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Abstract

The enthalpy of formation from the elements of a well-characterized synthetic Pb-jarosite sample corresponding to the
chemical formula (H50)g 74Pbg.13F€2.92(SO4)2(OH)s 76(H20)g 24 Was measured by high temperature oxide melt solution calo-
rimetry. This value (AH®; = —3695.9 4 9.7 kJ/mol) is the first direct measurement of the heat of formation for a lead-contain-
ing jarosite. Comparison to the thermochemical properties of hydronium jarosite and plumbojarosite end-members strongly
suggests the existence of a negative enthalpy of mixing possibly related to the nonrandom distribution of Pb>" jons within the
jarosite structure. Based on these considerations, the following thermodynamic data are proposed as the recommended values
for the enthalpy of formation from the elements of the ideal stoichiometric plumbojarosite Pbg sFe;(SO4)2(OH)g:
AG’; = —3118.1 £ 4.6 kJ/mol, AH®; = —3603.6 & 4.6 kJ/mol and S° = 376.6 + 4.5 J/(mol K). These data should prove help-
ful for the calculation of phase diagrams of the Pb—-Fe-SO4~H,0 system and for estimating the solubility product of pure
plumbojarosite. For illustration, the evolution of the estimated solubility product of ideal plumbojarosite as a function of tem-
perature in the range 5-45 °C was computed (Log(K,p) ranging from —24.3 to —26.2). An Eh—pH diagram is also presented.
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1. INTRODUCTION

Lead jarosite is a member of the jarosite family
AFe;(SO4)2(OH)g, which belongs to the alunite supergroup
of minerals. The end-member plumbojarosite, Pb,sFes;
(SO4)»(OH)g, occurs in Pb-bearing soils (Ozacar et al.,
2000) and in areas of sulfide mineral oxidation, including

acid rock and acid mine drainages (Knopf, 1915; Hudson-
Edwards et al., 1999; Dutrizac and Jambor, 2000; Hochella
et al., 2005). Plumbojarosite is also formed in some hydro-
metallurgical processes (Dutrizac, 1991; Patino et al.,
1994; Dutrizac and Jambor, 2000).

The ‘A’ sites in jarosite minerals are commonly occupied
by alkali ions such as K™ or Na™, but numerous substitu-
tions have been reported, reflecting the flexibility of the
jarosite structure toward ion size and charge accommoda-
tion (Hendricks, 1937). This feature makes jarosite-like
minerals especially suitable for trapping unwanted, poten-
tially toxic metallic elements in the environment. Numerous
studies have thus been dedicated to the incorporation of
both trivalent and hexavalent chromium into the jarosite
structure, leading to KCr3(SO4),(OH)s (Lengauer et al.,



1994) and KFe;(CrO4),(OH)g (Powers et al., 1975; Baron
and Palmer, 1996b, 2002; Drouet et al., 2003) respectively,
but other elements have also been investigated, including
cadmium (Dutrizac et al., 1996), arsenic (Dutrizac and Jam-
bor, 1987), gallium (Dutrizac and Chen, 2000), and mer-
cury (Dutrizac and Chen, 1981). In many cases, departure
from stoichiometry has been reported for jarosite and alu-
nite samples, and has been related to the substitution of
hydronium ions in ‘A’ sites and to the presence of iron/alu-
minum vacancies (Hendricks, 1937; Kubisz, 1970), where
charge neutrality is ensured by the protonation of some hy-
droxyl groups, giving rise to an equivalent number of struc-
tural water molecules.

Despite the obvious interest in the precipitation of jaro-
site-like phases to trap Pb>" ions from contaminated sites
and in metallurgy, very few data are available in the litera-
ture on the thermodynamics or solubility of such lead-con-
taining jarosites (Kashkay et al., 1975; Smith et al., 2006).
Such data are required for thermodynamic calculations
involving these phases, for example to establish phase dia-
grams, to compute equilibria among the solid phases
formed and the surrounding aqueous solution, and to esti-
mate dissolution products for solid solutions. In this study,
high temperature oxide melt solution calorimetry was used
to measure the heat of formation of a well-characterized
Pb-containing jarosite sample. We then are able to draw
conclusions concerning the thermochemistry of the hydro-
nium jarosite-plumbojarosite solid solution (including
enthalpies of mixing) as well as of the ideal plumbojarosite
end-member itself. We finally evaluate, as a first approxi-
mation, the solubility product of this solid solution and
present an Eh—pH diagram for part of the S-Fc-Pb-H,0O
system.

