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Abstract: Impressed current cathodic protection (ICCP) was widely applied for the corrosion control 

of reinforced concrete. During the ICCP treatment, the anodic reactions happened on the primary 

anode surface may induce acidification and subsequently pH drop in the vicinity of the anode, 

leading to damage of the external anode mortar. In this study, the relationship between the applied 

current (simulating ICCP treatment) on the Ti mesh anode and pH alterations in simulated concrete 

pore (SCP) solution (with/without chlorides) was investigated. It was found that the applied current 

slightly reduced the corrosion resistance of Ti mesh; this negative effect was more pronounced in the 

presence of chlorides. The pH value of SCP solution near Ti mesh anode decreased when the external 

current was applied. The consumption rate of OH
–
 ion was higher in the chloride-containing SCP 

solution. A mathematical model was proposed between the electric charge quantity (Q) and OH
–
 

concentration (cOH
–
) in SCP solution near Ti mesh anode. This model is a useful tool to 

quantitatively identify the acidification damage induced by impressed current from the perspective of 

pH alternation near Ti mesh anode. 

Keywords: impressed current cathodic protection; acidification damage; pH alteration; mathematical 
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1. Introduction  

In recent years, due to the rapid development of coastal economy and increased exploitation of 

marine resources, reinforced concrete structures are increasingly used in severe marine environment 

all over the world. The chloride penetration in marine environment results in severe corrosion 

damage of the reinforcement, which significantly influences the durability and service life of 

construction structures [1]. It is well known that corrosion damage (especially pitting corrosion) 

influences the mechanical properties of the reinforcement [2]. Further, the accumulation of corrosion 

products (with a volume several times larger than that of the original reinforcement [3,4]) leads to 

strain on the concrete in the vicinity of the reinforcement and subsequently cracking and spalling of 

the concrete cover, thus reducing the bonding strength between the reinforcement/concrete interface 

and bearing capacity of the reinforced concrete (due to the reduced cross-sectional area of the 

reinforcement) [1,5,6]. Therefore, the application of efficient techniques to prevent and repair 

corrosion damage of reinforced concrete structures in marine environment is of great importance. 

So far, various techniques were proposed and applied for the corrosion control of reinforced 

concrete, including coatings, corrosion inhibitors and electrochemical protection techniques [7–9]. 

Among them, impressed current cathodic protection (ICCP) was widely investigated and applied [10], 

because it can directly halt the electrochemical corrosion reaction of the steel reinforcement. When 

ICCP is applied for reinforced concrete structures, the steel reinforcement is cathodically polarized 

(with an instant off potential in the range from –720 mV to –1100 mV vs. Ag/AgCl/0.5 M KCl 

reference electrode [11]). Under this condition, the dissolution of the steel reinforcement is inhibited, 

and the corrosion reaction is thermodynamically halted [12]. Besides the cathodic polarization of the 

reinforcement, ICCP technique also provides several other benefits [13,14]: it results in an increased 

alkalinity and reduced chloride concentration at the steel/concrete interface, leading to a positive 

shift of pitting potential and enlarged passivation potential range for the reinforcement; in addition, 

ICCP treatment maintains the high alkaline environment at the steel/concrete interface, resulting in a 

more stable passive layer on the steel surface. Therefore, when enough cathodic protection current is 

applied, ICCP can provide a long-term corrosion protection for reinforced concrete structures [15]). 

In order to guarantee the uniform distribution of the protective current, external anode system is 

applied on concrete surface for ICCP treatment. The external anode system is normally consisted of 

activated Ti mesh as the primary external anode and conductive mortar as the secondary anode [13]. 

When ICCP is applied for reinforced concrete, the following anodic reactions will occur at the 

vicinity of the external Ti mesh anode [16]: 

4OH
–
→O2+2H2O+4e

–        
(1) 

2H2O→O2+4H
+
+4e

–         
(2) 

In marine environment, when chlorides penetrate into the mortar and reach Ti mesh surface, the 

following anodic reactions will also occur [16]: 

2Cl
–
→ Cl2 + 2e

–          
(3) 

Cl2 +2OH
–
→Cl

–
+ ClO

–
+H2O        (4)

 

The above anodic reactions continuously consume OH
-
 in mortar pore solution near Ti mesh 

anode, leading to subsequently dissolution of hydration products and more porous microstructure of 
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cement matrix at Ti mesh/mortar interface (known as acidification process), which reduces the 

durability of the external anode system. In addition, during the acidification process, the alteration of 

mineral composition and microstructure of the mortar also negatively influences the conductivity of 

external anode mortar and uniform distribution of the protective current [17], and thus the stable 

operation of ICCP treatment. Therefore, it is very important to investigate and evaluate the process of 

acidification damage in the external anode mortar. 

