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Abstract

A previously pyrometallurgical process, developed to obtain a Pb-Ag alloy and a slag rich
in sulfur from the recycling of a mixture of industrial wastes of jarosite and lead paste, was
thermodynamically assessed at 1200 °C. The industrial jarosite sourced from a Mexican
zinc hydrometallurgical plant corresponded to an ammonium jarosite with a measurable
silver content. The specific heat capacity (Cp) of the ammonium jarosite was obtained from
TGA and DSC measurements, as well as the thermodynamic functions of enthalpy, entropy,
and Gibbs free energy. The Cp was successfully modeled using polynomial regression,
with a second-degree polynomial employed to describe the low-temperature behavior. The
thermodynamic data generated were input into the thermodynamic software FactSage 8.2
for modeling of the lead paste-ammonium jarosite-Na,CO;3-SiC system and represented
by stability phase diagrams. The thermodynamic assessment of the pyrometallurgical
process predicted compounds formed at high temperatures, showing that a Pb-Ag alloy
and a slag rich in Na, S, and Fe (NaFeS, and NaFeO,) were obtained. The compounds
formed evidence of the effective sulfur retention in the slag, which is crucial for mitigating
50, emissions during high-temperature treatments. The experimental compounds, after
solidification, were determined by X-ray diffraction measurements to be NayFe(SOy); and
Nay(SOy), which reasonably match the thermodynamic assessment. The heat capacity of
the ammonium jarosite provides essential thermodynamic insights into the compositional
complexities of industrial waste, which are particularly relevant for thermodynamic model-
ing and process optimization in pyrometallurgical systems aimed at metal recovery and
residue valorization.

Keywords: ammonium jarosite; lead paste; pyrometallurgy; thermodynamic; waste;
Pb-Ag alloy

1. Introduction

The increasing generation of industrial metallurgical wastes, such as jarosite residues
from the zinc hydrometallurgy process and lead paste from spent lead-acid batteries,
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presents serious environmental and economic challenges. These by-products, if improperly
managed, can lead to heavy metal leaching (e.g., As, Pb, and Cd) and air pollution due to
sulfur emissions [1]. However, they also contain valuable elements, such as silver, lead, and
zinc, whose recovery could support the principles of a circular economy while mitigating
environmental damage. Recent studies highlight that toxic elements in jarosites remain
encapsulated even at high temperatures (e.g., higher than 1000 °C), posing long-term risks
if landfilled [2-6]. This underscores the urgency of developing processes that simultane-
ously recover metals and stabilize hazardous components from metallurgical wastes. The
electrolytic zinc process requires iron removal in the leaching stage by producing an iron
precipitate that could be hematite, goethite, or jarosite. The jarosite process is probably the
most cost-efficient removal method, because it has generally been found that ammonium
is the lowest cost reagent for precipitation of the bulk of the iron as jarosite [7]. Jarosite,
typically with the formula AFe3(SO4)2(OH)s (Where A = K*, Na*, NH,", etc.), is widely
produced during the iron removal stage in zinc hydrometallurgy. Among its various forms,
ammonium jarosite has attracted interest for its thermal and structural behaviors, as well
as its potential to host recoverable quantities of silver and zinc [8]. On the other hand,
lead—acid battery recycling is a growing industry, driven by stricter environmental regula-
tions and demand for recycled lead instead of primary lead. Lead paste, the main residue
from lead-acid battery recycling, contains significant quantities of Pb, S, and trace Ag and
Sb. Advanced recycling technologies are focused on reusing, recovery, and minimizing
hazardous waste and pollutant gas emissions during processing [9]. However, both jarosite
and lead paste, due to their mineralogical complexity and hazardous components, are often
landfilled, resulting in long-term environmental liabilities [10]. A metallurgical process is a
complex multi-phenomena system that involves various physical and chemical reactions
during high-temperature smelting. Therefore, a thermodynamic assessment is essential to
calculate and investigate the feasibility, direction, and limitations of reactions and the prod-
ucts formed using advanced thermodynamic software such as FactSage or HSC Chemistry
Software, among others. Y. Li et al. [11] presented a thermodynamic analysis to explain an
innovative lead-recycling process from scrap lead-acid battery paste. The process avoids
SO, generation and emission by using a reductive sulfur-fixing technique. The thermody-
namic diagrams obtained allow for establishment of a possible reaction mechanism and
path in the PbSO4—Fe;O3-NapCO3-C smelting system [12]. Stability phase diagrams were
obtained with the thermodynamic software FactSage to study the lead paste reduction
from lead acid batteries in a silicon carbide crucible with Na,COj3 additions to 1123 K. The
carbon of the SiC crucible acts like a reducing agent, while the silicon allows for the lead
silicate compounds’ formation to obtain more stable slags [13]. Z. Zulhan et al. [14] focus on
sulfur elimination and iron extraction from natrojarosite by the roasting process at different
temperatures. A thermodynamic simulation was performed using FactSage to evaluate
the phase changes in the natrojarosite residue during heating. Despite natrojarosite data
not being available in the current version of the thermochemical database, sodium sulfate
(NapSOy4) and ferric sulfate (Fey(SO4)3), which are stable at room temperature, were consid-
ered instead of natrojarosite (NaFe3(SO4)2(OH)g). A thermodynamic analysis was carried
out to study the pyrometallurgical extraction of indium and silver from a roasted jarosite
residue. It was found that the formation of chlorine compounds showed a high potential for
extraction of the minor elements (Ag and In) from roasted jarosite together with zinc at the
lowest possible energy input [15]. Thermodynamic studies have reported the heat capacity,
standard entropy, and Gibbs free energy of jarosite-group minerals, including ammonium
jarosite, providing critical insights into their stability and decomposition pathways [16].
Thermal decomposition studies using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) reveal multi-stage mass losses linked to dehydration (activation
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energy ~22 kJ/mol), desulfurization (~42 kJ/mol), and sulfate reduction (~46 kJ/mol),
with toxic elements retained in hematite-rich residues [2]. Such kinetic parameters are vital
for optimizing high-temperature processes. A recent research study demonstrates that
pyrometallurgical co-processing of jarosite and lead paste, particularly when assisted by
sodium carbonate (Nap,CO3), can enable efficient recovery of silver-rich lead alloys while
stabilizing sulfur in slag as Na;SO4 or NayFe(SOy),, thereby reducing SO, emissions [17].
However, these efforts lack a detailed thermodynamic understanding of phase interactions,
particularly the role of NayCOj as a flux and sulfur-fixing agent, or the influence of silicon
carbide (SiC) crucibles on redox equilibria. In this work, a thermodynamic assessment
of a pyrometallurgical process previously reported [15], which leads to the recovery of a
lead-silver alloy and a slag with high sulfur content from a mixture of two metallurgical
wastes, known as jarosite and lead paste, was carried out. Thermodynamic information
(heat capacity, entropy, enthalpy, and Gibbs free energy) of the industrial jarosite was
generated from its thermal characterization to be incorporated into the FactSage software.
The heat capacity was modeled using polynomial regressions, including a second-degree fit
at low temperatures, and compared with literature data [16,18] to validate phase transition
interpretations. The lead paste—jarosite-Na, CO3-5iC system was thermodynamically stud-
ied with the software FactSage, where stability phase diagrams were obtained to 1200 °C.
The predicted compounds were compared with those reported by the XRD measurements.

