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Abstract FeSO4�H2O and FeSO4 represent the second

valence of iron sulphates. Number of studies has been done

to understand formation of intermediate sulphates like

FeOHSO4 and Fe2O(SO4)2, representing the oxidation of

Fe2? to Fe3?. At selected temperatures, both the thermo-

dynamical equilibrium in the Fe–S–O system and the for-

mation of the crystal structures in the solid phase are

controlled by the partial pressure of water vapour and

oxygen in the gas phase. The effects of the temperature and

the partial pressure of gas components on the solid-phase

content are demonstrated by phase diagrams. The study

puts the accent on the influence of oxygen content in gas

environment on processes of thermal decomposition of

FeSO4�H2O and FeSO4. At three quantities of oxygen

content—0% (100% Ar), 21% (dry air) and 100% (pure

O2) the processes of oxidation and formatting metastable

iron sulphates were examined by several experimental

techniques. The thermal decomposition of samples was

investigated by TG–DTG–DTA method in the temperature

range 293–1400 K. Partial pressure of water vapour was

determined by the quantity of water released from dehy-

dration process of FeSO4�H2O. Infrared spectroscopy,

Mössbauer spectroscopy and X-Ray powder diffraction

method were used for identification of the new formed

solid structures and for characterization of the content of

the iron sulphates with different valencies of iron. The

experimental data and their analyses give the possibility to

determine the different stages of decomposition, related to

the formation of intermediates. Depending on gas envi-

ronment, the basic relationships for reaction kinetics is

drawn. It is demonstrated on that correlation exists between

the kinetic’s parameters and the content of oxygen in the

gas phase.

Keywords Iron sulphates � Thermal decomposition �
X-Ray � IR spectroscopy � Mössbauer spectroscopy

Introduction

Iron belongs to the group of transition metals due to the

possible participation of electrons from the inner electronic

layers in chemical interactions. Ferrous iron (Fe2?) may be

oxidized to ferric iron (Fe3?) by the loss of an electron,

which depends on the experimental conditions. Ferrous

sulphate (FeSO4�xH2O, x B 7, divalent iron) and ferric

sulphate (Fe2(SO4)3�xH2O, x B 9, trivalent iron) are typical

iron salts. They are widely used in inorganic technology

practice as precursors for the synthesis and investigation of

phase transformations of iron oxides [1, 2], for the pro-

duction of pigments [3–9] and in pyrite concentrate oxi-

dative roasting process [10–15]. The scientific interest in

such minerals and their thermal stability is determined by

the possible identification of these minerals and related

dehydrated materials from the surface of Mars [16, 17]. In

all application of iron sulphate it is necessary to take

account the possibility of oxidation of Fe2? to Fe3?. This

fact is particularly important in the processes of thermal
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decomposition of FeSO4�xH2O, where the possible thermal

effects of formation and decomposition of FeOHSO4 and

Fe2O(SO4)2 depends on the temperature and the presence

of oxygen in the gas phase [18–22].

Our previous publications show that the formation of

Fe2O(SO4)2 is more difficult than FeOHSO4, and this

process depends both on the temperature and the partial

pressures of gaseous components—oxygen, water vapour

and sulphur oxides [18–21]. The published results indicate

that the presence of oxidative or inert gas is one of

important parameters that influence the process of the

thermal decomposition of divalent iron sulphates.

As a continuation of these studies, this study puts the

accent on the influence of gas environment (inert and

oxidative) on the processes of thermal decomposition both

of FeSO4�H2O and FeSO4. In addition, this study aims to

determine the conditions of formation and decomposition

of metastable iron sulphates. To prevent the partial oxi-

dation of ferrous sulphates to ferric sulphates, the purity of

the samples is necessary to achieve.

Experimental

Samples

FeSO4 was produced by a heating of FeSO4�7H2O at 743 K

(heating rate of 10 K min-1) in a medium of 100% Ar.

FeSO4�H2O was produced by a preliminary drying of

FeSO4�7H2O at 353 K in a vacuum of 0.6 9 10-5 Pa. The

dried product contained 55.93% SO4
2-, 34.57% Fe2? and

9.5% crystal water [18].

