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Abstract
Palladium-107 is one of the selected radionuclides in the safety assessment of geologi-
cal disposal of radioactive waste. Although isosaccharinic acid (ISA) forms strong com-
plexes with many elements and enhances element solubility, the thermodynamic evalua-
tion of the complex of Pd with ISA has not been conducted. In this study, the solubility 
of Pd(OH)2 at pH 8.5–12.5 in the presence of ISA was investigated under inert gas  (N2) 
atmosphere. Furthermore, the coordination state of aqueous Pd and ISA was investigated 
by X-ray absorption and Fourier transform infrared spectroscopy, respectively. According 
to experimental results, the number of OH ligands in the mixed complex depends on pH. 
The thermodynamic model and conditional equilibrium constants of the Pd-ISA complex 
were estimated by slope analyses of solubility experiments at different pH levels and ionic 
strengths based on the specific ion interaction theory. Hence, the impact of complexation 
with ISA on Pd(II) solubility under disposal conditions could be quantified using the pro-
posed thermodynamic models in this study.

Keywords Palladium(II) · Isosaccharinic acid (ISA) · Complexation · Thermodynamics · 
Specific ion interaction theory (SIT)

1 Introduction

Palladium-107 (107Pd) is one of the selected radionuclides for the safety assessment of 
geological disposal of radioactive wastes by Nuclear Waste Management Organization 
of Japan (NUMO), which is the organization in charge of implementing safe geological 
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disposal of high-level radioactive waste and a part of TRU waste in Japan [1]. Some part 
of TRU waste contains organic materials such as cellulose, ion exchange resin, cement 
additives, etc. In highly alkaline cement porewaters, cellulose is degraded to low molecu-
lar weight compounds, and α-isosaccharinic acid (ISA) should be the final product in the 
presence of  Ca2+ [2–4]. As a result, ISA is considered one of the main representatives of 
polyhydroxy carboxylic acids, which could form stable complexes with various metal cati-
ons [5–7] expected in cementitious environments, such as the disposal site of radioactive 
wastes. For this reason, OECD/NEA selected ISA as one of the target organic ligands in 
the thermodynamic database [8].

The  Pd2+ ion is one of the most strongly hydrolyzed cations [9]; however, there is a pos-
sibility that the complex formation with ISA may enhance the solubility of Pd hydroxide. 
Nevertheless, only a limited number of experimental investigations have been conducted to 
determine the thermodynamic values on hydrolysis and complexation with organic ligands 
of palladium even though the prediction of palladium dissolution and/or migration behav-
ior in geologic environments is necessary in the safety assessment. Middlesworth et al. [10] 
reported thermodynamic data for hydroxide and mixed hydroxy-chloride of Pd by solubil-
ity experiments, which were conducted over a range of pH, temperature, and ionic strength. 
Oda et  al. [11] conducted a solubility experiment on Pd under anaerobic conditions and 
then estimated that Pd metal may be the solubility-limiting solid phase under repository 
conditions and that the solubility of Pd metal should be <  10−9 mol·dm−3. Rai et al. [12] 
recommended some equilibrium constants and specific ion interaction theory (SIT) param-
eters by reviewing published values for thermodynamic models for amorphous Pd(OH)2 
solubility in Pd–OH and Pd–Cl systems.

Although thermodynamic data of the interaction of Pd(II) with ISA are essential for 
nuclide migration analysis (i.e., setting robust upper limit values of the aqueous Pd(II) con-
centration in the direct vicinity of the waste packages) of Pd(II) in the safety assessment 
of geological disposal and the evaluation of  impact of ISA complexation on the solubil-
ity, reliable thermodynamic models, and complexation constants have not been reported. 
Therefore, in this study, complex species and constants of Pd-ISA were estimated through 
batch solubility experiments under neutral–alkaline pH conditions. Furthermore, the 
structure of complex molecules was analyzed by Fourier transform infrared spectroscopy 
(FTIR) and X-ray absorption (XA) spectroscopy. Consequently, accurate determination of 
thermodynamic values for the complex of Pd(II) with ISA could be achieved.

