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CATALYTIC PURIFICATION AND WAYS FOR UTILIZATION OF FURNACE GAS OF 
PHOSPHORUS PRODUCTION 

Abstract: The furnace gas of electrothermal production of yellow phosphorus contains up to 95% CO, 2% 
O2 and 0.3-4% impurities of phosphine, yellow phosphorus, and hydrogen sulfide, which are characterized 
by flammability, explosion hazard, corrosiveness, and high toxicity. Due to the presence of toxic impurities, 
the use of waste gases from phosphorus furnaces as chemical raw materials and/or process fuel is difficult. 
At existing phosphorus plants, furnace gas is burned at a «candle» and is a source of atmospheric pollution. 
The authors propose the way for purification of furnace gas by oxidizing phosphorus- and sulfur-containing 
impurities using a catalyst based on copper complexes in the ammonia environment in presence of oxygen 
contained in the furnace gas as an oxidizer. That allows carrying out the purification process under mild 
conditions. The degree of purification of the model furnace gas from P- and S- components is 66-96% 
depending on the process conditions. Concentration of impurities after cleaning is much lower than the 
maximum permissible emissions. 

Part of the purified furnace gas, which is mainly carbon monoxide, can then be used to generate hydrogen 
by means of a water gas shift reaction (WGSR) over the synthesized medium-temperature Fe-Cu-containing 
supported catalysts. Under atmospheric pressure, 300°C, and H2O/CO=1÷1.5 ratio, the CO conversion degree 
in WGSR over the synthesized Fe-Cu-containing catalyst gets 94.7-96.8%. The resulting gases composed 
basically hydrogen and unreacted carbon monoxide in amount of ~ 94-96 and 4-6 vol.% respectively then 
can be mixed with the certain volume of purified carbon monoxide to obtain the synthesis gas with a desirable 
ratio to produce for example the synthetic liquid hydrocarbons or methanol.

Phosphine removal from waste and process gases is especially important for the ecology of the southern 
regions of Kazakhstan, where the phosphorus production plants are located.

Key words: Furnace Gas of Phosphorus Production, Catalysts, Purification, Phosphine, Carbon Monoxide, 
Synthesis Gas.

Introduction. The phosphorus industry in Kazakhstan has a complete technological cycle from the 
extraction of phosphorite ore to the production of yellow phosphorus. In the electrothermal production of 
yellow phosphorus, for 1 ton of marketable product up to 3500 m3 of the furnace gas containing up to 95% 
CO, 8% H2, 2% O2 and 0.3-4.0% phosphine impurities (PH3), yellow phosphorus (P4) and hydrogen sulfide 
(H2S) is formed.At the production of 4-5 thousand tons of phosphorus per month, the volume of furnace gas 
reaches 12-15 million m3.The main part of furnace gas is high-value carbon monoxide [1]. Due to toxic, 
flammable, and explosive impurities, the furnace gas is not used and burned in a flare, this is environmentally 
harmful and economically unprofitable. To use the furnace gas as a chemical raw material or process fuel, it 
is necessary to neutralize the harmful phosphorus-containing compounds.

The problem of complex utilization of gas emissions from phosphorus furnaces has not yet been resolved 
in practice. The complexity of cleaning the furnace gas from phosphorus-containing impurities is caused by 
the large volume of emitted gases with a low content of recoverable components. A literature review shows 
a relatively small amount of research in the field of purification of furnace gas of phosphorus production, 
that can be explained by the relevance of this problem only for regions producing yellow phosphorus. There 
are only four major producers of yellow phosphorus in the world – China, the USA, the Netherlands, and 
Kazakhstan. The main recent publications are in China [2-8].
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The general methods of existing technologies for the efficient processing and utilization of all types of 
industrial wastes are mechanical destruction, high-temperature incineration, thermal neutralization, etc. 
Complex utilization of solid, liquid, and gaseous wastes of electrothermal phosphorus production takes place 
at high temperatures of 1300-1600°С [9-12]. At the phosphorus production enterprises for neutralization 
of thefurnace gas and its further use as a fuel, the oxidation process of toxic impurities is carried out at 
a temperature of 170-300°C and a tenfold excess of oxygen [13]. Absorption solutions with a selective 
actionand in some cases the unwanted corrosive reagents are used for cleaning the furnace gas [14]. The 
phosphorus-containing impurities unlike accompanying acid gases are characterized by inertness in basic 
media and consequently are not absorbed by alkali solutions. In addition, the oxidation reactions of РН3 and 
Р4 with oxygen at low temperatures do not occur in the absence of a catalyst [1, 5, 6, 15].

