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Abstract. Anodic oxidation of reduced phosphorus forms - hypophosphorous and
phosphorous acids is an attractive approach from both fundamental science and applied
applications (purification and phosphorus recycling). The aim of this research is to
investigate the anodic oxidation of phosphorous acid under galvanostatic conditions and
to comprehensively evaluate the influence of key parameters on the process efficiency
and reaction mechanism. Electrochemical property of phosphorous acid was carried
out by recording cyclic voltammetry using a Potentiostat/galvanostat Electrochemical
Workstation Corrtest Instruments and electrolysis under galvanostatic condition.
The influence of the current density, electrolyte concentration, and temperature on
the current efficiency of phosphorous acid oxidation has been studied. The obtained
results show that the two distinct anodic peaks observed at a potential of approximately
+0,7 V and a potential of approximately +0,95 V upon the addition of H,PO,) can be
confidently assigned to the stepwise electro-oxidation of phosphorous acid. The results
demonstrate that under electrolysis conditions, the anodic oxidation of phosphorous
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acid yields phosphate ions. Based on the electrochemical data, it was hypothesized
that the formed lead oxide layer exhibits an electrocatalytic effect toward this process,
significantly enhancing the anodic currents. The practical significance of this work lies
in the scientific substantiation and selection of optimal process parameters for the anodic
oxidation of phosphorous acid. Replacing expensive noble metals with a lead anode—
which is both cost-effective and corrosion-resistant in sulfuric acid media - ensures a
high current efficiency for the target product. Based on the obtained scientific results,
the proposed electrochemical method for purifying thermal phosphoric acid was tested
at the «NDFZ» LLP production facility.

