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ABSTRACT 

THE UNIVERSITY OF LEEDS 

METHODS OF REMEDIAL TREATMENT FOR 
CARBONATION-INDUCED CORROSION OF REINFORCED CONCRETE 

Junichiro KUBO 

ABSTRACT 

Doctor of Philosophy March 2007 

The importance of carbonation-induced corrosion has grown in recent years owing to the 
increasing age of reinforced concrete structures. Among the various remedial treatments for 
the alleviation of the deterioration process, applications of corrosion inhibitors and surface 
coatings are highlighted in this thesis owing to their ease of practical application to such 
structures as railway viaducts. The factors that may enhance the effectiveness of the above 
two methods in terms of retardation of embedded steel Corrosion have investigated as 
follows: (1) Electrochemical injection of corrosion inhibitors into concrete and (2) Fatigue 
resistance of surface coatings. 

(1) After the concentration threshold of electrolytes of three organic base corrosion inhibitors, 
namely ethanolamine, guanidine, and arginine, required for steel passivation had been 
investigated by steel inunersion tests, the inhibitors were injected into ftilly/partially 
carbonated cement-based materials from external electrolytes under the influence of an 
electrical field. The penetrations of the three inhibitors into the embedded steel cathode were 
satisfactory in terms of steel inhibition. The field-induced penetration was markedly affected 
by the pK. values of the inhibitors and the pore solution pH. When the electrochemical 
treatment was applied to partially carbonated cementitious materials, adequate accumulation 
of the inhibitors was also attained at the cathode for steel passivation; however, the migration 
of cationic inhibitors was found to be discouraged in the carbonated region by the lowered 
current densities effectively applied to this region owing to its large resistivity. Mathematical 
modelling was performed for simulation of the proposed electrochemical inhibitor injection. 
A model based on the Nernst-Planck equation, taking account of dissociation equilibria and 
solubility products of the relevant species, and activity coefficient of molecules, yielded a 
reasonable agreement with the experimental data. In the application of this model to the 2-D 
cases, representing the domain with a resistor network that could simulate the current 
distribution within the material resulted in good prediction of concentrations of the species 
observed in the experiments. The long-term effectiveness of the electrochemical inhibitor 
injection was monitored for a reasonably long period, whilst the treated concrete specimens 
were exposed to cyclic wet/dry conditions. As a result, the injected corrosion inhibitors were 
found to be effective in promoting steel passivation, and ethanolamine showed the best 
performance with the smallest steel corrosion rates observed during the experiment. 

(2) For the investigation of properties of surface coatings affecting their long-term fatigue 
resistance, fatigue tests with a total of 18 million cycles were carried out under varied 
temperatures for several coatings bridging a substrate crack whose properties (width and 
dynamic amplitude) were determined by on-site survey methods. It was found that the 
thickness and the composition are two important properties of surface coatings that 
significantly influenced their long-term durability when they were exposed to varied 
environmental temperatures. 

KEY WORDS: Carbonation, Corrosion, Organic corrosion inhibitor, Surface coating, 
Electrochemical treatment, Mathematical modelling, Electrochemical 
monitoring, Durability, Ionic migration, Dissociation constant, Activity 
coefficient, Current distribution, Fatigue resistance 
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CHAPTER I 

CHAPTER1 

INTRODUCTION 

1.1 FIELD OF STUDY 

In recent years a number of reinforced concrete structures have been reported to experience 

carbonation-induced deterioration associated with reinforcement corrosion, owing to the 

increasing age, which may affect their service life (Parrott 1990, Glass et al. 1991, Tsiatas 

and Robinson 2002). It is widely known that corrosion of steel reinforcement is normally 
inhibited in an alkaline environment within concrete (pH 13-14) with a chemically stable 

thin oxide film (y-FeA) protecting the steel surface from contact with moisture and oxygen 

(Parrott 1987). Carbonation involves a gradual interaction between acidic carbon dioxide gas 

from the air and the alkaline solid cement hydration products (calcium hydroxide and, to a 

lesser extent, calcium silicate hydrate (C-S-H)) to form calcium carbonate by the following 

simplified reactions, which consequently results in depression of the pore solution pH to a 

value below 10. 

Ca(OH)2 + C02 : --> CaC03 + H20 (I-A) 

C-S-H + C02 :* CaC03 + Si02 + H20 (I-B) 

The kinetics of carbonation are diffusion-controlled and this results in approximately 

parabolic relationships between the average carbonation depth (x), estimated, for example, 
by the simple phenolphthalein test, and the time of exposure (t) (x=k t"') (Tuutti 1982). A 

large number of factors affect the magnitude of the proportionality constant (k) in the above 

equation. These include exposure conditions (relative humidity, temperature, and carbon 
dioxide concentration), mix composition (water/cement ratio, cement type, aggregate 

porosity and content) and manufacturing variables (compaction and curing). As the 

carbonation front slowly approaches the steel reinforcement, depassivation starts to occur, 

sometimes leading to the initiation of corrosion, whilst corrosion is observed to be mainly 

controlled by the "un-neutralised remainder" (cover depth minus carbonation depth) (Parrott 

1994). A secondary effect of carbonation is that it may cause the release of bound chloride 
ions into the pore solution phase of concrete that contains a modest level of chloride salts 
(see subsection 5.4.3.1), which worsens the corrosive environment (Tuutti 1982). 
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Carbonation and chloride ions are known to be the two major factors responsible for the 

corrosion of steel reinforcement in concrete; however, the former is generally considered to 
be less damaging and the carbonation-induced corrosion problems that arise are often slow to 
develop to a stage where remedial treatment becomes necessary. This is because the climatic 
conditions that tend to favour rapid carbonation (RH range 50%-70%) are not ones that give 
rise to substantial rates of corrosion of steel embedded in carbonated concrete and 
carbonation-induced corrosion is normally associated with uniform attack rather than pitting, 
as pointed out in several reports (Tuutti 1980, Gonzdlez et al. 1980, Parrott 1987, Glass et al. 
1991). Corrosion can then manifest itself only if the moisture content of the concrete is 

sufficiently high to maintain an electrolyte phase of fairly high conductivity within the pores. 
However, since real structures may be subject to wet and dry periods characterised by 

seasonal variations of climate as observed in many countries, corrosion is likely to proceed 
due to carbonation. Corrosion of reinforcing bars may affect the durability of the structures. 
As the steel corrodes, the rust occupies a volume from two to four times greater than the 

parent steel (Bertolini et al. 2004), resulting in bursting stress which ultimately cracks and 

spalls the cover concrete. In addition, the contribution of the reinforcement to the strength of 
the structure may be reduced. 

The increasing number of reinforced concrete structures affected by reinforcement corrosion 
due to carbonation has led to the development of protective methods in order to improve the 
durability of such structures. For remedial treatment, several techniques have widely and 

practically been used. The classic method of partial replacement by chipping out the 

carbonated concrete from around the bars, cleaning the exposed steel, reinstating the patch 

with an appropriate cementitious mortar or concrete, with or without corrosion inhibitors, 

and sometimes applying a coating for better resistance to further carbonation in addition to a 
better visual appearance has normally proved to be effective. However the disadvantage of 
this treatment is that it involves noise, dust and general disruption whilst repairs are being 

undertaken, and that it is time-consuming and expensive. There are several more recent 

approaches devised to reduce such undesirable effects. 

Corrosion inhibitors have been used as admixtures in concrete for new structures as a 

preventive measure. As a remedial treatment to alleviate corrosion of the embedded steel, 

corrosion inhibitors are mostly applied to the concrete by spraying or flooding on to surface 

so that they can penetrate through the concrete pores towards the reinforcing bars by 

absorption and diffusion. It is expected that these inhibitors are capable of repassivating the 
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steel if maintained at an appropriate concentration in the vicinity of the bars. The expected 
advantages of this remedial method are the ease of application, and low cost. However the 

use of corrosion inhibitors in reinforced concrete repair systems is a relatively new field and 
far less well established than some other applications of inhibitors (Page et al. 2000, Elsener 
2001). The main issues are concerned with the desirable concentration, the degree of 
penetration, and the long-term inhibitive performance. 

Another approach may be application of surface coatings, which prevents carbon dioxide 

ingress into concrete and retards the process of further carbonation. Simultaneously they may 

play an important role in a protection from water and oxygen ingress that subsequently leads 

to corrosion of the reinforcing bars. They can provide effective protection to both concrete 

and the embedded reinforcing steel for rehabilitation of deteriorated concrete, and can 

enhance the durability of the structure. They are easy to apply and some are low in cost. A 

wide variety of coatings have been used depending on the characteristics of the structure or 

the state of the deterioration, and their performance in alleviating corrosion of embedded 

steel or retarding further penetration of carbonation has been investigated (Seneviratne et al. 
2000). 

Since corrosion reactions are electrochemical processes, various electrochemical techniques 
have recently been developed for the protection and repair of reinforced concrete structures 

with corrosion problems resulting from carbonation (Mietz 1998, Page 2002). 

- Electrochemical re-alkalisation is one example. This technology involves a current density 

of approximately 1-2A/M 2 passed from an externally installed anode mesh through concrete 
to the embedded reinforcing bars for a limited period of time (up to a few weeks) and 

restores the pH value in the vicinity of the reinforcing bars to a level high enough to 

passivate the steel again. In addition, the presence of alkaline electrolyte in the concrete 

pores acts as a carbon dioxide trap when exposed to the air after the treatment. This method 
has been developed as a rehabilitation treatment since the mid-1980s. However there are still 

some unsolved issues concerned with the criteria by which the completion of a successful 

treatment is determined and also the long-term durability of this remedial method. Presently 

CEN is working on a European standard for re-alkalisation of concrete. 

- Cathodic protection (CP) with impressed current is another example. This technique, more 

often applied for the alleviation of chloride-induced corrosion, has also been proved to be 

effective in repassivating steel in carbonated concrete. During this electrochemical treatment, 

the steel is subjected to cathodic polarisation, i. e. its potential is driven to values more 
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negative than the free corrosion value, so that the corrosion rate is reduced. An 

accompanying advantage is that the pH of the concrete is raised owing to the electrode 
reactions and electro-migration processes (Page 1997). One drawback of impressed current 
CP may be that, once applied, the protection may need to be operated for the remaining 

service life of the structure, which requires long-term monitoring and periodic adjustment of 
the electrical installation. 

The author's company (Central Japan Railway Company) possesses quite a large amount of 

reinforced concrete viaducts (around 75miles/120kin in length), which were constructed in 

early 1960s prior to the commencement of operation of the so called "Bullet train" in 1964. 

Taking into account the fact that chloride-contaminated or ASR (alkali-silica reaction) 

susceptible aggregate was fortunately not used for the construction of the structures and that 

the viaducts are not located at such severe environments as coastal sites where chloride- 

induced corrosion can become a problem, it has been believed that carbonation would be a 

significantly important factor that may deteriorate structures aged over 40 years. Among the 

aforementioned remedial treatment methods for carbonation-induced corrosion of reinforced 

concrete, simple and easy ones are desirable that would minimise the disruption of the 

operation of trains, when it comes to their application to railway structures. Therefore, the 

applications of corrosion inhibitors and surface coatings are highlighted in this thesis, where 

the potential of the two methods that may prolong the service life of the structures is 

discussed. 

1.2 SCOPE OF STUDY 

This research is concerned with remedial treatment for carbonation-induced corrosion of 

reinforcing steel embedded in concrete. The aim of this research is to provide a better 

understanding of the issues underlying the remedial treatment of carbonation-induced 

corrosion of steel in concrete and to improve the application of such treatments intended to 

alleviate carbonation-induced corrosion as surface-applied corrosion inhibitors and surface 

coatings. There are two major research areas as described below. 

(A) Electrochemical injection of corrosion inhibitors into concrete 

The use of corrosion inhibitors as a remedial treatment is very simple in principle. However, 

it has been reported that the concentration of corrosion inhibitors reaching the reinforcing 
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bars by just spraying or ponding these materials on to the concrete surface may be 

insufficient for the steel to be repassivated in a short time (Page et al. 2000). 

If an electrolyte is attached on the surface of the concrete and an electrical field is applied 
between an anode placed in the electrolyte and embedded reinforcing steel acting as a 

cathode similarly as in the case of electrochemical re-alkalisation, positive ions may 

penetrate through the concrete pores towards the steel bars acting as cathode. Some organic 

corrosion inhibitors form positive ions when they dissolve in water. When these inhibitors 

are used for the anolyte solutions, under an external current, substantial amount of inhibitors 

are expected to reach the vicinity of the steel rather quickly, which may subsequently 

contribute to the retardation of the corrosion process after the treatment. 

Organic base corrosion inhibitors are not fully ionised in the pore solution following the 

reaction below; the ratio of the concentration of the ion to the molecule of an inhibitor in the 

electrolyte is determined by its dissociation constant (K. ) and the pH of the environment (see 

Chapter 4). 

RNH3+ t* RNH2 + H+ 

It follows that a larger proportion of ionised species is found in a neutralised solution than in 

an alkaline solution when organic corrosion inhibitors are dissolved. Since field-induced 

migration of organic base corrosion inhibitors occurs only when they are ionic, the 

application of this treatment to carbonated concrete (of near-neutral pH) is expected to be 

effective. There are a number of issues to be addressed when surface-applied corrosion 
inhibitors are to be applied to concrete (Page et al. 2000), namely: 

(1) The evidence that inhibitors can stop or at least reduce corrosion rates of the steel in 

concrete that suffers from carbonation 
(2) The level of concentration of inhibitors required at the reinforcing steel to passivate it 

(3) The method that secures the required concentration of corrosion inhibitors at the 

reinforcing steel when employed 
(4) The deleterious side effects that might arise as a result of the application of corrosion 

inhibitors 

(5) The longevity of the method, that is, the period during which the corrosion inhibitors are 
likely to remain in an adequate concentration at the steel to keep it passivated 
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Using experimental and mathematical modelling approaches, the above issues are discussed 
in this thesis with reference to the electrochemical injection of organic base corrosion 
inhibitors into carbonated concrete. The profiles of carbonation depth in real concrete are 
usually not uniform (see section 4.8), thus the effectiveness of the inhibitor injection into 

partially carbonated material is also investigated. 

(B) Durability of surface coatings against fatigue 

In general, the fundamental properties required for surface coatings applied on concrete as an 

anti-carbonation measure are a high resistance against carbon dioxide diffusion, prevention 

of water ingress, weather resistance, and adhesion. In addition to these requirements, the 

long-term stability of the coatings has recently been questioned (Swamy and Tanikawa, 

1993, Delucchi et al. 2004) due to the increasing use of coatings in aggressive environments. 
Among the properties concerned with long-term durability of coatings, crack-bridging ability, 

which is indicated as ability to accommodate the movement of the substrate beneath the 

coatings and is usually measured by a single tensile test, can be an important factor when a 

coating is applied over cracks existing on the concrete surface that are expected to move. 
Coatings with excellent crack-bridging ability are often used on the bottom surface of 

motorway bridges or railway viaducts, where the cracks may move due to the applications of 
dynamic active loads generated by passage of vehicles. If a coating is broken, it will be a 

problem because a degraded coating will eventually lose its barrier properties and become 

less effective in retarding the progress of carbonation and in protecting the steel from 

corrosion. The investigations carried out by the Central Japan Railway Company (Seki et al. 

2001), however, showed the generation of cracks on coatings just along the line of the 

original concrete cracks in the railway viaducts several years after their application. This 

indicated that highlighting fatigue resistance in addition to crack-bridging ability may be 

important for the long-term durability of coatings applied on our structures. In this study, 

fatigue resistance is defined according to the bridging performance under cyclic tensile 

conditions. The property will be discussed based on the evidence obtained from fatigue tests 

of millions of cycles conducted at widely different temperatures using several coatings of 

different materials with varied thickness applied to carbonated concrete specimens. 

1.3 OUTLINE OF THESIS 

The thesis is divided into eight chapters. The chapters that follow this introductory chapter 
(Chapter 1) are outlined as follows: 
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Chapter 2 describes the overall experimental programme undertaken, giving details of 
materials, preparation of specimens and experimental techniques employed in this study. 

Among the five uncertainties listed above in section 1.2 (A), the issue (2) is discussed in 

Chapter 3. The inhibitive ability of three organic corrosion inhibitors is investigated by 

immersing steel bars in different concentrations of basic or neutralised model electrolytes of 

the inhibitors concerned at controlled pH values, which are intended to simulate the pore 

solution phase present within carbonated concrete. The mechanism of the inhibition and the 

concentrations of the targeted inhibitors required for passivation of steel are described in this 

Chapter. 

Two of the remaining uncertainties, listed as (3) and (4) above in section 1.2(A), are 

discussed in Chapters 4 and 5. 

Chapter 4 is an experimental chapter, where the two issues are studied with reference to the 

introduction of a novel proposed electrochemical method of inhibitor injection into 

carbonated concrete. The migration of the studied corrosion inhibitors towards the embedded 

steel cathode is elucidated, mainly highlighting the effect of their dissociation constant 

values (K. ). Part I of this Chapter describes a one-dimensional approach and deals with fully 

carbonated cementitious material; this is then developed to a two-dimensional approach in 

Part 2 of this Chapter that deals with partially carbonated cementitious material. 

Chapter 5 is a mathematical modelling Chapter for the simulation of changes in the pore 

solution phase chemistry during the electrochemical injection of the corrosion inhibitors 

described in Chapter 4. The model is based on the Nernst-Planck equations, where acid/base 

dissociation equilibria and solubility products of relevant species are taken into account. The 

predictions made for a fully or partially carbonated cementitious material by means of a one- 

dimensional or two-dimensional model are compared with the experimental results obtained 

in Chapter 4. 

Chapter 6 describes experiments aimed at elucidating the long-term effectiveness of the 

proposed inhibitor injection method, which is the final issue listed above as (5) in section 
1.2(A). The effectiveness of the inhibitors on the retardation of carbonation-induced steel 

corrosion in concrete (issue (1)) is also discussed in this Chapter. The states of the steel 

embedded in concrete specimens after the treatments with three inhibitors are 

electrochemically monitored for a period of several months. The effect of injected inhibitors 
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is also compared to that of electrochemical re-alkalisation. The concentration profile 

evolution of injected inhibitors with respect to time is investigated by both experimental and 

modelling approaches. In this Chapter, the possible application of an application of anodic 

polarisation for instant passivation determination or long-term passivation of embedded steel 
is also discussed. 

Chapter 7 examines long-term durability of surface coatings in terms of fatigue resistance. 
Based on the on-site investigation of coating and substrate performances on railway RC 

viaducts, fatigue tests of millions of cycles have been devised and carried out at different 

temperatures for various coatings applied to carbonated concrete. The properties of coatings 

that may affect the long-term fatigue resistance are discussed. 

Chapter 8 summarises the general conclusions and describes recommendations for future 

investigations. 
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CHAPTER 2 

MATERIALS AND EXPERIMENTAL TECHNIQUES 

2.1 MATEIRALS 

2.1.1 Cements 

Ordinary Portland Cement (OPC) was used to manufacture cement paste and concrete 
specimens. The chemical analyses of cements are shown in Table 2.1. Two different batches 

of OPC were used for the work described in this thesis. OPC I was used for experimental 

work presented in Chapters 4 and 6, whilst OPC 2 was used for the work described in 

Chapter 7. 

Table 2.1 Chemical anaiv--, e. q nf ()Pr (0/. bv mi. -, R) 
Cement type OPC I OPC 2 

CaO 63.76 63.66 
Si02 20.69 20.56 

A1203 4.72 5.20 
Fe203 3.06 2.62 

S03 2.92 2.39 
Mgo 2.08 0.73 
Na20 0.26 0.29 
K20 0.61 0.36 
Cl 0.04 0.02 

LOI 0.87 2.65 

2.1.2 Water 

18 MQ deionised water, which was produced by an Elga UHQ water purifier, was used to 
dilute the samples in the ion chromatographic analysis (see section 2.4). For other purposes 

distilled water was used throughout the experiments presented in this thesis. 

2.1.3 Aggregate 

The fine aggregate used to prepare concrete specimens described in Chapters 6 and 7 was 

quartzitic sand and the coarse aggregate used was uncrushed quartzitic gravel. Two different 
batches of fine and coarse aggregate were used for this thesis. The fine aggregate I and the 
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coarse aggregate I with a maximum size of 10min were used for experimental work 
presented in Chapter 6, and the fine aggregate 2 and the coarse aggregate 2 with a maximum 
size of 15mm were used in Chapter 7 respectively. The results of sieve analysis, which was 
performed according to BS 812-103.1 (1985) for aggregate I and JIS A 5005 (1993) for 

aggregate 2, are shown in Tables 2.2 and 2.3, together with limits specified in BS 882 (1992) 
for aggregate I and JIS A 5005 (1993) and JIS A 5308 (1998) for aggregate 2. 

Table 9-7. Rievn nnqlvq; -z nf finp ncrorpcyntp 
ine aggregate I Fine aggregate 2 

Sieve size 
Percentage by mass passing 

throug sieve 
Sieve size 

Percentage by mass passing 
throug sieve (mm) Limits* Results (mm) Limits Results 

- 10 100 100 
- - 5 90-100 100 

2.36 65-100 84 2.5 80-100 87 
1.18 45-100 78 1.2 50-90 65 
0.6 25-80 71 0.6 25-65 47 
0.3 5-48 19 0.3 10-35 25 

* For grade M (medium) 

Table 2.3 Sieve analvsis of coarse aagregate 
Coarse aggregate I Coarse aggregate 2 

Sieve size 
Percentage by mass passing 

throug sieve 
Sieve size 

Percentage by mass passing 
throug sieve (mm) 

Limits Results 
(mm) 

Limits Results 

- - - 20 100 100 
14 100 100 15 90-100 100 
10 85-100 97 10 40-70 65 
5 0-25 0.7 5 0-15 13 

2.36 0-5 0.1 2.5 0-5 1 

2.1.4 Electrodes 

Type 316 stainless steel mesh was used as the cathode for the experiments presented in 

Chapters 4 and 6. The same type of steel mesh was used as a counter electrode for the 

measurement of the electrochemical characteristics of embedded steel in concrete by 

electrochemical impedance spectroscopy, as detailed in Chapter 6. Mild steel bars with a 
diameter of 6.35mm were used as working electrodes in the immersion tests presented in 

Chapter 3. Mild steel bars with the same chemical composition but with a diameter of 8mm 

were used as the embedded steel reinforcements in Chapter 6, which acted as cathodes while 

constant current density was externally applied for the inhibitor injection treatments. The 

chemical analysis of the steel used is shown in Table 2.4. Carbon rods with a diameter of 
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5mm and a length of 100mm were used as the anode for the experiments presented in 

Chapters 4 and 6. 

Table 2.4 Chemical comnosition of mildsteel bar-, (0/n bv weiaht) 
Al si Ti Cr Mn Fe Co Ni 

0.05 0.21 <0.05 <0.05 0.30 1.01 97.11 <0.05 <0.05 
Cu Nb Mo Sn w p c s 

<0.05 <0.05 <0.05 <0.05 <0.05 0.01 0.23 0.01 

2.1.5 Chemicals 

All chemicals used for preparing electrolytes in the experimental work presented in this 

thesis are listed in Table 2.5, together with their grades and suppliers. The chemicals (a) in 

the table were used for experimental work presented in Chapters 3,4,5 or a part of Chapter 

6 carried out in Leeds University, whilst the chemicals (b) were used for experimental work 
in the rest of Chapter 6 and Chapter 7 that was carried out at the Research Institute of Central 

Japan Railway Company in Nagoya, Japan. 

Tihle 2-5 List of chemicals 
Chemical Grade Supplier 

Ethanolamine (a) Analytical reagent (a) Fisher Scientific UK Ltd. 
(b) 99.0%+ (b) Wako Pure Chemical Industries Ltd. 

Guanidine carbonate (a) 98.0%+ (a) Avocado Research Chemicals. 
(b) 98.0%+ (b) Wako Pure Chemical Industries Ltd. 

L-Arginine (a) Analytical reagent (a) Avocado Research Chemicals. 
(b) 99.0%+ (b) Wako Pure Chemical Industries Ltd. 

Nitric acid (a) Analytical reagent (a) Fisher Scientific UK Ltd. 
(b) Analytical reagent (b) Wako Pure Chemical Industries Ltd. 

Sodium chloride (a) Analytical reagent (a) Fisher Scientific UK Ltd. 
Sodium carbonate (b) 99.5%+ (b) Wako Pure Chemical Industries LtT 
Potassium nitrate (a) Analytical reagent (a) Fisher Scientific UK Ltd. 

(b) 99.5%+ (b) Wako Pure Chemical Industries Ltd. 
Sodium sulphate (a) Analytical reagent (a) Fisher Scientific UK Ltd. 
Magnesium chloride (a) Analytical reagent (a) Fisher Scientific UK Ltd. 
+ 61-120 
Diammonium. (b) 99.0%+ (b) Wako Pure Chemical Industries Ltd. 
hydrogen citrate 
2-Mercapto- (b) 95.0%+ (b) Tokyo Kasei Kogyo Ltd. 
benzothiazole 

Purchased and used in (a) Leeds, U&, (t)) iNagoya, japan. 
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2.2 CARBONATION 

2.2.1 Accelerated carbonation 

In order to shorten the period required for the carbonation of cement-based materials, 
accelerated carbonation was employed to produce carbonated specimens presented in 

Chapters 4,6, and 7. While being carbonated, the samples were exposed to high 

concentrations of carbon dioxide gas at a suitable -relative humidity (RH). The set-up for the 

production of the carbonated specimens appearing in Chapters 4 and 6 is shown in Figure 2.1, 

where the specimens were placed upright over saturated sodium chloride solution in a sealed 
tank, where the atmosphere was maintained at approximately 75% RE This is because 

carbonation rates are highest in atmospheres of RH in the range of 50-75%'(Richardson 

2002). 100% carbon dioxide gas was supplied from a compression cylinder and enclosed in 

the tank for about half an hour, twice every day at a room temperature. For the confirmation 

of the carbonation depth, some of the specimens were broken into pieces and then sprayed 

with phenolphthalein indicator solution, the colour of which changes from colourless below 

a pH value of about 9.2 to red-pink above that value. For the rapid carbonation of the 

concrete specimens presented in Chapter 7, an automated rapid carbonation chamber (Asahi 

neutralised test chamber manufactured by Asahi Kagaku Co. Ltd., Tokyo, Japan) was used, 
in which the temperature, carbon dioxide concentration, and RH were automatically 

maintained at 20'C, 5% and 60% respectively. 

)as od 
10 
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Figure 2.1 Set-up for accelerated carbonation of specimens 
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2.2.2 Super critical carbonation 

For the production of carbonated cement paste discs with stainless electrodes embedded in 

the middle in Chapter 4 Part 1, a technique utilising super-critical carbonation was employed. 
Super-critical carbon dioxide (hereafter abbreviated as SCC02) is a fluid under super-critical 

conditions in which both temperature and pressure are above the critical values, so that the 
liquid and gas phases both have the same density (Cansell et al. 1998). Owing to its liquid- 

like density but gas-like diffusivity and viscosity which allow it to penetrate into fine pores 

rapidly (Purnell et al. 2001), the period required to obtain full carbonation of cement-based 

materials is reduced from months to hours. In addition, compared with other super-critical 
fluids, SCC02 is easier to produce because of its low critical temperature (3 1 'C) and pressure 
(71 bar), which is why the application of scCO, has been recently studied for the rapid 

production of carbonated cement materials (Jones 1998; Jones and Tingley 1999; Short et al. 
2001; Purnell et al. 2001; Shaw 2002). 

The super-critical carbonation unit used to produce super-critically carbonated cement paste 
discs in Chapter 4 Part I is shown in Figure 2.2. This equipment was supplied by Critical 

Processes Ltd. This apparatus consists of a pressure vessel and an oven with pump and 

cooling. The stainless steel pressure vessel was placed inside the oven and heated until the 

required temperature was obtained in order to achieve the super-critical condition quickly. 
The cement paste discs detailed in subsection 4.4.1.2 were stacked in a stainless steel sample 
holder and then inserted into the pressure vessel. After the inlet and outlet pipes for the flow 

of liquid carbon dioxide were attached to the vessel, the liquid was introduced from a C02 

gas cylinder. The completion of carbonation of the specimens was confirmed by the 

phenolphthalein test described in the previous subsection. 

Figure 2.2' Super-criticil carboiiation unit 
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2.3 EXPRESSION OF PORE SOLUTION 

In order to deten-nine the ionic constituents of the pore solution in cement pastes, a method 

of extracting capillary pore solutions under pressure was employed in Chapter 4. This 

technique was first used by Longuet et al. (1973) and subsequently developed by 

Barneyback and Diamond (1981) and Page and Vennesland (1983). As illustrated in Figure 

2.3, the pore expression device consists of a support cylinder, platen, die body and piston 

assembly. After all the parts except the piston were assembled, the specimen was dropped 

into the bore of the die body. A Teflon disc was then inserted between the specimen and the 

piston, completely covering the entire diameter of the hole in order to prevent the expressed 

liquid from leaking upward. Plastic tubing was fitted into the fluid drain channel and a 

plastic vial was placed under the open end of the tubing. The piston was then loaded and a 

pressure was slowly applied until the maximum load value reached 600kN. The extracted 

solution was drawn through the tubing and stored in the sealed plastic vial to prevent 

exposure to air. After each run, the parts were cleaned with distilled water and acetone, and 

the surfaces were sprayed with PTFE non-stick spray for lubrication. 

iI 

ý,, "1,, 1, 

P! J, --: 1 

d 

Figure 2.3 Pore expression device (left: Barneyback and Diamond 198 1) 
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2.4 ANALYSIS OF IONIC CONCENTRATIONS 

Ionic concentrations presented in Chapters 4 and 6 were determined by means of ion 

chromatography. In this technique, samples are passed through a column containing an ion 

exchange resin that strips out the ions. The column is then washed with an eluent solution, 

which removes different ions from the column at different rates. The rate depends on the 

balance between affinities of particular ions for the column and the eluent. The conductivity 

of the eluent which is contaminated with particular ions at different times is measured and 

the values are plotted against time. A number of peaks are produced and each peak's time 

corresponds to a different ion. Concentration of ions (ppm) in the same sample solutions are 

estimated by comparing with the corresponding time and peak areas of standard solutions 

containing known amounts of targeted ions. 

Analysis was performed using a Dionex DX500 ion chromatography system equipped with a 

GP50 gradient pump. Samples were diluted with deionised water in the appropriate ratio and 

then filtered through 0.22 pm Millex-GX filter units (Millipore) before being injected into 

the ion chromatograph. Filtered samples were passed through appropriate Dionex analytical 

and guard columns. The method of ion detection employed was conductimetry by means of a 

Dionex ED40 electrochemical detector. Samples -were usually analysed in auto-suppression 

recycle mode, but when the eluent included an organic solvent, acetonitrile (ACN), external 

regeneration mode was employed. Conditions used for the ion chromatograph detection of 

different ions are presented in Table 2.6. The conductivity profiles and concentrations of the 

ions were recorded using PeakNet data handling software. Further details of the procedures 

are presented elsewhere (Page et al. 2002; Page et al. 2005; Sawada 2005). 

Table 2.6 Conditions in methods of ion detection 

Type of ion Columns Eluent Flow rate 
Regeneration 

sy tem 
Standard cations 

(Na', K+, Mg 2+, Ca 2) CS14 & CG14 6mM H2SO4 Iml/min Recycle 

Ethanolamine CS14 & CG14 6mM H2SO4 Iml/min Recycle 

Guanidine CS14 & CG14 I OmM MSA + Iml/min External 
15% ACN regeneration 

Arginine CS14 & CG14 6mM H2SO4 Iml/min Recycle 
Standard anions 2- ' ' AS14 & AG14 2mM Na2CO3+ 

2 MN HC0 2ml/min Recycle ) (Cl , 
N03 

, 
S04 

. 5m a 3 I I 
MSA: methanesulfonic acid, ACN: acetonitrile 
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Typical conductivity peaks of organic corrosion inhibitors, ethanolamine, guanidine and 

arginine are shown in Fig. 2.4 together with standard cations, namely sodium, potassium, 

magnesium, and calcium ions. Among the organic inhibitors investigated in Chapters 3-6, 

ethanolamine and arginine were readily detectable by the same conditions as standard 

cations; however, as pointed out by Page et al. (2005), the determination of guanidine in 

mixtures of ions caused a problem, similar co-elution between guanidine and potassium ions 

being observed. This problem was solved by using 15% ACN in lOmM methanesulfonic 

acid (MSA) eluent as described by Page et al. (2005). 
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Figure 2.4 Typical conductivity peaks of corrosion inhibitors (Standard cations: l=Na+, 
2=K+, 3=Mg2+ 4=C2+, E=ethanolamine, A=arginine, G=guanidine) 
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2.5 MEASUREMENT OF POTENTIAL AND PH 

A saturated calomel electrode (SCE) was used to measure the potentials of steel bars in 

electrolytes or concrete, as described in Chapters 3 and 6. While not in use, the electrode was 
kept in a saturated potassium nitrate solution. 
In the experimental work presented in Chapters 3 and 4, the pH values of electrolytes were 

measured by means of a digital pH meter, "AR15" (Accumet Reseach 15) with a glass 
bodied combination electrode manufactured by Fischer Scientific Company. The pH meter 

was calibrated with buffers at pH 4.0,7.0, and 9.2 before the measurements were taken. In 

the work presented in Chapter 5,6, the pH values were measured by means of a different 

digital pH meter, "pH/DO Meter D-55" manufactured by Horiba Instruments, which was 

calibrated with buffers at pH 4.0,7.4, and 10.0 before the measurement. 

2.6 PRECISION WIRE ERROSION METHOD 

Precision wire errosion was employed for cutting steel bars into sections with a required 
length as described in Chapter 6, ensuring that minimal loss of metal was incurred. Ngala et 

al. (2004) were the first group to apply this technique for cutting cleaned steel bars by means 

of a precision wire with a diameter of 0.25mm for gravimetric analysis of the bars removed 
from laboratory concrete specimens whose surface had been treated with an ethanolamine- 
based corrosion inhibitor. In this thesis, precision wire erosion instrument, "AQ325L" 

manufactured by Sodick, was used for cutting steel bars by means of a precision wire with a 
diameter of 0.2mm. When the cut was in progress, special attention was paid to make sure 

that each cut was exactly perpendicular to the axis of bar. 

2.7 DETERMINATION OF BULK DENSITY AND POROSITY 

Bulk density measurements were conducted for cement paste discs in Chapter 4. The 

procedures for measurement are described below where a balance (OHAUS Explorer) 

measuring to 0.0001g was used. The weight of saturated specimen immersed in water was 

measured and recorded (WI). The specimen was then removed from the water and lightly 

wiped with a lens tissue. The specimen was reweighed in air, and the saturated surface dry 

weight (W2) was recorded. The bulk density, P (g/CM3) was determined according to 

Archimedes' principle as the ratio of weight in air to loss of weight in water: 
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W. 
2 P. W2 - Wl 

where p,, is density of water, which is assumed to be 1.0 in this thesis. For the purpose of 
obtaining the total porosity, the saturated surface-dry specimen was placed in an oven at 
105+5*C for 24 hours and then its weight (W3) was measured and recorded. Then the total 

porosity, e is given by: 

W-W 
23 pl, (2-2) 

W2 
- 

Wl 
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CHAPTER3 

ACTIONS OF ORGANIC CORROSION INHIBITORS 

IN MODEL ELECTROLYTES 

3.1 INTRODUCTION 

3.1.1 Scope of the study 

Corrosion inhibitors (as the term is used in this thesis) are chemicals that cause changes at 

the steel/concrete interface which can result in a reduction of the overall corrosion rate of 

steel in concrete. Corrosion inhibitors have been used as admixtures for new structures as a 

preventive measure since the 1970s. They have recently been developed to be applied on the 

concrete surface for the rehabilitation of reinforcing steel bars embedded in the existing 

structures. In recent years, several amine/alkanolamine based corrosion inhibitors have been 

applied for rehabilitation of reinforced concrete structures suffering from corrosion. One of 

the claimed advantages of these types of inhibitors is their ability to diffuse considerable 
distances into concrete owing to their high vapour pressure (Maeder 1994) as well as their 

economic availability and ease of application. They are supposed to be simple alternatives to 

other available rehabilitation methods such as patch repair or impressed current cathodic 

protection, but there are still several aspects to be clarified concerned with the effectiveness 

of surface-applied corrosion inhibitors (Page et al. 2000) as mentioned in Chapter I (see 

section 1.2). 

Among the uncertainties listed in section 1.2, the issue (2) is discussed in this chapter with 

reference to investigations of the behaviour of the amine/alkanolamine corrosion inhibitors, 

namely ethanolamine, guanidine, and arginine, in model electrolytes which were intended to 

simulate the pore solution phase present within carbonated concrete. The steel is maintained 
in a passive condition before immersion in the electrolytes with variously controlled 

concentrations and pH values. There were two objectives: (A) investigations on the 

mechanism of corrosion inhibition of the steel in air-saturated neutral or alkaline electrolytes, 

and (B) knowledge acquisition on the concentrations of the inhibitors required for the 

inhibition of corrosion of the steel in the electrolytes. These matters were experimentally 

studied by immersing mild steel bars in air-saturated model electrolytes of 
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amine/alkanolamine corrosion inhibitors for 35-42 days, during which the potential and 

corrosion rates were monitored at regular intervals. 

3.1.2 Mechanism of steel corrosion 

The understanding of metallic corrosion pI rocesses is based on the realisation that their 

mechanism is electrochemical in nature. Metal surfaces act as the sites for electrode 

reactions, termed anodic and cathodic processes, which are coupled together to form 

corrosion cells (Bentur et al. 1997). 

Anodic reaction: He + 4e" => 2 Fe 2+ (3-A) 

Cathodic reaction: 02 + 2H20 + 4e' => 40H' (3-B) 

This mechanism is illustrated in Figure 3.1 for the particular case of iron corroding in 

oxygenated water to form rust. The removal of iron is an electrochemical reaction that causes 

the iron to appear in the surrounding water solution as ferrous (Fe 2) ions. The dissolution of 

iron occurs within a limited volume of water present in the pores of concrete surrounding the 

steel. As a result of this dissolution, the steel mass and its cross-sectional area are reduced. 

With the ferrous ions in solution, reactions between ferrous ions, hydroxyl ions and 

dissolved oxygen molecules can occur within the pore water. The product of these reactions 

is one of the varieties of rust (hydrated iron oxide) which precipitates out of the pore water 

and deposits itself in the restricted space in the concrete around the steel. The formation of 

rust in a confined space sets up expansive stresses which may crack the concrete cover. This 

causes visual or structural problems and allows greater oxygen and water access to the steel. 

The formation of rust proceeds according to the following reactions, where ferric oxide is 

more stable and the conversion of ferrous oxide to ferric oxide usually occurs: 

Fe 2+ + 20H- => Fe(OH)2 (Ferrous oxide) (3-C) 

Fe(OH)2 + 02 =: > FeOOH + H20 (Hydrated ferric oxide) (3-D) 

Hydrated iron oxide (Rust) 

2Fe 2+ 40H"*- 02 + 2H20 
2FeOOH+H2 0ý %%,, 

ý I- ,, i Cathode/10 
Anode 2-Fe 

4e' 

Figure 3.1 Mechanism of steel corrosion 

Electrolyte 
(concrete) 

Metal 
(steel) 

43 



CHAPTER 3 

3.2 LITERATURE REVIEW 

Corrosion inhibitors can be classified into three main categories: anodic, cathodic and mixed. 
Anodic inhibitors, whose inhibitive action depends on the anion, suppress the anodic 

reaction by the formation of a protective film on the anode, resulting in the shift of corrosion 

potential of the metal to a noble value with time. For example, nitrite is identified as an 

anodic inhibitor since it functions at the anode, quickly oxidising ferrous ions to ferric ions, 

formed anodically at defects in the passive film by the following reaction (Gaidis and 
Rosenberg 1979): 

2Fe2+ + 20H'+2NO2" -, -:: > 2NO + Fe203 +H20 (3-E) 

Cathodic inhibitors, whose inhibitive action depends on the cation that forms insoluble 

deposits with hydroxyl ions, suppress the cathodic reaction by retarding oxygen reduction or 
hydrogen evolution, resulting in a shift of the potential towards a negative value with time. 
The salts of magnesium and zinc are the examples of cathodic inhibitors, reacting with the 
hydroxyl ions present at the cathode, forming insoluble magnesium and zinc hydroxides 

which precipitate on to the cathode and reduce oxygen diffusion through to the steel and the 

conduction of electrons. 
Mixed inhibitors retard both the anodic and the cathodic reactions to a certain degree. 

Anstice (2000) investigated the behaviour of the various inhibitors in model electrolytes at 

alkaline or neutral pH values, with or without chloride addition, namely nitrite ions (in the 

form of sodium nitrite), sodium monofluorophosphate (Na2P03F) and a proprietary 

alkanolamine-based inhibitor that contains ethanolamine as a major constituent. After 

immersing mild steel bars in air-saturated aqueous electrolytes for six weeks, he concluded 

that all of the three inhibitors examined behaved as passivating anodic inhibitors since the 

corrosion potential was observed to shift in the more positive direction as the corrosion rate 

was reduced to very low values. 

There are several hypotheses (Page 1970) by which anionic corrosion inhibitors could exert 

inhibitive performance described as follows. These hypotheses may also apply to the 

elucidation of the effectiveness of organic cation based corrosion inhibitors such as 

amine/alkanolamine inhibitors on the passivation of steel, whilst the mechanism of the 

passivation has not been fully understood yet: 
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(1) Buffering hypothesis 

The mechanism leading to the onset of corrosion starts at certain locations on the reinforcing 

steel where ruptures in the passive layer occur leading to iron dissolution and hydrolysis that 

produces FeOH+ and H+, creating an acidic environment. This causes the breakdown of the 

oxide film by a reductive dissolution process forming ferrous ions as follows: 

Fe203 + 6H+ + 26' 4: * He 2+ + 3H20 (3-F) 

Gilroy and Mayne (1965) experimentally showed that anions that buffer at moderately 

alkaline pH, such as borate, have the ability to promote anodic passivation of iron due to 

their buffering action. It might be expected that amine/alkanolamine corrosion inhibitors 

could retard the breakdown process (reaction (3-17)) by functioning as buffers according to 

their dissociation constants (pKa) by the following equilibrium: 

R-NH2 + H+ <* RNH3+ (3-G) 

(2) Adsorption/ Ion incorporation hypothesis 

Brasher (1969) proposed that the primary inhibitive function relies upon adsorption of the 

anion on to the metal surface at points of breakdown of the oxide film, retarding the 

dissolution of ferrous ions. In the case of cations of organic corrosion inhibitors in neutral 

solutions, it has been claimed by some researchers that the inhibiting effects are attributed to 

their adsorption on the metal surfaces that. prevents further dissolution of metal. (Maitra et al. 

1983 and 1984, Aramaki et al. 1994). From the fact that the presence of nitrogen atoms at the 

film surface, Aramaki et al. (1994) confirmed by means of X-ray photo-electron spectra that 

the organic inhibitor cations, namely alkyltrimethylammonium ions, were adsorbed on the 

passive film. Maitra et al. (1984) demonstrated using guanidine derivatives as organic 

corrosion inhibitors that the adsorption takes place on iron depends directly on their 

concentration in the solution, following Langmuir adsorption isotherm described as follows: 

0/(1-0) =A -C-e-12IRT 

where 0 is the fraction of the metal surface covered by the adsorbed species, A is a constant 

characteristic of the adsorption nature, C is the concentration of the material to be adsorbed, 

Q is the heat of adsorption, R is the gas constant, and T is the temperature. The adsorption is 

believed to block either cathodic or anodic reactions or both. However Page and Mayne 

(1972) found that air-saturated solutions of sodium benzoate completely inhibit the corrosion 

of iron only in when the salt is present at intermediate concentration, and claimed that the 

obtained results cannot be satisfactorily explained by concentration-dependent adsorption 
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hypothesis as indicated by Eq. (3-1). In this way, the inhibition mechanism based on the 

adsorption hypothesis cannot always elucidate the effectiveness of corrosion inhibitors on 

steel passivation. 
Since the adsorption of anions on the film surface is associated with the breakdown of 

passive film, a cation inhibitor, which can restrict the aggressive action of the anion to the 
film via "electrostatic interaction" between both ions, may suppress the breakdown of 

passive film. It was reported by Aramaki et al. (199 1) that the pitting potential of steel in an 

aqueous solution containing chloride ions is raised by addition of ammonium compounds. 

(3) Insoluble product hypothesis 

Hoar (1937) showed that salts that give a stable precipitate on being mixed with stannous 

chloride were inhibitive towards metallic tin, although those that gave precipitate were 

corrosive. This might be interpreted as implying that the precipitation acted as an insoluble 

barrier at anodic sites, resulting in the prevention of metal dissolution. Mayne and Page 

(1974) investigated the uptake of benzoate and acetate ions from aqueous non-buffered 

solutions into the air-formed oxide film on mild steel in the range pH 6 to pH 12 by means of 

radioactive tracers, and concluded that the inhibitive function of the ions depended on their 

ability to deposit adherent, insoluble basic ferric salts when anodic acidity developed at sites 

of breakdown of the air-formed oxide film, arresting reductive dissolution of the film. Other 

evidence is that carboxylates, which form iron carboxylate complexes on the metal surface, 
inhibit corrosion in neutral and slightly alkaline oxidising environments (Granata et al. 1986). 

As regards to the required concentration of corrosion inhibitors that is able to maintain the 

steel in a passive condition, it is believed that, in many cases, change from aggressive action 
to passivation occurs at a certain critical concentration specific to each anion involved 

(Brasher 1969). Maitra et al. (1984) investigated corrosion of pure iron in neutral aqueous 

solutions of guanidine derivatives, and concluded that corrosion reaction decreases with 
increasing inhibitor concentrations. Anstice (2000) concluded from his investigations 

mentioned previously that sodium nitrite was the most effective inhibitor of those he studies 
in neutralised solutions, inhibitor concentrations of 0.01M reducing the corrosion rate in the 

case of no chloride addition and IM in the case of LOM chloride addition. In the neutralised 

solutions of ethanolamine, the inhibiting threshold of the inhibitor concentrations was found 

to lie between O. IM and LOM in the absence of chloride and IM in the presence of only 
0.01M chloride. Jamil et al. (2003) investigated the effectiveness of amino alcohol-based 
inhibitor by mixing it with electrolytes simulating the concrete pore solutions in the presence 

46 



CHAPTER 3 

of chloride ions (2g/I NaCl), and found that the threshold of inhibitor concentration was 
between 0.5-1.0% (voYvol). 