The method for neutralizing furnace gas proposed by the authors is based on the principles of metal 
complex catalysis. This allows to oxidize the phosphorus-containing impurities under the mild conditions at 
40-60°C using oxygen of the furnace gas [16].The cleaned furnace gas represented itself carbon monoxide 
can be used as a high-calorific fuel for the needs of phosphorus production or can be converted into a valuable 
chemical raw material. One of the chemical ways of using carbon monoxide is producingthe synthetic liquid 
hydrocarbons via the Fischer-Tropschsynthesis (FTS) (Eq.1) or oxygenates. The hydrogen required for FTS 
process can be generated by the water-gas shift reaction (WGSR) (Eq.2).

The proposed purification method for furnace gas allows producing the mineral fertilizers by the low-
temperature catalytic oxidation of P- and S-components and the purified carbon monoxide to generate 
hydrogen bythe WGSR.Synthesis gas resulted in mixing hydrogen formed with purified carbon monoxide 
may be used to produce the final commercial products – synthetic liquid hydrocarbonsby the Fischer-Tropsch 
reaction on the catalysts synthesized by the authors [17]. This methoddistinguished by simplicitycontributes to 
energy saving, utilization of technogenic waste, and the production of value-added products without changing 
the existing technology for producing yellow phosphorus.

This work deals with the study of the low-temperature purification of the furnace gas of phosphorus 
production from the toxic P- and S-impurities and studying the WGSR to producehydrogen overthe catalysts 
developed and synthesized by the authors. The results of studying the reaction of catalytic oxidation of 
phosphine as the most toxic and poorly studied investigated agentis described in more detail. Purification of 
waste and process gases from PH3 is especially relevant for the ecology of the southern regions of Kazakhstan, 
where phosphorus production plants are located.

Materials and methods. The catalytic oxidation reactions of РН3 and Н2S were investigated according to 
the known methods [15-16]. For phosphineoxidation, the ammonia copper complexes were used. The process 
was studied in a flow unit including either a bubbling reactor or an isothermal vigorously shaken reactor 
supplied with a device for measuring the redox potential and a rotameter for measuring the gas velocity.The 
initial mixtures of CO/PH3/H2S/Ar gases with the varied ratiosclosed to the composition of the furnace gas 
of phosphorus production were prepared in advance. The volume of the reactor and the volume of the liquid 
phase were 150 ml and 10 ml respectively. The reactor with an aqueous ammonia and CuSO4solution was 
purged with argon for 10 min and then the initial gas mixture was passed through reactor, which was shaken 
at certain rate, and the redox potential was measured. The parameters such as the duration (, min), redox 
potential (, V), the rate of absorption of PH3 (W, mmol/L*min), the amount of absorbed PH3 (Q, mmol/L) 
were measured. Composition of the liquid and gas phases was periodically analyzed.The test was carried out 
until PH3 was completely absorbed. The rate was judged by the consumption of PH3 and the accumulation of 
the product. PH3 was obtained by acid decomposition of Zn3P2 and dried over granular NaOH. Gas analysis 
for PH3 content was carried out by iodometry and colorimetry methods. The stationary redox potential of the 
experimental copper solution was continuously measured during the process using a pH-121 millivoltmeter 
and a device consisting of calomel and platinum electrodes with a thin section moistened with KCl solution 
as an electrolytic salt bridge.

