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ABSTRACT

The growing demand for molybdenum and the use of low-grade and man-made raw materials in processing necessitate the development of effective hydrometallurgical
methods for extracting it from complex solutions. In this work, the sorption behavior of molybdenum from sulfuric acid solutions was studied using a weakly basic
anionite Purolite A-100. Sorption experiments were performed under static conditions at 25 °C with varying initial molybdenum concentrations, and the equilibrium
data were analysed using the Langmuir, Freundlich, and Dubinin—Radushkevich models to evaluate the nature of the interaction and describe the sorption process. It is
shown that the equilibrium is best described by the Langmuir model (R? = 0.9868), indicating a predominant monolayer sorption. The calculated average sorption
energy (E =~ 6.28 kJ/mol) indicates that the sorption process occurs predominantly through weak physicochemical interactions, with a contribution from ion-exchange
mechanisms. With an increase in the concentration of molybdenum, a decrease in the degree of extraction is observed, associated with saturation of the active centers of
the sorbent, while the formation of sulfate forms of molybdenum and competition of sulfate ions in a sulfuric acid medium have a significant effect. The results
obtained characterise the equilibrium behaviour of molybdenum in sulfuric acid solutions and can be used to develop and optimise ion-exchange technologies for its

extraction from acidic media.
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INTRODUCTION

Molybdenum is a strategically important metal in modern industry, widely used
in metallurgy, chemical technology, energy and catalyst production. The main
share of its consumption is related to the production of alloy steels, where it
provides increased strength, heat resistance and corrosion resistance of materials.
At the same time, molybdenum is widely used in oil refining, electronics, and
energy systems due to its unique physicochemical properties and the stability of
its compounds in various media [1, 2].

Current trends in global industry development are accompanied by a steady
increase in demand for molybdenum and in its extraction and processing. At the
same time, the market is characterized by high volatility due to dependence on
the steel industry and fluctuations in prices for ferromolybdenum and
molybdenum concentrate. According to industry-wide analytical reviews, in
2025, there were significant price changes driven by demand from metallurgical
enterprises and external economic factors [3, 4].

A significant proportion of molybdenum is produced as a by-product in the
processing of copper porphyry ores (up to 55-60%), which makes its supply
dependent on the dynamics of the copper industry. At the same time, the limited
molybdenum resource base and projected depletion trends necessitate the use of
low-grade ores and secondary sources, including metallurgical waste and spent
catalysts [1].

The main industrial source of molybdenum is molybdenite (MoS,), which is
subjected to enrichment and subsequent processing. The traditional technological
scheme includes oxidative firing to produce molybdenum oxide (MoOs3),
followed by hydrometallurgical processing [5]. However, traditional
pyrometallurgical processes, in particular the firing of molybdenum, are
characterized by a number of disadvantages, primarily significant emissions of
sulfur dioxide (SO,). Against the backdrop of stricter environmental requirements
and the gradual depletion of high-grade raw materials in recent years, increasing
attention has been paid to developing hydrometallurgical processing methods that
focus on processing low-grade materials and reducing the environmental burden
[21.

Hydrometallurgical processing of molybdenum-containing raw materials includes
a leaching stage that produces solutions of complex composition containing
molybdenum along with associated elements such as iron, copper, and vanadium
[6]. In aqueous solutions, molybdenum is predominantly present in the Mo (VI)
oxidation state as oxoanions, including the molybdate ion (MoO,*) and various
polymolybdate forms, which significantly complicates its extraction and

separation [7]. The chemical state of molybdenum in solution is determined by
the acidity of the medium, the ionic strength and the presence of complexing
components, which requires a detailed study of the process conditions.

Various methods are used to extract molybdenum from solutions, including
chemical precipitation, solvent extraction, membrane technologies, and sorption
processes. Precipitation methods are characterized by technological simplicity,
but they do not provide high selectivity and are often accompanied by the
formation of concomitant phases. Extraction processes are widely used in
industry due to their high efficiency, but their application is limited by the
complexity of phase interactions, the formation of emulsions, and sensitivity to
solution composition [8]. Membrane methods, including liquid membranes, can
achieve a high degree of molybdenum extraction but require complex hardware
design and system stability control [9].

Against this background, ion exchange sorption is considered one of the most
promising methods for extracting molybdenum from aqueous solutions. The
advantages of this method are high selectivity, the ability to control metal
concentration, relative simplicity of implementation, and the possibility of
sorbent regeneration. Experimental studies show that the degree of molybdenum
recovery on anion exchange resins can reach 88-98%, depending on the process
conditions and the type of sorbent [10, 11]. At the same time, literature data
indicate the method's high efficiency, as evidenced by high sorption capacity
values [12].

