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Abstract
Corrosion and electrochemical methods are used to study the effect of 1-hydroxyethane-1,1diphosphonic acid zinc complex (HEDPZn) or its formulation with sodium metanitrobenzoate (m-SNB) on the corrosion–electrochemical behavior of zinc in a borate buffer
solution with pH 7.4 containing 1 mM NaCl and in a humid atmosphere with daily moisture
condensation. It was shown that HEDPZn has an inhibiting effect on the corrosion–
electrochemical behavior of zinc both in a chloride-containing borate buffer solution and
under harsh conditions of 100% relative humidity. The inhibiting ability of HEDPZn depends
on its concentration (CCI), the time of exposure (τpas) of the metal in the solution with the
corrosion inhibitor, and the solution temperature (tpas). Addition of the oxidizer,
m-SNB, enhances the inhibiting properties of HEDPZn in zinc passivation. Increasing the
temperature of the passivating solution, treatment time and inhibitor concentration facilitates
the formation of protective layers on zinc samples by the mixture of HEDPZn with m-SNB
and enhances their resistance in a humid atmosphere. Layer-by-layer passivation of zinc by
the equimolar inhibitor formulation consisting of HEDPZn and m-SNB with CCI = 32.0 mM at
tpas = 40°C and τpas = 60 min with subsequent treatment in a solution of sodium oleate with
CCI = 16.0 mM at tpas = 40°C and τpas = 20 min allows one to increase 8-fold its corrosion
resistance under harsh conditions of 100% relative humidity with periodic condensation of
moisture on the samples.
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Introduction
The use of phosphonic acids and their complexes as corrosion inhibitors (CI) was proposed
as far back as in the beginning of the 1970s [1], and since then a lot of works have been
1
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devoted to their study. The interest of researchers in phosphonate CIs is due to their high
reactivity, relatively low toxicity and industrial availability. 1-Hydroxyethane-1,1diphosphonic acid (HEDP) is one of the best-known representatives of this class of CI
widely used in practice. It has a number of unique properties due to the specific
stereochemistry and the presence of two phosphonic groups (–PO3H2) in the molecule.
Thus, HEDP forms complex compounds, complexonates, with cations of a lot of metals,
including zinc, with high stability constants in a wide pH range. In addition, the unrealized
denticity of HEDP determines its ability to form stable polynuclear complexes [2]. Even
though the tendency of phosphonic acids to form strong complex compounds with Zn 2+
cations has long been known, their effect on the corrosion–electrochemical behavior of
zinc and its alloys remains relatively little studied [3]. Thus, Aramaki investigated the
protective properties of sodium 1-hydroxyethane-1,1-diphosphonate (HEDPNa) with
respect to zinc in aerated 0.5 M NaCl solution [4]. According to electrochemical
measurements, HEDPNa stimulated the anodic dissolution of zinc at concentrations of 3
and 10 mM, shifting its corrosion potential to negative values. The author logically
associated this with the formation of soluble complexes of HEDP with Zn2+.
The mechanism of phosphonic acids action, first proposed in [5] for steel, is based on
the possibility of phosphonic acid interaction with the metal surface in the near-electrode
layer, leading to the formation of soluble Me–L complexes (where L is the ligand) in
accordance with the reaction:
nMea+ + mLb – = MenLm(mb – na) –

(1)

