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The corrosion behavior of nickel metal in both sodium chloride and etidronic acid (EDA) 
solutions was studied by X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy. 
A polymer film was found to  form on the surface of the unoxidized metal after treatment with 
1 M EDA. This polymer film can effectively prevent the corrosion of nickel by chloride ions. 
Sodium chloride solution appears to  increase the thickness of the polymer film, and no 
phosphorous was detected in the film. This indicates that  the film was formed by decomposing 
EDA, rather then by simple adsorption of EDA on the nickel surface. The film was so thick 
that no nickel XPS  signal from the metal and/or its oxides could be seen. The XPS and infrared 
results were consistent with an oxidized hydrocarbon film containing ether and hydroxide groups. 
Nickel oxide or oxidized nickel metal exposed to EDA led to the formation of nickel etidronate 
rather than the polymer film. 

Introduction 

1-Hydroxyethylidene-1,l-diphosphonic acid (hydroxy- 
ethyl diphosphonate or HEDP), or etidronic acid (EDA) 
and its salts have found widespread use as corrosion 
inhibitors. These compounds have been used as nonpol- 
luting corrosion inhibitors in paints, in various corrosion 
protection applications, and as complexing agenta.14 EDA 
and related compounds have been widely investigated as 
corrosion inhibitors for iron and steel.Lg No work has yet 
been reported as to the behavior of these compounds with 
nickel metal surfaces. 

Corrosion inhibitors can act in various way to inhibit 
corrosion. Many organic compounds have been used as 
inhibitors, where it is believed that the inhibitor effect is 
mainly caused by adsorbing the organic compounds on 
the metal surface.3 This adsorbed layer hinders the escape 
of metal ions from the surface either by blocking the surface 
or by imposing an electrical field that will oppose the 
movement of cations away from the surface. Adsorption 
of inhibitors also decreases the number of sites where 
aggressive ions can be adsorbed. HEDP (EDA) can act 
by forming a surface complex that is both lightly colored 
and provides some corrosion inhibition (e.g., on iron or 
steel). However in this work we find rather different 
behavior. 
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In presenting a study involving the relatively less 
corrodible nickel metal, one notes that both nickel metal 
and oxides have been widely used to catalyze the disso- 
ciation of organic compounds.lOJ1 We show in this paper 
that clean nickel metal does indeed cause the decompo- 
sition of EDA on nickel to give a surface film. 

The surface chemistry of the films formed in this work 
have been examined by X-ray photoelectron spectroscopy 
(XPS or ESCA) in the core and valence band region. 
Reflection absorption infrared spectroscopy (RAIR) is a 
useful tool for the investigation of thin organic films on 
metal  substrate^,'^-^^ and we have used this method to 
complement the surface chemical information provided 
by the XPS studies. The use of the Fourier transform 
spectrometer has made the acquisition of relatively high 
resolution spectra (2-4 cm-’) for extremely thin films (< 
50 A) or even a monolayer1”16 of complex  molecule^'^ a 
reality. 

In this paper, we report the use of XPS and RAIR for 
nickel exposed to etidronate solutions in a special anaerobic 
cell that allows the study of the liquid/solid interface 
without air exposure. The effectiveness of the resulting 
surface film against corrosion was monitored by exposure 
of the resulting surface to sodium chloride solution. The 
film-forming process was examined by exposing clean and 
oxidized nickel surfaces to EDA. 

Experimental Section 

Instrumentation. XPS spectra were collected on a VSW 
HA100 spectrometer with a second UHV system used for liquid 
exposure experiments. The design of this chamber and ita liquid 
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exposure cell has been described elsewhere.17J8 Both UHV 
systems could achieve a base pressure of 10-lo Torr. All XPS 
data were recorded in the fixed analyzer transmission (FAT) 
mode with a pass energy of 25 eV for core regions and 50 eV for 
valance-band regions. Unmonochromatized Mg Kar radiation 
(1253.6 eV) was used at a power of 275 W (12 kV, 25 mA). The 
spectrometer energy scale was calibrated using copper.19 Peak 
positions were referenced to the C(1s) peak (284.6 eV) from surface 
hydrocarbon. Argon ion sputtering was carried out using a B21 
saddle-field ion source sputter ion gun at 2.6 kV and 1 mA with 
an argon pressure of 103 Torr. 

