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Assignificant amount of red mud generated as a by-product of the Bayer process in the alumi-

num industry may cause environmental problems if appropriate treatment is not carried out.
The presented research dealt with the possibility of application of red mud as a pigment or as
raw material for use in the construction material industry. In relation to the aim of this work,
the physicochemical characterization was performed and the natural radioactivity of red mud
as an industrial waste and a geopolymer sample based on it was determined. The presented re-
search is a contribution to the potential solution for environmental protection through the
synthesis of possible construction material based on red mud. The radiological hazard
orginating from 226Ra, 232Th, and 4°K in the samples was assesed throught the absorbed dose
rate and the annual effective dose rate, calculated in accordance with the UNSCEAR 2010 re-
port. Physicochemical characterization of all samples was conducted using X-ray diffraction
and diffuse reflectance infrared Fourier transform spectroscopy.
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INTRODUCTION

Geopolymers are an aluminosilicate three-di-
mensional network structure that is formed from the
reaction between an aluminosilicate-rich precursor
and an alkaline activated solution. The process of
making a geopolymer sample is performed in three
stages: the process of dissolution of an aluminosilicate
precursor to liberate aluminate and silicate species that
hydrolyze and produce monomers; condensation
where the monomers are rearranged by co-sharing the
oxygen atoms to produce an oligomers gel and create
larger networks and the last stage occurs when the
mixture becomes oversaturated with the aluminosili-
cate gel which increases the connectivity of the net-
work and the gel starts to harden [1]. Waste materials
like red mud are utilized as the precursors, because of
the presence of unreacted, silica and alumina. The acti-
vator solution contains alkali, silica, and water. Red
mud does not have enough Si and Al content, so it is
necessary to enrich it using metakaolin as their source.
These two precursors (red mud and metakaolin) are
mixed with an activator solution that causes a reaction
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which produces a disordered alkali aluminosilicate
gel. Red mud (RM) is a reddish suspension-like waste
product obtained from the Bayer process in the alumi-
num industry with an average specific density higher
than 2.9 gcm 3. The RM is mainly made up of oxides
of iron, aluminum, silicon, and titanium. The high al-
kali content (pH up to 12) comes from the nature of the
Bayer process where a high residual percentage of the
sodium alkaline solution remains in a waste product
(RM) [2]. Although the RM is usually considered as an
inert waste material, depending on the process auto-
mation, RM can exhibit high alkalinity as well as a cor-
rosive nature [3]. Because of its alkaline nature its dis-
posal is an important environmental issue. In the cases
when the dump or basins for the RM disposal are not
equipped with the adequate geo-membrane protection
the potential leaking into the soil or ground waters can
be one of the most urgent environmental issues. It is re-
ported that 0.8-1.5 tons of red mud is generated per ton
of alumina produced [4]. A lot of research has reported
on the potential re-use of RM in the brick industry, the
industry of construction materials or roads construc-
tion. The presented research here is another contribu-
tion to the potential solution of this environmental is-
sue through the synthesis of potential construction
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material based on RM (geopolymers). In the process
of geopolymerization the RM is used as the alumino-
silicate source which is alkali activated creating a 3-D
structure similar to the polymers. Because of its up-
grading properties (mechanical properties, corrosion
resistance, resistance to aggressive environments, re-
sistance to high or low temperatures), a geopolymer
offers a lot of application possibilities in the construc-
tion industry. The full understanding of its nature is of
utmost importance for further processing.

The content of naturally occurring radionuclides
in manufactured building material products [5-7] is
important from the standpoint of radiation protection.
Gamma radiation of the primordial radionuclides (*°K
and members of the uranium and thorium series) in-
creases the external gamma dose rate [8, 9].

Inrecent years, considerable research and devel-
opment work for the comprehensive utilizations of red
mud have been put into practice all over the world, but
to date very few technologically and economically vi-
able solutions have been found [ 10]. Studies on the uti-
lization of red mud for making efficient and
low-priced building materials namely ordinary Port-
land cement [11], clay-based ceramics [12], bricks
[13] and glass-ceramics [14, 15] have been reported.
However, more and more precedence is being given to
limiting the radiological dose of building materials on
the population these days. Since RM contains radioac-
tive elements like ?°Ra and 23?Th, this may be another
key problem for the further utilization of red mud.