Furnace gas after complex purification from Р- and S-impurities represents practically pure carbon 
monoxide with minor (<< MPE – maximum permissible emission) toxic impurities as well as containing up 
to 1.2% hydrogen. Hydrogen – the end product of the WGSR (Eq. 2) does not need to be removed. According 
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to the proposed scheme a part of the purified carbon monoxide, namely 2/3 may be used for the water-gas 
shift reaction to generate hydrogen – a component of synthesis gas, which is a source for the production of 
synthetic liquid hydrocarbons (Eq. 1).

The water-gas shift reaction was carried out in a flow reactor using the synthesized Fe-Cu/Al2O3 catalyst 
underatmospheric pressure,temperature – 300-320°C, H2O/CO=1÷2, and space velocity (Vo) – 1000 h1. The 
content of the active phase Fe+Cu was 10-20% by weight of the catalyst. The catalysts were prepared by the 
traditional method – impregnating aluminum oxide with solution of the corresponding metalsalts. The initial 
and final products were analyzed by gas chromatography using chromatographs with a thermal conductivity 
detector (Chromatek-Crystal-5000 andChromatek-Gazochrom-2000 on columns filled with Hayesep N, 
NaX, CaX; carrier gas – Ar). The degree of conversion of carbon monoxide (X (CO)) was determined by 
the following formula, where COin and COout are the molar concentrations of CO at the inlet and outlet of the 
reactor, respectively:

Results and discussion. Phosphine removal. Phosphorus-containing impurities in contrast to acidic ones, 
which are extracted by liquid or basic sorbents, can be removed only as a result of oxidation processes. The 
use of metal complex catalysts allows carrying the process under mild conditions – low temperatures and 
without excessive pressure. We have found that copper salts are effective catalysts for the oxidation of PH3by 
oxygen at 40-60°C in an ammonia environment with the formation of diammonium phosphate, which is used 
as a fertilizer (Eq.3):

 

Reaction (Eq.3) was carried out periodically in two stages: phosphine was oxidized in aqueous solutions 
of copper ammoniates (Eq.4),

with subsequent regeneration of copper by atmospheric oxygen(Eq.5-6):

An aqueous solution of copper ammoniates intensively absorbs even the trace amounts of phosphine by 
reaction (Eq. 4), which has an autocatalytic character associated with the formation of copper (I) during the 
process. The catalytic effect of Cu (I) ions is due to the formation of phosphide complexes characterized by a 
higher activity than the phosphine molecule.

The reaction rate grows with increasing PH3 concentration. Optimum is achieved at pH = 7.5-8.0, when 
copper diamines (II, I) dominate in the system. After treatment by air, the catalytic solution is quickly 
regenerated and gets their original properties. In the presence of an insignificant content (3-5%) of Cu(II) 
ions, which contribute to the formation of copper (I), the regeneration process is accelerated.Oxidation of 
Cu (I) with oxygen proceeds much faster than oxidation of Cu(0), the rate of reaction (6) increases with 
increasing ammonia concentration. The absorption of phosphine from an oxygen-containing gas mixture 
by a copper-ammonia solution proceeds more efficiently at 60°C, pH = 7.5-8.0 and Cu(II)/Cu(I) ~ 1.0. The 
oxidation of РН3 with oxygen (Eq. 3) consists of two key stages: the reduction of copper (II) diamines and 
the oxidation of the reduced form of copper by oxygen. The first stage is accelerated by copper (I) amines, the 
second by copper (II) acidoamines.

The process is carried out at a stationary rate, when the ratio О2/РН3> 2 and the rates of oxidation РН3 
(WPH3) and regeneration of copper (II) ions by oxygen (WO2) are equal. The reaction rates were compared 
according to the values of the redox potentials of the systems (Fig. 2a, b). As a result of long-term operation, the 
accumulation of diammonium phosphate (NH4)2HPO4 occurs. Its excess floats up at decreasing temperature 
to 25°C and can be easily removed from the solution surface.



