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Development of a novel and green microwave-assisted hydrogen peroxide
digestion method for total sulphur quantitative extraction in coal samples
prior to inductively coupled plasma-optical emission spectroscopy and ion-
chromatography determination

Nomvano Mketo, Philiswa N. Nomngongo, J. Catherine Ngila*

Department of Applied Chemistry, University of Johannesburg, PO Box 17011, Doornfontein 2028,
Johannesburg, South Africa

Abstract

A green, novel, fast and cost effective procedure has been developed for determination of
total sulphur in coal samples based on the use of diluted hydrogen peroxide and microwave
irradiation. The resulted digests were then analysed by using inductively coupled plasma-
optical emission spectroscopy (ICP-OES) and ion-chromatography (IC). The investigated
factors include hydrogen peroxide concentration, microwave temperature, extraction time and
coal amount. A certified reference material (SARM 20) was used for the optimization of the
influential experimental parameter. It was observed that quantitative recoveries of total
sulphur in coal could be attained when microwave temperature, extraction time, [H,O;], and
coal amount are 150 °C, 5 min, 3 mol L™ and 0.05g, respectively. In addition, the 2* factorial
design results demonstrated that the interactions between coal amount and time (BD) as well
as coal amount and temperature (BC) were significant at 95% confidence level. Under
optimum conditions, the accuracy of the proposed microwave-assisted hydrogen peroxide
digestion (MW-AHPD) method was examined by analysing three coal certified reference
materials (SARM 18, 19 and 20) and quantitative recoveries (89-101%) were achieved.
Additionally, the precision of the proposed method, expressed in terms of relative standard
deviation (n = 15), was satisfactory (< 1.5%). The method detection limit (0.014 pg g'l) and
method quantification limit (0.047 pg g) for sulphur analysis were relatively good as
compared to those reported in the literature. The proposed digestion method converted all the
sulphur species into sulphates as confirmed by the IC results and it can be routinely applied to
replace the standard Eschka method. The P-XRD results confirmed the undigested kaolinite

and quartz minerals.
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1. Introduction

Coal’s total sulphur content fluctuates from 0.2% up to 11% depending on the
location of coal origin and the maturity." > The most dominating sulphur forms in coals are
the inorganic species such as sulphate and sulphide. However, some of the sulphur is organic
and it forms thiolic (R-H—S), sulphidic (R—S—R’), disulphidic (R—S—S—R), sulphoxide
(R—S—0-R), and thiophenic (heterocyclic) structures within the coal.™® Analysis of total
sulphur content in coal is very crucial as it determines the quality and the value of coal. Coal
with high quantities of sulphur is known to be less expensive as it release lots of sulphur
dioxide to the atmosphere during its combustion and that causes severe environmental
problems.” The growth of coal utilization is limited by the liberation of sulphur emission
from coal thermal processing plants. For example, during coal combustion processes, sulphur
participate in several reactions and is emitted from the coal framework mainly as SO, and
SO; gases, while, coal gasification processes liberate sulphur as H,S, CS, and COS gases. ¥'°
The emission of S from anthropogenic sources has been related to the depletion of the Earth's

7111t has to be noted that,

ozone layer, acid rain incidence and chronic respiratory diseases.
the sulphur existence in coal cannot be controlled or prevented as it occurs naturally during

coal genesis.

Recently, the world is moving towards the implementation of renewable energy
technologies (biomass, solar, wind and geothermal). However, there is no evidence of
commercially-viable alternatives that have developed to significantly replace fossil fuels such
as coal.' * Hence, coal still stands as the most trustworthy and sustainable energy with cost
effective electricity generation. Therefore, the development of more efficient, cost-effective,
environmentally friendly, rapid and green methods for total sulphur determination in coal is
essential. Knowing the amount of total sulphur in coal will assist in determination of coal

value and future designation of possible coal clean-up technologies.