The aim of this research was to investigate the
possible influence of polymerization processes on the
natural radioactivity of alkali-aluminum materials
synthesized by metakaolin and red mud as a byproduct
of the Bayer process of obtaining alumina from the
Aluminum Factory, Podgorica. Calcium hydroxide is
added due to a formation of the calcium silicate hy-
droxide gel (CSH) under low alkalinity conditions.
The presence of CSH can boost the mechanical prop-
erties, especially compressive strength. Through the
understanding of the role that calcium plays in the
geopolymer we can also explain the product's radio-
logical and physicochemical properties. FTIR and
XRD analysis were used to monitor the forming of
new chemical bonds during the synthesis, and specific
activities of natural radionuclides (**°Ra, 23*Th, and
40K)) were determined by gamma spectrometry mea-
surements.

EXPERIMENTAL RESEARCH

Raw materials

Metakaolin (MK) was obtained by thermal treat-
ment of kaolinite from the welding electrode produc-
tion process in the Company “Piva”, Montenegro. In
the solid main raw material metakaolin, the red mud as

a by-product of the Bayer process of obtaining alu-
mina from the Aluminum Factory, Podgorica, is
added.

The raw mixtures (solid part) were used in this
research: metakaolin (80 wt. %), red mud (15 wt. %)
and Ca(OH), (P. A. purity) (5 wt, %). Si/Al ratio is
1.48 (GPRM class of specimens).

The alkaline solution was prepared from sodium
silicate (Merck, Na,O: SiO, = 3.4, Na,O 7.5-8.5 %,
Si0, 25.5-28.5 %, and d = 1.347 gem™). and 4 mol
dm NaOH (analytical grade, Merc). A volume ratio of
Na,Si03/NaOH was 2.5. The reference geopolymer
(GPRM) was formed from metakaolin/red mud and the
alkaline solution (solid/liquid ratio (S/L) was 1.45).

Methodology of alkali treatment
activation of metakaolin/red mud

The specimens were prepared according to the

following procedure:

— sieving of raw-mixture components through a
250 pm sieve,

— homogenization of pulp by mixing of the solid and
liquid components of the raw mixture,

— molding into cylindrical containers dimensions
(d=33mm, 7 =17 mm),

— keeping specimens closed at 25 °C for the duration
of 3 hours,

— drying of the specimens at 60 °C for the duration
of 2 hours, and

— air aging of the specimens closed for the duration
of 24 hours and opened for 7, 14,21, and 28 days.

Materials characterization
XRD methods

All samples were characterized by X-ray
diffractometry (XRD) by using an Ultima IV Rigaku
diffractometer, equipped by with Cu Ka,, , radiation,
with generator voltage 40.0 kV and generator current
40.0 mA. The range of 5°-80° 26 was used for all pow-
ders in a continuous scan mode with a scanning step
size of 0.02° at a scan rate of 2 °/min.

DRIFT spectroscopy

Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) is a cheap, fast and non-de-
structive way of evaluating clay minerals and their
products [16]. Drift spectra were obtained using the
Perkin-Elmer FTIR spectrometer. Approximately 5 %
samples were dispersed in oven-dried spectroscopic
grade KBr with the refractive index of 1.559 and parti-
cle size of 5-20 um. Background KBr spectra were ob-
tained and spectra rationed to the background. The
spectra were scanned at 4 cm! resolution and collected
in the mid-IR region from 4000 to 400 cm™'.
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Gamma spectrometry