At present, the investigation on the acidification damage of the external anode system under the 

applied external current was mainly conducted with a high current density (about 1 A/m
2
), namely 

electrochemical chloride extraction (ECE). Carmona et al. [10] found that pH value of the electrolyte 

near the anode decreased from 7 to 5.5 after ECE, and the possible reason may be related to the 

oxidation of OH
–
 or decomposition of water and carbonization. Bertolini et al. [18] found that cement 

matrix was destroyed in the vicinity of the primary anode due to the acidity generated by the anodic 

reactions after only 1–2 months ECE treatment. 

Due to the low current density (5–20 mA/m
2 
[11,19]), the acidification damage caused by ICCP 

treatment was seldom reported. McArthur [20] simulated the pH alteration and diffusion trend 

towards cathode in simulated pore solution with a current density of 20 mA/m
2
. The results indicated 

that after 1050 h, the acidification area reached 260 mm in a glass tube with a cross section area of 

4.9 mm
2
. By using numerical simulation, Peelen et al. [21] found that with a current density of     

1 mA/m
2
, the acidification area was up to 100 µm after 10 years. Compared to ECE, the applied 

current density of ICCP is rather low (about 2–3 orders of magnitude lower); however, due to its long 

operation time [22], the acidification damage will definitely influence the durability and performance 

of the external anode mortar. 

The acidification damage of the external anode mortar caused by the applied external current is 

a complex process, involving both the consumption of OH
–
 ion in pore solution and subsequently 

dissolution-precipitation of calcium hydroxide (CH, a typical hydration product in cement-based 

materials) in the vicinity of the primary anode [21]. Because the above acidification process initiates 

in pore solution of the external mortar, the objective of this study is to establish the relationship 

between the consumption rate of OH
–
 ion and quantity of electric charge during ICCP treatment. The 

electrochemical performance of Ti anode immersed in SCP solutions after ICCP treatment with 

different current densities was characterized by electrochemical measurements and surface analysis; 

pH alterations of SCP solutions (with/without chlorides) in the vicinity of the anode under different 

current densities were also determined. On the basis of the above experimental results, a 

mathematical model was proposed between the acidification damage near Ti mesh anode and 

quantity of electric charge during ICCP treatment from the perspective of pH alternation. 

2. Materials and method 

2.1. Sample preparations 

2.1.1. Steel electrode and Ti mesh electrode 

Q235 smooth construction steel bar (with a diameter of 14 mm and length of 30 mm) was used 

as the cathode and its chemical compositions are as follows: Fe 98.91%, C 0.18%, Si 0.28%, Mn 

0.55%, S 0.04%, P 0.04%. The surface of the steel bar was successively ground and polished by 
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using 200#，600#，1000# and 2000# abrasive papers and then cleaned with ethanol. The working area 

of the prepared steel bar electrode was about 13.18 cm
2
. The anode used in this study was Ti mesh 

with dimensions of 25 mm × 40 mm and surface area of 20.10 cm
2
; the surface of Ti mesh was also 

cleaned with ethanol before tests. 

2.1.2. Simulated concrete pore (SCP) solutions 

According to the reported studies [23–27], SCP solution was prepared by 0.002 mol/l Ca(OH)2 

+ 0.06 mol/l NaOH + 0.18 mol/l KOH, and its pH value was adjusted to 13 by 0.1 mol/l HNO3 in 

this study (the initial OH
-
 concentration in SCP solution was 0.1 mol/l). In addition, 3.5 wt. % NaCl 

was added in SCP solution, simulating the chloride-contaminated environment. The reagents used for 

the preparation of SCP solutions were analytical pure. 

