
 The Open Corrosion Journal, 2009, 2, 139-149 139 

 

 1876-5033/09 2009 Bentham Open 

Open Access 

The Behavior of Carbon Steel in Artificial Cooling Water in Presence  
of Hydroxyphosphonoacetic Acid and Different Oxygen Content Using  
Electrochemical Impedance Spectroscopy 

H. Castaneda
*,a

, R. Hernández
b
 and M. Galicia

c 

a
Battelle Memorial Institute, Energy Systems, 505 King Avenue, Columbus OH 43201, USA

 

b
Universidad Nacional Autónoma de México, Facultad de Química, Ingeniería Química Metalúrgica, Ciudad Universi-

taria, 04510, D.F. México 

c
Programa de Explotación de Campos en Aguas Profundas, Instituto Mexicano del Petróleo, Eje Central L. Cárdenas 

152, 07730, D.F. México 

Abstract: This paper presents the results of the interfacial evolution of 1018 steel exposed to artificial cooling water in 

presence of two different environments: the oxygen content and the 1,2-hydroxyphosphonoacetic acid (HPA). The aerated 

solution in presence of HPA supported two processes; the first was the sequestration of calcium ions with the subsequent 

complexation of the calcium carbonate (CaCO3); the second was the precipitation of a layer formed mainly by hematite 

(Fe2O3) mixed with CaCO3 and phosphorous-based compounds. Conversely, de-aerated conditions in the absence of HPA 

lead to the formation of a combination of iron oxides (Fe3O4 + Fe2O3) at the surface of the steel. The HPA addition in de-

aerated solution produced the formation of plate shape phosphorous-based layer with a mixture of iron oxides (Fe3O4 + 

Fe2O3). In this work, we could characterize the evolution of the corrosion products layers by Electrochemical Impedance 

Spectroscopy (EIS) measurements and electrical passive circuits. The continuous EIS results helped to establish interfacial 

mechanisms of the HPA used as inhibitor and de-aerated (oxygen low content) conditions simulating the presence of oxy-

gen scavengers. 

Keywords: Inhibition mechanism, oxygen content, hydroxyphosphonoacetic acid, phosphorous corrosion products. 

INTRODUCTION 

 Several studies for the dissolution process and formation 
of carbonate scale of mild steel in cooling water systems and 
heat exchangers [1-6] have led to new routes concerned to 
the mitigation of corrosion in the water treatment for refinery 
industry. One of the unsolved issues for corrosion control 
processes is the identification and development of mecha-
nisms associated with the metallic inhibition reaction. 

 Calcium carbonate, CaCO3, precipitates as the product of 
homogeneous reactions onto cathodic surfaces in scaling 
solutions [7, 8]. The mineral scale structure exists mainly in 
three different allotropic forms: aragonite, calcite and 
vaterite [9]. The scaling product is the result of the homoge-
neous reaction between the bicarbonate ion with calcium 
ions [10, 11] in neutral and high pH environments. 

 Corrosion control of steels in neutral solutions by inhibi-
tors includes the formation of surface layers [12-14] that 
modifies the kinetics of the dissolution process. Lorenz and 
Mansfeld considered those layers as three dimensional (3-D) 
protective entities that initiated and grown on the electrode 
surface that influenced the electrode reactions [12, 13]. They 
suggested that the inhibitors are incorporated in the 3-D 
layers within the metal-oxide interfaces, which lead to more  
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homogeneous and denser corrosion products with less poros-
ity [12]. Other approaches have demonstrated that the inhibi-
tion process can be controlled by the homogeneous reactions 
that sequestrate the species in solution influencing the corro-
sion process [10]. 

 The most successful inhibitor formulations currently used 
for scaling conditions are based on phosphonates [15, 16] as 
they have shown excellent temperature and pH stability. The 
phosphonates have been excellent inhibitors when used at 
threshold concentration levels due to the complexation with 
cationic species, such as calcium and magnesium. Some 
inhibitors based on organic phosphonates and organic amino 
phosphates minimize scale deposition through a combination 
of crystal dispersion and scale stabilization [14]. 

