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the transformation behaviours of
Fe-bearing minerals of coal in O2/CO2 combustion
atmosphere containing H2O

Fang Huang, *a Shanzhi Xin,a Tie Mia and Liqi Zhangb

The transformation behaviors of Fe-bearing minerals in coals of Xinjiang (XJC) and Shenhua (SHC) were

investigated in an O2/CO2 atmosphere containing H2O in a drop-tube-furnace (DTF). The solid products

were characterized using XRD, Mössbauer spectroscopy, particle size analyzer and SEM-EDX techniques.

The results show that the change in the combustion atmosphere does not significantly alter the main

phases of Fe-bearing minerals in the coal ashes, but does affect their relative contents. The ratio of

Fe2+-glass to Fe3+-glass in the ashes produced from the O2/CO2 combustion atmosphere was

significantly increased. During the XJC combustion and under different combustion conditions

examined, the content of Fe-glass phases remained almost unaltered. However, in SHC samples,

combustion under O2/CO2 atmosphere resulted in a higher amount of iron melting into Fe-glass phases

and less amount of iron oxide formation. This could be attributed mainly to the presence of Fe-bearing

minerals mostly included in nature in SHC samples, which more easily interacted with clays or other

silicates inside coal-formed Fe-glass phases. Increasing the O2 level of the O2/CO2 atmosphere during

SHC combustion could promote the formation of iron oxides. In O2/CO2 atmosphere, with the same

oxygen level, the replacement of 10% of CO2 with H2O promoted the formation of iron oxides,

regardless of the occurrence form (included or excluded) of iron minerals in coal. Furthermore, the

addition of steam resulted in an increase in the size of the particles in ash, resulting probably in

a decrease in the deposition and slagging propensity of coal ash.
1. Introduction

Iron-containing minerals are considered one of the major
contributors of deposition, slagging and fouling problems in
the pulverized coal combustion process.1,2 Pyrite, siderite,
ankerite and iron-bearing clay minerals, such as Fe2+-illite, are
the most common iron-bearing minerals in coal.3,4 Generally,
the ash produced from coal combustion contains iron mainly in
the form of magnetite (Fe3O4), while iron in the ash deposition
on the furnace wall is mainly in the form of hematite (Fe2O3).5

Under coal combustion atmosphere and during the process of
migration and transformation, the effects of iron-bearing
minerals in different forms on the formation of deposition,
slagging and fouling differ signicantly. Reductive Fe2+-con-
taining minerals, such as pyrrhotite and wustite, make a greater
contribution to the deposition. Iron oxides present in the Fe2+

state have a lower melting temperature,4 while hematite and
magnetite in the Fe3+ state contributes less to the deposition.6
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When iron is wrapped in silicate ash particles forming Fe-glass
silicates, the melting temperature and viscosity of the particles
decrease rapidly.7 At a certain temperature, the formed Fe2+-
glass is further oxidized into Fe3+-glass in particles, resulting to
an increase in the viscosity. Therefore, the ratio of Fe2+-glass to
Fe3+-glass in ash particles plays an important role in deter-
mining the tendency of slagging and melting.

Many investigators have studied the transformation charac-
teristics of iron-bearing phases in the air atmosphere.8–11 Pyrite
is generally decomposed to pyrrhotite and then oxidized into
magnetite and hematite. Siderite (iron carbonate) is decom-
posed into wustite, which is then oxidized to magnetite and
hematite. If they are encapsulated within a coal particle, pyrite
and siderite will form Fe2+-glass and Fe3+-glass silicates through
melting of the intermediate products of their transformation,
which are bonded to silicates. Fe-containing illite is converted
to Fe2+-glass silicate and further converted to Fe3+-glass silicate
in an oxidizing environment. During coal combustion, the
combustion atmosphere and temperature inuence dramati-
cally or to a large extent the migration characteristics of mineral
composition.12 Thus far, O2/CO2 combustion is one of the most
promising technologies to control and capture CO2 from coal
combustion on a large scale. Due to the great change in the
combustion atmosphere, the evolution paths and
RSC Adv., 2021, 11, 10635–10645 | 10635
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Table 1 Properties of the coal samples used in the study

Sample XJC SHC

Property analysis (wt%, dry basis)
Moisture 2.11 2.05
Volatile matter 30.95 32.46
Ash 14.45 17.13
Fixed carbon 52.48 48.35
LHV (MJ kg�1) 27.8 25.6

Ultimate analysis (wt%, dry basis)
Carbon 67.03 61.72
Hydrogen 4.20 3.76
Nitrogen 0.96 0.97
Oxygen (diff) 10.25 13.86
Sulphur 1.00 0.51