Methods

The X-ray powder diffraction (XRD) measurements of the

samples were performed on a DRON 3M diffractometer

with a horizontal Bragg–Brentano goniometer (radius of

192 mm) using a Fe-filtered Co-Ka radiation (40 kV,

28 mA). A step-scan technique was applied with a step size

of 0.02�2h and 3 s per step in the range 8�–60�2h.

The diffractometer was externally calibrated with

quartz and Si standards. Before the XRD experiments, the

samples were ground in agate mortar, and the front-loa-

ded pressed powder specimens were measured at room

temperature.

The precise position, intensity and broadening (FWHM)

of the peaks in the XRD patterns of the samples were

determined by profile fitting using the WinFit V1.2 pack-

age [23]. The unit cell parameters were refined by the

program PowderCell [24]. For determination of the phases

and minerals present in the samples, the database PDF

(Powder Diffraction File, ICDD, 2001) [25] was used.

The vibration and deformation deviations of SO4
2- and

OH- of the FTIR spectra (KBr pellets) were recorded on a

Bruker Tensor 37 spectrometer. To collect 120 scans for

each sample, the resolution of 2 cm-1 was used.

The Mössbauer spectra were obtained with an electro-

mechanical spectrometer (‘‘Wissenschaftliche Elektronik’’

GmbH), working with constant acceleration mode at room

temperature. A 57Co/Cr source and an a-Fe standard were

used. The experimentally obtained spectra were processed

mathematically by least squares method. The parameters of

hyperfine interaction such as isomer shift (IS), quadrupole

splitting (QS) and effective internal magnetic field (Heff) as

well as the line widths (FWHM) and the relative weight of

spectral partial components (G) were determined.

The TG–DTG–DTA-analyses were conducted with

thermal complex Stanton Redcroft (England). The samples

with mass of 10.0 ± 0.2 mg were studied in the tempera-

ture range 293–1400 K at heating rate of 10 K min-1.

Zirconium crucibles were used with diameter of 4.5 mm.

The experiments were carried out with three types of

flowing gas—100% Ar, 100% Air (dried and purified) and

100% O2 at a rate of 50 mL min-1. Thus at chosen gas

environments, the oxygen content varied from 0% (100%

Ar) to 100% (O2) which allow to study the effect of oxygen

content on the processes of oxidation and obtaining the

metastable iron sulphates. The other experimental condi-

tions were kept the same to ensure correctness and com-

parability of experimental results.

Results

X-ray phase analysis

The results of X-ray phase and structure analyses are

shown in Fig. 1 a and b and Table 1. These spectra cor-

respond to the diffraction lines FeSO4�H2O (PDF 45-1365,

d/nm: 0.345, 0.310, 0.253) and FeSO4 (PDF 17-0873, d/

nm: 0.263, 0.365, 0.341). The experimental data for the

lattice parameters are in good agreement with references.

The spectral lines of FeSO4 (Fig. 1b) are with low inten-

sity, probably as a result of the method of obtaining the

anhydrous ferrous sulphate. Nevertheless, the main phase is

FeSO4 because the diffraction lines of other trivalent iron

sulphates (FeOHSO4 or Fe2O(SO4)2) are not registered.

Infrared spectroscopy

The IR spectroscopies of samples are shown in Fig. 2 a and b.

The symmetric bending mode (m2) of SO4
2- is enhanced

with medium peak intensity for FeSO4 at 480 cm-1

(Fig. 2b) and low peak intensity for FeSO4�H2O [26]. The

asymmetric bending mode (m4) of SO4
2- is presented as
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triplet at 604, 624 and 667 cm-1 (FeSO4�H2O) and a

doublet at 601 and 684 cm-1 (FeSO4). The asymmetrical

stretching mode (m3) of SO4
2- is split into two peaks, due

to lower symmetry: 1090 and 1159 cm-1 for FeSO4�H2O

(Fig. 2a); 1066 and 1170 cm-1 for FeSO4 (Fig. 2b). The

symmetrical stretching mode (m1) of SO4
2- is registered at

997 cm-1 for FeSO4, and slight shift to 1018 cm-1 for

FeSO4�H2O.

The distribution of absorption lines, related to the

vibration of water molecules, identify the peaks of struc-

tural (OH-) and crystal water. The m3 bands of OH- are

located at 3409 cm-1 (FeSO4�H2O) and 3464 cm-1

(FeSO4), which indicates the existence of crystal water in

the structure of sulphates. The m2 bands of crystal water are

registered at 1637 cm-1 (Fig. 2). The broad band of OH-

in the range 3000–3260 cm-1 of the spectrum of FeS-

O4�H2O (Fig. 2a) is associated with strong hydrogen bonds.