2. EXPERIMENTAL
2.1. Synthesis and characterization

This work was carried out on a lead-containing jarosite
(Pb-jarosite) compound prepared using the synthesis proto-
col described in a previous paper (Smith et al., 2006), and
summarized briefly here. We followed the methods of
Dutrizac and Kaiman (1976), Dutrizac et al. (1980), and
Jambor and Dutrizac (1983), and produced a 1 L solution
of 0.054 M Fez(SO4)3'5H20 and 0.01 M HZSO4, which
was heated in a sand bath to 95 °C, then added 200 mL
of 0.03 M Pb(NOs;),, with stirring, at a rate of 6 mL h L
Once all the Pb(NOs), had been added, the precipitate
was stirred (400 rpm) for a further 5 h, after which it was
allowed to settle and the residual supernatant solution dec-
anted. The precipitate was then thoroughly washed with
ultrapure water (18 MQ cm™") and dried at 110 °C for 24 h.

The synthetic Pb-jarosite was initially characterized by
X-ray diffraction (XRD), quantitative wet chemistry, scan-
ning electron microscopy (SEM), N, BET surface area
analysis (Brunauer et al., 1938) and Fourier transform
infrared spectroscopy (FTIR), and the main results were
described in a previous report (Smith et al., 2006).

In addition to the previously reported characterization,
additional data were obtained using thermogravimetry

(TG) and differential thermal analysis (DTA) conducted
simultaneously on a Remetric STA 1500H thermobalance.
The synthetic Pb-jarosite sample (10.590 mg) was heated
from 25 to 1100 °C at 10 °C min~!, under an atmosphere
of argon introduced at a rate of 30 mL min~'. X-ray dif-
fraction analyses were also performed after heating the
Pb-jarosite sample under argon to various relevant temper-
atures selected from analysis of the TG-DTA profiles. The
powder XRD patterns were collected in Bragg—Brentano
reflection geometry on a Siemens D500 diffractometer oper-
ated at 40kV and 40mA at 25°C. Cu Ko radiation
(4 =1.54056 A) was used in conjunction with a secondary
graphite monochromator and a scintillation counter. The
divergence slit was 1° and the receiving slit 0.05°. The sam-
ples were mounted on a Bruker zero background silicon
(510) sample holder. The initial and final 260 angles were
10° and 70°, respectively. The step size was 0.020° 20 and
the measuring time was 18 s per step.

2.2. Calorimetry

Oxide melt drop solution calorimetry was run at 700 °C
(973 K) using a custom-built Tian-Calvet twin calorimeter,
and sodium molybdate (3Na,0-4MoO3) solvent. A detailed
description of the technique can be found elsewhere (Nav-
rotsky, 1977, 1997; Drouet and Navrotsky, 2003). Pellets
of the sample (5-15 mg) were dropped into a platinum cru-
cible containing the solvent, located in the hot zone of the
calorimeter. The end of the reaction was judged by the re-
turn of the calorimetric signal to its initial value. The final
state in these calorimetric experiments is a dilute solution in
3Na,0-4Mo0j; of the sulfates of Pb>" and Fe*" (as ions in
the melt) and gaseous H,O, all at 700 °C. Previous studies
on simple sulfate and jarosite phases have shown that all
the sulfur is retained in the melt rather than emitted as a
gas (Majzlan et al., 2002; Drouet and Navrotsky, 2003).
During our experiments, O, gas was flushed through the
space above the melt (~35 mL/min) and bubbled through
the solvent (~5 mL/min) to maintain oxidizing conditions,
stir the melt, and remove the evolved H,O vapor.

3. RESULTS AND DISCUSSION
3.1. Physico-chemical characterization

3.1.1. X-ray diffraction, elemental analysis, FTIR, SEM and
BET

For the sake of completeness, the main results of previ-
ous characterization (Smith et al., 2006) are reviewed here.

The synthesis procedure was found to produce a yellow
precipitate with Munsell color 10YR 6.5/7. The powder X-
ray diffraction pattern matched that of the International
Centre for Diffraction Data Powder Diffraction File for
synthetic plumbojarosite (end-member Pb-jarosite; ICDD
PDF 39-1353) (see Fig. 1 of Smith et al., 2006). No addi-
tional peaks were detected, suggesting that no other com-
pounds were present at detectable levels. The calculated
lattice parameters of the synthetic Pb-jarosite were
ap=17.3347(7) A and ¢y = 16.9700(5) A. While this aqo is
similar to that of the ICDD PDF file (7.335(1) A), the ¢,
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Fig. 1. Scanning electron microscope (SEM) images of synthetic Pb-jarosite. Scale bar equals 1 pm. The image was taken at 35,000x

magnification, spot size 3.0, and 5 kV accelerating voltage.

is one-half of the corresponding ICDD value (33.850(8) A).
This discrepancy is attributed to the better fit (3> values)
achieved using a single, rather than a doubled, unit cell,
and to the lack of superlattice XRD reflections (which
would indicate a doubled unit cell) in the diffraction pattern
for the synthetic Pb-jarosite (see Fig. 1 of Smith et al.,
2006), although such doubling has been seen in natural
samples (Dutrizac and Jambor, 2000).

