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3. DIGESTION

Digestion is the operating heart of alumina refineries that use the Bayer process. The papers in

this section concern the part of the Bayer process that
e prepares the bauxite to enter the process as a slurry in caustic liquor;

e attacks the alumina hydrate with caustic soda solution (liquor) at elevated tempera-

ture, putting the bauxite alumina in solution; and

e recuperates a large part of the heat energy used to elevate the temperature of the

attack liquor.

Most alumina refineries use the Bayer process and, consequently, use bauxite that has its re-
coverable alumina in the form of alumina trihydrate mineral (Gibbsitic bauxite), or as a mixture of
alumina trihydrate and alumina monohydrate mineral (Boehmitic bauxite). Only a few refineries
use the Bayer process for bauxites containing a significant amount of Diaspore (Diasporic baux-
ite), where the chemical fomula is the same as Boehmite but the form of the monohydrate crystal

is different.

Diasporic bauxite is seldom used in the Bayer process because the digestion conditions re-
quired are more severe and less productive than with Boemitic bauxite. Also, many Diasporic
types of bauxite contain prohibitively high silica content, resulting in costly losses of caustic soda

in processing by the Bayer process.

China has considerable amounts of Diasporic bauxite, usually with relatively high silica con-
tent, and uses the Sinter Process to recover alumina. The process sinters the bauxite with (1) soda
ash to attack the alumina and (2) limestone to react with and tie up the silica. There have been
efforts in China to use the Bayer process in combination with the Sinter process to improve ef-

ficiency and reduce energy.

Don Donaldson
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Introduction
BAYER DIGESTION AND PREDIGESTION DESILICATION REACTOR DESIGN B
This study was done to clarify some of the differences of opinion on
the subject of reactions under actual continuous digestion operation, in
particular:

1. The possibility of conversion of gibbsite to boehmite under

Jan J, Kotte intermediate temperature digestion conditions.
Process Development Manager
Alumina Division Technology 2, The discrepancy between the extent of the goethite to hematite
Reynolds Metals Company conversion and the subsequent release of lattice bound alumina
Little Rock, Arkansas in the laboratory bomb as compared with actual digestion
experience.

3. The controversy of agitated, compartmented digester vessels
versus unstirred reactors.

4. Whether or not boehmite dissolution and goethite conversion
can be economically accomplished in a tube digester with low
residence time at high temperature,.

The presentation comprises a literature survey of the major chemical

reaction processes in digestion and slurry holding and a derivation of While doing this study it was found that some of the developed theory
reactor design based on these studies as well as on plant tests. It con- and calculations also apply to other facets of the Bayer process such as
tains calculation methods to equate laboratory bomb and container reaction predesilication and precipitation.

results with those of full-size continuous reactors.

Summary

The extraction and conversion reactions that take place during diges-
tion in the Bayer process are discussed in this paper., This is done in a
manner that the process design engineer, using simple reactor design theory,
can evaluate the type and size of the reactor vessel(s) that will result in
optimum digestion conditions for the bauxite in question.

Generalized conclusions are:

1. Pure gibbsitic bauxites are best digested in a series of unstirred
reactors at temperatures around 150°C.

2, Boehmitic bauxite may be economically digested in tube digester,
providing the boehmite is finely divided, a high velocity
(>2 m/sec.) is maintained and at temperatures of 250°C or more,
while other boehmitic bauxites are digested better in large
unstirred reactors at temperatures between 230 and 250°C at
extended residence time,

3. Reactions in which solids are formed and that are controlled by
seed surface, such as desilication and goethite to hematite con-
version, are best performed in large fully mixed vessels,

4, Conversion from gibbsite to boehmite in liquor that is stable with
respect to gibbsite but not to boehmite, will proceed more rapidly
in large backmixing vessels,
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The Reactions

General
The reactions that govern Bayer alumina extraction are:
1. The dissolution of gibbsite.
2. The dissolution of boehmite.
3. The dissolution of diaspore,

4. The conversion of alumino-goethite to hematite and dissolved
alumina.

5. The conversion of gibbsite to boehmite.
6. The conversion of boehmite to diaspore.
7. The desilication reactions,

These will be discussed in two groups, namely the dissolution reactions
(1, 2, 3) and the reaction with solid end products (4, 5, 6, 7).

The Dissolution Reactions(l, 2, 3). The minerals gibbsite, boehmite,
and diaspore, given enough time,dissolve in caustic liquor to defined equi-
libria depending on temperature and other solutes.

The equilibria can be described as:
[Mineral] + (OH™) <— (Al ion”) + (1,2) Hp0 )

The activity of the mineral [mineral] = 1 by definition (single solid
phase). For very dilute liquor the activity of the solutes is equal to
their concentration and the activity of water (H20) = 1. Two moles of
(Al ion™) represent one mole of (Al;03) and two moles of (OH™) can be
represented by one mole of (NazCO3). Therefore the equilibrium is simpli-
fied to:

_ _ (A1,03)
K = £(T) (NasC03) (2)
e ; (1,3,6,11,16)
The actual equilibria have been determined by many researchers.

The deviation from the simple relation above is caused by the interactions
of the ions in solution, reducing their activity below the level their con-
centration would indicate and by the reduced activity of water.

A summary of equilibria data in synthetic ("pure') liquors has been
presented in Figure T.

The dissolution rates of gibbsite, boehmite, and diaspore differ
greatly. Because of this, three distinctly different types of Bayer diges-
)tion conditions can be found.
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(a) Low temperature, low concentration 130 - 150°C, 150 - 160 gpl
NaOH (as Na»CO03), gibbsite only.

(b) High temperature, medium to high concentration 200 - 250°C,
160 - 380 gpl NaOH (as Na,CO3), boehmite and gibbsite.

(c) High temperature, high concentration 230 - 280°C, 230 - 380 gpl
NaOH (as NazCO3) diaspore (+ boehmite and gibbsite).

Intermediate operating ranges will usually not be found because of
conversion reactions and general economics.

