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Abstract 
pH variations in the near-field of steel electrodes buried in water saturated sandy soil were investigated during 

impressed current cathodic protection (CP). The aim of the experimental study was to investigate the spatial 

pH distribution as well as the temporal variations under different cathodic protection current densities and 

different soil porosities. 

Carbon steel specimens were placed in quartz sand that was saturated with an electrolyte representative for 

practical conditions. The pH in the soil was monitored by means of iridium oxide (IrOx) sensors embedded in 

the sand. To obtain different soil porosities, quartz sand of different granulometry was used and blended in 

varying proportions. 

It was found that the pH at the sample surface increased within the first 10 hours upon application of CP, and 

that the soil porosity had a marginal influence on this behavior at the metal surface. The alkalinity achieved at 

the metal surface as a result of CP is governed by the cathodic current density. However, the pH in the near-

field, namely the distribution as a function of the distance from the steel surface is also affected by the soil 

porosity. 
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1 INTRODUCTION 
Cathodic protection (CP) is an effective electrochemical technique to mitigate the corrosion of metals. CP is 

widely used to protect soil-buried structures, reinforced concrete structures such as bridges and parking 

garages, marine structures, ship hulls, and heat exchangers [1]–[4].  

The first scientific reports on CP applied to soil buried iron were delivered in the beginning of the 20th century 

by Bauer and Vogel [5]. In this early laboratory study, the current density needed to prevent the steel from 

corroding was reported to be in the order of 0.1 A m-2 [5]. Another early study of CP for steel in soil is the 

extensive report on field tests published by Kuhn in the 1920s [6]. A famous result of this study was the 

suggested criterion for the potential needed to ensure corrosion protection (-0.85 VCSE), which has been 

controversially debated until today [7]–[17]. 

The working principle of CP is based on the application of an electrical current, which polarises the steel in 

cathodic direction. The polarisation can be achieved by creating a galvanic element, coupling a less noble 

metal to the structure that has to be protected; or by using a DC power source to impress a current to the steel 

[1]–[4]. In the case of a buried pipeline, the porous medium surrounding the protected structure plays a 

significant role in affecting the transport processes of the ions (convection, diffusion, and migration) in the 

electrolyte. Indeed, the effectiveness of the CP system can benefit from the presence of this medium. The 

alkalinisation of the electrolyte surrounding the steel surface can be achieved thanks to the limited transport of 

hydroxyl ions that are produced during the cathodic reactions, namely oxygen reduction reaction (Equation 1) 

and hydrogen evolution reaction (Equation 2) [8], [9], [14]. 

𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻− Equation 1  

2𝐻2𝑂 +  2𝑒− →  𝐻2 + 2𝑂𝐻− Equation 2 

In the last 4 decades, various researchers concluded that the application of a protection current promotes the 

generation of OH-, raising locally the pH of the media surrounding the steel surface. In soil, this increase in 

pH is fundamental for achieving the steel corrosion protection by passivation [7]–[9], [13], [14], [16]–[38]. 

While the CP is applied, the electrolyte in proximity of the steel surface can be altered. One of these 

modifications implies the consumption of oxygen induced by the cathodic reaction (Equation 1). Furthermore, 

as a consequence of Equation 1 and Equation 2 hydroxyl ions are generated and accumulated at the steel 

surface. And lastly, as a consequence of the electric field generated by the CP system, the migration of the ions 

(i.e. chlorides, carbonates, etc.) can induce local changes in the electrolyte chemical composition.  

However, the environmental conditions have a major impact on the increase in pH at the steel surface in soil 

as a consequence of the application of a protection current. The soil microstructure, composition and bedding 

conditions, the water movement (stagnant or streaming), and the possible presence of microorganisms are 

some of the main parameters affecting the increase in pH. In the last 40 years, in many studies it has been tried 

to find an empirical relationship between protection current density and the resulting pH at the steel surface 

[18], [22], [24]–[26], [30], [32], [36], [39]. Figure 1 shows the measured pH as a function of the protection 

current density for various experimental studies from literature and from our studies. 



 

Figure 1: Relationship between the applied protection current density and the resulting pH (from literature and our studies). 

All studies agree that a higher protection current density leads to a higher pH. This empirical finding is also in 

agreement with theory [9]. However, the quantitative relationship between applied protection current density 

and achieved pH varies between the different studies as is apparent from the compiled literature data shown in 

Figure 1. This difference can be explained by to the different materials and experimental setups used in the 

literature studies. 