3.3 MATERIALS AND EXPERIMENTAL TECHNIQUES 

3.3.1 Preparation of model electrolytes 

Aqueous solutions of amine or alkanolamine based inhibitors, namely ethanolamine, 

guanidine, 'and arginine with a wide range of pKa values, as shown in Table 3.1 below, were 

made at three different pH values, approximately 11.0,9.0, and 7.0, simulating the 

carbonated pore solutions containing the inhibitor at two different concentrations, OAM and 
0.01M without chloride. L-arginine was used for the preparation of arginine aqueous 

solutions. The control solution was de-ionised water. The specimens were prepared in 

triplicate for each condition. 
After the solutions were made, their natural pH values were recorded as shown in Table 3.2 

by means of a digital pH meter, "AR15" (Accumet Reseach 15) by Fischer Scientific 

Company introduced in the previous chapter. 
In order to prepare the solutions with a reduced pH of 9.0 and 7.0, carbon dioxide was 
bubbled through them from a carbon dioxide cylinder through plastic tubes to lower the pH 
to below 7.0. Then the solutions with a pH of 9.0 and 7.0 were obtained by carefully titrating 

the natural solutions with the carbonated solutions. 

Table 3-1 Cbemicals uged aq inhihitor. q (Lide 2006) 
Species pKa 

Ethanolamine (OH-CH2. CH2-NH2) 9.5 
Guanidine (NH=C-(NH2)2) 13.6 
Arginine (NH=C(NH2)-NH-(CH2)3-CH(NH2)-COOH) 1.82,8.99,12.50 

Tahle 1-2 Natural nT4 valueq of the Rnlution. -, 

1.30 
EI E2 Gl G2 Al A21 

1 5.90 
__I 

10.52 1 11.21 1 11.11 1 11.38 1 10.70 111.303 
KU C= Control solution (de-ionised water and no inhibitor addition) 

El = 0.01M ethanolamine 
E2 = 0. IM ethanolamine 
GI=0.0 1M guanidine 
G2 = 0.1 M guanidine 
AI=0.0 1M arginine 
A2 = 0.1 M arginine 
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3.3.2 Preparation of mild steel bars 

Bright drawn mild steel bars with a diameter of 6.35mm whose chemical composition is 

described in Table 2.4 (shown in the section 2.1.4) were used for the experiment. The bars 

were cut into I 00mm lengths and each of the ends was squared off in a lathe. The steel bars 

were then degreased by cleaning the surface using acetone and ethanol after the surface had 

been cleaned with P 1000 grade emery paper to remove any surface debris. The top halves of 

the bars were masked with shrink fit tubing. Areas of approximately 5 mm in length at both 

ends of the unmasked bottom halves of the bars were covered by applying Fortolac (a 

proprietary stopping off lacquer supplied by Mac Dermid Canning p1c) in order to allow a 
known surface area to be exposed to the test solution. A wire was then soldered to the top of 

the bar and the interface was again completely sealed with Fortolac. Finally the bars were 
left in a desiccator for a period of one week to allow an oxide layer to form on the exposed 

surface. A total area of 8.89cm. 2 of steel was left exposed for testing. 

3.3.3 Gel bridge construction 

Gel bridges were constructed to connect all the test cells to one common reference electrode 
(a saturated calomel electrode). A solution containing 3.5% agar and 15% potassium nitrate 
by weight was heated and stirred until the agar went into solution and a viscous liquid 

formed. This was then injected into plastic tubes, using a syringe, before it cooled and 
formed a gel. Once the bridges had cooled, they were kept in water to prevent the gel from 

drying out. 

3.3.4 Cell assembly 

Each solution was poured into 200ml beakers on which a PVC lid was put to keep the bars 

upright and fixed in place with PTFE tape. The PVC lid had been drilled so that the bars, 

stainless counter electrode, and the gel bridges could be fixed. It was then confirmed that the 

bars were not touching the glass container and the exposed steel area was fully submerged in 

the test solution. A diagram of the cell assembly is shown in Figure 3.2. 
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Gel Bridge 

Tested solution 

Insulating Wire 

Rigid PVC Lid 

Shrinkage Tube 

- 
Counter Electrode 

Exposed Steel Area 
4 200ml beaker 

-'ZZ Fortolac 

Figure 3.2 Schematic diagram of the cell assembly 

3.3.5 Final set-up 

A clear box with an internal dimension 500mm long, 300mrn wide, and 200mm high was 
filled to a depth of approximately 20mm with de-ionised water, which maintained the 

relative humidity inside the box at around 100% to prevent the solutions from evaporating. 
Then the beakers of each solution were arranged in groups connecting to a solution of 2M 

potassium nitrate in a beaker with gel bridges. Also each of the potassium nitrate beakers 

within the groups was connected to a central beaker of 2M potassium nitrate, where a 

saturated calomel reference electrode was contained for measurement of corrosion potentials 

and currents. Solid potassium hydroxide pellets were placed on small trays inside the box to 

absorb carbon dioxide in the air and thus to prevent the pH of the solutions from changing 

rapidly. The final set-up is shown in Figure 3.3. 
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22 

Extemal'connections to reference electrode 

E2 

EH 

300mm 

External connections to steel bars External connections to counter electrode 

Key 

0 
Cell containing tested solution, steel bar and counter electrode 

0 
Pot containing 2M potassium nitrate 

0 Saturated Calomel Reference Electrode 

E2 
Tray of Carbosorb (Pellets of potassium hydroxide) 

Gel Bridge 

Figure 3.3 Schematic plan of experimental set-up for the immersion tests 

3.3.6 Electrochemical monitoring 

Corrosion potentials and corrosion rates were measured for steel immersed in aqueous 

solutions in order to determine their corrosion behaviour. The electrochemical monitoring 

was carried out by means of a potentiostat/galvanostat, Gill AC serial no. 685, manufactured 
by ACM Instruments after 1,3,7,14,21,28, and 35 or 42 days of immersion of the steel 
bars. The corrosion potential (Ecorr) was first measured with respect to a stable calomel 

reference electrode, and then AE-AI profile near the steel potential (Ecorr) was obtained by 

the linear polarisation. technique with a potential shift range of ±lOmV and a scan rate of 
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lOmV/min. This is because it has been demonstrated that the current-potential curve of the 

steel reinforcing bars embedded in concrete has a linear relationship for potential range 
around 20-3OmV of Ecorr (even high in the case of very high corrosion rates and may be 

smaller than 20mV in some conditions of extremely low corrosion rates), and that the 

optimum scan rate that gives accurate measurement without affecting the transient properties 
of steel passive films lies between 2.5-lOmV/min (Gonzdlez et al. 1985). 

Finally the polarisation resistance (Rp) was calculated by 

Rp AE 
A, 

(3-2) 

The overall corrosion current flowing between anodic and cathodic regions of the 

reinforcing steel is given by the Stem-Geary equation (Stem and Geary 1957) given below 

Icorr =B/ Rp (3-3) 

B _b,, 
b, 

(3-4) 
2.303(b,, + b, ) 

where b. and b, are anodic and cathodic Tafel slopes respectively, and the value of B is 

assumed to be 26mV for active corrosion (Andrade and Gonzdlez 1978), which was derived 

from calibrating polarization resistance measurements with gravimetric measurements. 
The corrosion rate i,,,, is therefore: 

icorr = icorr /A 

where A is the corroding area. 

(3-5) 

The criteria for evaluating the severity of corrosion from i, values were proposed by 

Andrade et al. (1990), where corrosion is negligible for the corrosion rate below O. IýWcM2, 

active for the rate greater than 0.1-0.2WCM2 , and significant for the rate greater than 
IWCM 2. 
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3.4 RESULTS AND DISCUSSION 

Figures 3.4 to 3.15 show the results of the electrochemical monitoring of the mild steel bars 

immersed in the model electrolytes with various pH values. Corrosion potential 

measurements (Ecorr) were carried out alongside the Icorr measurements. The Ecorr values 

mentioned here correspond to ones -versus a saturated calomel electrode (SCE scale). 
Figures 3.4 and 3.5 show the evolutions of Icorr and Ecorr respectively with respect to time 

for the steel bars immersed in 0.1 M ethanolamine solutions with pH values of 7.0,9.0 and 

their natural value, together with the results of the control specimens immersed in distilled 

water. It can be seen that 0.1 M ethanolamine solutions at all three pH values were effective 
in keeping the steel bars passivated during the experiment period, where the measured Icorr 

values were below 0.1 PA/cM2 and Ecorr values were over -250mV. However, as can be seen 
in Figures 3.10 and 3.11, in the case of 0.0 1M ethanolamine solutions, at all pH values the 

bars started to corrode. Even the solutions at a natural value (pH 10.52) were found to be still 

corrosive 10 days after the immersion had been started. This may imply that the threshold 

concentration at which an ethanolamine solution with a pH range of 7-10 is inhibitive or 

corrosive lies between 0.0 1M and 0.1 M. It can be seen that as the corrosion rate is reduced 

the corrosion potential shifts towards the more positive value, indicating that ethanolamine 
behaves as a passivating anodic inhibitor of steel corrosion in air-saturated aqueous solutions 

at alkaline and neutral pH values. These results concerned with the passivating inhibitor 

concentrations of ethanolamine electrolytes correspond to those demonstrated by Anstice 

(2000). 

Figures 3.6 and 3.7 show the evolution of Icorr and Ecorr in the case of OAM guanidine 

solutions at different pH values, and Figures 3.12 and 3.13 in the case of 0.01M solutions. 
The results show that guanidine at both concentrations has an inhibitive effect on steel bars 

except for solutions at a concentration of 0-01M with a pH of 7.00. The pH of the pore 

solutions of carbonated cement pastes is in general close to 9, thus it might be expected that 

0.0 1M guanidine solutions are effective in terms of steel passivation. It can also be seen that 

as the corrosion rate is reduced the corrosion potential shifts towards the more positive value, 
indicating that guanidine behaves as a passivating anodic inhibitor of steel corrosion in air- 

saturated aqueous solutions at alkaline and neutral pH values. 

Figures 3.8 and 3.9 show the evolutions of Icorr and Ecorr in the case of OAM arginine 

solutions at different pH values, and Figures 3.14 and 3.15 in the case of 0.01M solutions. It 

52 



CHAPTER 3 

can be deduced from these results that arginine solutions at a concentration of O. IM are 

effective in maintaining the steel bars passivated, whilst the solutions at a concentration of 
0.0 1M lack the ability to keep the steel passivated except those at natural pH. As in the case 

of ethanolamine, these results indicate that the threshold concentration at which an arginine 

solution inhibits lies between 0.01M and O. IM. It can also be seen that as the corrosion rate 
is reduced the corrosion potential shifts ýowards the more positive value, indicating that 

arginine behaves as a passivating anodic inhibitor of steel corrosion in air-saturated aqueous 

solutions at alkaline and neutral pH values. 

3.5 CONCLUSIONS 

(1) The three amine/alkanolamine based corrosion inhibitors studied in this chapter, namely 

ethanolamine, guanidine, and arginine, all behave as passivating anodic inhibitors of 

steel corrosion in air-saturated aqueous solutions at alkaline and neutral pH values, since 
the corrosion potential shifts towards the more positive value as the corrosion rate is 

reduced. 

(2) The solutions at a concentration of LOM of all of the above three inhibitors are inhibitive 

at neutral pH values. The threshold concentration at which each inhibitor is inhibitive or 
corrosive in neutralised solutions that simulate the pore solutions of carbonated cement 

pastes lies between 0.01M and OAM for ethanolamine and arginine, whilst it lies below 

0.0 1M for guanidine except at a considerably reduced pH value of 7.0. 
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Figure 3.4 Icorr versus time of mild steel bars immersed in 0-IM 
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ethanolamine solutions with various pH values for 42 days 
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Figure 3.6 Icorr versus time of mild steel bars immersed in 0.1 M 
guanidine solutions with various pH values for 42 days 
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Figure 3.8 Icorr versus time of mild steel bars immersed in 0.1 M 
arginine solutions with various pH values for 35 days 
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Figure 3.10 Icorr versus time of mild steel bars immersed in 0.0 1M 
ethanolamine with various pH values for 35 days 
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Figure 3.11 Ecorr versus time of mild steel bars immersed in 0.0 1M 
ethanolamine solutions with various pH values for 35 days 
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Figure 3.12 Icorr versus time of mild steel bars immersed in 0.0 1M 
guanidine solutions with various pH values for 35 days 
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CHAPTER 4 

ELECTROCHEMICAL INJECTION OF ORGANIC CORROSION 

INHIBITORS INTO CARBONATED CEMENT PASTES 

4.1 INTRODUCTION 

4.1.1. Scope of this study , 

In the previous Chapter, it was found that, with a certain level of concentration, the 

neutralised solutions of inhibitors studied in this thesis, namely ethanolarnine, guanidine, and 

arginine, could reduce corrosion rates of steel. In this Chapter a method which introduces the 

corrosion inhibitors at the concentrations required for passivation of steel in the vicinity of 

the reinforcing bars embedded in concrete is discussed. 

Among the methods using corrosion inhibitors that are applied to existing concrete structures 
for restorative purposes, the simplest and the most economical would seem to be ponding the 

inhibitor solutions on to the concrete surface, expecting the required concentrations of the 

inhibitors to penetrate the material by diffusion and absorption. This surface application of 
inhibitors as a rehabilitation method requires the substantial transport of the substance to the 

reinforcing bar where it has to reach a sufficient concentration in order to protect the steel 

against corrosion or reduce the rate of the ongoing corrosion. Recently several researchers 

have investigated the effectiveness of surface-applied corrosion inhibitors for restorative 

applications, focusing on the ability of penetration or passivation for reinforcement 

(Bjegovic 1994, Alonso 1996, Phanasgaonkar et al. 1996 and 1997, Haynes et al. 1997, 

Elsener et al. 2000, Page et al. 2000, Elsener 2001, Tritthart 2003, Wombacher 2004, Ngala 

et al. 2004). However, the results have been inconsistent. One of the reasons for this is that, 

since cover depth and permeability of concrete vary, the maximum penetration depth of the 

inhibitor and the period required for it to reach the reinforcing bars may also vary greatly 

(Elsener 2001). For example, Alonso et al. (1996) suggested that monofluorophosphate 

(MFP) might be used as a corrosion inhibitor to reduce the corrosion rate of steel in 

carbonated concrete, whilst the period required for this penetration was unclear. However, 

Ngala et al. (2003) demonstrated that little penetration of MFP and no significant reduction 
in the corrosion rate of the embedded steel was observed in carbonated specimens. Ngala et 
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al. (2002) had shown that nitrite was effective as repair ponding material only in the case of 

non-carbonated concrete with relatively low level of chloride or carbonated concrete with 

very low chloride. The inhibitors based on amines and alkanolamines have relatively high 

vapour pressures and are claimed to be able to diffuse considerable distances through 

concrete pores (Maeder, 1994). However, Ngala et al. (2004) found that no inhibitory effect 

on the corrosion rate of the steel was observed in carbonated specimens mainly due to poor 

penetration of the substance. It can be concluded that corrosion inhibitors are not always 

capable of reliably restoring the passivasion of reinforcement bars in concrete by merely. 

ponding them on the surface. In order to secure sufficient concentration of corrosion 
inhibitors on the reinforcing bars, their penetration in concrete may need to be induced by 

other mechanisms. 

Most amine and alkanolamine-based corrosion inhibitors are dissolved in aqueous solutions, 

and are protonated according to their dissociation constants (K. ) and the solution pH. 
Cationic species in aqueous solution are driven to move toward the negative electrode under 

an electrical field, and hence the migration of cationic corrosion inhibitors may be 

accelerated when the inhibitor solutions are applied to a concrete surface, and currents are 

passed between anodes placed within the inhibitor solutions and reinforcing steel cathodes 

embedded within the concrete. In addition to the accumulation of the inhibitor in the vicinity 

of the steel bars, additional advantages are expected, namely the partial removal of chloride 
ions from concrete and the production of hydroxyl ions around the steel cathode, generated 
by cathodic reduction of water. For carbonated concrete, a sufficient concentration of 
inhibitor was observed to be attained around the steel bars in a shorter time than that 

achieved by conventional surface-applied treatments (Sawada et al. 2005). However, the 

transport mechanism of inhibitors has not yet been understood, since their penetration into 

the material is expected to be influenced by other constituents in the pore solutions, such as 
hydroxylions. 

The aim of the present investigation was to provide a deeper understanding of the 

phenomena underlying the migration of corrosion inhibitors in cement-based materials. This 

chapter will explore the effects of electrochemical injection of three organic corrosion 
inhibitors studied in this thesis, namely ethanolamine, guanidine, and arginine, on the pore 

solution constituents of carbonated cement-based materials which have been experimentally 

examined. The pore solutions were squeezed from carbonated cement matrix which was 

subjected to the inhibitor injection treatment and analysed to determine the concentration 
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profiles of various ions. It was necessary to devise a means of performing detailed pore 

solution analyses of material sampled at closely spaced intervals along the migration path 
between the anode and cathode. The use of concrete specimens with coarse aggregates was 

considered unsuitable for this purpose because of the spatial resolution limitations imposed 

by the presence of the aggregates on sampling and analysis of the pore solution. It was 

therefore decided to undertake the experiments to be described in this Chapter with 

laminated specimens of cement pastes. 

Part I of this Chapter describes the fundamental electrochemical injection approach for fully 

carbonated material in which the penetration of the inhibitor and the migration of ionic 

species can be considered to be one-dimensional phenomena. The target area is then 

developed to a two-dimensional field in Part 2 of this Chapter, where the proposed injection 

treatment is applied to partially carbonated material that simulates real concrete with a 

carbonation depth profile which is not uniform in usual cases. In Part 2, not only the 

penetration of inhibitors, but also the interaction of the chemical phase of the pore solutions 
in carbonated and non-carbonated sections of the cementitious material, are investigated. 

The risk of the deleterious side effects that might arise by the application of electrochemical 

injection of corrosion inhibitors are also discussed in this Chapter. 

The work presented in Part I of this Chapter that is concerned with the electrochemical 

injection of two (namely, ethanolamine and guanidine) of the three inhibitors studied in this 

thesis was conducted in collaboration with Dr S. Sawada, which is covered in Appendix G 

(Sawada et al. 2007). 

4.1.2. lonisation of inhibitors 

In order for the electrochemical injection treatment proposed in the previous subsection to be 

efficient, it is desirable that significant proportion of the corrosion inhibitors should be 

electrically charged, thus the degree of ionisation of inhibitors in concrete pore solutions 

may be crucial. The extent of ionisation is governed by the dissociation constants (K. ) of the 

organic corrosion inhibitors and the pore solution pH values of the concrete. The equilibrium 

constant of a reversible dissociation is represented by the pK. value, which is defined as the 

negative logarithm of the dissociation constant (K. ) as follows. In the case of organic bases, 

values are presented as pK. values of their conjugate acids for the reaction: 
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RNH3+ <:: > RNH2 + H+ (4-A) 

K. = [H+I[MH2] / [MH3+1 (4-1) 

pKa = -logK. (4-2) 

where [RNH21, [RNH3+1, and [HI denote the concentrations *of the molecular organic bases, 

their conjugate acid and hydrogen ions (mole/1) respectively. 

Aqueous solutions of three organic bases, ethanolamine (HO-CH2-CH2-NH2). guanidine 
(HN=C(NH2)2) and arginine (NH=C(NH2)-NH-(CH2)3-CH(NF, 2)-COOH), studied in the 

previous Chapter, were used for the electrochemical treatment in order to examine the effect 

of the dissociation constants of organic corrosion inhibitors. The dissociation constants 
(expressed as pK. values) of ethanolamine and guanidine are 9.5 and 13.6 respectively, their 

partially converted cationic conjugate acids being in the form of HO-CH2-CH2-NH3', and 

(NH2)3C+- On the other hand, arginine has three dissociation constants: pK. J 1.82, pY. Q 
(defined as pK. value of arginine in this thesis) 8.99, pK, 3 12.50 (Lide 2006), and the scheme 

of ionisation is shown in Figure 4.1. The equilibrium speciation in aqueous solutions of 

varied pH values is illustrated in Figure 4.2. In aqueous solutions of pH < their respective 

pK. values, the predominant form of the inhibitor is cationic, whereas in solutions of pH > 

their pK. values, the predominant form is molecular (note that in solutions of pH > pKa3 

value, the predominant form is anionic for arginine). 

NH2+ NH2+, 
% pK. 

ý2 NH2+ NH 
11 f -p K--. ý, 11 \ j(pK. )l pK. 3 

II 

HN NH2 U12) HN .. o""'C N%` 
HN 12.50 HN 

cl-%. 
NH2 NHIý2 2 

(CH2)3 

, 
COOH 

(CH2)3 (CH2)3 (CH2)3 

HH/, 
Coo, 'IN 

H,,, 
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H"Coo- 

NH3 NH3+ NH2 NH2 

[R(NH3ý2COOH] [RNH3+NH2COOH] [R(NH2)2COOH] [R(NH2)2COO-1 

Figure 4.1 Scheme of ionisation of arginine 
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Figure 4.2 Speciation of the three inhibitors as a function of pH 

The pore liquid in concrete produced from most common cements may be regarded as an 

alkaline solution and its pH values are normally in the range of 13-14 (Page and Vennesland 

1983, Canham et al. 1987). Carbonation of concrete, however, reduces the pore solution pH 
from its initial high value to a near neutral value (around pH 9) (Anstice et al. 2005). As can 
be estimated from Figure 4.2, the predominant form of the three corrosion inhibitors in 

carbonated pore solutions is cationic, which is considered to be a beneficial factor in terms of 
injection efficiency in an electric field. On the contrary, as can be seen from Figure 4.2, the 

predominant form of the inhibitors in high pH solutions is different for the three species: 

molecular for ethanolamine, still cationic for guanidine, and anionic for arginine. Thus it is 

expected that, during the electrochemical treatment, since the pH in the material is raised by 

migration of hydroxyl ions that are cathodically generated by water electrolysis, the 

difference in the predominant form of the three inhibitors in such realkalised pore solutions 

might affect their penetration into the cement pastes. 

64 



CHAPTER 4 

4.2 LITERATURE REVIEW 

The possibility of using electrochemical treatments of limited duration to promote the 

injection of certain types of corrosion inhibitor into reinforced concrete with the aim of 

controlling the corrosion rate of embedded steel reinforcement has been proposed by several 

researchers. 

Asaro et al. (1990) were the first group to apply electric fields to cause migration of 

corrosion inhibitors, quaternary ammonium and quaternary phosphonium, compounds, under 

the support of the Strategic Highway Research Program (SHRP) (Asaro et al. 1990, 

Hettiarachchi and Gaynor 1992). In their investigations, non-carbonated mortar or concrete 

columns (50.8mm in diameter and 203.2mm in height) with or without chlorides were 

subjected to electrolysis between an anode installed in a solution of saturated Ca(OH)2 

placed under the column and a cathode in saturated Ca(OH)2 solution placed on the top of 

the column with or without tetra ethylphospohonium nitrite. The effectiveness of the 

electrochemically injected inhibitor in terms of corrosion prevention was investigated by 

monitoring the corrosion potential (Ec., ) of the steel bars embedded in the columns that had 

been treated or not treated with inhibitors. In the case of mortar samples, the potential values 

of the steel embedded in the chloride-contaminated specimens treated with the inhibitor 

shifted to the positive direction and became equivalent to those obtained in the chloride-free 

specimens. In the case of concrete specimens; however, adequate potential enhancement was 

not observed within the experimental period. In this report, the concentration of inhibitors 

that accumulated in the vicinity of the steel by the help of the applied electric field was not 

presented, and is thus unknown. In addition, the current densities they recommended to 
2 

achieve effective injection of inhibitor within a period of around 2 weeks were IOA/m , 
which was believed to be higher than is normally applied for electrical treatment of concrete, 

as with electrochemical chloride extraction (Mietz 1998). According to Page et al. (2000), 

such high current density may lead to deleterious side effects such as ASR (alkali-silica 

reaction) or degradation of bond strength between the steel and concrete. 

Phanasgaonkar et al. (2000) investigated inhibitor injection into chloride-contaminated non- 

carbonated concrete specimens under an electric field using dicyclohexylamine nitrite and a 

commercial migratory inhibitor. Currents were passed for two weeks between an anode 

placed in a piece of sponge soaked with saturated Ca(OH)2 solution containing inhibitors and 

an embedded steel cathode. Linear polarisation resistance was measured for the assessment 
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of the inhibitive performance. In the case of the combined system of both applied electric 
field and inhibitors, a higher level of inhibition was observed than in the case of control 
specimens that were exposed to applied electric field only. The authors concluded that the 

electric field might enhance the transport of charged inhibitors, resulting in the higher 
inhibition of the embedded steel that had worked as cathode. However, the current density 

they applied was still high enough (7.73A/M 2) to cause possible side effects as mentioned in 

the previous case by Asaro et al. (1990). Furthermore, since the pK. value of the inhibitor 

studied was 10.4, almost all of the inhibitor cations presumably converted to molecules in 

the pore solution whose pH value was enhanced by water electrolysis and hydroxyl 

migration. Thus it appears unlikely that the inhibitors were efficiently transferred by the 

migration under applied electrical field. The concentration of inhibitors that accumulated in 

the vicinity of the steel cathode was also unavailable in this report. 

Holloway et al. (2004) carried out an electrochemical injection of MCI inhibitors (Migratory 

Corrosion Inhibitors) in a similar manner to Phanasgaonkar et al. (2000). After electrical 
treatment for 2 weeks, the concentration profiles of MCI were obtained from sectioned 

samples by means of an ammonium-sensing electrode which had been proven as an effective 

means for measuring amine concentration in Ca(OH)2 solutions as part of diffusion cell 

experiments (Elsener et al. 2000). The results showed that when the electrochemically 
injected inhibitor concentrations were compared to those obtained in the case of surface 

application following the manufacturer's recommended dosage, the enhancement in inhibitor 

concentrations due to the electric field was indeed observed, but the degree was not 

significant throughout the sample. The reason for this could possible be that since the 

dissociation constants of the primary components of the MCI might not be high enough, the 

predominant form of the inhibitors was molecular with quite low mobility in the non- 

carbonated concrete specimens. 

In their recent investigation, Sawada et al. (2005) conducted an electrochemical injection of 

organic base corrosion inhibitors with widely different pK. values, namely ethanolamine 
(pK. 9.5) and guanidine (pK, 13.6), where constant current densities (in the range of 1-5 

A/M 2) were applied to non-carbonated or carbonated concrete specimens between an 

embedded steel cathode and an external surface anode placed in an aqueous solution 

containing the relevant inhibitors for several days. The concentration profiles of 

electrochemically injected corrosion inhibitors within the concrete were analysed from 

sectioned samples by means of an ion chromatography technique as described in section 2.4, 
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which had been developed to evaluate features of the pore solution chemistry. It was shown 
that rates of injection into carbonated concrete of the organic base corrosion inhibitors, 

namely ethanolamine and guanidine, could be greatly enhanced. It was also shown that the 

migration of organic corrosion inhibitors into concrete was markedly affected by their acid 
dissociation constant (K. ) and the pore solution pH. The significant field-induced penetration 

of inhibitors into carbonated concrete was believed to be attributable to the near-neutral pH 

value of the carbonated pore solution. Although it was clear that the evolution of the pH 

profile within the pore solution and the magnitudes of the dissociation constants of the 

organic base inhibitors played a dominant role, several aspects of the inhibitor transport 

mechanism and its relationship to compositional features of the pore solution phase of the 

carbonated concrete remained unsolved. Since hydroxyl ions are generated by cathodic 

reduction of water and migrate from the cathode towards the anode through the pore solution 

phase in concrete, the carbonated pore solution would be re-alkalised during the 

electrochemical treatment. This pH rise would be expected to have some influence on the 
inward migration of corrosion inhibitors. The change of pH would also affect the solubility 

of substances containing calcium and magnesium ions in the pore solution. Furthermore, the 

application of electrochemical injection induces migration of other ionic species in the pore 

solution, such as sodium, potassium, chloride and sulphate ions. Ions cannot move 
independently in electrolytes since their transport is affected by other co-existing ions. It 

follows that the transport of inhibitors is influenced not only by hydroxyl ions but also by 

other major ions. It is thus important to characterise the distribution of the various ions in 

pore solution induced by the applied electrical fields. 

No research or report has been found that deals with electrochemical injection of inhibitors 

applied to cementitious material specimens or real concrete in which the distribution of 

carbonation front is estimated to be non-uniform. 
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PART 1: MIRGARTION OF CORROSION INHIBITORS INJECTED 

INTO FULLY CARBONATED MEDIUM 

4.3 INTRODUCTION 

In Part I of this Chapter, the changes in the pore solution phase chemistry of carbonated 

hardened cement paste are experimentally studied, wherein aqueous solutions of three 

organic base corrosion inhibitors are applied to the surface of the material and constant 

current densities are passed between anodes placed within the inhibitor solutions and steel 

mesh cathodes embedded within the paste. The efficiency of injection of the inhibitors into 

fully carbonated hardened cementitious material at various current densities is investigated 

as a fundamental one-dimensional approach for elucidation of the phenomena underlying the 

transport of corrosion inhibitors. The concentrations of inhibitors that are attained in the 

vicinity of the steel cathode by means of this electrochemical method are examined in excess 

of the level, obtained in the previous Chapter, that is required for passivation of steel 
immersed in the equivalent solutions. 

4.4 EXPERIMENTAL PROCEDURES 

4.4.1. Specimen preparation 

4.4.1.1 Carbonated cement paste 

Ordinary Portland cement (OPC), whose chemical analysis is shown in Table 2.1, was used 

to produce cement paste specimens. After being sieved through a 150 pra mesh to remove 

coarse particles, the cement was then weighed and mixed with de-ionised water to produce 

paste of a water/cement ratio 0.6. The mixture was poured into cylindrical PVC containers 

with a diameter of 49mm. and a height of 75mm after being thoroughly blended by hand for 

about 5 minutes. The containers were vibrated for approximately 2-4 minutes to get rid of 

any trapped air bubbles, and topped up with fresh paste. Cling film was placed on the surface 

of the paste before the containers were capped, and the cylinders were rotated at a speed of 

about 8 rpm for at least 24 hours in order to minimise segregation and bleeding. The 

specimens were then stored in a high humidity curing room at a temperature of 22-+2C. 

After 14 days the specimens were demoulded and immersed in a 35mM NaOH solution in 

order to minimise leaching of calcium hydroxide and any cement hydration products, and 
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then stored in another curing room at a temperature of 38±2*C for 8 weeks. When the 

cylindrical samples were fully cured, they were cut by means of a diamond saw lubricated 

with a small amount of distilled water into sliced discs with a thickness of approximately 
5mm. The specimen surfaces were ground with grade 600 emery paper and rinsed with 
distilled water. The discs were carbonated in the manner described in subsection 2.2.1. Three 

months later, completion of carbonation was confirmed by spraying phenolphthalein on to 

the surfaces of broken specimens. Then the fully carbonated discs were kept at 75% RH in 

air over saturated NaCI solutions for a further period of 6-7 months until they were required 
for electrochemical treatment as described in subsection 4.4.3. 

4.4.1.2 Super-critically carbonated cement paste 

At the beginning stage of this project, the stainless steel mesh, serving as the cathode, was 

sandwiched between two sliced discs that had been made in the manner described above. 
However after the electrochemical injection treatment was finished and the cathode mesh 

was removed, it was quite difficult to measure the pH at the actual position of the cathode. In 

addition, it was also very hard to obtain the concentration of inhibitor at the cathode by 

analysing the fluid remaining on the steel mesh. It was then found to be desirable in the later 

stages of this project that the electrodes should be embedded in carbonated discs so that the 

pH and the inhibitor concentration at the cathode could be estimated by the analysis of the 
fluid after the pore expression of the discs. It was thus necessary to obtain such carbonated 
discs with embedded electrodes as soon as possible, which is why a rapid technique utilising 

super-critical carbon dioxide (SCC02), detailed in subsection 2.2.2, was relied upon to 

produce carbonated cement paste discs. 

Cement paste specimens w ith w/c of 0.6 were cast into specially prepared containers (49 mm 

in diameter and 8 mm. in thickness) in which Type 316 stainless steel mesh was placed in the 

centre, as shown in Figure 4.3. The comers of the hexagonal shaped stainless steel mesh 

were buried in Plasticine so that electrical wire could be attached to the electrode after the 

disc was demoulded. The cement pastes were then vibrated for 1 minute to get rid of 

entrapped air bubbles. After the surface was flattened with a trowel, the discs were cured for 

one day in a sealed box in which the humidity was kept at about 100% RE The discs were 

then demoulded and conditioned by placing them in an oven at 45"C until DOD (the degree 

of drying: defined by weight loss in an oven at 45'C divided by weight loss after 24 hours at 

105'C) (Purnell et al. 2001) reached about 70%. The samples were exposed to water- 
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saturated scC02 in a stainless steel pressure vessel for 12 hours at 71 bar and 31 "C, as shown 
in Figure 2.2. After removal from the vessel, the carbonation depths were measured by the 

phenolphthalein test and the fully carbonated discs were kept in air at 75% RH until they 

were required for the electrochemical treatment described in subsection 4.4.3. 

A 

Type 316 stainless mesh 

Plastic container Casting 
direction 

[Unit: mm] 

Figure 4.3 Container for producing carbonated cement paste discs with embedded stainless 
steel mesh 

4.4.2. Organic corrosion Inhibitors 

The electrolyte solutions used for the electrochemical injection into the carbonated cement 

paste were IM ethanolamine nitrate (mixture of IM ethanolamine and 0.98M nitric acid: 
initial pH -8.0), 0.5M guanidine carbonate (IM with respect to guanidine: initial pH -11.9), 

and 0.5M arginine nitrate (mixture of 0.5M L-arginine and 0.48M nitric acid: initial pH 

-8.0). 

4.4.3. Treatment of specimens with corrosion Inhibitors 

For the electric current to be passed properly during the electrochemical treatment detailed 

later in this subsection, the carbonated cement paste discs needed to be fully saturated. Thus, 

the discs were converted to a saturated surface-dry condition according to the following 

procedures, by which the leaching of ions from the pore solutions was designed to be 

minimised. The discs were placed horizontally on glass plates, and distilled water was 

applied to each disc by means of soaked cotton wool until excess water was observed. The 

excess water was carefully removed by means of another piece of dry cotton wool, and the 

discs were placed in an upright position on platforms above distilled water in sealed tanks 

wherein humidity was kept at 100% RE After being stored for I hour, the discs were 

removed from the tanks, and distilled water was added to the opposite side of each disc by 
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the same procedure. The discs were then put back into the tanks. After another hour, the 

weights of the discs were measured. These procedures were carried out once per day and 

were continued until the weights of the discs reached constant values and when a saturated- 

surface-dry condition was considered to be achieved. Some discs were then removed and 

used for measurement of bulk density and total porosity according to the procedure detailed 

in section 2.7. Other discs were stacked together with damp filter papers (Whatman No. 145) 

placed between discs to ensure adequate contact, as is shown in Figure 4.4. Four specimens 

were set up for each test case and were subjected to electrolysis. Seven discs were stacked 

under the super-critically carbonated cement paste disc containing steel cathode mesh, the 

cover depth being assumed to be 34mm. For investigation of transport of species in the pore 

solutions behind the steel cathode, it was decided that three carbonated cement paste discs 

were to be placed on the cathode disc, referring to the results obtained by mathematical 

modelling described in the following Chapter, which demonstrates that the penetration of the 

inhibitors and the effect of water electrolysis taking place at the steel cathode were 

considered to be negligible approximately 20mm. after the cathode (see Figure 5.5,5.8, and 
5.10 in Chapter 5). 

Cling film Stainless steel mesh 
I 

Galvanostats 
Damp cotton wool 

Cathode - L 
Anode - Carbonated cement paste discs 

t -5mmx3) - 

Super- critical carbonated 
cement paste disc (t--8mm) 

Filter paper 
Carbonated cement paste discs 
(t=Smmx6) 

L 
Inhibitor electrolyte a 
(120ml) 's w 

Dividers Carbon rods Dividers 

Figure 4.4 Experimental arrangement 

Each treatment was performed in a container whose atmosphere was kept at about 100% RH. 

After each electrolyte solution of inhibitor described in subsection 4.4.2 was prepared, the 

concentration of inhibitors and associated anions, as well as the initial pH values, were 

measured. Two carbon rods serving as anodes were placed at the bottom of a shallow 
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container filled with 120 ml of one of the electrolytes. The stacked disc specimens were 
immersed in the electrolytes to a depth of 2 mm. The circuit was then completed and current 
densities were galvanostatically controlled at either I or 5 A/M2 of the disc surface area for 7 
days. Control specimens were also immersed for the same period to a depth of 2 mm in the 

above-mentioned three sorts of inhibitor electrolytes without application of a current. In this 

case, only one disc was placed on the cathode disc, since the diffusive penetration of the 
inhibitor towards the cathode was estimated to be slower than the migration in the electric 
field. The side surfaces of the piled discs were then wrapped with cling film, and damp 

cotton wool was placed on the top to restrict moisture loss caused by the temperature rise 
due to resistive heating during the electrochemical treatment. 

4.4.4. Ionic distribution In pore solution 

After the electrochemical treatment, four discs from the same layer were gathered and stored 
for one day in polythene bags inside a desiccator, at the bottom of which distilled water was 
placed. The four discs were used together as a specimen for pore solution expression, 
detailed as follows. For the determination of the ionic constituents of the pore solution in 

cement pastes, a method of extracting capillary pore solutions by pressure was employed, the 

procedure of which is detailed in section 2.3. In order to analyse initial pore solution 

constituents of the carbonated and the super-critically carbonated cement paste, the spare 

cement paste discs, which were not used for the electrochemical treatment, were also 

squeezed. 

Within 30 minutes of collecting pore solutions, the pH was measured using a pH meter, as 
described in section 2.5, in order to determine the concentration of hydroxyl ions. After the 

measurement of pH values, titrations for carbonate and bicarbonate ions were conducted by 

means of the same electrode. 

Concentrations of carbonate and bicarbonate ions were determined by monitoring pH during 

titration of a 1.0 ml sample of the pore solution against 10 mM nitric acid. For solutions 

containing ethanolamine or arginine, the titration of a pore solution with nitric acid was 

expected to result in three inflections, around pH 10.3,9.5/9.0, and 6.4 respectively, each 

coinciding with the point of conversion Of C03"/HC03-, ethanolamine or arginine 
cation/molecule, and HC037/H2C03 (Lide, 2006). For solutions containing guanidine, the 
titration was expected to result in only two inflections, around pH 10.3 and 6.4. In order to 
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estimate the concentration of the species converted in the inflections, the amounts of nitric 

acid required for reducing the pH down to pH 7.0 and 4.0 were recorded in the case of the 

solution containing ethanolamine or arginine, and pH 9.0 and 4.0 in the case of the solution 

containing guanidine. From the amounts of hydrogen ions consumed when the pH value was 

reduced from the former and the latter, and from published pK. data for the system C03 2- 

/HC03'/112CO3 (Lide, 2006), the maximum amounts of carbonate and bicarbonate present in 

the pore solution were estimated. Detailed procedures of the calculation are shown in 

Appendix A. 

Concentrations of corrosion inhibitors (ethanolamine, arginine, and guanidine), all other 
important cations (Na:, K+, Mgý+, Ca2) and anions (Cl', S04 2-, NOD in the pore solution 

were determined by means of the ion chromatography system detailed in section 2.4. 

The anolytes were collected immediately after the treatments were completed. The 

concentrations of major ions and pH values of the anolytes were also determined as above. 
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4.5 RESULTS 

4.5.1 Initial pore solution constituents of carbonated cement paste 

The ionic concentrations and pH values in the pore solution of cement paste after 

carbonation by two different procedures, namely accelerated carbonation and super-critical 

carbonation, are shown in Tables 4.1 and 4.2. The values of bulk density of the carbonated 

cement paste were 2.23 g/CM3 for the accelerated procedure and 2.08 g/CM3 for the super- 

critical procedure. Evaporable water contents, which were calculated from the loss of weight 

at 105 "C as described in section 2.7, were, respectively, 0.18 and 0.22 g/g dry weight of the 

samples from which the values of total porosity were determined to be 0.34 and 0.38. The 

pH values of hydrated cement pastes were effectively reduced by both carbonation 

procedures to around 9.0. The concentrations of other ions showed similar magnitudes to 

those reported by Anstice et al. (2005). As is the case with the data of super-critically 

carbonated cement pastes below, significant charge imbalances were found in some of the 

data of pore solution constituents presented in this thesis. This is mainly due to the 

analytical/experimental error generated during the titration of small amount of pore samples 

with nitric acid for the calculation of carbonate/bicarbonate ion concentrations (see 

subsection 4.4.4). 

T. Ale 4.1 Concentration of cations (mmoM) in the nore qnllltinTi nf rnrhonnted re. ment nnztp. 

Carbonation method Na* K+ MQý2+ Ca 2+ Sum of char e 
Accelerated 9.0 6.3 18.8 23.4 99.7 

Super-critical 5.1 6.0 1.5 22.6 59.3 

Table 4-2 Concentration of anions (mmol/1) in the nore solution of carbonated cement naqte 
Carbonation method pH OH' cl* so, 2- C03 2- HC03' Sum of charge 

Accelerated 9.0 1.07E-02 37.4 30.1 0.3 6.0 104.2 

Super-critical 9.7 5.01 E-02 33.1 17.4 1.0 4.4 74.5 

4.5.2 Pore solution constituents after inhibitor injection treatment 

Complete lists of data of pore solution constituents after inhibitor injection treatment are 

presented in Appendix B. The use of published thermodynamic data (pK, values) and 
hydroxyl ion concentrations in pore solutions (without considering activity coefficients) for 

the calculations of the concentrations of inhibitors in cationic form led to apparent large 

charge imbalances, especially for some ethanolamine cases (Sawada et al. 2007). This may 
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be because the pK, values of such species as organic corrosion inhibitors available in the 
literature were obtained in dilute solutions (Lide, 2006), and the values are no longer 

applicable to such concentrated electrolytes as pore solutions of the cement matrix after the 

electrochemical injection treatment. In order to take into account the interactions between 

inhibitor molecules and other species in the concentrated pore solutions, the apparent 
dissociation constant pK. ' values needed to be introduced (see subsection 5.4.4). For the 

calculation of ethanolamine and arginine cation concentrations, 9.75 and 9.30 were used as 

pK, ' values respectively, by which means most of the charge imbalances were minimised. 

4.5.2.1 Organic corrosion inhibitors and associated anions 

The concentration profiles of ethanolamine and nitrate ions in pore solutions are plotted in 

Figure 4.5. The penetration of ethanolamine into carbonated cement pastes was accelerated 

with increasing circulated charge passed during the electrochemical treatment. The 

concentrations of ethanolamine at the cathode were very small in the case of OA/m 2 for 7 

days, however at the current density of 5A/m2 for the same period, significant amounts of 

ethanolamine (over I. Omol/l) were observed to migrate and accumulate around the stainless 

steel cathode. As for nitrate ions, these penetrated into the medium faster than ethanolamine 

by the diffusion process only in the case of OA/M2 and reached 40 mm from the treated 

surface. However, when the current densities were applied, the penetration of nitrate was 

restricted to within the first 20 min because the ion is negatively charged. 

The concentration profiles of guanidine and carbonate/bicarbonate ions in the pore solutions 

after the treatment with 0.5M guanidine carbonate are plotted in Figure 4.6. Guanidine 

progressively penetrated into the carbonated cement pastes with the increase in circulated 

charge. At the current density of 5A/M2 for 7 days, significant amounts of guanidine 

accumulated at the position of the stainless steel cathode, whereas no guanidine reached the 

cathode in the case of no applied current. The penetration depths of carbonate/bicarbonate 
ions were limited and smaller than that of guanidine except in the case of the applied current 
density of SA/M2 , at which a notable increase in concentration of carbonate ions at the 

cathode was clearly observed. 

The concentration profiles of arginine and nitrate ions in pore solutions are plotted in Figure 

4.7. Similar to the above two inhibitor cases, the penetration of arginine into carbonated 

cement pastes was enhanced with increasing circulated charge. The concentrations of 
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arginine at the cathode were very small in the case of OA/M2 for 7 days. However, at the 

current density of 5A/m2, significant amounts of arginine (around 400mmol/1) were observed 

to accumulate near the stainless steel cathode. As for nitrate ions, these penetrated into the 

medium faster than arginine by diffusion in the case of OA/m' reaching 40mm from the 

treated surface. However, when the current densities were applied, as with the ethanolamine 

case, the penetration of nitrate was restricted to within the first 10 mm. 
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Figure 4.5 Concentration profiles of ethanolamine (applied as LOM ethanolamine nitrate) 
and nitrate ions in carbonated cement paste of w/c 0.6 
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Figure 4.6 Concentration profiles of guanidine (applied as 0.5M guanidine carbonate) and 
carbonate/bicarbonate ions in carbonated cement paste of w/c 0.6 
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Figure 4.7 Concentration profiles of arginine (applied as 0.5M arginine nitrate) and nitrate 
ions in carbonated cement paste of wIc 0.6 
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4.5.2.2 Major cations 

The concentration profiles of other major cations, Ne, K% Me+ and Ca2', in the pore 

solutions after treatment with IM ethanolamine nitrate and 0.5M arginine nitrate are plotted 
in Figure 4.8 and Figure 4.10. The variations of sodium and potassium concentrations with 

the applied current density were minor throughout the specimens. The concentrations of both 

positively charged alkali metal ions were found to slightly increase near the cathode when 

the current densities were applied. The concentrations of magnesium ions and calcium ions 

increased when ethanolamine nitrate was applied without. current, but decreased with 
increase in the circulated charge, except for the calcium concentrations near the anode. The 

concentrations of calcium ions near the anode were found to have remained approximately 

the same as those for the diffusion case even after high current density was applied. 

