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Abstract Neodymium metal is produced nowadays only

via Chinese technology, by the electrolysis of neodymium

oxide in a NdF3–LiF electrolyte at about 1050 �C. The

process is not automated and is known to emit a large

amount of perfluorocarbons (PFCs), with a tremendous

greenhouse gas potential. The electrochemical system is

analyzed by calculating the theoretical voltages of forma-

tion of the relevant anodic gas products. Linear voltam-

mograms are conducted together with a simultaneous off-

gas measurement to determine the dynamic behaviors of

CO, CO2, CF4, and C2F6 in relation to the electrochemical

behavior. The measurements show that the PFC emission

starts with the occurrence of a partial anode effect, where

the first CF4 is detected, and the anode is passivated par-

tially. The direct enabling of CF4 formation activates the

anode again, and at higher voltages, also C2F6 is formed.

The critical current density and voltage of this partial

anode effect are determined depending on the oxygen

content of the electrolyte to be able to define a process

window, with no PFC formation. An estimation of the off-

gas emission continuously containing 7 % CF4 and 0.7 %

C2F6 leads to an emission of about 20 million t CO2-eq. per

year during the production of 30,000 t/a neodymium,

which can explain a part of the gap between the amounts of

atmospheric measured PFCs and the data from the alu-

minum and semiconductor industry. Minimizing the PFC

emission must be the primary goal for the whole rare earth

electrolysis.

Keywords Rare earth � Neodymium � Electrolysis �
Greenhouse gas emission � Off-gas

Introduction

Neodymium is the most used rare earth metal with a production

rate of almost 30,000 t/a [1]. About 30 % of it is employed1 in

permanent magnets [2], leading to more than 1.2 t of neody-

mium in a modern 7-MW wind-power generator [3]. Nowa-

days, the world’s production of neodymium is achieved

completely by Chinese technology in and around China.

The technology of molten electrolysis of neodymium

oxide was developed at an industrial scale in China in the

1980s as a circular 3 kA cell having vertical electrodes

[4, 5]. In the subsequent decades, its size increased to about

4–6 kA with similar cell design [6]. Only recently, some

10 kA cells were developed, with a rectangular cell wall,

but still with the same vertical electrode design [7, 8]. Most

published Chinese research works describe the 3 kA cell

technology. Because the process characteristics are similar,

it is considered as the reference technology [9].

At about 1050 �C, the neodymium oxide as the main

raw material is fed into the liquid NdF3–LiF electrolyte.

The neodymium is reduced at the tungsten cathode placed

in the cell center where the liquid neodymium drops into a

molybdenum crucible from where it is taken out periodi-

cally by means of a ladle [10]. At the graphite anode, the

complex oxide ions are oxidized, and oxygen reacts with

carbon to form the gases CO and CO2 [11]. At higher
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voltages and current densities, fluorine ions also can be

oxidized anodically and form perfluorinated carbons (PFC)

like CF4 and C2F6 with a tremendous greenhouse gas

potential [12]. The electrochemical conditions of this PFC

emission have not been investigated sufficiently, and no

data of the industrial process are available. Nevertheless, it

is stated that 10 % NdF3 is taking part in the anodic

reaction leading to a high PFC emission [13, 14].

The technological level of the rare earth electrolysis is

very low. Usually, only ineffective off-gas suction hoods are

often employed, leading to harmful emissions into the

environment. However, even with an effective off-gas

cleaning equipment in some big factories [15, 16], the pro-

duced PFCs are not treated, due to the unavailability of a

technical solution [17]. The off-gas treatment facility with a

dry adsorption or wet scrubbing system filters HF and fluo-

ride particles, but the gaseous PFCs cannot be filtered. The

difference with the aluminum electrolysis is that a majority

of the PFC emissions in the aluminum electrolysis happens

due to the anode effect, when the cell voltage rises above 8 V

[18]. Only recently, it was shown that, also at lower cell

voltages, PFCs can be emitted in low concentrations [19].

