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A B S T R A C T   

Alkali-activated materials were prepared from four typical precursors (coal fly ash, granulated blast furnace slag, 
metakaolin, and brick waste powder) characterized for granulometry, elemental composition, and microstruc
ture. High-resolution gamma-ray spectrometry was used to determine the activity concentration of Naturally 
Occurring Radioactive Materials (NORM) in all the materials to assess their radiological impact. All the inves
tigated materials have been found to comply with the European dosimetric index (I) according to Directive 2013/ 
59/Euratom. The results suggest the need for an accurate check of radioactivity throughout the mixing phases to 
prevent I exceedances. The productive chains were also evaluated by principal component analysis.   

1. Introduction 

The current environmental and climatic constraints are urging to
wards increasingly efficient and sustainable materials and production 
processes, leading to a reduction of exploited natural resources, pro
cessing emissions as well as wastes [1]. 

Within the building industry, alkali-activated materials (AAMs) and 
geopolymers are increasingly gaining in attractiveness for their 
numerous advantages [2]. In particular, the production of these mate
rials allows for a substantial reduction in CO2 emissions, due to the 
production processes not requiring calcination of the carbonate 
component, rarely present in the raw materials, and lower energy costs, 
due to the lower process temperature, thus involving even lower fossil 
fuel emissions [3]. 

Moreover, the starting materials employed are increasingly intro
ducing industrial solid wastes deriving from mineral origin such as, for 
example, energy production based on coal fly ash or from metal smelt
ing. At the end of the primary industrial cycles, a geogenic-like matrix is 
somehow preserved, suggesting waste recycling as an alternative route 
to produce building materials [4,5]. 

AAMs and geopolymers are defined as inorganic aluminosilicate 
binders [6]. Despite the first publication on this topic being dated back 
to 1979, the research interest is steadily increasing since 2000 [4,5,7], 
thanks to the outstanding performances in terms of mechanical strength, 

high-temperature resistance, durability, and environmental sustain
ability measured for optimized formulation [8]. Provis [8] defined this 
class of materials as sustainable binder systems with different features 
compared to traditional cementitious materials, but with important 
characteristics, such as versatility and local adaptability. To prepare 
AAMs and geopolymers, a wide range of recycled precursors can be 
used. The most used raw materials in research are sourced by industrial 
by-products, i.e., fly ash derived from coal combustion or slag from iron- 
making production [8,9]. However, since precursors for AAMs are 
defined as aluminosilicate materials rich in amorphous SiO2 and Al2O3, 
a wide range of urban and industrial by-products can be promisingly 
applied for alkali activation, such as ash from municipal waste incin
eration, demolition, and ceramic waste from the building sector, sedi
ments from water treatment plants (sewage sludge) and waste from 
agriculture and mineral industry [9]. One of the most interesting aspects 
of the precursor selection is the possibility to use locally available ma
terials, thus allowing to minimize the transportation of raw materials 
and to reduce the landfilled materials [8,10]. This approach would 
reduce the environmental impacts of the final products because usually 
transport phases strongly reduce environmental sustainability [8,11]. 
On the other hand, the wide range of potential precursors with different 
mineralogical/technogenic sources, chemical composition, shape, and 
grain size, slow down the development of universal formulations, such 
as in the case of cementitious materials. For this reason, mix design 
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optimization is a fundamental process in the development of AAMs 
[7,8,10]. Thus, a precise tailoring of the alkaline activators (i.e., alkali 
metal hydroxide and silicates), usually aqueous solutions, but also solid 
activators to produce the so-called “one-part geopolymers” [4] is 
necessary to optimize the properties of the final products. As construc
tion materials, AAMs are usually produced as normal- or light-weight 
binders or mortars, and concrete by adding natural or recycled aggre
gates with different particle size distributions in the mixtures. 

Overall, the use of AAMs highlights the achievement of at least two 
basic targets in terms of sustainability, i.e., a reduction in warming 
potential contribution as well as a reduction in solid waste management. 
As far as the latter factor is concerned, recent literature suggests that, 
besides contributing to the decrease of solid waste disposal by land
filling, AAMs from waste materials are proving chemically safe, with 
negligible to a null tendency to release hazardous components, as 
compared to parent materials, usually affected by leaching [12]. The 
intrinsic properties of AAMs, in this respect, are so valuable that they are 
being even proposed as efficient immobilizing agents for radioactive 
wastes [13]. 

Recycled waste materials, indeed, may represent a potential hazard 
[14] since productive processes involve the redistribution and concen
tration of specific trace species originally occurring in the raw material 
and subsequently transferred to the final product, and/or to wastes and 
emissions according to their physicochemical properties leading to the 
need for treatment, mitigation, and disposal in agreement with envi
ronmental requirements and law restrictions [14]. 

The raw material of mineral/lithogenic origin always includes 
naturally occurring radionuclides mainly associated with the three 
radioactive families of 238,235U and 232Th, beside a few primordial ra
dionuclides, the most important of which is 40K constituting a constant 
though small radioisotopic component of natural potassium [15,16]. 
Owing to their ubiquity in terrestrial rocks and soils, all these materials 
are defined as Naturally Occurring Radioactive Materials (from now on 
NORM) at highly variable concentration levels in the lithosphere and 
pedosphere. 