 An alternative form of corrosion control in scaling solu-
tions is the reduction of dissolved oxygen content in the 
electrolyte; this latter influences the precipitation of insolu-
ble iron complex on metal surface [17]. Chen et al. [18] have 
verified that the corrosion rate of steel in scaling solutions 
decreased in the presence of an oxygen scavenger where the 
percent scale formation was lowered by 96.2%. Meng et al. 
[19] demonstrated that when adding inhibitor and oxygen 
scavenger the corrosion inhibition ability is improved. The 
importance of the role of the oxygen into the scaling solu-
tions in the corrosion control for oil industry has led to the 
minimization of oxygen content [20, 21]. 

 This paper evidences the influence of oxygen content in 
the interfacial mechanisms for steel exposed in artificial 
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cooling water in presence of 1, 2-hydroxyphosphonoacetic 
acid (HPA). Electrochemical Impedance Spectroscopy (EIS) 
is used (1) to characterize the evolution of corrosion prod-
ucts, and (2) to evaluate qualitatively two forms of inhibition 
processes with time. The dissolution-inhibition mechanism 
shows strong dependence on the oxygen content due to the 
formation of different iron oxides and the cathodic reaction 
involved at the interface. High-definition surface analysis 
supports the physical properties of the corrosion products 
under different electrolyte conditions. A phenomenological 
interfacial process is suggested based on the formation of 
corrosion product layers that influenced the electrical-
impedance characteristics with time. 

MATERIALS AND METHODS 

Electrochemical Cell 

 A typical 3-electrode electrochemical cell including a 
standard 150 mL container was used in this work. The con-
tainer had five inlet ports as displayed in Fig. (1). The ports 
included the working electrode, a graphite bar as the counter 
electrode, a saturated calomel electrode (SCE) as the refer-
ence electrode, a thermometer, inlet for inhibitor injection 
and port for nitrogen bubbling. 
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Fig. (1). Representation of the electrochemical cell. 

 The composition of cylindrical 1018 carbon steel sample 
used as working electrode is displayed in Table 1. The elec-

trode-exposed area to the solution was 0.5 cm
2
. The elec-

trode surface was polished at 1 μm grade thereafter rinsed 
with distilled water and acetone. 

 Calcium chloride (360 ppm), magnesium sulphate (200 
ppm) and sodium bicarbonate (100 ppm) were mixed to 
prepare synthetic cooling water in distilled water, according 
to a composition referred elsewhere [22]. 

Inhibitor 

 The HPA structure used as inhibitor is represented in Fig. 
(2), the concentration used was 125 ppm, which represents 
an example of the initial test concentrations in the use of 
inhibitors for refinery plants. 
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Fig. (2). Molecular structure of 1,2-hydroxyphosphonoacetic acid. 

Electrochemical Techniques 

 The aerated experiments were performed in scaling solu-
tion with 2.3 ppm of oxygen dissolved. De-aerated experi-
ments were kept at 0.1-ppm oxygen content in the electro-
lyte. 

 Each set of the electrochemical testing included the open 
circuit potential (OCP) measurements over 90 hours. 

 Separately, EIS experiments were performed in dupli-
cate; the set up conditions included the measurements at 
open circuit potential with 10 mV of amplitude and frequen-
cies ranging from 10 KHz to 0.01 Hz. The EIS measure-
ments were performed every hour during the first 6 hours, 
and every 10 hours thereafter and up to 90 hours of total 
exposure time. EIS measurements in the presence of inhibi-
tor considered the same time interval as in the absence of 
HPA. The addition of the inhibitor was after 5.5 hours of 
exposure in aerated solution, whereas for the de-aerated 
solution the addition of the inhibitor was after 1.5 hours of 
exposure. The electrochemical equipment was a Solartron 
interface 1287 connected to a frequency response analyzer 
1260 and controlled by Zplot software. 

Impedance Analysis 

 The Software ZView 3.1 (Scribner Associates) was used 
for EIS experimental analysis. The impedance spectra were 
modeled by fitting the experimental data with the Zview 
fitting/simulation application with 100 maximum iterations 
in the calculus modulus. 

