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kinetic model of cryolite reactive extraction in cathode Spent Pot Linings
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Spent Pot Lining (SPL) cathode pot, waste from the aluminium smelting process needs detoxifi cation from cyanides, 
washing out water-soluble salts and extraction of the cryolite (Na3AlF6) decomposition products to be recycled. 
Revealed cryolite decomposition mechanism with NaOH opens possibilities to explore its critical role in the reactive 
extraction process. Common Na+ ion from NaOH hinders the solubility of the product but also drives mass transfer 
to the reaction site. Reaction mass balance provides adequate liquid to solid ratio (L/S) and NaOH concentration 
range. A newly developed kinetic model based on Whitman fi lm theory and NaOH mass fl ow enables prediction 
of the reaction time to decompose cryolite to a low enough level. Results show that the internal particle resistance 
to transport (1/ks) is 19 times larger than the external (1/kl) one and governs the whole process.

Keywords: Spent pot lining; NaOH concentration role; cryolite decomposition; reaction mechanism; 
kinetic model.

INTRODUCTION

Hundred thirty years passed since Hall–Héroult elec-
trolytic reduction and smelting process becomes a basic 
industrial process for the reduction of alumina (Al2O3). 
Nevertheless, the process achieved a signifi cant level 
regarding energy effi ciency and waste product recycling 
like anodes. Only cathode pot remains systemically unre-
cycled in many of the production locations around the 
world, although some technologies for processing exist1, 2.

Waste is known as Spent Pot Lining (SPL) and derives 
from each electrolytic cell, or more precisely from the 
material of the cathode electrode or pot3–6. 

Current European trends regarding hazardous waste 
streams demand a zero-waste concept and follow effort 
in aluminium production to complete recovery of SPL 
streams in a sustainable solution. Besides a waste burden, 
the material also represents an opportunity to harvest 
either its energy and/or valuable material content7.

Residue appears as SPL and is, after mechanical de-
terioration, sorted to the fi rst cut (FC, mostly carbon) 
and second cut (SC, mostly chamotte) material.

Since disposal is placed on the base of the wastes hie-
rarchy, some new solutions for waste materials treatment 
need to be provided. The concept of circular and low 
carbon economy directs toward the use of materials in 
the local/regional application chains8.

The study follows a new, concept of the SPL treatment 
process. All undesirable substances like NaF and cryolite 

should be extracted out, and toxic components in the 
form of cyanides disintegrated. Nontoxic and unreachable 
product almost without sodium and fl uorine can be used 
in a local circular economy. The new concept introduces 
no new species in the reaction system, low-temperature 
processing, low concentrations and no waste streams.

Improved understanding of the NaOH role in a reaction 
mechanism of the cryolite decomposition and the role 
of ligands gave, for the fi rst time, the possibility to fi nd 
the infl uence of the concentration on a whole process 
and most signifi cant resistance in the mass transport 
and chemical reaction chain. Solubility constraint of 
fl uorine ions and common ion effect is theoretically and 
experimentally determined. Experimental results confi rm 
that the reactive extraction process governs the solubility 
of its products and internal diffusion resistance inside 
material particles. 

MATERIALS AND METHODS

Both, FC and SC components are declared as hazar-
dous toxic materials (HTM) due to: (i) water leachable 
fl uoride and cyanide salts, (ii) corrosiveness – exhibiting 
high pH (12) due to content of metallic oxides (Na2O) 
and (iii) reaction of carbides, nitrides and Al metal 
with water and alkaline to form toxic and explosive 
gases like methane, ammonia and hydrogen (approx. 
0.2 l/kg of SPL). Typical chemical composition of 
average SPL, FC and SC, are summarised in Table 1. 
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Table 1. Approximate mass composition of whole SPL and mechanical separated fi rst cut (FC); compositions usually variate more 
than ±10%
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It is necessary to separate both parts at the beginning 
during mechanical demolition.

