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Sample preparation of polymers for halogen determination requires special attention because 
they are difficult to bring into solution and due to the risk of analyte losses when using acid digestion. 
A method using microwave-induced combustion (MIC) was optimized for accurate determination 
of halogens in polymeric parts obtained in waste of electrical and electronic equipment. Results 
were compared with those by using microwave-assisted extraction (MAE) with alkaline solution 
and microwave-assisted wet digestion (MAWD) using concentrated nitric acid, which are common 
choices for sample preparation. In this particular case, the MAE method was not suitable and 
underestimated results were obtained, showing the necessity for the complete digestion. Even 
with the use of MAWD under high temperature and pressure, incomplete digestion and high acid 
content were obtained, which were unsuitable for analysis and resulted in poor recovery. Only 
by using MIC (diluted ammonia as absorbing solution) acceptable recoveries (95 to 104%) and 
agreement with certified values for the certified reference materials (CRMs) of polymers were 
obtained. Thus, a suitable method for all halogen to be determined by ion chromatography (IC) or 
inductively coupled plasma mass spectrometry (ICP-MS), with the exception of F, was obtained in 
agreement with the requirements by the Restriction of the Use of Certain Hazardous Substances 
(RoHS) European directive.
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Introduction

The amount of generated waste of electrical and 
electronic equipment (WEEE) has been rapidly growing 
due to continuous changes in technology and the expansion 
of the electronics industry.1 The hazardous components of 
those equipment make waste management difficult, and 
their recycling is commonly not performed efficiently.1,2 
Thus, the European Union recently established the 
Restriction of the Use of Certain Hazardous Substances 
(RoHS) directive for electrical and electronic equipment.2 
This directive establishes regulation of the management of 
wastes containing brominated flame retardants (BFRs) and 
metallic elements up to a certain maximum level.2

Halogenated flame retardants are widely used in 
the manufacture of electronic equipment, textiles, 

polymers, and other materials for preventing fires.3 These 
substances are persistent, bioaccumulative, and toxic 
for the environment.4,5 In addition, they may enter the 
food chain, causing serious health risks.5-8 Furthermore, 
WEEE containing halogens can cause problems during 
incineration, such as the release of dioxins and respective 
halogenated acids.9,10 Thus, the RoHS directive sets the 
maximum concentrations of polybrominated biphenyl 
(PBB) and polybrominated diphenyl ether (PBDE) in 
specific materials and components of electrical and 
electronic equipment to 0.1%.2

In this respect, to monitor the BFRs present in 
WEEE, the development of feasible analytical methods is 
increasingly required. The determination of bromine from 
BFRs, such as PBB and PBDE, and other halogenated 
impurities contained in WEEE can be performed by ion 
chromatography (IC). This technique has been considered 
preferable for the determination of total halogens in 
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routine analysis.11,12 Nevertheless, the analysis of WEEE 
by IC requires prior, effective sample digestion in order 
to obtain a solution suitable for the introduction into the 
equipment, one with low acidity, low carbon content, and 
without particles.12

Despite the great industrial and environmental relevance 
of the determination of halogens in WEEE, a few studies in 
the literature have concerned the development of digestion 
methods for polymeric materials and further halogens 
determination,9,11,13 possibly due to the difficulty of 
polymer digestion assuring a suitable recovery of halogens. 
Digestion of these materials is commonly performed under 
drastic conditions, such as high pressure and temperature 
with concentrated acids.14,15 In this sense, microwave-
assisted wet digestion (MAWD) in closed vessels has been 
applied to biological, botanical, geological, environmental, 
and polymeric samples.14-16 In this system, high pressure 
and temperature can be used, resulting in high efficiency 
of digestion.17 However, the MAWD method is usually 
unsuitable for the determination of halogens, because it 
can lead to the generation and losses of volatile species, 
as well as high acid content in digests, which can interfere 
in determination step.13,18 On the other hand, microwave-
assisted extraction (MAE) has been performed to extract 
halogens into aqueous solution, using alkaline reagents, 
such as ammonia and tetramethylammonium hydroxide 
(TMAH), under mild temperature (e.g., 90 oC).19 However, 
MAE may not be enough for the complete extraction of 
halogens, particularly when they are present as organic 
compounds, resulting in underestimated values.19 If the final 
solution contains high amounts of organic compounds, they 
can also interfere in the determination leading to inaccurate 
results.19,20 After preparing samples, halogens determination 
can be performed by inductively coupled plasma mass 
spectrometry (ICP-MS), inductively coupled plasma optical 
emission spectrometry (ICP OES), or IC.11-13,19,20 Halogens 
determination in WEEE has also been performed by X-ray 
fluorescence analysis as an alternative, minimizing the 
sample preparation problems previously mentioned.21-23 
However, this technique can require suitable standard 
materials for calibration, which are not easily available.9,24,25

