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Abstract- A method for the prediction of the enthalpies of formation AH®; for minerals of
hydrous sulfates is proposed and is decomposed in the following two steps. 1) an evaluation
of AH°; for anhydrous sulfates based on the differences in the empirical el ectronegativity
parameter AO~ M*(c) characterizing the oxygen affinity of the cation M*"; and 2) a
prediction of the enthalpy of hydration based on the knowledge of the enthalpy of dissolution

for anhydrous sulfates.

The enthalpy of formation of sulfate minerals from constituent oxidesis correlated to
the molar fraction of oxygen atoms bound to each cation and to the difference of the oxygen
affinity AO™ M**(c) between any two consecutive cations. The AO™ M*(c) value, using a
weighing scheme involving the electronegativity of acation in agiven anhydrous sulfate, is
assumed to be constant. This value can be calculated by minimizing the difference between
the experimental enthalpies and cal cul ated enthal pies of formation of sulfate minerals from
constituent oxides.

The enthalpy of hydration is closely related to the nature of the cation in the anhydrous
sdt, to the number of water molecules in the chemical formulaand to the enthalpy of
dissolution for the anhydrous salt.

The results indicate that this prediction method gives an average value within 0.55% of
the experimentally measured values for anhydrous sulfates and 0.21% of the enthal pies of
hydration or hydrous sulfates.

The relationship between AHO™ M**(sulfate), which corresponds to the electronegativity
of acation in a sulfate compound, and known parameter A4O~ M**(aq) were determined.
These determinations allowed the prediction of the el ectronegativity of some anhydrous
transition metal double sulfate and contributed to the prediction of the enthalpy of formation
for any hydrous double sulfate.

With asimplified prediction of the entropy of a hydrous sulfate, calculations of Gibbs
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free energy of formation can be evaluated and contribute to the knowledge of the stability of
some hydrous sulfates in different environmental conditions such as temperature or air
moiety. Therefore, to check the reliability of the predictive model, stability fields for some
hydrous ferric sulfates such as pentahydrate ferric sulfate, lawsonite, kornelite, coquimbite
and quenstedtite versus temperature and relative humidity were studied and compared with

experimental measurements.

Key words: enthalpy of formation, hydrous double sulfate, entropy, enthalpy of hydration,
double sulfates, sulfate, relative humidity, hydrous ferric sulfate, kornelite, lawsonite
coquimbite, quenstedtite, halotrichite, pickeringite, glauberite, picromerite, tamarugite,
kalinite, syngenite, mendozite, tschermigite, krausite, goldichite, aphthitalite, bilinite,

romerite, solubility product, Gibbs free energy, temperature
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1. INTRODUCTION

Sulfate minerals can be of economic interest (gypsum for manufacturing wallboard,
Al-sulfates in the tanning and dying industries, barite in petroleum industry, jarositein
metallurgical industry and in agriculture, etc.) and are of ecological interest too (sulfates are
used to remove metals from polluted water), but they can also induce severa environmental
problems (Alpers et a. 2000). Indeed, the solubility of some sulfate mineralsinduces a
provisiona storage of metals and acidity, but when they dissolve, metals are released and
water becomes very acidic, causing disastrous environmental consequences such as the death
of aquatic organisms, destruction of plants, massive erosion of land and the corrosion of
anthropogenic infrastructure.

Sulfate minerals occur in various natural environments (points 1, 2, 3, 5 and 6 below)
and are sometimes modified later by human activities (point 2 below) or are only the result of
human activities (point 4 below). Some examples of sulfate occurrences are presented below,
and the usefulness of thermodynamic data of sulfate minerals are demonstrated in afew
examples.

1) Evaporite deposits. the evaporation of seawater or continental water leads to sequences of
mineral formation, including especialy sulfate minerals. Spencer (2000) predicted various
sequences of sulfate formation from modern marine or non-marine water using the
thermochemical model of Harvie et al. (1984). Concurrently, Spencer (2000) performed
careful petrographic studies (mineral texture and fabric, replacement features...) on evaporite
rock, formed from the evaporation of modern seawater. His ultimate goal is to calibrate the
model to perform the reverse modelling, i.e., find the chemical compositions of ancient sea
waters from the mineralogy of evaporite deposits. Note that, in the mineralogical sequences
predicted by Spencer (2000), few double sulfates occur and thermodynamic data of them are

rarely available in literature. Do not take into account the multitude of potential intermediate
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phases which can form, can lead to errorsin the prediction of sulfates formation.

2) Weathering (oxidation) of sulfide mineralsin coa deposits or pyritiferous rocks (pyrite,
marcasite) and in metallic sulfides ore deposits (galena, sphalerite, chal copyrite, chalcocite,
bornite, covellite, etc.) induces the formation of sulfate efflorescence. Many sulfide deposits
are exploited, while other mine sites have been abandoned (500,000 inactive sitesin the US
(Lyon et a. 1993)). Efflorescences are found in open pits, on waste rock and on tailing piles.
Numerous and various sulfates can precipitate, for example, at the Comstock Lode (Nevada),
the following were found: epsomite, pickeringite, gypsum, melanterite, godarite,
pentahydrite, copiapite, voltaite and rhomboclase (Milton and Johnston 1938). Problems
occurred when rainfall events induced the dissolution of sulfate efflorescence; the water is
enriched with metals and acidifies. Thisis the case at Richmond Mine at Iron Mountain
(California), where approximately 600,000 m® of underground water have very low pH (<1
and sometime negative (Nordstrom and Alpers 1999) and contain many ¢/l of heavy metals. It
is necessary to plan for the remediation of such a mining site during exploitation, not when
problems occur, by simulating the water composition as afunction of the sulfate precipitation
segquence and sulfate dissolution after arainfall, which requires knowledge of the
thermodynamic properties of al possible sulfate minerals.

3) Sulfates can occur in acidic soil developed from sulfide deposits accumul ated under
mangroves and reed swamps in tidal areas (Bigham and Nordstrom 2000).

4) Sulfates are produced by mineral processing in ore deposits. For example, to extract
uranium from ore, sulfuric acid is used to attack U-bearing minerals and release uranium,
which will complex with the SO4* anion to form UO,(SO4)s". However, not only uranium
bearing minerals are dissolved, others ore minerals can dissolved to, releasing elementsin
solution. These elements can complex them with sulfates anions to form sulfate minerals. The

tailing piles are often stored in mine sites, and the same problems describe above can occur

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4925 8/20

during rainfall.

5) Volcanic environments (around crater lakes, fumaroles and acid hot springs) where
magmatic gases (H,S and SO,) are oxidized by microbial activity to form H,SO,, which
reacts with volcanic rock to form sulfate minerals (Jambor et a. 2000).

6) Sulfate minerals have been found in abundance and on extensive areas on the surface of
Mars, which requires the ancient presence of an acid-sulfate brine. Simulations of the
evaporation of hypothetical Martian water were processed using the FREZCHEM model
(Marion et a. 2008). Many sulfate minerals were predicted to form (FeSO,4-nH-0,
Fey(S04)3-nH-0, MgS0,-nH,0, CaSO,4-nH-0, sulfates of the jarosite family and mixed Fe**-
Fe* sulfate such as romerite or bilinite). However, the thermodynamic data used for some of
these sulfates come from debatabl e estimations (Hemingway et al. 2002).

Most sulfates formed in the environments described briefly above are hydrated in specific
humidity conditions, and thermodynamic datafor hydrated sulfates are useful to explain
different mineral paragenesis. However, few values are available in the literature for hydrated
sulfates and even fewer for hydrated double sulfates. The aim of this study isto provide away
to evaluate the thermodynamic properties of hydrous double sulfates from existing
thermodynamic valuesin the literature.

Tardy and Gartner (1977) were the first to propose a method of evaluating the Gibbs
free energy of anhydrous simple sulfates using a method developed by Tardy and Garrels
(1976, 1977) and Tardy and Vieillard (1977) to predict the Gibbs free energy of formation of
hydroxides, silicates and phosphates. Tardy and Gartner (1977)’s method involves a linear
correlation between the Gibbs free energy from the constituent oxides of the sulfate and a
parameter noted as AcO™ (difference in electronegativities) for the specific cation in sulfate
compounds. At the same time, Gartner (1979) adapted the method of Tardy and Gartner

(1977) to evaluate the enthal py of formation of anhydrous simple sulfates.
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138 Mercury et a. (2001) provided away of evaluating the enthalpy of formation of

139  hydrated sulfates by an additive model in which the enthalpy of formation of ice-like water in
140 sulfatesisassumed to be constant. However, these two combined methods (anhydrous and
141  hydrous sulfates) have arather large gap: Gartner (1977)'s model is not appropriate for

142  double hydrous sulfates and enthalpy of formation of hydrous sulfatesis not linearly

143  correlated with number of H,O molecules as described by Mercury et a. (2001).

144 An improved method of prediction of AH®; of hydrous sulfates is proposed through the
145 following two methods of evaluation: first based on the difference in electronegativities (or
146 AHO~ cation parameter) similar to Vieillard and Tardy (1988a) and Vieillard (1994a, 1994b)
147  but with a better integration of double sulfates and second based on the enthalpy of hydration
148  and the enthalpy of dissolution of the anhydrous phase (Vieillard and Jenkins 1986a, 1986b,
149  1986c; Vieillard 2012).

150

151 2 METHODOLOGY

152  2.1. Enthapy of formation of anhydrous sulfates

153 The details concerning the prediction method of enthalpies of formation of minerals
154  have been explained by Vieillard and Tardy (1988a) and are based on the parameters AO~
155  M*(aqg) and the enthal pies of formation from constituent oxides, AH® ox. The model of

156  prediction wasinitially developed within different families of compounds such as phosphates
157 (Tardy and Vieillard 1977; Viellard 1978), hydroxides (Tardy and Garrels 1976), silicates
158 (Tardy and Garrels 1977), nitrates, and sulfates carbonates (Tardy and Gartner 1977; Gartner
159  1979).

160  2.1.1. Definitions of parameters AO™ M**(aq) and AH® o

161 The parameter AHO™ M**(aq) characterizes agiven cation M** and is defined as the

162 difference between the enthalpy of formation of the corresponding oxide AH°s MOy(c) and the

8
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163  enthalpy of formation of the corresponding aqueous cation AH% M**(aq) as follows:

164  AyO~MZ*(aq) = ~ [AH; MOy(c) — AH{MZ*(aq)] @)
165 where z isthe charge of the cation M**, and x is the number of oxygen atoms combined with
166 oneatom of M inthe oxide (x = z/2), so the difference in Equation 1 refers to one oxygen

167  atom. A set of values of AyO™ M*(aq) is proposed here (Table 1) and comes from Wagman et
168 4d. (1982), Robie and Hemingway (1995) and Cox et al. (1989). Vieillard (2000) showed the
169 influence of acation on its oxygen affinity by arelationship between the parameter A4O™

170  M*(ag) and the electronegativity difference between the cation and oxygen. The concept of
171  the electronegativity x was defined by Pauling (1960) as the power of an atom in a molecule
172  to attract electrons from another atom. The larger the difference in electronegativity between
173  atoms and the oxygen, the higher the energy of formation of the compound will be.

174  Considering abinary oxide ABOy (where A and B are different cations), it may be

175  decomposed in a sum of two oxides AO,; and BOy,. The energy of formation of ABOy can be
176  written as:

177 E(ABOy) = E(AOn) + E(BOny) + KXaXa(ya-xg)? @)

178 The last term, representing the energy of formation of the compound from AOp; and BOyp, is
179  proportional to the molar fraction of oxygen atoms related to the cations A (Xa) and B (Xg)
180 and to the electronegativity difference between the cations A and B bounded to the same
181  oxygen atom. The fundamental basis of relationships between the parameter A4O~ M*" and
182  the electronegativity are developped by Vieillard & Tardy, (1988b, 1989)

183

184 By considering an anhydrous sulfate (M), (SO 4)nj where the subscript n; can be

185 equal to 1 (smple sulfates) or 2 (double sulfates), the second parameter AH®; o, designating

186 theenthalpy of formation of a anhydrous sulfate from constituent oxides, is the difference
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between AH%; (M;)_ (SO, ). and the sum of the enthalpies of formation of the different

nj nj

constituent oxides in the anhydrous sulfates. The formulais given by Equation 3:

AHg o = AHp (M), (SO4)y, — XiZ15(n) AH; (M;Oy,) 3
where n; is the number of moles of oxides. The enthalpies of formation of oxides are givenin
Table 1.