Preliminary investigations
Separation of the salts impregnated in carbon and 

chamotte structure becomes a primary concern while 
containing most sodium and fl uorine salts. Removal of 
the about 20% of NaF, as a very well solvable strong 
electrolyte, looks to be the right task for water extrac-
tion in the fi rst stage. As SPL contains 1–2% of Na2F 
immediate reaction with water gives sodium hydroxide, 
which raises the pH to more than 12. After NaF remo-
val, cryolite remains as the next massive component in 
the SPL material with an average value of 13% of the 
whole sample. With a very low solubility product con-
stant – Ksp cryolite, as an almost insoluble component, 
must be chemically decomposed fi rst to get water-soluble 
products. Some attempts propose disintegration at higher 
temperatures9–11. The basic concept of industrial appli-
cation directs experiments toward the low-temperature 
reactive extraction process with the implementation of no 
new ionic species into the system. Within the proposed 
concept, a decomposition of cryolite becomes a central 
concern in the study. According to the literature, dif-
ferent caustic and acid reactants can also be used for 
this purpose. To obtain H2SiF6 and AlF3 as the desired 
component in the electrolytic process Schönfelder12 
chose H2SO4 as a solvent. Zhao13 suggested the same 
solvent for HF production. Shi Z.14 used on the other 
hand 2.5 M NaOH solution with L/S ratio (Liquid to 
Solid ratio expressed in ml/g and declared as L/S) of 6 to 
separate cryolite from SPL while Kasireddy15 used 0.5 to 
1.25 M NaOH solution with the preferred L/S ratio of 6. 

As the introduction of new ions into the system is 
not favorable, especially sulphur-based products in the 
extract, a caustic disintegration of the cryolite takes 
central attention in the research.

Sodium Hydroxide reacts with cryolite according to 
a well-known reaction presented with Equation (1) ho-
wever, reaction steps and mechanism, essential for the 
design of the process, remain unpublished. This way, 
preliminary investigations start with batch laboratory 
tests of FC samples water leaching and searching for 
a mechanism of cryolite decomposition with sodium 
hydroxide.

 (1)

Sodium hydroxide concentration, reaction time and L/S 
ratio are the main parameters under consideration as 
they infl uence most on the results of decomposition and 
extraction16 of the cryolite in Equation (2). The use of 
pure cryolite (97.5 %) eliminates some possible infl uence 
of other components on the decomposition mechanism 
and simplifi es mass transfer picture at the surface of the 
particle. Revealed reaction and mass transport mecha-
nism in this preliminary investigation stage serves as the 
main model in the central experimental part on origin 
material as FC samples present.

Reaction mechanism of cryolite decomposition
Cryolite, with its very low solubility of 0.04 % at 20oC17, 

consists of a complex structure in its crystal. Complex 

anion is formed with fl uorine as a ligand arranged in 
the octahedral structure around a central ion. Ligands 
contribute electrons to an empty d orbital of the central 
atom to form a complex anion. As a counterbalance to 
the negative charge, the compound of the cryolite contains 
three cations. Decomposition reactions and dissolution, 
take place during the reactive extraction process, start 
with cryolite dissociation in water.

To increase the decomposition rate of the cryolite 
according to Le’Chatelier principle, some products need 
to be eliminated from the reaction plan. In the fi rst 
step, toward shifting the reaction to the right, complex 
anion [AlF6]3– reacts and disintegrates in hydroxide anion 
rich solution at high pH (8–12) to Al(OH)4

– anion or 
AlFx(OH)–

3–x anions16 depending on pH and Al/F ratio 
in the solution. At low F– concentrations and high pH 
values18 Al(OH)–

4 anion exists, a second step in the 
reaction of cryolite decomposition can be written as 
follows by  Equation (2).

 (2)

The formation of [Al(OH)4]– is confi rmed by the 
stability constant of the Al – OH complexes for this 
ion (log K = 33). Concerning Al3+ – F– – OH– the 
system presented by Sjoeberg18 indicates the existence 
of considered species start to appear in the pH range 
from 8 to 9 and above. The pH of 10 in the samples 
assures its presence.