In this sense, combustion systems would be preferable 
to digest polymeric samples for further halogens 
determination.9,24,26 These systems allow the complete 
combustion of the organic matrix and the use of diluted 
absorbing solutions to retain analytes.9,27 However, the 
classical combustion bomb and oxygen flask (Schöniger) 
systems are limited by their low sample throughput, and 
it is impossible to apply a reflux step to improve analyte 
recoveries.11-13,28 In order to overcome these drawbacks, 
a microwave-induced combustion (MIC) method was 

developed that allows the digestion of a relatively high 
sample mass using diluted absorbing solution and a 
reflux step.13,28 This system has been applied to the 
digestion of many materials, including elastomers11 for 
the further determination of halogens by IC and ICP-MS, 
as well as plastics (low- and high-density polyethylene, 
polypropylene, polystyrene, polyethylene terephthalate, 
polyetheretherketone, and nylon 6.6)29 for metals 
determination by ICP-MS and ICP OES. Despite the 
successful application of MIC for these polymers, this 
method29 was still not evaluated for halogens determination.

Considering the need for methods allowing suitable 
digestion of polymeric WEEE for halogens determination, 
in the present work, a method was optimized to circumvent 
the limitations of common methods for sample preparation 
of polymers for halogens determination. A method using 
MIC was optimized and results were compared with those 
using MAE and MAWD. Sample preparation methods 
were evaluated in terms of digestion efficiency, suitability 
of digests for IC or ICP-MS analysis and accuracy. The 
following operational conditions related to MIC were studied, 
including sample mass and different types and concentrations 
of absorbing solution: H2O, 0.02 to 0.90 mmol L-1 H2O2, 10 to 
100 mmol L-1 ammonia solution, and 10 to 100 mmol L-1 
(NH4)2CO3. The suitability of digests for IC and ICP-MS 
analyses (carbon content and final pH) was also evaluated. 
The accuracy was evaluated using certified reference 
materials (CRMs) of low-density polyethylene. Recovery 
experiments were performed for F, Cl, Br, and I. In addition, 
polymeric parts segregated from WEEE (optical mouse, 
remote control of an air conditioner, keyboard, and mobile 
phone) were used as samples, submitted to the MIC method 
for further determination of halogens by IC.

Experimental

Instrumentation

Polymeric parts of WEEE were ground using a 
cryogenic mill (Spex Certiprep 6750, USA) and dried in an 
oven (Nova Ética 400 / 2ND, Brazil). An analytical balance 
(Shimadzu AY220, Brazil) was used to weigh the samples. 
A hydraulic press (13 mm diameter, set at 3 t, Specac, UK) 
was used to press the samples as pellets for MIC.

A microwave-assisted sample preparation system 
(Anton Paar Multiwave 3000, Austria) equipped with up 
to eight closed quartz vessels (internal volume of 80 mL, 
maximum temperature and pressure of 280 oC and 80 bar, 
respectively) was used for MAE, MAWD, and MIC 
methods. For the combustion process, commercial quartz 
holders (Anton Paar, part No. 16427, Austria) were used.
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Halogens determination was performed using an IC 
system (Metrohm 850 Professional IC, Switzerland) 
with conductivity detection. It was equipped with an 
anion-exchange column (Metrosep A Supp 5, Metrohm, 
Switzerland, polyvinylalcohol with quaternary ammonium 
groups, 250 × 4 mm i.d., 5 µm), a guard column 
(Metrosep A Supp 4 / 5 Guard, Metrohm, Switzerland), 
and a chemical and self-regeneration suppressor module. 
The selected mobile phase was 3.2 mmol L-1 Na2CO3 and 
1.0 mmol L-1 NaHCO3 at a flow rate of 0.7 mL min-1.12 A 
sample loop of 100 µL was used.

For the determination of Cl, Br, and I, an ICP-MS 
(PerkinElmer-SCIEX Elan DRC II, Canada) equipped 
with a concentric nebulizer and a baffled cyclonic spray 
chamber was also used. Isotopes were 35Cl, 79Br, and 127I. 
Regarding the plasma operational conditions used in the 
ICP-MS, radio-frequency power was 1300 W and argon 
flow rates of plasma, auxiliary, and nebulizer, were 15.0, 
1.2 and 1.05 L min-1, respectively, according to previous 
works.11,19,28,30 For chlorine, the determination was carried 
out by using the dynamic reaction cell following the 
operational conditions optimized by Antes et al.30 In 
order to evaluate digestion efficiency, the carbon content 
in the digests was determined by ICP OES (PerkinElmer 
Optima 4300 DV, USA) using a GemCone® nebulizer 
and a cyclonic spray chamber. Wavelengths were set at 
193.091 and 371.029 nm for carbon and yttrium (used as 
internal standard), respectively.31 Operational conditions 
of ICP OES were as follows: radio-frequency power of 
1400 W, plasma gas flow rate of 15.0 L min-1, auxiliary 
gas flow rate of 0.2 L min-1, and nebulizer gas flow rate of 
0.70 L min-1.13,29 Argon (99.998%, White Martins-Praxair, 
Brazil) was used to generate plasma, for nebulization, 
as an auxiliary gas, for cryogenic milling, and also to 
remove carbonaceous gases dissolved into digests before 
determining the carbon content.

