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Abstract
In this study, a method for selenium and tellurium determination at very low levels in coal by inductively coupled plasma mass spectrometry (ICP-MS) was developed. Samples (up to 500 mg) were digested by microwave-induced combustion (MIC) in a closed system pressurized with 20 bar of oxygen. Inorganic acids or their mixtures (HNO3; HCl; HNO3 + HCl (1:1, v/v); HNO3 + HCl (2:1, v/v); HNO3 + HCl (1:1, 50%, v/v)) were evaluated as absorbing solution. Using HNO3 + HCl (1:1), results obtained for Se and Te after digestion by MIC were in agreement with those obtained by the reference method (microwave-assisted wet digestion - MAWD), for all coals. Moreover, agreement close to 100% was obtained for Se, using CRM NIST 1632c. The obtained limit of quantification (LOQ) was very low: 0.002 and 0.007 mg kg-1 for Se and Te, respectively. The proposed method was applied to 23 samples of coal from different deposits from United Kingdom, with a widespread inorganic composition, showing its feasibility for routine analysis. The results showed a wide variation for Se concentrations (0.291 to 11.5 mg kg-1), whereas for Te this was not observed (< 0.007 to 0.110 mg kg-1). The proposed method presents several advantages over the reference method, such as the digestion of a higher sample mass, better LOQs and no necessity of using HF.
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Introduction
The global trend in environmental awareness has increased the interest in strategic elements, such as Se and Te. These elements are essential for future green energy technologies due to their photovoltaic and photoconductive properties [1,2]. In addition, Se and Te can be used in metallurgical applications, glass, ceramics and polymer industry [3]. They occur in low abundances in the Earth’s crust [4] and are known to be found in organic-rich sediments, such as coal [5,6]. Thereby, the accurate determination of Se and Te at low levels in coal is very important to know the resource potential and understand the environmental threats relating to their occurrence and processing.
Atomic spectrometric techniques such as atomic absorption spectrometry (AAS), inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS) have been used for the determination of Se and Te in coal [7,8,9]. However, a sample preparation step is mandatory to bring the analytes into a solution and assuring its compatibility with those techniques. This is particularly challenging when considering the difficulties for coal digestion [10]. Usually, dry ashing [11], microwave-assisted wet digestion (MAWD) [7,8,9], pyrohydrolysis [12] and combustion methods [13-17] are the methods of choice for coal digestion. Solid sampling methods using electrothermal vaporization ICP-MS [18], graphite furnace atomic absorption spectrometry (GF AAS) [19] and laser ablation ICP-MS [20] have also been used for coal analysis. However, these methods have some limitations such as the use of a low sample mass and matrix effects can hamper calibration with aqueous standard solutions [18-20].
Microwave-assisted wet digestion using concentrated acids is the most frequently used method [7,8]. Microwave heating using closed vessels is a fast and efficient way for this task. Whereas microwave heating contributes to the reduction of the digestion time, the use of closed vessels minimizes losses of volatile analytes and the risk of cross contamination [21]. However, MAWD is generally carried out using concentrated HF mixed with other acids as HNO3 and HCl, resulting in digests with high HF content. It requires the removal or complexation of HF to avoid damage to the nebulizer and quartz torch of spectrometric techniques [22]. Specific sample introduction consumables must be used or an excessive dilution must be carried out, impairing the limit of detection (LOD) and quantification (LOQ) [22]. In addition, the sample mass that can be digested is limited, usually in the range of 50 to 300 mg, even using high pressure systems. Furthermore, the “difficult-to-digest” coal matrix commonly leads to high residual carbon content in digests, that can result in spectral and non-spectral interferences [10,11]. Besides, when MAWD is used, the inorganic matter present in samples, such as coal, remains solubilized in the digests, which can also cause interferences during the analysis. It is important to mention that in spite of the common use of MAWD for coal digestion, there is a lack of works showing it application for further Se and mainly, Te determination.
Combustion methods have been proposed for coal digestion once they can effectively eliminate the organic fraction based on the reaction with oxygen [23]. The American Society for Testing and Materials (ASTM) recommends the digestion of coal by dry ashing following by the ash digestion with aqua regia and hydrofluoric acid and further dissolution in nitric acid [23]. Nevertheless, this method is not recommended for further Se and Te determination, since losses of these elements may occur due to the high temperature [21]. As the recommended method is an open system, the risk of contamination is also high.
In this sense, the microwave-induced combustion (MIC) method has been proposed to overcome limitations of conventional sample preparation methods [24]. The method allows the digestion of very hard to digest samples, especially those with high carbon content, such as carbon nanotubes [25], crude oil [26], graphite [27], pitch [28] and polymers [29,30] for further element determination. Unlike digestion methods, in the MIC method, the inorganic residues are contained in the sample holders, not making them available to the absorbing solution. This contributes for avoiding the occurrence of interferences and/or the need to perform excessive dilutions previously to the analysis. Moreover, it is possible to digest relatively high sample masses (generally up to 500 mg) in closed vessels, obtaining lower LOD and LOQ, and avoiding losses and contamination. Recently, MIC has been applied for coal digestion for sulfur determination by isotope dilution sector field inductively coupled plasma mass spectrometry (SF-ICP-MS) [31] and was used as reference to obtain certified values of the Standard Reference Material 2682c (Subbituminous coal).
In this sense, the aim of this work was to demonstrate the feasibility of MIC for the digestion of relatively high coal mass, without any HF, and further Se and Te determination at low concentration by collision/reaction cell (CRC) ICP-MS (Se) and ICP-MS (Te). The operational parameters of MIC, such as the sample mass and the kind and concentration of absorbing solution were evaluated. Accuracy was evaluated by the analysis of a certified reference material (CRM) of coal and by comparison of results with those obtained after MAWD (reference method).


