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Abstract. This study investigates the kinetic behaviour of the reduction reaction between lead chloride (PbCl,) and lead ox-
ychloride (PbO-PbCly) with sodium carbonate in the presence of carbon in a reducing atmosphere. The relevance of this research
stems from the need to develop effective technologies for processing lead-containing secondary production dusts and to optimise
the composition of sodium-containing fluxes. Thermodynamic evaluation of the reactions using the Outotec HSC Chemistry
software package demonstrated that, within the temperature range of 500-1000°C, both reactions exhibit negative AG values and
high equilibrium constants, indicating their thermodynamic feasibility. Kinetic studies were carried out using thermogravimetric
analysis under isothermal conditions in the temperature range of 800-1100°C for the PbCl,—Na,CO3—C system and 500-800°C
for the PbO-PbCIl-Na,CO3-C system. It was established that the reductive interaction proceeds via a multistage mechanism
with a change in the rate-controlling step as the degree of conversion increases. For the PbO-PbCl,—Na,CO3s-C system, the ini-
tial stage of the process is satisfactorily described by the first-order reaction equation, indicating the predominance of chemical
control; the apparent activation energy at this stage is 33.5 kJ/mol. As the degree of conversion increases, the activation energy
rises to 62-80 kJ/mol, which indicates a transition to a regime complicated by diffusion and structural limitations. The
PbO-PbCIl,-Na,CO3-C system is characterized by higher reactivity and rapid attainment of significant conversion degrees. At
moderate conversion levels, the process proceeds predominantly under chemical control (Ea= 43-44 kJ/mol); however, at
a > 55%, an increase in activation energy up to 74 kJ/mol is observed, indicating an increasing influence of mass transfer. It is
shown that the presence of oxygen in the structure of lead oxychloride significantly affects the kinetic characteristics of the re-
ductive process in sodium-containing flux systems. The obtained results can be used in optimizing technological schemes for
processing lead-containing dusts in order to enhance metal recovery and improve the energy efficiency of the process.

Keywords: lead-containing dust, lead chloride, lead oxychloride, sodium carbonate, reductive electric smelting, solid-state
reaction kinetics, activation energy, thermogravimetric analysis.

Received: 10 March 2026

Received in revised form: 04 June 2026
Accepted: 15 June 2026

Available online: 30 June 2026

1. Introduction ture and recycling of lead-acid batteries [6-7]. These materi-
als contain lead, antimony, chlorine, and a number of associ-
ated elements which, under rational processing conditions,
can serve as sources of additional raw materials [8, 9]. How-
ever, a significant portion of such fine dust waste accumu-
lates at industrial sites, creating environmental burdens while
simultaneously representing an underutilized resource [10].
This highlights the need to develop efficient processing tech-
nologies that ensure both minimization of environmental
impact and recovery of valuable components.

Dust waste from battery recycling represents complex mul-

Secondary lead accounts for a significant share of the
global market, with approximately half of the world’s lead
consumption being met through the recycling of lead-
containing waste [1-4]. According to analytical data [5], the
global secondary lead market is estimated at approximately
USD 18.7 hillion in 2025 and is projected to grow to about
USD 26.3 billion by 2035, with an average annual growth
rate of around 3.5% (Figure 1). The high recycling rate is
driven by both economic and environmental factors, includ-
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duction of primary lead from ore I5 lead compounds — sulfates (PbSO.), sulfides (PbS), oxides
P y [5]. (PbO), oxysulfates (PbO-PbSQ4), and chloride compounds

The main contrlbuyon to the secondary_ lead marl_<et (PbCly, PbO-PbCl,) — as well as impurities of Zn, Sh, Cd, and
comes from the recycling of battery production waste, in- As [8, 11]

cluding lead-containing dusts generated during the manufac-
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Figure 1. Forecast of the secondary lead market growth
(2025-2035)

Differences in chemical reactivity and thermochemical
behavior of these compounds necessitate a differentiated
approach to their processing.