X-ray diffraction (XRD) studies were carried out with a Scintag 
XDS 2000 instrument. The X-ray radiation wavelength used 
was Cu Kal(O.154 059 nm) with an X-ray power of 1800 W. The 
data were collected using the normal step-scanning mode with 
a step size of 0.02'. The samples were normally mounted in a 
Mylar tray. 

The RAFTIR spectrum of the polymer film formed on the 
nickel surface was measured by using an FTIR spectrometer 
(BIO-RAD Digilab Division FTS-40 spectrometer) with a res- 
olution of 4.0 cm-'. The nickel substrate background was 
subtracted from the spectrum. For this measurement, a multiple 
internal reflection (MIR) technique was used. The angle of 
incidence was 45'. The details of the MIR technique are reported 
elsewhere.l6VN 

Sample Preparation. Etidronic acid was obtained from 
Monsanto. Calcium etidronate was obtained from International 
Paint. Sodium Chloride and nickel powder were obtained from 
Fisher. The NiO(green) used was from Strem, and the NiO- 
(black) was from Aldrich. Nickel etidronate was obtained as a 
precipitate formed after reaction of nickel powder or NiO(b1ack) 
with etidronic acid for 3 days. Nickel phosphates were obtained 
by concentrating the solution resulting from the reaction of nickel 
powder with phosphoric acid for 1 week. Alfa nickel foil was 
used as the source of pure nickel (99.994% purity). 

The nickel metal samples were polished mechanically with 
alumina (44 pm). No trace of aluminum was found on the polished 
metals on XPS examination. They were also degreased with 
acetone and cleaned with quadruple distilled water. The metals 
thus had only an air-formed film on the surface. 

Two types of experiments were performed. The ex situ 
experiments were performed on the bench. The anaerobic 
experiments were performed in the special chamber discussed 
above. Ex situ experiments involved the exposure of the samples, 
cleaned as described above, to etidronic acid and calcium 
etidronate solution for eight hours in the atmosphere. Anaerobic 
experiments involved the further cleaning of the samples by argon 
ion sputtering for 1.5-2 h with surface purity monitored by XPS. 
The sample was rotated during the argon ion sputtering to allow 
even treatment of the sample. The clean sample was then exposed 
to a positive pressure of ultrahigh-purity (UHP) argon in the 
anaerobic cell and then dipped into dearated solutions of etidronic 
acid or calcium etidronate. The solutions were deaerated with 
UHP nitrogen for at least 8 h and then exposed to UHP argon 
for 10-15 min. The samples were then removed from solution 
and rinsed with daerated quadruply distilled water three times. 
Anaerobic cell experiments thus eliminate exposure of the sample 
to any oxygen in either the gaseous or solution state. 

Etidronic acid (1 M), saturated calcium etidronate (-1 mM) 
and sodium chloride (1 M) solutions were prepared with 
quadruply distilled water. 

Data Processing. Both smoothed and unsmoothed valance 
band XPS spectra are shown. The smoothed spectra were 
smoothed using a binomial smoothing methodZ1sa with an interval 
of 13 and repeated 50 times. Nonlinear background removal was 
achieved using the Tougaard method.% O( 1s) spectra were fitted 
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Table I. Conditions Used in Etidronic Acid Inhibitor 
Studies 

~~ 

casela case2" case3b casela case20 case3b 
1 hc 5 he 5 hC 8 hc 
3 he 1 hd 1 hd 
Anaerobiccellexperiment. Thesamplewas fiitargonionetched 

and then exposed to the deoxygenated solution in the anaerobic cell. 
Ex situ experiment. The sample with its air-formed oxide film was 

exposed to EDA solution in the atmosphere. Exposure to deaerated 
1 M EDA solution. Exposure to deaerated 1 M NaCl solution. 

