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PHOSPHONATE CORROSION INHIBITING
THIN FILMS
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University of Crete, Heraklion, Crete, Greece

The constant growth in the area of metal phosphonate materials is
exemplified with rich chemistry and a variety of applications. From
the multitude of subjects related to metal phosphonates, we have
decided to focus on metal phosphonate coordination polymers as
corrosion inhibitors in the present Comment. A plethora of metal
phosphonate organic-inorganic polymeric hybrid materials have
been synthesized, structurally characterized, and evaluated for their
anticorrosion properties for the protection of carbon steels. These
materials are composed of a metal ion (usually Zn>", Ca®", Sr*™,
Ba®", etc.) and polyphosphonate ligands such as AMP (amino-tris-
(methylenephosphonate) and HDTMP (hexamethylenediamine-
tetrakis(methylenephosphonate), or carboxyphosphonate ligands,
such as PBTC (2-phosphonobutane-1,2,4-tricarboxylate) and HPAA
(hydroxyphosphonoacetate). Their corrosion inhibition performance
has been evaluated and some interesting conclusions are drawn
relating molecular structure to inhibitory activity.
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1. INTRODUCTION

The definition of metallic corrosion varies according to the particular
discipline of science considered. All definitions, albeit diverse, have a sig-
nificant common theme: the change of the mechanical properties of
metals in an undesirable way. More specifically, ISO 8044 defines corro-
sion as a “physico-chemical interaction, that is usually of an electro-
chemical nature, between a metal and its environment which results in
changes in the properties of the metal and which may often lead to
impairment of the function of the metal, the environment, or the techni-
cal system of which these form a part”.!"! Technology notwithstanding,
the “economics” of corrosion is a key factor in the marketplace. Its cost
has been estimated (based on several reports) to be in the order of an
astonishing 1-5% of national GDP.?! World-wide cost of corrosion for
the production of all grades of pulp is about $3 billion/year. These num-
bers do not include the cost of lost production, shutdowns to make
repairs to corroded equipment, etc. Corrosion cost in the US electric
power industry reaches $10 billion/year, according to the Electric Power
Research Institute (EPRI).®! Also, it has been reported by EPRI that
corrosion is the cause for more than 55% of all unplanned outages and
it adds over 10% to the average annual household electricity bill. The
impact of corrosion on all branches of industry in almost all countries
can be observed. For example, in 1993 it was estimated that 60% of all
maintenance costs for North Sea oil production platforms were related
to corrosion either directly or indirectly. A report on inspection results
of several offshore production plants showed that corrosion was a factor
in 35% of structures, 33% of process systems and 25% of pipelines. The
importance of preventing corrosion issues is also exemplified in the
recent unfortunate incident of 267,000 gallons of crude oil spillage in
Prudhoe Bay, Alaska. BP was accused of faulty maintenance of a
corrosion-laden pipeline.!!

Corrosion management can be achieved in several ways, one of
which is based on chemical means. Chemical additives are introduced
to the process stream in contact with the metallic surface to be pro-
tected. These are called corrosion inhibitors. They are chemical
additives that delay or (ideally) stop metallic corrosion.

There exists a diverse list of corrosion inhibitors that are effective for
the decrease of metallic corrosion in a wide range of pH conditions.
However, within the framework of the present review we will limit our
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discussion to the class of inhibitors that operate by complexation with
metal cations. Kuznetsov has named these ‘“‘corrosion inhibitors of the
complexing type.”!® There is a surprising wealth of “nuggets” of inor-
ganic and coordination chemistry, as well as chemistry of metal-organic
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Figure 1. Some representative schematic structures of phosphonate-containing ligands that
have been used as corrosion inhibitors. Abbreviations: AMP = amino-tris(methylene-
phosphonic acid), HPAA = hydroxyphosphonoacetic acid, PMBPH = polymethylene-
bisphosphonic acid, EDTMP = ethylenediamine-tetrakis(methylenephosphonic acid),
HDTMP = hexamethylenediamine-tetrakis(methylenephosphonic acid), PBTC =2-phos-
phonobutane-1,3,4-tricarboxylic acid, HEDP = hydroxyethyledene-bisphosphonic acid,
AEPA = aminoethylphosphonic  acid, OCPA = octylphosphonic acid, AATP=3-
anisalidene-amino-1,2,4-triazole phosphonate, HOC;NP, = N,N-tetramethyl-bis(phospho-
nate)-3-hydroxylpropyl-bis(methylene)amine.
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Figure 1. Continued.

hybrids. In our discussion (and within the scope of this journal) we will
consider a particular type of corrosion inhibitors, namely (poly)-
phosphonic acids.

At appropriate pH regions (depending on the particular application)
phosphonic acids exist in their (partially or completely) deprotonated
form. There are several reports on the deprotonation chemistry of
phosphonic acids.[”! Thus, in the presence of metal cations (commonly
alkaline earth metals), they form sparingly soluble compounds, which
eventually precipitate onto the metallic surface to form an ideally
two-dimensional protective thin film. Such phosphonate inhibitors for
diverse water-related technologies constitute a long list; some represen-
tative examples are shown in Figure 1.
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Widely used examples of organic phosphonic acids in commercial
applications are 1-hydroxyethane-1,1-diphosphonic acid (HEDP), amino-
tris(methylenephosphonic acid) (AMP), hydroxyphosphonoacetic acid
(HPAA), and 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC). Phos-
phonates are introduced into the system to be protected in the acid form or
as alkali metal water-soluble salts, but readily form more stable complexes
with other metal cations found in the process stream (most commonly Ca,
Mg, Sr or Ba), depending on the particular application. Research in this
area has been stimulated by the need to develop inhibitor formulations
that are free of chromates, nitrates, nitrites, inorganic phosphorus com-
pounds, etc. Phosphonates, when blended with certain metal cations
and polymers, reduce the optimal inhibitor concentration needed for
inhibition due to synergistic effects. Synergism is one of the important
effects in the inhibition process and serves as the basis for the develop-
ment of all modern corrosion inhibitor formulations.

In spite of the significant body of literature, studies on the molecular
identity of the thin protective metal-phosphonate films lag behind. In this
paper we review the utility of metal phosphonate materials as corrosion
inhibitors, keeping the focus on their structural aspects. We also discuss
the potential link between structure and anticorrosion performance by
presenting and analyzing relevant data from literature and our own
efforts.

