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Abstract

The development of efficient technologies for processing secondary technogenic raw ma-
terials represents a promising approach to replenishing vanadium resources. This study
investigates the processes of sulfuric acid reductive leaching of vanadium from spent
vanadium catalysts using oxalic acid and metallic iron as reducing agents. It was estab-
lished that oxalic acid provides vanadium extraction of up to 95.2%, whereas the use of
metallic iron (2-3 wt.% of the catalyst mass) enables a vanadium recovery rate of 91-92%
at a solid-to-liquid ratio of 1:7 and pH 1.3-1.5, offering a more cost-effective alternative.
Thermodynamic modeling of the V-Fe-P-504-C,04-H,O system was performed using the
Medusa software package over a pH range of 0-3. The results showed that vanadium(IV)
predominantly exists as the VOSO,4 complex in sulfuric acid solutions, whereas the for-
mation of oxalate and phosphate complexes is thermodynamically insignificant. Iron(III)
was found to exhibit a strong affinity toward phosphate ions, promoting their selective
precipitation as an iron phosphate phase while maintaining vanadium in solution. The
obtained results provide a scientific basis for the efficient preliminary separation of iron
and vanadium and for improving the selectivity of subsequent vanadium sorption.

Keywords: spent vanadium catalyst; reductive leaching; metallic iron; speciation;
thermodynamic modeling; Medusa; iron phosphate; vanadium sorption

1. Introduction

The growing global demand for vanadium, including its use as a component of
energy storage systems and catalysts in chemical processes, is accompanied by the limited
availability of conventional resources and an increase in the price of the metal. Under these
conditions, the recovery of vanadium from secondary resources, particularly from spent
vanadium-containing catalysts (SVCs), is of particular interest. The reuse of secondary
materials not only mitigates the environmental impacts associated with the mining and
processing of primary ores but also reduces the capital and operating costs of producing
vanadium compounds, especially vanadium pentoxide (V,0s) [1].

Vanadium catalysts generally consist of vanadium(V) oxide supported on a porous
carrier. The high efficiency of cyclic transitions between the V(V) and V(IV) oxidation states
ensures their high catalytic activity in redox processes, which accounts for the widespread
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use of these catalysts in sulfuric acid production and in the catalytic oxidation of organic
compounds. Spent vanadium catalysts used in sulfuric acid production generally contain
5-10 wt.% vanadium, as well as compounds of other metals in the form of oxides and
sulfates [2,3]. The service life of such catalysts usually ranges from 2 to 5 years, although in
some cases it may reach 10 years [4]. It is estimated that approximately 40 thousand tonnes
of spent catalyst are generated annually worldwide during sulfuric acid production [5],
while about 5 thousand tonnes are generated in Kazakhstan.

Their accumulation without subsequent processing represents a serious environ-
mental problem. Vanadium recovery from technogenic raw materials is less costly than
the processing of natural ores and simultaneously contributes to reducing the volume
of hazardous waste, which is consistent with modern principles of sustainable resource
management [6-8]. According to the classification of the United States Environmental
Protection Agency [9], spent catalysts are classified as hazardous waste, with vanadium
being regarded as one of the main contaminating components that adversely affect the
environment and human health [10-12].

Vanadium in spent vanadium catalysts is present in two oxidation states. A por-
tion of vanadium occurs in the tetravalent state, which readily dissolves in sulfuric acid
solutions. The remaining portion is present in the form of sparingly soluble V,05 com-
pounds and polyvanadate phases. Therefore, complete vanadium recovery from spent
vanadium catalysts requires the preliminary reduction of pentavalent vanadium to the
tetravalent state.

Technologies for reductive vanadium leaching have been known for a long time. For
example, leaching with hydrazine (NyH,) was investigated by Pearcy et al. [13], while
oxalic acid (H,C,0y4) [14,15], sulfur dioxide (SO,) [16], and sodium sulfite (Na,SO3) [17]
have also been studied as reducing agents, including in studies [18-20].

More recent studies [21] proposed methods for processing spent vanadium catalysts
based on the oxidation of residual sulfur with hydrogen peroxide (H,O,) to form sulfuric
acid, which subsequently acts as the vanadium leaching agent. Experimental results
showed that the concentration of the oxidizing agent was the key factor affecting vanadium
recovery, and an extraction efficiency of 92.2% was achieved at room temperature within
only 5 min.

In [22], the kinetics of reductive leaching of vanadium from spent catalysts with sulfur
dioxide in weakly acidic environments were studied, where the process mechanism directly
depends on the purity of the feedstock. It was found that in the absence of impurities,
V105 reduction proceeds under kinetic control according to the contracting sphere model,
while the presence of iron impurities (1.5%) shifts the process to the diffusion region. The
limiting stage in this case is the diffusion of reagents through a layer of insoluble product
with an activation energy of 49.24 kJ/mol, which allows for effective control of extraction
selectivity by varying temperature and pH.

Study [23] examined a technology for recovering vanadium from spent vanadium
catalysts by two-stage ultrasound-assisted sulfuric acid leaching with the addition of
NaySO; as a reducing agent, followed by oxidation of the leach solutions.

A two-stage method for processing spent vanadium catalysts involving two-stage
vanadium leaching is also known [24]. At the first stage, soluble tetravalent vanadium is re-
covered by sulfuric acid leaching under ultrasonic treatment. At the second stage, reductive
leaching is performed using sodium sulfite to convert pentavalent vanadium into a soluble
form. However, the known methods are complex and require an additional external effect,
namely ultrasonic treatment, which is used to obtain a more finely dispersed material.

A method is known [25] in which vanadium is leached from spent catalyst using a 6%
oxalic acid solution at a stirring rate of 300 rpm, a temperature of 50 °C, and a leaching
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time of 3 h. The solid-to-liquid ratio is 1:10. Under these conditions, the concentration
of extracted vanadium ions in the solution was 2.525 g/L, while the extraction degree
was 80.58%.

Another method for vanadium recovery from spent catalyst involves leaching un-
ground vanadium catalyst with water in a percolator at a temperature not exceeding 30 °C
in the presence of sulfur dioxide as a reducing agent. This is followed by extraction with
organophosphorus extractants and stripping with alkaline reagents. Vanadium is then
precipitated using an alkaline solution [26].

