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Abstract: The reaction mechanisms during thermal decomposition in As-S systems are complex to 

describe due to the physicochemical characteristics of arsenic and its sulfides. Non-isothermal tests 

were carried out in a NETZSCH DTA/TG thermal analysis equipment, and interrupted tests were 

carried out in a vertical oven adapted for this purpose; both tests were carried out in an inert nitro-

gen atmosphere. The information obtained experimentally was analyzed and correlated to deter-

mine the phases and reaction mechanisms during the thermal decomposition of an arsenic sulfide 

(V) sample. As a result of this study, the mechanism of thermal decomposition of an arsenic sulfide 

sample was obtained and the apparent activation energy was determined by the Kissinger and 

Ozawa methods. 
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1. Introduction 

A large number of metallurgical processes are based on solid–gas type reactions, 

which generally involve several chemical reaction and diffusion stages [1], such as roast-

ing (oxidation), preparation of metals from oxides in reducing atmospheres, nitrogena-

tion, and metal coating, among others. The reactions of these phases are largely deter-

mined by the formation of a porous or non-porous solid product layer. If a porous product 

layer is formed, the reaction rate generally decreases with time due to the constant diffu-

sion of the gas in a growing product phase [2]. According to Fan [3], a gas–solid reaction 

can be represented as follows: 

𝑎𝐴(𝑠) + 𝑏𝐵(𝑔) = 𝑐𝐶(𝑠)  + 𝑑𝐷(𝑔) (1) 

While under an inert atmosphere (thermal decomposition), it can be represented as: 

𝑎𝐴(𝑠) = 𝑐𝐶(𝑠)  + 𝑑𝐷(𝑔) (2) 

During heating, the composition of sulfide minerals changes as a result of thermal 

decomposition or oxidation. The mechanisms responsible for such changes are not yet 

entirely understood, which makes it difficult to interpret the available data [4]. 
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Furthermore, due to the vast amount of information in this regard, the data present in the 

literature on sulfide reaction mechanisms and kinetics show low reproducibility and great 

inconsistency [5], causing the tabulated values to vary depending on the source from 

which they are obtained [6,7]. 

The arsenic’s physicochemical characteristics make it difficult to study its sulfides; 

this causes the tabulated thermodynamic values to vary between databases. In addition, 

this ambiguity is also a direct effect of the large number of operational and experimental 

variables that affect the value of the results obtained. Therefore, it is necessary to develop 

consistent studies that serve as a foundation for the understanding of the behavior, mech-

anisms, and kinetics of the thermal decomposition and oxidation of arsenic sulfide parti-

cles. It is intended that the results obtained will contribute to the existing database and/or 

be used as a basis for future research related to the treatment of arsenic sulfide ores. 

In this research, differential thermal analysis (DTA-TG) was used, which consists of 

the mass sample behavior study as a function of temperature; in addition, complementary 

scanning electron microscopy (SEM-EDS) analyses will be used. The above is conducted 

in order to obtain the behavior, mechanisms, and reaction kinetics of arsenic sulfide (V) 

during its thermal decomposition. 

2. Materials and Methods 

The work consists of two stages: in the first one, the thermal decomposition of a solid 

granulated sample of As2S5 in an oxygen-free atmosphere is studied by means of non-

isothermal tests; followed by a second stage of analysis of the phases formed by means of 

the development of Interrupted tests interrupted at established temperatures. 

2.1. Sample 

The sample studied corresponds to arsenic sulfide (V) from Sigma Aldrich (Merck), 

which has a purity of 99.8%, with a particle size of 100% −500 μm (32 Tyler mesh) and a 

P80 = 232 μm; this analysis was performed using a Fritsch Analysette 22 Microtec Plus 

laser particle size analysis equipment. Its composition was analyzed by SEM-EDS analysis 

in a Tescan®  model VEGA II LSH scanning electron microscope equipped with a Bruker®  

6030 EDS detector, where a mass percentage of 49.27% sulfur and 50.73% arsenic was 

quantified, which is very close to the stoichiometric composition of As2S5, which contains 

48.31% sulfur and 51.69% arsenic; the SEM-EDS spectrum is presented in Figure 1. This 

sample was homogeneously diluted in alumina at a rate of 25% As2S5/75% Al2O3. This 

technique is used to mitigate the effects caused by the volatilization of gases, in which 

there may be a dragging of fine particles or ejection of material out of the sample holder 

if a large amount of gas phase is produced; in addition, it reduces the intensity of violent 

reactions to limits measurable by the equipment; and in the case of reactions under the 

recessive core condition, by decreasing the size the particles lose contact with the walls of 

the sample holder, which influences the heat transfer conditions, which can be avoided 

by dilution. In total, 60 mg of mixture was used for each non-isothermal test; the Inter-

rupted tests were developed with 200 mg of pure sample (without Al2O3 dilution). 
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Figure 1. SEM-EDS spectrum for arsenic sulfide (V) from Sigma Aldrich (Merck) [own elabora-

tion]. 