Reagents, samples, and sample preparation

Ultrapure water from a Milli-Q system (18.2 MΩ cm, 
Millipore, USA) was used to dilute and prepare all standard 
solutions, mobile phase, and reagents. Ammonium nitrate 
(NH4NO3, Merck, Darmstadt, Germany) was used to 
prepare a 6 mol L-1 solution that was used as igniter for 
MIC. An ammonia solution (25% NH3 in water, Merck, 
Darmstadt, Germany) was used to prepare absorbing 
solutions for combustion and the extraction process. 
Ammonium carbonate ((NH4)2CO3, Merck, Darmstadt, 
Germany) and hydrogen peroxide (30%, Vetec, Rio de 
Janeiro, Brazil) were also used to prepare the absorbing 
solutions for MIC. Alkaline extraction was performed 

with TMAH (0.1 mol L-1, Merck, Darmstadt, Germany). 
Concentrated nitric acid (65%, HNO3, Merck, Darmstadt, 
Germany) was distilled using a sub-boiling system 
(Milestone DuoPur, Italy) and used for MAWD. For 
calibration, analytical solutions of halogens (F, Cl, and Br) 
were prepared from a multielement anion standard solution 
(10 mg L-1, Fluka, St. Louis, USA) in water for IC and in 
diluted NH3 (10 mmol L-1) for ICP-MS. A stock standard 
solution of iodine (1000 mg L-1) was prepared by dissolving 
potassium iodide salt (Merck, Darmstadt, Germany) in 
water. For carbon determination by ICP OES, standard 
solutions were prepared by successive dilution of a stock 
solution (1000 mg L-1), which was prepared using citric 
acid (Merck, Darmstadt, Germany) dissolved in water. A 
standard solution of yttrium (1 mg L-1, Fluka, St. Louis, 
USA) was used as the internal standard.

An optical mouse, remote control of an air conditioner, 
keyboard, and a mobile phone were used as WEEE 
examples. The metallic and polymeric parts of WEEE were 
manually separated and the polymeric parts were used in 
this work (more information is available in Figure S1, 
Supplementary Information (SI) section). For all samples, 
the main composition of polymers was obtained by infrared 
spectroscopy analysis (PerkinElmer Spectrum One FTIR, 
USA) showing that WEEE are based on acrylonitrile 
butadiene styrene (ABS) copolymer, polycarbonate / ABS 
blend, polyurethane / styrene acrylonitrile copolymer, 
polyester, polystyrene and polypropylene, as seen in 
previous literature.1 Samples were ground in a cryogenic 
mill by applying a pre-cooling time of 90 s followed by 
3 min for grinding, repeated three times. As particle size 
can influence sample preparation, particularly impairing 
extraction efficiency, it was measured and was between 20 
and 300 µm. Ground samples were dried at 60 oC for 1 h in 
an oven. Polymeric parts segregated from an optical mouse 
were used to optimize parameters. In view of the lack of 
CRMs of WEEE with certified values for all analytes (F, 
Cl, Br and I), accuracy was verified using analyte addition 
and CRMs provided by European Reference Materials 
(ERM, Geel, Belgium) of low-density polyethylene (ERM 
EC 680k and ERM EC 681k).

Experimental procedures

MAE
Polymeric parts from the optical mouse (an ABS 

copolymer-based matrix) were used as a model polymer 
from WEEE for digestion by all methods. Sample masses 
of 300 mg were weighed and transferred to the quartz 
vessels, after which 6 mL of 50 mmol L-1 ammonia solution 
or 0.11 mol L-1 TMAH were added according to previous 
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works for halogens in food and biological samples.28,32,33 
The irradiation program for MAE was 1400 W for 25 min 
with 10 min ramp and 20 min for cooling. The maximum 
temperature of the irradiation program was set to 90 oC in 
order to avoid the possibility of TMAH degradation.32 The 
final solution after irradiation was collected and diluted with 
water up to 25 mL for determination by IC and ICP-MS.

MAWD
Sample masses of 350 mg were weighed into the quartz 

vessels, and 6 mL of concentrated HNO3 were added 
based on the conditions previously reported for metals 
in polymers.29,31 Hydrochloric acid was not used in this 
case taking into account the determination of chlorine. 
The irradiation program was similar to the MAE method 
(1400 W for 25 min with 10 min ramp and 20 min for 
cooling), but the maximum temperature was set to 280 oC. 
After the microwave program, the resulting solution was 
transferred to volumetric vessels and diluted with water up 
to 25 mL for further determination by ICP-MS.