2.1.3. Experimental set-up 

40 ml SCP solution (chloride-free or chloride-containing SCP solution) was filled into two 

separate wide-mouth bottles to simulate the cathodic area (cathode cell) and anodic area (anode cell), 

respectively. The galvanostat (Corrtest CS1002, China) was used as the external power supply to 

provide the external protective current: the steel bar (cathode) and Ti mesh (anode) was connected to 

the negative and positive terminal of the power supply, respectively. The efficient electrical 

connection between the solutions in two bottles was guaranteed by salt bridge. The applied current 

density used in this study was 100 mA/m
2
 and 200 mA/m

2
 (based on the surface area of the steel 

reinforcement), respectively, which was about 10 times higher than the normally used current density 

for ICCP (5–20 mA/m
2 
[11,19]). The purpose for using such high current densities is to accelerate the 

acidification caused by the applied external current and to shorten the experimental cycle (similar 

current density was also used in the reported study on cathodic protection [28]). Meanwhile, the 

reference specimen without the applied external current was also prepared. The sample designations 

in this study are as follows: Specimens Ref, S100 and S200 were specimens immersed in the 

chloride-free SCP solution and with the current density of 0 mA/m
2
, 100 mA/m

2
 and 200 mA/m

2
, 

respectively; specimens Cl-Ref, Cl-S100 and Cl-S200 were specimens immersed in the 

chloride-containing SCP solution and with the current density of 0 mA/m
2
, 100 mA/m

2
 and      

200 mA/m
2
, respectively. 

2.2. Methods 

2.2.1. Electrochemical measurements 

After 15 days of ICCP treatment, the applied external current was turned off and 

electrochemical measurements were conducted when the open circuit potential (OCP) of Ti mesh 

anode was stable. The equipment used was 273A potentiostat/galvanostat (EG&G PAR, Oak Ridge, 

TN, USA) and 5210 lock-in amplifier system. The electrochemical measurements performed in this 

study included electrochemical impedance spectroscopy (EIS) and potentio-dynamic polarization 

(PDP). A conventional three-electrode set-up was used: Ti mesh as working electrode (WE), 

saturated calomel electrode (SCE) as reference electrode (RE) and Ti mesh as counter electrode (CE). 

The scanning potential range for PDP was –0.2–1.0 V vs. OCP, with a scanning rate of 0.5 mV/s. EIS 
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measurements were carried out at OCP and in a frequency range from 100 kHz to 10 mHz. 

2.2.2. Surface analysis of Ti mesh electrode 

After the treatment, the morphology and composition of products formed on Ti mesh surface 

were examined by scanning electron microscopy (SEM, Zeiss Evo 18) and X-ray diffraction (XRD). 

SEM images (with magnifications of 150× and 2000×) were taken in secondary electron (SE) mode, 

using an accelerating voltage of 20 kV. XRD analysis was performed by scanning the surface of the 

specimens with a scan step of 0.0167°, by using PAN analytical X’pert Pro (Almelo, The 

Netherlands). The energy source was Cu Kα and the tube settings were 40 kV and 40 mA. 

2.2.3. pH measurements of simulated concrete pore solutions 

In order to monitor the acidification process in SCP solutions, 8–10 ml SCP solution in the 

anode cell was collected every 24 h to measure the pH value by using Mettler Toledo FE20K pH 

meter. The collected solution was re-filled to the original cell after each measurement. There were 3 

replicates for each specimen. 

3. Results  

3.1.  Effect of the applied external current on Ti mesh anode 

3.1.1. Electrochemical behavior of Ti mesh anode after ICCP treatment 

Figure 1 presents PDP curves of Ti mesh anode in SCP solutions after ICCP treatment (15 d). 

