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A B S T R A C T   

The objective of the present study is to investigate Ni retention processes in Calcium Silicate Hydrate (CSH) 
phases, as the main cement hydration products, and to describe them in a generalized form for the first time. In 
particular, the effects of the CSH Ca/Si ratio (from 0.8 to 1.6) on the equilibrium water chemistry, Ni speciation, 
adsorption and solubility have been addressed. Nickel adsorption tends to decrease as the Ca/Si ratio increases, 
especially when Ca/Si is < 1.2, and then Ca/Si becomes less relevant. The “adsorption” region is limited to low 
final aqueous Ni concentrations (<5⋅10− 9 M), and when the Ni concentration exceeds this limit, an increase in 
the (apparent) distribution coefficient, Kd, is observed, which is related to precipitation processes. The onset of 
precipitation depends on Ni solubility but also on the Ca/Si ratio: at the lowest ratio, the lowest Ni concentration 
occurs when the apparent Kd starts to increase. The existence of Ni–Si phases as surface precipitates could explain 
the observed experimental behaviour, which is not totally explicable assuming Ni(OH)2(s) as the unique phase 
limiting Ni solubility. Nickel retention on the CSH phases was analysed and interpreted with the help of surface 
complexation modelling using an electrostatic double layer approach and accounting for the major species 
present in solution for each CSH. The uncertainties in the available Ni thermodynamic database under alkaline 
conditions and in the presence of Si are underlined.   

1. Introduction 

To ensure the effective and long-term confinement of hazardous el
ements as radionuclides (RNs), deep knowledge of their interactions 
with barrier materials is required. All factors affecting RN aqueous 
speciation, solubility, and interactions with surrounding solids are 
relevant to predict migration patterns. A fundamental understanding of 
RN environmental behaviour is needed to assess the long-term safety of 
radioactive waste disposal, support management decisions and mini
mise the associated risks (Payne et al., 2013). 

Nickel radioactive isotopes (59Ni and 63Ni) can be formed by neutron 
activation in nuclear facilities; they are critical RNs that can be found in 
low- or intermediate-level radioactive waste (LILRW) following the 
decommissioning of metallic materials (Carboneau and Adams, 1995). 

In LILRW disposal, cements are typical containment/conditioning 
materials (Grambow et al., 2020), and Calcium Silicate Hydrate (CSH) 
phases are among the main mineral components in cements (Lothenbach 
and Nonat, 2015); they are considered important sorbents because of 
their high specific surface area (Roosz et al., 2016). 

The mechanisms of radioactive Ni retention under hyperalkaline 
conditions generated by cementitious materials are still unclear and 
debated. The most recent review of RN sorption data for cementitious 
materials (Ochs et al., 2015) indicated that Ni has been a largely studied 
RN in the framework of LILRW disposal; nevertheless, published results 
concerning Ni retention by CSH phases are scarce and sometimes 
controversial. 

Discrepancies observed for Ni adsorption data corresponding to CSH 
phases can be related to different causes, such as experimental diffi
culties and/or lack of up-to-date reliable thermodynamic data. For 
example, the complications in differentiating adsorption from precipi
tation, due to the low Ni solubility under cementitious conditions, and/ 
or the existing uncertainties in Ni(OH)2 solubility (González-Siso et al., 
2018) contribute to inappropriate data analysis. Sometimes, experi
mental problems related to the use of liquid phases, mimicking cement 
water(s), but not in real equilibrium with the CSH phases, may also have 
mistaken the interpretation of the results. 

Regarding the dependence of Ni sorption on the Ca/Si ratio, Noshita 
et al. (2001) did not observe any, whereas Aggarwal et al. (2000) 
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reported variation in the distribution coefficients with the Ca/Si ratio. 
As a principal consequence, different interpretations of Ni retention 
were provided as follows: in the first case, the interaction of Ni with CSH 
phases was thought to be no electrostatic, and Ni(OH)2(aq) adsorption 
was assumed; however, in the latter case, Ni–Ca exchange was consid
ered the main retention mechanism. 

Indeed, the role of the Ca/Si ratio on Ni retention in CSH phases is 
still an open point, but other knowledge gaps on its retention mecha
nisms still exist. Furthermore, very few attempts have been made to 
describe Ni retention on CSH phases by means of (quasi-) mechanistic 
adsorption models, as the existence of some uncertainties in Ni ther
modynamic data at high pH also boosts the disparity in data 
interpretation. 