The m2 bands of the hydroxyl group are registered at

1495 cm-1 (FeSO4�H2O) and with low intensity at

1494 cm-1 (FeSO4) (Fig. 2). The m4 bands of OH- are

located at 541 and 829 cm-1 (FeSO4�H2O) and 550 and

829 cm-1 (FeSO4). The low intensity of IR bands (m2—

1494 cm-1, m4—829 and 550 cm-1) of anhydrous ferrous

sulphate shows the presence of very small amount of

structural water in the sample. This effect is due to the

absorbing water vapour from the air, which confirms the

strong hygroscopicity of iron sulphates, found in our pre-

vious publications [18, 19].

Mössbauer spectroscopy

The results of Mössbauer spectroscopy of FeSO4�H2O and

FeSO4 are shown in Fig. 3 a and b. The determined

parameters of ultrafine interaction are shown in Table 2.

The Mössbauer spectra include doublets of Fe2? in high-

spin state. The determined Mössbauer hyperfine parameters

(isomer shift and quadrupole splitting) indentify that the

FeSO4�H2O and FeSO4 are the main iron-containing phases

in the samples. The other physical experimental methods
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Fig. 1 XRD patterns of: a FeSO4�H2O; b FeSO4

Table 1 Mean crystallite size (D), micro-strain (E), and unit cell

parameters (a and c), of FeSO4�H2O and FeSO4

Sam-

ple

FeSO4�H2O FeSO4

D/nm E 910-4 a/nm c/nm D/nm E 910-4 a/nm c/nm

1a – – 7.075 7.600 – – 5.252 6.590

2b 112.63 8.13 7.083 7.601 42.22 8.52 5.250 6.593

a ICSD collection code 27098 for FeSO4�H2O and ICSD collection code

23507 for FeSO4

b The samples of FeSO4�H2O and FeSO4, are obtained in conditions,

described in Sect. ‘‘Samples’’
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characterize these products as monophase. These results for

the purity of the samples are essential for further analysis

of their thermal behaviour.

Thermal analysis

The results of thermal experiments of FeSO4�H2O and

FeSO4 in various gas environments are shown in Fig. 4 and

Table 3. Based on the registered and calculated thermal

TG, DTG and DTA curves the reactions of dehydration and

decomposition of the samples are analyzed.

FeSO4�H2O, 100% Ar gas environment

The thermal decomposition of FeSO4�H2O in 100% Ar gas

environment is characterized with three stages of mass

losses, observed by three endothermic peaks in the DTA

curve (Fig. 4a and Table 3). It is supposed that in the

absence of oxidative agent in the gas environment, the

dehydration of the last molecule of crystal water to anhy-

drous ferrous sulphate is realized with mass losses close to

the theoretical (DGtheor = 10.59%, dehydration reaction).

The mass losses for process of dehydration are lower than

theoretical ones (8.50%), which can be explained that

monohydrate contains non-stoichiometric amount of crys-

tal water.

The TG and DTG dependencies in next high tempera-

ture range (800–870 K) show two overlapping thermal

reactions, which were also observed by other authors [27,

28]. It is suggested that the obtained FeSO4 is transformed

into an intermediate trivalent sulphate—Fe2O(SO4)2 or

Fe2(SO4)3. Masset et al. [27] proposed that Fe2(SO4)3 is

obtained at the thermal treatment of FeSO4�H2O in an inert

gas environment. They prove the formation of Fe2(SO4)3

with an analysis of evolving gases, where both the sulphur

oxides and oxygen were identified (SO3 ? SO2 ? 1/

2O2)—reaction A.

6FeSO4 ¼ Fe2 SO4ð Þ3þ2a-Fe2O3 þ 3SO2 ðA½27�Þ

The composition of the gas phase at the decomposition

to Fe2O(SO4)2 is the same—reaction B.

4FeSO4 ¼ Fe2O SO4ð Þ2þa-Fe2O3 þ 2SO2 ðBÞ

The phase diagram of Fe–S–O system at 500 K (Fig. 5)

was presented in our previous publication [18]. The

maintaining a high partial pressure of sulphur oxides is a

necessary condition for the formation of Fe2(SO4)3. When

the inert gas flowing is used, the obtained sulphur oxides

are continuously removed from the reaction space, without

ensuring required level of partial pressure to obtain the

Fe2(SO4)3.

