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Abstract 

There is still a safety challenge for the long-term stabilization of nuclear wastes. Thanks to its affordable 

price and easy manufacturing, cement is one of the most promising materials to immobilize large volume 

of low- and intermediate-level radioactive liquid wastes. To investigate the effect of borate on the 

cementation of radioactive evaporator concentrates, and to provide more data for solidification formula 

optimization, simulated liquid wastes in various concentrations were prepared. Different borate 

concentrations were solidified in the ordinary Portland cement (OPC), and in two new cement 

compositions with water-resistance and boron binding additives. The chemical and mechanical 

properties were investigated for nine cementitious samples, altogether with three compositions in three 

concentrations. The leaching rate of the boron is lower in case of high strength cement mixture. The 

compressive strengths of the solidified waste correlate with the leaching rates of the boron. The leaching 

rates of the Ca were changed with the cement composition and even with the boron concentrations, 

firstly: were less in the initial OPC in case of same boron concentration (50 g/l), secondly; were less at 

higher boron concentration (250 g/l) for the OXY-B composition. The simulated liquid waste with 

higher boron concentrations solidified with newly developed cement composition (OXY-B) shows a 

homogeneous boron distribution in the volume of the cement cylinder both before and after leaching. 

The formulas of OXY and OXY-B developed to this application were effective for cementation of the 

simulated borate evaporator concentrates.  

 

1. Introduction 

Cements, due to their chemical, physical and thermal stability, are widely accepted for immobilization 

of low- and intermediate level liquid radioactive wastes (LLW and ILW, respectively). Basic and applied 

research is conducted world-wide to study the solidification methods, to find the best cement-mixtures, 

to understand their structure, to determine solubility limits and to investigate chemical durability of the 

host materials. During operation of Nuclear Power Plants (NPPs) with WWER (water, water, energy, 

reactor - refers to Soviet design water cooled, water moderated, electricity generating reactors) 

Pressurized Water Reactors (PWR)-type reactor large amounts of liquid LLW/ILW containing inorganic 

boron compounds are produced and accumulated.1 Cement is useful for solidifying wastes such as boric 

acid and borate salts, but, unfortunately, borates tend to inhibit or retard the hydration of the cement 

powder. Boric acid, which is the precursor of the borates, is used as a moderator in PWRs, and the 

borates which it forms are contained in both ion exchange resins and evaporation concentrates. The boric 

acid wastes are generally solidified with cement matrix and these solidified radioactive wastes are 

packed into containers that are isolated from human environment by safe disposal.2 This study was 

carried out on the immobilization of evaporator concentrates containing borates in a new cement matrix 

and evaluation of its long-term stability.3,4,5  

Borate waste concentrates vary in their content, ratios, and amounts of their salts according to conditions 

of operation, pretreatment, and coolant constituents (exp. 137Cs, 60Co). A simulated concentrated borate 

waste solution was used in the present study to evaluate the chemical characterization of the solidified 

borate-containing cement. Based on the literature, boric acid waste could contain 90Sr, 137Cs, 51Cr, 60Co 

and other radionuclides.4,6  



   

 

   

 

To ensure the radiological safety after the waste disposal, these solidified radioactive wastes are required 

to have some properties such as adequate mechanical strength, low leachability, beneficial effects during 

water immersion, and good durability. Our study takes into account the main guidance document the 

Waste Acceptance Criteria (WAC)7,8 of the National Radioactive Waste Repository. Leaching is 

generally considered as the basic criterion to evaluate the safety, acceptability, and chemical behavior 

of the final waste forms in the disposal sites. A key property of any waste form is its leaching resistance, 

which determines how well the radionuclides of concern are retained within the waste form in a wet 

environment. Estimating the rate of leaching from a matrix during disposal is a key consideration in 

assessing an immobilization method. Low matrix solubility means reduced likelihood of radionuclide 

release. The neutron scattering provides information on the nature of the phase transitions and structure 

of condensed systems, gives information on the local environment and short-range structure. In this 

paper we report neutron diffraction measurements of the bulk dried cements, with the aim to characterize 

the structure of cement compounds. Using neutron imaging it is possible to assess the homogeneity of 

the boron content of the samples. Moreover, applying the prompt-gamma activation imaging (PGAI) 

method localized elemental information can be gathered, which can support the findings from imaging 

tests. 

The article aims at studying the solidification properties of the three different types of cement 

compositions, applying inactive ‘simulated’ liquid borate in different concentrations. With focus on the 

changes in mechanical and chemical properties, we would like to find the best association regarding the 

compositions and borate concentrations for the future way of stabilizing liquid radioactive wastes.  

 

2. Sample preparation 

2.1 Materials used for the experiments 

This study was aimed to understand the chemical stability of borates in cementitious structures, as the 

most common hosting matrix for LLW/ILW. For the study, three types of cement mixtures were used. 

The basis of all three types was ordinary Portland cement, and its variously doped versions. The basic 

compositions were a Portland 42.5 N cement (hereafter referred as OPC). Additives (Sika Fume 10w%, 

Glenium 51 1w%, Sika DM 2 1w%)9,10,11 was added to OPC that changed the macro/micropore ratio of 

initial concrete from 70/30 to 3/97, increasing chemical stability and ensuring water resistance, the 

composition was named to Oxydtron (hereafter referred as OXY). In the Oxydtron composition 2w% 

of the Sika Fume was replaced with Sika ViscoCrete obtained the Oxydtron-B composition (hereafter 

referred as OXY-B). The OXY-B has a double improved composition with explicit purposes to make 

the cement as watertight as possible to further reduce leachability and to prevent the release of bound 

boron from the system in aggressive conditions. The raw materials we used are dried powder mixtures, 

of which compositions were measured with X-ray diffraction analysis, and the results can be seen in 

Table 1.  

