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Abstract: Epithermal neutron activation analysis along wi@P-OES, LA ICP-MS, and XRF were used to
determine the elemental composition of coal fly &stm the Malta coal power station in the Mpumalkang
province of South Africa. A total of 54 major, temand rare earth elements were obtained by theafoaigtical
techniques. The results were compared and theeghancies discussed to show the merits and drawloh@ech
of the techniques. It was shown that the elematatent of this particular coal fly ash are of Haene order as
the NIST standard reference material Coal Fly A883b.

Keywords: coal fly ash, epithermal neutron activation analyX-ray diffraction, inductively coupled-optical
emission spectroscopy, and laser ablation indugto@upled-mass spectroscopy

Introduction

Coal fly ash (CFA) is the major waste generatednfrroal combustion in thermal
power station to produce electricity. Worldwide bBugmounts of CFA are generated in
order to meet energy demands, and about 70% of iSF#isposed as waste [1]. CFA
disposal is of great concern globally due to theirenmental issues arising from the
disposal methods that are currently employed [2@FA is considered a highly
contaminating medium because the toxic trace el&sriancoal are accumulated in higher
concentrations in the combustion by product [5]ughvarious environmental risks may be
linked to the disposal of CFA air, soil, surfacadaroundwater [6-8].
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CFA has been studied extensively to understanemir@onmental impacts associated
with its disposal, management and reuse [6, 9-R&ksearch of CFA compositions has
shown that the chemical composition of fly ash cdsgs major (> 1 wt. %), minor
(1-0.1 wt. %), and trace (< 0.1 wt. %) elementg.[EHlemental analysis have also revealed
that rare earth elements (REEs) [15, 16], toximelats [17, 18] and radionuclides [19] are
present in CFA.

The analytical methods widely used in determinimg ¢élemental compositions of CFA
are X-ray Fluorescence (XRF) spectroscopy [9, R@uctively coupled plasma - optical
emission spectrometer/Mass Spectrometry (ICP-OE)/MIB, 19]; Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LARJIES) [21] and instrumental
neutron activation analysis (INAA) [15, 22].

In South Africa millions of tons of CFA are genetannually by coal-fired power
plants in order to meet the large demand for inthisind domestic energy and the disposal
methods currently employed are raising a lot ofirammental issues [23, 24]. In the
management of CFA the focus should not only be ten grevention of environmental
pollution, but also on methods that can be usegrtmluce or manufacture value-added
products from disposed fly ash. In order to achithese objectives an accurate method of
determining the chemical composition of CFA is faneéntal in the qualitative and
guantitative analysis of the elements of toxicitg aalue in fly ash. Instrumental epithermal
neutron activation analysis (ENAA), X-ray fluoreace spectroscopy (XRF), inductively-
-Coupled Plasma-Optical Emission Spectroscopy @ES) and Laser Ablation
Inductively Coupled Plasma-Mass Spectrometry (LA°IKIS) are used to determine the
elemental composition of CFA. The results obtaiméll be used in understanding the
method that is best suited for determining theedéht categories of elements that are
contained in CFA. This knowledge will assist in #féective valorisation and management
of CFA.

Materials and methods
Sampling

The CFA samples used in this study were collectegttly from the hoppers of Matla
coal power station in the Mpumalanga province intS8cAfrica. The fresh CFA samples
were put in sealed plastic bags devoid of air toichexternal contamination. The sealed
plastic bags were labelled accordingly and stored dark, cool cupboard away from any
heat source, direct sunlight or fluctuating tempees.

Experimental procedures
Epithermal Neutron Activation Analysis

The analysis was carred out at the reactor IBRf2amk Laboratory of Neutron Physics
(FLNP), Joint Institute for Nuclear Research (JINRYibna. For short irradiation, 100 mg of
the CFA sample were heat-sealed in polyethylens.ld&gy long irradiation, same amount of
the CFA were packed in aluminium cups. To deterralm@t-lived isotopes, the CFA samples
were irradiated for 60 sec. After irradiation twangma-spectrometric measurements were
performed; the first one for 3 minutes after 2-Jumés of decay, and the second for 15
minutes after 9-10 minutes decay. Long-lived isetoprere determined after irradiation for
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100 hours in the cadmium-screened channel 1. Afediation samples were re-packed into
clean containers and measured after 4-5 and 28 for 30 minutes and for 1.5 hours,
respectively. Gamma spectra were registered agiloedcelsewhere [25]. The elemental
content of a NIST Certified Reference Material 1&8®%as also determined by ENAA. The
results obtained were then compared to the cettifidues [26].