Electrothermal methods, particularly reductive electric
smelting using sodium salts, demonstrate significant potential
for the comprehensive recovery of lead and associated ele-
ments [12-14]. Sodium salts used as fluxes can be partially
replaced by calcium compounds (carbonate or oxide), which
are capable of binding chlorine from lead chloride compounds
and transferring it into the slag phase. This contributes to im-
proved process selectivity, reduced metal losses, and expan-
sion of the raw material base for fluxing agents. In the present
work, primary attention is focused on studying the Kinetic
regularities of the reductive interaction of lead chloride com-
pounds (PbCl, and PbO-PbCl,) with sodium carbonate in a
carbon-containing medium. Lead compounds of other classes,
as well as systems involving calcium-containing fluxes (Ca-
COs, Ca0), were not considered in this series of experiments
and will be the subject of further investigation.

2. Materials and methods

2.1. Raw materials

Chemically pure substances were used for the kinetic
studies to model the main chloride compounds of lead pre-
sent in battery production dust wastes: lead chloride (PbCly,
analytical grade, >99%) and lead oxychloride (PbO-PbCly,
>99%). Sodium carbonate (Na;COs, >99%) was used as a
fluxing additive, and carbon powder (=99%) served as the
reducing agent. The particle size of all components did not
exceed 0.074 mm. The sample masses were selected in ac-
cordance with the stoichiometry of the reactions under con-
sideration. The use of chemically pure reagents made it pos-
sible to eliminate the influence of extraneous impurities and
to obtain reproducible data on the kinetic characteristics of
the studied systems, thereby providing a basis for the subse-
quent extrapolation of the results to real industrial materials.

2.2 Experimental procedure

Thermodynamic analysis of the reductive reactions of
PbCl, and PbO-PbCl, with sodium carbonate in the presence
of carbon was carried out using the licensed software pack-
age Outotec HSC Chemistry v. 8.1.5 (Reaction Equations
module). Calculations were performed in the temperature
range of 500-1000°C for stoichiometric reagent compositions
with determination of the Gibbs free energy change (4G),
enthalpy change (AH), entropy change (AS), and equilibrium
constant.

Kinetic studies of the interfacial interaction of lead chlo-
ride and oxychloride compounds with fluxing additives and a
reducing agent were carried out using thermogravimetric
analysis under isothermal conditions. The experiments were
performed on a laboratory thermogravimetric setup consist-
ing of a vertical tubular electric furnace with an adjustable
working zone, a quartz reaction retort, a continuous mass
recording system, and a temperature control unit (Figure 2).
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Figure 2. Schematic diagram of the thermogravimetric setup
for studying reaction Kinetics: 1 —quartz retort; 2 — electric fur-
nace; 3 —ADV-200 analytical balance; 4 — KSP-4 potentiometer;
5—voltage regulator; 6—argon cylinder; 7 —rotameter; 8 —mano-
meter; 9 —gas purification system; 10 — tungsten—rhenium ther-
mocouple; 11 —alumina crucible with sample

The samples were heated to the required temperature with-
in the range of 500-1000°C. Isothermal kinetic experiments
were conducted primarily in the temperature interval of 800-
1100°C, corresponding to the conditions of reductive electric
smelting of lead-containing dusts. Temperature control was
maintained within £5°C using a tungsten—rhenium thermocou-
ple and an automatic regulation system. The reactions were
carried out in an inert gas atmosphere (argon), supplied to the
lower part of the reaction chamber. The argon flow ensured
the removal of gaseous reaction products and prevented oxida-
tion of the sample. The sample was placed in an alumina cru-
cible, which was positioned in the isothermal zone of the retort
and suspended from analytical balances with a measurement
accuracy of 10 g. The sample was introduced into the work-
ing zone after stabilization of the furnace temperature; the time
required to reach isothermal conditions did not exceed 1-5s.
The mass change of the sample was recorded continuously
throughout the experiment.

Kinetic parameters were determined from the dependen-
cies of the degree of conversion on time at fixed temperatures.
The approach to the analysis of kinetic data and the interpreta-
tion of temperature dependences was based on classical prin-
ciples of extractive metallurgy kinetics [15]. The degree of
conversion was calculated from the change in sample mass
associated with the release of gaseous reaction products. Ex-
perimental data were processed using the Arrhenius equation
to determine the apparent activation energy and the pre-
exponential factor. All experiments were performed in at least
three replicates; the deviation of results did not exceed 5%.
After completion of the experiment, the samples were cooled
to room temperature in an argon atmosphere, followed by
control weighing and phase analysis of the reaction products.
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3. Results and discussion

3.1. Thermodynamic assessment of the reductive reactions
of PbClz and PbO-PbCl. with Na.COs in a reducing tmos-
phere

To investigate the reductive interaction of lead chloride
and lead oxychloride with sodium carbonate in a reducing
atmosphere, two model systems were examined. System I
represent the interaction of PbClI, with sodium carbonate and
carbon, while system Il represents the reduction of
PbO-PbCl; in the presence of sodium carbonate.