2. Materials and Methods
2.1. Materials

The raw materials used in this study include industrial jarosite sourced from a Mexi-
can zinc hydrometallurgical plant and lead paste obtained from spent lead—acid batteries
through a recycling process. Figure 1 shows the raw materials used in the pyrometal-
lurgical trials. Both wastes were dried (100 to 120 °C for 8 to 12 h), homogenized, and
classified using standard sieves to <90 pm and <75 pm for the lead paste and jarosite,
respectively. The chemical and mineralogical composition of both wastes was determined
by atomic absorption spectrometry (AAS) and X-ray diffraction measurements (XRD),
respectively. The dry raw materials were used for reduction pyrometallurgical tests and
their characterization by atomic absorption, XRD, and SEM-EDS.

e
s

Wet jarosite Dried Jarosite Lead paste

Figure 1. Metallurgical wastes used for the pyrometallurgical trials.

2.2. Thermal Characterization

The thermal characterization was performed on an as-received industrial jarosite
waste, obtained from the zinc hydrometallurgical process without any prior purification or
pretreatment. The material exhibited a notably high moisture content and was analyzed
in its original state to accurately reflect its thermal behavior under practical processing
conditions. The jarosite waste was analyzed using a simultaneous thermogravimetric
and differential scanning calorimetry system (TGA /DSC; TA Instruments SDT Q600) (TA
Instruments, New Castle, DE, USA). Around 28 mg of sample was placed in alumina
crucibles and heated from ambient temperature to 950 °C at a rate of 10 °C/min under a
nitrogen flow of 50 mL/min. Mass loss steps and associated thermal events were recorded
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to identify dehydration, dehydroxylation, ammonium decomposition, and sulfate break-
down. Specific heat capacity (Cp) data were extracted from DSC measurements based on
the ASTM E1269 and ISO 11357-4:2021 standards [19,20]. The Cp results were fitted using
polynomial regressions across the entire temperature range. Thermodynamic functions,
including enthalpy (H), entropy (S), and Gibbs free energy (G), were subsequently derived
from Cp(T) and compared with literature data [16,18].

2.3. Pyrometallurgical Trials and Products Characterization

Mixtures of jarosite (15, 20, 30%), lead paste (40, 50, 55%), and Na,COs3 (30%) were
melted in silicon carbide (SiC) crucibles with a capacity of 0.5 kg, using an electric resistance
furnace. The mixtures (100 g per trial) were smelted at 1200 °C for 2 h, then poured into cast
iron molds to separate the metal and slag phases. The furnace temperature was controlled
via a PID controller (DwyerOmega, Michigan City, IN, USA) and monitored with a type-K
thermocouple. The solidified metallic buttons were cut and analyzed at the center zone
while the slag samples were crushed in an agate mortar, homogenized, embedded in epoxy,
and polished to be analyzed. Both products were analyzed by X-ray diffraction (XRD;
Bruker D8 Advance, Cu K« radiation, A = 1.5406 A) (Bruker, Billerica, MA, USA). Scans
were performed from 10° to 80° (20) at a step size of 0.02° and a scanning speed of 1°/min.
Qualitative chemical analysis was carried out on polished sections from the center zone of
the metallic Pb-Ag alloy produced in an SEM Jeol 6300 (JEOL, Peabody, CA, USA) with
energy dispersive spectra analysis. Backscattering electrons technique at 20 kV and 10 A
was used for image production.

