
Introduction

Jarosite was first discovered on Earth in 1852 in ra-

vines in the mountainous coast of southeastern Spain.

Jarosites were discovered on Mars in 2005. Jarosites

occur in the oxidized zones of sulphide minerals as a

secondary mineral. Hydronium jarosite has been found

at the Golden Dewdrop mine, Outalpa Station, Olary

Province, South Australia. Hydronium jarosite was de-

termined through the chemical analyses of many

jarosites [1, 2]. The mineral forms a continuous series

with jarosite and natrojarosite. The positive identifica-

tion of the mineral was achieved through the use of

NMR [3]. The mineral is typically ocherous, amber to

dark brown granular masses or crystalline crusts. The

formation of the mineral is not rare since concentrated

acid containing solutions are common. The acidity

must originate from the formation of sulphuric acid

through the oxidation of sulphide deposits [4]. It has

been shown that thiobacillus ferrooxidans acts as a cat-

alyst in the formation of jarosite and hydronium

jarosite [5]. The importance of jarosite formation and

its decomposition depends upon its presence in soils,

sediments and evaporite deposits [6]. The presence of

bacteria such as thiobacillus ferrooxidans contribute to

both jarosite and hydronium jarosite formation. These

types of deposits have formed in acid soils where the

pH is less than pH 3.0 [7]. Such acidification results

from the oxidation of pyrite which may be from bacte-

rial action or through air-oxidation.

The thermal decomposition of jarosites has been

studied for considerable time [8–12]. Some studies of

the thermal decomposition of hydronium jarosite have

been undertaken [13, 14]. These studies are limited and

do not define the decomposition of the hydronium

jarosite. There have also been many studies on related

minerals such as the Fe(II) and Fe(III) sulphate miner-

als [15–20]. Interest in such minerals and their thermal

stability rests with the possible identification of these

minerals and dehydrated paragenetically related miner-

als on planets and on Mars. The existence of these min-

erals on Mars would give a positive indication of the

existence or at least pre-existence of water on Mars.

Further such minerals are formed through crystallisa-

tion from solutions. Whether or not hydronium jarosite

is found in such environments is unknown. However it

is highly likely that hydronium jarosite will be found. It

has been stated that the thermal decomposition of

jarosite begins at 400°C with the loss of water [21].

The process is apparently kinetically driven. Water

loss can occur at low temperatures over extended peri-

ods of time [21]. It is probable that in nature low tem-

perature environments would result in the decomposi-

tion of hydronium jarosite. Recently thermogravi-

metric analysis has been applied to some complex min-

eral systems and it is considered that TG-MS analyses

may also be applicable to the jarosite minerals [22–27].
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In this work we report the thermal decomposition of a

synthetic hydronium jarosite using thermogravimetry

and infrared emission spectroscopy.

Experimental

Minerals

To prepare pure hydronium jarosite, 4 g of Fe2(SO4)3

was dissolved in 40 mL of water. This solution was

heated at 120°C for 21 h in an autoclave, forming a

golden brown precipitate. The precipitate was col-

lected and dried under vacuum. 0.56 g of dry

hydronium jarosite was obtained.

Thermal analysis

Thermal decomposition of the hydronium jarosite was

carried out in a TA
®

Instrument incorporated high-reso-

lution thermogravimetric analyzer (series Q500) in a

flowing nitrogen atmosphere (80 cm
3

min
–1

). 34.4 mg of

sample underwent thermal analysis, with a heating rate

of 5°C min
–1

, resolution of 6, to 1000°C. With the

quasi-isothermal, quasi-isobaric heating program of the

instrument the furnace temperature was regulated pre-

cisely to provide a uniform rate of decomposition in the

main decomposition stage. The TG instrument was cou-

pled to a Balzers (Pfeiffer) mass spectrometer for gas

analysis. Only water vapour, sulphur dioxide, sulphur

trioxide, carbon dioxide and oxygen were analyzed.

Infrared emission spectroscopy

FTIR emission spectroscopy was carried out on a

Nicolet spectrophotometer equipped with a TGS detec-

tor, which was modified by replacing the IR source

with an emission cell. A description of the cell and

principles of the emission experiment have been pub-

lished elsewhere. Approximately 0.2 mg of hydronium

jarosite mineral was spread as a thin layer (approxi-

mately 0.2 microns) on a 6 mm diameter platinum sur-

face and held in an inert atmosphere within a nitro-

gen-purged cell during heating.

