diam left-handed marine impeller; turbine = 4-in-diam 45° pitched

blade turbine.
3¢, distance between impeller and tank bottom.
4Z, height of slurry.
SPercentage of feed passing a 48-mesh screen after test.

NOTE.—-Solids suspension level was 98 pct of height.

TABLE 3. - Results of agitation tests
on minus 10- plus 48-mesh calcined
kaolin using 4-in-diam pitched
blade turbine!

(11 pct solids in test mixture,
blade speed of 315 r/min, tip
velocity of 5.5 ft/s)

Test time, Torque, hp Index of

h 1bfein attrition?
liaoasnissseis 0.8 0.0040 2.3
.9 .0045 2 o2
Zowmiasnnnens 9 .0045 3.3
.9 .0045 3.7

'Using hemispherical vessel; C = 1.9

in, Z = 7.75 in, 4 baffles.
2Percentage of original feed passing a
48-mesh screen after test.

NOTE.--Solids

pct of batch height.

suspension

level was 98

The residues in the reactors after
miniplant leaching operations contained
large particles, which accumulated in the
lower part of the reactors, contributed
to a nonproductive dead space, and slowly
ground themselves into fine particles.
Eliminating the accumulation of particles
in the reactors became the prime objec-
tive of this investigation.

Bench-scale batch-leaching tests demon-
strated that some fines were generated
during the first part of the leaching
period and were presumably from corners,
edges, and other fragile surfaces of
the calcined kaolin., Agitation of sus-
pended particles with pitched turbines
or marine propellers produced only very
small amounts of fines. In order to
prevent or limit the formation of fines,
the miniplant reactors required modifi-
cation to suspend 10-mesh feed and to



uniformly discharge all particle sizes.
Finer feeds and innovative feed prepara-
tion methods such as "misting" were also
considered (8).

In scaling up from bench to miniplant
scale, the principal guide is dimensional

similitude. Ratios of impeller size,
baffle width, and slurry depth should be
similar, within the constraints of the

existing miniplant with one to four

reactors (2, 4, 11).

The existing reactors were convention-
al, "jacketed glass—lined steel tanks with
three-blade, retreat-curve impellers that
swept an area of 20-in diam and were
spaced 2-1/2 in from the bottom. Pitched
turbine impellers for the 24-in-diam tank
should be 7- to ll-in diam and positioned
4 in from the bottom, but suitable glass-
coated turbine impellers were not commer-
cially available. Therefore, the 20-in
retreat-curve 1mpeller design was modi-
fied by welding a 1l-in-high by 6-in-long
rib to the wupper surface of each blade
before glass-coating, The new glass-—
coated impellers (figs. 8-9) were manu-
factured by the Pfaudler Co., which has

FIGURE 8. - Custom-made glass-coated impeller.

11

subsequently introduced a glass-coated
45° pitched turbine impeller.

Reactor changes were aimed at prevent-
ing the accumulation of coarser particles
in the lower regions of the reactors by
increasing particle suspension. A verti-
cal section of the baffle assembly and
subsurface slurry discharge device 1is
shown in figure 10, Figure 11 is a cross
section of a modified reactor, which
shows the modified impeller, baffles, and
subsurface slurry discharge device.

TFE was selected for retrofitting the
it could be easily ma-
the boiling

reactors because
chined and could withstand

|
Clockwise /

rotation

Y

FIGURE 9. - Plan view of impeller and cross

section of an arm.
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FIGURE 10. - Vertical section of TFE sub-

surface slurry transfer device.

HC1-AlClz and boiling HNO3-Al(NO3)3 solu-—
tions produced in the alumina miniplant.
Four 2- by 1/2- by 24-in baffles were
vertically mounted at 90° from each other
in the reactor, and 1/2 in from the reac-
tor wall (fig. 11). Baffle width was
fixed at 2 in by the scale-up factor (4).
The relationships between bench-scale,
miniplant, and current practice reactor
dimensions are given in appendix table
A-3.

