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Abstract 

Bis(2-ethylhexyl) phosphate (BEHP) was exposed to carbon steel surfaces from dry and water-

saturated dodecane. The resulting changes to the surfaces were characterised using spectroscopic 

techniques (energy dispersive X-ray (EDX), X-ray photoelectron (XPS), and far-infrared reflection 

absorption (RAIRS) spectroscopies) and polarised neutron reflectometry (PNR). Although there was 

no observable affinity of BEHP to the steel surface in dry solvent, a layer of rough iron (III) phosphate 

formed in water-saturated dodecane. The phosphate-reacted steel surface showed some resistance 

to corrosion by seawater, suggesting the formation of a cohesive barrier against corrosive species. The 

results support the use of BEHP as an anti-corrosion additive and a viable phosphating agent for steel 

surfaces. 

1. Introduction 

The adsorption of additives to solid surfaces from liquids is key to many commercial and industrial 

processes, from engine lubrication using fatty acids to enhanced oil recovery.[1–3] Many 

investigations relating to adsorption concern corrosion, which can contaminate and significantly 

undermine the designed properties of materials,[4] and which therefore has a high economic and 

safety impact.[5,6] Although there are many papers studying adsorption on metals or their associated 

oxides,[7–16] corrosion prevention on different metal substrates remains a complicated problem, due 

to the large variety of corrosive environments. Efforts have recently been made to monitor corrosion 

and adsorption at early stages of the process, so relevant surfaces can be targeted for corrective 

treatment and/or protected prior to repainting.[17–19] Similarly, the initiation of the corrosion 
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process has been observed through in situ observations, including electron microscopy,[20,21] optical 

spectroscopy,[22] electrochemistry,[23] and synchrotron techniques and neutron reflectometry.[24–

26] Understanding the mechanisms of corrosion initiation allows corrosion to be arrested as soon as 

possible.  

Carbon steel is a commonly used structural material for architectural and engineering purposes. 

Corrosion of steel has been addressed through different surface treatments, such as galvanisation 

with zinc,[27] or using chromate salts,[5] surface silanation,[28] or surface phosphating.[29] 

Application of organic coatings (i.e. paint), in which many organic additives and binder materials are 

mixed,[30,31] remains one of the most popular methods to attempt to stop or delay corrosion. In 

recent years, there has been increasing focus in developing more environmentally friendly and 

sustainable corrosion inhibitors, as well as theoretical rationalisations and predictions of inhibitor 

effects.[32] These inhibitors can be derived from many organic (surfactants, biopolymers, amino acids, 

etc.) and inorganic (metal ions) sources. Amino acid-derived corrosion inhibitors have received 

significant attention due to their environmental compatibility.[33] Synergetic approaches of using a 

combination of corrosion inhibitors have also been explored in broad scope, with zinc-ion-containing 

formulations behaving as a mixed corrosion inhibitor, inhibiting both anodic and cathodic corrosion 

reactions.[34] All of the above methods are reported to work by forming a passivating layer on the 

steel, to prevent or retard corrosive species reaching the steel, or by stopping the reaction at 

either/both corrosion half-cell. 

The phosphating of steel surfaces for corrosion resistance is based on the formation of a cohesive, 

insoluble phosphate layer to improve corrosion and wear resistance. The evolution of surface 

phosphating technology includes the use of organic phosphate compounds, most notably zinc 

dialkyldithiophosphates (ZDDPs), which are activated tribologically, forming a phosphate glass that 

improves wear resistance of mechanical parts.[35–37] Bis(2-ethylhexyl) phosphate (BEHP) has been 

shown to form self-assembled films that have the potential to inhibit corrosion under aqueous 

conditions.[38] BEHP also has particular affinity for ferric ions and can be used to transfer ions from 

an aqueous phase to an organic phase.[39] As such, it is important to better understand the nature of 

the reaction BEHP has with carbon steel. If BEHP can be applied via a surface treatment and act as a 

phosphating agent without requiring total immersion of the steel parts, this would make it an 

attractive anti-corrosion solution for large carbon steel components, such as those used in 

shipbuilding or on offshore structures. This work investigates the interaction between BEHP and steel 

at the aliphatic solvent-steel interface, relevant to painting conditions. 

