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A B S T R A C T

The impact of citrate (cit) on the solubility of Ni(II) was comprehensively investigated in alkaline 0.1–3.0 M 
NaCl–NaOH–Na3cit solutions in the absence and presence of 0.02 mol dm− 3 CaCl2. Experiments were conducted 
at a temperature of (22 ± 2)◦C under inert gas (Ar) atmosphere. Thermodynamic equilibrium was approached 
from undersaturation conditions using β-Ni(OH)2(cr).

The characterization by X-ray diffraction of selected solid phases after completing the solubility experiments 
(~360 days, depending upon experimental series) confirmed that β–Ni(OH)2(cr) controls the solubility of Ni(II) 
in all investigated systems, both in the absence and presence of Ca. In Ca-free systems, the observed increase in 
the solubility of Ni(II) is attributed to the formation of binary and ternary Ni(II)–OH–cit aqueous complexes. The 
use of thermodynamic data currently selected within the Thermochemical Database project of the Nuclear En
ergy Agency (NEA-TDB) clearly underestimates the solubility of Ni(II) in the hyperalkaline pHm regime of 
relevance in cementitious systems. Taking as anchoring point the species currently selected in the NEA-TDB (Ni 
(cit)– and Ni(cit)2

4− ) and based on slope analysis of solubility data (log10 [Ni] vs. pHm and log10 [Ni] vs. log10 
[cit]), the predominance of the complexes Ni(H–1cit)2–, Ni(OH)(H–1cit)3–, Ni(cit)(H–1cit)5– and Ni(H–1cit)2

6− at 
pHm ≥ 10 is proposed, with H–1cit corresponding to a citrate ligand with deprotonated alcohol group. The in
crease in solubility observed in the presence of Ca can only be explained claiming the formation of a quaternary 
complex, i.e., Ca[Ni(OH)(H–1cit)]–. Based on this chemical model and the fit of solubility data, thermodynamic 
and SIT activity models were derived for the system Na+–Ca2+–Ni2+–Cl––OH––cit3––H2O(l). These models can be 
implemented in thermodynamic databases and geochemical calculations, allowing for the first time an accurate 
description of Ni(II) solubility and aqueous speciation in citrate-containing cementitious systems.

1. Introduction

The radioactive nickel isotopes 59Ni (t1/2–7.6•104 a) and 63Ni (t1/ 

2–1.0•102 a) are activation products of stable isotopes of Ni, Co and Zn 
present in structural steel and internal components of nuclear reactor 
vessels. These radionuclides are retained by ion-exchange resins used for 
the cleaning of the reactor coolant water, which are disposed in re
positories for low and intermediate-level waste (L/ILW) (González-Siso 
et al., 2018; Lindgren et al., 2007).

Cementitious materials are extensively used in repositories for L/ILW 
for construction purposes and for the stabilization of the waste (Ochs 
et al., 2016; Wieland, 2014). Upon contact with groundwater, cemen
titious materials degrade, imposing high alkaline pH conditions (10 ≤

pH ≤ 13.5) in the pore solution over a long-time scale (Duro et al., 2014; 
Ochs et al., 2016). In CEM I materials (i.e., ordinary Portland cement, 
OPC), the first degradation stage is characterized by the dissolution of 
the Na and K hydroxides, resulting in pH values > 13. After the washing 
out of the alkaline oxides, the second degradation stage proceeds with 
the dissolution of portlandite (Ca(OH)2), which buffers the porewater 
composition at pH ≈ 12.5 and [Ca] ≈ 0.02 mol dm− 3. The last degra
dation stage is defined by the incongruent dissolution of calcium silicate 
hydrate (C–S–H) phases, which evolves from a Ca/Si (C/S) ratio of ≈1.4 
(pH ≈ 12.5) to a C/S ≈ 0.6 (pH ≈ 10) (Ochs et al., 2016; Taylor, 1997). 
These boundary conditions strongly impact the solubility, hydrolysis 
and complexation properties of the radionuclides present in the waste.

A variety of organic compounds is expected in repositories for L/ILW, 
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including decontamination agents (e.g., EDTA, NTA, citrate, etc.), cel
lulose, polymeric materials (plastic, rubber, filter aids, etc.), bitumen, as 
well as cement additives, among others (Duro et al., 2012; Keith-Roach 
et al., 2021; Keith-Roach and Shahkarami, 2021; Szabo et al., 2023; Tasi 
et al., 2024; Wieland, 2014). Besides its use in nuclear facilities, citrate is 
also used as additive in the cement industry to control hardening and 
other properties of cementitious materials (Guidone et al., 2024; 
Möschner et al., 2009).

Citrate (C6H8O7 as citric acid, see Fig. 1) is a chelating ligand con
taining four functional groups, i.e., three carboxylates and one hydroxy 
group. The pK◦

a values selected in the NEA-TDB for the first, second, and 
third carboxylic groups of citric acid are pK◦

a1 = (3.13 ± 0.01) (H2cit–), 
pK◦

a2 = (4.78 ± 0.01) (Hcit2− ) and pK◦
a3 = (6.36 ± 0.02) (cit3− ) 

(Hummel et al., 2005). The alcohol group of citric acid can deprotonate 
in very alkaline conditions (H–1cit4− , see Hummel et al., 2005 and ref
erences therein). No pK◦

a0 is recommended in the NEA-TDB for this 
species, although a value higher than the pK◦

w of water is expected 
(pK◦

a0 > 14). Nevertheless, the coordination of citrate to a metal ion has 
a strong induction effect, promoting the deprotonation of the alcohol 
group of the citrate ligand to less alkaline pH values. In the case of Ni(II), 
the induction effect upon complexation (e.g., formation of Ni(H–1cit)2–) 
is estimated to increase the dissociation constant by more than six orders 
of magnitude (Hummel et al., 2005).

The formation of strong complexes of citrate with actinides, fission 
and activation products is described in the literature (Adam et al., 2021; 
Borkowski et al., 2000; DiBlasi et al., 2023; Felipe-Sotelo et al., 2015; 
Felmy et al., 2006; Hummel et al., 2005; Keith-Roach and Shahkarami, 
2021). Thermodynamic data are available for many of the complexes 
with citrate forming in acidic conditions, but only a limited number of 
studies has focused on those complexes forming in alkaline to hyper
alkaline pH conditions. In cementitious systems, the impact of citrate (as 
well as other chelating ligands) in the mobilization of radionuclides is 
usually considered of minor relevance. This is due to the presence of Ca, 
which leads to the formation of stable calcium-containing aqueous 
complexes (e.g., with EDTA, NTA, citrate) and/or solid phases (e.g., with 
citrate, oxalate) (Hummel et al., 2005; Ochs et al., 2022), that accord
ingly limit the free ligand concentration available for the complexation 
with radionuclides.

