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Abstract

In this paper several aspects involved in the chlorination of a Zn 48% wt.—Cu alloy between 250 and 500 °C are investigated. The starting tem-
perature for the chlorination of the alloy is determined, which is different from those of pure metals. Analysis of the chlorination thermogravimetric
curves and reaction products reveal that there are interactions between reactants and products during the reaction, and that volatilization of ZnCl,
is diminished during the alloy chlorination. Metallic copper is detected at intermediate stages of the chlorination, and this element, which is not
present in the initial sample, appears during the chlorination reaction. An oxidation—reduction type reaction between copper chlorides and metallic
zinc is proposed to explain the behaviour observed. The occurrence of this reaction at room temperature was confirmed in separate experiments.
At the beginning of the reaction, formation of zinc oxichloride was detected that is being formed from the zinc oxide layer that covers the alloy
surface. According to the results obtained, a reaction mechanism is presented for the alloy chlorination.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Copper and zinc are impurities of the AA6061 alloy used in
fuel elements of nuclear research reactors. An aim of our insti-
tution is to diminish the amount of radioactive waste through
the volatilization of the highest possible amount of aluminium
accompanied by the smallest possible amount of radioactive
impurities such as activated zinc. In previous studies, interfer-
ences in zinc volatilization were observed due to the presence
of copper, which motivated the present work.

Metal chlorination reactions have been partially studied. Sev-
eral works related with the chlorination of copper have been
published [1-7]. While the first deal mainly with synthesis
of copper(l) chloride by dry chlorination [1-3], the latter are
focused on more basic aspects of the chemical heterogeneous
reactions such as reaction mechanism and kinetics [4-7].

To the authors’ best knowledge, no information is available
regarding zinc dry chlorination reaction, with the only excep-
tion of the non-isothermal thermogravimetric (TG) curve for the
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chlorination reaction that has been published by Titi-Manyaka
and Iwasaki [8] in a work on chlorination of metals and oxides.
This TG curve shows that the reaction starts at about 250 °C with
a mass gain which corresponds to the formation of condensed
zinc chlorides. After this, volatilization of chlorides is evidenced
by a mass loss observed at about 600 °C. No studies regarding
the Kkinetic or reaction mechanism were reported.

Besides its technological application for chloride synthesis
[1,9,10], chlorination processes are proposed as a developing
method for valuable metal recovery such as Co, Ni, V, W, Mo, Cr,
Fe, Cuy Zn. For this reason, a number of studies involving chlo-
rination of alloys or multi component systems were published
[2,11,12].

Basic research in alloy chlorination [13-15] has shown that
for Si-Ge, Mo-Re, Au-Pt, and Al-Cu alloys, the reactivity of
the alloy is different from that of the pure constituents [13,15]. In
addition, in the case of AlCu alloys, interactions between reac-
tion products were reported during chlorination [15]. Similarly,
interactions between reaction products and solid reactants were
observed in the chlorination of multi-component systems [16].

Regarding the Cu-Zn system, a method for high-copper-zinc
residue processing has been published by Chaudhary et al.
[17]. The process developed involves leaching of the high-
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copper-zinc residues with concentrated hydrochloric acid,
followed by electrodeposition of the solution obtained and disso-
lution of copper from the solid residue. As a result the separated
metal chlorides are obtained. These kinds of processes related
with zinc extraction or recovery of metals contained in ores
and zinc industrial waste, involve interactions between copper
and zinc and their compounds. Consequently, several studies
appeared dealing with this topic. Ferry et al. [18] studied the
electrolysis of zinc chloride with alkaline chlorides and the effect
of other element [19-22].

No information related with dry chlorination of Cu-Zn alloys
is available, which is why it is studied in this work. The presence
of interactions during the reaction is revealed. These inter-
actions are analyzed considering preferential oxidation, and
oxidation—reduction reactions.

2. Experimental details

Commercial metals (99.9% purity) were used to prepare
a Cu-Zn alloy with the following composition: Zn: 48 wt.%,
Cu: 52wt.%. This alloy was chosen for the study because
the relative amount of each element ensures that the detec-
tion of reaction products and intermediate species is feasible
by the different techniques available. Besides, we have con-
siderable experience in our laboratory regarding its preparation
and structural characterization. A powder of the alloy was pre-
pared by mechanical abrasion with an electrical lathe (Black
& Decker RT650). Thermal treatments at 300 °C for 2.5h in
air were performed to release possible residual tensions. The
powder sample was well characterized by energy dispersive
X-ray fluorescence (ED-XRF), scanning electron microscopy
(SEM) and X-ray diffraction (XRD). The results are shown in
Fig. 1.

