
ISSN 0020-1685, Inorganic Materials, 2018, Vol. 54, No. 7, pp. 621–626. © Pleiades Publishing, Ltd., 2018.
Original Russian Text © A.V. Nitsenko, S.A. Trebukhov, A.K. Kasymzhanova, N.M. Burabaeva, 2018, published in Neorganicheskie Materialy, 2018, Vol. 54, No. 7, pp. 655–661.
Decomposition of a Synthetic Copper Sulfoarsenide
A. V. Nitsenkoa, *, S. A. Trebukhova, A. K. Kasymzhanovaa, and N. M. Burabaevaa

aInstitute of Metallurgy and Ore Beneficiation, Shevchenko str. 29/133, Almaty, 050010 Kazakhstan
*e-mail: alina.nitsenko@gmail.com

Received May 22, 2017; in final form, November 9, 2017

Abstract—We have studied the thermal behavior of synthetic lautite, a copper sulfoarsenide widespread in
nature. The material was characterized by thermogravimetric analysis under nonisothermal and isothermal
conditions. Using the data thus obtained, equations of nonisothermal formal kinetics, and the Kazeev–Ero-
feev–Kolmogorov equation with the Sakovich correction, we assessed kinetic parameters. Lautite decompo-
sition to copper sulfides has been shown to be accompanied by the formation of tennantite as an intermediate
phase. The sublimates consist of an alloy of arsenic sulfides. The Ea values obtained under nonisothermal
conditions suggest that synthetic CuAsS dissociation is a kinetically controlled process. The Ea values
obtained under isothermal conditions suggest that, at a temperature of 500°C, the lautite decomposition pro-
cess switches from intermediate to diffusion control.
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INTRODUCTION

A considerable part of the world reserves of raw
materials is accounted for by arsenic–polymetallic
deposits [1–4], where arsenic is typically present in
the form of sulfoarsenides, which pass into concen-
trate in the course of ore beneficiation and then, if
there is no preliminary dearsenation step, become dis-
tributed over all metallurgical processing products,
degrading their quality and the working environment.
However, despite the large number of proposed tech-
nologies, research aimed at creating new and improv-
ing existing approaches to the processing of arsenic-
containing raw materials remains a topical issue [5–9].
Because of this, the creation of physicochemical foun-
dations in general and investigation of the mechanisms
and general aspects of the decomposition of com-
pounds characteristic of raw materials in particular are
of scientific interest for designing technologies and
supplementing reference data.

Along with tennantite (Cu12As4S13) and enargite
(Cu3AsS4), lautite (CuAsS) is one of the most wide-
spread compounds in the composition of copper arse-
nic ores and concentrates.

Analysis of the available scientific and technologi-
cal literature indicates that the thermal stability of
arsenical copper compounds, such as Cu6As4S9,
Cu4As2S5, Cu3AsS8, and Cu12As4S13, in a neutral
atmosphere at reduced pressures has been studied
rather well [10–12]. There also data on the thermal
behavior of copper arsenides [13]. At the same time,
we found no data on the thermal behavior of CuAsS at

normal or reduced pressures. Studies of lautite were
concerned primarily with its crystal-chemical param-
eters [14–16].

The purpose of this work was to study the behavior
of synthetic lautite at a reduced pressure.

EXPERIMENTAL AND CALCULATIONAL 
APPROACH

Synthetic copper sulfoarsenide was prepared by
sintering a stoichiometric elemental mixture in evacu-
ated silica ampules. X-ray diffraction characterization
showed that the material contained 98.2% lautite.

Thermogravimetric analysis was carried out in a
vertical vacuum system which ensured constant
weighing of the sample. The system comprised a
Nabertherm electric furnace with a B-180 controller, a
quartz reactor (in which a spring balance was
mounted), a KM-8 katharometer, and a 2NVR-5DM
vacuum pump. The temperature in the reaction zone
was measured by a Chromel–Alumel thermocouple
(DTPK021-1.2/0.7 thermoelectric converter) with a
TRM-1 single-channel microprocessor-controlled
meter/controller. The pressure was measured by a
McLeod gage and M110 aneroid barometer. Sub-
stances were weighed on an Ohaus-Pioneer analytical
balance.

The phase composition of the samples was deter-
mined by X-ray diffraction on a D8 Advance diffrac-
tometer (Bruker, Germany).

Our experiments were carried out under noniso-
thermal conditions in the temperature range 24–
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1000°C at pressures of 0.2, 0.133, 0.665, 1.33, and
91.77 kPa (heating rate of 5–6°C/min) and under iso-
thermal conditions: at 400, 450, 500, 550, and 600°C
and a pressure of 0.133 kPa. The sample weight was
0.5 g, and the particle size was 0.05–0.063 mm.

Mathematical processing of the data obtained
under nonisothermal conditions was performed using
equations of nonisothermal formal kinetics. As a start-
ing equation, we used the Arrhenius law, which allows
one to determine the reaction rate constant (kn), reac-
tion order (n), and apparent activation energy (Ea).