Thermodynamic data available in the literature for the Ni(II)-cit 
system were critically reviewed in the 9th volume of the NEA-TDB se
ries (Hummel et al., 2005). Four complexes were selected, i.e., Ni 
(H2cit)+, Ni(Hcit)(aq), Ni(cit)– and Ni(cit)2

4− , all of them prevailing in 
acidic to weakly alkaline pH conditions. The same species are selected in 
the most relevant thermodynamic databases available in the context of 
nuclear waste disposal, e.g., PSI-Nagra TDB (Hummel and Thoenen, 
2023), ThermoChimie (Giffaut et al., 2014) and JAEA-TDB (Kitamura, 
2021).

The formation of Ni(II)-cit complexes involving the deprotonation of 
the alcohol group of citrate (H–1cit), e.g., Ni(H–1cit)2–, Ni(cit)(H–1cit)5–, 
Ni(H–1cit)2

6− , Ni2(cit)(H–1cit)3–, Ni2(H–1cit)2
4− and Ni4(OH)(H–1cit)3

5− , 
has been described in a number of previous publications, mostly 
involving the use of potentiometric titrations (Daniele et al., 1984, 1988; 

Heitner-Wirguin et al., 1958; Migal and Sychev, 1958; Patnaik and Pani, 
1957, 1965; Salnikov et al., 1984; Sari, 2001). The NEA-TDB dis
regarded all these studies due to relevant experimental shortcomings. 
The lack of reliable data for the Ni(II)-cit complexes involving the 
deprotonation of the alcohol group importantly hinders geochemical 
calculations for this system in alkaline to hyperalkaline pH conditions.

In this context, this study aims at investigating the complexation of 
Ni(II) with citrate in the alkaline to hyperalkaline pH conditions 
representative of cementitious systems, both in the absence and pres
ence of Ca. For this purpose, systematic undersaturation solubility ex
periments were conducted at different pH, citrate concentrations and 
ionic strengths, with the aim of deriving complete chemical, thermo
dynamic and (SIT) activity models for the system 
Na+–Ca2+–Ni2+–Cl––OH––cit3––H2O(l). The use of solubility experi
ments allows to probe the Ni(II)-citrate system under hyperalkaline 
conditions, where the low Ni(II) concentrations imposed by the spar
ingly soluble phase Ni(OH)2(s) prevent the reliable use of potentiometric 
or spectroscopic methods.

2. Experimental description

2.1. Chemicals

All solutions were prepared with purified water (Milli-Q academic, 
Millipore), purged for 1.5 h with Ar to remove traces of O2 and CO2. All 
samples were prepared, stored and handled at T = (22 ± 2) ◦C inside an 
inert gas (Ar) glovebox (O2 < 5 ppm) to prevent CO2 contamination in 
(hyper)alkaline conditions. NaCl, Na3cit(s)•2H2O and CaCl2•2H2O were 
obtained from Merck with at least analytical grade purity (≥96%). HCl 
and NaOH Titrisol © (Merck) were used to adjust the pH of the samples. 
Ni(OH)2(s) was purchased from Acros Organics, and used as received for 
the solubility experiments.

2.2. pH measurements

A glass pH electrode (type ROSS, Orion) daily calibrated against 
dilute standard buffers (pH 4–11, Merck) was used to measure the pH of 
the investigated samples. Experimentally measured pH values (pHexp) 
were converted to pHm (with pHm = –log [H+], and [H+] in molal units) 
following the expression pHm = pHexp + Am, where Am is an empirical 
value entailing the activity coefficient of the H+ and the liquid junction 
potential of the electrode at the given background electrolyte concen
tration and temperature. Am values in NaCl solutions were taken from 
(Altmaier et al., 2003). In NaCl–NaOH solutions with [OH− ] > 0.03 M, 
the H+ concentration was calculated from the given [OH− ] and the 
conditional ion product of water to overcome the alkaline error of the 
glass electrode. All concentration values quantified in molar units (M) 
were converted to molality (mol⋅kg− 1) using the conversion tables 
available in the NEA-TDB reference volumes (Grenthe et al., 2020).

2.3. Solubility experiments with Ni(OH)2(s) and citrate in the absence 
and presence of ca

Batch solubility experiments were conducted from undersaturation 
conditions using a commercial, well-characterized Ni(OH)2(s). A few 
milligrams (5–10) of the original material were transferred to a capped 
silicon single crystal sample holder (Dome, Bruker). X-ray diffraction 
patterns were collected with a Bruker AXS D8 Advance X-ray powder 
diffractometer at angles 2θ = 8–80◦, with incremental steps of 0.01◦ and 
accumulation time of 1 s per step.

A total of 79 independent batch samples were prepared using ca. 20 
mg of β-Ni(OH)2(cr) in 25 mL solution per experiment. Seven series of 
solubility experiments were conducted at constant ionic strength in 0.1, 
0.5, 1.0 and 3.0 mol dm− 3 NaCl–NiOH–Na3Cit solutions with 5⋅10− 5 

mol dm− 3 ≤ [cit]tot ≤ 0.1 mol dm− 3 and 9.0 ≤ pHm ≤ 13.5. To evaluate 
the possible impact of Ca on the complexation of Ni(II) with citrate, Fig. 1. Molecular structure of citric acid, C6H8O7.
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three additional series with 12 independent batch samples were pre
pared in 0.1, 1.0 and 3.0 mol dm− 3 NaCl–NiOH–Na3Cit solutions con
taining 0.02 mol dm− 3 CaCl2. The pHm of the latter samples was limited 
to 12.4 to minimize the precipitation of portlandite, whereas citrate 
concentration in these series was restricted to 10− 3 mol dm− 3 to avoid 
the precipitation of Ca3Cit2⋅4H2O(cr) (Hummel et al., 2005). The satu
ration index of Ca3Cit2⋅4H2O(cr) was <0 in all investigated systems. 
Experimental conditions in all solubility experiments are summarized in 
Table 1.

The pHm and [Ni] were monitored for up to 360 days. The concen
tration of Ni was determined by inductively coupled plasma mass 
spectrometry (ICP-MS, iCAP TQs Thermo Scientific™ equipment) after 
phase separation by ultrafiltration with 10 kD filters (2–3 nm cut-off, 
Nanosep® centrifuge tubes, Pall Life Sciences).