The relationship between achieved pH and applied protection current is expected to depend on many factors, 

including soil properties such as porosity and microstructure or chemical composition, water movement, 

experimental time, pH measurement technique and the location of the pH measurement, and the effect of 

microorganisms. Thus, attempts to relate the surface pH achieved during CP as a function of only one 

parameter such as the protection current density (Figure 1) are expected to be prone to strong variability. 

The aim of this experimental study is to provide data on the spatial distribution of the pH as well as the temporal 

variations under different cathodic protection current densities and different soil porosities. Part of the results 

shown in this work have been presented already in [40]. 

2 MATERIALS AND METHODS 
2.1 Experimental Setup 
We used a three-electrode setup as shown in Figure 2. The working electrode (WE) consisted of carbon steel 

(type DIN 1623) that was embedded in bi-component acrylic resin to shield the edges and back surface. The 

front surface exposed to the environment had an area of 3.61 cm2. 

The soils used in the different experimental series were made from quartz sand with different granulometry 

(see section 2.3 for a detailed description). The chemical composition of the electrolyte used to saturate the 

sandy soil was 2.5 mmol/L NaHCO3 and 5 mmol/L Na2SO4 with addition of 5 ml per 5 l of solution of 37% 

HCl to adjust the initial pH of the electrolyte to 7. For each test, 60 ml of this electrolyte was added to the dry 

sand to ensure soil saturation. 

Three different levels of CP were studied as described in more detail in section 2.2. In total, six experimental 

conditions were studied, where each CP protection level was applied to the WE in the different soils.  



The counter electrode (CE) consisted of Titanium Mixed Metal Oxide (TiMMO). The CE was located at a 

distance of approx. 200 mm from the WE. An Ag/AgCl/sat. KCl (SSE) reference electrode (RE) was positioned 

at a distance of 6 mm from the WE. All potentials are in this work converted to the scale of the saturated copper 

sulfate reference electrode (CSE). 

To measure the pH, four couples of thermally oxidized iridium (IrOx) sensors and reference electrodes (SSE) 

were placed in the sand as shown in Figure 2 [41]. These four pH sensors were located at distances of 6, 12, 

18 and 24 mm from the WE surface. 

 

 

(a) (b) 

Figure 2: Schematic illustration of the experimental setup. The blue cylinder represents the reference electrode used to measure the 

potential of the WE during CP. To monitor the pH as a function of distance and over time, 4 IrOx sensors (black) coupled with 

corresponding reference electrodes (green) were embedded in the soil. 

2.2 Cathodic Protection (CP) 
The CP was applied in potentiostatic mode with the help of a Solartron 1286 electrochemical instrument. Three 

different CP levels were studied. The ON-potentials (EON), measured vs. the RE placed in the soil (blue in 

Figure 2), were set to -0.85 VCSE, -1.03 VCSE, and -1.22 VCSE. In each case, the CP was applied for a duration 

of 20 hours.  

2.3 Soil Composition 
Two different blends of quartz sand granulometries were used to generate two distinct soil porosities. One mix 

consisted of sand with granulometry between 0.3 and 0.9 mm, which led to a soil porosity of 40%. For the 

second blend, quartz sand finer than 0.3 mm was used, which led to a soil porosity of 25%. The soil porosity 

was determined experimentally and with Equation 3: 

𝑆𝑜𝑖𝑙 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 (∅)[%] = (1 −
𝑉𝑡𝑜𝑡 − 𝑉𝑤𝑎𝑡𝑒𝑟

𝑉𝑤𝑒𝑡 𝑠𝑎𝑛𝑑
) Equation 3 

Here, 𝑉𝑤𝑎𝑡𝑒𝑟 represents the volume occupied by the water,  𝑉𝑤𝑒𝑡 𝑠𝑎𝑛𝑑 represents the volume of the quartz sand 

in the water, and 𝑉𝑡𝑜𝑡 represents the sum of  𝑉𝑤𝑎𝑡𝑒𝑟 and 𝑉𝑤𝑒𝑡 𝑠𝑎𝑛𝑑.  

2.4 pH measurement 
To monitor the pH, thermally oxidized iridium (IrOx) sensors were used. The underlying principle is that the 

potential of these IrOx electrodes depends on the pH of the solution (at a given temperature) [41]. 

The pH electrodes were subjected to a 5 points calibration in buffer solutions spanning a pH range from 7 to 

13. This calibration was done immediately before and after each experiment. All these potential measurements 

were done with a Keithley 2701 multimeter. 



3 RESULTS 
3.1 Protection current density 
Figure 3 shows the current density recorded over the experimental time for the three potentiostatic conditions 

of CP (EON) and the two soil porosities. 

