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The aim of this study was de ter mi na tion of ra dio log i cal char ac ter iza tion of al kali-ac ti vated
ma te rial with Sm2O3 and its poly mer iza tion prod ucts. Al kali-ac ti vated ma te ri als with 1 wt.%
and 5 wt.% ad di tion of Sm2O3 were syn the sized and their nat u ral ra dio ac tiv ity was de ter -
mined. En ergy dispersive X-ray flu o res cence showed changes in the phase com po si tion, or the 
for ma tion of sta ble com pounds, at higher tem per a tures. All sam ples dem on strated good
pozzolanic ac tiv ity, while the per cent age of Sm2O3 was slightly changed. The X-ray pho to elec -
tron spec tros copy con firmed that the ob tained ma te rial has a very low car bon con tent mak ing 
it en vi ron men tally friendly, due to its low car bon con tent. A de tailed anal y sis of the ox y gen
peak in di cates vari a tions in the stoichiometry of the ox ides, which may af fect the changes of
nat u ral ra dio ac tiv ity. Scan ning elec tron microscopy con firmed that with the in crease in the
tem per a ture of the ther mal treat ment, the open ing of the pores in the al kali-ac ti vated ma te rial 
oc curs, as well as fur ther prop a ga tion of re ac tion that in creased po ros ity and crys tal li za tion.
Ra dio log i cal mea sure ment con firmed that ex am ined al kali-ac ti vated ma te rial is safe for us age 
and ex ploi ta tion. It should be em pha sized that the pres ence of ar ti fi cial radionuclide ce sium
137Cs was not de tected.
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IN TRO DUC TION

In the last few years, al kali-ac ti vated ma te ri als
(AAM) have be come an in creas ingly im por tant re -
search sub ject due to their ex cep tional me chan i cal
prop er ties, ex cel lent cor ro sion re sis tance, and high du -
ra bil ity, which is es pe cially im por tant for high-tem per -
a ture ap pli ca tions [1]. The AAM are known as al -
kali-alu mi no sili cate cementitious ma te ri als that can
ex hibit su pe rior me chan i cal, chem i cal, and ther mal
prop er ties com pared to Port land ce ment-based ce -
ments, with sig nif i cantly lower CO2 emis sions dur ing
pro duc tion [2]. Ac cord ing to the avail able lit er a ture,
AAM dem on strate greater du ra bil ity than Port land ce -
ment at tem per a tures be tween 600 °C and 800 °C and

even at higher tem per a tures [3]. Af ter al kali-ac ti va tion,
AAM form a cage-like closed cav ity struc ture, which,
to gether with a com bi na tion of ring mol e cules, can en -
cap su late metal ions or other toxic sub stances and trap
them in side the cav ity [4, 5]. De spite this, some metal
cat ions can par tic i pate in the poly mer iza tion re ac tion.
Pre vi ous stud ies have shown prom is ing re sults in the
treat ment of toxic met als by im mo bi liz ing into an al -
kali-ac ti vated struc ture [6-9]. Ivanovi} et al. [10] ex am -
ined the ther mo dy namic pa ram e ters (vis cos ity, den sity,
re frac tive in dex, speed of sound) of the al kali ac ti va tor
and ex am ined the in flu ence on the syn the sis of
geopolymers. It was con firmed that, with the knowl -
edge of the ther mo dy namic pa ram e ters, there is a better
un der stand ing of the first stage of gel for ma tion of the
AAM struc ture. In pre vi ous re search by Nenadovi} et
al. [11] and Kljajevi} et al. [12], the syn the sis and struc -
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ture of AAM, the in flu ence of AAM were ex am ined fo -
cus ing on the in flu ence of changes in the alu mi no sili -
cate ma trix and the al ka line ac ti va tor [13]. Ma te ri als
with 12 M NaOH have been the most com mon sub jects. 
The aim of this work is to ex am ine the ef fect of Sm in
the form of its ox ide, and in cor po ra tion dur ing the ini -
tial phase of gelation of the geopolymer struc ture. In ter -
est in de vel op ing AAM is mo ti vated by eco nomic ad -
van tages as the pro cess al lows the use of in dus trial
by-prod ucts (slag, fly-ash) and nat u ral clays, and ka -
olin, to pro duce a ma te rial with sig nif i cant added value
that is com pet i tive with Port land ce ment [14]. Build ing
ma te ri als play var i ous roles in con struc tion, so they
should have ap pro pri ate prop er ties. Min er al og i cal and
chem i cal com po si tion of the raw ma te ri als in flu ences
fun da men tal prop er ties (physico-chem i cal, me chan i -
cal, and long-last ing) of build ing ma te ri als [15]. Since
these ma te ri als are usu ally con sid ered as nat u rally oc -
cur ring ra dio ac tive ma te ri als (NORM), the ra dio log i cal 
as pect of their use as build ing ma te ri als should also be
taken into ac count [16]. De ter min ing the con tent of nat -
u ral radionuclides in build ing ma te ri als is im por tant for
as sess ing the ra di a tion ex po sure of peo ple, who can
spend up to 80 % of their time in doors [17, 18]. Ter res -
trial ra di a tion in build ings orig i nates not only from the
soil [19, 20] but also from the build ing ma te ri als used
[21, 22]. For the last few de cades, ra dio log i cal re search
re lated to con struc tion ma te ri als and build ings and their
im pact on hu man health has been sup ported. Build ing
ma te ri als strongly in flu ence in door lev els of the ra dio -
ac tive gas ra don – a di rect de scen dant of 226Ra, and its
de cay prod ucts, which con trib ute sig nif i cantly to to tal
in ha la tion doses. In ter na tional stud ies by the World
Health Or ga ni za tion (WHO) [23] and the In ter na tional
Com mis sion on Ra dio log i cal Pro tec tion [24] show that
build ing ma te ri als have a non-neg li gi ble share in the
pub lic's ex po sure to ra di a tion due to ra don. De pend ing
on the ma te rial, the con cen tra tion of nat u ral
radionuclides (mainly 226Ra, 232Th, and 40K) ranges
from 1 Bqkg–1 to 4000 Bqkg–1 [25]. In the fo cus of the
re search of Ivanovi} et al. [16] was ka olin, which was
the sub ject of their pre vi ously pub lished work [26], and
its poly mer iza tion prod ucts – AAM. The struc tural
char ac ter is tics of pre cur sor ma te ri als and AAM sam -
ples were in ves ti gated us ing dif fer ent an a lyt i cal tech -
niques. The DRIFT and XPS anal y ses were used to
mon i tor the for ma tion of new chem i cal bonds dur ing
the syn the sis of geopolymers as po ten tial con struc tion
ma te rial. Gamma spec tro scopic mea sure ments of a set
of sam ples (ka olin, metakaolin and geopolymer) de ter -
mined the ac tiv ity of nat u ral radionuclides (226Ra,
232Th, and 40K). One of the chal lenges is the fact that,
de spite the large num ber of stud ies and in creas ing at ten -
tion on AAM, they are not fully elu ci dated, since the
poly mer iza tion pro cess of AAM and the struc ture it self
are not yet fully un der stood, con sid er ing the va ri ety of
pre cur sors that can serve as the ba sis for ob tain ing these
type of ma te rial. This work fo cuses on pay ing more at -