Keywords: phosphorous acid, electrooxidation, cyclic voltammetry, electrolysis,
current efficiency, phosphate-ions
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AnHoTamusa. PocopIbiH TOTHIKCHI3IaHFaH TYPJCPiHIH, aTam alTKaHIa THUIo-
docdopisl xoHe (ochopibl KBIIKBULAAPIBIH aHOATHIK TOTBIFYBI ipreiii 3epTTeynep
TYPFBICBIHAH J1a, (hochOpIbl Ta3apTy MECH KalTa KaJIIbIHA KEJITIPY CUSAKTHI KOJITaHOA b
MIHICTTEp YIIiH € MaHbBI3IbI OAaFBIT OOJBIT TAOBUTANBI. 3E€pTTEYMiH MaKCaThl —
(hochOPITBI KBIITKBUTIBIH T'alTbBAHOCTATHKAIBIK KaF Al 1aF bl aHOATHIK TOTHIFYBIH 3€PTTEY
YKOHE MIPOIECTIH TUIMIUIITT MEH peaklvs MeXaHH3MiHE HeTi3Ti mapaMeTpiIep/IiH acepiH
kemieH i Oaranay. Dochopibl KBIIKBULIBIH 3JICKTPOXUMUSUIBIK Kacuertepi Corrtest
MOTEHI[UOCTAT-TAJIbBAHOCTATHl KOMETIMEH LHUKIJIIK BOJBTAMIICPOMETPUS 9JiCIMEH
3epTTEININ, KeHiH rajJbBaHOCTATHKAIBIK ICKTPOIHN3 KYPTi3iiami. TOK THIFBI3IBIFBIHBIH,
ANEKTPOJIAT KOHIICHTPAITUSACHIHBIH JKOHE TeMmmepaTypaHblH (HochOpIbl KBITKBUIIBIH
TOTBIFYy TOTHI OOWBIHINA IIBIFBIMBIHA ocepi aHBIKTanAbsl. H3POs KochurraHHaH KeiH
mamameH +0,70 >xone +0,95 B morennmangapeiaga OaiikanraH eki aliKbIH aHOATHIK
IBIH (POCQOPIIBI KBIIKBULIBIH CATBUIBI AJIEKTPOTOTHIFYbIHA KATKBI3BUIIBI. DJIEKTPOIIH3
JKaFaiibIHIa aHOJTHIK TOTHIFY HOTHXKECiIH e (hochaT-uOHIAPhI TY31JICTIHI aHBIKTAJIIBL.
DJIEKTPOXUMUSIIBIK JCPEKTEP JICKTPOJ] OCTIH/IC TY3ITCH KOPFaChIH OKCH/II KaOaThIHBIH
AEKTPOKATATUTHKAIBIK 9CEP KOPCETIl, aHOATHIK TOKTAPABl apTTHIPATHIHBIH OOJDKayFa
MYMKIHZAIK Oepei. 3epTTeyiH MpakTHKAIBIK MaHbBI3IBUIBIFEI (POCPOPITBI KBIITKBUIIBIH
AQHOATHIK TOTBHIFYBIHBIH OHTAWJIBI TEXHOJOTHSUIBIK TapaMeTpiepiH FBUIBIMH HETi3Zey
JKOHE TaHJayMeH aHbIKTanaabl. KeiMOaT achul MeTaljapAblH OpHBIHA KYKIpT
KBIIIKBLIBl OPTAChIHJA KOPPO3UsFa TO3IMJII JKOHE SKOHOMHKAJIBIK THIMII KOPFaChIH
AHOJIBIH MaljaJlaHy MaKCaTThl OHIMHIH TOK OOMBIHIIIA )KOFAPbI IIBIFBIMBIH KAMTAMAChI3
eTemi. ANBIHFaH HOTHXKENIep HETi3iHIe TePMUSIIBIK (POCchOp KHIMIKBIIBIH Ta3apTyIbIH
YCBIHBUTFaH ANEeKTpOXuMUSIIBIK  omici «HAD3» KIIC enmipicTik karmaibHIa
CBhIHAKTAaH OTKI3LIII.
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AHHOTanMs. AHOJTHOE OKHCJICHHE BOCCTAHOBIICHHBIX (popM (ocdopa, B 4aCTHOCTH
(docopHoBarucToit U (HochOPUCTON KHUCIIOT, MPEJACTABIAET MHTEPEC KaK C TOYKH
3peHust QyHIaMEHTAIbHBIX UCCIICOBAHUMN, TaK M JJIsS PEIICHUS MPHUKIAIHBIX 3aj1ad,
CBSI3aHHBIX C OYMCTKOM W pekynepanueil pocdopa. Llens uccnenopanus 3aKirodanach
B M3YYCHUU aHOJHOTrO OKHCIEHHUS (OCHOPUCTON KUCIOTHI B TajbBaHOCTATHUYECKUX
YCIIOBHUSIX M KOMIUICKCHOW OIICHKE BJIMSHUSI OCHOBHBIX TEXHOJIOTMYECKUX HapaMeTPOB
Ha 3PPEKTUBHOCTH MPOIecca M MEXaHU3M PEaKIUHU. DIIEKTPOXUMHUYECKOE TIOBEICHHE
(dochoprcToil KHCIOTHI HCCIEAOBAIN METOAOM LUKIMYECKOW BOJIBTAMIIEPOMETPHH
C HCIOJNB30BaHHUEM IMOTEHIMOCTaTa-raipBanocTara Corrtest, mocie 4ero MmpoBOAMIH
raJIbBaHOCTaTUYCCKU AIeKTposn3. M3ydeHOo BIUSHIE TNIOTHOCTH TOKA, KOHLICHTPALIUH
AJIEKTPOJIMTA M TEMIIEpATypbl Ha BBIXOJ| IO TOKY IpH OKHUCIeHUH (ochopucToi
kuciotel. [locne moGaenenuss HsPOs Ha BosjbrammeporpamMmax HaOJOIAIKMCh 1B
BBIPOKEHHBIX AHOAHBIX MHKa MpU moTeHImantax okoino +0,70 u +0,95 B, xotopsie
OBUIM OTHECEHBI K IOCJIEAOBATEIILHBIM CTaAMsIM 3JIEKTPOOKHCICHUST (Gochopuctoit
KHCJIOTBI. YCTaHOBIICHO, YTO B YCIIOBHUSX DJIEKTPOIN3a aHOJHOE OKUCIICHUE ITPHBOIUT
K oOpasoBanuto (¢ocdar-uoHoB. Ha OCHOBaHMM DIEKTPOXUMHYECKUX JTaHHBIX
BBIIBUHYTO IPEIIOJIIOKECHUE, YTO 00Pa3yIONIUiics Ha TIOBEPXHOCTH DIIEKTPOAA CIIOH
OKCH/Ia CBHHIA MPOSBISET DIEKTPOKATAIUTHYECKOE JCWCTBHE M CHOCOOCTBYET
YBEJIIMYCHHUIO AHOIHBIX TOKOB. IIpakThyeckass 3HAUMMOCTH PabOTHI 3aKIIIOUACTCS B
Hay4HOM OOOCHOBAaHMU U BBIOOPE ONTHUMAJIbHBIX IMAPAMETPOB AHOIHOTO OKHUCIICHUS
(hochopucToit KUCIIOTHI. 3aMEeHa JOPOTOCTOSIIUX OJIArOPOIHBIX METAJIIIOB CBUHIIOBBIM
AHOJIOM, XapaKTEPU3YIOIIUMCS 3KOHOMHUYHOCTHI) U KOPPO3UOHHOM YCTOMYHUBOCTHIO
B CEPHOKHCIION cpefie, 00ecleunBaeT BBHICOKHI BBIXOJ LIEJIEBOTO MPOAYKTa MO TOKY.
Pa3zpaboTaHHBI AIIEKTPOXUMUYECKHN CHOCO0 OYHMCTKH TepMuueckor (ocdopHoi
KHCJIOTBI OBLJT alpOOMPOBaH B IPOU3BOJCTBEHHBIX ycioBusx TOO «H/ID3».

KiroueBble ciaoBa: ¢docdopucras KUCIOTa, IJIEKTPOOKHCICHUE, MHUKIHMUYECKas
BOJIBTAMIIEPOMETPHS, JICKTPOJIN3, BBIXOJ 0 TOKY, (pochar-noHbI

Introduction. Kazakhstan is one of the largest producers of yellow phosphorus.
The main man-made waste product of phosphorus production with a high content of
phosphorus and its compounds is phosphorus-containing sludge, which is formed at the
stage of yellow phosphorus condensation as a result of incomplete purification of waste
dust and gas components.

Thermal sludge phosphoric acid is a product of the thermal production of
orthophosphoric acid. It contains phosphorus from the raw materials and suspended
solids (sludge) resulting from air or equipment contamination.
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Underoxidized forms of phosphorus exist as elemental phosphorus (P,),
hypophosphorous acid (H,PO,) and phosphorous acid (H,PO,) (Bayeshov et al., 1987).