2  Experimental

2.1  Chemicals

All solutions were prepared with ultrapure water (RFU667HA, ADVANTEC). A commer-
cial  PdCl2 powder (98%, Wako Pure Chemicals) was used without purification. 2.66 g of 
powder was dissolved in 100 ml of a 0.02 mol·dm−3 NaCl solution by adding 3 ml of conc. 
HCl; then, it was used as a stock solution of Pd (II). An ISA solution was prepared with 
sodium salt, converted from purchased calcium salt (98%, Alfa Aesar) by the following 
procedure. 4.79 g of ISA calcium salt powder was dissolved in 200 ml of 0.35 mol·dm−3 
 Na2CO3 with a 0.01 mol·dm−3 NaOH solution and mixed using a magnetic stirrer for 16 h. 
Then, the precipitate was separated by centrifugation (3600 rpm/60 min) to remove Ca as 
 CaCO3. The supernatant solution was collected in a vessel and moved to a glovebox filled 
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with  N2. The aliquot of the HCl solution was added until pH decreased to 4.8, and the dis-
solved carbonate was removed by bubbling  N2 for 2 h. Finally, the pH of the solution was 
adjusted by adding 8 mol·dm−3 NaOH, and the concentration of the ISA stock solution was 
calculated to be approximately 0.1 mol·dm−3.

2.2  Solubility Experiment

Batch solubility experiments were conducted under saturated conditions with synthesized 
solids of Pd hydroxide. All experiments were conducted in  N2 atmosphere. The Pd (II) 
stock solutions were diluted by the NaCl solution for setting the ionic strength to 0.1 or 
0.6 mol·dm−3, and then, the solution pH was adjusted to 8.5 or 10 by NaOH addition. The 
visible amount of Pd solid was observed and stored for 14 days. After the sampling of 
initial solution, ISA solution was added and pH was adjusted to about 8.5, 10.5, and 12.5 
using NaOH and HCl, respectively. The total concentration of Pd was 3.0 ×  10−3 mol·dm−3, 
with that of ISA in the range of  10−4–10−2 mol·dm−3. After each experimental period (up 
to 56 days), the pH of the solution was measured using a pH meter (D-71, HORIBA) with a 
calibrated combined glass electrode (9615 S, HORIBA). Then, the solution was separated 
from the solid by ultrafiltration through a 10,000-molecular weight cutoff polysulfone filter 
unit (PT-1004, APRO Science). The Pd concentration in the filtrates was determined by 
inductively coupled plasma-mass spectrometry (Agilent 7900), with a quantitative detec-
tion limit of 1.0 ×  10−8 mol·dm−3 (maximum value of 10 sigma of repeated blank measure-
ments). The aqueous concentration of ISA was determined by the non-purgeable organic 
carbon (NPOC) method using a total organic carbon analyzer (Sievers 900, GE Analytical 
Instruments). The batch experiments were repeated at least twice.

2.3  Pd K‑edge XA Spectroscopy

For XA spectra measurements, Pd-ISA solutions with different ISA/Pd mole ratios were 
prepared, and the pH of the solutions was adjusted to 8.5, 10, and 12.5 (Table 1). In addi-
tion, a Pd-ISA solution ([ISA]/[Pd] = 3.3) at pH 3.8 was prepared to investigate the rela-
tionship between the formation of an aqueous Pd-ISA complex and the deprotonation of 
the carboxyl group of ISA (pKa = 3.27 [13]).

Pd K-edge XA spectra for the Pd-ISA solutions and standard materials  (K2PdCl4, 
 [PdCl4]2− solution, PdO, [Pd(OH)4]2− solution, Pd(CH3COO)2, and [Pd(CH3COO)2] solu-
tion) were recorded at BL14B2 of SPring-8 (Hyogo, Japan) using a Si(311) double crys-
tal monochromator. Solid samples were diluted with boron nitride, made into pellets, and 
placed in a polyethylene bag.

