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In this study, the affinity of four extraction chromatographic resins from TrisKem International (TK200 Resin, Ni
Resin, LN Resin, and TBP Resin) for retaining Pd and Ag in nitric and hydrochloric acid medium of various
molarities was systematically investigated. Batch experiments were performed in which the resins were con-

E:ﬁz;iﬁ tacted with Pd and Ag solutions prepared in nitric and hydrochloric acids of different molarities. Affinity of
Silver specific resin for Pd and Ag was assessed with the help of distribution coefficients (Kg), defined as the ratio of the

concentration of a specific element between resin and solution under equilibrium conditions, as a function of
nitric and hydrochloric acid concentration. The results provided fundamental insight into behaviour of Pd and Ag
in connection with different resin under varying chemical conditions and enabled design of optimum Pd and Ag
column separation protocol. Among the resins investigated, Ni Resin and TK200 Resin exhibited the most
favourable selectivity and separation performance, allowing efficient and reproducible Pd-Ag separation with
high recoveries. For Ni Resin, the overall recovery was 92% for Pd and 98% for Ag, with a Pd separation factor of
2500+300. For TK200 Resin, the overall recovery was 89% for Pd and 98% for Ag, with a Pd separation factor of
770+80. However, an additional separation step would be required to achieve a higher separation factor when

using TK200 Resin.

1. Introduction

The efficient separation of palladium (Pd) from silver (Ag) or vice
versa is important for several applications, ranging from nuclear
decommissioning and radioactive waste characterization to the pro-
duction of radiopharmaceuticals. These elements often coexist in
various matrices, including irradiated materials (Pd-109 and Ag-111),
fission products (Pd-107 and Ag-107), and metallurgical or recycling
samples such as spent catalysts and electronic waste, containing stable
Pd and Ag [1-3].

In analytical chemistry, the co-existence of Pd and Ag in the sample
can cause significant interferences in mass spectrometry due to ioniza-
tion effects of matrix components or isobaric interferences created
during the measurement. This issue is particularly relevant for Pd-107
analysis by Inductively Coupled Plasma Mass Spectrometry (ICP-MS),
because stable Ag-107 produces a direct isobaric interference with Pd-
107 [4]. Effective separation of Pd from Ag is necessary for accurate
determination of isotopic compositions, to minimize matrix-induced
ionization effects in mass spectrometry, and for the reduction of
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isobaric or spectral interferences that compromise measurement preci-
sion. In radiochemical analyses, chemical separation is crucial for
isolating an analyte of interest from other interfering components pre-
sent in a sample. Effective separation enables the detection of isotopes
with low abundances or low-energy emissions, even in the presence of
large quantities of other radioactive isotopes. This is particularly
important in cases where there is an unavoidable presence of long-lived
Ag-110m as a contaminant and where multi-step purification processes
are required—such as extracting Ag-111 from the thorium matrix [5], or
removing palladium target material from irradiated Ag-111 [1].
Separation of Pd from Ag remains challenging due to their similar
chemical behaviour and overlapping physical properties, particularly
the formation of stable chloride complexes [6-9]. Traditionally, this
separation has relied on classical methods such as AgCl precipitation,
solvent extraction, and ion-exchange chromatography [5,6,10-13].
While Ag precipitation is simple and highly selective, it is limited by
co-precipitation and poor performance at trace levels. Solvent extraction
and ion exchange offer improved selectivity but involve higher solvent
consumption and operational complexity. In this context, extraction
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chromatography, where an extractant is adsorbed on a solid material,
has emerged as a promising alternative, offering enhanced selectivity,
faster separation kinetics, reduced solvent use, and lower acid waste
generation, particularly for complex or dilute systems, and is increas-
ingly recognized as an important approach for noble metal separation
and preconcentration [14,15]. Previous studies on Pd/Ag separation
using extraction chromatography have involved Ni Resin [4,7,16,17], as
well as a two-step extraction chromatography procedure using LN Resin
and TK200 Resin [1]. However, these studies report only specific con-
ditions used for separation and do not an provide overall assessment of
the affinity of these resins towards Pd and Ag over a range of nitric and
hydrochloric acid concentrations. Therefore, a more extensive investi-
gation of Pd-Ag separation was undertaken using four different extrac-
tion chromatography resins: TK200 Resin, Ni Resin, LN Resin, and TBP
Resin.

