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ABSTRACT: The interaction of six homologous diphosphonate additives, methylamine-N,N-

bis(methylenephosphonate)  (MBMP, C1-D), ethylamine-N,N-bis(methylenephosphonate) (EBMP, 

C2-D), butylamine-N,N-bis(methylenephosphonate) (BBMP, C4-D), hexylamine-N,N-

bis(methylenephosphonate)  (HBMP, C6-D), octylamine-N,N-bis(methylenephosphonate) (OBMP, 

C8-D), dodecylamine-N,N-bis(methylenephosphonate) (DBMP, C12-D), with carbon steel surfaces are 

studied by XPS at pH = 3.0. Structurally, they all possess two methylenephosphonate moieties connect-

ed to a single N atom. The third substituent on N is a non-polar, variable-length alkyl chain, -

(CH2)xCH3, where x =  0 (C1-D), 1 (C2-D), 3 (C4-D), 5 (C6-D), 7 (C8-D), and 11 (C12-D). XPS studies 

(on pristine solid diphosphonate samples and also on carbon steel specimens, immersed in aqueous solu-

tions), indicate significant deprotonation of the diphosphonic acid molecules upon interaction with the 
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metallic surface. They also prove that this surface interaction results in adsorption on the surface via the 

deprotonated phosphonic acid moieties. The adsorption of inhibitors on the metal surface was investi-

gated by potentiodynamic polarization and electrochemical impedance spectroscopy. The changes de-

tected in the charge transfer resistance (Rct) and constant phase element (CPE) independently confirm 

inhibitors adsorption on metal surface. Attenuated Total Reflectance-Fourier Transform Infrared (ATR-

FTIR) spectroscopy and Scanning Electron Microscopy was used to investigate the nature of deposited 

film. Small alkyl chain diphosphonates (C1-D, C2-D and C4-D) exhibited lower corrosion resistance 

due to the thin, porous and/or incomplete layer formed on carbon steel surface. Longer alkyl chain mol-

ecules (C6-D, C8-D and C12-D) were found to adsorb more efficiently and form a more organized and 

thicker layer. The best results were obtained in the case of C8-D (lower corrosion current, higher Rct and 

surface coverage). In the presence of C8-D the corrosion rate was reduced by a factor of 6. 

 

KEYWORDS: Carbon steel, phosphonates, organic coatings, , thin films, acid corrosion, inhibi-

tion, XPS. 

 

1. Introduction 

Water-side carbon steel corrosion in industrial water systems has been at the epicentre of research in 

corrosion science [1,2]. The principal method for combating corrosion is the use of corrosion inhibitors 

as chemical additives, which are added into the water system on purpose in low concentrations. They 

protect the metallic surfaces and are categorized in two major classes, organic [3] and inorganic [4]. 

Corrosion protection is achieved due to inhibitor molecule aggregation or packing on the metal surface, 

inducing the formation of thin films. The processes responsible for this can be additive adsorption [5] or 

controlled precipitation, the latter occurring in synergy with metal ions in the corrosive water for exam-

ple Ca
2+
, or Mg

2+
 [6]. 
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Phosphonic acids are phorphorus-containing organic molecules that contain one or more polar phos-

phonic acid groups (-PO3H2) on their backbone [7]. Their choice as corrosion inhibitors is based on a 

number of attractive properties, outlined below:  

(a) Stability towards hydrolysis and thermal decomposition [8]. 

(b) High affinity for the metal oxide layer [9]. 

(c) Dual functionality as corrosion and scale inhibitors [10]. 

(d) Efficiency as corrosion and scale inhibitors in a wide regime of pH values, due to the unique acid-

base chemistry of the phosphonic acid group [11]. 

(e) Synergistic action with common hardness metal ions (eg. Mg
2+
, Ca

2+
, Sr

2+
, Ba

2+
), thus enhancing 

corrosion protection [12-15]. 

Synthetic methodologies that have been developed through the years have given access to a wide 

structural variability of (poly)phosphonic acids [16]. A particular family of (poly)phosphonic acids em-

braces molecules that possess the zwitterionic amino-methylenephosphonate moiety, -

N
+
(H)(R)(CH2PO3H

-
) (R = H, alkyl, -CH2PO3H

-
). This group can be part of a larger (poly)phosphonic 

acid molecule, containing one, up to five such groups. Since the focus of the present paper is on amino-

methylenephosphonates that possess two phosphonate groups, we provide below a short literature over-

view on related molecules. 

Laamari et al. evaluated the performance of the tetraphosphonate molecule HDTMP [hexameth-

ylenediamine-N,N,N’,N’-tetrakis(methylenephosphonate)] as corrosion inhibitor on carbon steel in low 

pH solutions [17]. The same corrosion inhibitor was studied by Zhao et al. on Mg implants [18]. Kavi-

priya et al. studied the pentaphosphonate cathodic inhibitor DTPMP (diethylenetriamine-

pentamethylenephosphonate) in seawater [19]. Labjar et al. found that the anticorrosion performance of 

the triphosphonate ATMP (aminotris-methylenephosphonate) on carbon steel in low pH solutions is con-

trolled by physisorption [20]. Fang et al. evaluated a plethora of phosphonate additives, such as ATMP, 

HEDP (1–hydroxyethylidenediphosphonic acid), DMPG (N,N–dimethylidenephosphonoglycine), EEDP 
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(1–ethylphosphonoethylidenediphosphonic acid), and EDTMP [ethylenediamine-

tetrakis(methylenephosphonic acid)], as corrosion inhibitors for carbon steel, with ATMP being the 

most efficient [21]. The reader is referred to a recent review discussing the chemistry of various inhibi-

tors formulations in water systems [22]. 

In this paper we systematically present and discuss the interactions of several homologous amino-

methylene-diphosphonates with carbon steel surfaces (studied by XPS) and their behavior as corrosion 

inhibitors by electrochemical and gravimetric methods. The schematic structures of these additives are 

shown in Figure 1. The studied diphosphonates are notated as C1-D, C2-D, C4-D, C6-D, C8-D and 

C12-D and contain different number of methylene units in the side-chains linked to the N atom. These 

compounds demonstrate efficient adsorption onto the carbon steel surface through the phosphonic moie-

ties. The results of potentiodynamic polarization as well as EIS, demonstrate that the additive-induced 

corrosion protection is the result of the formation of a compact layer on the steel surface. The quality of 

the protective layer formed on metal surface depends on the diphosphonates structural features. Specifi-

cally, “longer” alkyl chain diphosphonates are predisposed to adsorb, and perhaps “pack” on the metal-

lic surface more efficiently; yielding a more organized and thicker layer. The electrochemical measure-

ment reveal that the corrosion resistance of carbon steel in the presence of these additives (C6-D, C8-D 

and C12-D) is higher and the corrosion current is lower.  

 

2. Experimental Section 

 

2.1. Synthesis of diphosphonic acid corrosion inhibitors 

Methylamine hydrochloride, ethylamine (70%), 1-butylamine (99%), hexylamine (99%), 1-octylamine 

(99%), 1-dodecylamine (99%), formaldehyde (36.5% aqueous solution), phosphorus acid and hydro-

chloric acid (37% aqueous solution) were supplied from commercial sources and used as received, 

without further purification. All diphosphonic acid molecules are synthesized via the Mannich-type re-

action (also known as Irani-Moedritzer) according to appropriately modified published procedures 
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[23,24,25], see Figure 1. The detailed synthesis protocols are included in the Supplementary Infor-

mation (SI). All products were isolated as high-purity (> 95 %) solid acids in good yields (> 65 %). 

Their purity and identity were confirmed by ATR-IR, 
1
H, 

13
C, and 

31
P NMR spectroscopy and powder 

X-ray diffraction measurements (see SI, Figures S1-S19). 

 

Figure 1. Synthesis procedure and schematic structures of the homologous diphosphonate corrosion 

inhibitors in their zwitterionic form. 