ten tion to the struc tural, chem i cal, and ra dio log i cal
char ac ter is tics of the ob tained AAM sam ples.

EX PER I MEN TAL

Ma te ri als and meth ods

The used ka olin is high clay ob tained from Ser -
bia. The physicochemical and ra dio log i cal char ac ter -
iza tion of ka olin and its poly mer iza tion prod ucts were
in ves ti gated in pre vi ous work by Nenadovi} et al. [18]
and Ivanovi} et al. [16]. It was shown that the struc -
tural char ac ter is tics of this ka olin are suit able for
mechanochemical, ra dio ac tiv ity, and ther mal treat -
ment planned in this re search. The al ka line so lu tion
was pre pared from so dium sil i cate (vol ume ra tion
Na2SiO3/NaOH = 1.6) and 12 M NaOH. The ref er ence 
al kali ac ti vated was formed from metakaolin, 1 wt.%
or 5 wt.% Sm2O3, and the al ka line so lu tion (solid/liq -
uid ra tio was 0.85),  mixed for 10 minutes and then left
at room tem per a ture for one day. Fi nally, the mix ture
was kept in a sam ple dry ing oven for two days at con -
stant tem per a ture 50 °C. A time of 28 days is nec es sary 
to com plete the pro cess of poly mer iza tion.

In this re search, 8 sam ples (S1-S8) were syn the -
sized. Sam ple S1 was syn the sized with 1 wt.% Sm2O3, 
while sam ple S2 was syn the sized with 5 wt.% Sm2O3.
Sam ples from S3 to S8 were ther mally treated at tem -
per a tures of 300 °C, 600 °C, and 900 °C. The syn the sis 
re sults are pre sented in tab. 1.

CHAR AC TER IZA TION TECH NIQUES

En ergy dispersive X-ray
flu o res cence spec trom e try

En ergy dispersive X-ray flu o res cence (EDXRF)
is a rapid, straight for ward, and cost-ef fec tive non-de -
struc tive tech nique for multielement anal y sis. For this
pro cess, the pul ver ized sam ple was pressed into a pel let
and an a lyzed di rectly us ing an XRF spec trom e ter
equipped with three mono chro matic ex ci ta tion sources
built in-house: 55Fe, 109Cd, and 241Am. This con fig u ra -
tion of mono chro matic ex ci ta tion sources al lows for
op ti mal ex ci ta tion across a range of el e ments, from light 
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Ta ble 1. The chart of syn the sized sam ples

Num ber Code of the
sam ple

Amount of
Sm2O3 [wt.%]

Ther mal treat ment
tem per a ture [°C]

1 S1 1 Sm2O3 –
2 S2 5 Sm2O3 –
3 S3 1 Sm2O3 300
4 S4 5 Sm2O3 300
5 S5 1 Sm2O3 600
6 S6 5 Sm2O3 600
7 S7 1 Sm2O3 900
8 S8 5 Sm2O3 900



el e ments such as so dium (Na) and po tas sium (K) to
heavier el e ments such as sa mar ium (Sm). The re sult ing
flu o res cence ra di a tion was de tected us ing EDXRF
spec trom e ters with SDD or Si(Li) de tec tors. De tails on
the spec trom e ter con fig u ra tion and the quan ti ta tive
anal y sis soft ware used are avail able in the ref er enced
sources [27, 28].