TK200 Resin was selected because it is based on tri-n-octylphosphine
oxide (TOPO), a widely used extractant in liquid-liquid extraction
methods, particularly for actinide separation from acidic media [18].
TOPO has also been successfully applied for the extraction of various
metal ions [19-21], and preliminary studies have indicated promising
selectivity of TK200 Resin toward Pd and Ag [22].

Ni Resin contains dimethylglyoxime (DMG) as the extractant sup-
ported on an inert substrate and was selected for its high affinity toward
transition metals and for its previous successful application in separating
Pd [1,4,7,16]. The strong complexation with Pd (log K=34.1 at 25 °C)
[23] suggests high selectivity for Pd(II) across a range of acid concen-
trations, making Ni Resin a strong candidate for achieving effective Pd
separation.

LN Resin was chosen due to its well-established performance in the
separation of lanthanides, actinides, and transition metals in nitric and
hydrochloric acid media [24,25]. The resin is made up of the bis
(2-ethylhexyl)phosphoric acid (HDEHP) compound, which provides
strong affinity toward soft metal ions such as Pd(II), suggesting potential
applicability for Pd-Ag separation under low acid concentrations
conditions.

TBP (tri-n-butyl phosphate) is one of the classical extractants used in
actinide and fission product separations, particularly in the PUREX
process [26,27]. In the form of TBP Resin, it is comprised of an inert
support impregnated with TBP, which allows it to be used in column
extractive chromatographic separations. This resin served as a reference
material to evaluate its potential for Pd and Ag separation given its
known extraction behaviour in HCl media.

TK200 Resin, Ni Resin, LN Resin, and TBP Resin were selected to
evaluate their effectiveness for Pd and Ag separation. While most other
extraction chromatographic resins are optimized for actinides (UTEVA
Resin, TEVA Resin, DGA Resin), these four resins cover complementary
mechanisms—anion exchange (TK200 Resin), chelation (Ni Resin),
cation exchange (LN Resin), and solvent extraction (TBP Resin)—suit-
able for noble metal recovery. This allowed the assessment of each
resin’s individual selectivity and efficiency under acidic conditions.

Understanding the distribution behaviour of Pd and Ag under vary-
ing chemical conditions is therefore essential for the rational design of
separation strategies. Examination of the distribution coefficient (Kg)
and related parameters enables prediction of optimal retention and
elution conditions, thereby facilitating the development of a selective
and efficient separation method for Pd and Ag.

The distribution coefficient (Kq) is a key parameter in the design of
chromatographic separation methodologies, as it quantitatively de-
scribes the partitioning of an analyte between the resin and the aqueous
phase under defined chemical conditions. By evaluating K4 values across
different nitric and hydrochloric acid concentrations, insights can be
gained into the affinity of specific resins for Pd and Ag, allowing the
identification and optimization of conditions that promote effective
retention and subsequent recovery of these elements from the resin [28].

The main objective of this study was to characterize the affinity of
TK200 Resin, LN Resin, TBP Resin, and Ni Resin toward Pd and Ag to
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design an optimal column separation protocol. Batch experiments were
conducted to evaluate the distribution of Pd and Ag between the
investigated resins and varying concentrations of nitric and hydrochlo-
ric acid solutions. The results were evaluated in terms of distribution
coefficients (K4), which enabled the selection of the most promising
conditions for separation of Pd from Ag. Based on this selection, column
separation protocols were designed and tested with the aim of identi-
fying the protocol with the best separation performance. Furthermore,
as systematic distribution data for Ag and Pd on extraction chromato-
graphic resins are currently scarce, this study provides a consistent K4
dataset to support the future development of rational Ag/Pd separation
systems.

2. Materials and methods
2.1. Reagents and standards

TraceCERT® Pd and Ag single-element standards (1 g L) were
purchased from Sigma-Aldrich. Extraction chromatographic resins
TK200 Resin, LN Resin, TBP Resin, and Ni Resin, each with a particle
size of 100-150 um, were obtained from TrisKem International.