139

Reports  of the Academy of Sciences of the Republic of Kazakhstan

Figure 1– Conversion (a) and potentiometric (b) curves of PH3 oxidation by oxygen in a copper-
ammonia solution at 60°C; PH3 content - 3.6 mg/m3; O2 - 0.2 vol.%; NH4OH - 0.08 mol/L; CuSO4: 1 - 

3.5·102; 2 - 5.0·102; 3 - 8.0·102, mol/L.

We have applied a copper-ammonia method for purification of a model gas, which is close to composition 
of the phosphorus production furnace gas in mild conditions. The model gas was purified by two solutions:1) 
ammonia to absorb hydrogen sulfide with the formation of sulfate and 2) copper-ammonia to oxidize phosphine 
to ammonium phosphates. Carbon monoxide, which is part of the furnace gas, does not react with the copper-
ammonia solution under these conditions. The maximum feed rate PH3 was selected so that the degree of 
purification was within 80-90%. When PH3 is absorbed, the catalytic solution undergoes regeneration with 
oxygen to get its initial activity.In a shaking reactor, 20 cycles were carried out at a space velocity of 100-
540 h1, the absorption time of PH3 was 35-120 minutes, and the regeneration time was 30-100 minutes. In 
the bubbling mode, 8 cycles were carried out at a space velocity of 36-72 h1, the absorption time of PH3 was 
250-750 minutes, and the regeneration time was 30-240 minutes.

The comparative data on purification of model gas mixturesclosedtocomposition of a real furnace gas from 
P- and S-components are presented in Table 1. The degree of neutralization from toxic components is varied 
within a range of 66-96% depending on gas composition. The concentrations of impurities after treatment are 
282 and 176 mg/m3 for PH3 and H2S respectively. Thisis much lower than the values of maximum permissible 
emissions (MPE, mg/m3). The catalytic solution worked for 5 hours and purified 300 liters of gas and did not 
lose activity.

Hydrogen production by WGSR. Part of the purified carbon monoxide can be directed to the production 
of hydrogen and the remaining CO can be used to meet the needs of production in clean fuel and/or partly 
to be added to the generated hydrogen in order to obtain the synthesis gas with the required composition and 
amount.To produce hydrogen, the study of water-gas shift reaction (WGSR)– converting carbon monoxide, 
which is the main component of purified furnace gas, was carried out. 

Table 1 – Complex purification of the model gas mixtures from P-, S- impurities by copper-ammonia 
solution

Time, h Quantity of
cleaned gas, l

Components Content, mg/m3 Purificationdegree,%
Beforecleaning Aftercleaning

2 120 PH3 166 19 89
H2S 1400 50 96

5 300 PH3 44 3 93
H2S 400 100 75

5 300 PH3 35 2 94
H2S 290 100 66

CO content - 90-95%

The polymetallic catalysts based on the main components HT (high-temperature) and LT (low-temperature) 
catalysts, Fe and Cu, supported on aluminum oxide were synthesized and studied. The content of the active 
phase Fe-Cu =10-20 wt. %, and the ratio of the components Fe:Cu = 1:1.
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Dependence of the degree of conversion of carbon monoxide – X(CO) on temperature onFe-Cu(1:1)/
Al2O3 the catalyst has extreme character. At temperatures above 300°C, both the CO conversion and the 
hydrogen yield decrease. No products other than hydrogen and carbon dioxide were observed under these 
conditions. The degrees of conversion of carbon monoxide at an optimal temperature of 300°C and a ratio 
of H2O/CO = 1/1 are 95.7 and 97.4% over catalysts containing 10 and 20% of the active phase respectively.

