
R

A

q
I
e

s

a
c

©

K

1

g
d
y
p
d
s
t
r
t
i
n
s
p
p

0
d

Available online at www.sciencedirect.com

Journal of Hazardous Materials 150 (2008) 541–545

adiological aspects of the usability of red mud as building material additive
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bstract

Several researchers have examined and achieved favourable results in connection with the building industry’s use of red mud extracted in large
uantities from the processing of bauxite. These days more and more precedence is being given to limiting the radiological dose to the population.
n this study carried out in Hungary, the use of red mud, bauxite, and clay additives recommended for the production of special cements, were
xamined from a radiological aspect.

226Ra and 232Th activity concentrations measured in Hungarian bauxite, red mud and clay samples were significantly similar with the levels for
uch raw materials mentioned in international literature.

Taking radiation protection aspects into consideration, none of these products can be directly used for building construction. Taking Hungarian

nd international values into consideration, a small amount of red mud, not exceeding 15% could be used for brick production, for example as a
olouring material. However, beyond this amount the standards for building materials would not be met.

For the production of cements an even stricter limit needs to be determined when both bauxite and red mud are used.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The Bayer process is used for refining bauxite to smelting
rade alumina, the precursor to aluminium. The process was
eveloped and patented by Karl Josef Bayer more than 100
ears ago, and has become the cornerstone of the aluminium
roduction industry worldwide. The Bayer process involves the
igestion of crushed bauxite in a concentrated sodium hydroxide
olution at temperatures up to 270 ◦C. Under these conditions,
he majority of the aluminium is dissolved, leaving an insoluble
esidue, that is called red mud in the alumina refining indus-
ry. This red mud is removed by settling/filtration. The red mud
s composed primarily of iron oxides, quartz, sodium alumi-
osilicates, calcium carbonate/aluminate, titanium dioxide and

odium hydroxide (pH 10–12), so it is relatively toxic and can
ose a serious pollution hazard. In addition to this, the amount
roduced as a result of the refining process is significant. Red

∗ Corresponding author. Tel.: +36 88 427 681; fax: +36 88 427 681.
E-mail address: kt@almos.vein.hu (T. Kovács).
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ud is thus of interest to researchers for a number of reasons
nd has been the subject of many detailed investigations. Of par-
icular interest is the influence of red mud on red mud disposal

ethods and their influence on the environment, and the appli-
ation of this abundant waste product in other unrelated areas
1].

Since the recycling of waste by-products is gaining more and
ore importance nowadays, such research and/or production is

eing carried out in several countries where these materials are
sed as additives for building materials. For example, in Turkey
ricks are being made with fly ash [2]. In Brazil phosphogypsum
s produced during the production of phosphoric fertilizer being
sed as building material [3], and in Hungary, coal slag is being
sed in floor structures as insulating filling material [4].

The clay like structure of red mud has been noted by a num-
er of researchers, who have demonstrated that, when fired it
ecomes a useful ceramic material. Red mud can be used in the

anufacture of tiles, bricks and insulating materials [5,6].
Thus, nowadays several studies are being carried out [7–9]

n the possible use of red mud from bauxite processing for
se in building material additives (e.g. special cement or brick

mailto:kt@almos.vein.hu
dx.doi.org/10.1016/j.jhazmat.2007.05.004
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Table 1
The activity concentration index (“I”)

Dose criterion 0.3 mSvy−1 1 mSvy−1

Materials used in bulk amounts, e.g. concrete I ≤ 0.5 I ≤ 1
S
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roduction). Some researchers [10–12] have assessed the
echanical and aesthetical characteristics of building ceramics

bricks, tiles) produced by mixing clay with different quantities
0–50%) of red mud with positive results.

Several researchers studied the possible production meth-
ds of cement through the use of lime + red mud + fly ash,
ime + red mud + bauxite or lime + red mud + bauxite + gypsum,
nd their experience showed that cements made of lime + red
ud + bauxite or lime + red mud + bauxite + gypsum exhibit

trengths comparable or superior to ordinary Portland cement
13,14].

All rocks and minerals contain naturally occurring radioac-
ive material (NORM) of terrestrial origin [15–17]. From these,
38U and its daughter products, 232Th and its daughter prod-
cts, and 40K are the most important. Population weighted
verages in soils are: 40K = 420 Bq kg−1, 238U = 33 Bq kg−1,
32Th = 45 Bq kg−1 [18]. The radiobiological and epidemio-
ogical effects of ionizing radiation from naturally occurring
adioactive materials (NORM) on man, especially in areas with
levated NORM, are becoming prime concerns in the area of
adiation protection [19].