 

Table 1. Phase composition (in wt%) of cements used. 

 OPC OXY OXY-B 

Quartz (SiO2) 29 38 40 

Calcite (CaCO3) 15 17 10 

Dolomite (CaMg(CO3)2) 12 15 6 

Alite (Ca3SiO5) 39 25 39 

Brownmillerite (Ca2(Al,Fe)2O5) 2 2 3 

Gypsum (CaSO4·2H2O) 2 2 1 

Ettringite 1 - - 

https://www.google.com/search?client=firefox-b-d&sxsrf=ALiCzsauprkqUdCPtHJTvPJLUVFxmPV-Ug:1658738550000&q=CaSO%3Csub%3E4%3C/sub%3E%C2%B72H%3Csub%3E2%3C/sub%3EO&stick=H4sIAAAAAAAAAONgVuLSz9U3MDItNktKW8Sq6JwY7G9TXJpkZ2KjD6IObTfyAPONIHx_ADHB7L4yAAAA&sa=X&ved=2ahUKEwifx7DQ0pP5AhVOiv0HHVzeBHkQmxMoAXoECEUQAw


   

 

   

 

(Ca6Al2(SO4)3(OH)12·26H2O) 

Portlandite (Ca(OH)2) - 1 1 

 

2.2 Cementation technology in laboratory conditions 

Cements are used to immobilize both liquid and solid radioactive wastes. Here we focus on the 

solidification of liquid waste mixtures. Composition of the evaporator concentrates may vary, but the 

most significant components are NO3
- (5-72 g/dm3), H3BO3 (110-203 g/dm3) and NaOH/H3BO3 (0.95-

1.21 molar ratio).12 Inactive model solutions, simulated liquid boric acid wastes with 50 g/l, 150 g/l, and 

250 g/l boric acid concentrations were prepared. During the experiments, the mixtures were designed to 

have a water/cement ratio (w/c) of 0.214, which is unusually low, but not unprecedented.13,14 The 

addition of Glenium 51 allows for a high strength and low permeability final product even with such 

extremely low water/cement ratio. Our nine prepared and studied samples are indicated in the Table 2. 

 

Table 2. Samples and their notations, used in this study. 

 OPC OXY OXY-B 

50 g/l H3BO3 50 OPC 50 OXY 50 OXY-B 

150 g/l H3BO3 150 OPC 150 OXY 150 OXY-B 

250 g/l H3BO3 250 OPC 250 OXY 250 OXY-B 

 

This ratio differs from the traditional cement full hydration ratio (0.42) but showed good paste 

workability during the mixing and the molds filling steps.15 The boron concentration covered a range 

around 40 g/l which is the average boron concentration of residues in NPPs’ evaporated sludge.16,17 

Ortho-boric acid powder (VWR Chemicals; CAS-No. 10043-35-3) was used, and was mixed with 

demineralized water (DMW) (conductivity=1.1 µS/cm, pH=7.5 at 23 °C). For increasing the boric acid 

solubility in DMW, having completely homogeneous mixtures, and to overcome the cement retarding 

effect of boric acid, granular sodium hydroxide (NaOH; VWR Chemicals; CAS-No. 1310-73-2) with 1 

to 1 NaOH/H3BO3 molar ratio was added to the solution.18,19 The cement powder was first poured into 

a mixer (HAUSER DM-601) and then the simulated liquid was added to the cement step by step. The 

mixtures were stirred mechanically (90 rpm for 12 min) at room temperature and humidity to obtain a 

completely homogeneous paste.20 The wet paste was filled into 2.5 cm diameter and 5 cm height 

Polyethylene cylindrical molds.21 The molds were then shaken for 5 minutes to remove air bubbles from 

the paste. Then, the molds were put in an incubator (VWR-INCU Line 68R) with fixed temperature of 

20 ºC.21 The specimens were cured for 28 days then they were demolded by a manual-hydraulic press 

(SPECAC 25T).22  

 

3. Characterization of solidified cement mixtures 

 

3.1 Leaching test 

The measurement method for calculating the diffusion coefficient was performed according to the 

ASTM C1308-21 standard.21 According to this standard, the cylindrical solid samples with 49.09 cm2 

contact surface were immersed in 500 ml DMW (leachant) and the resulting solutions (leachates) were 

changed at time intervals of 2, 5, 17 and 24 hours, and then daily for the next 10 days. After the leachate’s 

extraction, their pH values were measured by calibrated electronic pH meter (XS pH 50+ DHS), where 

the changes of pH can be a sign of different phases releasing into the leachates.23,24 All the leachates 



   

 

   

 

were then filtered through a cellulose acetate membrane (FILTER-BIO; pore diameter of 0.45 µm) and 

acidified by 1 m/m% nitric acid (HNO3 65%; Sigma-Aldrich; CAS-No. 7697-37-2). The treated samples 

were analysed by an inductively coupled plasma - optical emission spectrometer (ICP-OES; Perkin 

Elmer Avio 20025).  