For convenience, these systems are hereafter referred to
as systems (1) and (2). The overall reactions are expressed as
follows:

PbCl>+Na;CO3+C—Pb+2NaCl+CO2(g)+CO(g); @
PbO-PbCl;+Na;CO3+C—2Pb+2NaCl+2CO2(Q); 2

To preliminarily evaluate the thermodynamic feasibility of
the reactions, the Gibbs free energy change (4G) and equilib-
rium constant (K) were calculated over the temperature range
of 500-1000°C. It was found that, for both reactions, the 4G
values remain negative over the entire investigated tempera-
ture range and become more negative with increasing tempera-
ture (Table 1). Specifically, for reaction (1), 4G decreases from
—97.9 kJ/mol at 500°C to —244.3 kd/mol at 1000°C, while for
reaction (II) it decreases from —171.5 to —321.0 kJ/mol.

Table 1. Values of the Gibbs free energy change (4G) and the
logarithm of the equilibrium constant (log K) in the temperature
range of 500-1000°C

T,°C 500 600 700 800 900 1000
Reaction |
AG, k -97.947 | -127.217 -155.821 -183.780 -214.968 -244.298
Log K 6.618 7.611 8.365 8.946 9.572 10.024
Reaction Il
AG, k) -171.472 -202.021 -231.836 -260.936 -292.879 -320.974
Log K 11.586 12.087 12.445 12.702 = 13.042 13.170

The log K values for reaction () lie within 6.6-10.0, while
for reaction (I1) they fall within 11.6-13.2, reflecting a substan-
tial thermodynamic driving force and a pronounced shift of
equilibrium toward the reaction products. The more negative
AG values and higher equilibrium constants associated with
reaction (1) indicate enhanced thermodynamic stability of the
products and agree with the experimentally observed higher
reactivity of the PbO-PbCl,-Na,COs-C system.

Therefore, both reactions are thermodynamically feasible
throughout the studied temperature range, and the observed
differences in reaction rate and changes in the kinetic regime
are mainly attributable to kinetic factors rather than thermo-
dynamic constraints.

3.2. Kinetics of the reductive interaction of PbCl. and PbO-
PbCl2 with sodium carbonate in a reducing atmosphere

Although both reactions are thermodynamically feasible
throughout the studied temperature range, they exhibit mark-
edly different kinetic behaviors, requiring a detailed exami-
nation of the reaction mechanism and rate-controlling stages.

3.2.1. Kinetics of the interaction of PbCl2 with Na2COs
and C (system I)
Analysis of the kinetic data obtained under isothermal con-

ditions in the temperature range of 800-1100°C showed that the
interaction of lead chloride with sodium carbonate and carbon

proceeds with a change in the Kinetic regime as the reaction
progresses. At the initial stage of the reaction, at degrees of
conversion a < 0.2, the experimental dependences are satisfac-
torily described by the first-order reaction equation, indicating
the predominance of chemical control. As the interaction time
and the degree of conversion increase, deviations from first-
order kinetics are observed, associated with a change in the
rate-limiting step. At higher degrees of conversion, the process
shifts to a transitional regime, indicating a more complex in-
teraction mechanism and the involvement of mass transfer
factors and structural changes in the solid phase, which are
characteristic of topochemical reactions in the solid state [16].

