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Abstract: Spent pot lining (SPL) from aluminum reduction cells is considered to be hazardous materials due to 
containing a large amount of soluble fluoride salts and trace toxic cyanides. The distribution of fluorides and cyanide in 
a 350 kA cell operated for 2396 days was analyzed and the footprint and corrosion mechanism of the harmful 
substances in SPL were also studied. It is found that the fluorides are mainly concentrated in the cathode carbon block 
and the layer of dry barrier under the cathodes, which is closely related to permeability of the cathodes and dry barrier 
the fluorides penetrate in. Cyanide has a low concentration in the cell center and a high concentration in the sidewall, 
which is positively related to the air amount entering into the areas in the cells. 
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1 Introduction 
 

In the aluminum reduction process alumina is 
dissolved in cryolite in electrolytic cells called pots 
that consist of steel shells lined with carbon and 
refractory materials. The inner portion of the lining 
serves as the cathode which contains the molten 
electrolyte. The high temperature molten salt 
system is immersed in the reduction cells and 
directly contacts with the lining materials for a long 
time. The electrolyte will penetrate into outsides 
bringing about a large amount of fluorides existing 
in the cathodes and lining. At the same time, air will 
infiltrate into the electrolytic cell during operation 
and react with the carbonaceous materials and bath 
to form highly toxic cyanide [1−3]. 

The toxic soluble fluoride and cyanide in the 
spent pot lining (SPL) may be leached and 
discharged into environment such as soil, rivers and 
groundwater in humid air or during rainy weather. 
Harmful gases emission will also take place during 
this process. Study results have shown that the 
lethal dose of cyanide is only 0.001−0.002 g/L. The 
SPL seriously threatens the living environment   
of the surrounding humans, livestock and 
vegetation [4−6]. 

About 30−40 kg of SPL is discharged for 
production of per ton of aluminum [7]. It is shown 
that the raw aluminum output in 2018 was 36.48 
million tons in China bringing about discharge of 
1.1 million tons of SPL. As the result, SPL has been 
classified now as the dangerous solid wastes by 
many countries and regions [8]. 
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A lot of work has been done on the harmless 
treatment and resource utilization of SPL [9−16]. 
SHI et al [17] separated the cryolite from the SPL 
by two-step acid-caustic leaching. SATERLAY   
et al [18] processed SPL by using ultrasound, which 
has a faster leaching speed and leaching rate than 
conventional leaching. Cyanide is destroyed by 
oxidation of hydrogen peroxide under the ultrasonic 
surroundings. Caesar Company of the United States 
invented a method for treating SPL at high 
temperature [19]. Adequate water is introduced to 
hydrolyze fluoride and cyanide at 1100−1350 °C to 
form HF gas and gaseous NaF. The residue contains 
sodium oxide and aluminum oxide. BROOKS [20] 
developed a detoxification process where a blend of 
SPL, limestone and an anti-agglomeration agent are 
calcined in a rotary kiln using natural gas as the 
heat source. The concept is that CaO will convert 
NaF−AlF3 to CaF2 which is much less soluble. The 
cyanides are also destroyed by the high temperature 
process. Chalco SPL [21] treatment is a 
pyro-process at the temperatures of 900−1050 °C, 
which also destroys all cyanides rapidly. The 
detoxified solid residue is recycled to cement 
production and the fluorides to the alumina 
scrubbers. 

Not so much study results on the formation 
mechanism and distribution of harmful substances 
in SPL is presented. In 1985, PETERSON et al [22] 
conducted a study on the distribution of total 
fluorides and cyanides within cell linings for 
multiple cell technologies (65−225 kA), followed 
by laboratory experiments to confirm the suspected 
mechanism of cyanide formation. However, the low 
current intensity cell is gradually replaced by high 
current intensity cell. The 350 kA cell is used by 
most companies now. The distribution of fluoride 
and cyanide in the lining material has also changed 
due to different operating parameters and cell lining 
designs. SILVEIRA et al [23] characterized the 
leaching extent of cyanides and fluorides from SPL 
as a function of the number of years when the lining 
materials were presented in an operating cell. 
However, it seems that there is no clear correlation 
between the hazardous materials and the cell life. It 
is found during our processing SPL that the 
compositions of SPL are highly variable (e.g. 
cyanide, fluorides and metals), but the components 
of the greatest concern environmentally are also 
cyanide and soluble fluoride salts. The SPL has 

different components in different cells and smelters, 
which need to be treated in different ways. And the 
products obtained after treatment are also different. 