2.4. Thermodynamic Modeling

The thermodynamic software FactSage 8.2 (Facility for the analysis of chemical ther-
modynamics) [21] with the module Equilib was used to determine the concentration of the
different chemical species once they reached the chemical equilibrium state. The user gives
the initial amount of chemical species, the temperature, and the pressure of the system
(usually 1 atm), and then the program calculates the most stable species with the Gibbs
free energy minimization method. FactSage does not include jarosite in its database, so
this phase was manually incorporated into a database defined using the module Com-
pound. Figure 2 illustrates the detailed workflow followed in this study to bridge the
experimental thermodynamic data and generate equilibrium phase diagrams using the
FactSage software.

The process began with thermal analysis (TGA /DSC) of industrial ammonium jarosite,
from which the heat flow as a function of temperature was obtained. Based on these
data, the heat capacity (Cp(T)) was derived and modeled using polynomial regression.
Subsequently, the entropy (S(T)), enthalpy increment (H(T)—H°), and Gibbs free energy
(G(T)) were calculated through analytical integration. The phase properties were introduced
based on the experimental thermodynamic data generated in this work. Specifically, the
heat capacity equation, standard enthalpy (AH®y9g), and standard entropy (S°293) were
manually implemented into FactSage using the Compound module, since ammonium
jarosite is not present in the default databases. Once the phase definition was completed,
the Equilib module was used to perform equilibrium simulations under pyrometallurgical
conditions (T = 1200 °C, P = 1 atm) for mixtures of lead paste, ammonium jarosite, sodium
carbonate, and silicon carbide. The resulting phase distributions and stability diagrams
were analyzed and compared with experimental outcomes to validate the thermodynamic
model and predict silver recovery behavior during processing. The simulations accounted
for the experimentally determined compositions of lead paste and jarosite, as well as
the potential redox influence of SiC crucibles. This methodology allowed for improved
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prediction of phase stability, metal-slag separation, and sulfur retention mechanisms within
the system [22].

Thermal Analysis (TGA/DSC)
Heat flow vs. Temperature
Cp(T), AH, S(T), G(T)
Experimental thermodynamics

U

Data Treatment & Regression
Polynomial fit for Cp(T)
Derived complete thermodynamic functions

U

Definition of custom phase in FactSage
(Compound module)

Manually entered AH2qg, S°20g, , density,
Cp(T) equation
User-defined phase: ammoniumjarosite

b

Equilibrium Simulation (Equilib Module)
Enter composition (Pb-paste,
ammoniumjarosite, NazCOs, SiC)
T=1200°C,P=1atm
Calculate: equilibrium phase distribution
Predicted phase behavior, validation

Figure 2. Flowchart for the obtention of the stability phase diagrams.

3. Results and Discussion
3.1. Chemical and Mineralogical Characterization

Table 1 shows the chemical composition of the industrial jarosite and lead paste
determined by atomic absorption spectrometry.

Table 1. Chemical composition of the metallurgical wastes (wt. %).

Chemical Composition (wt. %)

Jarosite Pbotal Sotal Cu Fe Ag Ca Na Si Zn NH,
0.45 17.47 0.17 8.36 0.0143 16.31 0.46 1.10 4.88 1.2
Lead Paste 90.65 5.34 0.03 0.07 0.001 - - - - -

The lead paste is predominantly composed of Pb and S. On the other hand, the jarosite
residue contains significant amounts of Fe, S, Ca, and Zn, along with trace amounts of Ag.
The presence of ammonium indicates that during the removal of iron in the leaching of
zinc, ammonium-jarosite was precipitated.

Figure 3 shows the mineralogical composition of the jarosite and lead paste determined
by XRD.



Recycling 2025, 10, 136

6 of 18

(a)

A PbSOs 4PbO
O pbO,

4 s

W PbSOs

Intensity (a.u.)
u]

o

o, v Ve
A v o o
v o o
d LA AJL pna MM Ao ANAA
20 25 30 35 40 45 50 55 60 65 70
Angle, 2 thetha degree

WV Ammonium jarosite (NH,Fe; (SO4),(OH)q)

QO Gypsum (CaSO, - 2H,0)
M Blende (ZnS)

& ZnS0,-THO

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55 60
Angle, 2 thetha degree

Figure 3. X-ray pattern diffractions for (a) lead paste and (b) jarosite wastes.

The lead paste primarily consists of galena (PbS) and lead oxide (PbO;), with minor
amounts of lead sulfate (PbSO,) and lead oxide sulfate (PbSOy4-4PbO). In contrast, the
jarosite residue is composed mainly of ammonium jarosite (NHg4),Fe3(504)2(OH)g), con-
firming its mineral identity and providing a baseline for the subsequent thermal analysis. It
must be stressed that the Pb content reported in Table 1 corresponds to the total elemental
lead as determined by AAS. This value includes all Pb-bearing compounds present in the
lead paste, such as PbSO4, PbO, and PbS, identified by the XRD technique. The absence of
metallic Pb peaks is consistent with the chemical nature of the lead paste, which derives
from oxidized residues of spent lead—acid batteries and does not contain metallic lead.