Ash chemical compositions (wt%)a

MgO 2.69 NDb

Al2O3 26.03 21.76
SiO2 56.34 55.86
SO3 6.07 4.89
K2O 1.30 1.96
CaO 4.80 9.91
TiO2 0.77 0.78
Fe2O3 1.97 4.84

a Ashes were prepared according to GB/T/212-2008. b ND ¼ not
detected.
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transformation behaviors of minerals under the O2/CO2

combustion atmosphere follow complicated procedures.
Krishnamoorthy and Veranth13 suggested or proposed that an
increase in the CO2 concentration in the combustion atmo-
sphere can signicantly change the ratio of CO to CO2 in char
particles, which will further affect the transformation of the
iron-bearing phases. In addition, in O2/CO2 atmosphere, the
water vapor concentration in the furnace is as high as 18–
30 vol%,14,15 which is much higher (7–10%) than that during the
conventional air combustion and even higher than 40% (ref. 16
and 17) of the relevant amount present in the wet cycle. The coal
char will be gasied much easier in a higher water vapour
content atmosphere.18 When water vapour and carbon dioxide
are both present in the furnace atmosphere, water molecules
will primarily occupy active sites in char.19 In this respect Yadav
and Mondal20 found that the char gasication reaction was
enhanced in water vapor enrichment cases, affecting the ame
temperature distribution and the incident radiation prole of
the combustion furnace. Niu et al. also investigated intrinsic
kinetics to predict ash effects on coal char burnout in air and
O2/CO2 atmospheres showing that ash vaporization was lower
in O2/CO2 atmospheres than in air.21 In summary, the
combustion environment is greatly affected by the addition of
water vapor in the combustion atmosphere. Such a high
concentration of H2O in the O2/CO2 combustion atmosphere
will denitely complicate the migration and evolution of
mineral components in coal.

So far, the transformation behaviour of inorganic matters in
coal under O2/CO2 combustion22–25 has been extensively
studied. Stimpson et al. reported that oxy-fuel combustion
deposits contained a higher content of sulphur.22 However, in
oxy-coal combustion, in simulation research, where a high O2

level was used, the mass fraction of submicron particles and
initial layer ash deposition were higher due to the involvement
of Fe, Ca, Mg, Al, and Si.23 A few researchers investigated the Fe-
bearing mineral in O2/CO2 combustion atmosphere. Li et al.
found that the transformation of iron-bearing minerals in coal,
in the process of O2/CO2 combustion, is more conducive to the
formation of Fe-glass silicates.12 This has been attributed to the
higher iron content in coal, upon the inclusion of pyrite and
siderite, resulting in an increase in slag formation. However,
Sheng et al. and Yu et al. suggested that O2/CO2 combustion did
not promote the Fe-glass silicate formation.1,2

At this point, thus far, it should be noted that the inuence
of the water vapor content on the O2/CO2 atmosphere used for
the Fe-bearing mineral transformation has been studied rarely.
Therefore, in this work, we investigated the transformation
characteristics of mineral matters especially iron minerals of
Xinjiang (XJC) and Shenhua coal (SHC) during the O2/CO2

combustion in a water vapor-containing atmosphere. The ashes
aer coal combustion were analysed using standard experi-
mental techniques such as X-ray diffraction (XRD), particle size
analyser, and scanning electron microscopy with energy
dispersive X-ray (SEM-EDX). Moreover, coal ashes from different
atmospheres were also analysed by Mössbauer spectroscopy,
providing evidence for the distribution and content of Fe-
bearing phases. Consequently, the obtained results are
10636 | RSC Adv., 2021, 11, 10635–10645
providing some new insights about the coal combustion ashes
formed during oxy-coal combustion within the wet recycle.

2. Experimental section
2.1. Fuel properties

The coals used in this study are Xinjiang (XJC) and Shenhua
coals (SHC). The proximate analysis, ultimate analysis, lower
heating value, and total sulphur contents (according to the
Chinese standards of GB/T212-2008, GB/T476-2008, GB/T213-
2008 and GB/T214-2007) of the coals are shown in Table 1.
Each analysis was conducted three times under the same
conditions to gain the average value. The ash chemical
composition analysis of the coals is also presented in Table 1.
Each ash sample was tested by XRF (X-ray uorescence) to
analyse the micro-region composition of three points. The XJC
and SHC samples have a medium-low heating value and high
volatile matter, suggesting that the two coals belong to the
typical low-rank bituminous coals.

2.2. Experimental systems

Combustion experiments were conducted in a drop tube
furnace (DTF) and all experiments were carried out at 1450 �C.
The experimental system used for this work is shown in Fig. 1.

