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Abstract

We studied the dehydration behavior of iron(ll) sulfate heptahydrate (FeSO,-7H,0) as part of NASA’s in situ resource utilization program
for the recovery of water on Mars. We examined the effect of the variables important in using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). The temperatures at which waters of hydration are removed and the enthalpy values for the various dehydration
steps were measured using DSC. For the dehydration of FeSO,4-7H,0, a particle size <45 wm, a heating rate of 2.5 °C/min, an open DSC pan, and
a horizontal baseline correction produced experimental values for the enthalpies of each dehydration step and overall dehydration of 145.7, 180.4,
64.8 and 390.9 kJ/mol, respectively, which were in —8.8, 1.2, 3.35 and —2.47%, respectively, of those estimated from standard heats of formation
and literature heat capacities. Generally, lower heating rates and smaller particle sizes are better for resolving the dehydration steps. The horizontal
baseline corrections give better results when there is little or no peak overlap.

As discussed above, proper selection of DSC and TGA operating parameters and baseline analysis technique is required to obtain accurate

thermal results.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The Mars exploration program is a science-driven program
that seeks to understand whether Mars was, or can be, a habitable
world. To support exploration on Mars, in situ resources must be
recovered. This work is part of NASA’s In Situ Resource Recov-
ery Program. Water is especially important both in supporting
manned exploration and understanding the history of Mars. The
present knowledge of the chemistry and mineralogy of the Mar-
tian surface rocks and soils is limited. Data were obtained by
the two Viking Landers and the mobile alpha proton X-ray spec-
trometer (AXPS) on board the rover of the Mars pathfinder. The
chemical analysis of Martian soil has been reported in several
publications [1-4]. More data on the chemical composition of
Martian soils come from the mobile alpha proton X-ray spec-
trometer on board the rover of the Mars pathfinder [5]. These
data indicate that silicates are predominate in the Martian soil.
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Iron (ranging from 16 to 19% Fe as Fe,O3) is in abundance as
well as sulfur and chlorine. Viking also revealed that the soils
are highly magnetic, possibly resulting from 1 to 7wt% of a
strongly magnetic component like hemite (Fe;O3) dispersed as
a pigment throughout the surface particles [6]. The mineralogi-
cal composition is also dominated by the silicate minerals, which
may include weathered, igneous silicates including pyroxenes,
feldspars, magnetite, glass of igneous composition and smec-
tite clays of various compositions [4]. Data [7] obtained by the
gamma-ray spectrometer on the Mars Odyssey probe have iden-
tified two regions near the poles that are enriched in hydrogen.
In the upper layer, hydrogen is present in the form of physi-
cally or chemically bound water. The upper layer may be mixed
with a middle layer, since ice is not stable in the middle layer.
In the deeper layer, ice may be the only phase in which hydro-
gen is present. Hydrated species could be present on the upper
and middle layer of Mars. The Martian soils could contain large
quantities of hydrated compounds such as iron(ll) sulfate hep-
tahydrate. This is inferred from a high concentration [4] (nearly
12%) of sulfate salts and the iron in the Martian surface The most
recent data from the Mars Exploration Rovers Spirit and Oppor-
tunity provide convincing evidence of water interacting with the
rocks in the Gusev plains and Meridiani Planum on Mars [8-13].
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Recent evidence from Mars Global Surveyor Mars Orbiter Cam
show new gully deposits, formed since August 1999, which
exhibit attributes expected from displacement aided by a fluid
with the properties of liquid water. The observations suggest
that liquid water flowed on the surface of Mars during the past
decade [14]. The discovery of jarosite at Meridiani Planum has
generated interest in the study of sulfates which may exist on
the surface of Mars. As Frost et al. [15] have pointed out, this
discovery provides evidence of pre-existing or existing water.
Frost and co-workers [16—19] have used several spectroscopic
techniques including NIR, Raman, optical and EPR to study and
build a spectroscopic data base on iron(11) and iron(l11) contain-
ing sulfates to aid in the identification of these compounds on
Mars.

