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ELECTRODE REACTIONS OF PHOSPHONIC COMPOUNDS
OF ATMP AND HEDP ON A PLATINUM
AND GLASS-CARBON ELECTRODES

Abstract. The electrochemical activity of ATMF (aminotrismethylenephosphonic acid) and HEDP(1-hydro-
xyethane 1,1-diphosphonic acid) in solutions of sodium sulfate in the pH range from 1 to 6 on platinum and glass-
carbon disc electrodes was determined. It has been established that as the pH decreases, an increase in the current
maximum due to the electroreduction of protonated forms of the investigated phosphonic acids is observed. The
current value of the cathode maximum for ATMF and HEDP at a constant pH of the solution 3: 2, which corresponds
to the ratio of the phosphonic groups in these compounds. On the glass- carbon electrode in the process of anodic
polarization, an anode wave is observed for ATMF, which is not characteristic of HEDP under similar experimental
conditions. The obtained regularities can be used to determine the ATMF by change in current value of the anode
peak from the concentration in the solution study.

Keywords: anodic dissolution, cyclic voltammetry, cathodic maximum, initial potential, potential sweep rate.

Introduction. There are numerous data in the literature on the use of complexones of NTF, OEDP
and their complexonates with metal ions as inhibitors of salt formation and corrosion on metals and alloys
of different nature [1-16]. Along with the positive effect on the use of these compounds to prevent cor-
rosion and scaling, there is information about the negative consequences of these compounds. The last one
is associated not only with technical problems of their operation in real conditions, but also to a greater
extent with the absence of a serious fundamental basis for establishing the electrochemical activity of
these compounds in neutral and close to neutral solutions on electrodes of different nature and pH. In this
connection, special importance is given to establishing the regularities of electrochemical reactions on
indifferent disk electrodes made of platinum and glassy carbon.

Experimental method. Cyclic volt-ampere curves were obtained at the potentiostat-galvanostat
AUTOLAB (Netherlands) in a sealed cell with a thermostated at 250 ° C using a LOIPLT-105 (Russia)
thermostat. The working electrodes were a disk, platinum and glassy carbon electrode with a visible sur-
face of 0.03 cm’. To update the surface of the working electrode, abrasive paper of the brand MIRKA
2000 (Finland) was used when the electrode was rotated at 2500 rpm, followed by washing with distilled
water. The auxiliary electrode was a platinum helix with a visible surface exceeding the surface of the
working electrode by more than 100 times. The potentials given in the article were measured with respect
to silver chloride electrode from Metrohm (Switzerland) with a potential of 198 mV relative hydrogen
electrode. Deaeration of the volume of the solution in the cell was carried out with an inert gas of argon
"v.h." Measurement of the pH of the solution was carried out using a pH-meter of pH-150MI (Russia).
Distilled water was used to prepare the solutions. The reagents Na2SO4, NTF and OEDF used in the work
had qualifications "hh" and "o.ch."

Results and its discussion. Figure 1 shows cyclic volt-ampere curves on a platinum electrode in a
solution of 0.3M Na,SO, for various concentrations of NTF at a constant pH of 5.6 in the potential range
from -0.4 to -0.8V. Volt-amperage curves were taken in the following order. Initially, cathode volt-ampere
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curves were obtained from the initial potential of -0.4V to a final potential of -0.8V, followed by a reversal
of the potential sweep to the opposite direction. Anode volt-ampere curves were recorded at the same
time. According to Figure 1 in the presence of NTF (CNTF = 1.99-10* M), the cathode current peak at
E ~ -0.65 V and the anode maximum at E ~ -0.57 V are observed at the cathode and anode parts of the
current-voltage curves. As the concentration of NTF increases, the cathode peak of the current shifts to the
region of more negative potentials, and the anode maximum to the region of more positive potentials.
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Figure 1 — Cyclic volt-ampere curves of a platinum electrode Figure 2 — Cyclic volt-ampere curves of a platinum electrode
in a solution of 0.3 M Na,SO, in a solution of 0.3 M Na,SO,
in the presence of different concentrations of NTF. in the presence of different concentrations of OEDPH.
The electrolyte is 0.3 M Na,SO,4; pH = 5.6; The electrolyte is 0.3 M Na,SO,4; pH = 5.6;
concentration of NTF (M): 1 —0; 2 — 1.99-10%; concentration of OEDPH (M): 1 —0; 2 — 1.99-107%;
3-6.9510%4-1.67-107% 5-5.39-10%; 6 — 1.36:10” 3-6.9510%4-1.67-10% 5-5.39-10%; 6 — 1.36:10”

