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a b s t r a c t

Energy intensive classical metallurgical processes, the depletion of high-grade ores and primary sources
push the scientific and technical communities to treat lean and complex ores as well as secondary metal
resources for the recovery of valuable metals. Chlorination technique could be a suitable technology for
this purpose. This paper summarizes laboratory experimentation of chlorination processes developed
for the extraction of tantalum and niobium from their bearing materials, the upgrading of chromite, the
treatment of sulfide concentrates, and the decontamination of jarosite, as well as for the synthesis of
potassium ferrate.

Each investigation started by a thermodynamic study of different systems (M–O–Cl, M–S–Cl, M = metal)
including the calculations of the standard free energy of chlorination reactions and phase stability dia-
grams of these systems. The kinetics of these chlorination reactions was studied by thermogravimetric
analysis. The effects of total gas flow rate, temperature, individual reactant partial pressures, etc., on

the chlorination reaction rate were investigated. Besides, experiments were also conducted in tubu-
lar furnaces. Several different qualitative and quantitative analyses methods were used to evaluate the
selectivity and performance of the chlorination processes.

The results reported in this paper show the advantages of the chlorination technology in terms of energy
saving, selectivity of the processes, and recovery rate of valuable metals. They also demonstrate the possi-
bility to treat lean raw materials, to improve the decontamination of wastes, to generate environmentally

r new
safer residues, to enginee

. Introduction

Chlorine is one of the major inorganic chemicals. Its production
nd consumption level is a reliable index of the importance of the
hemical industry of a country. As mentioned in Ref. [1], there are
ore than 500 chlor-alkali producers at over 650 sites around the

lobe, with a total annual production capacity of over 55 million
onnes of chlorine.

It is well known that chlorine possesses a high reactivity towards
any compounds at relatively low temperature. This property

rove the metallurgists to use chlorine for the extraction of valuable
lements from their bearing materials. Besides, the depletion of
igh-grade ores and primary sources necessitated the treatment of
eaner and more complex ores as well as the recycling of secondary
aterials.

With this in perspective, during the last two decades the authors
ave been focusing their efforts on developing several chlorination

∗ Corresponding author.
E-mail address: ndue.kanari@ensg.inpl-nancy.fr (N. Kanari).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2009.05.013
compounds, etc.
© 2009 Elsevier B.V. All rights reserved.

techniques for the treatment of numerous raw materials and solid
industrial wastes [2–30]. The literature pertaining to specific pro-
cesses is described here. This paper scope is to highlight some of
the most important findings concerning the chlorination processes
published earlier as listed below.

• Recovery of Ta and Nb compounds from their bearing materials
[2,3,9,14,15],

• recycling of spent hydrorefining catalyst and recovery of Co, Ni,
Mo and V [4,10,11–13],

• upgrading of chromite concentrates and/or extraction of valuable
elements [6,8,17–21,23–28],

• low temperature treatment of copper concentrate [6,22,29],
• decontamination of various non-ferrous residues [5,7,16],
• recycling of ferrous sulfate via synthesis of potassium ferrate

[8,30].
The thermodynamic aspects such as free energy calculations
‘�G◦’ and phase stability diagrams of specific cases were studied
in detail. The outputs were used for both undertaking the choice
of a suitable chlorinating agent (Cl2 + CO, Cl2, Cl2 + O2, etc.) and

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:ndue.kanari@ensg.inpl-nancy.fr
dx.doi.org/10.1016/j.tca.2009.05.013
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phase under this conditions. This property of oxychlorination was
used to remove selectively zinc from jarosite [7]. Similarly, oxychlo-
rination can successfully be applied for Zn recovery from electric
arc furnace dust. The feasibility of this procedure is now under
investigation.
Fig. 1. Chlorination of Al2O3 by Cl2 + N2 and Cl2 + CO.

nterpreting the kinetic results. Attempts were also made to resolve
ny discrepancies between thermodynamic and kinetic data.

