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THERMAL DECOMPOSITION OF AMMONIUM JAROSITE
(NHy)Fe3(SO4)2(OH)s

Ray L. Frost', Rachael-Anne Wills, J. Theo Kloprogge and Wayde Martens

Inorganic Materials Research Program, School of Physical and Chemical Sciences, Queensland University of Technology
GPO Box 2434, Brisbane Queensland 4001, Australia

Thermogravimetry combined with mass spectrometry has been used to study the thermal decomposition of a synthetic ammonium
jarosite. Five mass loss steps are observed at 120, 260, 389, 510 and 541°C. Mass spectrometry through evolved gases confirms
these steps as loss of water, dehydroxylation, loss of ammonia and loss of sulphate in two steps. Changes in the molecular structure
of the ammonium jarosite were followed by infrared emission spectroscopy (IES). This technique allows the infrared spectrum at
the elevated temperatures to be obtained. IES confirms the dehydroxylation to have taken place by 300°C and the ammonia loss by

450°C. Loss of the sulphate is observed by changes in band position and intensity after 500°C.
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Introduction

The jarosite mineral group has been extensively stud-
ied [1]. Jarosite was first discovered in 1852 in ra-
vines in the mountainous coast of southeastern Spain.
Ammonium jarosite (NH4)Fe;(SO4),(OH)s was dis-
covered in a black lignitic shale near Panguitch, Utah,
USA [2]. The mineral has also been located in several
other USA sites as well as in Germany, Austria and
Venezuela [3]. The mineral has been associated with
ammonium alum [3]. Interest in such minerals and
their thermal stability rests with the possible identifi-
cation of these minerals and dehydrated para-
genetically related minerals on planets and on Mars.
The existence of these minerals on planets would give
a positive indication of the existence or at least
pre-existence of water on Mars. Further such minerals
are formed through crystallisation from solutions.
Whether or not ammonium jarosite is found in such
environments is unknown. One of the moons of Sat-
urn, Cassini, has been reported to have an atmosphere
of nitrogen/ammonia and hence a mineral such as am-
monium jarosite could exist on this planet.

The formation of the mineral is rare since con-
centrated ammonium containing solutions are not
common. The ammonium must come from the de-
composition of organic substances or the biological
activity associated with this organic matter. It has
been shown that Thiobacillus ferrooxidans acts as a
catalyst in the formation of jarosite [4]. The impor-
tance of jarosite formation and its decomposition de-
pends upon its presence in soils, sediments and evap-
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orate deposits [5]. The presence of bacteria such as
Thiobacillus ferrooxidans contribute to both jarosite
and ammonium jarosite formation. These types of de-
posits have formed in acid soils where the pH is less
than 3.0 [6]. Such acidification results from the oxida-
tion of pyrite which may be from bacterial action or
through air-oxidation or both.

The thermal decomposition of jarosites has been
studied for considerable time [7—11]. Some studies of
the thermal decomposition of ammonium jarosite
have been undertaken [12, 13]. There have also been
many studies on related minerals such as the Fe(II)
and Fe(Ill) sulphate minerals [14—19]. It has been
stated that the thermal decomposition of jarosite be-
gins at 400°C with the loss of water [1]. Water loss
can occur at low temperatures over extended periods
of time. It is probable that in nature low temperature
environments would result in the decomposition of
jarosite. Recently thermogravimetric analysis has
been applied to some complex mineral systems and it
is considered that TG-MS analyses may also be appli-
cable to the jarosite minerals [20-25]. The study of
jarosites are important for the understanding of evap-
orate deposits and also for their applications in hydro-
metallurgy. It is important to have a fundamental un-
derstanding of the chemistry especially the thermal
stability of jarosites. Such fundamental knowledge
can only be obtained from thermal analysis studies. In
this work we report the thermal decomposition of a
synthetic ammonium jarosite using thermogravimetry
and infrared emission spectroscopy.
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Experimental
Minerals

An ammonium jarosite was synthesised by dissolving
1.47 g of hydrated Fe,(SO4); and 10.6 g (NH4),SO4 in
75 mL of water. 5 mL of 0.375 M H,SO, was added
to the sulfate solution in a dropwise fashion slowly
over a 30 min period. This solution was covered and
heated on a hot plate at 100°C for 3 h. A golden
brown precipitate was collected under vacuum filtra-
tion and dried for 45 min at 100°C. The mass of dry
precipitate collected was 0.56 g.