3.2. Thermal Behavior

Figure 4 shows the resulting TGA curve of the ammonium jarosite sample. A complex
multi-step decomposition pathway with five distinct mass loss events is identified. The
corresponding derivative thermogravimetric (DTG) curve (Figure 5) reveals five major
peaks, each representing the temperature at which the maximum mass loss rate occurs
within defined thermal intervals [23].
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Figure 4. Thermogravimetric analysis (TGA) of the industrial ammonium jarosite sample.
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Figure 5. Thermogravimetric—Derivative Thermogravimetry (TGA-DTG) of the industrial ammo-
nium jarosite sample.

TGA-DTG curves indicated that the decomposition of ammonium jarosite occurs in
five steps recorded at 70, 140, 230, 380, and 780 °C. The mass losses associated with these
temperature ranges are 25, 7, 6, 1, and 10%, respectively, resulting in a total mass loss of 49%.
The first event is associated with the removal of adsorbed water (up to ~70 °C), followed by
an initial dehydroxylation process (~140 °C), further dehydroxylation and partial decom-
position of ammonium groups occur at around 230 °C, at a higher temperature ~380 °C,
the onset of sulfate breakdown with combined evolution of ammonia and additional water
molecules, then a Final mass loss corresponding to complete sulfate decomposition and
formation of a hematite-rich residue (~780 °C).

Complementary TGA-DSC analysis shown in Figure 6 evidenced three endother-
mic reactions and two exothermic reactions in the temperature range of 0 to 950 °C. The
endothermic events correspond to water loss and dehydroxylation processes, while the
exothermic events may be associated with the crystallization or reduction reactions occur-
ring during sulfate decomposition, including the iron oxidation.

0 100 200 300 400 500 600 700 800 900 1000
105 + t f t + t ; ; t t 18
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E 110 =
: s
gz 8 T T8 E
= 3 x
= 80 f 76 2
F L a §
75+ T
s L 2
70 £
b L o
65 + 5
60 + f } + t } f f t t -4
0 100 200 300 400 500 600 700 800 900 1000

Temperature (°C)

Figure 6. Thermogravimetric-differential scanning calorimetry (TGA-DSC) of the industrial ammo-
nium jarosite.

3.3. Heat Capacity and Thermodynamic Functions

The specific heat capacity (Cp) of ammonium jarosite was determined from the heat
flow signal obtained during the differential scanning calorimetry (DSC) measurements,
following a classical principles of thermodynamics. The method is based on the rela-
tionship between the heat capacity and the rate of heat flow into the sample under a
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controlled heating program. The molar heat capacity at constant pressure is defined by
the Equation (1).
1dgq
=—— 1
ndT @
where 7 is the number of moles of the sample and % is the derivative of heat absorbed
concerning temperature. Since DSC provides the heat flow (HF), defined as the thermal
power % in watts (J/s), and assuming a constant heating rate (% = B), the derivative of

heat concerning temperature is represented with Equation (2).

dQ HF
T p @
Equation (3) is obtained by substituting Equation (2) into Equation (1).
1/ HF
Cpr=- ([5) 3)

This approach is supported by the ASTM E1269 and ISO 11357-4:2021 standards,
which outline the procedure for calculating specific heat capacity using DSC data under con-
trolled heating rates and describe a comparable methodology for deriving Cp values from
heat flow measurements, respectively. Both standards [19,20] provide a well-established
thermophysical procedure for determining the specific heat capacity of materials using
DSC measurements.

Considering Equations (1)—(3) and the heat flow data from DSC measurements, heat
capacity can be determined for the ammonium jarosite sample as follows: The ammo-
nium jarosite mass was 28 mg, for a molar mass of 179.86 g/mol for NH4Fe3(SO4)2(OH)g,
therefore, the number of moles was 5.83 x 107> mol. The heating rate used in the DSC
experiments was 15 °C/min, equivalent to f = 0.25K/s. Therefore, the heat capacity is
computed with Equation (4) for each temperature.

HF

V= 02558 x 105 @

The ammonium jarosite is a key waste produced by a Mexican enterprise that produces
zinc from a hydrometallurgical process; therefore, the determination of its heat capacity (Cp)
is of particular relevance given the current lack of thermodynamic data for this waste. To
avoid the endo and exothermic effects that distort the heat flow signal, particularly within
the 300-500 K range, a baseline correction procedure was applied. A continuous baseline
was constructed across the temperature range, excluding regions associated with thermal
events such as phase transitions or decomposition. This baseline was then subtracted from
the raw heat flow data on a point-by-point basis, effectively isolating the true heat capacity
of the stable solid phase.

Following this correction, a new Cp(T) curve was generated and fitted using a fifth-
degree polynomial regression in the range from 300 to 1200 K. This refined curve minimizes
the possibility of negative Cp values, producing a smoother and consistent profile across the
entire temperature range. The resulting equation captures the progressive increase in heat
capacity with temperature, reflecting both vibrational and configurational contributions as
expected for complex inorganic materials.

The final Cp values were plotted against temperature and analyzed using two ap-
proaches: (1) a fifth-degree polynomial model over the entire temperature range (Figure 7),
and (2) a lower-order model applied to the low-temperature segment to better represent
solid-phase behavior (Figure 8).
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Figure 8. Heat Capacity (Cp) data for ammonium jarosite and respective lower polynomial fit for low
temperatures (temperature range of 355-400 K).

