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The main goal of the presented research was the preliminary investigation of possibility of red
mud - Hungarian dump sites Almasfuzito (sample A) and Ajka (sample B) - application as a
pigment or as a raw material for use in the construction materials industry. Also, the aim of this
work was the characterization of red mud as industrial waste generated by the Bayer process in
the aluminum industry - which may cause environmental problems if appropriate treatment is
not carried out. The main mineral phases of both red mud are hematite (Fe,O3), calcite
(CaCO0;), gibbsite (Al(OH);) and they consists of particles of median particle size 2.1 pm (sam-
ple A) and 2.5 um (sample B) and have a characteristic red color, which was the reason for its
testing for use in the industry of building materials as a pigment for standard concrete mixtures.
The radionuclides content in the samples was determined by gamma spectrometry, and the ra-
diological hazards originating from 238U, 232Th, 40K in the samples, were assessed through the
radium equivalent activity, and the external radiation hazard index. The absorbed dose rate and
the annual effective dose were calculated in accordance with the UNSCEAR 2010 report and
the results are presented in this paper.
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INTRODUCTION

Red mud, or in other words ,,bauxite residue”, is
the waste generated during the Bayer's process of the
extraction of alumina from bauxite. The Bayer process
involves the digestion of crushed and ground bauxite
in a concentrated sodium hydroxide solution at tem-
peratures up to 270 °C and at high pressure. Under
these conditions, the majority of the aluminum-hy-
droxide is dissolved, leaving an insoluble residue that
is called red mud in the alumina refining industry. This
red mud is removed by settling/filtration [1].

It is estimated that 3 billion tons of red mud are
accumulated globally, with this amount increasing by
approximately 120 million tons per year [2]. Since this
material is a hazardous waste, predominantly due to its
high alkalinity and sodium-hydroxide content, and be-
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cause its safe deposition requires high cost invest-
ments, the research of environmentally friendly
industrial recycling is very important and present
worldwide. However, according to the European
Waste Catalogue (EWC) red mud is not categorized as
hazardous waste. Even if rare and critical elements are
aimed for extraction from red muds, a safer and more
favored way ofre-utilization is their use as additives in
construction materials. The most widespread use of
red or brown mud processing is in the construction in-
dustry (production of building components — bricks,
concrete blocks, ceramic materials, efc., concrete ag-
gregate, special cement, efc.). Brown mud obtained by
the calcination method contains suitable reactive com-
ponents, e. g. f-2 Ca0.Si0,, so it can be used (unlike
red mud) for direct bricks production [3] where it is
pressed into blocks and is calcined at a high tempera-
ture, while the compression strength of the produced
bricks reaches a value of 1.9 MPa [4].
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Mucsi et al. [5] investigated the utilization of red
mud in synthesis of geopolymers, and the optimal
quantity of red mud added to the fly ash geopolymer
was found to be 15 %. Due to the geopolymerisation
reactions new phases appears in the product, like
hydroxy-cancrinite, faujasite and thenardite.

According to an EPA report [6, 7] red mud after
neutralization is not classified as hazardous waste [8],
because in four tested hazardous properties
(corrosivity, reactivity, ignitability and toxicity ac-
cording to the toxicity characteristic leaching proce-
dure test (TCLP) it does not fulfill criteria for such
classification. Performed eco toxicity tests indicated
that neutralized red mud could be widely reused not
only as a building material, but also as a raw material
for metal production in the metallurgic industry or in
glass production. Because of its large surface, after ac-
tivation red mud becomes an excellent adsorbent and
coagulant which can be used in remediation of soil in
agriculture, the mining industry — neutralization of
Acid Mine Drainage [9], in removal of toxic metals in
waste treatment plants, in catalysis in the chemical in-
dustry, efc.

The generation of wastes is daily increasing with
the ever faster industrial development and environ-
mental control is becoming stricter, adequate legal re-
strictions and greater efforts of scientists are expected
in the future. Since the recycling of wastes or by-prod-
ucts is gaining more importance nowadays, research
related to these materials has been carried out in sev-
eral countries where waste or by-products are used as
additives for building materials [10-13]. A number of
researchers have noticed the clay-like structure of the
red mud when it is fired, and its possibility of becom-
ing a useful ceramic material. Red mud can be used in
the manufacturing of tiles, bricks and insulation mate-
rials [14, 15]. But it is known that many ores and raw
materials contain relatively high levels of natural
radionuclides, and processing such materials can
futher increase its concentrations. The radionuclides
are present in the bauxites in two major forms: ad-
sorbed ionic species on the hydroxide and clay mineral
grains, and as substituting ions or nanoscale oxide in-
clusions in the monazite and other REE-minerals. Ac-
cording to Bardossy et al. [16] 60 % of the Th and
100 % of'the U contained in the Hungarian bauxites is
retained in the red mud.

