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ABSTRACT

A method is described for the
determination of gold, palladium,
platinum, and rhodium in rocks,
ores, and concentrates, including
sulfide float samples, by induc-
tively coupled plasma optical
emission spectrometry (ICP-OES)
and flame atomic absorption spec-
troscopy (FAAS). The samples
were analyzed after decomposition
with a mixture of hydrofluoric acid
aqua regia and hydrochloric acid
potassium chlorate for sulfide
matrix samples. Fusion was used
for any insoluble residue with
sodium peroxide and the analytes
were collected using selenium as
the collector and stannous chloride
as the reductant.

The method was tested for
Au, Pd , Pt, and Rh with three
Canadian certified reference stan-
dards, MA-1b, PTC-1, and PTM-1,
and one National Institute of Met-
allurgical Standard from South
Africa, SARM-7, and then applied
to the determination of these
elements in some ore samples
and sulfide-rich flotation prod-
ucts from the Jaduguda Uranium
deposits in Singhbhum (Bihar,
India). The results obtained by
this method compare favorably
with the certified values. The
gold and palladium values
obtained in sulfide float samples
are discussed and compared with
the values obtained by the ICP-
MS methods.

Detailed studies were carried
out to precipitate gold and plat-
inum group elements (PGEs)
using different precipitating
agents such as H,S, Na,S in the
presence of various carrier ele-
ments. Investigations were also
carried out using Se as the collec-
tor and various reducing agents
such as sulfurous acid (SO,),
hypophosphorous acid (H;PO,),
ammonium formate (HCOO
NH,), hydroquinone [CsHy
(OH),], and hydroxyl ammonium
chloride (NH, OH HCI). The
recoveries of Au, Pd, and other
PGE:s are discussed. The relative
error for one sulfide float sample
was established to be within +1.0
to 1.5% RSD for both Au and Pd
values using the proposed method.

INTRODUCTION

There is an increasing demand
the world over for gold and
platinum group elements (PGEs)
consisting of Ru, Rh, Pd, Os, Ir, and
Pt, due to their unique applications
in new technologies, such as elec-
tronics, the manufacture of electri-
cal contacts, alloys with other PGEs,
dentistry, orthopedic surgery, the
jewellery trade, and catalysts in
chemical industries (1). Of late,
PGE:s are being increasingly used
in car exhaust systems as catalytic
converters to make the environment
free from pollution. Gold and PGEs
are very rare elements with crustal
average abundances of 4 parts per
billion (ppb) for Au, 10 ppb for Pd,
5 ppb for Pt, and 1 ppb for Rh (2).
Further, being siderophile elements,
their geochemistry of depletion
from core to crust has contributed
to a better understanding of the oro-
genic processes. The chalcophily of
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gold and some of the PGEs is the
reason why certain amounts of
them occur in heavy metal
sulphides, e.g., in Pyrites, Arsenopy-
rite (FeAsS), Lelingite (FeAs,), Sper-
rylite (PtAs,), Cooperite (PtS),
Braggite [(Pt, Pd, Ni) S], and Laurite
(RuS,). Due to their similar atomic
radii with a number of heavy met-
als, some intermetallic alloys like
Electrum (Au-Ag), Maldonite (Au-Bi-
Sb-Hg), and Rhodite (Au-Pt-Rh-Ir-Pd)
were reported (1) to be formed
under hydrothermal conditions.
The soluble gold compounds break
down to give the native metal
because of its high positive electro-
chemical potential. Gold and PGEs
are generally found in rocks as
nuggets in a heterogeneous manner,
distributed as discrete particles,
and as individual minerals mostly
occurring as sulfides and in mantle-
derived material like Garnet Iherzo-
lite, Spinel Iherzolite xenoliths, and
Alpine Peridotites (3). A new type
of strata-bound sediment-hosted
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gold ore deposit in association with
copper and uranium is also reported
to be found in the Olympic Dam
area of South Australia (4).

The general practice for the
determination of these precious
metals (Au and PGEs) in geological
materials involves a two-step
process. The first step involves
preparation of a representative sam-
ple of 10-50 g and separation of the
analytes from the matrix. The sec-
ond step involves measurement of
the analyte concentrations in the
prepared sample. Fire assay precon-
centrations of precious metals
involving collection in a lead (5),
tin (6), copper or nickel sulphide
(7) button has long been the well
practiced method for assaying these
metals in their ore bodies. Wet
chemical decomposition of the geo-
logical samples and separation and
preconcentration by solvent extrac-
tion (8,9), ion exchange (10), or
reductive coprecipitation (11,12)
separation procedures have



recently been widely reported.
Determination of these elements
has been reported earlier by flame
atomic absorption spectroscopy
(FAAS) (11,13,14), graphite furnace
atomic absorption spectroscopy
(GFAAS) (12,15, 16), neutron acti-
vation analysis (17,18), inductively
coupled plasma optical emission
spectrometry (ICP-OES) (19), and
inductively coupled plasma mass
spectrometry (ICP-MS) (20,21).
More recently, laser ablation ICP-MS
has also been used to estimate
these precious metals in some
certified reference materials and

in natural basalt glasses (22).

Inductively coupled plasma opti-
cal emission spectrometry (23-25)
is an important multielement analyt-
ical technique, capable of determin-
ing about 80% of the elements in
the Periodic Table with precision
and detection superior to that
obtained with FAAS. However, sen-
sitivities of Au and Pd are compara-
ble using both techniques.