An important factor determining the effectiveness of sorption processes is the
chemical form of molybdenum in solution. Depending on the pH and
composition of the medium, molybdenum can be present in the form of various
anionic forms, including polymolybdate complexes, which have a significant
effect on the mechanism of its interaction with the sorbent. In acidic
environments, the formation of molybdenum sulfate complexes with reduced
sorption capacity is possible, as well as the competition of sulfate ions for the
active centers of the sorbent, which leads to a decrease in the efficiency of the
process and a change in its equilibrium and kinetic characteristics. In this regard,
the kinetics of molybdenum sorption are complex and multi-stage, comprising
external diffusion, chemical interaction, and intrapore diffusion. The results
indicate that at the initial stage (0-10 min), the process is controlled by external
diffusion, whereas at subsequent stages, the transformation of unsorbable forms
of molybdenum into sorbed hydroxocomplexes, as well as diffusion within the
sorbent's micropores, plays an essential role [13]. These features require adequate
kinetic models to describe the process and identify the limiting stages.
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An additional factor influencing sorption is the nature of the sorbent. In addition
to traditional ion-exchange resins, inorganic sorbents such as metal oxides, as
well as modified and imprinted materials with increased selectivity for the
molybdate anion, are being actively investigated [14, 15]. In such systems, the
sorption mechanism may include ion exchange, complexation, and specific ion
recognition, which expands the possibilities of controlling the extraction process.
Despite a significant number of studies devoted to the extraction of molybdenum,
the behavior of Mo in sulfuric acid solutions, which are widely used in
hydrometallurgy, remains insufficiently studied. In particular, there is insufficient
data on the effects of acidity, sulfate ion concentration, and the form of
molybdenum on the equilibrium and kinetic characteristics of sorption. In
addition, most studies have been conducted on real solutions of complex
composition, making it difficult to identify the fundamental patterns of the
process.

In this regard, it is important to conduct systematic studies of the sorption
extraction of molybdenum from model sulfuric acid solutions, which allow
control of the medium composition and a detailed study of the influence of the
main factors on the sorption process. The purpose of this work is to study the
sorption extraction of molybdenum from model sulfuric acid solutions by
constructing sorption isotherms, analyzing the kinetics of the process, and
evaluating the effect of the main technological parameters on sorption capacity
and extraction efficiency.

MATERIAL AND METHODS

Materials

Model solutions were prepared on the basis of sulfuric acid (H,SO,, analytical
grade) by dissolving molybdenum oxide (MoOs, analytical purity) as a source of
molybdenum ions. According to preliminary experiments, Purolite A-100 resin
(Purolite, Great Britain) exhibited the highest efficiency in extracting
molybdenum from sulfuric acid solutions; therefore, it was selected for further
study. Resin is a weakly basic anion exchanger based on a styrene-
divinylbenzene matrix with tertiary amine functional groups, supplied in free
form.

Equipment

Sorption experiments were performed using a KS 3000i control orbital shaker
(IKA-WERKE, Germany), Shimadzu analytical scales (Shimadzu Corporation,
Japan), a SNOL drying cabinet (AB UMEGA, Lithuania), and an AE-14-Ya-FP
laboratory distiller (Ferroplast Medical LLC, Russia). The molybdenum
concentration in solutions was determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) on an Optima 8300 DV spectrometer
(PerkinElmer Inc., USA).

The methodology of the experiment

A model initial molybdenum solution was obtained by dissolving molybdenum
oxide (MoOs) in a sulfuric acid medium at 40 °C, followed by dilution to
operating concentrations with a free sulfuric acid content of 120 g/L. Working
solutions with molybdenum concentrations ranging from 354.5 to 2225.3 mg/L
were prepared by successively diluting the initial solution with distilled water.
Sorption experiments were carried out in static mode at 25 °C for 6 hours at a
stirring speed of 220 rpm. In each experiment, 200 mL of the solution was
contacted with a sample of Purolite A-100 anionite weighing 1.3 g dry weight.
Before use, the sorbent was converted into a working form and pre-swelled in
distilled water to a constant volume.

Sorption experiments were carried out in static mode in accordance with the
specified experimental procedure (Fig. 1), using the specified process parameters
and ensuring uniform mixing of the phases until sorption equilibrium was
reached.
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Fig. 1 Experimental setup for molybdenum sorption

Sorption experiments were performed in three parallel repetitions. The values of
the equilibrium sorption capacity (q.) and the degree of molybdenum extraction
(R) were determined as averages based on the results of parallel experiments. The
equilibrium sorption capacity was calculated by the expression:

o (CO - Ce) Y (1)
qe = —  m
The degree of molybdenum extraction was calculated by the expression:

(Cu — Ce) R
Co

@

R= 100

where, Cy is the initial concentration of molybdenum in solution, mg/L; C. is the
equilibrium concentration of molybdenum, mg/L; V is the volume of the
solution, 1; m is the mass of the dry sorbent, g.

