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The po ten tial re-use of red mud in the build ing and con struc tion in dus try has been the sub ject 
of re search of many sci en tists. The pre sented re search is a con tri bu tion to the po ten tial so lu -
tion of this en vi ron men tal is sue through the syn the sis of po ten tial con struc tion ma te ri als
based on red mud. A prom is ing way of re cy cling these sec ond ary raw ma te ri als is the syn the sis 
of al kali-ac ti vated bind ers or al kali ac ti vated ma te ri als. Al kali-ac ti vated ma te ri als or in or ganic 
bind ers based on red mud are a new class of ma te ri als ob tained by ac ti va tion of in or ganic pre -
cur sors mainly con sti tuted by sil ica, alu mina and low con tent of cal cium ox ide. Since red mud
con tains ra dio ac tive el e ments like 226Ra and 232Th, this may be a prob lem for its fur ther uti li -
za tion. The con tent of nat u rally oc cur ring radionuclides in man u fac tured ma te rial prod ucts
with po ten tial ap pli ca tion in the build ing and con struc tion in dus try is im por tant from the
stand point of ra di a tion pro tec tion. Gamma ra di a tion of the pri mor dial radionuclides, 40K
and mem bers of the ura nium and tho rium se ries, in creases the ex ter nal gamma dose rate.
How ever, more and more pre ce dence is be ing given to lim it ing the ra dio log i cal dose orig i nat -
ing from build ing ma te ri als on the pop u la tion these days. The aim of this re search was to in -
ves ti gate the pos si ble in flu ence of al kali ac ti va tion-poly mer iza tion pro cesses on the nat u ral
ra dio ac tiv ity of al kali ac ti vated ma te ri als syn the sized by red mud (BOKSIT a. d. Mili}i,
Zvornik, Bosnia and Herzegovina) and their struc tural prop er ties. This re search con firmed
that dur ing the poly mer iza tion pro cess the nat u ral ra dio ac tiv ity was re duced, and that the
pro cess of al kali ac ti va tion of raw ma te ri als has an in flu ence on nat u ral ra dio ac tiv ity of syn -
the sized ma te ri als.
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INTRODUCTION

Red mud (RM) is a by-prod uct of the alu mina
pro duc tion pro cess, which is pro duced by the pro cess -
ing of baux ite by the Bayer method. It is usu ally de pos -
ited in spe cial lo ca tions in the form of a high-al ka line
sus pen sion. The amount of pro duced RM is in creas ing
daily, and its dis posal is a po ten tial en vi ron men tal haz -
ard. Im proper stor age of baux ite res i due can lead to
harm ful con tam i na tion of wa ter, land and air in the sur -
round ing area be cause of its high al ka lin ity. Strong en -
vi ron men tal con cerns are linked to the dis posal of baux -
ite res i due. The treat ment and uti li za tion of baux ite

res i due is both of en vi ron men tal and eco nomic sig nif i -
cance. The global growth of baux ite res i due high lights
the ur gency to de velop and im ple ment im proved means
of stor age and remediation, and uti li za tion op tions of its 
res i due as an in dus trial by-prod uct [1].

Dur ing the last two de cades, ex ten sive work has
been done to de velop var i ous pro cesses for uti li za tion
of RM by re search ers in var i ous ar eas: as spe cial ce -
ments [2], in the ce ramic in dus try [3], in ce ramic
glazes [4], in the alu mi num in dus tries by pro duc ing
glasses and glass-ce ram ics, as an ad di tive for con -
struc tion ma te ri als [5], as the raw meal for the pro duc -
tion of Port land ce ment clinker and in the pro duc tion
of heavy clay ce ram ics [6].

In this work, the in or ganic binder's (IB) syn the sis
from a RM of Bosnia and Herzegovina – BOKSIT a.d.
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Mili}i, (BHRM) by al ka line ac ti va tion with a so dium
sil i cate so lu tion has been car ried out. The changes in
phase com po si tions and chem i cal-phys i cal prop er ties
and mi cro-struc ture dur ing the al kali ac ti va tion pro cess
or re ac tion from the start ing ma te rial to the fi nal ma te ri -
als, IB based on BHRM (IBBHRM) have been fol -
lowed to un der stand the for ma tion of al kali ac ti vated
bind ers. The syn the sis is sim i lar to an or ganic con den -
sa tion poly mer iza tion [7]. In an al ka line en vi ron ment,
alu mi num ox ide and sil i con ox ide are dis solved from
the solid pre cur sor and form aluminate (Al(OH)4

–) and
sil i cate ([SiOx(OH)y]z-). The ma jor sil i cate spe cies are
[SiO(OH)3]- and [SiO2(OH)2]

2– [8]. The fol low ing
con den sa tion re ac tion be tween aluminate and sil i cate is
a nucleophilic sub sti tu tion re ac tion. The mono mers in a
nucleophilic sub sti tu tion re act to form an aluminate sil i -
cate oligomer, from which an amor phous poly mer is
pro duced. This poly mer forms a gel which sub se -
quently hard ens [9]. The oli go mers un dergo a fur ther
con den sa tion re ac tion and re lease the wa ter which was
con sumed dur ing the hy dro ly sis.

