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a b s t r a c t

This paper examines sorption of Pd(II) onto illite, MX-80 bentonite, and Queenston shale in NaeCaeCl
solutions of varying ionic strength (IS) from 0.01 to 6.0 mol/L (M) and pHc ranging from 3 to 9 under
atmospheric conditions. A 2-site protolysis non-electrostatic surface complexation and cation exchange
model was applied to the Pd sorption onto illite and MX-80 using PHREEQC, and the model results were
compared to the experimental ones obtained in this work. Surface complexation and cation exchange
constants were estimated for both illite and MX-80 through the optimization process to bring the pre-
dicted distribution coefficients from the model into alignment with the experimentally derived values.
These optimized surface complexation constants were compared to existing linear free energy re-
lationships (LFER).
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Deep geological repositories (DGRs) are being considered for the
long-term management of nuclear waste in Ontario, Canada under
the Nuclear Waste Management Organization’s (NWMO) Adaptive
Phased Management (APM) strategy. Potential sites for these DGRs
contain natural geological barriers that consist of argillaceous
limestone and shale. Additionally, highly compacted bentonite clay
blocks are being considered as an engineered barrier for encase-
ment of the used-fuel container and backfill of the site [1]. The
NWMO is designing the DGRs for millions of years of containment,
requiring the conducting of comprehensive safety analyses before
licensing sites for operation [2]. Part of the safety assessment uses
mathematical models to represent the diffusion and migration of
radionuclides through the geosphere. These models heavily rely on
robust surface complexation models (SCMs). Some of the integral
components of the SCMs are the sorption mechanisms and char-
acteristics of the nuclides in the ground and porewaters. In Ontario,
the ground and pore waters at the DGR depths were found to have
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an ionic strength (IS) as high as 7.2 M, which could affect sorption
[3].

Palladium is selected as an element of interest by the NWMO
due to the long half-life of Pd-107 (6.5 � 106 a) and its significant
presence in the non-uranium components of used nuclear fuel. Pd
is expected to exist in the þII redox state in the ground waters of
Ontario [4]. Previous studies on Pd sorption have been conducted
under different conditions for different applications. Batch sorption
of K2PdCl4 and Cu(NO3)2 in deionized water (DI) solutions onto
bentonite from Gorbskoye (Trans-Carpathian region) and Dashu-
kovskoye (Cherkassy region) deposits in Ukraine was studied by
Rakitskaya et al. [5] to determine how bentonite origin can affect
catalytic activity of the supported metal complexes in the reaction
of CO oxidation with O2 contained in air (most affected by the
formation mechanism and bond strength). It was concluded that
competitive adsorption takes place between K2PdCl4 and Cu(NO3)2,
and that the adsorption sites between the two bentonite samples
were not homogeneous [5]. Kinetics and isotherm experiments
have been conducted from 18 �Ce40 �C for Pd batch sorption onto
Diaion WA21J anionic exchange resin in Cl solutions [6]. Batch ki-
netics and isotherm experiments for Pd adsorption onto hybrid
montmorillonite and Laponiteecalcium alginate gel beads have
also been conducted in DI and NaCl solutions (IS ¼ 0.01 M) in the
acidic pH region (pH ¼ 2e4). Langmuir and Freundlich isotherms
were fit to the experimental adsorption data and showed that the
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http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Jared.Goguen@brucepower.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2020.09.001&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2020.09.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2020.09.001
https://doi.org/10.1016/j.net.2020.09.001


J. Goguen, A. Walker, J. Racette et al. / Nuclear Engineering and Technology 53 (2021) 894e900 895
addition of the clay minerals to the alginate gel beads increased Pd
adsorption by more than 50% [7]. Batch sorption experiments of Pd
on pumice tuff with different NH3 and NH4

þ concentrations, solu-
tion pH, and IS have also been performed, and it was found that Pd
sorption decreased with an increase in the concentration of NH4

þ,
suggesting the formation of stable ammine complexes (Pd(NH3)mþ2)
for initial concentrations of NH4

þ greater than 10�4 M [8]. The only
existing relevant sorption data for Pd consists of a set of 24 data
points for bentonite in 0.01 and 0.1 M NaCl solutions [9], which is
not a high enough IS to replicate the conditions in potential DGR
sites in Ontario, and does not contain calcium as outlined in the
NWMO reference pore water for sedimentary rock [3]. To fill this
requirement, sorption of Pd onto Queenston shale, illite (the major
clay constituent of shale), and MX-80 bentonite (the engineered
barrier for the highly compacted bentonite blocks and backfill) in
NaeCaeCl solutions with IS ranging from 0.01 to 6.0 M and pHc
(molar Hþ concentration) ranging from 3 to 9 are examined in this
paper.