X-ray diffraction

X-ray diffraction patterns were collected using a
Philips X pert wide angle X-ray diffractometer, oper-
ating in step scan mode, with CuK, radiation
(1.54052 A). Patterns were collected in the range 3 to
90° 206 with a step size of 0.02° and a rate of 30 s per
step. Samples were prepared as a finely pressed pow-
der into aluminium sample holders. The Profile Fit-
ting option of the software uses a model that employs
twelve intrinsic parameters to describe the profile, the
instrumental aberration and wavelength dependent
contributions to the profile.

SEM and X-ray microanalysis

Ammonium jarosite samples were coated with a thin
layer of evaporated carbon and secondary electron
images were obtained using an FEI Quanta 200 scan-
ning electron microscope (SEM). For X-ray micro-
analysis (EDX), three samples were embedded in ar-
aldite resin and polished with diamond paste on
Lamplan 450 polishing cloth using water as a lubri-
cant. The samples were coated with a thin layer of
evaporated carbon for conduction and examined in a
JEOL 840A analytical SEM at 25 kV accelerating
voltage. Preliminary analyses of the samples were
carried out on the FEI Quanta SEM using an EDAX
microanalyser, and microanalysis of the clusters of
fine crystals was carried out using a full standards
quantitative procedure on the JEOL 840 SEM using a
Moran Scientific microanalysis system. Oxygen was
not measured directly but was calculated using as-
sumed stoichiometries to the other elements analysed.

Thermal analysis

Thermal decomposition of the ammonium jarosite was
carried out in a TA™ Instrument incorporated high-res-
olution thermogravimetric analyzer (series Q500) in a
flowing nitrogen atmosphere (80 cm® min'). Several
analyses were undertaken; in one instance 34.4 mg of
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sample underwent thermal analysis, with a heating rate
of 5°C min™', resolution of 6, to 1000°C. With the
quasi-isothermal, quasi-isobaric heating program of
the instrument the furnace temperature was regulated
precisely to provide a uniform rate of decomposition in
the main decomposition stage. The TG instrument was
coupled to a Balzers (Pfeiffer) mass spectrometer for
gas analysis. Water vapour, ammonia, carbon dioxide,
oxygen and sulphate as SO, and SO; were analyzed.

Raman spectroscopy

The crystals of the ammonium jarosite were placed
and oriented on the stage of an Olympus BHSM mi-
croscope, equipped with 10x and 50x objectives and
part of a Renishaw 1000 Raman microscope system,
which also includes a monochromator, a filter system
and a Charge Coupled Device (CCD). Raman spectra
were excited by a HeNe laser (633 nm) at a resolution
of 2 cm ™' in the range between 100 and 4000 cm ™.
Repeated acquisition using the highest magnification
was accumulated to improve the signal to noise ratio.
Spectra were calibrated using the 520.5 cm™' line of a
silicon wafer. In order to ensure that the correct spec-
tra are obtained, the incident excitation radiation was
scrambled. Previous studies by the authors provide
more details of the experimental technique [26-32].

Infrared emission spectroscopy

Infrared emission spectroscopy (IES) has been ap-
plied to clay minerals [33-36]. Few applications of
the technique have been used in mineral chemistry es-
pecially for the thermal decomposition of minerals
[37-39]. In this paper IES is applied to the study of
ammonium jarosite.