It is known that the hardly soluble complexonates are formed with a deficiency of
ligand molecules or an excess of complexing cations (n > m) [2]. Compensation of the
negative charge of the ligand during complexation with the metal cation increases the
hydrophobicity of the compound, increasing its surface activity. If the forming complex is
hardly soluble, then, accumulating at the interface, it must shield the metal surface from
further dissolution and thereby inhibit corrosion. This mechanism of inhibition probably
can be expected for the zinc complex of HEDP at zinc dissolution, when a high ratio of the
activity of the metal cation and ligand (n = [Meа+]/[Lb –]) can lead to the formation of the
hardly soluble polynuclear complexes [2].
It is known that one of the possible ways to improve the protective properties of
phosphonates and to decrease their minimum protective concentration is the use of their
formulations with an oxidizer [6–9]. According to the mechanism of action of
phosphonates, alkalization of the near-electrode layer can lead to deprotonation of the
inhibiting complex, which enables the formation of binuclear complexes with high stability
constants [2]. Oxidizers of another type, which can either be reduced at a higher rate than
oxygen or generate more OH ions per unit transferred charge upon reduction, can compete
with dissolved oxygen in this process. Sodium meta-nitrobenzoate (m-SNB) belongs to the
former type of oxidizers. It is reduced by the reaction [10]:
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(2)

Sodium nitrite, a well known CI, belongs to the second type of oxidizers. Its reduction
can be represented by the reaction:
NO2–  6e  6H2O= NH4+ +8OH –

(3)

It is preferable to use m-SNB as a component of the inhibiting formulation for zinc,
since it is a CI of oxidative type for ferrous and non-ferrous metals like some other organic
nitro compounds, reduction of which does not produce oxides and/or hydroxides [6]. In
this regard, the sodium nitrite can be dangerous, because it can stimulate zinc pitting
corrosion [11].
It is known that phosphonates can be used for modification of metal surfaces, for
example, low carbon steel in order to enhance its passivation by aqueous solutions of other
inhibitors (carboxylates, azoles, and their mixtures) [12–14]. In essence, this method
represents a two-step treatment of the metal surface. At first, the latter is modified by
adsorption of certain compounds or by treatment in solutions of inhibitors giving rise to
more complex changes of the metal surface, for instance, surface reactions and deposition
of complex compounds. This can strengthen the subsequent adsorption of another
inhibitor, thus facilitating the passivation.
In view of this, in the present work we investigated the inhibition of zinc corrosion by
zinc 1-hydroxyethane-1,1-diphosphonate and its formulations with m-SNB, as well as the
possibility of using this formulation in layer-by-layer passivation of zinc together with a
carboxylate-type CI in order to enhance the corrosion resistance of zinc in a humid
atmosphere.
Experimental
In this work, we used zinc (GOST 3640-94) with a Zn content of 99.975% and up to
0.025% of Fe, Al, Cu, Sn, Pb, Cd, and As impurities. The background electrolyte was a
borate buffer solution with pH 7.4 containing 1.0 mM NaCl. The CIs used included the
zinc complex of 1-hydroxyethane-1,1-diphosphonic acid (CH3C(OH)(PO3H2)2, HEDPZn),
sodium oleate (NaC17H33COO, SOL), and m-SNB (С6Н4NO2COONa). In the preparation
of the HEDPZn complex, the cation:ligand ratio in the complex was selected from the
stoichiometry of formation of mononuclear complexes (1:1). The Zn2+ cation was added in
the form of zinc oxide. The pH of the concentrated phosphonate aqueous solution was
maintained in the range of 7.7±0.2 by NaOH solution. All solutions were made of reagents
of “chemically pure” or “pure for analysis” grades and distilled water.