In order to develop a more detailed understanding of the
sorption process, sorption for a given element, across the pH
spectrum and in solutions of varying IS, needs to be modelled and
correlated to the experimental data. Once the processes by which
sorption occurs are determined, modelling those processes allows
for the determination of the equilibrium constants of the various
sorption reactions (Log K). Establishing the reaction constants for
the various sorption processes allows for the accurate prediction of
sorption in varying conditions over time and space, which can be
used to improve the migration models in the post-closure safety
assessments. A common geochemical code used for modelling
sorption is PHREEQC, which stands for PH REdox EQuilibrium in the
language C [10]. The model in PHREEQC makes use of a thermo-
dynamic database (TDB), as a source of reference values, in order to
make all of the necessary calculations. Reactions considered in the
model can be derived from those in Ref. [11].

The 2-site protolysis non-electrostatic surface complexation and
cation exchange (2SPNE SC/CE) model has been successfully
applied to simulate the sorption ofMn(II), Co(II), Cd(II), Ni(II), Zn(II),
Fe(II), Eu(III), Am(III), Sn(IV), Th(IV), Np(IV), Np(V), U(VI), Pa(V) onto
illite and montmorillonite [12e18]. In this paper, we applied the
2SPNE SC/CE model to experimentally derived Rd values of Pd on
illite and MX-80 and estimated the optimized equilibrium con-
stants of sorption reactions.

2. Experimental

2.1. Chemicals & instrumentation

All chemicals used were reagent grade and supplied from Fisher
Scientific. Deionized water was supplied from aMilli-Q Direct 8. All
Pd used in experiments was derived from a 1000 ± 1 mg/mL stock
solution with a natural isotopic abundance, and all concentration
measurements were conducted with a Triple Quad 8800 induc-
tively coupled plasma mass spectrometer (ICP-MS): both obtained
from Agilent Technologies. The Pd initial concentration (Ci) used in
the sorption experiments was set to 1.0� 10�7 M, which was
confirmed to be lower than the solubility in NaeCaeCl solutions of
IS ¼ 0.1e6 M (Fig. A1 in the Supplemental Information).

Saline solutions (IS ¼ 0.01e6 M) were prepared with the com-
bination of NaCl, CaCl2$2H2O, and DI, while maintaining the same
2.7 Na/Ca molar ratio as that defined in the reference brine water
proposed by the NWMO [3]. Masses were all measured using a
Sartorius Quintix 213-1S.

Three solids were used in the sorption experiments: IMt-2 Na-
illite from Silver Hill, USA (acquired from the Clay Mineral Society),
Volclay MX-80 Na-bentonite from Wyoming, USA (acquired from
the American Colloid Company (ACC)), and Ordovician-age
Queenston shale from Ontario, Canada (provided by the NWMO).
The illite and shale core samples were manually crushed and sieved
to a grain size between 150 and 300 mm, and MX-80 was specified
by the ACC to contain grain sizes ranging from 74 to 420 mm and
was used as received [19].

The pH values observed on the pH meter (pHobs) should be
considered as operational values [20]. The relationship between
pHobs and the molar Hþ concentration (pHc ¼ �log cHþ) or the
molal Hþ concentration (pHm ¼�logmHþ) were discussed in detail
by Altmaier et al. [21,22]. In this study, the relationship between
pHobs (measured with a VWR 89231-590 dual junction Ag/AgCl2
electrode and a VWR B10P symphony benchtop meter) and pHc in
solutions was determined by acid-base titration (Metrohm Ti-
Touch 916) in desired media, and the pHobs values were con-
verted to the pHc values.