2. Experimental 

2.1. Chemicals and reagents 

Bis(2-ethylhexyl) phosphate (BEHP, 97%) and n-hexane (referred to as ‘hexane’ henceforth, ≥ 99%) 

were supplied by Sigma Aldrich and were used without further purification. The molecular structure 

of BEHP is shown in Figure 1. n-Dodecane (referred to as ‘dodecane’ henceforth, ≥ 99%) was supplied 

by Merck, while d26-dodecane (d-dodecane, ≥ 98% deuteration) from Sigma Aldrich was supplied by 

the Deuteration Facility at the ISIS Neutron and Muon Source, Didcot, UK. The d-dodecane was dried 

with molecular sieves prior to use. Heavy water (D2O, 99.9% deuteration) was also supplied by Sigma 

Aldrich. The ‘dried’ dodecane had 15.0 ± 2.2 ppm water content, as determined through Karl Fischer 

titration,[40] and a water-saturated ‘wet’ dodecane had 55.1 ± 3.0 ppm water content, close to the 

literature quoted limit of 65 ppm at room temperature.[41] This range of dissolved water is the widest 

range of water content that it is practical to employ in the absence of more rigorous systems (e.g. 

dosing water under UHV conditions). In this work, even over this narrow range there are observable 

differences in BEHP-iron interactions, which will be explored in detail in Results and Discussion. 
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Figure 1: Molecular structure of bis(2-ethylhexyl) phosphate (BEHP) 

S355 carbon steel coupons and powder were supplied by Parker Steel, Canterbury, UK and Sandvik 

Osprey, Neath, UK, respectively. The bulk elemental composition of S355 coupons from the 

manufacturer are quoted in Table SI1 in the Supporting Information. The polished steel coupons and 

powdered substrate have been characterised previously;[42] BET analysis indicated a specific surface 

area for the powder of 0.30 ± 0.06 m2g-1. Coupons were polished using successive grades of Kemet 

(Maidstone, Kent) diamond compound (25, 10, 5, and 1 µm) until a mirror finish was achieved. The 

substrate was then sonicated in 2% Neutracon (Decon Laboratories, Hove, UK) solution for 1 min, 

rinsed 10 times with 50 mL ultrapure water, sonicated in ultrapure water for 1 min, then finally rinsed 

10 times more with ultrapure water. The surface was blown dry with a jet of dry nitrogen. 

2.2. Scanning electron microscope-energy dispersive spectroscopy (SEM-EDX)  

Micrographs were collected using a JEOL Model JSM 6360LV instrument with an Oxford Instruments 

Inca EDS attachment, at the Department of Chemistry, University of Cambridge, UK. Higher resolution 

images were collected using a FEI QEMSCAN 650F with a Bruker QUANTEX EDS attachment at the 

Department of Earth Sciences, University of Cambridge. 

2.3. X-ray photoelectron spectroscopy (XPS) 

Spectra were collected using a Thermo Fisher ESCALAB 250Xi instrument, with monochromatic 

aluminium source (1486.68 eV), at the Cavendish Laboratory, University of Cambridge. The analysis 

area was defined by the incident X-ray beam, which was micro-focused to a 400 µm diameter spot on 

the sample surface, with the detector positioned to collect electrons emitted at 90° to the surface. 

Two spots are sampled across each sample surface. Detailed survey spectra were collected at a pass 

energy of 50 eV. Detailed spectral analysis was conducted using CasaXPS software, with the alkyl 

carbon peak (C−C) at 284.8 eV binding energy as a reference, to deconvolute the components 

contributing to peaks. All fittings use 70% Gaussian and 30% Lorentzian peaks (GL(30) setting), except 

for metallic species, for which asymmetrical Gaussian-Lorentzian peaks were used. Backgrounds were 

generated with the Shirley method if the intensity of the spectrum was higher at higher binding 

energies; if not, linear backgrounds were used.[43,44] 

2.4. Far-infrared reflection absorption infrared spectroscopy (far-IR RAIRS) 

Spectra were collected at the B22 instrument, Diamond Light Source, Didcot, UK, using a Bruker Vertex 

80V spectrometer with a glowing source. A shallow incidence (80o to the surface normal) was used, as 

was a sampling aperture of 20 mm, to increase the footprint of the incoming beam. A Pike 

Technologies VeeMax II variable-angle specular reflection accessory controlled the angle of incidence. 

