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Abstract

A novel process for the recycling of tungsten from hard tool scraps using carbonate molten salts
is proposed. As a fundamental study, the oxidative dissolution of tungsten metal into molten Na>COs
under Ar—O» and Ar—O>—CO; atmospheres was investigated at 1173 K. The results of the oxidative
dissolution experiments and the detection of CO gas evolution by infrared spectroscopy revealed the
existence of multiple oxidation mechanisms by peroxide/superoxide ions and carbonate ions. The
feasibility of each oxidant was discussed by calculating potential-p¢o, diagrams in molten Na;COs
at 1173 K. The relationship between the potential and the reaction was investigated using cyclic

voltammetry and potential-p¢o, diagrams.
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Introduction

Tungsten is one of the critical metals that demonstrates favorable properties such as high hardness,
wear resistance, and thermal resistance. Tungsten is processed into special steel (e.g., high-speed steel
and heat-resistant steel, cemented hard tools (e.g., cutting tools and abrasive tools), and processed
materials (e.g., plates, wires, and bars) for lighting and electronic components. Cemented hard tools
are composed of tungsten carbide (WC) particles and cobalt metal binders. The application includes
a wide range of industrial fields such as automobiles, aircrafts, and civil engineering. In 2017, the
application of cemented hard tools accounted for approximately 80% in Japan.!

China dominates the supply of the tungsten resource with ca. 60% reserves and 80% mine
production.? In certain circumstances like mine accidents, the resource supply could be unstable.
Consequently, it is important to ensure the resource security and recycle tungsten scraps to use as
secondary resources. However, the domestic recycling rate in Japan was only 11.6% in 2017.% Thus,
the recycling of the cemented hard tool scraps is urgently required.

There are three major recycling methods for cemented hard tool scraps that are commercially
used globally: zinc alloying method, thermal oxidation method, and molten nitrate method.® In the
zinc alloying method, WC particles are recovered by crashing the scraps after the alloying/dealloying
reaction of metallic Zn and Co. In the thermal oxidation method, scraps are calcined in air at high
temperature; then, the surface oxide layer is leached in the alkali solutions, which is a treatment called
peeling. Since oxidation is limited to the surface layer, the necessity of repeated calcination and
leaching is a drawback owing to the high process cost. In the molten nitrate method, which is the
most modern method, the scraps are oxidatively dissolved in molten NaNOs at 700-900 °C using the
oxidizing power of nitrate.> The resultant Na,WOs is then purified by wet processing. Even though
the fast reaction rate is an advantage, this method has several disadvantages due to the emission of
NOx gas and the difficulty in controlling the intensive exothermic reaction. Other molten salt methods
using sulfates or hydroxides have been reported as recycling processes for tungsten materials.®!°

This study proposes a novel molten carbonate method for recycling tungsten from cemented hard
tool scraps. Figure 1 depicts a flowchart of the molten carbonate method. The scraps are oxidatively
dissolved in molten Na,COs under an Ar-0,—CO, atmosphere. The produced Na;WOQs; is treated
using the same wet processing and hydrogen reduction of WO3 as the molten nitrate method. Single
Na>COs3 was chosen from various single and mixed carbonates because it allows the use of solid-
liquid separation and ion exchange in the downstream process for sodium systems, which have been
already established in industrial scale for the molten nitrate method.>® One of the advantages of this

method is that it does not require repeated peeling since the use of molten carbonate enables the
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dissolution of the formed oxide into the molten salt. Another advantage is its environmentally
friendliness due to the avoidance of NOx gas emissions. In addition, the reaction is easily controlled
by the partial pressures of O, and CO2, which are the parameters for oxidation and basicity,
respectively. However, a disadvantage is that the reaction speed of the oxidation reaction for the
proposed method is slower than that for the molten nitrate method.

Since oxidative dissolution reaction is a corrosion reaction, several methods were used to analyze
the corrosion of metals in molten carbonates. The corrosion behavior in molten Li.CO3—K,CO3 was
investigated for application in molten carbonate fuel cells (MCFC), and analyzed for Fe, Ni, Cr, and
stainless steel using thermogravimetry'®?' and for Ni, Fe-Cr alloy, and Ni-Fe alloy using
electrochemical methods.?> > The oxidation and corrosion of these metals occur by peroxide (0227)

and superoxide (O2") ions formed by the chemical dissolution of O, gas into the melt.?

