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Abstract

Selective zinc recovery from pregnant leach solutions obtained by sulfuric acid leaching
of oxidized zinc ores is an important task in hydrometallurgy. This study comparatively
evaluated zinc sulfide precipitation using gaseous H2S and Na2S solution and investigated
the effects of pH and temperature on zinc recovery and precipitate characteristics. The
thermodynamic feasibility of ZnS formation was assessed using Eh–pH diagrams of the Zn–
S–H2O system at 25, 40, and 60 ◦C. The diagrams showed a ZnS stability region throughout
the investigated temperature range. Using gaseous H2S at a final pH of 1.25 and 25 ◦C
resulted in 96.8% zinc precipitation, a residual Zn concentration of 1.0 g/L, and a precipitate
containing 57.2 wt.% Zn, corresponding to a calculated ZnS content of 85.3 wt.%. Using
20 wt.% Na2S at pH 2.25–2.30 and 50–60 ◦C resulted in 98.1% zinc precipitation, a residual
Zn concentration of 0.028 g/L, and a precipitate containing 49.8 wt.% Zn, corresponding
to a calculated ZnS content of 74.2 wt.%. Na2S provided more complete zinc recovery,
whereas H2S produced a higher-grade sulfide precipitate with better filtration properties.
These results provide a basis for selecting the sulfidizing reagent and operating conditions
for zinc recovery from oxidized zinc ore leach solutions.

Keywords: oxidized zinc ores; sulfide precipitation; zinc recovery; hydrogen sulfide;
sodium sulfide; Eh–pH diagrams; hydrometallurgy

1. Introduction
The sustainable development of zinc production increasingly depends on expanding

the available raw material base, improving the utilization of mineral resources, and devel-
oping environmentally sustainable technologies for the treatment of refractory ores [1,2].
Global zinc production currently relies predominantly on sulfide concentrates derived
from high-grade sulfide deposits [3,4]. However, the progressive depletion of high-grade
reserves, declining metal grades in mined ores, and increasingly stringent environmen-
tal regulations have intensified the search for alternative zinc resources [1,3,4]. In this
context, oxidized zinc ores have attracted considerable attention because substantial de-
posits of these ores occur in many regions worldwide [2–5]. Despite their significant
resource potential, oxidized zinc ores remain underutilized on an industrial scale due
to their complex mineralogical composition, fine mineral intergrowths, and the limited
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efficiency of conventional beneficiation processes [3–6]. Consequently, the development
of efficient hydrometallurgical technologies for the processing of oxidized zinc ores rep-
resents a promising direction in modern extractive metallurgy, offering opportunities for
more comprehensive utilization of mineral resources, enhanced zinc recovery, and reduced
environmental impacts associated with metallurgical processing [1,2,4,7].

In recent years, research on the hydrometallurgical processing of oxidized zinc ores
has increasingly focused on the development of integrated process flowsheets combining
efficient leaching, purification of pregnant leach solutions from accompanying impurities,
and subsequent selective recovery of zinc [7–9]. Hydrometallurgical methods enable the
treatment of low-grade and refractory zinc-bearing materials while achieving high zinc
recoveries and reducing the environmental impact compared with conventional pyromet-
allurgical processes [7,8,10,11]. Accordingly, considerable attention has been devoted to
improving leaching, pregnant leach solution purification, and subsequent zinc recovery, as
the efficiency of each individual stage has a substantial influence on the overall performance
of the hydrometallurgical process [8,9,12].

Oxidized zinc ores are characterized by complex mineralogical compositions
and a wide variety of zinc-bearing minerals, which significantly complicate their
processing [3,5,13,14]. Unlike sulfide ores, in which zinc occurs predominantly as spha-
lerite (ZnS), oxidized ores contain zinc in the form of carbonates, silicates, oxides, and
hydroxides, with smithsonite (ZnCO3), hemimorphite (Zn4Si2O7(OH)2·H2O), willemite
(Zn2SiO4), hydrozincite (Zn5(CO3)2(OH)6), and zincite (ZnO) being among the most com-
mon zinc-bearing minerals [3,13,14]. In addition, zinc-bearing minerals are often closely
intergrown with gangue minerals, including quartz, calcite, dolomite, clay minerals, and
iron- and manganese-bearing phases [3–6]. Such complex mineralogical characteristics
substantially reduce the efficiency of conventional mineral beneficiation methods and
necessitate the application of hydrometallurgical processes to achieve more complete zinc
recovery [3–5,14].

The mineralogical characteristics of oxidized zinc ores also have a significant influ-
ence on zinc dissolution kinetics and reagent consumption during leaching [13–15]. The
presence of carbonate minerals is associated with increased sulfuric acid consumption
due to neutralization reactions, whereas zinc silicate minerals, particularly hemimorphite
and willemite, exhibit more complex behavior during acid leaching and may limit zinc
extraction efficiency [13–16]. Additional challenges arise from iron-, calcium-, magnesium-,
and manganese-bearing phases, which may dissolve along with zinc, thereby reducing
process selectivity and complicating the subsequent purification of pregnant leach solu-
tions [8,12,17]. Therefore, the efficiency of oxidized zinc ore processing is determined not
only by the extent of zinc extraction during leaching but also by the ability to selectively
recover zinc from multicomponent solutions in subsequent processing stages [8,12,17,18].