Despite the possibility of achieving high vanadium recovery, these methods are char-
acterized by high consumption of organic reagents, the potential formation of sparingly
soluble vanadium oxalate complexes, prolonged leaching times, and limited industrial ap-
plicability. The disadvantages of these approaches include insufficient vanadium recovery
and the high corrosiveness of sulfur dioxide.

The development of efficient technologies for vanadium recovery from technogenic
and mineral raw materials requires a detailed understanding of the behavior of this ele-
ment in aqueous solutions. Unlike many transition metals, vanadium can exist in several
oxidation states (+2, +3, +4, and +5) [27,28], forming a wide range of soluble and sparingly
soluble compounds. Therefore, the distribution of vanadium species in solution is governed
by the solution pH and redox potential. For this reason, the investigation of vanadium
ionic equilibria and speciation is one of the key factors in improving the efficiency of its
sorption recovery.

Speciation refers to the distribution of an element among its different chemical forms
in solution and in the solid phase. Vanadium is capable of forming both cationic and
anionic species [29]. In strongly acidic solutions, vanadium(IV) predominantly exists as
the vanadyl ion (VO?*) and its sulfate complexes. Vanadium(V) forms various oxoanions,
including H,VO4~, HVO,2~, VO3, as well as polyvanadate species and other polymeric
forms. The transformation between these species is controlled by solution acidity and
vanadium concentration [30].

Previous studies have shown [31,32] that the efficiency of vanadium sorption strongly
depends on its predominant chemical form. For most anion-exchange resins, the anionic
species of vanadium(V) are efficiently sorbed, whereas the cationic forms of vanadium(IV)
exhibit significantly lower sorption affinity. Therefore, industrial processes commonly
employ a preliminary oxidation step to convert vanadium into the pentavalent state
before sorption.

The influence of accompanying solution components on vanadium speciation is also
of considerable importance. The most significant impurities encountered during the pro-
cessing of spent vanadium catalysts are iron, phosphorus, and aluminum. Iron(III) readily
interacts with phosphate ions to form sparingly soluble iron phosphate compounds. At
specific pH values, iron phosphates precipitate, thereby reducing the phosphorus con-
centration in solution and minimizing its adverse effect on the subsequent sorption of
vanadium [33,34].

Phosphorus is one of the major competitors of vanadium during ion-exchange pro-
cesses. Like vanadates, phosphate ions form stable oxoanions that are readily sorbed by
anion-exchange resins. As a result, the presence of phosphorus decreases the dynamic
sorption capacity of the resin toward vanadium and reduces process selectivity. Therefore,
investigating the equilibria in the V-Fe-P-S system is essential for selecting the optimum
conditions for selective vanadium sorption.

Thus, the investigation of ionic equilibria and the speciation of vanadium and accompa-
nying elements provides an important scientific basis for developing efficient technologies
for vanadium recovery by sorption. The analysis of chemical species distribution in solution
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makes it possible to optimize leaching conditions, control the composition of pregnant leach
solutions, minimize the influence of competing impurities, and improve the selectivity

of sorption processes. Thermodynamic modeling enables prediction of the behavior of

complex hydrometallurgical systems and serves as an effective tool for optimizing tech-

nological parameters and improving the comprehensive utilization of vanadium-bearing

raw materials.

Novelty of the study. Based on comprehensive experimental investigations combined

with thermodynamic modeling, the formation patterns of the chemical composition of
pregnant leach solutions generated during the reductive sulfuric acid leaching of spent
vanadium catalysts with different reducing agents were established for the first time. It
was demonstrated that the reducing agent controls the dominant aqueous speciation of
vanadium, iron, and phosphorus, thereby providing a scientific basis for regulating ionic
equilibria during leaching and enhancing the selectivity of subsequent vanadium recovery

by sorption.

2. Materials and Methods

SVC based on vanadium sulfate supported on silica gel was used as the raw material
in this study. The initial catalyst samples had a cylindrical shape with an average diameter
of 10 mm and a length of 15 mm. The X-ray diffraction pattern and phase composition are
presented in Figure 1 and Table 1, while the chemical composition is given in Table 2.
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Figure 1. X-ray diffraction pattern (XRD) of the spent vanadium catalyst.

Table 1. Phase composition of the sample determined by XRD.

Component Formula Mass Fraction (wt.%)
Pigeonite Ca0.15Mg1,85O6Siz 13.3

Moganite Si0, 48
Vanadium Sulfide (1/0.9) VSpo 5.3
Vanadium(IV) Sulfide VS, 35
Lizardite-1T Mgs SipO5 2.3
Calcium Silicide Ca,Si 10

Amorphous S5i0, 17.6
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Table 2. Chemical composition of the initial spent vanadium catalyst (wt.%).
Al Si P S Cl Ca Ti A\ Mn Fe Mg
0.92 23.38 0.221 1.071 0.26 0.33 0.131 524 0.0126 5.99 4.10

The phase composition of the initial spent vanadium catalyst and the solid residues
obtained after reductive leaching was determined by X-ray diffraction (XRD) using a Rigaku
MiniFlex 600 diffractometer (Rigaku Corporation, Tokyo, Japan). The measurements were
carried out using monochromated Cu Ko radiation with a wavelength of A = 1.5406 A, an
X-ray tube voltage of 40 kV, and a current of 15 mA. Diffraction patterns were recorded over
the 20 range of 10-80° with a scanning step of 0.01°. Crystalline phases were identified
using the ICDD PDF-2+ database, while diffraction data processing and interpretation were
performed using SmartLab Studio II software (2024; Rigaku Corporation, Tokyo, Japan).

The following reagents were used in this study: analytical-grade sulfuric acid
(H2S04) supplied by Labkhimprom LLP (Almaty, Kazakhstan), iron shavings supplied
by Labkhimprom LLP (Almaty, Kazakhstan), and oxalic acid supplied by SKAT LLP
(Almaty, Kazakhstan).

Experimental procedure for reductive leaching using oxalic acid. Leaching experiments were
carried out in 600 mL glass reactors under isothermal conditions at temperatures ranging
from 25 to 60 °C.