The whole experimental system consists of four parts:
a furnace and its temperature controller, coal particle feeder,
gas supply system, and sampling system. The furnace generally
can reach the highest temperature of 1450 �C. The corundum
tube reactor in the furnace has an inner diameter of 50 mm, an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Experimental system used in this study.
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outer diameter of 60 mm and a length of 1600 mm. Water-
cooled tubes are installed at the inlet and outlet of the
corundum tube to rapidly cool and condense residual coal ash
and exhaust gas and to prevent overheating of other external
instruments. O2, N2 and CO2 in the gas supply system were
injected into the high-temperature furnace using control gas
mass ow meters. The water vapors are generated using
a constant ow water pump which controls the water ow and
converts water into water vapors. Water vapor, and O2 and CO2 gas
mixtures are carried into the corundum tube reactor. The sample
collection system consists of a 0.3 mm porous lter and a vacuum
pump (Leybold Sogevac SV25), and the nal ash sample is
collected from the lter. Micro-vibrator feeder of SANCI (Japan)
mixes the pulverized coal with primary air, and then puts it into
the furnace reactor. The secondary air supply for burnout is
divided into two streams into the reactor, one of which carries gas
into the furnace reactor containing water vapor. The feeding rate is
about 0.2 g min�1. The whole combustion gas ow rate (primary
and secondary air) is 4.5 L min�1, and the primary gas ow rate is
0.6 Lmin�1.Water vapor is heated at a temperature of 150 �C, then
the distribution of the gas ow rate calculations is conducted at
150 �C condition. In the carbon loss test of the residual ash, the
burnout rate of the combustion coals in this work is calculated to
be less than 1%, that is, the coals are almost completely burned
out. The residual time of pulverized coal particles in the furnace is
about 1.25 s for all experimental conditions in this work, and it was
maintained by adjusting the total gas fed into the reactor system.
© 2021 The Author(s). Published by the Royal Society of Chemistry
For the combustion experiments in this study, four different
atmospheres were used to simulate the main air combustion
consisting of (21% O2/79% N2, and abbreviated as AIR); others
included the oxy-fuel combustion OXY21 (21% O2/79% CO2),
oxy-fuel combustion with high partial oxygen pressure OXY30
(30% O2/70% CO2) and H2O-containing oxy-fuel combustion
WOXY30 (10%H2O/30% O2/60% CO2). For reproducibility, each
experiment was conducted three times under the same experi-
mental conditions.
2.3. Analysis

Solid products were analysed using XRD, Mössbauer spectros-
copy, particle size analyser and SEM-EDX.

XRD analysis was performed using a Dutch PANalytical B.V.
X'Pert PRO X-ray device, a copper target (Ka1 ¼ 0.1542 nm), in
the scan range of 20� to 80� at 40 kV and 40 mA operating
conditions. X'Pert HighScore soware was used to analyse the
diffraction peak.

Mössbauer test was performed at room temperature using an
iso-accelerated transmission method, with Pd as the base of the
57Co, a-Fe foil-calibrating spectrometer speed, and the reported
isomer shi. The measured spectral lines were calculated using
Lorentzian least-squares curve tting of the spectrum, and then
the characteristics of the various components of Mössbauer
spectrum parameters, such as isomeric shi (IS), four class
splitting (QS) and magnetic hyperne eld (MHF) characteristic
parameters were obtained through the so-called “ngerprint”
effect and were compared with the parameters in the literature
RSC Adv., 2021, 11, 10635–10645 | 10637

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra00673h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
0/

28
/2

02
5 

10
:0

6:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to determine the iron phase in the sample.2,4,12 The iron content
of each iron-containing phase was determined from the area
under the related absorption peak and the data uncertainty
analysis was also performed from the tting curve.12

The particle size distribution in the solid products was
determined using the Malvern particle size analyser (Master-
sizer 2000), which could test the particle size in the particle
range of 0–2000 mm.

The surface morphology and chemical compositions of
combustion solid products were performed using a Quanta 200
environmental scanning electron microscope equipped with
a GENESIS energy dispersive X-ray spectrometry (SEM-EDX).
Fig. 3 The Mössbauer spectra of raw coals XJC and SHC.
3. Results and discussion
3.1. Main minerals and Fe-mineral distribution in coal

XRD analysis was used to analyze the mineral phases in exper-
iment coals, as shown in Fig. 2. The results derived from Fig. 2
show that both coal samples contain quartz. In addition, the
diffraction peaks of XJC are mainly consisting of kaolinite,
quartz and dolomite. The XJC sample is a kind of bituminous
coal with medium ash content. Therefore, diffraction peaks of
other minerals appeared as well in the XRD pattern. By analogy,
diffraction peaks in the XRD pattern of SHC also revealed the
presence of other minerals; quartz, kaolinite, ankerite and
calcite were the main mineral phases that were detected.

