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THERMAL AND XRD ANALYSIS OF EGYPTIAN GALENA

. *
A. M. Abdel-Rehim
Alexandria University, 69 Sultan Hussein St., Alexandria, Egypt

Galena is the principal ore mineral for lead industry and the production of lead and its alloys. The industrial processing of galena in-
cludes its oxidized roasting to lead oxide, followed by reduction smelting of lead oxide agglomerate with coke in the blast furnace to
commercial lead.

The present work reports a thermal analysis study of oxidized roasting of Egyptian galena using a derivatograph. The reaction
products were identified microscopically and by using a Siemens Crystalloflex diffractometer.

On roasting of galena (heating in the air flow), its oxidation to lead sulphate was shown by a wide and small exothermic DTA
peak at 460°C. The reaction between galena and lead sulphate, produced PbSO,-PbO at 580°C, is shown by a small exothermic
peak. A large and sharp exothermic tripple maximum at 730, 740 and 765°C was due to the intensive oxidation of galena, accompa-
nied by an increase in mass (TG). This mass increase is attributed to the formation of different sulphates. The mass loss is observed

at temperature higher than 900°C due to the dissociation of the sulphates to lead oxide and evolution of sulphur dioxide.

The standard free energy (AG®) and equilibrium constant (K) of the reaction of oxidation of galena to lead oxide at 800°C are
~167.102 kcal mol ™" and 1.09-10*, respectively. These values reflect the irreversibility of the reaction.

The products of the oxidized roasting of galena are different, depending upon the temperature of roasting such as anglesite at
300°C, basic lead sulphates of specified compositions: (PbSO,PbO at 600°C, PbSO,42PbO at 800°C and PbSO4-4PbO at 900°C)

and lead oxide at 1000°C.
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Introduction

Galena (lead sulphide) is the principal ore mineral for
the lead industry and the production of lead, alloys and
its compounds, which are used in different fields of in-
dustry mainly accumulators, atomic energy, ceramic
glasses and glazes, pigments and chemical industry.
Several methods are used for the industrial pro-
cessing of galena for production of lead and its com-
pounds [1-16, 18-20]. These include pyrometallurgi-
cal and hydrometallurgical methods. The pyro-
metallurgical methods include the oxidized roasting
of galena followed by the reduction smelting. The re-
action smelting is based on the roasting of galena in
reverberatory furnace at 500-600°C and its partial ox-
idation to lead oxide and sulphate. This is followed by
smelting of galena and lead oxide and sulphate at
850°C with the production of lead. Replacement
smelting of galena is carried out in blast furnace at
1200°C with addition of iron powder to the charge for
replacement of lead. The hydrometallurgical methods
are based on preliminary chlorination or sulpha-
tization roasting of galena. Chlorination roasting of
galena is carried out for galena in a mixture of coal
and sodium choride or using chlorine with the forma-
tion of lead chloride. Sulphatization roasting of ga-
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lena leads to its conversion to lead sulphate. Then, the
roasted galena concentrate is leached with a solution
of sodium chloride or sodium and calcium chlorides.
This is followed by purification of solutions and pre-
cipitation of lead by addition of lime (calcium
hydroxide) and the reduction smelting of lead oxide.
The main industrial method of processing of ga-
lena is its oxidized roasting in air atmosphere [1, 5-11,
15, 17, 20]. This method is based on the oxidation of ga-
lena to lead oxide, followed by its reduction smelting in
presence of coal. Agglomeration roasting of galena is
carried out in agglomerated machine in two stages. The
first stage is at 850-900°C, for the removal of most sul-
phur (6-7% S remain). The second stage includes grind-
ing of the product and its roasting at 1000-1100°C, at
which complete oxidation of sulphides and decomposi-
tion of sulphates are attained and the formation of lead
agglomerate. The roasting is followed by the reduction
smelting of lead agglomerate with coal in blast furnace
at 1250-1300°C to commercial lead, which is directed
to purification processes for the removal of impurities.
Galena was reported [1-6, 8, 11, 20-23, 25] to dis-
play a variable thermal behaviour, depending on the
conditions of heating. In vacuum, a marked sublimation
of galena is observed at high temperatures (at 980 and
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995°C, the vapour pressures are 12 and 17 mm Hg, re-
spectively) and its melting at 1120-1135°C.