As Fig. 1a shows, the powder consists of shavings of 150 um
average size. XRD patterns (Fig. 1b) show that the alloy is in beta
phase. This phase has a composition range of Cu—(36.7-59.8)Zn
(wt.%) [23].

The gases used were Cly 99.8% purity (Indupa, Argentina)
and Ar 99.99% purity (AGA, Argentina). Isothermal and non-
isothermal chlorination reactions were carried out with samples
of 20 mg inathermogravimetric analyzer (TGA). The equipment
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aswell as the methodology used to perform the chlorination were
extensively described elsewhere [15].

3. Theoretical analysis

A preliminary theoretical analysis can be made taking
into account the AG° values for all the feasible reactions
which involve the elements contained in the system under
study. In an ideal closed system, the final equilibrium com-
position will be determined only by the reaction having the
lowest AG® value. However, in a closed system with multi-
ple reactions like the one presented here, there are parallel
reactions occurring simultaneously. This can lead to differ-
ent intermediate products that may interact with the initial
reactive species. Therefore, the equilibrium composition given
by the reaction with the most negative AG° value may not
always be attained, because the chemical reactions can reach
pseudo-equilibriums that correspond to local minimums of
AGP°. This discrepancy is due to kinetical impedances which
may include mass transfer, adsorption of different species,
differences in the intrinsic rates of reactions, among oth-
ers.

The TG analyzer is a flowing system. However, under cer-
tain circumstances the system may evolve following equilibrium
predictions, and for this reason a thermodynamical analysis
can give a first approximation. The expected behaviour can be
obtained considering the Ellingahm diagram shown in Fig. 2
[24].

The AG® values for the chlorination of copper and zinc by
mole of Cl, according to different reactions involving several
species are shown in Fig. 2a. Copper has two stable chlorides,
CuCl and CuCly, which correspond to the states of oxidation +1
and +2. Zinc only forms one stable chloride, ZnCl,, according
to its unique oxidation state +2. At high temperatures (about
1400 K) the presence of ZnCI(g) has been reported [25]. For
this reason, ZnCl is also considered in the analysis. However,
as evidenced in Fig. 2a, the AG® corresponding to the forma-
tion of ZnCI(g) is higher than that of ZnCl,, which makes its
occurrence very unlikely in the range for temperatures below
1000 °C. Consequently, it will not be considered when analyzing
the experimental results.
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Fig. 1. Morphology, composition and structure of the initial sample. (a) SEM photograph of the Zn 48% wt.—Cu alloy powder and chemical composition obtained

by ED-XRF. (b) XRD pattern of the initial sample.
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Fig. 2. Ellingham diagrams corresponding to (a) chlorination of metals, (b)
chlorination of CuCl and ZnCl, (c) chlorination of oxides.

Among all the possible reactions, the formation of ZnCl,(s,|)
is the one that has the most negative AG°. Therefore, as long as
there is still metallic zinc in the system, ZnCly(s,1) is the expected
product according to equilibrium predictions for temperatures
below 1000 °C. However, as mentioned before, other reactions
having negative AG®° values can occur due to local equilibriums.
Moreover, the experimental set-up allows the continuous evacu-
ation of gaseous reaction products (i.e. CuCl, CusCls, ZnCl; or
ZnCl from reactions (3), (4), (8) and (9) Fig. 2a). Consequently,
partial pressures of these species will tend to zero, whereas par-

tial pressure of Cly, which is given by the incoming chlorine
stream, will remain constant at 35.5kPa. For this reason, the
values of AG will be lower than the values of AG®, and even
with a AG° >0 a reaction could occur. The possible reactions
are the ones listed in Fig. 2a.

In Fig. 2b the AG° values for the chlorination of CuCl
and ZnCl(g) are presented. This could correspond to an
advanced stage of the chlorination reaction where there are
no more metallic elements. In this situation, the negative
values of AG° indicate that ZnCI(g) will form ZnCl, in
the first place, followed by formation of CuCl, from CuCl.
Regarding the different chloride phases, Fig. 2a also shows
that for temperatures below 1000°C the stable chlorides are
CuCl(s), CuClI(I) (above 425 °C), ZnCl(s) and ZnCly(I) (above
320°C), and CuCl, which only exists in the solid state
[4,24,26].