The aim of this re search was to in ves ti gate the
pos si ble in flu ence of al kali ac ti va tion pro cesses on the
nat u ral ra dio ac tiv ity of alu mi no sili cate ma te ri als by
gamma spec trom e try mea sure ments. In or der to as sess 
the ra dio log i cal risk to hu man health it is im por tant to
mea sure the con cen tra tion of radionuclides in RM and
ob tained al kali ac ti vated RM sam ples/IB, be cause of
their po ten tial use in the build ing in dus try as build ing
ma te ri als. The pre sented re search is a con tri bu tion to
the po ten tial so lu tion of en vi ron men tal pro tec tion
through the syn the sis of po ten tial con struc tion ma te ri -
als based on RM or ap pli ca tions of RM as Al-rich
by-prod ucts in the build ing in dus try, con sid er ing that a 
re view of the avail able ref er ence lit er a ture has shown
that no sig nif i cant test ing of this waste ma te rial exists.

MATERIALS AND METHODS

Physical and chemical
characterization of the RM 

The BHRM was sup plied by BOKSIT a.d.
Mili}i, Zvornik, Bosnia and Herzegovina. The alu -
mina fac tory is lo cated in the north east ern part of
Republika Srpska, in the in dus trial zone of Zvornik,
only a ki lo me ter away from the river Drina and the
bor der with Ser bia. In this fac tory baux ite is pro cessed
into alu mina. Most of the ore is pro cured from the
nearby Boksit Mili}i mine, and a smaller part from the
nearby mines in Vlasenica and Srebrenica, as well as
from im ports. The amount of to tal RM emit ted from

the alu mina fac tory is es ti mated at over 10 000 000
tons.

The RM pow der sam ple was ground af ter be ing
dried at 105 ºC for 24 hours, for re moval of the re tained
vari able wa ter in the RM. Ta ble 1 shows the chem i cal
com po si tion of RM, as de ter mined by X-ray flu o res -
cence (XRF). The XRF anal y sis was per formed with a
wave length dis per sion (WD XRF) spec tro scope  ARL
Per form X man u fac tured by Thermo Sci en tific with a
power of 2500 W, 5 GN Rh X-ray tube, 4 crys tals
(AX03, PET, LiF200 and LiF220), two de tec tors (pro -
por tional and scin til la tion), and com puter pro gram
UniQuant. The sam ples were quar tered, dried at 105 ° C
and cal cined at 950 °C. For mea sure ment pur poses, a
fused pel let was pre pared, where 0.7640 g of the sam ple
and 7.64 g of the flux (50 %  lith ium  tetraborate ver sus
50 % lith ium metaborate) were melted at 1100 ° C.

The X-ray pow der dif frac tion (XRD) was per -
formed to de ter mine the phase com po si tion of the RM
sam ple us ing a PANalytical Em py rean X-ray diffrac-
tometer equipped with CuKa ra di a tion with l = 1.54
A. 5 g of the sam ples were ground in an ag ate mor tar to
a par ti cle size be low 0.063 mm. The ground pow der
was man u ally back loaded into a cir cu lar sam ple
holder (di am e ter 16 mm). The sam ples were scanned
at 45 kV and a cur rent of 40 mA, over the 2q range
from 4° to 70°,  at  a  scan rate of 0.026° 2q min–1 and
step time 172 seconds. The ob tained XRD pat terns
were ana lysed us ing X'Pert High Score Plus dif frac -
tion soft ware v. 4.8 from PANalytical, us ing PAN
ICSD v. 3.4 pow der dif frac tion files. All Rietveld re -
fine ments were per formed us ing the PANalytical
X'Pert High Score Plus dif frac tion soft ware, us ing the
struc tures for the phases from ICDD PDF 4+ 2016
RDB pow der dif frac tion files. Amor phous con tent
was de ter mined us ing the ex ter nal stan dard method
(NIST SRM 676a) [10]. Ta ble 2 shows the quan ti ta tive 
con tent of the iden ti fied phase of the BHRM sam ple.