Based on the current knowledge of the composition of Mar-
tian soils [20], nearly 20% of the Martian surface contains
iron minerals. Although no hydrated compounds have been
specifically identified, it is believed that Mars was once wet.
Consequently, hydrated inorganics might currently exist on
Mars. Accordingly, we studied the dehydration of a hydrated
iron compound, iron(ll) sulfate heptahydrate [FeSO4-7H,0].
Iron(ll) sulfate heptahydrate is composed of blue-green,
monoclinic and odorless crystals or granules [21]. Thermal
dehydration of iron(ll) sulfate heptahydrate has been studied
by a number of investigators. Diev [22] considered that the
true structure of heptahydrate is (FeSO4-H20)-6H20. Heptahy-
drate can be easily dehydrated to the monohydrate in 5-7 min
and to FeSO4 in 120 min by heating isothermally at 200 °C.
Rodionov et al. [23] studied the dehydration of FeSO4-7H,0
in air. Their results showed melting of FeSO4-7H20 in its own
crystalline water and simultaneous dehydration in the tempera-
ture range 40-100 °C simultaneously forming Fe(OH)SO4 and
FeSO4-H20. With further heating treatment in the temperature
range 300-400°C, Fe(OH)SO4 and FeSO4-H20 lost H,0O and
formed FeSO,4. Kanari et al. [24] investigated the dehydration
of FeSO4-7H,0 in nitrogen, and indicated the mechanism of
the thermal dehydration of iron(ll) sulfate heptahydrate to the
anhydrous form occurred according to the following equations:

FeSO4-7H,0 = FeS04-4H,0 + 3H,0 1)
FeSO4-4H,0 = FeS04-H,0 + 3H,0 @)
FeSO4-H,0 = FeSO4 + H,0 3)

Results indicated that the dehydration rate was almost
independent of the flow rate of nitrogen. The conversion of
tetrahydrated to monohydrated iron(ll) sulfate was more tem-
perature sensitive than that of heptahydrated to tetrahydrated
iron(l1) sulfate.

Swamy and Prasad [25] determined the heat of dehydra-
tion of the monohydrate from DTA curves was 50.2 kJ/mol.
Sharma et al. [26] obtained micro-Raman spectra of iron(l1)
sulfate hydrates. They identified low temperature spectra inter-
preted as being characteristic of FeSO4-7H20, FeSO4-4 H,O
and FeSO4-H,0 hydrates.

The objective of this study is to determine the temperatures
at which waters of hydration are removed and to determine the

enthalpy for each dehydration step. The thermodynamic values
for various dehydration steps were also estimated using stan-
dard heats of formation for the hydrated compounds and heat
capacities.

2. Materials and methods
2.1. Materials

Iron(l) sulfate heptahydrate (FeSO4-7H20) was supplied
from J.T. Baker Chemical Co. The other materials were pur-
chased from Fisher Scientific Co. High purity (99.99%) nitrogen
was obtained from J & M Cylinder Gases, Inc.

2.2. Apparatus

The iron(I1) sulfate heptahydrate (FeSO4-7H20) was heated
in nitrogen atmosphere at different heating rates. Thermogravi-
metric analysis (TGA) and differential scanning calorimetry
(DSC) were used to study the dehydration using a TA instru-
ments model Q600 SDT and a TA instruments DSC 2920. The
dehydration studies were performed with a sample size of 15 mg,
in a nitrogen environment with a flow rate of 50 cc/min. The
heating rates were 2.5, 5 and 10 °C/min.

3. Results and discussion

3.1. Dehydration study of iron(Il) sulfate heptahydrate
(FeSO4-7H50)

Fig. 1 shows the dehydration process versus temperature at
different heating rates.

