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Abstract 17 

Boric acid is a significant radioactive waste generated during the operation of nuclear power 18 

plants. Cementitious materials have been widely studied for the immobilization of boric acid. 19 

The generally used natural boric acid has been replaced by enriched boric acid for geochemical 20 

reasons and are expected to have varied behaviors in cementitious matrices. Results showed 21 

that simulated enriched/natural boric acid liquid wastes mostly contain boron in B(OH)4
− and 22 

B5O6(OH)4
− ionic forms, but the mass ratio of these species is higher in enriched boric acid 23 

solutions. In function with the concentration of enriched/natural boric acid, the solidified 24 

cements show different mineralogy. 25 

 26 

Keywords: cement paste; molecular geometry; leaching test; solidified cement 27 

 28 

Introduction 29 

Boric acid (BA) solutions, due to the high ability of boron in neutron adsorption, are used 30 

widely in nuclear technology [1], [2]. Subsequently, BA waste streams are accounted as the main 31 

liquid waste residues from nuclear power plants (NPP) under operation [1]–[7], [8]. These 32 

wastes, generally with low to intermediate level of radioactivity, are mostly solidified by 33 

different Portland cements enhanced with different mineral and chemical admixtures before 34 

subsurface or deep geological deposition [2], [4], [9]–[12]. The application of cement for such 35 

aims is due to the satisfying mechanical, radiation and thermal stabilities of cementitious 36 

materials, as well as to the potential of hydrated cement phases (e.g., ettringite) to incorporate 37 

borates [4], [9], [13]–[16] and calcium silicate hydrate (CSH) to build the radionuclides into their 38 

structure [17]–[19]. However, some technical drawbacks of boric acid, such as the corrosive 39 

effect inside the operating loops of NPP and the high inherent leachability of boron from final 40 

cementitious waste forms had encouraged scientists to find better neutron absorbers [1], [2], [6], 41 

[20], [21]. 42 

Due to the significant difference between the cross-section of the two boron stable isotopes in 43 

thermal neutrons adsorption (σ𝐵−10=3837 barn and σ𝐵−11=0.005 barn) [22], [23], some modern 44 

NPPs in Germany, France, Japan, India, and the USA have begun to use 10B enriched boric 45 

acid (EBA) up to 90% 10B instead of natural boric acid (NBA), which has 20% 10B abundance 46 

[1], [2], [24]. This new EBA neutron absorber can provide a more efficient control system during 47 

the reactor operation and also produce significantly less waste volume than the use of NBA 48 

(the waste volume drops to 30% when EBA with 60% 10B enrichment is applied) [1], [2], [20], 49 
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[25]–[27]. However, despite numerous studies on the technical and economic benefits of EBA 50 

during the operation of NPP [20], [26], [28], the waste management aspect of this new promising 51 

neutron absorber, especially the compatibility of EBA with cementitious matrices has not 52 

received attention previously. Meanwhile, isotopic, elemental, and molecular properties of 53 

boron are expected to cause different behaviors of NBA and EBA in cementitious matrices as 54 

well as different stability and durability of their final waste forms. The reason is the significant 55 

relative mass difference of the 10B and 11B isotopes, and the dependence of borate geometries 56 

on pH and boron concentration. The preference of the main borate geometries, which is 57 

typically trigonal for the heavier and tetrahedral for the lighter boron isotopes, also contributes 58 

to this phenomenon [29]–[38]. The so-called durability of the final waste forms is one of the 59 

most important quality parameters of the long-term waste disposals performance assessment 60 

analysis [4], [12], [39]–[43]. 61 

This study aims to provide better understanding and compare the behavior of NBA and EBA 62 

in cementitious structures, as they are the most common hosting matrix for low and 63 

intermediate radioactive wastes. The simplest and the most common cement type, ordinary 64 

Portland cement (OPC) was used for the experiments. The assessments were focused on 65 

leaching tests, in which boron leachability has been selected to be the main parameter to 66 

describe the chemical stability of simulated waste forms. 67 

 68 

Experimental 69 

For the purposes of this study the following experimental stages were followed: simulation and 70 

investigation of NBA- and EBA-liquid radioactive wastes, cementation of the liquid wastes 71 

and preparation of solid specimens (simulated final waste forms), mineralogical analysis of 72 

solidified cement pastes before leaching, leaching tests, analysis of leachates and, 73 

mineralogical analysis of solidified cement pastes after leaching. 74 

Preparation and characterization of simulated liquid boric acid wastes 75 

Simulated wastes with boron concentrations and enrichments specified in Table 1 were 76 

prepared at Centre for Energy Research, Hungary. The boron concentration covered a range of 77 

20-60 g/l, which is the average boron concentration of residues in NPP evaporated sludge [3], 78 

[4], [20], [44]–[48]. EBA powder (10B>95%) and crystalized ortho-boric acid powder with natural 79 

isotopic abundance (10B=19.9%) were used. Both types of boric acid powders were mixed with 80 

demineralized (DM) water (conductivity=1.1 µS/cm, pH=7.5 at 23 °C) in the synthesis of the 81 

simulated EBA and NBA waste solutions. 82 
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Table 1 Specifications of simulated liquid boric acid wastes used for preparing cement pastes. 83 

Sample ID Boron elemental 

concentration (g/l) 

10B enrichment (%) 

LE2 * 20 95 

LN2** 20 19.9 

LE4 40 95 

LN4 40 19.9 

LE6 60 95 

LN6 60 19.9 

*LE: Liquid waste containing EBA 84 

**LN: Liquid waste containing NBA 85 

To increase the boric acid solubility in DM water, having completely homogeneous mixtures, 86 

and to decrease the cement retarding effect of boron, the simulated waste solutions were 87 

neutralized by adding granular sodium hydroxide with 1.25 of NaOH/H3BO3 molar ratio. This 88 

ratio was an optimum determined by preliminary tests with 0 to 2.5 ratios, which provided the 89 

highest alkalinity before the start of any polymerization or crystallization process [4], [6], [21], 90 

[34], [49]–[53]. The pH results of this step were benchmarked by geochemical modeling 91 

(PHREEQC ver.3, PHREEQC.DAT). 92 

The prepared solutions (Table 1) were analyzed with Raman spectroscopy to clarify the effect 93 

of boron isotopic enrichment and concentration on the molecular properties of the simulated 94 

liquid wastes. These specifications help understanding the interaction of the solutions with 95 

cement clinkers during cement hydration. Raman spectroscopy was carried out on solutions 96 

poured into 10 ml volume ceramic sample holder using a HORIBA JobinYvon LabRAM HR 97 