2. CURRENT LITERATURE ON CORROSION PROTECTION BY
PHOSPHONATES

In this section we briefly review the state-of-the-art of the field of
phosphonates as corrosion inhibitors. We have categorized this section
according to the metal surface that is protected by phosphonates/
metal phosphonates, with a subsection dedicated to the use of
phosphonates in anti-corrosive paints.

2.1. Steel

Mixtures of 2-aminothiophenol (ATP) and 1-hydroxyethylidene-
bis(phosphonic acid) (HEDP) show a cooperative effect of inhibition
of stainless steel (SS 41)."®! The actual role of HEDP was explained in
terms of its scale inhibition activity towards FeCOs;.
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Kuznetsov et al. have studied the inhibitor efficiency of various
phosphonate inhibitors of the aminomethylenephosphonate type
(R-N—CH,—PO;3H,).””! The protective properties of aminophosphonic
acids and their magnesium and calcium complexes were studied in soft
water. 1,1-hydroxycarboxypropane-3-amino-di(methylenephosphonic) and
hexamethylenediamine-N,N-tetra(methylene-phosphonic) acids could
suppress the corrosion of steel in water completely. Kouznetsov pro-
posed that metal phosphonate complexes are much more effective than
the corresponding acids; if the complexing agent is fixed, then the
stability constants of the complexes become the major factor. For phos-
phonates of Mg>" and Ca®", which are usually less stable than the
corresponding iron complexes, the dependence of the protective concen-
tration on stability constant passes through a maximum; the complexes
of those acids whose own protective properties are weaker are more
effective. Imino-N,N-diacetic-N-methylenephosphonic acid can serve
as an example. By contrast, the relatively more stable complexes, for
example calcium nitrilotri(methylenephosphonate) (AMP), are much
less effective than the acid itself.

Molybdate is a well-known corrosion inhibitor. Its combination with
phosphonates enhances corrosion efficiency.'” A level of 300 ppm
MoOff had only 32% efficiency in inhibiting the corrosion of mild steel
immersed in a neutral aqueous environment containing 60 ppm CI -,
whereas a formulation of AMP (50 ppm) — MoOﬁf (300 ppm) — Zn*"
(50 ppm) exhibited 96% inhibition efficiency. The lower inhibition effi-
ciency in the former case was due to the dissolution of the protective film
formed on the metal surface, and getting precipitated in the bulk of the
solution; this system controlled the anodic reaction only. The latter sys-
tem controlled both the anodic and cathodic reactions; the dissolution of
the protective film formed on the metal surface was reduced to a greater
extent.

Protective layer formation of o,®-diphosphono-alkane compounds
on iron surface was studied.'"*! Layer formation proved to be a sponta-
neous process on iron, and can be accomplished by simple immersion
into an aqueous solution of phosphonate additives, resulting in a thin
dense multimolecular adsorption layer with a high corrosion protection
effect. It was concluded that the mechanism of inhibition was anodic
type, hindering active iron dissolution due to the blocking of the metal
surface. The protective layer formation is complete after a few days of
immersion, resulting in a thin but dense multimolecular adsorption layer.
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“Self-healing” effect of diphosphonates was demonstrated. Based on the
high corrosion protection effect, surface modification by diphosphonates
may be regarded as potential anticorrosive treatment.

Surface treatments have been carried out on carbon steel in
solutions containing different phosphonates.''* The compounds were
dissolved in an ethanol/water mixture (80:20). Corrosion protection
afforded by laurylphosphonic acid (LPA), ethyllaurylphosphonate
(ELP; also called lauryl phosphonic acid monoethylester) and diethyl-
laurylphosphonate (DELP) was studied by steady-state current-voltage
curves and electrochemical impedance measurements with a rotating
disc electrode. Corrosion protection was only obtained for the ethyllaur-
ylphosphonate (ELP), which was able to form a relatively thick film on
the carbon steel surface. Electron probe microanalysis corroborated that
the film is thick and porous. Infra-red spectroscopy indicated that the
film was formed by reaction of the organic phosphonate with the steel
surface to produce a metal salt.

The effect of phosphonates used in Russian heat-power engineering
on the corrosion of carbon steel in deaerated delivery water at 90°C was
studied.!"”! It was demonstrated that introduction of phosphonates
reduced the susceptibility of steel to local corrosion. A Zn>" complex
of hydroxyethylidenediphosphonic acid (OEDP-zinc) was the most
effective inhibitor of the anodic reaction.

For the protection of carbon steel from corrosion, aminotrimethylide-
nephosphonic acid (AMP) was more effective than 1-hydroxyethylidene
diphosphonic acid (HEDP), N,N-dimethylidenephosphonoglycine
(DMPG), 1-ethylphosphonoethylidenediphosphonic acid (EEDP),
and ethylenediaminetetramethylidenephosphonic acid (EDTMP).I'®! A
20-min treatment in 1.0 M of AMP at pH 0.23 at 45°C formed an
anti-corrosive complex film that was composed of 48.4% O, 28.6% P,
7.0% Fe, 4.3% N, and 11.7% C, based on XPS and Auger electron spec-
troscopy. From differences in binding energies of Fe, N, and O, in the
shift of C—N and P—O vibration, in the reflection FT-IR spectra, and
in the change of P—OH and Fe-N vibration before and after film forma-
tion, it was deduced that N and phosphonate O in AMP were coordi-
nated with Fe’" in the film.

The corrosion inhibition of iron in 0.5M sulfuric acid by N,
N-dipropynoxy methyl amine trimethyl phosphonate was investigated
by means of potentiodynamic polarization and electrochemical impe-
dance spectroscopy (E.L.S.) techniques.!'”! N,N-dipropynoxy methyl



11: 58 15 January 2011

Downl oaded At:

96 M. PAPADAKI AND K. D. DEMADIS

amine trimethyl phosphonate was studied in concentrations from 40 ppm
to 320 ppm at a temperature of 298 K. The results revealed that the inhi-
bition mechanism of N,N-dipropynoxy methyl amine trimethyl phospho-
nate is a combination of anodic and cathodic type. It is also found that
this inhibitor obeys the Frumkin adsorption isotherm and Flory-Huggins
isotherm based on a substitutional adsorption process.