There are three plateaus indicative of a three-step process for
the dehydration of iron(I1) sulfate heptahydrate. A mass loss of
19% between 70 and 90°C at a heating rate of 2.5°C/min is
substantively representative of the first dehydration step with
a loss of three water molecules. A mass loss of 20% between
140 and 200°C is substantively the second dehydration step
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Fig. 1. TGA results of the iron(ll) sulfate heptahydrate at different heating
rates.15 mg sample size, and 50 cc/min nitrogen flow rate.
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Table 1
Heats of formation and heat capacities for various compounds

Compound Standard AH;2>C Molar heat capacity at constant
(kJ/mol) [27,29] pressure (J/mol K) (28)

FeSO4-7H,0 —3012.6 401.2

FeSO4-4H,0 —2129.2 265.85

FeSO4-H20 —1242.69 135.4

FeSOy4 —932.2 91.96

H20 (1) —258.84 75.30

H20 (g) —241.83 3358

with the loss of three water molecules. The mass loss of 7%
between 270 and 350°C is the third dehydration step. These
results indicate that iron(ll) sulfate heptahydrate dehydration
gives off water in the following relative molar sequence: 3-3-1,
consistent with the results of other investigators [22-26]. The
results at different heating rates show that a slower heating rate
shifts the dehydration step to a lower temperatures range.

The enthalpy values for the various dehydration steps were
estimated from thermodynamic data and compared with the
experimental results. The heats required for the various dehy-
dration steps were estimated using the heats of formation and
heat capacities of water and the various hydrates of iron(lIl)
sulfate. The heats of formation and molar heat capacity of the
compounds are shown in Table 1.

The total estimated enthalpy change in going from
FeSO4-7H,0 to FeSO4 using the data in Table 1 is 400.8 kJ/mol.
This value includes the enthalpy of vaporization for water. The
enthalpy to transition from one hydrated species to another is
159.8, 178.3 and 62.7 kd/mol corresponding to the three dehy-
dration steps in Egs. (1-3).

The experimental enthalpy of dehydration for each step was
estimated at the temperature peak on the DSC heating curve.
Fig. 2 shows the DSC heating curve for iron(1l) sulfate heptahy-
drate at a heating rate of 10 °C /min.
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Fig. 2. DSC heating curve for iron(I1) sulfate heptahydrate using closed pan and
open pan with a heating rate of 10 °C /min; 15 mg sample size, and 50 cc/min
nitrogen flow rate.

A sample was heated in a closed DSC pan with a pinhole.
A duplicate sample was heated in an open DSC pan. The onset,
end point and the maximum temperature are labeled. Horizon-
tal baselines were used to determine the enthalpy from the area
under each curve for each step. The total enthalpy to dehydrate
from FeSO4-7H,0 to FeSO,4 for the closed DSC pan experi-
ment is 366.8 kJ/mol. The enthalpies for reactions (1), (2) and
(3) are 102.6, 205.5 and 58.7 kJ/mol, respectively. The closed
pan experimental total enthalpy is 8.5% lower than the enthalpy
estimated using the standard heats of formation and heat capaci-
ties (see Table 1) at a heating rate of 10 °C/min. The dehydration
enthalpy for the first step is 35.8% lower, 15.3% greater for the
second step and 2.5% lower for the third step than the estimated
enthalpy values using Table 1 data. The first peak in the DSC
heating curve occurs during the removal of the first three water
molecules. This dehydration from FeSO4-7H,0 to FeSO4-4H,0
took place at temperature below 100 °C. The water, which is at
atmospheric pressure, is not completely vaporized during this
first step of the dehydration process. However, the estimated
enthalpy in this step includes the enthalpy of water vaporiza-
tion. The estimated enthalpy for this step is 96.5 kJ/mol if the
enthalpy for the vaporization of water is excluded. The experi-
mental result, 102.6 kJ/mol, is between the two.