800 Raman micro-spectrometer. A frequency-doubled Nd-YAG green laser with a 532 nm 98 

excitation wavelength was used to illuminate the samples, displaying 130 mW at the source 99 

and ∼50 mW at the sample surface. OLYMPUS 50× (numerical aperture - N.A. = 0.6) and 100 

100× (N.A. = 0.9) objectives were used to focus the laser. A 200 μm confocal hole, 600 101 

grooves/mm optical grating, and 30 s cumulated exposition time were used with 3 102 

accumulations. The spectral resolution of measurements was 3.0 cm−1. Raw spectra were 103 

evaluated, including baseline correction and peak fitting using Gaussian-Lorentzian functions 104 

with the LabSpec v5.5 software. The contribution of the ceramic sample holder on the Raman 105 

spectra   was excluded based on blank measurements of the holder with the same acquisition 106 
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settings. The measurements were repeated at least five times to reach the uncertainties of the 107 

results.  108 

Preparation of simulated waste forms 109 

Cement characterization 110 

Ordinary Portland cement (OPC, CEM I-52,5N), the most common and simplest type of 111 

cement, with the given chemical and mineral compositions (Table 2) was mixed with the 112 

simulated liquid boric acid wastes (Table 1) and with pure DM water as the reference to prepare 113 

cement pastes (Table S1). The applied water-to-cement mass ratio (W/C) was adjusted to 0.4 114 

[4], [12], [21], [39], [40], [49], [54], [55]. The resulting cement pastes have about 2.4-6.8% cement 115 

content for the 20-60 g/l boron in liquid wastes, respectively, while the usual mass ratio for the 116 

used cement is between 10-12%  [20], [21]. 117 

Table 2 Chemical and mineralogical specifications of the Portland cement used for preparing 118 

the cement pastes. The data is provided by CEMKUT Ltd.  119 

Chemical compositions of major elements 

Oxides SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 Cl- 

(m/m %) 19.71 5.3 3.75 65.03 2.41 0.33 0.43 3.03 0.016 

Phase composition 

name 
Alite 

(C3S) 

Belite 

(C2S) 

Tricalcium 

aluminate 

(C3A) 

Tetracalcium 

aluminoferrite 

(C4AF) 

Calcium 

sulfate 

chemical 

formula 
Ca3SiO5 Ca2SiO4 Ca3Al2O6 Ca4Al2Fe2O10 CaSO4 

weight 

percentage 

(m/m %) 

60.94 10.95 7.7 11.41 5.22 

 120 

Mixing, casting and curing 121 

The cement powder was first poured into a mixer (HAUSER DM-601), and then the simulated 122 

liquid boric acid waste was added to the cement step by step. The mixture was stirred 123 

mechanically (90 rpm for 12 min) at the normal lab conditions (T=23 °C, RH=70%) to obtain 124 

a completely homogeneous paste [52]. The wet paste was filled into 2.5 cm diameter and 5 cm 125 

height Polyethylene cylindrical molds [56]. The molds were then shaken for 5 minutes to 126 

remove air bubbles from the paste [57]. Then, the molds were put in an incubator (VWR-INCU 127 

Line 68R) with a fixed temperature of 20±0,1 ºC [56]. The specimens were cured for 28 days, 128 

and then they were de-molded by a manual-hydraulic press (SPECAC 25T) [44], [58]  129 
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Leaching tests 130 

Leaching tests followed the procedure described in ASTM C1308-21 standard [56]. The 131 

cylindrical solid samples with 50 cm2 contact surface were immersed in 500 ml DM water 132 

(leachant), and the resulting solutions (leachates) were changed and sampled in time intervals 133 

of 2, 5, 17, and 24 hours and then daily for the next 10 days (Figure S1).  134 

Chemical analysis of the leachates 135 

The pH values of the leachates were measured by calibrated pH meter (Mettler Toledo 136 

SevenExcellence). The changes in pH can signify different chemical compounds released into 137 

the leachates [39], [40], [59]–[61]. Each leachate was filtered through a cellulose acetate membrane 138 

(pore diameter of 0.45 µm) and acidified with ultrapure nitric acid. The solutions were analyzed 139 

for the total released boron and its isotopic ratio (10B/11B) by inductively coupled plasma 140 

optical emission spectrometry (ICP-OES; Perkin Elmer Avio 200) and inductively coupled 141 

plasma mass spectrometry (ICP-MS; Thermo Finnigan-Element2), respectively [62]. 142 

Chemical and phase analysis of the cementitious specimens 143 

To evaluate the effects of applying different simulated liquid wastes with different 144 

concentrations and enrichments and to understand the results of leaching phenomenon on the 145 

solidified specimens, morphological, elemental, and mineralogical analyses were carried out 146 

on all the cylindrical solid specimens before and after the leaching test. The cylindrical samples 147 

were cut in half and after dry polishing of the cut surface (BUEHLER silicon carbide paper; 148 

Grit 500) scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX; 149 

Thermo Scientific, Scios 2) measurements were performed. In addition, 3 grams of the exterior 150 

rims (affected area) of all the leached and untreated solidified specimens were sampled by a 151 

drill, powdered, sieved (63 µm), and analyzed with X-ray diffraction (XRD; Bruker D2 Phaser 152 

diffractometer). 153 

Calculation methods 154 

Incremental Fraction Leached (IFL) 155 

Based on the standard procedure, the unitless incremental fraction leached (IFLn) of boron 156 

during the nth test interval is calculated using Eq. 1: 157 

 158 

                                                      𝐼𝐹𝐿𝑛
   = 𝑎𝑛

𝐵 𝐴0
𝐵⁄                                             (1) 159 

 160 
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where 𝑎𝑛
𝐵 (mg/l) is the quantity of boron measured in the leachate from the nth test interval, and 161 

𝐴0
𝐵 (mg/kg) is the quantity of boron in the solidified specimen at the beginning of the test (Table 162 

S1). 163 

Cumulative Fraction Leached (CFL) 164 

The cumulative fraction leached (CFLj) of boron until the jth interval is calculated by Eq. 2: 165 

