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The microwave-induced combustion (MIC) technique was
applied for coal digestion and further determination of
bromide, chloride, fluoride, and iodide by ion chroma-
tography (IC). Samples (up to 500 mg) were combusted
at 2 MPa of oxygen. Combustion was complete in less than
50 s, and analytes were absorbed in water or (NH4)2CO3

solution. A reflux step was applied to improve analyte
absorption. Accuracy was evaluated for Br, Cl, and F using
certified reference coal and spiked samples for I. For Br,
Cl, and F, the agreement was between 96 and 103% using
50 mmol L-1 (NH4)2CO3 as the absorbing solution and 5
min of reflux. With the use of the same conditions, the
recoveries for I were better than 97%. Br, Cl, and I were
also determined in MIC digests by inductively coupled
plasma mass spectrometry, inductively coupled plasma
optical emission spectrometry, and F was determined by
an ion-selective electrode with agreement better than 95%
to the values obtained using IC. Temperature during
combustion was higher than 1350 °C, and the residual
carbon content was lower than 1%. With the use of the
MIC technique, up to eight samples could be processed
simultaneously, and a single absorbing solution was
suitable for all analytes and determination techniques
(limit of detection by IC was better than 3 µg g-1 for all
halogens).

The content of trace elements in coal is relevant to evaluate
the environmental impact during mining, processing, and usage.1,2

On this aspect, the emission of air pollutants arising from the
combustion process, coal gasification, or liquefaction plants are
of great concern. Particularly to halogens their determination in
coal is very important to evaluate the risks of environmental
impact, mainly those caused by power plants based on coal
combustion.3,4

Renewed interest in the use of coal as a raw material in the
industrial processes has created an additional need for the
development of rapid and accurate methods for coal analysis,
especially those related to the content of halogens. In this
direction, analytical techniques such as inductively coupled plasma
mass spectrometry (ICPMS),5,6 ion-selective electrode (ISE),7,8 and
ion chromatography (IC)5,8,9 have been currently used for halogen
determination after a suitable sample pretreatment. Inductively
coupled plasma optical emission spectrometry (ICP OES) has also
been used in spite of the few reports described in the literature
for simultaneous halogen determination.10 Unfortunately, coal
samples are particularly difficult to bring into solution and
generally require complex and time-consuming sample preparation
procedures.9,11 The most used procedures involve the digestion
of coal using dry ashing,9 fusion,12 microwave-assisted wet diges-
tion in closed vessels,13,14 pyrohydrolysis,15-17 and combustion
techniques.7,18-20

Combustion in closed vessels using combustion bombs or
oxygen flasks have been currently used for coal digestion due to
the low residual carbon content (RCC) of the digests and the
suitability for determination by electroanalytical or chromato-
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graphic techniques.7,18,20 The official methods proposed by the
American Society for Testing and Materials (ASTM) recommend
combustion bombs as the digestion technique for the subsequent
determination of chloride and fluoride in coal.21,22 However, despite
their importance up to now, there are no methods recommended
by ASTM for bromide and iodide determination in coal.

In general, combustion techniques represent a very effective
way for coal digestion in view of the possibility to reach almost
complete matrix destruction due to the high temperature achieved
during combustion, in general higher than 1000 °C.23-28 Oxygen
flask and combustion bombs show some advantages such as the
relatively short time for coal digestion, low risks of contamination,
and the possibility to use more convenient absorbing solutions
for the subsequent determination step. On the other hand, these
techniques present some drawbacks such as (i) only one sample
can be processed each time causing low throughput, (ii) depend-
ing on the analyte, the cleaning step of the vessel walls (and
analyte dissolution) is not effective and it must be performed
manually, and (iii) for the oxygen flask, the sample mass can be
limited to only 50 mg.29-31 In spite of these drawbacks, there are
many applications of the oxygen flask and combustion bombs for
coal digestion and further nonmetals determination.18,20,24,32-34

However, for halogens some studies showed that, especially for
combustion bombs, it is necessary to wait 1 h after combustion
for analyte absorption in the solution. Moreover, the analyte
remaining in the gaseous phase can be lost when the combustion
device is opened.34,35 These problems should be minimized if a
reflux step could be applied after the combustion. However, this
step is not possible for the conventional oxygen flask and
combustion bomb techniques.