The formula of the synthetic Pb-jarosite used in this work,
calculated using the modified formula of Kubisz (1970), was
found to be Pbg 13(H30)0.74F€.92(SO4)2(OH)s 76(H20)0.24.
Thus this synthetic lead-bearing jarosite differs noticeably
from the ideal stoichiometric plumbojarosite end-member
Pb sFes(SO4)2(OH)g despite highly similar XRD patterns.
This compound is actually an intermediate member of the
hydronium—plumbojarosite solid solution, and exhibits a
nonstoichiometry in the B-sites of the jarosite structure
pointed out by the iron content of 2.92 rather than 3 per unit
formula. The presence of a significant amount of hydronium
ions can most probably be related to the low pH used here for
jarosite synthesis, leading to a high activity H;O" ions. Such
a substantial level of hydronium substitution for lead was
likewise evidenced by Ripmeester et al. (1986). Also, the non-
stoichiometry is customary for apatites prepared from wet
chemistry at moderate temperatures and probably also ap-
plies to some other early studies (e.g. Kashkay et al., 1975)
dealing with the precipitation of jarosites at room tempera-
ture and for which only limited characterization techniques
were accessible.

The apparent difficulty to prepare by soft chemistry (chi-
mie douce, meaning synthesis under at moderate tempera-
ture and pressure conditions, generally involving aqueous
or other solvents) a pure plumbojarosite sample might find
crystallographic explanation. Indeed, in the lead-hydro-
nium jarosite solid solution, as the lead content increases
a structural change (doubling of the c-axis parameter)
was reported in the literature. Mumme and Scott (1966)
suggested that this doubling occurred only if the mineral
stoichiometry was very close to the ideal end-member for-

mula. However, according to Jambor and Dutrizac
(1983), less then a third of the A-site of the jarosite struc-
ture needs to be filled by Pb>" in order to attain the
~35A c-axis parameter. At this lead concentration, the
H;0™" content reaches 0.33 per unit formula. In any case,
the development of superstructure might create a miscibility
gap in the solid solution between plumbojarosite and
hydronium jarosite. Jambor and Dutrizac (1983) also sug-
gested, in a similar context, the existence of a structural dis-
continuity for beaverite-plumbojarosite solid solution due
to the doubled c-axis of the plumbojarosite compared to
beaverite, but additional well documented work is needed
to clarify these aspects.

In the following, the Pb-jarosite sample examined in the
present work will be referred to as “ns-Pb0.13-jar” standing
for “nonstoichiometric Pbg j3-hydronium jarosite” where
the amount of hydronium can be evaluated by electroneu-
trality based on the relation ngsot+ = 1-2x where “x”
stands for the lead content.

The FTIR spectrum of this sample (not shown here, see
Fig. 3 of Smith et al., 2006) is similar to those previously
reported for jarosites of other compositions (Powers
et al., 1975; Serna et al., 1986; Baron and Palmer, 1996a;
Drouet and Navrotsky, 2003), thus confirming the jarosite
phase identity of this compound.

SEM observations recently taken on this sample indicate
a thombohedral (pseudocubic) morphology, which is char-
acteristic of many lead-bearing jarosite precipitates (Fig. 1)
(Dutrizac and Chen, 2003), and involve intergrown crystals
with diameters ranging from 0.5 to 2 um. In contrast, lead-
containing jarosites prepared in an autoclave at elevated
temperatures exhibit a euhedral crystal habit (Dutrizac
et al., 1980).

The N, BET specific surface area for ns-Pb0.13-jar is
1.03 +0.023 m? g~". Currently, there are no published data
on the surface area of synthetic Pb-jarosites, but surface
area studies on some monovalent cation jarosites were re-
ported and areas were found to range from 0.5 to
4.0m? g~ (Sasaki and Konno, 2000). Thus, when com-



pared to such other jarosites, the sample ns-Pb0.13-jar is
relatively coarse-grained, well crystallized and not of nano-
scale dimensions. Its relatively small surface area indicates
that surface effects can be neglected in thermodynamic
considerations.

3.1.2. Thermal analyses

The total weight loss over the temperature range 25—
1100 °C is 47.5% (Fig. 2a). The TG curve shows that the
weight loss occurs over three principal temperature inter-
vals: (1) 15% weight loss between 150 and 500 °C, (2)
31% weight loss between 500 and 1000 °C, and (3) 1.5%
weight loss between 1000 and 1100 °C. The DTA curve
indicates both a strong endotherm at 662 °C and a weak
one at 428 °C. A series of small endothermic peaks are also
present between 150 and 300 °C, and are similar to the
peaks reported by Ozacar et al. (2000) for a natural speci-
men of plumbojarosite.