The role of pH and Ca®’" in the adsorption of an alkyl
N-aminodimethylphosphonate on mild steel (E24) surfaces was investi-
gated by XPS."8! Fe 2p3/2 and O 1s spectra showed that the oxide/
hydroxide layer developed on the steel surface, immersed in the dipho-
sphonate solution (7 < pH < 13, without Ca®>") or in a filtered cement
solution (pH 13, 15.38 M of Ca®"), consists of Fe,03, covered by a very
thin layer of FeOOH (goethite). The total thickness of the oxide/hydroxide
layer was ~3nm and was independent of the pH and the presence/
absence of Ca®". In the absence of Ca’" ions, the N 1s and P 2p spectra
revealed that the adsorption of the diphosphonate on the outer layer of
FeOOH took place only for pH lower than the zero charge pH of
goethite (7.55). At pH 7, the adsorbed diphosphonate layer was contin-
uous and its equivalent thickness was ~24 A (monolayer). In the pre-
sence of Ca’" ions, the C 1s and Ca 2p signals indicated that Ca®"
was present on the steel surface as calcium phosphonate (and Ca(OH),,
in very small amounts). The adsorption of the diphosphonate molecules
on the steel surface was promoted in alkaline solution (pH > 7.55) by the
divalent Ca®" ions that bridged the O®~ of goethite and the PO~ groups
of the diphosphonate molecules. The measured values for the Ca/P
intensity ratio were in the range 0.75-1, which suggested that the dipho-
sphonate molecules were adsorbed on steel forming a coordination
polymer cross-linked by Ca®" through their phosphonate groups. In
the presence of Ca’" ions in alkaline solution, the adsorbed diphospho-
nate layer was discontinuous and the surface coverage was found ~34%.

The effect of a new class of corrosion inhibitors, namely piperidin-1-yl-
phosphonic acid (PPA) and (4-phosphono-piperazin-1-yl)phosphonic
acid (PPPA) on the corrosion of iron in NaCl medium, was investigated
by electrochemical measurements.!'”! Potentiodynamic polarization stu-
dies clearly revealed the type of the inhibitor. The addition of increasing
concentrations of phosphonic acids caused a shift of the pitting potential
(Epi) in the positive direction, indicating the inhibitive effect of the
added phosphonic acid on the pitting attack. The potential of corrosion
was moved towards negative values and the corrosion current was
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reduced. The values of the current were lower in the presence of PPA
and PPPA. This was explained by the fact that most of the surface of
the electrode was covered by the molecules adsorbed. PPPA had a
strongly inhibitive effect on chloride pitting corrosion. It was proposed
that the addition of the NCH,PO3;H ™ group (center adsorption) in the
PPA para-position, giving PPPA, reinforced the active sites of this
molecule and consequently increased its inhibition efficiency.

Phosphonate layer formation on a passive iron surface was investi-
gated by electrochemical and atomic force microscopy techniques.**!
It was found that phosphonate groups bond more strongly to the oxide
surface, while metallic iron surface is disadvantageous for phosphonate
layer formation in aqueous solutions. The rate of anodic dissolution
was continually decreasing due to the time-dependent formation of pro-
tective phosphonate layer. The kinetics of phosphonate layer formation
on passive iron was determined by the potential applied for preceding
passive film formation. The size and shape of iron oxide grains depended
slightly on the potential of passivation. Changes in morphology due to
the phosphonate layer formation were recorded by AFM.

The passivating ability of the zinc complex of the 1-hydroxyethane-
1,1-diphosphonic acid (HEDP) in a borate buffer solution was studied.!*!
An in situ ellipsometric method was used to study the mechanism of for-
mation of a protective film on iron in the presence of HEDP, Zn-HEDP,
and ZnSOy in the course of the cathodic polarization of the electrode.
The studies of Zn-HEDP adsorption on iron (at E=—0.65V) in combi-
nation with X-ray photoelectron spectroscopy (XPS) showed that on the
metal surface a multilayer protective film formed consisting of an inter-
nal layer of Zn(OH), and an outer layer consisting of HEDP complexes
with Fe?" and/or Zn?". It was found that the thickness of the passivating
film does not exceed 60 1&, of which 7-10 A correspond to the sparingly
soluble Zn(OH)s,.

Electrochemical techniques were used for investigating the inhibi-
tory activity on carbon steel of thiomorpholin-4-ylmethyl-phosphonic
acid (TMPA) and morpholin-4-methyl-phosphonic acid (MPA) in nat-
ural seawater.”””! Measurement of the free corrosion potential indicated
that the phosphonic acids tested inhibit the corrosion of carbon steel in
seawater. Potentiodynamic polarization curves showed clearly proved
that addition of these molecules is responsible for corrosion current den-
sity decrease and a corresponding reduction of the corrosion rate. The
phosphonic acids tested as corrosion inhibitors of carbon steel in natural
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seawater are effective even at low concentrations. FT-IR spectroscopy
was used to obtain information on the interaction between the metallic
surface and the inhibitors. The morphology of the metal surface in the
uninhibited and inhibited solution was examined using SEM/EDS.

2.2. Copper

New corrosion inhibitors, namely 3-vanilidene-amino-1,2,4-triazole
phosphonate (VATP) and 3-anisalidene amino 1,2,4-triazole phospho-
nate (AATP), were synthesized and their action along with biocide on
corrosion control of copper in neutral aqueous environment has been
studied.!'”! Potentiodynamic polarization measurements and electroche-
mical impedance spectroscopy (EIS) had been employed to analyze their
inhibition behavior. VATP showed better protection over the other inhi-
bitors used. The dissolution of copper in presence of VATP and AATP
with biocide mixture is negligible compared to blank. A combination
of electrochemical methods and surface examination techniques are used
to investigate the protective film and explain the mechanistic aspects of
corrosion inhibition.

A thin-film coating consisting of Zr*" and octadecyl phosphonate
provided inhibition of O, reduction for Cu-rich aluminum alloys, such
as AA2024-T3.** The coating procedure produced films with thick-
nesses approaching that of a self-assembled monolayer. Using
constant-potential experiments, the current density for the O, reduction
reaction was shown to decrease by 2 orders of magnitude following five
treatments. Auger electron spectroscopy of the coating showed that both
Zr and P are present at the alloy surface following treatment. Character-
ization of the coating showed it to be hydrophobic, with the octadecyl
chains being in a liquid-like environment.