In order to minimize the drawbacks currently found for
combustion systems, a technique based on microwave-induced
combustion (MIC) was recently proposed.36 This technique
involves the combustion of organic samples in closed quartz

vessels pressurized with oxygen, and ignition is performed by
microwave radiation. The equipment is the same conventionally
used for microwave-assisted wet digestion with minimal changes.
This technique allows the combination of the advantages of
classical combustion techniques with those using conventional
closed systems heated by microwave radiation.36 In this system,
a small quartz holder is placed inside a quartz vessel containing
a suitable absorbing solution. The ignition is performed by
microwave radiation, avoiding additional devices as electrodes that
could cause contamination by metals. In addition, up to eight
samples can be simultaneously burnt, increasing the throughput.
Different from the oxygen flask and combustion bombs, the MIC
technique allows a reflux step that effectively improves the
washing of the vessel walls and quartz holder.23,37,38 This aspect
is particularly important for halogens in view of problems related
to effective absorption in solution. However, despite this advan-
tage, the MIC technique has been not applied to coal digestion
for the determination of halogens.

In this work, the first application of the MIC technique for coal
decomposition for further simultaneous determination of Br, Cl,
F, and I by IC is described. In order to evaluate the suitability of
the proposed digestion technique for other determination tech-
niques, digests were also analyzed by ICPMS and ICP OES for
Br, Cl and I and ISE for F. Validation of the procedure was
evaluated using certified reference coals (for Br, Cl, and F) or
spikes (for I). Different absorbing solutions (ammonium carbonate
or water), the necessity of the reflux step, and the RCC in digests
were also evaluated.

EXPERIMENTAL SECTION
Instrumentation. In this study, a microwave oven originally

designed for closed vessels wet digestion (Multiwave 3000
microwave sample preparation system, Anton Paar, Graz, Austria)
equipped with eight high-pressure quartz vessels was used for
the proposed combustion procedure. The volume of the vessels
was 80 mL, and the maximum operational temperature and
pressure was set at 280 °C and 8 MPa, respectively. The software
version was v1.27-Synt, and the microwave system was previously
modified to run with a maximum pressure rate of 0.3 MPa s-1

(and not 0.08 MPa s-1 as in the original software). This change
was necessary to prevent eventual interruption of the microwave
radiation before ignition of all samples. Pressure was monitored
in each vessel for all the runs. The quartz holder was designed in
order to reduce the cool surfaces that might cause carbon deposits
during the combustion. In addition there is a quartz disc mounted
at the top of the holder to shield the polytetrafluorethylene lid of
the quartz vessel from the flame of the burning sample.37

Bromide, chloride, fluoride, and iodide were determined using
a modular IC chromatographic system (Metrohm Ion Analysis,
Herisau, Switzerland), with an anion-exchange column (Metrosep
A Supp 5, polyvinylalcohol with quaternary ammonium groups,
150 mm × 4 mm i.d.), a guard column (Metrosep A Supp 4/5
Guard), a chemical suppressor module, and a conductivity
detector. A sample loop of 100 µL was used. The mobile phase
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was 3.2 mmol L-1 Na2CO3 and 1.0 mmol L-1 NaHCO3 at a flow
rate of 0.7 mL min-1.

Bromide, chloride, and iodide were also determined in digests
after combustion using an inductively coupled plasma mass
spectrometer (Perkin-Elmer-SCIEX, model Elan DRC II, Thorn-
hill, Canada), equipped with a concentric nebulizer (Meinhard
Associates, Golden, CO), a cyclonic spray chamber (Glass Expan-
sion, Inc., West Merbourne, Australia), and a quartz torch with a
quartz injector tube (2 mm i.d.). Instrumental performance
optimization, including nebulizer gas flow rate, ion lens voltage,
and torch alignment, was carried out following the instructions
of the manufacturer.39 The operational conditions are shown in
Table 1.