. Experimental

The kinetics of the chlorination reactions was studied by ther-
ogravimetric analysis ‘TGA’ using a CAHN 1000 microbalance with
sensitivity of 10 �g. The effects of total gas flow rate, temperature,

eactants partial pressures, etc., on the chlorination reaction rate
ere investigated. Laboratory scale experimentations were car-

ied out using horizontal set-ups described previously [2–8]. These
pparatuses are generally composed of a gas-metering unit fol-
owed by a gas purification one and a horizontal furnace equipped

ith a temperature controller. The explored temperature range
aried from 20 ◦C to 1050 ◦C depending on the sample type and
hlorination mixture used. The gaseous reaction products were
ecovered in condensers. Oxychlorides and/or chlorides volatile at
oom temperature were condensed in a second step vessel at a tem-
erature of about −35 ◦C. The output gases were purified before
heir release to the atmosphere. Several qualitative and quantita-
ive analyses methods were used to evaluate the selectivity and
erformance of the different chlorination processes.

. Brief thermodynamic and kinetics aspects

The first investigation step of each study was the calculation
f standard free energy changes of the considered reactions. The
oftware ‘HSC’ thermochemical database [31] was mostly used for
his purpose. Results showed that the chlorination of several oxides
ecomes favorable only in the presence of a reducing agent such
s carbon monoxide (CO). As an example, the chlorination of Al2O3
ith Cl2 and its carbochlorination by Cl2 + CO could be described by

q. (1) and (2), respectively. From thermodynamic point of view, the
hlorination of Al2O3 at 700 ◦C is not feasible with a value of �G◦ of
bout 99 kJ/mol, while its reaction with Cl2 + CO is largely favorable.
he experimental results of chlorination and carbochlorination of
l2O3 (Fig. 1) confirmed the thermodynamic prediction. Full car-
ochlorination of alumina was achieved at about 600 ◦C, while it
eems to be inert in pure chlorine up to 1000 ◦C. This indicates

hat alumina can be used as construction material for chlorination
eactors operating in absence of reducing medium.

1
3 Al2O3+Cl2→ 2

3 AlCl3+ 1
2 CO2 �G◦ (700 ◦C)(kJ/mol Cl2)=99.4 (1)
Fig. 2. Evolution of vapor pressure of several chlorides [32].

1
3 Al2O3 + Cl2 + CO → 2

3 AlCl3 + CO2

�G◦ (700 ◦C)(kJ/mol Cl2) = −45.5 (2)

An advantage of the chlorination process is the low melt-
ing and boiling points of the generated chlorides as well as the
difference between their vapor pressures in the explored chlo-
rination temperature range. As an example, the chlorination of
sulfides (CuFeS2, FeS2, PbS and ZnS) is thermodynamically favor-
able at about 300 ◦C [6,22,29]. However, the selective separation
of valuable metal chlorides (CuCl2, PbCl2 and ZnCl2) from those
of ferric and sulfur chlorides was feasible due to the difference
in vapor pressure between the two groups of chlorides at 300 ◦C
(Fig. 2).

The chlorination in the presence of oxygen (oxychlorination)
was sometimes used to separate selectively a group of elements.
This is supported by the fact that the presence of oxygen in the
system could lead to different thermodynamic feasibility of the
specific oxychlorination reactions. As shown in Fig. 3, the chlorina-
tion of ZnO at 750 ◦C by a mixture Cl2 + O2 (Cl2/O2 = 1) will generate
ZnCl2(g) as predominant phase while hematite seems to be a stable
Fig. 3. Phase stability diagrams of (Fe, Zn)–O–Cl systems at 750 ◦C [31].
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Table 1
Chemical composition of the tin slag and leaching concentrate (wt%).

Sample Nb2O5 Ta2O5 SiO2 CaO FeO

Slag 5.2 7.5 41.9 11.6 3.3
Concentrate 28.0 31.1 10.0 0.6 0.2
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for the extraction of these metals from ores, industrial by-products
or wastes. The recovery of tantalum and niobium from tin slag was
Fig. 4. Arrhenius plots for the carbochlorination of Nb2O5 and Ta2O5.

Thermodynamic aspects were also used to explain the exper-
mental phenomena observed during chlorination of different
olids. Fig. 4 gives the Arrhenius diagram for the carbochlorination
f Nb2O5 and Ta2O5. Although a mixture of CO + Cl2 was used in
his study, it is possible that the chlorination of oxides at temper-
ture lower than 600 ◦C was actually achieved by COCl2 formed in
he reaction zone. The anomalies observed in the Arrhenius plots
etween 600 ◦C and 800 ◦C could be explained by the absence of
OCl2 in the carbochlorinating gas mixture in this temperature
ange. Thermodynamic calculation [14] showed that COCl2 is dis-
ociated as temperature increases, reaching less than 5% COCl2 at
00 ◦C.

