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The microwave-assisted acid-digestion for the determination of metals in coal by ICP-AES was investigated, especially focus
ecessity of adding HF. By testing five certified reference materials, BCR-180, BCR-040, NIST-1632b, NIST-1632c, and SARM-

ound that the two-stage digestion without HF (HNO3 + H2O2 was used) was very effective for the pretreatment of ICP-AES measure
oth major metals (Al, Ca, Fe, and Mg) and minor or trace metals (Co, Cr, Cu, Mn, Ni, Pb, and Zn) in coal gave good recov

heir certified or reference values. The possibility of ‘HF-memory effect’ was cancelled by the use of a set of vessels which had b
ontacted with HF. Twenty-four Japanese standard coals (SS coals) were analyzed by the present method, and the concentrat
etals measured by the present method provided very high accordance with those from the authentic JIS (Japanese Industr
ethod.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Coal is mainly a cluster of organic high molecular com-
ound which consists of C, H, O, N, and S. However, coal

s one of the components of crust, so that it contains many
inds of mineral matter elements including metals derived
rom its generation. The behavior of mineral matter elements
uring coal combustion process is very important because

hey not only cause slugging and fouling, but also gives great
nfluence upon the combustion characteristics due to positive
r negative catalytic effect. Further, recently the existence
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of hazardous trace elements, such as heavy metals, in
has been a considerable problem on the viewpoint of
ronmental safety[1–5]. Some of these hazardous elem
will be released into air while some of them are distribu
in bottom ash, fry ash, and desulfurization residues. Th
velopment of precise and easy determination method fo
metals in coal is the essential factor for the study of ab
problems which are caused by the existence of meta
coal.

Recently, the metals in coal have been frequently
termined by atomic spectrometry, such as atomic ab
tion spectrometry (AAS), inductively coupled plasma-ato
emission spectrometry (ICP-AES), and inductively cou
plasma-mass spectrometry (ICP-MS). For the sample i

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Table 1
Recent reports of the microwave-assisted acid-digestion of coal

Literature Number of
coal samples

Composition of
acid mixture

Analytical
method

[6] 1 HNO3 + HF GFAAS
[7] 2 HNO3 or HNO3 + HF GFAAS
[8] 7 HNO3 + HF ICP-AES
[9] 2 H2SO4 + HClO4 + HFa ICP-MS
[10] 1 HNO3 + HClO4 + HF ICP-MS
[11] 2 HNO3 + H2O2 + HF ICP-MS
[12] 2 HNO3 + HClO4 + HF ICP-MS
[13] 3 HNO3 + HClO4 + HF ICP-MS
[14] 3 HNO3 + H2O2 or

HNO3 + H2O2 + HF
ICP-AES

a Acid-digestion was performed in a platinum crucible on a hot-plate.

duction system of these methods, usually solution nebuliza-
tion is used. Therefore, the analyte is needed to transfer from
solid phase into solution. In recent years, the acid-digestion
assisted by microwave processing is popularly utilized for
such a pretreatment of solid matters. The microwave-assisted
acid-digestion offers some advantages in short reaction time,
the prevention of vaporization, and the contamination con-
trol, compared to the conventional hot-plate digestion meth-
ods.Table 1lists the recent reports which had studied on
the microwave-assisted acid-digestion for the determination
of metals in coal[6–14]. For the microwave-assisted acid-
digestion of coal samples, the combination of HNO3 and HF
is usually adopted because coal contains considerable amoun
of inorganic matters (1–30%), which mainly consists of alu-
minosilicate matrix[6,8,10–13]. However, Ikavalko pointed
that the use of HNO3 alone provided quite good results for
various heavy metals except for Cu; the recovery of Cu was
greatly improved by the addition of HF in a small amount
(HNO3:HF, 50:1)[7]. Such a HF-lean microwave digestion
was also performed[11]. Further, Wang et al. described that
there was not essential difference between the HF-lean di-
gestion and HF-free digestion in terms of the recoveries of
many elements[14]. The utilization of HF is recommended
to avoid if possible because of its negative effects on instru-
mental parts as well as safety considerations. However, the
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method with those derived from the authentic JIS (Japanese
Industrial Standards) method (JIS M 8812 and M 8815)[15]
was evaluated by the use of 24 brands of coals.