An inductively coupled plasma optical emission spectrometer
(Spectro Ciros CCD, Spectro Analytical Instruments, Kleve,
Germany) was used for Br, Cl, and I determinations with an axial
view configuration. Nebulization was performed through a cross-
flow nebulizer coupled to a Scott double pass type nebulization
chamber. Plasma operating conditions and selected wavelengths
used for Br, Cl, and I determinations are listed in Table 1, and
they were used as recommended by the instrument manufac-
turer.40 This equipment was also used for the measurement of
the residual carbon content, and the respective conditions were
described elsewhere.41 However, instead of heating at 120 °C,
digests were sonicated with an ultrasonic probe (VCX 130 PB,
130 W, 20 kHz, Sonics and Materials Inc., Newton, CT) for 2 min
to remove the volatile carbon compounds before RCC measure-
ments. For ICPMS and ICP OES determinations, argon 99.996%
(White Martins-Praxair, São Paulo, Brazil) was used for plasma
generation, for nebulization, and as the auxiliary gas.

Fluoride was determined in digests using a potentiometer
(model 781 pH/Ion Meter, Metrohm, Herisau, Switzerland)

equipped with a fluoride ISE (model 6.0502.150, Metrohm).
Analytical conditions were described elsewhere.15

The temperature during coal combustion was determined
using an optical pyrometer (Ultimax Infrared Thermometer, Ircon,
Niles, IL) equipped with a close-up VX-CL1 lens.

Samples, Reagents, and Standards. Initial studies were
carried out using a Brazilian coal sample obtained from Santa
Catarina State mine containing 27% of ash. This sample was
ground using a cryogenic mill (Spex Certi Prep, model 6750,
Metuchen, NJ) to obtain particle diameter below 102 µm. The
following certified reference materials (CRM) were used in this
work: IRMM BCR 40 (trace elements in coal), IRMM BCR 181
(coking coal), NIST SRM 1632b (trace elements in coal), NIST
SRM 1632c (trace elements in coal), and SARM 19 (coal, O. F.
S.). All the samples were pressed as pellets (diameter of 13 mm)
using a hydraulic press set at 8 ton by 1 min (Specac, Orpington,
U.K.).

Milli-Q water (18.2 MΩ cm) and analytical-grade reagents
(Merck, Darmstadt, Germany) were used. Working analytical
solutions for IC analysis were prepared before use by serial
dilution of stock reference solutions containing 100 mg L-1 of
fluoride, chloride, and bromide (multielement solution, Fluka,
Buchs, Switzerland) in water. The iodide stock reference solution
was prepared by dissolution of potassium iodide salt (Merck,
Darmstadt, Germany) in water. For the determination by ICPMS
and ICP OES, analytical solutions were prepared in 10 mmol L-1

(NH4)2CO3.
Water and ammonium carbonate solutions were used as

absorbing media for the halogens. Ammonium carbonate was
dissolved in water in concentrations ranging from 10 to 200 mmol
L-1. An ammonium nitrate solution (6 mol L-1) was used as an
ignition aid. A small disc of filter paper (15 mm in diameter, 12
mg) with low ash content (Black Ribbon Ashless, Schleicher &
Schuell GmbH, Dassel, Germany) was used as an aid for the
combustion process. The filter paper was previously cleaned with
absolute ethanol for 20 min in an ultrasonic bath and rinsed with
water and dried in an oven for 2 h at 60 °C before use. Glass or
quartz materials were soaked in 1.4 mol L-1 HNO3 for 24 h and
thoroughly washed with water before use.

Microwave-Induced Combustion Procedure. For the pro-
posed MIC procedure, pellets of coal samples from 50 to 500 mg
were weighed and placed together with the filter paper on the
quartz holder. Quartz vessels were previously charged with 6 mL
of absorbing solution (water or ammonium carbonate), and 50
µL of the 6 mol L-1 NH4NO3 solution was added to the filter paper.
Then, the holder was introduced into the quartz vessel. After
closure and capping of the rotor, the vessels were pressurized
with 2 MPa of oxygen by means of the valve originally designed
for pressure release after conventional acid sample digestion. Then
the rotor was placed inside the oven, and the selected microwave
heating program was started: (i) 1400 W for 60 s (sample
ignition), (ii) 1400 W for 5 min (optional reflux step), and (iii) 0
W for 20 min (cooling step, if step ii was applied). During steps
i and ii, the cooling fan of the microwave oven was selected at
level 1 (level 3 was applied only for step iii). Vessels were opened
30 min after the combustion if only step “i” was used. The time
for the optional reflux step after the combustion and the time for
cooling were set in accordance with the previous studies.37 After