2.2. Sorption procedure

All sorption experiments were carried out at 25 �C in triplicate
under atmospheric conditions. Preliminary tests were performed to
confirm that sorption of Pd to the wall of the reaction vessel was
negligible. Since the basic procedures of sorption experiments were
the same as those we used in the sorption experiments of Np(V)
and Np(IV) [16,23], only the differences in the procedure and
conditions from the previous ones are described in this paper.

The liquid/solid ratio for all samples was 0.50 ± 0.02 m3/kg,
resulting from 8.00 ± 0.05 mL of solution and 16.0 ± 0.5 mg of
sorbent. Aliquots of each Pd sample were removed from sorption
test tubes after 14 days and placed in Nalgene centrifuge containers
for centrifugation at 18,000 rpm for 30 min. We previously
confirmed that the liquid phase was sufficiently separated from the
solid phase by this method [19]. Supernatants were diluted with DI
to ensure that the solution salinity was below 0.75 M before con-
centration measurements were taken, as required by the ICP-MS
[24].

The primary measure of sorption is called the sorption distri-
bution coefficient (Rd) (m3/kg), which is calculated according to Eq.
(1), where Ci is the initial concentration of Pd in solution
(1.0 � 10�7 M), Ceq the equilibrium concentration post-sorption
(M), L the volume of liquid used in the sample (m3), and m the
mass of solid used (kg).

Rd ¼
Ci � Ceq

Ceq
� L
m

(1)

2.2.1. Sorption kinetics
To determine sorption duration, sorption kinetics tests were

conducted in sample solutions with IS ¼ 0.1, 1.0, and 4.0 M for all
three sorbents. Test samples had a Ci of (1.0 ± 0.05) � 10�7 M, and
concentrations were measured 1 h, and 1, 2, 5, 7, and 14 days after
contacting the sorbent. The pHc values were not adjusted but were
found to have been between 5.3 and 5.6, 5.8e6.6, and 6.3e7.4
during the kinetics test periods for illite, MX-80, and shale,
respectively.

2.2.2. Ionic strength dependence
The dependence of Pd sorption on solution salinity was deter-

mined for all three sorbents at IS ¼ 0.1, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, and
6.0 M. The pHc values were not adjusted but were found to have
been between 5.4 and 5.8, 6.0e6.9, and 6.5e7.7 during the sorption
test periods for illite, MX-80, and shale, respectively.
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2.2.3. pHc dependence
A separate set of experiments was conducted in order to

determine the dependence of Pd sorption on pHc for all three sor-
bents. For illite and MX-80, sorption tests were conducted at
pHc ¼ 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 at each of the following
solution salinities: 0.01, 0.1, 1.0, 4.0, and 6.0 M. For shale, sorption
tests were conducted at pHc¼ 5.0, 6.0, 7.0, 8.0, and 9.0 at each of the
following solution salinities: 0.1, 1.0, 4.0, and 6.0 M. The pHc was
adjusted using 0.1 N HCl and NaOH. The pHc of the solution was
measured once a day and re-adjusted to the original pHc value if the
pHc changed by more than ±0.2 from the original value.
3. Model

The pHc dependence of Pd Rd values for illite and MX-80 was
fitted using a 2SPNE SC/CE model with the geochemical code
PHREEQC. The LFERs this model is based on were developed for
illite and montmorillonite [12e14]; however, MX-80 is comprised
of approximately 80% montmorillonite [3]. Therefore, the MX-80
data was modelled using a montmorillonite analogue. The
specific-ion interaction theory (SIT) was used for the computational
method, as it accounts for the electrostatic interactions of all other
ions in solution with the one ion of interest. This is necessary for
accuracy when computing activity coefficients in solutions of high
IS, as these interacting electrostatic forces assert a greater influ-
ence. The Pitzer computational method can be more accurate in
very high IS solutions; however, Pitzer parameters for Pd were not
known at the time of this study. SIT is not known to be accurate
above an IS of 4.0 M [25] and, therefore, sorption was modelled at
IS� 4.0M in this study. The solutionsmodelled had the same IS and
NaeCaeCl concentrations as those used in the experiments. Solu-
tions containing Pd had Ci values equal to that of the experimental
conditions: 1.0� 10�7 M.
3.1. Thermodynamic data

The Japan Atomic Energy Agency (JAEA) thermodynamic data-
base (TDB) was chosen as the reference database since it contains
the necessary thermodynamic data for Pd [26]. Formation reactions
for the relevant Pd aqueous species and their constants contained
in the JAEA TDB are shown with their listed errors in Table 1. No
formation reaction constants (FRCs) were contained in the database
for the PdOHþ and Pd(OH)42� aqueous species, so the values con-
tained in the SIT database (v9a) included in the PHREEQC download
package [27] were added to the JAEA TDB.