Table 1. Chemical Composition of 1018 Carbon Steels (Balance Fe) 

 

Al As C Co Cr Cu Mn Mo Nb Ni P 

0.001 0.007 0.160 0.010 0.063 0.250 0.790 0.020 0.006 0.078 0.008 

S Sb Si Sn Ti V Zr     

0.029 0.011 0.250 0.017 <0.001 0.001 0.004     
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Surface Analysis 

 High-definition characterization and analysis was per-
formed by Environmental Scanning Electron Microscopy 
(ESEM) and energy dispersive spectroscopy (EDS) tech-
niques, respectively. The carbon steel samples were charac-
terized at 40 and/or 90 hours of exposure to scaling solution. 
The microscope was an XL30 ESEM-Phillips, a gas secon-
dary electrons detector (GSE) was used for environmental 
mode (low vacuum). X-Ray analysis was performed in en-
ergy dispersive X-ray analysis system D8 Advance-Bruker 
Instruments with radiation of Cu Ka at 35 kV and 30 mA. 

RESULTS AND DISCUSSION 

Open Circuit Potential 

 The evolution of the open circuit potential (OCP) meas-
urements for the steel-scaling solutions at 30ºC is displayed 
in Fig. (3). The plot shows the transients of OCP at pH of 8.1 
during 90 hours of exposure. The interfacial reactions lead to 
the formation of Fe2O3 by considering the pH and OCP 
magnitudes in aerated solutions [23, 24]. The continuous 
evolution of OCP to positive magnitudes for aerated solution 
in the absence of HPA in Fig. (3c) is attributed to the pres-
ence of the passivation layer at the surface. The HPA addi-
tion to the aerated-scaling solution in Fig. (3d) shifted the 
OCP magnitude to more positive value (-0.58 V vs SCE). 
This latter magnitude demonstrated different properties of 
the corrosion products at the interface. The formation of iron 
and phosphorous-based precipitation products is feasible due 
to the electrolyte homogeneous reactions and the heteroge-
neous active-passive mechanisms in aerated solutions. Con-
versely, de-aerated solutions lead to different physicochemi-
cal properties for the corrosion products. Fig. (3a) illustrates 
the OCP in the absence of HPA, this magnitude oscillated 
near -0.8 V vs SCE, the formation of more noble corrosion 
products with different physicochemical properties resulted 
in higher OCP magnitudes than aerated solutions. The addi-
tion of HPA to de-aerated solution after 1.5 hours of expo-
sure changed the OCP as illustrated in Fig (3b). In both cases 
(aerated and de-aerated), the HPA addition modified the 
OCP by ~100mV, this is due to the physical characteristics 
of the phosphorous-based layer formed. However the control 
mechanism is different due to the oxygen content. The for-
mation and accumulation of the corrosion products influ-
enced the interfacial mechanisms. The dissolution process is 
the sum of the anodic and cathodic reactions, this latter is 
assumed to be the oxygen reduction reaction and considered 
by many authors as the step control process for scaling solu-
tions at high pH [8, 9]. 

Impedance Evolution of Electrode-Scaling Aerated  
Solution 

 Fig. (4) shows the impedance evolution of the 1018 steel 
sample exposed to aerated cooling water at 30ºC. The first 
six hours of exposure in Fig. (4a) displays two defined semi-
circles with IR correction. The loop presented at low fre-
quencies (LF) is associated with the diffusion of oxygen. The 
second loop displayed at medium (MF) and high frequencies 
(HF) is attributed to the charge transfer resistance, which is 
associated with the oxygen reduction reaction. Fig. (4b) 
shows the impedance signal evolution at longer exposure 
times, where one additional small loop at high frequencies 

(HF) represents the pore resistance of the corrosion products 
layer. The interface at early exposure time ( 6h) represents 
the mass transfer–active control process influenced by the 
heterogeneous precipitation of the passive layer. The OCP 
magnitudes in Fig (3c) at early exposure corroborates the 
interfacial process transition showed at LF in the Nyquist 
representation. The impedance signature at longer exposure 
time ( 10h) resulted in the appearance of a third loop at HF; 
this latter defined the evolution of the physical characteris-
tics of the porous layer. Devos et al. [25] reported the im-
pedance evolution of gold-chromium coating surface ex-
posed in scaling conditions; the CaCO3 precipitation under 
hydrodynamic controlled conditions lead to the diffusion 
control process, they presented two contributions at the inter-
face at different exposure times, one associated to the porous 
scaling layer and other to the oxygen mass transfer process. 
In this work, two processes (charge and mass transfer) influ-
enced the impedance evolution at the interface driven by the 
oxygen diffusion and its reduction reaction. The third contri-
bution in the impedance signature resulted from the evolu-
tion of the porous layer. 

