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Abstract

A method for the separation and determination of tetrachloroplatinate, PtC12~, and hexachioroplatinate, PtCI>~, applying
UV absorption detection was developed and statistically validated. Independent and specific Pt quantification was possible by
off-line inductively coupled plasma mass spectrometric determination. Special attention was paid to storage and stability of
species standards and their suitability for calibration. The species purity of standard solutions was determined and the
hydrolysis kinetics were investigated. Qualitatively, a number of Pt(II) and Pt(IV) complexes formed by hydrolysis from
tetra- and hexachloroplatinate were detected. First applications of the methods are described. © 1997 Elsevier Science BV.
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1. Introduction

1.1. Platinum in the environment — demand for
analytical procedures

Increasing platinum concentrations have been
detected in environmental samples since the mid-
1980s [1]. Catalytic converters used in cars are a
major source, which has been established in several
studies [2-5]. The average emissions of common
three-way catalytic converters are in the order of ng
Pt/km. They were determined using laboratory-
based car engines {6,7]. Although platinum is emit-
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ted mainly in the elemental form as Pt(0) attached to
alumina particles [8], in tunnel- and air-dust samples
several percent of the total platinum content were
soluble [9,10].

In 1986, Rosner and Hertel [11] discussed the
health risk of platinum emissions from -catalytic
converters. The general toxicity of platinum com-
pounds was described based on the literature avail-
able. It has to be noted, that generally toxic effects
are not necessarily correlated with the total content
of an element but have to be ascribed to the
concentration of individual species in the sample.
For example, the chloro complexes of platinum are
potent sensitizing agents causing severe allergic
reactions [12,13], while the insoluble platinum diox-
ide is rather non-toxic. In order to judge the actual
health risk of the environmental platinum and to
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understand its transformations, methods for the de-
termination of platinum species have to be de-
veloped. Messerschmidt et al. [14,15] applied gel
permeation chromatography and isotachophoresis
combined with adsorptive voltammetric measure-
ments to platinum speciation in grass, and Lustig et
al. [10] characterized the transformations of different
platinum compounds in soil using extraction pro-
cedures.

In order to study the bioavailability of platinum
emissions from catalytic converters, a model sub-
stance was synthesized [16]: aluminium oxide par-
ticles with diameters <5 pm were coated with 3 to
5% nanocrystalline, elemental platinum. The sub-
stance was tested in studies with rats, either being
inhaled or instilled as a suspension into the lung.
Apart from the determination of the total platinum
content in solutions, tissues and excrements, specia-
tion techniques are required to elucidate the species
involved in the platinum uptake and to explain the
observed physiological effects.

Surprisingly, the model substance showed a rather
large solubility in some solvents [17]. Several per-
cent of the total platinum content were oxidised and
chemically dissolved in the presence of oxygen and
ligands like chloride. In physiological sodium chlo-
ride solution, a variety of platinum—chloro complex-
es was expected to form. An analytical method was
needed to characterize the species involved in this
first step of the bioavailability study. Additionally,
their reactions with biological ligands had to be
investigated. Ion chromatography was a suitable
separation technique for the inorganic and low-mo-
lecular-mass species.

1.2. Determination of platinum by ion
chromatography

When using ion chromatography for platinum
determination, many authors refer to hexachloroplati-
nate complexes as standards. However, their aim is
mostly the determination of the total platinum con-
tent instead of the distinction between different
platinum species. Rocklin [18] described a method
for the determination of several precious metal—
chloro complexes using a perchlorate—hydrochloric
acid eluent and UV detection. He points out that due
to the species-selective nature of ion chromatog-

raphy, all platinum has to be converted to a single
species and recommends aqua regia digestion of
samples. Jerono et al. [19] developed a combined
procedure consisting of high-pressure acid digestion
of biological samples, evaporating of the nitric acid
and subsequent Pt determination in diluted hydro-
chloric acid. They used an anion-exchange column
and a perchlorate eluent, according to Rocklin.
Shpigun and Pazukhina prepared hexachloroplatinate
standards in 6 M HCl, where only the higher
oxidation state is said to exist. They used sul-
fosalicylic acid, as eluent, and UV detection [20,21].

Urasa et al. [22] also determined hexachloroplati-
nate, applying an oxalic acid—trilithium citrate eluent
and d.c. plasma atomic emission spectrometric de-
tection. They also described the formation of addi-
tional species in 14-day-old standard solutions. The
reaction of hexachloroplatinate with cysteine was
investigated.

In the present study, a procedure based on the
method published by Rocklin [18] is presented for
the analysis of several platinum species such as the
anionic platinum—chloro complexes and some of
their hydrolysis products.