Conversely, for the formation of Fe2O(SO4)2 a high

content of sulphur oxides is not necessary [18, 19]. Thus in

our experimental conditions it is suggested that the for-

mation of Fe2O(SO4)2 is more probable than the formation

of Fe2(SO4)3. There are good match between the theoreti-

cal (10.90%) and experimental (10.00%) mass losses.

The obtained Fe2O(SO4)2 and remaining FeSO4 are

decomposed in the temperature range 870–1010 K (third

stage of decomposition) to hematite and sulphur oxides

[18] (DGtheor = 27.20%). The suggested reactions at lower

temperatures are confirmed with the registered higher mass

losses (31.10%), due to the iron oxysulphate formation.

The suggestion of formation of Fe2O(SO4)2 instead of

Fe2(SO4)3 is substantiated with low value of mass losses,

(\35%—decomposition of ferric sulphate). Based on these

results offered, the following set of reactions is proposed to

explain the process of thermal decomposition of FeS-

O4�H2O (100% Ar gas environment) in the temperature

range 290–1400 K:
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Table 2 Mössbauer parameters of studied samples

Sample Components IS/

mm/s

QS/

mm/s

Heff/

T

FWHM/

mm/s

G/

%

FeSO4�H2O FeSO4�H2O 1.25 2.71 – 0.29 100

FeSO4 FeSO4 1.28 3.10 – 0.38 100
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I. 500–610 K—dehydration

FeSO4 � H2O ¼ FeSO4 þ H2O ð1Þ

II. 800–870 K—partial decomposition

4FeSO4 ¼ Fe2O SO4ð Þ2þa-Fe2O3 þ 2SO2 ð2BÞ

III. 870–1010 K—decomposition

Fe2O SO4ð Þ2¼ a-Fe2O3 þ 2SO2 þ O2 ð3Þ

2FeSO4 ¼ a-Fe2O3 þ 2SO2 þ 1=2O2 ð4Þ

FeSO4, 100% Ar gas environment

The thermal decomposition of FeSO4 in 100% Ar gas

environment is characterized with two overlapping thermal

reactions in the temperature range 780–920 K (Fig. 4b and

Table 3). The first one is probably the partial conversion of

FeSO4 to an oxysulphate according reaction (2). The reg-

istered mass losses for this stage are 17.00%, which are

lower than theoretical ones (DGtheor = 21.08%) in this

temperature range. The second reaction of decomposition

overlaps the first one, thus the mass losses of solid mixture

of FeSO4 and Fe2O(SO4)2 in the temperature range

850–980 K are 25.10%. The comparison between theoret-

ical (26.35%) and experimental mass losses shows a good

match (Fig. 4b and Table 3). Thus, the thermal decompo-

sition of anhydrous ferric sulphate in 100% Ar gas envi-

ronment is characterized by reactions (2) and (4).

FeSO4�H2O, dry air gas environment

The thermal decomposition of FeSO4�H2O in dry air gas

environment may be divided into three stages (Fig. 4c and

Table 3). The first stage is in the temperature range

520–600 K, where 4.60% mass lossess is realized. Because

this temperature range is identical to first stage of decom-

position of FeSO4�H2O in inert gas environment, the

observed effects are due to the dehydration of the last
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molecule of crystal water from monohydrate (DGtheor =

10.59%) with obtaining of FeSO4. The registered mass losses

are two times smaller (4.60%) than the theoretically possible.

This circumstance may be explained with some retention of a

crystal water in the solid phase, caused by formation of

metastable trivalent iron sulphate (FeOHSO4) during the

reaction of partial oxidation of FeSO4�H2O. The reaction

space contains oxygen, which takes part in the reactions of

oxidation of Fe2? to Fe3?. The metastable trivalent iron

sulphates are obtained by solid-phase synthesis. This oxi-

dative reaction is possible due to the appropriate temperature

range and the presence of water vapour (dehydration) and

oxygen (dry air flowing). These conditions predetermine that

the formation of the hydroxysulphate is more thermody-

namically possible than the oxysulphate [18, 19].