A compilation of AH®; of simple and double anhydrous sulfatesis given in column | of
Appendix A. The enthalpies of formation from constituent oxides are calculated and givenin

Column I, Appendix A. For double sulfates, an average value is generated (Equation 7) for

the two cations M1 and M3 as shown for KoM g(SOg)2.

AH% 0, [K,Mg(S0,),] = AH'r [K,Mg(S0,),] — AH'¢ [K,0] — AH' [MgO] — 2 * AH'¢ [SO5] (4)
AxO=K*(aq) = [AH'¢ [K,0] (c) — 2 = AH'¢ [K* ](aq)] (5)
Ay0~Mg?*(aq) = [AH'f [MgO](c) — AH'¢ [Mg?* ](aq)] (6)
A0~ [K,Mg(S0,);](aq) = 5 * [[ A4OTK* (aq)] + [ A0~ Mg?* (aq)] | (7)

2.1.2. Relationships between AH° o, and AyO™ M**(aq)
By plotting the calculated enthalpies of formation from oxides, AH® o (for 1 SO, or
AH% ou/1y) versus A4yO~ M**(aq) for simple sulfates or versus the average AnO™ M**(aqg) of
the cations for double sulfates (Figure 1), several relationships are observed among 14 simple
and 37 double sulfates (corresponding to atotal of 83 data). The linear relationship is
(Equation 8):
AH® ox (per 1 SO,) = -1.238 * A4O~ M**(aq) — 445.29 (8)
The Equation 8 is very similar to Equation 9 obtained by Gartner (1979) for 107 data
points (35 simple sulfates):
AH% o (per 1 SO,) = -1.259* AyO~ M?*(aq) - 440.88 9)
The difference between the Equations 8 and 9 can be explained by the number of

10

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4925 8/20

212  points and the introduction of double sulfatesin this work. By considering anhydrous

213  phosphates, sulfates, and silicates as compounds having two different cations, Vieillard and
214  Tardy (1988a) showed an empirical relationships between AH% o, and AHO~ M**(ag) which
215  can be applied to sulfate minerals by the following Equation 10:

216 AH{o(M;)p, (SO4)n, = —ocx N x (Xi  Xj) * [Ag0= M{" (aq) — Ay0~S**(aq)]  (10)

217  where N- isthe total number of oxygen atoms in the compound and is equal to the sum of the
218  number of oxygens X; and X;, related to the cations M; and S*, respectively, in each oxide (
219 M;0Oy and SO3), i.e.

220 N = n;*x;+ 3 * n; (11)
221 X;and X; are the molar fractions of oxygen atoms related to cations M%* and S™,

222 respectively, in theindividual oxides M;O,, and SOs. A4O™ M{7" (aq) and AxO” S**(aq) are

223  calculated according to Equation 1. o is an empirical coefficient characterizing a given family

224 of compounds.

225  Rewriting Equation 8 under form of empirical Equation 10, AyO™ M*" (aqg) and o are

226  evaluated to A4O™ S°*(ag) = -359.77 kI mol ™ and otsuiae = -1.65 for sulfates. As the enthalpy
227  of formation of the agueous cation S°*(ag) is unknown, the value reported in table 1 isan

228 indirect value of electronegativity of the cation S°*.

229 The enthalpy of formation of minerals, derived from their constituent oxides, appears to
230 beproportional to the following three parameters:. (1) coefficient o, which relates to the

231  nature of the family, (2) the stoichiometric coefficient N* (X; *X;), and (3) the difference
232 [A4O™ M7 (ag) - AyO™ S (ag)]. When two cations have the same oxygen &ffinity, the

233  enthalpy of formation of a compound from the two oxides must be equal or closeto zero. On

234  the contrary, the lowest enthalpies of formation from oxides are obtained for electropositive

11
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235  cations, which show aAqO™ M7 " (aq) value very different from A4O™ S™* (aq).

236 For double sulfates, the average vaue of A4O™ M izi " (aq) proposed by Gartner (1979)

237  hides the effective energetic cost between the two cations in the double sulfate. To take the
238  interaction among three any cations of a double sulfate into account, a new equation of the

239  enthalpy of formation from the oxides, AH® o, iS proposed by Equation 12:
240 AMjo, = —ocx N [BIZ2XT X+ X + (840 M7 (aq) — 4407 M) (aq) )| (12)
241 where Xj and X| are the molar fractions of oxygen bound to the cations M izi+ and M jzj T in

242 theindividual oxides M;O, and M jOXj , respectively, in the mineral formula

243 X; == (mixy) (13)
244 X; == (njx;) (14)

245  Thetotal number of oxygen atoms of the compound must be equal to N:

246 Y "nx, =N (15)

i=1
247 The parameters A4O M 4T (ag) and AHO M jzj " (aq) are the same parameters defined

248  previoudy. By using the new formalism, the enthalpy of formation of simple and double

249  sulfates are calculated with values of A4O™ M** (aq) (Table 1) and displayed in column I11 of
250 Appendix A. The errors exhibit alarge range of uncertainties (-5.61% to 7.98%, column IV of
251 Appendix A) with an average of 2.23%, i.e., an uncertainty of approximately 6 logarithm

252  unitsfor solubility products (horizontal axis of Figure 2). For sulfate minerals with 3 or more
253  cations, thisformalism (Equation 11) cannot be applied because of high probability of no-
254  sharing oxygen atom between cations.

255 These high discrepancies are due to the fact that the parameter AO™ M (aq) is

256  representative of the electronegativity of a cation in an aqueous state but not in a sulfate.

12
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To generalize the technique and increase its accuracy, a new set of parameters A4O™
M (c) for different cationsin any simple and double sulfate is proposed. The concept of the
parameter AO~ M**(c) wasiinitially proposed to predict the enthal pies of formation of
different compounds (Vieillard 1982; Vieillard and Tardy 1988a) and has been extended to a
wide families of silicates (Vieillard 1994a, 1994b), clay mineras (Vieillard 2000, 2002),
alunite supergroup (Gaboreau and Vielllard 2004), and zeolites (Mathieu and Vieillard 2010).
All these models of prediction are based on a new electronegativity scale for different ions
located in different structural sites related to the crystallochemistry of silicates,
phyllosilicates, alunite minerals and zeolites, respectively. In the case of sulfate compounds,
one assumes one type of site such that the parameter A4 O™ M**(c) of acation M*" is constant
and the same in simple and doubl e sulfates.

A new relationship between the enthalpy of formation of the oxides, AH® o, iS proposed
by considering the new parameter AHO~ M**(c), characterizing the electronegativity of a
cation in sulfate minerals and given by the following Equation 16, which is analogous to that

of the enthalpy of formation (Vieillard, 1994a).

° i= j= = ; — A nZjt
MHpoy = =N * |SIZ2EIT, X+ X; = (8507 M (0) — 4407 M} (0)) | (16)

j=i+1

The difference between Equations 12 and 16 are, first, the consideration of the parameter

AHO™ M7 (c) instead of AHO™ M*(ag), and second, the constant o. is set to -1 instead of -1.65.

The parameters A4O M %" (c)and AHO M jzj " (c) characterize the electronegativity of

cations M7" and M J-Zj+, respectively, in sulfates and can be determined by minimizing the
difference between the experimental and calculated enthalpy of formation from oxides.

In Equation 16, the interaction energy between two cations M** and M jzi+ is defined
13
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by the difference AHO™M ™ (c) —AHO™ M jzi " (C). This term characterizes the short-range

interactions between the different cations. Vieillard and Tardy (1988b, 1989) showed that the

difference between the two A4O™ parameters is positive and can be assumed to be:

[AH0= M2 (c) — Ay 0~ M].Zj+(c)] = 96.483 (u, — Xm,)? (17)
where v designates the Pauling’ s el ectronegativity of the cation M** (Pauling 1960) in the
considered crystal structure, and the difference in the left-hand member of equation 17 should
be expressed as an absolute value. When two cations sharing the same oxygen are identical,

i.e., have the same oxygen affinity, the interaction energy is equal to zero. The greater the

difference of oxygen affinity between two cationsis, the stronger the interaction energy.

2.2. Enthalpy of hydration of simple and double sulfates

In evaluating the thermodynamic quantities, it isimportant to describe the standard state
chosen for a given constituent. In the present study, the standard state for water is chosen as
pure water at atemperature of 25°C with avapor pressure of P,=31.69mbar (Wagner and
Pruss, 2002), and for the minerals, the dry compound is at a temperature of 25°C with a vapor

pressure of P=0.

The hydration reaction may be expressed by the following reaction (Equation 18):
(M1, (8020w, ]  + 1% HaO0) = [(My, (5053, - nHO] (18)

If we consider the standard enthal py of hydration to be AH®nyq20815¢ for agiven sulfate
having n bounded molecules, the enthalpy of hydration is related to the total formation

enthalpy of the sulfate, AH® 208.15¢, by the following (Equation 19):

AHpya20815x = AHCf208.15K [(Mi)ni (SO4)m; - HHZO](C) — AH%f 20815k [(Mi)ni (504)11,-]@ —n* AH°f20815x (H200))

(19)

14
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where AH®f,9g 15K [(Mi)ni (s0,),, - nHZO]( )and AH®¢ 598 15Kk [(Mi)m (504)‘1]]() are the standard

enthalpy of formation of asulfate in the hydrated and dehydrated states, respectively, and

AH®f 29815k (H20(y) stands for the enthalpy of formation of bulk water. The unit of the
enthalpy of formation, AH, 4,95, iS based per n moles of bound water or per mole of an

anhydrous sulfate.

The standard enthalpy of the hydration of the hydration water can be calculated if the
enthal pies of formation of the anhydrous and hydrous end members are availablein
thermochemical tables or calculated from cal orimetric measurements. Enthal pies of hydrated
sulfates are compiled and given in column | of Appendix B.

However, the thermodynamic properties of the hydration water can be estimated by

considering the hypothetical intra-crystalline reaction (Equation 20):

[(MD1, (5000w, | | + 1% Ho0() > [(MDy, (50,3, - 0H0] (20)

where H,O() represents the hydration water. For the Equation 20 we can write (Equation 21):

AH:‘,298.15K = AH;,298.15]( [(Mi)ni(soz;)nj ’ nHzo](C) - A1'11:,298A151< [(Mi)ni(sozt)nj] — nx AH;,298.15K [Hzo(c)] (21)
©

By assuming that AH® 29815« = 0, the standard values of the AH®f 20815k (H20(g), IS

finally obtained from Equations 19 and 21 and presented in Equation 22:

° _ n+AH¢ 504 155 (H20() + AH;yd,298.15K
AHt 0515k (H20(0) = . (22)

Mercury et a. (2001) proposed a model of prediction built on a simple additive scheme
for all sulfate minerals and yielded a constant value of AH®% 20815k (H20()) =-301.4 + 7.7
kJ.mol™. The additive model gave errors ranging from -1.75% to +1.87% with an average of
0.53%. The high error in the enthalpy of ice-like water in sulfate minerals does not allow a
discussion on the impact of errors on variations of stability fields between hydrous sulfates.

To improve the accuracy of the prediction, Vieillard (2012) and Vieillard and Jenkins
15

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

345

346

347

348

349

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-4925 8/20

(19864, 1986h, 1986¢) developed a model to predict the enthalpy of hydration from 349
different hydrate salts and showed that the enthalpy of hydration is closely related to the
nature of the cation in the anhydrous salt, the number of water molecules in the chemical
formula and the nature of the salt. This formalism has been reassessed using the new value of
ice standard enthal py, compared to the model of Vieillard and Jenkins (1986a), set to
AH®f 20815k (H20(ice)) = -292.75 kd.mol ™ (Vieillard 2012).

Because the previous model of prediction was initially tested on different salts of the
same cation, we propose anew model for the prediction of the enthalpy of hydration for a
whole family (i.e., sulfates) but with different cations.