MIC
In order to evaluate the operational conditions of MIC, 

polymeric WEEE was prepared as 100, 200, 300, and 
350 mg sample pellets. The pellets were placed on the 
quartz holder with a disc of filter paper along with 50 µL 
of 6 mol L-1 NH4NO3 solution. The quartz holder was 
introduced into the quartz vessel with 6 mL of absorbing 
solution. Then, the vessels were pressurized with 20 bar 

of oxygen. The irradiation program was 1400 W for 5 min 
and 20 min for cooling. The reflux step after combustion 
was performed in accordance with previous works.11,13 
After digestion, the pressure of each vessel was carefully 
released, and the resulting solution was collected and 
diluted with water up to 25 mL for further determination 
by IC or ICP-MS. Cleaning of vessels and holders was 
performed in two steps: first, 6 mL of concentrated HNO3, 
followed by another step with 6 mL of H2O. After both 
steps, an irradiation program at 1000 W for 10 min and 
cooling for 20 min was applied.

Figure 1 summarizes the methods evaluated for further 
determination of halogens in polymeric WEEE by IC or 
ICP-MS.

Results and Discussion

Sample preparation methods for polymeric WEEE: 
limitations and optimization

MAE
Alkaline reagents, such as TMAH or NH3 solutions 

combined with microwave radiation have been used in 
sample preparation for further halogens determination.20,34,35 
In spite of successful applications for some matrices, as 
food and biological samples, using conventional heating35,36 
or microwave heating19,20,34 for the case of polymers, these 
procedures cannot assure total digestion or dissolution of 
matrix and even analyte extraction must be investigated. 

Figure 1. Sample preparation methods evaluated for the determination of halogens in polymeric WEEE.
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In the present work, MAE using 6 mL of 50 mmol L-1 NH3 
or 0.11 mol L-1 TMAH solutions was evaluated for the 
extraction of halogens for further determination by IC or 
ICP-MS. After the irradiation program, final solutions were 
yellowish and presented solid residues for both extraction 
solutions (Figure 2a). Due to the presence of solid residues 
in the digests, the carbon content could not be determined, 
since underestimated results might be obtained. In order 
to prevent damage to the IC system, digests were filtered 
and diluted at least five times in water prior to analysis. For 
ICP-MS, filtration and a five times dilution in diluted NH3 
solution (10 mmol L-1) was used to avoid also interferences 
due to the carbon content and due to memory effects in the 
nebulization chamber (for I).37

Results obtained for the polymeric WEEE (from the 
optical mouse) using 50 mmol L-1 NH3 or 0.11 mol L-1 
TMAH solutions, presented maximum agreement of 
60% for Cl (in relation to the value obtained by MIC, 
19 µg g-1, as will be further discussed). With regard to Br 
quantification after MAE, results were lower than the limit 
of quantification (LOQ) by IC (4.2 µg g-1) and ICP-MS 
(0.4 µg g-1) even though the results obtained by MIC were 
about 12 µg g-1. Results for F and I after MAE were lower 
than the LOQ by IC (4.3 and 18.3 µg g-1, respectively) and 
ICP-MS (only for I, 0.04 µg g-1). These results confirm 
the poor extraction efficiency for bromine and chlorine. 
Also, LOQs were increased and were unsuitable for other 
halogens, being impaired by the composition of MAE 
digests with solid residues and dissolved carbon, requiring 
additional dilutions.

The incomplete extraction using MAE, in particular 
for Cl and Br in the investigated samples, can be explained 
since mainly water-soluble species are expected to be 
extracted by this method. However, these analytes are 
commonly present as organic molecules in polymers, thus 
leading to poor extraction efficiency and consequently 
lower results were obtained using this method.31,38 Another 

important aspect to be considered is that samples containing 
mainly halogenated organic compounds require digestion 
to be detected by conductivity and this was not reached by 
this method.11,39 Therefore, MAE could not be considered 
appropriate for further halogens determination in WEEE. 
This was also confirmed by the poor agreement with 
certified values for CRMs (about 10% for Cl and 20% for 
Br) using MAE as sample preparation method.

MAWD
MAWD with nitric acid was evaluated looking for 

a complete destruction of the polymeric matrix from 
WEEE for further halogens determination. This method 
is a common choice in several laboratories since by using 
concentrated acids combined with high temperature 
and pressure, good digestion efficiency can be obtained 
for many matrices.40-43 It is important to highlight that 
polymers are difficult to digest, with harsh conditions 
(high amounts of acid, high temperature, and long 
digestion time) commonly required.11,13,29 However, the 
method was proven to be unsuitable for halogens due 
to the possibility of losses, even in closed systems.13 
In this study, the method was investigated based on its 
suitability for polymers digestion in previous works for 
metals determination.9,13,29,44-46 Digestion was carried out 
using 350 mg of polymeric WEEE (optical mouse) and 
concentrated HNO3 (14.4 mol L-1).