2. Experimental

2.1. Samples

Five certified reference materials for coal from National
Institute of Standards & Technology, USA (NIST; 1632b and
1632c), Community Bureau of Reference, EC (BCR; 040
and 180), and SA Bureau of Standards, Republic of South
Africa (SARM-20), were used. These coals were provided
with certified or reference values for various elements, which
include major, minor, and trace metals.

Also, 24 brands of Japanese standard coals (SS coals),
which had been provided by the Center of Coal Utilization,
Japan (CCUJ), were used. The content of metal oxide in the
ash of coal after ashing had been determined according to JIS
method[15]. Table 2shows the ash contents (JIS M 8812)
and the metal oxide contents in ash (JIS M 8815).

2.2. Reagents and instrumentation
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ptimization of digestion conditions for coal sample has
et fully done, especially for the effect of adding HF up
he recovery of metals.

Also, almost all studies shown inTable 1have dealt with
imited numbers of coals. The properties of coal are gre
ependent upon the brand of coal. However, there have

ew studies about the application of the digestion metho
any brands of coals.
In this study, we examined the microwave-assisted a

igestion method for the determination of metals in coa
CP-AES, focusing on the necessity of using HF as we
he number of digestion procedure. By use of five cert
eference materials, we proved the effectiveness of the pr
ethod for major metals (Al, Ca, Fe, and Mg) as well as m
r trace metals (Co, Cr, Cu, Mn, Ni, Pb, and Zn). For
ajor metals, the accordance of the values from the pr
t

t

Nitric acid (HNO3, 61%), hydrogen peroxide soluti
H2O2, 30%), and hydrofluoric acid (HF, 46%) were a
ytical grade reagents from Wako Pure Chemical India
heir mixture was employed in the microwave digestion.

illed water was further purified by a Milli-Q system and u
hroughout the experiments. Multielement standard solu
1000 ppm, Merck) was used for ICP-AES measuremen

The microwave digestion was carried out by using a M
tone ETHOS1600, which was equipped with an evapor
odule (SSM60). ICP-AES measurement was performe

ng a Perkin-Elmer Optima 3100RL equipped with pneum
ross-flow type nebulizer, quartz torch, and alumina inje
hich enabled us to detect samples containing HF in a s
mount.

.3. Digestion procedures and measurement

In the one-stage digestion, a 0.25 g portion of dried s
le was weighed and transferred into a pressure-res
TFE vessel (volume 100 ml), and the mixture of a

HNO3 + H2O2, 5:3 ml or HNO3 + H2O2 + HF, 5:2:1 ml) was
dded. The vessel was then sealed and mounted in a
outer vessel). A total of six samples were evenly spac
he microwave oven carousel and the digestion program
et as listed inTable 3. The vessels were removed and c
ully vented in a fume hood after cooling to room tempera
n a water-bath.

The two-stage digestion was carried out as follows.
rocedure and acid conditions of the first processing

he same as those for the one-stage digestion except f
igestion program (Table 3). After the venting proced
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Table 2
Data of SS coals in literature[15]

Coal (Country) Ash content (%) (JIS M 8812) Metal oxide content in ash (%) (JIS M 8815)