Purification of thermal slurry phosphoric acid is a critical task for ensuring the
production of high-quality phosphoric acid and compliance with environmental
standards. Various purification methods, such as flotation, precipitation, ion exchange,
sorbent use, and chemical oxidation, effectively remove impurities and improve the
quality of the final product. However, further improvement of purification processes
requires continued research into new technologies and materials.

The electrochemical oxidation of lower phosphorus oxides has both theoretical and
practical significance. Theoretical significance is due to the lack of research on the
subject and the contradictory nature of the available data. From a practical point of view,
the oxidation of under-oxidized forms of phosphorus allows the purification of thermal
sludge phosphoric acid obtained during the processing of phosphorus sludge.

Literary review

The purification of thermal slurry phosphoric acid derived from industrial wastes
represents a major technological and environmental challenge due to its highly complex
multi-component chemical composition and aggressive acidic matrix. The primary
problem is that the target product - orthophosphoric acid (H,PO,, oxidation state +5)
- is accompanied by substantial amounts of dissolved lower-valence, underoxidized
phosphorus  species, predominantly represented by phosphorous (H,PO,) and
hypophosphorous (H,PO,) acids. Additionally, the raw technical medium is heavily
contaminated with colloidal particles, polyphosphates, organic surfactants, and heavy
metal ions such as Fe*', AI**, and Ca*" (Petrov et al., 2016; Raut et al., 2021). This
severely limits the direct industrial application of the acid and requires deep, selective
purification.

Traditional industrial approaches rely primarily on chemical precipitation and
coagulation methods. These techniques involve the addition of various external reagents,
including iron sulfate, lime, and organic polyelectrolytes, to induce the aggregation and
precipitation of colloidal impurities and heavy metals (Mhedhbi et al., 2023; Kumaretal.,
2019). Sorption techniques utilizing activated carbons and surface-modified materials
are also considered highly promising for removing organic components (Raut et al.,
2021). However, despite their localized efficiency, almost all conventional chemical and
sorption methods possess significant drawbacks: they are inevitably accompanied by
the formation of massive volumes of secondary hazardous chemical sludges, require a
continuous consumption of costly reagents, and demand multiple additional processing
and filtration stages.

The electrochemical oxidation of lower phosphorus acids has emerged as a much
more attractive approach from both fundamental science and applied engineering.
Converting underoxidized forms of phosphorus directly solves the core problem of
purifying thermal slurry phosphoric acid while enabling efficient phosphorus recycling
(Bayeshov et al., 2001; Zhang et al., 2020). Early reports highlighted that lower
phosphorus oxoacids could be effectively converted under specific conditions. For
instance, A.P. Tomilov (Tomilov et al., 1996) reported that H,PO, oxidation is efficient
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on a graphite electrode in the presence of 0,5 N hydrochloric acid. The literature also
demonstrates that H,PO, oxidizes effectively even on a nickel anode when a specific
ratio between disodium phosphite and caustic soda is maintained in alkaline solutions,
with the degree of conversion reaching up to 99%. However, research regarding these
alternative environments is still in its early stages, and a significant number of questions
remain unanswered regarding efficient operation in highly acidic solutions.

To understand the fundamental kinetics and reaction pathways of lower phosphorus
oxoacids, platinum (Pt) has traditionally served as the primary model catalyst. Extensive
research has been dedicated to studying the electrochemical behavior of phosphorus-
containing acids on Pt electrodes (Prokop et al., 2015; Prokop et al., 2016; Gomes
et al., 2022). According to Lunyatskas (Lunyatskas, 1965), phosphites in an alkaline
solution can be oxidized on a platinum anode with a current and substance efficiency
of roughly 40%. A key finding in this domain is that H,PO, and its reduction products
exhibit exceptionally strong adsorption behavior on the platinum surface. This severe
adsorption leads to the complete blocking of active catalytic sites, which drastically
reduces the overall efficiency of electrochemical reactions, including the oxygen
reduction reaction (ORR) in high-temperature proton-exchange membrane fuel cells
(HT-PEMEFC) (Prokop et al., 2015).

Furthermore, recent cutting-edge investigations (Wibowo et al., 2023; Wibowo et al.,
2024) have revealed that Pt is capable of catalyzing the oxidation of an aqueous solution
of H,PO, to H,PO, even under room conditions without any external current application.
Utilizing advanced surface-sensitive analytical techniques, it was demonstrated
that while H,PO, remains entirely stable in the bulk solution, it undergoes unique
spontaneous chemical transformations at the Pt/ H,PO, interface. At this boundary,
the acid is oxidized by water molecules, simultaneously releasing molecular hydrogen
(H,). The authors suggested that the strong adsorption of H,PO, on the platinum surface
strictly in its reactive pyramidal tautomeric form is the key driving force behind this
interfacial catalytic phenomenon.

While platinum provides deep insights into the fundamental interfacial kinetics
and adsorption phenomena of H,PO,, its prohibitive cost restricts its use in large-
scale technological applications. Consequently, researchers have extensively sought
alternative, industrial-grade anode materials, focusing heavily on lead (Pb), lead dioxide
(PbO,), and carbonaceous substrates. However, historical data regarding these materials
remain highly contradictory.

