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The multielement determination of precious metals (Ru, Rh, Pd, Ir, Pt, and Au) in industrial waste incineration
ashes was examined by inductively coupled plasma mass spectrometry (ICP-MS) with external calibration. Precious
metals in the incineration ash samples were preconcentrated by Te coprecipitation after sample decomposition by acid
digestion. By using the present Te coprecipitation method, precious metals could be recovered almost quantitatively,
while the elements causing polyatomic interferences in the determination of precious metals by ICP-MS were more than
96% removed. The analytical detection limits of precious metals were 0.05, 0.004, 0.03, 0.02, 0.05, and 0.05 ng g�1 for
Ru, Rh, Pd, Ir, Pt, and Au, respectively, when 0.3 g of ash sample was used for analysis. It was found that the concen-
tration levels of precious metals in coal fly ash and city waste incineration ash certified reference materials were at the
ng g�1 levels, which were at the same levels as those in the continental crust. On the other hand, the concentrations
of precious metals in industrial waste incineration ashes were in the range from ng g�1 to mg g�1, which were a few
to several-hundreds of times higher than those in coal fly ash and city waste incineration ash reference materials.

As is well known, the platinum group metals (Ru, Rh, Pd,
Os, Ir, and Pt) and Au are called ‘‘precious’’ or ‘‘noble’’ metals.
Precious metals provide unique properties of high electronic
conductance and catalytic activities, which results in their wide
use for modern industrial production.1 Since the late 1970’s,
the demand for Rh, Pd, and Pt has increased in automobile cat-
alysts for cleaning exhaust gases. As a result, annual use of Rh,
Pd, and Pt for automobile catalysts run up to 14.4, 139, and
49.6 t, respectively, which corresponds to 86.0, 57.5, and
29.1% of their total production.1 Thus, the anthropogenic
emission of Rh, Pd, and Pt into the environment from automo-
bile catalysts has been increasing for the last few decades.2–4

On the other hand, ca. 10–20% of total Rh, Pd, and Pt pro-
duced are used for other industrial products, such as functional
materials in electrical and electronics industry, catalysts in var-
ious chemical processes, and drugs in chemotherapy. On con-
sidering the current circumstances, there is a possibility that
precious metals may be further emitted into the environment
from various anthropogenic sources such as industrial particu-
late emissions and waste incineration. Therefore, a reliable and
practical analytical method for precious metals in environmen-
tal samples should be established to investigate the kinetic
behaviors of precious metals in the environment.

Nowadays, ICP-MS is one of the most reliable methods for
the determination of precious metals at ultratrace concentra-
tion levels. However, the determination of precious metals
by ICP-MS is still difficult because of their low concentrations
in environmental samples as well as spectral interferences due
to concomitant elements. Therefore, preconcentration together
with matrix separation is necessary to obtain reliable analytical
results for precious metals. Various pretreatment techniques

such as fire assay, anion exchange, cation exchange, and co-
precipitation have thus been employed for preconcentration/
matrix separation in the determination of precious metals.2,5

Among them, the tellurium coprecipitation technique is com-
monly used as the pretreatment method for geological sam-
ples,6–10 but the Te coprecipitation method often provides poor
recoveries of precious metals. The isotope dilution (ID) tech-
nique could be used to overcome the problem of low recover-
ies of precious metals in the ICP-MS measurements.7,10 The ID
technique is no doubt a very accurate method, but this tech-
nique cannot be applied to the mono-isotopic elements (Rh
and Au). Therefore, an external calibration method is prefera-
ble for practical analysis, if good recoveries can be achieved.

As described earlier, waste incineration is considered to be a
possible source of anthropogenic emission of precious metals
into the environment. The present authors have investigated
the multielement determination of major-to-ultratrace ele-
ments in industrial waste incineration ashes by using ICP-
AES and ICP-MS.11–14 It was found from those analytical
results that industrial waste incineration ashes, especially fly
ashes, enrich various kinds of heavy metals such as Cu, Zn,
Sb, and Pb, which are widely used in industrial production.
It is thus considered that precious metals may also be enriched
in industrial waste incineration ashes. However, there has been
no report on precious metals in industrial waste incineration
ashes.