3. Results and discussion

3.1. Solid phase characterization

Fig. 2 shows the XRD characterization of the original Ni(OH)2(s) 
material as well as selected Ni(II) solid phases after completing the 
solubility experiments, i.e., equilibrated in 0.1, 1.0 mol dm− 3 and 3.0 
mol dm− 3 NaCl solutions containing citrate, both in the absence and in 
the presence of 0.02 mol dm− 3 Ca. The comparison of the diffraction 
patterns with of the original material with reference data confirmed the 
only presence of crystalline β-Ni(OH)2(cr) (PDF 73–1520, see also 
(Palmer and Gamsjäger, 2010)). For the solids collected after termi
nating the solubility experiments, a perfect match is obtained also in all 
cases with the reference diffractogram of β-Ni(OH)2(cr) (PDF 73–1520), 
thus confirming that the solubility of Ni(II) in the investigated systems is 
controlled by this solid phase. Additional patterns observed in the solid 
phases equilibrated in 3.0 mol dm− 3 NaCl perfectly match reference data 
available for NaCl (PDF 05–0628). This indicates that the washing steps 
(3 times with ethanol) were insufficient to completely remove the 
background electrolyte. The absence of any additional feature in the 
diffractograms of the systems containing both Ca and citrate underpins 
that Ca3Cit2⋅4H2O(cr) did not precipitate in the course of the solubility 
experiments. This is in line with thermodynamic calculations, which 
predicted a negative saturation index for this solid phase within the 
boundary conditions considered in this study.

3.2. Solubility of Ni(II) in NaCl–NaOH–Na3cit systems in the absence of 
ca

The solubility of Ni(II) determined in NaCl–NaOH–Na3cit systems 
with 9.5 ≤ pHm ≤ 13.5 and 5⋅10− 5 mol kg− 1 ≤ [cit]tot ≤ 0.1 mol kg− 1 are 
shown in Fig. 3 (I = 0.1 and 0.5 mol dm− 3) and Fig. 4 (I = 1.0 and 3.0 
mol dm− 3). Symbols in the figures correspond to individual measure
ments of the batch samples summarized in Table 1. Dispersion of the 
data reflect the uncertainties in pH and [Ni(II)] measurements, and 
generally does not correspond to trends in solubility. However, slow 
dissolution kinetics were observed in solubility samples at pHm < 9.5 

(see Figs. SI–1 in the Supporting Information), which prevented the 
attainment of equilibrium conditions in this pHm-region. These samples 
were not included in the thermodynamic evaluation in this study.

Black solid lines in the figures correspond to the solubility of β-Ni 
(OH)2(cr) calculated for the corresponding ionic strength conditions 
using thermodynamic data reported in (González-Siso et al., 2018), 
whereas dotted lines in the figures indicate the solubility of β-Ni 
(OH)2(cr) in the presence of citrate, calculated considering the given 
experimental conditions and the current NEA-TDB thermodynamic se
lection for the system Ni(II)-cit.

Figs. 3 and 4 show that the Ni(II) solubility in presence of citrate is 
clearly above citrate-free systems in most of the investigated conditions 
and for the complete pHm range evaluated. In 0.1 M NaCl systems with 
[cit]tot = 1⋅10− 4 and 1⋅10− 3 mol kg− 1 (Fig. 3a), experimental solubility 
data are satisfactorily explained by thermodynamic calculations using 
the NEA-TDB selection. At these ionic strength and citrate concentra
tions, Ni(II)-cit complexes dominate the aqueous speciation of Ni(II) 
only at pHm below ≈ 11.3 (precise pH depending upon ligand concen
tration), whereas they are outcompeted by hydrolysis (i.e., predomi
nance of Ni(OH)2(aq)) above this pHm.

Fig. 3b shows the solubility of Ni(II) in I = 0.1 mol dm− 3 solutions at 
pHm = 10 and varying citrate concentrations. Experimental data dis
played in the figure are correctly explained by the solubility calculations 
using the current NEA-TDB thermodynamic selection, which predicts 
the predominance of the complex Ni(cit)– over almost the complete 
range of citrate concentrations investigated. Fig. 3c summarizes the 
experimental solubility data of Ni(II) determined in the presence of 
citrate at I = 0.5 mol dm− 3. At pHm ≤ 11, experimental data are properly 
explained by model calculations using the NEA-TDB selection. However, 
as reflected by the mismatch between the experimental data and ther
modynamic calculations at higher pHm values, the solubility cannot be 
explained alone by aqueous complexes currently selected in NEA-TDB, i. 
e., Ni(cit)– and Ni(cit)2

4− . This suggests that additional Ni(II)–cit com
plexes expectedly involving Ni(II) hydrolysis, deprotonation of the 
alcohol group of citrate, or both, seem to be required in order to com
plete the chemical model of the Ni(II)–cit–H2O(l) system. The mismatch 
between experimental solubility data and model calculations becomes 
more evident in Fig. 4, which shows solubility data collected at I = 1.0 
and 3.0 mol dm− 3 at higher ligand concentrations. A moderate to good 
agreement between experimental and calculated solubility is only 
observed in Fig. 4b (log [Ni(II)] vs. [cit]tot at pHm = 11.2), which 
possibly reflects the predominance of the complexes Ni(cit)– and Ni 
(cit)2

4− at these pHm and ionic strength conditions.
Fig. 3b, 4b and 4d (log [Ni(II)] vs. log [cit]tot) support that much 

stronger complexation takes place at pHm ≤ 10, where the unhydrolyzed 
Ni2+ species prevails in the absence of citrate. Complexation becomes 
weaker with increasing pHm due to the expected competition with hy
drolysis. However, complexation takes place at [cit]tot ≥ 10− 3 mol kg− 1 

at pHm ≈ 11 and at [cit]tot ≥ 10− 2 mol kg− 1 at pHm ≈ 13, thus 
evidencing that citrate can outcompete hydrolysis in hyperalkaline pHm 
conditions at intermediate to high ligand concentrations.

The use of a background electrolyte of sufficiently high 

Table 1 
Experimental conditions in the investigated solubility samples.

Series I (mol⋅dm− 3) pHm [cit] (mol⋅dm− 3) [Ca] (mol⋅dm− 3) n◦ samples

Absence of Ca (pH-variation) 0.1 9.0–13.0 1•10− 4 – 1⋅10− 3 – 14
0.5 9.0–13.5 1⋅10− 2 – 10
1.0 9.0–13.5 8⋅10− 3–5⋅10− 2 – 16
3.0 9.0–13.5 5⋅10− 3–5⋅10− 2 – 16

Absence of Ca ([Cit]-variation) 0.1 10.0 5•10− 5 – 5•10− 3 – 5

1.0 11.2 5•10− 3 – 0.1 – 5

3.0 13.0 5•10− 3 – 0.1 – 6

Presence of Ca (pH-variation) 0.1, 1.0, 3.0 9.0–12.4 1•10− 3 0.02 12
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concentration allows ensuring constant activity factors in the equilib
rium experiments. On this basis, slope analysis of the solubility data 
gives insight on the stoichiometries Ni:OH (log [Ni(II)] vs. pHm) and Ni: 
cit (log [Ni(II)] vs. [cit]free). Note that for Ca-free systems, the rela
tionship [cit]free ≈ [cit]tot can be safely assumed. Three main regimes 
can be identified in the experiments at constant ligand concentration 
and varying pHm: (i) slope of − 2 in the less alkaline pHm-region, 

indicating that two protons are released in the equilibrium reaction 
controlling the solubility. Considering a solubility-control by β-Ni 
(OH)2(cr) as confirmed in Section 3.1, the aqueous speciation in this 
pHm-region is expectedly dominated by the complexes already selected 
in the NEA-TDB, i.e., Ni(cit)– and Ni(cit)2