Early literature explicitly demonstrates that lower oxoacids of phosphorus can exhibit
completely different reactivities depending on the specific nature of the alternative
anode surface. In a report by Baudler and Schellenberg (Osadchenko, 2001), it was
stated that phosphorous acid is readily and effectively oxidized to phosphoric acid on a
conventional lead anode, though no quantitative kinetic metrics were provided. In sharp
contrast to these findings, Hickling and Johnson (Osadchenko, 2001) strongly asserted
that no noticeable oxidation of H,PO, is practically observed on platinum, graphite, lead,
and lead dioxide anodes up to the potentials of intense oxygen evolution. According to
their results, the process is kinetically blocked on these surfaces, and only the addition
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of potassium iodide (KI) as a homogeneous catalyst to the solution allows a reasonable
current efficiency of 65% to be achieved.

The mechanism and the reasons behind these discrepancies were partially addressed
by Trasatti and Alberti (Tomilov et al., 1996), who concluded that the oxidation
of H,PO, is heavily dictated by the catalytic properties of the anode surface and the
specific tautomeric form of the acid. They also expressed the pioneering opinion that
hypophosphorous acid is oxidized via a highly similar pathway to that of phosphoric and
phosphorous acids. To expand the understanding of elemental phosphorus conversions,
in our early studies, the electrochemical properties of red phosphorus were thoroughly
investigated using voltammetric measurements with a novel phosphorus-graphite
composite electrode developed by our group (Bayeshov, 2025).

Nevertheless, our comprehensive literature review reveals a very limited number of
scientific publications specifically dedicated to the anodic electrochemical conversion
of H,PO, in highly acidic media. A significant portion of modern studies still focuses
on either complex chemical or sluggish biological oxidation pathways. The available
electrochemical data and fundamental insights are largely based on historical results
obtained in previous decades, and alternative electrode materials - except for platinum
- have not been fully or systematically explored. Crucially, a systematic and rigorous
comparison of stable base-metal electrodes operating in highly acidic, industrial-like
media remains absent, and the long-term electrochemical stability, selectivity, and
kinetic parameters of base-metal anodes (such as lead) remain inadequately discussed.

Accordingly, the aim of this research is to investigate the anodic oxidation of
phosphorous acid under galvanostatic conditions and to comprehensively evaluate the
influence of key operational parameters - namely current density, temperature, and
supporting electrolyte concentration - on the process efficiency and reaction mechanism.

The scientific novelty of this work lies in establishing that phosphorous acid can
be effectively oxidized via a direct electrochemical pathway on a cost-effective lead
anode in strongly acidic solutions, bypassing the requirement for expensive noble-metal
catalysts.

Methods and materials. The electrochemical behaviour of phosphorous acid
was studied by recording cyclic anode-cathodic and cathode-anodic potentiodynamic
polarization curves using a CS350 Potentiostat/galvanostat (Electrochemical
Workstation Corrtest Instruments, China) equipped with Corrtest software for real-
time data acquisition and three-electrode electrochemical cell. The CS Studio6 version
software was installed on the instrument that was used to perform data capture and
analyses during the studies. The main polarization curves were recorded at the potential
sweep rate of 50 mV/sec. Electrochemical measurements were performed in a 4-port
glass electrochemical cell with a total solution volume of 100 mL at the room temperature
without stirring.

All chemical reagents used in this study were of analytical grade and used as received
without further purification. Phosphorous acid (H3PO3, purity > 98,,0%) was purchased
from Sigma-Aldrich, and sulfuric acid (H2SO04, 95-98%, density 1,84 g/cm3) was
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obtained from Merck. High-purity distilled water (with a specific conductivity of less
than 2,0 uS/cm) was utilized for the preparation of all aqueous solutions.

Electrodes Preparation. Saturated silver chloride Ag/AgCl (E= +0,203 V) and
graphite (@3mm) were used as reference and counter electrodes, respectively. The
working platinum anode was prepared immediately before each experiment: its surface
was mechanically cleaned with P1200 grit sandpaper to remove natural oxide films,
then degreased in ethanol and rinsed with distilled water. The counter graphite electrode
was rinsed with distilled water before each experiment. The potentials were measured
against a silver/silver chloride (Ag/AgCl) reference electrode filled with a 3 M KCl
solution. The potential of the reference electrode was +0,203 V vs. SHE at a temperature
of 25 °C. The reference electrode was maintained in a standard working condition and
did not undergo any mechanical treatment. The interelectrode distance between the
anode and cathode was strictly fixed at 15 mm.

A platinum (Pt) disk electrode with a geometric surface area of 4 mm2 was employed
as the working electrode. A high-purity graphite rod with a surface area of 4 cm2 served
as the counter electrode. The interelectrode distance between the working and reference
electrodes was fixed at 4 mm.

Lead of grade CO (99,992% purity) with a working surface area of 6 cm2 was used
as the anode during electrolysis. A graphite rod with a diameter of 4 mm and a working
section length of 20 mm served as the cathode. The interelectrode distance was set at
3.5 cm. Before each experiment, the surface of the lead anode was mechanically cleaned
using P1200-grit abrasive paper, degreased in ethanol, and rinsed with distilled water.
The graphite cathode was cleaned and rinsed prior to use.