Studying the behavior of toxic substances in 
different types of SPL is of great significance for 
the further targeted treatment. The study of the 
diffusion mechanism of hazardous materials in the 
lining material can also optimize the lining design 
of the aluminum reduction cell. The purpose of this 
work is to analyze the content distribution of 
harmful substances in SPL at the typical locations 
of cells and to study their footprint and corrosion 
mechanism. It is our purpose to provide basis for 
the green processing and resource utilization of 
different parts of SPL. 
 
2 Experimental 
 
2.1 Sampling and sample preparation 

The samples used in this experiment were 
taken from a 350 kA cell with a life of 2396 days in 
an aluminum smelter in the western China 
including the waste cathode carbon blocks, dry 
barrier, refractory and insulation bricks etc (Fig. 1). 
 

 
Fig. 1 Distribution of sampling points in lining material 

of electrolytic cell 

 

Firstly, the samples were taken at the different 
sampling points in the cell by a pneumatic pick 
drilling. Then, the bath agglomerates stuck on the 
sample surface were cleaned up. After preparation 
the samples were put in the sample bags and placed 
in a constant-temperature (80 °C) desiccator for  
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24 h. Finally, the dried sample was placed in a 
sample grounding machine for particle size <74 μm 
for subsequent chemical and mineral analysis and 
research tests. 
 
2.2 Cyanide analysis method 

The cyanide content was measured by using 
the silver nitrate titration method [24] (the 
minimum detection concentration of cyanide is  
0.25 mg/L). This method is to use a 0.01 mol/L 
silver nitrate standard solution to titrate the SPL 
leachate to which the indicator is added. The 
cyanide ion reacts with silver nitrate to form 
[Ag(CN)2]

−, and an excess of silver ions reacts with 
the indicator to change the color from yellow to 
orange-red. The concentration of cyanide can be 
calculated based on the amount of silver nitrate at 
the titration end. 
 
2.3 Leachable fluorides analysis method 

The leachable fluorine content in the samples 
is analyzed by the ion selective electrode method  
in GB/T 15555.11 (the minimum detection 
concentration is 0.05 mg/L) [25]. And the 
instrument of the ion activity meter (PXSJ−216, 
Shanghai INESA Scientific Instrument Co., Ltd., 
China) is used for leachable fluorides analysis. 
 
3 Results and discussion 
 

It is found out from this study that the 
distribution of hazardous materials in the SPL is 
mainly influenced by the design of the lining, the 
cell life and the process parameters. 
 
3.1 Fluoride footprint 

Unlike the cell with low current intensity in 
the past, the life of the high-current cell with 
improved structure can reach more than 2000 days. 
More fluoride was accumulated into the lining 
material as the life of the cell increases. There is 
more or less fluoride diffusion in each part of the 
lining material in the cell after 2396 days. The 
average concentration of soluble fluoride in the 
cathode carbon block is 3422 mg/L, 3207 mg/L  
for the paste between the cathode carbon blocks, 
3705 mg/L for the side carbon block, 1702 mg/L 
for the silicon carbide side block, 3077 mg/L for the 
side refractory material, 8315 mg/L for the dry 
barrier power, 2696 mg/L for the bottom refractory 
material, 1296 mg/L for the bottom insulation 

material and only 691 mg/L for the thermal 
insulating material (Fig. 2). The average 
concentration of fluoride in the cell is increased by 
2000 mg/L compared to the low current intensity 
cell, which is related to the age of the cell and the 
amount of fluoride used. 
 

 

Fig. 2 Distributions of fluoride in longitudinal (a) and 

lateral (b) components of 350 kA cell 

 

The results show that there is a large amount 
of fluorides in the spent cathode carbon block 
which are mainly in the form of sodium fluoride, 
calcium fluoride and cryolite (Fig. 3(a)). In the  
new cathode carbon block there exsits only 
carbonaceous material (Fig. 3(b)). 
 

 

Fig. 3 XRD patterns of spent (a) and new (b) cathode 

carbon block 
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Most of the fluoride is concentrated in the 
carbon block and the dry barrier layer and the 
highest concentration of soluble fluoride in the 
lining appears below the cathode carbon block  
(Fig. 2). 