In air atmosphere, galena oxidizes during slow
roasting at temperature lower than 500°C with the for-
mation of mainly lead sulphate. The lead sulphate re-
sulted reacts with galena with the formation of lead ox-
ide. At higher temperature of roasting of galena
(1000°C), lead oxide constitutes the main composition
of the end product, due to the dissociation of the lead
sulphate and basic sulphates resulted. Lead sulphate for-
mation is remarkably observed during oxidation of ga-
lena at 200—300°C, but the process is slow. Under roast-
ing conditions, galena weakly dissociated at high tem-
peratures and the dissociation pressures at 900 and
1000°C are 0.011 and 0.126 mm Hg, respectively.

Lead sulphate is unstable at high temperature. It
begins dissociation in air at 637°C. Its intensive decom-
position takes place at 705°C with the formation of ba-
sic lead sulphates, which at 900-950°C converts to
PbSO,44PbO before being completely desulphurized to
lead oxide at higher temperature. Lead sulphate melts at
1080-1170°C [8, 11, 20-23, 25].

Lead oxide melts at 883°C and boils at 1470°C.
Its remarkable vaporization is observed at 800°C and
this increases at temperatures higher than 950°C.
(Vapour pressure is more than 3 mm Hg and at the
boiling point reaches 650 mm Hg). The temperature
of dissociation of lead oxide is higher than 2000°C
[1-3,8, 11,20-23, 25].

The present work illustrates a differential thermal
analysis and X-ray diffraction study of the oxidized
roasting of Egyptian galena using a derivatograph.

Experimental techniques

This research was carried out with galena separated
from Um Gheig mineralization, Eastern Desert,
Egypt. Galena is lead grey in handspecimens, having
a greyish black streak, a metallic luster, perfect cubic
cleavage, low hardness and high specific gravity. In
polished sections, galena is distinguished by bright
white colour, high reflectivity, perfect cubic cleav-
age, showing triangular pits along the cleavage lines
and its crystallization in cubic system.

The X-ray diffraction pattern of the galena sam-
ple (Fig. 1) shows only the characteristic peaks of ga-
lena; no mineral impurity was detected. The X-ray
peaks of galena are well-defined, narrow and intense,

Table 1 Chemical composition of galena
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Fig. 1 X-ray diffraction pattern of galena; (Gn)

suggesting good crystallinity, and their data are con-
sistent with those given in the ASTM index. The
chemical composition of the processed galena is
given in Table 1.

Procedure

Galena was processed by repeated grinding in an au-
tomated agate mortar, followed by sieving until all
the powder passed through 0.125 and 0.06 mm sieves.
Finally, the galena powder was ground with a pestle
and mortar for 1 h to achieve homogeneity.

Apparatus

Experiments of galena roasting were carried out using
ceramic crucibles heated in an electrical furnace in air
current with the removal of sulphur dioxide, which re-
sulted from the oxidation of galena. The temperature
was regulated automatically with an accuracy of +5°C.

The thermal analysis study of oxidized roasting of
galena was carried out with the MOM deriva-
tograph [24]. This apparatus records simultaneously
four curves; the change of temperature of the sample
(7), differential thermal analysis (DTA), thermogravi-
metric analysis (TG) quantitatively in milligrams, and
the derivative thermogravimetric curve (DTG) on a sin-
gle sample under controlled conditions.

The parameters during the test were as follows:
ceramic crucible; inert material, aluminium oxide.
Mass of sample 187-200 mg; temperature range am-
bient up to 1000°C; in air atmosphere; heating rate
10°C min'. The DTA and temperature measuring
thermocouples were Pt—Pt/Rh. The atmosphere was
air and sulphur dioxide was removed as formed.

Element Pb /n Fe Cu

Ca Mg Al Si S

Content/% 86.21 0.41 0.11 0.04

0.04 0.07 0.02 0.12 12.96

394

J. Therm. Anal. Cal., 86, 2006



THERMAL AND XRD ANALYSIS OF EGYPTIAN GALENA

Phase identification

The phases of the products of galena roasting were
identified by X-ray diffraction analyses using a
Siemens Crystalloflex diffractometer. The finely
ground product of roasting was mixed with sodium
chloride as a standard. Its peaks at 26=31.38° and
45.44° were used for corrections. Nickel-filtered cop-
per radiation was used. The exposure time was 1 h.
Intensities were collected to a maximum 20= 80°. The
sensitivity of the experiment was 4-10* imp/min and
the statistical error was 1.5%.

