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Abstract 

Selenium-79 (79Se) and iodide-129 (129I) as one of radioactive isotopes of selenium (Se) and 

iodide (I) with a 3.77  105 years and 1.57  107 years half-life. In aqueous environments, Se and 

I species behave as anionic species, which can be immobilized in layered double hydroxides 

(LDHs). Soil organic matter (SOM) is known to be a risk to affect the stability of minerals in 

pedosphere where low-level radioactive wastes are buried. If the radioactive wastes are released 

into soil environment from cementitious materials, the adsorbed radionuclides might be possibly 

contacted with SOM. However, the releasing behaviors of SeO4
2- and I- from LDHs are still unclear, 

but important to evaluate its effectiveness. Five amino acids were selected as the model of SOM 

to investigate on the environmental impact.  

In Chapter 1, overviewed the background information of low-level radionuclides, occurrence 

and characteristics of SOM including its relation with amino acids, characteristics of Se and I 

anionic species, and their immobilization is overviewed, where LDHs are key matrix for removal 

of anionic species as well as byproducts in the aging of cement. The reason why five amino acids 

were selected as simplified models to represent the environmental factors there was also described. 

Density functional theory (DFT) calculation is an important approach in the present work to 

simulate the stable configurations of ion-exchanged amino acids in LDHs.  

All the methodology in the present work was introduced in Chapter 2, including the solution 

analysis (inductively coupled plasma optical emission spectrometry (ICP-OES), inductively 

coupled plasma mass spectrometry (ICP-MS), ion chromatography (IC), High-performance liquid 

chromatography (HPLC)), solid characterization (X-ray diffraction (XRD), X-ray fluorescence 

(XRF), Scanning electron microscope (SEM), and CHN analysis) and DFT simulation. 

In Chapter 3, hydrocalumite immobilized iodide (Ca2Al-LDH(I)) was synthesized through co-

precipitation. Ca2Al-LDH(I) was very fragile compared with Ca2Al-LDH(SeO4) and Mg2Al-

LDH(SeO4), which are discussed in subsequent chapters. It is probably due to a small charge and 
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hydrophobicity of I-. Cysteine (H2Cys) and aspartic acid (H2Asp) accelerated the release rate of I- 

from I-hydrocalumite than other amino acids. H2Cys caused ion-exchange with I- on 

hydrocalumite more preferentially than H2Asp. The intercalation of Cys2- was evidenced by XRD 

of the solid residues, which was supported by DFT calculation predicting the interaction force is 

ascribed to the hydrogen and Ca-O chemical bonds between carboxyl groups in amino acid and 

metallic hydroxide layers in LDH. 

The more stable LDH, hydrotalcite immobilized selenate (Mg2Al-LDH(SeO4)) was synthesized 

to examine the effect of amino acids (Chapter 4), Glycine (HGly), H2Cys, and H2Asp, showed 

intercalation, causing to release SeO4
2-, which tryptophan (HTrp) and phenylalanine (HPhe) did 

not. Clear differences were verified by solution data as well as XRD, which resulted from several 

factors including ionic sizes, hydrophilicity, and charge numbers of amino acids. DFT simulation 

well demonstrated a layer spacing value caused by singly stacked HGly molecules and the layer 

spacing of the main and shoulder peaks caused by doubly stacked HGly molecules. Specific 

interaction of Cys2- with Mg2+ was also predicted through the thiol group in Cys2-, which explained 

the experimental results suppressing Mg2+ dissolved. 

To get closer to a more realistic system, hydrocalumite immobilized SeO4
2- (Ca2Al-LDH) was 

prepared and investigated in Chapter 5. With increase in the loading amounts of amino acids on 

Ca2Al-LDH, release of SeO4
2- increased in the presence of HGly, H2Asp, and H2Cys, but not in 

HPhe and HTrp series. DFT simulation exemplified that Asp2- in the interlayer of Ca2Al-LDH has 

several possible configurations, and the stability of SeO4
2- in LDH is more strongly affected by 

CO3
2- in hydrocalumite, compared with hydrotalcite. 

As an analogical model of the realistic matrix that stabilizes selenate, the fly ash blended cement 

was supplied for the leaching test in the presence of amino acids in Chapter 6. During the aging 

period, anionic exchangers such as hydrocalumite and ettringite were produced in the cement. 

H2Asp and H2Cys enhanced the dissolution of selenate because of ion-exchange on hydrocalumite. 
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Other anionic pollutant species from fly ash such as arsenate, chromate, borate, and fluoride did 

not exceed the environmental standard except for selenate, indicating Se oxoanions are difficult 

species to immobilize. 

So one measure was tried to stabilize Se oxoanions by mixing zero-valent iron (ZVI) with the 

fly ash blended cement in Chapter 7. Under the present condition, Se oxoanions were not 

effectively stabilized probably because ZVI was spent for reduction of coexisting Cr(Ⅵ) and As(Ⅴ) 

species, which have the higher standard redox potentials. It can be predicted that Se(Ⅵ)/Se(Ⅳ) 

oxoanions can be reductively immobilized on ZVI in the absence of competing species. 

Finally, the main conclusion of this thesis was summarized in Chapter 8. Environmental impact 

of amino acids on the stability of selenate and iodide in LDHs was investigated in experimental 

and the DFT approaches. Smaller sized amino acids have more serious risk to unstabilize selenate 

and iodide. Carbonate is also another environmentally important threatening factor to the stability 

of selenate. The necessity of engineering measures to improve stability was emphasized.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

IX 

 

List of tables 

Table 1.1 Selected five types of amino acids in the present work. ................................................. 9 

Table 1.2 Information of 20 types of amino acids ........................................................................ 10 

Table 1.3 Application of LDHs for removal of selenium and iodine ........................................... 20 

Table 3.1 Elemental composition of synthesized Ca2Al-LDH(I). ................................................ 45 

Table 4.1 Elemental compositions and cell parameters of synthesized Mg2Al-LDH(NO3) and 

Mg2Al-LDH(SeO4) ................................................................................................................... 66 

Table 4.2 Fitting parameters of Freundlich isotherms in sorption of different amino acids on 

Mg2Al-LDH(SeO4). .................................................................................................................. 71 

Table 5.1 Fitting results to Freundlich isotherms in sorption of different amino acids on Ca2Al-

LDH. ......................................................................................................................................... 94 

Table 6.1 Elemental composition of fly ash in the present work (wt%). .................................... 115 

Table 6.2 Leaching results of the original fly ash. ...................................................................... 116 

Table 6.3 Added amount of each material to prepare the fly ash blended cement blocks 

(kg/m3). ................................................................................................................................... 117 

Table 7.1 Specific mixing conditions of different fly ash-blended cement blocks. ................... 142 

 

  



 

X 

 

List of figures 

Fig. 1.1 The zeta potential of the SiO2 nanoparticles at different pH values. ...................................... 5 

Fig. 1.2 Eh/pH stability diagram for selenium in aqueous systems  .................................................. 12 

Fig. 1.3 Eh/pH diagram for iodine, 25 ℃. ......................................................................................... 14 

Fig. 3.1 XRD patterns of (a) tricalcium aluminate (C3A), (b) I-hydrocalumite (Ca2Al-LDH(I)). 

Symbols: , calcium aluminum iodide oxide hydrate (3CaO·Al2O3·CaI2·10H2O, PDF#42-1474); 

×, tricalcium aluminate (3CaOAl2O3, PDF#32-0149); , mayenite (12CaO·7Al2O3, PDF#78-

0910); , unknown. ....................................................................................................................... 45 

Fig. 3.2 The concentrations of released (a) I-, (b) Ca2+ (c) Al(OH)4
-
 

and (d) pH in the presence and 

absence of 1.7 mM amino acids at different time intervals. Symbols: , Blank; ▲, HGly; ◆, 

H2Asp; ▼, H2Cys; ■, HPhe; ●, HTrp............................................................................................ 47 

Fig. 3.3 X-ray diffraction patterns of solid residues after reaction with different amino acids at time 

intervals. (a) Blank, (b) H2Cys, (c) H2Asp, (d) HGly, (e) HPhe, (f) HTrp. Symbols indicate, * 

calcium aluminum iodide oxide hydrate (3CaO·Al2O3·CaI2·10H2O, PDF#42-1474);  calcium 

aluminum oxide hydrate (3CaO·Al2O3·xH2O, PDF#02-0083);  unknown;  calcium aluminum 

oxide hydrate (4CaO·Al2O3·xH2O, PDF#02-0077);  calcium aluminum oxide hydrate 

(2CaO·Al2O3·6H2O, PDF#12-0008), and/or calcium aluminum iodide oxide hydrate 

(3CaO·Al2O3·CaI2·H2O);  Cys-hydrocalumite (Ca2Al-LDH(Cys));  Asp-hydrocalumite 

(Ca2Al-LDH(Asp)). ....................................................................................................................... 53 

Fig. 3.4 SEM-EDS images of (a) C3A, (b) original Ca2Al-LDH(I); and solid residues after suspension 

of Ca2Al-LDH(I) in different solutions for 24 h. (c) Blank, (d) HGly, (e) H2Asp, (f) H2Cys, (g) 

HPhe, (h) HTrp. ............................................................................................................................. 54 

Fig. 3.5 Total energies plotted against interlayer spacing for Ca2Al-LDH(I) after intercalated Asp2- 

(green circles) and Cys2- (red circles). ........................................................................................... 56 

Fig. 3.6 Simulated results of H2Asp and H2Cys in a model of Ca2Al-LDH. The dashed and solid lines 

indicate hydrogen bonds and Ca-O bonds, respectively. (a) Asp, without H2O, most stable (0 

kJ/mol); (b) Asp, without H2O, most unstable (103 kJ/mol); (c) Asp, with H2O, most stable (0 

kJ/mol); (d) Cys, without H2O, most stable (0 kJ/mol); (e) Cys, without H2O, most unstable (86 

kJ/mol). .......................................................................................................................................... 57 

Fig. 4.1 X-ray diffraction patterns ((a), (b)) and FTIR spectra (c) of synthesized Mg2Al-LDH(NO3) 

and Mg2Al-LDH(SeO4). Numbers indicate Miller indices in (a) and d-values in nm in (b). ........ 67 

Fig. 4.2 Plots of released concentrations of (a) SeO4
2-, (b) Mg2+, and (c) Al(OH)4

-
 

from Mg2Al-



 

XI 

 

LDH(SeO4) and (d) pH after reacted with HPhe, HTrp, HGly, H2Asp, and H2Cys for 24 h against 

the equilibrated concentrations of amino acids. HPhe (■), HTrp (●), HGly (▲), H2Asp (◆), and 

H2Cys (▼). .................................................................................................................................... 68 

Fig. 4.3 Plots of released concentrations of (a) SeO4
2-, (b) Mg2+, and (c) Al(OH)4

-
 

from Mg2Al-

LDH(SeO4) and (d) pH after reacted with HPhe, HTrp, HGly, H2Asp, and H2Cys for 24 h against 

the equilibrated concentrations of amino acids. HPhe (■), HTrp (●), HGly (▲), H2Asp (◆), and 

H2Cys (▼). .................................................................................................................................... 69 

Fig. 4.4 Zeta potential distributions of Mg2Al-LDH(SeO4) particle at pH 9.5 and 11.1. .................. 70 

Fig. 4.5 Sorption isotherms of HPhe (■), HTrp (●), HGly (▲), H2Asp (◆), and H2Cys (▼) onto 

Mg
2
Al-LDH(SeO4). Solid lines indicate the fittings to Freundlich isotherms. ............................. 71 

Fig. 4.6 Representative X-ray diffraction patterns of the pristine Mg2Al-LDH(SeO4) and solid 

residues after sorption of 0.5 mM amino acids on Mg2Al-LDH(SeO4) in ranges of diffraction angle 

(2) of (a) 5° to 70°, and (b) 5° to 15°. Blank means no amino acids. .......................................... 73 

Fig. 4.7 Schematics of representative simulated structures with the composition of 

Mg2Al(OH)6⋅xCH2(NH2)COO⋅0.5(1-x)SeO4 [x = (a) 0, (b) 0.5, (c) and (d) 1] as well as the 

formation energy, Eform, and interlayer spacing, d. The dashed lines indicate hydrogen bonds. .. 76 

Fig. 4.8 (a) Formation energies for the ion-exchange reaction plotted against (a) the Gly concentration 

x (blue: x = 0, green: x = 0.5, red: x = 1.0 in Mg2Al(OH)6⋅xCH2(NH2)COO⋅0.5(1-x)SeO4), (b) the 

number of hydrogen bonds, and (c) interlayer spacing. The solid line indicates a convex hull. The 

representative structures for each composition are also displayed in the inset. ............................ 76 

Fig. 4.9 Structural models for deprotonated (a) Asp2- and (b) Cys2- ions and (c) Mg-Asp and (d), (e) 

Mg-Cys complexes. ....................................................................................................................... 78 

Fig. 5.1 X-ray diffraction patterns of synthesized Ca2Al-LDH in a region of (a) 5° to 70°, (b) 8° to 

12.5° in 2, (c) changes in XRD patterns of Ca2Al-LDH over suspending time in alkaline solutions. 

Symbols in (a): H, hydrocalumite (PDF#42-0063); P, portlandite (PDF#72-0156) and in (b): (A), 

Ca2Al-LDH (unknown); (B)~(D), Ca2Al-LDH(SeO4). ................................................................. 88 

Fig. 5.2 Dissolution kinetics of (a) SeO4
2-, (b) Ca2+, and (c) Al(OH)4

- concentrations from synthesized 

Ca2Al-LDH and (d) pH after suspended into alkaline solutions without amino acids. ................. 90 

Fig. 5.3 Plots of (a) SeO4
2-, (b) Ca2+, and (c) Al(OH)4

- concentrations dissolved from Ca2Al-LDH 

against the initial concentrations of amino acids. Dotted lines indicate the equilibrated 

concentrations in the absence of amino acids (C0 = 0). ................................................................. 92 

Fig. 5.4 Sorption isotherms of HGly (▲), H2Asp (◆), H2Cys (▼), HPhe (■), and HTrp (●) onto 

Ca2Al-LDH. Solid lines indicate the fittings to Freundlich model. ............................................... 93 



 

XII 

 

Fig. 5.5 X-ray diffraction patterns of Ca2Al-LDH solid residues after suspended in different 

concentrations of amino acids. Component E, Ca2Al-LDH (amino acid, CO3) (d003 = 7.70 Å); F, 

Ca2Al-LDH (amino acid) (d003 = 7.83 Å); A, Ca2Al-LDH(unknown) (d003 = 7.93 Å); B, Ca2Al-

LDH(SeO4) (d003 = 8.11 Å); C, Ca2Al-LDH(SeO4) (d003 = 8.31 Å) and D, Ca2Al-LDH(SeO4) (d003 

= 9.81 Å).  Initial concentrations: (a) HGly-1, 0.01 mM; HGly-2, 0.04 mM; HGly-3, 0.16 mM; 

HGly-4, 0.27 mM; HGly-5, 0.37 mM; HGly-6, 0.58 mM; HGly-7, 0.69 mM; HGly-8, 1.0 mM; 

HGly-9, 6.8 mM, ......................................................................................................................... 100 

Fig. 5.6 Formation energies of (a) Ca2Al(OH)6·0.5(1-x)SeO4·0.5xAsp, (b) Ca2Al(OH)6·0.5(1-

x)SeO4·0.5xCys, (c) Ca2Al(OH)6·0.5(1-x)CO3·0.5xAsp, and (d)Ca2Al(OH)6·0.5(1-x)CO3·0.5xCys, 

(x = 0, 0.5, 1) via the ion-exchange reactions of SeO4
2- and CO3

2- with Asp2- and Cys2-.  The 

schematic structures with the lowest formation energies are illustrated in the insets. ................ 103 

Fig. 5.7 Total energies plotted against interlayer spacing for Ca2Al-LDH including (a) Asp2-, (b) 

Asp2--SeO4
2-, (c) Asp2-- CO3

2-, (d) Cys2-, (e) Cys2-- SeO4
2-, (f) Cys2-- CO3

2-, (g) SeO4
2-- CO3

2-, (h) 

SeO4
2-, (i) CO3

2-. .......................................................................................................................... 104 

Fig. 5.8 Simulated results of different anions in a model of Ca2Al-LDH without water molecules. The 

dashed and solid lines indicate hydrogen bonds and Ca-O bonds, respectively. (a) Asp2-- CO3
2-, 

(b)Cys2--CO3
2-, (c) Asp2-, (d) Cys2-. ............................................................................................ 106 

Fig. 5.9 Plots of relative intensities of each XRD peak components in d003 derived from Ca2Al-LDH 

solid residues after reaction with different concentrations of amino acids against Qe values. .... 107 

Fig. 5.10 Formation energy in different systems after ion-exchange of CO3
2- with SeO4

2-. ........... 108 

Fig. 6.1 XRD patterns of four cement blocks with S, C40, G40, M40 additives curing for 28 d.... 119 

Fig. 6.2 Leaching results of (a) Se, (b) As, (c) B, (d) Cr, and (e) F from the ground cement powders 

S, C40, G40, M40 under pH 4.7 and 12.0 without adding any amino acids. .............................. 124 

Fig. 6.3 Leaching results of (a) Se, (b) As, (c) B, (d) Cr, and (e) F, from S, C40, G40, M40 ground 

cement powder after TCLP tests with different amino acids H2Asp, HGly, H2Cys, HPhe and HTrp 

under pH 4.7. ............................................................................................................................... 127 

Fig. 6.4 Leaching results of (a) Se, (b) As, (c) B, (d) Cr, and (e) F from ground cement powders S, 

C40, G40, M40 with different amino acids H2Asp, HGly, H2Cys, HPhe and HTrp under pH 

12.0. ............................................................................................................................................. 131 

Fig. 6.5 The equilibrated pH of the solution after suspended S, C40, G40, M40 ground cement powder 

into different amino acids H2Asp, HGly, H2Cys, HPhe and HTrp. ............................................. 132 

Fig. 6.6 XRD patterns of four ground cement powder in  (a) S, (b) C40, (c) G40, (d) M40 series in 

the presence of amino acids under pH 4.7. .................................................................................. 135 

Fig. 6.7 XRD patterns of four ground cement powder in (a) S, (b) C40, (c) G40, (d) M40 series in the 



 

XIII 

 

presence of amino acids under pH 12.0. ...................................................................................... 136 

Fig. 6.8 Rietveld analysis of ettringite and hydrocalumite in each ground cement powder before and 

after amino acids TCLP tests under pH 4.7 and 12.0. (a) ettringite under pH 4.7, (b) hydrocalumite 

under 4.7, (c) ettringite under pH 12.0, (d) hydrocalumite under pH 12.0. ................................ 137 

Fig. 7. 1 XRD patterns of fly ash-blended ground cement powder with different amounts of ZVI after 

curing for 28 d, (a) lime as an additive, (b) gypsum as an additive. ........................................... 143 

Fig. 7. 2 Compressive strength of fly ash-blended cement blocks samples after 28 d curing. ........ 144 

Fig. 7. 3 Leaching results of (a) Se, (b) As, (c) B, and (d) Cr from ground cement powder without the 

addition of ZVI under pH 4.7. ..................................................................................................... 145 

Fig. 7. 4 Leaching results of (a) Se, (b) As, (c) B, and (d) Cr from cement blocks without the addition 

of ZVI under pH 12.0. ................................................................................................................. 147 

Fig. 7.5 Leaching results of (a) Se, (b) As, (c) B, and (d) Cr from ground cement powder with addition 

of ZVI under pH 12.0. ................................................................................................................. 151 

Fig. 7.6 Leaching results of (a) Se, (b) As, (c) B, and (d) Cr from ground cement powder with the 

addition of ZVI under pH 4.7. ..................................................................................................... 154 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1 Introduction 
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Chapter 1 Introduction 

1.1 Low-level radioactive wastes 

Radioactive wastes is defined as “any material that contains or is contaminated by radionuclides 

at concentrations or radioactivity levels greater than the exempted quantities established by the 

competent authorities and for which no use is foreseen” (Sokol and Cooper, 1979). International 

atomic energy agency (IAEA) proposed the categorization depending on their half-life to classify 

into exempt waste low low-level waste (shorter than 100 days), low-level waste (shorter than 30 

years), intermediate-level waste (longer than 30 years), and high-level waste. 

Low-level radioactive waste is nuclear waste that does not fall into the categories of 

intermediate-level waste, high-level waste, spent nuclear fuel, transuranic waste, or certain 

byproduct materials such as uranium mill tailings. Every year, society generates 0.4 Mt of 

radioactive waste, the majority of  which is generated by the world’s nuclear power plants and fuel 

cycle support facilities. Low-level radioactive waste is the most common type of radioactive waste, 

accounting for up to 95% of all radioactive wastes. Low-level radionuclides with low-level 

radioactivity exist naturally and artificially, which can be introduced into the ecological 

environment as a result of nuclear energy activities, nuclear research, coal, and earth rare-earth 

mining, nuclear weapons reprocessing, nuclear power plant accidents, and other ways (Baca and 

Florkowski, 2000; Cazzola et al., 2004; Todorov and Ilieva, 2006). Low-level radioactivity is 

associated with those radioactive sources of ionizing radiation that have low activities. The activity 

may not always represent the total amount of radionuclides but rather their concentration. In other 

case, the total activity may be enough high, but we can only measure a small portion of material. 

The most threatening source for environment is nuclear power plant accidents which can release 

a large amount of low-level radioactive nuclides into atmosphere, soil, and water environments, 

and finally affect human health. Released radionuclides are mobile in the natural environment, and 
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they may be taken up by microbes, algae, plankton, plants, or crops and further accumulated 

through cascaded food chains via soil and water medias and finally pose a significant impact on 

human health (Ikemoto and Magara, 2011). Radioactive substances can cause damage to the 

central nervous system, neuroendocrine system, and blood system; cause changes in vascular 

permeability, leading to bleeding and concurrent infections. Radiation can also damage genetic 

material, mainly in causing gene mutations and chromosomal aberrations, which can damage one 

generation or even several generations (Battist, 1979; Yamada, 2012).  

 Through direct discharge, dry and wet atmospheric deposition, a large number of low-level 

radionuclides entered the soil environment. Cesium (Cs) and iodine (I) are the most important 

radionuclides of the radiation exposure and have been intensively studied, but many other 

radionuclides also were released into environment, such as iodine-129 (129I) and selenium-79 

(79Se). Depending on their radioactivity in each accident, 129I and 79Se as low-level radionuclides 

have been investigated about their mobility, sorption affinities with natural minerals and sorption 

behavior in cementitious materials (Um and Serne, 2005; Rojo et al., 2018). The researches show 

79Se present in the low- and intermediated-level radioactive wastes as the prevail ingredient, 

especially in the cementitious near field (Johnson et al., 2000; Berner, 2002; Baur and Johnson, 

2003; Wersin et al., 2003; Zhang and Reardon, 2003; Bonhoure et al., 2006; Hummel, 2017). 

Cement has been a common binder to immobilize low-, intermediate-, and high-level radioactive 

wastes. The cement matrices for incorporation of low-level radioactive wastes, including Portland 

cement, alkali-activated slag cement, calcium sulfoaluminate cement have been widely utilized 

due to they are simple to operate, performance stably, low cost, and environmentally friendly. The 

cement solidification of radioactive wastes uses cement as the main inorganic gel material, based 

on this, different admixtures such as pozzolanic active mixtures, fly ash, blast furnace slag, and 

zeolite also can be included in different ratios to mix with water. Utilizing the hydraulic properties 

of cement and admixtures, the mixed slurry is expected to form a solidified body with certain 
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strength and durability after a certain curing period. During the curing process, hydration reactions 

will happen and several hydration products can be formed. The mainly chemical compositions of 

Portland cement are calcium oxide (CaO), silicon dioxide (SiO2), aluminium oxide (Al2O3), ferric 

oxide (Fe2O3), magnesium oxide (MgO), sulfur trioxide (SO3) corresponding to the content of 60-

65%, 21-24%, 3-8%, 3-8%, 0-2%, and 1-4%, respectively. Thus calcium silicate hydrate (C-S-H), 

portlandite (Ca(OH)2), hydrocalumite (3CaOAl2O3CaSO4nH2O), and ettringite 

(3CaOAl2O33CaSO432H2O) are mainly hydration products which contribute to the 

immobilization of radionuclides oxyanions in cement systems (Gougar et al., 1996; Zhang and 

Reardon, 2003; Aimoz et al., 2012; Rojo et al., 2018).  

After immobilized into cement systems, low-level radioactive wastes were produced. The 

disposal methods suitable for low-level radioactive wastes include trench disposal (bury in the 

shallow ground without artificial structures), pit disposal (bury in the shallow ground with concrete 

pits), medium depth disposal (bury at a depth  70 meters), and deep geological disposal (bury in 

the underground  300 meters) (Scheme 1.1). In the normal situation, low-level radioactive wastes 

are stored in a drum at the geological repository which needs careful management to prevent those 

wastes from contacting the external environment, like soil and water (Kim et al., 2020). Due to the 

relatively high mobility in the soil environment of 79Se and 129I, they were investigated using 

chemical reagents ensuring the safety as the low-level radionuclides and radioactive wastes in soil 

environment. 
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Scheme 1.1 Low-level radioactive waste disposal site (U.S.NRC,2017). 

 

1.2 Soil chemistry  

The radionuclides have different behavior in environmental systems, such as adsorption, 

precipitation in soil environment depending on the complicated soil conditions and their species. 

Silicon (Si) is one of the most abundant elements in soil which combines with oxygen (O) to be 

silica (SiO2) to constitute the framework of soil. Normally, the natural soil pH is in the range of 

2.0 to 11.0 (Survey, 1993; Batjes, 1995) which is influenced by the existing acid (H+, Al3+, Fe2+, 

Fe3+) and base ions (Ca2+, Mg2+, K+, Na+). The zeta potential of SiO2 nanoparticles in different pH 

has been investigated as shown in Fig. 1.1 (Xu et al., 2006). At pH 2-3, the zeta potential of SiO2 

is near zero which indicates silanol (-Si-O-H) groups created equally negative and positive charges 

on the surface of SiO2. As the soil pH higher than 4, the zeta potential shows negative values 

indicating the negative charges increase on the SiO2 surface. Therefore, under natural soil 

environment, negative minerals would like to exist. This can contribute to the removal of 

positively charged radionuclides like Cs+ and strontium(Ⅱ) (Sr2+). However, for radionuclides 
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anions, it is difficult to be adsorbed by natural minerals so that they possess high mobility in soil 

environment as shown in Scheme 1.2.     

 

Fig. 1.1 The zeta potential of the SiO2 nanoparticles at different pH values (Xu et al., 2006). 

 

 

Scheme 1.2 Schematic diagram of the solidification of radioactive anions in the earth crust. 

 

1.2.1 Soil organic matter (SOM) 

In the soil environment, pH, redox potential, natural minerals, organic matters and other factors 

influence the species of radionuclides, mobility and bioavailability. Soil organic matter (SOM) is 

a broad term for all organic compounds in the soil, including all animals and plant residues, both 

naturally occurring and introduced, as well as their decomposition and synthesis products. Soil 

microbial residues, animal residues and secretions such as earthworms, ants, rodents, insects, plant 
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residues, and organic matter applied to the soil such as organic fertilizers and soil organic 

pollutants are the primary sources of SOM. 