2C03% (1) + 02 (g) — 2CO2 (g) + 20% (1) [1]
n02>" (1) + 2M (s) — 2M"* (1) + 2n0* (1) [2]
2C05% (1) + 302 (g) — 2C0x (g) + 402 (1) [3]
2n02 (1) + 2M (s) — 2M"* (1) + 2r0% (1) [4]

However, the corrosion behavior of less common metals including tungsten in molten carbonates is
scarce, and the reaction of W metal and WC to molten carbonates is only reported in vacuum at 1123
K?7 and in air at 1073-1273 K.?® These reports only demonstrated the products without any analytical
results for the reaction mechanism. In particular, the dependence on partial pressure of CO2, which is
the controlling factor for the basicity of molten carbonates, has not been investigated.

Since the elucidation of the reaction mechanism is crucial to achieve the proposed recycling
process, this study was aimed at providing a knowledge on the thermodynamics and kinetics of the
oxidative dissolution of cemented hard tools into molten Na2CO3 by selecting W metal as the model
sample. First, the quantity of W metal oxidatively dissolved in molten Na2COs under an Ar—O>—CO
atmosphere at 1173 K was measured, and the reaction mechanism was discussed using the
dependence on CO- partial pressure, reaction in an Ar—CO; atmosphere, and gas analysis. Second,
the oxidative dissolution of W metal and WC was analyzed using thermodynamic calculations. Last,
several factors of oxidative dissolution such as oxidant species and corrosion potential were

investigated cyclic voltammetry.
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Experimental

Oxidative dissolution in Na;COj3 molten sallt.

Figure 2 illustrates the experimental setup used for the oxidative dissolution experiment.
Powdery Na>xCO3 (Fuji Film Wako Pure Chemical Corp., >99.8%) and W plate (Nilaco Corp., 99.95%,
ca. 10 x 10 x 0.3 mm) were placed in an alumina crucible (Nikkato Corp., SSA-S, C1, 30 mL, height
24 mm) and dried overnight in a vacuum at 453 K. The Na,CO3; powder was weighed such that the
depth of molten salt was 4 mm, 6 mm, or 9 mm. The three crucibles with melts at different depths
were set on an Au base plate (Nilaco Corp., thickness 0.1 mm) to prevent the upset and tilting, and
were inserted into an airtight vessel composed of a stainless-steel flange and a quartz reaction tube
(outer diameter: 46 mm, inner diameter: 42 mm, length: 400 mm). The temperature of the reaction
tube set in a horizontal furnace was raised from room temperature to 1173 K at a rate of 5 K min ™"
and maintained for a reaction time of 0-2.5 h, where the melting temperature of Na,COs is 1131 K.

!. Herein,

After the reaction, the temperature was lowered to room temperature at a rate of 5 K min~
the reaction time indicates the duration for which the furnace was maintained at 1173 K. Thus, at 0 h,
the reaction was conducted only by raising the temperature to 1173 K then immediately lowering the
temperature without holding at that temperature. The flow rate of the mixed-gas was controlled by a
mass flow controller (Horiba STEC Co. Ltd., SEC-E40 or PE-D20). The flow rate was fixed to 50
mL min~! and the partial pressure was controlled by each flow rate; the partial pressure of CO; at
6x10~* atm was attained at a rate of 0.03 mL min'. The flowing gas was Ar-CO, (6 x 10"*-0.8 atm)
during the heating and cooling, then switched to Ar—0>—CO> (Ar—02: 0.2 atm, CO»: 6 x 1074-0.8 atm)
during the reaction at 1173 K. The partial pressure of CO2 was kept constant throughout the
experiment. In the experiment used to investigate the reaction mechanism without the effect of O2
gas, the reaction was conducted in Ar—CO; (6x1074~0.8 atm). In several experiments, the outlet gas
from the furnace was sampled into a plastic bag and analyzed using Fourier transform infrared
spectroscopy (FT-IR, Bruker Corp., ALPHA II).

The recovered salts were crushed in a mortar and analyzed by X-ray diffraction (XRD, Rigaku
Corp., MiniFlex, Cu-Ka line, 30 kV, 10 mA). The weight change in the W plate and the amount of W
dissolved in the molten carbonate determined by inductive coupled plasma-atomic emission
spectroscopy (ICP-AES, Hitachi Ltd., SPECTRO BLUE) correlated with each other. The dissolved

thickness of the W plate (xw) was evaluated from the weight of the plate before the reaction (Ww,per)
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and the weight loss (Wwwdec). The evaluation was made under the assumption that the dissolution

reaction only proceeded from the upper surface of the plate.

Xw (Um) =300 X ww,dec / WW,bef [5]

Electrochemical analysis in the Na;CO3 molten salt.