The present paper describes an analytical method for the
determination of precious metals (Ru, Rh, Pd, Ir, Pt, and Au)
in industrial waste incineration ashes by ICP-MS with external
calibration. The incineration ash samples were decomposed by
acid digestion, and precious metals were preconcentrated by
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the Te coprecipitation method. The feasibilities of the present
analytical method were assured by analyzing a certified refer-
ence material of WPR-1. Then, precious metals in industrial
waste incineration ashes, as well as in coal fly ash and city
waste incineration ash reference materials, were determined
with quite good analytical precision. In addition, the distribu-
tions and the partitionings of precious metals in industrial
waste incineration ashes were evaluated using their enrichment
factors and concentration ratios between fly and bottom ashes.

Experimental

Instrumentation. An ICP-MS instrument (model HP-4500,
Agilent Technologies, Yokogawa Analytical Systems, Tokyo,
Japan) was employed for the determination of precious metals.
Since the present ICP-MS instrument was composed of a low-re-
solution quadrupole mass spectrometer, polyatomic interferences
derived from concomitant elements may cause some analytical
errors in the determination of precious metals. Therefore, the
operating conditions of the ICP-MS instrument, summarized in
Table 1, were set to minimize polyatomic interferences due to
oxide ions (e.g., 87Sr16Oþ ! 103Rhþ, 89Y16Oþ ! 105Pdþ, and
177Hf16Oþ ! 193Irþ). In the present work, the oxide formation
rate (R) was estimated by measuring a Pr standard solution (10
ngmL�1) so as to keep RPrO/Pr less than 0.5%. When necessary,
polyatomic interferences were corrected by the interference cor-
rection coefficient method.11 The internal standard method was
used to correct matrix effects due to major elements.15

Chemicals. Nitric acid and hydrochloric acid of electronics
industry grade (Kanto Chemicals, Tokyo, Japan), perchloric acid
of analytical grade (Kanto Chemicals), and hydrofluoric acid of
Suprapur grade (Merck, Darmstadt, Germany) were used for sam-
ple decomposition. Tellurium stock solution (TeCl4 in 6 M HCl,
1000 mgmL�1) for atomic absorption spectrometry, which was
purchased from Wako Pure Chemicals (Kyoto, Japan), was used
as a coprecipitant. Tin(II) chloride solution (4.6%) in 1M HCl
was prepared from SnCl2�2H2O (Wako Pure Chemicals). The
standard solutions for precious metals for making the working cal-
ibration curves were prepared by diluting aliquots of 1000 mgL�1

single-element stock solutions of Pd, Pt, and Au purchased from
Wako Pure Chemicals, Rh from Kanto Chemicals, and Ru and
Ir from Aldrich (Milwaukee, WI, USA). Deionized water was
prepared with a Milli-Q plus water purification system (Nihon
Millipore Kogyo, Tokyo, Japan).

Samples. Certified reference material of altered peridotite
platinum group element material (WPR-1), issued from CANMET

(Canadian Center for Mineral and Energy Technology, Ontario,
Canada), was used for the evaluation of the present analytical
method. Coal fly ash certified and standard reference materials
of JCFA-1 issued from GSJ (Geochemical Survey of Japan,
Tsukuba, Japan) and SRM 1633b from NIST (National Institute
of Standards and Technology, Gaithersburg, MD, USA), and city
waste incineration ash certified reference material of CRM 176
issued from BCR (Community Bureau of Reference, Brussels,
Belgium) were analyzed for the comparisons of the analytical
data.

The industrial waste incineration fly ash (IWIFA) and bottom
ash (IWIBA) samples were collected at the same time from three
different types of incinerators (hereafter referred to as incinerators
A, B, and C),13,14 by courtesy of private industrial waste treatment
companies. The IWIFA and IWIBA samples obtained from incin-
erators A, B, and C are referred to as IWIFA A and IWIBA A,
IWIFA B and IWIBA B, and IWIFA C and IWIBA C, respective-
ly, which are the same samples used in previous works.13,14 In
incinerator A, petrochemical wastes such as oils, solvents, and
paints were mainly incinerated with a rotary kiln-type of furnace
(average furnace temperature 850 �C). In incinerator B, waste
papers, waste plastics, and sludges in almost the same amounts
were processed in a slagging incinerator using a rotary kiln as
the furnace (1200 �C). In incinerator C, food wastes from super-
markets and waste plastics were mainly incinerated in a stoker-
type incinerator (900 �C) equipped with a rotary kiln as the pre-
burning furnace.

