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In situ electrochemical investigation of the reaction
progress between Zr and a CuCl-SnCl, mixture in
a LiCl-KCl molten salt
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The electrochemical behaviors of CuCl, SnCl, and a CuCl-SnCl, mixture were investigated by cyclic
voltammetry (CV) and square wave voltammetry (SWV). The reduction potentials of Cu()) and Sn(i) on
CV curves are —0.49 and —0.36 V, respectively, while the reduction potentials of Cu()-Sn(i) in the
CuCl-SnCl, mixture almost overlap. The co-chlorination reaction progress between CuCl-SnCl, and
Zr was also studied by monitoring the concentration changes of Cuf(), Sn(i) and Zr(iv) ions in situ by
CV, SWV and inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analyses. The
results indicate that during the reaction, the concentration of Zr(iv) ions increases gradually, while
those of Cu() and Sn(i) decrease rapidly until they disappear. When the molar ratios of Cu() to Sn(i)
are 1:1and 1: 0.5, the reaction between Cu() and Zr is faster but cannot exceed twice that of Sn(i)
and Zr in a short time. When the theoretical product of ZrCl, is a constant, and with the proportion of

CuCl to SnCl, decreasing from 1: 0 to O : 1, the chlorination reaction time periods increase from 40
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Accepted 15th January 2022 to 170 min. Chloride products such as Cu,Sn,, Sn,Zr,, and Cu,Zr,, are formed with different molar

ratios. The coupling effect caused by the formation of alloys will promote the chlorination reaction

DOI: 10.1039/d1ra08889k when the ratios of CuCl to SnCl, are 0.66 : 0.17 and 0.5: 0.25. The results provide a theoretical basis
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1 Introduction

Zirconium and its alloys are widely investigated due to their low
neutron-capture cross-section and special use in the nuclear
field such as protection against corrosion and catalysis." With
the development of the application of zirconium products,
residues and wastes are being rapidly produced.>® Except for
polluting the environment, the residues and wastes contain
a large amount of zirconium, which is free of hafnium and
valuable and difficult to obtain. Therefore, due to its economic
and environmental value, it is highly necessary to recycle
zirconium present in residual and waste materials.*

Among the methods available for recycling, much attention
has been paid to electrochemical refinement of zirconium in
molten salts. Commonly, the electrorefining of Zr occurs in
alkali chloride, fluoride, or chloride-fluoride mixed fused
melts.>® Sohn et al.® studied the electrolytic recovery of high-
purity Zr from radioactively contaminated zircaloy-4 alloys in
LiCl-KCl-ZrCl, salts. Han and Zhang®'>** have also studied the
recovery of Zr from LiCI-KCI-K,ZrFs molten salts using Fe, Cu,
and Sn electrodes. In fact, a low-melting Cu-Sn-Zr alloy has
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for the electrolytic refinement of zirconium.

been proposed for use as a liquid anode in the refinement of
spent zirconium in our previous work, and high-purity nuclear-
grade zirconium would be obtained at the cathode.**™* Note
that Zr in Cu-Sn-Zr is a residual and waste material that is
made of nuclear-grade zirconium and does not contain
hafnium. Considering the melting point of the liquid alloy
anode and moderate experimental conditions, electrorefining
of Zr is proposed in LiCl-KCl-ZrCl, molten salts at 773 K in our
initial stage of research. Traditionally, ZrCl, is mainly prepared
by the chemical reaction between zirconite (ZrSiO,) and a chlo-
rinating agent such as chlorine gas. However, the preparation
process of ZrCl, is complex, and the cost is high. Moreover,
ZrCl, sublimates at a low temperature (331 °C), part of which
will be lost if it is directly introduced into the salt.” Thus, the
preparation of melts with a certain amount of ZrCl, has been
a great challenge in electrochemical refinement studies.*®
Several researchers have been working on the in situ prepa-
ration of chlorides in molten salts for electrorefining or
reprocessing spent metal fuels. Kuznetsov et al. and Ghosh et al.
investigated the preparation of UCl; and PuCl; by the chemical
equilibration of U-Pu-Zr spent fuel with stoichiometric
amounts of CdCl, in LiCI-KCI molten salts.*”*®* Murakami
et al.*® investigated the preparation of a LiCI-KCI-ZrCl, melt by
the reaction between CdCl, and Zr. The equilibration reactions
between CuCl and zirconium, and SnCl, and zirconium to
prepare ZrCl, in situ have been investigated in our previous
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work,"* while Cu is solid and Sn is liquid at the operating
temperature, the co-chlorination reaction between a binary
mixture of CuCl-SnCl, and zirconium is important to clarify
their co-chlorination progress and mechanism. Hence, the
present work focused on the in situ preparation of ZrCl, by the
chemical equilibration of zirconium with CuCl-SnCl, chlorides
in the LiCI-KCl melt, which can be used as the electrolyte in the
electrorefining of Zr with the low-melting liquid alloy anode.
There are few reports on investigation about the reaction
between Zr and CuCl-SnCl, in the molten salt. Additionally, the
co-chlorination progress, phase of mid-products and the
mechanism should be studied in detail; the influence of alloy-
ing effect on the corresponding reduzates such as Cu, Sn or
Cu,Sn,, alloys also need to be further investigated.