 
 (a) 

 
(b) 

Figure 3:Protection current density (iprot) over the experimental time for soil porosities 40% (a) and 25% (b). The different lines 

correspond to the three potentiostatic conditions considered in this study, as reported in the legend. 

For all the studied conditions, the protection current density showed a decrease over the experimental time. 

For both soil porosities, the lower the applied EON (or the higher CP level), the higher was the protection current 

density. Comparing the protection current densities recorded for the same EON applied but for different soil 

porosity, the protection current densities recorded remained in the same order of magnitude. For EON equal to 

-1.22 VCSE the protection current densities decreased from values around 5 A/m2 to values in the order of 0.3 

A/m2 over a period of 20 hours. For EON equal to -1.04 VCSE the protection current densities decreased form 

values about 1 A/m2 to values in the order of 0.01 A/m2. For EON equal to -0.85 VCSE the protection current 

densities decreased form values about 0.2 A/m2 to values in the order of 0.001 A/m2. 

3.2 pH variation in CP 
Figure 4 shows the pH variation during CP at 6 mm, 12 mm, 18 mm and 24 mm from the WE surface for both 

40% and 25% soil porosity and the different EON considered in this study. 

 
(a) 
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Figure 4: pH recorded by means of IrOx sensors during CP application at 6 mm (a), 12 mm (b), 18 mm (c), and 24 mm (d) for soil 

porosity (ϕ) of 25% and 40%, and for EON= -0.85 VCSE, EON= -1.04 VCSE, and EON= -1.22 VCSE. 

At 6 mm from the WE surface (Figure 4a), the pH showed a noticeable increase in the considered experimental 

time and for EON= -1.04 VCSE and EON= -1.22 VCSE. For the latter two potentiostatic conditions, the pH recorded 

in soil porosity of 40% showed higher values compared to values recorded for soil porosity of 25%. The pH 

for soil porosity of 40% and EON= -1.22 VCSE showed an increase from 7 to 11 in the first hour from the 

application of CP and continuously increasing over the remaining experimental time to reach values around 

12 at 20 hours. For soil porosity of 25% and EON= -1.22 VCSE, the pH showed a steep increase in the first hour 

from the CP application going from 7 to value around 10. After this increase the pH was maintained constant 

over the remaining experimental time. An increase of pH is recorded also in condition of EON= -1.04 VCSE in 

both the soil porosities. The increase resulted less steep than the values recoded at EON= -1.22 VCSE, with pH 

that reached values in the order of 8.5 over 20 hours of CP. Whereas, for EON= -0.85 VCSE the pH recorded at 

6 mm did not show a significant variation over 20 hours in both the soil porosities considered in this study. 

The highest values of pH at 12 mm from the WE surface (Figure 4b) were recorded for EON= -1.22 VCSE for 

both soil porosities. For soil porosity of 40% and EON= -1.22 VCSE the increase occurred at time around 9 hours, 

reaching values of pH around 10.5 at the end of the experiment. For soil porosity of 25% and EON= -1.22 VCSE, 

the pH increased in the first hours to a value in the order of pH 9. An increase in pH to around 8 over 20 hours 

was recoded for the condition of EON= -1.04 VCSE for both soil porosities and for EON= -0.85 VCSE with soil 

porosity of 25%. No significant pH changes were recorded for the condition at EON= -0.85 VCSE and soil 

porosity of 40%.  

At 18 mm from the WE surface (Figure 4c), the results for EON= -1.22 VCSE showed similar behaviour of the 

data presented in Figure 4b, but slightly delayed in time. For soil porosity of 40% and EON= -1.22 VCSE the 

increase occurred at time around 10 hours, reaching values of pH around 10.5 at 20 hours. For soil porosity of 

25% and EON= -1.22 VCSE, the pH slightly increased to a value in the order of pH 8.5. For EON= -1.04 VCSE and 

soil porosity equal to 40% an increase in pH was recoded toward the end of the experiment, with an increase 

from pH 7 to values around pH 8. For EON= -1.04 VCSE and soil porosity equal to 25%, and for EON= -0.85 

VCSE in both soil porosities no significant changes in pH were recorded in the experimental time considered.  

At 24 mm from the WE surface (Figure 4d), the pH recorded for EON= -1.22 VCSE and soil porosity equal to 

40% showed an increase in pH from values of around 7 to values around 10 occurring at approx. 12-20 hours 

from the CP application. For EON= -1.22 VCSE and soil porosity equal to 25% the pH remained constant with 

values in the order of 8 during the entire experimental time. For the EON= -1.04 VCSE and EON= -0.85 VCSE in 

both soil porosities the pH recoded in the experiments did not show significant variations during the entire 

experimental time. 