The 15% weight loss between 150 and 500 °C can be
attributed to two specific mechanisms. The first is related
to the removal of the “additional water”, meaning proton-
ated OH™ ions, that form water molecules are still located
in OH sites of the jarosite structure (where such proton-
ation is thought to accommodate the lack of positive
charges due to iron and A-site cation vacancies). This
weight loss coincides with the series of small endothermic
peaks in the DTA between 150 and 300 °C (Kubisz, 1971;
Baron and Palmer, 1996a; Drouet and Navrotsky, 2003).
The theoretical weight loss attributed to this loss of “addi-
tional water”, calculated from the stoichiometry of the sam-
ple, is 0.86 wt.%. The second more intense process, which
contributes to the main part of the 15% weight loss, is the
breakdown of the jarosite structure through its dehydroxy-
lation. XRD analysis performed on the sample retrieved
after treatment at 490 °C suggests that Fe,(SOy,); is the
most abundant crystallized phase remaining after the re-
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Fig. 2. (a) TG-DTA profiles of synthetic Pb-jarosite (b) Powder XRD patterns for the thermal decomposition of synthetic Pb-jarosite under

argon at 490, 585, 730, and 1080 °C (Cu Ko radiation, A = 1.54056 A).
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moval of all the structural water (Fig. 2b). The dehydroxy-
lation reaction for the ns-Pb0.13-jar sample can be summa-
rized by the reaction:

Pby.13(H30), 7, Fe202(SO4),(OH)s 46
— 0.13PbSO, + 0.623Fe,(SO4), + 0.837Fe, 05
+3.99H,0, (1)

In this case, the theoretical weight loss based on stoichiom-
etry is 14.4 wt.%. The sum of these two weight losses is
15.26 wt.% which compares well with the 15 wt.% overall
weight loss observed by TG.

Eq. (1) indicates the formation of Fe,O; upon dehydr-
oxylation. It is worth mentioning the presence of a small
exothermic peak in the DTA curve, observed at 541 °C,
which finds no corresponding weight loss peak on the TG
curve. This peak can probably be associated with the crys-
tallization of hematite (a-Fe,O;) (Fig. 2b) as already re-
ported (Drouet and Navrotsky, 2003). It can be also be
noted that the decomposition of this ns-Pb0.13-jar sample
does not produce any anhydrous double sulfates, while
potassium jarosite (KFe(SO4),(OH)g) decomposes to form
yavapaiite (KFe(SO,),) (Forray et al., 2005).

The second and most significant weight loss observed by
TG analysis (31%) occurs between 500 and 1000 °C, and
coincides with the most intense endothermic peak in the
DTA curve at 662 °C. This loss can be attributed to the
thermal decomposition of Fe,(SO4); into crystalline o-
Fe;O; and the release of sulfur-containing gas (Fig. 2b)
(Ozacar et al., 2000). The theoretical calculated weight loss
for this decomposition is 30%, and the reaction can be ex-
pressed as follows:

0.623Fe,(S04);, — 0.623Fe;0;5 + 1.869S05y )

Table 1

Thermodynamic cycle for the determination of AH®; from the elements.

Note that the gas actually released may contain a mixture
of sulfur species, but reaction (2) expresses the overall stoi-
chiometry. Again, a good fit between the experimental data
and the evaluated chemical composition of the starting
sample was found.

The final weight loss (1.5%) occurs between 1000 and
1100 °C. Ozacar et al. (2000) proposed that this weight loss
could be associated with the breakdown of anglesite
(PbSQ,) into lead oxide (theoretical weight loss: 2%) and
this has indeed been confirmed here by XRD analysis of
the residual solid retrieved after heating to 1080 °C
(Fig. 2b). The relevant reaction is:

0.13PbSO4 — 0.13PbO + 0.13SO3, (3)

The differences in decomposition temperatures between
hydronium jarosite (Majzlan et al., 2004), sample ns-
Pb0.13-jar, and end-member plumbojarosite prepared by
Frost et al. (2005) suggest that an increase in Pb content
in jarosite lowers the decomposition temperature of the
Fe,(SO,); phase. This might then suggest the presence of
some Pb>" ions within this iron sulfate as a solid solution.

3.2. Calorimetry

The enthalpy of formation from the elements, AH’;, of
ns-Pb0.13-jar was determined in the present work from its
enthalpy of drop solution, AHgs, in sodium molybdate at
700 °C (AHg4s =477.1 & 5.1 kJ/mol), using the thermody-
namic cycle given in Table 1. This cycle involves the enthal-
py of drop solution of another lead-containing compound,
namely reagent grade lead carbonate PbCOs;, also measured
here (AHg, = 101.4 4 0.8 kJ/mol), as well as other thermo-
dynamic data taken from the literature (Robie and Hem-
ingway, 1995; Bale et al.,, 2002; Majzlan et al., 2002;

Reaction®

AH
(kJ/mol)®

(1) PbX(H3O)1,sze3,},(SO4)2(OH)G,}V(HQO);V(S, 298) - x PbO (soln, 973) +

AH g, (Pb-jarosite)

(3 — )/2 Fe;0; (soln, 973) + 2 SO; (soln, 973) + (9 — 6x + 3y)/2 H,0 (g, 973)

