Ind. Eng. Chem. Re2006,45, 7795-7800 7795

Effects of Structural Differences on Metallic Corrosion Inhibition by
Metal —Polyphosphonate Thin Films

Konstantinos D. Demadis,* Chris Mantzaridis, and Panagiotis Lykoudis

Crystal Engineering, Growth and Design Laboratory, Department of ChemistryeBity of Crete, P.O. Box
2208, Voutes Campus, Heraklion, Crete, GR-71003, Greece

A series of metatphosphonate organignorganic polymeric hybrid materials are synthesized, structurally
characterized, and evaluated for their anticorrosion properties for the protection of carbon steels. These materials
are Zn-AMP (where AMP = amino-tris(methylenephosphonate)), -2ZHDTMP (where HDTMP =
hexamethylenediamine-tetrakis(methylenephosphonate)), anBEEC (where PBTG= 2-phosphonobutane-
1,2,4-tricarboxylate)). Their structures are described and compared. Their corrosion inhibition performances
are also compared, and some interesting conclusions are drawn that relate molecular structure to inhibitory
activity.

Introduction diphosphonic acid (HEDP), amino-tris(methylenephosphonic
acid) (AMP), and hydroxyphosphonoacetic acid (HPA). Phos-
Corrosion has been defined in many ways. The definitions, phonates are introduced into the system to be protected in the
although different in expression, have all emphasized the gcid form or as alkali-metal soluble salts, but readily form more
changing of the mechanical properties of metals in an undesir- stable complexes with other metal cations found in the process
able way. ISO 8044 defines corrosion as “phySiCOChemical stream (most Commonly, Ca' Mg, Sr’ or Ba), depending on the
interaction, which is usually of an electrochemical nature, particular application. Research in this area has been stimulated
between a metal and its environment results in changes in thepy the need to develop inhibitor formulations that are free of
properties of the metal and which may often lead to impairment chromates, nitrates, nitrites, inorganic phosphorus compounds,
of the function of the metal, the environment, or the technical etc. Phosphonates, when blended with certain metal cations and
system of which these form a paftThe cost of corrosion has  polymers, reduce the optimal inhibitor concentration needed for
been reported from many studies to be on the order of $% inhibition due to synergistic effecfsSynergism is one of the
of the gross national product for any country. Worldwide, the jmportant effects in the inhibition process and serves as the basis
cost of corrosion for the production of all grades of pulp is for the development of all modern corrosion inhibitor formula-
approximately $3 billion/year. These numbers do not include tjgns.
the cost of lost production, shutdowns to make repairs to  pegpite the significant body of literature, evidence about the
corroded equipment, etc. Corrosion costs in the United Statesmyglecular identity of the thin protective metal phosphonate films
electric power industry reaches $10 b|_|||on each year, according lags behind. In this paper, we report the corrosion inhibition
to the Electric Power Research Institute (EPRI). Also, EPRI herformance of three metal phosphonate materials that exhibit
has reported that corrosion is the cause of more than 55% ofyramatically different anticorrosion efficiencies, which are linked
all unplanned outages, and it adds over 10% to the averageiq their molecular structure. These are—Z&MP ({Zn[(HOs-
annual household electricity bill. The impact of corrosion on PCH)aN(H)]-3H:0} ), Zn—HDTMP ({Zn[(HOsPCH)N(H)-
all branches of industry in almost all countries can be observed. (CHR)eN(H)(CH,POsH),]-H,0} ), and Ca-PBTC ¢ Ca(HOOC-

For example, in 1993, it was estimated that 60% of all CH,C(COO)(PQH)CH,CH,COOH)(H:0),+2H,0} 1).
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 the structures, 33% of Metal Phosphonate Materials: Syn’[hesis and Character-

the process systems, and 25% of the pipelines. Corrosionjzation. All chemicals were obtained from commercial sources.
management can be achieved in several ways, one of which isThe additives used in this study are shown schematically in
based on corrosion inhibitors. These are chemical additives thatFigure 1. The syntheses of these materials are reported
delay or (ideally) stop metallic corrosién. elsewheré@:7 Preliminary structural data have been reported