The concentration profiles of other major cations in the pore solutions, after treatment with 
O. SM guanidine carbonate, are plotted in Figure 4.9. The concentrations of Na", W, Mg2' 

and Ca2' tended to decrease with increase in total charge passed through the specimens, but 

the variations were small. The sodium and potassium concentrations slightly increased near 

the cathode after treatment with 5A/M2 for 7 days, as can be seen in the ethanolamine and 

arginine cases. 
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Figure 4.8 Concentration profiles of major cations (Ne, K+, Mg2,,, and Ca2) in carbonated 
cement paste of w/c 0.6 treated with LOM ethanolamine nitrate 
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Figure 4.9 Concentration profiles of major cations (Ne, K+, Mg2+ and Ca2) in carbonated 
cement paste of w/c 0.6 treated with 0.5M guanidine carbonate 
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4.5.2.3 Major anions 

J 2, 
' 

2' and HC03", The concentration profiles of major anions, OH', Cl'i S04 C03 in the pore 

solutions after treatment with IM ethanolamine nitrate are plotted in Figure 4.11. The 

concentration of each anion showed little variation throughout the specimens in the case 

without current. At the current density of IA/M2' the concentrations of all ions except sulfate 
ions decreased near the cathode. However, the concentrations of sulfate ions generally 
increased, especially near the anode. In the case of 5A/m 2, the concentrations of most of the 

ions were reduced throughout the specimens compared with the case of IA/M2 , although a 

significant increase of carbonate ions was observed near the cathode. The concentrations of 
hydroxyl ions were negligible when compared to other anions even though a high current 
density was applied, upon which the pH observed at the cathode was 11.62 (4.2mmoln). 

In the case of the treatment with 0.5M arginine nitrate at each current density applied, a 

similar trend was observed in the profiles of the major anion concentrations, except for 

sulphate, which was found at high concentrations near the cathode at the current density of 
I A/m2 and 5A/m 2 as shown in Figure 4.13. 

The concentration profiles of major anions in the pore solutions after treatment with 0.5M 

guanidine carbonate are plotted in Figure 4.12. In the case of no current density, chloride 

ions showed a similar profile to that found in the case of ethanolamine nitrate and arginine 

nitrate, though some increase was observed for sulfate ions. At the current density of JA/m2, 

a significant increase in sulfate ion concentration was observed, especially near the anode, 

and the concentrations of chloride ions decreased progressively throughout the specimens. 

Polarization at the highest current density of 5A/m 2 caused a significant increase in hydroxyl 

ion concentration at the position of the cathode, though contrastingly, the concentrations of 

sulfate ions were reduced. 
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4.5.3 Chemical compositions of the anolyte after Inhibitor Injection treatment 

The pH values and chemical compositions of the anolyte after treatment are presented in 

Tables 4.3 and 4.4, together with initial values. The total charges for cations and anions 

detected in the anolyte showed reasonably similar values. The pH of ethanolamine nitrate 

and arginine nitrate solutions was found to have significantly decreased at the current density 

of IA/m2 and 5A/m2, and the surface of the cement paste specimens immersed in these 

solutions was visibly deteriorated. The guanidine carbonate solution remained slightly 

alkaline (pH = about 9), even after the passage of 5A/m 2 for 7 days. 

TAIP 41 Concentrations of organic inhibitors and cations in the anolvte after treatment 
Current Concentrations (mmo 1) 

Anolyte Densi Organic i nhi itors Na K+ me+ C 2+ H+ Sum of 

1 

(A/m 2) 
Total I r to . a charge 

0 979.2 965.6 9.5 17.7 5.2 12.1 1.3E-05 1027.4 
Im 

. 1 970.8 970.8 2.1 N/D 5.7 38.5 9.5E+00 1071.0 
ethanolarnine 

it t 5 856.2 856.2 10.5 12.4 16.6 168.4 61.7 1310.7 
n ra e Initial 1090.1 1060.0 - - 1.113-05 1060.0 

0 954.9 954.6 8.9 N/D 2.7 2.8 1.1 E-07 974.7 
0.5M 

i 1 912.1 912.0 3.8 N/D 3.0 2.5 2. OE-07 926.8 
ne guanid 

b te 5 651.1 651.1 5.0 N/D 0.0 1.5 1.613-06 659.0 
car ona Initial 985.3 968.7 - - I. 6E-09 968.7 

0 432.2 420.6 
- 

9.0 2.4 3.6 16.8 1.8E-05 472.9 
0.5M 1 405.0 

- 
405. OrT 4.8 2.4 3.1 33.5 2.911-01 493.2 

arginine 
it t 

-5 1-78 87 1 388.7**) 13.8 1.0 10.0 165.6 2.9E+00 819.8 
n ra e Initial 1 500.7 1 476.8 - - - 1.013-05 

NID: Not detectable 
includes R(NH3'1*)2 type cations at 7.6mmol/l 

**) includes R(NH3+)2 type cations at 62.2mmol/l 

Talilp AA rnnrt-. ntrntion-, of anions in the anolvte after treatment 

Current Concentrations ( mol/1) 
Anolyte 

1 
Density 
A/ 2 

pH 0171" Cl' S042, N03- C03 2, HCO; Sum of 
( m ) charge 

0 7.9 7.913-04 2.4 1.9 961.5 0.0 13.5 981.1 
1m 1 2.0 1 6.5 6.9 971.9 0.0 0.0 992.3 

ethanolarnine 
i 

- 5 1.2 1.6E-10 9.8 26.8 1092.7 0.0 0.0 1156.1 
n trate 

Initial 8.0 8.9E-04 974.9 - - 974.9 
0 9.9 8.7E-02 1.6 0.8 - 364.3 220.1 952.0 

0.5M 1 9.7 5. OE-02 5.6 11.1 284.9 299.6 897.3 
guanidim 

b t 5 8.8 6.313-03 6.6 57.0 23.6 516.8 684.5 
car ona e Initial 11.8 6.3E+00 - - - 483.2 16.8 989.6 

0 7.7 5.5E-04 3.0 0.6 452.0 0.0 16.5 472.7 
0.5M 1 3.5 3 5E-08 4.5 5.8 453.7 0.0 

- 
0.0 469.7 

arginine 
i t 5 2.5 3.5E-09 26.5 27.6 598.6 0.0 0.0 680.3 

n tra e Initial 8.0 LOE-3 491.8 491.8 
N/D: Not detectable 
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4.6 DISCUSSION 

The phenomena discussed here result from dynamic processes involving ions in the pore 

solution, which is a multi-component electrolyte, under the influence of an electrical field, 

wherein it is expected that concentrations of a combination of different ions/species may be 

governed by dissociation and/or solubility equilibria. The behaviour of the major species 
(organic corrosion inhibitors, hydroxyl ions, sulfate ions and carbonate/bicarbonate ions), 

which might be considered to have important roles by affecting other ions/species in the 

electrochemical injection approach for fully carbonated cement paste, is discussed in this 

section. 

4.6.1 Organic corrosion Inhibitors 

Figures 4.5,4.6, and 4,7 show the overall penetration profiles of ethanolamine, guanidine, 

and arginine, respectively, demonstrating that the injection of the inhibitors within the pore 

solution phase of the carbonated cement paste has been accelerated by the electrochemical 

treatment. At the current density of 5A/M2' the highest concentration of guanidine was 

observed at the position of the cathode, whereas the profiles for ethanolamine and arginine 
had plateaux of high concentrations in the region a few millimetres from the cathode. These 

differences may be explicable in terms of the different dissociation constants of 

ethanolamine (pK. 9.5, pK. '9.75), guanidine (pK. 13.6), and arginine (pK. 2 8.99, py-. 2'9.30), 

resulting in different degrees of ionisation of the inhibitors in carbonated cement pastes. 
During electrochemical treatment, hydroxyl ions are generated around the steel cathode by 

electrolysis of water, and the cathodic region becomes highly alkaline. This re-alkalised 

region gradually moves towards the anode, driven by the migration of hydroxyl ions. When 

ethanolamine or arginine cations meet this highly alkaline environment, a significant 

proportion is deprotonated, and the further migration of the cations is prevented. It can be 

said that this is how ethanolamine or arginine accumulates in molecular form before reaching 

the cathode. This phenomenon may also explain why ethanolarnine, which has a higher pK. 

value than that of arginine, has a concentration peak that is closer (a few millimetres) to the 

cathode than arginine (around 5 millimetres). This elucidation can be justified clearly in 

Figures 4.14,4,15 and 4.16, showing the concentration profiles of the ionic species of the 

inhibitors, which were obtained using their pK. ' values (pK. for guanidine) and hydroxyl ion 

concentrations in pore solution. At the highest current density, 5A/M2' the predominant form 

of ethanolamine penetrating the specimens was molecular, except near the anode. Once 
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ethanolamine cations are converted into the molecules, they are no longer accelerated by the 

electrical field and their migration towards the cathode is not promoted. The results obtained 

after the passage of 5A/m 2 for 7 days, therefore, indicate that further electrochemical 
treatment may not be effective for field-induced injection of ethanolamine for the specimens 

employed in this investigation. The main transport mode of ethanolamine near the cathode 

would be the diffusion of molecules. In contrast, guanidine mainly existed in the cationic 
form throughout the specimen, since the pK. value of guanidine remained higher than the pH 

values of the re-alkalised pore solution. In addition, longer treatment would promote further 

injection of guanidine. In the case of arginine at the highest current density of 5A/m2, the 

dominant form of the inhibitor is molecular, at the cathode. When its pK. 3 value (pK. 3 12-5) 

and the concentration of hydroxyl ions are taken into account, it can be seen that some of the 
inhibitor species take anionic form as shown in Figure 4.16, which are then driven back 

towards the anode by the action of the electric field. The anions migrating towards the anode 

are soon converted into molecules again as the anions leave the cathode and reach the area 

where the pH of the pore solutions is 10-11. Therefore, the accumulation of arginine 

molecules approximately 5-10mm from the steel cathode is attributable to two mechanisms: 
deprotonation of arginine cations migrating from the anolyte, and protonation of arginine 

anions from the cathode. 

In the previous Chapter, the concentration threshold at which aqueous solutions of inhibitors 

can maintain passivation of steel was discussed, and the results showed that the threshold 

was between 10-100mmol/I for ethanolamine and arginine solutions, and below 10mmol/l 

for guanidine solutions. In the case of the highest current density (5A/M2 ) applied for 7 days, 

the concentrations of all three inhibitors that accumulated in the vicinity of the cathode were 

obviously higher than 100mmol/l, thus it is expected that, in all three inhibitor cases, 

adequate concentrations of inhibitors were attained at the steel cathode for steel passivation. 

The passivity of the embedded steel in concrete specimens that were subjected to 

electrochemical injection treatments with the above three organic base corrosion inhibitors 

will be investigated in Chapter 6, wherein the long-term durability of the proposed remedial 

method is discussed. 
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applied as IM ethanolamine nitrate (Solid line: ethanolarnine cations, Dotted line: total 
ethanolarnine) 

600 

Soo 

E 4UU 

300 

200 

100 

Figure 4.15 Concentration profile of guanidine in carbonated cement pastes of w/c 0.6 
applied as 0.5M guanidine carbonate (Solid line: guanidine cations, Dotted line: total 
guanidine) 

Cathode 
700 - 

600 - -'0- OA/m2 

1 Ahti2 
500 

SA/m2 

300 

200 - 

100 Cl 

05 10 15 20 25 30 35 40 45 50 55 

Distance from treated surface (mm) 

Figure 4.16 Concentration profile of arginine in carbonated cement pastes of w/c 0.6 applied 
as O. SM arginine nitrate (Solid line: arginine cations, Dotted line: total arginine, Broken line: 
arginine anions ) 

91 

o 
05 10 15 20 25 30 35 40 45 50 55 

Distance from treated surface (mm) 



CHAPTER 4 

The concentrations of the inhibitors remaining in the anolyte decreased with the progress of 

the electrochemical treatment, as shown in Table 4.3 and 4.4. In Figure 4.17, the quantities 

of inhibitors lost from the anolyte solution are plotted against the quantities of inhibitors 

injected into carbonated cement paste specimens, which were calculated from the data of 
inhibitor concentrations in the pore solution and the porosity of the specimens described in 

subsection 4.5.1. The amounts lost from the anolyte were larger than those penetrating into 

the cement matrix, especially in the case of guanidine carbonate. This difference can 

probably be attributed to the processes induced by the electrochemical treatment, such as 

anodic oxidation, evaporation or other side effects. 
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E 35 - XArginine 
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Figure 4.17 Comparison of quantity of corrosion inhibitors injected into carbonated cement 
paste with that lost in anolyte 

4.6.2 Hydroxyl ions 

The distributions of pH recorded for the various specimens are illustrated in Figure 4.18. in 

the case of ethanolamine and arginine, pH values progressively increased with the increase 

of circulated charge throughout the specimens, except near the anode. The low pH values 

near the anode resulted from the acidification of the anolyte owing to the generation of 
hydrogen ions by the anode reaction. In the case of guanidine, an increase in pH occurred 

only at the position of the cathode at the current density of IA/m, but the pore solutions 
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were re-alkalised to values of at least pH 12 over the length of specimens after the treatment 

of 5A/m 2 for 7 days. The cathodic region was effectively re-alkalised to the pH value of 

13.08 in the case of guanidine, whereas re-alkalisation was moderate in the case of 

ethanolamine (pH value of 11.62) and arginine (pH value of 12.08) 
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Figure 4.18 Distributions of pH values in carbonated cement pastes of w/c 0.6 treated with 
(a)LOM ethanolamine nitrate, (b)0.5M guanidine carbonate and (c)0.5M arginine nitrate 
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Figure 4.19 shows the pH value in the cathodic region as a function of circulated charge. 
The pH values for the three inhibitors followed a similar trend rising until 6 X105 C/M 2 had 

been passed, but beyond that point the pH increase for ethanolamine was smaller than that 
for guanidine and arginine. At a current density of I A/M2 (6 x105 C/m2 charge passed in 7 

days), none of the inhibitors was found to have reached the cathode region at significant 

concentrations (see Figures 4.5,4.6, and 4.7) and thus the increase in pH therein was simply 

caused by water electrolysis. At a current density of 5 A/ rn 2 (30 XIOS C/M 2 charge passed in 

7 days), however, significant concentrations of inhibitors penetrating to the cathode 
influenced the presence of cathodically generated hydroxyl ions to different extents. 
Ethanolamine with a pK. value of 9.5 (pK. ' 9.75) consumed considerably more hydroxyl 

ions than guanidine with a pK, value of 13.6. It is estimated that arginine with a pK, value of 
8.99 (pK. ' 9.30) consumed much more hydroxyl ions than ethanolamine, although the 

concentration of arginine accumulated near the cathode was much smaller than that of 

ethanolamine, resulting in a slightly more rapid increase in pH. 

14 

13 

12 

10 

9 

8 

Charge passed (xlO 5 C/ml) 

Figure 4.19 pH values at the cathode as a function of circulated charge 

The moderate rise in pH at the cathode for the system using ethanolamine or arginine might 
be considered to be advantageous if the electrochemical injection of inhibitors were to be 

applied to concrete containing aggregates that are susceptible to the alkali-silica reaction. 
The phenomenon, which can cause local expansion and cracking of concrete, has been 

shown to be induced in the vicinity of embedded steel cathodes polarised at high current 
densities in non-carbonated concrete with certain types of potentially reactive siliceous 
aggregate (Sergi et al. 1991, Page et al. 1995). 
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4.6.3 Sulfate Ions 

As may be seen in Figures 4.11,4.12, and 4.13, the concentrations of sulfate ions remarkably 
increased, particularly near the anodes, when an electrical field was applied. Moreover, in 

the case of guanidine without current an increase in sulfate ion concentration near the 

external surface was also observed. These effects cannot be explained simply in terms of the 

redistribution of sulfate ions originally present in the initial pore solution toward the anode, 

since the magnitudes of the concentrations were far greater than expected. These results thus 

indicate that dissolution of sulfate ions from the solid cement carbonation products must 
have occurred during the electrical treatment. Since there was no significant variation in the 

concentration profile of sulfate ions in the case of ethanolamine treatment without current 
(see Figure 4.11) and there was no significant increase in sulfate ions near the cathode at the 

current density of 5A/m 2 in the case of guanidine despite its high concentration (see Figure 

4.12), it would seem that organic inhibitors have no direct role in promoting the dissolution 

of sulfate ions. 

A tentative explanation of the evolution of sulfate ions in the cases without current for the 

three inhibitors can be given in terms of solubility equilibria involving calcium sulfate, 

which is expected to be present as gypsum produced in carbonated cement pastes, produced 
by the decomposition of ettringite resulting from carbonation of calcium sulfbaluminate 
hydrate phases in the cement (Grounds et al. 1988; Nishikawa et al. 1992). In the case of 

guanidine, calcium ions decreased in concentration near the anode due to precipitation of 
CaC03 (see Figure 4.9 (a)) and correspondingly the concentration of sulfate ions increased to 

preserve the solubility product of CaS04, as shown in Figure 4.12 (a). In contrast, in the 

case of ethanolamine and arginine, since there was a large amount of calcium ions due to the 

lower pH values of the pore solution resulting from the deprotonation of ethanolamine or 

arginine cations, corresponding sulfate concentrations were small, as can be seen in Figures 

4.11 (a) and 4.13 (a). However, the significant changes in sulfate ion concentration 

associated with the application of the electrolytic treatments cannot be readily explained 

without resorting to mathematical modelling of the type proposed in the following Chapter. 

4.6.4 Carbonate and bicarbonate ions 

Substantial increases in the concentrations of carbonate ions at the cathode were observed 

when 5A/m 2 had been applied for 7 days, especially in the case of specimens treated with 
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guanidine carbonate solution, as shown in Figures 4.6,4.11 and 4.13. As there was no 

external source of carbonate ions in the case of ethanolamine and arginine, and it was 
difficult to imagine how carbonate ions could have moved from the anolyte to the cathode 

against the action of an electrical field in the case of guanidine, this local increase of 

carbonate ions is regarded as clear evidence of the dissolution of calcium carbonate in the 

vicinity of the stainless steel cathode. This might be simply explained in terms of the 

solubility equilibria of Ca(OH)2 and CaC03. thus favouring the following reaction in the 

cathodic region: 

CaC03 + 20H* --* Ca(OH)2 + C03 2, (4-B) 

By the electrolysis of water the hydroxyl ion concentrations increased in the vicinity of the 

cathode, resulting in the decrease in calcium ion concentrations owing to the precipitation of 
Ca(OH)2. This small concentration of calcium ions induced the release of carbonate ions 

from calcium carbonate in order to satisfy the solubility product of CaC03. As a result, the 

concentration of carbonate ions increased in the vicinity of the cathode. The support for this 
hypothesis is provided by Konno et al. (2002). In their study, the solubility of Ca(OH)2 and 
CaC03 at high NaOH concentrations was determined and the results showed that the 

solubility of CaC03 was larger than that of Ca(OH)2 at NaOH concentrations more than 

about IM at a temperature of 25 'C. The authors also found that the presence of Ca(OH)2 

was detected in solid samples obtained by adding NaOH solution at a concentration greater 
than 2M to saturated CaC03, and concluded that the solid phase of calcium carbonate was 

unstable and easily converted to calcium hydroxide in a high pH environment. 

From the experimental results obtained in this chapter and the supporting evidence found in 

the literature, it may therefore be inferred that precipitation of Ca(OH)2 can occur in the 

vicinity of the cathode under electrochemical treatment. This is expected to re-create a lime- 

rich layer of solid portlandite (and/or its reaction products with hydrous silica gel) in the 

interfacial zone between the steel and the carbonated cement matrix. The presence of a lime- 

rich interfacial transition zone at the steel/concrete interface is believed to have a significant 

role in stabilising the passive condition of the steel and thus in reducing the risk of corrosion 

under certain conditions (Page 1975). This could be practically relevant, particularly in cases 

where carbonated concrete is subject to chloride contamination. A related phenomenon, the 

induced precipitation of portlandite at cathodically polarised steel surfaces in non-carbonated 

mortars subjected to electrochemical chloride extraction treatments, has been observed 
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previously by Marcotte et al. (1999), and it has been suggested that this may significantly 

enhance the threshold level of chloride contamination for the corrosion of steel in concrete 
(Glass et al. 2000). 

4.6.5 pH values of the anolyte after inhibitor Injection treatment 

After the electrical inhibitor injection treatment, the pH of external ethanolamine nitrate 

solutions was found to have most significantly decreased (pH 1.2), owing to the generation 

of hydrogen ions at the anode at the high current density (5A/m2). This caused visible 

deterioration of the surface of the cement paste specimens immersed in these solutions, 

resulting in a markedly increased concentration of calcium ions due to the dissolution of 

carbonated cement matrix. In the case of arginine nitrate solutions, the final pH of the 

external solutions after the electrical treatment was slightly higher (pH 2.5). This would 

probably be attributable to the dissociation constant of arginine in an acid region (pK., 1.82), 

which therefore enabled the anolyte to act as a buffer solution by the following reaction: 

RNH3+NH2 + H+ <=-> R(NH3+)2 (4-C) 

In the case of guanidine carbonate, the external solutions, after the injection treatment, 

remained slightly alkaline (pH 8.8), even after the passage of 5A/rný for 7 days, and no 
deterioration of the surface of the cement paste specimens was observed. This would be 

because of the equilibria involving carbonate/bicarbonate/carbonic acid concerned with the 

reactions with anodically generated hydrogen ions to lower the pH reduction rate as follows: 

C03 2- + H+ <* HC03' (pK2 10.3 3) (4-D) 

HC03'+ W <* H2CO3 (PKI 6.35) (4-E) 

It can be inferred from the final pH of the solutions (pH 8.8) that the reaction (4-D) was 

considered to have been dominant in the anolyte solutions. Tbus in order to avoid surface 

dissolution due to rapid pH drop of the external solutions applied to the material surface, the 

use of such anolyte solutions as possess a buffer function with a pK value in a neutralised 

region would be beneficial. 
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4.7 CONCLUSIONS 

(1) The three organic base corrosion inhibitors, namely ethanolamine, guanidine, and 

arginine, were effectively injected into carbonated cement paste (w/c 0.6) at depths 

corresponding to normal cover thickness to reinforcing steel when temporary 

electrochemical treatments of the types investigated were applied for up to a week at 
high current density (5A/M2). The inhibitor penetration profiles observed were explicable 
in terms of the degrees of ionisation of ethanolamine (pK. 9.5, pK; 9.75), guanidine 
(pK,, 13.6), and arginine (pK. 8.99, pK. ' 9.3 0) in carbonated cement Paste. 

(2) The pH near the cathode was effectively raised to the value of 13.08 in the case of 

guanidine. The restoration of alkalinity was moderate in the case of ethanolamine (PH 

11.62) and arginine (pH 12.08). This moderate rise of pH was attributable to the 

deprotonation of ethanolamine and arginine cations in high pH environments and may be 

a beneficial effect for reducing the risk of alkali-silica reaction. 

(3) The concentrations of sulfate and carbonate/bicarbonate ions were significantly altered 

as a result of the electrochemical injection treatments applied. It appears that the effects 

observed involved dissociation of these anions from solid phases present in the 

carbonated cement pastes, satisfying the solubility equilibria of such species as calcium 

sulfate/carbonate/hydroxide in the pore solutions. The precipitation of Ca(OH)2 in the 

vicinity of the steel cathode is expected to reduce the risk of corrosion. 

(4) In the cases of the highest current density (5A/m2) applied for 7 days, the concentration 

of all three inhibitors at the cathode exceeded a threshold value regarding whether an 

aqueous solution of inhibitors is inhibitive. Therefore it was demonstrated that the 

proposed electrochemical treatment allows inhibitors to penetrate into the vicinity of 

embedded steel cathodes in the adequate amounts required for the passivation of steel. 

(5) Several important aspects could be clarified from the experimental investigation 

presented in Part I of this Chapter; however, it is still difficult to fully elucidate all the 

processes taking place in the cement matrix during the electrochemical treatment that are 

concerned with all relevant species. Thus, mathematical modelling is required for the 

theoretical and quantitative explanation of the phenomena, which is to be conducted in 

the following Chapter. 
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PART 2: MIGRATION OF CORROSION INHIBITORS INJECTED INTO 

PARTIALLY CARBONATED MEDIUM 

4.8 INTRODUCTION 

It is known that, in real concrete structures, the carbonation front is usually not uniform due 

to the inhomogeneity of the material or existing aggregates or cracks (see Figure 4.20). For 

example, the effect of existing cracks in concrete on carbonation depth is especially 

significant, and it is reported that the extreme rate of local carbonation has a quantitative 

relationship with crack width and length (De Schutter, 1999). Thus, it is likely that, in real 

concrete, the concrete cover may contain two regions with different material property: 

carbonated and non-carbonated sections. In Part 2 of this Chapter, the effect of partial 

carbonation of a cementitous material on the transport of species in the pore solutions, such 

as organic corrosion inhibitors, is investigated, employing the electrochemical inhibitor 

injection treatment studied in Part I of this Chapter. In this two-dimensional approach, it is 

expected that partial carbonation may induce the non-uniform current distribution in the 

material due to the special difference in material property, which may result in different 

efficiency in inhibitor migration. In addition, chemical phase interaction between two 

regions may influence the transport of species in the pore solution. The concentrations of 
inhibitors attained in the vicinity of the cathode by the electrochemical treatment are 

examined in terms of steel passivation, in a similar manner to those discussed in Part I of 

this Chapter. 

4" 71. Aw 

Figure 4.20 Partial carbonation of concrete 
(After phenolphthalein test; pink region: non-carbonated, unchanged region: carbonated) 
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4.9 EXPERIMENTAL PROCEDURES 

4.9.1 Overview of specimens 

Figure 4.21 shows the overview of a set of cement paste specimens used in this experiment 
for the simulation of partially carbonated cementitious material. Five rectangular plate discs 

(area: 44mmxl32mm), each of which has the thickness of 6mm, were stacked to form a 

single specimen. Steel reinforcement mesh acting as the cathode was embedded in the 

middle of layer 4 rectangular discs, and thus the cover depth was assumed to be 21mm 

(6+6+6+3). The bottom surface of the layer I rectangular plate disc was assumed to be the 

material surface contacting air, through which organic corrosion inhibitors were assumed to 

subsequently penetrate during the electrochemical treatment. Layer 1-2 plate discs were 

assumed to be fully carbonated, whilst for layers 3-5 plate discs, only the square sections 
(area: 44mmx44mm) in the middle were assumed to be carbonated and the other areas, on 
the both sides of the carbonated square sections, were non-carbonated. Therefore, the 

assumed profile of carbonation front in the specimen was as presented in a dotted curve in 
Figure 4.21 below. 

La) 

Layer 4 

Layer 3 

A Assumed steel 4 
reinfor'cement 

Mýmmsd carbonation front 

Layer I ý t--6mm (each) 

44mm 44mm 
Assumed concrete surface 

44mm 

N: Non-carbonated, C: Carbonated 

Figure 4.21 Overview of partially carbonated specimen 
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4.9.2. Specimen preparation 

4.9.2.1 Layer 1-2 cement pastes 

Ordinary Portland cement (OPC), whose chemical analysis is shown in Table 2.1 was used 
to produce cement paste specimens. After being sieved through a 150 Pm mesh to remove 

coarse particles, the cement was then weighed and mixed with de-ionised water to produce 

paste of water/cement ratio 0.6. The mixture was poured into glass containers with 
dimensions of 44 x 132 x6 mm. The containers were vibrated for approximately 2-4 

minutes to get rid of any trapped air bubbles, and topped up with fresh paste. After the 

surface was flattened with a trowel, cling film was placed on the surface of the paste to 

prevent moisture loss. The specimens were cured in the same manner as described in 

subsection 4.4.1.1. When the samples were fully cured, the rectangular cement paste discs 

were ground with grade 600 emery paper and rinsed with distilled water before being 

exposed to rapid carbonation in the manner described in subsection 2.2.1. Three months 
later, completion of carbonation was confirmed by spraying phenolphthalein onto the surface 

of broken specimens. Then the fully carbonated discs were kept at 75% RH in air over 

saturated NaCl solutions until they were required for the electrochemical treatment detailed 

later in subsection 4.9.4. 

4.9.2.2 Layer 3-5 cement pastes 

For the preparation of layer 3-5 rectangular partially carbonated plate discs, carbonated 

specimens square sections in the middle were first produced. The cement pastes were made 
in the same manner as described in the previous subsection. For the production of layer-3 

and layer-5 discs, the mixture was poured into square glass containers with 44 x 44 x6 mm 
dimensions. For the production of layer-4 discs, the mixture was poured into specially 

prepared rectangular containers in which Type 316 stainless steel mesh (44 x 140 mm) was 

placed in the centre, as shown in Figure 4.22. The parts of the rectangular shaped stainless 

steel mesh were buried in Plasticine so that carbonated square cement pastes could be 

obtained at the right position in the middle of each glass container. After all the 

aforementioned square and rectangular containers had been vibrated for approximately 24 

minutes to get rid of any trapped air bubbles and topped up with fresh paste, the surface was 
flattened with a trowel and then cling film was placed on the surface of the paste to prevent 

moisture loss. The specimens were cured in the same manner as described in the previous 
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subsection. When the samples were fully cured, the samples were ground with grade 600 

emery paper and rinsed with distilled water before being exposed to rapid carbonation in the 

same manner as employed in the previous subsection. Three months later completion of 

carbonation was confirmed by spraying phenolphthalein onto the surface of broken 

specimens. 

44 

A 

Glass container Plasticine' 
Casting area Type 316 stainless mesh 

6 

140 

44 

(Section AW) 

Casting 
direction 

I 

[Unit: mm] 

Figure 4.22 Container for producing carbonated partially carbonated discs for layer4 

After the carbonation of layer 3-5 specimens was completed, non-carbonated cement pastes 

were cast on both sides to form partially carbonated disc specimens. In order to avoid the re- 

alkalisation of obtained carbonated specimens due to the contact with newly cast non- 

carbonated cement pastes beside them, the carbonated specimens were converted to a 

saturated surface-dry condition in the manner described in subsection 4.4.3. For the 

production of layer-3 and layer-5 discs, the carbonated square discs were placed in the centre 

of glass containers with dimensions of 44 x 132 x6 mm, and newly mixed cement pastes 

with the same mixture as described in the previous subsection were poured into two empty 

spaces with areas of 44 x 44 mm on both sides of the carbonated square discs as shown in 

Figure 4.23. For the production of layer-4 discs, the carbonated squares of cement paste with 

steel mesh were placed in the specially prepared containers again and newly mixed cement 

pastes were poured into the two empty spaces beside the carbonated paste as shown in Figure 

4.23. The side edges of the rectangular shaped stainless steel mesh were buried in Plasticine 

so that wire could be attached to the electrode after the discs were demoulded. After all the 

containers had been vibrated for approximately 2-4 minutes to get rid of any trapped air 
bubbles and topped up with fresh paste, the surface was flattened with a trowel and then 

cling film was placed on the surface of the paste to prevent moisture loss and carbonation of 
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the newly cast pastes. The specimens were stored in a high humidity curing room at a 
temperature of 22±2'C for seven days. The samples were then demoulded and ground with 

grade 600 emery paper and rinsed with distilled water. The obtained samples were then 

immediately exposed to the full, saturation procedure before they were used for 

electrochemical treatment. 
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B' 
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IF Type 316 stainless mesh 
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Casting direction 
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140 01 

(Section B-B') [Unit: mm] 

Figure 4.23 Procedure for producing layer 3-5 partially carbonated specimens 

4.9.2.3 Non-carbonated cement pastes 

Non-carbonated cement paste discs were cast with the same mixture used in this Chapter for 

the purpose of obtaining their evaporable water content and analysing their pore solution 

constituents. The mixture was poured into square glass containers with dimensions of 44 x 

44 x6 mm. After the containers were vibrated for approximately 2-4 minutes to get rid of 
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any trapped air bubbles and topped up with fresh paste, the surface was flattened with a 
trowel and then cling film was placed on the surface of the paste to prevent moisture loss and 
carbonation. Subsequently the specimens were cured and treated in the same manner as 
applied to non-carbonated sections within layer-4 partially carbonated discs described in 

subsection 4.9.2.2. 

4.9.3. Organic corrosion inhibitors 

The electrolyte solutions used for the electrochemical injection into the partially carbonated 
cement paste were IM ethanolamine nitrate (mixture of IM ethanolamine and 0.98M nitric 
acid: initial pH -8.0) and 0.5M guanidine carbonate (IM with respect to guanidine: initial 

pH -11.9), which were similarly used in the electrochemical treatment conducted in Part I of 

this Chapter. 

4.9.4. Treatment of specimens with corrosion inhibitors 

The cement paste discs were converted to a saturated surface-dry condition by the 

procedures detailed in subsection 4.4.3. Some spare fully carbonated layer 1-2 discs and non- 

carbonated square discs obtained in the manner described in subsections 4.9.2.1 and 4.9.2.3 

respectively were then removed and used for the measurement of bulk density and total 

porosity according to the procedure detailed in section 2.7. Other discs were stacked together 

with damp filter papers (Whatman No. 145) placed between two neighbouring layers of plate 
discs to ensure adequate contact as illustrated in Figure 4.24. Four specimens were set up for 

each test case and were subjected to electrolysis. 

Each treatment was performed in a container whose atmosphere was kept at about 100% RH. 

After each electrolyte solution of the inhibitors outlined in subsection 4.9.3 was prepared, the 

concentration of inhibitors and associated anions, as well as the initial pH values, were 

measured. Six carbon rods, serving as anodes, were placed at the bottom of a shallow 

container filled with one of the electrolytes. The volume of the electrolyte poured was 360ml, 

so that the ratio of solution volume to disc surface area was the same as in the investigation 

presented in Part 1 of this Chapter. The circuit was completed after the stacked disc 

specimens were immersed in the electrolytes to a depth of 2 mm, and then current densities 

were galvanostatically controlled at 5 A/M 2 of the disc surface area for 7 days. The side 

surfaces of the piled discs were then wrapped with cling film and damp cotton wool was 
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placed on the top to restrict moisture loss caused by the temperature rise due to resistive 
heating during the electrochemical treatment. 

Galvanostats Cling film Stainless steel mesh Cathode - Damp cotton wool 

ilt, 

Anode - 

%- 

: Layer 5 
r 

Layer 4 Filter paper : Layer 3 

_. __,.. _I: 
Layer2 

Maver 1 
Inhibitor electrolyte 
(360ml) 

WWW I-V IW NT Dividers Carbo roXds Dividers Carbon 4ds' Dividers 

Figure 4.24 Experimental arrangement 

4.9.5. Ionic distribution in pore solution 

After the electrochemical treatment, the specimens were disassembled layer by layer and 

each rectangular disc was carefully broken into three square discs (area: 44 x 44 mm) with a 

screwdriver and a hammer. The three square discs that had formed one rectangular layer 

plate disc were respectively labelled as "left", "centre", or "right", according to the original 
horizontal position of each square disc during the electrochemical treatment. Then four discs 

located at the same position (labelled as layer number with horizontal position: e. g. I -left, I- 

centre, I-right, ---, S-right) were gathered from four sets of specimens and stored for one day 

in polythene bags inside a desiccator, in which distilled water was placed on the bottom. The 

four discs residing in the same position during the electrochemical treatment were used 

together as a sample for pore solution expression and pore solution constituents analysis as 

detailed in subsection 4.4.4. The spare carbonated and non-carbonated cement paste discs 

obtained in the manner described in subsections 4.9.2.1 and 4.9.2.3 were also used for the 

above analysis. 

The anolytes were collected immediately after the treatments were completed. The 

concentrations of major ions and pH values of the anolytes were also determined as 
described in subsection 4.4.4. 
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4.10 RESULTS 

4.10.1 Initial pore solution constituents of carbonated/non-carbonated cement paste 

The ionic concentrations and pH values in the pore solution of carbonated and non- 
carbonated cement paste are shown in Tables 4.5 and 4.6. The values of bulk density were 
2.21 and 1.89 g/CM3 for the carbonated and non-carbonated cement pastes. Evaporable water 
contents, which were calculated from the loss of weight at 105 *C as described in section 2.7, 

were 0.18 and 0.29 g/g dry weight of sample respectively, from which the values of total 

porosity were determined to be 0.34 and 0.42. The concentrations of various ions in the 

carbonated pore solution are similar to those obtained in Part I of this Chapter as described 
in subsection 4.5.1. The concentrations of ions in the non-carbonated pore solutions showed 

similar magnitudes as those reported by Page et al. (1983). The carbonation process 

effectively reduced the pH value from above 13 to below 9, leading to increases in not only 
the binding of alkali metal cations into silica gel, but also the release of calcium, chloride, 
sulfate and carbonate species from solid carbonation products at the pore surfaces into pore 

solution as detailed in subsection 5.4.3.1 later. 

Table 4.5 Concentration of cations (mmoIA) in the nore , nlutinn of cement nn-, tt- 
Type Ne K* me" Ca2' Sum of char e 

Carbonated 11.7 6.6 15.9 24.9 99.9 

Non-carbonated 99.3 140.6 0.4 4.7 250.0 

Tahle 4-6 Concentration of anions (mmolA) in the nnrp cnliitinn of cement inqqtt- 

Type 
, 

pH OH' c'" 
-- 

S04 2- co, 2- HC03- Sum of charg 

Carbonated 8.6 4.37E-03 38.6 22.4 0.1 5.8 89.3 

Non-carbonated 13.3 213.8 2.5 1.9 2.6 0.0 225.3 

4.10.2 Pore solution constituents after inhibitor injection treatment 

Complete lists of data of pore solution constituents after inhibitor injection treatment are 

presented in Appendix C, for the samples at each horizontal position in each layer. The 

concentration of all relevant species in the discs of left and right columns in the same layer 

showed a reasonable agreement with each other, reflecting the symmetry of the assembled 

specimens to which current densities had been applied (see Figure 4.24). For the calculation 
of ethanolarnine cation concentrations, 9.75 was used as the pK, ' value for the inhibitor in 

106 



CHAPTER 4 

order to take into account the interactions between inhibitor molecules and other species in 

the concentrated pore solutions, as in the cases described in subsections 4.5.2 and 5.4.4. 

4.10.2.1 Organic corrosion inhibitors and associated anions 

The concentration profiles of ethanolamine and nitrate ions in pore solutions are plotted in 

Figure 4.25. In the cases of the left and right columns that had had initial carbonation depths 

of only 12mm, leaving the embedded steel bars exposed to highly alkaline pore solutions 
before the treatment, the concentrations of ethanolamine at the cathode were approximately 
400mmol/l. However, in the case of the centre column, which had been fully carbonated 
before the treatment, significant extra amounts of ethanolamine (over 1.0mol/1) were 

observed to migrate and accumulate around the stainless steel cathode, in accord with 

observations from Part I of this Chapter. The position of the concentration peak of 

ethanolamine was found to be just next to the initial carbonation depth in the former case (at 

around I Omm from the treated surface), and, on the other hand, a few millimetres from the 

steel cathode in the latter case. As for nitrate ions, the penetration of nitrate was similarly 

restricted to within the first 10 mm in the electric field. 

The concentration profiles of guanidine and carbonate ions in the pore solutions after the 

treatment with 0.5M guanidine carbonate are plotted in Figure 4.26. Bicarbonate ions are not 
included in this figure since their concentrations were insignificant (see Appendix Q. In the 

cases of the initially partially carbonated left and right columns, significant amounts of 

guanidine accumulated at the position of the stainless steel cathode, where the concentrations 

of guanidine were observed to be approximately 400-500mmol/l. On the contrary, in the case 

of the initially fully carbonated centre column, the concentrations of guanidine at the cathode 

were around 250mmol/l, which were not so significant compared with those observed in the 

side specimens or those obtained in Part I of this Chapter. The positions of the concentration 

peak of guanidine were different in different columns; the peak was found to be around 

l5mm, from the treated surface in the side columns, though just at the steel cathode in the 

centre column. The penetration depths of carbonate ions were limited and smaller than those 

of guanidine except in the case of the centre column, where a notable increase in 

concentration of carbonate ions at the cathode was observed, in a similar manner as recorded 

in Part I of this Chapter. 
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Figure 4.25 Concentration profiles of ethanolamine (applied as LOM ethanolamine nitrate) 
and nitrate ions in three different columns of partially carbonated cement paste after injection 
treatment at 5A/m2 for 7 days (top: left, middle: centre, bottom: right) 
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Figure 4.26 Concentration profiles of guani'dine (applied as 0.5M guanidine carbonate) and 
carbonate ions in three different columns of partially carbonated cement paste after injection 
treatment at 5A/m 2 for 7 days (top: left, middle: centre, bottom: right) 
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4.10.2.2 Evolutions in pH values 

The distributions of pH recorded in the specimens after the electrochemical treatment are 
listed in Table 4.7 together with initial pH data. The pH values tended to rise throughout the 

cement paste specimens, except in the side columns of layer 3 treated with ethanolamine. In 

the case of guanidine, the environment in the vicinity of the steel cathode embedded in the 

initially carbonated centre column was highly re-alkalised to pH 12.91, and pH values over 

most of the entire area that had initially been carbonated were raised above 12. The centre 
square of layer 2 showed especially local enhancement of pH (to 12.85) in the centre column. 
On the other hand, in the case of ethanolamine, the pH value at the cathode in the centre 

column was restored to 11.85, and the pH rise of the initially carbonated areas of the 

specimens was moderate as a whole. These trends of rise in pH in the initially carbonated 

centre column specimens are similar to those observed in the investigation presented in Part 

I of this Chapter. The initially non-carbonated regions that contained the steel cathode 
(layer-4 discs in side columns) that were treated with guanidine showed higher increases in 

pH (to 13.60 and 13.62) than those treated with ethanolamine (to 13.48 and 13.5 1). 

Table 4.7 pH evolutions in the cement paste specimens before and after treatment 

Layer [Initial] 
No. 

5 
4 
3 
2 
1 

Left Centre Right 
13.3 8.6 1 13.3 

--43-. 3- -8-. 6-1 -1-3-. 3- - 
13.3 8.6 1 13.3 
8.6 8.6 8.6 
8.6 8.6 8.6 

(Ethanolamine treated] 
Left Centre Right 

13.3 10.0 13.3 
-+3-. 5 - -1 f-9- 
12.8 11.0 12.8 
11.1 11.2 11.3 
10.2 

, 
10.4 

. 
10.1 

[Guanidine treated] 
Left Centre Riaht 

13.3 10.8 13.3 
+3-. 6 - - -+2-9- --15-6- 
13.6 12.5 13.6 
13.2 12.9 13.2 
12.7 11.7 

. 
12.6 

(The broken lines in the table indicate the position of steel cathode) 

4.10.2.3 Major cations 

The concentration profiles of other major cations, Ne, K+, and Ca2+, in the pore solutions in 

the side and centre columns after treatment with IM ethanolamine nitrate and 0.5M 

guanidine carbonate are plotted in Figure 4.27 and 4.28 respectively. For the profiles of the 

side specimens, the average concentrations at equal depths in left and right column 

specimens are used since their concentrations were similar (see Appendix Q. The profiles of 

Mg 2+ are not included in these profiles since the concentrations of the species were not 

significant compared to those of other cations (see Appendix Q. The concentrations of both 

positively charged alkali metal ions were found to increase remarkably near the cathode in 

the side specimens. The increase in the concentrations of sodium and potassium near the 
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cathode was also observed in the cases of centre column, and the degree of the enhancement 
in the concentrations of the two ions near the cathode seemed to be higher than that recorded 
in the investigation presented in Part I of this Chapter. The peak concentrations of the alkali 

metal ions, namely sodium and potassium, near the cathode in the side specimens were 
higher in ethanolamine cases (around 140 and 210mmol/I respectively) than in guanidine 

cases (around 90 and 130mmol/I respectively). The concentrations of calcium ions were 

below 20mmol/l and the variations were small for both inhibitors' cases throughout the 

specimens, except near the anode in the case of ethanolamine. 
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Figure 4.27 Concentration profiles of major cations (Na', K, and Caý) in different columns 
of partially carbonated cement paste after specimen injection treatment with ethanolamine at 
5AJm2 for 7 days (top: side columns (average), bottom: centre column) 
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Figure 4.28 Concentration profiles of major cations (Ne, K, and C2) in different columns 
of partially carbonated cement paste after specimen injection treatment with guanidine at 
5A/M2 for 7 days (top: side columns (average), bottom: centre column) 

4.10.2.4 Major anions 

2- 2- The concentration profiles of major anions, Cl-, S04 
, 

C03 and HC03', in the pore solutions 

after treatment with IM ethanolamine nitrate are plotted in Figure 4.29. The concentration 

profiles of Cl' and S04 2- in the pore solutions after treatment with 0.5M guanidine carbonate 

are plotted in Figure 4.30. The concentrations of OH- are not included in these figures since 

they can be referred to in Table 4.7. The concentrations of chloride throughout the specimens 

were reduced progressively after the electrochemical treatment. In the case of ethanolamine, 

a significant increase in carbonate ions was observed especially around 5mm, before the 

cathode for side column specimens, whilst observed throughout the cover depth for centre 
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column specimens. In the case of guanidine, a significant increase in sulfate ion 

concentration was observed, especially at around 10mm from the treated surface for side 

column specimens and near the surface for initially fully carbonated centre column 

specimens, as was the case in the investigation presented in Part I of this Chapter. 
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Figure 4.29 Concentration profiles of major anions (Cl-, S04 2,9 C03 2', and HCOO in different 

columns of partially carbonated cement paste specimens after injection treatment with 

ethanolamine at 5A/m 2 for 7 days (top: side columns (average), bottom: centre column) 
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Figure 4.30 Concentration profiles of major anions (Cl' andS04 2-) in different columns of 
partially carbonated cement paste specimens after injection treatment with guanidine at 
5A/M2 for 7 days (top: side, columns (average), bottom: centre column) 

4.10.3 Chemical compositions of the anolyte after inhibitor Injection treatment 

The pH values and chemical compositions of the anolyte after treatment are presented in 

Tables 4.8 and 4.9, together with relevant initial values. The total charges for cations and 

anions detected in the anolyte showed reasonably similar values. The pH of ethanolamine 

nitrate solutions was found to have significantly decreased to the strong acid region (pH 

1.55), resulting in visible deterioration of the surface of the cement paste specimens 
immersed in the solutions. The guanidine carbonate solution remained slightly alkaline (PH 

9.21) after the treatment. The reductions in pH values were slightly more moderate than 
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those observed in the investigation in Part I of this Chapter (final pH 1.21 for ethanolamine 

nitrate and pH 8.80 for guanidine carbonate after the treatment). 