2.3. Zinc

The reaction of water-based solution of 1,5-diphosphono-pentane (DPP)
and 1,7-diphosphonoheptane (DPH) with high purity polycrystalline
zinc surface was investigated at room temperature.??! XRD and XPS
studies confirmed the formation of a crystalline zinc—-phosphonate film
on the metal surface. The assembled layers gave hydrophilic properties
to the surface. A conversion-type interaction of diphosphonic acid com-
pounds with the oxidized zinc surface was unambiguously shown by XPS
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analysis. Conclusive results were obtained by synthesized zinc—
diphosphonate model compounds modeling the ones deposited on the
zinc surface, revealing a ~1:1 molar ratio of the phosphonate groups
with zinc. Reactions with both diphosphonates resulted in significant
protective effect of zinc against corrosion, although the structure and
quality of the formed layers exhibited marked differences. The in-depth
distribution of the composition and dissimilarity of the layer thickness
were determined by glow discharge optical emission spectrometry
(GD-OES). The corrosion inhibition was explained by the formation
of insoluble zinc—phosphonate salt on the zinc surface, blocking the zinc
dissolution process.

Efforts to understand the inhibition mechanism of 1,5-diphosphonic
acid on mechanically polished zinc substrates were focused on the sur-
face structure of layers formed in aqueous and ethanol solutions.*®! In
spite of the differences noted in the protective layers formed in ethanol
and in aqueous solution, their protection efficiency was identical after
~4h testing. Based on EIS, XPS and GD-OES data, a simple oxide—
hydroxide/diphosphonate model of the interface was proposed. Both
XPS and GD-OES showed unambiguously that the surface film con-
tained large amounts of Zn, comparable to the P content, especially
when the layer deposition originated from an aqueous solution of
1,5-diphosphonic acid. On that basis, it was concluded that the surface
film consisted of a zinc—phosphonate layer.

2.4. Aluminum

The cooperative effect of Ca>" and tartarate ion on the corrosion inhibi-
tion of pure aluminum in an alkaline solution was investigated by hydro-
gen collection, electrochemical methods and XPS.!''! The results of
electrochemical experiments showed that the inhibition by Ca’" was
enhanced by the addition of tartarate ion, while tartarate ion itself has
only a little inhibition effect. Analysis by XPS showed that Ca®" and tar-
tarate ions did not contribute to the formation of the surface film on alu-
minum. This fact indicates that these two ions act as interface inhibitor.
The cooperative effect of the two ions might be due to formation of a
complex, which makes it easier for Ca?>" to adsorb on the aluminum
surface.

The amino-tris-(methylenephosphonic acid) (AMP) layers were
adsorbed on the surface of AA6061 aluminum alloy for improving the
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lacquer adhesion and corrosion inhibition as a substitute for chromate
coatings.*!! The surface structure and features of the AMP layers on
AAG6061 aluminum alloy were investigated by means of XPS and
ATR-FTIR analysis. The analyzed results showed that the AMP adsorp-
tion layers adsorbed on the surface of aluminium alloy via acid-base
interaction in a bi-dentate conformation. After the AMP layers were
coated with epoxy resin, the layers showed good adhesive strength and
favorable corrosion resistance in contrast to chromate coatings.

2.5. Phosphonates in Anti-Corrosive Paints

Two novel phosphonated methacrylate monomers were successfully
synthesized and subsequently incorportated into adhesion/anticorrosive
coatings.[*"! Specifically, they were propyl N,N-tetramethyl-bis(phospho-
nate)-2-hydroxyl-bis(methylene)amine methylmethacrylate (MAC;NP;)
and 2-[2,2-bis(diisopropoxyphosphoryl)ethoxy]-methylmethacrylate,
(MAGC;P5). The phosphonic forms of each monomer were blended with
~85% w/w acrylates (tripropyleneglycol-diacrylate and hexanediol-
diacrylate) and ~6% w/w of the photo sensitive initiator DarocurVVR.
Along with a monophosphonic monomer synthesized in a previously
(MAC3P), they were polymerized on Q-panels under ultraviolet light,
and then subjected to the salt spray test (~0.5M NaCl at 35°C) for a
duration of up to 50 days. The results indicated that acrylate blends with
low concentration of the bisphosphonic compound MAC3P2 had excel-
lent resistance to corrosion, thus excellent adhesive properties. Impor-
tantly, these coatings were formed without the use of a hydrophobic
polymer matrix or solvents.

The efficiency of calcium tripolyphosphate and zinc tripolypho-
sphate as anticorrosive pigments for paints in aggressive environments
was studied.?®! Alkyd and epoxy paints, of the solvent borne type, con-
taining 30% by volume (v/v) of the pigment, were formulated. The pig-
ment volume concentration/critical pigment volume concentration
(PVC/CPVC) ratio was fixed at 0.8. In a second stage, water-borne
paints containing 30% v/v of both tripolyphosphates and different
PVC values (20 and 25%) were also formulated. Finally, standardized
accelerated (salt spray and humidity chamber exposure) and electroche-
mical impedance spectroscopy (EIS) tests were used to assess the protec-
tive performance of the coatings. Analysis and interpretation of the
experimental data showed that both, calcium and zinc tripolyphosphates
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inhibited corrosion of painted steel panels exposed to aggressive
environments.

3. STRUCTURAL FEATURES OF CORROSION-INHIBITING
METAL PHOSPHONATE FRAMEWORKS

Although there is a plethora of publications on the anticorrosion effects
of phosphonates and/or metal phosphonates on various metallurgies,
there are very limited published data on the identity of the protective film
at the molecular level. In this section we will present several examples,
mostly originating from our research group, on the subject. The focus
will be on the structural features of metal phosphonate frameworks that
have exhibited anticorrosion performance. However, we are referring the
reader to several reviews that analyze in detail the scope of structural
chemistry of metal phosphonate materials.[**—°!

In the structure of Zn-AMP (Figure 2),*) AMP maintains its “zwit-
ter ionic” character®” in the crystal lattice because each phosphonate
group is singly deprotonated, whereas the N atom is protonated. The
Zn*" cation is coordinated by three phosphonate oxygens and three
H,0 molecules. AMP forms an eight-membered chelate ring with the
Zn*" cation. The bond angles indicate a slightly distorted octahedral
geometry, with the largest deviation being 166.90(6)°. The third phos-
phonate arm, surprisingly, is not coordinated to the Zn”>" cation, but is
exclusively involved in hydrogen bonding.