The process was performed at a solid-to-liquid ratio (S5/L) of 1:4 (25 wt./vol.%) under
intensive mechanical stirring at 250-300 rpm for 90 min.

The solution acidity was maintained within the pH range of 1.3-1.5, monitored using
an I-150M pH meter. The dosage of oxalic acid was varied from 5 to 20 wt.% of the initial
spent catalyst mass.

Experimental procedure for reductive leaching using metallic iron. Leaching experiments
were also performed in 600 mL glass reactors under isothermal conditions at temperatures
of 25-60 °C. Sulfuric acid solutions with a controlled pH of 1.3-1.5 were used as the leaching
medium. The experiments were conducted at a constant solid-to-liquid ratio of 1:4 under
intensive stirring (250-300 rpm). The dosage of metallic iron was varied from 1 to 10 wt.%
of the initial catalyst mass to determine the optimum stoichiometric conditions for the
reduction process.

Statistical analysis. All experiments were performed in triplicate. The results are
presented as the mean value £ standard deviation (SD). Statistical analysis was carried out
using OriginPro 2024 (version 10.1.5.132; OriginLab Corporation, Northampton, MA, USA).

The error bars shown in the figures represent the standard deviations obtained from
three independent experiments.

The elemental composition of the samples was determined by energy-dispersive X-ray
fluorescence spectroscopy (EDXRF) using a portable Olympus Vanta C X-ray fluorescence
analyzer (Olympus Scientific Solutions, Waltham, MA, USA). The analyzer was equipped
with a 4 W Rh-anode X-ray tube and a silicon drift detector (SDD). The X-ray tube volt-
age was automatically adjusted within the range of 8-40 kV depending on the analyzed
elements, while one of eight primary filters was automatically selected to optimize the
excitation conditions. The analysis time for each sample was 80 s. Spectral acquisition, data
processing, and quantitative elemental analysis were carried out using the built-in Olym-
pus Vanta software (https://ims.evidentscientific.com/en/products/xrf-analyzers/vanta,
accessed on 19 July 2026) and the manufacturer’s factory fundamental calibration.

The vanadium concentration in the pregnant leach solutions was determined by
the titrimetric method in accordance with [35,36]. The analytical procedure included
preliminary oxidation of vanadium with potassium permanganate, selective reduction
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of excess oxidant with sodium nitrite, and final titration with Mohr’s salt solution using
phenylanthranilic acid as the indicator. The leaching efficiency was evaluated as the
percentage of vanadium extracted, calculated as the ratio of the mass of vanadium in the
solution to its initial content in the catalyst sample.

The free thermodynamic software Medusa (version 32.0) [37] was primarily employed
to study ionic speciation. Thermodynamic modeling was performed to evaluate the ionic
equilibria of vanadium, iron, phosphorus, and other accompanying elements in the ob-
tained solutions. The ionic equilibria and chemical speciation in the V-Fe-P-5-H-O system
were calculated using the Medusa software package. The calculations were carried out
over the pH range of 0-3, assuming thermodynamic equilibrium and using the built-in
Hydra/Medusa thermodynamic database, which contains stability constants for dissolved
complexes and solubility products of solid phases. Both dissolved and solid species of
vanadium, iron, sulfate, phosphate, and oxalate available in the database were included in
the calculations. The resulting speciation diagrams were used to determine the predomi-
nant chemical species of vanadium and iron and to evaluate the conditions required for
their selective separation during reductive sulfuric acid leaching. The pH range of 0-3
was selected because the obtained leach solutions exhibited a pH of 1.3-1.5, whereas the
subsequent vanadium sorption process is performed at pH 2-3.

3. Results
3.1. Reductive Leaching of Vanadium Using Oxalic Acid and Metallic Iron

To determine the optimum conditions for reductive vanadium leaching, a one-variable-
at-a-time (OVAT) optimization strategy was employed. Each operating parameter was
varied individually while all other variables were kept constant. Initially, the effect of
temperature was investigated.

Subsequently, the influence of the reducing agent dosage was evaluated at the selected
temperature. Finally, using the previously optimized conditions, the effect of leaching time
was examined.

The optimum operating conditions were selected based not only on the maximum
vanadium recovery but also on reagent consumption, process duration, and the suitability
of the resulting pregnant leach solution for subsequent sorption.

Reductive Leaching with Oxalic Acid. The reduction reaction of vanadium(V) with
oxalic acid is given in Reaction (1). The corresponding thermodynamic calculations are
presented in Table 3:

2VO*; + HyC,04 + 4H* = 2VO* +2CO, + H,0 (1)

Table 3. Thermodynamic parameters of vanadium reduction by oxalic acid.

T, °C T, K AH, kJ/mol AS, kJ/mol-K AG, kJ/mol K log10K
25 298 —110 —0.039 —98.4 1.8 x 10Y7 17.3
50 333 —110 —0.039 —97.0 1.5 x 101° 15.2
80 353 —110 —0.039 —96.2 32 x 104 14.5
100 373 —110 —0.039 —95.5 7.5 x 1013 13.9
120 393 —110 —0.039 —94.7 2.0 x 1013 13.3

The thermodynamic parameters for the reduction of vanadium(V) to vanadium(IV),
calculated over the temperature range of 25-120 °C, indicate that the reaction is highly
thermodynamically favorable.

The negative Gibbs free energy values (AG) throughout the investigated temperature
range confirm the spontaneous nature of the reduction process. The extremely high equilib-
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rium constants (K > 1013) indicate that the reaction is practically irreversible and proceeds
almost to completion.

Oxalic acid performs two complementary functions during reductive leaching: it acts
both as a reducing agent and as a complexing ligand.

This dual role fundamentally distinguishes oxalic acid from most conventional reduc-
ing agents and explains its high efficiency in vanadium extraction from spent catalysts.

