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Study of the corrosion layer on iron obtained

in solutions of water-polyethylene glycol

(PEG 400)-sodium phosphate
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The iron behaviour in phosphate/water/polyethylene glycol (PEG) was studied in-situ and
ex-situ by spectrometry Raman, ESCA spectroscopy, X-ray diffraction, Auger spectroscopy
were used as surface analysis methods. It changes with phosphate concentration. At low
phosphate concentration (5 × 10−4 M-10−3 M-5 × 10−3 M), iron is corroded. The thin
corrosion layer is a mixture of iron oxides (γ -Fe2O3, Fe3O4) and iron phosphate(Fe3(PO4)2,
8H2O). At high phosphate concentration (10−2 M-5 × 10−2 M), the iron is protected. The
protection could be due to an heterogenous layer containing PEG 400 and phosphates.
C© 2003 Kluwer Academic Publishers

1. Introduction
The different treatments used in iron and wood conser-
vation and restoration are not always suitable for treat-
ing archaeological wood/iron composites. In fact, the
alkaline solutions of sodium carbonate and sodium sul-
phite used in the chloride removal treatment of ferrous
metals can attack the cellulose and cause damage to the
wood parts. Solutions of poly(ethylene glycol) (PEG:
HO-(CH2-CH2-O)n-H) used to treat waterlogged wood
are acidic (pH = 5.6) and lead to rapid corrosion of the
metal [1]. The corrosion rate of iron in water+PEG 400
solutions depends on the PEG concentration [2]. Cor-
rosion reaches a maximum in 20% (vol) PEG 400 solu-
tions, which is in fact the concentration most commonly
used by conservators for treating waterlogged artifact
wood.

When treating composite artifacts, existing proce-
dures have to be adapted, and since the wood is the most
fragile of the materials, it would seem preferable to con-
centrate on treating the waterlogged wood while pro-
tecting the metal parts with an iron corrosion inhibitor.

A recent electrochemical study showed that phos-
phates already used as corrosion inhibiting agents in
media containing glycol (cooling circuits), could be
used to inhibit iron corrosion in water+PEG 400 so-
lutions [3].

In aqueous solutions corrosion protection is pro-
vided by the passivating film composed of a mix-
ture of iron oxides (Fe3O4, γ -Fe2O3 or FeOOH) with
phosphates insertion [4, 5]. According to Pryor and
Cohen [6], dissolved oxygen is adsorbed on the iron
surface where it forms a thin film of iron oxide such
as γ -Fe2O3. When the film is being formed, there is
simultaneous electrochemical attack which can lead to
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the formation of compounds such as hydrated FePO4
(HPO4

2− + Fe3+ → FePO4 + H+) in the presence of
HPO4

2− ions and Fe3+ ions. The corrosion process
stops when the film is sufficiently uniform and thick
to limit diffusion of the iron ions.

Other authors focus on HPO4
2− ions, which are ad-

sorbed on the metal surface. [5, 7, 8]. For these authors,
the phosphate ions activate the iron oxidation and con-
tribute to the growth of the passivating film according
to the following equation:

• 3 Fe + 2 HPO4
2− → Fe3(PO4)2 + 2 H+ + 6 e−

(step 1)
• Fe3(PO4)2 + 4 H2O → Fe3O4 + 2 HPO4

2−
+ 6 H+ + 2 e− (step 2)

A small quantity of phosphates in the oxide layers will
increase the film density and enhance its protective
properties [5]. However, if there are too many HPO4

2−
ions, they become incorporated in the oxides without
forming iron phosphates. Then, they cause structural
and electronic defects in the passive layer [9].

The cathodic reaction of dissolved oxygen reduction
is not very sensitive to the phosphate concentration [3],
unlike the anodic reaction. The phosphates thus behave
as an anodic inhibitor reducing the anodic current and
the number of anodic sites by oxide layer formation
[10].