Construction of the baffle assembly was
difficult because TFE creeps under stress
and expands nonlinearly in the range from
0° to 112° C, Four baffles were mounted
in slots through two horizontal rings.
Threaded TFE rod was wused to pin each
vertical and horizontal intersection.
The entire baffle assembly was made into
one rigid structure that fitted snugly
inside the reactor (fig. 12). The baf-
fle assembly was held in position by

NN
T
1
= o

k- 2" - 172" -

< 12-1/2 ~

- 7~518!"—

= 9

r_.

- 20-1/4"

o ”r: ‘

f—————— — — 24" _— ]

FIGURE 11. - Vertical section of modified 50-

gal, glass-lined reactor.

machining a 3/8-in 1lip in the upper ring

and clamping the ring between the body
and the top of the reactor. A TFE gasket
between the ring periphery and reactor

flange gave an airtight seal.

Particle suspension was improved by the
new impeller and baffle system. Trans-—
ferring the large particles into the dis-
charge stream was solved by 1nstall-
ing subsurface discharge devices, which
forced the discharge stream to flow up-
ward from a point well below the surface.

Subsurface withdrawal of particles re-

quired that the upward velocity of the
slurry 1in the intake tube of the dis-
charge device exceed the free-falling

velocity of the largest particles. Set-
tling tests were performed to determine
these values. Nominal minus 6-mesh cal-
cined kaolin was leached for 1 h with a
boiling 25-pct HCl solution. The slurry
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FIGURE 12. - TFE baffle assembly and subsurface transfer device installed in reactor.

was wet screened, and the larger size
fractions were kept in the pregnant liq-
uor until needed. A 2-L graduated cyl-
inder was filled with pregnant 1liquor
and maintained at a constant tempera—
ture. Settling of solids as individual
particles dropped into the test liquor
was evaluated at temperatures of 55°,
75°, and 95° C for five particle sizes.
The free-falling velocities of each par-
ticle size are reported in table 4 and
are plotted against temperature in fig-
ure 13 with the plots extrapolated to
112° C. The plots indicated that the
maximum free-settling velocity was 17.3
ft/min for an 8-mesh particle in 112° C
solution.

EFFECTS OF REACTOR MODIFICATION
ON MINIPLANT LEACHING

Evaluation of the modified miniplant
leaching section CSTR's was combined with

a program for testing a 10- by 1.5-ft
continuous horizontal belt filter and
different leaching feed materials. The

filter tests were made
reactors used for earlier runs (fig. 2)
(1, 5-6). Many of the data were gener-
ated_ﬂuring filter tests before reactor
modification (tables A-1 and A-2). After
the modification, miniplant leaching was
continued to iest the effect of the reac-
tor changes and to evaluate the perform-
ance of the belt filter with new types of

with the original
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TABLE 4. - Free-settling velocities! of acid-leached calcined
kaolin particles in AlClz liquor at different temperatures,

feet per minute?

Particle size, Tyler| 55° C 75% € 95° C 112° ¢3
standard sieve mesh

Minus 6 plus 8..cese ND | 14.33+2.16 | 16.05%2.40 17.3
Minus 8 plus 10..¢s..|10.85£2,19 | 12.13%1.13 | 13.78%1.72 14.9
Minus 10 plus l4....| 7.18% .41 8.75t .36 9.74* .60 10.9
Minus 14 plus 20....| 4.99% .36 6.02t .30 7.27t .30 8.2
Minus 20 plus 28....| 3.13*% .13 4,32 ,23 5.48% .24 0.9

ND Not determined.
IThe apparent irregular and

2Liquor-—saturated particle s
for 40 measurements.
3Extrapolated.

calcined kaolin feed that were not previ-
ously available (6).

In the miniplant CSTR's, material con-
tinually entered and left the reactors.
In an ideal CSTR, the residence time of
the solid feed is a function of the feed
rate. An improperly designed or operated
reactor circuit may suffer from short-
circuiting or bypassing, or from the
accumulation of solids in the dead space
of the reactor, which decreases 1its ef-
fective volume. Improper operation may
involve inappropriate feed size, feed
rate, agitator speed, or temperature.
Both short-circuiting and dead space de-
crease the residence time of the entering
feed and lower productivity because addi-
tional reactors or larger reactors are
required for the same throughput.