 

2.2. X-ray powder diffraction 

X-ray powder diffraction patterns for the structural determinations of compounds C1-D and C4-D, were 

collected on a D8 ADVANCE (Bruker AXS) diffractometer, in transmission configuration, equipped 
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with a Johansson Ge(111) primary monochromator (Mo K1, λ = 0.7093 Å) and a LYNXEYE XE detec-

tor. The XRPD patterns were recorded between 1.5 and 35º (2θ), 0.006º step size and an equivalent 

counting time of 768 s/step, for C1-D, and 384 s/step for C4-D. The structure determinations were car-

ried out using the program EXPO2014 [26] by a simulated annealing procedure. For compound C1-D, 

the crystal structure of a polymorph previously described [27] was used as starting model. For solving 

the crystal structure of C4-D, the structure of the ligand in the solid Zn-C4-D was used as starting mod-

el. The structural models derived from direct-space approaches were optimized by the Rietveld method 

[28], using the program GSAS [29] and the graphic interface EXPGUI [30]. The following soft con-

straints were imposed in order to preserve chemically reasonable geometries for the phosphonate, 

amine, alkyl chain and sulfonic groups. The soft constrains were: /PO3C tetrahedron/P–O (1.53(1) Å), 

P–C (1.80(1) Å), O–O (2.55(2) Å), O–C (2.73(2) Å); /N(CH2)2 amine group/N–C (1.50(1) Å), C–C 

(2.45(2) Å), N–P (2.68(2) Å), N–Cchain (2.50(2) Å), /alkyl chain/C–C (1.50(1) Å). The final weight fac-

tors for the soft constrains histograms were of 10 and 7 for ligands C1-D and C4-D, respectively. No 

attempts to locate the H atoms were carried out due to the limited quality of the XRPD data. Crystallo-

graphic details are summarized in Table S1 and the final Rietveld plots are given as Figures S20 and 

S21 in the SI. 

 

2.3. XPS 

A Kratos Axis Ultra X-ray photoelectron spectrometer, equipped with a monochromatic Al K X-ray 

source (h = 1486.6 eV), hemispherical analyser with magnetic lens system and low energy electron 

source for charge compensation, was used to record the spectra. All spectra were recorded in normal 

emission geometry and were aligned on the binding energy scale relative to the C 1s peak at 284.8 eV. 

Binding energies are given with an accuracy of ± 0.1 eV. Survey spectra were recorded at a pass energy 

of 160 eV and narrow scans at a pass energy of 20 eV. The CASA XPS software package [31] was used 

for peak fitting with 70:30 Gaussian Lorentzian peak shapes, unless stated otherwise. 
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2.4. Protocol for preparation of carbon steel specimens for XPS 

Powder samples were prepared by pressing the diphosphonate solids onto double-sided graphite tape. 

The samples were left to outgas in the load lock of the XPS chamber for 3 hours before being trans-

ferred to the photoelectron spectromemeter analysis chamber at a base pressure of 1 x 10
-8
 mbar. The 

spectrometer used was a Kratos Axis Ultra instrument equipped with monochromated Al Ka X-ray 

source (h = 1486.6 eV). The built-in charge compensation source was used to remove sample charging. 

To investigate the interaction of the diphosphonates with carbon steel, 1.0 x 10
-3
 M solutions of each 

phosphonate were prepared in a pH = 3 phtahlate buffer containing 3.5 % NaCl.  Equivalent solutions 

without the presence of NaCl were also prepared in order to account for the presence of the buffer. In 

both cases 1 cm
2
 mild steel coupons were cut from a sheet, abraded with P240 SiC paper to remove any 

surface contamination and native oxide and placed in the phosphonate solutions for 24 hours. The car-

bon steel samples were removed from the solutions under nitrogen, via a glove box attached to the load 

lock of the XPS spectrometer. They were thoroughly rinsed with deionised water to prevent precipita-

tion of excess phosphonate from solution, dried with N2 gas, attached to the sample bar using double-

sided graphite tape and immediately transferred to the load lock of the XPS instrument. This was 

pumped down to 1.0 × 10-4
 mbar within minutes. This procedure has been shown to reduce post oxida-

tion events of steel and iron samples, which occur if these are exposed to air [32,33,34]. 

 

2.5. Protocol for preparation of carbon steel specimens for gravimetric studies 

Corrosion specimens (pre-treated C1010 carbon steel) were prepared and studied according to the 

NACE Standard TM0169-95 (Item No. 21200) with some modifications [35], which is a gravimetric 

method for quantifying general corrosion rates. Each steel specimen was immersed in a test solution 

(containing each of the disphosphonic acid). Appropriate controls (absence of inhibitor) were also test-

ed. All experiments were performed at pH 2.0, 3.0 and 4.0 and at three different concentrations (0.01 
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mM, 0.10 mM and 1.00 mM). After 7 days, the specimens were handled according to the standard 

NACE method to quantify corrosion rates. 

 

2.6. Electrochemical Measurements 

The electrochemical measurements were carried out on an Autolab 302N potentiostat/galvanostat 

equipped with the FRA2 impedance module, in test solutions with and without the inhibitor through a 

corrosion cell (Dcorr cell EcoChemie). This DCorr cell consisted of a working electrode (carbon steel 

specimen, exposed area 0.785 cm
2
), auxiliary electrodes (two inox electrodes) and reference electrode 

(Ag/AgCl electrode).  At first, carbon steel was maintained in each test solution, at open circuit potential 

(OCP) for 1 h to achieve a stable state. Then, the electrochemical impedance spectroscopy (EIS) exper-

iments were performed at OCP in frequency range 0.01 Hz to 100 kHz, with 10 mV sinusoidal potential 

amplitude. ZView (Scribner Associated Inc.) software was used to model the experimental data.  Final-

ly, the potentiodynamic polarization curves were recorded and potential was swept from + 200 mV to -

1200 mV at a scan rate of 1 mV·s 
−1

. A 3.5 % NaCl solution (pH 3.0), was used as an electrolyte in 

studies of corrosion inhibitors, served as a blank solution (control) in electrochemical measurements. 

All measurements were carried out at room temperature. The test solutions contain 4.6 mM diphosphon-

ic acid. The pH of test solutions was readjusted to ~ 3, with NaOH.  All tests of the same conditions 

were performed three times to obtain good reproducible results. 

2.7. Vibrational Spectroscopy 

Attenuated Total Reflectance Infrared (ATR-IR) spectra were recorded with a FT/IR-4200 JASCO 

Spectrophotometer, equipped with PIKe ATR (MIRacle), DTGS detector, Ge crystal plate. Resolution 

was set at 4 cm
−1

, and the scan range was 4000–600 cm
−1

. The Spectral Manager Version 2 software 

was used to analyze the data. 

 

3. Results and Discussion 
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3.1. Crystal structures of C1-D and C4-D diphosphonic acids 

The crystal structure of both amino-bis(methylenephosphonic acids), C1-D and C4-D, has been solved 

by direct-space approach and refined by the Rietveld method. Views of their structures are shown in 

Figure 2. Both phosphonic acids have two phosphonate groups per formula unit, which are crystallo-

graphically and chemically non-equivalent. Although hydrogen atoms could not be localized, these lig-

ands usually appear in zwitterionic forms with the highly basic N atom of the amino group being proto-

nated and one the two phosphonic acid groups being singly deprotonated. This is a common phenome-

non in these aminomethylenephosphonate molecules [36,37,38]. It is interesting to note that the synthe-

sis procedure followed for the compound C1-D has led to the preparation of a new crystal polymorph. In 

contrast with the monoclinic phase previously reported [27], C1-D crystallizes in the orthorhombic sys-

tem, with a unit cell parameters similar to the reported for the ligand C2-D (a = 8.711(2) Å, b = 

12.312(5) Å, c = 8.763(8) Å, Z = 4, space group P 212121) [39]. 

Figure 2 shows the molecular structures and crystal packing of compounds C1-D and C4-D. The 3-D 

supramolecular arrangement of these diphosphonic acids, results from the formation of hydrogen bonds 

between the phosphonic groups of adjacent molecules. In the case of C4-D, the molecules are arranged 

in interdigitated molecular layers, with the phosphonic groups from adjacent molecules facing each oth-

er and interacting via hydrogen bonding creating a polar region (Table S2 in the SI). The interaction 

between the alkyl chains is only through van der Waals forces. As it is common for this class of com-

pounds, hydrogen bonding interactions between the –NH
+
 and O moieties of the phosphonate groups are 

also present. 
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Figure 2. (a) Molecular structure of C1-D (left) and C4-D (right) and (b) view of the packing with H-

bonds marked in blue. Color codes: O red, P orange, C grey, N blue. 