FTIR emission spectroscopy was carried out on a
Nicolet infrared spectrometer, which was modified by
replacing the IR source with an emission cell. A de-
scription of the cell and principles of the emission ex-
periment have been published elsewhere. Approxi-
mately 0.2 mg of the ammonium jarosite was spread as
a thin layer on a 6 mm diameter platinum surface and
held in an inert atmosphere within a nitrogen-purged
cell during heating. The infrared emission cell consists
of a modified atomic absorption graphite rod furnace,
which is driven by a thyristor-controlled AC power
supply capable of delivering up to 150 amps at 12
volts. A platinum disk acts as a hot plate to heat the
jarosite sample and is placed on the graphite rod. An
insulated 125-um type R thermocouple was embedded
inside the platinum plate in such a way that the thermo-
couple junction was <0.2 mm below the surface of the
platinum. Temperature control of +2°C at the operating
temperature of the ammonium jarosite sample was
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achieved by using a Eurotherm Model 808 propor-
tional temperature controller, coupled to the thermo-
couple. The design of the IES facility is based on an off
axis paraboloidal mirror with a focal length of 25 mm
mounted above the heater capturing the infrared radia-
tion and directing the radiation into the spectrometer.
The assembly of the heating block, and platinum hot
plate is located such that the surface of the platinum is
slightly above the focal point of the off axis para-
boloidal mirror. By this means the geometry is such
that approximately 3 mm diameter area is sampled by
the spectrometer. The spectrometer was modified by
the removal of the source assembly and mounting a
gold coated mirror, which was drilled through the cen-
tre to allow the passage of the laser beam. The mirror
was mounted at 45°, which enables the IR radiation to
be directed into the FTIR spectrometer.

In the normal course of events, three sets of spec-
tra are obtained: firstly the black body radiation over
the temperature range selected at the various tempera-
tures, secondly the platinum plate radiation is obtained
at the same temperatures and thirdly the spectra from
the platinum plate covered with the sample. Normally
only one set of black body and platinum radiation is re-
quired. The emittance spectrum at a particular temper-
ature was calculated by subtraction of the single beam
spectrum of the platinum backplate from that of the
platinum-+sample, and the result ratioed to the single
beam spectrum of an approximate blackbody (graph-
ite). This spectral manipulation is carried out after all
the spectral data has been collected. The 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 ap-
proximately 100 s. It was considered that this was suf-
ficient time for the heating block and the powdered
sample to reach temperature equilibrium. The spectra
were acquired by coaddition of 64 scans for the whole
temperature range (approximate scanning time 45 s),
with a nominal resolution of 4 cm™'. Good quality
spectra can be obtained providing the sample thickness
is not too large. If too large a sample is used then the
spectra become difficult to interpret because of the
presence of combination and overtone bands.

In the normal course of events, three sets of spec-
tra are obtained: first the blackbody 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 blackbody and platinum radiation data is re-
quired. The emittance spectrum (£) 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
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the single beam spectrum of an approximate black-
body (graphite). The following equation was used to
calculate the emission spectra.

This manipulation is carried out after all the data
is collected. Emission spectra were collected at inter-
vals of 50°C over the range 200-750°C. The time be-
tween scans (while the temperature was raised to the
next hold point) was approximately 100 s. It was con-
sidered that this was sufficient time for the heating
block and the powdered sample to reach thermal equi-
librium. Spectra were acquired by 1024 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'. Good quality spectra
can be obtained providing the sample thickness is not
too large. If too large a sample is used then spectra be-
come difficult to interpret because of the presence of
combination and overtone bands. Spectroscopic ma-
nipulation such as baseline adjustment, smoothing
and normalisation was performed using the GRAMS®
software package (Galactic Industries Corporation,
Salem, NH, USA).

Results and discussion
X-ray diffraction

The XRD pattern of the synthetic ammonium jarosite
and the reference pattern are shown in Fig. 1. The close
resemblance of the two patterns shows that ammonium
jarosite was synthesised. Figure 2 displays the EDX
analyses of the compound equivalent to synthetic am-
monium jarosite. The analysis clearly shows that the
chemical composition of the compound is equivalent
to ammonium jarosite. It is true that unless great
lengths are taken to standardise the instrumentation
EDX analyses are not reliable. Further N and O are co-
incidental in EDX making analyses difficult. However
EDX is useful to determine the ratio of Fe, S and O.
The composition of the ammonium jarosite was
analysed by XPS methods. This analysis is reported in

Ammonium jarosite

L\._JL_/L_JLM

Reference pattern 26-10141

Relative intensity

H L I ‘ ‘ ‘\l “ d all
5 15 25 35 45 55 65 75

20/degree

Fig. 1 XRD patterns of the synthetic ammonium jarosite and
the reference XRD pattern
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Fig. 2 EDX analysis of the synthetic ammonium jarosite

Fig. 3. The analysis shows that the formula of the am-
monium jarosite is (NHy4)o4Fe;(SO4)2(OH)e. It is not
unexpected that the moles of ammonium are low. The
very high vacuum of the XPS instrumentation re-
moves volatile components such as ammonia and wa-
ter. Thus the N value is low in the analysis.

