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Abstract

The isothermal and non-isothermal chlorination of a scheelite—wolframite concentrate with chlorine and sulphur dioxide
was studied. Tests were made in a vertical reactor with a static bed and upward flow of reactive gases. The behaviour of the
chlorination was analyzed from the identification of the volatile and non-volatile reaction products obtained in each case. The
main identified reaction products were WO,Cl,, FeCl,, FeCls, S,, FeS, CaSO, and CaCl,. Taking into account the most
important physicochemical characteristics of the system, an empirical methodology to make chlorinations was proposed. The
validity of the empirical methodology that we used was demonstrated utilizing data obtained under isothermal and non-
isothermal conditions. Experimental results showed that the presence of non-volatile reaction products affects the chlorination
under isothermal and non-isothermal conditions. A same kinetic dependence was found with both methods. Finally, the
apparent activation energy and the rate constant of the reaction were determined through isothermal and non-isothermal
methods. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction the measurement of the conversion degree is carried

out when the sample is exposed to a systematic and

The main kinetic aspects of the chemical reactions
may be determined, in an alternating way, by means of
isothermal and non-isothermal methods. In the iso-
thermal method, the measurement of the conversion
degree is performed as a function of time at constant
reaction temperature. In the non-isothermal method,
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controlled variation of the reaction temperature [1].
The non-isothermal method may give information
about a process that is equivalent to the information
obtained from the isothermal method. Acceptable
results may be achieved with both methods when
thermal decomposition reactions are studied. Never-
theless, the results obtained with the isothermal
method and with the non-isothermal method do not
show a reasonable agreement for more complex reac-
tions. Several works were performed to establish the
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advantages, difficulties and limitations of both meth-
ods [2-12].

Most of the metallic elements found in nature are
combined with oxygen, while very few metallic ele-
ments are combined with chlorine [13]. Those metal-
lic elements which have a large affinity with oxygen
are called reactive metals. Reactive metal oxides have
very high melting temperatures, they are stable and it
is difficult to find a reducing agent adequate for the
elimination of the combined oxygen. Whereas, the
chlorides of these same metals have very low melting
temperatures and they are highly volatile. This beha-
viour difference was used in processes of extractive
metallurgy to recover some reactive metals. Thus,
titanium, silicon, germanium and tantalium may be
obtained from their corresponding chlorides [14,15].

The chlorination permits to replace the combined
oxygen by chlorine through a gas—solid reaction
[14,15]. The reaction starts with adsorption of chlorine
on the surface of the reactive solid [16]. Then, the
exchange of lattice oxygen by chlorine and the respec-
tive desorption of oxygen into the gaseous phase is
produced. An electron transference occurs during the
lattice oxygen conversion to molecular oxygen and
during the C1™' formation. This electron transference
was explained from the donor character of lattice
oxygen atoms placed on the boundaries and disloca-
tions of reactive crystallites [17].

Scheelite (CaWQy,) and wolframite (Fe,Mn;_,WQy,)
are the main tungsten-bearing minerals [13]. In our
country, the larger known resources of tungsten with
practical importance are the scheelite—wolframite
concentrates. These concentrates are formed by asso-
ciations of scheelite and of wolframite with different
ratios of each mineral. The associations are difficult to
be separated under favourable economic conditions.
The presence of pyrite (FeS,) was determined in
several scheelite—wolframite concentrates. Whereas,
scheelite and wolframite without association are found
in insufficient amounts to be used on an industrial
scale [18].

The chlorination is a process that permits the tung-
sten recovery from scheelite, wolframite and schee-
lite—wolframite concentrates. The recovery of the
metallic element is performed from volatile tungsten
oxychloride (WO,Cl,) obtained in each case [19]. The
efficiency of the chlorination may be improved if a
reducing agent is used to combine with the oxygen

released during the chemical reaction. The sulphur
dioxide showed a reducing behaviour acceptable with
the mentioned minerals [20,21].

The chlorination of a scheelite—wolframite concen-
trate leads to the formation of volatile and non-volatile
reaction products [21]. Non-volatile reaction products
are deposited on the solid that did not react and the
reactive gases must diffuse through this barrier to
reach the reaction interface. In practice, it must be
accepted that the interface is a zone of finite thickness
extending for a small number of lattice units on the
solid—gas contact surface [1].