All acids and reagents used were of analytical grade and obtained
from commercial suppliers. Deionized water (>18 MQ-cm) was used
throughout the experiments.

2.2. Determination of distribution coefficient (Kg)

The distribution of Pd and Ag between TK200 Resin, LN Resin, TBP
Resin, and Ni Resin, and different concentrations of HNO3 and HCI so-
lutions, was determined by equilibrating a known volume of acid solu-
tion of selected concentration, spiked with a Pd and Ag mixed solution,
with a known mass of resin. Approximately 0.3 g of each resin was
weighed into 10 mL centrifuge tubes containing 20 ug of Pd and Ag in
solutions of either HNO3 or HCI at concentrations of 0, 0.01, 0.1, 1, 3, 6,
9 mol L'l, as well as concentrated HCl (12.1 mol L'!) or concentrated
HNO;5 (14.4 mol L), to a total volume of 10mL. The samples were
shaken for 24 hours to ensure the establishment of equilibrium condi-
tions. Equilibrium beyond this period was not investigated in detail, as
longer equilibration times would not be practical for applications
requiring relatively rapid Pd and Ag separation. After equilibration, the
mixtures were filtered through 0.45 um filters, and an aliquot of the
aqueous phase was taken, diluted with 2 % HNOs, and analysed by ICP-
MS to determine the remaining analyte concentration in the aqueous
phase. All experiments were performed in triplicate. The distribution
coefficient was calculated according to the following equation [29]:

Ky = (—C“’ *“) s &
Ca mg

where c, ¢ is the aqueous phase concentration of either Pd or Ag before
contacting the solution with the resin [ng g'l], ¢, is the aqueous phase
concentration of either Pd or Ag after contacting the solution with the
resin [ng g'l], m is the mass of the solution [g] and mg is the mass of the
resin [g].

Measurement uncertainties were calculated according to
EURACHEM-CITAC recommendations [30] and are reported as com-
bined standard uncertainties with a coverage factor of 2. All results are
reported as a mean values of three replicates and accompanied with the
combined standard uncertainties.

2.3. Development of optimum column separation protocol

The column separation protocol was developed based on the results
of K4 values for Pd and Ag, and the most promising separation conditions
identified from these data were subsequently tested in column
experiments.
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During the initial testing of the Pd-Ag separation process, the in-
fluence of column geometry (diameter and shape) and resin mass was
assessed. Based on these studies, gravity-flow columns with an internal
diameter of 7 mm, packed with approximately 0.3 g of resin (corre-
sponding to a bed height of ~3 cm), were selected for all subsequent
separations. The columns were operated under gravity flow with an
approximate flow rate of 1 mL min™.

For Ni Resin, a standard solution containing 20 ug each of Pd and Ag
each was prepared in 10 mL of 0.5 M HCI. The resin was preconditioned
with 10 mL of 0.5 M HCI prior to sample loading. The sample was then
loaded onto the column under gravity flow. Ag was eluted using three
successive 10 mL aliquots of 0.5 M HCI, with each fraction collected
separately. Subsequently, Pd was eluted using three 10 mL aliquots of 3
M HNOs, and the fractions were collected individually.

For TK200 Resin, a standard solution containing 20 ug each of Pd and
Ag was prepared in 10 mL of 0.1 M HNO3 The column (packed with ~0.3
g of resin) was preconditioned with 0.1 M HNOj5 prior to sample loading.
Under these conditions, Ag was eluted first using three 10 mL aliquots of
0.1 M HNOs. Subsequently, Pd was eluted using three 10 mL aliquots of
6 M HNOs, with all fractions collected separately.

The LN Resin was also evaluated for potential Pd and Ag separation,
based on its favourable distribution coefficients and previous reports of
successful applications in similar systems [1]. In the modified proced-
ure, the resin was preconditioned with 10 mL of 0.1 M HNOs. The
sample solution (prepared in 0.1 M HNOg3) was loaded onto the column,
after which Pd was first eluted using three 10 mL aliquots of 0.1 M
HNOj3. Ag was subsequently eluted using three 10 mL aliquots of 1 M
HCl, with fractions collected separately.