All XA spectra data for all samples were recorded under ambient conditions in transmis-
sion mode, and the transmitted X-ray was detected using an ion chamber. Spectral analysis 

Table 1  Pd-ISA solutions for XA spectra measurement

[ISA]/mol·dm−3 [Pd]/mol·dm−3 pH

Pd-ISA solution ([ISA]/[Pd] = 1) 6.0 ×  10−2 6.0 ×  10−2 8.5, 10.0 and 12.5
Pd-ISA solution ([ISA]/[Pd] = 2) 6.0 ×  10−2 3.0 ×  10−2 8.5, 10.0 and 12.5
Pd-ISA solution ([ISA]/[Pd] = 3.3) 1.0 ×  10−2 3.0 ×  10−3 3.8
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was performed using Athena software [14]. The extraction of extended X-ray absorption 
fine structure (EXAFS) oscillation from the spectra, normalization by edge-jump, and Fou-
rier transformation were performed using Athena software.

2.4  FTIR Analysis

A Fourier transform infrared spectrometer (SpotLight 400, Perkin Elmer) was used to char-
acterize the aqueous Pd-ISA complex under different pH conditions. The measurements 
were performed in the attenuated total reflection (ATR) mode, and the instrument condi-
tions were as follows: spectral range 1000–1800  cm−1, resolution 1  cm−1, and the number 
of scans 100. To investigate the effect of Pd on the ISA structure and the change in Pd-ISA 
complexes with pH, measurements were performed on the ISA stock solution and three dif-
ferent Pd-ISA solutions at pH 8.5,10, and 12.5. Pd-ISA solutions were prepared from the 
Pd and ISA stock solutions described above; the concentrations of both Pd and ISA were 6 
mmol·dm−3 to obtain sufficient spectrum intensity. The solution pH was adjusted by adding 
HCl and NaOH.

3  Results and Discussion

3.1  Solubility of Pd(II) in the Presence of ISA

The experimentally measured Pd concentration as a function of contact time in the various 
concentration of ISA is depicted in Fig. 1(the concentration of ISA is shown in caption). 
A Pd concentration in 0 day indicates solubility in the absence of ISA, which is close to 
the quantitative detection limit of 1.0 ×  10−8 mol·dm−3 in most cases. Middlesworth et al. 
reported the solubility of Pd(OH)2 of approximately 1 ×  10−7 mol·dm−3 at pH 8–10 through 
batch experiments under atmospheric conditions [10]. Conversely, Oda et al. reported that 
Pd(OH)2 (am) gradually changed to crystalline Pd metal under anaerobic conditions, sug-
gesting that the aqueous Pd concentration may be limited by Pd metal and may be less than 
1 ×  10−9 mol·dm−3 [11]. In this study, a visible amount of Pd hydroxide solid was precipi-
tated and stored for 14 days in low-oxygen atmosphere. There are the variations in the ini-
tial Pd concentration in Fig. 1d–f, which may imply the precipitation had not been reached 
equilibrium in this ionic strength. The impact of oxygen concentration on the progress of 
conversion to Pd metal in this study is unclear; however, the aqueous concentrations of Pd 
were less than 1 ×  10−7 mol·dm–3, even in the presence of 6 ×  10−4 mol·dm−3 ISA at pH 
8.5 and 10 of I = 0.1 mol·dm–3. The dramatic increase in the Pd concentration in 7 days in 
Fig. 1 is caused by the addition of the ISA solution, implying that a soluble Pd-ISA com-
plex is formed. In addition, the aqueous Pd concentration appeared to reach steady state 
values at 56 days. The values at pH 12.5 are likely to decrease with contact time, especially 
with low ISA concentrations. It is assumed that Pd hydroxide, immediately formed by the 
change in pH (10–12.5), should be converted to a stable Pd-ISA complex. Hereafter, Pd 
concentrations in 56 days, which are considered to be reaching equilibrium, were used for 
further discussion.

In Fig. 2, Pd(II) solubility at (a) I = 0.1 and (b) 0.6 mol·dm–3 is shown as a function of 
aqueous ISA concentration, which was determined by NPOC. Pd(II) solubility increased 
with [ISA] with a slope of approximately 1, indicating that single ISA molecular was 
involved in the Pd-ISA complex. Additionally, an increase in solubility is evident in the 
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following order: pH 12.5, 8.5, and 10. Considered soluble species of Pd are Pd(OH)2(aq), 
Pd(OH)3

−, and Pd-ISA complex. The fraction of Pd(OH)3
− should increase with pH; how-

ever, the pH dependency of Pd solubility is not straightforward. This distinct pH depend-
ency implies that the ternary complex species of Pd-OH-ISA are formed and the number of 
involved  OH− ions changes by pH.