The iron-bearing phases in XJC and SHC samples were
further analysed in detail by using Mössbauer spectroscopy (as
shown in Fig. 3), and the content of each iron phase was tted
and calculated appropriately. The iron-bearing phases of XJC
Fig. 2 XRD patterns of raw XJC and SHC samples (Q: quartz; Ka:
kaolinite; B: dolomite; An: ankerite; C: calcite).

10638 | RSC Adv., 2021, 11, 10635–10645
are mainly due to Fe3+-clay minerals, Fe2+-illite, pyrite and
ankerite. The iron content of pyrite, clay minerals and
carbonate was estimated to be 45% to 32.1%, and 16.7%,
respectively, while a small amount (6.5%) of iron phases
remained unclassied.

In the case of the SHC sample, the iron phases are Fe2+-illite,
pyrite, ankerite and jarosite. The iron content in the ferrous
sulphide phase accounts for 35% of the total iron. This amount
is approximately the same (34%) in the iron-containing clay
minerals and signicantly lower for jarosite (10.8%). In general,
the oxidation of pyrite, during coal weathering, storage and
transportation affords XFe3(OH)6(SO4)2 (jarosite), where X
stands for H+, K+, Na+ or NH4

+.26,27
3.2. Mineral phases of ashes produced from DTF
experiments

The XRD patterns of XJC and SHC ashes formed under four
different combustion atmospheres are shown in Fig. 4. The XRD
analyses of the ashes formed during the XJC combustion show
diffraction peaks that do not differ substantially. Apparently,
the change of combustion atmospheres from AIR to OXY21,
OXY30 and WOXY30 did not signicantly alter the formation of
crystalline mineral phases in ashes. This means that the oxy-
fuel atmosphere (change of oxygen partial pressure or
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XRD patterns of XJC and SHC ashes produced from different
combustion atmospheres (L: lime; H: hematite; Q: quartz; Mu: mullite;
Mg: periclase). Table 2 57Fe MÖssbauer analysis of the XJC ashes

XJC sample IS (mm s�1) QS (mm s�1) M.H.F (kOe) Fe (%) Fe phase

AIR 0.91 2.03 7.2 Fe2+-glass
0.28 1.28 25.4 Fe3+-glass
0.37 0.09 513 26.2 Hematite
0.29 0.05 488 11.1 Magnetitea

0.47 0.01 448 30.1 Magnetiteb

OXY21 0.57 2.45 9 Fe2+-glass
0.32 1.13 23.8 Fe3+-glass
0.37 �0.1 514 29.6 Hematite
0.37 �0.02 488 12.6 Magnetitea

0.45 �0.03 431 25 Magnetiteb

OXY30 0.93 1.88 5.8 Fe2+-glass
0.27 1.14 27.8 Fe3+-glass
0.37 �0.09 514 33.3 Hematite

a
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addition of water vapor) did not affect the conversion mecha-
nism of major minerals in coal.12 The main mineral phases in
the ash (XJC sample) are mullite, quartz, lime and calcite.
Mullite and quartz are converted from kaolinite and quartz, and
lime and calcite are converted from dolomite.

For SHC, however, the main mineral phases of ash formed
under air combustion are mullite, lime and quartz. In O2/CO2

atmosphere, the crystalline mineral phases are the same as
those under the O2/N2 atmosphere, although the diffraction
peak intensity of each mineral phase is relatively smaller. When
the oxygen concentration increases to 30%, the diffraction peak
of hematite appears in the ash.
0.34 �0.05 489 24.1 Magnetite
0.39 �0.1 447 9 Magnetiteb

WOXY30 0.73 2.48 5.4 Fe2+-glass
0.33 1.16 26.8 Fe3+-glass
0.36 �0.08 513 34.3 Hematite
0.41 �0.03 479 33.5 Magnetitea

a Tetrahedral. b Octahedral.
3.3. Fe-containing phases of ashes produced from DTF
experiments

The presence of the iron-bearing phase in the ash is a rather
complicated issue, including also the iron-oxide phases and the
iron-bearing glassy (Tables 2 and 3). From Tables 2 and 3, it can
© 2021 The Author(s). Published by the Royal Society of Chemistry
be seen that the type of iron phase remains the same within the
four different combustion atmospheres, but the iron distribu-
tion in each phase is different. It can be seen from Tables 2 and
3 that the Fe3+-glass silicates are the main parts of the glass
phase in the ashes, while Fe2+-glass silicates are only a small
part of the iron content in the ashes. Themain reason is that the
oxygen partial pressure of the furnace gas used in the DTF
experiment, in this work, is very high.