With reductive coprecipitation,
the analyte elements are separated
from the matrix elements by reduc-
tion to the elemental state together
with a suitable collector prior to
their estimation by any of the above
techniques. The analyte elements
are separated quantitatively from
major and minor matrix elements of
the geological materials. The most
frequently employed collector is
tellurium (12) with tin(I) chloride
as a reductant, though mercury has
also been recommended as a copre-
cipitant by different authors (11,14).

The main objective of the pre-
sent study was to develop an alter-
native method for the determination
of Au, Pd, Pt, and Rh in different
types of geological materials includ-
ing table concentrates and sulphide
float samples, using a different col-
lector in place of Te or Hg. The
authors have chosen selenium
because of its availability in high
purity form at a more economical

price with some specific analytical
advantages compared to Te. Mercury
is hazardous to use in a laboratory
atmosphere. The relative advantages
of using Se as a collector in the sepa-
ration and estimation of these pre-
cious elements are discussed. Also
presented are the results obtained
using different reductants in addition
to tin(I) chloride vs. hydroxy-lamine
hydrochloride, hypophosphorous
acid, sulfurous acid, and
hydroquinone. Precipitation as sul-
fides using Na,S/H.,S in the presence
of different collectors and recoveries
are also presented. The results per-
taining to the decomposition of sam-
ples using different oxidizing
solutions are also discussed.
Presently, the results are reported
for Au and Pd due to their detection
capability by available instrumenta-
tion (FAAS/ICP-OES).

Owing to the non-availability of
real samples and the very high detec-
tion limits obtainable by available
instrumentation, our investigations
with respect to Pt and Rh have been
restricted to dissolution/recovery
systematics using Standard Refer-
ence Materials (SRMs) in order to
validate the proposed method. The
use of Se as collector significantly
improved the Au and PGE recoveries
in addition to its own recovery even
in the presence of huge amounts of
matrix elements like Ni/Fe/Cu.

EXPERIMENTAL

Instrumentation

FAAS Measurements

All atomic absorption measure-
ments were performed using
a Spectra AA-20 instrument
(Varian, Australia) for Au (at
242.8 nm) and Pd (at 244.8 nm).
A lean air/acetylene flame and a
lamp current of 4 mA (Au) and
5 mA (Pd) were used at a slit width
of 1.0 nm together with deuterium
background correction.
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ICP-OES Measurements

All ICP-OES measurements were
made using a LABTAM (now GBC,
Australia) Model-8410 Plasmascan
ICP-OES instrument, equipped with
a computer-controlled rapid scan-
ning monochromator (focal length:
0.75 m) consisting of a ruled grating
of 1800 grooves/mm and a Czerny-
Turner mounting system. A detailed
description of the equipment can
be found elsewhere (26,27). All
measurements were performed
under vacuum conditions. The
optimum instrumental parameters
and all other operating conditions
are provided in Table I. The ICP-
OES measurements of Au and Pd
were made at 242.795 nm and
340.458 nm, respectively. The
measurements for other PGEs
were made at the following emis-
sion lines: Pt (265.945 nm), Rh
(343.489 nm), Ru (267.876 nm),
and Ir (212.681 nm).

Reagents

All reagents and standards used
were prepared from analytical
grade and Specpure chemicals
(Johnson and Mathey). Double-dis-
tilled water was used for all subse-
quent dilutions, wherever required.

The selenium carrier solution
(5 mg/mL) was prepared by dissolv-
ing 1.25 g Se granules, 99.999%
(SD, EL grade) purity, in a mini-
mum volume of (10 mL) aqua regia,
evaporated twice with 5 mL con-
centrated HCI acid, with final disso-
lution in 50 mL of 50% (v/v) HCI
before bringing to 250-mL volume
with H,O.

Standard Solutions

All standard stock solutions of
Au and PGEs (1000 pg/mL) were
prepared as follows from Specpure
chemicals (Johnson and Mathey):

A 1.0-g gold chloride (mix of 25%
Au) was dissolved in a minimum
volume (10 mL) of aqua regia, the
solution heated on a water bath

to evaporation, and the residue
treated two times with 5 mL of 50%



TABLE I
ICP-OES Instrumental Parameters and Operating Conditions

Instrument
Rf generator
Plasma torch

Pump

Nebulizer

Operating Power
Reflected Power
Viewing height
Argon gas flow rates:
Coolant

Auxiliary

Sample

PMT voltage
Integration time
Solution uptake rate
Sample flush time
Entrance slit

Exit slit

Peak search window width

LABTAM Model-8410 Plasmascan
27.12 MHZ (crystal-controlled)

Demountable type, DMT-2000
(GBC, Australia)

Peristaltic, ten-roller, Gilson® Minipuls-2
G.M.K. (V-groove,modified Babington type)
1.2 KW

<S5W

14 mm above load coil

14 L/min

1.0 L/min

0.8 L/min

1000 V

3s(m=3)

4.0 mL/min

10s

20 um and 3 mm height (fixed)
40 um

0.12 nm

(v/v) HCl, and dissolved in 50 mL of
50% (v/v) HCL. The cooled solution
was then diluted accurately to

250 mL with distilled water. Simi-
larly for palladium, ammonium
chloropalladite, (NHy), (Pd Cly),
(0.2672 g), was dissolved directly in
20 mL of 50% (v/v) HCl by heating
on a water bath. The cooled solu-
tion was made up to 100-mL vol-
ume with distilled water.