Fig. 3 depicts a schematic drawing of the experimental apparatus used in electrochemical
measurements. Na;CO3 (300 g) was charged in an alumina crucible (As One Corp., >99%, outer
diameter: 90 mm, inner diameter: 80 mm, height: 140 mm) and dried under vacuum at 453 K for
more than 12 h to remove the moisture. The crucible was then placed at the bottom of a quartz vessel
in an airtight quartz container in a vertical furnace. The controlled atmosphere was as described above.
The measurement was conducted in Ar-0>—CO; (Ar—O5: 0.2 atm, CO2: 6 x 10* atm) and Ar-Ox—
CO2(Ar—02: 0.2 atm, COz: 0.8 atm), hereinafter low-CO» and high-CO> partial pressures, respectively.

Electrochemical measurements were performed at 1173 K by a three-electrode method using an
electrochemical measurement system (Hokuto Denko Corp., HZ-7000). The working electrodes were
Au wire (Japan Metal Service, Ltd., 99.99%, diameter: 0.5 mm) and W plate (Nilaco Corp., 10 x 10
x 0.1 mm, 99.95%). Au plate (Japan Metal Service, Ltd., 99.99%, 0.1 mm thick) was used as a counter
electrode. Au wire immersed in the molten salt was used as a quasi-reference electrode. Since the
atmosphere and the molten salt contains O gas and O ions, respectively, the potential of the quasi-
reference electrode would correspond to the O2/O?" equilibrium at the given partial pressure of O

gas and the activity of O% ions determined by the partial pressure of CO..

02(g) +4e =20* (1) [6]
COs%>" (1) =CO2(g) + O* (1) [7]

The potential of the quasi-reference electrode is discussed in results and discussion.
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Results and Discussion

Oxidative dissolution and thermodynamic analysis.

After the reaction, white salt and W plate were recovered as shown in the photographs in Fig.
4(a) and (b), respectively, which were the representative reacted samples obtained under the
conditions of 0.2 atm Oz, 6 x 10™* atm CO», and 2.5 h. As shown in the XRD spectrum of the salt in
Fig. 4(c), the diffraction peaks of Na;WO4 and Na>xCOs are confirmed, thus verifying the oxidative
dissolution of the W plate as the W(VI) compound. The appearances and XRD patterns of the sample
after the reaction were similar in all experimental conditions, despite changing the CO; partial

pressure and reaction time.

Fig. 5 shows the dissolved thickness of the W plate in molten NaxCOs at 1173 K under the Ar—
0,-CO2 (Ar—0;: 0.2 atm, CO»: 6x10~* atm) atmosphere against the reaction time for each melt depth.
The dissolved thickness is larger at smaller melt depths. The dissolution rate determined from the
slope between the reaction time of 0 and 2.5 h is 23.1, 9.8, and 6.8 um h™! at 4, 6, and 9 mm of the
melt depth, respectively. The dependency of the reaction rate on the depth of the melt suggests that
the rate determining step of the reaction is the diffusion between the gas-liquid interface at the melt
surface and the solid-liquid interface at the surface of the W plate.

The corrosion and oxidative dissolution of the metals in molten carbonates are generally
associated with four elementary steps.?® Based on the reported mechanisms, the oxidative dissolution

of W metal in this study consists of the following steps:

(1) Formation of O,? /O ions by the chemical dissolution of Ox gas at the gas-liquid interface

2C05% (1) + 02 (g) — 2C0O2(g) +20:% (1) [1]
2C03% (1) + 302 (g) — 2C0O2 (g) + 402 (1) [3]
(2) Diffusion of O* /O™ ions from the gas-liquid interface to the solid-liquid interface
02 (1, gas/liquid) — O2* (1, liquid/solid) [8]
02" (1, gas/liquid) — O2™ (1, liquid/solid) [9]
(3) Formation of WO4? ions by the oxidation of W metal
W (s) + 302> (1) = WO4> (1) + 20* (1) [10]
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W (s) + 202 (1) > WO (1) [11]
(4) Diffusion of WO4?~ ions from the solid-liquid interface to the bulk melt
WO4* (1, liquid/solid) — WO4*~ (1, bulk) [12]

The existence of 02> /O™ ions at high partial pressure of CO; has been intensively reported in MCFC
researches.?’ * Their high stability at low partial pressure was also experimentally confirmed.*>*
According to the report by Andersen,* when the 0>—0, —0,>—0* equilibria were attained for
various carbonate molten salts of Li, Na, and/or K by holding in Oz (1 atm) after adding 3 mol% O*"
ions, a large amount of the added O~ ions reacted with O gas to form 02%>7/O ions at the low partial
pressure of CO; (the estimated order of 107 or 10~ atm) by the formed gas in COs>~ dissociation. Of
these four elementary steps, steps (2) and (4) correspond to diffusion. Here, the diffusion rate for the
WO4* ions in (4) is determined by the thickness of diffusion layer rather than by the melt depth. In
addition, the solubility of the WO4>" ions is very high as the Na;CO3-Na;W,07 system shows liquid
state for the entire composition at 1173 K.* Therefore, the diffusion of O,>" and O, ions from the
gas-liquid to the solid-liquid interface (step (2)) is the rate-determining step. The dissolution reaction
at (3) is fast enough to keep the ion concentration at the surface of the W plate constant, and the rapid
reaction rate is attained by a higher concentration gradient at a smaller melt depth and a diffusion
distance of O*/O;~ oxidants.