(2) PbCOs; (s, 298) — PbO (soln, 973) + CO, (g, 973)

(3) Pb (s, 298) + C (s, 298) + 3/2 O, (g, 298) — PbCO:s (s, 298)
(4) CO; (g, 298) — CO, (g, 973)

(5) C (s, 298) + O, (g, 298) - CO; (g, 298)

(6) a-Fe,05 (s, 298) — Fe,03 (soln, 973)

(7) 2 Fe (s, 298) + 3/2 O, (g, 298) — a-Fe,03 (s, 298)

(8) SO3 (g, 298) — SO; (soln, 973)

(9) S (s, 298) + 3/2 O, (g, 298) — SO3 (g, 298)

(10) H,O (g, 298) — H,0 (g, 973)

(11) H, (g, 298) + 1/2 05 (g, 298) — H,0 (g, 298)

Formation of Pb-jarosite:

(12) x Pb (s, 298) + (3 — ) Fe (s, 298) + 2 S (s, 298) + (15 — 2x)/2 O, (g, 298) + (9 — 6x + 3)/2 Hs (g,

298) — Pb(H30);_1.Fe3_;(SO4)2(OH)s_3,(H20)3,(s, 298)

AH,, (PbCO;)
AH®; (PbCO3)
AI—Ihc (COZ(g))
AH’; (COs)
AHds (d—Fezo3)
AHOf (Fe203)
AHgs (SO3g)°
AHOf (SO3(g))
AHye (HyO))
AH®; (HyO())

AH®; (Pb-jarosite)

AH®, (Pb-jarosite) = —AH; + x AH,+ x AHy — x AHy — x AHs+ (3 — y)/2 AHg + (3 — y)/2 AH; + 2 AHg +2

AHy+ (9 — 6x + 3y)/2 AH;o+ (9 — 6x + 3y)/2 AHy,

a . % 2 <

s”, “g” and “soln” are for “solid”, “gas”,“in solution” (in sodium molybdate) and the temperature in Kelvin.
> AHy, AH®; and AH,, are, respectively, the drop solution enthalpy, standard enthalpy of formation and heat content.

¢ AHgs (SOsy) as determined by Majzlan et al. (2002).



Drouet and Navrotsky, 2003) and listed in Table 2. The
application of this thermodynamic cycle then leads, for
sample ns-Pb0.13-jar, to the heat of formation from the ele-
ments of AH®, = —3695.9 + 9.7 kJ/mol.

Since the enthalpy contribution to the Gibbs free energy
is, for such multiple oxide/hydroxide compounds, by far the
preponderant term (as opposed to any entropic term, see
for example Drouet and Navrotsky, 2003), conclusions
about relative thermodynamic stabilities can be drawn, in
a first approach, by comparing the heats of formation of
the various series of jarosites. In particular, this value
(AH’; = —3695.9 + 9.7 kJ/mol) is found to be close to the
one (AH®; = —3694.5 &+ 4.6 kJ/mol) reported recently by
Majzlan et al. (2004) on a nonstoichiometric hydronium
jarosite sample exhibiting a very similar level of nonstoichi-
ometry. In contrast, the value measured for ns-Pb0.13-jar is
less exothermic than the heats of formation reported for
nonstoichiometric potassium jarosites or sodium jarosites,
which are in the range —3725 to —3805 kJ/mol (Drouet
and Navrotsky, 2003). These findings indicate that this
sample has a thermodynamic stability close to that of non-
stoichiometric (Pb-free) hydronium jarosite, since the incor-
poration of 0.13mol of Pb>" per mole of hydronium
jarosite does not lead to a noticeable change in the corre-
sponding heat of formation. This stability is noticeably
lower than that of the K- or Na-jarosite series.

Due to the lack of thermodynamic data concerning lead-
containing jarosites, it is not possible to compare directly

this AH®; value to other experimental determinations. It
is then of interest to estimate the enthalpy of formation
of the plumbojarosite end-member, based on some reported
data. Since the enthalpies of formation for ns-Pb0.13-jar
and hydronium jarosite are for nonstoichiometric jarosites
(with an Fe content close to 2.92 rather than 3), the possi-
bility to estimate the heat of formation AH® (ns-plumbojar)
of the plumbojarosite nonstoichiometric analog (also corre-
sponding to an iron content close to 2.92) was explored
first.

A possible way to evaluate this value is to use the equa-
tion defining the Gibbs free energy, which can be rewritten
as AH°; = AG’; + T - AS®;. Kashkay et al. (1975) have re-
ported the value AG°; = —3023.0 & 2.0 kJ/mol for the free
energy of formation of a lead-jarosite sample prepared by
wet chemistry (coprecipitation from sulfate salts) at room
temperature. Although only very limited characterization
data were given by these authors, such conditions of forma-
tion are known to generally lead to nonstoichiometric jaro-
sites and seldom to stoichiometric end-members (e.g.
Dutrizac and Jambor, 1985), thus a comparison with the
ns-Pb0.13-jar sample prepared here appears reasonable.