The Brunauer-Emmett-Teller (BET) spe cific
sur face area of the BHRM sam ple (pre-dried for 60
min utes at 105 °C) was per formed with Micromeritics
ASAP-2020 that in te grates mul ti ple gas sorp tion tech -
niques into a sin gle, con ve nient tab le top in stru ment).
The bulk den sity of BHRM was de ter mined ac cord ing
to stan dard JUS B.C8.023 and mois ture con tent (re -
moval of all the wa ter but chem i cally bound wa ter)
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Table 1. Chemical composition of red mud expressed in oxide

Sample
wt. %

SiO2 Al2O3 Fe2O3 CaO MgO Cr2O3 P2O5 K2O Na2O TiO2 LoI 

BHRM 12.08 15.04 48.08 7.26 0.43 0.13 0.19 0.05 7.47 4.88 4.39

Table 2. Quantitative contents of the identified phase of
the BHRM sample

BHRM

Phase [%]

Amorphous Hematite Cancrinite Calcite Kaolinite

43.2 21.1 18.3 0.9 16.5



was de ter mined by dry ing the sam ple in an oven
SP-440 (max i mum T 300 °C) on 105 °C for 24 hours.
Mois ture con tent is given with the equa tion

mcwb = [(Ww – Wd)/Ww] × 100 [%]

where mc is ex pressed on a wet ba sis (Ww is the wet
weight and Wd is the dry weight).

Ta ble 3 shows the sur face area, spe cific and bulk
den sity, mois ture con tent of BHRM.

Synthesis of alkali activated
materials or inorganic binder based on RM

The IB were pre pared by us ing so dium sil i cate
so lu tions (the con tent of Na2O and SiO2 was 12.3 %
and 22.5 %, re spec tively) pro vided by Galenika
Magmasil d.o.o (Bel grade, Ser bia), and 12M NaOH
so lu tion (NaOH, Sigma – Aldrich). The vol ume ra tio
of the so lu tion of NaOH and so dium sil i cate so lu tion
was 1.5, while the liq uid to solid (L/S) mass ra tio was
1.0, and it is de pend ent on an ac cept able workability
for the paste sam ple.

The waste BHRM as the solid com po nent and
the al kali sil i cate ac ti va tor were mixed un til a ho mog e -
nous slurry was formed. The pre pared pastes were cast 
in cy lin dri cal molds (di am e ter/height, 100 mm/80
mm) and com pacted on a vi brat ing ta ble. The molds
were closed to avoid wa ter evap o ra tion and stored at
room tem per a ture 24 hours, af ter that 72 hours in an
oven at a tem per a ture of 60 °C, and af ter that at room
tem per a ture for 28 days. The re ac tion oc curs at 60 °C
tem per a ture and is ac ti vated by a highly al ka line so lu -
tion, and forms, amor phous poly mers and the bind ing
phase in these syn the sized ma te ri als is a tetra hed rally
co or di nated al kali-alu mi no sili cate gel.

Characterization of RM and inorganic binder

Sam ples of BHRM and IBBHRM were ground in
a por ce lain mor tar and man u ally loaded in a
monocrystalline sil i con sam ple holder (square shaped 1 
cm ́ 1 cm) and char ac ter ized by XRD anal y sis us ing the 
Ul tima IV Rigaku diffractometer, equipped with Cu
Ka1,2 ra di a tion, with gen er a tor volt age 40.0 kV and
gen er a tor cur rent 40.0 mA. The range of 5°-80° 2q was
used for all pow ders in a con tin u ous scan mode with a
scan ning step size of 0.02° at a scan rate of 5 ° min–1.
The PDXL2 soft ware was used to eval u ate the phase
com po si tion and iden ti fi ca tion of all sam ples [11]. All

ob tained pat terns are com pared us ing the ICDD
data-base [12]. For phase iden ti fi ca tion PDF (pow der
dif frac tion file) card num bers are pre sented in the dis -
cus sion part.

The func tional group of all sam ples was de ter -
mined by Dif fuse reflectance in fra red Fou rier trans -
form (DRIFT) spec tros copy. The DRIFT spec tra were
ob tained us ing the Perkin-Elmer FTIR spec trom e ter
Spec trum Two [13]. Ap prox i mately 5 % of the sam -
ples were dis persed in an oven-dried spec tro scopic
grade KBr with the re frac tive in dex of 1.559 and par ti -
cle size of 5-20 mm. The spec tra were scanned at a 4
cm–1 res o lu tion and col lected in the mid-IR re gion
from 4000 to 400 cm–1.

The microstructure anal y sis was per formed on an
Au-coated sur face of the sam ples us ing a Ja pan Elec tron
Op tics Lab o ra tory elec tron mi cro scope (JEOL JSM) 6390 
LV at 25 kV cou pled with En ergy Dispersive X-Ray Spec -
tros copy (EDS), Ox ford In stru ments X-MaxN.