The second step of dehydration from FeSO4-4H,0 to
FeSO4-H,0O took place over a temperature range from 85 to
149 °C. Water generated by this dehydration step is vaporized.
Simultaneously, water from the first dehydration step is vapor-
ized as the temperature rises to 100 °C or greater. The second
peak in the DSC heating curve represents the removal of the three
water molecules and the vaporization. The estimated value of
enthalpy for reaction step (2) is 227.3 kJ/mol, if the enthalpy for
the vaporization of six water molecules is included. The DSC
experimental result for the second step, 205.5 kJ/mol is 9.6%
lower than the estimated thermal value if one assumes that six
water molecules are vaporized.

The third step of dehydration from FeSO4-H,O to FeSO4 took
place over a temperature range from 247 to 342 °C. One-water
molecular is removed during this dehydration. The enthalpy of
third peak of DSC heating curve corresponds to the total enthalpy
of dehydration of water and vaporization of water for step (3).

The DSC heating curve for iron(I1) sulfate heptahydrate using
an open DSC pan at a heating rate of 10 °C /min is also shown in
Fig. 2. Horizontal baselines were used to determine the enthalpy
for each step. The enthalpies to transition from one hydrate to
another are 138.7, 181.5 and 62.8 kJ/mol. The total enthalpy
to transition from FeSO4-7H,0 to FeSOyq, is 383.4 kJ/mol. The
experimental value for the enthalpy of dehydration for the first
step is 13.2% lower, 1.8% greater for the second step, 0.2%
greater for the third step and 4.4% lower for the total enthalpy
than the values estimated by the standard heats of formation and
molar heat capacities from Table 1 data. Again, the water is not
completely vaporized during this first step of the dehydration
process. The estimated enthalpy in this step does include the
enthalpy of water vaporization. If the enthalpy for the vaporiza-
tion of water is excluded, the estimated enthalpy for this step is
96.5 kJ/mol. The open pan experimental result, 138.7 kJ/mol, is
closer to the estimated value of 159.8 kJ/mol, than the closed pan
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Table 2

Effect of open pan and closed pan operation and baseline analysis method; heating rate is 10 °C/min

Experimental condition Enthalpy of 1st Enthalpy of 2nd Enthalpy of 3rd Total enthalpy
step (kJ/mol) step (kJ/mol) step (kJ/mol) (kJ/mol)
Enthalpy from thermal data [27,28] 159.8 178.3 62.7 400.8
DSC data using closed pan (analysis with horizontal baseline) 102.6 205.5 58.7 366.8
% Difference compared with estimated value —35.8 15.3 -25 -85
DSC data using open pan (analysis with horizontal baseline) 138.7 181.5 62.8 3834
% Difference compared with estimated value —13.2 1.8 0.2 —4.4
DSC data using closed pan (analysis with sigmoidal baseline) 86.9 171.3 58.0 316.3
% Difference compared with estimated value —45.6 -39 -75 -21.1
DSC data using open pan (analysis with sigmoidal baseline) 103.2 121.7 61.1 286.0
% Difference compared with estimated value —35.4 -31.8 —25 —28.6

Table 3
Dehydration enthalpy of iron(l1) sulfate heptahydrate with varying particle size; heating rate of 2.5 °C/min, 15 mg sample and 50 cc/min nitrogen flow rate
Enthalpy Particle size

>149 pm A%? 90-63 pm A% <45 pm A%? Estimated®
AH of 1st step (kJ/mol) 138.0 + 4 —13.6 143 £ 2 -11 145.7+3 -8.8 159.8
AH 2nd step (kd/mol) 175.1 + 15 —1.85 175.8 + 3 -14 180.4+5 1.2 178.3
AH of 3rd step (kJ/mol) 558 +£ 3 -11 588 + 1 -6.2 648+1 3.35 62.7
Total enthalpy (kJ/mol) 362.4 £ 18 -7 3769+ 6 -59 3909+4 —2.47 400.8

@ 9 Difference compared with values estimated from standard heats of formation and heat capacities [27,28,29].
b Estimated from standard heats of formation and heat capacities [27,28,29] in Table 1.

experimental value. The peak of dehydration and vaporization
overlap completely when open pan DSC was used. The open
pan DSC method did not resolve the second peak in the heat-
ing curve into a dehydration peak and water vaporization peak
whereas the closed pan method did. However, the experimental
enthalpy values using the open pan are closer to the estimated
values using the standard thermodynamic data given in Table 1.