 

3.2 Compressive strength tests of hardened cement  

The compressive strength of hardened cement is one of the most important properties. After the curing 

time (28 days) 12 cylindrical specimens of 3 samples (50 OXY-B, 150 OXY-B, 250 OXY-B) were 

tested, designated ‘before leaching’. After the leaching test21, 11 specimens of 3 samples (50 OXY-B, 

150 OXY-B, 250 OXY-B) were tested, designated ‘after leaching’. The age of this cements was 39 days 

(28 days curing period and 11 days leaching period). We used compressive strength testing machine, 

calibrated press (Producer: Toni Technik Baustoffprüfsysteme GmbH) with geometry measuring tool: 

a calibrated digital caliper. Mass measuring device: a calibrated digital laboratory scale. Each device 

used meets the requirements of the European Standard EN 196-1:2016.26 

 

3.3 Neutron diffraction measurements 

Neutron diffraction (ND) experiments were performed at room temperature by using monochromatic 

neutrons (λ0=1.069 Å) at the 2-axis PSD diffractometer of Budapest Neutron Centre in the momentum 

transfer range Q=0.45-9.8 Å-1.27 The cylinders - from OPC and OXY-B cements - with 2.5 cm diameter 

were placed in the neutron beam and measured cc. 24 hours/each. Data were corrected for detector 

efficiency, background scattering and absorption effects. The total structure factor, S(Q) was calculated 

by local software packages. 

 

3.4 Neutron imaging 

The neutron imaging measurements were carried out at the radiography/tomography (RAD) station of 

the Budapest Neutron Centre (BNC).28 Neutrons as electrically neutral particles usually easily penetrate 

a sample (see Figure 1), and the interactions that take place there cause the attenuation of the incoming 

neutron beam.29 The attenuated beam provides a shadow image on a detector screen, which can digitally 

be sampled by an optical system to match the attenuation values to the grayscale values (grv) pixelwise. 

Beam hardening (BH) means that lower energy neutrons in the beam tend to be absorbed more likely 

than higher energy ones, biasing so the reconstructed 3D tomographic slices with an imaging artifact 

called cupping.30 Since the linear attenuation coefficient of boron for thermal energy neutrons is rather 

high (102 1/cm), the BH effect is considerable for the white neutron beam of the RAD station. We used 

a beam hardening correction (BHC) method to provide unbiased 3D images. It was applied for the 

objects prepared from OXY-B with 250 g/l boric acid content so that the neutron attenuation values for 

several cement cylinders with known thicknesses were measured to calculate a calibration curve. This 

curve, which is valid only in the beam of the RAD station was used in the 3D reconstruction process to 

provide beam-hardening-free images, which can then be used to assess the homogeneity of the boron 

content of the samples. 

 



   

 

   

 

 
Figure 1. A cut from the cement cylinder (250 OXY-B) and its sample support used to gather 

localized boron profile from the PGAI measurements. The scan was accomplished along the vertical 

diameter of the sample. Photograph courtesy of Zoltan Kis. 

 

3.5 Prompt-gamma activation imaging  

The neutron elemental analysis measurements were carried out at the Neutron-Induced Prompt Gamma-

ray Spectroscopy-Neutron Optics and Radiography for Materials Analysis (NIPS-NORMA) station of 

the Budapest Neutron Centre (BNC).31 Prompt-gamma activation analysis (PGAA) is a neutron-based 

element analysis method32 for non-destructive quantification of major and minor components and 

several trace elements in the irradiated volume. PGAA relies on the radiative neutron capture process, 

which emits gamma-rays with well-defined energies. The detected gamma-rays can be assigned to the 

emitting elements while from the intensities of these gamma-peaks, quantitative analysis can be done. 

Prompt-gamma activation imaging (PGAI) is an extension of PGAA, where localized elemental 

information is gathered.33 Both by limiting the impinging beam and positioning the sample in the beam 

we can choose the probing areas of interest. Boron is an ideal element for PGAI because its neutron 

absorption cross section is exceptionally high (767 barn) compared to that for most of the other elements. 

In this case, we applied PGAI for an 8 mm high disk, which was cut out from the 250 OXY-B cement 

cylinder after the leaching process. We limited the beam size to 3×3 mm2 and scanned along the vertical 

diameter of the disk in eight successive steps (see Figure 1). In the resulting spectra the boron to calcium 

ratio was calculated to be able to provide a localized profile of boron. 

 

4. Results and discussion 

 

 4.1 Consistency test results  

The consistency of the fresh cement paste was measured according to the Suttard method.34 A 2.5 cm 

internal diameter and 5.0 cm height Polyethylene cylinder was placed on a horizontal, smooth, and 

scaled base plate. The cylinder was filled to the top with fresh cement paste. Then the mold was lifted 

and let the cement paste flow and spread on the base plate for 30 seconds, then we measured the 

maximum of the cement paste spread in the two directions, presented in Table 3. The diameter of the 

spreading paste is calculated from the average of these two measurements. 

 

 Table 3. Consistency measurements. 

Sample x+ (cm) x- (cm) y+ (cm) y- (cm) 

50 OPC 2.0 2.1 2.1 1.9 

50 OXY 1.9 2.2 1.8 1.8 

50 OXY-B 1.5 1.4 1.6 1.6 



   

 

   

 

150 OPC 2.0 1.5 1.5 1.9 

150 OXY 1.8 2.0 1.7 2.0 

150 OXY-B 1.7 1.6 1.7 1.9 

250 OPC 1.9 1.9 1.9 2.0 

250 OXY 1.8 1.8 1.7 1.9 

250 OXY-B 1.8 2.0 1.7 2.0 

  

One of the WAC requirements is associated with the consistency of the cement pastes which allows the 

free cavity volume to be filled inside the solidified waste in the containers. The Suttard consistency must 

be in the range of 1.5 to 2.0 cm. It can be seen from the Table 3 that the consistency parameters were 

not significantly affected by the cement compositions or borate concentrations, even the numbers are in 

the range of WAC. The numbers show a random consistency without any trends. 

