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1. Introduction 

 

The Brazil is able to carry out the entire nuclear fuel cycle and through Brazilian Multipurpose 

Reactor will become self-sufficient in the production of radioisotopes and radioactive sources [1]. This 

technology generates radioactive waste and it must be treated before being released into the environment or 

stored in appropriate facilities. The final step of the waste management is to permanently store this treated 

wastes in the repository. In Brazil, the CENTENA will be the first national repository in Latin America, 

which implementation is coordinated by CNEN. This repository will receive all the low and intermediate-

level radioactive waste generated in the country. Therefore it will be near surface, using multiple barriers, 

natural and engineering and each one capable of containing the release of radionuclides [2-4]. These natural 

barriers can be composed of clays and soils. The clays are largely studied for this purpose, especially the 

bentonite. 

The purpose of the article is to show the research performed with the clays for use in natural 

barriers, beginning with the creation of a characterization Protocol [5] using a sodium bentonite as reference 

material. Then it was applied to characterize an expanded vermiculite [6], a soil sample collected in the 

CDTN and a mixture of this soil with sodium bentonite [7]. The results showed that these clays are 

potentially candidates for composing CENTENA's natural barriers. 
 

2. Methodology 

 

In this research a Brazilian sodium bentonite (BN), expanded vermiculite (VM), soil (SL) and a 

soil/bentonite mixture (SBN) (70/30 by mass) were studied. The objective was to analyze the influence of 

the addition of bentonite on the soil properties [7]. As the local, where the CENTENA will be built, was not 

selected yet, and due to the impossibility of studying the large variety of soils scattered throughout the 

Brazilian territory, it was decided to collect the soil sample in the CDTN site. This decision also took into 

account technical and logistic needs to sampling the material any time [7]. SL and SBN samples for 

mineralogical analysis were prepared following the procedure proposed by Albers et al. [8]. 

For the characterization of these four materials were carried out the primary mineralogical, physical 

and chemical analyses, such as X-ray diffraction (XRD), scanning electron microscopy (SEM), particle size 

distribution (PSD), specific surface area (SSA) and cation exchange capacity (CEC). 

X-ray diffractograms were recorded on a Rigaku D|MAX Ultima Plus™ diffractometer equipped 

with CuKα radiation over 2θ scan range of 2-30°. The counting interval and step size were 60 s and 0.02°, 

respectively. SEM provided the surface morphology of samples using the Carl Zeiss field-emission scanning 

electron microscope (FEGMEV™), Sigma VP model. The PSD was determined with the mechanical 

method and performed in triplicate [9]. The SSA was measured by nitrogen adsorption, multiple point 

technique, Nova-2200 Quantachrome™ in the range of relative pressure values between 0.05 and 0.35 [10]. 

The CEC was determined with the methylene blue adsorption method [11]. 
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3. Results and Discussion 

 

The mineralogical composition (Table I) and the diffractograms (Fig. 2), of the four materials 

studied (BN, VM, SL, SBN), were determined by XRD.  

 

Table I: Mineralogical composition of the materials by X-ray diffraction (XRD) 

 

The BN contains the larger concentrations (mass %) of nontronita and montmorillonite, while in 

other materials (VM and SL) these clay minerals were not detected. For the SBN material, the 

montmorillonite appeared in high concentration, as expected, due to the addition of bentonite to the soil. For 

SL, the predominant clay minerals were kaolinite and quartz. The VM material is predominantly composed 

by biotite and muscovite, both clay minerals of the mica group. This occurred because the VM is an 

expanded material, i.e, has different characteristics from those observed in vermiculites in natura, including 

changes in the mineralogical composition. 

SEM was used as a complementary analysis for the mineralogical characterization and it is 

presented in Figure 3. In different scales (Fig. 3a and 3b), the structure of SL material is presented. This 

structure is grouped and stacked in pilasters and crystals organized in booklet, i.e., in lamellar form. These 

individual crystals are presented as flakes of pseudo-hexagonal morphology, most of them with defined 

corners and angles close to 90 and 120º, characteristic of the kaolinite structure [12]. 

According to the SEM for SBN material (Fig. 3 c and d) its structure presented crystals of 

heterogeneous aspect, irregular distribution and of different sizes. In addition, it presented a lamellar 

structure that is a characteristic of the montmorillonite. The high adsorption capacity of this material can be 

observed through the tactoids, formed by the stacking of these lamellar particles. Furthermore, the VM and 

BN materials also showed lamellar morphology (Fig. 3, e and f, respectively). 

 

 
Figure 2: Diffractograms of the materials: (a) 

VM; (b) SL; (c) BN; (d) SBN 

 
Figure 3: SEM images of the materials: (a,b) SL; 

(c, d) SBN; (e) BN and (f) VM 

 

In Table II, the results of the PSD, CEC and SSA of BN, VM, SL and SBN materials are presented. 