In many respects similar volt-ampere curves under similar conditions were obtained for Oxyethyli-
denediphosphonic acid. Cyclic voltammetric curves on a platinum electrode in a solution of 0.3 M Na,SO,
for different concentrations of Oxyethylidenediphosphonic acid (pH = 5.6) are shown in Figure 2.
Comparing the cyclic voltammetric curves for identical concentrations of Nitrilotrimethylphosphonic acid
and Oxyethylidenediphosphonic acid, it follows that the value of the current of the cathode maxima for the
investigated phosphonates is significantly different. The current ratio of the maxima for NTPH and
OEDPH at the same concentrations is 3:2, which corresponds to the ratio of the phosphonic groups in
NTPH and OEDPH. In other words, the magnitude of the current of the maxima on the cathode and anode
volt-ampere curves is determined by the presence of phosphonic groups, provided that the pH of the
solution does not change.

The magnitude of the current of the maxima and the shape of the curves on cyclic voltammograms is
largely determined by the pH of the solution. This is clearly seen from Figure 3, which shows cyclic volt-
ampere curves on a platinum electrode in a 0.3M Na,SOy solution in the presence of different concen-
trations of NTF at pH = 3.0. This is clearly seen from Figrky 3, which shows cyclic volt-ampere curves on
a platinum electrode in a 0.3M Na,SO, solution in the presence of different concentrations of NTPH at
pH=3.0.

According to Figrky 3, with an increase in the concentration of NTPH at a constant pH = 3.0, the
shape of the current-voltage curves varies significantly. Thus, if in the solution of 0.3 M Na,SO, in the
absence of NTF (Figure 3, curve 1), the cathodic and anodic current peaks are observed on the cyclic volt-
ammetric curves, then in the presence of NTPH the shape of the maxima changes significantly. On the
cathode part of the current-voltage curve (Figure 3, curve 2), along with a small current maximum at
E =-0.45V, one more current maximum is observed for more negative values of the potential E =-0.65V.
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On curve 3 (Figure 2), the current maximum at E = -0.45V is practically not observed, but the current of
the maximum at E = -0.65V appreciably increases.

The appearance of the maximum current on curve 1 (Figure 3) in a solution of 0.3 M Na,SO, at
E =-0.5 V can be explained by the depletion of the near-electrode layer by H + hydrogen ions as a result
of their electroreduction and, as a consequence, an increase in pH in the near-electrode space platinum
electrode, then on curves 2,3 (Figure 3), similar phenomena are manifested to a lesser extent due to the
presence in the solution and in the near-electrode space of protonated forms of NTPH in the mobile
equilibrium, which may be one of the reasons for a significant change in the pH of the near-electrode
layer. The protonation constants for NTPH have the following values [17]:

Protonation constants for NTPH and HEDPH

[HL] [H,L] [HsL] [H4L] [HsL] [HeL]
Complexes [L][H*] [HL][H] [H,L][H*] [HsL][H*] [HsL][H*] [HsL][H*]
N(CH,PO;H,), 12,10 7,30 5,86 4,64 1,50 0,30
CH,(OH)C(PO3)H.), 10,23 7,28 2,47 - - -

In Figure 4, cyclic voltammetric curves are compared on a platinum electrode for solutions with
different pH values and a constant concentration of NTPH. According to Figure 4, the magnitude of the
current of the maxima on cyclic voltammetric curves varies significantly with different pH. Thus, in a
solution close to neutral (pH = 8.4), the cathodic and anodic current maxima are practically absent in
cyclic voltammetric curves. However, even at pH = 5.6 on the current-voltage curves, current maxima
clearly manifest. In an acidic medium pH = 3.0, a sharp increase in current is observed at the cathode and
anode parts of the current-voltage curves. If at pH = 5.6 the potential difference between the cathode and
anode peaks is ~ 80 mV, then at pH = 3.0 this value is 200 mV.