Hence, in the present study, the in situ preparation of ZrCl, in
a LiCl-KCl melt was investigated by the equilibration reaction
between a binary mixture of CuCl-SnCl, and zirconium. Pure Zr
metal instead of the Cu-Sn-Zr alloy was first used as a reactant
with CuCl-SnCl, to investigate the reaction process by several
electrochemical methods such as cyclic voltammetry (CV) and
square wave voltammetry (SWV). Moreover, the chlorination
reaction time and the ratio of CuCl to SnCl, were also investigated.
Special attention was paid to the occurrence of mid-products and
reduzates. Furthermore, the final compositions of the melt and
the reduzate were examined by ICP-AES and XRD analyses.

2 Experimental
2.1 Materials

The experimental apparatus used in this work is shown in Fig. 1.
A three-electrode electrochemical cell was assembled in an
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alumina crucible, which was positioned in a stainless steel
vessel and heated in an electric furnace. A chromel-alumel
thermocouple was used for temperature measurement with an
accuracy of £2 K, and all the operating temperatures were kept
at 500 °C. All of the electrochemical experiments were con-
ducted in a high-purity argon atmosphere.

A graphite rod with a diameter of 10 mm and a length of
50 mm (spectroscopically pure) was used as the counter elec-
trode (CE). A molybdenum wire (@1 mm, 99.95% purity) served
as the working electrode (WE) to investigate electrochemical
behaviors. The active electrode surface area was determined by
measuring the immersion depth of the electrode in the melt
after each experiment. The reference electrode (RE) was self-
assembled by a silver wire (@1 mm, 99.99% purity) immersed
in a LiCl-KCl melt with 1.0 wt% AgCl. It was contained in
a close-ended and polished alundum tube, and all potentials
were referred to this electrode. Molybdenum wires, silver wires,
and zirconium wires were supplied by Rare Metallic Co., Ltd of
Shenyang, which were used after polishing with sandpaper and
then washing with deionized water and alcohol.

The mixture of LiCl (99% purity) and KCl (99% purity) with
a eutectic composition (59 : 41 mol%) served as the supporting
electrolyte, previously dehydrated at 300 °C for 72 h and pre-
melted at 500 °C to remove residual moisture. Pre-electrolysis of
the LiCI-KCIl melt was conducted to eliminate residual water
and other possible redox-active impurities at 2.8 V for 2 h
between two graphite rods. Copper(i) and stannous(II) ions were
introduced into the bath in the form of dehydrated CuCl
powders (Sinopharm, China) and dehydrated SnCl, powders
(Aladdin, China), respectively. Anhydrous zirconium tetrachlo-
ride was obtained from Aladdin and used without further
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Fig.1 Flow chart and schematic diagram of the co-chlorination reaction.
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purification. All chemicals used in this study were of analytical
grade.

2.2 Methods

A flow chart of the co-chlorination reaction process is shown in
Fig. 1. After pre-electrolysis, a certain amount of the CuCl-SnCl,
binary mixture was introduced into the LiCl-KCI eutectic, and
then, a zirconium spiral (99.4% purity) was introduced when
the salt was under a stable condition. After that, a chlorination
reaction between zirconium and CuCl-SnCl, occurred. Zr(v)
ions were generated and introduced into the molten salt during
the chlorination reaction, and tin and copper (perhaps Cu,Sn,,
alloy) were produced and deposited at the bottom of the
crucible. During the reaction process, the electrochemical
behavior of Sn(u), Cu(r) and Zr(iv) was studied to monitor the
reaction progress by CV and SWV at certain time points.
Meanwhile, the melt was sucked out at various times using
a quartz tube during the reaction process, and the concentra-
tions of Sn(u), Cu(i) and Zr(wv) in the melt were determined by
ICP-AES analysis. The exact practical time label is shown in the
figures of each section. Moreover, special attention was paid to
the occurrence of intermediate compounds and reduzates.

All electrochemical measurements (CV and SWV) were con-
ducted using an AUTOLAB/PGSTAT320 potentiostat from M s~ .
EcoChemie, Netherlands, and data acquisition was controlled
using the GPES 4.9 software for CV and using the NOVA 1.6
software for SWV. Quantitative compositional measurement of
the melt at certain time points was made by inductively coupled
plasma-atomic emission spectroscopy. After each chlorination
reaction experiment, the reduzates were deposited at the
bottom of the crucible due to their higher densities; then, they
were collected, washed several times with water and ethanol
and dried. After that, an X-ray diffractometer (Rigaku D/max-RA,
Japan) was employed for the characterization of reduzates.

3 Results and discussion

The results include three parts: first, the electrochemical
behaviors of CuCl and SnCl, coexisting in the LiCl-KCl melt
were studied. Second, the in situ electrochemical method is
used to monitor the chlorination reaction process between Zr
and the CuCl-SnCl, mixture in the LiCI-KCl molten salt. Third,
chlorination reaction times and products were compared and
analyzed when different proportions of CuCl and SnCl, were
added.