The con tents of nat u rally oc cur ring radionuclides
in the sam ples were de ter mined by gamma spec trom e -
try. Prior to mea sure ment, the sam ples were pow dered
and placed in PVC cy lin dri cal con tain ers (125 ml and
250 ml), sealed with bees wax and left for six weeks in
or der to reach ra dio ac tive equi lib rium be tween ra don
and its prog e nies. Ra dio log i cal anal y sis was per formed
by means of a co ax ial semi con duc tor high pu rity ger -
ma nium (HPGe) de tec tor (Can berra 7229N-7500-1818 
with 20 % rel a tive ef fi ciency and 1.8 keV res o lu tion for
60Co at the 1332 keV line) as so ci ated with stan dard
beam sup ply elec tron ics units. Mea sure ments were per -
formed in ac cor dance with in ter na tional rec om men da -
tions [14]. En ergy and ef fi ciency cal i bra tion of the
spec trom e ter was done based on lab o ra tory stan dards
pre pared with a cer ti fied ra dio ac tive so lu tion pur chased 
from the Czech Me trol ogy In sti tute [15] and trace able
to the BIPM (Bu reau In ter na tional des Poids et
Mesures). Ob tained ef fi cien cies were cor rected for the
co in ci dence sum ming ef fect us ing the cor rec tion fac -
tors ob tained with EFTRAN soft ware [16]. The sam -
ples were mea sured for 60 000 sec onds. All spec tra
were re corded and an a lyzed us ing the Can berra's Ge nie
2000 soft ware; net ar eas of the peaks were cor rected for
the back ground ra di a tion. The ob tained spe cific ac tiv i -
ties are given in tab. 3, ex pressed in Bqkg–1. Quoted un -
cer tain ties (the con fi dence level of 1s) were cal cu lated
by the er ror prop a ga tion cal cu la tion. The com bined
stan dard un cer tain ties in cluded the sta tis ti cal un cer tain -
ties of the re corded peaks, ef fi ciency cal i bra tion un cer -
tainty and the un cer tainty of mea sured mass.

RESULTS AND DISCUSSION

The XRD analysis 

Min er al og i cal com po si tion of the RM de pends
on the min eral com po si tion of the source ma te rial –
baux ite, a multiphase ore that may con tain more than a
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Table 3. Surface area, specific and bulk density, moisture
content of the investigated sample

Sample
BET surface
area [m2g–1]

Specific
density
[gcm–3]

Bulk
density

[kgdm–3]

Moisture
content

[%]

BHRM 12.9 2.35 755 0.23



hun dred min er als of var i ous grind ing fine ness and de -
com po si tion [17]. The min er als con tain ing of alu mi -
num, iron, sil i con, ti ta nium, cal cium, mag ne sium are
es sen tial con stit u ents. De pend ing on the type of min -
eral de pos its, the amounts of the es sen tial and ac ces -
sory min er als may vary within wide ranges [17, 18].

Fig ure 1 shows the XRD pat terns of BHRM, and
al kali ac ti vated ma te ri als – IBBHRM.

The main crys tal lo graphic phases de tected in the
BHRM sam ple are: he ma tite (PDF No. 01-089-8104),
cancrinite (PDF No. 00-020-0257), kaolinite (PDF No
01-078-3262), and cal cite (PDF No. 01-078-3262).
Based on quan ti ta tive XRD anal y sis there is 43.2 % of
the amor phous phase. The re sults of XRD anal y sis in di -
cate that af ter the al kali ac ti va tion pro cess and struc tural
re ar range ment of min er als pre sented in raw ma te ri als
there is a seg re ga tion of the so dium sil i cate hy drate phase 
with a cor re spond ing chem i cal com po si tion Na2SiO3×6

H2O. Due to al kali ac ti va tion and age ing pro cess over
time, this semi-crys tal line so dium sil i cate phase sep a -
rates. The min er al og i cal com po si tion of al kali ac ti vated
ma te rial con sists of so dium sil i cate, cancrinite (Na6Ca2

Al6Si6O24(CO3)2) and he ma tite, while the cal cite (Ca
CO3) and kaolinite (Al2(OH)4Si2O5) peaks are not iden ti -
fied. This is in cor re la tion with the al kali ac ti va tion pro -
cess be cause it leads to their dis so lu tion in the sil i cate
ma trix ac ti va tor.

Ta ble 1 shows that the con tent of the Fe2O3 is
anal o gous to the Span ish RM [19] and higher than in
most of the cases re ported in the lit er a ture. The he ma -
tite com pound is in ter est ing for in dus trial ap pli ca tions
due to its abil ity to tune the color of ce ram ics by ad just -
ing the RM con tent and the pro cess ing con di tions. The 
pres ence of SiO2 is also in ter est ing since its re ac tion
with the Na2O and CaO pres ent can lead to com pounds 
with a lower melt ing tem per a ture than the other com -
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Fig ure 1. The XRD pat terns of
(a) BHRM, and in or ganic binder
based on BHRM and (b) IBBHRM

Fig ure 2. The DRIFT spec tra of
(a) BHRM, and in or ganic binder
based on BHRM and (b) IBBHRM
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po nents of the sam ple. It would pro vide for a liq uid
phase in the grain bound aries, fa cil i tat ing the
sintering of these ma te ri als.

