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Abstract

:

This study presents the results of a two-stage autoclave processing of a copper–arsenic concentrate. Copper concentrate is an important raw material to produce copper and other metals. However, in some cases, the concentrate may contain increased amounts of arsenic, which makes further processing difficult. Therefore, the development of modern hydrometallurgical methods for processing copper concentrate with a high arsenic content is an urgent task, which could lead to the optimization of the raw material processing process and the improvement of the quality of the concentrate. It has been established that the optimal conditions for the sequential two-stage autoclave processing of copper–arsenic concentrate are: t = 220–225 °C, τoxidation = 20 min, τtot = 90 min, Po2 = 0.4 MPa, and L:S = 10:1, [H2SO4]initial = 40 g/dm3; in this case, 85% of zinc, 44% of iron, and 78% of arsenic, respectively, are extracted into the solution during both stages and the loss of copper was about 0.01%. This is explained by the fact that at the first stage (oxidation) of the autoclave processing of the copper–arsenic concentrate, copper, together with iron, leaches into the solution, and at the second stage (reduction), copper precipitates out of the solution in the form of chalcocite. Copper in the residue after autoclave leaching is in the form of Cu2S, iron is in the form of pyrite (FeS2), and lead is in the form of anglesite (PbSO4), respectively. The obtained micrographs and EDX mappings clearly show no iron arsenates. This confirms that at the oxidative stage of the developed process, arsenic, removed by 78%, remains in the solution. The remaining arsenic is associated with tennantite, indicating the effectiveness of the treatment process in removing arsenic from the copper–arsenic concentrate. A second important observation is the presence of pronounced areas of copper sulfides in the microphotos without iron and arsenic impurities. This confirms that copper is deposited as chalcocite during the reduction phase of the process, which is the desired result.
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1. Introduction


Nowadays, due to the intensive development of deposits of non-ferrous metals, many reserves of rich and easy-to-dress ores have been largely exhausted, and there is a general trend towards a decrease in the metal content in mined ores. Hard-to-enrich, finely disseminated, low-quality, polymetallic, and technogenic raw materials are increasingly involved in the processing. The complex mineralogical composition of such materials inevitably leads to the need to use complex technologies that make it possible to isolate the main valuable components of raw materials and ensure processing profitability. An increased arsenic content in concentrates causes technological problems; in particular, the yield of production waste increases, the cyclic load rises, and copper extraction and productivity decrease, leading to increased operating and production costs.



Polymetallic ores, including copper ones with high arsenic content, have a complex and unique structure. This makes the process of extracting and processing using conventional technological methods more complex and costly.



The mineralogical composition of such polymetallic ores is extremely complex. It can be characterized by the presence of not only sphalerite, chalcopyrite, galena, arsenopyrite, and pyrite but, increasingly, tennantite and enargite [1,2]. The presence of arsenic makes processing these ores using conventional technological methods impractical.



In the era of industrial growth and development, enterprises involved in the processing of copper–arsenic raw materials are striving to modernize and optimize their technological processes. They make significant efforts to introduce more sophisticated and effective methods such as acid leaching [3,4,5,6], ammonia leaching [7], alkaline methods [8,9,10], bioleaching [11], and alternative methods [12,13,14,15]. However, all these innovations carry certain difficulties with them. Technological improvements inevitably entail increased energy and materials costs, which, in turn, increases the cost of the final product.



In addition, traditional pyrometallurgical technologies used in the processing of high-arsenic copper raw materials often lead to negative impacts on the environment [2,16,17,18,19,20,21,22,23,24,25]. The low environmental safety of such schemes is a serious obstacle to the environmentally sustainable development of enterprises. Even the introduction of environmental management systems is not always able to reduce pollution levels and often even leads to increased costs due to fines and sanctions imposed by environmental authorities.



In connection with the above, it seems very relevant to develop and implement new hydrometallurgical technologies for processing arsenic-containing copper raw materials, which are more promising from both environmental and economic viewpoints. One such technology could be autoclave leaching.