A ,universal” technique of disposal, manage-
ment and full utilization of red mud, an alumina pro-
duction waste, has not yet been developed. Character-
ization of this waste material can help in determining
its usage in different industries, or in revealing the
places and methods of management and disposal that
would come close to a technology harmless to the en-
vironment. The influence of hazardous elements and
radioactivity in red mud should be avoided when ap-
plying the red mud in the production of building mate-
rial.

The objective of this paper was to determine the
physicochemical, mineralogical and radiological
characteristics of two Hungarian red mud samples.
Characterization included determination of the
radionuclide content in two different samples of red
mud, as well as the mineralogical analysis of these
samples.

MATERIALS AND METHODS

The red mud (RM) samples were taken from two
Hungarian dump sites Almasfuzito (sample A) and
Ajka (sample B) tailing. After homogenization, ana-
lytical samples for characterization measurements
were prepared by Jones type splitter after drying and
disaggregation.

Mineralogical composition

The mineralogical composition was determined by
a Bruker D8 Advance XRD powder diffractometer
(Cu-Ka radiation, 40 kV, 40 mA) in parallel beam geom-
etry (Gobel-mirror). Patterns were recorded in the 2-70°
(260) range, with 0.007° (260) steps in 42 seconds, with a
Vantec-1 position sensitive detector (1° window open-
ing). Phase identification was made by Search/Match
(multiple iterations) on an I[CDD PDF2-Release (2012).
Quantitative evaluation was made by Rietveld-refine-
ment in the TOPAS4 software, using FPM based instru-
mental convolution (using SRM 640d Si), with crystal
structure data from the AMCSD database. The broad
peak fitting as an amorphous hump was used to test the
amorphous content. For phase identification we used the
following PDF cards: No: 01-074-7052 for cancrinite,
No: 00-0070324 for gibbsite, No: 00-001-1053 for he-
matite and No: 00-005-0586 for calcite phase identifica-
tion.

Physical and chemical properties

The particle size distribution (PSD) of the sam-
ple materials was measured by a HORIBA LA-950V2
laser diffraction particle size analyzer in wet mode us-
ing distilled water as the dispersing media. The geo-
metric (outer) specific surface area (SSA) was calcu-
lated using PSD data by the laser sizer software with a
Heywood (shape) factor of 1.

Radionuclide content in red mud

The content of radionuclides in the red mud sam-
ples was determined by gamma spectrometry. The sam-
ples were mechanically prepared (crushed and pulver-
ized) and placed in PVC cylindrical boxes. Masses of
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measured samples were approximately 100 g. Samples
were sealed with bee wax and measured after reaching
radioactive equilibrium. Radiological analysis was per-
formed by means of a semiconductor HPGe spectrome-
ter GX5019, Canberra (relative efficiency 55 %; resolu-
tion 1.75keV at 1332 keV (°Co), 0.830 keV at 122 keV
(*’Co),and 0.791 keV at 5.9 keV (*°Fe), associated with
standard beam supply electronics units.

The standardized solution of the common mix-
ture of gamma-emitting radionuclides, provided by
the Czech Metrological Institute [17], was used to pre-
pare the standards for the energy and efficiency cali-
bration of the spectrometer in accordance with JAEA
recommendations [18]. The measurement times were
255000 s and 181 000 s, for sample A and B, respec-
tively. Spectra were recorded and analyzed using the
Canberra Genie 2000 software; net areas of the peaks
were corrected for the background, dead time and co-
incidence summing effects (correction factors were
calculated in the GESPECOR software).

Quoted uncertainties (confidence level of 10)
were calculated by the error propagation calculation.
The combined standard uncertainties included the ef-
ficiency calibration uncertainty and the statistical un-
certainties of the recorded peaks, while uncertainty of
nuclear data and measured mass were neglected.

Dose assessment

The gamma ray radiation hazards due to the
specified radionuclides were assessed by the radium
equivalent activity (Ra.,) and external radiation haz-
ard index [19]. The radium equivalent activity (Ra,,)
and external radiation hazards (#,,) were calculated
according to eqs. (1) and (2)

(Ragy) = Cpo + 143 Cp #0077 C¢ (1)
x = % + CTh + CiK (2)
370 259 180

where Cr,, Crp, and Ck denotes specific activities (in
Bgkg ") of **Ra, %**Th, and *’K, respectively.