2. Experimental
2.1. Chemicals

Sodium perchlorate and sodium chloride, both of
analytical grade, hydrochloric acid (30%), Suprapur,
and nitric acid (65%), analytical grade, were pur-
chased from Merck, Darmstadt, Germany. The nitric
acid was further purified by sub-boiling point dis-
tillation. Potassium hexachloroplatinate and potas-
sium tetrachloroplatinate were obtained from Alfa
Johnson Matthey, Karlsruhe, Germany. Stock solu-
tions with a nominal concentration of 500 mg
platinum/1 were prepared by dissolving the required
amount of each platinum complex salt in 1 M NaCl,
1 M HCQl, concentrated HCl1 and in water. If neces-
sary, ultrasound was used for dispersing the solid.
The total platinum concentration was verified by
electrothermal atomic absorption spectrometry.
Tetra- and hexachloroplatinate in separate stock
solutions were kept at least one month before the
first analysis in order to reach equilibrium. They
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were diluted to the required standard concentration
with deionized water immediately prior to measure-
ment to prevent hydrolysis. Pt, In and Lu standard
solutions from B Kraft, Duisburg, Germany, 1 g/l
each, were used for inductively coupled plasma mass
spectrometric (ICP-MS) determinations. Deionized
water was prepared applying a Milli-Q water purifi-
cation system from Millipore, Eschborn, Germany.

2.2. Equipment

For ion chromatographic (IC) determinations, DX
500 chromatography modules from Dionex, Sunny-
vale, CA, USA were applied: LC20 chromatography
enclosure with 6-port injection valve and 26 pl
sample loop, GP40 gradient pump and AD20 ab-
sorbance detector. The standard detection wave-
length was 215 nm. Polyether ether ketone (PEEK)
tubing (0.25 mm LD.) was used throughout the
system behind the injection valve. Two back pres-
sure loops (77 cmX0.25 mm PEEK tubing each)
were connected to the AD20 outlet. The whole
system did not contain any metal parts. No dis-
advantageous effects with respect to the corrosive
nature of the eluent were observed.

2.3. Software

Data acquisition and evaluation was performed
with Dionex PeakNet software, release 4.2. Statisti-
cal calculations were made with Statgraphics Plus for
Windows version 2.0 from Manugistics, Rockville,
MD, USA.

ICP-MS determinations were carried out with a
VG PlasmaQuad PQ 2+ from VG Elemental, Win-
sford, UK. UV spectra were recorded on a UV-2100
UV-Vis recording spectrophotometer, Shimadzu,
Kyoto, Japan.

2.4. Sample preparation

A special sample preparation was not needed for
chromatographic determinations. Aqueous standard
solutions, 0.9% and 1 M sodium chloride solution
and 0.1 M Tris buffer solution were measured
directly.

For ICP-MS determinations in IC fractions, the
collected volume was made up to 2 ml with the

mobile phase before 10 wl of 10 mg/1 In and Lu was
added as internal standard. Each sample was made
up to 10 ml with 1% nitric acid. Standards for
calibration were prepared correspondingly to match
the matrix of the samples.

2.5. Column

An IonPac ASS5 analytical column (250X4 mm)
with an IonPac AGS guard column (50X4 mm) from
Dionex was used at room temperature.

2.6. Mobile phase

Eluent A: 42.14 g sodium perchlorate and 5 ml
30% hydrochloric acid were dissolved in deionized
water and made up to 1 | resulting in 300 mM
perchlorate and 48 mAM hydrochloric acid (pH=1.3).
Eluent B: deionized water (pH=5).

2.6.1. Method 1

Tetra- and hexachloroplatinate were separated
isocratically within 4 min using 100% ecluent A, a
flow-rate of 2 ml/min and UV detection at 215 nm.

2.6.2. Method 2

For the determination of both complexes and their
hydrolysis products, the following gradient pro-
gramme was applied (UV detection at 215 nm):

Time (min} Flow-rate  Eluent A(%)  EluentB (%)  Gradient
(ml/min)

00.00-12.00 05 0.5-150 99.5-85.0 Linear

12.00-17.00 1.0 15.0-21.3 85.0-78.7 Linear

17.00-17.01 20 21.3-60.0 78.7-40.0 Linear

17.01-25.00 2.0 60.0 40.0 (Isocratic)

2.7. k' values

The system’s void time was determined by inject-
ing deionized water. k" Values for the tetrachloro and
hexachloro complexes refer to the maximum of the
(negative) water peak which is assumed to mark #,.
Since the hardware setup of the chromatographic
system was not changed for the determination of the
hydrolysis products, the void volume remains con-
stant. The initial fiow-rates being 2 and 0.5 ml/min,
respectively, ¢ (method 2)=4¢ (method 1).
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3. Results
3.1. Qualitative investigations

3.1.1. Choice of detection wavelength and eluent

Absorption maxima within the UV region are at
202 and 262 nm for hexachloroplatinate and at 216
nm for tetrachloroplatinate (*1 nm). After chro-
matographic separation, PtCli_ was first detected at
216 nm and PtCI.” at 262 nm switching the wave-
length after elution of the first peak. This is advan-
tageous for hexachloroplatinate because of the lower
background (eluent) absorption at 262 nm. However,
in order to avoid switching the wavelength and
because tetrachloroplatinate could only be detected at
262 nm with very low sensitivity, 215 nm was
chosen as the standard detection wavelength in
accordance with Rocklin [18]. At 215 nm both
complexes and the hydrolysis products could also be
detected with reasonable signal-to-noise ratios.