The polynomial approach is supported by both empirical practice and theoretical
models of solid-state thermodynamics. Low-order polynomial functions are widely applied
to approximate the Cp of inorganic compounds including jarosites which exhibit deviations
due to structural disorder and anharmonic lattice vibrations over moderate temperature
ranges (300-500 K) [24-26].

Figure 7 shows the experimental heat capacity (Cp) of ammonium jarosite in the
temperature range from 300 to 1200 K. The data revealed that the Cp values increased
gradually with temperature throughout the studied range, consistent with typical solid-
state vibrational behavior. After applying baseline correction to exclude transient thermal
effects, the resulting Cp values were modeled using a fifth-degree polynomial regression
(Equation (5)), capturing the intrinsic temperature dependence of the stable phase without
interference from decomposition events.

—122,288.91 + 1042.79T — 3.39T% 4 0.005T° — 3.99 x 10~ °T* + 1.15 x 10~°T1° (5)

This higher-order polynomial provides flexibility to describe complex thermal behav-
ior over a broad temperature range. Such mathematical treatment is well-established in
the literature for modeling the heat capacity of inorganic solids, especially when extended
ranges or transitions are involved [27,28]. For example, Guyot and Richet applied poly-
nomial regression to describe Cp(T) for perovskite CaTiO3; and detect thermally activated
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structural transitions [27], while King and Weller demonstrated the use of high-order
polynomials to capture phase transformations in vanadate ceramics [28].

The fifth-degree fit of ammonium jarosite yielded a high correlation coefficient
(R? = 0.9918), confirming its adequacy for describing the experimental data. The continuous
nature of the fitted curve enabled its direct integration to derive fundamental thermodynamic
functions, including entropy S(T), enthalpy increment H(T)—H(0), and Gibbs free energy G(T).
The obtained parameters reflect the intrinsic thermal behavior of ammonium jarosite and
reveal the influence of both temperature and compositional features.

The sample used in this work was an industrial ammonium jarosite waste. The waste is
presented as a fine-grained, clay-like solid, distinct from highly crystalline synthetic jarosites
typically investigated in thermodynamic studies. Due to its industrial origin, the sample
likely contains structural imperfections, substitutional ions (e.g., Pb%*, Zn?*), and potential
interlayer water. These features can significantly influence vibrational entropy and thermal
properties. However, at elevated temperatures, particularly above ~620 K, where the onset
of thermal decomposition is observed in TGA mass losses associated with the release of
water and sulfate groups, also contribute to changes in the measured heat capacity and
derived functions. Therefore, both lattice anharmonicity and the evolving phase assemblage
should be considered when interpreting the high-temperature thermodynamic behavior of
industrial ammonium jarosite.

Comparisons with literature values, such as those reported by Majzlan et al. for syn-
thetic jarosite variants [24], indicate that the ammonium jarosite fits are in close agreement
in the low to moderate temperature range (300-400 K), where the crystal structure remains
largely intact. However, above 700 K, slight deviations are observed, consistent with the
progressive thermal decomposition of jarosite into hematite, amorphous iron oxides, and
sulfate species. Previous studies have shown that ammonium jarosite is thermodynami-
cally stable only up to approximately 600-650 K under atmospheric pressure [2], beyond
which irreversible breakdown processes dominate. Therefore, the lower-temperature region
of the Cp(T) curve (300-650 K) accurately describes the jarosite phase in its structurally
preserved state, while values at higher temperatures are influenced by decomposition
events. Nonetheless, this high-temperature data remains critically important for modeling
energy balances in pyrometallurgical processes, particularly those involving lead paste and
sodium carbonate, where jarosite is intentionally decomposed to recover valuable metals
and stabilize sulfur in a slag phase.

Figure 8 illustrates the low-temperature behavior of ammonium jarosite, evaluated in
the range of 355—400 K. After baseline correction of the raw heat flow data, the resulting
heat capacity (Cp) values exhibited a smooth and monotonic increase with temperature,
consistent with the expected vibrational behavior of crystalline solids in the absence of
phase transitions. To represent this trend, the data were fitted using a second-degree
polynomial regression model, expressed as Equation (6).

Cp(T) = 25,922.54 — 155.91T + 0.23335T2 6)

Equation (6) effectively captures the lattice vibrational contributions and provides a
reliable approximation of the Cp behavior within the low-to-moderate temperature regime.
Although the Debye model predicts a Cp o« T® behavior for non-metallic crystalline solids
in the low-temperature limit (T < 0_D), real materials such as industrial jarosites often
exhibit deviations due to lattice imperfections, cation substitutions, interstitial water, and
anharmonic phonon interactions [25].

Empirical studies show that low-degree polynomial models are widely used to ap-
proximate Cp over experimental ranges above cryogenic temperatures (e.g., 300-500 K) [2].
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This methodology is consistent with established practices in calorimetric thermodynamics,
particularly for minerals [26].

The fitted parameters yielded a high-quality match to the experimental data
(R? = 0.9973), with no negative values or discontinuities. The obtained curve (Equation (6))
closely aligns with the behavior reported by Majzlan et al. [24] for synthetic hydronium
jarosite, particularly in the 298-340 K range. The deviations are attributed to the industrial
origin of the sample used in this study, which was sourced from a Mexican zinc hydromet-
allurgical plant. This material contains other compounds and structural heterogeneities,
which are known to affect vibrational heat capacity, especially at low temperatures where
phonon modes are highly sensitive to lattice disorder.