The DRIFT analysis

Fig ure 2 shows the DRIFT spec tra of the
BHRM (a), and IBBHRM (b). The spec tra were com -
pared to known ab sorp tion lines in lit er a ture. 

The DRIFT spec tra shown in fig. 2, re lated to
BHRM and IBBHRM show thee wide band at re gion
3500-3400 cm–1 in di cat ing the pres ence of the –OH
stretch ing band. The ab sorp tion bands at 2918 cm–1

and 2845 cm–1 were re lated to asym met ric and sym -
met ric aliphatic –CH2 groups, re spec tively. The spec -
tra also in di cate the pres ence of CaCO3, mainly in the
form of cal cite, as iden ti fied by its main ab sorp tion
bands at about 1468 cm–1 and 875 cm–1. The peak re -
corded at 1400 cm–1 (1373 cm–1) in the BHRM and
IBBHRM could be at trib uted to ni trate. This NO3

band might be pres ent in cancrinite, ac cord ing to the
re sults re ported by Zhao et al. 2004 [20]. The peaks
near 1031 cm–1 and 999 cm–1 were de rived from
in-plane Si-O stretch ing modes and the for mer was
the most in tense kaolinite band. The bands near 760
cm–1 and 687 cm–1 were both as so ci ated with per pen -
dic u lar Si–O vi bra tion. Al–O–Si and Si–O–Si bend -
ing vi bra tions pro duced the bands at 573 cm–1 and
464 cm–1, re spec tively. The peak at 433 cm–1 cor re -
sponded to Si–O de for ma tion vi bra tion. A stretch ing
vi bra tion of Fe–O is ob served in the re gion around
470 cm–1 [17].

There is a per sis tence of the bands at 3438 cm–1

and 1660 cm–1 in IBBHRM (as signed to hydroxyl
groups co or di nated with Al3+ cat ions), which are the
stretch ing and bend ing vi bra tions for the hydroxyl
groups of wa ter mol e cules [21]. A band at 1435 cm–1

be longs to the O–C–O stretch ing vi bra tion of the car -
bon ate phase which is shifted to higher wavenumbers
in re la tion to the RM. As a re sult of al kali ac ti va tion
some bands are shifted to a smaller or larger wave -
length. The band around 1028 cm–1 cor re sponded to
the Si–O stretch ing vi bra tion [22]. The mod i fi ca tion
of the shape of the Si–O stretch ing band at around
1028 cm–1 in di cates a change in the Si en vi ron ment
af ter al kali ac ti va tion [21, 23]. Al kali ac ti vated
BHRM pres ent DRIFT spec tra char ac ter ized by the
typ i cal ab sorp tion bands of Si–O–Si and Si–O–Al
bonds (ab sorp tion range 600-800 cm–1). One of the
DRIFT sig nals that give in for ma tion about the de gree
of al kali ac ti va tion, is the band at 3450 cm–1 cor re -
lated to the chem i cally bonded wa ter. This band is
broad in the spec trum of IBBHRM, con firm ing the
for ma tion of the new ma te rial. Fur ther more, the al kali 
ac ti va tion in duces a slight shift of the band of T–O–Si 
(T = Si, Al) stretch ing to wards lower wavenumbers

be cause of the for ma tion of hy dro gen bonds with
hydroxyl groups pres ent in the sys tem com pared to the
same bonds in the spec trum of BHRM.

More over, in the BHRM and IBBHRM spec tra, a
band due to stretch ing vi bra tions of the Fe-O bond
(460-500 cm–1) was also pres ent [24]. The DRIFT
spec tra of the BHRM and IBBHRM sam ples showed
slight dif fer ences with re spect to the un treated sam ple;
in par tic u lar the band at 1120 cm–1 in BHRM spec tra
prac ti cally in the DRIFT spec tra of IBBHRM did not
ap pear. The re sults of DRIFT anal y sis are con sis tent
with those ob tained from the XRD anal y sis of BHRM
and IBBHRM.

The SEM/EDS analysis

The SEM im ages with EDS anal y sis, fig. 3, show
the mor phol ogy changes that oc curred in the al kali ac ti -
vated RM sam ple. Mor pho log i cal char ac ter is tics are an 
ef fec tive tool to as sess the ef fi ciency and as cer tain the
com pat i bil ity of a sta bi liz ing agent. Fur ther more, ag -
gre ga tion of par ti cles by in ter lock ing or bond ing be fore 
and af ter al kali ac ti va tion or so lid i fi ca tion can be vi su -
al ized only from the mor pho log i cal stud ies [25].

Fig ure 3 re veals the fact that BHRM par ti cles
have a mixed mor phol ogy, with no pre vail ing par tic u -
lar shape form. The im ages show that the BHRM is
com posed of par ti cles with a dif fer ent shape (round -
ness and sphe ric ity).