Soil organic matter is divided into two types: humus and non-humus. Humus is a dark-colored, 

amorphous, difficult-to-degrade, and complex high-molecular-weight organic matter that is 

transformed into a series of reactions by the residues of animals and plants under the action of soil 

microorganisms. Humus contains a variety of functional groups including carboxyl, phenolic 

hydroxyl, alcoholic hydroxyl, carbonyl and others. The surface of humus is charged, usually 

negatively charged, due to the dissociation of carboxyl and other groups on the molecule’s surface 

and the protonation of amine groups. Humic acid is an important component of humus, and the 

surface of the molecule contains a large number of functional groups that bind soil nutrients. The 

solubility of Huminin decreases due to its strong interaction with inorganic components such as 

iron-aluminum compounds and clay minerals, and its chemical structure is extremely complex. 

Non-humic substances are simple byproducts of biological residues decomposition that include 

organic acids, carbohydrates, fats, resins, waxes, lignin, and other non-nitrogenous organic 

substances as well as protein-based nitrogen-containing organic compounds. The main nitrogen-

containing compound in animal and plant residues is protein, which is the main component of 

protoplasm and cell nucleus. The elemental composition of protein includes carbon (C), hydrogen 

(H), oxygen (O), and nitrogen (N), with some also containing sulfur (S) or phosphorus (P). Protein 

is made up of various amino acids. 

Humic acid is a common SOM is which has been confirmed it was highly reactive toward 

minerals surface, changing surface properties and further influencing the migration of anionic ions 

in soil (De Cristofaro et al., 2000; Luo et al., 2006; Tian and Chen, 2011). On the other hand, it 

has complicated structures with many functional groups as shown in Scheme 1.3. Therefore, 

simplified models of SOM have been studied in the behavior of radioactive oxyanions in soil.   
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Scheme 1.3 Model structure of humic acid (Stevenson, 1982).  

 

1.2.2 Amino acids 

Amino acids are the monomers of proteins. Proteins come from the degradation of plants, 

microorganisms, and animals, which are large biomolecules in soil environment. The generic 

formula of amino acids presents as H2NCHRCOOH. From the structure, we can see the center of 

α carbon (C) atom connects to the amino group (-NH2) by a covalent bond, to the carboxyl group 

(-COOH), to the hydrogen (H) atom as well as to a variable side chain group (R group) in different 

directions. There are 20 kinds of natural amino acids and can be classified into hydrophobic, 

hydrophilic, and amphipathic amino acids according to different side chain groups. Hydrophobic 

amino acid is an amino acid assembly with high hydrophobicity in the side chain, like aliphatic or 

aromatic groups. Hydrophobicity refers to the tendency of non-polar molecules to leave the water 

phase and enter non-polar phase. Hydrophobic interaction, hydrogen bonding, electrostatic 

interaction, and van der Waals interaction are all non-bonding interactions. Hydrophilic amino 

acids prefer to be surrounded by water, so the side chains can participate in hydrogen bond 

formation with another polar group by donating or accepting a proton. Some amino acids are 

sometimes called amphipathic due to their ability to have both polar and nonpolar character. Also, 

some amino acids are chiral molecules. Except for glycine, the α C atoms at the center of other 
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amino acids are the asymmetric center of molecule. These α C atoms connect four different 

functional groups to make the amino acids be chiral molecules which possess optical activity. The 

chiral amino acids who have the property of deflecting the polarization plane of the passing light 

to the left are called levorotatory (L)-amino acids. In the same way, those chiral amino acids who 

can deflect the polarization plane of the passing light to the right are called dextrorotatory (D)-

amino acids. For natural amino acids, except glycine, other amino acids adopt the levorotatory 

configuration. 

The properties of amino acids such as acid-base, double electricity, and polar and non-polar 

significantly affect the behavior of amino acids in radionuclides behavior. The acidic -COOH 

groups of amino acids molecules can dissociate into -COO- and H+, and the basic -NH2 groups can 

accept protons become amine (-NH3
+) groups. Therefore, amino acids are also amphoteric 

substances. The charged condition of amino acids molecules depends on the relationship of acid 

dissociation constants (pKa) of each functional group and solution pH. pKa is a strength 

quantitative measure of acid and can reveal the deprotonation/protonation state of a molecule in a 

specific solvent. When the solution pH is higher than pKa value, deprotonation will happen. In 

contrast, the protonation would like to happen when the pKa value is higher than solution pH. The 

basic information of amino acids like pKa values, are shown in Table 1.2. Five amino acids 

selected in this thesis were shown in Table 1.1. 
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Table 1.1 Selected five types of amino acids in the present work. 
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Table 1.2 Information of 20 types of amino acids. 

Type Amino acids Abbreviation Molecular formula  pKa (-COOH) pKa (-NH3
+) pKa (side chain) 

 

 

Hydrophobic 

Alanine HAla C3H7NO2 2.34 9.69  

Valine HVal C5H11NO2 2.32 9.62  

Leucine HLeu C6H13NO2 2.36 9.68  

Isoleucine HIle C6H13NO2 2.36 9.68  

Proline HPro C5H9NO2 1.99 10.6  

Phenylalanine HPhe C9H11NO2 1.83 9.13  

 

 

 

 

 

 

Hydrophilic 

 

Aspartic acid H2Asp C4H7NO4 2.09 9.82 3.86 

Glutamic acid H2Glu C5H9NO4 2.19 9.67 4.25 

Glycine HGly C2H5NO2 2.34 9.60  

Serine HSer C3H7NO3 2.21 9.15  

Threonine HThr C4H9NO3 2.63 10.43  

Cysteine H2Cys C3H7NO2S 1.96 10.28 8.18 

Asparagine HAsn C4H8N2O3 2.02 8.8  

Glutamine HGln C5H10N2O3 2.17 9.13  

Arginine H2Arg C6H14N4O2 2.17 9.04 12.48 

Histidine H2His C6H9N3O2 1.82 9.17 6.00 

 

Amphipathic 

Methionine HMet C5H11NO2S 2.28 9.21  

Tyrosine H2Tyr C9H11NO3 2.2 9.11 10.07 

Tryptophan HTrp C11H12N2O2 2.38 9.39  

Lysine H2Lys C6H14N2O2 2.18 8.95 10.53 

(Reference D.R. Lide, Handbook of Chemistry and Physics, 72nd Edition, CRC Press, Boca Raton, FL, 1991)
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1.3 Anionic radioactive species 

1.3.1 Selenium  

Selenium (Se) is ranked 67th among the most abundant elements in the Earth’s crust and the 

145th toxic element among the hazardous substances by Agency of toxic substances and Disease 

Registry as well as No. 125 in the US Environmental Protection Agency’s priority pollutants list 

(EPAToxic; ATSDR, 2007; Naik and Dubey, 2017). Se shares similar chemistry with sulfur (S), 

tellurium (Te), and polonium (Po). Like sulfur (S), Se possesses four possible oxidation states (Fig. 

1.3). Under high redox conditions, Se exists with Se(Ⅵ) dominated in the form of selenate (SeO4
2-). 

Under the lower redox conditions, Se(Ⅳ) exists in the forms of selenite (SeO3
2-) and biselenite 

(HSeO3
-). In the strongly redox potential conditions, Se(Ⅵ) and Se(Ⅳ) can reduced to elemental 

selenium (Se(0)) or selenide (Se2-). In the soil environment, Se(Ⅵ), Se(Ⅳ), and Se(0) are the 

dominant speciation that is strongly dependent on the soil redox potential. SeO3
2- is much more 

reactive and by forming inner-sphere complexes on minerals, such as Fe/Al oxyhydroxides, while 

SeO4
2- adsorb weakly at the minerals surface through electrostatic interactions creating the outer-

sphere complexes (Manceau and Charlet, 1994; Peak, 2006; Eich‐Greatorex et al., 2010). SeO3
2- 

has asymmetric hydration shells (as shown in Scheme 1.4) due to the presence of free electron 

pair in the fourth tetrahedron vortex (Eklund and Persson, 2014). Therefore, in the soil 

environment, SeO4
2- has the higher mobility than SeO3

2-. Se isotopes include 72Se, 73Se, 75Se, 79Se, 

and others with different half-life, while most of them are short-lived, and the physical half-life is 

in the range of 17 seconds (86Se) to 127 days (75Se). 79Se is the only long-lived -emitting 

radioactive isotope of Se with a 3.77 105 years half-life, which is low-yield fission and activation 

products related with the irradiated reactor fuel and construct fission reactors materials (Shaw and 

Ashworth, 2006). 79Se is formed from the fission of 235U and the neutron activation of 78Se. In the 

earth’s crust, naturally, Se is in the concentration between 0.05 and 0.09 mg/kg. If 79Se leaked into 
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the environment in a small amount, it is expected to behave like the naturally Se to exist as a trace 

element in the ecosystem. However, Se has a narrow gap between deficiency and toxicity to living 

organism, so if the leakage accident of nuclear power plants or radioactive waste repositories 

happened, a large amount of 79Se is possibly released into ecological environment and pose 

significant threat to human health in the long term run (Supriatin et al., 2015). Generally, 

consumption of Se-rich food will pose a health risk to human bodies, however, the radioactivity 

can cause serious health problems, like chromosome aberration and cancers (Shahid et al., 2018). 

Therefore, the mobility of SeO4
2- in soil makes the removal of 79Se been an important subject of 

environmental research (Chen et al., 1999).  

 

Fig. 1.2 Eh/pH stability diagram for selenium in aqueous systems (Shaw and Ashworth, 2006). 
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Scheme 1.4 Asymmetric structure of selenite and symmetric structure of selenate (Eklund and 

Persson, 2014). 

 

1.3.2 Iodine  

Iodine (I) was discovered by French chemist Bernard Courtois in 1811 (Fuge and Johnson, 

1986). In the periodic stable, I as halogens is the heaviest stable member of group 17 with an 

aromatic weight of 126.9. In Earth’s crust, the content of I is between 0.25 mg/kg and 0.3 mg/kg 

which as an ultra-trace element (Fuge, 1988; Muramatsu and Wedepohl, 1998). In natural aqueous 

environment, the predominant states of I are iodide (I-) and iodate (IO3
-) (as shown in Fig. 1.3 and 

Scheme 1.5). In the oxidizing environment, I occurs as the reactive anion IO3
-. Under the reducing 

conditions, I usually present as the mobile anion I-. Radioactive I comes from nuclear power plant 

and reactors emission and ash from atmospheric nuclear tests. Its isotopes with half-life more than 

10 min start from 123I to 135I continuously, while only 129I possesses long half-life of 1.57107 

years. 129I is one of the important nuclear fission product with a high-abundance fission yield of 

0.9% from 235U and 1.6% 239Pu (Hu and Moran, 2011). The mainly forms of I- and IO3
- make 129I 

possesses high mobility in the environment and the long half-life 129I has been identified as the 

important concern in the studies of radionuclides on environment pollution and ecosystems. The 

uncontrolled release of radioactive I can pose a direct threat to human health due to its 
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accumulation in the human thyroid which mainly manifested as damage to thyroid function, 

changes in the histopathology of the glands, and finally induce thyroid tumors (VanMiddlesworth 

et al., 2000).  

 

Fig. 1.3 Eh/pH diagram for iodine, 25 ℃ (Hu and Moran, 2011). 

 

 

 

Scheme 1.5  Atomic structure of iodide and iodate. 
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1.4 Layered double hydroxides 

The cement systems produce different hydration products, among them, one material named 

layered double hydroxides (LDHs) which are positively charged play an important role in 

immobilizing 79Se and 129I anionic species during cement hydration process.  

 

1.4.1 Structures 

Layered double hydroxides (LDHs) are a class of ionic lamellar compounds based on M(OH)6 

octahedral units sharing edges to build M(OH)2 brucite-like layers with interlayers region. The 

octahedral units contain divalent and trivalent metallic cations, and the vertexes contain hydroxide 

ions to form infinite 2D sheets. The whole structure of LDHs is constituted through the stacking 

of such sheets as shown in Scheme 1.6. The basal layers of LDHs are positively charged, and the 

generic formula of LDHs can be displayed as [M1-x
2+Mx

3+(OH)2][A
n-]x/nnH2O, where An- 

represents inorganic or organic anions to balance the positive charges. The M2+ and M3+ mainly 

belong to the third and fourth periods of the periodic tables where Mg, Mn, Fe, Co, Ni, Cu, Zn 

with the ionic radius 0.65-0.80 Å contribute to M2+ and Al, Mn, Fe, Co, Ni, Cr, Ga with the ionic 

radius 0.50-0.69 Å contribute to M3+. The possible anions can be (1) oxo-anions, such as carbonate 

(CO3
2-), nitrate (NO3

-), sulphate (SO4
2-), bromate (BrO3

-), etc; (2) halides, such as fluoride (F-), 

chloride (Cl-), iodide (I-) and etc; (3) organic anions, such as carboxylates (RCO2
-), alkyl sulphates 

(RSO4
-), etc. LDHs interlayer occupied by anions and water molecules, but in most cases, between 

interlayer anions and the basal layers only weak bonding exist which gives them ion-exchange 

ability. So their variable metallic cations and layers charge density, and very reactive interlayer 

spaces, as well as the water swelling and colloidal properties, make LDHs a mineral family. LDHs 

also can be recognized as anionic clays which have been widely explored to remove radioactive 

oxyanions. Hydrotalcite usually refers to MgAl-LDH (Mg2+/Al3+ = 2, 3, 4) where chloride (Cl-), 
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carbonate (CO3
2-), and nitrate (NO3

-) as anions (Grover et al., 2009). Hydrocalumite belongs to 

CaAl layered double hydroxides which is normally found in cement pastes and also can be easily 

synthesized (Kalinichev and Kirkpatrick, 2002; Brown and Bothe Jr, 2004; Renaudin et al., 2004; 

Wu et al., 2010). The octahedral structure of hydrocalumite group is different from hydrotalcite. 

That is because the radius of Ca2+ is high, the octahedral coordination is changed through opening 

one side of the octahedron caused one additional coordination with one interlayer water molecule.  

 

Scheme 1.6 Schematic diagram of layered double hydroxides (LDHs). 

 

1.4.2 Synthetic methods 

 There are several methods to synthesize LDHs, the most widely utilized are co-precipitation, 

urea hydrolysis, and ion-exchange. Co-precipitation method is the most utilized one based on the 

condensation of hexa-aquo complexes in aqueous to build the LDHs structures. The synthesis steps 

usually follow the next steps. Firstly, the specific proportions of divalent and trivalent metals salts 

are mixed, and then totally dissolved the mixed solution should slowly dropwise into a reactor 

containing water. Meanwhile, the second solution which provides anions is added into the reactor 

slowly and NaOH is used to maintain the necessary formation pH conditions of target LDHs. 

Secondly, the mixture suspension gel should be aged for several hours under room temperature or 

high temperatures to get well crystallized LDHs phases.  
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Urea hydrolysis method is frequently used for synthesis of highly crystalline LDHs where CO3
2- 

be the interlayer anion. The divalent and trivalent metal salts in specific M2+ /M3+ ratios as well as 

urea are dissolved in water, and then this mixed solution is putted into Teflon inner vessels, each 

in a stainless-steel jacket. These vessels are placed in a furnace or an oven to keep heating at the 

target temperatures for several hours. After cooling down to room temperature, products from 

vessels should be washed and dried. 

Ion-exchange method is based on the different affinity with host layers of LDHs and is useful 

when the co-precipitation method cannot be used. In this method, the original LDHs should be 

synthesized using other methods and then the guest cations or anions are exchanged with the 

original LDHs to produce specific LDHs which contain the guest ions.  

 

1.4.3 Applications  

LDHs were explored for several pollutants and also the mechanisms were clear. Anion exchange 

between host anions in the interlayer region of LDHs and pollutant anions in aqueous solution is 

the primary adsorption mechanism, generally coupled with chemical bond formation. According 

to this property of LDHs, a large number of researches have been studied. Ma Bin et al. (2017a) 

synthesized two types CaAl-LDH, CaAl-SO4-LDH, and CaAl-Cl-LDH, to adsorb SeO3
2-. Finally, 

the inner-sphere complexe CaAl-SeO3-LDH was produced by exchange with SO4
2- and Cl- to form 

hydrogen bonds, while it is found thermodynamics unstable. Under the same experimental 

conditions, MgAl-LDH and ZnAl-LDH were synthesized to remove SeO3
2- and SeO4

2-. The 

adsorption results showed the adsorption trends of them on LDHs were similar and affinity of 

SeO3
2- on ZnAl-LDH was higher than on MgAl-LDH (You et al., 2001).  ZnAl-NO3-LDH was 

developed to remove As(Ⅴ) from pH 12 wastewater, the results showed As(Ⅴ) has a large binding 

energy with LDH sheets so that the removal efficiency almost reached 100%, but the pH was 

decreased to 7.4 (Meng et al., 2016). Lazaridis et al.  (2004) prepared MgAl-CO3-LDH to remove 
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Cr(Ⅵ) mainly through anion exchange between HCrO4
-, CrO4

2- and CO3
2-. Due to the excellent 

intercalation property of hydrotalcite and the strong covalent bonds of sulfides with soft heavy 

metals, the sulfide-based material MgAl-MoS4-LDH was synthesized to remove heavy metals, 

such as Co2+, Ni2+, Cu2+, Zn2+, Ag+, Pb2+, and Hg2+. The sorption results showed MgAl-MoS4-

LDH decreased the concentrations of Cu2+, Pb2+, Hg2+, Ag+ from ppm levels to lower than 1 ppb 

trace levels mainly ascribed to the chemisorption of forming heavy metal-S bonds (Ma et al., 2016). 

Behbahani at al. (2021) proposed ionic metal polysulfide FeMoS4 loaded on the surface of Fe3O4 

into the interlayer and surface of MgAl-LDH to remove Pb(Ⅱ), Cd(Ⅱ), and Cu(Ⅱ). The formation 

of coordination complexes in Fe3O4/FeMoS4/MgAl-LDH interlayer and electrostatic attraction 

allowed Fe3O4/FeMoS4/MgAl-LDH can be one of the promising materials for wastewater heavy 

metals remediation. 

Considering hydrocalumite, the dissolution-reprecipitation (DR) also is an important 

mechanism for LHDs application. The DR mechanism can apply to cation removal. Liu et al. 

(2011)utilized the hydrocalumite to remove zinc (Zn) from ZnSO4, Zn(NO3)2, and ZnCl2 solutions. 

Combing with simulation results, hydrocalumite happened dissolution to release Ca2+, Al(OH)4
- 

and Cl- which provided for Zn to form new ZnAl-Cl-LDH, ZnAl-SO4-LDH phases. The 

performance of LDHs also depends on the concentration of pollutants. Takaki, et al. (2016) 

explored two types of hydrocalumite on the removal of arsenate. Under low concentrations, 

intercalation of arsenate into high crystallinity hydrocalumite contributed to its great adsorption 

ability. When arsenate was in high concentrations, the fragile property of Mg-doped hydrocalumite 

enhanced dissolution-reprecipitation (DR) to increase the great adsorption values.  

And also the investigation of LDHs to remove SeO4
2- and I- from environment haven been 

conducted as shown in Table 1.2. For SeO4
2-, the mainly involved mechanisms are ion-exchanging, 

reconstruction, and reduction. SeO4
2- has high charge density and large affinity with host layers of 

LDHs. Hydrocalumite was explored mainly comes from the immobilization of Se during the 
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process of cement hydration for hazardous wastes disposal. Hydrotalcite and other LDHs were 

investigated based on Lab scale and soil or wastewater pollutions.  
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Table 1. 3 Application of LDHs for removal of selenium and iodine. 

LDHs material Interlayer anion Adsorbate  pH  Adsorption mechanism References 

CaAl-LDH Cl- SeO4
2- 8 Ion-exchange (Wu et al., 2010) 

MgAl-LDH CO3
2- SeO4

2- 5 Ion-exchange (Chubar, 2014) 

MgAl-LDH/C-dot NO3
- SeO4

2- 5.95 Ion-exchange (Koilraj et al., 2017) 

ZnFe-LDH SO4
2- SeO4

2- 2.3-14 Ion-exchange (Hongo et al., 2008) 

MgAl-LDH CO3
2- SeO4

2- 2.3-14 Ion-exchange (Hongo et al., 2008) 

MgAl-LDH CO3
2- SeO4

2- 3-11 Ion-exchange (Li et al., 2018) 

NZVI/LDH / SeO4
2- 4.8-7.2 Reduction  (Hu et al., 2017b) 

FeFe-LDH Cl- SeO4
2- 8 Reduction (Schellenger et al., 2021) 

MgAl-LDH MoS4 SeO4
2- / Ion-exchange; precipitation (Ma et al., 2017b) 

MgAl-LDH / SeO4
2-  Memory effect(reconstruction) (Constantino et al., 2017) 

CaAl-LDH Cl- SeO4
2- 11.58; 12.23 Ion exchange (Grangeon et al., 2019) 

CaAl-LDH SO4
2- I- / Ion exchange (Aimoz et al., 2012) 

ZnAl-LDH CO3
2- I- / Memory effect(reconstruction) (Theiss et al., 2012) 

MgAl-LDH / I- / Reconstruction (Theiss et al., 2017) 

MgAl-LDH / I- / Coprecipitation (Iglesias et al., 2016) 

CaMgAl-LDH C6H5COO- I- / Ion-exchange (Iglesias et al., 2016) 

CaAl-LDH / I- / Coprecipitation (Nedyalkova et al., 2020) 
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1.4.4 Problems  

The radioactive waste disposal programme requires not only geologists but also physicist, 

biologists, chemists, media experts and lawyers, etc (Alexander et al., 2015). It is obviously that 

in any geological environment, the uncertainty of natural environment conditions and processes is 

probably related to the flow of groundwater, the contents of environmental factors and low-level 

radionuclides transport in the waste repositories (Miller et al., 2000). However, the activities of 

the geological environment, like earthquake, and the durability of cement systems both should be 

considered in the investigation of long-term stability of radioactive wastes.  

LDHs as the important adsorbent components in radionuclides not only is one of the 

cementitious materials but also widely explored for environmentally friendly adsorbents, their 

properties seem sensitive to the changing of environment. LDHs are strongly influenced by the 

pH of environment depending on the types of LDHs and target pollutants. They as one of the 

positively charged materials, when the solution pH is higher than the zeta potential, the surface of 

LDHs will be negatively charged, in contrast, when pH is lower than the zeta potential, the charge 

of surface will be positive. However, the very low or high pH should be avoided which might 

destroy the structures of LDHs or induce a competitive relationship of OH- with target anions (Goh 

et al., 2008). LiAl-LDH(Cl) has been reported the sensitive pH range was 4-7 when it was used to 

adsorb As(Ⅴ) while the adsorption of As(Ⅴ) onto MgAl-LDH was sensitive to pH 2-11 in a wide 

range (Yang et al., 2005; Liu et al., 2006). MgAl-LDH was synthesized to adsorb sodium dodecyl 

benzene sulfonate (SDBS), the adsorption amount was decreased as the temperature increased 

from 298 K to 313 K where higher temperature resulted in less negative values of electrokinetic 

potentials. While as the pH changed from 7.0 to 9.0, the adsorption values also increased. That is 

because higher pH provided more hydroxyl anions made micelles less stable, and the adsorption 

process on MgAl-LDH continues until reached saturation (dos Reis et al., 2004). The chemical 

stability of SeO4-hydrocalumite also was investigated in water with different initial solution pH. 
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Very small leaching concentrations around 0.3-0.4 % of SeO4
2- under pH 4, 7 and 10 were found, 

and 97.6-99.2% selenate was still stabilized in Cl-hydrocalumite even under initial pH 13.0. That 

is because hydrocalumite has a high neutralization capacity to adjust solution pH to maintain the 

hydrocalumite phases. Under lower pH, the framework Ca(OH)2 is partially dissolved leading 

initial pH increased to 11.0, and under high pH 13.0, the framework Al(OH)3 is partially dissolved 

to anti-alkaline leading pH decreased to 11.6 to prevent SeO4
2- leaching out (Wu et al., 2010). 

The ion-exchanging ability of LDHs makes it perform well in the removal of oxyanions, 

whereas this property makes more competitive anions to affect the target pollutants adsorption. 

The anions which possess higher valence generally have higher affinity with host layers of LDHs 

than the monovalent anions in the adsorption of oxyanions. This also means competitive anions 

have an interfering effect on the adsorption ability of LDHs. Due to different charge densities, the 

divalent anions of SeO3
2- and SO4

2- performed a profound interfering effect to PO4
3- adsorption 

using LDHs than monovalent anions Cl- and NO3
- (Das et al., 2006). The behavior of Se(Ⅳ) on 

MgAl-LDH was dependent on the type of co-existing anions. In the adsorption systems, SeO3
2- 

will be desorbed completely from MgAl-LDH if CO3
2- exists (You et al., 2001). Not only inorganic 

ions were studied but also SOM was considered for the real contaminated soils or waters. Fang et 

al. (2015) found the prevailing negative charge property of humic and fulvic acids make it play an 

enhancement role on the adsorption of Ni(Ⅱ) by calcined MgAl-LDH. Contrarily, when LDHs 

were used for the removal of CrO4
2-, SeO4

2- and AsO4
2-, their adsorption amount could be 

decreased by negatively charged organic acids (Hu et al., 2017a). Therefore, the complicated 

environmental factors in cement systems or natural environment might threaten the stability of 

LDHs after incorporated pollutants. However, only very few reports and unclear mechanisms have 

been explored the environmental effects of SOM on the stability of LDHs after immobilized 

oxyanions, especially the low molecular weight SOM.  
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1.5 DFT simulation 

For the complex anions intercalation LDH system, it is still difficult to confirm the arrangement 

of the interlayer anions. The arrangement of water molecules in the interlayer structure is not 

known from the experimental results. Furthermore, there are still considerable difficulties in 

accurately exploring the microstructure of LDHs from an experimental point of view. At the same 

time, it is difficult to explore the essence of supramolecular interactions between metal ions and 

hydroxyl groups in LDHs laminates, between host laminates and guest anions as well as water 

molecules.  

In recent years, theoretical simulation calculation has been developed as an effective research 

method in the study of the microstructure, mechanics, and thermal properties of LDHs materials. 

Among them, computer simulation research can be divided into two categories: quantum 

mechanics (QM) and molecular mechanics (MM) methods according to the difference in 

simulation scale, theoretical basis, and research properties. It is considered to be the third type of 

scientific research in this century besides theoretical analysis and experimental observation, called 

“computer experiments”. Density functional theory (DFT) takes the electron density instead of the 

wave function as the basic variable, and describes the electronic system by solving the electron 

density differential equation (Kohn-Sham equation), which is a QM method for studying the 

electronic structure of multi-electron systems. DFT is used to study the coordination between 

metal ions and hydroxyl groups in LDHs material laminates, the microstructure of simple anion 

intercalation, ion exchange performance, reaction mechanism, etc (Greenwell et al., 2003a; Wei 

et al., 2008). 

Molecular dynamics simulation (MD) is one MM method which ignores the movement of 

electrons to calculates various properties of molecules based on the force field of molecules and 

interaction potential between atoms. This method has been widely used in simulating the 

molecular arrangement and orientation of amino acids between layers of LDHs, DNA and proteins 
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(Aicken et al., 1997; Newman et al., 1998; Greenwell et al., 2003b; Boulet et al., 2006; Li et al., 

2006; Yan et al., 2008). 