Anomalies in the reaction rate were also observed when liquid
hases are present in the chlorination process. Fig. 5 shows a typical
xample during the carbochlorination of MgO [6,20]. About 67% of
gO are chlorinated at 500 ◦C and increases with the temperature
eaching 82% at 675 ◦C. Then, the reaction rate decreased rapidly
nd only 35% of the sample is chlorinated at 700 ◦C. This is probably
ue to the fusion of MgCl2 that inhibits the mass transfer. Although
he melting point of MgCl2 is 714 ◦C [32] the exothermic nature of
he carbochlorination reaction of MgO could locally increase the

Fig. 5. Effect of liquid phase formation on the carbochlorination rate of MgO.
Al2O3 SnO2 MnO K2O TiO2 H2O

11.2 0.7 3.7 1.4 1.3 ≈0
0.6 0.2 0.0 0.4 1.4 ≈20

temperature to reach the melting point of magnesium chloride. A
temperature higher than 900 ◦C is required to achieve the same rate
obtained at 675 ◦C.

The decrease of the reaction rate due to the liquid phase forma-
tion, as well as the exothermic nature of the chlorination reactions
were also observed during the sulfide treatment in chlorine at low
temperatures [6,22,29].

The following sections will be devoted to a brief summary of
the experimental results obtained by our laboratory in the field of
chlorine technology used for metal recovery, mineral processing,
waste decontamination and/or recycling.

4. Results and discussion

4.1. Extraction of Ta and Nb from tin slags

Niobium and tantalum are important elements used in many
high technology applications such as electronic, energy, supercon-
ductors and aerospace. The industrialized countries consume the
majority of the world production (≥95%) of these refractory met-
als and produce less than 5% [3]. Their main bearing minerals are
pyrochlore, microlite, tantalite, columbite and columbo-tantalite.
These minerals are often geologically associated to cassiterite. The
mineral processing of these ores leads to a cassiterite (SnO2) con-
centrate containing up to 2% of Nb and Ta oxides as mixed grains
or inclusions. During the pyrometallurgical extraction of tin from
cassiterite, oxides of Ta, Nb, Ti, Zr, Rare Earth Elements, Si, Fe, Al
and Ca are concentrated in the slag. Conventional methods used for
the extraction of niobium and tantalum compounds from tin slag
consist of full dissolution with HF, HF + H2SO4 or smelting in elec-
tric furnaces [3]. Currently, these processes are limited either by
economic or by environmental considerations. Due to the current
low metal market and new environmental regulations, more effi-
cient, flexible and environmentally friendly processes are required
carried out in our laboratory using a two-step process of leach-
ing [9] followed by the chlorination or the carbochlorination of the
resulting concentrates.

Fig. 6. Evolution of the % Nb2O5 and Ta2O5 extracted as a function of temperature
during chlorination of Ta–Nb concentrate.
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Table 2
Results of chlorination of Ta–Nb concentrate (wt%).

Cl2 + N2 Initial 350 ◦C 600 900 1000
Weight loss (WL) 13.0 43.2 70.7 73.7
Ta2O5 31.1 38.9 34.1 44.8 47.4
Ta2O5 extracted 3.1 44.5 62.5 64.5
Nb2O5 28.0 24.5 21.2 19.2 17.3
Nb2O5 extracted 24.7 57.4 80.2 83.9
Ta2O5/Nb2O5 ratio 1.1 1.6 1.6 2.3 2.7

Cl2 + CO + N2 Initial 200 ◦C 250 300 500

WL 40.4 68.5 79.9 92.0
Ta2O5 31.1 33.9 35.1 22.8 5.7
Ta2O5 extracted 27.9 60.5 83.7 98.4
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Table 3
Chromite specifications by use (wt%).

Met.a Chem.a Ref.a Foundry

Cr2O3 >46 >44 30-40 >44
Cr/Fe >2 >1.5 2-2.5 2
SiO2 <10 <3.5 6 <4
Al2O3 25-30
CaO <0.5

a Metallurgical, chemical and refractory.