1. Material and Methods
1.1. Instrumentation
Coal samples were digested by MIC using a microwave oven (Multiwave 3000®, Microwave Sample Preparation System, Anton Paar, Austria, software version v1.27-Synt) equipped with eight high-pressure quartz vessels (80 mL of internal volume, maximum temperature and pressure of 280 °C and 80 bar, respectively). Additionally, samples of coal were digested by MAWD using the same microwave system equipped with sixteen polytetrafluoroethylene (PTFE) vessels (100 mL of internal volume, maximum operational temperature and pressure of 220 °C and 40 bar, respectively). 
The determination of Se and Te was performed using a quadrupole-based inductively coupled plasma mass spectrometer (NexION 300X®, Perkin Elmer, Canada) equipped with a concentric nebulizer (Meinhard, USA), a cyclonic spray chamber (Glass Expansion, Inc., Australia) and a quartz torch with a quartz injector tube (2 mm i.d.). This instrument was also equipped with a CRC, which was used only for Se determination, as described in a previous work [32]. The instrumental parameters are described in Table 1. 

Table 1. Operational parameters for the determination of Se by CRC-ICP-MS and Te by ICP-MS.
	Parameter
	CRC-ICP-MS
	ICP-MS

	Collision/reaction cell gas
	H2
	-

	Collision/reaction cell gas flow rate, mL min-1
	4.8
	-

	Nebulizer gas flow rate, L min-1
	0.95
	0.95

	Auxiliary gas flow rate, L min-1
	1.20
	1.20

	Plasma gas flow rate, L min-1
	18.0
	18.0

	RF power, W
	1300
	1300

	RPa
	0
	-

	RPq
	0.45
	-

	Sweeps/reading
	60
	5

	Reading/replicate
	5
	3

	Replicates
	5
	3

	Dwell time, ms
	50
	50

	Isotopes, m/z ratio
	78Se
	128Te



An analytical balance (AY 220, Shimadzu, Kyoto, Japan, 220 g, 0.0001 g of resolution) was used for weighing the coal samples. A hydraulic press (Manual Hydraulic press 15 ton, Specac, UK) was used for pressing samples as pellets (2 ton). Disks of filter paper (15 mm of diameter, about 15.3 ± 0.3 mg) with low ash content (Black Ribbon Ashless, Schleicher and Schuell, Germany) were used as auxiliary for the combustion process. Filter papers were previously washed with 20% (v/v) HNO3 solution for 20 min in an ultrasonic bath and dried in a class-100 laminar flow hood (CSLH-12, Veco, Campinas, Brazil).
A scanning electron microscope (model Sigma 300 VP, Carl Zeiss, Germany) operating in the high vacuum mode with a secondary electron detector was used for analysis of surface morphology. An energy-dispersive detector for X-ray spectrometry (model Quantax EDS, Bruker, Germany), coupled to the scanning electron microscope (SEM-EDS) was used for qualitative analysis of solid residue that remained after MIC.
All statistical calculations, including Student’s t-test (confidence level of 95%, p > 0.05) and, in some cases, one-way analysis of variance (ANOVA) were performed using GraphPad InStat (GraphPad InStat Software Inc, Version 3.00, 1997) software. 