Still these emissions are quite low in comparison with con-

tinuously PFC-producing rare earth electrolysis. Analyzing

and understanding the mechanisms of the off-gas evolution

in the rare earth electrolysis and determining a basis for an

automated process control similar to the comparatively

advanced aluminum electrolysis can keep the rare earth

electrolysis in a green window of almost PFC-free process.

In part I of this work, the electrochemistry and the

anodic gas emission of the neodymium electrolysis are first

analyzed, followed by proposing a process control mech-

anism based on a mathematical cell voltage model, which

is experimentally evaluated in part II [20].

Electrochemistry of the Electrolytic System
and Anodic Gas Evolution

The dissolution of neodymium oxide and the subsequent

electrode reactions depend on the complex ions forming in

the melt. The most probable reactions are [21]

Dissolution of neodymium oxide :

Nd2O3 þ NdF6½ �3�þ9F� ¼ 3 NdOF5½ �4� ð1Þ

Anodic reaction :

NdOF5½ �4��2e� ¼ 0:5O2 þ Nd3þ þ 5F� ð2Þ

Cathodic reaction :

NdF6½ �3�þ3e� ¼ Nd0 þ 6F� ð3Þ

The solid oxide particles dissolve in the liquid elec-

trolyte, typically consisting of about 85 % NdF3 and 15 %

LiF, forming [NdOF5]4-. The anodically evolved O2 fur-

ther reacts with carbon to form gaseous CO and CO2, while

the free Nd3? and F--ions form complex ions, probably of

[NdF6]3- [22]. This ion typically reacts cathodically and

forms liquid neodymium and 6F- as shown in Fig. 1.

The overall reaction is independent of the individual

complex ion and intermediate reaction steps. The most

probable overall reactions are listed in Table 1 [23]. The

decomposition reactions of LiF are not included, because

of the high theoretical voltages making it unlikely to

happen. The formation of CO at 1.3 V is thermodynami-

cally the first enabled reaction, followed by CO2 at just

about 0.16 V higher. Looking at the thermoneutral voltage,

the formation of CO2 reaches the thermodynamic equilib-

rium at the voltage of 2.11 V, while during a CO-produc-

ing electrolysis needs a voltage of 2.55 V to maintain the

heat balance of the reaction.

The cooxidation of oxide and fluoride is enabled at only

0.5 V higher than that required for the CO2 formation.

During the reaction with carbon, the unstable COF2 and

COF molecules are formed, which probably reacts further

with carbon to produce CF4 and CO. At 2.75 V and at

2.98 V, the direct formation of CF4 and that of C2F6 are

enabled, respectively. The voltage differences between

oxide and fluoride oxidation are not high. Because the

voltage of formation of the specific anode product is not

only dependent on the temperature but also on the current

density and especially on the concentration of the dissolved

reacting species in the electrolyte at the interface with the

anode, the process can change easily from oxide to fluoride

oxidation.

Fig. 1 Principal dissolution and reaction mechanisms of the

neodymium oxide electrolysis
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With rising voltage, the current density of the system

increases until it reaches the critical current density when

another reaction is enabled. Depending on the product, a

passivation of the anode can happen, leading to a break-

down of the electrolysis, called anode effect, as a well-

known occurrence during the aluminum electrolysis [24].

As for the neodymium electrolysis, there have been no

investigations published so far about the gaseous emission

from industrial cells in relation to the anodic voltage and

current density. Only results from laboratory research can

give insight into the components and amounts of the anodic

reaction. A Chinese laboratory investigation of the elec-

trolysis gas shows increasing levels of CO with the

increasing temperature and increasing CO2 levels with the

increasing current density. At 1050 �C with a current

density of 1.0 A/cm2, a CO/CO2-ratio of 3.1 was found

[11] but no PFC compounds are documented. Another

study analyzes gas samples in relation to the electrolysis

cell voltage and finds, at about 6 V, C2F6 as the predomi-

nant gas component with about 70 % [12]. To evaluate the

anodic gas evolution, the precise oxide concentration and

current density need to be measured.