A wide range of hydrometallurgical methods has been proposed for the processing
of oxidized zinc ores, including sulfuric acid, ammonia, ammonia–chloride, alkaline, and
organic acid leaching [14,19–22]. The choice of leaching agent is determined by the miner-
alogical composition of the ore, the content of associated components, process selectivity
requirements, and economic considerations [9,14,19–22]. Among the various hydrometal-
lurgical approaches, sulfuric acid leaching is one of the most widely applied methods due to
the high dissolution capacity of sulfuric acid for most oxidized zinc minerals, its availability,
and the possibility of integrating the process with subsequent stages of hydrometallurgical
zinc recovery [2,4,10,15,16,23].

Sulfuric acid leaching is particularly effective for readily acid-soluble carbonate and
oxide zinc minerals, such as smithsonite and zincite, while zinc silicates, including hemi-
morphite and willemite, can also be effectively leached under appropriately selected
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conditions [2,4,13,15,16,23–25]. However, silicate-rich ores may present difficulties associ-
ated with silica dissolution and gel formation, whereas carbonate-rich gangue, particularly
calcite and dolomite, can substantially increase sulfuric acid consumption through neutral-
ization reactions [8,10,16,23].

Under specific mineralogical conditions, alternative leaching systems may offer ad-
vantages over sulfuric acid leaching. Ammoniacal and chloride-containing systems, par-
ticularly NH3–NH4Cl media, can be effective for low-grade oxidized zinc ores, including
those containing zinc silicates such as hemimorphite and willemite, due to the formation
of soluble zinc complexes and improved process selectivity [19,22,26]. Alkaline NaOH
leaching may be advantageous for ores containing acid-consuming carbonate gangue or
silica-bearing zinc minerals, particularly when sulfuric acid leaching is limited by high acid
consumption or silica-gel formation [21]. Organic acids provide a milder alternative for
reactive zinc oxide phases; in particular, citric acid has been shown to effectively dissolve
ZnO [20]. Thus, the selection of the leaching system should be based primarily on the dom-
inant zinc-bearing minerals and gangue composition, taking into account zinc extraction,
reagent consumption, and process selectivity.

In recent years, considerable attention has been devoted to improving sulfuric acid
leaching processes through the application of countercurrent and multistage flowsheets,
which can enhance zinc extraction, reduce sulfuric acid consumption, and produce pregnant
leach solutions with higher metal concentrations.

In previous studies, the authors developed a countercurrent sulfuric acid leaching
technology for oxidized zinc ores, providing high zinc extraction while minimizing reagent
consumption. The main results of these studies have been reported previously, and the
developed method for processing oxidized zinc ore is protected by a patent [4,27].

Despite the results achieved, the production of a pregnant leach solution with a high
zinc concentration represents only an intermediate stage in the integrated hydrometallurgi-
cal processing of oxidized zinc ores [8,14]. Subsequent purification and zinc recovery are
required to obtain a product suitable for further processing or use in metallurgical produc-
tion [8,14,18]. The efficiency of these stages affects the overall zinc recovery, product quality,
and the potential for further utilization or recycling of purified process solutions [8,12,18].
In this context, sulfide precipitation is of particular interest as a method for zinc recovery
from pregnant leach solutions, with the aim of achieving high metal recovery, process
selectivity, and the formation of precipitates suitable for further processing.

The selection of a zinc recovery and purification method from pregnant leach solutions
is primarily governed by Zn concentration and by the type and concentration of major
impurities. Chemical precipitation can be used for direct Zn recovery when Zn is present at
a concentration sufficient for the selective formation of a sparingly soluble zinc compound,
while elevated levels of co-precipitating impurities, such as Fe, Mn, and Al, may affect the
purity of the resulting product. Solvent extraction is suitable when selective separation and
concentration of Zn from solutions containing significant levels of interfering metals, such
as Fe and Mn, are required [8,14,18,28]. Cementation is mainly used to remove impurities
such as Cu, Cd, Co, and Ni when their concentrations must be reduced prior to subsequent
Zn recovery [29], whereas ion exchange is particularly applicable to dilute Zn-bearing
solutions or when selective separation of Zn from other dissolved ions is required [30].
Electrowinning requires an adequately concentrated and purified Zn-bearing electrolyte;
therefore, low Zn concentrations or elevated residual impurity levels may necessitate prior
concentration and/or purification [8,14,18].

Among the methods used for metal recovery from aqueous solutions, chemical precip-
itation is of considerable interest due to its relative process simplicity and applicability to
solutions of varying composition [18,31,32]. Depending on the reagent used and the process
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conditions, zinc can be precipitated as hydroxide, carbonate, sulfide, or other sparingly
soluble compounds [14,31]. Sulfide precipitation is of particular interest because the low
solubility of ZnS enables high zinc recovery, including from solutions with relatively low
metal concentrations [31,32].