During the initial stage of the process, oxalic acid dissociates to form oxalate ions
(Reactions (2) and (3)):

H,C,04 = HC,O4~ + HF (2)

HC,04~ = C,04> +H' 3)

Under acidic conditions, the oxalate ion acts as an effective reducing agent capable
of donating electrons to vanadium(V) compounds, which are predominantly present in
the catalyst as vanadium oxides and vanadium-containing phases. During this process,
oxalate is oxidized to carbon dioxide, while vanadium(V) is reduced to vanadium(IV)
(Reaction (4)):

2VO?* + HyCy04 + 2H' — 2VO?* + 2CO; + 2H,0, 4)

The thermodynamic calculations presented in Table 3 confirm that this reaction pro-
ceeds spontaneously over the entire investigated temperature range. The negative Gibbs
free energy values together with the high equilibrium constants indicate that the reaction
equilibrium is almost completely shifted toward the products.

However, the high efficiency of oxalic acid is not solely attributed to its reducing
ability. Following the formation of VO?* ions, oxalate begins to function as a bidentate
ligand. Owing to the presence of two carboxyl groups, oxalate coordinates with the central
vanadium atom to form stable water-soluble complexes:

VO 4 2C,0,2 — [VO(C04)2]2~ ®)

The formation of these complexes significantly decreases the activity of free vana-
dium(IV) ions in solution. According to Le Chatelier’s principle, this promotes further
dissolution of solid vanadium-bearing phases in the catalyst and shifts the leaching equilib-
rium toward the formation of soluble products.

Furthermore, complex formation substantially suppresses the hydrolysis of vana-
dium(IV), which, in the absence of complexing ligands, may lead to the precipitation of
sparingly soluble hydroxide and oxyhydroxide compounds.

Consequently, oxalate complexes stabilize vanadium in solution and prevent its sec-
ondary precipitation.

The experimental results obtained for reductive leaching with oxalic acid are summa-
rized in Tables 4 and 5.

The experimental results presented in Table 4 demonstrate that vanadium recovery
from spent vanadium catalysts using oxalic acid reached 87-95% at an oxalic acid dosage
of 20 wt.% or higher relative to the initial catalyst mass, even at room temperature. Ata
leaching temperature of 50 °C, vanadium recovery exceeded 92%.

The phase composition of the leaching residues is presented in Figure 2.

The residue consists of four major components, with amorphous silica being the
predominant phase, accounting for 44.9 wt.%. The crystalline fraction comprises quartz
(28.1 wt.%) and a complex calcium-magnesium silicate phase (27.0 wt.%). The residue also
contains 1.34 wt.% vanadium oxide. Thus, the residue is characterized by a high degree of
amorphization, while the crystalline phases are represented by nearly equal proportions of
quartz and calcium-magnesium silicates.
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Table 4. Experimental results of reductive leaching using oxalic acid.

Stirring .
H,C,04, Dosage o . ¥ Solution V Recovery, Standard
Run No. (wt.% of SVC()S. SL - t°C v min Speed pH % i Deviation,%
(rpm).
1 20 4.0 25 90 255 14 87.1 +0.2
2 20 4.0 50 90 270 1.26 86.9 +0.3
3 20 4.0 80 90 295 1.38 94.5 +0.8
4 5 4.0 51 90 260 1.51 88.3 +0.4
5 10 4.0 61 90 285 1.44 89.3 +0.5
6 15 4.0 68 90 250 1.51 90.4 +0.4
7 20 4.0 55 30 300 1.37 92.0 +0.3
8 25 4.0 44 60 275 1.43 90.7 +0.7
9 25 4.0 45 90 290 1.49 90.4 +0.4
10 25 4.0 50 120 265 1.40 95.2 +0.8
Table 5. Chemical composition of the pregnant leach solution after reductive leaching using ox-
alic acid.
Run No. Al Si P S Cl Ca Ti v Mn Fe
1 0.300 0.009 0.117 1.302 0.699 0.207 0.031 0.562 0.004 0.049
2 0.300 0.008 0.098 1.541 0.692 0.198 <0.34 0.544 0.003 0.047
3 0.270 0.008 0.086 1.712 0.728 0.253 0.037 0.705 0.005 0.064
4 0.330 0.008 0.107 2.492 0.741 0.305 <0.22 0.642 0.003 0.072
5 0.390 0.014 0.107 1.912 0.835 0.274 <0.24 0.802 0.006 0.070
6 0.330 0.027 0.117 1.624 0.818 0.243 0.037 0.737 0.005 0.059
7 0.310 0.005 0.085 1.837 0.847 0.273 <0.29 0.695 0.005 0.071
8 0.280 0.010 0.054 1.890 0.935 0.269 <0.27 0.379 0.007 0.073
9 0.300 0.008 0.086 2.492 0.835 0.243 <0.29 0.379 0.006 0.064
10 0.275 0.01 0.080 1.714 0.732 0.253 <0.30 0.768 0.005 0.064
] Calc. data
Amorphous
Silicon Oxide - Alpha
20,000— Magnesium Sulfide
Vanadium oxide (5/9)
Background

10,000

‘ Amorphous, V.0,

I Silicon Oxide - Alpha, SiO,
I
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Figure 2. Phase composition of the residues after reductive leaching with oxalic acid.
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Despite the high vanadium extraction efficiency achieved with oxalic acid (up to
95.2%), its industrial application is limited by the relatively high reagent consumption and
its comparatively high market cost.

Results of Reductive Leaching Using Metallic Iron. The reduction of vanadium by metallic
iron is described by Reaction (6). The corresponding thermodynamic parameters are
summarized in Table 6:

2VO?* + Fe¥ + 4H' = 2VO?* + Fe?t + H,O (6)

Table 6. Thermodynamic parameters of vanadium reduction by metallic iron.

T, °C T, K AH, kJ/mol AS, kJ/mol-K AG, kJ/mol K log10K
25 298 —300 —0.074 —278.0 ~1048 48
50 333 —300 —0.074 —275.4 ~10%3 43
80 353 —300 —0.074 —2739 ~104 41
100 373 —300 —0.074 —2724 ~10% 39
120 393 —300 —0.074 —270.9 ~10%7 37

The thermodynamic analysis confirms that vanadium reduction is highly favorable
throughout the investigated temperature range, as evidenced by the strongly negative
Gibbs free energy values (AG ranging from —278 to —270.9 k] /mol). The constant enthalpy
value (AH = —300 kJ /mol) indicates the exothermic nature of the reaction and the formation
of stable chemical bonds in solution. The extremely high equilibrium constants (1037-1048)
demonstrate that the reaction is essentially irreversible and proceeds almost completely
toward product formation.