Dif fuse reflectance in fra red
Fou rier trans form spec tros copy

The DRIFT spec tra were ob tained us ing a
Perkin-Elmer FTIR spec trom e ter. Ap prox i mately 5 %
of the sam ples were dis persed in dry, spec tro scopic
KBr with a re frac tive in dex of 1.559 and a par ti cle size
of 5-20 µm. Base line KBr spec tra were ob tained, and
spec tra were ra tioned to the back ground. The spec tra
were scanned at a res o lu tion of 4 cm–1 and col lected in
the mid-IR re gion from 4000 cm–1 to 400 cm–1.

The X-ray pho to elec tron spec tros copy

The X-ray pho to elec tron spec tros copy (XPS) was
performed us ing a SPECS in stru ment for X-ray pho to -
elec tron spec tros copy by mono chro matic Al K line
with a pho ton en ergy of 1486.67 eV. De tailed spec tra of 
the  main  pho to elec tron lines were taken in the fixed an a -
lyzer trans mis sion mode with a pass en ergy of 20 eV
(FAT 20), an en ergy step of 0.1 eV, and a dwell time of 2
sec onds. Charg ing com pen sa tion was per formed us ing
an elec tron flood gun and the con stant cur rent and volt -
age. The sur vey spec tra were per formed ac cord ing to the
char ac ter is tic spec tral line in ten si ties.

Scan ning elec tron mi cros copy

An emis sion scan ning elec tron mi cro scope
(FESEM, FEIScios 2, DualBeamsystem) was used for
mor pho log i cal ex am i na tions. The sam ples were at tached 
to the sam ple holder us ing dou ble-sided cop per tape. Mi -

cro graphs were taken at an ac cel er at ing volt age of 15 kV
and a cham ber pres sure of ap prox i mately 910–5 Pa.

Gamma-ray spec trom e try

The ra dio log i cal char ac ter iza tion of the syn the -
sized sam ples was per formed us ing the gamma spec -
tro met ric method. This method is used to iden tify
gamma emit ter radionuclides pres ent in the tested
sam ples, as well as de ter mi na tion their spe cific ac tiv -
ity. Mea sure ments were car ried out in ac cor dance with 
in ter na tional rec om men da tions [29]. The mea sure -
ments were per formed on a semi con duc tor HPGe
spec trom e ter (Can berra, rel a tive ef fi ciency 18 % and
res o lu tion 1.8 keV at 1332 keV) and, due to the
achieve ment of the ap pro pri ate mea sure ment un cer -
tainty, lasted 60,000 s each. The prep a ra tion of ref er -
ence ra dio ac tive ma te rial for spec trom e ter ef fi ciency
cal i bra tion ac cord ing to the rec om men da tions of the
In ter na tional Atomic En ergy Agency (IAEA) [30]
was car ried out us ing a cer ti fied so lu tion of a mix ture
of gamma emit ting radionuclides (241Am, 109Cd,
139Ce, 57Co, 60Co, 137Cs, 133Ba, 85Sr, 51Cr, 210Pb, and
88Y) pro duced by the Czech Me te o rol ogy In sti tute
(CMI). The spec tra of the tested sam ples were re -
corded us ing the Genie2000 soft ware pack age (Can -
berra). En ergy cal i bra tion was per formed with ref er -
ence point stan dards 133Ba and 60Co.

RE SULTS AND DIS CUS SION

En ergy dispersive X-ray
flu o res cence spec trom e try 

Quan ti ta tive EDXRF chem i cal anal y sis de ter -
mined the per cent age com po si tion of ox ides in sam ples
S1-S8. The re sults in tab. 2. show a high level of sil i -
con(IV)-ox ide (SiO2), alu mi num(III)-ox ide (Al2O3),
so dium ox ide (Na2O), and iron(III)-ox ide (Fe2O3).
Based on the lit er a ture [31], good pozzolanic ac tiv ity of
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Ta ble 2. Chem i cal com po si tion of AAM

Ox ides

Sam ples

Non-treated
Ther mally treated [°C]

Sm2O3 1wt.% Sm2O3 5wt.%
Sm2O3 1wt.% Sm2O3 5wt.% 300 600 900 300 600 900

S1 S2 S3 S5 S7 S4 S6 S8
    Na2O [%] 16.95 14.33 15.53 18.09 15.02 18.50 18.23 16.36
    MgO [%] 1.81 3.16 2.80 0.99 1.86 2.04 1.67 2.17
    Al2O3 [%] 23.76 24.19 23.72 22.83 24.39 23.28 22.46 22.57
    SiO2 [%] 53.11 51.89 53.50 53.54 53.67 52.50 51.25 51.72
    K2O [%] 1.55 1.53 1.53 1.65 1.72 1.50 1.49 1.63
    CaO [%] 0.29 0.29 0.29 0.29 0.35 0.28 0.28 0.30
    TiO2 [%] 0.26 0.21 0.47 0.46 0.53 0.42 0.43 0.45
    Fe2O3 [%] 1.53 1.41 1.46 1.47 1.68 1.41 1.40 1.56
    Sm2O3 [%] 0.63 2.89 0.61 0.59 0.68 2.85 2.70 3.13



the ma te rial re quires that the con tent of sil i con, alu mi -
num, and iron ox ides (SiO2+ Al2O3+ Fe2O3) be greater
than 70 % and that the ma te rial con tains as much of the
amor phous phase as pos si ble. All the sam ples have
good pozzolanic ac tiv ity be cause the sum of sil i con,
alu mi num, and iron ox ides (SiO2+ Al2O3 + Fe2O3) is
greater than 70 %. Pozzolanic ac tiv ity for un treated
sam ples is S1 = 78.40 % and S2 = 77.49 %.