 

Fig. (3). Open circuit potential monitored at (a) absence of O2 and 

no inhibitor, (b) absence of O2 and inhibitor addition, (c) presence 

of O2 and no inhibitor, (d) presence of O2 and inhibitor addition. 

 Fig. (5a) shows the ESEM surface analysis of the steel 
sample after 40 hours of exposure in aerated solution. The 
formation of high dense corrosion products are mainly 
CaCO3 (calcite) and Fe2O3 and (hematite) as illustrated in the 
XRD analysis in Fig. (5b), however the ESEM shows small-
uncovered sites existed within the porous of the layer repre-
senting sites for potential active sites. 

 Fig. (6) represents the electrical circuit analog describing 
the impedance evolution of the steel-aerated electrolyte at 
longer exposure time ( 10h). The electrical elements repre-
sent the steel-scale solution interface under steady state con-
ditions. The passive elements at HF represent the resistance 
of the pore layer (Rp) and the pseudo-capacitance of the film 
(Qp) formed by the corrosion products; the MF is described 
by the charge transfer resistance (RO2) due to the cathodic 
reaction and the constant phase element associated with the 
double layer capacitance (QD). The Rw and Qw represent the 
elements characterizing the mass transfer of oxygen at LF. 
Marin et al. [26] represented the porous layer surface and the 
pseudo-capacitance with two time constants due to the corro-
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sion products formed at interface electrode-layer in scaling 
solution and mass transfer process in hydrodynamic con-
trolled conditions. Here, an additional process appears at MF 
represented with the semicircle shape and simulated with a 
resistance, RO2 due to the oxygen reduction reaction in paral-
lel with a constant phase element (CPE). The CPE is associ-
ated with the distribution properties of a pseudo-capacitance 
for double layer, QD at MF; the porous capacitance, Qp at 
HF; and Qw as the mass transfer distribution at LF. ZCPE 
follows the general expression (1) [25]: 

ZCPE =
1

Q ( j )n               (1) 

where Q is the pseudo-capacitance, and “n” is a normalized 
constant in the range of 0<n<1. 

 The impedance distribution for the mechanisms de-
scribed at different frequency intervals are simulated with 
constant phase element in the proposed equivalent circuit. 
The logarithm of the imaginary impedance in the absence of 

oxygen was plotted with the logarithm of the high, medium 
and low frequency; the magnitude of the slopes justifies the 
use of the CPE in the equivalent circuit [27]. 

 Table 2 represents the evolution of passive elements 
resulted after fitting the circuit analog proposed in Fig. (6) 
with experimental results for aerated solution with no HPA. 
The passive elements were fitted on a minimization of non-
linear sum-square error; a reasonable fit was established by 
admitting 5% error for each element in the equivalent circuit 
during the simulation/fitting process. The Rp increases with 
time ranging from 111 to 244 Ohm cm

2
. Rp magnitude asso-

ciates the pore resistance of the layer. The magnitude is 
proportional to the surface coverage of the corrosion prod-
ucts at the surface as previously reported [25] for scaling 
solutions. The RO2 magnitude associated with the cathodic 
reaction shows no significant change with time ranging from 
461 to 417 Ohm cm

2
. Diard [28] described the transition 

between active to mass transfer state due to the high-
polarization conditions towards the oxygen reaction in the 

(a) 

 

(b) 

 

Fig. (4). Nyquist diagram of 1018 steel in cooling water system and slow rotation rate in aerated scaling solution: (a) IR correction for 6 

hours of exposure, (b) No IR correction between 10 and 80 hours of exposure. 
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scaling system where the diffusion control is the predomi-
nant process. In this work, the interfacial evolution close to 
open circuit potential maintained the RO2 magnitude with no 
significant changes and the active-mass transfer mix process. 
The Rw magnitude characterizes the mass transfer process 
and the value fluctuates from 30 to 184 Ohm cm

2
. The hy-

drodynamic conditions influence the existence of a mix con-
trol process (active –mass transfer) at the interface. The 
pseudo-capacitance magnitude describing the double layer, 
QD is displayed in Table 2. The QD magnitudes are in the 

order of magnitude characteristic of similar scaling systems 
[25, 26] increasing from 16 to 94 (μF m

-
 s n

-1
), this latter is 

due to the higher conductivity influenced by the CaCO3 
accumulation. The magnitudes for the pseudo-capacitance 
associated with the porous layer, Qp is calculated as 10 (pF 
m

-
 s n

-1
), this latter magnitude is influenced by the porous 

morphology of the precipitated layer (Fe2O3 + CaCO3) and 
close to the magnitude reported for scaling solutions precipi-
tated at gold and chromium coating surface of 180pF [25]. 
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Fig. (5). (a) ESEM analysis at 1000x of the sample after 40 hours of exposition in aerated solution and no inhibitor. (b) XRD analysis of the 

sample after 40 hours of exposure in aerated solution and no inhibitor. 
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Fig. (6) Equivalent circuit for a 1018 carbon steel sample exposed 

to scaling in aerated solution at 30ºC. 