A zigzag chain is formed by the Zn’" cation and the coordinating
portion of AMP. The Zn’" centers are located at the corners of the zig-
zag chain, whereas the “linear” portion of the zigzag is made of the
non-coordinated, hydrogen-bonded phosphonate groups. The presence
of a non-coordinated, singly deprotonated phosphonate group in the

Bananatar

Figure 2. Structure of the coordination polymer Zn(AMP)(H,0);3: the asymmetric unit
(left) and the structure of the layer (right). The uncoordinated phosphonate group is located
at the bottom of the layer, facing down.
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lattice is somewhat surprising. This phosphonate moiety participates in a
complicated hydrogen bonding network that presumably “relieves” the
presence of the negative charge.

Clearfield et al. have reported a similar zinc-AMP material having
the formula Zn,[HO;PCH,NH(CH,PO5),], which features a 3D net-
work built from ZnO, tetrahedra linked together by bridging phos-
phonate groups.[3 81 The two zinc ions in the asymmetric unit are
tetrahedrally coordinated by four phosphonate oxygen atoms of four
ligands. Each ligand connects with eight zinc atoms.

The crystal structure of Zn-HDTMP (Figure 3) shows that it is a
three-dimensional (3D) coordination polymer.**! The Zn-O distances
are unexceptional and consistent with other structurally characterized
zinc-phosphonates.[****! The Zn”" cation is found in a distorted octahe-
dral environment that is formed exclusively by phosphonate oxygens.

The Cg carbon chain does not possess the expected zigzag configura-
tion; however, the portion C(2)-C(3)-C(5)-C(6) is in a “syn” rather than
“anti” configuration.

The crystal structure of Ca-PBTC (Figure 4) reveals a polymeric
material with PBTC acting as a tetradentate chelate.'*®! The Ca®" center
is seven-coordinated in a capped octahedral environment, bound by two
phosphonate oxygens, three carboxylate oxygens and two water mole-
cules. The phosphonate oxygens act as bridges between two neighboring
Ca centers, located 6.781 A apart. All three carboxylate oxygens are pro-
tonated. The protonated —-COOH group is coordinated to the Ca through
the carbonyl atom. This is consistent with the long Ca—O(=C) distances

~1 012_3

,;
1
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Figure 3. Structure of the coordination polymer Zn(HDTMP)(H,O): the Zn*" coordina-
tion environment (left) and portion of the structure showing the extensive 18-membered
ring (right).
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Figure 4. Structure of the coordination polymer Ca(PBTC)(H,0), -2 H,O: the coordina-
tion ability of PBTC?~ binding neighboring Ca*>" ions (left) and portion of the structure
showing the R and S isomers, as well as stabilization by hydrogen bonding (right).

of 2.470(2) and 2.448(2) A. Such Ca—O=C(OH) coordination modes are
rare.*”*8! The bridging —PO%f tetrahedral and the CaO; polyhedra are
arranged in a zigzag chain configuration. Both R and S stereoisomers
(according Cahn-Ingold-Prelog sequence) of PBTC are present in the
structure of Ca(PBTC)(H,0), -2 H,O in a regular pattern.

In the 3D structure of Sr(Ba)-HPAA (Figure 5), each HPAA links to
five symmetry-equivalent, 9-coordinated Sr(Ba) centers through the
phosphonate group (bridging three Sr(Ba) ions), the carboxylate group

Figure 5. Structure of the isostructural coordination polymers Ba(or Sr)(HPAA)(H,0),: the
coordination ability of HPAA?~ binding neighboring Ba>* ions (left) and portion of the 3D
structure showing the Ba-bound waters as red spheres (right).
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(bridging three Sr(Ba)) and the protonated hydroxyl moiety (coordinat-
ing terminally one Sr(Ba) center).!**->!

There are no H,O’s of crystallization, but two Sr(Ba)-coordinated
waters. In structures the R and S HPAA isomers are interwoven into a
complicated 3D arrangement.

Slight changes in pH afford a new phase, Sr(HPAA)(H,0); - H,O.
Structural features are presented in Figure 6. This is a 2D, layered
coordination polymer consisting of “Sr(HPAA)(H,0O)3” units that are
connected through a Sr—O(carboxylate) linker. The Sr atoms are
8-coordinated. Sr—O bond distances range from 2.5030(17) to
2.6916(18)1&. Consequently, each HPAA?~ ligand is coordinated to
three symmetry-related Sr>* centers. On the basis of the virtually equal
C-O bond lengths (C(2)-O(5) 1.258(3);& and C(2)-0(6) 1.260(3);&)
the negative charge is delocalized over the entire O—C—O moiety.

The isostructural Sr(Ba)-HDTMP compounds form a zigzag,
corrugated arrangement (see Figure 7) with an “opening” angle of
(P)YO—M—O(P) of 115.59(9) (for Sr) and 117.66(8) (for Ba).’!! The
coordination environment of the eight-coordinated Sr>* (Ba®") center
in both structures can be described as a bicapped octahedron. The
M—-M-—M [M=Sr,Ba] angles are very similar, 150.3(2) for S;-HDTMP
and 149.7(2) for Ba-HDTMP.

The crystal structures of the Ca(Sr)-EDTMP frameworks reveal
extended, 1D coordination polymers with EDTMP2- acting as both
chelating and bridging ligand (Figure 8).1°%! There are some interesting
features in these structures that warrant some attention. The -PO;H ™

i e
‘v g
by i,

o

5
3

)

VA

& -'-\ ',.

Figure 6. Structure of the coordination polymer Sr(HPAA)(H,0); - H,O: the coordination
ability of HPAA?~ binding neighboring Sr** ions (left) and portion of the 2D layered struc-
ture showing the lattice waters between the inorganic layers as red spheres (right).
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Figure 7. Structure of the isostructural coordination polymers Ba(or Sr)(HDTMP)(H,0)s -
H,O0: asymmetric unit (left) and portion of the 1D chain structure (right).

group coordinates to Sr** through only one of its three oxygens. This is
in contrast to several literature examples that demonstrate the strong
propensity of the -POs;H ™~ group to bridge two or more metal centers.
Two —PO3H™ groups, one from each N, form an 11-membered chelate
ring with Sr*". The same function occurs on the other side of the
—CH,CH,— linker that renders the whole tetraphosphonate a bridge
between two Ca’" centers. Thus, one can envision the 1D polymer as
a ribbon in a “wave-like” motion composed of Ca-EDTMP-Ca dimers.
To the best of our knowledge this coordination mode of EDTMP is

Figure 8. Structure of the isostructural coordination polymers Ca(or Sr)(EDTMP)-
(H,0), - H,O: the Ca-EDTMP-Ca “dimer” (left) and portion of the 1D chain structure

(right).