The platinum-chloro complexes are strongly re-
tained on anion-exchange resins [23,24]. Therefore, a
highly effective eluent is required. However, for
speciation investigations it had to be considered that
no reaction between the eluent and the species
occurred. Elding [25] described studies of the hy-
drolysis of the tetrachloroplatinate ion, which were
carried out in a 0.5 M perchloric acid medium.
Hence, no ligand-exchange reactions were expected
using the perchlorate eluent according to Rocklin
[18]. Other eluent ions like the ones mentioned
above (e.g., citrate) would have been possible lig-
ands. Although perchlorate is a strong oxidizing
agent, a significant oxidation of platinum(II) was not
observed in our experiments; for example, no
PtClé'-signal was detected measuring a pure tetra-
chloroplatinate standard diluted from a stock solution
in 1 M NaCl.

3.1.2. Separation of tetra- and hexachloroplatinate

The separation of tetrachloroplatinate (tp=1.31
min, S.D.=0.02 min or 1.5%) from hexachloroplati-
nate (t;=2.76 min, S.D.=0.05 min or 1.8%) is
shown in Fig. 1. The void time of the system was
0.74 min (S$.D.=0.01 min or 1.4%) and hence the
capacity factors were calculated as k'(PtCI; )=0.77
and k'(PtC127)=2.73. At ;=0.96 min (S.D.=0.01
or 1.0%), hydrolysis products were eluted with a
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Fig. 1. Separation of tetra- and hexachloroplatinate (Method 1). 2
pg Pt/ml in the form of each species; stock solution in I M NaCl;
eluent: 300 mM sodium perchlorate, 48 mM hydrochloric acid,
flow=2 ml/min. Retention times are: 1 (water) 0.74 min, 2

(hydrolysis products) 0.96 min, 3 (tetrachloroplatinate) 1.31 min,
4 (hexachloroplatinate) 2.76 min.

capacity factor of k'=0.30. The separation of these
hydrolysis products will be described in the follow-
ing section.

3.1.3. Determination of hydrolysis products

Apart from the complexes containing only chlo-
ride ligands, platinum tetrachloroplatinate and
platinum hexachloroplatinate both form a great num-
ber of species in diluted aqueous solutions containing
chloride. Depending on platinum and chloride con-
centrations, on the pH and on the temperature,
chloride ligands can be exchanged for water mole-
cules. The latter may lose protons resulting in the
formation of platinum-hydroxo complexes. For ex-
ample, at 60°C the equilibrium mixture of PtCI; ™ in
0.5 M HCIO, was reported to contain up to 40% of
PtCI(H,0);, but the tetraaquo ion could not be
detected [25]. It is obvious from the start that a
complete determination of all possible hydrolysis
products of the system Ptle'/chloride/ water can-
not be achieved. However, the major compounds that
still contain chloride ligands can be observed by UV
absorption at 215 nm. In order to develop a method
for the separation of several mixed aquo/chloro
complexes of Pt(Il) and Pt(IV), 500 mg Pt/1 stock
solutions in water were prepared separately for tetra-
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and hexachloroplatinate. At the time of analysis the
solutions were three months old and equilibrated.
Compared to the bright yellow appearance of PtClé'
in 1 M chloride solutions, the aqueous solution
showed a more intensive, darker yellow colour.
PtCli_ in chloride solution was pale orange
coloured; in pure water the colour turned to dark
grey. The platinum(ll) complexes were probably
reduced to colloid elemental Pt. The dry residue of
the solution after evaporating the water was investi-
gated by transmission electron microscopy (TEM) in
combination with energy dispersive X-ray analysis
(EDX). It revealed particles with sizes between 10
and 25 nm showing a morphology characteristic for
colloid metal particles. In more diluted, aqueous
solutions of PtCl;~ (10 wg/ml), solid metal flakes
were observed after standing for several months. The
formation of elemental platinum in the stock solution
could explain the low recovery when the platinum
content in eluent fractions of a chromatogram of
hydrolysed standards was measured by ICP-MS (see
below).

The stock solutions in water were diluted to 10 pg
Pt/ml immediately prior to injection into the
chromatograph in order to ensure that the analysis
represented the equilibrium state in the stock solu-
tion. The results are shown in Fig. 2 (PtCli‘) and

Absorption, 5 ., IAU]

Time [min]

Fig. 2. Example for the separation of PtCl:™ hydrolysis products
(Method 2). Initially 10 pg Pt/ml in the form of tetrachloroplati-
nate; stock solution in water; separation acc. to method 2 (refer to
Section 2 and Table 1). The small section attached below was
taken from a chromatogram recorded 17 h after dilution of the
stock solution.
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Fig. 3. Example for the separation of PtCl2” hydrolysis products
(Method 2). Initially 10 pwg Pt/ml in the form of hexachloroplati-
nate; stock solution in water; separation acc. to method 2 (refer to
Section 2 and Table 1).

Fig. 3 (PtCl: 7). Table 1 lists all peaks observed with
their retention times, reproducibility and capacity
factors.

Table 1

List of chloro- and mixed aquo/chloro complexes determined by
IC with UV detection at 215 nm according to method 2 (refer to
Section 2, Fig. 2 and Fig. 3). Standard deviations for retention
times are based on long-term, multi-concentration statistical data;
the short-term reproducibility (identical eluent, column, etc.) at a
constant concentration is better by a factor of 2 to 10. Capacity
factors refer to a void time of 2.97 min.