All other PGEs, Ru [ammonium
aquochloro ruthenite, (NHy), Ru
(H,0)Cls, 0.3289 g], Rh
[ammonium chlororhodite, (NHy)s,
RhCl;H,0, 0.3768 g], Os [ammo-
nium hexachlorosmate, (NHy),
OsClg, 0.2308 g], Ir [ammonium
hexachloroiridate, (NH,), IrClg,
0.2294 g], and Pt [ammonium hexa-
chloroplatinate, (NH,), Pt Clg,
0.2275 g], were dissolved in 20 mL
of 50% (v/v) HCl by heating on a
water bath and diluting to 100 mL
with distilled water to give a final
concentration of 1000 ug/mL of the
respective elements.

The respective individual work-
ing calibration standards (10 pg/mL)
were prepared from stock solutions
by suitable dilution and maintaining
an overall HCI concentration of
10% (v/v) (~IM).

Procedure

A 5.0 - 10.0-g amount of dried
(650-750°C) sample (150 mesh)
was weighed into a Teflon® beaker,
treated with a mixture of aqua regia
(10 mL) and HF (15 mL). After
1-2 hours, the contents were evap-
orated to near dryness on a sand
bath/hot plate at ~200°C. The
process was repeated three times
and finally 3 mL of HCIO, was
added and evaporated to near dry-
ness to ensure complete removal of
fluorides and nitrates. This process
was repeated once again. The dried
residue was dissolved in 25% (v/v)
HCI; cooled and filtered through
a Whatman No.542, 15-cm filter
paper. The undissolved residue was
quantitatively transferred onto the
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filter paper with a fine jet of 25%
HCI. The residue, along with the
filter paper, was kept in a nickel
crucible and ignited in a muffle
furnace at 750°C, and left burning
for about 1-2 hours. The cooled
residue was fused with a minimum
amount of Na,O, (4-5 g) to a clear
melt and dissolved in dilute [~5%
(v/v)] HCl by heating. This solution
was evaporated to dryness on a
water bath and the residue
dissolved in a minimum volume

of 25% (v/v) HCI. Both filtrate and
residue solutions were mixed (~200
mL) and 5 mg selenium collector
solution was added and heated on
a water bath (~15minutes). Tin(ID)
chloride solution [20% (w/v) in 10%
(v/v) HCIl] was added until ferric
iron was reduced to ferrous iron,
as indicated by the disappearance
of the yellow tinge. An additional

5 mL of tin chloride was added to
ensure complete reduction of Se,
Au, and Pd to metals (indicated by
the appearance of a blackish-grey
precipitate), which was digested on
a water bath for about 30 minutes
and left standing overnight. The
next day, the precipitate containing
Se, Au, and Pd was filtered off
through a Whatman No.542 (12.5
cm) filter paper and washed three
times with 25% (v/v) HCI. The pre-
cipitate was washed back into the
same beaker quantitatively with
small portions of aqua regia and
HCI, then dissolved by keeping

on a water bath. The solution was
evaporated to 10-mL volume, main-
taining an overall acidity of 10%
(v/v) HCIL. The Au, Pd, Pt, and Rh
values were monitored using
FAAS/ICP-OES at their respective
wavelengths.

In a similar manner, the roasted
sulfide float sample was carefully
treated with 1I0mL HCland 1 g
KCIO; taking precaution about any
frothing. The treatment was
repeated twice , boiled, and
filtered. The residue fused with
Na,O, and the same procedure
was followed as described above.



RESULTS AND DISCUSSION

Sample Decomposition and
Dissolution of Analytes

Sample digestion and dissolution
of Au and PGEs before characteriz-
ing their concentrations is very
important in any wet geochemical
laboratory. Tewari and Gupta (28)
described a dissolution procedure
for gold in geological samples using
potassium permanganate and
hydrochloric acid. More recently,
our laboratory has also reported
a HCl and MnO, dissolution proce-
dure for gold (29). The authors
attempted to dissolve the precious
metals using different oxidizing
agents such as potassium jodate,
potassium bromate, sodium
bismuthate, and potassium chlorate
in the presence of hydrochloric
acid using a SPEX MIX sample
(SPEX Industries Inc., USA, Cat
No.1041) containing 9.32% each of
Au and PGEs (in association with
some other elements like Ga, Hf,
and In) as a test case. Aqua regia,
HCI, and KCIO; were selected on
the basis of quantitative recoveries
obtained for Pt, Au, and Pd.

Selection of Emission Lines for
Au and Pd, Pt, and Rh

After a thorough scan of the
three most sensitive emission lines
of Au, Pd, Pt, and Rh, the data on
detection limits, background equiv-
alent concentrations, and signal-to-
background ratios in 10% (v/v) HCl
acid medium are presented in Table
II. The interference effects of some
probable elements indicate that the
Au(l) 242.795-nm emission line is
severely interfered by Mn, resulting
in an equivalent Au concentration
of 1.05% (this indicates that 100
ug/mL of the Mn solution produced
an interference of 1.05 ug/mL of
equivalent Au concentration). Simi-
larly, Cu was found to interfere at
this wavelength with an equivalent
Au concentration of 0.01%. Like-
wise, the Au(l) 267.595-nm line
interfered with by Co (0.08%) and

tomic
PeCtroscopy

Vol. 20(3), May/June 1999

TABLE II
Detection Limits (D.L.) and Background Equivalent Concentrations
(BEC) of Au, Pd, Pt and Rh in 10% (v/v) HCI Acid, Using an
Integration Time of 3 sec (n=3) by ICP-OES

Element Wavelength BEC? D.LP L/B
concn. (nm) (ug/mL) (ug/mL) (Peak height to
(10 pg/mL) background ratio)
Au 242.795 0.1033 0.0031 96.8
Au 267.595 0.1644 0.0049 60.8
Au 197.819* 0.2735 0.0082 36.6
Pd 340.458 0.5490 0.0164 18.2
Pd 229.651 0.6137 0.0184 16.3