Eschka method (ASTM D 3177) is a well-known classic method for total sulphur
determination in coal and coal related solid matrices. This method was first developed
Adalbent Eschka and it converts (using furnace temperatures and MgO & Na,CO; mixture)

all the sulphur species to sulphate ions before gravimetric or ion chromatographic analysis.'*
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However, Eschka method is tedious and not precise when determining low sulphur
concentration levels (< 5%). In recent years, chromatographic,’> mass spectrometric,'®

.17 . i 1820
molecular absorption * and optical emission

related techniques have been applied for the
determination of sulphur and other elements in different solid matrices after numerous sample
preparation procedures. The latter include hot plate acid digestion,”' acid block digestion,*

19, 20, 23, 24 . Cy e 2627 .15
» 7% 2% “ ultrasonic bath acid digestion, dry-ashing ® and

microwave acid digestion,
slurry formation.'” Tt should be noted that, hot plate, digestion block, ultrasonic bath and
microwave make use of concentrated inorganic acids (HNOs;, HCI, HF, H,SO4 & HClOy)
which release carcinogenic gases. In addition, these acids also cause ICP-OES spectral
16-20

interferences due to undigested carbon and high concentration of the acids. Dry-ashing'
on the other hand causes loss of volatile analyte and it is tedious, whereas slurry'’ gives rise
to poor reproducibility and high detection limits. However, there is a lot of research that has
been conducted based on the use of ultrasonic bath and microwave assist extraction of multi-
elements in solid matrices using partial dilute acids.”* The latter has been used in order to
reduce acid waste, sample preparation cost, I[CP-OES spectral interferences and emitted
carcinogenic gasses. Recently, more cost-effective and green approaches have been
implemented to achieve effective digestion methods for multi-element quantitative extraction
in different solid matrices and quantitative recoveries were obtained.”* The present
investigation explored feasibility of using diluted hydrogen peroxide and microwave
radiation for quantitative extraction of total sulphur in coal samples. The resulted digests
were subsequently analysed by using ICP-OES and IC techniques for total sulphur
quantification. To the best of our knowledge, there are no studies reported in literature on
MW-AHPD for quantitative extraction of total sulphur in coal samples. The proposed
procedure is advantageous as it uses microwave radiation (to speed up extraction) and diluted
hydrogen peroxide (to reduce sample preparation cost, ICP-OES spectral interferences and
laboratory acid waste). The validation of the current method was successfully achieved by

using three coal certified reference materials (SARM 18, 19 and 20).
2. Experimental procedure

2.1 Materials, samples, reagents and methods

All the chemical reagents used in the current study were of analytical grade and were
utilized without any additional purification. Hydrogen peroxide solution (H,O,, 30 %) of
Suprapur grade was purchased from Sigma-Aldrich (St. Loius, MO, USA). Coal certified
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reference materials (SARM 18, 19 and 20) with particle size of < 106 pm were obtained from
Mintek (RSA). SARM 20 (sampled from SASOLBURG) with sulphur content of 0.51 %
(w/w) was utilised in the optimization of the proposed MW-AHPD method. Therefore, the
other two CRMs (SARM 18, sampled from Witbank) and (SARM 19, sampled from Orange
Free State) were used for method validation with sulphur contents of 0.56 % (w/w) and 1.49
% (w/w), respectively. The three coal samples with unknown sulphur concentration content
were received from one of the South African coal mines and were further milled and sieved
to match the similar particle size (< 106 um) of the CRMs. In order to minimize the risk of
cross-contamination, all vessel materials were socked in hydrogen peroxide solution (5 M)
for a minimum of 24 hours, thoroughly rinsed with Milli-Q water and then dried in the oven
(Scientific series 2000, Lasec RSA) before use. The same oven was used to eliminate
moisture in unknown coal samples, the coal samples were heated at 50 °C until constant mass
was obtained. Coal samples together with CRMs were stored in a desiccator to prevent
hygroscope.