Figure 3 presents the dependences of the degree of con-
version on time for system | at various temperatures. An
increase in temperature leads to process acceleration and the
attainment of high conversion degrees within a shorter time,
which served as the basis for the subsequent calculation of
reaction rates and Kinetic parameters.
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Figure 3. Dependence of the degree of conversion on time for
system | (PbCl—Na2C0O3-C)

Based on the experimental a(z) dependences, the reaction
rate was calculated as v =da/dt. The dependences of the
reaction rate on the degree of conversion for system | are
presented in Figure 4.
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Analysis of the obtained data shows that, at identical de-
grees of conversion, the reaction rate increases with increas-
ing temperature, particularly at the early stages of the process
(o= 0.2-0.4). As the degree of conversion increases, a de-
crease in the reaction rate and a convergence of the curves
obtained at different temperatures are observed, indicating a
change in the rate-limiting step and a transition from chemi-
cal control to a mixed kinetic regime. At 900°C, a pro-
nounced maximum is observed in the rate versus conversion
dependence in the region of a = 0.3-0.35, which is associated
with the intensification of the chemically controlled stage at
the initial stage of interaction. At a lower temperature
(800°C), this effect is less pronounced due to the slower
activation of the reaction, whereas at higher temperatures
(1000-1100°C), the rate maximum shifts toward lower de-
grees of conversion and is partially not detected experimen-
tally because of the high reaction rate.

For the initial stage of the process, described by the first-
order reaction equation (a=0.2), the apparent activation
energy determined from the analysis of the reaction rate
constants (K) is 33.5 kJ/mol. The temperature coefficient of
the rate constant varies only slightly and lies within the range
of 1.4-1.7. The obtained value reflects the kinetics of the
chemically controlled stage and corresponds to an idealized
description of the initial reaction period.

To evaluate the temperature dependence of the initial re-
action rate, the dependence of In vo on 10%T was analyzed,
where Vg is the reaction rate at the first recorded time point
(z=2.5min). The resulting relationship (Figure 5) is linear
(R?~0.97), and the calculated apparent activation energy is
about 62 kJ/mol. The higher E, value compared to that of the
chemically controlled stage is attributed to experimental
factors and the onset of structural and diffusion limitations at
elevated temperatures.
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Figure 5. Dependence of In vo on 10%T for system 1 (PbCl—
Na2C0Os-C)

In the region of higher degrees of conversion for system
I, temperature dependences of Ink wversus 10%T were
constructed (Figure 6). The linear character of the obtained
relationship (R%=0.98) confirms the applicability of the
Arrhenius equation. The calculated apparent activation
energy is approximately 80 kJ/mol, indicating a significant
complication of the interaction mechanism and a transition
from chemical control to a regime influenced by mass
transfer and the formation of a dense product layer.
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Figure 6. Dependence of In k on 10%T for system I (PbCl>—
Na2C03-C)

The reductive interaction of PbCl, with Na,CO3z and C
proceeds via a multistage mechanism with a change in the
Kinetic regime as the reaction progresses. At the initial stage,
the reaction follows first-order kinetics and is characterized
by a relatively low apparent activation energy (33.5 kJ/mol),
indicating the predominance of chemical control. As the
degree of conversion and temperature increase, the influence
of structural and diffusion factors becomes more pronounced,
leading to an increase in the apparent activation energy to
approximately 62-80 kJ/mol. The obtained results indicate a
transition from a chemically controlled stage to a regime
influenced by mass transfer and the formation of a dense
product layer [16].

3.2.2. Kinetics of the interaction of PbO-PbCl. with
Na2COsz and C (system 11).

The kinetics of the reductive interaction of lead
oxychloride with sodium carbonate and carbon were
investigated under isothermal conditions in the temperature
range of 500-800°C. In contrast to system I, this system is
characterized by high reactivity, manifested in the rapid
attainment of significant degrees of conversion already at the
initial stages of the process. Similar acceleration of reductive
processes in the presence of sodium fluxes has previously
been reported during the processing of lead-containing
materials and concentrates [13, 14].