3.2  XA Spectral Analysis of Aqueous Pd in the Presence of ISA

The XA spectra for  K2PdCl4,  [PdCl4]2− solution, PdO, [Pd(OH)4]2− solution, 
Pd(CH3COO)2, and [Pd(CH3COO)2] solution were depicted in Supporting Information 
(Fig. S-1; Pd K-edge X-ray absorption near-edge structure (XANES) spectra, Fig. S-2; 

Fig. 1  Plot of aqueous Pd concentration vs. time of solution experiment in the presence of ISA at a pH 8.5, 
b pH 10, c pH 12.5 in I = 0.1 mol·dm−3, d pH 8.5, e pH 10, and f pH 12.5 in I = 0.6 mol·dm−3, respectively
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k3-weighted EXAFS oscillation extracted from Pd K-edge XA spectra, and Fig. S-3; 
Fourier transform of EXAFS oscillations extracted from Pd K-edge XA spectra). The 
shapes of XA spectra for  K2PdCl4 and Pd(CH3COO)2 were similar to those for  [PdCl4]2− 
solution and [Pd(CH3COO)2] solution, respectively. Therefore, it was suggested that the 
oxidation states and the geometries of  [PdCl4]2− solution and the [Pd(CH3COO)2] solu-
tion are similar to those of  K2PdCl4 and Pd(CH3COO)2, respectively. From the Fourier 
transforms of EXAFS oscillations extracted from Pd K-edge XA spectra for  K2PdCl4 
and Pd(CH3COO)2 (Fig. S-3), the peaks at 1.96 Å and 1.63 Å are assigned to the Pd-Cl 
and Pd-O interactions, respectively. Thus, the peaks at 1.84 Å of  [PdCl4]2− solution and 
1.66 Å of [Pd(CH3COO)2] solution are assigned to the Pd-Cl and Pd-O interactions, 
respectively. In addition, since the peak at 1.69 Å of PdO is assigned to Pd–O interac-
tion, the peak at 1.66 Å of [Pd(OH)4]2− solution is assigned to Pd–O interaction.

To examine the chemical state of aqueous Pd species in the presence of ISA, the Pd 
K-edge XA spectra for Pd-ISA solutions and standard materials were measured. Fig-
ure 3 depicts the Pd K-edge X-ray absorption near-edge structure (XANES) spectra for 
(a) a  [PdCl4]2− solution prepared by dissolving  K2PdCl4 in a mixed solution of HCl 
(0.10 mol·dm−3) and NaCl (2.0 mol·dm−3), (b) a [Pd(OH)4]2− solution prepared by dis-
solving  K2PdCl4 in an 8.0  mol·dm−3 NaOH solution, (c) a [Pd(CH3COO)2] solution 

Fig. 2  Plot of experimental 
solubility data of aqueous Pd vs. 
ISA at a I = 0.1 mol·dm−3 and 
b I = 0.6 mol·dm−3. The thin 
lines indicate the results of least-
square fitting for each individual 
samples



Journal of Solution Chemistry 

1 3

prepared by dissolving Pd(CH3COO)2 in toluene, (d) a Pd-ISA solution ([ISA]/[Pd] = 1, 
pH 8.5), and (e) a Pd-ISA solution ([ISA]/[Pd] = 2, pH 8.5).