Table 4.8 Concentrations of organic inhibitors and cations in the anolyte before and after 
treatment with inhibitors 

Concentrations (mmol/1) 
Anolyte State Organic inhibitors N + K+ M 2l* 2" C H+ Sum of 

Total I Cationic a g a charge 
Im 

l i 
Treated 878.9 878.9 4.3 N/D 15.6 127.5 28.2 1197.4 

ethano am ne 
nitrate Initial 1081.6 1063.1 - I. OE-05 1063.1 

0.5M 
idi 

Treated 835.3 835.3 8.9 N/D 0.0 4.1 6.213-07 852.5 
guan ne 
carbonate Initial 990.2 974.0 - 1.5E-09 974.0 

NID: Not detectable 

Table 4.9 Concentrations of anions in the anolyte before and after treatment with inhibitors 
Concentrations (mmoIA) 

Anolyte State pH 
Ofr Cl- SO 4 

2, N03' C03 2- HCO' 3 
Sum of 
charge 

Im Treated 1.6 3.5E-10 4.0 10.1 1074.9 0.0 0.0 1099.0 
l i ethano am ne 

nitrate Initial 8.0 9.711-04 - - 981.7 981.7 

0.5m Treated 9.2 1.6E-02 1.6 56.4 50.2 677.7 892.6 
idi guan ne 

carbonate Initial 11.8 6.613+00 - 481.2 15.6 984.6 
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4.11 DISCUSSION 

In this section, the effect of partial carbonation of cement pastes, especially the interaction 

between initially non-carbonated and carbonated regions, on the behaviour of the major 

species (organic corrosion inhibitors, hydroxyl ions, alkali metal ions, and carbonate ions) 

which might be considered to have important roles by affecting other ions/species in the 

electrochemical injection approach, is discussed. Some of the phenomena discussed in the 

results section 4.10 can be justified by elucidation similar to that of Part I of this Chapter 

(see section 4.6), such as the concentration profiles of major anions (except hydroxyl and 

carbonate) and some other species. Thus, they are not discussed here. 

4.11.1 Pore solution constituents 

4.11.1.1. Organic corrosion Inhibitors 

Figures 4.31 and 4.32 show the concentration profiles of the ionic species of the inhibitors 

for ethanolamine and guanidine, which were obtained using their pK. ' values (pK, value used 
for guanidine) and the pH values of the pore solution. The position of the concentration peak 

of the total inhibitors in each figure may be explicable in terms of the dissociation constants 

of ethanolamirle (pK. 9.5, pK. ' 9.75), and guanidine (pK. 13.6), resulting in different degrees 

of ionisation of the inhibitors in the specimens, as discussed in Part 1 of this Chapter. This is 

why, for both inhibitors, the position of the concentration peak in the initially fully 

carbonated columns is closer to the steel cathode than it is in the partially carbonated side 

columns. It can also be seen that the predominant form of ethanolamine penetrating into the 

specimens was molecular, except near the anode, and that the main transport mode of 

ethanolamine near the cathode would be the diffusion of molecules. Thus the results 

obtained indicate that further electrochemical treatment may not be effective for field- 

induced injection of ethanolamine for the specimens employed in this investigation. In 

contrast, guanidine mainly existed in the cationic form throughout the specimen, even in the 

initially non-carbonated highly alkaline region, where the pH values were eventually raised 

to 13.6. These results demonstrate that longer treatment would promote further injection of 

guanidine. 
It can be seen from the results that, when the concentrations of the two organic corrosion 

inhibitors that migrated to the steel cathode in the initially fully carbonated centre column 

are compared to those obtained in carbonated cement pastes in Part I of this Chapter, the 
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concentration of guanidine was disappointingly almost only half (513mmol/I for Part I and 

256mmol/l for Part 2), whilst the concentrations remained at nearly full levels for 

ethanolamine (approximately 1,1 60mmol/I for both). It can also be observed that substantial 

concentrations of inhibitors reached the steel cathode through initially non-carbonated 

regions in the side columns, which seemed somewhat contradictory to the results 
demonstrated by Sawada et al. (2005), in which quite small migration of the inhibitors 

towards the cathode was observed when the same organic corrosion inhibitors were 

electrochemically injected into non-carbonated concrete at the same current density for the 

same period. These phenomena may be attributable to the interaction between the regions in 

the centre and side columns, which will be discussed later in subsection 4.11.2. 
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Figure 4.31 Concentration profiles of ethanolamine cations and total ethanolamine in 
different columns of partially carbonated cement paste specimens together with pH values of 
the pore solutions (top: side columns (average), bottom: centre specimen) 
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Figure 4.32 Concentration profiles of guanidine cations and total guanidine in different 
columns of partially carbonated cement paste specimens together with the pH values of the 
pore solutions (top: side columns (average), bottom: centre column) 

As for the steel inhibition performance of the inhibitors injected, it was found in the previous 
Chapter that the threshold concentration at which aqueous solutions of inhibitors can 

maintain steel in a passivating condition was between 10-100mmol/I for ethanolamine, and 
below l0mmol/l for guanidine. From the experimental results obtained by applications of 

electrochemical inhibitor injections to partially carbonated cement paste specimens presented 
in this Chapter, it is obvious that the concentrations of both inhibitors attained in the vicinity 

of the steel cathode embedded in initially non-carbonated and carbonated cement pastes were 
higher than these threshold values, and thus it is expected that the injected corrosion 
inhibitors near the cathode will contribute to the passivation of steel even after the pore 

118 



CHAPTER 4 

solution is neutralised. The long-term effectiveness of this injection method on steel 

passivation will be discussed in Chapter 6. 

The concentrations of both inhibitors remaining in the anolyte decreased with the progress of 

the electrochemical treatment, as shown in Table 4.8 and 4.9. The ratios of the quantities of 

inhibitors injected into partially carbonated cement paste specimens to the quantities of 

inhibitors lost from the anolyte solution were 68% for ethanolamine and 46% for guanidine, 

which are higher than those recorded in the investigation presented in Part I of this Chapter 

(58% for ethanolamine and 18% for guanidine). This can probably be attributed to the 

difference in area of the specimens covering the surface of anolyte, which might have 

prevented evaporation of the solutions. 

4.11.1.2 Hydroxyl ions 

The distributions of pH recorded for the centre and side columns are listed in Table 4.7. 

Similar to the observations gleaned from Part I of this Chapter, concentrations of inhibitors 

penetrating to the cathode significantly affected the presence of cathodically generated 
hydroxyl ions. Ethanolamine with a pK. value of 9.5 (pK; 9.75) consumed considerably 

more hydroxyl ions than guanidine with a pK. value of 13.6, and a significant concentration 

of ethanolamine penetrating layer-3 side column specimens even reduced the initial pH 

values from 13.3 to 12.8. The moderate rise in pH at the cathode for the system using 

ethanolamine might be considered to be advantageous in terms of the prevention of ASR 

(alkali-silica reaction), as discussed in Part 1 of this Chapter. 

It was inferred that the concentration gradient of hydroxyl in the layer-4 discs containing the 

steel cathode caused diffusion of the ion from initial , ly non-carbonated side column regions 

to initially carbonated centre column regions. The effect of interaction between two 

neighbouring columns will be discussed in subsections 4.11.1.4 and 4.11.2. 

4.11.1.3 Alkali metal ions 

Figures 4.27 and 4.28 show the concentration profiles of the ionic species of the alkali metal 

ions, namely sodium and potassium, in which, when compared to the initial concentrations 

of both ions in the carbonated pore solutions (see Table 4.5), significant concentrations can 

be found throughout the specimens in the centre column. The fact that the overall 

concentrations of the two alkali metal ions in the centre column are more significant than 
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those obtained in the fully carbonated cement pastes specimens obtained in Part I of this 
Chapter may be regarded as clear evidence of the flow of both ions from initially non- 

carbonated regions in side columns, in which sodium and potassium were abundant, to the 

centre column, which probably occurred due to the concentration gradient of these ions. 

The results also show that higher concentrations of both ions can be observed in the case of 

ethanolamine than guanidine in the centre column specimens. In the case of ethanolamine, 

since the predominant form of the inhibitor penetrating into the specimens was molecular 

except near the anode, the two alkali metal ions were the main charge-carrying cations, 

resulting in more rapid migration of the two ions in the electric field than was the case for 

guanidine. 
The concentrations of both alkali metal ions were remarkably high near the cathode in the 

side specimens as described in section 4.10.2.3. It is noted that the high concentrations of 

alkalis formed around the highly alkaline steel cathode area during the electrochemical 

treatment involve the possibility of generating damaging ASR (alkali-silica reaction) when 

susceptible aggregates are contained in concrete, since the applied current densities are of the 

similar magnitudes to those employed for ECR (electrochemical chloride removal), often in 

the range of A/M2 (Page et al. 1994). 

4.11.1.4 Carbonate ions 

Substantial increases in the concentrations of carbonate ions observed in the case of centre 

column specimens treated with both inhibitors, except those after the steel cathode, can be 

attributed to the dissolution of calcium carbonate and the conversion of the species to 

calcium hydroxide, taking into account the solubility equilibria of Ca(OH)2 and CaC03, as 
discussed in Part I of this Chapter. The reaction (4-B) in subsection 4.6.4 would be favoured 

in a high pH environment due to the flow of hydroxyl from the side columns in addition to 

the generation of hydroxyl at the steel cathode. 
The re-establishment of the lime-rich region is expected to contribute to the stabilisation of 

the passive condition of steel, resulting in the reduction in corrosion risk, as discussed in Part 

I of this Chapter. 
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4.11.2 Interaction between centre and side column specimens 

4.11.2.1. Current flow 

In the investigation presented in Part I of this Chapter, the distribution of current density 

passing through the specimens was considered to be uniform since the material was fully 

carbonated, and thus homogeneous. However, in Part 2, the current density in partially 

carbonated specimens used in this investigation would vary at different positions within the 

material, due to partial difference in electrical resistivity resulting from such factors as 

porosity of the material and electrolyte conductance of the pore solutions. Carbonation 

causes a porosity reduction for normal Portland cement, since the calcium carbonate 

produced as a result of the carbonation reaction occupies a molar volume higher than that of 
hydrates (Ngala and Page 1997), and the carbonated cement pastes used in this experiment 

actually showed smaller values of porosity (see results in subsection 4.10.1). Carbonation 

also reduces the ionic concentration in the pore solution due to neutralisation of the 

electrolyte and the adsorption of alkali metal ions into silica gel as reported by Anstice et al. 

(2005). The same phenomena were observed in carbonated cement pastes in this experiment 
(see results in subsection 4.10.1). As for the effect of magnitude of concentration of pore 

solutions on their conductance, in general, conductivity (ic, reciprocal of resistivity, with the 

unit of S in" or LY m") is approximately proportional to the concentration of the strong 

electrolyte (see subsection 5.8.5.2 for details) (Robinson and Stokes 1965, Bard and 
Faulkner 1980). Therefore, the carbonated cement pastes used in this experiment, with a 

smaller porosity value and with a smaller ionic concentration in the pore solutions, are 

estimated to have possessed higher electrical resistivity than the non-carbonated ones. The 

resistivity of carbonated concrete is actually significantly higher than that of non-carbonated 

concrete, as reported by Bertolini et al. (2004). The quantitative comparison of resistivity is 

to be detailed in the following mathematical modelling chapter. It can be inferred from the 

difference in resistivity of the two types of materials that the pattern of current flow within 

the partially carbonated specimens described in the form of arrows would be as illustrated in 

Figure 4.33, wherein the greater arrow thickness indicates higher current density. More 

current density is estimated to have been passed through the side columns than through the 

centre column, since the former material had higher conductivity than the latter material. The 

difference in resistivity between the centre and the side columns is considered to have caused 

lateral current flow between the two neighbouring columns and weakened the current flow in 

the upper layers (except layer-5) in the centre column as described in the aforementioned 
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Figure. The inferred current flow given here will be numerically confiri-ned in tile following 

modelling chapter. 
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Figure 4.33 Inferred current flow in partially carbonated specimens during treatment 

4.11.2.2. Transport of species between the centre and side columns 

The lateral current flow from the centre column to side columns discussed in the previous 

subsection would cause migration of cations from the centre to the side columns and anions 

from the side columns to the centre column. The cation involved in this transport would be a 

cationic form of the inhibitor, since its concentration was significant compared to other 

cations in layers 1-2 of the centre column. The anion involved would be hydroxyl, which 

migrated downwards in the pore solutions after being generated at the cathode in the side 

columns by water electrolysis. Different lateral transport of species would also take place in 

layer 4. As discussed in subsection 4.11.1.3, the concentration gradient of sodium, potassium 

and cathodically generated hydroxyl ions at the interface between neighbouring columns 

would cause diffusive flow, conveying the three ions from the side columns to the centre 

column. 

4.11.2.3. Organic corrosion inhibitors and other relevant ions 

In the centre column, the concentration of guanidine that accumulated at the steel cathode 

was observed to be smaller than that recorded in the experiment presented in Part I of this 

Chapter, although the concentrations of ethanolamine at the cathode were, in both cases, 

similar. This can be explained by the smaller current densities substantially passed through 

layer 4 in the centre column, which slowed down the migration of guanidine cations, rather 
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than those applied to the whole specimen. On the other hand, in the ethanolamine case, the 
dominant form of the species penetrating towards the cathode is molecular, except near the 

treated surface, and thus the transport of the inhibitor was not significantly affected by the 
lowered current densities in the centre column. It may therefore be inferred that, in the case 
of the application of this injection treatment to a cementitious material whose carbonation 
depth is not uniform but close to cover depth, the use of the inhibitor, the dominant form of 

which is cationic in a neutralised solution and molecular in an alkaline solution would be 

effective. 
In the side columns, the concentrations of both inhibitors were observed to be significant in 

initially non-carbonated regions wherein the high pH of the pore solutions had been expected 
to discourage the migration of the inhibitors. The tentative explanation for this can be given 

as the enhanced concentration of both inhibitors in the side columns owing to the lateral flow 

of both inhibitors in layers 1-3 from centre column, as discussed in the previous subsection. 
The inhibitors that were once highly accumulated in this region moved further towards the 

steel cathode by diffusion in the case of ethanolamine and by migration in the case of 

guanidine, by the action of higher current densities. 

The lateral flow of hydroxyl in layers 1-2 from the side columns to the centre one may have 

affected the transport of both inhibitors in the vertical direction in the centre column. It is 

considered that there are two reactions that involve the hydroxyl ions flowing into this region, 

which are as follows: 

Rffl3+ + OH- - R-ýM2 + H20 (4-F) 

CaC03 + 20H'- Ca(OH)2 + C03 2- (4-B) 

In the case of ethanolamine, owing to its lower pK, value (pK, 9.5, pK, ' 9.75), the reaction 

(4-F) was dominant. This might account for the significant accumulation of ethanolamine in 

the region 5-10mm. from the treated surface, which was not observed in the investigation 

presented in Part I of this Chapter. On the other hand, in the case of guanidine, since the 

higher pK. value (pK. 13.6) maintained most of the inhibitor in cationic form in the re- 

alkalised region, the influx of hydroxyl ions from side columns into this region led to a local 

increase of pH values, without reacting with inhibitor cations to deprotonate them. Instead, 

the enhancement of pH in this region caused precipitation of Ca(OH)2 by the reaction (4-13) 

shown above, converting some of the hydroxyl ions to carbonate ions. This would elucidate 

the high pH values and significantly high carbonate concentrations in the bottom part of the 

centre column treated with guanidine. 
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The schematic views of the major transport of species within tile partially carbonated 

specimens for ethanolamine and guanidine are shown in Figure 4.34. 
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4.12 CONCLUSIONS 

(1) The two organic base corrosion inhibitors, namely ethanolamine and guanidine, were 

effectively injected into partially carbonated cement by similar electrochemical means to 

those discussed in Part 1. The comparison of the results to those obtained in Part I 

showed a similar concentration of ethanolamine reaching the steel cathode embedded in 

the initially carbonated region after the treatment; however, the concentration for 

guanidine was almost halved. This was mainly attributable to a small current density 

substantially passed to the initially carbonated regions with poor conductivity, which 

slowed down the migration of guanidine cations towards the steel. 

(2) It can be inferred that, when the proposed electrochemical inhibitor injection method is 

applied to a partially carbonated cement matrix whose average carbonation depth is 

relatively close to cover depth, the use of the inhibitor whose dominant form is cationic 
in a neutralised solution and molecular in an alkaline one, such as ethanolamine, would 

be effective. 

(3) In applications of electrochemical inhibitor injection to partially carbonated material, the 

presence of current, laterally flowing from a carbonated region into a non-carbonatcd 

region, appeared to affect the transport of inhibitors. In the case of an inhibitor with a 

neutral pK. value, such as ethanolamine, the current density promoted the inhibitor 

injection from anolyte in the initially carbonated regions. In the case of an inhibitor with 

a highly alkaline pK, value, such as guanidine, this current density rapidly re-alkalised 

the initially carbonated regions, but it slowed down the migration of the RNH3+ species 

towards the steel cathode in carbonated regions. 

(4) Similarly as observed in the cases of uniform carbonation, the moderate rise of pH 

throughout the initially carbonated regions of material was observed (pH 11.9) in the 

case of ethanolamine, and the precipitation of Ca(OH)2 appeared to take place in the 

vicinity of the steel cathode in both inhibitors' cases. The former may be a beneficial 

effect for reduction of the risk of ASR (alkali-silica reaction), and the latter may 

contribute to reducing the risk of corrosion. 

(5) It is difficult to fully elucidate the current distribution in the material and all the 

processes taking place in the partially carbonated cement matrix under electrochemical 

treatment without resorting to mathematical modelling. In the following Chapter, further 

details are to be discussed with an established mathematical model. 
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CHAPTER 5 

MATHEMATICAL MODELLING OF ELECTROCHEMICAL 

INJECTION OF ORGANIC CORROSION INHIBITORS 

5.1 INTRODUCTION 

In this chapter, a mathematical model is established for simulation of changes occurring in 

the pore solution phase chemistry of fully or partially carbonated hardened cement pastes 

when aqueous solutions of basic organic corrosion inhibitors, studied in the previous chapter, 

are electrochemically injected under externally applied constant current densities of varied 

magnitude (1-5A/M2 ) and duration as described in the previous chapter. A multi-species 

migration model, based on the Nernst Planck equation, is used to predict the variation, as a 
function of depth from the concrete surface, of the quantities of the inhibitor that are 

electrochemically injected into the material and the nature and concentrations of the major 
ionic species present within the pore electrolyte. In order to elucidate the transport of basic 

corrosion inhibitors in carbonated cement pastes, not only the interactions of ions but also 
the self-interactions of inhibitor molecules need to be taken into consideration together with 

acid/base dissociation equilibria and the solubility products of relevant species in the pore 

solutions. For the three specific organic base inhibitors with widely different pK. values, 

studied in the previous chapter, namely ethanolamine (pK. 9.5), guanidine (pK, 13.6), and 

arginine (pK. 9.0), the model predictions are compared with the experimental data derived 

from electrochemical injection as &scribed in the previous Chapter. 

Following a literature review, this Chapter is divided into two Parts; each Part of this 

Chapter (Part I and Part 2, respectively) deals with mathematical modelling that simulates 

the migration of various species in the pore solutions of fully or partially carbonated material 

associated with electrochemical inhibitor injection, described in the corresponding Part of 

the previous experimental Chapter. Some of the work presented in Part I of this Chapter is 

included in the paper (Kubo et al. 2007, see Appendix G). 
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5.2 LITERATURE REVIEW 

Several studies on the modelling of diffusion and migration of ions under an electric field 

have been reported, most of which are concerned with electrochemical chloride extraction. 
Andrade et al. (1995) calculated the duration of electrochemical chloride extraction based on 

the Nernst-Planck equation, for the case of constant chloride concentration in the concrete 

and for concentrations following the error function trend. In this study, the results obtained 

were compared with those of the practical treatment of a bridge deck by Elsener et al. 
(1993). The comparison showed the duration required to remove 99% of the chlorides was 

significantly shorter than that reported by Elsener. The authors thus concluded that the 

binding ratio of chloride ions should be considered. Later Hassanein et al (1998,1999) 

modelled electrochemical chloride extraction and cathodic protection technology 

respectively, taking into consideration the concentration of free and bound chloride ions in 

the concrete. The aim of these studies was to predict the optimal time and current 

combination required to complete each process. In the former paper, three experimental 

cases carried out by other researchers (e. g. Bertolini et al. 1996) were simulated. The 

predicted removal of chloride ion showed good correlation with the experimental results. 
According to the model, electrochemical chloride removal may be approximated by a two- 

stage process; the initial stage involved rapid removal of free chloride ions and subsequently 

the process was dominated by the release rate of chlorides. In the latter research, the results 
derived from the model were compared to those of cathodic protection experiments using 

concrete specimens. It was demonstrated that the model, taking into consideration the 

binding ratio of chloride ions, was better than that without. In addition, this model predicted 

that the chloride distribution would reach a steady-state condition after four years, and the 

amount of chloride extracted would be limited. However these mathematical models 

considered the transport of only a single ionic species, namely chloride ion, in concrete. 

An important issue in electrochemical migration is to understand how the various ions within 

the pore electrolyte phase move under the influence of an externally applied current density. 

Yu and Page (1996) simulated ionic migration associated with electrochemical chloride 

extraction from hydrated cement or concrete. Here electrostatic coupling of ions and electro- 

neutrality in the pore solution which contains four different ions, namely, sodium, potassium, 

chloride, and hydroxyl ion, were considered. The calculation results were compared with 

those observed experimentally (Bertolini et al. 1996) and it was found that this model 

overestimated the efficiency of chloride removal and the discrepancies could not be reduced 
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simply by changing the diffusion coefficient values. It was concluded in this study that the 

model may need to include the effect of ionic binding/desorption and ionic activities. As a 
further development of this simulation, Li and Page (1998) proposed a mathematical model 
for simulating electrochemical chloride extraction from concrete taking into consideration 
the effects of ionic concentration on diffusion and migration of charged ions. The results 

were then again compared with those measured in experiments (Bertolini et al. 1996) and it 

was found that the physical model might be much improved by considering the effects of 

activity coefficients and that further improvement could be achieved by taking into account 

other effects such as ion adsorption. Later Li and Page (2000) simulated chloride removal 
from concrete by the finite element method, where the adsorption and desorption of ions 

between the solid and liquid phases as well as electrostatic coupling of ions in a multi- 

component pore electrolyte were considered. This research also took into account the 

medium porosity and tortuosity of concrete. According to the authors, electrochemical 

removal could be reasonably well modelled by consideration of diffusion and migration of 

ions in a porous medium which allows ionic binding at the pore surface. Wang et al. (2001) 

conducted the same sort of mathematical modelling by means of a two-dimensional model. 
Truc et al. (2000) , by a numerical model based on the finite difference method, computed 

the concentration profiles of the chloride ion with several other relevant species in concrete 

under the influence of an electric field in order to demonstrate that the effective diffusion 

coefficient of chloride ion depends on the composition of pore solution. In their study the 

discrepancy was explained by the interactions with other ions and chloride binding. The 

method here determined the effective diffusion coefficient of chlorides with good accuracy. 

No research has been found that deals with the mathematical modelling of migration of 

organic corrosion inhibitors under the influence of an electric field. In order to elucidate their 

migration in carbonated cementitious materials, it is necessary to examine the interactions of 

various ions in the pore solution phase, taking account of acid/base dissociation equilibria 

and the solubility products of relevant species, such as calcium carbonate, calcium sulphate 

and calcium hydroxide. 
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PART 1: MIGRATION OF CORROSION INHIBITORS INJECTED INTO 

FULLY CARBONATED MEDIUM 

5.3 INTRODUCTION 

In Part I of this Chapter, a mathematical model is established for simulation of changes in 

the pore solution phase chemistry of fully carbonated hardened cement paste under 

electrochemical injection of three organic base corrosion inhibitors with widely different pK. 

values, studied in the previous chapter, namely ethanolamine (pK, 9.5), guanidine (pK. 13.6), 

and arginine (pK. 9.0). Since it can be assumed that uniformly carbonated cement pastes 
have no significant spatial variation in the material properties, such as porosity or pore 

constituents, the mathematical modelling is based on a one-dimensional approach. For the 

elucidation of the migration of inhibitors in carbonated cementitious materials, it is necessary 
to examine the interactions of various ionic/molecular species in the pore solution phase, 
taking account of acid/base dissociation equilibria and the solubility products of relevant 

species, such as calcium carbonate, calcium sulphate and calcium hydroxide. The results 
derived from modelling are compared with the experimental data obtained in Part I of the 

previous Chapter. 

5.4 MATHEMATICAL MODELLING 

5.4.1 Transport of ions In porous media 

It is well known that the transport of different ions in an ideal electrolyte can be described by 

the equations of mass balance, ionic flux (Nemst-Planck), current conservation and 

electroneutrality in one dimension as follows (Bard et al. 1980): 

, c, aj, 
at ax 

(5-1) 

J, = -D, 
aC' 

- z, D, (F 
aý 

)CI (5-2) 
ax RT ax 

n 

i Fj: zJ, (5-3) 

zicl =0 (5-4) 
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where C, is the concentration (MOI/M3), ji is the flux (mol/m2/s), D, is the diffusion 

coefficient (m2/s), z, is the charge number of the ionic species i, F is the Faraday constant 

(9.64846x 104 C/mol), R is the gas constant (8.3143 J/(mol K)), T is the temperature (K), 0 

is the potential (V), i is the current density applied to the pore solution (A/M2), t is the time 

(s), and x is the position coordinate (m). Convection is assumed to be negligible in this 

model. Substituting Eq. (5-2) into (5-3), then into (5-1), we have: 

ac, 
=a 

ilF+Yz, D, 
act 

[D, 
ý-C'-z, 

D, ( ax )CII (5-5) 
at ax ax Zz, DC, 

Eq. (5-5) fully describes the transport behaviour of ions in an ideal electrolyte and gives the 

concentration profile of every ionic species for given initial and boundary conditions. The 
fact that electro-neutrality (Eq. (5-4)) is maintained in the case of constant externally applied 

current is shown by multiplying the valence numbers by Eq. (5-1) and summing both sides 

for all species: 
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For a porous medium, such as concrete or a hydrated cement paste, the porosity and 

tortuosity need to be taken into account, leading to the following: 
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where r is the tortuosity of pore structure and e is the volume fraction of porosity. 

5.4.2 Physical model 

The physical system to which the above model is applied is shown in Figure. 5.1. It is 

assumed that an aqueous solution of the relevant corrosion inhibitor is applied to the surface 

of the carbonated cement paste and constant current density is passed between an anode 

placed in the inhibitor solution and a steel mesh cathode embedded within the cement paste. 

To simulate the dimensions of the specimens used in the experiments detailed in Part I of the 

previous chapter, the cover depth and the thickness of the medium behind the steel cathode 
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are set as xj=34mm and x2=16mm respectively. In this model, the species in the pore 

solution taken into consideration are the same (hydroxyl ion, hydrogen ion, sodium ion, 

potassium ion, calcium ion, inhibitor molecule/ion, carbonate ion, bicarbonate ion, carbonic 

acid, sulphate ion, chloride ion, and nitrate ion) as considered in the experiments described in 

the previous chapter except for magnesium since its concentration was insignificant. It is 

also assumed that, in carbonated cement pastes, the only solid phases with solubility 

products that have to be taken into account are calcite and gypsum'; all other solid 

carbonation products at the surfaces of the pores (such as hydrated silica and alumina gels) 

are simply regarded as insoluble, non-reacting components, which have negligible influence 

on the pore solution composition. The tortuosityr is assumed to be 2.0 (Li and Page 2000) 

and the porosity e to be 0.34, the latter value being calculated from experimental data as 
described in subsection 4.5.1. The concentrations of all species in the anolyte are assumed to 

be uniform since the transport of ions in the external electrolyte is much faster than in the 

internal pore solution. 
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Figure 5.1 Physical model of transport in carbonated hardened cement 

5.4.3 General and boundary conditions 

5.4.3.1 General conditions in the pore solution 

(1) General reactions 
When an amine or alkanolamine-based corrosion inhibitor penetrates into an idealised 

carbonated cementitious material of the above type, the following chemical equilibria are 

assumed to be involved: 
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CaC03 <:: > Ca2+ + Co32- (5-A) 
CaS04 <:: > C2++ S04 2- (5-B) 

RNH3+ + OH« <: * R-ýM2 + H20 (5-C) 

HC03'+ OH'<: > C03 2- + H20 (5-D) 

- H20 <z> H+ + OH« (5-E) 

Since the pH of the pore solution within carbonated cementitious media is usually near 9.0 

and the PK. for the following reaction is 6.35 (Lide 2006), the concentration of carbonic acid 
is negligible. 

C02(aq) + H20 ýC* HC03* + H+ 

(2) Carbarnate product 

(5-F) 

In aqueous solutions, carbon dioxide reacts with alkanolamines, yielding carbamate products 
(RNHCOO-) according to the following reaction (Blauwhoff et al. 1984). In this model, the 
formation of carbarnate is assumed to be insignificant since the concentration of C02 (aq) is 

very low. 

C02(aq) + 2RNH2 <* RNH3+ + RNHCOO' (5-G) 

(3) Binding of alkali ions in silica gel 

It is known that sodium and potassium ions are released from cement minerals into the pore 
fluid during the early stage of cement hydration. In the pore solutions of non-carbonated 

concrete or cement, the alkali metal cations, namely sodium and potassium, are abundant and 

they keep a charge balance with hydroxyl ions. Longuet et al. (1973) found that not all the 

alkalis are in pore fluid and some sodium and potassium are bound into cement paste 

constituents. Taylor (1987) suggested a method for predicting alkali ion concentrations in 

cement pore solutions, in which all the positively charged ions are assumed to be sodium and 

potassium ions. He introduced a binding factor, which shows how much alkali ions are 

adsorbed in C-S-H and AFm phases. 
Page and Vennesland (1983) found that there is no obvious increase of the two alkali ion 

concentrations in the pore solution of the OPC paste cured from 8-12 weeks, and for the 

OPC paste blended with microsilica there are continuous reductions of the concentrations in 

the pore solution from I up to 12 weeks. Glasser (1993) demonstrated that long-term 

carbonation of cement may reduce the Ca/Si ratio from typical non-carbonated cement, and 
Hong and Glasser (2000) showed decreasing Ca: Si ratio appeared to increase the overall 
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strength of alkali sorption into C-S-H. Brouwers and Eijk (2002) concluded that C-S-H is the 

only binder of alkali ions in hydrating OPC. Garrabrants et al (2004) confirmed that 

carbonation was observed to decrease sodium and potassium concentrations in the pore 

water, and the adsorption could be expressed as follows: 

C-S-H + Ne + HC03' 4* CaC03 + Na-S(gel) + H20 (5-H) 

Quantitatively Anstice et al. (2005) showed a significant decrease of sodium and potassium 
ions in the pore solution of carbonated cement. In his research the concentration of both ions 

in carbonated cement was lowered to approximately between 1% and 5% of that in non- 

carbonated cement. 

Figure. 5.2 shows a concentration drop of free potassium ions associated with the reduced pH 

of the pore solution. The proportion of concentration of free ion in solution phase is provided 

by the researchers whose names appear in the Figure. This proportion was calculated with 

the potassium content of OPC given there as the content of K20 and the concentration of 

potassium ion existing in the solution, taking into account the relationship between the 

porosity of the cement paste specimens and water/cement ratio given by Ngala and Page 

(1997). Garrabrants et al (2004) also showed that the concentration of alkali ions in the 

electrolyte drops sharply according to the pH reduction of the solution from 13.5 to 12.7, 

sodium ion being significantly reduced from 0.13mol/I to 0.009mol/l, and potassium ion 

from 0.1 8mol/l to 0.008mol/l respectively. 

70.0% 

60.0% 

50.0% 

40.0% 

30.0% 

20.0% 

10.0% 

A Anstice (2000) 
nPage and Vennesland(I 983) 
-Barchler et al(1996) 
o Taylor(1987) 

0.0% 11-I-IIIi 
7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 

pH 

Figure 5.2 Proportion of free potassium ions in solution phase 

As current is applied and the overall pH of the medium is increased, the release of these ions 

bound in silica gel might have to be taken into consideration. Sergi et al. (1996) applied 
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electrochemical re-alkalisation treatment to carbonated mortars using 2M lithium hydroxyl 

as an external electrolyte and monitored the concentration of sodium and potassium ions. 

After 5-10 days of the treatment, the mortar near steel was highly re-alkalised; however no 

significant increase of these two ions was seen in the vicinity of the steel. This might be 

interpreted as suggesting that these ions adsorbed in silica gels were not released to the re- 

alkalised pore solution. Thus the release of adsorbed alkali ions accompanied by the 

enhancement of the pH is neglected here. 

(4) Binding of chloride ions in silica gel 

It is believed that chloride ions are physically and chemically bound on pore surfaces within 

the cement matrix (Midgley and Illston 1984). The extent of chloride binding as a function 

of bulk concentration, usually described by a 'binding isotherm, is affected by a various 

parameters (Larsen 1989), such as chloride concentration or carbonation degree. Higher 

degree of carbonation decreases the chloride bindings and the carbonation-induced 

decomposition of bound chloride from solid phases, such as calcium chloro-aluminate 

hydrates is expressed as follows: 

3CaO. AI203. CaCI2. IOH20 + 3CO2 + 3H20 4* 3CaCO3 + 2AI(OH)3 + CaC12 + 1OH20 (5-1) 

As shown in section 5.2, Li and Page (2000) proposed a mathematical model simulating 

electrochemical chloride extraction applied to non-carbonated material taking into 

consideration the transient relationship between bound and free chloride concentrations. 

They found reasonable agreement when the modelling predictions were compared with the 

experimental results (Bertolini et al. 1996). This relationship is approximated by an 

equilibrium condition such as the Langmuir isotherm as follows: 

sa ý-- 
aC,, 

W(I+, 8c,, ) 
(5-8) 

,j 
is the concentration of where S, j is the amount of bound chloride ions (mmol/g solid), Cc 

chloride ions in solution (mol/1) and w is the content of water in which diffusion occurs 

(expressed per unit weight of cement), a and 0 are constants. 

However, data for the binding ratio of bound chloride to free chloride with respect to pH 

value is unavailable. In addition, the magnitude of chloride concentration is not significant in 

this electrochemical treatment compared with that of injected inhibitors, thus the binding 

effect of chloride is neglected in this model to avoid increasing the complexity of the model 

unduly. 
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(5) General condition in the pore solution 

If we consider an infinitesimal element of length, dx, as shown in Figure 5.3, the rates of 

change of concentration for each species i (caused by the inward and outward fluxes and the 

rates Ri of chemical reactions that produce species within the domain) can be expressed as 

follows: 

öC, 
= 

J, (x) 
_ 

J, (x + dx) 
+ R, (5-9) 

öt dx dx 

Note: Rj=O for ions such as sodium, potassium, chloride, and nitrate that are assumed not to 

react chemically with other species in the domain. For these species, the time derivatives of 

concentration are obtained from this equation. For other species, after each Ri term is 

eliminated by the procedures shown in Appendix D-A, Eqs. (Al), (A2), (A5)-(A9) are 

obtained, which are the seven simultaneous equations to be solved to obtain time derivatives 

of concentration. 

AX) Ji(x+dx) 
-0. 'Ri 

J 

.4 dx IN 

Figure 5.3 Introduced domain 

5.4.3.2 Boundary conditions at the end of the specimen 

Since the cement paste specimen was assumed to be wrapped with cling film to avoid 

moisture losses, at the end of the specimen (XýXI+XA the flux of every species was assumed 

to be zero (i. e. Ji=O) in the model. 

5.4.3.3 Boundary conditions at the cathode 

At the steel cathode, there are two reactions generating hydroxyl ions due to water 

electrolysis: 

2H20 + 26'-* 20H'+ H2 (5-J) 

2H20 + 02 + 4e -> 40H' (5-K) 
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Thus the boundary condition for hydroxyl ions at the cathode is simply expressed as follows: 

JOH 
ZOHF F 

Since (5-J) and (5-K) are the only reactions considered to take place at the cathode surface, it 

is assumed that the fluxes of other ion species are not affected by the existence of the steel. 

5.4.3.4 Boundary conditions in the cathode region at a high pH 

As shown in the previous chapter and in previous research (Anstice et al. 2005), the 

concentration of calcium ions present in the pore solution phase of carbonated cement pastes 
is typically > 20 mmol/l. Since the concentration of hydroxyl ions near the cathode is raised 
by reactions (5-J) and (5-K), it is to be expected that calcium hydroxide precipitation will 

occur locally when the concentrations of Ca2' and OH- ions exceed the solubility product for 

the reaction: 

C2++20H'=>Ca(OH)2 (5-L) 

After the system reaches this stage, the calcium ions consumed by reaction (5-L) are 

assumed to be replenished by reactions (5-A) and (5-B) so that the equilibrium saturation 

conditions for CaS04, CaC03 and Ca(OH)2 are maintained. At the same time, in the case of 

arginine, the third dissociation equilibrium must be taken into account since the pK. for the 

equilibrium lies in a highly alkaline region (pK. 12.5): 

R'NH2COOH + OH'<=> R'NH2C00'+ H20 (5-M) 

Thus at this stage the boundary condition must take into consideration the reactions (5-A)-(S- 

E), (5-L) and (5-M). In this case, for the species that are assumed to react chemically with 

other species in the domain, after each Ri term in Eq. (5-9) is eliminated by the procedures 

shown in Appendix D-B, Eqs. (AS)-(A8) and (Bl)-(B4) are obtained as the eight 

simultaneous equations to be solved for the time derivatives of concentration. 

5.4.3.5 Boundary conditions at the anolyte interface 

The pH of the external anolyte is assumed to be lowered by the following two reactions 

taking place at the anode: 
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40H' => 2H20 + 02 + 4e' (5-N) 

2H20 => 02 + 4H+ + 4e* (5-0) 

If the current density carried by each of the above reactions at the anode can be expressed as 
iOH and iH respectively, the boundary conditions for each ionic species are described as 
follows: 

aCH 7F 
H 

at 

1. 

-0 
Xa Xa 

a&H I=_ io7F Jo*H 
+ R; H at X-0 

Xa xa 

ac, =-it +R, (i#Handi#OH) (5-13) 
at X-0 

xa 

where * denotes the values defined at the interface, x. is the length of anolyte (xi=63.6mm: 

derived by dividing the volume of the anolyte (120ml) by the cross section of the cement 

paste medium (a cylinder with a diameter of 49mm), and RH* and ROH* are the reaction rates 

of other chemical reactions at the interface involving H' and OH- ions. 

5.4.3.5.1 Anolyte with alkaline pH 

Before the anolyte solution is neutralised by reactions (5-N) and (5-0), it is assumed that the 

three reactions (5-C), (5-1)), (5-E) take place. For the species that are assumed to react 

chemically with other species in the anolyte, after each Ri term in Eqs. (5-1l)-(5-13) is 

eliminated by the procedures shown in Appendix D-C, Eqs. (A7), (A8) and (C2)-(C4) are 

obtained as the five simultaneous equations to be solved for the time derivatives of 

concentration. 

5.4.3.5.2 Anolyte with neutralised pH 

As the pH value of the anolyte is lowered to the near-neutral region, but before it becomes 

low enough to start dissolving significant quantities of solid material from the surface of the 

carbonated cement paste, it is assumed that the following reactions occur as well as reaction 

(5-E): 
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RNH2 +H+ <* RNH3+ (5-c') 

C03 2- + H+ <* HC03* (5-D') 

For the species that are assumed to react chemically with other species in the anolyte, after 

each Ri term in Eqs. (5-1l)-(5-13) is eliminated by the procedures shown in Appendix D-D, 

Eqs. (Dl)-(D5) are obtained as the five simultaneous equations to be solved for the time 

derivatives of concentration. 

5.4.3.5.3 Anolyte with acidic pH 

The enhancement in concentration of hydrogen ion at the anode eventually causes 
dissolution of calcium carbonate that is assumed to be in the form of calcite from the surface 

of the carbonated cement paste. In this process, the following reaction is dominant under 

acidic conditions (pH<4) (Plummer et al. 1978): 

CaC03 + H+ => C2+ + HC03* (5-P) 

the dissolution flux JDi,, being given by: 

JDiss = k, [H'] = k, Cý 

where k, is a dissolution rate constant. Note: JM. has a positive value if the flux goes in the 

negative x-direction. Therefore the boundary conditions for hydrogen, calcium, and 

bicarbonate are changed from Eqs. (5-1 1) and (5-13) as follows: 

* k, C, *Fi aCH i7F 4 JDiss '7F JH 

+Rý =+R, *, (5-15) 
at 

I 
X=o 

X. xa Xa Xa xa xa 

ýcL. 
+ 

kC* acc" JC. 
+ 

ýDin 
= _- 

H 
at 

X-0 
Xa Xa .xa Xa 

aCHCO3 i 
'Oco, 

+ 
Jýco, 

+ 
kICH 

+R* D'-'-' +R* 
at X-0 

xa Xa 
HC03 

Xa Xa 
HCLý 

Here the equilibrium between bicarbonate and hydrated carbon dioxide, for the equation 

shown below, needs to be introduced since pKI for the following reaction is 6.35 (Lide 

2006): 
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HC03'+ H+<--> C02(aq) + H20 

At the same time, the first dissociation equilibrium must be taken into account in the case of 

arginine since the pK. for the equilibrium lies in a strong acid region (pK. 1.82) (Lide 2006): 

T'NH3+NH2+ H+ <* W'(NH3 + )2 (5-Q) 

For the species that are assumed to react chemically with other species in the anolyte, after 

each Ri term in Eqs. (5-12), (5-13), (5-15)-(5-17) is eliminated by the procedures shown in 

Appendix D-E, Eqs. (D4), (D5), and (E2)-(E6) are obtained as the seven simultaneous 

equations whose solutions yield the time derivatives of concentration for each species. This 

condition is taken into account in the modelling to be described only when the pH of the 

anolyte is below 4.0. In this model, kj=I. 65xlO"5 cm/s is derived from the average 
dissolution rate under non-stirring conditions, as reported by Brown and Glynn (2003). The 

generation of carbon dioxide gas accompanied by the dissolution of the surface material is 

mentioned later in section 5.4.5. 

5.4.4 Activity coefficients 

To account for the non-idealised behaviour of concentrated electrolytes, it is necessary to 

consider how to model the activity coefficients of the various ionic species (Davies 1962). 

These may be treated several ways in relation to modelling of electrochemical chloride 

extraction from concrete, as discussed by Li and Page (1998). A modified Davies equation 
(Eq. (5-18)) is used here, however, as this has been claimed to be usually fairly accurate over 

a range of ionic strengths up to 1,200mmol/l (Samson et al. 1999): 

AZ2 -, 
fI ((-4.17 xI 0-')I + C) Az'I In 7., - I+Ba 1 41000 

where yý is the activity coefficient for the ionic species with a charge number of z, I is the 

ff 
ionic strength of the solution defined by I=0.5 z 2CJ (mmol/1), A and B are the Debye- Ii 

J-1 

Hijckel constant and extended Debye-Hilckel constant respectively, C is 0.2 and a is the 

mean radius of all ions, which is assumed to be 0.3nm in this model. The values of the 

equilibrium constants appearing in the previous sections are shown in Table 5.1 along with 

the corrections that need to be applied to them, taking into account the activity coefficients. 
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Whilst the activity coefficients of the ionic species referred to in Table 5.1 can be estimated 
by means of Eq. (5-18), those of the uncharged molecular species require further 

consideration. Thus the activity coefficient for hydrated carbon dioxide molecules, C02 (aq), 

is assumed to be 1.0 since their concentration in solution is quite low. Similarly, for 

guanidine solutions, the high pK. value (13.6) implies that the proportion of guanidine 

existing in the molecular form is generally small enough for its activity coefficient to be 

assumed to be 1.0. In'the case of ethanolamine or arginine solutions, however, the much 

lower pK. value (9-5 for ethanolamine and 8.99 for arginine) means that the assumption 

would be invalid because a substantial proportion of the inhibitor exists as the molecular 

species in carbonated cement pore solutions. Thus for ethanolamine and arginine, a 

molecular activity coefficient, y,,,, must be introduced which can be incorporated into an 

apparent dissociation constant for the inhibitor, K., expressed as follows: 

pK. . =-log 
[RNH2 ] . [H'] 

=-log 
y,,, - [RNH2]. y, -[H*] + logy. = pK. + logy. (5-19) 

-[RNH [RNH3 1 3+1 

The activity coefficient of a neutral solute in an electrolyte solution may be estimated by 

means of the Pitzer model (Pitzer 1987,1991), from which the molecular activity coefficient, 

1,,,, of a species such as RNH2 can be represented as follows: 

logy. -- 2(ARvH2-RNH, CRNH2 + 
2: ARNHa-ICI) (5-20) 

I*RNH2 

where Xij are binary interaction parameters representing the short range interactions between 

the species i and j in the solution. This equation indicates that the activity coefficient is 

affected by the self-interaction between the inhibitor molecules and by the inhibitor 

molecule-ion interactions. Unfortunately, however, published ý, j values relating to 

ethanolamine or arginine are not available. Thus, to provide some indication of the likely 

contributions to y,,, of the two different interactions, ethanolamine solutions at concentrations 

of 0.01,0.1,0.5 and LOM and arginine solutions at concentrations of 0.01,0.1 and 0.5M 

were titrated against LOM nitric acid. The solutions also contained Na2SO4at concentrations 

of 0.0,0.01, and 0.05M because the two ions (Ne and SO 4 2-) are important constituents of 

the pore solution phase of carbonated cement pastes and they have been found to exhibit 

relatively large Xij values in aqueous ammonia solutions as discussed by Clegg and 

Brimblecombe (1989). The titration curves are shown in Figure 5.4 for the cases of 0.01M, 

OAM, LOM ethanolamine and 0.01M, OAM, 0.5M arginine without Na2SO4. The total 

number of moles was kept as 0.005 by adjusting the volume of the ethanolamine or arginine 
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solutions. Since the point of inflexion of a titration curve indicates the pK, ' value of the 

initial solution, as shown in Appendix D-H, the pK, ' values were estimated from the zero 

points of the second derivatives of the titration curves, the latter being interpolated with a 

third order polynomial function. The results obtained for pK. ' and y. are shown in Table 5.2, 

from which the molecular self-interaction appeared to be dominant and the pK. ' value was 

approximately constant for ethanolamine or arginine solutions at concentrations > 0.1 M. For 

the sake of simplicity, constant pK, ' values of 9.75 and 9.30 for ethanolamine and arginine 

respectively were therefore assumed in the modelling. This also tends to reduce the 

discrepancies in charge balance that were found in the experimental data for specimens 

treated at a current density of 5A/M2 to more reasonable values. 