Table 4
Composition of chromite concentrate (wt%).

Chemical analyses Microprobe

Oxide (Average) Chromite Gangue

Cr2O3 47.7 59.4 0.7
FeO 13.4 13.9 3.7
b2O5 28.0 16.5 4.6 2.0 1.1
b2O5 extracted 69.1 95.5 98.7 99.7
a2O5/Nb2O5 ratio 1.1 2.1 7.7 11.4 5.1

This section focuses on the chlorination and carbochlorination
f a tantalum and niobium bearing concentrate with Cl2 + N2 and
l2 + CO + N2 gas mixtures. A concentrate high in tantalum and nio-
ium oxides was used in this study. The chemical composition of
he tin slag and that of concentrate obtained by the hydrometal-
urgical treatment of this slag are grouped in Table 1. After this
reatment, the slag’s initial content of the tantalum and niobium
xides was increased by a factor of 6.7 in the concentrate. This
oncentrate was chlorinated to separate the tantalum and niobium
earing compounds from the gangue. Results are reported in Fig. 6
nd Table 2.

Chlorination by Cl2 + N2 seems to be inefficient even at 1000 ◦C.
nly 65% and 85% of Ta2O5 and Nb2O5 were respectively chlori-
ated. The extraction rate of niobium is systematically higher than
hat of tantalum.

Extraction of Ta and Nb using carbochlorination is significant
rom 200 ◦C. The carbochlorination of Nb2O5 was complete at about
00 ◦C and that of Ta2O5 at 500 ◦C. The condensates were essentially
omposed of tantalum and niobium chlorides and/or oxychlorides.
esidue obtained at 500 ◦C is essentially composed of SiO2.

.2. Chromite upgrading
Although the chromium is found in a variety of minerals (cro-
oïte PbCrO4, lopezite K2Cr2O7, vauquelinite Pb2Cu[CrO4][PO4],
varovite Ca3Cr2[SiO4]3, merumite 4 (Cr, Al)2O3·3H2O, etc.), the
ain ore of chromium is the chromite mineral that is a spinel

Fig. 7. Effects of temperature and reaction time on t
MgO 17.8 14.2 42.0
Al2O3 8.8 9.5 1.4
SiO2 7.1 0.1 39.7

with the simple formula FeCr2O4. However, naturally occurring
chromite ore is characterized by the substitution of Fe2+ by Mg2+

and that of Cr3+ by Al3+ and Fe3+ with the following general formula
(Mg, Fe2+)(Cr, Al, Fe)2

3+O4. The gangue is essentially composed of
orthopyroxene, olivine and plagioclase, as well as hydrous alter-
ation products such as serpentine, chlorite and talc.

About 75% of chromite is used for the ferro-chromium pro-
duction. In addition, chromite is used for chemical, refractory and
foundry applications. Natural characteristics such as the chromium
to iron ratio, the chromite grain size and the SiO2, Al2O3, MgO, and
P contents can be as important as the Cr2O3 content in determining
the suitability of a chromite product for various end uses as well as
its market price. Some chromite specifications for different uses are
given in Table 3 [33]. Thus, the metallurgical chromite is character-
ized by its high chromium content and a Cr/Fe ratio higher than 2.
Conventional mineral processing cannot modify the composition of
chromite. This composition can be modified only by using chemical
or thermal methods. This section is devoted to the thermal treat-
ment of the chromite concentrate to increase its Cr/Fe ratio through

selective chlorination and oxychlorination of iron compounds.

A European chromite concentrate was used in this investigation.
Its chemical characteristics are summarized in Table 4. Combin-
ing the results of chemical and microprobe analysis, chromite

he carbochlorination of chromite concentrate.
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Table 5
Evolution of Cr/Fe ratio in the carbochlorination residues of chromite concentrate
as a function of the treatment conditions.