4− ; (ii) slope of − 1 within pHm 
≈ 10.5 and ≈12 (precise pHm-range depending upon ionic strength), 
corresponding to the release of one H+ in the equilibrium reaction 
controlling solubility; (iii) slope of 0 within pHm ≈ 12 and ≈13.5 (pre
cise pHm-range depending upon ionic strength), which underpins the 
predominance of a solubility reaction involving no exchange of protons. 
In the absence of citrate, the pHm-independent reaction controlling the 
solubility of Ni(II) at 10 ≤ pHm ≤ 13.5 is defined as β-Ni(OH)2(cr) ⇔ Ni 
(OH)2(aq). In the presence of citrate, such behaviour can be explained 
by the predominance of Ni(OH)2(cit)3– (alternatively Ni(OH)(H-1cit)3–) 
and/or Ni(OH)2(cit)2

6− (alternatively Ni(H-1cit)2
6− ). Note that strong in

teractions of such highly charged species are to be expected with other 
cations present in solution (see also discussion in Section 3.4).

Felipe-Sotelo and co-workers conducted oversaturation solubility 
experiments with different radionuclides (Ni(II), Th(IV), U(IV) and U 
(VI)) in the presence of organic ligands (citrate, EDTA and DTPA) 
(Felipe-Sotelo et al., 2015). Experiments were performed at pH ≈ 12.3 
with 5•10− 3 mol dm− 3 ≤ [cit]tot ≤ 0.1 mol dm− 3, in the absence and 
presence of calcium (5•10− 3 mol dm− 3 ≤ [Ca] ≤ 2•10− 2 mol dm− 3). In 
the presence of [cit]tot = 0.01 mol dm− 3 and absence of Ca, the authors 
reported a solubility of nickel in the range of 10− 5–10− 4 mol dm− 3, i.e., 
approximately 2 orders of magnitude greater than the corresponding 
citrate-free systems. They concluded that such an increase could not be 
explained with the current NEA-TDB thermodynamic selection. The 
overall solubilities reported by Felipe-Sotelo and co-workers are clearly 
higher than those determined in this work (Figs. 1 and 5 in Felipe-Sotelo 
et al., 2015), but the trends and conclusions are similar. Note that the 
enhanced Ni(II) concentrations compared to the current study is 
possibly due to the formation of a less crystalline solid phase when 
approaching the system from oversaturation conditions.

Patnaik and Pani investigated the solubility of Ni(OH)2(s) in the 
presence of citrate at T = 35 ◦C and weakly alkaline conditions (7.5 ≤
pH ≤ 9.5) (Patnaik and Pani, 1965). Solubility experiments were com
plemented with pH titrations and conductimetric methods. Based on 
their observations, the authors proposed the formation of 1:1 complexes 
with charge − 1 and − 2, which can be matched with Ni(cit)– and Ni 
(H-1cit)2–. Note that the NEA-TDB disregarded any data selection from 
this reference due to relevant experimental shortcomings (Hummel 
et al., 2005).

3.3. Solubility of Ni(II) in NaCl–NaOH–Na3cit systems in the presence of 
ca

Fig. 5 shows the experimental solubility data determined in 
NaCl–NaOH–Na3cit systems containing [cit]tot = 1•10− 3 mol kg− 1 and 
[Ca] = 0.02 mol kg− 1. The figure shows also the solubility of β-Ni 
(OH)2(cr) calculated for the same boundary conditions using the Ni(II) 
solubility and hydrolysis constants reported in (González-Siso et al., 
2018) and the Ni(II)-cit complexation constants currently selected in the 
NEA-TDB (Hummel et al., 2005).

Solubility data determined in the pHm-region 9–10 shows a slight 
increase in [Ni] compared to the citrate-free system (black line in the 
figure). This increase is well-reproduced by thermodynamic calcula
tions, which predict the predominance of the binary complex Ni(cit)– in 
this pHm-region. Solubility data above pHm ≈ 11 shows a pHm-inde
pendent behaviour for the three investigated ionic strength conditions, i. 
e., 0.1, 1.0 and 3.0 mol dm− 3 NaCl–NaOH–Na3cit. Experimentally 
measured Ni(II) concentrations are again higher than those expected for 
citrate-free systems. However, thermodynamic calculations do not pre
dict any solubility enhancement due to the predominance of the hy
drolysis species Ni(OH)2(aq) and the competition with Ca2+ for the 
complexation with citrate. The disagreement between experimental 

Fig. 2. Diffractograms of Ni(II) solid phases collected from selected solubility 
experiments in 0.1, 1.0 and 3.0 mol dm− 3 NaCl–CaCl2–NaOH–Na3cit. The 
diffractogram of the original Ni(OH)2(s) material is included for comparison. 
Dark pink and brown lines correspond to reference patterns for β-Ni(OH)2(cr) 
(PDF 73–1520) and NaCl (PDF 05–0628), respectively.
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solubility and model calculations provide indirect evidence on the for
mation of quaternary complexes of the type Ca–Ni(II)–OH-cit. A similar 
hypothesis was raised by Felipe-Sotelo and co-workers on the basis of 
their solubility experiments with the Ni(II)-cit system at pHm ≈ 12.3, 
conducted in the absence and presence of Ca (Felipe-Sotelo et al., 2015).

3.4. Chemical, thermodynamic and SIT activity models for the system 
Na+–Ca2+–Ni2+–Cl––OH––cit3––H2O(l)

Thermodynamic data in the reference state describing the 
Na+–Ca2+–Ni2+–Cl––OH––cit3––H2O(l) systems were determined on the 
basis of solubility data obtained in this work at I = 0.1, 0.5, 1.0 and 3.0 
mol dm− 3 in NaOH–NaCl–CaCl2–Na3cit solutions, in combination with 
solid phase characterization by XRD. The binary complexes Ni(cit)– and 

Ni(cit)2
4− , prevailing in weakly acidic to weakly alkaline conditions and 

currently selected in the NEA–TDB, have been taken as anchoring point 
to extend the chemical model in the alkaline to hyperalkaline pH region. 
Differences between thermodynamic constants at T = 22 ◦C and in the 
reference state (T = 25 ◦C) are significantly lower than the experimental 
uncertainty in solubility data. No temperature corrections have been 
accordingly performed.

