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RECOVERY OF TELLURIUM FROM SODIUM CARBONATE SLAG

ODZYSK TELLURU Z ZUZLI SODOWYCH

This study is devoted to tellurium recovery from sodium carbonate slag, formed in the fire refining process of crude silver.
The slag was modified by silica additions and then reduced by carbon oxide. The degree of the slag modification was defined

by the parameter kw:
nsio
kw= — 292
NNa,co3 T Nay0
where:n;— the mole numbers of silica, sodium carbonate and sodium oxide.

The compositions of the investigated slag determined by the parameter kw and the mole fraction of the tellurium oxide
(x7c0,) are given in the following Table.

Slag number kw XTe0,
1 0.0 0.0622
2 0.2 0.0583
3 0.6 0.0526
4 1.0 0.0494

The reduction of tellurium was very fast for all the investigated slags, which was manifested by an almost complete
conversion of CO into CO,. Unfortunately, at the same time, a side reaction took place, and as a results sodium telluride was
formed, which reported to the slag:

(NaQO)Mg + Te(g) +CO = (N(lzTé’)_y[ag +CO,

The tellurium content in the reduced slag decreases as the parameter kw increases, and only the slag with the kw equal unity
was suitable for the tellurium recovery in form of dusts, containing more than 76 wt-% tellurium.
Keywords: tellurium recovery, crude silver, refining, sodium carbonate slag

Praca jest poswigcona odzyskowi telluru z zuzla sodowego, ktory tworzy si¢ podczas rafinacji ogniowej srebra. zuzel ten
byl modyfikowany dodatkiem krzemionki, a nastepnie poddawany redukcji za pomocg tlenku wegla. Stopiert modyfikacji zuzla
okreslal parametr kw:
ngi
kw = _ o,
NNay,co3 + NNay0
gdzie: n;— liczba moli poszczegdlnych skladnikéw zuzla.

Skiady badanych zuzli wyrazonych za pomocg parametru kw oraz utamka molowego tlenku telluru (xrgaz) zawiera
ponizsza tabela.

Numer zuzla kw XTe0,
1 0,0 0,0622
2 0,2 0,0583
3 0,6 0,0526
4 1,0 0,0494

* AGH UNIVERSITY OF SCIENCE AND TECHNOLOGY, DEPARTMENT OF METALLURGY OF NON-FERROUS METALS, AL. A. MICKIEWICZA 30, 30-019 KRAKOW, POLAND
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Redukcja telluru przebiegata bardzo szybko w przypadku kazdego z badanych zuzli, co przejawialo si¢ poprzez prawie
kompletng konwersje CO do CO,. Niestety, w tym samym czasie przebiegala reakcja uboczna w wyniku ktdrej tworzyl sie

tellurek sodu, ktéry rozpuszczat si¢ w zuzlu:

(NaZO),,el + TE(g) +CO =

(NarTe)ye + CO,

Stezenie telluru w zuzlu malato wraz ze wzrostem parametru kw. Ale dopiero zuzel charakteryzujacy si¢ parametrem kw = 1
okazal si¢ odpowiedni do odzysku telluru, ktéry przechodzit do pytéw zawierajacych ponad 76% telluru.

1. Introduction

Tellurium was discovered at the end of eighteen centu-
ry in minerals containing gold. This metal is produced as a
by-product of extraction of other metals (e.g. Cu, Ag, Ni, Pb
etc). Some of copper, nickel, lead and silver deposits contain
up to 5 ppm of tellurium. Tellurium is added in small quanti-
ties to steels for the improvement of their machinability and the
preservation of fine grain. It is also used in cast iron production
in order to stabilize the graphite and iron carbide inclusions.
Small tellurium additions to copper improves its machinability
without markedly lowering its electrical conductivity. Telluri-
um is also added to rubber in order to improve its resistance for
aging. Tellurium present in copper concentrates follow copper
during its production, and in the copper electrorefining stage,
it reports to slimes [1], which are raw materials for the pre-
cious metals (Ag, Au, Pt, Pd etc) recovery. In the Polish case,
silver is the main precious metal recovered from these slimes.
Tellurium is a harmful impurity of silver, which should be re-
moved in the fire refining process below 100 ppm. This study
is a part of the project devoted to tellurium removal from
crude silver with the use of soda (Na,COj3) as the refining
agent. It was found that the tellurium distribution coefficient
(L‘;l:’g/ %) between the soda slag and the liquid silver at 1373
K does not depend on the oxygen pressure within the range
(0.21-1 atm.), and is equal to 20.5. This study was aimed at
the investigation of a possible method for tellurium recovery
from the sodium carbonate slag.