Finally, the oxide chlorination reactions are considered in
Fig. 2c to analyze the expected reactivity of the metals. It is well
known that when some metals such as aluminum, zirconium and
refractory metals are put in contact with air, an oxide scale is
formed [27] which protects the metals from further chemical
attack. This is why, although these metals have negative AG°
values for the chlorination reactions, they will not react when
they are put in direct contact with chlorine until the conditions
are appropriate for its penetration through the oxide film and
the contact of the gas with the bulk metal is made. Chlorine can
reach the base metal by chlorination of the protective oxide scale
or by diffusion through grain boundaries or structural vacancies
of the oxide film.

In the case of copper and zinc the AG® values for the oxi-
dation reactions are negative for temperatures below 1000 °C
[24]. Copper and zinc oxide layers do not have protective prop-
erties, as is well evidenced by the corrosion problems which
affect copper devices or zinc plates under corrosive atmospheres.
However, in a laboratory environment, where the atmospheric
conditions are not favorable for the oxidation reaction, a thin
oxide scale could still probably be formed on the metal sur-
face. This oxide layer may have some influence in the metal
reactivity during the chlorination reaction at the temperatures
studied.

According to the AG® values for the reactions of copper
and zinc oxides with chlorine, for temperatures below 1000 °C
presented in Fig. 2c, both metal oxides will react. In the case
of copper, it has two oxides with CuO being the most reac-
tive one. Therefore, taking into account thermodynamical data,
none of these oxides would protect the metal towards chlori-
nation. However, the starting temperatures for the chlorination
could be determined by the kinetic rate of reaction of the
oxides.

4. Results
4.1. Non-isothermal chlorination of Cu—Zn alloy
The initial reaction temperature which is associated with the

system reactivity was determined by non-isothermal thermo-
gravimetric measurements. The chlorination curves for the alloy
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Fig. 3. Non-isothermal TG curves for the chlorination of Cu, Zn y Zn 48%
wt.—Cu alloy.

together with the chlorination of the pure metals are shown
in Fig. 3. Fig. 3 shows the ratio between the mass change
and the initial mass of the sample as a function of tempera-
ture.

According to the selective oxidation phenomenon that takes
place in several alloys, the less noble element is oxidized prefer-
entially forming a continuous layer of oxide on the alloy surface.
This happens, for example, in the case of copper alloyed with
aluminium, silicon and beryllium [28]. For this reason, it is to be
expected that the Cu—Zn alloy surface will be covered by a thin
layer of zinc oxide. However, the scale formed on the alloy and
that formed on the pure zinc surface will not necessarily have the
same microstructure. This is in accordance with the differences
observed in the chlorination starting temperatures of the alloy
and pure zinc, considering that they are determined by chlorine
diffusion across the oxide layer.

Fig. 3 shows that the starting temperature for the reaction of
the alloy is in between those of the pure metals. Copper and zinc
chlorination reactions startatabout 100 and 270 °C, respectively.
Meanwhile, the alloy reaction starts at 225 °C.

If chlorination of the oxide layer were the controlling
phenomenon for the reaction starting temperature, both tem-
peratures (for the chlorination of zinc and the alloy) should be
the same, and would correspond to the starting temperature for
the chlorination of zinc oxide: around 450 °C [29].

Fig. 3 also shows that the alloy chlorination reaction occurs
with mass gain followed by mass loss above 450 °C. This is in
accordance with the behaviours observed in pure metal chlori-
nations. For both metals an initial mass gain is observed due to
the formation of condensed chlorides followed by a mass loss
that indicates volatilization of the chlorides (and also decom-
position in the case of copper [7]). Considering the ratio of the
mass gain obtained in the chlorination of the pure metals and
the alloy composition, the maximum ratio of mass gain for the
alloy should be of 0.7. On the other hand, considering complete
formation of CuCl, and ZnCl; the ratio of mass gain should be
of 1.1. The ratio of mass gain obtained in the maximum of the
chlorination TG curve was 0.95. This value indicates the forma-
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Fig. 4. Isothermal TG curve for the chlorination of Zn 48% wt.—Cu alloy between
250 and 500 °C.

tion of larger amounts of condensed zinc chlorides during the
chlorination of the alloy compared with pure zinc chlorination.