In Fig. 5, the dissolution of the reaction at 0 h for each melt depth occurs at ca. 10 pm. Since O
gas was not supplied during the reaction at 0 h, this dissolution occurs in another oxidation mechanism

except in the case of 0,2 /02~ oxidants. The most probable oxidants are CO3>™ ions at this stage.

The confirmation that CO3%™ ions also function as oxidants was carried by three types of the
oxidative dissolution experiment in the Ar—CO; atmosphere without O, gas to observe the
characteristic of CO3%~ oxidants. First is the occurrence of dissolution without Oz gas. The appearance
and XRD pattern of the recovered salt and W plate after the reaction were similar regardless the
existence of Oz gas. The dissolved thickness of the W plate at the 6-mm melt depth for 2.5 h at each
COz partial pressure is shown in Fig. 6(a), and a dissolved thickness of approximately 25 pm is
observed even without 02> /O, oxidants. Second is an oxidative dissolution at different melt depths

in the Ar—CO> (0.8 atm) atmosphere. The circle and triangle in Fig. 6(a) show the dissolved thickness
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for 6 and 9 mm of the melt depth, respectively. The identical dissolved thickness agrees with the
characteristic of the CO3% ions that they exist abundantly in the neighboring region of the molten
salt/W plate interface, which do not require diffusion from the gas/liquid interface. Third experiment
involved IR spectroscopy of the outlet gas. The IR measurement was conducted only for the oxidative
dissolution experiment in the Ar—CO; atmosphere without O gas so that the combustion of CO gas
by the O> component gas to form CO> gas should be avoided. Fig. 6(b) shows the IR spectrum of the
exhaust gas for the oxidative dissolution experiment of tungsten under Ar—CO> (0.2 atm) atmosphere
in molten NaxCOs3 at 1173 K. In addition to the component CO> gas, a sharp peak ascribed to the CO
gas is detected which is the byproduct of CO3%~ oxidants. These three experiments clearly confirmed

that the COs>™ ions function as an oxidant for the W metal. The representative reaction is as follows:

COs> (1) + 26 — 20* (1) + CO (g) [13]
W (s) + 3C02 (1) — WO42 (1) + 20% (1) + 3CO (g) [14]

Studies on corrosion protection for MCFC applications have confirmed that the oxidation responsible
for metal corrosion in molten carbonate occurs by 0,>/0,™ ions.?® Here, it should be noted that this

study confirmed that CO3? ions also function as oxidants.

Since the oxidizing ability of CO3*” ions was experimentally verified, its thermodynamic aspect
was investigated by drawing a potential-pco, diagram by referring to a previous report by Cassir et
al.*® where Pco, 1s the partial pressure of COz gas. The diagram draws the equilibrium conditions
and stable region of the related species, where the electrode potential and logarithm of partial pressure
of CO, were the vertical and horizontal axes, respectively.*’ The standard Gibbs energy of formation
(AG’y) for the compounds at 1173 K used for the potential-p¢p, diagram is summarized in Table
1484 The standard Gibbs energy of formation of ionic species are defined by selecting the standard
ion and standard potential as follows: the O® (1) ion is selected as the standard ion and its standard
state is the virtual state of the pure Na;O (1) in NaxCOs (1). The standard potential is settled for the
equilibrium potential for O, (g, 1 atm)/O* (I, a = 1).
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02(g) +4e =207 (1) [6]

The standard Gibbs energy of formation of ionic species at 1173 K determined by the above definition
is listed in Table 2.**%° Here, the values for O2*> (1) and O™ (1) were calculated under the assumption
that the reported molar fraction of 0> :0,%:0.50, = 51:39:10 mol% at 1200 K remains applicable at
1173 K; the aforementioned values were attained at the equilibrium with Oz (1 atm) gas after adding
3 mol% O* ions to the molten Na,CO3.*

The potential-p¢o, diagram for the molten NaxCOs at 1173 K, which was calculated from the
reported thermodynamic data, is shown in Fig. 7. The region enclosed by the blue lines corresponds

to the stable region of the molten NaxCOs. The following reactions determine the various limits:

(1) Precipitation of NayO (s)

NaCO; (1) = NaxO (s) + CO2(g) [15]

logpco, = —7.11 [16]
(2) Evolution of O gas (anodic limit)

02 (g, 1 atm) + 4e” =20% (1) [17]

E = 0.116logpco, +0.870 (V) [18]
(3) Evolution of Na gas (cathodic limit)

Na" (1) + e =Na (g) [19]

E=-1273 (V) [20]
(4) Evolution of CO gas (cathodic limit)

COs> (I) +2e =20* (1) + CO (g) [21]

E = 0.233logpco, — 0.116logpco — 0.066 (V) [22]
(5) Deposition of carbon (cathodic limit)

COs* (1) +4e =30 (1) + C (s) [23]

E =0.175logpco, —0.156 (V) [24]
(6) Formation of O2* ions

02> () +2e” =20% (1) [25]

E =0.233logpco, +0.116logayz- —1.754 (V)  [26]
(7) Formation of O2™ ions

02 (1) +3e =20 (1) [27]

E = 0.155logpco, +0.078logap; +1.262 (V) [28]

10
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where, E is the potential, pco is the partial pressure of CO gas, and agz- and ag; are the activities

of 02> and Oy~ ions, respectively.

The oxidation power of the two oxidants, 0,2 /O ions and COs>~ ions, in the molten Na>xCOs is
depicted in the diagram. The positive redox potentials for reactions (6) and (7) indicate that the
0,%7/0; ions exhibit strong oxidation power. Thus, the O»? /02~ ions function as oxidants, even for
a species with relatively positive corrosion potential. On the other hand, the oxidation power of the
COs?” ions in reactions (4) and (5) is so weak that only species with more negative corrosion
potentials than those of the CO3?>/CO and CO3*/C equilibriums are oxidized. In other words, both
the CO3%>™ and 0?7/, ions function as oxidants for that kind of negative species. The solubility of
the CO gas physically dissolved into molten carbonates is in the order of 1077 mol cm™ atm™!.5%%!

The solubility of the chemical dissolution to form CO,*" ions is larger, in the order of 10 mol cm™

atm_l.SO’SI
CO+0* =C0O* [29]
CO + CO3* =COx* +CO [30]

The broken lines in Fig. 7 show that the product of the COs>~ oxidant varies with the partial pressure
of CO. When the corrosion potential is substantially negative, the product could be CO gas bubble at
1 atm pressure. At more positive potentials, the partial pressure of CO is lower and the product is
either physically dissolved CO gas or chemically dissolved CO2>" ions.

The potential-pco, diagram for the W species in molten NaxCOs3 at 1173 K is also drawn in Fig.
7 with red and orange lines for W and WC, respectively. The corresponding reactions and conditions
are shown below. The precipitation of solid WOj3 is depicted on the far right outside the frame of the

figure.

(8) Equilibrium of WO4> /W

WO42 (1) + 66 =W (s) +40% (1) [31]

E =0.1551logpco, +0.039log Ayoz- — 0.332 (V) [32]
(9) Equilibrium of WO4>/WO;

WOs (s) + OF (1) = WO+ (1) [33]

log Pco, = — log Ay 2- + 6.786 [34]
(10) Equilibrium of WO3/W

WOs () + 66 =W (s) + 307 (1) [35]

11
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E = 0.116logpco, —0.069 (V) [36]
(11) Equilibrium of WO4>/WC

WO (1) + COz () + 106 =WC (s) + 60> (1) [37]

E = 0.163logpco, +0.023logay,z- —0.225 (V) [38]
(12) Equilibrium of WO3/WC

WO; (1) + CO2 (g) + 10e™ = WC (s) + 50% (1) [39]

E = 0.140logpco, —0.067 (V) [40]

The red and orange lines indicate the WO4>/W and WO4>/WC equilibriums for an activity of WO4>~

ions (awoﬁ‘) of 1072 locate at more negative than the thermodynamic stable region of molten Na,CO;

at all CO» partial pressures, respectively. These redox potentials clearly indicate that the oxidation of
W and WC by COs*" ions, which was experimentally confirmed in Fig. 6, is thermodynamically
favorable. Therefore, these results verify that the oxidative dissolution of W metal in molten Na>COs
proceeds with both 0,2 7/0>™ and CO3? ions as oxidants (Fig. 8). One mechanism is (a) oxidation by

0,%7/0z" ions produced by the chemical dissolution of O, gas into the molten salt.