In the normal course of events, three sets of spec-

tra are obtained: first the black body radiation over

the temperature range selected at the various tempera-

tures, secondly the platinum plate radiation at the

same temperatures and thirdly spectra from the plati-

num plate coated with the sample. Normally only one

set of black body and platinum radiation data is re-

quired. The emittance spectrum (E) at a particular

temperature was calculated by subtraction of the sin-

gle beam spectrum of the platinum backplate from

that of the platinum+sample, and the result ratioed to

the single beam spectrum of an approximate black-

body (graphite). The following equation was used to

calculate the emission spectra.

E
Pt S

Pt C

= − −
−

05. log

This manipulation is carried out after all the data is

collected. Emission spectra were collected at intervals

of 50°C over the range 200–750°C. The time between

scans (while the temperature was raised to the next hold

point) was approximately 100 s. It was considered that

this was sufficient time for the heating block and the

powdered sample to reach thermal equilibrium. Spectra

were acquired by 1064 scans over the temperature range

100–300°C and 128 scans over the range 350–900°C

(approximate scan time 45 s), with a nominal resolution

of 4 cm
–1

. Good quality spectra can be obtained provid-

ing the sample thickness is not too large. If too large a

sample is used then spectra become difficult to interpret

because of the presence of combination and overtone

bands. Spectroscopic manipulation such as baseline ad-

justment, smoothing and normalisation was performed

using the GRAMS
®

software package (Galactic Indus-

tries Corporation, Salem, NH, USA).

Results and discussion

TG analysis and mass spectrometric analysis

The TG pattern of hydronium jarosite is shown in

Fig. 1. Five mass loss steps are observed at 262, 294,

385, 557 and 619°C. The relative ion current of

evolved water vapour and oxygen is shown in Fig. 2.

This graph shows that water is lost almost continu-

ously from around 250 through to 500°C. Figure 3

displays the ion current for masses of 32, 48 and 64.

This graph shows the loss of sulphur dioxide and rep-

resents the loss of sulphate in the thermal decomposi-

tion process. Two temperatures are observed at 578

and 622°C. These two temperatures correspond with

the mass loss steps at 557 and 619°C. There is a slight

difference in the temperatures as the mass spectromet-

ric analysis starts after the commencement of the ther-

mal analysis. Both oxygen and SO2 are evolved at

622°C but only SO2 at 578°C.

The first three mass loss steps involve the evolu-

tion of water vapour and are attributed to dehydroxyla-

tion. The fourth mass loss step at 557°C involves both

the loss of water and the loss of sulphate simulta-

neously. This mass loss step is ascribed to the loss of

the hydrated proton and the loss of the associated sul-

phate unit. The theoretical mass loss of six hydroxyl

units from hydronium jarosite based upon the formula

(H3O)Fe3(SO4)2(OH)6) is 21.25%. The total mass loss

for the three dehydroxylation steps is 15.3%. This

value is low compared with the theoretical value.
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Mechanism for the thermal decomposition of

hydronium jarosite

The following set of steps is proposed for the mecha-

nism for the thermal decomposition of hydronium

jarosite. Five steps are proposed. The first three steps

involve the loss of hydroxyl units, the fourth step is

the loss of the hydrated proton together with the loss

of sulphate and the final step is due to the loss of the

remaining sulphate.

Step 1 (262°C)

(H3O)Fe3(SO4)2(OH)6→
(H3O)(Fe3O)(SO4)2(OH)4+H2O

This decomposition step is due to dehydration of

the hydronium jarosite

Step 2 (294 and 343°C)

(H3O)(Fe3O)(SO4)2(OH)4→
(H3O)(Fe3O1.5)(SO4)2(OH)3+0.5H2O

(H3O)(Fe3O1.5)(SO4)2(OH)3→
(H3O)(Fe3O2)(SO4)2(OH)2+0.5H2O

This decomposition step is associated with the

dehydroxylation of the hydronium jarosite.

Step 3 (at 385°C)

(H3O)(Fe3O2)(SO4)2(OH)2→
(H3O)(FeO)3(SO4)2+H2O

This step is a second dehydroxylation step.

Step 4 (at 557°C)

(H3O)(FeO)3(SO4)2→(FeO)3(SO4)+H2SO4

H2SO4→SO3+H2O

(FeO)3(SO4)→FeSO4+Fe2O3

i.e. (H3O)(FeO)3(SO4)2→FeSO4+Fe2O3+SO2+H2O

This step is a very sharp decomposition step.