As OH– is a stronger base than F–, metal ions like Al3+ 
act as strong acids and bind preferentially to hydroxide, 
therefore, increase the stability of the complex. Also, 
as can be seen from the spectrochemical series, (I– < 
Br– < Cl– < F– < OH–) the crystal fi eld splitting energy 
(Δ0) of OH– is larger than of a F– ion. Greater Δ0 con-
tributes to shorter metal-ligand distance as ligands are 
more strongly attracted to the metal ion and therefore, 
increased stability of the complex19.

Finally, as a summary, both reaction steps can be 
understood as one continuous reaction presented in 
Equation (1).

Large amounts of sodium and fl uorine ions appear 
as a product, and a lot of sodium hydroxide existing as 
a reactant seems to be the fundamental characteristic of 
the whole reaction. Reactions in the presented mechanism 
are of the ionic type and very fast or almost instanta-
neous. Consequently, other factors than pure reaction 
kinetics infl uence the decomposition reaction rate; in 
the following part, its analysis becomes the main focus.

Factors aff ecting the decomposition reaction rate
Firstly, a large amount of appearing sodium ion suggests 

that the thermodynamic factors like solubility of fl uoride 
ions in sodium hydroxide solution, as the central reac-
tant, play an important role. Phase equilibria governed 
by Gibbs phase rule and law of mass action help to 
understand solubility limitation in the complex solution. 
Phase rule F + P = C + 2 gives P = 2 while only two 
Phases (P = number of phases) can exist at equilibrium. 
Three Components (C: H2O, NaF and NaOH) give three 
degrees of Freedom (F) of the system, with constant 
Pressure and Temperature. The selected concentration 
of NaOH fi xes the solubility of the second component 
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saturation concentration. To operate below the satura-
tion curve calculated by Equation (3), a larger L/S ratio 
than a minimal needs to be applied. Calculations in the 
broader range of NaOH concentrations (0.2 to 1.5 M) 
directed to the optimal L/S ratio from 50 to 100 ml/g. 
Concentrations of NaOH in a range of smaller than 1 
M and proposed optimal L/S ratios give the frame for 
experimental arrangements and also for the evaluation 
of the reactive extraction process.

Process constraints
Before the presentation of work on process kinetics, 

some signifi cant constraints of the process should to be 
pointed out:

– The solubility of the cryolite decomposition product 
– NaF should be kept reasonably below its saturation 
curve calculated with Equation (3).

– The average reactant NaOH concentration diffe-
rence from the process start to its end should be high 
as possible.

– Consequently, a high L/S or substantially larger 
L/S ratio than minimal should be applied to assure the 
second constraint – NaOH average concentration high.

The limited solubility of the NaF, as the largest mass 
part of decomposition reaction in the reactant solution, 
can hinder by common ion effect the course of the reac-
tion itself. A second product [Al(OH)4]Na is not limited 
by its solubility. With the choice of optimal reactant 
concentration and adequate large enough L/S ratio, all 
constraints can be avoided.

Mass transfer and decomposition kinetics
Kinetics of the cryolite decomposition inside the 

amorphous and partly graphitized carbon – coke can be 
complicated as different types of resistances are possible. 
A process kinetics modeled on pure cryolite particles can 
give an elementary reaction fi eld picture, without the 
infl uence of other factors .  As ionic reactions are very 
fast, only transport of reactant – NaOH to reaction site 
and products as NaF to the solution and its solubility 
determines the process kinetics. The kinetics of the 
process depends on the reactant concentration, driving 
mass transfer process around cryolite particles. Combining 
fi rst Fick’s law governing diffusion around particles with 
Whitman’s fi lm theory a modifi ed equation for the mass 
transfer through the stagnant fi lm – J in (kg/m2 . s) can 
be derived by Equation (4). A mass transfer coeffi cient 
for liquid in kl (m/s) is derived from an approximation of 
differential with concentration gradient – ΔC divided by 
a stagnant fi lm around particles and its thickness δf (m) 
– a left side of the Equation (4). In the same equation, 
a NaOH mass fl ow to particles was equalized with cry-
olite decomposition rate – a left side of the Equation 
(5). In further transformation, surface (A) replaces all 
cryolite particles surface calculated as spherical particles 
with density (p) and radius (rp). Following integration 
between the mass of cryolite particles (m0 to m) and its 
decomposition time (0 to t), the equation for cryolite 
particles decomposition becomes Equation (6).