 

Figure 2a (left) shows the molecular structure of compound C1-D and the packing of the molecules in 

the crystal lattice. The 3-D supramolecular arrangement results from the formation of hydrogen bonds 

between the phosphonic groups of adjacent molecules in a similar way that the described for compound 

C2-D. In addition, N··O intra- and intermolecular hydrogen bonds participate in the stabilization of the 

crystal structure (Table S2 in the SI).  

Compound C4-D crystallizes in the monoclinic system, space group P 21. Figure 2b (right) dis-

plays the content of the asymmetric part of the unit cell and the supramolecular assembly. The C4-D 

molecules arranged in interdigitated molecular layers, as observed for benzylamino-N,N-bis 

methylphosphonic acid [37], with the phosphonic groups from adjacent molecules facing each other and 

interacting via hydrogen bonding creating a polar region (Table S2 in the SI). The interaction between 

the alkyl chains is only through van der Waals forces. As it is common for this class of compounds, hy-

drogen bonding interactions between the –NH
+
 and O moieties of the phosphonate groups are also pre-

sent.  
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3.2. XPS studies  

XPS spectra were recorded from the powders and steel coupons following immersion in buffered phos-

phonate and buffered phosphonate/NaCl in order to investigate the surface chemistry of the steels with 

and without the inhibitors. Survey spectra from the coupons are shown in Figure S22. 

The N 1s spectra in Figure 3a recorded on pristine inhibitor powders show a dominant peak at a 

binding energy of 401.9 eV. This is consistent with the presence of protonated tertiary amine groups, in 

agreement with our previous work on tetraphosphonates [40]. The protonation occurs via transfer of a 

proton from the acidic phosphonate group. In contrast to the tetraphosphonates we see little evidence of 

the deprotonated amine at 399.4 eV for the powders except in the C12-D compound. 

Equivalent spectra for the steel coupons immersed in the buffered NaCl solution are shown in 

Figure 3b. Two N 1s peaks are evident for all diphosphonates at binding energies of 402.0 eV and 399.7 

eV, consistent with the presence of protonated and non-protonated amine. The same effect is observed 

for the non-salinated buffer solution as shown in Figure S23 in the SI. However, we note that the non-

protonated amine is dominant, following adsorption from solution for all compounds [40]. Unlike our 

previous work on the tetraphosphonates, however, all samples seem to have the majority of the phos-

phonate present at the steel surface in the deprotonated form and, in fact, inhibitors C8-D and C12-D 

appear to have the amine fully non-protonated. 
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Figure 3. XPS spectra recorded from N1s from (a) powders, (b) steel coupons immersed in 1 mM solu-

tions of inhibitors in 3.5 % NaCl solution at pH = 3. P 2p spectra from (c) powders and (d) from the 

steel coupons after immersion. (e) Fe 2p3/2 spectra from the coupons. O 1s from (f) powders and (g) 

steel coupons after immersion. 
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The P 2p spectra in Figures 3c for the C2-D, C4-D, C6-D, C8-D and C12-D powders can all be 

fitted with a spin-orbit split doublet at binding energies of 133.4 and 134.3 eV,  corresponding to emis-

sion from the P 2p3/2 and P 2p1/2 states of the phosphonate group [42], respectively. The P 2p peaks for 

the C1-D powder are at slightly lower binding energies, 133.1 and 134.0 eV. The reason for this differ-

ence is unclear, but most likely arises from some differential charging which is not compensated for in 

the binding energy alignment for this sample. The shift, however, may also be associated with partial 

deprotonation of the phosphonic acid group [42,43]. 

Following adsorption on the steel coupons from the buffered with NaCl and buffered without 

NaCl solutions (Figures 3d and S23, in the SI) the binding energy of the P 2p is shifted downwards to 

give peaks at 132.7 and 133.6 eV. This downward shift is consistent with our previous observations for 

tetraphosphonates [40]. This shift of the dominant doublet in the P 2p spectra indicates deprotonation of 

the phosphonate group [42], suggesting adsorption to the steel via the phosphonate group [43]. There is 

no evidence of the protonated phosphonate (observed for the diphosphonate pure powders), which 

would seem to indicate that adsorption to the steel surface occurs via both phosphonate groups. The 

same behavior is observed for the coupons immersed in buffer without NaCl (Figure S23 in the SI) sug-

gesting that at pH = 3, adsorption via the phosphonate is preferred, regardless of NaCl content.   

The Fe 2p spectra shown in Figure 3e show the presence of metallic iron and some oxidation 

products. The metallic peak is fitted with an asymmetric Lorentzian curve to account for excitation of 

conduction electrons (green colored peak) [44]. The oxide-related features are fitted with multiplet 

structures according to the work of Biesinger et al. [45]. Although these multiplet structures, due to the 

interaction of the outgoing 2p electron, and the residual core hole with the d-electrons in the valence 

band, make the fitting of iron oxides difficult, they allow identification of three oxidized species: FeO, 

Fe2O3 and Fe(OOH)x. The latter is fitted with an average multiplet structure [45,46]. Table 1 shows the 

relative proportions of the various iron components present in the buffered and buffered/NaCl samples. 

For the samples immersed in pH = 3.0 buffered solution (Figure S23) it is clear that the predominant 

oxide phase is FeO with small amounts of Fe(III) and oxy-hydroxides. 
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Table 1. Composition of iron species at the surface of the sample from the NaCl solutions at pH = 3.0. 

Numbers in brackets are the equivalent values for the buffer without NaCl. All figures quoted are ± 0.5 

%. 

Inhibitor Fe
0
 FeO Fe2O3 FeOOH 

C1-D  4.5 (48.4) 51.9 (40.7) 0 (9.8) 43.7 (1.1) 

C2-D 24.9 (41.1) 29.5 (51.5) 0 (4.0) 45.6 (3.4) 

C4-D 48.4 (42.8) 27.2 (46.0) 10.6 (6.6) 13.8 (4.6) 

C6-D 45.8 (45.0) 32.5 (47.3) 7.0   (4.4) 14.8 (3.4) 

C8-D 39.0 (45.5) 36.3 (46.9) 14.2 (4.8) 10.1 (5.2) 

C12-D 35.0 (49.1) 34.0 (43.3) 14.8 (0) 16.2 (7.6) 

Buffer (control) 2.8   (4.8) 41.9 (46.7) 13.7 (9.0) 41.7 (0.7) 

 

In contrast, the samples immersed in buffered saline solution show a marked difference in the 

amount of metallic iron present, depending upon the side-chain length of the diphosphonates. For the 

control solution and the C1-D and C2-D diphosphonates only a small amount of metallic Fe is found to 

be present at the surface. For C4-D the highest metallic Fe component is noted, with a similar amount 

for the C6-D compound. For C12-D the amount of metallic iron seems to decrease. This would seem to 

be in agreement with the corrosion measurements presented below, where the C4-D compound shows 

the highest inhibition, with C6-D being the next most effective. C12-D seems to be an exception to this 

observation since the corrosion measurements show increased corrosion rate but the XPS still shows a 

reasonable amount of metallic iron. 

O 1s spectra are shown in Figure 3f (powders) and Figure 3g (steel specimens in pH = 3.0 NaCl 

+ phosphonate). Diphosphonic acid powders exhibit two peaks at binding energies of 531.4 and 532.9 

eV, of roughly equal intensity. These are indicative of the presence of P=O and P-OH moieties, respec-

tively. One would expect a 2:1 ratio of these peaks for the pure compounds, if no deprotonation has oc-

curred. However, the N 1s spectra for the powder suggest that there is some intramolecular proton trans-
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fer from the phosphonic acid to the amine group. It should be noted that there is also likely to be some 

contribution from adsorbed atmospheric hydrocarbons in the O 1s spectra [47,48]. 