At present, the most important revision of Ni thermodynamic data is 
the one from Gamsjäger et al. (2005) (OECD-NEA thermodynamic 
database, TDB). Recently, González-Siso et al. (2018) argued on the 
possible incorrectness of some of the constants suggested in this TDB, 
particularly in relation to the solubility of Ni(OH)2(s) and on the for
mation of the anionic species Ni(OH)3

- under hyperalkaline conditions. 
The following two main goals are set in this work: 1) to understand 

the dependence of Ni retention on the Ca/Si ratio of CSH, including 
adsorption and precipitation processes, and 2) to develop a sorption 
model able to reproduce the retention behaviour of Ni on CSH phases 
under a wide range of conditions (CSH Ca/Si ratio and Ni concentration) 
after thermodynamic Ni database revision. 

A large set of experimental data was necessary for gathering infor
mation on Ni adsorption behaviour at different Ca/Si ratios (from 0.8 to 
1.6), and to analyse Ni precipitation behaviour, the range of concen
trations in the isotherms was extended above the solubility limit. Ni 
sorption isotherms were also carried out on nanocrystalline silica and 
SiO2 and on portlandite, Ca(OH)2, as the endmembers of CSH phases 
(Lothenbach and Nonat, 2015), especially focusing on Ni precipitation 
behaviour in both materials. 

Nickel retention on the CSH at different Ca/Si ratios was interpreted 
with the help of thermodynamic modelling. An electrostatic double 
layer approach has been adopted, previously developed to study cation 
(Missana et al., 2017, 2018) and anion (Missana et al., 2019) retention 
on the CSH phases. As modelling fundamental input, the available Ni 
thermodynamic data were revised. 

Ni precipitation is triggered at the lowest concentration at the lowest 
Ca/Si ratio, and this behaviour does not seem to be in agreement with 
the existence of the unique solubility limiting phase, Ni(OH)2(s). Ni 
retention model could be improved including both the formation of 
surface precipitates and the contribution of Si to Ni surface precipita
tion, considering the conceptual approach of surface precipitation pro
posed by Farley et al. (1985). 

2. Materials and methods 

2.1. Solid phases 

The CSH phases (10 g L− 1) were prepared with different CaO/SiO2 
(Ca/Si) molar ratios, from 0.8 to 1.6. The method used was the “direct” 
method reported in different papers (Pointeau, 2000; Missana et al., 
2017), which basically consists of mixing CaO (Aldrich, 99.9% purity 
CAS 1305–78–8) and SiO2 (Aldrich 99,8% purity CAS 7631–86–9) at the 
requested molar ratio in ultrapure water, previously boiled and flushed 
with N2 to minimise CO2 contamination. The suspensions were prepared 
and stored in HDPE dark bottles in a glovebox under N2 atmosphere, and 
they were aged for approximately 1 month. The synthesis of the CSH gels 
is considered completed when the pH and conductivity of the suspen
sions (checked daily) reach constant values. 

Part of the suspensions was filtered through 100 nm Millipore filters. 
The supernatants were analysed to determine aqueous Ca and Si (by ICP- 
OES with a VARIAN 735 ES spectrometer); the rest was stored for 
diluting the initial suspensions when required. Their surface area was 

determined by N2-BET. 
Sorption tests were also carried out with SiO2 (Aldrich 99,8% purity, 

BET = 175–225 m2 g− 1) and portlandite obtained after dissolution/ 
recrystallisation of Ca(OH)2 (Merck, CAS: 1305–62–0). The BET of the 
portlandite is 13.5 m2 g− 1. 

The adsorbents were analysed by attenuated total reflection-Fourier 
transform infrared (ATR-FTIR) spectroscopy, scanning electron micro
scopy (SEM) and energy dispersive X-ray spectroscopy (EDS) to check 
that the synthesis was correct. The ζ-potential of the suspensions was 
measured by laser Doppler electrophoresis using a Malvern Zetamaster 
apparatus equipped with a 5-mW He–Ne laser (λ = 633 nm and scat
tering angle 90◦). For electrophoretic measurements, the suspensions 
were diluted to 1 g/L with their own equilibrium water, previously 
separated by filtering. 

2.2. Radionuclide 

The radionuclide used for this study was 63Ni, supplied by Eckert & 
Ziegler Isotope Products. Ni is in the form of NiCl2 in HCl 0.1 M without 
carrier. In sorption isotherms, to reach Ni concentrations higher than 
1⋅10− 8 M, stable Ni (NiCl2, Merck) was added. 63Ni has a half-life of 
100.1 years and undergoes radioactive decay by β− emission. Its activity 
in solution was measured with a liquid scintillation analyser Tri-Carb 
4910 TR (Perkin Elmer) and using Ultima Gold™ as a scintillation 
cocktail. The uncertainty for the counting procedure is less than 2%. The 
detection limit is approximately 5⋅10− 12 M. 