The structure of the oxide layer formed in presence
of phosphates depends on the solution pH and on the
anion concentration [11]:

H2PO4
−/HPO4

2− pH = 7.19

HPO4
2−/PO4

3− pH = 12.09
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Different techniques have been used to demonstrate
the presence of two distinct layers within the passive
film [5, 12, 13]. An inner layer—in contact with the
metal-is composed of a mixture of iron oxides (such as
Fe3O4, Fe2O3) and iron phosphates (such as vivianite
Fe3(PO4)2 · 8H2O and/or FePO4 · 2H2O). It blocks the
surface of the metal reducing the anodic area and con-
sequently the corrosion rate. The outer layer, which
is in contact with the solution, is composed of cor-
rosion products such as iron oxyhydroxides (FeOOH,
Fe(OH)2) and phosphate salts present in the solution in-
corporated in this layer This second more dense layer
limits the diffusion of Fe2+-Fe3+ ions, within a pH
range of 7 to 9.

According to Sato et al. [11] and Szklarska-
Smialowska and Staehle [12], there is no outer layer
at acidic pH values (pH = 4.5). The inner layer is the
only one formed, and this is not sufficient to protect the
metal (Fe3PO4 · 8H2O is porous). On the other hand,
Melendres et al. [13] demonstrate the formation of
an outer layer which they identify as iron phosphate
Fe(H2PO4)2 (the inner layer being the same as in the
previous case).

For more alkaline pH values (pH = 12), there is only
one layer, composed of Fe3O4 and PO4

3− ions incor-
porated in the oxide layer [12, 13].

However, while numerous studies have investigated
the mechanism of iron corrosion inhibition by phos-
phates in aqueous solutions, such a mechanism has not
been determined in PEG+water solutions.

In this paper the iron behaviour obtained in PEG +
water solution with increasing phosphate concentration
was studied by analytic methods.

2. Experimental
2.1. Materials
Two types of iron specimens were used:

• A rod (Goodfellow, purity 98%) which was an-
nealed for 40 hours at 1050◦C, so as to obtain
a microstructure similar to that of archaeological
iron (iron with grain size of 50 µm). It was then
fitted to a rotating electrode PTFE cap 2 mm in
diameter.

• Plates (Goodfellow, purity 99.5%) 12.50 ×
12.50 × 1.83 mm in size.

Before each experiment, the specimens were polished
with silicon carbide paper of increasingly finer grits
(800, 2400, 4000) and then with 1 µm diamond-
charged paste. They were then cleaned ultrasonically in
alcohol.

2.2. Solutions
The solutions were prepared from a mixture of dis-
tilled water and 20% poly(ethylene glycol) 400. Some
solutions also contained phosphates as the corrosion in-
hibitor in the form of Na2HPO4 · 12H2O (Prolabo, pure
for analyses) in concentrations ranging from 10−4 M to
5 × 10−2 M.

2.3. Electrochemical cell
The experiments were conducted in two types of cell:

• A double-walled three-electrode Metrohm cell
placed in a Faraday cage thermostatically con-
trolled at 25◦C for the iron plates (working elec-
trode). The counter electrode was a platinum grid.

• An electrochemical cell with a PTFE body spe-
cially designed for use with the Raman spec-
troscopy. The iron working electrode, inserted in
the PTFE cap, was fitted to a micrometer set screw.
It was possible to move it accurately during Raman
analysis. A cover, carrying the counter electrode
and a glass disk, was screwed to the body of the
cell. The counter electrode was a platinum ring
positioned above the working electrode allowing
passage of the laser beam to observe the surface
of the iron by Raman spectroscopy. The glass disk,
18.0 mm in diameter and between 130 and 180 µm
thick protected the spectrometer lens from the so-
lution. Two holes were made in the body of the cell.
One was used for filling the cell, while the other
was used to insert the reference electrode in an ex-
tension piece. The third hole in the cover was used
to drain off any surplus solution. Sealing around the
working electrode was provided by O-rings while
epoxy resin was used to form a seal around the
glass.

In both cases, the reference electrode was a saturated
calomel electrode (SCE) (ESCE = 0.245 V/SHE) which
was connected to the cell by means of an extension piece
filled with the test solution in order to limit pollution of
the electrolyte.

2.4. Electrochemical measurements
The following apparatuses used to perform the electro-
chemical measurements:

• An EGG Instrument Model 273A potentiostat,
controlled by Model 352 software,

• A Solartron 1287 potentiostat controlled by
Corrware software (version 2.1–16).