The use of two different electrode materials and experimental setups (a model
platinum anode for voltammetry and a lead anode for preparative galvanostatic
electrolysis) stems from the fact that platinum is an ideal model catalyst for studying the
mechanism, while the lead electrode represents the applied part of the work, where the
current density, temperature, and sulfuric acid concentration are optimized to achieve a
high current efficiency on a practical lead electrode.

After studying the mechanism of oxidation by voltammetric method, we studied
the electrochemical behavior of phosphorous acid by electrolysis. An electrolyte
solution was prepared from a specific amount of phosphorous acid, and electrolysis was
performed under specified conditions. Phosphorous acid oxidation on solid electrodes
was carried out in a thermostatted 100-mL glass electrolyzer without separating the
anodic and cathodic spaces under galvanostatic conditions (Figure 1).
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Figure 1 — Schematic diagram of the electrochemical oxidation of phosphorous acid: 1 — electrolyzer
body, 2 — cathode (graphite rod), 3 — anode (lead electrode), 4 — ammeter, 5 — current source.

To isolate the fundamental kinetic features of the anodic process and avoid the
masking effects of heavy metals and organic impurities typical for real industrial
sludges, synthetic model solutions of H,PO, were prepared in a sulfuric acid (H,SO,)
supporting electrolyte for the laboratory-scale experiments. To validate the scalability
and applicability of the developed approach under industrial conditions, pilot-scale
trials were subsequently performed using real thermal sludge phosphoric acid directly
at the production site of “NDFZ” LLP (Novodzhambul Phosphorous Plant). In the latter
case, the real thermal phosphoric acid itself acted as the multi-component technological
electrolyte undergoing anodic self-purification.

After electrolysis, the phosphate-ions formed were determined by using the
known photocolorimetric method (Moyzhes, 1973). Orthophosphates react with
vanadium and molybdenum salts to form yellow compounds with the composition
P,0,-V,0,-22M00,'nH,O. Photocolorimetric measurements were performed on a
KFK-3 device at a wavelength of 510-540 nm. Maximum light absorption coefficients
of E =20,000 (A =315 nm) and E = 2,500 (A = 400 nm) indicate peak intensity in a
0,5-1,2 N nitric acid solution; the color develops and remains stable for several days.
Small amounts of Si, NHa, Ca, Ba, Ni, Bi, Mo, and As do not affect the accuracy of the
determinations.

Solution A. Dissolve 50 g of ammonium molybdate in 500 ml of water, heat to 50-
60°C. (If vanadate turns yellow during dissolution, it is necessary to add a few drops of
ammonia). Filter the solution, cool and add 250 ml of HNO, 1:3.

Solution C. Molybdenovanadium reagent. Solution A is slowly poured into solution
B with vigorous stirring, add another 50 ml of concentrated HNO, and mix thoroughly.
The solution is stable.
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Solution D. The standard solution of potassium dihydrogen phosphate 0,4794 g of
KH,PO, dried over sulfuric acid is placed in a volumetric flask (1L), dissolved in water,
and the volume is brought up to the mark; (1 ml of solution contains 0.00025 g of P,O,).

Construction of calibration graph. 10, 14, 18, 22, 26, 30 or 20, 24, 28, 32, 36, 40 ml
of standard solution are placed in measuring flasks with a volume of 100 ml. 5 ml of
HNO, (concentrated), 70 ml of H,O and 20 ml of solution B are poured into each flask,
the volume is brought up to the mark with water, and after 20-30 minutes, colorimetry
is carried out on FEK-N-57 with light filter No. 3, FEK-56 with CH-98 lamps at A=410-
430 nm in cuvettes with a length of 10 mm. Measurements were made relative to the
reference solution for the first calibration graph containing 10 mm, for the second 20
mm of P,O, solution. According to the obtained results, calibration graphs are built,
which allow to determine 2,5-7,5 and 5-10 mg of P,O,.

The analysis was carried out according to the linear dependence of the concentrations
of phosphate-ions on the optical density of the solution (D=f(C)).

D

1.0 4
0.8
0.6
0.4

0.2 1

0.0 T T T T T
0 2.5 5.0 7.5 10.0 12.5

[P,0,], mg/mL

Figure 2 — Calibration graph in coordinates: optical density - concentration P,O, (mg/ml).

The phosphate-ion content according to the calibration curve is determined by this
formula:

APO®HW

C(POZP,) - 1000

(1)
where, A(PO,”) is the PO,” fraction found from the calibration curve; W is the

fraction of the main solution, ml; o is the aliquot part of the solution, ml.
Formula for calculating phosphine oxidation (n, %):

-3
n =% . 1009 @)

total
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where C(PO,”) is the phosphate-ion content formed in the solution after electrolysis,
mg; C_ - total phosphine content calculated based on phosphate-ions, mg.

To determine the current efficiency, the theoretical mass was calculated using
Faraday’s law:

Mepeor. = 1 ¥ q * T (3)

where [ is the current, A; q is the electrochemical equivalent, g/A-h t is time, h.
The current efficiency was calculated using the following formula:

CE = mpract/mtheor. * 100% “)

The influence of the current density, electrolyte concentration, and duration of
electrolysis on the current efficiency of phosphorous acid oxidation has been studied.