Table 2. Equivalent Circuit Element Fitting Parameters for 

Aerated Solution at 30ºC 

 

t (h) Rp 

(Ohm cm
2
) 

QD 

(μF m
-

 s n
-1

) 

RO2 

(Ohm cm
2
) 

Rw 

(Ohm cm
2
) 

10 111 16 461 184 

20 129 26 406 172 

30 116 32 511 214 

40 126 43 546 236 

50 108 62 371 247 

60 107 66 370 167 

70 150 86 371 81 

80 136 83 408 52 

90 244 94 417 30 

Impedance Evolution of Electrode-Scaling Aerated  

Solution with Inhibitor Addition 

 The evolution of impedance following the addition of the 
HPA shows a loop at HF after 10 hours of exposure as dis-
played in Fig. (7). The HF response is associated with the 
pores of the layer formed at the interface. The addition of the 
HPA after five hours of exposure to aerated solution formed 
and stabilized the OCP magnitudes as displayed in Fig. (3d). 
During early exposure ( 6h), the inhibitor behaves as an 
anodic inhibitor shifting the OCP toward more noble poten-
tials as illustrated in Fig. (3d). After 10 hours of exposure, 
the inhibitor behaves as a mixed inhibitor. It stabilizes the 
corrosion products, which influences the impedance at HF 
due to formation-accumulation of the corrosion products at 
the surface. The 1,2-hydroxyphosphonoacetate group formed 
the phosphorous-based complexes by reacting with the cal-
cium ions, and the iron oxide layer formed initially. The 
second loop at MF is attributed to the charge transfer process 
describing the reduction of oxygen. The LF response repre-
sents mass transfer process of the oxygen. 

 The ESEM surface analysis in Fig. (8a) shows the pres-
ence of corrosion products following HPA addition. Fig. 
(8b) displays the EDS analysis of the sample surface layer 
indicating a mixture of phosphorous, calcium, iron and oxy-
gen products after 90h of exposure. The formation of the 
phosphorous-based layer is attributed to the complexation 
process of the HPA with calcium ions as previously de-
scribed [29]. Hydroxyphosphonoacetate ions sequestrated 
and reduced the effective Ca

2+ 
concentration in the scaling 

solution by forming a complex phosphorous-based product. 
Shan and Jijian [30] reported the mechanism for complexa-
tion of Ca

2+ 
in presence of phosphate compounds due to the 

presence of the P-O bonds. The mechanism includes two 
different paths for the homogeneous reaction: the first path 
assumed that four phosphorous of polyphosphate ion were 
needed to bond one Ca

2+
 in an oxygen-calcium ratio of 4:1. 

In the second path, only one atom of oxygen participated in 
the bonding, which derived a 2:1 oxygen-calcium ratio. A 
similar mechanism, equivalent to the second path is assumed 
in this work. Fig. (9) represents the structural distribution at 
the interface following the inhibitor reaction with the protec-

Fig. (7). Nyquist diagram of 1018 steel in cooling water system and slow rotation rate in presence of inhibitor during 10 to 80 hours of expo-

sure, no IR correction. 
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tive mix layer (Fe2O3 + CaCO3), previously described via 
calcium/hydroxyphosphonoacetic complexation [31]. The 
electrical analog representing this interface is equivalent to 
the previous case represented in Fig. (6). The resistances Rpi, 
RO2i and Rwi represent the resistances of the corrosion prod-
uct layer, charge transfer and oxygen diffusion respectively. 
The constant phase elements Qpi, QDi and Qwi, represent the 
film capacitance, double layer, and mass transfer respec-
tively in the presence of inhibitor. 