Two parameters are required in this model of prediction. Thefirst isthe previously
defined enthalpy of hydration (Equation 19), and the second is the parameter AH® giss 298,15k ,

called enthalpy of dissolution and expressed as follows (Equation 23):

AH:iiss,298.15K = n;* AH;,298.15K[SO4=] + 1 * AH;,298.15K [M;%*] — AH;,298.15K [(Mi)ni (504)nj](c) (23)

in which AH% 598 15 [SO47] stands for the enthalpy of formation of the sulfate ion and is equal
t0 -909.34 kJ.mol ™ (Cox et al. 1989). The proposed relationship of the enthalpy of hydration
of asalt to the number of the molecules of water and the nature of the salt is (Vielllard (2012);
Vieillard and Jenkins (1986a, 1986b, 1986c)):

AH®4yq 20815k = A * n* * (AHgis5 208 15K + B) (24)
where A, oo and B are constants, and n designates the number water molecules in the hydrate.
This relationship is analogous to those given by Vieillard and Jenkins (1986a, 1986b, 1986¢)
and by Vieillard (2012) for different salts of the same cation. Values A, o, B and AH®¢ 2915«
(H20(g) are determined by minimizing the difference between the experimental and

calculated enthalpy of hydration for all data presented in figure 4 and Appendix B.

16
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3. RESULTS

3.1. Enthapy of formation of anhydrous sulfates

By considering the following cations: NH,*, H, Na', K*, Ba?*, Ca®*, Mg®*, Mn**, Pb*",
S, zn?*, Cd?*, cu?*, AI¥, Fe** and S, the parameter AHO™ M?*(c) of 16 cations involved
in simple and double sulfates were determined by minimizing the difference between the
calculated enthalpy of formation from oxides (Equation 3) and those computed by Equation
16.

The values obtained by minimization are given in Table 2 and contribute to the
determination of the enthalpy of formation from constituent oxides. Each value of the
parameter AHO~ M?*(c) for the 16 cations, characterize the electronegativity of a cation
having a specific coordination number. With the help of the knowledge of crystal chemistry of
sulfate minerals (Hawthorne et al. 2000), the coordination chemistry of each cation can be
related to the mineral structure. Theion S** isin the fourfold coordination in all involved
sulfates. Divalent and trivalent ions (by excluding Pb®*, Ca®*, Sr** and Ba?") arein the sixfold
coordination. Cations Ca*, Sr** and Ba®* are more often coordinated by eight or nine oxygen
atoms, Pb?*isin the tenfold coordination in palmierite. Among the monovalent cations, only
Na" isin sixfold coordination and the two other cations NH," and K™ exhibit different
coordination numbers ranging from 8 to 12. Consequently, the determined enthalpy of
formation of simple and double sulfates (Column V of Appendix A) may be compared with
experimental values. The difference between the predicted and the measured values ranges
between —2.27% and 3.46%, with an average of 0.55% (or approximately 2 log units or
+6.7kJ.mol ™ per 1 mole of SOy)) for 49 different anhydrous sulfates (Column V of Appendix
A).

Figure 2 displays the improvements of the predictive model of the enthalpy of formation

based on the parameter AHO™ M**(c) better than ones using AHO~ M**(ag). The cause of this

17
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improvement is related to the new scale of the electronegativity of cationsin sulfates and the

involvement of interaction energy between any two cationsin a double sulfate.

It seems important to point out that the high deviations between experimental and

predicted enthalpy of formation are observed for potassium (and in less extent for ammonium)

bearing double sulfates. The existence of positive deviations (>1%) for arcanite (K,SO,) and

negative deviation (<-1%) for compounds belonging to the langbeinite group and to t

he

leonite-type compounds, -indicate the presence of two different states of coordination of the

cation K* in these minerals and should lead to a new set of different electronegativity values

for K* with different coordination numbers.

The relationship between AHO™ M*(c) and AyO™ M**(aq) is displayed in Figure 3 and
expressed as follows (Equation 25):

ARO™ MZ(c) = 1.6551 AyO™ M%*(ag) + 253.63 (R2=0.9504) (25)
By taking into account of the crystal chemistry of sulfates, arelationship between ALO™
M#(c) and AyO™ M*(aq) for cations in the sixfold coordination is proposed (Equation 26)
and displayed in Figure 3 (dotted line):

ARO™ BIMZ*(C) = 1.7147 AyO™ M**(aq) + 239.28  (R?=0.9657) (26)

This useful relationship allows the evaluation of the electronegativity of any cation in
sixfold coordination in a double sulfate from the avail able electronegativity of the cation in
the agueous state (Equation 1). Values that are not estimated by minimization, can be
calculated by the relation illustrated in Figure 3 (values of Fe**, Co*" and Ni?* initalicsin
Table 2).

Using the new set of AHO™ M**(c) values, enthalpies of formation for some anhydrous
double sulfates can be evaluated from Equations 16 and 3 (Table 3) and will be used for the

prediction of hydrous analogs.
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400 3.2. Enthalpy of hydration for hydrated sulfates

401

402 Combined Equations 19 and 24 are rewritten below for one SO,4, and a new equation for
403  the predicted AH®s of hydrous sulfate can be deduced:

AH;yd'zggllsK _ AHf,zgstK[(Mi)ni (504)11]-'“]‘[20] _ AH°f,29s.1sK[(Mi)ni (504)n]-]

404 n; n; n - n% * AH 598 15K (Hzo(c)) (27)
405 and

AH®hyd,298.15K _ n *  (AH°giss 208.15K
406 bk, (nj) a T B) (28)
407 By minimizing the difference between the experimental values (given in Appendix B)

408  of the enthalpy of formation of hydrous sulfate with the estimated values obtained with
409  Equation 29, optimal values for the constants were determined: A = 0.2608, 0=0.367,

410 B=2.111 and AHof’298_15K (H20 (c)):'293-90-

411
a1 emenlnonnmet] i BOnCO0n] o fah s (1200)) + 22 (20)
413 Figure 4, showing the relation between AH® giss 208 15k (for 1 SO4 or AH®giss 298.15x /N;) and

414 the calculated enthal pleS of hydratl on AHohyd'298_15K (fOI’ 1 SO4 or AHohyd,298.15K /n,-), illustrates
415 the experimenta data (Appendix B) used to establish the predictive model (different symbols
416 for different numbers of hydration water) with theoretical data (displayed by full lines),

417  having the following relationship (Equation 30):

. 0.367 o

418 AH’hyd298.15K _ 0.2608 * (2) " (AH diss20815K | 2_111> (30)
n 0 n;

419 From the presented graph many remarks can be made:

420 - for the same hydration state and number of moles of SO,, the enthalpy of hydration

421  becomes more exothermic when the enthalpy of dissolution decreases.

422 - for a sulfate with the same cation (or same cations), the enthalpy of hydration becomes

19
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less and less negative when the number of water molecules increases and does not follow an
additive scheme.

- the value of the enthalpy of formation of ice-like water, AH®¢ 298 15k H20¢= -293.90
kJ.mol™, in the sulfate is Slightly more negative than that of ice, AH®; 268 15 H2O(ice=-292.75
kJ.mol ™ (Mercury et al. 2001).

Figure 5 shows that the method developed in this work gives better results than that of
Mercury et al. (2001) by opposing the errors of the 2 models. Indeed, it appears that all of the
errors obtained in this work are less than 1% (maximum value = 0.92% and average = 0.14%,
(Column V1 of Appendix B), which are much lower than the errors of the additive model of
Mercury et a. (2001) (maximum value = 1.87% and mean = 0.52%). In this model, the error
in the predicted enthalpy of formation of the hydrated water for sulfate mineralsis +1.42 kJ.
(moleH,0)™.

From the available enthal pies of formation of anhydrous double sulfates (the
experimental or estimated values developed in the previous section), enthalpies of formation
of hydrous sulfates can be calculated from Equation 29 and are presented in Table 4, where
predictions show a mean uncertainty for enthalpy of formation of 2.1kJ.(moleH,0)™.

For the 6 minerals belonging to the halotrichite family, which are double sulfates with
22 moles of water (Table 4), the enthalpy of hydration increases with the enthalpy of
dissolution of the anhydrous analog. From Table 4, the most negative hydration enthalpy and
enthalpy of dissolution concern pickeringite, and the less negative hydration enthal py and
enthalpy of dissolution isfor bilinite.

The enthalpies of formation for NaAl(SO,),-nH,0 for n=2, 5, 6 and 12 are listed in Wagman
et a. (1982), but the origin of these values is unknown. To verify our predictive model, the
value of AH® 0815« for NaAl(SOs),, not available in the literature, was requested. It was

estimated and used to predict the AH% 29g15¢ Of hydrous phases with 2, 5, 6 and 12 H,O
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molecules, and compared with the Wagman et al. (1982) data. The high negative deviations
from values of Wagman et a. (1982) presented in Table 5 for al hydrates forms of
NaAl(SOy), can come from the use of the parameter A4O™ [®Na’(c) in the prediction of the
enthalpy of formation of NaAl(SO.). . Indeed, the cation Na" in these hydrated forms is rather
in twelvefold coordination and the difference between A4O™ ¥Na’(c) and AO™ "?Na’(c) is

ignored.

3.3 Example of computation of a hydrous double sulfate

Bilinite Fe*" Fe**5(S04)4-22H,0 and romerite Fe*" Fe* 5(S04)4-14H,0 were chosen to
describe the protocol for estimating the enthalpy of formation using the model described
above. The details of the computation of the enthalpy of formation from the constituent oxides
of anhydrous double sulfate Fe?*Fe**,(S0,)4 and the enthalpy of hydration of bilinite and
romerite are given in Table 6. The enthalpy of formation of bilinite from our model is
AH® 508 15x = -10118.89 kJ.mol ™, avalue close to the estimated value of Hemingway et al.
(2002) of AH®; 268 15x = -10121 kJ.mol ™. From the enthalpy of formation of the anhydrous
double sulfate, Fe” Fe* 5(SO4)4, the enthalpy of formation of romerite Fe?*Fe**5(S04)4-14H,0
can be evaluated using n= (14/4) instead of 22/4 for the number of moles of hydration water
and givesavalue of AH® 20515« = -7762.41 kJ.mol™*, which is close to the value of
AH® 20815k = -7748.56 kJ.mol * estimated by Hemingway et al. (2002).

Special attention is paid to minerals with two cations (of the same charge) for which
the stoichiometric sum is equal to unity, like anhydrous form of nickelboussingaultite
(NH4)2Nio 75Mgo.25(SO4)2 or anhydrous form of lonecreekite (NH.)Fe** o 75Al0.25(S04)o.

Indeed, these minerals are considered double sulfates, and one of the sites is occupied by two
different cationsin different proportions, 0.75 Ni?* and 0.25 Fe** or 0.75 Fe** and 0.25 Al**in

nickelboussingaultite and lonecreekite, respectively. The formalism of the computation of the
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473  enthalpy of formation from constituent oxides is the same (Equation 16) but one of the sites

474  (divalent or trivalent) has a parameter AHO M iZ‘ " (c), considered the stoichiometric average

475  of the electronegativities of two different cations, Ni** and Fe** or Fe** and AI**, respectively,
476  for thetwo minerals.

477

478 4. DISCUSSION

479 4.1 Introduction

480 To validate the model for the prediction of the enthalpy of formation for hydrated

481  double sulfates, the determination of stability fields versus relative humidity and the solubility
482  products, for some sulfate minerals, have been cal culated with estimated data of this work and
483  compared with experimental datafrom literature. These parameters are based on the Gibbs
484  free energies of formation for sulfate minerals, a parameter calculated from the enthalpy of
485 formation and entropy of mineras. Asin the previous section, a predictive model has been
486  used to generate the enthapy of formation for hydrated sulfates, and this section begins with a
487  short introduction to asimplified prediction model of entropy for sulfate minerals.

488

489  4.2. Estimation of entropy of formation for hydrated double sulfates

490 Various empirical agorithms have been used to estimate the standard molal entropies
491  of minerals (Helgeson et a. 1978; Holland 1989; Vieillard 2010; Blanc et a. 2010). All these
492  methods yield approximations in the range of +5% for certain classes of compounds. Many of
493  such agorithms are based on corresponding state relations in models in which simple

494  additivity rules prevail. The most classical relation for anhydrous sulfatesis given by the

495 following relationship (Equation 31):
496 ASox20815k = S 20815k [Mini (504)nj] — ZiZ3ni * S 0815 [MiOx;] — 1y * S505.15K [SO5] (31)

497  where n; stands for the number of moles of the i™ oxide formula unit and n; is the number of
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498  moles of the SO; formulaunit, and S’ represents the standard molal entropy of the pure oxide
499 iand SO;at 25°C and 1 bar. The experimental standard molal entropies of sulfate minerals

500 arelistedin Table 7 (Column|) aswell as of oxides M;O,. and SO; (Line| of Table 8). For

501 variousferrous sulfates and MnSO,, only the third law entropy is used, and they are free from
502  magnetic spin entropy (Ulbrich and Waldbaum 1976).