1.2. Reagents and Samples
Water was purified using a Milli-Q system, (Millipore, USA, 18.2 MΩ cm) and it was used for the preparation of standards and absorbing solutions. Concentrated HNO3 (65%, 1.4 kg L-1, Merck, Germany) and HCl (37%, 1.19 kg L-1, Merck) were distilled in a sub-boiling system (DuoPur, Milestone, Italy) and used as absorbing solution for MIC and for MAWD methods. Concentrated HF (40%, 1.15 kg L-1, Sigma Aldrich, USA) was used for coal digestion by MAWD without previous purification. Ammonium nitrate solution (Merck) was dissolved in water (6 mol L-1) to be used as igniter for MIC. Reference solutions of Se and Te (0.01 to 10 µg L-1) were prepared by sequential dilution of stock solutions (1000 mg L-1, Merck) in 5% (v/v) HNO3. Argon (99.998%, White Martins, Brazil) was used for plasma generation, nebulization and as auxiliary gas. Oxygen (99.6%, White Martins, Brazil) was used for pressurization in the MIC method, and hydrogen (99.999%, White Martins, Brazil) was used in the collision/reaction cell.
Coal samples were obtained from coal mines from the United Kingdom and were named from “A” to “X”. Samples were ground using a cryogenic mill (model 6750, Spex Certiprep, USA), with 2 min of pre-cooling followed by 3 min for grinding. This last procedure was repeated three times [32]. Samples were dried at 105 ± 5 ºC for 2 h in an oven (model 400/2ND, Nova Ética, Brazil) before use. The accuracy was evaluated using a CRM of coal (NIST 1632c, bituminous coal) from the National Institute of Standards and Technology (USA).

1.3. Sample preparation methods
1.3.1. Microwave-assisted wet digestion
For comparison of the results, coal was digested by MAWD in closed vessels, according to previous work [32]. In this case, a maximum sample mass of 250 mg of coal was weighted inside the PTFE vessels and 5 mL of 14 mol L-1 HNO3 and 1 mL of 40% HF were added. The heating program was: i) 1400 W for 40 min (10 min of ramp) and ii) 0 W for 20 min (cooling). After cooling, the digests were diluted with water to 25 mL for further determination of Se by CRC-ICP-MS and Te by ICP-MS. After each run, vessels were cleaned using 6 mL of concentrated HNO3 and microwave program was: i) 1400 W for 10 min and ii) 0 W for 20 min (cooling).

1.3.2. Microwave-induced combustion
Coal masses in the range of 300 to 550 mg were pressed as pellets and placed in disks of filter paper on the quartz holders containing 50 μL of 6 mol L-1 NH4NO3 solution. The holders were placed inside the quartz vessels containing 6 mL of absorbing solution (HNO3, HCl, HNO3 + HCl (1:1, v/v), HNO3 + HCl (2:1, v/v) or 50% v/v HNO3 + HCl (1:1,). Quartz vessels were closed, placed on the rotor and pressurized with 20 bar of oxygen. The following heating program was used for digestion: i) 1400 W for 5 min (ignition and reflux) and ii) 0 W for 20 min (cooling). Final solutions were diluted with water up to 25 mL for further Se determination by CRC-ICP-MS and Te by ICP-MS. After each run, vessels were cleaned using 6 mL of concentrated HNO3 and microwave program was: i) 1400 W for 10 min and ii) 0 W for 20 min (cooling).
2. 
Results and discussion
2.1. Composition of samples
The distribution of the inorganic matter in coal is not uniform. Thus, due to the coal-mineral and mineral-mineral associations, some trace elements can be retained in the ash when the coal is burned, especially when there is a high concentration of minerals [33]. In this way, it is noteworthy to mention that the samples studied in this work present a wide variation in the ash content, from 3 to 41%. Besides the high concentration of Si in the samples, they also presented a diverse composition with regard to the concentration of Al, Ca, K, Mg, Na and Fe (Al: 770 to 12000 µg g-1, Ca: 40 to 8300 µg g-1; K: 10 to 5000 µg g-1; Mg: 20 to 900 µg g-1; Na: 90 to 2400 µg g-1; Fe: 220 to 247000 µg g-1). The high inorganic content of some samples requires the use of HF when wet digestion methods were used to assure the complete recovery of the analytes from the matrix. In addition, with the use of HF, the inorganic fraction remains soluble in the final solution. Thus, the presence of HF and the high inorganic content in the solution makes necessary to carry out excessive dilutions prior to ICP-MS analysis, to minimize interferences and avoid equipment damage. In view of these limitations, MIC method was optimized to overcome the disadvantages of the reference method (MAWD).