Corrosion inhibitors are effective for the decrease of metal previously. Crystallographic data for the structures discussed
corrosion under almost-neutral conditions by forming sparingly herein have been deposited with the Cambridge Crystallographic
soluble compounds with the metal ion existing in the solution, Data Centre (CCDC Nos. 257224 (ZAMP), 258076 (Zn-
which precipitate onto the surface to form a thin protective layer. HDTMP), and 258096 (CaPBTC). [ Copies of the data may
Such inhibitors (which are often called interphase inhibitors) be obtained free of charge from the Director, Cambridge
for cooling-water treatment technology in the past decades Crystallographic Data Centre, 12 Union Road, Cambridge,
integrate different types of phosphonateidely used ex- CB2 1EZz, U.K,; fax, +44-1223-336033; e-mail: deposit@
amples of organic phosphonates include 1-hydroxyethane-1,1-ccdc.cam.ac.uk; URL: http://www.ccdc.cam.ac.uk.]

Corrosion Inhibition Protocol. Corrosion specimens (carbon

Experimental Section

*To whom correspondence should be addressed. Fe80-2810- steel C1010) are prepared according to established protbcols.
545051. Fax:+30-2810-545001. E-mailaddress: demadis@chemistry.uoc.gr. Each coupon is immersed in a control solution (no inhibitor)
URL: http://www.chemistry.uoc.gr/demadis. or in a test solution (1.0 mM Zi and 1.0 mM AMP) at pH

10.1021/ie0607898 CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/10/2006



7796 Ind. Eng. Chem. Res., Vol. 45, No. 23, 2006

0—P—0
| s/
+ n‘/\ /
/ ~N
‘{ p=0 /o
— AN 0
O—)’ H [e)
o) \P/ ©
/o
AMP ©
O, /O.
X "
o o /P\/N“
o=b °
/ 0o O0—P—0
: [
-0 °
o
PBTC HDTMP

Figure 1. Schematic structures of the AMP, HDTMP, and PBTC corrosion
inhibitors.

Figure 2. Zigzag chains in the crystal structure of- ZAMP. The “corners”

Figure 3. Crystal lattice of ZR-HDTMP, viewed parallel to thé-axis.
Color code: Zn (purple), C (gray), P (orange), N (blue), and O (red).

The crystal structure of ZAHDTMP shows that it is a three-
dimensional (3D) coordination polymer (see Figure 3). The
Zn—0 distances are unexceptional and consistent with other
structurally characterized zirgphosphonate$:14 The Zr#*
cation is found in a distorted octahedral environment that is
formed exclusively by phosphonate oxygens.

The G carbon chain runs almost parallel to the bc diagonal.
Also, it does not possess the expected zigzag configuration;
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 reveals a polymeric material
with PBTC acting as a tetradentate chelate. Th& Canter is
seven-coordinated in a capped octahedral environment, bound
by two phosphonate oxygens, three carboxylate oxygens, and
two water molecules. The phosphonate oxygens act as bridges
between two neighboring Ca centers, located 6.781 A apart.

are the Zn centers, and the linear parts of the chain are the uncomplexeda|| three carboxylate oxygens are protonated. The protonated

phosphonate group.

3.0, and the progress of corrosion is monitored by visual

solution, surface samples are taken for spectroscopic studies
and corrosion products are cleaned by a standard method to
determine corrosion rates from mass loss. Note that these

—COOH group is coordinated to the Ca through the carbonyl
atom. This is consistent with the long €8(=C) distances of

m2-470(2) and 2.448(2) A. Such €@=C(OH) coordination

modes are rar®:16 The bridging—PQ;?~ tetrahedra and the
CaQ; polyhedra are arranged in a zigzag chain configuration
that is oriented parallel to theaxis. This is depicted in Figure

conditions are purposely exaggerated, compared to those found

in actual field applications. The same protocol was used for
Zn—HDTMP (at pH 2.2), for CaPBTC (at pH 4.0) and for
Zn—PBTC (at pH 4.0).