3.1 Electrochemical behaviors of Cu*, Sn** and Cu*-Sn** on
molybdenum electrodes

3.1.1 Cyclic voltammetry. Cyclic voltammetry measure-
ments were carried out to study the electrochemical behaviors
of binary mixtures of CuCl-SnCl,, CuCl, SnCl,, and ZrCl,. Fig. 2
shows the CVs of the LiCI-KCI melt on the molybdenum elec-
trode after the addition of 1.93 x 10~ mol cm ™ CuCl (curve
(a)), 1.01 x 107> mol em ™ SnCl, (curve (b)), 1.93 x 10~> mol
em ? CuCl + 2.02 x 10~° mol cm ™2 SnCl, (curve (c)) and 1.64 x
10" mol em " ZrCl, (curve (d)). As we know from our previous
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Fig. 2 CVs for molybdenum electrode in LiCl-KCl eutectic with (a)
1.93 x 107° mol cm~® CuCl, (b) 1.01 x 10~ mol cm™> SnCl, and (c)
1.93 x 10> molem ™3 CuCl + 2.02 x 10> molcm ™ SnCl, and (d) 1.64
x 107> mol cm~3 ZrCl, at 500 °C, scan rate: 0.10 V s %.

work,'*'* A2/C2 in Fig. 2(a) corresponds to the deposition and
oxidation peaks of Cu(i)/Cu, and A4/C4 in curve (b) is the redox
peak of Sn(u)/Sn. Since CuCl and SnCl, have similar properties,
the theoretical decomposition voltage of Cu(1)/Cu (—0.02 V) is
slightly more positive than that of Sn(u)/Sn (—0.214 V), as shown
in reaction (1) and (2). However, the initial reduction potential
of Cu(1)/Cu (—0.49 V vs. Ag/AgCl) in curve(a) is slightly more
negative than that of Sn(u)/Sn(—0.36 V) in curve (b), and both
are more negative than the theoretical potentials. The negative
shift may be caused by the overpotential precipitation of the two
on the molybdenum electrode.

2CuCl = 2Cu + Cly(g) ESo -c(vs.AgAgCl) = —0.02V (1)

SnCl, = Sn + Cly(g)  ESyo «c(vs.Ag/AgCl) = —0.214 V (2)

Curve (c) in Fig. 2 is the CV curve of the CuCl-SnCl, binary
mixture. Comparing Fig. 2(a)-(c), it can be observed that the
redox peaks (A6/C6, A7/C7) shown in Fig. 2(c) are the superpo-
sition of the former two pairs in Fig. 2(a) and (b). Because the
peak potentials of copper and tin are too close, it can conclude
that A6/C6 corresponds to the deposition and oxidation peaks
of Cu(1)/Cu, and A7/C7 is the redox peak of Sn(u)/Sn. In addition,
from the Cu-Sn alloy phase diagram in Fig. 3,*° with the
changing mole ratio of Sn and Cu, the composition of Cu,-
Sn,;_, will be changed, and multiple alloys and intermetallic
compounds were found, e.g., CueSns, Cu,Sn, CuzSn and
Cu,Sns. Here, it can be concluded that the co-reduction of Cu()
and Sn(u) may also form one or more kinds of Cu,Sn, alloys in
redox peaks A6/C6 and A7/C7. In curve (d), two cathodic peaks E/
and C’ at approximately —1.15 and —1.22 V are observed, which
relate to the reduction of Zr(wv) to Zr(u), and Zr(u) and Zr(w) to Zr,
respectively. Their corresponding anodic peaks, C and E, are
found at around —0.85 and —0.78 V, respectively. The electro-
chemical behavior of Zr(wv) in a LiCI-KCl melt has been studied
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Fig. 3 Phase diagram of Cu-Sn alloy.?®

by several investigators.>***” These results will provide a refer-
ence for the redox potentials of copper, tin and zirconium in the
subsequent chlorination process.

3.1.2 Square wave voltammetry. To further confirm the
reduction behaviors of copper, tin and zirconium, square wave
voltammetry (SWV), a method more sensitive than conventional
cyclic voltammetry, was carried out to further monitor the
displacement reaction progress in situ.

Fig. 4 shows the SWV curves after the addition of 1.93 x
10~° mol em™® CuCl (Curve I), 1.01 x 10> mol cm > SnCl,
(Curve I1), 1.93 x 10> mol em ™ ? CuCl + 2.02 x 10 ° mol cm*
SnCl, (Curve III), and 1.64 x 10> mol cm ™ ZrCl, (Curve IV) to
the LiCI-KCl molten salt at 500 °C on a molybdenum electrode.
The figure shows that the reduction peak of Cu(i) to Cu is at
—0.45 V on Curve I, and that of Sn(u) to Sn is at —0.32 V on Curve
II. When Cu(1) and Sn(u) ions are both present in the molten
salt, there is a reduction peak at —0.38 V between the deposition
peaks of Cu and Sn on Curve III, which should be the codepo-
sition peak of Cu, Sn and Cu-Sn alloys. Cathodic peaks E' and C’
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Fig. 4 SWVs for molybdenum electrode (S = 0.56 cm?) in LiCI-KCl
eutectic with (1) 1.93 x 107> mol cm™3 CuCl, (1) 1.01 x 107> mol cm 3
SnCl,, (I11) 1.93 x 107> mol cm™ CuCl + 2.02 x 107> mol cm~> and
1.64 x 107> mol cm~3 ZrCl, (Curve IV).
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on Curve IV at approximately —1.15 and —1.22 V are related to
the multistep reduction of zirconium. SWV is more sensitive
than cyclic voltammetry, while the results of SWV are in
agreement with those obtained from the CV measurements, and
it can clearly distinguish the deposition potentials of Cu, Sn and
Cu-Sn alloys.