Once the sample was placed in the spectrometer, the sample chamber was pumped for 30 minutes, 

to give a chamber pressure no higher than 2 mbar. More than 126 scans per sample were made for 

each scanning session, to obtain a signal-to-noise ratio no lower than 10,000 for the collected raw 

spectra. The detector was a helium-cooled bolometer. Sample spectra are all referenced to a 

background spectrum of a smooth gold mirror. Thermal vapour deposited iron films were used as a 
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model substrate for steel; these were immersed in 10 mM BEHP in dodecane (as purchased, no 

additional drying) for 24 hrs prior to measurements. 

2.5. Polarised neutron reflectometry (PNR)  

Reflectometry spectra were collected at the POLREF instrument at the ISIS Neutron and Muon Source. 

Details of the cell have been published previously,[16] as have details of the instrument.[45] The 

incident neutrons were reflected from the surface of interest using a polarised beam. Due to the 

relative reflected intensity observed for the two spin states in this sample, the count times were 

optimised as a 1:3 ratio for the lowest angle and 1:4 ratio for the higher angles. Magnetic yokes were 

used to impose an aligned magnetic field in the samples either parallel or antiparallel to the incoming 

polarised beam during data collection, yielding the up and down datasets. Spectra were collected at 

three different angles, 0.25o, 1.00o, and 2.3o, to give a momentum transfer, Qz, range up to 0.20 Å-1. 

The wavelength band of POLREF is 2 to 15 Å when polarised. Data were fitted using GenX software, 

written by Matts Björck and Gabriella Andersson,[46] with up- and down-spin co-fitting.[47,48] 

N-type, silicon (111) wafer supports were polished by Crystran, Poole, UK to sub-nanometre roughness. 

The silicon wafers were then cleaned in concentrated (65%) nitric acid from Fisher Scientific for 24 hrs, 

rinsed with ample ultrapure water, soaked in ultrapure water for 24 hrs, rinsed again, and blown dry 

with a jet of dry nitrogen. Approximately 20 nm films of magnetron-sputtered iron were then 

deposited by the Material Growth Services at the Thin Film Magnetism Group, Cavendish Laboratory. 

The iron-deposited silicon wafers were stored in vacuum desiccators to prevent corrosion from 

atmospheric moisture and were only unsealed immediately prior to use. The neutron reflectivity was 

used to characterise the deposited films, as detailed in previous work and below.[26] 

2.5. Electrochemical measurements 

All electrochemical experiments were controlled using a Multi Autolab M204 in a three-electrode 

configuration. The 4 mm diameter circular S355 steel working electrode (WE) was encased in a 

polyether ether ketone (PEEK) sample holder. A platinum mesh (99.95%), supplied by Advent Research 

Materials Ltd, and a Gaskatel Mini HydroFlex reversible hydrogen electrode (RHE) were respectively 

used as the counter (CE) and reference electrode (RE). Corrosion experiments were conducted in 3.5 

wt% artificial seawater made from sea salts supplied by Millipore. The pH of the solution, measured 

using Whatman pH strips, was 8.0 (± 0.5).[49] 

The steel surface was renewed by sanding, first with P1000 then finished with P2000 silicon carbide 

sandpaper. Abrasive residue was removed from the electrode by 10 s sonication in hexane. The 

surface was then blown dry with a jet of compressed air. The S355 steel surface was modified by 

immersion in 2 mM BEHP in water-saturated dodecane for varying duration. The surface was then 

washed with 20 mL of hexane and blown dry. 

The WE was exposed to stirred artificial seawater electrolyte, open to the atmosphere, for 30 min 

prior to electrochemical measurements, in order to obtain a steady-state corrosion potential 

(changing by less than 0.2 mV s-1).[50] Linear polarisation curves were then conducted in the range ± 

0.3 V of the corrosion potential, at a scan rate of 0.2 mV s-1 to minimise capacitive contributions to the 

current measured. 