It is well recognized, indeed, that rocks and minerals present variable 
NORM ranges as a function of the type of rock, formation process, and 
crystalline properties, representing overall what can be referred to as 
“geodiversity” [17]. Details about these aspects are extensively re
ported, for example, in Schön, 2015 [16]. As a result, radiation doses 
from the natural environment are continuously assessed and updated, 
while the dosimetric role of building materials, ranging from the direct 
use of stones or by rock composites obtained by milling and mixing into 
bricks, tiles, and concrete building materials, are long being investigated 
and checked for their radioactivity level [2,7,12]. It is to note however, 
that though average NORM concentration ranges in rocks can be used 
for classifying rocks and their geochemistry, natural radioactivity is 
highly variable even among single lithogenic classes as a result of the 
complex biogeochemistry they undergo at the geological time scale. 
Radioactivity in building materials is being increasingly investigated 
owing to the enforcement of the Euratom Directive 2013/59 and related 
radioprotection constraints. Main recent sources of information and data 
can be found in numerous publications [18–22]. In addition to natural 
diversity, recent exploitation of any type of resources at the planetary 
surface may further contribute to alter the original composition of 
geogenic solids, according to the environmental physico-chemical 
modifications brought by extraction, mining, processing, and disposing. 

Both geological materials in their wide range of activity concentra
tion levels and the exploitation of mineral resources in industrial ac
tivities have been long recognized as potentially significant radiation 
sources leading to excess radiation doses with respect to average pop
ulation exposure [23]. In particular, the cited document highlights how 
both raw materials and wastes may be enriched in NORM, leading to 
excess radiation doses at various stages of a given production process as 
in the case of phosphate fertilizers and zircon sands in the ceramic tiles 
industry [15,24]. Elements and radioisotopes in raw materials may also 

undergo fractionation and/or enrichment both in the final product and 
in the solid wastes, owing to the specific processing they undergo. Solid 
wastes produced from lithogenic materials are often remarkably more 
radioactive than parent materials such as the well-known coal fly ash, 
phosphogypsum, or red muds respectively from coal burning, phosphate 
fertilizer cycle from apatite, and aluminum production [23,25]. Since 
these wastes are associated with enhanced radioactivity due to the in
dustrial processes, the concept of Technologically Enhanced Naturally 
Occurring Radioactive Materials (TENORM) was introduced, together 
with the need for assessing the resulting contribution to the overall ra
diation dose. 

So far, only few studies are reported in the literature on radiological 
AAM characteristics. They mainly deal with very peculiar precursors 
such as red mud, post-production clay, olive biomass ash, and radioac
tive precursors [26–31]. 

The innovation of this work is that we investigate for the first time 
the behavior of NORM in AAMs and geopolymers based on the most 
popular industrial solid wastes precursors (metakaolin, coal fly ash, 
ground granulated blast furnace slag and ceramic waste powder) to 
assess their compliance to the radioprotection regulations recently 
updated within the EU, according to the Council Directive 2013/59/ 
Euratom [25] and introduced into the Italian regulation as the D.L. 101, 
31st July 2020) [32]. These regulations include among others the need 
to assess NORM in all the building materials owing to the role they may 
have on the average radiation dose of the population in terms of gamma 
irradiation potential as well as of radon emissivity. These aspects are 
especially important in indoor conditions where radiation dose depends 
on exposure duration to direct gamma (γ) irradiation by building ma
terials as well as to radon progeny emanation and subsequent inhala
tion, in connection with indoor ventilation conditions. 

This paper covers the systematic analysis of high-resolution γ-ray 
spectra from four series of AAMs including also all the starting materials 
and the alkaline sources for activation of the waste precursors. The 
samples were characterized for their specific NORM composition and 
concentration level throughout the alkali activation process, and their 
respective dosimetric index I as from the Euratom regulation was 
calculated to assess their compliance with the radioprotection safety 
requirements. 

Multivariate analysis based on Principal Component Analysis (PCA) 
was applied to the collected radiometric dataset to assess their relative 
differences and explore the potential for systematic classification pur
poses in the field of building materials. 