It was interesting to clarify the effect of zinc ions on the current-voltage curves obtained on a
platinum electrode in a solution of 0.3 M Na,SO, (Figure 5, curve 1) containing a constant concentration
of NTPH (Figure 5, curve 2) and in the presence of different concentrations of zinc ions (Figure 5, curves
3.4) in solutions close to neutral with pH = 5.6 and in acidic solutions (pH = 3). According to Figure 5a,
when the concentration of zinc ions in a solution of 0.3 M Na,SO, + 3.85-10° M NTPH is increased at a
constant pH of 5.6, the magnitude of the current of the cathodic and anodic maxima on cyclic
voltammetric curves increases significantly, which can be associated with the formation of complex
compounds between zinc ions and NTPH.

In acidic solutions (pH = 3.0), the observed phenomenon is manifested to a lesser extent. An increase
in the concentration of zinc ions (Figure 5b) leads to an insignificant increase in the current of a weakly

— 222 ——



ISSN 2224-5278 Cepus eeonoeuu u mexuuyeckux Hayk. Ne 5. 2017

-1201
=100
=80
Figure 4 — -60[
Cyclic volt-ampere curves of a platinum electrode 1
in solutions with different pH values, - -40
in the presence of a constant concentration
of NTF (3.85-10° M). -201
The electrolyte is 0.3 M Na,SOy;
1-pH=3;2-pH=56;3-pH=84 or
20
401
06 04 0.2 00 02 -04 -0.6 -0.8 1.0
E/V vs SCE
-1201
=301
-100f
=251
-801
=201
15} -60r
-
- =
= -10f — -40}
-5F -20f
or ol
5 -
20f
10F
40
06 04 02 00 -02 -04 -06 -08 1.0 06 04 02 00 02 -04 -06 -0.8 -1.0
E/Vvs SCE E/V vs SCE

Figure 5 — Cyclic volt-ampere curves of a platinum electrode in a solution of 0.3 M Na,SO, containing
a constant concentration of NTF (3.85-10° M) with pH 5.6 (a) and pH 3 (b) in zinc ions:
1 —background 0.3 M Na,SOy; 2 — 0.3 M Na,SO, + 3.85- 10> M NTF;
3-0.3 M Na,SO, +3.85:10° M NTF +2.91-10° M ZnSOy; 4 — 0.3 M Na,SO, + 3.85-10° M NTF + 4.76:10”° M ZnSO,

expressed maximum, without significantly affecting the course of the cathode volt-ampere curves. The ob-
served phenomenon is evidently due to the fact that complex compounds are formed in acid solutions
between protonated forms of NTPH and zinc ions. The lack of substitution of protons for metal ions with
NTPH can lead to the formation of MHL, MH2L and MH3L [18, 19].