 

 4.2 Leaching test results 

The pH diagram for the three-cement series is presented in Figure 2. Based on the figures, changes for 

all three cements can be observed in the first period of the leaching. There is an active 

decreasing/increasing change, up to the Day-2, and, after that time, the pH shows a balanced downward 

trend. Comparing the three cement compositions (OPC, OXY, OXY-B) the characteristics of pH are 

similar to each other. 

 

   

Figure 2. The pH diagrams of the OPC (a), OXY (b) and OXY-B (c) leacheats, after sampling 

according to the ASTM C1308-08 protocol. 

 

Based on the standard procedure21, the unitless incremental fraction of leached boron (IFL), which is 

the indexed parameter for sustainability comparison, during test interval n is calculated by: 

 

                                                𝐼𝐹𝐿𝑛
   = 𝑎𝑛

𝐵 𝐴0
𝐵⁄                                              (1) 

Where 𝑎𝑛
𝐵 is the quantity of boron measured in the leachate from the nth test interval, and 𝐴0

𝐵 is the 

quantity of boron in the solid specimen at the beginning of the test. 

The cumulative fraction of leached boron until jth interval (CFLj) is calculated by: 

 

                                         𝐶𝐹𝐿𝑗 = ∑ 𝑎𝑛
𝐵𝑗

𝑛=1 𝐴0
𝐵⁄ = ∑ 𝐼𝐹𝐿𝑛

𝑗
𝑛=1                             (2)  

Plotting the CFL values versus the cumulative time can provide a straightforward graphical comparison 

of leaching data from the various solidified cementitious samples.  

The results of leaching tests in DMW for OPC, OXY and OXY-B cements are summarized in 

the panels of Figure 3. The panels show the cumulative leached fractions of B as a function of time for 

the three types of concentrations. The boron leachability is one of the most important parameters in the 

waste-form durability calculations. For all cement samples and for all the boric acid concentrations, the 



   

 

   

 

boron dissolution shows dynamic activity between 0 and 24 h, followed by a slow rise, perhaps 

approaching a plateau. In case of the 50 g/l simulated liquid wastes (as 50 OPC, 50 OXY, 50 OXY-B) 

the leached fraction of B shows similar rates for all three cement compositions (Figure 3a). Figure 3b 

and c indicate an increasing trend as the initial concentration of boron increases to 150 g/l and to 250 g/l 

in the simulated liquid wastes. For all cement samples, the 150 g/l boric acid concentration shows the 

highest leached rate. A relatively higher jump was observed in case 150 OXY sample, below this the 

leached fraction of B are in the same range for the OPC and OXY-B samples. Figure 3c shows the B 

leachability in case of the 250 g/l simulated liquid wastes, where a slight increase was obtained in the 

case of the OXY-B sample, but the leached fractions from OPC and OXY samples are similar. 

According to the B leachability results there is almost no significant difference between cement 

specimens used for solidification of borates. In contrast, the different initial simulated liquid waste 

concentrations play a vital role to the leachability.  

  

 

 



   

 

   

 

 

Figure 3. Cumulative leach fraction of B from the different cementitious waste form in different 

simulated liquid wastes concentrations, 50 g/l H3BO3 (a), 150 g/l H3BO3 (b) and 250 g/l H3BO3 (c). 

Based on the results obtained from the CFL calculations, it could be concluded that from the viewpoint 

of leached B, the most suitable cement composition is the OPC cement with low, 50 g/l simulated liquid 

wastes concentration (Figure 3a). 

The cumulative leaching fraction values of the Ca and Al elements within the leached samples, 

as obtained from ICP-OES, are presented in Figure 4. Ca is the major cement component; the Al is 

secondary element in the cement mixture. In Figure 54 we present the Ca and Al leached fractions in 

the same simulated liquid waste concentration (50 g/l H3BO3) with different compositions and in 

function of time. Calcium should show the highest elemental leaching ranking in cementitious waste 

form.35 Significant increase in leached fraction of Ca was obtained for the 50 OXY-B samples (Figure 

4a), while for the 50 OXY and 50 OPC samples the leached fraction was closer to each other. The 

cumulative leached fraction obtained for Al (Figure 4b) were much lower than for Ca, the trends between 

the compositions were similar, even in case of 50 OPC and 50 OXY samples at the last part of the 

leaching experiments the dissolution were much more intense than in case of 50 OXY-B sample.  

  
Figure 4. Cumulative leach fractions of Ca (a) and Al (b) from the different cementitious waste form 

es with the same simulated liquid wastes (50 g/l H3BO3) concentrations. 

 

The cumulative leached fraction values for the Ca, Al and Mg were compared for different simulated 

liquid waste concentrations but with the same cement composition, OXY-B (Figure 5). The leached 

fraction of Ca element shows a decrease with increasing of H3BO3 concentrations; 50g/l>150g/l>250g/l 



   

 

   

 

(Figure 5a). This high leaching expectation of calcium is seen in the result of the leaching test on the 

Figures 4a and 5a. However, the comparison results of the CFL for calcium leachability for OXY-B 

composition (Figure 5a) show that the cementitious specimens containing lower initial H3BO3 

concentration (50 OXY-B) have 2-3 times higher calcium leaching than the higher initial H3BO3 

concentration samples (150 OXY-B and 250 OXY-B). The general higher calcium leaching is due to 

retarding effects of boron on the cement hydration and the effect of boron leaching on the porosity of 

cementitious matrix.36,37   

The release of Al element was not influenced by the concentrations, the cumulative leached fractions 

were almost similar (Figure 5b). Based on the results of this study, aluminum shows the low leachability, 

which is in agreement with the previous similar studies.35 However, the low amount of aluminum release 

can mostly take place to compensate the non-equilibrium charge induced by boron replacement in the 

cementitious matrix.38 In all the studied cementitious specimens, magnesium shows the lowest 

leachability (Figures 5c). Low leachability was observed for the Mg, but a slightly higher leached 

fraction for the sample 250 OXY-B was measured.   