From the top to the bottom of the cathode 
carbon block the fluoride distributes evenly, and 
there is no obvious concentration gradient. The 
fluoride concentration is slightly increased at the 
bottom of the cathode. But the concentration of 
soluble fluoride rises sharply in the dry barrier layer 
and reaches the peak in the entire cell. This means 
that a large amount of fluoride is enriched in this 
area. However, after passing through the dry barrier 
layer the concentration of soluble fluoride in the 
refractory material drops dramatically, which is 
even much lower than that in the cathode carbon 
block. Most of the fluoride is isolated in the dry 
barrier layer and it is difficult to penetrate further 
into the bottom lining materials. Only small amount 
of the fluoride can be detected in the bottom 
insulation material, which is much lower than that 
of other locations (Fig. 4). 
 

 
Fig. 4 Fluoride concentration gradient in vertical 

direction of cell lining 

 

The cathode carbon block is the most 
important structural part of the aluminum reduction 
cell, which plays an important role in conducting 
current and undertaking high temperature molten 
salt. The cathode carbon blocks have been in direct 
contact with the metal and bath for several years 
and the fluoride in the electrolyte can gradually 
diffuse into this region. As the electrochemical 
reaction proceeds, the cathode carbon block is worn 
and cracked under the actions of erosion and stress 
in the molten aluminum metal. Moreover, fluoride 

can further penetrate into the lining material due to 
the presence of these cracks on the cathode surface. 
As time goes by, the fluoride content in the cathode 
carbon block has accumulated to a higher level. 

Under the bottom of the cathode carbon block 
is a dry barrier layer in which the main components 
are Al2O3 and SiO2. When the fluorides diffuse to 
the dry barrier layer, these fluorides can react with 
the dry barrier materials in this area (Eqs. (1) and 
(2)), and the main reaction products are nepheline 
and albite [26]. Nepheline will exist in the form of a 
crystalline, and albite will form a sticky glass layer 
at the reaction site which will prevent further 
penetration of fluoride into the next layer. Moreover, 
the temperature at this location is also suitable for 
solid phase deposition and columnar crystal 
formation. Consequently, the fluoride gradually 
accumulates under the cathode carbon block, and 
the fluoride concentration reaches the peak in the 
entire electrolytic cell here. 
 
6NaF(l)+3SiO2ꞏ2Al2O3(s)= 

3NaAlSiO4(s)+Na3AlF6(s)              (1) 
 
6NaF(l)+9SiO2ꞏ2Al2O3(s)= 

3NaAlSi3O8(s)+Na3AlF6(s)             (2) 
 

The results show that there is a large amount 
of fluorides and other substances in the spent dry 
barrier powder which are mainly in the form of 
sodium fluoride, calcium fluoride and nepheline 
(Fig. 5(a)). In the new dry barrier powder there 
exsit only Al2O3, SiO2 and SiO2ꞏAl2O3 (Fig. 5(b)). 
 

 

Fig. 5 XRD patterns of spent (a) and new (b) dry barrier 

powder 

 
Further penetration of the fluoride can be 

hindered by the presence of the dry barrier layer 
due to the reactions so that the concentration of 
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fluoride in the refractory brick and insulation 
material below the barrier layer is much lower  
(Fig. 6(a)). 

However, in the actual tests and analysis, it is 
noticed that not so much fluorides can penetrate 
passing the dry barrier layer into the refractory. If 
too many fluorides infiltrate into the refractory 
material the severe corrosion will happen in this 
area. Corroded refractory materials cannot prevent 
the further penetration of the fluorides, which is one 
of the reasons for the reduction cell leakage. It can 
also be found that a very high fluoride 
concentration is detected in this area. 
 