Al2O3 Fe2O3 CaO MgO MnO

SS001 (AUS) 14.97 32.61 5.14 7.66 1.33 0.05
SS002 (AUS) 14.52 28.46 2.23 2.01 0.74 0.02
SS003 (AUS) 8.56 30.87 2.18 0.86 0.37 0.04
SS004 (CHN) 9.68 20.39 15.95 2.68 0.89 0.13
SS005 (JPN) 12.08 23.54 6.24 9.55 1.95 0.10
SS006 (AUS) 11.92 21.26 5.60 5.73 1.45 0.05
SS007 (AUS) 15.00 26.31 0.90 0.33 0.26 0.02
SS008 (AUS) 11.90 26.01 3.07 0.87 0.50 0.02
SS009 (IND) 4.38 26.47 5.77 3.54 0.96 0.01
SS010 (IND) 5.14 25.98 9.90 1.95 1.74 0.26
SS011 (IND) 1.58 9.18 10.53 20.63 6.84 1.09
SS012 (IND) 3.38 18.98 11.87 11.89 4.28 2.46
SS013 (AUS) 13.70 28.97 4.24 1.99 0.92 0.06
SS014 (AUS) 13.60 28.12 5.48 7.65 1.67 0.10
SS015 (COL) 8.30 17.84 7.76 1.80 0.89 0.04
SS016 (USA) 8.80 20.47 3.81 5.19 1.21 0.01
SS017 (IND) 10.60 36.75 5.35 1.89 0.66 0.01
SS018 (CHN) 9.10 34.80 4.97 5.54 1.98 0.09
SS019 (ZAF) 13.70 31.33 3.74 8.14 2.21 0.06
SS020 (ZAF) 12.90 29.39 5.00 7.13 2.60 0.09
SS021 (ZAF) 14.43 32.90 2.93 8.54 1.69 0.64
SS022 (ZAF) 13.73 28.56 4.46 9.84 2.22 0.66
SS023 (USA) 6.80 12.06 5.06 8.40 1.64 0.02
SS024 (USA) 7.14 27.50 5.55 3.98 1.22 0.01

mentioned above, a mixture of HNO3 + H2O2 (2:1 ml) was
quickly added to each sample. The vessels were returned to
the microwave oven and the second processing was applied
to the samples under the conditions as described inTable 3.

When HF was not used, the reaction mixture was filtered,
and the filtrate was diluted to a fixed volume (25 ml) with
Milli-Q water. For the digestion with HF (both for one-stage
digestion and two-stage digestion), the reaction mixture was
subjected to an evaporation procedure by use of the evap-
oration module in order to remove the acids after the final
digestion. Then the residue was dissolved in Milli-Q water
and filtrated, and the filtrate was diluted to a fixed volume
(25 ml). The ICP-AES measurement was performed for the
diluted solutions.

For each run, samples were prepared at least triplicates,
and the ICP-AES measurement for each digested sample was

carried out twice. From these more than six measurements,
mean value and standard deviation for the metal concentra-
tion were obtained.

3. Results and discussion

3.1. Various digestion conditions

For a certified reference material, BCR-180, various diges-
tion conditions were attempted.Table 4presents the values
obtained by the microwave-assisted acid-digestion under var-
ious digestion conditions followed by the ICP-AES measure-
ment. The variation of digestion conditions includes “with
HF” and “without HF” (basic condition, HNO3 + H2O2) as
well as “one-stage” and “two-stage” (see Section2).

Table 3
Microwave digestion program

Step One-stage digestion Two-stage digestion

Time
(min)

Power
(W)

Temperature
(◦C)a

Stage 1 Stage 2

Time
(min)

Power
(W)

Temperature
(◦C)a

Time
(min)

Power
(W)

Temperature
(◦C)a

1 5 250 110 2 250 110 5 250 130
2 5 400 110 1 0 110 5 400 130
3 250
4 400
5 500
6 400
10 500 110 5
10 600 110 5
5 250 110 5

20
a Temperature at the sleeve (outer vessel).
110 5 500 130
110 5 600 130
110 15 400 130
110
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Table 4
Determination of metals in BCR-180 by various digestion methods

Metal Certifieda One-stage digestion Two-stage digestion

With HF Without HF With HF Without HF

Measured Recovery
(%)b

Measured Recovery
(%)b

Measured Recovery
(%)b

Measured Recovery
(%)b

Al (mg/g) (12.4) 0.30± 0.07 2 10.6± 0.3 85 3.1 ± 1.1 25 12.0± 0.3 97
Ca (mg/g) NA 0.97± 0.23 – 3.40± 0.29 – 2.46± 0.31 – 3.44± 0.28 –
Fe (mg/g) (11.7) 5.9 ± 1.6 50 10.4± 0.4 89 10.0± 0.8 85 11.3± 0.2 97
Mg (mg/g) NA 0.03± 0.01 – 0.51± 0.03 – 0.13± 0.04 – 0.54± 0.02 –
Co (�g/g) (3.3) 2.9 ± 0.2 88 3.4 ± 0.1 103 4.4 ± 0.4 133 4.3 ± 0.4 130
Cr(�g/g) (13.5) 11.1± 0.8 82 11.4± 0.3 84 13.1± 1.1 97 12.9± 0.8 96
Cu(�g/g) (9.1) 7.9 ± 0.3 87 7.8 ± 0.2 86 9.6 ± 0.6 105 9.3 ± 0.2 102
Mn(�g/g) 34.3± 1.1 31.9± 1.7 93 31.1± 1.6 91 35.4± 1.6 103 35.4± 1.4 103
Ni(�g/g) (16) 7.2 ± 0.5 45 7.5 ± 0.4 47 7.8 ± 0.4 49 7.7 ± 0.3 48
Pb(�g/g) 17.5± 0.5 15.5± 1.2 89 15.2± 1.2 87 18.0± 1.3 103 18.1± 0.6 103
Zn(�g/g) 27.4± 1.1 25.5± 1.5 93 26.0± 1.2 95 26.2± 2.1 96 26.1± 1.3 95