The external calibration standards for both ICP-OES and IC analysis contained a known
concentration of the target analyte (S and SO472, respectively). For ICP-OES analysis,
calibration standards were prepared by diluting a certified stock elemental solution (10031
mg L total sulphur) purchased from Merck (Darmstadt, Germany) to get total sulphur
concentration levels of 1, 3, 9, 12, 15, and 20 mg L in 1% H,0,. The external calibration
standards for IC analysis were made from anhydrous Na;SO4 (99.8 %) which was purchased
from Sigma-Aldrich (St. Loius, MO, USA). The concentration of the sulphate ions in the
calibration standards included 5, 10, 20, 30, 50, and 70 mg L' in 1% H,0,. In both
techniques (ICP-OES or IC), the blank calibration standards were hydrogen peroxide solution
only (1% H,0,). Mobile phase for IC analysis was the combination of 3.5 mM Na,COs (99.8
%) and 1 mM NaHCOs (99.8 %) solution and the mixture was filtered through nylon
membrane filters (0.45 um) before use. It should to be noted that both carbonate salts were
purchase from Sigma-Aldrich (St. Loius, MO, USA). Ultra-pure water (18MQcm) from a
Milli-Q water purification system (Milli-Q SP ICP-MS, Millipore, USA) was utilized
throughout the calibration standard preparation, sample preparation, and for final rinsing of

the peroxide-socked vessel materials.

2.2 Instrumentation
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All the MW-AHPD processes were conducted by using Mars 6 One Touch
Technology Microwave lab station (CEM Microwave Technology Ltd, North Caroline,
USA). The microwave system was fitted with 24 x 50 mL PTFE vessels (any of them can be
chosen as a reference) and each vessel assembly consisted of a vessel body, safety relief
valve, cap and venting hole. The MARS CEM was equipped with an advanced reaction
sensor for temperature (maximum: 200 °C) control. After each digestion, undigested white
solid residues were separated from the clear colourless supernatant solution by using
centrifuging machine (REMI motors, Model 400053, Mumbai, India,). The total sulphur
measurement was performed using Spectro ARCOS ICP-OES (Cleve, Germany) with radial
plasma equipped with Cetac ASX-520 auto-sampler, cross-flow nebulizer and double pass
Scott type spray chamber. The optimal operating conditions used for ICP-OES spectrometer
were as follows: radio frequency generator power (1400 W), pump speed (30 rpm), plasma
gas flow rate (12 L min ), auxiliary flow rate (2 L min™), nebulizer flow rate (0.95 L min™)
and analyte emission line (182.034 (nm). Sulphate ions on the other hand were quantified by
using DX 120 IC system (USA) fitted with pulsation damper, ASRS suppressor and a
conductivity detector (DS 4). It is worth to mention that the conductivity meter had full-scale
sensitivity settings in the range of 0-30 000 us cm™. Sample introduction was performed by
using a six-port injection valve equipped with 25 pL sample injection loop. Injection volume
was 25 puL with a flow rate of 1.2 mL min™. The retention time for sulphate ions was
observed to be at 9.12 min. Powder X-ray diffraction (P-XRD) measurements of the white
solid residue and raw coal (SARM 20) were conducted on a PANayltical X Pert Pro powder
diffractometer. The P-XRD instrument was equipped with X’Celerator detector and
programmable divergence slit. The measurements were conducted in the 26 range from 5 to
90° with Cu Ka radiation (A=0.15405 nm) at 40 kV and 40 mA working conditions. The raw
P-XRD data was interpreted by using High Score Plus software.