Experimental Setup

The electrolyte is prepared from pure NdF3 with 99.9 %

(Treibacher Industrie AG) and LiF with 99.85 % (Alfa

Aesar GmbH & Co KG) purity. The powder with 85 %

NdF3 and 15 % LiF is dried overnight at 300 �C and then

melted in a sealed furnace with 1.4 bar argon 5.0 atmo-

sphere. The fluoride mixture is homogenized in a pure

graphite crucible by superheating it shortly and then poured

into a thin graphite mold for rapid solidification. The solid

electrolyte is broken into pieces, and about 500 g is put in a

pure graphite crucible (SIGRAFINE� R8510; SGL Car-

bon) of 6.5-cm inner diameter and 8-cm height. Nd2O3

powder with 99.9 % purity (Alfa Aesar GmbH & Co KG)

is dried at 300 �C overnight and used as feeding-stock

material. The graphite crucible is placed in a sealed steel

container with a water-cooled lid, continuously flushed

with pure argon 5.0 at flow rate of 3 l/min. The steel cell is

placed in a resistance-heated furnace. Through the lid, a Pt-

PtRh-thermocouple with molybdenum sheath of 4-mm

diameter (Omega Engineering GmbH) is dipped in the

liquid electrolyte set to a temperature of 1050 �C with a

deviation of about 10 K due to electrolysis heat generation.

From top, the rod-like anode and cathode are placed in the

electrolyte with about 2–3-cm immersion depth. The pure

graphite (SIGRAFINE� R8510; SGL Carbon) anode has a

diameter of 6 mm and the pure tungsten cathode (99.95 %;

PLM GmbH) a diameter of 4 mm. As reference electrode,

a graphite rod, a 1-mm-diameter tungsten or platinum wire

is employed. The linear and two-way voltammograms are

measured by a potentiostat (IviumStat; Ivium Technolo-

gies) with a capacity of 5 A at 8 V. The anodic cell

resistance is calculated by the linear increase in current in

relation to the voltage between the anode and the reference

electrode up to the occurrence of first passivation phe-

nomenon. The off-gas is analyzed continuously by taking

1 l/min from the cell atmosphere and pumping it at 180 �C
through the FT-IR-spectrometer (Gasmet, Ansyco), which

is calibrated for all relevant gases. The measuring time

interval is 7 s, to allow for the superimposition of the

dynamic off-gas and current behaviors over the voltage.

Electrolyte samples are drawn out using argon-filled pure

glass pipettes (HSQ300; Quarzglas Heinrich) with an inner

diameter of 2.5 mm to determine the oxygen content. The

pipette is dipped to a depth of 2 cm in the electrolyte close

to the anode, where the sample of about 1 g is taken out of

the cell to be analyzed by the carrier gas method.

Results and Discussion

The current density behavior in relation to the voltage is

shown in the linear voltammogram of Fig. 2. Beyond the

decomposition voltage, the current density increases

exponentially, until it reaches the first peak, where a semi-

passivation happens and the current density drops to about

the half value. Afterward, the current increases at a slower

rate than before terminating at the total passivation voltage

stage, above which no significant current flows, as has

already been shown [13]. Always two peaks can be

observed. The first peak can be termed the partial anode

effect and the second one full anode effect. Their exact

values of voltage and current density vary significantly

with the addition of neodymium oxide. The anodic passi-

vation phenomenon at the partial anode effect is strongly
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Fig. 2 Linear voltammetry with partial and full anode effect versus

tungsten with 10 mV/s at 1050 �C in 85 NdF3–15 LiF and addition of

0.5 % Nd2O3
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influenced by the oxygen concentration, whereas the full

anode effect is less influenced by the amount of oxide

added, as shown below. The linear voltammetry is shown

in Fig. 2, where 0.5 % Nd2O3 is added to the NdF3–LiF

electrolyte. The partial anode effect reaches a higher cur-

rent density than that of the full anode effect.

