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Carbothermic reduction of a willemite
concentrate for use in the Waelz process

by V.S. Coimbral, G.M. de Lima? V.A. Leio® R.FM. de Souza“, and
VA.A. Oliveira!

Synopsis

A willemite concentrate consisting mainly of willemite (55.3%) and dolomite (15.6%) was reduced
in a tube furnace with charcoal as reductant. The effects of temperature and varying reductant
additions on zinc extraction were studied. A zinc recovery of 86% was achieved with 20% reductant
in the charge at 1100°C. During reduction, the calcium oxide generated through calcination of
the dolomite promoted decomposition of the willemite, thus lowering the temperature at which
reduction took place. The presence of CaO improved the zinc recovery at all temperatures studied.
The best zinc recovery (93%) was obtained in the presence of 5% CaO, 20% charcoal reductant,
and at a temperature of 1100°C. The results show that the willemite concentrate studied has great
potential to be used as a raw material for the Waelz process.

Keywords

willemite, carbothermic reduction, zinc smelting, Waelz process, non-sulphide zinc ore, calcium
oxide.

Introduction

Sphalerite (ZnS) is the main source of zinc, which is obtained through a roast-leach-electrowinning (RLE)
process (Souza et al., 2007a; Sinclair, 2005; Safari et al., 2009). In general, in this process, the sphalerite
concentrate is roasted in a fluidized bed furnace to obtain zinc oxide. The main solid products of roasting
(ZnO and ZnFe;04) are leached in tanks using sulphuric acid, and after purification, zinc-rich liquor is sent
to the aqueous electrolysis stage to obtain zinc cathode (Special High-Grade Zinc - 99.995% Zn) (Sinclair,
2005; Oliveira et al., 2019).

Other zinc minerals of economic importance are smithsonite (ZnCOs) and willemite (Zn,SiO4)

(Souza et al., 2007b; Li et al., 2013). These minerals are constituents of secondary zinc deposits, called
calamine deposits (Zhang et al., 2018; Boni and Mondillo, 2015). These minerals occur in non-sulphide
zinc ores (Souza et al., 2007b). These ores are not processed by RLE for various reasons. Dehydration and/
or calcination is an endothermic reaction that will lead to higher energy consumption, in contrast to the
exothermic roasting reaction (Zhang et al., 2019; Zhao et al., 2017; Xiong et al., 2012; Liu et al., 2012). The
presence of acid-consuming minerals in the gangue (dolomite and calcite) will result in the consumption of
large amounts of sulphuric acid during leaching (Santos et al., 2010). Acid leaching solubilizes a great deal of
silica, which forms silica gel (Souza et al., 2007a; Xiong et al., 2012; Safari et al., 2009; Liu et al., 2012; Yin et
al., 2010). Furthermore, non-sulphide zinc minerals pose greater challenges during the concentration stages
(Zhao et al., 2017), hence, the zinc contents of the concentrates are lower than those obtained from sulphide
ores.

A possible alternative route for the extraction of zinc from these ores involves alkaline leaching (Santos
et al., 2010). This would avoid the excessive consumption of acid reagents by the gangue minerals and the
high energy demand associated with endothermic reactions (Zhang et al., 2014; Liu et al., 2012). Several
alkaline reagents, such as NH4OH/NH4Cl and NaOH/NH,CI, have been used in the leaching of these ores
(Santos et al., 2010; Zhang et al., 2019; Li et al., 2013; Zhao et al., 2017; Liu et al., 2012; Yin et al., 2010).
However, these reagents are considerably more expensive than sulphuric acid. In addition, the authors are
not aware of any process that uses alkaline leaching of non-sulphide zinc ores on an industrial scale.