Ta ble 2 shows the per cent ages of ox ides pres ent in
ther mally treated sam ples in which Sm2O3 was in cor po -
rated. As with sam ples that were not ther mally treated, it
is  ob served  that  the  larg est  con tri bu tion  is  made  by 
sil i con, alu mi num, and so dium ox ide, which are char ac -
ter is tic of alu mi no sili cate ma te ri als. El e vated tem per a -
tures  gen er ally  in crease  the  per cent age  of  ox ides  such
as Na2O, Al2O3, SiO2, and TiO2. These changes in di cate
changes in the phase com po si tion, or the for ma tion of
sta ble  com pounds,  at  higher  tem per a tures.  All  the
sam ples show a good pozzolanic ac tiv ity, meet ing the
stan dard of the Amer i can So ci ety for Test ing of
Cementitious  Ma te ri als  (ASTM  C618) [32] with a
com bined  con tent  of  SiO2,  Al2O3,  and  Fe2O3  ex ceed -
ing 70 %. The ther mally treated sam ples show slightly 
dif fer ent  re sults,  which  in di cates that the ther mal  treat -
ment  af fects  the  pozzolanic  ac tiv ity  of  the  ma te rial.
The re sults of the pozzolanic ac tiv ity  for  the  ther mally 
treated  sam ples  are  for  S3  =  78.68  %, S4 = 77.19 %,
S5 = 77.84 %, S6 = 75.11 %, S7 = 79.74 %, S8 = 75.85 %. 
Based on the re sults, it can be con cluded that pozzolanic
ac tiv ity in creases in sam ples with 1 wt.% Sm2O3, while
pozzolanic ac tiv ity de creases in sam ples with 5 wt.%
Sm2O3.

The ther mal treat ment causes slight changes
com pared to the ba sic sam ples, such as the per cent age
com po si tion Sm2O3, which in some sam ples show an
in crease, while the MgO con tent de creases, which in -
di cates pos si ble phase changes. Ox ides such as Al2O3,

SiO2, K2O, and CaO re main sta ble, in di cat ing ther mal
sta bil ity. 

Dif fuse reflectance in fra red Fou rier
trans form spec tros copy

The graph in fig. 1 shows the DRIFT reflectance
spec tra of geopolymer sam ples with in cor po rated 1 wt.% 
Sm2O3,  the  sam ples  were  an a lyzed  at  dif fer ent tem per -
a tures:  S1  (non-ther mally  treated),  S3  (300 °C),  S5
(600 °C), and S7 (900 °C). The ad sorp tion of CO2 from
the at mo sphere is also ob served in fig. 1, the vi bra tional
bands  at trib uted  to this are lo cated at 2793 cm–1 and
1470 cm–1 [33, 34]. The as sig na tion of the band at 1030
cm–1 is char ac ter is tic  of  Si-O-T  (T =  Si  or  Al)  asym -
met ric vi bra tions.  The  stretch ing  vi bra tion of Sm-O oc -
curs at 796 cm–1.  The  con fir ma tion  of  the Sm-OH bond
for ma tion is the as sign ment  of  the Sm-OH bend ing vi -
bra tion band at 669 cm–1. The stretch ing vi bra tion of
Sm-O-Si is vis i ble in the 561 cm–1 vi bra tional band [35].
The S1 re mains in its orig i nal, less mod i fied form, with
the high est reflectance. Sam ples S3, S5, and S7 show
struc tural changes, with re or ga ni za tion of the sil i cate net -
work as the tem per a ture rises. The trend is clear: higher
tem per a tures lead to more sig nif i cant struc tural mod i fi -
ca tions, with S7 show ing the most changes, likely due to
crys tal li za tion or par tial sintering at 900°.

The graph in fig. 2 shows the DRIFT reflectance
spec tra of geopolymer sam ples with in cor po rated 5
wt.% Sm2O3,  the  sam ples  were  an a lyzed  at  dif fer ent
tem per a tures: S2 (non-ther mally treated), S4 (300 °C), 
S6 (600 °C), and S8 (900 °C). The val ues of the
wavenumbers re mained al most the same; there is a dif -
fer ence in the band char ac ter is tic for form ing the
Sm-OH  bond;  its value af ter ther mal treat ment is
3623 cm–1. Also, the bands for car bon- di ox ide ad -
sorp tion from the at mo sphere have 2784 cm–1 and
1475 cm–1 wavenumber val ues.
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Fig ure 1. The DRIFT reflectance
spec tra of geopolymer sam ples
with in cor po rated 5 wt.% Sm2O3,
the sam ples were an a lyzed at
dif fer ent tem per a tures;
S1 (non-ther mally treated),
S3 (300 °C), S5 (600 °C), and
S7 (900 °C)



At wave num bers 1033 cm–1, 807 cm–1, and 669 cm–1,
there are vi bra tions cor re spond ing to Si-O-T, Sm-O, and
Sm-O-H bonds, re spec tively.

The X-ray pho to elec tron spec tros copy

The XPS anal y sis of alu mi no sili cate ma te ri als is
quite de mand ing. Due to its in su lat ing prop er ties,
non-uni form sur face charg ing oc curs, which re sults in
peak broad en ing. For this rea son, one should be very
care ful when talk ing about this type of char ac ter iza -
tion be cause ma te ri als of nat u ral or i gin are gen er ally
multiphase.