The negative entropy values (AS = —0.074 kJ-mol~}-K~!) indicate a decrease in system
disorder, which is characteristic of the formation of stable dissolved species. Although
the thermodynamic driving force decreases slightly with increasing temperature, the
experimentally observed increase in vanadium recovery indicates that the overall process is
controlled by kinetics rather than thermodynamics. These results demonstrate that efficient
vanadium reduction can be achieved even at moderate temperatures owing to the strong
chemical affinity of metallic iron toward vanadium(V).

Unlike oxalic acid, metallic iron is a heterogeneous reducing agent. Therefore, the
reduction process occurs directly on the surface of the iron particles and is accompanied by
their electrochemical dissolution.

In an acidic sulfuric acid medium, metallic iron undergoes anodic dissolution by
Reaction (7):

Fe’ — Fe?* + 2e~ 7)

The released electrons reduce pentavalent vanadium to the tetravalent state:
2VO* + Fe¥ + 4H' — 2VO** + Fe** + 2H,0

Unlike the oxalic acid system, metallic iron does not form stable coordination com-
plexes with vanadium. Consequently, the main driving force of the process is the electro-
chemical reduction of vanadium, followed by the dissolution of the resulting vanadium(IV)
compounds in sulfuric acid solution.

The resulting vanadyl ion (VO?*) exhibits significantly higher solubility than vana-
dium(V) compounds and predominantly exists in solution as sulfate complexes. This
suppresses the formation of sparingly soluble polyvanadate species and promotes the
continued dissolution of vanadium-bearing phases from the catalyst.

https://doi.org/10.3390 /met16080866


https://doi.org/10.3390/met16080866

Metals 2026, 16, 866

10 of 19

Simultaneously, the dissolution of metallic iron results in the accumulation of Fe?*
ions in solution. However, owing to the relatively high redox potential of the system and
the presence of residual vanadium(V) species as well as dissolved oxygen, Fe?* is readily
oxidized to Fe3':

Fe?* — Fe3* + e~ 8)

As a result, Fe®* ions predominate in the pregnant leach solution, whereas the concen-
tration of Fe?* remains below the detection limit of the analytical method. The experimental
results fully support this mechanism: the concentration of Fe** in the solution reached
5.6 g/L, while Fe?* was not detected.

The experimental results of reductive leaching using metallic iron are summarized in
Tables 7 and 8.

Table 7. Experimental results of reductive leaching using metallic iron.

Fe Dosage (wt.% o . v Stirring Solution 'V Recovery, Standard
Run No. of S%/C). S/IL t°C T min. Speed pH % Ty Deviation, %
(rpm).

1 1 7.0 25 90 283 1.38 90.4 +0.7

2 2 7.0 50 90 260 1.51 91.2 +0.3

3 3 7.0 70 90 275 1.40 92.0 +0.4

4 5 7.0 51 90 260 1.44 94.5 +0.8

5 8 7.0 25 90 278 1.26 93.1 +0.5

6 10 7.0 25 90 285 1.49 95.1 +0.3

7 2 7.0 25 30 290 1.37 89.5 +0.6

8 3 7.0 50 60 275 1.51 90.7 +0.7

9 3 7.0 25 90 274 143 93.1 +0.2

10 2 7.0 25 120 261 1.40 90.2 +0.4
Table 8. Chemical composition of the pregnant leach solution after reductive leaching using metallic
iron (wt.%).

Run No. Al Si P Cl Ca Ti A\ Mn Fe
1 0.470 0.010 0.2314 0.183 0.0211 0.028 0.791 0.012 1.284
2 0.380 0.008 0.1875 0.097 0.0196 <0.03 0.682 0.008 1.193
3 0.490 ND 0.2361 ND 0.0255 0.052 0.797 0.012 1.317
4 0.340 0.007 0.2187 0.112 0.0247 0.042 0.772 0.010 1.984
5 0.354 0.009 0.1921 0.089 0.0238 0.034 0.558 0.007 2.426
6 0.420 0.007 0.1789 0.093 0.0269 <0.027 0.682 0.011 0.934
7 0.487 ND 0.2154 0.076 0.0263 0.041 0.713 0.008 1.218
8 0.423 0.007 0.1981 ND 0.0245 <0.032 0.791 0.009 1.007
9 0.411 ND 0.1637 0.119 0.0247 0.041 0.746 0.008 1.011
10 0.398 0.008 0.2297 ND 0.211 0.034 0.691 0.008 1.090

The experimental results demonstrate that, at a metallic iron dosage of 2-3 wt.% rela-
tive to the initial catalyst mass, vanadium extraction reached approximately 91% under
a solid-to-liquid ratio of 1:7. Under these conditions, the pregnant leach solution con-
tained 8.69 g/L of V(IV) and 0.86 g/L of V(V). The concentration of Fe** reached 5.6 g/L,
whereas Fe?" was not detected. The residual vanadium content in the leaching residue
was approximately 0.7 wt.%. These results indicate that the obtained pregnant leach so-
lution does not require an additional iron oxidation step prior to the sorption process
because iron is already predominantly present in the ferric state while maintaining a high
vanadium concentration.
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The use of metallic iron as the reducing agent suppresses the formation of sparingly
soluble polyvanadate phases, promotes the stabilization of vanadium in solution predomi-
nantly as the vanadyl ion, and enhances both vanadium recovery and the selectivity of the
subsequent sorption process.

The phase composition of the residues obtained after reductive leaching with metallic
iron is presented in Figure 3.
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Figure 3. Phase composition of the residue after reductive leaching of spent vanadium catalyst using
metallic iron as the reducing agent.

The residue consists of four major phases. The dominant phase is amorphous silica
(38.5 wt.%), followed by quartz (33.7 wt.%) and a complex calcium-magnesium silicate
phase (26.72 wt.%). The vanadium oxide content in the residue was 1.08 wt.%.