Statistical Data Processing. To ensure the reproducibility of the electrochemical
results, all measurements (including current efficiency tests) were carried out at least
three times under identical conditions. Statistical analysis was performed using the
standard small-sample methodology. Data are presented as the mean (+) standard
deviation (SD) or confidence interval (CI) calculated for a 95% confidence level (P =
0,95). Data visualization, curve fitting, and error bar calculations were performed using
OriginPro 2024. The differences between the parameters were considered statistically
significant if their 95% confidence intervals did not overlap.

Results. Phosphorous acid (H,PO,) is an important chemical compound with unique
redox properties, making it an object of interest for electrochemical research.

The pioneering studies were conducted on a potentiostat-galvanostat with the
ability to record cyclic voltammograms. A platinum electrode with a carefully prepared
polished surface served as the working electrode. The auxiliary electrode was a graphite
wire, and a silver chloride electrode was used as the reference electrode.

A solution of phosphorous acid with a concentration of 5 g/l was used for the
experiments, prepared in a 0,5 N sulfuric acid solution, which provided an acidic
environment and stable ionic strength. The polarization curves were recorded by cyclic
voltammetry in the potential range from -0,5 V to +1,5 V at a potential sweep rate of 50
mV/sec.

To unambiguously differentiate the currents associated with (H,PO,) oxidation from
the background processes on the platinum surface, a control experiment was performed
in the pure supporting electrolyte (Fig. 3, curve 1). As can be seen, the blank voltammetric
curve exhibits no peak features in the potential range of 0,5 to 1,2 V, indicating that
platinum oxide formation contributes negligibly to the overall current in this region.
Consequently, the two distinct anodic peaks observed at a potential of approximately
+0.7 V and a potential of approximately +0,95 V upon the addition of H,PO,) (curve
2) can be confidently assigned to the stepwise electro-oxidation of phosphorous acid
(Figure 3). The first peak appears at a potential of E, =070V with a corresponding
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current density of jpI = -4.2 - 10° A/em? The second oxidation peak is located at E,
= 0,95V with a current density of j , = -2.7 - 10 A/cm?. This quantitative separation
confirms a two-step mechanism for the process.
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Figure 3 — Cyclic anodic-cathodic potentiodynamic polarization curves of a platinum electrode in a
solution containing:
1-0,5 N sulfuric acid (blue line); 2-0,5 N sulfuric acid + 5 g/L phosphorous acid (green line); potential
sweep rate: 50 mV/sec

The reduction peaks were less pronounced, indicating possible irreversible or
partially reversible reaction behavior. The recorded cyclic voltammogram also showed
reduction, indicating the occurrence of electrochemical reactions of phosphorous acid
on the surface of the platinum electrode. An analysis of the reverse scan of the cyclic
voltammogram (Fig. 3, curve 2) reveals a total absence of cathodic peaks in the potential
range from 1,5 to 0 V, which would correspond to the reduction of the phosphorous
acid oxidation products. The absence of a measurable cathodic peak current (jpc =0)
precludes the calculation of standard reversibility criteria, such as the peak-to-peak
separation (A E) and the peak current ratio (| jpa/jpc [). Therefore, the experimental data
strictly demonstrate that the electrochemical oxidation of H,PO, on the Pt electrode is a
completely irreversible process.

The effect of the potential scan rate on the electrochemical behavior of phosphorous
acid on the platinum electrode was systematically investigated (Figure 4). As can be
seen from the cyclic voltammograms, an increase in the potential scan rate from 10
to 300 mV/sec leads to a continuous increase in the peak currents for both anodic
oxidation steps of phosphorous acid. To identify the nature of the rate-determining step,
diagnostic plots of the peak current density (j ) as a function of the scan rate parameters
were analyzed. The dependencies of jp versus L2 exhibited a strict linear correlation
(R?>0,99) for all six scan rates. Furthermore, the linear regression of log jp vs. log v
yielded slopes of 0,51 for Peak 1 and 0,49 for Peak 2. These values perfectly match the
theoretical diagnostic criterion of 0,5, unambiguously demonstrating that the electro-
oxidation of H,PO, is entirely governed by diffusion control rather than surface kinetic
limitations.
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Figure 4 — Anodic-cathodic polarization curve of phosphorous acid in a sulfuric acid solution on a
platinum electrode at different potential scan rates: 1-10, 2-30, 3— 50, 4-100, 5-200, 6-300 mV/sec.

After studying the mechanism of electrochemical oxidation by voltammetric method,
we continue the research experiments by electrolysis. Galvanostatic electrolysis is
characterized by the supply of direct current, which ensures stable and controllable
reaction conditions. This allows for a detailed study of the kinetics of the process,
determination of optimal parameters, and understanding of the mechanisms of the
reactions taking place. The aim of this galvanostatic research is to study the anodic
oxidation of phosphorous acid by electrolysis and to investigate the influence of the
main factors such as current density, temperature, and electrolyte concentration on the
rate of phosphorous acid oxidation.

Anodic oxidation of phosphorous acid is an important electrochemical process
that converts H,PO, into phosphoric acid (H,PO,). The electrochemical oxidation of
phosphorous acid occurs on the surface of the lead anode and allows for focusing on the
oxidation process (Tukibayeva, 2025).

