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SUMMARY Industrial processing residues should be considered as a potential resource. The possible
utilisation of bauxite processing residue (red mud) for i ncorporation into poor sands is described.
Neutralisation of the alkalinity in the red mud is necessary before its application. Copperas, another
industrial residue, is shown to be a suitable neutralising agent. Experiments showed that the addition of
5 to 7% (w/w) copperas from SCM Chemicals could neutralise the alkalinity of ALCOA's red mud, with the
product having the necessary characteristics for use as a soil amender.
INTRODUCTION

The lack of clay size particles (less than 2
microns) is the reason for the poor quality of
sandy soils. The addition of the fine residue from
the processing of bauxite to alumina can improve
the quality of the sands considerably since the
residue contains a significant percentage (10%) of
clay size particles. The amount that needs to be
added should be governed by a balance between
improving the adsorption capacity of the soil and
obtaining a reasonable permeability to allow rainwater drainage, with a final soil texture of
between sandy loam and loamy sand.

Industrial wastes or processing residues are
produced because industrial raw materials contain
impurities which are released during processing,
and industrial extraction processes cannot be made
one hundred percent efficient based on cost. The
disposal of these residues have always presented
problems. Most efforts have been directed at
finding ways of disposing them with the minimum
environmental impacts and cost.
A better approach would be to consider the residues
as a potential resource . We know that matter is
conservative and cannot be destroyed. Pollution
has in fact been recognised as resources out of
place (Hayes, 1979). Chemical engineers and others
have been aware of this and have attempted to
improve recovery processes and to discover new
processes to reduce or eliminate the production of
wastes.

The concept of amending sandy soils with red mud is
attractive since it is an imitation of a natural
process. The sandy plain of the Swan Coastal Plain
has many areas with alluvial soils which are very
fertile . These soils were brought down from the
Darling Plateau by natural processes of erosion,
river transport and sedimentation. We no" have
near Perth a man-made process of bauxite mining in
the Darling Plateau with transportation and
processing on the sandy plain . The next logical
step is to distribute the finely ground residue on
the plain.

Another aspect of this approach is finding out uses
for residues which are unavoidably generated. This
is an aspect which is beginning to be rea lised by
engineers, and will present a challenge in the
future in the more competitive chemical and mineral
processi.ng world.
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Red mud as generated from an alumina refinery
contains some alkaline process liquor. The amount
of entrained liquor depends on the method of
disposal. In the dry dumping method the moisture
percentage is less than 50%. The total alkalinity
in the moisture depends on the degree of washing
and can be as low as 10 g/l expressed as Na 2C0 3 .

This paper describes the results of one part of a
project which aims at utilising the fine residue
from the processing of bauxite into alumina (red
mud) .
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COPPERAS AS A NEUTRALISING AGENT FOR RED MUD

RED MUD AS AN AMENDER OF SANDY SOILS

Sandy soils are generally poor soils for
agriculture since they have very little capacity
for holding moisture and fertilizers . Applied
fertilizers are easily leached by rainwater . To
compensate for this loss and to obtain a reasonable
plant productivity more fertilizer is usually
added, with a consequent higher loss of fertilizer
to the groundwater and eventually surface water.
In the region being studied a major problem is the
enrichment of the Peel Inlet-Harvey Estuary with
phosphorus from its sandy agricultural catchment
area, with a consequent massive algal bloom and
odour associated with the decay of the algae.
Sandy soils are also poor in their ability to
attenuate pollutants, and are not suitable soils
for landfilling wastes or for groundwater recharge
with treated wastewater.

The pH of the mud is , however, still very high
(greater than 11) and would not allow plant growth.
Furthermore the sodium and salt contents are also
too high even for the most tolerant plant species.
In addition red mud contains alkalinity in the
solid phase in the form of sodalite (desilication
product), which is formed from the dissolution of
reactive silica during the digestion of bauxite by
the alkaline liquor and its subsequent
precipitation. The amount of sodalite depends on
the nature of the bauxite and the condition of
digestion, and is usually of the order of a fe"
percent. The sodalite is known to gradually
decompose (hydrolyse) with time releasing its
alkalinity.
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Many different methods (physical, chemical and
biological) have been proposed to neutralise the
alkalinity of red mud. Rainfall leaching and
exposure to carbondioxide in the atmosphere could
in time reduce the pH to the equilibrium value of
8.3 and reduce the salt content as well. The rate
of pH and salt reduction is, however, very small
due to the low permeability of the mud.
Incorporation of the mud to sandy soils will
increase the rate, but not rapid enough to allow
plant growth within one year. A major reason for
the slow drop in pH is the release of alkalinity
from the sodalite, with the rate of release
increasing with a decrease in pH.
The addition of gypsum has been found to be
effective in neutralising not only the alkalinity
in the moisture, but also the easily decomposed
sodalite (Barrow, 1982). Legumes have been
successfully grown on sandy soil amended with the
gypsum neutralised red mud (Ward, 1983).
Simplified overall reactions describing the
neutralisation process are:

presence of air a complicated intermediate product
is formed, called green rust. On the basis of
X-ray diffraction patterns two types of green rust
have been observed. The colour of green rust
varies from dark blue green to dark green. A
possible formula for green rust is [Fe(l1) 2
Fe(III)6 (OH)16)· (An).4H 2 0 where the anion is
sulfate, carbonate, chloride etc (Thornber, 1984).
When green rust is exposed to air it becomes
yellow-bro~n within hours.
Thus a slow further
oxidation finally forms FeOOH (goethite or
lepicrocite). Goethite is the thermodynamically
stable form of iron at 25°C.
The displacement of calcium carbonate in the red
mud by copperas also takes place when the pH drops
below 8.3.
CaCOz + FeS04 -• CaS04

+

FeC0 3

(9)

This is due to the dissolution of the calcium
cubonate and the formation of the less soluble
iron compounds.

2 NaOH + CaS04 ~ Ca(OH) 2 + Na2S04
alkalinity
gypsum

(1)
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and

(2)

Batch exper1me11ts were conducted to ascertain how
neutralisation took place, what the optimum
percentage of copperas should be and the nature of
the red mud and leachate after neutralisation.

or

Ca{OH) 2 +

C0 2
-> CaC0 3 + H2 0
from atmosphere

Na 2 C0 3 + CaS04 •
alkalinity

Na 2 SO~

+ CaC0 3

(3)

The final equilibrium pH of 8.3 is reached soon
after mixing and is similar to the pH of calcareous
soil.
What is attractive about the use of gypsum is its
availability as a waste product from a fertilizer
plant next to ALCOA ' S alumina refinery in Kwinana
WA. For ALCOA'S refinery at Wagerup WA there is
also a waste product, copperas, from a titanium
dioxide plant. The suitability of this material
was investigated and some of the results are
presented in this paper.
Copperas (FeSO .7H 20) is a stronger weak (Lewis)
acid than gypsum and a lower final pH is possible
to achieve. This is due to the acidic nature of
the hydrated ferrous ion, which may form hydroxycomplexes in aqueous solution, eg.
Fe 2 + + H2 0-> Fe(OH)+ + H+, pK = 8.3
Fe(OH)+ + H20 + Fe(OH); + 2H+, pK
(Sillen and Martell, 1964).

=

(4)
17.2

(5)

Besides the corresponding neutralisation reactions
to gypsum, (1) to (3):
2Na(OH) + FeS04 + Fe(OH) 2 + Na 2 S04
alkalinity
ferrous hydroxide
Na 2C0 3 + FeS04

+

FeC0 3 +
siderite

Na 2 SO~

(6)

(7)

oxidation of the ferrous to ferric upon exposure to
the atmosphere also releases H+
2Fe 2 + + 0.5 0 2 + H20

+

2FeOOH + H+
goethite

EXPERIMENTAL

(8)

In all the experiments air dried, crushed and
sieved (through l. 17 mm) fi 1tercake red mud (RH)
supplied by ALCOA was used. Bagged copperas
supplied by Laporte (no~ SCM Chemicalsj was used
without further preparation.
The R/11 contained 35\ moisture with a total
alkalinity in the moisture of 5 g/l as Na 2C0 3 • The
sodalite content was estimated at 3\ expressed as
Na 20 and the calcium content at 3\ expressed as
CaO. The major minerals in the red mud are silica,
haematite and goethite, and boehmite and gibbsite .
The copperas contained 91.5% FeS04.7H 20 and a
moisture content of 7.8\. It also contained trace
amounts of H2 S04 and other impurities.
4. 1