In Table 2 the data on the effect of the ratio of H2O/CO on the CO conversion over 10-20%Fe-Cu(1:1)/
Al2O3 catalysts are presented. The optimal ratio of H2O/CO, when the degrees of CO conversion reach 96.8-
97.4%, for both catalysts is 1.5. The reaction products are hydrogen and carbon dioxide, the selectivity is 
100%.

Table 2 – Effect of ratio of H2O/CO on CO conversion in WGSR over Fe-Cu(1:1)/Al2O3catalysts
(Р = 0,1 МPа, Vо=1000 h1)

Н2О/СО t, °С ХСО, %
10%Fe-Cu (1:1)/Al2O3 20%Fe-Cu(1:1)/Al2O3

1
300 95.7 97.4
310 95.5 94.3

1,5
300 96.8 97.4
310 95.9 96.8

2
300 94.9 97.1
310 94.7 95.8

It should be noted that for the further use of the resulting gas mixture in the Fischer-Tropsch process, the 
amount of the remaining unreacted CO does not matter, since the latter is the main component of the synthesis 
gas. Therefore, the hydrogen production process will be a one-stage process over these catalysts. No needs 
in complete CO conversion.

Conclusion. A copper-ammonia method was developed for purifying the furnace gas of phosphorus 
production from phosphine and hydrogen sulfide. The optimal composition of the catalytic solution and 
temperature regime to produce mineral fertilizers from P-, S-containing toxic impurities were selected.

According to the data obtained, ammonia complexes of copper in an aqueous solution carry out the process 
of PH3oxidation to ammonium phosphateswith high rate. The optimal conditions for the process have been 
established as: 40-60°C; the molar ratio NH4OH/CuX2 in the catalytic solution should be not higher than 5-6 
and pH is 7.5-8.0. 

The degree of purification of the model furnace gas from P- and S-components was 66-96%. The 
concentration of impurities after cleaning is significantly lower than the values   of the maximum permissible 
emissions.

The high reactivity of the catalytic solution allowsrecommending its use in phosphorus plants for purifying 
furnace gas from PH3 and H2S and obtaining purified carbon oxide.

94-97% of carbon monoxide is converted into hydrogen by means of a WGSRusing the medium-
temperature iron-copper containing catalysts. Hydrogen can be added to the purified carbon oxide to obtain 
syngasto be used for further production of synthetic liquid hydrocarbons. 

Ибраимова Ж.У.1, Полимбетова Г.С.1, Борангазиева А.К.1, Иткулова Ш.С.1, 
Болеубаев Е.А.1

1Д.В. Сокольский атындағы Жанармай, катализ және электрохимия институты АҚ;
E-mail: sholpan.itkulova@gmail.com

ФОСФОР ӨНДІРІСІНІҢ ПЕШ ГАЗЫН КАТАЛИТИКАЛЫҚ ТАЗАЛАУ ЖӘНЕ ОНЫ 
ОДАН ӘРІ КӘДЕГЕ ЖАРАТУ ЖОЛДАРЫ

Аннотация. Сары фосфордың электротермиялық өндірісіндегі пеш газының құрамында 95% - ға 
дейін СО, 2% О2 және 0,3 - 4% фосфин, сары фосфор, күкіртті сутегі қоспалары бар. Олар өрт және 
жарылыс қаупімен, коррозиялық белсенділік пен және жоғары уыттылық пен сипатталады. Фосфор 
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пештерінен шығатын газдарды химиялық шикізат және технологиялық отын ретінде пайдалану, 
олардың құрамында жоғарыда аталған қоспалардың болуына байланысты қиын қолданыстағы Фосфор 
зауыттарында қазір пеш газы “шамда” жағылады және атмосфераны ластау көзі болып табылады.