2. Materials and methods 

2.1. Materials 

Different precursors were selected for the preparation of alkali- 
activated binders and mortars based on previous studies [33–38]. 
Class F (according to ASTM C618 standard) fly ash (FA), kindly supplied 
by BauMineral (EFA-Füller®, Germany), ground granulated blast 
furnace slag (GGBS), kindly supplied by ECOCEM (France), and brick 
waste powder (BWP), kindly supplied by Wienerberger S.p.A. from the 
industrial plant of Villabruna di Feltre, Belluno, Italy, were chosen as 
waste-derived precursors, while metakaolin produced by flash calcina
tion (MK) and kindly supplied by ARGECO Dévelopement (France) was 
used as reference precursor. Table 1 reports the oxide composition in wt 
% of the different materials measured by Inductively Coupled Plasma- 
Optical Emission Spectrometry (ICP-OES, PerkinElmer, AVIO 550 
Max). The chemical composition of the precursors represents the start
ing point for the mix design optimization for alkali activation. While MK 
and FA are mainly aluminosilicate sources (SiO2 + Al2O3 ≈ 80 % for FA 
and SiO2 + Al2O3 > 90 % for MK) with low amounts of CaO and Fe2O3, 
BWP shows almost the same concentration of SiO2, with lower con
centrations of Al2O3 and CaO but close between them. GGBS resulted 
very rich in CaO, representing more than 50 % of the composition. 
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Besides the chemical composition, the four precursors differ also in 
terms of particle size distribution and particle shapes, as reported in 
Fig. 1 and Table 2. In particular, Table 2 reports the main parameters 
related to particle size distribution in terms of the median value (d(50)) 
and the values of particle size for which 10 % or 90 % of the sample is 
smaller, namely d(10) and d(90). These data were collected using a laser 
scattering grain sizer (Mastersizer 2000, Malvern). GGBS exhibits the 
smallest particle size among the selected precursors and FA shows a 
comparable median value of about 15 µm but broader particle size 
distribution compared to GGBS. On the other hand, BWP and MK have 
comparable particle size distributions with a median particle size of 41 
µm (Fig. 1a). 

Fig. 1b reports the microstructure of the four precursors acquired by 
scanning electron microscopy using a field emission gun instrument 
(FEG-SEM, Tescan Mira3). Morphological observation highlights the 
typical features in terms of shape and size of the particles. While FA 
exhibits mostly spherical morphology (as detected elsewhere [39]), 
GGBS and BWP show irregular shapes, characterized by sharp edges. 
Finally, MK exhibits flake-like morphology, as also reported in a previ
ous study [35]. 

AAMs were prepared by addition of activators and silicate compo
nents. To activate the selected precursors, different alkaline solutions 
were used. Sodium hydroxide (NaOH) was used in pellets (supplied by 
Sigma Aldrich, ACS reagent, assay ≥ 98 %) to be dissolved in sodium 
silicate solution or to prepare an 8 M− solution (320 g of NaOH was 
dissolved in 1L deionized water). The sodium silicate solution (Na2SiO3 
supplied by Ingessil s.r.L., Italy) used for the activation shows a 
composition of 29.9 % SiO2, 14.4 % Na2O, and 55.7 % H2O. Lastly, 
among the activators used for BWP, anhydrous sodium aluminate 
(NaAlO2 supplied by Sigma Aldrich, technical grade) was used to adjust 
the Al2O3 content of the alkali-activated mixes. When mortars were 
prepared, standard siliceous sand (SiO2 > 96 wt%) with a fixed grain 
size distribution (dmax = 2 mm) according to EN 196–1:2016 [40] was 
added as fine aggregate. 

2.2. Sample preparation 

The preparation of AAMs follows the scheme reported in Fig. 2. 
In this work, four types of AAMs were prepared using three different 

precursors: two industrial wastes and metakaolin, which is the most 
typically used material for alkali activation technology [7]. Alkali- 
activated binders and mortars were prepared considering optimized 
mix designs from previous studies [33,34,36,37]. Mass compositions of 
the different components used to prepare paste and mortar samples are 
reported in Table 3. Samples were named using a P or M that stands for 
alkali-activated “paste” or “mortars”, respectively, followed by the 
acronym used for identified the used precursor for the alkali activation 
(i.e., FA = fly ash, GGBS = ground granulated blast furnace slag, BWP =
brick waste powder, MK = metakaolin). All samples were cured at room 
temperature in sealed conditions by closing the samples in plastic bags 
for all the curing periods. 

2.3. Characterization 

2.3.1. High-resolution gamma-ray spectrometry 
All the determinations were carried out after 28 days of curing in 

sealed conditions. Activity concentration levels of NORM in raw mate
rial and finite products were determined by high-resolution gamma-ray 
spectrometry. Samples were analyzed with a p-type HPGe coaxial de
tector (PROFILE, Ortec-Ametek Inc.) with an extended energy range 
(20–2000 keV). The detector has a relative efficiency of 38 %, and res
olution (FWHM) at 1332.5 keV of 1.8 keV. The system was calibrated for 
energy and efficiency using a liquid standard source (Eckert & Ziegler 
Multinuclide standard solution 7501) in a jar geometry (diameter = 56 
mm; thickness = 10 mm) for quali-quantitative analysis. Spectra were 
acquired for 1 day to optimize peak analysis. Spectra were subsequently 
processed and analyzed with the Gamma Vision-32 software package 
(version 6.08, Ortec-Ametek Inc.). 226Ra was determined at 186 KeV 
correcting the peak area by the 235U interference according to the 

Table 1 
Chemical composition (wt%) of the different precursors measured by ICP-OES (LOI = loss of ignition).  