The equilibrium sorption parameters, including the initial and equilibrium
molybdenum concentrations, as well as the sorption capacity, are shown in Table
1.

Table 1 Equilibrium parameters of Mo sorption

Ne Co, mg/L C., mg/L Qe M/g
1 3545 193.77 24.73
2 1150.8 820.18 50.87
3 1375.0 1040.88 51.40
4 1745.6 1426.50 49.09
5 22253 1870.81 54.54

The equilibrium Mo sorption data were approximated by the Langmuir [16,17],
Freundlich and Dubinin—Radushkevich models (D-R) [18-20].

The Langmuir model, which describes monolayer sorption on an energetically
homogeneous surface, is presented as:

_ QmaxKLCe

— Jmaxilre 3
1+K.Ce ®)

Qe

where gmax 1S the maximum sorption capacity (mg/g), Kp is the Langmuir
constant (L/mg), and C. is the equilibrium concentration.
The Freundlich model, which accounts for surface heterogeneity, is given by:

qe = KeCl" “
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where K; is the Freundlich constant related to sorption capacity and n is the
sorption intensity parameter.
The Dubinin—Radushkevich model was applied to evaluate the nature of sorption:

Inq, = Inqpg — Bpre? )

where qp is the theoretical saturation capacity (mg/g), B is a constant related to
sorption energy, and ¢ is the Polanyi potential defined as:

e=RThn 1+ Cie) ©)

The mean sorption energy E (kJ/mol) was calculated as:

1

v 2Bpr

The model parameters were determined by linear regression of linearized
dependencies, and the quality of approximation was evaluated by the coefficient
of determination R%.

E=

O

RESULTS AND DISCUSSION

The dependence of the degree of molybdenum extraction on its initial
concentration is shown in Fig. 2. The results indicate that with an increase in the
concentration of Mo in solution from 354.5 to 2225.3 mg/L, the degree of
extraction naturally decreases from 45.34 to 15.93%. The highest efficiency of
the process is observed in the region of low concentrations, which is due to a
significant excess of the number of active anionite centers over the number of
sorbed ions. As the concentration of molybdenum increases, the degree of
extraction gradually decreases to 28.73% and 24.3% at 1150.8 and 1375.0 mg/L,
respectively, which is associated with increased load on the sorbent and partial
saturation of functional groups. At higher concentrations of 1745.6-2225.3 mg/L,
the extraction rate decreases to 18.28-15.93%, indicating a transition to an area
limited by ion-exchange capacity. The observed dependence reflects the typical
behavior of sorption systems and indicates the effect of saturation of active
centers and competing processes in solution on the efficiency of molybdenum
extraction.
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Fig. 2 Dependence of molybdenum extraction on its initial concentration for
Purolite A-100 anionite

The linearized dependence of C./q. on C, shown in Fig. 3, demonstrates a high
degree of linearity (R*> = 0.9868), which indicates the good agreement of
experimental data with the Langmuir model. The results obtained indicate the
realization of predominantly monolayer sorption of molybdenum on a limited
number of energetically equivalent active centers of the anionite.
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Fig. 3 Linearized isotherm of Mo sorption on Purolite A-100 anionite in
coordinates of the Langmuir model

The linear dependence confirms the absence of pronounced intermolecular
interactions between the sorbed particles and indicates the formation of a single-
layer coverage of the sorbent surface. The values of the coefficients of the
equation make it possible to determine the isotherm parameters characterizing the
maximum sorption capacity and the affinity of the sorbent to molybdenum. The
gmax value obtained (60.98 mg/g) indicates a relatively high sorption capacity of
the Purolite A-100 anionite for Mo in sulfate media.

Overall, the data obtained confirms the applicability of the Langmuir model to
describe Mo sorption in the system under study and is consistent with the
mechanism of ion-exchange extraction in weakly basic anionites.
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Fig. 4 Linearized isotherm of Mo sorption on Purolite A-100 anionite in the
coordinates of the Freundlich model

The linearized dependence of log q. on log C., shown in Fig. 4, is characterized
by a satisfactory degree of linearity (R?> = 0.8992), which indicates the
applicability of the Freundlich model to describe sorption equilibrium in the
system under study.