Surface hydroxyl groups can behave as an acid or base and have
associated clay-specific reaction constants, called protolysis reac-
tion constants, for both protonation and deprotonation. These
constants for strong (LogSK) and weak (LogWK) surface sites were
obtained from Bradbury and Baeyens [12e14]. Cation exchangewas
included in the model to help improve the sorption predictions in
Table 1
Formation reactions of relevant Pd(II) species.

Formation Reaction Log K Error Reference

Pd2þ þ H2OeHþ 4 PdOHþ �1.86 0.29 [27]
Pd2þ þ 2H2Oe2Hþ 4 Pd(OH)2 �3.49 e [26]
Pd2þ þ 3H2Oe3Hþ 4 Pd(OH)3- �15.48 0.35 [26]
Pd2þ þ 4H2Oe4Hþ 4 Pd(OH)42- �29.36 e [27]
Pd2þ þ Cl� 4 PdClþ 5.00 0.24 [26]
Pd2þ þ 2Cl- 4 PdCl2 8.42 0.31 [26]
Pd2þ þ 3Cl- 4 PdCl3� 10.93 0.38 [26]
Pd2þ þ 4Cl- 4 PdCl42- 13.05 0.59 [26]
Pd2þ þ 3Cl- þ H2OeHþ 4 PdCl3OH2- 3.77 0.63 [26]
low IS and low pHc conditions. The selectivity coefficients (Log Kc)
for Hþ and Ca2þ were obtained from Bradbury and Baeyens [13] for
illite, having values of 0.0 and 1.04, respectively. These coefficients
were obtained from Charlet and Tournassat [28] for MX-80, having
values of 0.0 and 0.5, respectively.

3.2. Surface properties

The quantitative sorbent properties required to be defined in
PHREEQC include the total mass of solid (g), number of surface sites
(moles), and the specific surface area (SSA) (m2/g). The product
between solid mass and surface site capacity (density) yields the
total number of surface sites. Site capacities of 2.0� 10�3 mol/kg for
strong sites (SSOH) and 4.0 � 10�2 mol/kg for weak sites (SWOH),
for both clays, were obtained from Bradbury and Baeyens [12,14],
which were used to calculate the total number of surface sites used
in the model. Given the trace concentration of Pd used in the ex-
periments, strong sites should be dominant in the sorption process
and weak sites should not significantly contribute [3]. Furthermore,
the LFER for illite only includes strong sites [14]. Therefore, only
strong sites were used in the sorption model for Pd.

The illite used in this work was collected from Silver Hill in
Montana, USA, and has a SSA of 70 m2/g [29]. When developing the
LFER, sorption tests were conducted on illite samples collected
from the Le Puyen-en-Velay (Haute-Loire) region of France, which
have a SSA of 97 m2/g [13,14]. In order to make use of the LFER
developed by Bradbury and Baeyens for illite [13,14], and to make
direct comparisons to the proposed sorption reaction constants for
illite based on samples from France, an adjustment had to be made
to the total number of sites in the model by a factor of 70/97. The
SSA used for MX-80 was 26.2 m2/g, which was obtained from
Bertetti [30]. Ion-exchange capacities of 21 meq/100 g and 102.1
meq/100 g were obtained from Pivovarov et al. [29] for illite and
Villa-Alfageme et al. [31] for MX-80, respectively.

3.3. Sorption

The initial surface complexation constants (SCCs) used for each
aqueous Pd species contained in the TDB were obtained using the
respective FRCs, along with the formation reactions outlined in
Ref. [11]. For metal-binding hydroxyl surface species that bind to
strong sites, the SCCs (logSKI and logSKM, where I represents illite,
and M represents montmorillonite) were calculated from the hy-
drolysis constants (logOHK) in the TDB using the LFERs developed
by Bradbury and Baeyens [12e14] for both illite and montmoril-
lonite, shown in Eqs. (2) and (3), respectively.