(39) Perkin Elmer-SCIEX, Elan version 3.0, Software Guide, 1006920 A, 2003,
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(41) Gouveia, S. T.; Silva, F. V.; Costa, L. M.; Nogueira, A. R. A.; Nóbrega, J. A.
Anal. Chim. Acta 2001, 445, 269-275.

Table 1. Operational Parameters for Br, C, Cl, and I
Determinations by ICP OES and ICPMS

parameter ICP OES ICPMS

rf power (W) 1650 1400
plasma gas flow rate

(L min-1)
14.0 15.0

auxiliary gas flow rate
(L min-1)

1.0 1.2

nebulizer gas flow rate
(L min-1)

0.7 1.15

spray chamber double pass, Scott type cyclonic
nebulizer crossflow concentric
view axial
sampler and skimmer cones Pt
ion lens (V) 7.2
dwell time (ms) 50
isotope (m/z) 79Br

35Cl
127I

wavelength (nm) Br 154.065
Cl 134.724
I 178.276
Ca 193.091

a RCC measurements were performed according to ref 41.
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digestion, the pressure of each vessel was carefully released. In
this work, each run was performed with a minimum of four
vessels. The resultant solution was diluted with water and
transferred to 30 mL polypropylene vials. Cleaning of vessels and
holders was carried out with 6 mL of concentrated HNO3 in the
microwave oven at 1400 W for 5 min and 0 W for 20 min for
cooling. The concentration of ammonium nitrate solution, the
minimum volume for the ignition process, as well as the mass of
paper filter were based on previous works.36,37 Final digests were
analyzed by IC, ICP OES, ICPMS, and ISE.

RESULTS AND DISCUSSION
Microwave-Induced Combustion of Coal. Initial studies

were performed for the evaluation of the safety aspects of the coal
combustion process. The maximum pressure achieved during the
combustion of 250 and 500 mg of coal samples, using 2 MPa as
the initial oxygen pressure, was 3 and 4 MPa, respectively. The
maximum pressure is 50% of the maximum working pressure
recommended by the manufacturer (8 MPa). Therefore, the
combustion process can be considered safe for the coal combus-
tion procedure even with a sample mass as high as 500 mg. The
maximum temperature achieved during the combustion was
around 1400 °C for 500 mg of coal using the initial oxygen
pressure at 2 MPa. During the combustion, a white and bright
light was emitted that also confirms the high temperature attained.
However, despite the high temperature, no damages were
observed in the holders and vessels.

Influence of Absorbing Solution and Reflux Step on
Bromide, Chloride, Fluoride, and Iodide Recoveries. The
absorbing solution has an important role because the type and
the concentration of the solution are not the same for different
analytes as well as the time for absorption.16,32 In some cases, a
reducing agent must be added in order to prevent the formation
of free halogen that could be lost when the vessel is opened.33 In
this work, the time for analyte absorption (26 and 31 min, with
and without reflux, respectively) was chosen based on the time
currently used for digestion using combustion bombs and oxygen
flask techniques and further halogens determinations.7,16,19,32

A noncertified Brazilian coal sample was used, and spikes of
Br, Cl, F, and I were made in the pellets (500 mg) for subsequent
determination by IC. The recoveries after microwave-induced
combustion using water or 10, 50, 100, and 200 mmol L-1

ammonium carbonate as the absorbing solution are shown in
Figure 1. These preliminary tests were carried out without the
reflux step, and the time for analyte absorption was set at 30 min.
Water recoveries below 80% were obtained for F and I. Better
values were obtained for Br (87%) and for Cl (92%). Moreover,
for all analytes the relative standard deviation (RSD) was higher
than 11%. With the use of a 10 mmol L-1 ammonium carbonate
solution, an increase of 5% was obtained for F and I recoveries.
However, practically the same values using water were obtained
for Br and Cl. With an (NH4)2CO3 solution of 50-200 mmol L-1,
recoveries higher than 92% were obtained for all analytes. For
these conditions, the RSD was always higher than 4% but the
maximum recovery was 97% for I.

