Available online at www.sciencedirect.com

S . Journal of
ScienceDirect

Hazardous
Materials

Journal of Hazardous Materials 146 (2007) 255-261

www.elsevier.com/locate/jhazmat

Characterization of red mud derived from a combined Bayer
Process and bauxite calcination method

Yong Liu?, Chuxia Lin®®*, Yonggui Wu?
2 College of Resources and Environment, South China Agricultural University, Guangzhou 510642, China
b School of Environmental Science and Management, Southern Cross University, Lismore, NSW 2480, Australia

Received 22 August 2006; received in revised form 23 October 2006; accepted 9 December 2006
Available online 13 December 2006

Abstract

Red mud can be derived from the processing of bauxite using different methods. The chemical and mineralogical composition of the combined
Bayer Process and bauxite calcination red mud (BPBCRM) differs markedly from those of the pure Bayer Process red mud (PBPRM). In this
study, red mud derived from a combined Bayer Process and bauxite calcination method was characterized. The results show that pH of the red
mud decreased with increasing duration of storage time. Na dominated among the soluble cations, but the concentration of soluble Na decreased
with increasing duration of storage time as a result of leaching. Cation exchange capacity also decreased with increasing duration of storage time,
probably due to a decrease in pH causing a reduction in negatively charged sites on the red mud particles. Ca was the predominant exchangeable
cation in the fresh red mud but the concentration of exchangeable Ca markedly decreased in the old red mud, which was dominated by exchangeable
Na. The degree of crystallization and thermal stability of the red mud increased with increasing duration of storage. The acid neutralizing capacity
of red mud obtained from this study was about 10 molkg~', which is much greater than the reported values for the pure Bayer Process red mud.
Column filtering experiment indicates that the red mud also had a very strong capacity to remove Cu, Zn and Cd from the filtering solution.
It is conservatively estimated that the simultaneous removal rates of Cd, Zn and Cu by red mud are over 22,250 mgkg~', 22,500 mgkg~' and
25,000 mg kg™, respectively. The affinity of these metals to the red mud was in the following decreasing order: Cu>Zn > Cd. In general, the fresh

red mud retained more heavy metals than the old red mud did.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Red mud is the residue of bauxite processing for alumina
production. Globally, there are approximately 70 million tonnes
of red mud being produced every year (http://www.redmud.
org/home.html). Red mud is highly alkaline with a pH usually
ranging from 10 to 13 [1-3]. Consequently, red mud is viewed as
a corrosively hazardous substance requiring carefully handling.
This caustic material is often contained in constructed storage
facility to minimize its adverse impacts on the environments.

Utilization of red mud is of environmental and economic
significance [4-6]. Red mud varies in physical, chemical and
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mineralogical properties due to differing ore sources and refining
processes employed. The Bayer Process is the principal indus-
trial means of producing alumina [7,8]. However, this process
is not sufficiently effective for processing low grade bauxite
ores containing substantial amounts of Si. Alternatively, baux-
ite calcining method is used for the processing of low grade
bauxite ores [9,10]. In this method, bauxite ores are often
mixed with limestone and sodium carbonate, and the mixture
was roasted under high temperature to form the readily soluble
sodium aluminate upon addition of diluted alkaline solutions
or water. In China, most of the local bauxite ores contain a
high proportion of Si and therefore either a bauxite calcina-
tion method or more frequently a combined Bayer Process
and bauxite calcination method is used for alumina refining
[10,11]. It was estimated that annually there are about 6 mil-
lion tonnes of red mud being disposed of in China but only
about 10% of the red mud is derived from pure Bayer Process
[12].
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The alkaline nature of red mud makes it a potential acid-
neutralizing agent [5,13]. Red mud has also been found to
have a strong binding capacity for heavy metals and there-
fore can be used for remediation of heavy metal contaminated
soils [2,14-16]. Bayer Process red mud and their environmental
applications have received substantial research [13-25]. How-
ever, little has been done to red mud that is derived or partly
derived from bauxite calcination methods. Bauxite calcination
requires addition of substantial amounts of limestone and this
may result in a high residual calcium oxide or calcium carbon-
ate in the combined Bayer Process and bauxite calcination red
mud (BPBCRM), which could significantly differ from pure
Bayer Process red mud (PBPRM). The objective of this study
was to characterize red mud derived from a combined Bayer
Process and bauxite calcination method, with a particular inter-
est in its characteristics relevant to remediation of acidic, heavy
metal-enriched soil and water environments.