The use of autoclave processes for processing sulfide copper–arsenic raw materials will ensure high leaching intensity, selectivity, and completeness of extraction of valuable components into the solution [26,27,28,29,30,31,32,33,34,35,36]. High temperatures and pressure of the oxidizing agent (oxygen and air) in the autoclave, combined in some cases with the addition of oxidation catalysts or the ultrafine grinding of raw materials, make it possible to suppress the passivation of the chalcopyrite surface during leaching. Autoclave technologies are easily integrated with existing and widespread hydrometallurgical capacities for processing oxidized and secondary copper ores, including the SX–EW (solvent extraction and electrowinning) processing section. The sulfuric acid and iron (III) sulfate released during the oxidation process in the autoclave, as well as the heat obtained during the cooling process of the autoclave pulp, could be used for the atmospheric leaching of copper raw materials. In addition, the sulfate solution obtained after the oxidation stage can be used in the second stage (reduction) of the autoclave treatment to enrich the copper concentrate with low copper sulfides Cu1.8S, Cu1.94S, and Cu2S [37,38], suitable for processing using conventional pyrometallurgical methods.



In connection with the above, the purpose of this study was to determine the technological modes of oxidative autoclave leaching of copper concentrate with a high arsenic content. The selection of optimal conditions for the autoclave oxidation stage was carried out to maximize the tennantite dissolution, purification of concentrate from arsenic and zinc, and obtaining a conditioned, enriched copper concentrate suitable for processing using traditional pyrometallurgical methods.




2. Materials and Methods


2.1. Analysis


A chemical analysis of the copper–arsenic concentrate and the resulting solid conditioning products was carried out using an ARL Advant’X 4200 wavelength dispersive spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The phase analysis was performed on an XRD 7000 Maxima diffractometer (Shimadzu Corp., Tokyo, Japan). The software package Match! v. 2.4.7 (Crystal Impact, Bonn, Germany) by Crystal Impact was used to analyze the obtained radiographs.



The chemical analysis of the resulting solutions was carried out using inductively coupled plasma mass spectrometry (ICP-MS) on an Elan 9000 instrument (PerkinElmer Inc., Waltham, MA, USA).




2.2. Materials and Reagents


A copper–arsenic concentrate was used as the main raw material. The particle size of this material was 95% class −0.074 μm; its chemical composition is presented in Table 1. The X-ray diffraction pattern of the copper concentrate used is presented in Figure 1. All other reagents used were of analytical grade.



According to our X-ray phase and chemical analyses, the lead in the concentrate was in the form of galena (PbS)—2.34%, copper was chalcopyrite (CuFeS2)—29.36%, tennantite (Cu12As4S13)—14.11%, zinc was sphalerite (ZnS)—6.99%, and iron was pyrite (FeS2)—39.83%.




2.3. Experimental Procedure


Experiments were carried out in a 1-L Parr titanium autoclave (Parr Instrument Company, Davenport, IA, USA) with an adjustable stirrer speed. The autoclave was equipped with systems for electric heating, an oxygen supply from a standard cylinder, and sampling during experiments.



The rotation speed of the mixer was maintained at 1000 rpm, ensuring uniform pulp density. The resulting pulp was heated in an autoclave with constant stirring. A weighed sample of the concentrate and 600 cm3 of a solution of a given composition were loaded into the autoclave. Then, the stirrer drive was turned on, and the autoclave was heated to the required temperature. After the required temperature was reached, the oxygen supply and time countdown began. At the predetermined time intervals, a portion of the leaching pulp was taken with the help of excessive pressure in the reactor and cooled in a sealed vessel to atmospheric temperature. After the end of the calculated oxidation period, the stirrer was turned off, the oxygen was removed from the system, and the stage of hydrothermal copper deposition began.



After the end of the experiment, rapid cooling of the autoclave was performed with cold water down to 80–70 °C. The obtained pulp was filtered in a Buchner funnel (ECROSKHIM Co., Ltd., St. Petersburg, Russia); the solutions were sent for ICP-MS analysis. At the end of the experiment, the leaching cake was washed with distilled water, dried at 80 °C to a constant weight, weighed, and sent for XRF analysis. All the experiments were performed twice, and the mean values are presented.





3. Results and Discussion


3.1. Study of Two-Stage Autoclave Processing of Copper–Arsenic Concentrate


A sequential two-stage treatment, including high-temperature oxidative leaching of the concentrate in the first stage and hydrothermal copper deposition in the second stage, seems to be the most promising direction for the autoclave processing of copper concentrate.