2.3. Batch sorption experiments 

Batch sorption experiments were carried out at a temperature of 22 
± 2 ◦C within a glove box under a N2 atmosphere. The CSH suspensions 
were used as prepared (10 g L− 1) or diluted to 1 g L− 1. Sorption iso
therms were carried out with [Ni] concentrations from approximately 
5⋅10− 10 M to 5⋅10− 4 M with CSH at different Ca/Si ratios. The kinetic of 
the sorption process was investigated first to evaluate the time required 
for the attainment of sorption equilibrium. The contact time selected for 
performing the isotherms was 7–15 days. 

After the contact time, the solid and liquid phases were separated by 
centrifugation (21255 g, 30 min) with a JOUAN MR23i centrifuge. 
Three aliquots of the supernatant were extracted from each tube for the 
analysis of the final Ni activity. 

Considering the range of Ni concentrations analysed in the iso
therms, not only adsorption but also precipitation is expected; thus, the 
measured distribution coefficients will be defined as “apparent” 
(Kd(app), mL⋅g− 1) because they consider the concentration of both 
adsorbed and/or precipitated Ni ([Ni]solid): 

Kd(app)=
[Ni ]solid
[Ni]eq

⋅
V
m

E.1 

As in the usual Kd definition, [Ni]eq represents the Ni remaining in 
the aqueous phase at equilibrium, m is the mass of the solid [g] and V is 
the volume of the solution [mL]. 

Sorption experiments with SiO2 and portlandite were carried out 
with a solid-to-liquid ratio of 1 g L− 1; SiO2 was suspended in NaOH (pH 
= 9.5), and portlandite was suspended in its equilibrium water (pH =
12.56, [Ca]~20 mM). 

2.4. Modelling description 

A simplified description of the CSH surface characteristics based on a 
classical diffuse double layer (DDL) approach was used, and more details 
can be found in Missana et al. (2017). In summary, the model contem
plates the existence of two different types of silanol (SiOH) sites at the 
CSH surface (strong, S and weak, W) and exchange sites (CaX2) initially 
occupied by Ca. 

Under the alkaline conditions considered for the CSH phases, the 
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silanol-like sites are deprotonated, according to the following reaction: 

SiOH ↔ SiO− + H+ E.2 

The model considers calcium as an ion determining the potential 
(IDP); thus, the following reaction between the deprotonated weak 
silanol-like groups and Ca is of interest: 

SiO− +Ca2+ ↔ SiOCa+ E.3 

In the CSH phases, cation (Mz+) surface complexation can be 
expressed by reactions of the following type: 

SiOH +Mz+ ↔ SiOMz− 1 + H+ E.4 

And ion exchange with divalent ions (as Ni) as: 

X2Ca+M2+ ↔ X2M + Ca2+ E.5 

Finally, anion adsorption is also possible on CSH through the for
mation of surface complexes with silanol-like surface sites where Ca2+ is 
already adsorbed as follows: 

SiOCa+ +Ann− ↔ SiOCaAn(n− 1)− E.6 

The surface parameters needed for modelling the CSH surface 
properties are summarised in Table 1. Model calculations were per
formed using the geochemical CHESS v 2.4 code (Van der Lee and de 
Windt, 1999). 

3. Results and discussion 

3.1. CSH characterisation 

The CSH phases were prepared at five different Ca/Si ratios from 0.8 
to 1.6 and labelled CSH(Ca/Si). Table 2 summarises the main charac
teristics of each phase. The pH of the suspensions and the aqueous Ca 
increase as the Ca/Si ratio increases, whereas the aqueous Si decreases. 
This is the first indication that the composition of the aqueous phase in 
equilibrium with the solids depends on the Ca/Si ratio and that Ni 
speciation and retention behaviour will not necessarily be the same in all 
the CSH phases. 

Furthermore, the surface potential of the CSH phases depends on the 
aqueous Ca concentration and can be either negative or positive; thus, 
Ca is considered an ion determining the potential (IDP) of CSH phases, 
and the point of zero charge corresponds to an aqueous Ca concentration 
of 130–180 ppm (Ca/Si ratio between 1 and 1.2). 

Therefore, the affinity for cations (and anions) for the CSH surface is 
expected to be somewhat dependent on the Ca/Si ratio. 

Finally, the zetapotential of SiO2 under the condition of sorption tests 
(pH 9.5) was negative (~− 40 mV), whereas that of portlandite (pH 
12.56) was positive (~+30 mV). 