4.2. Isothermal chlorination of Cu—Zn alloy

4.2.1. Zinc retention

Isothermal chlorination reactions were carried out at different
temperatures between 250 and 500 °C. The corresponding TG
curves are shown in Fig. 4. The mass gains observed indicate
the formation of condensed chlorides.

At 250 °C the low value of mass gain observed in the TG
curve indicates that the reaction proceeds only to a very little
extent. XRD analysis of the final sample reveals the presence
of zinc oxichloride (Ref. Pat.: 45-0819; 4, 5.86; b, 6.58 and
¢, 11.36 [30]) and alpha phase (a-Cu-Zn). This is a copper-
rich phase, which is not present in the initial sample, and has a
maximum content of zinc of 39 wt.% [23]. Regarding Zn,OCls,
this compound is being formed from the thin layer of zinc oxide
that covers the alloy. The reaction interruption is attributed to this
specie that forms a barrier which prevents further chlorination
of the alloy.

The ratios of mass gain observed in the alloy chlorinations at
higher temperatures indicate that there are interactions between
copper and zinc that lead to the formation of larger amounts of
condensed zinc chlorides. To show this, in Fig. 5 the TG curves at
300 and 400 °C are compared with simulated curves that were
calculated considering the individual behaviour of each metal
and the alloy composition as follows:

f(sju—Zn(t) = xCuf(%u(t) + Xanfn(l) (1)

f&u—zn(t): ratio between the mass change and the initial mass
of the alloy as a function of time, simulated taking into account
the chlorination reactions of Cu and Zn on their own.

f]‘?(t): ratio between the mass change and the initial mass of
metal j as a function of time, obtained experimentally form the
chlorination of the corresponding metal. x;: weight fraction of
metal j in the alloy.
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Fig. 5. Isothermal TG curves for the chlorination of Zn 48% wt.—Cu alloy at
300 and 400 °C, together with the metal chlorination curves, and the simulated
curve considering the individual contributions of the metals.

At 300°C it can be seen that the mass gain obtained in
the alloy chlorination is higher than the one expected for the
chlorination of the pure metals in the alloy ratio. During the
alloy chlorination a rapid mass gain is observed that reaches
a value of 50% of the initial mass. Considering the individ-
ual metal behaviours a mass gain of only 32% of the initial
mass would be achievable. The same happens at 400 °C, where
the mass gain obtained in the alloy chlorination is 95% of the
initial mass, while that expected considering the pure metals
would be 60% of the initial mass. Moreover, during chlorina-
tion of pure zinc at 400°C zinc chloride volatilization does
occur. On the contrary, during alloy reaction, volatilization of
ZnCl, was not detected as evidenced in the TG curve for the
alloy chlorination which only shows mass gain. At this temper-
ature, retention of zinc chlorides in the condensed phase occurs,
although the vapour pressure (Eg. (2)) is high enough for its
evaporation.
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Fig. 6. XRD pattern of the final sample from the chlorination of Zn 48% wt.—Cu
alloy at 275°C.

4.2.2. Oxidation—reduction type interactions

Analysis of the reaction products at 275 and 300 °C by SEM
and XRD reveals the presence of metallic copper. In Fig. 6 the
XRD pattern corresponding to the sample chlorinated at 275 °C
is shown. XRD analyses of the reaction products at 275 and
300 °C show that there is B-Cu—Zn (initial sample), a copper-
rich phase a-Cu—2Zn, CuCl and metallic copper. Zinc chloride is
deliquescent, which is why it is difficult to detect this specie by
XRD.

Fig. 7 belongs to the samples chlorinated at 275 and 300 °C
analyzed by SEM. The presence of well-developed crystals can
be observed, whose composition analyzed by EDS reveals that
they correspond mainly to metallic copper. The presence of CuCl
is not predicted by thermodynamic considerations below 400 °C
where CuCl; is the most stable chloride (see Section 3). These
results can be explained considering the electrochemical poten-
tials of the different metal pairs (Table 1). According to Table 1
those species containing Cu*? and Cu™ will be reduced to cop-
per by metallic zinc. For this reason, copper chlorides formed
during the reaction would not remain unreacted as long as there
is zinc in the sample. It is expected that during the reaction cop-
per chlorides react with zinc leading to copper reduced species
(Cu* and Cu).