Pd 324.270 1.2263 0.0368 8.2

Pt 214.423 0.2334 0.0070 42.8
Pt 203.646 0.3909 0.0117 25.6
Pt 265.945 0.5033 0.0151 19.9
Rh 233.477 0.4424 0.0133 22.6
Rh 249.077 0.5577 0.0167 17.9
Rh 343.489 0.7866 0.0236 12.7

* Background equivalent concentration is calculated from:

Concentration (ug/mL) X BG counts

(Peak counts - BG counts)

b Detection limit is calculated based on three times the standard
deviation of the blank at 1% RSD (DL = BEC X 0.03)

* The monochromator optical path from entrance slit to ICP source is purged with

argon gas.

the Au(l) 197.819-nm line by Sb
(0.2%). Similarly, the Pd(I) 340.458-
nm line was found to be interfered
by Co (0.07%), and the Pd{dD)
229.651-nm line severely by Ni
(163.1%). The Pd() 324.270-nm
line was interfered with by Cu
(0.05%) and Ni (0.03%). The second
best Pd emission line () 363.470
nm was found to be interfered by
the Ar emission line at 363.446 nm.
In a similar manner, Cd (887.2%),
As (0.69%), and Cu (0.23%) were
found to interfere severely on the
Pt(ID) 214.423-nm emission line;
and Co (7.41%) and Sb (0.10%)
interfered seriously on the Pt
203.646-nm line. Further, Ni
(45.7%), Sn (9.99%), Mn (0.09%),
and Ru (25.5%) interfered seriously
on the RhI) 233.477-nm line, and
Fe (60.95%) was found to interfere
very seriously on the Rh{I)
249.077-nm line. Based on these
observations, the emission lines for
Au (242.795 nm), Pt (265.945 nm),
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Pd (340.458 nm), and Rh (343.489
nm) are recommended for measure-
ment, since the concentrations are
measured only after application of
the separation and preconcentra-
tion methods.

Determination of Au and Pd
in Geological Materials

Gold, palladium, platinum, and
rhodium were determined in a
variety of international reference
standards: PTC-1 (sulfide concen-
trate), PTM-1 (Nickel-Copper
Matte), MA-1b (Gold Ore) (Cana-
dian Certified Reference Materials
Project, CCRMP), and SARM-7 (gold
ore sample) from the National Insti-
tute for Metallurgy, South Africa).
The results obtained by the
proposed method using both ICP-
OES and FAAS are shown in Table
III. The results are in good agree-
ment with the certified values and
compare well with both tech-
niques. One sulfide float sample



TABLE III
Analytical Results for Au, Pd, Pt, and Rh in Geological Materials

Special Issue, Geostand. Newsl. 18, 5 (1994).

(CHEM-1) and 10 table concentrates (31) (CHEM-2 to
11) from the Jaduguda area, Bihar, India, were analyzed
and the results are presented along with the reference
standards. The precision of estimation for the sulfide
float sample was found to be about 1.1% RSD for Au
and 1.4% RSD for Pd using the proposed method. The
precision for other samples could not be established
due to sample quantity restrictions.

Some of the above samples were subjected to sepa-
ration and preconcentration using Se as well as Te (5
mg each) as the collector and SnCl, as the reductant
from 25% (v/v) HCI acid solutions. The results obtained
by ICP-OES for Au and Pd at their respective
wavelengths are shown in Table IV. Better recoveries
were found for the samples separated by Se-SnCl, com-
pared with Te-SnCl,. Due to the better recoveries of
the analyte concentrations and the availability in ultra-
pure quality at a much lower cost, Se is recommended
in place of Te. Further, Se precipitated quantitatively
along with Au and PGEs, whereas Te was found to pre-
cipitate only up to 10-15% in the presence of the
matrix elements such as Fe, Ni, or Cu under similar
experimental conditions.
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Using ICP-OES/FAAS
Sample Au (ug/g) Pd (ug/g) Pt (ug/g) Rh (ug/g)
ICP-OES | FAAS | Certified | ICP-OES | FAAS | Certified | ICP-OES | Certified ICP-OES | Certified
value® value? value© value©

MA-1b 16.6 16.8 17.0 3.2 3.1 - - - - -
PTC-1 0.70 0.68 0.65 12.2 12.0 12.7 2.8 3.0 0.5 0.62
PTM-1 1.9 1.8 1.8 7.9 7.7 8.1 5.5 5.8 0.8 0.90
SARM-7 0.32 0.33 0.31° 1.5 1.4 1.53P 3.6 3.74° 0.3 0.24>
CHEM-1* 54.0 54.3 - 47.4 47.2 - - - - -
CHEM-2 6.2 6.1 - <2 <2 - - - - -
CHEM-3 | 189 187 - <2 <2 - - - - -
CHEM-4 10.9 10.8 - <2 <2 - - - - -
CHEM-5 2.2 2.1 - 4.2 4.1 - - - - -
CHEM-6 3.2 3.2 - 4.8 4.6 - - - - -
CHEM-7 14.9 14.7 - 22.6 22.4 - - - - -
CHEM-8 5.8 5.7 - 13.3 13.2 - - - - -
CHEM-9 1.7 1.7 - 3.3 3.2 - - - - -
CHEM-10 1.5 1.5 - 3.3 3.2 - - - - -
CHEM-11 | <0.2 <0.2 - <0.2 <0.2 - - - - -

2 W.S. Bowman, CCRMP Certified reference materials (CANMET-90-IE), 1990,P- 63-65

b

K. Govindaraju, “1994 Compilation of working values and sample description for 383 geostandards,”

H.F. Steger, CCRMP Certified reference materials (CANMET-80-GE), pp. 11-12 (1980).
Sulfide-float sample from Jaduguda Uranium Ore (Bihar), India.