For the steel coupons immersed in 3.5 % NaCl at pH = 3, additional peaks are observed at 529.9 

eV, from the metal oxide, and 533.8 eV which may be due to residual adsorbed water or the phthalate 

buffer.  It is also clear that the peak from the phosphonate arising from P-OH has decreased in intensity 

relative to the P=O derived feature. This provides further evidence that the phosphonate becomes depro-

tonated upon adsorption on the metal/metal oxide surface. The data for the solutions without salt show 

very little difference to those with NaCl. 

In summary, the XPS data suggest that the diphosphonates adsorb onto the steel coupons 

through the phosphonate group oxygens but that this adsorption is on the Fe surface rather than the ox-

ide This may suggest that the inhibitors work by slowing the formation of soluble oxides at the surface 

of the Fe by forming a monolayer type barrier at the surface of the coupons. 

 

3.3. Corrosion inhibition (gravimetric) 

All diphosphonic acids were tested at three pH values, ie. 2.0, 3.0 (same as the XPS measurements), and 

4.0, and at concentrations 0.01 mM, 0.10 mM, and 1.00 mM. Visual inspection of the “control” speci-

men (no inhibitors) after air-drying, showed general corrosion on the specimen surface. In contrast, the 

steel revealed a protective coating on the surface when the diphosphonates were present. Figure S24 in 

the SI shows all specimens for comparison.  

The carbon steel surfaces exposed to pH = 3 were further studied in detail, since the XPS exper-

iments were carried out at that pH. Figure S25 shows the steel surfaces at a higher magnification, clearly 

showing the dramatic differences between the control and the disphosphonate-protected surfaces. Nota-

bly, the inhibitor concentration was 4.6 mM (compared to the lower concentrations used to obtain the 

images in Figure S24). This is why the specimens in Figure S25 appear more protected. 
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The optical images of the carbon steel surfaces after immersion (in the absence or presence of 

inhibitors, Figure S25) warrant some discussion. The metal surface was substantially covered by corro-

sion products in the case of the “control”. There were minor corrosion products present on the carbon 

steel surface in the case of C12-D inhibitor (Figure S25). Comparing the images of samples with and 

without inhibitor, it is obvious that a protective layer was formed in the presence of inhibitors on the 

metal surface. Considering that the interaction between the phosphate group and the iron substrate is 

favorable, it is expected that the adsorbed inhibitor layer is capable of displacing H2O molecules from 

the iron surface. The hydrophobic alkyl chains of the adsorbed inhibitor molecules transform the metal-

lic surface from a hydrophilic to a hydrophobic one, which is beneficial for corrosion protection. The 

film formed in the presence of C1-D, C2-D looks thinner than that the one formed in the presence of 

C6-D and C8-D. In the presence of C4-D and C12-D the film seems to be more porous. The best cover-

age and protection are observed in the case of C8-D. 

In addition to these qualitative visual observations, corrosion rates were calculated based on 

mass loss measurements (see Section 2.5 above). The results are presented in Table S3. Corrosion inhi-

bition efficiencies (%) were also calculated and presented in a graphical form, in Figure 4. In general, all 

diphosphonates show poor inhibition efficiencies at pH = 2, except C8-D, which shows efficiencies of ~ 

25 % (at 0.10 mM and 1.00 mM concentrations). At the pH of 3, C4-D shows medium efficiency of ~ 

24 % and C8-D of ~ 29 %. Finally, at pH = 4, C1-D reaches a ~ 84 % efficiency at 0.10 mM concentra-

tion, while C6-D shows ~ 65 % inhibition. Based on these long-term inhibition results, there appears to 

be no systematic performance of these diphosphonate inhibitors. This may be due to a number of rea-

sons. The long carbon steel specimen exposure (1 week) to the diphosphonate aqueous solution may 

allow other, competing phenomena to take place, such as Fe oxide dissolution by the additives (particu-

larly for C12-D). This would lead to mass loss and increased corrosion rates. Oxide dissolution by the 

diphosphonates would generate Fe-inhibitor “complexes” in solution, which may re-precipitate on the 

steel surface, in an unpredictable manner. Fe-phosphonate adducts are known to have low solubilities 

[7]. In this case, an added complication is the unknown solubility of the Fe-diphosphonates formed in 
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solution, or re-precipitated on the steel surface. Hence, the mass loss results should be received with 

caution, taking into account the unpredictability of this system, at least in the long-term (1 week dura-

tion of the mass loss experiments), which may allow sufficient time for several competing phenomena 

to take place. Non-systematic variations in corrosion rates (based on mass loss) have been observed in 

the tetraphosphonate systems reported by us recently [40], but to a lesser extent. 

 

Figure 4. Corrosion inhibition efficiency (%) in the presence of the diphosphonate additives, at various 

concentrations (0.01 mM, 0.10 mM, and 1.00 mM) and pH values (2.0, 3.0, and 4.0). 

 

3.4. OCP and potentiodynamic polarization tests 

Further, the behavior of carbon steel in more aggressive environments was studied, because carbon and 

low-alloy steels are widely used materials in seawater and different brine systems in industrial practice 

(cooling water systems, desalination plants, injection water). Further electrochemical experiments were 

carried out in saline media, albeit at higher inhibitor concentration, in order to compensate for the more 

aggressive medium. The 3.5 % NaCl solution is used frequently for this purpose. Gravimetric measure-

ments show variable corrosion inhibition efficiencies in acidic solutions with different pH and concen-

trations. However, because carbon steel corrosion is more pronounced at low pH and taking into ac-
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count that Cl
-
 is an aggressive agent, an intermediary pH (pH = 3.0) was chosen for the studies. Higher 

inhibitor dosages are frequently required, hence, the concentration of 4.6 mM was chosen for the corro-

sion inhibition evaluation. 

OCP experiments were carried out in freshly prepared solution at ambient temperature. The vari-

ation of OCP potential with the immersion time of carbon steel immersed in 3.5 % NaCl solution in the 

absence (control) and in the presence of different diphosphonates, at pH = 3.0, is illustrated in Figure 5. 

 

Figure 5. The OCP potential immersion time-dependence for carbon steel in 3.5% NaCl solution, at pH 

= 3.0. without (control) and with various diphosphonates. 

The OCP values in the presence of diphosphonic acid inhibitors generally decreased in time due 

to dissolution of the passive oxide layer present on metal surface by the aggressive chloride ions attack.  

During the immersion period, limited protection of the surface becomes visible as the corrosion prod-

ucts (formed during immersion) block pores and cracks on the metallic surface. Therefore, a stabiliza-

tion of the potential was noted. In the case of carbon steel immersed in “control” solution the OCP stabi-

lized after 3000 s. In the presence of inhibitors the OCP stabilized more rapidly, after 600 s. This points 

to protective layer formation on the metal surface. The OCP values increased in the presence of C4-D, 

but more evident for C8-D, pointing to the existence of differences in the nature of layers deposited on 
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the metallic surface. The potentiodynamic polarization curves recorded for carbon steel in 3.5 % NaCl 

solution with and without the diphosphonate additives are shown in Figure 6. 

The electrochemical parameters as corrosion potential (Ecorr), corrosion current density (icorr), po-

larization resistance (Rp), corrosion rate cathodic (βc) and anodic (βa) Tafel slope  were extracted from 

the polarization curves and are listed in Table S4 in the SI. All parameters represent mean values of 

three measurements.  