Peak Retention time S.D.  Capacity factor, Compound

no. (min) (min) k'
Tetrachloroplatinate

1 3.23 007  0.09

2 7.42 = 1.50

3 11.56 029 289

4 19.50 0.03 557 PtCIZ™
Hexachloroplatinate

1 7.12 024 140

2 8.01 0.18 1.70

3 9.40 022 216

4 10.66 0.17 2359

5 15.61 009 426

6 2317 0.09  6.80 PtC12~

* Within the range of 6 to 8 min a number of peaks appear with
badly reproducible retention times. No clear assignment is pos-
sible.
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Five hydrolysis products were observed for hexa-
chloroplatinate and three for tetrachloroplatinate.
There were, however, no species that were as
strongly retained on the column as the mother
compounds. For the separation of the hydrolysed
species, a relatively weak perchlorate gradient had to
be used: Starting with 1.5 mM sodium perchlorate
and 0.24 mM HCI, the concentrations were 64 and
10 mM, respectively, after 17 min.

Using an anion-exchange resin, within a first
approximation, the retention time should positively
correlate with the negative charge of the analytes: the
species with the greatest negative charge are eluted
with the highest retention times, the cationic and
neutral complexes are eluted closely after the void
volume of the system. Since the exchange resin used
in this study also has a certain cation-exchange
capacity [18], the positively charged species are
expected to be eluted later than the neutral com-
pounds.

In the chromatograms of Fig. 2 and Fig. 3, signals
close to the PtC]i_ species carrying double negative
charge were not detected. Moreover, an acid pH was
always maintained (pH 5 in the stock solution, pH
1.3 in the eluent). For these reasons, species with
double negative charge other than the mother com-
pounds (hydroxo complexes) were not formed in
significant concentrations. The last hydrolysis com-
pounds eluting at 15.61 min (descending from
PtC1;") and at 11.56 min (descending from PtCI; )
might be PtCl,(H,0)  and PtCl,(H,0) ", respective-
ly. So far no attempt to identify the actual species
belonging to the chromatographic signals has been
made. However, by comparing the individual chro-
matograms changes in equilibrinm compositions and
redox processes can be recognized.

The section inserted in Fig. 2 shows part of a
chromatogram measured 17 h after dilution of the
stock solution to 10 pg/ml. Obviously, the hy-
drolysis has continued and new species have been
formed. Peak 5 might be assigned to a Pt(IV)
species, peak 6 is a new compound and peak 7
would be the remains of signal 3. Unfortunately, the
long-term reproducibility of the separation method is
relatively large (Table 1), which causes the clear
identification of a species eluting closely to another
one to be uncertain.

In Fig. 3, traces of tetrachloroplatinate are ob-

served, which is an indication of reduction of
chloroplatinates in low concentrated solutions. In an
eight-month-old, 1 pg/ml solution derived from a
Pt(IV) stock solution in 1 M NaCl, three Pt(II)
hydrolysis products were determined.

3.2. Quantitative determinations

For reasons outlined in the preceding paragraph,
only tetra- and hexachloroplatinate were determined
quantitatively.

Measuring the UV absorption is the most conveni-
ent way to detect the platinum—chloro complexes.
However, using standard solutions containing a
known amount of total platinum for the calibration,
this method does not give any quantitative infor-
mation about the individual species concentrations
unless the hydrolysis and redox equilibrium existing
between these is known. Only the sum of the molar
concentrations of the individual compounds con-
taining Pt in the standard equals the total molar Pt
concentration added. Dilution, addition of competi-
tive ligands and changes in physical parameters, like
temperature, influence the equilibrium concentra-
tions. The kinetics of the changes may, however, be
slow.

These difficulties can be overcome by using an
element specific detector or a postcolumn derivatiza-
tion (PCD) technique, thus converting all the differ-
ent chemical species quantitatively into just one
compound after their separation. Both techniques,
however, require more experimental effort and are
not available in every laboratory. Additionally, the
kinetics for the formation of platinum complexes can
be rather slow, which is disadvantageous for PCD.
Therefore, the simple UV detection was validated
applying an independent detection method.

The contents of tetra- and hexachloroplatinate in
stock solutions stabilized with 1 M NaCl, 1 M HCI,
concentrated HCI and in water were compared. Off-
line ICP-MS detection was used to determine abso-
lute Pt concentrations in eluent fractions. The purity
of the PtCI>~ stock solutions with regard to the Pt
oxidation state was investigated. Finally, the time
dependence of hydrolysis was determined before the
statistical parameters for tetra- and hexachloroplati-
nate quantification were evaluated.