Sample Decomposition Procedure. About 0.3 g of sample
was taken in a Teflon� beaker (100 mL in volume), into which
10 mL of HF and 10 mL of aqua regia were added. It is noted here
that 1 mL of NaCl solution (1%) was also added to form chloro
complexes of precious metals ([RuCl6]

2�, [RhCl6]
3�, [PdCl4]

2�,
[IrCl6]

3�, [PtCl6]
2�, and [AuCl4]

�) in order to prevent a possible
loss of precious metals by hydrolysis during the digestion proce-
dure.6 Then, the sample was heated for 8 h on a hot plate at
150 �C to decompose silicate minerals, and heated to dryness in
order to evaporate excess HF. After cooling, 7 mL of HClO4

and 2 mL of concd HNO3 were added, and it was heated again
for 8 h at 230 �C. Then, 12 mL of aqua regia was added and heat-
ed for 4 h to decompose the sample completely, and heated to dry-
ness again. Furthermore, the procedure of adding 5 mL of HCl to
the residue and heating to dryness was repeated two times to
ensure complete conversion of precious metal salts to chloro com-
plexes. Finally, the residue was dissolved in 50 mL of 1M HCl.

Preconcentration of Precious Metals by Tellurium Copre-
cipitation. A 40 mL aliquot of digested sample solution obtained
by the method described above was transferred to a borosilicate
glass beaker (100 mL in volume). After adjusting the concentra-
tion of HCl in the sample solution to 6 M, 1.5 mL of 1000
mgmL�1 of Te solution (1.5 mg as Te) was added all at once as
a carrier for precious metals. Then, 10 mL of 4.6% SnCl2 solution
was dropwise added to the sample solution as a reducing agent
and boiled for 90 min at 150 �C until the black precipitate coagu-
lated and the supernatant liquid became clear. After cooling, the
black precipitate was filtered with a 0.45 mm cellulose nitrate
membrane filter (ADVANTEC), and washed with a small amount
of deionized water. The precipitate was transferred to a Teflon�

beaker (100 mL in volume) together with the filter. Then, the pre-
cipitate and the filter were dissolved with 4 mL of aqua regia and
heated to dryness. Finally, the residue was dissolved with 5 mL
of 1M aqua regia, in which internal standard elements (Cd and
Tl; 5 ngmL�1 each) were contained.

Table 1. Operating Conditions for ICP-MS Instrument

Plasma conditions:
Incident power 1.4 kW
Coolant gas flow rate Ar 15.0 Lmin�1

Auxiliary gas flow rate Ar 1.0 Lmin�1

Carrier gas flow rate Ar 1.2 Lmin�1

Sampling depth 9 mm from load coil
Nebulizer: Babington-type
Sample uptake rate 0.4 mLmin�1

Data acquisition:
Measurement mode Peak jumping
Dwell time 20 ms/point
Data point 3 points/peak
Number of scans 100
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Results and Discussion

Recovery Values and Analytical Detection Limits of Pre-
cious Metals. In order to obtain reliable analytical results,
good recoveries of precious metals should be achieved in co-
precipitation preconcentration. Thus, the effect of the amount
of Te carrier on the recovery values of precious metals was in-
vestigated by using the test solution, in which precious metals
(Ru, Rh, Pd, Ir, Pt, and Au) were added to be 1 ngmL�1.
Then, the precious metals were concentrated by 8-fold accord-
ing to the procedure described in the experimental section,
where the amount of Te carrier was varied in the range of
0.3–2.4 mg. The results are shown in Fig. 1. As can be seen
in Fig. 1, the recovery values of precious metals were more
than 90% when the amount of Te was larger than 1.5 mg.
Therefore, the amount of Te carrier was chosen as 1.5 mg in
the present work.

Next, the recovery values of precious metals from the real
sample solution were examined by Te coprecipitation. Pre-
cious metals were added to be 1 ngmL�1 in the digested solu-
tion of WPR-1, and concentrated by 8-fold as described in the
experimental section. The recovery values of the precious met-
als are summarized in Table 2. As can be seen in Table 2, the
recovery values of all of the precious metals were in the range
of 93.7–100.1%. In addition, the relative standard deviations of
the recovery values were less than 5% when three replicate

experiments were carried out. These results indicate that the
present Te coprecipitation procedure is reproducible enough
to apply to the determination of precious metals by ICP-MS.