The desorption of those products that are volatile is
produced at the same time as the reaction occurs.
Then, volatile products must diffuse in opposite direc-
tions with respect to reactive gases. This multiple
diffusion during chlorination constitutes an important
difference with respect to thermal decomposition
reactions. In these systems, taking into account the
reactant nature, the only diffusion that occurs is the
one of the volatile products from the reaction inter-
face.

The gas—solid heterogeneous reactions have a
widely-known use in extractive metallurgy [14,22].
The chlorination is a particular case of these hetero-
geneous reactions. The kinetic analysis of the chlor-
ination under isothermal and non-isothermal
conditions is interesting since it would help to clarify
aspects that do not occur in thermal decomposition
reactions.

Accordingly, the aim of this work was to study the
main kinetic aspects of the isothermal and non-iso-
thermal chlorination of a scheelite—wolframite con-
centrate with chlorine and sulphur dioxide.

2. Experimental

The chlorination equipment used was composed of
a vertical reactor with a static bed, a premixing
chamber of gases at the bottom of the reactor, and
three containers (one each for chlorine, sulphur diox-
ide and nitrogen) with their corresponding control
valves and flowmeters. Into the reactor, the concen-
trate was placed on a ceramic fiber (kaowool). This
fiber permitted the temperature homogenization and
the distribution of the gaseous flow (inert gas and
reactive gases). In each test 3 g of sample were used.
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The thickness of the resulting bed did not present
resistance to the diffusion of reactive gases.

The heating was made by an electric furnace with
temperature control. The working temperature was
reached by heating the reactor while inert gas circu-
lated. When the system was stabilized at the working
temperature, the inert gas was replaced by equal
volume of reactive gases. As soon as the reaction time
elapsed, the furnace was turned off and cooled down to
room temperature while inert gas circulated again.

Fluidization and formation of channels in the bed
occurred when a gas flow rate of 1000 ml min~" was
employed. Both difficulties were negligible at a flow
rate of 500 ml min~". This flow rate of chlorine during
5 min represents near five times the amount required
by the reaction stoichiometry. Then, the use of a
chlorine flow rate of 300 ml min~' allowed us to
assure a reactive excess sufficient to finish the reaction
studied. The flow was completed with 200 ml min "'
of sulphur dioxide employed as reducing agent in this
work.

The excess of reactive gases, which remained with-
out reacting at the exit of the reactor, was bubbled in
an alkaline concentrate solution.

The sample of tungsten-bearing minerals that we
used was collected in San Martin, San Luis, Argentina.
The original sample was milled and enriched by
gravity separation. Table 1 shows the chemical ana-
lysis of the scheelite—wolframite concentrate obtained
by gravity separation. Gravity separation of the ori-
ginal sample was carried out with a jig and with a
shaking table.

The mineral species found in the concentrate were
scheelite (50-60% w/w), wolframite (25-35% w/w),

Table 1
Chemical analysis of the scheelite-wolframite concentrate ob-
tained by gravity separation

(% wiw)
WO; 65.73
FeO 12.55
CaO 10.48
MnO 0.79
SiO, 3.70
AlLO3 0.86
Na,O 0.46
K,O 0.12
S 2.42
LOI (1373 K) 3.10

pyrite (7-14% w/w), quartz (2—-5% w/w) and feldspars
(2-5% wiw). 90% of the concentrate had a particle
size between 180 and 300 pm.

The BET specific surface area of the concentrate
was 0.4-0.5 m*> g~ '. The presence of close pores was
not detected in any of the cases. Measurements of the
BET specific surface area were performed with a
Micromeritics Accusorb instrument by nitrogen
adsorption.

Analyses by X-ray diffraction (XRD) were carried
out using a Philips PW 1140/00 equipment, with a
rotating sample holder and Cu Ka radiation. Morphol-
ogies were examined by scanning electron microscopy
(SEM) with a JEOL JSM-T100 equipment. The sur-
face chemical composition was determined by means
of EDAX energy dispersive X-ray analysis (EDX) on a
Philips 505 SEM.