 166 

                                       𝐶𝐹𝐿𝑗 = ∑ 𝑎𝑛
𝐵𝑗

𝑛=1 𝐴0
𝐵⁄ = ∑ 𝐼𝐹𝐿𝑛

𝑗
𝑛=1                             (2)  167 

 168 

Plotting the CFL values versus the cumulative time provides a straightforward graphical 169 

comparison of leaching data from the various solidified cementitious samples [56]. These 170 

results can be later used in modeling calculations to predict the long-term leaching behavior 171 

and the overall durability and performance of final waste forms [57]. 172 

Results and discussion 173 

Adjustment of pH for the simulated liquid boric acid wastes 174 

The effect of changing the NaOH/H3BO3 molar ratio on pH of the simulated wastes (both EBA- 175 

and NBA-solutions) are shown for experimental and modeling results (Fig. 1). The measured 176 

pH curves of EBA and NBA solutions overlap well with each other and with the modeled pH 177 

by PHREEQC. Accordingly, there is a generally positive relationship between pH and 178 

NaOH/H3BO3 ratios of 0-1.25, but both methods show no notable pH changes between 1.25-179 

1.5 ratio. On the other hand, during the experiments, the NBA and EBA solutions with 180 

NaOH/H3BO3 ratios above 1.5 got polymerized and crystallized, respectively and became 181 

heterogeneous, which should be avoided [53][63]. Therefore, during the preparation of simulated 182 

liquid boric acid wastes, the NaOH/H3BO3 ratio was adjusted to 1.25 to reach the highest 183 

possible pH (the longest possible durability for cementitious matrices) but keeping 184 

homogeneity [64].  185 
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Fig. 1 Measured and modeled effect of changing the NaOH/H3BO3 ratio on the pH of the 

simulated liquid boric acid wastes 

 186 

Results of Raman spectroscopy measurements of simulated liquid wastes 187 

The Raman spectra of the concentrated liquid boric acid wastes (Table 1) are illustrated in 188 

Figure 2 for the optimal zone of the characteristic Raman bands of borate solution 189 

investigations, 400-1700 cm−1 [65]–[71]. For all the samples, four characteristic Raman bands 190 

appeared on the spectra (Figure 2). Two bands are at 521 and 745 cm−1 which can be identified 191 

as for B5O6(OH)4
−and B(OH)4

−molecules, respectively [65], [66]. The other detected bands are 192 

at 1646 cm−1which relates to water [72]–[74]. Bands at 930 cm−1  (NBA solutions) or 960 193 

cm−1(EBA solutions) also show up, possibly related to B-O bands in complicated heavy 194 

molecules containing boron and sodium atoms [75], [76]. However, their identification is not 195 

established yet. 196 

The results of intensity and integrated bands area of the different bands (Sp) are summarised in 197 

Table 3. 198 

Table 3 Summary of the Raman spectroscopy analysis on EBA- and NBA-liquid wastes 199 

Band 

(cm-1) 

Intensity 

(count) 

Sp±error

% 

(cm2) 

RSp(EBA) 
Band 

(cm-1) 

Intensity 

(count) 

Sp±error

% 

(cm2) 

RSp(NBA) 
RSp(EBA/

NBA) (%) 

LE2 LN2  

521.2 599 
24798± 

3.1 
3.8 521 615 

32084± 

4.7 
2.8 26.9 
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745.8 6037 
94899± 

0.5 
745.8 5592 

89809± 

0.51 

960.9 265 
16930± 

2.5 
 930.7 283 

29274± 

3.7 
 

1646.0 765 
73206± 

3.7 
 1645.1 835 

86118± 

3.6 
 

LE4 LN4  

521.2 1397 
54810± 

2.9 
4.2 

520.9 675 
34088± 

4.5 
3.6 

14.4 

746.0 14057 
231782± 

0.7 
745.6 6188 

123396± 

1.6 

960.1 660 
49072± 

2.2 
 930.8 385 

45051± 

2.9 
 

1646.8 684 
73045± 

5.5 
 1646.5 521 

84026± 

4.6 
 

LE6 LN6  

521.7 1519 
61389± 

2.8 
4.8 

521.7 1027 
43996± 

3.9 
4.6 

4.7 

745.8 15865 
294041± 

0.3 
745.7 10551 

200747± 

0.7 

960.0 881 
67460± 

4.9 
 930.9 525 

48160± 

4.1 
 

1646.7 469 
56574± 

4.2 
 1646.9 420 

47781± 

5.4 
 

*LE: liquid waste containing 95% 10B enriched boric acid; LN: liquid waste containing natural 200 

boric acid; 2, 4, and 6 represent 20, 40, and 60 g/l boron in liquid waste; 𝑆𝑝: integrated area 201 

under band; 𝑅𝑆𝑝 = 𝑆𝑝745(𝐵(𝑂𝐻)4
−

)
/ 𝑆𝑝521(𝐵5𝑂6(𝑂𝐻)4

−)
; ∆𝑅𝑆𝒑(𝑬𝑩𝑨 𝑵𝑩𝑨⁄ )

= ( 𝑅𝑆𝑃(𝐸𝐵𝐴)
-202 

𝑅𝑆𝑃(𝑁𝐵𝐴)
)/𝑅𝑆𝑃𝐸𝐵𝐴

×100   [%] 203 

For both NBA and EBA solutions, the Sp of the bands at 521, 745, and 930/960 cm−1increase 204 

together with boron concentration, whereas the band of water at 1646 cm−1decreases with 205 

increasing boron concentration (Figure 2 and Table 3). Additionally, for the known bands of 206 

borate molecules at 521 cm−1  (B5O6(OH)4
− ) and 745 cm−1  (B(OH)4

− ), the ratio of their 207 

integrated areas (RSp, Eq. 3), and the relative comparison of RSp between NBA and EBA at a 208 

fixed concentration (∆RS𝑝(𝐸𝐵𝐴 𝑁𝐵𝐴⁄ ), Eq. 4) are summarised in Table 3. These two provide us 209 

the comparability e the molecular ratio of B5O6(OH)4
− and B(OH)4

− in the studied liquid wastes 210 

(Table 3).  211 

 212 

                                      RS𝑝= 𝑆𝑝745(𝐵(𝑂𝐻)4
−)

/𝑆𝑝521(𝐵5𝑂6(𝑂𝐻)4
−)

                             (3) 213 

 214 
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                    ∆RS𝑝(𝐸𝐵𝐴 𝑁𝐵𝐴⁄ )
= (RS𝑃(𝐸𝐵𝐴)

-RS𝑃(𝑁𝐵𝐴)
)/RS𝑃(𝐸𝐵𝐴)