For the XJC sample, the iron phase's characteristics in the
coal ash collected under different combustion atmospheres are
shown in Table 2. The iron phases in all the residues are the
same, including the Fe-glass phase, hematite (Fe2O3) and
magnetite (Fe3O4). Tetrahedral magnetite and octahedral
magnetite, two different structures of magnetite, can be detec-
ted in some ash samples. According to different Mössbauer
parameters, the Fe-glass phase includes Fe2+-glass and Fe3+-
glass silicates. Low temperature eutectic Fe-glass phases are
easy to adhere to the initial sedimentary layer, which is one of
the main factors that aggravate slag formation. Table 2 shows
that the different combustion atmospheres do not affect the
formation of iron-bearing phases in ashes, but they do affect the
relative iron content of each Fe-bearing phase. In other words,
replacing the combustion atmosphere with O2/CO2, increasing
the partial oxygen pressure in O2/CO2 and adding a certain
amount of water vapor will not affect the main path of iron
mineral transformation, but they can affect the content of the
corresponding iron combustion products.

According to the analysis data presented in Table 2, it is
obvious that the change of combustion conditions can signi-
cantly change the content of the Fe-bearing phase, thus
affecting the transformation of the iron phase. The portions of
the Fe-glass phase, hematite and magnetite in Fe-containing
phases were further compared for all the experimental
RSC Adv., 2021, 11, 10635–10645 | 10639
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Table 3 57Fe MÖssbauer analysis of the SHC ashes

SHC samples IS (mm s�1) QS (mm s�1) M.H.F (kOe) Fe (%) Fe phase

AIR 0.68 2.54 7.3 Fe2+-glass
0.36 1.09 37.6 Fe3+-glass
0.35 �0.07 515 26.1 Hematite
0.46 �0.05 464 29 Magnetiteb

OXY21 0.78 2.75 9.2 Fe2+-glass
0.35 0.98 38 Fe3+-glass
0.38 �0.08 515 21.8 Hematite
0.50 0.05 467 31 Magnetiteb

OXY30 1.05 2.10 6.5 Fe2+-glass
0.32 1.15 36.7 Fe3+-glass
0.38 �0.08 516 28.9 Hematite
0.29 �0.01 492 6.4 Magnetitea

0.41 �0.15 445 21.5 Magnetiteb

WOXY30 0.95 1.96 5.9 Fe2+-glass
0.25 1.49 30.2 Fe3+-glass
0.37 �0.09 516 30.5 Hematite
0.15 �0.02 496 7.4 Magnetitea

0.51 �0.03 457 26 Magnetiteb

a Tetrahedral. b Octahedral.

Fig. 5 Iron phase distributions in XJC ashes produced from different
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atmospheres studied, and the results are shown in Fig. 5.
Obviously, for XJC ash samples, most Fe is present in the
magnetite form, followed by the Fe-glass phase, and hematite is
the least. Compared with the air atmosphere sample (AIR), in
the oxy-fuel combustion atmosphere, with the same partial
oxygen pressure, the relative content of Fe-glass in the ashe is
almost the same. The amount of hematite is increased and that
of magnetite is decreased. These results are in accordance with
the previously reported investigation of Yu et al.,2 in which they
speculated that almost all iron-containing minerals pyrite in
coal that are particles in the combustion process is transformed
all alone into iron oxides. Thus, the pyrite particles are almost
impossible to contact other particles within aluminum silicates.
The amount of Fe-glass silicates converted from iron-bearing
clay minerals is not affected by the combustion atmosphere.
From the data shown in Fig. 5, we realize that the iron glass
phases in the ashes are almost not affected by the combustion
atmosphere, compared with raw coal iron minerals reported in
Section 3.1. In addition, the content of Fe-glass in the ashes
formed from the clay minerals and Fe2+-illite is similar to the
content of clay minerals and Fe2+-illite in the raw coal during
the four different combustion atmospheres, suggesting that in
the XJC sample, pyrite and iron carbonate could mainly be
excluded.

The biggest difference between O2/CO2 and air combustion
atmosphere is that the dilution gas in the reactor changes from
N2 to CO2. Therefore, differences observed in the formation of
Fe-bearing products, under the two combustion atmospheres,
could be attributed to the inuence of the higher concentration
of CO2. Based on a literature survey performed,28–31 pyrite in the
N2 atmosphere generally transforms into pyrrhotite, while in
the CO2 atmosphere, magnetite is formed that then turns into
hematite. The decomposed products of pyrite may further react
with CO2 to form iron oxides, indicating that CO2 is further
10640 | RSC Adv., 2021, 11, 10635–10645
conducive to the transformation of pyrite.31 The higher heat
capacity of CO2 (ref. 12 and 32) leads to a lower temperature for
the combustion of particles in the atmosphere, which is
conducive for the transformation of pyrite into hematite.28

Compared with AIR case OXY21 is conducive to the formation of
hematite, due to its lower particle temperature. Since the pyrite
decomposition products can react with CO2 to form iron oxides,
OXY21 results mainly in the formation of hematite and
magnetite (as shown in Fig. 5).