Chemical analyses were made by titration and
gravimetry for the major elements and by atomic
absorption/emission (AA/AE) for the minor elements.
AA/AE analyses were carried out with a Jarell Ash
instrument. Tungsten extractions («) corresponding to
each experience were determined by chemical analy-
sis of the unreacted samples (residues).

The kinetic analysis of the reaction under isother-
mal conditions was made at 1023, 1048 and 1073 K.
The o values were determined for each of the selected
temperatures as a function of time and at constant flow
rates of the reactive gases (300 mlmin~' of
chlorine + 200 ml min~' of sulphur dioxide). Fig. 1
shows curves obtained for the isothermal chlorination
of the scheelite—wolframite concentrate.

The kinetic analysis of the reaction under non-
isothermal conditions was carried out between 773—
1173 K. The « values were determined as a function of
the temperature for a constant length of time (5 min)
and at constant flow rates of the reactive gases
(300 ml min~" of chlorine + 200 ml min~" of sulphur
dioxide). Fig. 2 shows the curve obtained for the non-
isothermal chlorination of the scheelite-wolframite
concentrate.

3. Results and discussion
The volatile reaction products (which condensed at

the reactor exit) and the non-volatile reaction products
(deposited on the unreacted concentrate) formed dur-
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Fig. 1. Tungsten extraction versus time curves for the isothermal
chlorination of the scheelite—~wolframite concentrate.
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Fig. 2. Tungsten extraction versus temperature curve for the non-
isothermal chlorination of the scheelite—wolframite concentrate.

ing chlorination were identified by XRD, SEM, EDX
and chemical analysis. The reaction products identi-
fied were WO,Cl, (volatile), FeCl, (volatile), FeCl;

(volatile), S, (volatile), FeS (non-volatile), CaSO,
(non-volatile) and CaCl, (non-volatile).

The WO,Cl, formation occurred by chlorination
of scheelite (CaWQ,) as well as of wolframite (Fe,-
Mn,_,WQ,). Diffractograms of residues showed that
wolframite disappeared (reacted) faster than scheelite.
This behaviour was analyzed through the way in
which the oxygen atoms were combined in scheelite
(tetrahedral coordination: WQ,) and in wolframite
(octahedral coordination: WQOg).

In WO,, the four oxygen atoms complete their
orbitals with six electrons from the tungsten (ionic
bonds) and two electrons from calcium (ionic bonds).
In WOy, the six oxygen atoms complete their orbitals
with six electrons from tungsten (ionic bonds) and
electrons shared among them (covalent bonds). In
both structures, the amount of electrons transferred
by tungsten is the same.

In a chemical reaction, electrons transferred are the
most labile ones (ionic). The WO,Cl, formation from
scheelite and from wolframite required removal of an
equal amount of oxygen. However, the formation of
each oxygen molecule (O,) would be produced with a
smaller transference of electrons from wolframite
(two) than from scheelite (four). This minor transfer-
ence of electrons would explain the higher reaction
rate of wolframite with respect to scheelite.

The FeCl; formation was interpreted by means of
two possible and different reaction sequences. The
iron of pyrite and of wolframite at the beginning of the
reaction was as divalent. The chlorination of both
minerals led to FeCl, formation. Then, the FeCl,
was transformed to FeCl; by chlorine [23]. Mean-
while, the oxygen released during the reaction con-
tributed to the oxidation of iron (II) still unreacted.
The chlorination continuation, in presence of iron (IIT)
coming from the partial iron (II) oxidation, was an
alternative way to obtain FeCls.

The thermal decomposition of pyrite, in inert atmo-
sphere, leads to the formation of sulphur (S,) and
pyrrhotite (FeS). At temperatures near 973 K, trans-
formations higher than 60% were reached in periods
of time <20 min. The rate of this transformation
depends on the temperature and particle size of the
mineral [24,25]. In our case, the pyrrhotite and sulphur
were identified after heating the concentrate in the
reactor while an inert gas flow circulated. This situa-
tion changed when the inert gas was replaced by
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reactive gases (Cl, + SO,). The oxygen released dur-
ing chlorination reacts with SO, to form CaSO, and
with pyrite (still without thermal transformation) and
pyrrhotite to form CaSO, and iron oxides. To confirm
the pyrite participation in the reaction, chlorinations
without sulphur dioxide were made. Concentrates with
different pyrite contents were used in these tests. The
CaSO, presence was determined in those residues
coming from concentrates with a pyrite content higher
than 14%.