The mass losses in second stage of decomposition in the

temperature range 740–850 K are approximately 3.00%. It is

suggested that the registered endothermic effect of a very

low intensity is a result of two reactions with compensation

of heat effects—a separation of OH- from FeOHSO4

(endothermic effect) and oxidation of FeSO4 to Fe2O(SO4)2

(exothermic effect). The mass losses show that these reac-

tions are incomplete, so both FeSO4 and Fe2O(SO4)2 are

present at the end of the temperature range. These sulphates

are decomposed to hematite and sulphur oxides [18] in the

last stage of the studied process (Tinfl = 930 K).

The process of thermal decomposition of FeSO4�H2O

(dry air gas environment) in the temperature range

290–1400 K is proposed to explain with the following set

of reactions:

I. 520–600 K—dehydration and oxidation

FeSO4 � H2O ¼ FeSO4 þ H2O ð1Þ
2FeSO4 � H2Oþ 1=2O2 ¼ 2FeOHSO4 þ H2O ð5Þ

II. 740–850 K—dehydration and oxidation

2FeOHSO4 ¼ Fe2O SO4ð Þ2þH2O ð6Þ

2FeSO4 þ 1=2O2 ¼ Fe2O SO4ð Þ2 ð7Þ

III. 850–1020 K—decomposition

2FeSO4 ¼ a-Fe2O3 þ 2SO2 þ 1=2O2 ð4Þ
Fe2O SO4ð Þ2¼ a-Fe2O3 þ 2SO2 þ O2 ð3Þ

FeSO4, dry air gas environment

The comparison between the thermograms of FeSO4�H2O

and FeSO4 shows that they are completely different (Fig. 4c,

d and Table 3). Moreover the type of used flowing gas

strongly influences on the thermal decomposition of FeSO4

(Fig. 4b, d). The process is characterized by two distinct

stages. In the first stage an intense exothermic reaction with

increased mass of sample is registered. In the second stage an

endothermic reaction with loss of mass is observed. In dry air

environment without the presence both of water vapour and

sulphur oxides in the temperature range 730–820 K the

thermodynamical equilibrium is shifted to the area of sta-

bility of Fe2O(SO4)2 (Fig. 5). The theoretically possible

increase of the mass of the samples is 5.30%, but only 3.40%

is determined experimentally. This shows that at the chosen

experimental conditions—rate of heating of 10 K min-1 and

Table 3 Temperature ranges and mass losses, determined at thermal

decomposition of FeSO4 and FeSO4�H2O in various gas environments

Stage FeSO4�H2O FeSO4

Tinfl/

K

Tstart/

K

Tend/

K

DG/

%

Tinfl/

K

Tstart/

K

Tend/

K

DG/

%

100% Ar

1 558.7 509.4 602.7 8.5 – – – –

2 850.3 804.9 872.6 10.0 859.0 763.1 855.6 17.0

3 946.4 872.6 1009.4 31.1 947.5 855.6 984.1 25.1

Total 51.5 45.0

100% Air

1 558.0 522.5 594.9 4.6 – – – –

2 786.1 754.2 847.6 2.5 771.3 732.7 813.7 ?3.4

3 950.0 847.6 1016.0 42.7 930.0 813.7 997.2 44.8

Total 53.0 48.0

100% O2

1 560.5 481.4 597.4 2.2 – – – –

2 829.0 714.6 850.3 5.0 762.9 663.4 831.6 ?4.1

3 965.5 850.3 1019.2 50.1 956.1 831.6 1004.3 45.0

Total 61.5 49.7

Tinfl—temperature inflection point/K

Tstart—initial temperature of the stage/K

Tend—final phase temperature/K

DG—mass losses for the stage/%

30
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6
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500 K

lgPH
2
O

lgPH
2
O

FeS2

FeS2(SO4)3

FeSO4

FeOHS4
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Fe2O(SO4)2
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25 20–lgPO2

–l
gP

S
O

3

= –8.77

= –7.77

Fig. 5 Phase diagram of Fe–S–O system at 500 K [18]
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limited oxygen in the gas phase (*21%)—the reaction is

incomplete. In the second stage, the obtained solid-phase

products are decomposed to a hematite and sulphur oxides.