The dissolution reactions are reaction rate controlled up to certain
temperatures, while above these certain temperatures ion diffusion trans-
fer limits the reaction rate,
in Figure II.

Overall
Reaction &
Rate

d(Al)
dt

Boehmite

Gibbsite

'I
230 270

K

T T T T
100 200 300 400 500 600

Figure IT

Schematic Representation of Reaction Rate vs, Temperature

The temperature at which ion diffusion takes over as the rate con-
trolling process will depend on crystallinity, specific surface, and
liquor concentrations.

The Reactions with Solid End Products(4, 5, 6, 7). The conversion
of goethite to hematite, the alumina conversion reactions, and the desil-
ication reaction are more complicated than the dissolution reactions men-
tioned above. These reactions, where a solid end product is formed, have
in common that the initial reaction rate is dictated by the available seed
surface, probably because nucleation requires high energy levels,

Schematically the two groups of reactions can be presented as in
Figure IIT, showing the effect of time on the progression of the two types
of reactions.

These reactions are represented schematically
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Figure III

Schematic Reaction Progress

For the Two Types of Reactions

Low Temperature, Low Caustic Concentration

Gibbsite Extraction. This range is chosen to extract gibbsite while
completing desilication of the liquor to an acceptable level. The
equilibrium is described(22) as:

[AL(OH) ;] + (OH™) S (AL(0H)F) (3)

although no conclusive evidence has been presented that the alumina in sol-
ution is present as (AL(OH)%). Experimental equilibrium data in synthetic
liquors, summarized in Figure I, are shown as lines above which gibbsite

is stable.

Providing that the reactor is charged to stay below equilibrium con-
ditions, the dissolution rate can be described as follows:

d(A -
B s (e - @), se, e @
Where: (A) = alumina in solution

(Ap) = equilibrium solubility = £(T, (0OHT))
Sg = specific surface area of the gibbsite
k = measure of activation energy

T = absolute temperature

The equation assumes that the overall reaction rate is controlled by
the actual dissolution reaction at the surface of the particle and not by
the diffusion process of the ions through the liquor phase and boundary
layers. Most investigators 3,4 6)have found that this assumption holds at
temperatures below about 200°C,

At temperatures below 50°C and average caustic concentration the
overall rate is slow and time for complete extraction is to be measured
in hours. The rate increases rapidly with temperature and at around 140°C
/it takes only minutes to fully digest gibbsite.(14)
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The extended residence time practiced in most "low temperature" diges—
tion plants is not needed for gibbsite extraction, but for desilication.
The gibbsite extraction therefore has no bearing on the reactor design.

Conversion from Gibbsite to Boehmite. As is indicated in Figure I,
the equilibrium solubility of boehmite for given temperature and caustic
concentration is lower than for gibbsite. A liquor held at a point in the
zone between the two equilibrium lines for boehmite and gibbsite is unstable.
See Figure IV.

Given enough time liquors in this zone will yield boehmite and gibbsite
added will eventually all convert to boehmite.

The rate at which this occurs is sometimes so low that at practical
digestion times this is not a problem.

dB
The rate of boehmite formation gy, is a function of seed surface area
(Sb), driving force (A - A), the activation energy (k), and temperature
(T) or

St Aoy, el (5)

The driving force (A - A ) depends on how far the liquor A/C ratios are
above the equilibrium for boehmite. For a given A/C ratio, this driving
force reduces with temperature.

The temperature dependent rate factor e—% increase exponential with
temperature.

The product of driving force and rate factor has a maximum for a given
liquor A/C ratio. The product will be low at low temperatures and very
little transformation will be observed at temperatures below say 150°C.
That is why the normal "low" temperature digestion is done around this tem-
perature.

The product increases to reach a maximum of about 200°C and falls off
rapidly to zero where the equilibrium A/C ratio of boehmite is reached.

Figure IV shows the rate of boehmite precipitation at various temper—
atures relative to rate of precipitation at 143°C.

The reaction rate will be different for each bauxite or bauxite com-
bination, and for a given temperature, C concentration, and A/C ratio in
the liquor will depend only on the effective boehmite seed surface.

Without any seed surface area (clean liquor) the process is extremely
slow.

Mud present will have some surface activity high enough for boehmite
formation and the presence of boehmite itself will represent real seed
surface.

From Light Metals 1981, Gordon M. Bell, Editor =
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Sweetening. Sweetening is the name for a Bayer process variant devel-
oped originally by Kaiser ACC. It was developed because of the availability
of good quality "trihydrate" bauxite to Kaiser and because the plant at
which it was first practiced was designed for digestion temperatures too low
to economically extract all boehmite.

By lowering the charge of boehmite bauxite to ratios below equilibrium,
all boehmite is extracted. The trihydrate bauxite is then added in the
next level at temperature (or after cooling) to bring the ratio up to higher
levels, thus enhancing liquor productivity.

To approximate what will happen in a plant where sweetening is to be
practiced, a break point analysis for various temperatures is to be done
with the bauxites in question.

These breakpoints are not true equilibria determinations. These are
merely determinations of the A/C ratio where conversion to boehmite becomes
significant for the projected digestion time,

At temperatures around 140°C the breakpoint will invariably fall close
to the gibbsite equilibrium. They will divert to lower values as higher
temperatures are tried, to reach a maximum. At even higher temperatures,
the breakpoint will be lower until it asymptotically reaches boehmite equi-
1ibrium,

Figure V gives a typical example.

In this two digestion step process the conditions of the first step
are chosen to extract all of the boehmite by keeping the charge A/C ratio
below the boehmite equilibrium. In the second step the 'low monohydrate'
bauxite is added usually at a lower temperature and preferable at the tem-
perature where the highest A/C break point is achieved for the given
retention time.

A schematic A/C '"cycle" illustrating this principle has been presented

in Figure VI.

Desilication. Clay minerals are quite soluble in Bayer liquor even at
low temperatures, while quartz, depending on particle size, will dissolve
at temperatures over 200°C; therefore, particle size, bauxite mineralogy,
and digestion conditions dictate whether or not silica is reactive.