T, ◦C Time, h % WL Cr (wt%) Fe (wt%) Cr/Fe

Raw Sample 34.2 10.8 3.2
500 2 7.81 40.9 6.3 6.5

8 9.45 35.7 6.6 5.4

600 2 13.33 38.5 4.4 8.8
8 17.81 36.7 3.4 10.8
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00 2 19.90 39.9 3.7 10.8
8 29.51 35.2 2.9 12.1

00 2 32.81 38.7 1.5 25.8

onstitutes about 80% of the concentrate. Data processing of the
icroprobe analyses suggests that the general formula of chromite
ineral is (Fe0.30

2+, Mg0.70)(Cr1.56, Al0.37, Fe3+
0.07)O4. Its Cr/Fe ratio

s 3.2. On the other hand, this solid could be represented as the sim-
le spinels of weight composition: 30.9% FeCr2O4, 51.0% MgCr2O4,
3.7% MgAl2O4 and 4.4%Fe3O4. The gangue totals about 20% and
ssentially composed of Mg2SiO4 and Mg3Si2O5(OH)4.

Fig. 7a shows the evolution of % WL during the carbochlorina-
ion of the chromite concentrate as function of temperature for
ifferent reaction times. Increasing the reaction time and/or tem-
erature augments the reaction extent. The extraction rate of iron
nd chromium as function of the reaction temperature and reac-
ion duration is shown in Fig. 7b. At 700 ◦C and a reaction time
f 2 h, about 80% of iron compounds were extracted while that of
hromium was limited to less than 10%.

Table 5 summarizes the results obtained during the carbochlo-
ination of chromite concentrate between 500 ◦C and 800 ◦C. The
r/Fe ratio increases as the carbochlorination temperature and
ime augments. It was doubled during the carbochlorination of the
hromite concentrate at 500 ◦C with limited loss of chromium. This
uggests that around 500 ◦C, the carbochlorination of a chromite
re and/or a concentrate having a low Cr/Fe ratio will lead to the

ncrease of this ratio to a level satisfactory for the ferro-chromium
roduction specifications. The selective chlorination of iron could
e also advantageous for chromite concentrates used for other
pplications.
According to these results, upgrading of the chromite concen-
rate can be performed between 500 ◦C and 600 ◦C using a gas

ixture of Cl2 + CO for reaction duration of 1–2 h. Cooling of the
xhausted gases at 25 ◦C allows the condensation of the iron and
hromium chlorides. These chlorides could be oxidized to recover

Fig. 9. Isotherms of oxychlorination of chromite from 925 ◦C to 1050 ◦
Fig. 8. Evolution of % WL and extraction of Fe and Cr as a function of temperature
during the oxychlorination of chromite concentrate for 2 h.

chlorine which mixed with the rest of exhausted gases can be recy-
cled after the adjustment of their composition.

Another possibility of upgrading the chromite concentrate is its
oxychlorination using a gas mixture of chlorine and air. Such gas
mixture is cheaper than that of Cl2 + CO and less toxic. For these rea-
sons, a series of boat experimentation was performed and results
are grouped in Fig. 8. This figure shows the evolution of % WL and
that of extraction extent versus temperature. About 80% of iron com-
pounds was extracted at 900 ◦C for 2 h of treatment, while that of
chromium compounds was less than 20%. The initial Cr/Fe ratio was
more than tripled thus confirming the possibility of upgrading the
chromite concentrate by oxychlorination.

TGA results of oxychlorination of chromite between 925 ◦C and
1050 ◦C are given in Fig. 9a. They indicate that (Fe3O4 and FeCr2O4)
are easily chlorinated at 925 ◦C, while oxychlorination of MgCr2O4
was achieved at higher temperature with low kinetics. The evolu-
tion of apparent activation energy ‘Ea’ values versus reaction extent
‘X’ is shown in Fig. 9b. It clearly confirms two-steps oxychlorination
of chromite characterized by mean values of Ea of about 60 kJ/mol
(X ≤ 0.25, FeCr2O4) and 265 kJ/mol (X ≥ 0.4, MgCr2O4).

These results suggest that upgrading of the chromite concen-
◦ ◦
trate could be performed between 900 C and 1000 C for a reaction

time of 2–4 h using a gas mixture of Cl2 + air. The formed fer-
ric chloride is separated from the gas stream by cooling to 25 ◦C
while chromium oxychloride (CrO2Cl2) is recovered at −35 ◦C. The
iron and chromium chlorinated compounds could be oxidized to

C (a) and (b) evolution of Ea as a function of the reaction extent.
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Table 6
Chemical and mineralogical composition of copper concentrates (wt%).