Table 11. XPS Peak Area Ratios. 
solutions and 

1 h inEDA(A) 4.3 66.0 10.0 15.2 
3 h inEDA(A) 4.4 30.1 22.0 6.8 
5 h inEDA(A) 5.9 96.3 24.6 16.4 
1 h in NaCl(A) 31.2 957.9 173.2 30.7 
5 h in EDA(B) 10.5 171.2 87.5 16.3 
1 h in NaCl(B) 8.4 P not seen 171.3 P not seen 
8 h in EDA(C) 8.0 117.7 17.7 14.7 
NiEDA 2.2 5.7 15.5 2.6 

exposure timeb C/O C/P C/Ni O/P 

a The peak area ratios are adjusted for the atomic sensitivity factors 
from: Practical Surface Analysis by Auger and Photoelectron 
Spectroscopy; Briggs, D., Seah, M. P., Eds.; Wiley: London, 1990; 
Appendix 6, p 635. (A) Case 1; (B) case 2; (C) case 3. 

using a nonlinear least-squares method with a Gaussian/Lorent- 
zian peak ~hape,2~26 including the effect of X-radiation satellites. 

Results and Discussion 

Nickel metal was exposed to etidronic acid for different 
exposure times and then exposed to sodium chloride 
solution for three different sample conditions as shown in 
Table I. No significant changes were found for exposure 
to calcium etidronate solution other than some nickel 
oxidation, so the results reported here are for 1 M solution 
of etidronic acid (EDA). The three cases compare the 
effect of several shorter exposures to EDA (case l), 
compared to two longer exposures to EDA (cases 2 and 3). 

Figure 1 shows the overall spectra that results from 
various experiments associated with the treatment meth- 
ods described in Table I. Table I1 shows the atomic ratios 
of carbon, nickel, and phosphorus based upon the core 
XPS area ratios. These ratios indicate how the relative 
amount of carbon increases, and nickel and phosphorus 
decrease with increasing exposure time to EDA and 
exposure to sodium chloride solution. The ratios, however, 
assume that the sample probed is homogeneous (which is 
almost certainly not the case) and thus give only a crude 
guide to compound stoichiometry. For nickel etidronate 
the O/P ratio has a value (2.6) comparable to that expected 
for the etidronate ion (3.51, though the C/P ratio (5.7) is 
higher than expected for this ion (1.0) presumably because 
of the presence of surface hydrocarbon. 

Core XPS Studies. The trends observed in the overall 
spectra are confirmed by a detailed examination of the 
Ni(2p), P(2p), and O(1s) core regions. The discussion 
below will focus on the results from the anaerobic cell, 
since in the ex situ experiments expose to EDA leads only 

(24) Ansell, R. 0.; Dickinson, T.; Povey, A. F.; Sherwood, P. M. A. J. 
Electrochem. Interfacial Electrochem. 1979, 98, 79. 
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1990; Appendix 3, pp 555-86. 
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Figure 1. Overall XPS spectra of nickel metal exposed to 
etidronic acid (1 M) solution for different conditions, followed 
by exposure to sodium chloride (1 M) solution. The spectrum 
of nickel etidronate is provided for comparative purposes: (a) 
argon ion etched nickel metal; (b) sample (a) after exposure to 
EDA solution for 1 h in the anaerobic cell; (c) sample (b) after 
a further 2 h exposure to EDA solution giving a total of 3 h 
exposure; (d) sample (c) after a further 2 h exposure to EDA 
solution giving a total of 5 h exposure to EDA solution in the 
anaerobic cell; (e) sample (c) after exposure to sodium chloride 
solution for 1 h in the anaerobic cell; (f) argon ion etched nickel 
metal exposed to sodium chloride solution for 1 h in the anaerobic 
cell; (9) argon ion etched nickel metal exposed to EDA solution 
for 5 h in the anaerobic cell; (h) sample (g) after exposure to 
sodium chloride solution for 1 h in the anaerobic cell; (i) nickel 
metal with an air formed oxide film exposed to EDA solution for 
8 h; 6) nickel etidronate. 

to some nickel oxidation. Details of the core regions are 
given in Figures 2-4 and in Tables I1 and 111. 

The Ni(2p) spectra show that there is a more substantial 
reduction in Ni(2p) intensity when the etched metal is 
exposed to EDA for 1 h, then again for a further 2 h, again 
for a final 2 h, and these for one single 5-h exposure. In 
all cases the exposure of the film formed after EDA 
exposure to sodium chloride led to a thickening of the film 
as evidenced by the almost complete loss of Ni(2p) 
intensity. When the ex situ sample is exposed to EDA for 
8 h, the Ni(2p) spectrum is characteristic of oxidized nickel, 
indicating that the formation of the carbon-containing 
film is dependent upon an initially clean and unoxidized 
nickel metal surface. 