×100      [%]            (4) 215 

 216 

where 𝑆𝑝745(𝐵(𝑂𝐻)4
−)

 and 𝑆𝑝521(𝐵5𝑂6(𝑂𝐻)4
−)

 are the integrated areas under the specific bands for 217 

B(OH)4
− and B5O6(OH)4

−, and RS𝑃(𝐸𝐵𝐴)
and RS𝑃𝐸𝐵𝐴

 are the  ratios of the integrated areas of 218 

these two bands at EBA and NBA solutions, respectively. 219 

For each boron concentration, the RSp of the enriched sample (RS𝑃(𝐸𝐵𝐴)
) is bigger than that of 220 

the natural sample (RS𝑃(𝑁𝐵𝐴)
) , and the percentage of this difference ( ∆RS𝑝(𝐸𝐵𝐴 𝑁𝐵𝐴⁄ ) ) is 221 

decreasing from 26.9 to 4.7% with increasing the boron concentration in the solution from 20 222 

to 60 g/l (Table 3). 223 

 

 

Fig. 2 Raman spectra of the simulated liquid wastes containing different enrichments and 

concentrations of boric acid. (NBA: natural boric acid; EBA: 10B enriched boric acid; 2, 4, and 

6 represent 20, 40, and 60 g/l boron in the simulated liquid wastes) 

𝑆𝑝𝑅𝑆𝑝𝑆𝑝745(𝐵(𝑂𝐻)4
−

)
𝑆𝑝521(𝐵5𝑂6(𝑂𝐻)4

−)
∆𝑅𝑆𝒑(𝑬𝑩𝑨 𝑵𝑩𝑨⁄ )

𝑅𝑆𝑃(𝐸𝐵𝐴)
𝑅𝑆𝑃(𝑁𝐵𝐴)

𝑅𝑆𝑃𝐸𝐵𝐴
 224 

Results of XRD analysis of solid samples 225 

The semiquantitative XRD results of all the cementitious solid samples before and after the 226 

leaching tests are summarized in Table 4, XRD patterns used for phase identification are 227 

presented in Figure S2. For both leached and untreated samples and for both boron enrichments 228 

(NBA, 19.9% and EBA, 95% 10B), as the initial concentration of boric acid increases, the 229 

hydration level of cement decreases, subsequently the amount of the cement hydration products 230 



Journal of Radioanalytical and Nuclear Chemistry 

11 
 

(ettringite) significantly increases (Table 4). At each fixed concentration, the solid specimens 231 

made with EBA show a higher level of hydration than the specimens made with NBA (Table 232 

4). As the effect of boric acid addition to the cement pastes, the formation of minerals 233 

containing boron such as gowerite [CaB6O10•5H2O] and biringuccite [Na2B5O8(OH)2)•H2O], 234 

were recorded (Table 4).  235 

XRD results also indicate that during the leaching test, all the boron-bearing minerals (i.e., 236 

gowerite and biringuccite) have disappeared (dissolved) from the exposed external rim of the 237 

NBA specimens, whereas there are some remaining boron-containing phases (biringuccite) at 238 

the rim of the specimens made with the highest concentration of EBA (Table 4). Also, a small 239 

amount of boron-containing mineral, called meyerhofferite [Ca2B6O6(OH)10•2(H2O)] was 240 

detected in the specimens before the leaching test that during the experiment have decreased 241 

(dissolved) from the exposed external rim of both the NBA and EBA samples (Table 4). 242 

Table 4 Semiquantitative XRD results of the cementitious samples before and after the 243 

leaching tests 244 

 Cementitious samples before leaching (m/m %) 

 SE2 SN2 SE4 SN4 SE6 SN6 Ref 

Alite 42 50 52 46 58 60 34 

Belite 4 11 - - - - 4 

Portlandite 26 19 19 18 14 14 39 

Ettringite 3 2 - - - - 5 

Akermanite 2 1 3 4 4 4 2 

Brownmillerite 3 3 2 3 2 3 4 

Hydrocalumite 4 3 7 8 7 4 3 

Kanemite - - 2 6 1 1 - 

Biringuccite 8 3 5 6 4 5 - 

Gowerite - - 1 2 4 4 - 

Meyerhofferite - - - - - - - 

Amorph 8 8 9 7 6 5 9 

 Cementitious samples after leaching (m/m %) 

 LSE2 LSN2 LSE4 LSN4 LSE6 LSN6 

Alite 50 56 70 72 69 70 

Belite 8 4 - - - - 

Portlandite 22 18 12 10 9 11 

Ettringite 3 2 - 1 - - 

Akermanite - 1 1 1 1 1 

Brownmillerite 5 5 4 3 3 2 

Hydrocalumite 4 4 4 4 4 3 

Kanemite - - - - - - 
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Biringuccite - - - - 3 - 

Gowerite - - - - - - 

Meyerhofferite - - - - 3 3 

Amorph 8 10 9 9 8 10 

 245 

Ref.: boron concentration is zero in the reference sample; SE: solidified sample with enriched 246 

boric acid (95% 10B) before leaching; SN: solidified sample with natural boric acid (19.9% 247 
10B) before leaching; LSE: leached solid sample containing enriched boric acid (95% 10B); 248 

LSN: leached solid sample containing natural boric acid (19.8% 10B); Numbers of 2, 4 and 6 249 

represent 20, 40, and 60 g/l boron in the simulated liquid wastes. 250 

Results of SEM analysis of the solidified cement samples 251 

The backscattered-electron (BSE) images of SEM measurements of the solid cement paste 252 

samples were analysed before leaching (SE4, SE6, SN4, SN6 and Reference samples) and after 253 

leaching (LSE4, LSE6, LSN4 and LSN6) using ImageJ software [77], which is a versatile, open-254 

source used for a variety of tasks, such as simple image enhancements and quantitative image 255 

analysis. (Users can perform statistical analysis, extract quantitative data from photographs, 256 

and visually explore and edit digital images.) The threshold brightness histogram analysis 257 

method algorithm option in the ImageJ software was applied to perform area analysis by 258 

highlighting the brightness levels on the surface of the samples to infer and quantify the lighter 259 

unhydrated clinker phases from darker hydrated matrix phases (in the Supplementary 260 

Materials, Fig S3, which is the original mosaic picture).  261 

The results of the analyses quantified the unhydrated surface areas of the samples before 262 

leaching as SE4 (239493.731 µm2), SE6 (248245.86 µm2), SN4 (238675.265 µm2), SN6 263 