As one of the coordination sites of ISA is the carboxyl group, the spectrum for the 
[Pd(CH3COO)2] solution as a standard of Pd(II) with which the carboxyl group is coor-
dinated was recorded. The shape of the spectrum for (d) the Pd-ISA solution ([ISA]/
[Pd] = 1, pH 8.5) differed from that for (a) the  [PdCl4]2− solution as a standard of Pd(II) 
with which  Cl− is coordinated. Conversely, the shape of the spectrum for (d) the Pd-ISA 
solution ([ISA]/[Pd] = 1) was similar to those for (b) the [Pd(OH)4]2− solution as a standard 
of Pd(II) that  OH− is coordinated with and (c) the [Pd(CH3COO)2] solution. Furthermore, 
the shapes of the spectra for (d) the Pd-ISA solution ([ISA]/[Pd] = 1, pH 8.5) and (e) the 
Pd-ISA solution ([ISA]/[Pd] = 2, pH 8.5) were the same. As not shown here, the shapes 
of the spectra for the Pd-ISA solution at different pH levels were also the same. Figure 4 
shows the EXAFS oscillation extracted from Pd K-edge XA spectra for (a) the  [PdCl4]2− 
solution, (b) the [Pd(OH)4]2− solution, (c) the [Pd(CH3COO)2] solution, (d) the Pd-ISA 
solution ([ISA]/[Pd] = 1, pH 8.5), and (e) the Pd-ISA solution ([ISA]/[Pd] = 2, pH 8.5).

The EXAFS oscillations for (d) the Pd-ISA solution ([ISA]/[Pd] = 1, pH 8.5) were out 
of phase with those for (b) the [Pd(OH)4]2− and (c) [Pd(CH3COO)2] solutions. It was sug-
gested that the aqueous Pd species in the presence of ISA is the aqueous Pd-ISA com-
plex. Furthermore, no difference was observed between the shapes of the EXAFS oscil-
lations for (d) the Pd-ISA solution ([ISA]/[Pd] = 1, pH 8.5) and (e) the Pd-ISA solution 
([ISA]/[Pd] = 2, pH 8.5). Therefore, it is considered that the molar ratio of ISA/Pd in the 
aqueous Pd-ISA complex is 1/1. To investigate atoms coordinated to Pd in the aqueous 
Pd-ISA complex, EXAFS oscillation analysis was performed. Fourier transforms of the 
EXAFS oscillations for (a) the  [PdCl4]2− solution, (b) the [Pd(OH)4]2− solution, (c) the 
[Pd(CH3COO)2] solution, (d) the Pd-ISA solution ([ISA]/[Pd] = 1, pH 8.5), and (e) the Pd-
ISA solution ([ISA]/[Pd] = 2, pH 8.5) are depicted in Fig. 5. The peaks at 1.84 Å and 1.66 

Fig. 3  Normalized Pd K-edge 
XANES spectra for a  [PdCl4]2− 
solution, b [Pd(OH)4]2− solution, 
c [Pd(CH3COO)2] solution, d Pd-
ISA solution ([ISA]/[Pd] = 1, 
pH 8.5), and e Pd-ISA solution 
([ISA]/[Pd] = 2, pH 8.5)
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Fig. 4  k3-weighted EXAFS oscil-
lation extracted from Pd K-edge 
XA spectra for a  [PdCl4]2− solu-
tion, b [Pd(OH)4]2− solution, 
c [Pd(CH3COO)2] solution, d Pd-
ISA solution ([ISA]/[Pd] = 1, 
pH 8.5), and e Pd-ISA solution 
([ISA]/[Pd] = 2, pH 8.5)

Fig. 5  Fourier transform of 
EXAFS oscillations extracted 
from Pd K-edge XA spec-
tra for a  [PdCl4]2− solution, 
b [Pd(OH)4]2− solution, 
c [Pd(CH3COO)2] solution, d Pd-
ISA solution ([ISA]/[Pd] = 1, 
pH 8.5), and e Pd-ISA solution 
([ISA]/[Pd] = 2, pH 8.5)
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Å are assigned to the Pd-Cl and Pd-O interactions, respectively. The peak at 1.53 Å of the 
aqueous Pd-ISA complex is attributed to the Pd–O interaction.

To investigate the relationship between the formation of the aqueous Pd-ISA complex 
and the deprotonation of the carboxyl group of ISA (pKa = 3.27), the XA spectrum for 
the Pd-ISA solution ([ISA]/[Pd] = 3.3, pH 3.8) was recorded. As a result, the shape of the 
XA spectrum for the Pd-ISA solution ([ISA]/[Pd] = 3.3, pH 3.8) was the same as that for 
the  [PdCl4]2− solution (as not shown). The formation of the aqueous Pd-ISA complex is 
thought to involve any hydroxyl group of ISA, but not the carboxyl group.