Due to its excellent corrosion resistance, Ti mesh presented the corrosion potential in the range of 

–0.133 V––0.281 V after ICCP treatment, indicating a low corrosion activity of Ti mesh during the 

treatment. However, the electrochemical performance of Ti mesh anode was still influenced by the 

applied external current. As shown in Figure 1, the corrosion potential of Ti mesh anode was 

negatively shifted under the applied external current, and a more negative corrosion potential was 

related to a higher applied current density. For example, in the chloride-containing SCP solution, 

when the external current was not applied, the corrosion potential of Ti mesh was –0.172 V; however 

the corrosion potential was shifted to –0.225 V and –0.267 V with a current density of 100 mA/m
2 

and 200 mA/m
2
, respectively. When the external current was applied, the anodic current density of Ti 

mesh was also increased and this negative effect was more pronounced with a higher applied current 

density. Additionally, when the same current density was applied, the anodic current density was 

higher in the chloride-containing SCP solution.  
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Figure 1. Potentio-dynamic polarization curves of Ti mesh anode after ICCP treatment (15 d). 

The corrosion current densities (Icorr) for all specimens, calculated from PDP curves are given in 

Figure 2. Generally, a lower Icorr is corresponding to a better corrosion resistance of Ti mesh. When 

the external current was applied, Icorr of Ti mesh anode increased; Ti mesh presented a higher Icorr 

value with a higher applied current density (specimen Ref: 0.072 μA/cm
2
; specimen S100: 0.157 μA/cm

2
; 

specimen S200: 0.249 μA/cm
2
). The above results indicated that the applied external current slightly 

reduced the corrosion resistance of Ti mesh in SCP solution. Further, it is also observed that the 

specimen immersed in chloride-containing SCP solution presented a higher Icorr value, compared to 

specimen immersed in chloride-free solution (e.g. specimen S200: 0.249 μA/cm
2
; specimen Cl-S200: 

0.478 μA/cm
2
). It means that in marine environment, the negative effect of ICCP treatment on the 

electrochemical performance of Ti mesh was more pronounced. This effect was further confirmed by 

electrochemical impedance spectroscopy (EIS). 

 

Figure 2. Corrosion current density of Ti mesh anode calculated based on PDP curves. 

Figure 3 depicts EIS responses of Ti mesh anode after ICCP treatment (15 d). When the external 

current was applied, the magnitude of |Z| was reduced, indicating a lower corrosion resistance of Ti 

mesh anode; the reduction degree was more pronounced when a higher current density was applied. 

This negative effect was also evidenced by the slightly lower phase angle with the applied external 
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current (e.g. 83.9° for specimen Ref and 80.9° for specimen S200). Further, with the same current 

density, the magnitude of |Z| was even smaller in the chloride-containing SCP solution (also 

presenting a slightly lower phase angle: e.g., 79.4° for specimen Cl-S200 and 80.9°
 
for specimen 

S200), indicating an even lower corrosion resistance of Ti mesh anode in the presence of chlorides. 

0 100 200 300 400 500
0

500

1000

1500

2000

2500

-Z

 (


)

Z ()

 Ref

 S100

 S200

 Cl-Ref

 Cl-S100

 Cl-S200

-2 -1 0 1 2 3 4 5
0

1

2

3

4

 Ref

 S100

 S200

 Cl-Ref

 Cl-S100

 Cl-S200

 Ref

 S100

 S200

 Cl-Ref

 Cl-S100

 Cl-S200

log(f/Hz)
L
o
g
(Z

)

0

20

40

60

80

  
-P

h
a
s
e
(d

e
g
)

 

Figure 3. Electrochemical impedance spectroscopy of Ti mesh anode after ICCP treatment (15 d). 

In this study, the experimental EIS responses were fitted by using an equivalent circuit 

(Rsol(Cpl(Rpl(CdlRct)))). The hereby used circuit is considered to sufficiently describe the 

electrochemical behavior of Ti mesh anode with a clear physical meaning for each parameter 

involved [29]: Rsol is the electrical resistance of SCP solutions; the first time constant (product layer 

capacitance Cpl and product layer resistance Rpl) is related to the property of the formed product layer; 

the second time constant (electric double layer capacitance Cdl and charge transfer resistance Rct) is 

attributed to the electrochemical reaction on Ti mesh surface, including the charge transfer process in 

combination with the mass transport process. 