2.3 Microwave-assisted hydrogen peroxide digestion (MW-AHPD) procedure

The experimental method for the proposed digestion procedure was adapted from the
previous reported study.” To describe the procedure briefly, appropriate coal amount (CRMs
or samples) was weighed and transferred into 50 mL PTFE bomb vessel, followed by
addition of the digestion reagent (different H,O, concentration). It should be noted that blank
samples contained 12 mL of hydrogen peroxide only. The PTFE bomb vessels were then

sealed tightly and placed inside the microwave system. Microwave power was in W and it
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was directly proportional to the microwave temperature applied per run. Ramping (from
room temperature to 150 °C) and cooling (from 150 to 50 °C) times for microwave
temperature were 20 and 15 minutes, respectively. After the completion of the MW-AHPD
process, the PTFE bomb vessels were taken out of the microwave system and were allowed
to cool down to room temperature. Then, the digests inside the vessels were quantitatively
transferred into 50 mL polyethylene centrifuge vials and the vessels were rinsed with 10 mL
of 1 mol L' H,0,. After that, resulted digests were centrifuged at 3000 rpm for 15 min and
the supernatant solutions were then decanted into cleaned 250 mL volumetric flasks. The
white solid residues left in the 50 mL polyethylene centrifuge vials were then washed with 10
mL of 1 mol L™ H,0,, then centrifuged (3000 rpm) for another 15 min. The resulted liquid
phases were then transferred to the same 250 mL volumetric flasks and the flasks were filled
up to the mark with 1 mol L' of H,0,. Afterwards, the solutions (samples) were passed
through 0.45 um filter, transferred into 15 mL ICP tubes and were ready for ICP-OES and IC
analysis. It is worth to mention that, each sample was processed in four replicates (n = 4).
The white solid residues were characterized by P-XRD to investigate mineralogical
composition. It has to be noted that, the proposed method solves the problems associated with
the environmental issues related to microwave acid digestion and matrix effects caused by
inorganic acids. In most analytical sample preparation procedure, the main influence is the
chemical reagent used and conditions applied. For instant, the nitric acid matrix was not
compatible for analysis of the total sulphur by the ion-chromatograph in the previous reported
study ». While the use of hydrogen peroxide in the current study made it possible to validate
the method using a well-known technique like ion chromatograph. Therefore, the idea of

using diluted hydrogen peroxide instead of inorganic acids is unique and original
2.4 Evaluation of MW-AHPD efficiency

Digestion efficiency was examined by calculating quantitative recoveries of total sulphur
in CRMs and four experimental parameters were evaluated. The investigated parameters
involved hydrogen peroxide concentration (1-3 mol L"), microwave temperature (100-150
°C), coal amount (0.025-0.5 g) and microwave hold digestion time (5-30 min). The final
volume of the extracting solution was kept constant at 12 mL throughout the optimization
process as explained in the previous report.23 The effect of changing a parameter from a low
to a high level value was evaluated by monitoring the percentage recovery of total sulphur

after each and every MW-AHPD experiment.
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3. Results and discussion

3.1 Influence of different temperatures and [H>0,] on MW-AHPD of coal

23,29

From the previous studies it was observed that temperature and concentration of

the extracting/digestion reagent™ *>

are the most significant parameters that affect microwave
digestion/extraction processes. Therefore, the proposed MW-AHPD was optimized by first
evaluating the effect of the concentration of extracting reagent (H,O;) and microwave
temperature simultaneously. Only two temperature levels (100 and 150 °C) that were
examined in this study, while five levels (1, 1.5, 2, 2.5 & 3 mol L") we evaluated for [H,0,].
The outcomes for the investigated factors are illustrated in Fig 1. From this figure it can be
observed that an increase in temperature (150 °C) improved the digestion of the coal, thereby
increased the total sulphur quantitative extraction efficiency (89-96 %) in all five [H,0,]. All
the experiments carried out under low temperatures (100 °C) resulted in partial digestion of
coal and that resulted in low total sulphur quantitative extraction efficiency (79-89 %) in all
the evaluated hydrogen peroxide concentrations (1-3 mol L™). Additionally, an increase in
hydrogen peroxide concentration improved the extraction efficiency from 80 % up to 96%.
Therefore, the maximum temperature (150 °C) and hydrogen peroxide concentration (3 mol
L") were selected as the optimum conditions. This is because they resulted into extraction
recoveries greater that 96%. These two optimum conditions were then applied for further

optimization.