The specific ion interaction theory (SIT) has been considered to ac
count for ionic strength corrections (Ciavatta, 1980), in agreement with 
the approach favored within the NEA-TDB project (Grenthe et al., 2020; 
Hummel et al., 2005). In SIT, activity coefficients γj are calculated as 
described in equation (1): 

log10 γ j = –z j2D +
∑

ε(j, k, Im) mk                                                 (1)

Fig. 3. Solubility of Ni(II) determined in NaCl–NaOH–Na3cit systems with (a) I = 0.1 mol dm− 3, [cit]tot = 1⋅10− 4, 1⋅10− 3 mol kg− 1 and 9.5 ≤ pHm ≤ 12.8; (b) I = 0.1 
mol dm− 3, pHm = 10.0 and 5⋅10− 5 mol kg− 1 ≤ [cit]tot ≤ 5⋅10− 3 mol kg− 1; and (c) I = 0.5 mol dm− 3, [cit]tot = 1⋅10− 2 mol kg− 1 and 10 ≤ pHm ≤ 13.5. Black solid and 
colored dotted lines correspond to the solubility of β-Ni(OH)2(cr) calculated in the absence and presence of citrate, respectively. Calculations performed using 
thermodynamic data reported by González-Siso et al. (solubility and hydrolysis) and selected in the NEA-TDB (Ni(II)-cit system).

Fig. 4. Solubility of Ni(II) determined in NaCl–NaOH–Na3cit systems with (a) I = 1.0 mol dm− 3, [cit]tot = 5⋅10− 2 mol kg− 1 and 10 ≤ pHm ≤ 13.5; (b) I = 1.0 mol 
dm− 3, pHm = 11.2 and 1⋅10− 3 mol kg− 1 ≤ [cit]tot ≤ 0.1 mol kg− 1; (c) I = 3.0 mol dm− 3, [cit]tot = 5⋅10− 3, 5⋅10− 2 mol kg− 1 and 10 ≤ pHm ≤ 13.5; and (d) I = 3.0 mol 
dm− 3, pHm = 13.0 and 5⋅10− 3 mol kg− 1 ≤ [cit]tot ≤ 0.1 mol kg− 1. Black solid and colored dotted lines correspond to the solubility of β-Ni(OH)2(cr) calculated in the 
absence and presence of citrate, respectively. Calculations performed using thermodynamic data reported by González-Siso et al. (solubility and hydrolysis) and 
selected in the NEA-TDB (Ni(II)–cit system).
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where D is the Debye-Hückel term, z j the charge of an ion j, Im the molal 
ionic strength, mk the molality of all ions k present in the solution and ε(j, 
k, Im) the specific ion interaction parameter.

As discussed in Section 3.2, the binary complexes Ni(cit)– and Ni 
(cit)2

4− currently selected in the NEA-TDB can only explain experimental 
solubility data determined in this work under moderately alkaline pH 
conditions (pHm ≤ 10.5). At higher pHm values, and particularly at I ≥
0.5 mol dm− 3 NaCl–NaOH–Na3cit, discrepancies between model cal
culations and experimental data become very evident, supporting the 
formation of additional Ni(II)-cit complexes. Slope analysis (log [Ni(II)] 
vs. pHm and log [Ni(II)] vs. log [cit]tot) in these pHm-regions underpin 
the predominance of the limiting complexes Ni(cit)(H–1cit)5– and Ni 
(H–1cit)2

6− , according with the equilibrium reactions (2) and (3). It is to 
be expected that such negatively charged complexes interact strongly 
with Na+ cations in the background electrolyte, and thus form com
plexes of the type NaxNi(cit)(H–1cit)(5–x)– and NayNi(H–1cit)2

(6–y)– in the 
conditions of this study. Because of the challenging determination of the 
ratio Na:Ni, and particularly to avoid an overparameterization in the 
thermodynamic model, the formation of ternary complexes Na–Ni(II)-cit 
has been excluded from the chemical model. Although acknowledging 
that these interactions can be very relevant, they are accounted for in the 
activity model through the SIT coefficients. 

β-Ni(OH)2(cr) + 2cit3− + H+ ⇔ Ni(cit)(H-1cit)5– + 2H2O(l)             (2)

(slope − 1: log [Ni(II)] vs. pHm//slope +2: log [Ni(II)] vs. log [cit]tot) 

β-Ni(OH)2(cr) + 2cit3− ⇔ Ni(H-1cit)2
6− + 2H2O(l)                            (3)

(slope 0: log [Ni(II)] vs. pHm//slope +2: log [Ni(II)] vs. log [cit]tot)
with the conditional solubility constants at given ionic strength: 

log *K’s,(1,0,2,–1) = log [Ni(cit)(H-1cit)5–] + pHm – 2 log [cit3− ]        (4)

log *K’s,(1,0,2,–2) = log [Ni(H-1cit)2
6− ] – 2 log [cit3− ]                         (5)

with p, x, y, z in log *K’s,(p,x,y,z) corresponding to the stoichiometric 
numbers in the complex: p = Ni, x = Ca, y = cit and z = number of H+

involved in the complexation reaction (either as hydrolysis of water or 
deprotonation of alcohol group of citrate). Solubility constants at the 

reference state can be accordingly calculated.log *K◦
s,(1,0,2,–1) = log *K’s, 

(1,0,2,–1) – log γ(Ni(cit)(H-1cit)5–) 

+ log γ(H+) + 2 log γ(cit3− ) – 2 log aw                                           (6)

log *K◦
s,(1,0,2,–2) = log *K’s,(1,0,2,–2) – log γ(Ni(H-1cit)2

6− ) + 2 log γ(cit3− ) – 
2 log aw                                                                                        (7)

At high ligand concentrations, the formation of these complexes 
defines a consistent trend building as anchoring point on the current 
NEA-TDB selection, i.e., Ni(cit)2

4− → Ni(cit)(H-1cit)5– → Ni(H-1cit)2
6− . A 

first attempt to model the solubility data in Ca-free systems using this 
chemical model was not satisfactory due to discrepancies with experi
mental data at low ligand concentrations. For this reason, the 1:1 
complexes Ni(H-1cit)2– and Ni(OH)(H-1cit)3– were also included in the 
chemical model according with reactions (8) and (9): 

β-Ni(OH)2(cr) + Cit3− + H+ ⇔ Ni(H-1cit)2– + 2H2O(l)                     (8)

(slope − 1: log [Ni(II)] vs. pHm//slope +1: log [Ni(II)] vs. log [cit]tot) 

β-Ni(OH)2(cr) + cit3− ⇔ Ni(OH)(H-1cit)3– + H2O(l)                         (9)

(slope 0: log [Ni(II)] vs. pHm//slope +1: log [Ni(II)] vs. log [cit]tot)
with the conditional solubility constants at given ionic strength: 

log *K’s,(1,0,1,–1) = log [Ni(H-1cit)2–] + pHm – log [cit3− ]               (10)

log *K’s,(1,0,1,–2) = log [Ni(OH)(H-1cit)3–] – log [cit3− ]                   (11)

and the corresponding solubility constants at the reference state:
log *K◦

s,(1,0,1,–1) = log *K’s,(1,0,1,–1) – log γ(Ni(H-1cit)2–) 