The reactive silica dissolves but is unstable in Bayer liquor, It
forms insoluble orthosilicates called desilication product (DSP).

Therefore, desilication involves two main reactions:
1. The dissolution of reactive silica (usually kaolinite).
2. The precipitation of DSP,

Those chemical reactions can be described approximately by:

Dissolution:
[2H,0°A1,03-2810,] + 6(0H™) + 2(Si037) + 2(A1(0H4)™) + (H20) (6)

(kaolinite)
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A/C RATIO Precipitation:
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2(Si057) + 2(AL(0Hs) + 2(Nat) +[Na,0:A1,03°2510,] + 4(0H™) + 2(H,0) (7)
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% 5. and (since nucleation of crystals takes too much energy), DSP
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surface area.

o Note immediately that:

&
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1. High caustic concentration promotes dissolution, but hinders

1“ o precipitation.

2. High alumina concentration hinders dissolution, but promotes

o precipitation,

e During digestion condition the alumina concentration reaches the

desired level in a short time. During predesilication of dense gibbsitic

bauxite slurries the A/C ratio in the liquor will go from spent liquor
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conditions up to high values over .700 and usually come back down to values
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of say about .550. In other words, gibbsite dissolution may affect the

2 s desilication reaction considerably.
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Since the activities of the solid phases can be assumed to constant

and close to 1, the equilibrium constants can be described as Kd for

D Y dissolution:

u (s1057)° (A10,7)° (8,0)
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(8)

Kd = (oH~Y°
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and for precipitation, Kp:

- (0E)" (H,0)? (9
© (8i03¥)? (Al0,7)2 (Na+)?

Kp

Note that the overall equilibrium K = Kd x Kp is independent of the
silica and alumina activities (concentrations) and only dependent on the
caustic concentration and off-course temperature.

- - _(10)°
K=Kd x Kp = (Na+)f—§—zaﬁzyf (10)

Over the years several aspects of the kinetics of these reactions have
been determined either by laboratory work or in the field. Experiments and
lab work have shown that kaolinite from most bauxites will go into solution
quite rapidly (less than 15 minutes) providing the temperature during pre-
desilication is kept close to atmospheric boiling. Lower temperatures
will have a very detrimental effect in that not only the rate of dissolution
reduces rapidly but also that not all kaolinite will dissolve.

So no matter what the design of the desilication system is, the tem-—
perature in the initial phase must be as close to the maximum as possible.

The maximum temperature for predesilication is dictated by the conver-
sion from gibbsite to boehmite in low temperature digestion plants and by
the recovery heat level or construction criteria at high temperature diges-
tion plants.

Experiments have also shown that a seed surface area is necessary to
form DSP. Plots of reaction rate invariably show the famous ''S" curve if
no seed is added no matter how high the silica in solution. (See Figure
VII.)

100% - — o
Kaolinite
Dissolution
DSP Formation
DSP Formation
Si02 in
Solution

/_Bquilibrium (8i02) __ .~

3 4 5 6

time hours

Figure VII
Typical Desilication Reaction Pattern

’ For this reason addition of DSP seed will improve the overall reaction
rate.

High Temperature, Medium to High Caustic Coneenmtration

This range is chosen to extract boehmite and gibbsite and some or all
of the alumina bound in the goethite lattice. Gibbsite dissolves so fast
in this range, relative to boehmite, that its dissolution rate becomes
irrelevant to reactor design. Desilication takes place at a much more rapid
rate than under low temperature conditions. Therefore, only boehmite
dissolution and the iron transformation will be discussed.

Boehmite Extraction, Boehmite dissolution is describeél’3)as
follows:

[A100H] + 2H,0 + (OH™) 5 (AL(OH)4™) (11)

For gibbsite only activity of the caustic and alumina in solution
determine the equilibrium. For boehmite also the activity of water must be
considered.

Experimental equilibriél’3’5’10’ln
sented in Figure I,

in synthetic liquors have been pre-

These are considerably lower for a given temperature and caustic con-
centration than the ones for gibbsite.

In the process of dissolving a boehmite particle, two steps can be
recognized.

a. Dislodging the molecule into the boundary layer,

b. Transporting the molecule through the boundary layer to the
surrounding liquor.

Figure VIII illustrates this,

-boundary layer, width d

_— concentration of A at the surface

Figure VIII
Boehmite Particle in Liquor

From Light Metals 1981, Gordon M. Bell, Editor =
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The rate in which alumina molecules are entered into the boundary
layer

dA _ 1 —kr
P £ (s, (Aoo - A"), e L (12)
, where k. = activation energy measure for the reaction and

S = the specific surface area.
and the rate of transport of these molecules through the boundary layer by
diffusion

...kd

==f(5, 5 (A' -A), e _T_> (13)

, where ky = the activation energy measure for diffusion and
d = thickness of the boundary layer.

will be the same and the slowest of the two will control the overall dis-
solution rate. At relative low temperatures, Step 'a' is the slowest, and
as many researchers(3:46)have found, the overall dissolution rate increases

exponentially with temperature.

However, at a certain temperature, the rate of Step 'a' catches up with
of the diffusion rate of Step 'b'. Although the diffusion process is
an exponential function of temperature, its "activation' energy is
lower and the temperature effect on its rate is small.

that
also
much

Packter(7determined the dissolution rates of synthetic boehmite very
accurately at temperatures up to 65°C and found an exponential increase
with temperatures, i.e., a 5 fold increase for every 15°c.

Korcsmaros(zizs)proposed a rate equation based upon a diffusion theory
only, but that is mathematically identical to the chemical reaction rate,
by keeping the specific surface area and the diffusion layer thickness (d)
constant., This makes his model theoretically little acceptable.

Druzhina(®found that rate increased relatively slowly above 230°C
indicating that the diffusion process in the liquor phase had become the
limiting reaction. This phenomena has been schematically presented earlier
in Figure II.

This suggests that careful testing should be done to predict the
effect of higher temperatures instead of exponentially extrapolating from
known lower temperature rates.