The BET (Brunauer–Emmett–Teller) surface area of the CSH phases, 
measured by N2 adsorption, also depends on the Ca/Si ratio, which is 
generally higher when the Ca/Si is lower. The mean N2-BET value for 
CSH phases with Ca/Si < 1.6 was 144 ± 40 m2 g− 1, comparable to that 
proposed by (Tits et al., 2006) of 148 m2 g− 1. However, the value 
measured in the CSH (1.6) was significantly lower (73 m2 g− 1). For 

model calculations, the mean value of 144 m2 g− 1 will be used if Ca/Si <
1.6, whereas for CSH (1.6), the measured value (73 m2 g− 1) will be 
considered. 

The characterisation of the solid by FTIR-ATR and SEM-EDS 
confirmed that the solids produced are CSH with the required Ca/Si 
ratio. The results of this characterisation are included in the Supple
mentary Material (FTIR-ATR spectra are included in Fig. S1, and an SEM 
image of the CSH (1.4) and the respective EDS spectrum is included in 
Fig. S2). 

3.2. Batch sorption tests 

Kinetic tests from 1 to 30 days were carried out (data in Supple
mentary Material, Fig. S3) to determine the contact time needed to reach 
equilibrium. The rest of the experiments detailed below were performed 
with a contact time between 7 and 15 days. 

Fig. 1 shows the Ni sorption isotherms in five CSH phases (0.8, 1, 1.2, 
1.4 and 1.6) expressed as logarithm of the apparent Kd as a function of 
the logarithm of Ni concentration at equilibrium in the aqueous phase 
(Log(Nieq)). 

The same data represented as the logarithm of the adsorbed element 
por unit of mass (Niads, mol⋅g− 1) versus the logarithm of the Ni final 
aqueous concentration at the equilibrium (Nieq, M), are included in the 
Supplementary Material (Fig. 4S). 

The experimental data can be divided into two different zones. The 
first is at a low Ni equilibrium concentration ([Nieq] < 1⋅10− 9 M), where 
Kd(app) remains constant within the experimental error and Ni is line
arly adsorbed on the CSH surface. 

In the second region, as the Ni concentration increases, the apparent 

Table 1 
Reactions and parameters used to define the CSH surface for sorption modelling. 
(From Missana et al., 2017).  

Description Composition (CHESS code) LogK 

Silanol de-protonation (S and W 
sites) 

Sis,wO− = 1 Sis,wOH, − 1 H+ − 6.80 ±
0.5 

Exchange site (E) X2Ca  
Complexation of Ca (IDP) SiwOCa+ = 1 SiwOH, − 1 H+, 1 

Ca2+
− 4.12 

The densities of W and S silanol sites are 13 and 3.5⋅10− 3 μmol m− 2, respec
tively, and the density of exchange sites is 2 μmol m− 2. 

Table 2 
Characteristics of the different CSH phases used in this study.  

Sample pH Conductivity 
(μS⋅cm− 1) 

Ca 
(mg⋅L− 1) 

Si 
(mg⋅L− 1) 

ζ-potential 
(mV ± 5 mV) 

CSH 
(0.8) 

10.28 
± 0.13 

187 ± 39 44 ± 5 71 ± 10 − 16 

CSH 
(1.0) 

11.49 
± 0.12 

1080 ± 116 96 ± 10 3.5 ± 0.5 − 5 

CSH 
(1.2) 

11.95 
± 0.22 

2340 ± 110 207 ± 16 1.5 ± 0.4 5 

CSH 
(1.4) 

12.15 
± 0.10 

4760 ± 160 335 ± 7 0.45 ±
0.1 

10 

CSH 
(1.6) 

12.36 
± 0.05 

6170 ± 95 590 ± 36 0.14 ±
0.05 

17  

Fig. 1. Sorption isotherms of Ni on CSH at different Ca/Si ratios. Continuous 
lines correspond to the fit obtained with the parameters obtained for each CSH, 
summarised in Table 4. 
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Kd also increases, indicating the existence of Ni precipitation processes. 
The Log(Kd) values determined in the adsorption zone are approximately 
3.8, 3.2 and 2.5 for CSH (0.8), CSH (1.0) and CSH (1.6), respectively, 
showing a decrease in adsorption as the Ca/Si ratio increases. The 
exception is represented by CSH(1.4), where the adsorption is slightly 
higher than that determined in CSH(1.2), an effect that, in principle, 
could be related to the variability range of measurements. 

The largest difference in adsorption can be observed when the Ca/Si 
ratio increases from 0.8 to 1.0 (almost one order of magnitude), but for 
higher Ca/Si ratios, the differences are clearly smaller. This dependence 
is better explained in Fig. 2, which summarises the dependence of Log 
(Kd) on the Ca/Si ratio. Fig. 2 includes sorption values obtained at an 
initial Ni concentration [Ni] = 1⋅10− 9 - 5⋅10− 8 M (i.e., in the adsorption 
region) from the sorption isotherms and other single sorption tests. 