Thus the process of thermal decomposition of FeSO4 in dry

air gas environment is in accordance with reactions (7), (4)

and (3). The determined mass losses (48.00%) are higher

than the theoretically possible for the decomposition of pure

FeSO4 (DGtheor = 47.40%) and lower than those for the

decomposition of Fe2O(SO4)2 (DGtheor = 50.03%). This

may be explained with an incomplete oxidation of FeSO4 to

Fe2O(SO4)2.

FeSO4�H2O, 100% O2 gas environment

The TG and DTA dependencies of thermal decomposition

of FeSO4�H2O in 100% O2 gas environment (Fig. 4e and

Table 3) are different from these for other gas environ-

ments. The first losses (2.20%) are registered in the tem-

perature range 480–600 K, where a strong exothermic peak

on the DTA (Tinfl = 560.5 K) is noticed. It is interesting to

note that in this temperature range the decomposition of the

monohydrate at other gas environments is characterized

with an endothermic peak (Fig. 4a, c and Table 3). The

exothermic reaction may be explained by two overlapping

direct oxidations of FeSO4�H2O: to FeOHSO4 (DGtheor =

0.59%) and to Fe2O(SO4)2 (DGtheor = 5.88%). The

FeOHSO4 is a low temperature modification obtained at

certain partial pressure of water vapour [18, 19, 29–31].

The presence of water vapour in gas environment is

determined by dehydration of FeSO4�H2O. Thus, the con-

ditions for predominantly obtaining of ferric hydroxysul-

phate in a solid phase (appropriate temperature and

presence both of the water vapour and the oxygen) are

satisfied. It is supposed that the second reaction is lateral

side oxidation (to Fe2O(SO4)2), which is possible at high

partial pressure of oxygen in the gas phase. This suggestion

is confirmed with registered mass losses (2.20%), which

are result of an oxidation of FeSO4�H2O to FeOHSO4 and

partial obtaining of ferric oxysulphate. This analysis is

based on the assumption that the obtained solid phase is a

mixture of FeOHSO4 and Fe2O(SO4)2 [18]. In the high

temperature region, two coupled endothermic reactions

with Tinfl = 829.0 and 961.6 K may be found (Fig. 4e,

Table 3): dehydration of structural water (OH-) from ferric

hydroxysulphate with obtaining of Fe2O(SO4)2 (DGtheor =

5.27%) and decomposition of Fe2O(SO4)2 to hematite and

sulphur oxides (DGtheor = 50.03%). These values are

almost equal to the experimental results for mass losses—

5.00 and 50.10%, respectively. These results are evidence

for the proposed mechanisms of decomposition in two

temperature regions.

The comparison between temperature ranges of

decomposition of Fe2O(SO4)2 in the various gas

environments shows an shift to higher temperatures of

increasing the oxygen content. The presence of oxygen,

obtained during oxidation and decomposition of FeS-

O4�H2O, delays the thermal processes, respectively

increase the temperatures of the reaction.

These results for thermal decomposition of FeSO4�H2O

in environment of pure oxygen in the temperature range

290–1400 K and their analysis may be summarised as

following set of reactions:

I. I 480–600 K—dehydration and oxidation

2FeSO4 � H2Oþ 1=2O2 ¼ 2FeOHSO4 þ H2O ð5Þ
2FeSO4 � H2Oþ 1=2O2 ¼ Fe2O SO4ð Þ2þ2H2O ð8Þ

II. 710–850 K—dehydration

2FeOHSO4 ¼ Fe2O SO4ð Þ2þH2O ð6Þ

III. 850–1020 K—decomposition

Fe2O SO4ð Þ2¼ a-Fe2O3 þ 2SO2 þ O2 ð3Þ

FeSO4, 100% O2 gas environment

The thermal decomposition of FeSO4 in 100% O2 gas

environment (Fig. 4f and Table 3) is similar to the thermal

decomposition of FeSO4 in dry air gas environment

(Fig. 4d and Table 3). The overall process may be divided

into two processes—an oxidation and a decomposition.

The thermal decomposition of FeSO4 in temperature range

660–830 K at high partial pressure of oxygen without the

presence both of water vapour and sulphur oxides leads to

formation of Fe2O(SO4)2, which is a thermostable solid

phase. This is confirmed with mass losses in this temper-

ature range, where the mass of sample is increased with

4.10% (DGtheor = 5.27%). The solid-phase synthesis of

Fe2O(SO4)2 is reaction (4) with higher conversion rate than

in dry air gas environments (?3.40%, Table 3). In the

temperature range of 830–1000 K, the decomposition of

Fe2O(SO4)2 occurs. The experimental mass losses of

49.70% are commensurable to the theoretical ones—

50.03% (Table 3). Thus, the thermal decomposition of

anhydrous Fe2O(SO4)2 in 100% O2 gas environment is

described by reactions (3).