The analytical detection limits, which were estimated by
dividing the instrumental detection limits with the concentra-
tion factor (¼8) and the recovery values obtained in the pre-
concentration procedure, are also listed in Table 2. The analyt-
ical detection limits of precious metals were 0.05, 0.004, 0.03,
0.02, 0.05, and 0.05 ng g�1 for Ru, Rh, Pd, Ir, Pt, and Au,
respectively, when 0.3 g of incineration ash sample was used
for analysis. These analytical detection limits were low enough
to determine precious metals in incineration ash samples. In
addition, the blank values for all of the precious metals were
below analytical detection limits, where the blank test was car-
ried out by employing the same experimental procedure used
for incineration ash samples.

Removal Efficiencies of Interferent Elements by Te
Coprecipitation. Table 3 shows the possible polyatomic
interferences in the determination of precious metals in incin-
eration ash samples by quadrupole-type ICP-MS. Therefore,
separation of these interferent elements is indispensable to
minimize analytical errors due to polyatomic interferences. In
Table 3, the removal efficiencies of interferent elements are
summarized, when the test solution (Ni 50 ngmL�1, Cu 100
ngmL�1, Zn 100 ngmL�1, Rb 50 ngmL�1, Sr 50 ngmL�1, Y
10 ngmL�1, Hf 10 ngmL�1, Ta 10 ngmL�1, Pb 100 ngmL�1)
was concentrated 10-fold by Te coprecipitation. It can be
seen from Table 3 that interferent elements were efficiently
removed by Te coprecipitation. As a result, the polyatomic
interferences listed in Table 3 could be reduced to almost
the negligible levels.
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Fig. 1. Recovery values of precious metals as a function of
the amount of Te carrier. : Ru, : Rh, : Pd, : Ir, :
Pt, and : Au.

Table 2. Recovery Values and Analytical Detection Limits of
Precious Metals by Te Coprecipitation and ICP-MS

Element m=z Recovery valueaÞ Analytical detection limit
/% /ng g�1

Ru 99 96:2� 0:5 0.05
Rh 103 97:8� 0:9 0.004
Pd 105 98:0� 3:5 0.03
Ir 193 100:1� 2:3 0.02
Pt 195 99:7� 1:4 0.05
Au 197 93:7� 3:9 0.05

a) Mean� SD (n ¼ 3).

Table 3. Removal Efficiencies of the Interferent Elements by Te Coprecipitation

Interferent Possible polyatomic interference Removal efficiencyaÞ

/%

Ni 62Ni37Clþ ! 99Ruþ, 64Ni35Clþ ! 99Ruþ, 61Ni38Ar ! 99Ruþ 96:4� 1:8
Cu 63Cu40Arþ ! 103Rhþ, 65Cu40Arþ ! 105Pdþ 99:6� 0:2
Zn 64Zn35Clþ ! 99Ruþ 99:5� 0:4
Rb 87Rb16Oþ ! 103Rhþ 99:8� 0:02
Sr 87Sr16Oþ ! 103Rhþ, 88Sr16O1Hþ ! 105Pdþ 98:5� 0:04
Y 89Y16Oþ ! 105Pdþ 98:6� 0:5
Hf 177Hf16Oþ ! 193Irþ, 179Hf16Oþ ! 195Ptþ 99:9� 0:03
Ta 181Ta16Oþ ! 197Auþ 97:3� 0:9
Pb 206Pbþþ ! 103Rhþ 99:5� 3:8

a) Mean� SD (n ¼ 3).
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Determination of Precious Metals in Certified Reference
Material of WPR-1. In the present work, the certified refer-
ence material of WPR-1 was analyzed to validate the present
method. First, in order to evaluate the sample decomposition
procedure, the precious metals in WPR-1 were determined
directly, without Te coprecipitation, by ICP-MS with external
calibration. The analytical results are shown in the second col-
umn of Table 4, where the analytical results were shown as the
mean values and standard deviations (SDs) obtained from
three replicated experiments. The values in the parentheses
are the ratios of the analytical values and the certified values.
It can be seen in Table 4 that the analytical results without Te
coprecipitation were almost consistent with the certified val-
ues, except for Rh and Ir. These results indicate that there were
no losses of precious metals during the sample decomposition
step. It was thus considered that the addition of NaCl was very
helpful to prevent some losses of precious metals during the
sample decomposition procedure by forming their stable
chloro complexes.6 The positive errors for Rh and Ir might
be attributed to incomplete correction of polyatomic inter-
ferences (e.g., 87Sr16O ! 103Rh, 177Hf16O ! 193Ir), because
the interfering elements, such as Sr and Hf, were not removed
here.

