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A B S T R A C T

The aim of this study was to evaluate the technological feasibility of producing sodium 
cyanide through coal gasification. Specifically, it examined the effects of key process 
parameters—temperature, experiment duration, and coal type—on the concentration of 
sodium cyanide in the re-sulting solutions, and aimed to identify the optimal operating 
conditions. Experiments were conducted using a laboratory-scale setup consisting of a tubular 
cylindrical furnace with a corundum tube as the working compartment. Lignite and charcoal, 
pre-crushed to increase their specific surface area, were used as feedstocks.

Sodium cyanide was produced by sorbing gaseous hydrogen cyanide (a component of the 
syngas) into a sodium carbonate solution. An NaOH solution (pH = 10), maintained in an ice 
bath, was used in the absorber system to stabilize the cyanide. The concentration of sodium 
cyanide in the final solution was determined using a titrimetric method. The thermodynamic 
modeling was performed using the HSC Chemistry 5.1 software package. When charcoal was 
gasified at temperatures between 600 °C and 800 °C, sodium cyanide concentrations in the 
range of 0.03–0.08 wt.% were obtained. However, increasing the temperature from 600 °C 
to 900 °C resulted in a fourfold decrease in sodium cyanide concentration under otherwise 
constant conditions. A regression equation was derived to express the dependence of sodium 
cyanide concentration on gasification temperature and reaction duration.

The findings demonstrate that sodium cyanide generation via coal gasification under 
laboratory condi-tions can yield solution concentrations comparable to those employed in gold 
cyanidation at industrial gold recovery plants. Establishing on-site sodium cyanide generation 
at gold processing facilities could significantly reduce production costs by eliminating the 
need for purchasing, transporting, and storing commercial cyanide reagents.
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1. Introduction

Cyanidation is considered the most effective gold extraction method, 
employed in the leaching process within most processing schemes at 
mining and processing plants (Yarkova, et al. 2017). The extraction of 
precious metals by cyanidation is based on the interaction of reagents 
with the minerals in the gold-bearing concentrate, i.e., the property of 
gold and silver to react with sodium cyanide in the presence of oxygen to 
form the complex salt Na[Au(CN)2], which is difficult to decompose but 
easily soluble in water, according to the Elsner reaction: 

2Au + 4NaCN + 1/2O2+ H2O = 2Na[Au(CN)2] + 2NaOH	 1

The relative selectivity of the solvent, the successful combination of 
dissolution and precipitation processes for precious metals from cyanide 

solutions (cementation with zinc dust, sorption on ion exchange resins 
and activated carbons, etc.), the simplicity of equipment design, and 
other advantages of cyanidation make it highly effective and productive. 
This enables the application of this technology not only to concentrates 
from mechanical enrichment but also to ordinary gold ores and even 
tailings containing 1–2 g/t of gold or less. Optimal conditions for the 
cyanidation process are as follows: S:L = 1.5:1 (Solid to Liquid ratio); 
sodium cyanide concentration for strong solutions – 0.03–0.06 wt.%, 
for weak solutions – 0.003–0.01 wt.%; pH of industrial solutions – not 
lower than 10–10.5 (lime is added as a 20% solution to maintain the 
pH); solution temperature from 10 to 20°С.

There are many methods for obtaining sodium cyanide, but it 
is mainly produced by neutralizing hydrocyanic acid with aqueous 
solutions of NaOH or Na2CO3. For the production of cyanide salts, 
gaseous hydrocyanic acid is directed to alkaline absorbers, which are 
small cylindrical sealed devices equipped with a bubbler with a stirrer 
and filled with a solution of caustic alkali. The cyanide salt solution is 
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filtered and concentrated under vacuum. The precipitated crystals are 
separated on centrifuges. Then the salt is dried, packaged, and sent to 
the consumer.

Sodium cyanide, like all cyanides, is extremely poisonous, therefore, 
there are special requirements for its transportation (which requires a 
special permit, special vehicles, undamaged containers and packaging) 
and storage (in a closed vertical position), as well as subsequent dilution 
to a solution of a specified concentration (Grigorieva, et al. 2018). 

The demand for sodium cyanide depends on the nature of the 
ore being leached and ranges from 0.25–0.75 kg per 1 ton of dry ore 
(Chugaev, et al. 2020).