In some cases the radiation dose originating from miner-
ls, rocks (uranium ore, coal, phosphate, monazite, bauxite,
tc.) in the mine, and from the rocks brought to the surface
fter mining, and from the technologically enhanced natu-
ally occurring radioactive material (TENORM) concentrated
n by-products (uranium slime, phosphogypsum, fly ash and
ottom ash, red mud, etc.) during their processing, may be
ignificant [20].

As radiation of terrestrial origin in buildings does not only
riginate from the soil, but also from the used building materials
21], a greater absorbed dose rate can be measured within build-
ngs (world average 84 nGy h−1) than outdoors (59 nGy h−1)
18].

In houses where materials with elevated NORM or TENORM
re used in building materials or additives, an absorbed dose rate
ighly exceeding the world average can be measured [22,23].
herefore, the different national and international recommen-
ations on the radionuclide concentration of building materials
ave proposed limit values [24,25].

The EU details Radiation Protection principles in issue 112
f radiation protection. Controls should be based on dose cri-
erion, which was established considering the overall national
ircumstances within the EU [24]. It is recommended that con-

rols should be based on a dose in the range of 0.3–1 mSva−1.
oses exceeding these values should be taken into account from
radiation protection point of view. This is the excess gamma
ose to that received outdoors.

a

u
t

able 2
ypical and maximum activity concentrations in common building materials and indu

aterial Typical activity concentration (Bq kg−1)

226Ra 232Th 40K

lay 50 50 670
ypsum (by-product) 390 20 60
oal fly ash 180 100 650
uperficial and other materials with
restricted use: tiles, boards, etc.

I ≤ 2 I ≤ 6

Because more than one radionuclide contributes to the dose,
t is practical to present investigation levels in the form of an
ctivity concentration index. The activity concentration index
I) is calculated by the next formula:

= CRa

300 Bq kg−1 + CTh

200 Bq kg−1 + CK

3000 Bq kg−1

here CRa, CTh, CK are the radium, thorium and potassium
ctivity concentrations (Bq kg−1) in the building material. The
ctivity concentration index should not exceed the values pre-
ented in Table 1.

When industrial by-products are incorporated in building
aterials and there is reason to suspect that these contain

nhanced levels of natural radionuclides, the activity concentra-
ions of these nuclides in the final product should be measured
r assessed reliably from the activities of all the component
aterials [24].
Typical and maximum concentrations in common building

aterials and industrial by-products used for building material
n the EU are presented in issue 112 of the Radiation Protection
f the EU. Some data are presented in Table 2.

As mentioned above, according to international literature, red
ud mixed with bauxite, lime, fly ash and gypsum are suitable

or manufacturing aesthetic ceramics (bricks, tiles) as well as
ement with a good bonding capacity. In several cases, scien-
ific literature deals with the increase of the possible radiation
ose of the population [26–29] resulting from using slag, fly ash,
hosphogypsum, etc. but the expected dose through the use of
ed muds and bauxites has not yet been dealt with. Therefore,
rior to possible use preliminary radiological tests should be
arried out in order to reliably assess the radiation dose related
o the use of red muds. Based on the findings it will be possi-
le to decide whether these materials can be used for the given
urposes from a radiological point of view.

The radionuclide concentrations of natural origin contained
n bauxite and red mud found in the various scientific literatures

re summarized in Table 3.

It is apparent that the radionuclide concentration of nat-
ral origin in bauxites and red mud significantly exceeds
he world average for building materials (232Th = 50 Bq kg−1,

strial by-products used for building materials in the EU

Maximum activity concentration (Bq kg−1)

226Ra 232Th 40K

200 200 2000
1100 160 300
1100 300 1500
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Table 3
Radionuclide concentration of natural origin of bauxite and red mud [18,30]

Material Activity concentration (kBq kg−1)

238U 226Ra 232Th

Bauxite
ore

0.25 0.20
0.4–0.6 0.3–0.4

Bauxite from China 0.46 0.31 0.37
Bauxite from Guyana 0.08 0.05 0.23
Bauxite (typical) 0.5 0.4 0.4
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and radium in an alkaline medium are practically insoluble and
therefore remain the red mud.