After the irradiation program, solid residues in digests 
were observed and the solution was yellowish (Figure 2b). 
Carbon content was not determined because results could 
be underestimated by the amount of non-digested sample. 
Centrifugation and filtration were necessary before 
analysis. In addition, as digests containing high acid 
concentration are incompatible with the anion-exchange 
separation column of IC,12 ICP-MS technique was used 
for Cl, Br, and I determination. As a consequence, fluorine 
determination was not possible by using acid digestion. 

Figure 2. Visual aspect of final solutions after digestion of polymeric WEEE by (a) MAE, using 300 mg of sample and 6 mL of diluted NH3 (50 mmol L-1) 
as extraction solution; (b) MAWD, using 350 mg of sample and 6 mL of 14.4 mol L-1 HNO3 as digestion solution; and (c) MIC, using 300 mg of sample 
and 6 mL of diluted NH3 (50 mmol L-1) as absorbing solution.
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Dilution (at least twenty times) and neutralization steps 
were required to adjust the digests to the conditions of 
analysis (10 mmol L-1 NH3 solution).

The results for Cl and I were lower than the LOQ 
(1.2 mg g-1 and 0.16 µg g-1, respectively). For Br, the result 
by ICP-MS was 1.72 ± 0.47 µg g-1, being lower than that 
obtained using other method investigated in this study 
(MIC, 12 µg g-1). Moreover, the results for Cl and Br for 
the ERM EC 681k were lower than the certified values 
and agreement was about 46 and 51%, respectively. Also, 
relative standard deviation (RSD) was about 30% using 
this method. Considering the lower results for Cl and Br 
obtained by ICP-MS after MAWD, it is possible to suppose 
that the acid digestion led to losses of volatile species, 
such as HCl and HBr, as reported in previous works.13,47 
Considering the results, this method was considered not 
feasible as an alternative for digestion of polymers from 
WEEE for further halogens determination.

MIC
MIC was evaluated in this study for the digestion of 

polymeric WEEE for further determination of halogens by 
IC and ICP-MS (only for Cl, Br and I). Previous evaluation 
of other methods demonstrated the inherent problems, such 
as: (i) poor extraction efficiency using alkaline solutions, 
considered suitable for halogens, as reported for food and 
biological matrices; (ii) the requirement of a high amount 
of acid to obtain complete digestion and the consequent 
non-compatibility of digests with IC and with conventional 
nebulization in ICP-MS due to memory effects (particularly 
for iodine); and (iii) the risk of halogens losses by 
volatilization. In this way, the suitability of the MIC method 
was investigated for further halogens determination.

To optimize the combustion and safety conditions 
during digestion, previous experiments were performed 
using masses of polymeric WEEE in the range of 100 to 
350 mg with 20 bar of oxygen. The oxygen pressure and 
conditions for MIC followed previous works regarding 
the digestion of samples with similar matrices.11,13,29 For 
sample masses of 100, 200 and 300 mg, combustion was 
complete; solid residues were not observed (Figure 2c). 
However, when 350 mg were used, digestion was 
incomplete, probably due to the presence of flame 
retardants in these samples.13 Using sample masses up 
to 300 mg, the maximum pressure was only 28 bar, 
corresponding to 35% of the maximum working pressure 
recommended by the equipment manufacturer (80 bar). 
Therefore, a sample mass of 300 mg was selected for 
subsequent experiments.

The choice of absorbing solution is important, affecting 
the ability to obtain suitable recoveries and to guarantee 

compatibility with the determination technique. In this 
sense, water, hydrogen peroxide, and alkaline solutions 
have all been reported in the literature for halogens 
determination after digestion by MIC for many matrices.12 
In the present study, therefore, H2O, H2O2 (0.02, 0.2 and 
0.9 mmol L-1), diluted NH3 (10, 50 and 100 mmol L-1), and 
(NH4)2CO3 (10, 50 and 100 mmol L-1) were evaluated as 
absorbing solutions.

With regard to the determinations by IC, the 
chromatograms obtained using H2O, H2O2 (0.02, 0.2 and 
0.9 mmol L-1), diluted NH3 (10 and 50 mmol L-1), and 
(NH4)2CO3 (10 mmol L-1) as absorbing solution, presented 
retention times (tR) for Cl and for Br close to those found 
when using the reference solution (100 µg L-1) in H2O. 
In this case, the tR for Cl and Br were 9.6 and 14.1 min, 
respectively. On the other hand, when using 100 mmol L-1 
NH3 or 50 mmol L-1 (NH4)2CO3 solutions, the tR for Cl and 
Br were delayed to 10.0 and 14.5 min, respectively, for both 
solutions. In order to overcome this problem and to check 
the tR for Cl and Br signals, a reference solution containing 
100 µg L-1 Cl and Br was prepared in the same medium as 
the digests (100 mmol L-1 NH3 and 50 mmol L-1 (NH4)2CO3 
solutions). The tR for the Cl and Br in reference solutions 
and those obtained from the digests with 100 mmol L-1 
NH3 and 50 mmol L-1 (NH4)2CO3 solutions were similar 
(98 to 100%). This clearly shows that close similarity 
between reference solution and digests was achieved as a 
consequence of the practically complete matrix destruction 
using MIC. This efficiency was not reached in the other 
methods that also presented problems with recovery and 
poor extraction efficiency.