(326395.155 µm2), reference (53714.927 µm2); whereas samples after leaching as LSE4 264 

(246095.847 µm2), LSE6 (239826.99 µm2), LSN4 (316751.896 µm2) and LSN6 (474797.571 265 

µm2) using uniform surface area for the statistical analyses. These results seem to indicate a 266 

positive correlation between increasing boric acid concentration from 0 g/l in the reference, 267 

samples to 60 g/l in SE6 and SN6 showing an increasing surface area of unhydrated clinker 268 

phases of 272680.228 µm2 observed on the samples (Fig. 3) implying the possibility of 269 

increased hydration retardation with increasing boric acid concentration. It is also observed 270 

from this results that natural boric acid (samples LN4 and LN6) shows a higher retarding on 271 

the OPC hydration process than the enriched boric acid (samples SE4 and SE6). The result also 272 

indicates that both types of boric acids (either enriched or natural one) show significant 273 

hydration retardation effect in comparison with the reference sample (Fig. 3).   274 



Journal of Radioanalytical and Nuclear Chemistry 

13 
 

 275 

Fig. 3 Summary of SEM analysis of the cementitious specimens before and after the leaching 276 

tests using the ImageJ software threshold brightness histogram analysis method algorithm to 277 

quantify unhydrated areas: E4 with enriched boric acid of 40 g/l concentration; E6 with 278 

enriched boric acid of 60 g/l concentration; N4 natural boric acid of at 40 g/l concentration; N6 279 

natural boric acid of 60 g/l concentration, whereas the reference sample was made with OPC 280 

and DM water. 281 

Also, the SEM data are in good agreement with XRD results (Table 4) as boric acid 282 

concentration increases so does the amount of unreacted clinker phases observed on the sample 283 

surface (Ref. to the original mosaic picture which is supposed to be in Suppl. Mat. as suggested 284 

above) and a decrease of the secondary hydration phase production (like ettringite) observed 285 

in the XRD results (Table 4). Furthermore, the BSE images show that the leachant (DM water) 286 

effect the solidified specimens (compared to the reference sample), and an alteration layer of 287 

300 µm appeared after the leaching period of 11 days (Fig. S4).  288 

Results of leachates analysis 289 

pH measurements 290 

The measured pH for all the leachates shows similar and generally decreasing trends for all the 291 

samples (Figure S5). All the pH results are between 11.5-12.3. A notable pH variation 292 

(|𝛥𝑝𝐻| < 0.5) during the first two days was recorded, which is mostly due to the inequality of 293 

the sampling intervals (Figure S5).  294 

Elemental boron release measurements 295 
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The concentrations of leached boron (aB) during each time interval of the leaching test are 296 

summarized in Table S2-S4. For all the tests, there was a high peak of boron release at the third 297 

interval (17 hours). The results of Table S2-S4 were used to calculate the percentage of leached 298 

boron  ((∑ 𝑎𝐵)/𝐴0)11 𝑑𝑎𝑦
  from all the solidified specimens (Figure 4). Accordingly, during the 299 

leaching period (11 days), the percentage of released boron from all the solidified samples is 300 

between 0.62-1.12 m/m %. Furthermore, Figure 4 shows an obvious increase in boron leaching 301 

for both EBA and NBA specimens with the growth of the initial boron concentration in the 302 

samples. However, at each initial boron concentration, the specimen made with NBA shows a 303 

higher percentage of leached boron than that made with EBA (Figure 4).  304 

 

Fig. 4 Percentage of leached boron in contrary to changing boron concentration and 

enrichment. (∑ 𝐶𝐹𝐿𝐵: cumulative leached boron at the end (11 days) of leaching test; EBA: 

95% 10B enriched boric acid; NBA: natural boric acid; A0= initial boron concentration in 

the cement pastes) 

 305 

The CFL value of  boron, calculated using data in Table S2-S4 and following Eqs.1-2, is plotted 306 

vs. time in Figure 5. According to these curves, 1) the CFL grows with the initial boron 307 

concentration in the samples (20, 40, and 60 g/l boron), and 2) at each fixed boron 308 

concentration, the cementitious specimen made with EBA shows lower CFL than that of made 309 

with NBA. The differences between EBA and NBA’s CFL values are getting more significant 310 

from 3% up to 29% as the boron concentration in the liquid wastes increases from 20 to 60 g/l.  311 
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Fig. 5 Cumulative fraction leached (CFL, Eq. 2) of boron vs. time. (CFL: cumulative fraction 

of leached boron; LE: leachate from solidified specimens containing 95% 10B enriched boric 

acid; LN: leachate from solidified specimens containing natural boric acid; 2, 4, and 6 

represent 20, 40, and 60 g/l boron in the simulated liquid wastes) 

 312 

In addition, to get a better understanding of boron leaching kinetics, a new parameter, the rate 313 

of leaching (Rn), is introduced by Eq. 5, which is a modified formula of Sun et al. [46]:   314 

       315 

                                            𝑅𝑛= 
𝐼𝐹𝐿𝑛

(𝐷𝑛×𝑆 𝑉⁄ )
        [cm/s]                                  (5) 316 

where Rn is the rate of boron leaching, Dn is the duration of the nth time interval (s), S is the 317 

surface area (m2), and V is the volume of the solidified specimens (m3). The results of Rn show 318 

the net amount of leaching rate independent of the duration of each test interval (Figure 6).   319 

As shown in Figure 6, at the beginning of the leaching test (2 hours), all the samples show the 320 

highest rate of leaching. This is followed by a short drop in the values (5 hours) and then again, 321 

an increase (17 hours). After these changes, all the curves show a continuous decrease in the 322 

leaching rate (Figure 6). As a comparison among the cementitious specimens with different 323 

boron concentrations and enrichments, the rate of boron leaching (Rn) increased with the initial 324 

boron concentration in the samples and is lower for specimens made with EBA than the 325 

specimens with NBA (Figures 6). These Rn differences between EBA and NBA specimens are 326 
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increased one order of magnitude as the boron concentration in the liquid wastes increases from 327 

20 to 60 g/l.  328 

 

Fig. 6 Logarithmic rate of boron leaching (Rn, Eq. 5) vs. time. (R: rate of leaching; LE: 

leachate from solidified specimens containing 95% 10B enriched boric acid; LN: leachate 

from solidified specimens containing natural boric acid; 2, 4, and 6 represent 20, 40, and 

