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FOREWORD

This report was prepared by Kaiser Engineers, Oakland,
California, under USBM Contract J0265048. The contract
was initiated under the Metallurgy program. It was ad­
ministered under the technical direction of Reno Metal­
lurgy Research Center with Gerald.B. McSweeney acting
as Technical Project Officer. Ronald J. Simonich was
the contract administrator for the Bureau of Mines.
This report is a summary of the work recently completed
as a part of this contract during the period October,
1976 to September, 1977. This report was submitted by
the authors in September, 1977. The report contains no
patentable features.
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SUMMARY:

-.-f4

PRINCIPAL CONCLUSIONS AND RECOMMENDA TrONS

The purpose of this study was to review the technical and economic merits
of six alumina processes based on domestic nonb.fbxitic ores and choose
the best two processes for further study.,:,>

The six processes reviewed were:

• Clay/Nitric Acid
• Clay/Hydrochloric Acid using EvaporativE; Crystallization
o Clay IHydrochloric Acid us ing Gas- inducea C rys tallization
• Clay Sulfurous Acid
• Anorthosite/Lime-Sinter
o Alunite/Reduction Roast - Bayer Extraction

Based on capital and operating cost estimates, together with a technical
analysis of each process, the study shows that the hydrochloric acid pro­
cess using HCl gas-induced crystallization and the hydrochloric acid
process using evaporative crystallization have the lowest cost and are
therefore recommended for further study in Task 2.
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1. INTRODUCTION

Practically all the aluminum produced in the U. S. today is based on
mining bauxite, converting it to alumina, and refining the alumina to
aluminum. Currently, the only domestic bauxite source for the U. S.
alumina industry is in 'Arkansa-s. Worldwide deposits of bauxite in­
dicate no international shortage, although in the first half of the 1970's,
major bauxite-producing cQuntries have raised the price of their baux­
ite exports 300 to 400% through taxes and levies. Thus, economic and
other considerations raise some doubts as to the continued availability of
adequate bauxite supplies to the U. S. at acceptable prices. This has
spurred the search for domestic alternatives to bauxite.

This report is concerned with the producing of alumina from non-bauxitic

domestic ore raw materla:ts through six possible alternative processes.
As an out~rowth of the long-term program of research on technologies

\

for extracting alumina from domestic resources, ithe Bureau of Mines be-
gan on July I, 1973, a mini-plant project to evaluate processes for re­
covering alumina from these resources. The purpose of the mini-plant
project is to test and develop the most promising processes in a small
scale pilot plant operation which would provide technical and economic
data nec essary for scaling up to commercial- size plants and for
making rational decisions for selecting the alumina proces s technology
that should be used in a 10 - to 50 - ton- per- day pilot plant. Subsequent!y
in January 1974, companies having an interest in producing alumina were
invited by the Bureau of Mines to join the mini-plant project on a coopera­
tive, cost-sharing basis. Ten companies joined the program which is
being conducted at the Boulder City Engineering Laboratory of the Bureau
of Mines.

On September 30, 1976, the Bureau of Mines awarded Contract Number
J0265048 entitled llAlumina Process Feasibility Study and preliminary
Pilot Plant Design" to Kaiser Engineers in Oakland, California, with
Kaiser Aluminum & Chemical Corporation as subcontractor. The work
under this contract is divided into three distinct, separate, and consecu­
tive tasks spanning a period of approximately 2.7 months.

This report covers the first of these tasks - - Task 1. The objective of the
task is to reduce the number of candidate processes from six to two. The
six conceptual processes studied under this task are:

I-I
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• Clay/Nitric Acid
• Clay/Hydrochloric Acid (Evaporative Crystallization)
• Clay/Hydrochloric Acid (HCl Gas Induced Crystallization)
• Clay/Sulfurous Acid
• Anorthosite/Lime - Sinter
• Alunite /Reduction Roast - Bayer Extraction

The basic technical and process data for the study was provided by the
Bureau of Mines from data developed in the mini-plant program and also
from past reports. In addition, technical and economic information was
drawn from other published and unpublished sources and from the ex­
perience of Kaiser Engineers and its subcontractor, Kaiser Aluminum
& Chemical Corporation. The references containing the information used
in this report are listed in the Appendix.



2. 1 TECHNICAL COMPARISON OF THE SIX PROCESSES

Following is a summarized technical comparison of the six proces ses
which are the subject of this report. Comparative costs presented
elsewhere are a quantitative expression of part, but not all, of the
information presented below.

2. 1. 1 Alumina from. Clay via Nitric Acid Extraction

(1) This proce s s employs nitric acid as the primary leaching reagent
which is m.ore costly and is expected to increase in cost relative
to hydrochloric acid.

(2) The relative instability of the nitrate group results in some un­
avoidable nitrate losses as N 2 and N 20.

(3) No fully satisfactory m.ethod of iron removal is known to be
available. The use of ion exchange creates large stream.s con­
taining HN03 and HCl. The use of sub stoichiometric HN03
leaching would require a considerable amount of additional
equipment.

(4) The apparent poor separation factor in crystallization may
require either a large crystallizer bleed stream. or m.ultiple
Al(N03 )3· 9H20 crystallizations. Optim.ization of the crystalliza,.
tion section of the process would require extensive further study.

(5) This process requires that all H 2 0 in which Al(N03 )3· 9H20 is
dissolved be evaporated in a step not necessary in the base case.
The base case is defined in this report as the HCl/Clay-HCl
gas induced crystallization process.

(6) The heat requirem.ent for decomposition of Al(N03)3· 9H20 is
approximately 50% greater than for decomposition of AlC13· 6HZ 0.

(7) The oxidizing nature of nitric acid is likely to cause metallic
corrosion problems in the presence of even small amounts of
chlorides unavoidably introduced from. a variety of sources.

(8) Environmental control problems include the elim.ination of
nitrate losses to groundwater and removing NOx from stack
gases to meet environmental requirements.

Z-1.



KAIISER
ENGINEERS

20

2. 1. 2 Aluminum from Clay via Hydrochloric Acid Extraction - Evapora­
tive Crystallization

(1) The process has been expressly designed for U. S. clays which
are readily soluble in hydrochloric acid after an activating cal­
cination and which have high ratios of acid- soluble alumina to
acid- soluble metallic oxide impurity contents in the ente ring
clay. The proce.ss can accomrrlOdate, with only minor increas-
es in processing costs, reasonable amounts of silica and other
acid- insoluble impurities which reduce the grade of many other­
wise good U. S. clays. It can accommodate, with modest in­
creases in proces sing cost (becaus e of the nature of the iron re­
jection process employed), clays containing somewhat increased
amounts of acid soluble iron. Processing costs will also increase
with increasing ratios of acid soluble alkali and alkaline earth
metal oxides to acid soluble alumina in the entering clay.

(2) Hydrochloric acid as a primary extractive reagent is likely to
remain stable in cost. In addition, C 12 employed to oxidize
ferrous iron to the ferric state eventually reports as makeup
HCl. It is possible, especially with some raw materials, that
this latter source could provide all required makeup HCI.

(3) Hydrochloric acid is chemically stable under all process condi­
tions. HCl vapor produced by thermal decomposition of
Al C 13 , 6HzO may be recovered by condensation/absorption in
water. Equilibrium partial pressures of Bci over dilute solu­
tions of HCl are low, simplifying the recovery of HCl diluted
with inert gases.

(4) A significant breakthrough in the use of hydrochloric acid as a
leaching reagent is the recen t availability of a solvent extrac­
tion system for iron removal which permits production of
alumina with a satisfac.tory iron content. Thi5 method enjoys
the advantage of using very dilute HCl to strip the iron from
the loaded organic solvent.

(5) Only one hydrate, AlC1 3 ' 6H20, is formed upon crystallization
of aluminum chloride fr om aqueous solution. This hydrate
does not melt in its water of crystallization and requires only
approximately 2/3 the heat for decomposition as is required
for Al(N03 )3' 9H20.
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(6) One advantage of the AlC13 ' 6HZO crystallization system is that
sufficiently pure crystals can be precipitated from aqueous
solutions containing some dissolved metallic chloride impurities.
This in part is because most metallic elements, with the ex­
ception of alkalis. alkaline earths, and aluminum, tend to form
soluble anionic chloride complexes in the presence of high
aqueous chloride concentrations. For these reasons it is ex­
pected that only a single crystallization of the AlC~3' 6H ZO will
be required with only a modest crystallizer bleed stream for
soluble impurity control. Optimization of the crystallizer. pro­
cess section would require a considerable amount of additional
study prior to design of a demonstration scale plant.

(7) The endothermic decomposition of AlC13 ' 6HZO may be carried
out by direct contact between hot combustion product gases and
the crystals undergoing decomposition. However, the presence
of combustion product gases in admixture with the gaseous
products of the decomposition increases the cost of equipment
required for subsequent condensation of acid, and economic.ally
limits the concentration of the recovered acid to approximately
20% HCl. Additionally, in recent .years the cost of clean fuel
for. the AlC1 3 ' 6HZO deaomposltion has risen dramatically in
comparison with the cost of other fuels such as coal which are
su~table energy sources only when .the combustion products do
nt?t corne into, direct contact with the product alumina.

A considerable amount of further study and pilot scale, develop­
ment work would be required prior to the design of a cost­
effective direct fired thermal decomposition process section.

(8) The 20% HCl recovered in the acid condenser is not suited to
washing AlC13' 6Hz.O crystals because of their substantial solu­
bility in acid of this concentration. Condenser acid to be used
for crystal washing would require fortification to approximately
35% HCl.

(9) In the evaporative crystallization process all of the water in the
leach liquor must be vaporized. This results in a considerably
higher evaporation load compared to the HCl process using HCl
gas sparging to promote crystallization.

(10) This process has the advantage of sirnpler technology in the
salt decomposition phase.
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(11) Its most important disadvantages in cDmparison with HCI
-leaching- - HCl gas induced c rystallization-. indirect fired-

decomposition are the higher evaporation requirement and the
questionable future availability of a clean fuel for the direct­
fired thermal decomposition step.

Z. 1. 3 AluITlina froITl Clay via Hydrochloric Acid Extraction - HCI Gas
Induced Crystallization (Base Case)

(1) Process characteristics 1 through 6 inclusively, as listed under
Z. 1. Z BCL-Evaporative Crystallization, apply equally to this pro­
cess. It is however expected that iITlpurity rejection discussed
under nUITlber 7 of that process will be improved by the eITlploy­
ITlent of HCI-induced crystallization, since the forITlation of
soluble iITlpurity ITletal chloride cOITlplexes is enhanced in the
pre sence of hydrochloric acid and because the ionization of
sITlall aITlounts of H 3 P04 and HZS04 expected to be present will
"be suppressed in the presence of HCl. The crystallization
step has been demonstrated successfully; however further pilot
scale study will be required before the design of a deITlonstra­
tion plant scale HCI-induced crystallization section be under­
taken with confidence.

(Z) After the crystallization step, the crystals of AlCI3· 6HZO are
separated froITl the ITlother liquor. This mother liquor is re­
cycled to the leach step as liquor and doe s not go through the
vapor phase as with the evaporative crystallization process.
This method reduces the amount of evaporation required in
this process compared to the HCI process using evaporative
crystallization.

(3) This process requires HCI gas of at least 95% concentration for
precipitation of AlC13· 6HZO. The ITlost practical way to produce
this gas in the required amount is partial condensation of vapor
rich in HCI and containing at ITlost only sITlall aITlounts of non­
condensibles. This, in turn, requir.es that at least 90% of the
therITlal decoITlposition of the AICI3· 6HZO be accomplished with­
out ITlixing the HCl/HZO gaseous decoITlposition products with
COITlbustion products.

Z-4
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(4)

(5)

(6 )

(7)

23.'

An extensive prograITl of developITlent effort to obtain design
inforITlation ITlust be carried out before the design of a demon­
str-ation scale, indirectly fired decoITlposer can be undertaken
with confidence. However, there is reason to believe the design
and construction of such equipITlent is possible. It is believed
that the required equipITlent has been designed and constructed
and is operating in France.

To reduce the iITlpurities in the product aluITlina the AlC13 • 6H2 0
crystals ITlust be washed free of ITlother liquor. The 35% hydro­
chloric acid is used for this purpose because of the low solubili­
ty of the crystals in this concentration. The 35% HCl can be
produced by partial condensation of the gases leaving the indirect­
fired decomposer.

The HCl induced precipitation technique ITlay be eITlployed to
ITliniITlize alumina losses in the bleed streaITl. Subsequently,
distillation in the pre sence of a high concentration of waste
chlorides should perITlit alITlost cmnplet~ recovery of Hel in
the bleed streaITl.

The condensation of acid in the absence of inerts and exotherITlic
operation of the priITlary crystaUfzer perITlits recovery of heat
at teITlperature s high enough to be useful in evaporation or dis­
tillation, with the possii:'ility of SOITle reduction in the total pro­
ces s heat requireITlent.

The primary disadvantage of this process is the requireITlent
for development of indirectly fired decomposition equipment.
Since questions of long terITl availability and added cost of
clean fuel may eventually require the development 6f an in­
directly heated decomposer capable of firing with coal for any
acid process, this disadvantage ITlay be short- term on~y.

2. 1. 4 AluITlina froITl Clay via Sulfurous Acid Extraction

(1) Sulfur dioxide is a gas exhibiting only liITlited solubility in water;
in addition, sulfurous acid is a weak acid. The consequences
are:

(a) Pressurized leaching of calcined clay for a relatively long
period of tiITle is necessary to secure even a cOITlparatively
low aluITlina extraction.

2-5
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(b) The alumina concentration of the leach acid solution is com­
paratively low.

(c) Most of the sulfurous acid section of the process must be
operated under elevated pressure.

(2) The relative instability of aluminwn sulfite permits the hydro­
thermal precipitation of alumina trihydrate which is advanta­
geous. However. the sulfurous acid proces s s:ection offers no
means of separating iron or other impurity metals in solution.
and even the separation of silica is incomplete. Hydrothermal
precipitation of first a basic sulfite and then the trihydrate oc­
curs in the presence of at least a part of these impurities.
Consequently. no way is known to produce alumina trihydrate via
sulfurous acid extraction that is pure enough to meet reduction­
grade specifications without subsequent purification by means of
a modified Bayer process.

(3) Sulfur in aqueous solutions as S03= dissociates to sulfate and
sulfur relatively easily. In practice. this occurs during auto­
claving. These chemical reactions cause substantial sulfur
losses, processing difficulties in the Bayer refining section.
and environmental control problems.

(4) Energy requirements are relatively high because of the need for
two processes--a sulfurous acid process plus a modified Bayer
process. The main energy users are the sulfurous acid auto­
claving sections.

(5) The equipment required to put all of the alumina into solution
twice, once in H2S03 and once in NaOH, results in high capital
cost.

(6) The process as defined discharges a large waste stream in the
form of the mother liquor from the crude alumina trihydrate
filtration. This stream most likely contains sulfur in various
forms and would be an environmental problem.

2. 1. 5 Alumina from Anorthosite via Lime Sinter Process

(1) Anorthosite was originally attractive as a possible alwnina
source, because enormous reserves exist and because it is
reasonably high in alumina grade. However. approximately

2-6
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two units of limestone must be provided for each unit of anor­
thosite to make sinter feed, with the result that the total amount
of sinter feed per unit of alumina produced becomes quite large.
The quality of the limestone is also very important.

(2) Both the limestone and anorthosite must be very finely ground
and proportioned with great accuracy to secure a satisfactory
sinter; the grinding is energy intensive and the accurate blend­
ing difficult.

(3) The sintering process is very energy-intensive.

(4) It is very questionable whether decrepitation ("dusting" of the
sinter into fine particle s) can be secured by controlled cooling
of the sinter on an industrial scale. Fine sinter particle size
is required for leaching of the alumina values.

(5) There is no known practical solution to the problem of gelation,
the possibility that solids undergoing leaching or settling may
set up into a hard, concrete-like mas s.

(6) It is questionable whether alumina of reduction-grade quality
can be manufactured.

2. 1. 6 Alumina from Alunite /Reduction Roast - Bayer Extraction

(1) Mine-run alunite ore is low grade with respect to alumina, re­
quiring the processing of at least eight units of ore per unit of
alumina.

(2) The key front- end step, reduction roasting, appears capable of
removing by reduction under optimum conditions only about 85%
of the S04 associated with alumina. Even under these condi­
tions a substantial fraction of the alumina is rendered caustic­
insoluble.

(3) Unreduced sulfate associated with aluminum must be removed
by leaching with dilute KOH or NH40H. K2S04, originally a
part of the alunite structure, is removed in the same leach.

(4) The proces s of solfataric alteration of feldspathic rocks, which
creates alunite, is likely to create kaolinic clay and reactive
silica in close association with it. Alumina and soda losses as
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desilication product in the modified Bayer section of the proces s
may be considerably higher than the values used in preparing
the operating cost estimates. It may be difficult to make prod­
uct specifications due to possible problems in desilicating the
pregnant liquor adequately.

(5) The process as discussed here produces three products, namely
alumina. potassium sulfate and sulfuric acid, all of which must
either be marketed or disposed of economically.

(6) Known reserves of alunite are small in comparison with re­
serves of alumina in other nonbauxitic almninous materials and
are very restricted in geographic location.
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2.2 ECONOMIC COMPARISON OF THE SIX PROCESSES

Tables 3-1, 3-2, and 3-3 in section 3 compare the operating and
capital costs for five processes against the base case, HCI/Clay with
gas induced crystallization. This section of the report discusses the
cost differences between each process and the base case as shown in
Tables 3-1, 3-2, and 3-3. Only the significant differences in cost
are discussed here.

Minor variations in ore cost between the four clay proces ses arise
from differences in extraction efficiencies and alumina losses. The
cost of alunite ore is considerably higher than for clay, largely be­
cause of greatly increased usage despite savings in overburden hand­
ling costs. The cost of anorthosite ore is less than for the base case
clay process despite increased usage and certain other costs, because
there is virtually no overburden to be handled in the anorthosite case.

2.2. I Base Case: Alumina from Clay via Hydrochloric Acid Extraction ­
HCI Precipitation

The base case has the lowest operating and capital costs among the
six processes for several reasons.

(1) The leach liquor evaporation load is relatively low due to re­
cycling 26% HCl crystallization mother liquor back to leaching.

(2) The cost of ore and other reagents is generally lower than for
other processes.

(3) The crystallization step is based on HCl gas sparging and has
no. evaporative load.

(4) The heat of decomposition of AICI
3

· 6H
2

0 is relatively low
compared to the nitrate, but higher than Al(OH)3.

(5) 90% of the decomposition is done by indirect heating permitting
the use of coal, which is cheaper than oil.

(6) The indirectly heated calcination facilitates the subsequent
condensation of the decomposition off-gases due to the absence
of fuel combustion products. resulting in considerable cost
savings.
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(7) The iron removal step is relatively simple and effective.
is equally true for both Hel processes.

2.2.2 Alumina from Clay via Nitric Acid Proces s

2.2.2.1 Comparison of Operating Costs to Base Case: Table 3-1

(1) Reagent Costs

29

This

Reagent costs for this process are $21.65 per ton of alumina
greater than the base case. The reason for this difference
is the relatively high usage of nitric acid by this proces s
in its assumed form. Nitrate losses occur in the solvent
extraction section and in waste solids washing. An additional
nitrate loss results from decomposition of nitrate and NOx
to elemental N2 at elevated temperatures during the decompo­
sition of Al(N03)3 . 9H2 0. The cost of nitric acid is expected
to increase in the future with the cost of ammonia, which is
expected to increase with probable escalation of hydrocarbon
feedstock costs. Nitrate losses in the thermal decomposition
section possibly could be reduced, but an extended develop­
ment effort would be required.

(2) Utilities

Utility costs are $23.03 per ton of alumina greater than the
base case. Almost all of this is due to the greater fuel re­
quirement for the HN03 process.

The major components of this greater fuel requirement are:

(a) the thermal decomposition of Al(N03)3 . 9HZO which re­
quires approximately 50% more heat per unit of alumina
than is required for AIC13 ~ 6H20.

(b) A relatively high steam load is required for leach liquor
evaporation and for regenerating the Hel used in iron
removal.

(3) Labor, Supplies, and Other

These three items are all higher for the nitric acid process'
relati ve to the base case. Maintenance labor and materials,
and taxes and insurance, which compose part of these three

2-11
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items, have been estimated as a fixed percentage of the capi­
tal cost, and the capital cost for this process is considerably
higher than the base case.

2.2.2.2 Comparison of Capital Costs to the Base Case: Table 3-2

The total plant capital costs are $289. 73 per annual short ton
greater than the base case.

Equipment costs for the salt decomposition system in the nitric.
acid process are more than double that for the base case. One
reason is that provision must be made for the transfer of approx­
imately 50% more heat than in the base case. Another reason is
that the nitrate system uses the dense fluid bed mode, with lower
gas velocities, while the. chloride decomposition system can use
an expanded bed mode with higher gas velocities. This effect
plus higher gas evolution from decomposition of the AI(N03)3

. 9H20 necessitates the use of more fluid beds for the nitric acid
process.

The steam plant costs are about twice that for the base case be­
cause of the need for a large amount of steam to regenerate HCl
used in iron removal and because of substantial process steam
evaporation requirements.

2.2.3 Alumina from Clay via Hydrochloric Acid Extraction - Evaporative
Crys tallization

2.2.3.1 Comparison of Operating costs to Base Case: Table 3-1
Utilities

The cost of utilities is $19.45 per ton greater than the base
cas e for the following reasons.

(a) The use of 20% acid for leaching in this process, as compared
with the use of 26% leach acid in the base case, increases
the evaporation required to bring the leach liquor to satu­
ration with respect to AlC1

3
•

2-12
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(b) In this process, as defined, all of the mother liquor from
the crystallization stage must be vaporized. In the base case
the mother liquor become s leach acid without vaporization
and is recycled directly to leaching. This difference results
in the use of considerably more stearn in the HC1 evaporative
crystallization proce s s.

(c) The evaporative crystallization approach employs direct-
fired thermal decomposition of the A1C1

3
· 6HZO. Oil has

therefore been assumed to be the source for 100% of the energy
requirement for the thermal decomposition as compared with
only the last 10% in the base case. The added cost of oil in
lieu of coal for 90% of the thermal decomposition energy re­
quirement plus the cost of the added evaporation are respon­
sible for the higher cost of utilities for this process in com­
parison with the base ,-ase.

If the A1C1
3

• 6H 0 decomposition system were converted to
the indirect-firea. mode it would be pos sible to save about $6
per ton of alumina in fuel costs. Conversion, if the tech­
nology were available, is estimated to add approximately $30
million to the capital cost for this section. For this reason,
simply changing the calcination mode does not appear worth­
while, and in fact the indirect decomposition mode becomes
advantageous only when incorporated in the HC I gas induced
crystallization process as defined in the base case.

Additional opportunities exist for small reductions in utility
costs through the development of less energy intensive me­
thods of dealing with the iron extract from solvent extraction
and of treating the crystallizer bleed stream, or by engineer­
ing the use of reclaimed heat for these requirements and/or
for evaporation. Engineering the use of reclaimed heat will
however be more difficult for this proces s than for the base
case, because of the presence of inerts in the acid conden­
sation feed which constitutes the main potential for recovery
of waste heat.

2-13
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2.2.3.2 Comparison of Capital Costs to the Base Case: Table 3-2

Capital costs for the HC1-evaporative process
lowest at $124. 82 greater than the base case.
differences are:

are the second
Reasons for the

(1) Evaporation requirements to bring the purified leach liquor
to saturation are substantially higher in the evaporative crys­
tallization process than in the base case with a consequent
increased capital requirement.

(2) The capital requirement for the crystallization sect}on of the
evaporative crystallization process is mor e than double that
for the base case due to the large amount of evaporation re­
quired in this section and the large volume of vapor to be re­
moved and condensed. In the base case there is no evapora­
tion in this proces s section and only a relatively small amount
of heat is rejected.

(3) The salt decomposition section for this process requires only
about one-third the investment required for the base case be­
cause of provision in the base case for a large amount of
corrosion- resistant heat transfer surface and a molten salt
~eating and circulating system.

(4)' Acid recovery~ in contrast, requires in this process a capi:'
tal investment approximately four times that for the base
case. The increase is due to the large amount of inert com­
bustion product gases mixed with the hydrochloric acid to be
condensed.

(5) The investme1?-t required in the steam plant for the evaporative
crystallization process is almost double that for the base case
because of the greater evaporation load.

2.2.4 Alumina from Clay via Sulfurous Acid Extraction

2.2.4.1 Comparison of Operating Costs to Base Case: Table 3-1

(1) Reagent Costs

One would expect sulfurous acid to be an inexpensive leaching
reagent. Unfortunately, sulfur in the +4 valence state may

2-14
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be oxidized or reduced easily. Both of these processes occur,
and the sulfur so inactivated must be replaced at substantial
cosL

The process requires makeup caustic for the Bayer section,
and this requirement combined with makeup sulfur brings
the total primary reagent cost to a figure substantially
higher than for the base case. Usages of these reagents
have been extensively studied in the past, and there is believed
to be little potential for any substantial reduction.

(2) Utilities

Utilities costs for this process are higher than the base case
because of the need for large amounts of steam in the auto­
claving sections of the sulfurous acid process. In addition,
energy is required for the Bayer plant section of this process
which has no equivalent in the base case.

(3) Labor and Other

These costs are higher than the base case because the main­
tenance and taxes component of these costs is based on equip­
ment costs which are considerably higher for this sulfurous
acid process.

2.2.4.2 Comparison of Capital Costs to the Base Case: Table 3-2

This process has the highest capital costs of all six processes
at $512.94 ,greater than the base case. The main reasons for
this dHferencear~;

(1) Fifteen hoursh.olding time under .pres sure are required to
extract a reasonable amount of alumina from clay. This
requires a very large and costly volume of pressurized
reactors.

(2) The proces s requires both a sulfurous acid extraction plant
and a modified Bayer plant to produce a suitable product
which increases equipment requirements greatly.

(3) A sulfurous acid preparation system is included in the plant
cost.

2-15
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2.2.5 Alumina from Anorthosite via Lime Sinter Process

2.2.5.1 Comparison of Operating Costs to Base Case: Table 3-1

(1) Reagent Cost

The anorthosite-lime sinter process converts all calcium in
the anorthosite to a calcium silicate and most of the aluminum
to a calcium aluminate. The limestone requirement for this
~s high, i. e., 2 tons of limestone per ton of anorthosite, re­
sulting in a reagent cost considerably higher than for the
base case.

(2) Utilities

The cost of utilities for the anorthosite process are $43.09/
ton alumina higher than the base case.

A substantial amount of electrical power is required in the
anorthosite-lime sinter process for the grinding of anortho­
site ore and limestone, but the overwhelmingly dominant
cost element is coal for the sintering operation. There is
little prospect for any substantial reduction of this
requirement..

2.2.5.2 Comparison of Capital Costs with the Base Case: Table 3-2

Capital costs for the anorthosite process are second highest in
the group of processes compared.

The mining capital cost shown for the anorthosite process is
based on the capital requirements for quarrying both anorthosite
and limestone. The large capital costs are due to the mining
operations to produce the two materials and the large amounts of
both that are requi red to produce a ton of alumina.

Both the anorthosite and the limestone must be finely ground,
precisely blended, and then sintered at high temperature for a
considerable period of time. The resulting sinter must be cooled
at a carefully controlled rate to produce a crystalline phase trans­
formation which, in turn, will cause decrepitation into a fine
powder. After alumina is leached from this very large mass of
solids, the solids are washed prior to disposal. The leach liquor,

2-16
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must be desilicated, carbonated, thickened, classified, and then
filtered to obtain alumina trihydrate. The numerous process
steps, the large mass of solids involved, and low alumina concen­
trations in leach liquor· result in a high process plant capital cost.

The waste disposal capital cost for this process is the highest of
the group because of the addition of large quantities of limestone
to the process. This results in the largest solid waste residue
load of all the processes.

2.2.6 Alumina from Alunite/Reduction Roast - Bayer Extraction

2.2.6.1 Comparison of Operating Costs to the Base Case: Table 3-1

(1) Reagent Costs

Reagent costs for the alunite process are very high at $64.38/
ton of alumina greater than the base case for the following
reasons.

(a) Caustic potash for leaching unreduced sulfate associated
with aluminum is by far the largest single reagent cost
item in the manufacture of alumina from alunite via re­
duction roasting. It is possible in further development
of the process that a way may be found to more effec­
tively reduce sulfate associated with alumina without
affecting so severely the subsequent solubility of the
alumina in caustic; but the probability of this is not con­
sidered high in view of the large amount of previous work
having this goal. Alternatively, NH40H may be used to
solubilize the unreduced sulfate, but in this case either
a mixed (NH4 )2 S04 K2S04 must be marketed or NH3
must be regenerated by adding lime with subsequent re­
jection of CaS04. Neither approach is attractive, and a
major reduction in the cost of reagent for dealing with
unreduced sulfate is believed unlikely.

(b) A second major reagent cost is that of makeup caustic
soda for the Bayer processing section. A small amount
of caustic soda is lost with the product alumina. A
larger amount is lost even after careful washing of the
large .a·mount of solid waste remaining after alumina ex­
traction, but by far the largest amount is lost by reaction
with reactive silica and kaolin in the ore.

2-17 I
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(2) By-Product Credit

The alunite process is the only one in the group which pro­
duces produc ts other than alumina. For every ton of alumina
produced one ton of sulfuric acid and 0.73 tons of potassium
sulfate are also produced. There may be some difficulty
in selling the large quantities of by-products produced. How­
ever, this study assumes that all the sulfuric acid can be
sold in the southwestern U. S. and that the potassium sulfate
can be sold as fertilizer. See section 3, Tables, for more
details on cost development.

2.2.6.2 Comparison of Capital Costs with the Base Case: Table 3-2

Capital costs for this process are third highest.in the group.

The processing of alunite requires capital provision for a large
number of process steps including a sulfuric acid plant, a potas­
sium sulfate plant, and a modified Bayer plant. These operations
are relatively large scale, because the entering ore is low grade
with respect to alumina. The Bayer process section is required
to leach and then wash a much larger amount of solids /unit
alumina than is the case in a Bayer plant operating on bauxite
because of the low alumina content in the feed to the Bayer sec­
tion when alunite is the raw material. Extra provision must be
made for desilication. The low alumina content in the ore, a
relatively low overall alumina extraction efficiency, and the num­
ber of steps required to separate the components of the ore re­
sult in a proces's plant capital cost much higher than the base
case.

2.2.7 Review of Combined Capital and Operating Costs

Table 3-3 in the next section of the report combines the effects of
capital and operating costs to develop one number by which the
relative economics of the six processes can be judged. The table
shows that, taking the net pres ent value approach, and using a 10%
discount rate, the processes would be rated in the following order:

1. HCl - Gas Sparged C rys tallization
2. HGl - Evaporative Crystallization
3. Alunite
4. Ano rthosite
5. Sulfurous Acid
6. Nitric Acid

2-18
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The last three processes are very close in cost and could be ranked
equal. fourth.

If a 150/0 discount rate is assumed, the order changes with nitric
acid becoming fourth, slightly ahead of anortho site and sulfurous

acid.

2-19
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3. TABLES_F--OR:-eest-cnlVfPARISONS

3.1 OPERATING COST COMPARISON TABLE 3-1

.3. 1. 1 Method Used to Develop Operating Costs

Sect'ion 3. 1 presents operating cost comparisons for all six processes
considered. The comparative costs are presented as the difference,

. in cost per ton of alumina produced, between each process and the
"base case." The HCl/Clay process using HCl gas sparging to
precipitate salt is used throughout as the base case since it has the
lowest total operating cost per ton of product.

The operating costs are grouped into six cost elements; a seventh
element is listed for by-product credits. The first element is IIOre
Cost. 11' Unit prices for ore are based on direct and indirect mining
costs including labor, repair and maintenance supplies, 0 verhead,
royalty payments, and preproduction expense. Not included are
depreciation, taxes, insurance, and certain overhead functions pro­
vided by the process plant organization. All ore-mining costs are
calculated on a directly comparable basis. The unit cost of clay
is identical in all clay cases. Mine-to-plant haul distances is -as$
surned to be five miles for all ores. The cost of o.verburden re­

moval is significant only for clay.

Each of the six processes is dependent on an acid or base to extract
the alumina from the ore. The cost differential for these materials
is reflected in the "Reagents!! element. Unit costs have been
obtained from potential suppliers, with the exception of limestone
for the anorthosite process which is priced on the basis of mining
it within five miles of the plant. Material usages have been based
on the proce,s s material balance. Freight effects are considered
only to the extent that alunite and anorthosite plants have been as­
sumed to be West of the Rockies and all the clay process plants near
Augusta, Georgia.

3 - 1
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The third element of comparative operating cost is :'Utilities. II

·The differences shown indicate primarily the various energy re­
quirements for the individual processes. In all caSes the cheapest
practical fuel commensurate with the required product purity has
been used. Therefore, coal is the fuel of choice except when direct
contact with the product is required in the acidprocesses. In those
situations requiring' contact, No.' 6 fuel oil is used. Natural gas is
not specified for any process as the availability is questionable. A
single unit cost and grade has been used for coal and fuel oil in all
cases. Fuel usages are based on the' process energy requirements
with comparative allowances for efficiency and heat losses.

In the" Labor" element of operating co st repair and maintenance
(R & M) labor cost is the most variable. R & M has been caku­
lated as a percentage of direct process plant capital with a higher
rate for highly corrosive processes (HN03. & Hel) and a lower rate
for non-corrosive processes (alunite and anorthosite) with sulfurous
acid at an intermediate level. The operating labor requirements
have been compared by estimating the manpower requirements' for
each section of each process. Supervision and administration are
calculated as suming a fixed administrative staff size and a constant
ratio of supervisors to operating labor and R & M labor.

The "Supplies" element contains repair and maintenance materials,
operating supplies such as gas and oil, small tools, filter cloth,
etc., and processing supplies such as flocculant, lime; chlorine,
etc. Most of the differences between processes arises from R & M
materials which are based on capital cost and process corrosivity.

The l'Other" element represents taxes and insurance. It is calcu­
lated as a fixed percentage of capital for all processes. No differ-.
ence s are implied based on location.

The alunite process produces sulfuric acid and sulfate of potash as
by-products. Since H2S04 production is large (1,500 toni d) and
there is minimal demand in Utah, the acid would have to be either
shipped out or converted to another product on site. For this study,
it is assumed H2S04 would be shipped to Houston, Texas and sold
on a freight-equalized basis. Sulfate of potash also presents a
marketing problem. The proposed plant would be the largest pro­
ducer of this product in the U. S. Since demand for the product is
seasonal and depends on. the state of the agricultural economy,
problems of moving the entire plant output are to be expected. For

3-3
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this study, an intermediate price between today' s prices for sulfate
of potash and muriate of potash has been assumed. For simplicity,
the full sales price for the potash is given to the plant as a credit
with no deductions for selling trade allowances, G & A, and over­
head costs, although some costs would be incurred for the functions .
•
The comparative total operating cost difference represents a totaling
of the seven elements of differential cost. These values represent
the total additional co st of producing one ton of alumina for each
pro ces s compared to the base case.

3.2 CAPITAL COST COMPARISON TABLE 3-2

3.2. I Method Used to Develop Mining Capital Costs

Mining capital costs in table 3-2 have been assembled for each ore
based on the required annual tonnage. Overburden removal is
required for clay and alunite, but not anorthosite and limestone.
Similar or identical equipment has been used throughout and equip­
ment costs are based on recent user experience. Equipment oper­
ating capacities have been obtained by reducing manufacturer's
design ratings by an appropriate amount based on recent user ex­
perience. The individual ore capital estimates include both mobile
equipment at;Ld fixed facilities such as shops , utilities; roads, and
fuel storage. Separate mining facilities have been provided for
anorthosite and limestone, both of which are used in the anorthosite
process. The values shown in the capital cost table represent the
difference in required mining cost between each process and the
base case process expressed as dollars per annual ton of alumina.

3.2.2 Method Used to Develop Process Plant Capital Costs

The process plant capital costs in table 3-2 have been developed
from the conceptual bloc k flow diagrams and material balances
found in section 4. Informal specifications for major equipment
have been provided to multiple competing vendors for obtaining
up-to-date cost data and availability of equipment for the first half
of 1977.