Hydrogen sulfide, sodium sulfide, sodium hydrosulfide, and other compounds ca-
pable of providing sulfide species in aqueous solutions are commonly used as sulfidizing
agents for metal precipitation [31–33]. The efficiency of sulfide precipitation is governed
by several process parameters, among which pH, sulfidizing reagent concentration, tem-
perature, process duration, mixing intensity, and the composition of the initial solution
play important roles [31–34]. Variations in precipitation conditions significantly affect
zinc recovery, as well as the formation, growth, and aggregation of sulfide particles and,
consequently, the properties of the resulting precipitate [31,33,34].

Despite the considerable number of studies devoted to metal sulfide precipitation,
the selection of an effective sulfidizing agent and the optimization of conditions for zinc
precipitation from pregnant leach solutions obtained during the processing of oxidized
zinc ores remain insufficiently investigated. A substantial proportion of the published
studies have focused on the application of sulfide precipitation to the treatment of industrial
wastewater and various process-derived solutions, whereas the precipitation of zinc from
pregnant leach solutions generated by sulfuric acid leaching of oxidized zinc ores has
received limited attention in the literature. This highlights the need for comparative studies
of different sulfidizing agents and for establishing process conditions that enable efficient
zinc recovery from such solutions.

The aim of this study is to comparatively evaluate the efficiency of zinc precipitation
using hydrogen sulfide and sodium sulfide, determine the optimal process parameters, and
provide a thermodynamic interpretation of zinc sulfide formation based on Eh–pH analysis
of the Zn–S–H2O system. The scientific novelty of this work lies in the comparative
evaluation of H2S and Na2S for zinc recovery from the same pregnant leach solution
obtained by countercurrent sulfuric acid leaching of oxidized zinc ore, combined with an
assessment of the effects of precipitation conditions on zinc recovery and the characteristics
of the resulting sulfide precipitates.

2. Materials and Methods
2.1. Ore Sample

A representative sample of refractory oxidized zinc ore from the Shaimerden deposit
(Kostanay Region, Northern Kazakhstan) was used as the object of this study. A detailed
characterization of the ore, including its chemical composition, mineralogical analysis,
X-ray diffraction (XRD), and scanning electron microscopy coupled with energy-dispersive
X-ray spectroscopy (SEM–EDS), has been reported in our previous studies [2,4]. Therefore,
only the principal characteristics of the raw material required to describe the investigated
ore are presented in this paper.

The chemical composition of the investigated ore is presented in Table 1. Zinc is the
principal valuable component, with a content of 21.07 wt.%.

Table 1. Chemical composition of the investigated ore (wt.%).

Element Zn Pb Cu Fe Stot Sso4 SiO2 Ca Mg Al Ctot Ccarb. Mn

Content 21.07 0.55 0.012 1.56 0.97 0.10 20.70 13.30 0.31 3.00 3.27 3.13 0.39

Mineralogical investigations showed that the principal zinc-bearing minerals are hemi-
morphite (Zn4Si2O7(OH)2·H2O) and smithsonite (ZnCO3), whereas sphalerite is present
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only in minor amounts. Representative polished sections of the original ore are shown in
Figure 1, while a more detailed description of the mineralogical composition is provided in
our previous studies [13].

Figure 1. Representative SEM images of polished sections showing the major zinc-bearing minerals
in the refractory oxidized zinc ore: (a) hemimorphite; (b) smithsonite.

X-ray diffraction (XRD) analysis of the original ore was performed using D8 AD-
VANCE (Bruker, Karlsruhe, Germany) and X’Pert PRO X-ray diffractometers (Malvern
Panalytical, Madison, WI, USA), and the results have previously been published [23]. A
representative XRD pattern of the original ore is shown in Figure 2.

Figure 2. XRD pattern of the original oxidized zinc ore.

The X-ray diffraction analysis revealed that the investigated ore is composed pre-
dominantly of hemimorphite and smithsonite, with calcite, quartz, akermanite, siderite,
kaolinite, goethite, pyrolusite, and minor amounts of sphalerite identified as associated
mineral phases.

2.2. Pregnant Leach Solution

The pregnant leach solution (PLS) used in this study was obtained by sulfuric acid
leaching of the investigated ore. The leaching procedure, principal process parameters, and
zinc dissolution behavior have been described in detail in our previous study [2]. Therefore,
only the chemical composition of the solution used in the zinc precipitation experiments is
presented in this paper. The chemical composition of the PLS is presented in Table 2.
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Table 2. Chemical Composition of the Pregnant Leach Solution Used in the Zinc Precipitation
Experiments.

Component Zn Fe Al Mn SiO2 Cu H2SO4

Concentration (g/L) 44.20 5.40 4.50 1.70 0.45 0.15 26.40

2.3. Experimental Procedure for Zinc Precipitation

All precipitation experiments were performed in triplicate under identical experimen-
tal conditions. The results are reported as mean values, and the error bars in the figures
represent the standard deviation (n = 3).

2.3.1. Zinc Precipitation Using Hydrogen Sulfide

Zinc precipitation experiments using hydrogen sulfide were carried out using 1.0 L
of the pregnant leach solution (PLS), the chemical composition of which is presented
in Table 2. Prior to H2S precipitation, the PLS was neutralized with a 200 g/L sodium
carbonate (Na2CO3) solution to an initial pH of approximately 3.2–3.3. The precipitation
experiments were conducted at 25 ◦C under mechanical stirring at 1000 rpm for 40 min.