The uncertainty of icorr lies between 0.26 and 7.9 %, for Ecorr between 2.54 and 12.1 % and for 

CR between 3.16 and 13.3%. The carbon steel specimen immersed in aqueous saline solution with a pH 

~ 3 reveals an Ecorr about -1.052 V vs. Ag/AgCl and a corrosion density current around 8.87×10
-5 

A·cm
-

2
. A shift of Ecorr to less negative values was observed for all diphosphonate inhibitors. The carbon steel 

specimen immersed in C-6-D diphosphonate shows an Ecorr about -0.839V vs. Ag/AgCl and a corrosion 

density current of 1.33×10
-5

 A·cm
-2

. In C-8-D diphosphonate carbon steel specimen exposes an Ecorr 

about -0.632V vs. Ag/AgCl and a corrosion density current of 5.42×10
-6 

A·cm
-2

. Ecorr values move to 

more pozitively values in the case of all diphosphonate inhibitors. The protective layer is formed during 

immersion in inhibitor solutions and the adsorption takes place via the polar phosphonic groups. The 

phosphonic groups demonstrate high binding affinity for the metallic surface in a mono-, bi- or triden-

tate manner and create an adherent and compact protective layer. The free elongated alkyl chain func-

tions as a spacer and influences the self-assembly process by interactions between adjacent molecules. It 

influences the compactness and adherence of the adsorbed layer (film). The highest polarization re-

sistance Rp value was determined for long alkyl chain diphosphonic acids C8-D and C12-D.  
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Figure 6. Potentiodynamic polarization curves for carbon steel after 60 min. immersion in  3.5 % NaCl 

solutions without (control) and with diphosphonate, at pH = 3.0.  (scan rate = 1 mV/s). 

The icorr values for all diphosphonates (Table S4) were lower comparatively with the “control”.  

Long alkyl diphosphonic acids C8-D, C12-D and C6-D present the lowest icorr values. The corrosion rate 

(CR) were lower for the same diphospohantes. In the presence of these diphosphonic acids, the CR was 

reduced by a factor of 6. Inhibition efficiency (IE) was calculated according to Equation (1): 

 

           
          

     
         (1)  

 

where: IE represents the inhibitory efficiency expressed in %, icorr and iinh are the corrosion cur-

rent density without and with inhibitor, respectively. The best results were achieved in the case of long 

alkyl chain diphosphonates C8-D (93.89%), C12-D (89.79%) and C6-D (85.01%).  

The values of cathodic and anodic Tafel slopes indicate the capability for these inhibitors to ad-

sorb and create an organized layer on the metallic surface. Inhibitors with “long” alkyl chains present 

higher βa comparatively with “short”-chain inhibitors. The shift to anodic region is due to control of 

dissolution of iron. Comparing with the anodic Tafel slope value reported in literature for iron in acid 

media (38 - 40 mV/decade) [49] it can be said that diphosphonic acids work as an anodic and cathodic 
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inhibitor. Similar properties were reported for other phosphonic acids [50,51]. The Tafel slopes (except 

for C6-D) point to the existence of a slow step associated with the adsorption of inhibitor, in the mecha-

nism of iron dissolution. For anodic polarization branch, it can be seen from Figure 10 that, in the pres-

ence of diphosphonic acids, the anodic current decrease in the low polarization potential region with a 

different slope and increases rapidly after passing a certain potential in the high polarization region. This 

behavior was previously reported in literature for iron in acid solutions [52,53,54]. 

The inhibition mode depends on electrode potential. The increase in anodic current in the high 

polarization potential region is linked to the quality of the layer and to the adsorption / desorption of 

inhibitor molecules on the electrode. The drop of anodic current in the low polarization potential region 

indicates also an increase in the resistance of diffusion process at the electrode. This denotes the fact 

that at the more anodic potential the layer formed on metallic surface becomes thicker or less porous 

(more compact). Other phosphonic acids, such as the polymeric polyethyleneiminemethylene phosphon-

ic acid (PEIMPA), demonstrate the same effects [53]. The corrosion inhibition in acid solution can be 

rationalized by considering that the PEIMPA molecules are easily protonated and the polycation adsorp-

tion is mainly responsible for the protective properties of this compound [40,53,55,56].   

The films formed on metal surface in the presence of diphosphonic acids were analyzed by 

ATR-FTIR. The recorded spectra of films formed on the metallic surface are shown in Figure 7 and 

reveal the presence of strong asymmetric phosphonate (-PO3
2-

) stretch band at 1032 cm
-1 

in organophos-

phonate layers formed and confirm the presence of inhibitor on carbon steel surface. Also, the bands 

attributed to P=O and P-O-C bonds appear at 1361 cm
-1

 and 1026 cm
-1

 respectively.  . At 2845 cm
-1 

and 

2928 cm
-1

 the scissor deformation and asymmetric deformation bands associated with the methylene 

group are present. The bands at 1375 cm
-1

 and 3412 cm
-1

 were attributed to N-H bonds and the broad 

band at ~ 3300 cm
-1

 was attributed to OH stretching vibrations. The absorption peak of OH stretching 

vibrations (3300 cm
-1

) overlaps with the band for N-H. These bands are reduced for C1-D, C4-D, C8-D 

and C12-D due to intermolecular hydrogen bonds between the adsorbed phosphonate molecules and 

iron surface. [57,58].  
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Figure 7. ATR-FTIR spectra for specimens immersed for 1 hour in 3.5 % NaCl solutions in the pres-

ence of diphosphonic acid inhibitors,  at pH = 3.0. 

 

The absorption peaks at 1330 and 1150 cm
-1

 appear only in the presence of diphosphonic acids 

(not observed  for control solution) and are linked to the bonds P=O and -P-OH. The intensity absorp-

tion peaks at 1330 cm
-1

 may be correlated with the binding mode via the P=O bond. The absence of the-

se absorption peaks P=O and P–O
-
 indicates a tridentate, rather than bi-dentate, or mono-dentate, bond-

ed phosphorus [58,59]. The absence of absorption peaks at 1330 cm
-1

 in the case of C8-D suggests a 

tridentate binding for this inhibitor and generation of a compact layer. The methylene absorption bands 

presented in ATR-IR spectra also confirm surface coverage by the inhibitors. The intensity of asymmet-

rical stretching vibrations of methylene groups appeared at 2926 cm
-1

, symmetric stretching vibrations 

appeared at 2857 cm
-1

 and the scissoring mode of methylene appeared at 1463 cm
-1

. The asymmetric 

methylene stretching vibrations appear at higher wave number than the value reported in the literature 

for a well ordered alkyl phosphate thin films (2922 cm
-1

). This difference indicates the presence of some 
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conformational disorder. To evaluate the conformational disorder in the adsorbed layer the intensity 

ratio I2857/I2926 was calculated [60]. The high value of this ratio indicates the formation of a more or-

dered layer. The C8-D, C6-D and C12-D present almost the same value (0.78) and reveal the same de-

gree of conformational order. A low value for this ratio (~ 0.62-0.70) was observed in the case of inhibi-

tors C1-D, C4-D and C2-D and suggests a highly disordered layer formed on the metallic surfaces. The 

results reveal that inhibitors with small alkyl chain were adsorbed in a less organized mode on the car-

bon steel surface than inhibitors with long alkyl chain. The analysis obtained based on the ATR-IR 

measurements agrees with CP and EIS measurements, suggesting that the metal surface was protected 

with diphosphonic acids by an adsorption process. 

 

3.5. Electrochemical Impedance Spectroscopy (EIS) Measurements 

In the Nyquist graph (Figures 8a and b), the imaginary component of the impedance is plotted as a func-

tion of the real component reveals flattened semicircles with a higher diameter of the semicircle in the 

presence of diphosphonic acids. The Bode representations show the logarithm of the impedance modu-

lus |ZI and phase angle as a function of the logarithm of the frequency f (Figure 8c and Figure 8d, re-

spectively).  

The Bode modulus plot is in agreement with that of semicircle diameter in Nyquist plots and 

show different behavior associated with the structure of diphosphonic acid (the length of alkyl chain). In 

Bode phase (Figure 8c) one time constant at low (LF) to middle frequency and an incomplete time con-

stant at high frequencies (HF) were observed, their position depending on inhibitor used. The semicir-

cles at the lower frequency and middle to higher frequency are due to electrochemical corrosion pro-

cesses. The capacitive loop detected at HF is linked to the layer properties and to non-homogenous cur-

rent distribution on the electrode surface. The changes in the phase maximum with inhibitor indicate the 

differences in the relaxation time constants. For electrodes immersed in solution with inhibitors the cor-

rosion reaction takes place in the region where the layer is absent (uncovered regions) or in pores as is 
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illustrated in Figure S25. The electrical equivalent circuit used to model the experimental data contains 

the solution resistance Rs, pore resistance Rpore and charge transfer resistance Rct. The capacitance Cdl 

represents the double layer capacitance and CPEa represent the intact adsorbed inhibitor layer capaci-

tance. The equivalent circuit contains an additional Warburg diffusion element at the metallic/layer in-

terface to describe mass transport control, define by Eq. 2:  

 

)1(. 2/1 jZW          (2) 

 

where: σ represents the Warburg coefficient (in ohm·cm
2
·s

-1/2
), ω is the angular frequency (in rad·s

-1
, 

with ω = 2πf, where f is the frequency in Hz), and j is the imaginary unit. 