3. Results and Discussion 

3.1. Visual observations 

A polished S355 coupon, initially with a reflective mirror finish, was exposed to 10 mM BEHP in 

dodecane (as received) for 24 hrs, then washed with copious amounts of volatile hexane to remove 
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any excess dodecane solution. As shown in Figure 2, the coupon surface has significantly roughened, 

indicating a surface reaction. The reaction and altered surface texture were therefore investigated 

using a range of surface-sensitive techniques, as described below. 

 

Figure 2: An S355 steel coupon before (left) and after (right) 24 hrs of exposure to 10 mM BEHP in 
‘wet’ dodecane; the post-exposure surface is significantly roughened.  

3.2. Scanning electron microscope-energy dispersive spectroscopy (SEM-EDX)  

SEM analysis confirms significant topographic changes from the smooth, polished steel surface shown 

in Figure 3a, to the reacted surface after 24 hrs exposure to 10 mM BEHP in dodecane shown in Figure 

3b. A large increase in roughness is confirmed from the contrast seen in the topographically-sensitive 

secondary electron micrograph. The EDX spectra comparison in Figure 4 (Figure 4c in particular) 

indicates an additional phosphorous peak on the post-exposure steel surface, confirming the inclusion 

of phosphorous. The EDX results are summarised Table 1. In addition to the appearance of the 

phosphorus peak, a significant rise in carbon and a decrease in iron atomic percentages are observed 

after exposure to the BEHP solution. These observations could suggest loss of iron, but more likely the 

obscuring of the steel by a deposited layer. Peaks are also evident corresponding to manganese, an 

alloying element in S355, and silicon; variable levels of silicon contamination are commonly observed 

on polished surfaces, due to the persistent surfactant in the diamond paste and lapping sprays used 

for lubrication. 

Oxygen is not readily identified for the polished sample, although the very thin native iron oxide film 

has been characterised in previous work.[42] The oxygen Kα peak significantly overlaps with the large 

iron Lα peak, meaning that the low oxygen atomic percentage on the polished sample cannot be 

resolved. However, an oxygen peak is clearly evident as a shoulder on the iron peak after BEHP 

exposure, indicative of an increase in the surface oxygen content. The presence of the oxygen and 

phosphorus peaks in the post-exposure spectrum suggests that the reaction between S355 steel 

surface and BEHP (in dodecane) not only causes topographical changes, but also results a phosphate-

containing product on the surface. 
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a) b)  

Figure 3: S355 steel surface under SEM inspection for a sample a) before and b) after exposure to 10 
mM BEHP in ‘wet’ dodecane for 24 hrs 

a) b)  

c)  

Figure 4: a) Direct comparison between EDX spectra obtained from polished S355 steel (black) and 
after the steel is exposed to 10 mM BEHP in ‘wet’ dodecane (red). The oxygen and phosphorous peaks 
are respectively circled in purple and green, with the corresponding regions expanded in b) and c). 

Element 

EDX atomic percentage / % 

Polished S355 steel S355 after 10 mM 
BEHP exposure 

C 13.9 ± 0.8 21.6 ± 2.8 

O 0.0 ± 0.0 9.6 ± 4.4 

Si 0.4 ± 0.0 1.3 ± 0.4 
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P 0.0 ± 0.0 0.2 ± 0.1 

Mn 1.4 ± 0.1 1.1 ± 0.1 

Fe 84.8 ± 2.6 66.1 ± 7.5 

Table 1: Summary of EDX elemental analysis results for polished and 24-hour BEHP-exposed S355 steel. 
Errors are evaluated through collection of spectra from multiple sites. 

3.3. X-ray photoelectron spectroscopy (XPS) 

Further samples were analysed with XPS, to investigate the chemical environment of the 

phosphorous-containing product on the steel surface. Detailed scans were obtained for the iron 2p, 

carbon 1s, oxygen 1s, and phosphorous 2p regions, and analogous control scans were taken for steel 

samples immersed in pure dodecane for 24 hrs; indicative survey spectra showing the changes in 

elemental composition are shown in Figure SI1 in the Supporting Information. The XPS elemental 

analysis results on multiple spot sampling on the surface are summarised in Table 2. It is interesting 

that, despite the significant new phosphorous presence after exposure to BEHP in dodecane solution 

(in agreement with EDX results; a larger atomic percentage increase is seen in XPS due to its higher 

surface sensitivity) the iron, carbon and oxygen levels in the two types of sample are similar. The 

carbon contribution remains large for both samples, attributed to the presence of significant amounts 

of adventitious carbon species, common with XPS, and possibly of persistent residue from the 

dodecane solvent. The similar oxygen levels suggest that the phosphorus-containing reaction products 

are likely to be oxygen rich, ‘replacing’ or coexisting with the native iron oxide layer on the steel 

surface.  