Inductively-Coupled Plasma-Optical Emission Spectroscopy

The digestant for total acid digestion of the sol#A sample selected included
hydrofluoric acid (HF) and aqua regia (HCI and HN@ixed in the ratio of 3 : 1
respectively). The digestion was carried out adogrdo [27]. 0.25 g of the Matla CFA
sample was weighed into a Teflon cup. 2 aficoncentrated HF and 5 Eaqua regia were
added. The Teflon cup was put in a digestion vefRair bomb), sealed and heated to
200°C for 2 hours in an oven. The Parr bomb wavenh from the oven and allowed to
cool down. 25 crhof HyBO; was added to the sample in order to prevent thdtion of
sparingly soluble in the sample. The digestatefiltased through 0.45 um membrane filter
and made up to 100 érwith ultra-pure water (ELGA Pure lab UHQ). The gedure was
triplicated.

The solution obtained from the total acid digestaperiments was analysed for major
and trace concentration using Varian 710-ES ICPic@pEmission Spectrometry. The
sample was introduced through a high sensitivigssjl single-pass cyclone spray chamber
and conical nebulizer using argon gas. It was fhessed through axially oriented plasma.
The wavelength released by different analytes vedsatied with a CCD detector and auto
integrated using ICP Expert Il software. The ICPSOiastrument was calibrated before
analysis with three calibration standards and akb(@% HNQ). The certified standards
used in calibrating and checking the accuracy efitistrument was supplied by Industrial
Analytical. The certified standards were Spectras8&-1256 for Si, SS-1206 for Ca,
SS1242 for Na, SS-9415S for multiple elements &d028321 for REEs. Three replicates
were run for each sample in order to check theodymibility of the analysis.

X-Ray Fluorescence Spectroscopy

CFA samples were crushed into a fine powder (darsze < 100um) with a jaw
crusher and milled in a tungsten zib mill (to pre@veontamination from trace and REE)
prior to the preparation of a fused disc for magbement and trace analysis. The jaw
crusher and mill were cleaned with uncontaminatedrig after analysing each sample to
avoid cross contamination. Pressed powder pellete wrepared for XRF analysis using
8 g of the sample and a few drops of MOVIOL (a brahpolyvinyl alcohol) was added for
binding. The composition was then determined by X$pEctrometry on a Philips 1404
Wavelength Dispersive spectrometer. The spectramets fitted with an Rh tube and with
the following analysing crystals: LIF200, LIF220)JA420, PE, TLAP and PX1. The
instrument is fitted with a gas-flow proportionalunter and a scintillation detector. The
gas-flow proportional counter uses 90% argon anéo Ifiethane gas mixture. Trace
elements were analysed on a pressed powder peNetriaus kV and mA tube operating
conditions, depending on the analysed element.iMetiects in the samples were corrected
for by applying theoretical alpha factors and meaduine overlap factors to the raw
intensities measured with the SuperQ Philips so#w&ontrol standards that were used in
the calibration procedures were NIM-G (Granite friira Council for Mineral Technology,
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South Africa) and BHVO-1 (Basalt from the Unitectes Geological Survey, Reston). The
XRF technique reports concentration as % oxidesrajor elements and ppm [mg/kg] for
minor and trace elements. The elements reportedaas % oxides were converted to ppm
of the elements using element conversion softwarentbaded at [28].