100 -+
90 -
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70 -
60 -
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40 -
30 A
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Total sulphur recoveries (%)
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Fig 1: Effect of varying [H,0O,] and microwave temperature on the MW-AHPD of coal to

achieve high quantitative recoveries of total sulphur. Digestion conditions: [H,O;]
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(optimized), microwave temperature (optimized), coal amount (0.1 g), digestion hold

time (20 min) and replicates (n = 4).
3.2 Influence of different coal amount on the MW-AHPD of coal

As mentioned earlier on, the crucial step in sample preparation is the extraction of the
target analyte from the complexed matrix to a simple aqueous matrix that is compatible for
the analytical technique proposed using an optimized procedure. Additionally, it is known
that sample amount is one of the significant factors that play a role in microwave-assisted
sample preparation methods.” #°*? Hence, the influence of sample amount on MW-AHPD
for coal digestion prior to quantitative extraction of total sulphur was investigated. Different
coal amounts (0.025, 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 g) were investigated as shown in Fig 2.
In all the conducted experiments, the colourless clear digest were analysed for total sulphur
content using optimized conditions of the ICP-OES. The results show that coal amount
greater than 0.05 g (0.1, 0.15, 0.2, 0.25 and 0.3 g) resulted in poor extraction efficiency
(percentage recoveries < 95 %). Alternatively, samples less than and equal to 0.05 g (0.025
and 0.05g) showed quantitative recoveries (> 95%). It must be noted that 0.025 g resulted in
high percentage recovery (106 %) but with very poor precision (% RSD = 7), hence it was
omitted from the examination. Sample weight of 0.05 g was then selected as the optimum
level as it showed high quantitative extraction efficiency (102 %) of total sulphur with
excellent precision (% RSD < 1). The optimum condition of the sample amount (0.05 g) was

then used in all the subsequent experiments.
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Fig 2: Effect of varying coal amount on the MW-AHPD of coal to achieve high quantitative
recoveries of total sulphur. Digestion conditions: [H,O,] (3 mol L), microwave
temperature (150 °C), coal amount (optimized), digestion hold time (20 min) and

replicates (n = 4).
3.3 Influence of different digestion hold time on the MW-AHPD of coal

One of the advantages of microwave-assisted closed vessel sample preparation
methods is time reduction. Consequently, the impact of irradiation time (5, 10, 15, 20, 25 and
30 min) was examined for digestion of coal. It was observed that, quantitative extraction
efficiency of total sulphur from coal is not much affected by irradiation time as constant
quantitative recoveries were obtained (99-100 %). Since constant recoveries were achieved,
there was no need to show a graph or table. However, the results obtained in the current study
correspond well with the outcomes of the previous report.”> Additionally, the results showed
that hold time of 5 minutes is effective for coal digestion and quantitatively extraction of the
total sulphur as higher extraction efficiency (99 %) were obtained with good precision (%
RSD = 0.6). Based on these results, a microwave irradiation time of 5 minutes was found to
be sufficient for the quantitative extraction of total sulphur. Such short digestion time add an
advantage on the proposed MW-AHPD method as it improves the sample throughput and
hence selected as the ideal level for further investigations. Once the examination of all the
MW-AHPD parameters was completed, the optimal conditions were utilized in all subsequent

experiments in order to complete validation (accuracy, precision, MDL and MQL) of the
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proposed method. Therefore, all the four ideal conditions were applied in three coal CRMs

(SARM 18, 19 and 20) for validation purposes.
3.4 Study of parameter interactions during MW-AHPD of coal