The two-way linear voltammetry of the anodic potential

up to 8 V is shown in Fig. 3. Here no extra oxide is added,

but the oxygen analysis shows a content of about

2000 ppm, which equals 1.4 % Nd2O3. There are again two

peaks detectable, while at the lower oxide concentration

the partial anode effect is reached at 0.4 A/cm2 but the full

anode effect happens at the similar current density like in

Fig. 2 of about 0.8 A/cm2. With higher scanning velocity,

the full anode effect reaches a higher voltage and current.

On the reverse scan coming from the passivated state the

slope of increasing current is independent of the velocity

between 25 and 200 mV/s. All curves increase at the same

rate, starting at the same voltage. This means the anode

passivation is reversible and directly dependent on the

voltage, which is here 3.3 V against graphite.

Analysis of the off-gas evolution while conducting the

linear voltammetry CO appears to reveal the predominant

gas component, as shown in Fig. 4. The background CO

concentration of about 170 ppm is due to oxygen impuri-

ties in the cell atmosphere forming CO while reacting with

carbon of the graphite anode and crucible. The oxygen

impurity can originate from the argon gas flushing and also

from humidity in the premelted electrolyte and the cell

setup material. Neglecting the base concentration, CO is

the first gas component to evolve as the current increases at

1.1 V versus graphite. CO2 is detected immediately after

the CO emission, starting at about 1.4 V. For better visi-

bility, the CF4 concentration is plotted with a factor of 100,

meaning the peak value is about 150 vol-ppm. The CF4

formation starts at about 2.8 V. C2F6 is found only in traces

with about 2 vol-ppm starting at about 0.5 V higher voltage

compared with the CF4 formation, which is not depicted in

Fig. 4. This measured voltage differences of the start of

CO, CO2, CF4, and C2F6 formation are in good accordance

with the calculated thermodynamic values given in

Table 1. The voltage deviations can be attributed to small

errors in the time synchronization of the voltammetry and

the off-gas measurement. The Boudouard reaction can

decrease the CO2 and increase the CO content slightly

because the gas phase has time to react with the free gra-

phite of the anode and crucible before being pumped into

the analyzer tube. At 1050 �C, the theoretical Boudouard

equilibrium is completely on the CO side [25].

The effect of the partial anode effect is clearly visible in

the gas composition. The rise in CO2 concentration stag-

nates in the semipassivated state, while the CO evolution is

only slightly influenced by the partial anode effect, while
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Fig. 3 Two-way linear voltammetry within the range of 0–9.9–0 V

with variation of scanning velocity versus graphite at 1050 �C in 85

NdF3–15 LiF without addition of Nd2O3

Fig. 4 Continuous off-gas measurement in vol-ppm at two-way linear voltammetry voltammetry (0–10–0 V) with 25 mV/s versus graphite at

1050 �C in 85 NdF3–15 LiF without additional Nd2O3
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CF4 is first detected. The thermodynamic values suggest a

cooxidation of oxide and fluoride forming COF2, which is

unstable and probably reacts with carbon to form CF4 and

CO. When the direct CF4 formation is enabled at a 0.65 V

higher voltage compared with the enabling of COF2 for-

mation, the current can again rise very fast. All gas com-

ponents reach their maximum values at the full anode

effect where CF4 evolution reaches to 150 vol-ppm, which

equals 8 % of the total CO and CO2 contents. After the full

anode effect, all gas components return to almost zero.