Laser Ablation Inductively Coupled Plasma-Mass Spectrometry

The instrument was set by connecting a 213 nm lkalskation system connected to an
Agilent 7500ce ICP-MS. The CFA sample was coarselshed and fusion disks were
made by an automatic Claisse M4 Gas Fusion insmtiared ultrapure Claisse Flux. A chip
of sample was mounted in a 2.4 cm round resin disle mounted sample was then
polished for analysis. The sample was ablated udgjas and then mixed with Ar after
coming out of the ablation cell. The sample wasithassed through a mixing chamber
before being introduced into the ICP-MS. Trace elst® were quantified using NIST 612
for calibration method and 29 Si as internal stathd@hree replicate measurements were
made on each sample. The calibration standard wasfter every 12 samples. A quality
control standard was run in the beginning of thgusace as well as with the calibration
standards throughout. Both basaltic glass, BCR-BIdWO 2G were certified reference
standards produced by USGS (Dr Steve Wilson, De@®@r80225) that were used for this
purpose. A fusion control standard from certifieab#ltic reference material (BCR-2, also
from USGS) was also analysed in the beginning séguence to verify ablation on fused
material. Data was processed using Glitter software

Results and discussion

The results obtained on the elemental content ilavi@FA using ENAA, ICP-OES,
LA ICP-MS, and XRF are presented below. A totabdfelements were determined and are
summarized in three tables (Tables 1-3).

To demonstrate the accuracy and reliability of ENA# the most powerful primary
analytical technique [29], NIST Standard RefereMaterial 1633b (bituminous coalfly
ash) was used. The results are given in Tablesi 2 asubdivided according to the level of
certification (certified and non-certified values).

The major elements in fly ash with concentrationk wt. % are presented in Table 3,
whilst the minor (1-0.1 wt. %), and trace (< 0.1 %) elements [14] are presented with the
REEs in Table 4 and the other trace elements iteTabThe techniques and principles on
which these analytical methods are based are €iffeand each of these techniques has its
own merits and demerits which may affect the outoai the CFA analysis. The
composition of the elements in the Matla CFA sangblews that it is Class F since the sum
of Si0O,, FeO; and ALO; is greater than 70% [30, 31]. Class F is produitecth the
burning of bituminous coal and anthracites. Thies efemental composition of the Matla
CFA can be compared to the given concentrationth@felements in SRM 1633b-NIST
(bituminous).

ENAA
Quality Assurance

To assure the quality of ENAA the NIST Certifiedf&ence Material 1633b was used.
The concentrations of the elements in the NIST SR&83b determined by ENAA in
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Dubna (present value) are compared to the knownerdrations of the NIST SRM 1633b
(certified value).

Table 1
Elemental concentrations in the NIST SRM 1633brdateed by ENAA in Dubna and the certified value§][2
Elements NIST certified value ENAA present value Mini_mgm detection RSD
[ma/kg] [mg/kg] limit [mg/kg] [%]

Al 150500 151000 179 -0.33
As 136.2 133 0.507 2.35
Ba 709 708 214 0.14
Ca 15100 15100 691 0.00
Cr 198.2 198 33.3 0.10
Cu 112.8 71.9 662 36.26
Fe 77800 77700 518 0.13
K 19500 20400 4910 —4.62
Mg 4820 4810 176 0.21
Mn 131.8 132 2.8 -0.15
Na 2010 2090 38.5 -3.98
Ni 120.6 121 234 -0.33
Se 10.26 9.83 1.39 4.19
Si 230200 230000 334000 0.09
Sr 1041 1040 32.4 0.10
Th 25.7 27.4 0.108 —6.61
U 8.79 8.49 0.286 341
\ 295.7 312 14.4 -5.51

It can be seen from Table 1 that there is a stragigement between the results
obtained by ENAA of the NIST SRM 1633b and the ified values of this standard.
Except Cu (36.26%) the RSD% values of the analysztiied SRM were below +10%.
The RSD is used to test for the accuracy of théringent in order to determine the
reliability of the instrument in the analysis ofcbaelement. The acceptable range for RSD
value is about £10%. The RSD% was calculated d@wsl

Expectedvalue- Analytical value

[100%

Expectedvalue
Expected value = value of the certified standardalftical value = value obtained when
certified was analysed.