2. Apparatus

The investigations of the tellurium reduction from the
soda slag were carried out with the apparatus shown in Fig. 1.
It consists of a furnace (1) in which an alumina crucible with
the soda slag was placed. A stream of pure nitrogen with the
flow rate of 20 dm?/h from cylinder (2) was passed through
the reaction tube of the furnace. The nitrogen flow rate was
controlled by an electronic flowmeter (6) and its controller
module (7). Pure carbon monoxide and pure carbon dioxide
were taken from the cylinders (3) and (4) and passed through
the column (5) with magnesium perchlorate for the moisture
removal. The flow rates of the carbon monoxide and carbon
dioxide gases were also controlled by an electronic controller
from Brooks (6) and its controller module (7). Next these gases
were mixed in the column (8) filled with glass spheres. The
CO-CO, mixture was passed by an alumina tube into the slag.
The gases generated by the reactions were passed through the
filter (9) for the dust removal, and then were analyzed with
an infrared gas analyzer (10) for the CO and CO; content.
The obtained results were recorded by the computer (12). The
sample’s temperature was measured with a Pt-PtRh10 thermo-

couple and a Keithley (11) milivoltometer. This thermocouple
had been calibrated against the melting points of pure metals
(Cu, Ag, Al, Zn, Sn).
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Fig. 1. Apparatus

3. Calibrations of the gas analyzer

The infrared gas analyzer used in this study is dedicated to
analyze CO and CO, in their mixture. To speed up the passage
of the reaction gases through the reaction tube, nitrogen of 20
dm?/h flow rate was admitted. For this reason, the gas analyzer
had to be calibrated [2]. The calibration was carried out by
allowing a passage of a gas mixture containing nitrogen of 20
dm?/h flow rate with additions of predetermined flow rates of
CO, CO; or CO+CO; mixture. The flow rates of these gases
were controlled by Brooks flowmeters and corrected to 273
K. In consequence, the gas analyzer showed some readings for
CO and CO; and the results were recorded by the computer.
If the obtained reading of vol.-%CO and vol.- %CO, did not
change with time, then these values were taken as true values.
Figure 2 shows the relation between the gas analyzer readings
for CO and the fraction of CO in the gas mixtures admitted
into the reaction tube. A similar correlation was obtained for
CO,. It was assumed that the calibration data can be described
by the:

100 -V,
. = = (%Co)measured (D
VNZ + VCO + VCOZ
100 - V.
2 = (BCODmeasured @)

VN2 + VCO + VC02

where: (%Co)measured ’ (%CO2)meusured -
for CO and CO,, respectively,
Vco, Veo, — the flow rates of CO and CO, in [dm?/h],
A, B — the slopes of the calibration straight lines for CO
and CO; respectively.

the analyzer readings
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Fig. 2. Correlation between the readings of the gas analyzer for CO
and the carbon oxide fraction in the gas mixture N,-CO-CO, passing

through the reaction tube of the furnace

With the list squares methods and the calibration results,
the “A” and “B” coeflicients were determined by:

100 - V,
(%CO)measured =1.058 - co (3)
Vi, + Veo + Veo,
100 - Vo,
(%COZ)measured =0.978 - = (4)

V]\]2 + VCO + V002

Relations (3) and (4) were used for the determination of the
flow rates of CO and CO, formed during the reduction process
between two consecutive readings of the gas analyzer.