a NA: not available; values in parentheses are not certified (reference value).
b Recovery (%) = ([mean measured values]/[certified or reference value])× 100.

For Al, the addition of HF greatly reduced the recovery of
metal; the recovery was 2% for the one-stage digestion and
25% for the two-stage digestion. From a comparison between
the values obtained when HF was used and those when it
was not used, it was found that the HF addition also largely
lowered the recovery of Ca and Mg; BCR-180 does not have
the certified or reference values of those metals. It is proposed
that when HF is present, metal fluoride species are produced
and these species are quite insoluble in the aqueous solution.
It has been reported that when HF was added in digestion
process for coal, boric acid was usually used to remove HF
in the resulting solution to make BF4

− complexes[6–8,10].
However, this method has a disadvantage in the use of high
concentration of boric acid, which leads to a contamination
of torch and other parts in ICP-AES instruments by boron-
memory effect.

For Fe, the decrease in the recovery occurred to some
extent when HF was used. The one-stage digestion without

HF gave 85–89% recoveries for Al and Fe. Those recoveries
were improved by use of the two-stage digestion, and good
recoveries were obtained; “good” or “satisfied” recoveries
mean 90–110% recoveries in this text. The results of the two-
stage digestion without HF were about the same as those of
the one-stage digestion for Ca and Mg.

For minor or trace metals, Co, Cr, Cu, Mn, Ni, Pb, and Zn,
the addition of HF did not affect the recovery so much. The
two-stage digestion provided considerable improvement in
the recovery compared to the one-stage digestion. Thus, the
two-stage digestion without adding HF gave good recoveries.
When the two-stage digestion was conducted, the recovery
of Co was ca. 130% with or without HF, while that of Ni was
ca. 50%. For other certified reference materials (BCR-40,
NIST-1632b, NIST-1632c, and SARM-20), the recoveries of
Co and Ni were good (seeTables 5 and 6). Therefore, it is
concluded that the reference values (not certified) of Co and
Ni for BCR-180 presented by BCR are not accurate.

Table 5
Determination of metals in BCR-40 by various digestion methods

Metal Certifieda One-stage digestion Two-stage digestion

With HF Without HF With HF Without HF

Measured Recovery
(%)b

Measured Recovery
(%)b

Measured Recovery
(%)b

Measured Recovery
(%)b

A 4
C 12
F 17
M 09
C 4
C 3
C 4
M 7
N 6
P 2
Z 3

lue])× 100.
l (mg/g) NA 0.70± 0.18 – 17.2± 0.
a (mg/g) NA 0.27± 0.08 – 1.38± 0.
e (mg/g) NA 8.92± 0.14 – 8.65± 0.
g (mg/g) NA 0.03± 0.01 – 1.23± 0.
o (�g/g) 7.8± 0.6 8.4± 0.5 108 6.2 ± 0.
r (�g/g) 31.3± 2.0 24.6± 1.6 79 21.9± 0.
u (�g/g) NA 30.1± 1.7 – 28.8± 2.
n (�g/g) 139± 5 100± 4 72 109 ± 2
i (�g/g) 25.4± 1.6 19.3± 1.1 76 18.8± 1.
b (�g/g) 24.2± 1.7 22.2± 1.6 92 23.8± 1.
n (�g/g) 30.2± 1.9 26.4± 2.4 87 27.3± 2.
a NA: not available.
b Recovery (%) = ([mean measured values]/[certified or reference va
– 2.4 ± 0.2 – 17.3± 0.5 –
– 1.14± 0.37 – 1.51± 0.11 –
– 8.61± 0.80 – 9.58± 0.40 –
– 0.10± 0.03 – 1.24± 0.07 –