203

D. Nachtigall et al. | J. Chromatogr. A 775 (1997) 197-210

001 608 001 (210 001 Reyl [BoL

0 aoi> 0 aoi> 0 ao1> 1484 §9't 19

000 2T &4 01 000 611 ver 9¢ 000 L91 S L e Y \N_U& 4

0 aot> 0 aot> 0 aoi> e S8l ¢

(41 €L 6S 001 8+ (354 49 00r 09 9% L9 pLl YAl _Mod 4

sponpoid

£08 §9 Ly £ 61 87 Pl Y10 SIsKj0IpAH I
s nv) s nvm) (s ny) (unw) (unuw)
BaJe yead % id 8u BalR Yead % id Su BIIE NE3ad % 1d 8u pug uels

[OEN
Jopem Q-1 W sprepurls 178w Qg W 1 Wi pazifiqeis tonnos Yoo1s /8w 00§ 1OH W 1 Win pozi{iqels onnjos Yools /3w (og {eAIIUT UONIAS{[0]) ALY HonoRLy

-soreor[dol 1UAISISUOD (UONN[OS Y2015 [IEN) 93IY) 10 (19jem PUE UOHN[OS Yo0)S [DH) OM] JO UESW oY) ole sINfeA UIAIS oy, "yderoiewolys
uo1 a1 o1 uonaftl 310§aq UIW §°[ AORXS 191EM YIIM PIIN[IP PUE PAXIUI 2I9M sprepuels ayJ, Ioem aind 01 paredwoo sram sjuale Suizifiqeds xodwod se [DH W 1 PUe [DEN
W 1 "SIN—dDI AQ UOTIORI} YoBS Ul POUIRLIAIGP SeMm Jusjuod wnuneyd [ei0) a4 'yoes ju/31 7 arom ‘A[2anoadsal "SUONENUIdU0d (AN PUE ([INd SUL "UWNIOd [BAISIUL UONDIOD
a1 wr payidads se suonoely ¢ ojul papIAIp sem | -SiJ Wolj WeIS1PWOIYY Y, 'SUONIEL) WAN[d D Jo Juauod wnuneld (SW-JOI Aq sexardwod olopgo—unune(d Jo uonda(

Z 2198l



204 D. Nachtigall et al. | J. Chromatogr. A 775 (1997) 197-210

3.2.1. Pt determination by ICP-MS in eluent
Jractions

In order to relate the peak area determined for
PtCli™ and PtCl.”™ by UV detection to their con-
centration (in terms of Pt concentration), eluent
fractions were collected after IC separation and
platinum was determined by ICP-MS analysis.
Table 2 summarizes the results. The highest Pt
amounts were determined using the standards diluted
from the stock solution in 1 M HCIl: 67 ng Pt(II) and
74 ng Pt(IV) per injection as PtCI:~ and PtCI2™,
respectively. According to the following relations, 2
pg Pt/ml standards diluted from the stock solutions
in 1 M HCI contained approximately 30% more of
the respective species than those diluted from the
stock solutions in 1 M NaCl:

ng Pi(II), HCL: ng Pt(II), NaCl = 1.29

ng Pt(IV), HCI: ng Pt(IV), NaCl = 1.32

At constant chloride concentration, the solution with
lower pH was more effective in stabilizing the
chloroplatinates. A possible explanation is the rela-
tively higher hydroxide concentration in the NaCl
solution, which causes the formation of hydroxo
species to a greater extent, thus shifting the equilib-
rium towards the hydrolysis products. However,
within the pH range concerned (pH 0 in the HCI, pH
5 in the NaCl stock solution or approx. pH 2.4 and
pH 5 in the respective diluted 2 pg Pt/ml standard
solutions), the pH dependence of hydrolysis cannot
account for a 30% difference in the species con-
centrations. Moreover, the relation of the species
content of standards diluted from the different stock
solutions was dependent on the total platinum con-
centration (refer to Section 3.2.5), and the amount of
Pt in eluent fraction 1 (hydrolysis products) of the
stock solution in 1 M NaCl does not exceed that of
the stock solution in 1 M HCI as much as expected
(Table 2). Consequently, the sum of all fractions
amounted to 21% less for the NaCl than for the HCI
stock solutions. This effect was even more signifi-
cant comparing the stock solution in HCI to that in
water: 44% less total Pt was found in the chromato-
gram of the water stock solution, in which 80% of
the total platinum was hydrolysed.
Tetrachloroplatinate was hydrolysed to a slightly
greater extent than hexachloroplatinate. This effect

Table 3

Detection of chloro-complexes by ICP-MS: one point calibration.
The platinum content of Pt(II) and Pt(IV) fractions from Table 2
were related to the corresponding peak areas. Three different 500
mg Pt/l stock solutions were compared.

Pt stock solution in Mean of three

[(LAU s)/ng]

Sensitivity
[(hAU s)/ng]

Pi(1l) as tetrachloroplatinate

1 M HCI 900
1 M NaCl 930
Water 870 900

Pt(11) as hexachloroplatinate

1 M HCl 2260
1 M NaCl 2130
Water 2200 2200

was approximately the same in both HCl and NaCl
solutions: 46% of the total platinum injected was
found in the Pt(II) fraction, 50-52% in the Pt(IV)
fraction. These relations have to be slightly cor-
rected, since both the HCl stock solutions contained
1-3% of the respective other oxidation state species
(see below).