Int. J. Corros. Scale Inhib., 2019, 8, no. 3, 689–701

692

Electrochemical studies were carried out using cylindrical zinc samples with a work
surface of S = 0.72 cm2. Potentiodynamic polarization curves of zinc were recorded in a
glass two-compartment electrochemical cell using an IPC-Pro MF potentiostat (Russia). A
saturated silver chloride reference electrode and a platinum counter electrode were used.
Prior to each experiment, the working electrode was cleaned using abrasive paper with
different grain sizes until a mirror finish was obtained, and then degreased by acetone. To
remove the oxide film formed in air before measuring the polarization curve, the electrode
was activated for 15 min at potential E = –1.1 V and then kept for 15 min until free
corrosion potential (Ecorr) was established. A solution of the CI was added after a new Ecorr
value was established and its value was maintained using a potentiostat. Polarization was
switched off, and the polarization curves were measured after 15 min of exposure and
establishing the new Ecorr value with the potential scan rate V = 0.2 mV/s.
Electrochemical evaluation of protective properties of the films previously formed on
zinc in the CI solution was carried out in the following way: the electrode was immersed in
an aqueous solution of CI with continuous stirring at various CI concentrations (СCI),
exposure times (τpas) (20, 60 and 120 min) and solution temperatures (tpas) (20 and 40°C).
The protective layers of CI on zinc were formed on the electrode surface naturally oxidized
in air (for 30 min). After the passivation, the samples were air-dried for 30 min. The
electrode treated in this way was screwed onto the holder and placed into the
electrochemical cell. Anodic polarization was started immediately once the electrode was
immersed into the background electrolyte. The efficiency of zinc protection was assessed
by the difference of potentials of local depassivation E  Eptin  Eptbg determined from
polarization curves measured in borate buffer solution containing NaCl either in the
absence ( Eptbg ) or in the presence of the inhibitor ( Eptin ). All experiments were carried out at
room temperature of the solution and natural aeration. All electrode potentials were
recalculated to the normal hydrogen scale.
The protective properties of passivating layers on the metal were studied under harsh
conditions of 100% relative humidity with periodic condensation of moisture on the
samples. Zinc samples were prepared in the same way as it was done for the polarization
measurements. Then the passivated samples were hanged in a glass cell with a volume of
800 ml, with 50 ml of distilled water at t = 50°C poured on the bottom. The cells were
closed by lids; as water cooled down, active condensation of its vapors on the samples
occurred. Water was changed every 24 hours after visual control of the samples in order to
determine the time when the first corrosion damage appeared (τcor).
Results and discussion
According to electrochemical studies, the free corrosion potential of zinc in a borate buffer
solution containing 1 mM NaCl is Ecor = –0.77 V, which is in the active dissolution region
(Figure 1). During anodic polarization, the curve contains a peak at the passivation
potential EP = –0.63 V due to the initial stage of Zn(OH)2 formation [15]. Addition of
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0.1 mM HEDPZn to the solution leads to a slight decrease in the rate of the anodic process
on zinc. Increasing the CCI to 0.5 and 1.0 mM accelerates zinc dissolution while Ecorr is
shifted to 0.9 V in the negative direction and leads to the appearance of another maximum
on the polarization curve. Usually the peak of the anodic current at
E = –0.82 V is associated with the dissolution of zinc in the form of Zn 2+. Further increase
in the concentration of HEDPZn in the solution to 5 mM is accompanied by a significant
stimulation of anodic dissolution of zinc. Possibly it is due to the complex formation
between the HEDP ligand and the ions of dissolving zinc, which leads to the formation of
soluble zinc complexes in the presence of an excess of the ligand. This phenomenon was
described earlier on iron [5, 16].

Figure 1. Anodic polarization curves of zinc in borate buffer (pH 7.4) containing 1 mM NaCl,
without (1) and with HEDPZn (in mM): 2 – 0,5; 3 – 1; 4 – 5.