Industrial by-products like red mud are mainly used as addi-
tives in the production of building materials. This has to be taken

Table 4
Recommended mixing ratios for the production of bricks (B), and special
cements (C)

Sign Compositions (wt%) of different bricks

Red mud Clay

B1 5 95
B2 10 90
B3 15 85
B4 20 80
B5 50 50
B6 100 –

Sign Compositions (wt%) of different cements

Lime Red mud Bauxite Gypsum Fly ash

C1 65 10 – – 25
C2 65 25 – – 10
ed mud 0.28 0.18
ed mud 0.26–0.54 0.122–0.335 0.34–0.50

26Ra = 50 Bq kg−1, 40K = 500 Bq kg−1) [30]. From this it can
e assumed that if radiological controls on these materials are
ot carried out before their use, the building materials produced
ill in some cases not comply with regulations.
Between 1940 and 1990, intensive bauxite mining and alu-

ina production was carried out in Hungary.
In the process of alumina production, approximately 1.0–1.6 t

f red mud is generated per ton of alumina. It is estimated that
ver 40 Mt of this waste remains in total in Hungary. The amount
f residue generated, per tonne of alumina produced, varies
reatly depending on the type of bauxite used, from 0.3 t for
igh grade bauxite to 2.5 t for very low grade.

During the ore processing of 1 t of bauxite, an amount of red
ud approximately equal to it or greater is generated (1–1.5 t).
Due to bauxite processing, a significant amount of red mud

ccumulated in Hungary. At this time, most of the red mud has
ried in the areas it has been stored. Based on international rec-
mmendations the possible use of red mud and bauxite as a
uilding material is under consideration.

According to previous investigations the level of radioactiv-
ty in Hungarian bauxites is almost identical to the values found
n international literature. Analyses of Hungarian radiological
nvestigations so far indicate that further radiological exami-
ations may be necessary, not only in Hungary but in other
ountries as well, if the material will be used by the building
ndustry.

During our work the radionuclide concentration of red mud,
nd other materials mentioned in the international literature were
nvestigated. Taking into consideration the radionuclide con-
entration values obtained, and those given in the international
iterature as well as the mixing ratios given in the mentioned
iterature, the effects of these materials were assessed from a
adiological point of view.

. Methods of measurements and calculation

.1. Sampling and sample preparations

Concerning bauxites, samples collected from several Hun-

arian bauxite mines (Csordakút, Fenyőfő, Halimba) were
xamined. A total of 46 bauxite samples were taken from
he exploited bauxite heaps, and the samples were milled and
omogenized.

C
C
C
C
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Red mud samples (a total of 58) came from the deposits of
wo alumina plants (Ajka and Almásfüzitő), which were filled
n between 1974 and 1990, and therefore at the present time
re already dry. Samples from the deposits were taken from the
urface and from different depths (100–200 cm).

Several clay samples used during brick production were also
ollected for analysis.

Samples were first dried in the air, then at a temperature of
05 ◦C until mass constancy was achieved.

The dried samples were stored for 30 days in air-tight alu-
inium Marinelli beakers with a volume of 600 cm3 in order to

ttain a radioactive equilibrium for 226Ra with its progeny.

.2. Gamma spectrometric analyses of samples

The concentrations of natural radionuclides were determined
y high-resolution gamma ray spectrometry, using an Eurisys
GNC 20-190-R n-type HPGe detector with an efficiency of
0% and an energy resolution of 1.8 keV at 1332.5 keV. The
amma spectra were recorded by a Tennelec PCA-MR 8192-
hannel analyser. Samples were measured for 60,000–80,000 s.
he system was calibrated using a red mud reference material
ertified by the Hungarian National Office of Measures.

The 226Ra concentrations were determined by measuring the
ctivities of its decay product 214Pb (352 keV) that were in sec-
lar equilibrium with 226Ra following the 30-day storage. The
ctivity of 40K was measured directly through its 1461 keV peak.
n the case of 232Th, the 911 keV peak of 228Ac as well as the
614 keV peak of 208Tl were measured [31,32]. This was made
ossible by the fact that in the case of thorium, a shift in radioac-
ive equilibrium is not expected during the processing due to the
utstandingly high pH value (pH ≈ 14) of the red mud. Thorium
3 50 15 35 – –

4 50 35 15 – –

5 47.5 15 30 7.5 –

6 47.5 30 15 7.5 –
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Table 5
Hungarian and international average (minimum–maximum) values of 226Ra, 232Th and 40K concentration of bauxite, red mud, lime, clay and gypsum

Sample Number of samples Activity concentration (Bq kg−1)

226Ra 232Th 40K

Hungarian samples
Bauxite 46 419 (132–791) 256 (118–472) 47 (10–82)
Red mud 58 347 (225–568) 283 (219–392) 48 (4.9–101)
Clay 7 39 (31.8–52.5) 59 (40.6–75.3) 688 (518–843)