The best fit parameters for all specimens are summarized in Table 1. When the external current 

was applied, the product layer resistance (Rpl) increased (e.g. specimen Ref: 751.64 Ω·cm
2
; specimen 

S100: 1132.64 Ω·cm
2
; specimen S200: 912.34 Ω·cm

2
). The possible reason is as follows: when the 

external current was not applied, due to the high alkalinity of SCP solution, no obvious product was 

formed on the surface of Ti mesh anode, leading to a clean surface. However, when the external 

current was applied, the corrosion rate of Ti mesh was slightly accelerated, and corrosion product 

layer was formed on the surface of Ti mesh, leading to an increased Rpl. Further, a lower Rpl was 

related to a higher applied current density and chloride-containing SCP solution (e.g. specimen 

Cl-S100: 591.84 Ω·cm
2
; specimen Cl-S200: 503.71 Ω·cm

2
). Under the above situations (higher 

applied current density or in chloride-containing SCP solution), the corrosion resistance of Ti mesh 

was lower, leading to a more porous product layer with a reduced Rpl (the morphology and 

composition of product layer formed on the surface of Ti mesh are shown in Figure 4 and Figure 5 

and will be discussed in detail in Section 3.1.2 further below). 

 

 

 

 

 



7517 

Mathematical Biosciences and Engineering  Volume 16, Issue 6, 7510–7525. 

Table 1. Best fit parameters from experimental EIS results of Ti mesh anode after ICCP 

treatment (15 d). 

Specimens Cpl (µF/cm
2
) Rpl (Ω·cm

2
) Cdl (µF/cm

2
) Rp (kΩ·cm

2
) 

Ref 378.81 751.64 175.62 201.30 

S100 416.92 1132.64 315.32 143.82 

S200 868.96 912.34 606.57 54.56 

Cl-Ref 342.99 436.07 269.95 165.42 

Cl-S100 367.76 591.84 368.56 107.33 

Cl-S200 158.71 503.71 894.53 38.22 

When the external current was applied, a decrease of polarization resistance (Rp) was observed 

(e.g. specimen Ref: 201.30 kΩ·cm
2
; specimen S100: 143.82 kΩ·cm

2
; specimen S200: 54.56 kΩ·cm

2
); 

in contrast, Cdl of Ti mesh anode increased with the applied external current (e.g. specimen Ref: 

175.62 µF/cm
2
; specimen S100: 315.62 µF/cm

2
; specimen S200: 606.57 µF/cm

2
). The results 

indicate that the corrosion resistance of Ti mesh anode was reduced when the external current was 

applied, especially with a higher current density. Further, when the same current density was applied, 

Rp value of Ti mesh anode was even lower in the chloride-containing SCP solution (e.g. specimen 

S200: 54.56 kΩ·cm
2
; specimen Cl-S200: 38.22 kΩ·cm

2
). 

3.1.2. Surface analysis of Ti mesh anode after ICCP treatment 

The surface morphologies of Ti mesh after ICCP treatment (15 d) are shown in Figure 4. In the 

chloride-free SCP solution, when the external current was not applied (Figure 4a), the surface of Ti 

mesh was smooth and clean, and no obvious product was observed; however, when the external 

current was applied (Figure 4b and c), certain amount of products was formed and accumulated on 

the surface of Ti mesh. The accumulation of products caused by the acidification effect was more 

severe with a higher current density. Further, the accumulation of products on Ti mesh surface in the 

chloride-containing SCP solution was more pronounced under the same applied current density, 

compared to the chloride-free SCP solution (Figure 4d). 

The composition of Ti mesh surface after ICCP treatment (15 d) was examined by XRD, as 

shown in Figure 5. The products formed on the surface of Ti mesh were mainly TiO2, corresponding 

to the peaks at 34.98°, 37.09°, 39.70°, 51.88°, 62.73° and 68.75° in XRD patterns. It was observed 

that in the chloride-free SCP solution, when the current was applied, the amount of TiO2 increased, 

evidenced by the higher peak intensity at 39.70°, 51.88°, 62.73°; further, the peaks corresponding to 

TiO2 were more pronounced with a higher applied current density (specimen S200). 

Similarly, in the chloride-containing SCP solution, a higher current density was also related to a 

more pronounced accumulation of products. Further, with the same current density, compared to the 

chloride-free SCP solution, the peaks corresponding to the accumulative products were more 

pronounced in the chloride-containing SCP solution, indicating that more products were formed on 

Ti mesh surface in the presence of chlorides. 