Therefore, obtaining a sodium cyanide solution of a specific 
concentration directly on the production sites of processing plants is 
relevant. In this work, it is proposed to use synthesis gas, produced 
by the gasification of coal and the production of gaseous HCN via the 
conversion of methane with oxygen and ammonia, and the subsequent 
synthesis of sodium cyanide through the absorption of HCN by a soda 
solution (Table 1).

Coal gasification is a high-temperature physico-chemical process of 
interaction between coal and oxidizing gases (O2, H2O, CO2) to produce 
gases H2, CO, CH4 (see table, equations (1)–(5) (Choudhury et al. 
2015; Li B. et al. 2020; Musaev et al. 2012; Zhuravsky et al. 2021). The 
composition and heat of combustion of the gas produced as a result of 
gasification vary and depend on the intended applications (Vasilkova et 
al. 2021). The following products can be obtained:

- Fuel gas (for technological and energy combustion) when a larger 
volume of methane is present and undesirable products of coal semi-
coking (oils, resins, phenols) are absent;

- Reducing gas (in the metallurgical industry) – for the direct 
reduction of iron ore, etc.;

- Synthesis gas (chemical feedstock for the production of methanol, 
ammonia, liquid fuel according to the Fischer-Tropsch process) at a 
certain ratio of CO:H2 and CH4:H2, which is achieved by selecting the 
conditions of the technological process and choosing the composition 
of the gasifying agent. (Abdulkadir et al. 2019; Donskoy, et al. 2021; 
Zakorshenny, et al. 2018).

As shown by the thermodynamic analysis of data under equilibrium 
conditions (Figures 1, 2), coal gasification can be carried out at 
temperatures above 500 °C (a temperature of 600–800 °C is sufficient 
to obtain synthesis gas, reactions (1)–(3) (Xu B. et al. 2020). Hydrogen 
is synthesized during coal combustion in the temperature range above 
650 °C (reaction (1)) (Klimovsky et al. 1960).

Methane synthesis from CO and CO2 (reactions (4), (5)) occurs at gas 
temperatures at the outlet of the installation below 600 °C. Even lower 
temperatures are required for the formation of gaseous ammonia (below 
200–300 °C, reaction 6) (L.P. Chang et al. 2006; Vasilkova. et al. 2021). 
Hydrocyanic acid is formed during the co-oxidation of ammonia and 
methane with atmospheric oxygen over the entire temperature range, 
as is sodium cyanide, which is synthesized during the chemisorption of 
hydrocyanic acid by a soda solution.

Fig. 1. Influence of the carbon combustion temperature on the synthesis gas 
composition during coal gasification

Stage Reactions Reaction 
number Note

Coal gasification

C + H2O(g*) = H2(g) + CO(g) (2)
The process is based on the interaction of coal with steam. The reac-
tion is endothermic, and the equilibrium shifts to the right starting 
from 923K.

2C + O2(g) = 2CO(g) (3) In parallel with (2), the exothermic combustion reaction of coal 
occurs, which provides the necessary heat balance.

С+СО2(g)=2СО(g) (4) The Boudouard reaction. The reaction is endothermic, and the 
equilibrium shifts to the right starting from 973K.

Synthesis gas conversion to methane. CO2(g) + 4H2(g) = =CH4(g) + 2H2O(g) (5) The equilibrium shifts to the right at temperatures below 873K.

Ammonia formation. Ar-N(s) + H2(g) = =Ar-NH2(s)
Ar-NH2(s) + H2(g) = = Ar + NH3(g) (6) The equilibrium shifts to the right at temperatures below 473K.

Production of hydrocyanic acid. 2NH3(g) + 2CH4(g) + 3O2(g) = 2HCN(g) + 6H2O(g) (7) Co-oxidation of ammonia and methane with atmospheric oxygen.

Production of sodium cyanide. HCN(g) + NaOH = =NaCN + H2O (8) Neutralization of hydrocyanic acid with alkali.

*g – gaseous 

Table 1. Stages of reactions during the generation of sodium cyanide
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Fig. 2. Influence of the temperature of the exhaust gases on the composition of 
the synthesis gas during its further sorption with a soda solution

When choosing the temperature regime, it should be considered 
that the efficiency of absorption increases with a decrease in the 
temperature of the absorbent. Thus, coal gasification should be carried 
out in the temperature ranges above 600 °C. However, for the purpose 
of synthesizing ammonia, methane, and the target product of their 
interaction, gaseous hydrogen cyanide, followed by effective absorption, 
a sharp decrease in the gas temperature at the outlet of the installation 
to 200 °C is necessary, followed by sorption of hydrogen cyanide with a 
cold alkaline solution.