Gaseous hydrogen sulfide was generated in situ by reacting technical-grade sodium
sulfide (Na2S) with a 25 wt.% sulfuric acid solution according to the following reaction:

Na2S + H2SO4 → Na2SO4 + H2S↑ (1)

The generated H2S was continuously transferred through the gas supply line into the
reactor containing the PLS during the precipitation experiment. Mechanical stirring was
applied to provide intensive gas–liquid contact between the generated H2S and the reaction
medium. The H2S flow rate and the total amount of H2S introduced were not quantitatively
measured because the gas was generated in situ and continuously transferred directly to
the precipitation reactor. Consequently, experimentally determined values of the total H2S
dosage and S/Zn molar ratio are not available for these experiments.

Two experimental modes were investigated to evaluate the effect of pH control during
H2S precipitation. In the first series, after the initial adjustment of the PLS to approximately
pH 3.2–3.3, no further pH adjustment was performed during H2S introduction, and the
pH was allowed to decrease naturally. In the second series, the decrease in pH during H2S
introduction was compensated by the manual addition of a 200 g/L Na2CO3 solution in
small portions as the pH decreased. A total of 300 mL of the Na2CO3 solution was used
in the pH-controlled experiment. The pH of the reaction medium was monitored during
precipitation using a laboratory pH meter (METTLER TOLEDO, Greifensee, Switzerland).
After completion of the experiment, the resulting pulp was subjected to solid–liquid
separation by filtration. The filtration performance was evaluated by the filtration rate,
expressed as the volume of filtrate collected per unit filtration area and unit time (L/(m2·h)).
The residual zinc concentration in the filtrate was determined as described in Section 2.5.

A schematic diagram of the experimental setup used for H2S precipitation is shown in
Figure 3.
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Figure 3. Schematic diagram of the experimental setup for zinc sulfide precipitation using hydrogen
sulfide: (1) reaction flask (H2S generator); (2) technical-grade sodium sulfide (Na2S); (3) 25 wt.% sul-
furic acid solution; (4) H2S supply line; (5) mechanical stirrer; (6) zinc-bearing solution; (7) limewater;
(8) gas absorption bottle (scrubber); (9) support stand.

2.3.2. Zinc Precipitation Using Sodium Sulfide Solution

Zinc precipitation experiments using sodium sulfide were carried out in a 1 L glass
reactor using technical-grade Na2S. Working solutions containing 10 and 20 wt.% Na2S
were prepared. The precipitation experiments were conducted over a final target pH range
of 1.45–2.50 and at temperatures ranging from 40 to 70 ◦C. The initial PLS was used without
prior pH adjustment. The reported pH values correspond to the final target pH attained
during precipitation through the gradual addition of the Na2S solution. Different final pH
values were obtained by varying the amount of Na2S solution added, with reagent addition
being stopped when the specified target pH was reached.

The PLS was heated to the selected temperature and continuously stirred using a me-
chanical stirrer at 300–500 rpm. The Na2S solution was gradually added under continuous
stirring. The reagent addition rate was not quantitatively controlled in terms of volumetric
flow rate. After completion of the reagent addition, the resulting pulp was stirred for an
additional 10–15 min. No separate kinetic endpoint criterion was applied; the experimental
endpoint was operationally defined by reaching the target pH followed by the additional
10–15 min mixing period.

Under the selected precipitation conditions (20 wt.% Na2S solution, final pH 2.25–2.30,
and 50–60 ◦C), the consumption of technical-grade Na2S was approximately 2.34 t per
tonne of Zn contained in the initial solution, corresponding to approximately 1.50 t of 100%
Na2S per tonne of Zn.

After precipitation, the ZnS-containing pulp was subjected to thickening followed
by filtration. To improve the thickening and filtration characteristics of the fine ZnS-
containing precipitate, a polyacrylamide-based flocculant (PAM) was added sequentially
during thickening at a dosage of approximately 180 g/t of dry cake. The thickened pulp
was then filtered, and the resulting precipitate was washed with hot water at approximately
0.8–1.0 mL per gram of cake. The wash solutions were combined with the main filtrate.
Filtration performance was evaluated based on the filtration rate, expressed as the volume
of filtrate collected per unit filtration area and unit time (L/(m2·h)).

The resulting filtrates and combined wash solutions were analyzed for Zn, Fe, Mn,
Al, Na, and Si according to the analytical procedure described in Section 2.5. The silicon
content was reported as SiO2 equivalent.
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2.4. Thermodynamic Analysis

Eh–pH diagrams of the Zn–S–H2O system were constructed using the HSC Chemistry
6 software package for thermodynamic calculations [35]. The calculations were performed
at temperatures of 25, 40, and 60 ◦C using total molalities of Zn and S of 1.0 mol/kg H2O
each. Eh–pH diagrams are widely used in hydrometallurgical studies to evaluate the ther-
modynamic stability regions of dissolved and solid species as a function of pH and redox
potential [36]. The calculations were performed to evaluate the effect of temperature on the
thermodynamic stability regions of zinc- and sulfur-containing species and to provide a
thermodynamic interpretation of the experimentally observed zinc sulfide precipitation
behavior. As Eh values were not measured during the precipitation experiments, the
Eh–pH diagram analysis was used for a qualitative thermodynamic assessment of the ZnS
stability regions rather than for direct representation of the experimental redox conditions.