_ 20 - (%Co)meusured
B 105.8 - (%Co)meamred - 1.081 - (%COZ)lneaxured

Vco &)
20 - (%COZ)mmxured

97.8 -0.924 - (%Co)measured - (%COZ)measured

As the analyzer readings were adjusted to 273 K, the

numbers of CO and CO, moles per one second could be cal-
culated from the relations:

(6)

Vco, =

B Veo

1CO = 55 4% 3600 )
_ Veo,

11C0: = 55 4% 3600 ®)

The number of oxygen moles removed from the slag during the
period of 5 seconds which was the time interval between two
consecutive measurements was determined from the relation:

i+l i+1

Neo +1 ”é‘o nco
nbz%xsux 2 2 %5 9)
where: nl.,,ni*} — the number of CO moles formed during

the reduction process and calculated for two consecutive mea-
surem@nts,

”(Cl)oz’ ”ic+012 — the number of CO, moles formed during the
reduction process and calculated for two consecutive measure-

ments.
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4. Preliminary experiments

Despite a common view that sodium carbonate is an un-
stable compound, the CO, pressure for the equilibrium of the
reaction (8) is quite low.

Na,CO3 = NayO + CO, (10)

The equilibrium pressure of CO, for this reaction at the exper-
imental temperatures is equal to: 0.66 Pa at 1373 K; 4.03 Pa at
1473 K and 20.62 Pa at 1573 K. To prevent the decomposition
of the sodium carbonate, a mixture of 20 dm>/h of nitrogen
and 1 dm’/h of CO, was admitted into the reaction tube. At
these conditions two preliminary experiments were conducted.
These experiments consisted of two stages. The first stage was
the melting of the sodium carbonate sample at 1373 K in the
stream of the N,-CO, mixture. The second stage started after
the thermal equilibration of the sample, and it consisted of
alumina tube being immersed into the melt and a mixture of
CO,-CO being passed through it. This mixture was made of
streams of 1 1/h CO; and 4 1/h CO. In Fig. 3, the results of
the first stage of the experiment are shown.

CO; concentration, vol-%

0 2000 4000 6000 8000

Time,s

10000 12000 14000
Fig. 3. Dependence of the CO, content in the N,-CO, mixture on
time, during the temperature increase of the sodium carbonate sample

up to 1373 K

In the course of the sample heating, one can observe a
noticeable increase of the CO, content above the incoming
concentration in the N,—CQO, mixture. This CO, increase was
observed at 1166 K, so it could be inferred that the soda was
contaminated by some calcium carbonate. It was calculated
that about 0.0069 CO, moles were additionally generated. In
the second stage, after the thermal stabilization of the sample,
the alumina tube was immersed into the melted soda, and the
mixture of CO — CO, (4:1) was passed through the melt. The
obtained results are demonstrated in Figure 4. It was estimated
that the numbers of the oxygen [O] moles removed from the
slags in this stage was equal to 0.012 in the first trial and 0.013
in the second one. The obtained data suggest that the main so-
da impurities were CaO and CaCOj3. However. CaO is a very
stable oxide, and cannot be reduced under the experimental
conditions. In this work four slags were investigated, whose
compositions were determined by the parameter kw and the
tellurium oxide mole fraction:

w = nsio,  _ nsio, (11
NNa,CO;  NNay,CO; T N0
nTé’Oz
xTL’Oz = (12)

NTe0, t NNaycO; t NNay0
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Where: nsi0,; INa,co5 3 INay,03 NTe0, — the numbers of moles of
silica, sodium carbonate, sodium oxide and tellurium oxide
respectively.
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Fig. 4. Dependences of the CO, and CO contents in the reaction gas

when passing the CO, — CO mixture (1:4) through the melted soda
on time at 1373 K

It is worth mentioning that every slag contained exactly
the same amount of tellurium. Table 1 contains compositions
of these slags.

TABLE 1
Compositions of the investigated slag
Number of slag kw XTe0,
1 0 0.0622
2 0.2 0.0583
3 0.6 0.0526
4 1.0 0.4945

5. Results of the measurements at 1373 K for slag no 1 of
the composition given by: k,, = 0 and x7,0, = 0.0622

This slag did not contain silica and had: 96.68 g of
Na,CO;3; and 11.942 g of the compound Na,O-2TeO,. After
the careful mixing of these components, they were put into
an alumina crucible which then was placed into the furnace.
Next, the mixture of nitrogen with the flow rate of 20 1/h and
carbon dioxide with the flow rate of 1 I/h was admitted into
the furnace and the furnace was switched on. The temperature
of the furnace was steadily increasing up to 1373 K. During
this operation, the CO, concentration was monitored with the
infrared gas analyzer. The obtained results are demonstrated
in Fig. 5.