Table 5.1 Fouilibrium constants used in the model and their corrections 
Species Equilibrium constant -log K 

I 
Corrections 
(K) 

R! '(NH3+)NH2 K,, I-yi [WNH3+ NH2] 
-f I [H+J/Y2[W'(NH3+)21 

1.82 (Arginine) K. ly2/y, 
" 

RNH2 K. 2-y,, [RNH2] yj [H+]/ yj [RNH3+1 9.5 (Ethanolamine) 
13.6 (Guanidine) 
8.99 (Arginine)_ 

K. /ý. 

R'NH2COO_ K. 3-yj [R'NH2COO-1 yj [H+]/ 
y [R'NH2COOH] 

12.5 (Arginine) K0 ym/ Y12 

HC03' KI= yj [HC03TYI 1 ]/[C02(aq)] 6.35 K1 7v-, 
C037" K2ý72 IC0371 YI [HI/ yj [HCOA 10.33 K2/Y2 

CaC03 Ksl=72 W172[CO3 2-1 8.47 K, I/'Y22 

CaS04 Ks2f 72 [Ca'+] 72 [S042-1 4.31 s2 22 

Ca(OH)2 Ks3f 72 [Ca+] y, '[OH-l' 5.30 Ks3 /71 Y2 

H20 K, =, yi [HI yj [OH-1 14.0 
1 

KJy 12 

Table 5.2 pK. ' values of ethanolarnine and arginine obtained from titrations 

Concentration of 
1-1 - Without Na2S04 O. OlM Na2SO4 0.05M Na2SO4 

inhibitor (mole/1) pK. ' Ym pKa Ym pK. ' Ym 
Dilute solution 9.5 1.000 m - 

0.01 9.65 1.412 9.65 1.412 9.67 1.480 
0.10 

_9.76 
1.819 9.75 1.778 1 9.79 1 1.950] 

0.50 9.75 1.778 9.75 
- 

1778 * 9.78 1.905 
1.00 9.75 1.778 9.75 778 

H 
9.78 IS05 

1UN A-, "; na 

Concentration of Withou t Na2SO4 0.0 1M Na2SO4 0.05M Na2SO4 

inhibitor (mole/I)_ pK. ' Im pK. ' YM pK a Ym 

Dilute solution 8.99 1.000 - - - - 
0.01 9.17 1.514 9.18 1.549 9.18 1.549 
0.10 9.29 1.995 9.27 1.905 9.30 2.541 ý 1 
0.50 9.30 2.041 9.29 1.995 9.32 : 2.13! 8 
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Figure 5.4 Titration curves for 0.01M, OAM and LOM ethanolamine solutions (top) and 
0.01M, OAM and 0.5M arginine solutions (bottom) against LOM nitric acid 

5.4.5 Application of the model 

A finite difference method (Noye 1982) was used to compute the concentration profiles 

through the domain that is assumed to consist of infinitesimal elements with a length of dx as 

shown in Figure 5.3. It was also assumed that each element has a representative value at its 

central node, x=xj, where j is the number of the discrete area, thus the concentration of the 

species i in a certain element j can be represented as follows: 

'd,, 
xj 

C, (xj) f C, (x)dxldc (5-21) 
xj-dr 2 
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For example, the first and second order derivative of the concentration with respect of x is 

given at the element as follows: 

ac, (x) 
;2C, 

(xj+l) - C, 
(5-22) 

ex 
X. xj 

2 dx 

a2C, (X) 
= 

C, (x�, ) - 2C, (x, ) + C, (x, 
-, 

) 
(5-23) 

eX2 dX2 

The fourth order Runge Kutta method (Hundsdorfer 2003) was applied for the integration of 

Eq. (5-7). The system of equations was solved with a FORTRAN 95 programme (Lee 2003), 

the algorithm of which is described as follows: 

1. The initial concentrations of each species (Ci(x) at t=O) are given at each element as 

described in the following section. 
2. Activity coefficients yj are calculated for each species and the values of the equilibrium 

constants are corrected as shown in Table 5.1. 

3. The time derivatives of concentration for each species are calculated by the procedures 

already mentioned in the general or boundary conditions section above based on Eq. (5- 

9). 
4. The concentrations of each species at the next time step are obtained by the integration 

of Eq. (5-7) at all nodes. 

S. The routines of 2-4 above are repeated for the time steps required after which the final 

concentrations of each species are obtained. 

The numbers of elements and the time steps required to obtain results with good accuracy 

and to ensure convergence of the numerical solutions were investigated until a stable 

solution was obtained (see Appendix F), from which the computations were performed with 

500 elements and with a constant time step of 0.1 second for the first 10,000 loops and then a 

time step of 10 seconds. 

When the pH of the anolyte is reduced below pH4, the generation of carbon dioxide gas may 

need to be taken into account. According to Henry's law, the partial pressure of carbon 

dioxide (PC02) is related to the concentration Of (C02 (aq)) as follows: 

C02(g) + H20 'ý* C02(aq) (5-R) 
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K "ý IC02 (aq)]IPco, (5-24) H "' 

where KH is Henry's constant. The naturally occurring partial pressure of C02 (g) is 10*3*5 

atm at Iatm total pressure. With KH=10-1.42 M/atrn at 25*C (Pagenkopf 1978), the saturation 

concentration Of C02 (aq) is assumed to be 104,92M. In the computation, after C02 (aq) 

reaches this value, the excess of this species is assumed to be converted to carbon dioxide 

gas due to the reaction (5-R) from the right to the left hand side. Since C02 (aq) is not 

electrically charged, this conversion does not affect the overall charge balance among the 

species at the interface. 

5.4.6 Initial conditions 

Anolyte solutions of volume 120ml containing LOM ethanolamine nitrate at pH 8.0 

(produced by mixing equal volumes of 2M ethanolamine and 1.97M nitric acid), O-5M 

guanidine carbonate (IM with respect to guanidine), and 0.5M arginine nitrate at pH 8.0 

(produced by dissolving 0.5 mole arginine in 1,000ml of 0.98M nitric acid) were used, as 

detailed in Part I of Chapter 4. The assumed initial concentrations of the internal and 

external solutions as well as the diffusion coefficients and the charge numbers of the various 
ions are given in Table 5.3. The pH values and the concentrations of sodium and potassium 

ions in the pore solution and initial anolyte solution were based on experimental 

measurements recorded in Part I of the previous Chapter. Experimentally determined 

calcium and sulphate ion concentrations, which exceeded the solubility product of calcium 

sulphate recorded in Table 5.1, were adjusted by dilution to yield the assumed equilibrium 

values. The concentrations of carbonate species were then calculated from the solubility 

product of calcium carbonate and the other relevant equilibrium constants shown in Table 

5.1. The diffusion coefficients of the each inhibitor were calculated from applying this model 

to diffusion specimens (0 A, 7 days) appearing in the previous Chapter, where the ionic or 

molecular inhibitors were assumed to have the same diffusion coefficient values. 
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Table 5.3 Initial conditions of st)ecics in nore and extemal golutiom 
Charge In pore Diffusion In external solution (mol/1) 
number solution coefficient Ethanolamine/ Guanidine 

(Zi) (mole/1) (Dj) arginine nitrate carbonate 
[pH=9.0] W/S) rvH=8.01 rPH=1 1.741 

OH' -1 
A)I. OOXIO-5 '15.3 x 10"' A)I. OOXIO-6 Aý. 50X 10-3 

Na+ +I 11)q. OOxlO-1 u)2.8xlO-" 
K* +I ")6.00x 10-3 G)4. OxIO-" 

Ca"+ +2, c)7.43 x 10-3 "1.6xlO-" 
Hý6. OxIO'Tr 

(for ethanolamine) E)q 
. 83xlO-l 

RNH3+ +I 3. OxIO'l' 
f idi 

(for ethanolarnine) E)q 86xlO" ( or guan ne) 4.70xlO" . 
5.2xlO-" (for arginine) 
(for arginine) 

H)6. OxIO"' 
(for ethanolamine) E), 

. 75x 10"2 
3 OxIO-" (for ethanolamine) 

RNH2 0 . (for guanidine) 2.97x 10,2 
E)l 10-2 . 36x 

5.2xlO"l (for arginine) 
(for arginine) 

R'NH2COO- -I 

I 
H)5.2 x 10"' 
(for arginine only) 

C03 2- 
-2 '))6.68x 10-7 ')9.2 x 10' 1 ' -E54-. -81 x 10- 1 

HC03' -I 
F-)1.43x 10-5 1)1.2xlO-lu ')1.87x 10-2 

C02ýaq) 0 E)3.42 x 10'8 F)7.61 xI 0-r--- 
S042- 

-2 c)9.56x 10,3 01.1XIO-10 

cl- -1 
F), 

. 07x 10 -2 (j),. OXIO-10 

9.83xIO-1 
N03' 01 9XIO-11 

(for ethanolarnine) 

. 4.70xlO" 
(for arginine) 

H+ +1 A)l. OOXlO, 11 ')9.3 xI 0-'U A) 1.00X 10-8 All 

. 82XIO-r7 

A): determined from pH of electrolyte 
B): experimental data recorded in the previous chapter 
Q: calculated by adjusting experimental data taking solubility product of CaS04 into account 
D): calculated from solubility product of CaC03 

E): calculated from dissociation constants of relevant species at each pH 
F): set to maintain charge balance 

G): Li and Page (2000) 

H): calculated from model applied to diffusion specimens 
I): estimated by dividing diffision coefficient of species in dilute solution (Lide 2006) by ratio of 
diffusion coefficient of hydroxyl ion in dilute solution (Lide 2006) to that in porous medium (Li and 
Page 2000). 
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5.5 RESULTS AND DISCUSSION 

5.5.1 Organic corrosion inhibitors In the pore solution 

The computed concentration profiles of the three inhibitors after treatments at IA/m 2- and 

5A/m2 for 7 days are plotted in Figure 5.5 and Figure 5.6 respectively along with the 

corresponding experimental data. It may be seen that the results from modelling are in 

general agreement with those obtained from experiment, showing that all three inhibitors 

penetrate into the carbonated medium progressively with increase in current density and that 

they attain a significant concentration at the cathode (x--34mm) when a current density of 

5A/m2 is applied for seven days. This supports the observations in the previous Chapter and 

confirms that the intensity and duration of the required treatment are similar to those used for 

electrochemical re-alkalisation of carbonated concrete claimed by Mietz (1998). 

In the case of arginine, at a current density of 5A/M 2 applied for seven days, the only major 

difference between the results from the modelling and the experimental data can be seen in 

the concentration of the inhibitor at the cathode. Unlike the case of ethanolamine and 

guanidine, owing to the third dissociation equilibrium (5-M) (pK. 12.5), it was expected that 

when arginine cations or molecules approach the cathode with high alkalinity, some of them 

would be turned into anions, which would be then pushed back from the cathode region 

towards the material surface in the electric field. The diffusion coefficient of an inhibitor 

anion (R'NH2COO-) was assumed to be the same (5.2xlO-" m2/s) as that of an inhibitor 

cation (RNH3+) as shown in Table 5.2; however, it might be overestimated. 

The computed pH profiles and the concentration profiles of ionic and molecular species of 

the inhibitors are shown in Figure 5.7 and Figure 5.8 along with the values of pH obtained 

from experiment. In the case of ethanolamine at a current density of 5A/M2, it is clear that 

the predominant form of the inhibitor at the cathode is molecular and that the highest 

concentration is observed just a few millimetres from the cathode where the concentration of 

the inhibitor ions approaches zero. In contrast for the case of guanidine at a current density 

of 5A/m 2, the peak concentration occurs at the cathode where almost half of the inhibitor 

exists in the cationic form. The difference in pH profiles recorded for the two inhibitors is 

simply due to the lower pK. value of ethanolamine, which results in its consuming more of 

the migrating hydroxyl ions generated at the cathode by the following reaction: 

RNH3+ + OH'<: > RNH2 + H20 (5-C) 
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In the case of arginine at a current density of 5A/m2, the region near the cathode is 

moderately re-alkalised as is similarly observed in the ethanolamine case due to the its lower 

pK, value than that of guanidine; however the mechanism of the accumulation of arginine 

near the cathode is more complicated. The computed concentration profiles for inhibitor ions 

and molecules show that at the cathode, with a pH of approximately 12.5, half of arginine is 

in molecular form (R'NH2COOH) and the rest in anionic form (R'NH2COO") as illustrated 

in Figure 5.8. Unlike the pH profile in the case of ethanolamine or guanidine, a plateau 

region can be seen in the pH profile of arginine between 25mm and just before the cathode. 

This can be explained as follows. The inhibitor anions (R'NH2COO') near the cathode 

migrate towards the negative direction in the electric field, however, once they reach the 

region with less alkalinity, they are turned back into the molecules again by the following 

reaction (5-M') as shown below, leaving hydroxyl ions in this region, which in turn are 

consumed by the inhibitor cations to settle in this region as molecules by the equilibrium (5- 

C). 

R'NH2C00'+ H20 => RINH2C0OH + OH- (5-M') 

The pH values are in agreement with those obtained in the experiments in the case of the 

applied current density of 5A/M2 for all three inhibitors. However, there are some 

unexplained discrepancies near the cathode at the current density of I A/M2. 

Figure 5.9 shows the concentration evolution of the three inhibitors electrochemically 

injected into the cement medium during 7 days of the treatment at the current density of 

5A/m2 calculated by means of this model. It can be seen that in all inhibitor cases, the 

concentration increases with the increasing duration of the treatment. In the case of 

guanidine, the concentration of the inhibitor at the cathode continues to increase with the 

peak of the concentration profiles just at the cathode. On the other hand, in the case of 

ethanolamine and guanidine, the peak of the concentration gradually approaches the cathode 

with the increasing duration of the current application. This might be because the pH value 

near the cathode region is slightly decreased by the accumulation of the inhibitors owing to 

the reaction (5-C), allowing the inhibitor in an ionic form to penetrate ftirther towards the 

cathode. 
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5.5.2 Organic corrosion Inhibitors remaining In the anolyte 

The concentrations of the inhibitors remaining in the anolyte at each current density are 

shown in Table 5.4 along with the concentrations of other cationic species while the 

concentrations of the anions are shown in Table 5.5. The reason for the substantial difference 

in the concentration of guanidine measured experimentally after treatment for 7 days at 

5A/m2, compared with that predicted by the model, is unclear but might be attributable to 

anodic oxidation and/or evaporation losses. 

The results show that the extent to which the pH reduction of the anolyte electrolytes agrees 

with the experimentally obtained data in the case of all three inhibitors and that the rate is 

more moderate in the case of guanidine compared with that in the case-, of other two 

inhibitors. This can be attributable to the buffer function of carbonate ions in the original 

anolyte solution (guanidine carbonate) that can be expressed by the equilibrium (5-D') (pK, 

10.33). 

Although the initial pH values of ethanolamine and arginine solutions were the same (pH 

8.0), the pH reduction of the anolyte solutions is slightly more moderate in the case of 

arginine than in the case of ethanolamine. This can be attributable to the buffer function of 

arginine cations concerned with the first dissociation equilibrium (5-Q) (pK. 1.82), when the 

arginine single positively charged cations react with hydrogen ions to become in the form of 

W'(NH3+)2. However it can be said that it does not affect the migration of the inhibitor ions 

towards the cathode significantly, since almost all of the inhibitor is in a cationic form, not a 

molecular form, thus the inhibitor can migrate in the externally applied electric field toward 

the cathode. 
The difference in the magnitude of calcium and sulphate ion concentration in the anolyte 

solutions after 7 days of treatment can be seen between experimentally and numerically 

obtained results. This may be because that the solubility product of calcium sulphate 

calculated using experimentally obtained calcium and sulphate ion concentrations is much 

higher than the value used in this model as shown in Table 5.1. But it can be inferred that the 

occurrence of dissolution of the surface material can be successfully simulated by means of 

this model. 
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Table 5.4 Concentration of inhibitors and cations in anolytes after 7 days of treatment 
Current Concentr ions (mmol/1) 

Anolyte density Method Inhibitors e W " 2' H, Sum of 
(A/rn2) Total Cationic N me Ca 

charge 
I Modelling 

1 
912.9 912.9 0.6 0.4 3.6 9.7 930.8 

IM 
i l I Experiment 970.8 970.8 2.1 N/D 5.7 38.5 9.5 1071.0 
ne ethano am 

i 5 Modelling 
_808.6 

808.6 0.3 0.2 - 31.3 110.4 982.2 
n trate 5 Experiment 856.2 856.2 10.5 12.4 16.6 168.4 61.7 1310.7 

1 Modelling 957.6 955.1 0.3 0.2 0.0 0.0 955.6 
0.5M I Experiment 912.1 912.0 3.8 N/D 3.0 2.5 0.0 926.8 

guanidine 5 Modelling 922.5 922.4 0.1 0.1 - 0.0 0.0 922.7 
carbonate 5 Experiment 651.1 651.1 5.0 N/D 0.0 1.5 0.0 659.0 

1 Modelling 432.7 421.8 
(10.1) 0.3 0.2 - 2.4 0.4 448.5 

0.5M I Experiment 405.0 397.4 
(7.6) 4.8 2.4 3.1 33.5 0.3 493.2 

arginine 
nitrate 5 Modelling 370.2 332.1 

(46.8) 0.2 0.1 - 40.2 2.2 499.9 

5 Experiment 388.7 326.5 
(62.2) 13.8 

1 
1.0 

1 
10.0 165.6 2.9 819.8 

Note: the values inside () denote the concentrations of R(NH3+)2 type cations 

Table 5.5 Concentration of anions in anolvtes after 7 days of treatment 
Current Con entrations (mmol 

Anolyte density 
(A/M2) 

Method pH 0jr Cl- S02 4 N03" 
I 

2* C03 HC03' 
Sum of 
charge 

I Modelling 2.01 0.0 1.8 0.7 927.4 0.0 0.0 930.8 
im 

i I Experiment 2.01 0.0 6.5 6.9 971.9 0.0 0.0 992.3 
ethanolam ne 

i 5 Modelling 0.96 0.0 3.2 0.1 978.8 0.0 0.0 982.2 
trate n 5 Experiment 1.21 0.0 9.8 26.8 1092.7 0.0 0.0 1156.1 

1 Modelling 10.92 0.8 1.0 52.0 - 385.1 79.7 955.6 
0.5M I Experiment 9.7 0.1 5.6 - 11.1 - 284.9 299.6 897.3 

guanidine 5 Modelling 9.25 0.0 2.8 181.3 - 38.8 480.0 922.7 
carbonate 5 Experiment 8.8 0.0 6.6 57.0 - 23.6 516.8 684.5 

I Modelling 3.44 0.0 1.5 1.1 444.9 0.0 0.0 448.5 
0.5M I Experiment 3.5 0.0 4.5 5.8 453.7 0.0 0.0 469.7 

arginine 5 Modelling 2.66 0.0 10.0 0.1 489.8 0.0 0.0 499.9 
- nitrate 5 Experiment 1 2.54 0.0 26.5 27.6 598.6 0.0 0.0 680.3_j 1 
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5.5.3 Sodium, potassium, chloride and nitrate 

In this model, sodium, potassium, chloride and nitrate were not assumed to react chemically 

with other species in the pore electrolytes. The computed concentration profiles of sodium, 

potassium, and chloride are shown in Figure 5.10 together with the experimental data when 

the three organic corrosion inhibitors are electrochemically injected at 5A/M2 for sev*en days. 

The computed concentration profiles of nitrate are shown in Figure 5.11 for ethanolamine 

and arginine together with the experimental data. 

(1) Sodium and potassium 
Similarly, as was observed in the experimental results detailed in the previous chapter, the 

concentration profiles of sodium and potassium have a peak at the cathode (x=34mm). It is 

easy to elucidate this phenomenon since the two ions are positively charged and the ions in 

the pore solution migrate in the electric field towards the cathode where they accumulate. 

The initial concentrations of these two ions in the domain before the electrical treatment 

were assumed to be 9mmol/l and 6mmol/l respectively; however after galvanostatic 

treatments at 5A/m' for seven days, the computed concentrations at the cathode are over 
40mmol/l and 30mmol/l. Judging from the concentration profiles of the ions after the 

cathode, it can be seen that the electric field has no effect the movement of the ions after 
40mm. 

From the concentration profiles, it can be seen that the computed concentrations of the two 

ions are almost zero and seem to be lower than those observed in the experimental results in 

the region within approximately 30mrn from the treated surface. This discrepancy might be 

attributable to the assumption of this model that the release of adsorbed alkali ions owing to 

the enhancement of the pH within the domain caused by the generation of hydroxyl ions at 

the cathode is neglected as detailed in section 5.4.3. L However, this assumption would not 

affect the migration of the inhibitors significantly since the concentrations of these two alkali 

ions (in the magnitude of 1-10mmol/1) are small compared to those of inhibitors injected (in 

the magnitude of several hundred to one thousand mmol/1). 

It may be interesting to discuss the difference in shape of concentration peak at the cathode 

for the three inhibitors studied. The profiles of both alkali ions in the case of ethanolamine 

and guanidine look similar, but the profiles in the case of arginine have a higher and more 

pointed peak than those in the case of other two inhibitors. This can be explained as follows. 

Since the pK. value of arginine is lower (8.99) than that of the other two inhibitors (9.5 for 

ethanolamine and 13.6 for guanidine), most of the arginine species are in the form of the 
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molecule as shown in Figure 5.8. Therefore in the case of arginine, there are fewer positively 

charged ions in the domain, resulting in the necessity of more rapid migration of the two 

alkali ions towards the cathode to meet not only the generation of hydroxyl ions but also the 

accumulation of arginine anions in the highly re-alkalised region. The slight difference in 

shape of concentration peaks of the two alkali ions (20-34mm) between ethanolamine and 

arginine cases can also be explained by the difference in the concentration of total cations in 

this region that affects the migration rate of the above two ions. 

(2) Chloride 

Similarly as observed in the experimental results detailed in the previous chapter, in the case 

of all three inhibitors, it can be seen that chloride is extracted to the anolyte solutions by the 
help of the applied electric field. The initial concentrations of chloride in the domain before 

the electrical treatment were assumed to be approximately II mmolA in this model. Judging 

from the concentration profiles of the ions after the cathode, it can be seen that the electric 
field has no effect the movement of the ions after 40mm. 

From the concentration profiles, it can be seen that the computed results show that almost all 

chloride has been extracted in the region of 10-34mm after 7 days for all three inhibitors and 
that the concentrations seem to be lower than those observed in the experimental results in 

this region. This discrepancy might be attributable to the assumption of this model that the 
binding of chloride ions is neglected as detailed in section 5.4.3.1, and the efficiency of 

chloride extraction is overestimated by this model similarly as seen in the numerical results 

of Yu and Page (1996) (see section 5.2). However, this assumption would not affect the 

migration of the inhibitors significantly since the concentration of chloride (in the range of I- 

lommol/1) is small compared to those of inhibitors injected (in the range of several hundred 

to one thousand mmol/1). 

(3) Nitrate 

As seen in Figure 5.11, the computed concentration profiles of nitrate show that the 

penetration of nitrate into the material becomes more restricted with increasing current 

density (IA/m2 to 5A/m2), similarly as observed in the experimental results. The 

concentrations of the ion predicted by this model are slightly higher than those by 

experiments near the treated surface; however, the reason for this is unclear. 

156 



CHAPTER 5 

Sodium Cathode - 20- Cath( de 
so . ....... Potassium S -Chloride 

0 40 Sodium (Experiment) 0 
E # Chloride (ExperimenQ 

E Potassium (Experiment) 

tv 
.2 10. 

C zu - *: 
C 

5 
C 0 

C 0 L) 
0 0 

0 10 20 30 40 so 0 10 20 30 40 50 

Distance from treated surface (mm) Distance from treated surface (mm) 

Sodium Cathode Cathode 
60 . ....... Potassium 

0 Sodium (ExperkTant) 20 - Chloride 
0 
E 0 Potassium (Experknent) 0 

E Chloride (Experiment) 

E E 
40 

.0 0 10. 

5 
0 ........... 0 0 0 U 0 

0 10 20 30 40 50 0 10 20 30 40 50 
Distance from treated surface (mm) Distance from treated surface (mm) 

100 - 
-Sodium Cathode 
....... Potassium 20 -Chlodde 

Cathode 

* Sodium (Experiment) 0 F= 
Chlodde (Expetiment) 

E 80 - a Potassium (Experiment) E 15 
E 

.0 r 
0 !2 10 
. 40 

20 5 
0 

0 0 -- 
...... i 

- 0 

0 10 20 30 40 50 0 10 20 30 40 50 

Distance from treated surface (mm) Distance from treated surface (mm) 

Figure 5.10. Computed concentration profiles for sodium, potassium, and chloride ions after 
galvanostatic treatments applied for 7 days (top: ethanolamine, middle: guanidine, bottom: 
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5.5.4 Effect of the solubility product of calcium carbonate 

The concentration profiles of carbonate and bicarbonate ions, as well as those of sulphate, 

are represented in Figure 5.12 for the case of guanidine at 5A/m 2 for 7 days. From these 

results, it is apparent that whilst the concentration of sulphate predicted by this model agrees 

with that obtained experimentally, the computed concentrations of carbonate and bicarbonate 

are generally about two orders of magnitude smaller than the corresponding experimental 

values. These discrepancies may be attributable to supersaturation of the pore solutions with 

calcium carbonate. If it is arbitrarily assumed that the solubility of calcium carbonate is 

governed by an apparent solubility product (IC, l = 3.36xI0-5 M012/12) which is 104 times 

greater than the normal value reported in the literature (Kj = 3.36x 10-9 M012/12) (Lide 2006), 

the computed concentration profiles Of C03 2- 
, HC03' and S04 2' at a current density of 5A/m2 

in the case of guanidine are as shown in Figure 5.13. It can be seen from these results that a 

much better fit to the experimental data is thus obtained. In addition, a peak of carbonate 

concentration at the cathode that was observed in the experiments in the previous Chapter is 

simulated. This peak is caused by the displacement of calcium ions from CaC03 to Ca(OH)2 

which precipitates at the cathode owing to the high pH by the following reaction: 

CaC03 + 20H' =* Ca(OH)2 + C03 2. (5-S) 

A further significant finding here is that the large change in the assumed value for the 

apparent solubility product of calcium carbonate has relatively little effect on the computed 

concentration profiles of the inhibitors, as shown in Figure 5.14, in the case of ethanolamine 
2- 

and guanidine. This is because the calculated contributions to the ionic strength Of C03 , 
HC03' and S04 2- are almost unchanged and hence have little effect on the potential gradient 

in the pore solution, as defined by the following equation: 

Lo=-RT ilF+Ez, D, aCIax 
(5-25) 

ax Fz2 DC F, 
IiI 

Thus changes in the assumed value of the solubility product of calcium carbonate have little 

influence on the concentration of other ions involved. 
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5.5.5 Environment near the cathode 

Figure 5.15 shows the computed changes in pH at the cathode at a current density of 5AJm2 

for the three inhibitors, together with the result of similar computations made, for the case of 

guanidine, without taking into consideration the precipitation of calcium hydroxide at the 

cathode. It is clear that the pH of the initially near-neutral pore solution (PH 9.0) is raised at 

almost the same rate to just over 12.5 at the cathode during the first day of treatment in all 
four cases. Thereafter, for ethanolamine and arginine, the pH value tends to decrease slowly 

owing to the consumption of hydroxyl ions that occurs when the inhibitor arrives in the 

vicinity of the steel. In contrast, for guanidine, the pH progressively rises towards about 13.5 

if calcium hydroxide precipitation is considered and to somewhat higher values if this 

process is not taken into account. This implies that, in the cases of the three inhibitors, 

calcium hydroxide precipitated at the cathode functions as a buffer of moderate alkalinity. 
This may be considered a beneficial phenomenon, providing enhanced corrosion protection 
to the steel, as discussed in the previous Chapter. 
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Figure 5.15 Evolution of pH at cathode at current density of 5AJm2 for three inhibitors and, 
for guanidine, without considering precipitation of calcium hydroxide 
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5.5.6 Effect of molecular Interactions 

As noted in section 5.4.4, in the case of ethanolamine and arginine, the effects of molecular 
interactions cannot be ignored but may be simply offset by replacing the thermodynamic pK. 

value (9.5 for ethanolamine, and 8.99 for arginine) with a higher apparent pKý value (9.75 

for ethanolamine, and 9.30 for arginine). The concentration profiles of ethanolamine and 

arginine calculated with and without consideration of molecular interactions are shown in 

Figure 5.16 from which it appears that the use of the pK, ' value results in a somewhat better 

fit to the experimental data. 
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Figure 5.16 Computed concentration profile of ethanolamine (top) and arginine (bottom) 
with and without consideration of molecular activity coefficient. 
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5.6 CONCLUSIONS 

The main conclusions of this part of the investigations may be surnmarised as follows. 

(1) The proposed model yields reasonable general agreement with experimentally 
determined concentration profiles for three organic base inhibitors of widely varying pK. 

values that were subjected to electrochemical injection into carbonated cement paste. 

(2) In the cases of ethanolamine (pK, 9.5) and argininc (pK, 8.99), improved agreement 

between modelling and experiment was obtained when molecular interactions were 

represented by the introduction of an activity coefficient, y,,,, which raised the apparent 

pK. ' value of the inhibitor to 9.75 (ethanolamine) and 9.30 (arginine) respectively; for 

guanidine (pK, 13.6), no such modification was required. 

(3) In the cases of all three inhibitor injection treatments, calcium hydroxide precipitation at 

the cathode was shown to affect the evolution of pH in the vicinity of the embedded steel 

as a function of current density and time, the precipitated calcium hydroxide functioning 

as a buffer of moderate alkalinity. 

(4) To obtain reasonable correspondence between modelling predictions and experimental 

concentration profiles determined for carbonate, bicarbonate and sulphate ions, it was 

necessary to assume a much larger apparent solubility product for calcium carbonate 

than that reported in the literature; this had only minor influence on the computed 

concentration profiles of the two corrosion inhibitors. In addition a peak of carbonate 

concentration at the cathode that was observed in the experiments is simulated by this 

modification of solubility product value. 

(5) In the case of arginine at a current density of 5A/m2 applied for 7 days, difference in the 

concentration of the inhibitor at the cathode can be seen between in the model prediction 

results and the experimental data. This can be attributable to the third dissociation 

equilibrium (pK, 12.5) of arginine and the diffusion coefficient of the inhibitor anion 

(R'NH2COO-) needs to be carefully determined. 

(6) The concentrations of inhibitor cations that migrate towards the cathode in the pore 

solutions significantly affect the migration rates of other cations, viz. sodium and 
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potassium. The consideration of decomposition of adsorbed alkali ions, namely sodium 

and potassium in C-S-H gel and binding of chloride ions in C-S-H gel might improve the 

computed results, however the discrepancies are negligible compared to the 

concentrations of inhibitor species injected in the material. 

(7) Further development of the model described may lead to improved understanding of the 

rates of dispersion of electrochemically injected corrosion inhibitors on cessation of 

treatments of the sort employed in this research; this should allow the long-term 

effectiveness of the corrosion inhibition conferred on embedded steel to be predicted 

quantitatively. The work on this is presented in the following Chapter (Chapter 6). 
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PART 2: MIGRATION OF CORROSION INHIBITORS INJECTED 

INTO PARTIALLY CARBONATED MEDIUM 

5.7 INTRODUCTION 

In Part I of this Chapter, it was confirmed that the proposed one-dimensional multi-species 

migration model could reasonably simulate the electrochemical injection of the three organic 
base corrosion inhibitors, studied in this thesis, into fully carbonated material. In Part 2 of 

this Chapter, for simulation of electrochemical injection of inhibitors into partially 

carbonated material, the mathematical model established in Part I of this Chapter is 

developed into a two-dimensional model, in which the spatial difference in material 

properties, such as porosity, is taken into consideration. The effect of partial carbonation of 

tlýe material on the migration of inhibitors or other relevant species existing in the pore 

solution phase is investigated, taking account of the non-uniform distribution of the applied 

current densities within the material that may arise from the spatial difference in material 

properties as discussed in the previous Chapter. The results derived from modelling are 

compared with the experimental data obtained in Part 2 of the previous Chapter for the two 
inhibitors, namely ethanolamine and guanidine. 

5.8 MATHEMATICAL MODELLING 

5.8.1 Transport of ions In porous media 

In a two-dimensional model, the equations of mass balance, ionic flux, current conservation 

and electroneutrality discussed in subsection 5.3.1 can be described for the transport of 
different ions in an ideal electrolyte as follows (Bard et al. 1980): 

aci 
at 

(5-26) 

J, = -DIVC, - z, Di (FV )CI (5-27) 
RT 

n 
Fl: z, J, (5-28) 

Z, C, =0 (5-29) 
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where V is a differential operator defined as V=a $a, acting on scalar fields and 
I 

ax az 
vector fields to express the gradient and divergence of the fields, respectively. From the 

above three equations, similarly as derived in Part 1, the full transport behaviour of ions in 

an ideal electrolyte can be expressed as follows: 

ilF+yz, D, VC, aCl 
=V- [DIVC, - z, D, ( Cil (5-30) 

at z, DC, 

Since there is no divergence of the current in the material, the current density satisfies the 
following equation: 

V-i=O (5-3 1) 

Thus, the fact that electro-neutrality (Eq. (5-29)) is maintained is shown by multiplying the 

valence numbers by Eq. (5-26) and summing both sides for all species: 

" (i 
Z, C, 

) 
= -V. zzljl 

-LV. i=O (5-32) 
at F 

When porosity and tortuosity are taken into consideration for a porous medium, the above 

equation (Eq. (5-30)) leads to the following: 

2 

(ri)1(c'F)+j]z, D, VC, 
r2 

acl 
= V. [DVC, -z, D, ( )CII (5-33) 

at z 2DiCj 2: 
1 

where r is the tortuosity of pore structure and e is the volume fraction of porosity. 

5.8.2 Physical model 

The physical system to which the above model is applied is illustrated in Figure. 5.17. Since 

the specimens used in the experiments detailed in Part 2 of the previous Chapter were 

symmetric (see Figure 4.24), only the left half side of the specimens was modelled in order 

to save time required for calculation. As shown in the Figure, it is defined in this model that 

the x-axis is the horizontal axis and the z-axis is the vertical axis. To simulate the dimensions 

of the specimens used in the experiments detailed in Part 2 of the previous chapter, the 
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carbonation depth in initially non-carbonated regions, the cover depth, and the thickness of 
the medium behind the steel cathode are set as z. =12mm, z1=21mm, and z2=9mm 

respectively. In addition, the half length of the initially carbonated region and the length of 
initially non-carbonated regions are set as xl=22mm and x2=44mm respectively. z. is the 
length of the anolyte, which is detailed later in the boundary condition subsection 5.8.3.3. It 

is assumed that an aqueous solution of the relevant corrosion inhibitor is applied to the 

surface of the carbonated cement paste and constant current density (5A/M2) is passed 
between an anode placed in the inhibitor solution and a steel mesh cathode embedded within 
the cement paste. The species in the pore solution taken into consideration are the same as 

were considered in Part I of this Chapter. It is also assumed that the only solid phases with 

solubility products that have to be taken into account are calcite and gypsum for carbonated 

cement pastes similarly as assumed in Part I of this Chapter, and hydrated lime for non- 

carbonated cement pastes. The tortuosityr is assumed to be 2.0 (Li and Page 2000) and the 

porosity F, to be 0.34 for carbonated cement pastes and 0.42 for non-carbonated cement 

pastes (see subsection 4.10.1). The concentrations of all species in the anolyte are assumed to 

be uniform since the transport of ions in the external electrolyte is much faster than in the 
internal pore solution. 

Mesh cathode 

.+ 
X2 

10 - 
Xi 

Z2 
........ ......... ....... 

........... .................................... ............. ZI ...... 
ze 

.:. Car i* a, e ee n 
Z. Anolyte (Inhibitor solution) RNHiOH 

Anode [Unit: mm] 

Figure 5.17 Physical model of transport in partially carbonated material 
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5.8.3 General and boundary conditions 

5.8.3.1 General conditions In the pore solution 

As assumed in the one-dimensional model presented in subsection 5.4.3.1, binding of alkali 

metal ions and chloride ions ýn silica gel is neglected in the initially carbonated region in this 

model. In the initially non-carbonated region, binding of alkali metal ions is also neglected 

since the pH of the pore solution in this region is expected to be maintained at high values 

owing to the migration of hydroxyl ions generated at the cathode during the electrochemical 
treatment (see Figure 5.2 for proportion of free alkali ions with respect to pH of the pore 

solution). Binding of chloride ions is also neglected in initially non-carbonated region in this 

model, since the concentration of the ion is initially insignificant (see Table 4.6) in this 

region and the migration of this ion from initially chloride-rich carbonated regions into this 

region against the action of an electrical field is assumed to be negligible. The formation of 

carbarnate products (RNHCOO") is also assumed to be negligible in this model, similarly as 

discussed in subsection 5.4.3.1. 

(1) General reactions 

In initially carbonated regions, the chemical equilibria (5-A)-(5-E) in subsection 5.4.3.1 are 

assumed to be involved as follows: 

CaC03 <: * C2+ + C03 2- (5-A) 

CaS04 <* C2++ S042' (5-B) 

PIN143+ + OW <z> RNH2 + H20 (5-C) 

HC03'+ OH-9-* C03 2- + H20 (5-D) 

H20 => H+ + OH" (5-E) 

On the other hand, in initially non-carbonated regions with high pH values, the chemical 

equilibria that are assumed to be involved are as follows: 

Ca(OH)2 <* Ca2+ + 201-P 

RNH3+ + OH'<:: > RNH2 + H20 

(5-T) 

(5-C) 

where the solubility products of calcium carbonate and calcium sulphate are neglected. Since 

the pK. values for the equilibria (5-D) and (5-F) in subsection 5.4.3.1 are 10.33 and 6.35 

respectively (Lide 2006), the concentrations of bicarbonate and C02(aq) are assumed to be 
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negligible. The concentration of hydrogen ions ([H+]) is also assumed to be negligible in this 

highly alkaline enviromnent. 

(2) General condition in the pore solution 

If we consider an infinitesimal element of length, dx, and of height, dz, as shown in Figure 

5.18, the rates of change of concentration for each species i (caused by the inward and 

outward fluxes and the rates Ri of chemical reactions that produce species within the 

domain) can be expressed as follows: 

ac, 
=ý 

il (x) J, (X + dx) )+ (J'(z) J'(z + dz» 
+ R, (5-34) 

L9t dx dx dz dz 

Note: Rj=O for ions such as sodium, potassium, chloride, and nitrate that are assumed not to 

react chemically with other species in the domain. For these species, the time derivatives of 

concentration are obtained from this equation. For other species, in initially carbonated 

regions, after each Ri term is eliminated by the procedures shown in Appendix D-A, Eqs. 

(Al), (M), (A5)-(A9) are obtained, which are the seven simultaneous equations to be solved 

to obtain time derivatives of concentration. In initially non-carbonated regions, after each Ri 

term is eliminated by the procedures shown in Appendix D-F, Eqs. (Fl)-(F4) are obtained, 

which are the four simultaneous equations to be solved. 

J, ýz+dz) 

J, ýx + dx) JI AX) 
.- : Ri 

dz 

", (Z) 

Figure S. 18 Introduced domain 

5.8.3.2 Boundary conditions at the cathode 

x 

Similarly as discussed in subsection 5.4.3.3, the boundary condition at the cathode embedded 

in both initially carbonated and non-carbonated regions is simply expressed as follows: 
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I(Z) l(r) (5-35) 
zomF F 

whereJOH(z) is a vertical component of flux of hydroxyl ion and i(") is a vertical component of 
the current density. 

In the case of the boundary condition at the cathode in initially carbonated cement pastes, as 
discussed in subsection 5.4.3.4, the precipitation of calcium hydroxide needs to be taken into 

account when the concentration of calcium and hydroxyl ions exceed the solubility product 

associated with the pH rise in the vicinity of the cathode. In this case, for the species that are 

assumed to react chemically with other species in the domain, after each R1 term in Eq. (5- 

34) is eliminated by the procedures shown in Appendix D-B, Eqs. (A5)-(A8) and (Bl)-(B3) 

are obtained as the seven simultaneous equations to be solved for the time derivatives of 

concentration. Note that the terms in Appendix D-B that are concerned with RCOO' are 0, 

simply because arginine is not used in Part 2. 

5.8.3.3 Boundary conditions at the anolyte Interface 

Similarly as discussed in subsection 5.4.3.5, the pH of the external anolyte is assumed to be 

lowered by the following two reactions taking place at the anode: 

40E => 2H20 + 02 + 4e' (5-N) 

2H20 =: > 02 + 4H+ + 4e' (5-0) 

If the current density consumed by each of the above reactions at the anode can be expressed 

as iOH and iH respectively, the boundary conditions for each ionic species are described as 

follows: 

qC. (. IF 
at _ 

ýL_ 
(5-36) 

at 
Z-0 

Za Za 

fi -OH 

t a0H 

4H 
(Z) (5-37) 

et za za 
+ Roff 

ac, 
+ R, (!; ä H and 1# OH) (5-38) 

et Z 

qactl 

Z-o a 
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where * denotes the values defined at the entire interface, z. is the length of anolyte 
(z,, =62. Omm: derived by dividing the volume of the anolyte (180ml: half of 360ml used in 

experiments in previous chapter) by the cross section of the cement paste medium (a 

rectangle with a dimensions of 44mmx66mm: half of 44mmx 132mm used in experiments), 

and RH* and ROH* are the reaction rates of other chemical reactions at the interface involving 
Wand Offions. i(. ) H, i(X OH, and, Ji(,, )* are neglected since they are insignificant. Jj(ý * and Rj* 

are represented as follows: 

0 
Z) = -L J, (, ) (x, 0)dx (5-39) 

L 

-L R, (x, 0)dx (5-40) 
Lf 

where L is the half length of the specimen used in the experiments (L=xl+x2, see Figure 

5.17). 

As for anolyte with the pH being lowered during the electrochemical treatment, the assumed 

boundary conditions are the same for each categorised pH region, as detailed in subsections 

5.4.3.5.1,5.4.3.5.2, and 5.4.3.5.3. 

5.8.3.3.1 Anolyte with alkaline pH 

In the case of anolyte with alkaline pH, for the species that are assumed to react chemically 

with other spe 
' 
cies in the anolyte, after each R, term in Eqs. (5-3 6)-(5-3 8) is eliminated by the 

same procedures as shown in Appendix D-C, Eqs. (A7), (AS) and (C2)-(C4) are obtained as 

the five simultaneous equations to be solved for the time derivatives of concentration. Note 

that, for this two dimensional model, (Cl) can be derived by subtraction of Eq. (5-37) from 

(5-36) at z--O. All time derivatives in the Appendix D-C are discussed at Z--O, and Jj*, i, and 

, ), and z.. x, need to be replaced with Ji(, )*, i(, 

5.8.3.3.2 Anolyte with neutralised pH 

For the species that are assumed to react chemically with other species in the anolyte, after 

each Ri term in Eqs. (5-36)-(5-38) is eliminated by the same procedures as shown in 

Appendix D-D, Eqs- (Dl)-(D5) are obtained as the five simultaneous equations to be solved 

for the time derivatives of concentration. Note that, for this two dimensional model, all time 
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derivatives in the Appendix D-D are discussed at z--O, and Jj*, i, and x. need to be replaced 

with Jj(ýý)*, i(ý), and z.. 

5.8.3.3.3 Anolyte with acidic pH 

The boundary conditions for hydrogen, calcium and bicarbonate associated with the 
dissolution of the material surface are changed from Eqs. (5-15)-(5-17) as follows: 

i(H 
aCH 

IF 
Jii(, ) 

JDiss 
i(H21F 

Jý(, ) k, CH 

at 
: -0 

Za za za Za za za 

+ 
kICH acc" JC-(-) 

+ 
ýDin jc__ 

H (5-42) 
at -0 

za za za za 

HCO, 
i* klCý HCO3 (10 DIE +R+ +RHcoý (5-43) H at ZZ 

HCO, 
ZZ 

,c iz-0 

a 

+ý 

aaa 

For the species that are assumed to react chemically with other species in the anolyte, after 

each Ri term in Eqs. (5-37)-(5-38) and Eqs. (5-4l)-(5-43) is eliminated by the same 

procedures as shown in Appendix D-E, Eqs. (D4), (D5) and (E2)-(E5) are obtained as the six 

simultaneous equations to be solved for the time derivatives of concentration. Note that for 

this two dimensional model, all time derivatives in the Appendix D-E are discussed at z--O, 

and Ji*, i, and x. need to be replaced with Ji(,. )*, i(, ), and z,. Also note that the terms in 

Appendix D-E that are concerned with RCOO' are 0, simply because arginine is not used in 

Part 2. 

5.8.4 Activity coefficients 

In this model, in order to elucidate the non-idealised behaviour of concentrated electrolytes, 

a modified Davies equation (see Eq. (5-18)) is also used for the estimation of the activity 

coefficients of the ionic species referred to in Table 5.1, as discussed in subsection 5.4.4. A 

molar activity coefficient is also introduced by means of Pitzer model (see Eq. (5-20)) for 

ethanolamine, by which constant pK, ' value of 9.75 is assumed in the modelling (pK, value 

9.5). 
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5.8.5 Application of the model 

5.8.5.1 Discrete system 

A finite difference method (Noye 1982) was used to compute the concentration profiles 

through the domain that is assumed to consist of infinitesimal elements with a length of dx 

and dz as shown in Figure 5.18. It was also assumed that each element has a representative 

value at its central node, x--x and z--4, where m and n are the number of the discrete area, 

thus the concentration of the species i in a certain element j can be represented as follows: 

e+1 dx 
"2C, (x, z)dxdz (5-44) (x., z») ; -- 

f- 
1, 

w 

.. 
1 dz ýdk 
2 x» 2 

For example, the first order derivative of the concentration (scalar) and the current density 

(vector), and the second order derivative of the concentration, with respect of x and z is 

given at the element P (with a centre node of x=x., z--4) as follows: 

. 
rect ac, - 

;2 
ci (x.., ) - ci (x. 