2. Materials and methods

Red mud samples of varying ages (fresh, 5-year-old, and
10-year-old) were collected from the red mud storage facilities
of Zhengzhou Changcheng Aluminium Limited. At each sam-
pling location, five sub-samples were collected within an area
of 50 m? to form a composite sample. In the laboratory, the red
mud samples were air-dried and ground to pass a 2 mm sieve.

To determine pH, electrical conductivity (EC), water solu-
ble and exchangeable cations, 1:5 (red mud—water) and 1:5 (red
mud-1 mol L™! NH4Cl) extracts were prepared. The pH and EC
in water extract were determined by a calibrated pH meter and
a EC meter, respectively. K, Na, Ca and Mg in both water and
1 mol L~! NH4Cl extracts were determined by atomic absorp-
tion spectrometry (AAS); water soluble K, Na, Ca and Mg were
estimated by water-extractable K, Na, Ca and Mg, respectively;
exchangeable K, Na, Ca and Mg were estimated by the differ-
ence between 1 mol L~! NH4Cl extractable K, Na, Ca and Mg
and water-extractable K, Na, Ca and Mg, respectively. Since
no exchangeable acidic cations are expected to exist in alkaline
conditions, the sum of exchangeable K, Na, Ca and Mg can be
used as an estimate of cation exchange capacity (CEC).

Total element composition was analyzed by X-ray flu-
orescence spectroscopy (XRF). Mineral composition was
determined by X-ray diffraction (XRD). The samples were also
used for examination of micromorphological characteristics by
scanning electron microscopy (SEM) and for thermogravimetric
analysis (TGA).

Acid neutralizing capacity (ANC) of each red mud sample
was determined by repeatedly titrating a red mud suspension
(mixture of 5 g red mud with 25 mL deionized water) with an acid
solution to pH 5.5. The detailed procedure was as follow: weigh
5 g of red mud sample in a 500 mL conical flask; add 25 mL of
deionized water; titrate the suspension with a 0.1 mol L-lHCl
or 0.05mol L~! H,SO4 standardized solution to pH 5.5; reti-
trate the suspension next day when pH rises to above 5.5; repeat
titration-standing cycle until pH becomes stable (in the latter
stage of experiment, the interval of titration extended to more
than two days due to a slow rise in pH following titration). In

this experiment, all three samples (each in duplicate) of varying
age were used for ANC determinations. Both 0.1 mol L~! HCI
and 0.05 mol L~ H,SOy solutions were used to compare their
effects on ANC recovery of red mud. The experiment lasted for
780 days with a total titration number of 367 times.

To test the heavy metal binding capacity of red mud, a column
filtering experiment was conducted. For each red mud sample,
10 g of red mud were filled into a plastic column with an inner
diameter of 20 mm. A double layer of nylon filter fabric was
placed on the bottom of the column. A mixed solution contain-
ing equal concentration (50 mgL~") of three metals (Cd, Cu
and Zn) was used as the filtering liquid, which was made by dis-
solving appropriate amounts of CdCl,-2.5H,0, CuSO4-5H,0
and ZnSO4-7H;0 in deionized water. For each filtration cycle,
50 mL of the filtering solution was passed through the red mud
column at a rate of 6.25 mL per hour. In this experiment, a total
number of 107 filtration cycles were performed. Selected filtrates
were collected and analyzed for Cd, Cu and Zn using AAS.