W (s) + 3022 (1) » WO (1) + 207 (1) [10]
W (s) + 202 (1) = WO+ (1) [11]

The other mechanism is (b) oxidation by CO3* ions.
W (s) +3CO3* (I) = WO4* (1) + 20* (I) + 3CO (g) [14]
**% Table 1 ***
**% Table 2 ***

The dependence of the dissolved thickness of the W plates on the partial pressure of CO; for the
molten Na;COs at 1173 K under the Ar—0,—CO; atmosphere (Ar—0O»: 0.2 atm) for 2.5 h is shown in
Fig. 9. Although there is a negative correlation between the dissolved thickness and CO; partial

12
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pressure at low-COz partial pressures, there is a positive correlation at high-CO> partial pressures.
The dependence at low-CO; partial pressures occurs by the strong influence of oxidation by 02> /0,~
ions. The chemical dissolution of O, gas into molten Na>COs in reactions [ 1] and [3] is suppressed by
the increase in COz partial pressure. Then, the lowered diffusion flux of 02> /O ions results in a
smaller dissolved thickness of the W plate. On the other hand, the positive correlation in the high-
CO; region is due to the oxidation by COs>~ ions, which is facilitated by the low activity of O*” ions

at high-CO» partial pressures (reaction [14]).

Cyclic voltammetry.

The electrochemistry of molten Na>xCOs was investigated by cyclic voltammetry at 1173 K. The
voltammogram at low-CO; partial pressure, Ar—0,—CO; (Ar-Oz: 0.2 atm, CO,: 6x10~* atm), was
measured using an Au electrode and is shown in Fig. 10(a). The rest potential is 0 V vs. Au because
the working and quasi-reference electrodes were both made of Au immersed in the molten salt. In the
potential sweep to the negative direction, a small reduction current is observed from the rest potential,
then a large reduction current starts at approximately —0.85 V. The reduction current sharply increases
at —1.7 V. After the reversal of the sweep direction, the oxidation current starts to flow at 0 V and has
a peak at 0.7 V. The potential of the quasi-reference electrode can be calibrated to the value indicated
in the potential- p¢o, diagram (Fig. 7) under the conditions that the 0,/0* reaction is
electrochemically reversible and the potential of the reference electrode corresponds to the 02/O?

equilibrium at the given partial pressure.

02(g) +4e =20* (1) [41]
E = 0.116logpco, + 0.058logpy, + 0.870 (V) [42]

Because the estimated equilibrium potential of the Au quasi-reference electrode is 0.455 V (vs. O2(1
atm)/O* (a=1)) at Pco, =6 % 10~* atm and Po, = 0.2 atm, the calibration enables analysis of the
cyclic voltammogram. Here, the calibration assumption should be noticed that the reversibility for
electrochemical reaction [41] is unknown for low partial pressure of CO> although it is well-known

for high partial pressure and the utilization of an Au electrode in 67%C02-33%0- gas as a reference
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electrode has been established. The oxidation at potentials more positive than 0 V indicates the
evolution of O, gas. The small reduction current from 0 V to —0.8 V indicates the reduction of O gas.
The large reduction current at —0.85 V corresponds to pco = 107> atm for the reduction of CO3*
ions (reaction [21]). At this potential, CO,>" ions are produced because the partial pressure of CO is
too small for it to be gas bubbles. The large reduction current at —1.7 V corresponds to the evolution
potential of Na gas (reaction [19] and equation [20]). In summary, the reactions in molten Na,COj at
low-CO; partial pressure and at 1173 K are identified as shown by the arrows at the bottom in Fig.
10(a): (A) O gas evolution at potentials more positive than 0 V, (B) O2 reduction at potentials more
negative than 0 V, (C) COs> reduction to CO,> ions, and (D) Na gas evolution. While the strict
agreement of the potential for (D) Na gas evolution at —1.7 V suggests the validity of the calibration
or the error within the range of 0.05 V, the reversibility of 0»/O*" redox reaction on an Au electrode
should be investigated in the future. At this CO> partial pressure, the rest potential, i.e. the corrosion
potential, of the W metal electrode is —0.94 V vs. Au. This potential clearly indicates that the oxidant
of the W metal is not only O/, ions but also CO3* ions because it is in the potential region of
(C) CO3% reduction to CO»* ions.