2.5. Analytical Methods

The chemical compositions of the initial pregnant leach solution (PLS), the filtrates
obtained after zinc precipitation, and the wash solutions were determined by inductively
coupled plasma mass spectrometry (ICP–MS) using an Agilent 7500cx mass spectrometer
(Agilent Technologies, Tokyo, Japan). The pH was monitored throughout the experiments
using a laboratory pH meter.

The solid precipitates obtained after H2S and Na2S precipitation were dried and
subjected to acid digestion prior to elemental analysis. The resulting solutions were
analyzed by ICP–MS using an Agilent 7500cx mass spectrometer for the determination of
Zn, Fe, Mn, Al, and Si, with the silicon content reported as SiO2 equivalent.

The ZnS content of the precipitates was calculated stoichiometrically from the experi-
mentally determined Zn content, assuming that zinc in the sulfide precipitates was present
as ZnS and using the molar mass ratio of ZnS to Zn.

The zinc precipitation efficiency was calculated from the chemical analysis of the
initial and final solutions, taking into account the change in solution volume during the
precipitation process, according to the following equation:

ηZn = C0V0 − CfVf/C0V0 × 100 (2)

where C0 and Cf are the zinc concentrations in the initial and final solutions, respectively
(g/L), and V0 and Vf are the volumes of the initial and final solutions, respectively (L).

3. Results and Discussion
The effects of the sulfidizing reagent and precipitation conditions on zinc recovery

and precipitate characteristics were evaluated using gaseous hydrogen sulfide and sodium
sulfide solution. The two precipitation routes were compared in terms of zinc precipitation
efficiency, residual zinc concentration in the solution, chemical composition of the resulting
precipitates, and solid–liquid separation characteristics.

3.1. Thermodynamic Analysis of the Zn–S–H2O System

To provide a thermodynamic basis for the zinc sulfide precipitation process, Eh–pH
diagrams of the Zn–S–H2O system were analyzed at temperatures of 25, 40, and 60 ◦C
(Figure 4). The diagrams illustrate the thermodynamic stability regions of dissolved and
solid zinc- and sulfur-containing species as a function of pH and the redox potential of
the system. The line colors and graphical notation shown in Figure 4 correspond to the
standard graphical output generated by HSC Chemistry 6 and were retained without
modification. For interpretation of the diagrams, the black solid and blue dashed lines
represent thermodynamic boundaries separating the stability fields of different Zn- and
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S-containing species. The thermodynamically stable species within a particular pH–Eh
region can be identified from the corresponding labels within the stability fields (e.g., ZnS,
Zn2+, ZnO, ZnOH+, ZnO2

2−, S, S2−, S2
2−, and SO4

2−). Thus, the black solid and blue
dashed lines should be interpreted together with the adjacent species labels, which identify
the corresponding stability fields. The two inclined green dotted lines indicate the upper
and lower H2O stability limits.

(a) (b) 

 
(c) 

Figure 4. Eh–pH diagrams of the Zn–S–H2O system generated using HSC Chemistry 6 at different
temperatures: (a) 25 ◦C; (b) 40 ◦C; (c) 60 ◦C.

At all temperatures considered, the diagrams show a broad thermodynamic stability
region of ZnS, indicating that dissolved zinc can potentially be converted into a sparingly
soluble sulfide form in the presence of appropriate sulfide species. In the acidic region of
the diagrams, the ZnS stability field coexists with a stability region of Zn2+ ions. Therefore,
the thermodynamic conditions for zinc sulfide formation are governed by the combined
effects of the acidity and redox state of the system.

Increasing the temperature from 25 to 60 ◦C results in a shift in the boundaries of
the stability regions of individual zinc species. In particular, the stability boundaries of
Zn2+ and hydrolyzed zinc species shift toward lower pH values. At the same time, the
thermodynamic stability region of ZnS persists throughout the investigated temperature
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range, indicating that zinc sulfide precipitation is thermodynamically feasible at both room
and elevated temperatures.

Thus, analysis of the Eh–pH diagrams of the Zn–S–H2O system demonstrates the
presence of a thermodynamic stability region for ZnS over the investigated temperature
range and provides insight into the effects of pH, temperature, and redox conditions on the
formation of the zinc sulfide phase. These results provide a thermodynamic basis for the
subsequent analysis of the experimentally observed zinc precipitation behavior using H2S
and Na2S.

3.2. Zinc Precipitation Using Hydrogen Sulfide

To evaluate the efficiency of zinc precipitation using hydrogen sulfide, laboratory
experiments were conducted both without pH control and with pH control of the reaction
medium. The main experimental results are summarized in Table 3.

Table 3. Effect of pH control on zinc precipitation by hydrogen sulfide.