From Ca/Si 0.8 to 1.2, the sorption decrease is more evident than for 
higher Ca/Si, where Kd values are much more similar. For Ca/Si < 1.2, 
the sign of the CSH surface potential is negative, and a greater affinity 
for cations is expected. For anions, the opposite is true. 

Regarding Ni precipitation, the increase in the apparent Kd indicates 
the onset of precipitation processes. For the phases with higher Ca/Si, 
the Kd increase is sharp, whereas for CSH(0.8), the first increase 
observed (indicated with the blue arrow in the figure) is more gradual, 
suggesting the existence of other possible mechanisms, such as surface 
precipitation. 

Thus, the aqueous chemistry (pH and Ca and Si concentrations) 
characteristics of the different CSH phases affect adsorption but may 
also have a role in the overall solubility of Ni. 

3.3. NI speciation and sorption modelling 

The Ni thermodynamic database initially used for calculation was 
the one compiled by the OECD-NEA (Gamsjäger et al., 2005), included 
in the ThermoChimie database (Giffaut et al., 2014) and summarised in 
Table 3. 

Fig. 3 (a, b) shows Ni speciation as a function of pH (from 10 to 13) at 
two different Ni concentrations (1⋅10− 9 M and 5⋅10− 7 M) calculated 
with these thermodynamic data. At low Ni concentrations ([Ni] =
1⋅10− 9 M, Fig. 3a), two predominant species exist in the entire pH range: 
neutral Ni(OH)2 (aq) and negatively charged Ni(OH)3

-. Positively 
charged Ni2+ and NiOH + are detectable only at pH < 11 and at a low 
concentration. 

According to this TDB, the solid limiting Ni solubility, Ni(OH)2(s), 
would precipitate at a Ni concentration above 1⋅10− 7 M, which is a 
concentration almost 2 orders of magnitude higher than the limit of 
precipitation experimentally seen in sorption isotherms (Fig. 1). 

Furthermore, as seen in the speciation diagram calculated for [Ni] =
5⋅10− 7 M (Fig. 3b), as the pH increases, the hydroxide dissolves, leading 
to a large increase in the negatively charged Ni(OH)3

-. 
González-Siso et al. (2018) performed solubility tests with Ni 

(OH)2(s) and observed that the solubility of this solid is lower than that 
predicted by the most updated Ni thermodynamic database (Gamsjäger 
et al., 2005) and that redissolution of Ni(OH)2(s) was not observed up to 
pH 13, suggesting that, at least up to this pH, Ni(OH)3

- cannot be a 
predominant species in solution. Therefore, they suggested excluding Ni 
(OH)3

- from the database. However, this might be an arbitrary decision 
pursuant to the detection limit of the experiments. For this reason, we 
accounted for their Ni solubility data, obtained under relevant condi
tions for the cementitious environment, to determine a (limit) value for 
Ni(OH)3

- formation. 
The results of the calculations are shown in the Supplementary Ma

terial (Fig. 5S). Considering their results, this constant cannot be higher 
than − 32, and a value of − 33.3, which reproduces their data satisfac
torily, was selected. 

Thus, the Ni thermodynamic constants used for the modelling are 
those summarised in the last column of Table 3, considering Ni TDB 
(Gamsjäger et al., 2005), the revised value of Ni(OH)2(s) solubility 
(González-Siso et al., 2018) and the present estimate for the formation 
constant of Ni(OH)3

-. The speciation diagram obtained with these cor
rected data under the same conditions of previous calculations is shown 
in Fig. 3 (c and d). At low Ni concentrations ([Ni] = 1⋅10− 9 M, Fig. 3c), 
neutral Ni(OH)2 (aq) is predominant in almost the entire pH region, but 
as a neutral species, it is not considered to contribute to adsorption. 
Other aqueous species present in non-negligible concentrations are 
cationic Ni2+ and Ni(OH)+ (up to pH 11 and 12, respectively). Nega
tively charged Ni(OH)3

- starts to appear at pH > 11.5. 
The analysis of Ni speciation is fundamental for understanding its 

adsorption and solubility in the different CSH phases because if the 
relative concentration of the species varies with pH, their contribution to 
adsorption in the different CSH phases is different. 

Therefore, for CSH(0.8) (pH = 10.28), the main species will be 
positively charged Ni(OH)+ and Ni2+; for CSH(1.0), CSH(1.2) and CSH 
(1.4) (pH = 11.49, 11.95 and 12.15), all charged species are at very low 
concentrations, but with a slight predominance of Ni(OH)+ or Ni(OH)3

-. 
Finally, for the positively charged CSH(1.6) (pH = 12.36), the main 
adsorbing species to be considered is anionic Ni(OH)3

-. This means that 
the possible co-adsorption of cationic and anionic species might occur, 
and this possibility must be accounted for (Missana et al., 2019). 