A classic metallurgical process used for treating various zinc-bearing residues is the so-called Waelz
process. This process has been extensively used and is a safe and reliable technology applied for the recovery
of metals such as Pb, Cd, Ge, and particularly Zn, from electric arc furnace dust (EAFD) and other steel
industrial residues (Chen, 2001; Mager et al., 2000; Antufiano, Arias, and Cambra, 2019, 2013; James and
Bound,). EAFD is a waste, formed during steel production, which contains considerable amounts of zinc
(Xiong et al., 2017). For zinc recovery from zinc-bearing residues, the Zn?* cation is usually reduced in a
rotary furnace (the Waelz furnace) at 1200°C, using a carbonaceous reducing agent. The reduction of zinc
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oxide by carbon occurs at a temperature higher than the boiling
point of the metal (907°C), and consequently the zinc vaporizes
(Xiong et al., 2017; Antuflano, Arias, and Cambra, 2019):.

Zn0(s) + C(s) » Zn(g) + CO(g)  AGsq590x < O (1]

Due to the oxidizing atmosphere in the Waelz furnace the Zn metal
that evaporates from the reduction reaction zone is oxidized in
contact with this gaseous phase (Equations [2] and [3]), forming

a very fine powder (ZnO) which is collected in the bag filter
(Antufiano, Arias, and Cambra, 2019).

27n(g) + 0,(g) » 2Zn0(s)  AG® = 212.7T — 708,610 ( J ) 2]

mol 0,

In(g) + CO,(g) > Zn0(s) + CO()  AG° = 11857 - 189,460 (——) [3]

1
mol 0,
This powder is called Waelz oxide and, after purification

(dehalogenation), it can be added to the acid leaching step of
the RLE process. In this way, it is possible to recover zinc from
secondary sources in an integrated way. A comprehensive review of
the pyrometallurgical recovery of zinc from EAFD was presented by
Wang et al. (2021). The fundamentals and operational parameters
of the Waelz process , which is applied to the recovery of zinc and
other volatile metals from secondary zinc resources, were described
by Harris (1936).

As well as being an important metallurgical approach for the
treatment of non-sulphide zinc ores, the Waelz process is often
used for the recovery of zinc from secondary sources. These
sources usually have a lower zinc content (e.g. 22-28% Zn for
EAFD) compared to oxidized ore concentrates (Xiong et al., 2017;
Antufano, Arias, and Cambra, 2019). It is noteworthy that the
utilization of non-sulphide concentrates as feed to the Waelz process
has received less attention than zinc-bearing residues.

Many zinc-bearing residues are very heterogeneous in terms
of their chemical composition and moisture content. For instance,
many the raw materials used in the Waelz process often consist of
a blend of different zinc-containing materials (Krupka et al., 2000;
Mager et al., 2000; Harris, 1936). The study of the mineralogical
changes under the typical operating conditions of the Waelz process
can therefore contribute to a better understanding of the process in
general.

We studied the influence of temperature, the presence of
CaO0, and the amount of charcoal on the extraction of zinc from a
willemite concentrate. Mineral transformations associated with the
carbothermic reduction of this mineral and the gangue constituents
were also investigated to determine chemical reactions that may
occur if a willemite concentrate alone is fed to a Waelz furnace.

Materials and methods

The willemite concentrate (CW) was supplied by Nexa Resources
from a mine in the northwest region of the Brazilian state of
Minas Gerais. The as-received sample had a moisture content of
approximately 15% and particle size 100% less than 75 pm. All
experiments were carried out had been samples that dried in an
oven for 48 hours at 105°C.

Chemical analysis

Approximately 0.150 g of the sample was homogenized with 4

g of a mixture of 1 part sodium tetraborate (Synth, 99.5%) to 3
parts sodium carbonate (E Maia, 99.5%) and fused in a platinum
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crucible at 950°C for 40 minutes in a muffle oven. After fusion, all
material was dissolved in an acid solution (HCl approx. 18% v/v).
The solution was analysed by inductively coupled plasma optical
emission spectrometry (ICP-OES, Varian model 725).

X-ray diffractometry

X-ray diffractograms were obtained using a Shimadzu model
XRD-6100 diffractometer equipped with a copper source operating
at 45 kV and 40 mA and with a 1°/min scanning speed. The main
phases in the samples were identified by comparison with standard
diffractograms (ICSD patterns) using DIFFRAC.EVA. TOPAS 5.0
software was used to quantify the mineral phases present in the
sample using the Rietveld method.