The two-stage autoclave leaching was studied according to a second-order orthogonal experimental design obtained using Statgraphics software v. 18 (Statgraphics Technologies, Inc., The Plains, VA, USA) [39,40]. Second-order designs allow one to conduct an experiment to obtain a regression equation containing second powers of factors.



In all experiments, the duration of 30 min, the L:S ratio = 10:1, the concentration of sulfuric acid of 40 g/dm3, and the oxygen pressure of 0.4 MPa at the oxidative stage were constant. Independent variables were in a dimensional scale:


190 < A< 220; 10 < B < 30,








where A is temperature, °C, and B is the duration of the oxidative period.



When processing the experimental results in the Statgraphics program, the following regression models were obtained on a dimensional (1)–(3) scale:


As = 3793.89 − 36.82•A − 19.29•B + 0.09•A2 + 0.09•A•B + 0.07•B2



(1)






Zn = 1029.63 − 8.95•A − 8.21•B + 0.02•A2 + 0.05•A•B − 0.01•B2



(2)






Fe = 2693.21 − 24.83•A − 23.54•B + 0.06•A2 + 0.10•A•B + 0.11•B2



(3)







The multiple correlation coefficients for Equations (1)–(3) were greater than 0.96. The multiple correlation coefficients for Equations (1)–(3) were greater than 0.96. The results of the variance analysis are presented in Table 2.



To assess the influence of autoclave processing parameters on the transition of arsenic, iron, and zinc into the solution from the concentrate, Pareto charts were plotted (Figure 2a–c).



Considering the data presented in Table 2, it can be concluded that all variables have high statistical significance on the dissolution of iron, arsenic, and zinc. The results presented in Figure 2 confirm these data.



A diagram of the dependence of arsenic extraction into a solution on temperature and oxidation duration is presented in Figure 3.



Increasing the oxidation duration from 10 to 20 min had a positive effect on the extraction of arsenic; its transfer into a solution above 70–80% was achieved at temperatures of 210–220 °C.



A decrease in temperature from 220 to 200 °C led to a sharp decrease in the opening of tennantite; arsenic extraction did not exceed 40% over the entire range of duration of the oxidation period.



A diagram of the dependence of iron extraction on temperature and oxidation duration is presented in Figure 4.



When the oxidation duration was increased from 20 to 30 min, the dissolution of pyrite increased, which indicates the almost complete opening of chalcopyrite since the proportion of iron in the concentrate associated with chalcopyrite was 32.5%. This effect negatively affects the subsequent hydrothermal copper precipitation, with chalcopyrite being the main precipitant. Copper precipitates through the following reactions:


CuFeS2 + CuSO4 = 2CuS + FeSO4



(4)






ZnS + CuSO4 = CuS + ZnSO4



(5)






PbS + CuSO4 = CuS + PbSO4



(6)






6CuS + 3CuSO4 + 4H2O = 5Cu1.8S + 4H2SO4



(7)






6MeS + 9CuSO4 + 4H2O = 5Cu1.8S + 6MeSO4 + 4H2SO4



(8)






where Me–Zn, Pb, Cu.











A decrease in temperature from 220 to 200 °C led to a sharp decrease in the extraction of iron into a solution by up to 30% over the entire duration range of the oxidation period.



A diagram of the dependence of zinc extraction into a solution on temperature and duration of oxidation is presented in Figure 5.



Increasing the oxidation duration from 10 to 20 min had a positive effect on the extraction of zinc; its transfer into a solution above 75–85% was achieved at a temperature of 220 °C.



Reducing the temperature from 220 to 200 °C led to a decreased opening of sphalerite; the extraction of zinc did not exceed 70–75% over the entire duration range of the oxidation period.




3.2. Study of Mineral Dissolution of Copper Concentrate


The purpose of these studies was to assess the influence of the oxidative stage duration and the leaching temperature on the degree of opening of chalcopyrite and tennantite and the selection of process conditions to allow the maximum dissolution of arsenic, iron, and zinc while preventing copper transition into a solution.



In all experiments, the duration of 90 min, L:S ratio = 6:1, sulfuric acid concentration of 40 g/dm3, and oxygen pressure of 0.4 MPa at the oxidative stage were constant.