Values for process equipment.. represent the differences of installed
equipment cost between each process and the base case as dollars
per annual ton. Other direct capital cost differences for foundations,
structures, piping, utilities, electrical, etc., are developed from

3-4
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percentage factors based on experience in alumina and other metal·
lurgical processes. Indirect capital cost differences include such
items as salaries, burden, overhead, personnel expenses, and
office expenses. Freight costs have been identified with indirect
costs.

The process plant capital costs e~cludes contingencies, escalation,
and owners'. costs.

3. 2. 3 Method Used to Develop Waste Disposal Capital Costs

The capital cost differences shown for waste disposal in table 3-2
represent cost differentials for facilities to impound solid residues
remaining after.:alumina removal from the ores. In all cases ex­
cept anorthosite, the mined out area created by ore removal has
been used f~r mud disposal. Due to the large volume of solids
with anorthosite, levee construction is required. Generally the
capital costs are for pumps, piping, sumps, and .electrics nec­
essary to deliver slurry to the disposal area and to recycle liquor
bac k to the plant.

3.2.4 Method Used to Develop Working Capital Costs

Working capital cost differences shown in table 3-2 represent the
differences in costs required to maintain adequate inventories of
materials, supplies, and product. Materials inventories are set
at 10 days, supplies at 30 days, except oil at 10 days and coal at
45 days, and product at 5 days. An exception was the alunite by­
product sulfate of potash for which 45 days is used due to the highly
seasonal nature of demand. All items are charged at their cost of
production or purchase.

3.3 ECONOMIC COST COMPARISON TABLE 3-3

3. 3. 1 Methods Used to Compare the Combined Effects of Capital and
Operating Costs for the Six Processes

In table 3- 3, the difference between the Net Present Value of the
total cashflow for each process and the base case process is shown
at two discount rates. The Net Present Value for each process has
been calculated from the cashflow for each project year 1 through
30 including both capital and operating expenditures. Piant construc­
tion is assumed to require 3 years. Additional capital is to be .spent

3-6
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every 5 years for waste mud impoundment facilities. Operations
are as sumed to begin in year 4 and remain at capacity through year
30. Working capital is to be invested in years 3 and 4 and recovered

·in year 30. Depreciation is according to current tax law and sum­
of-the-years' digits depreciation rate is used. A tax rate of 50%
is used in conjunction with a 10% investment tax credit. No in­
flationary escalation has been considered. Finally, to assume a
30-year life for the project, the values shown in the table represent
the incremental total project cost for capital plus operating costs in
1977 dollars for either a 10% or a 15% cost of capital..

3-7
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4. APPRAISALS OF SIX PROCESSES

4.0 Raw Mat~rials Background:
Clay, Anorthosite, Alunite

The technical appraisals for the six processes described in this sec­
tion are based on using clay, anorthosite, or alunite as the ore raw
material. These minerals are available domestically in sufficient
quantities and high enough assays to warrant the evaluation of pro­
cesses for extracting cell grade alumina from them.

4. O. 1 Clay as a Raw Material

Very large reserves of clay suitable for the production of alumina
exist within the contiguous 48 states.

The primary mineral is kaolinite, the alumina content of which may
be rendered almo st completely acid-soluble by calcination at 11000 ­

15000 F. The calcine is actually a better acid extractive process
feed than the above analysis might indicate because the minor con­
stituent metal oxides tend to be in part derived from residual micas
and feldspars in the clay. Metal oxides combined in these acces­
sory minerals are only partially soluble in acid under the extraction
conditions employed by the processes under discussion, thereby
improving the soluble alumina to impurities ratio in the process
liquor stream. Iron, unfortunately, occurs primarily in the clay
either as free FeZ03 or as a replacement for aluminum in the kao­
linite lattice. In either case it is acid soluble.

The abundance of kaolinic clay, its high grade with respect to alu­
mina, the ease with which the alumina may be rendered acid solu­
ble, the possibility of rejecting the major unwanted constituent of
the clay (silica) without reagent consumption, and the high ratio of
acid soluble alumina to impurities combine to make kaolinic clay
a preferred raw material, after bauxite, for the extraction of
alumina.

4. O. Z Anorthosite as a Raw Material

The crystalline rock anorthosite is the calcium-rkh end member of
the soda-lim~ feldspar series which varies isomorphously in all
proportions from albite, NaAISi

3
0 g , to pU1.1 anorthite, CaAI

Z
Si

Z
0

8
.

It is estimated that approximately I. 6 x 10 tons of alumina, or
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much more than the total contained in all other minerals considered
to be potential sources of alumina in the U. S., are available in re­
serves of anorthosite.

Thus it may be observed that anorthosite is a potential source of
virtually unlimited amounts of alumina, provided that the problem
of separating alumina from the primary impurities silica, lime,
soda, and potassium can be solved on a basis competitive with the
extraction of alumina from other less plentiful nonbauxitic mate­
rials. The difficulty of extracting alumina from anorthosite is in­
creased by the fact that in anorthosite the alumina is in very strong
chemical combination with the other constituents .

.'

Secondary but major raw materials which have been employed in
nearly all past efforts to extract alumina from anorthosite are
limestone and coal. The U. S. is plentifully endowed with both of
these materials, so no detailed discussion of them will be undertaken
here. It must be noted, however, that high-quality deposits of both of
these materials have appreciated greatly in value in recent years, and
the cost of transporting them has also increased greatly.

4. O. 3 Alunite as a Raw Material

Alunite is a naturally occurring basic sulfate of potas siuril and alu­
minum made basic by the presence of alumina trihydrate in its mol­
ecule. The chemical formula of alunite may be written:

In naturally occurring deposits varying amcunts of sodium substi­
tute for potassium. Alunite appears to be formed as a result of
solfataric action of hot acid water s upon feldspathic rocks. Much
of the silica content of the original rock remains in admixture with
the alunite; and it is important to note that although much of the
silica may be in the form of quartz, some of it may be in the form
of opal, which is chemically reactive to alkali. Slightly different
conditions of alteration of the original rock may result in the gra­
dation of alunite in an ore body into kaolinic clay. which is another
mineral containing alkali-reactive silica.

Alunite has been used by various civilizations at least since the
time of the Roman Empire as a source of potassium alum, but
known deposits of it were two small to be considered as an im­
portant potential source of alumina. In 1970, however, a large
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deposit of alunite was discovered in Southwestern Utah. It is esti­
rn.ated that at least 100 x 10 6 tons of alurn.ina, and po ssibly consid­
erably rn.ore, are in place in alunite ore analyzing 5-200/0 A1

2
0
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4. 1 TECHNICAL APPRAISAL:
ALUMINA FROM CLAY VIA NITRIC ACID EXTRACTION

4. 1. 1 Summary and Conclusions

i . 52

The process being evaluated for the manufacture of reduetion­
grade alumina from clay via nitric acid extraction is illustrated in
summary form on the following page. It includes the following
steps:

(1) Calcination of the clay.

(Z) Leaching of the calcine at atmospheric pressure at boiling with
slightly greater than the stoichiometric amount of nitric acid.

(3) Separation, washing, and rejection to disposal of th~ acid­
insoluble component (primarily silica) of the clay.

(4) Removal of dissolved iron from the leach liquor by a solvent
extraction process which regenerates and recycles the organic
extractant.

(5) Concentration by evaporation of the leach liquor from which
the iron has been removed.

(6) Cooling the hot concentrated solution of aluminum nitrate to
selectively crystallize Al(N0

3
)3' 9H~O, thereby separating the

aluminum from certain dissolved mlnor constituent metals.

(7) Thermally decomposing the Al(N0
3

)3' 9H
Z

O to obtain the prod.
uc t alumina.

(8) Withdrawing and thermally decomposing for nitrate recovery a
fraction of the mother liquor remaining after crystallization of
Al(NO ) . 9H

Z
O. The withdrawal is made to control the concen­

tratioJ 6£ dissolved impurity metals present in the crystallizer.
Decomposition of this stream produces waste metal oxides which
are sent to disposal.

(9) Recovering, for recycle, by condensation and absorption, nitric
acid vapors and nitrogen oxides produced in thermal decompo­
sition or elsewhere in the process.
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FIGURE 4-1-1
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It is highly probable that alumina meeting reduction-grade chemi­
cal purity specifications can be manufactured from clay via nitric
acid extraction. The estimated net thermal energy requirement to
the proces s is 37. a x 106 Btu/ton alumina, pos sibly reducible by
further study and engineering design for heat recovery. Approxi­
mately 600, 000 Btu/ton of clean fuel such as oil will be required
for the final stage of thermal decomposition. Any fuel including
coal could be used as fuel for steam. generation and for indirectly
fired decomposition.

Nitric acid losses are substantial, and there is some doubt whether
makeup acid will be obtainable at acceptable cost at the time use
of the process would be desired.

Corrosion of metallic materials of construction, in particular that
caused by the interaction of even small amounts of chlorides with
nitric acid and acidic nitrate solutions, is expected to present
severe difficulties. Exclusion of chloride s to the required degree
is considered to be nearly impossible.

Two technological problems require solution before design of a
demonstration plant can be undertaken with a reasonable prob­
ability of successful operation. These are:

(1) Operation of the thermal decomposition and acid recovery
steps must be further studied and interrelated to obtain maxi­
mum recovery of nitric acid with minimum introduction of
water or steam. Methods of carrying out the thermal de­
composition employed by the Idaho National Engineering Lab­
oratory (INE L) and by the Arthur D. Little Company incurred
economically disadvantageous losses of nitrate by decomposi­
tion to N2' An accurate material balance for the thermal
decomposition-acid recovery sections in the design finally
chosen must be developed to make certain that an unacceptable
loss of nitrate either as oxides of nitrogen or elemental nitro­
gen is not incurred in these sections of the process.

(2) A means must be developed for treating the large volumes of
waste water from chloride and nitrate wash steps in solvent
extraction. These solutions cannot be expelled into the en­
vironment as is. These streams constitute a,significant
nitrate loss.
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Energy and capital required for whatever mode of treatment
is chosen must be added to the process totals.

In addition, three other process sections of (1) crystallization,
(2) solid-liquid separation, and (3) clay calcination would bene­
fit from the availability of additional engineering design infor­
mation. However, additional infonnation on these latter three
is not as critical as for the former three technological
problems.

4.1.2 Background

The first reported serious investigation of the use of nitric acid in
the manufacture of alumina took place in the early year s of the
twentieth century in Norway where nitric acid was manufactured by
the Birkland-Eyde proces s employing then- surplus hydroelectric
power, and where there are no deposits of bauxite. Natural advan­
tage s of working in the nitrate system include the following:

(1) Iron has a very low solubility in solutions of aluminum nitrate
in which there are somewhat less than three moles of nitrate
per mole of aluminum. However, insofar as can be determined,
the solubility of iron in basic nitrate solutions is still hi.gh
enough to preclude meeting current reduction grade standards
for the product alumina without multiple crystallizations of
Al(N0 3 )3 . 9H20. Partly for this reason the recently devel­
oped solvent extraction method for the removal of iron appear s
to have superseded the employment of basic nitrate solutions
for iron removal. However, this method has problems in
additional nitrate losses, waste solution disposal, and the
hazard of possibly mixing chloride and nitrate in the primary
process liquor in the event of operational upsets. The pro-
cess being evaluated herein operates with a slight excess of
acid ip. relation to alumina and allows the iron to go into
solution.

(2) Aluminum nitrate in the presence of water is decomposed by
heat at fairly low temperatures to the oxide. This decomposi­
tion is quantitative at higher temperatures with the result that
no foreign substance is introduced into the reduction cell due
to incomplete decomposition.
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(3) Most, but unfortunately not all, of the nitrate volatilized during
decomposition can be recovered as acid by direct cond'ensation.
Most of that not recovered in this manner may be recovered by
installation of nitrogen oxide scrubbing/absorption equipment.

(4) Nitric acid is a strong acid. The solubility of silica in it is
small, and silica precipitated upon the decomposition of meta
kaolin by nitric acid tends to be nongelatinous and relatively
easy to separate from the resulting solution.

(5) Aluminum nitrate, like other nitrates, is quite soluble in water,
and its solubility increases sharply with increasing tempera­
ture. Up to alInost ZOO gpl alumina may therefore be carried
in hot solutions, and process liquors are relatively free from
scaling problems.

(6) Some purification may be achieved. in .the fractional crystalli­
zation of AI(N03)3 • 9HZO.

The use of nitric acid received further impetus from develop­
ment of the Haber process for ammonia and from the develop­
ment of corrosion resistant alloys for apparatus construction.
Intensive investigation in Germany prior to- World War II cul­
minated in the "Nuvalon" process, which was tested at what
today would be considered a semicommercial scale. This
process employed less than stoichiometric amounts of acid in
relation to clay in order to minimize iron and titanium solu­
bility. Leaching was done at elevated temperature under
pressure in order to maximize alumina recovery in the pres­
ence of the reduced amounts of acid.

During the period following World War II much was learned
from the U. S. Atomic Energy program about the applicaJion of
aqueous nitrate. systems to hydrometallurgical processes. The
mature development of the use of low-cost U. S. natural gas as
a feed stock in the manufacture of ammonia reduced the cost of
nitric acid to what was probably an all-time low in relation to
the cost of other acids. Finally, the development of liquid ion
exchange technology for the separation of iron from alwninum
made pos sible abandonment of pres surized leaching while im­
proving product alumina quality along with yields of alumina
from the clay. These factors together with the need to develop
a process for the manufacture of alumina from domestic re­
sources probably have been responsible for development of the
process which is the subject of this evaluation.

Lj- j-S-
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The evaluation 1s based primarily upon data derived from
USBM RI 6431 and TMS Paper No. A 74-49 by S. V. Margolin
and R. W. Hyde. Other information has been supplied by
the A. D. Little Company and by the Idaho National Lab-
ora tory (INEL).

4.1.3 The Process

4.1.3.1 Summary

Clay--entei:ing the process is first calCined to chemically activate
it, to remove free and combined water, and to destroy organic s.
It is neXt leached with a slight excess of nUric acid, dis solving
aluminum and small amounts of iron, alkali and alkaline earth

. metal oxides. Waste solids, primarily silica, are separated
from the leach liquor in a thickening and washing operation and
the washed 'solids sent to disposal~ Iron is removed from the
combined liquor and washings by solvent extraction. The -liquor
after jron.removal:'is-:concentrated_by.:vacuull'Le;v:aporation .and
then subjected to cooling crystallization to produce crystalline
Al(NO 3) 3 • -9HZO.- ~The -crystals are recovered .by__centrifuging
and washed with concentrated "nitric acid~-' A portion of the
mother liquor is withdrawn for the control of soluble impurities
other than iron, but most of the mother liquor is recycled to
evaporation. Decomposition of the aluminum nitrate to alumina
is accomplished by melting the crystalsin·their water of hydra­
tion and then spraying the melt .into a heated'fluidized bed of
alwnina 'particle s· previously.·prepared -.by-:thedecomposition
process. -cApproximateiy-900/0of the- decompositionis--accorn----­
plished in-this first stage". The decomposition is completed in
a second stage where the solid particles are heated to a higher
temperature in the presence of steam. Acid vapors and oxides
of nitrogen from both stages are recovered for recycle in a
condensation/absorption system.

4.1. 3.2 Calcination

Clay from the mine may be dried if necessary to render it
amenable to materials handling and particle size control, fol­
lowing which it is sent to covered storage. Clay is withdrawn
from storage and crushed/agglomerated as necessary. It
next goes to calcination, which may be direct fired with any
conventional fuel including powdered coal.

4-1-6
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All acidic Ie-aching proces ses for the recovery of alumina from
clay--with the conditional exception of sulfuric acid leaching-­
require calcination of the clay for 0.1 to Z hrs in the tempera­
ture range lZOO-lSOooF in order to render the clay suitably
reactive to the leaching acid. The reaction is:

~H

AIZO 3 . ZSiOZ . ZHZO ---,';iIiooA1ZO 3 . +ZSiOZ + ZHZO t
Kaolinite Meta Kaolin

The literature indicates that all of each clay particle being cal­
cined must reach temperature within the above limits in order
for the alumina to be rendered acid soluble but that conver sion
of alumina to the acid soluble form is very rapid once the spe­
cified temperature range is reached. The required residence
time in calcination is therefore largely determined by the size
of particles calcined and by the rate of heat transfer to individual
particles. Calcined clay particles may be held within the spe­
cified temperature range for reasonable periods of time without
loss of alumina reactivity. but heating them above this ,range
will cause rapid deactivation of the alwnina. Calcination also
removed free and combined water and destr9.Ys any organic ma­
terials which may be present in the clay as mined.

If coal is used for calcination. small particles of ash which may
remain in the calcine are not expected to interfere with subse­
quent processing. because this processing must, in any case,
provide for separation of impurities that might be introduced
through the leaching of ash and because the particles of ash are
expected to be rendered largely inert by the high temperature
they will selectively attain during combustion.

An oil-fired rotary kiln is the accepted method of accomplish­
ing this calcination and in practice requires approximately
5. 5 x 106 Btu/ton alumina. The technology for the calcination
and the associated materials handling is fully developed. A
potentially better method of calcining the clay- -but which is not
yet developed for this application- -is the employment of a fluid
bed calciner. This technique could offer the following
advantage s.

(1) Reduction in thermal energy requirements by up to 1. 5 x 106

Btu/ton alumina.

4-/-7
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(2) Better control of and a more uniform calcination of the clay,
making possible a higher alumina extraction from the clay.

(3) Delivery to the leaching process of a product calcine having
an optimum particle size distribution for leaching and the
subsequent solid-liquid separation, with savings in dilution
water introduced during washing and capital costs.

(4) Possible capital savings in calciner cost due to decreased
residence time.

The above conunents apply to all acid processes involving clay
calcination. The major que stion about the use of fluidized solids
techniques for calcination is' whether the physical properties of
the clay will permit the use of this technique without the genera­
tion of excessive arnounts of fines having an uncertain degree
of calcination. USBM has scheduled some pilot- scale fluidized
solids clay calcination tests which ar~ expected to make pos­
sible a decision on the feasibility of the fluid bed alternative.

4. 1. 3. 3 Leaching

The primary leaching reaction is:

/"

Meta Kaolin Solution Solution Waste

The technology for leaching is well developed. It is expected
that calcined clay and a small stoichiometric excess of acid
will be simultaneously and continuously metered into the first
of a series of covered, gently agitated tanks. These tanks can
be of carbon steel construction with a polymeric lining to pro­
tect the steel, and with an inner lining of acid resistant brick.
The leaching reaction will be sufficiently exothermic to main­
tain the tanks at boiling. Some vapor s comprising a mixture of
HN03, H20, and NOx arisin'g from the boiling liquor will be
conducted to a condenser. The HN03 and H20 will be returned
to the leaching· system. The NOx must be sub sequently re­
covered in an absorber.

It is expected that 95% of the alumina content, about the same
percentage of the iron content, and lesser percentages of minor

Lf-I- !'
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constituent metal oxide impurities in the clay will dissolve dur­
ing a 4-hour leach with 105% of the stoichiometric acid require­
ment at temperatures of 2400 -250 0 F. The amounts and per­
centages of minor constituent impurity metal oxides which dis ..

solve will depend in part upon the mineralogy of the specific
clay.

4. 1. 3.4 Solid- Liquid Separation

Undissolved solids in the slurry emerging from the leach must
be separated from the leach liquor, washed as free as econom­
ically possible of adhering liquor, and then conveyed by some
means to a tailings disposal area, which will probably be a clay
pit in the vicinity where mining has been completed. The tech­
nology required for the engineering de sign of this operation is
well known, provided that the following are known as well: the
relative amounts of liquor and solids, the particle size distri­
bution of the solids, their amenability to flocculation and the
settling rate of the flocculated particles, the degree of dis..:
solved solids recovery required, the density, and viscosity
of the solutions. Enough is known about the properties of the
residue and solution produced by nitric acid leaching of Georgia
clay to make possible the preliminary engineering design of a
multistage countercurrent decantation washing system.

Much work remains to be done on optimizing the residue solid­
liquid separation operation. This will also require further
study of leaching, because initial acid concentration, leach
time, and even the manner in which the calcined clay and enter­
ing acid are initially mixed can influence the physical properties
of the silica leach residue. The design of a leaching system
tending to preserve the particle size distribution in a calcined
feed clay of selected particle size distribution could permit the
initial separation as sand of a substantial mass fraction of the
silica. An effective flocculant could greatly reduce the re­
quired settler area. No problem appears to exist that would
actually prevent operation of the process, but the amount of
dilution water introduced to the proces s in actual operation
could vary substantially from the figure given above, influenc­
ing both energy costs and the capital required for subsequent
evaporation. There could also be a wide variation in the capi­
tal requirement for settler Ifilter s.

. ,
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4. 1. 3. 5 Solvent Extraction

The U. S. Bureau of Mines and the A. D. Little Co. have pro­
posed the removal of dissolved iron from the leach liquor by sol­
vent extraction with a mixture of di-ethyl-hexyl phosphoric acid
(DEHPA) and tri-butyl phosphate (TBP) in kerosene solvent.
Stripping is accomplished by contacting the iron-loaded organic
phase with hydrochloric acid. The iron passes back into the
aqueous phase as an anionic chloride complex with simultaneous
regeneration of the organic phase for recycle.

There is little doubt that the solvent extraction step will remove
iron to produce a primary liquor stream meeting the iron speci­
fication, but some important technical problems with respect to
this method of iron separation remain unresolved. The iron
loaded into the organic phase actually coextracts some nitrate
from the primary leach liquor. Aqueous hydrochloric acid is
required for stripping, but chloride and nitrate ions must be
kept separated in order to avoid their interaction which would
result in loss of reagent together with severe corrosion prob­
lerns. The iron-loaded organic phase must therefore be washed
with water to ensure the complete removal of nitrate before con­
tact with the hydrochloric acid stripping solution. Some residual
iron in the stripped organic complexes with HCl and thereby car­
ries some of the chloride into the organic phase. The regenerated
organic must again be washed with water to remove this chloride
and avoid carrying it back into the primary nitrate liquor stream.

These three aqueous streams represent important losses of ni­
trate, organic extractant, and alumina occurring in combina­
tions which cannot be discharged to the environment. A possible
use for the first nitrate wash solution may be to wash waste
solids.

The iron-bearing, used HCl solution is first treated with H2S04
and then evaporated to produce a waste FeS04 sludge and re­
cover most of the HCl.

The second chloride wash solution, because of its chemical na­
ture, will be difficult to process for recovery. of its constituents,
and the method of doing so is not known. The reprocessing/
utilization of these streams is an important problem that re­
quires solution before nitric acid could be employed commer­
cially in the extraction of alumina from clay.

'/--/-/0



62
KAIlSER

ENGINEERS

The use of this solvent extraction also presents a hazard in that
an operational upset could cause the introduction of chloride into
the acidic primary nitrate liquor with .consequent severe metal­
Hc corrosion problems.

The alternative to removal of iron by solvent extraction is to
leach the calcined clay with a substoichiometric quantity of nitric
acid at elevated temperature .and pressure to repress the solu­
bility of iron while maximizing that of alumina, or to add back
a portion of substoichiometric nitrate solution prepared by dis­
tillation to a quantity of leach liquor prepared by stoichiometric
leaching at atmospheric pressure and then autoclave the mixture
for a period of time to precipitate iron. It is presumed that the
German investigators, since the solvent extraction technique was
not known at the time of their work, thoroughly studied both vari­
ations of substoichiometric iron rejection before choosing pres­
surized leaching. In either case, lengthy pressurized treatment
of the primary liquor stream at elevated temperatures, with the
attendant technical problems and costs, is required. Unfortu­
nately, insofar as can be determined, the achievable iron rejec­
tion also is inadequate in terms of present day Fe203 specifica­
tions in the product alumina without re sorting to multiple crystal­
lizations of the Al(N03)3 • 9H20. Consequently, solvent extrac­
tion was the iron removal method chosen for the process being
evaluated. Data on iron removal via solvent extraction was avail­
able from the miniplant.

4.1. 3.6 Evaporation

Evaporation under vacuum removes approximately 2. 7 mas s
units H20/unit product alumina. The condensate contains ap­
proximately 0. 5% HN03. The technology of the evaporative
process is well-known and should require very little additional
development work.

4.1. 3. 7 Crystallization

The preceding vacuum. evaporation yields a liquor which at tem­
peratures lower than those prevailing in the evaporator is super­
saturated with respect to aluminum nitrate. This liquor is
cooled evaporatively in at least two stages of crystallization to
prepare Al(N03)3 • 9H20. The crystals are recovered by cen­
trifuging and then may be washed with 50% nitric acid. The

y.-/-II
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used wash acid would go to leaching. The major part of the
centrifugate is recycled to evaporation, but a fraction of it is
diverted as a bleed stream in order to control the buildup of
minor constituent metal nitrates. This bleed stream may, of
course, be subjected to further evaporation and crystallization
to reduce losses of Al(N03)3 . 9HZO, the impure crystals so
recovered being redissolved in the primary leach liquor. Sub­
sequently, the bleed stream is processed for recovery of con­
tained nitrate values.

A recent patent indicates that the amount of the bleed stream may
be substantially reduced and final crystal purity improved by op­
erating with a higher level of impurities in the crystallizer and
producing slightly impure crystals. These crystals are then re­
dissolved in pure water from which Al(N03)3 • 9HZO is recrystal­
lized. The recrystallized material is washed with water, which
is also used countercurrently to wash the crystals initially pro­
duced. This procedure is virtually certain to achieve both of
the above objectives, but at a considerable cost for increased
capital and energy for evaporation.

Results from the miniplant studies and the teachings of the patent
referred to above suggest that the separation factor between alu­
minum and other metals is not high, although there is little doubt
that the crystallization can be engineered to produce Al(N03)3·
9HZO crystals of the required purity. Insufficient data is avail­
able in the published literature to evaluate the optimum number
of crystallizer stages versus bleed stream losses, so for the
purposes of Task I the pro'cess evaluated has been based upon

. the U. S. Bureau of Mines flowsheet employing a single· crystal­
lization stage and at the same size bleed stream as has been
assumed in evaluating the hydrochloric acid processes. Addi­
tional crystallization studies would be required prior to a demon­
stration plant design to determine the optimum trade-off between
crystal growth rate per unit crystallizer volume, crystal size,
washing procedure and amount of wash liquid, the number of
crystallizations, consequent evaporation, and the size of the
bleed stream.

4. 1. 3. 8 Decomposition

It is expected that Al(N03)3 . 9HZO crystals of requisite purity
will be melted at l65 0 F in their water of crystallization. The
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__ resulting liquor will be sprayed onto existing alumina particles
in a series of indirectly heated beds fluidized by recycled de­
composition products, or by steam. The film. of liquid acquired
by any given particle in this rapidly circulating hot bed will de­
compose almost instantaneously to form an onion- skin-like layer
of oxide containing only a fraction of the nitrate originally pres­
ent. The amount of residual nitrate in the bed product is an
inverse function of the temperature at which the bed is operated
and the solids residence time.

In practice, in order to obtain the highest thermal efficiency and
to minimize exposure of the nitric acid/nitrogen oxide vapors to
high temperatures, the decomposition will probably be carried
out stagewise with the solids subjected to increasing tempera­
tures in succeeding stages as decomposition is carried to com­
pletion. It is expected that the final stage of decomposition will
be carried out in a direct-fired fluid bed under slightly reducing
conditions at I, SOOoF to destroy the last traces of nitrate in the
product alumina.

The idealized overall reaction for the decomposition is:

The estimated net energy requirement for this reaction is
approximately ZO. 8 x 106 Btu/ton alumina.

Some undesired gas phase reactions also occur to varying de­
grees dependent upon the temperature and the residence time of
the gases within the decomposer, the composition of the gaseous
phase, and possibly upon catalytic properties of the alumina it­
self or of metal surfaces within the decomposer.

ZHN0
3 + NZOS + HZO

NZOS + ZNO
Z

+ io
Z

NO
Z

NO + 1
+ 20Z

ZNO + NZO + io
Z

ZNO + N Z + °z
NZO + N

Z
+ io

Z
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The oxide s of nitrogen are thermodynamically unstable at am­
bient temperature and at all temperatures encountered in the
decomposer; if thermodynamic equilibriwn was attained, de­
composition to NZ and 0z would be virtually complete. For­
tunately, the kinetic s for decomposition reactions yielding the
elements are such that only a small amount of decomposition
to the elements normally occurs excepting at temperatures
higher than those required for carefully designed decomposition.
NZOS, NOZ, and NO also can be at equilibrium with each other,
0Z' and HZO. Increasing the temperature shifts these equilibria
sharply in the direction of oxides with lower oxygen content
whereas lowering it shifts the equilibria in the direction of the
higher oxides/liquid acid. It is therefore desirable to operate
the decomposer at the lowest possible temperature and with the
shortest possible gas residence time to minimize the decomposi­
tion of nitric acid and any higher oxides of nitrogen, but it is
also possible to reconstitute acid from NO and NOZ in the pres­
ence of 0z and HZO in the acid condenser /absorber. NZOS re­
quires only the presence of HZO.

Nitrogen oxides which have decomposed so as to form NZO or NZ
cannot be reoxidized and recovered as acid in the condenser /
absorber, and are irretrievably lost. NZO usually does not form
in the absence of a reducing agent, but small amounts of it
formed by an unknown mechanism were observed in gases exit­
ing a decomposer operated at 7S0 0 F by the Idaho National Engi­
neering Laboratory (INEL). The decomposition of NO to N Z
is reported to be very slow at temperatures below about 1, ZOOoF.
Detection of the formation of NZ is difficult, because it is inert
and because under process conditions a substantial amount of
NZ derived from air is likely also to be present. The easiest
way to detect loss of nitrate by decomposition to NZ is usually
by difference.

Hazen Research Inc. in an Al(N0 3)3 decomposition test carried
out at 1, OOOoF as part of the miniplant program was unable to
account for Z2% of the nitrate fed to decomposition. Unfortu­
nately, the NOx recovery/reconstitution system used during the
Hazen test was inadequate so an accurate nitrogen balance
around Al(NO 3) 3 • 9HZO decomposition could not be developed
from that work. Nitrate decomposition studies carried out by
mEL at a somewhat lower temperature--but one still higher
than would be used when one of the goals would be maximum
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nitrate recovery- -did permit construction of a nitrogen balance.
Calculations based upon gas analyses and other data obtained
from INEL showed decomposition to N 2 and 02 of approximately
14% of the nitrate fed to a decomposer operating at 750o F. A
material balance for a decomposition process operating at 400 0 F
showed the disappearance of 7.4% of the nitrate fed to decomposi­
tion. The evidence is quite strong that the decomposition of
some nitrate to N2 and N 20 does, in fact, take place. A possible
explanation for the observation of larger losses of nitrate by
decomposition to N 2 than would be expected from reported studies
of the decomposition of nitrogen oxides is catalysis of the decom­
position by the large mass of reactive alumina, or by metal sur­
faces present in the decomposer at any given time. Another pos­
sible explanation is a decomposition reaction mechanism which
produces N

2
and 02 directly. Some further reduction of nitrate

loss to N
Z

may be possible by careful engineering of the de­
compositIon process or by means of some presently unknown
technique, although 400

0
F for various reasons is probably close

to the minimum temperature practical for industrial scale
decomposition.

There is little doubt that Al(NO 3) 3 . 9H20 melted in its water of
crystallization can be decomposed to AlZ03 using fluidized solids
techniques with indirect heating of the bed; INEL has already
accomplished this at what would today be considered pilot scale.
They operated a liquid NaK heat transfer system as a heat source
for decomposition for approximately 40,000 hours with very little
corrosion on the NaK side or other problems and also experienced
no significant corrosion/erosion on the nitrate side of the heat
transfer surfaces over the same period of time. INEL also
solved successfully the problems of introducing a viscous liquid
into the bed, and of controlling bed particle size.

The INEL effort was unconcerned about the recovery of nitrate.
Required before the construction of a demonstration plant for
the manufacture of alumina via nitric acid extraction from clay
is the development of a decomposer-acid recovery design capa­
ble of producing reduction-grade alumina with an acceptable
nitrate recovery, and verification of the cost, operability, and
acid recovery for the design.
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4. 1. 3. 9 Bleed Stream Treatment

Filtrate from the recovery of Al(N03)3 . 9HZO crystals is satu­
rated with respect to AI(N03)3, which together with free HN03
comprises approximately 45% by weight of this stream. It is
unfortunate that this is the least disadvantageous stream from
which to withdraw the bleed stream taken for the control of
soluble impurities other than iron, because taking the expected
required amount of bleed will result in rejection along with im­
purities of a substantial amount of previously dissolved alumina.
It is probable that further study of the crystallization and/or
washing the product crystals with concentrated acid would pro­
vide the basis for reducing the size of the bleed stream while
still meeting product specifications. The amount of reduction
achievable and the effort required are unknown.

It is also probable that the amount of bleed stream taken relative
to alwnina production may be reduc~d when the raw material is
a clay containing only very small amounts of acid soluble acces­
sory minerals, or if the accessory minerals present are only
slightly soluble in the acid. Conversely, the presence of acid
soluble potassium in an accessory mineral would tend to in­
crease the bleed stream requirement because the potassium
specification for the product alumina is very low. The. effect of
accessory minerals in specific clays on the bleed stream re­
quirement has not been studied to date although it is estimated
that working with high-grade clay under optimum crystallizer
conditions may permit a reduction in the bleed stream to 5% or
less of the mother liquor. It may be economical to evaporate,
cool, and possibly even chill the bleed stream to recover for
recycle a fraction of its contained aluminum nitrate. Impure
crystals so obtained would be redis solved in the primary liquor
stream prior to evaporation. This has not been studied.

It is expected, in order to recover the contained nitrate values,
that the bleed stream will be decomposed in a process and appa­
ratus very similar to the one used for final product recovery.
In this case a waste solid oxide will be produced suitable for
disposal. The amount of bleed stream to be processed per unit
of final product obviously will have an important bearing on
total energy consumption per unit of final product. All of the
comments in section 4. 1. 3. 8 about further study of AI(N03)3 •
9HZO decomposition apply equally to decomposition of the waste
stream.
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4. 1. 3. 10 Acid Recovery

Acid which is present in the vapor phase as HN0 3 may be recov­
ered by simple condensation. Nitrate which has undergone de­
composition to oxides of nitrogen will require a more 'compli­
cated absorption system. The proportion of nitrate present in
decomposer off-gase~ as HN0 3 will tend to increase as the tem­
perature of decomposition is decreased and with increasing par­
tial pressures of steam. The use of auxiliary steam will facili­
tate both decomposition and acid recovery, but will increase
energy costs for provision of the steam and for later removal by
evaporation of the added water. Thermal decomposition should
be studied in conjunction with acid recovery to optimize these
interrelated operations. It would be necessary to do this study
before designing a nitric acid alumina demonstration plant.

4.1.4 Energy Reguirements

The net thermal energy required by the process is sununarized
below. Gross fuel energy requirements will be somewhat higher.

:')

Proces s Section

Clay Calcination
Solvent Extraction Waste Stream Treatment
Evaporation
Primary Aluminum Nitrate Decomposition
Waste Nitrate Decomposition

6
Btu x 10

5.5
4.6
2.7

22.7
1. 5

37.0

The energy requirement for clay calcination may be reduced some­
what from the tabulated value by employing fluidized solids rather
than rotary kiln calcination, but development work is required.
Coal may be used as the energy source with either method of cal­
cination, but again with the requirement of some development
work. The energy required for evaporation may be reduced to
some extent if the leaching-solid-liquid separation system is
studied further to optimize it, thus minimizing primary liquor
dilution. Coal will probably be used to generate steam required
for evaporation.
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The heat required for nitrate decomposition is by far the largest
process energy input. Coal may be employed as fuel to supply the
indirectly fired major part of the decomposition heat load. A
relatively small amount of clean fuel will be required for the final
direct fired, higher temperature, reducing calcination which re­
moves the final traces of nitrate from the product ahunina.

A substantial amount of heat may be recovered from the condensa­
tion of nitric acid vapors produced by aluminum nitrate and waste
nitrate bleed stream decomposition. This heat may be used in
evaporation although its utilization will require innovative engi­
neering design effort. Such effort is expected to be worthwhile
because utilization of this heat offer s significant capital as well
as operating cost savings.

The energy requirement for bleed stream treatment may vary from
the estimated value in accordance with the amount of bleed actually
required. This would be determined from sustained cyclic process
operation.