Parameter Without pH
Control

With pH
Control (Na2CO3)

Initial pH 3.20 3.20
Final pH 0.60 1.25

Residual Zn concentration (g/L) 14.0 1.0
Zinc precipitation efficiency (%) 66.7 96.8

Zn content in the precipitate
(wt.%) 53.6 57.2

Calculated ZnS content in the
precipitate (wt.%) * 79.9 85.3

* The ZnS content was calculated stoichiometrically from the experimentally determined Zn content.

As shown in Table 3, bubbling hydrogen sulfide through the pregnant leach solution
resulted in a pronounced decrease in the pH of the reaction medium. In the experiment
performed without pH control, the pH decreased from 3.2 to 0.6, leading to incomplete
zinc precipitation. Under these conditions, the residual zinc concentration in the solution
remained as high as 14.0 g/L, and the zinc precipitation efficiency did not exceed 66.7%.

Maintaining the pH of the reaction medium by the addition of a sodium carbonate
solution significantly improved the zinc precipitation performance. At a final pH of 1.25,
the residual zinc concentration decreased to 1.0 g/L, while the zinc precipitation efficiency
increased to 96.8%. The obtained results demonstrate a significant effect of the acidity of the
reaction medium on the efficiency of zinc sulfide precipitation. The observed dependence is
consistent with the established principles of metal sulfide precipitation, according to which
pH is one of the key process parameters governing the distribution of sulfide species in
solution and the conditions for the formation of sparingly soluble metal sulfides [31,32,34].

The experimentally observed pH dependence is also qualitatively consistent with the
Eh–pH analysis presented in Section 3.1, which indicates that the thermodynamic stability
of ZnS depends on the combined effects of pH and redox potential.

The regulation of pH also improved the quality of the resulting precipitate. The zinc
content increased from 53.6 to 57.2 wt.%, whereas the calculated ZnS content increased
from 79.9 to 85.3 wt.%, indicating the formation of a higher-grade sulfide precipitate with a
lower content of accompanying impurities.

Overall, the results demonstrate that pH control is essential for efficient zinc precipita-
tion using hydrogen sulfide. Under the investigated conditions, pH control resulting in a
final pH of 1.25 enabled high zinc recovery, improved the quality of the sulfide precipitate,
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and significantly reduced the residual zinc concentration in the solution. The chemical
composition of the resulting sulfide precipitate is presented in Table 4.

Table 4. Chemical composition of the sulfide precipitate obtained by zinc precipitation using hydrogen
sulfide under pH-controlled conditions (final pH 1.25) (wt.%).

Zn Calculated ZnS * Fe Mn Al SiO2

57.2 85.3 0.16 0.05 0.15 0.37
* The ZnS content was calculated stoichiometrically from the experimentally determined Zn content.

Chemical analysis of the resulting precipitate showed that zinc is the principal compo-
nent, with a content of 57.2 wt.%, corresponding to a calculated ZnS content of 85.3 wt.%
(Table 4). The concentrations of the accompanying impurities (Fe, Mn, Al, and SiO2) re-
mained low, indicating the high selectivity of zinc precipitation using hydrogen sulfide and
the formation of a higher-grade sulfide precipitate.

The H2S-derived precipitate exhibited favorable solid–liquid separation characteristics,
with a filtration rate of 510 L/(m2·h).

3.3. Zinc Precipitation Using Sodium Sulfide Solution

To evaluate the efficiency of zinc precipitation using a sodium sulfide solution, labora-
tory experiments were conducted by varying the final pH, process temperature, and Na2S
concentration. The experiments were designed to determine the optimum conditions for
obtaining a high-quality zinc sulfide precipitate while maximizing zinc recovery from the
pregnant leach solution (PLS).

3.3.1. Effect of Reaction Medium pH

The final pH of the reaction medium had a pronounced influence on the efficiency of
zinc precipitation within the investigated range of conditions. The experimental results are
presented in Figure 5.

Figure 5. Effect of the reaction medium pH on the zinc precipitation efficiency using a sodium sulfide
solution. Data are presented as mean ± standard deviation (n = 3).

As shown in Figure 5, increasing the pH of the reaction medium from 1.45 to 2.25 in-
creased the zinc precipitation efficiency from 78.0% to 98.1%. This indicates that increasing
the pH promotes more complete formation of sparingly soluble zinc sulfide, thereby re-
ducing the residual zinc concentration in the solution. A further increase in pH to 2.50 did
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not improve the precipitation efficiency. On the contrary, the zinc precipitation efficiency
decreased to 93.0%, which is likely associated with changes in the conditions governing
sulfide precipitate formation. Therefore, the optimum pH range was found to be 2.25–2.30,
at which the highest zinc recovery from the pregnant leach solution was achieved.

The pronounced pH dependence observed during Na2S precipitation is consistent
with the H2S precipitation results, for which pH control increased the zinc precipitation
efficiency from 66.7% to 96.8%. These experimental trends are also qualitatively consistent
with the Eh–pH analysis presented in Section 3.1, which indicates that the thermodynamic
stability of ZnS depends on the combined effects of pH and redox potential.