Thermogravimetric analysis

Thermogravimetric curves were obtained using a heating rate of
10°C/min in an inert atmospere of N, (White Martins, 99.9990%)
at a flow rate of 50 ml/min. We used a Shimadzu model DTG 60
thermogravimetric analyser.

Scanning electron microscopy (SEM) and X-ray energy
dispersive spectroscopy (EDS)

The sample was embedded in polyester resin and, after drying, the
surface was polished using silicon carbide paper of different grain
sizes (150 to 1500 grit). After sanding, the surface was polished with
alumina paste (1 um). The surface of the sample was metallized with
gold using a sputter coater (Quorum model Q150R ES). The SEM
images were generated using a Tescan model Vega 3 LMH and EDS
mapping was performed using an Oxford INCA x-act 51-ADD0007
instrument.

Reduction experiments

Charcoal (CV) ground to 100% less than 300 pm was used as
reductant. Volatiles were removed by heating the ground charcoal
sample in a closed crucible for 1 hour at 1000°C in a muffle furnace.
Mixtures with different CW/(CW + CV) ratios were prepared and
homogenized for the experiments, to evaluate the influence of CV
on the reduction. The influence of calcium oxide on the reduction
was assessed by adding different amounts of CaO to the CW/

(CW + CV) mixture. A crucible containing approximately 5 g of
the reaction mixture was placed in a Jung tubular furnace with an
automatic temperature controller, and a continuous flow (2 L/min)
of N3 (99.9990%) was maintained inside the furnace throughout
the experiment. After reduction, the crucible was heated in a mufle
furnace at 800°C for 2 hours to remove residual carbon. Zinc
extraction (Zn%) from CW was calculated according to Equation [4]:

MW _mGW
In% = mgw—Xizfno [4]
where m£" is the final mass of CW after reduction and removal
of excess CV, m§" is the initial mass of CW, and ZnO is the zinc
oxide content in the CW sample. For the experiments where the
influence of CaO was investigated, the mass of this reagent added
at the beginning of the experiment was subtracted from the final
mass after the removal of excess CV. All experiments were done in
triplicate. Duplicates of the blank experiments were performed for
all experimental conditions studied and the mass loss found for
these experiments was added to the mass of mg".

Thermodynamic data

HSC Chemistry V 4.1 software was used to construct the
equilibrium diagrams.
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Table I

Chemical analysis of the willemite concentrate (CW) (%)

Zn Ca Mg Fe Al Pb Cd
325 4.6 2.8 49 0.4 0.3 0.025

Results and discussion

Characterization of willemite concentrate

The chemical analysis of the concentrate is shown in Table I. The
Zn content, 32.5% is considerably higher than the values reported
by different authors for EAFD (20-28%) and other zinc-bearing
materials (Mattich et al., 1998; Xiong et al., 2017). This is another
attractive reason to use this material as feed to a Waelz furnace.
Figure 1 shows both the X-ray diffractograms for the sample,
one obtained by experiment and the other provided by the Rietveld
method, revealing good concordance of results. Willemite (53.3%)
is the main constituent, followed by dolomite (15.6%) (Table II).
Table II also shows that three Zn-bearing minerals were identified:
smithsonite (2.3%), hydrozincite (2.7%), and willemite (53.3%).
Thus, 91.7% of the Zn present in the sample is in willemite, 3.5% in
smithsonite, and 4.7% in hemimorphite. The minerals identified in
the concentrate are typical minerals of this type of ore (Dill, 2010).
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Figure 1—X-ray diffractogram for the CW sample

Table IT

Mineralogical composition of the sample

Mineral Formula Content (%)
Willemite Zn,Si04 53.3
Dolomite CaMg(COs)2 16.4
Chlorite HyMg35i209 8.3
Nacrite Al,(Si,05)(OH)4 6.5
Quartz SiO, 4.7
Hydrozincite Zn5(CO3)2(OH)s 2.7
Smithsonite 7ZnCOs3 2.3
Kaolinite Aly(Si4010)(OH)s 2.0
Monticelite CaMgSiOy4 2.8
Others - 1.0

The Journal of the Southern African Institute of Mining and Metallurgy

The difference between the zinc values found by ICP-OES
(32.5%) and by the Rietveld method (34.1%) is less than 5%.