Precursor SiO2 Al2O3 CaO Na2O MgO TiO2 Fe2O3 K2O SO3 LOI 

FA  56.0  22.8  5.8  0.9  1.7  0.9  6.1  1.1  0.9  2.7 
GGBS  37.5  3.3  54.0  <0.01  1.0  0.7  0.4  0.4  1.9  0.4 
BWP  57.7  12.5  13.3  0.2  2.9  0.5  3.2  2.4  2.5  4.3 
MK  72.0  22.1  0.4  <0.1  <0.1  0.9  1.6  0.3  <0.01  2.4  

Fig. 1. Characterization of the powders selected as precursors: a) Particle size distribution; b) SEM observation using secondary electrons.  

Table 2 
Main parameters of the particle size distribution of the different precursors.  

Precursor d(10) [µm] d(50) [µm] d(90) [µm] 

FA  1.8  15.7  83.9 
GGBS  3.1  13.6  33.1 
BWP  5.9  41.1  139.9 
MK  6.4  41.9  121.1  
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method proposed by Gilmore (2008) [41], under the hypotheses of 
secular equilibrium between 226Ra-238U and natural 235U/238U isotopic 
ratio. 238U and 232Th were then determined using the emissions of their 
radioactive daughters 226Ra and 228Ac/212Pb. 

According to the proprietary software used, the error associated to 
the concentration activities is defined as total uncertainty and it is 
computed at k = 1 confidence level (1σ). This parameter is obtained by 
propagating several uncertainty sources such as counting uncertainty, as 
the primary contribution, and efficiency related uncertainty among 
others. 

The minimum detectable activity (CRMDA) was calculated accord
ing to the so-called Traditional ORTEC method available in GammaVi
sion using equation (1): 

CRMDA =

100
SENS

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 • B1 +

2500
SENS2

√
+ 50

SENS

)

LT
(1)  

where SENS is the Peak Cutoff value (%) on the Analysis tab (40 % in this 
work), B1 is the Peak background, and LT is the Live Time (sec). 

Annex VIII of the Council Directive 2013/59/Euratom [23,25] de
fines the Activity Concentration Index (I) in order to quantify and 
regulate the exposure to gamma radiation originating from radionu
clides in building materials (eq. (2): 

I =
CRa226

300
+

CTh232

200
+

CK40

3000
(2)  

where CRa226, CTh232, and CK40 are the activity concentrations of 226Ra, 
232Th, and 40K, respectively, expressed in Bq/kg as determined by 
gamma-ray spectrometry. An activity concentration index value of 1 is 
thus used as a conservative safety threshold below which building 

materials are radiologically safe, with 1 as the threshold dose corre
sponding to a maximum permissible value of 1 mSv per year) [42]. In 
practice, building materials are tested as safe when their I index is less 
than 1. 

The explicit use of 226Ra instead of its parent 238U stands in the 
relative radiological impact they have. In natural radioactive families, 
though all the members are on average present, approaching or not 
secular equilibrium, the various radionuclides are not radiologically 
equivalent for type and energy of radiation emitted. As a result, in the 
case of 238U family the most critical radionuclides are the ones from 
226Ra downward, due to its direct connection with 222Rn, the main 
contributor to individual radiation dose and associated with remarkable 
radiation hazard from their alpha emissions. Radon, indeed, is a noble 
radioactive gas released from any rocks, soils, and derivatives at rates 
depending on the initial concentration of 226Ra in the material and from 
its porosity under the influence of temperature, pressure, and moisture. 
Moreover, it further decays to a series of progeny radionuclides resulting 
in a complex multiple exposure covering both alpha and the most rele
vant gamma decays with the 238U family [43]. 

Index I, therefore, provides a quick and practical approach to the 
easy selection of radiologically safe building materials, despite the 
multiple and complex radiological hazards they may represent. 

2.3.2. Multivariate analysis 
Comparison between AAMs, their precursors, and activators based 

on NORM data was carried out by PCA. PCA [44,45] is a consolidated 
chemometric technique that, based on a linear combination of the 
original variables (NORM activities in this case), rotates the spaces 
spanned by these variables in order to obtain a new space whose first 
versors (the principal component, PCs) carry most of the original 

Fig. 2. Schematic representation of AAMs production chain.  

Table 3 
Mass compositions of the alkali-activated pastes and mortars and weight ratios between liquid and solid fractions.  

Sample Precursor NaOH 8 M NaOH sol. Sodium silicate sol. Sodium aluminate Extra water Sand Liquid/precursor 

P-FA  68.9 – 5.2  25.9 – – –  0.26 
P-GGBS  77.5 2.2 –  11.2 – 9.1 –  0.20 
P-BWP  57.9 – 4.5  6.7 9.3 21.7 –  0.50 
P-MK  52.3 4.4 –  43.3 – – –  0.41 
M− FA  28.5 – 2.1  10.7 – 2.2 56.5  0.33 
M− GGBS  29.5 0.9 –  4.3 – 6.4 58.9  0.30 
M− BWP  26.8 – 2.1  3.1 4.3 10.1 53.6  0.50 
M− MK  20.3 1.7 –  16.8 – 0.2 60.9  0.47  

L. Tositti et al.                                                                                                                                                                                                                                   



Construction and Building Materials 409 (2023) 133879

5

information (explained variance, EV%). In this way a 2D- or 3D-plot can 
fully describe the problem in terms of similarity or dissimilarity of 
samples and variables, and which variables mostly influence the sam
ples’ distribution. 

