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Iron speciation in coal fly ashes—chemical
and Mössbauer analysis
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Abstract Iron speciation analysis of fly coal ashes was performed using transmision
Mössbauer spectrometry as well as chemical methods. The investigated samples of ashes
came from stoker-fired boiler and pulverized-fuel boiler (of significantly higher combustion
temperature). The Mössbauer spectra show noticeable differences in iron-bearing phases
content. In the first case aluminosilicate glass dominates, whereas in the second one—a
spinel-type phase.

Keywords Fly ashes · Coal combustion · Mössbauer spectrometry · Chemical analysis ·
Iron speciation

1 Introduction

The application of Mössbauer spectrometry in the environmental protection studies is a
very effective tool due to the high sensitivity of this method and precise phase analysis
capabilities. Commonly, iron-based Mössbauer measurements are performed. They anable
the determination of iron speciation in environmental polution products and the corelation of
these data with content of heavy metals. Recently, Mössbauer spectrometry was successfully
utilized in structural and magnetic properties analysis of fly ashes, fly ash-recycled glass,
metallurgical slags as well as road dusts [1–4].

The main goal of this work is the investigation of combustion conditions influence (espe-
cially the combustion temperature) on iron speciation in coal fly ashes. This question is very
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Fig. 1 Room temperature 57Fe transmission Mössbauer spectrum for as-collected coal fly ash from stoker–
fired boiler in heating plant (sample 1)

Table 1 Hyperfine parameters for the Mössbauer spectrum of sample 1

Comp. IS [mm/s] SD(IS) [mm/s] QS [mm/s] B [T] SD(B) [T] γ /2 [mm/s] p [%]

G01 0.36 0 −0.17 51.10 1.19 0.184 21.7

G02 0.22 0 0.05 48.07 1.19 0.184 4.6

G03 0.62 0 0.07 44.77 1.19 0.184 9.2

G04 0.33 0.22 1.06 0 0 0.184 46.0

G05 0.70 0.59 2.34 0 0 0.184 18.4

important from the environmental protection point of view due to the huge amount of gen-
erated fly ashes (e.g. 15 Tg/year in United Kingdom and 4 Tg/year in Poland). Such ashes
are introduced into the environment during the utilization process (road construction as well
as land reclamation and restoration).

2 Experimental

The object of the investigations were fly ashes generated in stoker-fired boiler (sample 1)
or pulverized-fuel boiler (sample 2) operated in heating plant and power plant, respectively.
In the first case a flue gas temperature is maintained at 750–800 ◦C, whereas in the second
one—at about 1800–1900 ◦C. The investigated fly ash samples were collected from dust
collection device. The chemical analysis has revealed that the samples differ in iron con-
tent, significantly (sample 1: 48.9 g/kg, sample 2: 17.0 g/kg). Chemical fractionation of iron
was carried out according to the modified Tessier’s extraction scheme [5]. The iron con-
centrations in the eluates were determined by means of flame atomic absorption analyzer
(F-AAS - Agilent Technologies 200 Series AA 240 FS AA of instrumental determination
limit below 3.8 mg/kg).

In order to determine the speciation of iron the standard 57Fe Mössbauer spectrometry
has been applied in vertical geometry at room temperature. The spectrometer was oper-
ating in constant acceleration mode utilizing 1024 time-resolved channels. The obtained
Mössbauer spectra have been analyzed with dedicated PolMöss multithread package based
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Fig. 2 Room temperature 57Fe transmission Mössbauer spectrum for as-collected coal fly ash from
pulverized-fuel boiler in power plant (sample 2)

Table 2 Hyperfine parameters for the Mössbauer spectrum of sample 2

Comp. IS [mm/s] SD(IS) [mm/s] QS [mm/s] B [T] SD(B) [T] γ /2 [mm/s] p [%]

G01 0.36 0.00 −0.18 50.86 1.04 0.188 15.9

G02 0.22 0.00 0.00 47.70 1.04 0.188 3.8

G03 0.62 0.00 0.10 44.40 1.04 0.188 7.6

G04 0.39 0.24 0.86 0 0 0.188 26.9

G05 0.99 0.34 1.99 0 0 0.188 42.7

G06 0.01 0.03 0 0 0 0.188 3.2

on MS Excel with Solver component for gradient–evolutionary optimization. PolMöss soft-
ware was developed and successfully applied for the first time in order to process Mössbauer
spectra of thin-layered Fe-Ga system [6, 7].