TABLE IV
Comparison of Analytical Results for Au and Pd
in Geological Materials Using Se/Te Collector and
SnCl, as Reductant and Estimated by ICP-OES

Sample Au (ug/g) Pd (ug/g)
a b a b

CHEM - 5 2.0 2.2 4.0 4.2
CHEM - 6 3.1 3.2 4.6 4.8
CHEM - 7 14.7 14.9 21.0 22.6
CHEM - 8 5.6 5.8 13.0 13.3
CHEM -9 1.7 1.7 3.2 3.3
CHEM - 10 1.4 1.5 3.1 3.3
CHEM - 11 <0.2 <0.2 <0.2 <0.2

a. Reduction coprecipitation carried out in 25% HCI acid concentration
using Te (5 mg) as carrier.

b.Reduction coprecipitation carried out in 25% HCI acid concentration
using Se (5 mg) as carrier.
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Separation Studies of Au and TABLE V

PGEs Using Se as the Collector Effect of HCl Acidity on Precipitative Preconcentration
and Hydroxylamine Hydro- of Au and PGEs Using Se-NH,OH-HCl
chloride (Se-NH,OH-HCD)/ Element Amount Amount (ug/mL) found in different
Hypophosphorous Acid added HCI acid concentrations (v/v)
(Se-H;PO,) (ug/mL)

Studies were carried out to pre- 5% 10% 15% 20% 30% @
cipitate Au and PGEs using Se as Se 50 317 283 385 41.2 503 45.1
the collector and NH,OH-HCI as
the reductant in variezd HCl acid Au Lo 0.8 0.92 067 0-21 0.08 096
concentrations [5% to 30% (v/v)]. Pd 1.0 1.00 1.01 0.76 0.19 0.02 1.04
The results, as shown in Table V, Pt 1.0 1.04 0.99 0.83 0.10 0.03 0.95
indicate that Au, Pd, and Pt precipi- Rh 1.0 0.005 0.008 0.01 0.00 0.00 0.33
tated quantitatively in acid concen- Ru 1.0 0.02 0.01 0.00 0.03 0.00 0.01
trations of 5-10% in the absence of Ir 1.0 0.03 0.03 0.02 0.02 0.03 0.00

matrix elements and in 20% HCl
acid solutions in the presence of
the matrix (Fe, Ni/Cu).

(a) Precipitation was carried out in presence of the matrix elements,
Fe+Ni+Cu (400 mg each) from 20% v/v HCI acid solutions.

The results obtained using Se-

NH,OH-HCI (in 5% HCI acid) and TABLE VI
Se-H;PO, (in 25% HCI solutions) are Recovery Studies of Au and PGEs After Precipitative Preconcentration Method
shown in Table VI. Copper (about Using Se-NH,OH-HCI [(5% HCI (v/v)/Se-H;PO, (25% (v/v) HCD)]
10% of the total amount present)
. . Amount
was found to precipitate along with Element added Amount (ug/mL) found after separation
the analytes in the Se-H;PO, system. (ug/mL)
Separation of Au and PGEs NIL Ni Fe Cu (NitFe+Cuw)®
Using Se-Ammonium Formate- Se (@) 100 65 71 81 80 92
SnCl,/ and Se-Oxalic Acid-SnCl, ® 100 94 84 86 94 93
As the synthetic analyte solutions Te @ 2 Nil Nil Nil Nil Nil
of Au and PGEs were added with ® 2 1.82 1.80 1.84 1.90 1.83
HCOONH;, or (COOH),, no visible Ni (@) 1000 - 4.5 - - 4.2
precipitate was found. After addi- ® 1000 - 3.0 - - 2.8
tion of SnCl, [10 mL of 20% (w/v) Fe () 1000 - - 6.6 - 3.9
in 10% (v/v) HCI acid] at different () 1000 - - 5.9 - 3.6
HCI acid concentrations (10-30%), Cu (a) 1000 - - - 4.9 4.8
the analytes are precipitated. The (®) 1000 - - - 98.5 81.1
results are shown in Table VII. Au () 1.0 0.89 0.86 0.95 0.93 1.02
About 80-98% of the analytes (Au, ®) 1.0 0.99 0.95 0.94 0.94 0.98
Pd, Pt, and Rh) were precipitated Pd (a) 1.0 1.02 1.03 1.04 1.05 1.03
along with Se in both systems at ®» 1.0 1.10 1.08 1.04 1.05 1.07
30% HCl acidity. Pt (2) 1.0 1.11 0.99 1.11 0.97 1.10
(®) 1.0 0.99 0.98 0.96 0.57 0.79
Rh (@) 1.0 0.02 0.01 0.01 0.14 0.11
® 1.0 091 0.81 0.87 0.16 0.16
Ru (@) 1.0 0.01 0.01 0.02 0.01 0.00
® 1.0 0.01 0.01 0.02 0.01 0.01
Ir (@ 1.0 0.03 0.06 0.02 0.01 0.02
® 1.0 0.03 0.05 0.02 0.01 0.03

(@) Precipitation carried out using Se (10 mg) as carrier in 5% (v/v) HCl acid solution
using NH,OH<HCI [20% (v/v) in H,O] as reductant.