Element LGCC HGCC Phases LGCC HGCC

Cu 10.8 28.3 CuFeS2 31.2 81.7
Fe 29.7 26.3 FeS2 23.8 3.0
S 24.0 32.1 ZnS 1.2 6.4
Zn 0.8 4.3 CaCO3 3.2 –
Pb – 3.9 PbSO4 – 5.7
Ca 1.3 – MgO 1.9 –
Si 6.7 0.3 SiO2 14.4 0.7
Al 2.1 – FeO 11.8 –
Mg 1.2 – Al2O3 4.0 –
O
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tion. The gas-phase of the concentrates’ chlorination is composed
14.5 1.6 Clinochlorea ND –
otal 91.1 96.8 91.5 97.5

Clinochlore: (Mg, Fe)6(Si, Al)4O10(OH)8.

ecover the chlorine, Fe2O3 and Cr2O3. Chromium oxychloride can
e decomposed generating Cr2O3. The exhausted gases and chlorine
ould be recycled after the adjustment of their composition.

.3. Low temperature chlorination of copper concentrates

Sulfide ores and concentrates are still the major source of the
rimary production of metals such as Cu, Pb, Zn, etc. The conven-
ional direct pyrometallurgical routes are limited due to generation
f dangerous SOx gases. Even with the modern SOx processing tech-
iques, certain ecological problem persists. This section deals with
he possibility of using low chlorination temperature for a selective
eparation of valuable metal (Cu, Pb, Zn) compounds. Details of this
nvestigation were given previously [6,22,29].

The chemical and mineralogical compositions of two copper
oncentrates, used for this study, are given in Table 6. As shown,
hese concentrates are characterized by different contents of valu-
ble metals (Cu, Pb, and Zn). The valuable metal (Cu, Zn) content
f first sample was about 11.6% and was called low grade copper
oncentrate (LGCC). The total valuable metal (Cu, Zn, Pb) content of
econd sample was about 36.5% and it was designated as high-grade
opper concentrate (HGCC). The major sulfides of the LGCC were
uFeS2 and FeS2. The LGCC gangue essentially contained quartz and
linochlore. The HGGC was high in chalcopyrite (81.7%). Moreover,
t contains some amounts of lead and zinc compounds, while its
angue content was low.

Thermodynamic calculations [6,22] showed that all chlorina-
ion reactions of sulfide concentrates are favorable up to 1000 ◦C.
owever, as shown in Fig. 2, the ferric and sulfur chlorides pos-

ess a high vapor pressure at temperature of about 300 ◦C. It seems

hat this is the important factor to separate selectively the valuable

etals.
Fig. 10 is a data compilation of the chlorination of LGCC between

0 ◦C and 600 ◦C. Iron extraction was remarkable from 200 ◦C but it

Fig. 10. Results of LGCC chlorination at different temperatures.
Fig. 11. Results of HGCC chlorination at different temperatures.

was not complete at 300 ◦C. Iron not removed at 300 ◦C corresponds
to the iron present as an oxide pertaining to the clinochlore. Full
extraction of iron could be achieved at temperatures higher than
500 ◦C when the clinochlore was decomposed. Copper extraction
became significant at temperature higher than 400 ◦C and about
75% of copper was extracted at 600 ◦C. The % WL curve described
in Fig. 10 for the LGCC chlorination are in good agreement with
the extraction extents of iron from 200 ◦C and of copper from about
350 ◦C. On the other hand, the calculated limit (L1) for selective chlo-
rination of LGC is fairly consistent with the % WL of the LGCC sample
and with the results of chemical analysis of the residue obtained at
300 ◦C.

Chlorination results of HGCC up to 600 ◦C are illustrated in
Fig. 11. Almost complete iron extraction was achieved at 300 ◦C.
This was possible because the iron of HGC is contained in the sul-
fides, essentially in the chalcopyrite. The selective chlorination limit
(L2) is fully consistent with the % WL and extraction extent of iron
obtained at 300 ◦C. The copper extraction started at higher temper-
atures than in the case of LGCC and about 40% of Cu was extracted at
600 ◦C. This is probably due to the fact that the HGCC residues were
systematically agglomerated while those of LGCC did not undergo
such phenomenon. The presence of inert compounds in LGCC, such
as SiO2, prevented the agglomeration of the residues.