3 Results and discussion

The Mössbauer spectrum collected for the sample 1 is presented in Fig. 1. It has been fit-
ted with five components assuming a Gaussian distribution of hyperfine parameters (Voigt
method). The values of fitting parameters (isomer shift IS related to αFe, quadrupole split-
ting QS, magnetic hyperfine B and contribution p of iron) derived for the sample 1 are
listed in Table 1. The table presents also standard deviations (SD) which can be interpreted
as half-widths of hyperfine parameters distributions. The first three high-field components
(represented by Zeeman sextets) correspond to the iron oxides: hematite—G01 and mag-
netite, i.e. G02(Fe3+)+ G03(Fe2.5+) of G03/G02 = 2 contribution ratio. The contribution
of iron coming from these two phases is approximately 35.5 % (relatively to all phases
containing iron). The dominating G04 paramagnetic component (46.0 %) is a doublet of
the values of IS and QS pointing to Fe3+ origin—characteristic of iron-bearing param-
agnetic aluminosilicate glass [8] identified as mullite (porcelanite, Al6Si2O13) with Fe3+
ions [9, 10]. The last component G05 (doublet of 18.4 % abundance) parameters corre-
spond to fly ash paramagnetic phase with Fe2+ ions recognized in [9, 10] as hercynite
(Fe2+Al2O4 spinel). The widths of IS distributions both for paramagnetic components are
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almost as huge as mean values, which is a sign of possible structural distortions, surface
effects or chemical disorder. The 3:2:1 ration of line intensities of Zeeman sextets in the
Mössbauer spectrum is typical for powder material with no magnetic nor polycrystalline
texture. The value of half-width γ /2 of base Lorentzian profile for all lines in all Zeeman
sextets was adjusted numerically at the level assuring the smooth distributions of hyperfine
parameters.

The sequential extraction procedure allowed to classify the total iron content in fly ash
into six chemical fractions: (1) water leaching fraction – 0.0 %, (2) slightly acid-soluble
fraction – 0.7 %, (3) reducible fraction – 6.7 %, (4) oxidizable fraction – 0.8 %, (5) envi-
ronmentally persistent fraction – 35.2 %, and (5) residual fraction – 56.6 %. The fraction
(3) of iron can be likely assigned to goethite and/or magnetite, whereas fraction (5) is prob-
able an iron oxide surrounded by the coating of a moderate chemical resistance [11]. The
residual fraction (6) is usually considered as a metal in the melted silicate or aluminosili-
cate phase. This fraction of iron can be identified as iron-bearing paramagnetic silicate glass
phase (labeled as G04 component in the Mössbauer spectrum).

The main difference of the Mössbauer spectrum in Fig. 2. collected for the sample
2 (comparing to the sample 1) manifests itself in domination of the glass phase with
Fe2+ in fly ash (Table 2, component G05), which could be directly related to signifi-
cantly higher combustion temperature in a pulverized-fuel boiler than in a stoker-fired
one. The similar trend in Fe2+ and Fe3+ abounded phases contributions is reported in [2],
where the high temperature annealing process of ash-recycled glass was analyzed. Prob-
able morphological form of the phase corresponding to G05 component are cenospheres
or microspheres [8]. The content of hematite is lower in the second sample. Moreover,
the spectrum contains a singlet (3.2 %) of near zero isomer shift (component G06) – pos-
sibly corresponding to superparamagnetic iron nanoparticles (also detected e.g. in road
dusts [4]).

4 Conclusions

The speciation of iron in the investigated fly coal ashes reveals noticeable dependence on
the combustion temperature. The most important difference is visible in the contributions
of two paramagnetic glass-type phases of significantly different values of the isomer shift
and quadrupole splitting (reported, but no well recognized in the literature). Qualitative
consistency of Mössbauer spectrometry outcomes and chemical analysis allows to construct
a future project of the comprehensive investigations of the iron speciation in fly coal ashes
coming from different kinds of industrial combustion processes.
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