Results

Crystal Structures of Metal Phosphonatesin the structure
of Zn-AMP, AMP maintains its “zwitterion” character in the

Both RandSstereoisomers (according to the Catingold—
Prelog sequence) of PBTC are present in the structure of Ca-
(PBTC)(H:0)2:2H,0 in a regular pattern. Each chain shown in
Figure 4 contains only one PBTC stereoisomer.

Metallic Corrosion Inhibition by Metal Phosphonate Thin
Films. Synergistic combinations of a 1:1 molar ratio ofZn
and AMP are reported to exhibit superior inhibition performance
than either ZA* or AMP alonel’~1° However, no mention is

crystal lattice because each phosphonate group is singlymade regarding the identity of the inhibitor species involved in

deprotonated, whereas the N atom is protonated. Theation

is coordinated by three phosphonate oxygens and thp€e H
molecules. AMP forms an eight-membered chelate ring with
the Zr?+ cation. The bond angles indicate a slightly distorted
octahedral geometry, with the largest deviation being 166.90(6)
The third phosphonate arm, surprisingly nist coordinated to
the Zr#™ cation, but is exclusively involved in hydrogen
bonding. A zigzag chain parallel to tleeaxis is formed by the
Zn?* cation (see Figure 2). The Zncenters are located at the
corners of the zigzag chain, whereas the “linear” portion of the

corrosion inhibition. Therefore, a corrosion experiment is
designed 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 ZA™ and AMP in a 1:1 ratio (under identical
conditions used to prepare crystallineZAMP) offers excellent
corrosion protection for carbon steel (see Figure 5).

Although differentiation between the “control” and “Zn
AMP” protected specimens is evident within the first hours,
the corrosion experiment is allowed to proceed over a three-

zigzag is made of the noncoordinated, hydrogen-bonded phos-day period. Based on mass loss measurements, the corrosion
phonate groups. The presence of a noncoordinated, singlyrate for the “control” sample is 2.5 mm/yr, whereas for the-Zn
deprotonated phosphonate group in the lattice is somewhatAMP protected sample 0.9 mm/yr, which is a 270% reduction

surprising. This phosphonate moiety participates in a compli-

in the corrosion rate. The filming material is collected and

cated hydrogen bonding network that presumably “relieves” the subjected to Fourier transform infrared (FT-IR) spectroscopy,

presence of the negative charge.

X-ray fluorescence (XRF), and energy-dispersive spectroscopy
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Figure 4. View of two zigzag chains over five unit cells formed by Gatolyhedra (green) and RO tetrahedra (magenta) that are oriented parallel to the

b-axis.
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Figure 5. Panel 1: corrosion inhibition by ZrAMP. The upper specimen (A) is the control, no inhibitor present; the lower specimen (B) is with a
Zn?*/AMP combination present, both in 1 mM. Corrosion inhibition is dramatically demonstrated at pH 3.0. The formation of Zn-AMP can be clearly seen
on the steel specimen as a thin white layer, with additional material accumulated at certain locations, appearing as white spots. Panel 2tusaidéce tex

the inhibiting Zn-AMP film (bar= 8 um). EDS results are also given, showing an absence of Zn/P on an unprotected surface (panel 3) and their presence
on a protected surface (panel 4).

(EDS) studies. These show that the inhibiting film is a material material showed multiple bands that were associated with the
that contains zinc (from added Zr) and phosphorus (from  phosphonate groups in the 950200 cnt? region that closely
added AMP) in an~1:3 ratio, as expected. Iron was also present, resemble those of the authentically prepared-BADTMP
which apparently originated from the steel specimen. FT-IR material (see Figure 6). For comparison, EDS and XRF spectra
spectroscopy showed multiple bands that were associated withof a “protected” and an “unprotected” region indicate the
the phosphonate groups that closely resemble those of anpresence of zinc and phosphorus in the former, but a complete
authentically prepared ZPAMP material. For comparison, EDS  absence of both in the latter.
and XRF spectra of a “protected” and an “unprotected” region A synergistic combination of Ca and PBTC in a 1:1 molar
show the presence of zinc and phosphorus in the former, but aratio (under conditions identical to those used to prepare
complete absence of both in the latter. crystalline Ca(PBTC)(kD).-2H,0) seems to offer excellent