+ log γ(H+) + log γ(cit3− ) – 2 log aw                                            (12)

log *K◦
s,(1,0,1,–2) = log *K’s,(1,0,1,–2) – log γ(Ni(OH)(H-1cit)3–) + log 

γ(cit3− ) – log aw                                                                          (13)

In spite of the large pool of data collected in Ca-free systems (9 inde
pendent series, ≈150 independent solubility measurements), the 
complexity of the system and the number of variables to be fitted (log 
*K◦

s,(1,0,1,–1), log *K◦
s,(1,0,1,–2), log *K◦

s,(1,0,2,–1), log *K◦
s,(1,0,2,–2), ε(Ni(H- 

1cit)2–, Na+), ε(Ni(OH)(H-1cit)3–, Na+), ε(Ni(cit)2
4− , Na+), ε(Ni(cit)(H- 

1cit)5–, Na+), ε(Ni(H-1cit)2
6− , Na+)) for the development of a complete 

model required the use of a step-wise approach. In a first step, tentative 
SIT-plots were prepared for limiting complexes, in order to gain a first 
insight on the values of log *K◦

s,(1,x,y,z) and SIT coefficients of these 
complexes (see Figs. SI–2 in the Supporting Information). In a second 
step, all parameters were taken into account and the difference between 
experimental and calculated Ni(II) concentrations minimized. In this 
process, it became evident that the value of log *K◦

s,(1,0,2,0) (i.e., corre
sponding to Ni(cit)2

4− ) currently selected in the NEA-TDB systematically 
led to an overestimation of the experimental solubility data in the less 
alkaline pHm-region, and thus was also included in the optimization 
process. Solubility constants log *K◦

s,(1,x,y,z) and SIT coefficients result
ing from this fit are summarized in Tables 2 and 3, respectively. Table 2
includes also the equilibrium constants log *β◦

(1,x,y,z), calculated 
combining the solubility constants log *K◦

s,(1,x,y,z) and the solubility 
product log *K◦

s,0 reported for β-Ni(OH)2(cr) in (González-Siso et al., 
2018).

The equilibrium constant derived in this work for the formation of 
the complex Ni(cit)2

4− is clearly lower than the current selection in the 
NEA-TDB, although both values agree within their corresponding un
certainties (log *β◦

(1,0,2,0) = (7.7 ± 0.4) (this work) vs. log *β◦
(1,0,2,0) =

(8.5 ± 0.4) (Hummel et al., 2005)). We note that the NEA-TDB selection 
is based on a single potentiometric study conducted in 0.1 M KCl 
(Hedwig et al., 1980). The value of log *β◦

(1,0,2,0) selected by the 
NEA-TDB reviewers was obtained by neglecting the Δε⋅Im term at I = 0.1 
M KCl, and assigning a larger uncertainty.

The pHm-independent solubility behaviour in the Ca-containing 
systems (see Fig. 4) indicates that no H+ are involved in the 

Fig. 5. Solubility of Ni(II) determined in NaCl–NaOH–Na3cit systems with 
[cit]tot = 1•10− 3 mol kg− 1, [Ca] = 0.02 mol kg− 1, at I = 0.1 mol dm− 3 (green 
symbols), 1.0 mol dm− 3 (blue symbols) and 3.0 mol dm− 3 (red symbols). Black 
solid and colored dotted lines correspond to the solubility of β-Ni(OH)2(cr) 
calculated in the absence and presence of citrate, respectively. Calculations 
performed using thermodynamic data reported by González-Siso et al. (solu
bility and hydrolysis) and selected in the NEA-TDB (Ni(II)–cit system).
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equilibrium reaction controlling the solubility under the investigated 
conditions. At [cit] = 1•10− 3 mol kg− 1, solubility experiments in Ca-free 
systems support the predominance of complexes with a Ni:cit ratio of 
1:1, and the same stoichiometry has been considered for the ternary 
complex with Ca. The solubility reaction (14) is thus defined for Ca- 
containing systems, under the assumption that the number of Ca 
atoms participating in the complex formation is also one. Model calcu
lations including two Ca atoms did not improve the quality of the fit.

In order to describe the chemical equilibrium under the more real
istic conditions, the solubility reaction was defined in terms of the 
predominant components in the system, i.e., β-Ni(OH)2(cr) and Ca(cit)–. 

β-Ni(OH)2(cr) + Ca(cit)– ⇔ Ca[Ni(OH)(H-1cit)]– + H2O(l)             (14)

with the conditional solubility constant at a given ionic strength: 

log *K’s,(1,1,1,–1) = log [Ca[Ni(OH)(H-1cit)]–] – log [Ca(cit)–]          (15)

and the corresponding solubility constant at the reference state: 

log *K◦
s,(1,1,1,–1) = log *K’s,(1,1,1,–1) – log γ(Ca[Ni(OH)(H-1cit)]–) + log 

γ(Ca(cit)–) – log aw                                                                      (16)

The resulting solubility and equilibrium constants (log *K◦
s,(1,1,1,–1) 

and log *β◦
(1,1,1,–1)) as well as the SIT coefficient determined for the 

complex Ca[Ni(OH)(H-1cit)]– are summarized in Tables 2 and 3, 
respectively.

Fig. 6(a–h) compares experimental solubility data determined in this 
work, with solubility calculations using the thermodynamic and activity 
models summarized in Tables 2 and 3 Thin dashed lines in the figures 
correspond to the prevailing aqueous species underlying the solubility 
curves. This comparison confirms the excellent agreement between 
experimental and model data, for a wide range of boundary conditions, i. 
e., pH, citrate concentration and ionic strength, as well as in the absence 
and presence of Ca.

4. Implications for the chemical behaviour of Ni(II) in alkaline 
systems containing citrate

The new chemical, thermodynamic and SIT activity models derived 
in this work allow for the first time the calculation of Ni(II) solubility 
and aqueous speciation in alkaline to hyperalkaline solutions containing 
citrate. Fig. 7 shows the predominance diagrams of Ni(II) calculated 
within 9 ≤ pH ≤ 13.5 and 1•10− 5 mol kg− 1 ≤ [cit]tot ≤ 0.03 mol kg− 1, in 
the absence (Fig. 7a) and presence of Ca (Fig. 7b, with [Ca] = 0.02 mol 
kg− 1). The latter Ca concentration is representative of the pore water in 
the degradation stage II of cement, as buffered by the equilibrium with 
portlandite at pH ≈ 12.5 (Ochs et al., 2016; Wieland, 2014).

Fig. 7a confirms the relevant role of Ni(II)-cit complexes in Ca-free, 
alkaline to hyperalkaline pH conditions, even though the stability of 
these complexes decreases with increasing pH. Hence, at pH ≈ 10 the 
binary complex Ni(cit)– prevails already at [cit] ≈ 2•10− 5 mol kg− 1, 

Table 2 
Summary of the solubility and complexation constants for the 
Na+–Ca2+–Ni2+–Cl––OH––cit–H2O(l) system, as determined in this work or re
ported in the literature. Values reported in the reference state (T = 25 ◦C and I =
0).