For the case of O2/CO2 combustion OXY30, where the
concentration of oxygen was 30%, an increase in the hematite
content in the ash was observed, while that in magnetite was
decreased. Thus, the CO2 partial pressure was reduced, and as
a consequence, the proportion of the pyrite reacting with CO2 to
form iron oxides was also reduced. It is worth noting that the
combustion atmospheres.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Iron phase distribution SHC ashes produced from different
combustion atmospheres.
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pyrolysis rate of pyrite in the CO2 atmosphere is fairly small,28

especially, when the oxygen partial pressure is high. Increasing
the oxygen partial pressure is followed by an increase in the ash
hematite content. Therefore, we may conclude that the direct
oxidation of pyrite to hematite is easier in the OXY30
atmosphere.

Next, a certain proportion of CO2 (10%) was replaced by
water vapor (WOXY30). In this case, Fe-glass phases content in
the ash formed from the combustion of pulverized coal was
decreased slightly, while the hematite and magnetite contents
were increased. Finally, the total iron oxide content was
increased as well (shown in Table 2 and Fig. 5). Taken into
consideration that the experiment was conducted at a relatively
high temperature (1450 �C), we should keep in mind that the
diffusion-limited reaction rate will be sensitive to experimental
conditions.16,18 The O2 concentration of 30% and a low H2O level
are favorable for the establishment of pulverized coal combustion
in oxy-fuel combustion atmosphere.33 On the one hand, water
vapor replaces part of the dilute CO2 gas, and O2 diffusion is faster
in H2O.34 Thus, molecular O2 is more likely to reach the surface of
combustion particles and be in close contact with ironminerals in
coal to form more iron oxides during the short residence time in
the DTF chamber. On the other hand, the combustion particles are
more easily fragmented as more oxygen diffuses to the particle
surfacemaking it greatly difficult for iron-bearingminerals to be in
contact with clay or other silicates included in the particles to form
Fe-glass.2,12,25 Our previously-reported study34 supported the results
presented herein, highlighting that the reaction rate of pyrite in
the steam-containing atmosphere to be higher than that in the
CO2-containing atmosphere. In the DTF experiment, the addition
of water vapor increases the transformation of octahedral
magnetite to tetrahedralmagnetite, thus, facilitating the formation
of hematite from magnetite.

The iron phases formed during the SHC combustion exper-
iment and in the four different atmospheres were the same as
XJC consisting of Fe2+-glass silicate, Fe3+-silicate, hematite and
magnetite as shown in Table 3. The portions of the Fe-glass
phase, hematite and magnetite in Fe-containing phases were
further compared to all experimental atmospheres studied, and
the results are shown in Fig. 6. The content of Fe-glass phases is
high, approximately reaching a value of 50%, suggesting further
that pyrite or iron carbonate, etc. in coal particles may form a large
proportion of Fe-glass silicates.21 During the combustion trans-
formation process, a certain proportion of non-clay Fe-containing
minerals, pyrite and ankerite exist in the interior of the particles in
combination with silicate forming the relevant Fe-glass phases. As
the partial pressure of oxygen remains the same, more iron-
bearing glass phases and less hematite are formed in the O2/CO2

atmosphere. This is mainly due to the different combustion
temperatures of char particles in two different atmospheres, which
subsequently affect the transformation of iron phases in the
particles. Compared with AIR, the lower particle temperature in
OXY21may delay the transformation of internal ironminerals into
iron oxides. Intermediate products pyrrhotite of pyrite trans-
formation has a melting temperature of about 1100 �C, and FeO–
FeS has a eutectic temperature of about 950 �C, both easily react
with internal silicate to form Fe-glass silicates. In addition, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
higher concentration of CO in OXY21, can not only delay the
transformation of pyrite and other iron-bearing minerals into iron
oxides4,35 but can also reduce the melting temperature of the iron-
bearing phase, thus strengthening the formation of the iron-
containing glass phases.