2. Materials and methods

The laboratory setup consisted of a tubular furnace 1 of cylindrical 
construction, the body of which was made of heat-resistant steel, lined 
with heat-insulating bricks, and a series of absorbers. The working 
section of the furnace was a corundum tube with a spirally wound 
heating element around it. The temperature in the cell was controlled by 
a type K thermocouple 4 connected to an OVEN TRM regulator. Before 
starting the gasifier at the beginning of each experiment, a preliminary 
check was carried out for leaks, the tightness of the setup, and the 
operation of the ventilation system. Coal (brown or wood, 30–60 g), 
pre-crushed to increase the specific surface area, was placed in a quartz 
tube 2. Then the tube was placed in the furnace so that the middle part 
of the tube filled with coal was in the furnace chamber, and the edges of 
the tube extended beyond the furnace chamber by 10 cm. At one end, 
the tube was tightly closed with a rubber stopper 3, and at the other 
end with a stopper with a gas outlet glass tube. The gas outlet tube was 
connected via a silicone hose to a series of absorbers 5, consisting of two 
absorbers with a volume of 200 ml and one droplet trap. The absorbers 
were filled with NaOH solution (pH = 10) to 100 ml, and the series was 
placed in an ice bath 6, which serves as a cooling element for the best 
conversion effect. The furnace was turned on and the set temperature 
was set by the regulator. The gas formed during the combustion of coal 
was gradually displaced through the system of silicone tubes into the 
series of absorbers. Gradually cooling down, the gas was methanized 
and converted to hydrogen cyanide, which, when passing through 
the system of absorbers, was sorbed by the alkaline solution with the 
formation of NaCN.

After the experiment, the resulting solutions from the absorbers 
were poured into dry glass volumetric flasks, hermetically closed with 
a stopper. The flasks were labeled with the name of the product, the 
time of sampling, and the inscription “Caution - Poison!” and sent for 
analysis to determine the content of sodium cyanide in the solutions. 
The content of sodium cyanide in the solution was determined by the 
titration method in accordance with GOST 8464-79. The HSC Chemistry 
5.1 software package was used for thermodynamic calculations. Data 
analysis was performed using the program STATISTICA

3. Results and discussion

Chang et al. systematically examined the fate of fuel-nitrogen during 
the steam gasification of brown coal in a drop-tube reactor between 
600 and 900 °C and showed that the availability of hydrogen radicals 
generated from the water-gas reaction (C + H2O → CO + H2) is the 
controlling factor for converting char-bound nitrogen to ammonia, 
whereas hydrogen cyanide forms mainly through the secondary 
cracking of volatile fragments at the higher end of this temperature 
window (L.P. Chang et al. 2006). Their results revealed an NH3 yield 
maximum near 800 °C and a monotonic rise in HCN with temperature 
– yet HCN remained an order of magnitude less abundant than NH3. 
Increasing the steam partial pressure (and thus the H-radical pool) 
markedly enhanced NH3 formation but had only a minor influence 
on HCN. These observations underpin the present work: they confirm 
that, within the 600–800 °C zone adopted for gasification, NH₃ and 
small quantities of HCN are the primary volatile N-species liberated 
from coal, and that prompt quenching of the product gas is essential 
to conserve the nascent HCN for subsequent absorption in the ice-
cooled alkaline scrubber – thereby maximising the recovery of sodium 
cyanide In the case of lignite and wood coal where nitrogen content in 
those raw materials are significantly higher, the production of ammonia 
and consequently hydrogen cyanide is higher. However, it needs to be 
mentioned high temperatures lowers the yield of reaction (8) since this 
exothermic reaction is favorable at lower temperatures, that is in good 
agreement with the data reported in the literature (J.M. Rogers & H. F. 
Porte, 1987).