Tests with 5 min reflux after the combustion step with the same
absorbing solutions were also carried out. Results are shown in
Figure 2. Recoveries better than 87% were obtained for all analytes
with water as the absorbing solution, and the RSD was lower than

6%. However, the maximum value of 96% was only obtained for
Cl. With the use of the 10 mmol L-1 (NH4)2CO3 as the absorbing
solution, an improvement of 5% was observed for I. With the use
of 50 mmol L-1 (NH4)2CO3, the recoveries were close to 100%
and a RSD below 3% was obtained for all analytes. With higher
concentrations of (NH4)2CO3, the results were practically the same
as with 50 mmol L-1 (NH4)2CO3. The effect of the reflux step could
be explained with the higher efficiency of washing of the holder
and the internal vessel walls when compared to other processes
such as, e.g., manual shaking. This aspect can be considered as
the main difference to other combustion systems where a reflux
step cannot be applied.21,22 On the other hand, 50 mmol L-1 (NH4)2-
CO3 as the absorbing solution provided a suitable medium for
determinations by IC. In addition, the use of reflux minimizes the
use of more concentrated solutions. Absorbing solutions as diluted
as possible are generally desirable to ensure lower blank values.
Then, the proposed MIC procedure could provide a convenient
method that allows the simultaneous determination of all halogens
by IC.

Determination of Bromide, Chloride, Fluoride, and Iodide
in Coal After the MIC Procedure. With the use of 50 mmol L-1

Figure 1. Influence of the absorbing solution for Br, Cl, F, and I
(checkerd, white, black, gray, respectively) determination in coal using
the proposed microwave-induced combustion procedure without the
reflux step and determination by IC (error bars represent the standard
deviation, n ) 3).

Figure 2. Influence of the absorbing solution for Br, Cl, F, and I
(checkered, white, black, gray, respectively) determination in coal
using the proposed MIC procedure with the reflux step and determi-
nation by IC (error bars represent the standard deviation, n ) 3).
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(NH4)2CO3 as the absorbing solution, well-defined peaks with a
stable baseline were observed for the IC chromatograms. In view
of the low concentration, the signal for iodide was not observed.
In spite of the presence of relatively high concentrations of sulfate
and nitrate ions, in this work even using coal samples as high as
1.6% S, no influence was observed for all halogen signals by IC. A
peak for nitrite was also identified in digests. However, this peak
did not interfere for halogen determination either.

In addition to IC, nowadays, some plasma optical emission
spectrometers also allow the determination of halogens (with the
exception of F). Moreover, depending on the laboratory conditions
it would be desirable to analyze the obtained digests by other
determination techniques as ICPMS, ICP OES, and ISE. Table 2
presents the results for Br, Cl, F, and I determination by IC, ICP
OES, ICPMS, and ISE in coal samples after MIC digestion with
reflux using 50 mmol L-1 ammonium carbonate as the absorbing
solution. Generally, results were in agreement with the certified
or informed values for all analytes. Current Br concentration in
coal is low42 and, in particular, the bromide concentration in
Brazilian coal was lower than the quantification limit (10σ)
obtained by IC and ICP OES. In this case, Br determination was
carried out by ICPMS. Spiked samples were used for evaluating
the accuracy and recoveries, which were from 97.5 to 102%. For
CRM, the results using ICPMS or ICP OES (for NIST 1632c) were
in agreement with the certified or recommended values. For the
determination of chloride, IC and ICP OES were used and the
results for both techniques agreed with reference values (no
statistical difference, 95% confidence level). In this case, the use
of ICPMS was avoided due to the excessively high chloride
concentration in the samples. Fluoride was determined only by
IC and ISE because ICP OES and ICPMS are not able to measure
this element. The results for the certified or recommended values
were in agreement better than 98%.