The specific activities of naturally occurring
radionuclides in the samples were determined by
gamma spectrometry. The samples were mechanically
prepared and measured in PVC cylindrical containers
(125 cm?). Samples were sealed in order to reach ra-
dioactive equilibrium between >?°Ra and its daughter
products. A radiological analysis was performed by
means of a coaxial semiconductor high purity germa-
nium (HPGe) detector (Canberra GC5019, with 50 %
relative efficiency and 1.8 keV resolution for ®*Co at
the 1332 keV line) associated with standard beam sup-
ply electronics units. A certified solution of mixed
gamma-emitting radionuclides (>**'Am, '°°Cd, 1*Ce,
57C0, 60C0, 137CS, 2O3Hg, ”3Sn, SSSI’, and 88Y)’ pur-
chased from the Czech Metrology Institute (CMI) and
traceable to BIPM, was used for the preparation of
standards for the energy and efficiency calibration of
the spectrometer in accordance with TAEA recommen-
dations [17]. Obtained efficiencies were corrected for
the coincidence summing effect using the correction
factors obtained by EFTRAN software [18]. All spec-
tra were recorded and analyzed using the Canberra
Genie 2000 software; net areas of the peaks were cor-
rected for the dead time, background and coinci-
dence summing effects. The measurement times were
60 000 s. The obtained specific activities are given in
tab. 1. Artificial radionuclide '37Cs was below detec-
tion limits. Quoted uncertainties (the confidence level
of 20) were calculated by the error propagation calcu-
lation. The combined standard uncertainties included
the efficiency calibration uncertainty and the statisti-
cal uncertainties of the recorded peaks.

RESULTS AND DISCUSSION

Metakaolin and red mud precursors (solid
phase) are mixed with an activator solution (liquid
phase) that causes a reaction which produces a disor-
dered alkali aluminosilicate gel — red mud based

Table 1. Activity concentration (in Bgkg™) of natural
radionuclides in RM and GPRM with associated
measurement uncertainties (k = 2)

Radionuclides ACthlt{Bc;]?gcgr]ltratlon Activity ratio
RM GPRM GPRM/RM
B7Cs <0.3 <0.5

210pp 90 + 30 3343 0.37+0.13
214pp 156 + 8 54+3 0.35+0.03
214Bj 158 +9 50.0+£4.6 | 0.32+0.03
26Ra 157+9 52 +4 0.33 +0.03
B8y 170 + 40 44+5 0.26 +0.07
3y 9.9+0.6 1.69+0.14 | 0.17+0.02
B2Th (P*Ac) | 430 +22 86 + 4 0.20 +0.01
R 80+5 440 + 20 5.50 +0.43

geopolymer. Physicochemical characterization was
conducted using XRD and DRIFTS while radiological
analysis was done by gamma spectroscopy.

XRD analysis

Figure 1 shows the XRD pattern of RM and
GPRM. The XRD patterns of the phase are referred from
the ICCD base of the PDXL2 software. Mineralogical
composition of the red mud depends on the mineral com-
position of the source material — bauxite a multiphase ore
that may contain more than a hundred minerals of vari-
ous grinding fineness and decomposition [19]. The min-
erals aluminum, iron, silicon, titanium, calcium, magne-
sium are essential constituents. Depending on the type of
mineral deposits, the amounts of the essential and acces-
sory minerals may vary within wide ranges [20]. From
fig. 1 it can be seen that the main components are hema-
tite (Fe,O;) (ICDD No. 01-085-0599), gibbsite (Al
(OH);) (ICDD No. 01-070-2038), and rutile (TiO,)
(ICDD No. 01-075-1750). In addition to these minerals,
some research has shown the presence of other minerals:
calcite (CaCO;) and cancrinite (NazCa,AlsSig
0,4(CO3),), which are not found in red mud of
Montenegrin origins [20].