60 g/l boron in the simulated liquid wastes) [78] 

 329 

Isotopic distribution of leached boron 330 

The ICP-MS results of boron isotopic distributions in the leachates of EBA and NBA simulated 331 

waste forms are plotted in Figures 7 and 8, respectively. For the EBA-specimens the 10B/11B 332 

ratios in the leachates show a significant decreasing trend during the 11 days of the leaching 333 

test (Figure 7). In the beginning of the leaching experiments boron dissolves from the surface 334 

and diffuse from the near-surface regim of the samples. The measured 10B abundance ( around 335 

90%) is close to the initial one (95%). As the experiment proceeds the boron built-in in the 336 

inner part of the sample starts to leach and the 10B abundance decreases suggesting different 337 

diffusion coefficient and leachability of the isotopes. [35], [38], [79], [80].  338 
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Fig. 7 Isotopic leachability of boron from the solidified specimens containing 95% 10B 

enriched boric acid (EBA). (LE: leachate from the specimens containing 95% 10B enriched 

boric acid; 2, 4, and 6 represent 20, 40, and 60 g/l boron in the simulated liquid wastes.) 

 339 

For the  samples from the leaching tests of the NBA-specimens, the 10B/11B ratio showed no 340 

significant variation during the test period (Figure 8). The minor changes were lower than the 341 

uncertainty of the measurement technique.  342 

 

Fig. 8 Isotopic leachability of boron from the solidified specimens containing natural boric 

acid (NBA). (LN: leachate from the specimens containing natural boric acid; 2, 4, and 6 

represent 20, 40, and 60 g/l boron in the simulated liquid wastes) 

Discussion 343 

Chemical and geometrical characterizations of EBA- and NBA-liquid wastes 344 
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Since the boron concentration in the studied solutions (20-60 g/l or ~2-6 M boron) is higher 345 

than the concentration level where only monoborates are expected (0.2 g/l or 0.025 M boron) 346 

[31], [53], [65], [66], [68], [71], [81], [82], all the boron in the studied liquid wastes tends to occur in 347 

heavy polyborate molecules (Bx(OH)3x+y
y-, x>6, and 0<y<3). However, polymerized solutions 348 

would create heterogeneous liquid wastes what cannot be effectively immobilized by 349 

cementitious materials [83]. To overcome this unfavorable phenomenon (polymerization of the 350 

highly concentrated boric acid wastes), the NaOH addition was optimized 351 

(NaOH/H3BO3=1.25, Figure 1), and hence, only moderate-size polyborates (Bx(OH)3x+y
y-, 352 

3<x<6 and 0<y<3) including B3O3(OH)4
−, B4O5(OH)4

2−, and B5O6(OH)4
− are expected [65], 353 

[66]. Meanwhile, the formation possibility of these polyborates is not the same, because at the 354 

very high alkalinity (pH>11), the OH−ions attack the BO3 bonds in polyborates, depolymerize 355 

them and cause to forming B(OH)4
− 

ions alternatively [65], [68]. The results of Raman 356 

spectroscopy analysis on the studied simulated liquid wastes are in general agreement with 357 

previous knowledge from the literature [65]–[68], [82], where, for the simulated liquid wastes, 358 

the main significant borate forms are mono tetrahedral borate (B(OH)4
− with the specific band 359 

at 745 cm−1) and poly pentaborate (B5O6(OH)4
− with the specific band at 521 cm−1) (Figure 360 

2).  361 

Furthermore, the results of Raman analysis (Table 3) show that at each boron concentration, 362 

the ratio of the integrated area under the main bands (RSp= 𝑆𝐵(𝑂𝐻)4
−

 

 /𝑆𝐵5𝑂6(𝑂𝐻)4
−

 

 ) of the EBA 363 

solutions is bigger than that of the NBA solution up to 26.9%. This indicates that at each boron 364 

concentration, the possibility of B(OH)4
−formation in the EBA-liquid waste is higher than that 365 

of the NBA-liquid waste. This difference is due to the molecular structure and isotopic 366 

preference of B(OH)4
−  and B5O6(OH)4

−  in EBA and NBA liquid wastes (Figure 9). The 367 

molecular structure of B5O6(OH)4
−  consists of four trigonal and one tetrahedral borate 368 

positions, whereas B(OH)4
− composed of only one tetrahedral borate position (Figure 9). 369 

According to previous knowledge [81], [84]–[87], the trigonal borate geometry is more stable 370 

with the heavier boron isotope (11B), whereas the tetrahedral borate geometry prefers the lighter 371 

boron isotope (10B). Therefore, resulting in these geometric compositions and isotopic 372 

preferences of the borates, the possibility of B(OH)4
− formation is higher in EBA liquid waste 373 

than in NBA liquid waste.  374 
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The intensity of the band specific to water (1646 cm−1) decreases with increasing boron 

concentration (Figure 2 and Table 3). This is due to the decrease in the water-mass ratio in 

the solutions with increasing the boron concentration from 20 to 60 g/l. cm−1. 

 

 

Fig. 9 Molecular structure and isotopic preferences of a) B(OH)4
−  and b) B5O6(OH)4

− . 

B(OH)4
− consists of one tetrahedral position, which favors 10B and B5O6(OH)4

− consists of 

one tetrahedral and four trigonal positions, which mostly prefers 11B 

 375 

The solid samples mineralogy vs. the initial boron concentration and enrichment 376 

The influence of changing boric acid concentration on the mineralogy of the cementitious 377 

specimens (Table 4 and Figure 3) is mostly related to the boron retarding effect on cement 378 

hydration [49], [59], [88]–[90]. The decreasing level of hydration can leave more unreacted 379 

clinkers in the cement pastes (Table 4). These remaining clinkers can adversely affect the 380 

physical properties of the cement paste, including porosity and compressive strength, and 381 

subsequently, the durability of the simulated final waste forms decreases [11], [91]–[93]. 382 

Furthermore, the formation of ettringite, which has a significant potential for building boron 383 

atoms into its structure [4], [9], [13], [14], is detected only in the samples with low boron 384 

concentration (Table 4). Therefore, since the increase in boron concentration reduces the 385 

cement hydration and also the formation of ettringite, the maximum initial boron concentration 386 

in the cementitious matrices (maximum solid loading on cement) should be optimized for both 387 

NBA and EBA solidified specimens [20], [21].  388 
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The differences in the mineralogy of the solidified specimens with applying NBA or EBA 389 