(b)Precipitation carried out using Se (10 mg) as carrier in 20% (v/v) HCl acid solution
using H;PO, (10 mL, 1:1) as reductant.

*  Amount of matrix element added: 100 mg each of Ni, Fe, Cu.
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TABLE VII
Recovery Studies of Au and PGEs in Different HCI Acid
Concentrations Using (Se+HCOO NH,+SnCl,)/(Se+H,C,0,+SnCl,) in
the Presence of Matrix Elements (100 mg each of Fe, Ni, and Cu)

Element | Amount Amount found (ug/mL) with Se (5mg)
added using different reductants
(pg/mL)
HCOO NH,* + SnCl, System | H,C,0," + SnCl, System

10% 20% 30% 10% 20% 30%

HCl HCl HCl HCI HCl HCl
Au 1.00 0.12 0.89 0.82 0.21 0.04 0.83
Pd 1.00 0.19 0.97 0.96 1.10 1.10 0.89
Pt 1.00 0.00 0.65 0.80 0.80 1.10 0.85
Rh 1.00 0.15 0.97 0.98 091 0.90 0.93
Ru 1.00 0.10 0.25 0.26 0.34 0.36 0.32
Ir 1.00 0.32 0.07 0.06 0.36 0.27 0.00
Te 2.00 0.30 1.90 1.92 3.0 2.76(% 1.81
Se 100.0 7.10 93.4 95.6 102.1 101.5 98.7

(™ A substantial amount of Ni and Cu accompanied the analytes. Ni was found to
interfere on Te (214.281 nm) emission line [1000 ug/mL Ni - 2.10 (ug/mL Te)].

2 20 mL of HCOO NH; [20% (w/v) in H,0] was added for precipitation.
b 20 mL of satuated oxalic acid was added for precipitation.

TABLE VIII
Recovery Studies of Au and PGEs in Different HCI Acid
Concentrations Using (Se+S0,+SnCl,)/(Se+Hydroquinone+SnCl,) in
the Presence of Matrix Elements (100 mg each of Fe, Ni, and Cu)

Element | Amount Amount found (ug/mL) with Se (5 mg)
added using different reductants
(ug/mL)
S$0O,+SnCl, System Hydroqinone+SnCl, System*

10% 20% 30% 10% 20% 30%

HCl HCI HCl HCl HCI HCl
Au 1.00 1.00 0.90 0.95 0.80 0.92 0.98
Pd 1.00 0.99 0.94 0.97 0.96 0.95 0.97
Pt 1.00 1.02 1.00 1.00 0.72 0.94 0.94
Rh 1.00 0.99 0.94 0.96 0.89 1.00 0.96
Ru 1.00 0.40 0.29 0.33 091 0.96 0.99
Ir 1.00 0.16 0.03 0.01 0.26 0.66 0.85
Te 2.00 1.90 1.88 1.91 1.90 1.91 1.92
Se 1.00 95.1 91.3 94.7 44.0 27.0 24.0

() Volume of hydroquinone added: 10 mL [of 20% (w/V) in 10% acetone].
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Separation of Au and PGEs
Using Se-SO,-SnCl,/Se-
Hydroquinone SnCl,

The results shown in Table VIII
indicate that quantitative recoveries
of Au and all the PGEs studied (Pt,
Pd, Rh, Ir, and Ru) were observed
using Se-hydroquinone-SnCl, from
30% (v/v) HCI acid solutions. This
system seems to be highly promis-
ing to separate Au and PGEs from
the major matrix elements prior to
estimating their values by any suit-
able technique.

The results obtained by both Se-
SnCl,/Te-SnCl, systems in the pres-
ence of the matrix elements are
compared in Table IX. The values
indicate quantitative recoveries for
Au, Pd, Pt, and Rh for both cases.

However, the recovery of Te
itself was found to be only 10-12%
compared to Se, which precipitated
quantitatively in presence of the
major matrix elements Fe, Ni, and
Cu.

The comparative studies of the
above investigations are presented
in brief in Table X and observations
are noted.

Separation Studies of Au, Pd,
and Pt using Se-Na,S/Se-H,S

Some studies were carried out to
separate Au, Pd, and Pt from the
matrix elements Fe, Ni (400 mg
each) and Cu (5 mg) using Se (5
mg) as the carrier by the addition of
Na,S (1.0 g) or passing H,S (for
about 15 min) from 5% (v/v) HCl
acid solutions. The results are pre-
sented in Table XI. The results
indicate quantitative recoveries for
the three analytes in both systems
in the presence of the matrix ele-
ments, but Cu is also found to pre-
cipitate quantitatively along with
the analytes in both systems.

A substantial amount of Ni was
also found to precipitate using the
Se-Na,S system (see Table XI).



TABLE IX
Recovery Studies of Au and PGEs After Precipitative
Preconcentration Technique Using Se-SnCl,/Te-SnCl, System

Amount Amount (ug/mL) found after
Element | added separation preconcentration
(ug/mL)
NIL Ni Fe Cu (Ni+Fe+Cuw)*