This step is due to the loss of sulphate as SO3. The

step is shown in the ion current curves in Fig. 3. There

is a slight lag in the mass spectrometric curves com-

pared with the DTG curves. The sharp temperature in

the DTG curves at 557°C corresponds with the tem-

perature of 578°C for the mass gain of SO3 and SO2.

This temperature is the temperature at which the hy-

drogen ion from the hydronium jarosite is lost.

Step 5 (at 619°C)

2FeSO4→Fe2O3+SO2

This step is the final decomposition step and is

the final loss of sulphate as SO2.

Raman and infrared spectroscopy

Materials such as hydronium jarosite may be character-

ised by their infrared and Raman spectra. These spectra

provide an understanding of the molecular structure of

the material. Changes in this structure can be followed

by changes in the Raman and infrared spectra. One tech-
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Fig. 1 Thermogravimetric and derivative thermogravimetric

analysis of hydronium jarosite

Fig. 2 Ion current curves of molar masses 16, 17 and 18 as a

function of temperature

Fig. 3 Ion current curves of molar masses 32, 48 and 64 as a

function of temperature



nique for studying the changes in the molecular struc-

ture is infrared emission spectroscopy. The technique

enables the spectrum at the elevated temperature to be

determined. In order to understand the spectrum at the

elevated temperature it is necessary to understand the

room temperature spectra. The Raman spectrum of

hydronium-jarosite in the 150 to 1250 cm
–1

range and

the infrared spectrum in the infrared spectrum in the 550

to 1250 cm
–1

range are shown in Fig. 4. Sulphates as

with other oxyanions lend themselves to analysis by

Raman spectroscopy. In aqueous systems, the sulphate

anion is of Td symmetry and is characterised by Raman

bands at 981 cm
–1

(ν1), 451 cm
–1

(ν2), 1104 cm
–1

(ν3)

and 613 cm
–1

(ν4). Reduction in symmetry in the crystal

structure of sulphates such as jarosites will cause the

splitting of these vibrational modes. For jarosites the

space group is C
5

3
and six sulphate fundamentals should

be observed. The Raman band at 1005 cm
–1

is attributed

to the SO
4

2−
symmetric stretching mode. The equivalent

infrared band is forbidden and is not observed.

In the Raman spectrum an intense sharp band is

observed at 1014 cm
–1

which is attributed to the sym-

metric stretching vibration of the SO
4

2−
units. The band is

only observed as a small shoulder at 1003 cm
–1

in the in-

frared spectrum which is dominated by an intense band

centred at 999 cm
–1

. This band is attributed to the

hydroxyl deformation modes. The Raman band corre-

sponds well with the previously published data for syn-

thetic jarosites [28]. Sasaki et al. did not publish the

spectrum of hydronium jarosite. The infrared spectrum

in this work differs from that published by Sasaki et al.

for the synthetic jarosites in that the strong band at

999 cm
–1

was not reported [28]. Two Raman bands are

observed at 1171 and 1107 cm
–1

which are assigned to

the antisymmetric stretching vibrations of the SO
4

2−

units. The position of these bands corresponds well with

the published data of Sasaki et al. [28]. The equivalent

infrared bands are observed at 1184 and 1084 cm
–1

.

Sasaki et al. reported infrared bands using reflectance

techniques for ammonium jarosite at 1200 and

1080 cm
–1

.

The band at 623 cm
–1

in the infrared spectrum

and at 621 cm
–1

in the Raman spectrum is attributed to

the ν4 bending mode of the SO
4

2−
units. It should be

noted that the lower limit of the infrared spectrum is

550 cm
–1

because of the absorption of the ATR cell. A

low intensity Raman band in the Raman spectrum at

565 cm
–1

and a band at 532 cm
–1

may also be ascribed

to this bending mode. The previous study which re-

ported the Raman spectrum of jarosites gave for

K-jarosite two infrared bands at 630 and 580 cm
–1

and

at 625 and 577 cm
–1

in the Raman spectrum . In the

Raman spectrum bands at 453 and 435 cm
–1

are attrib-

uted to the ν2 bending modes of the SO
4

2−
units.

The two bands at 368 (weak) and 321 cm
–1

are

assigned to FeO stretching vibrations. Sasaki et al.

also assigned bands in similar positions to this type of

FeO vibration. These workers also assigned a band at

449 cm
–1

as a FeO vibration. However, it is more

likely that this band is due to the ν2 bending modes of

the SO
4

2−
units. The additional band is caused by the

symmetry reduction of the SO
4

2−
units. The strong

Raman band at 232 cm
–1

is probably due to strong hy-

drogen bonding between the hydroxyl units and the

sulphate units in the hydronium jarosite structure.