A second baseline method using three sigmoidal baselines
was also used to determine the enthalpy from the area under
each DSC curve. The peak areas were less when using a sig-
moidal baseline correction since the peaks do not return to the
baseline. A summary of results is provided in Table 2. Compari-
son of both the total enthalpy and the enthalpy for the individual
steps shows that the analysis with horizontal baseline is closer to
the estimated enthalpies than the analysis with sigmoidal base-
line, especially for the open DSC pan, where the total enthalpy
measured experimentally is 383.4 kJ/mol a difference of only
4.4% from the estimated value.

Three iron(1l) sulfate heptahydrate samples of different par-
ticle size were heated in the DSC using an open pan. All
experiments were analyzed using a heating rate of 2.5°C/min.
The particle sizes used were >149 pm, 90-63 um and <45 pum.
The results provided in Table 3 are the average of three runs and
include the standard deviation. Our data show that the enthalpy
measured experimentally for the small particle size was greater
for all steps when compared to the large particle size. The rea-
son might be that the crystal size of samples is affecting heat
transfer during the DSC analysis. The heat transfer may not be
uniform for particles of different sizes. Dehydration might occur
at different bulk temperatures for the different particle sizes. In
addition the larger size crystals might not dehydrate completely
during the first and second dehydration steps which take place

over a narrow temperature range. The experimental DSC heat-
ing curve for the smallest particle size was found to give better
resolution.

4. Conclusions

For the dehydration of FeSO4-7H,0, a particle size <45 pm,
a heating rate of 2.5°C/min, an open DSC pan, and a hor-
izontal baseline correction produced experimental values for
the enthalpies of each dehydration step and overall dehydration
which were in good agreement with those estimated from stan-
dard heats of formation and heat capacities. Generally, lower
heating rates and smaller particle sizes are better for resolv-
ing the dehydration steps. The horizontal baseline corrections
give better results when there is little or no peak overlap. The
sigmoidal baseline correction is better suited for dehydrations
studies where there is peak overlap. Duval and Lecomte [30]
showed that the resolution of successive dehydration steps could
be achieved by increasing the water vapor pressure in the purge
gas stream. The increased vapor pressure has the effect of sup-
pressing the dehydration step, moving it to a higher temperature.
TA instruments [31] report that a DSC pan with pinhole achieves
similar results. The water from the first stage of dehydration
remains in the head space above the sample suppressing the
second stage.

TGA/DSC dehydration experiments require proper selec-
tion of the heating rate, particle size, open pan or closed pan,
and baseline corrections methods to correctly determine accu-
rate thermal data, none of which are obvious a priori. The
enthalpies determined from standard heats of formation and
heat capacities provide data for comparison with experimen-
tal data obtained in the TGA/DSC experiments. Experimentally
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determined enthalpies of reaction for each dehydration step and
total enthalpy obtained under different heating rates, choices
of open/closed pan and baseline correction method can be com-
pared with the estimated values. By comparing the experimental
and estimated enthalpies, the optimal choice of experimental
operating parameters and conditions can be made. To exper-
imentally determine thermal data for these solid hydrated
compounds using DSC/TGA, the kinetic rates of the dehydra-
tion steps, heat transfer rates to the solid particles and baseline
characteristics of the instrument all can impact the determina-
tion of thermodynamic data. For the recovery of water on Mars,
knowing the energy demand for the dehydration of a hydrated
species is necessary to design process systems of minimum mass
and energy demand.

Acknowledgment

This work was supported under NASA project number
NAG8-1662.

References

[1] J. Osburg, Space Missions to Mars: Past Present and Future, Georgia
Institute of Technology School of Aerospace Engineering, Atlanta, GA,
1998.