The dependence of the opening of chalcopyrite, tennantite, and sphalerite and the extraction of copper into a solution on the oxidative stage duration and leaching temperature is presented in Figure 6.



According to Figure 6a, the opening of sphalerite and chalcopyrite with an oxidation period of 10 min was 78.8% and 52.3%, respectively; a further increase in the oxidation duration to 25 min had virtually no effect on the dissolution of all minerals. Perhaps this effect is associated with the formation of elemental sulfur during autoclave leaching, according to the following reactions [41,42]:


ZnS + H2SO4 + 0.5O2 = ZnSO4 + S° + H2O



(9)






CuFeS2 + 2.5O2 + H2SO4 → CuSO4 + FeSO4 + S° + H2O



(10)






PbS + H2SO4 + 0.5O2 = PbSO4 + S° + H2O



(11)







At temperatures below 117 °C, sphalerite, galena, and chalcopyrite are oxidized to form solid elemental sulfur. In the 117–190 °C range, liquid sulfur is formed, which could wet sulfides. At temperatures higher than 160 °C, sulfur loses its liquid-flowing properties, and, in addition, the yield of So decreases significantly since the proportion of sulfur oxidized to sulfate increases, which also strongly depends on the acidity of the solution. As the temperature increases, the decomposition rate of sulfides and elemental sulfur rises; its passivating effect weakens upon reaching 200 °C, when elemental sulfur is quantitatively oxidized to sulfate ions.



The extraction of copper into a solution during both stages at 190 °C did not exceed 0.7%, which also indicates that chalcopyrite (the main precipitant of copper at the reduction stage) was not completely opened. Precipitation occurs according to Reaction 4 described above.



Tennantite is almost not leached at 190 °C, its degree of opening being 10–20%.



An increase in temperature from 190 to 205 °C led to a sharp increase in the degree of opening of minerals; with an increase in the duration of the oxidation period from 10 to 30 min, leaching of sphalerite and chalcopyrite was 88% and 92%, respectively (Figure 6b).



Sphalerite, chalcopyrite, and galena are decomposed during the oxidative period at a temperature of 205 °C through the following reactions:


ZnS + 2O2 = ZnSO4



(12)






2CuFeS2 + 4O2 = 2CuS + 2FeSO4



(13)






4CuS + 2O2 = CuSO4



(14)







During the reduction period, dissolved copper was deposited on the remaining sulfides, according to Reactions 4–8 described above.



The extraction of copper into a solution for both stages at 205 °C did not exceed 0.9%; the degree of chalcopyrite opening was 92%, which indicates that it is inappropriate to increase the duration of the oxidation period beyond 30 min since this would lead to an increased transition of copper into a solution after the two-stage treatment; the degree of tennantite leaching was 38%.



According to Figure 6c, the opening of sphalerite, chalcopyrite, and tennantite with an oxidation period of 25–30 min was 87–99%, while the extraction of copper into a solution for both stages was 40–60%, which indicates the complete opening of chalcopyrite during the oxidation period and the impossibility of complete copper deposition at the reduction stage.



The most optimal duration of the oxidation period is 20 min since up to 78% of tennantite is leached during the processing, while the extraction of copper into a solution after two stages is 2.2%, and the degree of opening of chalcopyrite reaches 95–97%.



Based on the results presented in Section 3.1 and Section 3.2, the optimal conditions for the autoclave two-stage processing of copper–arsenic concentrate are as follows: t = 225 °C, τoxidation = 20 min, τtot = 90 min, Po2 = 0.4 MPa, L:T = 6:1, and [H2SO4]initial = 40 g/dm3; in this case, 90% Zn, 2% Cu, 56% Fe, and 75–78% As are extracted into a solution during both stages.



The diffraction pattern of the cake after the autoclave treatment under optimal conditions is shown in Figure 7. Chemical analysis of the cake is presented in Table 3.



According to X-ray diffraction and chemical analysis data, pyrite, tennantite, chalcocite, and lead sulfate are the main compounds of the cake after the autoclave two-stage treatment. The presence of chalcocite in the cake confirms the proceeding of Reactions (4)–(8), which occur in the oxygen-free system at the reductive stage of autoclave processing [43].