NaF. Variation of common ion enables calculation of 
the NaF solubility dependence on NaOH concentration.

Secondly, a fulfi lled mass balance assures enough so-
dium hydroxide to disintegrate complete cryolite in the 
solids. The minimum ratio of L/S (for each concentration) 
provides enough sodium hydroxide for this purpose. 
Oppositely, limiting solubility of NaF determines the 
maximum L/S ratio to assure solubility not to be exceeded.

Thirdly, mass transfer factors contribute mainly to cry-
olite decomposition reaction resistance of a consecutive 
reaction path. With combining the fi rst Fick’s law and the 
Whitman fi lm theory, the decomposition kinetics can be 
modelled and tested in the experimental confi guration.

Solution thermodynamics
The common sodium ion does not hinder the cryolite 

decomposition rate directly but affects solubility due 
to an instantaneous ionic reaction in the Equation (2). 
In the heterogeneous system, diffusion of the products 
and reactants limits the reaction rate. In a consecutive 
system, the slowest process determines the rate of the 
whole process. The low solubility of NaF, as a reaction 
product, limits the diffusion process mostly16 and limits 
the entire process. Effect of the common ion in the sys-
tem under consideration was proposed but not quantifi ed 
mathematically yet. Such an approach is improved by the 
implementation of the law of mass action to quantify 
the solubility equilibrium.

The common Na+ ion from cryolite (3 ions) and mostly 
NaOH (4 ions) obstruct the NaF solubility. In water, the 
NaF solubility at 20oC is 40.6 g/L (0.967 M)20. The NaF 
solubility drops from 0.967 M in water to 0.6 M in 1 M 
NaOH solution. The solubility product – Ksp enables the 
approximation of the NaF solubility and its dependence 
on NaOH concentration. This approximation does not 
consider the ionic strength of the solution and related 
ionic activity coeffi cients. NaF solubility – S at various 
NaOH concentrations – n gives:

 (3)

After the arrangement, the solution of the equation 
gives the dependence of NaF solubility on NaOH concen-
tration presented in Fig. 5. Calculated results, compared 
with the experimental results of different authors20–22, give 
a reasonably good fi t within the uncertainty range of the 
measured data. Calculated and the Selvaraj results21 have 
the largest negative slope of solubility within a range 
from 0 to 1 M NaOH concentrations and consequently 
determine the concentration window for the reactive 
extraction process.

Mass balance and L/S ratio
The Equation (1) gives mass balance for the decom-

position and dissolution of the cryolite. L/S ratio was 
taken as a measure of mass balance to simplify batch 
experiments design, used rather widely14. The minimum 
L/S ratio provides only the framework of the NaOH mass 
balance but does not avoid or take into account solubility 
limit calculated with Equation (3). L/S calculations are 
always based on (pure) cryolite content in the material 
processed. Applying (selected) 1 M solution NaOH gives 
(L/S)min of 19 ml/g. Calculated NaF concentration at 
1.5 M NaOH exceeds its solubility limit of 0.57 M as 
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First cut – FC experiments
Samples were taken from Talum company Al smelter 

in Slovenia from the electrolysis cell after 6.5 years of 
operation. Large samples in the form of 20–40 cm wide 
chunks were taken from the dismantled spent cathode 
pot. The FC samples were ground in the Retsch MM 
400 device to prepare a fi ner sample with d50 = 30 μm. 
The samples contain merely carbon and compounds 
like NaF, cryolite, SiO2, sodium aluminate, CaF2 and 
others according to the average composition presented 
in Table 1.