4 DISCUSSION 
4.1 Measured pH 
From the results shown in Figure 4, it appears evident that the application of the protection current density  

generates a local alkalinization of the environment surrounding the WE surface. This experimental results 

strengthens the established view of corrosion protection achieved by steel passivation in CP conditions, due to 

the generation of an alkaline environment in which steel passivity is thermodynamically possible [9]. 

Considering the cases of EON = -1.22 VCSE, the increase in pH was recorded up to a few centimetres from the 

WE surface within only 20 hours from the cathodic protection application. Considering the same soil porosity, 

the different results in pH variation depending on the EON applied might be related to the difference in the 

protection current density necessary to maintain the steel surface at the desired potential level. Indeed, as 

shown in Figure 4a, the significant increase in pH at 6 mm from the WE surface within the first hours of the 

CP application for EON= -1.22 VCSE corresponds to an elevated protection current density that was applied to 

the steel (Figure 3).  

As a consequence of the applied protection current density, the cathodic reactions (Equation 1 and Equation 

2) generated a front of hydroxides ions which migrate and diffuse perpendicularly to the steel surface toward 

the CE. This can be seen in Figure 4, considering the curve representing the pH generated for EON = -1.22 VCSE 

and soil porosity of 40%. The pH measured for this condition at 6 mm from the WE surface (Figure 4a) showed 

an increase within the first hour from the CP application. The increase in pH has been measured also at location 

12 mm, 18 mm and 24 mm from the WE surface delayed in time. This means that the OH- generated at the 

steel surface needed one hour to increase significantly their concentration at 6 mm from the WE surface, but 

the transport of these ions (in a significant amount, considering that pH is calculated in logarithmic scale) to 

reach distances of 12 mm, 18 mm and 24 mm from the WE surface needed 9 hours, 10 hours and 12 hours, 

respectively. Note that the setup used in this study is practically 1D, leading to uniform ion transport in the 

soil. 

The protection current densities applied to maintain the steel potentials at EON = -0.85 VCSE were not sufficient 

to generate a significant amount of OH- in order to record an increase in pH at none of the measurement 

locations involved in this study. The difference in soil porosity did not show a significant difference for the 

pH measured at EON = -0.85 VCSE. However, this is not the case for EON = -1.22 VCSE and EON = -1.04 VCSE. As 

shown in Figure 4a, the measured pH (at distance of 6 mm from the WE) in soil porosity of 40% showed 

generally higher pH values than the pH measured in the same location in soil porosity of 25%. Despite the 

similar range in the protection current densities applied between the same potentiostatic conditions, the 

difference in recorded pH can be associated to the fact that soil porosity of 40% may favour a less hindered 

transport of ions compared to the soil porosity of 25%, which leads to more appreciable pH increases at 6 mm 

distance in the more porous soil. 

With the present experimental conditions and the used sensors, it may also be noticed that to increase the pH 

values at the WE surface above 9, the average current density required needs to be higher than  

the ones applied for maintaining the steel potential at EON = -0.85 VCSE, namely in the order of 0.001 A/m2. 

This agrees with experimental data and findings reported elsewhere [9]. However, due to the limited spatial 

resolution in the measurements presented in this study, data resolving the conditions at the very metal surface, 

i.e. within the interfacial zone, are not documented. However, it is likely that the local alkalinization of the 

environment in close proximity to the WE surface is even more pronounced that what was measured at 6 mm 

distance (as showed in the study of Auinger et al. [42]). 

4.2 Protection current density-pH relationship 
In Figure 1, data collected from literature and data recorded in our study concerning the developed pH as a 

consequence of the application of a protection current density are shown. The data representing our study in 

Figure 1 were collected at 6 mm, 12 mm, 18 mm, and 24 mm, from the WE surface at 20 hours from the CP 

application. Despite the difference between our studies and the literature in the method used to record the pH, 

the distance from the WE, and the CP application time, the results are in qualitative agreement with the data 

presented in literature. However, as already mentioned above, the dispersity of the evaluated pH with respect 



to the applied current density in the literature may be related to the difference in the conditions in which the 

experiments were performed. Büchler [43] in 2016 and Junker [37] in 2018 tried to correlate the pH generated 

at the WE surface with the applied protection current density with Equation 4. 