In the present work, PCA was carried out with the software R (R Core 
Team, Vienna, Austria), using a homemade script. 

3. Results and discussion 

3.1. Radiometric data 

Table 4 reports the radioactivity concentration (Bq/kg) of all the 
analyzed materials, ranging from the waste-based (FA, GGBS, and BWP) 
and natural (MK) precursors for alkali activation, up to intermediates, 
and final products. Reagents/components used in AAMs processing are 
also reported. 

Reagents (NaOH, NaAl2O, and Na2SiO3) include alkaline substances 
for the initial chemical attack of aluminosilicates and sand for their 
preparation as mortar. All the analyzed materials show very low NORM 
levels. It is expected in the case of NaOH, given its industrial production 
chain, while in the other cases, especially the ones containing silicates, it 
is not so straightforward, especially in the case of sand, as all these 
substances have a lithogenic origin and therefore contain variable 
NORM concentration levels. As for the sand triplicates we analyzed, the 
material employed revealed a very low NORM level. However, some 
further comments are reported below as they concern some general 
guidelines suitably commented to prevent potential and unexpected 
failures in radiological compliance. 

The precursors reveal the highest value in activity concentrations of 
NORM, while activators and siliceous components are characterized by 
the minimum values of activity concentrations in natural radionuclides. 
Pastes and mortars, instead, reveal intermediate NORM levels resulting 
from the dilution brought by the used reagents. Overall, it is found that 
AAMs production in our experimental conditions brings an advanta
geous reduction in radiological hazard as compared to precursors, as 
shown in the resulting values of the dosimetric indices, in agreement 
with previous articles [4]. 

FA from coal energy production is long being used in building ma
terials from cement and concrete up to bricks and tiles as well as AAMs 
[4] to reduce their disposal in landfills, given the overwhelming use of 
this fossil fuel to date [5]. Following the combustion process and the 
inherent solid mass reduction, coal ash is historically recognized as 
being enriched in inorganic and mineral components as compared to the 
parent fuel, including heavy metals and NORM, thus calling for careful 
management. For this reason, in this work, we found that, in agreement 

with past literature on the subject, including even the first EC document 
on the radioprotection concerning building materials [42], FA reveals 
not only the highest activity concentration values but, as expected, a 
dosimetric index of 1.74. Such value greatly exceeds the unit value 
threshold fixed by Euratom Directive, showing once more the long- 
recognized critical issues in FA as a building material. However, 
differently from FA use in cement and concrete, AAM processing effi
ciently solves the radiological issue, at least in our case, though some 
further comments and, what’s relevant, some extra advice will be given 
later in this work. 

GGBS is a milled blast furnace slag consisting of iron and steel by- 
products from iron production widely used in AAMs [4]. The sample 
herein analyzed shows a lower NORM content than FA, but higher than 
reported by Sofilić et al., [46], though the dosimetric index is well below 
the provided threshold. This means that, despite the huge databases 
available, owing to the remarkable variability in the natural composi
tion of iron ores as well as of the industrial processes involved, the 
compliance with the radiological standards of Euratom Directive 2013/ 
59 needs to be systematically checked in advance. 

This statement is confirmed also by the radiometric data of BWP. In 
this case, the precursor material analyzed presents a NORM content 
comparable to GGBS, though with sensibly higher levels of 40K leading 
to an I value larger than 1. This is not surprising, since, as described in 
the introduction, bricks and therefore their wastes will preserve the 
radiological fingerprints of the parent materials in all their geochemical 
diversity and independently from being natural or technogenic. It is 
worth noting that in our laboratory numerous samples of building ma
terials (mostly tiles and their raw materials, but also AAMs are covered 
such as in Sas et al., 2019 [47]) are analyzed for NORM yearly for both 
research and commissioned purposes; in this framework on a set of 32 
brick samples the mean value of I assessed ranged between 1.07 and 
0.44 with an average of 0.73 ± 0.19 (unpublished data by Tositti et al.), 
while bricks produced from trachyte wastes a volcanic rock from the 
Euganean Hills investigated for potentially high rock radioactivity level 
or from ceramic sludge showed an I ranging between 0.53 and 0.82 [19]. 

MK typically serves as a natural reference for AAM production, 
though strictly speaking it is a derivative from kaolin minerals, basically 
pertaining to clays, from which metakaolin is obtained by thermal 
treatment [2,7]. 

Radioactivity in clays is highly variable as reported for example in 
Walley El-Dine et al., [48], who widely analyzed different samples from 
Egypt, but also from very distant locations, showing a strong de
pendency on clay source areas. 

In our case, the activity concentrations of NORM measured are low, 
while e.g., Ivanovic et al., [49] found levels 4–5 times higher than ours. 