A very rapid increase of CO, occurred when the sample
temperature was within the range of 693 K — 783 K. Next, the
concentration of CO, decreased to the initial value. The CO,
peak can be the result of the reaction:

Na;CO3 + NayO - 2TeO; = 2(NayO - TeO,) + CO,  (13)
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Fig. 5. Dependence of the CO, content in the gases leaving the fur-

nace during the increase of the temperature of the sample up to 1373

K on time for the slag no 1

If this assumption is true, the number of the CO, moles
should be equal to 0.031 under the experimental conditions.
With the utilization of the experimental data presented in Fig.
5, it was calculated that an additional number of the CO,
moles generated at this stage was equal to 0.027. As these
numbers do not differ markedly, it is very likely that the as-
sumption about the reaction (13) reflects reality. When the
sample achieved the experimental temperature (i.e. 1373 K)
and the thermal equilibrium was reached, the alumina tube was
immersed into the melt, and the CO — CO, (4:1) mixture was
passed through the liquid sodium carbonate slag. The CO-CO,
mixture was made of 4 dm3/h flow rate of CO and 1 dm’/h
flow rate of CO,. The outgoing reaction gas was analyzed for
CO and CO,, and the obtained results are presented in Fig. 6.

With the utilization of the experimental data shown in
Fig. 6, the number of oxygen moles [O] removed from the
slag was calculated and it equaled 0.1943. The process can be
split up into two steps. In the first step, practically the whole
CO is transferred into the CO,, and the number of oxygen
moles removed from the slag in this step equaled 0.1073. The
second step is characterized by a steady decrease of the rate
of the CO transformation into CO,, and it is manifested by
a decrease in the CO content and a simultaneous increase of
the CO, concentration in the outgoing gas. In the second step,
0.0870 oxygen moles were removed from the slag. The TeO,
present in the slag can give 0.1253 moles of oxygen if reduced
completely according to the reaction:

(TeO2)5145 + 2CO0g) = Te(g) + 2C 0y (14)

CO, and CO concentration, vol-%
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Fig. 6. Dependence of the CO, and CO content in the reaction gases
on time, for slag no 1 at 1373K in the second stage



The difference between the oxygen removed from the slag
and that associated with TeO, is equal to 0.0690 moles. How-
ever, the chemical analyses of the slag after the experiment
with a spectrometer OPTIMA 7300DV of PerkinElmer, re-
vealed that the tellurium concentration equaled 7.23 wt-%,
while the preliminary tellurium content in this slag before the
experiment was 8.09 wt-%. The question is, how to explain
these contradictory facts, and could it be reconciled by the
assumption that the following reaction takes place:

N612C03([) + TE(g) +CO =NarTe+2C0O, (15)
Under this assumption, additional oxygen should be gener-
ated, and in the case when the whole tellurium is reduced,
0.0627 moles of oxygen [O] could be additionally removed
from the slag. In consequence, 0.1880 moles of oxygen alto-
gether (0.1253 + 0.0627) should be removed from the slag,
if the whole tellurium present in the initial slag takes part
in the reactions (14) and (15). The difference between the
amount of the oxygen removed from the slag calculated from
the experimental and the theoretical data (0.1943 — 0.1880 =
0.006) is quite small and equals only 3.3%.

6. Results of the measurements at 1373 K for the slag no
4 of the composition given by: kw = 1 and xr.0, = 0,04945

This slag contained the most of silica and in consequence,
the obtained results differ very much from those for the slag
without silica (kw=0). This slag was made of 36.179 g of
Si0;; 60.500 g of Na,CO; and 11.942 g of the compound
Na,0-2TeO,. After the careful mixing of these components,
they were put into an alumina crucible, which then was placed
into the furnace. Next, the mixture of nitrogen with the flow
rate of 20 1/h and carbon dioxide with the flow rate of 1 1/h
was admitted into the furnace and next, the latter was switched
on. The temperature of the furnace was steadily increasing up
to 1373 K. During this operation, the CO, concentration was
monitored with an infrared gas analyzer. The obtained results
are demonstrated in Fig. 7.