Element 

XPS atomic percentage / % 
 

Polished S355 steel after 
dodecane exposure 

S355 after 10 mM BEHP exposure 

C 41.9 ± 1.2 38.7 ± 0.7 

O 46.2 ± 1.1 46.4 ± 0.6 

P 0.0 ± 0.0 6.4 ± 0.5 

Fe 11.9 ± 1.3 8.5 ± 0.6 

Table 2: Summary of XPS elemental analysis results for polished and 24-hour BEHP-exposed S355 steel. 
Errors are evaluated through collection of spectra from multiple sites. 

Component peak fitting was conducted on the detailed scans, with the phosphorous 2p peak analysed 

for its chemical environment. A typical spectrum is shown in Figure 5a. The spectrum is fitted with two 

peaks that represent one chemical environment, with a spin-orbit splitting of 0.85 eV,[51] and an area 

ratio of 2:1 between the phosphorous 2p3/2 and 2p1/2 peaks. The peaks have a full width half maximum 

(FWHM) of 1.4 eV, the binding chemical shift of the 2p3/2 peak is 133.5 ± 0.3 eV, and the standard 

residual is 0.77. The chemical shift and FWHM are consistent with peaks from iron (III) phosphate or 

iron (II) phosphate, which share the same shift.[52,53] The formation of inorganic phosphate on the 

surface is further supported by the phosphorous 2s peak, shown in Figure SI2a in the Supporting 

Information: significantly the binding energy, 191.0 eV, is too low for adsorbed organic phosphates, 

typically observed between 192.6 eV (bulk composition) and 191.8 eV (monolayer film).[54] 
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a) b)  

Figure 5: Example photoelectron spectra of a) phosphorous 2p peak for a S355 steel surface exposed 
to 10 mM BEHP in ‘wet’ dodecane for 24 hrs, and comparison of b) oxygen 1s peaks from steel surfaces 
that have been polished, polished with exposure to ‘wet’ dodecane for 24 hrs, and polished with 
exposure to 10 mM BEHP in ‘wet’ dodecane for 24 hrs. The polished-only sample spectrum was 
collected under a much higher pass energy (100 eV), leading to a loss of resolution. 

The dominant environment in the spectrum from the iron 2p region, shown in Figure SI2b, is iron (III) 

(with the main Fe 2p3/2 peak at 711 eV), consistent with the presence of iron (III) phosphate. Although 

iron (III) also dominates on the untreated surface, significant iron (II)  and iron (0) character is evident 

for both treated and untreated samples.[17] Further deconvolution of the iron 2p spectrum to 

determine the contribution of an iron phosphate peak (expected at 712.8 eV) was not attempted due 

to Fe (III) peak domination, making peak separation difficult. 

Deconvolution of the oxygen 1s region is shown in Figure 5b. Four peaks are fitted, assigned to bulk 

iron oxide (in orange), surface iron oxide and hydroxyl groups (blue), carbon oxide species (red), and 

phosphate species (green), with the latter three overlapping significantly. The three significantly 

overlapping peaks were separated using the method described by McCafferty et al.,[55] in which 

deconvolution of the carbon 1s peak (Figure SI2c) allows the contribution of oxidised carbon to the 

oxygen 1s region to be determined. In addition, the atomic percentage and stoichiometric elemental 

ratios (e.g. for FePO4, the ratio between phosphorous and oxygen is one to four) of the compounds 

present are used to estimate the contributions of phosphate and bulk iron oxide to the peak. 