Chemical reaction Equilibrium 
constant

Reference

β-Ni(OH)2(cr) + 2H+ ⇄ Ni2+ +

2H2O(l)
(12.10 ± 0.11) (González-Siso et al., 

2018)
β-Ni(OH)2(cr) + cit3− + 2H+ ⇄ Ni 

(cit)– + 2H2O(l)
(18.86 ± 0.14) (Hummel et al., 2005) 

(a)
β-Ni(OH)2(cr) + cit3− + H+ ⇄ Ni(H- 

1cit)2– + 2H2O(l)
(7.8 ± 0.3) This work

β-Ni(OH)2(cr) + cit3− ⇄ Ni(OH)(H- 

1cit)3– + H2O(l)
–(5.1 ± 0.4) This work

β-Ni(OH)2(cr) + 2cit3− + 2H+ ⇄ Ni 
(cit)2

4− + 2H2O(l)
(19.8 ± 0.4) This work (Hummel 

et al., 2005) (a)(20.6 ± 0.4)
β-Ni(OH)2(cr) + 2cit3− + H+ ⇄ Ni 

(cit)(H-1cit)5– + 2H2O(l)
(7.4 ± 0.3) This work

β-Ni(OH)2(cr) + 2cit3− ⇄ Ni(H- 

1cit)2
6− + 2H2O(l)

–(7.9 ± 0.4) This work

β-Ni(OH)2(cr) + Ca(cit)– ⇄ Ca[Ni 
(OH)(H-1cit)]– + H2O(l)

–(3.6 ± 0.3) This work

Ca3(cit)2⋅4H2O(cr) ⇄ 3Ca2+ +

2cit3− + 4H2O(l)
–(17.9 ± 0.1) Hummel et al. (2005)

Ca(OH)2(cr) + 2H+ ⇄ Ca2+ + 2H2O 
(l)

(22.81 ± 0.05) Giffaut et al. (2014)

Ni2+ + 2H2O(l) ⇄ Ni(OH)2(aq) +
2H+

–(19.7 ± 0.4) (González-Siso et al., 
2018)

Ni2+ + Cl− ⇄ NiCl+ (0.08 ± 0.60) Gamsjäger et al. (2005)
Ni2+ + cit3− ⇄ Ni(cit)– (6.76 ± 0.08) Hummel et al. (2005)
Ni2+ + cit3− ⇄ Ni(H-1cit)2– + H+ –(4.3 ± 0.3) This work (b)
Ni2+ + H2O(l) + cit3− ⇄ Ni(OH)(H- 

1cit)3– + 2H+

–(17.2 ± 0.4) This work (b)

Ni2+ + 2cit3− ⇄ Ni(cit)2
4– (7.7 ± 0.4) This work (b)

(8.5 ± 0.4) Hummel et al. (2005)
Ni2+ + 2cit3− ⇄ Ni(cit)(H-1cit)5– +

H+

–(4.7 ± 0.3) This work (b)

Ni2+ + 2cit3− ⇄ Ni(H-1cit)2
6− + 2H+ –(20.0 ± 0.4) This work (b)

Ni2+ + Ca2+ + cit3− + H2O(l) ⇄ Ca 
[Ni(OH)(H-1cit)]– + 2H+

–(10.9 ± 0.3) This work (c)

Ca2+ + cit3− ⇄ Ca(cit)– (4.8 ± 0.03) Hummel et al. (2005)

a Solubility constant calculated combining the complexation constant selected 
in (Hummel et al., 2005) and the solubility product of β-Ni(OH)2(cr) reported in 
(González-Siso et al., 2018).

b Complexation constant calculated combining the solubility constant deter
mined in this work and the solubility product of β-Ni(OH)2(cr) reported in 
(González-Siso et al., 2018).

c Complexation constant calculated combining the solubility constant deter
mined in this work, the solubility product of β-Ni(OH)2(cr) reported in 
(González-Siso et al., 2018) and the equilibrium constant selected in (Hummel 
et al., 2005) for the complex Ca(cit)–.

Table 3 
Summary of the SIT coefficients for the Ni(II) aqueous complexes considered in this work, as determined in this work or reported in the literature.

i k ε(i,k) [kg⋅mol− 1] Reference

Ni2+ Cl− (0.17 ± 0.02) Gamsjäger et al. (2005)
NiCl+ Cl− (0.21 ± 0.06) (González-Siso et al., 2018)
Ni(OH)2(aq) Na+, Ca2+, Cl− 0 By definition in SIT
Na+ cit3– –(0.076 ± 0.030) Hummel et al. (2005)
Na+ Ca(cit)– (0.03 ± 0.03) Same value as Mg(cit)–, as selected in (Hummel et al., 2005)
Na+ Ni(cit)– (0.10 ± 0.20) This work (Hummel et al., 2005)

(0.22 ± 0.5)
Na+ Ni(H-1cit)2– –(0.04 ± 0.10) This work
Na+ Ni(OH)(H-1cit)3– (0.13 ± 0.20) This work
Na+ Ni(cit)2

4– (0.15 ± 0.10) This work
Na+ Ni(cit)(H-1cit)5– (0.05 ± 0.10) This work
Na+ Ni(H-1cit)2

6– –(0.09 ± 0.20) This work
Na+ Ca[Ni(OH)(H-1cit)]– –(0.16 ± 0.10) This work
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whereas more than two orders of magnitude higher citrate concentra
tions are required for the complex Ni(OH)(H-1cit)3– to become pre
dominant at pH ≈ 13. The presence of Ca significantly changes the 
speciation scheme and the stability of the Ni(II)-cit complexes in 
hyperalkaline pH conditions (Fig. 7b). Hence, Ca promotes the stabili
zation of the Ni(OH)(H-1cit)3– moiety at a significantly lower ligand 
concentration, i.e., [cit] ≈ 10− 4 mol kg− 1. This is expectedly caused by 
the strong ionic interaction between Ca2+ and Ni(OH)(H-1cit)3–: 

Ca2+ + Ni(OH)(H-1cit)3– ⇔ Ca[Ni(OH)(H-1cit)]–                            (17)

with log *K◦(17) = (6.3 ± 0.5), calculated combining the complexation 
constants derived in this work for Ni(OH)(H-1cit)3–and Ca[Ni(OH)(H- 

1cit)]– (see Table 2).
The stability of the ternary complex Ca–Ni(II)–cit can be also 

compared with the formation of other ternary complexes triggered by 

Fig. 6. Comparison of experimental solubility data determined in this work and solubility calculations using the thermodynamic and activity models derived in this 
work for the system Na+–Ca2+–Ni2+–Cl––OH––cit3––H2O(l), as summarize in Tables 2 and 3

O. Almendros-Ginestà et al.                                                                                                                                                                                                                  Applied Geochemistry 180 (2025) 106290 

8 



ionic interactions between anionic binary complexes and Ca2+, e.g.: 