3.3.2. Effect of Na2S Concentration

The effect of Na2S concentration was evaluated by comparing 10 and 20 wt.% Na2S
solutions under comparable precipitation conditions (final pH 2.4–2.5 and 50–60 ◦C). The
zinc precipitation efficiencies obtained with 10 and 20 wt.% Na2S were similar, reaching
92.0% and 93.0%, respectively. However, the filtration rate was substantially higher for the
precipitate obtained with the 20 wt.% Na2S solution (38.7 L/(m2·h)) than for that obtained
with the 10 wt.% solution (22.6 L/(m2·h)). Therefore, the 20 wt.% Na2S solution was
selected for the subsequent temperature-effect experiments because it provided comparable
zinc precipitation efficiency while exhibiting more favorable filtration characteristics.

3.3.3. Effect of Process Temperature

To evaluate the effect of process temperature, the experiments were carried out at
a constant final pH of 2.25–2.30 using a 20 wt.% Na2S solution. In addition to the zinc
precipitation efficiency, the technological properties of the resulting pulp, particularly its
filtration rate, were evaluated to determine the optimum operating temperature. The
experimental results are presented in Figure 6.

Figure 6. Effect of process temperature on the filtration rate of the zinc sulfide pulp. Data are
presented as mean ± standard deviation (n = 3).

In Figure 6, the temperature ranges of 40–50, 50–60, and 60–70 ◦C are represented by
their corresponding mean values of 45, 55, and 65 ◦C, respectively. Increasing the mean
process temperature from 45 to 55 ◦C resulted in a substantial increase in the pulp filtration
rate from 12.9 to 66.9 L/(m2·h). A further increase in the mean temperature to 65 ◦C led to
only a slight increase in the filtration rate, reaching 69.1 L/(m2·h). These results indicate
that increasing the process temperature to 50–60 ◦C significantly improves the filtration
properties of the zinc sulfide pulp, whereas further heating provides no appreciable tech-
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nological benefit. Therefore, the optimum operating temperature range is 50–60 ◦C, as it
ensures a high pulp filtration rate while maintaining a high zinc precipitation efficiency.

3.3.4. Chemical Composition of the Resulting Precipitate

The results of the chemical analysis of the sulfide precipitate obtained by zinc precipi-
tation using a sodium sulfide solution are presented in Table 5.

Table 5. Chemical composition of the sulfide precipitate obtained using a 20 wt.% Na2S solution at a
final pH of 2.25–2.30 and 50–60 ◦C (wt.%).

Zn Calculated ZnS * Fe Mn Al SiO2

49.8 74.2 0.70 0.37 0.24 0.52
* The ZnS content was calculated stoichiometrically from the experimentally determined Zn content.

Chemical analysis showed that zinc is the principal component of the resulting precip-
itate, with a content of 49.8 wt.%, corresponding to a calculated ZnS content of 74.2 wt.%
(Table 5). The contents of iron, manganese, aluminum, and silicon dioxide were 0.70,
0.37, 0.24, and 0.52 wt.%, respectively, indicating a relatively low level of accompanying
impurities. These results demonstrate that zinc precipitation using Na2S produces a sulfide
product with a high zinc content and a relatively low concentration of impurities.

3.4. Comparative Evaluation of Zinc Precipitation Using Hydrogen Sulfide and Sodium
Sulfide Solution

To identify the most effective conditions for zinc recovery from the pregnant leach
solution (PLS), a comparative evaluation of zinc precipitation using gaseous hydrogen
sulfide and sodium sulfide solution was performed. The two precipitation methods were
compared in terms of zinc precipitation efficiency, residual zinc concentration in the solu-
tion, composition of the resulting sulfide precipitates, and technological characteristics of
the process. The results of the comparative evaluation are summarized in Table 6.

Table 6. Comparison of zinc precipitation using hydrogen sulfide and a sodium sulfide solution.

Parameter Hydrogen Sulfide (H2S) Na2S Solution

Optimum pH 1.25 2.25–2.30
Process temperature (◦C) 25 50–60

Zinc precipitation efficiency (%) 96.8 98.1
Residual Zn concentration (g/L) 1.0 0.028

Zn content in the precipitate
(wt.%)

57.2 49.8

Calculated ZnS content in the
precipitate (wt.%) *

85.3 74.2

Filtration rate (L/(m2·h)) 510 66.9
* The ZnS content was calculated stoichiometrically from the experimentally determined Zn content.

Both sulfidizing reagents provided high zinc precipitation efficiencies, although their
performance differed in terms of zinc recovery and the characteristics of the resulting pre-
cipitates. Under the optimum conditions, the Na2S solution provided a zinc precipitation
efficiency of 98.1%, slightly higher than the 96.8% obtained using H2S. Moreover, the resid-
ual zinc concentration in the solution after Na2S precipitation was only 0.028 g/L, compared
with 1.0 g/L for H2S, indicating more complete zinc recovery with sodium sulfide.