3.3. Microphotographs


Microphotos and EDX mapping for the cake obtained using our autoclave two-stage processing of the copper–arsenic concentrate are t = 225 °C, τoxidation = 20 min, τtot = 90 min, Po2 = 0.4 MPa, L:T = 6:1, and [H2SO4]initial = 40 g/dm3, which are presented in Figure 8.



The obtained micrographs and EDX mappings clearly show no iron arsenates. This confirms that at the oxidative stage of the developed process, arsenic, removed by 78%, remains in the solution. The remaining arsenic is associated with tennantite, indicating the effectiveness of the treatment process in removing arsenic from the copper–arsenic concentrate. A second important observation is the presence of pronounced areas of copper sulfides in the microphotos without iron and arsenic impurities. This confirms that copper is deposited as chalcocite during the reduction phase of the process, which is the desired result. No impurities indicate the efficiency of our copper deposition process.





4. Conclusions


The use of autoclave technologies for processing sulfide copper-containing raw materials ensures high leaching intensity, selectivity, and completeness of extraction of valuable components into a solution. High temperatures and pressure of the oxidizing agent (oxygen and air) in the autoclave, combined in some cases with the addition of oxidation catalysts or an ultrafine grinding of raw materials, make it possible to suppress the passivation of the chalcopyrite surface during leaching. Autoclave processing units are easily integrated with existing and widespread hydrometallurgical facilities for processing oxidized and secondary copper ores, including the SX–EW processing unit. Sulfuric acid and iron (III) sulfate released during the oxidation process in the autoclave, as well as the heat obtained during the cooling process of the autoclave pulp, could be used for the atmospheric leaching of copper raw materials.



Using methods of mathematical design of an experiment with a second-order orthogonal central compositional design, it was established that duration and temperature have the highest statistical significance for the oxidation process of copper–arsenic raw materials under autoclave conditions, which is confirmed via the calculated high coefficients of determination (more than 0.96).



The optimal parameters for the autoclave two-stage processing of copper–arsenic concentrate have been established: t = 220–225 °C, τox = 20 min, τtot = 90 min, PO2 = 0.4 MPa, L:S = 10:1, and [H2SO4]init = 40 g/dm3; in this case, 85% of zinc, 0.01% of copper, 44% of iron, and 78% of arsenic are extracted into the solution during both stages.



It is shown that after the second stage of autoclave treatment, copper is quantitatively concentrated in the leaching cake (Cu—29.9%, Fe—22.7%, and S—33.6%), which is suitable for further processing in traditional pyrometallurgical production.
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Figure 1. X-ray diffraction pattern of the copper concentrate. 
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Figure 2. Pareto charts for the recovery of arsenic (a), iron (b), and zinc (c) from the concentrate. 
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Figure 3. Diagram of the dependence of arsenic recovery on temperature and oxidation duration. 
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Figure 4. Diagram of iron extraction depending on temperature and oxidation duration. 
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Figure 5. Diagram of zinc extraction depending on temperature and oxidation duration. 
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Figure 6. Dependence of the dissolution of sphalerite (sph), chalcopyrite (chl), tennantite (tn), and the extraction of copper into a solution on the oxidative stage duration at temperatures of 190 °C (a), 205 °C (b), and 225 °C (c). 
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Figure 7. X-ray diffraction pattern of the cake after the autoclave two-stage treatment (t = 225 °C, τoxidation = 20 min, τtot = 90 min, Po2 = 0.4 MPa, L:T = 6:1, and [H2SO4]initial = 40 g/dm3). 
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Figure 8. SEM images of the solid residue after the autoclave two-stage treatment of copper–arsenic concentrate (a) and EDS mapping of the elemental composition of the particle surface (b–f). 
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Table 1. Chemical composition of the copper concentrate.






Table 1. Chemical composition of the copper concentrate.





	Element
	S
	Fe
	Cu
	Zn
	As
	Pb
	Si
	Al
	Others





	Wt., %
	39.4
	27.9
	18.0
	4.8
	2.9
	2.1
	0.8
	0.5
	3.36










 





Table 2. The variance analysis results.






Table 2. The variance analysis results.





