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Abstract

Elemental phosphorus is an interesting subject for electrochemical research. Situated in the middle of
the third period, it exhibits equal capacity for both oxidation and reduction reactions. This paper presents the
results of a study of the oxidation reaction of red phosphorus using a composite phosphorus-graphite electrode
in a hydrochloric acid solution under galvanostatic conditions. The influence of key electrochemical
parameters, such as current density and electrolyte concentration, on the phosphorus oxidation current
efficiency was studied. Optimal conditions for the oxidation process were determined. It was shown that in the
presence of chloride ions, competitive anodic formation of active chlorine occurs, significantly affecting the
mechanism and products of phosphorus oxidation. The obtained study results demonstrate that, during anodic
polarization, elemental phosphorus in aqueous solutions is directly oxidized to form hypophosphite-, phosphit-
e, and phosphate-ions.

Keywords: phosphorus production, elemental phosphorus, composite electrode, electrolysis, chloride-
ions, catalyst, phosphorus compounds

Introduction

Phosphorus sludge is formed during the condensation of yellow phosphorus, as a result of
incomplete purification of the exhaust dust and gas components [1]. It is known that sludges with a
phosphorus content of at least 45-50% are processed into thermal phosphoric acid by incineration in
cyclone apparatuses. However, during sludge incineration, slag is formed from the mineral portion of
the sludge, which is a secondary waste, and the resulting acid contains suspended solids and lower
forms of phosphorus [2,3].

Therefore, the aim of this research was to develop a rational and cost-effective technical
solution that would maximize the recycling of phosphorus production waste and by-products,
yielding environmentally safe end products.

This research focuses on a specific approach to studying the electrochemical properties of
elemental phosphoru in aqueous solutions. This method is used to develop approaches to utilization
phosphorus production waste and producing environmentally friendly phosphorus-containing
compounds.

The novelty lies in the fact that, as a result of studying the anodic oxidation of elemental
phosphorus, electrochemical methods for the neutralization of phosphorus production waste were
developed for the first time.

Materials and Methods

Experimental part

To study the electrochemical oxidation of elemental white phosphorus, electrolysis was carried
out under galvanostatic conditions. Phosphorus-graphite electrodes were used as the anode, and a
graphite rod was used as the cathode. The experiments were carried out in a glass cell, with the anode-
cathode space separated by an MK-40 cation exchange membrane. A rectifier DSPS-305DM served
as the current source. A schematic diagram of the setup is presented in [4]. Solutions of various
concentrations in the range of 0.25-1.25 mol/l were used as the electrolyte.
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All experiments were carried out on a phosphorus-graphite electrode with a phosphorus content
of 50.0% by mass. Electrolysis was carried out in a 100 cm?® vessel equipped with a water jacket for
cooling. The duration of electrolysis was considered in the range from 0.25 to 1.0 hours. Quantitative
analysis was performed on the products of single oxidation of phosphorus of varying degrees of
oxidation that had passed into the solution, hypophosphite ions P(+1) by permanganometric method,
phosphite ions P(+3) by iodometric method, and phosphate ions P(+5) by the method of I.P. Moizhe's
photometric method [5,6].

Results and discussion
Based on the values of standard potentials [7], the following reactions may occur on the surface
of the electrode when the phosphorus is polarized:

P+2H,0 - H3PO,+H"+e E°=-0,511B (1)
P (white) +3 H20 — H3PO3 + 3H" + 3e E%=-0,502B 2)
Pwhite) + 4 Ho2O — H3PO4 +5H* + Se E°=-0411B (3)

To study the anodic oxidation of elemental phosphorus in chloride solutions, the influence of
hydrochloric acid concentration, current density, and electrolysis duration on the current efficiency
of phosphorus oxidation was investigated.

The anodic oxidation of phosphorus in chloride solutions can be explained as follows: at a
certain polarisation, chlorine is released on the graphite electrode according to the reaction (4).

The chlorine released at the anode partially dissolves in the electrolyte and is hydrolysed
according to the reaction:

Cl, + H2 O — HCIO + HCI (4)
Reaction equilibrium constant:

_[H']-[CI"]-[HCIO]
[CL]

at 25°C is 3.9-10*. With an increase in the concentration of chlorine and hydrogen ions, the
equilibrium concentration of hypochlorous acid decreases. Thus, the phosphorus-graphite electrode
in the anode space of the electrolyser can be oxidised with chlorine and hypochlorous acid according
to the following reactions:

2P + 5CL + 8H,0 —3H;3 PO4 + 10 HCI (5)

P + 4HCIO — POs* + 4H' + 4Cl (6)

In which, as can be seen, chlorine ions are formed again, i.e. the process proceeds catalytically.
This is evidenced by the results of the experimental data obtained.