3.2 Chlorination reaction between Zr and the CuCl-SnCl,
mixture

In this section, the electrochemical behavior of the CuCl-SnCl,
mixture in the chlorination reaction with Zr was analyzed in
detail by CV and SWV, and the concentration changes of Cu()
and Sn(u) in the reaction process were observed.

3.2.1 Chlorination process monitored by cyclic voltamme-
try. Cyclic voltammetry was carried out to monitor the progress
of the chlorination reaction between Zr and the CuCIl-SnCl,
mixture at different times. The redox behaviors of copper, tin
and zirconium ions changed obviously with the prolonged
reaction time, which was analyzed by CV in Fig. 5.

Fig. 5 shows the CV curves after an excess of Zr was added
into the LiCI-KCI-(1.10 x 10~* mol em*) CuCl-(1.09 x
10~* mol em™*)-SnCl, melt (the molar ratio of Cu(1)/Sn(u) is
1:1). In Fig. 5, the peak potential, reaction time, and peak
current were taken as the X, Y, and Z coordinate axes, respec-
tively. Before the introduction of zirconium into the molten salt
(0 min), two pairs of redox peaks, T/T" and B/B’, appeared near
—0.25 V, which are attributed to redox peaks of Cu, Sn and the
Cu-Sn alloy according to Fig. 2 (curve (c)).
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Fig. 5 CVs of LiCI-KCI-CuCl (1.10 x 10~* mol cm~3)-SnCl, (1.09 x
10~* mol cm™3) (molar ratio of Cu()/Sn(i) = 1: 1) with excessive Zr
spiral at different times (Y axis) during the chlorination reaction on
molybdenum electrode (S = 0.628 cm?) at 500 °C. Scan rate: 0.10 V

S
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With the introduction of zirconium, the peak current
intensities of T/T" and B/B’ have a declining trend over time,
indicating that the chlorination reaction between CuCl-SnCl,
and Zr has occurred according to Reactions (3) and (4). Reac-
tions (3) and (4) are thermodynamically favorable in theory
according to very high values of the equilibrium constant.
Moreover, the peak potentials of T/T' and B/B’ also show a slight
negative shift over time, which can be explained by the
concentration decrease of Cu* and Sn>" during the chlorination
reaction of Zr and CuCl-SnCl,." When the reaction lasts
50 min, a new redox peak H/H', according to Cu-Zr alloys,
appears at —0.80 V. Then, another pair of redox peaks K/K/,
according to Sn-Zr alloys, appears at approximately —0.50 V
when the reaction proceeded to 100 min. The two pairs are more
positive than the oxidation potential of zirconium in Fig. 2.
They first increase and then decrease over time. The results
indicate that zirconium ions were produced during the chlori-
nation reaction, and then codeposited with Cu and Sn to form
Cu-Zr and Sn-Zr alloys, and their distinctive features are the
redox peaks of H/H' and K/K/, respectively.

[Zr] + 4CuCly — Cu + (ZrCly) K&y -c = 1.81 x 10**  (3)
[Zr] + 2(SnCl,) — 2[Sn] + (ZrCly) K& -c = 1.25 x 10" (4)

In addition, comparing the oxidation peak shapes and
potentials of Cu-Zr and Sn-Zr alloys in our previous works'>*®
shows that the oxidation peaks of the Sn-Zr alloys are relatively
sharp, and there is a certain distance from the reduction peak
potentials of Sn-Zr alloys (approximately —0.70 V)) to the
reduction peak potential of Zr (—0.90 V). The oxidation peaks of
Cu-Zr alloys are relatively smooth, and one of the oxidation
peaks at —0.80 V is close to the peak of Zr(wv)/Zr(u). After
comparison, the peak shape of K/K' in Fig. 5 is more similar to
those of the Sn-Zr alloys, so it can be inferred that the charac-
teristic peak of Sn-Zr in the intermediate product is more
obvious. The main reason for this phenomenon is that Sn(u)
and Cu(i) have different charges. One mol of Sn(u) can chlor-
idize 0.5 mol of Zr, while 1 mol of Cu(i) can only chloridize
0.25 mol of Zr, so the chlorination effect of Sn(u) is twice as
much as that of Cu(i). In addition, the reduzate Sn is liquid at
the experimental temperature and wraps Zr, making the reac-
tion between Cu(1) and Zr more advantageous. Then, the Cu(i)
concentration decreases faster, leaving the concentration of
Sn(u) in the molten salt relatively high, so the peaks of Sn-Zr
alloys are more obvious on the CV curve. With the prolonged
chlorination reaction time, the concentrations of Cu(i) and
Sn(u) ions gradually decrease, and the concentration of Zr(iv)
ions gradually increases.