2.2. MIC optimization
2.2.1. Evaluation of sample mass
The capacity of digestion systems to deal with high sample masses directly impacts the LOQ. Taking into account that ultra-trace levels of selenium and, mainly, tellurium, are expected for the investigated coals, this parameter is of concern. In order to verify the maximum sample mass that could be efficiently digested with safety, an evaluation was performed. In this way, coal masses in the range of 300 to 550 mg were digested without the reflux step, using 20 bar as initial oxygen pressure, 14.4 mol L-1 HNO3 as absorbing solution. When 300 mg of sample were digested, the maximum pressure in the system (28 bar) was not significantly increased allowing to investigate higher masses. It was possible to observe that masses from 300 to 500 mg were efficiently digested by MIC with maximum pressures ranging from 28 to 30 bar. It was observed a proportional increase of pressure when the sample mass was increased. In addition, the maximum pressure reached when 500 mg of coal were combusted was about 37% of the maximum pressure recommended by the manufacturer (80 bar). However, when 550 mg of sample were used, organic residues were observed on the base of the quartz holder, demonstrating an incomplete combustion. Thus, 500 mg of sample was chosen as sample mass for further evaluations. It is important to mention that the inorganic fraction of the coal samples remains on the quartz holder after the combustion, as shown in Figure 1(a), and in Figure 1 (c) it is possible to observe the surface morphology of this residue. In addition, as can be seen the energy dispersive spectra in Figure 1(b) the inorganic fraction is composed by Al, Si and O, this is aluminosilicates.
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Fig. 1. (a) Image of inorganic residue remaining on the quartz holder after digestion of sample A by MIC and (b) energy dispersive spectra and (c) SEM image (amplified at 10000x).

2.2.2. Evaluation of absorbing solution
Considering that the kind of the absorbing solution is directly related to the suitable recovery of the analytes and depends on the analyte and the sample matrix, this evaluation is essential for the development of the MIC method. Therefore, a systematic study was carried out by evaluating the absorbing solution to select a suitable medium for Se and Te recoveries. In these experiments, sample “A” (41% of ash), sample “B” (19% of ash), and sample “C” (10% of ash) were digested by MIC, using the following acid absorbing solutions: HNO3, HCl, HNO3 + HCl (1:1, v/v), HNO3 + HCl (2:1, v/v) or 50%, v/v HNO3 + HCl (1:1). For all experiments, 500 mg of coal and 6 mL of acid solution were used, and Se was determined by CRC-ICP-MS and Te by ICP-MS. The results obtained after MIC were compared with those obtained after MAWD, and the results are shown as agreement of MIC with MAWD values (Fig. 2).


Fig. 2. Influence of absorbing solution on Se (■) and Te (■) recoveries from coal. Agreement was calculated taking into account results obtained by CRC-ICP-MS and ICP-MS after MAWD. Error bars represent the standard deviation, n = 3.