3. Results and discussion
3.1. Basic chemical characteristics

It can be seen from Table 1 that pH of the red mud decreased
with increasing duration of storage time. The pH of the fresh,
5-year-old and 10-year-old red mud samples was 11.58, 10.56
and 9.61, respectively. The EC of red mud also decreased
with increasing duration of storage time; the EC average was
over 20dS m™!, indicating that the red mud was highly saline.
The molar concentrations of various soluble cations were in
the following decreasing order: Na>K>Ca>Mg; soluble Na
accounted for about 78% of the sum of soluble Na, K, Ca
and Mg (on mean molar concentration basis). This indicates
that soluble Na dominated the soluble basic cations in the red
mud. However, the concentration of soluble Na decreased from
89.2 mmol(+) kg~! in the fresh red mud to 27.9 mmol(+) kg ™!
in the 10-year-old red mud, indicating that a large amount of
dissolved Na was removed from the red mud during the period
of storage. Soluble K also shows the same trend as soluble Na.
Soluble Ca, particularly soluble Mg only took up a very small
proportion of the sum of soluble Na, K, Ca and Mg; both show
a trend that the molar concentration increased with increasing
duration of storage time.

Unlike soluble basic cations, the mean molar concentration
of exchangeable basic cations was in the following descend-
ing order: Ca>Na>K>Mg. It is interesting to note that CEC
decreased with increasing duration of storage time. This may
be attributed to a decrease in pH over time, which results in a
reduction in negative charges on the variably charged colloids
(VCC), for example:

[AI(OH)s]?~ — [NaT + Ca?* Pt — [AI(OH)3]°
+ NaOH(leaching) + Ca(OH);(precipitation)

In the above equation, due to leaching of NaOH and precipita-
tion of Ca(OH)», the originally negatively charged [AI(OH)g >~
loses three OH™ to become the zero-charged [AI(OH)31°. This
may partly explain the reduction in CEC.
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Table 1

Basic chemical characteristics of red mud of different ages

Chemical parameter Fresh 5-year-old 10-year-old Mean

pH 11.58 £ 0.02 10.56 £ 0.03 9.61 £+ 0.02 10.58 & 0.07
EC (dSm™1) 28.4 £ 0.12 17.2 £ 0.08 15.4 £ 0.14 20.3 £ 0.34
Soluble K (mmol(+) kg™!) 19.0 £ 0.65 10.9 £ 0.38 7.9 £0.26 12.6 £ 1.29
Soluble Na (mmol(+) kg™!) 89.2 £ 1.92 523 £ 0.51 27.9 £ 0.83 56.5 £ 3.23
Soluble Ca (mmol(+) kg~") 1.5 £ 0.02 2.5 £ 0.02 3.9 + 0.04 2.6 + 0.08
Soluble Mg (mmol(+) kg™") 0.1 £+ 0.00 0.3 £ 0.01 0.6 + 0.01 0.3 £ 0.01
Exchangeable K (mmol(+) kg™!) 70.2 £ 0.59 94.6 £ 1.23 136.9 £+ 1.36 100.5 £ 3.18
Exchangeable Na (mmol(+)kg™") 346.6 + 5.60 230.9 £ 3.50 190.6 £+ 2.20 256.0 + 11.32
Exchangeable Ca (mmol(+) kg’l) 464.5 £ 5.20 177.6 + 2.80 1459 4+ 0.80 262.7 + 8.83
Exchangeable Mg (mmol(+)kg™") 23 £ 0.05 11.5 £ 0.26 23.2 £ 0.26 12.3 £ 0.57
CEC (mmol(+) kg™1) 883.6 + 14.15 514.6 £ 8.80 496.6 £ 5.89 631.6 £ 28.85

3.2. Total element composition

Total content of major elements contained in the red mud
samples of different ages was determined by XRF. It can be
seen from Table 2 that the red mud consisted of many elements.
Among these elements, O accounted for about 40%. Other major
elements included Ca, Fe, Si, Al, Ti, Na, C, Mg and K. The red
mud also contained some S, Cl and P. Most of the heavy metals
were under detection limits and only a few heavy metals (Cr,
Zn, Ba and Mn) were detected in trace amounts in the red mud.