Se 100% 89 87 86 92 95
2.0° 1.6 1.6 1.4 1.3 1.6

Te 2.0* 2.05 2.07 2.02 2.06 2.01
50° 37 35.3 31.6 6.0 5.7

Ni 1000% - 2.8 - - 2.7
1000° - 11.9 - - 10.0

Fe 1000* - - 4.4 - 2.4
1000° - - 11.0 - 0.9

Cu 1000* - - - 491 7.6
1000° - - - 2.0 1.1
Au 1.0% 0.96 0.96 0.93 1.00 0.99
1.0° 0.97 0.94 0.95 0.88 0.86
Pd 1.0% 1.03 1.03 1.04 1.06 1.00
1.0° 1.08 1.06 1.00 0.96 0.95
Pt 1.0% 1.04 1.03 1.00 0.99 1.04
1.0° 1.05 1.04 1.01 0.97 0.96
Rh 1.0% 0.98 0.95 0.91 0.94 0.98
1.0° 0.96 0.99 0.98 0.93 0.94
Ru 1.0% 0.21 0.25 1.00 0.26 0.16
1.0° 0.18 0.14 0.84 0.12 0.21

Ir 1.0% 0.44 0.44 0.33 0.06 0.01
1.0° 0.22 0.15 0.17 0.31 0.26

4 Precipitation carried out using Se (10 mg) as carrier in 25% (v/v) HCI acid solutions

using SnCl, as the reductant.

b Precipitation carried out using Te (5 mg) as carrier in 25% (v/v) HCI acid solutions

using SnCl, as the reductant.

() Amount of matrix elements added: 100 mg each of Fe, Ni, and Cu.

Investigations were also carried
out to coprecipitate the analytes as
sulfides (Au and PGEs) using differ-
ent collectors like Cu, Pb, Bi, As,
Sb, Cd, Ag, and Hg. The results are
shown in Table XII.

Comparison of Analytical
Results for Au and Pd by
ICP-OES and ICP-MS

The sulfide float sample (CHEM-
1) concentrated from Jaduguda
Uranium Ore was also analyzed
by ICP-MS (30) and the results

obtained by both ICP-OES (using
the proposed separation method)
and ICP-MS (by direct dissolution
and estimation) are summarized in
Table XIII. The Au and Pd results
indicate an excellent agreement by
both the techniques. The reported
(30,32) isobaric interferences at
the analytical isotopes of Au and Pd
are as follows: for 195Pd: “°Ar%Cu,
89y160), and #Sr'°OH; for Y7Au:
18172160, and '8°Hf!°OH; for °°Pd:
907,160, and 1°°Cd; for 1°8Pd: 927r1°0,
92Mo'°0, and 1°8Cd; for 1°Pd:
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HOCd, 9421.160, 94M0160, and
2Nb'°O'H. For the sake of
completeness and comparison,

the analytical results for rare earth
elements (REEs), and other major
matrix elements are shown in Table
XIV in respect of samples, CHEM-1
to CHEM-4. In view of the occur-
rence of the possible interferents

in huge amounts along with the
analyte elements, separation/
preconcentration methods are rec-
ommended prior to their quantifica-
tion even by ICP-MS technique. In
one set of samples, YO* was found
to interfere very seriously on '°Pd.

Work is also in progress for the
estimation of osmium after sodium
peroxide fusion of the sample and
recovery of osmium as osmate in
the aqueous leachate solutions.

CONCLUSION

The procedure described in this
work offers an effective separation
method for Au, Pd, Pt and Rh from
the major matrix elements in a vari-
ety of geological materials, such as
rocks, soils, sediments, beneficia-
tion products, ores and concen-
trates, in addition to sulfide float
samples and alloys. The method is
precise and accurate and can be
applied to a variety of geological
samples on a routine basis. The
method can also be applied to
quantitative separation and estima-
tion of Te in addition to Au and
PGEs by ICP-OES or by any other
suitable analytical technique. For
routine applications of complex
materials such as geological sam-
ples, quantitative separation of the
analytes from the matrix elements
must first be performed. The analyt-
ical results provided in Table XIV
for REEs and other major matrix
elements perhaps support the
above observations.



TABLE X
Comparative Studies for Recovery of Au and PGEs Using Different Precipitating Agents

in the Presence of 100400 mg each of the Matrix Elements Ni, Fe, and Cu

SI. No. Name of system/ Analytes Observations
carrier element
1. H,S (in 5% HCD) system:
a)  Se (as 5-mg carrier) ‘Au, Pd, Pt, and Se Quantitative recovery
b)  Cu (as 5-mg carrier) :Au, Pd, Pt, and Cu Quantitative recovery
¢©) Pb (as 5-mg carrier) i) Au, Pd, Pt, and Rh Quantitative recovery
ii) Pb Only 5-6% accompanied
d)  Bi (as 5-mg carrier) :Au, Pd, Pt, and Bi Quantitative recovery
€) As (as 5-mg carrier) i) Au, Pd, and Pt Quantitative recovery
ii) As =80% recovered
9} Sb (as 5-mg carrier) Au, Pd, Pt, and Sb Quantitative recovery
g) Cd (as 5-mg carrier) Au, Pd, Pt, and Cd Quantitative recovery
h) Ag (as 5-mg carrier) Au, Pd, Pt, and Ag Quantitative recovery
2. Na,S (5% HCI) system:
Se (as 5-mg carrier) i) Au, Pd, Pt, and Se Quantitative recovery
i) Ni =8-10% also accompanied
3. Se (5 mg) NH,OH-HCI system :i) Au, Pd, Pt, and Se in Quantitative recovery
(5-30% HCD 5-10% HCl
i) Te - Nil
4. Se (5 mg) H;PO, system (25% HCLD) :i) Au, Pd, Pt, Se and Te Quantitative recovery
ii) Cu =10% precipitates
5. Se (5 mg)"NH,OH-HCI+KI (5% HCID) :i) Pd, Pt, Rh, and Se Quantitative recovery
ii) Au Only 10% precipitates
iii) Cu - accompanied Quantitative
6. Se (5mg) H;PO,+KI (25% HCD :i) Pd, Pt, Rh, and Se Quantitative recovery
i) Au Only 50% recovery
iii) Cu Quantitatively precipitated
7. Se (5 mg)+HCOO NH,+SnCl, system :i) Au, Pd, Pt, Rh, Se, and Te Quantitative in 30% HCI
8. Se (5 mg)+H,C,0,4+Sncl, sytem :i) Au, Pd, Pt, Rh, Se, and Te Quantitative in 30% HCI
(10-30% HCD) ii) Ni =25% recovery
iii) Cu =50% recovery
9. Se (5 mg) + SO,+SnCl, system :Au, Pd, Pt, Rh, Se, andTe Quantitative in 10-30%
(10-30% HCD) HCI
10. Se(5 mg)+C¢H,(OH),+SnCl, system :Au, Pd, Pt, Rh, Ru, Ir, and Te | Quantitative in 30% HCI
(10-30% HCD)
11. Te (5 mg) +SnCl, system (25% HCI) i) Au, Pd, Pt, and Rh Quantitative in 30% HCI
i) Se =80% accompanied the analytes
12. Se (5 mg) + SnCl, system (25% HCI) :Au, Pd, Pt, Rh, Se, and Te Quantitative in 30% HCI