The specimens were kept in the solutions for 5 hours at
corrosion potential to allow the stabilisation and then
the polarisation curves were measured from −50 mV
below corrosion potential to +1.1 V/SCE at a scan rate
of 1 mV/s.

The iron plates were oxidized in potentiostatic mode
at +600 mV/SCE in water+PEG 400 solutions with
different phosphate concentrations and with measured
Faradic charge input in order to develop a reproducible
corrosion layer.

2.5. Surface analysis methods
2.5.1. Raman spectroscopy
The specimens were polished and oxidized in a poten-
tiostatic mode at +600 mV/SCE with measured Faradic
charge input.
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The in-situ Raman spectra were recorded on a
Raman T64000 spectrometer (Jobin-Yvon) equipped
with holographic networks with 1800 lines/mm resolv-
ing power, a microscope equipped with a ×50 long
frontal lens (backscattering, microRaman), and a liq-
uid nitrogen-cooled CCD detector. The laser intensity
(HeNe; 632.8 nm) was 30 mW (approx. 3 mW at output
on specimen). Integration time was 1 hour 20 minutes
with 2 scans.

The ex-situ Raman spectra were recorded on a
DILOR XY confocal spectrometer, using an Ar+ ion
laser, wave length 514.53 nm. The laser beam, arriving
vertically on the specimen, was connected to a micro-
scope with magnification set at ×100. The area anal-
ysed corresponded to a cylinder 0.7 µm in diameter and
1 µm thick.

2.5.2. ESCA
The samples were iron plates 12.5 × 11.0 × 1.83 mm
in size, polished and oxidized as previously in potentio-
static mode at +600 mV/SCE with measured Faradic
charge input.

The specimen was irradiated with soft monochro-
matic X photons (fluorescence line Mg Kα12 =
1.254 keV i.e, 0.989 nm). The analysed area corre-
sponds to a cylindrical volume, diameter of approx.
6 mm and height of 10 atomic layers (1 to 5 nm). The
analysis was performed in ultrahigh vacuum (pressure
of P < 10−7 Pa).

Energy calibration of the spectrometer (MAC 2
RIBER) was carried out on line 4f 7/2 of gold (83.8 eV)
and the linearity of the scanning ramp was verified on
lines Cu 2p 3/2 (932.8 eV) and Cu 3 s (122.9 eV).

We studied the evolution of the elemental composi-
tion of the specimen, from the surface through to the
inside of the material, using ion sputter depth profiling
(Ar+ ion beam energy 3 keV). The sputter rate was in
the range of 0.1 to 0.2 nm/min.

2.5.3. X-ray diffraction
The specimens were polished iron plates which had
been immersed for 3 months at 50◦C in solutions com-
posed of water, 20% PEG 400 and Na2HPO4 phos-
phates in concentrations of 10−3 M, 5 × 10−3 M and
10−2 M.

The X-ray beam (Fe Kα = 6.404 keV, i.e. wave-
length 0.1936 nm) was oriented with an angle of inci-
dence of 5◦ so as to obtain pseudo-glancing observation
conditions and limit penetration of X-radiation into the
material. The information obtained would be for the
surface layer about 1 to 5 µm thick.

2.5.4. Auger spectroscopy
The specimens (iron plates 12.50 × 11.00 × 1.83 mm
in size) were polished and oxidized potentiostati-
cally at +600 mV/SCE. The apparatus used was a
PHI 670 SCANNING AUGER NANOPROBE (Perkin
Elmer) spectrometer with a LaB6 field emission source.

Ultra-vacuum conditions (10−8 Pa) were obtained by
means of an ionic pump. The primary energy used was
1 to 20 keV with a beam current of 1 to 10 nA. Spatial
resolution was 15 nm. A Cylindrical Mirror Analyser
was used for analysis. Sputter depth profiles of the spec-
imens were carried out at 2 keV with θ = 74◦ to improve
resolution for the deeper areas. The profiles are given
as a function of sputter time (0.2 nm/min).