3.3  FTIR Analysis of ISA in the Presence of Pd

Figure 6 shows the FTIR spectrum of the 0.1 mol·dm−3 ISA stock solution (pH 10.0) and 
Pd-ISA solution at pH ranging from 8.5 to 12.5. As no precipitation was visually observed 
in the solution before measurement, Pd is expected to be present in the solution forming 
Pd-ISA complexes. The spectrum of the ISA stock solution has many characteristic peaks; 
however, we focused on the peaks at 1583, 1413, and 1000–1150   cm−1, corresponding 
to the asymmetric stretching vibration of the carboxylate group (νas  (COO−)), symmetric 
stretching vibration of the carboxylate group (νs  (COO−)), and binding vibration of C-OH 
(alcohol) (ν(C-OH)), respectively [15].

Consequently, a decrease in the absorption of νas  (COO−) and νs  (COO−) was observed 
in the comparison of the ISA solution spectrum with that of Pd, which suggested that 
the carboxyl group in the ISA structure contributed to the formation of the Pd-ISA com-
plex. Because the spectrum of the Pd-ISA solution at pH 8.5 is similar to that at pH 10.0, 
the Pd-ISA complex appears to be present in both solutions in the same chemical form. 
Conversely, the peak shift of νs  (COO−) to a low wave number was observed at pH 12.5, 
which is attributed to the complexation with Pd. ISA contains two hydroxyl groups in its 

Fig. 6  ATR–FTIR spectra of ISA stock solution and Pd-ISA solutions at different pH values (Pd: 0.006 
mol·dm−3; ISA: 0.006 mol·dm−3)
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molecular structure, which are thought to dissociate at high pH. Therefore, the coordination 
state between the carboxyl group and Pd possibly changed at pH 12.5. In addition, hydrox-
ide Pd could have been involved in the Pd-ISA complex under such high pH conditions. In 
contrast, XAFS measurements showed that the coordination structure of Pd did not change 
at pH 8.5–12.5; however, focusing on the chemical structure of functional groups of ISA, it 
is predicted that Pd-ISA complexes have a similar coordination state at pH 8.5–10, whereas 
the contribution of  OH− appears at pH 12.5.

3.4  Thermodynamic Interpretation of Pd(II) Solubility in the Presence of ISA

The comparison of XAFS analysis in this work confirmed that Pd tends to form complexes 
with ISA in the pH range of 8.5–12.5. Moreover, it was suggested that not only the car-
boxyl groups but also the hydroxyl groups in the ISA structure contribute to the formation 
of a complex with Pd(II). Similarly, it was suggested that the chemical form of the Pd-
ISA complex depends on the solution pH; specifically, the number of involved  OH− ions 
should be changed by solubility experiments and FTIR analysis. Based on these results, 
the equilibrium reaction Eq. 1, the hydrolysis reaction Eq. 2, and the complexation reaction 
Eqs. 3–5 are proposed to control the solubility of Pd(II) in the presence of ISA. The solu-
bility constants of Eqs. 1–5 are described by Eqs. 6–10, where the subscript of constants is 
indicating the number of Pd(II),  OH-, and  ISA−, respectively.

with

For the determination of conditional equilibrium constants, slope analysis of solubil-
ity curves  (log10[Pd] vs.  log10[ISA] of different pH and ionic strength), obtained by the 
solubility experiment, was performed. In this study, the SIT was adopted to account for ion 

(1)Pd(OH)2(am) ⟺ Pd(OH)2(aq)

(2)Pd2+ + 3H2O ⟺ Pd(OH)3
− + 3H+

(3)Pd(OH)2(am) + ISA− + H+
⟺ PdOHISA(aq) + H2O(l)

(4)Pd(OH)2(am) + ISA−
⟺ Pd(OH)2ISA

−

(5)Pd(OH)2(am) + ISA− + H2O (l) ⟺ Pd(OH)3ISA
2− + H+

(6)log10K
�
s,(1,2,0) = log10

[

Pd(OH)2(aq)
]

(7)log10K
�
s,(1,3,0) = −(15.48 ± 0.35)[3],

(8)log10K
�
s,(1,1,1) = log10

[

PdOHISA(aq)
]

− log10[ISA
−] − log10

[

H+
]