At [Ni] = 5⋅10− 7 M, above the Ni solubility limit (Fig. 3d), Ni 
(OH)2(s) is predicted to be the only solid limiting solubility over the 
entire range of pH values analysed. Neutral Ni(OH)2(aq) is present in all 
pH ranges; Ni2+ and Ni(OH)+ are present at very low concentrations, 
appreciable only for pH < 11, and Ni(OH)3

- is seen only at pH > 12. 

Fig. 2. Log(Kd) as a function of the CSH Ca/Si ratio. [Ni]ini = 1⋅10− 9 - 5⋅10− 8 

M. Red stars correspond to the values calculated with the mean values of the 
parameters of Table 4. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Table 3 
Thermodynamic data for the calculation of Ni speciation. Bold: corrected values 
as suggested by Gonzalez-Siso et al. (2018). The species indicated with (*) was 
recalculated in this work.  

Species Composition 
(CHESS code) 

OECD-NEA 
TDB (Gamsjäger 
et al., 2005). 

Values used in 
this work 

Ni(OH)[þ] 1 Ni[2+], − 1 H[+], 
1 H2O 

− 9.54 − 9.54 

Ni(OH)2 (aq) 1 Ni[2+], − 2 H[+], 
2 H2O 

− 18.00 ¡19.7 

Ni(OH)3[-] 1 Ni[2+], − 3 H[+], 
3 H2O 

− 29.38 ¡33.3 (*) 

Ni2(OH)[3þ] 2 Ni[2+], − 1 H[+], 
1 H2O 

− 10.60 − 10.60 

Ni4(OH)4[4þ] 4 Ni[2+], − 4 H[+], 
4 H2O 

− 27.52 − 27.52 

Ni(OH)2 (s) 1 Ni[2+], − 2 H[+], 
2 H2O 

− 11.03 ¡12.10  
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Furthermore, with the revised thermodynamic constants, Ni(OH)2(s) 
precipitation agrees with the experimental study by Gonzalez-Siso et al. 
(2018) and occurs at a concentration approximately one order of 
magnitude lower than that predicted with the values of Gamsjäger et al. 
(2005). 

Considering the calculations and the Ni speciation obtained (Fig. 3c 
and d, respectively), the following reactions were assumed for the for
mation of surface complexes, considering the possible adsorption of both 
cationic and anionic Ni species:  

1) X2Ca + Ni2+ ↔ X2Ni + Ca2+ Ni–Ca cation exchange  
2) SiOH + Ni2+ ↔ SiONi+ + H+ surface complexation of Ni2+

3) SiOH + Ni(OH)
+ ↔ SiONiOH + H+ surface complexation of Ni(OH)+

4) SiOCa+ + Ni(OH)
−
3 ↔ SiOCaNi(OH)3 surface complexation of Ni(OH)3

- 

The surface reactions are summarised in Table 4, according to the 
nomenclature of the CHESS code. Ni adsorption was observed only at 
low Ni concentrations (Fig. 1); accordingly, Ni surface complexation was 
only considered on strong surface sites. In the calculations, Ni precipi
tation is allowed. 

For reactions 1) and 2), the same constants used by Missana et al. 
(2017) for Ba2+ were taken and fixed for all CSHs. As observed in the 
speciation diagrams (Fig. 3c), Ni2+ is always a minor species in the 
alkaline range of interest and does not affect appreciable retention in 

CSH phases with Ca/Si > 0.8. 
The best fit parameters obtained considering reactions 3) and 4) for 

each CSH are summarised in Table 4. The estimated constants for the 
surface complexation of Ni(OH)+ and Ni(OH)3

- are very similar for all 
the CSH phases, with a standard deviation of approximately ±0.2. The 
results of modelling calculations for sorption isotherms are super
imposed as continuous lines on the experimental data in Fig. 1. 

The model allows predicting Ni adsorption in all the CSH phases 
analysed in this work in a quite satisfactory way. Calculations performed 
using the mean values of the constants obtained, also indicated in 
Table 4, reproduce very well the behaviour of adsorption as a function of 
the Ca/Si ratio (Fig. 2), with the only exception of CSH(0.8), where the 
model (red stars) overpredicts Ni adsorption by almost half an order of 
magnitude. In the calculated curve, CSH(1.4) represents an inflexion 
point in adsorption, and it is noticed that for Ca/Si ratios >1.2, the effect 
of the Ca/Si ratio becomes almost insignificant within the experimental 
error. 