The CaCl, is the non-volatile reaction product with
lower melting temperature. The salt melts at 1055 K
and in liquid state flows, by gravity, towards the
ceramic fiber. The presence of the molten salt in the
ceramic fiber impedes an efficient distribution of the
gaseous flow through the bed. By thermodynamic
analysis, it was determined that CaSQ, is easily
formed than CaCl, [26]. The CaSO, formation was
favored when chlorination was performed in presence
of a high pyrite content [21]. According to pyrite
content of the concentrate and to the amount of
sulphur dioxide that we used, CaCl, formation was
negligible.

The occurrence of a thermal gradient that decreased
while the test temperature increased was determined
in all isothermal and non-isothermal chlorinations
performed in this work. The chlorination temperature
reached a maximum between 0.5-1.5min and
then decreased. After 2-3 min the temperature was
stabilized in its initial value. Residues obtained in
these conditions did not have sulphur-bearing miner-
als.

The occurrence of the thermal gradient was
explained from the exothermic nature of pyrite oxida-
tion [14]. At temperatures lower than 873 K, the pyrite
and the oxygen released during the chlorination may
react according to

4FeS; (s) + 110, (g)—2Fe05 (s) + 850, (g)

(1)

At temperatures higher than 973 K, the thermal
decomposition of pyrite occurred by a reaction such as

2FeS; (s)—2FeS (s) + Sz (g) )

The volatilization of S, (condensed at the reactor
exit) changed the sulphur content of the concentrate
that may react with the oxygen released during the
chlorination. Then, the thermal gradient observed at

temperatures higher than 973 K was lower that those
determined at 773 and 873 K.

A partial sintering of the residue was determined in
those tests with higher thermal gradient. This sintering
changed the porosity of the static bed and impeded an
efficient contact between the reactive gases and the
concentrate. In order to favor the thermal decomposi-
tion of the pyrite and so minimize the occurrence of
the thermal gradient, isothermal chlorinations were
carried out at 1023, 1048 and 1073 K.

The methodology used under isothermal and non-
isothermal conditions was modified taking into
account the temperature fall due to the exhaustion
of pyrite. To compensate this situation, the tempera-
ture of the electric furnace that heated the reactor was
increased once the reaction started. The average of the
maximum temperature and the final temperature was
taken as the test temperature. The results were con-
sidered as acceptable when the differences of both
values (maximum and final) were lower than 7 K.

The heterogeneity of reaction products (volatile and
non-volatile) impeded the determination of conver-
sion degree by weight loss. Therefore, the o values
were determined through a destructive chemical ana-
lysis using a new sample for each test. The « values
that had an unsuitable reproduction (>+3%) were
rejected and the corresponding tests were repeated
under the same operative conditions. Each a value
reported in this paper was the average of two chlor-
inations performed in the same way with a similar
reproduction. The lack of reproduction of the results
obtained was attributed to the formation of channels,
sintering and other operational problems typical of
small reactors with a static bed.

The kinetic analysis of the isothermal chlorination
(Fig. 1) was performed from the general rate equation

gla) =kt (3)