CO, concentration, vol-%
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Time,s
Fig. 7. Dependence of the CO, concentration in the outgoing gases
on time, during the increase the temperature of sample no 4 up to
1373 K

The melted soda dissolves the silica, and the reactions of
its depolymerization take place according to the reactions:
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0 =Si=0+Na,CO3 » O =Si—-0"Na*+ CO,
I (16)
O Na*
O Na*
0 =Si=0+2Na,CO3; - O0-Si—-0"Na' +2CO,
O Na*
(17

The slag depolymerization proceeds as the temperature
increases, as the equilibrium of the reactions (16) and (17) is
shifted to the right side. The calculation revealed that 0.4831
moles of CO, were removed from the slag at this stage. In
consequence, the composition of the slag at the end of this
stage was the following: ngip, = 0.6021; nygco, = 0.0099;
nyg,0 = 0.5457; nreo, = 0.0626. When the sample achieved
the experimental temperature (i.e.1373 K) and the thermal
equilibrium, the alumina tube was immersed into the melt,
and the CO — CO, mixture (4:1) was passed through the melt.
The CO-CO, mixture was made of 4 dm’/h flow rate of CO
and 1 dm’/h flow rate of CO,. The outgoing reaction gas
was analyzed for CO and CO,, and the obtained results are
presented in Fig. 8.
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Fig. 8. Concentrations of the CO and CO, versus time, during the
passing of the CO-CO, mixture (4:1) through slag no 4, at 1373 K

With the utilization of the experimental data presented
in Fig. 8, the number of the oxygen [O] moles removed from
the slag was calculated as 0.1498. It means that from this
slag, (no 4) 0.0245 moles of oxygen more were removed than
those associated with TeO,. The chemical analyzes of this
slag after the reduction stage showed 1.23 wt-% of tellurium
in it. It means that the majority of the reduced tellurium did
not form sodium telluride. The following question should be
asked: What caused such behavior? It is worth mentioning
that this slag, after melting, contained a very small amount of
soda (~0.01 moles of Na,CO5 at 1373 K). This suggests that
the Na,O is very strongly bonded within the silicate polyionic
and therefore cannot react with the reduced tellurium to form
sodium telluride. Therefore it seems that sodium carbonate
serves as a sodium supplier for the reaction of the sodium
telluride formation. The investigation results obtained at 1373
K; 1473 K and 1573 K are given in Tables 2, 3 and 4.
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Results of the investigation on the tellurium recovery from the sodium carbonate slag at 1373 K

TABLE 2

Mole numbers of the slag components before Oxygen [O] Tellurium content
o reduction stage removed in after reduction
Na,COs Si0, Na,0 TeO, reduction stage, moles stage, wt.-%
0 0.8808 0.0000 0.0626 0.0626 0.1943 7.23
0.2 *0.5107 0.1694 *0.3366 0.0626 0.1438 6.99
0.6 *0.1186 0.4224 *0.5852 0.0626 0.1630 6.76
1.0 *0.0099 0.6021 *0.5457 0.0626 0.1498 1.23

* — Mole numbers estimated from the experimental data of CO, removed from the slag during the melting stage.

TABLE 3
Results of the investigation on the tellurium recovery from the sodium carbonate slag at 1473 K
Mole numbers of the slag components before Oxygen [O] Tellurium content

o reduction stage removed in after reduction

NayCOs SiO, Na,O TeO, reduction stage, moles stage, wt-%
0 0.8808 0.0000 0.0629 0.0626 0.1924 7.39
0.2 *0.4834 0.1694 *0.3640 0.0626 0.1924 8.34
0.6 *0.0738 0.4224 *0.6171 0.0626 0.1844 8.40
1.0 *0.0133 0.6021 *(0.5988 0.0526 0.1537 1.76

* — Mole numbers estimated from the experimental data of the CO, removed from the slag during the melting stage.