3. Results and discussion
3.1. Accelerated iron corrosion tests in

water + 20% PEG 400 + Na2HPO4
solutions. Influence of the phosphate
ion concentration

Iron plate samples were corroded at 50◦C for 3 months
in water + 20% PEG 400 solutions containing
Na2HPO4 at several concentrations (0, 10−3 M, 5 ×
10−3 M, 10−2 M, 5 × 10−2 M, 10−1 M). After the test,
the iron surface was only cleaned with distilled water
and the (%) weight loss was determined.

We noticed (Table I) that the corrosion decreased
when Na2HPO4 was added. The more concentrated
the solution was, the lower the weight loss. With the
addition of Na2HPO4 concentrations higher than 5 ×
10−3 M, no weight loss variation was detected.

Iron ion concentration was then determined by ICP
analysis (Table I). And in the same way iron ion con-
centrations decreased with the increase of Na2HPO4
concentration.

Addition of Na2HPO4 leads to an increase in
the initial solution pH from pH = 5.5 (no addition)
to pH = 8.6–8.8 (for concentration higher than 5 ×
10−3 M).

Comparative pH measurements were made before
and after corrosion tests (Table I). Without Na2HPO4
addition, the final pH value decreased, it reached
pH = 4.4 which increased iron corrosion rate. With
increasing Na2HPO4concentration, the final pH de-
creased was lower and no pH variation was obtained
with 10−1 M Na2HPO4 concentration. At this final pH
value (pH = 8.8), iron corrosion rate cannot increase.

In conclusion, when Na2HPO4 was added in the wa-
ter + 20%PEG 400 solution, the corrosion rate of iron
decreased. This result can be explained by phosphate
ion properties or (and) pH increase.

We study the iron corrosion layer obtained in water +
20% PEG 400 solution with several Na2HPO4 additions
in order to determine the major influence between phos-
phate additions and pH variations.

TABLE I Iron corrosion test in water + 20% PEG400 + Na2HPO4

solutions. Influence of the phosphate ion concentration on weight loss,
iron ion in solution, pH values

C Na2HPO4 (M) 	m (%) (Fe2+) (ppm) Initial pH Final pH

0 −24 ± 4 110 ± 10 5.5 ± 0.1 4.4 ± 0.1
10−3 −14 40 7.5 4.5
5 × 10−3 −0.2 3 8.0 7.0
10−2 2.5 10 8.6 7.6
5 × 10−2 0.2 1 8.6 8.0
10−1 0.2 0.2 8.8 8.8
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The corrosion solution used in this work can be sep-
arated into two categories: low concentration solutions
(≤5 × 10−3 M) and high Na2HPO4 concentration solu-
tions (>5 × 10−3 M).

3.2. At low phosphate ions concentrations
(5 × 10−4 M, 10−3 M, 5 × 10−3 M)

A solution was prepared of water + 20% PEG 400
containing 5 × 10−4 M of Na2HPO4. An Auger elec-
tron spectroscopy analysis of an iron plate oxidized at
+600 mV/SCE for 16 hours in this solution provides
a concentration profile in atomic percent of the species
present in the corrosion layer (Fig. 1). It reveals the

Figure 1 Auger electron spectroscopy concentration profile of corrosion
layer on iron versus sputter time. Layer formation: +600 mV/SCE in
H2O + PEG 400 (20% v) + Na2HPO4 5 × 10−4 M for t = 16 h.

Figure 2 Influence of Na2HPO4 concentration on diffraction pattern for iron corrosion layer. Corrosion layer formation: iron plate during 3 months
in H2O + PEG 400 (20% v) + Na2HPO4 (Temperature: 298 K): (a) 0 M; (b) 10−3 M; (c) 5 × 10−3 M; (d) 10−2 M.

presence of a carbon layer (98% at) coming from the
PEG over a thickness of 0.4 nm.

Deeper into the specimen, a significant increase in
oxygen content occurred (40% at). We noticed the pres-
ence of phosphorus (5% at) and iron (15% at) over a
thickness of 0.6 nm (after 0.8 nm sputtering). Finally,
the carbon, oxygen and phosphorus contents drop while
the iron content increases, reaching 95% at of metallic
iron after 1.8 nm.

The iron specimens were immersed for 3 months in
solutions of water+PEG 400 and Na2HPO4 with phos-
phate concentrations of 0 M, 10−3 M, 5 × 10−3 M. They
were stored for 1 month (in a dry place) in a box contain-
ing a drying gel, then, examined by X-ray diffraction.
Fig. 2 shows the evolution of the diffraction patterns as
a function of the different phosphate concentrations.