where g(a) is the proposed rate equation, « is the
tungsten extraction after time ¢ at constant temperature
and k is the rate constant of the process. The g(«) that
describes the « versus ¢ curve was selected from Eq.
(3). The possible selected forms of g(«) are given in
Table 2 [1]. The g(a) versus ¢ plot is a straight line if
the selection of g(a) is correct. The slope of this
straight line is equal to k. The linearity of each
g(a) versus ¢ plot was evaluated by the least square
method.
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Table 2
Rate equations examined in the kinetic analysis
Mechanism g(a) Symbol
One-dimensional diffusion o? DI
Two-dimensional diffusion (I —a)ln(l —a)+a«a D2
Three-dimensional diffusion
Jander equation 1 -1 —w"? D3
Three-dimensional diffusion
Ginstling—Brounshtein equation (1-2a/3)—(1—)*? D4
Phase boundary controlled reaction
contracting area 1-(1 — " R2
contracting volume -1 - R3
Unimolecular decay law —In(1 — ) F1
Random nucleation and growth of nuclei
Avrami-Erofeev equation (~In(1 — a))? A2
Avrami-Erofeev equation (—=In(1 — a)'? A3
Avrami-Erofeev equation (=In(1 — a))* A4
Table 3 (n k
Rate constants and linear regression coefficients calculated from n
isothermal data
-4.60F
T (K) k (min™") r 2
1023 0.007048 0.9993 -4 70k
1048 0.007986 0.9994 ’
1073 0.009217 0.9979
-4.801
The best agreement found for the isothermal chlor-
ination of the scheelite—wolframite concentrate was -4.90p
given by a rate equation (g(a) = (1—(1 —a)”3)2) based
on a diffusion mechanism with spherical symmetry 5 00
(D3). This three-dimensional diffusion process, :
1 1 1 1 1 i

through the layer of reaction products, was the con-
trolling stage of the total kinetics. Table 3 shows the
calculated values of the rate constant and correspond-
ing linear regression coefficients.

The rate constant is related with the temperature (7)
by the Arrhenius equation

k = Ae E/RT 4)

where E is the apparent activation energy, R the gas
constant and A is often referred as frequency factor.
The E value is affected by the experimental conditions
used, including the weight, size, impurity contents,
compaction and crystallinity of the sample, etc. The A
factor, in homogeneous reactions, represents the fre-
quency of effective collisions between reacting mole-
cules. Its physical meaning is not well defined in
heterogeneous reactions. The linear form of the Arrhe-

9.30 9.40 9.50 9.60 9.70 9.80
’T(x 10°4) in K-!

Fig. 3. Arrhenius plot for k values calculated from isothermal
chlorinations performed at 1023, 1048 and 1073 K.

nius equation (Fig. 3) permits to calculate A and E
from the Ink versus 1/T plot. Table 4 shows the
obtained values and the corresponding linear regres-
sion coefficient.

Table 4

Kinetic parameters calculated from isothermal data

Parameters

E (kJ mol ") 46.9

A (min™") 1.74

r 0.9985
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The methodology used in the kinetic analysis of
non-isothermal thermal decomposition reactions
involves a simultaneous change of reaction tempera-
ture and time (dependent variables). Both variables
may be related among them by the heating rate.
According to the heating rates used in mentioned
works (5-10 K minfl), long reaction times are
required to finish the study. Then, reaction times of
tests performed under non-isothermal conditions are
longer than reaction times of tests carried out under
isothermal conditions. In this work, it was considered
the possibility to change the reaction temperature in a
discontinuous and controlled manner (systematic)
while the other operative variables were constant.

In order to determine the adequate length of time,
chlorinations at 923, 1023 and 1123 K were performed
during periods of time longer than the ones indicated
in Fig. 1. After 5 min, the o values showed little
changes. According to these results, the non-isother-
mal chlorinations were performed at 773, 823, 873,
923,973,1023, 1073, 1123 and 1173 K with flow rates
of 300 ml min~" for chlorine and 200 ml min~"' for
sulphur dioxide and at a constant time of 5 min.

The use of a new sample for each chlorination and
the discontinuous variation of temperature were
changes made to the methodology used in thermal
decomposition reactions. In these decomposition reac-
tions, the conversion degree is determined by weight
loss (non-destructive test) and the reaction tempera-
ture and time change simultaneously with each «
value determined.

The kinetic analysis of the non-isothermal chlor-
ination (Fig. 2) was carried out by means of the
integration method using a characteristic temperature
(Tc) to evaluate the temperature integral [1,3,27-29].
The integral evaluation is easier by performing several
approximations. One of these approximations requires
an adequate selection of Tc so that the measured
temperature (7) may fulfill with the inequality |T—
Tc|<<Tec. Taking logarithms and rearranging terms it
is possible to obtain an equation whose simplified
expression is

In g(a) = In g(ac) + (E/RT?)(T—Tc)  (5)
where g(a) are the same rate equations used in the

isothermal method. The In g(«) versus (T — Tc) plot is
a straight line if the selection of g(«) is correct.