An additional advantage of metallic iron is its low reagent consumption. Experimental
results demonstrated that the addition of only 2-3 wt.% metallic iron, relative to the catalyst
mass, provided approximately 91% vanadium recovery, while the vanadium concentration
in the pregnant leach solution reached 8.69 g/L, predominantly in the form of V(IV). The
resulting solution exhibits a favorable Fe-V speciation and can be directly subjected to
sorption without a preliminary iron oxidation step, thereby considerably simplifying the
subsequent hydrometallurgical processing.

Thermodynamic modeling further indicates that, in the V-Fe-P-S system, the forma-
tion of stable phosphate complexes and sparingly soluble phosphate phases is primarily
associated with Fe(IlI), whereas phosphate complexes of vanadium are thermodynamically
insignificant within the investigated pH range. It should be emphasized that this conclusion
is based on thermodynamic equilibrium calculations. The experimental leaching results
confirm that the use of metallic iron produces pregnant leach solutions with high vanadium
concentrations while minimizing the adverse influence of phosphorus, thereby creating
favorable conditions for improving the selectivity of subsequent vanadium sorption.

The obtained results demonstrate that the reducing agent serves not only as a reagent
for the reduction of vanadium(V), but also as a key factor governing the chemical compo-
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sition and aqueous speciation of the pregnant leach solution. The predominant species
of vanadium, iron, and phosphorus formed during leaching determine the subsequent
behavior of the solution during sorption and ultimately affect vanadium recovery selectiv-
ity. Therefore, the choice of reducing agent should be regarded as a critical parameter for
controlling the overall selectivity of the hydrometallurgical processing flowsheet for spent
vanadium catalysts.

3.2. lonic Equilibria and Chemical Speciation

Vanadium and phosphorus exhibit similar chemical behavior in aqueous solutions
owing to their ability to form stable oxoanionic and polymeric species. Under oxidizing
conditions, vanadium(V), similarly to phosphorus(V), predominantly exists as oxygen-
containing anions that readily undergo polymerization and complex formation.

In aqueous solutions, phosphorus is mainly present as orthophosphate species by
Reaction (9):

H3;PO,; — HyPO,~ — HPO,2™ — PO, ©9)

Similarly, vanadium(V) exists in acidic and weakly acidic media as vanadate and
polyvanadate species by Reaction (10):

VO,© — HVO42_ — V100286_ (10)

In hydrometallurgical solutions obtained during the processing of spent vanadium
catalysts, this similarity has important practical implications. Phosphate ions compete
with vanadate species during vanadium sorption because many anion-exchange resins
exhibit comparable affinity toward phosphorus and vanadium oxoanions. Consequently,
the presence of phosphorus decreases the sorption capacity of the resin for vanadium and
reduces the overall selectivity of the process. Thermodynamic analysis showed that, in the
investigated sulfate system, Fe(Ill) ions and phosphate species are the principal competitors
affecting selective vanadium sorption. Their presence influences both the distribution of
aqueous species and their interaction with ion-exchange materials.

Thermodynamic modeling was performed to investigate the ionic equilibria of vana-
dium together with the accompanying elements, including iron, phosphorus, and alu-
minum, in the obtained leach solutions.

Figure 4a presents the calculated speciation diagram for the pregnant leach solution
obtained by reductive leaching with metallic iron. The modeled solution contained 130 mM
V(IV), 236 mM Fe(III), 2.22 M SO,4%~, and 46 mM PO,3~. The calculations demonstrated
that, over the pH range of 0-3, vanadium(IV) exists predominantly as the sulfate complex
VOSQOy4, whose fraction increases from approximately 85% to nearly 100% with increasing
pH. Free vanadyl ions (VO?*) are present in appreciable amounts (up to 15%) only under
strongly acidic conditions (pH < 1.0). No phosphate complexes of vanadium(IV) were
predicted under these conditions. This behavior can be attributed to the preferential binding
of phosphate ions by Fe(IlI), together with the high sulfate concentration in solution.

The addition of oxalate ligands to the pregnant leach solution produced by reductive
leaching with oxalic acid (Figure 4b) markedly alters the aqueous speciation of vana-
dium(IV). The modeled system contained 10 mM oxalate ions in a sulfate-phosphate
solution. Under these conditions, vanadium(IV) was distributed mainly between two
aqueous species:

- the monoligand oxalate complex VO(C;04), and
- the bis(oxalato) complex VO(Cy04),%.
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Figure 4. Thermodynamic distribution of vanadium species as a function of pH: (a) presents the
calculated speciation diagram for the pregnant leach solution obtained by reductive leaching with
metallic iron, (b) presents the calculated speciation diagram for the pregnant leach solution obtained
by reductive leaching with oxalic acid.

At pH ~ 0, the monoligand complex accounts for approximately 35-40% of the
dissolved vanadium, whereas the bis(oxalato) complex represents 60-65%. As the pH
increases to 0.3-0.5, the concentration of the monoligand species rapidly decreases to nearly
zero. Simultaneously, the fraction of VO(C,04),2~ increases to 95-99% at approximately
pH 0.8-1.0 and remains essentially constant throughout the remainder of the investigated
pH range.

These results indicate the exceptionally high stability of the bis(oxalato) vanadyl
complex. Even in the presence of relatively high concentrations of sulfate and phosphate
ions, these anions contribute negligibly to the coordination environment of vanadium(IV).
This behavior is attributed to the substantially higher stability constant of the oxalate
complex, resulting from the strong chelating ability of oxalate, which forms two five-
membered coordination rings around the vanadyl ion. Consequently, oxalate effectively
displaces not only coordinated water molecules but also competing inorganic ligands
from the primary coordination sphere of vanadium. Similar behavior has previously
been reported for vanadium-oxalate systems, where virtually all dissolved vanadium(IV)
exists as VO(C04),% ™ at pH values above 1. It should be noted that this sharp change
in vanadium speciation is not associated with hydrolysis but rather with the sequential
coordination of a second oxalate ligand by Reaction (11):

VO(Cy04) + C04%~ = VO(Cy04),> (11)

