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ABSTRACT: Platinum-group metals are in increasing demand for industrial use. Herein, we present a fluorometric method for
palladium detection that can be used to prioritize ore samples on site. The analyses of solid ore samples were sufficiently
correlated with that of aqua regia extracts of the same ore samples. Twenty samples could be analyzed in parallel and more
samples can be if so desired due to the high throughput nature of the assay method. Although the correlational study was
performed after 90 min incubation, 30 min incubation was sufficient to obtain strong fluorescence signals (i.e., 1.5 min per
sample). Given the visible nature of the green fluorescence and the procedural simplicity, palladium and coexisting platinum ores
are identifiable in the field with the naked eye.

Palladium and platinum are valued for their use in sustainable
clean energy (e.g., fuel cells) and environmental protection
(e.g., catalytic converters) among other applications. Although
these precious metals are in great demand, deposits are scarce,
and their supply is unstable.1,2 Therefore, new sources need to
be discovered and mined at low cost. In the current discovery
process, precious metals in ore samples are extracted by aqua
regia or heat and quantified in off-site analytical laboratories
equipped with large instruments such as inductively coupled
plasma mass spectrometers. This whole operation is expensive
and time-consuming. A more economical method requiring
only portable instruments would be preferred, particularly in
the remote areas that are major sources of the platinum-
group metals.3 Furthermore, such efficiency is imperative when
exploring space for these metals, a pursuit already being
undertaken.4

Palladium in solution can be inexpensively detected by a high
throughput method shown in Figure 1.5 In this method,

palladium catalytically converts the nearly nonfluorescent allyl
ether 1 to the green fluorescent phenoxide 2 in the presence of
tri(2-furyl)phosphine (TFP). The resulting green fluorescence

can be readily visualized with a blue laser pen. Excess TFP
unifies heterogeneous palladium(0/II) species to a TFP-bound
palladium(0) species, thus total palladium can be quantified
regardless of the structures of palladium species in complex
samples.6,7 Previously, we digested samples with strong acids as
part of the quantification process.8 The fluorescence signals are
amplified by the analyte through catalysis, rendering the
method highly sensitive.5 This fluorometric method is selective
for palladium and does not suffer from false positive signals
with other metals even when NaBH4, an additive we previously
used, was omitted.7 Trace palladium could be detected in
synthetic compounds and commercial reagents and in the
presence of other metals, indicating the robustness of our
fluorometric method in complex solutions.9,10

In this study, our method was applied for the analysis of
20 ore samples A−T. The premise was that if an ore sample
contains twice as much palladium as another, aqua regia
treatment will provide palladium solutions of these two samples
proportionally (Figure 2a, diagram). As such, the samples were
treated with aqua regia, and the resulting metal extracts sub-
jected to our fluorometric method (Figure 2a; for raw data, see
Table S1 in the Supporting Information). These data showed
that the palladium contents ranged from 0 to 68 ppm in the
original solid samples based on the standard curve (Supporting
Information).
Despite numerous other fluorometric methods to detect

palladium, none have been applied to the detection of palla-
dium in solid ore samples.11−32 For the quantitative analysis of
ores, an assay solution must dissolute a fraction of the palla-
dium such that the resulting solutions reflect the relative con-
centrations of palladium in the original ore samples (Figure 2b,
diagram). It was not obvious whether our method could meet
this criterion because it has never been applied under such
heterogeneous conditions. Nonetheless, using the data set de-
scribed above as a reference, we asked whether our fluorometric
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Figure 1. Chemical reaction for palladium detection.
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method could visualize the presence of palladium in undigested
solid ore samples. The solid samples were treated with the
premixed solution of 1 and TFP in a pH 7 buffer. The presence
of palladium in some samples could be visualized by green
fluorescence as representative samples I−K are shown in
the photograph of Figure 2b. For a quantitative assessment, the
fluorescence signals of the 20 samples A−T are shown in the
bar graph of Figure 2b (for raw data, see Table S2 in the
Supporting Information). Figure 2c compares Figure 2a and
Figure 2b; the results were highly correlated and supported
the potential use of this method with a hand-held fluorometer
to determine relative palladium concentration between solid
ore samples on site.33 For qualitative analyses, one only needs
pipettes, vials, disposable filtering columns, a solution of 1
and TFP in DMSO/buffer, and a blue laser pen. Although the
deallylation of 1 at ambient temperature requires a longer
time,7 all of these materials are portable, indicating the
capability of on-site analysis of multiple samples in parallel.
To further expedite the analysis, the deallylation reaction

with sample J was performed for 30 min at 45 °C using the
same premixed solution in duplicate. The fluorescence
intensities were 3.4 × 104, which was sufficiently high to
visibly distinguish this sample from ore samples that lack
palladium.
These somewhat surprisingly positive results prompted us to

ask whether the method detected palladium species in solution
or in solid, and if in solution, how rapidly palladium species
in ore samples dissolved into the fluorogenic solution. Both
questions could be answered in one experiment; sample J
(250 mg) was incubated in a solution of TFP (120 μM) in 1:19
DMSO/1.23 M phosphate pH 7 buffer at 24 °C for either 15,
30, 45, or 60 min (Figure 3, diagram). Subsequently, these

Figure 2. (a) Aqua regia extracts of ore samples were subjected to the method in Figure 1; n = 3. (b) Solid ore samples were subjected to the method
in Figure 1; n = 3. The photo of the supernatants was taken by placing the centrifuged samples above a blue light source in a dark room. (c)
Correlation between the analyses in parts a and b after normalization. Samples A−K are shown for clarity. For parts a and b, F − F0 (510−570 nm) =
fluorescence signal of sample − fluorescence signal of blank in the 510−570 nm range in arbitrary unit (average ± standard deviation).

Figure 3. The concentrations of palladium in solution after ore sample
J was treated with a solution of TFP in DMSO/pH 7 buffer for 15, 30,
45, and 60 min as determined by fluorescence. n = 3.
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mixtures were centrifuged to remove the solid. The resulting
supernatant was transferred to a solution of 1 and TFP in
DMSO/pH 7 buffer, and the resulting solutions were incubated
at 45 °C for 30 min before fluorescence measurement. The
signals were 21 252 ± 1144 for these samples and independent
of the time during which palladium was extracted (Figure 3,
graph). This indicates that all soluble palladium species in the
solid dissolved into the solution within the first 15 min.
In summary, with only portable equipment and without acid

treatment of ore samples, we demonstrated that the presence of
palladium in powdered ore samples could be visualized by
means of fluorescence. Although we only used 20 samples,
more ore samples can be analyzed in 30 min (i.e., <1.5 min per
sample). The procedure was simple enough to be carried out by
a first-year undergraduate student with minimal training (2−4 h)
and no research experience prior to this study. Given the
commercial availability of hand-held fluorometers, it is possible
to quantify palladium in the field. Palladium and platinum coexist
in nature; therefore, detection of palladium in ores is sufficient
for discovering both metals.34,35 This approach may change the
way platinum-group metals are discovered from a multiple-day
process to an in-the-field process employing a simple laser pen to
narrow down multiple samples.
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