The initial goal was to relate the absolute platinum
content of the peak fractions to the peak area. The
values were calculated for all three stock solutions
(Table 3). They correspond well to each other, which
means that the sensitivity is independent of the
species concentration and the calibration curve for
peak area vs. absolute species concentration is linear
within the concentration range determined by the
three standard solutions (approx. 0.2-2 pg Pt/ml).

3.2.2. Oxidation state purity of species standards

1 pg/ml standard solutions diluted separately
from stock solutions of tetrachloroplatinate and
hexachloroplatinate in 1 M HCI, 1 M NaCl, 30%
HCI [Pt(I)] and 24% HCI [Pt(IV)?] were analysed
according to method 1. The results are summarized
in Table 4. All standards contained the chloro
complex of the other oxidation state except for the
PtCli_ standard diluted from the 1 M NaCl stock
solution.

*The solubility of potassium hexachloroplatinate in 30% HCI is
too small to prepare a 500 mg/L stock solution.
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An estimation of the relative Pt(II) and Pt(IV)
contents was made based on the mass calibration
factors from Table 3. Although there is some uncer-
tainty remaining for reasons of changing UV de-
tection sensitivity, it can be concluded that the
average purity of the species standards was between
97 and 100%. It follows that the species standards
were stable as far as redox processes are concerned.
An extreme exception was the PtCl;~ standard in
30% HCI. Obviously, Pt(II) was oxidized in concen-
trated hydrochloric acid, confirming the statement
made by Shpigun and Pazukhina [20] that precious
metal chlorides exist in the form of their higher
oxidation states in 6 M HCIl. When analysed, the
30% HCI stock solution used here was obviously not
yet equilibrated; further change of colour was still
observed later. However, the Pt(IV) solution in 24%
HCI contained approximately 1.6% Pt(II).

3.2.3. Kinetics of platinum—chloro complex
hydrolysis

The stock solutions used for these experiments had
reached equilibrium with respect to hydrolysis. A
good long-term reproducibility of signal intensity
was observed (refer to Section 3.2.5) and hence the
concentrations of the species were constant and at a
high level. In order to obtain information about the
concentration stability of freshly diluted chloro com-
plex standards, the peak areas of tetra- and hexa-
chloroplatinate were determined at several timepoints
analysing aliquots from a solution initially containing
1 wg Pt/ml in the form of each species (without
corrections for redox processes and hydrolysis in the
stock solutions). Fig. 4 shows the plot of peak area
vs. time.

The reaction leading to the decrease in the pure
chloro complexes is the first substitution of a chlo-
ride ligand by a water molecule according to

PtCI>” + H,0 - PiCl,_,(H,0)” + C1~

Due to the excess of water, this reaction should
follow pseudo first order kinetics:

Peak area(t) = Ae “' + ¢

The residual, ¢, represents the equilibrium concen-
tration of the chloro complex. A +c¢ equals the peak
area for +=0, while ¢/(A+c) is the relative equilib-
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Fig. 4. Hydrolysis kinetics of chloroplatinates in water. Initial
concentrations: 1 pg Pt/m! in the form of each species; HCI
concentration resulting from stock solution: 4 mM.

rium concentration. The data of Fig. 4 was success-
fully fitted to this model. The determined parameters
and statistical data are compiled in Table 5.

The half-times for tetra- and hexachloroplatinate
are 90 and 230 min, respectively. Hence, Pt(II) is
reduced to half its concentration 2.6 times faster than
Pt(IV). According to Fig. 4, equilibrium is reached
after approx. 9 h for Pt(Il) and 30 h for Pt(IV). For
practical reasons, it is necessary to know how much
decrease in concentration has to be expected during
average sample preparation times. Assuming a delay
of 3 min between dilution of the stock solution with
water and the start of the analysis, according to the
kinetic data 98% of the initial tetrachloroplatinate
concentration and 99% of the initial hexachloroplati-
nate is still present. This systematic deviation is
acceptable. There is, however, a rather large amount
of uncertainty with respect to the reaction constants.

After the equilibrium was reached, 16 and 14.5%
of the initial PtC12~ and PtCI;~ concentration were
detected.

3.2.4. Statistical validation

In order to point out some basic priciples for the
use of species standards of inorganic complexes for
calibration, two different stock solutions of tetra- and
hexachloroplatinate are compared here: 500 mg/1 Pt
in the form of each species in 1 M HCl and in 1 M
NaCl. It applies to all calibration data, that the
respective total platinum concentrations were related
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Table 5

207

Hydrolysis kinetics of chloroplatinates. Tetra- and hexachloroplatinate taken from the stock solutions in 1 M HCI were diluted with water at
1=0 to give a 1 g Pt/ml solution of each species. Chloride concentration was 4 mmol. At specified points of time the solution was

anatyzed by IC (Method 1). Peak area decrease with time was fitted to a first order kinetics model: peak area(f)=A e

was averaged from four experiments.