3.3. Mineral composition

XRD analysis shows that the red mud was mainly composed
of calcite, perovskite, illite, hematite and magnetite. The old red
mud also contained some kassite and portlandite. In addition,
there were about 20% of amorphous materials in all red mud

Table 2

Total element composition (%) of red mud samples of different ages

Element Fresh 5-year-old 10-year-old Mean

C 1.60 1.60 1.60 1.60
0} 40.5 39.7 40.8 40.3

Na 3.76 1.76 1.39 2.30
Mg 1.02 0.61 1.35 0.99
Al 5.96 3.03 42 4.39
Si 8.74 9.31 10.2 9.41

P 0.122 0.143 0.116 0.13

S 0.413 0.141 0.362 0.31
Cl 0.0332 0.0087 0.0174 0.0197
K 0.873 0.685 0.912 0.82
Ca 22.6 29.7 26.4 26.2

Ti 3.12 4.03 4.04 3.73
Cr 0.0415 0.0545 0.0685 0.0548
Mn 0.0417 0.044 0.0455 0.0432
Fe 10.80 8.75 7.95 9.17
Zn 0.0041 0.0041 0.0126 0.0069
Rb 0.0364 0.0585 0.0512 0.0479
Sr 0.105 0.125 0.100 0.110
Zr 0.151 0.206 0.206 0.187
Nb 0.0125 0.0178 0.0153 0.0152
Ba 0.0242 0.0179 0.0217 0.0212
Ce 0.0260 0.0179 0.0220 0.0220
Pb 0.0182 0.0174 0.0198 0.0185
Th 0.00901 0.00108 0.00953 0.00655

samples (Table 3). Based on XRF results above, red mud con-
tained about 9.41% of Si and 4.39% of Al. However, except for
illite, these two elements are not parts of the above-mentioned
minerals. The amounts of these two elements contained in illite
were much less than those estimated by XRF analysis. There-
fore, it is likely that the amorphous materials consisted mainly
of Si and Al oxides.

Itis also interesting to note that there is a trend that the content
of magnetite decreased while the content of hematite increased
with increasing storage time. This suggests that conversion of
magnetite to hematite may occur during the period of red mud
storage.

3.4. Micromorphological characteristics

SEM photographs (Fig. 1) show that the particles of fresh
red mud was in poorly-crystallized or amorphous forms, while
the 10-year-old red mud contained crystallized grains. This
indicates that some mineral phase (probably mainly calcite) con-
tained in the red mud undergoes crystallization with time after
its disposal of in the storage facility.

3.5. Thermal gravimetric analysis

The TGA diagram of the fresh red mud sample shows three
steps for the weight loss. The first one occurred in the range of
20-105 °C (weight loss was about 3% of the total weight), cor-
responding to the evaporation of physically adsorbed water; the
second one occurred in the range of 105-450°C (weight loss
was about 3.6% of the total weight), corresponding to loss of

Table 3

Mineral composition (%) of the red mud samples of different ages

Mineral Fresh  5-year-old  10-year-old  Mean=+S.D.
Calcite 46.8 32.8 46.3 419 + 7.94
Perovskite 10.2 10.9 11.5 10.9 &+ 0.65
Magnetite 8.0 7.8 0 5.27 + 4.56
Hematite 7.4 8.2 6.7 7.43 £ 0.75
Tllite 32 6.7 10 6.63 + 3.40
Kassite 0 8.7 2.5 3.73 £ 4.47
Portlandite 0 0 2.3 0.77 £ 1.33
Amorphous materials ~ 20.8 24.6 20.7 22.0 +£2.22
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Fig. 1. SEM photographs showing micromorphological characteristics of (a)
fresh, (b) 5-year-old, and (c) 10-year-old red mud samples.