Thermogravimetric and mass spectrometric analysis

The TG and DTG graphs of ammonium jarosite
(NH4)Fe;(SO4), (OH)g are shown in Fig. 4 and the ion
current-temperature curves are shown in Figs 5a and
b. Four mass loss steps are observed (a) from ambient
to 120°C (b) at 260°C (c) at 389°C (d) between 500
and 550°C. The first mass loss is attributed to ad-
sorbed moisture. The ion current curves (Fig.2)
clearly show that water is evolved through the dehyd-
roxylation of the mineral in two steps at 252 and
386°C and that ammonia is evolved at 319°C. The
loss of sulphate is evidenced by the mass gain of SO,
(M=64) as shown in Fig. 3. Four distinct mass gains
are observed at 394, 492, 508, 542 and 607°C.

Using the formula of ammonium jarosite as
(NH4)Fe;(SO4)2(OH)g the theoretical mass losses for
ammonia, hydroxyl units as H,O and sulphate as SO,
are 3.54, 11.25 and 33.0%, respectively. The mass

10000
9000
8000
7000
6000
5000
4000
3000 | Cls
2000 Nl S2p
1000{

Ols

O Auger

Fe Auger
Fe 2p

Counts/s !

0 : . ‘ . :
1200 1000 800 600 400 200 0
Binding energy/eV

Fig. 3 XPS analysis of synthetic ammonium jarosite
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loss step at 260°C is attributed to the dehydroxylation
of the ammonium jarosite. The experimental mass
loss is 15.9% which is very different when compared
with the theoretical mass loss of 11.25%. The differ-
ence may be attributed to water trapped in the crystal
structure. The experimental mass loss of ammonia is
3.3% which corresponds well with the theoretical
mass loss of 3.54%. The experimental mass loss over
the 500 to 550° temperature range is attributed to the
loss of sulphate as SO,. The experimental mass loss is
31.7% compared with the theoretical mass loss of
33.0%. The following is a suggested mechanism for
the thermal decomposition of ammonium jarosite.

100 32% 541°C 12
90 TG 15.9% 11.0
80 ~133% o8 O
X | X
S 70 ; 106
s I S 31.7% Z
= 60 AN 04 2
260°C | 5
50 ! 102 A
DTG 389°C
4o i N 609°C
20 120 220 320 420 520 620 720 820 920
Temperature/°C

Fig. 4 TG and DTG curves of ammonium jarosite

Rel. ion current—>

0 100 200 300 400 500 600 700 800 900 1000
Temperature/°C

508°C b

Rel. ion current—>

0 100 200 300 400 500 600 700 800 900 1000
Temperature/°C

Fig. 5 a — lon current of water and ammonia, b — ion current

of sulphur dioxide

J. Therm. Anal. Cal. 84, 2006



THERMAL DECOMPOSITION OF AMMONIUM JAROSITE (NH,)Fes(SO,),(OH),

Mechanism for the thermal decomposition of
ammonium jarosite

Step 1 (up to 120°C)
(NH4)Fe3(SO4)2(OH)s xH,O—>
(NH4)Fe3(SO4)(OH)stxH,O

This step represents the loss of adsorbed water.

Step 2 ( 260°C)
(NH4)Fe3(SO4)2(0OH)s—>(NH,)(FeO)3(SO4)2+3H,0

This step represents the dehydroxylation step with the
loss of the OH units as H,O.