The polynomial Cp expression obtained from the low-temperature data provides
a reliable foundation for incorporation into thermochemical modeling platforms. Be-
cause standard databases such as FactSage do not include detailed thermodynamic en-
tries for ammonium jarosite, the fitted function enables the definition of user-customized
compound properties.

Table 2 shows the heat capacity equations reported for jarosites. It is observed from
Table 2 that the heat capacity (Cp) for the ammonium jarosite sample (Equation (6)) exhibits
a distinctive trend when compared to previously reported models [16,24]. Although
the linear term (in T) shows a negative coefficient in Equation (6), which is unusual for
crystalline materials, this difference is mainly attributed to the structural nature of the
sample; however, other variations are due to the measurement conditions or potential
overfitting in the regression model. Despite these discrepancies, the magnitude of the Cp
values fits within a reasonable range for jarosite-type minerals. Notably, the previously
published models converge around average Cp values between 270 and 290 J/mol-K at
298 K, which provides a valuable benchmark to validate Equation (6).

Table 2. Comparison of Heat Capacity (Cp) Equations for Jarosites.

Chemical Composition Cp (J/mol-K) Temperature (K) Source
(NHy4)Fe3(SO4)2(OH)g Cp =25,922.54 — 155.91T + 0.23335T2 355-400 This work (Figure 8)
(NHy)o-87(H30)0.13Fe3(SO4)2(OH)s ~ Cp =280.6 + 0.6149T — 3.1997 x 10°T 2 273-400 [24]
(H30)Fe3(S04),(OH)g Cp =287.2 +0.6281T — 3.286 x 10°T 2 273-400 [24]
NH4Fe3(SO4),(OH)g Cp = 621.48 + 95.44-1073T — 1.98-10°T 2 298.15-450 [16]
KFe3(SOy4)>(OH)g Cp =~ 270-280 (estimated) 298.15 [16]
NaFe3(504)2(OH)g Cp ~ 270-280 (estimated) 298.15 [16]

The experimentally Cp values obtained for the ammonium jarosite provide a solid
foundation for calculating entropy, enthalpy, and Gibbs free energy, enabling accurate
assessment of phase equilibria, decomposition pathways, and energy balances during
high-temperature processing.

From the polynomial fit of the experimental heat capacity data (Equation (5)) over
the temperature range of 300-1200 K, three fundamental thermodynamic functions were
calculated: entropy S(T), enthalpy increment H(T)—H(0), and Gibbs free energy G(T). These
functions were derived through the integration of the Cp (T) function using the standard
thermodynamic expressions represented in Equations (7)—(9).

S(T) = /T ! CpiT)dT )
H(T) — H(0) = TT C, dT 8)
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where Tj = 298.15 K is the reference temperature.

Table 3 shows the entropy, enthalpy increment, and Gibbs free energy for different
temperatures. These thermodynamic properties are essential for modeling equilibrium
phase transformations in the lead paste—jarosite-Nay,COj3 system and are subsequently
incorporated into FactSage to obtain stability phase diagrams.

Table 3. Thermodynamic functions of ammonium jarosite.

T(K) Cp (J mol—1K—1) S(J mol—1K-1) H(T)-H(0) (k] mol—1) G(T) J mol—1)
300 203.730 0.0146 0.0044 1.346 x 1077
310 117.299 5.2864 1.6109 —0.0916
320 40.7663 7.7159 2.3748 —0.2972
330 —14.9089 8.0239 24735 —0.5292
340 —40.3757 7.0990 2.1629 —0.7384
350 —24.7820 6.0470 1.8001 —0.9046
400 854.0232 48.4068 18.1986 —2.9274
450 1156.5326 168.1124 69.1554 —14.4671
500 2121.6817 342.1404 152.2500 —37.6884
550 1967.3402 543.2979 257.7541 —74.7411
600 1878.8510 707.0119 351.8424 —120.700
650 2214.2867 868.2924 452.7452 —171.884
700 2846.0580 1054.1795 578.4111 —228.0324
750 3646.5762 1277.0256 740.1994 —290.1759
800 4491.3389 1539.6805 943.9773 —359.8341
850 5252.7571 1835.8054 1188.4775 —437.7874
900 5803.2420 2153.2198 1466.3679 —524.2140
950 6014.1754 2473.5642 1762.7479 —618.1087
1000 6008.0018 2780.3646 2061.8699 —718.6789
1100 8808.7863 3463.9397 2781.0192 —935.7418
1200 25,564.1042 4873.0176 4413.3036 —1195.7301

It is observed from Table 3 that the entropy increases steadily with temperature,
reflecting the accumulation of accessible microstates due to vibrational mode activa-
tion and increasing lattice disorder. At 1200 K, the entropy reaches approximately
4873.01 ] mol~! K~!, consistent with entropy values observed for similarly structured
jarosite-type minerals [16,24]. In addition, the enthalpy increment H(T)—H(0) also grows
nonlinearly with temperature, it requires a significant thermal energy of 4.41 x 10° J mol !
to reach 1200 K under constant pressure conditions.

The Gibbs free energy considers the thermal and entropic effects and shows a
typical decrease when temperature is increased. At 1200 K, the Gibbs free energy is
—1195.73 ] mol~!. The negative value reflects the tendency of jarosite to undergo de-
composition under such conditions, a result that aligns well with previous thermal
stability assessments [2].