Liang et al. 
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Figure 2. Ni(2p) core XPS spectra of nickel metal exposed to 
etidronic acid (1 M) solution for different conditions, followed 
by exposure to sodium chloride (1 M) solution. The spectrum 
of nickel etidronate is provided for comparative purposes: (a) 
argon ion etched nickel metal exposed to sodium chloride solution 
for 1 h in the anaeroobic cell, (b) argon ion etched nickel metal 
exposed to EDA solution for 5 h in the anaerobic cell; (c) sample 
(b) exposed to sodium chloride solution for 1 h in the anaerobic 
cell; (d) nickel etidronate. 

Figure 2 illustrates how sodium chloride solution causes 
oxidation of the clean metal (Figure 2a). However, 
exposure to EDA still shows a largely unoxidized metal 
with a thick carbon-containing overlayer (Figure 2b). 
Exposure of the EDA-treated sample to sodium chloride 
solution leads to a thickening of the film as evidenced by 
the almost complete loss of Ni(2p) intensity giving a very 
weak nickel feature that may correspond to some nickel 
etidronate at  the interface of the metal and outer film 
(Figure 2c,d). 

Very little phosphorus is present in the film as shown 
in Figure 3 and Table 11, allowing one to discount the 
possibility that the changes are caused by adsorption of 
EDA onto the nickel surface. It is reasonable to suppose 
that phosphorus is lost from the film as a water soluble 
phosphate resulting from EDA decomposition, and that 
there was hardly any nickel etidronate formation. It is 

Table 111. XPS Results for O(ls)/Ni Auger Regions 

solutions and exposure timeo 
h in EDA (A) (Figure 4b) 
3 h in EDA (A) (Figure 4c) 
5 h in EDA (A) (Figure 4d) 
1 h in NACl (A) (Figure 4e) 
5 h in EDA (B) (Figure 4g) 
1 h in NaCl (B) (Figure 4h) 
8 h in EDA (C) (Figure 4i) 
NBDA (Figure 4j) 

peak 2 (531.5) 
fwhm = 1.9, % 

63.4 
55.5 
44.2 
15.3 
10.6 
3.8 
59.0 

peak 3 (532.0) peak 4 (532.9) peak 5 (533.5) 
fwhm = 1.9, % f w b  = 1.9, % f w b  = 1.9, % 

27.8 
39.3 
47.8 
82.1 
84.1 
88.4 
23.4 

54.8 
6.8 
38.4 

(A) Case 1; (B) case 2; (C) case 3. 
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Figure 3. P(2p) core XPS spectra of nickel metal exposed to 
etidronic acid (1 M) solution for different conditions, followed 
by exposure to sodium chloride (1 M) solution. The spectrum 
of nickel etidronate is provided for comparative purposes: (a) 
argon ion etched nickel metal exposed to EDA solution for 5 h 
in the anaerobic cell; (b) sample (a) exposed to sodium chloride 
solution for 1 h in the anaerobic cell; (c) nickel metal with an air 
formed oxide film exposed to EDA solution for 8 h; (d) nickel 
etidronate. 

not possible to distinguish between etidronate and phos- 
phate since their P(2p) core binding energies are almost 
identical; however, they can be distinguished in the valence 
band region (see below). The large values for the O/P 
atomic ratio indicates that P/O species will make little 
contribution to the O(1s) region (except in the case of 
NiEDA). 

The O(1s) region, which also includes the Ni L2M23M23 
Auger region, is illustrated in Figure 4 with fitting details 
given in Table 111. Figure 4i identifies the positions of 
peaks 2 ,4 ,5 ,6 ,7 ,  and Figure 4j the positions of peaks 1, 
3,5, and 6. Table I11 shows only the major components 
(peaks 2-5) in the spectrum. Peak 1 never represents more 
than 4% of the spectrum, and peak 6 no more than 9% 
of the spectrum. The spectra can be fitted without these 
peaks, but their inclusion does improve the quality of the 
fit. The region confirms how the Ni Auger feature at  538.6 
evdiminishes in intensity with respect to the O(1s) features 
a t  higher binding energy as the etched metal is exposed 
to EDA in the anaerobic cell. The O(ls) region can be 
fitted to several features consistent with NiO at 529.9 
eV'8a (peak 1) with a width of 1.4 eV corresponding to 
the previously observed width for this peak;18 Ni(OH12, 
water, singly bonded P/O features, and multiply bonded 