 

Constant phase element (CPE) was used in the simulation, instead of the perfect double-layer 

capacitor due to the electrode roughness. The CPE element is defined by the parameters CPE-T (T) and 

CPE-P (φ) (Eq. 3a) and the parameter T is proportional to the capacitance of the double-layer (Eq. 3). A 

CPE-P parameter equal to 1 will give a perfect capacitor (Eq. 3b). 

 .

1

JT
ZCPE 

 (3a) 

    
11 ARCT sds  (3b) 

where 0 < φ < 1 describes the deformation of the circle in the complex plane and Q is a constant. If φ = 

1 CPE becomes a perfect capacitor. In the above:  

C

ds = capacity of the double-layer, in F 

Rs = solution resistance, in  

A = electrode surface area, in cm
2 
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J = current density in A·cm
-2 

  

 

(a)                                                                        (b) 

 
 

(c)                                                                    (d)           

Figure 8. Complex plane Nyquist plots (a), complex plane Nyquist plots detail (b) and Bode plots loga-

rithm of the impedance modulus |Z| (c) and phase angle as a function of the logarithm of the frequency f 

(d) for carbon steel immersed for 1 hour in 3.5 % NaCl solutions in the presence of diphosphonic acids, 

at pH = 3.0. 

The EEC model (Figure 9a) reveals the correlation between simulated and experimental data 

(Figure 9b). The lower reproducibility observed in the HF is most likely due to the electrode roughness. 

The obtained results are presented in Table S5 in the SI. Uncertainties of RCt parameters are in the range 
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1.8-5.6 % and for Rpore between 2.1 and 10.8 %. The uncertainty of CPEa-T lies between 0.10 and 6.2 % 

and for CPEdl-T between 1.56 and 11.3 %.  
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 (b) 

Figure 9. (a) Schematic representation of the adsorbed layer on carbon steel in the presence of inhibitor 

and equivalent electric circuit (EEC) proposed for modeling the EIS data for carbon steel immersed in 

3.5 % NaCl solutions in the presence of diphosphonic acids. (b) Representative example of a simulation 

of Nyquist and Bode diagrams with suggested model for the C6-D inhibitor.  

The variation in solution resistance Rs appears due to the corrections made because of pH ad-

justments to ~ 3. Diphosphonates with longer alkyl chains exhibit lower solubility and require NaOH 

addition, and subsequent readjustment of the pH with HCl. The EIS data reveal that C4-D, C6-D and 
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C8-D layers exhibit CPE exponents above 0.9, indicating a high-quality, robust layer. The capacitance 

value depends on the protective layer thickness or the dielectric constant. The approximate thickness of 

each layer may be estimated from Eq. (4): 

d

A
C r 0
   (4) 

where: C represents the capacitance, εo the void permittivity, 8.8 × 10
-12

 F·m
-1

, εr the dielectric constant 

of the protective layer, A the area in cm
2
 and d the thickness of the coating (layer). The capacitance val-

ue could decrease due to an increase of protective layer thickness or to decrease in dielectric constant of 

protective layer.  

The changes in the adsorbed layer capacitances CPEa provide indications about the formed layer. 

Assuming that both dielectric constant of the layers and area of the electrode surface are similar, the 

changes appear due to the differences in the layer thickness. Considering a value equal to 6.29 for the 

dielectric constant of the inhibitor layer (value reported for phosphonic compounds [61]) thicker layers 

were obtained for C8-D (390 μm), C6-D (828 nm) and C12-D (356 nm). The inhibitors C2-D (86 nm), 

C1-D (205 nm) and C4-D (153 nm) form thinner layers. The values are in accordance with IE % from 

the CP data (Table S5 in the SI). The results reveal formation of a thinner layer on electrode surface for 

the short-chain diphosphonates, and, as a consequence, a lower coverage of the surface or even the ina-

bility to cover effectively the entire metallic surface. It seems that the long-chain diphosphonates (C6-D, 

C8-D and C12-D) tend to show more effective adherence to the metallic surface, inducing higher cover-

age and thicker protective layers.  

This Rpore resistance represents the sum of the resistance of individual pores filled with electro-

lyte. The path through the pores in the adsorbed layer allows the contact of the electrolyte with the me-

tallic surface. For the C6-D, C8-D and C12-D the layer resistances are much higher indicating the build-

up of a compact and/or less porous layer on the metallic surface.  
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The charge-transfer resistance (Rct) values increase with the alkyl chain length as the formed 

layer becomes more compact and thicker. The Rct values for C8-D, C6-D and C12-D obtained from fit-

ting the EIS data with the equivalent circuit model (Figure 9a) were estimated to be 528, 352  and 225 

Ω·cm
2
, respectively, while that of the untreated carbon steel was 19.3 Ω·cm

2
. The robustness of the de-

posited layer is determined by the capacity of each inhibitor to bind to the metal and to generate a firm 

coating.  Lower values indicate the presence of pores or defects. Diphosphonate inhibitors with a num-

ber of methylene groups ≥ 6 present higher Rct values. The high Rct values were obtained in the case of 

C8-D, C6-D and C12-D, were surface coverage is also high. The highest value was obtained for C8-D. 

This is corroborated by the ATR-IR data, which reveal a tridentate phosphonate binding mode. C8-D 

forms a thicker layer on the metal surface. Cdl and Rct are influenced by inhibitor adsorption onto the 

metal surface and its capacity to cover the surface (θ). Higher Rct and lower Cdl values are obtained in 

the case of inhibitors capable to strongly bind onto the carbon steel surface (C6-D, C8-D and C12-D), 

forming P-O-Fe type bonds. Inhibitors with longer alkyl chains (length of 6 to 12 methylene units) are 

able to bind to the carbon steel surface in a manner that provides an adherent and compact layer. The 

CPEdl-P exponents are lower than unity (range between 0.70-0.81) and prove the non-homogeneity of 

the metal surface. Based on EIS data, inhibition efficiency IE (%) and surface coverage θ, were calcu-

lated (Eqs. 5a and 5b, respectively): 

100



inh

ct

control

ct

inh

ct

R

RR
IE   (5a) 

100

IE
    (5b) 

 

where: Rct
inh

 is the charge  transfer resistance for electrode in the presence of inhibitor, Rct
control

 is the 

charge transfer resistance for electrode in solution without inhibitor. 

The IE, determined from EIS data, reveals highest results for C8-D (96.35%), C12-D (91.43%), 

C6-D (94.52%), followed by C2-D (63.86%), C4-D (56.11%) and C1-D (51.52%).  The experiments 
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EIS and CP are conducted on the same sample. During EIS some changes in the protective layer formed 

in the presence of inhibitors C1-D, C4-D C2-D on carbon steel surface, occurred. The Fe-inhibitor com-

plexes formed in solution, which present low solubility, may re-precipitate on the steel surface and 

block the existing pores on the iron surface [7]. As a result, a higher IE value for these inhibitors was 

determinate from the EIS data. Although there are differences between the values offered by the two 

measurements for the same inhibitor, each method indicates the same efficacy behavior for the diphos-

phonic acids series. This inhibition efficiency is comparable with the values reported for alkyl phos-

phate layers [40,62].    