Figure 2 shows the TGA and DTG curves for the decomposition
of the CW sample in an inert atmosphere. The curves show two
mass loss events in the temperature range between 478°C and
790°C. These events are identified as (i) and (ii) on the DTG curve.
According to the mineralogical analysis, event (i) can be attributed
to the thermal decomposition of smithsonite and hydrozincite
according to Equations [5] and [6]:

ZnC0; > 7n0+C0O,  AG® = —1258T + 30,114 (1) [5]

Zn5(C05),(OH); — SZn0 + 200, + 3H,0  AG® = —457.9T +79,726 (=) [6]

The mass loss shown in the TGA curve associated with the event
(i) is 1.55%. According to the results obtained using the Rietveld
method, for a sample containing 2.3% smithsonite and 2.7%
hydrozincite (Table II), the expected mass losses will be 0.807%
and 0.698%, respectively. Therefore, the total mass loss associated
with the decomposition of smithsonite and hydrozincite will be
approximately 1.5%, which is very close to that shown in the TGA
curve. The temperature values found for the thermal decomposition
of these minerals agree with the results of other authors (Wahab
et al., 2008; Wang et al., 2021)). The event (ii) in the TGA curve is
attributed to the thermal decomposition of dolomite according to
Equation [7]:

CaMg(C0;); - Ca0 + Mg0 +2€0, AG® = —321.77 + 292,100 () [7]

The free energy values show that the temperature of thermal
decomposition (calcination) of dolomite is 908K (635°C),
considering the standard state (pCO; = 1 atm.) and the activity
of solid species equal to the unit. It is important to highlight
that the experimental condition is not the standard state, but the
calculated thermodynamic temperature of calcination is within
the temperature range obtained experimentally. In addition, the
values found are in accordance with the results of some research
groups (Herce, Stendardo, and Cristébal, 2015; Ptacek, Soukal, and
Opravil, 2021). The evidence for the decomposition of dolomite,
hemimorphite, and smithsonite in the proposed temperature range

100 200 300 400 S00 €00 700 800 900 1000 1100
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98 | - 98
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‘;’ 4
" 94+ - 94
E 4
92 - - 92
90 | - 90
88— 77— 7T 88
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Figure 2—TGA curves and DTG of CW sample decomposition in an inert
atmosphere (N2 50 ml/min) at a heating rate of 10°C/min
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250, 2500

Figure 3—SEM-EDS images for willemite concentrate sample. (W) willemite;
(D) dolomite; (Q) quartz; (H) magnetite

could be confirmed by the disappearance of the diffraction peaks
characteristic of these minerals when the sample was calcined in a
mufile furnace at a temperature of 810°C (c.f. Figure 8). Finally, the
results show that for a mass loss of 9.2%, the sample contains about
19.2% dolomite (c.f. Equation [7]). The dolomite content calculated
through the TGA curve is very close to the value obtained using the
Rietveld method for mineralogical quantification.

Figure 3 shows a SEM image and EDS mapping for the CW
sample. The main constituent minerals were identified through the
association of phases identified in the X-ray diffractogram, with the
elemental associations revealed by EDS mapping.

Carbothermic reduction of the willemite concentrate

Thermogravimetry

Figure 4 shows the thermogravimetric curve for the reduction

of willemite concentrate. Two thermal events, A and B, can be
identified. These events are due to (A) dolomite calcination,
smithsonite calcination, and dehydration, and calcination of
hemimorphite (Equations [5], [6], and [7]), and (B) the reduction
of willemite. Equations [8] and [9] show two possible reactions of
willemite reduction and Figure 5 shows the Ellingham diagram for
these reactions.