 Table 3 displays the evolution of the fitted experimental 
results associated with the interfacial elements (>10h) of the 

steel-scaling solution in presence of HPA. The Rpi (pore 
layer resistance) magnitude increases with time, this latter 
due to the formation and accumulation of the phosphorus 
layer. The charge transfer resistance, RO2i also increases with 
time. The magnitude ranges from 406 to 570 Ohm cm

2
; the 

effect is proportional to the phosphorous-based compounds 
and corrosion products accumulation at the surface. The 
magnitude of the parameter QDi increases with time ranging 
from 0.9 to 7.7 (μF m

-
 s n

-1
). This pseudo-capacitance mag-

nitude for the double layer is same order of magnitude as 
reported by Marin et al. [26]. The magnitude increases with 

(a) (b) 

  

Fig. (8). ESEM and EDS analysis for the sample at 90 hours of immersion in aerated solution: (a) ESEM image at 2500x with addition of 

inhibitor, (b) EDS analysis corresponding to the previous Fig. (8a). 

 

Fig. (9). Sequestration mechanism for the Ca by the addition of HPA in scaling solution at 30
o
C. 

Table 3. Equivalent Circuit Element Fitting Parameters for Aerated Solutions with HPA Addition at 30ºC 

 

t (h) Rpi (Ohm cm
2
) QDi (μF m

-
 s n

-1
) RO2i (Ohm-cm

2
) Qwi (μF m

-
 s n

-1
) Rwi (Ohm cm

2
) 

10 151 0.94 405 88 151 

20 278 2.55 474 15 431 

30 281 1.73 448 25 717 

40 318 3.23 451 52 774 

50 355 5.65 423 25 921 

60 361 5.85 460 12 788 

70 399 6.37 513 50 680 

80 401 7.10 560 32 758 

90 426 7.79 559 44 700 
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time due to the higher conductivity of the phosphorous layer 
following the addition of the HPA. However, QDi is lower in 
magnitude than QD due to denser precipitation of the phos-
phorus-based compounds formed in presence of HPA. 

Impedance Evolution of Electrode in De-Aerated  
Solution 

 The oxygen content influences the dissolution of steel in 
scaling solution due to interfacial mechanisms as previously 
displayed in the OCP measurements. Fig. (10) shows the 
evolution of the impedance distribution in de-aerated solu-
tion after 3 hours. The results display one loop with finite 
amplitude characteristic of the charge transfer process. Fig. 
(3a) corroborates the feasibility of different corrosion prod-
ucts formation at the surface when de-aerated conditions are 
presented. We are assuming the formation of Fe(OH)2 and a 
mixture of Fe2O3+Fe3O4 due to de-aerated, pH and OCP 
conditions. The Fe3O4 formation mechanism has been de-
scribed earlier by a two-step reaction for de-aerated solutions 
and oxidation of iron [24, 32] while the Fe2O3 has been de-
scribed elsewhere [33]. The first step reaction in the forma-
tion of Fe3O4 includes the Fe(OH)2 as the product and the 
second step produces the magnetite by assuming the Schik-
kor reaction [33, 34] at the interface of the steel-electrolyte 
solutions. Conversely, we assumed the cathodic reaction in 
de-aerated solutions to be the water reduction. 

 The formation of corrosion product layer includes mainly 
the magnetite (Fe3O4) precipitation with a mixture of Fe2O3 

and CaCO3. The oxides mixture progressively forms a po-
rous layer resulting in higher surface coverage area with 
time. The equivalent circuit associated with this process is 
represented in Fig. (11). The passive elements include the 
charge transfer resistance, RH2O representing the water reduc-

tion reaction in parallel with a pseudo-capacitance, whilst 
Qno as the double layer. The magnitude represented by RH2O 
increased continuously with time from 17283 Ohm cm

2
 to 

41787 Ohm cm
2
 as represented in Table 4. This continuous 

evolution in RH2O is attributed to the formation of corrosion 
product layer (mainly Fe3O4) blocking the active sites avail-
able for the water reduction reaction. Schmuki et al. [35] 
found that the iron in borate solution at pH of 8.4 formed a 
stable Fe3O4 layer with no evidence of chemical dissolution 
in which the iron oxides (Fe3O4+ Fe2O3) react in solid state 

reaction instead, possibly to form Fe(OH)2. Devos et al. [25] 
could measure and correlate the impedance magnitudes with 
the coverage surface by using surface techniques for differ-
ent coverage quantitative magnitudes. They determined that 
the charge transfer resistance of the cathodic reaction was 
proportional to the cover factor influenced by the scaling 
solution. In this case, the mixture of iron oxides influenced 
the RH2O magnitude with time; the sites for reduction reac-
tion were inversely proportional to the corrosion products 
distribution at the surface. The Qno magnitudes are character-
istic of a double layer, as represented in Table 4 ranging 
from 17 to 35 μF m