Aliquots of all collected fractions were diluted in 2 % HNO3 and
analysed by ICP-MS to determine the concentrations of Pd and Ag in
each fraction and assess the separation efficiency.

For each resin showing effective separation, the separation factor
(SFpq/ag) was calculated to quantify the degree of Pd separation relative
to Ag. The separation factor was defined as:

(Cpa/Cag)after

F, = 2
SErajag (Cpa/ Cag) before &)

where Cpq and Cagq are the concentrations of Pd and Ag, respectively,
measured after separation (in the collected fractions) and before sepa-
ration (in the initial solution).

Uncertainties were evaluated following EURACHEM-CITAC [30] and
reported as combined expanded uncertainties (coverage factor k = 2).

2.4. Measurements

The analyte concentrations were measured using a triple-quadrupole
inductively coupled plasma mass spectrometer (ICP-QQQ-MS), the
Agilent 8800 (Agilent Technologies, Japan). The analytes of interest
were measured in non-gas mode without mass shift. The instrument was
equipped with a micro-mist nebuliser, a Scott-type spray chamber, and
an ASX-510 (Cetac) autosampler. The exact concentrations of each an-
alyte were determined using a calibration curve with single-element
standards ranging from 0 to 100 ng g. All samples were appropri-
ately diluted in a mixture of 2 % HNOs and HCI prior to analysis.
Additionally, rinse solutions containing a maximum of 5 % HNOs and
HCI were used to prevent Pd from adhering to the components of the
sample introduction system in contact with the sample solutions.

3. Results and discussion
3.1. Affinity of extraction resin for Pd and Ag
The affinity of selected extraction resins for Pd and Ag was evaluated

in terms of the retention of Pd and Ag on different resins under various
concentrations of HNO3 and HCI solutions. This was expressed as the
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distribution coefficient (K3) between the resin and the acid solution at
specific molarity and for a given element. A high K4 value indicates that
the resin has a strong affinity for the analyte, whereas a low K4 value
indicates that the analyte does not interact significantly with the resin
and remains predominantly in the acidic solution.

3.1.1. TK200 resin

The K4 data for Pd and Ag on the TK200 Resin in both HNO3 and HCl
media are shown in Fig. 1. For Pd in HNOj3 solutions (Fig. 1A), high
retention on the resin is observed at lower acid concentrations (up to 1 M
HNO3), with Kq values in the range of 10*-10°. At these lower acidities,
Pd is expected to exist primarily as the hydrated aqua-ion [Pd(H20)4]2+,
which is thought to readily interact with the TOPO functional groups of
the resin via a solvating mechanism [31]. Above 1 M HNOs, the Ky
values decrease significantly (<10%), indicating reduced retention. This
trend is likely associated with the increasing formation of Pd-nitrate
species (e.g., [PA(NO3)2(H20)3]), and the potential competition for resin
sites by the extraction of HNOs itself, both of which would reduce the
availability of the metal for extraction. In contrast, Ag exhibits relatively
low Ky values across the entire range of HNO3 concentrations, suggest-
ing weak interactions with the TK200 Resin. This behaviour may reflect
the high stability of Ag™ in the aqueous phase and a limited affinity of
the silver ion for the TOPO extractant under these conditions. In HCI
solutions (Fig. 1B), Pd again shows strong retention at lower concen-
trations (between 0.01 M and 0.1 M). As HCI concentrations increases
above 1 M, Kq values decrease markedly. This observation aligns with
established speciation models which indicate that a higher chloride
activities, Pd(I) is converted into anionic chloro-complexes, primarily
[PdCl4]2' [32]. Because TOPO typically functions as a neutral solvating
extractant, the formation of these stable anionic species likely hinders
the extraction process, leading to the observed drop in Kg4. Ag displays
consistently lower K4 values throughout the entire HCI concentration
range, suggesting very weak interaction with the resin under chloride
conditions as well.

The largest difference in K4 values between Ag and Pd, which could
be potentially used for separation of both elements, is observed in the
0.1-1 M HNOg3 concentration range. Under these conditions, TK200
Resin more strongly retains Pd compared to Ag.