Cyclic voltammetry was also conducted at high-CO> partial pressure, O>—CO> (0O2: 0.2, CO2: 0.8
atm). The voltammogram obtained on an Au electrode is indicated in Fig. 10(b). Although the small
reduction current of approximately —10 mA cm? starting at 0 V is the same as that at low-CO
pressure, the increase in the reduction current at —1.2 V is smaller. A small anodic current peak is
observed after the reversal at —1.8 V. Since the equilibrium potential of O,/O> at the given
atmosphere is 0.818 V (vs. Oz (1 atm)/O* (a = 1)), the potential region and corresponding reaction
are analyzed as follows: (A) Oz gas evolution at potentials more positive than 0 V, (B) Oz reduction
at potentials more negative than 0 V, (C) COs* reduction to CO,* ions at £ <—0.6 V, and (E) CO3*
reduction to C deposition at £ <—0.9 V. The existence of an overpotential for the C deposition on the
Au electrode is suggested since the starting potential is more negative than that by the thermodynamic
estimation. The rest and corrosion potential of W metal of —1.20 V at high-CO; pressure are in the
potential region of (E) CO3* reduction to C deposition, and both the 0,>/O>  and COs> ions

thermodynamically function as the oxidants of the W metal.
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Characteristics of 02~/0;" and CO3*~ oxidants.

As explained in Fig. 8, the oxidative dissolution of the W metal into molten NaxCOs proceeds in
two mechanisms. The comparison of the dissolved thickness of the W metal in Ar—O,—CO: (Fig. 9)
and Ar-CO; (Fig. 6(a)) atmospheres shows that the contribution of 0,?/O2 ions is almost
comparable with that of COs>™ ions despite the strong oxidizing power, as indicated by the positive

redox potential in the potential-p¢o, diagram. The reason for the aforementioned observation is the

solubility in molten NaxCOs;. The solubility of the 0,2 /02 ions at 0.2 atm O partial pressure
calculated from the report by Appleby and Drunen® is in the order of 1077 mol cm>. On the other
hand, the concentration of CO3>™ ions calculated from the density of Na,COs (1.953 g cm™ at 1173
K)> is 1.84x1072 mol cm . A concentration value that is five orders of magnitude is the source of
the relatively large contribution of COs*” ions despite the small oxidation power.

Among the oxidants, an enhanced dissolution rate is expected for the oxidation by O»? /O, ions.
The increase in the dissolution rate by CO3*~ oxidants is probably difficult because the concentration
of COs>” ions in the melt is constant and the rate is independent of CO; partial pressure, as shown in
Fig. 6(a). The increase in the dissolution rate by the 0,2 /O,  oxidant is expected to be possible
because it depends on the melt depth, CO» partial pressure, and concentration of 02> /O, ions. The
typical improvement is the introduction of O gas into the molten salt to shorten the diffusion distance

of the O2%7/O,™ ions to the scrap surface.

Conclusions

The molten carbonate method was proposed as a new recycling process of tungsten contained in
cemented hard tools. As a fundamental study of this process, W metal was selected as the model
sample, and the thermodynamics and kinetics for the oxidative dissolution of W metal into molten
NaxCOs3 at 1173 K were investigated. Oxidative dissolution and the formation of Na,WO4 were
confirmed in the Ar—0,—CO; atmosphere at various partial pressures of CO.. The dissolution rate in
the Ar—0,—CO» atmosphere was dependent on the CO; partial pressure by changing the basicity. The
dissolution of W metal was also confirmed in the Ar—CO> atmosphere without O> gas, which
confirmed the ability of COs> ions to behaved as an oxidant for W metal, as supported by

thermodynamics using the calculated potential-pco, diagram. The results obtained in this study

verified that the oxidative dissolution of W metal into molten NaxCO3 proceeds via two types of

oxidation mechanisms by O2? /O, ions and CO3*” ions.
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Figure Captions

Fig.
Fig.

Fig.
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Fig.
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Flowchart of molten carbonate method for recycling of tungsten proposed in this study.
Schematic drawing of oxidative dissolution experiment of tungsten metal at 1173 K. (A)
Stainless steel lid, (B) SiO; reaction tube, (C) alumina tube, (D) electric furnace, (E)
alumina crucible, (F) molten Na;COs, (G) W plate, and (H) Au plate.

Schematic drawing of electrochemical measurement of tungsten metal at 1173 K. (A)
Stainless steel lid, (B) SiO> reaction tube, (C) electric furnace, (D) alumina crucible, (E)
molten NaxCOs3, (F) W plate electrode, (G) Au wire electrode, and (H) Au plate electrode.
Representative appearance of (a) the recovered salt and (b) W plate, and (c) XRD pattern
of the salt after oxidative dissolution experiment of tungsten plate for 2.5 h in molten
Na,COs with 6-mm melt depth at 1173 K in Ar-02(0.2 atm)—-CO2(6 x 10~* atm)
atmosphere.

Dissolved thickness of tungsten plates in molten NaxCOs at 1173 K in Ar—0>(0.2 atm)—
CO2(6 x 10~* atm) atmosphere.