Data collected from the chlorination of two chalcopyrite concen-
trates at different conditions suggested the flow-sheet represented
in Fig. 12. According to this flow-sheet, the chalcopyrite concen-
trate is chlorinated at about 300 ◦C in a fixed bed for a reaction time
of 1–2 h. The reaction time depends on the concentrate composi-
essentially of iron and sulfur chlorides. Ferric chloride is recovered
by cooling the gas-phase at room temperature. The obtained fer-
ric chloride can be treated in oxygen to give hematite and chlorine.

Fig. 12. Suggested flow-sheet for chlorination of copper concentrate.
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Table 7
Chemical composition of treated jarosite samples (wt%).

Sample Fe Zn Pb Cd Cu �HMa Ctot

S1 32.2 5.3 4.2 0.0558 NAb 9.60 3.00
S2 35.4 5.9 4.4 0.0400 0.22 10.47 6.03
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• preferential diffusion of KOH towards reaction zone,
• rapid evacuation of the water released from the synthesis reac-

tion,
• high and uniform heat transfer as the overall synthesis reaction

is exothermic.
3 35.1 7.7 5.3 0.0900 0.67 13.66 2.50

a Sum of heavy metals.
b Non available.

he last will be recycled to the chalcopyrite chlorination unit after a
omposition adjustment. Sulfur monochloride reacted with several
ulfides producing metal chlorides and elementary sulfur. Thus, a
econd chlorination unit can be added in the proposed flow-sheet
sing sulfur chlorides as chlorinating agent.

.4. Decontamination of jarosite

More than 80% of world zinc is produced by hydrometallurgi-
al routes. After roasting the concentrates, sulfuric acid is used to
issolve zinc oxide and ferrite from the calcine. In the pH range of
–1.5 at about 95 ◦C, iron is precipitated using K+, Na+, NH4

+, . . . as
arosite X[Fe3(SO4)2(OH)6] where X is H3O+, Na+, K+, NH4

+ or 1/2 of
eavy metal cations such as Pb2+, Zn2+, Cd2+, Cu2+, etc. Most of the
roduced jarosite is disposed in legal or illegal waste disposal sites
hat are considered as an environmental threat to water resources
nd to the soil. Due to the jarosite’s high content in heavy metals
nd their partial solubility in acid solution, jarosite is classified as
angerous waste that requires treatment. Raw jarosite was used to
xidize the liquid manure of farming [34]. During this process, the
ron, lead, zinc, . . . compounds contained in the raw jarosite were
onverted to the equivalent metal oxide or sulfide. The solid frac-
ion of the reaction products containing heavy metals is subjected
o chlorination.

The average chemical composition of the samples (S1, S2, S3)
sed in this study is grouped in Table 7. The heavy metal content
xceeds 9% in all cases while the iron content is about 35%. These
amples were chlorinated by a gas mixture of Cl2 + air during 3 h
etween 700 ◦C and 800 ◦C. This gas composition was chosen in
rder to chlorinate heavy metal compounds and to prevent chlori-
ation of iron oxide (see Fig. 3). The chemical composition of these
olids was determined before and after their treatment. To measure
he efficiency of these treatments, the concept of decontamina-
ion extent is used. It is based on the percentage of heavy metals
liminated after the chlorination treatment (�HMf) with respect
o the initial content of these heavy metal compounds (�HMi) in
he jarosite.

Table 8 groups the experimental conditions and the initial and
nal contents of HM as well as the decontamination factor of differ-
nt samples. The final content of HM oscillates between 0.4wt% and
.2 wt% depending on the initial content of HM and the experimen-
al conditions. The decontamination factor varies from about 91%

o 96%. In addition, the leaching test of the final residues was per-
ormed according to the protocol defined by the French test AFNOR
31-210. Results indicate that the final residue could be considered
s non hazardous waste.

able 8
econtamination of different samples of treated jarosite.

ample Gas mixture T ◦C �HMi (wt%) �HMf (wt%) DEa

1 (3.8% Cl2) + air 700 9.6 0.59 93.9
1 (3.8% Cl2) + air 800 9.6 0.42 95.6
2 (6.7% Cl2) + air 700 10.5 0.99 90.6
3 (6.7% Cl2) + air 700 13.7 1.23 91.0

a Decontamination extent.
Acta 495 (2009) 42–50

4.5. Synthesis of potassium ferrate (K2FeO4)

Potassium ferrate (K2FeVIO4) is a compound containing iron at
rare hexavalent state. The importance of ferrate synthesis is related
to the oxidant and coagulant properties of FeO4