During the anodic oxidation of phosphorous acid, the following reaction can occur
on the electrode surface:

H;PO, + 2H* + 2e~ - H3;P05; + H,0 E® = —-0.276 Bvs.SHE 5

The influence of electrochemical factors such as current density, temperature, and
electrolyte concentration on the current efficiency of phosphorous acid oxidation was
studied.

Our experimental data show that as current density increases from 100 to 500 A/m?,
the oxidation rate of phosphite ions is initially low (Figure 5). All experimental studies
to determine current efficiency were performed in triplicate (n = 3).
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Figure 5 — Effect of current density on the current efficiency of phosphorous acid oxidation:
[H,SO,]-100 g/L, [H,PO,] - 30 g/L; <

Figure 5 presents the calculated values for standard deviations (SD) and confidence
intervals (AX), computed using Student’s distribution at a confidence level of P = 0,95
(standard for chemical research). Vertical error bars are plotted on the graphs. The
statistical analysis fully confirms the validity of selecting the optimal operating mode
(400 A/m?; current efficiency: 59,0 + 2,5%). The confidence intervals for this point do
not overlap with those of adjacent modes (300 A/m?* 49,3 + 3,8%; 500 A/m?: 54,0 +
2,5%), thereby mathematically demonstrating the reliability and statistical significance
of the observed maximum and ruling out the influence of random factors.

Table 1 — Effect of current density on the current efficiency of phosphorous acid oxidation:
[H,SO,]-100 g/L, [H,PO,] - 30 g/L; <
i, A/m? 100 200 300 400 500
CE,% 11,0£5,0% | 39,3+3,8% 49,3 +£3,8% 59,0 +2,5% 54,0 £2,5%

We hypothesize that this is due to insufficient electrode potential for efficient anodic
reaction. With increasing current density to 400 A/m?, a sharp increase in the oxidation
rate and, correspondingly, the current efficiency of phosphorous acid oxidation was
observed. With further increases in current density, the reaction rate slows down, which
is explained by competition with side reactions, such as oxygen evolution.

An investigation of the effect of temperature on current output revealed a monotonic
increase in the target value across the entire range studied, from 20 to 60 °C (Table 2).

Table 2 — Effect of electrolyte temperature on the current efficiency of phosphorous acid oxidation:
[H,PO,] -30 g/L; i=400 A/m* t-0,5h
T, ° 20 30 40 50 60
CE, % 21,0 £ 5% 24,7 +3.8% 34,0+£2.5% | 50,3+3,8% 60,7 +3.8%

Solution temperature directly influences the anodic oxidation process of phosphorous
acid. Increasing the temperature accelerates the transport of reactants to the anode,
reduces concentration polarization, and increases the rate of the main target reaction. In
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our case, increasing the electrolyte temperature from 20 to 60°C favorably affects the
rate of the anodic process.

Statistical analysis of the data (n = 3, P = 0.95) confirmed the high reproducibility
of the results. With the exception of the 20-30 °C range, where the confidence intervals
partially overlap (21,0 + 5,0%) and (24,7 + 3,8%), respectively, a further increase in
temperature leads to a statistically significant (reliable) increase in current output. The
maximum value is reached at 60 °C and amounts to (60,7 = 3,8%); the lower limit of this
regime (56,9%) is strictly higher than the upper limit of the regime at 50 °C (54,1%),
which mathematically confirms the selection of this temperature as the optimal one.

When studying the concentration of sulfuric acid solution, anodic oxidation of
phosphorous acid initially proceeds at a high rate, and a decrease in the rate of the
anodic process is observed when the sulfuric acid concentration reaches 150 g/L (Figure
6). According to the laws of electrochemistry, at high sulfuric acid concentrations, the
solution viscosity may increase and ion mobility may decrease, which may impair the
transport of phosphorous acid to the anode. Also, as the concentration of sulfate-ions in
the electrolyte increases, a very dense layer of lead sulfate with a low solubility product
(SP(PbSO4) = 2 - 10-®) forms on the surface of the electrode (Dickerson et al., 1982),
which reduces the amount of current passing through the circuit:

Pb%** + SO%™ — PbSO, (6)
PbO, + SO;~ + 4HY + 2e~ — PbSO, + 2H,0 E°=+1.691 V vs. SHE (7)
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Figure 6 — Effect of sulfuric acid concentration on the current efficiency of phosphorous acid oxidation:
[H,PO,]-30 g/L; i= 400 A/m*; 1 — 1.0 h

At high current densities, a darkening of the lead anode surface to a brownish-purple
color is also observed, indicating that the reaction proceeds through lead dioxide. From a
technological perspective, when considering this electrochemical approach as a basis for
phosphoric acid purification, the potential contamination of the final product with toxic
heavy metal ions must be carefully evaluated. Although direct analytical determination
of lead was beyond the scope of this fundamental study, a rigorous thermodynamic

53



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

estimation can be applied. In a strongly acidic medium containing an excess of sulfate
ions from the supporting electrolyte, the accumulation of free Pb*" is strictly prevented
by the immediate precipitation of PbSO, (K = 1,6 - 108 — 2,0 - 10®). Due to the
common-ion effect, the residual concentration of dissolved Pb2+ is theoretically limited
to less than 4,0 - 10-8 M (~6,6-8,3 ppb). This guarantees that the contamination of
the purified acid remains far below the critical thresholds for industrial applications,
confirming the viability of the proposed method.