Fig ure 3(a) shows the sur vey spec trum of AAM
treated at 300 °C. The most dom i nant spec tral line be -
longs to ox y gen O 1s, while very pro nounced peaks
for alu mi num Al 2p, and sil i con Si 2p are also vis i ble
due to the chem i cal com po si tion of the ma te rial. The
pres ence of sa mar ium can also be seen from the sur vey 
spec trum at bind ing en ergy around 1100 eV. From the
same im age, it can be seen that the car bon peak prac ti -
cally does not ex ist. This speaks in fa vor of the fact that 
this is ef fec tively a car bon-free ma te rial. 

Fig ure 3(b) shows the O 1s spec tral line of the
AAM treated at 300 °C, which has been re solved into
two con tri bu tions (O1s-1 and O 1s-2). The first more
prom i nent con tri bu tion of O 1s-1 at 531.2 eV be longs
to siloxo (Si-O-Si) and sialate bonds (Si-O-Al). An -
other con tri bu tion of O 1s-2 at 529.1 eV can be at trib -
uted to Si-OH and Si-ONa bonds. From the graph, it
can be con cluded that the great ma jor ity of chem i cal
bonds in AAM are siloxo and show sta bil ity at el e -
vated tem per a tures, figs. 3(c) and 3(d). The O 1s-1
con tri bu tion shows that it rep re sents the ba sic ma trix
of AAM and that it does not suf fer ma jor chem i cal
changes with con di tions. As for the sec ond con tri bu -

tion, O1s-2, it shows an ir reg u lar trend with  in creas -
ing tem per a ture. At 600°C, the O1s-2 con tri bu tion
drops con sid er ably,  fig. 3(c), while at 900 °C, fig.
3(d), it re ap pears in a higher per cent age (about 20 %).
This in di cates that at the max i mum treat ment tem per a -
ture, Si-OH and Si-ONa chem i cal bonds are re gen er -
ated to a higher ex tent com pared to the low est treat -
ment tem per a ture.

Scan ning elec tron mi cros copy (SEM)

The SEM mi cro graph at 1200x mag ni fi ca tion,
fig. 4(a) shows the over all mor phol ogy of sam ple S1.
The par ti cles have ir reg u lar shapes with vari able sizes. 
The sur face is het er o ge neous, which in di cates a com -
pos ite ma te rial with a po rous struc ture.

Af ter heat treat ment at 300 °C, fig. 4(b), the struc -
ture be comes more com pact. The sur face is still un even,
but the pores are more pro nounced, and slight cracks in
the struc ture of the ma te rial are no tice able. Heat treat -
ment at 300 °C leads to slight com pac tion of the par ti cles, 
which  could  be  at trib uted to a slight or der ing of the
crys tal struc ture at high tem per a tures [36]. Treat ment at
600 °C, fig. 4(c), ad di tion ally changes the mor phol ogy;
the par ti cles be come larger, and a greater de gree of
sintering oc curs. The sur face be comes smoother, which
in di cates ther mal sta bi li za tion. The mi cro-struc ture
shows po ros ity, and the pres ence of an ini tial phase of
crys tal li za tion within the ma trix is pos si ble [36]. By in -
creas ing the tem per a ture of the ther mal treat ment, the ef -
fect of pore ex pan sion and crys tal li za tion of the sam ple
oc curs. Ther mal treat ment at 900 °C con trib uted to the
vis i ble crys tal li za tion of the sam ple. The struc ture has
be come more ho mo ge neous, with a smooth sur face and
po ros ity, as shown in fig. 4(d).

The sam ple doped with 5 wt.% Sm2O3, fig. 5(a),
shows a sim i lar struc ture to the sam ple with 1 wt.%
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Fig ure 2. The DRIFT reflectance
spec tra of geopolymer sam ples with
in corporated 5 wt.% Sm2O3, the
sam ples were an a lyzed at dif fer ent
tem per a tures; S2 (non-ther mally
treated), S4 (300 °C), S6 (600 °C),
and S8 (900 °C)



Sm2O3, but with larger ag glom er ates. The par ti cles are 
coarser and have less sharp edges. Po ros ity is pres ent,
but the par ti cles ap pear more sta ble and com pact. At a
tem per a ture of 300 °C, com pac tion and con sol i da tion
of the struc ture oc curs, a sim i lar trend to the sam ple
with 1 wt.% Sm2O3, but with the pres ence of a higher
con cen tra tion of Sm2O3, the struc ture ap pears more
sta ble. Po ros ity is still pres ent, fig. 5(b), with a higher
num ber of open pores com pared to the lower dop ant
sam ple, fig. 4(b). A sim i lar sintering trend is ob served
in both sam ples, but the sam ple with 5 wt.% Sm2O3 in
fig. 5(c) shows a clearer crys tal line phase and a more
ho mo ge neous mi cro-struc ture. Also, com pared to the
sam ple ther mally treated at 600 °C with 1 wt.%
Sm2O3, the sam ple with 5 wt.% Sm2O3 has a more pro -
nounced ten dency to ex pand the pores. This sam ple
ap pears more sta ble at this tem per a ture. At 900 °C, the
sam ple with 5 wt.% Sm2O3 in fig. 5(d) shows crys tal li -
za tion [36] and a more sta ble struc ture com pared to the 
sam ple with 1 wt.% Sm2O3 in fig. 4(d). There are
fewer pores and ir reg u lar i ties, which in di cates better
ther mal sta bil ity due to a higher amount of Sm2O3. The 
pres ence of Sm2O3 in geopolymers sig nif i cantly af -
fects their mor phol ogy, es pe cially at higher con cen tra -
tions and higher tem per a tures of ther mal treat ment.