The results of electrochemical studies of zinc in chloride-containing buffer solution in
the presence of 1.0 mM HEDPZn at various exposure times to establish the free corrosion
potential (τEcor) are shown in Figure 2. It should be noted that even without addition of the
CI to the solution, with increasing the τEcor, inhibition of the anodic process on zinc is
observed, which is accompanied by a decrease in the passivation current density (ipas) and a
shift of Ept in the positive direction. It is possibly due to a growth of the thickness of the
hydroxide layer on the metal surface. In the presence of 1 mM HEDPZn, an increase in
τEcor leads to an increase in its inhibiting properties: Ecor and Ept increase by 0.08 V and
0.04 V, respectively. This indicates that more perfect protective phosphonate films
resistant to the corrosive effects of chloride ions are formed on zinc.
Additional information on the protective properties of films formed in the presence of
HEDPZn can be obtained from the anodic polarization curves of zinc samples prepassivated in phosphonate solutions. Potentiodynamic studies have shown that the
preliminary treatment of zinc in an aqueous HEDPZn solution leads to the formation of
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layers with better protective properties than the air-formed oxide layer on its surface. The
properties of these surface layers strongly depend on the conditions of their formation (tpas,
τpas, CCI). Anodic polarization curves of zinc treated in 1 mM HEDPZn solution at
tpas = 20 and 40°C for 60 min indicate an increase in the protective properties of
phosphonate films with increasing tpas (Figure 3). Indirectly, this may confirm the
chemisorption of zinc phosphonate due to the formation of complex compounds between
the phosphonate ligand and the dissolved zinc ions, since an increase in temperature
usually has a negative effect on physical adsorption, whereas the rate of chemical
interactions may increase.

Figure 2. Anodic polarization curves of zinc in borate buffer (pH 7.4) containing 1 mM NaCl,
without (1, 1*) and with 1 mM HEDPZn (2, 2*), obtained after 15 (1, 2) and 60 min (1*, 2*)
of exposure before the establishing of Ecor.

Increasing the duration of treatment in a HEDPZn solution at 20 and 40°C increases
the resistance of the protective phosphonate layers to the corrosive action of chloride ions
(Figure 3a and b). Despite the fact that zinc passivation is not observed, an increase in τpas
from 20 min to 60 or 120 min leads to even greater inhibition of the anodic process on zinc
(ip is reduced 1.8–3.5 fold) and an increase in Ept. In addition, the current density in the
passive state decreases more than 10-fold, which supports the formation of more perfect
protective films in the presence of HEDPZn.
The results of polarization measurements of zinc samples pre-passivated in HEDPZn
solutions showed an increase in the protective properties of the films that are formed with a
growth in CCI (Figure 4). The greatest inhibition of the anodic process is observed on zinc
pretreated at tpas = 40°C and pas = 20 min in an aqueous solution of HEDPZn with
CCI = 16 mM, while the value of ip is reduced 3-fold and ΔE = 0.036 V.
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Figure 3. Anodic polarization curves of zinc in borate buffer (pH 7.4) containing 1 mM NaCl,
without treatment (1) and with pretreatment in solution HEDPZn (1 mM) at 20 (a) and 40°C
(b) for 20 (2, 2*), 60 (3, 3*) and 120 (4, 4*) min.

Corrosion tests of zinc samples under harsh conditions of 100% relative humidity
showed that they tarnish and darken with time. After 12±1 h, there are sections with white
corrosion products (so-called “white rust”), the area of which increases over time
(Table 1). Though pretreatment of zinc in a solution with a small HEDPZn amount
(1.0 mM) increased the resistance in the humid atmosphere by almost half, τcor = 22±2 h, it
did not provide a durable protection of the samples. Moreover, at such a small CCI, neither
an increase in tpas to 40°C nor an increase in τpas from 60 to 120 min affected the protective
properties of the layers formed on zinc surface in the presence of phosphonate.
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Table 1. Results of corrosion tests of zinc samples, pre-passivated in aqueous solutions of HEDPZn.
№

The composition of the
passivating solution (mM)

tpas, °С

τpas, min

τcor, h

1

without treatment

–

–

12.5

60

19.5

120

20.0

60

22.0

120

19.5

150

17.5

20
2

1 HEDPZn
40

3

16 HEDPZn

40

60

19.0

4

32 HEDPZn

40

60

24.0

From the aggregate data of electrochemical and corrosion tests, it can be concluded
that HEDPZn has a poor inhibiting effect on the corrosion–electrochemical behavior of
zinc both in chloride-containing borate buffer solution and in a humid atmosphere. The
inhibitive ability of HEDPZn depends on its concentration and on the exposure time of the
metal in a solution with the CI. Increasing the temperature of the passivating solution, the
exposure time and CCI facilitates the formation of protective layers of HEDPZn and
increases their stability in a chloride-containing neutral solution, but does not allow zinc to
be transferred to the passive state and thus provide its reliable protection in a humid
atmosphere.