Characteristics of the three reactors
in series were evaluated at a 100-1b/h
feed rate before the reactors were modi-

fied (tables A-1 to A-3). Using a
copper-tracing technique, the residence
time, short-circuiting, and dead space
were determined and are reported in table
5. From these results, the following
conclusions were drawn:

® TIndividual residence times for the
three 50-gal CSTR's were from 28 to 38

min.

® Short-circuiting was minimal.

angular shape of larger particles
caused greater variation in values.

ettling

TABLE 5. — Results of reactor testing

velocities are
Liquor density at 20° C was 1.2781 g/mL.

averages

at 100-1b/h feed rate with minus
10-mesh calcined kaolin

ReactOreicesvscccsvsnvsacnscane | 1 2 3
Residence time€.sseessse.min.. | 28 | 31| 38
Short—-circuiting

of feed streameecssecesspCtee 1 2 3
Dead space:

Pct of dynamic volume..e.eo | 27 5| 19

Gale s e wees e vsas wenes i 1 5

® The calculated dead space volume for
agreement with
at the
termination of operation and was greatest
in the first reactor.

each reactor
volume of solids

® Reactor

was in

perfectly mixed CSTR

ids that

This preliminary
than one-fourth

that more
of the

accumulated in a
the lower portions of the reactors.

first reactor,

mixing resembled

in the reactors

the

that of a
except for the sol-

and one—-fifth

the volume of the third reactor,
cupied by suspended particles that acted
as dead space and decreased the effective

volume of the reactors.
accunulated solids
excessive fines,

dead space in

investigation indicated
of the volume

of

was oc-—

Attrition of the
was the source of the
because the problem in-

creased on changing from minus 10-mesh to
on re-

minus

8-mesh feed

turning to minus 10-mesh feed.

and decreased
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|
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|
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Minus 20 plus 28 mesh ’

2 | | | ‘
40 60 80 100 112 120

TEMPERATURE, °C

FIGURE 13. - Free-settling velocities of sized,
leached calcined kaolin particles in pregnant lig-
vor at different temperatures.

The subsurface slurry discharge system
installed 1in the reactors was designed
for a rising velocity greater than 17.3
ft/min. Two factors, the feed rate into
the system and the 1ID of the transfer
pipe, determined the rising velocity.
Calculations indicated that with 8-mesh
feed and feed rates of 150 1lb/h or great-
er, an intake pipe of 1.125-in ID was re-
quired. The subsurface discharge devices
were made with 1-1/8-in-ID intake pipes
(fig. 10). The changes made in the 50-
gal, glass—lined CSTR's were-—-

15

e A l-in rib was added to the top of
each impeller arm to 1Increase the verti-
cal surface area and to permit slower ro-
tation for the same degree of agitation.

® Low-speed drive gears were installed
to provide impeller speeds in the range
of 30 to ?50 r/min instead of the origi-
nal 60 to 300 r/min.

® A baffle assembly with four vertical
baffles, each 2 in wide, was installed te¢
increase vertical agitation and prevent
centrifugal classification of the slurry
particles,

® A subsurface slurry discharge device
was added to withdraw slurry from just
above the rotating impeller blades and
to decrease the accumulation of 1large
particles in the lower regions of the
reactors.

The dynamic volume was measured on the
three reactors before and after the modi-
fications, and found to increase on the
average from 22.3 to 27.1 gal by the in-
stallation of the subsurface discharge
devices. Table 6 lists the dynamic vol-
umes for the reactors and the calculated
residence times for feed rates of 100,
150, and 200 1b/h,

TABLE 6. — Nominal reactor holding time
before and after modification, hours

Calcined kaolin! Dynamic
Reactor feed rate, 1b/h volume,
100 150 200 gal
12
Before... | 0.576 | 0.384 | 0.283 22.4
After.... .679 452 .339 26.4
2
Before... .553 .368 276 21.5
After.... .684 .456 342 26.6
3
Before... .594 .396 «297 23.1
After.... .728 .485 .364 28.3
Total:
Before... | 1.723 | 1.148 .801 NAp
After.... | 2.091| 1.393 | 1.045 NAp