Under the assumption that the decomposition rate
is proportional to the amount of unreacted substance
to some power n, the decomposition process can be
described by the differential equation [17]

(1)

where dm/dτ = v is the decomposition rate measured
in any units, m0 (mg) is the initial mass of the substance,
mr (mg) is the mass of the substance that entered into the
reaction, R is the gas constant, and T (K) is the absolute
temperature.

Because of the vaporization (sublimation) of volatile
components, the mass of the substance that entered into
the reaction is related to the initial mass by

(2)

where mv and mmax (mg) are the current and maximum
possible masses of the vaporized substance.

To find kinetic parameters, it is necessary to know
m0, mv, and mmax for each decomposition step, which
adds complexity to calculations. The use of the degree
of decomposition, α, relative to the initial amount of
the substance, m0, simplifies calculations. Equation (1)
then takes the form

(3)

where αmax (%) is the maximum possible degree of
decomposition and α (%) is the actual degree of
decomposition.

After a transformation, Eq. (3) takes a form conve-
nient for calculating kinetic parameters:

(4)

It is known that, in the case of the release of volatile
components, the reaction rate is determined by vari-
ous factors, basic among which are heat delivery con-
ditions and diffusion across the layer. Note that the
heat delivery area is proportional to the residual mass
or varies more slowly and that the growth of an inert
component layer hinders both the diffusion process
and heat delivery.

In view of this, the most likely reaction order for
thermal decomposition at a reduced pressure is ≤1.
This assumption is supported by the following: In vac-

( ) ( )τ = − −0 r aexp ,n
ndm d k m m E RT

=r 0 v max ,m m m m
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nk E RT
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nE RT k A T B
uum the vaporization rate depends only on the slowly
varying geometric vaporization surface facing the
vapor phase; that is, the reaction order is near zero.
The thermal decomposition of substances is in most
cases a heterogeneous topochemical transformation
which follows rate laws for first-order reactions. The
reason for this is that the rate of a solid-state reaction
is determined by diffusion of the reactants across the
layer of the reaction products [18].

If the values obtained by processing experimental
data using a first-order or near-first-order equation
are inconsistent with a linear dependence, or a consid-
erable value of n is needed for linearizing a curve, this
points to a change in the nature of the process, for
example, to an effect of diffusion factors in this region
or the formation of intermediate compounds that
decompose at a different rate.

The maximum possible degree of decomposition
can be evaluated both by calculations and in experi-
ments. In this study, the maximum achievable degree
of decomposition was taken to be that at which all vol-
atile components are in the vapor phase.

To find kinetic constants of the lautite decomposi-
tion process under isothermal conditions, we utilized
the Kazeev–Erofeev–Kolmogorov equation, which is
most often used and adequately describes the kinetics
of topochemical reactions [19–22]:

(5)
where α (%) is the degree of decomposition, the coef-
ficient k characterizes the rate constant, and n is the
exponent of the time parameter.

The decomposition rate constant (KC) was calcu-
lated using the Sakovich correction [23]:

(6)

RESULTS AND DISCUSSION
It is known from the literature that, at normal pres-

sure, CuAsS melts peritectically and decomposes into
arsenic and a melt at 596°C or, possibly,
Cu12 + xAs4 + yS13, arsenic, and melt at 574°C [24].
Rikel et al. [25] assumed that, at a temperature of
574°C, lautite decomposes into tennantite and arsenic
and that, at 596°C, the tennantite formed further
decomposes to give copper sulfides.

The results of experiments carried out under non-
isothermal conditions (Fig. 1) demonstrate that, at
normal pressure, lautite begins to decompose at a tem-
perature of ≈445°C, which is accompanied by a weight
loss due to the sublimation of volatile components. At
a temperature of ≈525°C, the rate of weight loss
increases sharply. Starting at this temperature, the
sublimate consists of arsenic sulfide compounds
(As2S3 and As4S4). After the peak at a temperature of
≈575°C, the rate of lautite decomposition falls off, and
then rises again at 725°C due to the decomposition of

− τα = −1 ,
nke

= 1
С .nК nk
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Fig. 1. (a) Degree and (b) rate of CuAsS decomposition under isobaric–nonisothermal conditions at different pressures.
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Fig. 2. (a) Degree and (b) rate of CuAsS decomposition at a pressure of 0.133 kPa and different constant temperatures.
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the tennantite (formed as a result of lautite decompo-
sition) to an alloy of copper sulfides (Cu2 – xS). At a
reduced pressure (0.0266–1.33 kPa), all of the main
points indicated above shift to lower temperatures by
about 100°C.

The results of experiments carried out under iso-
thermal conditions are presented in Fig. 2. Here, a rel-
atively high degree of lautite decomposition can be
reached at temperatures above 500°C. It is worth not-
ing that lautite decomposes at lower temperatures as
well, but at a slower rate, so that a longer time is
needed for CuAsS decomposition to nontoxic phases
in the residue.