2.2. No-Isothermal 

For non-isothermal thermal decomposition, the Netzsch model Jupiter STA-F449 F3 

thermal analysis equipment was used, with four different heating rates (5–10–15–20 

°C/min) under a dynamic atmosphere (20 mL/min) of nitrogen (99.999% N2) in the tem-

perature range from 25 to 700 °C. With the thermal decomposition data provided by the 

equipment, the methods of Kissinger [8,9] and Ozawa [10] were used to determine the 

apparent activation energy and kinetic parameters. 

2.3. Interrupted Tests 

In order to complement the non-isothermal analysis by determining the arsenical 

phases formed during the thermal decomposition of the sample, Interrupted tests were 

carried out in a vertical furnace modified for its use at temperatures 250, 300, 350, 400, 450, 

500, and 600 °C. Each test consisted of injecting 1 L/min of nitrogen (99.999% N2) from the 

bottom; then, suspending an alumina crucible of 11 mm internal diameter by 20 mm 

height with 200 mg of pure sample to the center of the furnace using a 1 mm diameter 

kanthal wire. Nitrogen was allowed to flow for at least 5 min to ensure the absence of 

oxygen inside the furnace. The furnace was then heated to the desired temperature at a 

standard heating rate of 30 °C/min. Once the target temperature was reached, the crucible 

was removed from the bottom and immediately placed in a Teflon vessel with liquid ni-

trogen, where the reaction was stopped for further analysis by SEM-EDS. 

2.4. Gas Treatment 

A tube was placed at the gas outlet to retain SO2, by means of an aqueous solution of 

hydrogen peroxide, to produce sulfuric acid; while for the volatilized arsenic compounds, 

a spiral condenser was used in front of the absorption tube to cool the gases and transform 

them into solids. 

3. Results and Discussion 

3.1. Decomposition of As2S5 in Neutral Atmosphere 

With the results obtained from the DTA-TG equipment, the behavior of the fraction 

converted, which corresponds to the mass loss of the sample as a function of temperature 

was analyzed and, as can be seen in Figure 2, during the thermal decomposition of the 

sample studied, complete conversion to the gas phase was obtained between 500 and 575 

°C for the heating rates between 5 and 20 °C/min, respectively. The trend of the shift of 

the reactions to higher temperatures is observed as the heating rate increases, which is in 

agreement with Dunn [11]. In addition, three slopes are clearly seen: the first one, where 

the sample remains stable up to about 200 °C; subsequently, it starts to slowly increase the 

fraction converted up to a conversion close to 21%, which is consistent with the formation 

of As2S3 (21% mass loss). This difference is attributed to the early volatilization of ele-

mental sulfur in the sample. Finally, on average for the four curves at a temperature of 

approximately 450 °C, see Figure 2; an increase in the conversion rate is observed, which 

is given by the rapid volatilization of a molten phase of arsenic sulfides, whose formation 

was visually verified when the crucible was removed at 250 °C. As can be seen in Figure 

2, the reactions are displaced at higher temperatures as the heating rate increases; if the 

reaction is exothermic, the sample temperature will rise above that of the furnace and this 

effect is greater at higher heating rates. Thus, the reactions will be displaced at higher 

temperatures. 
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Figure 2. Fraction converted from As2S5 to an inert atmosphere [own elaboration]. 

3.2. Kinetic Parameters 

To determine the activation energy, the methods by Kissinger [8,9] and Ozawa [10] 

are used. 

3.2.1. Kissinger 

The Kissinger method uses the DTG curve presented in Figure 3, obtained from the 

data provided by the DTA-TG equipment. The main Kissinger’s formula is given by the 

following equation: 

𝑙𝑛 (
ɸ

𝑇𝑚𝑎𝑥
2

) = −
𝐸

𝑅
∗

1

𝑇𝑚𝑎𝑥

+ 𝑙𝑛 (
𝐴 ∗ 𝐸

𝑅
) ∗ 𝑓(𝛼𝑚𝑎𝑥)  (3) 

where ф represents the heating rate and Tmax the temperature at which the maximum mass 

loss occurs; A the frequency factor, E the activation energy, R the ideal gas constant, and 

𝑓(𝛼𝑚𝑎𝑥)  is a function depending on the converted fraction. In this method, the maximum 

temperature where the highest mass loss occurs is established and fixed where the peak 

with the highest amplitude corresponds to the highest mass loss, as shown in Figure 3. 