According to the electron’s density, it has been recognized that the electronic structure govers 

the properties of adsorbent materials. The electronic structure theory has been developed and 

combined with the improved software making accurate materials simulations almost become 

routine. Ab initio simulation is an integral tool for the investigation of materials, in order to support 

experimental data and explain experimental results, as well as guide the experimental design. This 

application origins from the Thomas-Fermi uniform electron gas model (Fermi, 1927; Thomas, 

1927), based on Hohenberg-Kohn theorem (Hohenberg and Kohn, 1964). But the build of Kohn-

Sham equations make DFT get widely application. In 1965, Kohn and Sham (Kohn and Sham, 

1965) proposed a scheme to get the ground state density and solve the energy from the ground 

state density where a hypothetical non-interacting multi-electron system with the same electron 

density as the interacting multi-electron system is introduced, and all the complex interactions are 

placed in the exchange-related action terms, and the kinetic energy term can be carried out by the 

kinetic energy of the non-interacting system description. Through the calculation of this non-

interacting system, the electron density and energy of interacting system. 

Kohn-Sham equation converts the multi-electron system ground state problem formally into an 

effective single-electron problem, but the exchange-correlation energy (the repulsion between 

electrons of the same spin) and exchange-correlation potential (the correlation between spintronics) 

should be well done before this equation. The eneral approximation for exchange and correlation 

is generalized-gradient approximations (GGAs) including the PW91 and PBE (Becke, 1988; 

Perdew et al., 1996). GGA has greatly improved the calculation accuracy of the exchange-related 

energy of atoms, and has been widely used in the field of chemistry. At present, a large number of 

quantum chemistry and molecular simulation software based on density functional theory have 

been developed, such as Gaussian, Cambridge Serial Total Energy Package (Castep), and Vienna 
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Ab-inito Simulation Package (VASP), etc. The present work was based on VASP which is a 

software package for ab initio simulation using plane-wave pseudopotential method. 

 

1.6 Objectives  

Layered double hydroxides (LDHs) have been explored for their adsorption capacities and 

mechanisms in the application of removing anionic species. SOM has also been shown to have 

effects on minerals that possess the ability to remove anionic pollutants. So the stability of low-

level radionuclides of 79Se and 129I after immobilized in LDHs attracted our attention. If 

radionuclides from radioactive wastes repositories are released into an environment where many 

SOM abundant, the products which adsorbed 79Se and 129I are possible to contact with them. 

Depending on the properties of SOM, they might have some influences on the migration of anionic 

species of 79Se and 129I by affecting the stability of LDHs. In order to investigate this potential 

problem, we selected five amino acids which have simple functional groups but with different 

physical and chemical properties to be the simplified model of SOM. MgAl-LDH, the most 

common hydrotalcite, and hydrocalumite (CaAl-LDH), the special LDH were focused as the 

adsorbent for Se and I to explore their stability in the presence of amino acids.  Furthermore, the 

influenced mechanisms of amino acids were explored by combing with DFT simulation. Six 

chapters are included in this thesis.  

Background information of radionuclides producing, soil environment including amino acids 

are presented in Chapter 1. After that, the low-level radionuclides and the application of LDHs 

as well as existing problems of them on pollutants removal are introduced. Finally, the DFT 

simulation in LDHs was elaborated. 

Chapter 2, summarized the solution analysis, solid characterizations, and DFT simulation 

methods. 
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Chapter 3 explored the releasing behavior of iodide (I-) from Ca2Al-LDH in the presence of 

amino acids. The most reactive amino acids which affected the I- releasing speed were investigated. 

Chapter 4 explored the releasing behavior of selenate (SeO4
2-) after it adsorbed into Mg2Al-

LDH in the presence of amino acids. The chemical bonds and possible configurations of amino 

acids were studied using glycine (HGly) and aspartic acid (H2Asp) as the model of amino acids in 

DFT calculation. 

Chapter 5 uses Ca2Al-LDH to immobilize SeO4
2- and after that the effects of amino acids on it 

were explored combing with DFT simulation. In this chapter, H2Asp and cysteine (H2Cys) were 

selected as the model of amino acids to support our experimental results and mechanisms.   

Based on the above results in our model experiments, Chapter 6 was constructed using the real 

fly ash cement blocks after added Ca additives to check the anionic species leaching behavior in 

the presence of selected amino acids. The effect of pH, the leaching behavior of anionic species 

with amino acids were discussed. Furthermore, Chapter 7 investigated the effects of ZVI on the 

leaching behavior of anionic species during the cement hydration process.  

The conclusions of this thesis are summarized and some recommendations are made for future 

research in Chapter 8. 
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Chapter 2 Methodology 

2.1 Solution analysis  

2.1.1 Inductively coupled plasma optical emission spectrometry 

Inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 8300, Perkin 

Elmer, Boston Waltham, US) was adopted to quantify the concentrations of Ca, Mg, Al, and Se. 

 

2.1.2 Inductively coupled plasma mass spectrometry 

Inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500c, Santa Clara, US) was 

used to determine the concentrations of Mg, Al, Se, As, B, Cr which lower than ICP-OES 

limitation. 

 

2.1.3 Ion chromatography 

The concentrations of I-, NO3
-, and F- were determined by an ion chromatography (IC, ICS-

2100, Thermo Scientific, Yokohama, Japan). 

 

2.1.4 High-performance liquid chromatography 

Concentrations of amino acids were determined by HPLC LC-Net Ⅱ/ADC, which is equipped 

with a column (Shim-pack GIST-HP C18 column, Shimadzu, Kyoto, Japan) and a UV detector 

(UV-2075 plus, JASCO, Hachioji, Japan). First, 0.1 mL 1.0 M triethylamine and 0.1 mL 0.2 M 

phenyl isothiocyanate (PITC) were mixed with 0.2 mL of the sample solution and standstill for 1 

h. Then, 0.4 mL of n-hexane was added and shaken by a Vortex mixer for 10 s. Finally, 0.2 mL of 

lower-layer phase was taken and mixed with 0.8 mL ultra-pure water for determination 
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(Heinrikson and Meredith, 1984; Scholze, 1985; Cohen et al., 1986; Lippincott et al., 1988; 

Gunawan et al., 1990). 

The adsorption density of each amino acid was calculated by Eq. (2.1): 

Qe = (C0-Ce)V/m                                                                                                                           (2.1) 

where Qe (mmol g-1) is the amino acid sorption amount in LDH after 24 h, C0 (mM) is the initial 

concentration of amino acid, Ce (mM) is the equilibrium concentration of amino acid after the 

interaction, V (L) is the volume of solution and m (g) is the mass of LDH. 

 

2.1.5 Zeta potential 

The zeta potential of LDHs was measured by observation of the colloidal vibration current 

(CVC) which can be determined by electroacoustic measurement using Zetasizer NANO-ZS 

(Malvern Panalytical Ltd., Worcestershire, UK).  

 

2.2 Solid characterization  

2.2.1 X-ray diffraction 

The solid residues were characterized by X-ray diffraction (Rigaku Ultima IV XRD, Akishima, 

Japan) using Cu Kα radiation (40 kV, 40 mA, λ=1.54184 Å) with Ni filter at a scanning speed of 

2°/min, a scanning step of 0.02°. 

 

2.2.2 X-ray fluorescence spectroscopy 

X-ray fluorescence (XRF) was adopted to determine the elemental compositions of the samples 

using a Rigaku ZSX Primus Ⅱ (Akishima, Japan) in the wavelength dispersive mode: Rh-anode 

(3 or 4 kV, 60 kV). 
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2.2.3 CHN analysis 

The carbon (C), hydrogen (H), nitrogen (N) contents in LDH were determined by a CHN 

analyzer (CHN MT-5, Yanaco Technical Science Co. Ltd., Tokyo, Japan). 

 

2.2.4 Scanning electron microscope 

The morphology of the samples was characterized using a field emission scanning electron 

microscope (SEM, FlexSEM 1000, Hitachi, Japan) at 20 kV. 

 

2.3 Density functional theory (DFT) 

The projector augmented-wave (PAW) method (Blöchl, 1994; Kresse and Joubert, 1999) was 

employed with the PBEsol exchange-correlation functional within the generalized gradient 

approximation (GGA) (Perdew et al., 1996, 1997; Perdew et al., 2008) and D3 van der Waals 

correction (Grimme et al., 2010; Grimme et al., 2011) as implemented in the VASP code (Kresse 

and Hafner, 1993a, 1993b; Kresse and Furthmüller, 1996a, 1996b). Standard PAW datasets were 

used with a plane-wave cutoff energy of 550 eV. 
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Chapter 3 Environmental impact of amino acids on the leaching behavior of 

iodide intercalated in hydrocalumite 

3.1 Introduction 

The stability of I- in the Ca2Al-LDH interlayer is always affected by the presence of other anions 

which have higher affinity with Ca2Al-LDH. In the contaminated soil and wastewater, there are 

always many competitive inorganics and organic ions which possibly exist in cementitious 

materials after immobilizing target pollutants (Dai et al., 2009; Emerson et al., 2014; Xu et al., 

2015; Li et al., 2017). Generally, the effects of inorganic ions such as Cl-, OH-, CO3
2- and SO4

2- 

on the stability of hydrocalumite have been explored. Aimoz et al. (Aimoz et al., 2012) explored 

the retention behavior of I- in AFm phase, and found that the Cl- and CO3
2- show a competitive 

relationship with I- to intercalate into AFm interlayer and reduce the stability of I-AFm and I-SO4-

AFm. Nedyalkova et al. (Nedyalkova et al., 2020) also confirmed the capability of AFm bearing 

I- becomes weakly due to the formation of monocarbonate as the reaction time going. However, 

the effects of organic matters on the stability of I-hydrocalumite have not yet been explored. 

Amino acids as the elementary units of proteins which exist in free single molecules and 

degradation products of soil small animals, plants as well as microorganisms in the pedosphere. 

Amino acids contain amino (-NH2) and carboxyl (-COOH) functional groups and can be classified 

into hydrophobic, neutral and hydrophilic depends on their specific side chains (R group). 

Therefore, to some extent, the chemical properties of amino acids can represent complicated 

organic molecules (Gao et al., 2014).  

In the present work, I-hydrocalumite (Ca2Al-LDH(I)) was prepared through co-precipitation. 

Five amino acids were selected to explore the stability of Ca2Al-LDH(I), considering the 

molecular size, the charge number, the functional groups, and hydrophilicity. Based on Ca and Al 

oxides hydration in alkaline conditions, released behavior of I-, adsorption behavior of amino acids, 
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and solid residues phases changing were elaborated. Density functional theory (DFT) simulation 

was applied to find out the possible configurations and support the experimental results and 

possible releasing mechanisms of I- in the presence of amino acids. 

 

3.2 Experimental 

3.2.1 Materials  

All reagents used in the present work were purchased from Wako Chemicals (Osaka, Japan). 

Inorganic reagents including CaCO3 (98%), Al2O3 (99%), NaOH (97%), CaI2·nH2O (99.5%) are 

in an analytical grade. 

There are 20 types of amino acids exist in nature. Depending on their specific side chain groups, 

hydrophilic, hydrophobic, and amphipathic can be classified. L-phenylalanine (HPhe, C9H11NO2, 

99%) and L-tryptophan (HTrp, C11H12N2O2, 99%) have aromatic groups which make them more 

hydrophobic than L-cysteine (H2Cys, C3H7NO2S, 99%), L-aspartic acid (H2Asp, C4H7NO4, 99%), 

and glycine (HGly, C2H5NO2, 99%) which have hydrophilic side chain groups. Each amino acid 

has different acid dissociation constants (pKa), depending on the relationship between solution pH 

and pKa, the different negative charge numbers for each amino acid can be produced. Under the 

present experimental condition where pH is higher than 12.0, HGly, HTrp, and HPhe are one 

negative charge but H2Cys and H2Asp are two negative charges. Hence, different behaviors can 

be expected. H2Cys, H2Asp, HGly, HTrp, and HPhe are used in a special grade. For HPLC analysis 

(2.1.4 section), the phenyl isothiocyanate (PITC, 98%) in a special grade, acetonitrile, methanol, 

n-hexane in HPLC grade were used. All the solutions were prepared using decarbonized Milli-Q 

water (integral water purification system, Millipore) boiled with purging N2 gas for 2 h.  
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3.2.2 Synthesis of Ca2Al-LDH(I) 

Tricalcium aluminate, Ca3Al2O6 (C3A) was prepared by calcining the mixture of 30.027 g 

CaCO3 and 10.196 g Al2O3 at a molar ratio of 3:1 for 72 h at 1300 ℃ in a furnace as described in 

Atkins (Atkins et al., 1992; Ma et al., 2017). Thereafter, the obtained solid was provided for the 

following experiments. I-hydrocalumite, 3CaO∙Al2O3∙CaI2∙10H2O, also formulated as 

Ca4Al2(OH)12I2·4H2O, was prepared by the co-precipitation method using 0.02 mol C3A and 0.02 

mol CaI2nH2O stirring at 600 rpm in a glovebox (95% N2, 5% H2, COY, M-160, US) to avoid 

carbon dioxide (CO2) contamination. After 72 h, the suspension was centrifuged to separate the 

solid residues, which were rinsed with decarbonized water, freeze-drying for 24 h, and then stored 

for further use. 

 

Scheme 3.1 Experimental procedure of Ca2Al-LDH(I) with different amino acids. 
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3.2.3 Reaction of Ca2Al-LDH(I) with amino acids  

50 mg of the synthesized Ca2Al-LDH(I) were suspended into 50 mL of solutions with and 

without 1.7 mM amino acids. The initial pH of each solution was adjusted to pH 12.0 by 3 M 

NaOH. pH of 12.0 was selected to simulate the alkalinity condition in a real cement system. The 

suspensions in polyethylene plastic bottles were shaken at 100 rpm for different time intervals 

from 0.5 to 24 h followed by collection of leaching solutions using disposable syringes and solid 

residues by filtration using 0.2 μm membrane filters to freeze-drying for 12 h. The solubility of 

Ca2Al-LDH(I) in ultrapure water was separately evaluated without adding amino acids. After 

reacting with amino acids, the soluble fraction of I- was evaluated. 

 

3.2.4 Chemical analysis and solid characterizations 

As shown in 2.1, 2.2 sections. 

The solubility fraction was calculated based on concentrations of Ca2+, Al(OH)4
- and I- following 

Eq. (3.1): 

Dissolved fraction (%) = Ct /C0 × 100                                                                                  (3.1) 

where the Ct (mmol) is the released amount of ions in solution at time t (h), C0 (mmol) is the 

amount of ions in pristine I-hydrocalumite solid.   

 

3.2.5 DFT simulation 

As shown in 2.3 section. 

Density functional theory (DFT) simulation was applied to predict the intercalation of amino 

acids as well as the possible interaction between amino acids and hydrocalumite. Due to the 

expanded peaks appeared in XRD patterns only appeared in the presence of Asp2- and Cys2-, which 

means the intercalation behavior Asp2- and Cys2- might have occurred. So Asp2- and Cys2- were 
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selected as the model of amino acids in DFT simulation. The states as valence electrons are: 1s for 

H; 2s and 2p for C, N, and O; 3s and 3p for Al and S; 3p and 4s for Ca. 

Initial structural models were prepared as follows. Firstly, the structural model of positively 

charged hydroxides layers for Ca2Al-LDH was constructed for the computer simulation. The 

hydroxide layers of Ca2Al-LDH used in the simulations were set using atomic coordinates 

extracted from the previously reported crystal structure of hydrocalumite with the composition of 

[Ca8Al4(OH)24(CO3)(Cl)2·10H2O] (Sacerdoti and Passaglia, 1988). By removing the intercalated 

carbonate (CO3
2-) and chloride (Cl-) ions, an “empty” LDH model was created. Since the 

composition of the LDH layer is [Ca2Al(OH)6]
+, the number of Al atoms corresponds to the 

positive charge of the empty LDH model. Secondly, specific Asp2- and Cys2- anions and water 

molecules are placed in the interlayer space of the empty LDH layers with random positions and 

rotation angles by using the pymatgen python library (Ong et al., 2013) so as to neutralize the 

positive charge of the empty LDH models. Thus, more than ten simulated unit cells consisting of 

the positively charged hydroxide layers of [Ca2Al(OH)6]
+ and desired intercalated anions were 

constructed. Relaxation of lattice constants and internal coordinates was performed until the 

residual stress and force decreased to 4 MPa and 1 meV/Å, respectively. The pymatgen python 

library was used to extract the structural information such as interlayer spacing and the number of 

chemical bonds from the optimized structures (Ong et al., 2013). The VESTA code was used to 

visualize the optimized structures (Momma and Izumi, 2011). 

 

3.3 Results and discussion 

3.3.1 Characterizations of pristine Ca2Al-LDH(I)  

Fig. 3.1 (a, b) presents the XRD patterns of the calcined C3A (PDF#32-0149) and Ca2Al-

LDH(I) (PDF#042-1474). The solid phase of C3A is consistent with the previous report (Sánchez-

Herrero et al., 2012). After co-precipitate with CaI2nH2O for 72 h, Ca2Al-LDH(I) was formed in 
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a pure phase with a d003 value of 8.75 Å at the angle of 10.101° which is consistent with the 

published works (Aimoz et al., 2012; Nedyalkova et al., 2020). In Fig. 3.4(b), SEM micrographs 

of the Ca2Al-LDH(I) show hexagonal morphology with sharp edges as another hydrocalumite 

family (Choi et al., 2012) and further, the mole ratio of Ca/Al is 1.87 in Table 3.1. Therefore, 

considering the above results, the formation of Ca2Al-LDH(I) is displayed using the following 

reaction (Eq. (3.2)): 

3CaO·Al2O3+CaI2+10H2O  Ca4Al2(OH)12I2·4H2O                                                                   (3.2) 

Table 3.1 Elemental composition of synthesized Ca2Al-LDH(I). 

LDHs Chemical formula Ca/mmolg-1 Al/mmolg-1 I/mmolg-1 Ca/Al 

Ca2Al-LDH(I) Ca6.0Al3.2(OH)18(I)2.19‧6H2O 6.0 3.2 2.19 1.87 
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Fig. 3.1 XRD patterns of (a) tricalcium aluminate (C3A), (b) I-hydrocalumite (Ca2Al-LDH(I)). 

Symbols: , calcium aluminum iodide oxide hydrate (3CaO·Al2O3·CaI2·10H2O, PDF#42-1474); 

×, tricalcium aluminate (3CaOAl2O3, PDF#32-0149); , mayenite (12CaO·7Al2O3, PDF#78-

0910); , unknown.  
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3.3.2 Dissolution of Ca2Al-LDH(I) in alkaline solutions  

The changes in I-, Ca2+, Al(OH)4
-, pH, and amino acids at different suspension times were shown 

in Fig. 3.2. Without any amino acids, after Ca2Al-LDH(I) was suspended into alkaline solution 

for 0.5 h, the leaching amount of I- reached 50.0% of the total amount in pristine Ca2Al-LDH(I). 

As the reaction time going, the concentration of released I- reached 2.00 mM (91.0%) and the 

dissolution equilibrium was almost achieved after 6 h. The concentrations of released Ca2+ (Fig. 

3.2(b)) and Al(OH)4
- (Fig. 3.2(c)) reached 5.37 and 2.78 mM after 24 h, respectively. Besides, the 

ratio of released Ca/Al is always within 1.85-1.95 which is close to the Ca/Al ratio in pristine 

Ca2Al-LDH(I). This indicates the metallic hydroxide layer structure of Ca2Al-LDH(I) was 

unstable to dissolve simply even though under strongly alkaline conditions (Eq. (3.3)). 

Ca4Al2(OH)12I2·4H2O  4Ca2+ +2Al(OH)4
- + 2I- + 4OH- + 4H2O                                                (3.3) 

To make sure the dissolution equilibrium, the reactions were continued until 24 h in this work. 

The XRD patterns of solid residues collected from blank and amino acids tests at different reaction 

times were presented in Fig. 3.3. Fig. 3.3(a) shows the result in blank test, where the phase of 

Ca2Al-LDH(I) was maintained until 3 h and after that, it was gradually phase-transferred into the 

metastable phase of calcium aluminum oxide hydrate (4CaO·Al2O3 ·xH2O (PDF#02-0077) and 

3CaO·Al2O3·xH2O (PDF#02-0083)). After 6 h, the phase of 4CaO·Al2O3·xH2O completely 

disappeared and 3CaO·Al2O3·xH2O became the end-product, but the Ca2+ and Al(OH)4
- 

concentrations were kept constant which indicates the ion-exchanging of I- with OH- also 

happened in the simple dissolution process. 
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Fig. 3.2 The concentrations of released (a) I-, (b) Ca2+ (c) Al(OH)4
-
 

and (d) pH in the presence and 

absence of 1.7 mM amino acids at different time intervals. Symbols: , Blank; ▲, HGly; ◆, 

H2Asp; ▼, H2Cys; ■, HPhe; ●, HTrp. 

 

Amino acids of H2Cys, H2Asp, HGly, HTrp, and HPhe with a concentration of 1.7 mM were 

used to explore the environmental impact of amino acids on the stability of Ca2Al-LDH(I). As 

shown in Fig. 3.2(d), the equilibrated pH in all series was higher than 12.0, so the -COOH, -NH3
+, 
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and thiol (-SH) functional groups in all amino acids were dissociated because of pKa values of five 

amino acids. This means H2Cys, H2Asp, HGly, HTrp, and HPhe existed in the form Cys2-, Asp2-, 

Gly-, Trp-, and Phe- under the present pH. Based on the bond length and bond angle of each amino 

acid molecule, the size includes length (Å) and width (Å) were estimated (Ching et al., 1989; 

Weast and Astle, 1979). Glycine (3.9/3.5 Å), cysteine (6.4/3.7 Å), aspartic acid (6.5/3.5 Å), 

phenylalanine (9.7/4.7 Å), and tryptophan (10.9/5.6 Å), so we can clearly distinguish the 

phenylalanine and tryptophan have bigger molecular sizes. Combing with the van der Waals 

volume (Nölting, 2006) of glycine (48 Å3), cysteine (86 Å3), aspartic acid (91 Å3), phenylalanine 

(135 Å3), and tryptophan (163 Å3), so the glycine has the smallest molecular size and cysteine is 

smaller than aspartic acid. 

In the presence of H2Cys, at 0.5 h and 1 h, the leaching fraction of I- corresponded to 74.7% 

(1.637 mM) and 91.9% (2.016 mM), respectively (Fig. 3.2(a)). After 24 h, the released amount 

was 2.128 mM, occupying 97.1% of the original content of I- in Ca2Al-LDH(I) and almost I- was 

released from Ca2Al-LDH(I). Therefore, the releasing rate of I- was much enhanced in the presence 

of H2Cys, compared with blank test at all times, and finally, the leaching amount also was larger 

than 2.003 mM in blank. From Fig. 3.2(e), the changes in H2Cys concentration indicate a possible 

ion-exchange mechanism of Cys2- as Eq. (3.4):  

Ca4Al2(OH)12I2·4H2O + Cys2-  Ca4Al2(OH)12(Cys)·4H2O + 2I-                                                                        (3.4) 

After 0.5 h, the concentration of Cys2- reduced to 0.75 mM, which means 0.95 mM Cys2- was 

immobilized in solid. According to the charge balance, Cys2- provided 1.9 meq/L negative charges 

which were enough to substitute with 1.637 mM I- from Ca2Al-LDH(I). Also, the XRD patterns 

verified the expectation. In Fig. 3.3(b), two reflections at d003 10.306 Å (8.58°, 2) and 11.694 Å 

(7.56°, 2) after 0.5 h appeared and should be assigned to Ca2Al-LDH(Cys). After 3 h, the d003 

peak intensity of Ca2Al-LDH(Cys) at 8.54 (2) decreased and almost disappeared after 24 h 

resulting in 3CaO·Al2O3·xH2O, which is the main phase. The Ca2+ and Al(OH)4
- concentrations 
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before 6 h in Fig. 3.2(b), (c) showed higher values than blank test, this might indicate the ion-

exchanging process affected to unstabilize the metallic hydroxide layer of Ca2Al-LDH(I). After 6 

h, the reduction of Ca2+ and Al(OH)4
- concentrations ascribed to the co-precipitation with OH- to 

form 3CaO·Al2O3·xH2O.  

H2Asp showed a bit different trend from H2Cys, while both amino acids are charged -2 under 

the present conditions. In the presence of H2Asp, the released rate of I- was slower than H2Cys 

series but larger than blank test as shown in Fig. 3.2(a). At the suspension time of 0.5 h and 1 h, 

the releasing concentration of I- was 1.258 mM (57.4%) and 1.426 mM (65.1%), separately, which 

is much lower than in H2Cys series. After 24 h, 2.087 mM I- was released corresponding to 95.2% 

of the original amount of I- in Ca2Al-LDH(I). The changes in Asp2- concentrations in Fig. 3.2(e) 

showed the adsorbed amounts of Asp2- were smaller than Cys2-. After 0.5 h, the concentration of 

Asp2- decreased from 1.70 mM to 1.42 mM, so 0.56 meq/L of negative charges were used to ion-

exchange with I-. In Fig. 3.3(c), a phase of Ca2Al-LDH(Asp) appeared within 0.5 h with the d003 

value of 11.305 Å (7.82°, 2) and was kept until 6 h with a small intensity. Therefore, this solid 

phases changing process also verified the ion-exchange of Asp2- with I- as Eq. (3.5): 

Ca4Al2(OH)12I2·4H2O + Asp2-  Ca4Al2(OH)12(Asp)·4H2O + 2I-                                             (3.5) 

In Fig. 3.2(b), (c), the released amount of Ca2+ and Al(OH)4
-  concentrations were always lower 

than in blank test except in the presence of H2Cys, demonstrating that leaching of I- was not caused 

by simple dissolution. So the residual 0.698 mM I-
 at 0.5 h was ascribed to ion-exchange with OH- 

in Ca2Al-LDH(I) to form 3CaO·Al2O3·xH2O. 

As observed in Fig. 3.3(b), (c), the d003 diffraction peaks of Ca2Al-LDH(Cys/Asp) gradually 

disappeared after 24 h but the released fraction of Ca2+ and Al(OH)4
- concentrations were kept 

constant. That means Ca2Al-LDH(Cys/Asp) phases were unstable and changed to 

3CaO·Al2O3·xH2O phase through ion-exchange of Cys2-/Asp2- with OH- as Eq. (3.6). 

Ca4Al2(OH)12(Amino acid)·4H2O + yOH-  3CaO·Al2O3·xH2O + (Amino acid)2- + Ca2+            (3.6)     
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The different performance of H2Cys and H2Asp on the releasing rate of I- might be caused by their 

different molecular sizes and the existence of thiol group (-SH) in H2Cys. Cys2- possesses a little 

bit smaller molecule than Asp2- under the same alkaline condition made it easier to go the 

interlayer of hydrocalumite. 