-
 s n

-1
. This increment is attributed to the 

conductivity magnitude of the passive layer formed mainly 
by the Fe3O4 (0.2 ohm

-1
 cm

-1
) [36] within the mixture of iron 

oxide. The n magnitude increases with time closer to the 
unit, this is due to the formation of a denser non-conductive 
layer compose of iron oxides. 

Impedance Evolution of Electrode in de-Aerated Solution 
with Inhibitor Addition 

 Fig. (12) represents the impedance evolution of carbon 
steel in de-areated scaling solution in presence of HPA at 
longer times (  2 hours of exposure). The Nyquist plot shows  
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Fig. (10). Nyquist diagram for 1018 steel exposed in cooling water system and slow rotation rate in de-aerated scaling solution at 30
o
C. 
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Fig. (11). Equivalent circuit passive element magnitudes for steel-

scaling de-aerated solution in absence of inhibitor at 30 ºC. 

Table 4. Equivalent Circuit Passive Element Magnitudes for 

Steel- Scaling De-Aerated Solution in Absence of In-

hibitor at 30ºC 

 

t (h) Qno (μF m
-

 s n
-1

) nO2 RH2O (Ohm cm
2
) 

10 17 0.79 17283 

20 21 0.83 19019 

30 24 0.84 25719 

40 27 0.84 25291 

50 31 0.85 32757 

60 31 0.85 36458 

70 32 0.85 37422 

80 34 0.85 39494 

90 35 0.85 41787 

 

one capacitive loop where the magnitude of the diameter 
increases with time following the addition of HPA. The 
magnitude of the diameter is associated with the charge 
transfer reaction RH2Oi, this latter due to the water reduction 
reaction. The equivalent circuit describing this system is 
similar to de-aerated solution, where the electrical resistance, 
RH2Oi and constant phase element, Qnoi, are in parallel. The 
increment in RH2Oi magnitude is attributed to the distribution 
and physical characteristics of corrosion products (mainly 
Fe3O4) that are precipitated at the surface following the com-
plexation reaction. Sahoo et al. [37] reported the high-
density packing of the phosphonates with the Fe3O4 nanopar-
ticles that influenced the porous density and complexation of 
the Fe3O4 layer. Moreover, Yee et al. [38] have observed 
phosphonate surface interactions with Fe

3+
 in functionalized 

Fe2O3 particles. The phosphorous-based compounds precipi-
tated and covered the metallic surface continuously with the 
mixture of iron oxides. The surface image in Fig. (13a) 
shows the plate shape of the phosphorus-based compounds 
and the EDS in Fig. (13b) confirms the phosphorous content. 
The morphology of the plates blocked available spaces for 
the water reduction reaction at the interface. Therefore, the 

cathodic reaction becomes less predominant with time due to 
the denser layer precipitated in the active surface. The 
equivalent circuit analog used for this system is same as in 
Fig. (11), but in this system RH2Oi element associates the 
charge transfer reaction in parallel with a pseudo-capacitance 
Qnoi that characterized the double layer following the inhibi-
tor addition. The de-aerated conditions influenced the forma-
tion of hydroxyphosphonate-based compounds from the 
precipitation of iron ions in such a way that two different 
bonding schemes between iron species from Fe3O4 with the 
hydroxyphosphonoacetate ion can exist. Grosseau et al. [39] 
have determined that Fe 

2+
 and Fe 

3+
 iron cations at low to 

moderate temperatures have influenced the formation of iron 
phosphate and they concluded that different forms of iron 
ions are able to react and form phosphorous-based com-
pounds. In this case, the laminate geometry resulting from 
the reaction between the HPA with the iron oxides and cal-
cium ions is distributed at the surface as displayed in Fig. 
(13a). 
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Fig. (12). Nyquist diagram for 1018 steel exposed in cooling water 

system and slow rotation rate in de-aerated scaling solution at 30
o
C 

in presence of HPA. 