Gamma spec tro met ric anal y sis

It is known that all build ing ma te ri als con tain
dif fer ent ac tiv i ties of nat u ral radionuclides. Given that 
the syn the sized alu mi no sili cate ma te ri als have a po -
ten tial ap pli ca tion in con struc tion, the spe cific ac tiv ity 
of radionuclides for ther mally un treated sam ples was
de ter mined and the re sults are pre sented in tab. 3.
Mea sure ment un cer tainty are given at the 95 % con fi -
dence level (k = 2).

Given that a nat u ral ma te rial, metakaolin, was
used for the syn the sis of alu mi no sili cate ma te rial, the
pres ence of 137Cs could be ex pected, which was found
in na ture partly af ter the nu clear tests, and to the great est 
ex tent af ter the ac ci dent in Chernobyl. How ever, tab. 3
shows that the spe cific ac tiv ity of this radionuclide was
be low the de tec tion min i mum. Also, no other pro duced
radionuclide was de tected.

As the aim of this in ves ti ga tion was to ex am ine
whether AAM are safe for use in con struc tion from a
ra dio log i cal as pect, the rec om men da tions of the Eu ro -
pean Com mis sion on the prin ci ples of ra dio log i cal
pro tec tion con cern ing the nat u ral ra dio ac tiv ity of
build ing ma te ri als [37] were re spected. There it is
stated that as a screen ing method should be used ac tiv -
ity con cen tra tion in dex (ACI) de ter mi na tion. An ACI
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Fig ure 3. The XPS anal y sis of AAM with 5 wt.% Sm; (a) Sur vey XPS spec trum, (b) O 1s 300 °C, (c) O 1s 600 °C,
and (d) O 1s 900 °C
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Fig ure 4. The SEM mi cro graphs at the mag ni fi ca tion 1200x; (a) S1, (b) S3, (c) S5, and (d) S7

Fig ure 5. The SEM mi cro graphs at the mag ni fi ca tion 1200x; (a) S2, (b) S4, (c) S6, and (d) S8



value of less than 1 en sures that the in ter nal an nual ef -
fec tive dose rate E, orig i nat ing from the tested ma te -
rial, if all the struc tures of the room are made of it, will
be less than 1 mSv per year. If the ACI is greater than 1, 
it is nec es sary to eval u ate the E for other pos si bil i ties
(or a spe cific case) of us ing the tested ma te rial. In ad di -
tion to ACI, Hint was also cal cu lated, which is more
rig or ous in terms of 226Ra con cen tra tion, be cause it
also takes into ac count the dose re ceived by in hal ing
ra don and its de scen dants (ra don is con sid ered the sec -
ond cause of lung can cer, af ter cig a rettes).

The E is cal cu lated by eq. (1) [37], us ing a con -
ver sion co ef fi cient of 0.7 SvGy–1 to con vert the ab -
sorbed dose in the air into the ef fec tive dose in the hu -
man body. The D is the ab sorbed dose in the air and pt
is an nual ex po sure time, where p is the per cent age of
years dur ing which hu mans are ex posed to ra di a tion
and t is 8.760 hours (num ber hour in year)

E D

t

( )

( ) .

mSv per year
nGy

h

p h per year
Sv

Gy
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For es ti mate in door ef fec tive dose rate (Ein door,
E80 %) cal cu la tion takes into ac count that the peo ple
spend about 80 % of the time in doors (in door oc cu -
pancy fac tor p is 0.8) [37].

The ab sorbed dose in the air, D (nGyh–1), is es ti -
mated based on eq. (2) [37], where are: qi spe cific dose
rate for iso tope i in (nGyh–1)/(Bqkg–1) and Ai the ac tiv -
ity con cen tra tion of iso tope i in Bqkg–1

D q A q A q A    226 226 232 232 40 40Ra Ra Th Th K K
(2)

Value of qi are usu ally cal cu lated by sim u lat ing
of dif fer ent cases. To cal cu lat ing qi for es ti mate ab -
sorbed dose of build ing ma te rial, the most fre quently
used is a stan dard model room (a room of 20 m2 and
2.8 m in height).  An ACI value less than 1, eq. (3), en -
sures that E will be less than 1 mSv per year if all the
struc tures of the room (floor, walls and ceil ing) are
made of tested ma te rial

ACI
A A q

  226 232 40

300 200 3000
Ra Th K (3)

For some cases they are too strictly de fined, so
these are only screen ing pa ram e ters. When ACI is
greater than 1, it is nec es sary to es ti mate the dose for
the sit u a tion in which the ob served ma te rial is used,
for ex am ple if they are used for con struc tion only parts 
of the room: floor and walls (Dfw), floor only (Df), sur -
face ma te rial for all walls (Dsup). Es ti mates of ab -
sorbed dose for these cases where made us ing eqs.
(4)-(6), re spec tively [37]

D A A Afw Ra Th K
     067 078 0057226 232 40. . . (4)

D A A Af Ra Th K
     024 028 002226 232 40. . . (5)

D A A Asup Ra Th K
     012 014 00096226 232 40. . . (6)

In ad di tion to the ex ter nal ra di a tion, ra don and
its short-lived prod ucts are also haz ard ous to re spi ra -
tory or gans, and that is quan ti fied by in ter nal haz ard
in dex Hint, eq. (7), [22]. The value of Hint should be
less than 1, for ma te rial used in door

H
A A q

int   226 232 40

185 259 4180
Ra Th K (7)

Ta ble 4 shows the pa ram e ters of ra dio log i cal
safety for sam ples of syn the sized aluminosilicates.