Discussion

The comparative studies of thermal decompositions of

sulphates of divalent iron in various gas environments

allow evaluating the basic principles both of the chemical

reaction and the kinetics of studied processes. In our pre-

vious publications [18, 19] it was proven that the oxygen

and the water vapour strongly affect on the obtaining of the

metastable sulphates of trivalent iron. Both the partial
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pressure and the ratio between oxygen and water vapour in

gas phase control the process of obtaining the monophase

products in the solid phase, which are result of thermal

decomposition of FeSO4�H2O and FeSO4. Thus, the pro-

cess is controlled by the temperature, the regime of heating

and the partial pressures of oxygen, water vapour and

sulphur oxides.

Effect of temperature

The temperature ranges, where solid-phase synthesis of

intermediate ferric sulphates occurs, the thermal stability

and the desulphurisation depend on the temperature. The

obtained results show that FeOHSO4 is formed at lower

temperatures 450–600 K and remains stable to 700 K. At

temperatures higher than 700 K, FeOHSO4 is transformed

into Fe2O(SO4)2 [18–20].

The Fe2O(SO4)2 is the higher temperature modification

with temperature range of formation between 680 and

810 K. The obtaining of iron oxysulphate is still a con-

tentious issue due to the specific conditions in the reaction

space, which are necessary to ensure, especially the content

both of the oxygen and the water vapour. According to the

phase diagram of the Fe–S–O system (Fig. 5) [18, 20] even

at very low partial pressure of oxygen the oxidation of Fe2

? to Fe3 ? is possible with obtaining metastable ferric

sulphates. This synthesis can be performed in gaseous

environments with different oxygen content—0% (pure Ar-

inert environment), *21% (dry air environment) and

100% (pure O2 environment). The possible precursors are

FeSO4�H2O (dehydration and oxidation), FeSO4 (oxidation

and phase transition) and FeOHSO4 (dehydration). The

parameters, which can be taken into account, are the

regime of heating (dynamic or isothermal), the rate of

heating, the granulometry of sample and the quantity of

sample in the crucible.

Thus, the structures of Fe2(SO4)3 and Fe2O(SO4)2 are

similar, because one sulphate group of Fe2(SO4)3 is

replaced by an oxygen atom in Fe2O(SO4)2. This is con-

firmed by experiments carried out with different methods

(X-ray analysis, Mössbauer spectroscopy, Infrared spec-

troscopy—Figs. 1, Fig. 2, and 3). This fact explains the

conflicting data, found in the references, on the formation

and thermal decomposition of iron oxysulphate [1, 9, 13,

18–22].

The formation of oxygen bridge between two Fe3? is a

characteristic feature of the Fe2O(SO4)2:

The nature of this relationship is area of special scien-

tific interest. The oxygen bridge is formed at the dehy-

dration of compounds, containing a hydroxyl ion, which is

strongly associated with the other ions in the structure, such

as hydroxyl-sulphates [2, 9, 18–21, 30–33], hydroxyl-apa-

tites [34–46], hydrotalcites [47–56]. Some studies found

that during the dehydration of these compounds an oxygen

atom remains in their structure, which forms such type

oxygen bridges. That means that for the accurate identifi-

cation of Fe2O(SO4)2 accurate methods, new techniques

and a precise control of experimental conditions are nec-

essary to use.

Influence of water vapour

The water vapour is an important factor in thermal

decomposition of divalent iron sulphates. It is present in

the reaction space as part of flowing gas or obtained by

dehydration (structural or crystal water) of solid-phase

samples. The water vapour pressure (P
H2O

), which is

function of temperature, affects the process of decompo-

sition by reaction (6). The partial pressure of a water

vapour at constant other parameters (temperature and par-

tial pressures of oxygen and sulphur oxides) shifts the

equilibrium to more stable FeOHSO4 and/or Fe2O(SO4)2

(Fig. 5). With balanced values of the partial pressure of the

water vapour at T = 500 K, both compounds in the system

can be produced simultaneously. FeOHSO4 is the ther-

mally stable product at P
H2O

[ P
H2O balancedð Þ

; Fe2O(SO4)2 at

P
H2O

\ P
H2O balancedð Þ

. This means that at certain temperatures,

as well as P
O2

and PSOx
, the process may be controlled to

obtain either monophase FeOHSO4 or monophase

Fe2O(SO4)2.