4.1.5 Environmental Impact

The extraction of; alumina from clay via nitric acid will require
total impoundment of the waste solids from leaching in order to
prevent loss to the environment of nitrates /nitric acid remaining
in the waste solids which will be discarded. Spillage and dilute
solutions of nitrates will require similar containment. It is pos­
sible that very dilute solutions of nitrates ultimately recovered
from the drainage of waste solids or from other sources may be
returned to the process as wash water, nitrogen oxide absorber
water or in some' other way. In some climates an exces s of these
solutions could be concentrated by solar evaporation in open ponds
prior to return to the process.

Alternates include, but are not limited to, use of the waste nitrate
solutions as agricultural irrigation water or reduction of the nitrate
to elemental nitrogen by soluble organic materials such as meth­
anol followed by disposition of the remaining water to the
envir onment.

It is not possible, on the basis of presently available information,
to design the optimum method of dealing with these solutions, be­
cause their amount and composition, as well as the climate of the
plantsite, are not known.
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A small amount of gaseous nitrogen oxides will be produced during
leaching by the oxidation of ferrous to ferric iron. A much larger-­
but presently unknown- -quantity of nitrogen oxides will be produced
by nitrate decomposition. Under conditions wherein these oxides
are not in adnrixture with large quantities of combustion gases,
recovery of them by absorption employing known technology to
meet existing environmental control standards is possible. It
is not known but is doubtful whether a sufficient degree of recovery
can be achieved at an acceptable cost of nitrogen oxides from de­
composition that are mixed with combustion products.

4. 1.6 Alumina Product Quality

There are no known published alumina analyses from a nitric acid
extraction process operated under industrial conditions in accor­
dance with the flowsheet being evaluated here, but product analyses
from the miniplant operation give reason to believe that, .with re­
finements in the process and some changes in materials of con­
struction to avoid the presence of metallic corrosion products,
reduction grade alumina chemical specifications can be met. As
stated in a preceding section, the ratio of the bleed stream to pri­
mary alumina product required to meet reduction grade specifica­
tions when working with a specific raw material may vary.

The extent to which nitrate may be economically removed from the
alumina product is nl.0t known. It is expected that any residual
nitrate will be expelled upon addition of the alumina to the reduc­
tion cells. The presence of NOx in the cell off-gases would re­
quire additional provision at the reduction plant for environmental
control. Such provision would be costly.

4.1. 7 Overall Comments

The following overall comments are offered in regard to the pro­
duction of alumina from clay via nitric acid extraction:

(1) The price of ammonia used as the primary raw material in
the manufacture of makeup nitric acid has escalated by a fac­
tor of at least 4 in the last 5 years. This escalation is due in
large part to the decreasing availability and increasing cost of
natural gas. It is a trend which can only continue.
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(2) The energy requirement for producing alumina via nitric acid
extraction is relatively high. This is because:

(a) Aluminum nitrate nonahydrate forms in the crystallization
. step relied upon for rejection of impurity metals other than
iron. Decomposition of the nonahydrate requires a large
amount of heat.

(b) The chemical nature of the process requires that all of the
water in which the aluminum nitrate is dissolved as it
passes out of the leaching step must eventually be vaporized.

(c) Water must be added to the process in the absorption of ni­
trogen oxides and very probably in thermal decomposition
to inhibit the decomposition of nitrate to nitrogen oxides.
Any water so added is supplied as steam and then must
subsequently be removed by evaporation.

(d) Hydrochloric acid solution used to regenerate organic sol­
vent in iron removal is regenerated by sulfuric acid treat­
ment followed by distillation. This distillation requires a
substantial amount of ener gy.

(3) Environmental control will be relatively costly. The nitrate
ion does not normally occur naturally in groundwater and is
very undesirable even in extremely small concentrations. The
oxides of nitrogen are undesirable air pollutants and are costly
to control.

(4) The nitrate group is not stable under some conditions that can­
not be avoided in the process, with the result that a fraction of
the nitrate present decomposes to various oxides of nitrogen
during the processing cycle. This acts to increase the pro­
cess capital as well as energy requirements. Additionally,
there will be in practice an unavoidable loss of nitrate by
decomposition to the lower oxides of nitrogen and to elemental
N 2 . The amount of this loss has not been precisely established
because the process has not yet been operated with a sufficient­
ly accurate material balance. Such a loss could easily be
large enough to have economic significance.
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4.1.8 Process Assumptions Used to Estimate the Heat and Material
Balance

(1) The heat and material balance is based on 1,000 tonld of
alumina.

(Z) The chemical analysis of the clay feed (dry basis) is as
follows:

AIZ03
FeZ03
SiOZ
L.O.I.
Other*

Total

*Other is primarily TiOZ

36.5%
0.86

46.4
13.54

Z.7

100.00%

(3) The raw clay feed to the process contains 18.5% free moisture.

(4) A rotary kiln is used for the dehydration of the clay feedstock.

(5) There is a 1% dust loss (calcined basis) from the dehydration
rotary kilns.

(6) 50% by weight nitric acid is utilized in ,the process (makeup
acid and that recycled from the acid recovery section).

(7) 95% extraction efficiency of AlZ03 is achieved in the leaching
step.

(8) 8.4% of 1I 0 ther ll is solubilized in the leaching step.

(9) 670/0 of Fez03 is solubilized in the leaching step.

(10) The underflow from the settling and washing units contains 30%
solids by weight.

(11) 1% of the soluble alumina is lost in the waste residues.

(IZ) The iron content in the pregnant solution from solvent extrac­
tion is reduced to about O. 001 gil.
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(13) Approximately 1. 0% of the dissolved alumina is lost in the
solvent extraction step.

(14) 1 ton/d of organic is lost in the solvent extraction step.

(15) 17% Hel by weight is used as the stripping acid in the solvent
extraction section.

(16) Triple effect evaporators are used for the concentration of the
main aluminum nitrate solution and the bleed stream of
aluminum nitrate.

(17) The Al(N03)3 • 9H20 crystals frpm the centrifugation of the
slurry of crystals will contain 5% liquor by weight.

(18) Fluid bed roasters are used to decompose Al(N0 3 )3 • 9H20
for both the main and bleed streams.

(19) There is a 0.5% dust loss (calcined basis) from the final cal­
cination of alumina.

(20) 98% decomposition of Al(N03)3 • 9H20 is achieved in the in­
direct thermal decomposition step.

(21) There is a 3% loss of nitrate as N 2 in the indirect thermal
decomposition step.

(22) There is a 2% loss of nitrate as N2 in the direct-fired product
calciner.
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TABLE 4-1-1

ALUM INA FROM CLAY
NITRIC ACID PROCESS

DAILY THERMAL REQUIREM ENTS
FOR 1,000 TONID AI

12
0 3

4

15 LB/IN 2 (GAI 100 LB/IN2 (GAl
.STEAM, M LBS STEAM, M LBS FUEL, COOLING WATER,

(945 BTU/LB) (881 BTU/LB) MM BTU MGALS

CLAY PREPARATION

CALCINATION 5,491

LEACHING

LEACHING CONDENSERS 2,171

CRYSTALLIZATION

EVAPORATION (3-effect) 2,841 9 5,634

CRYSTALLI ZE RS 3,288

PRODUCT RECOVERY

MELTING 1,484

FLUID BED DECOMPOSITION 20,819

CALCINATION 604

CONDENSERS 8,648

WASTE NITRATE RECOVERY

EVAPORATION (3-effect) 102 9 210

MELTING 36

DECOMPOSITION -
1;410

CONDENSERS 705

HCI REGENERATION

DISTI LLATION 5,198

CONDENSERS 8,109

TOTALS 2,943 6,736 28,324 28,766
(2,781 MM BTU) (5,934 MM BTU)

NET ENERGY REQUIREMENT 37,039 MM BTU/D OR 37.0 MM BTU/TON AI 2 0 3
AS SUPPLI ED TO PROCESS:

t/- -j-cJ.J
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Table 4-1-2 (Sheet 1 of 5)

Alumina from Clay/Nitric Acid Process
Material Balance

1,000 TON/D AI.O.

Process
1 2 3 4 5 6 7 8 9 10 11Stream

Component

I
AI 20 3 1131 1131 12 1119 1119 56

AI (N03)3 4441 4397 4395 4351 6354 2153

AI (N03h . 9H 2O 7396

AI CI 3

AI (OH)3

Fe20 3 27 27 27 27 9

Fe (N03)3 53 53 53

Fe (OH)3

Fe CI 3

SiO, 1436 1436 14 1422 1422 1422 12

ILOI 402 402 402

H2O 699 699 699 4736 6350 6353 6339 9437 6242

Other 84 84 1 83 83 83 7 6 6
73\

73

H N 0 3 185 183 183 229 32143214

N20 S .
HCI

Organic

CO2

O2

N2

H2SO 4

Total 3779 3779 1128 2651 2651 10985 11002 10990 10925 19078 19078

4-1-24
All un its are in short tons per day
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Table 4-1-2 (Sheet 2 of 5)

Alumina from Clay/Nitric Acid Process
Material Balance

'- - 1,000 TON/D AlsO.

Process 12 13 14 15 16 17 18 19 20 21 22
Stream

Component

AI 20 3 986 1000 36

AI (N0 3h 2003 150 150 150

AI (N0 3)3 ·9H2O 7396 7396 148

AICI 3

AI (OH)3

Fe203

Fe (N03)3

Fe(OH)3

FeCI 3

Si02

LOI

H2O 195 195 3326 5807 435 338 97 338

Other 1 1 1 1 67 5 5 5 5

H N03 195 195 195 2990 224 221 3 221

N20 s 3032

HCI

Organic

CO2

O2 73

N2 26

-
H2SO4

Total 7787 7787 1135 6652 1001 10867 814 714 100 714 41

4-1-25
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Table 4-1-2 (Sheet 3 of 5)

Alumina from Clay/Nitric Acid Process
Material Balance

1,000 TaNIo AI.O.

Process 23 24 25 26 27 28 29 30 31 32 33Stream

Component

AI 2 O) 5

AI (NO)))

AI (NO))) ·9H 2 O

AI CI)

AI (OH))

Fe2 O)

Fe (NO)h

Fe (OH))

Fe CI)

SiO:!

LOI

H2 O 338 319 2821 854 2705 1851 63 76 4167

Other

H NO) 221 354 3732 2 5 3 76 4167

N2 0 S 114

HCI

Organic

CO2
I

O2 73 49

N2
26 17

H2 SO 4

Total 673 - 673 6553 99 856 2710 1854 134 152 8334

4-1-26
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Table 4-1-2 (Sheet 4 of 5)

Alumina from Clay/Nitric Acid Process -
Material Balance

,

1,000 TON/D AI,Os

Process 34 ' 35 36 37 38 39 40 41 42 43 44
Stream

Component

AI 2 0 3 56 56

AI (N0 3b 2066 2022 44 2 15 8

AI (N0 3)3 ·9H 2O

AICI 3

AI (OH)3 10 12

Fe2 0 3 9 9

Fe (N03)3 25 25 30 16

Fe (OH)3 10 15

FeCI 3

Si02 1410 1410 12

LOI

H2 O 1467 3081 3361 3598 17 10 3481 3481

Other 76 76 1

H N03 86 84 5 14

N2 0 s

HCI

Organic 1 2811 2811

CO 2

O2

N2

H2 SO 4

Total 5195 5212 3361 5198 17 25 , 2876 3481 3495 I 2862

4-1-27



-- .. -

"
KAiSIER

ENGINEERS

19

Table 4-1-2 (Sheet 5 of 5)

Alumina from Clay/Nitric Acid Process
Material Balance

1,000 TaNIo AI.O,

Process 45 46 47 48 49 50 51 52 53 54 55
Stream

Component

AI 20 3

AI (N03)3 2 6 6 2

AI (N0 3)3 ·9H2O

AICI 3

AI (OH)3 12 12

Fe203

Fe (N0 3)3 10 6 6 10

Fe (OH)3 15 15

Fe CI 3

Si0 2

LOI

H2O 2073 2073 6108 6108 1 205 1869 204 195

Other

H N 0 3 195

N20 S

HCI 422 417 5 5 51 366 56

Organic 2811 2810 1

CO2

O2

N2

H2SO 4
51 51

Total 2495 2529 2828 6108 2810 6126 I 52 346 2235 260 390

4-1-28
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4. 1. 9 Equipment List

ALUMINA FROM NITRIC ACID/CLAY PROCESS

Clay Preparation Area

Belt conveyor, under wobbler feeder and primary crusher
Truck dump hopper
Wobbler feeder and hoppers from truck dump
Primary crusher and chutes
Belt conveyor primary crushers to stockpile
Belt conveyor and distributors for stockpile
Stockpile, enclosure, dust collection system, and reclaim system
Wobbler feeder from stockpile
Belt conveyor stockpile to hammermills
Hammermills and hoppers
Belt conveyor hammermills to elevator
Bucket elevators from secondary crusher
Vibrating screens, chutes, and covers
Roll compactors with covers
Belt conveyor compactors to elevators
Belt conveyor screens to raw clay surge bin
Raw clay surge bin
Weigh belt feeders
Belt conveyors raw clay surge bin to kilns
Rotary kilns
Apron feeders with covers
Calcine bucket elevators
Calcine vibrating screens and chutes
Calcine cage mill grinder with covers
Calcine apron feeder with cover
Bucket elevato r to calcine storage bins
Calcine storage bins concrete
Weigh belt feeders to leaching
Belt conveyors to leach tanks
Dust collection systems
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EQUIPMENT LIST (Cont)

Leaching, Thickening, Filtration Area

Leach tanks with draft tube (lined)
Calcined clay feeders
Leach tank agitators
HNO vapor condensers
Leac1 tank recirculating pumps
Leach tank discharge pumps
Condensed HN0

3
pumps

Sand thickeners (covered and lined)
Thickener underflow pumps
Thickener overflow pumps
Sand thickener rakes
Sand washers (~overed and lined)
Sand washer rakes
Sand washer, underflow pump
Sand washer overflow pump
Wash waste water tank (lined)
Wash waste water tank pump
Flocculation feed hoppers and feeders
Flocculation mix tank
Flocculation mix tank agitator
Flocculation transfer pump
Flocculation storage tank
Flocculation solution pump
Sump relay tank (lined)
Sump relay tank pump
Wash water storage tank (lined)
Wash water storage tank pump
Wash water relay tank (lined)
Wash water relay tank pump
Filter press
Repulpers
Collecting sluice
Vibrating screen
Press cake tank (lined)
Repulped slurry pump
Spent filter aid dumpers
Filtrate tank (lined)
Filtrate pump
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EQUIPMENT LIST (Cont)

Filter aid storage tank
Filter aid .conveyor, weigh feeder
Filter aid slurry tanks
Filter aid slur ry tank agitators
Filter aid slur ry pumps
Filter liquor pumps

Solvent Extraction HCl Stripping Area

Pregnant liquor surge tank (lined)
Pregnant liquor surge pumps
Kerosene unloading pump
Kerosene storage tank
Kerosene blending pumps
DEHPA unloading pump
DEHPA storage tank
DEHPA blending pumps and heaters
Solvent blend tank
Solvent blend tank agi tato r
Solvent surge tank
Solvent surge pumps
Mixer-settler tanks (lined)
Mixer- settler head tanks
Pumping-mixing turbines and baffles
Unwashed loaded solvent pumps
Unwashed loaded solvent storage tank
Unwashed loaded solvent storage tank pumps
Loaded solvent pumps
Loaded solvent storage tanks
Loaded solvent storage tanks pumps
Spent HCl pumps
Unwashed solvent pumps
Unwashed solvent storage tank
Unwashed solvent storage tank pumps
Solvent pumps
Solvent blend tank pumps
Settler overflow
Solvent extraction pump

T

.,...- .~
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EQUIPMENT LIST (Cont)

Solvent SUInp skimmer
Solvent sump transfer pump
Skimmed solvent pumps
Raffinate pumps
Raffinate storage tank
Raffinate storage tank pumps
Fume collectors
Spent HCl solution static mixer
HCl recovery evaporation reboilers
HCl recovery surge tanks (glass lined)
HCl recovery surge tank agitators
HCl recovery condensers
HCl slurry pumps
HCl transfer pUInpS
HCl storage tank (lined)
100,000 gal H2S04 storage tank
H2S04 unloading pUInpS
H2S04 transfer pumps

Heat Interchange, Evaporation, Crystallization, Centrifuging Area

Heat interchange system (flash tanks, heat exchangers, pumps,· and
barometric condenser

Heat interchange Hotwell and cover (lined)
Heat interchange Hotwell pumps
Product evaporators triple effect, (pumps, heaters, preheaters, vapor

piping, surface condenser and barometric condenser)
Product evaporator Hotwell and cover (lined)
Product evaporator Hotwell pumps
Crystallizers (tanks, vaporizers, barometric condenser, steam ejectors,

circulating pumps and transfer pumps)
Crystallizer Hotwell and cover (lined)
Crystallizer Hotwell pumps
Crystallizer dump tank
Crystallizer dump tank pumps
Crystallizer dump tank heat exchanger
Centrifuge feed slurry tanks
Centrifuge feed pump
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EQUIPMENT LIST (Cont)

Mother liquor recycle tanks
Centrifugation purge pumps
Evaporator recycle feed pumps
Cyclone receiver tank
Cyclone classifiers
Centrifuges
Centrate collection tanks (lined)
Centrate tank pumps
Centrifuge discharge screw conveyor
Bucket elevator
Purge nitrate storage tanks (lined)

Product Melting, Decomposition, Calcination Area

Wet crystal surge tanks (lined)
Wet crystal surge tank screw conveyors
Melt tank bucket elevator
Product melt tank
Product melt tank agitators
Product melt tank steam coils
Product melt tank pumps
Product decomposers
Decomposer cyclones
Decomposer heat exchangers
Heat transfer systems
Recycle gas blowers
Product decomposer discharge screw conveyors
Surge bin feed conveyor
Surge bin bucket elevator
Calciner feed surge bin
Surge bin recirculating screen conveyor
Product calciner feed screw conveyors
Product calciner system
Alumina conveyors
Alumina distribution conveyor s
Alumina product silos concrete
Heat transfer system coal pulverizers
Heat transfer system ash handling
Heat transfer system precipitators
Heat transfer system S02 gas scrubbers

;-1-/-33
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EQUIPl\1ENT LIST (Cont)

Purge Nitrate Evaporation, Melting, Decomposition Area

Purge nitrate triple effect evaporator (circulating pumps, preheaters,
vapor piping, barometric condenser)

Purge nitrate evaporator Hotwell and cover (lined)
Purge nitrate evaporator Hotwell pumps
Purge nitrate evaporator transfer pumps
Purge nitrate melt tanks
Purge nitrate melt tanks agitators
Purge nitrate melt tanks heating 'coils
Purge nitrate melt tanks pumps
Purge nitrate decomposers system
Purge nitrate slurry tank
Purge nitrate slurry pumps
Purge nitrate slurry agitators
Purge nitrate recycle blowers
Purge nitrate venturi scrubbers
Purge nitrate cyclone separators
Purge nitrate recirculation pumps
Purge nitrate liquor cooler
Purge nitrate heat transfer system coal pulverizer

NOx Removal and Acid Recovery Area

Venturi gas scrubbers
Cyclone separators
Gas scrubber circulating pumps
Gas scrubber circulating coolers
Catalytic combustor system
HN03 storage tanks
HN03 recovery product pumps
HN03, 50% leach .feed pumps

Utilities

Steam plant and auxiliary systems
Cooling towers and auxiliary systems

if.-/-jil
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ti.; HC1;CLAY: EVAPORATIVE CRYSTALLIZATION

" . 88

h',_- 1.,_2:.;:_TECHNICALAEPRXIS:AL:-', -- " --"-.'

ALUMINA FROM CLA Y VIA HYDROCHLORIC ACID EXTRAC TION­
EVAPORA TIVE CR YSTALLIZATION

4. 2. 1 Summary and Conclusions

The process being evaluated for the manufacture of reduction-grade
alumina from clay via hydrochloric acid extraction with evaporative
crystallization includes the following steps illustrated by the
attached flowsheet:

(1) Calcination of the clay.

(2) Leaching of the calcine at atmospheric pressure at boiling
with slightly greater than the stoichiometric amount of approx­
imately 20% hydrochloric acid.

(3) Separation, washing, and rejection to disposal of the acid­
insoluble component (primarily silica) of the clay.

(4) Removal of dissolved iron from the leach liquor by a solvent
extraction process which regenerates and recycles the organic
extrac tanto

(5) Concentration by evaporation of the solution from which the
iron has been removed.

(6) Evaporating further under closely controlled conditions the
concentrated solution of aluminum chloride to selectively
crystallize AIC1

3
• 6H

Z
0, thereby separating the aluminum

from dissolved minor constituent metals.

(7) Thermally decomposing the AIC1
3

' 6H
Z

0 crystals to obtain
the product alumina.

(8) Treating a fraction of the crystallizer mother liquor to reject
soluble impurities remaining after crystallization, to recover
hydrogen chloride, and to rej ect water. The soluble impur­
ities, together with dissolved aluminum, are rejected as
anhydrous waste solids.

(9) Recovering for recycle, by condensation and absorption,
hydrochloric acid produced in thermal decomposition or
elsewhere in the process.

4-2-1
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(10) Conversion of iron chloride removed from the process to
solid ferric oxide, with recovery of the contained chloride
as hydrogen chloride.

The process being evaluated has been constructed from informa­
tion derived from older U. S. Bureau of Mines reports of investi­
gation, and the recent U. S. Bureau of Mines Report of Investiga­
tion No. 8188 describing a new solvent extraction process for
iron removal, information published in the older open literature,
and Kaiser Aluminum experience.

It is highly probable that alumina meeting reduction-grade chemical
purity and physical property specifications can be manufactured
from clay via hydrochloric acid extraction. The estimated net ther­
mal energy requirement to p~ocess is 31. 4 x 10 6 'Btu/ton product
alumina, which probably can be reduced somewhat by ~urther studies
and engineering design for heat recovery. All of the earlier studies
of the thermal decomposition of A1C1 3 ' 6H20 were done with direct
firing; if direct firing is used, a minimum of 14.5 x 106 Btu/ton
alumina must be supplied by a clean fuel such as oil. Any fuel, in­
cluding coal, may be used for the balance of the thermal energy
requi rement.

Hydrochloric acid losses can be held to low levels, and solutions

for environmental problems are available.

Several process sections would benefit from the availability of
additional engineering design information. These are clay cal­
cination, solid-liquid separation, crystallization, product decom­
position and bleed stream treatment for the removal of impurities.

4.2.2 Background

Intere st in the use of hydrochloric acid as a means of extracting
alumina from clay has existed since the turn of the century. Early
investigators noted that:

(1) It was relatively easy to operate the leaching process so as to
obtain almost quantitative separation of silica, and the silica
was in a form which could be filtered and washed easily.

(2) Hydrochloric acid is an aggressive reagent which, after clay
calcination, will dissolve up to 980/0 of the alumina in many
U. S. kaolin clays with 2 hours leach time at the boiling tem­
perature and at atmospheric pressure.

4-2-3
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(3) The leaching process is exothermic, making it easy to reach
and maintain the boiling temperature.

(4) Iron in the clay dissolves in about the same proportion as alu:­
mina. Titanium, sodium, potassium, calcium, and magnesium
present in small amounts 'in accessory minerals tend to have
much lesser, but variable, solubility in hydrochloric acid.

(5) High solution loadings of up to ZOO gIl dissolved alumina are
possible in the chloride system.

(6) Aluminum chloride hexahydrate can be crystallized from
solution in a simple crystal of controlled particle size distribu ­
tion. Only one hydrate forms, and the crystals are readily
washed.

(7) Aluminum chloride hexahydrate decomposes without melting
in its water of crystallization at comparatively low tempera­
tures, although not completely excepting at higher temperatures.

(8) Hydrogen chloride is a very stable chemical compound. Chloride
volatilized from aluminum chloride hexahydrate during thermal
hydrolysis is completely converted into hydrogen chloride.

(9) Properties of the system HCI-H
Z

0 are well known, and
pr~perties of the systems M.

x
Cl - HCI ~ I:Iz 0 for the metals

of Interest are known to a lesset but sufflclent extent to allow
the design of evaporators, crystallizers, acid recovery units,
etc. Virtually complete recovery of HCI is possible if suitable
conditions are chosen.

(l 0) The solubility of chlorides tends to increase with increasing
temperature. Scaling problems on heat transfer surfaces are
therefore eliminated or greatly reduced.

An important characteristic, re<.:ently.discov·ered, is that
virtually all of the metallic elements in the periodic system
with the exceptions of sodium, potassium, calcium, magnesium,
and aluminum form anionic chloride complexes. rron, in par­
ticular, may be separated as an anionic chloride complex from
the aluminum by' solvent extraction using an appropriate organ­
ic extractant. Non-volatile organic extractants are available,
which are almost insoluble in the aqueous phase, and which
may be regenerated for reuse by stripping the iron chloride
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into a very dilute solution of hydrocbloric acid. The iron­
aluminum separation problem was a major barrier to the
production of alumina from clay via hydrochloric acid extrac­
tion prior to development of the new solvent extraction
technique.

The formation of anionic chloride complexes by most metals is
probably at least partially responsible for the high separation fac
tor achieved during crystallization. If the concentration of alkali
and alkaline earth metals in the crystallizer are kept reasonably
low by means of a bleed stream, AICI ~ 6H

Z
° crystals may be

produced of sufficient purity as to be decomposable directly into
reduction-grade alumina. It is fortunate that the amounts of
these metal oxides present in many U. S. clays are very small
in relation to alumina, and most of what is present may be in
accessory minerals only partially soluble in hydrochloric acid.

The iron- aluminum separation mentioned above was instrumental
in frustrating all previous efforts to use hydrochloric acid as a
primary reagent in the extraction of alumina from clay. Materi­
als of construction for tanks, piping, pumps, heat transfer sur­
faces, valves, and other equipment also presented a nearly
insuperable problem before and during World War II, which was
the last previous time of widespread interest in the extraction
of alumina from clay. Fortunately, there have been major
developments in corrosion resistant polymeric materials--both
as linings and in solid form--since that time. Zirconium,
titanium, tantalum or tantalum coatings, and resin impreg-
nated graphite are available as corrosion resistant heat trans­
fer surfaces in contact with acidic chloride solutions.· A selec­
tion of metals protected by the development of oxide films may
be used in the presence of Hel and HZO above the dew point
and under other specified conditions.

It is believed possible today to design a plant using hydrochlo­
ric acid as an extractant which will operate with an acceptable
level of maintenance expense.

4-Z-5
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4.2. 3 The Process

U. S. Bureau of Mines RI 6133 evaluates five hydrochloric acid pro­
cesses for the extraction of alumina from clay, all of which have
been rendered obsolete by the anionic chloride iron separation sol­
vent extraction technology recently reported in USBM RI No. 8188.
The process evaluated here has been constructed by Kaiser Alumi­
num primarily from information contained in RI 6133 and other
technical literature cited in the bibliography which is a part of RI
6133, but taking advantage of the improved iron separation method
of RI 8188. Azeotropic breaking distillation is employed in treat­
ing the crystallizer bleed stream. This latter proces s has been
described in the U. S. patent literature and in Eastern European
technical literature.

4. 2. 3. 1 Summary

The entering clay is calcined for chemical activation, the remov­
al of free and combined water, and the destruction of any organic
materials. The calcined clay is leached with approximately 20%
HCl at boiling and at atmospheric pressure, following which the
insoluble solids are separated from the leach liquor and washed
prior to their disposal. The combined leach liquor and washings
are next subjected to solvent extraction for the removal of iron.
One product 6f the solvent extraction-regeneration is a dilute
acidic solution of ferric chloride. This solution is concentrated
by evaporation and then thermally decomposed to ferric oxide,
with recovery of its chloride content as hydrogen chloride.

The iron-free primary liquor is next subjected to multiple-effect
vacuum evaporation to bring it to saturation with respect to alu­
minum chloride and then to further evaporation under controlled
conditions to produce AIC1

3
" 6H

Z
O crystals of specified particle

size distribution and purity. TEe crystals are separated from
their mother liquor by vacuum filtration or low speed centri ­
fuges, and adhering mother liquor is washed from them with 35%
acid. The washed crystals are decomposed to product alumina
by direct contact with hot combustion gases produced by burning
a clean fuel. The combustion gases containing HCl and H 0
vapor produced by the thermal decomposition pass to a co~dens­
er-absorber where approximately 20% acid is recovered for re­
cycle to leaching.

'1--.2- &
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The crystals recovered on the vacuum filter, will carry with them
adhering mother liquor.. It is proposed to utilize this adhering
mother liquor as the crystallizer. bleed stream for the control of
minor constituent impurity metals other than iron. The adhering
liquor will be removed by the wash acid and delivered mixed with
it to the HCI stripping column, where the used· wash acid will be
mixed with a much larger recirculating concentrated stream of
waste chlorides. Hydrogen chloride is distilled off in concen­
trated form by an azeotropic-breaking distillation, most of the
water in the entering wash acid remaining in the waste chloride
solution. The hydrogen chloride vapor passes from the top of
the stripper to an absorption column where it is absorbed into a
side stream of recovered 20% acid to produce new 35% wash acid.
The liquid from the bottom of the stripping column (which con­
tains all 01 the metal chlorides, most of the water, and a small
fraction of the hydrogen .chloride in the entering wash liquid)
passes into an evaporator for reconcentration. Steam contain­
ing some hydrogen chloride pas ses into the primary acid re­
covery unit. Most of the reconcentrated waste chloride stream
is recycled to the HCI stripper, but the net production is sent to
waste solids decomposition. Sulfuric acid equivalent to calcium,
magnesium, sodium, and potassium is added in this latter unit,
which is a calciner. Waste solids are discharged, . and hydrogen
chloride recovered is sent to the HCI absorber.

4.2. 3. 2 Calcination

Entering clay is calcined in the same manner as for processes
employing nitric or sulfurous acids as the aluminum extractant. ,
All of the comments made in the evaluations of the processes
employing those acids as extractants--and in particular to the
pos sible development of fluidized solids clay calcination- -apply
equally when employing hydrochloric acid as the extractant.

4.2. 3. 3 Leaching

Alumina dissolves during leaching

Al203e2Si02 + 6HCI~ 2AICl
3

+ 3H
2

0 + 2Si0
2

Calcined clay Solution Solution Solid Waste

The tanks employed for leaching may be constructed of mild steel
with apolyrl11 eric-lining, protected against abrasion and excessive

4-2-7
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temperature by an inner brick lining. Free- standing fiberglas s ­
reinforced plastic '(FRP) tanks, also protected by a brick lining,
are a pos sible alternative. The tanks 'Will have sealing covers
so that vapors generated by the heat of reaction may be contained
and conducted to a condenser. Gentle agitation will meet the
objectives of assuring adequate access of acid to all of the solid
particles while avoiding, insofar as practical, attrition of the
clay particles during leaching. It is further expected that the
leaching will be accomplished cocurrently in three to five stages
at one atmosphere at the boiling temperature with solution extrac­
tion of 90 -98% of the total entering aluminum within a total resi­
dence time of about 2 hours.

Adequate information is available today for the design of a leach­
ing operation that will operate successfully. Some additional
study is desirable to develop a design which 'Will minimize feed
particle attrition. This is important in minimizing the produc­
tion of fines, which would make the subsequent solid-liquid sepa­
ration and residue washing step more difficult and costly.

4.2. 3. 4 Solid-Liquid Separation

The amount of waste solids is large enough to require, under
optimum conditions, a substantial capital investment in'the
separation, washing, and solids handling operations and to
require the introduction of a substantial arnount of waste solids
wash water into the process. This wash water must later be
removed' by evaporation in order to maintain the process water
balance.

Enough is known about the properties of the residue and solution
produced by hydrochloric acid leaching of U. S. kaolin clay to
make possible the engineering design of a solid-liquid separation
system which would operate. Much work however remains to be
done on optimizing the solid-liquid separation in terms of the cap­
ital cost for the operation and the dilution water introduced. This
must, as in the case of nitric acid leaching, be done in conjunc­
tion with design of the leaching operation, because the character­
istics of the solids emerging from leaching will control the solid­
liquid separation.
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4. 2. 3. 5 Iron Removal

The removal of iron at this point is desirable to insure that" ~t

does not enter crystallization, thereby insuring its exclusion
from the final product. Removal of iron prior to evaporation
also makes it pos sible to enter crystallization with a pregnant
liquor containing a higher concentration of dissolved alumina.

..",....

The first step in iron removal is quantitative oxidation of the iron
to the ferric state in order to render it amenable to solvent
extraction. It is recommended that this be accomplished by
means of ,elemental chlorine, which oxidizes ferrous iron very
quickly according to the reaction

++ 1 +++
Fe + 1C12 ----:~~ Fe +el

The oxidation process can be readily monitored and an ex-
cess of chlorine avoided through the well-developed use of an
oxidatlon potential measurement. A further advantage of chlorine
as an oxidant is that it is converted to chloride which supplies
part of the over-all process chloride makeup requirement.

Enough is known "about chlorine oxidation to embody it in a dem­
onstration plant design without further development work.

The U. S. Bureau of Mines in RI 8188 has described an excellent
separation of iron from aluminum which comprises a multistage
countercurrent solvent extraction of ferric iron into a mixture of
certain amine hydrochlorides dissolved in an organic solvent.

The reaction for formation of the anionic chloride complex is:

FeC1
3

+ Cl

and for the extraction is:

FeC1
4

aqueous organic organic aqueous

The equipment used was mixer- settlers. The organic was regen­
, erated for recycling in a similar multistage operation by stripping

4-2-9



KA/lSER
ENGINEERS

9 '"1. I

4. 2. 3. 6 Evaporation

it into water containing just enough hydrochloric acid to avoid pre­
cipitating basic ferric compounds.

aqueousorganicorganic

The equation for the stripping step is:

+ - + -
R1RNH FeCl

4
+ water ~R'RNH CI + FeCl

3

The technology of iron chloride decomposition has been previous­
ly well developed in connection with the treatment of steel mill
pickle liquors. It is expected that no additional development ef­
fort will be required.

The vapors plus inerts and combustion products pass to acid re­
covery. The iron oxide goes to waste disposal, or it may be sold
as iron ore.

2FeC13 + (n + 3)H
Z

O ~H ;;.. Fe
Z

0
3

+ 6HC11 + nHzOt

solution solid (vapor) (vapor)

Enough information has been developed about this operation to
permit design of a demonstration plant without further develop­
ment work.

Approximately 9. 6 mass units of water /unit product alumina,
along with all of the free dissolved HCI, are removed by evapora­
tion from the iron-free leach liquor (including diluted leach liquor

Concentration of the iron-free pregnant liquor to saturation
bring s the liquor to the point where crystallization of AlC1

3
. 6H

Z
°

may begin. It also provides a means of rejecting water, thus lielp­
ing to maintain the over-all process water balance.

The strip solution produced during regeneration of the organic
extractant is acidic and contains approximately 3. 5% ferric
chloride. This solution is concentrated by multiple effect evap­
oration to approximately 50% ferric chloride, at which concentra­
tion it is sprayed onto particles of iron oxide in a direct-fired
fluid bed at a temperature of approximately 1500 o F. The ferric
chloride immediately decomposes:
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recovered by washing the waste solids) to produce a 310/0 solution
of aluminum chloride.

Acid vapors produced during evaporation may be totally condensed
or may be condensed stagewise to obtain a liquid acid the concen­
tration of which will depend upon the ratio HCl:H

Z
0 in the vapor

entering the condenser and the pressure (temperature) at which
the condenser is operating. Under the circumstances existing
during concentration of the pregnant liquor, it will be possible by
stagewise condensation to recover all of the hydrogen chloride
in the vapor as liquid acid of at least 10 % HCl and to recover the
remainder as water.

This evaporation may be done under vacuum in order to utilize
heat recoverable in other sections of the process. The technol­
ogy of the evaporative process is well known and should require
very little additional development work.

4. 2. 3. 7 Crystallization

Cooling crystallization is not effective for producing AlG1
3

• 6H
Z

0
because the solubility of aluminum chloride decreases only
slightly as the temperature is decreased. The saturated solu­
tion from the evaporators is therefore continuously passed into
evaporative crystallizers where all of the water in whrch the'
aluminum chloride is dissolved (in excess of that required for
the formation of AlGl 3 ' 6HZO) is evaporated under controlled
conditions. This induces supersaturation, with the consequent
formation of crystals.

Heat is absorbed when AIGI
3

" 6H 0 crystals form. This crystal­
lization process requires a substantial amount of heat because
heat must be supplied both for evaporation of the water and for
formation of the crystals.