When the reaction lasts for 130 min, the peaks for couples C/
C’ and E/E’ appear and increase gradually, which correspond to
the couples Zr(v)/Zr(u), Zr(u)/Zr and Zr(iv)/Zr.**** In addition to
the formation of Cu-Zr and Sn-Zr alloys, excess zirconium ions
are deposited on the surface of the alloys, and a zirconium
deposit layer appears; correspondingly, redox peaks of zirco-
nium appears. When the reaction reaches the final stage (190
min), the redox peaks of Cu, Sn and their alloys disappear, and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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all the redox peaks are the same as those in the cyclic voltam-
mogram of directly introduced ZrCl, in Fig. 2. The above-
mentioned results indicate that when the reaction lasts for
190 min, only Zr(wv) ions are present in the molten salt, and the
reactions between CuCl, SnCl, and Zr were completed.

To further observe the progress of the chlorination reaction
with different Cu(1)/Sn(u) ratios, CV curves were investigated
after an excess of Zr was added into LiCl-KCI-CuCl (1.25 X
10~* mol cm*)-SnCl, (6.22 x 10> mol cm?) (the molar ratio
of Cu(1)/Sn(u) is 1:0.5), as shown in Fig. 6. To analyze the
changes in several ion concentrations more clearly, oxidation
peaks in the range of —1.20 to —0.25 V are enlarged and
compared, as shown in Fig. 7. It shows that before the reaction
starts (0 min), there are only redox peaks (B/B’) of Cu, Sn and
their alloys, and there is no oxidation peak related to Zr. When
the reaction progresses to 8 min, two oxidation peaks, H, and
H;, appear at —0.75 and —0.66 V, respectively, and they increase
gradually with the prolonging reaction time. When the reaction
progresses to 16 min, another oxidation peak, H;, appears at
—0.57 V. The peak currents of Hy, H,, and Hj; (collectively called
H in Fig. 6) all increase first and then decrease during the
reaction process, especially that of H;. Before the disappearance
of H3, oxidation peak C appeared when the reaction proceeds to
21 min and increases to a maximum as the reaction time
extends to 80 min.

Compared with our previous works, peaks H;, H,, and H;
should be the oxidation peaks of Cu-Zr and Sn-Zr alloys.
Further analyses of the peak shape and position show that they
mainly represent Cu-Zr alloys. This is because the molar mass
of Cu(1) in the melt is twice that of Sn(u). Even if the reaction
speed between Cu(i) and Zr is higher, the concentration of Cu()
in the melt is still higher than that of Sn(u).

Comparing the CV curves in Fig. 5 and 6 with different
proportions of Cu(i)/Sn(u), it can be observed that when the
molar ratio of Cu(1)/Sn(u) is 1 : 1, mainly the peaks of the Sn-Zr
alloys are shown, which due to the reaction between Cu(1) and Zr
is faster than Sn(u) and Zr. When the Cu(1)/Sn(u) molar ratio is
1: 0.5, the peaks mainly represent Cu-Zr alloys, which is due to
the increase in the concentration of Cu(i). Moreover, the reac-
tion times are also different in the two cases; the latter (80 min)
is faster than the former (190 min). There are two possible
reasons: one is due to the different reaction rates between Cu(1),
Sn(u) and Zr, and the other is due to the different proportions of
Cu(1)/Sn(u). The effect of different ratios of Cu(i)/Sn(u) on the
reaction time is analyzed in detail in Section 3.3. The similarity
between the above-mentioned two cases is that after the chlo-
rination reaction, only the oxidation peak of Zr ions remains in
the CV curve, indicating that the chlorination reaction can
proceed completely in both cases, and Cu(i) and Sn(u) have
reacted with Zr completely, and the final molten salt contains
only ZrCl,.

3.2.2 Chlorination process monitored by square wave vol-
tammetry. In the CV curves shown in Fig. 5 and 6, the anod-
ization peaks of Cu, Sn, Zr and their alloys can be observed,
while their cathodic peaks, such as B, H', C’ and E/, cannot be
distinguished clearly. Square wave voltammetry was also carried
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Fig.6 CVs of LiCl-KCI-CuCl (1.25 x 10~* mol cm~3)-SnCl, (6.22 x 10> mol cm~3) (molar ratio of Cu()/Sn(i) = 1 : 0.5) with excessive Zr spiral
at different times (a) 021 min, (b) 31~80 min during the chlorination reaction on the molybdenum electrode (S = 0.628 cm?) at 500 °C. Scan
rate: 0.10 Vs 1,

out to further monitor the chlorination reaction progress in
situ.”®

Fig. 8 shows a series of SWV curves detected at different
times during the reaction between CuCl-SnCl, and Zr in the
LiCI-KCI-CuCl(1.10 x 10~* mol em *)-SnCl,(1.09 x 10~ * mol
em?) (molar ratio of Cu(1)/Sn(n) is 1 : 1) melt at a step potential
of 1 mV and a frequency of 15 Hz. In Fig. 8(a), the peak potential
and reaction time were taken as the X and Y coordinate axes,
respectively. For ease of observation, the negative value of the
peak current is taken as the positive direction of the Z-axis, and
the peaks in the range of —0.65 to —1.25 V are enlarged and
compared, as shown in Fig. 8(b).