chemically adsorbed water; and the third one occurred in the
range of 560-720°C (weight loss was about 4.3% of the total
weight), possibly corresponding to release of CO; during calci-
nation of calcite (Fig. 2a). The TGA diagrams of the old red mud
samples show similar pattern to that of the fresh red mud. How-
ever, there is a trend where weight loss in the range of 20450 °C
decreased with increasing age of the red mud (Fig. 2b and c).
This indicates that dehydration of red mud has taken place since
it was disposed of in the red mud impoundments. In addition,
it is also clear that the temperature value corresponding to the
maximum weight loss in the highest temperature range increased
with increasing age of the red mud, suggesting that more energy
was needed for the thermal decomposition of better crystallized
calcite contained in the older red mud, compared to the poorer
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Fig. 2. TGA diagram showing weight loss of the red mud samples in the tem-
perature range of 20-880 °C.

crystallized calcite in the younger red mud. The increased ther-
mal stability of red mud over time suggests that the fresh red mud
is more reactive than the old red mud. Nevertheless, even for the
10-year-old red mud, the temperature range (630-760 °C) cor-
responding to the decomposition of calcite occurred at a lower
region, relative to that for natural limestone (850-1000 °C) [26].
This suggests that calcite in red mud may be more reactive than
that in limestone when being used for neutralizing acid materials.

3.6. Acid neutralizing capacity

Slow titration of the red mud samples with either standardized
H>S0O4 or HCI solutions for a period of about 2 years indicates
that the fresh red mud had an ANC of about 10 mol kg~ ! (Fig. 3).
In general, The ANC of the fresh red mud was slightly higher
than that of the old red mud. This is attributable to partial removal
of NaOH in the old red mud by leaching during rainfall events.
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Fig. 3. Accumulative curves of ANC for red mud samples of different ages;
ANC obtained by slow titration of a red mud sample with (a) standardized
0.1 mol L~! HClI solution and (b) standardized 0.05 mol L~! H,SO4 solution (35
points plotted were selected from a total of 367 data points obtained from the
2-year titration experiment).

After the first titration with HCI solution to pH 5.5, in the
second day the pH of the red mud suspensions bounced back
to 10.63 (0.95 unit lower than the original pH), 9.52 (1.04 unit
lower than the original pH) and 8.90 (0.71 unit lower than the
original pH) for the fresh, 5-year-old and 10-year-old red mud,
respectively. After the second titration, the next-day pH further
dropped to 9.23, 8.39 and 8.33 for the fresh, 5-year-old and 10-
year-old red mud, respectively. In the first 11 days, the next-day
pH sharply decreased for all the three red mud samples. After
this period decrease in the next-day pH tended to be gentler
during the remaining period of the experiment (data not shown).
A similar pattern was observed for the 0.05 mol L~! H,SO4
titration experiment (data not shown). These results suggest that
under the experimental conditions described in this study, the
rapid-reacting component of the red mud’s ANC was consumed
within 11 titrations. The total amounts of the red mud’s rapid-
reacting ANC accounted for less than 20% of the total ANC.
This nature is preferable if the acidic materials that need to be
neutralized contain both readily and slowly releasing acids such
as in sulfidic soils [2,13].

3.7. Heavy metal binding capacity

Variation of heavy metal concentrations in the filtrates dur-
ing the 107 filtrations can be seen from Fig. 4. Similar pattern
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Fig. 4. Variation of filtrate Cu, Zn and Cd during the period of 107 filtrations
using a mixed Cu, Zn and Cd solution as a filtering liquid, and (a) the fresh red
mud, (b) the 5-year-old red mud, and (c) the 10-year-old red mud as filtering
media.