The interactions between the main effects (variables) such as hydrogen peroxide
concentration (A), coal amount (B), temperature (C) and time (D) were evaluated using 2*
factorial designs. The estimated main effects and their interactions can be seen in the Pareto
charts presented in Fig 3. The bars that exceed a vertical reference line (95% confidence
interval) are significant values with respect to the response. According to the Pareto chart
(Fig 3), all factors were statistically significant at the 95% confidence level. However, B and
A were significantly higher than the other effects. In addition, two interactions, BD and BC
were also statistically significant. The results indicated that these variables have a synergistic
effect on percentage recovery. This means that, the use of CA at higher levels and time as
well as temperature at the lower levels and their combination also at same levels may result to
a better analytical response. In addition, the influence of the other three interactions (AC, AB,
AD & CD) was not statistically significant. The influence of the investigated main effects (A,
B, C & D) was similar to the outcomes of the univariate optimization approach discussed

above.
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Fig 3: Pareto chart of standardized effect for the 2* factorial designs.
3.5 Analytical response characteristics of the MW-AHPD method

When developing an analytical method, it is very crucial to determine analytical
merits such as sensitivity, precision, reproducibility, linearity, correlation coefficient, sample
throughput, MDL and MQL. This is conducted in order to assess the excellency of the
proposed method compared to the literature reported studies and also to ensure that the
analytical technique is performing at its best. In the current study, optimized experimental

conditions were utilized to evaluate the analytical features of the proposed method.

Under optimum conditions, calibration function with five points was constructed for
total sulphur extraction ranging from 0 (i.e., analytical method blank) to 25 mg L™ in 50 mL.
These five solutions were obtained by subjecting five different SARM 20 amounts (0.025,
0.05, 0.1, 0.15 and 0.2 g) into the optimized MW-AHPD method and the final digests were
analysed by ICP-OES with aqueous external calibration standards. The concentration levels
selected for sulphur showed good linearity (0.047-5100 pg g') with satisfactory correlation
coefficient (R* > 0.9995) and sensitivity (5479.3 cps L mg ') as shown in Table 1. These

analytical features clearly indicated that the absence of acid and the complete digestion of the

Page 12 of 21



Page 13 of 21

RSC Advances

coal (less carbon content residue) eliminated the matrix interferences which are due to
complete solubility of the total sulphur. This phenomenon enabled the use of aqueous
external calibration standard solutions to calibrate the ICP-OES system for total sulphur

quantification.

The method detection limit (MDL) and method quantification limit (MQL) were
calculated using the IUPAC recommendation. The MDLs are defined as the lowest
concentration of the analyte giving signal equal to the three times the standard deviation (SD)
of the blank signals multiplied by dilution factor. Furthermore, MQLs are expressed as the
lowest concentration of the analyte giving signal equal to ten times the SD of the blank signal
multiplied by dilution factor. The MDL and MQL obtained for the proposed MW-AHPD
method were 0.014 and 0.047 pg g™, respectively and are presented in Table 1.

Jenner et al'® stated that, the agreement of a data set is ‘excellent’ when % RSD is < 3
and is ‘satisfactory’ when % RSD is between 3 and 7. When assessing the precision
(repeatability) of the proposed digestion method, % RSD of 15 replicates (n = 15) was
calculated and it was excellent (1.5 %). That means 15 SARM 20 sample amounts of 0.05 g
were subjected into MW-AHPD procedure simultaneously prior to ICP-OES analysis of the
final digests samples to attain total sulphur extraction efficiency in 50 mL. Conversely,
reproducibility of the proposed method was observed to be 3.9 % (n = 6) and it was
calculated from 6 replicates (n = 6). This implies that, six MW-AHPD procedures were
conducted separately in six different days prior to ICP-OES quantification of total sulphur. It
is worth to mention that, total time required for the complete digestion of the coal samples
using the proposed digestion method is 40 min (20 min of microwave ramping temperature, 5
min of digestion and 15 min of digests cooling) and 24 samples can be digested
simultaneously. Therefore, the sample throughput can be determined to be roughly 24

samples h™'. All the discussed analytical figures are presented in Table 1.
Table 1

Analytical features of the MW-AHPD method for total sulphur quantitative extraction in
coal: Digestion conditions; microwave temperature (150 °C), [H,O,] (3 mol L), coal amount

(0.05 g), extraction time (5 min), replicates (n = 4).