However, in the HGly and HTrp series, Fig. 3.2(a) showed a similar released amount of I- to 

blank test within the initial 0.5 h. During the period of 0.5 h to 6 h, the leaching amount of I- was 

lower than in the blank. Furthermore, the released amounts of Ca2+ (Fig. 3.2(b)) and Al(OH)4
- 

(Fig. 3.2(c)) were lower than in blank. This means the surface adsorption of Gly- and Trp- by 

electrostatic interaction on hydrocalumite might more easily happen than intercalation of them 

into [Ca2Al(OH)6]
+ metallic interlayer. Fig. 3.2(e) presents the changes in amino acids 

concentrations in the period from 0 to 24 h. The adsorption of Gly- and Trp- on solid phases were 

always in very low values over the reaction times, which are consistent with the prediction that 

only surface adsorption of them happened rather than intercalation. This phenomenon relates to 

their properties. HGly has the smallest molecular size among these amino acids, but it displayed 

Gly- at the present pH. Therefore, the ion-exchange of Gly- with I- seems difficult to happen. For 

HTrp, it possesses a relatively large molecular size, one negative charge, and aromatic group that 

make it more difficult to go into the hydrocalumite interlayer by substituting with I-. After adding 

1.7 mM HGly, the phase of Ca2Al-LDH(I) was maintained within 6 h but disappeared and 

transformed into 3CaO·Al2O3·xH2O as the main product after 24 h (Fig. 3.3(d)). It seems that 

HGly acted to stabilize Ca2Al-LDH(I) a bit longer, compared with no co-existing amino acids. It 

seems no d003 diffraction peak of Ca2Al-LDH(Gly) appeared in small diffraction angles, so the 

intercalation of HGly did not significantly happen. When HTrp was co-existing with Ca2Al-

LDH(I) (Fig. 3.3(f)), the intermediate phase of calcium aluminum oxide hydrate of 

2CaO·Al2O3·xH2O (PDF#12-0008), 4CaO·Al2O3·xH2O, and 3CaO·Al2O3·xH2O appeared after 3 
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h. However, XRD peaks assigned to 2CaO·Al2O3·xH2O seems to overlap with Ca2Al-LDH(I) from 

3 h to 6 h. 

In the presence of HPhe, it showed different suppression results for I- compare with HGly and 

HTrp. The released I- concentration was a little bit larger than in HGly within 3 h, but after 6 h, 

the leaching rate decreased after 24 h, and the releasing concentration of I- was 1.913 mM which 

is lower than in blank tests and other amino acids series. HPhe and HTrp belong to aromatic amino 

acids which have similar molecular sizes and structures, but within 1 h, the concentration of HPhe 

decreased to 1.04 mM, indicating that 0.66 mM Phe- was kept on solid phase. Combined the 

solution data with the corresponding and XRD patterns, the surface adsorption of Phe- can be 

suspected. In Fig. 3.3(e), 3CaO·Al2O3·xH2O became the main phase after 24 h but Ca2Al-LDH(I) 

in the solid residues was still maintained. It is obvious that I- is still preserved in hydrocalumite 

rather than releasing into solution. This phenomenon is consistent with the solution results in Fig. 

3.2(a), indicating that more significantly inhibitory effects of HPhe. As the reaction time going, 

the concentration of Phe- in the solid phase decreased as the solid phase changed from Ca2Al-

LDH(I)  to 3CaO·Al2O3·xH2O, suggesting that HPhe might be likely to adsorb on the surface of 

Ca2Al-LDH(I). Based on the above results, HPhe and HTrp showed different effects on the 

leaching of I- from Ca2Al-LDH(I). HPhe and HTrp have one -COOH group and a side chain with 

an aromatic group to make the hydrophobic property. Initially, the ion-exchange and surface 

adsorption of negative charged Phe- and Trp- are possible to happen on Ca2Al-LDH(I). The 

adsorbed Phe- and Trp- may modify the surface properties of Ca2Al-LDH(I) from hydrophilic to 

hydrophobic in some extent. Under the high concentration of 1.7 mM HPhe and HTrp, more 

hydrophobic molecules were adsorbed onto the surface rather than stabled in the interlayer. 

However, HPhe has more strongly hydrophobic property, when Phe- adsorbed onto the surface by 

electrostatic interaction, OH- in solution is difficult to contact with Ca2Al-LDH(I) so it might 

prevent the OH- ion-exchange with I-. 
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To make sure the decomposition of Ca2Al-LDH(I), the particle morphologies of solid residues 

before and after reaction with different amino acids for 24 h were observed by SEM in Fig. 3.4. 

Fig. 3.4(c) shows the morphology of Ca2Al-LDH(I) solid residue after suspended into alkaline 

solution in the absence of amino acids. The hexagonal structure, irregular structures, and collapsed 

layer structure were observed which are characteristic of the typical layered double hydroxides. 

After suspended into different amino acids solutions, in H2Cys (Fig. 3.4(d)), H2Asp (Fig. 3.4(e)), 

HGly (Fig. 3.4(f)), and HTrp (Fig. 3.4(h)) series, there are not only collapsed layer structures but 

also aggregation and frame of hexagonal structure, suggesting the dissolution of Ca2Al-LDH(I). 

For HPhe (Fig. 3.4(g)), the layer structure and clear hexagonal-like morphology still existed which 

is consistent with the XRD pattern at 24 h (Fig. 3.3(e)).  

Therefore, based on the above results, HGly, HTrp, and HPhe suppressed the dissolution rate 

of Ca2Al-LDH(I), and HPhe also suppressed the releasing amount of I-, while H2Cys, H2Asp 

enhanced the release of I- from Ca2Al-LDH(I) to form other solid phases but in different rates. 

Furthermore, the small amount of Ca2Al-LDH(I) still existed according to SEM images where 

hexagonal morphology was maintained. 
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Fig. 3.3 X-ray diffraction patterns of solid residues after reaction with different amino acids at 

time intervals. (a) Blank, (b) H2Cys, (c) H2Asp, (d) HGly, (e) HPhe, (f) HTrp. Symbols indicate, 

* calcium aluminum iodide oxide hydrate (3CaO·Al2O3·CaI2·10H2O, PDF#42-1474);  calcium 

aluminum oxide hydrate (3CaO·Al2O3·xH2O, PDF#02-0083);  unknown;  calcium aluminum 

oxide hydrate (4CaO·Al2O3·xH2O, PDF#02-0077);  calcium aluminum oxide hydrate 

(2CaO·Al2O3·6H2O, PDF#12-0008), and/or calcium aluminum iodide oxide hydrate 

(3CaO·Al2O3·CaI2·H2O);  Cys-hydrocalumite (Ca2Al-LDH(Cys));  Asp-hydrocalumite 

(Ca2Al-LDH(Asp)). 
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Fig. 3.4 SEM-EDS images of (a) C3A, (b) original Ca2Al-LDH(I); and solid residues after 

suspension of Ca2Al-LDH(I) in different solutions for 24 h. (c) Blank, (d) HGly, (e) H2Asp, (f) 

H2Cys, (g) HPhe, (h) HTrp. 

(e)
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3.3.3 Behavior of amino acids in Ca2Al-LDH(I) 

To explore the different effects between Cys2- and Asp2- on interaction with Ca2Al-LDH(I), the 

total formation energies calculated by DFT considering different configurations of Ca2Al-

LDH(Cys) and Ca2Al-LDH(Asp) were plotted against their interlayer spacing in Fig. 3.5. There 

is a positive correlation which based on the total formation energies of the system increased with 

an increase in the interlayer distances. The higher formation energy means a more unstable system. 

Here, we selected the most stable and most unstable systems which possess the lowest and highest 

total energies, respectively. In Fig. 3.6(a), the most stable configuration Ca4Al2(OH)12Asp (0 

kJ/mol) showed the interlayer distance of 7.34 Å with 1 Ca-O bond and 7 hydrogen bonds in one 

unit cell. In Fig. 3.6(b), the most unstable system Ca4Al2(OH)12Asp (103 kJ/mol) showed the 

layer spacing of 9.21 Å with 1 Ca-O bond and 6 hydrogen bonds between metal hydroxide layers 

and Asp2- in one unit cell. For H2Cys, the most stable system of Ca4Al2(OH)12Cys with a 

formation energy of 0 kJ/mol shows a 7.22 Å of interlayer spacing including 1 Ca-O and 3 

hydrogen bonds between metal hydroxide layers and Cys2- (Fig. 3.6(d)). In the most unstable 

system, Ca4Al2(OH)12Cys showed 8.35 Å of interlayer distance in 86 kJ/mol with 1 Ca-O and 4 

hydrogen bonds (Fig. 3.6(e)). From these results, the simulation predicted much lower interlayer 

spacings than the observed XRD results (Fig. 3.3(b), (c)). As can be confirmed, the water 

molecules can cause to expansion of the interlayer spacings in experimental results (Yan et al. 

2009; Grégoire et al. 2016). So we considered the new system which includes one water molecule 

in one unit cell of hydrocalumite including Asp2- as shown in Fig. 3.6(c). In the system of 

Ca4Al2(OH)12Asp4H2O, the corresponding interlayer spacing was 7.99 Å under the lowest 

formation energy of 0 kJ/mol, which indicates the presence of water molecule can affect to expand 

the interlayer distances. Therefore, in the real system, the most stable state is possibly be 

overlapped by the d003 peak in XRD assigned to 3CaOAl2O3CaI210H2O in 11.6, 2. The  XRD 

diffraction peaks at 8.54 (2), 7.61 (2) and 7.92 (2) in Fig. 3.3(b), (c) might be caused by the 
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different water molecule numbers included in each system affecting the configurations of Asp2- 

and Cys2- in metallic hydroxide layer. Another factor might be related to the difference of basal 

layer charge densities which has been confirmed through the positive correlation relationship 

between them (Zhang et al., 2017). 

 

Fig. 3.5 Total energies plotted against interlayer spacing for Ca2Al-LDH(I) after intercalated Asp2- 

(green circles) and Cys2- (red circles) with respect to the total energy of the most stable system. 
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9.21 Å
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7.22 Å 8.35 Å

(a) H2Asp, without H2O (b) H2Asp, without H2O (c) H2Asp, with H2O

(d) H2Cys, without H2O (e) H2Cys, without H2O

Ca Al O C N HS
 

Fig. 3.6 Schematic structures obtained by DFT calculations on the Ca2Al-LDH with Asp2- and 

Cys2-. The dashed and solid lines indicate hydrogen bonds and Ca-O bonds, respectively. (a) Asp, 

without H2O, most stable (0 kJ/mol); (b) Asp, without H2O, most unstable (103 kJ/mol); (c) Asp, 

with H2O, most stable (0 kJ/mol); (d) Cys, without H2O, most stable (0 kJ/mol); (e) Cys, without 

H2O, most unstable (86 kJ/mol). 

 

3.4 Conclusions 

The interaction of five selected amino acids with iodide intercalated hydrocalumite was 

investigated by solid and solution chemistry integrated with DFT simulation. Ca2Al-LDH(I) was 

very fragile to cause the dissolution even though under pH 12.0. After suspended into amino acids 

solutions, the main factors to cause the release of I- are divided into ion-exchange and simple 

dissolution. H2Cys and H2Asp accelerated the releasing rate of I- through ion-exchange between 

Cys2-/Asp2- and I-. In XRD, the expanded d003 spacings were observed, which was different from 

the other three amino acids. However, the effects of Cys2- and Asp2- on the ion-exchange with I- 

in hydrocalumite and the stability of Ca2Al-LDH(I) were different. Asp2- maintained the structure 

of Ca2Al-LDH(I) for a longer time than Cys2-, and Cys-intercalated hydrocalumite showed one 
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smaller d003 spacing than Asp-intercalated hydrocalumite in XRD patterns. This was also verified 

by DFT simulation. DFT simulation also confirmed that the interlayer spacings might be strongly 

influenced by the presence of water molecules and the numbers. There are interaction forces 

between amino acids and hydrocalumite in which the hydrogen and Ca-O bonds contributed to 

their configurations but the Ca2Al-LDH(Cys/Asp) system still is unstable. In the presence of HGly, 

HTrp, and HPhe, the simple dissolution and ion-exchange with OH- contributed to Ca2Al-LDH(I) 

decomposition, and moreover, HPhe showed a little bit inhibitory effects on the release of I- by 

surface adsorption. Analogically based, some organic matters negatively charged with a large 

molecule and less affinity than I- might make hydrocalumite stable. For iodide isotopes 

stabilization in cementitious materials, Ca2Al-LDH(I) may form but the stabilization is strongly 

influenced by the geochemical environment. 
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Chapter 4 Environmental impact of amino acids on the release of selenate 

immobilized in hydrotalcite 

4.1 Introduction  

Se dominates in SeO4
2- and/or SeO3

2- in aqueous environments, which are more mobile than 

cationic species due to the negative charges of the surface of silicate minerals as major constituents 

in the earth crust. However, SeO4
2- is more mobile than SeO3

2- in LDHs (Constantino et al., 2017). 

The immobilization mechanisms of SeO4
2- into LDHs mainly involve surface adsorption, co-

precipitation and anionic exchange (Chubar and Szlachta, 2015; Constantino et al., 2017; Zhu et 

al., 2017). Hydrotalcite (Mg2Al-LDH) belongs to layered double hydroxides (LDHs) family, 

which possesses the ability to retain SeO4
2- (You et al., 2001; Paikaray et al., 2013; Opiso et al., 

2016; Tian et al., 2020b). Meanwhile, there are no reports to investigate the natural effects from 

biodegraded organic matters on the stability of immobilized anionic radioactive species in Mg2Al-

LDH. 

Therefore, in the present work, we report here the effect of amino acids on the stability of 

incorporated SeO4
2- in hydrotalcite, which serves as a model for the chemical environment of the 

pedosphere. The release behavior of SeO4
2- accompanied with changes in the layer spacing of 

Mg2Al-LDH was interpreted from the aspects of the configurations and coordination of amino 

acids in the interlayer of Mg2Al-LDH through density-functional theory (DFT) calculations. The 

present work provides prospective alarms toward the radioactive waste in repositories and the 

environmental problems of concrete at low durability. 
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4.2 Experimental 

4.2.1 Materials  

Five amino acids, L-tryptophan (HTrp, C11H12N2O2), L-phenylalanine (HPhe, C9H11NO2), 

Glycine (HGly, C2H5NO2), L-aspartic acid (H2Asp, C4H7NO4), L-cysteine (H2Cys, C3H7NO2S) 

were selected in the present work as shown in Table 1.1. They have different functional groups, 

charges, and molecular sizes. H2Asp includes two carboxyl groups and H2Cys contains one thiol 

group as well as one carboxyl group in one molecule, which contributes to the formation of 

negative charges. All of amino acids are in special grade and were purchased from Wako 

Chemicals (Osaka, Japan).  

Inorganic chemicals including Mg(NO3)2·6H2O (99%), Al(NO3)3·9H2O (98%), NaOH (97%), 

Na2SeO4 (97%), NaNO3 (99%) for the synthesis of Mg2Al-LDH are in analytical grade and 

supplied from Wako Chemicals (Osaka, Japan). Each solution was prepared using decarbonized 

water which was prepared by boiling ultra-pure water purged with N2 gas (99.99%) for 2 h. 

 

4.2.2 Synthesis of Mg2Al-LDH(SeO4) 

 Firstly, Mg2Al-LDH(NO3) was prepared through the co-precipitation method. 20 mL of the 

solution including 1 M Mg(NO3)2 and 0.5 M Al(NO3)3 (solution A) dropwise into 30 mL 0.33 M 

NaNO3 (solution B) under vigorous stirring with the pH maintained at 10.0 using 3 M NaOH. 

Afterward, the obtained slurries were stirred for another 30 min and then transferred into the 

Teflon vessels which were put in an Ethos Plus microwave (Milestone General, Kawasaki, Japan) 

oven for 5 h at 373 K. Thereafter, the precipitates were collected by centrifugation at 8000 rpm 

for 6 min, washed by pure water several times and freeze-dried for 24 h. It should be noted that 

the whole procedure was conducted under N2 atmosphere to minimize the contamination of carbon 

dioxide (CO2). 
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Secondly, 1.0 g of the above product was suspended into 50 mL 41 mM Na2SeO4 and the 

mixture was stirred at 300 rpm for 24 h. This process was repeated 2 times to maximize the ion 

exchange with SeO4
2- in Mg2Al-LDH(NO3) to get selenate-bearing Mg2Al-LDH (Mg2Al-

LDH(SeO4)). The powdery product was obtained at pH 8.0 after going through centrifugation, 

washing, and drying as mentioned above. All of the procedures were conducted in a glovebox 

(95% N2, 5% H2, COY, M-160, Grass Lake, US).      

Both products were characterized by XRD (2.2.1 section), ICP-OES (2.1.1 section), and ICP-

MS (2.1.2 section) after HNO3 decomposition. 

 

Scheme 4.1 Experimental procedure of Mg2Al-LDH(SeO4) with different amino acids. 

 

4.2.3 Reaction of Mg2Al-LDH(SeO4) with amino acids 

The solutions of HTrp, HPhe, HGly, H2Asp, and H2Cys were prepared separately using 

decarbonized water in the range of 0.0-0.5 mM. According to the pKa values of the amino group, 

the pH of each solution was adjusted to 10.8-11.0 using 3 M NaOH to keep the maximum amount 

of negative charges. 50 mg of the obtained Mg2Al-LDH(SeO4) was separately added into 50 mL 
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of the above amino acid solution with a solid/liquid ratio of 1 g/L. Separately, the blank solution 

without any amino acids was also prepared as a control. At room temperature, the suspensions 

were stirred for 24 h and filtrated using 0.2 μm membrane filters to obtain the supernatant for 

determination of the remaining amino acids concentrations by HPLC (2.1.4 section) and the 

released Se6+, Mg2+ and Al(OH)4
- concentrations by ICP-OES (2.1.1 section) and ICP-MS (2.1.2 

section). It is worth noting that the pH adjustment and solutions transfer were all conducted in a 

glovebox to minimize CO2 effects. 

The adsorption density of each amino acid was calculated by Eq. (4.1): 

 Qe = (C0-Ce)V/m                                                                                                                           (4.1) 

where Qe (mmol g-1) is the amino acid sorption amount in Mg2Al-LDH(SeO4) after 24 h, C0 

(mM) is the initial concentration of amino acid, Ce (mM) is the equilibrium concentration of amino 

acid after the interaction, V (L) is the volume of solution and m (g) is the mass of Mg2Al-

LDH(SeO4). It was confirmed that the equilibrium was achieved within 24 h. 

 

4.2.4 Chemical analysis and solid characterization 

The solid residues were collected to provide for the determination of elemental compositions 

and measurements of XRD (2.2.1 section) and zeta potentials (2.1.5 section). The elemental 

compositions of Mg2Al-LDH(NO3) and Mg2Al-LDH(SeO4) were estimated by digesting a specific 

amount of solid phase in 25 mL 5% HNO3 to collect the solution. Nitrate (NO3
-) was determined 

by IC (2.1.3 section) after the sample was dissolved into 0.1 M HCl. The fourier transform infrared 

(FTIR) spectroscopy (400-4000 cm-1) of the samples diluted by KBr were collected on a JASCO 

670 Plus (Japan) spectrometer at a resolution of 4 cm-1. The carbon (C), hydrogen (H), nitrogen 

(N) contents in Mg2Al-LDH(NO3) and Mg2Al-LDH(SeO4) were determined by a CHN (2.2.2 

section). The C content was derived from incorporated carbonate caused by CO2 contamination.  
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4.2.5 DFT simulation 

As shown in 2.3 section. 

Electronic-structure calculations using DFT were performed to figure out the stable 

configurations of amino acids and selenate ions in LDH and the energies of the ion-exchange and 

complexation reactions. The following states were treated as valence electrons: 1s for H; 2s and 

2p for C, N, and O; 3s and 3p for Mg and Al; 4s and 4p for Se. The lattice constants and internal 

coordinates were optimized until the residual stress and force converged to 0.0044 GPa and 1 

meV/Å, respectively. The unit cells used in this study contain a positively charged Mg2Al-LDH 

layer ([Mg2Al(OH)6]
+) and deprotonated HGly monovalent anions ([CH2(NH2)(COO)]-) and/or a 

selenate (SeO4
2-). A wide variety of configurations of HGly and SeO4

2- ions between the LDH 

layers were considered for input structural models. A 4×4×2 k-mesh was used according to the 

Monkhorst-Pack scheme (Monkhorst and Pack, 1976) for the unit cells having the composition of 

Mg2Al(OH)6CH2(NH2)(COO). The formation energies were calculated based on the following 

ion-exchange reaction: 

Mg2Al(OH)60.5SeO4 + xCH2(NH2)COOH  Mg2Al(OH)6xCH2(NH2)COO0.5(1-x)SeO4 + 

0.5xH2SeO4                                                                                                                                   (4.2) 

To determine the formation energies, the total energies were independently calculated for the 

intercalated LDH with the composition of Mg2Al(OH)6xCH2(NH2)COO0.5(1-x)SeO4 (x = 0, 0.5, 

and 1), and H2SeO4 and CH2(NH2)COOH molecules.  

The association energies of Mg2+ with deprotonated amino acids ions of Asp2- and Cys2-, are 

also calculated according to the following reaction: 

Mg2+ + A2−  Mg-A                                                                                                                 (4.3) 

where A is Asp and Cys, and Mg-A is a complex. During structural optimizations, the dimension 

of unit cells containing a single ion or a complex was fixed to be 20×20×20 Å3 to keep the ions 

and complexes isolated. A single k-point sampling at the  point was used. For these calculations, 
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Mg 2s and 2p states are also treated as valence electrons. The HSE06 functional (Heyd et al., 2003; 

Ge and Ernzerhof, 2006; Krukau et al., 2006) was used for these calculations because it is known 

to provide a better description for charge density of anions while GGA functional fail to describe 

negatively charged systems (Kim et al., 2011). Calculated structures for the amino acids ions and 

complexes were visualized using the VESTA code (Momma and Izumi, 2011).  

 

4.3 Results and discussion  

4.3.1 Characterizations of Mg2Al-LDH(SeO4) 

XRD patterns for two synthesized LDHs are shown in Fig. 4.1(a), indicating the typical layered 

double hydroxide structure with 003, 006, and 110 reflections. Notably, the value of d003 changed 

from 8.93 Å for Mg2Al-LDH(NO3) to 9.10 Å for Mg2Al-LDH(SeO4) (Ma et al., 2016; Constantino 

et al., 2017) and the FWHM at 003, 006 increased after the substitution of NO3
- with SeO4

2-, as 

clearly shown in Fig. 4.1(b). FTIR spectra also confirmed the substitution of SeO4
2- with NO3

- in 

the Mg2Al-LDH, as shown in Fig. 4.1(c). The strong band at 1382 cm-1 corresponds to the N-O 

vibration mode in NO3
- of Mg2Al-LDH(NO3) (Wan et al., 2012; Xu et al., 2020). After ion-

exchanged with SeO4
2-, the new peak at 872 cm-1 and 1369 cm-1 were assigned to Se-O vibration 

and C-O vibration mode, separately (Chubar, 2014; Chubar and Szlachta, 2015), implying some 

contamination of CO2 from the air could not be avoided in synthesis.  

Table 4.1 Elemental compositions and cell parameters of synthesized Mg2Al-LDH(NO3) and 

Mg2Al-LDH(SeO4) 

LDHs Chemical formula M2+ /M3+ a (nm) c (nm) d003(nm) 

Mg2Al-

LDH(NO3) 

Mg0.77Al0.38(OH)2.32(NO3)0.34 

(CO3)0.015‧0.79H2O 

2.03 0.3044 2.6779 0.893 

Mg2Al-

LDH(SeO4) 

Mg0.72 Al0.34(OH)2.29(SeO4)0.142 

(CO3)0.028‧1.43H2O 

2.15 0.3038 2.6727 0.910 
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Combined the elemental compositions, obtained by IC, ICP-OES, and ICP-MS after acid 

digestion, with CHN analytical results of the solids, the chemical formula of the synthesized LDHs 

are expressed as Mg0.77Al0.38(OH)2.32(NO3)0.34(CO3)0.015·0.79H2O and 

Mg0.72Al0.34(OH)2.29(SeO4)0.142(CO3)0.028·1.43H2O (MW 113.3) as summarized in Table 4.1. The 

complete substitution of SeO4
2- with NO3

- was observed, which is consistent with Fig. 4.1, and a 

small amount of carbonate (CO3
2-) appeared in the Mg2Al-LDH(SeO4) sample even though the 

synthetic procedure was conducted in the N2 purging glovebox. Lattice parameters and d003 values 

are also listed together in Table 4.1. An value of 3.044 Å for Mg2Al-LDH(NO3) and 3.038 Å for 

Mg2Al-LDH(SeO4) was found, indicating that the microstructure of the brucite-like sheets was not 

changed by SeO4
2- intercalation (Constantino et al., 2017).  
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Fig. 4.1 X-ray diffraction patterns ((a), (b)) and FTIR spectra (c) of synthesized Mg2Al-LDH(NO3) 

and Mg2Al-LDH(SeO4). Numbers indicate Miller indices in (a) and d-values in Å in (b).  

 

4.3.2. Interaction of amino acids with Mg2Al-LDH(SeO4)  

Without adding any amino acids, the dissolution of Mg2Al-LDH(SeO4) was observed at pH 

11.0. To evaluate ion-exchange of amino acids with SeO4
2-, the released SeO4

2- in the absence of 

amino acids caused by simple dissolution of Mg2Al-LDH(SeO4) must be deduced.  
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Fig. 4.2 Plots of released concentrations of (a) SeO4
2-, (b) Mg2+, and (c) Al(OH)4

- from Mg2Al-

LDH(SeO4) and (d) pH after reacted with HPhe, HTrp, HGly, H2Asp, and H2Cys for 24 h against 

the equilibrated concentrations of amino acids. HPhe (■), HTrp (●), HGly (▲), H2Asp (◆), and 

H2Cys (▼). 

 

Fig. 4.2 presents the dissolved concentrations of SeO4
2-, Mg2+, Al(OH)4

-, and pH after 24 h 

against the equilibrated amino acids concentrations. Regarding Fig. 4.2(a)~(c), the dissolved 

amounts after 24 h were normalized for unit initial mass of Mg2Al-LDH(SeO4) and shown against 

the equilibrated amino acids concentrations in Fig. 4.3. The simply released concentration of 

SeO4
2- was 0.2215 mM in the absence of amino acids, corresponding to 15.6% of the initially 

existing SeO4
2- amounts in Mg2Al-LDH(SeO4). This means that two-thirds of the original amounts 

of SeO4
2- remain in LDH even in the case where the largest concentration of SeO4

2- was released. 

The simply dissolved concentrations of Mg and Al were 0.0146 and 0.0200 mM (Fig. 4.1(b, c)) 

which correspond to 2.02 and 5.88% in the original contents in LDH, respectively. This implies 
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there is a nonstoichiometric dissolution of LDH with excessively enhanced dissolution of Al under 

alkaline pH.  
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Fig. 4.3 Plots of released concentrations of (a) SeO4
2-, (b) Mg2+, and (c) Al(OH)4

-
 

from Mg2Al-

LDH(SeO4) and (d) pH after reacted with HPhe, HTrp, HGly, H2Asp, and H2Cys for 24 h against 

the equilibrated concentrations of amino acids. HPhe (■), HTrp (●), HGly (▲), H2Asp (◆), and 

H2Cys (▼). 

 

Interestingly, the addition of small amounts of several amino acids (HGly, H2Cys, H2Asp with 

C0 < 0.05 mM) stabilized metallic ions in Mg2Al-LDH(SeO4), but still release around 0.4 mM 

SeO4
2-. This suggests a small amount of HGly, H2Cys and H2Asp might function to avoid LDH 

dissolving. Moreover, it is notable that in the presence of H2Cys with < 0.5 mM the dissolution of 

Mg2+ was suppressed and the behavior of Al(OH)4
- dissolution was similar to the blank test, 

leading to the more significantly non-stoichiometric dissolution with excessively released 

Al(OH)4
-. This implies there might be some specific affinities of H2Cys with Mg atoms in LDH, 
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leaving the solid surfaces of LDH with Al deficiency. DFT simulations were performed to 

corroborate and further explain these findings, as discussed in section 4.3.4. 