NAp Not applicable.
Minus 10-mesh crushed calcined kaolin.
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The percentage of acld-soluble alumina
extracted at feed rates of 100, 175, and
250 1b/h in the wunmodified reactors is
given in table 7. The data show that at
a 100-1b/h feed rate a total residence
time of 1.72 h was observed, and that 98
pct of the acid-soluble alumina was
extracted. When the feed rate was in-
creased, the residence time of material
passing thrcocugh the reactors decreased,
and less of the acid-soluble alumina was
extracted.

TABLE 7. — Extraction of acid-soluble
alumina versus residence time for
three-reactor train

Nominal feed | Reactor train|Acid-soluble
rate, 1b/h residence alumina ex-
time, h traction, pct
100cecescose 1.72 98
17566000000 .98 33
2500 0cnncncs .69 90
Particle degradation 1is shown by the

displacement of the particle distribution
to the smaller sizes, Particle degrada-
tion produced by the original and the

modified reactors can be compared by
evaluating the weights and particle size
distributions of the solids in the reac-

tors during steady-state operation. The
steady—state particle populations of the
reactors were determined from the rxeactor
contents at the end of a run.

The weight of solids 1in the reactors
should decrease when alumina 1is ex—
tracted, and reactor 1 should contain
more residue weight than reactors 2 and

3. Changes in the solids loading in the
reactors before and after the modifica-
tions are given in table 8. 1In the un-
modified reactor train of the solids that
accumulated in the three reactors, the
first reactor retained 64 pct when using
crushed feed and 51 pct when using minus
l6-mesh misted feed, thus showing some
advantage in using misted feed.

Modifying the reactors created an al-
most equal distribution of the residue
solids among the reactors (table 8). Re-
actor modification caused the welght of
solids remaining in reactor 1 to decrease
from 96.0 to 70.9 1b, even though the re-
actor volume increased by 18 pct. The
more uniform residue weight between the
reactors indicated a more equal operation
although the actual weights were about
twice the *theoretical wvalue of about 35
ik for completely leached calcined kaolin
(table 1).

Particle degradation 1in a reactor can
be illustrated by plotting the cumulative
screen analyses of the feed and discharge
stream solids. The area between the two
curves 1is an empirical measure of the
general change 1in particle size. This
area can be reduced to a single number,
the degradation index (DI). The DI is
defined as the difference between the
area under the cumulative screen analysis
curve for the discharge stream solids and
the area under the curve for the feed and
is expressed as the percentage of the
area under the feed curve, The areas are
approximated by the sum of the cumulative
screen values, as shown 1n figure 14.

TABLE 8. - Solids loading in miniplant reactors be-—
fore and after modification, pounds (dry basis)

Size and type of calcined | Impeller Reactor
kaolin feed, Tyler speed, 1 2 3
standard sieve r/min
Before:
Minus 10, crushedssosoe 120 96.0  26.9 | 28.2
Minus 16, mistedesscsess 120 6G.0 | 25.6 | 33.0
After:
Minus 10, crushede.eses 48 70.9| 74.1| 68.6
Minus 18, mistedececess 46 62.7 | 74.2 | 66.4
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FIGURE 14, - Illustrafion of degradation index for
a hypothetical material before and after leaching.

Large DI values indicate large decreases

in particle size from the feed. Negative
DI values 1indicate an increase 1in the
resident particle sizes, which could be

caused by the removal of fines, or by the
accunulation of the larger particles.
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Table § 1lists the DI values for the
contents of the three reactors and the
discharge from reactor 3. For minus
10-mesh calcined kaolin feed, the solids
in the discharge stream from reactor 3
had a DI of 8.1. Conditions in the un-
modified reactors, and particularly in
the first reactor, were conduclve to at-
trition. After modification, the DI of
the reactor 3 discharge solids was 3.7
and indicated a substantial decrease in
attrition due to the baffling, the rede-
signed impellers, and the subsurface dis-
charge of slurry from the reactor. TDe-
tailed screen analyses are provided in

table A-1.