The speciation diagram of phosphate species in the pregnant leach solution obtained
by reductive leaching with metallic iron is presented in Figure 5a. The modeled solution
contained 130 mM V(IV) and 236 mM Fe(Ill). The calculations indicate that phosphate
distribution is primarily governed by heterogeneous precipitation. Under strongly acidic
conditions (pH < 0.15), phosphorus remains in solution predominantly as molecular phos-
phoric acid (H3PO,, approximately 68%) and the ferric phosphate complex FeH,PO,2*
(approximately 32%). At a critical pH of approximately 0.15, intensive precipitation of
hydrated ferric phosphate (FePO4-2H,0) is initiated. At pH > 1.0, phosphate ions are
almost completely removed from solution through precipitation, with nearly 100% of the
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Figure 5. Thermodynamic distribution of phosphorus species as a function of pH: (a) presents the
calculated speciation diagram for the pregnant leach solution obtained by reductive leaching with
metallic iron; (b) presents the calculated speciation diagram for the pregnant leach solution obtained
by reductive leaching with oxalic acid.

The addition of oxalate ligands to the pregnant leach solution obtained by reductive
leaching with oxalic acid (Figure 5b), together with a decrease in the Fe3* /PO,*>~ molar
ratio to 0.36, substantially alters the phosphate equilibria. The calculations show that
within the pH range of 0.0-0.45, phosphorus remains predominantly in solution as H3POy,
accounting for more than 85% of the total phosphorus. The precipitation of FePO4-2H,0
begins at approximately pH 0.45. However, the amount of precipitated ferric phosphate
is limited by the insufficient concentration of Fe?* ions and does not exceed 36% of the
total phosphorus.

The excess dissolved phosphorus subsequently undergoes stepwise dissociation with
increasing pH, leading to the formation of H,PO4~ ions. At pH 3.0, dihydrogen phosphate
becomes the dominant dissolved phosphorus species, accounting for approximately 56%
of the total phosphorus. Unlike the metallic iron system, where nearly all phosphorus is
immobilized as ferric phosphate, the oxalic acid system contains an excess of dissolved
phosphate species because of the deficiency of ferric ions.

These results indicate that phosphate ions preferentially react with Fe(IlI), and only
after the available ferric ions have been completely consumed do free phosphate species
remain in solution as H,PO,4 ™.

The thermodynamic distribution of iron species in the pregnant leach solution obtained
by reductive leaching with metallic iron is presented in Figure 6a. The calculations showed
that at pH < 2.1, dissolved iron exists almost exclusively as sulfate complexes, namely
FeHSO,%*, FeSO,*, and Fe(SO4)% ™.

Within the pH range of 0.15-1.0, approximately 19.5% of the total iron is incorporated
into the solid ferric phosphate phase, FePO4-2H4O. The amount of precipitated ferric phos-
phate is limited by the initial phosphate concentration in the solution. These results further
confirm the strong affinity of Fe(IIl) toward phosphate ions. The remaining dissolved iron
predominantly exists as sulfate complexes owing to the excess concentration of ferric ions

https:/ /doi.org/10.3390/met16080866


https://doi.org/10.3390/met16080866

Metals 2026, 16, 866

15 of 19

[Fe*)
[Vo¥
1.0

0.8

0.6

Fraction

= 236.00 mM
= 130.00 mM

TOT
TOT

FeHS0,2*

in the solution. At pH values above 2.1, extensive hydrolysis of the sulfate complexes
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of the total iron is present as the solid oxide phase.
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Figure 6. Thermodynamic distribution of iron species as a function of pH: (a) presents the calculated
speciation diagram for the pregnant leach solution obtained by reductive leaching with metallic iron;
(b) presents the calculated speciation diagram for the pregnant leach solution obtained by reductive
leaching with oxalic acid.

The speciation of Fe(III) in the pregnant leach solution produced by reductive leaching
with oxalic acid (Figure 6b) was investigated under conditions of iron deficiency relative to
phosphate (Fe3* /PO,3>~ = 0.36) in the presence of oxalate ligands. The calculations revealed
that at pH < 0.5, dissolved iron is distributed mainly among sulfate complexes (FeHSO4%*
and FeSO,*) and the soluble phosphate complex FeH,PO,2*. The fraction of the oxalate
complex Fe(ox)* remains below 4% throughout the investigated pH range. As the pH
increases above 0.20, rapid heterogeneous precipitation of FePO4-2H,O is initiated. Because
phosphate ions are present in stoichiometric excess, complete precipitation of Fe(Ill) as
FePO4-2H,0 is achieved at pH > 1.5. Consequently, the formation of ferric hydroxides
and iron oxides becomes thermodynamically unfavorable throughout the investigated pH
range up to pH 3.0.

Table 9 summarizes the stability constants of the major dissolved complexes and
the solubility product of ferric phosphate, providing insight into the behavior of vana-
dium, iron, and phosphorus during reductive sulfuric acid leaching and the subsequent
sorption process.

Table 9. Stability constants of the major dissolved complexes and the solubility of ferric phosphate.

Complex Reaction 1Ig K (25 °C) 1g K (50 °C) 1Ig K (75 °C) Interpretation
VOSO, VO?* + 50,42~ — VOSO,° 2.45 2.58 2.74 More stable
FeH,PO42* Fe3* + HyPO,~ — FeH,PO42* 5.43 5.21 4.96 Less stable
FeHSO,2* Fe3* + HSO,~ — FeHSO,%* 2.48 2.65 2.84 More stable
FePO,-2H,O  FePO4-2H,0 — Fe3* + PO,3~ + 2H,0 —26.0 —26.9 —28.1 Lower solubility

Comparison of the stability constants indicates that FeH,PO,2" is the most thermo-
dynamically stable dissolved complex among those investigated. At 25 °C, the stability
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constant of FeH,PO,2* is log K = 5.43, whereas the corresponding values for FeHSO,**
and VOSOy are 2.48 and 2.45, respectively. These results indicate that Fe(IlI) forms substan-
tially more stable complexes with dihydrogen phosphate (H,PO4 ™) than with hydrogen
sulfate (HSO4 7).