,

(9)log10K
�
s,(1,2,1) = log10

[

Pd(OH)2ISA
−
]

− log10[ISA
−],

(10)log10K
�
s,(1,3,1) = log10

[

Pd(OH)3ISA
2−
]

+ log10
[

H+
]

− log10[ISA
−].
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interaction processes and ionic strength effects [16]. Within the SIT formalism, activity 
coefficients γj are calculated accordingly:

where D represents the Debye–Hückel term, zj the charge of anion j, Im the molal ionic 
strength, mk the molality of all ions k present in the solution, and (j, k, Im) the specific ion 
interaction parameter. Solubility experiments were conducted using 0.1 and 0.6 mol·dm−3 
NaCl–NaOH with NaISA; therefore, the extrapolation to I = 0  mol·dm−3 was performed 
using the following SIT coefficients:

ε(H+,  Cl−) = 0.12 ± 0.01 kg  mol−1 (adopted from Rand et al. [17])
ε(Pd(OH)3

−,  Na+) = 0.11 kg  mol−1 (estimated by Rai et al. [12])
ε(ISA−,  Na+) = − (0.07 ± 0.01) kg  mol−1 (in analogy to Hox-, as proposed by Hummel 
et al. [8])
ε(PdOHISA(aq),  Na+/Cl−) = 0 (by the definition in SIT).
ε(Pd(OH)2ISA−,  Na+) = − (0.05 ± 0.10) kg  mol−1 (estimated from charge analogy [18])
ε(Pd(OH)3ISA2−,  Na+) = − (0.10 ± 0.10) kg  mol−1 (estimated from charge analogy [18])

Consequently, the stability constants of each Pd-ISA complex at I = 0 mol  dm−3 were 
calculated using Eqs. (6)–(8) and the following parameters:

Rai et al. reviewed the reports of Middlesworth et al. [10] and Oda et al. [11] and then 
recommended the solubility constants of Pd(OH)2 (am) as log10Ko

s,0
= −3.58 and the equi-

librium constant for the formation of Pd(OH)2(aq) as log10Ko
(1,2,0)

< −3.49 [12], which is 
defined by following Eqs. (15), (16):

The logarithm of equilibrium aqueous concentration of Pd(OH)2(aq) (the value of 
Eq. (6)), which is calculated by the addition of log10Ko

s,0
 and log10Ko

(1,2,0)
 , should be -7.07. 

However, some plots of soluble Pd concentration in the solubility experiment were smaller 
than  10−7 mol·dm−3 even in the presence of ISA mentioned above. For a better interpreta-
tion of experimental results, we used the value of log10Ko

(1,2,0)
< −5.42 , which is based on 

the reported value by Oda et al. [11]. Then, the value of Eq. (6) is considered to be 9.00 
and used in the fitting in this study.

The fit of solubility data in the presence of ISA at I = 0.1 and 0.6 mol·dm−3, along with 
the chemical model proposed above, could reproduce all experimental data collected in this 
study well. The fitting results (a)  log10[Pd] vs.  log10[ISA] at I = 0.1 mol·dm−3, (b)  log10[Pd] 
vs.  log10[ISA] at I = 0.6 mol·dm−3, and (c)  log10[Pd] vs. pH values at I = 0.6 mol·dm−3 are 

(11)log10�j = −zj
2D +

∑

k
�
(

j, k, Im
)

mk,

(12)
log10K

o
s,(1,1,1) = log10K

�
s,(1,1,1) + log10�PdOHISA(aq) + log10aw − log10�ISA− − log10�H+

(13)log10K
o
s,(1,2,1) = log10K

�
s,(1,2,1) + log10�Pd(OH)2ISA

− − log10�ISA−

(14)
log10K

o
s,(1,3,1) = log10K

�
s,(1,3,1) + log10�Pd(OH)3ISA

2− + log10�H+ − log10�ISA− − log10aw

(15)Pd(OH)2(am) + 2H+
⟺ Pd2+ + 2H2O,

(16)Pd2+ + 2H2O ⟺ Pd(OH)2(aq) + 2H+.
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depicted in Fig. 7. In this fitting, all experimental data were fitted using the nonlinear least 
squares method, where log10Ko

s,(1,n,1)was used fitting parameters. These results indicate 
that complexation with ISA can increase the solubility of Pd(OH)2 (am) by approximately 
two orders of magnitude compared with the reported conditional value of the solubility of 
Pd in the ISA-free system.