100




Recovery Studies of Au, Pd, and Pt From 5% HCI Solutions
Using the Se-Na,S/Se-H,S System

TABLE XI

Amount found (ug/mL) in the presence
of matrix elements
Amount
Element | added Se-Na,S System? Se-H,S Sytem"
(ug/mL) NIL Fe Ni Fe+Ni | NIL Fe Ni Fe+Ni
Au 0.50 044 044 046 048 | 048 0.46 0.49 0.48
Pd « 049 049 048 048 | 050 0.49 0.48 0.51
Pt 0.50 050 049 048 052 | 031 050 0.39 0.48
Se 50 51.4 51.6 508 51.7 |[522 49.1 49.0 50.9
Ni 4000 - - 208 349 - - 22.4 21.7
Cu 50 - 49.2 485 49.1 - 50.5 50.6 50.8

* Precipitation of Au, Pd, and Pt was carried out in presence of Se (5 mg)
in 5% HCI acid solutions by the addition of Na,S (1.0 g)

> Precipitation of Au, Pd, and Pt was carried out in presence of Se (5 mg)

in 5% HCI acid solution by passing H,S, for about 15 minutes.

* Amount of matrix elements added, 400 mg each of Fe and Ni, and 5 mg of Cu.

TABLE XII
Recovery Studies of Au and PGEs from 5% HCI (v/v) Solutions
in the Presence of Different Carriers Using H,S System

Element| Amount Amount found (ug/mL) in the presence
added of different carriers*
(ug/mL)

Cu Pb Bi As Sb Cd Ag Hg
Au 4.66 4.65 4.05 455 450 449 420 415 437
Pd 4.66 470 4.74 4.71 4.87 4.82 4.75 4.80 4.74
Pt 4.66 4.69 450 440 421 441 455 4.60 4.49
Rh 4.66 0.70 4.30 1.82 0.74 1.81 1.84 1.53 0.38
Ru 4.66 0.01 0.01 0.03 0.02 0.02 0.02 0.01 0.01
Ir 4.66 0.50 0.55 0.27 0.10 0.12 0.16 0.11 0.04
Cu 50 4950 - - - - - - -
Pb 50 - 2.8 - - - - - -
Bi 50 - - 47.54 - - - - -
As 50 - - - 38.1 - - - -
Sb 50 - - - - 50.4 - - -
Cd 50 - - - - - 48.5 - -
Ag 50 - - - - - - 49.6 -

* Amount of carrier added: 5 mg each.
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TABLE XIII
Comparison of Analytical
Results for Au and Pd
in Sulfide-Float Sample
by ICP-OES and ICP-MS

Sample Au (ug/g) Pd (ug/g)
a b a b
CHEM-1 | 54.0 53.4 47.4 45.8

a. Values obtained by the proposed
method using ICP-OES.

b. Values obtained by direct dissolution
of the sample and estimation using
ICP-MS (Ref.30).

The experimental results
obtained show that Se as the
collector and tin(II) chloride as the
reductant in the presence of hydro-
quinone offer an excellent method
of separation to collect Au and all
the PGEs studied.
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TABLE XIV

Analytical Results Obtained for REEs and Other Major Matrix
Elements in Sulfide Float Sample/Table Concentrates From
Jaduguda Uranium Ore Samples, Estimated Values Using ICP-OES

Analyte CHEM-1 CHEM-2 CHEM-3 CHEM-4
Y (ppm) 56 2945 2092 8510
La (ppm) 29 7668 768 1013
Ce (ppm) 60 13703 1356 1934
Pr (ppm) <10 1549 115 77
Nd (ppm) 26 6149 644 956
Sm (ppm) <10 1220 225 478
Eu (ppm) 3.9 86.4 10.1 32.1
Gd (ppm) <10 890 606 825
Tb (ppm) <5 44 30 188
Dy (ppm) 9.8 643 310 1379
Ho (ppm) <5 92 63 271
Er (ppm) 8.8 343 307 1057
Tm (ppm) <2 70 54 200
Yb (ppm) 6 314 262 962
Lu (ppm) <1 40.3 37.5 121.3
Sc (ppm) 19 29 53 59
% Fe,05 7y 57.9 29.8 253 19.4
% Cu 0.60 7.11 0.11 0.67
% U3O0g 0.11 1.89 1.77 7.68
% Ni 5.28 0.150 0.081 0.129
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