In;Si04 + C = 20y + COyq) +5i0,  AG® = 39147 +559 700 (--) (8]

IgSi0, +2C - 2Ing + 200 + 510,  AG® = ~562.8T +726 410 (=) [9]

The results show that above 1291K (1018°C) the reduction
of willemite, generating CO(g) as a reaction product becomes
spontaneous. Therefore, this is one of the possible reactions
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Figure 4—TGA and DTG curves for the reduction of willemite concentrate
with charcoal (40% w/w) in an inert atmosphere at s heating rate of 10°C/min
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Figure 5—Ellingham diagram for the carbothermic reduction of willemite

responsible for the second event on the TGA curve. It is also worth
mentioning that, as shown in the diagram, this reaction will be
thermodynamically more favourable than the reaction where CO; is
formed, at any temperature higher than 972K (699°C).

Gaseous carbon monoxide, formed in situ, is a possible
reducing agent playing a role in the extraction of Zn from willemite.
Equations [10], [11], and [12] represent the possible reactions.

n,5i0, + C0(g) = €0, (g) + Zn(g) +5i0, AG® = =233.9T + 409 900(#) (10]

10, +C0(g) - CO,(g) +5i  AG® = 0.97 +338 140 ()

an
mol [11]
(1000K < T < 1500K

C0,(g) +C—>2C0(g)  AG® = —1734T + 169 320 (ﬁ) (12]

Figure 6 shows the variation of log(pCO/pCO>) as a function
of temperature for willemite reduction. The diagram shows that the
solid products are Zn and SiO;. These results indicate that SiO; does
not reduce in such conditions.

In the TGA curve, the event attributed to the reduction of
willemite starts at a temperature lower than that indicated by
thermodynamic data (approx. 950°C) and, therefore, the observed
mass loss for temperatures lower than 1018°C cannot be attributed
to the reactions represented by Equations [9] and [10]. Thus, the
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Figure 6—log(pCO2/pCO) as a function of temperature for the reduction of
willemite

results suggest that the calcium oxide generated by the calcination
of dolomite promotes the decomposition of willemite, generating
different calcium silicates and zinc oxide. Equations [13] and

[14] show some of the possible chemical reactions involved in
willemite decomposition, and Figure 7 shows that these reactions
are thermodynamically favourable throughout the studied range of
temperature. Finally, the diagram also shows that the decomposition
of willemite in the absence of these oxides is not thermodynamically
favourable (blue line).

In,Si0, + 2Ca0 - 27n0 + Ca,Si0, AG® = —14.T4 — 86 416 (ﬁ) (13]

Zn;S10, +Ca0 — 220+ CagSis  AG° = ~155T 77622 (A1) [14]

Figure 8 shows the X-ray diffractograms for the samples
decomposed at 800°C and 1100°C. Diffraction peaks characteristic
of zinc oxide and different calcium silicates can be identified. It is
noteworthy that although the formation of different magnesium
silicates is thermodynamically favourable in this temperature
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50 I ! L | 50
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20 - 20
E‘ 10 - L 10
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I et LR e e PR L LR LR o
; 10 2 210
E
= -90 90
i ] Zn,Si0, + 3030 = M
% 405 40 =2Zno ""CG,SIO,
-100 - - -100
™y o S
o T, a0 =2Zn0 + Ca ,Si0, | 110
120 20
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Figure 7—Ellingham diagram for willemite decomposition reactions

range, only diffraction peaks characteristic of a mixed calcium and
magnesium silicate (CaMgSiOs, montcellite) could be identified.
The Rietveld method was not applied to quantify the generated
phases because the reaction between these basic oxides (CaO and
MgO) and silica produces too many amorphous phases.

The results show that the calcium oxide generated during the
thermal decomposition of dolomite reacts with willemite forming
ZnO and different calcium silicates. Note the presence of ZnO in the
diffractograms in Figure 8. The zinc oxide formed is reduced by carbon
and/or carbon monoxide according to Equations [15], [16], and [17]:
2200+ C > CO,(g) + 2Zn(g)  AG = —410.3T +548 240 (1) [15]

mol C

Zn0+C - CO(g) +Zn(g) AG® = ~2918T +358780 (-1} [16]