The estimated values and standard deviations are as follows:

Fig. 7  Experimental Pd(II) 
solubility data for a  log10[Pd] vs. 
 log10[ISA] at I = 0.1 mol·dm−3, 
b  log10[Pd] vs.  log10[ISA] at 
I = 0.6 mol·dm−3, and c  log10[Pd] 
vs. pH at I = 0.6 mol·dm−3. The 
thick lines correspond to the 
calculated results with the ther-
modynamic model derived in this 
work  (R2 = 0.934). The thin lines 
indicate aqueous speciation(at 
[ISA] = 5 ×  10−4 mol·dm−3)
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.
González-siso et  al. conducted a solubility experiment of Ni(II) in the absence and 

presence of ISA and determined the conditional equilibrium constants of NiOHISA(aq), 
Ni(OH)2ISA−, and Ni(OH)3ISA2− as 5.6 ± 0.3, −(5.5 ± 0.5), and −(18.9 ± 0.7), respectively 
[19]. This result indicates the similarity between Pd and Ni as  d8 transition metal ions, 
which tend to form planar structures even in complexation with ISA. These elements have 
low solubility because of the strong affinity of hydrolysis in neutral to alkaline pH; there-
fore, the impact of complexation with ISA in the safety assessment of the disposal of radio-
active wastes should be remarkable in the presence of millimole order of ISA.

The combination of log10Ko
s,(1,n,1)

 (n = 1–3) in this study and log10Ko
s,0

 , estimated by Rai 
et al., enables the calculation of the equilibrium constants for the formation of the com-
plexes PdOHISA(aq), Pd(OH)2ISA−, and Pd(OH)3ISA2− ( log10Ko

(1,n,1)
 ), as summarized in 

Table 2. Hence, the thermodynamic models and conditional parameters for the thermody-
namic calculation of Pd(II) solubility in waste disposal were derived in this study.

4  Conclusions

The solubility of Pd(II) under neutral to alkaline pH conditions was increased by approxi-
mately two orders of magnitude in the presence of ISA compared with the reported condi-
tional value of Pd solubility in an ISA-free system. Aqueous Pd and ISA were investigated 
by XA spectroscopy and FTIR, respectively. As a result, it was suggested that Pd tends 
to form a complex with ISA under neutral to alkaline pH conditions and that the chemi-
cal form of the Pd-ISA complex depends on pH. Specifically, the contribution of hydroxyl 
ions was observed at pH 12.5. Accordingly, the thermodynamic models and the conditional 
complexation constants of Pd with ISA were estimated by the slope analyses of the solubil-
ity experiment results. The similarity between the thermodynamic models and equilibrium 
constants of Pd(II) and Ni(II) with ISA was revealed. Hence, the impact of complexation 

log10K
o
s,(1,1,1) = (4.5 ± 0.1)

log10K
o
s,(1,2,1) = −(4.4 ± 0.1)

log10K
o
s,(1,3,1) = −(15.0 ± 0.1)

Table 2  Stability constants for the solubility of Pd(II) and the formation of ISA complexes as derived in the 
present work (p.w.) or reported by Rai et al. [12]

Reference

Solubility log10K
o
s,0

Pd(OH)2(am) + 2H
+

⟺ Pd
2+ + 2H2O −(3.58 ± 0.36) Rai et al. [12]

ISA complexes log10K
o

(1,n,1)

Pd
2+ + H2O(l) + ISA

−
⟺ PdOHISA(aq) + H

+ 8.1 ± 0.4 (p. w.)

Pd
2+ + 2H2O(l) + ISA

−
⟺ Pd(OH)2ISA

− + 2H
+ −(0.8 ± 0.4) (p. w.)

Pd
2+ + 3H2O(l) + ISA

−
⟺ Pd(OH)3ISA

2− + 3H
+ −(11.4 ± 0.4) (p. w.)
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with ISA on Pd(II) solubility under disposal conditions could be calculated using the pro-
posed chemical and thermodynamic models.
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