Figure 7 presents the dependences of the degree of
conversion on time for system Il at various temperatures. An
increase in temperature leads to a sharp acceleration of the
process: at 700-800°C, the degree of conversion reaches
approximately 90-95% within 30-40 min, whereas at 500-
600°C it amounts to about 56-65% over the same period. The
shape of the curves is characterized by an intensive increase in
conversion at the initial stage followed by a gradual slowdown
of the process, indicating a change in the rate-limiting step as
reaction products accumulate and the structure of the solid
phase evolves. Due to the high reaction rate and the rapid
attainment of significant degrees of conversion, the
identification of a linear region corresponding to first-order
kinetics and the accurate determination of the rate constant k
for system 1l are complicated. Therefore, the temperature
dependence of the kinetic parameters was analyzed based on
the apparent activation energy values determined at fixed
degrees of conversion.
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Figure 7. Dependence of the degree of conversion on time for
system 11 (PbO-PbCl.—-Na2C0Os-C) at various temperatures

To evaluate changes in the reaction mechanism, the
apparent activation energy was analyzed at degrees of
conversion of a = 45% and « = 55%. The obtained values are
presented in Table 2 and illustrated in Figure 8.

Table 2. Apparent activation energy values for the interaction of
PbO-PbCl2with Na2COs and C at different degrees of conversion

Degree of conversion a, =~ Temperature range, Ea,
% °C kJ/mol
45 500-600 435
45 600-700 435
45 700-800 44.0
55 500-600 64.5
55 600-700 66.5
55 700-800 74.0
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Figure 8. Dependence of the apparent activation energy (Ea)
on the average temperature of the temperature interval (Tay) for
system Il (PbO-PbCl-Na:COs-C) at degrees of conversion
a=45% and a = 55%

It was established that at o = 45%, the apparent activation
energy remains nearly constant, amounting to 43.5-44.0
kJ/mol throughout the entire investigated temperature range,
which is characteristic of a predominantly chemically
controlled reaction regime. As the degree of conversion

increases to a = 55%, the apparent activation energy rises
from 64.5 to 74.0 kJ/mol with increasing temperature. This
indicates a complication of the reaction mechanism and an
increasing influence of structural and diffusion limitations
typical of multistage topochemical reactions [16].

The increase in activation energy values with increasing
degree of conversion confirms the multistage nature of the
reductive interaction of lead oxychloride with sodium
carbonate and carbon. The initial stage of the reaction
proceeds predominantly under chemical control, whereas at
later stages mass transfer processes and the formation of a
dense product layer begin to play a significant role, hindering
the further progression of the reaction.

3.3. Comparative analysis of kinetic behavior in systems |
and Il

A comparative analysis of the kinetic behavior of systems
I (PbCl2-Na;CO3-C) and Il (PbO-PbCl,-Na;COs-C) reveals
significant differences in reaction rate, kinetic regime, and
limiting stages of the reduction process, despite the use of the
same sodium-based fluxing additive. These differences are
primarily associated with the chemical nature of the lead-
containing compounds and the presence of oxygen in the
structure of lead oxychloride.

In system |, the reduction of lead chloride proceeds
relatively slowly and allows a clear identification of the
initial stage governed by chemical kinetics. The experimental
data demonstrate that at low degrees of conversion the
process is satisfactorily described by a first-order Kinetic
model, enabling the determination of the apparent rate
constant and subsequent Arrhenius analysis. The relatively
low apparent activation energy at the initial stage indicates
that the reaction rate is mainly controlled by chemical
interaction between PbCl;, Na,COs, and carbon. As the
reaction proceeds, the accumulation of reaction products and
changes in the solid-phase structure lead to a transition
toward a mixed kinetic regime, accompanied by an increase
in the apparent activation energy, which is consistent with
general kinetic concepts of extractive metallurgy and solid-
state reaction theory [15-18].

In contrast, system Il is characterized by a substantially
higher reaction rate and rapid attainment of high degrees of
conversion, even at moderate temperatures. The presence of
oxygen in the PbO-PbCl, structure facilitates the
decomposition of the compound and promotes faster
interaction with sodium carbonate and the reducing agent. As
a result, the initial chemically controlled stage is significantly
shortened, and the reliable determination of the rate constant
based on a first-order kinetic model becomes impractical. For
this reason, the kinetic analysis of system Il was performed
using the apparent activation energy determined at fixed
degrees of conversion.

The comparison of apparent activation energies further
highlights the fundamental differences between the two
systems. For system |, the activation energy at the initial
stage is relatively low and increases progressively with
conversion, reflecting the gradual transition from chemical
control to a regime influenced by mass transfer and structural
factors. In system IlI, the activation energy at moderate
conversion levels (a = 45%) remains nearly constant over the
investigated temperature range, indicating a predominantly
chemically controlled process. However, at higher degrees of
conversion (a ~ 55%), a pronounced increase in the apparent
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activation energy is observed, which points to the growing
influence of diffusion limitations and the formation of a
dense product layer.