An increase in the concentration of the hydrochloric acid solution has a positive effect on the
oxidation current efficiency of elemental phosphorus (Figure 1). Electrolysis was carried out at a
current density of 100 A/m? and electrolysis duration of 0.25 hours. The maximum oxidation rate of
elemental phosphorus is reached at [HCI] = 1.25 mol/L, and the current efficiency of phosphate-ion
formation is 60%, i.e. the phosphate- and hypophosphite-ions formed in the solution have time to
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oxidise to phosphate-ions. We assume that the chloride-ions present in the solution have a catalytic
effect and accelerate the oxidation process of elemental phosphorus. Thus, our assumptions are
confirmed by the literature data.

CE,%
70
60 /./.
50
40
30
20 A\A\
10 A\
A\
0 -\
0,25 0,5 0,75 1,0 1,25

[HCI], mol/L
== Phosphate-ions Phosphite-ions == Hypophosphite-ions

T - 0,25 hour; i — 100 A/m?; C:P-50:50

Fig. 1. Effect of hydrochloric acid concentration on the current efficiency of phosphorus
oxidation

The effect of current density on the anodic oxidation of elemental phosphorus is shown in
Figure 2. Electrolysis conditions: electrolysis duration 0.25 hours, electrolyte concentration 1.0 mol/I.
As the current density increases, the current efficiency of phosphate ion formation decreases from
57% to 35%. This is due to the fact that as the current density increases, the process of gaseous
chlorine evolution at the anode intensifies and, as a result, the rate of active chlorine molarisation
exceeds the rate of its interaction with phosphorus, and gaseous chlorine is removed from the sphere
by the reaction (4).
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Fig.2. Effect of current density on the oxidation current efficiency of phosphorus in
hydrochloric acid solution

The effect of electrolysis duration on the anodic oxidation of phosphorus in the range from 0,25
to 1,25 hours was also considered under conditions of 0.25 mol/L and 50 A/m?. With an increase in
the duration of electrolysis, the current efficiency of phosphate ion formation initially increases (up
to 0,75 hours), but further increases in the duration of electrolysis lead to a significant decrease in
current efficiency.

Conclusions

For the first time, the anodic oxidation of elemental phosphorus under galvanostatic conditions
has been studied. The effects of current density and electrolyte concentration on the phosphorus
oxidation current efficiency have been investigated. Under optimal conditions, the current efficiency
of anodic oxidation of elemental phosphorus is 75% in HCI solutions. During a prolonged process,
the concentration of discharging ions in the anode space decreases and the current efficiency of
elemental phosphorus oxidation decreases. It is also visually observed that during prolonged
electrolysis, the electrolyser heats up, which lead to the destruction of the electrode under study, since
the melting point of white phosphorus is only 44%.

Thus, we have investigated the anodic oxidation of elemental white phosphorus for the first
time and demonstrated the catalytic action of chloride ions on the anodic process.
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TY¥3 KbILIKbLJIBI EPITIHAICIHAEI'T KbI3bIJI ®OC®OPIAbIH
IJIEKTPOXUMHUAJIBIK OPEKETIH 3EPTTEY