Determination of thermodynamic constants

Before the thermal analysis study of galena roasting
an attempt was done to calculate the thermodynamic
constants of its reactions of oxidation. The thermody-
namic data given in Table 2 were used in the calcula-
tions [17, 20, 26, 27].

Slow oxidized roasting of galena

The reaction may be represented as:

2PbS+3.50, - PbO+PbSO4+S0O, (1)

The standard free energy of the reaction (AG®)
at 800°C is:

AG:

o °

=AG 0 +AG g0, +AGy, 2AG

galena

35AG,,

reaction

=-133.056 —151.205— 72.579 + 2-22.084 +0.00(2)
=_212.672 kcal mol™

The equilibrium constant of the reaction (K) may be
calculated from the Eq. (3) relating to 800°C:

AG°=— RTInK

L AGS 212672 _4ai0n g
4575621073 490964

K =2.08-10%

logK

Table 2 Thermodynamic data used in calculations [20, 26, 27]

Fast oxidized roasting of galena

The reaction may be represented as :

3PbS+50, — 2 PbO+PbS04+2S0, 4)
The standard free energy of the reaction (AG®) at
800°C:

AGion =20G 0 +AG g0 220Gy, —3AG,, —5AG,
=-2-33.056 —151.205 —2-72.579+3-22.084+0.00 (5)
=—296.223 kcal mol*

296223
4575621073 (6)

K=21610%"

reaction

Formation of lead sulphate

The reaction of lead sulphate formation during oxi-
dized roasting of galena may be represented as:

2PbO+2S0,+0,—>2PbS0O, (7)
The standard free energy of the reaction (AG®) at
400°C:

AG ion =2AG 50, 20Gp0 220Gy, —AG,

reaction

=—2-185.603+2:42.662+2:71.959+0.00  (8)
=-141.964 kcal mol ™

:M =461013
457562673
K=12610*

)

Oxidized roasting of galena to the oxide

The reaction of oxidized roasting of galena to lead ox-
ide may be represented as:

2PbS+30; — 2 PbO+2S0, (10)

The standard energy of the reaction (AG®) at
800°C:

~AG°/kcal mol ™!
Temperature/°C

Galena PbO(c) SOx(g) PbSO4(c)
400 22.811 42.662 71.959 185.603
500 22.502 40.299 71.941 176.831
600 22.117 37.985 71.809 168.009
700 21.503 35.507 71.610 158.982
800 22.084 33.056 72.879 151.205
900 19.971 30.643 70.865 140.824
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Table 3 Standard free energy (AG®) and equilibrium constant (K) of the reaction of oxidized roasting of galena to the oxide

T /oC AG logk K
emperature/°® 0
P keal mol™ kJ mol™
400 183.620 768.450 59.6286 4.2510%
500 179.476 751.107 50.7431 5.53-10%
600 175.354 733.857 43.8987 7.92:10%
700 171.228 716.589 38.4602 2.89-10%
800 167.102 699.322 34.0386 1.09-10*
900 163.076 682.473 30.3838 2.42:10%°
AGri:action :2AG;bO +2AGSOOZ _2AGg;lena _3AG(O)2
60 |
=—-2:33.056 — 2:72.579+2-22.084+0.00 (11)
=-167.102 kcal mol™ ar
=ﬂ=340386 12 2 40
4575621073 (12)  H
K=10910* 30r
The standard free energy (AG®) and equilibrium con- 20l
stant (K) for the reaction of oxidized roasting of galena
to lead oxide were calculated at different temperatures

and given in Table 3. It is observed that the equilibrium
constant (K) is large and the reaction of oxidized roast-
ing of galena to lead oxide is considered in practice to be
an irreversible one. The oxidation of galena should pref-
erably carried out at low concentration of oxygen in the
gaseous phase. The rate of roasting of galena and its
completeness depends on the rate of flow of air. The
plot of the calculated standard free energy (AG®) data vs.
temperature (Fig. 2) shows the linear proportionality be-
tween them. The plot of logK vs. 1/T (Fig. 3) yields a
straight line, from which the calculated heat of the reac-
tion AH at 700-800°C is 203.13 kcal mol”
(850.1 kJ mol ™). This value is in good agreement with
the previously reported literature value of 201.7 kcal
mol™ [8, 17, 20]. The high exothermic heat released in
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Fig. 2 Free energy diagram for oxidized roasting of galena
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Fig. 3 Plot of log K vs. 10° / T'(K™")

the oxidation of galena satisfies the possibility of carry-
ing out its oxidized roasting via the resulting heat.