In order to elucidate the influence of the nature of the electrode material on electrode reactions
involving NTPH and OEDPH, a glassy carbon disc electrode was used along with the platinum disc
electrode. Figure 6a shows the current-voltage curves on a glassy carbon electrode in a solution of 0.3M
Na,SO,4 (pH = 5.6) for various concentrations of NTPH, the concentration of which varied from 1.99-10™
to 1.36-10% M. Cyclic volt-ampere curves were taken from the initial potential Eh = -0.14 to Ek = -1.4V
with the subsequent reversal of the direction of the potential swing to + 1.2V. When this potential was
reached, the curve was taken from + 1.2V to -0.14V. According to Figure 6, at the cathode part of the
current-voltage ones, in contrast to the platinum on the glassy carbon electrode, the maximum current of
the electric reduction of hydrogen ions and the effect on this process of NTPH is practically not observed.
However, in the potential range from 0.5 to 1.1 V, an anodic wave with a clearly pronounced maximum is
observed whose current value depends on the concentration of NTPH. It should be noted that similar
phenomena on the platinum electrode under similar conditions are not observed.
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Figure 6b shows the cyclic volt-ampere curves for OEDPH under similar conditions of the range of
the potential for the removal of cyclic voltammetric curves, the pH of the solution and the selected
concentrations.
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Figure 6 — Cyclic voltammetric curves on a glassy carbon electrode in a solution of 0.3 M Na,SO,
in the presence of different concentrations of NTPH (a) and OEDPH (b).
Electrolyte 0.3 M Na,SOy; pH = 5.6; concentration of NTPH and OEDPH (M):
1-0;2-1.99-10% 3 -6.95-10% 4 - 1.67-107; 5 - 5.39-107%; 6 — 1.36:10”

According to Figrky 6b, in the presence of OEDPH on the cathodic and anodic part of the cyclic
voltammetric curves, maximum current is not observed in the potential range studied. In other words, the
glassy carbon electrode is not indifferent to nitriles and can be used to determine NTPH in solutions
containing other phosphonic compounds [20].

Conclusions. Thus, using a disk electrode from platinum, it was possible to establish the electroche-
mical activity of the phosphonic compounds of NTPH and OEDPH, which are determined by the presence
of protonated phosphonic groups. The current of electroreduction of these compounds in solutions with
pH = 5.6 is determined by the ratio 3: 2, which corresponds to the presence of three protonated forms in
NTPH and two in OEDPH. The influence of zinc ions on the change in the current of electroreduction of
protonated forms of NTPH in acid solutions and solutions close to neutral has been established. In
solutions with pH 5.6 in the presence of Zn ions, an increase in the maximum current is observed due to a
change in pH as a result of exchange reactions between the protonated form of NTF and zinc ions with the
formation of ZnNTPH, and in acidic solutions such phenomena are not observed due to the formation of
protonated complexes . The electrochemical activity of NTPH and OEDPH on a glassy carbon electrode
was established. NTPH, in contrast to OEDPH, is able to participate in anodic reactions due to the pre-
sence of nitrile groups in NTPH. The presence of protonated forms for NTPH and OEDPH under the
cathodic polarization of the glassy carbon electrode on the current-voltage curves does not appear in the
form of current maxima.
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SJEKTPOJHBIE PEAKIIUA ®OCP®OHOBBIX COEJJUHEHUI HT® U O3 /1@
HA IINTATUHOBOM U CTEKJVIOYT'JIEPOJTHOM 2JIEKTPOJAX

AnHoranus. OnpezeneHa 3JIeKTpoxuMudeckast akTuBHOCTh HT® (murpuorpumermieH(pochoHOBasS KUCIOTA)
u O3 1® (okcudyTHIeHaUPOCHOHOBAS KUCIIOTA) B pacTBOpax cyibdara Hatpus B uHTepBaie pH ot 1 1o 6 Ha mmaTu-
HOBOM M CTEKJIOYTJIEPOJHOM JTUCKOBBIX JIEKTPOJax. YCTAaHOBIIEHO, YTO ¢ yMeHblIeHHeM pH HaOnronaercst yBenu-
YeHHE MAaKCHMyMa TOKa, OOYCJIOBJIEHHOIO 3JIEKTPOBOCCTAHOBIICHHEM IPOTOHHPOBAHHBIX (GOPM HCCIEAYEMBIX
(hochoHoBBIX KHCIOT. BenmunHa Toka katogHbIx MakcuMyMoB it HT® u O3/1® npu nocrossHHoMm pH pactBopa
COOTHOCSTCS 3:2, 9YTO COOTBETCTBYET OTHOIIECHHUIO (hOC(OHOBBIX TPy B 3THX coenuHeHusx. Ha crexiioyriepoanom
3IJIEKTPO/IE B MPOLIECCEe aHOJHOM Mosipu3anyy HaOmoaaeTes: aHoaHas BostHa st HT®, koropast He XapakTepHa Juist
O3/1® B aHANOTMYHBIX YCIOBUSX AKcrepuMeHTa. [loqydyeHHbIe 3aKOHOMEPHOCTH MOTYT OBITh MCIOJB30BaHbI LIS
onpeneneans HT® mo m3MeHEHUIO BEIMYHHBI TOKA aHOTHOTO MaKCHMyMa OT KOHIICHTPAlUU B MCCIEIYEMOM pac-
TBOpE.