In Table 2, the noncertified values of some elesiéntthe NIST SRM 1633b are
compared to the amounts determined by ENAA in Dulibaept for Gd (-109.23%) and
Zn (-107.62%), there is a good agreement betweenwb values. The RSD% of the
analysis is also below *10%, however the RSD% wal@Gd (—109.23%) and Zn
(-107.62%) clearly shows that their determined am®un the NIST SRM 1633b are
inaccurate and unreliable.

Table 3 presents the concentrations of major elesriarihe Matla CFA determined by
ICP-OES, XRF, and ENAA. The major elements weredeiermined by the LA ICP-MS
technique due to unavailability of suitable staddarThe results reveal that the major
elements analysed in the Matla CFA were Si, Al, Ga, Mg, Na, K, P, Ti, Mn and S. The
ENAA technique did not report the concentratiorPof
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Table 2
Elemental concentrations in the NIST SRM 1633b ¢eotified values [26])
and those determined by ENAA in Dubna
Elements NIST Non certified ENAA Present value Minim_um detection RSD
value [mg/kg] [mg/kg] limit [mg/kg] [%0]
Br 2.9 2.72 0.454 6.21
Ce 190 190 8.16 0.00
Co 50 47.7 0.326 4.60
Cs 11 11 0.17 0.00
Dy 17 16.2 4.85 4.71
Eu 4.1 4.1 0.776 0.00
Gd 13 27.2 0.718 -109.23
Hf 6.8 8 0.414 -17.65
La 94 92.3 1.43 1.81
Nd 85 157 36.6 -84.71
Rb 140 140 1.84 0.00
Sb 6 5.26 0.0519 12.33
Sc 41 41 0.198 0.00
Sm 20 20 0.0907 0.00
Ta 1.8 1.84 0.038 -2.22
Tb 2.6 2.6 0.0651 0.00
Ti 7910 7920 1760 -0.13
Tm 2.1 1.98 0.353 5.71
Yb 7.6 7.61 1.03 -0.13
Zn 210 436 9.27 -107.62
Table 3

Concentrations of major elements in Matla CFA deteed by ENAA, ICP-OES, and XRF
[number of determinations = 3]

Elements ENAA ICP-OES XRF
[mg/kg] [mg/kg] [mg/kg]
Si 176000 + 11314 176760 + 0.981 225683 + 0.044
Al 129500 + 707 62040.13 £ 0.413 163495 + 0.22
Fe 33100 + 1453 9201.59 £ 0.074 19661 + 0.027
Ca 38233 + 493 17211.72 £ 0.048 47983 + 0.083
Mg 29233 + 503 896.19 + 0.023 12807 +0.04
Na 25376 + 93 21032.51 £ 0.858 4101 £ 0.009
K 6640 + 464 116.3956 + 0.008 6985 + 0.009
P Nd 2539.08 + 0.025 3873 £0.013
Ti 9383 + 500 9558.16 + 0.066 7553 + 0.016
Mn 290+10 132.412 +0.002 155 + 0.0004
S 1420 + 473 Nd 77.58 + 0.0024

Nd = Not detected

From Table 3, the concentration value of the malaments in the Matla CFA
obtained using XRF and ENAA were in better agregméren compared to the certified
SRM (1633b-NIST) in Table 1. Also, from Table 3sitobserved that the concentrations of
the major elements (Al, Fe, Mg, and K) in the MaIIRA obtained using ICP-OES were
more than an order of magnitude lower than the eotnations obtained using XRF and
ENAA whereas XRF results of Na were two orders afjnitude lower than ICP-OES and
ENAA. However the elemental abundances of thesmeiés seemed to be proportional.
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The lower concentrations determined by ICP-OES migh attributed to the sample
preparation involved in the technique or matribeeté. The ICP-OES/MS is mostly used in
determining the concentration of elements in CFAwgver, its main disadvantage is that
the CFA has to be digested before analysis [3284fcid digestion required for ICP-OES
of fly ash may result in either loss or contamioatbf the sample from the acid and the
subsequent dilution technique [35-37]. The MatlaAG¥as digested prior to ICP-OES and
that process may have resulted in the lower elahenncentrations detected in the Matla

CFA [38].