The approach of McCafferty was also used to interpret the oxygen spectrum obtained from a polished 

steel surface exposed only to ‘wet’ dodecane (shown in Figure 5b), using the corresponding carbon 1s 

peak (Figure SI2c). In comparison to the polished and ‘wet’ dodecane-exposed samples, the oxygen 1s 

spectrum from the BEHP-treated surface shows a much smaller contribution from the peak 

corresponding to bulk iron oxide and surface hydroxyl species. The larger peak weighting to higher 

binding energy corresponds to the contribution of surface phosphate species; the significant change 

in the centre of mass of the oxygen peak  therefore supports the presence of phosphate species on 

the iron surface, caused by reaction with BEHP in ‘wet’ dodecane. This is in contrast to the comparison 

between a polished-only sample and a ‘wet’ dodecane-exposed steel surface (Figures 5b, SI2b, and 

Si2c), where only very minor changes to the chemical environment are seen. 

Far-IR RAIRS data from treated surfaces, shown in Figure SI3 in the Supporting Information, indicate 

strong broad bands around 360 and 600 cm-1 and a weaker feature at 475 cm-1. These bands are 

respectively consistent with Fe-O and phosphate group vibrations,[56–58] supporting the conclusions 

drawn from the XPS and EDX observations above that phosphate species are present on the treated 

steel surface. 
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3.4. Polarised neutron reflectometry (PNR) 

a) b)  

Figure 6: Asymmetry plots of the PNR data for the down (blue) and up (red) spin states, showing a) 
the initial BEHP adsorption (i.e. surface exposed to 2 mM BEHP in dry d-dodecane (24 hrs) vs. surface 
exposed to dry d-dodecane), and b) a comparison of ‘wet’ and dry BEHP adsorption (i.e. surface 
exposed to 2 mM BEHP in D2O-saturated d-dodecane vs. surface exposed to 2 mM BEHP in dry d-
dodecane). 

PNR was used to monitor the BEHP-steel reaction in situ, with a magnetron-deposited iron film used 

as a model steel surface, in both a dry and ‘wet’ environment. The iron film surface was first exposed 

to dry d-dodecane, and then 2 mM BEHP in dry d-dodecane was introduced to the substrate for 24 

hrs. The surface was then exposed to 2 mM BEHP in ‘wet’, D2O-saturated d-dodecane and measured 

without a long equilibration time. 

To highlight differences in the measured PNR curves under the different conditions asymmetry plots 

have been used. These plot the difference of two datasets (A1 - A0) normalised by the sum of the 

datasets (A1 + A0). If the datasets being compared are the same within error, this yields a flat line at 

zero, whereas if there are differences in the datasets these are seen as deviations away from zero. 

The up and down spin states are separately compared for the different chemical conditions. 

Figure 6a shows the asymmetry between the surface exposed to 2 mM BEHP in dry d-dodecane vs. 

pure dry d-dodecane. There is some noise within the data, but there are no significant deviations away 

from zero indicating that the two datasets are comparable. This shows that no significant adsorbed 

layer of BEHP or changes in the iron film are measured under these conditions. This is interesting as 2 

mM BEHP solution has previously been seen to cause significant reaction with the steel after 24 hrs 

(evident, for example, by the colouration of the dodecane solution, shown in Figure SI4). 

In comparison, Figure 6b shows the asymmetry between the surface exposed to BEHP in ‘wet’ (D2O-

saturated) d-dodecane vs. dry d-dodecane. In this case, at Qz values above 0.014 Å-1 the asymmetry 

drops below zero (within error) and a large peak is observed around Qz = 0.04 Å-1. This indicates a 

significant change when wet d-dodecane is introduced. 

To understand these changes we can consider different models for the reflectivity curves. In this case, 

and based on the observations from the other techniques, we are looking to distinguish between 3 

cases: (i) an adsorbed layer of BEHP directly on the iron film, (ii) an adsorbed layer of BEHP on an 

FePO4 layer, and (iii) just an FePO4 layer, where the organic portion of BEHP is not adsorbed. Figure 7 

shows the reflectivity and corresponding SLD profiles for these 3 model cases (lines) with the 
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measured PNR data shown as data-points. The figure indicates that the closest fit to the data is found 

for case (iii, red line), where just an iron (III) phosphate (FePO4) layer is included on top of the iron film. 