Ideally, only water vapor and AlGI" 6H 0 crystals would leave
the crystallizer. In practice a mofuer l'iquor bleed stream must
also be taken out in order to control the buildup of soluble impu­
rities entering the crystallizer. It is possible that mother liquor
adhering to the crystals as they are recovered, as discussed in
the next section, may provide the required amount of bleed. The
technology of the crystallization step is well known, and no addi­
tional development work is required prior to designing a demon­
stration plant.

4-Z-11
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4. 2. 3.8 Crystal Recovery

time
cal­
The

The crystals next pass to thermal decomposition. AlC1
3

,6H 0
. 2

crystals decompose very rapidly when heated to temperatures
above about 37 SOF approximately in accordance with the reaction

The AICI
3

• 6H
2
0 crystals may be separated from the crystallizer

mother liquor-by either vacuum filtration or centrifuges. Some
mother liquor will inevitably adhere to the crystals; this mother
liquor can probably provide the bleed stream required for con­
trol of minor constituent impurities in the crystallizer. The
crystals are therefore washed with 350/0 hydrochloric acid. in
which aluminum chloride has a very low solubility, to free
them of -adhering mother liquor.

but the decomposition does not proceed within a reasonable
to a composition of residual chloride of o. 1% unle s s a final
cination temperature of approximately 16S0 oF is attained.
presence of a high partial pressure of steam facilitates
removal of the chloride. It appear s that alumina can be pro­
duced which will meet or exceed all specifications for chemical
purity with the possible exception of the .present target specifi­
cation for residual chloride. It also appears possible that alu­
mina can be produced which will have a suitahle surface area,
which will dissolve readily in the reduction cell cryolite bath,
and which will have an acceptable particle size dist ribution.

2AICI • 6H 0
3 2

The thermal decomposition process.is energy intensive, requir­
ing approximately 14. S x 10 6 Btu/ton product alumina if it is
assumed that the alumina leaves decomposition at 1300 0 F and
that the gaseous products exit at 600 oF. No provision is in­
cluded in the above requirement for steam that maybe supplied
in the final stage(s) of decomposition. The required thermal
energy may be supplied by direct contact of the crystals with
hot combustion products; but if this option is chosen, a clean

Design of the crystal recovery and acid washing section of a dem­
onstration plant is not expected to require any substantial amount
of further development work.

4. 2. 3.9 Decomposition
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fuel is required. If indirect heating is selected, a suitable
heat transfer mediUlTI and heat transfer surface material of
construction must· be chosen.

The published literature describes the employment of
Herreschoff- type furnaces and rotary kilns, both directly and
indirectly fired, for accomplishing the decomposition. Further
development of equipment for carrying out the thermal decom­
position operation, even if a direct- fired decomposition em­
ploying a clean fuel is chosen, is required before an economi­
cally competitive demonstration plant can be designed. This
process evaluation is based upon the employrnent of direct-fired
decomposition.

4. Z. 3. 10 Acid Recovery

The recovery of hydrochloric acid £rorn hot vapors is simpler
than for nitrogen or s ulfur- based acids, because no decompo­

sition of hydrogen chloride occurs at any process ternperature
and because of the great affinity of hydrogen chloride for water.

The equilibriurn partial pressure of HCl over water containing
.small percentages of HCl is extrernely low even at the normal
boiling temperature of such solutions, and the volatility of HCl
in relation to water decreases with decreasing temperature. An
azeotrope exists at one atmosphere in HCl!HZO solutions at
ZO. 2% Hel.

The above properties determine the conditions of operation
which are possible for the acid recovery system. The three
important factors in the recovery of hydrochloric acid from
condensing vapors are the ratio HCl:H20, the temperature at
which the systern is operating, and the amount of inert gase s
which are present. Virtually cOIYLplete recovery of HCl is
possible from the gases exiting a direct-fired thermal decorn­
position of AlCl 3 ' 6H 2 0. A countercurrent flow condenser may
be used to condense the decompose r off- ga ses and produce
approxirnately 20% HCl while rejecting H 2 0 vapor and inert
gases.

Equiprnent for recovering hydrochloric acid from the vapors
produced by a direct-fired therrnal decomposition operation at
demonstration plant scale can be designed without. further
devele&·pment.

4-2-13
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4. Z. 3. 11 Bleed Stream Treatment

Mother liquor adhering to the AlCl
3
" 6H

Z
° crystals, withdrawal

of which also serves the purpose of reITloving soluble
minor constituent impurities from the process is recovered
after washing of the crystals in adITlixture with the wash acid.
Further treatment of these very acidic washings has three
functio'ns:

(1) rejection of the impurities in the liquor washed from the
crystals;

(Z) recovery as fresh consentrated wash acid of the HCl con­
tained in the washings;

(3) rejection of water from the process.

The washing s are mixed in a stripping column with a hot, concen­
trated, recycling stream of previously separated waste alkali and
alkaline earth. metal chlorides so as to prepare after mixing, on
an HCl-free basis, a solution approximately 400/0 HZ? and 60%
waste chlorides. The presence of the high metal cflloride con­
centration is known to greatly increase the volatility of the HCl
in relation to HZ 0, the latter having a great affinity for the dis­
solved MgCI

Z
and CaCI

Z
. Almost pure HCl vapor exits the top of

the colurrm, whereas Hie bottoITl liquid contains only a sITlall aITlount
of HCl but nearly all of the HZO in the washings being processed.

Concentrated HCl vapor from the top of the column passes into
an absorptioncolumn where it increases the concentration of a
side stream of acid from the primary absorber from ZO -ZZ% to
35%. This becomes fresh wash acid. The somewhat diluted
waste.chloride streaITl passes to an evaporator where it is re­
concentrated. The major fraction of the reconcentrated waste
chloride stream is rec ycled to stripping, but the net production
is 'Nithdrawn for further treatment described below. Acidic va­
pors proceed to the primary acid condenser for recovery of con­
tained HCl, the associated water vapor being rejected to the
stack.

The chemical engineering principles involved in the addition of a
third component to a two-component system in order to make
pos sible separation of the original two components by distillation
is well known. There is reportedly one commercial installation
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in the U. S. of this method for separating HCl and H 0. Other
commercial installations have been reported i~ Eastern Europe,
and a partially analogous operation has been reported in Israel.
There appears to be very little doubt that the method is operable,
but piloting is recommended prior to design of a demonstration
plant to solve problems that may arise due to the presence of
aluminum chloride, the possible formation of double salts, etc.
The pilot study should be based upon a recirculating waste
chloride solution of a composition that would be derived from a
particular clay.

4. Z. 3. lZ Sulfuric Acid Treatment of Waste Chlorides

The net production of concentrated waste chlorides is treated
with sulfuric acid equivalent to the alkali and alkaline earth
metals present (but not equivalent to alumina) and calcined.
Representative reactions occurring are:

CaCl
Z

+ H
Z

S0
4
--:>~ CaS0

4
+ ZHCl ~

ZAlC1
3

+ 3H
Z
° :> AIZ03 + 6HCl ~

The HCl produced is relatively concentrated and is sent to con­
centrated acid absorption. The mixture of sulfates and alumina
is waste.

The technology of the calcination of chlorides with sulfurie add
to produce metal sulfates plus HCl is well known. No further
development work is necessary prior to design of a demonstra­
tion plant.

4-2-15
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4. 2.4 Energy Reguirements

8.4 x 10
6

14. 5 x 106

1.3 x 106

31. 4 x 106

Btu/ton AIS03
5. 5 x 10

1. 7 x 106

Clay calcination

Iron removal

Evaporation }
plus

Crystallization

Thermal decomposition

Bleed stream treatment

The net energy requirements to process for HCl extraction­
evaporative crystallization are:

It is important that the direct-fired thermal decomposition of
AICI

3
• 6H

Z
0, although technically simpler than an indirect-fired

decomposltion because it avoids the need for heat transfer surfaces
and media, will require a clean fuel which probably will be oil. This
will be costly in view of the large heat requirement for this process
section.

Waste heat may be recovered from the condensation of hydro­
chloric aCid by innovative design in the acid recovery section.
This heat could be employed in vacuum evaporation to reduce
the amount of stearn otherwise required.

Stearn requirements can be met by coal-fired boilers.

4. 2. 5 Environmental Control

It will be necessary to construct as a closed system with respect
to the environment those plant sections where hydrogen chloride
is present in order to safeguard the health of the workmen, avoid
excessive maintenance costs, avoid acid losses, and meet antici­
pated emission standards. Fortunately, this task is made ea~ier

by the great affinity of hydrogen chloride for water. Covered
leach tanks, for example, can be vented to the atmosphere
through a condenser. Filters must be covered but also can be
vented to the atmosphere through a condenser/ scrubber.
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Recovery of hydrogen chloride to meet air pollution control re­
quirements can be assured in the acid recovery section.

Waste solids from leaching will comprise silica, a small amount
of unreacted clay, and small amounts of unreacted accessory min­
erals. The silica will not be excessively hydrated, and these
waste solids should make a good subsoil. It will undoubtedly be
desirable to return them to mined-out areas for disposal, but
small amounts of chloride r-emaining in them--which may acciden­
tally find its way into the groundwater- -will be indistinguishable
from chlorides which are natural constituents of groundwaters.
Other waste solids from the process are iron oxide and a mixture
of metal sulfates with alumina. The iron oxide may be disposed
of with the leach solids or may have some value. The sulfate­
alumina mixture will require disposal in a manner such that the
sulfates will not be leached out or where the presence o,f dissolved
sulfate will not be objectionable. The quantity of sulfates produced
in relation to alumina will be small.

Heat entering the process is largely rejected to the atmosphere in
combustion gas streams or by means of cooling towers. The pro­
cess does not produce a liquid effluent other than the water present
in the waste leach solids. Current technology permits return of
this water to the process.

4.2.6 Alumina Product Quality

Experimental evidence based upon literature, some direct labora­
tory work, and some miniplant results all indicate that the chemical
purity of chloride process alumina with respect to metals has the
potential of being considerably higher than Bayer proce s s allltninas.
The extent to which chloride may be economically removed from
such aluminas, and the actual extent to which reduction plant oper­
ations will require its removal, are not known with certainty at
this time. Phosphate is a material present only in trace quantities
in the entering clay. It is not expected to cause difficulty in the
hydrochloric acid extraction of alumina from clay, but the P Os
specification in the finished alumina is very low; and very litlle
is known about the passage of phosphate through the processing
cycle.

Aj-:J -/7
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Tests on small quantities of chloride process alumina have shown
that it can be produced to meet present day specifications for sur­
face area and water absorption. This alumina also appears to dis­
solve very readily in molten cryolite. It will be possible to pro­
duce AlC13 • 6H

Z
° crystals in a particle size distribution appropri­

ate as the precursor to the finished alumina. As suming that a de­
composition process can be developed which--in addition to meet­
ing other requirements - -will minimize attrition, it is probable
that the particle size distribution specification can also be met.
The finished alumina will be less dense than Bayer alumina, but
chloride process alumina can be produced with a constant density.

4. Z. 7 Process Assumptions Used to Estimate the Heat and Material
Balance

(1) The heat and material balance is based on 1,000 ton/d of
alumina.

(Z) The chemical analysis of the clay feed (dry basis) is as follows:

A1
Z

0
3 36. 5%

Fe
Z

0
3

0.86

SiOz 46.4

L. 0. I. 13,54

Other':': Z. 7

100.000/0

':'Other is primarily TiO
Z

'

(3) The raw clay feed to the process contains 18.50/0 free moisture.

(4) A rotary kiln is used for the calcination of the clay feedstock.

(5) There is a 1% dust loss (calcined basis) from the rotary kilns
used to calcine the raw clay,

4-Z-18 .
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(6) ZO% by weight hydrochloric acid is utilized as leach acid.

(7) 15% of the heat of reaction in the leaching tanks is released in
the form of vapors. These vapors contain 1% HCl and are con­
densed and returned to the leach tanks.

(8) 95% extraction efficiency of Al
Z
03 is achieved in the leaching

step.

(9) 95% of FeZ 03 is solubilized in the leaching step.

(10) 7. Z% of "other" (approximately the same as in the HN0
3

pro­
cess) is solubilized in the leaching step. This soluble fraction
mainly consists of sodium, potassium, calcium, and magne­
sium salts plus phosphate and sulfate.

(11) Approximately 100/0 excess HCl is contained in the leach acid.

(1Z) The underflow from the settling and washing units contains 330/0
solids by weight.

(13) Filter press solids from pregnant liquor polish filtration con­
tains 60% solids.

(14) 1% of the soluble alumina is lost in the leach waste residues.

(15) Chlorine is added to the pregnant liquor before solvent exrac­
tion based upon one third of soluble iron content being present
as ferrous iron.

(16) 100% of the chlorine added is converted to HCl.

(17) A solution of 10% Alamine 336 in kerosene is used as the or­
ganic extractant for ferric iron.

(18) "The iron content in the pregnant solution from solvent extrac-
tion is reduced to about O. 001 grams per liter.

(19) A volume ratio of aqueous / organic of 3/1 is present during
extraction.

Lf-J--11
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(20) A volume ratio of organic I aqueous of 3. 5/1 is pre sent during
stripping.

(21) The strip acid will contain approximately. 03% HCl.

(22) The recycled organic solution to extraction will contain about
O. 5 grams per liter Fe.

(23) The organic loss is taken as 2. 1 Ib per ton A1
2

0
3

or 1 ton/d.

(24) Use of the distribution coefficient of .004 for aluminum when
using Alamine 336 is equivalent to a los s of 10 toni d of AIC1

3
in the solvent extraction section.

(25) Multiple effect evaporators (3-effect) and evaporative crystal­
lizers are used for the concentration and crystallization of
AIC1

3
, 6H

2
0 intermediate product.

(26) The slurry from the AIC1
3

crystallizers contains 30% solids
by weight and a residual I3. 6% AIC1

3
in solution.

(27 ) The AIC1
3

'- 6H
2

0 crystal slurry from the crystallizer is filter­
ed and washea on vacuum filter s yielding a cake containing 85%
solids.

(28) Filtrate mother liquor is recycled to the crystallizer.

(29) The bleed stream for minor impurities purging (" other") is
the washing s filtrate from vacuum filtration.

(30) One displacement wash of 35% HCl at an 83% washing efficiency
is used on the product AIC1

3
, 6H

2
0 crystals.

(31) The washed AIC1
3

0 6H
2

0 crystals are decomposed in direct
fired rotary kilns.

(32) There is a 1% dust loss (calcined basis) from the decomposi­
tion and calcination of AIC1

3
- 6H

Z
O crystals.

(33) The product alumina will contain 0, 01% residual C12.

4-;L-;U)
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(34) Only combustion water has been included in the material bal­
ance of direct-fired heating units.

(35) 1% of the Hel and HZ 0 from the product decomposition is lost
in the subsequent aCld recovery operation.

(36) The washing s filtrate bleed is stripped to remove 93% of free
HCl and evaporated in multiple effect evaporators to a 45%
solution of chlorides. .

(37) Sufficient liquor from the evaporator is recycled to maintain
a 40% solution of chlorides in the HCl stripping step.

(38) A stoichiometric quantity of HZSO4 for " o ther ' ! is added before
the waste chlorides decomposition. •

(39) The stripping solution is concentrated to a 50% solution of
chlorides in a multiple effect evaporator before decomposition
in a direct fired fluid bed decomposer, .

(40) Makeup HCl is added as a 35% acid wash to the AICl
3

, 6H
2

0
vacuum filter.

o
(41) A 53 F temperature rise occurs in cooling water.

(42) Theoretical heat requirements divided by .85 to estimate
actual heat requirements. This method used onl y·when no
actual data was available.

4-2-21
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TABLE 4-2-1

COOLING WATER,
MGALS

FUEL,
MMBTU

ALUMINA FROM CLAY HYDROCHLORIC
ACID PROCESS/EVAPORATIVE CRYSTALLIZATION·

DAILY THERMAL REQUIREMENTS
FOR ',000 TON/D AI 2 0 3

100 LB/IN2 (GAl STEAM,
M LBS

(881 BTUILBI

CLAY PREPARATION

CALCINATION 5,507

LEACHING

LEACHING CONDENSER 449

EVAPORATION

EVAPORATION & CRYSTALLIZING
(3-EFFECT) 9,567 8,955

DECOMPOSITION & CALCINATION

ROTARY KILN 14,500

BLEED STREAM PROCESSING

HCI STRIPPING

EVAPORATION (3-EF FECT)

DECOMPOSITION

367

547

500

STRIPPING SOLUTION PROCESSING

EVAPORATION (3-EFFECT)

DECOMPOSITION

1,449

400 -

ACID RECOVERY

HCI ABSORPTION

HCI CONDENSER

1,575

23,478

TOTALS 11,930
(10,510 MM BTU)

20,907 34,457

NET ENERGY REQUIREMENT
AS SUPPLI ED TO PROCESS:

31,417 MM BTU/D OR 31.4 MM BTU/TONAI2 0 3

4-2-22
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Table 4-2-2 (Sheet 1 of 6)

Alumina from Clay/Hydrochloric Acid Process
Evaporative Crysta llization

Material Balance
1,000 TON/D AI 2 0 3

Process
1 2 3 4 5 6 7 8 9 '10 11Stream

Component

AI 2 0 3 1127 1127 1116 1116 56 56 56

AI CI 3 2776 557 27 530

AICI 3 ' 6H 2O

Fe20 3 27 27 27 27 1 1 1

Fe CI 3 52 11 11

I

HCI 2 2 229 46 1 1 46

L. 0.1. 418 418

I

H2O 701 701 198 198 10734 2491 4719 3147 4063

Other 84 84 83 83 83 78 77 1

Si O2 1433 1433 1419 1419 1419 1419 1411 8

Organic

H2 SO 4

CI 2

otal 3790 3790 2645 2645 200 200 15350 4659 4720 4720 4659T

All units are in short tons per day.

4-2-23
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Table 4-2-2 (Sheet 2 of 6)

Alumina from Clay/Hydrochloric Acid Process
Evaporative Crystallizaiion

Material Balance

Process 12 13 14 15 16 17 18 19 20 21 22Stream

Component

AI20 3

AI CI 3 2749 1 2748 2738 2738 1506 1392 20

AI C1 3' 6H2O 4746 4746

Fe203

Fe CI 3 52 52

HCI 229 229 240 149 1971 1822 268

L. 0.1.

H2O 12306 6 6 12306 12306 2691 7523 6954 549 983

Other 6 6 6 6 74 68 1

Si0 2 8 8

Organic

H2SO 4

CI 2 11

Total 15350 6 15 15341 11 15290 5584 15820 10236 5584 983

4-2-24
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Table 4-2~2 (Sheet 3 of 6)

Alumina from. Clay/Hydrochloric Acid Process
Evaporative Crystallization

Material Balance

Process
23 24 25 26 27 28 29 30 31 32 33

Stream

Component

AI20 3 1000 10

AI CI 3 94

AI C1 3' 6H 2O

Fe203

FeCI 3

HCI 1 2435 24 2467 39 174 157 254

L. 0.1.

H2O 3120 2089 31 9868 73 565 3 472 281

Other 1 5

Si0 2

Organic 1

H2SO4

CI 2

otal 1002 10 5555 2089 56 2335 112 838 160 726 281T

4-2-25
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Table 4-2-2 (Sheet 4 of 6)

Alumina from Clay/Hydrochloric Acid Process
Evaporaimve CrystaUizatUon

Material Balance

Process
34 35 36 37 38 39 40 41 42 43 44Stream

Component

AI 2 0 J

AI CI J 1435 1341

AI CI J ' 6H 2 O

Fe2 0 J

FeCI J

HCI 15 1 2 2 91 89 74 2541 88 71

L. 0.1.

H2 O 60 4189 64 9259 9259 9615 356 296 10164 2374 1812

Other 76 71

Si O2

Organic

H2 SO4

CI 2

Total 75 4189 65 9261 9261 9706 445 370 12705 3973 3295

4-2-26
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Table 4·2·2 (Sheet 5 of 6)

Alumina from Clay/Hydrochloric Acid Process
Evaporative Crystallization

Material Balance

Process 45 46 47 48 49 50 51 52 53 54 55Stream

Component

AI 2 0 3 36

AICI 3 94 10 10

AI C1 3 • 6H 2 O

Fe2 0 3

Fe CI 3 59 7 52

HCI 12 5 82 1

L. 0.1.

H2 O 435 127 20 128 1249 1185

Other 5 12

Si0 2

Organic 3781 3780 1 1

H2 SO4 7

CI 2

Total 447 231 7 20 210 48 3850 3787 1 1313 1185

4-2-27
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Table 4-2-2 (Sheet 6 of 6)

Alumina ~rom C~ay/Hwdi"ocMoI"DCAcid Process
!EvaporaUve Crys~am~ation

Materiai Balance

Process
56 57 58 59 60Stream 61

Component

AI 2 0 J 4 11

AI CI J 10

AI CI J ' 6H 2 O

Fe 20 J 26

FeCI J 52

H CI 1 1 44
i,.

L.0.1. 418

H2 O 1249 64 13 701 66

Other 1

Si O2 14

Organic 1 1

H2 SO4

CI 2

otal 1250 128 13 30 1145 ' 111T

4-2-28
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4.2.8 Equipment List

AL U1\1INA F ROM HYDROCHLORIC ACID/cLAY EVAPORATIVE
CRYSTALLIZATION PROCESS

Clay Preparation Area

Belt conveyor under wobbleI' feeder and primary crusher
Truck dump hopper
Wobbler feeder and hoppers from truck dump
Primary crusher and chutes
Belt conveyor: primary crushers to stockpile.
Belt conveyor and distributors for stockpile
Stockpile, enclosure, dust collection system and reclaim system
Wobbler feeder from stockpile
Belt conveyor, stockpile to hammermills
Hammermills and hoppers
Belt conveyor, hammermills to elevator
Bucket elevators from secondary crusher
Vibrating screens, chutes and covers
Roll compactors with covers
Belt conveyor compactors to elevators
Belt conveyor screens to raw clay surge bin
Raw clay surge bin
Weigh belt feeders
Belt conveyors raw clay surge bin to kilns
Rotary kilns
Apron feeders with covers from coolers
Calcine bucket elevators
Calcine vibrating screens and chutes
Calcine cage mill grinder with covers
Calcine apron feeder with cover
Bucket elevator to calcine storage bins
Calcine storage bins
Weigh belt feeders to leachiug
Belt conveyors to leach tanks
Dust collection system

Leaching, Thickening, CCD Washing and Filtration Area

Leach tank screw feeders
Leach tanks (lined)

lib

4-2-29
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EQUIPMENT LIST (Cont)

Leach tank agitators
Leach -tank recirculating pumps
Leach tank vapor condensers
Leach flash tanks
Leach slurry pumps
Flash vapor condensers
Leaching condensate tanks and ejectors
Leaching condensate pumps
Dilute HCl transfer pumps
Sand thickener tanks
Sand thickener rakes
Sand thickener underflow pumps
Sand thickener overflow pumps
Sand washer tanks
Sand washer rakes
Sand washer underflow pumps
Sand washer overflow pumps
Sand slurry tank (lined)
Sand slurry pumps
Flocculant prep system (HN0

3
)

Filter presses
Vibrating screens
Press cake relay tanks
Filtrate tanks
Filtrate pumps
Repulped slurry pumps
In-line chlorine blender
Collecting sluice
Spent filter and dumpers
Filter aid storage tank
Filter aid conveyor and weigh feeder
Filter aid slurry tanks
Filter aid slurry tank agitators
Filter aid slurry pumps
Filter aid liquor pumps

Fe Removal, Stripping, FeCl
3

Evaporation Decomposition Area

Solvent surge tank (lined)
Solvent surge tank pumps

4-2-30
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EQUIPMENT LIST (Cont)

Head tanks
Mixer settlers
Mixer settler covers
Loaded solvent pumps
Mixing pumps and baffles
Raffinate pumps
Raffinate storage tank (lined)
Raffinate storage pumps
Loaded solvent surge tank (lined)
Loaded solvent surge tank pumps
Regenerated solvent pumps
Wash water tank
Wash water tank pumps
Spent FeCI pumps .
FeC1

3
sOlu(ion tanks

FeC1
3

solution tank pumps
Decanol unloading pump
Kerosene unloading pump
Alamine unloading pump
Decanol storage tank
Kerosene storage tank
Alamine storage tank
Decanol blending pumps
Kerosene blending pumps
Alamine blending pumps
Solvent blend tank
Solvent make-up pumps
FeC1

3
multiple-effect evaporator system

FeC1
3

evaporator condensers
FeC1

3
decomposer system

Evaporation, Crystallization, Centrifuging Area

Pregnant liquor evaporation system
AICI . 6H

2
0 crystallizer system

1st s~age crystallizer product centrifuges
2nd stage crystallizer product centrifuges
1st stage centrate tanks
2nd stage centratetanks
Hydroclones

/Ig
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EQUIPMENT LIST (Cont)

1st stage centrifuge wash tanks
Znd stage centrifuge wash tanks
Centrifuge wash pumps
1st stage centrate pumps
Znd stage centrate pumps
AlCl

3
· 6H

Z
0 crystal bins

Weigh feeaers
1st stage centrifuge conveyors
2nd stage centrifuge conveyors
Crystals conveyors to decomposition
HCl storage tanks
HCl transfer pumps
HCl fumes absorbers
Centrifuge discharge conveyors

AlCl
3

' 6H
Z

0 Decomposition Area

A1Cl
3

' 6H
Z

0 decomposition system (including feed hoppers,
screw conveyors, 3-stage fluidized bed decomposers and fluid
,bed coolers)

HCl Condensing, Stripping, Absorption Area

Hydrogen chloride condensers (lined and packed)
Condenser underflow pumps
Condenser recirculation cooler
Stripper (lined and packed)
Stripper reboiler
Stripper underflow pumps
Stripper product pumps
HCl quench tower
Falling film absorber
Tails tower (lined and packed)
Absorber underflow pumps
Produc t cooler

HCl Vapor Condensing Area

Evaporator condensers
Crystallizer condensers

4-Z-3Z



KA/lSER
eNGINeeRS

EQUIPMENT LIST (Cont)

Evaporator condenser condensate pumps
Crystallizer condenser condensate pumps
Steam ej ectors
Ejector sump (lined)
Ejector sump pumps
Accumulator tank
Accumulator pumps
Accumulator cooler

Waste Chlorides Evaporation and Decomposition Area

Evaporator
Separator (lined)
Waste chloride decomposer

Utilities

Steam plant and auxiliary systems
Cooling towers and auxiliary systems

/<9-0
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~:-----4.3.-TE:CHNJ:C~Ar;:.A.BPlrArSA~ALtr:MI:N~--F_R;OM CLAY VIA HYDRO-
, CHLORICACID EXTRACTION - HCl GAS-INDUCED

CRYSTALLIZATION

4. 3. 1 Sum.m.ary and Conclusions

The process being evaluated for the m.anufacture of reduction­
grade alum.ina from clay via hydrochloric acid extraction with
HCl-induced crystallization of AlCl3' 6H2 0 is similar to the previ­
ously described hydrochloric acid extraction process excepting
for the m.ethod of obtaining the intermediate product AlCl 3 ' 6H2 0
crystals, the method of decomposing them and recovering the
hydrogen chloride so produced, and in the direct use of most of
the crystallizer m.other liquor as leaching acid. The hydrogen
chloride precipitation process includes the following steps illus­
trated by the attached flowsheet:

( 1) Calcination of clay.

(2) Leaching of the calcine at atmospheric pressure at boiling with
slightly greater than the stoichiometric amount of approxi­
mately 25 - 27% hydrochloric acid.

(3) Separation, washing, and rejection of the acid-insoluble com­
ponent (primarily silica) of the clay.

(4) Removal of dissolved iron from the leach liquor by a solvent
extraction process which regenerates and recycles the organic
extractant.

(5) Concentration by evaporation of the solution from. which the
iron has been removed.

(6) Dissolving under carefully controlled conditions hydrogen
chloride gas into the concentrated solution of aluminum chlo­
ride to selectively crystallize AlCl3 ' 6H20, thereby separating
the alum.inwn from dissolved minor constituent metals.

(7) Thermally decomposing the AlCl3' 6H2 0 crystals. Most of
the decomposition m.ust be accomplished in indirectly fired
equipment in order to recover the hydrogen chloride substan­
tially free of inerts, although a final direct-fired stage of de­
composition may be employed.
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Withdrawing and treating a fraction of the crystallizer mother
liquor to recover dissolved alwninum chloride and hydrogen
chloride and to reject soluble impurities and water. The solu­
ble impurities are rejected as anhydrous waste solids.

Recovering by partial condensation concentrated acid for wash­
ing the intermediate product AICI3 • 6H2 0 crystals and simul­
taneously recovering hydrogen chloride gas substantially free
of inerts for recycle to crystallization.

Combining the remaining major fraction of the mother liquor
with other liquid and vapor streams and removing heat so as
to prepare the acid required for recycle to leaching and hydro­
gen chloride gas substantially free of inerts for crystallization.

Conversion of iron chloride removed from the process to solid
ferric oxide with recovery of its contained chloride as hydro­
gen chloride.

The proces s being evaluated has been constructed from informa­
tion derived from older U. S. Bureau of Mines Reports of Investi­
gation, a recent USBM Report of Investigation RI 8188 describing
a new solvent extraction process for iron removal, information
published in the older open literature, Kaiser Aluminum experi­
mental work, and Kaiser Aluminum experience.

It is probable that alumina meeting reduction-grade chemical pur­
ity and physical property specifications can be manufactured from
clay via hydrochloric acid extraction and hydrogen chloride precip­
itation. Th1> estimated net thermal energy requirement to process
is 23. 5 x lO Btu/ton product alumina which probably can be re­
duced somewhat by further study and engineering design for waste
heat recovery. A primary reason for the relatively low energy
requirement of this proce s s is that the mothe r liquor remaining
afte r separating the inte rmediate product AlC1 3 •. 6H20 crystals
becomes, after diversion of whatever bleed stream is taken for the
control of soluble impurities other than iron, and after a minor
adjustment in concentration, leach acid without distillation. Othe r
factors contributing to a low ove raIl the rmal ene rgy requirement
are that aluminum chloride crystallize s as a hexahydrate rathe r
than a higher hydrate, and the initial production of a somewhat
more concentrated leach liquor which is a consequence of leaching

"with 25-27% leach acid.
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All of the thermal energy required for steam generation, for the
indirectly fired thermal decomposition of AlCI

3
· 6H

Z
0 and for the

direct-fired concentration and decomposition of waste products
may be furnished by any economical fuel, including coal. The
proces s evaluation is based upon the use of oil as fuel in the cal­
cination of clay, but with some development work it is anticipated
that this requirement could also be met with powdered coal. A
small amount, presently unknown, of clean fuel such as oil may
be required in the final calcination of the product alwnina.

One major technological problem requires solution before design
of a demonstration plant can be undertaken with a reasonable
probability of economically successful operation. This is the endo­
thermic thermal decomposition of AlCI3 · 6HZO to product alumina
which must be carried out substantially, but not entirely, to com­
pletion using indirect heat in order to avoid mixing the hydrogen
chloride so produced with combustion products. There is reason
to believe that the design of industrial scale, indirectly heated
decomposition equipment that will operate satisfactorily at an
acceptable maintenance cost is possible; but the information re­
quired for such a design is not available today.

Other process sections would benefit from the availability of addi­
tional engineering design information. These are clay calcination,
solid-liquid separation, crystallization, and bleed stream
treatment.

Hydrochloric acid losses can be held to low levels, and solutions
for environmental protection problems are available.

4-J-~
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4.3.2 Background

All of the salient characteristics of hydrochloric acid as an ex­
tractant that were discussed in Section 4.2 of the "Technical
Appraisal: Alumina from Clay Via Hydrochloric Acid Extraction ­
Evaporative Crystallization" apply equally to hydrogen chloride
precipitation (and so will not be listed again here), but there is
one very important addition.

F. A. Gooch discovered and in 1896 obtained U. S. Patent No.
558,725 covering the crystallization of AlCI3' 6H2 0 from con­
centrated solutions of aluminum chloride by dissolving hydrogen
chloride gas into the solutions. Gooch also proposed recycling
the ITlother liquor (hydrochloric acid) remaining after crystalli­
zation back to leach ITlore alwninuITl although his and subsequent
efforts to utilize his discovery failed, because there was no way-­
other than distilling all of the mother liquor--to separate iron.
Gooch and subsequent investigators were also beset with what
were in those tiITles insuperable ITlaterials of construction, heat
transfer, and materials handling probleITls - - particularly in at­
teITlpting an indirectly heated decoITlposition of the AICI3" 6H2 0
crystals. The last serious investigation of the extraction of
alumina froITl clay with hydrochloric acid and utilizing hydrogen
chloride-induced crystallization of AlCl3' 6H20 that has been
published took place during World War II.

Recently developed solvent extraction technology has provided a
ITleans of separating iron at an acceptable cost. Vapor-liquid
equilibrium data for the system HCI-H20 plus dissolved ITletallic
chlorides have been determined and published. Extensive thermo­
dynamic data on the system HCI- H 20 and ITletallic chlorides have
become available. Much has been learned about heat transfer
and solids handling. Metal alloys resistant to HCI and H20 vapors
at elevated teITlperatures have been developed. SOITle ITletals and
many other materials have been developed to withstand the cor­
rosive action of aqueous hydrochloric acid and metal chlorides.
The hydrochloric acid extraction-hydrogen chloride precipitation
process evaluated here is built upon the efforts of the early inves­
tigators. It draws upon newer technology and ITlore recently avail­
able data in an attempt to solve previously extreITlely difficult
probleITls, all with the goal of producing alumina at the lowest
possible cost.

4-3-5
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4.3.3 The Process

4. 3. 3. I Summary

This proces s employs 25 - 27 % hydrochloric acid for leaching
instead of the approximately 20% acid used with evaporative
crystallization and therefore produces a somewhat more con­
centrated leach liquor requiring less evaporation. Otherwise,
clay calcination, leaching, solid-liquid separation, tailings
disposal, solvent extraction, iron extract treatment, and con­
centration by evaporation of the primary liquor stream to satu­
ration are identical for the two hydrochloric acid processes.
Saturated iron-free liquor enters a two-stage crystallization
step in which hydrogen chloride gas is dis solved in the liquor
under carefully controlled conditions to greatly reduce the
solubility of aluminum chloride, thereby causing the crystalli­
zation of AICI 3 ' 6H 20. The crystals are washed free of adher­
ing mother liquor with 35 %wash acid and then subjected to an
indirectly fired thermal decomposition removing at least 90%
of the combined chloride. The decomposition to reduction­
grade alumina may be completed with indirect heating in the
presence of steam or with direct heat using a low- sulfur, ash­
free fuel.

Concentrated acid for crystal washing and hydrogen chloride
gas for crystallization are produced by partial condensation of
the concentrated vapors from indirectly fired decomposition.
All dilute acid vapors, including those from the final direct
calcination, are recovered in a separate absorber. Crystallizer
mother liquor, less the bleed stream taken for the control of
soluble impurities other than iron, provides after blending,
with other liquid and vapor HCI- bearing streams, the acid
recycled to leaching together with the remainder of the
hydrogen chloride gas required for crystallization.

The bleed stream is subjected to further crystallization at
higher hydrogen chloride concentration for the recovery of
dis solved aluminum chloride. Subs equently, its treatment
is substantially the same as previously described for the
evaporative crystallization process.

4. 3. 3. 2 Clay Calcination

Entering clay is calcined in the same manner as for processes
employing nitric or sulfurous acids as the aluminum extractant.

4-3-6
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All of the comments made in the evaluations of the processes
employing those acids as extractants - -and in particular about
the possible development of fluidized solids clay calcination-­
apply equally when employing hydrochloric acid as the extractant.

4. 3. 3. 3 Leaching

The leaching operation- - except for the use of somewhat
more concentrated acid containing some recycled dis solved
aluminum. chloride, which therefore will produce a more con­
centrated solution of aluminum chloride than if 20 % acid without
recycling aluminum chloride is used as the extractant- - is the
same as previously described in Section 4.2 of hydrochloric
acid extraction- -evaporative crystallization. All previous
comments apply.

4. 3. 3. 4 Solid- Liquid Separation

The solid-liquid separation operation is expected to be the same
for either variation of hydrochloric acid extraction. The pre­
vious description and comments apply.

4. 3. 3. 5 Iron Removal

The previously described iron removal step, and the processing
to convert the iron extract to solid iron oxide, are the same as
described for evaporative crystallization. The previous descrip­
tion and comments apply.