—kt

+c (Fig. 5). Data

PtCI> Pl
Mean (n=4) R.S.D. (%) Mean (n=4) R.S.D. (%)
Reaction constant 0.0076 21 0.0030 28
k (min~")
Half time 90 230
t,,,=In2/k (min)
A (LAU s) 29 200 7 78 400 4
Residual 5570 14 13 300 5
¢ (RAU s)
Correlation 0.998 0.2 0.996 0.3

coefficient, r

to the peak areas of the two species. A correction for
the loss of PtClik by hydrolysis or redox processes
was not made. Since all data refers to the same
equilibrium in the stock solutions, multiplication by
a constant factor should be sufficient to correct this
systematic error. Again Pt(II) and Pt(IV) were kept
separately before dilution, which took place immedi-
ately before analysis.

The limit of detection (LOD) was estimated
calculating the standard deviation (S.D.) of the
baseline signals. It was defined as three times this

Table 6

Statistical parameters for the determination of chloroplatinates by IC

S.D.. Accordingly, the limit of quantification (LOQ)
was calculated as six times the S.D. of the blank
signals. Detection and quantification were both lim-
ited by the signal height rather than by the peak area
(i.e. the peak width). The values calculated are listed
in Table 6. Obviously, LOD and LOQ are approxi-
mately the same for tetra- and hexachloroplatinate: 9
or 7 (LOD) and 18 or 14 (LOQ) ng Pt/ml in the
form of each species. These concentrations were
calculated using calibrations based on stock solutions
in HCI, since these contained the highest species

Limit of detection (LOD) and limit of quantification (LOQ)

ng Pt/ml in the form of the species specified”

Stock solution in 1 M NaCl

Stock solution in 1 M HCI

LOD (ng Pt/ml) LOQ (ng Pt/ml) LOD (ng Pt/ml) LOQ (ng Pt/ml)
PeCl3” 13 26 PtCl;” 9 18
PtCl:” 13 25 PtCLL~ 7 14
Reproducibility of peak area (n=number of determinations)

25 ng Pt/ml 1000 ng Pt/ml

n R.S.D. (%) n R.S.D. (%)
PtCI:~ 15 6.2 11 0.68
PtCl;~ 14 7.1 9 0.50

* From a three minutes, horizontal part of the method 1 baseline (sampling rate: 5 Hz) the standard deviation (S.D.) of 900 absorption heights
was determined (n=>5 replications). The LOD is defined as three times, the LOQ as six times this S.D.. The height units were converted to
concentration values by regression analysis of height calibration curves between 0.01 and 0.25 pg Pt/ml
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concentrations observed. Therefore the values were
taken as good estimations of the lowest obtainable
LOD and LOQ. Limits of detection for Pt using data
obtained from stock solutions in 1 M NaCl were
naturally greater due to the lower species concen-
tration.

The average short time reproducibility for the
signals of both species was 6—7% R.S.D. at the limit
of quantification. At 1 pg Pt/ml the R.S.D. of the
peak areas reduced to 0.5-0.7%.

3.2.5. Calibration

Signals that are suitable for quantitative evaluation
were obtained within a concentration range of at
least four orders of magnitude. However, calibration
curves were not always linear, without exception,
within the complete concentration range. Since a
linear relationship was obtained relating the peak
area to the total platinum content of peak fractions
(refer to Section 3.2.1), the deviation from linearity
observed here must have been caused by actual
concentration changes of the species.

Using the 500 mg/1 chloroplatinate stock solutions
in 1 M NaCl, linearity of calibration curves was
observed for both species within 0.01-1 pg Pt/ml as
well as within 1-50 pg/ml (Table 7). A linear
regression model could also be used within the high
concentration range for calibrations based on the

Table 7
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Fig. 5. Calibration curve for low concentrations of PtCl;~ and
PtCIZ™. Stock solutions in 1 M HCL

stock solutions in 1 M HCL Within 0.01-1 pg
Pt/ml, the optimum curve fit was achieved applying
a polynomial model (n=2). A linear fit in this range
did not work at all (Fig. 5). While in the high
concentration range the calibration data resulting
from the HCI stock solutions corresponded to that
from the NaCl stock solutions, using the HCI stock
solutions resulted in relatively higher species con-
centrations within the low concentration range, as
can be concluded from the slopes (b) in Table 7.
From a theoretical point of view, the application

Calibration data for the determination of chloroplatinates by IC. Calibration: peak area (y) (WAU s) vs. Pt concentration (x) (jug/ml). Units:
a=wAU s, b=pAU s/(pug/ml), c=pAU s/(mg/ml)’. Errors in %. Values in brackets are not significantly different from zero.

Species a Error b Error c Error r
Stock solution in 1 M NaCl, 1-50 ug Pt/ml, linear fit y=a +bx
PtCl12” (2440) 35 23200 0.2 1.0
PtC1Z” (19 900) 36 53 000 0.6 0.9999
Stock solution in 1 M NaCl, 0.01-1 pg Pt/ml, linear fit y=a +bx
PtCl;” (310) 36 24 400 1.0 0.9997
PtC12~ (890) 34 60 600 1.2 0.9997
Stock solution in 1 M HCI, 1-50 pg Pt/mi, linear fit y=a +bx
PtCI%” 12 900 6.8 22 200 0.2 1.0
PtCLZ~ (54 500) 18 56 900 0.8 0.9999
Stock solution in 1 M HCI, 0.01-1 pg Pt/ml, polynomial fit y=a +bx +cx’
PCl;” (180) 58 45300 1.5 —12 400 52 0.9999
PtCL” (580) 76 126 000 23 —33 700 8.2 0.9998

* The relative standard error (%) is calculated as the standard deviation of the coefficient divided by the square root of the sample size and
divided by the coefficient itself.
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of a “force zero” curve fit algorithm can be dis-
cussed since the signal without the analyte is also
zero when an interfering matrix does not have to be
considered (absence of overlapping peaks). There is,
however, always a contribution of baseline noise to
each peak area which might become significant for
integration of detector signals at low concentrations.