is observed for all the three red mud samples of different
ages. For the first 50 filtrations, Cd, Zn and Cu were not
detected from the filtrates, indicating that all of the heavy
metals originally contained in the filtering solutions were com-
pletely retained by the red mud samples. Concentration of Cd
and Zn in the filtrates gradually increased from the 50th to
the 90th filtration and then suddenly increased until the last
filtration (107th filtration). However, concentration of Cu did
not significantly increased until the 90th filtration. At the last
filtration, the concentration of Cd, Zn and Cu in the filtrate
was 17.63mgL~!, 13.90mgL~! and 6.22 mg L~! for the fresh
red mud; 21.90mgL~!, 13.99mgL~! and 7.64mgL~" for
the 5-year-old red mud; and 28.11 mgL~", 14.38mgL~" and
14.05 mg L™! for the 10-year-old red mud. Based on these data,
it is conservatively estimated that under the experimental condi-
tions set in this study, the simultaneous removal rates of Cd, Zn
and Cu by red mud are over 22,250 mgkg ™!, 22,500 mg kg~!
and 25,000 mg kg~ !, respectively. This suggests that the affinity
of these three metals to red mud was in the following decreasing
order: Cu>Zn>Cd.
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Table 4
Comparison of mineralogical and chemical composition between the BPBCRM
and the PBPRM
Order of abundance BPBCRM (%) PBPRM [27] (%)
Mineral composition

1 Calcite (42) Imogolite (32)

2 Perovskite (11) Hematite (19)

3 Hematite (7) Calcite (12)

4 Illite (7) IImenite (10)

5 Magnetite (5) Rutile (3)

Amorphous (22) Amorphous (22)

Chemical composition

1 CaO (41.6) Fe,03 (26.9)
2 Fe,0; (12.5) ALO; (26.8)
3 Si0; (19.9) Ca0 (23.5)
4 TiO, (6.7) Si0, (13.1)
5 Na,0 (2.4) TiO, (7.3)

6 CO, (5.9) MgO (1.1)

7 MgO (1.0) Cr,03 (0.5)
8 K0 (0.8) 710, (0.5)

3.8. Comparison between the BPBCRM and the PBPRM

Table 4 gives a comparison of mineralogical and chemical
composition between the BPBCRM (mean of three samples of
different ages) from the Zhengzhou Alumina Refinery and the
PBPRM (composite sample consisting of 3 sub-samples col-
lected from locations receiving red mud disposed of at different
times) from the Pingguo Alumina Refinery. It can be seen that
there were marked differences in mineralogical and chemical
composition between the two red mud types. The major miner-
als that these two red mud types had in common are calcite and
hematite. It is clear from Table 4 that the proportion of calcite in
the total red mud weight was much higher in the BPBCRM
than in the PBPRM while the proportion of hematite in the
total red mud weight was much lower in the BPBCRM than in
the PBPRM. This is also reflected in the chemical composition
between the two red mud types; the BPBCRM contained much
higher CaO and much lower Fe;O3, compared to the PBPRM.

Previous work showed that the red mud derived from the
pure Bayer Process had a ANC less than 5 molkg™! [2], which
is much lower than that obtained here from the red mud derived
from a combined Bayer Process and bauxite calcination method.

4. Conclusion

It was found that pH of the red mud decreased with increas-
ing duration of storage time. Sodium dominated among the
soluble cations, but the concentration of soluble Na decreased
with increasing duration of storage time as a result of leach-
ing. CEC, as estimated from the sum of exchangeable cations,
also decreased with increasing duration of storage time, proba-
bly due to a decrease in pH causing a reduction in negatively
charged sites of the red mud. Calcium was the predominant
exchangeable cation in the fresh red mud but the concentra-
tion of exchangeable Ca markedly decreased in the old red mud
that was dominated by exchangeable Na. XRF results show that
the red mud consisted mainly of O, Ca, Fe, Si, Al, and Ti. Other