A combination of Z#" and HDTMP in a 1:1 ratio (under  corrosion protection for carbon steel (see Figure 7), based on
conditions identical to those used to prepare crystalline Zn visual observations. However, based on mass loss measure-
HDTMP) offers excellent corrosion protection for carbon steel ments? the corrosion rate for the “control” sample is 0.16 mm/
(see Figure 6). Although differentiation between the “control” yr, whereas for the CaPBTC protected sample, the corrosion
and “Zn—HDTMP"-protected specimens is profound withinthe rate is 1.17 mm/yr, which is an-10-fold increase in the
first hours, the corrosion experiment is allowed to proceed over corrosion rate. Therefore, PBTC essentially enhances the
a three-day period. Based on mass loss measurements, thelissolution of bare metal, presumably forming soluble-Fe
corrosion rate for the “control” sample is 7.28 mm/yr, whereas PBTC complexes. In contrast to aminomethylene-tris-phospho-
for the Zn—~HDTMP protected sample, the corrosion rate is 2.11 nate (AMP), PBTC does not form stable metal phosphonate
mm/yr, which is an~170% reduction in the corrosion rate. The protective films. This is consistent with the low complex
filming material is collected and subjected to FT-IR, XRF, and formation constant for GaPBTC (4.4)2°
EDS studies. These analyses show that the corrosion-inhibiting
film is a material that contains Zh (from externally added
Zn?") and phosphorus (from added HDTMP) in aii:4 ratio.
Iron was also present, which apparently originated from the  Phosphonates are better known for their antiscaling/antifoul-
carbon steel specimen. FT-IR spectroscopy of the filming ing propertieg! rather than their anticorrosion efficiency.

Discussion
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Figure 8. Corrosion rates of metalphosphonate-protected surfaces, as a
function of pH. Rhombs represent the “control” for pH and squares represent
the individual inhibitors, as shown.
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oxygen permeation may create sites for localized attack, leading
to pitting of the metal surface.

The present study described herein is more geared toward
understanding corrosion inhibition at the molecular level, rather
than proving the anticorrosion performance of the aforemen-
Figure 6. Anticorrosive effect of ZA-HDTMP films on carbon steel. Panel  tioned inhibitors. There are several hypotheses found in the
1 ShOV\;S that the l{pﬁfébr_t_Spe_CirTsﬁn IiS the “control” (A)’agwlith &Ozip?fli/bimf literature on the mechanism of corrosion inhibition by metal
FIDTMP Synergiic combination is cramatically demonsiated. Pani 2 INIDItor complexes and are supported by a variety of spectro-
shows FT-IR spectra of “genuine” ZHDTMP and the protective film.  ScOpic and electrochemical techniques. However, none of these
has unequivocally proven the molecular identity of the metal
inhibitor complex.

The corrosion inhibition results are presented in Figure 8.
It is apparent that pH has a profound role in corrosion inhibition.

A decrease of 2 pH units causes a 45-fold increase in the corro-
sion rate and operational range (from 0.16 mm/yr to 7.28
mm/yr).