3.1.2. Niresin

The Kq values for Pd and Ag on the Ni Resin are shown in Fig. 2. At
low HNOg concentrations (<0.1 M) in Fig. 2A, Ag exhibits high retention
with K4 values in the range of 10*-10° while Pd shows moderate
retention with K4 values around 10°. In these dilute acid solutions, it is
proposed that both Pd and Ag can form stable complexes with the DMG
functional groups of the resin. This is consistent with the known ability
of DMG to act as a selective chelating agent for late transition metals,
forming stable square-planar complexes with Pd?* [33]. As the HNO3
concentration increases, both analytes gradually lose their affinity for
the Ni Resin. Above 0.1 M HNOs, the sharp decrease in K4 values sug-
gests a destabilization of the metal-DMG interaction. This trend may be
attributed to the protonation of the oxime groups on the DMG molecule;
as the acidity increases, H" ions compete with the metal ions for the
nitrogen and oxygen donor sites on the ligand, effectively inhibiting
chelation [34]. In HCI media (Fig. 2B), Pd displays consistently high
retention across the entire concentration range (Kq >10%). This obser-
vation suggests that the Pd-DMG chelate remains thermodynamically
stable even at higher chloride activities, where Pd might otherwise
favour anionic chloro-species. In contrast, Ag shows negligible reten-
tion, except at very low HCI concentrations (0.001 M), where K4 values
reach approximately 10, This behaviour likely reflects the rapid for-
mation of silver-chloro complexes or the precipitation of AgCl within the
resin matrix [35], both of which would reduce the concentration of free
Ag™ available for interaction with the resin's functional groups.

The largest potential for effective chemical separation between Pd
and Ag is therefore in HCl media, particularly within the 0.1-6 M HCl
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Fig. 1. Distribution coefficient (Kq) of Pd (blue circle) and Ag (red square) with expanded combined uncertainties (k=2) between TK200 Resin and HNO3 (A) and
HCI (B) solutions at selected concentrations. Where error bars are not visible, they are smaller than data points.
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Fig. 2. Distribution coefficient (Kg) of Pd (blue circle) and Ag (red square) with expanded combined uncertainties (k=2) between Ni Resin and HNO3 (A) and HCl (B)
solutions at selected concentrations. Where error bars are not visible, they are smaller than data points.

concentration range. Under these conditions, Ni Resin has weak affinity
for Ag and strong for Pd.

3.1.2. LN resin

In Fig. 3A, the affinity of LN Resin towards Pd and Ag in HNO3 media
is generally similar, with one notable difference at 0.1 M HNO3. Under
this condition, Pd shows significantly higher retention on the resin, with
K4 values around 10*, whereas Ag exhibits much lower retention, with
Kq values around 102, This behaviour may be attributed to the different
coordination preferences of the two metals; while Ag* in nitric media
has a limited tendency to form stable chelates with organophosphorus
extractants like HDEHP, Pd?" is thought to interact more effectively
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with the phosphoryl oxygen and deprotonated hydroxyl groups of the
extractant at low acidity [36]. In HCI media (Fig. 3B), Ag shows minor
retention only at very low acid concentrations, while Pd displays
consistently higher retention across the entire concentration range. The
Kq values for Ag vary from approximately 10% at concentrations below
0.1 M to about 10" at higher concentrations. This trend likely reflects the
shifting stability of silver-chloro species. At HCI concentrations below
0.1 M, Ag(I) is expected to exist as a mixture of cationic Ag™ and neutral
[AgCl] species, which may facilitate interaction with the HDEHP groups.
At higher concentrations, the dominance of the monoanionic
chloro-complex [AgCl,]™ is consistent with the observed decrease in
retention, as anionic species typically exhibit minimal affinity for acidic
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Fig. 3. Distribution coefficient (K4) of Pd (blue circle) and Ag (red square) with expanded combined uncertainties (k=2) between LN Resin and HNO3 (A) and HCI (B)
solutions at selected concentrations. Where error bars are not visible, they are smaller than data points.
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cation exchangers like HDEHP [37]. In contrast, K4 values for Pd remain
in the range of 10°-10* throughout all HCl concentrations. This
consistent retention suggest that Pd may form various chloro-complex
species capable maintaining an interaction with the HDEHP functional
groups, possibly through a solvating mechanism or the formation of
mixed-ligand complexes (Pd-Cl-HDEHP), as has been proposed for
similar platinum group metal extractions in acidic chloride media [38].