In contrast, H2S produced a higher-grade sulfide precipitate. The precipitate obtained
using H2S contained 57.2 wt.% Zn, corresponding to a calculated ZnS content of 85.3 wt.%,
whereas the product obtained using Na2S contained 49.8 wt.% Zn, corresponding to a
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calculated ZnS content of 74.2 wt.%. In addition, the H2S-derived precipitate contained
lower concentrations of the accompanying impurities and exhibited substantially better
filtration behavior, with a filtration rate of 510 L/(m2·h), compared with 66.9 L/(m2·h) for
the Na2S-derived precipitate under the selected conditions. Thus, although Na2S provided
a slightly higher zinc precipitation efficiency, H2S was more favorable in terms of the
composition and solid–liquid separation characteristics of the resulting sulfide product.

The experimentally established effects of pH and temperature can be considered in
conjunction with the thermodynamic analysis of the Zn–S–H2O system presented in Sec-
tion 3.1. The Eh–pH diagrams showed that a thermodynamic stability region of ZnS persists
over the investigated temperature range of 25–60 ◦C, while the boundaries of the stability
regions of dissolved and hydrolyzed zinc species shift with increasing temperature. These
thermodynamic relationships are consistent with the experimental observation that efficient
zinc sulfide precipitation can be achieved under both the relatively low-temperature con-
ditions used for H2S precipitation and the elevated-temperature conditions applied with
Na2S. At the same time, the differences between the optimum operating conditions and the
properties of the resulting precipitates indicate that the practical performance of the process
is governed not only by the thermodynamic stability of ZnS but also by the nature of the
sulfidizing reagent and the associated precipitation and solid–liquid separation behavior.

Overall, both H2S and Na2S can be effectively applied for zinc recovery from pregnant
leach solutions obtained by sulfuric acid leaching of oxidized zinc ores. Sodium sulfide is
advantageous when maximum zinc recovery and minimum residual zinc concentration are
the primary process objectives, whereas hydrogen sulfide is preferable when a higher-grade
sulfide product and improved filtration properties are required. Therefore, the selection of
the sulfidizing reagent should consider both zinc recovery efficiency and the requirements
for subsequent solid–liquid separation and further processing of the sulfide precipitate.

The obtained results are generally consistent with previously published studies
demonstrating the effectiveness of sulfide precipitation for zinc recovery from aque-
ous solutions [31,32,35,37–40]. Previous investigations have shown that zinc can be ef-
ficiently precipitated using different sulfide sources, including Na2S, H2S, and biogenic
sulfide [34,37–40]. However, direct quantitative comparison with literature data is limited
by differences in the composition of the initial solutions, zinc concentrations, pH, tempera-
ture, sulfide dosage, and other operating conditions. The present study provides a direct
comparison of H2S and Na2S under conditions relevant to the treatment of a common
pregnant leach solution obtained by sulfuric acid leaching of oxidized zinc ore.

4. Conclusions
This study provided a thermodynamically supported experimental comparison of

gaseous hydrogen sulfide and sodium sulfide solution as sulfidizing reagents for zinc
recovery from pregnant leach solutions obtained by sulfuric acid leaching of oxidized zinc
ores. Analysis of the Eh–pH diagrams of the Zn–S–H2O system at 25, 40, and 60 ◦C showed
the persistence of a thermodynamic stability region of ZnS throughout the investigated
temperature range, providing a thermodynamic basis for zinc sulfide precipitation under
the experimental conditions considered.

Both sulfidizing reagents provided high zinc precipitation efficiencies, although dif-
ferent optimum process conditions and precipitate characteristics were obtained. When
gaseous H2S was used at a final pH of 1.25 and a temperature of 25 ◦C, the zinc precipitation
efficiency reached 96.8%, and the residual zinc concentration in the solution decreased to
1.0 g/L. The resulting precipitate contained 57.2 wt.% Zn, corresponding to a calculated ZnS
content of 85.3 wt.%, and was characterized by a low content of accompanying impurities
and a filtration rate of 510 L/(m2·h).
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For precipitation with sodium sulfide, the optimum conditions were a 20 wt.% Na2S
solution, a final pH of 2.25–2.30, and a temperature of 50–60 ◦C. Under these conditions, the
zinc precipitation efficiency reached 98.1%, while the residual zinc concentration decreased
to 0.028 g/L. The resulting precipitate contained 49.8 wt.% Zn, corresponding to a calculated
ZnS content of 74.2 wt.%.

The comparative results demonstrate that Na2S provides more complete zinc recovery
and a lower residual zinc concentration, whereas H2S produces a higher-grade sulfide
precipitate and exhibits substantially better filtration behavior, with a filtration rate of
510 L/(m2·h) compared with 66.9 L/(m2·h) for the Na2S-derived precipitate under the
selected conditions. However, the H2S route requires pH adjustment during precipitation
to compensate for the decrease in solution pH and maintain high zinc recovery. Therefore,
the practical selection of the sulfidizing reagent should consider zinc recovery, product
composition, pH-control requirements, and the solid–liquid separation characteristics of
the resulting precipitate.

Overall, the combination of thermodynamic analysis and experimental results pro-
vides a basis for selecting appropriate conditions for sulfide precipitation of zinc from
pregnant leach solutions and may contribute to the further development of hydrometallur-
gical flowsheets for processing oxidized zinc ores.
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