The so dium sil i cate gel was ob served as the ma -
jor ity prod uct, along with the unreacted par ti cles of
crys tal phases pres ent in al kali ac ti vated RM, dur ing
the ag ing time up to 28 days. The mi cro-struc ture was
inhomogeneous and the ma trix was full of loosely
struc tured crys tal grains of dif fer ent sizes. Nu mer ous
pores of dif fer ent shape size are ev i dent in the gel. The
con sid er able amount of unreacted par ti cles and the
pres ence of pores in the al kali ac ti vated ma trix, fig. 3,
in di cate an in com plete al kali ac ti vated re ac tion of RM.
If the sil ica con tent in creases, the de gree of re ac tion
tak ing place in the form ing paste de creases ac cord ing
to ob ser va tions in ref er ence  [26]. The EDS anal y sis of
al kali ac ti vated ma te rial, IBBHRM fig. 3(d) showed
that it mostly con sists of the phases con tain ing Na, Si,
Al in the bulk re gion sug gest ing the for ma tion of a sil i -
cate-ac ti vated gel by poly mer iza tion through out the
inter par ti cles vol ume. This cor re lates with the pub -
lished works  [27]  mean ing that, in a me dium with a
high con cen tra tion of dis solved sil ica, the spe cies dis -
solved from the sur face of the par ti cles, mi grate from
the sur face into the bulk so lu tion. In ad di tion, Fe, Al,
Si, and Ca were also ob served in the gel by EDS anal y -
sis fig. 3(d). These ob vi ously rep re sent the el e ment of
crys tal phases, which did not dis solve dur ing al kali ac -
ti va tion. Dur ing al ka line ac ti va tion these crys tal phases 
may even dis perse through the gel.



Radiological analysis

Re sults of gamma spec tro met ric anal y sis are
given in tab. 4, and based on ob tained spe cific ac tiv i -
ties of 226Ra, 232Th, and 40K dose cal cu la tions were
per formed. The ra tio of ac tiv i ties is also pre sented.
The cal cu lated ra tio is ap prox i mately 0.5 for all de -
tected radionuclides. To a cer tain ex tent this re sult
could be ex plained by an a lyz ing the masses of con stit -
u ents of newly formed ma te rial and the syn the sis pro -
cess it self.

Nat u ral ra dio ac tiv ity of var i ous build ing ma te ri als
has been re ported by re search ers in many coun tries such
as China, Egypt, Is rael, Pa ki stan, Leb a non, Greece,
North Mac e do nia, Ser bia, Tur key, and Aus tria etc. [28].
World av er age 232Th, 226Ra, and 40K ac tiv ity con cen tra -
tions for build ing ma te ri als are 50 Bqkg–1, 50 Bqkg–1,
and 500 Bqkg–1, re spec tively [17].

In or der to as sess whether the safety re quire -
ments for build ing ma te ri als are be ing ful filled, a
gamma ac tiv ity con cen tra tion in dex (ab bre vi a tion
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Fig ure 3. The SEM im ages with EDS anal y sis of (a) and (b) BHRM and (c) and (d) IBBHRM

Table 4. Activity concentration of natural radionuclides
and 137Cs in investigated samples with associated
measurement uncertainties (k = 1)

Specific activity [Bqkg–1] Activity ratio

BHRM IBBHRM IBBHRM/BHRM
210Pb 107 ± 11 74 ± 12 0.69 ± 0.13
212Pb 386 ± 27 171.7 ± 23.1 0.45 ± 0.07
214Pb 188 ± 12 94.0 ± 7.2 0.50 ± 0.05
12Bi 426 ± 29 200.8 ± 23.6 0.47 ± 0.06

214Bi 168 ± 9 85.1 ± 7.1 0.51 ± 0.05
226Ra 176 ± 7 91 ± 6 0.52 ± 0.04
232Th 397 ± 25 187 ± 15 0.47 ± 0.05

40K 32 ± 6 <17
137Cs <0.1 <0.4
238U 164 ± 15 72 ± 17 0.44 ± 0.11
235U 10.3 ± 1.5 4.0 ± 0.5 0.39 ± 0.07

235/238U 0.067 0.057

Gamma
index 2.58 1.24



ACI is of ten used in lit er a ture) pro posed by the Eu ro -
pean Com mis sion [29] was used. It is de fined as,