The potential for effective separation of Pd and Ag using LN Resin is
therefore the largest in HCl media, particularly within the 0.01-1 M HCl
range, where the affinity of LN Resin for Pd remains large and for Ag
remains small. Another potential separation window may also be in 0.1
M HNOs, where Pd affinity on the LN Resin is large, while Ag affinity is
small.

3.1.3. TBP resin

For both Pd and Ag, the K4 values for TBP Resin in HCI media range
from 10! to 105, with higher retention observed at low HCI concentra-
tions and negligible retention at higher concentrations (Fig. 4B). In
HNO3; media (Fig. 4A), Kq values showed no significant difference or
measurable retention for either Pd or Ag. These results suggest that
under the conditions evaluated, the formation of extractable neutral
complexes between the analytes and the TBP functional groups is
limited. In nitric acid, the high stability of the palladium aqua-ion and
the specific solvation requirements of Pd(NO3), may account for the lack
of retention; TBP is a neutral solvating extractant that generally requires
high nitrate activities or high acid concentrations to effectively partition
late transition metals [39]. Similarly, in HCl media, the decrease in
retention at higher acidities is potentially consistent with the shift to-
ward anionic chloro-complexes such as [PdCl4]3 and [AgCly]". As TBP
primarily extracts neutral species through a solvation mechanism, it
possesses a low affinity for these highly charged anions [40]. Thus, the
TBP Resin appears to offer limited utility for the effective recovery of Pd
or Ag under the specific mineral acid concentrations evaluated in this
study.

Overall, the TBP resin showed no significant difference between the
Kq values of Pd and Ag; therefore, no further testing was performed with
this resin.

3.2. Pd and Ag separation experiments

When designing a chemical separation protocol of two elements
using column extraction chromatography, it is important to select con-
ditions in which the distribution coefficient (K4) for one element re-
mains high while that of the other remains low. This enables the
retention of one element on the extraction resin on the column, while the
other passes through the column. By subsequently modifying the elution
conditions, the element initially retained on the stationary phase can be
selectively eluted from the column. However, the exact Kq values are not
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always decisive in determining whether the separation using this
method would be efficient, as they can be influenced by several factors,
including resin batch variability, matrix effects, resin aging, etc.
Therefore, for the purpose of designing an effective chemical separation
protocol, the order of magnitude and general trends of the K4 values are
more important than their precise numerical values.

Based on the Ky findings, further investigations were conducted to
establish the most effective separation procedure for Pd and Ag. Among
the investigated resins, TK200 Resin, Ni Resin, and LN Resin demon-
strated promising separation potential, while TBP Resin showed negli-
gible differentiation in retention between the two elements.
Accordingly, the most promising conditions identified from the Ky
studies were tested in column separation experiments.

For the TK200 Resin, 0.1 M HNO3 was used for Ag elution and 6 M
HNOj for Pd elution. For the Ni Resin, Ag was eluted first using 0.5 M
HCI, followed by Pd elution with 3 M HNOs. Additionally, the LN Resin
was also tested, where Pd was stripped down with 0.1 M HNO3 and then
Ag with 1 M HCL The aim was to further evaluate whether Pd and Ag
could be effectively separated using this resin under optimized
conditions.