Upon the analysis of Ni adsorption, it is worth opening a discussion 
on the precipitation behaviour observed. The beginning of Ni(OH)2(s) 
precipitation is predicted when the aqueous Ni concentration exceeds 
2–5⋅10− 8 M. When this solubility limit is exceeded, Ni(OH)2(s) precip
itation promotes a sharp increase in apparent Kd values; in the model, 
precipitation is revealed by a vertical line (yellow arrow, Fig. 1). How
ever, especially in CSH (0.8), Kd gradually starts increasing at a Ni 

Table 4 
Surface complexes and definition according to the CHESS code and parameters used for the modelling of adsorption data. (*) From Missana et al. (2017).   

Complexes and Log(K) 

X2Ni 
1 X2Ca, − 1 Ca2+, 1 Ni2+

SiONi+

1 SiOH, − 1 H+, 1 Ni2+
SiONiOH 
1 SiOH, − 2 H+, 1 Ni2+, 1 H2O  

SiOCaNi(OH)3 
1 SiOH, − 4 H+, 1 Ni2+, 1 Ca2+, 3 H2O  

CSH(0.8) 1.3 − 0.3 − 9.05 − 30.50 
CSH(1.0) 1.3 − 0.3 − 8.60 − 30.50 
CSH(1.2) 1.3 − 0.3 − 8.60 − 30.50 
CSH(1.4) 1.3 − 0.3 − 8.50 − 30.10 
CSH(1.6) 1.3 − 0.3 − 8.60 − 30.40 
Mean 1.3(*) − 0.3(*) ¡8.67 ¡30.40 
St. Dev. – – 0.22 0.17  

Fig. 3. Ni speciation (in NaClO4 0.1 M) with values in Table 2 a) and b) Thermodynamic data from Gamsjäger et al. (2005). c) and d) revised thermodynamic 
database. a) and c) [Ni] = 1⋅10− 9 M; b) and d) [Ni] = 5⋅10− 7 M. 

T. Missana et al.                                                                                                                                                                                                                                



Applied Geochemistry 137 (2022) 105197

6

concentration well below that predicted for Ni(OH)2(s) precipitation. 
Ni retention in this intermediate region between the adsorption zone 

and the precipitation of Ni(OH)2(s) cannot be perfectly reproduced by 
the present adsorption/Ni(OH)2(s) precipitation model. From the 
experimental data, it seems that precipitation is somehow facilitated 
when the Ca/Si ratio is low, suggesting that Si may play a role in this 
process and in the overall Ni solubility. 

To check this, Ni sorption isotherms were also carried out in SiO2 and 
portlandite (Fig. 4), with the aim of focusing on the precipitation 
behaviour in both cases. Fig. 4a shows the sorption isotherms of Ni in 
SiO2 compared with that of CSH(0.8), and Fig. 4b shows the sorption 
isotherm of Ni in portlandite compared to that of CSH (1.6). 

Even if the objective of the present work is not to model Ni adsorp
tion mechanisms on SiO2 and portlandite, because more experimental 
data are still needed (i.e. surface sites density for both oxides) some 
comments on the results are due. In the case of SiO2 (pH 9.5), according 
to the speciation diagram (Fig. 3c and d), the main Ni sorbing species 
will be the positively charged Ni(OH)+ and Ni2+, which can be directly 
complexed by the deprotonated silanol groups (SiO− ). In respect to the 
CSH phases, a slightly smaller adsorption capacity is observed (Fig. 4a), 
that can be explained by the absence of the Ni–Ca exchange adsorption 
mechanism in the oxide. In the case of portlandite, as occurs for the CSH 
(1.6), the main Ni adsorbing species is the anionic Ni(OH)3

-. The con
centration of this anionic species increases almost twice from pH 12.36 
(CSH(1.6)) to 12.56 (portlandite) (Fig. 3c and d), and this can be the 
main reason why, portlandite is observed to adsorb more Ni than CSH 
(1.6) (Fig. 4b), together with the higher positive charge of the oxide. 

Coming back to the focus (Ni precipitation behaviour) it is inter
esting to note that, in effect, Ni shows a similar precipitation behaviour 
in SiO2 and CSH(0.8), i.e., much smoother than that observed in CSH 
(1.6) and portlandite, reinforcing the hypothesis on the potential role of 
Si in surface precipitation. 

The smooth apparent Kd increase cannot be reproduced by modu
lating the solubility constants of Ni(OH)2(s) or considering any other 
solid limiting Ni solubility. Thus, for explaining Ni precipitation 

behaviour in the presence of CSH phases at a low Ca/Si ratio, the for
mation of surface precipitates is a plausible option. 