503 Values of S°2gg 15k (suifates) @€ determined by assuming that the standard molal entropy
504  of formation of a sulfate mineral from its oxidesis zero. The results of the minimization

505 provide values of fictive S°agg 15k, (sufaes) iN Table 8 (Linell).

506 The standard molal entropies of hydrated sulfates (Mi)ni(SO4)nj -nH,0 can be

507 calculated from the predicted standard molal entropies of anhydrous sulfates, (Mi)ni(SO4)n].,
508 by thefollowing Equation 32:

500 S | (M), (SO9)n, *nH20| = S5, | (M), (SO0 |+ 0% Sampusc(H,0) , (32)

510 wherenisthe number of water molecules of the hydrated sulfate minerals. An average value
511  of the entropy of ice-like water, S° 208.15x (H20)(q), of 41.5K.J ! mol™ for sulfateis proposed
512  based on statistical calculations (Mercury et al. 2001).

513

514  4.3. Applicationsto natura systems

515 The weathering of sulfide minerals allows unusual amounts of iron and toxic metals
516 and metalloids released in the environment (Jambor et al. 2000). Large quantities of metals
517 and sulfateionsin low pH solutions may precipitate to form sulfate minerals (Nordstrom and
518  Alpers1999) if environmental conditions such as temperature, air humidity (or relative

519 humidity), activities of agueous ions or concentrations of solutions change. The modeling of
520 acid mine drainage may require the enthalpy, entropy and Gibbs free energies of formation of
521 hydrated sulfates, which are not available in literature or exhibit strong inconsistency among

522  predicted and measured values.
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Two areas of application for our model of prediction of the thermodynamic properties
of hydrated sulfate minerals with experimental measurements are proposed and devel oped.
Thefirst field of application will be based on the variation of the equilibrium between
different hydrated sulfates of the same cation with temperature. Thiswill be developed in this
section with the help of experimental measurements and stability diagrams from Ackermann
et a. (2009), Hemingway et a. (2002), Mgzlan et al. (2005), Chou et a. (2013), Wang et al.
(2012) and Kong et al. (2011), on the Fey(SO4)3-H20 system. The second field of application
will be focused on the comparison of the solubility products of sulfate minerals predicted in

this work with experimental measurements.

4.4. The Fey(S0O,4)3 - H20 system

From Ackermann et al. (2009) and Hemingway et a. (2002), there are six minerals
belonging to the Fey(SO4)3 - H20 system: mikasaite, Fex(SOa)s; Fex(SO4)3:5H20; lawsonite,
Fex(S04)3-6H20; kornelite, Fex(S04)3-7H20 (Hemingway et a. 2002) or Fey(S04)3-7.75 H,O
(Ackermann et al. 2009); coquimbite, Fex(SO4)3-9 H,0 and quenstedtite, Fex(SO,)3-10 H0.
From the predicted enthal pies of formation for hydrous ferric sulfates (Table 4) and entropies
for hydrous ferric sulfates, calculated from experimental entropy of mikasaite (Majzlan et al.
2005) by using the average entropy of hydration water, Gibbs free energies for these hydrated
minerals are calculated and presented in Table 9 with other values from different sources.

All enthalpies of formation for hydrous sulfates predicted in this work exhibit
overestimated but consistent values compared to the experimental onesin arange of -0.3%-
0.7%. Only the enthalpy of formation of coquimbite from Mgjzlan et al. (2006) istoo low in
reason of presence of Al in the sample.

By assuming ACp=0 for reactions between different hydrated sulfates, reactions between the
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548 6 different hydrated ferric sulfates are represented versus temperature and relative humidity
549  (Figure6).

550  With the additive model of the enthalpy of hydration (Mercury et al. 2001), it isimpossible to
551  build the stability diagrams of temperature versus relative humidity for different hydrous

552  ferric sulfates (dotted line, Figure 6A). The model of prediction of the enthalpy of hydration
553  based on the enthalpy of dissolution developed in the previous section (full lines N° 1 to 6,
554  Figure 6A) yields different phase boundaries for all minerals belonging to the system

555  Fey(S0,)s- H20. It appears that ferric sulfates become more hydrated with increasing relative
556  humidity for a given temperature. The parallelism observed for different stability boundaries
557 inthetemperature-relative humidity diagram is due to the additive model of prediction for the
558  entropy of hydration. In the mikasaite- kornelite (7 H,O) — coquimbite system, Hemingway et
559  a. (2002) only showed an estimation close to our model for the equilibrium kornelite-

560 coquimbite (respectively dotted line and full line N°4, Figure 6B). These authors do not

561 include minerals such as Fey(S0,)3-5H,0 and lawsonite, Fex(SO,4)3-6H-0, which most likely
562 explainsthe large deviation for the equilibrium mikasaite-kornelite (line N°7 in Figure 6B). In
563  the system mikasaite-Fe,(S0,)3-5H,0 - kornelite -coquimbite, studied by Ackermann et al.
564  (2009) (dotted line Figure 6C), there is very good consistency at 25°C for the following 3
565 systems: mikasaite- Fey(S0,)3-5H20; Fex(S0,)3-5H,0 - kornelite (7.75 H,O) and kornelite
566  (7.75 H,0) - coquimbite. When the temperature increases, there is aweak divergence of the
567 first two equilibriaand alarge deviation for the equilibrium kornelite-coquimbite. At low

568 relative humidity( in particular for equilibrium 1), the transition temperature discrepancy

569  between this work and Ackermann’s one, at constant RH, is great. Thisis most likely due to
570 two reasons: estimated entropy is based on the additive scheme and the heat capacity of

571 reaction is assumed to be independent with temperature. The square represented in Figure 6B

572 and Cisthe experimental observation of Chiperaet a. (2007), who found that korneliteis a
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stable phase at T=348K and RH=43%.

These results provide an acceptable prediction of thermodynamic data for normal hydrous
ferric sulfates. It seems evident that severa authors (Wang et al. 2012; Chou et al. 2013)
obtained stability fields of many hydrous ferric sulfates from experimental measurements that
are very difficult to use in the presence of some basic hydrous ferric sulfates (ferricopiapite),
acid hydrous ferric sulfates (rhomboclase) and amorphous ferric sulfates, compounds that are
not considered to be true double sulfates and are excluded in the predictive model of the

enthalpy of formation of hydrous normal double sulfates.

4.5. Solubility products of some hydrous sulfates

Table 10 displays a comparison between experimental or available solubility products
(Column | of Table 10) with calculated ones (values given in column V, Table 10) from the
predicted enthalpy of formation (Column Il of Table 10) and entropy (Column Ill of Table
10) developed in this work. Calculated solubility products are obtained with Gibbs free
energies of ions from Robie and Hemingway (1995). The differences between measured and
predicted solubility products are approximately 1-2 log units per mole of S. Some large
deviations are observed for minerals such as arcanite (+3.27 log units); coquimbite (-5.64 log
units), haotrichite (-3.49 log units), K3;SO4FeSO,6H,O (-2.64 log units);
NaSO, FeS0,-4H,0 (-3.70 log units); yavapaiite (-3.49 log units); romerite (-6.90 log units),
bilinite (-2.67 log units), aphthitalite (+9.28).

The minera arcanite and the potassium bearing double sulfates yavapaiite, aphthitalite and
K>S0, FeS0,6H,0 have the same magnitude of deviation than for predicted enthalpy of

formation. Thisis related to alack of accuracy of the electronegativity of K* in sulfates, A0
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598 K*(c) for a given coordination number. Indeed, by discarding yavapaiite (twelvefold
599  coordination), the other minerals exhibit two distinct coordination for the K polyhedron.

600 The iron-bearing minerals coming from Hemingway et a. (2002) have a predicted

601 enthalpy and free energy of formation and have been used by Marion et a. (2008) in

602 solubility diagrams for Fex(SO4)s- FeSO, - H,SO,4. From Hemingway et al. (2002), the

603 enthalpy and free energy of each water hydration (except the first H,O molecule) in different
604  hydrous sulfate compounds are constant. Assuming an absence of excess free enthalpy of

605 mixing, the enthalpy of formation and free energy of these four minerals are predicted by the
606 summation of the properties of simple sulfate compounds and the contribution of each H,O
607 molecule. Thisexplain probably why the enthalpy of hydration water predicted in thiswork is
608 more closely related to the nature of cations bound to sulfates and to the number of molecules

609  of hydration water.

610
611 CONCLUSIONS
612 Two different models for the prediction of the enthalpy of formation of hydrous double

613 sulfates are necessary to obtain reasonable agreement with experimental values. For
614  anhydrous simple sulfates, the enthalpy of formation of the compound from its constituent

615 oxides per one oxygen atom is proportional to the product of the molar fraction of oxygen

616  bound to the cation and to S and also to the interaction energy [A4O~ M * (c) - A4O™
617  S°*(c)] characterizing the difference in electronegativity between the cations M izi+ and S°*. In
618 anhydrous double sulfates, there are three interaction energies between the cations M iz‘ "

619 M jz” and S** because we assume that oxygen atoms are common to all three cations.

620 Therefore, the enthalpy of formation of anhydrous double sulfates per one oxygen atom

621  contains threeterms, with each term having the same formalism, i.e., the product of the molar
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622 fraction of oxygen bound to cation 1 and to cation 2 and also to the interaction energy [AHO™
623 cation 1(c) - AHO™ cation 2(c)].

624 The model of prediction for anhydrous double sulfates provides good results because
625 the modd isbased on the difference in electronegativities among three cations with common
626  oxygen. Thismodel, initially developed in silicates (Vielllard and Tardy 1988a), clearly

627  showsthat Pauling’ s concept of electronegativity isfully justified for any anhydrous double
628 sulfate. Improvements can be brought by considering in some minerals the coordination

629  number for potassium and ammonium sulfates minerals, in order to set relationships between
630 AHO™ M*(c) with coordination number. In this view, the presence of two distinct

631  coordination numbers for some cation (K*, NH4") leads us to reformul ate the Equation 16
632  with six interactions energy terms. For basic anhydrous double sulfates, this method is not
633  wholly valid because the presence of a hydroxyl indicates the existence of four cations and the
634  existence of six theoretical interactions energy terms between the four cations. In such

635 compounds, the existence of non-common oxygen between the four cations may exist, and
636 Osomeinteraction energy terms between any two cations may not contribute to the

637  computation of the enthalpy of formation of a mineral from constituent oxides using a short
638 range approach. Thisiswhy Gaboreau and Vieillard (2004) used a predictive model of the
639 free energies based on the electronegativity difference and short range approach and have
640 demonstrated the presence of non-common oxygen between two cations (or sites) in minerals
641 belonging to the alunite family.

642 The model of prediction of the enthalpy of hydration proposed by Vieillard (2012) and
643 by Vieillard and Jenkins (1986a, 1986c¢) on salts with the same cation has been applied here
644  within asame family, namely sulfates with one or two cations, for the first time. This model
645  of prediction provides very good results for simple and double sulfates and shows that the

646  enthalpy of hydration water (for the same number of SO,) in sulfates of the same cation (or 2
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different cations) is not constant but instead increases with the increasing number of hydration
waters. A second point of this model of prediction isthe fact that for the same number of
hydration waters and for one mole of SO, the enthalpy of formation of hydration water
increases (i.e. becomes less negative) when the enthalpy of dissolution of the anhydrous
analogue becomes |ess negative.

The predicted enthal pies and entropies for many hydrous sulfates belonging to the
system anhydrous double sulfate — water have been calculated, and some minerals have been
chosen to compare with the experimental observations and numerical modeling. Stability
fields of hydrous minerals versus temperature and relative humidity and solubility products
have been used as atest for some predicted values for hydrous sulfate and provide acceptable
results with experimental observations made at 25°C. With increasing temperature,
divergences between the predicted and experimental values for hydrous sulfates obviously
increase due to the additive model for the entropy of hydration and the non-involvement of
heat capacity in computations.