 

  

 

 

Figure 5. Cumulative leach fractions of Ca (a), Al (b) and Mg (c) from the OXY-B cement 

composition with different initial concentrations (50 g/l H3BO3 (black), 150 g/l H3BO3 (red), 250 g/l 

H3BO3 (blue)). 

 

Leachability of the Ca is a key factor, due to the main composition of the cements. Low cumulative 

leaching fractions were found for the OPC cement in the case of the same initial H3BO3 concentration 

(50 OPC, Figure 4a) and for highest initial H3BO3 concentration in case of the same cement composition 

(250 OXY-B, Figure 5a). 



   

 

   

 

 

4.3 Compressive strength tests results  

Most of the additives affects the compressive strength, therefore the most improved composition, OXY-

B samples were investigated from this viewpoint. The compressive strength measurements were 

obtained for the OXY-B series before and after the leaching test, after 28 days and after 39 days, 

respectively. Increasing boric acid content in OXY-B cement waste forms decreased the compressive 

strength values (Figure 6), according to the order 50 OXY-B>250 OXY-B>150 OXY-B. There are quite 

big differences between the concentrations, but the parallel results of the same sample before and after 

the leaching are very similar. It means that the leaching conditions do not significantly affect the 

strengths of the samples, which in terms of application, is a significant result. After the leaching test, the 

strengths of the 250 OXY-B samples decrease with 5%, and the strengths of the 50 OXY-B and 150 

OXY-B samples increase with 1.5 % and 5%, respectively.    

  
Figure 6. Compressive strength data for OXY-B cement, before (a) and after (b) the leaching 

experiments. 

 

Several studies discussed that with reaction of the boric acid and calcium hydroxide (produced during 

the cementations) calcium borate were produced, which is insoluble, it acts as a barrier, retards the 

diffusion of elements.39 In case of B, the lower leached fraction was associated with highest compressive 

strengths in case of 50 OXY-B. However, the leachability of B correlates with the obtained mechanical 

data. The WAC requirement for the compressive strength is min. 10 N/mm2, each sample surpasses the 

expected value.   

 

4.4 Neutron structure factors of the cements 

The cement samples at the end of the curing period (28 days) were put in the oven at 100°C for 2 days. 

The OPC and OXY-B cement samples used in neutron diffraction measurements were made from 

cement powder mixed with H2O (DMW). The incoherent scattering from the hydrogen in the samples 

prepared with H2O covered up the pattern from coherent scattering in the spectra and only approximate 

results could be obtained on these samples. Figure 7 shows neutron structure factors40 of the OPC and 

OXY-B samples.   



   

 

   

 

  
Figure 7. Total structure factors for OPC (a) and OXY-B (b) samples, for all three boric-acid 

concentrations.  

 

Differences can be observed in low Q-range between the two series, but within a series the character of 

the spectra is similar. From neutron diffraction we obtained mixed phases, amorphous phases can be 

identified as indicated by the broad distributions, and crystalline phases are also present. The broad 

amorphous component is attributed to the calcium-silicate-hydrate (C-S-H) gel41 with typical Ca/Si 

molar ratio of 1.7±0.142 and may also contain a contribution due to strongly bound water on the gel 

surface. The sharp peaks could be attributed to the unreacted crystallites of the cement components. Due 

to the resolution limitation of our instrument, we don’t have the possibility to separate these various 

components of the scattering.  Several diffraction peaks are present in both samples’ series, varying only 

in intensities. In the case of OPC series, some of the peak intensities have been enhanced due to the 

contribution of H2O. However, the peaks are present with almost the same intensity indicating that the 

basic structure of the crystalline component has not changed significantly.  

 

4.5 Neutron imaging results 

We provide boron homogeneity results showing beam hardening corrected 3D neutron tomographic 

images for a cement cylinder prepared from OXY-B with a 250 g/l H3BO3 solution. The same BHC 

calibration curve was used for the sample before and after leaching. One can see the dark spots in Figure 

8, where there are grains/particles or pores in the volume, while the brighter areas show where the boron 

is located. Based on the 3D cuts and the plot profiles we can state that the spatial distribution of the 

boron is rather homogeneous in the volume of the cement cylinder both before and after leaching. It 

strengthens the idea of the very low mobility of boron in this matrix. 

 

a  b  c 



   

 

   

 

d  e  f 

Figure 8. Neutron tomography results for spatial distribution of boron in 250 OXY-B cylinder (a) 3D 

cut before leaching, (b) xy-cut before leaching, (c) a grayscale value profile along the diameter in the 

xy-cut before leaching, (d) 3D cut after leaching, (e) xy-cut after leaching, (f) a grayscale value profile 

along the diameter in the xy-cut after leaching. 

 

4.6 Prompt-gamma activation imaging (PGAI) 

The results from PGAI scan supported the findings from the neutron tomography. In Figure 9 the B/Ca 

atomic and mass ratio show a rather constant profile along the diameter of the cylinder. The slight 

changes could be attributed to the non-homogeneous structure of the matrix because boron is not 

absorbed by particles/grains, which can bias the ratio between B and Ca. 