Time required for neutralisation

The experiment was designed to investigate the
minimum time to complete the neutralisation
reaction between RM and copperas. This was to
determine the time of contact before the pH should
be measured in a subsequent experiment designed to
find out the optimum percentage of copperas.
were conducted by adding 50 ml of distilled
water to 20 g of IU-1 with and without 5% copperas in
250 ml Erlenmeyer flasks. Duplicate flasks were
shaken for up to 48 hours at 50 rpm at 25°C. The
pH of the centrifuged supernatant was then measured
and the results presented in Figure 1. The curves
show that a reliable pH could be measured after 4
to 6 hours. Crystals were, however, observed to
form during storage of the supernatant solutions
from RM copperas mixtures which were contacted for
l to 6 hours in the following week. Thus for the
measurements of parameters other than pH a one week
contact was considered necessary.
Test~

4.2 Neutralisation experiment
The neutralisation and oxidation reactions are in
fact more complicated than indicated by the
simplified reactions above. Ferrous-hydroxide as a
sole product is only formed when ferrous ions are
added to an excess of alkali with the strict
exclusion of oxygen (Bernal, 1959). In the

20 g of RM with varying percentages (0 to 10) of
copperas were shaken with 50 ml of water in 125 ml
polyethylene flasks. Duplicate runs were conducted
for all mixtures . After the initial shaking the
flasks were turned daily for one week to mix the

----·-------·--·-·--------·-0-.. ... u

{FcOW~ (W )

..... --..--·-------

(Fe +)

with [Fe 2+] + [ FeOll+)
and

[Ir+)

10-s . '
TFc

( I 0)
0.066 mol/l,

[FeOH+]

Then

pH

fFeOH+

-r;- (H)2 +

fFez+(JO- s · s)
f11+
(JI) - TFefFe2+(l0-9. 3)

= 0

(11)

So pH = S using calculated activity coefficients of
fH+ = 0.79, fFe 2 + = 0.30, fFcOH+ = 0.72 .
This gives an explanation of the initial drop of the
pH in the solution of the S\ copperas-red mud
mixtures. As well the acid impurity in copperas
would contribute to the drop in pH.

CortOCl lotM (NiuS)

Hgure I.

Change of pH with time.

solids with the solution. The supernatant solution
was centrifuged and filtered through 0.2 vm filter.
Sodium, calcium, iron concentrations and pH of the
supernatant were measured.
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RESULTS AND DlSCUSSJON

5.1

Time required for neutralisation

5.1.l Initial drop in pH
Figure 1 shows that in the beginning of the
neutralisation process the presence of copperas
brought down the pH to below 7.5 . At lower pH
levels the most important hydroxy-complex will be
Fe(OH)+ (Eq. 4) . When 1 g of copperas is dissolved
in SO ml of distilled water the equilibrium pH can
be predicted (1 g copperas/50 ml = 0.066 mol
Fe 2 +/l). This solution l<iill have an ionic strength
of about 0.26 mol/l. From Eq. 4:

0

3
4

0

u
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Formation of gypsum

The rapid rise in pH after the initial drop is
likely caused by the release of alkalinity from the
decomposition of sodalite and the dissolution of
calcite. The final pli appears to be controlled b)
the latter, because gypsum crystals l<iere found to
be precipitated from the supernatant solution
(see below).
Figure l shows that a reliable pH could be measured
after 4 to 6 hours of contact. The result of the
X-ray diffraction analysis showed that the
colourless needle-form crystals found in the
supernatant of the short-contact (l to 6 hours)
samples were gypsum. This shows that the solutions
must have been supersaturated with calcium ions.
So a 4 to 6 hours contact time will give a reliable
pH but not a reliable calcium concentration . In
the solution of the longer-contact samples none or
very few crystals were found: in these cases
supersaturation had diminished.
The formation of the gypsum crystals shows that
addition of copperas released calcium from the red
mud. The calcium is likely to come from dissolved
calcite . The increase of the pll with contact time
to a value just above 8 points in this direction
too. Calcite in equilibrium with an atmospheric
C0 2 pressure of 0.3 mbar gives a pH of 8.3 (Bolt
and Bruggenwert, 1976). In the Erlenmeyer flasks
C02 pressure was probably slightly higher than 0.3
mbar due to the neutralisation of the carbonate
alkalinity by copperas. Equilibrium in the
Erlenmeyer flasks 11;ith this C0 2 pressure is ho11;ever
unlikely . In an equilibrium situation (pH= 8.3)
the calcium concentration l<iOuld be too low due to
the solubility of calcite to enable the
precipitation of the more soluble Caso~ . This can
be shown by the following calculation:
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Assume an ionic strength of about 0.2 mol/l and the
activity coefficients of f 502 _ = 0.2~ and fcaz+ =
~
0.33 (Bolt and Bruggen11;ert, 1976). The solubility
product of gypsum is
(12)

pH
Figure 2.