The electrochemical measurements, combined with surface analysis indicate that although Ti 

mesh presents an excellent corrosion resistance in SCP solution (even in the presence of chlorides), 

the acidification caused by ICCP can still slightly reduce the corrosion resistance of Ti mesh, thus 

influencing the service life of Ti mesh anode and stable operation of ICCP. 
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(a) 0 mA/m
2
, Cl-free SCP solution  (b) 100 mA/m

2
, Cl-free SCP solution 

  

(b) 200 mA/m
2
, Cl-free SCP solution  (d) 200 mA/m

2
, Cl-containing SCP solution 

Figure 4. Morphology of Ti mesh in SCP solutions after ICCP treatment (15 d). 

 

Figure 5. XRD results of the surface products formed on anodic Ti mesh after ICCP treatment (15 d). 

3.2. Effect of the applied external current on simulated concrete pore solution in the anode cell 

3.2.1. pH alterations of SCP solutions in the anode cell during ICCP treatment 

pH alteration of SCP solutions in the anode cell during ICCP treatment is shown in Figure 6. pH 
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value of SCP solution in the anode cell significantly decreased with the applied external current: e.g. 

after 15 d, pH value decreased to 9.25 for the chloride-free SCP solution, and 9.45 for the 

chloride-containing SCP solution with a current density of 200 mA/m
2
. pH value of SCP solution 

dropped to a smaller value when a higher current density was applied. For example, in the 

chloride-free SCP solution, pH value dropped to 9.25 with a current density of 200 mA/m
2
, 

compared to 10.07 with a current density of 100 mA/m
2
 after 15 d. When the applied current density 

increased, the electric charge amount and accordingly amount of the electrons through the external 

circuit also increased. Therefore, the consumption rate of OH
–
 caused by anodic reactions was 

accelerated under a higher current density, leading to a more pronounced reduction of pH value of 

SCP solution in the anode cell. 

 

Figure 6. Effect of the applied external current on pH values of SCP solutions in the anode cell. 

3.2.2. Alteration of OH- concentration in SCP solutions in the anode cell 

After ICCP treatment for 15 d, the alteration of OH
–
 concentration (calculated based on the 

measured pH value) in SCP solutions in the anode cell is shown in Figure 7 (the maximum 

consumption rate of OH
-
 ion expressed by the differential result of the fitted curve is also shown in 

the figure). The higher maximum consumption rate of OH
–
 was related to the higher applied current 

density: compared to the specimens with a current density of 100 mA/m
2
, when a current density of 

200 mA/m
2
 was applied, the maximum consumption rate was 23.84% higher in the chloride-free 

SCP solution and 8.33% higher in the chloride-containing SCP solution. Further, the maximum 

consumption rate of OH
–
 was higher in the presence of chlorides. For example, with an applied 

current density of 200 mA/m
2
, the maximum consumption rate of OH

–
 was 0.0182 mol/(l·d) in the 

chloride-containing SCP solution, which was higher than 0.0161 mol/(l·d) in the chloride-free SCP 

solution. The results indicated that the applied external current reduced OH
–
 concentration in SCP 

solution in the anode cell and this harmful effect was more pronounced under the chloride-containing 

environment. Chlorides can accelerate the dissolution of Ti mesh, and the dissolved titanium ions can 

then combine with OH
–
 in SCP solution to form TiO2 adsorbing on the surface of Ti mesh. Therefore, 

the decrease of OH
–
 concentration in SCP solution was more obvious. This explanation is evidenced 

by SEM and XRD analysis as shown in Figure 4 and Figure 5. 
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(a) Without chlorides                       (b) With chlorides 

Figure 7. Relationship between OH
–
 concentration in SCP solution in the anode cell and 

treatment time under the applied external current.
 

4. Discussions 

4.1.1. Comparison of the experimental and theoretically calculated consumption amounts of OH
–
 

ion in SCP solutions under the applied external current 

During ICCP treatment in this study, the accumulative electric charge quantity Q (C) can be 

described as the following equation: 

Q=It          (5) 

where I is the applied external current (A) and t is the treatment time (s). 

The amount of the transferred electrons during the treatment can then be expressed as Eq 6: 

nelectrons=
 

 
=
  

 
          (6) 

where F is Faraday constant (96485 C/mol electrons). 