4. 3. 3. 6 Evaporation

Approximately 1. 9 mas s units of water lunit product alumina,
along with all of the free dissolved Hel, are removed by
evaporation from the iron- free leach liquor (including diluted
leach liquor recovered by washing the waste solids) to produce
a 31 % solution of aluminum chloride. The evaporation may be
carried out under reduced pressure in order to utilize heat re­
coverable in other sections of the process. The technology of
the evaporative process is well known and should hot require
much additional development work.
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4. 3. 3. 7 Crystallization

Hydrogen chloride gas dissolves readily over a useful range of
temperatures at a pres sure of one atmosphere or les s into
aluminum chloride solutions. Starting with a 31 % solution of
aluminum chloride solution. AIC1 3 , 6H20 is crystallized as
hydrogen chloride dissolves so as to maintain a virtually con­
stant molality in the solution with respect to chloride until the
aluminum chloride solubility is depressed to approximately
6.5% in the presence of 25.6% HC!. The solubility of aluminum.
chloride may be further depressed to 0.7% at 35.5% HC!. The
solubility of aluminum chloride changes very little with change
in temperature although the equilibrium. partial pressure of
hydrogen chloride in contact with aluminum chloride solutions
changes very rapidly with change in temperature. The solu­
bility of potassium chloride in solutions containing approxi­
mately 25% HC 1 and saturated with Al C 13 is approximately 2%
and that of sodium chloride is about 1%. The solubilities of
calcium and magnesium chlorides are depressed by the addition
of HC 1 but remain quite high. The solubilities of other metallic
chlorides which form complexes tend to increase with increasing
concentrations of hydrogen chloride. Existing data are of
doubtful applicability to the complex system produced by the
cyclic leaching of naturally occurring clay. The industrial
application of hydrogen chloride induced crystallization of
AIC13' 6H20 will benefit from the development of further
knowledge about solubility relationship's in complex liquors.

Struthers- Wells Corporation representatives have stated that be­
cause of the concentration-growth-nucleation relationship exist­
ing in the crystallizer, it will not be economically practical to
produce AICl3 •6H20 crystals of a useful particle size di stribu­
tion below a concentration of about 6. 5 weight % aluminum chlo­
ride. This concentration corresponds to recovery as crystals of
about 850/0 of the dissolved aluminum chloride entering crystalli­
zation and has been chosen as the operating condition for this
evaluation. Struthers - Wells has also suggested,carrying out the
crystallization in at least two stages in order to hold the solids
content of the slurries at easily manageable levels,

Struthers- Wells has operated, on a small pilot scale as a part of
the miniplant program, the hydrogen chloride crystallization of
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AICI . 6H O. They were able to produce good crystals of con­
t;oll~d pa~ticle size distribution and were optimistic about scale­
up crystallization operation.

Very little quantitative data is available in regard to the concen­
tration of various impurity metal chlorides which may be present
in the mother liquor during crystallization without incorporation
of these impuritie s into the crystals to such an extent that alumi­
na produced from the crystals would not meet chemical purity
specifications. It may be inferred from the older literature that
adequately pure crystals of AICl

3
. 6H 0 can be produced in the

presence of rather substantial amounts of impurities and that re­
duction- grade alumina purity specifications can be met if the
crystals are washed so as to remove adhering mother liquor
adequately.

4. 3. 3. 8 Crystal Recovery

The AICI3· 6HZO crystals may be separated from the crystallizer
mother liquor by either the use of centrifuges or by vacuum filtra­
tion. Both the mother liquor and the ''';Vash acid will have substan­
tial vapor pressures at the filtration temperatuue. It will probably
be desirable to use a centrifuge in order to, eliminate any possi­
bility of flashing and to reduce the quantity of wash acid adhering
to the crystals to the lowest possible value. The centrifuge or fil­
ter will have to be totally enclo sed, and provision will have to be
made either for recirculating air drawn through the cake or for
scrubbing HC 1 from the air before discharging it to the
environment.

Mother liquor washed from the crystals in admixture with wash
acid is conveniently sent to leach acid preparation where the
mixture is blended and partially stripped as it becomes part of
the recycle leach acid. '

Design of the crystal recovery and acid washing section of a
demonstration plant is not expected to require any substantial
amount of further development work.

4. 3. 3. 9 Decomposition

The crystals next pass to thermal decomposition. AICl3· 6HZO
crystals decompose very rapidly when heated to temperatures
above 37so F approximately in accordance with the reaction
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but the decomposition only proceeds within a reasonable time to
a composition of residual chloride <0. 1% when a final calcina­
tion temperature of approximately 1,6500 F is attained. The
presence of a high partial pressure of stearn facilitates removal
of the chloride.

The 6hermal decomposition process requires approximately 14.5
x 10 Btu/ton product alumina assuming that the alumina and the
gaseous products exit at 6000 F. No provision is included in the
above requirement for stearn that may be supplied in the final
stage(s) of decomposition.

It is necessary that at least approximately 90% of the decomposi-.
tion be carried out without mixing combustion products with
the vapors produced by decomposition, which overall will con­
tain approximately 57.4% HCl and 42.6% H20 vapor. This is
necessary so that hydrogen chloride in excess of requirements
for partial conde'nsation yielding clean 35 % wash acid- -and for
preparation of recycle leach acid- -may be directly recovered
as hydrogen chloride gas free of inerts suitable for direct re­
cycle to crystallization.

Little information is available with respect to the rate and mech­
anism of the thermal decomposition process as a function of tem­
perature. A search must be made for materials of construction
for heat transfer surfaces that will give satisfactory service at
various temperatures above the dew point. Several metals, in­
cluding zirconium and even aluminum appear to offer corrosion
resistance at temperatures not much higher than the dew points
for aqueous systems containing their metallic chlorides. High
nickel-chromium content metals appear to offer corrosion resist­
ance, as well as mechanical strength at higher temperatures.

It may be neces sary to complete the decomposition of the
A1C1

3
. 6H

2
0 at a temperature high enough so that no practical

material having adequate mechanical strength with suitable re sist­
ance to corrosion will be available for use as a heat transfer sur­
face. In this case it will be necessary to use a direct-fired fluid
bed for the last stage of calcination. It is known that the presence
6f an atmosphere comprising primarily steam, lowers the tempera­
ture necessary, at a constant decomposition time, to reduce the
chloride -level' to a given value.
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It is believed, taking all of the foregoing into consideration, that
the design of industrial- scale indirectly heated decomposition
equipment is pos sible, but no such equipment suitable for the de­
composition of AlC1 3" 6H20 is kno¥lI1 to be commercially avail­
able today" Information required for the engineering design of an
indirectly fired decomposer must be developed before the design "
ofa demonstration plant employing hydrogen chloride precipita­
tion can be undertaken with confidence.

4.3.3. 10 Acid Recovery

The acid recovery operation comprises three sections: a wash
acid preparation section producing 35% wash acid and He 1 gas
for use in crystallization; a leach acid preparation section which
produces leach acid and hydrogen chloride gas; and a dilute HC 1
condensation section which condenses low HC 1 content vapors,
either in the absence or presence of combustion products, to
obtain a liquid acid containing approximately 20% HC!.

(1) Partial Condensation to Obtain Concentrated Acid Plus Hydro­
gen Chloride Gas

The vapor stream from the indirectly heated decomposer con­
taining approximately 57% HCI is divided between the leach
acid and wash acid preparation sections. The part of it enter­
ing the wash acid preparation section passes countercurrently
to 25% acid, in a direct contact partial condenser. The acid
~tream is heated to 220 0 F by selective condensation of the va­
por so that the vapor stream exiting the partial condenser con­
tains 900/0 HC 1 and 10% H20. The 220 0 F acid is externally
cooled to 175 0 F. The vapor stream plus the net production of
acid from this condenser are fed concurrently to a cooled fall­
ing film absorber producing 35% acid at 140 0 F and 98% HC 1
gas. This gas returns to crystallization; and the acid is used
for washing A1C13" 6H2 0 crystals.

(2) Leach Acid Preparation

U sed wash acid, concentrated HC 1 vapors from bleed stream
treatment, acid of 10 -20% concentration that may be available,
and the recycling mother liquor are blended with the remain­
der of the concentrated HCl vapor that was not used to prepare
wash acid. The heat content of the vapor is utilized by
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controlling heat removal from the system to prepare as a
bottom product hot liquid acid containing the amount of dis­
solved hydrogen chloride desired for recirculation to leaching,
and as a top product the balance of the hydrogen chloride gas
required in crystallization.

The leach acid preparation section consi sts of two direct con­
tact packed towers. The concentrated vapors enter the bottom
of the first of these, which is irrigated by a recirculating
stream of cooled leach acid, plus used wash acid. Partial
condensation/stripping occurs to produce 91% hydrogen chlo­
ride gas as a top product and an excess of 25% leach acid as
the bottom product.

External cooling must be used to remove the heat developed by
condensation of HCl and H

2
0 vapors.

Vapors exiting the first tower enter the second one. which is
irrigated with the used wash acid before this acid joins the
crystallizer mother liquor in irrigating the first tower. The
second tower functions almo st adiabatically. The top product
from this tower is 99% hydrogen chloride gas, which meets the
balance of the requirement for crystallization.

(3) Dilute Acid Condensation

Vapors from the direct contact evaporation/decomposition of
waste chloride solutions pass to a dilute acid condenser in
which they pass counter currently to a film of descending dilute
acid on the inside of externally cooled tubes.

The exact ratio H
2

0:HCl is not presently known for the dilute
HCl streams to be dealt with so it has been assumed that the
HCl content of these gases may be recovered as 10% acid.

4.3.3.11 Bleed Stream Treatment

A portion of the filtrate from the final stage of intermediate prod­
uct AIC1

3
' 6H ° crystallization is withdrawn from the process for

the control 01 soluble impurities other than iron. It is estimated
that withdrawal altogether of approximately 5% of the final crystal­
lizer mother liquor (filtrate) will be required.
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The first treatment of this stream is saturation with hydrogen
chloride gas at l20

0
F to reduce the solubility of AIC1

3
below 1%.

The A1C1
3

' 6H
2

0 crystals obtained will not meet particle size nor
purity specifications for feed to decomposition but will be filter­
able. They are filtered, recovered, and redissolved in the iron­
free leach liquor proceeding to evaporation.

Further treatment of the filtrate has three functions:

(1) rejection of soluble impurities other than iron from the
process;

(2) recovery of the HCl contained in the filtrate; and

(3) rejection of water from the process.

The washings are mixed in a stripping column with a hot, con­
centrated, recycling stream of previously separated waste
alkali and alkaline earth metal chlorides, so as to prepare
after mixing - -on an HC1-free basis - -a solution approximately
55% H20 and 45% waste chlorides. The presence of the high
metal chloride concentration is known to greatly increase the
volatility of the HCl in relation to H20, the latter having a
great affinity for the dissolved MgClZ and CaClZ' Almost pure
HCl vapor exits the top of the column, whereas the bottom
liquid contains little HCl but nearly all of the H

2
0 in the filtrate

being proces sed.

Concentrated HCl vapor from the top of the column passes to
the leach acid preparation section of acid recovery. The
somewhat diluted waste chloride stream passes to an evapora­
tor where it is reconcentrated to about 50% metal chlorides.
The major fraction of the reconcentrated waste chloride stream
is recycled to stripping, but the net production is withdrawn for
further treatment described below. Acidic water vapor from
the evaporator proceeds to the dilute acid condenser for recov­
ery of contained HCl.

The chemical engineering principles involved in the addition of
a third component to a two-component system in order to make
pos sible separation of the original two components by distilla­
tion are well known. There is reportedly one commercial in­
stallation in the U. S. of this method for separating HCl and
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HZO. Other commercial installations have been reported in
Eastern Europe, and a partially analogous operation has been
reported in Israel. There appears to very little doubt that the
method is operable, but piloting is recorn.rn.ended prior to de­
sign of a demonstration plant to solve problems that may arise
due to the presence of aluminum. chloride, the possible forma­
tion of double salts, etc. The pilot study should be based upon
a recirculating waste chloride solution of a composition that
would be derived from a particular clay.

4. 3. 3. lZ Sulfuric Acid Treatment of Waste Chlorides

The net production of concentrated waste chlorides is treated
with sulfuric acid equivalent to the alkali and alkaline earth
metals present (but not equivalent to alumina) and calcined.
Representative reactions occurring are:

CaClZ + HZS04 ----;0>,.. CaS04 + 2HCl ~

2A1C13 + 3H20 -----;>~A1Z03 + 6HC11

The HCl produced is relatively concentrated and is sent to
leach acid preparation. The mixture of sulfates and alumina
is sent to waste.

The technology of the calcination of chlorides with sulfuric acid
to produce metal sulfates plus HCl is well known. No further
development wor'k is necessary prior to design of a demonstra­
tion plant.

4.3.4 Energy Requirements

The net energy requirements to process for HCl extraction-HCl
crystallization are:

4-3-14

Clay calcination
Iron removal
Evaporation
Thermal decompo sition
Bleed stream treatment

TOTAL

Btu/ton AlZ03
5.3 x 10 6

1. 4 x 106

1. 7 x 10 6

14. 5 x 10 6

0.6 x 106

23. 5 x 10 6
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The energy requirement for iron removal is based upon the use
of conventional multiple effect concentration of the extract, al­
though a substantial reduction in the energy requirement for
evaporation may be achieved by methods discussed in Section
4.3.3.10.

Heat required for evaporation is low in this proces s because of
the acid concentration employed in leaching and because the free
water in which the AICl3' 6HZO is dissolved, less the bleed
stream, is not evaporated.

The nature of the proces s requires that the thermal energy in­
tensive AlCI 3• 6H ZO decomposition be carried to about 90%
completion using indirect heat. A concomitant advantage is that
relatively inexpensive fuels (including coal) mab" be used to pro­
vide the indirect heat. A maximum of 1. 5 x 10 Btu in the form
of clean fuel such as oil may be requir~d in a final decomposi­
tion stage. The use of direct vs. indirect heating in the final de­
composition stage has not yet been decided, and the exact heat
requirement in this stage cannot be precisely determined. The
process energy balance has been constructed on the basis of 90%
indirect heat and 10% direct heat for product decomposition.

Waste heat may be recovered from the condensation of hydro­
chloric acid by innovative design in the acid recovery section.
This heat could be employed in vacuum evaporation to reduce the
amount of steam otherwise required, and its utilization will also
result in capital savings. Additional heat rejected directly to

cooling towers may possibly be utilized on a single-effect basis
for evapor abon of water from dilute solutions, thus reducing
steam requirements. Remaining steam requirements can be met
by coal-fired boilers. It is expected that after some development
work, entering clay can be calcined using coal as the heat source.

4. 3. 5 Environmental Control

It will be necessary to construct as a closed system with respect
to the environment those plant sections where hydrogen chloride
is present in order to safeguard the health of the workmen, avoid
excessive maintenance costs, avoid acid losses, and meet antici­
pated emission standards. Gases containing HC1--including air
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which has been in contact with acidic chloride solutions - -will
require wet scrubbing. Fortunately, this is not expected to be
difficult or extremely costly because of the extreme affinity of
hydrogen chloride for water. Covered leach tanks, for example,
can be vented to the atmosphere through a condenser. Filters
must be covered, but also can be vented to the atmosphere through
a condenser I scrubber. Recovery of hydrogen chloride to meet
air pollution control requirements can be assured in the acid re­
covery section.

Waste solids from leaching will comprIse silica, a smaller
amount of unreacted clay, and small amounts of unreacted
accessory minerals. The silica will not be excessively hy­
drated and these waste solids should make a good subsoil. It
will undoubtedly be desirable to return them to mined- out areas
for dispo sal, and present- day technology makes pos sible return
to the process of chloride values accompanying the waste solids.
Small amounts of chloride which may accidentally find its way
into the groundwater will be indistinguishable from chlorides
which are natural constituents of groundwaters. Other waste
solids from the proces s are iron oxide and a mixture of metal
sulfates with alumina. The iron oxide may be disposed of with
the leach solids or may have some value. The sulfate-alumina
mixture will require disposal in a manner such that the sulfates
will not be leached out or where the presence of dissolved sul­
fate will not be objectionable. The quantity o.f sulfates produced
in relation to alumina will be small.

:reat enteri.ng the process is largely rejected to the atmosphere
in combustlon gas streams or by means of cooling tower s. The
process does not produce a liquid effluent other than the water
present in the waste leach solids.

4. 3. 6 Alumina Product Quality

Experimental evidence based upon literature reports, some
direct laboratory work and some miniplant results, indicate the
chemical purity of chloride process almnina with respect to
metals has the potential of being considerably higher than Bayer
process almninas. The extent to which chloride may be econom­
ically removed from such aluminas, and the actual extent to
which reduction plant operations will require its removal, are
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not known with certainty at this time. Phosphate is a material
present only in trace quantities in the entering clay. It is not
expected to cause difficulty in the hydrochloric acid extraction
of alumina from clay, but the P Z0 5 specification in the finished
alumina is very low; and very little is known about the passage
of pho sphate through the processing cycle.

Tests on small quantities of chloride process alurn.ina have shown
that it can be produced to meet present day specifications for
surface area and water absorption. This alurn.ina also appears
to dissolve very readily in molten cryolite. It will be possible
to produce AIC13 . 6HZ° crystals in a particle size distribution
appropriate as the precursor to the finished alumina. As surn.­
ing that a decomposition process can be developed which--in
addition to meeting other requirements--will minimize attrition,
it is probable that the particle size .distribution specification can
also be met.

4.3.7 Process Assumptions Used to Estimate the Heat and
Material Balance

(1) The heat and material balance is based on 1, 000/ d of
alumina.

(Z) The chemical analysis of the clay feed (dry basis) is as
follows:

AlZ03 36. 5 %

Fez03 0.86

SiOz 46.4

L. 0. I. 13.54

Other':< 2. 7

100. 00%

*Other is primarily TiOZ.

(3) The raw clay feed to the process contains 18. 5% free
moisture.

(4) A rotary kiln is used for the calcination of the clay
feedstock.
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(5) There is a 1% dust loss (calcined basis) from. the rotary
kilns used to calcine .the raw clay.

(6) 15% of the heat of reaction in the leaching tanks is released
in the form. of vapors. These vapors contain 1% HCI and
are condensed and returned to the leach tanks.

(7) 95% extraction efficiency of Al203 is achieved in the leaching
step.

(8) 95% of Fe203 is solubilized in the leaching step.

(9) 16.3% of "other" is solubilized in the leaching step. This
soluble fraction m.ainly consists of sodium.. potassium.. cal­
cium., and m.agriesium. salts. plus pho sphate s and sulfates.

(I 0) Approxim.ately 5% exces s HCI is contained in the leach acid.

(11) The underflow from. the settling and washing units contains
33% solids by weight.

(12) Filter pres s solids from. pregnant liquor polish filtration
contains 60% solids.

(13) 1% of the soluble alum.ina is lost in the leach waste residues.

(14) Chlorine is added to the pregnant liquor before solvent
extraction based upon one third of soluble iron content
being present as ferrous iron.

(15) 100% of the chlorine added is converted to HCl.

(I6) A solution of 10% Alam.ine 336 in kerosene is used as the
organic extractant for ferric iron.

(17) The iron content in the pregnant solution from. solvent ex­
traction is reduced to about 0.001 gram.s per liter.

(18) A volum.e ratio of aqueous / organic of 3/1 is present during
extraction.

(19) A volume ratio of organic/aqueous of 3.5/1 is present dur­
ing stripping.

(20) The strip acid will contain approxim.ately 0.03% HCl.
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(Zl) The recycled organic solution to extraction will contain
about O. 5 grams per liter Fe.

(2.2) The organic loss is taken as Z. 1 Ib per ton AIZ03 or 1 ton
per day.

(Z 3) Use of the distribution coefficient of . 004 for aluminum
when using A1amine 336 is equivalent to a loss of 10 tons
per day of AIC13 in the solvent extraction section.

(Z4) A multiple effect evaporator (3-effect) is used to concen­
trate the crystallizer feed solution.

(Z 5)

(Z6)

(Z 7)

The AICI .6HZO crystal s1urry from the crystallizers
is filtere~ and washed on centrifuges yielding a cake con­
taining 95% solids.

Mother liquor from centrifugation is recycled to the
crystallizer.

The bleed stream for minor impurities purging (lI o ther ll )

is 5 % of recycle acid stream.

(Z8) O. Z Ib of 35% acid wash is used per 1 lb of AICI3' 6H
Z

O
crystals.

(Z9) The washed AICI3· 6H ZO crystals are decomposed in
indirect fired kilns.

(30) There is a 1% dust loss (calcined basis) from the decom­
position and calcination of AIC13' 6H ZO crystals.

(31) The product alumina will contain O. 01% residual CIZ.

(3Z) Only combustion water has been included in the material
balance of direct fired heating units.

(33) lZ ton/d of HCI is lost in the acid recovery section.

(34) The bleed liquor is stripped to remove 93% of free HCl
and evaporated in multiple effect evaporators to a 45%
solution of chlorides.

4-3-19



KA#SIEIR.
ENGINEERS

(35) Sufficient liquor from the evaporator is recycled to main­
tain a 40% solution of chlorides in the HCl stripping step.

(36) A stoichiometric quantity of H2S04 for !I o ther !l is added
before the waste chlorides decomposition.

(37) The stripping solution is concentrated to a 50% solution of
chlorides in a multiple effect evaporator before decomposi­
tion in a direct fired fluid bed decomposer.

(38) Makeup HCl is added as HCl gas to the acid recovery section.

(39) A 53 0 F temperature rise occurs in cooling water.
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TABLE 4-3-1

ALUMINA FROM CLAY
HYDROCHLORIC ACID PROCESS/GAS PRECIPITATION

DAILY THERMAL REQUIREMENTS

FOR 1,000 TON/D A.1
2

0
3

100 LB!IN2 (GA) STEAM,
M LBS FUEL, COOLING WATER,

(881 BTU!LB) MM BTU M GALS

CLAY PREPARATION

CALCINATION 5,330

LEACHING

LEACHING CONDENSER 449

EVAPORATION

EVAPORATION & CRYSTALLIZING
(3-EFFECT) 1,961 9,000

DECOMPOSITION & CALCINATION 14,500

BLEED STREAM PROCESSING- ,

HCI STRIPPING 273

EVAPORATION (3-EFFECT) 256

. .DECOMPOSITION 84
'-- -.

'"

STRIPPING SOLUTION PROCESSING

EVAPORATION (3-EFFECTI 1,175

DECOMPOSITION 378 1-

ACID RECOVERY 10,710

TOTALS 3,665 20,292 20,159
(3,229 MM BTU)

NET ENERGY REQUI REMENT
AS SUPPLI ED TO PROCESS:

23,521 MM BTUID OR 23.5 MM BTUITON AI 2 0 3
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Table 4-3-2 (Sheet 1 of 6)

Alumina from Clay/Hydrochloroc Acid Process
Hydrochloric Gas Precipitation

. Matell'iai Ba~ance
1,000 TON!D AI 2 0 3

Process
1a 1b 1e 2 3 4 5 6 Ba Bb BeStream

Component

AI 2 0 3 1091 1091 1080 1080 11 54

AI CI 3 444 3130.5 2285.5 3101.5

AI C1 3 • 6H 2 O

Fe2 0 3 25 25 25 25 1

FeCI 3 49 36 49

HCI 2348 105 77 105

L. 0.1. 405 405 405

H2 O 679 679 4560 6880 6 679 7431.5 5423.5 8950.5

Other 81 81 80 80 1 67

Other as 292 311 227 308
Soluble Salts

Si0 2 1387 1387 1373 1373 14 1373 8 8

Organic

H2 SO4

CI 2

otal 3668 3668 2558 2558 4560 9964 6 1110 12522 8057 12522T

All units are in short tons per day.
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Table 4-3-2 (Sheet 2 of 6) (
r

Alumina from Clay/Hydrochloric Acid Process
Hydrochloric Gas Precipitation

Material Balance

Process
8d 8e 10 11 12 13 14a 14b 15 16 20Stream

Component

AI 20 3 54 54

AICI 3 845 816 3100.5 3090.5 3111 2258.5 29 1 1812 444

AI C1 3' 6H 2O 4820 37

Fe203 1 1

FeCI 3 13 13 49

HCI 28 28 116 116 107 2857 989 1 2006

L. 0.1.

H2O 2008 3527 8950.5 8950.5 6990 10998 3041 6 6163.5 2 5100

Other 67 67

Other as
84 81 308 308 308 630.5 3 322.5 292

Soluble Salts

Si02 1365 1365 8

Organic

H2SO4

CI 2

otal 4465 4465 12524 12465 10516 21564 4560 15 9287 40 7842T
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Table 4-3-2 (Sheet 3 01 6)

Alumina from Clay/Hydrochloric Acid Process
Hydrochloric Gas Precipitation

Material Balance

Process
23 24 25 26 27 28 29a 29b 30 31Stream 32

Component

AI 2 O) 10 960 1000

AI CI)

AI CI)' 6H2O 4783 237

Fe20)

FeCI)

HCI 88 1 106 2149 834 1315 512

L. 0.1.

H2O 163 132 301 52 1688 655 1033

Other

Other as
1 1 1

Soluble Salts

Si0 2 ..-

Organic

H2SO4

CI 2

Total 5035 10 1198 1002 238 301 52 3837 1489 2348 512
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Table 4-3-2 (Sheet 4 of 6)

Alumina from Clay/Hydrochloric Acid Process
Hydrochloric Gas Precipitation

Material Balance

Process
33 34 35 40 44 47 48 49Stream 50 51 54

Component

AI 2 0 3

AI CI 3
2.5 99.5 97 2.5

AI C1 3 ' 6H 2 O

Fe2 0 3

FeCI)

HCI 1249 1761 30 352 153 125 117 8 8

L. 0.1.

H2 O 655 420 224.5 2 201 1033.5 811 21.5

Other

Other as 15 582 567 15
Soluble Salts

Si0 2

Organic

H2SO 4

CI 2

otal 1249 1761 30 1007 573 367 119 209 1723 1475 39T
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Table 4-3-2 (Sheet 5 of 6)

Alumina from Clay/Hydrochloric Acid Process
Hydrochloric Gas Precipitation

Material Balance

Process
55 56 57 58 69 70 71 72 87a 87b 87cStream

Component

AI 20 3 1

AICI 3

AI C1 3• 6H2O

Fe203

FeCI 3

HCI 6 "10 10 59 1 1

L. 0.1.

H2O 24 4 1979 1939 40 305 1021 61 960

Other

Other as
14

Soluble Salts

Si02

Organic 1

H2SO4 2

CI 2

otal 15 30 2 4 1989 1939 50 365 1022 61 961T
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Table 4-3-2 (Sheet 6 of 6)

Alumina from Clay/Hydrochloric Acid Process
Hydrochloric Gas Precipitation

Material Balance

Process
89a 89 90 91 92 95 96 97Stream 98 102 111

Component

AI 20 3 4

AICI 3 10 10 10

AI C1 3' 6H 2O

Fe203 24

FeCI3 6 55 49 49

HCI 1 1 41 12

L. 0.1.

H2O 960 1021 61 64 13 17

Other

Other as
Soluble Salts

Si02

Organic 1 3081 3082 1 1 1 1

H2SO 4

CI2 \
11

otal 1 3087 3147 961 1082 121 106 13 28 30 11T
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4.3. 7 Equipment List

ALUMINA FROM CLAY VIA HYDROCHLORIC ACID EXTRACTION ­
HCL PRECIPITATION PROCESS

Clay Preparation Area

Belt conveyor under wobbler feeder and primary crusher
Truck dump hopper
Wobbler feeder and hoppers from truck dump
Primary crusher and chutes
Belt conveyor: primary crushers to stockpile
Belt conveyor and distributors for stockpile
Stockpile, enclosure, dust collection system, and reclaim system
Wobbler feeder from stockpile
Belt conveyor, stockpile to hanunermills
Hammermills and hoppers
Belt conveyor, hammermills to elevator
Bucket elevators from secondary crusher
Vibrating screens, chutes, and covers
Roll compactor s with cover s
Belt conveyor compactors to elevators
Belt conveyor screens to raw clay surge bin
Raw clay surge bin
Weigh belt feeders
Belt conveyors raw clay surge bin to kilns
Rotary kilns
Apron feeders with-covers from coolers
Calcine bucket elevators
Calcine vibrating screens and chutes
Calcine cage mill grinder with covers
Calcine apron feeder with cover
Bucket elevator to calcine storage bins
Calcine storage bins
Weigh belt feeders to leaching
Belt conveyor s to leach tanks
Dust collection system

Leaching, Thickening, CCD Washing, and Filtration Area

Leach tank screw feeder s
Leach tanks (lined)
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EQUIPMENT LIST' (Cont)

Leach tank agitators
Leach tank recirculating pumps
Leach tank vapor condensers
Leach flash tanks (lined)
Leach slurry pumps
Flash vapor condensers
Leaching condensate tanks and ejectors
Leaching condensate pumps
Dilute HC 1 transfer pumps
Sand thickener tanks (lined .and coverd)
Sand thickener rake mechanishms
Sand thickener underflow pumps
Sand thickener overflow pumps
Sand washer tanks (lined and covered)
Sand washer rake mechanisms
Sand washe r unde rflow pumps
Sand washer overflow pumps
Sand slurry tank (lined)
Sand slurry pumps
Flocculant prep system (HN03 )
Filter aid system (HN03)
Filter presses
Vibrating screens
Press cake relay tanks
Filtrate tanks
Filtrate pwnps .
Repulped slurry pumps
In-line chlorine blender
Collecting sluice
Spent filter and dumpers
Filter aid storage tank
Filter aid conveyor and weigh feeder
Filter aid slurry tanks
Filter aid slurry tank agitators
Filter aid slurry pumps
Filter aid liquor pumps

Fe Removal, Stripping, FeCl J Evaporation Decomposition Area

Solvent surge tank (lined)
Solvent surge tank pumps

/51
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EQUIPMENT LIST (Cont)

Head tanks
Mixer settlers
Mixer settler covers
Loaded solvent pumps
Mixing pumps and baffles
Raffinate pumps
Raffinate storage tank (lined)
Raffinate storage pumps
Loaded solvent surge tank (lined)
Loaded solvent surge tank pumps
Regenerated solvent pumps
Wash water tank
Wash water tank pumps
Spent FeC13 pumps
FeC13 solution tanks
FeC13 solution tank pumps
Decanol unloading pump
Kerosene unloading pump
Alamine unloading pump
Decanol storage tank
Kerosene storage tank
Alamine storage tank
Decanol blending pumps
Kerosene blending pumps
Alamine blending pumps
Solvent blend tank
Solvent make -up pumps
FeC1 3 multiple -effect evaporator system
FeCl3 evaporator condensers
FeCl3 decomposer system

Pregnant Liquor Evaporation, Crystallization, and Centrifuging Area

Pregnant liquor evaporation system
Feed preheater s
Circulating heaters
Circulating pumps
Transfer pumps
Evaporator hotwell
Evaporator hotwell pumps
Evaporator cooling tower
Evaporator cooling tower sump
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EQUIPMENT LIST (Cont)

Spray scrubber pumps
Cooling tower pumps
Two-stage crystallizer systems
Coolant circulating pumps
1st stage cr ystallizer product pumps
2nd stage product pumps
1st stage crystallizer product centrifuges
2nd stage crystallizer product centrifuges
1st stage centrate tanks
2nd stage centrate tanks
Hydroclones
1st stage centrifuge wash tanks
2nd stage centrifuge wash tanks
1st stage centrate pumps
2nd stage centrate pumps
Centrifuge wash pumps
A1Cl 3 • 6H20 crystal bins
Weigh feeders
Recycle crystal slurry tank
Slurry tank agitator
Recycle crystal slurry pumps
1st stage centrifuge conveyors
2nd stage centrifuge conveyors
Crystals conveyors to decomposition
Centrifuge discharge transfer conveyors

A1C1 3 • 6 H 20 Dec0I!?-position Area

Decomposer feed screw conveyor
Stage 1 de compo s e r
Stage 1 cyclone
Stage 1 recirc. blower
Stage 1 decomposer heal coils
Product hopper and rotary valves
Stage 1 decomposer heating system
Stage 1 decomposer ash handling
Stage 2 decomposer
Stage 2 cyclone
Stage 2 recirc. blower
Stage 2 heat coils
Product hopper and rotarY' valves

/53
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EQUIPMENT LIST (Cont)

Stage 2 decomposer heating system
Stage 2 decomposer ash handling
Stage 1 and 2 coal pulverizers
Stage I and 2 precipitators
Stage I and 2 502 scrubbers
Flash calciner
Calciner cyclone
Stage 3 decomposer
Stage 3 cyclone
Oil burners
Product hopper and rotary valves
Fluid bed cooler
Cooler cyclone
Air blower
Alumina conveying system (2)
Alumina silo (2) .

Leach Acid Preparation, Wash Acid Preparation,
and Dilute HC I Recovery A rea

Leach acid absorber column (packed and lined)
Intermediate cooling heat exchangers
Intermediate cooling recirculating pumps
Vapor product blowers
Liquid product recirculating pumps
HCI storage tanks
Air padding for HCI unloading
HCI solution make up pumps
Falling film absorbers
Falling film absorbers vapor product blowers
Falling film absorbers liquid product pumps
Falling film absorbers liquid product heat exchangers
Wash acid absorption towers (lined and packed)
Wash acid absorption towers circulating pumps
Dilute acid gas waste heat recovery boiler
Dilute acid gas cooler
Dilute acid gas falling film absorber
Dilute acid gas falling film absorber product pumps
Water spray for combustion gases (lined and packed)
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EQUIPMENT LIST (Cont)

Bleed Stream Crystallizer System Area, Stripping, Evaporation,
Decomposition

Bleed stream crystallizer system
Bleed stream crystallizer coolant circulating pumps
Bleed stream crystallizer heat exchanger
Bleed stream crystallizer product pumps
Bleed stream crystallizer hydroclones
Bleed stream crystallizer centrifuges
Bleed stream crystallizer centr':l-te tank (lined)
Bleed stream crystallizer centrate pumps
Bleed stream crystallizer crystal slurry bins (lined)
Bleed stream stripper (lined and packed)
Bleed stream stripper reboiler
Bleed stream stripper underflow pumps
Bleed stream direct contact evaporator (lined and packed)
Bleed stream evaporator underflow pumps
Bleed stream evaporator burner system
Bleed system decomposer (Mannheim furnaces)
Waste apron feed
Solid waste pit
Solid waste pit agitator
Solid waste pit pumps

Utilities

/65

Steam plant and auxiliary systems
Cooling tower and auxiliary systems
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4.4. 1 Summary and Conclusions

Overall, sulfurous acid extraction must be viewed as a head- end
treatment for the removal of silica from. clay to render it amenable
to refining into reduction- grade alumina by a modified Bayer pro­
cess. The head-end treatment does make possible certain cost re­
ductions in the subsequent modified Bayer refining process.

The process by which this is accomplished is illustrated in sum­
mary form on the following page and includes the following steps:

(1) Calcination of clay.

(Z) Leaching of the calcine for 15 hours on a semicontinuous basis
at 130 0 F and 9 atmospheres pressure.

(3) Removal of excess SOZ and reduction of the pressure to atmo..
spheric in a blowdown tank.

(4) Separation, washing and rejection to disposal of the acid­
insoluble component (primarily silica) of the clay.

(5) Autoclaving at ZlzoF and 3 atmospheres pressure the alurninum­
bearing solution in order to precipitate semicrystalline, filter­
able aluminum monobasic sulfite.

(6) Thickening at atmospheric pres sure the resulting slurry. Ap­
proximately 55% of the solution as overflow recycles to leach
acid preparation.

(7) Autoclaving the thickener underflow at 3l0o F and 7 atmospheres
pressure to decompose the aluminum basic sulfite, forming
erude alumina trihydrate which retains the crystalline form of
the basic sulfite and is filterable.

(8) Thickening and filtering the crude alumina trihydrate.

(9) The crude alumina trihydrate goes to further refining in a mod­
ified Bayer process to refine it to reduction-grade quality. The
solution goes to waste or waste treatment.

4-4-1
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The technical evaluation of the process sections prior to the
rrlOdified Bayer process final refining are based upon aU. S.
Bureau of Mines study of previously published German investi­
gations and older patent literature, a Kaiser review of the pub­
lished German investigation, and a private communication from
one of the original German investigators.