Further, the external gamma radiation absorbed
dose rate, D, in air at a height of 1 m above ground level
was calculated using eq. (3) with conversion factors: 0.462
(nGyh™)/(Bgkg™) for 238U, 0.604 (nGyh™")/(Bqkg ") for
22Th and 0.0417 (nGyh™)/( Bqkg™) for K [19].

D =0.462 Cg, +0.604 Cp, +0.0417 Cc ~ (3)

where D denotes the dose rate in nGyh‘I and Cr,, Crp,
and Ck denotes the specific activities in Bqkg .

Table 1. The main chemical constituents of red mud [%]

The annual outdoors effective dose was calcu-
lated utilizing a conversion coefficient of 0.7 Sv/Gy to
convert the absorbed dose in air into the effective dose
in the human body. This calculation takes into account
that people spend about 20 % of their time outdoors
(outdoor occupancy factor p is 0,2) and t is the 8,760 h
annual exposure time. The annual effective dose, D,
due to gamma radiation from soil was calculated as [19]

Dy =0.7Ditp (4)

RESULTS AND DISCUSSION

Structural analysis of red mud

The chemical composition, physicochemical
properties and mineralogy of red mud vary with the
type of the bauxite and the alumina production pro-
cess, and will change over time. The red mud can pose
a serious pollution hazard. Red mud is mainly com-
posed of coarse sand and fine particles. The chemical
composition of the two kinds of red mud determined
by the XRF analyzer is given in tab. 1.

It can be seen in tab. 1 that the main chemical
components of red mud are Fe,05, Al,03, Si0O,, CaO,
Na,0, and TiO. The CaO and SiO, contents of sample
B (Ajka red mud) are slightly higher than that of sam-
ple A red mud, but its Fe,O; content is lower.

The XRD patterns of the red mud sample A and
sample B are shown in fig. 1

The mineralogical composition of the investigated
red mud samples is given in tab. 2. The mineralogical
composition of the red mud depends on the mineral com-

Ajka red mud
— Almasfuzito red mud
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Figure 1. XRD patterns of the red mud samples;
hematite (Fe,03) — marked by a solid star symbol,
calcite (CaCO;) — marked by a clear circle symbol,
cancrinite (NasCaAlsSis0,4(CO3), — marked by a solid cir-
cle symbol), gibbsite (Al(OH); — marked by a solid rhombus
symbol)

Chemical constituent Fe O3 AlLO3 SiO, CaO Na,O TiO, V,05 Sc,O3 | Loss on ignition
. 8.60 0.34 0.76 9.82

Almasfuzito red mud 25.13 19.24 7.52 22.84 5.75 708 0.68 0.92 1254

Ajka red mud 23.11 20.18 8.45 | 23.79 6.35
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Table 2. Mineralogical composition of red mud samples

Mineral (Almasfusz??;prleed[?nud) [%] (Ajkas raé?lprifug) [%]
Hematite 45.47 49.95
Calcite 7.93 8.64
Cancrinite 35.48 12.38
Gibbsite 9.32 2.89
Siderite — 2.15
Bohmite — 6.34
Hydrogranate - 17.65
Lime 1.8 -

position of the source material — bauxite. Bauxite is a
multiphase ore that may contain, according to some ref-
erences, more than a hundred minerals. Its essential con-
stituents, however, are the minerals of aluminum, iron,
silicon, titanium, calcium, magnesium, etc. Depending
on the type of mineral deposits, the amounts of the essen-
tial and accessory minerals may vary within wide ranges.
Aluminum is contained in bauxite in the form of hydrous
oxides: hydrargillite, boehmite and diaspore, and at
lower rates as corundum (Al,O;) or various
aluminosilicates. Aluminum minerals are naturally con-
centrated and mixed in ores with many metals and
petrogenic minerals. The most abundant gangue mineral
in bauxites is free silica (various forms of crystalline
Si0,) or bound silicon oxide (in the form of
aluminosilicates, commonly kaolinite). Iron in bauxite
occurs in various minerals forming the principal waste
(red mud) component. Iron minerals are hematite, mag-
netite, hydrohematite, goethite, and limonite. Its princi-
pal carbonates are siderite and ankerite. The commonest
in bauxite are hematite and goethite, and less common
are magnetite and limonite. Titanium is almost always
found in bauxites, in the form of rutile, anatase or
brookite. Bound titanium dioxide may be contained in
bauxites in the form of sphene, perovskite or ilmenite.
Carbonate constituents are calcite, magnesite, dolomite,
hydromagnesite, and ankerite [20].