Infrared emission spectroscopy

The use of infrared emission spectroscopy enables the

changes in the structure of the hydronium jarosite to

be followed in situ at the elevated temperatures. No

heat source is required except for the hot sample it-

self. As the material is heated, the infrared radiation is

emitted and is detected by the infrared detector.

The infrared emission spectra of hydronium

jarosite in the OH stretching region are shown in Fig. 5.

This suite of spectra shows the intensity of the OH

stretching units over the 100 to 400°C temperature

range. No intensity remains in this band after 450°C.

The conclusion is made that dehydroxylation of the

hydronium jarosite is complete by this temperature.

The IE spectra of the sulphate stretching region

are shown in Fig. 6. This figure shows the changes in

IE spectral profile with temperature increase. These

spectra have been analysed using band component

analysis techniques. These resolved spectra are shown

in Fig. 7. The stacked plot of the band component anal-

yses of the 100 to 500°C IE spectra are shown in Fig. 7.

In the IE spectrum at 100°C, two sets of bands are ob-

served at 1012, 1085 and 1220 cm
–1

and a second set at

1010, 1116 and 1184 cm
–1

. The second set of bands are

at a significantly lower intensity than the first set. In

the crystal structure of jarosites there are two inde-

pendent types of sulphate units in the ratio of 1:3. In-

frared emission spectroscopy is identifying two sets of

sulphate antisymmetric stretching vibrations which are
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Fig. 4 Raman in the 150 to 1350 cm
–1

region and infrared

spectra in the 550 to 1350 cm
–1

region of hydronium

jarosite at 298 K



attributed to these two types of sulphate units. In the

200°C spectrum infrared emission bands are observed

at 1012, 1085 and 1195 cm
–1

with a second set of bands

at 1010, 1114 and 1230 cm
–1

. A different spectral pro-

file is observed in the IE spectrum at 300°C. Bands are

observed at 972, 1016, 1083, 1157 and 1220 cm
–1

.

Changes in the spectral profile are observed due to the

onset of dehydroxylation which results in the removal

of the bonding of the OH units to the sulphate units. At

400°C bands are observed at 1014, 1105 and

1220 cm
–1

and at 500°C 1005, 1059, 1126 and

1225 cm
–1

. The definition and resolution of the bands

is lost at 550°C and no intensity remains in the spectra

at 700°C. Thus this shows that the loss of sulphate has

occurred by this temperature.

The changes in the IE spectra are in harmony with

the thermal analysis results. Even though the two types

of experiments are conducted differently. The TG ex-

periment is a dynamic experiment with the thermal de-

composition studied at a constant heating rate. The in-

frared emission experiment is a batch type experiment in

which the hydronium jarosite is heated to a certain tem-

perature, with a wait time of 15 min followed by collec-

tion of the data. The sample is then ramped to the next

temperature and the experiment repeated.
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Fig. 5 Infrared emission spectra of the hydroxyl stretching re-

gion of hydronium jarosite at temperatures from 100 to

500°C, at 50°C intervals

Fig. 6 Infrared emission spectra of the 700 to 2200 cm
–1

re-

gion of hydronium jarosite at temperatures from 100 to

1000°C, at 50°C intervals

Fig. 7 Band component analysis of the 750 to 1350 cm
–1

region

of hydronium jarosite at 100 to 500°C, at 100°C intervals



Conclusions

Thermogravimetry combined with mass spectrometry

has been used to study the thermal decomposition of a

synthetic hydronium jarosite. The hydronium jarosite

is stable up to around 200°C, after which decomposi-

tion commences and reaches a maximum at 262°C af-

ter which dehydroxylation occurs. This dehydroxyla-

tion appears to take place in steps at 262, 294, 345 and

385°C. The proton appears to be lost at 557°C and is

associated with a loss of sulphate. This loss of the

proton is sometimes referred to as ‘excess’ water. The

remainder of the sulphate units are lost at 619°C. In

many natural jarosites for example natrojarosite, the

mineral is not purely a sodium jarosite but may con-

tain some protons and thus one is dealing with a

mixed sodium–hydronium jarosite. Changes in the

molecular structure were followed using infrared

emission spectroscopy.

Jarosites are a group of minerals formed in

evaporite deposits and form a component of efflores-

cence. As such the minerals can function as cation

and heavy metal collectors. Hydronium jarosite has

the potential to act as a cation collector by replace-

ment of the proton with a heavy metal cation. The po-

tential of this synthetic mineral for this purpose

remains to be explored.
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