(Table 4) are mostly related to the molecular differences of the simulated liquid boric acid 390 

wastes before mixing with cement (section 4.1).   Since the liquid wastes containing different 391 

types of boric acid enrichments (NBA and EBA) can create varied ratios of the distinct forms 392 

and geometries of boron-molecules (Figures 10a and 10c), these molecules can cause different 393 

chemical interactions with the cement clinkers and consequently, variable mineralogies can be 394 

formed during the cement and liquid wastes mixing (Table 4).   395 

 
Fig. 10 Two of the most important borate molecule geometries in EBA and NBA solutions 

and their interaction with cement clinker: a) liquid waste containing 95% 10B enriched boric 

acid, EBA; b) interaction and substitution of EBA-liquid waste with cement clinker; c) liquid 

waste containing natural boric acid, NBA; d) interaction and substitution of NBA-liquid 

waste with cement clinker 

 396 

Solid samples mineralogy vs. running leaching tests 397 

In accordance with previous studies [42], [61], [94]–[96], the results of our experiments showed 398 

that water diffuses from the surface into the interior parts of the cementitious matrices during 399 

the leaching test (Figure 3h). Due to the high natural boron-salt solubility [97], all the boron-400 

bearing minerals (i.e., biringuccite and gowerite) get released from the NBA-specimens. 401 

However, only some of those minerals from the EBA-specimens are released from the affected 402 

depth of the solidified matrix (data of Table 4 for before and after the leaching test), which is 403 
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due to the higher stability of borate molecules in EBA solidified specimens as discussed above 404 

(section 4.5). During dissolution, the more boron-containing minerals are released from the 405 

cementitious structure (NBA-cementitious specimens in this study), the higher porosity 406 

becomes, and consequently, shorter durability of the simulated final waste form made with 407 

NBA is expected compared with the specimens made with EBA [39], [40]. 408 

Boron leachability vs. initial boron concentration 409 

The positive relationship between the total leached boron and the initial boron concentration 410 

(Figure 5) is due to the more availability and the subsequent higher possibility of boron-411 

containing minerals getting dissolved from the cementitious host structure [98]. Nevertheless, 412 

high leachability can lead to lower chemical stability and durability for the solidified 413 

specimens, which is a critical parameter in the long-term disposal of cementitious waste. Not 414 

only the net amount of mass (CFL, Figure 5) but also the percentage of total boron leached 415 

(Figure 4) shows a continuous growth together with the increase of the initial boron 416 

concentration in the specimens. This phenomenon may be related to the porosity increase as 417 

the initial boron concentration grows (discussed in section 4.3) and the constraint of 418 

cementitious matrices to hold other solid materials or precipitating boron-bearing minerals 419 

from boric acid solutions [20], [59], [98]. 420 

Boron leachability vs. boron enrichment 421 

At each initial boron concentration, the solidified specimens made with EBA show lower boron 422 

leachability (both amount and rate) than those made with NBA (Figures 4-6). This phenomenon 423 

is related to the chemical speciation of boric acid introduced in Sections 4.1-4.2 and Figure 10. 424 

B(OH) 
10

4

−
[3], [4], [9], [13], [14], [37], [49], [84]. However, in the NBA simulated liquid wastes, the 425 

B(OH)4
−/B5O6(OH)4

− ratio is lower than in the EBA liquid waste (Figure 2 and Table 3). Thus, 426 

the more abundant isotope (11B) has lower possibility to locate in the interchangeable 427 

tetrahedral borate coordinates of the liquid phase and subsequently has lower possibility of 428 

substituting in the above-mentioned sites of the cement paste (Figure 10c-d). The unsubstituted 429 

11B-containing ions and molecules can release from the cementitious matrix effectively when 430 

the solidified specimens get contacted with water (Figure 10d). These phenomena are 431 

supported by the observations in Figure 7, where after a rapid release of boron from the 432 

specimens’ surface during the first day (surface wash-off), the abundance of released 10B 433 

decreases in time, whereas the total boron leaching increases continuously due to the 11B 434 

release  [57], [99].  435 
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 436 

Conclusion  437 

This study is the first about the immobilization of the novel radioactive liquid waste containing 438 

EBA. The major results and conclusions are the following: a) the simulated radioactive wastes 439 

NBA and EBA have different molecular compositions and isotopic specifications, in which pH 440 

and boron concentration have the dominant role to constrain these variabilities; b) variation in 441 

chemical and isotopic specifications of EBA and NBA solutions causes different interactions 442 

between their boron molecules and cement clinker which provide EBA- and NBA-cementitious 443 

waste forms with different mineralogies; c) due to the mineralogical modifications, the 444 

elemental and isotopic leachabilities of boron from the NBA- and EBA-bearing specimens 445 

were different; d) the total amount and the rate of boron leachability from the cementitious 446 

specimens containing EBA were lower than that of the specimens containing NBA up to 29% 447 

and 46%, respectively; e) these lower values of the amounts and rates of chemical leaching 448 

may reflect to a higher long-term stability and durability of EBA simulated waste forms 449 

compared to the NBA containing type which should be considered during the long-term 450 

disposal design of radioactive wastes; f) this phenomenon can be explained by a combination 451 

of unique molecular and isotopic properties of boron in the liquid phase including the high 452 

relative mass difference of boron isotopes, the influence of pH and boron concentration on 453 

geometry of borates and isotopic preferences of those geometries. 454 
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Supplementary information 736 

 737 

Table S1 Specification of the simulated waste forms 738 

Sample ID 
Initial boron concentration 

in cement past, A0 (ppm) 
10B enrichment (%) 

Ref 0 - 

SE2 5714 95 

SN2 5714 19.9 

SE4 11428 95 

SN4 11428 19.9 

SE6 17142 95 

SN6 17142 19.9 

Ref: Reference sample without boron content 739 

SE: Solidified cement paste containing enriched boric acid (95% 10B) 740 

SN: Solidified cement paste containing natural boric acid (19.9% 10B) 741 

 742 

Table S2 The concentrations of leached boron (aB) during the time interval of the leaching test 743 

in case of 20 g/l boron is modelled liquid waste. 744 

 Samples made with EBA Samples made with NBA 

 aB(ppm) ΣaB (ppm) aB(ppm) ΣaB (ppm) 