   I
Bqkg Bqkg Bqkg

Ra Th K= + +
- - -

A A A

300 200 30001 1 1
(1)

where ARa, ATh, and AK are the spe cific ac tiv i ties of
226Ra, 232Th, and 40K, re spec tively. The in dex I is cor -
re lated with the an nual dose rate due to the ex cess ex -
ter nal gamma ra di a tion caused by a su per fi cial ma te -
rial. The limit val ues de pend on the dose cri te ria, the
way and amount of the ma te rial and the man ner in
which it was used in a build ing and con struc tion. For
ma te rial used in bulk amounts I £ 1 cor re sponds to an
ab sorbed gamma dose rate of 1 mSv per year [29, 30].
The ac tiv ity con cen tra tion in dex should be used only
as a screen ing tool for iden ti fy ing ma te ri als that might
be of con cern for use as con struc tion ma te ri als. The
Eu ro pean Com mis sion [29] sug gests that build ing ma -
te ri als should be ex empt from all re stric tions con cern -
ing their ra dio ac tiv ity pro vided the ex cess gamma ra -
di a tion orig i nat ing from them does not in crease the
an nual ef fec tive dose to a mem ber of the pub lic by
more than 0.3 mSv [31, 32]. An an nual dose higher
than 1 mSv should be per mit ted only in some very ex -
cep tional cases where ma te ri als are used lo cally. 

Be sides the ac tiv ity con cen tra tion in dex, in or der to
es ti mate a pos si ble health ef fect due to the ex po sure to nat -
u ral radionuclides pres ent in the mea sured sam ples, ra -
dium equiv a lent ac tiv ity, Raeq [Bqkg–1], the ex ter nal haz -
ard in dex, Hex [Bqkg–1], to tal ex ter nal ab sorbed gamma
dose rate &D [nGyh–1], and an nual ef fec tive dose EDR
[mSv] can be cal cu lated. The ra dium equiv a lent ac tiv ity
can be used to es ti mate the haz ard as so ci ated with ma te ri -
als that con tain 226Ra, 232Th, and 40K. The ex ter nal ra di a -
tion haz ard in dex re flects the ex ter nal ra di a tion haz ard due 
to the emit ted gamma ra di a tion. The val ues of these in di -
ca tors of ex po sure can be cal cu lated ac cord ing to eqs. (2)
and (3),  [33-35]. 

Ra A A Aeq Ra Th K= + +143 0017. . (2)

H
A A A

ex
Ra Th K= + +

370 259 4180
(3)

If the ex am ined ma te ri als are treated as a pos si -
ble raw ma te rial for build ing ma te rial or con struc tion
ma te rial it self, dif fer ent for mu lae should be used for

dose cal cu la tion. Us ing the for mu lae given in [29], the
ex ter nal dose rate and an nual ef fec tive dose rate are
cal cu lated as eqs. (4) and (5), re spec tively.

& . . .D A A A= + +092 11 008Ra Th K (4)

EDR D( ) & ( ) . ( )mSv nGyh h SvGy= × ×- - -1 1 67000 07 10
(5)

Ta ble 5 pres ents the cal cu lated val ues of the ra -
dium equiv a lent ac tiv ity, Raeq, ra di a tion haz ards, Hex,
ab sorbed dose rate, &D, and an nual ef fec tive dose rate,
EDR of BHRM and IBBHRM, and those given in the
lit er a ture.

Re sults showed that the sig nif i cantly higher val -
ues of spe cific ac tiv i ties as well as for cal cu lated pa -
ram e ters were ob tained for raw ma te ri als. The low est
val ues were ob served for the syn the sized ma te ri als. 

Thus, re gard ing its ra dio ac tiv ity the in ves ti gated 
synthetized ma te ri als could be rec om mended as a
prom is ing con struc tion ma te rial, or its com po nent. In
Ser bian leg is la tion the gamma in dex has to be cal cu -
lated for build ing ma te ri als [36] and its com po nents, in 
or der to es ti mate whether or not they could be used as
build ing ma te ri als. For these com po nents, es pe cially
for ma te ri als orig i nat ing from in dus trial ac tiv i ties,
rep re sent ing waste, the fac tor of the share in the fi nal
ma te rial must be taken into ac count [37].

This re search con firmed that dur ing the poly -
mer iza tion pro cess the nat u ral ra dio ac tiv ity was re -
duced, i. e., the pro cess of raw ma te ri als ac ti va tion has
an in flu ence on nat u ral ra dio ac tiv ity of syn the sized
ma te ri als. Also, Boškovi} et al. [17], con cluded that
af ter al ka line ac ti va tion of RM, the de crease of spe -
cific ra dio ac tiv ity was mea sured in com par i son to RM
as raw ma te ri als [18]. The ob tained re sults have given
the guid ance for fur ther op ti mi za tion of the poly mer -
iza tion pro cess in or der to con firm and ex plain
changes in ra dio ac tiv ity con cen tra tions.