The rate will differ strongly with the degree of crystallization or
OH bond strength of the boehmite(18,20,23,25) Average rates at, say 210°C
over a 30 minute period, may vary by 50%; at 240°C by 10%; and over 250°C,
the rates vary only slightly, indicating that the diffusion transfer rates
limit the reaction independent of the type of boehmite.

In conclusion it can be said that unless vigorous agitation, such as
by turbulence in a high velocity tube digesteﬂ?”is applied to reduce the

bougdary layer (d) and increase the diffusion rate, temperatures over say
230°C will not increase the dissolution rate of boehmite significantly.
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Goethite to Hematite Conversion.
scribedas follows:

The overall conversion can be de-

2[Fe00H] ¥ [Fe 03] + (H,0) (14)

Both goethite and hematite are separate solid phases which means that
no equilibrium is reached, but that, depending on the temperature and
pressure, only one phase is stable and the reaction will be complete in one

direction. Under normal high temperature conditions, hematite is the stable
phase.

The reaction mechanism is not exactly known, although various investi-
gator49a12:13’1bhave studied the transformation reaction. Laboratory test
work by Reynolds has shown that the conversion does not take place "inside"
the goethite crystal and that conversion must take place via the liquid
phase. This confirms Brown's(12)conclusions and the reaction can be de-
scribed therefore as:

2[Fe00H] + (liquid phase) - [Fe;03] (15)

The liquid phase is believed(lato be sodiumferrite.

The reaction, therefore, should be viewed as two reactions, i.e. the

" dissolution of goethite and the precipitation of hematite.

The analogy with the behavior of silica should be noted.

The reaction(s) are influenced by the presence of some lime com-
pounds(g’lz,l jother compounds\’) and temperature. In the absence of lime
compounds, the goethite is not completel destroyed even at 300°C with
some bauxites in 30 minutes. This indicates that the lime compounds aid
of hematite.

the dissolution of goethite and not the precipitation

Furthermore, the goethite dissolution would be proportional to the
specific surface area available and the precipitation reaction proportional
to the hematite specific surface area available.

The need for a hematite seed surface has been clearly demonstrated in
several tests done at a Reynolds laboratory(15l Bauxites with only goethite
as the iron phase take much longer to convert.

The initial slow rate of reaction for goethite conversion is caused
by the lack of hematite seed. Excessive addition of lime compounds and
increased temperatures do not seem to influence this initial rate much.

Goethite is isomorphorus with diaspore and Fe in goethite may be
substituted by Al up to a considerable amount (13,24), The mixed crystals is
called alumino-goethite or goethite-diaspore. [Fe(A1l)OOH].

The destruction of goethite becomes more difficulélg)with increased Al
substitution. Furthermore, the Al to Fe ratio in the alumino-goethite is
not uniform for any given bauxite, but may vary from crystal to crystal, or
the ratio changes during breakdown. This was demonstrated by several
;esearchers(1§ by analysing the Al to Fe ratio in the unconverted portions
‘'of alumino-goethite bauxite after several time intervals. The last
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fraction of goethite to be converted contained a higher Al to Fe ratio than
the first fraction.

This indicates that in order to take the full advantage of the alumina
extraction from the conversion, it is important to complete the conversion.

However, Al can also be substituted for Fe in hematite. The maxi-

mum possible substitution(28(12.5 mole %) is lower than in goethite (33 mole
%). Reynolds has not found significant substitution of Fe in hematite(28),

High Temperature, High Caustic Concentration

Although the European plants use these conditions to digest boehmite
bauxites as well, the reason for mentioning this type of digestion condition
is that these are required to digest diaspore.

Diaspore being chemically identical to boehmite should exibit the
same A/C equilibrium in liquor. The activation energy (ky) however is so
high that significant rates of dissolution can only be achieved at high
temperature, 250°C and higher, high caustic concentration and only in the
presence of considerable quantities of lime.

Reynolds studied the extraction of some Chinese diasporic bauxite and
determined that extraction can be completed in 2 hours. Also that temper-
atures over 270°C have little effect on the rate indicating that diffusion
processes take over rate control at that temperature,

Figure IX shows results of two series of tests determining overall
extraction versus temperature for two different retention times.

It should be mentioned that diaspore digestion could be followed by
sweetening by boehmitic bauxite to increase liquor productivity.

Reactor Design

General

The reactor needed to digest the bauxite should theoretically be of
a different design for the dissolution reactions only, as compared to the
conversion type reactions.

After initial mixing of all ingredients, the dissolution reactions
would be completed most readily under plug flow conditions, and agitation
would make little difference as long as all solid particles are freely sus-
pended in the liquor, and temperatures do not exceed say 230°C.

For the conversion reactions, a feed-back flow reactor would be desir-
able to provide seed, and agitation in the reactor may be of benefit.

The residence time distribution of a reactor with a large feed-back
flow is similar to that of an ideally mixed reactor.

For the same average residence time t the Residence Time Distribution
(RTD) can be compared graphically as in Figure X.
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Schematic Representation of RTD

To accomplish both dissolution and conversion reactions, a reactor
with an intermediate RTD should be desirable, combining sufficiently long
average residence time t with reasonable precipitous RTID but allowing for
some back mixing for seeding.

Known digestion reactor designs are as follows:

1. Small number of large vertical vessels in series with L/D >6
without agitation.

2. Small number of large vertical vessels in series with L/D >6
with large number of agitated compartments.

3. Large number of small vertical vessels in series with L/D >6
without agitation.

4. Large number of small vessels in series with low L/D with
agitation.

5. Large number of small vessels in series with low L/D without
agitation (including horizontal vessels with a slow moving rake).

6. Tube digester.

These can be summarized into three basic types:

a. Plug flow reactor.
b. The series of unstirred partially back mixing reactors.
c. The series of fully mixed reactors,

There were other criteria for reactor design such as scaling and sands
accumulation. The development of digester vessels in the USA started with
small horizontal vessels with slow paddle type rakes that aided sands trans-
port and reduced scale formation. After the technology of predesilication
was developed it was found that scaling in digestion reduced considerably.
With the later developed vertical unstirred vessels the problem of sands was
eliminated without the need of a rake. Thus scaling rate and sands accumu-
lation are no longer criteria for digester vessel design.