[2] R. David, Williams, J. Geophys. Res. 82 (1977) 28.

[3] B.C. Clark, A.K. Baird, R.J. Weldon, D.M. Tsuaki, L. Schnabel, M.P.
Candelaria, J. Geophys. Res. 87 (1982) 10059-10067.

[4] C.R. Stroker, Resources of Near-Earth Space Bodies, University of Arizona
Press, 1993, pp. 659-708.

[5] James F. Bell 111, Iron, Sulfate, Carbonate, and Hydrated Minerals on Mars,
Geochemical Society Special publication No. 5, 1996.

[6] R. Rieder, T. Economou, H.A. Wénke, J. Turkevich, J. Crisp, G. Briickner,
H.Y. Dreibus, McSween Jr., Science 278 (1997) 1771.

[7]1 W.V. Boynton, W.C. Feldman, S.W. Squyres, Prettyman, Science 297
(5578) (2002) 81.

[8] S.W. Squyres, A.H. Knoll, Earth Planet. Sci. Lett. 240 (2005) 1.

[9] J.P. Grotzinger, R.E. Arvidson, J.F. Bell 1lI, W. Calvin, B.C. Clark, D.A.
Fike, M. Golombek, R. Greely, A. Haldemann, K.E. Herkenhoff, B.L. Jol-
liff, A.H. Knoll, M. Malin, S.M. McLennan, T. Parker, L. Soderblom, J.N.
Sohl-Dickstein, S.W. Squyres, N.J. Tosca, W.A. Waters, Earth Planet. Sci.
Lett. 240 (240) (2005) 11.

[10] D.C. Fernandez, R.V. Morris, J.E. Gruener, R. Amils, A.H. Knoll, Earth
Planet. Sci. Lett. 240 (2005) 149.

[11] R.V. Morris, D.W. Ming, T.G. Graff, R.E. Arvidson, J.F. Bell Ill, S.W.
Squyres, S.A. Mertzman, J.E. Gruener, D.C. Golden, L. Le, G.A. Robinson,
Earth Planet. Sci. Lett. 240 (2005) 168.

[12] S.Y. Albert, G. Ralf, S. Christian, V.M. Richard, F.B. James Ill, T.K.
Amy, C.C. Benton, W.M. Douglas, A.C. Joy, E.A. Raymond, B. Diana,

B. Johannes, R.C. Philip, J.D. David, A.de. Paulo Jr., E.E. Thanasis, G.
Amitabha, C.H. Brian, E.H. Kenneth, A.H. Larry, A.H. Joel, L.J. Bradley,
R.J. Jeffrey, K. Gostar, B. Morten, M.M. Scott, Y.M. Harry, R. Lutz, R. Rudi,
R. Daniel, S. Larry, W.S. Steven, J.T. Nicholas, W. Alian, W. Michael, Z.
Jutta, Nature 436 (2005) 49.

[13] A.H.Larry, W. Alian, L.J. Bradley, Y.M. Harry, C.C. Benton, J.D.M. David,
M.M. Scott, J.T. Nicholas, A.H. Joel, D.F. Jack, Y. Albert, W.S. Steve, E.A.
Raymond, K. Gostar, S. Christian, A.de. Paulo Jr., W.M. Douglas, G. Ralf,
Z. Jutta, B. Johannes, F.B. James IIl, H. Kenneth, R.C. Phil, R. Steve, B.
Diana, G. Steven, A.C. Nathalie, C. Larry, G. John, S. Lawrence, Nature
436 (2005) 66.

[14] C. Michael, M. Kenneth, S. Edgett, V. Liliya, Posiolova, M. Shawn, M.
Colley, Z. Eldar, D. Noe, Science 314 (December (5805)) (2006) 1573.

[15] R.L. Frost, R.-A. Wills, W. Martens, M. Weier, B.J. Reddy, NIR spec-
troscopy of selected iron(Il) and iron(l11) sulphates., Spectrochim. Acta,
Part A: Mol. Biomol. Spectrosc. 62A (1-3) (2005) 42-50.