As shown in Table 3 and Fig. 6, for the SHC sample, an
increase in the oxygen concentration to 30% (in O2/CO2

combustion atmosphere) results in a decrease of the Fe-glass
phase and magnetite contents in the ash, while the content of
hematite increases. Also, an increase in the hematite content in
the ash is observed.2,4 From Table 3, we can also see that Fe2+-
glass silicate formed in OXY30 is signicantly reduced
compared to that in OXY21. For the OXY21 case, with 21%
oxygen content and at high temperature, the Fe2+-glass state can
be further oxidized to the Fe3+-glass state, however, the diffu-
sion of oxygen through Fe2+-glass silicate may limit the reaction
process.4,36,37 This further suggests that an increase in the O2

concentration promotes the relative Fe2+-glass state to be con-
verted into a Fe3+-glass state in the combustion environment.

As shown in Fig. 6, in the O2/CO2 combustion atmosphere
experiment with the same oxygen partial pressure, when 10% of
water vapours replaces the diluent CO2 it results in a signicant
decrease in the content of Fe-glass phases in the formed ash,
while hematite and magnetite contents were increased. Thus,
the content of total iron oxides increases. Generally, it is known
that O2 diffuses faster in H2O than in CO2 gas.34 Therefore,
during the short residence time in the DTF chamber, O2 is more
likely to reach the surface of combustion particles and be in
contact with iron-containing minerals. The data presented in
Fig. 6 shows that the content of magnetite is relatively higher,
suggesting that some Fe-containing minerals inside the coal are
converted to magnetite, and then to hematite.2,12 We may also
suggest that the addition of water vapours does not signicantly
affect the type of iron phase formed in ashes, although the type
and iron content vary with the type of coal.

A comparison of the relative Fe3+-glass to Fe2+-glass ratio of
the ashes produced in the four different combustion atmo-
spheres presented in Fig. 7 is in accordance with the literature
RSC Adv., 2021, 11, 10635–10645 | 10641
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Fig. 7 Fe3+-glass to Fe2+-glass ratio as a function of combustion
atmospheres.
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reports.4,36,37 We may suggest that Fe3+-glass is the main glass
silicates. The iron-bearing minerals in the studied coals will be
transformed to Fe2+-glass in the OXY21 more than that in the
AIR, due to the lower char combustion temperatures in O2/CO2

atmosphere.1,12,21 The data also suggest that the 30% increase in
oxygen concentration in the combustion atmosphere is fol-
lowed by an increase of the Fe3+-glass to Fe2+-glass ratio. The
amount of oxygen diffused to the combustion particle surface is
increased as the oxygen partial pressure increase.2
Fig. 8 Size distributions of XJC and SHC ashes and raw coals.
3.4. Particle size distribution of ashes produced from DTF
experiments

Malvern laser particle size analyser was used to analyse the raw
coal and particle size distribution in ashes, and the results are
shown in Fig. 8. Compared to the particle size distribution in
raw coal, the sizes of the ash particles produced from AIR,
OXY21 and OXY30 move to smaller particle size region. The
ashes formed from AIR, OXY21 and OXY30, were in the sub-
micron area (0.1–1 mm), while the XJC ash of WOXY30 with
a certain amount of water vapor did not form particles in the
sub-micron area. Generally, combustion particles form three
ash particle size regions,38 ranging from sub-micron to 10 mm
and 100 mm size region. The formation of sub-micron particles
is mainly caused by the evaporation and condensation mecha-
nism,39 while the formation of particles sizes greater than 10
microns is mainly ascribed to particle fragmentation including
minerals agglomeration.40 There is no obvious difference in the
ash particle size distributions under combustion conditions
without steam. This result is in accordance with the results of
Sheng et al.38 and Wall et al.41

The particle size distributions in ashes produced under O2/
CO2 and O2/N2 atmospheres are further compared. There is
a signicant difference in the 10 mm particle distribution area
(as seen in Fig. 8). Different types of coal have different effects
on the ash particle size distribution. In fact, the XJC ash sample
affords a higher amount of ash particles with particle size less
10642 | RSC Adv., 2021, 11, 10635–10645
than 10 mm, while SHC forms signicantly less (in O2/CO2

combustion atmosphere) amount of particles in that size range.
This is most likely due to fragmentation and agglomeration of
minerals in the coal during the combustion process as frag-
mentation competes with agglomeration at the same time,
resulting in different effects of the atmosphere on different
types of coal. In the O2/CO2 atmosphere, the higher CO2 heat
capacity and the lower diffusion rate of O2 in CO2 (ref. 31 and
42) leads to lower temperatures of the char particles. As a result,
the fragmentation and agglomeration of minerals are obviously
affected. In addition, both processes are also highly dependent
on intrinsic characteristics such as particle size and type of the
coal particles. In fact, the combustion temperature and the
mineral transformation behaviour of char particles vary within
different coals studied.