Figure 4. Anodic polarization curves of zinc in borate buffer (pH 7.4) containing 1 mM NaCl,
without treatment (1) and with pretreatment at 40°C for 20 min in HEDPZn solution with
concentration (in mM): 2 – 1; 3 – 5; 4 – 10; 5 – 16.
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As mentioned above, one of the possible ways to improve the protective properties of
phosphonates and decrease their minimum protective concentration is to use it jointly with
oxidizers. In [8] it was shown that a formulation of sodium dodecylphosphonate with
m-SBN inhibits the anodic dissolution of zinc in a borate buffer solution containing
1.0 mM NaCl (pH 7.4) more effectively than its individual components. Under the same
conditions, m-SBN itself, which slightly decreases the rate of zinc anodic dissolution,
significantly displaces Ept in the positive direction: ΔE ≥ 0.345 V at CCI =10.0 mM.
Addition of m-SBN to HEDPZn increases the inhibitive efficiency of the latter
(Figure 5). Despite the fact that the corrosion current density of zinc in the active
dissolution region changes only a little, a combination of the phosphonate and the oxidizer
stabilizes the passive state of zinc and prevents the corrosive action of chloride ions. The
shift in Ept in the presence of the formulation of 0.1 mM HEDPZn with 2.0 mM m-SNB is
ΔE = 0.15 V, whereas HEDPZn itself practically does not affect Ept at CCI = 0.1 mM. An
increase in the oxidizer concentration in the mixture with zinc phosphonate leads to a
greater increase in Ept, and ΔE reaches 0.38 V (Figure 5, curve 6). Thus, m-SNB allows the
formation of a phosphonate film that is more resistant to local depassivation by chloride
ions.

Figure 5. Anodic polarization curves of zinc in borate buffer (pH 7.4) containing 1 mM
NaCl, without (1) and with CI (in mM): 2 – 0.1 HEDPZn; 3 – 2 m-SNB; 4 – 10 m-SNB;
5 – 0.1 HEDPZn + 2m-SNB; 4 – 0.1 HEDPZn + 10 m-SNB.

Similarly to the mechanism proposed in [7], alkalization of the near-electrode layer in
the presence of an oxidizer may lead to further deprotonation of the complex:
[ZnHnL]b- + OH– = [ZnH(n–1)L](b+1)– + H2O

(4)
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As a result, formation of binuclear and/or polynuclear complexes with high stability
constants is possible:
[ZnH(n–1)L](b+1)– + mZn2+ = [Zn(m+1)L]2m – b – n + (n–1)H+

(5)

Corrosion tests under conditions of 100% relative humidity of zinc samples prepassivated in more concentrated solutions of HEDPZn with m-SNB showed that the
protective effect of their mixture at a constant total CCI = 32.0 mM significantly depends
on the ratio of the components. Apparently, an equimolar formulation of HEDPZn and mSNB is the optimum composition (Figure 6). Treatment of zinc samples in a solution of
this mixed CI with CCI = 32.0 mM allows their corrosion resistance in a humid atmosphere
to be increased more than 5-fold compared to the untreated metal. It is important that τcor
does not exceed 20–24 h after zinc treatment by components of this formulation (CCI =
32.0 mM) under the same conditions. This suggests a mutual strengthening of the
protective action of the components in the formulation.

Figure 6. Time of appearance of the first corrosion damage on zinc samples without treatment
and with pretreatment at 40°C for 60 min in aqueous solutions of CI (32.0 mM).