Wieland and Van Loon (2002) and Wieland et al. (2006) suggested 
that in cements, Ni may form layered double hydroxides (LDHs) with a 
solubility lower than Ni(OH)2(s), and in particular, the formation of 
hydrotalcite-like layered double hydroxides (Ni–Al LDHs) was 
emphasised (Scheidegger et al., 2000). 

Specific studies on Ni surface precipitation on the CSH phases are not 
available, but the formation of multinuclear surface complexes or Ni 
precipitates on the surface of silicates or clay minerals during sorption 
and under ambient environmental conditions has been reported for a 
long time (Charlet and Manceau, 1994; Nachtegaal and Sparks, 2002; 
Scheckel et al., 2000; Shi et al., 2012). 

A surface precipitation process starts upon the adsorption of the 
metal, followed by homogeneous or heterogeneous surface nucleation 
and (crystalline) growth above the surface (Scheckel, 1998). Different 
approaches have been considered to describe surface precipitation 
(Farley et al., 1985; Degueldre and Kline, 2007), which have been 
mainly applied for oxyhydroxides and calcite (Comans et al., 1987). In 
their surface precipitation model (SPM), Farley et al. (1985) assumed 
that when a metal is adsorbed on a surface, a new surface phase is 
formed with the additional inclusion of aqueous ions (Fe, Ca, …) 
precipitating on the surface so that their composition varies between the 
original solid and the metal precipitate. 

In the present system (Ni-CSH), two main processes should be 
accounted for the SPM: multilayer Ni2+ sorption on the surface and the 
formation of a solid solution between Ni and dissolved Si. Assuming such 
SPM to simulate the smooth increase of the apparent Kd is possible 
(dotted line in Fig. 4a). Nevertheless, in the absence of thermodynamic 
data on Ni–Si compounds, the solution is resolved but not unique, and 
the approach remains merely empirical and qualitative. 

Even though the existence of different types of Ni–Si solids is re
ported in the literature, unfortunately, no reliable thermodynamic data 
are available for modelling calculations. Gamsjäger et al. (2005) dis
cussed some studies about Ni2SiO4(s), a nickel-olivine, concluding that 
its formation under ambient conditions is improbable and that, conse
quently, no studies on its formation in aqueous media exist. To the best 
of our knowledge, no other thermodynamic studies are available on the 
formation of Ni–Si solids under alkaline conditions. 

Surely, more detailed studies on Ni solubility in the presence of Si/ 
SiO2 are necessary for a complete and unequivocal description of Ni 
retention in cementitious materials. 

4. Conclusions 

The retention of Ni on CSH phases with a Ca/Si ratio from 0.8 to 1.6 
has been experimentally analysed, focusing on both adsorption and 
precipitation processes. Ni adsorption clearly depends on the Ca/Si ratio 
when it ranges from 0.8 to 1.2, with a clear decrease in sorption as the 
ratio increases. For Ca/Si > 1.2, the variation is much less evident, and 
the distribution coefficients are similar within the experimental error. 

Ni adsorption could be successfully modelled in all Ca/Si ratios, 
considering a double layer approach with surface complexation of the 
species Ni2+, Ni(OH)2

+ and Ni(OH)3
- on strong silanol-like sites present 

at the CSH surface. 
The adsorption zone for Ni is limited to quite a low equilibrium 

concentration ([Nieq] < 5⋅10− 9 M); then, as the Ni concentration in
creases, the onset of precipitation processes is evidenced by the increase 
in the (apparent) Kd. 

At the lowest Ca/Si ratio of 0.8 and in SiO2, the increase in the 
apparent Kd is smooth and starts at a Ni aqueous concentration almost 
one order of magnitude smaller than the predicted Ni(OH)2(s) precipi
tation. Thus, the presence of Si seems to facilitate the formation of 
surface precipitates and a decrease in Ni overall solubility. 

More detailed solubility studies of Ni in the presence of Si/SiO2 
under alkaline conditions would be desirable for an unequivocal 

Fig. 4. Comparison of the Ni sorption isotherms on a) CSH(0.8) and SiO2 and b) 
CSH(1.6) and portlandite. Attention is focused on the different precipitation 
behaviours. The lines, indicating different possible precipitation processes, are 
drawn to guide the eye. 
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thermodynamic description of the system. 
Geochemical and thermodynamic models are quite powerful tools to 

understand contaminant behaviour in complex systems, and their use 
can be extended to predict the impact of hazardous elements in different 
environmental fields. 
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González-Siso, M.R., Gaona, X., Duro, L., Altmaier, M., Bruno, J., 2018. Thermodynamic 
model of Ni(II) solubility, hydrolysis and complex formation with ISA. Radiochim. 
Acta 106, 31–45. https://doi.org/10.1515/ract-2017-2762. 
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par les phases de silicate de calcium des ciments hydrates. Thèse de l’Université de 
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