The Plug Flow Reactor (Tube Digester)

This reactor will behave exactly as the bomb digest results will
predict. Both alumina extraction and conversion reactions will require
the same time in the plug flow reactor as in the laboratory bomb for the

same percent of completion, providing the temperature is kept below the
value where the reaction is rate-controlled.

At higher tempgé%fures the high velocity tube digester will show
shorter required ti; forcomplete extraction than a gently stirred or frotat-
ing laboratory bomb. Without added residence time at final temperature, it
may give relatively low extraction of coarse crystalline boehmite and dia-
spore. High goethitic bauxites (Jamaican) digested in a tube digester would
result in poor settling mud because goethite will almost not convert to
hematite. Very little quartz dissolves in a tube digester due to its short
residence time.

The Unstirred Partially Back Mixing Reactor

The RTD in unmixed vertical vessels is very difficult to determine
theoretically. A frequently used model for the RTD in such a vessel is the
diffusion mode1(1%) The model uses a parameter D called axial dispersion
coefficient (mz/sec) indicating the degree of back mixing in the vessel,
similar to the diffusion coefficient in Fick's diffusion rate law.

/D

This diffusion coefficient is used in a dimensionless group (ﬁf
where u & the average axial velocity in the vessel (m/sec) and L the length
(m). ——2 is called the dispersion number and for the same flow and volume

DY 8t
ul

The RTD is best described by the variance 02 since this property is
additive for vessels in series, thus:

nversely proportional to the square of L.

2 0, _n
0 =12 ¢ andt=1% t (16)
i i i i
, where 02 = variance for the individual vessels and t = the average resi-
dence timé in the individual vessels.
It can be shownd?that for the diffusion model:
2 2 _ . [p p) 2 —uL/D
Oy = 22 = 2(;L> - 2<;L) 1 -e ) 17)
T

02 can be determined by experiment only. Using the measurement of the
concentration of an inert substance (pulse injected in incoming stream) in
the outgoing stream on a regular time interval (say 5 minutes) 0% can be
approximated as:

n
I .2 —2
2oo fT G A% - (18)
T n
z ¢ Aeg
(o]

Once 02 is determined this way, (é%) can be calculated by trial and
error method from equation (17).
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For the simple low order dissolution reactionézz)with a reaction rate
Kr, it can fyrther be shown(19that the volume (V) of a vessel with diffu-
sion number T compares approximately with the volume (Vp) of a plug flow
vessel, for the same average of completion of the reaction as follows:

t

‘p

Y
v
P

(19)

{%%j) becomes very small (tube

= L& ﬁL)

As expected, V becomes equal to Vp when
digester).

The Series of Fully Mixed Reactors

The RTD of an ideally mixed vessel or a series of ideally mixed ves-
sels can be determined quite accurately from mathematical equationslg’4’2l2

The variance of a series of (N) ideally mixed vessels is:

—2 — e
02 =N t; or for equal size vessels and since, t =N x ty
-2
2 t
ot = (20)

It can also be shown(19that for a low order reaction, such as boehmite
dissolution, with reaction rate_ (K;), we can relate the necessary average
volume (Vy) or residence time (ty) to the plug flow volume (VP) or resi-~
dence time (tp) for an identical degree of completion is:

VN t

(21)

The simple mathematical relation will predict actual digester behav-
ior from bomb analyses fairly accurately without the need for measurement
of actual RTID's.

Comparison of Reactors for Dissolution Reactions

Comparing formulas (19) and (21) gives the relation between one
unstirred reactor and mixed flow reactors in series.

VN equals V when:

Ko B
w T KT(:L‘)
or N = €%£;> (22)
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So far, it has been concluded that, for say boehmite extraction,
both the unstirred partial back mixing reactor and the series of ideal
mixed reactors need more average residence time than the plug flow reactor
(bomb) for the same degree of completion, and that a series of N mixed
vessels will give the same results as a similar total, but unstirred,
volume for certain values of N depending on the geometry of the unstirred
reactor.

Example Digester Comparison., Consider one vessel with t = 15 minutes
continually fed, while a tracer or other pulse is added at time O.

Results taken at 5 minute time intervals are as follows:

Time t{ Ci (concentration of tracer)
(o} 0
5 3
10 5
15 5
20 4
25 2
30 1
35 0
Itj€4 =5x 34+ 10x 5+ . . . 30x1= 300min.
££42C{ = 25 x 3+ 100 x 5 . . 900 x 1 = 5440 min.?
9 _ 5450 (300)2  _ . 2
o 20 T20)Z 47.5 minutes
2
2 _ O _ 47.5 = 0.211
%9~ F2 (15)2 '
2 201 = e 2 (2)° £l = =T
Oy, = s - uL) uL &

ApproximateCﬁ%:> by ignoring the second term-*(l%b = 0.106

u

Trial and error using second term—*(%%) .120
u

How does this vessel compare with a series of mixed reactors with a
total average t = 15,

sk,
.120

={ uL}= 8
From (22) N é_ﬁ)

In words, if the unstirred reactor were divided into 8 ideal mixed
compartments, the RTD and boehmite extraction would be about the same.
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Comparison of Reactors .for Conversions Reactions

The conversion reactions (desilication, goethite to hematite, gibbsite
to boehmite, etc.) are all affected by initial seed surface area of the
solid product as mentioned before.

Under plug flow conditions (laboratory bomb), the initial precipitation
reaction rate is proportional to the seed surface, or:

dp
~—P
dt

2
= 3

U.P

P (23)

;,where Pp is the amount of product (plug flow conditiomn), o is a constant
(called "surface independent rate"), t is the unit of time.

Integration gives:
1

p 3
P

1

1 3
30t + Py

(24)

Where P, is the initial effective quantity of product (seed).

Equation (24) describes the initial hematite formation at high tem-
perature digestion, boehmite precipitation, or DSP formation, all taking
place in the laboratory bomb or plug flow reactor.