The activation energy of the coal gasification process is calculated 
using the graphical dependence of the velocity logarithm (lnV) on the 
inverse temperature (1/T). The obtained activation energy value of 37-
39 kJ/mol shows that this process is limited by the absorption of gaseous 
hydrogen cyanide (HCN) by a soda solution. It follows that one of the 
main tasks of accelerating the process of sodium cyanide generation 
during coal gasification is a sharp decrease in the temperature of the 
synthesis gases by the refrigerator and the lowest possible temperature 
of the absorbent (soda solution).

It has been found that with an increase in temperature from 600 to 
900 °C, the concentration of sodium cyanide in the alkaline solution 
decreases by almost 4 times with the same duration of the experiment 
(Figure 3). The obtained concentrations of sodium cyanide when 
gasifying wood coal in the temperature range of 600–800 °C of 0.03–
0.08% mass. correspond to the required concentrations of sodium 
cyanide in the solution for intensive cyanidation.

Fig. 3. Effect of the duration and the temperature of the coal gasification 
process on the concentration of sodium cyanide 

https://patents.google.com/?inventor=Janet+M.+Rogers&peid=63596b12b7e00%3A4df%3Ac5fc4094
https://patents.google.com/?inventor=Harold+F.+Porter&peid=63596b1329e38%3A4e0%3A9ad4b06b
https://patents.google.com/?inventor=Harold+F.+Porter&peid=63596b1329e38%3A4e0%3A9ad4b06b
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As a result of processing the data obtained from the experiments, a 
regression equation was derived for the dependence of the concentration 
of sodium cyanide in the alkaline solution on the coal gasification 
temperature T (°C) and the process duration t (h):

СNaCN=0.171 - 2·10-4·T + 0.023·t.	

The multiple correlation coefficient is 0.973. The equation is valid 
in the temperature range from 600–900 °C and within the process 
duration from 45 minutes to 1.5 hours.

A slight influence of the type of coal used for gasification on the final 
sodium cyanide content was also noted. Thus, at 700 °C, the sodium 
cyanide content during the gasification of lignite for 1 hour was 0.04% 
by weight, while under identical conditions during the gasification of 
wood coal, it was more than 0.06% by weight. This is due to the fact 
that wood coal has a lower ash content, less bituminous volatile matter, 
sulfur, and water than lignite. Also, wood coal has a larger BET surface 
area due to a large number of capillaries and pores, which is confirmed 
in the works.

Conclusion 

Thus, the results of experiments showed that the generation of sodium 
cyanide in laboratory conditions by gasification of coal allows, with 
optimal process parameters, to obtain sodium cyanide concentrations 
in the solution corresponding to those used at gold recovery plants 
for cyanidation. As sorption equipment for capturing components of 
synthesis gas, several stages of gas purification equipment described in 
(Druzhinin et al. 2020) are proposed.

References

Chang, L-P., Z-L. Xie, and K-C. Xie. “Study on the formation of NH3 and HCN during 
the gasification of brown coal in steam.” Process Safety and Environmental Protection 
84, no. 6 (2006): 446-452. https://doi.org/10.1205/psep05019

Choudhury, Hanif A., Sankar Chakma, and Vijayanand S. Moholkar. “Biomass 
gasification integrated Fischer-Tropsch synthesis: perspectives, opportunities and 
challenges.” Recent advances in thermo-chemical conversion of biomass (2015): 383-
435. https://doi.org/10.1016/B978-0-444-63289-0.00014-4

Chugaev, L. V., M. A. Pleshkov, and A. V. Markelov. “Studying the gold loss structure 
during cil of carbonaceous concentrate.” Tsvetnye Metally 9 (2020): 34-42. https://doi.
org/10.17580/tsm.2020.09.10

Donskoy, I.G. “Influence of the addition of water vapor and carbon dioxide on 
the characteristics of the oxygen gasification process of pulverized coal fuel”. Bulletin 
of the South Ural State University. Series: Energy, 21(1) (2021): 21-28.  https://doi.
org/10.14529/power210102

Druzhinin, K. E., N. V. Vasyunina, N. V. Nemchinova, and T. R. Gilmanshina. 
“Exhaust gases purification of sintering furnaces using under-sludge water as a gas 
cleaning solution.” Ecology and Industry of Russia 24, no. 3 (2020): 4-9. https://doi.
org/10.18412/1816-0395-2020-3-4-9.