The ICSD database contains reference to an
(NH4)Fe(SO,), phase, with structure related to yava-
paiite, KFe(SOy),. It is possible that this phase should
be observed rather than (NH4)(FeO)3(SO,),. This latter
formulation should be considered as an intermediate
during the decomposition. It should be noted that there
was no evidence for the loss of oxygen during the ex-
periment, even though the experiment was repeated
several times. Only at elevated temperatures was the
loss of oxygen observed. Drouet and Navrotsky (2003)
identified the product of jarosite decomposition as
yavapaiite KFe(SO4), [40]. On the other hand,
Majzlan et al. (2004) did not identify an analogous
compound in their TG/DTA analysis of hydronium
jarosite [41], so it is not quite clear whether the decom-
position product is always related to yavapaiite or not.

Step 3 (389°C)
6(NH4)(FCO)3(S04)2—>6NH3+3H20+3F62(SO4)3

This step represents the loss of ammonia and water
and effectively uses up the oxygen in the formula on
the LHS of the equation.

Steps 4 and 5 (at 510 and 541°C)
2F62(SO4)3—)F€203+F€2(SO4)3+3SOZ

This step represents the loss of sulphate from the
iron(IIT) sulphate. The temperature of the decomposi-
tion is low compared with the temperature of decom-
position of anhydrous iron(III) sulphate. It is noted that
in the ion current curves SO, evolution occurs at three
temperatures 508, 542 and 607°C. The first two tem-
peratures correspond with the decomposition steps in
the DTA curves. The higher temperature ion current
point at 607°C is observed in the TG curves as a broad
low intensity peak at 609°C. The mechanism of de-
composition may affect the temperatures at which the
sulphate decomposes. Drouet and Navrotsky found
temperatures for the thermal decomposition between
550 and 700°C. However the exact temperatures were
not defined. The temperatures for the decomposition of
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the iron(Ill) sulphate are in harmony with the values
reported by Kellogg (1964) [42]. Kellogg gave the
lowest temperature of decomposition as 520°C with an
average of around 640°C. It is possible that the evolu-
tion of gases during the thermal decomposition affects
the temperature for the loss of sulphate. X-ray diffrac-
tion shows that the product of the decomposition was a
mixture of iron oxides.

Previous studies using TG-DTA techniques re-
ported that the decomposition of ammonium jarosite
starts at around 373°C, with complete conversion to
Fe,O; at around 800°C [13]. These authors studied
the hydrothermal decomposition of ammonium jaro-
site by varying H,SO, concentration, time, tempera-
ture and (NHy4),SO,. The authors found that, depend-
ing on the acid molarity the jarosite was stable up to
230°C. This value compares favourably with the
value determined in this work (260°C). At 250°C
complete decomposition of jarosite occurred within
3 h. Other studies have determined the activation en-
ergies of the dehydration, dehydroxylation and de-
sulphation of the ammonium jarosite [12].

Vibrational spectroscopy

One technique for studying the changes in the molecular
structure is infrared emission spectroscopy. The tech-
nique 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 and infrared
spectra of the ammonium jarosite are shown in Fig. 6.
Sulphates lend themselves to analysis by Raman spec-
troscopy. In aqueous systems, the sulphate anion is of 7y
symmetry and is characterised by Raman bands at
981cm™ (vq), 451 cm™ (vo), 1104cm™ (vs) and
613 cm™ (v4). Reduction in symmetry in the crystal
structure of sulphates such as jarosites will cause the
splitting of these vibrational modes. For jarosites six sul-
phate fundamentals should be observed [43]. The
Raman band at 1005 cm ™' is attributed to the SO~ sym-
metric stretching mode. The equivalent infrared band is
forbidden and is not observed.

1074 —987

infrared

Relative intensity—>

1700 1500 1300 1100 900 700 500 300 100
Wavenumber/cm™!

Fig. 6 Comparison of the infrared and Raman spectra of am-
monium jarosite
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A previous study by Sasaki reported the ammo-
nium jarosite symmetric stretching band at 1006 cm ™'
which is in excellent agreement with the value re-
ported in this research [44]. The two Raman bands at
1093 and 1170 cm™" are assigned to the SO} anti-
symmetric stretching modes. The two equivalent in-
frared bands are the two bands at 1074 and 1190 cm .
Sasaki reported the Raman bands for ammonium
jarosite as 1092 and 1161 cm™' in the Raman spec-
trum and 1080 and 1200 cm ' in the infrared spectrum
[44]. The band observed in the infrared spectrum at
1429 cm' is assigned to an NH bending mode.