Table 4 
Results of radioactivity essays by high-resolution γ-ray spectrometry on all the materials. Dosimetric indices I, according to Euratom Directive 2013/59, calculated 
from radioactivity data, are also reported. All data represent averages of triplicate samples together with their standard deviation. All nuclides’ concentrations and 
standard deviations are reported in Bq kg− 1.   

Materials 226Ra 214Bi 214Pb 232Th (228Ac) 212Pb 212Bi 40K I 

Precursors BWP 172 ± 15 100 ± 5 116 ± 2 51 ± 7 48 ± 2 33 ± 17 914 ± 15 1.12 ± 0.07 
FA 274 ± 23 196 ± 7 237 ± 9 106 ± 12 113 ± 1 92 ± 16 831 ± 26 1.74 ± 0.08 
GGBS 137 ± 22 95 ± 11 108 ± 12 50 ± 6 49 ± 6 35 ± 10 230 ± 112 0.78 ± 0.14 
MK 69 ± 22 43 ± 16 48 ± 10 108 ± 15 113 ± 14 82 ± 8 203 ± 155 0.85 ± 0.19 

Raw Materials Na2SiO3 9 ± 2 4 ± 2 5 ± 1 7 ± 2 1 ± 0.2 13 ± 4 63 ± 13 0.07 ± 0.01 
NaAlO2 15 ± 1 10 ± 2 9 ± 2 10 ± 5 2 ± 0.3 31 ± 16 38 ± 1 0.09 ± 0.02 
NaOH 29 ± 18 9 ± 8 7 ± 5 11 ± 9 3 ± 2 22 ± 13 170 ± 135 0.19 ± 0.13 

Pastes P-BWP 107 ± 9 67 ± 4 81 ± 7 40 ± 9 37 ± 1 55 ± 21 597 ± 20 0.75 ± 0.05 
P-FA 224 ± 16 134 ± 8 164 ± 11 81 ± 9 88 ± 5 67 ± 8 655 ± 34 1.39 ± 0.09 
P-GGBS 99 ± 4 69 ± 3 85 ± 1 35 ± 4 38 ± 2 29 ± 13 120 ± 7 0.55 ± 0.02 
P-MK 66 ± 16 31 ± 2 35 ± 4 74 ± 8 81 ± 8 77 ± 22 251 ± 33 0.69 ± 0.08 

Mortars M¡BWP 42 ± 7 34 ± 2 42 ± 2 21 ± 6 22 ± 5 22 ± 14 334 ± 21 0.36 ± 0.03 
M¡FA 10 ± 3 13 ± 1 16 ± 1 29 ± 4 28 ± 1 44 ± 6 135 ± 18 0.22 ± 0.01 
M¡GGBS 54 ± 5 19 ± 1 25 ± 0.5 22 ± 4 20 ± 0.1 17 ± 3 152 ± 13 0.34 ± 0.03 
M¡MK 15 ± 3 6 ± 0.4 9 ± 2 29 ± 2 29 ± 1 26 ± 10 144 ± 7 0.25 ± 0.01  
sand 17 ± 15 10 ± 5 9 ± 5 10 ± 3 8 ± 2 11 ± 3 220 ± 101 0.17 ± 0.08  
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Both series of values agree with the ranges measured by Walley El-Dine 
et al., [48], the latter however leading to I > 1 suggesting once more the 
need for accurate radioactivity checks before production, as for all the 
material of lithogenic origin, given the natural variability in composi
tion, radionuclides included, within any type of mineral and derivatives. 

It is interesting to note, from a radiological point of view that, despite 
an irradiation term that may remain high, if not adequately evaluated 
after experimental assessment, some researchers suggest how the pro
duction of a AAM, whatever it is its original natural radioactivity con
tent, still presents an interesting advantage. Indeed, as revealed by Lu 
et al., [5], the processing of aluminosilicates into AAMs can be modified 
to improve the “sealing” effect on the material pores, thus blocking 
radon and its progeny emanation from the materials [50,51], especially 
in indoor environments, where radon buildup might represent signifi
cant radiological hazard upon inhalation in the case of limited ventila
tion [52]. Table 5 indicates that the results obtained in the present work 
in terms of radioactivity concentrations for the most commonly 
analyzed (226Ra, 232Th, and 40K) radionuclides are in good agreement 
with those reported in previous literature. Geopolymers in Table 5 were 
ordered based on the chemical composition of the raw material reported 
in the cited reference, however, the origin of such raw materials is 
generally different from those used in the present work. This is an 
indication of the huge variability of the materials, generally wastes, that 
can be used to produce geopolymers. 

As a final remark, we comment on the characterized raw materials. 
All the samples analyzed in this work have negligible NORM levels, 
showing the ability to act as “diluents” of the raw materials suggesting 
their favorable role in mitigating potential radiological hazards from the 
final products. 