LogSKI ¼7:9±0:4þ ð0:83±0:02ÞLogOHK (2)

LogSKM ¼8:1±0:3þ ð0:90±0:02ÞLogOHK (3)

For ternary surface species, the relationship presented in Fein
[32] for organic ligands in ternary complexes was analogously fol-
lowed for inorganic ligands in ternary complexes. The linear cor-
relation between the logarithm of the SCC for the ternary complex
(Log KT) and the sum of the logarithm of the SCC for the ligand-
surface complex (Log KS-L), and the logarithm of the FRC for the
metal-ligand aqueous complex (Log KM-L (aq)) shown in Eq. (4) is
referred to in this paper as the “Fein correlation” [32].

LogKT ¼0:992
�
LogKS�L þ LogKM�L ðaqÞ

�
(4)

Sorption of chlorine directly onto shale and MX-80 was not
detected by Vilks [4], so the inorganic ligand SCCs (Log KS-L) for both
illite and MX-80 were taken to be zero. This reduces Eq. (4) to Eq.
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(5), where the ternary SCC (Log KT), is equal to the metal-ligand
aqueous FRC (Log KM-L (aq)).

LogKTzLogKM�L ðaqÞ (5)

Eq. (5) allowed us to use the FRCs for the various Pd species in
the TDB as the initial SCC values for the related ternary surface
species. These initial guesses for both themetal binding and ternary
SCCs of the various Pd species are summarized in Table 2, where the
general symbols for SCCs for illite (LogSKI) and montmorillonite
(LogSKM) have been used for the ternary complexes instead of Log
KT.

The initial guess for the cation exchange (CE) constant of the
primary Pd exchange species (X2Pd) had to be calculated due to a
lack of proposed values in the existing literature. Since the Gaines-
Thomas convention [33] is the computational method used in
PHREEQC [34], it was followed in calculating the selectivity coef-
ficient (Kc) for an association reaction of the type shown in Eq. (6)
using Eq. (7).

zBA
ZA � clayþ zAB

ZB4zAB
ZB � clayþ zBA

ZA (6)

B
AKc ¼

�
BRd

�ZA
,

ðzBÞ
ðCECÞZA

, ½A�ZB,ðgAÞ
ZB

ðgBÞZA
(7)

In this, BRd is the distribution coefficient for metal B, as shown in
Eq. (6) [12], CEC is the cation exchange capacity of the soil, z is the
charge of the ion, g is the aqueous phase activity coefficient, and [A]
is the concentration of species A. Eqs. (8) and (9) are obtained
through applying Eqs. (6) and (7) to a Pd solution with a sodium
cation-rich background electrolyte.

2Naþ � clayþ Pd2þ4Pd2þ � clayþ 2Naþ (8)

Pd
NaKc ¼

�
PdRd

�
,

2
ðCECÞ , ½Na

þ�2,ðgNaÞ
2

ðgPdÞ
(9)

Rd values used for calculating the Pd selectivity coefficients were
from the experimental results obtained in this work. The Na con-
centration, activity coefficient, and Pd activity coefficient were
obtained from the PHREEQC output file of the sorption model
without the CE component of the model.

Initial guesses for the SCCs and the CE constants were modelled
and plotted with the experimental Rd values obtained in this work
(not shown here). CE constants were then optimized to fit the
experimental data in regions of IS and pHc where that sorption
mechanism dominates: low IS and low pHc. Once optimized, the CE
constants were then fixed while the SCCs were optimized indi-
vidually, starting with the hydroxyl species, in order to obtain the
Table 2
Initial SCCs for Pd(II) sorption model.