-, 
) cl (Z.., ) - cl (Z�-, ) 

(5-45) vc, 1., L -, 9x ,a- 
IP 

2 dx 
Z. Z» 

92 dz 
.. 

1 

V- il., 
p = 

in( )+ 21ý(. ) 1(. ) (x. �) - l( 
+ 

lw (z». i) - i(. ) (Z, 1) (5-46) 
ax az 

"tp 
2 dz 

-L+- 
a2 

= 
a2c, 

+ýýCl 
a2 57 C, 

az2 
v- (Vcl)l., 

p = V2 C, Lp 
(xz IaIP )IGIP 

Z 
C, (x��, ) - 2C, (x. )+ C, 

+ 
C, (z�+, ) - 2C, (z�) + C, (z�-, ) 

(5-47) 
dX2 

Z-Z» 
dZ2 

X. x» 

5.8.5.2 Current density distribution 

In this two-dimensional model, owing to the spatial difference in material properties in the 

medium, it is expected that the distribution of the current density is not uniform. In order for 

Eq. (5-33) to be solved, the current density distribution inside the medium needs to be given. 

Since there is no divergence of the current densities in the material, the current density 

satisfies V-i=0 (Eq. (5-3 1)). Thus, the approximate current density distributions can be 

numerically obtained by applying Kirchhoff s circuit laws to the domain, where the whole 
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circuit covering the domain is assumed to consist of square grid-patterned infinitesimal 

resistors in x and z directions (number of arrays: Nx for z direction and Nz for x direction) as 

shown in Figure 5.19. 
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Figure 5.19 Circuit model for material 

Each resistance of a square element can be expressed as follows: 

1L 
oc 

I 
Y3 (548) 

KA KC 

where R is element resistance (rl), K is the electrical conductivity of pore electrolytes (S/m or 

ff'm-'), L is the length (m), A is the conductive cross section (m), and c is the porosity of 

the material in the element. Electrical conductivity, in general, may be written in terms of the 

mobilities of all the ions present in an electrolyte as follows (Robinson and Stokes 1965, 

Bard and Faulkner 1980): 

ic = Fl: lz, l uC, = AC (5-49) 
1 
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where F is the Faraday constant (9.64846x 104 C/Mol), zi is the charge number, ui is the 

mobility (S/C/CM2). Ci is the concentration of ion i (Mol/CM3 ) respectively, A is molar 

conductivity (or sometimes "equivalent conductivity") (S. CM2/Mo 1), and C is the total ionic 

concentration (Mol/CM3 ). Data for the relationships between conductivity and concentration 

are available for some electrolytes as shown in Figure 5.20 (Lide 2006), which are concerned 

with the constituents of the pore solution of non-carbonated or carbonated cement pastes (see 

Table 4.5 and 4.6 in subsection 4.10.1). 
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Figure 5.20 Electrical conductivity of electrolytes (Lide 2006) 

1250 

it may be seen from this Figure that the electrolytes of potassium hydroxide and sodium 

hydroxide, both of which are strong bases, especially have large electrical conductivity 

compared with other electrolytes. It can thus be inferred that, from the concentration data of 

the pore constituents presented in Table 4.5 and 4.6, the pore solution of non-carbonated 

cement pastes is more conductive than that of carbonated cement pastes. 

The molar conductivity A is, in fact, concentration dependent, which can be expressed by an 

equation known as Kohlrausch's Law as follows (Bard and Faulkner, 1980): 

Aý - k, ýfC- (5-50) 
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where AO is the molar conductivity at infinite dilution (S-cM2 /mol), k is Kohlrausch's 

constant and C is the total ionic concentration (MOI/CM3) . However, it is known that the 

molar conductivity does not change significantly with concentration for solutions of strong 

electrolytes such as those presented in Figure 5.20 (Bard and Faulkner, 1980). Therefore, for 

the sake of simplicity, the electrical conductivity of a given multi-component pore solution is 

assumed to have a linear relationship with its ionic concentration and to be approximated as 
follows: 

ic= a Con +fl FC, 
I*OH 

where Ci is the normal concentration of anion i in the electrolyte (N), and a and P are 

coefficients (S-m 2/mol). a is assumed to be equivalent to the average gradient of the 

interpolated curves of potassium/sodium hydroxide solutions in Figure 5.20. P is assumed to 

be equivalent to the average gradient of the interpolated curves of other electrolytes in the 

Figure. Consequently, a and P are obtained as a= 12.7 and 0=7.58 respectively. 

When Kirchhoff s first law V-i=0 and second law JE 
- dI = 0, also known as Kirchhoff's 

current law (KCL) and voltage law (KVL) respecitvely, are applied to each junction and 

each small closed loop (see Figure 5.21) in the whole circuit (see Figure 5.19), the following 

equations are derived: 

iHx_l 
z_ 

iHx, 
z + iVx, 

z _ivx. z+l -,: 0 (5-52) 

iH.,.. -, iR H 
x, z+i - ill x, z RHx,.. + irx+i. z+iR"x+i, z+i =0 (5-53) 

where, iVorH xz is the current density passing through the resistor e"HXIZ. Since R satisfies Eq. 

(5-48), Eq. (5-53) can be altered as follows: 

iH X, Z+i 
iHx. z 

v 
XZ+l ivx+I. Z+l 0 (5-54) 

H 
X, Z+l 

H 
X, Z+IY3 KHx, z ., 6HX, ZY3 Kyx, z+l gVx, z+ly3 Kyx+,, Z+l gyx+,, Z+IY3 

where, 
eorH 

xz and 
eorHxz 

are the local electrical conductivity and porosity. Note that each 

resistor is assumed to have the same length. 
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Figure 5.21 Local junction (left) and loop (right) 

The boundary condition at the material surface can be expressed as follows: 

Ark 

2] i"i'l = NX (5-55) 
J-1 

where i is the externally applied current density. 

Each iv"H,,, can be obtained by solving simultaneous equations (5-52), (5-54), and (5-55), 

since the numbers of the unknowns and the simultaneous equations are the same (both being 

2NxNz-Nx-Nz+l), shown as below: 

-Unknown current densities: (Nx-l)-(Nz-l)+Nx-Nz (horizontal and vertical, respectively) 

-Simultaneous equations: (Nz-1) -Nx+(Nx-l)-Nz+l 
(Eqs. (5-52), (5-54), and (5-55), respectively) 

In the 2-D mathematical model for the simulation of electrochemical chloride removal 

presented by Wang et al. (200 1), the initial current distribution, obtained by solving the 

Laplace equation, was assumed to remain unchanged during the treatment, probably due to 

the homogeneity of the material and the high pH values of the pore solutions. However, in 

the present model, for example, the initially diluted carbonated pore solutions were expected 

to become concentrated by electrolysis, possibly raising the conductivity of the region and 

altering the current distribution within the material during the treatment. Therefore it was 

assumed that the current distribution would be determined by the concentration distribution 

of various ions within the material during the treatment. 
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5.8.5.3 Numerical solution 

The fourth order Runge Kutta method (Hundsdorfer 2003) was applied for the integration of 
Eq. (5-33). The system of equations was solved with a FORTRAN 95 programme (Lee 

2003), the algorithm of which is described as follows: 

1. The initial concentrations of each species (Ci(x, z) at t--O) are given at each element as 
described in the following section. 

2. Electrical conductivity ic is calculated for each node by Eq. (5-5 1), and the current 
density distribution in the domain is obtained by the procedure described in the previous 

subsection. 
3. Activity coefficients yj are calculated for each species and the values of the equilibrium 

constants are corrected as shown in Table 5.1 in subsection 5.4.4. 

4. Applying the current density field in the domain obtained in the procedure 2 above to Eq. 

(5-33), the time derivatives of concentration for each species are calculated by the 

procedures already mentioned in the general or boundary conditions section above based 

on Eq. (5-34). 

5. The concentrations of each species at the next time step are obtained by the integration 

of Eq. (5-33) at all nodes. 
6. The routines of 2-5 above are repeated for the time steps required after which the final 

concentrations of each species are obtained. 

The numbers of elements and the time steps required to obtain results with good accuracy 

and to ensure convergence of the numerical solutions were investigated until a stable 

solution was obtained, from which the computations were performed with 7,920 square 

elements (vertically sectioned 60 elements x horizontally sectioned 132 elements) and with a 

constant time step of 0.1 second for the first 10,000 loops and then a time step of 10 seconds. 

5.8.5.4 Generation of carbon dioxide gas 

The generation of carbon dioxide gas is taken into account in the same manner as detailed in 

subsection 5.4.5, when the pH of the anolyte is reduced below pH 4. 
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5.8.6 Initial conditions 

Anolyte solutions of volume 360ml containing LOM ethanolamine nitrate at pH 8.0 

(produced by mixing equal volumes of 2M ethanolamine and 1.97M nitric acid) and 0.5M 

guanidine carbonate (IM with respect to guanidine) were used, as detailed in Part 2 of 
Chapter 4. The assumed initial concentrations of the various species in the carbonated pore 

solutions and external solutions as well as the diffusion coefficients are the same as used in 

Part I of this Chapter (see Table 5.3 in subsection 5.4.6). 

The pH value and the initial concentrations of the species in the pore solutions of non- 

carbonated cement pastes are assumed to be as shown in Table 5.6, based on experimental 

measurements recorded in Part 2 of the previous Chapter. Experimentally determined 

calcium and hydroxyl ion concentrations, which exceeded the solubility product of calcium 

hydroxide recorded in Table 5.1 in subsection 5.4.4, were adjusted by dilution to yield the 

assumed equilibrium values. The concentration of potassium was determined so that the 

charge balance could be maintained in the solution. The initial concentrations of carbonate 

species are assumed to be negligible. 

Table 5.6 Initial conditions of species in non-carbonated Dore solutions 
Charge 
number 

(Zi) 

In pore solution 
(mole/1) 

[pH=13.3] 
Naý +1 9.90XIO-7. 

Ký +1 1.16xlO" 
Ca 2+ +2 1.15xlO-4 

Charge 
number 

(Zi) 

In pore solution 
(mole/1) 

[pH=13.3] 
Olf -1 2.09xlO-' 

I S047'- 
-2 1.90XIO-1 

I Cl' -1 2.50xlO- 
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5.9 RESULTS AND DISCUSSION 

In this section, the factors that arise from partial carbonation of the material and affect the 

transport of electrochemically injected organic corrosion inhibitors in the partially 

carbonated material are discussed. 

5.9.1 Current density distribution 

The calculation of conductivity 1c, by means of Eq. (5-51), of the pore solutions in 

carbonated and non-carbonated cement pastes used in the experiment in the previous Chapter 

showed that the conductivity of the pore solutions in non-carbonated specimens was around 

6.56 times as high as that in carbonated specimens. The ratio of conductivity/resistivity of 

carbonated and non-carbonated pore solutions is in the same range as was determined for 

mature real concrete reported by Bertolini et al. (2004). 

An initial current density distribution Oust after the current was assumed to be switched on) 
in carbonated and non-carbonated regions in the left half of the cover specimen, obtained by 

solving simultaneous equations (5-52), (5-54), and (5-55), is described in Figure 5.22, where 

vertical and horizontal components of the current density are given in an arrow form; a 
thicker arrow indicates a higher current density. The values presented in the Figure mean the 

average current densities passed in each rectangular (3mmxlmm or 3mmx2mm) or square 

element (3mmx3mm) by using the calculated current densities at the nodes (note that the 
distance between the two neighbouring nodes employed in the numerical analysis was 
0.5mm, see subsection 5.8.5.3). The results show that when current density of 5A/M2 was 

applied at the material surface, the magnitude of the current densities inside the material was 

varied for different positions. The vertical components were higher than 5A/m2 (around 5.0- 

5.6A/M2) in the initially carbonated region below the initially non-carbonated region; 
however, the components were smaller in the other initially carbonated regions. Significantly 

small current densities were found in the vicinity of the steel along the boundary of initially 

carbonated and non-carbonated regions (smaller than 10A/m). It may be inferred that this 

effectively smaller current density discouraged the migration of guanidine towards the steel 

cathode embedded in initially carbonated regions, as observed in Chapter 4. On the other 

hand, the calculation revealed quite high current densities in the initially non-carbonated 

region near the boundary (around 6.0-8.4A/iný). The horizontal components with a 

significant current density were observed within 6-9mm areas from the position ((x, z) = 
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(22mm, 12mm)) at the boundary, with the highest current density around 3. IA/m2, which 

demonstrated the presence of lateral current flow from initially carbonated regions to non- 

carbonated regions near the boundary as discussed in Chapter 4. 

The current density distribution in the material after the inhibitor injection treatment applied 
for 7 days is shown in Figure 5.23. In the case of ethanolamine, the vertical current density 

distribution after the treatment has the similar trend to that just after the treatment, and the 

degree of the difference in current density at the boundary of the two columns (x--22mm) 

became moderate after the 7-day treatment. This may be attributable to the phenomenoý that 

most of the migrating ethanolarnine was deprotonated by reacting with hydroxyl ions (see 

reaction (5-C) in subsection 5.5.1), by which the initially carbonated pore solutions remained 
diluted in the layers I and 2. In addition, the pores in layer 3 and 4 in the centre column 

gradually became concentrated by the migration of alkali metal ions and hydroxyl ions thus 

increasing conductivity, resulting in smaller lateral current density flowing between the two 

columns (see Figure 5.23 (13)). In contrast, in the case of guanidine, the difference in the 

average current density in the two columns was increased after the treatment. This may be 

explained as follows. Since the initial current density in the layer I and 2 of the side column 

was higher than that of the centre column (see Figure 5.22), the migration of guanidine was 

estimated to be more significant in the side column than in the centre column in these layers. 

The generated ionic concentration discrepancy in these two different regions might have 

gradually increased the difference in conductivity of the two regions, which, in turn, again 

affected the migration of the inhibitor, resulting in greater difference in conductivity. 
Therefore it may be said that the initial current density distribution in the material 

significantly influences the subsequent penetration of the inhibitor whose transport depends 

on migration, towards the steel cathode in carbonated material. However, similarly as in the 

case of ethanolamine, the lateral current density became smaller as pores in the layers 3 and 

4 in the centre column became concentrated during the electrochemical treatment (see Figure 

5.23 (D)). This may indicate that, when an inhibitor with a high pK, value is used, since the 

carbonation front is usually not uniform in real concrete structures (for example, see Figure 

4.20), care needs to be taken for the practical application of this method in order to avoid 

causing an inadequate level of inhibitor injection to the steel bars embedded in carbonated 

regions. It may be thus useful to investigate the distribution of carbonation depth within the 

concrete by taking out a core or drilling a hole at as many points as possible prior to the 

application of the electrochemical method. 

181 



CI IA IITI -R 5 

5. kO 75k( 5,60 75,6o 5460 7 t 

. 5461 
t 

5 61 5 62 
T 

5, L64 

t 
5, L67 

T 
5 72 

T 
5 82 

t 
5 97 

T 
6 '24 

T 
6.69 

ill 
7.40 

Ap, 
8.39 

T 
1464 

T 
24,32 

T 
2477 3ý)4 3 10 3430 3435 

5. kO 5460. 5460 5460 5 6t 

-+L 
5 61 

-+L 
5 63 

4L 
5 65 

-+! 
5 68 

-+1 
5 75 

41 
5 86 

-411 
6 06 

T 
6 43 

IF 
7.12 

AF 
9 44 

I 
1 90 2 57 2 93 3 15 37 3 35 3 38 

5. kO 5, j60 5460 5j60 5j60 5 60 4: 5 60 5 61 5162 5, k63 5j66 5,72 5,, 84 6j22 8.43 
A 

2486 3*12 3*25 3*34 3*39 3443 3445 1., 

5.0 5 60 4: 5460 5160 51601 5j60 5j601 54,60 5461 5 62 5 63 5 67 5 73 585 
T 

5 97 4431 34,80 34,63 3456 3453 3*521 3452 

5 60 . kO 5, k6O 5460 5 60 4Li 5 60 
-+: - 

5 60 
-+: - 

5 60 5 60 
-+: - 

5 59 
-+L 

5 59 4 5, k59 5, k5 8 5 56 4 5 50 4 59 +L 4 14 tý 3 89 4ýL 3 74 + ý 3 66 if ! 3 61 4ý 3 59 4 1 I 
5. kO 

I 
5160 

I 
5,660 5460 5,, 60 545 5459 5', 59, 5,, 58 5, j57 

1 
5, k55 

a 
5,51 5A44 5 30 iv 5 05 +L 

- 
4 65 4 L 

- - 
4JOI 

- 
4ý4 

- - 
3 96 4: L 

- - 
3 75 3 68 

- - 
3 64 

I 
5J81 

I 
54571 

- I- 
5456 

, 
1 5J2 

I 
5ý71 

I 
5J7 

- 
5j 1 

- 

-ýe 

- 

-4e 
4.3 51 4'10 

- 
3 92 3ý ý37 1 

-3e 
1. ] 

Treated surface 

x 
E 

Q t- I"ft, -A - (B) 

0,00 0.00 0.00 0.01 0.01 0.02 0.03 0.05 0.091 0.16 0.27 0.45 0.71 00 1 0*94 0.68 0.44 0.27 0.17 0.10 0.05 0.02 0 

0.00 0.00 0.01 0.01 0.02 0.03 0.05 0.09 0.16 0.27 0,47 0.81 

4 

1 40 

4 . 

ýJl 

4 

ý. 32 1.3 6 081 0 48 0.29 0.17 0.09 0.03 0 

0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.02 0.04 0.071 

4 

0.121 

4. 

0.23 

, 

0.60 

. 

-3.061 

., 4 

1.62 

4 

-0.94 

* _ 

-0.57 
0.35 0.201 0.11 0.03 0 

0O TO OOT O 001 
0-00 0.00 0.011 0.011 0.02 0.03 1 0.06 0.101 0.19 0.36 0.71 

1,1.40 

1.11 
-0.77 

1-0.50 

0.32 0.19 0.10 0.03 0 

O. Oj 0.001 0.001 0.00 0.00 0.01 0.01 0.02 0.03 0.05 0.091 0.17 0.29 0.49 
-0.72 

0 66 0.51 0.36 0.24 0.15 0.08 0.03 0 

0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.03 0.06 0.09 0.16 0.24 0.32 

,* - 

0.31 

4 

0.25 0.18 0.12 0.08 0.04 0.01 0 
11 

Tr. 
leated 

surface. 

6 

39 

15 

52 

8 

i3 

i6 

)0 

)0 

)(i 

)0 

)0 

)0 

i14 100 -+ -0 4* 
2mm @3mmxl4=42mm @3mmx7=21mm Imm 

Figure 5.22 Calculated current density distribution in partially cabonated specimens at the 
commencement of galvanostatic treatment at 5A/M2: (A) vertical components, (B) horizontal 
components (Unit: A/m 2) 
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Figure 5.23 Current density distribution in partially cabonated specimens after 7 days' 
inhibitor injection treatment (Unit: A/M2, scale: same as Figure 5.22) 
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5.9.2 Organic corrosion Inhibitors 

5.9.2.1 Organic corrosion inhibitors in the pore solutions 

The computed concentration profiles of ethanolamine and guanidine after the treatments had 

been applied at 5A/M2 for 7 days to partially carbonated material are shown in Figure 5.24 

and 5.26 respectively. The computed average concentration profiles of the two inhibitors in 

side and centre columns are shown in Figure 5.25 and 5.27 along with the corresponding 

experimental data. It may be seen that the results from modelling are in good accord with 

those obtained from the experiment, showing that the two inhibitors penetrate into the 

partially carbonated medium with a significant concentration attained at the cathode 

(z--21mm). In both inhibitors cases, the calculated concentration profiles have a respective 

peak at a different position in each column. As discussed in the previous Chapter and Part I 

of this Chapter, this can be interpreted in terms of the difference in the degrees of 

protonation of the two inhibitors in the pore solutions whose pH values were raised by the 

electrolysis to very high level (pH >13, in the initially non-carbonated region of the side 

column) and moderately high (pH 11-13, in the centre column). The concentration peak of 

ethanolamine in the side column was found in the initially carbonated region (around at 

lomm from the treated surface), whilst the concentration peak of guanidine in the side 

column was found in the initially non-carbonated region (at around 14mm). In addition, in 

the centre column, the highest concentration was observed just a few millimetres from the 

cathode in the case of ethanolamine, whilst it was observed at the cathode in the case of 

guanidine. These are simply attributable to the difference in pK. value of the two inhibitors, 

similarly as discussed in Part I of this Chapter. Ethanolamine has high peaks (both around 

1,500mmol/1) in the side and centre column respectively, whilst guanidine has two peaks 

with significantly different heights (one around 860mmol/l in the side column and the other 

around 31 Ommol/l in the centre column). This provides clear evidence that in the case of 

guanidine with a high pK. value (pK. 13.6), the transport of the species depends on the ionic 

migration, since the effective current densities passed in each column were significantly 

different as described in the previous subsection. As may be inferred from Figure 5.24 and 

Figure 5.26, the effect of interaction of the species associated with the difference in material 

property in the two regions is restricted, just within a few millimetres from the boundary 

(x=22mm). 

184 



CHAPTER 5 

Position from 
centre (mm) 

x 30 

Zý 20 

10 

0 
s 2000 
0 E6 

- Z. F- -: Treated surface 
44mm x 

E] Initially non-carbonated 
E] Initially carbonated 

0 
(B) Centre column 10 

(22mm in length) 20 
30 

Distance from treated surface (mm) 

Figure 5.24 Computed concentration profile for ethanolamine after galvanostatic treatments 
at 5A/M2 applied for 7 days 

(A) Side column 

Cathode 2000 initially 
0 carbonated E 1600 
E 

1200 

800 

400 
0 L) 

0 
05 10 15 20 25 30 

Distance from treated surface (mm) 

(B) Centre column 

2000 
0 E 1600 
E 

0 1200 

800 

E 400 

0 

Initially 
Cathode 

Figure 5.25 Computed average concentration profiles of ethanolamine in (A) side column 
and (B) centre column (line: model prediction, dots: experimental data) 

Steel cathode 

II 

21mm 

185 

05 10 15 20 25 30 

Distance from treated surface (mm) 



Cl IAPTFR 5 

7-- 1000 
0 

800 

600 

If uu 
200 

0 
I 

0 

20 

Freated surface 
44mm x 

Ell Initially non-carbonated 
[: ] Initially carbonated 

(A) Side column 
(22mrn of 44mm in length) 

(B) Centre column 
(22mm in length) 

Figure 5.26 Computed concentration profile for guanidine after galvanostatic treatments at 
5A/M2 applied for 7 days 

(A) Side column 

1000 Initially., 
-- 

0 carbonate 
E 800 
E 

600 

2 400 z 
a) 

200 
0 

0 
05 10 15 20 25 30 

Distance from treated surface (mm) 

(B) Centre column 

Eý 1 DOO Initially ýUL-WUý 
0 carbonated E 800 
E 

600 
16 
r 400 
4) 

C 200 
0 

0 
05 10 15 20 25 30 

Distance from treated surface (mm) 

Figure 5.27 Computed average concentration profiles of guanidine in (A) side column and 
(B) centre column (line: model prediction, dots: experimental data) 

Position from 
centre (mm) 40 

3 O.,, 
Z II 

Steel 

21 mm 1. 

186 

30 
Distance from treated surface (mm) 



CHAPTER 5 

5.9.2.2 Organic corrosion inhibitors In anolyte 

The concentrations of both inhibitors remaining in the anolyte are shown in Table 5.7 along 

with the concentration of other cationic species, whilst the concentrations of the anions are 

shown in Table 5.8. The modelling results are in general agreement with the experimental 
data except those concerned with calcium, sulphate, and carbonates, which may be simply 

due to the difference in the solubility product of calcium sulphate or calcium carbonate for 

the experimental and mathematical modelling cases, as mentioned in subsection 5.5.2 in Part 

I of this Chapter. Similarly as discussed in Part 1, the buffer function of carbonate ions in the 

case of the guanidine carbonate solution and the occurrence of dissolution of the surface 

material in the case of the ethanolamine nitrate solution were also successfully simulated by 

means of this model. 

Table 5.7 Concentration of inhibitors and cations in anolvtes after 7 days of treatment 
Co centra tions (m ol/1) 

Anolyte Method Inhi bitors N " K* 2l, C2, 
I 

H' Sum of 
Total Cationic a Mg 

charge 
im 

i 
Modelling 828.6 828.6 0.2 0.2 - 22.7 1 52.5 927.0 

ethanolam ne 
nitrate Experiment 878.9 878.9 4.3 N/D 15.6 127.5 28.2 1197.4 

0.5M 
i i 

Modelling 824.3 824.3 0.2 0.1 - 0.0 0.0 824.6 
guan d ne 
carbonate Experiment 1 835.3 835.3 8.9 N/D 0.0 4.1 0.0 852.5 

Table 5.8 Concentration of anions in anolytes after 7 days of treatment 
Co entrations (mmol/I 

Anolyte Method pH ow Cl- 
I 

SO 2, 
4 NO; 2- C03 . HC03 Sum of 

charge 
im Modelling 1.28 0.0 3.2 0.1 923.6 0.0 0.0 927.0 

ethanolamine 
nitrate Experiment 1.55 0.0 4.0 10.1 1074.9 0.0 0.0 1099.0 

0.5M Modelling 9. L8 0.0 2.4 77.6 - 87.5 492.0 824.6 
guanidine 

1 

- 
carbonate Experiment g. L 1 0.0 1 1.6 56.4 1 - 50.2 677.7 892.6 
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5.9.3 Hydroxyl Ions 

The computed concentrations profiles of hydroxyl ions are shown in Figure 5.28 and the 

computed pH profiles are shown in Figure 5.29 along with the values of pH obtained from 

experiment (see Table 4.8). The predicted pH profiles are in reasonable agreement with the 

experimental data. Again it is clear that the difference in the profiles recorded for the two 
inhibitors is simply attributable to the lower pK, value of ethanolamine (apparent pK. ' value 

of 9.75), resulting in its consuming more of the hydroxyl ions generated at the cathode. 
These results also indicate that the transport of the inhibitor species towards the cathode 

mainly depends on molecular diffusion in the case of ethanolamine and ionic migration in 

the case of guanidine. 

In the case of ethanolamine, the pH value at the cathode showed a moderate rise (around pH 
12.5) as was observed in the investigation presented in Part 1 of this Chapter. On the other 

hand, in both inhibitors' cases, the calculated pH values at the cathode in the side column 

specimen were higher than 13.6, indicating a potential risk of deleterious ASR (alkali-silica 

reaction) when susceptible aggregates are contained in concrete, as discussed in the 

subsection 4.11.1.3. 

An interesting phenomenon may be that a bulge can be seen at around l0mm in the pH 

profiles in the centre column for both inhibitors, which 
' 
was not observed in the simulation of 

the electrochemical inhibitor injection treatment applied to fully carbonated material, as 
described in Part 1. This may be attributable to the lateral current flow from the centre 

column to the side column in the layers 1-2 (see subsection 5.9.1), promoting the migration 

of hydroxyl ions from the side column to the centre column, resulting in a local 

concentration increase of hydroxyl ions in this region, as discussed in subsection 4.11.2.2. 
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Figure 5.28 Computed concentration profile for hydroxyl ions after galvanostatic treatments 
at 5A/M2 applied for 7 days (Left: ethanolamine, right: guanidine) 
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Figure 5.29 Computed pH profiles in the material electrochemically treated with (A) 

ethanolamine and (B) guanidine (left: side solumn, right: centre column, line: model 
prediction, dots: experimental data) 
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5.9.4 Alkali metal Ions 

The computed concentration profiles of sodium and potassium are shown in Figure 5.30. 

Similarly, as was observed in the experimental results detailed in the previous Chapter and 
Part I of this Chapter, the concentration profiles of the above two alkali metal ions have a 
peak at the cathode (z--2 I mm). The calculated concentration profiles are in good accord with 

experimental data shown in Figure 4.27 and Figure 4.28 except the plateau of concentration 

of 20-40mmol/I of the two ions in the layer 2 in the centre column observed in the 

experimental results for the ethanolamine case (see Figure 4.27), the reason for which is 

unclear. The concentration peaks of these two ions in both side and centre columns are more 

pointed and higher in the case of ethanolamine than those in the case of guanidine. This may 
be because, in the ethanolamine case, the two alkali metal ions were the main charge- 

carrying cations, since the predominant form of ethanolamine penetrating into the specimens 

was molecular, resulting in more rapid migration of the two ions in the electric field than was 
the case for guanidine. 

The total concentrations of sodium and potassium inside the entire centre column increased 

by 5.7-9.3% compared with the total initial concentrations (note that the assumed initial 

concentrations of the two ions in the pore solutions of the centre, column were 9mmol/l for 

sodium and 6mmol/l for potassium, respectively). This may indicate the presence of 

transport of the two ions through the boundary from the alkali-rich side column to 

carbonated centre column by diffusion as discussed in subsection 4.11.1.3. 

It is again noted that the high concentrations of alkalis formed around the highly alkaline 

steel cathode area during the electrochemical treatment may involve the possibility of 

generating damaging ASR when susceptible aggregates are contained in concrete. 
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Figure 5.30 Computed concentration profiles of sodium and potassium in the material 
electrochemically treated with (A) ethanolamine and (B) guanidine (left: sodium, right: 
potassium) 
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5.10 CONCLUSIONS 

The main conclusions of this part of the investigations may be surnmarised as follows. 

(1) The proposed model yields reasonable general agreement with experimentally 
determined concentration profiles for the organic base inhibitors of widely varying pK. 

values, namely ethanolamine and guanidine, which were subjected to electrochemical 

injection into partially carbonated cement paste. 

(2) The difference in conductivity of initially carbonated and non-carbonated regions 

occupying the same material resulted in varied current density distribution inside it. A 

higher current density than applied was observed in noncarbonated regions and a lower 

current density in fully carbonated regions. A lateral current flow from the carbonated 

region to the non-carbonated region near the boundary, which was expected to cause 

migration of hydroxyl ions from the latter region to the former region, was also 

simulated. 

(3) The lower current density passing through the carbonated area with high resistivity 

significantly affected the transport of guanidine towards the cathode since the 

predominant form of the inhibitor is cationic in carbonated pore solutions. In addition, 

the smaller penetration of the cations in the carbonated region than in the non-carbonated 

region increases the difference in conductivity, leading to far smaller current density 

effectively applied in the former region. 

(4) For the practical use of this remedial method, it may thus be useful beforehand to 

investigate the distribution of carbonation depth within the concrete in order to minimise 

the reduced level of the inhibitor injection to the steel bars embedded in carbonated 

regions, when an inhibitor with a high pK. value is employed. 

(5) Sodium and potassium are the major charge-carrying cations in, the side column with 

high pH. The two alkali metal ions were observed to move towards the initially 

carbonated centre column by diffusion; however the accumulation of the ions in the 

vicinity of the cathode in the side column was significant, thus care must be taken when 

the method is applied to concrete that contains aggregate susceptible to ASR. 
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CHAPTER 6 

LONG-TERM DURABILITY OF ELECTROCHEMICAL 

INHIBITOR INJECTION METHOD 

6.1 INTRODUCTION 

It was confirmed in the previous two Chapters that the organic base corrosion inhibitors 

studied in this thesis were, by means of the proposed electrochemical injection treatments, 

successfully injected into fully/partially carbonated cement paste at depths corresponding to 

normal cover thickness to reinforcing steel with substantial concentrations that had been 

found to be adequate for steel passivation in Chapter 3. When it comes to the issues of long- 

term passivation of embedded steel, it should be noted that, after the completion of 

electrochemical treatment, the injected inhibitors that once accumulated in the vicinity of 

steel cathode by the help of the electric field may gradually migrate inside the material or 
dissipate from the material surface over time by such mechanisms as diffusion or 

evaporation. This may lead to a reduction in inhibitor concentration near the steel, possibly 

affecting its passivation. Elsener et al. (1999) pointed out that, especially in the case of 
inhibitor of volatile compounds, the durability of the inhibitor action may be affected by 

evaporation through the porous material. In this Chapter, the longevity of the proposed 

method is investigated, where the condition of the steel embedded in concrete samples after 
inhibitor injection treatment was electrochemically monitored through the measurements of 

potential and corrosion rates of the steel under reasonably long-term exposure to a cyclic 

wet/dry regime. Then the re-distribution profiles of the inhibitor concentration inside the 

material were probed by means of ion chromatography after a fairly long period of the 

exposure for the investigations of whether or not the injected corrosion inhibitors would 

remain at the steel in an adequate concentration required for steel passivation. 

The main two factors which were found, in the previous two Chapters, to possibly affect the 

passivation of the embedded steel were the concentrations of inhibitors and hydroxyl ions 

that were accumulated and generated at the steel cathode at the completion of the 

galvanostatic treatment. In this study, in order to elucidate which of the above two factors 

more significantly influences the long-term passivation of the embedded steel exposed to the 

electrochemical inhibitor injection treatment, the samples treated with electrochemical re- 
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alkalisation (using a IM sodium carbonate solution as external anolyte) were introduced as 
"blank samples", in which the passivation of the steel embedded in carbonated concrete was 

considered to be mainly controlled by restored alkalinity associated with the generation of 
hydroxyl ions at the cathode during the treatment. Besides such corrosion monitoring 

methods as potential monitoring and corrosion rates measurements by means of linear 

polarisation conducted, the effect of the injected inhibitors and the electrochemical re- 

alkalisation on the inhibition of embedded steel was also investigated by the interrogation of 
the steel bars by means of EIS (electrochemical impedance spectroscopy) technique, 
highlighting the change in such interface properties on the steel surface as double layer 

capacitance. 

A technique is desirable for confirmation of long-term passivation of steel bars in concrete 
by which the steel is easily or quickly driven to passivation and the passivation is maintained 
for a long period. It is known (Hancock and Mayne 1957) that anodic polarisation rapidly 

enhances the potential of steel in electrolytes if it is passivated. In this Chapter, the 

effectiveness was also investigated of anodic polarisation applied to steel embedded in 

concrete for the purpose of securing long-term passivation as well as for the purpose of 
instant determination of its passivation. The steel potential, which was expected to be 

significantly lowered due to the electrolysis during the proposed electrochemical treatment, 

was intentionally raised by anodic polarisation after the completion of the treatment, and 
then the potential profiles were monitored for an investigation of whether anodic polarisation 

would indicate the steel condition in a reasonably short period and would maintain the steel 

potential in a noble region for a fairly long period. 
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6.2 LITERATURE REVIEW 

6.2.1 Long-term effectiveness of corrosion inhibitor in concrete 

There are some researches concerned with remedial treatment for reinforcing steel in 

concrete with corrosion inhibitors aiming at the evaluation of long-term durability after 
treatment. 

Qian and Cusson (2004) investigated the effectiveness of several commercial 
organic/inorganic corrosion inhibitors from a 5-year field survey of highway bridges where 
the inhibitors were used as admixtures at the construction stage. The authors monitored the 

condition of the embedded steel by measuring its half-cell potential and corrosion rate every 
year (1997-2001). Since the obtained corrosion rate was lower than 0.5pA/cm 2 but was 
increasing, the conclusion derived by the authors was that more time would be required to 

see the significant corrosion activity and to evaluate the effectiveness of the systems. 
However the information on concentration of the inhibitor remaining in the vicinity of the 

steel or inside the concrete during the testing period is not available. 

Elsener et al. (1999 and 2000) investigated the efficiency of MCI (migratory corrosion 
inhibitor) in reducing corrosion of steel in saturated calcium hydroxide solution with 

chloride additions and chloride-contaminated or carbonated/non-carbonated mortar. The 

threshold concentration of inhibitor required for steel passivation was first determined (to be 

10%) by the recovery of the corrosion potential and polarisation resistance observed when 

pre-corroding steel bars were immersed in saturated Ca(OH)2 + IM NaCl containing 
inhibitor. In Part I of their research (1999), an addition of the inhibitor satisfying the 

concentration threshold for steel passivation predetermined in aqueous solutions, to mortar 

as admixture was found to yield no significant reduction in corrosion rate for chloride- 

contaminated specimens and for specimens exposed to C02 for around 380 days. In Part 2 of 

their report (2000), mortar specimens containing pre-corroding steel bars were immersed 

into the inhibitor solution for around 130 days until the samples took up more than the 

dosage recommended by the manufacturer. The results showed that no increase in 

polarisation resistance was obtained and the corrosion potential did not indicate repassivation 
despite low cover to the embedded steel and high porosity of the mortar used. The authors 

attributed this to the assumption that the non-volatile fraction of the inhibitor, which had 

major inhibiting properties, did not diffuse through the mortar because of precipitation of 
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calcium ions in the pore solution. In addition, the authors mentioned that significant rates of 
evaporation from treated mortar samples might be observed in atmospheres of RH 80%; 

however, the actual concentrations of the constituents of the surface applied corrosion 
inhibitor that migrated and remained in the vicinity of the steel bars are not clear. 

Ngala et al. (2002) found that when calcium nitrite was introduced into moderately pre- 

corroded reinforced concrete specimens by means of repeated ponding with an aqueous 

solution of recommended dosage of the inhibitor, significant reductions in the overall rates 

of corrosion of bars embedded were achieved at depths of 12mm after a cyclic wet/dry 

regime for over 700 days, provided that the initial chloride content was relatively low for 

non-carbonated concrete or very low for carbonated concrete. At the end of exposure period, 

the concentrations of the penetrating inhibitors and chloride ions in chloride-contaminated 

specimens (w/c: 0.65) were obtained by means of an ion-chromatography, and the obtained 

concentration ratio of the former to the latter anion was found to be close to the threshold 

value for borderline passivation reported by Jazairi et al. (1990). It was also found that the 

penetration of nitrite was much lower in the case of carbonated specimens (w/c 0.8). In the 

second Part of the series of the investigations (Ngala et al. 2003), the authors used sodium 

monofluorophosphate and obtained similar results. Later, the authors (Ngala et al. 2004) 

investigated the effectiveness of surface applied ethanolamine-based corrosion inhibitors for 

carbonated concrete with a cover depth of Smin and 12mm, and demonstrated that there was 

no evidence of passivation of steel bars embedded in carbonated concrete after exposure to a 

wet/dry regime for a fairly long period (around 18 months), although ethanolamine had been 

shown to penetrate to depths > 25min (approximately 2mg/g concrete was detected) by 

means of ion chromatographic analysis. The results derived in this research demonstrated 

that surface application of ethanolamine-based corrosion inhibitor was not effective for long- 

term steel passivation, as indicated by Page et al. (2000); however, the information on the 

evolution of inhibitor concentration inside the samples associated with re-dosage or wash-out 

of the inhibitor with respect to time in the cyclic wetting and drying conditions may be 

desired. 

For the minimisation of dissipation of the inhibitors from the material, Fedrizzi et al. (2005) 

claimed that simultaneous use of surface applied inhibitor with a good barrier coating offered 

substantial protection against rebar corrosion by preventing the volatile substances of the 

inhibitors from coming out from the system, although no quantitative information on the 

long-term performance of this treatment was provided. Batis et al. (2003) also demonstrated 
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that, for carbonated concrete specimens, the simultaneous use of the alkanolamine corrosion 
inhibitor (as admixture) with inorganic coatings improved the corrosion resistance of 

embedded bars more than the use of either of the remedial systems individually after 10 

months of immersion in the corrosive environment of a 3.5% NaCl solution; in spite that the 

steel bars used for all cases in the experiment were not observed to be passivated. 

In the cases of corrosion inhibitors injected into concrete by the help of applied electric field, 

Phanasgaonkar et al. (2000) and Holloway et al. (2004) investigated the efficiency of 

electrochemically injected corrosion inhibitors on the long-term passivation of the embedded 

steel, as described in Chapter 4 (subsection 4.2). In the former study, the authors claimed that 

the combined system of both applied field and inhibitors showed the higher level of 
inhibition than that observed in the case of control specimens that were exposed to applied 

electric field only. However, as mentioned in Chapter 4, such high accumulation of the 

inhibitors with low pK, values at the steel cathode appears somewhat unlikely, and the 

passivation of the embedded steel might be mainly attributable to the generation of hydroxyl 

ions due to the electrolysis. In the latter study, the samples that had been electrochemically 

treated with MCI were exposed to external chlorides for 300 days and then exposed to a 
laboratory environment for additional 4 years without ftirther interference. After I year's 

exposure to external chlorides, the treated specimens showed passivation, however, after 

additional 4 years' exposure, the polarisation resistance was observed to decrease with 
lowered steel potential (around -430mV vs SCE), although the injected inhibitor was 

confirmed to still remain inside the samples. The evolution of inhibitor concentration inside 

the specimens over time is not presented in the report, but this reduction in passivation might 
be attributable to the dissipation of some proportion of the injected inhibitor from concrete 
by diffusion or evaporation. 

6.2.2 Anodic polarisation technique 

It is desired that a quick and simple method to evaluate the long-term durability of a 

remedial treatment system for embedded steel be established, which can be applied soon 

after treatment. Galvanostatic anodic polarisation is reported as a possible rapid method of 

determining whether the environment surrounding the steel is corrosive or not (Hancock and 

Mayne, 1957). According to these authors, anodic current density of lOgA/cm2 raises the 

potential of steel dramatically if it is readily passivated. 
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Assuming the system response approximates to that of a Randles equivalent circuit (Randles 

1947), Elsener et al (1994) gave the theoretical basis, the experimental details and field 

experience with this rapid galvanostatic pulse technique. When an instantaneous current step 

I,, pp is applied to a corrosion system, the potential, V,, at a given time t can be expressed as 

follows: 

V=I [R [I - exp(- -t ]+R t app pRp Cdl 
) 

where Rp is polarisation resistance, CdI is double layer capacitance, and RD is ohmic 

resistance. As is shown in Figure 6.1, extrapolation of the fitted potential jump at t--O allows 

us to calculate the ohmic resistance Ru(Eohn4app), while from extrapolation to infinity at t--c* 

the steady state polarisation resistance Rp is determined. 

Ep=l.,, R,, 

Potential 

Eohm"'4app Ra 

---------------------------------- 

t--o 
Time 

t-- 00 

Figure 6.1 Calculation of resistivity by extrapolation of the potential 

Here it is planned to apply this method to the steel bars shortly after the electrical remedial 

treatment described in Chapter 4 and 5 in order to evaluate the ease of passivation of the 

reinforcement and the durability of passivation. 
I 

The long-term performance of electrochemical re-alkalisation will be investigated in this 

study. In spite of the fact that this technology has widely been used, there still remain several 

unanswered questions to be resolved. One of them is that the durability of this method has 

yet to be demonstrated and the acceptance criteria to decide the completion of a successful 

treatment have not been agreed (Page, 2002). 
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Phenolphthalein indicator is commonly used in practical applications to assess the depth of 

re-alkalisation; however, the test only gives information on whether the pH value of the 

concrete pore solution is above or below 10, and is therefore not sufficient proof of 

repassivation of the steel. Mietz (1995) investigated the repassivasion of steel after re- 

alkalisation treatment by anodic polarisation, and concluded that the phenolphthalein test is 

not a sufficient tool to prove the repassivation of the steel. Half-cell potential is often 

measured to evaluate the passivation of embedded steel after several months of completion 
of the electrical treatment. However, Sergi et al (1996) applied the anodic polarisation 

technique at a constant current density of 20pA/cm2 for 20 hours and demonstrated that 

potential survey after electrochemical re-alkalisation could sometimes be misleading because 

it is likely that the depolarisation of steel takes considerable periods of time. Here the current 
density and the duration of anodic polarisation, which are required for an accurate judgement 

of the passivasion of the steel and an adequate durability, have been unclear. Thus, the 

anodic polarisation technique with several combinations of current density and duration will 
be applied to evaluate the long-term performance of electrochemical re-alkalisation 
technology in this study. 

6.2.3 EIS technique 

It is widely claimed that EIS (Electrochemical Impedance Spectroscopy) is not only a 

powerful non-destructive method of characterising many of the electrical properties of 

materials and their interfaces, but also a convenient method to analyse the corrosion 

phenomena of steel in concrete. The response to an AC input is a complex impedance that 

has both real and imaginary components Z' and -jZ", where j is the imaginary unit 

The data analysis method is used on the basis of an equivalent circuit correlated 

to the properties of concrete and electrochemical mechanisms. For example, the most 

common equivalent circuit used to model corrosion of bare metal in aqueous electrolyte is 

the Randles circuit (Randles 1947), as shown in Figure 6.2, where corroding interface is 

described by an interfacial polarisation ohmic resistance Rp and a double layer capacitance 

CdI in parallel. The impedance is given by the following: 

Z= (llRp + jo)Cj I 
(6-2) 

where co is angular frequency of AC input (co=27cf). The double layer capacitance value is 

obtained by the frequency f at the highest point on the semicircle as follows: 
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Figure 6.2 Randles equivalent circuit 

(6-3) 

EIS measurements in reinforced concrete were carried out from the first studies of Dawson 

et al. (1978). Dawson and his co-workers (John et al. 1981) modelled steel in concrete as an 

equivalent circuit form shown in Figure 6.3 for semi-quantitative interpretations of 
impedance plots, where two time constants were reported; The left hand components are the 

solution resistance (R, ), and the concrete film/dielectric relaxation (Rf, Cf), observed in high 

frequency. The electrochemical response, which is typically observed below IOHz, results 
from the double layer capacitance (CO, the charge transfer resistance (Ft) and the difrusion 
impedance (W). 

Cf Cdl 

R. 

-4w-ý -E D- 
Rf R-t Warburg 

diffusion 

Figure 6.3 Equivalent circuit for steel in concrete proposed by John et al. (19 8 1). 

The elucidation of physical meaning of the EIS results obtained has been attempted by many 

researchers. The high frequency loop (over 105 Hz) was ascribed to the concrete properties 

(Keddam et al. 1997, Andrade et al. 1995, Ford et al. 1998) or to the ionic motion of free 

ions in the electrolyte filling the pores (Alonso et al. 1998). In the middle frequency region 
(104_1 0 Hz), the loop has been claimed to be concerned with the dielectric properties of a 

layer often formed on the steel surface and reputed to be constituted by the effect of an 

interfacial layer of Ca(OH)2 crystals (Lemoine et al. 1990, Sagoe-Crentsil et al. 1992, 

Hachani et al. 1992, Gu et al. 1997) or by the rust oxides (John et al. 1981). In the low 

frequency region (from a few to a few tenths of Hz), EIS spectra are affected by the Faradaic 

corrosion process occurring on the embedded steel electrodes (Andrade et al. 1995). At even 
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lower frequencies, the EIS spectra, for which insufficient experimental evidence has been 

obtained to justify the assumption of diffusion control processes (oxygen diffusion), may be 

affected by redox processes (Fe 2+ <--> Fe 3) (Andrade et al. 1995). 