To check the occurrence of these oxidation-reduction reac-
tions between zinc and copper chlorides, samples were prepared
consisting of powder of copper chlorides (CuCl, and CuCl)
mixed with powder of Cu-Zn alloy. The mixtures were aged
at room temperature for different time periods in argon atmo-
sphere. Fig. 8a and b show XRD patterns obtained after 5
and 30h of ageing. Appearance of metallic copper and dis-

Table 1
Electrochemical standard potentials of metal pairs for Cu and Zn species

Electrochemical potential of metal pairs E°, V (298.15K, 101.325 kPa)

cu?*/CullzZn/zn* 1.1037
Cu2*/Cu/iZniZn?* 0.9148
cu*/Cullznizn?* 1.2828
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Fig. 7. (a) and (b) SEM photograph of the final sample from the chlorination at 275°C, (c) and (d) SEM photograph of the final sample from the chlorination at
300°C.

appearance of CuCl, were observed in all the aged samples.  the oxidation—reduction reactions was confirmed at room
SEM and EDS analyses shown in Fig. 8c and d reveal the  temperature. Therefore, during chlorination the kinetics of
formation of well-defined copper crystals and the appear-  these reactions will be faster due to high temperature condi-
ance of copper-rich zones. Consequently, the occurrence of  tion.
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Fig. 8. (a) and (b) XRD pattern of the copper chlorides-Cu—Zn alloy mixture after 5 and 30 h, respectively. (c) and (d) SEM photograph of the copper chlorides-Cu-Zn
alloy mixture after 5 and 30 h, respectively.
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5. Discussion

Taking into account the results, the following reaction mech-
anism for the alloy chlorination is suggested:

(Cu=Zn)g(s) + ZnO(s) + Cl(g)
— Zny0Cly(s, 1) + (Cu—Zn)(s) + Cu(s) 3)

Zny0Cly(s, 1) + Cla(9) — 2ZnCly(s, 1) + 1/202(g) 4)
(Cu=Zn)g «(s) + Cla(g) — ZnCly(s, 1) + CuCl(s, I) (5)

(Cu-Zn)g «(s) + CuCl(s, 1) — ZnCly(s, ) + (Cu-Zn)q(s)
(6)

Cu@s) + Cla(g) — CuCly(s, x= 1,2 )

(Cu—Zn)«(s) and (Cu—Zn)g(s) correspond to alpha and beta
phases of the Cu-Zn alloy. The range of composition of these
phases is Cu—(0-39)Zn (wt.%) and Cu—(36.7-59.8)Zn (wt.%),
respectively [23].

The chlorination reaction starts at 250 °C with formation of
zinc oxychloride from the thin layer of zinc oxide that covers
the alloy surface and zinc from the alloy. The occurrence of
a«-Cu-Zn and metallic copper can be due to zinc preferential
elimination from the alloy. However, metallic copper can also
arise from the reaction of CuCl formed initially according to:

(Cu=Zn)g(s) + ZnO(s) + Cl(g)
— Zny0Cly(s, I) + (Cu-Zn)y(s) + CuCl(s) (8)

(Cu=Zn)g,«(s) + ZnO(s) + CuClI(s)
— Zny0Cly(s, 1) + Cu(s) 9

All three species on the right hand side of Eq. (5) were
detected by XRD in the chlorinated sample at 250 °C. CuCl as
an intermediate specie according to Egs. (8) and (9) has not been
detected up to now. At 250 °C, the scale of oxichloride stops the
reaction. At higher temperatures, due to the high reactivity of
copper [7] great amounts of CuCl are quickly generated, which
in turn reacts with zinc from the alloy inhibiting the protec-
tive effect of zinc oxichloride. Moreover, at high temperatures
the chlorination of ZnyOCly is kinetically feasible. Both events
inhibit the protective effect of the zinc oxichloride layer.

6. Conclusions

Differences in the alloy and pure metal reactivity were
determined. Interactions were detected corresponding to
oxidation—reduction reactions between copper chlorides and
metallic zinc from the alloy. Mass gains show that volatiliza-
tion of ZnCl; is diminished during alloy chlorination compared
with chlorination of pure zinc.

Formation of well-developed copper crystals was observed.

At low temperatures the formation of aZn, OCl; layer inhibits
the alloy chlorination reaction.

A global mechanism was presented according to the different
processes considered: reaction inhibition, interactions between
chlorides and copper crystallization.
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