	
Source

	
Sum of Squares

	
Df

	
Mean Square

	
F-Ratio

	
p-Value






	
Fe




	
A: Temperature

	
1355.16

	
1

	
1355.16

	
45.31

	
0.0005




	
B: Time

	
1385.61

	
1

	
1385.61

	
46.33

	
0.0005




	
AA

	
925.796

	
1

	
925.796

	
30.95

	
0.0014




	
AB

	
916.224

	
1

	
916.224

	
30.63

	
0.0015




	
BB

	
391.578

	
1

	
391.578

	
13.09

	
0.0111




	
As




	
A: Temperature

	
4144.45

	
1

	
4144.45

	
358.83

	
0.0000




	
B: Time

	
2469.68

	
1

	
2469.68

	
213.82

	
0.0000




	
AA

	
1735.27

	
1

	
1735.27

	
150.24

	
0.0000




	
AB

	
724.279

	
1

	
724.27

	
62.71

	
0.0002




	
BB

	
208.18

	
1

	
208.18

	
18.02

	
0.0054




	
Zn




	
A: Temperature

	
261.77

	
1

	
261.77

	
49.16

	
0.0004




	
B: Time

	
246.04

	
1

	
246.04

	
46.21

	
0.0005




	
AA

	
92.25

	
1

	
92.25

	
17.33

	
0.0059




	
AB

	
186.49

	
1

	
186.49

	
35.02

	
0.0010




	
BB

	
7.37

	
1

	
7.37

	
1.39

	
0.2837











 





Table 3. Chemical composition of the cake after autoclave treatment.






Table 3. Chemical composition of the cake after autoclave treatment.





	Element
	S
	Fe
	Cu
	As
	Pb
	Others





	Wt., %
	33.58
	22.7
	29.9
	4.26
	3.5
	6.16
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
A: Temperature | — 1 B: Time —

B: Time A: Temperature

AA AB

AB AA

BB BB

0 1 8 12 16 20 5 é 5 < = s
Standardized effect Standardized effect
(a) (b)
A: Temperature | | | | | —
B: Time
AB
AA
oo | [
0 2 4 6 8
Standardized effect

(c)





media/file18.png





media/file13.png
Dissolution (%)

80

! 3 ! T E T ¥ T 1-0
: ———n —
70 4
’ | e 0.9
60 4 / .
| ® o — - 0.8
50 - ~‘-\'M.,_-----""""-‘ ®
40 | ‘\//’ = 0.7
= 0.6
20 - i
' oy il
—e—cChl [ Y-
]0-. ‘.\A-—-—-"/‘ —A—Tn |
0 —_— o4
5 10 15 20 25 30 35

Time (min)

(a)

Extraction (%)

Dissolution (%)

100

90
80 -
70
60 -
50 -
40 -
30
20
10-

1 —m=—Sph

—e&— Chl

1 —A—Tn
| ——Cu ]

— //

/‘

A/‘

1.0
-—0.9
-—0.8
07
-—0.6

-0.5

10 15 20 25 30

Time (min)

(b)

0.4
35

Extraction (%)





media/file12.jpg
(%) uonoenxyg

2 8 2 8 8 =
® ¥ @& & = o

" “« F

100

o9 QS 99 gc o
X % BRI S &=

<
g
(%) uonnjossiq

30

20

15

10

Time (min)

(9





media/file3.jpg
Ju——

@
A Tempersare
Bime
a»
a

Standardized effect
©





media/file7.jpg
Extraction (%)

@
8

190 00 L,
Temperature (°Q)

220

Fe Ext. ()






media/file10.png
Extraction (%)
&

200 50
Temperature (°C)

Zn Extr. (%)

70.0
75.0






media/file19.png





media/file14.png
(9,) uonoenxy

- 50
4
3
2

-10

-0

100

(%) uonnjossiq

Time (min)

(c)





media/file11.jpg
B8es
1t
EEECEEEEEER
0 wogniossa
(0 vowesna
%.08.2.9.9.3.3
553
st

B NEEY

ED
Time (min)

[

[

ED
Time (min)

®

@





media/file6.png
As Extr. (%)
I 00
B 100
,-o\ e 20.0
) ‘ mm 30.0
o\/ - f B 40.0
g . B 50.0
e 60.0
E : : 700
% . o 80.0
b ! 30 B 90.0
: B 100.0
aa ° @

180 190

200 50
Temperature (°C)





media/file15.jpg
Sanple]

1 Nllululhlllll Ll hll bl

+[96-901-3069] Chalcocit]

Intensity

T[9