Tyiiin

OneMeHTTi Gochop IMEKTPOXUMHSITBIK 3epTTEyIep YIIiH KbI3BIKTHI 00BEKT OOBIT TaObUTaAbl. Y IIiHTIT
MEPUOATHIH OpTachiHIA OpHajackaH (ochop TOTHIFY >KOHE TOTHIKCHI3AHY peakIMsIIapbl YIIiH Oiprei
KaOIJIeTTIIIK KepceTeai. ¥CBhIHBUIBIIT OTBHIPFAH JKYMBICTA, TajbBAaHOCTATHKAJBIK Karfaiia Ty3 KbIIIKbLIbI
EPITIHIICIHAI KOMIO3UIISUTHIK (pocdop-rpaduT 3MEKTPOATH TMaiAamaHbIl, KbI3BUT (HOCHOPABIH TOTHIFY
PCaAKIUACHIH 3epTTeY HOTHKeNepi OepinreH. DocopablH TOTHIFYBIHBIH TOK OOMBIHINA INBIFRIMBIHA HET13T1
ANIEKTPOXUMHUSIIBIK TIapaMeTpIIepAiH: TOK THIFBI3ABIFEl KOHE DJIEKTPOJIHUT KOHIICHTPALUACHIHBIH dcepiepi
3eprresieni. TOTBIFY NPOLECIHIH THIMAI KaFAaiylapbl aHBIKTAJIAbl. XJIOpWA HOHIAPBIHBIH KAaTbICBIHIA,
OeIceH 1l XJIOPBIH OaceKere KaOiIeTTi aHOATHI TY31TY1 OPBIH aJIaThIHABIFBI KOPCETLII, 071 OCHOPABIH TOTHIFY
MEXaHU3MI MEH eHIMIepiHe aiiTapibIKTail acep eTei. AJBIHFaH HOTHMXKEJIEp HEeTi3iHe aHOATHI TOJSIPU3aIns
Ke3iHJIe CYIIBI epiTiHaiiepaeri aneMenTTi pocopabiH runodochuT-, hochut- xone Gochar-noHIaAPHIH TY3e
OTBIPBII TiKEJIEH TOTHIFATBIHABIFBI KOPCETIII.

Kinrrik ce3nep: dpocdop eHmipici, anmeMeHTTIK Hochop, KOMIO3UTTIK IICKTPOI, JCKTPOIIN3, XIOPUT
HOH/IaphbI, KaTaau3aTop, Gocdop KoChUIbICTapHI.
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N3YYEHMUE JIEKTPOXUMHUYECKOI'O ITIOBEJAEHUSA KPACHOT'O ®OC®OPA B
PACTBOPE COJISTHOM KACJIOTHI

AHHOTaU U

OnemMeHTapHbIH Gochop ABISIETCS WHTEPECHBIM OOBEKTOM JUIS 3JIEKTPOXUMHUYECKUX HCCIICAOBAHUH.
Haxomsick B cepeamHe TpeThero NepHosia, OH B PABHOW Mepe MPOSIBISET CIIOCOOHOCTh K PEaKIUsM Kak
OKHCJICHUSI, TaK M BOCCTAHOBIECHHs. B 3Toil pabore mpuBeNeHbI PE3yJNbTaThl HCCIICAOBAHUS PEaKIHH
OKHCJIEHHUS KpacHoro (hocdopa B BUIE KOMIIOZUIMOHHOTO Pochop-rpaduToBOro 3J1eKTpoaa B COISTHOKUCIOM
pacTBOpe B raJibBAaHOCTAaTUUECKUX YCIOBUIX. MI3ydeHsl BIUSHHE OCHOBHBIX AJIEKTPOXUMHYECKHX apaMeTpoB
TaKk#e KakK INTOTHOCTH TOKa, KOHIIEHTPALIMH IEKTPOINTA Ha BBIXO/ 110 TOKY OKucieHus ¢pocdopa. OnpenenHs
ONTUMAJIbHBIE YCIIOBaus Tpoliecca okucieHus. [loka3aHo, 4To B MPUCYTCTBUU XJIOPUI-UOHOB IPOUCXOAUT
KOHKYpPEHTHOE aHOIHOE 00pa30BaHKe aKTUBHOTO XJIOpPA, YTO CYIIECTBEHHO BIIMSET HA MEXaHU3M U MPOAYKTHI
okucnenus: Qocdopa. [lo momydeHHBIM pe3ynbTaTaM MCCICIOBAaHMS, IIOKa3aHO, 4YTO TIPU aHOJHOM
HOJIIPU3ALMK JIEMEHTPaHbld (ochop B BOIHBIX PACTBOPAX HEMOCPEACTBEHHO OKUCIAETCS ¢ 00pa30BaHUEM
runodochurt-, pochut- u pocdar-noHoB.

35



Oymycmix Kazaxcman 2vinvim Kapuwicol - Becmuux nayxu FOocnoeo Kazaxcmana - South Kazakhstan Science Herald
Ned (32) 2025

KaroueBbie ciaoBa: mnpou3BoAcTBO (ocdopa, smeMeHTapHbIH (Hochop, KOMIO3UTHBIN 3ICKTPO/I,
AIIEKTPOIH3, XJIOPHUI-HOHBI, KaTaau3aTop, coeanHeHus dpocdopa.
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