Cal cu lated ra dio log i cal safety pa ram e ters in di -
cate an ac cept able ra dio log i cal risk for use these ma te -
ri als for build ing, i.e. an nual ef fec tive dose of ra di a -
tion to the hu man body orig i nat ing from the in te rior of
stan dard room (4  5  2.8) m with all struc tures (floor,
ceil ing and walls) built with them is for both sam ples
be low the limit of 1 mSv, each [37, 38].

The spe cific ac tiv i ties of radionuclides in ther -
mally treated sam ples were de ter mined by gamma spec -
tro met ric anal y sis and pre sented in tab. 5. As men tioned,
all build ing ma te ri als con tain dif fer ent ac tiv i ties of nat u -
ral radionuclides. All pres ent radionuclides 210Pb, 226Ra,
238U, 235U show mod er ate de vi a tions from the usual val -
ues ac cord ing to UNSCEAR [17] and do not rep re sent
any alarm ing data. Also, as in all pre vi ous sam ples, the
pres ence of ar ti fi cial radionuclide 137Cs was not de tected.

The ACI and Hint are greater than 1 for sam ples
S5-S8, which in di cates that ad di tional as sess ments of
ra dio log i cal haz ard are needed to ex am ine in which
cases the ma te ri als are suit able for in ter nal use in con -
struc tion.

As can be seen from tab. 6, all tested heat-treated
sam ples are ac cept able from a ra dio log i cal point of
view if they are used for con struc tion the next parts of
room: floor and walls, floor only, sur face ma te rial for
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Ta ble 3. Spe cific ac tiv i ties of radionuclides in ther mally
un treated sam ples with mea sure ment un cer tain ties
(k = 2)

Radionuclide
[Bqkg–1]

Ther mally un treated sam ples
1 wt.% Sm2O3 5 wt.% Sm2O3

S1 S2
210Pb 146  32 240  37
226Ra 96  12 106  13
238U 184  38 <160
235U 16  6 <12

228Ac(232Th) 66  24 <40
40K 443  106 262  83

137Cs <3 <3

Ta ble 4. Ra dio log i cal safety pa ram e ters of ther mally
un treated sam ples: ACI and Hint

Ra dio log i cal safety
pa ram e ters

Ther mally un treated sam ples
1 wt.% Sm2O3 5 wt.% Sm2O3

S1 S2
ACI 0.798 0.641

Hint [Bqkg–1] 0.865 0.778



all walls. Due to, the an nual ef fec tive dose of ra di a tion
of ex ter nal ex po sure from all the in ves ti gated, ther -
mally treated sam ples, does not ex ceed 1 mSv per year, 
if they are used like su per fi cial ma te rial, these ma te ri -
als are ac cept able for ra dio log i cal as pect for the use as
ex ter nal in su la tion ma te ri als.

CON CLU SIONS

A de tailed struc tural, physicochemical and ra -
dio log i cal anal y sis of AAM doped with 1 wt.% and 5
wt.% Sm2O3 was per formed in this re search. The
tested ma te rial showed great po ten tial for ap pli ca tion
in ev ery day life in var i ous branches of in dus try. It is
very im por tant to point out that from rel a tively
low-cost raw ma te ri als we can get a use ful and us able
ma te rial for wide ap pli ca tions in in dus try – me chan i -
cal prop er ties, cor ro sion re sis tance, and high du ra bil -
ity in high-tem per a ture ap pli ca tions. The XRF anal y -
sis con firmed the chem i cal com po si tion (con verted to
ox ides) dom i nated by sil i con (IV)-ox ide (SiO2), alu -
mi num (III)-ox ide (Al2O3), and iron (III)-ox ide
(Fe2O3), which leads to ex cel lent pozzolanic prop er -
ties ma te rial. At el e vated tem per a tures, the ex am ined
AAM proved to be very sta ble and the stoichiometric
con tent of the ox ide was slightly changed, while the
pozzolanic ac tiv ity was more pro nounced in the sam -
ple with 1 wt.% Sm2O3.

The DRIFT method con firmed that ther mal treat -
ment changes the chem i cal bonds in AAM. The most
sig nif i cant changes oc cur at the high est tem per a tures.
In this study, the larg est change was ob served in sam ple
S7 treated at 900 °C, where the for ma tion of the Sm-OH 
bond is most clearly seen. The XPS anal y sis showed
that the in ves ti gated AAM has a very low (al most
non-ex is tent) car bon con tent, clas si fy ing this ma te rial
as green-sus tain able ma te rial for fu ture ap pli ca tions.
Based on the shift of the fit ted O1s spec tral lines, it can
be con cluded that with in creas ing tem per a ture of ther -
mal treat ment, the amount of Si-OH and Si-ONa bonds
in creases, be cause with in creas ing tem per a ture (max i -
mum 900 °C) these bonds are re gen er ated and re con -
structed. The SEM char ac ter iza tion ad di tion ally con -
firmed the struc ture and mi cro char ac ter is tics of the
tested sam ples. It was clearly ob served that the po ros ity
and crystallinity of the grains in creases with the in -
crease in tem per a ture. At 900 °C, the ex am ined AAM
were al most sintered. Better char ac ter is tics were ob -
served in AAM doped with 5 wt.% Sm2O3, while a
slightly  less sta ble struc ture was noted in sam ples with
1 wt.% Sm2O3. It is ob vi ous that the amount of Sm2O3
af fects the sta bil ity of al kali- ac ti vated ma te ri als, by in -
creas ing the crystallinity and de creas ing the pore size.
Gamma spec tro met ric anal y sis showed that all the mea -
sured sam ples con tain radionuclides (210Pb, 226Ra,
238U, 235U, 228Ac (232Th), 40K) at con cen tra tions within
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Ta ble 6. Ra dio log i cal safety pa ram e ters: the ACI and Hint, ab sorbed dose in the air (D) and an nual ef fec tive dose from
in side (Eindoor) for three dif fer ent cases of pos si ble use of ther mally treated sam ples (floor and walls, only floor, su per fi cial
ma te rial for all walls)