11: 58 15 January 2011

Downl oaded At:

106 M. PAPADAKI AND K. D. DEMADIS

unprecedented. The Sr*" is located in a slightly distorted octahedral
environment shaped by four equatorial phosphonate oxygens and two
axial H,O’s trans to each other. The Sr—O(P) bond distances are
2.4686(18)1& and 2.4884(16) A, whereas the Sr—O water bond distance
is 2.521(2) A. The water of crystallization rests above a plane formed
by four phosphonate oxygens. However, the H,O molecule forms hydrogen
bonds from the “wire’” above, with two protonated phosphonic acid moi-
eties (—P—Os—H) and with two phosphoryl oxygens (—P=0,). The specific
bridging mode of EDTMP observed in the structure of Ca(Sr)-EDTMP
causes the ligand to acquire a strained position. Thus, the H,O—Sr—OH,
axial vectors in the dimeric “unit” are not aligned, but form a dihedral
angle of 48.49 A. Very few metal-EDTMP compounds have been reported
with metal ions such as Eu*t, Pb>* and Zn?*.1**¥ The coordination mode
of EDTMP is distinctly different in these materials.

4. METALLIC CORROSION INHIBITION BY METAL
PHOSPHONATE THIN FILMS

Synergistic combinations of 1:1 molar ratio Zn*" and AMP were
reported to exhibit superior inhibition performance than either Zn*"
or AMP alone.’>=7! However, no mention is made regarding the identity
of the inhibitor species involved in corrosion inhibition. Carefully
designed corrosion experiments were carried out according to an estab-
lished protocol®® in order to verify the literature results and prove that
the protective material acting as a corrosion barrier is an organic-
inorganic hybrid composed of Zn and AMP. A synergistic combination
of Zn>" and AMP in a 1:1 ratio exhibited excellent corrosion protection
for carbon steel.*®! Based on mass loss measurements, the corrosion rate
for the “control” sample was 2.5 mm/year, whereas for the Zn-AMP
protected sample 0.9 mm/year, a 270% reduction in corrosion rate
(Figure 9). The filming material is collected and subjected to FT-IR,
XRF and EDS studies. These proved unequivocally that the corrosion
protection was due to Zn-AMP film formation on the steel surface.
These show that the inhibiting film is a material containing Zn (from
added Zn’") and P (from added AMP) in an approximately 1:3 ratio. Fe
was also present, apparently originating from the steel specimen. FT-IR
showed multiple bands associated with the phosphonate groups that
closely resemble those of an authentically prepared Zn-AMP material.
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Figure 9. Corrosion protection by Zn-AMP at pH 1 and 3. In both images the “control” is
the left specimen and the protected one is the right specimen.

For comparison, EDS and XRF spectra of a “protected”” and an “unpro-
tected” region show the presence of Zn and P in the former, but
complete absence in the latter. SEM studies gave further information
on film morphology (Figure 10).

Another synergistic system that was meticulously studied was that
of Zn** and HDTMP. A synergistic combination of Zn** and HDTMP
in a 1:1 ratio offers excellent corrosion protection for carbon steel.l*"!
According to mass loss measurements, the corrosion rate for the control
sample is 7.28 mm/year, whereas that for the Zn-HDTMP-protected
sample is 2.11 mm/year, a 170% reduction in corrosion rate (Figure 11).

The filming material was collected and subjected to FT-IR, XRF and
EDS studies. These show that the corrosion-inhibiting film is a material
containing Zn>" (from externally added Zn’') and P (from added
HDTMP) in an approximate 1:4 ratio. Fe was also present, apparently

Figure 10. Zn-AMP film morphology, as shown by SEM.



11: 58 15 January 2011

Downl oaded At:

108 M. PAPADAKI AND K. D. DEMADIS

Figure 11. Corrosion protection by Zn-HDTMP (control, upper; inhibited, lower).

originating from the carbon steel specimen. FT-IR spectroscopy of the
film material showed multiple bands associated with phosphonate
groups that closely resemble those of the authentically prepared
Zn-HDTMP material. For comparison, EDS and XRF spectra of
protected and unprotected regions show the presence of Zn and P in
the former, but their complete absence in the latter. Last, comparison
between SEM images of the protected vs. unprotected specimen areas
also demonstrate the profound anticorrosive effect of Zn-HDTMP films
(Figure 12).

Additionally, the protective material acting as a corrosion barrier
was studied in a similar system, but instead of Zn*", Sr**, and Ba*>" were
used in combination with HDTMP.’!! Anticorrosion inhibitory activity

Figure 12. Zn-HDTMP film morphology. The SEM image revealed the interface (indicated
by a dotted line) between the unprotected area (left) where growth of Fe oxides is evident,
and the protected area (right) where a film of Zn-HDTMP had grown (bar = 100 pm).
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was based on mass loss measurements. The effectiveness of corrosion
protection by synergistic combinations of M?" (M=Sr or Ba) and
HDTMP, in a 1:1 ratio is dramatically pH-dependent. At “harsh” pH
regions (2.2) mass loss from the steel specimens was profound, resulting
in high corrosion rates. However, specimens 2 and 3 appeared free of
corrosion products, presumably because HDTMP at the surface acted as
an iron oxide dissolving agent (Figure 13). At pH 7.0 corrosion rates were
appreciably suppressed in the presence of combinations of Sr** or Ba*"
and HDTMP (Figure 13). Corrosion rates are concentration-dependent
for S-HDTMP, whereas they are insensitive to Ba-HDTMP levels.

The corrosion specimens at pH=7.0 and film material were sub-
jected to studies by VSI (see Figure 14), SEM, FT-IR, EDS, XPS studies.
The inhibiting film is fairly uniform and contains M>" (Sr or Ba from
externally added salts) and P (from added HDTMP) in an approximate
1:2 molar ratio, suggesting a ratio of two Sr(Ba) cations and one HDTMP
ligand. Comparison of the FT-IR spectra of the filming material and those
for crystalline materials indicates that the molecular structure of the film-
ing material is not the same as the structurally characterized materials.