Before the introduction of zirconium (0 min), it shows that
12 10 08 w06 o4 reduction peak M’ appears at —0.40 V, which should be the
deposition peaks of Cu, Sn and their alloys according to the CV
results shown in Fig. 2. With the introduction of zirconium, the
= Fig. 7 High-resolution CVs of anodic peaks in Fig. 6 at a potential  chlorination reaction begins, and reduction peak M’ begins to
Il between —1.20 and —0.25 V. decrease gradually. When the chlorination reaction lasts
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Fig. 8 (a) SWVs of LiCI-KCl-CuCl (1.10 x 10~% mol cm~3)-SnCl, (1.09 x 10~* mol cm™~3) (molar ratio of Cu()/Sn(i) = 1 : 1) with excessive Zr
spiral at different times during the chlorination reaction on Mo electrode (S = 0.628 cm?) at 500 °C. (b) High-resolution SWVs at a potential
between —1.25 and —0.60 V. Frequency: 20 Hz, pulse height: 15 mV, potential step: 1 mV.
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45 min, a new reduction peak, peak K, appears at —0.80 V. In
addition, as the reaction progresses, reduction peak H' appears
at —0.90 V, which is more negative than that of K'.

Comparing the peak potentials and shapes of K’ and H' with
our previous work on the chlorination reactions between Zr and
CuCl, and between Zr and SnCl,, we can conclude that K’
represents the deposition peaks of Sn-Zr alloys, and H' should
be the peaks of Cu-Zr alloys.

This shows that with the progress of the chlorination reac-
tion, the concentrations of Cu(i) and Sn(u) decrease, and Zr(v) is
generated and Sn-Zr and Cu-Zr alloys are formed. Among them,
the deposition peaks of the Sn—Zr alloys are more obvious than
those of the Cu-Zr alloys, and the reason is consistent with the
explanation in the CV results.

With the prolonged reaction time, reduction peaks K’ and H'
first increase and then decrease. This is also caused by the
change in the concentrations of Sn(u), Cu(1), and Zr(w) ions in
the molten salt. When the reaction progresses to 180 min, new
reduction peaks C' and E'appear. This is because when the
reaction reaches a certain level, in addition to the formation of
Sn-Zr and Cu-Zr alloys, excess zirconium deposits appear. In
the later stage of the reaction, the peak currents of C’ and E’
increase gradually, while the peak currents of K’ and H' weaken
until they disappear. When the reaction progresses to 200 min,
only peaks C' and E' remain, indicating that only Zr(wv) ions exist
in the molten salt and Cu(1) and Sn(u) have reacted completely.
The SWV results can well explain the changes in Cu(x), Sn(i) and
Zr(wv) ions during the chlorination reaction from the reduction
process and are well consistent with the CV results.

To further observe the progress of the chlorination reaction
at different Cu(1)/Sn(u) ratios, SWV measurements were con-
ducted after excess Zr was added to LiClI-KCI-CuCl(1.25 x
10~* mol em ™ ?)-SnCl,(6.22 x 10~> mol em™?) (molar ratio of
Cu(1)/Sn(u) is 1 : 0.5), as shown in Fig. 9. To better compare the
positions of the peaks, the plan view of SWV curves in Fig. 9(a)
was plotted in the range from —1.3 to 0.2 V and shown in
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Fig. 9(b). Similarly, before the introduction of zirconium (0
min), there is only one reduction peak at —0.40 V with high
current intensity, corresponding to the reduction peaks of Cu,
Sn and their alloys.

When the reaction progresses to 10 min, reduction peak M’
is reduced, and reduction peak H' is obtained at —0.80 V,
indicating that Zr(iv) has generated and formed Cu-Zr and Sn-
Zr alloys. It can be inferred from the sharp shape that the alloys
are mainly Sn-Zr alloys. As the reaction progresses, the peak
current of H' gradually decreases, and the peak potential shifts
negatively at the same time. When the reaction reaches 50 min,
the peak potential shifts negatively to —0.85 V, and the shape is
no longer sharp, closer to the peaks of the Cu-Zr alloys.

From the above-mentioned results, it can be inferred that
during the reaction process, the alloys deposited in the initial
stage are mainly Sn-Zr alloys. As the reaction progresses, the
relative content of the Cu-Zr alloys gradually increases. The
possible reasons are as follows: on the one hand, although Cu-
Zr and Sn-Zr alloys formed at the same time during the
reduction process in the initial stage, it mainly shows Sn-Zr
alloys due to the sharp peaks. On the other hand, although the
reaction between Sn(u) and Zr is relatively slow, the content of
Cu(1) in the molten salt is twice as high as that of Sn(u). In the
later stage, the molten salt is still dominated by Cul(i).