From a practical perspective, these calculations indicate that the presence of phosphate
ions promotes the selective removal of iron from solution. Ferric ions preferentially bind
with phosphate to form sparingly soluble ferric phosphate, whereas vanadium remains
dissolved. The marked difference in complex stability provides the thermodynamic basis
for the selective separation of iron and vanadium in sulfuric acid solutions.

Increasing the temperature enhances the stability of dissolved sulfate complexes
of both vanadium and iron, as reflected by the increasing log K values for VOSOy
and FeHSO,%*.

At the same time, the stability of the soluble FeH,PO,%* complex decreases, while the
solubility of FePO4-2H,0 is reduced. As a consequence, elevated temperatures favor the
precipitation of iron as ferric phosphate while maintaining vanadium in solution.

3.3. Correlation Between Thermodynamic Modeling and Experimental Results

The results of thermodynamic modeling are in good agreement with the experimental
data obtained during the reductive leaching of vanadium. For the system employing
metallic iron as the reducing agent, the calculations predicted that, at pH 1.3-1.5, vana-
dium(IV) predominantly exists as the VOSO,4 complex. The predominance of this sulfate
complex stabilizes vanadium in solution and suppresses the formation of sparingly soluble
vanadium compounds. These predictions are fully consistent with the experimental results,
which demonstrated vanadium recoveries of 91-95% without any evidence of secondary
vanadium precipitation.

For the oxalic acid system, thermodynamic modeling predicted that VO(C,04),%~ be-
comes the dominant vanadium species at pH values above 1.0. The formation of this highly
stable oxalate complex explains the high vanadium recovery (up to 95.2%) by stabilizing
vanadium(IV) in solution throughout the leaching process. The calculations further indicate
that phosphate ions preferentially interact with Fe(III) to form FePOy,-2H,0, thereby mini-
mizing the influence of phosphorus on the subsequent sorption of vanadium. Accordingly,
thermodynamic modeling should not be regarded as independent proof of the proposed
mechanism but rather as a powerful tool for interpreting the experimental observations
and explaining the chemical behavior of the system under the investigated conditions.

A comparative evaluation of the two reducing agents demonstrated that oxalic acid
provides the highest vanadium recovery (95.2%); however, this requires a relatively high
reagent consumption (20-25 wt.% of the catalyst mass). In addition, stable oxalate com-
plexes remain in the pregnant leach solution after leaching, which may influence the
subsequent sorption stage. In contrast, metallic iron achieved a comparable vanadium
recovery (91-92%) while requiring only 2-3 wt.% of the catalyst mass. Additional advan-
tages of metallic iron include its wide industrial availability, low cost, and the absence
of organic residues in the pregnant leach solution, thereby simplifying downstream hy-
drometallurgical processing. The obtained results demonstrate that the reducing agent
serves not only as a reagent for the reduction of vanadium(V), but also as an effective tool
for controlling the chemical composition and aqueous speciation of the pregnant leach
solution. The predominant species of vanadium, iron, and phosphorus formed during
leaching govern the subsequent behavior of the solution during the sorption process.

Therefore, the choice of reducing agent should be regarded as one of the key fac-
tors controlling the selectivity of the entire hydrometallurgical processing flowsheet for
spent vanadium catalysts. Overall, although oxalic acid provides slightly higher vana-
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dium recovery, metallic iron appears to be the more promising reducing agent from both
the techno-economic and industrial implementation perspectives. More importantly, the
present study demonstrates that controlling the reducing agent enables purposeful regula-
tion of solution chemistry at the leaching stage, thereby creating favorable conditions for
the selective recovery of vanadium during subsequent hydrometallurgical processing.

4. Conclusions

Based on a combination of comprehensive experimental investigations and thermody-
namic modeling, the formation mechanisms of the chemical composition of pregnant leach
solutions generated during the reductive sulfuric acid leaching of spent vanadium catalysts
using different reducing agents were established for the first time. It was demonstrated that
the nature of the reducing agent governs the predominant aqueous speciation of vanadium,
iron, and phosphorus, thereby enabling targeted control of the selectivity of subsequent
vanadium recovery by sorption through the regulation of ionic equilibria already at the
leaching stage.

Experimental results showed that oxalic acid achieved a vanadium recovery of up
to 95.2%, whereas metallic iron provided a comparable extraction efficiency (up to 95.1%)
while requiring a substantially lower reagent consumption (2-3 wt.% of the catalyst mass)
and offering greater technological and economic advantages.

Thermodynamic modeling demonstrated that, in sulfuric acid solutions containing
metallic iron as the reducing agent, vanadium(IV) exists predominantly as the VOSO4
complex over the pH range of 0-3, whereas in oxalic acid systems it is mainly present
as the VO(C,04),2~ complex. Phosphate ions preferentially interact with Fe(III), thereby
suppressing the formation of stable phosphate complexes of vanadium. The calculations
further showed that increasing the temperature stabilizes the sulfate complexes of vana-
dium and iron while simultaneously decreasing the solubility of FePO4-2H,O, thereby
promoting the selective precipitation of iron without significant vanadium loss. Com-
parison of the stability constants revealed that Fe(Ill) forms substantially more stable
complexes with dihydrogen phosphate ions (H,PO4 ™) than with hydrogen sulfate ions
(HSO4~). Among the investigated dissolved species, FeH,PO4%* exhibited the highest
stability (log K = 5.43-4.96), whereas the stability of FeHSO,?* and VOSO, was consider-
ably lower (log K ~ 2.4-2.8). These thermodynamic relationships provide the basis for the
selective separation of iron and vanadium in sulfuric acid media.

The obtained results demonstrate that controlling the chemical composition of the
V-Fe-P-S system enables effective separation of vanadium and iron prior to the sorption
stage. The precipitation of iron as ferric phosphate decreases the concentration of com-
peting impurities, minimizes the adverse effect of phosphorus on ion-exchange processes,
and creates favorable conditions for the selective sorption recovery of vanadium. More
importantly, the present study demonstrates that the reducing agent should be considered
not only as a reagent for vanadium reduction but also as a key process parameter for con-
trolling solution chemistry and enhancing the overall selectivity of the hydrometallurgical
processing of spent vanadium catalysts.
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