Results and discussion
DTA of roasting of fine grained galena

The thermal analysis data on the oxidized roasting of
fine grained galena (particle size 0.06 mm) (Fig. 4)
shows the beginning of its oxidation at 250°C and its
conversion to lead sulphate (anglesite). The wide and
small exothermic peak at 460°C represents the inten-
sive formation of lead sulphate. This is followed by
another small exothermic peak at 580°C, representing
the reaction between galena and the lead sulphate re-
sulted with the formation of basic lead sulphate
(PbSO4PbO). The intensive oxidation of galena is
represented by the large and sharp exothermic triple
maximum peak, at 730, 740 and 765°C, accompanied
by an increase in mass (TG). This mass increase is
due to the formation of lead sulphate and different ba-
sic sulphates. These sulphates are anglesite at 300°C,
PbSO,4PbO at 600°C, PbSO42PbO at 800°C and
PbSO4-4PbO at 900°C. as identified by XRD. The
gain in mass of solid sulphate product is more than the
escape of SO,. Most of sulphur dioxide resulted is

J. Therm. Anal. Cal., 86, 2006
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Fig. 4 TG, DTG and DTA curves of oxidized roasting of fine
grained galena (0.06 mm). Mass of sample 187 mg;
heating rate 10°C min”"

consumed in the formation of sulphates. The mass
loss is observed at higher temperature than 900°C due
to the dissociation of the sulphates and basic
sulphates to lead oxide and evolution of SO,. The me-
dium endothermic peak at 880°C reflects the melting
and vaporization of lead oxide and also the reaction
between galena and lead oxide and sulphate with the
formation of lead.

The results obtained are consistent with litera-
ture data [1-3,6, 8,9, 11, 17,20-23, 25] as the oxida-
tion of galena and its conversion to lead sulphate re-
markably takes place at 200-300°C but slowly. Lead
sulphate is mainly formed on oxidized roasting of ga-
lena at temperature lower than 450-500°C. Lead sul-
phate is unstable at high temperature and begins its
dissociation at 637°C and its intensive dissociation
takes place at 705°C with the formation of basic lead
sulphates. These lead sulphates intensively decom-
posed at temperature higher than 950°C to lead oxide.

It is observed that at lower temperature than
600°C, the mineral is quite inert, undergoing only low
oxidation until the ignition temperature is reached.
Beyond this limit, the rate of oxidation of galena is
high and the reaction takes place spontaneously with
the heat released. Galena has a comparatively high ig-
nition temperature with respect to the other sulphide
minerals (755°C for fine galena particles with a parti-
cle size 0.075 mm) [1, 8, 11]. The DTA curve of ga-
lena shows several exothermic peaks at 770°C and
wide large exothermic peak with maximum at 854,
874, 885 and 910°C. The reaction between lead sul-
phide and sulphate begins at 550°C with the forma-
tion of lead oxide or lead under definite conditions
and at 725°C the pressure of sulphur dioxide equals

J. Therm. Anal. Cal., 86, 2006

1 atm. The reaction between galena and lead oxide
begins at 650—-660°C and intensively takes place at
700°C as endothermic one with the formation of lead.
The vapour pressure of sulphur dioxide at 800 and
870°C equals 90 and 830 mm Hg, respectively. The
reactin between galena and lead sulphate takes place
effectively at 700-750°C (the vapour pressure of sul-
phur dioxide at 750°C is 730 mm Hg). The lead
formed oxidizes in air atmosphere to lead oxide,
which is also resulted from the reaction of lead with
lead sulphate.

Microscopic and X-ray diffraction study

The products of the runs at 300, 600, 800, 900 and
1000°C within 30 min were identified microscopi-
cally and by using X-ray diffraction.