A new metal phosphonate system was studied. Its difference from
previously described systems was that a carboxyphosphonate was

Ba-HDTMP | Sr-HDTMP

pH=T.0

control
pH=22

Figure 13. Anticorrosion efficiency of M-HDTMP (M=Sr or Ba) at pH 2.2 and 7.0.
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Sr-HDTMP film R4 =6651111 nm

Ba-HDTMP film

Figure 14. Anticorrosion Sr-HDTMP film morphology viewed by VSI. Grid size is
9 x 10* um?. Z-axis is 3 pm and 10 um for Sr-HDTMP and Ba-HDTMP films, respectively.
R, is the average surface roughness, or average deviation, of all points from a plane fit to the
test part of the surface.

combined with metal ions and not a phosphonate. The goal was to ascer-
tain whether structural changes on the organic additive backbone could
offer enhancement in corrosion protection. Thus, M>" ions (M=Sr, Ba)
were combined with HPAA.**% Anti-corrosion inhibitory activity was
based on mass loss measurements. Synergistic combinations of M*>" and
HPAA, in a 1:1 ratio and at pH =2.0, appeared to keep the steel speci-
mens free of corrosion products, but corrosion rates were higher than the
“control” (0.299 mm/year for “control”, 0.465 mm/year for Sr-HPAA
and 0.397 mm/year for Ba-HPAA) (Figure 15). This was attributed to
the fact that metal-HPAA combinations actually act as Fe-oxide dissol-
vers at pH = 2.0, rather than corrosion inhibitors. It was demonstrated
that the thin layer that forms on the steel specimens and in bulk (after
the corrosion experiments were left for prolonged time) was composed
of Fe-HPAA. At higher pH (7.3) corrosion rates were dramatically sup-
pressed (0.142 mm /year for the “control”, 0.0005 mm//year for Sr-HPAA
and 0.0005 mm /year for Ba-HPAA), reaching a virtually 100% corrosion
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control Sr-HPAA Ba-HPAA control Sr-HPAA Ba-HPAA

pH=2 pH=2 pH=2 pH=73 pH=73 pH=173

Figure 15. The anticorrosion effect of metal-HPAA films on carbon steel. Corrosion inhibi-
tion by metal-HPAA synergistic combinations is evident (specimens 2, 3, 5, and 6), compared
to the “control” (specimens 1 and 4). Although specimens 2 and 3 (pH = 2.0) are free of iron
oxides, corrosion rates are higher than the “control”.

inhibition efficiency (Figure 15). The corrosion specimens and film
material were subjected to SEM, FT-IR and EDS studies.

SEM images revealed a fairly uniform inhibiting film that contains
M?*" (Sr or Ba from externally added salts) and P (from added HPAA),
in an approximate 1:1 ratio. Fe was also present, apparently originating
from the carbon steel specimen. Comparison of the FT-IR spectra of the
filming material and those for crystalline materials indicates that the
molecular structure of the filming material is not the same as the struc-
turally characterized materials (vide supra).

Other systems were also studied. However, it was found that in these
systems the metal phosphonate formed did not act as a corrosion inhibi-
tor, but as a Fe-oxide dissolver. More specifically, a combination of Ca*"
and PBTC in a 1:1 molar ratio appeared to offer excellent corrosion
protection for carbon steel based on visual observations (Figure 16).16!
However, based on mass loss measurements, the corrosion rate for the
control sample was 0.16 mm/year, whereas for Ca-PBTC protected
sample, the corrosion rate was 1.17 mm/year, which represented a
10-fold increase in the corrosion rate.

Therefore, PBTC essentially enhanced the dissolution of bare metal,
presumably forming soluble Fe-PBTC complexes. The filming material
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Figure 16. Phenomenology of the anticorrosive effect of Ca-PBTC films on carbon steel.
The upper specimen is the “control” (upper), no inhibitor present. Surface “cleanliness”
in the lower specimen (lower) by a 1 mM Ca”/ PBTC equimolar combination is
demonstrated, but overall metal loss is enhanced.

was collected and subjected to FT-IR, XRF and EDS studies. These
show that the corrosion inhibiting film is a material containing Ca®"
(from externally added salt) and P (from added PBTC) in an approxi-
mate 1:1 ratio. Fe was also present apparently originating from carbon
steel specimen. FT-IR of the filming material showed bands associated
with the phosphonate and the carboxylate group, which closely resemble
those of the authentically prepared Ca-PBTC material.

Finally, a mixture of equimolar concentrations of Ca*" or Sr** and
EDTMP resulted in corrosion rates that were substantially higher than
the “control,” 17.31 pum/y (for “control, surface 1) 50.60 um/y (for
Ca’", surface 2) and 60.38 um/y (for Sr*", surface 3) (Figure 17).1°%
Visual examination of specimens 2 and 3 (Figure 17) revealed that
enhanced corrosion was accompanied by surface cleaning by Fe-oxide
dissolution. When EDTMP (no metals, at pH 3) was used, the corrosion
rate was 59.89 um/y and the morphology of the steel surface resembled
specimens 2 or 3. When the same experiments were repeated at pH 7,
corrosion rate for the control was 7.62um/y (surface 4), whereas it
was 27.67 um/y for Ca®" (surface 5) and 30.85 um/y for Sr*" (surface
6). As mentioned above, increased corrosion rates indicate that metal
loss occurs; however, examination of the steel specimens demonstrated a
dramatic chemical cleaning effect. Figure 17 shows that specimens 5 and
6 are free of corrosion products at pH 7. A similar Fe-oxide removal action
was observed when PBTC (2-phosphonobutane-1,2,4-tricarboxylic acid)
was used in combination with Ca>" or Zn>" ions (see above). Undoubtedly,
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Figure 17. Micromorphology of steel specimens kept at pH 3 and pH 7. The effectiveness
of Ca-EDTMP and Sr-EDTMP as Fe-oxide removers is profound at pH 3 and 7. Corrosion
rates higher than the control indicate metal dissolution. Corrosion rate is calculated from
the equation CR=[534.57 x (mass loss)]/[(area)(time)(metal density)]. Units: CR in
mm/year, mass loss in mg, area in cm?, time in hours, metal density =7.85 g/cm°.

high Fe-oxide removal performance was due to the presence of phospho-
nate moieties with high affinity for Fe*".1°"!