To increase the accuracy of the predictive models of thermodynamic data for
temperatures over or below 25°C, further studies should be planned, such as calorimetric
measurements for the enthalpy of formation but also for entropy and heat capacity for some
hydrous sulfates. These measurements will contribute to the improvement of a predictive
model for entropy and heat capacity of hydration water based on the molar volume of the

hydration water, available from crystallographic parameters and structure refinements.

IMPLICATIONS
Sulfate minerals occur in various environments, as noted in the introduction part, and are also
subject of current works, where their thermodynamic parameters are needed but not always

available.
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Thermodynamic parameters, for simple anhydrous and hydrous sulfates, are well-
documented, but it is not the case for double heavy metal and rare earth bearing sulfatesin
anhydrous and hydrous form. The models of prediction developed here, try to provide missing
enthalpy of formation for anhydrous sulfates and its hydrous analogs, for simple or double
form.

Indeed, evaporite deposits, weathering of sulfide minerals, mineral processing (uranium for
example), or composition of Mars' surface, are all environments where various common and
uncommon sulfates formed; the knowledge of thermodynamic parameters, estimated from
their chemical formula, would contribute to a better understanding of the stability of these
minerals. Furthermore, an increasing interest in geochemical modeling is recognized in the
fields cited above and requires thermodynamic values for these sulfate minerals, to simulate,
for example:

-reactions between acid solution and uraniferous ore for uranium recovery

-evaporation of hypothetic Mars Ocean

-weathering of metallic sulfides deposits.
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Figures Captions

Figure 1. Relation between AH% o, and AyO™ M**(aqg).

Figure 2. Comparison of error between AH®; calculated in this study and AH®; from literature
(AH®% iy) induced one part using AyO~ M**(ag) and in the other hand A4O™ M**(c).

Figure 3. Linear correlation between A4O~ M**(ag) and AHO™ M**(c).

Figure 4. Relation between enthalpy of hydration (AH®nhyd208.15¢) and enthalpy of dissolution
(AH°®giss 208.15¢) Of hydrated sulfates (reported for 1SO, per formula).

Figure 5. Comparison of error between AH®; from literature (AH®s (i) and AH®; estimated one
part using the model presented in this work and in the other hand the additive model of
Mercury et a. (2001).

Figure 6. Comparison of estimated and experimental data for reactions in the system
Fex(S0,4)s - H,O as a function of temperature and water activity. A — This work and
additive moddl (Mercury et a., 2001) ; B — System mikasaite- kornelite (7 H,O) —
coquimbite; C — System mikasaite - Fey(S04)3-5H,0 - korndite (7.75 H)O) -

coquimbite.
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Table 1. Values of AH° 295 15¢ for oxides and cations used for calculation of A4O™ M**(aq).

. AH®% 208.15¢ : AH® 208.15¢ AO™M* (aq)
oxides g oty e caions Ty g oy T e amol
S0, 45451 1 * - 5 -359.77
K,0 -363.20 4| K* 25210 4 141.00
Cao 63510 3| Cca®* -543.00 3 -92.10
MgO -601.60 3 | Mg* -467.00 3 -134.60
AlL,O, -1675.70 3| AlI* -538.40 3 -199.63
FeO 27200 4| Fe* 9110 4 -180.90
Fe,0s 82620 4| Fe* -49.90 4 -242.13
Na,O 41480 4| Na -24030 4 65.80
BaO -548.10 4 | Ba&* -53250 4 -15.60
MnO -385.20 4 | Mn* -220.80 4 -164.40
(NH,),0 -430.70 2 | NH, -133.30 4 -164.10
H,0 28583 3| H* 000 3 -285.83
Cdo -258.35 3| cd* 7592 3 -182.43
CoO 23794 4| Co* 5820 1 -179.74
CuO -156.10 4 | Cu* 6490 4 -221.00
NiO -239.30 4 | Ni* -54.00 4 -185.30
PbO -219.00 4 | Pp* 090 4 -219.90
S0 -501.30 4 | S* -550.90 4 -40.40
ZnO -35050 3| zZn* -153.39 3 -197.11

Footnote added at the end of Table 1
ref: references. 1- Wagman et al. (1982); 2 - Wilcox and Bromley (1963); 3 - Cox et al.

(1989); 4 - Robie and Hemingway (1995); 5 - thiswork



Table 2. Valuesof AHO™ M*(c) obtained by minimization or by calculation for valuesin

italic (Fe**, Co®* and Ni?).

. AO”M#(C) . AO"M#(C)
caons i ymary) | O (i molY
" -333.07| NH, 70.11
K* 467.61| H* -247.20
Ca® 120.20| Cd* -49.20
Mg* -31.88| Co* -73.00
Al¥ -155.62| Cu* -117.58
Fe* -74.90| Ni* -82.27
Fe** -160.71| Pp* -5.59
Na* 348.72| S 183.26
Ba?* 287.91| zn* -104.57
Mn?* -40.83




Table 3. Enthalpies of formation of simple and double anhydrous sulfates, estimated in this

work (anh.: anhydrous)

AH® 298 15K AH® 298 15¢
Mineral/Compound Formula estimated | Mineral/Compound Formula estimated
(kd.mol™) (kd.mol™)
Eldfellite NaFe(SO,), -2026.86 Fé?ﬂ‘r‘:rt'éznaﬂh FE? Fe*5(SO,)s -3513.77
&?gﬁﬂfﬁh NaAl(SOy), -2456.85 | Halotrichiteanh.  Fe?*Al,(SOy)s -4373.76
Sabieite (NH,)Fe*(S0,), -1904.21 |Apjohniteanh. MnZ"Al(SOu)4 -4518.90
Tschermigite anh. (NHAI(SO,), -2334.20 | Dietrichite anh. (d) -4548.95
Lonecreekite anh. @ -2010.40 | Wupatkiite anh. (e -4542.14
Na-Pamierite NaPb(SO,), -2343.81 | Lishizhenite anh. ZnFe3+2(SO4)4 -3564.46
Kalistrontite K,Sr(S0,), -2886.82 | Ransomite anh. CUFe* 5(S0,)4 -3357.86
Krohnkite anh. Na,Cu(SO,), -2211.16 | IMA2008-029 (NH4)3Fe(SOy)3 -3113.44
Nickelblodite anh. (b) -2436.65 | Ferrinatrite anh. Nag,Fe3+(SO4)3 -3455.26
Mereiterite anh. K,Fe?"(SO.), -2406.17 | Letovicite (NH,)3H(SO4), -221351
Syngenite anh. K,Ca(SO), -2891.21 | Misenite KgHe(SO4)7 -8393.46
Mohrite anh. (NH,),Fe*(SO,), -2125.85 | Millosevichite Alys Fe*05(S0s);  -3223.97
Boussingaultite anh. (NH4)2:Mg(SOy), -2482.34 | Loweite anh. Na;.Mg7(S04)13 -17565.30
Koktaite anh. (NHg)Ca(S0Oy),  -2623.41 | Lecontite anh. ® -1324.15
Ni-boussingaultite anh. (© -2208.77 | Gorgeyite anh. K2Cas(SO4)s -8638.40
Efremovite (NH4)2M@y(SOy4); -3768.59 | Omongwaite anh.  Na,Cag(SO,)s -8576.05
Pickeringite anh. MgAI,(SO,)4 -4743.69

Footnote added at the end of table 3

@ - (NHA)F93+0.75A|0.25(SO4)2§ (b) - NaNig7sMgo25(S04)2; (€) - (NH4)2Nio75M0o25(SOs)2 ;5 (d) -

(ZNosFe™04A12)(S04)s; (€) - (COpeMTo.)AlA(SOu)4; (F) - (NHa)o75Ko.25)Na(SOs).



Table 4. Enthalpies of formation of some hydrous sulfates predicted in this work.

Datafor sulfate whose formula has been reported at 1SO, Estimation of AH®29g15¢ for hydrated sulfates
(U] (L] (1) AHosisc oy
Formula/ number of SO, AH% 015« AH%giss AH°hyq Mineral Formula Pred. ’
(kdmol™)  (kdmol™)  (kJ.mol?) (kdmal?)  (kdmol™)
NaHSO0,H,0 -112550° -24.14 -5.75 | Matteuccite NaHSO,H,0 -142515 + 88
NaMgos(SO4)-2(H-0) -134555%  -37.59 -11.60 | Blodite NaMg(SO0,)2-4(H-0) -3889.91 + 218
NaMgo5(SO4)-2.5(H;0) 1345552 -37.59 -12.48 | Konyaite NaMg(S04)2-5(H-0) 418557 + 239
NaCays(SO4)-2(H20) -141460°  -6.54 -145 | Wattevilleite Na,Ca(SO4),-4(H:0) -4007.70 + 21.8
NaCuos(SOs)-(H20) -110558°  -11.61 -248 | Krohnkite Na,Cu(S0,)2-2(H-0) 280392 + 17.6
NaZngs(SO4)-2(H20) -1209.00%  -17.34 -4.98 | Changoite N&,Zn(S04),-4(H;0) -360357 + 21.8
NaN|0375M90125(S()4)2(H20) -121833b -9.94 -2.56 Nickelblodite NBQN|075M9025(SO4)24(H20) -3617.38 + 218
NaosAlos(SO4)-3(H20) -1228.43°  -70.26 -25.45 | Tamarugite NaAI(S0,)2-6(H20) 427115  + 26.0
NaosAls(S04)-5.5(H20) -1228.43°  -70.26 -31.02 | Mendozite NaAl(SO,)2-11(H,0) -5751.81 + 365
NaosFe*05(S0s)-3(H,0) -1057.67° 323 199 | Amarillite NaFe*(S04),-6(H;0) -3874.76 + 26.0
KFe* 5(S04)-2(H20) -1203.09 -3.90 -059 | Mereiterite KoFe?*(S04),-4(H,0) -3582.95 + 21.8
KMgo5(S0s)-2(H;0) -1377.35%  -17.59 -5.06 | Leonite KoMg(SO,),-4(H,0) -394043 + 218
KMgos(S0s)-3(H-0) -1377.35%  -17.59 -5.78 | Picromerite K.Mg(S0,)-6(H:0) -4529.67 + 26.0
K Caos(S04)-0.5(Hz0) -144560° 12,66 307 | Syngenite K,Ca(S04)2-(H;0) -317896 + 155
K Cuos(S04)-3(H20) -1104.80°  -24.19 -8.24 | Cyanochroite K 2Cu(S04),-6(H,0) -3989.50 + 26.0
KosAlos(S04)-5.5(H20) -1235.10%  -69.49 -30.66 | Kalinite KAI(S0,),-11(H;0) 576445 + 365
KosAlos(SO4)-6(H:0) -1235.10%  -69.49 -31.55 | Alum-K KAI(SO,),-12(H;0) -6060.12 + 386
KosFe™05(S0s)-0.5(H,0) -1021.40°  -38.94 766 | Krausite KFe*(S0,)2+(Hz0) 235202 + 155
KosFe*05(S0s)-2(H;0) -1021.40°  -38.94 -12.05 | Goldichite KFe*(S04)2-4(H;0) -324250 + 21.8
NH,Fe?5(S04)-3(H,0) -1062.93°  -25.26 -864 | Mohrite (NH,)-Fe?*(SO4)2-6(H-0) -3906.55 + 26.0
NH,Mgo5(S0,)-3(H,0) -1241.17°  -34.97 -12.27 | Boussingaultite (NH4)2Mg(S04)2-6(H0) 427029 + 26.0
(NHa)05Al05(SO4)-6(H:0) -1167.10°  -78.09 -3557 | Tschermigite (NH4)AI(SO04)2-12(H,0) -5932.17 + 386
NH4Ca5(S04)-0.5(H,0) -1311.71° 243 -0.07 | Koktaite (NH4)2Ca(SO4),(H-0) -2917.45 + 155
(NH4)05F93+0375A|0125(SO4)G(Hzo) -104696hI -15.04 -6.06 Lonecreekite (NH4)F€3+07%|025(SO4)2lz(Hzo) -5632.85 + 38.6
NH4Nio375Mdo.125(SOs) -3(H,0) -1104.38°  -16.88 -5.51 - (NH4)2Nig7sMgo25(S0s)26(H,0)  -398321 + 26.0
Fe?* 0.25F€%05(SO4)-3.5(H;0) -878.44° -78.62 -30.04 | Romerite Fe*Fe®(SO4)4-14(H,0) 774856  + 56.2
Fe? 0.25F€”05(S04) -5.5(H;0) -878.44° -78.62 -34.82 | Bilinite Fe?Fe®5(SO4)4-22(H,0) -1011889 + 730
Mgo.25Al05(SO4)-5.5(H;0) -1185.92°  -109.37 -48.81 | Pickeringite MgAI,(SO4)4-22(H;0) -1140478 + 730
Fe* 0.25Al05(S04)-5.5(H,0) -1093.44°  -107.87 -48.13 | Halotrichite Fe?*Al(S04)422(H20) -11032.14 = 73.0
Mn?.25A105(S04)-5.5(H-0) -1129.73°  -104.01 -46.38 | Apjohnite Mn?Alx(SO,)s-22(H,0) -11170.25 + 73.0
ZNo1sFe?01Al05(S04)-5.5(H,0) -1117.34°  -93.32 -4151 | Dietrichite Zno6Fe?04Al(S04)422(H,0) -11101.24 + 73.0
C0015M901A|05(SO4)55(H20) -113553b -98.44 -43.84 WUpatk“te C005M904A|2(SO4)422(H20) -11183.33 + 73.0
Nao.92Mgo.54(SO4)-1.15(H-0) -1351.18°  -31.44 -8.02 | Loweite Nay,Mg7(SO4)15:15(H,0) -22078.02 + 1186
NaFe™33(S04)-(H,0) -1151.75°  -1452 -3.24 | Ferrinatrite NagFe* (S04)3-3(H,0) -4346.68 + 26.4
Nay 5:Ca0.35(S04)-0.67(H;0) -141000°  -0.74 031 ;*E{J‘gs‘t’gft‘éba'te Na,Ca(S0x)-2(H:0) -481686 + 243
Zno25F€™05(S04)-3.5(H;0) -891.12° -81.52 -31.18 | Lishizhenite ZnFe*5(S04)4-14(H,0) -7803.81 = 243
Clo.25F€%05(S04)-1.5(H0) -839.46°  -78.60 -22.77 | Ransomite CUFe>5(SO4)4-6(H;0) 521236  + 56.2
(NHa)o 75K 02sNa(SO,)-2(H;0) -1324.15° 1151 4.46 Lecontite (NHa)o75K 02sNa(SO,)-2(H;0) -1907.50 + 39.4
K 033Ca083(S04)-0.17(H20) -1439.73°  -6.14 -059 | Gorgeyite K ,Cas(SO4)s-(H-0) -8935.81 + 10.9
Nag.33Ca 3(S04)-0.5H20 -1429.34°  -12.60 -2.18 | Omongwaite Na,Cas(S04)s-3H,0 -9470.84 + 423
Fe* 067(S04) 5/3(H20) -86050%  -82.11 -24.65 - Fe**5(S04)5-5(H,0) 412496 + 465
Fe* 067(S04)-2(H,0) -86050%  -82.11 -26.16 | Lausenite Fe*5(S04)5-6(H,0) 442340 + 306
Fe* 067(S0,)-2.33(H,0) -860.50*  -82.11 -2751 | Korndlite Fe*5(S0,)s7(H20) 472135 + 327
Fe* 067(S0,)-2.58(H,0) -860.50*  -82.11 -2844 | Korndlite Fe* 5(S04)s7.75(H20) 494457 + 348
Fe™ 067(S04)-3(H;0) -86050%  -82.11 -29.87 | Coquimbite Fe*5(S0,)s-9(H:0) 531622 + 364
Fe™ 067(S0,)-3.33(H,0) -86050%  -82.11 -3091 | Quenstedtite Fe**5(S04)3-10(H0) 561326 + 39.0
Alos7(S04)5.67(H,0) -1146.95%  -121.32 -54.79 | Alunogen Aly(S04)3-17(H20) -8601.54 + 41.1
Mg(SO,)-5(H;0) -1282.00°  -94.34 -40.69 | Pentahydrite Mg(SO,)-5(H;0) 279220 + 558
Fe”*(S0s)-5(H,0) -920.14" -80.30 -34.50 | Siderotil Fe*(S0,)-5(H,0) -2424.14  + 172