Again, we advise on the need of carefully checking sand, which may 
suffer from unexpected variability in NORM similarly to clay. As an 
example, we report what we have experimented in this work. Indeed, 
during the measurement of the samples of one of the AAMs, we noticed 
that one of the mortar replicates, despite extra measurements, produced 

excess outlier data. Upon check we found that in one single specimen we 
used a sand aliquot from a different batch, discovering that, despite 
being a standard material for its grain size, it was likely from a widely 
different geographical origin in respect to all the others herein investi
gated, confirming the need for extreme care in the materials used for 
mixtures. 

3.2. Dosimetric index evolution throughout AAMs processing 

More specific considerations can be drawn considering only the 
dosimetric index (I). Fig. 3 shows the boxplot of this variable for each 
material and associated intermediate (paste) and product (mortar); the 
statistics have been calculated on their replicates. 

Fig. 3 shows that all mortar samples have a dosimetric index below 
the law limit of 1.0 (the red dashed line), such as the three activators and 
the sand samples. Precursors and pastes have, instead, different behav
iors. BWP and FA precursors have I median values (1.11 and 1.69 
respectively) above the recommended limit, GGBS is slightly below 
(0.72), and MK has a median value of 0.97, its mean I is not significantly 
different from the limit of 1.0 (at significance level 0.05). The pastes 
have I median values lower than 1.0, except for FA_P, whose I is 1.47. It 
is interesting to note that it is possible to follow the reaction chain of 
each sample (from left to right in Fig. 3): the precursor has the highest I 
median value, it decreases with the reaction to paste and then it reaches 
a minimum when the AAMs reaches the mortar form. The drop in this 
last passage can be also dramatic, as in the case of M_FA whose I median 
value reaches 0.22. 

In general, it can be observed that, during the reaction chain to 
produce AAMs, the activity concentrations of all the analyzed nuclides 
significantly decrease. Such a drop is reflected in the corresponding drop 
of the activity index I and is particularly strong in the last passage from 
mortar to paste, when the mortars are mixed with silica sand. However, 
the decrease of some nuclides, 40K and 226Ra, is not always significant 
after the first reaction of the precursors with the alkali activators. This 
explains why the I median values of FA and MK show only a slight drop 
from precursors to pastes. 

3.3. Multivariate analysis 

The activity concentration data obtained for AAMs, precursors, and 
activators were used to compute a PCA model to evaluate the behavior 
of each analyzed nuclide along the reaction chain. The dataset is 
composed of 4 classes of AAMs and their corresponding precursors 
(BWP, FA, GGBS, and MK) and pastes, the activators (NaOH, Na2SiO3, 
and NaAlO2), and two sand samples. Two samples of sand are included 
in this elaboration owing to the non-negligible influence this may have 
on the final AAMs in terms of NORM. As explained, compliance with the 
Euratom requisites for building materials is the result of the NORM 
mixtures from the various components. In the case of sand, our experi
ence indicates the need to check for its NORM content since one pre
sented a very low NORM level enabling efficient dilution of the NORM in 
the parent waste material, but the second one did not. Source area and 
therefore minor chemical components may play a very relevant role in 
terms of radioactivity safety. 

Each sample was replicated 3 times, some of them were replicated 5 
times due to uncertainties in the measurements. The final dataset was 
composed of 66 objects (replicates of the samples) and 8 variables (the 7 
NORMs and the dosimetric index, I). Fig. 4 shows the biplot obtained for 
the PCA model. Biplot was obtained by scaling both scores and loadings 
to the interval (-1; +1), allowing both to show on the same plot. 

The two principal components, PC1 and PC2, reported in Fig. 4, 
explain together 94.1 % of the total variance, therefore they represent 
almost the entire information contained in the data. All the variables, 
including I, are reported in the right portion of the graph, at positive 
values of PC1. There are also two well-discriminated groups of NORM 
variables, whose closeness in the graph indicates a strong correlation 

Table 5 
Comparison of radioactivity concentrations (in Bq kg− 1) for some of the 
analyzed radionuclides. Readers are referred to the cited work for Sample codes 
explanation.  

Raw materials Sample 
code 

226Ra 232Th 40K Reference  

M¡BWP 42 ± 7 21 ± 6 334 
± 21 

This work 

Red mud RM0 69 ± 4 120 ±
5 

88 ±
4 

[53] 

Clay sediments GP CRCCS 12.3 ±
0.8 

23 ± 1 320 
± 10 

[54] 

Clay sediments GC GRCCS 12.0 ±
0.7 

25 ± 1 283 
± 9 

[54]  

M¡FA 10 ± 3 29 ± 4 135 
± 18 

This work 

50 % cement + 50 % 
limestone 

N/15Wg- 
AAFA 

36.4 ±
0.97 

68 ± 1 580 
± 20 

[55] 

50 % cement + 50 % 
fly ash 

Glass-AAS 55 ± 1 23.7 
± 0.8 

89 ±
5 

[55] 

Water potabilization 
sludge 

GP 
CRCWPS 

11.0 ±
0.5 

17.9 
± 0.9 

223 
± 8 

[54] 

Water potabilization 
sludge 

GP 
GRCWPS 

13.8 ±
0.6 

17.2 
± 0.8 

270 
± 98 

[54]  