KiroueBble c10Ba: aHOTHOE PACTBOPEHUE, IUKIMYECKas BOIBTAMIIEPOMETPHSI, KATOAHBIA MAKCUMYM, Hadallb-
HBI TIOTEHIHMAN, CKOPOCTh Pa3BEPTKH MOTEHIINATA.

B. H. Cramiok, Aiit Caysik., M. 7K. ZKypunos, JI. A. @oreib, A. A. AGpaiioB
J. B. Cokonbckuii aThIHIAFHI )KaHApMail, KaTaau3 oHE IEKTPOXUMHUS UHCTUTYThI, AnMatsl, KazaxcTan

INIATUHA K9HE IIbIHbI KOMIPTEKTI QJIEKTPOATAPJATBI HT® ’)KOHE
091P POCP®OH/AbI KOCBIJIBICTAPBIHBIH JIEKTPOATBHIK PEAKIITUSJIAPBI

AnHoTtanms. J{uckisi ruiaTHHa )K9HE IIBIHBI-KOMIPTEKTI anekTpoarapaa pH MaHi | MeH 6 apaibIFbIHAAFEl HAT-
puii cynbdarsl epitinnurepinae HT® (antpun ymmernnai ¢ocdonnst Kemksur) xxaHe OD/1P (okcnatunen nudoc-
(OHIBI KBIIIKBUT) THIH AJIEKTPOXUMHUSIIBIK OCJICEHIUNIrT aHBIKTaNbIHABL. pH MOHIHIH TeMeHieyiHe OaillaHBICTHI
3epTTeniHeTiH (ochOHIBI KBIIKBUIIAPABIH TPOTOHAB (hOpMallapbIHBIH 3JICKTPOTOTHIKCHI3NAHYBl KE3iHIe Maiaa
00JaThIH MAKCHUMYMBIHBIH TOK MOJIIEpi apTaTBIHABIFE 3epTTenini. Epitinainig typakrsr pH mornepinne HT® nen
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O31® THIH KAaTOATHIK MAaKCUMYMAAPBIHBIH TOFBIHBIH IIaMachl OCBI KOCBUIBICTApAarbl ()OC(OHIBI TOMTapABIH
apaKaThIHACBIHA COWKeC KeJeTiH 3:2 KaThIHACHIH Kypaiinel. ToxipuOeHi oTKi3ymiH Oipael »armaiimapblHAa OIBIHBI-
KOMIpTEK AJNEeKTPOABIHAA aHOATH mojsapu3amnus kezinge HT®D-Ti KockaHma aHOATHIK TOJKBIH IMaiima Gomamer Oipak
OD/1® ThIH KATHICBIHAA MYHIaH KYOBUIBIC OaliKaIMalThIHABIFEl 3€PTTCIIHII. AJIBIHFAH 3aHIBUIBIKTAp 3ePTTEIIHICH
epiTiHaIep/ie aHOATHIK MAKCUMYMIAPbIH TOK IIaMAChIHBIH KOHIICHTpalusra OainanbICThl e3repyi Ooiibiaiia HTD
TBI aHBIKTAyFa KOJIIAHBLTYBl MYMKIH.

Tyiiin ce3mep: aHOATHIK epy, LUKIi-BOJbTAMIIEPOMETpPUS, KaTOATHI MaKCUMyM, OacTarKbl HOTEHIHAN, I10-
TeHLUa Oepy KbUIIAMIIBIFbI.
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