It is reported that the changes in double layer capacitance (Cdl) obtained from EIS 

measurements gives some information about the inhibitor film formation. The inhibition 

mechanism is based on adsorption of the inhibitor to metal surfaces (see Chapter 3). In 

general, the raise in Cd1 values may suggest an increase of the active area (Montemor et al. 

1995), and the decrease in the values, which can result from a decrease in local dielectric 

constant and/or an increase in the thickness of the electrical double layer, can be attributable 

to the adsorption of the inhibitors on the metal surface (McCafferty and Hackerman 1972, 

Ravichandran and Rajendran 2004, Jamil et al. 2005) or a denser inhibitor molecular 

structure in the layers (Tan et al. 1996). Therefore it might be useful to investigate double 

layer capacitance (Cdl) by EIS for evaluations of steel inhibition induced by corrosion 

inhibitors. 

Andrade et al. (1995) claimed three main frequency regions of different processes in an EIS 

response, where the magnitude of capacitances is characterised as follows: 

(1) High (in the range of KHz) - where the electrolyte (concrete) itself presents a response. 

The capacitances are in the order of pF/cM2. More than one time constant may appear due to 

the moisture content of the concrete or the different constituents of the solid phases. 

(2) Medium (few to tenths of Hz) - where faradic processes present a response and typical 

capacitances are in the order of [OcM2. More than one time constant may be found when 
localised attack is developing, as reported by Mansfeld (1990) and Carnot et al. (2003) (see 

Figure 6.4). 

(3) Low (below lHz) - where the redox process, indicating the presence of the reaction 

Fe304 <=>, y-Fe203 equilibrium in the passive layer, may occur depending on the potential, 

which is supported by Joiret et al. (2002). The capacitances recorded are in the magnitude of 

mF/cm'. 
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Figure 6.4 Equivalent circuit for pitting corrosion model and corresponding impedance plot 
in the complex plane (Nyquist plot) (Andrade et al. 1995). 

For an investigation of corrosion inhibitor performance (using sodium nitrite and 
dinitrobenzonic acid as admixture) in chloride-contaminated concrete, Gu et al. (1997) 

adopted a modified electrical equivalent circuit as shown in Figure 6.5, similar to that 

reported by Sagoe-Crentsil et al. (1992), each parallel combination of a pure resistor and a 
frequency dependent capacitor (also called a constant phase element, CPE (Pajkossy 1994), 

see subsection 6.4.3.2.2), simulating concrete matrix, interfacial film, and double layer 

respectively. As a result, the concrete matrix Cc was obtained in high frequency (I OkHz and 
2 higher) with the magnitude of pF-nF/cm , the film capacity Cf to be in medium frequency 

(I OkHz to lHz) with the magnitude of few jtF/cM2 , and the double layer capacitance Cd, to 
be in low frequency with the magnitude of a few hundred of gF/cM2. It appeared that the 
both corrosion inhibitive substances did not make a significant difference to the values of Cc 

and Cf, whilst they increased the values of Rp (polarisation resistance) and lowered the 

values Of Cd, remarkably. 

-zimag, 
cc Q Cdl 

RC 
_j 

f k 
R 

Concrete Interfacial Double 
matrix film layer 

Concrete Surface 
matrix 
effect corrosion 

process 
Intrerfacial 
fill 

:L 

---&. 
Zreal 

Figure 6.5 Equivalent circuit and corresponding impedance plot in the complex plane 
(Nyquist plot) used by Gu et al. (1992) for inhibitor performance analysis. 

Trabanelli et al. (2005) evaluated the inhibitive action of some organic corrosion inhibitors 

such as the sodium salts of benzoic acid and dicarboxylic acids in carbonated concrete by 

means of EIS. An equivalent circuit as shown in Figure 6.6 was employed for the 

extrapolation of data, where RO and Rc correspond to the resistance of electrolyte inside the 

202 



CHAPTER 6 

concrete pores and to the resistance of the concrete itself, respectively; Rf and CPEf are 

related to the resistive and capacitive properties of the surface film at the steel/concrete 
interface, and R, r, W, and CPE are connected to the process occurring at stecl/concrete 
interface. The results also showed the decrease in CPE in the case of inhibitor applications. 

CPEf CE 
If Ro +P, R 

-Uc Rýf - 

Lr 

Figure 6.6 Equivalent circuit used by Trabanelli et al. (2005) 

Ford et al. (1998) proposed a useful table for making impedance spectroscopy feature 

assignments based on capacitances as shown in Table 6.1. The derived capacitance values 

may sometimes be used to determine which parts of the response are due to the corrosion 

process, although it is often difficult to separate the response into different parts, making a 

clear interpretation quite difficult (Gowers et al. 1999). 

TAIn 61 ranncitance values and their nossible internretations (Ford et al- 199R) 
Caýacitance (F) Phenomena responsible Origin Frequency region 
10-11 Bulk Bulk MHz 
I Internal space charge layers Bulk kHz-MHz 
10 10 Product layers Electrode mHz-Hz 

Electrochemical reactions Electrode mHz 

Although EIS is a useful tool that provides some information about materials and interfaces, 

indicating corrosion properties as mentioned above, the fitting is still mere a mathematical 

operation without physical basis (Andrade et al. 1995). It may be said that the properties 

gained from complicated EC are questionable unless a convincing physical meaning to the 

components presented in the EC is fully given. 
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6.3 EXPERIMENTAL PROCEDURES 

6.3.1 Objectives and overview of experiment 

The experimental work presented in this Chapter was carried out at two places at two 
different periods of this research. Preliminary experiments were carried out in Leeds 

University, UK (hereafter termed as "Leeds experiments"), and, due to the author's personal 

circumstances, further experiments were subsequently conducted at the Research Institute of 
Japan Central Railway Company in Nagoya, Japan (hereafter termed as "Nagoya 

experiments"). All of the concrete specimens studied in this Chapter were produced at Leeds 

University, UK by the procedure detailed in subsection 6.3.2. Some of the specimens were 
transferred by air from Leeds to Japan after they were fully carbonated, and these were to be 

subsequently used for Nagoya experiments. The parametric plan of the experiments carried 

out at the different two sites for this Chapter is described in Table 6.2. For specimen 

preparation, injection treatment, and inhibitor concentration analysis in this Chapter, the 

experimental technique presented by Sawada et al. (2005) was used. 

6.3.1.1 Leeds experiments 

There were three objectives for the experiments. The first was to investigate the effect of 

anodic polarisation on the electrochemical conditions of embedded steel. As shown in Figure 

6.7, it was not clear how the potential of passivated steel once raised by anodic polarisation 

would behave after application of anodic current was terminated, although it was desired that 

the enhanced steel potential would reduce slowly, but remain in the noble region until it 

stabilised (shown as the dotted line (a) in the Figure) or would reduce soon, but finally 

approach higher potential value than initial (dotted line (b) in the Figure). Anodic current 

was applied to steel embedded in non-carbonated concrete specimens with or without 

chloride at varied current densities for varied periods (see (A) in Table 6.2) and the evolution 

of steel potential was monitored after application of anodic current was terminated, by which 

the magnitude of current density that was to be applied to electrochemically treated 

specimens in (B) was optimised. 

The second objective was to investigate preliminarily the long-term durability of inhibition 

of steel bars embedded in the carbonated concrete that had been electrochemically treated 

with organic corrosion inhibitors and had been exposed to anodic polarisation at the current 
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densities determined in experiments (A) at different timings after treatment (see (B) in Table 

6.2). The inhibition performance was evaluated by monitoring the potential and corrosion 

current density of the steel embedded in the concrete specimens whilst the specimens were 

exposed to cyclic wet and dry conditions. Among the three organic corrosion inhibitors 

studied in this thesis, guanidine was used in this experiment. The timing of anodic current 

application that contributed to the long-term passivation of steel most significantly was 
determined from the results, and this was employed in anodic polarisation applied to the 

electrochemically treated specimens in Nagoya experiments (D) detailed in the following 

subsection. 

The third objective was to obtain a concentration profile of electrochemically injected 

inhibitor into a concrete specimen soon after the treatment was finished. The procedure is 

described in subsection 6.3.5. Among the three inhibitors studied in this thesis, the 

concentration profile of arginine was obtained in the experiment (see (C) in Table 6.2), since 

the injected concentration profiles of the other two inhibitors, namely ethanolamine and 

guanidine, soon after the treatment were available in the literature (Sawada et al. 2005). For 

the investigation of the dissipation effect of the injected inhibitors from the embedded steel 

bars, the concentration profile of arginine in specimen LPA (see Table 6.2) obtained in this 

experiment was compared with that in the specimen subsequently obtained 160 days after the 

injection treatment in Nagoya experiments (see NPA in Table 6.2 (E)). 

Potential 
Termination of anodic current 

------------------------------- (a) 

Application of 
anodic current % -------------- ----------- 

t--O Time 

Figure 6.7 Evolution of potential predicted prior to experiments 
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6.3.1.2 Nagoya experiments 

The long-term durability of electrochemical inhibitor injection into the carbonated concrete 

specimens transferred from Leeds was investigated with three inhibitors studied in this thesis. 

After applications of the injection treatment and anodic polarisation, the corrosion-related 

electrochemical features, such as steel potential, corrosion current density and 

electrochemical impedance, were monitored over 240 days for the embedded steel in the 

concrete specimens that were exposed to cyclic wet/dry or dry conditions (see (D) in Table 

6.2). In order for the effect of the inhibitor injected in the vicinity of the steel on its corrosion 

reduction to be investigated, the inhibitive performance of the inhibitor-treated specimens 

was compared with that of other specimens treated without inhibitors. Thus, specimens 

treated with IM sodium carbonate intended for simulation of electrochemical re-alkalisation 

were employed in this experiment (specimens NR and NRD in Table 6.2 (D)). Carbonated 

ethanolamine solutions were also prepared as anolyte in the experiment (NEc and NEcD in 

Table 6.2, (D)), which were expected to minimise the surface dissolution of concrete during 

the injection treatment owing to the buffer function of carbonate ions in the electrolytes as 
described in subsection 4.6.5. It was necessary to confirm whether the effect of transfer of 

the specimens from Leeds to Nagoya on the features of the specimens was considered to be 

negligible, thus the corrosion monitoring results after the injection of guanidine (specimens 

NG) were compared with those obtained in Leeds experiments (specimens LG7). The 

measured corrosion rates of the steel embedded in the specimens under wet/dry condition for 

240 days (NEn, NEc, NG, NA, NR, and NQ were justified by the gravimetric analysis of the 

steel bars. 

For the investigation of the dissipation of injected inhibitors that might affect longevity of 

the injection method, approximately 160 days after the injection treatment was finished, the 

concentration profiles of the three inhibitors remaining in the concrete specimens were 

obtained (NPE, NPG and NPA). These profiles were compared with those obtained just after 

the treatment (data presented by Sawada et al. 2005 for ethanolamine and guanidine, and 

LPA for arginine). 
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Table 6.2 Experimental plan (Keys in next page) 
[Leeds experiments] 
(A) Preliminary investigation on anodic polarisation parameters 

i i li d Ch Anodic. polarisation Label Tr . ca njecte em Current densi! X. Period applied 
Note 

LA - None 10 -200gA/cm' l0secs-100mins Non-carbonated 
LAC - None (5%Cl inc. ) 10 -200pA/cM2 l0secs-100mins Non-carbonated 

(B) Inhibitor iniection, anodic polarisation and corrosion monitoriniz 

Label Tri. Chemical injected Expo. 
Anodic 

polarisation 
Corrosion 

m mtoring 
Grav. 

l i 
I day da s Pot. Rate I EIS ana ys s 

LG Yes Guanidine C. W/D Yes Yes 
I LGI I Yes Guanidine C. I W/D Yes 

F 

Yes Yes 
LG7 es Guanidine C. W/D Y Yes Yes Yes - 
LC I Yes None (Control) W/D - Yes Yes - 

(C) Inhibitor iniection and concentration profile analysis 

Label Tri. Chemical injected Expo. 
Anodic 

po ansation 
Concentration 
profile analysis 

+ I day 7 da s 0 days 160 days 
LPA - Arginine N. - -- I -I Yes 

[Nagoya experiments] 
(D) Inhibitor iniection, anodic volarisation, corrosion monitoring and gravimetric analysis 

Label Tri. Chemical injected Expo. 
Anodic 

polarisation 
Corrosion 

m nitoring 
Grav. 

l i 
I day 7 days Pot. Rate I EIS ana ys s 

NEn Yes Ethanolamine N. W - Yes Yes Yes Yes Yes 
NEnD I Yes Ethanolamine N. D - Yes Yes Yes 
NEc Yes Ethanolamine C. W/D - Yes Yes Yes Yes Yes 
NEcD Yes Ethanolamine C. D Yes Yes Yes - - 
NG Yes Guanidine C. W/D Yes Yes Yes Yes Yes 

NGD Yes Guanidine C. D Yes Yes Yes - - 
NA Yes Arginine N. W/D Yes Yes Yes Yes Yes 

NAD _ Yes Arginine N. D Yes Yes Yes 
NR Yes Na2CO3 W/D Yes Yes es es Yes 

NRD Yes Na2CO3 D Yes Yes Yes - - 
NC Yes I None (Control) W/D - Yes Yes Yes Yes 

-J 

(F) Inhibitor iniection. anodic polarisation and concentration profile analysis 

Label Tri. Chemical injected Expo. 
Anodic 

polarisation 
Concentration 
profile analysis 

I day 1 7 days 0 days 1 160 days 
NPE - Ethanolamine N. W/D - Yes Yes 
NPG - Guanidine C. W/D - Yes Yes 
NPA - I Arginine N. I W/D - Yes Yes 

_J 
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[Keys] 

Tri.: triplicate specimens (otherwise, single specimen), Expo.: exposure (W/D: under cyclic 
wet and dry condition, D: under dry condition), Pot: steel potential (Ecorr), Rate: corrosion 
rate (Icorr), EIS: electrochemical impedance spectroscopy, Grav. analysis: Gravimetric 
analysis, C. (in Chemical): carbonate, N. (in Chemical): nitrate, Na2CO3: used for simulation 
of electrochemical re-alkalisation 
- Anodic polarisation 

I day: anodic polarisation was applied I day after electrochemical injection treatment 
7 days: anodic polarisation was applied 7 days after electrochemical injection treatment 

- Concentration profile analysis 
0 days: profile was obtained immediately after electrochemical injection treatment 
160 days: profile was obtained 160 days after electrochemical injection treatment 

6.3.2 Specimen preparation 

6.3.2.1 Carbonated concrete specimens 

OPC was used to manufacture the concrete specimens, the chemical analysis of the cement 
being shown in 2.1.1. All of the concrete specimens used in the investigation presented in 

this Chapter were produced in Leeds University, UK. The specimens were made with a w/c 

of 0.86 in order to obtain permeable concrete in which carbonation would be considered to 
be rapid. The mix proportions of the concrete are shown in Table 6.3. Cement was first 

mixed with distilled water for about 2 minutes in a mechanical mixer. Fine aggregate and 

coarse aggregate were added to the cement pastes in sequence and the mixture was agitated 
for about 3 minutes. The slump of the fresh concrete ranged from 35 to 165 mm. The mixed 

concrete was then poured into metal containers of dimensions 100 x 100 x 80 mm with four 

mild steel bars, which were 8 mm in diameter at intervals of 20 mm and cover depths of 35 

mm from one face as shown in Figure 6.8 (a). The end surfaces of the steel bars were 

masked with epoxy resin and the electrical wire was attached to one end of the steel. The 

specimens were then compacted on a vibration table for about 1 minute. A piece of cling 
film was placed on the surface of the concrete in each of the containers to prevent moisture 
loss. After demoulding and storage in a high humidity room for 7 days, the specimens were 

sliced into slabs of about 15mm thickness by cutting between each of the steel bars, as 

shown in Figure 6.8 (b). This ensured that full carbonation across the thickness was achieved 

rapidly. Other sliced slabs were placed upright in a sealed tank and subjected to the 

accelerated carbonation treatment as described in subsection 2.2.1. After about two months 

of this treatment it was found that the specimens were fully carbonated throughout their 

thickness as shown by the phenolphthalein test. They were then kept at 75% RH in air, 

which was conditioned by saturated sodium chloride solution, for a ftirther period of 4-5 

, 
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months. Some of the specimens were used for Leeds experiments (specimens LG, LG 1, LG7, 

LC and LPA), and others were transferred by air to Research Institute of Central Japan 

Railway Company in Nagoya, Japan, where they were again kept at 75% RH in air over 

saturated sodium chloride solution for 2-3 months until Nagoya experiments ((D) and (E) in 
Table 6.2) were started. 

6.3.2.2 Non-carbonated specimens 

Non-carbonated specimens LA and LAC were produced in same manner as described in the 

previous subsection until being sliced into stabs of about 15mm thickness, except that 

sodium chloride (with Cl 5% by cement mass) was added during mixing for the specimens 
LAC, The slices were kept non-carbonated by wrapping them with cling film to avoid 

contact to the air at room temperature for 2 weeks, until they were used to investigate the 

effect of anodic polarisation applied for specimens whose embedded steel bars were 

passivated or depassivated (Leeds experiments 

Table 6.3 Mix proportions of concrete 
W/C 

Max. size of Water Cement Fine aggregate Coarse aggregate 
aggregate (mm) (kg/M3) (kg/M3) (kg/M3) m3 

0.86 10 173 201 803 803 

Steel 
((p=8) 

3 

15 
(b) 

Er)oxv 
Casting 

direction 

80 

1 
20 ýO 

_20_ 
1 
_20_ 

80 
Steel ((p=8) 

--0, WT( 

35 

100 
(a) 

100 
(Cross section) [Unit: mm] 

Figure 6.8 Dimension of specimen 

6.3.3 Chemicals 

The three organic corrosion inhibitors studied in this thesis, namely, ethanolamine, guanidine, 

and arginine, were investigated in the experimental work presented in this Chapter. The same 

electrolyte solutions as were used as anolytes in the experimental work presented in Chapter 

4 were prepared: IM ethanolamine nitrate (mixture of IM ethanolamine and 0.98M nitric 
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acid, initial pH -8.0), O. SM guanidine carbonate (IM with respect to guanidine, initial pH 

-11.9) and 0.5M arginine nitrate (mixture of 0.5M L-arginine and 0.48M nitric acid, initial 

pH -8.0). In addition, the electrolyte solution of carbonated IM ethanolamine was produced 
by injecting carbon dioxide from a carbon dioxide cylinder through plastic tubes into a IM 

ethanolamine solution (initial pH -12.1) until the pH value was lowered to 9.2, at which the 

solutions could contain substantial concentrations of not only ethanolamine cations but also 

carbonate ions. The reason for this was that this solution was expected, by the help of the 

buffer function of carbonate ions, to avoid the dissolution of concrete surface by inducing 

moderate drop of pH of the anolyte solution during the injection treatment (see subsection 

4.6.5). IM sodium carbonate solution (initial pH -11.8) was also prepared for a simulation 

of electrochemical re-alkalisation (NR and NRD). 

The above electrolytes were prepared with chemicals listed in Table 2.5 for Leeds and 

Nagoya experiments respectively, just before they were used as anolyte for electrochemical 

treatments detailed in the following subsection. 

6.3.4 Treatment of specimens with corrosion inhibitors and sodium carbonate 

Before the treatment of inhibitor injection or electrochemical re-alkalisation was carried out, 

the thin slab carbonated specimens (as shown in Figure 6.8 (b)) had been immersed in 

distilled water for 5 hours to attain a saturated condition. Complete saturation was confirmed 
by no further increase of the weight. After excess water on the surfaces was removed with 
lens tissue, the side surfaces of specimens except the area of Icrn long from the end were 

wrapped with cling film to restrict moisture loss resulting from the rise of temperature 

produced by the resistive heating effect during the electrochemical treatment. 

The specimens were subjected to electrolysis by means of the experimental arrangement 
illustrated in Figure 6.9. Carbon rod anodes were used in the experiments for avoiding 

corrosion of the electrodes. The anodes were placed in the bottom of a shallow dish filled 

with 120 ml of one of the electrolytes described in the previous subsection. For Leeds 

experiments (B), solutions of only guanidine carbonate were used, whilst for Nagoya 

experiments (D), solutions of ethanolamine nitrate, ethanolamine carbonate, guanidine 

carbonate, arginine nitrate, and sodium carbonate were used. Before the specimens were 
immersed to a depth of 2 mm in the electrolytes, the initial pH values of the anolytes were 

measured. The anodes were connected to the positive terminal of a galvanostat and the 

electric wires which were attached to the steel bars were connected to the negative terminal. 
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The current densities were galvanostatically controlled for 7 days at 5 A/M2 of steel area for 

inhibitor solutions whilst at I A/m 2 for sodium carbonate solutions, thus equivalent to a total 

charge of 168Ah/m', which is sufficient in corrosion protection when the recommendation 

by Hondel and Polder (1998) for Portland cement concrete is referred to (10OAh/M2) , 
but 

insufficient when the CEN draft (2000) is referred to (20OAh/M2) - see also Bertolim et a] 

(2004). Each setup of specimens was placed in a container in which the atmosphere was kept 

at about 100% RH during the experiments. The anolyte was collected after the experiments 

and pH values of the solution were measured. The treated surfaces of the specimens were 

visually examined and photographed. The specimens were prepared in triplicate for each 

condition except for the specimens for concentration profile analysis (LPA, NPE, NPG, and 

NPA). 

After the electrochemical treatment, the specimens were removed and kept at 35% RH in air, 

which was conditioned over saturated magnesium chloride solution. This is because the 

exposure of the specimens to a dry atmosphere, which provides easier oxygen access than a 

wet atmosphere, was expected to accelerate the recovery of potential of the steel that had 

been depressed to the hydrogen discharge region during the galvanostatic treatment. 

Damp tissue 

Cling film 

Galvanostats 

Steel 
((P=8) - Cathode 

Anode 

120ml electrolyte 
Carbon rods [Unit: mm] 

Figure 6.9 Experimental arrangement 

6.3.5 Penetration profiles of corrosion inhibitors 

The concentration profiles were obtained by the following procedure, in the case of arginine 

just after the inhibitor injection was completed (Leeds experiment (Q), and in the case of all 

three inhibitors studied (ethanolamine, guanidine, and arginine) after the specimens exposed 

to injection treatment were subsequently subjected to a wetting and drying regime for 160 

days (Nagoya experiment (E)). 
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Both sides of the specimen through which the steel bars emerged were cut off leaving a 

prism of about 70 x 80 x 15 mm as shown in Figure 6.10. The prisms were cut parallel to 

their treated surface into 4mm slices, except at the position of the steel where the slice was 
8mm, by means of a diamond saw lubricated with a small amount of distilled water. Each 

slice was crushed in a mortar with a pestle until most parts of the slices except the coarse 

aggregate were reduced to fine particles which were less than 425 ýtm. Each crushed 

concrete sample including coarse aggregate was divided into two portions and weighed 

separately. One of the portions was dried at 105 'C for 24 hours to obtain the dry weight of 

the sample. The other portion was used for extracting organic corrosion inhibitor which had 

penetrated into the concrete slice during the electrochemical treatment. This second portion 

was mixed thoroughly with 100 ml of distilled water and agitated by means of a mechanical 

shaker (Stuart Flask Shaker) for 100 minutes. The solutions were filtered through Whatman 

No. 3 filter paper and collected in plastic tubes. Concentrations of corrosion inhibitor in the 

solutions were determined by a Dionex DX500 ion chromatography system, operated as 
described in section 2.4. 

100 

80 

Steel ((p=8) 

70 
cut cut 

15 

80 

51 

-C7-- 

Figure 6.10 Dimensions of sliced samples 

6.3.6 Anodic polarisation treatment 

4 70 10 

6.3.6.1 Leeds experiments (A) 

Treated surface 
[Unit: mm] 

Non-carbonated slice specimens with or without chloride (LA and LAC), which had been 

produced in the manner described in section 6.3.2.2, were used in the experiments. Prior to 

application of anodic current, the specimens were immersed in distilled water for 5 hours to 

attain a saturated condition. A re-sealable window was installed on the side of the specimens 

to confirm the contact of the SCE reference electrode to the specimen via cotton wool soaked 

with 2M potassium nitrate. The corrosion rates of the embedded steel in the specimens were 

4mm slice 
x 8mm slice 

f 4mm slices 
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measured by linear polarisation as detailed in subsection 6.3.7. The embedded steel was then 

connected to the positive terminal of a galvanostat with copper wire. A Type 3 16 stainless 

steel mesh was embedded in lens tissue soaked with distilled water, which was placed 
beneath the treated surface of the specimen as the cathode to be connected to the negative 

terminal of a galvanostat. The reference electrode and the embedded steel were connected to 

multi-meter for measurement of the steel potential. The final setup for anodic current 

treatment is illustrated in Figure 6.11. Anodic current densities of 10,100 and 200ýWcM2 

were applied to the embedded steel by means of the galvanostat for the period of 10 seconds, 

I minute, 10 minutes, and 100 minutes. The evolution of the steel potential was monitored 

by means of a multi-meter until it became constant with respect to time during and after the 

application of the current densities. The current density of anodic polarisation that kept the 

steel potential in noble area for a significant period after termination of the current was 

determined from the results, and this value was to be employed in the subsequent 

experiments (Leeds experiments (B) and Nagoya experiments (D)). 

Multimeter Resealable 
window 

Reference 
% 

electrode \ 1< 

Cotton wool soaked 
with 2M KN03 

Lens tissue soaked 
with electrolyte 

Cling film 

Galvanostat 
Steel 

-+ Anode 
Switch 

- Cathode 

ss steel mesh 

Figure 6.11 Anodic polarisation treatment 

6.3.6.2 Leeds experiments (B) 

Anodic polarisation treatment with the current density deten-nined by Leeds experiments (A) 

was carried out I day and 7 days after carbonated concrete specimens were treated with 

guanidine carbonate by the experimental procedure presented in subsection 6.3.4 (LGI and 

LG7). Anodic current was applied to the two specimens in the same manner as described in 

the previous subsection until the potential of the steel was raised to around +500mV, when 

the current was switched off. The evolution of the steel potential was recorded during and 

after the anodic polarisation until the steel potential was observed to become constant. When 
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the measurement was finished, the specimens were again kept at 35% RH in air over a 

saturated magnesium chloride solution. The corrosion rates of the embedded specimens were 

subsequently monitored under cyclic wet/dry conditions as detailed in 6.3.7, together with 
the specimens without application of anodic polarisation and control specimens. The timing 

of anodic polarisation application that subsequently gave the best influence on passivation of 

embedded steel was determined, which was then employed for electrochemically -treated 
specimens in Nagoya experiments (D). 

6.3.6.3 Nagoya experiments (D), (E) 

Anodic polarisation treatment with the current density determined by Leeds experiments (A) 

was applied to carbonated concrete specimens that had been electrochemically treated with 5 

different electrolytes detailed in subsection 6.3.4. The anodic current was applied to the 

specimens in the same manner as described in the previous subsections at the timing 

determined in Leeds experiments (B). After the treatment, the specimens were again kept at 

35% RH in air over a saturated magnesium chloride solution. 

6.3.7 Electrochemical monitoring 

6.3.7.1 Potential and corrosion rates 

6.3.7.1.1 Leeds experiments (B) 

After the guanidine injection treatment was completed, the potential of steel was measured 

every 12 hours. Prior to the potential measurement, so that the specimen could easily have a 

contact with a reference electrode (SCE) via cotton wool soaked with 2M potassium nitrate, 

a ICM2 square section of the cling film just close to the steel on the either side of the 

specimen was removed and a small re-sealable window was installed instead with the same 

cling film. Two weeks after the injection treatment, the specimens (LG, LGI, and LG7) were 

subjected to a wetting and drying regime for 4 weeks, which consisted of a period of 

immersing the treated surface of the specimens in distilled water to a depth of 3mm in 

shallow dishes for 24 hours and a period of storing the specimens in air over a saturated 

magnesium chloride solution (35% RH) for 6 days. During the wetting, the dishes were 

stored in a clear box whose atmosphere was kept at about 100% RH. At the end of each 

wetting and drying cycle, the potential and instantaneous corrosion rates (Ic., ) of the 
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embedded steel bars were determined by the method of linear polarisation detailed in 

subsection 3.3.6. A Type 316 stainless steel mesh, embedded in lens tissue soaked with IM 

guanidine carbonate solution (the same electrolyte as used in injection treatment), was placed 
beneath the treated surface of the specimens as the counter electrode. In the experiment, the 

same potentiostat/galvanostat with positive feedback IR compensation as had been used in 

the measurement of potential and corrosion rates of steel presented in Chapter 3 was 

employed. The final cell arrangement is shown in Figure 6.12. Carbonated specimens 

without inhibitor treatment were also used as control specimens (LC) that were 

simultaneously exposed to 4-week wetting and drying cycles with the guanidinc-treated 

specimens. 

Resealable 
window 

Reference 
electrode \ 

/ Cling film 

Steel 

Potentiostat 

) Reference 

) Working 

) Counter Cotton wool soaked 
with 2M KN03 

Lens tissue soaked 
with electrolyte Stainless steel mesh 

Figure 6.12 Cell arrangement for corrosion measurements 

6.3.7.1.2 Nagoya experiments (D) 

The potential of steel was measured after 2,4,7,10,20,28,35 days of the cessation of the 

electrical treatment with the solutions of corrosion inhibitors or sodium carbonate. Prior to 

the measurement of the potential, a small part of the cling film was replaced by the re- 

sealable window near the steel in the same manner as detailed in the previous subsection. 

Five weeks after the electrochemical treatment was finished, the specimens were divided into 

two groups; the first group was exposed to a cyclic wetting and drying regime (NEn, NEc, 

NG, NA, and NR), and the second group was exposed to a dry condition (NEnD, NEcD, 

NGD, NAD, and NRD). 

The wetting and drying regime employed in this experiment was the same as described in the 

Leeds experiments (B) for the first 4 weeks; however it was slightly different in interval for 

the next 6 months, which consisted of I day wetting and 13 day drying. Carbonated 

specimens without electrochemical treatment were used as control specimens (NC) that were 

215 



CHAPTER 6 

simultaneously exposed to the above wetting and drying cycles, together with the specimens 

treated with corrosion inhibitors or sodium carbonate. At the end of each wetting and drying 

cycle, the potential and instantaneous corrosion rates of the embedded steel bars were 
determined by linear polarisation. For the measurement of linear polarisation, a 

potentiostat/galvanostat 1280Z, manufactured by Solartron was used. Type 316 stainless 

steel mesh, embedded in lens tissue soaked with the same electrolyte as had been used as 

anolyte during the electrochemical treatment, was placed beneath the treated surface of the 

specimens as the counter electrode. The setup of the specimens was the same as described in 

the previous subsection (see Figure 6.12). The corrosion weight loss was estimated by 

integrating the measured corrosion rates throughout the experimental period for each steel 

bar, where the evolutions of the rates were assumed to have been linear between two 

neighbouring corrosion rates recorded. The calculation for the weight loss (g/cm 2) of the 

steel can be described as follows: 

m Mfe fjcorr (t)dt; tl Fe At, (6-4) 
zF zF 2 

where, WI. s. is weight loss, M is molar weight of Fe (56g/mole), z is the charge number of Fe 

(z--2), F is Faraday constant, n is the total times of measurements, is the corrosion rate 

obtained at (i)-th measurement (A/cM2) , and Ati is the interval between (i)-th and (i+l)-th 

measurement (seconds). 

The specimens exposed to drying conditions were kept at 35% RH over saturated 

magnesium chloride solutions throughout the experiment. The potential and the corrosion 

rates of the embedded steel were measured at the same occasion when the measurement for 

the specimens under wet/dry conditions was carried out. 

6.3.7.2 Measurement of AC Impedance 

The electrochemical impedance spectroscopy was measured for the steel embedded in 

specimens NEn, NEc, NG, NA, NR, and NC, around every two months after the cessation of 

the electrical treatment, when the specimens were finished with exposure to one-day wet 

conditions. The first measurement was performed at the end of the first wet/dry regime (I 

day wetting and 6 day drying), and the other three measurements were conducted during or 

at the end of the second wet/dry regime (I day wetting and 13 day drying). The impedance 

measurements were carried out by means of a Solartron apparatus (1280Z: EI 

(electrochemical interface) and FRA (frequency response analyser) combined, with a 
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frequency domain ranging from 20 kHz to I mHz) with a three-electrode cell as shown in 

Figure 6.12. An excitation signal of maximum amplitude of 35mV was applied for the 
interrogation of the system over a frequency swept from 20 kHz to 5 mHz through a 
Spectrum, taken at five points per decade. This is because much lower frequencies may take 

away the potential from its rest value due to long imposed polarisation (Andrade et at. 1989). 

The results were represented as Nyquist plot format (-imaginary vs. real impedance). The 

double layer capacitance and polarisation resistance were estimated by fitting, which was 

performed using associated software "Zplot" presented by Solartron. 

6.3.8 Gravimetric analysis of corrosion 

After the whole cyclic wetting and drying regime was completed in Nagoya experiments (D), 

weight loss measurements were performed for the steel bars embedded in the concrete slice 

specimens that had been treated with corrosion inhibitors or sodium carbonate. The concrete 

specimens were carefully broken using a vice and the embedded bars were removed. After 

removing epoxy coating and smoothing the ends with emery paper, taking care not to 

damage the steel surface, the bars were visually examined and photographed. Then, in order 

to obtain a clear view of the final corrosion state at different positions of the steel bars, the 

middle part of the bars (with a length of 80mm; see Figure 6.10) that had not been coated 

with epoxy were cut into eight of equal sections with a length of just 10mm using the 

precision wire erosion method (see section 2.6) with the wire diameter of 200ýtm, making 

sure that each cut was exactly perpendicular to the axis of the bar. After the small pieces of 

steel bars were labelled, they were put into test tubes containing 10% diammonium hydrogen 

citrate solution with 150ppm, 2-Mercaptobenzothiazole as corrosion inhibitor, as indicated by 

Japan Concrete Institute (1987). The test tubes were placed in an ultrasound bath and shaken 

for two minutes. The bars were then removed and washed in hot water before returning to 

the test tubes containing 10% diammoniurn hydrogen citrate solution with inhibitor. The 

process was repeated five times to ensure all corrosion products were removed. The bars 

were then placed in test tubes filled with hot water to ensure removal of acid before being 

washed with distilled water, wiped dry with tissue and degreased by washing in acetone and 

ethanol. Each cleaned bar was wrapped in a tissue, placed in a polythene bag and stored in a 

desiccator. In addition, 10 control bars were prepared and treated in the same manner as 

described above. The weight loss (mg/cm 2) of the test bars could then be obtained by 

evaluating the difference between the weight of the control bars (initial weight) and the test 

bars (final weight). 
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6.4 RESULTS 

6.4.1 Change in anolyte after electrochemical treatment 

During the electrochemical inhibitor injection or electrochemical re-alkalisation treatment. 

the pH of the anolyte was lowered due to the generation of hydrogen ions near the anode by 

water electrolysis. The pH reductions observed in the five electrolytes that were used as 

anolyte during the electrochemical treatment in Leeds experiments and Nagoya experiments 

are shown in Table 6.4, together with the visually examined surface condition concerned 

with surface deterioration. The results indicate that the pH values of the anolyte dropped to 

the acid region in the case of nitrate solutions (ethanolamine nitrate and arginine nitrate), 

whilst the pH values of the carbonated solutions were lowered moderately. The surfaces of 

the specimens after electrochemical treatment for seven days were photographed as shown in 

Figure 6.13. It can be seen that surfaces of the specimens treated with ethanolamine nitrate 

and arginine nitrate dissolved in anolyte with acidity, resulting in a rough surface condition 

with discolouration from initially grey (see control specimens in Figure 6.13) to finally white. 

Table 6.4 r)H reduction of anolvte after 7 dav,; of treatment at 5A/m 2 

Anolyte Initial pH Final pH Surface deterioration 
Ethanolamine nitrat&I') 

- 
8.09 1.60 Yes 

Ethanolamine carbonate-77 9.20 8.72 No 
Guanidine carbonate 11.64 (ý)/ 11.77(" 8.76(')/8.88 No(577N-o('*) 
Arginine nitrate 7.69(')/8.04('*) 1 3. O8-7T/--3. l l(-) Yes(*)/-Y--e-sW"y-- 
Sodium carbonate 11.83 1 10.55 No 

'-': Leeds experiments, ' ': Nagoya experiments 

Figure 6.13 Surfaces of the specimens after electrical treatment for 7 days (From left: 
control, sodium carbonate (electrochemical re-alkalisation), arginine nitrate, ethanolamine 
carbonate, ethanolamine nitrate, guanidine carbonate, control) 
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6.4.2 Anodic current treatment 

6.4.2.1 Leeds experiments (A) 

The initial potential of the steel prior to the application of the anodic current to the non- 

carbonated slice concrete specimens with or without chloride (LA and LAC) ranged between 

-140mV and -280mV vs SCE for specimens LA and -530mV and -620mV for specimens 

LAC respectively. The corrosion rates obtained by linear polarisation before the anodic 

polarisation treatments were <0.08WCM2 for specimens LA and >1.2Wcm2 for specimens 

LAC, thus it was confirmed that the steel bars embedded in the non-carbonated concrete 

slices LA were passivated and those in chloride-contaminated slices LAC were depassivated. 

The evolutions of the potential of embedded steel with respect to time when anodic current 

(10ýWCM2 to 200pA/CM2) was applied to specimens LA and LAC for 10 seconds to 100 

minutes are shown in Figure 6.14. It can be seen from the results that the anodic current 

applied to specimens LA quickly raised the steel potential significantly to between +35OmV 

and +1,000mV (inclusive of IR drop), depending on the anodic current density and the 

applied period. It was observed that, after a sharp rise, the enhanced potential soon became 

constant with respect to time until the current was switched off. The current applied to 

chloride-contaminated specimens LAC, however, did not show a sharp rise of the potential, 

just gradually raising the potential by I OOmV or 200 mV towards the noble direction. 

In the case of chloride-free specimens LA, the significantly enhanced steel potential was 

observed to drop and approach the initial potential value with time, immediately after the 

current was switched off. It can also be seen that in the case of short-term applications of the 

polarisation (10 seconds and I minute), rapid potential drop was observed right after the 

cessation of the treatments. In the case of the longer applications of the polarisation (100 

minutes), the potential gradually dropped, and it took more than 100 minutes for the value to 

approach the initial value after the termination of the applied current. On the other hand, the 

slightly raised potential of steel embedded in chloride-contaminated specimens LAC soon 

returned to the initial potential value after the cessation of the treatment, regardless of the 

applied current density or the treatment period. 

The difference in current density seems to affect the degree in potential enhancement for 

both specimens; however, does not seem to affect the period required for the potential to 

return to the initial potential value significantly, if compared under the same duration of the 

polarisation. treatment. The period rather seems to be influenced by the duration of the 

treatment. It was determined that the current density of 10OWcm2 would be employed for 
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the anodic polarisation. applied to concrete specimen 
*s 

after being exposed to electrochemical 
inhibitor injection in the subsequent experiments (Leeds experiments (B)). 
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Figure 6.14 Evolutions of steel potential by applications of anodic polarisation (With no 
inhibitors; Top: treatment period of I Osecs- I min, middle: I Omins, bottom: I 00mins) 
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6.4.2.2 Leeds experiments (B) 

Figure 6.15 shows the evolution of potential of steel bars embedded in concrete slices when 
the anodic polarisation at the current densities determined in the previous subsection was 

applied to the specimens I day and 7 days after the electrochemical guanidine injection had 

been finished (LGI and LG7, respectively). Right after the completion of the 

electrochemical injection, the potential of the steel, which had been used as the cathode 
during the treatment, showed quite negative values, ranging between -1,070 and -I, OlOmV 

(vs SCE), resulting from the electrolysis 

I day after the treatment was finished, the potential was observed to slightly recover to 

between -750 and -800mV (vs SCE), when anodic polarisation was applied at the current 
density Of IOOWCM2 for LG I specimens. As seen in the Figure, the enhancement rate of the 

steel potential was moderate compared to that in the previous investigation (Leeds 

experiments (A)), and it took almost 3 hours for the potential to reach approximately 

+500mV (vs SCE). When the current was switched off, the potential immediately dropped 

and reached the initial potential value in around half an hour. 

7 days after the electrochemical inhibitor injection treatment was finished, the potential of 

the embedded steel bars in specimens LG7 had recovered to between -380 and -210 mV (vs 

SCE), when anodic polarisation was applied at the current density of 1OOpA/cm2 for these 

specimens. It can be seen from the results that, similarly as observed in the previous 
investigation (Leeds experiments (A)), the application of the anodic polarisation raised the 

potential of the steel significantly to approximately +5OOmV (vs SCE) in just around a few 

minutes, which indicates that the steel bars were successfully passivated. After the anodic 

current was switched off, also similarly as observed in the previous investigation, the 

enhanced potential slowly returned to the initial potential value recorded at the 

commencement of the application of anodic polzrisation. 
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Figure 6.15 Evolutions of steel potential by applications of anodic polarisation at I OOgA/CM2 
after electrochemical guanidine injection (Top: I day after injection, bottom: 7 days after 
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6.4.2.3 Nagoya experiments (D) 

The potential values of the embedded steel recorded soon after the inhibitor injection or 

electrochemical re-alkalisation treatment are shown in Table 6.5, together with the restored 

potential values obtained 7 days after the electrochemical treatment was finished. 

Figure 6.16 and Figure 6.17 show the evolution of potential of steel bars embedded in 

concrete slices when the anodic polarisation at 10OWcm 2 was applied to the specimens 7 

days after the electrochemical inhibitor injection or electrochemical re-alkalisation had been 

finished with different electrolytes (NEn, NEc, NG, NA, and NR). 

Table 6.5 Potential of steel after the electrochemical treatment (mV vs SCE) 
Anolyte Just after treatment 7 days after treatment 

Ethanolamine nitrate -999--984 -238--222 
Guanidine carbonate -1,070 - -1,009 -342--322 
Arginine nitrate 

- -1,060 - -1,005 -348--332 
Ethanolamine carbonate -1,055 - -11029 -237--227/ L 
Sodium carbonate (I A/m -1,076 - -1042 -461 - -j33ý3: 

ý 

In all cases, the potential of the steel was once significantly raised to approximately between 

+450mV and +500mV (vs SCE) within around 7 minutes, which indicates that the steel bars 

were successfully passivated. Rapid enhancement of the steel potential was observed in 

ethanolamine cases and most of the guanidine cases, where the potential reached around 
+45OmV in a few minutes. On the other hand, the potential enhancement was observed to be 

the slowest for sodium carbonate that had also shown the slowest recovery of potential after 

the electrochemical re-alkalisation treatment was finished (see Table 6.5). 

After the anodic current was switched off, the enhanced potential quickly returned to the 

initial potential values within a few minutes in the case of ethanolamine nitrate/carbonate, 

and sodium carbonate, whilst the raised potential relatively slowly returned to the initial 

potential values in the case of guanidine and arginine. The similar trend was observed 

between in the profiles of the steel potential in the cases of guanidine in Leeds experiments 

(B) presented in the previous subsection and Nagoya experiments (D) presented in this 

subsection. 
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6.4.3 Electrochemical monitoring 

6.4.3.1 Leeds experiments (B) 

Figure 6.18 shows the evolution of potential of steel bars embedded in the guanidine treated 

concrete slice specimens that were treated with or without anodic polarisation at 1004A/cm 2 

1 day or 7 days after the treatment and exposed to wetting and drying regime for 4 weeks 
(LG, LG I and LG7). It can be seen from the results that the steel potential that once dropped 

to below -1000mV (vs SCE) by the electrolysis recovered to between -400 and -200 mV in 

almost 5 days and became stable in around 10 days after the guanidine injection treatment 

was finished. However, relatively large potential variance was observed between the 

triplicate samples of LG7 and LG specimens. Six weeks after the injection treatment, when 

the specimens were broken with a hammer and the corrosion state of the removed embedded 

steel bars was visually examined, corrosion probably due to incomplete coverage of the steel 

edges with epoxy was unfortunately found on the edge surfaces of the steel bars embedded in 

the specimen 3 of LG7 and the specimen 2 and 3 of LG. This can be attributable to the 

relatively low steel potential of above three samples, resulting in variance in steel potential 
for LG7 and LG specimens. In order to avoid this unfavourable corrosion due to poor 

coverage, the steel edges were carefully recoated with epoxy before and after the 

electrochemical treatment in the subsequent Nagoya experiments (D). 

The potential of the steel bars in the three series of the specimen (LG1, LG7 and LG) 

showed similar evolution throughout the experiment period except the bars with unexpected 

corrosion, finally approaching to around -200mV (vs SCE) indicating that the steel was 

successfully passivated. The steel bars embedded in control carbonated specimens (LC) were 

observed to be depassivated, the potential fluctuating in the range of between around -500 

and -400 mV (vs SCE) during the wet/dry cycles as shown in Figure 6.19. 

The evolutions of average corrosion rates for each series of the specimens during the wet/dry 

cycles are shown in Figure 6.20, in which the samples that encountered with unfavourable 

corrosion on the edge surfaces are excluded. The Icorr values were observed to be the 

smallest Oust close to 0.1 PA/CM2) in the case of LG7 specimens, and LG specimens showed 

Icorr values of below MWcrný. The bars in LGI specimens showed slightly higher 

corrosion current densities; however the rates were still around 0.2pA/CM2. On the other 

hand, the steel bars in control carbonated specimens (LC) were observed to be higher than 

I. 0P'A/CM2 whilst the specimens were exposed to the cyclic wetting/drying conditions. 
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6.4.3.2 Nagoya experiments (D) 

6.4.3.2.1 Steel potential and corrosion rates 

Figure 6.21 and Figure 6.22 present the evolutions of the potential of steel bars embedded in 

electrochemically treated and control concrete slice specimens that were exposed to wetting 

and drying regime for totally 7 months. The anodic polarisation treatment at I OOpA/CM2 was 

performed 7 days after the completion of electrochemical treatment, based on the 

electrochemical monitoring results obtained in Leeds experiments (B) presented in the 

previous subsection. The potential evolutions accompanied by anodic polarisation are not 
included in these Figures. 