Figure 3 presents results of data processing using
the equation of nonisothermal formal kinetics (4). We
kinetically analyzed the portion of the curves corre-
sponding to the increase in the rate of CuAsS decom-
position to its maximum level. It is seen that, in the
temperature range where lautite decomposes to ten-
nantite, the experimental data represented as a plot of
log v against 1/T show linear behavior, suggesting that
the equation chosen is well suited for assessing kinetic
parameters.
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Table 1 lists the coefficients A and B in the Arrhe-
nius equation (4) obtained in this study and the kinetic
parameters calculated from them for the process of
lautite decomposition under isobaric–nonisothermal
conditions (first-order reaction). As seen from Table 1,
the apparent activation energy varies rather little over
the entire pressure range studied. The Ea value found
suggests that synthetic CuAsS dissociation is a kineti-
cally controlled process.

Figure 4 and Table 2 present results of isobaric–
isothermal experimental data processing using the
Kazeev–Erofeev–Kolmogorov equation (5). A satis-
factory arrangement of data points (r = 0.9) suggests
that this equation is well suited for assessing kinetic
parameters of lautite decomposition. It is seen from
the calculation results that the CuAsS decomposition
process is a first-order reaction.

The activation energy for lautite decomposition
was assessed from the linear dependence of the rate
constant for copper arsenide decomposition (Fig. 5).

The dependence has two linear portions with a
break near the point corresponding to 500°C, which
can be interpreted as evidence of a change in the
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Fig. 3. Temperature dependences of the decomposition
rate for lautite at different pressures.
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Fig. 4. Time dependences of the decomposition rate for
lautite at a pressure of 0.133 kPa and different constant
temperatures.
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mechanism of the decomposition process, which
probably follows the scheme

(7)

That the decomposition process follows this
scheme is evidenced by X-ray diffraction characteriza-
tion results for the CuAsS decomposition products
obtained in isothermal experiments under the follow-
ing conditions: temperature, 400–600°C; pressure,
0.133 kPa; holding time, 20 min (Fig. 6).
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Table 1. Kinetic parameters of lautite decomposition under n

p, kPa Т, K α, %

Coefficients of the
log[dα/dτ/(αmax – α)

A

0.026 663–809 0.29–41.40 –21558
0.133 667–803 0.11–29.41 –21142
0.666 714–825 0.81–33.53 –19599
1.33 730–815 1.35–27.45 –19369

91.77 753–842 2.1–14.47 –19613

Table 2. Kinetic parameters of lautite decomposition under i

t, °С 1/Т, K–1 n lnk

400 0.00149 1.0612 –5.2421
450 0.00138 1.2108 –4.9306
500 0.00129 0.9567 –2.657
550 0.00122 0.9526 –2.2768
600 0.00115 0.971 –2.0972
The calculated apparent activation energies in the
temperature ranges 400–500 (segment A–B) and 500–
600°C (segment B–C) are 88.86 and 35.58 kJ/mol,
respectively.

In comparing the Ea values obtained, it should be
taken into account that the Ea for the decomposition
of the compound under nonisothermal conditions was
assessed using only experimental data for the CuAsS
decomposition step, where the effect of diffusion fac-
tors was rather weak, whereas in the case of isothermal
conditions we used data for both CuAsS and its
decomposition product Cu12As4S13.
INORGANIC MATERIALS  Vol. 54  No. 7  2018

onisothermal conditions

 equation 
n] = –А/Т + В Еa, kJ/mol kn × 10–9, 

s–1

k0 × 10–12, 
s–1 r2

B

22.851 179.147 8.517 3.023 1
22.074 175.690 3.914 0.842 0.99
19.770 162.868 0.390 0.016 0.95
19.483 160.956 0.293 0.005 0.97
18.348 162.984 0.094 0.001 0.99

sobaric–isothermal conditions (pressure of 0.133 kPa)

r2 lnKС logKС КС, min–1

0.99 –4.8804 –2.1191 0.00529
0.99 –3.8809 –1.6852 0.00722
0.95 –2.8215 –1.2252 0.07016
0.95 –2.4387 –1.0589 0.10261
0.95 –2.1893 –0.9506 0.1228
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Fig. 5. Arrhenius plot of the decomposition rate constant
for CuAsS at a pressure of 0.133 Pa.
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Fig. 6. X-ray diffraction patterns of the product of CuAsS
decomposition (residue) at different temperatures.
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CONCLUSIONS
The present results lead us to the following conclu-

sions:
In the pressure range 0.0266–91.77 kPa at a con-

stantly varying temperature, a synthetic analog of the
natural compound CuAsS (lautite) decomposes in two
steps according to the scheme

The apparent activation energy evaluated using
nonisothermal kinetics methods for CuAsS decompo-
sition rises with decreasing residual pressure in the
system: from 162.98 kJ/mol at a pressure of 91.77 kPa
to 179.15 kJ/mol at a pressure of 0.026 kPa. The rate
constant of the decomposition reaction also increases:
from 0.001 × 10–12 to 3.023 × 10–12 s–1.

Under isobaric–isothermal conditions, at tem-
peratures from 450 to 600°C, most volatile elements
are removed during the first 10 min.

The apparent activation energies calculated by the
Kazeev–Erofeev–Kolmogorov equation (88.86 and
35.58 kJ/mol) suggest that, at a temperature of 500°C,
the lautite decomposition process switches from inter-
mediate to diffusion control.
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