Ca0 + CO, - CaCO; AG® = 147.6T — 172 070 (mollCO ) (17]
2

The standard free energy values for the reactions show that ZnO
can be reduced by carbon at a temperature lower than willemite
- 1229.5K (956°C), which justifies the low temperatures at the

Intensity

20 - degree

Figure 8—X-ray diffractogram for the WC sample calcined at (A) 800°C and (B) 1100°C. (w) willemite - Zn,SiO4; (q) quartz - SiO»; (a) alite; (t) walstromite - CaSiOs;
(Ir) larnite - Ca,SiOy; (L) lime - CaO; (z) zincite - ZnO; (p) periclase - MgO; (Mt) montcelite - CaMgSiOy; (Ak) akermanite; (G) gehlenite; (b) Ca3SiOs
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beginning of the CW sample reduction. Figure 9 shows the log
diagram of (pCO2/pCO) as a function of temperature for the zinc
oxide reduction reaction, where it can be seen that this oxide will be
reduced by a less reducing pCO,/pCO mixture than that required to
reduce willemite.

Since the presence of calcium oxide in the sample decreased the
minimum temperature required for reduction, thermogravimetric
carbothermic reduction assays in the presence of CaO (20% w/w)
were performed to verify the influence of CaO on the process.
Figure 10 shows the thermogravimetric curve of CW reduction
in the presence of CaO, where one can observe the same events A
and B, present in the TG curve for willemite concentrate reduction
(Figure 4). The results show that in the presence of CaO, the mass
loss was higher, suggesting the reduction of a greater amount of zinc
oxide.

Finally, in addition to events A and B, a new thermal event
(event Y) could be observed in the TG and DTG curves when
calcium oxide is added to the system. The authors believe that the
mass loss observed in event Y can be attributed to the beginning of
dolomite decomposition and to the reduction of metal oxides (Pb
and Cd) that are always present in zinc ores. These reactions release
CO,, which reacts with the calcium oxide (carbonation) forming
calcium carbonate (Equation [18]), it is worth noting that calcium
oxide carbonation is thermodynamically favourable at temperatures
lower than 950°C.

1000 1100 1200 1300 1400 1500

Zn + SiO,

-5.0 ~-5.0

log(pCO,/pCO)

1201K

-10.0 . r - - - T . T - -10.0
1000 1100 1200 1300 1400 1500
Temperature (K)

Figure 9—Diagram of log(pCO/pCO) as a function of temperature for the
Zn-0-C system
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Figure 10—TGA and DTG curves for the reduction of willemite concentrate
with charcoal (40% w/w) in the presence of calcium oxide (20% w/w) in an
inert atmosphere (N> 50 ml/min) at a heating rate of 10°C/min
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200 +CO(g) - C0,() + Zn(g) AG® = —118.5T + 189 460 (——) [18]

mol CO

Experiments in a horizontal tube furnace

Before being reduced in a horizontal tube furnace, CW samples
were calcined at a temperature of 810°C. This eliminated the
thermal event associated with dolomite calcination and ensured
that, in the zinc extraction calculations, the mass loss values
obtained could be attributed only to the reduction of zincite and
willemite (Equations [1] and [9]).

After verifying the minimum temperature for the reduction
of the CW sample from the TGA curves, reduction experiments
were carried out in a horizontal tube furnace at a temperature of
1100°C, varying the amount of CV added to the system. Figure 11
shows the zinc extraction values obtained in these experiments. As
can be seen, the extraction values were constant when the amount
of CV added was greater than 20%; it is important to stress that
the stoichiometric amount required for the reduction would be
approximately 11% (Equation [9]). The results also show that using
20% C at 1100°C it was possible to extract approximately 86% of the
zinc present in the CW sample.

The extraction value obtained is comparable to that found by
Clay and Schoonraad (1976), who treated a blend of willemite
concentrate and tailings using the Waelz process. They obtained
a zinc extraction of approximately 90% at 1100°C using a 30%
addition of reducing material (anthracite duff, coke breeze, and
reclaimed reductant). According to Harris (1936), some industrial
plants were able to treat calamine waste by adding only 10-12% coke
to the Waelz furnace, although the coke addition used in industrial
processes typically ranges from 20-35%. It is noteworthy that values
as high as 45-55% coke in feed material were reported in zinc
production.