After reaction with HPhe and HTrp, the released concentration of SeO4
2- was similar or lower 

compared with the blank test, suggesting there was almost no ion-exchange of HPhe and HTrp 

with SeO4
2- and the simple dissolution contributed to SeO4

2- concentrations. The above results are 

reflected by the interaction of negatively charged carboxylic groups and thiol groups in amino 

acids with positively charged Mg2Al-LDH(SeO4). The median values of the surface charge of 

Mg2Al-LDH(SeO4) were always positive in a range of pH 9.5 to 11.1 (Fig. 4.4), which was 

observed in Fig. 4.2(d). 

 

Fig. 4.4 Zeta potential distributions of Mg2Al-LDH(SeO4) particle at pH 9.5 and 11.1. 

 

Sorption isotherms of amino acids on Mg2Al-LDH(SeO4) are expressed as shown in Fig. 3.5. 

Since the partial dissolution of Mg2Al-LDH(SeO4) accompanied as above, where dissolution-

reprecipitation (D-R) mechanism might have happened when the dissolved concentrations of Mg2+ 

and Al(OH)4
- can contribute to the formation of Mg2Al-LDH with SeO4

2- and/or amino acids 

anions under the present pH (Xu and Lu, 2005; Takaki et al., 2016; Wan et al., 2019). This also 
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means Mg2Al-LDH(SeO4) is unstable in aqueous solutions, therefore, the sorption data were fitted 

to Freundlich isotherm instead of Langmuir isotherm. Freundlich model fitting parameters were 

summarized in Table 4.2. 
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Fig. 4.5 Sorption isotherms of HPhe (■), HTrp (●), HGly (▲), H2Asp (◆), and H2Cys (▼) onto 

Mg
2
Al-LDH(SeO4). Solid lines indicate the fittings to Freundlich isotherms. 

 

Table 4.2 Fitting parameters of Freundlich isotherms in sorption of different amino acids on 

Mg2Al-LDH(SeO4). 

Amino acids Kf n R2 

L-phenylalanine 0.0040 1.96 0.9146 

L-tryptophan 0.0095 3.42 0.9571 

Glycine 0.0607 1.44 0.9732 

L-aspartic 0.0728 1.70 0.9738 

L-cysteine 0.0673 1.73 0.9241 

 

It is obvious that these behaviors can be divided into two groups: (ⅰ) well adsorbed (H2Cys, 

HGly, H2Asp), (ⅱ) less adsorbed (HTrp, HPhe). As shown in Table 1.1, HGly is the smallest 

molecule, and H2Cys and H2Asp are a little bit larger than HGly and have -2 charges at pH 11.0, 

while HTrp and HPhe have an aromatic ring and larger molecular sizes with -1 charge causing the 
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intercalation into Mg2Al-LDH(SeO4) more difficult. H2Cys, HGly, and H2Asp are more 

hydrophilic and smaller so making energetically favorable to interact with water molecules in 

interlayers of LDH than HPhe and HTrp (Khenifi et al., 2010; Silvério et al., 2013). While H2Asp 

and H2Cys possess -2 charges and HGly possesses -1 charge, the sorption coefficient values (Kf ) 

for H2Asp and H2Cys in mmol(1-1/n)
g-1

L1/n were much lower than twice of HGly (Table 4.2). Fig. 

4.2 shows that H2Cys, HGly, and H2Asp caused a relatively larger concentration of SeO4
2- released, 

indicating the release of SeO4
2- is caused by not only ion-exchange but also unstabilization of LDH 

probably through intercalation of H2Cys, HGly, and H2Asp due to their smaller molecular sizes. 

The released concentration of SeO4
2- was already saturated in case of H2Cys, HGly, and H2Asp, 

when the equilibrated concentrations of amino acids were lower than 0.1 mM (Fig. 4.2(a)). As 

mentioned above, several factors caused the release of SeO4
2-. (1) ion-exchange with H2Cys, HGly, 

and H2Asp, (2) simple dissolution of LDH, (3) unstabilization of LDH by interaction with H2Cys, 

HGly, and H2Asp followed by ion-exchange with carbonate. Based on the above analysis, the 

chemical stability of hydrotalcite after bearing SeO4
2-, which can be affected by competitive anions, 

pH, and temperature, becoming an important consideration in a practical circumstance 

(Constantino et al., 2017; Chubar, 2018). The released amount of selenate, magnesium, and 

aluminum from Mg2Al-LDH(SeO4) into solution in the presence of HGly, H2Asp, and H2Cys may 

raise the risk in the radioactive anionic pollutant treatment in the practical soil or wastewater. Of 

note is in the real environment, there are so much SOM including different molecule sizes, 

structures as well as functional groups, which may significantly affect the ion-exchange ability 

with SeO4
2- in hydrotalcite. Therefore, detailed interaction information of amino acids with SeO4

2- 

is necessary. 

 

4.3.3 Characterization of the solid residues after reaction of amino acids with Mg2Al-LDH(SeO4) 

The XRD patterns of the pristine Mg2Al-LDH(SeO4) and the solid residues after react 
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without/with 0.5 mM amino acids are shown in Fig. 4.6(a). For the blank experiment, the d003 

value of solid residues is 9.00 Å which is similar to the pristine value of 9.10 Å (Fig. 4.6(b)). The 

broadening of d003 was caused by the simple dissolution of Mg2Al-LDH(SeO4). When amino acids 

were added, Mg2Al-LDH(SeO4) is still the dominant phase, because two-thirds of selenate were 

still present at least in Mg2Al-LDH. As shown in Fig. 4.6(b), peak separation revealed that two 

d003 values appeared around 10.7-11.0 Å of shoulder peaks and 8.36-8.82 Å of main peaks. This 

indicates Mg2Al-LDH(SeO4) can be expandable by the intercalation with amino acids, which was 

not observed in Zn2Al-LDH(SeO4) under the same condition (unpublished), probably different 

attraction force depending on the metal combination in LDH. 
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Fig. 4.6 Representative X-ray diffraction patterns of the pristine Mg2Al-LDH(SeO4) and solid 

residues after sorption of 0.5 mM amino acids on Mg2Al-LDH(SeO4) in ranges of diffraction angle 

(2) of (a) 5° to 70°, and (b) 5° to 15° with the interlayer distance in Å. Blank means no amino 

acids. 
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4.3.4. DFT simulation analysis 

We have selected one model of the reacted Mg2Al-LDH(SeO4) with glycine (HGly, C2H5NO2) 

to confirm the stable configurations of HGly after intercalation into Mg2Al-LDH(SeO4), since 

HGly is the simplest amino acid and has the smallest molecule size, furthermore, it caused the 

layer distance of LDH partially expanded as shown in Fig. 4.6. 

Fig. 4.7 illustrates the representative optimized structures of the intercalated LDHs, Mg2Al-

LDH(SeO4), Mg2Al-LDH(SeO4, Gly), and Mg2Al-LDH(Gly) with the composition of 

Mg2Al(OH)6xCH2(NH2)COO0.5(1-x)SeO4 (x = 0, 0.5, and 1, respectively). Fig. 4.8(a) plots the 

formation energies for the ion-exchange reaction, defined in Eq. (2), against the HGly 

concentration x. The solid line indicates a convex hull, which connects the lowest formation-

energy points for each of the compositions. The convex hull falls to the right, indicating that Gly- 

can be readily exchanged with SeO4
2-. A close look at the optimized structures shown in Fig. 4.7 

reveals that the oxide ions of both anionic molecules form hydrogen bonds to the protons of the 

LDH layers, and/or to those of the molecules leading to intermolecular interactions. The 

configurations of the molecules are relevant to the formation of hydrogen bonds. Fig. 4.8(b) 

presents the correlation between the formation energies and the number of hydrogen bonds per a 

formula unit Mg2Al(OH)6xCH2(NH2)COO0.5(1-x)SeO4. Here, the O-H bonds that are longer 

than 1.6 Å and shorter than 2.1 Å are regarded as hydrogen bonds. The intercalated LDHs tend to 

be more stable with an increase in the number of hydrogen bonds. Fig. 4.8(c) plots the formation 

energies against the interlayer spacing. The interlayer spacing of the pristine Mg2Al-LDH(SeO4) 

(x = 0) is about 8.2 Å, and that of Mg2Al-LDH (SeO4, Gly) (x = 0.5) ranges from 8.1 to 8.7 Å. 

Thus, there is no significant change in interlayer spacing between x = 0 and 0.5. Interestingly, the 

Mg2Al-LDH (Gly) (x = 1) is classified into two groups in terms of interlayer spacing: one group 

with short interlayer spacing ranging from 7.6 to 8.8 Å and the other group with long interlayer 

spacing ranging from 9.9 to 10.5 Å, which is in good agreement with the low-angle shoulder peak 
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of 003 diffractions (Fig. 4.6(b)). In the former group, the HGly molecules are single stacked 

between the LDH layers as seen in Fig. 4.7(c). On the other hand, the latter group has doubly 

stacked HGly molecules sandwiched by LDH layers as seen in Fig. 4.7(d). The formation energies 

of the Mg2Al-LDH(Gly) with doubly stacked HGly molecules are much higher than those of the 

Mg2Al-LDH(Gly) with singly stacked HGly molecules. This is because the doubly stacked HGly 

molecules can form hydrogen bonds only to the protons in one side of the LDH layers, resulting 

in a smaller number of hydrogen bonds compared to the singly stacked HGly molecules, which 

can produce hydrogen bonds to the protons in both sides of the LDH layers. The Mg2Al-LDH(Gly) 

with doubly stacked HGly molecules has negative formation energies and therefore can be 

kinetically stabilized to be responsible for the observed lattice expansion by the ion-exchange. 
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Fig. 4.7 Schematics of representative simulated structures with the composition of 

Mg2Al(OH)6⋅xCH2(NH2)COO⋅0.5(1-x)SeO4 [x = (a) 0, (b) 0.5, (c) and (d) 1] as well as the 

formation energy, Eform, and interlayer spacing, d. The dashed lines indicate hydrogen bonds. 

 

 

Fig. 4.8 (a) Formation energies for the ion-exchange reaction plotted against (a) the Gly 

concentration x (blue: x = 0, green: x = 0.5, red: x = 1.0 in Mg2Al(OH)6⋅xCH2(NH2)COO⋅0.5(1-

x)SeO4), (b) the number of hydrogen bonds, and (c) interlayer spacing. The solid line indicates a 

convex hull. The representative structures for each composition are also displayed in the inset. 

 

It was suggested that there is a strong affinity of Cys2- with Mg than other amino acids, since 

Mg was stabilized in solid phase in the presence of H2Cys (Fig. 4.2(b)) and no shoulder peaks 

appeared in XRD pattern for the solid residues after reaction with H2Cys (Fig. 4.6(b)). To confirm 

the strong affinity between Cys2- and Mg from first principles, two structural models of Mg-Cys 
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complexes were created as shown in Fig. 4.9, as well as structural models of deprotonated amino 

acids ions of Asp2- and Cys2-. For comparison, a model of the Mg-Asp complex was also added 

for calculation of the formation energy. First, formation energies for two configurations of Mg-

Cys complexes were derived from Eq. (4.3) to compare, where Mg atom is coordinated by one O 

atom from the carboxyl group, S atom from thiol group, and N atom of the amino group (Mg-Cys1 

in Fig. 4.9(d)), and Mg atom is coordinated by two O atoms from carboxyl group and S atom from 

thiol group (Mg-Cys2 in Fig. 4.9(e)). The formation energies were -2522.2 kJ/mol for the former 

and -2447.7 kJ/mol for the latter. The more stable configuration of Mg-Cys1 (Fig. 4.9(d)) is quite 

similar to the previously reported model (Shankar et al., 2011).  For comparison with H2Asp, as a 

representative example which showed the similar trend with other amino acids in Fig. 4.2(b, c), 

the formation energy of Mg-Cys1 was smaller than that of Mg-Asp complex (Mg-Asp in Fig. 

4.9(c)) which was -2481.0 kJ/mol.  This suggests there is a specific affinity between Cys2- and Mg 

in a form of Mg-Cys1. Our calculations imply that the distribution of electron densities of Cys2- 

molecule tends to stabilize only Mg on the surface of LDH specifically releasing Al(OH)4
- and 

selenate to the solution. This phenomenon should happen on the surface of LDH. Due to the 

strongly bound Cys2- with Mg atoms on the surface of LDH, the doubly stacked configuration of 

Cys2- in LDH interlayer is unlikely to happen in XRD pattern for the solid residues after reaction 

(Fig. 4.6(b)). This effect of H2Cys may also help selenate immobilization. 
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Fig. 4.9 Structural models for deprotonated (a) Asp2- and (b) Cys2- ions and (c) Mg-Asp and (d), 

(e) Mg-Cys complexes. 

 

4.4 Conclusions  

The effect of amino acids on unstabilization of SeO4
2- in Mg2Al-LDH(SeO4) was studied by 

experimental analysis integrated with DFT modeling. The released amount of SeO4
2- from Mg2Al-

LDH(SeO4) in the absence of amino acids corresponded to 15.6% of the initially existing SeO4
2- 

in the solids. HGly, H2Asp, and H2Cys promoted the release of SeO4
2- by ion-exchange and 

unstabilization of LDH during the intercalation process of HGly, H2Asp and H2Cys. Through the 

intercalation, amino acids expanded the interlayer spacing of Mg2Al-LDH(SeO4) to 10.7-11.0 Å 

except for H2Cys, but Mg2Al-LDH(SeO4) phase still is dominant. The DFT simulation using HGly 

as a model revealed that the singly stacked HGly was the most stable configuration and the layer 

spacing expansion of LDH was caused by the doubly stacked configuration of HGly. The 

intercalated LDHs tend to be more stable with increase in the number of hydrogen bonds between 

H atoms in metallic layers of LDH and O atoms in selenate and/or carboxyl groups in HGly. 
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Notably, the dissolution of Mg2+ was suppressed by complexation with thiol, carboxyl, and amine 

groups in H2Cys which was verified by the formation energy calculated from DFT. The strong 

affinity of Cys2- with Mg might contribute to destabilizing the surface structure of LDH releasing 

not only Al(OH)4
- but also SeO4

2-. This work raises important environmental questions regarding 

the transportation and immobilization of anionic species of low-level radionuclide wastes in 

repositories, where anionic amino acids of smaller molecular size can potentially intercalate. 

Engineering countermeasures are necessary to stabilize selenate using, for example, barriers such 

as iron minerals, especially when the concentration of selenate is relatively high in the radioactive 

wastes. 
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Chapter 5 Environmental impact of amino acids on the release of selenate 

immobilized in hydrocalumite 

5.1 Introduction 

Ca2Al-LDH possesses surface adsorption capacity and ion-exchange ability (Perkins and 

Palmer, 2001; Baur and Johnson, 2003b; Christensen et al., 2004; Moon et al., 2009; Li et al., 

2017; Yao et al., 2017). Therefore, Ca2Al-LDH has been widely explored from aspects of its 

immobilization mechanisms for Se oxyanion species and phase transformation boundary. Moon 

et al. (2009) reported selenium-bearing phase appeared calcium selenite hydrate and selenate-

ettringite in the soil-cement system. Zhang and Reardon (2003) confirmed that 

Ca4Al2(OH)12(OH)2·6H2O can reduce SeO4
2- concentration below the drinking water standard and 

the uptake amount was larger than ettringite. Baur and Johnson (2003b) explored SO4-monosulfate 

possibly removes SeO4
2- through substitution with SO4

2- in the cement paste. Li et al. (2020) found 

the adsorption of SeO4
2- onto Ca-Al LDHs was controlled by the chemisorption and can be reused 

at least three times with the adsorption capacity still keeping 88%. Yet, the stability of 

hydrocalumite after immobilized Se oxyanions in the presence of environmental factors is still 

unknown. 

Considering the real environmental factors in cement systems and the practical purity of SeO4-

hydrocalumite, selenate- and carbonate-bearing hydrocalumite (Ca2Al-LDH) was obtained by co-

precipitation method in the present work. Five amino acids were selected to react with it. Releasing 

concentrations of SeO4
2- from Ca2Al-LDH after suspended into amino acids solutions were 

determined and sorption isotherms of the amino acids were obtained. XRD patterns of Ca2Al-LDH 

solid residues were analyzed through peak separation to give the peak assignments assisted by 

Density Functional Theory (DFT) simulation. Also, DFT was applied to predict the possible 
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mechanisms to release SeO4
2- and possible interactions of amino acids with hydroxide layers of 

Ca2Al-LDH. 

5.2 Experimental  

5.2.1 Materials 

Inorganic chemicals including Ca(OH)2 (96.0%), NaAlO2 (Al2O3 > 42.0%), Na2SeO4 (97.0%), 

NaOH (97.0%) and organic chemicals including L-tryptophan (HTrp, C11H12N2O2, 99.0%), L-

phenylalanine (HPhe, C9H11NO2, 99.0%), glycine (HGly, C2H5NO2, 99.0%), L-aspartic acid 

(H2Asp, C4H7NO4, 99.0%) and L-cysteine (H2Cys, C3H7NO2S, 99.0%) in a special grade were 

purchased from FUJIFILM Wako Pure Chemicals Co. Ltd. (Osaka, Japan). Decarbonized water 

was prepared by simultaneously boiling the ultrapure water under the N2 bubbling for 2 h. 

 

5.2.2 Synthesis of Ca2Al-LDH 

Selenate-bearing hydrocalumite (Ca2Al-LDH) was prepared by co-precipitation method. First, 

0.012 mol NaAlO2 was dissolved into 50 mL 10 mM Na2SeO4 for 10 min (solution A). Ca(OH)2 

suspension was prepared using 0.024 mol Ca(OH)2 dissolved in 200 mL 10 mM Na2SeO4 (solution 

B). Then solution A was added into solution B to react for 1 h to avoid the SeO4-ettringite 

formation in a glovebox (95% N2, 5% H2, COY, M-160, USA). After washing 2 times by ultrapure 

water and freeze-drying for 12 h, powdery Ca2Al-LDH was obtained and stored inside the drying 

shelf for further use. 

 

5.2.2 Reaction of Ca2Al-LDH with amino acids 

First, 50 mg of Ca2Al-LDH was added into 50 mL decarbonized water at pH 11.0 without any 

amino acids to shake for an appropriate time from 0.5 h to 24 h at 25 ℃. The suspensions were 

collected at different time intervals using disposable syringes and solid residues were separated by 
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filtration using 0.2 μm membrane filters, and then drying solid samples for further characterization. 

The remaining Ca2+, Al(OH)4
-, and SeO4

2- concentrations in the solution were determined by ICP-

OES (2.1.1 section). The dissolved fraction of SeO4
2- was calculated by Eq. (5.1). 

Dissolution (%)  = Qt100/Q0                                                                                                     (5.1)   

where the Q0 (mmol/g) and Qt (mmol/g) are the initial amounts and final amount at t h of SeO4
2-, 

respectively.                                                                                                                      

Then, the reaction of Ca2Al-LDH with different amino acids including HPhe, HTrp, HGly, 

H2Asp, and H2Cys at a concentration range from 0 to 7 mM was performed in a glovebox to avoid 

contamination from CO2. 50 mg of Ca2Al-LDH was added into 50 mL of the above sole amino 

acid solution for 24 h at 25 ℃. The solution and solid samples were collected in the same manner 

as above to provide for the determination of dissolved species concentrations and solid 

characterization, respectively.  

 

Scheme. 5.1 Experimental procedure of Ca2Al-LDH(SeO4) with different amino acids. 
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5.2.3 Chemical analysis and solid Characterizations  

As shown in 2.1 and 2.2 sections. 

 

5.2.4 DFT simulation 

As shown in 2.3 section. 

Our density functional theory (DFT) simulation was performed to calculate the formation 

energies of the products in ion-exchanges of SeO4
2- with amino acids and of CO3

2- with amino 

acids by changing the reacted fractions. Considering the equivalent negative charges with SeO4
2-, 

H2Asp and H2Cys were selected as amino acids models in the present work to figure out their ion-

exchanging ability depending on the formation energies and the possible configurations of Ca2Al-

LDH including different anions. 

We treated the following states as valence electrons: 1s for H; 2s and 2p for C, N, and O; 3s and 

3p for Al and S; 3p and 4s for Ca; 4s and 4p for Se. Initial structural models were prepared as 

follows. Firstly, the structural model of positively charged hydroxides layers for Ca2Al-LDH was 

constructed for the computer simulation. The hydroxide layers of Ca2Al-LDH used in the 

simulations were set using atomic coordinates extracted from the previously reported crystal 

structure of hydrocalumite with the composition of [Ca8Al4(OH)24(CO3)(Cl)2·10H2O] (Sacerdoti 

and Passaglia, 1988). By removing the intercalated carbonate (CO3
2-) and chloride (Cl-) ions and 

water (H2O) molecules, an "empty" LDH model was created. Since the composition of the LDH 

layer is [Ca2Al(OH)6]
+, the number of Al atom corresponds to the positive charge of the empty 

LDH model. Secondly, SeO4
2-, CO3

2-, Asp2- and Cys2- anions are placed in the gallery space of the 

empty LDH with random positions and rotation angles by using the pymatgen python library (Ong 

et al., 2013) so as to neutralize the positive charges. Thus, more than ten simulated unit cells 

consisting of the positively charged hydroxide layers of [Ca2Al(OH)6]
+ and desired intercalated 

anions were constructed. 
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Relaxation of lattice constants and internal coordinates was performed until the residual stress 

and force decreased to 4 MPa and 1 meV/Å, respectively. The pymatgen python library was used 

to extract the structural information such as interlayer spacing and the number of chemical bonds 

from the optimized structures (Ong et al., 2013). The VESTA code was used to visualize the 

optimized structures (Momma and Izumi, 2011). 

The total energies of the Ca2Al-LDH incorporating the anions as well as those of H2Asp, H2Cys, 

H2SeO4, and H2CO3 neutral molecules were calculated to obtain the formation energies of the 

products in ion-exchange of SeO4
2- and CO3

2- with Asp2- and Cys2- as expressed as Eqs. (5.2)(5.5), 

where the values of x are 0, 0.5, and 1.  

Ca2Al(OH)6·0.5(SeO4)+0.5xH2Asp  Ca2Al(OH)6·0.5(1-x) SeO4·0.5xAsp+0.5xH2SeO4               (5.2)         

Ca2Al(OH)6·0.5(SeO4)+0.5xH2Cys  Ca2Al(OH)6·0.5(1-x)SeO4· 0.5xCys+0.5xH2SeO4              (5.3)         

Ca2Al(OH)6·0.5(CO3) +0.5xH2Asp  Ca2Al(OH)6·0.5(1-x)CO3·0.5xAsp+0.5xH2CO3                       (5.4) 

Ca2Al(OH)6·0.5(CO3)+0.5xH2Cys  Ca2Al(OH)6·0.5(1-x)CO3·0.5xCys+0.5xH2CO3                          (5.5) 

Moreover, ion-exchanging of SeO4
2- in ternary anionic systems (SeO4

2-/ CO3
2-/ amino acid) was  

also explored to predict the effect of CO3
2- on the release of SeO4

2- from Ca2Al-LDH in the 

presence of amino acids.  Formation energies of the products in Eqs. (5.6), (5.7) were simulated 

at x = 0 and 0.5. 

Ca2Al(OH)6·0.5(0.5SeO4·0.5Asp)+0.5xH2CO3   

 Ca2Al(OH)6·0.5((0.5-x)SeO4·0.5xCO3·0.5Asp)+0.5xH2SeO4                                                      (5.6) 

Ca2Al(OH)6·0.5(0.5SeO4·0.5Cys)+0.5xH2CO3   

 Ca2Al(OH)6·0.5((0.5-x)SeO4·0.5xCO3·0.5Cys) +0.5xH2SeO4                                          (5.7) 
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5. 3 Results and discussion 

5.3.1 Characterizations of synthesized Ca2Al-LDH 

The chemical formula of Ca2Al-LDH in a composition of 

Ca0.872Al0.402(OH)2.4(SeO4)0.093(CO3)0.063‧10H2O was obtained by combining with ICP-OES and 

CHN analytical results, indicating the molar ratio of Ca/Al is 2.17. Considering the difficulty to 

synthesize pure selenate-bearing hydrocalumite, SeO4
2- and CO3

2- co-intercalated hydrocalumite 

was obtained. The reagent NaAlO2 in which NaCO3 seems to be contained as an impurity caused 

the CO3
2- as an intercalator for the produced LDH. 
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Fig. 5.1 X-ray diffraction patterns of synthesized Ca2Al-LDH in a region of (a) 5° to 70°, (b) 8° 

to 12.5° in 2, (c) changes in XRD patterns of Ca2Al-LDH over suspending time in alkaline 

solutions. Symbols in (a): H, hydrocalumite (PDF#42-0063); P, portlandite (PDF#72-0156) and 

in (b): (A), Ca2Al-LDH (unknown); (B)~(D), Ca2Al-LDH(SeO4). 

 

Fig. 5.1(a) shows the XRD pattern of synthesized Ca2Al-LDH. The interlayer spacing at d003 

was 8.15 Å which was consistent with the previous reports by experimental studies (Baur and 

Johnson, 2003b; Baur et al., 2004). Two weak peaks of portlandite Ca(OH)2 (PDF # 72-0156) 

were also detected around 18.1° and 34.8° in 2θ. Due to the existence of CO3
2- derived from air, 

peak separation of 003 plane in Fig. 5.1(a) was carried out as shown in Fig. 5.1(b). There are four 
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components which can be assigned to (A) Ca2Al-LDH (unknown) at d003 = 7.93 Å, (B)~(D) Ca2Al-

LDH(SeO4) with different water molecule numbers in hydration of SeO4
2- at d003 = 8.11 Å, 8.31 

Å, and 9.81 Å (Baur and Johnson, 2003b; Zhang, 2003), where the component (A) should include 

SeO4
2- and CO3

2- possibly as intercalators. 

 

5.3.2 Suspension of Ca2Al-LDH in alkaline solution  

Changes in the released SeO4
2-, Ca2+, and Al(OH)4

- concentrations over time are shown in Fig. 

5.2(a)~(c) when the synthesized Ca2Al-LDH was suspended into alkaline solutions without any 

amino acids. Simple dissolution caused 0.34 mM SeO4
2- released from Ca2Al-LDH within 15 min, 

then the concentration gradually raised to 0.45 mM at the equilibrium around 6 h, where 4.4 mM 

Ca2+ and 1.8 mM Al(OH)4
- were dissolved. The pH values immediately increased from 11.0 to 

12.0 (Fig. 5.2(d)). This means Ca2Al-LDH is much more fragile than Mg2Al-LDH which in our 

previous report (Wang et al., 2021). 