5. DISCUSSION AND PERSPECTIVES

An ideal phosphonate corrosion inhibitor of the ‘“complexing type”
should possess the following significant attributes:

a. It must be capable of generating metal phosphonate thin films on the
surface to be protected, but must not form metal phosphonate preci-
pitates in the bulk. If the latter occurs, then corrosion protection is
inefficient.

b. It should not form very soluble metal complexes, because these will
not eventually “deposit” onto the metal surface, but instead will
remain soluble in the bulk.

c. Itshould not form sparingly soluble metal complexes, because these may
never reach the metal surface to achieve inhibition, but may generate
undesirable deposits in the bulk or on other critical system surfaces.

d. Its metal complexes that are generated by controlled deposition on
the metal surface must create dense thin films with robust structure,
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thus preventing oxygen diffusion through the film and towards the
metal surface. If the anticorrosion film is non-uniform or porous,
then uneven oxygen permeation may create sites for localized attack,
leading to uncontrollable pitting corrosion of the metal surface.

The present review has been focused on the action of metal phosphonate
frameworks as potential corrosion inhibitors for water-related applica-
tions. Its epicenter was principally on the structural features of these
materials. There are several hypotheses found in the literature on the
mechanism of corrosion inhibition by metal-inhibitor complexes and
are supported by a variety of spectroscopic and electrochemical techni-
ques. However, none of these has unequivocally proven the molecular
identity of metal-inhibitor complex.

Corrosion and its inhibition is highly pH dependent. This has been
demonstrated in several systems. The general trend is that there is an
enhancement of corrosion as the pH is lowered. In addition, it appears
much more challenging to inhibit corrosion in the lower pH region.
For example, such behavior was noted in corrosion experiments with
M>" (M=Sr, Ba) and HPAA (at pH=2) or HDTMP (at pH=2.2).
Explanations for the absence of anticorrosion performance at low pH
regions could be that the HPAA or HDTMP added first reacts preferen-
tially with the Fe-oxide layer (formed almost instantaneously upon expo-
sure of the carbon steel surface to oxygenated water) before it interacts
with soluble Sr** or Ba®". Data show that at low pH regions the only
material identified on the steel specimens was an amorphous (by
XRD) Fe-HPAA or Fe-HDTMP compound. Both Sr*" and Ba*" were
absent. On the other hand, results published on the action of com-
binations of metal ions (Ca’" or Zn?") with HEDP (HEDP=
hydroxyethylidene-1,1-diphosphonic acid) on carbon steel revealed that
Ca’" was displaced by Fe’>" in a “low stability” Ca-HEDP complex.!*"!
This did not occur for the Zn-HEDP case, resulting in a much more
effective corrosion protection in the “Zn-HEDP system.” A similar pro-
cess of Sr*" or Ba>" displacement by Fe’>" could be envisioned in the
Ba(Sr)-HDTMP system. This can explain the formation of Fe-HPAA
precipitates (at pH=2) or Fe-HDTMP precipitates (at pH =2.2) but
not of Sr** or Ba>" complexes.

The ability of a metal phosphonate corrosion inhibitor to adhere
onto the metal surface plays a vital role in corrosion efficacy. Bulk pre-
cipitation of a metal-phosphonate complex will lead to a loss of active
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inhibitor to precipitation, leading to insufficient levels for thin-film
formation. Surface adherence of the inhibitor films is a property that
cannot be precisely predicted. However, it is a necessary condition for
acceptable inhibition. In addition, the metal-phosphonate protective
layer must be robust and uniform. A characteristic example of Zn-AMP
film is shown in Figure 10 and is compared to a “bare” iron metal sur-
face. Zn-HDTMP, Sr(Ba)-HPAA at pH=7.3 and Sr(Ba)-HDTMP at
pH =7.0 form thin anticorrosive films that have a similar morphology.

As noted above, not all metal phosphonate systems can be effective
corrosion inhibitors. The results with Ca-PBTC and Ca(or Sr)-EDTMP
warrant further discussion. Corrosion rates for both systems in the pre-
sence of inhibitor are greater than those for the control (with no inhibi-
tor). This, at first glance, is contrary to the results obtained with other
systems, such as Zn-AMP, Zn-HDTMP, Sr(or Ba)-HDTMP and Sr(or
Ba)-HPAA. This may be explained by several arguments. First, the
metal-phosphonate film may not be robust but porous in its microscopic
nature. This, as mentioned previously, would lead to localized attack and
metal pitting. Such phenomena have not been observed upon examina-
tion of the metal specimens after the corrosion experiments. Second,
the metal phosphonate is too soluble to deposit onto the metal surface;
therefore, it does not form a protective and anticorrosion thin
film. Although this argument is a logical assumption at this point, based
on available literature data, more experiments must be conducted to
confirm it experimentally. However, this argument would be consistent
with literature data on Ca-PBTC complex formation constant (4.4), which
is considered to be very low. Therefore, PBTC essentially enhances the dis-
solution of bare metal, presumably forming soluble Fe-PBTC complexes.

Structural differences alone cannot explain the various corrosion
efficiencies observed with the present inhibitors in the presence of metal
jons such as Ca®", Zn>", Sr**, Ba®". Other factors such as the solubility
of the metal-phosphonate complex, complex formation ability (either in
the bulk or on the metal surface), and protective film thickness and integ-
rity certainly have a significant role. For example, the complex formation
constant for Zn-AMP is 16.4 and that for Ca-PBTC is 4.4.°°! The
observed more-effective corrosion protection of a Zn-AMP film com-
pared to the corrosion inhibition of a Ca-PBTC film is consistent with
the higher complex formation constant of the former. Similar arguments
can be made for HDTMP; however, unfortunately, complex formation
data are not available for this phosphonate. In accord with the above
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arguments, variation in the corrosion rates in the case of Sr(or
Ba)-HDTMP could be linked to different HDTMP complex formation
constants for Sr*" and Ba®". Such data are unavailable. Similar forma-
tion constants (7.10-7.56) have been reported for EDTMP.I%!! Thus, dif-
ferences observed in the corrosion rates may be due to the physical
stability of the Sr(Ba)-HDTMP anticorrosion film.

The observed similarity in corrosion protection of a Sr-HPAA film
compared to the corrosion inhibition of a Ba-HPAA film is consistent
with the similar HPAA complex formation constants for Sr*" and
Ba’". Such data are unavailable. Similar formation constants have been
reported for phosphonoformic acid.!®?!
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