There is very little question that the modified Bayer refining
process, which is the final step in the extraction of alumina
from clay via sulfurous acid, will produce reduction-grade
alumina meeting every specification for and interchangeable
with Bayer process alumina derived from bauxite. The esti­
mated energy requirement however, including the Bayer refin­
ing, is approximately 28. 2 x 10 6 Btu/ton alumina as net to
process. This is not believed to be substantially reducible in
view of the intensive ef~ort alread{; put into development of
the process.. Included IS 3.9 x 10 Btu for final calcination
of trihydrate which must be supplied in the form of a clean
fuel such as oil. The remainder of the energy requirement
may be supplied by the combustion of any fuel, including
coal.

Sulfur dioxide is an environmentally objectionable gas only mod­
erately soluble in water. It will be very difficult to avoid los­
ses of this gas from a pressurized system. Sulfur may be eas­
ily changed from one valence state to another. Sulfur dioxide
is easily converted to elemental sulfur, sulfate, and other com­
pounds. Sulfur consumption, due primarily to the conversion
of sulfur dioxide to other compounds, is therefore 20% of alu­
mina produced. The los s of sulfur will cause air and water en­
vironmental problems difficult and costly to control. There
does not appear to be any way to avoid the loss of sulfur and at­
tendant problems because of the chemical nature of sulfur.
Some of the sulfur is converted to finely divided elemental sul­
fur dispersed in the crude alumina trihydrate. The trihydrate
will also contain residual soluble sulfate and perhaps other sul­
fur compounds. The presence of these impurities will cause
difficulties in the modified Bayer final refining process, _and
research and development effort will be required to solve the
difficulties. No technical problems are otherwise expected in
the Bayer refining process.
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The extraction of alumina from clay with sulfurous acid has re­
ceived intensive study in the past. There is no known body of
new technology which, if applied to sulfurous acid extraction,
could result in a major cost reduction. It is concluded that the
process as it exists is approaching the maximum state of
development.

4.4.2 Background

The extraction of alumina from clay by means of sulfurous acid has
interested many investigators since the latter part of the 19th Cen­

tury because:

(1) Sulfurous acid is probably the cheapest acid industrially
available.

(2) Acid consumed in reaction with iron can be recovered relatively
easily.

(3) Aluminum sulfite may be decomposed hydrothermally at 320 0 F
. at a comparatively low energy requirement.

Sulfurous acid extraction of clay was carried to its greatest devel­
opment in Germany, probably because of the unavailability of
bauxite there during World War I and anticipation of the same prob­
lem in World War II. Sulfurous acid extraction was developed to
the point where 8,000 tons/ yr alumina were reportedly manufac­
tured there during World War II.

The literature describing the German process is primarily a series
of U. S. patents which were issued beginning in the 1930 I!') extending
through 1941, an excellent description in Fulda-Ginsberg, and some
older references tabulated therein. F. A. Peters, P. W. Johnson,
and R. C. Kirby have translated the appropriate section of Fulda­
Ginsberg. They have used the German experience, the patent lit­
erature, and the older references as the basis of U. S. Bureau of
Mines Report of Investigations No. 5997, "An Evaluation of the
Sulfurous Acid-Caustic Purification Process". There is no known
recent published work on sulfurous acid extraction of clay other
than one or two Russian papers containing very little information.
The process evaluated here is fundamentally the same as the one
described in considerable detail in USBM RI No. 5997. The only
part of the process description to be given here therefore will be
that which is pertinent to the present technical appraisal.

4-4-4
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4.4.3 The Process

4.4.3.1 Summary

Clay entering the process is calcined at 1, 300 0 F to chemically
activate it, remove free and combined water, and destroy any
organic materials which may be present. The calcine is digested
with about 20% sulfurous acid for about 15 hours at 9 atmospheres
to dissolve 75-80% of the contained alumina. The pressure is re­
lieved, excess sulfur dioxide returned to leach acid preparation,
and the liquor filtered away from the insolubles. The latter, af­
ter washing, are sent to disposal.

The pregnant liquor, including the washings, is autoclaved at
ZlZoF under 3 atmospheres SOZ pressure, which causes the pre­
cipitation of a semicrystalline basic sulfite. The slurry is thick­
ened, with 55% of the liquid as overflow being returned to the acid
absorber for eventual recycle as leach acid. The thickener
underflow passes to a second autoclaving at 310 0 F with stearn
being passed through the autoclave at 7 atmospheres. Under this
treatment the basic sulfite decomposes to a filterable alumina
trihydrate which retains the crystalline form of the basic sulfite,
and sulfur dioxide leaves in the stearn. The trihydrate slurry is
thickened and filtered., The crude alumina trihydrate goes to a
modified Bayer proces s final refining operation. The waste
liquor, containing soluble sulfur compounds in which the sulfur
exists in various valence states, is discarded or sent to treat­
ment for environmental control purposes.

Makeup sulfur dioxide is supplied by burning elemental sulfur
with air and abso rbing the sulfur dioxide in water at 3 atmo­
spheres pressure. The resulting sulfurous acid is pumped into
the primary acid absorber/ leach acid preparation section, which
operate s at 9 atmosphere s pres sure.

4. 4. 3. 2 Calcination

Raw clay is brought into the process and calcined as described in
the technical evaluation of the nitric acid process. It would be
particularly advantageous in sulfurous acid leaching (because sul­
furous is a weak acid and the yield of alumina was always rela-
tively poor) to be able to use fluidized solids clay calcination.

4-4-5



KAIJSER, .
ENGINEERS'

/&3

Fluidized solids clay calcination--assuming that problems as­
sociated with it and de scribed in the nitric acid section can be
overcome--is probably the most important development in pro­
cessing technology applicable to sulfurous acid extraction since
the World War II German effort. However, the energy require­
ment and cost estimate s are based upon use of a rotary kiln for
the calcination in order to rely on existing technology.

4.4. 3. 3 Quench

'd' f S+4 + 6The Oxl atlOn 0 to S by the reaction

= =

or by the disproportionation reaction

+2H + 3S03 = ---=0>:;. 2S04

is a continuing problem throughout most of the steps in the manu­
facture of alumina via sulfurous acid extraction. USBM recom­
mends a \yater quench of the calcined clay for the purpose of
eliminating any adsorbed oxygen. It is questionable whether ox­
ygen adsorbs on the calcined clay. If an experimental study of
sulfurous acid extraction is undertaken, the need for a quenching
step should be determined.

4.4. 3.4 Leaching

The overall reactions by which the aluminum is solubilized dur­
ing leaching are:

SO 2 + H 2
0 ooE<=--->­

gas liquid

solid- calcine solution solution waste

although the aluminum is only soluble in the presence of an ex­
cess of dissolved S02.

4-4-6
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Sulfur .dioxide has only a limited solubility in water, which de­
creases rapidly with increasing temperature at one atITlOsphere
pres sure. The arrlOunt of aluminum sulfite which can remain in
solution is a direct function of the dissolved sulfur dioxide con­
centration. The rate of reaction of the calcined clay decreases
with decreasing sulfurous acid concentration but increases with
increasing temperature. Silica tends to dissolve in the leach
liquor, but silica solubility is depres sed with increasing dis solved
alumina content. These partially conflicting factors led the Ger­
man investigators to leach the clay semibatchwise in towers at
130 0 F and 9 atmospheres with about 17% dissolved sulfur dioxide.
A maximum of 80% of the alurrrina was extracted under these con­
ditions in 15 hours to produce a liquor containing a maximum of
60 gpl soluble alumina.

The German engineers chose these leaching conditions after very
intensive investigation of the leaching process. It is still possi­
ble that some form of more efficient leaching proces s could be
developed, but this would take a great deal of effort and, even if
successful, would not yield a decisive cost reduction. Otherwise,
no way is known of improving upon the German approach. The
leach can be accomplished as described but will be costly. Inev­
itable leaks of sulfur dioxide from the pressurized system will
cause environmental problems that were ignored at the time the
previous work was done but which would be very costly to solve
today.

4.4. 3. 5 Blowdown

Slurry at the completion of leaching is pas sed into a blowdown
tank for the purpose of removing exces s S02·and reducing the
pressure to atmospheric. The concentrated S02 evolved passes
into the S02 recovery system from which it is eventually re­
compre s sed and returned to leaching.

Design of the blowdown tank presents no particular problems.
It would be very desirable to utilize the pressure existing in the
leach tank to effect an initial separation of waste solids in the
presence of a high partial pressure of S02 by means of a pres­
surized filtration. This is not known" to be practical--in part be­
cause of the difficulty of bringing the filtered solids out of the
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pressurized zone in the presence M SOZ. It might be possible
to utilize the leach tank pres sure to obtain a sand separation in a
hydrocyclone of special design, but development work would be
required due to the evolution of gas as the pressure is decreased.

4.4. 3. 6 Solid- Liquid Separation

German practice reportedly involved the use of a very large area
of leaf filters, with washing in the filter. This would be a very
costly operation today. Vacuum filtration is not applicable, be­
cause the consequent reduction in pressure would cause further
SOZ evolution and precipitation of alumina. Any contemplated
application of sulfurous acid leaching today would almost surely
involve an effort to develop a countercurrent decantation system
for solid-liquid separation. This would probably be difficult in
view of the known reactivity of the silica and the sernicolloidal
nature of at least a part of it. Unfortunately, the German re­
ports give very little specific information on the properties of
the silica residue. I

4.4. 3. 7 Tailings Disposal

The residue from leaching, although consisting primarily of a
reactive silica, is considered to have no value. It is pumped to
disposal, probably in a mined out clay pit. If an analysis of the
tailings approximating that given in USBM RI 5997 can be attained,
no special precautions would be neces sary to insure isolation of
tailings drainage water from the environment. Nothing is known
about the suitability of sulfurous acid leach residue as subsoil.

4.4.3.8 First Autoclaving

The purpose of the first autodaving of the primary liquor stream
is to decompose under carefully controlled conditions the dis­
solved aluminum sulfite so as to produce an insoluble basic alu­
minum sulfite crystalline in form, and therefore filterable. The
overall reaction is:

AI Z (S03) 3 + 6HZO---.....:;>~ [Z(AlOHSO)]' 5H
Z

O + SOZ t
solution semicrystalline

precipitate

4-4-8
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The combined leach liquor and washings fro.m waste solid sepa­
ration is pumped into heat exchangers where it is heated to ZlZoF
with heat recove red from acid vapor streams exiting both sets of
autoclaves and the thickener overflow from the first autoclaving.
The hot liquor is autoclaved for Z hrs @ ZlZoF under three at­
mospheres SOZ pressure with the direct addition of live steam to
precipitate aluminum monobasic sulfite. Sulfur dioxide is evolved
and passes to recovery.

The aluminum monobasic sulfite is reportedly crystalline and can
be settled or filtered reasonably well although no quantitative
data are available. It is thickened in the absence of air, with
approximately 55% of the solution as overflow returning to
leaching.

4.4.3.9 Second Autoclaving

A choice is possible at this point in the process between filtra­
tration and washing of the thickener underflow from the preceding
step followed by mild calcination to produce a modified Bayer
process feed, or a second autoclaving to decompose hydrother­
mally the basic sulfite produced in the first step. Fulda­
Ginsberg reports that development of the hydrothermal decompo­
sition, in which the trihydrate produced retains the crystal struc­
ture of the basic sulfite, was considered to be an important tech­
nical advance.

The overall reaction is:

Semicrystalline
precipitate

Semicrystalline Gas
precipit~te

The thickener underflow from the preceding step is pumped first
to heat exchangers and then into the second autoclave. This
autoclave is maintained at 3l0o F and 7 atmospheres, primarily
steam pressure, for at least 10 minutes by means of indirect
steam heating. A mixture of SOZ and steam boils off which,
after some heat recovery, goes to the acid regeneration system.

4-4-9
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The precipitation of alumina trihydrate in the second autoclaving
as reported by the German investigators appears technically
feasible, but no mention is made in Fulda-Ginsberg of difficulties
probably encountered. Scaling of metallic surfaces is to be expect­
ed, and apparently the trihydrate readily adsorbed impurity met-
al hydroxides.

4.4. 3. 10 Filtration and Washing

The residual slurry is thickened, filtered, and washed to yield
a crude trihydrate. The ITlother liquor is boiled at atmospheric
pressure to recover some additional S02 and is then discharged
to waste. No inforITlation is available, but it is probable that
this mother liquor contains sufficient dissolved materials-­
sulfur in a multiplicity of valence states in particular- -to render
it unacceptable for return to leaching, for use as acid absorber
water, or as a discharge to the environITlent. An R&D effort
will be required to determine what disposition can be ITlade of
this 13 mass units of liquor per mass unit of aluITlina product.

4.4.3. 11 Technical Evaluation of Preceding Steps

The GerITlan effort to utilize sulfurous acid in the manufacture
of alumina froITl clay is the only known reported actual experi­
ence with this acid and therefore is the only basis for technical
evaluation of the foregoing steps. All of the steps appear rea­
sonable although very little of the quantitative information that
would be required for an engineering de sign of the proces s has
been reported. It is concluded that the process could be oper­
ated as described but that the therITlal energy requireITlents-­
with the possible exception of the clay calcination step--would \
be approxiITlately the saITle as reported in Ge rITlan practice.
Some iITlproveITlent in crude aluITlina trihydrate product quality
would probably be obtained from the use as raw material of
U. S. kaolin, which is of a better quality than the GerITlan clay.
The Germans did intensive research on the basic process to
bring it to the present state of development. The prospects for
any major cost reductions or producing without alkaline refin­
ing alumina meeting reduction grade specifications are virtually
nil. Environmental protection, which was of little or no con­
cern in wartime Germany, would be a major problem today.

4-4-10
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4.4. 3. 12 Acid Recovery System

Makeup sulfurous acid is provided by burning sulfur with air
and then absorbing the S02 into water at 3 atmospheres. Ap­
proximately 11. 4 mass units water/mass unit alunrina are re­
quired for this absorption. This water is rejected from the
process as waste liquor from the settling-filtration following
the second autoclaving; but if present day environmental con­
siderations required treatment of this waste liquor involving
evaporation, a substantial additional process energy require­
ment for evaporation would result, because the amount of ab­
sorber water cannot easily be reduced.

Sulfurous acid produced at 3 atmosphere s is pumped into a sec­
ond absorber operating at 9 atmospheres in which it is combined
with various recycle streams to prepare the leach acid.

Sulfur consumption is as high as approximately 20% on product
alumina. An unknown fraction of the sulfur loss must be due to
leakage from the pressurized system although it is very much
to the German design engineers' credit that they succeeded in
designing an almost totally closed system.

Another fraction of the sulfur loss is due to oxidation of S02 to
S04 in solution. Sulfur is multivalent. Some of the required
oxygen undoubtedly comes from air, but it is known that a large
part of it comes from the reduction of S02 to elemental S. Sul­
fur co.mpounds of other valences also formed to an unknown
extent.

An operable acid recovery system incorporating provision for
adding makeup can be designed on the basis of. presently avail­
able information. Unfortunately there is no known solution to
the problem of sulfur disproportionation in the proces s, which
is a major cause of sulfur consumption and which also inter.­
feres in the modified Bayer refinement as discussed below.

4.4. 3. 13 Modified Bayer Refining Process

The German investigators were never able to produce an alwnina
of reduction grade quality from the sulfurous acid process direct­
ly. Alumina trihydrate produced in the second autoclaving was
therefore refined in a modified Bayer process. The removal of
iron originally in the clay was deliberately avoided in order to
facilitate the removal of titaniwn, chromiwn and vanadiwn by
coprecipitation with iron in the Bayer treatment.
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The alum.ina trihydrate from. the second autoclaving was an ex­
ceptional Bayer process feed, reportedly going readily into so­
lution in caustic soda at one atmosphere and 140 0 _1 75 0 F with
warming of the liquor from the heat of solution to 1950 - ZOOoF.
The German feed contained approximately 10% FeZ03 and 0.5%
SiOZ' but feed prepared from lower iron content U. S. kaolin
would undoubtedly contain substantially less iron. Not discussed
in terms of its effect on the Bayer refining was Z-Z. 5% elemen­
tal sulfur produced by disproportionation. This sulfur. is very
finely divided and would be expected to dissolve in the Bayer
process liquor. Special measures would be necessary for its
control in a cyclic proces s. On the other hand, sulfite refined
feed derived from. calcined kaolin would contain no organics,
which would tend to simplify the caustic purification step.

The technology of the caustic purification step, with the excep­
tion of dealing with a feed containing reactive elemental sulfur
in the amount indicated, is well known; and a demonstration
plant can be designed without additional pilot work. It is expect­
ed that demonstration plant de sign information required for sul-

-'fur control can be developed from bench- scale studies.

4.4.4 Alumina Product Quality

There appears to be no hope, based upon intensive German re­
search, for producing alumina meeting r'eduction grade specifica­
tions without caustic purification. There appears to be no doubt
that sulfurous acid extracted alumina which has been subjected to
caustic purification will meet the chemical and physical properties
specifications for reduction grade alumina, and that such alumina
will be interchangeable with Bayer alumina produced froI}'l bauxite.

4.4. 5 Energy Reguirements

The net energy requirements to process are summarized as follows:

Btu/ton AIZ03

Clay calcination 6.7 x 10 6

Autoclaving 14.0 x 106

Caustic Purification 3.6 x 10 6

Product Alumina Calcination 3. 9 x 10 6

Z8.Z x 10 6

4-4-1Z
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Coal may be used for clay calcination and for the generation of
steam. The final product alumina calcination, as sunling that pre s­
ent day Bayer process technology is used, will require a high
grade fuel which will not compromise the product alumina quality.

The energy requirements for the overall process are high, because
the clay requires calcination, the maximum soluble alumina load­
ing which is pos sible in the leach liquor is low, the hydrolysis of
the intermediate aluminum salt is carried out in two stages, and
the primary product alUITlina is put into solution tw.ice during the
processing sequence. It is possible that the heat requireITlent for
clay calcination, as discussed elsewhere, may be reduced by the
eITlployment of fluidized solids calcination. The requirement for
steam may probably be reduced a substantial but presently unknown
amount by extensive and innovative heat recovery design. On the
other hand, approximately 13 mass units of waste liquor/unit prod­
uct alumina are now planned to be discharged to the environment.
If this dis charge cannot be accomplished unde r today· s environmen­
tal protection standards without resort to a fuel-fired evaporative
process, a very substantial process energy requirement will be
added to the total.

4.4. 6 Environmental Protection

Waste solids are expected to be disposed of in exhausted clay pits.
The properties of the solids as subsoil are not known, but the wa­
ter accompanying the waste solids is not expected to present any
particular problem. Iron and minor constituent metal oxides will
be discharged from the caustic purification section as a red mud
similar to Bayer process red mud but in much smaller quantities.
This mud will require impoundment in a manner similar to bauxit­
ic Bayer process red mud. The nature and disposition of caustic
purification sulfur- bearing residues is unknown. The treatITlent
required and disposition of waste process liquor (as discussed in
preceding sections) is unknown.

The absorption of S02 into water is very difficult in the presence
of inerts. This process has been carefully designed as a totally
closed system so as to avoid, this problem. Leaks from the pres­
surized processing system may however, cause environmental
problems.

4-4-13
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4. 4. 7 General Comments

(1) Pressurized acid preparation, digestion, and two stages of
thermal hydrolysis are required.

(2) A relatively long period of time is required for the digestion of
calcined clay with sulfurous acid, even under pres sure, and
even then only about 80% of the alumina is extracted.

(3) Air must be rigorously excluded from digestion, the two stages
of thermal hydrolysis and the thickening/filtration operations
associated with thermal hydrolysis in order to minimize the
oxidation of sulfite to sulfate. Even with exclusion of air, sul­
fate, elemental sulfur and sulfur compounds of other valence
states are formed which together with other losses impose a
makeup sulfur requirement of up to approximately 20% by
weight on alumina. Any original advantage of inexpensive acid
is lost by conversion of the S02 to nonrecyclable forms.

(4) The process has very little ability to separate alumina from
impurity metal oxides in the entering clay, and silica is not re­
jected adequately. Even after intensive study, a caustic puri­
fication (modified Bayer) proces s appears to be required in
order to manufacture alumina meeting reduction grade specifi­
cations. Alumina so prepared should be of excellent quality
and interchangeable with Bayer alumina produced from bauxite.

(5) Energy requirements are high despite the relatively low heat
of formation of aluminum sulfite from the oxides because of the
low solubility of alumina in the leach liquor, the employment of
a two- stage thermal hydrolysis, and the requirement that the
primary product alumina stream be put into solution twice.
The energy requirement will be substantially increased if it is
found, as is probable, that approximately 50% of the leach li­
quor, which in wartime Germany was apparently simply dis­
charged to the environment, must be subjected to evaporation.
A substantial amount of electrical or other equivalent energy
is required for gas compres sion.
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(6) The low alumina loading achievable in process liquors will in­
fluence both capital and operating costs.

(7) The relatively easy hydrothermal decomposition of the inter­
mediate aluminum sulfite is a distinct process advantage.

(8) Air and water environmental control problems, of little or no
concern at the time of the major thrust of process development,
would be difficult and costly to solve so as to meet today·s
standards.

(9) The process has already been studied so extensively that the
prospect of a major cost-reducing breakthrough is very small.

4.4.8 Process Assumptions Used to Estimate the Heat and Material
Balance

(1) The heat and material balance is based on 1,000 toni d of
alumina.

(2) The chemical analysis of the clay feed (dry basis) is as follows:

A1203
Fe203
Si02
L. 0. 1. >:<
Other>:<
Total

>:<Other is primarily Ti02.

36.5%
0.86

46.4
13.54
2.7

100.00%

(3) The raw ,clay feed to the process contains 18.5% free moisture.

(4) A rotary kiln is used for the dehydration of the clay feedstock.

(5) There is a 1% dust loss (calcined basis) from the dehydration
rotary kilns.

4-J/-J~
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(6) 80% extraction efficiency of A12 03 is achieved in the S02
leaching step.

(7) 75% of other IT1etal iIT1purities is solubilized in the leaching
step.

(8) 81.25% of Fe203 is solubilized in the leaching step.

(9) o. 3% of Si02 is solubilized in the leaching step.

(10) The waste leach IT1ud after filtration will contain 30% IT1oisture.

(11) One-half of the liquor into the thickener following the first
autoclaving step (precipitation of IT1onobasic aluIT1inuIT1 sulfite)
will exit via overflow and one-half will exit with underflow
solids (equivalent to approxiIT1ately 20% solids in the underflow).

(12) The decoIT1position of IT1onobasic aluIT1inum sulfite to alUIT1ina
will be accomplished at a 97% efficiency (7 atIT1 autoclaving).

(13) The product stream from the IT1onobasic aluminum sulfite
decomposition is used to preheat the feed to this process step.

(14) Approximately 9% of contained S02 is lost as sulfur and sul­
fate during the monobasic aluminum sulfite decomposition.

(15) Crude aluIT1ina product from filtration will contain approxi­
mately 42% free and cOIT1bined water.

(16) In the acid recovery section, sulfur is burned with air to pro­
duce a stoichioIT1etric amount of S02 for makeup.

(17) There is a 2 -toni d S02 loss from the 3 atm absorber in the
acid recovery system.

(18) Waste heat is recovered from the sulfur burner.

(19) There is a 100% absorption efficiency of acid vapors in the
9 atm absorber in the acid recovery system.

(20) The purification of crude alumina product is accomplished by
leaching with caustic in a modified Bayer plant.
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(21) SUlfur and FeZ03 compounds precipitate during caustic diges­
tion and are removed with the red mud waste s:olids.

(22) The filtered and washed red mud will contain 55% moisture.

(23). No conversion of NaOH to Na2C03 is considered.

(24) Approximately half of the alumina precipitates while the bal­
ance is recycled.

(25) Caustic concentration during .digestion is approximately 9. 5%
by weight as N aOH.

(26) A 5-effect evaporator is used to concentrate the recycle
caustic liquor stream.

(27) The trihydrate alumina feed to calcination will contain approx­
imately 11% free moisture.

(28) A rotary kiln is used to calcine the alumina product.

(29) There is a 1% dust loss (calcined basis) from the rotary kiln
calcination of alumina.

(30) The over- all recovery of alumina in the caustic purification
section is approximately 95.%.
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TABLE 4-4-1

ALUM INA FROM CLAY
SULFUROUS ACID PROCESS

DAILY THERMAL REQUIREMENTS

FOR 1,000 TONID ·A1 2 0 3

250 LB/IN2 (GAl STEAM,
M LBS

(830 BTU/LB)

CLAY PREPARATION

CA LCI NATI ON

FUEL,
MMBTU

6,655

COOLING WATER,
MGALS

CRUDE ALUMINA PRODUCTION

LEACHING

1st AUTOCLAVES (PRECIPITATION)

2nd AUTOCLAVES (DECOMPOSITION)

ACID RECOVERY

SULFUR BURNER

COMPRESSION

RECYCLE GASES

CAUSTIC PURIFICATION

DIGESTION

PRECIPITATION

CALCINATION

EVAPORATION (5-effect)

506*

16,484

(132)**

3,596

744

3,907

931

531

307

19,588

10,326

1,460

TOTALS 21,198

(17,594 MM BTU)

10,562 33,143

NET ENERGY REQUI REMENT

AS SUPPLI ED TO PROCESS:

28,156 MM BTU/D OR 28.2 MM BTU/TON AI 2 0 3

* Heat equivalent to an additional 8,688 M Ibs of 250 Ib/in 2 (ga) steam is recovered from recycle streams for
heating autoclave feed.

**Steam credit from waste heat boiler.
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Table 4-4-2 (Sheet 1 of 4)

Alumina from Clay/Sulfurous Acid Process
Material Balance

1,000 TON/D AI 2 0 3

176

Process 1 2 3 4 5 6 7 8 9 10 11 12
Stream

Component

AI20 3 1364 1364 14 1350 1350 1382 1382 270 1112

Fe20 3 32 32 32 32 58 58 6 52

NaOH

Si02 1734 1734 18 1716 1716 1716 1716 1711 5

Other 101 101 1 100 100 175 175 25 150

L. 0. I. 506 506. 506

H2O 843 843 843 28599 114 28485 1726 863 29348 253

S

S02 .5697 2265 3432 1 3431

S03

O2

Total 4580 4580 1382 3198 3198 37627 2379 35248 1726 2876 34098 253

All units are in short tons per day.
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Table 4-4-2 (Sheet 2 of 4)

Alumina from Clay/Sulfurous Acid Process
Material Balance

Process 13 14 15 16 17 18 19 20 21 22 23 24Stream

Component

Alz0 3 1112 32 1080 1080 31 1049 2059

Fe2 0 3 52 26 26 26 2 24 24

NaOH 10 2879

5i0 2 5 5 5 5 5

"
Other 150 75 75 75 72 3 3

L. 0.1.

H2 O 125 2947,6 14738 14738 2991 11747 800 11747 800 10 25458 235

5 22 22

502 1330 2101 488 1613' 1358 255 121

50 3 112

O2

Total 1455 32896 15359 17537 4349 13188 800 12085 1903 20 30450 235
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Table 4-4-2 (Sheet 3 of 4)

Alumina from Clay/Sulfurous Acid Process
Material Balance

178

Process 25 26 27 28 29 30 31 32 33 34 35 36
Stream

Component

-'

AI 2 0 J 39 2020 2558 1504 1054 44 1010 10 1000 538 1010

Fe2 OJ 24

NaOH 4 2875 2968 2843 125 119 6 6 93 2869

5i0 2 5

Other 3 3 3 3 3

L. 0. I.

H2 O 115 25578 26665 25031 1634 1010 1921 723 723 1087 25865

5 22

502

50J

O2

Total 209 30476 32194 29378 2816 1010 2084 1742 733 1009 1718 29744
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Table 4-4-2 (Sheet 4 of 4)

Alumina from Clay/Sulfurous Acid Process
Material Balance

Process 37 38 39 40 41 42 43 44 45
Stream

Component

AI 20 3 1010 32

Fe203 26

NaOH 2869

5i02

Other 75

L. 0.1.

H2O 1217 24648 10631 10631 28599

5 129

502 2 258 256 5697

503

O2 129

Total 1217 28527 129 129 2 258 10631 10887 34429
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4.4.9 Equipment List

ALUMINA FROM SULFUROUS ACID/CLAY PROCESS

Clay Preparation Area

Belt conveyor, under wobbler feeder and primary crusher
Truck dump hoppe r
Wobbler feeder and hoppers from truck dump
Primary crusher and chutes
Belt conveyor, primary crushers to stockpile
Belt conveyor and distributors for- stockpile
Stockpile, enclosure, dust collection system and reclaim system
Wobbler feeder from stockpile
Belt conveyor stockpile to hammermills
Hammermills and hoppers
Belt conveyor hammermills to elevator
Bucket elevators from secondary crusher
Vibrating screens, chutes and covers
Roll compactors with covers
Belt conveyor compactors to elevators
Belt conveyor screens to raw clay surge bin
Raw clay surge bin
Weigh belt feeders
Belt conveyors - raw clay surge bin to kiln
Rotary kilns
Apron feeders with covers from coolers
Calcine bucket elevators
Calcine vibrating screens and chutes
Calcine cage mill grinder with covers
Calcine apron feeder with cover
Bucket elevator to calcine storage bins
Calcine storage bins
Weigh belt feede rs to leaching
Belt conveyors to leach tanks
Dust collection systems

/r;o
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EQUIPMENT LIST (Cont)

Digestion, S02 Blowdown Area

Pug mill mixers
Leach head tanks
Leach slurry pumps
Leach vessels
Leach vessel agitators
Leach slurry transfer pumps
Leach blowdown tanks
Blowdown tank. pumps

Slurry Filtration, 1st Autoclaving, Slurry Thickening,
2nd Autoclaving, Heat Interchange Area

Filter feed surge tank (lined)
Filter feed surge pumps
Pressure filters
Pressure filter slurry pit
Slurry pit agitator
Slurry pit sump pumps
Filtrate storage tanks (lined)
Filtrate pumps
Heat interchange system
Heat interchange pumps
Condensate pumps
Hotwell sump (lined)
Hotwell sump pump
Filtrate booster pumps
L. P. autoclaves
L. P. autoclaves transfer pumps
Slurry thickeners
Thickener transfer pumps
Thickener overflow pumps
H. P. autoclaves
H. P. autoclaves transfer pumps
H. P. autoclaves agitators
H. P. autoclaves product pumps
Fumes collection sys tem
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EQUIPMENT LIST (Cont)

Pregnant Liquor Thickenin,g, Filtration Area

Pregnant liquor thickeners (lined)
Pregnant liquor thickeners underflow pumps
Pregnant liquor thickeners overflow pumps
Crude alumina vacuum filtration system
Wet crude alumina conveyors
Wet crude alwnina surge tanks

Sulfurous Acid Generation and Recovery Area

Sulfur unloading pumps
Sulfur storage tank with steam coils
Sulfur burner feed pumps
Sulfur bu rner system
Waste heat recovery boiler
L. P. absorber
Process water pumps
L. P. absorber underflow pumps
SO gas compressors and coolers
H. I:>. autoclave S02 gas partial condenser
Partial condenser underflow pumps
H. P. absorber
H. P. absorber underflow pumps

Digestion, Filtration, Heat Interchange Area (Modified Bayer Process)

Crude alumina distribution conveyor with hoppers
Pug mill mixers
Crude alumina weigh feeders
Slurry head tanks
Digester feed pumps
Digesters
Digester agitators
Digester transfer pumps
Sodium aluminate slurry pumps
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EQUIPMENT LIST (Cont)

Filter feed tank
Filter feed pumps
Vertical pressure filters
Slurry tanks
Slurry tank agitators
Filter slurry pumps
Filtrate storage tank
Filtrate transfer pumps
Caustic stream heat interchange system

Precipitation, Thickening Area (Modified Bayer Process)

Precipitation fill tanks
Precipitation fill pumps
Precipitators
Precipitator agitators and air lifts
Mid- stage flash tanks
Flash tank transfer pumps
Primary feed tank with baffles
Primary feed tank agitator
Primary feed pumps
Primary thickeners
Primary underflow pumps
Secondary thickeners
Secondary underflow pumps
Tertiary thickeners
Tertiary underflow pumps
Tertiary thickener rakes
Tertiary thickener overflow pumps
Primary wash tanks
Primary wash tank inlet screens
Primary wash pumps (hydrate slurry)
Secondary thickener surge tank
Secondary thickener surge tank agitators
Secondary thickener surge pumps
Tertiary thickener seed storage tank
Tertiary thickener seed pumps
Wash liquor tank
Wash liquor pumps
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EQUIPMENT LIST (Cont)

Evaporation, Calcination Area (Modified Bayer Process)

5-effeet evaporator system
Evaporation test tank
Evaporator feed pumps
Digestion test tank
Digestion spent liquor pumps
Hydrate storage tanks
Slurry density tank
Slurry density tank agitators
Slurry density tank pumps
Hydrate filters
Filtrate receiver
Wash water receiver
Hydrate filter vacuum pumps
Filtrate pumps
Wash water pumps
Rotary calciners
Rotary coolers
Fluo- solids coolers
Cyclone dust collectors
Electrostatic precipitator
Alumina conveyors
Alumina storage silo

Auxiliary Tankage and Equipment Area (Modified Bayer Process)

Caustic storage tank
Caustic transfer pumps
Dilute caustic tank
Dilute caustic pumps
Sump relay tank
Sump relay pumps
Sulfuric acid tank
Sulfuric acid pumps
Dilute sulfuric acid tank
Dilute sulfuric acid pumps
Sulfuric -acid neutralization tank
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EQUIPMENT LIST (Cont)

Sulfuric acid neutralization pumps
Condensate storage tank
Condensate pumps

Utilities

Steam plant and auxiliary systems
Cooling towers and auxiliary systems
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'~4.5 ANORTHOSITE/LIME-SINTER

, . ..4.5 TECHNICAL APPRAISAL:"
ALUMINA FROM ANORTHOSITE VIA'Lllv1-E SINTER "PROCESS

4.5. 1 Summary and Conclusions

The proces s being evaluated is one for the manufacture of
reduction-grade alumina from anorthosite via a lime sinter process.

The anorthosite/lime sinter process includes the following steps:

(1) Preparation of sinter feed. This series of preparation steps
includes crushing, grinding, separation, partial drying, and
pelletizing which must be performed prior to the sintering of
the anorthosite/limestone feed.

(2) Sintering of the ~northosite/limestonefeed. This step also in­
cludes the "soaking" of the sintered pellets to permit "dusting"
and subsequent separation of the "dusted" and " undusted"
sinter.

(3) Leaching of the "dusted" sinter with spent soda ash liquor to
solubilize the alumina values.

(4) Separation, washing, and rejection to disposal of the insoluble
residue from the leaching step.

(5) DSP seeded desilication of the pregnant liquor and removal of
DSP for seed recycle and bleed to the sinter kiln.

(6) Seeded carbonation of the desilicated pregnant liquor with
washed flue gas from the sintering kiln!,!. This precipitates the
alumina as the trihydrate which is classified into a fine fraction
for seed recycle and a coarse fraction for filtration and further
processing.

(7) Alumina trihydrate from filtration is calcined to product
alwnina.

(8) The spent soda ash liquor from the filtration of the alumina
trihydrate and seed preparation is concentrated by evaporation
and recycled with makeup soda ash to the leaching step.

4- 5-1
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The flue gas from the sintering kilns iswashe.d and a portion
compressed for use in the carbonation step.

The process being evaluated has been constructed from information
derived from U. S. Bureau of Mines Reports of Investigations,
information published in the open literature, and Kaiser Aluminum
experience.

The quality of alumina produced in this process should be equiva­
lent to that produced in a Bayer plant. Further study may be re­
quired to characterize particular anorthosite ore bodies for minor
impurities and to ~etermine their effect on process impurity re­
moval requirements.

The estirn.ated thermal energy requirement for this process is 1

61. 9 x 106 Btu/ton AIZ03 • It is very high even though, it utilizes
waste -heat" fromcthe ~sinter-kiln-flue gases for- all"-steam and drying
requirements;=,-:.This~high_:-energy-requir_emenLis;:dueto;the 58 x 106
Btu/ton-A1Z 03:estiInated~forthe ~sinterin"g2~step:.::of-.this-,proces-s~.--This~....:..- i

large energy conswning"step-alone-is -almost prohibitive. - -

Gelation in the leaching section is potentially the most serious_
technical problem of this process. __ Although investigations indicate
that gelation can be prevented by careful control of the sintering
and leaching operations, the possibility that gelation may occur is
a serious disadvantage of this proe-ess.---'"

Di sposal- of -the wastedeach:residu_e~,is,also.::a~-serious·problem::in:~

this proces s:rlue"-to:its"sheer~quantity..;,,-=::=The.:Wa'ste:::solids~w.hic~__
must _be disposed-'{)f,:,approachesc-Z/-~:of--the-total-plant'feed'or ap­
proximately;_clO-:tons~-p-er_cton=of..:alumina-_-pl"odue-ed._

The recovery of alumina in the-leach process is only 75% which
constitutes another penalty incurred by this process.