Ca2+ + Pu(OH)4(ISA)– ⇔ Ca[Pu(OH)4(ISA)]+ (18)                               

log *K◦(18)= (3.37 ± 0.16) (Tasi et al., 2018) 

Ca2+ + Pu(OH)5(ISA)2– ⇔ Ca[Pu(OH)5(ISA)](aq)                          (19)

log *K◦(19) = (4.22 ± 0.15) (Tasi et al., 2018)
or the well-established formation of the ternary Ca–U(VI)–CO3 

aqueous complexes: 

Ca2+ + UO2(CO3)3
4− ⇔ CaUO2(CO3)3

2− (20)

log *K◦(20) = (5.2 ± 0.2) (Grenthe et al., 2020)
These results highlight that, in spite of the very stable aqueous 

complexes and solid compounds formed by Ca with citrate, the 
complexation of citrate with Ni(II) is not outcompeted by calcium due to 
the participation of Ca in the formation of quaternary complexes. 
Similar observations were recently reported by DiBlasi and co-workers 
for the Ca–Pu(IV)–EDTA and Ca–Pu(III)–EDTA systems (DiBlasi et al., 
2021, 2022; Trumm et al., 2022), notwithstanding the great stability of 
the binary complex CaEDTA2− (log K◦

(1,1) = 12.69 ± 0.06) (Hummel 
et al., 2005).

As discussed in the introduction and widely reported in the litera
ture, the interaction of cement with groundwater leads to the subse
quent dissolution of different cement phases and corresponding 
evolution of the porewater composition, particularly in terms of pH, 
[Ca] and [Si]. The non-ideal multisite CASH + solid solution model 
derived by Kulik, Miron and co-workers provides an accurate descrip
tion of C–S–H solubility and pore solution composition as a function of 
pH and alkali concentration (Kulik et al., 2022; Miron et al., 2022a, 
2022b). Information on the evolution of [Ca] and [Si] as a function of pH 
were reported in (Cevirim-Papaioannou et al., 2023) based on model 
calculations with CASH + (see Fig. 8a). This information has been used 
in Fig. 8b as input for the calculation of Ni(II) speciation in the presence 
of citrate along degradation stages I to III of cement. Fig. 8b shows that 
in the presence of [cit] = 10− 3 mol kg− 1, the quaternary complex Ca[Ni 
(OH)(H–1cit)]– prevails over a broad range of pH extending from 
degradation stages I to III. In the later steps of the degradation stage III, 
the drop in pH together with the decrease in Ca concentration leads to 
the predominance of Ni(H–1cit)2– and, ultimately, Ni(cit)–.

5. Summary and conclusions

The solubility and complexation behaviour of Ni(II) in the presence 

of citrate was investigated with a comprehensive series of under
saturation solubility experiments with β-Ni(OH)2(cr). Experiments were 
conducted at T = (22 ± 2)◦C under inert gas (Ar) atmosphere, with 9 ≤
pHm ≤ 13.5, 5•10− 5 mol kg− 1 ≤ [cit] ≤ 0.1 mol kg− 1 and 0.1 M ≤ I ≤
3.0 mol dm− 3 NaCl–NaOH–Na3cit solutions, both in the absence and 
presence of 0.02 mol kg− 1 CaCl2.

Solid phase characterization by XRD confirmed that β–Ni(OH)2(cr) is 
the solid phase controlling the solubility in all investigated systems 
containing citrate. In systems containing citrate and Ca, the absence of 
any features corresponding to either Ca3Cit2⋅4H2O(cr) or Ca(OH)2(cr) is 
in line with thermodynamic calculations, which predict undersaturation 
conditions with respect to both solid phases within the investigated 
boundary conditions.

Citrate promotes a clear enhancement in the solubility of Ni(II) with 
respect to ligand-free systems, thus indicating the formation of Ni(II)–cit 
aqueous complexes. Thermodynamic calculations using the current 
NEA-TDB selection clearly underestimate the solubility of Ni(II) in the 
alkaline to hyperalkaline pHm conditions of relevance in cementitious 
systems with presence of citrate. Such discrepancy is explained by the 
formation of additional complexes not included in the present NEA-TDB 
selection. Taking as anchoring point the species Ni(cit)– and Ni(cit)2

4− , 
currently selected in the NEA-TDB, and based on slope analysis of sol
ubility data (log10 [Ni] vs. pHm and log10 [Ni] vs. log10 [cit]), the pre
dominance of the complexes Ni(H–1cit)2–, Ni(OH)(H–1cit)3–, Ni(cit) 
(H–1cit)5– and Ni(H–1cit)2

6− at pHm ≥ 10 is proposed, with H–1cit cor
responding to a citrate ligand with deprotonated alcohol group. In Ca- 
containing systems, the predominance of the complex Ca(cit)– signifi
cantly decreases the concentration of free ligand in the aqueous phase. 
Accordingly, the increase in the solubility of Ni(II) observed in the 
presence of citrate and Ca can only be explained claiming the formation 
of a ternary or quaternary complex involving the participation of Ca. 
The best fit of solubility data was obtained considering the formation of 
the complex Ca[Ni(OH)(H–1cit)]–, although the formation of other 
complexes with a different stochiometric numbers of citrate and/or Ca 
cannot be disregarded under experimental conditions beyond those 
considered in this work.

The chemical, thermodynamic and SIT activity models derived in 
this work for the system Na+–Ca2+–Ni2+–Cl––OH––cit3––H2O(l) can be 
implemented in thermodynamic databases and geochemical calcula
tions of relevance in the context of nuclear waste disposal. In cementi
tious systems, scoping calculations emphasize the relevance of the 
quaternary complex Ca[Ni(OH)(H-1cit)]–, particularly in the degrada
tion stage II of cement, but also in the degradation stage I, and III at pHm 

Fig. 7. Predominance diagrams of Ni(II) under varying pH and log [cit], (a) in the absence of Ca, and (b) in the presence of [Ca] = 0.02 mol kg− 1. Calculations 
performed with thermodynamic data reported by González-Siso et al. (solubility and hydrolysis) and determined in this work (Ni(II)–cit system), using the 
geochemical code Geochemist’s Workbench (Bethke, 2022). Calculations conducted for [Ni(II)]tot = 1⋅10− 9 mol kg− 1 and I = 0.5 mol dm− 3 NaCl–NaOH–Na3cit, 
except at high citrate concentrations, where deviations in ionic strength occur due to the contribution of the cit3− and Na+ ions. Red and green regions in (b) indicate 
the precipitation of Ca(OH)2(cr) and Ca3(cit)2•4H2O(cr).
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Puigdomenech, I., Colàs, E., Grivé, M., Campos, I., García, D., 2014. A tool to draw 
chemica equilibrium diagrams using SIT: applications to geochemical systems and 
radionuclide solubility. In: Duro, L., Giménez, J., Casas, I., de Pablo, J. (Eds.), 
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