 

 

Figure 9. The B/Ca atomic and mass ratio profiles from a PGAI scan along the diameter of a disk in 

eight successive steps. The disk was cut out from the cement cylinder (250 OXY-B) after the leaching 

process and the beam size was limited to 3×3 mm2. Error bars are for 2 confidence interval. 

 

5. Conclusions 

In this study we focused on the investigations of nine inactive cementitious samples, to find the best 

cement composition which can solidify as much borate as possible from simulated liquid waste. Based 

on Portland 42.5 cement, two cement compositions were developed for this application. The 

technological compliance was assessed by compressive strength tests and consistency measurements. 

We proved that all our samples meet the consistency requirements. Considering different borate 

concentrations within the same OXY-B composition, each cement specimens meet the strength criteria.    



   

 

   

 

The chemical characterization of solidified mixtures relied on leaching data and neutron-based 

investigations. The leached fraction of boron showed an increasing trend in all cements up to 24 hours, 

after that a barely noticeable growth was detected. The highest cumulative leached fraction for boron 

was obtained for the 150 g/l initial concentration and the lowest for the 50 g/l H3BO3 initial 

concentration. No significant differences were observed between the cement compositions, only one 

significant change was measured in case of 150 OPC. Both the neutron imaging and elemental analysis 

results showed a homogeneous boron distribution in 250 OXY-B sample, which is the most extreme 

combination due to the high H3BO3 concentration associated with a newly developed OXY-B cement 

composition (presumably there is a homogeneous boron distribution in the other samples with lower 

concentrations, too). The homogeneous boron distribution was not affected by the 11 days of leaching. 

The presence of the calcium-silicate-hydrate gel was proved by neutron diffraction measurements. We 

worked with inactive, simulated liquid wastes therefore the chemical requirements of the WAC were 

not fulfilled.   

 

Acknowledgement 

This work was supported by the Centre for Energy Research, Eötvös Loránd Research Network, under 

the Project „Solidification of borates with different cement mixtures„ (grant Nr. EK-839/2022). 

Corresponding author acknowledge that this project was party supported by the János Bolyai Research 

Scholarship of the Hungarian Academy of Sciences. The cement samples were provided by BioEkoTech 

Hungary Ltd.   

 

Competing interests 

The authors declare no competing interest. 

 

Author information 

Corresponding Author 

Margit Fabian - Centre for Energy Research, Environmental Physics Department, 1121 Budapest, 

Konkoly Thege st. 29-33, Hungary; Email: fabian.margit@ek-cer.hu; ORCID Nr: 0000-0002-6528-

4695 

Authors 

Istvan Tolnai - Centre for Energy Research, Environmental Physics Department, 1121 Budapest, 

Konkoly Thege st. 29-33, Hungary; Email: tolnai.istvan@ek-cer.hu; ORCID Nr: 0000-0003-3853-

7981 

Zoltan Kis - Centre for Energy Research, Nuclear Analysis and Radiography Department, 1121 

Budapest, Konkoly Thege st. 29-33, Hungary; Email: kis.zoltan@ek-cer.hu; ORCID Nr: 0000-0002-

8365-8507 

Veronika Szilagyi - Centre for Energy Research, Nuclear Analysis and Radiography Department, 1121 

Budapest, Konkoly Thege st. 29-33, Hungary; Email: veronika.szilagyi@ek-cer.hu; ORCID Nr: 0000-

0001-8522-676X 

 

References 

mailto:fabian.margit@ek-cer.hu
http://orcid.org/0000-0002-6528-4695
http://orcid.org/0000-0002-6528-4695
mailto:tolnai.istvan@ek-cer.hu
mailto:kis.zoltan@ek-cer.hu


   

 

   

 

1 Süssmilch, J.; Gric, L.; Fabian, P.; Bodrogi, E. T.; Nehme, S.; Baranyi, A.; Kopecsko, K. 

Solidification of radioactive evaporator residues with high borate content. Conc. Struc. 2022, 23, 23-

30, DOI: 10.32970/CS.2022.1.4. 

2 Ojovan, M. I. Introduction to Nuclear Waste Immobilisation, Chapter 15, Elsevier Ltd. 2014 DOI:  

10.1016/B978-0-08-099392-8.00015-2. 

3 Palomo, A.; López dela Fuente, J. I. Alkali-activated cementitious materials: Alternative matrices for 

the immobilisation of hazardous wastes - Part I. Stabilisation of boron. Cem. Concr. Res. 2003, 33, 

281–288, DOI: 10.1016/S0008-8846(02)00963-8. 

4 Gorbunova, O. Cementation of liquid radioactive waste with high content of borate salts. J. 

Radioanal. Nucl. Chem. 2015, 304, 361-370, DOI: 10.1007/s10967-014-3886-3. 

5 Ojovan, M. I.; Varlackova, G. A.; Golubeva, Z. I.; Burlaka, O. N. Long-term field and laboratory 

leaching tests of cemented radioactive wastes. J. Haz. Mat. 2011, 187(1-3), 296-302, DOI: 

10.1016/j.jhazmat.2011.01.004. 

6 Hwang, E. H.; Hwang, S. T. Determination of the leachability index of 137Cs from cement solidified 

radioactive wastes, J. Radioanal. Nucl. Chem. Art. 1990, 140, 255-262. 

7 Nős, B.; Ormai, P.; Fritz, A.; Bérci, K.; Feil, F. A Bátaapáti NRHT hulladék átvételi rendszere, és 

ennek alkalmazása egy jellemző hulladéktípusra, In English: Waste acceptance system and its 

application for a typical waste type of PURAM in Bátaapáti. Nukleon 2010, 3, Art ID: 66, 4 pages. 