When concentrated HNO3 was used as absorbing solution, an agreement of about 68% was obtained for Se and the relative standard deviation (RSD) was about 35%. For Te, the results were lower than the LOQ. These results indicate that only HNO3 as absorbing solution was not suitable for Se and Te recoveries from coal. Similarly, when concentrated HCl was used as absorbing solution, agreement of 84% for Se and 70% for Te was obtained, demonstrating that this solution was also not suitable for absorption of these analytes. On the other hand, when HNO3 was used combined with HCl as absorbing solution, in both proportions (1:1 and 2:1, respectively), better agreement was obtained for both analytes. Taking into account the suitable agreement using these solutions, the possibility to use a diluted solution was evaluated (50%, v/v HNO3 + HCl (1:1)). Thus, it was possible to observe that when this solution was used, agreement of about 100% was obtained for Se, for samples “A”, “B” and “C”. However, a suitable agreement for Te was obtained only for coal samples with lower ash content (sample “B” and “C”). It indicates that Te presents a stronger affinity with the inorganic fraction of coal in comparison with Se, and thus concentrated acids should be used in order to obtain accurate results for this analyte. Other studies reported in the literature observed similar behavior for this element [34-36]. 
Although diluted HCl + HNO3 (1:1) could be used as absorbing solution for Se and Te for coal with lower ash content, good agreements were obtained using concentrated HNO3 + HCl (1:1) for all types of evaluated coal, and thus it was selected for analytes absorption. Additionally, the RSD using this solution was lower than 8%. Therefore, 500 mg of coal and 6 mL of a mixture of HNO3 + HCl (1:1) was selected as suitable condition for MIC. In order to evaluate the accuracy of MIC, a CRM of coal (NIST 1632c) with 7% of ash was digested under optimized conditions. Results are shown in Table 2.


Table 2. Results for Se and Te in CRM NIST 1632c by CRC-ICP-MS (for Se) and ICP-MS (for Te) after MIC (mean ± standard deviation, n = 3).
	Element
	Concentration (µg g-1)

	
	Obtained
	Certified

	Se
	1.34 ± 0.10
	1.32 ± 0.071

	Te
	0.020 ± 0.001
	0.05*

	*informed value


		  
No statistical difference (Student t test, P < 0.05) was observed between the results for Se and the certified value. Nevertheless, the results obtained for Te were lower than the informed value. However, it is important to mention that no statistical difference (Student t test, P < 0.05) was observed between the results for Te after digestion by MIC or MAWD suggesting the selected conditions allows for the accurate determination of Te in evaluated coals.

2.3. Determination of Se and Te in coal
After the optimization, MIC method was applied to 23 samples of coal from different deposits from United Kingdom and with a high variability of inorganic composition for further Se and Te determination. Table 3 shows the results obtained by CRC-ICP-MS (Se) and ICP-MS (Te) after sample preparation using MIC or MAWD. 


Table 3. 	Results for Se and Te (µg g-1) in coals by CRC-ICP-MS (Se) and ICP-MS (Te) after MIC and MAWD (mean ± standard deviation, n = 3).
	