3.2.3 Characterization of the melt by ICP-AES analysis. The
concentrations of Cu(1), Sn(u) and Zr(wv) ions during the chlori-
nation reaction process, as described in Sections 3.2.1 and
3.2.2, were analyzed by ICP-AES analysis to further confirm the
reaction progress, as shown in Fig. 10 and 11. The character-
ization procedure of ICP-AES analysis is shown as follows:
during the reaction process, for example, when the reaction
time was 50 min in Fig. 10, the melt was sucked out using
a quartz tube, and then the melt was pulled out by a straight
thin wire after it solidified. Finally, the solidified melt would be
collected in a small airtight container and sent to the facility for
testing. When the molar ratio of Cu(1)/Sn(u) is 1 : 1, as shown in

0.006
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0.005 . M T
0.004 sttt L L . i \ 0 min
5 0.003 10 min
S B | I
B Anranbo oo E P VR .
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Fig.9 (a) SWVs of LICI-KCI-CuCl (1.25 x 10~* mol cm~3)-SnCl; (6.22 x 10~* mol cm~3) (molar ratio of Cu())/Sn{i) = 1 : 0.5) with excessive Zr
spiral at different times during the chlorination reaction on Mo electrode (S = 0.628 cm?) at 500 °C. (b) High-resolution SWVs at a potential
between —1.30 and —0.10 V. Frequency: 20 Hz, pulse height: 15 mV, potential step: 1 mV.
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Fig. 11 Concentrations of dissolved Cu(), Sn(i), and Zr(iv) ions in LiCl-
KCI-CuCl (1.25 x 10™* mol cm™3)-SnCl, (6.22 x 107> mol cm™)
(molar ratio of Cu(1)/Sn(i) = 2 : 1) melt with excessive Zr as a function of
the chlorination reaction time.

Fig. 10, the contents of Cu(r) and Sn(n) ions decrease rapidly in
the initial stage of the reaction (0-30 min), while the content of
Zr(v) ions increases rapidly, indicating that the reaction is
faster at this stage. The reaction is relatively gentle in the
middle (30-250 min). The reaction rate can be explained by the
law of mass action.”® When the reaction is prolonged to
190 min, Cu(1) and Sn(u) disappear in the molten salt
(<0.01 mol%), and the Zr(iv) concentration reaches the highest
value (0.24 mol%). With the increase in time period, the
concentrations of Cu(i) and Sn(u) drop below the detection limit
of the ICP-AES instrument. While the concentration of zirco-
nium has a little drop, this reason is similar to the decrease in
the concentration of zirconium in the later stage of the chlori-
nation reaction between Zr and CuClL.**

Moreover, when the molar ratio of Cu(i)/Sn(u) is 1: 0.5, as
shown in Fig. 11, the concentration change trend is the same, as
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the molar ratio of Cu(1)/Sn(u) is 1 : 1. Additionally, the concen-
trations of Cu(i) and Sn(u) decrease rapidly at the beginning,
while the content of Zr(iv) increases rapidly. When the reaction
reaches 80 min, Cu(1) and Sn(u) disappear in the molten salt
(<0.01 mol%), and the concentration of Zr(wv) reaches the
highest value (0.19 mol%).

Although the concentration of Cu(i) is twice that of Sn(u) at
the beginning, as the reaction progresses, both concentrations
decrease rapidly, while the concentration of Cu(i) is always
higher than that of Sn(u) and the two are nearly coincident when
the reaction reaches 55 min. This shows that although the
chlorination reaction rate of Cu(r) and Zr is faster than that of
Sn(u) and Zr, the reaction speed of the former cannot exceed
twice that of the latter in a short time.

3.3 Effect of the Cu(1)/Sn(u) ratio on the chlorination
reaction time and products

To further study the principle of the chlorination reaction
between the CuCl-SnCl, mixture and excess Zr, the effect of the
Cu(1)/Sn(1r) molar ratio on the chlorination reaction time and
products was investigated, as shown in Table 1. When a certain
concentration (0.25 mol%) of ZrCl, is generated in theory, the
theoretical addition amounts of CuCl and SnCl, were also
calculated and added, with molar ratios of CuCl/SnCl, of 1: 0,
0.66 : 0.17, 0.5 : 0.25, 0.33 : 0.34 and 0 : 1. Table 1 shows that
when the reactant is only CuCl, the chlorination time is 40 min,
which is much faster than the reaction time when only SnCl, is
added (170 min). This phenomenon can be explained by two
factors. On the one hand, it was due to the high reaction acti-
vation energy of CuCl and Zr. On the other hand, it may be
caused by the existence of replacement products. Sn is liquid at
the experimental temperature, and Zr will be wrapped by liquid
Sn, which virtually reduces the contact area of the reaction and
further hinders the progress of the reaction. The replaced Cu is
powdery and deposited at the bottom of the crucible, which will
not affect the reaction contact area of Zr.