In general in the granulometric test studied, with the exception of the BN, the materials presented the sand 

fraction as predominant. The granulometric scale was established in ABNT [11]. For the BN material, from 

the PSD all the grains fit in the silt+clay fraction. The BN is predominantly constituted of the clay minerals, 

which are normally present in the clay fraction of clay materials (<0.06 mm). For vermiculite, between 

0.500 and 0.297 mm is the greatest percentage passed, which indicates a predominance of grains in the sand 

Sample 

Clay minerals* 

Nontronite 

(N) 

Montmorillonite 

(Mo) 

Quartz 

(Q) 

Biotite 

(B) 

Muscovite 

(Mu) 

Vermiculite 

(V) 

Kaolinite 

(K) 

Goethite (G) 

BN VH M M ND ND ND ND ND 

VM ND ND ND VH H L ND ND 

SL ND ND M ND ND ND VH ND 

SJ/BN ND H L ND ND ND M H 
*Semi-quantification of clay minerals based of X-ray diffraction analysis - Low (L) = <10%; Medium (M) = 10-30%; High (H) = 30-50%; Very High (VH) = 50-100%; Not Detected (ND). 
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fraction. Nevertheless, this test associated with the results of X-ray diffraction confirmed the presence of 

vermiculite, it is a clay material. As expected, the percentage of silt + clay in the SBN material increased 

due to the addition of bentonite compared with the SL material, since the BN material fit in the clay + silt 

fraction, the 30% of bentonite added to the soil, resulted in this effect. 

 

Table II: Physical and chemical characterization of materials 

Sample 

Physical characteristics  Chemical characteristic 

Particle size analysis  Specific 

surface area 

 Cationic exchange 

capacity 

Silt + 

clay 

Fine 

sand 

Medium 

sand 

Coarse 

sand 
Boulder 

  

%  m2.g-1  mmol.Kg-1 

BN 100 0 0 0 0 80.49 816.00 

VM 11.19 20.98 48.22 19.22 0.39 6.22 ND 

SL 12.02 11.85 25.34 21.12 29.67 11.56 14.89 

SBN 44.85 10.78 25.98 18.39 0 26.19 228.00 

 

The high specific surface area of clays enable high capacity for adsorption of water and other 

substances, since the pores between the particles are smaller, they are excellent materials for water retention, 

and they present a less drainage capacity [13]. The SSA of the BN material was 80.49 m
2
.g

-1
. This value 

implies that the material has a high adsorption capacity. Acevedo et al. [14] presented values of 128.5±0.3 

m
2
.g

-1
 and 112.6±0.4 m

2
.g

-1
 of SSA for two bentonite samples, being very near to the value found for the 

BN. As the mass %-montmorillonite was not specified, it is not possible for further discussion. The larger is 

the specific surface area, the greater the amount of water that can be fixed to the available surface. Expanded 

vermiculite had the lowest value, 6.22 m
2
.g

-1
, lower than presented in the literature, 100 and 150 m

2
.g

-1
, for 

vermiculite in natura [15]. Comparing the results of SSA of SL and SBN material, an increase in the value 

was observed. Those results were expected, because bentonite has high values for this property, and it 

increased this value from 11.56 m
2
.g

-1
 to 26.19 m

2
.g

-1
. The results were in agreement with the PSD, as the 

sample with the highest SSA, SBN material, also presented the highest percentage of silt + clay fraction. 

The SSA results showed a direct relationship with the CEC of the studied materials. The material 

with the largest specific surface area also presented the highest CEC. The CEC of the BN material was 

816±9 mmol.kg
-1

. According to Aguiar et al. [16] the CEC of the montmorillonite is between 800-2000 

mmol.kg
-1

 of the clay. In addition, study using a bentonite with 46-49 mass %-montmorillonite presented 

780 mmol.kg
-1

 of the CEC [17]. Both authors determined the CEC by extraction of NH4
+
. The BN has larger 

montmorillonite concentrations (mass %) in its composition (Table 1), so the value for CEC was near to that 

presented in the literature. Comparing the results of CEC of SL and SBN material, it was observed an 

increase from 14.89 mmol.kg
-1

 to 228 mmol.kg
-1

. Those results were expected because bentonite has high 

value for this property. It was not possible to determine the CEC of VM by the methylene blue method, 

because the methylene blue cation is not adsorbed in the interlayer vermiculite structure. 

 

4. Conclusions 

 

The clays under investigation are potentially candidates for composing the backfill and coverage layers in 

the CENTENA. Other possible applications are the mixture of these materials with other adsorbents 

available at the CENTENA site, such as the SBN. The addition of bentonite to the soil was efficient to 

improve the required physical and chemical properties, for engineered barriers systems of repositories. The 

materials presented different mineral compositions. The montmorillonite was detected originally on the BN 

and SBN material, and this clay mineral presents positive characteristics, which are very important for the 

repository, although this is not enough to classify the material as a candidate for use in natural barriers. 

Similar results for the CEC and SSA were found in the literature, confirming that BN material is an excellent 

choice for this purpose. In the same way the results of VM indicated its use as a natural barrier for the 

repository. 
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