3.2.1. Pd and Ag separation

The results of the separation of Pd from Ag or Ag from Pd are pre-
sented in Fig. 5. For the TK200 Resin (Fig. 5a), Ag was efficiently eluted
in the first two 10 mL fractions using 0.1 M HNOg, demonstrating the
resin’s low affinity for Ag under the selected conditions. Pd was subse-
quently eluted with three 10 mL 6 M HNOs fractions, indicating that
higher HNOg3 concentrations effectively disrupt Pd-TOPO interactions
and allow quantitative recovery. The overall recovery of Ag from TK200
Resin was 98 %, while Pd recovery reached 89 %, with approximately 3
% of Pd remaining adsorbed on the resin, likely due to incomplete
elution or residual complexation. Measurement of Pd in the solution
before and after column separation showed that a separation factor of
approximately 770480 (SFpq/ag) Was achieved through this process.
While this value indicates effective separation, additional separation
steps would be required to obtain a higher SFpq/a¢ and further improve
purification.

A comparable separation performance was obtained with the Ni
Resin (Fig. 5b). Ag was quantitatively eluted (98 %) in the first two
fractions using 0.5 M HCI, highlighting the resin’s low affinity for Ag
under chloride conditions. Pd was then eluted with 3 M HNO3 with three
10 mL fractions, achieving a total recovery of 92 %, while roughly 3 % of
Pd remained bound to the column. These results indicate that Ni Resin
provides a robust separation option, particularly when sequential
elution with HCl and HNOs is employed, allowing efficient discrimina-
tion between Ag and Pd based on their differing chemical affinities. The
separation factor (SFpq/ag) between Pd and Ag, determined from mea-
surements conducted before and after column separation, was
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Fig. 4. Distribution coefficient (Kq) of Pd (blue circle) and Ag (red square) with expanded combined uncertainties (k=2) between TBP Resin and HNO3 (A) and HClL
(B) solutions at selected concentrations. Where error bars are not visible, they are smaller than data points.
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approximately 2500-£300. This high separation factor demonstrates the
strong selectivity of the resin for Pd over Ag and confirms its suitability
for efficient and reliable Pd-Ag separation under the applied experi-
mental conditions.

In contrast, the LN Resin demonstrated limited separation capability
under the tested conditions (Fig. 5¢). Both Ag and Pd were co-eluted in
0.1 M HNOs, yielding 99 % Ag recovery and 96 % Pd recovery in the first
two fractions. A small additional fraction of Pd was released with 1 M
HC], resulting in a total Pd recovery of 99 %. The partial co-elution
suggests that LN Resin has insufficient selectivity between Pd and Ag
under these conditions, likely due to similar complexation behaviour
with the HDEHP functional groups in dilute acid. An additional exper-
iment was conducted in which Pd was loaded onto the resin using 0.1 M
HCI and subsequently eluted with 1 M HCl. However, the results showed
that both Pd and Ag were again co-eluted with 0.1 M HCI.

Overall, these findings demonstrate that both TK200 Resin and Ni
Resin enable effective and reproducible chemical separation of Pd and
Ag, particularly when the tested Pd and Ag masses do not exceed 1 mg.
Among the two, Ni Resin shows slightly higher Pd recovery and a cleaner
elution profile. The results also highlight the importance of carefully
optimizing acid concentration and sequential elution steps to maximize
recovery and selectivity. In contrast, LN Resin is less suitable for prac-
tical Pd—-Ag separation due to its limited discrimination between the two
elements.

3.3. Possible applications of developed separation methods

3.3.1. Separation of Ag-111 from Pd target material for potential
radionuclide therapy

Ag-111 (t;2 = 7.47 d, Pmax = 1.04 MeV) is a f-emitting radionuclide
that has been investigated for potential use in targeted radiotherapy. Its
decay is accompanied by low-energy y-emissions, primarily at 245 keV
(1.24%) and 342 keV (6.7%), which may enable imaging using single-
photon emission computed tomography (SPECT). This combination of
B~ emission and y radiation has led to consideration of Ag-111 as a
candidate theranostic isotope, with the potential for concurrent thera-
peutic application and imaging-based monitoring, pending further
validation in relevant systems [41]. Separation of Ag-111 from irradi-
ated palladium targets is essential to obtain a chemically and radio-
chemically suitable product for subsequent studies. Residual Pd may
interfere with radiolabeling processes and could affect the reproduc-
ibility of downstream applications. Efficient isolation of Ag-111 there-
fore important for achieving high radiochemical purity and for enabling
reliable evaluation of its properties in future investigations [42].