All the samples were initially extracted with pure water 
to separate about 23% of the soluble fraction – mainly 
NaF as salt. Samples were mixed in a batch reactor ar-
rangement as described above, initially for a period of 
1h and repeated to extract more than 95% of soluble 
substances. About 12% of water-insoluble cryolite re-
mained inside the carbon matrix consists of approx. 60% 
of graphitized and 40% of amorphous carbon. Samples 
were fi ltered and dried as described above, before ex-
posure to NaOH reactive extraction.

Fixed-carbon content (Cfi x) was analyzed in a Mettler 
Toledo TGA/DSC 1 analyzer by STARe software. After 
reactive extraction samples were two times washed with 
water to avoid contamination, fi ltered and dried before 
sent to analysis. X-ray fl uorescence (XRF) was used 
for elementary quantitative analysis and measured on 
Thermo ARL Advant’X XRF with copper tube oper-
ated at 50 kV and 60 mA. X-ray diffraction (XRD) was 
used for solid crystal phase identifi cation using a Pana-
lytical Cubix3 X-Ray Diffractometer equipped with an 
X’Celerator detector. The copper tube operated at 50 kV 
and 40 mA. Qualitative and quantitative analysis with 
the Rietveld method was used to obtain the mass frac-
tions of the compounds analyzed by X’Pert PRO x-ray 
powder diffractometer with Cu – K1 radiation in the 
2Theta range from 5 to 90o and with a step of 0.017o, 
0.7 s/step – time per step and 59 min scan time.

The alkali leaching experiments were conducted with 
two limited concentrations of NaOH 0.3 and 1 M and 
corresponding L/S ratio of 21 and 15 ml/g at stirring 
times of 9, 30, 60 and 180 min.

RESULTS AND DISCUSSION

Experiments with pure cryolite
First series of the experiments conducted at different 

concentrations of NaOH solution, at L/S 50 ml/g and 
reaction times up to 5 hours where more than 92% of 
the cryolite was decomposed and dissolved. The results 
of the remaining cryolite mass indicate the process 
transition point at 3 hours, where decomposition slows 
down to a substantially low rate.

Diminishing of the remaining cryolite after 3 hours 
of reaction with NaOH in the whole testing range is 
technically negligible slow and cannot be solved in the 
same contacting system. Solutions can be twofold, change 
mixing contacting system to counter current or leaves 
a small amount of the cryolite undecomposed.

The signifi cance of the NaF solubility potential, measu-
red as the percentage of actual concentration below the 
saturation point is presented in Fig. 1. Results suggest 

 (4)

 (5)

 (6)

Equation (6) represents a primary tool in the analyses 
of the decomposition experiments with the cryolite in the 
pure form and as well as coke particles – FC material 
(with cryolite inside the matrix) to assess overall mass 
transfer coeffi cient. The equation also supports calcula-
tion of cryolite decomposition mass balance.

Experiments
To obtain the dependence of decomposition reaction 

time NaOH on concentration and L/S ratio experiments 
were performed with pure cryolite and FC with different 
particles sizes and mixing conditions.

Experiments were performed in two series. The fi rst 
pure cryolite preliminary series use to confi rm its de-
composition reaction mechanism in the pure system. 
In the second series, tests were performed on the real 
samples of the FC material from the industrial plant. 
Experiments with FC samples upgrade results to engi-
neering process parameters needed to determine the 
reactive extraction process.

All experiments were conducted in a batch mixing 
reactor at 20oC to confi rm the possibilities of the extrac-
tion process without additional heat consumption. Mass 
balance calculated as L/S ratio was applied with the 
access of reactant – NaOH, described above. Selected 
mixing times from few minutes to several hours cover 
the whole range of cryolite decomposition. The reactive 
leaching procedure was performed in a 400 ml low be-
aker (din = 78 mm) with 50 mm long magnetic stirrer 
at a speed of 500 rpm and samples mass in a range of 
20 g. Remaining samples were vacuum fi ltered on a blue 
ribbon fi lter paper, dried for 24 h at 120oC and weighed.