𝑝𝐻 =  𝑎 ⋅ log|𝑖𝑝𝑟𝑜𝑡| + 𝑝𝐻0 Equation 4 

Büchler suggested values of 0.5 and 12.4 for 𝑎 and 𝑝𝐻0, respectively. Whereas, Junker, by fitting the literature 

data and the data obtained in his study with Equation 4, modified the parameters 𝑎 and 𝑝𝐻0, with values 0.714 

and 12.318 respectively. However, both Büchler and Junker considered in their fitting all the data available in 

literature without considering the different experimental conditions of the various studies. Figure 5 shows the 

data from literature [24], [25], [36], [44] and from our study which include the measured pH in close proximity 

of the WE surface as a function of the protection current density, and the fit of the data with Equation 4. 

 

Figure 5: Relationship between pH generated within 1 cm from the WE surface and the applied protection current density. The grey 

line correspond to the fit of the selected data with Equation 4. 

The values obtained by fitting the selected data with Equation 4 are in agreement with the findings of Büchler 

and Junker. However, the slightly higher value for the parameter 𝑎, compared to the previous studies (0.75 in 

this study, and 0.5, and 0.714 for Büchler and Junker, respectively), suggested a stronger dependence of the 

pH generated at the WE surface on the applied current density. By using Equation 4 and the fitting parameters 

obtained in this study, it is possible to have a rough estimation of the pH generated at the WE surface as a 

consequence of the application of the measurable cathodic protection current density. 

It has to be mentioned that the pH generated at the WE surface depends also on the transport of the ions 

(migration, diffusion and convection) in the considered media (soil, seawater, concrete, etc.). By using 

Equation 4, the pH calculated would also reflect an approximated value which does not consider the real 

environmental conditions around the WE. For a more correct interpretation of the pH generated, also 

parameters such as time, and physical and chemical properties of the media must be considered. An example 

on how the experimental time and soil porosity can affect the relationship between pH and protection current 

density is shown in Figure 6. Here, the data recorded in this study at 6 mm from the WE surface as a function 

of the CP application times and soil porosity are plotted against the protection current densities applied in the 

relative environment and time. 

 



 

Figure 6: pH-protection current density relationship as a function of the CP application time and soil porosities for the data of pH 

measured at 6 mm from the WE surface in this study. 

Figure 6 is a representation of the complex relationship between pH and protection current density already 

shown in Figure 1. Despite the same measurement locations and technique, the data collected at different CP 

application times and in different soil physical parameters, i.e. porosity, showed a wide range of pH values 

measured for the same protection current density applied. Depending on the measurement time and the soil 

porosity the pH evaluated can vary by more than 2 pH units (i.e. iprot = 3·10-1 A/m2
 corresponds to pH between 

10 and 12.2). The data in Figure 6 solidify the hypothesis that correlation between pH and protection current 

density reported in Equation 4, should be modified including other dependencies, such as soil properties and 

measuring time. Further investigations and well-documented experimental conditions can be fundamental for 

a better refinement of this complex pH-protection current density relationship. 

5 CONCLUSIONS 
From studying the temporospatial variation of pH in the soil near-field of a WE during CP, the following main 

conclusions can be drawn: 

 CP can significantly increase the pH at the working electrode surface and in the soil surrounding it. This 

observation strengthens the established view of the working principle of CP, namely that the alkalization, 

through favoring thermodynamic stability of a passive layer, plays a major role in achieving corrosion 

protection. 

 

 The main influencing factor governing the achieved surface pH is the applied protection current density, 

but also other factors such as soil porosity can play a role. For the studied experimental conditions, the 

protection current densities applied for maintaining the steel potentials at EON=-0.85 VCSE were extremely 

low (in the order of 0.001 A/m2) and thus here had a minor effect on the pH at the locations of the 

measurements (>6 mm from the WE). However, the current densities applied for maintaining the steel 

potentials at EON=-1.04 VCSE and EON=-1.22 VCSE (in the order of 0.01 A/m2 and 0.3 A/m2, respectively) 

led to significant pH increases in the sand even up to few centimeters away from the WE surface during 

20 hours of CP.  

 

 For the studied conditions, the pH recorded at distances >6 mm from the WE was generally higher in soil 

porosity of 40% compared to porosity of 25%, when applying a protection current density in the same 

order of magnitude. 

 

 New parameters for Equation 4 were suggested to calculate an approximated value of pH at the steel 

surface (or in the near-field) as a function of the applied protection current density. However, a 

reinterpretation of the relationship between pH and protection current density should be considered 



including parameters such as cathodic protection application time and physical parameters of the soil (i.e. 

porosity). 
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