2− ion. It is a useful
compound in drinking water purification and wastewater treat-
ment. Furthermore, it was used for effluent decontamination, soil
remediation, cyanide destruction, etc. Although potassium ferrate
is known since 1841 by Fremy [35], this compound was not stud-
ied extensively and was not produced at industrial scale due to
its high oxidizing capacity, its instability and preparation difficul-
ties.

Evrard et al. [36] developed the dry synthesis at room tem-
perature of potassium sulfatoferrate K2(Fe0.5, S0.5)O4 using ferrous
sulfate as iron salt. The use of ferrous sulfate hydrate for the syn-
thesis of K2(Fe0.5, S0.5)O4 had two advantages. The synthesis was
performed with FeSO4·7H2O which is considered as a waste for
the industries of TiO2 production and surface treatment of steel.
Moreover, the substitution of K2FeO4 by K2SO4 improves signif-
icantly the stability of hexavalent iron. One may underline that
potassium sulfate and potassium ferrate possess the same struc-
ture.

Although this method has a relatively high FeVI efficiency, it may
be considered as non economic due to the high price of Ca(ClO)2.
For this reason, an investigation was undertaken to replace Ca(ClO)2
by chlorine that is cheaper reagent compared with Ca(ClO)2 price.
Details of this study were described earlier [8,30]. Fig. 13 summa-
rizes the main steps for the production of potassium ferrate. The
following paragraphs describe these steps.

According to this flow-sheet, the FeSO4·H2O has to be dehy-
drated at temperatures of about 125 ◦C. Dehydration of ferrous
sulfate heptahydrate is necessary because it allows:

• control of the water quantity during the alkali ferrate synthesis,
• increase of the reactivity of ferrous sulfate by decreasing their

particle size through thermal embrittlement.

The most important step of the proposed process is that of
ferrate synthesis. The success of these steps is dependent on the
reactor design and experimental parameters to insure the following
functions:

• good contact of three substances (FeSO4·xH2O, KOH and Cl2),
Fig. 13. Suggested flow-sheet for potassium ferrate synthesis.
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Fig. 14. Thermal conditions for ferrate synthesis.

Although the potassium ferrate synthesis is achieved without
xternal heat supply, the reactor temperature increases due to the
xothermic nature of the reactions. An increase of the reactor tem-
erature between about 45 ◦C and 175 ◦C is observed [8]. Fig. 14
ives a typical example of the temperature evolution in the reaction
one during synthesis of potassium ferrate using Ca(ClO)2 and/or
l2 as oxidant. As could be expected, in the case of using the chlo-
ine as oxidant, the maximum temperature increased with chlorine
ontent. However, as shown in Fig. 14, good results of potassium
errate synthesis are obtained for temperatures lower than 100 ◦C

hich ever is the oxidant. The agglomeration of the solid products
nd the decrease of the FeVI efficiency for temperatures higher than
00 ◦C are supported by the presence of liquid phases in KOH–H2O
ystem [37].

The last step of the proposed process consists in the separation of
he synthesis products from non reacted ferrous sulfate and drying
f the obtained alkali ferrates.

Separation of synthesis products from the non reacted ferrous
sulfate is facilitated by the important difference of particle size
between the ferrate (≈5 mm) and that of the ferrous sulfate
(<0.5 mm). Thus, a simple sieving of the products will allow their
separation,
drying of ferrate could be done at temperatures lower than 70 ◦C.
However, the drying temperature has to be the lowest possible
and should never exceed 100 ◦C.

. Conclusions

The examples and flow-sheets given in this paper show the
ossibility of using chlorine technology for mineral processing,
etal extraction, waste decontamination and synthesis of a novel

eagent. The advantages of the chlorination technology are related
o low temperature operation, flexibility to raw material composi-
ion, selectivity of the process, etc.

However, large pilot scale experimentation and a rigorous
echnico-economical evaluation will be necessary for the validation
f the proposed chlorination processes at industrial level.
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