(27) Fontaine, R.; Feve, L.; Buvat, J. P.; Schoeller, C.; Caillat, R. J. 
Micro. Spectrosc. Electron 1989, 14, 453. 
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Figure 4. O(1s) core XPS spectra of nickel metal exposed to 
etidronic acid (1 M) solution for different conditions, followed 
by exposure to sodium chloride (1 M) solution. The spectrum 
of nickel etidronate is provided for comparative purposes: (a) 
argon ion etched nickel metal; (b) sample (a) after exposure to 
EDA solution for 1 h in the anaerobic cell; (c) sample (b) after 
a further 2h exposure to EDA solution giving a total of 3 h 
exposure; (d) sample (c) after a further 2 h exposure to EDA 
solution giving a total of 5 h exposure to EDA solution in the 
anaerobic cell; (e) sample (c) after exposure to sodium chloride 
solution for 1 h in the anaerobic cell; (0 argon ion etched nickel 
metal; (g) argon ion etched nickel metal exposed to EDA solution 
for 5 h in the anaerobic cell; (h) sample (g) after exposure to 
sodium chloride solution for 1 h; (i) nickel metal with an air 
formed oxide film exposed to EDA solution for 8 h; (j) nickel 
etidronate. 

oxygen features involving carbon (such as C=O) around 
531.5 eV (peak 21, and single bonded oxygen features 
mainly involving carbon (such as C-OH, (2-0-C), and 
doubly bonded P/027-30 a t  532.9 eV (peak 4) that may also 
include features due to adsorbed water. Nickel etidronate 
had a peak at  532.0 eV (peak 3) and another peak at  533.5 
eV (peak 5) which may correspond to single and doubly 
bonded P/O features Peak 6 may also 
be due to adsorbed water, but its small contribution in 
most spectra makes ita presence uncertain. 

The curve-fitting results show that carbon-oxygen 
multiple bond functionality around 531-532 eV (peak 2) 
is the dominant feature for the samples treated in the 
anaerobic cell. Features in the range 533 eV (peak 4) 
corresponding to carbon-oxygen single-bond functionality 
increase as the exposure time to EDA increases in Figure 

(28) Lbpez, G. P.; Castner, D. G.; Ratner, B. D. Surface Interface 

(29) Kozloweki, C.; Shemood, P. M. A. Carbon 1987,25,751. 
(30) Schuetzle, D.; Carter 111, P. 0.; Shyu, J.; Dickie, R. A.; Holubka, 

(31) Rizkalla, C. N. Inorg. Chim. Acta 1982.60, 53. 
(32) Koudelka, M.; Sanchez, J.; Auguatyfski, J. J.  Electrochem. SOC. 

Anal. 1991, 17, 267. 
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Figure 5. Valence band XPS spectra of nickel metal exposed 
to etidronic acid (1 M) solution for different conditions, followed 
by exposure to sodium chloride (1 M) solution. The spectrum 
of nickel etidronate is provided for comparative purposes. The 
original spectra are shonw in (I), and spectra smoothed by a 
binomial smoothing process are shown in (11): (a) argon ion etched 
nickel metal; (b) argon ion etched nickel metal exposed to EDA 
solution for 5 h in the anaerobic cell; (c) sample (b) exposed to 
sodium chloride solution for 1 h in the anaerobic cell; (d) nickel 
metal with an air formed oxide film exposed to EDA solution for 
8 h; (e) nickel etidronate formed by reaction of nickel powder 
with EDA for 3 days; (f) nickel etidronate formed by reaction of 
NiO (black) powder with EDA for 3 days. 