Fig. 5.1(c) shows the changes in XRD patterns of the solid residues at different suspending time 

intervals in the absence of amino acids. After 15 min, the main peak position (003 plane) of Ca2Al-

LDH shifted from 10.7° to 9.14° in 2 corresponding to the interlayer spacing expanded from 8.15 

Å to 9.66 Å. The peak intensity at 9.14° in 2 increased from 15 min to 6 h and then partially 

shifted to 11.0° in 2 after 12 h. The dominant interlayer spacing of Ca2Al-LDH in the solid 

residues was always kept around 9.66 Å which is probably due to the hydration of SeO4
2- in 

interlayer without amino acids. Also, the interlayer spacing of Ca2Al-LDH(SeO4) is strongly 

dependent on the number of coordinated water molecules.   
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Fig. 5.2 Dissolution kinetics of (a) SeO4
2-, (b) Ca2+, and (c) Al(OH)4

- concentrations from 

synthesized Ca2Al-LDH and (d) pH after suspended into alkaline solutions without amino acids. 

 

The bond length of Se-O in SeO4
2- is around 1.644 Å and it can possess various bond length 

values when combined with different numbers of water molecules in the aqueous solution. It has 

been reported that the Se-O bond length was 1.674 Å for hexa-hydrated selenate, however, the 

length is changeable from 1.655 to 1.701Å for tri-hydrated selenate (Pye and Walker, 2011; 

Eklund and Persson, 2014). Therefore, when SeO4
2- is hydrated in LDH, the Se-O bond length 

tends to increase to different extents and is possible to expand the interlayer spacing of Ca2Al-

LDH. 
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5.3.3 Interaction of Ca2Al-LDH with amino acids 

After adding the synthesized Ca2Al-LDH into amino acids solutions at pH 11.0, the releasing 

behaviors of SeO4
2-, Ca2+ and Al(OH)4

- showed different trends compared with the blank test. As 

shown in Fig. 5.3(a), with increase in the concentrations of HPhe and HTrp to 5.0 mM, the released 

concentration of SeO4
2- was maintained around 0.47 mM which is close to in the blank, indicating 

that the HPhe and HTrp did not promote the release of SeO4
2- from Ca2Al-LDH. On the other hand, 

HGly, H2Asp, and H2Cys enhanced SeO4
2- releasing progressively with an increase in the 

concentrations, compared with in the blank (C0 for amino acid = 0). The equilibrated SeO4
2- 

concentrations reached 0.687 mM in H2Asp, 0.623 mM in HGly, and 0.592 mM in H2Cys which 

correspond to 73.8%, 66.9% and 63.7% in the original contents of SeO4
2- in LDH. In the presence 

of amino acids, the release of Ca2+ and Al(OH)4
- was lower than in the blank test, suggesting that 

amino acids might stabilize the hydroxide layer of Ca2Al-LDH (Fig. 5.3(b), (c)). HPhe and HTTrp 

molecules have one amino and one carboxyl group with an aromatic group in a side-chain that 

possesses the hydrophobic property. Under alkaline conditions, HPhe and HTrp are deprotonated 

to be Phe- and Trp- because of the pKa values of carboxyl groups. However, ion-exchange of SeO4
2- 

with Phe- and Trp- in interlayer spaces did not happen significantly, probably due to their larger 

molecular sizes and hydrophobicity. H2Asp, H2Cys, and HGly are relatively hydrophilic amino 

acids, where H2Asp and H2Cys are dissociated to Asp2-, Cys2- under alkaline conditions to cause 

the same negative charge numbers with SeO4
2-. While Gly would get one negative charge but it 

has the smallest molecular size making it more easily intercalated into Ca2Al-LDH. Based on the 

above properties of each amino acid molecule, HGly, H2Asp, and H2Cys might have promoted the 

release of SeO4
2- from Ca2Al-LDH interlayer through ion-exchange, this behavior affects the 

stability of SeO4
2- in Ca2Al-LDH. 
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Fig. 5.3 Plots of (a) SeO4
2-, (b) Ca2+, and (c) Al(OH)4

- concentrations dissolved from Ca2Al-LDH 

against the initial concentrations of amino acids. Dotted lines indicate the equilibrated 

concentrations in the absence of amino acids (C0 = 0). 
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Fig. 5.4 Sorption isotherms of HGly (▲), H2Asp (◆), H2Cys (▼), HPhe (■), and HTrp (●) onto 

Ca2Al-LDH. Solid lines indicate the fittings to Freundlich model.  

 

Since the partial dissolution happened with Ca2Al-LDH, the sorption data of amino acids onto 

Ca2Al-LDH were fitted to Freundlich model (Eq. (5.8)) rather than Langmuir model, as shown in 

Fig. 5.4. 

Qe = Kf Ce 
1/n                                                                                                                                                                                                 (5.8) 

where Ce (mM) is the equilibrium concentration, Qe (mmol/g) is the adsorption density, Kf 

represents the adsorption capacity, 1/n represents the adsorption intensity (0 < 1/n < 1). Fitting 

results are summarized in Table 5.1. The Freundlich sorption constants (Kf )  were in the order of 

HGly > H2Cys > H2Asp > HTrp > HPhe, indicating that HGly has a significantly higher affinity 

than other amino acids, especially compared with HPhe and HTrp (Yan et al., 2008; Chen et al., 

2010). The molecular size is more important to affect the intercalation than charge numbers, 

probably due to the different steric hindrance they caused (Santos et al., 2017). In HGly, H2Asp, 

and H2Cys series, they showed high adsorption densities which might be contributed by their 
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intercalation. This also implies that the possible mechanism to enhance SeO4
2- release from Ca2Al-

LDH by HGly, H2Asp, and H2Cys might be a partial substitution with SeO4
2- in the interlayer.   

Table 5.1 Fitting results to Freundlich isotherms in sorption of different amino acids on Ca2Al-

LDH. 

Amino acids Kf n R2 

L-phenylalanine 0.0024 3.99 0.967 

L-tryptophan 0.0044 3.92 0.932 

Glycine 0.2291 1.33 0.988 

L-aspartic 0.1057 1.62 0.978 

L-cysteine 0.1348 1.44 0.990 

 

5.3.4 XRD peak separation at 003 plane reflections for Ca2Al-LDH solid residues 

XRD patterns of each solid residue of Ca2Al-LDH after interacting with different amino acids 

were collected and its peak separation was performed to explore the effect of amino acids on the 

stability of SeO4
2- in Ca2Al-LDH as shown in Fig. 5.5. XRD patterns for Ca2Al-LDH after 

interacted with HGly, H2Asp, and H2Cys series were changed depending on the initial amino acids 

concentrations (Fig. 5.5(a)~(c)). As the loading amount of amino acids increasing, the 003 peak 

position was shifted to larger angles in 2 gradually. In all XRD patterns except for H2Asp-1 (Fig. 

5.5(b)), the largest layer spacing component at d003 = 9.81 Å (component (D)) disappeared while 

it was observed clearly in the blank test (Fig. 5.1(c)). Due to the relatively large adsorption 

amounts of HGly, H2Asp, and H2Cys in Ca2Al-LDH (Fig. 5.4) and their enhanced leaching effects 

on SeO4
2- (Fig. 5.3), amino acids should be considered as one of the intercalators in peak separation 

process. In the low concentration range of amino acids (from 0.00 to 0.03 mM), the adsorption 

amount of them almost can be ignored as shown in Fig. 5.4, hence, the intercalation of HGly, 

H2Asp, and H2Cys into Ca2Al-LDH seemed not occur in this range. Taking this into consideration, 

the separation of 003 peak in Fig. 5(a)~(c) was carried out in the same manner as the original 

material (Fig. 5.1(b)) which only include the component of Ca2Al-LDH(unknown) and Ca2Al-



Chapter 5 Environmental impact of amino acids on the release of selenate immobilized in 

hydrocalumite 
 

95 

 

LDH(SeO4). As the concentrations of amino acids increasing to [HGly]0  0.16 mM (HGly-3), 

[H2Asp]0  0.06 mM (H2Asp-3), and [H2Cys]0  0.03 mM (H2Cys-3), the main peak position 

started shift to larger diffraction angles. Also, the adsorption amount of them started increasing, 

there appeared two additional components after the separation of d003 with interlayer spacing in 

2 present as component (E) with 7.70 Å (11.5, 2) and component (F) with 7.83 Å (11.28, 2). 

Components of (B) and (C) were identified in the original material, but the peak assignment of 

(A), (E), and (F) are still unclear. At the highest concentrations of HGly and H2Asp, component 

(E) seems to have become the predominant phase which indicates the main intercalator has been 

transited from SeO4
2- to other anions.  
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Fig. 5.5 X-ray diffraction patterns of Ca2Al-LDH solid residues after suspended in different 

concentrations of amino acids. Component E, Ca2Al-LDH (amino acid, CO3) (d003 = 7.70 Å); F, 

Ca2Al-LDH (amino acid) (d003 = 7.83 Å); A, Ca2Al-LDH(unknown) (d003 = 7.93 Å); B, Ca2Al-

LDH(SeO4) (d003 = 8.11 Å); C, Ca2Al-LDH(SeO4) (d003 = 8.31 Å) and D, Ca2Al-LDH(SeO4) (d003 

(e) 
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= 9.81 Å).  Initial concentrations: (a) HGly-1, 0.01 mM; HGly-2, 0.04 mM; HGly-3, 0.16 mM; 

HGly-4, 0.27 mM; HGly-5, 0.37 mM; HGly-6, 0.58 mM; HGly-7, 0.69 mM; HGly-8, 1.0 mM; 

HGly-9, 6.8 mM,  

(b) H2Asp-1, 0.01 mM; H2Asp-2, 0.02 mM; H2Asp-3, 0.06 mM; H2Asp-4, 0.14 mM; H2Asp-5, 

0.27 mM; H2Asp-6, 0.35 mM; H2Asp-7, 0.44 mM; H2Asp-8, 0.61 mM; H2Asp-9, 0.97 mM; 

H2Asp-10, 5.15 mM,  

(c) H2Cys-1, 0.01 mM; H2Cys-2, 0.02 mM; H2Cys-3, 0.03 mM; H2Cys-4, 0.07 mM; H2Cys-5, 0.17 

mM; H2Cys-6, 0.24 mM; H2Cys-7, 0.54 mM; H2Cys-8, 0.63 mM; H2Cys-9, 2.89 mM; H2Cys-10, 

5.02 mM. 

(d) HPhe-1 0.04 mM; HPhe-2, 0.08 mM; HPhe-3 0.16 mM; HPhe-4, 0.39 mM; HPhe-5, 0.51 mM; 

HPhe-6,1.0 mM; HPhe-7, 5.0 mM. 

(e) HTrp-1, 0.04 mM; HTrp-2, 0.08 mM; HTrp-3, 0.25 mM; HTrp-4, 0.30 mM; HTrp-5, 0.50 mM; 

HTrp-6, 1.0 mM; HTrp-7, 5.0 mM. 

 

XRD patterns for the solid residues after suspension of Ca2Al-LDH in 05 mM HPhe and HTrp 

did not show the components (D), (E), and (F) at all. Considering the trace amount of adsorption 

of HPhe and HTrp in Ca2Al-LDH (as shown in Fig. 5.4), the intercalation of HPhe and HTrp 

should not be considered in the peak separation of XRD patterns for the solid residues. Therefore, 

there were still three components (A), (B), (C) of 003 reflections in all of XRD patterns as depicted 

in Fig. 5.5(d), (e), which are the same as original material. Based on the peak assignment in Fig. 

5.1(b), the components of (B) and (C) are assigned to Ca2Al-LDH(SeO4) (d003 = 8.11 Å) and 

Ca2Al-LDH(SeO4) (d003 = 8.31 Å) with different hydrations, and the component (A) is assigned 

to Ca2Al-LDH(unknown) (d003 = 7.93 Å).  

For a better understanding of the components of (E) and (F), which were observed in Fig. 

5.5(a)~(c), DFT simulations were performed. Since there are similar trends in changes of XRD 

patterns between HGly and H2Asp series but different from H2Cys series, anions of Asp2-, Cys2-, 

SeO4
2- and CO3

2- in solutions were selected to simulate the possible interactions among anions in 

Ca2Al-LDH and the corresponding interlayer spacings as well as formation energies. Under the 

present alkaline condition, H2Asp and H2Cys were dissociated to be Asp2- and Cys2-. In the unit 

cell of Ca2Al(OH)60.5SeO4, the ion-exchange of amino acids with SeO4
2- was simulated in Fig. 

5.6(a), (b). Atomic and electronic structure calculations predicted that SeO4
2- is preferable to 
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remain in the interlayer of Ca2Al-LDH than Asp2- and Cys2- because the greater x values lead to 

the larger formation energies. Since CO3
2- also was included in the unit cell of Ca2Al(OH)60.5CO3, 

the ion-exchange of Asp2- and Cys2- with CO3
2- also was calculated by changing x values as shown 

in Fig. 5.6(c), (d). In the unit cell of Ca2Al(OH)60.5(1-x)CO30.5xAsp at x = 1 after intercalation 

of Asp, the formation energies were lower than Ca2Al(OH)60.5(1-x)CO30.5xCys at x = 1. This 

indicates that Asp2- can be more easily ion-exchanged than Cys2-, and that Asp2- is likely to occupy 

the adsorption sites in the interlayer of Ca2Al-LDH than CO3
2-. Therefore, based on the above 

results, the selectivity of ion-exchange sites in Ca2Al-LDH interlayer can be expected in the order 

of SeO4
2-  Asp2-  Cys2-  CO3

2-. 

Regarding possible combinations of a couple of anions in the unit cell of Ca2Al(OH)6(X, Y) 

including different configurations of amino acids, SeO4
2- and CO3

2-, the distribution of interlayer 

spacing values in angstrom (Å) were obtained as shown in Fig. 5.7. When the single anion exists 

in one unit cell, there were four systems of Ca2Al-LDH including Ca2Al(OH)60.5Asp, 

Ca2Al(OH)60.5Cys, Ca2Al(OH)60.5CO3, and Ca2Al(OH)60.5SeO4. For Ca2Al(OH)60.5Asp and 

Ca2Al(OH)60.5Cys, the calculated values were distributed in wider ranges of interlayer spacing 

of 7.3 to 9.5 Å and 7.2 to 9.0 Å (Fig. 5.7(a),(d)), respectively, than inorganic anions intercalated 

LDH (Fig. 5.7(g)~(i)). Ca2Al(OH)60.5CO3 and Ca2Al(OH)60.5SeO4 showed a relatively narrow 

range of interlayer spacing with 6.2 to 6.5 Å and 7.5 to 8.1 Å, respectively. This indicates amino 

acids molecules are in a large variety of configurations in LDH layers. When the mixed anions 

exist in one unit cell (x = 0.5), including amino acids, four systems also were calculated. In the 

unit cell of Ca2Al(OH)60.5(1-x)SeO40.5xAsp (x = 0.5) and Ca2Al(OH)60.5(1-x)SeO40.5xCys (x 

= 0.5), interlayer spacing of 7.7 to 8.5 Å (Fig. 5.7(b)) and 7.5 to 8.3 Å (Fig. 5.7(e)) were obtained, 

which were larger than pure SeO4
2-

 systems but smaller than pure Asp2- and Cys2- systems. In the 

system of amino acids mixed with CO3
2-, 6.9 to 8.3 Å for Asp2- (Fig. 5.7(c)) and 6.9 to 8.4 Å for 

Cys2- (Fig. 5.7(f)) which are a little bit smaller than SeO4
2- mixed with amino acids. Notably, there 
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is a trend that as the interlayer spacing increasing, the formation energy also increased. The wide 

ranges distribution of spacing may lead to the entropy contribution to free energy. This may 

stabilize the amino acids-including systems. 

 

 

Fig. 5.6 Formation energies of (a) Ca2Al(OH)6·0.5(1-x)SeO4·0.5xAsp, (b) Ca2Al(OH)6·0.5(1-

x)SeO4·0.5xCys, (c) Ca2Al(OH)6·0.5(1-x)CO3·0.5xAsp, and (d) Ca2Al(OH)6·0.5(1-

x)CO3·0.5xCys, (x = 0, 0.5, 1) via the ion-exchange reactions of SeO4
2- and CO3

2- with Asp2- and 

Cys2-.  The schematic structures with the lowest formation energies are illustrated in the insets. 
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Fig. 5.7 Total energies plotted against interlayer spacing for Ca2Al-LDH including (a) Asp2-, (b) 

Asp2--SeO4
2-, (c) Asp2-- CO3

2-, (d) Cys2-, (e) Cys2-- SeO4
2-, (f) Cys2-- CO3

2-, (g) SeO4
2-- CO3

2-, (h) 

SeO4
2-, (i) CO3

2-. 

 

Here, we selected interlayer spacing with the lowest formation energy in each system to 

compare with our experimental results in Fig. 5.5(c)(e). Taking into account the anhydrous 

systems in the present simulation, the involvement of water molecules in the real system should 

affect the interlayer spacing through the host-guest interaction as well as water molecules supply 

a more flexible space (Yan et al., 2009; Brian et al., 2016). So the computational interlayer values 

in anhydrous state should be smaller than the experimental results. Therefore, the component (F) 

in Fig. 5.5 can be possibly assigned to d003 of 7.35 Å in Ca2Al-LDH(Asp) and 7.20 Å in Ca2Al-

(a) Asp
2- (b) Asp

2-
-SeO4

2-
(c) Asp

2-
-CO3

2-

(d) Cys
2-

(e) Cys
2-

-SeO4
2-

(f) Cys
2-

-CO3
2-

(g) SeO4
2-

-CO3
2-

(h) SeO4
2-

(i) CO3
2-
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LDH(Cys) in DFT simulation (Fig. 5.7 (a), (d)). The d003 is smaller in component (E) than 

component (F), so the smaller interlayer spacing values from computational results in Fig. 5.7 (c) 

of 7.0 Å and Fig. 5.7 (f) of 7.3 Å are likely to be assigned. The differences between simulated 

interlayer spacings and experimentally obtained values are 0.4 - 0.7 Å. In addition to the water 

molecules effect, the more complex stacking modes of the layers than simplified unit cell also 

contributed to the differences. Therefore, based on the above analysis, peak assignments of (E) 

and (F) in Fig. 5.5(c)~(e) are likely to be Ca2Al-LDH(Gly/Asp/Cys+CO3) and Ca2Al-LDH 

(Gly/Asp/Cys), respectively. Pure Ca2Al-LDH(CO3), where sole CO3
2- is an intercalator in a unit 

cell of LDH, was excluded from the peak assignments here because the simulated values are too 

small far from the observed values. 

Further, the converged configurations of Ca2Al(OH)60.25xCO30.5Asp (x = 0.5), 

Ca2Al(OH)60.25CO30.5Cys (x = 0.5), Ca2Al(OH)60.5Asp (x = 1), and Ca2Al(OH)60.5Cys (x = 

1) showed the possible interaction of Asp2- and Cys2- between Ca2Al-LDH sheets in Fig. 5.8. 

Hydrogen bonds can be formed through carboxyl and amine groups in amino acids to hydroxide 

layers, and also Ca-O bonds can be created through the oxygen atoms in the carboxyl groups of 

amino acids with Ca atoms in [Ca2Al(OH)6]
+. Formation of chemical bonds of Ca-O between the 

carboxyl groups and Ca atoms in LDH has been predicted by DFT at the first time as long as we 

know, although it has been predicted by the single crystal XRD (Renaudia et al., 1999). Such a 

formation of Mg-O chemical bond was not predicted in hydrotalcite (Mg2Al-LDH) by DFT (Wang 

et al., 2021), because the atomic size of Ca is enough large to be bared on the hydroxide layers of 

LDH (Fig. 5.8(c), (d)). These chemical bonds promoted amino acids molecules oriented in a 

horizontal direction with their longest axis approximately parallel to the plane of the 

[Ca2Al(OH)6]
+. Unexpectedly, direct interaction between amino acids molecules and CO3

2- was 

not predicted in binary systems of Asp2--CO3
2- and Cys2--CO3

2-
 (Fig. 5.8(a), (b)). Neither chemical 
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bonds nor hydrogen bonds were projected through thiol groups (-SH) in H2Cys and the hydroxide 

layers [Ca2Al(OH)6]
+ to stabilize the unit cell of Ca2Al(OH)60.5Cys (Fig. 5.8(d)). 

 

 

Fig. 5.8 Simulated results of different anions in a model of Ca2Al-LDH without water molecules. 

The dashed and solid lines indicate hydrogen bonds and Ca-O bonds, respectively. (a) Asp2-- CO3
2-, 

(b)Cys2--CO3
2-, (c) Asp2-, (d) Cys2-. 

 

5.3.5 Effect of CO3
2- on the release of SeO4

2-  

The changes in relative XRD intensities of each component depending on the sorption densities 

of amino acids were analyzed to further confirm the peak assignment and SeO4
2- unstabilizing 

mechanism. To observe the compositional trends of each interlayer anion depending on amino 

acids loading amounts into Ca2Al-LDH, relative intensities of d003 in XRD (Fig. 5.5) were plotted 

against the Qe values (Fig. 5.4) as shown in Fig. 5.9. 
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Fig. 5.9 Plots of relative intensities of each XRD peak components in d003 derived from Ca2Al-

LDH solid residues after reaction with different concentrations of amino acids against Qe values. 

, Ca2Al-LDH (SeO4, CO3) (d003 
= 0.793 Å), corresponding to (A) in Fig. 5.5; , Ca2Al-

LDH(SeO4) (d003 = 0.811 Å), corresponding to (B) in Fig. 5.5; , Ca2Al-LDH(SeO4) (d003 = 0.831 

Å), corresponding to (C) in Fig. 5.5; , Ca2Al-LDH(SeO4) (d003= 0.981 Å), corresponding to (D) 

in Fig. 5.5; , Ca2Al-LDH (amino acid, CO3) (d003= 7.70 Å), corresponding to (E) in Fig. 5.5; , 

Ca2Al-LDH (amino acid) (d003 = 7.83 Å), corresponding to (F) in Fig. 5.5. 
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Fig. 5.10 Formation energy in different systems after ion-exchange of CO3
2- with SeO4

2-.  

(a) Ca2Al(OH)3·0.5(0.5-x)SeO4·0.5xCO3·0.5Asp,   

(b) Ca2Al(OH)3·0.5(0.5-x)SeO4·0.5xCO3·0.5Cys and in the absence of amino acids,  

(c) Ca2Al(OH)3·0.5(1-x)SeO4·0.5xCO3 (x = 0, 0.5). 

 

HPhe and HTrp were almost not intercalated in the interlayer of Ca2Al-LDH (Qe ~ 0 in Fig. 

5.9(d), (e)). Even at the highest initial concentrations of HPhe and HTrp, SeO4
2- was still 

maintained 64% in Ca2Al-LDH (Fig. 5.3(a)). However, the relative intensities of two 

configurations (B), (C) of Ca2Al-LDH(SeO4) decreased in HGly, H2Asp, and H2Cys series as the 

sorption densities (Qe) of amino acids increased (Fig. 5.9(c)~(e)). The relative intensities of Ca2Al-

LDH(amino acid, CO3) also increased in HGly and H2Asp series with an increase in Qe, but not 

significant in H2Cys series (Fig. 5.9(c)). Saturated relative intensities of Ca2Al-LDH(Asp, CO3) 

and Ca2Al-LDH(Gly, CO3) reached 79.7% and 76.5%, respectively. This indicates not only amino 

acids intercalation happened but also CO3
2- was induced to substitute with SeO4

2- from Ca2Al-
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LDH. In the H2Cys series, the relative intensities of Ca2Al-LDH(Cys, CO3) was 30%. However, 

the adsorption amount of H2Cys showed a little bit larger value than H2Asp in Fig. 5.4, therefore, 

the difference should be caused by the intercalating amount of CO3
2- which is suppressed in the 

presence of H2Cys. Therefore, to verify this hypothesis, the formation energies of trinary system 

Ca2Al-LDH(SeO4, CO3, amino acids) and binary system Ca2Al-LDH(SeO4, CO3) were predicted 

by DFT simulation, as shown in Fig. 5.10. The lowest formation energies after CO3
2- ion-

exchanged with SeO4
2- in the presence of H2Asp and H2Cys were 19.3 and 21.4 kJ/mol (x = 0.5), 

respectively, which are smaller than 27.6 kJ/mol without amino acids. This means the substitution 

of CO3
2- with SeO4

2- was slightly more facilitated by the presence of H2Asp and H2Cys, 

furthermore, the presence of H2Asp was prone to induce more CO3
2- than H2Cys. This suggests 

the presence of “reactive” amino acids like HGly, H2Asp, and H2Cys might affect unstabilize 

SeO4
2- in Ca2Al-LDH. 

 

5.4 Conclusions  

In the present study, the stability of hazardous SeO4
2--bearing hydrocalumite in the presence of 

different amino acids was investigated by experimental observation integrated with DFT 

simulation.  

(1) In the absence of amino acids, the simple dissolution of SeO4-intercalated Ca2Al-LDH 

caused 0.44 mM SeO4
2- release corresponding to 48.3% of the initially existing SeO4

2- in Ca2Al-

LDH. HGly, H2Asp, and H2Cys enhanced the release of SeO4
2- from Ca2Al-LDH, reached 73.8 % 

at the maximum by ion-exchange with SeO4
2- as well as simple dissolution. While almost no 

intercalation of HPhe and HTrp happened with Ca2Al-LDH even though at a high concentration 

of 5 mM due to their large molecular sizes and more hydrophobic property.  

(2) The 003 reflections of XRD patterns for Ca2Al-LDH after reacted with HGly, H2Asp, and 

H2Cys were analyzed by peak separation into four components. Combing with DFT simulation, 
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peak assignment of Ca2Al-LDH(amino acid) with d003 = 7.83 Å, Ca2Al-LDH(amino acid, CO3) 

with d003 = 7.70 Å were determined. The amino acids molecules are predicted to stabilize in the 

horizontal orientation in Ca2Al-LDH interlayer through the formation of Ca-O and hydrogen 

bonds between amino acids and hydroxide layer [Ca2Al(OH)6]
+.  

(3) The intercalation of CO3
2- might also contribute to the release of SeO4

2- through ion-

exchanging. But the presence of H2Asp facilitated the substitution between them and was prone 

to more stably co-exist with CO3
2- than H2Cys, supported by DFT prediction.  

Comprehensively, “reactive” amino acids such as HGly, H2Asp, and H2Cys enhanced the 

release of SeO4
2- from Ca2Al-LDH by unstabilization of hydroxide layers and ion-exchange in 

interlayer.  
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Chapter 6 Leaching behavior of anionic pollutants from fly ash blended 

cement in the presence of selected amino acids 

6.1 Introduction  

Fly as blended cement can be a good model to simulate selenium immobilized in hydrocalumite, 

which is produced in an aging period. Fly ash including selenium in some extent, is produced from 

coal power plants and the worldwide generation of it is in a large amount (WWCCPN, 2011). The 

rich amount of lime (CaO), silica (SiO2), alumina (Al2O3), and iron oxide (Fe2O3) in fly ash make 

it either exhibit self-cementing capabilities by reacting with water or react with an activator to 

produce supplementary cementitious compounds. During these process, hydration reaction would 

like to happen to produce hydration products, like hydrocalumite (Ca4Al2(OH)12SO46H2O), 

ettringite (Ca6Al2(OH)12(SO4)326H2O), and calcium silicate hydrate (C-S-H) which contribute to 

the solidification/stabilization (S/S) of anionic species (Guo et al., 2019; Sasaki et al., 2021). 