CONCLUSIONS

New IB based on the RM sam ple sup plied by
BOKSIT a.d. Mili}i, Zvornik, Bosnia and Herzegovina,
BHRM were synthetized. Physico-chem i cal char ac ter -
iza tion of BHRM and IBBHRM was con ducted us ing
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Table 5. Radium equivalent activity, external radiation hazard index, external absorbed dose rate, annual effective dose
rate, and gamma index

Sample
Raeq [Bqkg–1] Hex [Bqkg–1] &D [nGyh–1] EDR [mSv] I Reference

Measured in this study

BHRM 746.2 2.016 601.2 2.946 2.58 Our research

IBBHRM 358.4 0.968 289.4 1.418 1.24 Our research

Mean value, previous studies

Almasfuzito RM – Hungary 706.9 1.91 306.1 0.375 2.44 [18]

Ajka RM – Hungary 901.1 2.43 399.6 0.490 3.07 [18]

RM – Montenegro 778.1 2.104 623.8 3.057 2.75 [17]

Geopolymer RM – Montenegro 208.9 0.578 177.6 0.870 0.6 [17]



XRD and DRIFTS. Based on quan ti ta tive XRD anal y sis
there is 43.2 % of the amor phous phase. The re sults
showed that the amor phous phases were dis solved and
that a gel is pro duced, which is iden ti fied by SEM/EDS
anal y sis. In ter pre ta tion of DRIFT re sults is more com -
plex. The move ment of cer tain DRIFT peaks, as well as
the ap pear ance of new ones and the dis ap pear ance of
some orig i nated from the start ing RM in di cate the de vel -
op ment of new ma te ri als. The use of RM and al kali ac ti -
vated ma te ri als based on RM in the con struc tion in dus try 
re quires very strict as sess ments which in cludes physico
-chem i cal char ac ter iza tion and ra dio log i cal con sid er -
ation. Ra dio log i cal test ing is nec es sary in as sess ing
whether the ex ist ing ma te rial meets all le gal reg u la tions
in or der to be used as a build ing ma te rial. Re sults of the
pre sented study con firmed our pre vi ous re sults [38, 39]
that val ues of ra dio log i cal in di ca tors de crease dur ing the
pro cess of syn the sis of new ma te ri als. Since this ma te rial
is in ves ti gated for po ten tial use in the con struc tion sec tor, 
the ob tained re sults are very prom is ing from the point of
view of op ti miz ing the ex ter nal ex po sure of the pop u la -
tion to ion iz ing ra di a tion orig i nat ing from gamma emit -
ters from sur round ing build ing ma te ri als.
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Qiqana M. Kqajevi}, Miqana M. Mirkovi}, Sabina Dolenec, Katarina [ter,
Mustafa Haxali}, Ivana S. Vukanac, Milo{ T. Nenadovi}

RADIOLO[KA  PROCENA  CRVENOG  MUQA  KAO  Al-PREKURSORA
NEORGANSKIH  VEZIVA  ZA  GRA\EVINSKU  INDUSTRIJU

Potencijalna ponovna upotreba crvenog muqa u gra|evinskoj industriji bila je predmet
istra`ivawa mnogih nau~nika. Prikazana istra`ivawa doprinose mogu}em re{ewu ovog eko-
lo{kog pitawa kroz sintezu potencijalnih gra|evinskih materijala na bazi crvenog muqa. Obe-
}avaju}i na~in reciklirawa ovih sekundarnih sirovina je sinteza alkalno aktiviranih veziva ili 
alkalno aktiviranih materijala. Alkalno aktivirani materijali ili neorganska veziva na bazi
crvenog muqa su nova klasa materijala dobijenih aktivacijom neorganskih prekursora koji se
uglavnom sastoje od silicijum dioksida, aluminijum dioksida i niskog sadr`aja kalcijum oksida.
Budu}i da crveni muq sadr`i radioaktivne elemente poput 226Ra i 232Th, to mo`e predstavqati
prob lem za wegovo daqe kori{}ewe. Sadr`aj prirodnih radionuklida u proizvedenim mate-
rijalima sa potencijalnom primenom u gra|evinarstvu va`an je sa stanovi{ta za{tite od zra~ewa.
Gama zra~ewe primordijalnih radionuklida, 40K i ~lanova serije uranijuma i torijuma, pove}ava
spoqnu dozu gama zra~ewa. Me|utim, sve se vi{e u dana{we vreme daje prioritet ograni~avawu
radilo{ke doze koja poti~e od gra}evinskog materijala na stanovni{tvo. Ciq ovog istra`ivawa
bio je istra`iti mogu}i uticaj procesa alkativne aktivacije-polimerizacije na prirodnu ra dio-
aktivnost alkalno aktiviranih materijala sintetisanih upotrebom crvenog muqa (“BOKSIT” a.
d. Mili}i, Zvornik) i wihovih strukturnih svojstava. Ovo istra`ivawe potvrdilo je da je tokom
procesa polimerizacije smawena prirodna radioaktivnost, tako da proces alkalne aktivacije
sirovine uti~u na prirodnu radioaktivnost sintetizovanih materijala.

Kqu~ne re~i: crveni muq, neorganska veziva, DRIFT, prirodna radioaktivnost,
                         gama indeks, gra|evinarstvo