This is consistent with well-established observations in
laboratory experiments and in real water systems in the field.
The presence of a metal phosphonates causes a dramatic
decrease in the overall corrosion rates. Again, lower operational
Figure 7. Phenomenology of the anticorrosive effect of-€RBTC films pH favors higher corrosion rates; however, the operational range
on Carbtog j:feaec'éfgee ;ﬁl?rfgssseeiﬁi:?;rllcijvg]res“ceocri]gc:;(é)f){ l‘;"irt]:‘h;‘%igf}bitor is now much narrower (from 0.90 to 2.11 mm/yr). This translates
FI;rBe'IS'((e:ns.ynergistic combination is demonstrat?ed, but metal loss is enhancedt0 an ability to OF_’erate with lower-pH process waters with
(see text). acceptable corrosion rates; however, the presence of a metal

phosphonate corrosion inhibitor is necessary. The results with
However, the latter can be substantially improved in the presenceCa—PBTC and Za-PBTC warrant further discussion. Corrosion

of metal ions. This synergistic phenomenon has been extensivelyrates in the presence of an inhibitor are greater than those for
and elegantly studied, primarily by electrochemical metH8@&. the control (with no |nh|b|tpr). This, at first glance, is contrary
Notably, the work of Telegdi et al. has given insight into the [© the results obtained with the Z#HDTMP and Zn-AMP
possible mechanism of corrosion protectidrkuznetsov has inhibitors. This may be explained by several arguments. First,

extensively and systematically studied a variety of inhibitors € Meta-phosphonate film may not be robust but porous in
that have complexing propertiés. its microscopic nature. This, as mentioned previously, would

. S . lead to localized attack and metal pitting. Such phenomena have
An ideal phosphonate corrosion inhibitor of the “complexing pring P

. - S _ not been observed upon examination of the metal specimens
type” is required to possess the following significant features: ager the corrosion experiments. Second, the metal phosphonate
(a) it must be capable of generating metal phosphonate thin f'lmS(Ca—PBTC or Zn-PBTC) is too soluble to deposit onto the

on the surface to be protected; (b) it should not form very soluble metal surface; therefore, it does not form a protective and
metal complexes, because these will not eventually “deposit” onto gnticorrosion thin film. Although this argument is a logical
the metal surface, but, instead, will remain soluble in the bulk; assumption at this point, based on available literature Hata,
(c) it should not form sparingly soluble metal complexes, be- more experiments must be conducted to confirm it experimen-
cause these may never reach the metal surface to achieve inhibita|ly. These are underway in our laboratory. However, this
tion, but may generate undesirable deposits in the bulk or on argument would be consistent with literature data on metal
other critical system surfaces; and (d) its metal complexes thatPBTC complex formation constants (4.4 for-€@BTC and 8.3
are generated by controlled deposition on the metal surface musfor Zn—PBTC), which are considered to be very 18WThe
create dense thin films with robust structure thus preventing difference in complex formation constants betweer-BBTC
oxygen diffusion through the film and towards the metal surface. and Zn-PBTC would be consistent with the fact thatZRBTC

If the anticorrosion film is nonuniform or porous, then uneven is a more effective corrosion inhibitor than €BBTC, as long

[
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as both inhibitors form films (albeit unstable) on the metal
surface. If film formation does not occur, then corrosion rates
in the presence of CaPBTC or Zn—PBTC would be the same
as the control, which is not the case.

Therefore, the results obtained with €@BTC and Zr-
PBTC indicate that these materials are soluble and, because of
their acidic nature (PBTC in CaPBTC has three dissociable
protons), they actually act as metal dissolvers rather than
corrosion inhibitors. A careful look at the molecular structure
of Ca—PBTC reveals that PBTC is doubly deprotonated (at the
phosphonate group and at the carboxyl group at the 6 position).
The remaining two carboxylate groups are protonated but
coordinated to the Ca center through the €0 moiety. This
increases the acidity of the noncoordinate®@H group of the
carboxylate. The final result could be considerd to be the
formation of a CaPBTC soluble acidic complex at the
proximity or on the metal surface, which acts as an iron oxide
dissolver. Alternatively, this acidic complex may create local
low-pH regions, which would certainly increase corrosion rates.