The experiments do not confirm the oxidative action of

oxygen from the OH- at the dehydration of ferrous sul-

phate monohydrate in inert gas environment, which were

published in [15]. This study with use of thermal, X-ray

and spectroscopic methods found that after dehydration of

FeSO4�H2O in Ar flowing gas the anhydrous ferrous sul-

phate is obtained.

Influence of oxygen

The presence of oxygen in the reaction space in the pro-

cesses of decomposition of FeSO4�H2O and FeSO4 always

is linked oxidation of these divalent iron sulphates. The

carried out experiments confirm that depending on the

partial pressure of oxygen a different degree of oxidation is

achieved. The experiments with use of pure oxygen as

flowing gas show that the partial pressure of oxygen is not

sufficient for the transformation of FeSO4�H2O and FeSO4

to FeOHSO4 and/or Fe2O(SO4)2. The high partial pressure
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of oxygen is achieved only when pure oxygen is used as

flowing gas, because the amount of oxygen is insufficient

in flowing dry air. Nevertheless, the other parameters of the

process (temperature and water vapour) must take into

account. The high content of water vapour leads to obtain a

mixture of FeOHSO4 and Fe2O(SO4)2. The ratio between

these ferric sulphates depends on the temperature, the

regime of heating and the heating rate.

The monophase compounds are obtained at the multiple

constraints, as follows:

1. FeSO4—inert gas environment (100% Ar, respectively

P
O2

& 0); P
H2O

& 0; temperature range 520–600 K.

The access of water vapour may be limited by use of

dryers for reagent gases or fast remotion of water

vapour from the reaction space.

2. FeOHSO4—air or pure oxygen gas environment; over-

stoichiometric ratio between P
H2O

and P
O2

(P
H2O

� P
H2O balancedð Þ

); temperature range 700–850 K. FeS-

O4�H2O and FeSO4 may be used as precursors.

3. Fe2O(SO4)2—pure oxygen gas environment; P
O2
�

P
H2O

, P
H2O

& 0; temperature range 810–815 K; isother-

mal mode of heating. FeSO4�H2O and FeSO4 may be

used as precursors, but the use of FeSO4�H2O creates

difficulties, because of the presence of water vapour in

the reaction space (when T [ 623 K the FeOHSO4 is

obtained in the solid phase).

4. Fe2(SO4)3—high partial pressure of sulphur oxides.

This condition is achieved by use of gas environment

saturated with sulphur oxides or by use of closed

crucibles.

Conclusions

The parallel experiments prove that the thermal decom-

position of FeSO4�H2O and FeSO4 in gas environments

with various oxygen and water vapour contents leads to

formation of both the FeOHSO4 and Fe2O(SO4)2 from the

possible trivalent iron sulphates. The iron oxysulphate may

be obtained in an inert gas environment, too. The partial

pressure of oxygen depends on the degree of decomposi-

tion of ferrous sulphates to Fe2O(SO4)2 in solid phase.

The presence of water vapour in the reaction space

shifts the thermodynamic equilibrium of the Fe–S–O sys-

tem to the formation of more stable FeOHSO4. This pro-

cess occurs if the partial pressure of the water vapour

exceeds the equilibrium value at certain temperature. The

Fe2O(SO4)2 is more stable phase at partial pressures of

water vapour below an equilibrium level. The end products

of thermal decomposition of iron sulphates are a hematite

and sulphur oxides. At the used experimental conditions

(high partial pressure of oxygen, low partial pressure both

of the water vapour and the sulphur oxides) the formation

of Fe2(SO4)3 as intermediate product of decomposition is

not observed.

On the basis of comparative thermal investigation the

main reactions, which describe the process of decomposi-

tion of FeSO4�H2O and FeSO4, are proposed. The path of

reaction depends on the temperature regime, the regime of

heating and the partial pressures of oxygen, the water

vapour and the sulphur oxides. The obtained products give

the possibility to consider the future of green technologies

with recycling of iron and sulphur.
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