Ra dio log i cal safety pa ram e ters
Ther mally treated sam ples

Sm2O3 1 wt.% Sm2O3 5 wt.% 
S3 (300 °C) S5 (600 °C) S7 (900 °C) S4 (300 °C) S6 (600 °C) S8 (900 °C)

ACI 0.543 1.332 1.073 0.658 1.114 1.053
Hint [Bqkg–1] 0.647 1.559 1.223 0.728 1.211 1.159

Dfw [nGyh–1], floor and walls / 241.34/191.34* 193.07 / 197.24 187.36
Dof [nGyh–1], only floor / 86.20 68.94 / 70.44 66.90

Dsup [nGyh–1], su per fi cial ma te rial for all walls / 42.8 34.22 / 34.96 33.20
Eindoor,fw (mSv per year) / 1.18/0.94* 0.95 / 0.97 0.92
Eindoor,f (mSv per year) / 0.42 0.34 / 0.35 0.33

Ein door,sup (mSv per year) / 0.21 0.17 / 0.17 0.16

* This is not the ex cess ex po sure from build ing ma te ri als be cause con crete struc tures shield against gamma ra di a tion from the un dis turbed
earth's crust. Us ing the av er age value of 50 nGyh–1 for the back ground, the ex cess dose rate in the room is there fore
(241.34-50) nGyh–1 = 191.34 nGyh–1

Ta ble 5. Spe cific ac tiv i ties of radionuclides in ther mally treated sam ples with mea sure ment un cer tain ties (k = 2)

Radionuclide [Bqkg–1]

Ther mally treated sam ples
Sm2O3 1 wt.% Sm2O3 5 wt.% 

S3 (300 °C) S5 (600 °C) S7 (900 °C) S4 (300 °C) S6 (600 °C) S8 (900 °C)
210Pb 166 28 173 30 90 20 113 22 248 31 <25
226Ra 86 11 200 10 150 10 81 10 135 29 133 9
238U 277 37 190 30 124 28 200 30 140 30 108 23
235U 15 3 17 2 12.8 1.8 11 2 8 1 7.7 1.1

228Ac(232Th) <30 85 16 73 14 65 20 90 20 80 14
40K 320 80 720 90 625 75 <190 642 84 629 75

137Cs <3 <2 <1 <3 <2 <1



typ i cal ranges, whereby the pres ence of 137Cs was not
de tected. Al though the ACI for some tested ma te ri als is
greater than 1, this does not pose a prob lem for com mer -
cial use and is con sid ered safe for a sur face con struc tion 
ma te rial, be cause the E for that use, cal cu lated ac cord -
ing to the rec om men da tions of the Eu ro pean Com mis -
sion, does not ex ceed 1 mSv per year.
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RADIOLO[KA  KARAKTERIZACIJA  ALKALNO  AKTIVIRANOG  MATERIJALA
DOPIRANOG  SA  SM2O3  I  WEGOVIH  PROIZVODA  POLIMERIZACIJE

Ciq ovog rada bio je odre|ivawe radiolo{ke karakterizacije alkalno aktiviranog
materijala sa  i wegovim produktima polimerizacije. Sintetisani su alkalno aktivirani
materijali sa dodatkom 1 mas.% i 5 mas.%  i odre|ena je prirodna radioaktivnost.
Energetska disperzivna rendgenska fluorescencija pokazala je promene u faznom sastavu ili
formirawe stabilnih jediwewa na vi{im temperaturama. Svi uzorci pokazuju dobru pucolansku
aktivnost, dok je procenat  neznatno promewen. Rendgen fotoelektronska spektroskopija
potvrdila je da dobijeni materijal ima veoma nizak sadr`aj ugqenika i da je kao takav potpuno
ekolo{ki zbog niskog ugqeni~nog otiska. Detaqna analiza pika kiseonika ukazuje na varijacije u
stehiometriji oksida, koje mogu uticati na promenu vrednosti prirodne radioaktivnosti.
Skeniraju}a elektronska mikroskopija potvrdila je da pove}awem tem per a ture termi~ke obrade
dolazi do otvarawa pora u alkalno aktiviranom materijalu, kao i daqeg {irewa reakcije
pove}awa poroznosti i kristalizacije. Radiolo{kim merewem je potvr|eno da je ispitivani
alkalno aktivirani materijal bezbedan za upotrebu i eksploataciju. Treba naglasiti da prisustvo
ve{ta~kog radionuklida cezijum 137Cs nije detektovano.

Kqu~ne re~i: alkalno aktivirani materijal, Sm2O3, gama spektrometrija, energetska
.........................disperzivna rendgenska fluorescencija, rendgen fotoelektronska
.........................spektroskopija