Therefore, it can be used in waste S/S mixing with cementitious materials and construction projects 

to reduce construction costs, save valuable landfill spacing and reuse waste resources (Li et al., 

2001; Izquierdo and Querol, 2012). However, the usage of fly ash in cementitious materials may 

cause new environmental problems due to they usually contain harmful heavy and trace elements 

(Akar et al., 2012; Lu et al., 2019; Mahedi and Cetin, 2019; Sasaki et al., 2021). Some of them 

like Se, As, B, Cr, and F species have received significant attraction due to they are in high mobility 

and harmful to humans, animals as well as plants. And also the changing of environment can cause 

the leaching behavior of hazardous elements. Halim C.E et al. (2003) investigated the parameters 

which can affect the leaching behavior of elements in cementitious materials, especially pH 

controls the leachability of Pb and Cd through affecting their solubility. Same thing also is 

confirmed by Malviya and Chaudhary (2006).  
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Therefore, the affecting factors to the stability of pollutants should be clear. In the hydration 

process of fly ash mixing with cement, the amount of calcium (Ca) contributes to the alkaline 

condition of the hydration system where great majority heavy and trace elements present a pH-

dependent solubility (Reardon and Della Valle, 1997; Izquierdo and Querol, 2012)(Maria,2012). 

The presence of Ca dictates of the formation of ettringite, hydrocalumite and other secondary Ca-

hydrated phases which paly an irreplaceable role in the incorporation and immobilization of Se, 

As, B, Cr and F elements. Ca exists in fly ash in a large amount of presence, especially provided 

from lime. The leaching concentrations of Ca are in a wide range over several orders of magnitude 

but Ca is not considered as an element of concern. Therefore, different Ca additives have been 

studied to explore their inhibition mechanisms. Guo et al. (2019) selected lime, gypsum, slag, and 

60% hydroxylated calcined dolomite (HCD 60) to mix with coal fly ash, the additives of Ca not 

only as the alkaline sources but also contributed to the formation of ettringite as well as 

precipitation of calcium salts. Guo and Reardon (2012) used calcined dolomite to reduce the 

leaching concentrations of oxyanions from fly ash, the results showed the formation of 

hydrocalumite and hydrotalcite were the main suppression mechanisms. Tian et al. (2019) 

compared hydroxylated calcined dolomites (HCD60) (Ca(OH)2, 60% Mg(OH)2, 40% MgO) and 

HCD100 (Ca(OH)2, 100%Mg(OH)2) and lime additives on the leachability anionic species from 

fly ash, which implied that HCD60 and HCD100 showed better results than sole lime. The exist 

of Mg(OH)2 and MgO produced more hydration products which act as effective candidates for 

anionic elements. However, their leach-ability after adding additives still should be determined. 

In the real field, geochemical properties and intrinsic properties of the cement blocks affect the 

leaching ability of hazardous elements. Therefore, the effects of amino acids on the leaching 

behavior of anionic species should be examined. 

In this work, the leaching behaviors of anionic species from fly ash blended cement blocks were 

investigated under SOM existing conditions. SOM possess complicated structures and different 
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molecular weights, so amino acids were selected as simplified models. Here, we selected cement 

blocks after added different additives including lime (Ca(OH)2), gypsum (CaSO4), metal clear 

(HCD60) as Ca sources. The leaching behaviors of Se(Ⅳ), As(Ⅴ), B(Ⅲ), Cr(Ⅵ), and F- from 

cement blocks were evaluated in amino acids solutions with pH 4.7 and 12.0. This work is 

corresponding with our lab scale model experiment about hydrocalumite (Se). 

 

6.2 Experimental 

6.2.1 Materials 

Fly ash was provided by an anonymous thermal power plant in Japan. Elemental compositions 

were determined by X-ray fluorescence spectroscopy (XRF, Rigaku ZSX Primus Ⅱ, Tokyo) as 

shown in Table 6.1: 0.70 MgO, 24.68 Al2O3, 59.44 SiO2, 0.53P2O5, 0.73 SO3, 1.87 K2O, 2.30 

CaO, 2.23 TiO2, 0.08 MnO, 6.69 Fe2O3, 0.06 V2O5, 0.01 Cr2O3. From Table 6.2, the leaching 

concentration of Cr(Ⅵ) and Se(Ⅳ), were detected much higher than regulatory limits which 

indicates the existing risks of fly ash application. Blast furnace cement (type B, around 10 μm) 

which contains 46.44% blast furnace slag was used in this work. Three Ca additives, lime 

(Ca(OH)2), gypsum (CaSO4), metal clear (HCD60) were selected.  

Table 6.1 Elemental composition of fly ash in the present work (wt%). 

Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 MnO Fe2O3 V2O5 others 

0.72 0.89 23.94 50.93 0.28 1.48 2.57 4.47 2.46 0.18 11.24 0.10 0.74 

 

All amino acids in this work including L-cysteine (Cys, C3H7NO2S, 99%), L-aspartic acid (Asp, 

C4H7NO4, 99%), glycine (Gly, C2H5NO2, 99%), L-tryptophan (Trp, C11H12N2O2, 99%), and L-

phenylalanine (Phe, C9H11NO2, 99%) are used in a special grade. For high performance liquid 

chromatography (HPLC) analysis, the phenyl isothiocyanate (PITC, 98%) in a special grade, 

acetonitrile, methanol, n-hexane in HPLC grade were used. All the solutions were prepared using 
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decarbonized Milli-Q water (integral water purification system, Millipore) boiled with purging N2 

gas for 2 h.  

Table 6.2 Leaching results of the original fly ash. 

 Cr/ppm As/ppm Se/ppm F/ppm B/ppm 

FA 0.240 0.025 0.57 3.3 2.1 

No.46 ≤ 0.05 ≤ 0.01 ≤ 0.01 ≤ 0.8 ≤ 1 

(No.46: Environemntal announcement No.46 (Japan); Maximum Concentrations Limit (MCL).) 

 

6.2.2 Preparation of fly ash blended cement blocks 

Cement blocks containing 40 kg/m3 each above Ca additives were prepared to enhance the 

immobilization of hazardous elements in fly ash. Therefore, in this work, standard cement block 

(S) means without any Ca additives. With 40 kg/m3 Ca(OH)2, CaSO4, and metal clear additives, 

the fly ash-blended cement blocks are expressed in C40, G40, and M40 series, respectively. The 

solid/water mass ratio was fixed to 0.323, as shown in Table 6.3. The required amounts of cement, 

fly ash, and Ca additives were mixed using a Hobart type mixer N50 (Hobart Japan, Tokyo, Japan) 

for 15 s. Subsequently, water was added to the mix for 30s, and the mixture was kneaded for 120 

s. the product was packed in a mold with 5.0 cm and 10.0 cm diameter and height, respectively, 

and compacted on a table vibrator to remove air bubbles for the specimen preparation. After 

compaction, the sealing cure was performed at 20 ℃ under 60% of humidity until it aged 2 days. 

After demolding, curing was performed in water at 20℃ for 28 days. The cured cement blocks 

were separately ground into samples under 280 mesh (53 μm) to supply for XRD and TCLP test 

according to the Environmental Agency Notification No.46 in Japan. 
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Table 6.3 Added amount of each material to prepare the fly ash blended cement blocks (kg/m3). 

 S C40 G40 M40 

Water 424 424 424 424 

Cement 94 94 94 94 

Fly ash No.8 1219 1219 1219 1219 

Ca additives 0 40 40 40 

 

6.2.3 Dissolution test 

According to Environmental Agency Notification No. 46 in Japan, toxicity characteristic 

leaching procedure (TCLP) test where the ratio of ground solid powder to aqueous solution (S/L) 

is 10.0 was conducted to determine the leaching concentrations of anionic species from raw fly 

ash. The TCLP was followed as a regulatory tool to determine whether the cement blocks waste 

could be classified as hazardous or not.  

The solution pH for TCLP was adjusted to 4.7 using 1 mM acetate buffer. 5 mM of five amino 

acids, HTrp, HPhe, HGly, H2Asp, and H2Cys were included in the leaching solution. To simulate 

the alkaline condition, the solution at pH 12.0 was also prepared by direct using 3 M NaOH. 

Capped polypropylene centrifuge tubes were used to perform the extraction experiments where 1g 

ground cement blocks powder was suspended into 10 mL prepared solution rotating at 200 rpm 

25 ℃ for 6 h according to Environmental Agency Notification No.46 in Japan. All experiments 

were carried out in duplicate. After rotation, the leachate solutions were kept and solid residues 

were filtered through 0.45 μm pore size disposable filter and then dried for further analysis. The 

leachate was provided to measure pH and hazardous elements. 

6.2.4 Chemical analysis and solid characterizations 

The Se, As, B, and Cr concentrations were measured using ICP-MS (2.1.2 section). IC (2.1.3 

section) was used to determine the concentration of F. XRD patterns of solid samples were 
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collected (2.2.1 section). For XRD measurement, Rietveld method using corundum (α-Al2O3) as 

an internal standard was used to determine the mass contents in each phase.  

 

6.3 Results and discussion 

6.3.1 Characterization of fly ash blended cement powder with different Ca additives 

Following the previous work (Sasaki et al., 2021), the cement, fly ash and different Ca additives 

including lime, gypsum, and metal clear were mixed for curing 28 d to get the fly ash blended 

cement blocks. As usual, the pozzolanic reaction in the mixing system of cement, fly ash, and Ca 

additives was happened and related XRD patterns of each series were shown in Fig. 6.1.  

Ettringite was formed in each system with the (100) plane at 9.0 ° in 2, (110) plane at 15.7° in 

2. The hydrocalumite also was formed with the main peak of (002) plane at 11° except in G40 

series. A very broad peak appeared around 25° (2) in all series which is assigned to (004) due to 

pozzolanic reaction. In the presence of lime, hydrocalumite was well developed than ettringite, 

while in the presence of gypsum, only ettringite was formed. This indicates the formation of 

hydrocalumite is induced by Ca additives, the sufficient CaSO4
 facilitated the formation of 

ettringite but if CaSO4 was consumed, ettringite will be converted to hydrocalumite(SO4) 

(Christensen et al., 2004). Ettringite and hydrocalumite are well known for their ion-exchange 

ability, thus depending on the anionic species in cement systems, the different anions can be 

immobilized into them (Guo et al., 2017; Guo et al., 2019; Sasaki et al., 2021). Furthermore, the 

phase transformation between ettringite and hydrocalumite also probably happens. 
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Fig. 6.1 XRD patterns of four cement blocks with S, C40, G40, M40 additives curing for 28 d. 

 

6.3.2 Effects of pH on the leaching ability of anionic species without amino acids 

According to previous works (Guo et al., 2019; Sasaki et al., 2021), the mainly leaching species 

of each element from initial fly ash should be SeO3
2-, CrO4

2-, AsO4
3-, B(OH)4

-, and F-. These 

undesirable elements of four cement blocks were determined using TCLP test without any amino 

acids under pH 4.7 and 12.0 as shown in Fig. 6.2. The blue dash lines represent the criteria values 

for cement leaching.  

 Under pH 4.7, after added Ca additives, the releasing concentrations of Se, As, B, and Cr were 

reduced. Moreover, As, B, Cr in C40 series, B and Cr in M40, and B, F in G40 were lower than 

the MCL. Therefore, the additives of Ca and Mg resulted in immobilization to some extent, 

especially, the leached concentration of B was reduced in all the series. In the cement systems, Ca 
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was in an excess amount which was enough to produce insoluble Ca salts. Therefore, except the 

coprecipitation of anionic species in ettringite and hydrocaumite, the precipitation of Ca3(AsO4)2 

(Ksp = 6.4 × 10-19), CaSeO3 (Ksp = 5.4×10-8), CaF2 (Ksp = 4.0× 10-11) also contributed their removal 

in the presence of cement and Ca additives. According to previous works, B(OH)4
- is difficult to 

precipitate to be Ca salt but the ettringite was found significantly contributed to its immobilization 

than hydrocalumite (Kumarathasan et al., 1989; Duchesne and Reardon, 1999; Qiu et al., 2015; 

Guo et al., 2019; Sasaki et al., 2021). Under pH 4.7 after 6 h, the final pH of S-Blank, C40-Blank, 

G40-Blank, and M40-Blank were increased to 9.39, 11.06, 9.20, and 10.65, separately. Mynenia 

et al. (1998) explored the effects of pH on the solubility of ettringite, which indicated below pH 

10.7 ettringite still can exist but was influenced by gypsum and Al-hydroxide until at near neutral 

pH the complete dissolution would like to happen. 

To analyze the amount of ettringite and hydrocalumite quantitively, the Rietveld method was 

applied to the mixture of each cement solid residues including corundum (α-Al2O3) in 10% as an 

internal standard in XRD (Fig. 6.1). After added different additives, the amounts of ettringite in 

each solid residue were different. With G40, the content of ettringite in cement blocks was reached 

6.09% which is higher than with S (2.16%), M40 (1.81%), and C40 (1.09%) series (Fig. 6.8). 

While in each blank tests without amino acids, the amounts of ettringite were corresponded to S 

(1.20%), C40 (0.85%), G40 (1.52%), and M40 (1.23%). In the presence of C40 and M40, 

hydrocalumite were formed around 6.08 % and 4.12%, separately, which were much higher than 

without any additives. In G40 series all of SO4
2- and Ca were consumed to form ettringite.  

However, the excess amount of SO4
2- in G40 series provided for ettringite formation and also plays 

a competitive role with Se, As, B, and Cr in ettringite adsorption sites (Guo et al., 2017), so even 

though the amount of ettringite was large, the leaching of Se, As, B, Cr were still higher than C40 

and M40. In all of the series, the leaching of F- was lower than the MCL, this might be caused by 

the CaF2 (Ksp 4.0 10-11) formation (Guo et al., 2019). 
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In S, C40, G40, and M40 series, the release of Se, As, B, and Cr from cement were decreased 

with the increase of initial pH from 4.7 to 12.0, while F increased (Fig. 6.2). This indicates that 

the alkalization of cement system strongly affects the immobilization of Se, As, B, Cr, and F 

(Sasaki et al., 2021). Under pH 12.0, As, B, Cr in all of the series (C40, G40, M40) were below 

the MCL, while Se and F were always higher than the MCLs in any series. In XRD for the ground 

fly ash blended cement (Fig. 6.7), at the higher initial pH condition, the peak of ettringite and 

hydrocalumite still exist in some amount to contribute to the reducing of Se, As, B, and Cr (Fig. 

6.2). However, the releasing of Se in all series were higher than the MCL due to its higher mobility. 

The anion exchange selectivity is in the order of AsO4
3- > SeO3

2- > B(OH)4
- > CrO4

2- > F- in 

ettringite (Myneni et al., 1998; Zhang and Reardon., 2003; Guo et al., 2017; Sasaki et al., 2021), 

and AsO4
3- > SeO3

2- > SO4
2- > CrO4

2- > F- > B(OH)4
- in hydrocalumite (Thesis et al., 2013; Sasaki 

et al., 2021). Usually, the immobilization of anionic species in hydrocalumite is accompanied with 

dissolution-precipitation (DR) mechanism due to its higher solubility, hence, under alkaline 

condition, the precipitation ability of F- in ettringite and hydrocalumite was small. 
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Fig. 6.2 Leaching results of (a) Se, (b) As, (c) B, (d) Cr, and (e) F from the ground cement powders 

S, C40, G40, M40 under pH 4.7 and 12.0 without adding any amino acids.   

 

6.3.3 Effects of the amino acids on the leaching ability of anionic elements under different pH 

conditions 

The leaching of anionic species SeO3
2-, AsO4

3-, B(OH)4
-, CrO4

2-, and F- of each cement blocks 

solid residue were detected in the presence of 5 mM HGly, H2Asp, H2Cys, HPhe, and HTrp, shown 

in Fig. 6.3 (pH 4.7) and Fig. 6.4 (pH 12.0). Under initial pH 4.7, amino acids showed different 

influences on the leaching of anionic species. H2Asp enhanced the release of SeO3
2-, AsO4

3-, 

B(OH)4
-, and CrO4

2- in S, C40, G40, and M40 series in different extents, while for F species 

showed suppressing effects. For Se (Fig. 6.3(a)), H2Asp and HGly promoted the releasing of it in 

all series. Meanwhile,  in S and G40 series, H2Cys played an inhibiting role, the leaching 

concentration of Se decreased from 2.89 μM to 1.76 μM compare with blank. 
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Fig. 6.3 Leaching results of (a) Se, (b) As, (c) B, (d) Cr, and (e) F, from S, C40, G40, M40 ground 

cement powder after TCLP tests with different amino acids H2Asp, HGly, H2Cys, HPhe and HTrp 

under pH 4.7. 

 

 After 6 h suspension, the final pH was increased to be weakly alkaline shown in Fig. 6.5(a) 

because of simple dissolution of hydrocalumite and ettringite at acidic conditions. Under neutral 

and weakly alkaline conditions, H2Cys is likely to be oxidized in which the disulfide bond (S-S) 

between two cysteine molecules will be formed and produce cysteine dimers. Therefore, during 

the oxidization of H2Cys, the reduction of SeO3
2-/SeO4

2- might have happened. The related 

reactions with the standard oxidation-reduction potential (E0) are presented in Eqs. (6.1)(6.3). 

The value E0 of Eq. (6.1) is -0.23 V which is lower than E0 in Eq. (6.2), but higher than Eq. (6.3). 

This means in the initial fly ash material, SeO3
2- is the main form of Se but still SeO4

2- in the minor. 

But in C40 and M40 series, leached Se decreased. That might be caused by the addition of C40 

and M40, resulting in the immobilization of Se by formation of hydrocalumite. The dissolved 

concentration of Se might be not enough to contact with H2Cys to happen oxidization-reduction 
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reaction. On the other side, SO4
2- is competitive ion with SeO3

2-, AsO4
3-, and CrO4

2- to incorporate 

into ettringite or form Ca precipitates, which caused further dissolution of them in G40 series. 

2C3H7NO2S = C6H12N2O4S2+ 2e+ 2H+
       (E0 = -0.23 V)                                                                                                          (6.1) 

SeO4
2- + H2O + 2e = SeO3

2- + 2OH-            (E0 = 0.05 V)                                                                       (6.2) 

SeO3
2- + 3H2O + 4e = Se0 + 6OH-                 (E0 = -0.366 V)                                                                        (6.3) 
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Fig. 6.4 Leaching results of (a) Se, (b) As, (c) B, (d) Cr, and (e) F from ground cement powders S, 

C40, G40, M40 with different amino acids H2Asp, HGly, H2Cys, HPhe and HTrp under pH 12.0.   
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Fig. 6.5 The equilibrated pH of the solution after suspended S, C40, G40, M40 ground cement 

powder into different amino acids H2Asp, HGly, H2Cys, HPhe and HTrp.   
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In Fig. 6.3(b), H2Asp enhanced the releasing of As significantly comparing with other amino 

acids. In the cement systems, the immobilization of As involving coprecipitation with ettringite 

and precipitation of Ca3(AsO4)2. The enhancement might be caused by the electrostatic attraction 

between -NH3
+ and AsO4

3- on the surface of fly ash to prevent the immobilization. On the other 

hand, the Ksp of Ca3(AsO4)2 is 6.810-19 which means it is easy to be formed in the absence of 

amino acids. However, -COOH group in amino acids can be complexed with Ca2+ in Ca3(AsO4)2. 

Due to one H2Asp molecule possess two -COOH groups, so H2Asp prevents immobilizing As 

more than other amino acids under the same condition. The hydrogen bonds between -COOH and 

H2AsO4
- also exist. For H2Cys, it showed inhibitory effects on As like on Se through oxidization 

and reduction reaction but was in the presence of C40 and M40 series. Due to the main species of 

arsenic is arsenate, so the form of AsO4
3- and H3AsO4 existed. But for As(Ⅲ), it is difficult to be 

precipitated. So one conceived complexes including H2Cys, cystine, arsenite is expected.  

Amino acids did not show significant effects on the releasing B it compared with blank tests 

(Fig. 6.3(c)). However, for Cr in Fig. 6.3(d), H2Cys inhibited its releasing in all of additives series 

to below the criteria, while other amino acids enhanced. The leaching forms of Cr from fly ash 

mainly are CrO4
2- and HCrO4

-, so it is possible to happen reduction (Eq. (6.4)) in the presence of 

H2Cys. For F in Fig. 6.3(e), the additive of G40 contributed to the immobilization of F- effectively 

than C40 and M40. The additives as the Ca sources contributed to precipitate CaF2. Also, CaSO4 

provided excess amount of SO4
2- to form ettringite, even though around pH 9-10 as shown in Fig. 

6.6(c), which indicates the ettringite also immobilized F- after it released from fly ash. In Fig. 

6.6(a)~ (d), the (100) plane of ettringite at 9.0 (2) almost disappeared unlike in Fig. 6.6(c).  

CrO4
2- + 4H2O + 3e = Cr(OH)3 + 5OH-           (E0 = -0.13 V)                                                                       (6.4) 

Under pH 12.0, the leaching amount of Se (Fig. 6.4(a)), As (Fig. 6.4(b)), B (Fig. 6.4(c)), and 

Cr (Fig. 6.4(d)) much decreased compared with pH 4.7 while Se still exceeds the MCL. From 

XRD patterns (Fig. 6.7) for the solid residues, after suspended for 6 h, the phases of each solid 
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residue after suspended into amino acids solutions were same as the original solid phases. 

Ettringite and hydrocalumite are more stable existing under 12.0 than 4.7, but the amounts of them 

were different as shown in Fig. 6.8 (c), (d). In the G40 series, after suspended into different amino 

acids solutions, the amount of ettringite was still higher than S, C40, M40 series. The leaching 

amount of F- was increased with the increasing of pH, suggesting the formation of ettringite where 

other co-existing anionic species are preferable to co-precipitate than F-. H2Asp and H2Cys played 

an enhancing effect on the leaching of Se in different amount, other amino acids HGly, HPhe and 

HTrp suppressed the release of Se. After cement blocks suspended into solutions with the initial 

pH 12.0 for 6 h, the final pH was around 12.0 as shown in Fig. 6.5(b), only in the presence of G40 

showed relatively lower pH than other additives. This is consistent with the previous report that 

the Ca sources also play a role as an alkaline reagent to increase system pH (Guo et al., 2019). For 

selenite, the immobilization mechanisms mainly ascribe to the formation of hydrocalumite and 

ettringite which can immobilize SeO3
2- in their crystal structures (Gougar et al., 1996; Ma et al., 

2017; Ma et al., 2018). So under 12.0, H2Asp and H2Cys dissociated into Asp2- and Cys2-, the ion-

exchange might happen between amino acids and SeO3
2- from hydrocalumite interlayer. Other 

amino acids, HGly, HPhe and HTrp dissociated into Gly-, Phe-, and Trp- with one negative charge 

in each molecule which the ion-exchanging ability were lower than SeO3
2-. Due to the positively 

charged surface of ettringite and hydrocalumite, the surface adsorption of amino acids can happen 

and this might inhibit the simple dissolution of ettringite and hydrocalumite. That is why amino 

acids can decrease the leaching of some anionic species. 
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Fig. 6.6 XRD patterns of four ground cement powder in  (a) S, (b) C40, (c) G40, (d) M40 series 

in the presence of amino acids under pH 4.7. 
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Fig. 6.7 XRD patterns of four ground cement powder in (a) S, (b) C40, (c) G40, (d) M40 series in 

the presence of amino acids under pH 12.0. 
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Fig. 6.8 Rietveld analysis of ettringite and hydrocalumite in each ground cement powder before 

and after amino acids TCLP tests under pH 4.7 and 12.0. (a) ettringite under pH 4.7, (b) 

hydrocalumite under 4.7, (c) ettringite under pH 12.0, (d) hydrocalumite under pH 12.0. 

 

6.4 Conclusions  

In the present work, the leaching behavior of Se, As, B, Cr, F from fly ash blended cement 

blocks after added different Ca additives were determined using TCLP in the presence of amino 

acids. After added Ca additives, the formation of ettringite and hydrocalumite were increased in 

all series of C40, G40, M40. The leaching of Se, As, B, Cr were decreased to some extent but Se 

was still higher than the MCL even in high pH 12.0. The leaching of Se, As, B, Cr were decreased 

as the pH increased from 4.7 to 12.0. Under pH 4.7, H2Asp increased the leaching of Se, As, Cr in 

all of series, while H2Cys played an inhibiting role through oxidization. Under pH 12.0, H2Asp 
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and H2Cys enhanced the releasing of Se from cement blocks whereas HGly, HPhe, and HTrp 

suppressed the leaching but still over the MCL. Therefore, environmental conditions such as pH, 

control the effects of amino acids on the leaching behavior of anionic species from cement blocks 

and the necessary methods should be developed to improve selenium immobilization.     
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Chapter 7 Effects of zero valent iron on the leaching behavior of anionic 

species from cement blocks in the presence of H2Asp and H2Cys 

7.1 Introduction 

According to Chapter 6, Ca additives like lime(Ca(OH)2), gypsum (CaSO4) play a significant 

role in prohibiting the leaching of anionic species, but the leaching of Se was always higher than 

the MCL in Environmental Agency Notification No.46 in Japan. Zero valent iron (Fe0, ZVI) is a 

common reducing agent used to solidify contaminants from waste by reductive precipitation 

((Zhang et al., 2005; Triszcz et al., 2009; Guo et al., 2016; Zhang et al., 2020). In the cementitious 

systems, ZVI acts as a strong reducing agent as well as low-cost and potentially available materials 

to reduce the As, Cr, and Se to enhance their immobilization. 

In this chapter, the fly ash-blended cement blocks were prepared with Ca(OH)2, and CaSO4 as 

Ca additives, and varying ZVI amounts. The effects of ZVI on the immobilization of Se, As, B, 

and Cr were discussed, furthermore, the leaching behavior of Se, As, B, and Cr from cement blocks 

after the addition of ZVI was evaluated using TCLP tests under the pH 4.7 and 12.0. 

 

7.2 Experimental 

7.2.1 Materials 

In this work, two amino acids of H2Asp and H2Cys were focused. The cement, fly ash and 

other materials are same as shown in 6.2.1 section. 

 

7.2.2 Preparation of fly as-blended cement blocks with ZVI 

The specific experimental conditions are named as shown in Table. 7.1. Blank: 0.94 g cement 

+12.19 g fly ash; C-0: 0.94 g cement +12.19 g fly ash +0.4 g lime; C-0.1: 0.94 g cement +12.19 g 
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fly ash +0.4 g lime +0.1 g ZVI; C-0.5: 0.94 g cement +12.19 g fly ash +0.4 g lime +0.5 g ZVI; C-

1: 0.94 g cement +12.19 g fly ash +0.4 g lime +1.0 g ZVI; G-0: 0.94 g cement +12.19 g fly ash 

+0.4 g gypsum; G-0.1: 0.94 g cement +12.19 g fly ash +0.4 g gypsum +0.1 g ZVI; G-0.5: 0.94 g 

cement +12.19 g fly ash +0.4 g gypsum +0.5 g ZVI; G-1: 0.94 g cement +12.19 g fly ash +0.4 g 

gypsum +1.0 g ZVI. The solid/water mass ratio was fixed to 0.323. Firstly, the cement and fly ash 

were mixed, and then ZVI was added for mixing. Finally, a specific amount of ultra-pure water 

was added using a vortex oscillator to shake for 10 mins. After curing for 28 days under 70% of 

humidity, the cured cement blocks were separately ground into samples under 280 mesh (53 μm) 

to supply for XRD and TCLP test according to the environmental Agency Notification No.46 in 

Japan. 