Table 4 shows the thermodynamic properties evaluated from the obtaining of the Cp
(Equation (6)) and those reported in [16,24].

Table 4. Comparison of Thermodynamic Properties at 298.15 K.

Reference Compound Cp (J/mol-K) S° (J/mol-K) HC-H(0) (kJ/mol)

This work NH4Fe3(SO4)2(OH)g 276.49 296.5 297
Majzlan et al. (2010) [16] NH4Fe3(SO4)2(OH)g 301.2 304.0 3.10
Majzlan et al. (2004) [24] H3OFe3(SO4)2(OH)g 2734 285.0 2.85
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From Table 4 it is shown that the values obtained in this work for the specific heat (Cp),
entropy (S°), standard enthalpy of formation (AH;°), and Gibbs free energy of formation
(AG¢°) for the industrial ammonium jarosite fits with those reported in the literature for
synthetic potassium jarosite by Majzlan et al. [24]. The overall agreement validates the
experimental procedure and the mathematical treatment applied to the Cp(T) data. Specifi-
cally, a second-degree polynomial regression was employed to model the Cp behavior at
low temperatures (355-400 K), while a fifth-degree polynomial regression was applied over
the full temperature range to enable accurate integration of Cp(T) for deriving H(T), S(T),
and G(T).

The Cp and the thermodynamic functions obtained from the TGA —-DSC measurements
of the industrial ammonium jarosite were incorporated into the FactSage thermodynamic
software to study the interaction of the lead paste with ammonium jarosite and sodium
carbonate to obtain stability phase diagrams and determine the compounds formed in the
reduction trials carried out to 1200 °C.

3.4. Reduction Trials of the Lead Paste—Jarosite-Na,CO3z Mixtures

Pyrometallurgical trials were carried out by melting optimized mixtures of jarosite,
lead paste, and NayCOs in SiC crucibles at 1200 °C for 2 h. Upon cooling and pouring
into cast iron molds, two distinct phases were obtained: a dense, Pb-Ag alloy and a lighter,
glassy slag. The highest metallic phase recovery was achieved by mixing 50% lead paste
with 20% ammonium jarosite and 30% Nay;COj3 (30Na:50P:20]) with a grade of silver of
80 ppm. Samples of the metallic button and the slag obtained were analyzed by the X-ray
diffraction technique and results are shown in Figure 9.
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Figure 9. X-ray diffraction patterns of (a) the metallic button and (b) the slag phase for the Lead paste—
ammonium jarosite-Na,COj3 reduction trials.

It is observed from Figure 9 that the metallic button is constituted of lead and silver,
forming a Pb-Ag alloy for the trials developed, while the slag is a mixture of several
compounds obtained from the interaction of the raw materials with the SiC crucible [29].
The main compounds observed are wollastonite (CaSiO3), magnetite (Fe3O4), sodium
sulfate (Naz(SOy)), sodium ferrisulfate (NayFe(SO4),), carbon, and galena (PbS). This
observation confirms the dual role of Na,COs as a fluxing agent and as a sulfur fixer,
thereby reducing potential SO, emissions during processing [15]. The XRD pattern of the
metallic button, obtained from a polished central section, displays characteristic reflections
of Pb and a Pb-Ag solid solution. Because of the low silver concentration in the raw
materials (<0.0143 wt%), distinct Ag peaks are not easily detectable by XRD. Therefore,
SEM-EDS analysis was performed on the same section to confirm the elemental distribution.
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As shown in Figure 10, the EDS technique reveals a homogeneous presence of Ag dispersed
throughout the Pb matrix, indicating that Ag was successfully recovered, forming a solid
solution with lead. Iron was also detected in minor amounts, likely originating from the
partial reduction of iron-bearing residues.

2.

Figure 10. SEM micrograph from the metallic sample of trial 30Na:50P:20] showing the presence of
Pb, Ag, and Fe for the EDS technique.

3.5. Thermodynamic Assessment

The thermodynamic functions experimentally obtained for the ammonium jarosite
were incorporated into the FactSage 8.2 thermodynamic software, and the Equilib and
Phase Diagram modules were used to obtain the stability phase diagrams of Figures 11
and 12. The system considered for the thermodynamic modeling was a ternary mixture
composed of lead paste (primarily PbO and PbSO;), sodium carbonate (Nap,COs3), and
ammonium jarosite (NHFe3(S504)2(OH)s) contained in a CSi crucible. A representative
mixture ratio was defined using 30% Nay;CO3, 50% lead paste, and 20% ammonium jarosite,
denoted as 30Na:50P:20], which corresponds to the reduction trial where the highest alloy
recovery was obtained. The SiC content was considered in the range from 0 to 5%. During
the reduction trials, the system collects a sufficient amount of SiC to develop chemical
reactions with the components in the mixture where the carbon in the crucible acts as a
reducing agent while the silicon allows the formation of lead silicates [13]. The reaction
considered for the thermodynamic modeling based on the mixture ratio and the chemical
composition of the raw materials is represented as Equation (10).

27.18PbSO, + 30NaCO3 + 6.19Pb + 7.14PbO,+ < A > SiC + 20N HyFe3(SO4),(OH), (10)

The thermodynamic modeling of reaction (10) was carried out at 1473.15 K under
atmospheric pressure.