Because of the low iodide concentration in Brazilian coal, the
determination was only possible with ICPMS. Certified or recom-
mended values were not available for iodide in the coal CRMs
evaluated. Therefore, accuracy was evaluated using the spiked
solution. In addition, a mixture of coal and certified reference milk
powder (IRMM BCR 150-spiked skim milk powder, low level) was

prepared. The pellets of this mixture were combusted by the
proposed MIC procedure, and I determination was performed by
IC, ICP OES, and ICPMS. For both kinds of spikes, the recoveries
were better than 97%.

It is important to point out that iodide memory effects were
observed in the initial determinations by ICPMS if reference
solutions or digests were prepared in water or acidic medium.
This fact has been also reported in the literature, and this effect
can be thought to arise from the volatile iodine species (I2 and
HI) mainly in the spray chamber.43-45 This problem was solved
by preparing all the solutions in 10 mmol L-1 (NH4)2CO3 and also
using an ammonium carbonate solution to wash the sample
introduction system (tubing, spray chamber, nebulizer).

Blanks for the proposed procedure were always low, probably
due to the high cleaning efficiency of the holders and vessels by
the reflux step and by the use of low-concentrated ammonium
carbonate solutions.

Investigation of the Presence of Bromate, Chlorate, and
Iodate in Digests after the Combustion Step. It was found in
literature that some works have indicated that bromate and iodate
may be generated after combustion,46,47 and the addition of
hydrazine sulfate48 or hydrazine hydrate and ammonium vanadate
in the absorbing solution46 has been proposed to catalyze the
conversion of bromate and iodate into the respective bromide and
iodide. In the present work, a systematic study was carried out
to evaluate the possible formation of bromate, chlorate, and iodate
in a combustion step. Then, standard reference solutions of these
anions were added to the digests, and they were determined by
IC. The retention times of iodate, bromate, and chlorate were 3.6,
5.1, and 7.7 min, respectively. With the use of spikes in the digests,
the presence of additional peaks was observed that were further
identified as bromate and chlorate. Therefore, it was accepted that
these species were not formed during the combustion. For iodate,
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Table 2. Determination of Br, Cl, F, and I by IC, ICP OES, ICPMS, and ISE in Coal Certified References Materials
Using the MIC Procedurea

concentration (µg g-1 ( standard deviation)
element sample IC ICPMS ICP OES ISE

certified value
(µg g-1)

Br NIST 1632c 18.5 ( 0.2 18.9 ( 0.1 e20.0 ndb 18.7 ( 0.4
SARM 19 e2.5 2.02 ( 0.08 e20.0 ndb 2b

Brazilian coal e2.5 0.70 ( 0.03 e20.0 ndb

Cl BCR 181 1424 ( 42 ndb 1373 ( 45 ndb 1380 ( 50
NIST 1632b 1228 ( 31 ndb 1241 ( 35 ndb 1260b

NIST 1632c 1119 ( 27 ndb 1150 ( 38 ndb 1139 ( 41
Brazilian coal 206.9 ( 4.6 202.3 ( 14.1 196.7 ( 12.5 ndb

F BCR 40 110.3 ( 3.1 ndb ndb 110.8 ( 3.4 111.4 ( 8.5
NIST 1632b 40.9 ( 1.9 ndb ndb 41.9 ( 1.7 41.7 ( 3.2
NIST 1632c 71.5 ( 2.3 ndb ndb 71.7 ( 2.9 72.7 ( 6.8
Brazilian coal 175.2 ( 7.2 ndb ndb 170.5 ( 8.3

I Brazilian coal e3.0 0.26 ( 0.03 e4.5 ndb

a n ) 3, 6 mL of 50 mmol L-1 (NH4)2CO3 absorbing solution, 5 min 1400 W, 20 min cooling. b Informed value; nd: not determined
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its elution time is generally coincident with fluoride and conductiv-
ity detection is not selective to determine each species separately.
Thus, if iodate was generated its presence could interfere in the
fluoride determination by IC. However, it could be supposed that
iodate was not present because the measurement of fluoride by
IC and ISE were in agreement. Moreover, the agreement for Br,
Cl, and F with the certified values was close to 100%, indicating
that BrO3

-, ClO3
-, and IO3

- were not formed by using the
proposed MIC procedure.