79 8.2 ± 0.3 105 7.3 ± 0.2 94
70 29.1± 1.4 93 29.7± 1.8 95
– 34.5± 2.5 – 33.8± 1.8 –
8 126 ± 7 91 129 ± 10 93

74 23.6± 1.3 93 23.6± 1.1 93
98 23.5± 2.0 97 24.8± 1.2 102
90 27.2± 1.3 90 28.7± 0.7 95
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Table 6
Determination of metals in three certified reference materials

Metal NIST-1632b NIST-1632c SARM-20

Certifieda Measured Certifieda Measured Certifieda Measured

Al (mg/g) 8.55± 0.19 8.72± 0.24 (9.15± 0.14) 9.02± 0.22 5.97 5.58± 0.37
Ca (mg/g) 2.04± 0.06 2.13± 0.19 (1.45± 0.30) 1.43± 0.10 1.34 1.29± 0.11
Fe (mg/g) 7.59± 0.45 7.78± 0.16 (7.35± 0.11) 7.52± 0.27 8.18 7.78± 0.41
Mg (mg/g) 0.38± 0.01 0.37± 0.03 (0.38± 0.03) 0.35± 0.03 2.6 2.3 ± 0.2
Co (�g/g) 2.29± 0.17 2.5 ± 0.1 3.48± 0.20 3.7 ± 0.2 8.3 7.8 ± 0.3
Cr (�g/g) (11) 11.8± 0.8 (13.73± 0.20) 13.4± 0.7 (67) 60.3± 1.2
Cu (�g/g) 6.28± 0.30 6.4 ± 0.3 (6.01± 0.25) 5.8 ± 0.3 18 17.1± 0.4
Mn (�g/g) 12.4± 1.0 11.6± 0.2 13.04± 0.53 12.4± 0.4 80 75.3± 2.4
Ni (�g/g) 6.10± 0.27 6.5 ± 0.3 (9.32± 0.51) 9.6 ± 0.3 25 25.3± 0.6
Pb (�g/g) 3.67± 0.26 3.5 ± 0.3 (3.79± 0.07) 3.9 ± 0.2 26 24.5± 1.0
Zn (�g/g) 11.89± 0.78 12.0± 1.0 12.1± 1.3 11.7± 0.5 17 16.6± 1.2

a Values in parentheses are not certified (reference value).

In Table 5, the values obtained for another certified refer-
ence material, BCR-40, are recorded. The influence of adding
HF and that of multi-stage digestion upon the recovery were
quite similar to those when BCR-180 was analyzed. The ad-
dition of HF resulted in a great diminution in the values ob-
tained for Al, Ca, and Mg. The use of two-stage digestion
lead to some measurable improvements in the recovery com-
pared to the one-stage digestion, especially when minor or
trace metals were analyzed.

As a result, the optimum method for the microwave-
assisted digestion of coal is the two-stage digestion with-
out HF, i.e., coal is digested with a mixture of HNO3 + H2O2
(first processing), followed by the further addition of the fresh
mixture, and then the second processing is performed. It is
proposed that the mixture of HNO3 + H2O2 can effectively
extract these metals in coal during the microwave-assisted
acid-digestion, and thus the complete decomposition of sili-
cate matrix by adding HF is not necessary.

By use of the optimum digestion method followed by the
ICP-AES measurement, other three certified reference mate-
rials, NIST-1632b, NIST-1632c, and SARM-20, were tested.
As shown inTable 6, almost satisfied agreement between the
certified or reference values and the measured values was
obtained for all of metals examined.
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Table 7
Determination of metals in BCR-180 and NIST-1632ca