The size of FC sample particles largely depends on 
the application in metallurgical smelting processes, which 
favour larger particles in a range from 1 to 3 mm than 
others. For laboratory experiments, smaller particles up to 
100 μm are applied. The grinding process needs special 
attention due to the sticky nature of FC material, which 
could cause problems23.

To avoid the common ion effect and consequently, 
NaF limited solubility samples were fi rst extracted with 
pure water and wet residues later subjected to reactive 
alkaline treatment to decompose cryolite and raise the 
carbon content in the samples to a high level.

Pure Cryolite decomposition tests
Cryolite (Na3AlF6) salt of 97.5% purity was grinded 

to granulation in a range from 10 to 60 μm with 
d50 = 50 μm. The series of experiments were performed 
at L/S ratio from 50 ml/g with 1 M NaOH to 105 ml/g 
with 0.2 M NaOH and stirring times of 20, 30, 60, 180 
and 300 min.
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Figure 1. Residual Cryolite in % in different NaOH solution 
and: a.) L/S = 50 ml/g – mean 3.15 times (L/S)min on 
average and 60 min, b.) L/S taken 1.13 times (L/S)
min and reaction time 180 min

inverse proportional relation of a difference between the 
actual and saturated concentration of NaF at applied 
reactant concentration. The same relation can be seen at 
three time’s larger reaction times 1:3 and L/S ratio 3:1. 
At these conditions, the level of cryolite decomposition 
is higher even at three time’s shorter reaction time what 
confi rms the importance of L/S ratio. High level of L/S 
ratio above (L/S)min assures high average concentration 
potential of the NaOH even at the end of the reaction 
and provides enough space for reaction products like NaF.

According to results, a series of close to optimal experi-
ments were performed in a lower range of concentration 
– 0.3 M NaOH and L/S of 90 ml/g 1.43 times (L/S)min.

Analysis of the process kinetics, according to Equation 
(6) presented in Fig. 2 gives proportional factor K as 
5.94 . 10–4 . s–1. With given data for cryolite particles as 
p = 3 . 103 kg/m3, rp = 2.5 . 10–5 m and Cav = 9.2 
kg/m3 (in a range from 0.3 M to 0.105 M at the end) 
a mass transfer coeffi cient kl was calculated as 1.61 . 10–6 
m/s. The calculated value of kl is in confi rmation with 
published values for ionic species in water. The result 
enables discrimination among resistance in the liquid fi lm 
around the particle and resistance in the pores inside 
particles at experiments with the fi rst cut – FC material.

Decomposition of the cryolite in a fi rst cut sample
First cut material (FC) with the average composition 

presented in Table 1 and d50 = 30 m granulation was 
initially extracted with water to eliminate originally pre-

sented NaF. Elimination of the originated NaF avoids 
hindering the alkali reaction of cryolite decomposition 
and extraction from the FC carbon matrix.

Initially, water leached FC samples were reacted with 
1M NaOH solution at L/S of 15 ml/g (3.4 times (L/S)min 
– calculated on cryolite content) and 3 h mixing time. 
An XRD diffractogram analysis presented in Fig. 3 
indicates the disappearance of cryolite24. Quantitative 
analysis acc. to Rietveld gives 5.1% of cryolite at the 
end from 23.1% at the beginning, which means 78% 
removal of the cryolite.