Under partially mixed flow conditions (one partially mixed, constant-
ly fed, and discharging vessel) a small quantity of reacting mass can
imaginably be isolated, in which we can assume laboratory bomb conditions.

Imaginary Small Laboratory
Bomb Quantity

Figure XTI

Within this quantity, equation (24) will describe the initial forma-
tion of product.

However, when an ideal mixed vessel is sampled at any particular
point, the concentration of product (P) in the sample equals the con-
centration in the outgoing stream (Py).

Therefore, the feed to the vessel is immediately exposed to the seed
surface equivalent to that of P3 in the outgoing stream and the rate of
formation of P is linear with time.
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2
or, g%- =4.° Plj-and integrating gives
2
3
1

P=P

ot + Py (25)

,where Py is the effective seed quantity in the feed to the vessel.

t

The average residence time of the first vessel is t7, so for t 1°

P = Py, it follows that:

2
Py =P, +PFat (26)

This equation (26) is solved by trial and error by entering an arbi-
trary value of P; in equation (25) resulting in a fictitious value for
tl, etc.

To compare the overall rates obtained in the laboratory bomb with that
of one ideally mixed vessel using the same average residence time, or com-
paring formulas (24) and (26) it can be said that: if at becomes very
large compared to P, or at>>P, the formulas can be approximated by:

1
p?
P

1

n2

ot and

2 L

[

Pl3 at or P at

Py 1

Or dividing these approximations gives:

1
P1ls
Pp

1

This means that the maximum amount of product from a mixed flow
reactor can be as high as 27 times that from the plug flow reactor or lab
bomb for the same average time when seed surface is the only controlling
factor.

When the opposite is true or Po>>at it can be seen from equations
(24) and (25) that:

1

P3
o

ne

=P
o

and Pl

In other words, there will not be much difference between the amount
of product from the mixed reactor as compared with that from the laboratory
bomb,
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Analyzing the individual effects of P,, & and t it can be said that:

a. If the initial product P, (and therefore the initial seed surface
area) is small, the mixed reactor will produce relatively much
more than the plug flow reactor. While for large values of Py the g

charge of each stage as Py, Py, P3......P, and, realizing that the product

production will be about the same. ]
b. If the reaction rate (independent of seed surface), which is
represented in o, is very small, there will be little difference
between laboratory bomb production and the mixed vessel. And
also if a is very high then the mixed vessel will produce rela-
tively more. e o = 5 S b
™
c. If the time t is long, the mixed vessel will produce relatively
more. This means that one vessel with an average residence time
long enough, but not exceeding the period that the reaction is
seed surface area controlled, will produce more product than two i
or more mixed vessels in series with the same total residence H
time. This is demonstrated in the later example. Commensurate -
with this, it follows that for very short times t, there is very T
little difference between mixed vessel and the plug flow or lab-
oratory bomb, But this can alsc be deduced from the fact that a
plug flow reactor can be simulated by an infinite series of
mixed vessels.
P Py °
Apparently 1 < 1 < 27 and what == will be depends on o t and P,. To
p Pp ° N
get a feel for what will happen in a mixed vessel g must be determined from S i
the laboratory bomb test and P, analyzed or also calculated from the bomb nlo
test. = ™ .~
P 7 M =
To determine quickly an order of magnitude of effect, ?l has been =
1 p R =
calculated for a discrete series of ratios of 333 and plotted in Figure XII. e ] = N
ot - E 2R
This plot shows that a significant difference between Pj and Pp occurs only © 5:§ 2 = N
i 1 iy
ot 4 M
at O 8 w
1 ot 0
s % tw ot
Note: _O° was chosen because it is dimensionless, Fen g
ot O oo
™ op
T f7aw &
1
The curve (Figure XII) doesnot have enough resolution to de%ermine 3 gy S
Py Pyt EETE x
P, to more than one significant figure, in the area close to at = 1. 558 B
For thi? reason, Figure XIII has been added for better resolution when g ae
Pos ~1 e 5 E-‘ ';‘"
10< — < 10 —, ]
at = [ ® g c I FT.
2gie |
For a group of N mixed vessels, in series, the calculations need to be H & 3 E !
repeated for every stage. Assuming the product concentration in the dis- oA
o a
I |

concentration in the discharge of one stage is also the starting concentra-

tion for the following stage, it can be seen that:

2 2

2
= 3 3
P, Po + Pl at, + P2 at2 E T,

1 ot 27)

3
n n
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To compare Pp with Pp for the same overall time as given in P?% =
%—x o x It + Pd% the curves on Figure XII or XIII can be used instead of a
lengthy step-by-step calculation,

For the unstirred reactor still another step is necessary to compare
laboratory (plug flow) with actual product formation.

The RTD of the unstirred reactor is to be first determined in terms of

the variance 02. Using equation (17) the dispersion number o) is calcu-

lated from 02. The number of equal steps N of ideal mixing that will give
the same RTD, using the same overall volume and residence time, is then
determined using equation (22).

The product concentration out of this unstirred vessel is then calcu-
lated using equation (27) and, since t; = t2 = t3....= tp, the procedure
for the series of mixed vessels is repeated easily for each step using the
curves on Figures XII or XIII.

For more than one unstirred vessel in series this process of calcula-
tion is to be followed for each vessel,

Example Comparison and Methodology. Consider a laboratory bomb (plug
flow) in which a seed surface controlled reaction takes place. The initial
product Po = .10 (arbitrary units). After 5 minutes of holding at tempera-

ture the product is analysed as Pp = .20,
1 L
Equation (24) gives (.2)3 = % xo x5+ (.1)3 or o= 0.073 and
1
Pod _ _ 1n-1
T 1..25 10

A fully mixed reactor with an average residence time of 5 minutes fed
continuously with the same material as was put in the laboratory bomb would

produce Pg.