Misted feeds produced reactor 3 dis-
charge solids with DI's of 4.3 before
modification and 5.9 after modification.
This slight increase may have been caused
by the difference in calcination of the
minus 16— and 18-mesh misted kaolin.
Misted feed generated fewer fines than
crushed feed when leached in the unmodi-
fied reactors. Detailed screen analyses
are given in table A-2,

DI values were negative for reactor 1
in all tests (table 9) and indicated that
some classification occurred even with
the minus 18-mesh misted feed in the mod-
ified reactors. Reactor modifications
decreased the accumulation of large par-
ticles for both feeds and produced de-
creased DI values.

TABLE 9.- Alteration of particle size distribution

in the leaching reactor

contents before and

after modification, measured by the degradation

index (DI)
Size and type of calcined Reactor Reactor 3
kaolin feed, Tyler ' 2 3 discharge
standard sieve
Before:
Minus 10, crushed...... | -12.0 ] 20,1 | 17.7 8.1
Minus 16, mistedeceeess | =12.1 7.4 6.9 4.3
After:
Minus 10, crushedeeece. -4,6 | 12.4 4.5 3
Minus 18, mistedececeas -8.3 5.9 2.4 5.9
’Negative values indicate an accumulation of coarse

feed particles.
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Improving the filtration rate is an im-
portant benefit resulting from decreased
fines generation. Filtration performance
curves were drawn that were based on the
tests performed with the 10-1/2- by 1-ft
belt filter and filter feeds from leach-
ing minus 10-mesh crushed calcined kaolin
feed (fig. 15) and minus 16- and 18-mesh
misted feeds (fig. 16). These curves
compare the form filtration rate of sol-
ids with the flocculant addition for fil-
ter feed slurries from the unmodified and
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FIGURE 16. - Influence of reactor modification
on solids form filtration rate with calcined misted
minus 18-mesh kaolin.

modified reactors. Slurry from minus 10-
mesh feed and wunmodified reactors re-
quired a flocculant (Separan MGL) addi-
tion of 0.5 1lb/ton to give the maximum
solids form filtration rate of 350 1lb/h
*ft~2, Modifying the leaching reactors
increased the solids filtration rate to
about 1,000 1b/h-ft~2 with a flocculant
requirement of 0.25 1b/ton.

Using misted feed, the unmodified reac-
tor discharge slurry had a maximum solids
form filtration rate of 500 1b/h-ft~2
with a flocculant addition of 0.6 1lb/ton.
Misted feed slurry from the modified re-
actors gave a maximum solids form filtra-
tion rate of 900 1b/h+ft~2 with a floccu-
lant addition of 0.1 1b/ton.

SUMMARY AND CONCLUSIONS

Degradation of calcined kaolin parti-
cles during leaching 1in the 50-~gal reac-
tors of the clay-HCl miniplant was caused
primarily by mechanical attrition. Chem-
ical degradation during leaching was

minor. Inadequate solids suspension by
the original retreat—curve impellers and
inadequate baffling resulted in the accu-
mulation of large particles, which formed
a dead space in the lower portions of the



reactors, particularly in the first reac-
tor. Autogenous grinding within this
mass of particles generated excessive
fines, which hindered subsequent solid-
liquid separation.

Installation of a Bureau of Mines de-
signed, custom—-made impeller, improved
baffling, and subsurface dischaige of
slurry from each reactor decreased the
problems of coarse solids accumulation
and formation of excessive fines., For
minus 10-mesh feed, reactor modification
caused the amount of solids in the first
reactor to decrease from 96 to 70.9 1b,
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filtration rate on a 10-1/2- by 1-ft con-
tinuous horizontal belt filter was in-
creased from 300 to almost 1,000 1b/h
«ft=2 by the modified reactors. Increas-—
ing the filter capacity by 2 to 3 times
would decrease process equipment costs,
and decreasing the flocculant requirement
would decrease process operating costs.
Attrition of minus 10-mesh kaolin feed
was decreased. Calcined misted kaolin
leached in the modified reactors required
the least flocculant and suggested the
generation of the lowest percentage of
fines. Improved reactor design increased
process flexibility for treating differ-—

or 4,29 to 2.68 1b/gal. The solids form ent calcined kaolin materials.
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APPENDIX