Next, the precious metals in WPR-1 were determined after
Te coprecipitation to evaluate the entire analytical procedure.
The analytical results with Te coprecipitation are summarized
in the third column of Table 4. As can be seen in Table 4, the
observed values of precious metals with Te coprecipitation
were in quite good agreement with the certified values. It is
noted here that the analytical results for Rh and Ir were very
much improved with Te coprecipitation by removing the
above interfering elements. In consequence, precious metals
were quantitatively recovered through the whole analytical
procedure, including sample decomposition and Te coprecipi-

tation. Therefore, it was concluded that the present sample
decomposition and Te coprecipitation were applicable as
the pretreatment method for the determination of precious
metals in incineration ash samples by ICP-MS with external
calibration.

Determination of Precious Metals in Incineration Ash
Samples. The present analytical method was applied to the
determination of precious metals in incineration ash samples.
The analytical results for coal fly ash certified reference mate-
rials (JCFA-1 and SRM 1633b) and city waste incineration ash
certified reference material (CRM 176) are summarized in
Table 5. As can be seen in the table, the concentrations of pre-
cious metals in coal fly ash and city waste incineration ash cer-
tified reference materials were at the ng g�1 to sub-ng g�1 lev-
els. For comparison, the concentrations of precious metals in
the continental crust, which were cited from two refer-
ences,16,17 are also listed in Table 5. As can be seen in Table 5,
the concentrations of precious metals in coal fly ashes were
almost at the same levels as those in the continental crust,
although the concentrations of precious metals in the continen-
tal crust still have some uncertainty. In the case of city waste
incineration ash, the concentration of Au was significantly
higher than those in coal fly ashes, while other precious metals
were at the same levels as those in coal fly ashes.

The analytical results for precious metals in the IWIFA and
IWIBA samples are listed in Table 6. In Table 6, the results for
IWIFA A and IWIBA A are expressed as mean value � SD
(n ¼ 3), which were obtained from three replicated experi-
ments, and the others are the results obtained from a single
experiment. As can be seen in Table 6, the concentrations of
precious metals in IWIFA A and IWIBA A had rather large
variations, which may be attributed to the heterogeneous distri-
butions of precious metals in the industrial waste incineration
ash samples. The concentrations of precious metals in the

Table 4. Analytical Results for Precious Metals in WPR-1 Obtained by ICP-MS with and without Te Copre-
cipitation (unit: ng g�1)

Element Analytical valuesa),b) Certified value

Without Te coprecipitation With Te coprecipitation

Ru 20:7� 2:9 (0.94) 21:4� 3:7 (0.97) 22� 4

Rh 16:7� 0:4 (1.25) 13:6� 0:4 (1.01) 13:4� 0:9
Pd 237� 16 (1.01) 233� 9 (0.99) 235� 9

Ir 16:5� 3:9 (1.22) 14:1� 1:0 (1.04) 13:5� 1:8
Pt 285� 14 (1.00) 288� 3 (1.01) 285� 12

Au 41:2� 1:3 (0.99) 42:4� 1:7 (1.01) 42� 3

a)Mean� SD (n ¼ 3). b) Values in the parentheses are the ratios of the analytical values to the certified values.

Table 5. Analytical Results for Precious Metals in Incineration Ash Certified Reference Materials (unit: ng g�1)

Element Coal fly ash City waste incineration ash Continental crust

JCFA-1 SRM 1633b CRM 176 WedepohlaÞ LidebÞ

Ru 1.69 2.62 1.07 0.1 1
Rh 0.476 1.29 3.79 0.06 1
Pd 4.37 5.58 5.88 0.4 15
Ir 0.21 0.35 0.30 0.05 1
Pt 2.04 4.17 4.63 0.4 5
Au 3.89 14.1 66.7 2.5 4

a) Cited form Ref. 16. b) Cited from Ref. 17.
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IWIFA and IWIBA samples were at 1–1000 ng g�1 levels,
which were 1 or 2 orders of magnitude higher than those in
coal fly ashes. In addition, the differences of their concentra-
tions were within a factor of 20, even though these samples
were collected from different incinerators with different kinds
of input waste materials. These results may reflect the wide use
of precious metals in industrial production.18,19 For example,
Pd, Pt, and Au are used as electronics device materials, while
Ru, Rh, and Ir are used as ingredients for alloy materials of
other precious metals to increase their mechanical strength.
In addition, Rh, Pd, and Pt are used for various catalytic mate-
rials in petrochemical industry.