Two main lines at 57◦ and 85◦ can be seen on all
the spectra, corresponding to the metallic iron of a sub-
strate. The second line for iron at 85◦ seems less in-
tense for phosphate concentration of 5 × 10−3 M than
for 10−3 M. This may be because the layer was thicker
but it may also be due to its heterogeneity.

Without any Na2HPO4 (a), the lines correspond to
different iron oxides: goethite (α-FeOOH) at 27◦ and
46◦, hematite (α-Fe2O3) at 30◦, 42◦, 52◦, 63◦, 70◦,
83◦, and magnetite (Fe3O4) at 38◦, 45◦, 55◦, 73◦,
81◦.

At a concentration of 10−3 M of Na2HPO4 (b), we
notice that the spectrum is essentially composed of lines
corresponding to the iron oxides: magnetite Fe3O4 (38◦,
45◦, 55◦, 73◦, 81◦) and maghemite γ -Fe2O3 (38◦, 45◦,
55◦, 74◦, 82◦) and those of metallic iron (57◦ and 85◦).
A few lines might correspond to phosphate species
such as Na3PO4 (43◦, 63◦) although it was not ini-
tially present in the solution. A peak near the main peak
for iron at 55◦ could correspond to an iron phosphate
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(Fe4(PO4)3(OH)3), but it is not possible to conclude
without further peaks for this compound.

At a higher concentration (5 × 10−3 M), the spec-
trum (c) still shows the peaks for iron (metallic) and
magnetite. The other peaks can be identified as belong-
ing to vivianite Fe3(PO4)2,8H2O (18◦, 24, 5◦, 29◦, 35◦,
38◦, 42◦, 45◦, 47◦) which would correspond to the re-
sults in the literature [14]. The peak near the main peak
for iron-present in the previous spectrum-can again be
seen on this spectrum but here it is more pronounced.

According to the analyses performed, it appears
that for low Na2HPO4 concentrations (5 × 10−4 M to
5 × 10−3 M), iron was covered with a mixture of iron
phosphates and iron oxides. This result is in agreement
with similar analyses in aqueous solutions reported in
the literature. The presence of phosphate was unques-
tionable but the identification of the compounds was not
clear. The formation of corrosion products seems to be
influenced by PEG at low concentrations of Na2HPO4.

3.3. At high concentrations of phosphate
ions (10−2 M and 5 × 10−2 M)

At the highest concentration (10−2 M) (Fig. 2d), the
main iron peaks on the X-ray diffraction pattern are still
present, but the peaks for iron oxides completely disap-
pear. The remaining peaks may correspond to various
phosphate species: Na3HP2O6,9H2O (24◦, 40◦), FePO4
(32◦), Na2HPO4,7H2O (40◦) present initially in the so-
lution. The peak near of the main iron peak is still more
pronounced than for the previous spectra, suggesting
sensitivity to the phosphate concentration.

An iron plate was oxidized at +600 mV/SCE for
16 hours in a solution of water+PEG 400 (20%
volume) with 5 × 10−2 M Na2HPO4 then rinsed in

Figure 3 SEM photography of iron corrosion layer (×300). Layer formation: +600 mV/SCE in H2O + PEG 400 (20%) + Na2HPO4 5 × 10−2 M
for t = 16 h.

alcohol. The Faradic charge measured during the treat-
ment was 66 C/m2. The thickness of the layer was
estimated assuming that it was formed of only one
compound and that the layer was uniform. Our es-
timates were based on the compounds FePO4,2H2O,
Fe2O3, Fe3O4. The specimen was observed using
SEM. Fig. 3 shows a heterogeneous layer with two
areas:

• A fairly small dark area in which X-ray microanal-
ysis reveals the presence of high concentrations of
carbon, iron, oxygen, phosphorus and sodium.

• A light area containing the same elements, but less
carbon compared to the dark area.

Observations using an atomic force microscope (AFM)
allowed us to estimate the thickness of the dark layer
which appeared to be about 200 nm.