TABLE A-1. ~ Screen analysis of solids from miniplant leaching of minus 10-mesh
crushed calcined kaolin, pct

Unmodified reactor

Feed Reactor contents Reactor discharge
1 2 3 1 2 3
Sereen fraction, Tyler stan-—
dard sieve:
Plus 10cececoacsscsosconnos 7.69 11.81 5.21 5.02 3.20 4.84 5.37
Minus 10 plus ld.eeeecsases 18.75 27.07 13.53 13.90 12,16 14.48 15.86
Minus 14 plus 20.cececevces 22.66 22.59 16.43 17.66 21.39 21.42 23.02
Minus 20 plus 28.cccevesa0s 14.65 12,36 12.43 13.22 16.84 15.14 15.22
Minus 28 plus 35.cs0ccecass 9.02 7.77 8.47 9.04 10.57 9.88 8.58
Minus 35 plus 48..cccecsnes 7.07 5.03 8.07 7.58 8.14 7.91 6.19
Minus 48 plus 65.ceccsnnens 5.07 3.76 6.04 5.78 5.02 5.22 4.56
Minus 65 plus 100.seccvccss 3.46 2.33 4,34 4,14 3,38 3.47 3.23
Minus 100 plus 150c.cevccses 2.74 1.85 4,53 3.75 2.89 2.96 2.73
PANesnssssossscsssscesscsssso 8.89 5.43 20.95 19.91 16.41 14.77 15.24
Totaleeeoonnanasssananns 100,00} 100.00 | 100.00 | 100.00| 100.00 { 100.09 | 160.00
Sum of cumulative values.....| 563,98 631.90 | 450.68 | 464,21 | 486.97 | 506.78 | 518,20
Dlocesssssscanssesnsasnnssnes 00 ~12,04 20.09 17.69 13.65 10.14 8.12
Modified reactor
Feed Reactor contents Reactor discharge
1 2 3 1 2 3
Screen fraction, Tyler stan-
dard sieve:
Plus 10.euvevsvosavennonnns 5.48 8.89 4.70 5.65 6.85 6.73 6.72
Minus 10 plus ld.evecscccnaa 19.54 24,14 13.72 16.71 17.62 18.55 17.28
Minus 14 plus 20.ceccencces 23.26 22.42 17.65 20.90 22.06 21.14 21.77
Minus 20 plus 28..ccecseres 15.53 12,29 13.76 15.35 15,01 15.15 14.25
Minus 28 plus 35.c:ccssssss 9.27 7.39 11.22 10.21 9.44 9.25 9,84
Minus 35 plus 48.cccss00ess 7.41 6.10 5.88 8.36 7.08 7.61 7.42
Minus 48 plus 65.uccencnvns 5.52 4,87 7.94 6.30 5.00 5.03 4,99
Minus 65 plus 100cecesnonae 3.19 2.99 5.60 4,62 3.32 3.20 4,10
Minus 100 plus 150.ces0eess 2.34 2.92 3.99 2.14 2.41 2.36 3.19
PaNlssesnessonssssscacasnosnsse 8.46 7.99 11.54 9.76 11.21 10.98 10,44
TotAlewsroseonsnsnsnssss | 100.00] 100,00} 100,00 | 100.00| 100.00 | 100,00 | 100,00
Sum of cumulative values,....| 562.91 ] 588,67 | 492.80 | 537.70| 546.66 | 548.39 | 541.85
Dleccssancsoscaonsnsnnosannnes 00| ~4.58 12.45 4,48 2.89 2,538 3.74
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TABLE A-2. - Screen analysis of solids from miniplant leaching of calcined
misted kaolin, pct