Table 3 — Effect of sulfuric acid concentration on the current efficiency of phosphorous acid oxidation:
[H3PO3] -30 g/L; i= 400 A/m2; T — 1,0 h
[H,SO,], g/L 50 100 150 200 250
CE, % 40,0 +2,5% 42,0 +2,5% 59,7+ 3,8% 58,7 +3,8% 52,3+3,8%

The dependence of current efficiency on sulfuric acid concentration exhibits an
extremum, with a maximum at 150 g/L. Statistical analysis of the data (n =3, P =0,95)
confirms that increasing the concentration from 50 to 150 g/L results in a significant rise
in current efficiency to (59,7 £ 3,8%). In the 150-200 g/L range, the values remain stable
within the limits of experimental error. However, a further increase in concentration to
250 g/L leads to a statistically significant decrease in the value to (52,3 + 3,8%), thereby
mathematically justifying the selection of 150 g/L as the optimal process parameter.

Discussion. The observed two pronounced oxidation peaks in the anodic direction
on the cyclic voltammograms show the anodic oxidation proceeding, which corresponds
to the oxidation of phosphorous acid with the probable formation of phosphoric acid or
other oxidized forms. This research requires further detailed investigation.

The obtained results show thatanodic oxidation of phosphorous acidis electrocatalytic.
The mechanism of anodic oxidation of phosphorous acid on a lead anode (Pb) has
features that distinguish it from processes on inert anodes such as platinum or graphite.
A lead anode is a passivated anode that can participate in reactions not only as a current
conductor but also as a reactive surface, forming oxide layers (PbO,, etc.). Similar
results were obtained during the study of anodic oxidation of hypophosphite-ions in
neutral solutions (Tukibayeva et al, 2022).

Based on the observed characteristic dark-brown coloration of the lead anode surface
during electrolysis, the formation of a lead dioxide (PbO,) phase can be hypothesized. In
strongly acidic media at high anodic potentials, the electrochemical transition of lead to
(PbO,) is thermodynamically favorable. Therefore, we propose a tentative mechanism
where (PbO,) acts as an in situ generated mediator that facilitates the oxidation of
phosphite-ions.

PbO, + 4H* +4e > Pb + 2H,0  E°= +0,665V vs.SHE (8)
The electrochemical oxidation of phosphorous acid occurs through chemical

oxidation of the phosphorous acid by a layer of PbO, formed on the anode surface
during anodic polarization and direct electrooxidation on the surface of the lead anode.
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During the oxidation of phosphorous acid, chemical oxidation occurs on the lead
anode surface:

H,PO, +Ph0O, + SO~ + 2H* - H,PO, + PbSO, + H,0 (9)

It should be noted that while the electrochemical data point toward a probable
catalytic role of the lead oxide surface layer, its precise phase composition, morphology,
and chemical state remain to be confirmed. Detailed surface characterization using
XRD, XPS, and SEM/EDS techniques will be the focus of our future studies to
comprehensively unravel the reaction mechanism.

Thus, we have studied the anodic oxidation of phosphorous acid on a lead electrode
in a sulfuric acid solution. The current efficiency of phosphorous acid oxidation in
a sulfuric acid solution on a lead electrode under the preferred operating parameters
([H,SO,] =150 g/L, i =400 A/m?*, t = 60°C) is 71%.

The industrial viability of the developed electrochemical oxidation method was
successfully validated through pilot-scale trials on real thermal sludge phosphoric
acid directly at the “NDFZ” LLP production site. The highly efficient performance of
the lead anode under optimized regimes (400 A/m?, 60 °C) and the obtained technical
parameters were officially confirmed by the Testing Act issued by “NDFZ” LLP.

Conclusions

In this work, the electrochemical behavior of phosphorous acid was studied using
voltammetric measurements. The cyclic voltammograms shows two pronounced
oxidation peaks in the anodic direction at a potential of approximately +0,56 to +0,7 V
on platinum electrode, which corresponds to the oxidation of phosphorous acid with the
probable formation of phosphoric acid or other oxidized forms. These studies require
further detailed investigation.

It was investigated the influence of the main factors such as current density,
temperature, and electrolyte concentration on the rate of phosphorous acid oxidation
under galvanostatic conditions. The results show that during anodic oxidation of
phosphorous acid, oxidation occurs to phosphate-ions. The oxidation of phosphite-ions
can be considered electrocatalytic, with the catalyst being the oxide layers formed on
the electrode surface. It has been shown that the oxide layer formed on the surface of a
lead electrode has a catalytic effect and positively influences the oxidation of phosphite
ions. Electrode materials play a key role in ensuring high catalytic activity and efficient
charge transfer during phosphorous acid oxidation.

The practical significance of this work lies in the scientific substantiation and selection
of optimal process parameters for the anodic oxidation of phosphorous acid. Replacing
expensive noble metals with a lead anode—which is both cost-effective and corrosion-
resistant in sulfuric acid media - ensures a high current efficiency for the target product.
The proposed electrochemical method for purifying thermal phosphoric acid was tested
at the NDFZ LLP production facility (Taraz). The test results confirm the feasibility of
electrochemically removing lower phosphorus acids from thermal phosphoric acid at
ambient temperatures and demonstrate the applicability of the developed method.
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