In this study, an intercept (¢ in Table 7) was
always calculated. In addition to the correlation
coefficient and the standard errors of the curve fit
parameters, the intercept was used to judge the
goodness of fit: the goal was to minimize «. Since
the statistical evaluation revealed almost all inter-
cepts to be not significantly different from zero, they
can be disregarded anyway when transforming peak
areas to concentrations with this calibration data.

In order to quantify the long-term stability of the
calibration, the means of the calibration data ob-
tained on five different days within a period of five
months were calculated (PtCli_, low concentration
range, identical NaCl stock solution, linear fit): a=
13.8 pAU s (R.S.D.=1800%), b=23 700 pnAU s/
(pg/ml) (R.S.D.=4.1%) and r=0.998. Obviously,
recalibration is only necessary after essential changes
in the hardware of the system. The stability of the
stock solution was proved by these results, too.

3.3. First applications

The need for the determination of platinum—chloro
complexes occurred within the context of platinum
emissions from automobile catalytic converters. The
model substance (Pt on alumina) described in Sec-
tion 1 was extracted with 0.9% sodium chloride
solution. Both tetra- and hexachloroplatinate had
been formed and were detected in the solution. Since
this medium resembles the matrix of the chloro
complex stock solutions, good quantitative results for
the total platinum content were obtained without any
correction factors.

In further model experiments, the reaction of the
chloro complexes with biomolecules like bovine
serum albumin (BSA) was investigated. After in-
cubating hexachloroplatinate with BSA at pH=7.4
in 0.1 M tris(hydroxymethyl)aminomethane (Tris)/
0.9% NaCl buffer solution, the proteins were sepa-
rated from the low-molecular-mass (LMM) species

by gel permeation chromatography (Tris buffer as
eluent). In the LMM fraction, the platinum species
were subsequently determined by IC. Only tetra-
chloroplatinate but no hexachloroplatinate was de-
tected and hence the reduction of hexachloroplatinate
by BSA was observed.

While the buffer solutions could be measured
without dilution, interferences in IC determinations
occurred with high hydrochloric acid concentrations
in synthetic sample mixtures (1 M HCl). Irrepro-
ducible peaks made the determination of tetrachloro-
platinate impossible.

4. Summary and conclusion

Ionic platinum species occurring in aqueous solu-
tions of tetra- and hexachloroplatinate were deter-
mined. Since there is an obscure number of complex-
es even in this simple Pt(II), Pt(IV), water, chloride
(and hydroxide) system, the species detectable by
UV absorption at 215 nm after IC separation were
described only qualitatively. Apart from PtCli_ and
PtClé_, five P(IV) and three Py(I) hydrolysis
products were observed.

Tetra- and hexachloroplatinate were also deter-
mined quantitatively. The detection limit for both
species amounts to approx. 8 ng Pt/ml. The dynamic
range is about four orders of magnitude. Using stock
solutions in 1 M NaCl, a linear curve fit is possible
within the whole range. A polynomial fit in the low
concentration range is necessary with stock solutions
in 1 M HCL As a general rule, the calibrated
concentration range should not exceed 1.5 to 2
orders of magnitude.

Due to the occurrence of hydrolysis and possible
substitution reactions with other possible ligands,
special attention was paid to the characterization of
the species standards. However, after the stock
solutions had reached equilibrium, they were stable
for at least five months.

Hydrolysis can be disregarded up to three minutes
after diluting the stock solution. Only 1 to 2% of the
initial species content reacts to form hydrolysed
compounds.

The total species content of the standard solutions
was analysed by ICP-MS in eluent fractions. A
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linear correlation between peak area and platinum
mass was obtained within a narrow concentration
range (approx. 0.2-2 pg Pt/ml in the form of the
individual species). Different total platinum contents
of chromatograms from stock solutions with the
same nominal concentration but different stabilizing
media were found. In concentrated stock solutions in
pure Milli-Q water Pt(II) was probably reduced to
colloidal platinum after several weeks, which could
explain the low recoveries.

The methods developed were applied to NaCl
extracts of a catalyst model substance or to gel
permeation chromatography (GPC) fractions (Tris
buffer). Measurement of the undiluted solutions (0.1
M Tris, 0.9% NaCl) was possible. Only high hydro-
chloric acid concentrations interfered with PtCI;~
quantification. The application of the platinum
species determination will be extended to a number
of biological samples, partly in combination with
GPC, in order to determine protein-bound platinum
and the remaining inorganic species.

Future work will have to deal with the identifica-
tion of individual species by combining chromato-
graphic techniques with spectroscopic methods. The
absolute quantification of the complexes can be
improved by using an element specific detector.
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