4.5. Z Background

Development of a lime- soda sinter proces s began as long ago as
190Z when Adolf Kayser obtained a patent on a process for sepa­
rating alumina frornsilica. Early work on lime- soda sinter pro­
cesses was reviewed by Conley and Edward-s', Frary, and Jeffries.
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Conley investigated the extraction of alumina from Pennsylvania
nodular diaspore clay by a lirrie- soda sinter process.' In this pro­
cess clay was dry ground and then sintered with limestone and
soda ash (sodium carbonate) to convert the alumina to sodium alu­
minate and the silica to dicalcium silicate. The sinter was leached
with sodium carbonate solution to dissolve the sodium aluminate.
The solution was then heated under pressure with lime to remove
most of the silica that di ssolved with the sodium aluminate. The
purified solution was carbonated to precipitate alumina trihydrate
which was then calcined to produce alumina.

During World War II the Defense Plant Corporation financed the
. .'

construction of a 50- ton- a-day plant at Laramie, Wyoming, to pro- .
duce alumina "from anorthosite. Construction of this plant was al­
most completed when the program was terminated in 1945. In
1952 -the Bureau of Mines modified the plant and operated it on an
expe'rimental basis,. Operation of thi s planLwas desc ribed in Bu­
reau of Mines Bulletin 577. ·In this ·processcrushed anorthosite
and limestone were ·mixed and ground in a recycled soda solution
in a ball mill. The wet mix was sintered and then wet ground with
soda-solution in a ball mill which served as-·the first leaching
stage. The remaining .process steps,were similar to those used,
in the process treating Pennsylvania diaspore clay. The solution
wa's heated under pressure with lime and then carbonated to pre­
cipitate alumina trihydrate.

The process evaluated herein is somewhat differe~t than any of
the previous studies ·inthatiLis an:anorlhositellimestone sinter
with-no-addition 'of-'soda-to thesintering--step.-- -It cannot.::however
be considered a true lime- sinter proces-s,-becaus-e--the--s'oda"'con­
tent of the anorthosite' u-sed-in this study is equivalent to _about 20
percent of the quantity. required in the lime-soda sinter process.
It therefore falls somewhere in between these processes. Infor­
mation contained in Bureau of Mines RI7068 was used extensively
in developing this process'.

4. 5. 3 The Proces s

4.5.3.1 Summary

Anorthosite and limestone are crushed in separate circuits and
then ground and blended in a wet milling step. The ground slurry
is classified and the minus 200 mesh fraction is thickened, fil­
tered' and partially dried. The resultant 12 percent moisture

4-5-4
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ground rock blend is then mixed with desilication product (DSP)
filter cake from the desilication step and pelletized. The pellets
are fed to sintering kilns and reacted at 2550

0
F to produce

mainly calcium aluminates and calcium silicates. The sintered
product is cooled to 1290

0
F and then soaked at that temperature

to allow for the formation of ~ -dicalcium silicate. Rapid cooling
to 77

0
F then "dusts" the sinter by transforming ~-dicalcium

silicate to the -y-form which expands its volume by approximately
10 percent.. The "dusted" sinter is screened to achieve separa­
tion of the "undusted" portion which is recycled to the sinter
kilns.

The "dusted" sinter is leached at 140
0

F with a spent solution of
soda ash thereby extracting the alumina as sodium aluminate and
precipitating calcium carbonate. The insoluble resi,due is sep­
arated by filtration and discarded. The pregnant liquor, in­
cluding the washings, is desilicated at 212

0
F by seeding with

DSP. The desilicated solution is then filtered. Most of the DSP
is recycled as seed, but a bleed of DSP is sent to pelletizing and
reprocessed through the sintering kilns .

. Desilicated pregnant liquor is carbonated with washed sinter
kiln gases in the presence of alumina trihydrate seed, thereby
precipitating alumina trihydrate. The coarse alumina trihydrate
is separated by classification with the fine fraction being thick­
ened and recycled as seed to carbonation. The coarse alumina
trihydrate is filtered and fed to kilns where it is converted to
alumina. The spent liquor from the filtration and thickening
operations is concentrated by evaporation and makeup soda ash
added before its recycling to the leaching step.

4.5.3.2 Preparation of Sinter Feed

This series of preparation steps includes crushing, wet grind­
ing, wet clas sification, separation, partial drying, and pelletiz­
ing to produce an intimate blend of 98 percent minus 200 mesh
anorthosite and limestone for sinter feed. The crushing section,
consisting of jaw and cone crushers, prepares the anorthosite
and limestone for subsequent wet grinding in ball or rod mills.
The mill overflow is classified in a hydroseparator or wet cy­
clones with recycle of the coarse fraction to wet milling. The
minus 200 mesh rock slurry is thickened with the aid of flocculant
and dewatered using vacuum filters to a 17 percent moisture cake.

4-5-5
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The filter cake is partially dried in a rotary dryer which utilizes
waste heat from' the sinter kiln flue gases. The partially dried
ground rock solids at lZ percent moisture are then pelletized to
yield an intimate blend of anorthosite and limestone in the form
of 1/8 inch by 1/4 inch diameter balls. A bleed stream of DSP
from the desilication of pregnant liquor is also pelletized with the
ground rock slurry.

This preparation section is very important to the overall process
as it must produce an intimate blend of anorthosite and limestone
in the correct ratio so that it will react properly in the sintering
kilns. A good sinter will, in turn, leach and process without
gelation and yield a high alumina extraction. The control in the
preparation section must be very precise to achieve this goal.

Pelletizing of the raw material mixture will require further in­
vestigation to determine the optimum pellet characteristics.

4.5. 3. 3 Sintering Operations

The pellets of anorthosite/limestone are fed to sintering kilns
where they are heated to a maximum temperature of Z550

0
F.

During a total retention of Z l/Z hrs, the alumina and silica re­
act with the limestone. The main reactions are represented as
follows:

anorthite

7(CaO· AI
Z
°

3
. ZSiO

Z
) + 33CaC0

3
~ IZCaO· 7AI

Z
0

3
+

14(ZCaO· SiOZ) + 33COZ

albite

(NaZO· AI
Z

0
3

• 6SiO
Z

) + lZCaC03~ ZNaAIO
Z

+ 6(ZCaO· SiOZ) +

lZCO
Z

Excessive sintering temperatures, and/or sintering times pro­
duce gehlenite (ZCaO· Al °3 . SiO). Alumina is not recoverable
by leaching gehlenite. ~cessiv~ CaCO in the sinter mix forms
tricalcium silicate (3CaO· SiOZ), one of {he portland cement
products which causes gelation during the leaching step.

4-5-6
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Maximum alumina extraction requires maximum formation of
1ZCaO· 7Al ° with a minimum excess of CaC0

3
. A very careful

stoichiometri~ balance must therefore be obtained in mixing an­
orthosite and limestone for the sinter to achieve this maximum
extraction and to avoid subsequent gelation.

The sintered product from the kilns is cooled in rotary coolers
o

to a tempe rature of lZ 90 F.

4.5.3.4 Soaking and "Dusting'!

The sintering step produces dicalcium silicate. Soaking in a
rotary calciner at 1Z90

o
F for 15 to 30 minutes allows the a-form

of dicalciu~ silicate to convert to the {3 -form. When the {3-form
is subsequently cooled rapidly to 77

0
F in another cooler, it con­

verts to the 'Y-form with a 10 percent increase in volume which
results in the disintegration of the sinter and the formation of
"dust". The following equations represent these reactions:

1Z47_1301
o

F

aZCaO· SiOZ ;a. {3ZCaO· SiOZ

57Z_75~oF

'{3 2CaO· SiOZ :> 'Y ZCaO· SiOZ

This operation is described in a patent by Kapolyi (Hung. Teljes
4Z40, April 1970).

There are several inhibitors noted for the above-desired con­
version of {3 to'Y dicalcium silicate which tend to stabilize the {3
form. They are carbon, 3CaO· SiO

Z
' and the higher oxides of

Cr, As, Mn, Te, P, Ge, and V. ~xcess NaZO is also mentioned
as a stabilizer.

The theoretical yield would be for all the ZCaO· SiO~ to form dust
less than 3Z5 mesh. In practice, about 95 percent dusting " has
been achieved in laboratory batch experiments. The "dusting"
yield however has been quite variable and is greatly dependent
on the proper ratio of anorthosite/limestone and sintering control.
Without a good "dusting" yield, a prohibitive amount of coarse
sinter would have to be recycled to the sinter kiln. Not enough
information is currently available to indicate what happens to this
recycle during resintering. If "dusting" yield is poor, the mill­
ing of sinter might become a requirement.

4-5-7
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The "dusted" sinter is screened to remove plus ZO mesh particles
which are recycled to the sinter kiln. The minus 20 mesh
"dusted" sinter is conveyed to the leaching section.

I

('

\'

4.5.3.5 Leaching

The dusted sinter is leached at 140
0

F for 30 minutes with a spent
liquor solution from evaporation. The leaching solution will have
a sodium carbonate concentration of approximately 170 gil and
a residual AI

Z
0

3
concentration of approximately 10 gil. The

slurry in the 1each tanks will contain between 25-30% solids.

The main reaction during leaching is as follows:

12CaO· 7A1203 + 12Na2C03 + 5HZO - 14NaAI02 +

lZCaC0
3

+ 10NaOH

No flue gas (CO ) is added to the leaching step in this process so
as to allow for etbout ZO gil free alkali (as NaOH) to hold the
alumina in solution. The pregnant liquor will contain approxi­
mately 50 g /1 Al 03 and a total soda concentration of approxi­
mately 150 g/l ex~ressed as Na CO. It will also contain about
1 gil SiOZ in solution. During the reaching operation, approxi­
mately 7'5 percent of the alumina in the anorthosite will be
extracted.

Filters instead of thickeners are used to separate the insoluble
residue from the pregnant liquor in order to avoid the problem
of gelation. Literature and experience have shown that even
when all precautions are taken to make a "good'! sinter, gelation
can still be a problem in anorthosite/limestone sinter processes.
This process has been designed assuming that gelation will not
occur. Gelation will however probably be the major operating
problem in this process. The magnitude of this problem was
shown during the Bureau of Mines experimental operation of the
Laramie plant when operations had to be shut down to remove
the solid mass with air hammers.

The filtered and washed leach residue consists of an enormous
quantity of approximately 10 tons per ton of alumina which must
be disposed of. This residue weight is approximately Z/3 of the

4-5-8
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feed to the process. These solids also contain entrained liquor
which make them alkaline and therefore requiring care in dis­
posing of them.

4.5.3.6 Desilication

DSP seeded desilication is utilized in this process. The pregnant
liquor from leaching contains approximately 1 gil SiO

Z
in solution

which must be removed before alumina is precipitated as the
trihydrate. The pregnant liquor is desilicated by seeding with
about 100 gil DSP solids and holding in stirred tanks at ZlZ

o
F

for Z4 hrs. The desilicated slurry is filtered to remove the
DSP solids, most of which are recycled back to desilication as
seed. A bleed quantity of DSP equal to that which is removed by
desilicating is washed and recycled to the sinter kiln to reclaim
its soda and alumina values. The desilicated pregnant liquor
will contain about 0.035 gil SiOZ.

Although data are not available on DSP seeded desilication for
liquors of this composition, it is believed to be the best technol­
ogy for this process.

4.5.3.7 Carbonation

The desilicated solution is carbonated to precipitate alumina
trihydrate as shown in the following equation:

Precipitation of the alumina is aided by adding alumina trihydrate
seed crystals equivalent to Z5 percent of the alumina that
precipitates.

The seed crystals are recycled fines from the clas sification of
the precipitate. The carbon dioxide gas is obtained from the
sinter kiln stack gases after they have been scrubbed and cooled.

The carbonators are operated at 140
0

F and the retention time
is 1Z hrs. Sufficient carbon dioxide is added to precipitate 85
percent of the alumina in solution. Under these conditions, ap­
proximately 113 of the silica present in the liquor will precipitate.

f-S -l
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The coarse alumina trihydrate crystals are separated from the
fine seed crystals by hydro-classification. The coarse crystals
are dewatered and washed on vacuum filters and conveyed to the
calcination kilns. The fine seed crystals that remain in the hy"".
dro separator overflow are settled in thickeners and recycled
to the carbonators. The carbonated overflow solution from the
thickeners is pumped to soda ash recovery.

4. 5. 3. 8 Calcination

The coarse alumina trihydrate crystals are calcined at 2000
0

F
in rotary kilns to form alumina product as shown in the following
equation:

The calcined alumina is conveyed to storage silos where it is
held until shipped.

4.5.3.9 Soda Ash Recovery

The spent carbonated solutions are concentrated in multiple ef­
fect evaporators. Makeup soda ash is added as required to the
concentrated solution from the evaporator and the solution is re­
cycled to the leaching section of the process.

4.5.3.10 Flue Gas Processing

The carbon dioxide gas used to carbonate the desilicated preg­
nant liquor is obtained from the sintering kilns. The stack gas
from the kilns contains carbon dioxide evolved from the decom­
position of the limestone in the feed and from the combustion of
the coal fuel. The dust is removed from the gas in cyclones and
heat is re.covered as 100 psig steam from waste heat boilers.
After leaving the waste heat boilers, the gas is processed through
Venturi scrubbers for washing and further cooling before use in
carbonation or venting to the atmosphere.

4.5.4 Alumina Product Quality

The quality of alumina produced by this process should be equivalent
to that produced in a Bayer plant. If the degree of carbonation is

4- 5 -10
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properly controlled, the silica content and the purity of alumina
produced by carbonation should be equal to that produced by Bayer
precipitation.

Considerable amounts of impurities may be introduced into the
liquors dependent upon the analysis of the limestone, fuel, and
anorthosite. Some form of impurity control may be required to
remove them from the plant liquor. The effect of impurities other
than silica and iron on the process are largely unknown.

4.5.5 Energy Requirements

The process energy requirements are summarized as follows:

Sintering Operations ------------------

Leaching ----------------------------

Desilication --------------------------

Evaporation -----------------------.---

Alumina Calcination ------------------

Waste Heat Recovery from

Sinter Kiln Gases ------------------

TOTAL

6
61.6x10

6
Z.6 x 10

6
Z.8 x 10

6
3.9xlO

6
3.9 x 10

6
(1Z.9 x 10 )

6
61.9xlO

Coal may be used for anorthosite/limestone sintering. The final
product alumina calcination will require high grade fuel which will
not compromise the product alumina quality.

The overall energy requirement for the process is quite high even
after utilizing waste heat from the sinter kiln flue gases for all the
steam requirements and the partial drying step before sintering.
This high energy requirement of 58. 0 x 106 Btu/ton AIZ03 that is
required for the s intering step alone is due to the very large mass
of anorthosite/limestone feed (l7. 4 tons/ton of alumina produced).
This large energy consuming step alone makes the operating costs
of this proces s almost prohibiti ve and certainly noncompetiti ve with
the other processes being studied.

4- 5-11
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4. 5.6 Environmental Control

Because of the large quantity of waste leach residue generated by
this anorthosite-lime sinter process, its disposal will be a serious
problem. One method of discarding the waste solids would be the
use of tailing ponds. However, the size of the ponds may be so
large as to make this disposal method undesirable. It is estimated
that the waste solids which must be disposed of will approach 2/3
of the total plant feed or approximately 10, 000 tons/day on a dry
basis. These solids will also contain some entrained liquor which
will make them alkaline; therefore runoff from any impoundment
area must be treated.

The sinter kilns will require good dust removal equipment which
will probably include wet scrubbers. 502 removal may also be re­
quired depending on the quality of coal used in the sinter kilns.
Scrubber liquors will require impoundment and probably treatment
for pH control.

4.5.7 Erocess Asswnptions Used to Estimate the Heat and Material
Balanc.e

(1) The heat and material balance is based on 1, 000 tonld of alumina.

(2) The chemical analysis of the anorthosite feed (dry basis) is as
follows:

4-5-12

A1
2

0
3

Na
2

0

K
2

0

Si0
2

CaO

MgO

Fe
2

0
3

CO
2

Other

TOTAL

26. 0%

4.0

1.0

53.0

11.5

O. 3

2.0

2.2

100. 0%
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(3) The raw anorthosite feed to the process contains Z% free
moisture.

(4) The chemical analysis of the limestone feed (dry basis) is as
follows:

AI
Z

0
3

0.8 %

NaZO 0.04

KZO O.lZ

SiOZ 1.4

CaO 54.0

MgO 0.2

Fe
Z

0
3

0.2

COZ 4Z.4

Other 0.84

TOTAL 100.00%

(5) The raw limestone feed to the p roces s contains 5% free moisture.

(6) The weight ratio of limestone/anorthosite (dry basis) in the feed
is 2/l.,

(7) 15% of ground slurry will be +ZOO mesh and will be recycled a.s
500/0 solids from wet classification to wet grinding.

(8) The -200 mesh solids underflow from the thickener will contain
50% solids.

(9) The -ZOO mesh solids filter cake will contain 17% moisture.

(10) The 17% moisture filter cake of limestone and anorthosite will
be reduced to lZ% in a waste heat dryer. The heat will be sup­
plied by the hot sinter kiln gases.

(11) The sinter kiln will be a rotary kiln.

(lZ) There is a 1% dust loss (calcined basis) from the sinter kiln.
No Na

Z
° is vapo rized and lost from the kiln.

4-5-13
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(13) Coal with a heating value of 13,000 Btu/lb is used as the sinter
kiln fuel. It is burned using 1% exces s oxygen.

(14) 5% of the sinter out of the kiln will not "dust!1 and will be re­
cycled as +20 mesh material to the sinter kiln.

(15) 75% extraction efficiency of Al
2

0
3

is achieved in the leaching
step.

(16) 24% extraction of Naz.0 and 0% K
2

0 from the limestone/
anorthosite mix is aChieved.

(17) No CaO, Fe2 0
3

, other, or MgO are extracted in the leaching
step.

(18) Vacuum filtration is used to separate the pregnant liquor from
the leach residue and 1. 5 displacements of wash water are used
to yield a 95% washing efficiency.

(19) Sufficient Si02 to yield 1 gram per liter Si0
2

in the pregnant
liquor is extracted in the leaching step.

(20) The leach residue will contain 48% solids.

(21) 2% soluble Al
2

0
3

is lost in the leach residue.

(22) nsp seeded desilication will be used.

(24) Si02 from desilication will be 0.035 gram per liter.

(25) nsp filter cake will contain 50% solids.

(26) Recycle nsp filter cake to desilication will not be washed.

(27) 100 gram per liter DSP seed will be recycled to desilication.

(28) DSP bleed filter cake to the sinter kiln will be completely
washed.

(29) 80% CO2 absorption efficiency will be achieved in carbonation.

4-5-14
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(30) Scrubbed carbonation gases will be saturated with water at
130 0 F.

(31) Alumina hydrate slurry will settle to 60% solids.

(32) Alumina hydrate filter cake will contain 75% solids.

(33) There is a 1% dust loss (calcined basis) from the alumina hy­
drate calcination kiln. A rotary kiln is used for this calcination.

(34) Sinter kiln gas scrubbers will remove 100% of contained solids.

(35) The scrubber water bleed will be at 2% solids.

(36) A multiple-effect evaporator (3-effect) is used to concentrate
the spent liquor solution.

4-5-15



KAffSIE~03
ENGINEERS' . ,,----:--:-----------------------------.,

TABLE 4-5-1

ANORTHOSITE/LIME SINTER PROCESS FOR ALUMINA

DAILY THERMAL REQUIREMENTS

FOR 1,000 TON/D AI;2~3

SINTER PREPARATION

DRYING

SINTERING

LEACHING

LEACHING TANKS

DESILICATION

DESI L1CATION TANKS

CALCINATION

KILNS

EVAPORATION

SPENT LIQUOR EVAPORATION
(3-EFFECTl

SINTER KILN FLUE GAS
PROCESSING

WASTE HEAT FOR DRYER

WASTE HEAT BOILER

TOTALS

100 LB/IN 2 (GA) STEAM,
M LBS

(881 BTU/LB)

2,904

3,236

4,373

-10,513

o

FUEL,
MMBTU

3,636

57,960

3,907

-3,636

61,867

COOLING WATER,
MGALS

4,093

4,093

NET ENERGY REQUIREMENT
AS SUPPLI ED TO PROCESS:

4-5-16

61,900 MM BTU/D OR 61.9 MM BTU/TON AI 2 0 3
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Table~-5-2 (Sheet 1 of 5)

Alumina from Anorthosite/Lime Sinter Process
Material Balance

1,000 TON/O AL2 0 3

204

Process 1 2 3 4 5 6 7 8 9 10 11Stream

Component

AI 2 0 3 1318 81 1423 14 1409 1591 375 1216 2161 2161

A1 2 0 3 ' 3H 2 O

Na20 202 5 221 2 219 2360 199 2161 2857 2857

K2 0 50 12 62 1 61 61 61

Si02, 2687 141 2851 28 2823 2824 2800 24 851 851

CaO 583 5448 6031 60 5971 5971 5971

MgO 15 21 36 36 36 36

Fe203 102 19 121 1 120 120 120

CO 2 4278 4278 10328 1317 747 570 619 619

Other 112 85 197 2 195 195 195

H2O 104 532 2142 3346 17719 16942 11217 23444 25789' 25789

O 2 386

N2 18424

Total 5173 10622 17362 32592 10834 32194 16942 21721 27415 32277 32277

All units are in short tons per day.

4 5-17
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Table 4-5-2 (Sheet 2 of 5)

Alumina from Anorthosite/Lime Sinter Process
Material Balance

Process 12 13 14 15 16 17 18 19 20 21 22
Stream

Component

AI 20 3 1192 969 945 24 186 5 1000 181 4

A1 20 3 ·3H2O 1930 1545 1545 385 385

Na20 2147 710 696 14 2196 65 6 6 2131 49

K20

Si02 0.8 850 827 23 0.8 0.3 0.3 0.3 0.5

CaO

-
MgO

Fe20 3

CO2 570 49 49 1350 39 3 3 1311 30

Other

H2O 136 23505 2420 2345 75 23570 890 521 22680 525

O2

0

N2

Total * 136 27415 4998 4862 136 29233 2547 2075 1009 26689 993

'Rounded to nearest whole number.

4-5-18
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Table 4-5-2 (Sheet 3 of 5)

Alumina from Anorthosite/Lime Sinter Process
Material Balance

206

Process 23 24 25 26 27 28 29 30 31 32 33
Stream

Component

AI20 3 177 5 182 182 182 1 13 1 13

A120 3' 3H2O

Na20 2082 59 2141 2141 0 2141 2 2

K20 1 \ 1

Si02 0.5 0.5 0.5 0.5 3 25 3 25

CaO 6 54 6 54

MgO

Fe203 1 1

CO2 1281 36 1317 1317 0 1317 938 9390 938

Other 2 2

H2O 22155 2028 24183 17719 17719 304 3042 265 490 4802

O2
35 351 35

N2 1673 16751 1673

Total * 25696 2128 27824 21360 0 21360 2960 29632 2911 500 4900

• Rounded to nearest whole number.

4-5-19
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Table 4-5-2 (Sheet 4 of 5)

Alumina from Anorthosite/Lime Sinter Process
Material Balance·

Process 34 35 36 37 38 39 40 41 42 43 44
Stream

Component

AI 20 3 1399 1646 1399 1399

A1 20 3 ' 3H 2O

Na20 207 244 207 207

K20 62 73 62 62

Si02 2828 3327 2828 2828

CaO 6031 7095 6031 6031

MgO 36 42 36 36

Fe20 3 121 142 121 121

CO 2 9390 4278 5033 4278 4278

Other 197 232 197 197

H2O 2649 451 4409 636 2469 5780 50847 15159 12054 35688 47742

O 2 351

N2 16751

Total 29141 451 4409 15795 2469 23614 66006 30318 12054 35688 47742

4-5-20
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Table 4-5-2 (Sheet 5 of 5)

Alumina from Anorthosite/Lime Sinter Process
Material Balance

T

Process 45 46 47 48 49 50 51 52 53 54 55
Stream

Component

AI20 J 1399 1399 1483 1483 74 10 247

AI 20 J ' 3H2O

Na20 207 207 231 231 12 37

K20 62 62 64 64 3 11

Si02 2828 2828 2972 2972 149 499

CaO 6031 6031 6285 6285 314 1064

MgO 36 36 38 38 2 6

Fe20 J 121 121 126 126 6 21

CO2 4278 4278 755 188

Other 197 197 205 205 10 35

H2O 3105 1038 2067 1659 1056 6464 2675 190

O2 35

N2 1673

otal 18264 1038 17226 11404 11404 570 1659 1066 6464 5350 2086

4-5-21
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4.5.8 Equipment List

ALUMINA FROM ANORTHOSITE VIA LIME-SINTER PROCESS

Ore and Lilnestone Preparation Area

Truck dump hopper
Truck dump apron feeder
Vibrating grizzly apron feeder
Vibrating grizzly
Jaw crusher, ore
Ore pile conveyor and stacker - reclaimer
Water spray system
Raw ore pile feeder
5 inch ore conveyor
Vibrating screen
Vibrating screen conveyor
Hydrocone crusher conveyor
Fine ore bins
Fine ore to bin conveyor
Chutes and hoppers
Limestone truck dump hopper
Limestone truck dump apron feeder
Limestone vibrating grizzly apron feeder
Limestone vibrating grizzly
Limestone jaw crusher, limestone
Limestone pile conveyor and stacker-reclaimer
Water spray system
Limestone conveyor
Limestone vibrating screen
Limestone vibrating screen conveyor
Limestone hydrocone crusher
Limestone hydrocone crusher conveyor
Fine limestone bins
Fine limestone to bin conveyor
Fine ore weighfeeders
Limestone weighfeeders
Fine ore rod mill feed conve yor s
Limestone rod mill feed conveyors
Rod mills
Clas s ifie r s
Ball mills
Classifier pumps
Dust collection system
Hydrocone crusher
Limestone pile feeder

4-5-22
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EQUIPMENT LIST (Cont)

Ore Thickening, Filtration, Drying, and Pelletizing Area

Ore thickeners
Ore thickener rakes
Ore thickener underflow pumps
Ore thickener overflow pumps
Ore rotary vacuum filters
Filter cake to dryer conveyor
Filtrate receiver
Filtrate pumps
Vacuum pumps
Partial dryer discharge apron feeder
Filter cake rotary dryer
Cyclone dust collector
Baghouse dust collector
Partially dried cake bucket elevator
Partially dried cake screw conveyor
Rotary disc pelletizers
Pellet conveyors
Pellet bucket elevator
Pellet surge bin
Chute sand hoppe r s

Sintering, Soaking and Screening Area

Sinter kiln apron feeders
Sinter ing kilns
Sintering kiln cooler s
Sintered ore apron feeder
Soaking kilns
Soaking kiln coole r s
Soaked ore discharge screw conveyor
Soaked ore bucket elevators
Soaked ore rejects conveyor
Soaking kiln dust collection
Screened ore bucket elevator
Dusted sinter surge bin
Dusted sinter weighfeeder
Leach feed conveyor
Soaking kiln apron feeder
Chutes and hoppers
Soaked ore screens, chutes

4-5-23
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EQUIPMENT LIST (Cont)

Leaching, Leach Filtration, Desilication, Vacuum, and Filtration Area

Leach tanks
Leach tank covers
Leach tank agitators
Leach tank steam coils
Leach tank pumps
Leach surge tank
Leach surge tank agitators
Leach product pumps
Leach vacuum disc filters
Leach residue conveyors
Filtrate receiver
Vacuum pump
Pregnant liquor pumps
Desilicator tanks
Desilicator agitators
Desilicator steam coils
Desilicator transfer pumps
I st stage rotary vacuum filter
I st stage desilicator produce (DSP) conveyor
2nd stage rotary vacuum filter
2nd stage DSP conveyor
Filtrate rece iver
Vacuum pump
DSP filtrate pumps
DSP filtr ate surge tank
DSP filtrate surge pumps
Pressure filters and chutes
Collecting sluice
Vibrating screen and bin
Pre s s cake tank
Repulped slurry pumps

Carbonation (Flocculation Freparation and Wasteheat Boilers) Area

Flocculant system
Feed hoppers
Screw feeders
Flocculant mix tank
Flocculant mix transfer pump
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EQUIPMENT LIST (Cont)

Flocculant storage tank
Flocculation solution pumps
Carbonator ves sels
Carbonator underflow pumps
Waste heat boilers
Boiler feed water pumps
Spray cooler scrubber and pumps
Spray scrubber stack
Scrubber compressor intercoolers
Soda ash storage tank
Soda ash pneumatic conveyor system
Soda ash weighfeeder
'Soda ash mix tank
Soda ash conve yor
Soda ash mix tank agitator
Soda ash mix tank stearn coils
Soda ash mix tank pumps

Spent Liquor Evaporation, Product Thickening, Calcining,
and Storage Area

Evaporation test tank
Evaporator feed pumps
Evaporation system
Digestion test tank
Spent liquor tansfer pumps
Evaporation product pumps
Evaporation hotwell
Evaporation hotwell pumps
Evaporation condensate pumps
Primary thickeners
Primary thickener underflow pumps
Primary thickener wash tanks
Primary thickener wash tank stationary Screen
Primary thickener wash tank slurry pumps
Secondary thickeners
Secondary thickener underflow pumps
Secondary thickener surge tank
Secondary thickener surge underflow pumps
Tertiary thickener
Tertiary thickener rakes

212
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EQUIPMENT 'LIST (Cont)

Tertiary thickener underflow pumps
Tertiary thickener overflow pumps
Tertiary thickener seed storage tanks
Tertiary thickener seed transfer pumps
Wash liquor tanks
Wash liquor pumps
Hydrate tank
Hydrate pumps
Slurry density tank
Slurry density pumps
Hydrate filters
Filtrate receiver
Filtrate pumps
Wash water receiver
Wash water pumps
Vacuum pumps
Hydrate tank overflow pumps
Calciner feed conveyor
Rotary calciners
Rotary coolers
Fluo- solids cooler
Product conveyor
Cyclone dust collector
Electrostatic precipitator
Alumina silos
Chutes and hoppers

Utilities Area

Cooling tower and auxiliaries

. A-5-.26
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AL UMINA FROM AL UNITE VIA REDUC TION ROASTING ­
MODIFIED BA YER PROCESSING

4.6. 1 Summary and Conclusions

The process being evaluated for the extraction of reduction-grade
alumina from alunite is illustrated in summary form on the fol­
lowing page. It includes the following steps:

(1) Crushing and grinding of the raw ore to produce a particle size
distribution suitable for processing in fluidized solids equipment.

(2) Roasting the ore at approximately I, lOOoF, employing fluidized
solids techniques, and using powdered coal under oxidizing con­
ditions as fuel for the removal of free and combined water.

(3) Roasting the product of the first roast further under reducing
conditions in the presence of coal gas as a reductant to reduce
a major fraction of the sulfate associated with aluminum to
S02 gas.

(4) Roasting the solid product from step 3 for an additional short
period of time under oxidizing conditions using coal gas as a
fuel to convert any sulfides that may have been formed in step
3 back to oxides.

(5) Leaching the potassium sulfate content of the alunite together
with any unreduced sulfate associated with the alumina from
the solid produc t of step 4 with KOH.

(6) Separating and washing as completely as practical the residual
solids to remove the potassium and sulfate.

(7) Leaching with caustic soda by means of suitably modified Bayer
process technology, the alumina from the washed solids of
step 6.

(8) Once again, separating and washing the residual solids, and
sending the washed solids to tailing s disposal.

(9) Treating the leach liquor from step 7 to remove dissolved
silica in the form of precipitated sodium aluminum calcium
silicate; settling the solids and filtering them with some of them
being recirculated as seed crystals; a:nd sending the net produc­
tion to waste disposal.

;,
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ALUM INA, K2S04 AND H2S04 FROM ALUNITE VIA

REDUCTION ROASTING, MODIFIED BAYER EXTRACTION
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Precipitating alumina trihydrate from the purified solution.

Filter ing and washing the alumina trihydrate.

, "
(12) . Calcining the alumina trihydrate to product alumina.

(13) Concentrating the potassium sulfate leach liquor and washings
from steps 5 and 6 by evaporation and cooling them to crys­
tallize potassium sulfate.

(14) Recovering the crystalline potassium sulfate by centrifuging,
dr ying, compacting, and sizing to obtain product sulfate of
potash; bleeding off a portion of the mother liquor for the
control of impurities; and then returning the major fraction
of it to potas sium sulfate leaching.

(15) Converting sulfur dioxide bearing gases from step 3 in a con­
ventional sulfuric acid plant to product 93% H2S04.

Information about the process upon which the evaluation is based
has been obtained primarily from the Bureau of Mines in the form
of a Draft Environmental Statement prepared by the Bureau of
Land Management describing proposed actions by Alumet. A
limited amount of supplementary and confirming information has
been obtained from other publicly available literature.

More steps are required in the manufacture of alumina from
alunite than from some other alumina-bearing raw materials,
because alunite contains (in addition to alumina) potassium, sul­
fate, and silica as major constituents. Capital and energy must
inevitably be provided in any alumina proces s starting with alunite
for process unit operations separating the potassium and the sul­
fate from the substantial amount of silica gangue, and from the
alumina, and then for converting these by-products into some
marketable form. It is important to note that the market values
of sulfuric acid and potassium sulfate, the easiest forms in which
to dispose of the sulfur and potassiUIIl, are low in relation to
alumina.

For every ton of alUIIlina produced from ah~nite. 1 ton of sulfur­
ic acid and 0.73 ton of potassium sulfate 'Nill also be produced.
The marketability of large tonnages of the5/e materials raises
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questions as to what limitations these materials might place on
the amount of alumina which could be produced commercially from
alunite.

The total process energy consumption is approximately 26. 1 x
10 6 Btu/ton alumina. It is advantageous that approximately 22. 2 x
10 6 Btu of this, including both directly applied process energy and
the requirement for steam generation may be supplied by the com­
bustion of coal. The remaining 3. 9 x 10 6 Btu are required for the
direct-£i::-ed calcination of alumina trihydrate and must be supplied
by the combustion of oil or other clean fuel.

Insofar as is known at the present time quantitative reduction of
the sulfate associated with aluminum in the entering ore is im­
practical. Potas sium hydroxide equivalent to this unreduced sulfate
is therefore supplied in the leaching step following the reclucing
roast in order to solubilize the unreduced sulfate. This imposes
a substantial economic penalty on the process, because the value
of the potassium sulfate obtained from conversion of the potassium
hydroxide is much less than the cost of this reagent.

Most of the silica gangue in the entering ore is present in a non­
reactive form of relatively coarse particle size. However, opal
and kaolin have been reported to occur in as sociation with the
Utah alunite deposit, and the nature of the geochemical process by
which alunite is formed is such that these minerals are likely to
be in close association in any alunite deposit. Both the opal and
kaolin after calcination will be reactive towards the caustic
Bayer liquor. Kaolin which dissolves will contribute some
alumina towards the desilication product (DSP) losses. The

solution of silica from the opal fraction will cause losses of both
soda and alumina in the formation of DSP. These losses in the
form of desilication product are expected to be substantial in the
process being evaluated here.

Solids entering the Bayer process section are expected to contain
only 15-200/0 extractable alumina. The relatively large amount of
solids which must be handled, processed, washed, and discarded
in order to obtain a unit of alumina is expectedto contribute to
high costs for the overall process.

4-6-4



KAIJSIER
ENGINEERS

It is expected that residual sulfate in the solids entering the Bayer
section of the process will tend to build up in the recirculating
Bayer process liquor. SOIne means fof removal of this sulfate
from the Bayer liquor will probably have to be devised.

The Bayer alumina extraction section of the overall process will
require further study in order to meet reduction-grade alUInina
specifications while_achieving an adequately hi,gh alumina extrac­
tion together 'With acceptably low soda and aluInina losses in de­
silication. The control of other impurities which are expected
to be more troublesome than in the Bayer extraction of alumina
from bauxite will also require study. Another question requiring
special mention is whether the presence of a sInall aInount of
potassiuIn oxide in alumina produced froIn alunite will cause dif­
ficulties in reduction cell operation. A recent published report
indicates that acceptable reduction cell operation can be achieved
with this alumina, but further study is required.