From Fig. 8, we can clearly see that when a certain amount of
water vapour is added to the combustion atmosphere XJC or
SHC, (WOXY30 case), the amount of ash particles formed with
a size of lower than 10 mm is relatively low. On the other hand,
when a certain portion of CO2 in the atmosphere is replaced by
H2O, it is benecial to reduce the formation of ash particles
with particle sizes less than 10 mm. Practically, the formed ash
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SEM images of XJC and SHC ashes produced in different combustion atmospheres.
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particles move to the larger particle size region (10–100 mm),
suggesting that more ash particles fall into the bottom of the
ash due to gravity, which might decrease the deposition and
slagging propensity of coal ash on the heat transfer surface.
3.5. Microstructure and chemical composition of ash
particles produced from DTF experiments

The morphology of the bulk ashes is shown in Fig. 9. The ash
particle size observed in the images ranges from less than 1 mm
to greater than 100 mm, which is in accordance with the results
reported earlier in Section 3.4. Morphologies of the ash particles
vary and mainly consist of solid spheres (cenospheres) and
amorphous particles. It can be seen from the images of XJC that
the morphologies of ash particles are quite similar in the four
different combustion atmospheres studied. This further
suggests that the combustion atmosphere does not signicantly
affect the ash morphology. However, in SHC images, and the
morphologies of the ash particles are different. According to the
microstructural characteristics, SHC ash particles consist of
many other bigger particles, exhibiting agglomerate
morphology (particle a), cracked hollow spheres (particle b) and
molten hollow spheres (particle c).

The chemical composition of a single ash particle was
further determined by SEM-EDX techniques and is shown in
Fig. 10. The ash particles from XJC contain many granular
spheres (Fig. 10A) and smooth spheres (Fig. 10B). In addition,
EDX spectra show that the predominant elements are mainly
Ca, Al, Mg, Si and S in the granular spheres and Si, Al, Na and K
in the smooth spheres, as referred to in literature reports.43,44

Finally, for the XJC ash, results suggest that the Fe-containing
minerals are mainly present as excluded minerals trans-
formed independently and hardly in contact with other
minerals.

From SHC ash, two kinds of typical ash particles are seen as
shown in Fig. 10C and D. The EDX spectra in Fig. 10C show that
the cracked cenospheres at the internal surface mainly contain
Si, Al, K, Ca and Fe. The external surface, on the other hand,
© 2021 The Author(s). Published by the Royal Society of Chemistry
contains Si, Al, and K, which also suggests that rather a small
amount of Fe-containing mineral is in contact with Ca-
containing minerals and clay minerals inside the particle. The
ash particles presented in Fig. 10D are not completely spherical.
They contain big holes lled with some smaller spheres inside
(plerospheres). EDX analysis also shows that the iron content
inside the particle (spectrum a in Fig. 10D) is lower than that
outside the particle (spectrum b in Fig. 10D). However, the Si–Al
content is higher inside the particle and lower outside, sug-
gesting that plerospheres in SHC ashes are formed from the
complex eutectics of internal iron-bearing minerals and clays.45

This also is speculation that the iron-bearing mineral (pyrite,
ankerite, etc.) in SHC is mostly included in nature.
4. Conclusions

The work presented here has led to the following results. The
mineral crystallites in the ashes formed under different atmo-
spheres are almost the same for coal samples studied in the
work, and a change in the combustion atmosphere does not
signicantly affect the transformation of the major minerals in
the coal. Mössbauer analysis reveals that the iron-bearing
phases in the residual ashes include Fe-glass phases, hematite
and magnetite. The change of combustion atmosphere can
affect the relative content of iron phases in the ashes. Compared
with air combustion, the Fe3+-glass to Fe2+-glass ratio is signif-
icantly decreased in O2/CO2 combustion atmosphere. For the
XJC ash, O2/CO2 combustion is conducive to hematite forma-
tion, while it has no impact on the formation of the Fe-glass
phase; for the SHC ash, O2/CO2 atmosphere results in more
iron melting into Fe-glass phases and less iron oxide formation.
Replacing a certain portion of CO2 with H2O and increasing O2

concentration promotes iron oxide formation. In O2/CO2

combustion atmosphere with the same oxygen partial pressure,
the addition of water vapour results in the size of ash particles
that moves towards the larger particle size regions. The Fe-
containing minerals in XJC ash are mainly present as
excluded minerals transformed independently while in the SHC
RSC Adv., 2021, 11, 10635–10645 | 10643
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Fig. 10 SEM images and EDX spectra of ash particles. Ash particles from XJC (A and B), ash particles from SHC (C and D), respectively.
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ash, the Fe-containing minerals are mostly included in nature,
transformed signicantly affected by combustion atmosphere.
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