Calcium activity as a function of pH.

0.915 g FeS0~.7H 2 0 = 3.3 mmol/50 ml
66 mmol/I

Jt is reasonable to assum~ that all the sulfate is
in solution at the beginning of the neutralisation
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process because FeS0~.7H 2 0 is very soluble (26.3 g
/100 g water at 20°C (Linke, 1958)).
So

(SO~] =

(Ca) =
mol/l.

0.066 mol/l and

10-~" 61 (S0~ 2 -)- 1

(S0~ 2 -) -

0.27 * 0.066
0.018 mol/l.

0.0014 mol/l

= 10- 2 • 9

If (Ca) > 0.0014 the solution is supersaturated
with respect to gypsum. In Figure 2 it can be
seen that below a pH of 8 . 1 the calcium activity
will become greater than 0.0014 mol/l. Copperas
mixing with red mud brings the pH down to as low as
at least 7 .5 (Figure 1) and calcite will start to
dissolve. The pH will increase again because of
the release of carbonate from the dissolution of
calcite.

5.2.2

processes

With no copperas addition the sodium concentration
in solution was 43.5 meq Na/l. The alkalinity in
the moisture of the red mud was equivalent to 2.7
g Na 2 C0 3 /kg dry red mud. This would give a sodium
concentration of 20.4 meq Na/l. The additional
sodium was released either from the cation exchange
sites or from the hydrolysis of the sodalite, or
more likely from both sources.
The cation exchange capacity (CEC) of the red mud
is quite variable: 5 to 45 meq/100 g. The value of
the CEC depends on pH and the method of
determination . An average value at a pH of 8.3 is
15 meq/100 g.
With 3.5\ and more of copperas, calcium was found
in solution. This means that in the beginning of
the neutralisation process the pH must have dropped
below 8.3, because calcite in equilibrium with
atmospheric carbon dioxide is only soluble below a
pH of 8.3 (Section 5.1.2). At these initially
lower pH levels ion-exchange of sodium in the red
mud with the ferrous ions might also have occurred.
When calcite starts to dissolve exchange with
calcium is possible too.

ln the supernatant of the 1 hour-contact samples
less crystals were found than in the supernatants
of samples contacted for 2, 4 and 6 hours . The pH
was also lower in the supernatant of the 1 hour
samples, probably because the contact time was too
short to dissolve enough calcite to increase the
pH. After 16 hours the pH was about 8.1. In the
supernatant only a few crystals were found. If an
equal sulfate concentration is assumed in all
samples this means that the calcium concentration
had dropped compared with the earlier samples .
The logical explanation is that the calcium had
precipitated as gypsum with some exchanged with
sodium on the exchange sites in the red mud.

When more than 7% copperas was added the pH dropped
dramatically. Probably the calcite which acted as.
a buffer had been dissolved. There was however,
only a slight increase in sodium concentration.
So probably, the release of sodium from the easily
hydrolysed sodalite had ceased, otherwise a strong
increase in the sodium concentration would have
occurred. With the data gathered in this
experiment no distinction can however be made
between sodium which has been excluded or exchanged
from the cation exchange sites and sodium which has
been released from the sodalite.

From the foregoing discussion at least two days
should be allowed for the neutralisation reaction
to complete and for gypsum to precipitate before
measurements should be undertaken. In our
subsequent experiments a one-week reaction period
was used.
S. 2

~cutralisation

The calcium concentration in solution was likely
governed by the solubility of gypsum (Eq. 12).
Because of the relatively high amount of sulfate
added with the copperas, CaS0~ would also be an
important ion species

Neutralisation experiment

5.2.1 General observations

0

Figure 3 shows the results of the measurements.
With an increasing amount of copperas the pH
decreased and the sodium concentration increased.
Calcium began to come into solution, when more
than 2.5% copperas was added. With 5% or more
copperas the calcium concentration remained fairly
constant at a level of 10 mmol/1. More than 7%
copperas resulted in a drop in the pH and the
presence of iron in solution.

ca 2 +

+ so~ 2 -

caso~ 0

pK ., 2.31

(13)

It can be calculated that nearly 50% of the
calcium in solution is in the CaS0~ form.
0

The amount of carbonate dissolved is governed by
the solubility of calcite, resulting in a final pH
of about 8.3 dependent on the PCOz as long as
calcite is present in the solid phase .

In the vials with red mud and 6\ or more copperas a
brown deposit was formed after two days on the
sides of the vials at the border between the air
and the solution. In the vials with 9 and 10%
copperas the red mud turned dark in colour after
three days on the bottom of the vials and a second
dark band was formed on the border of the settled
solids and the liquid. These deposits were likely
to be green rust.