The two zine-phosphonates have distinctly different crystal
and molecular structures. The ZRIDTMP material, by virtue
of its long chain linker between the two amino-bis(methylene-
phosphonate) moieties, might be considered to be a porous
material. However, porosity measurements on this and the other
phosphonates show an absence of any porous structure. There-
fore, differences in porosity cannot be invoked to explain the

amlcorms'qn performance variability of these meahospho- Figure 9. Scanning electron microscopy (SEM) images of a “clean” carbon
nate materials. steel surface (upper image, Farl00xm) and a Zr-AMP-protected steel
Lastly, the ability of a metatphosphonate corrosion inhibitor ~ surface (lower image, bar 10 um). The deposition of an anticorrosive
to adhere onto the metal surface plays a vital role in corrosion ZN—AMP thin film is obvious. Film cracking is due to drying.
efficacy. Bulk precipitation of a metalphosphonate complex ) )
will lead to a loss of active inhibitor to precipitation, leading to  Conclusions/Perspectives
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 metatphosphonate protective layer
must be robust and uniform. A characteristic example of & Zn
AMP film is shown in Figure 9 and is compared to a “bare”
iron metal surface. ZAHDTMP forms thin anticorrosive films
that have a similar morphology.

Structural differences alone cannot explain the various
corrosion efficiencies observed with the present inhibitors in
the presence of metal ions such agCar Zr?*. Other factors
such as the solubility of the metaphosphonate complex,
complex formation ability (either in the bulk or on the metal dv of th - d its inhibitiahth lecul
surface), and protective film thickness and integrity certainly study of the corrosion event and its inhibitiahthe molecular
have a significant role. For example, the complex formation level. In. this context, we have Sho"Y” that a conve'nlently
constant for ZR-AMP is 16.4 and that for ZrRPBTC is 8.3%° synthesized and structurally characterized-ZiAP organic-
The observed more-effective corrosion protection of & ZMP inorganic .hyk.)r!d polymerlg material can act as a protective
film (which has a corrosion rate of 0.90 mm/yr at pH 3.0), corrosion inhibitor by drastically reducing corrosion rates from
compared to the corrosion inhibition of a ZRBTC film (which 2.5 mm/yr (control) to 0.9 mm/yr (ZRAMP protected sample).
has a corrosion rate of 1.17 mm/yr at pH 4.0), is consistent Furthermore, a ZrRHDTMP material can also protect carbon
with the higher complex formation constant of the former. This St€€! surfaces by reducing the corrosion from 7.28 mm/yr (for
point is further supported by the fact that corrosion protection the control) to 2.11 mm/yr (for the ZAHDTMP protected
by Zn—AMP is better, even at a lower pH (3.0), compared to Sa@MPple). In contrast, M-PBTC materials (where=MCa, Zn)
that of Zn-PBTC at a higher pH value (4.0). Similar arguments &'€ ineffective corrosion inhibitors and, in fact, enhance cor-
can be made for HDTMP; however, unfortunately, complex "0Sion rates from 0.16 mm/yr (for the control) to 1.17 mm/yr
formation data are not available for this phosphor@fehe (for the Ca-PBTC protected sample) and 0.46 mm/yr (for the
complex formation constant for ZEDTMP (which is a Zn—PBTC protected sample).
tetraphosphonate similar to HDTMP, but with a two-carbon-  This paper is part of our ongoing effort on the issue of
chain, instead of six-carbon-chain, linker between the aminom- phosphonate-mediated corrosion protection. Understanding the
ethylenephosphonate groups) has been reported to be 19.2. lintricate mechanisms of materials failure and its mitigation will
is reasonable to assume that a similar complex formation enable us to improve current practices and invent novel ways
constant may be determined for ZHDTMP. to inhibit corrosion.

The overall demand for corrosion inhibitors has been forecast
to increase 4.4% per year, reaching $1.6 billion in 2006, in the
United Stated® The petroleum refining sector is expected to
have an approximately $400 million share in this value.
Corrosion is an economical burden for several industry sectors.
Research on the subject has been active for several decades.
The solution to this complicated issue requires a multidisci-
plinary approach that unifies researchers from a diverse list of
scientific and technological disciplines: chemistry, chemical
engineering, electrochemistry, materials science and engineering,
and many others. Our contribution to advancing solutions for
corrosion issues relevant to industrial problems lies with the
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