Surface Complexation Reaction LogSKI LogSKM

Metal Binding:
SeOH þ Pd2þ 4 SeOPdþ þ Hþ 6.36 6.43
SeOH þ Pd2þ þ H2O 4 SeOPdOH þ 2Hþ 5.00 4.96
SeOH þ Pd2þ þ 2H2O 4 SeOPd(OH)2- þ 3Hþ �4.95 �5.83
SeOH þ Pd2þ þ 3H2O 4 SeOPd(OH)32� þ 4Hþ �16.47 �18.32

Ternary:
SeOH þ Pd2þ þ Cl� 4 SeOPdCl þ Hþ 5.00 5.00
SeOH þ Pd2þ þ 2Cl- 4 SeOPdCl2- þ Hþ 8.42 8.42
SeOH þ Pd2þ þ 3Cl- 4 SeOPdCl32- þ Hþ 10.93 10.93
SeOH þ Pd2þ þ 4Cl- 4 SeOPdCl43- þ Hþ 13.05 13.05
SeOH þ Pd2þ þ 3Cl- þ H2O 4 SeOPdCl3OH3� þ 2Hþ 3.77 3.77
best fit to the experimental data. The SCCs for the ternary species
could not be modified independently from the FRCs contained in
the TDB being used, in accordance with the relationship developed
in Eq. (5). If the ternary SCCs required optimization, they were
adjusted in conjunctionwith the FRC of the corresponding aqueous
species within the error range stated in the TDB.

4. Results & discussion

4.1. Sorption kinetics

Sorption of Pd was found to increase between 2 and 7 days in
contact with each of the three sorbents tested, but remained con-
stant between 7 and 14 days as shown in Figs. 1e3 for illite, MX-80,
and shale, respectively. Therefore, a sorption duration of at least 7
days is required to ensure that equilibrium is reached. This duration
was doubled to 14 days when selecting the sorption duration for all
experimental conditions. Although this sorption duration contrasts
the 30-day sorption duration used in previous Pd sorption experi-
ments [5], we were able to demonstrate that 14 days is sufficient in
most cases. However, it is possible that it takes longer than 14 days
for Pd sorption to reach equilibrium in 1.0 M NaeCaeCl conditions.

4.2. Ionic strength dependence

The IS dependence of the Rd values for Pd sorption onto the
three sorbents is illustrated in Fig. 4. Overall, the Rd values
decreased with increasing IS. This decrease in Pd sorption is likely
due to increased competing sorption as the background electrolyte
concentration increases. Of the solids tested, shale exhibited the
largest decrease in sorption across the IS range.

There is scatter present in the data for all solids tested, with MX-
80 having the most scattered results. Of the solids tested, only MX-
80 showed a definitive minimum in sorption with increasing IS,
which occurred between IS of 3.0e4.0 M. Previous analysis of MX-
80 clay with XRD and XRF techniques has shown that there can be
variability in composition of the clay due to sample preparation
[35]. This could account for a small amount of the scatter in the
data; however, heterogeneity of solid samples would not produce
the minimum that was observed. Another thought was that
differing pH of the samples could have caused the irregular sorp-
tion behavior. However, inspection of the pH values for the MX-80
samples showed that they were within half a value of each other,
which would not lead to a significant difference in sorption at a pH
of around 6. Furthermore, these results were reproduced in the pH
dependency experiments for MX-80, shown in Fig. 6. Thus, the
cause of the irregular sorption behavior could not be determined at
present and should further be investigated in the future.
Fig. 1. Pd sorption kinetics over 14 days on illite in 0.1, 1.0, and 4.0 M ionic strength
NaeCaeCl solutions.



Fig. 2. Pd sorption kinetics over 14 days on MX-80 in 0.1, 1.0, and 4.0 M ionic strength
NaeCaeCl solutions.

Fig. 3. Pd sorption kinetics over 14 days on shale in 0.1, 1.0, and 4.0 M ionic strength
NaeCaeCl solutions.

Fig. 4. Ionic strength dependence of Pd Rd value for illite, MX-80, and shale.
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4.3. pHc dependence

The pHc dependence of the Rd values of Pd sorption onto illite,
MX-80, and shale are shown in Figs. 5e7, respectively. For the Pd
sorption onto illite (Fig. 5) and MX-80 (Fig. 6), the Rd value
increased with pHc, reached a maximum, then slightly decreased
before becoming independent of pHc at IS ¼ 0.01 M. For IS � 0.1 M,
the Rd value increased with pHc and then became independent of
pHc. For the Pd sorption onto shale (Fig. 7), the Rd value appears to
be relatively independent of pHc at IS ¼ 0.1, 1.0, and 6.0 M, but the
trend for IS ¼ 4.0 M was different. This will be discussed with the
future work at the end of this section.