The porous inhibitor layer constrains the corrosion by the diffusion of ions through the layer, and 

mass transport limitation would lead to an additional resistance. A Warburg-like behavior at low fre-

quencies was attributed to an inhomogeneous current distribution caused by the complicated mass 

transport processes within the pores. The value of Warburg impedance coefficient, σ, represents the re-

sistance originating from the diffusion process through the pores within the corrosion layer. An increase 

in the Warburg impedance coefficient indicates an increase in the resistance of the diffusion process at 

the electrode and implies that the layer becomes thicker or less porous.  

The metallic surface affinity for the phosphonic groups plays an important role in the construc-

tion of protective layer and the inhibitor structure can be responsible for the compactness and adherence 

of the layer. The adsorption process is usually described through adsorption isotherms. The values of 

surface coverage θ (equation 5b) were determined from EIS data and used to get the correct isotherms 

by the Eq. 6 [63]. 

 

C
K

C

ads


1


       (6) 

 

where: θ is the surface coverage, C is the inhibitor concentration, Kads is the adsorption equilibrium con-

stant.  
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 Figure 10 illustrates the linear plots for (C/θ) in function of C. The adsorption of diphosphonic 

acids on carbon steel follows the Langmuir isotherm (correlation coefficient nearby to unity). 

The diphosphonates present the same tendency to be adsorbed on the metal surface as other 

phosphonic acids and obey the Langmuir adsorption isotherm [17,64,65]. The Kads values give infor-

mation about the strength of the interaction between the inhibitor and the metal surface. A higher value 

implies more efficient adsorption.  

 

CK
R

ads

L



1

1
       (7) 

 

The highest Kads value was obtained for C8-D followed by C12-D and then C6-D. The important 

aspect of the Langmuir isotherm can be expressed in terms of a RL separation (dimensionless constant), 

described by Eq. 7. A lower value indicates a highly favorable adsorption process [66]. It was observed 

that the value of RL is less than unity, confirming the favorable uptake of the inhibitor. Lower RL values 

at higher inhibitor concentrations showed that adsorption was more favorable at higher concentrations.  

Comparison of the diphosphonate inhibitor molecules based on the dimensionless separation factor, RL, 

leads to the conclusion that short-chain diphosphonates demonstrate a less favorable adsorption process 

and that the formation rate of the protective layer on the metal interface is slower than that in the case of 

long-chain diphosphonates and tetraphosphonates [40]. It is seems that for C1-D, C2-D and C4-D the 

short carbon chain is disadvantageous in removing water molecules from the solid-water interface. In 

equivalent conditions short-chain molecules require a long time to approach and “dock” onto the surface 

in order to provide a well-organized layer. The longer chain molecules are predisposed to accumulate 

and pack at the metallic surface more easily. Similar behavior was reported for carbon steel surfaces 

immersed in mono-n-butyl phosphate and mono-n-hexyl phosphate aqueous solutions [62]. The surface 

tension results indicated that longer alkyl chain molecules showed a stronger tendency to diffuse from 
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the bulk solution (bulk electrolyte phase) and accumulate at the air-electrolyte interface, than small alkyl 

chain molecules [62]. 
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 Figure 10. The isotherm Langmuir plots for the tested diphosphonate inhibitors. 

 

Table 2.  Values of the Kads, ∆G
°
ads and RL for adsoption of diphosphonic acids molecules on carbon 

steel surface. 

 

Inhibitor C1-D C2-D C4-D C6-D C8-D C12-D 

Kads, mol
-1

 16658.34 14513.79 19047.62 23041.47 111234.71 100110.12 

∆G
°
ads, KJ/mole -34.04 -33.69 -34.36 -34.83 -38.73 -38.48 

RL 
0.38 0.41 0.34 0.30 0.08 0.09 

  

 Generally, ΔG°ads values indicative of physisorption appear around −20 kJ·mol
−1

 or more posi-

tive, whereas values around −40 kJ·mol
−1

 or more negative favor chemisorption [67]. The negative 

∆G
°
ads and high Kads values obtained for the diphosphonates (Table 2) show a spontaneous adsorption 

and, according to adsorption data, covalent/electrostatic interactions exist. The values are generally 

higher compared to those for the tetraphosphonate inhibitors [40,62]. The electrostatic interactions and 

hydrogen bonds between oxygen atoms from phosphonate groups and Fe-OH groups are further respon-
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sible for surface immobilization, as confirmed by the XPS and ATR-FTIR spectra. The ∆G
°
ads values 

(33-38 kJ·mol
−1

) imply the physisorption and chemisorption tendency of the diphosphonates. The length 

of the alkyl chain is an important aspect in layer formation. Inhibitors with shorter alkyl chains, such as 

C1-D, C2-D and C4-D, possess lower Kads values and a significant tendency for physisorption and low 

degree of steel surface coverage, compared to the inhibitors with longer alkyl chains.  

The alkyl chain length affects both the degree of coverage and packing of the film formed on the 

metal surface. A short length cannot achieve sufficient surface coverage in the case of both di- and tetra-

phosphonates. For phosphonates with more than four or six methylene units in their backbone, the sur-

face the degree of coverage increases. The compactness of the film depends on the time required for the 

molecule to reach the metal surface from the bulk electrolyte and to be adsorbed and pack on it.  Longer 

“escape” times from the bulk electrolyte phase means a delay in protective film formation and coverage 

of the metal surface. Short alkyl chain molecules require longer time to approach and “dock” onto the 

metallic surface compared to medium and long alkyl chain ones, the latter tending to accumulate more 

rapidly at the metal-electrolyte interface. The diphosphonates show the lowest corrosion rates and good 

packing for molecules with long alkyl chain (C8-D and C12-D). For tetraphosphonates this is true for 

molecules with medium length alkyl chain (C4 and C6) [40]. 

The diphosphonates (at a 4.6 mM concentration in saline solution at pH = 3) yield corrosion in-

hibition efficiencies ranging from 80 % to 94 %, higher than for tetraphosphonates [40]. The elongated 

chains (alkyl chain) act as a spacer and influence the self-assembly process and the interaction between 

nearby molecules and therefore the density of the protective layer formed on metal surface.  

Diphosphonates with long alkyl chains present the best results regarding inhibition efficiency 

(determined from EIS data): C8-D (96.35%), C12-D (91.43%) and C6-D (94.52%). A comparison be-

tween long alkyl chains diphosphonates show that the metallic iron detected by XPS is lowest in the 

case of C8-D. This is likely to be due to the longer chain-length of C8-D compared to the C6-D and the 

smaller molecules. It also implies that the C8-D molecule packs more closely than C12-D on the surface 

so that less of the Fe substrate is measured. In addition, the ratio between the oxide species point to a 
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different kind of ordered structure and may be an explanation for the different chemical and diffusional 

behavior of the protective layers. The absorbed diphosphonate inhibitors form a film on the metallic 

surface that acts as a physical barrier, and restricts the diffusion to or from the metal surface of corrosive 

species. The first stage of iron oxidation implies the formation of FeO, an oxide that is stable only in the 

absence of oxygen. Subsequently, in the presence of oxygen, the iron oxide is converted into iron hy-

droxide (Fe2O3·H2O) or FeO(OH). The high quantity of FeO detected in the C8-D layer (Table 2) im-

plies that FeO oxidation is suppressed and the layer is more passive. C6-D and C12-D also suppress 

further oxidation of FeO, but the detected quantity of Fe(0) in the generated layer is higher and, conse-

quently, the deposited layer is less thick and less compact, either due to bonding via only one phospho-

nate group, steric reasons, or possibly the presence of unbound diphosphonate at the surface.  

The use of organic phosphonic acids to protect carbon steel are reported in literature as they pre-

sent low toxicity, high stability and corrosion inhibition properties. Table 3 summarizes the corrosion 

currents, inhibition efficiencies and adsorption isotherm of different compounds (majority phospho-

nates) as corrosion inhibitors for the iron and our results.  