Variation of τpas and total CCI showed that the treatment in a solution of HEDPZn with
m-SNB (1:1) with CCI = 32.0 mM at tpas = 40°C and τpas = 60 min, apparently, is the
optimal approach that allows one to achieve the best anticorrosive protection of zinc in a
humid atmosphere. Decreasing CCI to 20.0 mM, tpas to 20°C, as well changing τpas (20 or
120 min) accelerates the appearance of the corrosion damage on the samples (Table 2).
In order to enhance the corrosion resistance of zinc in a humid atmosphere, a two-step
treatment was tested: preliminary modification of its surface in an HEDPZn solution with
m-SNB and subsequent passivation in an aqueous solution of SOL. SOL is one of the
cheapest, industrially available and effective CI among unsaturated carboxylic acids, which
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has been in use for a long time as the main component in passivating solutions for the
inter-operational and temporary protection of metals [17, 18]. This treatment significantly
improved the corrosion resistance of zinc under harsh conditions of 100% relative
humidity. Two-step passivation of zinc in a solution of an equimolar mixture of HEDPZn
and m-SNB with CCI = 32.0 mM at tpas = 40°C and τpas = 60 min, and then in a solution of
SOL at tpas = 40°C and τpas = 20 min provided the corrosion protection of samples in the
humid atmosphere for 100 h (Table 3).
Table 2. Results of corrosion tests of zinc samples pre-passivated in aqueous solutions of HEDPZn with
m-SNB.
No.

The composition of the passivating
solution (mM)

tpas, °С

τpas, min

τcor, h

1

without treatment

–

–

12.5

2

10 HEDPZn

40

20

27.0

3

10 m-SNB

40

20

17.0

20

39.0

60

56.5

120

38.0

20

70.0

60

72.5

120

49.0

60

15.0

4

5
6

10 HEDPZn + 10 m-SNB

16 HEDPZn + 16 m-SNB
16 HEDPZn + 16 m-SNB

40

40
20

Table 3. Results of corrosion tests of zinc samples pre-passivated in aqueous solutions of CI.
№

The composition of the passivating solution
(mM)

τpas, min

tpas, °С

τcor, h

1

Without treatment

–

–

12.5

2

10 SOL

20

26

3

16 SOL

20

75

4

1 layer: 10 HEDPZn + 10 m-SNB
2 layer: 10 SOL

20
20

51

5

1 layer: 16 HEDPZn + 16 m-SNB
2 layer: 16 SOL

20
20

70

6

1 layer: 16 HEDPZn + 16 m-SNB
2 layer: 16 SOL

60
20

100

40
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Taking into account that after treatment under the same conditions separately by the
formulation of HEDPZn with m-SNB at CCI = 32.0 mM or by SOL with CCI = 16.0 mM,
τcor does not exceed 72.5 and 75 h, respectively, this method of passivation extends the
corrosion resistance of zinc in the humid atmosphere by 26 h on average. At the same time,
compared with untreated zinc samples, two-step treatment allows τcor to be increased 8fold. Decreasing the tpas or CCI at any stage has an adverse effect on the corrosion
protection of zinc under these conditions and significantly reduces τcor. Thus, the use of
SOL as a post-treatment of a zinc surface modified by a solution of HEDPZn with m-SNB
allows its resistance to corrosion in a humid atmosphere to be increased.
Conclusion
1. HEDPZn has an inhibiting effect on the corrosion–electrochemical behavior of zinc
both in a chloride-containing borate buffer solution and in a humid atmosphere. The
inhibiting ability of the HEDPZn depends on its concentration, exposure time of the
metal in the solution with CI, and the solution temperature.
2. Addition of an oxidizer, m-SNB, enhances the inhibiting properties of HEDPZn in zinc
passivation. Increasing the temperature of the passivating solution, treatment time and
inhibitor concentration facilitates the formation of protective layers by the mixture of
HEDPZn with m-SNB and enhances their resistance in a humid atmosphere.
3. Layer-by-layer passivation of zinc by an inhibitor formulation consisting of HEDPZn
and m-SNB followed by treatment in a SOL solution allows its corrosion resistance
under harsh conditions of 100% relative humidity to be increased.
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