(a) Dependence of dissolved thickness of tungsten plates on CO; partial pressure in molten
NaxCOs at 1173 K for 2.5 h. (b) IR spectrum of the exhaust gas of the oxidative dissolution
experiment of tungsten under Ar—CO>(0.2 atm) atmosphere in molten Na>COs at 1173 K.
Calculated potential-pco,diagram from the reported thermodynamic data for W species
(Red line) and WC species (Orange line) in molten Na;CO3 at 1173 K from the reported
thermodynamic data.*®* (Blue line) Stable region of molten Na>COs. The solid and dotted
color lines correspond to equilibriums at the activity of WO4> ion to be 102 and 10 #,
respectively.

Schematic illustration of the reaction scheme of oxidative dissolution of tungsten metal in
molten Na,COjs by (a) 02?7 /O,™ ions and (b) CO3* ions

Dependence of dissolution thickness of tungsten plates on CO; partial pressure in molten
NaxCOsz at 1173 K in Ar—02(0.2 atm)—CO> atmosphere for 2.5 h.

Cyclic voltammograms for Au wire electrode in (a) Ar—02(0.2 atm)-CO,(6 x 10~ atm) and
(b) 02(0.2 atm)—CO>(0.8 atm) in molten Na;CO; at 1173 K. Scan rate: 0.1 Vs™'. (A) Oz
evolution, (B) Oz reduction, (C) CO3%™ reduction, (D) Na gas evolution, and (E) C

deposition.
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590
591  Table 1 Standard Gibbs energy of formation at 1173 K.#4

592
Species AG’r/ kJ mol™! Reference
Na2C0s(]) ~809.612 [48]
Na:20(s) 254.073 [48]
Na:0(1) 245637 48]
COx(g) -396.072 48]
CO(g) —215.458 [48]
C(s) 0 [48]
O2(g) 0 [48]
Na(g) 0 [48]
W(s) 0 [49]
WC(s) 35371 [49]
Na:WOs(1) 1109.712 [49]
WOs(s) 543810 [49]

593

594

595

596  Table 2 Standard Gibbs energy of formation for ionic species at 1173 K 434
597

Species AG’t/ kI mol™
0> (1) 0
COs* (1) ~563.975
0> (I) 26152
027() 29.497 2
Na*(1) ~122.819
WO4> (1) -864.075

598  a: Calculated by applying the molar ratio of O*/0,*/O;" equilibrium in molten Na,CO3 at 1200 K
599 to 1173 K.
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Figure 1 Flowchart of molten carbonate method for recycling of tungsten proposed in this study.
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Figure 2 Schematic drawing of oxidative dissolution experiment of tungsten metal
at 1173 K. (A) Stainless steel lid, (B) SiO, reaction tube, (C) alumina tube, (D)
electric furnace, (E) alumina crucible, (F) molten Na,CO,, (G) W plate, and (H)
Au plate.
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Figure 3 Schematic drawing of electrochemical measurement of tungsten metal at
1173 K. (A) Stainless steel lid, (B) SiO, reaction tube, (C) electric furnace, (D)
alumina crucible, (E) molten Na,CO,, (F) W plate electrode, (G) Au wire electrode,
and (H) Au plate electrode.
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Figure 4 Representative appearance of (a) the recovered salt and (b) W plate, and
(c) XRD pattern of the salt after oxidative dissolution experiment of tungsten plate
for 2.5 h in molten Na,CO,; with 6-mm melt depth at 1173 K in Ar-0,(0.2 atm)—
CO,(6 X 104 atm) atmosphere.
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pressure in molten Na,CO, at 1173 K for 2.5 h. (b) IR spectrum of the exhaust gas
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Figure 7 Calculated potential-pco,diagram from the reported thermodynamic data
for W species (Red line) and WC species (Orange line) in molten Na,CO, at 1173
K from the reported thermodynamic data.3%:32 (Blue line) Stable region of molten
Na,CO;. The solid and dotted color lines correspond to equilibriums at the activity
of WO,? ion to be 102 and 10 %, respectively.
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Figure 8 Schematic illustration of the reaction scheme of oxidative dissolution of
tungsten metal in molten Na,COj, by (a) O,27/O, ions and (b) CO5% ions
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Figure 9 Dependence of dissolved thickness of tungsten plates on CO, partial
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Figure 10 Cyclic voltammograms for Au wire electrode in (a) Ar—0,(0.2 atm)-
CO,(6 X 107* atm) and (b) O,(0.2 atm)-C0O,(0.8 atm) in molten Na,CO, at 1173
K. Scan rate: 0.1 V s. (A) O, evolution, (B) O, reduction, (C) CO,?" reduction,
(D) Na gas evolution, and (E) C deposition.