 Table 5 shows the evolution of Qnoi magnitudes ranging 
from 65 to 286 (μF m

-
 s n

-1
) while the charge transfer resis-

tance RH2Oi increases from 1688 Ohm cm
2
 to 2328 Ohm cm

2
. 

The formation of the mixed corrosion products influence the 
magnitude “n” close to the unit, due to the formation of 
denser corrosion products. The iron oxide contributes to the 
laminate geometry and distribution of the precipitation of the 
phosphorous-based compounds. The distribution of the lay-
ers leaves un-coverage area for electrode-electrolyte interac-
tion. The increment in the Qnoi magnitude associates the 
corrosion products mixture layer due to the conductive char-
acteristics of the phosphorous-based compound with the 
magnetite (Fe3O4). The RH2Oi magnitude for de-aerated solu-
tion is one order of magnitude lower than the RO2i magnitude 
for aerated electrolyte. This latter is attributed to the distribu-
tion of the corrosion products mixture precipitated at the  
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Fe O2 3Fe O3 4 +

steel



148    The Open Corrosion Journal, 2009, Volume 2 Castaneda et al. 

interface. De-aerated electrolytes included iron oxide as 
magnetite (Fe3O4) while aerated solution included higher 
amount of Fe2O3 and no presence of magnetite. 

Table 5. Equivalent Circuit Passive Element Magnitudes for 

Steel-Scaling De-Aerated Solution in Presence of 

HPA at 30ºC 

 

t (h) Qnoi (μF m
-

 s n
-1

) noi RH2Oi (Ohm cm
2
) 

10 65 0.86 1688 

20 90 0.87 1832 

30 148 0.90 2021 

40 164 0.90 2090 

50 211 0.91 2094 

60 249 0.92 2047 

70 239 0.93 2295 

80 286 0.90 2395 

90 286 0.90 2328 

 

 The influence of the variables added to the electrolyte 
resulted in different effectiveness of the inhibition-
dissolution process. The impedance signature could reflect 
the differences according to the interfacial processes, such as 
the evolution of charge transfer magnitude Rct (RO2, RO2i, 

RH2O, RH2Oi) in different scaling solutions. Wang et al. [40] 
calculated the inhibition effectiveness by expression (2): 

%Eff =
Rct,i Rct,0

Rct,i
                  (2) 

where, Rct,i is the charge transfer resistance with inhibitor 
environment (RO2i, RH2O, RH2Oi), and Rct,0 is the charge 
transfer in the control conditions (RO2). Fig. (14) displays the 
effectiveness of inhibition process by assuming the charge 
transfer as the parameter comparable to the different condi-
tions. The effectiveness of the inhibition process in de-
aerated conditions is higher than HPA addition conditions, 

the corrosion product formation (iron oxide layer) and the 
interfacial evolution described earlier contribute to the high-
est magnitude. 
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Fig. (14). Effectiveness of the inhibition mechanism at different 

exposure time. 

CONCLUSIONS 

 The evolution of impedance characterized qualitatively 
(1) the oxygen content effect at the steel- electrolyte inter-
face and (2) the influence in the inhibition dissolution 
mechanisms in the presence of HPA. 

 The impedance distribution in aerated scaling solutions 
and surface analysis corroborates the formation of a mixture 
of corrosion products (hematite and calcite) at the interface, 
and the influence of the active-mass transfer process. The 
sequestration of Ca ions by HPA and the precipitation of 
phosphorous-based compounds resulted in higher charge 
transfer magnitudes, therefore more stable and protective 
layer for inhibition effectiveness. 

 The formation of iron oxide mixture at lower oxygen 
content (de-aerated conditions) inhibits the dissolution proc-
ess more efficiently than HPA addition for aerated solutions. 

(a) (b) 

  

 

   

 

Fig. (13). ESEM and EDS analysis of the sample for 90 hours of immersion in de-aerated solution with addition of inhibitor. (a) ESEM 

image at 1000x, (b) EDS analysis corresponding to the point 1 showed in Fig. (13a). 
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Therefore, the lower oxygen content in solution suggests an 
alternative solution for corrosion control in scaling solutions. 
The addition of the HPA to de-aerated solution does not 
favor the stability of the phosphorous-based compounds due 
to the mechanisms existed at the interface and the morphol-
ogy of the corrosion products. 
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