Only CF4 rises slowly with the increasing voltage to a

maximum of 7 vol-ppm at 9.9 V. The partial anode effect

can be regarded as the starting point of CF4 evolution and

for the general start of PFC emissions. Other PFCs and

fluoride compounds like COF2, OF2, and C5F8 were mea-

sured continuously, but could not be detected with assured

reliability in the anodic gas. Due to dilution caused by the

flushing gas, some small quantities of these compounds

might still be formed.

The reverse scan from 10 to 0 V with regard to the

corresponding gas evolution shows a similar behavior. The

CF4 concentration coming from 10 V decreases again only

with a small bump at 4.2 V and increases as the first gas

component followed by CO2 and CO. The almost full

passivation vanishes with a strong CF4 emission, leading to

the conclusion that the full passivation phenomenon is a

reversible anode reaction with CF4 as a product, while the

reactivation happens. The voltage of the full anode effect

can enable the formation of a solid C–F layer with inter-

calated fluorine [26]. This dielectric layer can be formed by

a 1.7-nm-thin CF and CF2 inhomogeneous structure [27].

The change in surface energy by this growing layer results

in a gas-shield cover on top of this layer, creating total

electrical insulation of the anode.

In Fig. 5, the voltage and current density behavior are

plotted for 0.5 % stepwise increase of oxide additions up to

2.5 % with a slow scanning speed of 5 mV/s, showing a

good current–emission correlation. The individual gas

components are influenced by the oxide concentrations. In

Fig. 6, the corresponding concentration ratios of CO to

CO2 are shown with the voltages of the partial and full

anode effects. The uneven curve reaches its minimum

before the partial anode effect, from where the CO/CO2

ratio increases fast. Between the partial and full anode

effects, the CO/CO2 ratio reaches its maximum, only

slowly decreasing before proceeding into the full anode

effect. Another tendency becomes obvious. The higher the

oxide content of the electrolyte becomes, the higher is the

CO content compared with CO2 in the anodic gas. In

Fig. 7, the CF4 emission is plotted in relation to the volt-

age. The maximum CF4 value at 0 % oxide addition

reaches 10 ppm and is more than 10 times higher than the

detected maximum value after the addition of 0.5 %

Nd2O3. The formation of CF4 is clearly shifted to higher

voltages with the increasing oxide content of the elec-

trolyte, because with the higher critical current density of

the partial anode effect, more oxide is dissolved in the

electrolyte.

The precise mode of current density and gas evolution is

dependent on the electrolyte composition. The concentra-

tion of the oxygen-containing complex ions at the anode

surface has the strongest influence. Because of the little

solubility of neodymium oxide in the electrolyte, the for-

mation of a sludge at the cell bottom is likely to happen

while feeding oxide in the liquid electrolyte. Hence, there

is always a discrepancy between the amount added and the

true oxygen concentration near the anode surface. From the

plots of the current density–voltage curves at a wider range

Table 1 Theoretical decomposition enthalpies and corresponding voltages of common reactions with highlighted gaseous products at 1050 �C
as determined by FactSageTM 6.4

No. Reaction Gibbs free energy,

DG (J/mol)

Enthalpy,

DH (J/mol)

Electron

transfer, n

theoretical decomposition

voltage, E0
G (V)

Thermoneutral

voltage, E0
H (V)

1 Nd2O3 ? 3C ? 2Nd ? 3 CO 750,893 1,473,194 6 1.297 2.545

2 Nd2O3 ? 3/2C ? 2Nd ? 3/2 CO2 841,707 1,222,320 6 1.454 2.111

3 H2O ? 2/3NdF3 ? C ? 2/3Nd

? CO ? 2 HF

284,174 691,082 2 1.472 3.581

4 Nd2O3 ? 2NdF3 ? 3C ? 4 Nd

? 3 COF2

2,429,722 3,210,509 12 2.099 2.773

5 Nd2O3 ? NdF3 ? 3C ? 3 Nd

? 3 COF

2,119,937 2,949,363 9 2.441 3.396

6 NdF3 ? 3/4C ? Nd ? 3/4 CF4 796,459 960,670 3 2.752 3.319

7 NdF3 ? 3/4C ? Nd ? 3/4 C2F6 861,163 993,074 3 2.975 3.431

8 NdF3 ? 3/2C ? Nd ? 3/2 CF2 1,012,197 1,381,578 3 3.497 4.773

9 NdF3 ? 3C ? Nd ? 3 CF 1,689,202 2,418,927 3 5.836 8.357

Data Fact PS, FT salt
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of neodymium oxide amounts together as shown in Fig. 8,