The noise present at the top of the maximum peak of some curves was attributed to the 

formation of a gas phase that diffuses through the alumina used to dilute the sample un-

der study, which generates small perceptible variations due to the sensitivity of the equip-

ment. 
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Figure 3. DTG for different heating rates in inert atmosphere. [own elaboration]. 

Subsequently, the temperature at which the maximum mass loss is recorded for each 

heating rate is plotted according to: ln (ф/T2max) vs. 1/Tmax, obtaining a straight line of the 

form Y = mX + C; see Figure 4. The slope represents −Ea/R, where Ea represents the appar-

ent activation energy in kJ/mol, and R is the ideal gas constant. The value of the pre-expo-

nential factor A of the Arrhenius equation is obtained from the value of the parameter C, 

according to: 

where 𝑓(𝛼) represents the function that adjusts the values of 𝛼 as a function of tem-

perature. However, Kissinger’s method [8,9] assumes that such a function is f(𝛼) and its 

value is very close to 1, simplifying the above equation to: 

C = ln (
AR

Ea

f(𝛼𝑚𝑎𝑥)) (4) 

The results obtained during the non-isothermal tests of arsenic sulfide (V) thermal 

decomposition show that the apparent activation energy has a magnitude of 108.63 

kJ/mol, as can be seen in Table 1. 

C = ln (
AR

Ea

) (5) 
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Figure 4. Kissinger’s method for thermal decomposition [own elaboration]. 

Table 1. Apparent activation energy during thermal decomposition. 

ф [K/min] Tmax [K] ln(ф/T2max) 1/Tmax A [1/s] k [1/s] 

5 774.50 −11.69 1.29 × 10−3 3.73 × 104 1.76 × 10−3 

10 808.50 −11.09 1.24 × 10−3 3.73 × 104 3.58 × 10−3 

15 824.50 −10.72 1.21 × 10−3 3.73 × 104 4.89 × 10−3 

20 834.50 −10.46 1.20 × 10−3 3.73 × 104 5.92 × 10−3 

Ea= 108.63 kJ/mol 

3.2.2. Ozawa 

Ozawa’s method [10] uses the thermogravimetric curve, shown for each heating rate 

used in Figure 2, and is based on the study of the temperature at a constant mass loss for 

different heating rates where the converted fractions to be studied are established and 

kept constant for each curve or data set. The main Ozawa’s formula is given by the fol-

lowing equation: 

𝑙𝑛(ɸ) = −
𝐸

𝑅
∗

0.4567

𝑇𝑚𝑎𝑥

+ 𝑙𝑛 (
𝐴 ∗ 𝐸

𝑅
) ∗ 𝑔(𝛼𝑚𝑎𝑥) (6) 

where 𝑔(𝛼max)  is a function depending on the converted fraction. The converted fraction 

was analyzed between 10% and 100%, with a percentage step of 10%; obtaining the corre-

sponding temperature for each converted fraction. Then, these temperatures are plotted 

for each heating rate according to ln (ф) vs. 1/T, as shown in Figure 5. The slope of each 

plotted curve represents the value of −Ea/R, multiplying each slope by −R, and the appar-

ent activation energy for each percentage set is obtained. Finally, to obtain the pre-expo-

nential factor of the Arrhenius equation, the value of the intercept C with the Y-axis of 

each straight line is used. For the calculation of the pre-exponential factor, it is necessary 

to determine a function 𝑔(𝛼) that best describes the behavior of the experimentally ob-

tained converted fraction. For the calculation of the pre-exponential factor, it is necessary 

to determine a function g(α), and be evaluated as 𝐴 = (𝑒𝐶 − 𝑔(𝛼)) ∗ (𝑅/𝐸); however, it 

was verified that 𝑒𝐶(~106) ≫ 𝑔(𝛼)(~100), since this value is negligible for determining 

the frequency factor A from the following equation: 

𝐶 = ln (
𝐴 ∗ 𝐸

𝑅
 ) + ln(𝑔(𝛼)) (7) 

The results obtained for the apparent activation energy for the non-isothermal ther-

mal decomposition tests of arsenic sulfide (V) can be seen in Table 2. For a mass loss of 

100%, the apparent activation energy has a magnitude of 108.78 kJ/mol, very similar to 

that obtained by Kissinger’s method [8,9]. It should be mentioned that the values obtained 

by Ozawa’s method [10], as in this case, are higher; however, close to those obtained by 

Kissinger’s method [12]. 
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Figure 5. Ozawa’s method for thermal decomposition, fixed for each percentage of mass loss [own 

elaboration]. 