According to Figure XIIT, for g%_.— 10°

= 1,25 or Pg =1.25x .2 = .25

ok

Were the reaction in the bomb to continue to 10 minutes, using the
same o = .073 the product would analyze as Pp = .36,

A larger mixed reactor with 10 minutes average residence time would
produce PlO- J .
Po3  _ -.2

From Figure XIII, for .63 = 10
at

= 1.83 or Py = 1.83 x .36 = .66

ME
>
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Similarly it can be shown that two mixed vessels in series each with ; time,hours Na,C03/8i0,
5 minutes residence time would produce P5 4+ 5 = ,48 (use P5 for P, in the

second vessel calculation). w3 .02
1 .03

These results are graphically given in Figure XIV, 3 .22

i 4 +29

| 12 41

The plotted data in Figure XV indicate that the reaction stopped to be
seed surface controlled after about 3 hours.

Equation (24) applied to the data for .5, 1, and 3 hours gives:

7
; () = 1 hour mixed reactor
6 @ = 2 hour mixed reactor
() = laboratory bomb
Product -5 ;@
' /
Na,CO03 .4 e g—— (D
SiOz //
I P
.3 /T (//)'r
.2 A \
/ |
H 13
f A 1 :
0 i | |
5 10
time in minutes 1 4 4
1 2 3 4 5 6 7 8 9 10 11t 12
Figure XIV time in hours
Graphical Comparison of Laboratory Bomb Figure XV
and Mixed Flow Reactor Results Desilication in the Laboratory and What it Would Be in a Mixed
Reactor
Case Studies
Determination of the Size of a Predesilication Reactor Vessel 1 5 % 1
(.02)3 = 23 XC, (Po)s
Assume that the bauxite for this particular case needs to be predesil-
. . : 1 1
icated prior to digestion. (.03)3 = 1 x3u_»+ (?;)3

The bauxite silica is 2.217. 1 3xa 1
(.22)s = 32X 4 (po)a
The laboratory has determined the desilication rate in-a laboratory

bomb held at 99°C for 12 hours and sampled at irregular intervals, Desili-
cation product is analysed by determining the Na,CO; to Si0, ratio in the

1
From these three equations, an average |Po3/of .20 is found indicating
washed residue. Results are:

that the equivalent initial DSP was Po = .0l (a Nazcoa/5102). The average.
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for o = .38.

Assume a fully mixed reactor was used in the first hour:

1
Po3 .20 -.28
0~ = 2. =
Txo .38 310
Figure XIII shows that E&_ =2.2 or P;=2.2x.03=.07.
P.
P

A fully mixed vessel with two hour residence time would have resulted
in P,.

The laboratory bomb would have shown .09 (calculated using equation
(24)),with Pgy = .2 and o = .38.

1
Po3 _ __ .2 _ qpmeb
ot .38 x 2 $26 = 10
D
from Figure XIII follows %2. = 5.2 0r Pp =5.2 x .09 = .47.
P

A three hour vessel calculates P3 = 1.40, but obviously this is
impossible (maximum Na2CO3/Si0s around 1,1)., Furthermore, the reaction
stopped being seed surface controlled at about .3.

Therefore the first desilicator should have a residence time of say
two hours and be fully mixed.

Determine if Boehmite Formation will be Significant at Low or Intermediate

Temperature Digestion of Gibbsitic Bauxites

A particular Australian bauxite was tested in the laboratory bomb,
Charged with liquor to achieve a .730 A/C ratio it was held for an exten-
sive time at design temperature. Boehmite analyses by TGA were done at
irregular intervals as follows:

time,hours Boehmite 7 of Total Alumina
1 3
2 .6
4 1.1
16 9.9
24 16.2

Applying equation (24) for the first two data pairs the effective
starting boehmite P, and the rate constant o were determined as:

Py = .13 and o = .51

For a digester vessel of one hour average time with a large degree of
backmixing, Figure XITI indicates that for:
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1
Po3 _ .30 _ _ 14=0.01
%  slxl T c9®-10
th
3 5= =1.33 orP) = 1.33 x .3 = .47 boehmite
P
This is not very significant,
The test was repeated for ome hour and a charge A/C ratio of .745.
The bomb mud analyzed at 5.9% boehmite (of total alumina).
1
Equation (24),(5.9)3 = N%, + .50 gives o = 3.92
P+ -.9
A one hour digester vessel as before, for “o0% = _.5 = .13 =10 "
5 x ot 3.92
would, according to Figure XIII give _1 = 11 or Pl = 5.9 x 11 = 657 boehmite.

Pp

Thus, the charge of only ,015 A/C over .730 could lead to disastrous
results,

Conversion of Goethite to Hematite In a Series of Three Partially
Backmixing Reactors as Compared to in a Laboratory Bombl>

The bauxite tested in the laboratory and in the plant contained iron
of which 33% was hematite(H) and 677 goethite(G). Temperature, lime charge,
liquor, and bauxite charge were kept identical.

The laboratory bomb experiment showed the following G-H conversion,
also plotted in Figure XVI.

time,minutes % Converted to Hematite

30 14
45 32
90 83
120 89

From these values the effective starting H seed quantity and plug flow
reaction rate o were determined, The 30 and 45 values were used only
assuming that this reaction up to 45 minutes was still seed surface con-
trolled. Applying the data pair to equation (24): Pp%-= 9%. + Pd%

results in an effective starting seed quantity P, of only .7% and o = .15.

The real digesters have a retention time of 15 minutes. Assuming

fully mixed condition, it can be calculated that for:

1

= .
PO effective ) .89 - o= 10*0!4
at 3 x 15 k B
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,according to Figure XIII the ratio of the products converted H con-~
centration out of the digestor (P15) over the bomb's converted H concen-
tration for the same 15 minutes Ppj5:

Pis

= 3.0
Pp15

Ppls using the effective seed quantity P, is 4.4%.
The predicted value out of the first digester therefore becomes:
3.0 x 4.4 = 13.2%

Using this as the start for the second vessel it can be calculated
that for:

1

P 3
o 166 . . .14
at " I5xis "2 =10

,the ratio of product H concentrat?fn out of the second vessel(?3é)

over a 15 minutes bomb H concentration Pp30 :
P30 -1
Pp30

P,30 from equation (24) using P, = 13.2 calculates to be 30.1 or
Pyg = 1.6 x 30.1 = 48.2.