The results for F and I were lower than the LOQ by 
IC (0.90 and 1.50 µg g-1, respectively) in all analysed 
samples. Using ICP-MS they were lower than the LOQ for 
I (0.008 µg g-1). When 10, 50, and 100 mmol L-1 (NH4)2CO3 
solutions were used, the results for Cl were about 19 µg g-1 
and the differences were not statistically significant for 
these concentrations (analysis of variance (ANOVA), 95% 
confidence level). The Br concentration measured in the 
optical mouse sample using 10 and 50 mmol L-1 (NH4)2CO3 
solutions were about 11 µg g-1 (difference not statistically 
significant, t-test, 95% confidence level). With the use of 
100 mmol L-1 (NH4)2CO3 solution, the quantification of 
Br by IC after MIC was not possible due to the presence 
of an interference close to the tR of the analyte signal. As 
results using ammonium carbonate solutions were similar 
to those using ammonium hydroxide solutions, and both 
were suitable to IC, only diluted NH3 was considered for 
other studies, also taking into account the necessity for 
alkaline solutions for ICP-MS nebulization system, in the 
case of halogens determination.
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The Cl and Br concentrations obtained by IC after MIC 
digestion using H2O, 0.02, 0.2, and 0.9 mmol L-1 H2O2, 
and diluted NH3 (10, 50, and 100 mmol L-1) as absorbing 
solutions are shown in Figure 3 (results for fluorine and 
iodine are not shown since they were lower than the LOQ). 
Results for Cl were between 18.9 and 19.6 µg g-1 with RSD 
in the range of 3 to 8%. No statistical differences (ANOVA, 
95% confidence level) were observed between the results 
using H2O, H2O2, and NH3 solution for Cl. Regarding Br, 
results were between 8.71 and 11.8 µg g-1, with RSD in 
the range of 4 to 12%. Lower results were found for Br 
using H2O and 0.02 mmol L-1 H2O2 in comparison to the 
values using alkaline solutions (NH3 solutions, from 10 
to 100 mmol L-1), indicating possible losses of Br. Higher 
concentration was obtained using more concentrated H2O2 
solutions (0.2, and 0.9 mmol L-1) or alkaline solutions (10, 
50, and 100 mmol L-1 NH3 solutions) and no statistical 
differences (ANOVA, 95% confidence level) were found 
among the results for Br using these absorbing solutions 
(Figure 3).

In order to evaluate the recoveries of halogens for all 
absorbing solutions, a spike solution was added on sample 
pellet before combustion (30 µL of a 100 mg L-1 standard 
solution for F and 6 µL of a 1000 mg L-1 standard solution 
for Cl, Br, and I). In spite of this approach not representing 
a fully reliable protocol to evaluate accuracy, spike recovery 
experiments for all the analytes were performed since no 
CRM is available with the same sample matrix containing 
halogens (F, Cl, Br and I). Results obtained for halogens 
by IC after MIC digestion of the polymeric WEEE sample 
are shown in Figure 4. As can be seen, recoveries for F 
and Cl were 98 and 101%, respectively, using water as 
the absorbing solution, with RSD values from 8 to 10%. 
However, recoveries for Br and I were lower than 80 and 
50%, respectively, impairing its use for the determination 

of all halogens in the same run. With the use of 10 mmol L-1 
NH3 solution, recoveries between 94 and 104% were 
obtained for F, Cl and Br with RSDs lower than 8%. 
However, this solution was not suitable for I since the 
recovery was only around 61%. When 25 and 50 mmol L-1 
NH3 solutions were used, recoveries between 91 and 107% 
were obtained with RSD values in the range of 3 to 10% 
for all analytes. In the same way, recoveries between 54 
and 109%, with RSDs from 5 to 11%, were obtained for 
analytes after MIC by using 0.02, 0.2, and 0.9 mmol L-1 
H2O2 as absorbing solutions. As can be observed, both 
NH3 solutions (25 and 50 mmol L-1) and H2O2 (0.2 and 
0.9 mmol L-1) solutions were suitable for the determination 
of F, Cl, Br, and I by IC in WEEE after MIC. In this aspect, 
is important to notice that for higher analyte content (e.g., 
for keyboard sample 2, containing 12.5 mg g-1 Br), results 
were lower using the more diluted absorbing solutions 
(0.2 mmol L-1 H2O2 and 25 mmol L-1 NH3 solution). In these 
cases, suitable results were obtained using 50 mmol L-1 
NH3 solution suggesting that this solution should be used 
for samples containing higher content of halogens.