Footnote added at the end of table 4:

- Column (1): enthalpy of formation (per one mole of SO,) of anhydrous double sulfate (*Wagman
et al. (1982); Pestimated in anhydrous double sulfate model);

- Column (11): Enthalpy of dissolution (per one mole of SO,) of the anhydrous double sulfate

- Column (11): Enthalpy of hydration (per one SO,4) of the hydrous double sulfate



Table 5. Comparison of predicted enthalpy of formation of NaAl(SO,4),-nH,0 with values from

literature.
AH®f 208 15¢ (kJ.mol™)
Wagman et d. (1982) Thiswork  error (%)
NaAl(SO,), -2456.85
NaAIl(SO,), -2H,0 -3025.45 -3080.20 -1.81
NaAl(SO,), -5H,0 -3934.84 -3974.31 -1.00
NaAIl(SO,), -6H,0 -4233.45 -4271.15 -0.89

NaAl(SOy), -12H,0 -6002.74 -6047.49 -0.75




Table 6. Example of bilinite and romerite AH®¢ estimation with models presented in this work.

Estimation of enthalpy of formation
of anhydrous phase Fe* Fe*"5(SO4),

AH% (kI.mol™)  A4O~M# () (kJ.mol™) N“rgber X; number oxide

FeO -272.00 -74.90 1 0.0625 1

Fe,0s -826.20 -160.71 3 0.1875 1

SO; -454.51 -333.07 12 0.7500 4

total - - 16 1 ;

'''''' MA o M T AW O MF L (© - [AOT MF (@] (KImoly
Fe?' - Fe** L 1 |8,0" (Fe?*) — 8,07 (Fe®*)| - 85.80
Fe*' - 8 L2 |0y 0= (Fe?*) — 4,07 (85)] - 258.17

R ST SErsTEEN-motE -T2

AH® o (kJ.mol™! P CLL) ST, N Lok SR, P L) NV .y =
é,quagionfgo ) = S Ly e 0 (e e Ly () 0" 01+ S Lo (e 50 60 = -597.53

AH°; anhydrous ) ) ) . )
(kJ.mol™) SHp (Fert BT 1 (S0, = SHp (Fet " Fef " 1 (50,8 + SHp (Fe0 + SHp (Fep 050 4 < » SH €50;) =-3513.77

Equation 3 (modified)

Estimation of AH; of bilinite Fe*'Fe*"5(SO,)s - 22H,0
and romerite Fe* Fe’*,(SO4), - 14H,0

Fe2+Fe3+2(SO4)4 -14H 20
AH°; Romerite (kJ.mol™) -7748.56

Fe*" Fe** 5(S0.), - 22H,0
AH®; Bilinite (kJ.mol™") -10118.89
Combination of Equations 28 and 29 :
SH® [Fe Fe*~ (80,0, 22H0] =&4H" JRFe™ ,(80,0,] +4#={85+4H ((H,0p)+ 0.2608= 5.5« (GH; [FefFe®, (80, ),] + 2.111]]
SH® IR Fe (80, ), - 140, 0] =" JReFe" L(80,),] +4= {85 AH" ((H0p)+ 0.2608 3,5%5 « (GHY,, [Fe Fe (80, )]+ 2.111])

Fe** Fe* S0~
AH® (kJ.mol ") -91.10 -49.90 -909.34
Fe? +o.25F93+0,5(SO4) -5.5H,0 i Fe +o,25|:e3+05(SO4)- 3.5H,0
number SOy 1 : number SOy 1
AH°; anhydrous (kJ.mol™) -878.44 ! AH°; anhydrous (kJ.mol™) -878.44
AHC gig (kJ.mol™) -78.62 ! AHC g (kJ.mol™) -78.62
number of H,O 5.5 i Number of H,O 3.5
AHC 4 (kJ.mol™) -34.82 5 AHC;q (kJ.mol™) -30.04
AH® hydrated (kJ.mol™) -2529.72 ! AH®; hydrated (kJ.mol™) -1937.14




Table 7. Standard molal entropy (S°29s.15) for sulfates used for the calculation of fictive

entropies values for oxides (J.K*.mol™).

M (I 0] (I

Formula  S°g15¢ ref AS°oxo0s15K Formula Sosask  Ief  AS’ox 20815k
Na,SO, 14958 1 -0.11 | CdSO, 12313 3 -0.95
149.60 2 -0.09 | MgSO, 9160 1 -7.66

14959 3 -0.10 91.40 2 -7.86

K>S0, 17556 1 -3.25 91.69 3 -7.57
17560 2 -3.21 | MnSO, 11210 1 -0.29

17558 3 -3.23 112.10% 2 -0.29

(NHp,S0O, 220.23 3 4.20 11221 3 -0.18
CaSO, 106.70 1 -0.82 | Fex(S0y)3 282.80% 5 0.17
108.40 1 0.88 | Al(SOy)3 23930 1 3.45

108.40 1 0.88 23930 2 3.45

107.40 2 -0.12 23948 3 3.63

106.76 3 -0.76 | KAI(SO,), 20460 1 -2.73

BaS0O, 13220 1 -0.45 20460 2 -2.73
13220 2 -0.45 20473 3 -2.60

132.30 3 -0.35 | KoM g2(S04)3 38030 2 11.98

FeSO, 10750 1 -0.73 | Cd(NH,)2(S04)4  486.05 3 0.06
107.60 3 -0.63 | NH4AI(SO,), 21646 3 -9.48

Footnote added at the end of table 7:
1- Wagman et al. (1982); 2- Robie and Hemingway (1995); 3- Naumov et al. (1971); 4- Pankratz and
Weller (1969); Majzlan et a. (2005). ®Spin magnetic entropy (S°y,) of cations Mn®* and Fe** have not

been taken into account and are subtracted from listed values.



Table 8. Values of S35« (J.K™.mol™) (line ) and fictive S°208.15¢ (sulf) (J.K.mol™) (line

I1) for oxides.

SO; KO CaO MgO AlLO; FeO Fe,0; NaoO BaO MnO CdO (NH4),0

) S gdlaw. 125680 94.14 3821 26.94 59.80 46.42 57.60 7527 72.07 44.80 54.80 267.52
298.15K
an S(O;jffl)%K 7294 105.87 3459 26.32 17.04 3529 63.82 76.76 59.71 39.46 51.14 143.09

Foot note added at the end of table 8:

2Spin Magnetic entropy (S°) of cations Fe**, Fe** and Mn?" have been subtracted from
entropies of formation (S°) of oxides given by Robie and Hemingway (1995), to obtain third-
law entropy. "fictive S°sutaes (K .mol™) calculated by minimization of AS®,.



Table 9. Thermodynamic values (experimental and predicted in this study) for different

hydrous sulfates belonging to the system Fe;(SOg4)3 - H20.

. AH® 208 15¢ ref  S°o9815k  ref AG° o815 Ief
Mineral Formula (kJ.mol™) (JKmal™ (kJ.mol™)
Mikasaite  Fe(SOu)s 258520 (1) 30560 (1) -2260.79 (1)
Fe(SO.)s-5H,O  |-4124.96 (+30.6) (2) 5131 (2) -351839 calc
-4115.80 (©)) 488.2 (3) -3499.7 (3
L ausenite Fex(SOy)s - 6H,0 -4423.40 (£32.7) (2) 554.6 (2) -3759.66 cac
Korndite ~ FelSOy)s-7H,0  |-472135(+34.8) (2) 5961 (2) -4000.44 calc
-4692.20 4 590.6 (4 -3793.7 (4
Fe,(SO.)s -7.75 H,0 | -494457 (+36.4) (2) 6272 (2) -4180.78 calc
-4916.20 (5) 586.9 (5)
Coquimbite  Fex(S04)s-9H,O |-5316.22 (x39.0) (2) 679.1 (2) -4480.96 cac
520540 (5) 6323 (5
573800 (3) 6383 (3) -484560 (3)
528820 (4 6701 (4) -425060 (4)
Quenstedtite  Fe,(SO.)s - 10H,0 |-5613.26 (+41.1) (2) 7206 (2) -4720.83 calc

Footnote added at the end of table 9:

ref: references. calc: calculated in thiswork. 1 - Mgjzlan et a. (2005); 2 - this work (Table 5);

3-Magzlan et a. (2006); 4 - Hemingway et al. (2002); 5 - Ackermann et al. (2009).