Table 2. Apparent activation energy during thermal decomposition. 

α [%] 10 20 30 40 50 60 70 80 90 100 

Ea 

[kJ/mol] 
66.80 88.77 102.37 103.95 104.57 105.05 105.80 106.47 105.81 108.78 

3.3. Analysis of Products 

These tests consisted of heating the sample to the desired temperature and quickly 

introducing it into liquid nitrogen to stop the reaction at the desired temperature, and to 

have more information on the behavior of arsenic sulfide at these temperatures, in order 

to determine the species present and formed during the thermal decomposition of the 

sample. The samples obtained were analyzed by SEM-EDS to determine the phases pre-

sent and the evolution of As2S5 during thermal decomposition, obtaining the results 

shown in Table 3; and in Figure 6, which shows the micrographs obtained for each tem-

perature studied. 

For the tests developed at 600 °C, it was not possible to obtain a sample due to its 

rapid volatilization and the limitations in the amount of sample recovered at the end of 

the tests. Table 1 shows the evolution of As2S5 to more stable sulfides with increasing tem-

perature, forming As2S3 and later, As3S4. 

Table 3. Summary of SEM analysis of interrupted tests in an inert atmosphere. 

Temperature 

°C 

SEM-EDS 

wt.-% As 

SEM-EDS 

wt.-% S 

Theoretical 

wt.-% As 

Theoretical 

wt.-% S 

Phase  

Represented 

25 50.73 49.27 48.31 51.69 As2S5 

250 60.73 39.27 60.90 39.09 As2S3 

250 49.11 50.89 48.31 51.69 As2S5 

300 57.66 42.34 60.90 39.09 As2S3 

300 45.76 54.24 48.31 51.69 As2S5 

400 59.45 40.55 60.90 39.09 As2S3 

450 59.15 40.85 60.90 39.09 As2S3 

500 59.37 40.63 60.90 39.09 As2S3 
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500 64.38 35.62 63.67 36.33 As3S4 

500 62.24 37.76 63.67 36.33 As3S4 

 

Figure 6. Micrographs obtained for each temperature studied by SEM-EDS analysis [own elabora-

tion]. 
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500°C 
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From the analyses developed and the information presented in Table 3 and Figure 6, 

it can be concluded that the changes that an As2S5 sample undergoes during its thermal 

decomposition are as follows: 

• The As2S5 sample when subjected to an increase in temperature releases sulfur, trans-

forming into As2S3, a stable phase at higher temperatures; 

• Subsequently, by visual inspection, it was verified that at 250 °C, there are no solids 

present, only a molten phase; and, given that at 300 °C, the SEM-EDS analysis de-

tected the presence of As2S5 and As2S3, it is inferred that the molten phase is a mixture 

of As2S5(l) and As2S3(l); 

• After complete conversion of As2S5 to As2S3, SEM-EDS analysis does not detect the 

presence of another phase between 300 and 500 °C; and 

• Finally, at 500 °C, the formation of a molten As3S4 phase is detected, which has not 

been reported as part of the reaction mechanism in the literature. Therefore, the test 

was performed in duplicate and the same phase was detected; however, since it is 

consistent with the theory [11] of the formation of a stable phase at high temperatures 

and release of elemental sulfur, it is concluded that it is possible that As3S4 is a meta-

stable transition phase, detected due to the rapid cooling in liquid nitrogen of the 

interrupted tests. 

3.4. Reaction Mechanism for As2S5 

Correlating the SEM-EDS analysis information obtained with the non-isothermal TG 

analyses and that presented by Castro et al. [13], the following reaction mechanism can be 

proposed, which is defined by temperature ranges according to the thermogravimetry 

tests and SEM-EDS analysis: 

• First, decomposition between 200 and 450 °C; parallel volatilization of sulfur in the 

sample, along with the transformation of As2S5 to As2S3 with the sulfur release. 

S2 orthothombic (s) = S2 monoclinic (s) (8) 

S2 (s) = S2 (l) (9) 

S2 (s) = S2 (g) (10) 

As2S5 (s) =  As2S3 (s)  + S2 (g) (11) 

As2S3 (s) = As2S3 (l) (12) 

As2S3 (l) = As2S3 (g) (13) 

2As2S3 (l) = As4S6 (g) (14) 

• Second, decomposition between 450 and 575 °C; the formation of a molten phase of 

metastable As2S3 and As3S4, the latter formed from the decomposition of As2S3(l) re-

leasing elemental sulfur. Furthermore, in this temperature range, the respective vo-

latilizations of As2S3(g) -As4S6(g)- from As2S3(l), and As4S4(g) from As3S4(l) can be 

found, until a complete conversion of the sample to the gas phase. 