Metal BCR-180 NIST-1632c

Certifiedb Measured Recovery (%)c Certifiedb Measured Recovery (%)c

Al (mg/g) (12.4) 11.6± 0.5 94 (9.15± 0.14) 8.88± 0.37 97
Ca (mg/g) NA 3.42± 0.32 – (1.45± 0.30) 1.38± 0.03 95
Fe (mg/g) (11.7) 10.9± 0.2 93 (7.35± 0.11) 7.15± 0.13 97
Mg (mg/g) NA 0.52± 0.04 – (0.38± 0.03) 0.35± 0.01 92
Co (�g/g) (3.3) 3.8 ± 0.1 115 3.48± 0.20 3.7 ± 0.2 106
Cr (�g/g) (13.5) 12.7± 0.2 94 (13.73± 0.20) 13.8± 0.4 101
Cu (�g/g) (9.1) 8.6 ± 0.6 95 (6.01± 0.25) 5.5 ± 0.2 92
Mn (�g/g) 34.3± 1.1 32.7± 2.0 95 13.04± 0.53 12.7± 0.3 97
Ni (�g/g) (16) 8.0 ± 0.3 50 (9.32± 0.51) 10.1± 0.4 108
Pb (�g/g) 17.5± 0.5 17.2± 1.5 98 (3.79± 0.07) 3.8 ± 0.3 100
Zn (�g/g) 27.4± 1.1 25.8± 1.3 94 12.1± 1.3 12.7± 0.5 105

a Newly bought PTFE vessels, which had been aged by the HNO3–H2O2 digestion procedure (no contact with HF), were used.
b NA: not available; values in parentheses are not certified (reference value).
c Recovery (%) = ([mean measured value]/[certified or reference value])× 100.

the results are shown inFig. 1. As shown inFig. 1, very
good agreements were obtained between the concentrations
of Al, Ca, Fe, and Mg measured by the present method and
those of JIS-value (y=a+bx:a=−0.02–0.44,b= 0.95–1.05;
R2 = 0.97–0.99). For JIS-value, the analytical procedure is
totally different from that used in the digestion/ICP-AES
method. Accordingly, the fact that these two methods provide
highly accordant values suggests that the present method can
give very accurate determination for the metals in coal.

When the Mn concentrations obtained by the present
method was plotted against those of JIS-value, a good cor-

relation was observed except for five points, as shown in
Fig. 2a. The CCUJ also provided the data of X-ray fluores-
cence (XRF) analysis for the SS coals[16]. When the values
for the present method was plotted against those measured
by XRF, a good correlation including the five points was
obtained, although the slope obtained was 0.69 (Fig. 2b).
Consequently, it is proposed that JIS-value cannot give ac-
curate values for minor or trace metal concentrations, such
as Mn, although it provides good values of major metal con-
centrations. Also for XRF, the literature described that higher
values for recovery (110–130%) were obtained for NIST cer-
Fig. 1. Comparison between the values of metal concentrations in 24 SS
 coals measured by the digestion/ICP-AES method and those of JIS-value[15].
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Fig. 2. Comparison between the Mn concentrations in 24 SS coals measured
by the digestion/ICP-AES method and those of JIS-value[15] (a); compar-
ison between the values measured by the digestion/ICP-AES method and
those by XRF[16] (b).

tified materials (NIST-1632a and 1632b) when minor or trace
metals, such as Cr, Mn, and Ni, were measured[16]. Thus,
it appears that the slope 0.69 inFig. 2b is ascribed to the
tendency that XRF gives higher values of recovery.

4. Conclusion

The microwave-assisted acid-digestion for the determina-
tion of metals in coal by ICP-AES was investigated, espe-
cially focusing on the necessity of adding HF. By use of five
references certified materials, it was proved that the optimum
method is the two-stage digestion without HF, i.e., coal is
digested with a mixture of HNO3 + H2O2 (first processing),
followed by the further addition of the fresh mixture, and then
the second processing is performed. The addition of HF to the
digestion system caused a great depression in the recoveries
of Al, Ca, and Mg, while the two stage-digestion improved

the metal recoveries, especially for minor and trace metals,
compared to the one-stage digestion. The possibility of ‘HF-
memory effect’ was cancelled by use of a set of vessels which
had never been contacted with HF.

When 24 brands of SS coals were analyzed by the optimum
digestion/ICP-AES method, very good agreements were ob-
tained between the concentrations of Al, Ca, Fe, and Mg
measured by the present method and those of JIS-value. It is
hoped that the present method is useful in the practical de-
termination of metals in various coals, which should deserve
further exploration.
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