Unmodified reactor

Feed! Reactor contents Reactor discharge
1 2 3 1 2 3

Screen fraction, Tyler stan—

dard sieve:
Plus lbesaccsssnmwsvoene saass 0.58 2.01 0.62 0.51 0.59 0.63 0.50

Minus 14 plus 20.cceecccces 20.57 28.39 19.41 17.67 19.30 19.85 18.47
Minus 20 plus 28..ceeescecss 21.58 | 24.23 19.23 19.35 | 22.14 | 21.84| 20.75
Minus 28 plus 35.ccc00ccsss 17.24 16.79 14.77 16.44 17.19 16.83 16.60
Minus 35 plus 48¢ccecccess. 14.88 11.86 13.73 15.35 14.56 13.89 14.99
Minus 48 plus 65.cceccccccs 9.87 7.67 10.20 10.50 10.07 9.90 | 10.32
Minus 65 plus 100.eceecccees 5.93 4.29 7.12 6.54 5.30 6.32 6.52
Minus 100 plus 150ccsccesss 3.42 2,25 4,16 4.19 3.28 3.24 3.86
PaNeececscecsssscsscsccsacccnas 5.93 2.51 10.76 9.45 7.57 7.52 7.99

Totaleeeocosososcnces ess | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.02 | 100.00
Sum of cumulative values..... | 468.72 | 525.42 | 433.98 | 436.24 | 460.94 | 460.32 | 448.61
Dlcescscsosnennssssvasssosnns .00 -12.10 7.41 6.93 1.66 1.79 4.29
Modified reactor
Feed? Reactor contents Reactor discharge
1 2 3 1 2 3

Screen fraction, Tyler stan-
dard sieve:
Plus ldeeeeessccscasocscace ND ND ND ND ND ND ND
Minus 14 plus 20.eceeeccccs 3.36 5.62 3.40 3.34 3.41 3.31 3.17
Minus 20 plus 28.cecccsscee 19.98 27.26 19.10 20.90 17.43 16.59 16.78
Minus 28 plus 35.cccecscccs 18.86 18.71 19.19 19.67 19.35 18.93 18.64
Minus 35 plus 48.ccvecccnss 19.67 17.50 16.84 16.29 18.32 18.57 18.93
Minus 48 plus 65.ccceccccse 16.48 11.92 12.76 14,14 14.88 15.26 15.20
Minus 65 plus 100.ececescss 8.55 6.98 9.22 8.63 10.22 9.99 10.42
Minus 100 plus 150.ceccscse 5.25 4.14 6.90 6.98 6.92 7.50 7.03
PAlvsesesmmonssassnannsweeess 7.85 7.87 12.59 10.05 9.47 9.85 9.83
Totaleseesssssssssseasses | 100.00| 100.00 | 100.00 | 100,00 | 100.00 | 100.00 | 100.00
Sum of cumulative values.....| 388.17 | 420.31 | 365.33 | 378.95 | 370.48 | 364.90 | 365.26
Dlivevessnnisainassososvsisdans .00 -8.28 5.88 2.38 4,56 5.99 5.90

ND Not determined. 'Minus 16-mesh feed. 2Minus 18-mesh feed.

TABLE A-3. - Scale-up of reactor parameters from bench-scale
to miniplant reactors

Reactor Bench | Scale-up 2.46 Miniplant Current

times' Original | Modified | practice?
Impeller typ€eesescsccess T T RC RC T

Parameter, in:

Tank diamM.eseceesescsees | 9.75 24.0 24.0 24,0 24,0
Slurry deptheceeececeeeee | 7.75 19.08 15.75 17.75 12-28
Baffle widtheeeoosseaeo | 0.81 1.99 2 2 2-2.4
Impeller diamMecesecocses 4.0 9.85 20 20 7.2-12
Impeller set off bottom 1.9 4.7 265 2.5 4,8
Number of baffleS.ccevees 4 4 31 4 3-4

RC Retreat curve. T Turbine.
!Scale-up factor = ratio of tank diameter (24/9.75 = 2.46).
2Reference 4. >Glass—coated steel h-baffle.
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