4 (b-d). There is a marked increase in the amount of 
carbon-oxygen single-bonded species on exposure to 
sodium chloride solution (Figure 4e), and in the 5-h 
continuous exposure experiment (Figure 4g). Features 
due to phosphate and/or EDA would also occur in the 
region of peak 4, but the high O/P ratio especially after 
sodium chloride treatment means that they would make 
avery small contribution to this region. Exposure to EDA 
in the ex situ experiment leads to the formation of a nickel 
hydroxide peak at  around 531.5 eV-typical of a metal 
hydroxide O(1s) feature. The implications of these 
observations are that the initial hydrocarbon species is 
largely C/O double bonded but becomes single bonded as 
the film thickens, and especially after exposure to sodium 
chloride solution. The thickness and stability of the film 
are consistent with the formation of a polymeric film, and 
we will see below that this is confirmed by the RAFTIR 
results. 

The C(1s) spectrum is similar for most experiments but 
does broaden and shows asymmetry to higher binding 
energy after sodium chloride treatment following case 1 
(Table I) treatment. 

Valence Band Spectra. Figures 5 and 6 show the 
corresponding valence band regions. Figure 5 shows 

i I ,  i 
, I 8 1 1  I , , I  

31 7 31 7 
Binding Energy (eV) 

Figure 6. Valence band XPS spectra of nickel metal exposed 
to etidronic acid (1 M) followed by exposure to sodium chloride 
(1 M) solution in the anaerobic cell. The conditions used 
correspond to case 1 in Table I (a) argon ion etched nickel metal; 
(b) sample (a) after exposure to EDA solution for 1 h; (c) sample 
(b) after a further 2 h exposure to EDA solution giving a total 
of 3 h exposure; (d) sample (c) after a further 2 h exposure to 
EDA solution giving a total of 5 h exposure to EDA solution; (e) 
sample (c) after exposure to sodium chloride solution for 1 h. 

samples exposed to cases 2 and 3 (table I) together with 
spectra corresponding to two different preparations of 
nickel etidronate. Figure 6 shows samples exposed to case 
1 (Table I) conditions. Figure 4b-e shows the O(ls)/Ni 
Auger regions corresponding to Figure 6b-e and Figure 
4g-j the same regions corresponding to Figure 5b-e. These 
spectra show how the nickel etidronate spectra (Figure 5 
e,f) are very different from those of the other valence band 
spectra. In fact the nickel etidronate spectra show a 
spectrum typical of the etidronate ion reported in our 
earlier ~ o r k . ~ ~ ~  This provides a good illustration of how 
the valence band region can be especially helpful in 
distinguishing species that cannot necessarily be unam- 
biguously distinguished in the core region. XRD studies 
(discussed below) show that the nickel etidronate sample 
does not correspond to nickel phosphate, consistent with 
our previous experimental and theoretical studies that 
show that the valence band region can clearly distinguish 
between phosphate and etidronate. 

It is interesting to note that we can prepare nickel 
etidronate by reaction of EDA with nickel powder or black 
nickel oxide. The nickel powder result is not surprising 
since, as with most powder samples, this powder has a 
high surface area and thus a significant area of exposed 
surface oxide. We were unable, however, to get any 
reaction between green nickel oxide and EDA. We 
attribute this differece between green and black nickel 
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Figure 7. X-ray diffraction patterns of various nickel com- 
pounds: (a) nickel phosphate; (b) nickel etidronate produced by 
reaction of NiO with EDA for 3 days; (c) nickel etidronate 
produced by reaction of nickel powder with EDA for 3 days; (d) 
NiO (black); (e) nickel powder. 

oxide to the presence of Ni(II1) ions in the latter compound. 
Presumably some Ni(II1) is needed to initiate reaction 
between EDA and the oxide. 