The geopolymer is formed by the alkaline activa-
tion of the solid phase (metakaolin and red mud) with an
alkaline activator. The characteristic halo that appears in
the geopolymer in the range of 2 from 20 to 35 is poorly
expressed. Figure 1(b) shows that the main crystal
phases of geopolymer are quartz (SiO,) (ICDD No.
01-089-8936), muscovite (KAL(AISi;O,,)(F,0H),)
(ICDD No. 00-002-0058) and a minor crystal phase
(grossular (Ca;Al,(SiO,4);) (ICDD No. 01-072-1491)
appeared in the sample obtained during the process of
making the geopolymer. Wider research on
red-mud-based geopolymers points also to the potential
presence of muscovite [21] and quartz [22]. Generally
the content of red mud depends on bauxite quality and
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Figure 1. XRD pattern of red mud (a) and the
geopolymer based on red mud (b)
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content. What is particular for the Podgorica red mud is
quite a significant presence of hydrate Fe oxides.
Grossular is a calcium-aluminum species of the garnet
group of minerals. In part, the calcium may be replaced
by Iron (II). Also, the aluminum from grossular may be
replaced by Iron (III) which is presented in red mud.
Peaks corresponding to hematite found in red mud over-
lap with peaks that correspond to other crystalline phases
in the geopolymer sample.

DRIFT spectra of red mud and geopolymer

DRIFT is more applicable to powders but is lim-
ited to some extent by the Restrahlen effects where the
particle size and the incident IR wavelengths create in-
terference effects. These effects appear toward the
low-frequency region, normally below 1000 cm™'.
Such effects are minimized by mixing the sample with
KBr at the 5 % level [16].

The DRIFT spectra of RM and GPRM are shown
in fig. 2. Figure 2(a) shows small but sharp bands that
occurred around 3619 and 3529 ¢cm™! and small dif-
fuse bands at 3290 and 3096 cm'. These may be due
to the stretching vibrations of O-H bonds and H-O-H
bending vibrations of the interlayer adsorbed H,O
molecule [23]. Stretching vibrations of C=0 are found
at 1451 cm™! confirming the presence of carbonate
groups [24]. The main reason being the presence of
chemisorbed CO, in RM or which might be formed
from the remaining unreacted activator solution and
CO, [25]. The Si-O stretching band is located in the
range of 1000-1200 cm™!, whilst the Si-O bending
bands are found at 800 cm™' and in the range of
890-975 cm!. The band at approximately 1100 cm ™! is
assigned to the Si-O stretching in tetrahedrons
[26-28]. Characteristic bands of Si-O and O-Si-O
group are observed at 1007 cm™! confirming the pres-
ence of silicate groups. A minor stretching vibration of
Fe-O is observed in the region around 470 cm™'.
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Figure 2. DRIFT spectra of red mud (a) and geopolymer
samples (b)

As a result of the alkaline activation process of
the metakaolin/red mud precursor a geopolymer sam-
ple was obtained. The Si-O-Al asymmetric stretch
band overlaps with peaks which correspond to the
Si-O or Si-O-Si stretching vibrations. The strong and
broad peak is centered around 1014 cm™ fig. 2(b). The
peak at 1654 cmi”! corresponds to the H-O-H bending
vibration.

A peak at 1438 cm! belongs to the O-C-O
stretching vibration of the carbonate phase which is
shifted in relation to the red mud. The peaks at 1100-473
cm! inrelation to Si-O-Si, Al-O-Si are asymmetric and
symmetric stretching and bending vibrations. As a re-
sult of red mud addition some peaks are shifted to a
smaller or larger wavelength (473 to 482 cm™!, 564 to
565 cm™). It shows that slight differences in newly
formed phases can be observed due to red mud addition.
However, the most significant change was detected
concerning the carbonate peak which was shifted from
1451 to 1438 cm™!, at the same time the peak is broadest
probably due to red mud addition indicating the change
in the concentration of carbonate compounds.

Radiological analysis

Results of gamma spectrometric analysis are
given in tab. 1, and based on these values the dose cal-
culations were performed.

Measurement results showed that specific activ-
ities of the synthesized geopolymer were mostly sig-
nificantly lower than those in the RM sample. For the
members of the uranium series the activity ratio was
statistically the same. This ratio was slightly lower for
232Th and ?*3U, while for *’K it has a comparably high
value.

In previous studies Puertas ef al, [29] confirmed
on a series of samples that the activity concentration of
the hydrated or activated end product by unit of mass is
slightly lower than in the anhydrous material because
of the presence of water. The extent of the decline
closely parallels the proportion of hydration of wa-
ter/water hydration (40-50 %). However, in our re-
search we monitored the change in radioactivity after
the polymerization process, i. e. the geopolymer syn-
thesis.