 
Fig. 6 Schematic diagram of fluoride diffusion into 

lining material (a) and W-shape wear pattern (b) 

 

In the horizontal direction of the cell, the 
soluble fluoride concentration of the carbon block 
at the sidewall is slightly higher than that of the 
central carbon block. It is shown by TABEREAUX 
et al [27] that the highest cathode block erosion was 
often located under the anodes towards the sidewall 
of the cell and that the wear under some anodes was 
deeper than that under others. It is also found that 
there is almost no erosion in the center of the cell. 
This uneven cathode erosion leads to the most 
common erosion pattern observed in modern 
high-amperage prebaked anode cells called the 
W-shape or WW-shape wear pattern (Fig. 6(b)). The 
formation of the W-shape wear pattern is related to 
the current distribution and flow field in the cell. 
This corrosion pattern is more pronounced in high 
current intensity cells. In the areas where the 
corrosion pits are deep the higher concentrations of 
fluorides will be detected than that in other 
positions. Potholes can be easily found in the areas 
with a high degree of corrosion. This is helpful for 

the deposition and further diffusion of fluorides in 
this area. It can be supposed that the distribution of 
fluorides in the lining materials of the aluminum 
reduction cells is probably related to the current 
intensity and the flow status of the molten metal. 

For the sidewall, the concentration of soluble 
fluoride in the side carbon block is higher than that 
in the side block of silicon carbide, the reason of 
which is possibly related to the side carbon block 
formation and baking process of the cells. The side 
wall includes the silicon carbide blocks and side 
carbon blocks. The carbon blocks are mainly from 
the ramming paste and baked during the baking 
process of the cells when lots of fluorides are 
absorbed into the ramming paste so that the side 
carbon blocks contain much more fluorides than in 
the silicon carbide blocks. 
 
3.2 Cyanide footprint 

NaCN can be formed and enriched in the 
lining material when N2 in the air reacts with the 
sodium-containing carbonaceous material in the 
cell: 
 
1.5N2(g)+3Na(s)+3C(s)= 3NaCN(l) 

1223KG =−164.7 kJ                   (3) 
 

It is found from the results of cyanide 
concentration analysis that cyanide does not 
distribute evenly in the lining of the cell (Fig. 7). 
The average cyanide concentration in the cathode 
carbon block is 5.2 mg/L and that in the paste 
between the cathode carbon blocks is 4.5 mg/L, 
while it is 61.1 mg/L in the side carbon block,  
73.8 mg/L in the silicon carbide side block and  
59.9 mg/L in the side refractory material, which 
means that side wall contains much higher cyanide 
concentration than in the cathode blocks at the cell 
bottom. The cyanide concentrations in dry barrier 
layer, bottom refractory material and bottom 
insulation material are 7.8, 5.2 and 3.7 mg/L, 
respectively. The cyanide concentration is as high 
as 73.3 mg/L in the side thermal insulating material 
like that in the side wall materials. The cyanide 
concentration in the cathode carbon block is 
reduced by 10 mg/L compared to the low current 
intensity cell, but the cyanide concentration in the 
side liner is significantly increased by 50 mg/L. 

A very low level of cyanide is detected in the 
central region of the cell. However, the closer to the 
side wall the sample cell is, the higher the cyanide  
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Fig. 7 Distribution of cyanide in longitudinal (a) and 

lateral (b) components of 350 kA Cell 

 
concentration is in this sample cell. The 
concentration of cyanide in the side lining material 
can be several times higher than that in the cell 
center. It is found as well that cyanide also appears 
in non-carbonaceous materials. This means that 
cyanide is not fixed in the place where it is formed, 
but can be diffused and transferred into the lining 
material at other locations in the cell. It is found 
that the cyanide concentration in the silicon carbide 
side block and carbon block near the aluminum 
suction positions is also much higher than that in 
the other areas (Fig. 8). 
 

 
Fig. 8 Cyanide concentration gradient in horizontal 

direction of lining 

The cyanide is produced by the reaction of the 
carbonaceous material with nitrogen in the air. This 
means that a high concentration of cyanide can be 
easily detected in a region where it is in contact 
with air and carbonaceous materials exist. Air can 
penetrate into the cell by the portholes in the side 
walls during aluminum reduction. Most air is 
infiltrated around the side walls of the cells and 
difficultly enters into the cell center. Therefore, high 
levels of cyanide appear in the side lining material 
of the reduction cells. In the same way, the cyanide 
concentration in the cell center is much lower due 
to lack of air. 