the former observations becomes clear. The more amount

of oxide is fed, the higher becomes the critical current

density and voltage of the partial anode effect, as seen from

the circles in Fig. 8. The amount of fed neodymium oxide

in 0.5 % steps is given on top in the legend, starting from

0 % up to a sum of 4 %. In brackets, the actual measured

oxygen concentrations calculated as Nd2O3 are given as

well, showing an extreme deviation in the theoretical and

actual oxide contents of the electrolyte.The difference in
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the curves due to the rising oxygen concentration at the

anode is mainly due to the anodic overvoltage and the

concentration-dependent decomposition voltage. The

strongest influence on the anodic overvoltage according to

Vogt [28] can be given as:

g ¼ RT

aF
ln

I

Að1 � hÞj0
� ln

mA
me

1

FkAAc1

� �� �
; ð4Þ

where g = overvoltage, a = charge transfer factor,

F = Faraday constant, R = ideal gas constant, T = tem-

perature, I = current, A = anode surface, h = coverage of

anode surface by bubbles, j0 = exchange current density

(about 100 mA/cm2); kA = mass transfer coefficient, c? =

concentration of reacting species in electrolyte, and
mA

me
= stoichiometric number of reacting species per number

of electrons.

The active anode area is reduced by its bubble coverage,

expressed in the left term. The right term describes the

resistance due to charge transfer, where c1—the bulk

concentration of Nd2O3—is the changing parameter,

resulting in high overvoltage when the concentration

approaches zero. This overvoltage is the main parameter for

determining the oxygen concentration by voltage, which is

necessary for a process control, similar to the aluminum

electrolysis, as described in part II of this work [20]. This

overvoltage in relation to the current can be expressed as the

cell resistance. Fig. 9 shows the anodic half-cell resistance

in relation to the oxide feeding amount. A significant

increase in resistance is evident with respect to an amount of

2.5 % neodymium oxide. Because of the difficulty in dis-

solving the oxide, the true oxide concentration varies as

described above. By plotting the same resistance values in

relation to the measured oxygen concentrations, which are

calculated with respect to the Nd2O3 amounts in Fig. 10, we

find that this tendency is shifted to a higher oxide concen-

tration, meaning that the resistance can become much

higher for even lower oxide contents. It is therefore nec-

essary to run a cleaning electrolysis step to lower the

starting amount of oxygen in the system. Still, the general

relation of oxide content and cell resistance is proven and

can be taken as the basis for a process control strategy,

which is elaborated in part II [20].

The current density and voltage of the partial anode effect

should not be surpassed to avoid the emission of PFCs. From

the plots of the points of the partial anode effects against the

oxide concentrations added to the electrolyte of the two

measurements in Figs. 5 and 8, a deviation with the

increasing scanning velocity is found, as shown in Fig. 11.
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The galvanostatic electrolysis needs to stay below this

critical current density to guarantee a PFC-free neodymium

production. By conducting a continuous neodymium elec-

trolysis maintained at an anodic current density of, e.g.,

1 A/cm2 with an oxide concentration of 2.5 %, the process

proceeds on the basis of a sustainable CO–CO2 emission. If

the oxide feeding is not sufficient, the oxide concentration

decreases to, e.g., 0.5 %, and the critical current density is

surpassed leading to CF4–C2F6 emission.