A definite conclusion regarding the influence of
polymerization processes on the natural radioactivity
of'ared mud based geopolymer cannot be deduced due
to the fact that RM was added to a kaolinite in a certain
amount. At the same time, *’K specific activity in the
end product has increased notably, which could be ex-
pected due to the fact that kaolinite is derived from
clay, which is (in most cases) rich in potassium, and
therefore with the *°K isotope. In summary, a total spe-
cific activity of RM is more than two times higher than
the total specific activity of the geopolymer based on
it. This conclusion could be affirmative concerning the
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potential solution for environmental protection,
through the synthesis of the geopolymer based on RM
as a possible construction material.

Dose calculations

In order to estimate the possible health effects due
to the exposure to natural radionuclides present in the
measured samples the radium equivalent activity,
Ra,, [Bgkg™], the external hazard index, H,, [Bqkg '],
absorbed gamma dose rate D (nGyh™), and annual ef-
fective dose rate EDR (mSvy™') were calculated and
presented in tab. 2. All the calculations were performed
under the assumption that investigated matrices will be
used as construction materials.

The radium equivalent activity was used to esti-
mate the hazard associated with materials that contain
226Ra, 32Th, and *°K. The external radiation hazard
index reflects the external radiation hazard due to the
emitted gamma radiation. The radiation hazard is in-
significant if it's value is less than unity, which corre-
sponds to 370 Bgkg™' of radium equivalent activity.
The values of these indicators of exposure were calcu-
lated according to eqs. (1) and (2), respectively, [30]

Ragy = Ag, +1434, +00774y (1)
Ay, A, A

L =oRe  ATh, 4K
370 259 4180

where Ag,, Ah, and Ag denotes specific activities of
2Ra, #**Th, and *K in Bqkg .

The gamma radiation absorbed dose rate, D, in
the air due to radionuclides 22°Ra, 232Th, and “°K in the
measured samples was calculated using eq. (3) [31]

D[nGyh™'1=092Cp, +11Cy, +008Cyx  (3)

H

(@)

The annual effective dose rate, EDR [mSvy™'],
was estimated utilizing a conversion coefficient of
0.7 SvGy ' to convert the absorbed dose in the air into
the effective dose in the human body, assuming that
the annual exposure time is 7000 h and using the eq.
4, [9,31]

EDR[mSvy ~']1=07[SvGy "'17000[h]D[ uGyh ' ](4)

Table 2 presents the calculated values of the ra-
dium equivalent activity (Ra,), radiation hazards
(H,,), absorbed dose rate (D), and annual effective
dose rate (EDR) due to radionuclides present in red

Table 2. Calculated radium equivalent activity, external
radiation hazard index, external absorbed dose rate and
annual effective dose rate

Sample Rae‘il Hex—l D -1 EDRfl
[Bakg ] | [Bakg ] | [nGyh | | [mSvy ]

Red mud

(RM) 778.06 2.104 623.84 3.057

Geopolymer
(GPRM) 208.86 0.578 177.64 0.870

Table 3. K, **Ra, and **Th activity concentration of the
RM samples

Radionuclide cqulcentration
Red mud sample [Bgkg ]
2R, 227, a0
Bayer red mud from
Guizhou, China [32] 302 389 113
Bayer red mud from
Hungary [33] 360 292 48
Bayer red mud from
Montenegro 157 440 80
Geopolymer, Montenegro 52 80 440
World average of building 40 30 400
materials [9]

mud and geopolymer samples. As can be seen from
tab. 2, the dose assessment indicates that the synthe-
sized material is considerably more suitable from the
radiological point of view for a promising construc-
tion material.

Several authors have measured the content of
naturally occurring radionuclides in RM and their re-
sults, in comparison with the world average for build-
ing materials and those obtained in this study are pre-
sented in tab. 3.