Using this as the start for the third vessel it can be calculated
that the concentration out of the third vessel would be Py5 = 95.6%.

During the plant tests all three vessels were sampled and the mud
analysed for converted hematite.

The results are plotted in Figure XVI.

As can be seen the calculated predicted values are higher than the
actual plant results. However, the real vessels are only partially back-
mixing reactors. A more rigorous calculation using the RTD of the actual
vessels may give closer predictions,

Note that the importance of backmixing is most pronounced in the
first vessel.

From Light Metals 1981, Gordon M. Bell, Editor

100

90

80

70

60

%

Converted 5q

G to H

40

30

20

10

X

yd

//’

/ ® laboratory bomb
X A field data
/ X predicted value
/v
A
£
2 3
70 20 30 40 50 60 70 80 90 100 110 120
time in minutes
Figure XVI

Conversion of Goethite to Hematite inm A

Laboratory Bomb as Compared to Predicted

and Actual Field Results

347



EightiMctals]

Acknowledgements

Special thanks are extended to Messrs. E. Bruce Teas, John C. Rushing,
Lester A. D. Chin, and Bernie F. Armbrust for critically reviewing the
manuscript and to Kathy S. Duke for the preparation of the paper.

T also thank Reynolds Metals Company for permission to publish this
work.

348

1)

2)

3)

4)

5)

6)

7)

8)

E))

10)

11)

12)

13)

14)

15)

16)

17)

From Light Metals 1981, Gordon M. Bell, Editor

References

Russell, Edwards and Taylor, "Solubility and Density of Hydrated
Aluminas in NaOH Solution," Journal of Metals, October 1955, p. 1123.

K. Bielfeldt, "Practical Experience with the Tube Digester,'" paper
presented at TMS-AIME Annual Meeting, New York, New York, February 1968.

Maslenitiski, "Autoclave Processes in Alumina Production,'" Izd.
Metalurgiya, Moscow, 1969.

Winkhaus, G., "Measurements by Means of Radioisotopes in Industrial
Tube Digester and Autoclave Lines of Bauxite Plants,'" Proceedings
ICSOBA, Volume 3, pp. 147-157, 1971.

Perry, '"Modification to Bauxite Digestion,' Proceedings ICSOBA,
Volume 1, pp. 43-57, 1970.

E. Hermann, Z. Anorg. Allgem. Chem., 1953, 274, pp. 81-104.

Packter, "Studies on Recrystallized Aluminium Mono-Hydroxide Precipi-
fates.ea oy e ," Colloid & Polymer Science, 1976, 254, pp. 1024-1029.

Scott, B. A., "High Pressure Extraction of Bauxite,”" Research
Laboratories, The British Aluminium Co. Ltd., Report RL68155,
February 1969.

Solymar, et al., "Digestion of Hungarian Bauxites with Additives,"

Travaux (ICSOBA), No. 13, 1976.

Wefers, K., Zur Chemishen Technologic des Bauxitaufschlusses,
Metall, 5,21, 1967, pp. 422-431.

Wefers, K., Oxides and Hydroxides of Aluminum, Alcoa Technical Paper
No. 19, 1972.

Brown, N., et al.,"Some Studies of the Iron Mineral Transformation
During High Temperature Digestion of Jamaican Bauxite,' paper presented
at the TMS-AIME Annual Meeting, Dallas, Texas, 1974.

King, W. R., "The Iron Minerals in Jamaican Bauxites,'" paper presented
at TMS-AIME Annual Meeting, New York, New York, March 1971.

Glastonbury, R. R., "Kinetics of Gibbsite Extraction," Adv. Extract.
Metall. Proc. Symp. 1967, (Pub. 1968), pp. 908-17.

Sherwin Laboratory Test Reports 4162, 4221-3, 4040, RMC Internal
Information, 1974-1976.

Pereza, L. V. et al.,"Quantitative Dependence of Gibbsite Solubility
on Solvent Concentration and Temperature in the Na;0-Al,03-H,0 System,"
Tr. Init. Met. i Obogasheh, AN Kaz SSR, 50, 88-90, 1975.

Goldman, M. M. et al.,"Behavior of Iron Minerals in the Bayer Process,"
Tr. In-ta Metall. Obogasheh, Ahad-Nauk-Kaz. SSR 44, 1972, 96-101,
Translation ANHD.




18)

19)

20)

21)

22)

23)

24)

25)

EightiMctals]

Solymar, K. et al.,'"The Role of Material Science in the Technological
Development of Alumina Production,'" Light Metals 2, 1978, pp. 51-68.

Levenspiel, 0., "Chemical Reaction Engineering,'" 2nd edition, John Wiley
& Sons, 1972.

Solymar, K. et al.,'"Characteristics of the Digestibility of Bauxites
by Means of Infrared Spectrophotometry," International Committee for
Study of Bauxites, Oxides, and Hydroxides of Aluminum, 1974, No. 12,

Separatum, Budapest.

Bujdoso, E., "Calculation of the Real Residence Time Distribution of
Fluid in Tanks in Series,'" Proceedings ICSOBA, Volume 3, pp. 159-161,
1971.

Scotford, R. F. et al.,'"The Effect of Concentration on the Rates of
Dissolution of Gibbsite and Boehmite,'" Can. J. Chem. Eng. 49, 1971,
pp. 611-616 and 50, 1972, pp. 754-758.

Korcsmaros, Ivan., "Kinetics of Digestion of Boehmite," Banyaszati es
Kohaszati Lapok-Kohaszat, Volume 109, No. 9, pp. 413-419, 1976.

Solymar, K., "Recent Results in the Chemistry and Modelling of the
Bayer Process,' Proceedings ICSOBA, Volume 3, pp. 45-65, 1971.

Korcsmaros, Ivan., '"Computerized Evaluation of the Operation Mechanism
of Digester-Lines in Alumina Plants by Mathematical Modelling."
Proceedings ICSOBA, Volume 3, pp. 189-205, 1978.

349

From Light Metals 1981, Gordon M. Bell, Editor