After determining the optimum amount of CV needed to
reduce willemite concentrate, experiments were carried out to
determine the influence of temperature on zinc extraction (Figure
12). The results show that zinc extraction decreases with decreasing
temperature, the highest extraction of 86% being obtained at
1100°C. Other authors who utilized different zinc-bearing materials
have also reported this temperature as the optimal. Furthermore,
the formation of accretions has been observed at temperatures
exceeding 1200°C (Clay and Schoonraad, 1976). Industrial
processes typically operate at temperatures close to 1100°C.
(Krupka, Ochab, and Miernik, 2000; Harris, 1936).
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Figure 11—Influence of charcoal addition on zinc extraction from the CW
sample by carbothermic reduction (T =1100°C; time = 1 h)
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Figure 12—Influence of temperature on zinc extraction from CW sample by
carbothermic reduction (20% C; time = 1 h)
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As shown in the TGA curves (Figure 10), the presence of
CaO in the concentrate promoted an increase in mass loss. Thus,
reduction tests were performed in a tubular furnace aiming to
evaluate the influence of CaO on zinc extraction (Figure 13).

The results show that the presence of CaO significantly increased
zinc extraction during carbothermic reduction at 1050°C. A CaO
addition of only 5% increased zinc extraction by 34%. As discussed
earlier, this increase can be ascribed to the promotion of the thermal
decomposition of willemite by CaO (Equations [13] and ]14]).

The effect of temperature on zinc extraction in reduction tests
with CaO is shown in Figure 14. The addition of CaO improved zinc
extraction at all temperatures (Figure 15). The best extraction (93%)
was obtained at a temperature of 1100°C for 1 hour with 5% CaO
addition and 20% carbon.

The basicity of the slag generated by the Waelz process is
determined by Equation [19]:

s %Ca0+%Mg0
Basicity (B) = % (19]

where %MO is the percentage of metallic oxide in the slag. Basicities
between 0.2 and 0.5 denote an acid process, and values from 1.5 to

4 a basic process. The operational control of a Waelz plant between
these two conditions is exceptionally challenging (Mager et al.,
2000; Mattich et al., 1998).
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Figure 13— Influence of the amount of CaO addition on the extraction of zinc
from the CW sample by carbothermic reduction (time = 1 h; 1050°C; 20% CV)
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Assuming that the major mineral constituents of the sample
(willemite and dolomite) were effectively reduced (Equation
[9]) and calcined (Equation [7]), the estimated basicity (B) of
the process, based on the experiments performed with varying
quantities of CaO, ranges from 0.32 (0 % CaO) to 1.75 (40% CaO).
This suggests that, besides enhancing the extraction of Zn, the
addition of CaO will also contribute to better process control.
Analysis of the slag generated at 1100°C, reaction time 1 hour, with
with 5% CaO and 20% carbon yielded a calculated basicity of 0.38.

Conclusion

It was possible to obtain approximately 86% zinc extraction from
a willemite concentrate using charcoal as a reducing agent at a
temperature of 1100°C for 1 hour reaction time. The extraction
values increased with increasing temperature, and the best
results were obtained with 20% charcoal in the charge. During
the reduction, the calcination of dolomite, present as a gangue
constituentin the concentrate, promoted the formation of calcium
oxide, which reacted with willemite to form zinc oxide and
calcium silicates. The formation of zinc oxide allowed reduction
of the concentrate to begin at a temperature 60°C lower than

the minimum thermodynamic temperature for the reduction of
willemite.

The addition of only 5% CaO to the willemite concentrate
improved the zinc extraction at all temperatures studied. At a
temperature of 1100°C, with 20% C and 5% CaO, it was possible to
extract approximately 93% Zn, 8% more than without addition of
CaO under the same conditions.
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Figure 14—Influence of temperature on zinc extraction from willemite
concentrate in the presence of CaO (time = 1 h; 5% CaO; 20% CV)

Figure 15—Zinc extraction from the CW sample in the presence and absence
of CaO
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