It is considered probable, after the above-Inentioned studies,
that alwnina meeting reduction-grade chemical purity and physical
property specifications can be produced from alunite.

It is believed that the production of alumina from alunite can be
engineered to meet applicable environmental regulations. The
presence of sulfate in the alunite will contribute substantially to
the cost of the provisions for environmental control.

The overall recovery of alwnina from alunite by the process being
evaluated is 80-85%. If alunite is to be a source of alumina, it
appears desirable to design a process that would be capable of
achieving a higher recovery of alumina from the ore, that would
not require KOH, that would produce eleInental sulfur rather than
sulfuric acid, and that would more effectively deal with reactive
silica. It is possible that an acidic process might be developed to
achieve these goals, although no such process is known at present.
Even if such a process were developed, it would be handicapped by
capital and energy requirements for separation and recovery of
the relatively low value potassium and sulfur, as well as by the
low grade of the best alunite ore with respect to the valuable
aluInina.
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Any .process technology developed.for the production of alumina
from alunite, despite the proving of substantial re serves of alunite
ore in Utah, can be of only limited applicability in a worldwide
sense, because proven reserves of high-grade alunite are very
limited.

4.6.2 Background

Interest in alunite as a raw material for the production of alumina
has existed for many years and received renewed impetus during
national emergencies that saw restrictions in the bauxite supply.
Early investigators noted that the alunite component of an ore
could be rendered quite chemically reactive by a relatively sim­
ple calcination at a moderate temperature. The potassium and
sulfate contents of the alunite. which upon intensive study of alu­
mina production alternatives prove to be" a liability, at first
appeared attractive and easily recoverable by simple known
technology.

The development of alunite as a raw material for alumina was
always handicapped until recently by the widely held opinion that
reserves of high-grade alunite were small. The discovery about
1971 of much larger reserves in Utah containing 30% or more
alunite led to renewed efforts to develop an economical process
for extracting the alumina and other values. These efforts are
described in a conceptual process being evaluated here.

4.6.3 The Process

4.6.3. I Sununary

Entering alunite ore is crushed and ground to prepare it for
roasting employing fluidized solids techniques. The prepared
alunite is first roasted under oxidizing conditions at about
1.100o F using powdered coal as a fuel to remove free and com­
bined water. It is next roasted to reduce a major fraction of
the sulfate associated with alumina to S02 gas, but also with the
goal of minimizing conversion of the active alumina so produced
into a subsequently insoluble form. Next the ore is again
roasted briefly under oxidizing conditions using powdered coal
as fuel to reconvert any sulfides formed back to oxides. The
roasted ore is now leached with recycled potassium sulfate

Lj-t -?
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solution to which has been added KOH equivalent to any unre­
duced sulfate associated with alumina. The purpose of this
step is to dissolve the naturally present K2S04 together with
all remaining sulfate. The residue, after washing out the sol­
uble sulfates, becomes modified Bayer process feed.

The Bayer process, using a caustic leach, must be designed to
extract the reactive alumina while minimizing extraction of
silica from the large mass of waste solids associated with the
alwnina. Provision must be made for removal of silica which
does dissolve and for the control of sulfate and other impurities.

The soluble sulfate bearing first leach liquor and washings are
processed for KZS04 recovery. SOz-bearing gases are con­
verted to H2S04 in a conventional acid plant.

4.6. 3. 2 Crushing, Conveying, and Storage of Raw Ore

Alunite has the chemical formula KA1 3 (OH)6(S04)2' a density
of 2.6- 2. 8, and a Mohs r hardnes s of 3. 5-4. It is formed by
the action of natural sulfuric acid solutions acting on rocks
rich in potash feldspar, and occurs in massive form in admix­
ture with the silica coproduct from decomposition of the feld­
spar. Varying amount of feldspar, kaolin, and other minerals
may also be present. The first step in the processing of alunite
ore therefor'e is to crush it from the as-quarried form to a size
suitable for storage, conveying, and further size reduction in
preparation for roasting. This process area, in view of the
physical properties of the raw ore, is not expected to offer un­
expected technical difficulties and may be engineered based
upon known technology.

4.6. 3.3 Fine Crushing and Dry Grinding

It is expected that the most cost-effective technology for accom­
plishing the roasting of the ore will be the employment of fluid­
ized solids techniques. The fine crushing and dry grinding
operation accepts the coarsely crushed raw ore and reduces it
to a controlled particle size distribution suitable for use in
fluidized solids calciners. Here, again, no technical difficulties
are expected. It is believed the fine crushing and grinding
operation can be designed and operated on the bas is of known
technology.

4-6-7
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4.6. 3.4 First Roast for Removal of Free and Combined Water

The properly sized feed passes to the first fluidized bed roaster
which is maintained at about I,lOOoF by the combustion of
directly injected powdered coal and air. The overall chemical
reaction for the removal of combined water may be represented
by the equation

even though discrete units of A1 20 3 probably do not actually
exist in the calcine.

A residence time of two hours is postulated to insure complete
removal of combined water from calcine leaving the roaster.
It is possible that in commercial practice this roasting could
be carried out in stages in order to obtain complete removal
of the combined water (avoid short- circuiting of unreacted
solids) with a much shorter total residence time.

Particles of coal during combustion must attain temperatures
far higher than llOOoF, but this apparently has no adverse
effect upon the ore being calcined. Ash remaining in the cal-
cine will be substantially inert in following process operations.
Provided a temperature sufficient to achieve a reasonable cal­
cination rate has been reached, insofar as can be determined .
from the literature, the calcination is not extremely sensitive.
to either temperature or residence time. It is however impor­
tant to operate the calcinatio n always under oxidizing conditions
and below about 13000 F in order to minim~ze, in this step, decom­
position of the sulfate in the ore. Fluidized solids techniques are
known to be well suited for meeting the conditions described
above that are required for this calcination. It is expected
that this calcination may be effectively accomplished using
known technology and without encountering severe technical
difficulties.

4.6.3.5 Reducing Roast for Removal of Sulfate Associated with Alumina

Calcine from the preceding roast pas ses hot to a fluidized
reducing roast operating, according to the Russian literature,
adiabatically at about IOOOoF with a one -hour res idence time
and using a mixture of CO and H 2 as the reducing agent. The
overall desired chemical reactions are:
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The degree of sulfur removal tends to increase with increas ing
roast temperature, but unfortunately the alumina also tends
with increasing roast temperature to be converted to a
caustic-insoluble form by a mechanism not fully understood.
Again, fluidized solids techniques appear to offer the best
means of closely controlling the roasting conditions so a's to
achieve the best possible sulfur removal while minimizing
deactivation of the alumina. The Russian literature reports
approximately 80% sulfur removal with approximately 80% of
the alumina remaining in the soluble form to be the best obtain­
able result.

Potassium hydroxide or ammonia equivalent to the unreduced
sulfate associated with alumina must be supplied in a subsequent
process operation, and the loss of as much as 20% of the alumina
in the ore by conversion to a caustic-insoluble form is unde­
sirable. The reduction roasting teclmique has been studied in­
tensively in Russia. So far as is known, the teclmical difficulties
described above associated with reduction roasting remain and
based on the amount of work reported on this subject the prog­
nosis for future solution is considered poor ..

4.6. 3.6 Reoxidizing Roast

The reducing roast tends to convert some oxides present in
the ore- -and particularly iron--to sulfides. These sulfides
represent a loss of sulfur, and they would interfere with the
operation of the Bayer process recovery of alumina. Solids
discharged from the reducing roast are therefore delivered
hot to a final fluidized roast under oxidizing conditions where
the following reaction takes place:

This roasting step is reported to be directly fired with a small
amount of powdered coal. The temperature is estimated to be
llOOoF, and the res idence time is estimated at 30 minutes.
No severe technical difficulties are anticipated in connection

4-6-9



KAIIS/E;;;
ENGINEERS

with operation of this step, and design of the equipment required
for it should be possible based upon known technology.

4.6.3.7 Dissolve Potassium Sulfate

The reoxidized calcine is mixed with recycled KZS04 solution
wherein the K2S04 component of the calcine dissolves:

3A1203 • K2S04 + Solution -73AlZ03 + K2S04
soln.

Potassium hydroxide is added to the recycle solution to dissolve
unreduced sulfate associated with alumina, simultaneously free­
ing for solution existing K2S04 present in the alunite calcine
structure:

Al203 • KAI (804)2 + 3KOH ~AIZ03'Al (OH)3 + 2K2S04
. aq. aq.

This procedure is effective for the removal of potassium and
sulfate from the roasted solids. Its primary disadvantage is
that the cost of the KOH used to combine with the remaining sul­
fate associated with alumina is much greater than the value of
the resulting K2S04'

The leaching procedure is simple and no major teclmological
difficulties are anticipated in the operation of this step. It
is expected that the required equipment can be designed and
constructed on the basis of known technology.

4.6. 3.8 Separate, Wash, and Remove Undis solved Solids

Solids remaining after leaching of the potassium and sulfate are
granular in nature. They may be filtered and washed on belt
extractors. No technical difficulties are expected in this opera­
tion and no new technology is required.

4.6.3.9 Modified Bayer Process Dissolution of Alumina

The solids remaining after leaching and washing out sulfate and
potas sium consist of approximately 20% alumina with the balance
comprising primarily silica, together with small amounts of
Fe203 and Ti02• Some K 2S04 will also be present. These
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solids pas s to a modified Bayer proces s using caustic soda to
extract the alumina. It is necessary to design the Bayer extrac­
tion very carefully to maximize the extraction of alumina while
minimizing solution of the relatively large mass of silica
present, some of which is reactive. This is a technical problem
requiring further study prior to the design of a demonstration
plant for the production of alumina from alunite via this process.

4.6.3.10 Separate, Wash, and Remove Insolubles

The slurry from digestion is thickened in conventional thick­
eners. The thickener underflow is then washed in a multi­
stage CCn'system to recover the soda values before the mud
is pumped to waste. No critical technical difficulties are ex­
pected in this operation, and the required equipment may be
designed on the basis of known technology.

4.6.3. 11 Liquor Purification

An amount of silica larger than would be acceptable in the
product alumina, or than could be controlled by m~ans of an
economically acceptable bleed stream, is certain to be dissolved
along with the alumina. Sulfate and potassium are also expected
to build up in the recycling Bayer liquor unless means are pro­
vided for their control. Carbonates and may also be
present.

Control of dis solved silica will be provided by a desilication
step in which the pregnant liquor is held at elevated- tem­
perature with gentle agitation for a period of hours in the pres­
ence of desilication product seed crystals. In a conventional
Bayer process operation in the absence of lime, the seed crys­
tals would grow, rem.oving silica from. the solution as a solid
of the approxim.ate expected com.position:

'-!--t: -II
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Thus, each unit of SiOZ which must be removed from the solu­
tion would carry out of solution 1. 0 units AlZ0 3 and 1. 18 units
soda. In the presence of lime it is expected that the normal
desilication product will react partially to liberate soda and ­
form hydrogrossularite, which has the approximate formula

3CaO· Al Z0 3 • YSiO Z • (6-ZY) HZO

where Y may have a value ranging from slightly more than
one to considerably less than one. The amount of lime stated
in the Draft Environmental Statement may not be adequate for
recovery of all of the soda in the desilication product, or some
of this material may be nonreactive to lime. However, any
significant loss of alumina and of soda in desilication product
could impose a substantial economic penalty on the process.
These potential losses emphasize the need for further study of
the digestion operation with the goal of maximizing alumina
extraction while minimizing the extraction of silica. Determina­
tion of the optimum relationship between the amount of desilica­
tion product seed recycled, lime addition, holding time, tem­
perature, and intensity of agitation required to secure adequate
desilication will also require further study.

The slurry at the conclusion of desilication will be classified
and thickened. An appropriate amount of seed will be returned
to desilication. The net production of desilication product
crystals will be sent to waste. A polish filtration must be pro­
vided for the pregnant liquor proceeding to precipitation. The
separation, partial recycling, and partial discard of the desil­
ication product are not expected to present severe technical
problems and may be engineered on the basis of known

technology.

The removal of sulfate from the recycling Bayer liquor will be
required but has not been studied. Precipitation as BaS04
would be expected to provide acceptable control but would
require provision for recovery and regeneration of the costly
barium reagent.
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Carbonate 'control may be achieved by causticization with lime
or may be achieved with barium, again with the requirement of
regeneration if barium is used. Carbonate control has not been
studied, and no provis ion has been made for it in the flowsheet
(Figure 4-6-1). Similarly, there has been no study or provision
made for the control of any organic carbon.

The extent to which potassium may build up in the recycling
Bayer liquor, its effect on the operation of the Bayer extrac­
tion, and the amount of it which will appear in the product
alumina for a given potassium level in the Bayer liquor have
not been studied. Also unknown is the level of KZO which may
be. tolerated in reduction cell feed. Further study is required.

4.6. 3. 12 Alumina Trihydrate Precip~tation

The precipitation of alumina trihydrate is expected to be accom­
plished much in the. IIfanner of conventional Bayer proces s tech­
nology using seeded crystallization. Solid alumina trihydrate
in the slurry-leaving precipitation is classified in a settling
operation. Slurry containing the coarser trihydrate particles
is thickened and the underflow filtered. The solids are washed
and sent to calcination. Slurry' containing the smaller particle
sizes is thickened with the underflow containing the seed return­
ing to precipitation.

The precipitation and solid-liquid separation operations will
be very similar to those carried out in a Bayer plant operating
on bauxite provided that control has been achieved over the
various impurities discussed above which may be present in
the liquor to reduce their concentrations to the levels present
during precipitation in a conventional Bayer plant. Hopefully,
extraction of alumina can also be managed to present to pre­
cipitation a pregnant liquor of proper alumina and caustic con­
c.entration at the temperature required to produce a product of
requisite granulometry. Since this hope "may not be entirely'
realized and economic considerations or technical necessity
will dictate attempting to operate with liquor impurity levels
different from those encountered in a Bayer plant operating on
bauxite, the precipitation step will require further study using
actual liquors derived from alunite processing on a cyclic basis
before the design of a demonstration plant can be undertaken
with confidence.
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4.6. 3. 13 Alumina Trihydrate Calcination

Calcination of the washed alumina trihydrate can be accom­
plished us ing known technology in a manner similar to the cal­
cination of trihydrate derived from bauxite. The use of fluid­
ized solids techniques is the probable choice. A clean fuel such
as oil is required for this direct-fired operation. No severe
technical difficulties are expected.

4.6.3. 14 Spent Liquor Evaporation and Recycle

Spent liquor from precipitation pas ses to multiple -effect evap­
oration where it is reconcentrated for water balance control
of the Bayer process operation prior to recycle to alumina
extraction. Makeup caustic is added to the liquor proceeding
to extraction.

It is believed unlikely that major technical difficulties will be
experienced in evaporation of the spent liquor, but operation
with differing levels of impurities than are present in conven­
tional Bayer liquors could cause scaling, corrosion, or other
problems. Study of the evaporation of spent liquor produced
in a smaller -scale cyclic operation is recommended prior to
the design of a dem.onstration alumina plant based on alunite in
order to verify predicted conditions of operation.

4.6.3. 15 Sulfuric Acid Production

Sulfur dioxide gas produced during the reducing roast is cooled,
washed, dried, oxidized to S03 and then absorbed in 93% H 2S04
to make 98% acid. This acid passes to the gas drying step to
regenerate 93% H 2S04, which is also the product acid.

The acid plant is expected to be designed and built entirely on
basis of known technology, and no severe technical difficulties
are anticipated.

(
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Potassium Sulfate Evaporation

The combined potassium sulfate-bearing leach liquor and wash­
ings are concentrated by multiple-effect evaporation for water
balance control of the potash recovery section and to prepare
pregnant liquor for potassium sulfate recovery. It is considered
unlikely that severe technical difficulties will be experienced
in the operation of this process section. Design of a demon­
stration scale facility is believed possible on the basis of known
technology.

4.6.3. 17 Potassium Sulfate Recovery

The solubility of K ZS04 decreases sharply with decreasing
temperature. Hot concentrated pregnant K ZS04 solution from
evaporation passes to a cooling crystallizer for the production
of KZS04 crystals. The crystals are recovered by centrifuging,
dried, compacted, and sized to meet physical specifications
set by the market place.

Some sodium is present as a substitute for potassium to a
limited extent in the alunite molecule. This sodium appears
in solution with the potassium, but is undesirable in the product
KZS0

4
• Fortunately, the solubility of NaZS04 changes very

little with temperature, so that by proper control of operating
conditions most of it can be held in solution during crystalli­
zation of the K ZS04. The concentration of NaZS04 will there­
fore be enriched in the barren liquor remaining after recovery
of K ZS04. A bleed stream is taken and sent to disposal at
this point to control the buildup of Na ZS0

4
. Unfortunately, the

barren liquor still contains KZS04 , so the los s of a substantial
amount of K ZS04 in the bleed stream must be accepted. The
remaining major fraction of the barren liquor is recirculated
to K ZS04 leaching.

No major technical difficulties are anticipated in the potassium
sulfate recovery operation. It is expected that a demonstration
plant-scale potassium sulfate recovery operation could be de­
signed on the basis of known technology.
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4. 6.4 Energy Requirements

The net energy requirement to process for the manufacture of
alumina from alunite via reduction roasting and a modified Bayer
extraction are as follows:

Btu x 10 6

per ton Product Alumina

Dehydrating/Reduction Roast

Oxidizing Roast

Alumina Trihydrate Calcination

Steam

15.2

0.5

3.9

b. 5
26. 1

Energy requirements for both roasts and steam generation may
be met by the combustion of coal if desired. A clean fuel such
as oil must be used for the alumina trihydrate calcination.

Energy consumption is approximately 26 x.lO b Btu/ton alumina
because in addition to recovery of alumina by a modified Bayer
process, there are substantial requirements for head-end process­
ing before the feed enters the Bayer process. Overall energy re­
quirements are increased because of the low grade of the ore
with respect to alumina and the mediocre recovery of alumina;
i. e., a relatively large mas s of ore must be processed to recover
a unit of alwnina.

4.6. 5 Environmental Control

The Enviromnental Impact Statement discusses environmental con­
trol problems encountered in the processing of alunite in con­
siderable detail. In essence, impoundment is planned for all
aqueous wastes. Scrubbing is planned for gases containing oxides
of sulfur or dust. The environmental control measure s described
in the report, although costly, appear to be adequate. The
presence of sulfur in the ore contributes in an important way to .
the total cost of environmental control due to the requirement for
control of S02 emissions and waste water soluble sulfates.
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The waste solids sent to disposal will comprise silica. small
amounts of unreacted accessory minerals, and iron oxide. The
silica will not be excessively hydrated, and these waste solids
should make a good subsoil provided small amounts of soluble
sulfate which may be expected to leach from them can be adequately
contained.

4. 6. 6 Alumina Product Quality

It is believed possible, by using a modified Bayer process to pro­
duce alumina meeting reduction quality chemical specifications
with the possible exception of FeZ03 and KZO content. The prod­
uct alumina will be similar in physical properties to other Bayer
aluminas. Unanswered questions are the time required to secure
adequate desilication, the soda and alumina losses which must
be accepted in this step, and the relative difficulty that may be en­
countered in meeting particle size specifications.

4.6.7 Process Assumptions Used to Estimate the Heat and Material
Balance

(1) The heat and ·material balance is based on 1, 000 toni d of
alumina.

(Z) Ore recovery (AIZ0 3 basis) through K
Z
504 leach is 97%.

(3) AlZ0 3 is 90% soluble in NaOH leach.

(4) AlZ0 3 recovery in caustic refining section is 97%.

(5) Alunite ore contains 5. Z% HZO of which 5% is removed in drying.

(6) During ore drying 4.5% of AI Z (504) 3 in the alunite decompose s.

(7) The reduction of the AI Z (504)3 is performed by coal gas.

(8) The coal gas used in 7 above is burned in excess air to provide
the heat and 0z for reoxidation of the sulfides formed in 7 abGve.

(9) The redox operation converts 9Z% of the residual AI Z(504 )3
to Al

Z
0 3 •

(10) Coal ash (13%) from ore drying and redox remains in the ore
and is inert.

(11) A Z% KOH exces s is used to convert res idua1 AIZ (504)3 to

AI Z0 3 •

4-6-17
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(lZ) SiOZ contained in the ore dissolves to the extent of 0.5% in the
caustic digest.

(13) All soda in the caustic refining section is assumed to be caustic
soda.

(14) Dissolved SiOZ is converted to Z NaOH ·AI Z0 3 • SiOZ (DSP) for
removal.

(15) DSP filter-cake contains 33% HZO.

(16)Residual ore (primarily SiOZ) is rejected at 40% solids.

(17) Solids feed to caustic digest contain 150/0 free H20.

(18) Alumina/caustic (A/C, caustic as Na
Z
C03 ) is 0.4 in caustic

digest feed liquor and 0.65 in caustic digest exit liquor.

(19) Caustic concentration (as Na 2C03 ) is 220 gil in digestion.

(ZO) The chemical analysis of the alunite feed is as follows:

Al203 9.86%

SiOZ 56. 11

FeZ03 3.50

AIZ(S04)3 16.53

KZ S04 8.40

Na2 S04 0.38

HZO 5. Z2

Total 100.00%
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TABLE 4·6·1

ALUMINA FROM ALUNITE

DAILY THERMAL REQUIREM ENTS

FOR 1,000 TON/D AI!203

234

100 LB/IN2 (GA) STEAM,
M LBS

(881 BTU/LB)

ORE PREPARATION

QEHYDRATING/REDUCTION ROA T

OXIDATION ROAST

SULFURIC ACID MANUFACTURE

S02 COOLING

ACID COOLING

FUEL.
MMBTU

15,230

530

COOLING WATER,
MGALS

3,667

454

237

K2S0 4 PREPARATION

SOLUTION EVAPORATION

SOLIDS DRYING

909

588

1,763

AI 20 3 PREPARATION

DESI LI CATION

PRECIPITATION

CALCINATION

CAUSTIC EVAPORATION

OTHER

TOTALS

NET ENERGY REQU! REMENT
AS SUPPLI ED TO PROCESS:

3,185
2.250

3,907 850

2,318 4.047

329 946

7,329 19.667 14,214
(6,457 MM BTU)

26,124 MM BTU/D OR 26.1 MM BTU!TON AI 20 3
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Table 4-6-2 (Sheet 1 of 5)

Alumina from Alunite via Reduction Roasting ­
Modified Bayer Processing

Material Balance
1,000 TON/O AI 2 0 3

Process 1 2 3 4 6 7 8 9 10 11 12
Stream

Component

AI 2 0 3 788 788 785 798 1130 1161 1161 2629 2498 2479 1011

Si02 4483 4483 4465 4438 4394 4394 4394 4394 22

Fe203 280 280 278 276 273 273 273 273

AI 2(S04)3 1320 1320 1314 1246 104

K2S04 671 671 668 664 657 2543 7 7 7

Na2S04 30 30 30 30 30 980
." -

KOH 2 1 1

NaOH 2773 2713 2683 10

H2O 417 417 416 17 12 13334 1031 17642 21145 21386 685

S02

S03

H2 SO4

O2

H2

CO

CO2

N2

CaO

Coal 85 88 88 88 88

Fuel Oil

Total 7989 7989 7956 7554 6688 22775 6955 27807 26385 26548 1706

All units are in short tons per day.
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Table 4-6-2 (Sheet 2 of 5)

Alumina hom Alunite via Reduction Roasting ­
Modified Bayer Processing

Material Balance

236

Process
13 14 15 16 17 18 19 20 21 22 23Stream 24

Component

AI 20 3 1000 131 19 1468 1468 1468

Si O2 4372 22

Fe203 273

AI 2(S04)3

K2504 7

Na2S04

KOH 1

NaOH 10 60 30 2673 2673 2773 100

H2O 7106 44 600 21301 16511 16611 100 10609 285

502

S03

H2SO4

O2 668

H2

CO

CO2

N2 2216

CaO 23 23

Coal 88

Fuel Oil

Total 1010 12031 145 600 25442 20652 20852 200 10609 308 2884
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Table 4-6-2 (Sheet 3 of 5)

Alumina from Alunite via Reduction Roasting ­
Modified Bayer Processing

Material Balance

Process
25 26 27 28 29 30 31 32 33 34 I 35 36Stream

Component

AI 20 3 11

Si O2

Fe203

AI 2(S04)3

K2S04 I 2536 2536 1728 741 731 67

Na2S04 980 980 950 30

KOH 1 1 1

NaOH

H2O 877 4790 1545 13848 12716 12122 124 25 470 1132

S02 5

S03

H2SO4

O2 34

H2

CO
,

CO2 637

N2 2216

CaO

Coal 23

Fuel Oil 200

Total 200 3780 4790 1545 17365 16233 14800 865 756 568 1132 23
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Table 4-6-2 (Sheet 4 of 5)

Alumina from Alunite via Reduction Roasting -,
Modified Bayer Processing

Material Balance

238

Process
37 38 39 40 41 42 43 44 45 46 47 48

Stream

Component

AI 20 3 8

Si02 44

Fe203 3

AI 2(S04)3 14

K2S04
10 7

Na2S04

KOH

NaOH

H2 O 99 14 202 282 259 96 355

502 667 662 657 657 4 4

503 816

H2SO4 4721 4721

O2 180

H2

CO 309 '>6267 '>6267 '>6267 >6267 >6887 '>6887

CO2

N2 603

-
Cao

Coal

Fuel Oil

Total 6309 109 14 7212 7211 7183 6924 7107 783 6891 4817 5076
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Table 4-6-2 (Sheet 5 of 5)

Alumina from Alunite via Reduction Roasting ­
Modified Bayer Processing

Material Balance

Process
49 50 51 52 53 54 55 56 57 58 59Stream

Component

AI 20 3 8 5 3

Si02 44 27 18

Fe203 3 2 2

A1 2(S04h 14 9 6

K 2S04 7 4 3

Na2S04

KOH 104

NaOH

H2O 280 75 23 1896 1816 399 1 1183 129

S02 5 5 41

S03

H2SO4 3721 1000

O2 1674

H2

CO >7847

CO2

N 2
5603

GaO

Coal 655

Fuel Oil

Total ·4001 1075 28 -. 1896 1897 7277 655 8334 33 1287 129
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4.6.8 Equipment List

AL UMINA FROM ALUNITE PROCESS

Ore Preparation Area

Truck dump hopper
Apron feeders
Vibrating grizzly feed conveyor
Vibrating grizzly
Jaw crusher
Stockpile conveyor and stacker/reclaimer
Water spray system
Reclaim hopper
Reclaim apron feeder
Surge bin to screening conveyor
Surge bins
Vibrating screens
Secondary crusher
Fine bin feed conveyo r
Fine ore bin
Fine ore weigh feede rs
Rod mill feed conveyors and hoppers
Rod mill system
Ground ore conveyor
Ground ore silo
Ore drying feed conveyor
Ore drying screw feeder
Ore drying/roasting system
Baghouse - ore drying dust
Roasted ore conveyor
Ore handling dust collection system

Sulfuric Acid Manufacturing Area

Sulfuric acid manufacturing plant
Sulfuric acid storage tank

.'
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EQUIPMENT LIST (Cont)

Leaching, Thickening and Filtration Area

Roasted ore surge bin
Leaching feed weighfeeder
Leaching feed conveyor
Leach tanks
Leach pumps
Leach tank agitators
45% KOH storage tank
45% KOH pumps
Leached ore thickener tanks
Leached ore thickeners rakes
Leached ore thickener underflow pumps
Leached ore thickener overflow pumps
Horizontal vacuum pan filters with scroll discharge
Wet leached ore conveyor
Pan filter mother liquor surge tank
Pan filter mother liquor pumps
Sand filters
K SO4 filtrate tanks
K~SO4 filtrate transfer pumps

K 2 SO4 C rys tallization, Centrifuging, Drying and Granulation Area

evaporative crystallizer system
crystallizer hotwell
crystallizer hotwell pumps
thickener
recycle pump t'ank
thickener pumps
recycle tank underflow pumps
recycle tank overflow bleed pumps
cyclones
centrifuges
centrate mother liquor tank
centrate pumps
conveyor
rotary dryer
rotary dryer cyclones
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EQUIPMENT LIST (Cont)
\

K
Z

SO4 rotary dryer baghouse
K

Z
S0

4
rotary dryer pneumatic conveyors

KZSO4 rotary dryer apron feeder
K

Z
S0

4
rotary dryer bucket conveyor

Flne K SO4 storage bin
Fine K~SO bin conveyor
Fine KZSO: bucket elevator
KZSO4 compacting mill
KZSO4 flakes belt conveyor
K

Z
SO4 flakes bucket elevator

KZSO granulating mill
KZSO: granules vibrating screen
K

Z
S0

4
granules rejects conveyor

KZSO4 granules accepts conveyor
K

Z
S0

4
granules rotary steam dryer

K
Z
S0

4
product apron feeder

K
Z

SO4 product bucket elevator
K

Z
S0

4
product storage

K
Z
S0

4
dust collection system and baghouse

K
Z
S0

4
pneumatic conveyors

c l -, <

.2,42

NaOH Digestion, Sand Settling, Washing and Clarification Area

Wet cake surge bin
Wet cake weigh feeder
Caustic digesters
Caustic digester agitators
Caustic diges ter pumps
Sand settler tanks
Sand settler rakes
Sand settler underflow pumps
Sand settler overflow pumps
Sand washer tanks
Sand washer rakes
Sand washer underflow pumps
Sand washer overflow pumps
Reslurry sand tanks
Reslurry sand pumps
Sand washer overflow transfer pumps
Desilicator reactors



KAIISEIR.
ENGINEERS.

EQUIPMENT LIST (Cont)

Desilicator reactor agitators
Desilicator flash tanks
Desilicator heat exchangers.
Desilicator flash tank transfe r pumps
Desilicator heat exchanger condensate pumps
DSP cyclones
DSP pump tank
Coarse DSP slurry pump
DSP seed slurry thickeners
DSP seed slurry thickener rakes
DSP seed slurry thickener underflow pumps
DSP seed slurry thickener overflow pumps
Pressure filters, repulpers and sluice
Pressure filters vibrating screen
Press cake relay tank
DSP cake pump
Filtrate tank
Filtrate pumps

Starch Prep, Filter and Preparation Area

Sump relay tank
Sump relay tank agitator
Sump relay pumps
Wash water storage tank
Wash water pumps
Wash water relay tank
Wash water relay pumps
Dry starch bin
Dry starch bin baghouse and pneumatic conveyor
Dry starch weigh feeder
Starch mixing tank
Starch mixing tank agitator
Starch mixing overflow tank
Starch slurry transfer pump
Starch slurry storage tanks
Starch slurry tank agitators
Starch slurry pumps
Dilute caustic tanks
Dilute caustic tank agitators
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EQUIPMENT LIST (Cont)

Dilute caustic tank pumps
Prepared starch storage tank
Prepared starch pumps
Lime storage silo
Lime weigh feeder
Lime screw conveyor
Lime slaker
Lime slurry tank
Lime slurry pumps
Filter aid tank
Filter aid tank agitator
Filter aid pumps
Lime pneumatic conveyor

Caustic Heat Interchange, Precipitation and Evaporation Area

Caustic stream heat interchange system
Heat interchange Hotwell
Heat interchange Hotwell sump pumps
Precipitation fill tanks
Precipitation fill pumps
Precipitators
Precipitator agitators
Precipitator air lifts
Mid stage flash tanks
Precipitation flash tanks transfer pumps
Primary feed tank
Primary feed tank agitator
Primary thickener feed pumps
Evaporation test tank
Evaporator feed pumps
Spent caustic evaporation sys tern
Spent caustic evaporator product pumps
Spent caustic evaporator Hotwell
Evaporator Hotwell sump pumps
Digestion test tank
Spent liquor pumps
Evaporator transfer pumps
Caustic evaporator condensate pumps
Caustic storage tank
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EQUIPMENT LIS T (Cont)

Caustic pumps
Caustic dilution tank
Dilute caustic pumps
Sump relay tank
Sump relay pumps
Sulfuric acid tank.
Sulfuric acid pumps
Sulfuric acid dilution tank
Dilute sulfuric acid pumps
Sulfuric acid neutralization tank
Sulfuric acid neutralization pumps
Condensate tank
Condensate pumps
Fuel oil storage tanks

Product Thickening, Calcination and Storage Area

Primary thickeners
Primary thickener underflow pumps
Secondary thickeners
Secondary thickener underflow pumps
Tertiary thickeners
Tertiary thickeners rakes
Tertiary thickener underflow pumps
Tertiary thickener overflow pumps
Primary thickener wash tank
Primary thickener wash pumps
Primary thickener wash tank inlet screen
Secondary thickener surge tank
Secondary thickener surge pumps
Tertiary thickener seed storage tank
Te~tiary thickener seed pumps
Wash liquor tanks
Wash liquor pumps
Secondary thickener surge tank agitator
Hyd rate tank s
Hydrate pumps
Hydrate tank overflow pumps
Slurry density tanks
Slurry density pumps
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EQUIPMENT LIST (Cont)

Hydrate filters
Filtrate receiver,
Filtrate pumps
Wash water receiver
Wash water pumps
Vacuum pumps
Kiln feed conveyor
Rotary kilns
Rotary coolers
Fluo- solids coolers
Alumina conveyor
Dust cyclones
Electrostatic precipitator
Alumina silo

Major Dust Control Equipment

Ore drying/roasting gas scrubber system
Alumina kiln gas scrubbing system
Sulfuric acid plant tail gas scrubber
Boiler stack gas scrubber system

Utilities

Steam plant and auxiliary systems
Cooling towers and auxiliary systems
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The conclusions to be drawn from this study are as follows:

(1) The HCl/Clay process using HCl gas-induced crystallization has
the lowest operating and capital costs of the six processes studied.
The operating costs can probably be reduced further by the recov­
ery and use of waste heat and the conversion of clay calcination
to a coal-fired fluid bed mode.

The principal area of the process that must be developed is the
indirectly fired, AlCI

3
' 6H

Z
° decomposition system.

(Z) The HCl!Clay process based on evaporative crystallization ranks
second. It has the second lowest capital cost and the third lowest
operating cost. It is similar in many ways to the top-ranked pro­
cess except for the use of evaporative crystallization and direct­
fired decomposition of the AIC1

3
' 6H

Z
O. Operating costs can

probably be reduced by the recovery of waste heat and the con­
version of clay calcination to a coal-fired fluid bed mode.

(3) The Alunite process ranks number three. Although operating
costs are the second lowest of the group, the capital cost is high,
due in part to the need for HZSO4 and K

2
SO4 recovery equipment.

Although this process ranks third economically it is unlikely that
it can be widely used by the aluminum industry because of the
limited market for the large amounts of by-products which must
be produced.

(4) The Anorthosite, Sulfurous Acid and Nitric Acid processes have
very similar overall costs. They would be ranked an equal fourth.

Particular comments applying to each process are as follows:

a. The Anorthosite process capital and operating costs are both
high relative to the base case. There are a large number of
process steps resulting in high equipment costs plus an energy­
intensive sintering step which adds significantly to the operating
cost.

5-/
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b. The Sulfurous Acid process has the highest capital cost'-iii'th-:e'-~"

group due to the large arrlOunt of equipment required for the
long leach time, the two autoclaving steps, and the modified
Bayer process. The process also has an environmental prob­
lem in that no method has yet been devised for the satisfactory
disposal of the large waste filtrate stream from the filtration
of the crude trihydrate in the sulfurous acid section of the
proces s.

c. The Nitric Acid process has the highest operating costs of the
six processes considered, and the capital costs rank third
highest.

The operating costs can probably be reduced by the recovery
and use of waste heat and the conversion clay calcination to
a coal-fired fluid bed mode.

(5) Based on the above conclusions the Hel process using Hel gas in­
duced crystallization and the HCl process using evaporative cry­
stallization are recommended for further study in Tas k 2.

5-2
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The following bibliography lists the source documents for this report.
The major headings are:

l. Alkaline Processes

2. Alunite

3. Sulfurous Acid

4. Nitric Acid

5. HCl Processing

6. General

7. HCl Properties_

The rnajorreferfencesusedare_':':cited~in~the.technical.appraisal. of each
proces s. The other source s were ~u·sed·prirnarcily.as.background.. _
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