Analytical features Specifications

Sensitivity (cps pg L) 5479.3
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Correlation coefficient (R?) 0.9995
MDL (ug g™) 0.014
MQL (ug g™) 0.047
Linearity 0.047-5100
Precision (% RSD) 1.5
Reproducibility (% RSD) 4.5

Sample throughput (sample h™") 24

3.6 Validation of the MW-AHPD method

After the optimization step, the optimum conditions of the proposed digestion
procedure were utilized for validation purposes. Accuracy (validation) of the proposed
digestion method was performed in order to ensure that in future routine analysis, the
concentration of the target analyte is close enough to the true value of the unknown sample.*
To examine validation of the proposed MW-AHPD procedure, three coal CRMs (SARM 18,
19 & 20) were subjected to the optimum conditions and the resulted digests were analysed by
ICP-OES (total sulphur quantification) and IC (total sulphate quantification). No significant
differences were obtained between mean (four replicates) values of total sulphur found and
its certified values in the tested CRMs. Quantitative recoveries (89-102%) obtained for both
ICP-OES and IC analysis (Table 2) showed satisfactory accuracy of the proposed method.
The agreement between ICP-OES and IC measurements demonstrates that under the
optimum conditions, all the sulphur species in coal were converted into sulphate ions (Table
2). Therefore, the proposed digestion procedure followed by IC and ICP-OES analysis is an
outstanding substitute for tedious Eschka method' routinely applied for total sulphur

determination in coal samples.
Table 2

Determination of total sulphur in SARM 18, 19 and 20 by ICP-OES and IC after MW-AHPD
procedure: Digestion conditions; microwave temperature (150 °C), [H,0,] (3 mol L), coal

amount (0.05 g), extraction time (5 min), replicates (n=4).

CRMs Certified value Found value (ugg ™) Recoveries (%)
(hgg")

ICP-OES IC ICP-OES 1IC
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SARM 18 5600 (16) 5416.42 (0.8) 541733 (2.1) 97 97
SARM 19 14900 (9) 13226.50 (04)  13447.50 (3.5) 89 90
SARM 20 5100 (10) 5036.04 (0.7)  5127.73(4.1) 99 101

Figures in parentheses are percentage relative standard deviation values (%RSD)

3.7 Comparison of MW-AHPD method with other reported method

To investigate the effectiveness of the proposed procedure, MDL and precision of the
present study were compared to those of the literature reported methods as shown in Table 3.
From this table it can be observed that the proposed method showed relatively low MDL and
high precision as compared to the other methods reported in literature.'” > **3* The use of
dilute hydrogen peroxide resulted in low blank values for the proposed MW-AHPD method,
thereby; improved MDL and relatively standard deviation obtained. Similar observations

were reported by Bizzi and co-workers.”
Table 3

Comparison of MDL (ug g'l) and precision (% RSD) achieved by MW-AHPD/ICP-OES with

other literature reported methods for total sulphur determination in solid matrices.

Ref. Matrix ~ Method Reagents Mass  Detection MDL  Precision
(mg)
17 coal slurry Triton X-100/ 0.02  HR-CS-ET- 100 4-8
HNO3 MAS

23 coal MW-AAE HNO3/ H,0, 50 ICP-OES 0.03 3

34 coal slurry Water 0.8 GF-MAS 200 5-12

35 coal solid N/A 150 HR-CS- 0.08 10
MAS ug

36 coal MW-AAD HNO3 200 HR-CS- 100 N.D
FAAS

37 tailings US-AAD HNOs/ HCI1 100 ICP-OES N.D 3-6

38 Peat MW-AAD HNO3 250 ICP-OES 5 17

This  Coal MW-AHPD H0, 50 ICP-OES 0.01 1.5

work
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* Microwave-assisted acid digestion, *: Ultrasound-assisted acid digestion, °: Microwave-assisted acid

extraction, ¢ :Not determined
3.8 Application of the developed MW-AHPD method in real coal samples