Table 4
Concentrations of trace elements in Matla CFA deireed by ENAA, ICP-OES, LA ICP-MS and XRF
[number of determinations = 3]

Elements ENAA ICP-OES LA ICP-MS XRF

[mg/kg] [mg/kg] [mg/kg] [mg/kg]
\ 120+ 6 ND 154.31 + 3.49 64.91 +£6.24
Cr 177.33 +19.09 76.09 +0.009 183.01 + 2.4] 822629
Ni 72.27 +£2.98 169.62 + 0.024 49.54 +1.80 88.9.41
Co 25.90+0.1 2.364 +0.001 17.30 £ 0.49 16.08886
Zn 250.33 +148.38 26.56 +0.002 45.25 + 2.67 648141
As 21.97 +4.88 64.22 +0.011 Nd 20.07 +£2.68
Nb Nd 519.75 £ 0.041 42.97 +1.35 51.50 +1.80
Se 1.44 +0.64 20.12 +0.038 Nd Nd
Br 0.55 +0.05 Nd Nd Nd
Rb 46.67 + 0.92 0.24 + 3.29E-06 55.46 £ 2.20 7224889
Sr 1900 + 34.64 110.22 + 0.007 2137.02 + 81.71 BO5E 5.63
Ag 1.05+0.36 Nd Nd Nd
Cd 5.56 + 2.25 0.11 + 0.00005 Nd Nd
In 0.39+0.12 Nd Nd Nd
Sb 2.51+1.03 Nd Nd Nd
Cs 10.5+0.1 Nd 14 Nd
Ba 1823 + 65 Nd 2372.11 + 32.01 2079.31 £ 12.9
Hf 14.53 +0.15 Nd 8.63 + 0.57 Nd
Ta 3.46 +0.02 Nd 2.69+0.11 Nd
W 9.01 +0.19 Nd Nd Nd
Cl 73 +5.82 Nd Nd Nd
Au 0.0083 + 0.004 Nd Nd Nd
Th 50 +0.44 Nd 35.44 +£1.53 46.60 + 3.33
U 12+0 11.43 +£0.0132 13.38 £ 0.38 63.28 +£2.43
Cu Nd 44.45 +0.0026 61.84 +0.96 117.26 + 3.3§
Mo Nd 4.81 + 0.0001 10.45 +0.33 Nd
Pb Nd 22.45 +0.006 69.00 +1.78 100.25 + 4.07
Zr Nd 258.93 £ 0.022 313.94 +£19.57 787.73 + 3.35

Nd = Not detected

o

The trace element composition of the Matla CFA wheiteed by ENAA, ICP-OES,
LA-ICP-MS and XRF is presented in Table 4. The IGBS and XRF techniques reported
15 trace elements in the analysis of the Matla @#fle 17 and 23 trace elements were
reported by the LA-ICP-MS and ENAA techniques, exgjvely. Cd is not determined by
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XRF analysis. Also, As and Cd were not obtained AYCP-MS, while it is impossible to
determine Pb by ENAA. However As, Cd, Pb were ofeidiby ICP-OES. These elements
are of major environmental concern due to theircibx The amounts of the trace elements
in the Matla CFA obtained using the LA-ICP-MS andAA were in better agreement in
abundance when compared to the certified SRM (1-68%T).

Table 5

Concentrations of REEs in Matla CFA determined BlAB, LA ICP-MS, ICP- OES, and XRF

[number of determinations = 3]