TABLE 4
Results of the investigation on the tellurium recovery from the sodium carbonate slag at 1573 K
Mole numbers of the slag components before Oxygen [O] Te content
o reduction stage removed in after reduction
NayCOs Si0, Na,O TeO, reduction stage, moles stage, wt-%
0 0.8808 0.0000 0.0629 0.0626 0.1660 8.74
0.2 *0.4664 0.1694 *0.3810 0.0626 0.1670 9.37
0.6 *0.0569 0.4224 *0.6470 0.0626 0.1568 7.86
1.0 *0.0727 0.6021 *0.5294 0.0626 0.1233 2.25

* — Mole numbers estimated from the experimental data of the CO, removed from the slag during the melting stage.

7. Discussion

The experimental results obtained in this work suggest
that in every case, a complete extraction of tellurium from the
slags should be expected. This conclusion is supported by the
fact that in every case, the amount of the oxygen removed from
these slags exceeded the oxygen connected with TeO,. Since
the tellurium vapour pressure at the experimental tempera-
tures is quite high (P7,(1373K)=800 Pa, P7,(1473K)=2330 Pa,
Pr.(1573K)=5846 Pa) [1], so the tellurium should report to
dust. The chemical analyzes of the slags after the reduction
stage showed that almost all the tellurium remained in it, with
the exception of the slag with kw = 1. In the cases of the slag
with kw = 1, most of the tellurium was reduced. There are
two possible mechanisms which can explained such behavior:

1. The reduced tellurium reacts with the sodium oxide ac-
cording to the reaction:

NGQO(I) + Té’(g) +CO = NazT(?(l) +CO, (18)
The equilibrium constants of the reaction (18) at the ex-
perimental temperatures are very high (K;373 =8.587-107;
K473 =6.661-10%; K573 =6.553-10%) [1].

2. Reduced tellurium reacts with sodium carbonates accord-
ing to the reaction:

Na2CO3(1) + Te(g) +CO = NazTe(;) +2C0, (19)

The equilibrium constants of the reaction (19) at the ex-
perimental temperatures are much smaller (Kjs373 = 562.8;
K473 =264.8; K573 = 133.4) [3]. Let us assume for a moment
that the sodium telluride is formed according to the reaction
(18). In such case with the increase of the parameter kw, the
tellurium content in these slags should also increases. In fact,
a very small increase is observed for the small values of kw,
however, for higher values of the parameter kw, the telluri-
um content in the slags markedly decreases. It means that
the reaction (19) plays the main role in the reaction of the
sodium telluride formation. It is very likely that the sodium
oxide is bonded very strongly within the silicate polyionic
and therefore cannot react with the reduced tellurium to form
sodium telluride. In other words, the tellurium recovery from
the slag would be possible in the case when almost all the
sodium oxide were tied up with the silicate polyionic (kw>1).
As the temperature increases, the silicate polyionic becomes
less stable and therefore a higher tellurium concentration in
the slag with the parameter kw=1 is observed (see Fig. 9).
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Fig. 9. Tellurium content in the slag with kw=1 after reduction as a
function of temperature

The results of this work give a clear prescription for how
to recover tellurium from the sodium carbonate slag. It is nec-
essary to add some silica to such a slag in order to set up the
parameter kw value higher than unity. The temperature of the
process should equal 1373 K or even lower. To support this
opinion, an additional experiment was carried out for the slag
of the composition given by:

ngsio
kw= ——22 _9
NNa,0 t NNa,COs

1170, = 0.0335

XTeO, =
NTe0, + Nsi0; + NNa,0 + NNayCOs

As the silica concentration was high, the experiment was con-
ducted at 1473 K. The tellurium concentration in this slag
after the reduction stage was as low as 0.1%. The reduced
tellurium reports to dust, because of the high pressure of this
metal at elevated temperatures. Fig. 10 shows the obtained
dusts containing more than 76 wt-% of tellurium.
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Fig. 10. Obtained dusts containing more than 76 wt-% Te
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