important elements include Na, C, Mg and K. XRD results show
that the major mineral types in the red mud were calcite, per-
ovskite, illite, hematite and magnetite. There is a trend that the
content of magnetite decreased while the content of hematite
increased with increasing storage time, suggesting the conver-
sion of magnetite to hematite. SEM observations reveal that fresh
red mud sample is poorly crystallized while the 10-year-old red
mud sample is better crystallized. TGA results show that the tem-
perature at which the valley of weight loss occurred increased
from 681.9 °C for fresh red mud to 722.9 °C for the 5-year-old
red mud to 734.7 °C for the 10-year-old red mud. This indicates
that the thermal stability of red mud increased and consequently
the reactivity of red mud may decrease with increasing storage
time. The BPBCRM had an ANC of about 10 mol kg~!, which
is much greater than that reported for the PBPRM. Column fil-
tering experiment results indicate that the red mud also had a
very strong capacity to remove Cu, Zn and Cd from the filtering
solution. The affinity of these metals to the red mud was in the
following decreasing order: Cu>Cd>Zn. In general, the fresh
red mud sample retained more heavy metals than the old red
mud samples did.

Acknowledgements

The research work related to this article was financially sup-
ported by the Guangdong Bureau of Science and Technology
(Project No. 2005A30402006) and the Natural Science Founda-
tion of China (Project No. 40471067).

References

[1] N.W. Menzies, I.M. Fulton, W.J. Morrell, Seawater neutralization of alka-
line bauxite residue and implications for revegetation, J. Environ. Qual. 33
(2004) 1877-1884.

[2] C.Lin, G. Maddocks, J. Lin, G. Lancaster, C. Chu, Acid neutralizing capac-
ity of two bauxite residues and their potential applications for treating acid
sulfate soil and water, Aust. J. Soil Res. 42 (5&6) (2004) 649-657.

[3] R.N. Summers, J.D. Pech, Nutrient and metal content of water, sediment
and soils amended with bauxite residue in the catchment of the Peel Inlet
and Harvey Estuary, Western Australia, Agr. Ecosyst. Environ. 64 (1997)
219-232.

[4] R.K. Paramguru, P.C. Rath, V.N. Misra, Trends in red mud utilization—a
review, Min. Process. Extr. Metall. Rev. 26 (1) (2005) 1-29.

[5] K.E. Snars, R.J. Gilkes, M.T.F. Wong, The liming effect of bauxite pro-
cessing residue (red mud) on sandy soils, Aust. J. Soil Res. 42 (3) (2004)
321-328.

[6] G. Maddocks, C. Lin, D. McConchie, Effect of Bauxsol™ and biosolids
on soil conditions of acid-generating mine spoil for plant growth, Environ.
Pollut. 127 (2004) 157-167.

[7]1 A.R. Hind, S.K. Bhargava, S.C. Grocott, The surface chemistry of Bayer
process solids: a review, Colloids Surf. A: Physicochem. Eng. Aspects 146
(1999) 359-374.

[8] Y.L.Sidrak, Dynamic simulation and control of the Bayer Process: areview,
Ind. Eng. Chem. Res. 40 (2001) 1146-1156.

[9] A. Ahmet, S.G. Mehmet, Scand. J. Metall., The effects of the additives,
calcinations and leach conditions for alumina production from red mud 32
(6) (2003) 301-305.

[10] S.W. Bi, Alumina Refining Technology, Chemical Industry Press, Beijing,
2006, 327 pp.

[11] D. Chen, What favourable conditions does China have for the development
of the aluminium industry? Nonferrous Metal Manuf. Indust. 7 (1983) 1-18
(in Chinese).



Y. Liu et al. / Journal of Hazardous Materials 146 (2007) 255-261 261

[12] PK. Zhang, Y.D. Yang, G.Q. Li, Utilization of red mud as hot metal pre-
treatment flux, Exp. Inf. Min. Ind. 3 (2005) 26-30.

[13] C. Lin, M.W. Clark, D. McConchie, G. Lancaster, N. Ward, Effects of
Bauxsol™ in the immobilisation of soluble acid and environmentally sig-
nificant metals in acid sulfate soils, Aust. J. Soil Res. 40 (2002) 556-563.