Figs. 5 and 6 show the fitted results of the 2SPNE SC/CEmodel, in
addition to the experimental data. As mentioned previously, the
lack of Pd2þ Pitzer parameters forces the use of the SIT method,
which limits modelling to IS � 4.0 M. For both figures, some
experimental data is not shown due to the Rd values being too small
to measure, which indicates that there is zero, or nearly zero,
sorption of Pd2þ at these pHc and IS values. These data points
occurred in the low pH region (pHc of 3e5) as IS increased. The Rd
data that is indicative of zero sorption was also excluded from the
experimental data that the model replicates. The optimized values
of the SCCs and CECs for illite and MX-80 are listed in Table 3. Solid
surface and solution speciation plots for all IS modelled are shown
in the Supplemental Information section (Figs. A2 e A4 for illite, A5
e A7 for MX-80, and A8 e A10 for IS ¼ 0.01, 0.1, and 4.0 M). Given
the uncertainty in the equilibrium of the 1.0 M data, a model for
1.0 M conditions was not attempted. As this is currently the first
investigation into the sorption of Pd2þ onto illite and MX-80 across
a wide pH range, with a broad IS range, these results and corre-
sponding SCM are valuable to the Canadian DGR project.

The discrepancies between the model and the experimental
data present notable areas to focus research efforts to properly
quantify Pd2þ sorption onto illite and MX-80. One of these areas is
the speciation being considered in the model. It was found that
Pd2þ sorption could largely be accounted for with the formation of
the SeOPdOH, SeOPd(OH)2- , and SeOPdCl43- surface species, and the
SeO2Pd cation exchange species with 2 Naþ for both sorbents, with
the additional SeOPdþ surface species for MX-80. Five possible
ternary sorption reactions were originally included in the model,
shown in Table 2, but only one reaction (SeOH þ Pd2þ þ 4Cl- 4
SeOPdCl43- þ Hþ) was found to contribute to the sorption, even in
NaeCaeCl solutions with high IS. For illite at IS ¼ 0.01, 0.1, and
4.0 M, the simulation results were consistent with the experi-
mental results, except for the 0.1 M data at a pH of 5.1 where the
model under predicted sorption. For MX-80 at IS ¼ 0.01 M, model
fitting results were consistent with the experimental results, but at
IS ¼ 0.1 M and 4.0 M the model could not be fitted to the Rd values
in the low pH region (pHc ¼ 3e5) and in the high pH region
(pHc¼ 8e9), respectively; therewas under prediction of sorption in
the low pH region, while there was over prediction in the high pH
region. Due to the model failing to replicate the experimental data
in all cases, the speciation chosen to represent Pd2þ sorption may
not be complete. Future experimental and simulation work will
allow for this SCM to be re-evaluated and improved upon.

Another important aspect to consider is the divalent cationic
nature of Pd2þ and Ca2þ, coupled with the high concentration of
Ca2þ present in all solutions. The competing nature of these two
divalent ions may require implementation of an electrostatic
model. However, previously reported 2SPNE SC/CE model results
with these identical solutions and sorbents (albeit different sorbing
elements) have been able to replicate experimental data accurately
without considering the electrostatics of Ca2þ sorption [16]. It is
believed that further experimental and simulation work is needed
to fully understand the competing sorption effects between these
two ions.

As highlighted in Table 3, it was also found that the optimized
metal-binding SCC values were mostly outside of the range of
values estimated by the LFER (Table 4). Since the LFER uses FRCs of
aqueous species to estimate the corresponding SCCs, this could
indicate that the thermodynamic data for Pd2þ needs to be updated
in the TDBs. However, as mentioned previously, electrostatic effects
could play an important role in the sorption of Pd onto illite and
MX-80 and a non-electrostatic model may not be adequate.
Therefore, we cannot say with certainty that the thermodynamic
data for Pd2þ needs to be updated, only that it is a possibility.