With the change in CuCl/SnCl, molar ratios, there is
a decrease in the relative content of CuCl; the reaction times are
50, 80 and 140 min for CuCl/SnCl, molar ratios of 0.66 : 0.17,
0.5 : 0.25 and 0.33 : 0.34, respectively. Obviously, when the ratio
is 0.33 : 0.34, the chlorination reaction time is longer than those
of the former two molar ratios. This difference may be caused by
the difference in the products produced during the reaction.
Fig. 12 shows the XRD results of the products in the chlorina-
tion reaction of several experiments in Table 1. The results
indicate that when the molar ratios of CuCl and SnCl, are
0.66 : 0.17 and 0.5 : 0.25, the chlorination product is mainly
Cus,7.0SNg5.05 and a small amount of Cu,Zr, and Sn,Zr,. When
the molar ratio is 0.33 : 0.34, the chlorination product is mainly
CueSn; and a small amount of Cu,Zr, and Sn,Zr,. The Cu-Sn
phase diagram in Fig. 3 shows that Cus,; ¢Sngg g should be
a mixture of Cu;Sn and Cu,Sn alloys, which are formed during
the cooling process and both are solid at an experimental
temperature of 500 °C. Due to spontaneous coupling between
the alloys, the chlorination reaction is promoted, and the time
is shortened. While CueSns is liquid at 500 °C, Zr is wrapped

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effect of CuCl/SnCl, molar ratios on the reaction time and products®

Theoretical
No. CuCl/mol% SnCl,/mol% Reaction time/min Main products ZrCl,/mol% Actual ZrCl,/mol%
(1) 1 0 40 Cu, Zr 0.25 0.22
(2) 0.66 0.17 50 CU,Snyy, Sn,Zr, 0.25 0.23
(3) 0.5 0.25 80 CuySny,, Sn,Zry, Cu,Zr, 0.25 0.22
4 0.33 0.34 140 Cu,,Sn,, Sn,Zr, 0.25 0.22
(5) 0 0.5 170 Sn, Sanry 0.25 0.23

“ CuySny, stands for Cus,;.Sngg s, and Cuy,Sny, stands for CueSns.
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Fig. 12 XRD patterns of products obtained at different molar ratios of
CuCl/SnCl; in Table 1.

during the reaction and hinders the reaction. As a result, the
reaction time is slightly longer.

In addition, the concentration of ZrCl, generated by the
chlorination reaction in the molten salt was tested by ICP-AES
analysis, as shown in Table 1. Compared with the theoretical
concentration of 0.25 mol%, the actual ZrCl, concentration of
0.22-0.23 mol% is slightly lower. This is also caused by the
neutralization reaction between ZrCl, and Zr, producing ZrCl,.
ZrCl, is unstable and disproportionately decomposes into ZrCl,
and Zr. The generated Zr easily forms alloys with Cu and Sn, so
a small amount of Sn,Zr, and Cu,Zr, alloys are found in the
chlorination products. In the actual refinement process, these
products will return to the liquid anode alloy without causing
pollution or waste.

Overall, Table 1 shows that as the relative content of CuCl
decreases and that of SnCl, increases, the chlorination reaction
time gradually increases. This is because CuCl and SnCl, take
different times to react with Zr, which results in different times
for the addition ratio of the two. In addition, Cu and Sn are
generated when CuCl and SnCl, participate in chlorination
reactions and simultaneously form Cu-Sn compounds. When
the introduction ratio of CuCl and SnCl, is 0.66: 0.17 and
0.5:0.25 respectively, the coupling effect caused by the
formation of intermetallic compounds will promote the chlo-
rination reaction.”®

4 Conclusions

The electrochemical behavior of the CuCl-SnCl, mixture was

investigated by cyclic voltammetry and square wave

© 2022 The Author(s). Published by the Royal Society of Chemistry

voltammetry. The reduction potentials of Cu(r) and Sn(u) on
CV curves are —0.49 and —0.36 V, respectively, which are
relatively close. When the two coexist in molten salt, the
reduction potentials almost overlap. The co-chlorination
reaction between the CuCl-SnCl, mixture and Zr was also
studied by monitoring the concentration changes in Cu(),
Sn(u) and Zr(v) ions in situ by electrochemical methods and
ICP-AES analysis. Regardless of the ratio of Cu(i) to Sn(u), the
electrochemical results indicate that the concentration of
Zr(wv) ions increases gradually and reaches a maximum value
with the prolonged chlorination reaction, while the concen-
tration of Cu(i) and Sn(u) decreases rapidly until the electro-
chemical signals disappear. When the molar ratio of Cu(i) to
Sn(u) is 1 : 1, the concentration of Cu(i) decreases faster than
that of Sn(u). While the molar ratio is 1: 0.5, both concen-
trations decrease rapidly as the reaction progresses, but the
Cu(1) concentration is always higher than that of Sn(u).
Although the chlorination reaction of Cu(r) and Zr is faster
than that of Sn(u) and Zr, the reaction speed of the former
cannot exceed twice that of the latter in a short time. As the
introduced proportion of CuCl to SnCl, changes from 1 : 0 to
0:1, the chlorination reaction time increases from 40 to
170 min. Cu and Sn are generated and Cu-Sn alloys are
formed at the same time. When the introduction ratio of CuCl
to SnCl, is 0.66:0.17 and 0.5:0.25, the coupling effect
caused by the formation of alloys will promote the chlorina-
tion reaction. The research results provide a theoretical basis
for the recycling and electrolytic refining of zirconium.
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