Figure 2. Decomposition kinetics of pure cryolite sample 
calculated by Equation (6) in 0.3 M NaOH solution 
and L/S of 90 ml/g 1.43 times (L/S)min

Figure 3. Diffractograms of an effective cryolite decomposition: 
pixels (V): 32 and 32.5; 57.8 and 58.7 have a lower 
value on the red line after alkali leaching step. Cry-
stallographic data from ICCD: carbon 00-008-415, 
CaF2 03-065-0535, cryolite 00-025-0772

Sample of FC contains initially 72.2% of carbon and 
rises to 79.6% after NaOH reaction, insoluble compo-
nents like CaF2 – 7.4% and diaoyudaoite – NaAl11O17  
– 3.9% remains.

Next FC leaching experiment at the same conditions 
as with pure cryolite on Fig. 2 with 0.3 M NaOH and 
L/S of 21 ml/g (based on cryolite content) 1.43 times 
(L/S)min indicates a steady reduction of cryolite in the 
FC sample with time. XRD quantitative analysis from 
3 h comparable mixing time gives 7.4% of cryolite at 
the end from 23.1% at the beginning; 68% of cryolite 
was removed. Initial carbon content rises from 72.2% to 
83%, a larger rise of Cfi x in the second experiment can 
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be related to larger L/S ratio of 21 ml/g comparing to 
15 ml/g. More water probably dissolves some remained 
water leachable components from particles.

Process kinetics analysis with Equation (6) from Fig. 4 
gives proportional factor K as 6.35 . 10–5 . s–1. A decade 
smaller number suggests larger overall resistance of the 
species transport into the graphitized coke particles and 
products backward to the solution. With the data for 
graphitized coke:  = 2.2 . 103 kg/m3, rp = 1.5 . 10–5 

m and Cav = 8.4 . kg/m3 (fro m 0.3 M to 0.15 M at 
the end) overall mass transfer coeffi cient – Ko becomes 
8.32 . 10–8 m/s. Mass transfer coeffi cient for FC consists of 
two parts: (i) transport from bulk liquid to particle surfa-
ce (the same case as in pure cryolite) and (ii) transport 
inside solid carbon matrix. Adequately, Ko consists of two 
resistances: resistance of the transport to the surface (in 
the liquid fi lm around particles) and inside solid particles 
(resistance in solid). Assuming the replacement of the 
external resistance by previously calculated value for 
pure cryolite the internal resistance, inside the particle 
can be calculated. Results of internal resistance 1/ks = 
1.2 . 107 . s/m, and external 1/kl = 6.2 . 105 . s/m indicates 
that resistance to diffusion inside solid particles is 19 
times higher than in liquid. Such basic information opens 
possibilities to the development of the SPL treatment 
process, to fi nd an adequate contacting method and 
other corresponding technological parameters supported 
by chemical engineering knowledge.

Solubility diagram Fig. 5 based on Equation (3) and 
data from Selvaraj21 gives the possibility to represent 
mass balance in the liquid phase. The process starts on 
the abscissa and ends on the ordinate axis. Different 

NaOH concentrations give larger (L/S)min ratios which 
at 0.6 exceed the solubility curve at the end of a process 
and should operate at a larger L/S ratio than minimal.

Comparable results of the cryolite disintegration are 
possible to be achieved with FC samples where remaining 
cryolite content is left in the range between 5% and 10% 
(of whole FC sample) at the process conditions discussed 
above. These material quality specifi cation frames open 
two general issues with imposed answers:

1. What is the optimal particle size of the SPL material 
needed? Answer: main selection criteria should follow 
application possibilities and corresponding particle size 
specifi cations.

Figure 4. Decomposition kinetics of FC sample calculated by 
Equation (6) in 0.3 M NaOH solution and L/S 21 
ml/g (based on cryolite content) 1.43 times (L/S)min

Figure 5. Diagram of NaF conc. in NaOH solution presented as liquid phase mass balance diagram with different (L/S)min ratios 
at the start and end of a process
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2. Results and evidence support the suggestion that 
process and economical optimum of fi nal product quality 
lies in the range of 10% > Ccyolite > 5% and Cfi x  80% 
with no water leachable and toxic components. Response: 
explore application possibilities of the SPL – FC and 
SC material with proposed composition to fi nd related 
particle size requests.