Table 3. The corrosion currents, inhibition efficiencies and adsorption isotherm of different compounds 

and phosphonates on the iron in various solutions 

 

Inhibitor / concentration Medium 
Jcorr, 

µA/cm
2 IE, % 

Adsoption 

isotherm 
Reference 

Hydroxyethyl  (HEI-12) / 25 

ppm 

3 %  NaCl 

 

150 21  3 

Hydroxyethyl  modified  with 

oleic chain from coconut oil 

(HEI-M) / 10ppm 

3 % NaCl 

 

160 26  3 

MoO4
2- / 100 ppm 0.1 M HCl - 82 Langmuir 4 

WO4
2- / 100 ppm 0.1 M HCl - 65 Langmuir 4 

O,O′-dialkyldithiophosphate 

(SOD2) / 60 ppm 

1 M HCl 

 

26.09 98.74 Langmuir 5 

Hexamethylenediamine-

tetrakis(methylenephosphonic 

acid) (HMDTMP) / 4 mM 

0.5 M HCl 25 93 Langmuir 17 

Diethylenetriaminepentamethyle

nephosphonic acid 

Sea water 5.238 70 - 19 
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(DTPMP)/DTPMP (250 ppm) + 

Ni2+ (50 ppm) 

Amino-

tris(methylenephosphonic acid) 

(ATMP) / 5 mM 

                50 mM 

1 M HCl 

 

 

175.4 

109.3 

 

77.41 

94.52 

 

Langmuir 

20 

2-mercaptobenzimidazole 

(MBI) / 2 mM 

1 M HCl 

 

8 98 - 33 

Hexamethylenediamine-

tetrakis(methylenephosphonic 

acid) (HMDTMP) / 4.9 mM 

3.5 % NaCl, pH 

= 3 

 

4.03 87.99 Langmuir 40 

Piperidin-1-yl-phosphonic acid 

(PPA) / 4 mM 

1 M H2SO4  91.38 Langmuir 50 

1-hyroxyethane-1,1-

diphosphonicacid (HEDP) + 

sodium tungstate (ST)+Zn2+ / 

200 ppm of HEDP 50 ppm ST, 

10 ppm Zn2+   

Well water pH = 

8.38, Cl- 665 

ppm 

 

54.02 98 - 51 

Propargyl alcohol / 0.2-1.0 % 10 % HCl 

 

1.1 97 - 52, 69 

Polyethylene-iminemethylene 

phosphonic acid (PEIMPA) / 

500 ppm 

1 M HCl 0.160 90.11 Langmuir 53 

Propargyl alcohol (PA) and 

potassium iodide (KI) / 4 mM 

PA + 4 mM KI 

0.5 M H2SO4 35 95 Langmuir 54 

Mono-n-butyl phosphate (BP) 

and mono-n-hexyl phosphate 

(HP) / 0.1 wt % BP,  

        0.01 wt % HP 

3.5%NaCl 

 

 

10.68 

60.10 

 

92.6 

58.3 

- 62 

2,5-bis(4-methoxyphenyl)-1,3,4-

oxadiazole (4-MOX) / 0.8 mM 

0.5 M H2SO4 

 

- 80.80 Langmuir 63 

2-propargyl-5-o-

hydroxyphenyltetrazole (PHPT) 

/ 5 mM 

Simulated 

cooling water 

 

8 92 - 64 

1H-benzo-imidazole 

phenanthroline derivative / 1 

mM 

1 M HCl 2310 84.20 Langmuir 67 

Piperidin-1-yl-phosphonic acid 

(PPA) / 0.5 mM 

3 % NaCl 252.8 76.70 - 68 

(4-phosphono-piperazin-1-yl) 

phosphonic acid (PPPA) / 0.5 

3 % NaCl 87.9 91.90 - 68 
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mM 

Polyethylene-iminemethylene 

phosphonic acid (PEIMPA) / 

500 ppm 

1 M HCl 0.160 90.11 Langmuir 53 

1-buthyl-3-methyl-1H-

benzimidazolium iodide / 5 mM 

0.5 M H2SO4 

 

83 98.7 Langmuir 69 

4-(4-Aminophenyl-

thio)benzenamine / 5 mM 

0.5 M HCl 

 

1660 90.1 Langmuir 70 

Fluorophosphonic (FP) / 5 mM 0.1 M NaClO4 0.8 94.3 - 71 

Undecenyl-phosphonic acids 

(UP) / 5 mM 

0.1 M NaClO4 2 85.7 - 71 

4-methylpyrazole/ 5 mM 1 M HCl 460.0 52.34 Temkin 72 

C8-D / 4.6 mM 3.5 % NaCl 

 

5.42 93.89 Langmuir this work 

this work 

C12-D /4.6 mM 3.5 % NaCl 

 

9.06 89.79 Langmuir 

 
The IE of iron in 1 M H2SO4 solution in the presence of 4 mM piperidin-1-yl-phosphonic acid (PPA)  in 

0.2-1.0 % propargyl alcohol in 15 % HCl was 91.38 % [50] and 97 % [69], respectively, close to C8-D 

(93.89 %). For iron immersed in 1 M HCl in the presence of 500 ppm PAIMA solution the reported Jcorr 

(0.302 mA.cm
−2

) is higher than those obtained for diphosphonic acids C8-D and C12-D and their inhibi-

tion efficiency (IE) is lower than those obtained for  C8-D and C12-D [53]. In saline solution, C8-D and 

C4-D present higher inhibition efficiency and lower corrosion currents comparatively with mono-n-

butyl phosphate (BP) and mono-n-hexyl phosphate (HP), piperidin-1-yl-phosphonic acid (PPA), (4-

phosphono-piperazin-1-yl)phosphonic acid (PPPA) or hydroxyethyl modified with oleic chain from 

coconut oil (HEI-M). These results confirm that a protective film was formed over the metal surface and 

hence retarded the corrosion reaction and suggest that the investigated phosphonic acids are good candi-

dates for iron protection. 

 

4. Conclusions 

 

Herein, the effects of diphosphonate corrosion inhibitors with systematically different molecular size on 

carbon steel have been explored. These corrosion inhibitors (C1-D, C2-D, C4-D, C6-D, C8-D, and C12-

D) possess a common amino-methylenephosphonate –N
+
(H)−CH2−PO3H

−
 zwitterionic moiety, but also 
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a systematically elongated alkyl side-chain. XPS confirmed the interactions between the adsorbed inhib-

itor molecules and the metallic surface. Immersion of steel coupons in acidic solutions (pH = 3.0) con-

taining the inhibitors leads to additive adsorption on the steel surface via the phosphonate groups. The 

XPS results also suggest that these inhibitors exhibit significant deprotonation upon interaction with the 

carbon steel. The Fe 2p spectra show metallic and oxidized iron for all samples studied. All additives 

achieve variable corrosion inhibition efficiencies (7-days at pH = 2.0, 3.0 and 4.0 and inhibitor concen-

trations 0.01 mM, 0.10 mM, and 1.00 mM). 

 The CP and EIS investigations in the presence of chloride ions produced the same results. A 

comparison between the diphosphonates gave the following observations:  

(a) Lower corrosion resistance was obtained in the case of diphosphonate with short alkyl chains, such 

as C1-D, C2-D and C4-D. These inhibitors produce a thin, porous and/or incomplete layer on carbon 

steel surface. They apparently need longer times to diffuse to the surface and to provide a well-

organized layer. 

(b) Longer alkyl chain molecules, such as C6-D, C8-D and C12-D are predisposed to accumulate at, and 

adsorb on the metallic surface more effectively, thus producing a more organized and thicker layer. 

The corrosion resistance of carbon steel in their presence is higher and the corrosion current is low-

er. 

(c) The best results were obtained in the case of C8-D (lower corrosion current, higher Rp and surface 

coverage). In the presence of this diphosphonic acid the CR was reduced by a factor of 6. 

The obtained experimental data were satisfactorily fitted with the Langmuir model. Short-chain 

diphosphonates demonstrate a less favorable adsorption process and that the formation rate of the pro-

tective layer on the metal interface is slower than in the long-chain inhibitors. 

 

Supplementary Information. Crystallographic (cif) files for the compounds C1-D and C4-D, final 

Rietveld plots and hydrogen bonding interactions for compounds C1-D and C4-D, characterization of all 



 

 

37 

diphosphonic acid corrosion inhibitors (
1
H, 

13
C, 

31
P NMR spectra, ART-IR spectra), corrosion specimen 

images, electrochemical data. 
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