The same specimen was analysed ex-situ by Raman
spectroscopy. The light area gave no interpretable sig-
nal, possibly because the layer was too thin. The dark
area provided some additional information (Fig. 4b).

The main line at 936 cm−1 (spectrum 4b) can be
characteristic of phosphates. This line corresponds to
the line at 980 cm−1 in the spectrum (4a), obtained for
solid Na2HPO4 and depends on the crystalline environ-
ment. The shift of 40 cm−1 is induced by the following
crystalline changes: ions HPO4

2− in solid Na2HPO4 be-
come PO4

3− in spectrum (4b). The other lines-spectrum
(4b)-attributed to phosphate are near to 861 cm−1 and
560–590 cm−1 [14]. The lines at 1060, 1130, 1290,
1410 cm−1 correspond respectively to C C bonds and
C H bond of PEG. The lines at 230 and 500 cm−1 can
be attributed to Fe2O3 [15] and the line at 400 cm−1 to
FeOOH. Fe3O4 is identified at 687 and 711 cm−1.
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Figure 4 Ex-situ Raman spectrum a—Na2HPO4, b—iron corrosion
layer rinsed out by ethyl alcohol. Layer formation: +600 mV/SCE in
H2O + PEG 400 (20%) + Na2HPO4 5 × 10−2 M for t = 16 h.

The results of ex-situ Raman analysis suggested—
for dark area—the existence of a complex mixture of
iron oxides (Fe2O3 and FeOOH), phosphates and PEG.

An ESCA analysis was conducted on an iron plate
oxidized at +600 mV/SCE in a mixture of water +
PEG 400 (20%) with a Na2HPO4 concentration of
5×10−2 M. The faradic charge input (19 C/m2) was
controlled in order to lead to a 5 nm layer considering
a 236 mm2 specimen surface and FePO4 as the only
product formed. The specimen was rinsed in absolute
alcohol prior to the observation.

The first spectrum (Fig. 5) which was obtained before
ion sputtering, shows the phosphorus photopeaks (P2p
and P2s) and the Auger transitions of sodium. Oxygen
photopeak 1s is very pronounced, as are its Auger tran-
sitions. On the contrary, the photopeaks of iron (Fe2p)
and the Auger transitions are very attenuated. Pho-
topeak C1s of carbon can also be observed. Further-
more, the energy position of the photopeaks Fe2p of
iron (710 eV and 725 eV) indicates a signal for ferric
oxide (Fe2O3).

After sputtering to 2 to 3 nm, the presence of phos-
phorus and sodium can still be observed, whereas

Figure 5 ESCA analysis of iron corrosion layer before ionic sputtering. Layer formation: +600 mV/SCE, Q = 13 C · m−2 in H2O + PEG 400
(20%) + Na2HPO4 5 × 10−2 M.

carbon has disappeared. The iron photopeaks and the
Auger transitions were more intense.

The crystalline iron oxide represents the main form of
iron, but pure iron Fe◦ photopeak can also be observed.

After 20 minutes of ion sputtering (3 to 4 nm), the
spectrum contained no traces of carbon. The phos-
phates were in low concentration (residues of O2 and
Na(A)). The signal for metallic iron was predominant,
though the iron oxide was still present. After 6 nm
sputtering, the spectrum corresponds to metallic iron
with traces of oxygen. This spectrum suggested that the
specimen was pure iron (no foreign elements or trace
elements).

ESCA analysis of a specimen freshly polished to a
tenth of a micron and rinsed in absolute alcohol gave
photopeaks and Auger transitions for iron, oxygen, car-
bon and sodium. Iron is mostly bound in the ferric oxide
Fe2O3, though there is also a signal corresponding to
metallic iron suggesting that the oxide layer is thin.

After 20 minute sputtering, the spectrum corresponds
to a specimen of pure iron. The oxide layer thickness
is between 3 and 4 nm.

To complete our study, electrochemical analysis and
Raman spectroscopy were used to perform in-situ mea-
surements. The Raman cell was first validated electro-
chemically for solutions with 10−3 M Na2HPO4.

An iron electrode was polarised at +600 mV/SCE
for 10 hours in the Raman cell in the presence of
water+PEG 20% (vol) and Na2HPO4 (5 × 10−2M).