It has to be noted that Gaboreau and Vieillard (2004)
recalculated this AG°; value based on the original experi-
mental data from Kashkay et al. (1975) but using more re-
cent data for the free energy of aqueous ions, leading to
AG®; = —3037.2 & 4.0 kJ/mol. This value is the one consid-
ered in the following discussion, and its uncertainty was

Table 2
Thermodynamic data used in this work.
Compound AHg, AHy, AHC( 595 S 08k AG®; 5951
(kJ/mol) (kJ/mol) (kJ/mol) (J/(mol K)) (kJ/mol)
PbCOs 101.4 £ 0.8 (7)° - —699.2 +1.2°
o-Fe;055) 95.0 + 1.8° - —826.241.3°
SOx(g) -205.8 4+ 3.7 - —395.740.7°
COyg) - 31.94 +0.0° ~393.5+0.1°
H,0,, - 24.89 +0.0° —241.8 £0.0°
Pby.13(H30)0.74Fe2.9:(S04)2( OH ) 5.76( H20) .24
477.1 + 5.1 (6)* —3695.9 4+ 9.7°
Pb>" - - 0.9+ 0.3° 18.5+1° —-24240.2°
Fe't o - - —49.9 +5.0° 280+ 13° -16.7 +£2°
SOs™ ) - - —909.3 £ 0.4 18.5+ 0.4° ~744 +£0.4°
H,0y, - - —285.840.1° 70 £ 0.1° —237.14+0.1°
Pb, - - 0 64.840.5° -
Fe) - - 0 27.09 £ 0.13° -
Ses) - - 0 32.0540.05° -
05(g) - - 0 205.15 +0.02° -
Ha(g) - - 0 130.68 = 0.02° -
PbO, - - - 66.540.2° -
K,O() - - - 94.1 +6.3° -
Na,O - - - 75340.8° -
K-jarosite - - - 388.9" -
Na-jarosite - - - 382.4" -

% This work. Parentheses are the numbers of experiments performed.

® Robie and Hemingway (1995).
¢ Drouet and Navrotsky (2003).
4 Majzlan et al. (2002).

¢ FactSage 5.3, thermodynamic software and database, © Termfact, Bale et al. (2002).

! Stoffregen (1993).
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recalculated from the uncertainties on the free energy of
aqueous ions.

The absolute entropy for such a nonstoichiometric
plumbojarosite S°(ns-plumbojar) can be estimated from
the following solid state reactions involving either nonstoi-
chiometric potassium jarosite KFe; 92(SO4)2(OH)s 76
(H20)0,24 or sodium jarosite NaFe2<92(SO4)2(OH)5<76
(H20)0.24:

1
PbosFe202(S04),(OH)s 76(H20)g 54 + 5 K20

2
1
— KFe,02(504),(0OH); 74 (H,0) 54 +§Pb0 “4)
1
Pbo_sFez_gz(SO4)Z(OH)5'76(H20)0_24 + ENaZO
1
— NaFey9(S04),(OH); 44(H20) 54 + EPbO (%)

It is reasonable to assume that the entropy change of these
reactions (which involve only solid phases thus leading to
negligible volume changes) is close to zero. Thus the value
of S°(ns-plumbojar) can be derived from the entropies of
K,0, Na,O and PbO (Robie and Hemingway, 1995), and
of nonstoichiometric potassium jarosite and sodium jaro-
site. The latter two are not accessible in the literature. How-
ever, Majzlan et al. (2004) showed that the difference in
absolute entropies between stoichiometric and nonstoichio-
metric hydronium jarosites was small (about 2.3%), which
allows us to apply Egs. (4) and (5) with the entropy values of
stoichiometric K- and Na-jarosite end-members (Stoffregen,
1993).

The standard entropy for nonstoichiometric plumbojaro-
site found by applying Egs. (4) and (5) is 375.1 £4.5)/
(mol K) and 378.0 4= 0.6 J/(mol K) respectively, leading to
a reasonable average value of S°(ns-plumbojar) = 376.6 £
4.5 J/(mol K). This value of S° then leads to an entropy
change AS°((ns-plumbojar) = —1646.7 & 4.5 J/(mol K), for
the formation of this phase from the elements.

The above discussion suggests that, to a first approxima-
tion, the following values can be proposed for nonstoichio-
metric plumbojarosite (for iron contents close to 2.92):
AG?’(ns-plumbojar) = —3037.2 + 4.0 kJ/mol and AS°(ns-
plumbojar) = —1646.7 4= 4.5 J/(mol K). These values then
lead, by applying the relation AH°; = AG®, + T - AS’; at
298 K, to the heat of formation from the elements:
AH’ (ns-plumbojar) = —3527.9 + 4.0 kJ/mol. This value is
clearly less exothermic than the one reported for nonstoi-
chiometric hydronium jarosite with a similar Fe content
(AH?; = —3694.5 + 4.6 kJ/mol, Majzlan et al., 2004) which
underlines the lower stability of the nonstoichiometric
plumbojarosite end-member. This point can probably
explain the difficulty encountered by many authors for pre-
paring Pb-jarosites with maximum Pb>*/H;0" substitu-
tion, at least when using room temperature wet chemical
routes.