International data
Bauxite 400 400
Red mud 122–335 341–496
Gypsum (world average) 10 10 80
Clay (world average) 50 50 670

50 50 500
760 117 441
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Table 6
Values of activity index “I” of brick mixtures taking the activity concentrations
measured by us, and those given in the international literature, into consideration

Sign Activity index “I”

Hungarian World

Minimum Maximum Average Average

B1 0.55 0.78 0.75 0.74
B2 0.62 0.95 0.85 0.83
B3 0.69 1.11 0.94 0.93
B4 0.75 1.27 1.04 1.03
B
B

r
m

p
t

1
t
a
in international literature gives similar values.

In case of cements which are used in relatively small amounts
in building work, limits of I ≤ 2 and I ≤ 6 must be complied with.

Table 7
Activity index “I” values of cement mixtures

Sign Activity index “I”

Hungarian World

Minimum Maximum Average Average

C1 2.42 7.94 0.98 0.97
C2 1.85 7.67 1.18 1.16
Lime (world average)
Fly ash (Hungarian average)

nto consideration, with the qualification that the recommended
imit values apply to the final products.

The recommended and applied mixing ratios, in this case, for
ricks and special cements, as given in different literature are
resented in Table 4.

. Results and discussion

.1. Radionuclides in the samples

The minimum, maximum and average values of the 226Ra,
32Th and 40K activity concentration of bauxite samples, the
ed mud, as well as the clay samples determined during the
rocessing, as well as the international values taken into con-
ideration by the calculations are summarized in Table 5.
he variation coefficients of the concentration measurements
ere 3–8% depending on the radionuclide and the activi-

ies measured. The lower limit of detection (LLD) for the
adionuclides were: 226Ra = 1.5 Bq kg−1, 232Th = 2.4 Bq kg−1

nd 40K = 3.3 Bq kg−1.
In accordance with international data, the activity concentra-

ion of radionuclides in the examined Hungarian bauxite samples
s relatively high. Radionuclides of natural origin found in baux-
te get mixed into the red mud during processing. No significant
ifferences were found between the activity concentration of
amples taken from the surface or at different depths.

The 232Th and 226Ra concentration measured in the red
ud samples significantly (5–7 times) exceeds the world aver-

ge (50–50 Bq kg−1) for radionuclide concentration in building
aterials [30]. At the same time their 40K concentration remains

ignificantly below the world average of 40K 500 Bq kg−1.
The activity concentration of 232Th and 40K in the examined

lay samples slightly exceeds the world average values for clays.

.2. Characterization of samples for use as building
lements
Index values “I”, calculated by taking the Hungarian and
nternational radionuclide concentrations into consideration, are
resented in next tables.

C
C
C
C

5 1.16 2.25 1.62 1.61

6 1.85 3.89 2.59 2.59

As the international and Hungarian data are similar, the
esults from Hungary can be applied to radiological risk esti-
ation in other countries as well.
Taking into consideration the dosage recommended for the

roduction of bricks and the measured radionuclide concentra-
ions, the activity index “I” presented in Table 6 was obtained.

Based on the above, for brick production in Hungary, up to
5% of red mud can be used. If a greater mixing ratio is used,
he criteria I ≤ 1 would not be complied with. Calculating the
ctivity index with the radionuclide concentrations mentioned
3 1.27 7.06 1.64 1.89

4 1.43 6.83 1.64 1.72

5 1.19 6.63 1.50 1.81

6 1.31 6.46 1.50 1.68
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ctivity indices for “I” for cements based on the average values
f examined samples are presented in Table 7.

If these guidelines are followed, all the end products would
e in accordance with the stricter 0.3 mSvy−1 regulation.

. Conclusions

On the whole, it can be stated that when either Hungarian
r international values are taken into consideration, looking at
heir average radionuclide content, red muds could be used in
mall amounts for brick production (e.g. as colouring agents).
owever, in case of amounts exceeding 15% the criteria I ≤ 1

or building materials would not be complied with.
For the production of cement, the dose limit of 0.3 mSvy−1

an be met in all cases. Therefore, the use of red mud and bauxite
n the production of special cements seems to be effective from

radiological aspect. In the case of brick production, the use
f the materials is only possible with a limited blending ratio.
s the maximum radionuclide concentration of the base mate-

ials may significantly differ from the average value, it would
e reasonable to check the components or the products from a
adiological aspect in all cases.
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