At 300-500°C, galena and anglesite constitute
the total composition of polished and thin sections.
Galena particles are covered by a thick compact layer
of anglesite. This layer prevents the diffusion of air
and the oxidation of galena is low. All particles are
partially desulphurized and sulphatized. In polished
sections, the particles show a homogeneous white
core composed of galena, surrounded by a dark layer
of anglesite. At 800°C, the surface sulphate layer
around galena grains is a friable one and porous. The
core of the particles is altered and the surface coating
of the particles is cracked due to the high rate of the
reaction of oxidation of galena at 800°C, accompa-
nied by some fragmentation of the particles. At 900
and 1000°C, galena is not observed in the polished
sections of such products, indicating its complete
desulphurization and oxidation.

The X-ray diffraction patterns of these products
are shown in Fig. 5 (a, b, ¢, d and e at 300, 600, 800,
900 and 1000°C, respectively). At 300°C, the product
of roasting of galena is composed of galena and
anglesite. This indicates low oxidation of galena and
its sulphatization with the formation of anglesite, due
to the reaction of sulphur dioxide with lead oxide
formed. At 600°C, the phase of this product is basic
lead sulphate of composition PbSO4PbO with some
anglesite and small amount of lead oxide. The basic
lead sulphate is formed at the expense of anglesite
and by the reaction between galena and anglesite or
anglesite with lead oxide. At 800°C, the phase
PbSO4-2PbO is seen to be the main constituent of the
product with basic lead sulphate PbSO4-PbO, lead ox-
ide and small amount of anglesite. The formation of
the phase PbSO,4-2PbO may be due to the reaction be-
tween galena and PbSO4PbO or lead sulphate with
the lead oxide [1, 8, 20, 23]. At 900°C, the product of
roasting is composed mainly of the phase
PbSO44PbO and lead oxide with small amount of the
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Fig. 5 X-ray diffraction patterns of the products of oxidized roasting of galena. (a, b, ¢, d and e at 300, 600, 800, 900 and 1000°C,
repectively); Gn = galena, 4= anglesite, B=PbSO,PbO, C=PbSO42PbO, D=PbSO44PbO and PhO= lead oxide

phase PbSO42PbO and the disappearance of the
phase PbSO4-PbO. The composition of this product at
such temperature reflects the quite desulphurization
and oxidation of galena to lead oxide.

At 1000°C, lead oxide constitutes the total com-
position of the end product of roasting with small
amount of PbSO,4PbO and traces of the phase
PbSO42PbO. This reflects the high oxidation and
desulphurization of galena at 1000°C. This indicates
why the second stage of oxidized roasting of galena in
industry is performed at 1000—1100°C to attain com-
plete oxidation, desulphurization of the product and
the decomposition of all lead sulphate and basic

398

sulphates, which are formed as intermediate products.
Consequently, lead oxide is produced as the end prod-
uct of roasting. The X-ray peaks of lead oxide
(Fig. 5e) are well defined, sharp and intense suggest-
ing good crystallinity.

Lead was not detected in the products of roasting
of galena, as indicated by the absence of its peaks in
all X-ray diffraction patterns.

The X-ray diffraction study of the products of
oxidized roasting of galena at different temperatures
is consistent with literature data [1, 8, 11, 20, 23], as
oxidation of lead sulphide proceeds via lead sulphate
and basic lead sulphates before being oxidized to lead

J. Therm. Anal. Cal., 86, 2006
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oxide. Lead sulphide is converted to lead sulphate at
low temperature (200-300°C) and to basic lead sul-
phate at 400-600°C at the expense of lead sulphate, at
800-900°C to PbSO,42PbO and at 900-950°C to
PbSO44PbO before being completely desulphurized
to lead oxide.

DTA of roasting of coarse graind galena

The thermal analysis data on the oxidized roasting of
coarse grained galena (particle size 0.125 mm)
(Fig. 6) reveal similar peaks at slightly higher temper-
ature than for the fine grained galena sample with a
particle size of 0.06 mm. Here the intensive oxidation
of galena is reflected by the large and sharp exother-
mic double maximum peak at 750 and 780°C. This ef-
fect is accompanied by a gain of mass (TG curve), due
to the formation of lead sulphate and basic sulphate
with lead oxide. The reaction of unreacted galena
with lead oxide and sulphate and the melting of lead
oxide resulted are represented by the wide and small
endothermic peak at 883°C. At temperature higher
than 900°C, lead sulphate and basic sulphate decom-
posed as shown by the loss in mass (TG) and
intensively dissociated at 1000°C.