Comparison of the Proposed Procedure with ASTM
Procedures. The digestion of coal recommended by American
Society for Testing and Materials is the bomb combustion for
subsequent determination of Cl and F by potentiometric titration
and ISE, respectively. A comparison of ASTM and the proposed
MIC techniques is shown in Table 3. In the ASTM procedure, 1
g of sample is burnt in a bomb loaded with 2-3 MPa oxygen
and different absorbing solutions. For Cl, 5 mL of 0.75 mol L-1

(NH4)2CO3‚H2O and for F, 5 mL of 1 mol L-1 NaOH are
recommended. Therefore, two different digestions are necessary
to determine these elements by different techniques. Conse-
quently, a low sample throughput is observed. When compared
to the ASTM procedure, MIC combined with IC enables the
application of one single digestion and determination procedure
for the determination of these two analytes and, additionally, Br
and I. Moreover the analysis of different coal samples by means
of the proposed procedure with good agreement to CRM values
assures its robustness. In the MIC procedure, up to eight samples
can be processed simultaneously that allow higher sample
throughput of up to 16 samples per hour. One of the main aspects
is related to the digest’s compatibility to other determination
techniques like ICP OES and ICPMS for Br, Cl, and I and ISE for
F. Consequently, the proposed MIC digestion procedure can be
used by different laboratories according to their available instru-
mentation for halogen determination. In addition, the reflux step,
not available for combustion bombs, improves the absorption of
analytes assuring quantitative recoveries. Moreover, MIC proce-
dure allows pressure and temperature control which is important

for safety reasons and for the accompaniment of the combustion
reaction.

The limits of detection (LODs) using the proposed MIC
procedure (3σ) were 2.5, 0.8, 0.25, and 3.0 µg g-1 for Br, Cl, F,
and I by IC, respectively. The LODs using ICPMS were 0.02, 6.1,
and 0.001 µg g-1 for Br, Cl, and I, respectively. The corresponding
LODs for ICP OES determinations were 20.0, 8.4, and 4.5 µg g-1.
For the determination of F by ISE, the LOD was 3.5 µg g-1.

Residual Carbon Content in Coal Digests. In this work, the
residual carbon content was used to evaluate the efficiency of coal
digestion procedures.41 The RCC values were below 0.5% for coal
samples using MIC procedures with or without the reflux step.
The low RCC obtained with the proposed procedure could be
related to the high temperature (about 1400 °C) during coal
combustion. Under this condition practically all the organic matrix
is completely oxidized, which prevents interferences with ISE,
ICPMS, or IC by residual organic compounds.

CONCLUSIONS
With dependence on the analyte, the proposed MIC procedure

for coal digestion was considered suitable for halogen determina-
tions by IC, ICP OES, ICPMS, or ISE. Contrary to other com-
bustion techniques, MIC allows a reflux step that minimizes poten-
tial losses due to analyte adsorption. In general, MIC procedure
showed good performance for coal digestion due to complete
oxidation of the organic matrix, safety, and high throughput, which
is important for routine analysis.
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Table 3. Comparison between Coal Digestion Conditions for Subsequent Halogens Determinations Using the
Proposed MIC and Recommended Combustion Techniques by ASTM

digestion technique

parameter combustion bomb (ASTM)21,22 MIC

sample mass (g) 1.0 0.5
absorbing solution 5 mL of 0.75 mol L-1

(NH4)2CO3‚H2O (Cl)
5 mL of 1 mol l-1 NaOH (F)

6 mL of 50 mmol L-1

(NH4)2CO3 (Br, Cl, F, and I)

determination technique potentiometric titration (Cl)
ISE (F)

IC (Br, Cl, F, and I)
ICP OES, ICPMS (Br, Cl, I)
ISE (F)

no. of digestions by hour 1-2 samples up to 16 samples
reflux step not available available
pressure and temperature control not available available
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