M¡GGBS 54 ± 5 22 ± 4 152 
± 13 

This work 

Granulated blast 
furnace slag + 30 % 
red mud 

RM70 200 ±
24 

150 ±
13 

292 
± 6 

[53]  

M¡MK 15 ± 3 29 ± 2 144 
± 7 

This work 

50 % cement + 50 % 
slag 

Wg-AAS 49 ± 1 22.8 
± 0.7 

77 ±
5 

[55] 

50 % cement + 50 % 
silica fume 

Glass- 
AAFA 

57 ± 3 62 ± 1 550 
± 10 

[55]  
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between them: the first group is composed of the main γ-emitters 
members of 232Th family, i.e., 212Bi, 212Pb, and 228Ac, the second one by 
those of 238U, i.e.,226Ra, 214Bi, and 214Pb, with a lower correlation also 
with 40K. 

The distribution of the variables in Fig. 4 indicates, in a qualitative 
way, that the samples placed in the left portion of the graph, at negative 
values of PC1, are the least concentrated in all radionuclides. In PCA, 
indeed, samples placed in the same quadrant of a certain variable are the 
most concentrated for that variable, while samples placed in the oppo
site quadrant of a certain variable are less concentrated. This is generally 
indicated as a “quadrant correspondence” between scores and loadings. 
Therefore, Fig. 4 shows that the activators have the lowest concentra
tions of all radionuclides. It can be observed that also the mortar samples 
(indicated by full squares) have lower concentrations for all radionu
clides compared to the precursors (triangles) and the paste (circles) 
samples. Moreover, Fig. 4 makes it possible to follow the AAM pro
duction chain from right to left. As an example, the chain of BWP (in 
dark red) can be seen from the triangles in the lower part of the biplot, 
representing the precursor, to the paste samples (circles), and, finally, to 
the mortar products (squares). Such distribution pattern is generally true 
for all AAMs, except for some slight overlap between the precursors and 
the pastes (as for MK in purple). The biplot in Fig. 4 makes also possible 
to infer that the MK precursor and paste, due to their position at positive 
values of PC2, are mostly concentrated in 212Bi, 212Pb, and 228Ac, while 
the other precursors are generally most concentrated in the other ra
dionuclides. The variable I is placed in the middle of the two groups of 
radionuclides, since its computation requires the concentration of the 

two couples 212Pb, 232Th (228Ac) and 226Ra, 40K. Its values are highest for 
FA precursor (light-blue squares) and all precursors in general. 

4. Conclusions 

A detailed study of the radioactivity redistribution patterns along the 
alkali-activated material (AAM) production chain has been carried out. 
Four distinct types of industrial solid wastes were used as precursor 
materials. Their granulometry was characterized in detail before start
ing the chemical processing to convert them into alkali-activated ma
terials. Activity concentrations of all the materials were accurately 
characterized for NORM at all the stages by high-resolution gamma-ray 
spectrometry, and dosimetric indices based on EU Directive 2013/59 
were calculated. 

In all cases, based on the radiometric characterization of all the 
materials and reactants used, mortars, (i.e., the final AAM products), 
have been found to comply with the current European standards for 
radiological standards issued in the case of building materials. Radio
metric indices, moreover, have been found to drop for all AAM families, 
ranging from higher (and, in some cases, not compliant with the law 
limits) values for precursors to lower values for the final AAMs sug
gesting that this strategy may be highly efficient for recycling purposes. 

Multivariate analysis by PCA on the overall dataset, including all the 
radionuclides quantified by gamma-ray spectroscopy, allowed us to 
point out the efficient classification of alkali-activated materials before 
and after their chemical processing. Moreover, it was possible to eval
uate the enrichment of specific radionuclides in each AAM family (in 

Fig. 3. Boxplots of the dosimetric index (I) for each sample. Colors indicate the precursor of each AAM family. The red horizontal line represents the dosimetric index 
limit of 1.0 according to Euratom Directive 2013/59. 

Fig. 4. Biplot of the pca model. red asterisks represent the variables, the other points represent the samples. objects are colored based on the aams family, while 
symbols represent the aams production stage: “precursor”, “paste”, and “mortar”. 
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particular from the decay chains of 232Th and 238U). 
Finally, the present work provides recommendations and tips for 

optimal and safe exploitation of precursors in line with radioprotection 
standards. 
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strength, water absorption, water sorptivity and surface radon exhalation rate of 
silica fume and fly ash based mortar, J. Build. Eng. 23 (2019) 369–376, https://doi. 
org/10.1016/J.JOBE.2019.01.011. 

[52] W.W. Nazaroff, A.V. Nero, Radon and its decay products in indoor air, J, Wiley, 
1988. 

[53] Z. Luo, Y. Hao, Y. Mu, C. Tang, X. Liu, Solidification/stabilization of red mud with 
natural radionuclides in granular blast furnace slag based geopolymers, Constr. 
Build. Mater. 316 (2022), 125916, https://doi.org/10.1016/j. 
conbuildmat.2021.125916. 
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