In the comparison in Figure 7, the models produced are based on parameters from models used in 

similar prior work [25] and have iron/iron oxide layers that are consistent with the pure dry d-

dodecane measured in this work. All model parameters used share similar variable ranges. The BEHP 

monolayer is modelled as 14 Å thick, based on the length of the molecule.[59] Due to slight 

discrepancies in the data measured, there is some uncertainty around fully fitting these data and the 

precise model values cannot be extracted from the fits. However, option (iii) clearly offers the best fit, 

with a single extra layer with an SLD slightly lower than the bulk d-dodecane. This differs from the 

much lower SLD seen for the BEHP models (i, green line) and (ii, blue line). This larger change in SLD 

gives rise to more pronounced fringes in the corresponding reflectivity curves, with a very significant 

elevation in reflection at Qz approximately 0.13 Å-1, which is not in agreement with the measured data, 

especially in the lower spin state. Note that the structural model needs to fit both spin up and spin 

down data to be acceptable. It should be noted, that the higher adsorbed layer SLD in option (iii) could 

also be generated by a mixed layer of BEHP and d-dodecane (i.e. low surface excess). However 

supporting data from EDX, XPS and far-IR RAIRS lends confidence to an interpretation of FePO4. 

a) b)  

c)  

Figure 7: a) Up and b) down spin reflectivity, and c) corresponding SLD curves for three test models to 
the PNR data for 2 mM BEHP in ‘wet’ (D2O-saturated) d-dodecane, having iron and iron oxide layers 
with: (green) a single BEHP monolayer; (blue) iron phosphate covered by an adsorbed BEHP monolayer; 
(red) a single iron phosphate (FePO4) layer on top. Solid and dash lines respectively represent up and 
down spin values for each model. 
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The lack of reflectivity change on exposure of the iron surface to BEHP in dry dodecane (Figure 6a) is 

strongly indicative of a lack of affinity between the BEHP and the surface. The subsequent rapid 

changes when D2O-saturated dodecane is introduced suggest that the reaction between BEHP and the 

steel surface, described in the above sections, is initiated by water included in the dodecane solvent. 

Visible roughening/dulling is again seen for the neutron reflectometry samples, as shown in Figure SI5 

in the Supporting Information.  

The high sensitivity of PNR to adsorption of protonated species from deuterated solvents, as employed 

here, strongly suggests that the organic part of the BEHP is not present on the surface. Comparing 

model fits to the PNR data supports the hypothesis of the phosphate head group detaching from the 

BEHP molecules and forms a rough solid iron phosphate layer on the surface of the iron film. 

The results presented above suggest a possible in situ method of phosphating carbon steel surfaces. 

This method could be useful for coating large steel structures, which cannot be phosphated using 

traditional methods as they are too big to be completely immersed in phosphating solutions, whereas 

a surface treatment using BEHP may be more readily facilitated. Inclusion of BEHP in coatings may also 

allow protective phosphate layers to form when water penetrates the paint, delaying or preventing 

corrosion of the underlying steel.  

3.5. Corrosion resistance study of phosphate-coated carbon steel 

Steady-state polarisation curves were used to assess if the surface phosphate formed in the reaction 

between BEHP and steel affords any corrosion protection, comparable to industrial phosphating of 

steel surfaces. The polarisation curves were obtained, in artificial seawater, for ‘control’ S355 steel 

surfaces (sanded and washed with hexane, then exposed to water-saturated dodecane for 3 hrs), and 

for surfaces exposed to 2 mM BEHP in water-saturated dodecane for different times. In all cases, the 

surface appeared to be significantly corroded by the end of the polarisation sweep; an example of the 

electrode appearance is given in Figure SI6 in the Supporting Information. 

Figure SI7 shows several examples of linear polarisation measurements from BEHP-exposed steel 

samples in artificial seawater, highlighting the significant variation between measurements, even after 

identical surface preparations. Statistical analysis was therefore used, combining several repeated 

measurements, in order to assess the effect of the BEHP treatment on the corrosion of the steel 

surface. Full details of the electrochemical analysis are given in Table SI2 in the Supporting Information. 

The results are summarised in Table 3: The corrosion potential (Ecorr), and cathodic (bc) and anodic (ba) 

Tafel slopes are listed, in addition to the corrosion current density (jcorr), found from the intersection 

of the linear cathodic and anodic regions. The protection efficiencies afforded by the BEHP treatment 

(η) are also listed; these were calculated using: 

𝜂/% =
𝑗′𝑐𝑜𝑟𝑟 − 𝑗𝑐𝑜𝑟𝑟

𝑗′𝑐𝑜𝑟𝑟
× 100 

where j’corr is the corrosion current density of the control sample exposed to water-saturated 

dodecane only. Higher calculated protection efficiencies indicate better corrosion resistance. 