The obtained model parameters reflect the heterogeneous nature of the sorbent
surface and the presence of energetically heterogeneous active centers. The value
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of 1/n <1 indicates the favorable nature of molybdenum sorption and the high
affinity of the sorbent to recoverable ions in the low concentration range. The
moderate Ky value (4.07) further confirms the significant affinity of the sorbent
for molybdenum ions.

At the same time, the lower coefficient of determination compared to the
Langmuir model indicates that the Freundlich model describes the experimental
data less accurately but allows us to account for the contribution of surface
heterogeneity to the sorption process.
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Fig. 5 Linearized isotherm of Mo sorption on Purolite A-100 anionite in
coordinates of the Dubinin—Radushkevich model

The linearized dependence of In q. on €2, shown in Fig. 5, is characterized by a
satisfactory degree of linearity (R?> = 0.914), which indicates the applicability of
the Dubinin—Radushkevich model to describe the sorption process.

The isotherm parameters obtained allow us to evaluate the nature of the
interaction between molybdenum ions and the sorbent's functional groups. The
calculated qp value (77.5 mg/g) is consistent with the system's high sorption
capacity. The calculated average sorption energy (E = 6.28 kJ/mol) indicates that
the process occurs within the range of weak physicochemical interactions, with a
contribution from ion-exchange mechanisms.

It should be noted that a slightly lower coefficient of determination than the
Langmuir model indicates heterogeneity of the sorption surface and the possible
involvement of additional factors affecting the distribution of molybdenum
between phases.

The calculated parameters of the sorption isotherms are shown in Table 2. The
highest degree of agreement with experimental data is observed for the Langmuir
model (R* = 0.9868), indicating predominantly monolayer sorption and a uniform
distribution of active sites on the sorbent surface. The maximum sorption
capacity is 60.98 mg/g, and the value of the parameter R, = 0.0966 indicates a
favorable sorption pattern.

The Dubinin—Radushkevich model also demonstrates a satisfactory description of
the process (R2 = 0.914). The calculated sorption energy (E = 6.28 kJ/mol)
indicates that the process occurs in the range of predominantly weak
physicochemical interactions accompanied by ion-exchange effects.

The Freundlich model is characterized by a lower coefficient of determination
(R2 =0.8992), but reflects the heterogeneity of the sorbent surface. The value of
n = 2.82 indicates favorable conditions for the sorption of molybdenum,
especially in the area of low concentrations.

In general, a cumulative analysis of the models shows that the sorption of Mo on
Purolite A-100 anionite predominantly obeys the Langmuir model, with surface
heterogeneity accounted for by the Freundlich and Dubinin—Radushkevich
models.

Table 2 Parameters of Mo sorption isotherms on Purolite A-100 anionite.

Model Parameter Your sorbent
Linear form y=0.0164x +3.9157
Qmax, mg/g 60.98
Langmuir Ki, L/mg 0.00420
Ry 0.0966
R? 0.9868
Linear form y = 0.3545x + 0.6096
K¢ 4.07
Freundlich I/n 0.3545
n 2.82
R? 0.8992
Linear form y=-0.0127x +4.3509
qp, mg/g 77.5
Dubinin-Radushkevich Bp 0.0127
E, kJ/mol 6.28
R? 0.914
CONCLUSION

In this work, a systematic study of the equilibrium characteristics of molybdenum
sorption from sulfuric acid solutions on a weakly basic anionite Purolite A-100
has been carried out. The results obtained show that the efficiency of the process
significantly depends on the initial concentration of molybdenum: with its
increase, the degree of extraction decreases due to the gradual saturation of the
active centers of the sorbent.

The results indicate that the sorption system is characterized by a moderately
high sorption capacity, reaching ~54.54 mg/g under experimental conditions and
60.98 mg/g according to the Langmuir model, which indicates the high efficiency
of using Purolite A-100 anionite in sulfuric acid media. Analysis of the
equilibrium data showed that sorption is most adequately described by the
Langmuir model, which indicates the predominantly monolayer nature of
sorption at energetically homogeneous active centers. At the same time, the
applicability of the Freundlich and Dubinin-Radushkevich models indicates
surface heterogeneity and the contribution of additional interactions.

The calculated value of the sorption energy (E = 6.28 kJ/mol) suggests that the
sorption process is governed mainly by weak physical interactions with partial
ion-exchange contribution. Sulfate ions and the formation of molybdenum sulfate
forms, which compete for the active centers of the sorbent and affect the
extraction efficiency, play an important role in the formation of the sorption
equilibrium.

In general, the results obtained confirm the promising use of Purolite A-100
anionite for the extraction of molybdenum from sulfuric acid solutions and can
serve as a basis for further optimization of ion exchange technologies in
hydrometallurgical processes.
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