[16] R.L. Frost, D.L. Wain, B.J. Reddy, W. Martens, J. Martinez-Frias, F. Rull,
Sulphate efflorescent minerals from the El Jaroso ravine, Sierra Almagrera,
Spain—a scanning electron microscopic and infrared spectroscopic study,
J. Near Infrared Spectrosc. 14 (3) (2006) 167-178.

[17] R.L. Frost, M. Weier, J. Martinez-Frias, F. Rull, B. Jagannadha Reddy, Sul-
phate efflorescent minerals from El Jaroso Ravine, Sierra Almagrera—an
SEM and Raman spectroscopic study, Spectrochim. Acta Part A: Mol.
Biomol. Spectrosc. 66 (1) (2007) 177-183.

[18] S. Lakshmi Reddy, G. Siva Reddy, D.L. Wain, W.N. Martens, B. Jagannatha
Reddy, R.L. Frost, Electron paramagnetic resonance, optical absorption and
IR spectroscopic studies of the sulphate mineral apjohnite, Spectrochim.
Acta Part A: Mol. Biomol. Spectrosc. 65 (5) (2006) 1227-1233.

[19] S.L.Reddy, G.S. Reddy, D.L. Wain, W.N. Martens, B.J. Reddy, R.L. Frost,
Electron paramagnetic resonance, optical absorption and IR spectroscopic
studies of the sulphate mineral apjohnite., Spectrochim. Acta, Part A: Mol.
Biomol. Spectrosc. 65A (5) (2006) 1227-1233.

[20] C.C. Allen, V.M. Richard, D.J. Lindstrom, JSC Mars-1: Martian Regolith
Simulant, NASA Johnson Space Flight Center, Houston, TX, 1997.

[21] J.E. Macintyre (Ed.), Dictionary of Inorganic Compounds, Chapman &
Hall, New York, London, 1992.

[22] N.P. Diev, Phys. Chem. Miner. 23 (1995) 263.

[23] A.l. Rodionov, A.K. Zapol’skii, V.I. Yakushev, I.I. Fedoritenko, L.B.
Bondar, N.N. Kii, USSR. Trudy Instituta-Moskovskii Khimiko Tekhno-
logicheskii Institut imeni D.l. Mendeleeva 109 (1997) 51.

[24] N. Kanari, I. Gaballah, C. Mathieu, N. Neveux, O. Evrard, EPD Congress
1999, The Minerals, Metals & Materials Society (1999).

[25] M.S.R. Swamy, T.P. Prasad, J. Therm. Anal. 20 (1) (1981) 101.

[26] S.K. Sharma, C. Chio, D.W. Muenow, Lunar and Planetary Science Con-
ference, XXXVII. Paper 1078, 2006.

[27] M.D. Patricia, A.C. Carol, Geochim. Cosmochim. Acta 59 (1995) 1907.

[28] F.R. Bichowsky, Thermochemistry of the Chemical Substances, Nor-
wich, N.Y.: Knovel, 2003 (available on line http://www.knovel.com/
knovel2/Toc.jsp?BookID=744).

[29] R.H. Perry, D.W. Green, Perry’s Chemical Engineers’ Handbook, 2-190,
seventh ed., McGraw-Hill, 1997, pp. 2-194.

[30] C. Duval, J. Lecomte, C. Pain, Comptes Rendus 245 (1957) 1514.

[31] TA Instruments Publication Number TS-29.


http://www.knovel.com/knovel2/Toc.jsp%3FBookID=744
http://www.knovel.com/knovel2/Toc.jsp%3FBookID=744

	Dehydration of iron(II) sulfate heptahydrate
	Introduction
	Materials and methods
	Materials
	Apparatus

	Results and discussion
	Dehydration study of iron(II) sulfate heptahydrate (FeSO4·7H2O)

	Conclusions
	Acknowledgment
	References