Enrichment Factors of Precious Metals in Incineration
Ash Samples. In order to compare the elemental distributions
in each sample in previous works, the enrichment factors
(EFs) of the elements, which are defined as normalized con-
centration ratios of the elements in the samples to those in
the continental crust, were used.11–14 However, the concen-
trations of precious metals in the continental crust are still
uncertain, as described earlier. Thus, in the present work the
concentrations of precious metals in coal fly ash (CFA) certi-
fied reference material (JCFA-1) were used as the references
for normalization instead of their abundances in the continen-
tal crust, because the elemental composition of CFA was gen-
erally very similar to that of the continental crust.11 The EF

values of precious metals in incineration ash samples, com-
pared to their abundances in CFA (JCFA-1), are expressed
by Eq. 1;

EFCFA ¼
[M]sample/[Al]sample

[M]CFA/[Al]CFA
; ð1Þ

where [M]sample and [Al]sample are the concentrations of M
(precious metal) and Al in the sample, and [M]CFA and
[Al]CFA are their concentrations in CFA (JCFA-1). The
EFCFA values of precious metals in the incineration ash sam-
ples are shown in Fig. 2. As can be seen in the figure, the
EFCFA values of all precious metals in SRM 1633b (coal fly
ash) were smaller than 3. These results indicate that the con-
centrations of precious metals in SRM 1633b are not so much
different from those in JCFA-1. In the case of city waste incin-
eration ash (CRM 176), Rh and Au were slightly enriched
(EFCFA > 10) compared with those in coal fly ash. On the oth-
er hand, the EFCFA values for precious metals in the IWIFA
and IWIBA samples were from 10 up to 1000. These results

may reflect that various precious metals are widely used in
modern industrial production. Among precious metals, Au is
widely used as an electrical device material such as for circuit
boards, electrodes, and IC chips.19 As a result, the EFCFA val-
ues of Au in all IWIFA and IWIBA samples were larger than
50. Rh and Pd are commonly used in various catalysts along
with Pt,19 which resulted in their similar distributions in each
sample. However, the distribution patterns of Rh and Pd were
different from that of Pt, as can be seen in Fig. 2. On the other
hand, the distribution pattern of Ir, which is used as an alloy
material for Pt in electronic devices to increase their mechan-
ical strength,18 is similar to that of Pt. These results suggest
that Pt in industrial waste incineration ashes was mostly
derived from electronic device materials, rather than catalytic
materials.

Partitionings of Precious Metals in Different Industrial
Waste Incineration Ashes. It can also be seen in Fig. 2 that
the EFCFA values of some precious metals in fly ashes were
larger than those in bottom ashes; precious metals were more
abundant in fly ashes than in bottom ashes. Therefore, the con-
centration ratios of CF=CB (CF; concentration in fly ash, CB;
concentration in bottom ash) for precious metals were estimat-
ed to evaluate their partitionings during the incineration proc-
esses.13 In the previous work, it was found that the elements
that were more partitioned in fly ashes than in bottom ashes
during the incineration processes provided CF=CB values larg-
er than that of Al.13 Therefore, the CF=CB values of precious
metals in industrial waste incineration ashes were normalized
to that of Al in each incineration ash. The normalized
CF=CB values (CF=CB,norm) are illustrated in Fig. 3. As can
be seen in Fig. 3, the CF=CB,norm values of precious metals
were close to 1 with some exceptions. These results indicate
that precious metals are mechanically transferred to fly ashes
during the incineration processes.13 However, the CF=CB,norm

values of Ru and Rh in incineration ashes A and C and Pd
in incineration ashes A were larger than 2. As described earli-
er, these metals are mostly used as catalytic materials, in which
precious metals are used in the forms of very fine particles
(submicron particles) adsorbed on the surface of support mate-
rials such as alumina and zeolite.20 These fine particles of pre-
cious metals might be desorbed from support materials and
transferred to fly ashes by the convection flows in the inciner-
ators, which resulted in their higher distributions in fly ashes
than in bottom ashes. In the case of Au, its CF=CB,norm values