Looking at the shale data in Fig. 7, the trend for 4.0 M was
different than for the other IS; instead of being relatively constant
across the pH range, there was a peak around a pHc of 6.5. Sorption
in the 4.0 M case was also lower than that in the 6.0 M case in the
low pH region (pHc ¼ 5e6) instead of being higher or about the



Fig. 5. pHc dependence of Pd Rd value for illite at IS ¼ 0.01, 0.1, 1.0, 4.0, and 6.0 M.

Fig. 6. pHc dependence of Pd Rd value for MX-80 at IS ¼ 0.01, 0.1, 1.0, 4.0, and 6.0 M.

Fig. 7. pHc dependence of Pd Rd value for shale at IS ¼ 0.1, 1.0, 4.0, and 6.0 M.

Table 3
Optimized surface complexation and CE constants used for Pd(II) sorption
modelling.

Surface Complexation Reaction LogS KI LogS KM

Metal Binding:
SeOH þ Pd2þ 4 SeOPdþ þ Hþ e 8.2 ± 0.2
SeOH þ Pd2þ þ H2O 4 SeOPdOH þ 2Hþ 3.2 ± 0.2 2.3 ± 0.2
SeOH þ Pd2þ þ 2H2O 4 SeOPd(OH)2- þ 3Hþ ¡4.0 ± 0.2 �5.5 ± 0.2

Ternary:
SeOH þ Pd2þ þ 4Cl- 4 SeOPdCl43- þ Hþ 13.05 ± 0.2 13.05 ± 0.2

Ion-Exchange:
2SeONa þ Pd2þ 4 SeO2Pd þ 2Naþ 6.75 ± 0.2 5.90 ± 0.2

*Reaction constants bold highlighted fall outside of the range of the LFER.

Table 4
Range of SCCs allowed for LFER [12e14] based on FRCs for Pd(II) sorption [26].

Surface Complexation Reaction LogS KI LogS KM

SeOH þ Pd2þ 4 SeOPdþ þ Hþ 5.93e6.80 6.10e6.77
SeOH þ Pd2þ þ H2O 4 SeOPdOH þ 2Hþ 4.53e5.47 4.59e5.33
SeOH þ Pd2þ þ 2H2O 4 SeOPd(OH)2- þ 3Hþ �5.66e�4.24 �6.44e�5.22
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same. Since shale is composed of many constituent minerals, the
sorption process is more complex than for illite and MX-80. To gain
a better understanding of the sorption process onto shale for Pd2þ,
sorption of Pd2þ should be investigated onto both the dominant
andminor constituent minerals of shale as minor constituents have
previously been shown to contribute to sorption [19]. This experi-
mental data could then be used in the development of a SCM for
shale to obtain a more detailed understanding of the sorption
process.

5. Conclusions

This is the first research systematically studying the sorption
behaviour of Pd in NaeCaeCl solutions with high IS. The sorption
kinetics and the ionic strength and pHc dependence of Pd sorption
for illite (Silver Hill), MX-80 bentonite, and Queenston shale in
NaeCaeCl solutions were measured.
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Pd sorption onto illite, MX-80, and shale was found to reach
equilibrium within 7 days, except for 1.0 M conditions. The Pd Rd
values were obtained across large portions of the pH spectrum in
solutions of varying IS for all three sorbents. By fitting of 2SPNE SC/
CE model to the pHc dependence of experimentally derived Rd
values for illite and MX-80, it was found that Pd sorption could
largely be accounted for with the formation of the SeOPdOH,
SeOPd(OH)2- , SeOPdCl43- surface species, the SeO2Pd exchange
species with 2Naþ for both sorbents, and the additional SeOPdþ

surface species for MX-80. The optimized values of SCCs and CE
constants were estimated, but the optimized SCC values were
found to fall outside the ranges of the values estimated by the LFER,
with the exception of the SeOPd(OH)2- surface species for MX-80.
There are still discrepancies between the predicted Rd values by
the 2SPNE SC/CE model and those measured. The reason for these
discrepancies could not be identified, but possibilities include
competing sorption effects of the divalent Pd2þ and Ca2þ ions, a
need to update and improve the speciation of Pd2þ being consid-
ered in the SCM, or needing to implement an electrostatic model.
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