The thermodynamic analysis confirmed that both
reactions are feasible over the studied temperature range and
exhibit a significant driving force. Therefore, the observed
differences in reaction behavior are primarily associated with
kinetic factors rather than thermodynamic limitations.

Overall, the comparative analysis demonstrates that the
introduction of an oxygen-containing lead compound sub-
stantially alters the kinetic characteristics of the reduction
process in sodium fluxing systems. While both systems ulti-
mately exhibit a multistage reaction mechanism, the relative
contribution of chemical and diffusion-controlled stages
differs markedly. These findings are of practical importance
for optimizing flux composition and operating conditions in
the processing of lead-containing dusts, particularly with
regard to achieving high metal recovery while maintaining
process efficiency.

4, Conclusions

Thermodynamic analysis demonstrated that both reduc-
tion reactions are feasible in the temperature range 500—
1000°C and are characterized by a substantial driving force.

It was established that the reductive interaction of lead
chloride and lead oxychloride with sodium carbonate and
carbon proceeds via a multistage mechanism accompanied
by a change in the kinetic regime as the reaction progresses.

For system | (PbCl,-Na,COs-C), the initial stage of the
process is satisfactorily described by first-order Kinetics,
indicating the predominance of chemical control and allow-
ing reliable determination of the rate constant and apparent
activation energy.

System Il (PbO-PbCl>-Na,COs-C) exhibits significantly
higher reactivity and rapid attainment of high degrees of
conversion, which substantially shortens the chemically
controlled stage and limits the applicability of first-order
kinetic analysis.

Analysis of the apparent activation energy values shows
that, for system I, the increase in activation energy with in-
creasing conversion reflects a gradual transition from chemi-
cal control to a regime influenced by mass transfer and struc-
tural changes of the solid phase, in agreement with kinetic
models reported for carbothermic reduction of metallurgical
dusts. In contrast, for system Il, a predominantly chemically
controlled regime is preserved at moderate conversion levels.

The obtained results demonstrate that the presence of ox-
ygen in the structure of lead oxychloride has a pronounced
effect on the reduction Kinetics in sodium-based fluxing
systems and should be considered when developing and
optimizing technological schemes for the processing of lead-
containing dusts.
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KoprachbIH XJIOpUII MeH OKCUXJIOPUAIHIH HATPUA KApOOHATHIMEH
TOTBIKCBHI3IaHY KHHETHKACHI

I'.)X. Monna6aesal, b.C. banm6eros!, E.B. Taxues!”, A.A. [layner6akosal, I M. Koiimmuna®,
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1Sathayev University, Amvamoi, Kazaxcman
2Qoipam Yuueepcumemi, Inazvie, TypKus