The intense infrared band at 987 cm " is attributed
to an OH librational mode. Sasaki did not report a band
in this position but did show a strong band at
1000 cm . It seems unusual to have an intense band in
the infrared spectrum of the SO; units. The intensity
of the symmetric stretching mode should approach
zero for anions of this symmetry. The band at 625 cm ™'
in the infrared spectrum and at 624 cm ' in the Raman
spectrum is ascribed to the v, bending mode of the
SO; units. The previous study which reported the
Raman spectrum of ammonium jarosite gave two
bands at 635 and 655 cm ' in the infrared spectrum and
at 625 cm " in the Raman spectrum [44]. In the Raman
spectrum bands at 424 and 454 cm™' are attributed to
the v, bending modes of the SO; units. Two intense
Raman bands are observed at 218 and 138 cm ™' and it
is considered that these bands are related to the hydro-
gen of the OH units in the ammonium jarosite.

100°C
200°C
300°C
400°C
500°C

700°C

800°C

|

e 900°C
750 950 1150 1350 1550 1750
Wavenumber/cm™!

Fig. 7 Infrared emission spectra of the ammonium jarosite
from 100 to 900°C in the 750 to 1750 cm ™' region
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Infrared emission spectroscopy

The infrared emission spectra of the ammonium jaro-
site are shown in Figs 7 and 8. Figure 8 displays the
OH and NH stretching region. In the 100°C spectrum
bands are resolved at 3426, 3277, 3039 and 2865 cm .
In the jarosite structure the OH and NHy units are
equivalent. Thus the first two bands are attributed to
the antisymmetric and symmetric stretching vibrations
of the OH units and the latter two bands to the NH
antisymmetric and symmetric stretching vibrations.
The relative intensities of these bands are 15.2, 36.4,
8.5 and 2.8%. Figure 9 shows the variation in the rela-
tive intensity of these bands as a function of tempera-
ture. The relative intensity of the 3426 and 3277 cm™'
bands decreases up to 300°C. The intensity of the two
bands assigned to NH stretching vibrations is reason-
ably constant up to 300°C and then increases as the in-
tensity of the OH bands approaches zero. At 450°C no
intensity remains in any of the bands.

The wavenumber region of the IES spectra be-
tween 750 and 1750 cm ™' are shown in Fig. 9. An IR
band is observed at 1003 cm ™' in the 100 to 200°C
spectra, the intensity of which decreases to zero in the
300°C spectrum. This confirms the assignment of the
band as an OH librational mode and not a SO
stretching vibration. Two bands are found at 1092 and
1075 cm™ in line with the 25°C reflectance spectrum
and are attributed to the SO; antisymmetric stretch-
ing vibrations. The spectral definition of these bands

2
12}
=]
L
k=
=
g
vl
4
g
m
100°C
200°C
300° ]
M
2500 3000 3500 4000

Wavenumber/cm !

Fig. 8 Infrared emission spectra of the ammonium jarosite
from 100 to 400°C in the 2500 to 4000 cm ' region
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Fig. 9 Variation of the relative intensity of the OH and NH
stretching bands as a function of temperature

disappears after 200°C and is replaced by a broad
band centred upon 1101 cm™'. The position and inten-
sity of this band remains constant up to 500°C. After
this temperature some definition of bands is observed.
The band at 1427 cm™' is observed up to 450°C with
the intensity steadily decreasing. The band is lost af-
ter the NH, units have been lost, confirming the as-
signment of the band to HNH bending vibrations.

Conclusions

Thermogravimetry combined with mass spectrometry
has been used to study the thermal decomposition of a
synthetic ammonium jarosite. The ammonium jarosite
is stable up to 260°C after which dehydroxylation oc-
curs followed by de-ammoniation at 349°C and de-sul-
phation by 549°C. Changes in the molecular structure
were followed using infrared emission spectroscopy.
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