After this treatment, the specimen was observed
under an optical microscope and analysed in-situ by
Raman spectroscopy. “Gelatinous” deposits were ob-
served on the specimen. When the laser beam was fo-
cused on these deposits, spectrum (b) shown in Fig. 6
was obtained. Spectrum (a) shows the characteristic
signature of PEG presenting peaks at 527 cm−1, 806-
840-887 cm−1 (C O C bond), 1040-1061-1130 cm−1

(C C bond), 1238 cm−1, 1283 cm−1, 1473 cm−1 (CH2
or O CH2 bond), 1650 cm−1.

Comparison of spectrum (6a) and spectrum (6b) re-
veals that the peaks on spectrum (6b) are in the most
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Figure 6 In-situ Raman spectrum. a) Pure PEG 400. b) Iron corrosion
layer. Layer formation: +600 mV/SCE in H2O + PEG 400 (20%) +
Na2HPO4 5 × 10−2 M for t = 10 h.

part those of PEG. However, there is also a slight
displacement of certain peaks for PEG (∼5 cm−1) along
with a change in shape and intensity.

Only two peaks do not correspond to these of PEG:
785 cm−1, belonging to a phase not yet identified, and
990 cm−1 which could correspond to phosphates [13].

However, there is also a slight displacement of cer-
tain peaks for C O C bonds (∼5 cm−1) along with
a change in shape and intensity resulting from a pos-
sible change in the PEG environment (complexation,
gelification).

These results with in-situ Raman are obtained on the
apparatus with lower resolution than the ex-situ Raman
measurements (Fig. 4b). The lack of iron oxides and
phosphate ions peaks for the in-situ analysis can be
explained by the fact that we did not analyse the surface
layer but the solution.

The results at high phosphate concentrations are dif-
ferent from those obtained in a dilute aqueous solution.
The presence of iron is insignificant and difficult to de-
tect by XRD analysis or by ESCA. The thickness of iron
oxide layer is nearly the same than that on polished or
oxidized surface at +600 mV/SCE in a solution PEG
20% and 5 × 10−2 M Na2HPO4. PEG changed the for-
mation of the corrosion layer.

The SEM analysis proves the heterogenous compo-
sition of the layer, with a content of carbon. The other
analyses (ESCA and Raman) also indicate the presence
of PEG in this layer. The PEG structure change near
the surface (in-situ Raman analysis) could be induced
by phosphate ions. In fact, in water-PEG solutions, the
interactions between water and the PEG through hydro-
gen bonding enable water to surround the PEG chains.
But the addition of salts can modify the hydrated struc-
ture of the polymer by causing segregation. The influ-
ence of an anion on PEG depends on its affinity with
water, characterised by its lyotropic number. An anion
with a low lyotropic number such as PO4

3− (n = 3.2),
can form a second phase with PEG [14]. Some
cations [15]—such as Na+-increase the anisotropy
of its configuration by creating strong bonds with

PEG and forming complexes (crown ether type) [16].
Segregation is even more marked when the salt concen-
tration is high.

This segregation induced the formation of a new
phase with PEG and PO4

3−, this layer plays a major
effect during iron corrosion in water-PEG solutions.

4. Conclusions
In our study, we used different techniques (ex-situ
and in-situ Raman spectroscopy, ESCA, Auger spec-
troscopy, X-ray diffraction, SEM, X-ray microanalysis)
to analyse the corrosion layer formed on iron in water+
PEG 400 solutions in the presence of phosphates
(Na2HPO4).

We noticed that at low phosphate concentrations
(from 5 × 10−4 M to 5 × 10−3 M), the corrosion layer is
composed of a mixture of iron oxides (γ -Fe2O3, Fe3O4)
and iron phosphates (vivianite Fe3(PO4)2, 8H2O).
These results are in agreement with literature data for
iron corrosion in aqueous phosphate solutions.

At higher phosphate concentration (10−2 M to 5 ×
10−2 M), the iron oxides almost totally disappear. Only
a thin iron oxide layer, formed when iron is exposed to
air, was present. Corrosion was inhibited by the layer
composed of PEG and phosphates resulting from seg-
regation of the PEG, the phosphates being at sufficient
concentrations to promote this phenomenon.
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