*Koppecnonoenyus ywin asmop:. y.tazhiyev@satbayev.university

Angatna. Ocbl Makanajga KOMIPTEKTIH KaThICybIMeH KoprackiH xyopuai (PbCly) MeH KoprachlH OKCHXJIOPHIiIHIH
(PbO-PbCly) HaTpmii kapOOHATHIMEH TOTHIKCHI3[AHA OPEKETTECYIHIH KMHETHUKANBIK 3aHbUIBIKTAPHI 3ePTTENIi. 3epTTeyiH
©3CKTIJIT1 eKIHII PEeTTIK OHIIPICTEH aIbIHATBIH KOPFACHIHKYPaMIBl MaHJapAbl OHICYIIH THIMII TeXHOIOTHSIIAPBIH d3ipiiey
JKOHE HAaTpUUKypamMabl (GIFOCTepIiH KYpaMbIH OHTAWIaHIBIPY KaXKeTTimiriMmeH Herizaeneni. Knnerukansik 3eprreynep PbCl—
Na;COs—C xvyiteci ymia 800-1100°C sxone PbO-PbCl,-NaCOs—C xyiieci ymia 500-800°C temmepaTypa apalbIFbIHAA
M30TEPMUSIIBIK JKaFlaiapia TepMOTpaBUMETPHSUIBIK OicHeH >Kyprisinai. TOTBIKCHI3gaHa OpeKeTTecy IpOoILeci TYpJeHy
JIOpEKECIHIH apTyblHa Kapai MIeKTEHTIH CaThIHBIH ©3repyiMEH CHNATTaJaThIH KeICaThUIbl MEXaHW3M OOMBIHINA >KYPETiHi
anpikTangsl. PbCl,-Na,CO3—C  xyiteci yumiH mnpouectiy Oacrankel Oemiri OipiHINI peTTIK peakuusi TEHACYIMeH
KaHaraTTaHapJbIK CHIIATTANIA/bl, OYJI XMUMUSUIBIK OaKbUIay/blH OachIM €KEHIH KepCeTe/li; OChl CaThLAaFbl KOPIHETIH dHEpPTus
aktuBanuscel 33.5 k/x/Morabai kypaiinasl. TypieHy JopeKeciHiH apTybIMEH SHEprusi akTHBalUsChIHBIH 62-80 kJ[/Moibre
JieiiiH ecyi Oaiikanajpl, OyJ1 MpouecTiH AU Y3UsIIBIK KOHE KYPBUIBIMBIK HIEKTEYJIEPMEH KYPACICHI€H PEKUMIe aybICybIH
kepceteni. PbO-PbCl—Na;COs—C xyiieci )xoFrapbl peakiUsIbIK KaOlIETIMEH KOHE TYPICHY/IIH e1dyip AopeKeIepiHe KbUIIaM
KeTyiMeH cumartanaasl. Oprama TypieHy ASpeXelepiHIe NMpOoIecc HETi3IHEeH XUMUSIBIK Oakpulay sKaFmalblHAA >KYpexi
(Ea = 43-44 x]Jxx/monnb), anaiina a > 55% ke3inae dHEprus akTHBALUSICHIHBIH 74 kJ[K/Mojbre neiiin ecyi Oailikamaabl, Oy
MaccaaiqMacy JCepiHiH KylneieTiHiH kepcereni. KoOpFacklH OKCHXJIOPHOIHIH KYPBUIBIMBIHIAFBl OTTETiHIH OOIYBI
HATPUIKYpaMIbl QITFOCTIK JKYHenepaeri TOTHIKCEI3AaHIbIPY MPOIECiHIH KHHETHKANBIK CHIIaTTaMallapblHa eNeyill ocep eTeTiHi
KepCeTUIi. AJBIHFaH HOTHKEJEepP KOPFACHIHKYpaMJIbl MIAHAAP/bl OHICYAIH TEXHOJIOTHSJIBIK CXEeMallapblH OHTAHIAHIBIPY/Aa,
METaJIIbI LIBIFapy ASPEXKECiH apTThIPY KIHE MIPOLECTIH SHEPTHs THIMIUIITH )KOFapblIaTy MaKCcaThIH/A KOJIAHBUTYbl MYMKIH.

Heezizei co30ep: Kopzacvln  Kypamobl way, KOP2ACLIH —XAOPUOL, HAMpUull KapOoOHamvl, MOMbIKCHI30AHObIDbIN
INeKMPOATKLINY, KAMMmMbl a3ansl peaKxyuanap KUHeMUKAcyl, SHePUs AKMuUSayusacyl, mepmospasuUMempusIbly maioay.