The aluminum suction position is a special 
place for cyanide formation. The operation is 
carried out every day at this position, such as 
salvaging the carbon residue, measuring the levels 
of bath and aluminum metal, observing the 
operation state of the cells and extinguishing the 
anode effects. Frequent breaking of the crust and 
agitation of the bath and metal will cause a large 
amount of air to flow into this area, which creates 
good conditions for the formation of cyanide. That 
is why there is a high concentration of cyanide in 
the silicon carbide side block and the cathode 
carbon block near the suction position. The cyanide 
content in the lower side wall area is very low 
because it is immersed in the bath and metal and 
there is less chance to contact with air. So, the 
cyanide content in the lining is closely related to the 
place if air can enter into this part easily (Fig. 9). 

According to the literature, when heated to  
773 K, about 99.5% of cyanide in SPL was 
decomposed, when heated to 873 K, about 99.8% of 
cyanide was decomposed, and when heated to 
above 973 K, cyanide completely disappears. We 
find that cyanide is prone to the decomposition in 
an aerobic atmosphere. This means that although 
the infiltration of air in the cell causes the formation 
of cyanide, cyanide can also be decomposed in the 
presence of oxygen in the high temperature region. 
Therefore, a higher concentration of cyanide can be 
found in the side regions where the temperature is 
slightly lower and the air is more easily penetrated. 
However, cyanide is hardly found in the central 
portion of the cell where the temperature is high 
enough. 

In addition, NaCN is unstable when Na3AlF6, 
Al2O3 and Na are simultaneously present in the 
reduction cell (1223 K) based on Eqs. (4) and (5): 



Feng-qin LIU, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1956−1963 

 

1962
 

 

 

Fig. 9 Schematic diagram of cyanide distribution in lining of electrolytic cell 

 

1.5Na3AlF6(l)+1.5NaCN(l)+3Na(s)= 
1.5AlN(s)+9NaF(l)+1.5C(s)            (4) 

1223KG =−255.0 kJ/mol 
 

3Al2O3(s)+1.5NaCN(l)+3Na(s)= 
4.5NaAlO2(s)+1.5AlN(s)+1.5C(s)        (5) 

1223KG =−214.8 kJ/mol 
 
The alumina feeders are located on the central 

axis of the electrolytic cell, so that the central 
portion of the cell is more enriched in alumina, 
which is prone to carrying out this decomposition 
reaction. Therefore, there is a lower cyanide 
concentration in this region while a higher cyanide 
distribution on the cell side where there is less 
Al2O3 concentration. 
 
4 Conclusions 
 

(1) Fluoride and cyanide in the SPL are the 
main factors affecting the environment, and the 
leachate from the long-term stacking SPL will 
contaminate the soil and groundwater nearby. The 
average concentration of fluoride in the electrolytic 
cell is increased by 2000 mg/L compared to the low 
current strength electrolytic cell, which is related to 
the age of the tank and the amount of fluoride salt 
used. Fluorides are usually concentrated in the 
cathode carbon block and dry barrier layer. The 
highest concentration of fluoride appears below the 
cathode carbon block, where the reaction between 
fluorides and dry barrier happens. The vitreous 
material forming in this reaction isolates most 
fluorides into this area and prevents them to further 
diffuse. 

(2) The cyanide concentration in the cathode 
carbon block is reduced by 10 mg/L compared to 

the low current intensity cell, but the cyanide 
concentration in the side liner is significantly 
increased by 50 mg/L. This is related to the better 
tightness of the cell and the higher bath and metal 
levels. A large amount of cyanide is found in the 
side lining because of frequent air infiltration at the 
operating positions. The cyanide content in the 
various parts of the cell lining is closely related to 
the amount of air that can enter into this part. 
Cyanide mostly distributes near the side wall of the 
cell and it is not fixed in place where it forms, but 
can be diffused and transferred into other locations 
in the cell. 
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摘  要：铝电解废槽衬(SPL)因其含有大量可溶性氟化物和少量剧毒氰化物而被列为危险固体废弃物。对运行了

2396 天的 350 kA 铝电解槽中氟化物和氰化物的分布状况进行检测分析，研究废槽衬中毒害物质的足迹和腐蚀机

理。研究结果表明，氟化物主要集中在阴极炭块和阴极下方的干式防渗料层中，这与氟化物在此区域的渗透状态

密切相关。氰化物浓度在电解槽中部位置较低，而侧壁高浓度的氰化物与进入电解槽内该区域的空气量呈正相关。 
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