According to reactions (1)–(4), the consumed amount of OH
–
 in SCP solution equals to the 

amount of the transferred electrons in the external circuit. Therefore, the consumed amount of OH
- 
in 

SCP solution in the anode cell under the applied external current can be theoretically calculated by 

Eq 7: 

nOH
-
,in theoretical= nelectrons=

 

 
=
  

 
       (7) 

Besides, the consumption amount of OH
–
 derived from the experimental measurements can be 

obtained by Eqs 8 and 9: 

nOH
–

,inexperimental=nOH
–

,initial
–
 nOH

–
,t      (8) 

nOH
– 

=V × 10
(pH-14)        

(9) 



7521 

Mathematical Biosciences and Engineering  Volume 16, Issue 6, 7510–7525. 

where nOH
–

,initial is the initial OH
–
 amount in SCP solution (0.004 mol in this study); nOH

–
,t is the OH

–
 

amount in SCP solution corresponding to time t (s); V is the volume of SCP solution (0.04 l).  

Table 2. The consumption amounts of OH
–
 in SCP solutions in the anode cell after ICCP 

treatment (15 d) derived both from the experimental measurements and theoretical 

calculation. 

Specimen Experimental results Theoretical calculation n experimental /n theoretical 

S100 3.9953 × 10
–3

 mol 1.3538 × 10
–3

 mol 2.9512 

S200 3.9993 × 10
–3

 mol 2.7076 × 10
–3

 mol 1.4771 

Cl-S100 3.9998 × 10
–3

 mol 1.3538 × 10
–3

 mol 2.9545 

Cl-S200 3.9999 × 10
–3

 mol 2.7076 × 10
–3

 mol 1.4773 

Based on the above calculations, the experimental and theoretically calculated consumption 

amounts of OH
–
 in SCP solutions in the anode cell under the applied external current for 15 d are 

shown in Table 2. The results indicate that when the current was applied, the actual consumption 

amount of OH
–
 was significantly higher than the theoretically calculated value. When the applied 

current density was 100/200 mA/m
2
, the actual consumption amount of OH

–
 was about 1.95/0.48 

times higher, compared to the calculated values after 15 d. The possible reason for the difference in 

the experimental and calculated consumption amount of OH
–
 was as follows: when the external 

current was applied, the caused acidification consumed OH
–
 in SCP solution near Ti mesh, leading to 

a pH drop of SCP solution. Meanwhile, corrosion resistance of Ti mesh also slightly decreased after 

the pH drop of SCP solution. The dissolved titanium ions combined with OH
–
 in SCP solution nearby 

to form insoluble titanium hydroxide on the surface of Ti mesh. Finally, the insoluble titanium 

hydroxide maybe dehydrated and transferred to TiO2 adsorbing on the surface of Ti mesh, evidenced 

by XRD analysis as shown in Figure 5. Therefore, the dissolution of Ti mesh and subsequently 

formation of surface products also consumed OH
-
 in SCP solution, leading to a higher consumption 

amount compared to the calculated values. 

Because the above calculation based on the related anodic reactions is not able to reflect the real 

influence of the applied external current on the pH alteration of SCP solution in the anode cell, an 

alternative method to evaluate the acidification effect on OH
- 
concentration of SCP solution caused 

by ICCP treatment was proposed and discussed further below. 

4.1.2. Relationship between OH
–
 concentration in SCP solutions and accumulative electric charge 

quantity during ICCP treatment 

The relationship between the accumulative electric charge quantity during ICCP treatment and 

OH
-
 concentration of SCP solutions in the anode cell is shown in Figure 8. After fitting, the 

relationship between OH
–
 concentration in SCP solutions (c) and electric charge quantity (Q) is in 

accordance with Logistic regression model, as expressed in Eq 10: 

0

0

1
P

c
c

Q
Q


   
           (10) 
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Where c is OH
–
 concentration in SCP solution in the anode cell (mol/l); c0 is the initial OH

–
 

concentration in SCP solution in the anode cell (0.1 mol/l in this study); Q is the accumulative 

electric charge quantity (C); Q0 is the accumulative electric charge quantity at the turning point (the 

electric charge quantity corresponding to the highest consumption rate of OH
–
 in SCP solution, C); P 

is the regression coefficient. The fitting curves are also shown in Figure 8 and the related fitting 

parameters are shown in Table 3. 