The above findings reveal two interesting conclusions
which appear contradictory at first glance: (i) the incorpo-
ration of 0.13 Pb>" into the hydronium jarosite structure
does not lead to a significant change in the heat of forma-
tion of the related jarosite compound and (ii) on the other
hand the heat of formation of nonstoichiometric plumboj-

arosite (free of hydronium ions) is noticeably less exother-
mic than that of the hydronium analog. These findings
can however, be plausibly explained by the existence of a
negative mixing enthalpy, as already observed in the case
of other jarosite compounds (e.g. for chromate-sulfate sub-
stitutions in potassium jarosite, Drouet et al., 2003), thus
unveiling a deviation from thermodynamic ideality.

For the nonstoichiometric solid solution considered here
(Fe content close to 2.92), the enthalpy of mixing AH ,ix(x)
corresponding to a Pb content noted “x” can be defined as
the enthalpy of the reaction forming 1 mol of solid solution
member starting from the two corresponding nonstoichio-
metric end-members:

2xPby 5Fe292(S04),(OH)5 74 (H20) 54 + (1 — 2x)
x (H30)Fe;9:(S04),(OH); 75(H20), 5
— Pb,(H30),_,,Fe295(S04),(OH)s 14 (H20), 54 (6)

with AHpix(x) = AH(ns-Pb(x)-jar) — (2x)-AH’(ns-plum-
bojar) — (1 — 2x)-AH"(ns-H3O-jar). The application of this
equation to x=0.13, while considering the value
—3694.5 4 4.6 kJ/mol determined by Majzlan et al. (2004)
for AH° (ns-H3O-jar), leads to AHu,ix(0.13)=—44.7
+10.7 kJ/mol. Despite a rather high propagated uncer-
tainty, this finding points out a significant negative enthalpy
of mixing. It can be related to the relative facility to incor-
porate some extent of Pb>" in hydronium jarosite while the
complete substitution is not favored considering the relative
stabilities of the phases. Interestingly, this enthalpy of mix-
ing appears more exothermic than for the sulfate-chromate
jarosite solid solution (ranging between —25 and 0 kJ/mol,
Drouet et al., 2003) where the nonrandom distribution of
the chromate and sulfate groups was already suggested.
Similarly here, the ordering of the Pb>" ions within the
A-site array (leading to a nonrandom positioning of the re-
lated cationic vacancies) in the jarosite structure is sug-
gested, which can be related to the crystallographic
considerations mentioned above.

The enthalpies of formation for the two nonstoichiomet-
ric end-members and the sample ns-Pb0.13-jar are shown in
Fig. 3. On this figure, the deviation from thermodynamic
ideality (i.e. nonzero mixing enthalpy) can be graphically
witnessed by the difference between the curve (second-order
polynomial) and the dotted straight line linking the two
end-members (corresponding to the thermodynamically-
ideal nonstoichiometric solid solution).

On Fig. 3, the enthalpy of formation of the ideal stoichi-
ometric hydronium jarosite end-member, as reported by
Majzlan et al. (2004), and the enthalpy of formation
AH’;(plumbojar) = —3603.6 & 4.6 kJ/mol for the ideal
stoichiometric plumbojarosite Pbg sFes3(SO4),(OH)s was
extrapolated and added to the graph. If the absolute entro-
py of this compound is considered to be close to that of the
nonstoichiometric analog, as was found for hydronium
jarosite, then the value S° = 376.6 & 4.5 J/(mol K) may be
regarded as a good approximation, which leads in turn to
the entropy of formation from the elements: AS° (plumbo-
jar) ~ —1629.3 4+ 4.5 J/(mol K).

Based on these considerations, the following thermody-
namic data are probably to-date the best approximations
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Fig. 3. Enthalpy of formation for the lead-hydronium jarosite solid solution and for ideal stoichiometric end-members, versus lead content.

for the formation of the ideal stoichiometric plumbojarosite
Pby sFe3(SO4),(OH)s:  AG®/(plumbojar) = —3118.1 £4.6
kJ/mol, AH° (plumbojar) = —3603.6 + 4.6 kJ/mol and S°
(plumbojar) ~ 376.6 + 4.5 J/(mol K). These values should
prove helpful for the establishment of phase diagrams of
the Pb-Fe-SO4—H,O0 system or for the readjustment of exist-
ing diagrams.