Another important aspect of solutions used for the 
absorption of halogens for IC analyses is the pH. In order to 
avoid possible damage to the column, the pH of the digest 
should be between 3 and 12.48 Thus, the pH values of the 
digests were checked after MIC. When 25 and 50 mmol L-1 
NH3 solutions were used, pH values of the digests were 
between 5 and 6. On the other hand, pH values lower 
than 2 were obtained when 0.02, 0.2, and 0.9 mmol L-1 
H2O2 solutions were used to retain the analytes. As a 
consequence, and aiming to propose a simple and robust 
MIC method for halogens determination in many types of 
WEEE samples, 50 mmol L-1 NH3 solution was selected 
as the absorbing solution for subsequent studies. Figure 5 
presents chromatograms obtained for a reference solution 

Figure 3. Influence of the absorbing solution on Cl () and Br () 
determination in polymeric WEEE (from optical mouse) after digestion by 
MIC. Determinations by IC (mean ± standard deviation in µg g-1, n = 3).

Figure 4. Recoveries for F (), Cl (), Br () and I () in polymeric 
WEEE (from optical mouse) after MIC digestion using H2O, H2O2 (0.02, 
0.2 and 0.9 mmol L-1) or diluted NH3 (10, 25 and 50 mmol L-1) as absorbing 
solution. Determinations by IC (mean ± standard deviation, n = 3).
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MIC. Determinations by IC (mean ± standard deviation in µg g-1, n = 3).

Figure 4. Recoveries for F (), Cl (), Br () and I () in polymeric 
WEEE (from optical mouse) after MIC digestion using H2O, H2O2 (0.02, 
0.2 and 0.9 mmol L-1) or diluted NH3 (10, 25 and 50 mmol L-1) as absorbing 
solution. Determinations by IC (mean ± standard deviation, n = 3).
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(100 µg L-1) in H2O and for a final polymeric WEEE digest 
using 300 mg of sample and diluted NH3 (50 mmol L-1) as 
absorbing solution.

Accuracy and analytical figures of merit for MIC method

After optimization, accuracy and general analytical 
figures of merit were evaluated for MIC. A good linear 
relationship throughout the selected concentration 
range (10 to 100 µg L-1) was obtained, and correlation 
coefficients (R2) were better than 0.9997 for all halogens. 
Values for LOQ by IC were estimated by comparing the 
chromatogram obtained for a digested sample with a low 
concentration of analytes with a chromatogram obtained 
for an analytical blank. A signal-to-noise ratio of 10:1 was 
used as a parameter, and the final volume of the digest 
and sample mass were also taken into account.46 LOQs by 
IC were 0.9, 1.8, 1.1, and 1.5 µg g-1 for F, Cl, Br, and I, 
respectively. Using ICP-MS, LOQs (10σ) were calculated 
based on the standard deviation (σ) of ten measurements 
of the analytical blank (a digest obtained by a procedure 
following all steps and reagents described for sample 
digestion, but without the sample). Also taking into 
account the final dilution and the sample mass, LOQs by 
ICP-MS were 43, 0.06, and 0.008 µg g-1 for Cl, Br, and I, 
respectively. The relatively low LOQ values obtained in 
this work can be considered as a consequence of the use 
of diluted absorbing solution (50 mmol L-1 NH3 solution) 
and the high digestion efficiency of MIC (carbon content in 
digests was lower than 10 mg L-1), with samples requiring 
no additional dilution. In addition, the relatively high mass 
of sample burned (up to 300 mg) also contributed to the 
low LOQ values.

Accuracy for MIC was evaluated using spike recoveries 
(for all analytes) and CRMs of polymers (ERM EC 680k 
and ERM EC 681k) for Cl and Br, employing 6 mL of 
50 mmol L-1 NH3 solution. Spike recovery experiments 
were performed through the addition of a suitable amount 

of each reference solution (3.0 µg for F and 6.0 µg for Cl, 
Br, and I) on sample pellets (300 mg) before combustion. 
Good recoveries (between 95 and 104%) were achieved, 
with RSD in the range of 3 to 4%. Table 1 shows the results 
of CRM digestion by MIC with further analyses by IC and 
ICP-MS.