KuHeTHKA BOCCTAHOBJIEHHUS XJIOPU/IA U OKCUXJIOPH/IA CBUHIIA
Kap0OOHATOM HATpPHS

I'.)X. Monna6aesal, b.C. baum6eros!, E.B. Taxues!", A.A. Jlayner6akosa’, I'.M. Koiimmuna®,
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1Sathayev University, Amvamor, Kazaxcman
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AnHoTtanusi. B pabore uccienoBaHbl KMHETHUECKHE 3aKOHOMEPHOCTH BOCCTAHOBHTEIILHOTO B3aMMOJCHCTBHS XJIOPHAA
ceunna (PbCly) u oxcuxiopuna ceutna (PhO-PhCly) ¢ kapooHaTOM HATpHs B MPUCYTCTBUH yriepona. AKTyadbHOCTh HCCIIe-
JIOBaHMsl 00YCIIOBJICHA HEOOXOIMMOCTBIO pa3paboTKK 3(PPEKTUBHBIX TEXHOJIOTHH MepepadOTKH CBUHELCOAEPIKAINX MbUICH
BTOPUYHOI'O IIPOM3BOJCTBA M ONTUMH3ALMK COCTaBa HaTpuiicoaepxamux (iarocoB. Kunetnueckue nceieoBaHus BBIITOIHEHBI
TEPMOrPAaBUMETPHYECKUM METOIOM B M30TEPMUYECKHUX YCIOBHAX B Juamnasone temmeparyp 800-1100°C mus cucremsr PhCl—
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Na;CO3-C u 500-800°C mis cucremsl PbO-PbCl,~Na;CO3—C. VcraHOBIEHO, YTO BOCCTAHOBUTEILHOE B3aUMOJIEHCTBHIE TIPO-
TEKAaeT M0 MHOTOCTaJUIHOMY MEXaHHU3MY C U3MCHEHHEM JIMMHUTUPYIOLICH CTaJWU 10 Mepe YBEIMYCHUs CTEIICHU MpeBpaiie-
aust. [l cucrembr PhCl,—Na;CO3—C HavanpHbIH y4acTOK MPOIECca YAOBICTBOPUTEIBHO OMUCHIBACTCS YPABHEHHEM PEAKIIUH
HEePBOrO MOPS/KA, YTO CBUACTENBCTBYET O MPEOOIaJaHUH XUMHUYECKOTO KOHTPOJIS; KaXyIIascs SHEPTUsl aKTUBALMKA HA TOU
cragun coctaBisieT 33.5 k/x/mMonb. C yBelIHYCHHEM CTENICHH MPEBPAICHHUs HAOIIOACTCS POCT SHEPTUH aKTHBALUK A0 62-
80 k/[)k/MOJIb, Y4TO yKa3bIBAET HA MEPEXOJ K PEIKUMY, OCIOKHEHHOMY TU(D(Y3HOHHBIMH M CTPYKTYPHBIMU OTPaHUYCHHUSIMHU.
Cucrema PbO-PbCl,-Na;CO3-C xapaxtepusyercsi 60jiee BHICOKON PEaKIMOHHON CIIOCOGHOCTBIO U OBICTPBIM JIOCTHIKCHUEM
3HAYUTEJIBHBIX CTeNeHel npeBpamieHus. [Ipu yMepeHHbBIX CTENEeHAX MPEBPAIIEHHs MPOIECC MPOTEKAET MPEUMYIIECTBEHHO B
YCHOBUSIX XUMHUIECKOTO KOHTPoIs (Ea = 43-44 xJ{/Mo1b), OMHAKO TPH > 55% HaOIr0NaeTCsl yBENNUIECHHE SHEPTUH aKTHBA-
uun 10 74 kJK/MoIib, CBUICTEIBCTBYIOIIEE O BO3PACTAHUH BIHMSHUS MacconepeHoca. [Toka3aHo, 4To MPUCYTCTBHE KUCIOpOIa
B CTPYKTYPE OKCHUXJIOPUA CBUHIA CYI[ECTBEHHO BIHMSCT HA KHHETHUECKHE XapaKTEPHUCTHKH BOCCTAHOBHUTEILHOTO MPOIiecca B
Harpuiicogepxamux (GrrocoBbix cuctemax. [lonydeHHbIe pe3yabTaThl MOTYT OBITh UCIIOJb30BAHbBI MPU ONTUMH3ALNH TEXHO-
JIOTHYECKUX CXEM MepepaboTKH CBHHEIICOICPIKAIINX MBUICH C LENbI0 MOBBIMICHUS U3BICUCHUS] METAJIa U SHEProdhHeKTus-
HOCTH TIpoIecca.

Knrwouesvie cnosa: ceuneycooepoicawas nuliv, X10puo c8UHYA, OKCUXIOPUO CBUHYA, KAPOOHAM HAMPUsL, 60CCMAHOBUMENb-
Hasl 2AEKMPONIABKA, KUHEMUKA MEEPOOPA3HbIX peakyull, SHepeUust AKMUSAYUL, MEePMOSPASUMEMPULECKUL AHATU3.
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