Using our data on plumbojarosite and additional ther-
modynamic data for anglesite (Barin, 1993) and for galena
(Barin, 1989), we calculated an Eh-pH diagram (Fig. 4).
This diagram takes into account only these three mineral
phases. Most frequently, plumbojarosite dissolution occur
above a pH of 4 to 5 (Hochella et al., 1999). The diagram
indicates that plumbojarosite is stable in conditions close
to neutral pH. Decrease of the Pb concentration will make

the plumbojarosite stable at higher pH. In the galena-arse-
nopyrite deposit of Baccu Locci in Sardinia (Italy), stream
sediments and tailings have a pH of 7-8 and Eh of 0.4-
0.6 V (Frau et al., 2009). In this environment Ardau et al.
(2007) and Frau et al. (2007, 2009) identified plumbojaro-
site. This is reasonably consistent with our analysis.

The Eh-pH diagram also shows that in most environ-
ments galena alters to anglesite and anglesite to plumboj-
arosite and in only very narrow Eh—-pH conditions does
galena alter to plumbojarosite. The variation of the Pb con-
centration will influence the equilibrium between plumboj-
arosite and anglesite. There is field evidence of
replacement of plumbojarosite by anglesite (Leybourne
et al., 2006) and dissolution of anglesite and precipitation
of plumbojarosite (Ostergren et al., 1999). This indicates

08
s Phy sFe3(S04)y(OH)g

Eh (Volts)

Fig. 4. Eh—pH diagram for part of the system S-O-Fe-Pb-H,0 at 25
and 107 mol/L (solid line) and 10~® mol/L (doted line) for Pb. The
concentrations.

10
pH

°C. The assumed activities of dissolved species are 1073 mol/L for S, Fe,
arrows indicate the direction of shift of the boundaries for the two Pb
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Table 3
Estimated variation of the solubility product K, for ideal
stoichiometric plumbojarosite versus temperature.

T T AC'Of.dissolution LOg(KSP)
C) (K) (kJ/mol)

5 278 129.54+9.8 —243
15 288 137.0+9.8 —24.9
25 298 1453 4+9.8 -25.5
35 308 152.04+9.8 —25.8
45 318 159.5+9.8 —26.2

that Pb speciation, and phases formed are closely balanced
and strongly influenced by the environmental conditions.

These findings also enable an estimate of the solubility
product K,(plumbojar) of pure plumbojarosite by consid-
ering the dissolution reaction:

Pby sFe;(SO4),(OH)¢ + 6H+(aq)

« 0.5Pb™ +3Fe’" ) +280,7 ,, +6H 00y  (7)
with
A(}Odissolution = <Z Vi Gof(l)> - Gof(plumbojar)
= —RT - Ln(Kp)
= —2.303-RT - Log(Kp) (8)

[Tk}

where v;is the coefficient of the species “i”” formed on the right
side of reaction (7). Application of Eq. (8) then leads to
AG” jiomtion = 145.3 £ 5.8 kJ/mol, giving at 298 K: Log
(Ksp(plumbojar)) =~ —25.5 + 1.0. Note that this value is sig-
nificantly more negative than the one (—11.42) calculated
by Gaboreau and Vieillard (2004) from the data reported
by Kashkay et al. (1975) and treating that sample as stoichi-
ometric. This difference might explain for example the obser-
vation of plumbojarosite in systems where its formation was
not initially anticipated, for example in hydrometallurgical
processes. It is also possible to estimate the evolution of the
solubility product with temperature. This is indeed possible,
assuming a constant AC,, for the dissolution reaction in the
temperature range considered, by splitting the AG®
into its enthalpy and entropy terms: AG° g iuion =
AHOdissolution -T- Asodissolution’ where AHodissolution =791+
9.8 kJ/mol and AS® ;i 1uion = —750.3 & 23.0 J/(mol K) (this
last uncertainty being mostly due to the high uncertainty
on the absolute entropy of Fe*™ aqueous ions
(S°(Fe3+aq) = —280.0 + 13.0 J/(mol K), Robie and Heming-
way, 1995). Examples of such estimated solubility products
are given in Table 3 for the range 545 °C (278-318 K).

dissolution

4. CONCLUSION

The enthalpy of formation from the elements of a Pb-
jarosite sample was determined by oxide melt drop solution
calorimetry. This measure is the first direct measurement of
the heat of formation for a lead-containing jarosite. The
thermochemical behavior of this sample, a nonstoichiomet-
ric member of the hydronium jarosite—plumbojarosite ser-
ies, was then compared to that of the corresponding end-
members and thermochemical data were derived as a first

approximation for the formation from the elements of ideal
plumbojarosite. The existence of a negative enthalpy of
mixing in the plumbojarosite-hydroxyjarosite solid solu-
tion was suggested, probably related to a nonrandom orga-
nization of Pb>" jons within the jarosite structure. The data
should prove useful for the (re)evaluation of phase dia-
grams and for other thermochemical-geochemical calcula-
tions. Examples of the calculation of Eh-pH diagram and
solubility product were given.
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