The contrast between the anaerobic cell results and those 
of the ex situ experiment is clearly shown in Figures 5 and 
6. Thus feature 6, a principally O(2s) feature, is present 
in all the spectra. However the etidronate spectral 
feratures 3,4, and 5 are distinctive, as are the nickel metal 
(1) and oxide (2) features. Feature 5 is a typical hydro- 
carbon feature corresponding to a principally c(2s) region. 
The ex situ experiment gives a largely oxidized nickel metal 
spectrum, with some hydrocarbon (Figure 5d). The 
anaerobic cell nickel metal exposure experiments clearly 
show a high level of oxidized hydrocarbon, with a hydro- 
carbon content that is substantially increased on exposure 
to sodium chloride solution. It is important to note that 
no residual sodium chloride is present on the surface as 
evidenced by the absence of a Na(3s) feature around 32 
eV in the valence band spectra. Feature 7 is only seen in 
the case of the 1 h (Figure 5b) and 5 h continuous (Figure 
6b) EDA exposure experiments. We believe that this 
feature (probably a satellite) corresponds to Ni(II1) 
possibly resulting from some initial oxidation of the nickel 
by the EDA exposure. It may be that this leads to some 
nickel etidronate formation, since the presence of Ni(II1) 
seems to be a requirement for this process, and then the 
nickel etidronate decomposes leading to polymer forma- 
tion. Features 4’ and 3’ are largely O(2p) and C(2p) 
features associated with the hydrocarbon polymer film. 
The valence band spectrum of the nickel metal exposed 
to EDA in the anaerobic cell is consistent with an oxidized 
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Figure 8. Reflection absorption Fourier transform infrared 
(RAFTIR) spectrum of the polymer film formed on the clean 
nickel metal surface by reaction with EDA in the anaerobic cell. 

hydrocarbon polymer spectrum,33 and this combined with 
our RAFTIR results leads us to suggest that a polymer is 
formed. 

Figure 6 shows the changes in the valence band spectrum 
wtih the exposure time to EDA in the anaerobic cell. After 
the first 1-h exposure, the signal of oxidized nickel was 
obvious. With the increasing exposure time, the spectral 
features due to oxidized hydrocarbon polymer became 
more and more significant, and the Ni(3d) signals, from 
both nickel metal and oxidized nickel, decrease subetan- 
tially. After exposure to sodium chloride solution, the 
Ni(3d) signal totally disappeared. The greater thickness 
of the polymer film for case 1 of Table I compared to case 
2 of Table I is confirmed by the valence band spectra. 

One might suggest that the carbon was caused by 
contamination. However, c(2s) is generally of much lower 
intensity than the metal valence band features, and after 
very many valence band studies in our laboratory it is 
clear that this level of carbon is not seen even on the most 
contaminated samples. It is also significant to note that 
the high levels of carbon are found only in the anaerobic 
cell experiments and not the ex situ experiments. Since 
the latter experiment would be expected to lead to more 
surface hydrocarbon contamination, this further eliminates 
contamination as the source of carbon. Finally the ability 
to record an oxidized hydrocarbon spectrum by FTIR 
clearly shows that this a film of considerable thickness. 

XRD Studies. Figure 7 shows the X-ray powder 
diffraction patterns for various nickel compounds con- 
firming the similarity in pattern for the two nickel 
etidronate samples (from nickel powder and black nickel 
oxide) shown in Figure 7b,c. The substantial difference 
between the pattern for the etidronate samples and nickel 
phosphate is clear. It is also clear that the nickeletidronate 
sample prepared from the black nickel oxide has an 
underlying layer of nickel oxide. This underlying layer is 
not seen in the valence band XPS data since the XRD 
studies give bulk rather than surface information. 
RAFTIR Studies. The film formed on the nickel 

surface after five hours exposure to EDA in the anaerobic 
cell experiment was sufficiently thick to be visible. It was 
examined by RAFTIR giving the spectrum shown in Figure 
8. The spectrum is in good agreement with that of an 

~~ ~ ~ 

(33) Xie, Y.; Shemood, P. M. A. Appl. Spectrosc. 1991,45,1168 and 
references therein. 
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bition mechanism,35 showed that chloride ions enhanced 
the adsorption of the trans-cinnamaldehyde onto the steel 
surface, and found that the cinnamaldehyde polymerized 
on the surface.35137 They suggested, on the basis of kinetic 
studies, that the bound trans-cinnamaldehyde then po- 
lymerizes in aprocess involving chloride ions. The polymer 
was found to be complex mixture of low molecular weight 
aromatic hydrocarbon polymers, including polyenes.37 