Online: https://nuklearis.hu/sites/default/files/nukleon/nukleon_3_3_2010_szeptember.pdf available at 

25.08.2022. 

8 International Atomic Energy Agency (IAEA). Requirements and Methods for Low and Intermediate 

Level Waste Package Acceptability, IAEA TECDOC-864, IAEA Vienna, 1996. 

9 Salem, G. N.; Balazs, Gy. Az oxydtron technológia atomerőművi környezetben történő szélesebb 

körű alkalmazási lehetőségeiről (in Hungarian), the English title: The application possibilities of 

oxydtron technology in a nuclear power plan environment, Research Report, 2010, BME Nr. 37938-

003/EA/2009, pp. 95. 

10 Yaqoob, M. H.; Hammoud, F. K.; Sulyman, E. Z.; Mohammed, A. N. Study of adding Glenium 51 

and polymeric plastics on the mechanical and physical properties of ordinary Portland cement. Int. J. 

Appl. Sci. Tech. 2022, 4, 48-68, DOI: 10.47832/2717-8234.10.6. 

11 Martins, R. M.; Bombard, A. J. F. Rheology of fresh cement paste with superplasticizer and 

nanosilica admixtures studied by response surface methodology. Mat. Struc. 2012, 45, 905-921, DOI: 

10.1617/s11527-011-9807-9.  

12 MVM Paks NPP, Az MVM Paksi Atomerőmű Zrt. Radioaktív hulladékainak kezelése, tárolása és 

elhelyezése (in Hungarian), the English title: Treatment, Storage and Deposition of Radioactive Waste 

Generated in Paks Nuclear Power Plant, Annual Report, 2019. 

13 Zivica, V. Effects of the very low water/cement ratio. Constr. Build. Mat. 2009, 23, 3579-3582, 

DOI: 10.1016/j.conbuildmat.2009.03.014. 

14 Li, W. Analysis of the influence of water-cement ratio on concrete strength. E3S Web of 

Conferences, ICCAUE. 2021, 283, 01016, DOI: 10.1051/e3sconf/202128301016. 

15 Lahalle, H.; Cau Dit Coumes, C.; Mercier, C.; Lambertin, D.; Cannes, C.; Delpech, S.; Gauffinet, S. 

Influence of the w/c ratio on the hydration process of a magnesium phosphate cement and on its 

retardation by boric acid. Cem. Concr. Res. 2018, 109, 159-174, DOI: 

10.1016/j.cemconres.2018.04.010. 

16 Sun, Q.;  Wang, J. Cementation of radioactive borate liquid waste produced in pressurized water 

 

                                                           

http://dx.doi.org/10.1016/B978-0-08-099392-8.00015-2
https://doi.org/10.1016/S0008-8846(02)00963-8
https://doi.org/10.1007/s10967-014-3886-3
https://nuklearis.hu/sites/default/files/nukleon/nukleon_3_3_2010_szeptember.pdf


   

 

   

 

                                                                                                                                                                                     
reactors. Nucl. Eng. Des. 2010, 240, 3660–3664, DOI: 10.1016/j.nucengdes.2010.07.018. 

17 Bruggeman, A.; Dubost, E.;  Ekenved, M.;  Hooper, E. W.;  Houbetsov, E. B.; Kallonen, I.; Lucas, 

M.; Luo, S.; Sen Gupta, S. K., Timulak, T.; Tsarenko, A. F.; Ojovan, M.; Viszlay, J. Processing of 

nuclear power plant waste streams containing boric acid - TECDOC-911, IAEA, Vienna, Austria, 

1996. 

18 Sun, Q.; Li, j.; Wang, J. Effect of borate concentration on solidification of radioactive wastes by 

different cements. Nucl. Eng. Des. 2011, 241, 4341-4345, DOI: 10.1016/j.nucengdes.2011.08.040. 

19 Böhlke, S.; Schuster, C.; Hurtado, A. About the volatility of boron in aqueous solutions of borates 

with vapour in relevance to BWR-reactors, Int. Conf. Phys. React. Nucl. Power A Sustain. Resour., 

Interlaken, Switzerland, 2008, 3089–3096, ISBN 978-3-9521409-5-6, 

https://inis.iaea.org/search/search.aspx?orig_q=RN:41116102, available at 25.08.2022. 

20 Champenois, J. B.; Dhoury, M.; Cau Dit Coumes, C.; Mercier, C.; Revel, B.; Le Bescop, P.; 

Damidot, D. Influence of sodium borate on the early age hydration of calcium sulfoaluminate cement. 

Cem. Concr. Res. 2015, 70, 83–93, DOI: 10.1016/j.cemconres.2014.12.010. 

21 ASTM C1308-21, Standard Test Method for Accelerated Leach Test for Measuring Contaminant  

Releases From Solidified Waste, ASTM International, West Conshohocken, PA, 2021, www.astm.org, 

DOI: 10.1520/C1308-21. 

22 Osmanlioglu, A. E. Immobilization of radioactive waste by cementation with purified kaolin clay. 

Waste Manag. 2002, 22, 481-483, DOI: 10.1016/S0956-053X(02)00036-3. 

23 Yokozeki, K. Leaching from cementitious materials used in radioactive waste disposal sites. in: 

T.M. Letcher (Ed.), Thermodyn. Solubility Environ. Issues, Elsevier B.V., 2007, 169–186, DOI: 

10.1016/B978-044452707-3/50011-2. 