[14] H.S. Altundogan, S. Altundogan, F. Tumen, M. Bildik, Arsenic adsorption
from aqueous solutions by activated red mud, Waste Manag. 22 (3) (2002)
357-363.

[15] C. Brunori, C. Cremisini, L. D’ Annibale, P. Massanisso, V. Pinto, A kinetic
study of trace element leachability from abandoned-mine-polluted soil
treated with SS-MSW compost and red mud: comparison with results
from sequential extraction, Anal. Bioanal. Chem. 381 (7) (2005) 1347-
1354.

[16] C. Lin, X. Long, S. Mai, S. Xu, C. Chu, D. Jiang, Effects of multi-
conditioners on minesite acid sulfate soils for vetiver grass growth,
Pedosphere 14 (3) (2004) 371-378.

[17] E. Lombi, E-J. Zhao, G. Wieshammer, G. Zhang, S.P. McGrath, In situ
fixation of metals in soils using bauxite residue: biological effects, Environ.
Pollut. 118 (3) (2002) 445-452.

[18] E.Lombi, E--J. Zhao, G. Zhang, B. Sun, W. Fitz, H. Zhang, S.P. McGrath, In
situ fixation of metals in soils using bauxite residue: chemical assessment,
Environ. Pollut. 118 (3) (2002) 435-443.

[19] W. Friesl, O. Horak, W.W. Wenzel, Immobilization of heavy metals in
soils by the application of bauxite residues: pot experiments under field
conditions, J. Plant Nutr. Soil Sci. 166 (2003) 191-196.

[20] G. Maddocks, A. Reichelt-Bruschett, J. Vangronsveld, D. McConchie,
Bioaccumulation of metals in Eisenia fetida after exposure to a metal loaded
Bauxsol™, Environ. Toxicol. Chem. 24 (3) (2005) 554-563.

[21] J.B. Wehr, 1. Fulton, N.W. Menzies, Revegetation strategies for bauxite
refinery residue: a case study of Alcan Gove in northern territory, Aust.
Environ. Manag. 37 (3) (2006) 297-306.

[22] L.Y. Li, Properties of red mud tailings produced under varying process
conditions, J. Environ. Eng. 124 (3) (1998) 254-264.

[23] R.G. Courtney, J.P. Timpson, Nutrient status of vegetation grown in alka-
line bauxite processing residue amended with gypsum and thermally dried
sewage sludge—a two-year field study, Plant Soil 266 (2004) 187-194.

[24] D. Hanahan, J. McConchie, R. Pohl, M. Creelman, C. Clark, Stocksiek,
Chemistry of seawater neutralization of bauxite refinery residues (red mud),
Environ. Eng. Sci. 21 (2) (2004) 125-138.

[25] An assessment of technology for possible utilisation of Bayer Process mud,
US EPA-600/2-76-301 (1976).

[26] Y.N. Zhang, Z.H. Pan, Characterization of red mud thermally treated at
different temperatures, J. Jinan University (Sci. & Tech.) 19 (4) (2005)
293-297.

[27] C. Lin, Bauxite residue (red mud) from the Pingguo Alumina Refinery,
China: Characteristics and potential uses. In: A.G. Pasamehmetoglu, A.
Ozgenoglu and A.Y. Yesilay (eds.): Proceedings of International Sym-
posium on Environmental Issues and Waste Management in Energy and
Mineral Production, Antalya, Turkey, 17-20 May 2004, Atilim University
(2004) 551-556.



	Characterization of red mud derived from a combined Bayer Process and bauxite calcination method
	Introduction
	Materials and methods
	Results and discussion
	Basic chemical characteristics
	Total element composition
	Mineral composition
	Micromorphological characteristics
	Thermal gravimetric analysis
	Acid neutralizing capacity
	Heavy metal binding capacity
	Comparison between the BPBCRM and the PBPRM

	Conclusion
	Acknowledgements
	References