The dissolved iron would be expected to consist
mainly of the ion species Fe 2 + and FeOH+ . Ferric
ion will be removed from solution as soon as it is
formed due to the extremely low solubility product
of ferric-hydroxide (for goethite pK = 44 (Sillen
and Martell, 1964)). Under aerobic conditions,
however, ferrous ions are not stable. This is
observed in the supernatant of the samples with 9
and 10\ copperas. Clear centrifuged and filtered
supernatant developed a yellow colouring which
could be removed by filtering. It can be safely
assumed that the colour was caused by ferric hydroxide particles formed by the oxidation of the
dissolved ferrous ions.

The colour of the supernatant was quite yellow for
the samples with less than 2.5\ copperas. When
more than 7\ copperas was added the supernatant
became turbid yellow. The supernatant of the
sample with 5\ copperas was very clear. A small
quantity of dispersed red mud was found in the
supernatants of the samples with 6 and 7% copperas.
After two weeks the filtered supernatants of the
samples with 9 and 10% copperas became yellow
coloured . Filtration removed the colour, which was
likely caused by ferric hydroxide formed by the
oxidation of dissolved Fe(II).

S.2.3 Quality of leachate
A simplified picture of the composition of the
supernatant solution is given in Figure 4. Here
the amounts of Na, Ca and Fe found in the
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Effect of copperas addition on red mud.

supernatant of the different red mud-copperas
mixtures are related to the amount of sulfate
added. The main assumption used in the calculation
is that all the sulfate from the copperas is in
solution. With 5 and 6% copperas addition there
seems to be a shortage of negative charge . With
the available data of the batch experiment this can
not be explained. It would have been useful to
determine the alkalinity and sulfate concentration
in the supernatant. When more than 6% copperas is
added a surplus of negative charge seems to be
generated . A possible explanation is that this
surplus is precipitated in the form of gypsum.
The maximum amount of sodium found in solution
corresponds to 22 g Na 2 C0 3 /kg dry red mud. The
red mud contained 2.7 g Na 2 C0 3 /kg red mud in the
moisture and 39.2 g Na 2C0 3 /kg red mud in sodalite.
A CEC of 15 meq/100 g can additionally release 8 g
sodium expressed as NaC0 3 per kg dry red mud.
Thus even after the addition of 10% copperas, there
is still some less easily released alkalinity in
the red mud. The amount of calcium found in the •
solution corresponds to 2.5 g CaC0 3 /kg dry red mud .
If it is assumed that the surplus negative charge
is precipitated as gypsum this would indicate 8.2
g CaC0 3 /kg red mud. Thus the calcium in calcite
is only a small proportion of the total calcium in
the red mud.

COPPERAS
AOOEOl~•I

9·0 10·0

5·0

3·5
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~Na'·Anions
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5.2.4 Optimum copperas addition

~CaSQl

Based on the results of the batch experiment the
addition of 5% copperas is sufficient to reduce
the pH of the red mud copperas mixture to 8.3 .
This would be the pH to aim for if the mixture is
to be used for incorporation into sandy soils for
agricultural purposes.

@Fe2:so:·
Figure 4.
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Estimated composition of solution of red
-mud copperas mixtures (400 g RM-copperas
in 1 t water).
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There is sufficient buffering capacity by calcium
carbonate in the red mud to maintain the pH at 8.3
with copperas addition up to 7\. With further
addition of copperas the pH of the mixture drops
fairly rapidly with excess ferrous ion present in
the mixture. The oxidation of the ferrous ion
requires oxygen and releases acidity (Eq. 8), a
combination which may not be desirable for
agricultural soil. Thus the optimum amount of
copperas addition is between 5 and 7%. The amount
of salt released is also the minimum with the
optimum copperas addition.
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5.2.5 Column experiment

The results of tests leaching red mud copperas
mixtures incorporated into sand at rates from 200
to 2000 tonnes/hectare confirm the results of the
batch experiment in relation to the pH of the
leachate and the concentrations of Na, Ca and Fe.
These results will be reported separately.
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CONCLUSIONS

SILLEN, L.G. and MARTELL, A.E. (1964). Stability
constants of metal ion complexes. The Chemical
Society, London .

Copperas can be used to neutralise the alkalinity
in red mud to be used for incorporation into sandy
soils. The optimum percentage of copperas to be
added to the red mud used is between 5 and 7% .
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