According to an emission measurement of a galvano-

static electrolysis with a mass of 2 kg of electrolyte and a

ring-shaped anode similar to the industrial cell setup, the

off-gas can contain continuously about 10 vol-ppm CF4

and 1 vol-ppm C2F6, leading to a severe sustainability

issue in terms of emission [20].

A continuous anodic gas composition of 7 % CF4 and

0.7 % C2F6 with 80 % current efficiency would yield a CF4

mass of 0.0739 kg and a C2F6 mass of 0.0116 kg per

kilogram neodymium produced. With the numbers of CO2-

equivalents of CF4 being 7390 and of C2F6 being 12,200

[29], a sum of about 700 kg CO2-eq./kgNd is obtained. This

is an enormous amount, compared to about 2 kg CO2-

eq. per kg aluminum [30]. The neodymium production

adds up to almost 30,000 t per year [1]. Summing this

hypothetical neodymium electrolysis emission values up

for 1 year, the total amount accumulates to more than

20 million t CO2-eq. that is a climate-relevant amount and

an unneglectable issue. Atmospheric PFCs are attributed so

far only to the aluminum electrolysis and semiconductor

industry not taking into account the probable heavy con-

tributions to the atmosphere by the rare earth electrolysis

[31]. The gap between industry data and atmospheric

measurements is about 4 kt in 2010. This equals, assuming

a C2F6/CF4 mass ratio of 0.1, about 30 million t CO2-

eq. The gap from the year 2000 on could be explained

partly by the increasing amount of rare earth electrolysis. If

the neodymium electrolysis emits only CO or CO2, a

greenhouse potential of less than 0.5 kg CO2-eq. per

kilogram of neodymium can be achieved, with the cumu-

lative sum of the total year production of being less than

15,000 t CO2-eq.

Not only neodymium but also praseodymium and misch

metal are produced the same way. Even some heavy rare

earth metals are electrolyzed by using a consumable iron

cathode to produce for example Dy–Fe. Hence, the sum of

rare earth metals produced by rare earth electrolysis

exceeds the estimated production of neodymium by

30,000 t in 2016 and makes the sustainability issue even

more serious. Minimization of the PFC emission needs to

be the primary goal of the rare earth electrolysis. An

approach is proposed in part II [20].

Conclusion

The behavior of the electrochemical system at linear

voltammetries of NdF3–LiF–Nd2O3 shows a first passiva-

tion, termed the partial anode effect, where the current

density falls turbulent with the increasing voltage. Here the

most probable reaction is the oxidation of oxide and fluo-

ride ions reacting with carbon to COF and COF2, which

probably reacts further at the carbon anode to form CF4 and

CO. This electrochemical effect marks the beginning of the

PFC emission, followed by CF4 and then by C2F6. At a

higher voltage, the full anode effect is reached with an

almost full passivation of the anode. This passivation is

reversible and probably due to the formation of a C–F-

layer, which is covered by a gas-shield layer, thereby

electrically insulating the anode completely.

The oxide feeding does not lead to an equal amount of

dissolved oxide in the electrolyte, making the feeding

procedure important with the need to control carefully to

avoid a sludging of the cell bottom. The critical current

density, and consequently the amount and voltage of PFC
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Fig. 10 Resistance of the anodic side versus the real measured

oxygen value given as the neodymium oxide percentage
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emission, is highly dependent on the oxide concentration

and ranges from 0.4 to about 1.4 A/cm2. In the absence of

automation in the process control of the neodymium elec-

trolysis, the surpassing of the partial anode effect is likely

to happen. Because the vertical anode does not run directly

into full anode effect when PFCs are formed, the process

can be conducted continuously above the partial anode

effect with PFC emission. Without an automated oxide

feeding system based on the cell voltage, this is very likely

to happen. With an assumed off-gas content of 7 % CF4

and 0.7 % C2F6 the neodymium production of 30,000 t/a

results in a greenhouse gas emission of about 20 million t

of CO2-equivalents.
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