BEHP exposure 
time/hrs 

Ecorr/mV 
(vs. RHE) 

bc/mV dec-1 ba/mV dec-1 jcorr/A cm-2 η/% 

0 (wet dodecane) -130 ± 28 408 ± 47 41 ± 7 19 ± 3 0 ± 17 

1 -116 ± 18 290 ± 74 28 ± 4 5.0 ± 3.0 74 ± 26 

3 -107 ± 39 297 ± 25 25 ± 2 6.1 ± 2.0 69 ± 23 

19 -112 ± 18 342 ± 19 31 ± 8 7.8 ± 3.8 60 ± 28 

24 -72 ± 21 382 ± 32 28 ± 2 12 ± 0 38 ± 18 
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Table 3: Electrochemical parameters obtained from polarisation curves of control and BEHP-modified 
S355 steel electrodes in 3.5% artificial seawater. The indicated errors are standard deviations from 
repeated measurements, full details of which can be found in Table SI2 in the Supporting Information. 

The errors listed in the table are generally large, confirming that there is significant variation between 

samples, even if they are exposed to BEHP for the same duration. In the case of the corrosion potential, 

this variation is sufficiently large that there is no significant difference between control and BEHP-

treated samples and no clear trend with increasing BEHP exposure time. However, the cathodic and 

anodic Tafel slopes calculated for BEHP-treated samples are generally lower than those for the control 

samples. The BEHP-treated samples therefore show reduced corrosion currents and higher protection 

efficiencies, suggesting that the reaction with BEHP imparts some corrosion resistance to the steel. 

The protection efficiency is not higher for longer BEHP treatments, which may indicate that the 

reaction is self-limiting, with the passivating layer that forms preventing further reaction with the 

surface (which could lead to even greater corrosion resistance). 

Standard industrial phosphating of steel is reported to protect the surface from corrosion by forming 

a cohesive, insoluble passivating layer.[29] Our experiments indicate that the poorly soluble iron 

phosphate layer formed by the reaction of steel with BEHP,[60] mediated by water, has a similar effect. 

The layer inhibits anodic iron oxidation and cathodic oxygen reduction by preventing the reactants 

and products travelling to and from the surface. This method of protection forms an interesting 

contrast from that described by Yan et al.,[38] in which self-assembled monolayers of BEHP dosed 

from water and ethanol are reported to provide corrosion protection against acidic environments by 

blocking the hydrogen evolution reaction on the iron surface. Experiments from this work show that 

the formation of a layer of insoluble iron (III) phosphate on steel can also be similarly effective against 

corrosion in seawater. 

4. Conclusions 

Despite showing little affinity to S355 carbon steel in dry aliphatic solvents, bis(2-ethylhexyl) 

phosphate (BEHP) has been shown to react with the steel surfaces in water-saturated dodecane, 

forming a layer of iron (III) phosphate that has been characterised using X-ray photoelectron 

spectroscopy and neutron reflectometry. There is pronounced difference between ‘wet’ and ‘dry’ 

conditions, even though the practically accessible range of dissolved water concentrations is modest. 

The formation of the iron (III) phosphate layer may be attributed to water-facilitated hydrolysis of the 

organophosphate to the inorganic phosphate. We suggest that the modest changes in water content 

are significant as they reflect changes in the amount of free water (i.e. water not firmly bound to the 

substrate), and it is this that facilitates hydrolysis.[61] Electrochemical measurements show significant 

statistical variation. However there are indications that the phosphated steel surface shows a reduced 

corrosion rate in seawater, indicating that BEHP (applied from wet dodecane) is a candidate for use 

as a corrosion inhibitor in marine-related applications, giving a similar level of protection to related 

approaches, but somewhat less than immersion phosphating.[62] The work also highlights the 

importance of controlling the water content in organic solvents, especially those applied to steel, to 

encourage or prevent similar reactions taking place between adsorbates and surfaces.  
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