Based on the results of this study, the Ni Resin appears to be a
promising option for Ag/Pd separation under the tested conditions. It
enables rapid separation, with Ag-111 eluted first in two fractions with
an overall recovery of approximately 98 %, followed by Pd-109 in three
fractions. The use of moderate acid concentrations (Ag-111 is eluted
using 0.5 M HCI) may be advantageous for subsequent processing steps
and could reduce handling challenges associated with highly concen-
trated acidic or radioactive waste streams. Further work is required to
assess the applicability of this method under more realistic conditions. In
particular studies involving irradiated Pd targets and larger target
masses are needed to evaluate scalability and robustness. Validation
using representative sample matrices is currently in progress, and
comprehensive results will be presented in a subsequent study.

3.2.2. Determination of Pd-107 in radioactive waste

The determination of Pd-107 in radioactive waste is important for
assessing long-term radiological behaviour and informing nuclear waste
management strategies. Pd-107 is a long-lived radionuclide, with a half-
life of approximately 6.5 million years, and may contribute to the long-
time radioactivity of waste repositories [43]. Accurate quantification is
therefore relevant for waste classification, storage planning, and regu-
latory compliance, minimizing potential environmental and health risks.
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A key analytical challenge is the presence of chemical and isotopic
interferences. Silver isotopes, particularly Ag-107, present a significant
isobaric interference, sharing the same nominal mass as Pd-107 and
potentially affecting radiochemical and mass-spectrometric measure-
ments. In addition, complex waste matrices may influence Pd detection
through signal suppression or enhancement [4]. Rigorous chemical
purification is therefore required to separate Pd-107 from silver and
other interfering species, reduce matrix effects, and enable reliable
quantification with improved detection limits.

Based on the results of this study, Ni Resin appears to be a promising
option for the effective separation of Pd-107 from isobaric interference
by Ag-107 under the investigated conditions. The data indicate that Ag,
and its isotope Ag-107, which is the primary source of isobaric and
polyatomic interferences in mass spectrometric measurements, are
efficiently eluted first using 0.5 M HCl. Subsequent elution with 3 M
HNO3 allows Pd to be stripped from the resin over three fractions,
achieving an overall Pd recovery of 92 %. An alternative separation
strategy for obtaining interference-free Pd-107 could involve the use of
TK200 Resin. In this approach, Ag isotopes are first removed from the
resin using 0.1 M HNOg, followed by Pd elution with 6 M HNOsg,
resulting in an overall Pd recovery of 89 %. While Ni Resin has been
previously applied for Pd purification in radioactive waste analysis [4,7,
16,171, the use of TK200 Resin represents an additional approach that
may be suitable for reducing interferences prior to mass spectrometric
analysis. Further work is needed to evaluate the performance of these
separation methods in representative radioactive waste matrices.
Studies involving real samples are currently in progress to assess
robustness, potential matrix effects, and overall applicability under
practical conditions.

4. Conclusion

This study established a comprehensive K4 dataset for Ag and Pd on
TK200 Resin, Ni Resin, LN Resin, and TBP Resin, filling a significant gap
in the literature and enabling the rational design of separation protocols.
Systematic batch experiments revealed distinct differences in resin af-
finities, which were successfully translated into optimized column
procedures.

Our evaluation identified Ni Resin and TK200 Resin as the most
effective materials. Ni Resin demonstrated superior selectivity and
robustness in hydrochloric acid media, providing the cleanest elution
profiles and the highest recoveries. TK200 Resin emerged as a highly
capable alternative, particularly for nitric acid-based systems. In
contrast, TBP Resin and LN Resin were limited by poor selectivity or
narrow operational windows, making them less suitable for high-purity
separations.

The reliability of these methods suggests broad applicability in
radiochemical workflows, most notably in the production of Ag-111 for
medical therapy and the monitoring of Pd-107 in nuclear waste. Future
work will focus on testing these optimized protocols with irradiated
targets and complex sample matrices to confirm their performance
under realistic conditions. Ultimately, this work highlights the necessity
of systematic resin characterization and establishes a robust framework
for efficient Ag/Pd separation in both analytical and radiochemical
applications.
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