The Tc value changes with the nature of the reaction
to be evaluated. Thus, when all the reaction products
are volatile (as in the pyrolisis of polymers), Tc is
defined as the temperature at which 1 — 1/ = l/e,
where e = 2.71828. For reactions in which the weight
loss is a fraction of the total weight (as in the pyrolisis
of hydrated salts), a method generally used is to
choose Tc where da/dT is maximum. In both systems,
reactions start and are finished within a temperature
narrow range, the Tc value is defined from other
variables and the temperature inequality is easy to
be fulfilled.

In those systems with change of reactant concentra-
tions, reaction products are heterogeneous and phase
transformations occur within a temperature wide range,
the Tc definition is not so easy as in previous cases. The
average of theinitial temperature and final temperatureis
a value that may be used to obtain an acceptable approx-
imation of the temperature inequality.

The best agreement found for the non-isothermal
chlorination of the scheelite—wolframite concentrate
corresponded to the same rate equation (g(a) = (1 —
1 - oz)l/ 3 )2) determined under isothermal conditions.
The E was calculated from the (E/RTc?) slope corre-
sponding to the In g(«) versus (T — Tc) plot. As in the
previous case, the linearity of each plot was evaluated
by the least square method. Table 5 shows the E and r
values calculated from the non-isothermal chlorina-
tions performed between 773 and 1173 K.

The validity of results achieved depends on that k
does not change its form with the temperature [9]. This
behaviour may be determined from the slope corre-
sponding to the relationship between In k and 1/T
(Arrhenius equation). Assuming that g(a) versus ¢
plots had an acceptable linearity in all tests made
between 773-1173 K, the possibility to estimate the k
value from Eq. (3) and the « value obtained at 5 min
for each temperature was considered.

The values so obtained had a 10% difference with
respect to those determined from isothermal data (923,

Table 5
Apparent activation energies calculated from non-isothermal data
(AT=773-1173 K and AT =823-1173 K)

Parameters 773-1173 K 823—1173 K
E (kI mol™") 432 45.4
r 0.9992 0.9989
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1023, 1048, 1073 and 1123 K). The g(a)=(1 —
(1 - oz)” 3)2 versus ¢ plots for these isothermal chlor-
inations showed a good linearity between 0.5 and
5.0 min. The g(«) values at 0.5 min were negligible
with respect to g(«) values at 5.0 min and the exten-
sion of the straight lines that joined both points
intercepted the time axis between 0.4 and 0.5 min.
Then, each g(«) value was divided by 4.5 min instead
of 5.0 min which allowed us to perform k estimations
that had a reasonable agreement (<2.5%) with the
values obtained from isothermal data.

The linear regression coefficient of the In k versus 1/
T plot for k values estimated between 773 and 1173 K
was 0.9921 and the major dispersion of the Ink
occurred at 1/T=12.937 x 10 *K ™' (773 K). The
exclusion of this value improved the plot linearity
(r=10.9942). Fig. 4 shows the Ink versus 1/T plot
(dark line) for k values estimated between 1/
T=8525x10"* (1173 K) and 12.151 x 10°*K™!
(823 K), the k value estimated from the tungsten
extraction obtained at 773 K (dark line) and the &
value that would correspond if the indicated behaviour
between 8.525 x 107* and 12.151 x 107*K ™' is
maintained (ideal behaviour) up to 12.937 x 1074
K~ ! (dotted line). According to k values illustrated

In k
-4.00

T

-4.50

T

-5.00

T

-5.50

-6.00

T

-6.50

T

—1 1

1 A1
800 9.00 10.00 1.00 12.00 13.00
}—(x 1074 in K™

Fig. 4. Arrhenius plot for k values estimated from non-isothermal
chlorinations performed between 823 and 1173 K. At 1/T'=12.937
10~* K~ (T =773 K), the k value estimated from the experimental
datum (—) and the k value ideal (- - -) are also illustrated.

at 1/T=12.937 x 10°* Kil, the tungsten extraction
obtained in the mentioned point was higher than that
expected from ideal behaviour. This fact was analyzed
from the calcium sulphate formation and the pyrite
presence in the concentrate.