The thermal analysis study of oxidized roasting
of galena shows that different products are obtained,
depending on the temperature of roasting. The mecha-
nism of the reaction is a complicated one and can be
considered as the following :

At 200-450°C: The oxidized roasting of galena
takes place with the formation of lead sulphate ac-
cording to the following reactions:

2Gn

750 780

=
g
o g
o g
F
[ <
<
=
<
T
2
m

100 300 500 700 900
Temperature/°C
Fig. 6 TG, DTG and DTA curves of oxidized roasting of

coarse grained galena (0.125 mm). Mass of sample 200
mg; heating rate 10°C min™
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2PbS+30, — 2PbO+2S0, (13)

2PbO+2S0,+0,—>2PbSO, (14)

or the reactions of oxidation of galena may take place
according to slow or fast roasting as:

2PbS+3.50,—-PbO+PbSO4+SO; (15)
3PbS+50,—2PbO+PbS0O4+250, (16)

This leads to partial oxidation of galena and the
products are lead sulphate and oxide.

At 500-700°C: Galena reacts with lead sulphate
or with lead oxide with the formation of PbSO,4PbO
and lead oxide, according to the following reactions:

PbS+7PbSO4 — 4(PbSO4PbO)+4S0O,  (17)
PbSO4+PbO — PbSO4PbO (18)
PbS+3PbSO, =S 4PbO+4S0, (19)

Also, lead sulphide may react with lead oxide or sul-
phate at 650-700°C with the formation of lead ac-
cording to:

PbS+2PbO—>2Pb+S0, (20)
PbS+PbS0O,—2Pb+2S0, 1)

The lead resulted may oxidize in air atmosphere
or reacts with lead sulphate with the formation of lead
oxide according to:

2Pb+0,—2PbO (22)
Pb+PbSO,—>2PbO+S0, (23)

At 800°C: The lead sulphide may react with lead
basic sulphate or lead sulphate with lead oxide with
the formation of PbSO4-2PbO, according to:

PbS+10(PbSO4-PbO)—7(PbSO.-2Pb0)+4S0, (24)
or
PbSO,+2PbO—>PbSO,-2PbO (25)

At 900°C: The formation of PbSO44PbO may
proceed in different ways. One starts from galena oxi-
dation or its reaction with PbSO,4-2PbO, according to :

5PbS+80,—>PbS0,-4PbO+S0, (26)
2PbS+2Pb0+30,—PbS0,4PbO+2S0, (27)

The second from the reaction between
PbSO,4-2PbO and lead oxide, according to:
PbS0O4-2PbO+2PbO—PbSO4-4 PbO (28)

At 950-1000°C: Lead oxide is the end product
of oxidized roasting of galena. It is formed as the
product of oxidation of galena and the dissociation of
intermediate oxidation products such as PbSO,,
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PbSO4-2PbO and PbSO44PbO which are unstable at
high temperature according to the following:

2PbS+30,—2PbO+2S0, (29)

PbS0,—PbO-+SO; (30)
PbSO,2PbO—>3PbO+S0; (31)
PbSO,-4PbO—>5PbO+S0; (32)

General characteristics of the lead oxide produced

The crystals of lead oxide are transparent, coloured
dark red and have greasy lustre. In thin sections, it is
coloured red, crystallizes in the tetragonal system in
the form of tabular crystals with perfect (110) cleav-
age and is optically negative.

Table 4 X-ray powder diffraction data on lead oxide

The X-ray diffraction pattern of the product of the
run at 1000°C (Fig. SE) shows that lead oxide consti-
tutes the total composition of the end product of roasting
with small amount of PbSO44PbO and traces of
PbSO,2PbO. The galena and anglesite peaks are com-
pletely disappeared, indicating completeness of oxida-
tion of galena and the dissociation of lead sulphate and
basic sulphates to lead oxide. The X-ray peaks of lead
oxide are well defined, sharp and intense, suggesting
good crystallinity. The X-ray diffraction data on the lead
oxide produced are consistent with the corresponding
values for the standard lead oxide (Table 4).