 

Figure 8. Relationship between OH
– 

concentration in SCP solution in the anode cell and 

accumulative electric charge quantity during ICCP treatment. 

Table 3. Fitting parameters in the Logistic equation. 

 Parameter Value Standard deviation R
2
 

In chloride-free SCP 

solutions  

c0 0.100 0.000  

Q0 81.941 2.725 0.964 

P 2.365 0.178  

In chloride-containing SCP 

solutions 

c0 0.100 0.000  

Q0 72.319 2.446 0.966 

P 3.122 0.274 

It was observed in Table 3 that R
2
 value for the fitting of the specimens in the chloride-free and 

chloride-containing SCP solution was 0.964 and 0.966, respectively, indicating that the correlation 

degree of this equation was high, and the fitting results were reliable. 

Based on the above calculations and fittings, the relationship between OH
–
 concentration of the 

chloride-free SCP solution in the anode cell and accumulative electric charge quantity can be 

expressed as Eq 11: 

 
0

2.365

1
81.941

c
c

Q



         (11) 

The relationship between OH
– 

concentration of the chloride-contaminated SCP solution in the 

anode cell and accumulative electric charge quantity can be expressed as equation (12): 
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 
0

3.122

1
72.319

c
c

Q



         (12) 

Therefore, the above equations can be used for quantitative calculation on OH
–
 concentration of 

SCP solution during ICCP treatment based on the accumulative electric charge quantity and potential 

evaluation on the acidification damage in the external anode mortar induced by ICCP treatment. It 

should be mentioned that the above Eqs (Eq 11 and 12) can only be used to evaluate the influence of 

the applied external current (simulating ICCP treatment) on OH
-
 concentration of SCP solutions near 

Ti mesh (with/without chlorides). In the external anode mortar, the acidification effect caused by the 

applied external current is much more complex: the dissolution of CH, which happens in the vicinity 

of Ti mesh anode, presents a buffering effect on pH value of pore solution, thus leading to a slow 

decrease rate of OH
-
 concentration of pore solution in the external anode mortar [17]. The above 

buffering effect was not relevant in this study (due to the testing medium, simulated concrete pore 

solution), thus the experiment results derived in this paper can’t be directly used for evaluating the 

acidification process in the external anode mortar under the applied external current. The influence of 

the applied external current on the acidification process in the external anode mortar was also 

investigated and will be reported elsewhere. The experiment results presented in this paper will be 

also used to distinguish the consumption of OH
–
 ions in mortar pore solution and CH in the mortar 

matrix, and to further discuss the detail acidification process in the external anode mortar during 

ICCP treatment. 

5. Conclusion 

In this study, the acidification effect in simulated concrete pore solutions under ICCP treatment 

was characterized. The main conclusions are summarized as follows: 

(1) The applied external current led to a slightly reduced corrosion resistance of the primary Ti mesh 

anode. This effect increased the corrosion current density of Ti mesh, leading to a more severe 

propagation of products on its surface.  

(2) pH value of the simulated concrete pore solution in the anode cell decreased under the applied 

external current, and this negative effect was more pronounced with a higher applied current density. 

The presence of chlorides in simulated concrete pore solution accelerated the consumption rate of 

OH
–
 ions in the solutions, indicating a more pronounced acidification effect under marine 

environment.  

(3) The relationship between OH
–
 concentration (cOH

–
) in simulated concrete pore solution near Ti 

mesh anode and accumulative electric charge quantity Q during ICCP treatment met Logistic 

regression model. For the chloride-free simulated concrete pore solution, the relationship between 

cOH
–
 and Q can be expressed as:                   ; for the chloride-containing simulated  

 

 

concrete pore solution, the relationship between cOH
–
 and Q can be expressed 

as:                   . 

 

 
0

2.365

1
81.941





c
c

Q

 
0

3.122

1
72.319





c
c

Q
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Based on the above equations, the acidification effect induced by ICCP treatment in simulated 

concrete pore solution can be quantitatively evaluated. 
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