Table 10. Experimental solubility product, predicted enthalpy of formation and entropy,

calculated Gibbs free energy of formation and solubility products for some sulfate minerals.

[ Il T v v Vi

. logK Pred. AH% Pred. S° AG®% calc. logK
Mineral Formula Mees, (kdmol) (IKLmol) (kdmol) e V-l
Blodite NaMg(SO,),-4H,0 -2.64%  -3889.91 41503 -3431.30 -276 -0.12
Gypsum CaS0,-2H,0 -462%  -2027.19 19052  -1800.24 -518 -0.58
Pentahydrite Mg(SO,)-5H,0 -1.27%  -2793.82 30680 -239597 -1.92 -0.65
Syngenite K,Ca(S0,),-H,0 7671  -3178.96 32775 -2892.02 -869 -1.02
Leonite K,Mg(SO,),-4H,0  -413'  -3940.43 44402  -348259 -452 -0.39
Coquimbite Fey(S04)3:9H,0 -898%  -5316.22 68597  -4483.08 -14.62 -5.64
Epsomite Mg(SO,)-7H,0 -1.93*  -3386.20 380.80 -2874.02 -258 -0.65
Mirabilite Nay(S0,)-10H,0 -1561  -432651 564.74  -3636.93 037 193
Picromerite KoMQ(SO,),6H,O0 450  -4529.67 527.02  -3957.49 -463 -0.13
Rozenite Fe?"(S0,)-4H,0 -17°% 212781 287.67 -1795.46 -226 -0.56
Bassanite Ca(S0,)-0.5H,0 3925  -1584.41 12827  -144321 -495 -1.03
Hexahydrite Mg(SO,)-6H,0 -1.691  -3090.14 34830 -263512 -228 -0.59
Melanterite Fe(S0,)-7TH,0 2317 -3015.95 41217  -251210 -318 -0.87
Szomol nokite Fe(S0,)-H,0 -1.66%  -1234.43 16317 -107358 -042 1.24
CdS0,4-8/3H,0 1728 -1734.93 23465 -147212 -317 -1.45
Kornelite Fe,(S04)3-7TH,0 -787%  -4721.35 602.97  -400255 -1352 -5.65
Siderotil Fe(S0,)-5H,0 -223% 242414 32017 -203462 -262 -0.39
Halotrichite ~ Fe*Aly(SO,)s22H,0 -824* -11032.14 127060 -932862 -11.73 -3.49
Kieserite Mg(S0,)-H,0 014 -1602.10 14080 -143291 062 076
K,SO, FeSO,6H,0  -461°  -4170.92 54939 -3607.08 -7.25 -2.64
Na,SO, FeSO,-4H,0 -321°  -3539.95 43741  -3089.67 -691 -3.70
Ferrohexahydrite Fe(S0,)-6H,0 2524 -2720.16 37067 -227348 -292 -0.40
Y avapaiite KFe(SO,), 557  -2056.79 24560 -1838.88 -9.06 -3.49
Glauberite Na,Ca(SO.), 561  -2838.77 257.26  -2608.23 -7.73 -213
Thenardite Nax(SOy) 0541  -1380.65 149.74  -1262.72 087 141
Anhydrite Ca(S0,) 4471 142956 10752 -131694 -360 0.87
Mikasaite Fex(SO.)3 081  -2577.55 31247 -225890 115 034
Glaserite Nap(S0),3K»(S0),  -819'  -5657.60 68592  -518819 102  9.28
Arcanite K2(SO,) 1891  -1418.22 17873  -1301.06 138  3.27
Labile Salt Na,Ca(S0,);2H,O0  -630"  -4816.05 490.00 -435324 -827 -1.97
Romerite Fe*'Fe®* (S04 14H,0 -11.77%  -7748.56 101514 -652591 -1867 -6.90
Bilinite Fe?' Fe* (SO, 422H,0 -1654* -1011889 130397 -8426.04 -1921 -2.67

Footnote added at the end of table 10

Meas.: measure. Pred. : predicted. Column VI (V —1): difference between column | and Column V.
Reference of log k in exponent in column I: 1- Harvie et a. (1984); 2- Garvin and White (1987); 3-
Harvie and Weare (1980); 4- Hemingway et al. (2002); 5- Chou et . (2002); 6- Blanc et a. (2006); 7-
Parker and Khodakovskii (1995); 8- Cox et a. (1989); 9- Christov (2004); 10- Forray et al. (2005); 11-

Calculated from AG®s given by Majzlan et al. (2005);



Appendix A (part 1/2): Data used to establish AH®, g 15« €stimation model of anhydrous sulfates.

(M (I (1 (Iv) 4%] (VD)

; AH% 20815¢  AH%ox  AH%f(esany  €TOr  AH% (e €ITOr
Mineral/Compound  Formula 3 iy 3 molYy  (amol ) (%) (kImolD) (%)
Thenardite N2SO; 1387081  -517.77 -139595 -064 -138065 046
1387.80°  -51849 -139595 -059 -1380.65 052

-138880°  -51949 -139595 -052 -1380.65 059

Arcanite K,SO, 1437791 -62008 -143741 003 -141822 136
143770° 61999 -143741 002 -141822 135

1433697 61598 -143741 -026 -141822 108

143865°  -62094 -143741 009 -141822 142

Mascagnite (NH),SO,  -118085%  -20564 -1127.35 453 -118759 -0.57
118270°  -29749 -112735 468 -118759 -041

11180.80°  -29559 -1127.35 453 -118759 -058

Anhydrite CasO, 143411  -3445 -142085 092 -142056 0.3
1425241 33563 -142085 031 -142956 -0.30

142080%  -33119 -142085 000 -142956 -0.62

143440° 34479 -142085 094 -142056 0.34

143515°  -34554 -142085 100 -142056 039

Baryte BasO, 1473201 -47059 -142852 303 -146834 033
_147360°  -47099 -142852 306 -146834 036

145835° 45574 -142852 205  -146834 -0.69

Mg-sulfate MgSO, 1284901 22879 -133476 -388 -128200 0.23
128490° 22879 -133476 -388 -128200 023

1280.83°  -22472 -133476 -421 128200 -0.09

Mn-sulfate MnSO, 106525'  -22554 -108148 -152 -105889 0.60
106570°  -22599 -108148 -148 -105889 0.64

106650°  -22679 -108148 -140 -105889 0.71

Anglesite PbSO, 919941 24643  -84660 797  -91882 0.2
920002 -24649  -84660 798  -91882 013

919923  -24641  -84660 797 91882 0.2

Zincosite ZnsO, 982801 17779 -100630 -239  -97639 065
980102  -17509 -100630 -267  -97639 038

98046°  -17545 -100630 -264 97639 042

Cd-sulfate Cdso, 933281 -22042 -93232 010 92576 081
93357%  -22071 -93232 013  -92576 084

Chacocyanite  CuSO; 771361 -16075  -78234 -142 77223 -0.41
771402 16079 -78234 -142 77223 -0.41

77037° 15076 -78234 -155 77223 -0.24

S0, 145310%  -407.29 -144103 083 -145308 0.00

Mikassite FeSO)s  -2581501  -13050 -262646 -174 -257755 015
258190°  -130.72 -262646 -173 -257755 017

258367°  -13L31 -262646 -166 -257755 024

Millossvichite  Al(SOJs  -3440.841  -13387 -363374 -561 -343849 007
344180°  -13419 -363374 -558 -343849 0.10

344315° 13464 -363374 -554 -343849 014

Godovikovite NHAI(SO,), -235220°  -19499 -2386.04 -144 -233420 0.77
235382°  -1958 -2386.04 -137 -233420 083

Y avapaiite KFe(SOy),  -2042.80° 26054 -2001.20 -2.37 -2056.79 -0.68
Steklite KAI(SO),  -247020' 27086 -2588.27 -478 -2486.78 -0.67
247090° 27125 -258827 -475 -2486.78 -0.64

247164°  -27158 -258827 -472 -2486.78 -061

Zn-glauberite NaZn(SO.), -241800%  -371.84 -245648 -159 -241370 0.18
Glauberite Na&Ca(SO;), -282020'  -43514 -284937 -071 -2838.77 -0.34
Mn-glabeite  NaMn(SO), -2490.70%  -39084 -252491 -137 -248823 0.0
Mg-glaberite  NaMg(SO), -2691.10%  -38284 -277204 -301 -271022 -0.71




Appendix A (part 2/2): Data used to establish AH®, g 15« €stimation model of anhydrous sulfates.

U]

(D

(m

v

M

(v

. AH% 29815c  AH%ox  AH% (esay  €TOr  AH% (e5en  €MTON
Mineral/C d  Formu ’ : ~ ’

nerel-ompotn ormuia (ImolY)  (kimol) (kImold) (%)  (kImolY) (%)

N&S1(SO.), 2830101 -45749 -285889 -102  -283439 -0.15

NaBa(SO;) 285390  -490.99 -284126 044 285659 -0.09

(NH.,S(SOs), 2639301  -354.14 -250390 172  -2634.80 0.17

(NH),Cu(SO), 2054301  -27924 -192143 647  -198328 3.46

(NH),Zn(SO,), 2201601  -25560 -214046 278  -218581 0.72

K>Sr(SO4), 2887401 51194 -291586 -0.99 -2886.82 0.02

K>Ba(SOy)» 2907.90% 54379 -289823 033  -2909.03 -0.04

K>Nao(SOs) 2821301  -567.14 -284883 -0.98 -281373 027

Palmierite K,Pb(SO.)s 2379.00%  -44434 235845 090 -2396.24 -0.69

K>ZNn(SO4)s 2434301  -40579 -251345 -325  -2466.13 -131

Cyanochroiteanh,  K,Cu(SO.)» 2200.60%  -397.74 -220441 -384 -226360 -179

KoMN(SOy)s 2508301  -42544 -2581.88 -2.93  -2540.66 -1.29

Leonite anh. KsMg(SOy)s 2754701  -44044 -282901 -270  -2762.66 -0.29

Langbeinite KoM@o(SOs)s 4071.00%  -380.36 -4182.72 -274  -A065.47 0.14

407300°  -38L02 -4182.72 -269  -4065.47 0.18

Znlangbeinite  KsZny(SOs)s 3406.85°  -32637 -354300 -400 -3466.36 -1.75

Cd-langbeinite  K,Cdx(SOu)s 330552%  -354.03 -3300.99 -250 -3355.88 -152

Cd-effremovite  (NHJ),Cch(SOs)s -3031.74°  -24027 -2097.03 114  -3059.00 -0.90

Mn-effremovite  (NH),Mny(SOs)s -3250.16° 22851 -3290.39 -124 -3323.86 -2.27

Vanthoffite NaMg(SOs). 546181°  -449.44 -5584.62 -2.25 -549531 -0.61

Eugsteriteanh.  Na,Ca(SOy)s 4230000  -467.26 -425618 -0.62 -422894 0.02

Na:Sr(SO4)s 420010°  -47489 -426214 -126 -4221.93 -0.30

NaBa(SOs)s 424010°  -490.62 -424281 -006 -4239.77 001

KSr(SO4)s 4323301  -54736 -436574 -0.98 -431689 0.15

KBa(SOy)s 4342201 56806 -434641 -0.10 -433474 017

NagK»(SO4)s 4204501  -54939 -425000 -108 -4199.33 0.12

K Nao(SO4)s 4263901  -58639 -4201.46 -0.65 -4236.91 063

NaoK o(SO4)s 5709241  -596.70 -573L46 -0.39 -5657.60 0.90

Mercallite KHSO, 116060  -38158 -117864 -155 -1156.16 0.38

Na-mercallite NaHSO, 1125501 -32068 -115016 -2.19  -1129.94 -0.39

Footnote added at the end of Appendix A:

Anh.: Anhydrous form

Column (1): enthalpy of formation of anhydrous salt from reference (in exponent) 1 - Wagman et a.
(1982); 2 -Robie and Hemingway (1995); 3- Naumov et al. (1971); 4 - Zhou et al. (2001b); 5 - Zhou
et a. (2001a); 6 - Forray et a. (2005); 7 — Barin (1985)

Column (11): enthalpy of formation of anhydrous salt from constituent oxides per one mole of SO;
Column (111): predicted enthalpy of formation of anhydrous salt with parameters A,0™ M7 (g ;

Column (1V): % error between predicted enthalpy of formation (Column 111) and experimental

enthalpy of formation (Column ) ;

Column (V): predicted enthalpy of formation of anhydrous salt with parameters A,0™ M i2‘+ ©



Column (V1): % error between predicted enthalpy of formation (Column V) and experimental

enthalpy of formation (Column 1).