The calcium sulphate was obtained by chlorination
of scheelite (CaWO, (s) + Cl, (g) + SO, (g) «— WO,-
ClL, (g) + CaSOy (s)). The salt was deposited on the
unreacted concentrate and its formation increased
with temperature. The tungsten extraction was
expressed as a ratio of its initial content in the con-
centrate (w/w) while the residue weight of each test
was taken as reference to express the salt amount
formed (w/w).

Results of tests performed at 773 K (it did not fulfill
the Arrhenius equation) and at 823 K (it fulfilled the
Arrhenius equation) are shown to compare them. At
773 K, the tungsten extraction was 0.24 w/w, the
weight residue 2.1 g and the amount of calcium
sulphate formed 0.03 w/w. The higher tungsten dis-
solution with respect to the salt formed was produced
because more than half of the tungsten extracted came
from wolframite dissolution and this mineral does not
participate in calcium sulphate formation. At 823 K,
the tungsten extraction was 0.27 w/w, the residue
weight 1.9 g and the salt amount formed 0.04 w/w.
The texture and the surface chemical composition of
both residues were similar (SEM-EDX).

In our system, the total kinetics was controlled by
the diffusion process through calcium sulphate. At the
same time, the diffusion process depended on layer
thickness of salt formed and its corresponding texture.
Both characteristics were similar in the residues
obtained at 773 and 823 K. Then, the behaviour
change shown in Fig. 4 would not be originated in
the calcium sulphate formation.

The pyrite and the sulphur dioxide were combined
with the released oxygen during chlorination. An
efficient removal of this oxygen led to a high yield
of the reaction [20,21]. The combination of pyrite with
oxygen occurred at low temperature in a proportion
higher than with sulphur dioxide. This fact was deter-
mined by means of the Gibbs free energy [21]. On the
other hand, as it was above mentioned, the pyrite
thermal decomposition was low at 773 K. Then, the
higher tungsten extraction at 773 K would be pro-
duced from a secondary reaction and not by a change
in the chlorination reaction mechanism. The kinetic
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analysis performed between 823 and 1173 K (Table 5)
confirmed this behaviour. Results obtained showed
that the reaction mechanism remained and that a
minimum change of apparent activation energy was
produced.

4. Conclusions

The main phase transformations occurring in the
isothermal and non-isothermal chlorination of the
scheelite—wolframite concentrate with chlorine and
sulphur dioxide were established from volatile and
non-volatile reaction products formed in each case.

An empirical methodology that takes into account
the physicochemical characteristics of the system was
proposed to make chlorinations under isothermal and
non-isothermal conditions.

The occurrence of a thermal gradient that decreased
with the exhaustion of the pyrite contained in the
concentrate was determined in isothermal and non-
isothermal chlorinations performed in this work. The
temperature of the electric furnace that heated the
reactor was modified adequately to compensate this
situation. The measurements of the tungsten extrac-
tions (isothermal and non-isothermal methods) were
carried out by chemical analysis using a new sample
for each test. In the non-isothermal method, the reac-
tion temperature was changed in a discontinuous and
controlled manner while the other variables were
constant.

The main kinetic aspects (mechanism and para-
meters) of the reaction were analyzed from data
obtained under isothermal and non-isothermal condi-
tions. A same rate equation, based on a diffusion
mechanism with spherical symmetry, was determined
with both methods. The control of the total kinetics
corresponded to a diffusion process through the reac-
tion products deposited on the unreacted concentrate.

In the non-isothermal method, the kinetic aspects
were analyzed from a single tungsten extraction versus
temperature curve. At the same time, rate constants
were estimated assuming that g(«v) versus ¢ plots had
an acceptable linearity and the behaviour of these
constants with the temperature was evaluated through
the Arrhenius equation.

The value of the apparent activation energy and rate
constants estimated from the non-isothermal data were

consistent with respect to those determined from
isothermal data, despite the approximation adopted
in the empirical methodology that we used.
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