Grigorieva, D.M., Zhagfarov, F.G., Kulikova, M.V., & Gyulmalieva, A.M. 
“Thermodynamics of hydrocarbon synthesis based on steam reforming of methane.” 
Chemistry and Technology of Fuels and Oils, 6 (2018): 28-31. https://doi.org/10.1007/
s10553-019-00978-x

Klimovsky, D.N., & Stabnikov, V.N. “Alcohol Technology. “ M: Pishchepromizdat 
(1960): 515.

Kocer, Abdulkadir, Ismet Faruk Yaka, and Afsin Gungor. “Evaluation of greenhouse 
residues gasification performance in hydrogen production.” international journal 
of hydrogen energy 42, no. 36 (2017): 23244-23249. https://doi.org/10.1016/j.
ijhydene.2017.05.110

Li, Bowen, Shuai Wang, Xuesong Yang, Qiang Wu, and Yurong He. “Thermodynamic 
evaluation of sorption-enhanced chemical looping gasification with coal as fuel.” 
International Journal of Hydrogen Energy 45, no. 41 (2020): 21186-21194. https://doi.
org/10.1016/j.ijhydene.2020.05.205

Li, Wen‐Qian, Miao Xu, Jie‐Sheng Chen, and Tian‐Nan Ye. “Enabling sustainable ammonia 
synthesis: from nitrogen activation strategies to emerging materials.” Advanced Materials 36, no. 
40 (2024): 2408434. https://doi.org/10.1002/adma.202408434

Musaev, V.V., Klyushnikov, A.M., & Galimov, R.R. “Optimization of processing of 
refractory gold-bearing ores of the Kamensky deposit” Plaksin Readings: Int. Sci. - Tech. Conf. 
(Irkutsk, September 9-14, 2019). Irkutsk, (2012): 283-285.

Rogers, Janet M., and Harold F. Porter. “Process for production of sodium cyanide.” U.S. 
Patent 4,847,062, issued July 11, 1989.

Schiffer, Zachary J. “Kinetic and Thermodynamic Aspects of Voltage as a Driving Force for 
Ammonia Activation.” PhD diss., Massachusetts Institute of Technology, 2021.

Su, Weiyi, Xi Cheng, Suokun Shang, Runze Pan, Miao Qi, Qinqin Sang, Zhen Xie, Honghua 
Zhang, Ke Wang, and Yanrong Liu. “Advances in In Situ Investigations of Heterogeneous 
Catalytic Ammonia Synthesis.” Catalysts 15, no. 2 (2025): 160. https://doi.org/10.3390/
catal15020160

Vasilkova, A. О., N. V. Vasilkov, О. D. Khmelnitskaya, and G. I. Voyloshnikov. “Analysis 
of the current state of technologies in the field of recycling technogenic gold-containing raw 
materials.” iPolytech Journal 25, no. 1 (2021): 97-107. https://doi.org/10.21285/1814-3520-
2021-1-97-107

Xu, Bang, Qingxi Cao, Dongyang Kuang, Khaled AM Gasem, Hertanto Adidharma, Dong 
Ding, and Maohong Fan. “Kinetics and mechanism of CO2 gasification of coal catalyzed by 
Na2CO3, FeCO3 and Na2CO3–FeCO3.” Journal of the Energy Institute 93, no. 3 (2020): 922-
933. https://doi.org/10.1016/j.joei.2019.08.004

Yarkova, T.A., Kairbekov, Zh.K., & Eshova, Zh.K. “Thermodynamics of the gasification 
process of the organic mass of brown coal with various oxidizer compositions” Chemistry and 
Technology of Fuels and Oils, 53, 1 (2017): 45-53. https://doi.org/10.1007/s10553-017-0780-z

Zakorshenny, I.M., Kubrin, S.S., & Yanchenko, G.A. “Calculation of indicators of the 
material balance of the coal combustion process in underground conditions with a deficiency of 
the necessary initial data. Izvestiya Vysshikh” Uchebnykh Zavedenii. Gornyi Zhurnal, (3), 2018 
p. 90-99. https://doi.org/10.21440/0536-1028-2018-3-90-99

Zhuravsky, G.I., & Savchin, V.V. “High-temperature thermal analysis of organic raw 
materials” Engineering Physics Journal, (2021): 7-15. https://doi.org/10.1007/s10891-021-
02350-5


	_Hlk191651823
	_Hlk202346101