CONCLUSIONS

With the revealing of the alkaline cryolite decompo-
sition reaction mechanism and corresponding process 
kinetics model, a basis for the development of a reactive 
extraction process of SPL is established. Complex, but 
valuable waste materials like SPL, need to be prepared – 
processed before entering into a local chain of a circular 
economy. Complex material also needs a straightforward 
combination of mechanical and chemical procedures 
to gain a marketable and environmentally acceptable 
material as sustainable application.

Reaction mechanism with ligand exchange to complex 
aluminium ion and the common ion effect on solubility 
in reactant solution are the key parameters in the fi rst 
part of the process. The water extraction step eliminates 
originally presented product – NaF to enable cryolite 
decomposition reaction and transport of reactant – 
NaOH and products, mainly NaF, by diffusion running 
process into bulk extraction liquid solution. Keeping 
NaOH concentrations low between 0.1 to 0.3 M, witho-
ut introducing new ionic species into the reaction and 
extraction system and operation at room temperatures 
simplifi es the process and contributes to its economics. 
This NaOH concentration range is also within the range 
proposed in the patent applied to the Slovenian Intel-
lectual Property Offi ce (SIPO)25.

The experiments with pure cryolite allowed the quan-
tifi cation of the mass transfer coeffi cients related to the 
NaOH transfer from the solution to the surface of the 
cyolite particles. In the case of the SPL material, the 
cryolite is dispersed inside particles, the mass transfer 
coeffi cient of NaOH also includes its diffusion within 
the SPL particle.

As the kinetic modeling and measurements give the 
internal resistance, inside the particle, 19 times larger 
than the external one (in liquid phase), larger resistance 
governs the time of the overall process of decomposition 
and extraction. Such process circumstances impose care-
ful selection of the technology, process and equipment 
adequately, according to the primary recognition learned 
that diffusion governs the process.

Composition of the fi nal product with high carbon 
content – Cfi x > 80%, some amount of CaF2 and a small 
part of remaining cryolite with alumina and silicates di-
rect application possibilities toward metallurgy, cement, 
mineral wool production and others. Particle size mostly 
depends on the application and needs to be adapted 
thoughtfully.
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NOMENCLATURE

A surface area of cryolite sample (m2),
Ap surface area of cryolite particle (m2),
C number of Components,
Ccryolite cryolite content (%),
Cfi x fi xed carbon content (%),
D diffusivity (m2 · s-1),
d50 average particle diameter (μm),
F number of degrees of Freedom,
FC First Cut,
HTM Hazardous Toxic Materials,
ICCD ICCD type of camera,
J mass fl ux through the stagnant fi lm 
 (kg · m–2 s–1),
K proportional factor in Eq. 6 –  
 (s–1),

Ko overall mass transfer coeffi cient –  
 (m · s–1),
kl individual liquid phase mass transfer 
 coeffi cient (m · s–1),
ks  individual solid mass transfer coeffi cient 
 (m · s–1),
Ksp Solubility product constant (mol2 · dm-6), 
L/S  Liquid to Solid ratio (ml · g–1),
(L/S)min minimum liquid to solid ratio (ml · g–1),
m mass of cryolite sample (g),
m0 the initial mass of cryolite sample (g),
np number of cryolite particles in cryolite sample 
P number of phases,
rp radius of cryolite particle (μm),
SC  Second Cut,
SPL  Spent Pot Lining,
t time of cryolite decomposition (s),
XRD  X-ray Diffraction, identifi es type and 
 amount of mineral phases in the sample,
XRF  X-ray Fluorescence, gives information on 
 elemental composition of sample,
δf thickness of stagnant fi lm around particles
 (μm),
p density of cryolite (kg · m–3),
C concentration gradient (kg · m–3),
1/kl external resistance in the liquid fi lm around 
 particles (s · m–1),
1/ks internal resistance inside solid particles (s · m–1).
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