	
	Selenium
	
	Tellurium

	Sample
	
	MAWD
	MIC
	
	MAWD
	MIC

	A
	
	2.60 ± 0.13
	2.38 ± 0.15
	
	0.064 ± 0.006
	0.069 ± 0.005

	B
	
	3.32 ± 0.14
	3.23 ± 0.09
	
	0.066 ± 0.003
	0.062 ± 0.002

	C
	
	5.31 ± 0.54
	5.47 ± 0.43
	
	0.077 ± 0.004
	0.075 ± 0.005

	D
	
	2.03 ± 0.10
	1.85 ± 0.10
	
	< 0.05a
	0.029 ± 0.002

	E
	
	1.53 ± 0.09
	1.36 ± 0.14
	
	< 0.05a
	< 0.007b

	F
	
	0.401 ± 0.029
	0.447 ± 0.029
	
	< 0.05a
	< 0.007b

	G
	
	1.35 ± 0.05
	1.38 ± 0.09
	
	< 0.05a
	< 0.007b

	H
	
	11.0 ± 0.2
	11.5 ± 0.9
	
	< 0.05a
	< 0.007b

	I
	
	4.17 ± 0.20
	3.75 ± 0.38
	
	< 0.05a
	0.009 ± 0.001

	J
	
	0.600 ± 0.015
	0.679 ± 0.095
	
	< 0.05a
	0.010 ± 0.001

	K
	
	0.798 ± 0.041
	0.807 ± 0.064
	
	< 0.05a
	< 0.007b

	L
	
	6.00 ± 0.17
	5.95 ± 0.20
	
	0.105 ± 0.003
	0.110 ± 0.005

	M
	
	0.769 ± 0.038
	0.777 ± 0.011
	
	< 0.05a
	0.019 ± 0.002

	N
	
	1.03 ± 0.05
	1.18 ± 0.17
	
	< 0.05a
	0.014 ± 0.002

	O
	
	1.00 ± 0.06
	1.18 ± 0.15
	
	< 0.05a
	0.014 ± 0.001

	P
	
	1.09 ± 0.09
	1.17 ± 0.10
	
	< 0.05a
	0.018 ± 0.002

	Q
	
	1.70 ± 0.03
	1.81 ± 0.12
	
	< 0.05a
	0.012 ± 0.001

	R
	
	1.20 ± 0.03
	1.18 ± 0.05
	
	< 0.05a
	0.012 ± 0.001

	S
	
	1.78 ± 0.04
	1.66 ± 0.10
	
	< 0.05a
	0.021 ± 0.002

	T
	
	0.738 ± 0.026
	0.940 ± 0.163
	
	< 0.05a
	< 0.007b

	U
	
	1.56 ± 0.11
	1.70 ± 0.10
	
	< 0.05a
	0.013 ± 0.001

	V
	
	1.46 ± 0.06
	1.53 ± 0.08
	
	< 0.05a
	0.016 ± 0.002

	X
	
	0.297 ± 0.016
	0.291 ± 0.006
	
	< 0.05a
	0.009 ± 0.001

	a LOQ obtained by ICP-MS after MAWD; b LOQ obtained by ICP-MS after MIC.



In general, the results obtained after MIC were in good agreement with those obtained after MAWD. No statistical difference (Student t test, P < 0.05) was observed between Se concentrations in all coal samples obtained using MIC or MAWD. In addition, as can be seen in Table 3, the concentrations of Se varied in a wide range, from 0.291 to 11.5 µg g-1, while the concentrations of Te were very low, varying from < 0.007 to 0.110 µg g-1.
The LOQ obtained for Se by CRC-ICP-MS and Te by ICP-MS after MIC were 0.002 µg g-1 and 0.007 µg g-1, respectively. The LOQ obtained for Se using MIC was about 15 times lower than that obtained by MAWD (0.03 µg g-1). For Te, the LOQ was about 7 times lower than that obtained by MAWD (0.05 µg g-1). The lower LOQs obtained by MIC made possible the determination of Te in 17 of the 23 samples used in this work, which was not possible using MAWD. The lower LOQs obtained are directly related to the high sample mass used in the MIC method and the lower blank values. Additionally, the proposed method presents a great advantage over the reference method since it avoids the use of HF for digestion. Moreover, the inorganic fraction remains in the quartz holder, reducing the risk of interferences from these major inorganic components during ICP-MS analysis. Once the inorganic fraction is not introduced into the system, the method also prevents damages to the equipment. Thus, excessive dilutions before the determination step were not necessary. Besides, using the MIC method (8 samples per round) it was possible to obtain a shorter time of digestion when compared to MAWD (16 samples per round).
The carbon content in digests is an important parameter to evaluate the digestion efficiency once it can cause interferences on Se and Te determination by ICP-MS, as well as carbon deposition on the equipment interface [37]. In this way, carbon content in digests obtained after MAWD and MIC was determined. The carbon content by MIC was below 10 mg L-1 whereas they were about 2000 mg L-1 using MAWD, which required the sample dilution before determination to avoid interferences. Additionally, due to the high temperature achieved during coal combustion, it was possible to obtain the complete digestion of organic coal matrix, reducing digests carbon content.

3. Conclusion
A suitable method for coal digestion using MIC for further Se and Te determination at ultra-trace levels by ICP-MS was developed. Using the proposed method, the samples were efficiently digested in closed vessels. Thus, low blank values were obtained and it was possible to achieve lower LOQs, which allowed the determination of analytes in various coal samples at very low concentration. 
The proposed method presented various advantages when compared to the reference method, as to allow the digestion of sample mass twice higher. Besides, the throughput is other advantage, since using the proposed method up to eight samples can be digested in about 25 minutes. Additionally, it is worth highlighting that the developed method does not require the use of HF for the digestions, avoiding the need to perform excessive dilutions previous to the determination step. Furthermore, it is important to mention that using a diluted acid solution made possible to obtain suitable recoveries for Se and Te for samples with low ash content (10% and 19%), which is another great advantage for digestion of samples with these characteristics.
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