24 Davraz, M. The effect of boron compound to cement hydration and controllability of this effect. 

Acta Phys. Pol. A. 2015, 128,  26–33, DOI: 10.12693/APhysPolA.128.B-26. 

25 Avio® 200 ICP Optical Emission Spectrometer, www.perkinelmer.com/avio200 available at 

25.08.2022. 

26 SIST EN 196-1:2016 - Methods of testing cement - Part 1: Determination of strength. 

27 Svab, E.; Meszaros, G.; Deak, F. Neutron Powder Diffractometer at the Budapest Research Reactor. 

Mater. Sci. Forum, 1996, 228, 247-252, DOI: 10.4028/www.scientific.net/MSF.228-231.247. 

28 Kis, Z.; Szentmiklósi, L.; Belgya, T.; Balaskó, M.; Horváth, L. Z.; Maróti, B. Neutron Based 

Imaging and Element-mapping at the Budapest Neutron Centre. Phys. Procedia. 2015, 69, 40-47 , 

DOI:10.1016/j.phpro.2015.07.005. 

29 Anderson, I. S.; Mc Greevy, R. L.; Bilheux, H. Z. Neutron Imaging and Applications. Springer 

Verlag, New York, 2009. 

30 John Banhart, E. ed: Advanced Tomographic Methods in Materials Research and Engineering. 

Oxford University Press, Oxford, 2008. 

31 Kis, Z.; Szentmiklósi, L.; Belgya, T.: NIPS-NORMA station - A combined facility for neutron-

based nondestructive element analysis and imaging at the Budapest Neutron Centre. Nucl. Instruments 

Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 2015, 779, 116–123, DOI: 

10.1016/j.nima.2015.01.047. 

32 Révay, Z. Determining Elemental Composition Using Prompt γ Activation Analysis. Anal. Chem. 

2009, 81, 6851–6859, DOI: 10.1021/ac9011705. 

 

https://inis.iaea.org/search/search.aspx?orig_q=source:%22ISBN%20978-3-9521409-5-6%22
https://inis.iaea.org/search/search.aspx?orig_q=RN:41116102
https://doi.org/10.1016/j.cemconres.2014.12.010
http://www.astm.org/
https://doi.org/10.1016/S0956-053X(02)00036-3
http://www.perkinelmer.com/avio200
https://standards.iteh.ai/catalog/standards/sist/b2f27260-ce8f-49f7-953e-09b0da880bb1/sist-en-196-1-2016


   

 

   

 

                                                                                                                                                                                     
33 Kis, Z.; Szentmiklósi, L.; Schulze, R.; Abraham, E. Prompt Gamma Activation Imaging (PGAI). In: 

Kardjilov, N. and Festa, G. (eds.) Neutron Methods for Archaeology and Cultural Heritage. Springer 

International Publishing, Cham. 2017, 303–320, DOI: 10.1007/978-3-319-33163-8_14. 

34 Macijauskas, M.; Gailius A. Influence of cement type and admixtures on rheological properties of 

cement paste. Eng. Struc. Tech. 2013, 5(4), 175-181, DOI: 10.3846/2029882X.2014.912431. 

35 Boulard, L.; Kautenburger, R. Short-term elemental release from Portland cement concrete in 

hypersaline leaching conditions, Adv. Cem. Res., 2020, 32, 148-157, DOI: 10.1680/jadcr.18.00085. 

36 Choi, Y.S.; Yang, E.I. Effect of calcium leaching on the pore structure, strength, and chloride 

penetration resistance in concrete specimens, Nucl. Eng. Des., 2013, 259, 126-136, DOI: 

10.1016/j.nucengdes.2013.02.049. 

37 Cheng, A.; W.-T., Chao, S.-J.; Lin, W.-T. Effects of Leaching Behavior of Calcium Ions on 

Comparission and Durability of Cement-Based Materials with Mineral Admixtures, Materials, 2013, 

6, 1851-1872, DOI: 10.3390/ma6051851. 

38 Qian, G.; Sun, D.D.; Tay, J. H. New aluminium-rich alkali slag matrix with clay minerals for 

immobilizing simulated radioactive Sr and Cs waste, J. Nucl. Mater. 2001, 299, 199-204, DOI: 

10.1016/S0022-3115(01)00700-0. 

39 Saleh, H. M.; Shatta, H. A. Immobilization of Simulated Borate Radioactive Waste Solution in 

Cement-Poly(methylmethacrylate) Composite: mechanical and Chemical Characterizations. J. Nucl. 

Chemistry. 2013, Art ID: 749505, 7 pages, DOI: 10.1155/2013/749505. 

40 Fabian, M.; Svab, E.; Proffen, Th.; Veress, E. Structure study of multi-component borosilicate 

glasses from high-Q neutron diffraction measurement and RMC modelling. J. Non-Cryst. Solids 2008, 

354, 3299-3307, DOI: 10.1016/j.jnoncrysol.2008.01.024. 

41 Mindess, S.; Young, J. F. Concrete, Englewood Cliffs, N. J.: Prentice-Hall, Inc., ISBN: 

0131671065-9780131671065, 1981. 

42 Atkins, M.; Glasser, F. P. Application of Portland cement-based materials to radioactive waste 

immobilization. Waste Management.  1992, 12, 105-131, DOI: 10.1016/0956-053X(92)90044-J. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/0956-053X(92)90044-J


   

 

   

 

                                                                                                                                                                                     
for Table of Contents use only 

 

 

 

TOC photographs courtesy of Istvan Tolnai. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