Compared with the samples from China and Hun-
gary, our samples have a relatively low concentration of
226Ra and high concentration of 2**Th. However, com-
pared with the world average for building materials, the
values of radium and thorium specific activities in red
mud are significantly higher, so their use in the building
industry should be restricted in accordance with the re-
quirements of radiological protection.

CONCLUSIONS

XRD analysis of the red mud and geopolymer
sample shows the present phase of the red mud that
was used as a monomer in the polymerization process
and presents a new crystal phase in the geopolymer
sample. By using XRD and DRIFT analysis the pro-
cess of polymerization after 28 days and formation of a
new bond in the geopolymer sample were followed.

In these investigations the ratio of natural
radionuclides during the polymerization process is
monitored. Using the obtained results, one can con-
clude that after alkaline activation of red mud, the de-
crease of specific radioactivity was measured/detected
in comparison to red mud. So, the lowest values of the
specific activity of naturally occurring radionuclides
were measured in inorganic polymers (geopolymers).
From the aspect of the natural radioactive obtained
material (geopolymers) it can be recommended as a
potential building material. This research confirmed
that during the polymerization process the natural ra-
dioactivity is reduced, i. e. a process of an activation of
red mud has influence on the natural radioactivity of
the precursor.
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Despite these promising results, the mixtures
composed of red mud and other matrix components
that are used in building material factories must be in-
vestigated, since certain components can have an ef-
fect on one another, which in turn can cause a poten-
tially harmful final structure. Data obtained in this
research recommend the use of red mud as an ecologi-
cal material for the synthesis of future promising
building materials.

Also, when metakaolin is used alone in the pro-
cess of geopolymerization natural radioactivity is re-
duced after the geopolymerization [34]. Due to the po-
tential application of these kinds' of materials in the
construction industry this presents very important in-
formation.
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PATUOIIOMKE N ®U3NIKO-XEMUIJCKE KAPAKTEPUCTUKE
I'EOIIOJIMMEPA HA BA3HU HPBEHOI' MYJ/bA

3HavajHa KOIMYMHA I[PBEHOT MyJba KOja ce TeHepHIle Kao Hyc-ipon3Bof bajeposor nponeca y
WHAYCTPHjU aJTyMUHUjyMa MOKE y3POKOBATH MpobiieMe y JKUBOTHO] CPEIMHN aKO ce HE TPEy3My Ofiro-
Bapajyhn tpermann. [Ipukasano ncrpaxusame GaBmio ce Moryhmomthy mpumene npseHor mysba Kao
IUIMEHTA WM KAO CHPOBUHE 32 yIOTPeOy y HHAYCTPHjH rpabeBHHCKIX MaTepujaa. Y Be3H Ca LHIbeM OBOT
pafa, ypabena je (hu3imuKo-XeMmijcKa KapakTepusanuja i ofpehesa NpupofHa pajuoaK THBHOCT IPBEHOT
MyJba Kao MHAYCTPHjCKOT OTNa/a, Ka0 M reonoImMepa Ha 6a3u IpBeHOT MyJsba. [Ipnka3aHno ncTpaxknBame
IpecTaBiba JONPUHOC TOTEHIMjaTHOM pellekhYy 3allTUTE XMUBOTHE CpeIWHE KpO3 CHHTE3y Moryher
rpabheBHHCKOT MaTepHjalia — reonoauMepa Ha 6a3u [PBEHOT MyJba. PalnoIoliKka onacHOCT KOja MOTHYe Off
226Ra, 232Th, u **K y y30pumma nponemheHa je Kpo3 ancop0oBaHy jaurHy 03€ U TOUIIIbY ePeKTUBHY jaunHy
mo3e, n3pauyHary y ckiafy ca uzBemrajeM UNSCEAR 2010. ®u3nuko-xeMujcka KapakTepu3alyja CBUX
y30paka crpoBefieHa je nomohy penprencke augpakuyje 1 DRIFT cnekTpockonuje.

Kwyune peuu: amoppru maitiepujan, Mukpociupykiiypa, iuzmerit, yp8eHu mMysm, CileKIUpockoiuja