The unit cell dimensions and constants of the lead
oxide produced are given in Table 5. It is observed that
the calculated cell dimensions, constants and optic axial
angles of the lead oxide produced are consistent with the
corresponding data for the standard one.

d/A I/'L/%
ASTM Observed ASTM Observed hkl
5.018 5.0177 5 7 001
3.115 3.1153 100 100 101
2.809 2.8132 62 65 110
2.510 2.5110 18 21 002
2.124 2.1247 1 102
1.988 1.9930 8 9 200
1.872 1.8685 37 37 112
1.675 1.6687 24 26 211
1.558 1.5590 6 5 202
1.542 1.5440 11 10 103
1.438 1.4390 2 3 113
1.405 1.4070 5 5 220
1.282 1.2840 2 2 301,203
1.256 1.2573 3 4 310
1.226 1.2265 4 4 222
1.219 1.2188 5 5 311,312
1.1977 1.1976 <1 1 104
1.1462 1.1458 2 2 114
1.1232 1.1233 2 2 312
1.0768 1.1077 3 3 321,223
1.0610 1.1061 2 2 204
Table 5 Unit cell dimensions and axial angles of lead oxide produced
Material alA c/A Oldeg Baecg Ydeg VIA3
Lead oxide 3.9662 5.0184 90.00 90.00 90.00 78.943
+0.0105 +0.0207 00.00 00.00 00.00 +0.014
Standard 3.9820 5.011 90.00 90.00 90.00 79.456
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Conclusions

This thermal analysis study of the oxidized roasting
of galena has demonstrated that the beginning of its
oxidation leads to the formation of lead sulphate
(anglesite) as represented by the wide and small exo-
thermic peak at 460°C. This is followed by another
small exothermic peak at 580°C, representing the for-
mation of basic lead sulphate (PbSO4PbO) at the ex-
pense of lead sulphate by the reaction between galena
and anglesite. The intensive oxidation of galena is
represented by the large and sharp exothermic triple
maximum at 730, 740 and 765°C with the formation
of basic lead sulphates and some lead oxide. This is
accompanied by a large gain in mass (TG), due to the
formation of lead sulphate and basic sulphate. Most of
sulphur dioxide resulted from the oxidation of galena
is consumed in the formation of lead sulphate and ba-
sic sulphates due to its reaction with lead oxide. The
medium endothermic peak at 880°C reflects the melt-
ing and vaporization of lead oxide resulted and also
the reaction between galena and lead oxide and sul-
phate with the formation of basic lead sulphates.

The standard free energy (AG®) and equilibrium
constant (K) of the reactions of oxidation of galena to
lead oxide at 800°C are —167.102 kcal mol™
(699.322 kI mol™") and 1.09-10* and to the lead ox-
ide and  sulphate = —212.67 kcal mol™
(890.024 kJ mol™) and 2.1-10%, respectively. These
values reflect the irreversibility of the reactions.

The products of the oxidized roasting of galena are
different, depending upon the temperature of its roasting
such as lead sulphate (anglesite) at 300°C, basic lead
sulphates of specified compositions: PbSO,PbO at
600°C, PbSO42PbO at 800°C and PbSO44PbO at
900°C and lead oxide at 1000°C. Lead oxide constitutes
the total composition of the end product of roasting of
galena at 1000°C with small amount of PbSO,4PbO
and traces PbSO4-2PbO.

The oxidized roasting of galena results in the
production of lead oxide, which is considered as the
starting material of lead industry. The lead oxide pro-
duced is crystalline and its crystals are transparent,
colored dark red and have greasy luster. In thin sec-
tions, it is red, crystallizes in the tetragonal system in
the form of tabular crystals with perfect (110) cleav-
age and is optically negative.

References

1 A. M. Abdel-Rehim, Thermal Analysis in Geosciences,
38 (1991) 188.
2 A. M. Abdel-Rehim, J. Thermal Anal., 46 (1996) 193.
3 A. M. Abdel-Rehim, J. Thermal Anal., 48 (1997) 177.
4 N. A. Warner, Trans. Inst. Min. Metall. Sect. C,
192 (1983) 147.