Table 6. Analytical Results for Precious Metals in Industrial Waste Incineration Ashes (unit: ng g�1)

ConcentrationaÞ

Element Incinerator AbÞ Incinerator BcÞ Incinerator CdÞ

IWIFA A IWIBA A IWIFA B IWIBA B IWIFA C IWIBA C

Ru 13:2� 1:7 5:4� 1:0 15.5 12.3 8.6 11.6
Rh 13:4� 1:1 4:70� 0:43 46.8 29.8 3.86 7.29
Pd 161� 15 245� 4 2360 1850 125 517
Ir 1:63� 0:42 7:55� 1:68 2.79 2.44 0.90 0.72
Pt 83:9� 19:4 393� 94 301 212 60.9 73.7
Au 70:7� 18:2 54:0� 3:6 254 129 89.4 195

a) The results for IWIFA A and IWIBA A are expressed as mean value � SD (n ¼ 3), and the others are the
results obtained from a single experiment. b) Oil and petrochemical wastes were mainly incinerated. c) Solid
wastes were mainly incinerated. d) Food wastes were mainly incinerated.
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were larger than 2 in all of the incinerators. Gold is extensively
used in electronic devices in its metallic form whose melting
temperature (1064.43 �C) is close to the incineration tempera-
tures (850–1200 �C). Therefore, the large CF=CB,norm values of
Au suggest the formation of its volatile compounds (e.g.,
AuCl3: boiling temperature 265 �C) during the incineration
processes. The reason for the large CF=CB,norm values of Pt
and Ir in incinerator C is not known, but this fact supports

the idea that Pt in the IWIFA and IWIBA samples was mostly
derived from electronic devices (same as Ir), not from catalytic
materials.

Conclusion

Precious metals in industrial waste incineration ashes could
be successfully determined the first time. It was found from the
analytical results that the present sample preparation method,
including sample decomposition and Te coprecipitation, was
useful for the determination of precious metals by ICP-MS
with external calibration. The concentrations of precious met-
als in coal fly ash and city waste incineration ash reference ma-
terials were several ng g�1, which were at the same levels as
those in the continental crust. On the other hand, the IWIFA
and IWIBA samples contained precious metals in the range
of 1–1000 ng g�1, reflecting the wide use of precious metals
in modern industrial production. These days, the anthropogen-
ic emission of precious metals (Rh, Pd, and Pt) from automo-
bile catalysts attracts extensive attention. The analytical results
obtained here suggest that the industrial waste incinerator may
be another possible source of anthropogenic emission of pre-
cious metals into the environment, even though it is considered
that the dust in flue gases could be more than 99% captured by
air pollution control devices. Such investigations are now in
progress.
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Fig. 2. Comparison of enrichment factors of precious metals in incineration ash samples. : Coal fly ash, : city waste inciner-
ation ash, : IWIFA, and : IWIBA.

1

5

10

Ru Rh Pd Ir Pt Au

C
F
/C

B
,n

or
m

Fig. 3. Concentration ratios of CF=CB (CF; concentration in
fly ash, CB; concentration in bottom ash) for precious met-
als in industrial waste incinerators, normalized to those for
Al in each incinerator. : Incinerator A, : incinerator B,
and : incinerator C.

1968 Bull. Chem. Soc. Jpn., 78, No. 11 (2005) Precious Metals in Waste Incineration Ash



The present work was supported partly by the Grants-in-Aid
(Nos. 14780412 and 14350444) of Scientific Research, by the
Grant-in-Aid (No. 16002009) of Specially Promoted Research,
and also by the 21st Century COE program ‘‘Isotopes for the
Prosperous Future’’ (2003–2004) from the Ministry of Educa-
tion, Culture, Sports, Science and Technology, Japan.

References

1 C. R. M. Rao and G. S. Reddi, TrAC, Trends Anal. Chem.,
19, 565 (2000).

2 M. Moldovan, M. A. Palacios, M. M. Gómez, G. Morrison,
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