2As2S3 (l) = As4S6 (g) (15) 

3As2S3 (l) = 2As3S4 (l) + 0.5S2 (g) (16) 

4As3S4 (l) = 3As4S4 (g) + S2 (g) (17) 

• Finally, the overall reaction describing the thermal decomposition of As2S5 for a bed 

of 100% −500 μm particles, with a P80 = 232 μm, is as follows: 

4As2S5 (s) =  As4S6 (g) + As4S4  (g) + 5S2 (g)            (18) 
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Subsequently, in order to verify this reaction, the HSC Chemistry software [14] was 

used to obtain the equilibrium constants of possible reactions for the thermal decomposi-

tion of As2S5, generating Table 4, where a behavior similar to that obtained experimentally 

by means of the thermal decomposition tests and SEM-EDS analysis was verified. How-

ever, the HSC Chemistry software [14] neither presents information for the As4S6(g) dyad, 

formed from As2S3(g), nor for the As3S4 phase found, corroborating what was stated by 

Mihajlović et al. [15], who propose the lack of kinetic information regarding the behavior 

of arsenic sulfides. This is due to the fact that As-S systems are complex to describe since 

arsenic compounds have a low melting temperature [16,17]. Moreover, they sublimate or 

decompose with the formation of more than one phase [3]. 

Table 4. Equilibrium constant for possible reaction mechanisms during thermal decomposition of 

As2S5. [14]. 

Thermal Decomposition 

Temperature (°C) Chemical Reaction 
Equilibrium Constant 

K(T) 

200 

2As2S5 = 4AsS(g) + 3S2(g) 1.623 × 10−81 

2As2S5 = 2As2(g) + 5S2(g) 1.240 × 10−73 

2As2S5 = As4(g) + 5S2(g) 1.210 × 10−56 

2As2S5 = As4S4(g) + 3S2(g) 6.768 × 10−28 

2As2S5 = As2S3(g) + S2(g) 9.083 × 10−12 

300 

2As2S5 = 4AsS(g) + 3S2(g) 2.972 × 10−55 

2As2S5 = 2As2(g) + 5S2(g) 4.553 × 10−49 

2As2S5 = As4(g) + 5S2(g) 2.103 × 10−36 

2As2S5 = As4S4(g) + 3S2(g) 1.130 × 10−15 

2As2S5 = As2S3(g) + S2(g) 2.505 × 10−6 

400 

2As2S5 = 4AsS(g) + 3S2(g) 1.968 × 10−36 

2As2S5 = 2As2(g) + 5S2(g) 1.848 × 10−31 

2As2S5 = As4(g) + 5S2(g) 7.985 × 10−22 

2As2S5 = As4S4(g) + 3S2(g) 1.074 × 10−6 

2As2S5 = As2S3(g) + S2(g) 2.569 × 10−2 

500 

2As2S5 = 4AsS(g) + 3S2(g) 3.295 × 10−22 

2As2S5 = 2As2(g) + 5S2(g) 3.772 × 10−18 

2As2S5 = As4(g) + 5S2(g) 9.431 × 10−11 

2As2S5 = As4S4(g) + 3S2(g) 9.447 

2As2S5 = As2S3(g) + S2(g) 3.343 × 101 

600 

2As2S5 = 4AsS(g) + 3S2(g) 4.944 × 10−11 

2As2S5 = 2As2(g) + 5S2(g) 1.089 × 10−7 

2As2S5 = As4(g) + 5S2(g) 5.203 × 10−2 

2As2S5 = As4S4(g) + 3S2(g) 3.577 × 106 

2As2S5 = As2S3(g) + S2(g) 1.084 × 104 

4. Conclusions 

The apparent activation energy was determined by Kissinger’s and Ozawa’s meth-

ods, obtaining 108.63 and 108.78 kJ/mol, respectively. 

For the As2S5(s) sample studied, it decomposes to As2S3(s, l) until its complete con-

version to the gas phase as As2S3(g) -As4S6(g)-, with the formation of a metastable phase 

of As3S4(l) under an inert atmosphere, obtaining the following reaction mechanism for a 

particle size range of 100% −500 μm, with a P80 = 232 μm. 

This was verified with the HSC Chemistry software [14] using the equilibrium con-

stants of possible reactions for the decomposition of As2S5. 
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