Table 7.1 Specific mixing conditions of different fly ash-blended cement blocks. 

  
Cement Fly ash Lime Gypsum 

 

ZVI 
  

Blank 0.94 g 12.19 g / / / 

C-0 0.94 g 12.19 g 0.4 g / / 

C-0.1 0.94 g 12.19 g 0.4 g / 0.1 g 

C-0.5 0.94 g 12.19 g 0.4 g / 0.5 g 

C-1 0.94 g 12.19 g 0.4 g / 1.0 g 

G-0 0.94 g 12.19 g / 0.4 g / 

G-0.1 0.94 g 12.19 g / 0.4 g 0.1 g 

G-0.5 0.94 g 12.19 g / 0.4 g 0.5 g 

G-1 0.94 g 12.19 g / 0.4 g 1.0 g 

 

7.2.3 Dissolution test 

As shown in 6.2.3 section. 
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7.2.4 Chemical analysis and solid characterizations 

The compressive strengths of the obtained cement blocks were determined using a 200 kN 

capacity CLP-200KNS1 testing machine (Osaka, Japan). As shown in Chapter 6, the leaching 

solutions were provided for ICP-MS to check the concentrations of elements of Se, As, B, and Cr. 

XRD was used to characterize the cement blocks solid residues.  

 

7.3 Results and discussion 

7.3.1 Characterization of fly ash blended cement blocks 

As expected, the pozzolanic reaction in the mixing of cement, fly ash, Ca additives systems 

have happened and related XRD patterns of each cement block were shown in Fig. 7.1. 
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Fig. 7. 1 XRD patterns of fly ash-blended ground cement powder with different amounts of ZVI 

after curing for 28 d, (a) lime as an additive, (b) gypsum as an additive. 
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For blank, without any Ca additives, only ettringite, quartz, and mullite formed. After added 

Ca(OH)2, hydrocalumite was formed, and ettringite and hydrocalumite were still produced even 

though after the addition of ZVI. In Fig. 7.1(b), the addition of CaSO4 enhanced the formation of 

ettringite but no hydrocalumite formed cause an excess of SO4
2- consumed Ca to produce ettringite. 

Ettringite and hydrocalumite both are well known for their immobilizing ability of Se, As, B, and 

Cr as cement hydration products (Baur and Johnson, 2003; Bonhoure et al., 2006; Triszcz et al., 

2009; Mončeková et al., 2016; Fan et al., 2018; Maaouia et al., 2018; Guo et al., 2019; Wang et 

al., 2019; Zhang et al., 2020; Sasaki et al., 2021). 

Compressive strength is an important factor in the S/S of radioactive cement blocks, and Fig. 

7.2 shows the observed compressive strength of each fly ash-blended cement blocks samples. After 

added Ca(OH)2 and CaSO4, the compressive strengths of C-0 and G-0 were increased to around 

6.0. With the different amounts of ZVI, it seems the compressive strengths decreased but still were 

higher than the blank series. 
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Fig. 7. 2 Compressive strength of fly ash-blended cement blocks samples after 28 d curing. 
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7.3.2 Effects of Ca additives on the leaching of anionic species 

From Fig. 7.1, after added Ca(OH)2 and CaSO4, the formation of ettringite and hydrocalumite 

were enhanced. As shown in Fig. 7.3 and Fig. 7.4, the leaching of Se, As, B, and Cr was 

significantly inhibited under pH 4.7 and 12.0 in the absence of amino acids. The alkalinity of the 

solution environment also had a strong influence on their leaching, as leaching concentrations 

decreased with the pH increased from 4.7 to 12.0. Under pH 12.0, Ca(OH)2 and CaSO4 suppressed 

the leaching of As (Fig.7.4(b)) and B (Fig.7.4(c)) to below the MCL. However, Se (Fig.7.4(a)) 

and Cr (Fig.7.4(d)) were still higher than criteria values. 

(b)(a)

(c) (d)

S-b
la

nk

S-H
2A

sp

S-H
2C

ys

C-b
la

nk

C-H
2A

sp

C-H
2C

ys

G
-b

la
nk

G
-H

2A
sp

G
-H

2C
ys

0.0

0.5

1.0

1.5

2.0

2.5

3.0
 

 

Leaching series

S
e 

co
n

ce
n

tr
at

io
n

 (


M
)

S-b
la

nk

S-H
2A

sp

S-H
2C

ys

C-b
la

nk

C-H
2A

sp

C-H
2C

ys

G
-b

la
nk

G
-H

2A
sp

G
-H

2C
ys

0.0

0.2

0.4

0.6

0.8

1.0

 

 

A
s 

co
n

ce
n

tr
at

io
n

 (


M
)

Leaching series

S-b
la

nk

S-H
2A

sp

S-H
2C

ys

C-b
la

nk

C-H
2A

sp

C-H
2C

ys

G
-b

la
nk

G
-H

2A
sp

G
-H

2C
ys

0

20

40

60

80

100

 

 

B
 c

o
n

ce
n

tr
at

io
n

 (


M
)

Leaching series
S-b

la
nk

S-H
2A

sp

S-H
2C

ys

C-b
la
nk

C-H
2A

sp

C-H
2C

ys

G
-b

la
nk

G
-H

2A
sp

G
-H

2C
ys

0

1

2

3

4

5

 

 

C
r 

co
n

ce
n

tr
at

io
n

 (


M
)

Leaching series

 

Fig. 7. 3 Leaching results of (a) Se, (b) As, (c) B, and (d) Cr from ground cement powder without 

the addition of ZVI under pH 4.7.   
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In the TCLP leaching tests with amino acids, under pH 12.0, H2Asp and H2Cys both enhanced 

the releasing concentration of Se (Fig. 7.4(a)), As (Fig. 7.4(b)), and Cr (Fig. 7.4(d)), while B (Fig. 

7.4(c)) seems no obvious changing. The ion-exchanging of Asp2- and Cys2- with anionic species 

happened from hydrocalumite interlayer which also is confirmed in Chapters 5 and 6. However, 

under pH 4.7, the amino acids showed suppression effects of Se (Fig. 7.3(a)), As (Fig. 7.3(b)), B 

(Fig. 7.3(c)), and Cr (Fig. 7.3(d)). This may be caused by surface adsorption of amino acids on 

the hydrocalumite to inhibited its dissolution. While [Cr(OH2)6]
3+ is only present in acidic 

conditions (pH  3.6), the solid phase Cr(OH)3 predominates in the pH range of 6.5-11.4 (Rai et 

al., 1987). Therefore, another reason might ascribe to the oxidization of H2Cys to cystine and 

caused the reduction of Cr(Ⅵ) to be Cr(Ⅲ) to decrease its solubility.  

 



Chapter 7 Effects of zero valent iron on the leaching behavior of anionic species from cement 

blocks in the presence of H2Asp and H2Cys 

 

147 

 

(b)(a)

(c) (d)

S-b
la

nk

S-H
2A

sp

S-H
2C

ys

C-b
la

nk

C-H
2A

sp

C-H
2C

ys

G
-b

la
nk

G
-H

2A
sp

G
-H

2C
ys

0.0

0.5

1.0

1.5

2.0

2.5

3.0

  

 

Leaching series

S
e 

co
n

ce
n

tr
at

io
n

 (


M
)

S-b
la

nk

S-H
2A

sp

S-H
2C

ys

C-b
la

nk

C-H
2A

sp

C-H
2C

ys

G
-b

la
nk

G
-H

2A
sp

G
-H

2C
ys

0.0

0.2

0.4

0.6

0.8

1.0

 

 

A
s 

co
n

ce
n

tr
at

io
n

 (


M
)

Leaching series

S-b
la

nk

S-H
2A

sp

S-H
2C

ys

C-b
la

nk

C-H
2A

sp

C-H
2C

ys

G
-b

la
nk

G
-H

2A
sp

G
-H

2C
ys

0

20

40

60

80

100

 

 

B
 c

o
n

ce
n

tr
at

io
n

 (


M
)

Leaching series

S-b
la

nk

S-H
2A

sp

S-H
2C

ys

C-b
la

nk

C-H
2A

sp

C-H
2C

ys

G
-b

la
nk

G
-H

2A
sp

G
-H

2C
ys

0

1

2

3

4

5

 

 

C
r 

co
n

ce
n

tr
at

io
n

 (


M
)

Leaching series

 

Fig. 7. 4 Leaching results of (a) Se, (b) As, (c) B, and (d) Cr from cement blocks without the 

addition of ZVI under pH 12.0.   

 

7.3.3 Effects of ZVI on the leaching of anionic species 

ZVI as the reduction agent was mixed into cement blocks. After curing 28 d, TCLP solution 

with and without amino acids was used for their suspension. Fig. 7.5 shows the leaching results in 

the presence of H2Asp and H2Cys under pH 12.0. Under this condition, the addition of ZVI did 

not show inhibition effects on the leaching of Se (Fig. 7.5(a)), As (Fig. 7.5(b)), and B (Fig. 7.5(c)),. 

On the contrary, the enhancing influences appeared. For hydrocalumite and ettringite, the 

immobilization involved dissolution and re-precipitation mechanisms. Hence, during the re-

precipitation process, the dissolved Fe(Ⅲ) was possible to be involved in the formation of CaFe-
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LDH. So SeO3
2-/SeO4

2- was released into solution instead of co-precipitation into hydroclaumite. 

The oxidization of Fe(0) was affected by the values of pH and Eh. The capacity of ZVI is severely 

limited in an alkaline environment and the oxidant was reduced more efficiently in an acid medium 

by ZVI (Cao and Zhang, 2006; Fiúza et al., 2010). The related oxidization reaction with standard 

oxidation-reduction potential (E0) is presented in Eqs. (7.1), (7.2). The value E0 of Fe(0) to be 

Fe(Ⅱ) is -0.447 V (Eq. (7.1)) which is lower than -0.037 V in Eq. (7.2). Under the initial alkaline 

pH 12.0, a small amount of Se (Fig. 7.5(a)), As (Fig. 7.5(b)), and Cr (Fig. 7.5(d)) were released 

into solution from ettringite and hydrocalumite, thus, the oxidant was much lower than reducing 

agent and reduced the Eh value in cement systems. Another reason might be the release amount 

of oxidant was too small to contact with ZVI particles.  

For Cr, the release of it was decreased as the addition amount of ZVI increased in the presence 

of CaSO4 which might be related to the precipitate of Cr(Ⅲ). In the presence of CaSO4, excess 

amount of SO4
2- competed with CrO4

2- to form ettringite, causing more CrO4
2- to be released into 

solutions which increase the possibility of it contacting ZVI. As shown in Eq. (7.6), the E0 of 

Cr(Ⅵ)/Cr(Ⅲ) in -0.13 V is higher than other equations which indicate the reduction of Cr(Ⅵ) to 

be Cr(Ⅲ)  primarily happened than the reduction of Se(Ⅵ)/Se(Ⅳ) and As(Ⅴ). The amino acids of 

H2Asp and H2Cys played the obvious enhanced effects on the release of Se in all leaching series 

through ion-exchange with ionic species from hydrocalumite interlayer, and Cr in the addition of 

Ca(OH)2. Also the release of As and B was enhanced but only in the absence of Ca additives 

cement blocks.  

Fe0 = Fe2+ +2e                                                         (E0 = -0.447 V)                                                                            (7.1) 

Fe0 = Fe3+ +3e                                                         (E0 = -0.037 V )                                                                            (7.2) 

SeO4
2- + H2O + 2e = SeO3

2- + 2OH-              (E0 = 0.05 V)                                                                                 (7.3) 

SeO3
2- + 3H2O + 4e = Se0 + 6OH-                (E0 = -0.366 V)                                                                       (7.4) 

AsO4
3- + 2H2O + 2e = AsO2

- + 4OH-             (E0 = -0.71 V)                                                                              (7.5)                        
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CrO4
2- + 4H2O + 3e = Cr(OH)3 + 5OH-         (E0 = -0.13 V)                                                                          (7.6) 

Under the condition of pH 4.7, H2Asp and H2Cys in all of the leaching series showed 

suppression effects (Fig. 7.6). For Se, as the addition amount increasing of ZVI, the release of Se 

also was increased (Fig. 7.6(a)). The release of B was not affected by ZVI (Fig. 7.6(c)). The release 

of element As (Fig. 7.6(b)) in the presence of Ca(OH)2 also was not be affected by ZVI but in the 

addition of CaSO4 reduction of As(Ⅴ) to be As(Ⅲ) might have happened to reduce the leaching. 

However, for Cr, it seems the reduction reaction has happened in all of the leaching series either 

in the presence of Ca(OH)2 or CaSO4 (Fig. 7.6(d)). Depending on the E0 values in Eqs. (7.3)~(7.6), 

Cr(Ⅵ) was primarily reduced during the oxidation process of Fe(0). It was possible that the ZVI 

surface was consumed by the Cr(Ⅵ)/Cr(Ⅲ) and was not available for other elements, furthermore, 

the E0 of Se(Ⅳ)/Se(0) is too low to happen reduction in the presence of Cr(Ⅵ). Except for Cr(OH)3, 

in the presence of dissolved Fe(Ⅲ), Cr(Ⅲ) readily precipitates as mixed Fe(Ⅲ)-Cr(Ⅲ) hydroxides 

when pH higher than 4.0 (Fiúza et al., 2010). The H2Cys also possibly happened oxidation as 

shown in Fig. 7.6(d), cause in the presence of H2Cys, the releasing of Cr was much lower than 

blank and H2Asp series.  
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Fig. 7.5 Leaching results of (a) Se, (b) As, (c) B, and (d) Cr from ground cement powder with 

addition of ZVI under pH 12.0. 
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Based on the above results, the oxidization process of ZVI did not enhance the immobilization 

of Se. Several reasons can be expected according to the results. (i) After the oxidation of Fe(0), 

Fe(Ⅲ) was produced and it can be consumed to form hydrocalumite and decreased the 

immobilization amount of SeO3
2-/SeO4

2-. (ⅱ) The released concentration of Se was too low to 

contact ZVI to precipitate. (ⅲ) Due to the relatively higher E0 value of Cr(Ⅵ)/Cr(Ⅲ) than 

Se(Ⅳ)/Se(0), it seems the ZVI surface was consumed by Cr(Ⅵ) reduction. (ⅳ) The E0 value of 

Se(Ⅳ)/Se(0) makes the reduction reaction of  Se(Ⅳ) to be Se(0) is unpreferable in the presence of 

Cr(Ⅵ) and As(Ⅴ) depending on the results.  
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Fig. 7.6 Leaching results of (a) Se, (b) As, (c) B, and (d) Cr from ground cement powder with 

the addition of ZVI under pH 4.7. 

 

Therefore, suggestions to improve the immobilization of Se in cement systems can be proposed. 

In the cement systems, selenium-containing waste might be more effective immobilized with the 

addition of ZVI than several types of anionic species co-existed wastes, like chromium.  However, 

in the solid waste where chromium and arsenic ions coexist, the E0 of Se(Ⅵ)/Se(0) is higher than 

Se(Ⅳ)/Se(0) indicating Se(Ⅵ) is more easily to be reduced than Se(Ⅳ) (Sasaki et al., 2008; Sasaki 

et al., 2008), hence, the oxidant can be used to transfer Se(Ⅳ) to be Se(Ⅵ) before added ZVI. 

Furthermore, from the point of view of ZVI, an excessive amount of it can be added but the 

compressive strength of cement blocks should be paying attention to. 
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7.4 Conclusions 

In the present work, the effects of ZVI on the leaching behavior of Se, As, B, and Cr from fly 

ash blended cement blocks after added lime and gypsum additives were explored using TCLP tests 

under the condition of with and without amino acids. The leaching of Se, As, B, and Cr were 

decreased as the pH increased from 4.7 to 12.0. After added lime and gypsum, the leaching of Se, 

As, B, Cr were decreased to some extent. In this work, the reduction of Se(Ⅳ) to be Se(0) seemed 

not to happen due to its relatively lower E0 values. However, ZVI reduced the leaching amount of 

Cr and As through oxidation reaction, but it seems to be dependent on the releasing amount of 

anionic species to provided ZVI surface for reduction. Under pH 12.0, H2Asp and H2Cys enhanced 

the releasing of Se from ground cement powder through ion-exchanging, however, under pH 4.7, 

they suppressed the releasing of Se, As, B, and Cr by surface adsorption and H2Cys oxidation. The 

immobilizing effects of ZVI might be more obvious when the releasing amount of Se is enough 

high, the existing species of Se is almost Se(Ⅵ), or in the absence or trace amount of Cr(Ⅵ) in 

the system. 
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Chapter 8 Conclusions 

79Se and 129I as radioactive isotopes with 3.77 105 years and 1.57  107 years half-life, which 

as low-level radioactive nuclides have been explored for their environmental behavior in the 

pedosphere. Their anionic species of SeO4
2- and I- have high mobility in the soil environment and 

are difficult to be adsorbed using natural minerals. Based on cementitious materials for the safe 

disposal of low-level radioactive wastes which contain low-level radionuclides and then be buried 

in the shallow underground zone, LDHs have been widely studied for their immobilizing ability 

of SeO4
2- and I-. LDHs have been confirmed that they play an important role in the adsorption of 

radioactive oxyanions in cement systems. However, only a few studies have been conducted on 

their stability when they are exposed to environmental SOM. Thus, in this thesis, we chose five 

different types of amino acids to represent a SOM model to investigate the stability of LDHs after 

immobilized SeO4
2- and I-. To clarify the environmental behavior of amino acids in LDHs, DFT 

simulation was combined using Gly-, Asp2-, and Cys2- as models. 

In Chapter 1, at first, the low-level radionuclides wastes, SOM information, and 79Se and 129I 

species were illustrated. Then, the basic information of LDHs for removing anionic species of 

radionuclides and the existing problems were shown. Finally, DFT simulation was introduced for 

calculating the ion-exchange energies to support the experimental results, and also simulated the 

possible interactions between SeO4
2-, CO3

2-, amino acids ions and LDHs metallic layers.  

The used solution analysis methods, solid characterization methods, and related DFT simulation 

methods were shown in Chapter 2, including ICP-OES, ICP-MS, IC, HPLC, XRD, SEM, CHN. 

In Chapter 3, the simple dissolution of Ca2Al-LDH(I) happened immediately even though 

under pH 12. After suspended into amino acids solutions, the main factors to cause the release of 

I- are divided into ion-exchange and simple dissolution. Amino acids of H2Cys and H2Asp existed 

in the form of Cys2- and Asp2-, which accelerated the releasing rate of I- through ion-exchange 

with I-. In XRD, the expanded d003 spacings were observed, which was different from the other 
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three amino acids. However, the effects of Cys2- and Asp2- on the ion-exchange with I- in 

hydrocalumite and the stability of I-hydrocalumite were different. Asp2- maintained the structure 

of I-hydrocalumite for a longer time than Cys2-, and Cys-intercalated hydrocalumite showed one 

smaller d003 spacing than Asp-intercalated hydrocalumite in XRD patterns. This was also verified 

by DFT simulation. DFT simulation also confirmed that the interlayer spacings might be strongly 

influenced by the presence of water molecules and the numbers. There are interaction forces 

between amino acids and hydrocalumite in which the hydrogen and Ca-O bonds contributed to 

their configurations but the Asp/Cys-hydrocalumite system still is unstable. In the presence of 

HGly, HTrp, and HPhe, the simple dissolution and ion-exchange with OH- contributed to I-

hydrocalumite decomposition, and HPhe showed a little bit inhibitory effects on the release of I- 

by surface adsorption. Analogically based, some organic matters negatively charged with a large 

molecule and less affinity than I- might make hydrocalumite stable. For iodine isotopes 

stabilization in cementitious materials, I-hydrocalumite may form but the stabilization is strongly 

influenced by the geochemical environment. 

In Chapter 4, the released amount of SeO4
2- from Mg2Al-LDH(SeO4) in the absence of amino 

acids corresponding to 15.6% of the initially existing SeO4
2- in the solids. HGly, H2Asp, and H2Cys 

promoted the release of SeO4
2- by ion-exchange and destabilization of LDH during the 

intercalation process of HGly, H2Asp and H2Cys. Through the intercalation, amino acids expanded 

the interlayer spacing of Mg2Al-LDH(SeO4) to 10.7-11.0 Å except for H2Cys, but Mg2Al-

LDH(SeO4) phase still is dominant. DFT simulation revealed that the singly stacked HGly was the 

most stable configuration and the layer spacing expansion of LDH was caused by the doubly 

stacked configuration of HGly molecule. The intercalated LDHs tend to be more stable with an 

increase in the number of hydrogen bonds between H atoms in metallic layers of LDH and O 

atoms in SeO4
2- and/or -COOH groups in HGly. Notably, the dissolution of Mg2+ was suppressed 

by complexation with -SH, -COOH, and -NH3
+ groups in H2Cys which were verified by the 
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formation energy calculated from DFT. The strong affinity of Cys2- with Mg2+ might contribute to 

destabilizing the surface structure of LDH releasing not only Al(OH)4
- but also SeO4

2-. This study 

indicates potential limitations to the stability of low-level radioactive wastes of 79Se in repositories 

which are affected by smaller molecules of amino acids released through degradation of organic 

matters in the pedosphere. 

In Chapter 5, without amino acids, the released concentration of SeO4
2- from Ca2Al-LDH was 

0.44 mM corresponding to 48.3% of the initially existing SeO4
2-, however, the layer spacing of 

Ca2Al-LDH was expanded, because of hydration of SeO4
2-. Almost no intercalation of HPhe and 

HTrp happened with Ca2Al-LDH even though at a high concentration of 5 mM due to their large 

molecular size and more hydrophobic property. HGly, H2Asp, and H2Cys enhanced the release of 

SeO4
2- from Ca2Al-LDH, reached 73.8 % at the maximum by ion-exchange with SeO4

2- as well as 

simple dissolution. The 003 reflections of XRD patterns for Ca2Al-LDH after reacted with HGly, 

H2Asp, and H2Cys were analyzed by peak separation into four components. With an increase in 

sorption densities of amino acids, the relative intensities of d003 at large diffraction angles increased. 

H2Cys series showed a different trend from HGly and H2Asp series. Combining with DFT 

simulation, peak assignment of Ca2Al-LDH(amino acid) with d003 = 7.83 Å, Ca2Al-LDH(amino 

acid, CO3) with d003 = 7.70 Å were determined. The amino acids molecules are predicted to 

stabilize in the horizontal orientation in Ca2Al-LDH interlayer through the formation of Ca-O and 

hydrogen bond between amino acids and hydroxide layer [Ca2Al(OH)6]
+. The intercalation of 

CO3
2- might also contribute to the release of SeO4

2- through ion-exchanging. But the presence of 

H2Asp facilitated the substitution between them and was prone to more stably co-exist with CO3
2- 

than H2Cys, supported by DFT prediction. Therefore, in the real environmental systems, two 

negative charges and/or relatively smaller molecular amino acids like HGly, H2Asp, and H2Cys 

might have a threat to the stability of SeO4
2- in hydrocalumite and during their intercalation process 

some competitive ions like CO3
2- might be induced. 
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In Chapter 6, the real cement blocks were considered in this section. Based on the TCLP 

leaching tests, the leaching of SeO3
2-, AsO4

3-, B(OH)4
-, and CrO4

2- from fly ash blended cement 

blocks powder were decreased to some extent after added Ca additives. In S, C40, G40, and M40 

series, the leaching of SeO3
2-, AsO4

3-, B(OH)4
-, and CrO4

2- were decreased as the pH increased 

from 4.7 to 12.0. However, the release of Se in all series was higher than the criteria value due to 

its higher mobility even though under pH 12.0. In the presence of amino acids, under pH 4.7, 

H2Asp increased the leaching of Se, As, Cr in all of series, while through oxidation, the two H2Cys 

molecules formed disulfide bond (S-S) to produce cystine molecules. During this process, the 

reduction of selenite (SeO3
2-)/selenate (SeO4

2-) happened, but it seems the higher releasing 

concentration made the reduction happen more easily. Under pH 12.0, H2Asp and H2Cys enhanced 

the releasing of Se from cement blocks, whereas HGly, HPhe, and HTrp suppressed its leaching 

but still over the MCL. The dissociation forms of Asp2- and Cys2- substituted the SeO3
2- from 

hydrocalumite interlayer by ion-exchanging. While Gly-, Phe-, and Trp- with one negative charge 

in each molecule just happened surface adsorption which weakens the simple dissolution of 

ettringite and hydrocalumite. Therefore, environmental conditions such as pH, decide the effects 

of amino acids on the leaching behavior of anionic species from cement blocks and the necessary 

methods should be developed to improve selenium immobilization.     

Therefore, in Chapter 7, the effects of ZVI on the leaching behavior of SeO3
2-, AsO4

3-, B(OH)4
-, 

and CrO4
2- from fly ash blended cement blocks after added lime and gypsum additives were 

explored using TCLP tests under the condition of with and without amino acids. As observed in 

Chapter 6, lime and gypsum play an important inhibition role in the anionic species leaching from 

fly ash blended cement blocks through enhancing the formation of ettringite and hydrocalumite. 

Also, the leaching of Se, As, B, Cr were decreased as the pH increased from 4.7 to 12.0. After 

added different amounts of ZVI, it seems not to cause the reduction of Se(Ⅳ) to be Se(0) due to 

its relatively lower E0 value. It was possible that the ZVI surface was consumed by the Cr(Ⅵ) 
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reduction reaction and was not available for other elements, furthermore, the E0 of Se(Ⅳ)/Se(0) 

is too low to happen reduction in the presence of Cr(Ⅵ) and As(Ⅴ). Also, it seems the released 

concentration of Se was too low to contact ZVI. When the releasing amount of Se is sufficiently 

high or the existing species is almost in Se(Ⅵ), the immobilization effects of ZVI may be more 

obvious. Therefore, on the one hand, selenium-containing waste might be more effective 

immobilized with the addition of ZVI than several types of anionic species co-existed wastes, like 

chromium, arsenic. On the other hand, the oxidant can be used to transfer Se(Ⅳ) to be Se(Ⅵ) 

before added ZVI. 

In Chapter 8, the main conclusions of this work were summarized. Amino acids have been 

confirmed the different roles on the stability of LDHs after immobilized SeO4
2- and I-. 

Comprehensively, “reactive” amino acids like HGly, H2Asp, and H2Cys enhanced the release of 

I- from hydrocalumite, SeO4
2- from Mg2Al-LDH and Ca2Al-LDH by destabilization of hydroxide 

layers and ion-exchange in the interlayer. DFT simulation confirmed the intercalation of amino 

acids by calculating the ion-exchange energies and provided the possible configurations of them 

between host layers of LDHs. Also, the stability of each system was explored by calculating the 

formation energies. In addition, the TCLP leaching tests of fly ash blended cement blocks in 

application scale confirmed the influence behavior of amino acids. This work raises important 

environmental questions regarding the transportation and immobilization of anionic species of 

low-level radionuclide wastes in repositories, where anionic amino acids of smaller molecular size 

can potentially intercalate. Engineering countermeasures are necessary to stabilize iodine and 

selenium using, for example, barriers such as iron minerals, especially when the concentration of 

selenium is relatively high in radioactive wastes. Some inhibitors like, ZVI, can be used in the 

cement systems for suppressing anionic species leaching. But effectiveness can be influenced by 

the co-existing ions and the Se leaching amount which could raise more thinking about the 

engineering application of ZVI in low-level radioactive wastes systems.
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