Авторлар аммиакты ортадағы мыс кешендеріне негізделген катализаторды қолдана отырып, фосфор 
мен күкірт бар қоспаларды тотықтыру арқылы пеш газын тазарту әдісін, ал тотықтырғыш ретінде 
пеш газындағы оттегін қолдануды ұсынады. Бұл тазартуды жұмсақ жағдайда жүргізуге мүмкіндік 
береді. Процесс жағдайларына байланысты модельдік пеш газын P- және S-компоненттерінен тазарту 
дәрежесі 66-96% құрайды. Тазалаудан кейінгі қоспалардың концентрациясы шекті рұқсат етілген 
концентрациядан әлде қайда төмен.

Негізінен көміртегі тотығы болып табылатын тазартылған пеш газының бір бөлігін біз синтездеген 
Fe-Cu құрамды орта температуралы бекітілген катализаторларда су газының ығысу реакциясы 
(WGSR) арқылы сутекті алу үшін пайдалануға болады. Атмосфералық қысым, 300°C кезінде және 
H2O/CO=1÷1,5 қатынасында синтезделген катализатордағы WGSR-де CO конверсиясының деңгейі 
94,7-96,8% жетеді. Негізінен сутегі мен реакцияға түспеген көміртегі тотығынан тұратын алынған 
газдарын ~ 94-96 және 4-6 көл. % сәйкесінше, синтетикалық сұйық көмірсутектер немесе метанол 
алу үшін қажетті қатынасы бар синтез газын алу үшін тазартылған көміртегі тотығының белгілі бір 
көлемімен араластыруға болады. 

Фосфор өндірісінен шығатын және технологиялық газдарды фосфиннен тазарту фосфор зауыттары 
орналасқан Қазақстанның оңтүстік өңірлерінің экологиясы үшін ерекше өзекті.

Түйінді сөздер: фосфор өндірісі пеш газы, катализаторлар, тазарту, фосфин, көміртегі оксиді, 
синтез газ.
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КАТАЛИТИЧЕСКОЕ ОБЕЗВРЕЖИВАНИЕ ПЕЧНОГО ГАЗА ФОСФОРНОГО 
ПРОИЗВОДСТВА И ПУТИ ЕГО ДАЛЬНЕЙШЕЙ УТИЛИЗАЦИИ

Аннотация. Печной газ электротермического производства желтого фосфора содержит до 95% CO, 
2% О2 и 0,3-4% примесей фосфина, желтого фосфора, сероводорода, которые характеризуются пожаро- 
и взрывоопасностью, коррозионной активностью и высокой токсичностью. Использование отходящих 
газов фосфорных печей в качестве химического сырья и технологического топлива затруднено из-за 
наличия в их составе вышеуказанных примесей. На существующих фосфорных заводах печной газ 
сжигается на «свече» и является источником загрязнения атмосферы. 

Авторами предложен способ очистки печного газа путем окисления фосфор- и серосодержащих 
примесей с использованием катализатора на основе комплексов меди в аммиачной среде, а в качестве 
окислителя использовать кислород, содержащийся в печном газе. Это позволяет проводить очистку в 
мягких условиях. Степень очистки модельного топочного газа от P- и S-компонентов составляет 66-
96% в зависимости от условий процесса. Концентрация примесей после очистки намного ниже ПДК.

Часть очищенного печного газа, который представляет собой в основном монооксид углерода, затем 
можно использовать для получения водорода посредством реакции сдвига водяного газа (WGSR) на 
синтезированных нами среднетемпературных Fe-Cu-содержащих нанесенных катализаторах. При 
атмосферном давлении, 300°C и соотношении H2O/CO=1÷1,5 степень конверсии CO в WGSR на 
синтезированном катализаторе достигает 94,7-96,8%. Полученные газы, состоящие в основном из 
водорода и непрореагировавшего монооксида углерода в количестве ~ 94-96 и 4-6 об.%соответственно, 
затем могут быть смешаны с определенным объемом очищенного монооксида углерода для 
получения синтез-газа с желаемым соотношением для получения, например, синтетических жидких 
углеводородов или метанола.

Очистка отходящих и технологических газов от фосфина особенно актуальна для экологии южных 
регионов Казахстана, где расположены заводы по производству фосфора.
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