The red mud considered in this work largely de-
pends on chemical and mineral compositions of the
mineral ore, grinding fineness and effective leaching
(decomposition). From the XRD patterns (fig. 1) it can
be seen that the main mineral phases of red mud are he-
matite (Fe,0O;), calcite (CaCO;), gibbsite (Al(OH),),
etc. Itis indicated that the examined samples have obvi-
ously different mineral compositions. An amorphous
content was not detected.

The particles size distribution of the two kinds of
red mud is shown in fig. 2. It can be seen that the sample
B (Ajka red mud) particle size distribution is slightly
finer, in the size range below 3 pm with a median parti-
cle size value of 2.1 um. Compared with sample B
(Ajka red mud), the sample A (Almasfuzito red mud)
has a relatively coarser particle size distribution. The
median particle size of sample A (Almasfuzito red mud)
is 2.5 pm.
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Figure 2. Particle size distribution of red mud samples

The measured values of the density of red mud
are 3.19 gcm > and 3.03 gcm 3 for sample B (Ajka red
mud) and sample A (Almasfuzito red mud), respec-
tively. The differences of particle size and density val-
ues have a significant influences on the performances
of red mud as the raw materials for cement and con-
crete. The geometric specific surface area of the Ajka
and Almasfuzito red mud samples was 12450 cm?g™!
and 11970 cm?g ™!, respectively. Therefore, it can be
summarized that the fineness of the two samples was
very similar.

The chemical and mineralogical composition
and the particle size distribution of red mud samples
are different. This is a reason for the different proper-
ties of the two kinds of red mud.

Radiolgical analysis of red mud samples

The presence of the natural radionuclides, mem-
bers of the uranium and thorium radioactive series, in red
mud can represent an important issue in further utiliza-
tion of this material.

As it was said before, radiological analysis of
two different red mud samples was performed by us-
ing the gamma ray spectrometry system. Naturally oc-
curring radionuclides, members of the uranium and
thorium series and “°K were detected. The presence of
artificial radionuclides was not detected. The content
of 137Cs was below the detection limit (<0.3 Bgkg ™).
Obtained specific activities expressed in Bgkg ™! of dry
mass, as well as those from previously published pa-
pers, are given in tab. 3.

The obtained results for >?°Ra and 2**Th were
mostly within the ranges that can be found in the litera-
ture for this kind of sample, and significantly higher
than the world average for building materials. Mea-
sured specific activities of “°K were mostly below
quoted values, and much lower than the world average
for building materials [21-23].



S. S. Nenadovié, ef al.: Physicochemical, Mineralogical and Radiological ...
Nuclear Technology & Radiation Protection: Year 2017, Vol. 32, No. 3, pp. 261-266 265

Table 3. 232Th, 226Ra, and YK activity concentrations in
the red mud samples

227 226p 4 ‘ a0
Measured in this study [Bqkg™']

Red mud samples

Sample A (Almasfuzito
red mud)

Sample B (Ajka red mud)| 298 + 15| 473 +32 248+ 1.6

Mean value (range), previous
studies [Bqkg™']

364+ 18| 185+10 |17.5+1.5

Almasfuzito, Hungary 103 294 103
[20] (47-212) | (102-506) | (47-212)

Ajka, Bayer red mud, 292 360 48
Hungary [20] (285-380)| (150-700) | (5-101)

Bayer red mud from 404 302 113
Guizhou, China [21]  |(360-475)| (125-620) | (67-247)

Sintering red mud from 389 276 87
Guizhou, China [21] |(340-450)| (95-570) | (58-164)

World average for 50 50 500

building materials [22]

Regarding radioactivity, tab. 3 shows that the
previously investigated red mud type Almasfuzito
[20] has significantly (more than 3 times) lower con-
tents of thorium, but a higher content of 2*Ra than the
one measured in this study. The biggest difference
compared to results from [20] was for the “°K content
— more than five times.

The differences in the measured activity of the
sample of Ajka red mud in this and the previous study
[20] are not so pronounced.

The observed differences in measured red mud
samples indicates a different type of aluminum ore -
bauxites. Some of the Hungarin bauxites contain sig-
nificant amounts of monazite as accessory minerals,
which always have a Th content [24]. The bulk bauxite
samples posses 10-100 ppm U and Th contents [25].