In spite of the sample composition differing significantly 
for polyethylene, since e-waste is commonly composed by 
a blend of polymers, this was the only available CRM to 
evaluate in this work. Also, as no method is available to 
allow results comparison, the accuracy was considered 
by evaluating the quantitative spike recoveries and the 
agreement obtained for CRMs. Results obtained for Cl and 
Br by IC and ICP-MS after MIC presented no statistical 
difference with certified values (t-test, 95% confidence 
level), with RSD in the range of 4 to 12% for both analytes. 
Therefore, MIC method was considered suitable for the 
quality control of Cl and Br in WEEE and, particularly for 
Br, as an alternative for obtaining halogens concentrations 
following the RoHS directive.

Feasibility of the MIC method for polymeric WEEE digestion 
and further halogens determination

Under the conditions evaluated in this work, MAE and 
MAWD were unsuitable as a sample preparation method 
for bringing halogens in polymeric WEEE into solution 
for further determination. On the other hand, MIC was 
effective in completely destroying the polymeric matrix 
and suitable for the digestion of a relatively high amount 
of sample (up to 300 mg) with carbon content in the 
digests lower than 10 mg L-1. In addition, the suitable pH 
and low carbon content made digests suitable for analyses 
by both IC and ICP-MS. The total digestion time for MIC 
was only 25 min (faster than the other methods). Based 
on these results, MIC should be considered the method of 

Figure 5. Chromatogram obtained for (—) a reference solution 
(100 µg L-1) in H2O and (……) a digest obtained by MIC using 300 mg of 
polymeric WEEE (from optical mouse) and diluted NH3 (50 mmol L-1) as 
absorbing solution. (a) Fluoride, (b) chloride, (c) bromide and (d) iodide 
peaks.

Table 1. Results for Cl and Br in CRMs of polymers after digestion by 
MIC using 50 mmol L-1 NH3 solution. Determinations by IC and ICP-MS 
(mean ± standard deviation, n = 3)

CRM

Found value / (µg g-1)

IC ICP-MS

Cl Br Cl Br

ERM EC 680ka 102 ± 8 95 ± 5 100 ± 5 94 ± 5

ERM EC 681kb 820 ± 40 782 ± 41 790 ± 60 724 ± 55

aCertified value for Cl and Br: 102.2 ± 3.0 and 96 ± 4 µg g-1, 
respectively; bcertified value for Cl and Br: 800 ± 50 and 770 ± 40 µg g-1, 
respectively. CRM: certified reference material; IC: ion chromatography; 
ICP-MS: inductively coupled plasma mass spectrometry; ERM: European 
Reference Materials.

Figure 5. Chromatogram obtained for (—) a reference solution 
(100 µg L-1) in H2O and (—) a digest obtained by MIC using 300 mg of 
polymeric WEEE (from optical mouse) and diluted NH3 (50 mmol L-1) as 
absorbing solution. (a) Fluoride, (b) chloride, (c) bromide and (d) iodide 
peaks.
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choice for polymeric WEEE digestion for further halogens 
determination.

The proposed method was also applied to other 
polymeric WEEE sample digestion and further 
determination of halogens. Polymer samples segregated 
from a remote control of an air conditioner, keyboard, and 
a mobile phone were digested by MIC using a 50 mmol L-1 
NH3 solution. In order to include the quantification of 
fluorine the determination was performed by IC (Table 2). 
Concentrations of Cl and Br in WEEE were in the range 
of 18.9 to 467 and 11.8 to 12500 µg g-1, respectively, 
except for a sample from the remote control of an air 
conditioner that presented a concentration of Br lower 
than the LOQ (1.1 µg g-1). The difference of values for Cl 
and Br could be due to the polymeric composition of each 
sample, linked to the quantity and type of flame retardant 
(halogenated compounds), since these compounds are 
used to improve the polymers performance.3 In addition, 
F and I concentrations were lower than the LOQs (0.9 and 
1.5 µg g-1, respectively) in all samples.

With regard to the higher content of Br in keyboard 2 
sample, it was selected for an experiment using a 
more concentrated absorbing solution (diluted NH3, 
100 mmol L-1) to check for robustness. No statistical 
difference for the results using this solution and the 
previously selected one (50 mmol L-1) was observed. Other 
halogens also presented the same behavior.

Conclusions

After a careful evaluation, this work demonstrated that 
the digestion of polymeric WEEE by MIC was suitable 
for further determination of halogens by IC or ICP-MS. 
It was observed that other methods suffer from their 
inherent limitations, mainly poor extraction efficiency 
and losses due to the use of acids. Although the MAE 
and MAWD methods can be considered as an alternative 
for many matrices, underestimated results for halogens in 
polymeric WEEE were found. Using MIC with diluted 
NH3 (50 mmol L-1) it was possible to achieve recoveries 

ranging from 95 to 104% for all analytes, with RSDs lower 
than 4%. Agreement with certified values for CRMs was 
obtained. This method avoided the use of concentrated 
acids and allowed the complete digestion of up to 300 mg 
of sample, resulting in digests that are compatible with IC 
determination allowing one single method for all halogens, 
as well as with ICP-MS for Cl, Br and I.
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