Conclusions 
It is clear that a polymeric film of considerable thickness 

is formed on a nickel surface after exposure of the clean 
metal in an anaerobic environment to etidronic acid 
solution. The resulting film consists of both singly and 
double bonded C/O functionality but contains no phos- 
phorus and nickel. The film is sufficiently thick as to 
obscure the underlying nickel metal in XPS studies and 
to be examined by FTIR. I t  would appear that the film 
has protective powers, showing no nickel oxidation when 
the metal covered with the film is exposed to the aggressive 
sodium choride solution. The behavior of the more 
corrosion resistant nickel metal to etidronic acid is in 
contrast to the more active metal iron. In the case of iron 
an etidronate film is formed on the metal surface that can 
react with the native oxide film to form phosphate.8 In 
both the cases of iron and nickel some corrosion protection 
is provided by etidronic acid but by a completely different 
mechanism. It seems that the formation of the polymeric 
film in nickel may be an effective corrosion protection; 
however, it is possible to form such a film only if the metal 
has no surface oxidation. Thus while the results reported 
here may not have immediate practical application for 
corrosion inhibition for air-oxidized nickel, the observation 
of this type of protective film shows the potential for the 
development of corrosion protective agents that can 
chemically react with a metal surface to form protective 
polymer films. Recent studies have reported the presence 
of polymeric films on the surface of iron and steel exposed 
to zinc dithiopho~phate,3~ nickel exposed to (2-pentyl- 
amino)ben~imidazole,~O~~~ and steel exposed to trans- 
cinnamaldehyde.3”38 This work thus provides further 
support for the utility of such polymeric films in corrosion 
inhibition. 
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Table IV. Infrared Spectrum and Mode Assignments for 
the Film Formed on the Clean Nickel Surface Exposed to 

Etidronic Acid in the Anaerobic Cell 
frequency, 

cm-1 modea ref 
3500 (br) Y OH 15 
2954 Y C-H, CH3, asym str 13,14 
2913 Y C-H, CH2, asym str 14,15 
2849 Y C-H, CH2, sym str 14,15 
1744 C=O str 14 
1632 C=C str 14,34 
1462 -CH2, scissors def, 14,13 

aliphatic ether carbon 
1376 C-C(CH3) methyl def 13 
1220 Y C-0 ether asym; Y P=O and 13 

P-0-H out-of-plane def 
1113 Y C-C; Y C-C(CH& skeletal; 13 

C-0-H def secondary alcohol 
1018 C-0-H def primary alcohol 13 
810 C-C(CH& skeletal def 13 

a The following symbols are used: str, stretching; asym, asym- 
metric; sym, symmetric; br, broad; def, deformation. 

oxidized hydrocarbon polymer, and the assignments are 
given in Table IV. In agreement with the XPS data it can 
be seen that both single and doubly bonded C/O func- 
tionality is found. 

I t  is obvious that the film was composed of hydrocarbon. 
The most intense peaks were at  2913 and 2849 cm-l, which 
belong to asymmetric and symmetric C-H stretching 
vibration modes of the CH2 group. The peak at  1462 cm-l 
was caused by the scissors deformation mode of CHZ or 
the vibration mode of aliphatic carbon. All of the intense 
peaks were caused by the -CHz group. The peaks caused 
by -CH3 groups were of very low intensity. This suggests 
that there were very few -CH3 terminal groups in this 
film, indicating that the film was mainly composed of long- 
chain aliphatic hydrocarbon bonds. Single-bonded oxygen 
corresponded to both hydroxyl groups and ether groups. 

Role of Chloride Ions. Sodium chloride solution 
appears to thicken the protective film as can be seen by 
comparison of the Ni(2p) spectra (Figure 2b vs 2c) and the 
valence band spectra (Figures 5b,c and 6d,e). One needs 
to consider how it is possible for the film to become thicker 
even though nothing other than sodium chloride solution 
was added to the sample. One notes in Table I1 that there 
is a 10-fold or greater increase in the C/P atomic ratio 
after addition of sodium chloride solution, indicating that 
addition of this solution causes loss of phosphorus from 
the sample, presumably as soluble phosphate. This result 
would thus be consistent with additional hydrocarbon 
polymer being formed by chloride ions enhancing the 
decomposition of EDA, already present in the samples 
after their 5-h exposure to EDA, to give more hydrocarbon 
polymer. Support for such a supposition is provided by 
the work of Growcock and co-workers of steel corrosion 
inhibition in hydrochloric acid inhibited with trans- 
cinnamaldehyde.3”38 These workers discussed the inhi- 

(34) Bellamy, I. J. The Injraredspectra of Complex Molecules; Wiley; 
New York, 1975 and references therein. 
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