Elements NAA ICP-OES LA-ICP-MS XRF
[mg/kg] [mg/kg] [mg/kg] [mg/kg]
Sc 33.80+0.79 0.83 +0.0001 24.94+1.46 Nd
Y Nd Nd 52.3 +3.47 103.71 £ 1.46
La 92.23 +29.88 0.196 + 81.66 +4.31 111.45+6.51
Ce 247.33 +6.66 20.31+0.004 189.78 +4.13 226.60.00
Sm 18+0 3.72+0.003 11.93 +0.56 Nd
Eu 3.11£0.12 1.238 + 0.0006 2.35+0.13 Nd
Gd 27.57+0.45 1.163 +0.001 10.40 +0.82 Nd
Tb 2.26 +0.19 Nd 1.60£0.12 Nd
Dy 35.23 +1.77 0.44 +0.001 9.5+0.56 Nd
m 1.89£0.72 Nd 0.77 +0.06 Nd
Yb 7.64+1.96 Nd 5.27 +0.47 Nd
Lu 1.26 0.51 0.3 +0.0002 0.72+0.042 Nd
Nd 88.40 +5016 Nd 63.50 +1.78 Nd
Pr Nd 9.53 +0.004 18.35+ 0.60 100.32 £ 2.45
Ho Nd Nd 1.97 £0.19 Nd
Er Nd 4.3 +0.004 5.38 +0.28 Nd

Nd = Not detected

In Table 5 the REEs composition of the Matla CFAedmined by ENAA, ICP-OES,
LA-ICP-MS and XRF are presented. Ten REEs wereraéted by ICP-OES, whilst only
three REEs were determined by XRF technique. LA-@HES and NAA allowed
determination of 16 and 12 REEs, respectively. IS5, and Ce were the only REEs
determined by XRF technique due to unavailability guitable standard for calibrating the
REEs. Moreover, the XRF cannot compete with othelt astablished techniques such as
INAA and ICP-MS [39]. The concentrations of the REiA the Matla CFA obtained by
ICP-OES were also much lower compared to the REtarations obtained when the
Matla CFA was analysed using XRF, LA-ICP-OES andABNThis lower concentration of
REEs may also be attributed to the sample preparatsed for the ICP-OES as it was
observed for the major element concentrations. ciimeentration of the REEs in the Matla
fly ash samples obtained by LA-ICP-MS and ENAA agmoportional to the given
concentrations of REEs in the SRM. Hence LA-ICP-8l ENAA may be considered as
better techniques than ICP-OES or XRF analysiseterthining the REE concentrations in
coal fly ash.

Conclusions

For the first time a total of 54 elements, amorgntl6 rare earths, were determined in
the Matla CFA using ENAA, ICP-OES, LA ICP-MS, andRK techniques. The
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concentration level of the major elements in theAQetermined by ENAA and XRF is
very similar apart from Na and correlates well vittiat of the certified SRM NIST 1633b.
Determination of trace and REEs content obtainedthi®y ENAA and LA ICP-MS
techniques is more reliable than their determimaby the XRF or ICP-OES techniques.
CFA can be considered as a potential source foaeti@n of REEs for industrial use. The
hazardous impact of heavy metals such as Cd, BISA&), Th, in particular, observed in
the studied CFA should be monitored in the reusigyaish in agriculture and construction
materials.
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SKEAD PIERWIASTKOWY POPIOLOW LOTNYCH: STUDIUM PRZYP ADKU
ZWYKORZYSTANIEM METOD NUKLEARNYCH | ANALITYCZNYCH

Abstrakt: W celu okrélenia sktadu pierwiastkowego popiotéw lotnych zkélewni weglowej Malta w prowincji
Mpumalanga w Republice Potudniowej Afryki wykorzgsb epitermalyp neutronow analiz aktywacyjry oraz
ICP-OES, LA ICP-MS i XRF. Za pomacczterech techniki analitycznych oznaczonezestia 54 gtéwnych
i $ladowych pierwiastkbw oraz pierwiastkow ziem rzatiki Wyniki poréwnano, a tak opisano rénice
pokazujce zalety oraz wady keej z wykorzystanych metod. Wykazane,sktad pierwiastkowy popiotu lotnego
jest porownywalny ze sktadem standardowego mateodhiesienia NIST \Agiel Popi6t Lotny 1633b.

Stowa kluczowe:popioly lotne z wgla, epitermalna neutronowa analiza aktywacyjndrattgja rentgenowska,
optyczna spektroskopia emisyjna indukcyjnie epwpa, ablacja laserowa indukcyjnie
sprzzona ze spektroskapmasowy