The obtained calculated values of radium equiv-
alent activity, external radiation hazard index, ab-
sorbed dose rate from outdoors terrestrial gamma radi-
ation and the annual effective dose rate are given in
tab. 4.

By comparing parameters Ra,g, H,, D, and Dg
with parameters related to soil investigation of
Nenadovic ef al. [26], it can be concluded that higher
values were obtained.

CONCLUSIONS

According to the measurements and discussion
both kinds of red mud (Almasfuzito and Ajka red mud)
have the possibility of large scale application in the
production of cement mixtures, but further investiga-

Table 4. Radium equivalent activity, external radiation
hazard index, absorbed dose rate and annual effective
dose

Samples [BRﬁe"fl Hf"fl D - D
akg '] | [Bgkg'] | [nGyh™] | [mSv]

Sample A | 706.87 1.91 306.06 0.375

Sample B | 901.05 2.43 399.55 0.490

tion is necessary to study the long-term behaviour.
Compared with the previously analyzed samples from
Hungary in other studies, the measured samples have a
comparable concentration of >*°Ra and similar con-
centration of 232Th, but a significantly lower concen-
tration of *°K. Also, it can be concluded that both
sintered red mud and Bayer red mud have higher val-
ues of radium and thorium concentrations than the
world average for building materials, whereas for “°K
the opposite conclusion can be made.

Also, the possible use of red mud as a pigment in
the construction materials industry (or any other where
itrepresents a certain percentage of the final product) is
restricted to adding a small percentage of this material
in the final product, in order not to increase the activity
of the final building materials. At the same time it has
been noticed that there is a difference in the mineral
composition which can affect to the differences relating
the natural radioactivity of the sample.
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OU3NIKO-XEMUNICKA, MUHEPOJIONKA U PAIUOJOMNKA CBOJCTBA Y30PAKA
HOPBEHOTI MYJ/bA KAO CEKYHIAPHOI CUPOBUHCKOI' MATEPUJAIIA

I'maBHY Wb UCTPaskUBakba OUO je IPETMMUHAPHO UCMUTUBAKHE MOTYRHOCTH IPEMEHE HPBEHOT
MyJsba (Mabapcke aenonunje Almasfuzito (y3opak A) u Ajka (y3opak b)) Kao nurmeHTa uiim Kao CHpOBUHE 3a
ynotpelOy y mHAyCcTpuju rpabeBuHCcKOr maTepujana. Takobe, iusb OBOT pajia 6MO je KapakTepwusaiuja
LPBEHOT MyJ/ba Kao HHJYCTPHUjCKOT OTINaja KOjU je Mpou3BefeH bajepoBuM HpouecoM y WHAYCTPUjA
aNyMUHHUjyMa — KOjH MOKE Y3POKOBATH MHpOONeMe y KUBOTHOj CPEIMHM akO ce He TpeTupa Ha
onrosapajyhu HauunH. [1aBHe MuHepasHe ase 06a upBeHa Mysba cy xemaTut (Fe,05), kanuut (CaCO;) u
ru6eut (Al(OH),). OHu ce cacToje off yecTHia cpefmbe BenudnHe 2.1 um (y3opak A) u 2.5 pm (y3opak B)
KapakTEepUCTHIHE Cy UpBeHe Goje, ITO je GHO PasiIor 3a BUXOBO TECTHPakhe 33 YIOTPEOy Y HHAYCTPHjH
rpabeBUHCKIX MaTepHjalia Kao UTMEHTA Y CTaHap/AHUM MelIaBuHaMa OeTona. Cajpkaj pajiOHyKIia y
y3opuuMa oipeheH je rama CieKTpOMETPH]CKH, a PaMOJIOIIK] PU3KK YCIIeN u3noxenoctu 228U, 232U, 40K
NPUCYTHUX Y y30pLUMa, HNPOLCHI-CH je NMPEeKO pPajijyM EKBHBAJICHT HHJIEKCAa U EKCTEpHOr HHJeKca
pajnjanoHoOr pu3uKa. Y pajy Cy NpUKa3aHH pe3yaTaTd NpolieHe jaumHe ancopOoBane jgo3e (D) m
ropuise epextusHe fo3e (E), umje cy BperHOCTH M3pauyHaTe y ckitafy ca m3BemrajeM UNSCEAR 2010.

Kwyune peuu: zama-ciiekiipomeitipuja, upseru mysn, HOPM, munepaarnu cacinias,
Qusuuko-xemujcka ceojcitiea