J. Therm. Anal. Cal., 86, 2006

5 N. A. Warner, Polymetallic Sulphide Smelting, Complex
Sulphides-Processing of Ores, Concentrates and By-prod-
ucts, TMS, AIME, Warrendale, USA, (1985) 847-865.

6 H.N. Acharya and P. Arnal, J. Mat. Sci. Letters,

10 (1991) 257.

7 J. E. Dutrizac, J. A. Gonzalez, G.L. Bolton and
P. Hancock (Eds.), Zinc and Lead Processing, Montreal,
Canada; the Met. Soc. of CIM, (1998) 523-543.

8 F. M. Luskotov, Metallurgy of Lead, Izdatelstva
Metallurgia, Moscow, 1965, 28-87.

9 H.Y. Sohn (Ed.), Metallurgical Processes for Early
Twenty First Century. Proc. 2™ Int. Symp. Metallurgical
Processes for Year 2000 and Beyand., San Diego, USA,
Sept. 20-23, 1994, Vol. 2, Technology and Practice, TMS
Publ., (1994) 317-331.

10 R. L. Stephens and H. Y. Sohn (Eds.), Proc. Sulphide Smelt-
ing 2002. TMS Annual Meeting, Seattle, Washington, Febr.
17-26, 2002, TMS Publ., (2002) 275-291.

11 N.S. Greiver, D. N. Klushin, E. A. Stringin and
A. V. Troetsky, Principles of Metallurgy, Vol. 2, Heavy
Metals. Gasod. Sci. Tech. Izdat., Moscow, (1962) 380—447.

12 P. B. Quenea, D. E. Cregar and D. K. Mickey, Proc. Int.
Symp. on Primary and Secondary Lead Processing,
Pergamon Press, New York, 1989, 145-178.

13 Z. Szczygiel, JOM, 50 (1989) 55.

14 K. B. Chaudhur, M. Koch, P. Paschen and J. L. Patino,
New Lead Metallurgy, Erzmetall, 32 (1979) 330.

15 F. K. Stieler, Proc. 2™ Int. Symp. Agglomeration 77, At-
lanta, USA, Vol. 2, (1997) 604—623.

16 W. Hopkin, Metall., Berlin, 33 (1979) 612.

17 A.Volsky and E. Sergievskaya, Theory of Metallurgical
Processes; Pyrometallurgical. Processes, Mir Publ.,
Moscow, (1971) 297-306 and 332-342.

18 U. S. Shafrinsky and L. M. Belonentshova, Izvestia
Vishikh Utshebn Zavedeny, Nonferrous Metallurgy, Rus-
sian, 6 (1967) 53.

19 U. S. Shafrinsky, Izvestia Vishikh Utshebn Zavedeny,
Nonferrous Metallurgy, (in Russian) 5 (1966) 48.

20 YaE. Gerasimov, A. N. Kristovnikov and A. S. Shakhov,
Chemical Thermodynamics in Nonferrous Metallurgy,
Vol. 2, Metallurgizdat, Moscow, (1964) 84-96.

21 W. Smykatz-Kloss, Differential Thermal Analysis,
Applicatiom and Results in Mineralogy, Springer-Verlag,
Berlin, Heidelberg, New York, (1974) 25-36.

22 A. Blazek, Thermal Analysis, Van Nostrand Reinhold Co.,
(1973) 190-193.

23 S. A. Jayaweera and P. Sleeman, Proc. 1st Europ. Symp.
Thermal Analysis, Sept. 20-24, 1976 (Ed. D. Dollimore),
Heyden and Sons Ltd., (1976) 287-290.

24 F. Paulik, J. Paulik and L. Erdey, Talanta, 13 (1966) 1405.

25 R. C. Mackenzie, ‘Scifax’ Differential Thermal Analysis
Data Index, Cleaver-Hume Press, London, 1962.

26 C. W. Robert, CRC Handbook of Chemistry and Physics.
The Chemical Rubber Co., 59" Ed., CRC Press Inc,
(1978-1979) D67-78.

27 R. A. Robie and D. R. Waldbaum, U S Geol. Surv.,
(1979) 1452.

Received: October 4, 2005
Accepted: June 7, 2006

DOI: 10.1007/s10973-005-6785-6

401




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