It is observed from Figure 11 the formation of two principal equilibrium domains: (i) a
metallic phase predominantly composed of lead (Pb), and (ii) a sulfur rich slag phase. The
metallic phase originates from the thermal decomposition and carbothermic reduction of
Pb compounds (PbSOy, PbS) present in the lead paste.

The stability phase diagram of Figure 12 shows the formation of metallic lead from the
PbO reduction. The remarkable affinity between lead and silver in the liquid state facilitates
the uptake of the silver present in the jarosite by the lead contained in the lead paste,
forming a Pb-Ag alloy. The silver contained in the alloy reported by the thermodynamic
evaluation indicates a content of 0.00214 g. The highest lead recovery is reached for a SiC
content of 1.5 g.
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(gram) 27.18 PbSO, + 30 Na,CO, + 6.19 Pb + 7.14 PbO, + <A> SiC + 20 NH,Fe,(SO,)2(OH),

T=1473.15K
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Figure 11. Stability phase diagram of the lead paste—ammonium jarosite-Na,COj3-SiC mixture for the
30Na:50P:20] sample for the slag phase.
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Figure 12. Stability phase diagram of the lead paste—ammonium jarosite-NayCO3-SiC mixture for the

30Na:50P:20] sample for the metallic phase.

The Pb-Ag alloy prediction is confirmed by the X-ray diffraction patterns of the metallic
button in Figure 9a and the EDS results reported in Figure 10, where a Pb—Ag solid solution
was detected.

The slag phase shown in Figure 11 comprises compounds containing sodium, iron,
and sulfur. The NayCOj3 added to the mixture is key in the reduction reactions. First,
it is decomposed at high temperatures, forming Na,O and CO;. The Na,O is a strong
desulfurizing agent that reacts with the sulfur of the ammonium jarosite, forming NayS
and NaFeS,. On the other hand, the carbon from the CSi reacts with the CO, based on the
Boudouard reaction, forming the reducing CO, which aids in the PbO reduction at high
temperatures. In addition, it is observed at high CSi contents and oxidizing conditions due
to high temperature, the formation of NaFeO; and SiO;. The iron that is not retained by
the NayO is presented in the slag as FeO and Fe;Os. It is observed a low amount of matte
formation comprised of FeS and PbS. It was reported that higher concentrations of sodium
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carbonate allow the formation of PbS, decreasing the recovery of metallic lead [11,13].
The stability phase diagrams show the thermodynamic equilibrium of the system at 1473
K; however, after solidification and in atmospheric conditions, the slag phases could be
slightly modified. The compounds detected after solidification and identified by x-ray
diffraction measurements correspond to NayFe(SO4); and Nay(SO4), where the iron and
sulfur are retained by sodium: This matches the thermodynamic evaluation, where NaFeS,
and NaFeO, were predicted. Small amounts of PbS were identified by both techniques,
whereas Fe30O4 was detected by X-ray diffraction and Fe,O3; by FactSage. Wollastonite
(CaSiO3) was detected by X-ray diffraction, however, the thermodynamic evaluation does
not consider the addition of Ca as CaCOj3 contained in the ammonium jarosite, and there-
fore it was not predicted. The thermodynamic assessment reasonably matches the X-ray
diffraction measurements and evidences the formation of Pb-Ag alloy and effective sulfur
retention in the slag, which is crucial for mitigating SO, emissions during high-temperature
treatment. The ammonium jarosite waste introduces complexity into the thermodynamic
system due to its high thermal stability and chemical composition. The presence of iron
sulfates such as NayFe(SOy); reflects the stability of these species in oxidizing conditions,
allowing the partial retention of sulfur in the slag phase, an important consideration for
minimizing SO, emissions during industrial processing. The predicted compounds show
excellent qualitative agreement with the experimental outcomes obtained during the high-
temperature trials. This congruence reinforces the reliability of thermodynamic modeling
as a predictive and process design tool, especially when experimental Cp and phase data
are incorporated into custom databases for materials such as industrial jarosite. These
findings demonstrate the practical applicability of such simulations in pyrometallurgical
process optimization.

4. Conclusions

A thermodynamic assessment was carried out of a mixture of ammonium jarosite and
lead paste wastes treated with Na,COj as flux, contained in a CSi crucible at 1200 °C. A
comprehensive thermodynamic and thermal analysis of an industrial ammonium jarosite
waste sourced from a Mexican zinc hydrometallurgical plant was carried out to obtain
thermodynamic data, which was incorporated into the database of the thermodynamic
software FactSage. Experimental Cp data were obtained from TGA and DSC measurements
of the jarosite sample collected over a wide temperature range (300-1200 K). The Cp was
successfully represented using polynomial regression models: a second-degree polynomial
for the low-temperature region (355400 K) and a fifth-degree polynomial over the full
300-1200 K range. These models enabled the derivation of key thermodynamic functions,
including entropy (S), enthalpy increment (H), and Gibbs free energy (G). The reduction
trials of the mixture of industrial wastes allowed the formation of a Pb-Ag alloy and a slag
with high sulfur and iron contents. The predicted compounds formed at higher temper-
atures reasonably match the experimental compounds determined by X-ray diffraction
measurements, where a Pb-Ag alloy is formed and a slag rich in Na, S, and Fe is obtained.
The stability phase diagrams obtained could be used as an important tool in the recycling
of metallurgical wastes such as jarosite and lead paste. In addition, the incorporation of
new thermodynamic data of industrial wastes allows the development of robust databases
for thermodynamic evaluations.
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