The optimized and validated MW-AHPD method was applied for quantitative
extraction of total sulphur in three coal samples obtained in one of the South African coal
mines. The coal samples were abbreviated as coal sample A, B and C (CSA, CSB and CSC
respectively). The resulted digests were then analysed by both ICP-OES (for total sulphur
quantification) and IC (for total sulphate quantification). The results for this investigation are
presented in Table 4 and they show a good agreement between ICP-OES and IC
measurements. From the IC results it can be concluded that the proposed MW-AHPD method
was effective enough to convert all the sulphur species in coal to sulphate ions. Therefore the
proposed procedure can be a good substitute for Eschka method routinely applied for sulphur
determination in coal related samples. The total sulphur concentration obtained in three coal
samples resembles the results that were reported in the previous study.23 The ascending total
sulphur trend among the three coal samples was as follows: CSA>CSC>CSB. Therefore coal
samples A had the highest total sulphur concentration and coal sample B was the least

sample.
Table 4

Determination of total sulphur concentrations (ug g"') in three South African coal samples by

the proposed (MW-AHPD/ICP-OES&IC) n = 4.

Samples MW-AHPD

ICP-OES 1C
CSA 12916.80 (1.4) 13032.11 (4.0)
CSB 3389.61 (0.6) 3400.76 (3.5)
CSC 7001.99 (0.1) 7354.76 (5)

3.9 P-XRD analysis of white solid residue and raw coal (SARM 20)

Powder X-ray diffraction was performed in order to investigate the mineral changes
that occurred after MW-AHPD method and the results are illustrated in Fig 3. The diffraction

patterns of the white soli residue resulted from MW-AHPD and raw coal were quite similar
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except for the peak around 29.8 20. This peak is attributed to the presents of calcium in raw
coal sample. However, the calcium peak was not observed for the microwave-assisted
hydrogen peroxide digested coal, meaning that the proposed method removed the calcium
atoms. The most dominating minerals in both samples were observed to be kaolinite
[AL,Si,05(OH)4] followed by quartz (SiO,). Similar observations were also reported by
Cheng et al.*® and Zhao et al.*. From the two diffraction profiles, it can be perceived that, the
intensity of all the minerals increased when coal was treated with MW-AHPD process. That
is due to the white solid residue formed after MW-AHPD method being more crystalline as
compared to raw coal. The latter is amorphous due to the carbon atoms present. Additionally,
the coal before MW-AHPD process was black (which showed presents of carbon atoms),
after the digestion procedure, white solid residues (which shows complete digestion of
carbon) were obtained with clear colourless digests. These observations show that carbon
content of the coal was completely digested. Kaolinite is known to be a clay mineral and the
common name for quartz is silica, therefore, the white solid residue generated from the MW-
AHPD procedure composed of silica and clay mixture. It is known that, kaolinite and quartz
minerals can only be digested effectively by the use of hydrofluoric acid (HF). The aim of the
developed method was to digest coal for quantitative extraction of total sulphur followed by
ICP-OES and IC determination. The ICP-OES and IC results showed good agreement with
the certified values of the CRMs; therefore, there was no need to use toxic HF in the

proposed digestion procedure.
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Fig 4: Powder X-ray diffraction patterns of raw coal (in red) and microwave-assisted

hydrogen peroxide digested coal (in black).
4. Conclusion

The current study describes the development of environmentally friendly, fast,
novel, sensitive and precise MW-AHPD method for quantitative extraction of total
sulphur in coal samples prior to ICP-OES and IC determination. The proposed procedure
was successfully optimized and validated using three coal CRMs. The developed method
showed good precisions (< 1.5 %), accuracy (89-101 %) and low MDL (0.014 pg g'l) as
compared to the literature reported methods. Hydrogen peroxide converted all the sulphur
species into sulphate ions as shown by the IC results. The P-XRD results showed that, the
solid white residue observed after the MW-AHPD procedure are the undigested kaolinite
and quartz minerals. Therefore, the developed MW-AHPD method is an alternative
method for the tedious Eschka method that is routinely applied for total sulphur

determination in coal related samples.
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