Appendix B (part 1/2) : Data used for establish AH®, 208 15¢ €stimation model for hydrated
sulfates. (formulaand all values are per one SO,).

0] an (1 (V) (V)aI éVl)
: AH® 20515k AH%hyq AH®giss AH®; calc rror
Mineral Formula (amol) amo® "MO aamol  (kamold) (%)
KCups(SO,) - 0.25H,0 |-1180.701  -2.42 0.25 -24.19 -1181.93  -0.10
Bassanite Caso, - 0.5H,0 -1576.74*  -455 0.5 -18.23 -1584.40  -0.49
Bassanite Caso, - 0.5H,0 -157465*  -6.90 0.5 -18.23 -1584.40  -0.62
Zr-Sulfate Zr05(S0,) - 0.5H,0 21276951  -21.45 05 -104.69  -127690  0.00
Kieserite MgSO, - H,0 -1602.10*  -23.29 1 -91.44 -1602.15  0.00
Kieserite MgSO, - H,0 -1612.40*  -33.59 1 -91.44 -1598.08  0.89
NaMngs(SO,) - H,0 -1540.15  -0.89 1 -14.69 -154251  -0.15

KMgos(SOs) - H,0 -1675.70%  -4.44 1 -17.59 -167527  0.03

KMngs(SOs) -H,0 -1559.40%  -11.34 1 -17.69 -1552.09 047

KZny5(SO,) - H,0 -151880*  -7.74 1 -20.99 -1515.96 019

K ClUos(SO4) - H,0 -1413.35%  -14.64 1 -24.19 -1404.45 063

K Clos(SO4) - H,0 -141335'  -754 1 -24.19 -1411.55 013

NaZnos(SO4) *H,0 -1507.10*  -4.19 1 -17.34 -1506.85  0.02

Zns0, - H,0 -1304.49* -27.78 1 -79.94 -1297.04 057
CdSO, - H,0 -123955'  -12.36 1 -51.96 -124020  -0.05
CdsO, - H,0 -1240.05°% -1257 1 -51.67 -124041  -0.03

CuS0, - H,0 -1085.83* -20.56 1 -73.08 -1083.80  0.19

NiSO, - H,0 -1190.89° -23.45 1 -89.81 -1190.35  0.05
Cobaltkieserite CoSO, - H,0 -1201.53'  -17.67 1 -77.59 -120357  -0.17
Szomolnokite  FeSO, - H,0 -124369' -21.38 1 -72.04 -124057  0.25
Szomolnokite  FeSO, - H,0 -124430% -21.99 1 -72.04 -124057 030
Szomolnokite  FeSO;, - H,0 -1244.82%  -21.86 1 -71.39 -1241.05 030
Szmilkite MnSO, - H,0 -137650%  -17.34 1 -64.89 -137555 007
Szmilkite MnS0O, -H,0 -1378.13%  -17.72 1 -63.64 -1376.47 012
UO,S0, - H,0 -2146.40'  -7.39 1 -83.24 -2160.20  -0.64

BeSO, - H,0 -1523.801  -24.69 1 -86.94 -1521.27 017
Li,SO, - H,0 -173550!  -5.10 1 -29.85 -1737.62  -0.12
Li,SO, - H,0 -1735.05°  -4.32 1 -29.85 -1737.95  -0.17
KosAlos(SO,) -15H,0 | -1690.557  -14.59 15 -69.49 -1696.04  -0.32
Alx(SO,) - 2H,0 -177057* -3581 2 -121.33  -177382 -0.18
Al5(SOy) - 2H,0 -1771.76°  -36.23 2 -121.33  -177382 -0.12
Sanderite MgSO, - 2H,0 -1896.201  -23.49 2 -91.44 -1901.97 -0.30
Sanderite MgSO, - 2H,0 -1894.90%  -22.19 2 -91.44 -1897.90 -0.16
Gypsum CaS0, - 2H,0 202263  -071 2 -18.23 202716 -0.22
Gypsum Caso, - 2H,0 -2023.00%2  -0.79 2 -18.23 202745  -0.22
Gypsum Caso, - 2H,0 -2023.82%  -0.86 2 -18.23 -202820 -0.22
Leonite KMgos(SOs) - 2H,0 -1973.80' -8.64 2 -17.59 -197019 018
Leonite KMgos(SOs) - 2H,0 -197550°  -10.33 2 -17.59 -1970.19 027
KMngs(SOy) - 2H,0 -1852.70'  -10.74 2 -17.69 -1847.02 031
NaZnos(SOy) - 2H,0 -1796.00*  0.81 2 -17.34 -1801.76  -0.32
Zicosulfate Zr05(S0,) - 2H,0 -1727.15*  -30.79 2 -104.69  -1729.97 -0.16
BeSO, - 2H,0 -1823.14'  -30.13 2 -86.94 -1820.79 013

BeSO, - 2H,0 -1824.40°  -30.25 2 -85.80 -1821.56  0.16
UO,S0;: 2.5H,0 -2607.10* -27.24 25 -83.24 -2608.44  -0.05
U0,S0,- 2.5H,0 -2607.50° -27.64 2. -83.24 -260848  -0.04
Kornelite Fey3(SO,) - 2.58H,0 -1638.73°% -1898 258 -82.11 -1648.95  -0.62
SMy3(SO,) - 8/3H,0 211027 -2682 267 -70.71 -2108.11 0.0
CdSO, - 8/3H,0 -1729.40' -1237 267 -51.96 -1735.92  -0.38
CdSO, - 8/3H,0 -1730.11°%  -1279 267 -51.67 -1736.11  -0.35

Picromerite ~ KMgos(SOy) - 3H,0 -2269.80' -10.73 3 -17.59 -2264.81 022
Picromerite ~ KMgos(SOy) - 3H,0 -2270.73%  -11.66 3 -17.59 -226481  0.26
KZnos(S0,) - 3H,0 -2117.10*  -18.23 3 -20.99 -2105.88 053




0 (n (1 (V) (V)al éV|)
: AH®% 2085« AH%nyq AH%ss  AH°calc rror

Mineral  Formula (kamol ) (dmol) "MO gamoll) kamoll) (%)
Banatite  CuSO, - 3H,0 1684311 -3123 3 -7308  -167959 028
Coquimbite  Feys(SO5) -3H,0 A176513°  -2292 3 -8211  -177284  -0.44
Lays(SO,) - 3 H,0 2216001 -2052 3 6697 221971  -017
UO,S0; - 3H;0 2754301 2748 3 8324 275714  -010
UO,S0; - 3H,0 2755205 2847 3 8324 275718  -0.07
UO,S0; - 3.5H,0 2900801 -27.03 35 -8324  -200565  -017
UO,S0; - 3.5H,0 290160° -27.83 35 -8324 290569  -0.14
Starkeyite  MgSO; - 4H,0 249660' -3608 4 9144 249720  -0.02
Starkeyite  MgSO; - 4H,0 249730° -4085 4 9144 249313 017
NiSO; - 4H,0 210410 5557 4  -9043 208479 092
Rozenite  FeSO, - 4H,0 212020 2518 4 7204 213272 -017
MnSO, - 4H,0 2058101 1723 4 6489 226663  -0.38
MnSO; - 4H,0 205874° 1662 4 6364 226736  -0.38

BeSO, - 4H,0 2423751 4293 4 8694 -241564 033

BeSO, - 4H,0 242575° 4379 4 8580 -241632  0.39

Chalcanthite  CuSO, - 5H,0 2079621 3873 5 7308 227221 033
Chalcanthite  CuSO, - 5H,0 207970° -3877 5 7304 227223 033
Chalcanthite  CuSO; - 5H,0 208047° -4057 5 7407 227165 039
Jokokuite  MnSO; - 5H,0 2553101 1832 5  -6489  -256247  -037
Alys(SOy) - 6H;0 205063' -4925 6 12133 206626  -0.22
Alys(SOy) - 6H,0 296160° -5045 6 -12133 -206626  -0.16
Hexahydrite MgSO, - 6H,0 308700 -3867 6 9144 -309019  -0.10
Hexahydrite MgSO, - 6H,0 308806° -4380 6 9144 308612 006
Hexahydrite MgSO; - 6H,0 308810° -39.77 6  -9144 308612 006
AlUM-K  KosAlos(SOp) -6H,0 | -303090° -3237 6  -6949  -3030.08  0.03
AlUM-K  KosAlos(SOp) -6H,0 | -3030907 -3255 6  -6949  -3027.67  0.03
AIUM-K  KosAlos(SOp) -6H,0 | -303300° -3375 6  -6949  -3030.80  0.07
Tschermigite (NHJ)osAlos(S0)) 6H0 | 2971191  -3165 6  -69.09  -297090  0.01
Tschermigite (NHa)osAlos(SO)) 6H0 | -207317° -3283 6  -6828  -2971.33  0.06
Bianchite  ZnSO, 6 H,0 277965° 3576 6 8228 278145  -0.06
Retgersite  NiSO - 6H,0 2682821 -4648 6  -9043 267772  0.19
Retgersite  NiSO, - 6H,0 268340° -4677 6  -0014 267788 021
Retgerste  NiSO, - 6H,0 268441° -4745 6  -8981 -267805 024
C0S0; -6H,0 2683601 -31.87 6 7924  -2687.86  -0.16
oS0, -6H,0 268520° 3191 6 7759 -268874  -013

Epsomite  MgSO, 7H;0 3388711 -4647 7 9144 338625 007
Epsomite  MgSO; - 7H,0 338870° -4646 7  -9144 338625 007
Epsomite  MgSO; - 7H,0 339005° -51.88 7  -0l44 338218 023
Epsomite  MgSO; - 7H,0 3387.70° -4546 7  -9l44 338218 016
Godaite  ZnSO; - 7H,0 3077751 3761 7 7994 307847  -0.02
Godaite  ZnSO, 7 H,O 307750° -4006 7  -8264 307710 001
Gosaite  ZnSOs -7 H,0 307914° 4134 7 -8228  -307729 006
Morenosite  NiSO, - 7H,0 2976331 -4608 7  -9043 297376  0.09
Morenosite  NiSO, - 7H,0 297650° -4596 7  -9014 297391  0.09
Morenosite  NiSO, - 7H,0 207811° -4724 7  -8981  -207407 014
Bicberite oSO, - 7H,0 2979931 -3420 7 7924 208363  -0.12
Bicberite oSO, - 7H,0 208159° -3430 7 7759  -208446  -0.10
Mdlanterite  FeSO, - 7H,0 301457 2883 7 7204 -302017  -0.19
Mdlanterite  FeSO, - 7H,0 301430° -2856 7  -7204 -302017  -0.19
Mdlanterite  FeSO, - 7H,0 301651° -3012 7 7139  -302050  -0.13
Malardite  MnSO, - 7H,0 313930 -1671 7  -6489 -315349  -045
Mallardite  MnSO, - 7H,0 314090° 1706 7  -6364 -315413  -042
Mirabilite  NaSO, - 10H,0 4327261 113 10 286  -432647 002
Mirabilite  NaSOs- 10H,0 432730° 045 10 286  -432719 000
Mirabilite  NaSO, - 10H,0 433083° 298 10 286 432819 006




Footnote added at the end of Appendix B

Colonne (1) : experimental values of AH®¢ 29815« (for one SO,) for hydrous sulfates from
references (in exponent): 1- Wagman et a. (1982); 2- Robie and Hemingway (1995); 3-
Naumov et a. (1971); 4- Grevel and Mgjzlan (2011); 5- Grenthe et a. (1992); 6- Ackermann
et a. (2009); 7- Barin (1985)

Column (I1): AH®,q Enthalpy of hydration of hydrous sulfate per one SO,;

Column (111): number of moles of hydration water ( per one SO,)

Column (1V): Enthalpy of dissolution (per one SO,) of anhydrous analogue;

Column (V): AH°y. Predicted enthalpy of formation of hydrous sulfate (Egn. (26));

Column (V1): % error between predicted enthalpy of formation (Column V) and experimental

enthalpy of formation (Column 1) for hydrous sulfates
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