Time intervals Boron in liquid waste = 20 g/l and in cement paste A0 = 5714 ppm 

2 hr (0.083 day) 2.6 ± 0.1 2.63 2.01 ± 0.01 2.01 

5 hr (0.21 day) 1.5 ± 0.1 4.17 1.24 ± 0.02 3.25 

17 hr (0.71 day) 11.9 ± 0.2 16.08 14.5 ± 0.3 17.72 

1st day 5.9 ± 0.1 22.07 4.76 ± 0.04 22.48 

2nd day 2.09 ± 0.01 24.16 2.26 ± 0.05 24.74 

3rd day 1.78 ± 0.01 25.94 1.90 ± 0.03 26.64 

4th day 1.61 ± 0.01 27.55 1.71 ± 0.02 28.35 

5th day 1.43 ± 0.02 28.98 1.52 ± 0.02 29.87 

6th day 1.25 ± 0.01 30.24 1.33 ± 0.02 31.20 

7th day 1.08 ± 0.01 31.31 1.14 ± 0.01 32.34 

8th day 1.05 ± 0.02 32.37 1.10 ± 0.02 33.44 

9th day 1.02 ± 0.03 33.39 1.06 ± 0.02 34.50 

10th day 0.99 ± 0.04 34.38 1.02 ± 0.03 35.52 

11th day 0.97 ± 0.04 35.35 0.98 ± 0.03 36.50 
aB: realeased boron; ΣaB: cumulative released boron; EBA: enriched boric acid (95% 10B); 745 

NBA: natural boric acid (19.9% 10B); A0: initial boron concentration in the solidified cement 746 

pastes; with 20 g/l boron in the liquid wastes 747 

 748 
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Tables S3 The concentrations of leached boron (aB) during the time interval of the leaching 749 

test in case of 40 g/l boron is modelled liquid waste. 750 

 Samples made with EBA Samples made with NBA 

 aB(ppm) ΣaB (ppm) aB(ppm) ΣaB (ppm) 

Time intervals Boron in liquid waste = 40 g/l and in cement paste A0 = 11428 ppm 

2 hr (0.083 day) 5.8 ± 0.4 5.83 8.3 ± 0.2 8.30 

5 hr (0.21 day) 2.59 ± 0.03 8.42 3.0 ± 0.1 11.31 

17 hr (0.71 day) 34 ± 1 42.87 37.4 ± 0.3 48.75 

1st day 15.1 ± 0.9 57.92 14.2 ± 0.5 62.93 

2nd day 3.7 ± 0.3 61.64 4.71 ± 0.03 67.64 

3rd day 2.6 ± 0.2 64.24 3.3 ± 0.1 70.95 

4th day 2.3 ± 0.2 66.58 2.9 ± 0.1 73.88 

5th day 2.1 ±0.2 68.67 2.6 ± 0.1 76.44 

6th day 1.8 ± 0.1 70.50 2.18 ± 0.04 78.62 

7th day 1.6 ± 0.1 72.08 1.80 ± 0.04 80.42 

8th day 1.6 ± 0.1 73.69 1.74 ± 0.04 82.15 

9th day 1.7 ± 0.1 75.34 1.68 ± 0.04 83.83 

10th day 1.7 ± 0.1 77.04 1.61 ± 0.04 85.44 

11th day 1.7 ± 0.1 78.77 1.55 ± 0.04 86.99 
aB: realeased boron; ΣaB: cumulative released boron; EBA: enriched boric acid (95% 10B); 751 

NBA: natural boric acid (19.9% 10B); A0: initial boron concentration in the solidified cement 752 

pastes; with 40 g/l boron in the liquid wastes 753 

 754 

Table S4 The concentrations of leached boron (aB) during the time interval of the leaching test 755 

in case of 60 g/l boron is modelled liquid waste. 756 

 Samples made with EBA Samples made with NBA 

 aB(ppm) ΣaB (ppm) aB(ppm) ΣaB (ppm) 

Time intervals Boron in liquid waste = 60 g/l and in cement paste A0 = 17142 ppm 

2 hr (0.083 day) 13.9 ± 0.1 13.92 18.7 ± 0.4 18.66 

5 hr (0.21 day) 6.03 ± 0.02 19.95 7.4 ± 0.2 26.05 

17 hr (0.71 day) 65 ± 1 84.90 87 ± 1 113.29 

1st day 27.0 ± 0.3 111.85 28.4 ± 0.4 141.64 

2nd day 6.95 ± 0.04 118.80 8.9 ± 0.3 150.50 

3rd day 4.95 ± 0.03 123.75 7.2 ± 0.2 157.74 

4th day 4.44 ± 0.03 128.19 6.4 ± 0.1 164.17 

5th day 3.93 ± 0.03 132.12 5.6 ± 0.1 169.80 

6th day 3.41 ± 0.02 135.53 4.8 ± 0.1 174.62 

7th day 2.90 ± 0.01 138.43 4.0 ± 0.1 178.63 

8th day 2.86 ± 0.01 141.29 3.8 ± 0.1 182.42 

9th day 2.83 ± 0.02 144.12 3.6 ± 0.1 186.01 

10th day 2.79 ± 0.02 146.90 3.4 ± 0.1 189.38 
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11th day 2.75 ± 0.02 149.66 3.2 ± 0.1 192.54 
aB: realeased boron; ΣaB: cumulative released boron; EBA: enriched boric acid (95% 10B); 757 

NBA: natural boric acid (19.9% 10B); A0: initial boron concentration in the solidified cement 758 

pastes; with 60 g/l boron in the liquid wastes 759 

 

Fig. S1 Schematic diagram of ASTM C1308-21 leaching protocol. 
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Fig. S2 XRD patterns obtained before leached specimens. 760 

 761 
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 762 

Fig. S3 Results of SEM analysis of the cementitious specimens before and after the leaching 

tests: a-c) BSE images of the samples before leaching made by NBA, containing 20, 40, and 

60 g/l boron, respectively; d-f) BSE images of the samples before leaching made by EBA, 

containing 20, 40, and 60 g/l boron, respectively.  

 

 

  
 

 763 

Fig. S4. Selected BSE image representative of the solidified waste forms showing before (a) 764 

and after (b) leaching tests. The bright minerals represent the unreacted clinkers such as alite 765 

and belite. 766 

 767 

 768 
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Fig. S5 pH value of the leachates vs. time during the leaching test 

LN: leachate from the solidified specimens containing natural boric acid (19.9% 10B); LE: 769 

leachate from the solidified specimens containing enriched boric acid (95% 10B); 2, 4, and 6 770 

are representatives for 20, 40, and 60 g/l boron in the simulated liquid wastes 771 