In all specimens except control, the steel potential just after the electrochemical treatment 

was observed to be below -1,000mV (vs SCE) owing to electrolysis, and gradually recover 

with time, reaching the potential value of -250mV to -50mV (vs SCE) in 35 days. In dry 

specimens for all five cases (NGD, NEnD, NEcD, NAD and NRD), the potential still 

continued to rise until it became constant at around 0 to +100 mV (vs SCE). In the cases of 

the specimens that were exposed to wetting and drying regime, the trend in potential profiles 

seems to depend on the different electrochemical treatment. The ethanolamine specimens 
(NEn and NEc, both treated with ethanolamine nitrate and ethanolamine carbonate) showed 

typically passive behaviour with a steady potential range of between -200 mV and -50 mV 
(vs SCE) during the wet/dry cycles until 240 days. This also applies to the guanidine 

specimens (NG), the potential ranging between -250 mV and OmV vs (SCE). The arginine 

specimens, however, showed uncertainty of passivation of the steel with the potential range 
in slightly more negative region (between -400mV and -150mV) than above two inhibitor 

cases. 
In the case of sodium carbonate (NR, used for simulation of electrochemical re-alkalisation), 

the potential seems to be more significantly affected by the wet/dry cycles. The steel 

potential dropped to around -45OmV soon after the wet/dry cycles started, and continued to 

show large amplitude during the exposure to the cycles. After the interval of the wet/dry 

regime was changed at 60 days, the amplitude of the potential evolution became still larger 

with the maximum potential of near 0 mV and the minimum potential of -35OmV (vs SCE), 

and it can be said that the trend of the potential evolution for this case is similar to that 

observed in the control specimens (NC). 

The average corrosion rate profiles of the embedded steel bars during wet/dry cycles are 

shown in Figure 6.23 for different types of treatment together with control, where the 
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average values of NEn and NEc specimens were used for the ethanolamine case, since they 

were similar. It can be seen from these results that the corrosion rates of the steel embedded 
in ethanolamine treated concrete specimens were the smallest throughout the experiment 

period of 8 months, showing the significantly low corrosion rates of 0.1-0.2wcm 2. 

Guanidine showed a similar profile of corrosion rates to that of ethanolamine with the small 

corrosion rates of 0.1-0.2pA/CM2 until 150 days; however, the rate started to increase after 
150 days to 0.3-0.40A/CM2 . The corrosion rates in the specimens treated with arginine was 
higher than those of above two inhibitors during the wet/dry cycles (over 0.5pA/cm 2) 

, but 

gradually decreased with time, reaching 0.2-0.3Wcm 2 after 100 days. In the case of 

electrochemical re-alkalisation, the corrosion current once decreased to below 0.2wcm 2 

until 35 days; however, at the commencement of wet/dry cycles, the rate suddenly increased 

to above I. OpA/cM2 and fluctuated with larger amplitude, compared with those in inhibitor 

treated cases, near 1. OpA/cm 2 until the completion of the experiment. The corrosion current 

densities observed in the case of electrochemical re-alkalisation were similar to those of 

control specimens, indicating that the embedded steel may not be passivated in the both 

series of specimens. 

Before above-mentioned experiments (Nagoya experiments (D)) were started, when the 

concrete specimens had arrived at the Research Institute in Nagoya from the University of 
Leeds by air, the specimens had been immediately visually examined. As a result, it had 

been confirmed that no cracks or damage associated with transportation were seen in the 

specimens. The similarity in the results of anodic polarisation and corrosion monitoring 

obtained in both Leeds experiments (B) and Nagoya experiments (D) with guanidine also 
indicates that the effect of the transportation was not significant. 
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6.4.3.2.2 EIS measurement 

The impedance responses of electrochemically treated specimens, measured approximately 
60,120,180, and 240 days after the treatment are shown in Figure 6.24 and 6.25, together 

with those of control. The obtained Nyquist plots with the input frequency range of 20kHz- 

5mHz looked different for the different treatment methods. In the cases of guanidine of an 

early stage and ethanolamine, the response profiles showed high angles at low frequencies. 

The responses in the intermediate frequency (20kHz-IOHz) were too small to be recognised 
in the impedance plots for guanidine and ethanolamine-treated specimens. This indicates that 

the embedded steel was in an electrochemically passive state, according to Andrade et al. 

(1989) and Dawson et al. (1990). On the other hand, in the cases of arginine of an early stage 

(60 and 120 days) and electrochemical re-alkalisation, the obtained arcs looked similar (note 

that the scales in the figures for the two treatment methods are different) and both seemed to 

be a part of a flattened and deformed semi-circle. The loops were even flattened and 
deformed for control specimens, which is representative of multiple pits or generalised 

corrosion, as produced in carbonated concrete (Andrade et al. 1989). A linear tail can be seen 
in the low frequency (below few Hz) in the cases of guanidine and arginine of a late stage 
(180 and 240 days) and in the cases of electrochemical re-alkalisation and control, indicating 

the existence of Warburg impedance where active corrosion might be combined with 

diffusion (Andrade et al. 1989). A significant change was observed in the impedance 

response plots for arginine-treated specimens after 180 days. 
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Figure 6.25 Nyquist plot (20kHz-5mHz) for steel bars embedded in carbonated concrete 
specimens after electrochemical treatment (fl-cm 2) (Top: arginine nitrate, middle: sodium 
carbonate (electrochemical re-alkalisation), bottom: control) 
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An electrical equivalent circuit similar to that proposed by John et al. (198 1), as introduced 

in subsection 6.2.3, was used in this simulation for the investigations of the properties of the 

concrete/steel system as shown in Fig 6.26. This equivalent circuit consists of three parallel 

combinations of a pure resistor and a frequency dependent capacitor. The first element (from 

left) is assumed to represent the concrete matrix resistance. As mentioned in subsection 6.2.3, 

Gu et al. (1992) simulated concrete matrix resistance and matrix solid/liquid interface as a 

parallel combination of a pure resistor and a frequency dependent capacitor in his proposed 

circuit as shown in Figure 6.5. However, the frequency range concerned was too high for the 

present analysis (over 1 OkHz), and thus the element was just assumed to be a pure resistor. 

The second element was assumed to represent interfacial film, where Rf and CPEf are 

steel/concrete interface film/dielectric resistance and capacitance respectively. The film was 

claimed to be an interfacial layer of Ca(OH)2 or rust oxides (see subsection 6.2.3). A 

frequency dependent capacitor, CPE (constant phase element) is assumed to take into 

account the non-ideal behaviour of the system or the roughness of the electrodes (Pajkossy 

1994) or carbonation effect (Andrade et al. 1989), which is introduced to account for the 

shape of the depressed complex plot as follows: 

zc"E = cý (ico)-, ' (6-5) 

where CO is a constant representing the capacitance of a pure capacitor, p=l for a perfect 

semicircle, and O<p<l for a depressed circle. In the present contribution, the third element is 

assumed to represent the steel surface double layer, where Rt is the charge transfer 

resistance, its value being similar to that of rebar DC polarisation resistance Rp, although it 

was pointed out by Gon7AIez et al. (1985) that the use of R,, values sometimes introduces 

larger errors when used in estimating corrosion rates. CdI is the double layer capacitance. W 

is the Warburg diffusion impedance. The generalised finite Warburg diffusion impedance is 

characterised as follows, with constant phase behaviour taken into account: 

W -= R. tanh(jo)rD)" I(jo)rD)'V* (6-6) 

where R,, is diffusion resistance, and ID is time constant; 'rD= 8' 1 Deff . where 8 is thickness 

of the diffusion layer, and Dff is the effective diffusion coefficient of oxidised or reduced 

species (MacDonald 1987,1992, Lasia 1999). Note that pW=0.5 corresponds to the 

theoretical value for pure Warburg impedance in an infinite diffusion layer, when the 

impedance angle becomes 45" in the complex plot. 

The'concrete samples used for the electrochemical treatment in this study were chloride-free 

and carbonated; therefore, only generalised corrosion was assumed as a corrosion process 
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(Glass et al. 1991). Thus, the element that represents pitting corrosion in equivalent circuits, 

proposed by Andrade et al. (1995) (see Figure 6.4) and Trabanelli et al. (2005) (see Figure 

6.6), was not employed in this simulation. 

-1mag, L Surface corrosion process CPEf CPEd1 
Rc 

'0 Rf Interfacial 
-vm- w film Diffusion 

Concrete Interfacial Double process 

matrix film layer 
Ohmic resistance Zreel 

Figure 6.26 Equivalent circuit used for simulation (John et al. 198 1) 

The experimental impedance data were modelled using the equivalent circuit as shown in 

Figure 6.26 to which the impedance function of the following equation corresponds: 

Z(o)) = R, +- 
Rf 

_+ 
R, + W(co) 

(6-7) 
1+ Rf Cf (co)(jco)'*-' I+ (R,, + W (0j)) Cdl (0)) U CO P# 

The best-fit parameters that give the fitting data using Eq. (6-7) are listed in Table 6.6, 

together with the values of polarisation resistance (Rp) obtained by linear polarisation (see 

subsections 3.3.6 and 6.4.3.2.1). The values for the concrete matrix resistance (Rj, 

corresponding to the ohmic resistance (IR drop), are not listed in the Table, since they were 

smaller than IM-cm. 2 in all cases. The calculated charge transfer resistance (P,, ) was in 

reasonable agreement with polarisation resistance (Rp), except for a few results, which may 

probably be attributable to poor extrapolation of the data with the significantly high 

resistance (&t > 200 kn-cm). The p, values, which were assumed to be associated with 

Warburg diffusion impedance as shown in Eq. (6-6), are listed for the cases in which the 

effect of diffusion was observed. The evaluation of the values presented in this table will be 

detailed in the discussion subsection (see subsection 6.5.3). 
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Table 6.6 Parameters obtained from fitting data and measured polarisation resistance values 

Treatment/ Rf CPEf Pf P't CPEdl Pdl Pw Rp 

Time (n. CM2) (gF/cm2) (kfl-cm2) (IIF/CM2) (kfl. CM2) 

[Guanidine carbonate] 
60 days 9 0.0 0.578 179 103 0.741 216 

120 days 95 0.1 0.587 216 181 0.749 104 
180 days 105 0.1 0.545 29 155 0.763 0.534 44 
240 days 302 0.1 0.574 36 199 0.706 *0.708 30 

[Ethanolamine nitrate] 
60 days 954 0.1 0.638 96 265 0.768 123 

120 days 1742 0.0 0.699 133 150 0.786 - 136 
180 days 1666 0.0 0.834 201 158 0.855 - 232 
240 days 2093 0.0 0.870 180 187 0.828 - 136 

[Ethanolarnine carbonate] 
60 days 747 0.1 0.521 298 285 0.821 152 

120 days 1330 0.0 0.765 325 174 0.875 325 
180 days 1805 0.0 0.800 205 189 0.826 162 
240 days 2255 0.0 0.887 324 195 0.869 288 

[Arginine nitrate] 
60 days 8722 2.3 0.277 34 263 0.501 0.384 32 

120 days 7161 1.2 0.254 25 221 0.502 0.462 50 
180 days 41156 0.1 0.690 239 88 0.753 0.631 162 
240 days 61996 0.1 0.480 82 66 0.557 0.537 105 

[Sodium carbonate (Electrochemical re-alkalisation)] 
60 days 1462 0.1 0.316 38 283 0.761 *0.849 36 

120 days 2273 0.1 0.516 to 267 0.784 0.507 10 
180 days 3006 0.1 0.509 12 270 0.804 0.491 11 
240 days 2073 0.0 0.526 41 278 0.756 0.454 41 

[Control] 
60 days 5949 2.0 0.412 16 320 0.349 0.255 16 

120 days 12403 1.9 0.375 22 250 0.513 0.348 18 
180 days 24555 1.4 0.333 10 329 0.500 0.431 13 
240 days 28098 1.0 0.325 43 284 0.438 0.421 50 

*) may include an extrapolation error since the diffusion tail was not long enough for fitting. 
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6.4.4 Gravimetric analysis of corrosion 

The complete list of corrosion weight losses is shown in Appendix E on sections of steel bars 

obtained by means of gravimetric analysis. In Figure 6.27 the distribution of average 

corrosion weight losses is presented by means of gravimetric analysis (presented in bar 

charts) together with average weight loss obtained through integration of the corrosion Tate 

measured by means of linear polarisation (presented in dotted lines). This shows that a fairly 

good correlation has been achieved between the weight loss measurement and the 

electrochemical monitoring. 
It may be noted that a corrosion current density of LOWcrn 2 passing for around 240 days 

would correspond to average loss of 6 OMg/CM2 recorded. The average weight loss calculated 

by integration of the corrosion rates was the smallest in the case of ethanolamine 

(ethanolamine nitrate: 0.96mg/cm 2, ethanolamine carbonate: 0.85mg/cm 2), followed by 

guanidine (1.43Mg/CM2 ) and arginine (2.71 mg/cm2), whilst the weight loss values were 

3.78Mg/CM2 and 5.55Mg/CM2 respectively for control and electrochemically re-alkalised 

specimens. 

Compared with the weight loss observed in control specimens, it was found that injected 

guanidine and ethanolamine (nitrate and carbonate) were significantly effective in reducing 

the weight loss of the embedded steel bars by approximately 60% and 75% respectively. 
Ngala et al (2004) demonstrated that relatively uniform attack can be seen in the weight loss 

distribution profiles of steel bars embedded in carbonated concrete with very low levels of 

chloride, with no sections of steel bars showing an outstanding weight loss, and this was the 

case with the bars in all of the specimens in this experiment. 
Figure 6.28(a) and (b) shows corrosion states of the embedded steel bars photographed just 

after they were extracted from concrete slices by means of a hammer and a chisel and also 

shows the surface conditions of the sectioned bars photographed immediately after the 

corrosion products were removed by immersion of the samples in 10% diammonium 

hydrogen citrate solution with 150ppm 2-mercaptobenzothiazole as corrosion inhibitor. As 

can be seen in the photos, in the cases of electrochemical re-alkalisation and the control, the 

colour of the rust covering the steel bars was brown or even orange, indicating that the 

corrosion levels of the steel bars in the specimens for the above two cases were more severe 

than those embedded in inhibitor treated specimens, whose rust colour ranged between dark 

brown or dark grey. The occurrence of pitting was not seen in any sectioned samples in the 

photo, although it might be noted that some unexpected damage by means of a chisel can be 

seen on some of the sample surfaces. 

239 



CHAPTER 6 

[Guanidine carbonate] 
10 
9 8 
7 
6 
5 

CA 4 
C6 03 

2 143. 
0 

[Ethanolamine carbonate] 
10 
9 
8 
7 
6 
5 
4 

03 
2 

79) 1 
.0- 

[Sodiu m carbonate] 
10 
9 
8 
7 
6 
5 

W 4 
=3 

2 

0 

[Ethanolamine nitrate] 
10 
9 

6 
5 
4 

0 03 
2 
I 

.u0. 

[Arginine nitrate] 
10 

271 
"Z Fýz I. - to 1 

0 

(Control] 
10 
9 
8 
7 
6 
5 

-4 ! -- 0 =3- 
2 
1 
0 

Figure 6.27 Distribution of corrosion weight losses on sections of steel bars obtained by 
means of gravimctric analysis together with average weight loss obtained by means of linear 
polarisation 
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Figure 6.28(a) Extracted embedded steel bars and cleaned sectioned pieces (left: treated with 
guanidine carbonate, centre: ethanolamine nitrate, right: ethanolamine carbonate) 
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Figure 6.28(b) Extracted embedded steel bars and cleaned sectioned pieces (left: treated with 
arginine nitrate, centre: sodium carbonate (electrochemical re-alkalisation), right: control) 
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6.4.5 Penetration profiles of corrosion Inhibitors 

In Figure 6.29 the penetration profiles of the three electrochemically injected inhibitors 

studied in this thesis are presented; these were obtained just after and 160 days after the 

completion of the treatment. The concentration profiles of ethanolamine and guanidine just 

after the completion of electrochemical treatment (applied in the same manner to the 

concrete slice specimens with the same mixture as was employed the experiment described 

in subsection 6.3.4) were available in the report by Sawada et al. (2005). These profiles are 

referred to here for comparison with those obtained 160 days after the treatment. Note that 

the steel bar with a diameter of 8mm covers the region of 35mm-43mm (see Figure 6.8). 

As can be seen in the concentration profiles of arginine, after the electrochemical injection at 

5A/m' for 7 days, arginine migrated and accumulated at a significant concentration around 

the steel cathode (specimens LPA in Table 6.2). The concentration profile obtained just after 

the injection has a similar trend to that observed in the experiments performed by using 

cement paste discs as described in Chapter 4 (see Figure 4.7 in subsection 4.5.2.1). 

When the penetration profiles of the inhibitors are compared between just after and 160 days 

after the injection treatment, it can be seen from the results that the paired profiles look quite 

similar to each other in all three inhibitor cases and that substantial concentrations of the 

inhibitors remained in the vicinity of the steel. In all three inhibitors' cases, the positions of 

the peaks of the concentration profiles were the same on both occasions. These results may 

imply that, in spite of the reasonably long-term exposure to a cyclic wetting and drying 

regime, the diffusion or dissipation of the injected inhibitors in the pore solutions or from the 

concrete surfaces was not significant. 
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Figure 6.29 Concentrations of inhibitor in concrete specimens ((*): Sawada et al. (2005)) 
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6.5 DISCUSSION 

In this section, the effect of anodic polarisation on electrochemical behaviour of embedded 

steel in concrete specimens is first discussed. Then the effect of the different 

electrochemically injected inhibitors or electrochemical re-alkalisation on the long-term 

passivation of steel embedded in concrete is discussed with the results of monitored potential, 

corrosion rates and electrochemical impedance of the steel under cyclic wet/dry conditions 
for each treatment case. The changes in concentration profiles of the electrochemically 
injected inhibitors with respect to time, which might have affected the long-term durability 

of the steel inhibition, are also discussed in this section. 

6.5.1 Anodic polarisation 

By comparing the potential enhancement when anodic polarisation was applied to the non- 

carbonated specimens with or without chloride in subsection 6.4.2.1 (specimens LA and 

LAC in Leeds experiments (A)), it was found that the polarisation technique provides a 

means of determination of the ease of passivation of steel embedded in concrete, in a similar 

way to that devised for steel in aqueous solutions (Hancock and Mayne, 1957). Figure 6.14 

indicates that, for passivated specimens, longer anodic polarisation application resulted in a 

more moderate drop of the enhanced potential after the termination of the anodic current 

application. However, it was not observed that the highly raised potential by means of the 

polarisation method continued to be sustained at the enhanced level (between +400 and 

+I, OOOmV vs SCE, inclusive of IR drop) in any cases with different anodic current densities 

and different treatment periods. It was thus found that the evolution of the steel potential 

associated with the application of anodic polarisation was disappointingly similar to the 

curve (c) in Figure 6.7. From these results, it can be concluded that the anodic polarisation 

method is effective for determination of the ease of passivation of steel embedded in 

concrete, whilst the application of the method does not contribute to the long-term 

passivation of the steel significantly. 

In Leeds experiments (B), when anodic polarisation was applied to the embedded steel one 

day after completion of the electrochemical injection treatment with guanidine, the potential 

evolution showed that the steel was not passivated at that stage. Seven days after the 

treatment, the potential of the embedded steel in concrete recovered to around -3OOmV (vs 

SCE) and the passivation of the steel was confirmed by the application of anodic polarisation. 
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However, it was again observed that the potential raised by the polarisation soon dropped to 

the value recorded before the application of the anodic current densities. This drop was also 

observed when anodic polarisation was applied in Nagoya experiments (D) (see subsection 
6.4.2.3), in which, 7 days after the completion of various electrochemical treatments 
including electrochemical re-alkalisation treatment, the passivation of the embedded steel 

was confirmed by the anodic polarisation method, but the raised potential dropped back to 

the original values in only a few minutes. It can be concluded that the anodic polarisation has 

little effect on the long-term passivation of steel bars embedded in concrete after being 

exposed to various electrochemical treatments. This suggestion is supported by the fact that 

there was no significant difference in corrosion rates of the steel bars in the guanidine-treated 

specimens to which anodic polarisation was applied at different times (see Figure 6.18 in 

subsection 6.4.3.1). 

6.5.2 Electrochemical monitoring and gravimetric analysis 

As shown in the results of Nagoya experiments (D) (see subsection 6.4.3.2), for all 

electrochemical treatment cases with five different electrolytes, the potential of the steel 

embedded in concrete specimens was depTessed to below -1, OOOmV by electrolysis soon 

after the completion of the treatment. During the 7 days after the treatment, the potential was 

observed to recover and, 7 days after the treatment, the passivation of the steel was 

confirmed for all cases by applications of the anodic polarisation technique. The rate of the 

potential recovery was different, depending on the treatment method. The recovery rate was 

the smallest in the case of electrochemical re-alkalisation, which was probably attributable to 

the smaller current density (IA/M2 ) applied to the specimens during the treatment than that 

(5A/M2 ) applied to inhibitor specimens. 

As shown in Figures 6.21 and 6.22, for all the treatment cases including electrochemical re- 

alkalisation, when the specimens continued to be kept in dry conditions after the 

electrochemical treatment, the embedded steel bars were observed to be maintained 

passivated with the potential values more noble than Omv (vs SCE) for almost 8 months. 

However, when the specimens were exposed to cyclic wet/dry conditions, the behaviour of 

the steel potential and corrosion rates was observed to be significantly different for different 

treatment methods. The results of potential and corrosion current density evolutions in 

Figures 6.21,6.22, and 6.23, showed that electrochemical injection treatments with three 
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inhibitors, namely ethanolamine, guanidine, and arginine, were effective in promoting long- 

term steel passivation. It can thus be inferred that, as predicted in Chapters 4 and 5, the 

accumulation of the inhibitors at the steel cathode was higher than the threshold 

concentration required for steel inhibition obtained in Chapter 3. It was found that among the 

treatments with five different electrolytes, ethanolamine nitrate/carbonate demonstrated the 

best performance in terms of the steel inhibition, showing relatively high potential and low 

corrosion current density of steel bars. It may be seen from the results that the second best 

was guanidine carbonate and the third arginine nitrate. The reason for high corrosion 

inhibition in the case of ethanolamine may be attributable to the significant concentration of 

the inhibitor accumulated at the steel cathode during the electrochemical treatment, as 

observed in Chapter 4. In addition, the use of carbonated ethanolamine would be useful since 

it avoided surface dissolution of concrete during the electrochemical treatment by the help of 

buffer function of carbonate ions, which prevented the pH of anolyte from dropping severely. 

On the contrary, the obtained results showed relatively a poor long-term passivation effect in 

the case of electrochemical re-alkalisation, where the potential and corrosion rates of the 

steel were somewhat similar to those of control specimens. The reasons for this might be as 
follows. The hydroxyl ions, generated at the steel cathode during the electrochemical 

treatment, continued to passivate the embedded steel; however, as soon as the cyclic wet/dry 

conditions were started, the ions might have dissipated through the quite porous material 
(w/c 0.86), in the view of the high diffusion coefficient of the hydroxyl ion (see Table 5.3). 

The other reason would be that, since the total charge delivered to the reinforcement was 

168A/M 2 (see subsection 6.3.4), the treatment was considered to be insufficient for corrosion 

protection, according to the statement in the CEN draft (2000), which requires a total charge 

of 200 A/m2 for the treatment. The poor long-term passivation effect of electrochemical re- 

alkalisation observed in this experiment, attributable to the dissipation of hydroxyl ions from 

the steel as mentioned above, may indicate that the long-term passivation of the steel in the 

cases of inhibitor applications is secured by not cathodically generated hydroxyl ions but the 

injected inhibitors. 

The gravimetric analysis revealed similar trends as shown in Figure 6.27. The weight losses 

of the steel bars embedded in concrete treated with two inhibitors, namely ethanolamine and 

guanidine, were especially smaller than those observed in control specimens. The 

comparisons of the weight losses of the embedded steel reveal that the carbonated concrete 

treated with ethanolamine or guanidine has approximately 4 times or 3 times as long 
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durability as the specimens without treatment. However, the weight losses in the case of 

arginine and re-alkalisation seemed to be higher than those of specimens treated with the 

above two inhibitors and to be somewhat similar to that observed in control specimens. For 

the evaluation of the difference between the weight losses of bars embedded in 

electrochemically treated specimens (NG, NEn, NEc, NA and NR) and those in control 

specimens (NC), the distributions of the weight loss values are statistically analysed with the 

weight loss data presented in Appendix E. Student's Mest is employed as a test of the null 

hypothesis that the means (ýt) of two normally distributed populations of independent 

observations are equal. Given two data sets, each of characterised mean, standard deviation 

and number of data points, it can be determined by using this test whether the means are 

distinct, provided that the underlying distributions can be assumed to be normal. The t- 

statistic for the null hypothesis HO: gj=g2 can be calculated as follows (Snedecor and 
Cochran, 1967): 

t= 
XI -X2 (6-8) 

N, + N2-2 NJ N2 

where, X and cr' are the unbiased estimators of the mean and the variance respectively, N is 

the number of data, 1 and 2 are group numbers, N-1 is the number of degrees of freedom for 

each group, and the total sample size minus 2 is the total number of degrees of freedom. 

The t-statistic txc for each null hypothesis HO: gN)c=gNc, calculated by using a statistical table 

for the total number of degrees of freedom = 46 (24+24-2) (Snedecor and Cochran, 1967), is 

shown in Table 6.7 with the significance level. It can be seen from these results that, at the 

99% confidence level, the null hypothesis HO: gNA=[tNc is rejected, whilst, at the 95% 

confidence level, the null hypothesis HO: gNRý=gNc is accepted. It can be thus concluded that 

at the latter confidence level, there was no significant difference between the corrosion 

weight losses recorded for the controls and the electrochemically re-alkalised specimens, 

whilst there was a difference between the corrosion weight losses recorded for the controls 

and the arginine-treated specimens. As for the corrosion weight loss levels for guanidin, e or 

ethanolamine-treated specimens, at the 99.9% confidence level, the three null hypotheses Ho: 

9NGýJiNC, Ho: 9NEn=9NC, Ho: 9NEcýgNc are rejected, indicating that there was a difference 

between the corrosion weight losses recorded for the controls and guanidine or 

ethanolamine-treated specimens. 
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Table 6.7 t-statistics for mean value of corrosion rates comnared with those of control 
Mean Variance txC Significance level a 

Arginine 2.72 2.16 -2.848 < 1% 
Re-alkalisation 5.79 12.15 +1.982 Not significant 
Guanidine 2.29 2.26 -3.673 < 0.1% 
Ethanolarnine nitrate 1.20 0.58 1 -6.780 < 0.1% 
Ethanolarnine carbonate 1.15 0.35 -7.062 < 0.1% 
Control 4.17 4.02 1 - 

1 
- 

6.5.3 Properties obtained from EIS measurement 

As may be seen in Figure 6.24, in the cases of guanidine and ethanolamine, the arcs in the 

intermediate frequency region (20kHz-IOHz), corresponding to the properties of the second 

element described in Figure 6.26, were too small to be distinguished, compared with those 

observed in the low frequency (a few Hz-SmHz). This is reflected by the relatively smaller 
Rf values shown in Table 6.6, compared to Ft values. It has been reported by Sagoe-Crentsil 

et al. (1992) that this phenomenon is representative for the fresh or non-corroded reinforced 

concrete or for the steel in calcium hydroxide solution systems. Also as claimed by Gu et al. 
(1997), although the use of this are to quantify the corrosion rate would not be accurate, this 

arc, which might indicate the corrosion products or the rust, might be used as a qualitative 
indication for rebar corrosion. Indeed, the passivation of the specimens treated with the two 

inhibitors was confirmed by the linear polarisation measurements. The increase in Rf values 

with respect to time, which was also observed in the experiment carried out by John et al. 

(1981), Andrade et al. (1989) and Sagoe-Crentsil et al. (1992), might suggest the increasing 

corrosion products formed on the steel surface for all cases. On the other hand, arginine, re- 

alkalisation and control specimens showed higher ratio of Rf values to &t values, probably 

indicating depassivation of steel, which was also supported by the smaller Rp values of the 

relevant specimens. An interesting interpretation can be that the significantly small Rf value 

in the case of guanidine (9fl-cm) at the first EIS measurement might indicate the protection 

of the steel bars by Ca(OH)2 that had possibly precipitated during the electrochemical 

treatment as suggested in Chapter 4. In the guanidine case, the precipitation of Ca(OH)2 

during the treatment is estimated to have been the most significant, since the pH in the 

vicinity of the steel cathode was the highest. Note that in the case of electrochemical re- 

alkalisation, the current density applied was smaller (IA/M2), which might have resulted in 

lower pH at the cathode than in guanidine case. 

The capacitances of the arc observed in this intermediate region (CPEf) were in the range of 

10-8_10-6 [tF/CM2, suggesting surface layer formation, as demonstrated by Sagoe-Crentsil et al. 
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(1992) and Ford et at. (1998) (see Table 6.1). Relatively higher values of this capacitance 

can be found in the case of arginine of an early stage and control (1.0-2.3gF/CM2) . The 

reason for this is not clear; however, it might seem to be relevant to corrosion products 
formed on the steel surface, with the polarisation resistance for the two cases taken into 

consideration. 

The double layer capacitance values of the low frequency impedance arcs (CPEdl) were in 

the magnitude of several hundred of 11F/CM2' which can be regarded as typical indicators for 

electrochemical reactions on the steel surface when other relevant reports are referred to 

(Hachani et al. 1991, Sagoe-Crentsil et al. 1992, Andrade et al. 1995, Gu et al. 1997, Ford et 

al. 1998). As presented in Table 6.6, the measured double layer capacitances in the corroded 

specimens (electrochemical re-alkalisation, control and arginine in an early stage) were 

observed to be higher (around 250-320p. F/cm2) than in passivated specimens (around 150- 

20ORF/cM2 , except for the first measurement of ethanolamine specimens at 60 days), and 

remained high throughout the measurements for 240 days. A similar trend has been reported 

by many researchers, based on the claims that the increase or the decrease in the capacitance 

value may respectively suggest an increase of the active area or the adsorption of the 

inhibitors on the metal surface (see subsection 6.2.3). It can therefore be said that the 

electrochemically injected ethanolamine and guanidine might have successfully adsorbed on 

the metal surface, maintaining the steel in a passive condition. No significant change in the 

capacitance values with respect to time was observed for all specimens except arginine- 

treated ones. Arginine specimens showed a significant change in impedance response after 
180 days, with a significant reduction in the capacitance to the smallest values after 180 days 

(less than I Oopy/CM2) . The reason for this phenomenon is unclear; however, it might be 

attributable to corrosion protection mechanism of arginine via its carboxyl group (RCOO'), 

forming a strong chemical bond with iron, which lowers the reactivity of iron atoms on the 

surface and facilitates passivation (Rozenfeld 1981). 

The smaller Pdl values of control specimens compared with electrochemically treated 

specimens show that the impedance plots for control specimens were significantly deformed 

throughout the exposure period of 240 days, as is typically observed in carbonated concrete 
(Andrade et al. 1989). It may be seen that the values were raised by means of the various 

electrochemical treatments applied; however, it is still unclear that the values in the case of 

arginine-treated specimens were similar to those of the control for the first 120 days. The 

calculated p.,, values were close to the theoretical value of 0.5 for pure Warburg impedance 
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in the cases of guanidine and electrochemical re-alkalisation; however the values were again 

smaller for the control specimens with smaller gradient of the diffusional tails. According to 

Sagoe-Crentsil et al. (1992), the lower value of p, indicates that diffasional rather than 

activation process dominated kinetics at the interface; however, the corrosion rates were 

observed to be especially high in control specimens, thus the low p" values would be merely 

attributable to the constant phase behaviour effects of the diffusion impedance associated 

with carbonation. 

As discussed in this subsection, electrochemical impedance measurement in the intermediate 

frequency and low frequency regions may provide substantial information related to the 

surface state of steel bars embedded in carbonated concrete that has been exposed to various 

electrochemical treatments. The application of the equivalent circuit shown in Figure 6.26 

does not seem to be far from realistic for the estimation of concrete/steel interface properties, 

but thorough elucidation of the physical meaning of the circuit still needs to be undertaken. 

6.5.4 Penetration profiles of corrosion Inhibitors 

The penetration profiles in Figure 6.29 showed small diffusion or dissipation of the injected 

inhibitors for the period of 160 days after the completion of the electrochemical treatment. 

The concentrations of the inhibitors that had accumulated in the vicinity of the embedded 

steel during the treatment remained high during the cyclic wet and dry regime for 160 days, 

probably contributing to the steel passivation. The reason for this may be that, since the 

concrete specimens were kept at RH 35% most of the time after the treatment, the migration 

of the inhibitor inside the concrete was expected to be negligible in the relatively dry 

condition if the effect of volatility of the inhibitor, i. e. ethanolamine, was neglected. 

For the investigation of the diffusive effect of the corrosion inhibitors in the specimens after 

the injection treatment, the mathematical model presented in Part I of Chapter 5 was 

employed for the simulation. It was desirable that the evaporation of the injected inhibitor 

from the material surface and the volatility of the inhibitor in the dry pores were taken into 

account for the prediction; however, it was expected that the model might become quite 

complicated. Then, in view of the limited period of this research, a particular case was 

investigated, which could be simply modelled with the following assumptions: After the 

application of the electrochemical inhibitor injection treatment to cement paste specimens 

studied in Chapter 4, the material surface was assumed to be coated by an impermeable 
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coating, by which the dissipation of the inhibitors from the surface was prevented and the 

pores in the material were assumed to remain fully saturated with the aqueous solution phase, 
leading to the following boundary condition at the surface (see Figure 5.1): 

J, =0 (at x--O) (6-9) 

Eq. (5-7) in subsection 5.4.1 is numerically solved with no externally applied current density 

(thus, simply applying i=O). The concentration data that were obtained from the simulation 

of the electrochemical treatment at 5A/m2 for 7 days described in Part I of the previous 
Chapter are used as initial concentration data for the calculation. The computation was 

performed with 500 elements and with a constant time step of 60 seconds, after the numbers 

of elements and the time steps required to obtain results with good accuracy and to ensure 

convergence had been investigated (see Appendix F). 

The predicted concentration profile evolutions for 160 days after the completion of the 

electrochemical treatment are shown in Figure 6.30 for the three corrosion inhibitors studied. 

The concentrations of inhibitors at the embedded steel are found to gradually decrease by 

diffusion in the cases of guanidine and ethanolamine, and after 160 days, the concentrations 

at the cathode are around 200mmol/l and 400mmol/l respectively, which are still regarded as 

sufficient concentrations for steel passivation according to the threshold obtained in Chapter 

3. After 160 days, the concentration profile of ethanolamine is fairly flattened mainly 

because of its large diffusion coefficient (see Table 5.3). On the other hand, the 

concentration of arginine at the steel cathode was found to increase by degrees from around 
150mmol/I to 250mmol/1 during the 160 days. It should be noted that, without the assumed 
impermeable coating applied on the material surface, the total concentrations of the 
inhibitors remaining within the material would be different due to evaporation of the pore 

solutions containing inhibitors or volatility of the inhibitors at the material surface. 

Therefore, the results presented in Figure 6.29 may indicate that the storage of the concrete 

specimens in the dry condition resulted in small diffusion or evaporation of the inhibitors 

inside or from the material, if the effect of the volatility of the inhibitors is neglected. In the 

cases of guanidine or arginine with smaller volatility compared with ethanolamine, this 

might be a beneficial aspect in applying the proposed injection treatment to carbonated 

concrete structures, since it is generally accepted that rapid penetration of carbonation may 

be found in atmospheres of moderate humidity (Tuutti, 1982). However, the effect of 

volatility needs to be considered in dry pores, which will be undertaken in the future work. 
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Figure 6.30 Concentration profiles of inhibitors in cement pastes after completion of 
electrochemical injection treatment (predicted by mathematical modelling) 
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6.6 CONCLUSIONS 

The main conclusions of this part of the investigations may be surnmarised as follows. 

(1) The proposed anodic polarisation method is cffective for determination of the case of 

passivation of steel embedded in concrete; however, the application of the method does 

not significantly contribute to the long-term passivation of the embedded steel. In 

addition, the application of the current densities used in this study has little effect on the 

long-term passivation of steel bars embedded in concrete treated with electrochemical 

inhibitor injection or electrochemical re-alkalisation. 

(2) When long-term durability of electrochemical treatment is compared among the three 

organic inhibitor injection methods and electrochemical re-alkalisation, the use of 

ethanolamine demonstrated the best performance in terms of steel inhibition. This may 

be attributable to the high concentration of the inhibitor accumulated in the vicinity of 

steel cathode during the treatment. For practical applications, the use of a carbonated 

solution of the inhibitor would be beneficial, since it would minimise the deterioration of 

the concrete surface. Guanidine also demonstrated substantial long-term durability. 

(3) Electrochemical re-alkalisation applied to steel bars embedded in carbonated concrete in 

this study showed relatively poor long-term passivation under the conditions investigated. 

This is probably because of the dissipation of hydroxyl ions from the steel in the highly 

porous concrete studied, and because of the insufficient total charge delivered to the 

reinforcement, compared with the required charge values stated in CEN draft (2000). 

(4) The corrosion rates obtained by means of linear polarisation during electrochemical 

monitoring were in good accord with the corrosion weight losses determined by 

gravimetric analysis for all specimens studied. 

(5) EIS measurement was found to provide some useful information related to the condition 

of the steel interface. The calculated film resistance in the intermediate frequency ranges 

appeared to indicate steel passivation in ethanolamine and guanidine-treated specimens. 

The measurements in the low frequency range showed reduced values of capacitance for 

the specimens treated with the passivating inhibitors, possibly indicating the adsorption 

of the inhibitor on the metal surface. 
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(6) The penetration profiles of the inhibitors inside the concrete specimens were almost 

unchanged for 160 days after the electrochemical treatment. This may result from the 

rather dry conditions applied in the experiment, where diffusion or dissipation of the 

injected species was expected to be limited. This might be the reason for the long-term 

passivation of the embedded steel. 

(7) The application of the mathematical model proposed in the previous Chapter for the 

simulation of the concentration profile evolutions of injected inhibitors after the 

treatment showed a rapid reduction in concentration of ethanolamine and guanidine at 

the steel bars, when the pores were assumed to remain saturated and the effect of 

evaporation and volatility of the inhibitors was neglected. The humidity inside 

carbonated concrete is usually low, which might thus be a beneficial aspect in applying 

the proposed electrochemical inhibitor injection treatments. However, the effect of 

evaporation and volatility needs to be carefully taken into account in the future research. 
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CHAPTER 7 

FATIGUE RESISTANCE OF COATINGS 

7.1 INTRODUCTION 

A significant consideration in reaching any repair strategy is whether to coat the concrete 

surface to inhibit the ingress of penetrating substances such as carbon dioxide, witter, and 

chloride salts. The question that arises is how we can protect and preserve our existing stock 

of structures so that they remain safe, serviceable and usable for many years to come. The 

obvious solution is to cut off the transportation path of these aggressive agents, and 

appropriate surface or barrier coatings on the concrete can be expected to do this efficiently, 

effectively, and economically due to an ease of application and low cost. The application 

requires thorough surface preparation, because a durable bond to the substrate is essential for 

coating effectiveness. 

There are now a wide range of proprietary products that are claimed to delay or retard 

corrosion by reducing chloride or carbonation ingress or by allowing concrete to dry out. 
However, they may not necessarily work as they are expected to. The stress applied on 

coatings due to temperature changes or wet and drying may degrade their barrier properties. 

The appearance of cracks can make carbon dioxide or chloride penetrate increasingly fast. 

For instance, as reported by Seneviratne et al. (2000), high bond strength can lead to 

localised failure of coatings, resulting in corrosion of embedded steel by allowing moisture 
ingress. 

According to the European Standard EN 1504-2 (2004), "Products and systems for the 

protection and repair of concrete structures - Definitions, requirements, quality control and 

evaluation of conformity - Part 2: Surface protection systems for concrete", which has the 

status of a British Standard (BS EN 1504-2: 2004), coating is defined as treatment to produce 

a continuous protective layer on the surface of concrete with a typical thickness of O. Imm to 

5.0min. In this standard, performance requirements for coatings are described, which are 

concerned with, for example, linear shrinkage, permeability to C02 or water vapour, 

adhesion, chemical resistance, crack-bridging ability, pull-off test, and diffusion of chloride 

ions. 
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DD ENV 1504-9 (1997) describes general principles for the use of products and systems for 

the protection and repair of concrete structures, in which a surface coating can be a method 

based on the several principles related to defects in concrete: protection against ingress and 

moisture control. This European Prestandard also states that a coating can be a method in 

terms of reinforcement corrosion based on the principle of increasing electrical resistivity of 

the concrete by limiting moisture content. According to the CRA (Concrete Repair 

Association 2005), this is currently being revised for publication as a full BS EN. 

(1) Coatings as carbon dioxide barriers 

Klopfer (1978) investigated protective coatings on concrete as carbon dioxide barriers, and 

discussed the effectiveness of protective coatings in terms of an equivalent air layer 

thickness, R, which is defined as 

R=g-S (7-1) 

Where S is the thickness of the coating and [i is the diffusion resistance coefficient to carbon 
dioxide. Klopfer (1978) suggested that an anti-carbonation coating must maintain an R value 

in excess of R=50m for it to be deemed effective. EN 1504-02 (2004) requires the resistance 

to C02 to be greater than 50m for coatings obtained by the test method EN 1062-6 (2002). 

According to Bassi and Davies (1996), a wide range of organic coatings had an acceptable 

carbon dioxide resistance immediately after the application; however, R values dropped 

significantly during artificial or natural weathering. Sanjuan and Olmo (2001) used a mortar 

coating for the same objectives. They found that the use of the mortar coating with a 

thickness of 2mm as a C02 barrier led to diffusion coefficients 3 orders of magnitude lower 

than that of uncoated concrete. David and Harrison (1990) carried out an experiment to 

evaluate how the effectiveness of acrylic-based coatings as carbon dioxide barriers varied 

with their thickness by means of accelerated carbonation (4% carbon dioxide). They 

indicated that the coats were more effective in terms of carbonation prevention as the 

number of coats or total coverage (g/m2) increased. 

(2) Control of reinforcement corrosion 

It is desirable that a coating can reduce the ingress of water from the environment, whole 

allowing the evaporation of moisture from the inside, so that the concrete consequently will 

reach lower values of humidity in particular in wetting/drying situations. According to 

Seneviratne et al. (2000), in the case of carbonated concrete without any chlorides, when the 

RH was maintained at or below 80%, the concrete had a high enough resistivity to restrict 
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the corrosion rate of the reinforcement to levels below O. lWcm 2, which are within the 

range typically recorded for corrosion rates of passive steel in non-carbonated concrete and 

are therefore not considered to be significantly detrimental (Andrade et al. 1990). 

Sergi et al. (1990) investigated the corrosion rates of the steel bars embedded in the non- 

carbonated, partially carbonated, and fully carbonated parts of sectioned concrete blocks 

obtained from 30 years old RC beams removed from a demolished building. Three water 

repellent surface treatments, silane, and siloxane, and silicone were applied to the concrete 

and their abilities to control corrosion were assessed under a regime of cyclic wetting and 

drying. As a result, the surface treatments proved to be effective in resisting water 

penetration by lining the pores of concrete with hydrophobic layers and thus limited the 

corrosion rate of steel in carbonated regions of the specimens during exposure to cycles of 

wetting and drying. 

Swamy and Tanikawa (1993) investigated the protective effect of coatings to prevent 

penetration of chloride ions by evaluation of the extent of corroded areas on rebars 

embedded in the concrete prisms subjected to a salt exposure regime, where the specimens 

were sprayed continuously with 3% NaCl in water for 5000 h at 35T. The four coating 

systems used were acrylic rubber, polyurethane rubber, poly-butadiene rubber and epoxy 

resin, all having a thickness of approximately II OOpm. The results indicated that the epoxy 

resin coating showed the best performance in protection of the reinforcement corrosion with 

no corroded area, followed by the acrylic rubber coating with a corroded area of 7% of the 

entire rebar surface, while the corroded area was almost 60% in the case of an uncoated 

control specimen. 

Seneviratne et al. (1996) used three elastomeric coating systems of a similar thickness (>400 

ýtm) with good crack-bridging abilities and showed that they were successful over a period of 

2 years in controlling reinforcement corrosion in carbonated concrete free from chloride. 

However, later in their research (1999), over the longer term, two of them were found to be 

only partially effective in retaining their waterproofing character after weathering, resulting 

in significant corrosion. 

Ibrahim et al. (1999) applied six types of coatings, namely sodium silicate, silicone resin, 

silane/siloxane, silane/siloxane with acrylic topcoat, silane, and acrylic coating respectively, 

to the surface of concrete cylinders that were subsequently immersed into 5% NaCl solution 

and compared the performance against the corrosion of the pre-corroded embedded 
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reinforcement bars by monitoring the corrosion current densities. The results showed that 

after four months of application, all six coatings maintained the corrosion current density at 
2 

approximately O. lWcm , and performed better than uncoated control specimens. They 

concluded that the reduction in the corrosion current density may be attributed to the reduced 
diffusion of oxygen and moisture. However, if oxygen diffusion was a rate-limiting factor, 

the potential of steel would be expected to be depressed to more negative values. Since this 

potential drop was not observed in their experiment, the reduction of corrosion current 
density should be probably attributed just to moisture reduction in concrete. 

Batis et al. (2003) compared the protective action against carbonation penetration and 

chloride-induced corrosion of an acrylic dispersion and an inorganic coating applied on 

concrete specimens in which steel bars were embedded. It was found that both coatings 

reduced the carbonation depth compared to control specimens, and that the reduction offered 

by the former was higher than the latter. This was also the case with corrosion rate. They 

concluded that the difference could be attributed to the fact that the acrylic dispersion forms 

a continuous film over the substrate surface, whereas the inorganic coating reacts chemically 

with the surface and just reduces the diameter of the surface pores. They also mentioned that 

the simultaneous use of alkanolamine-based corrosion inhibitor as an admixture (1.0% of 

cement by weight) together with the coating still reduced the corrosion rate by approximately 

40%. 

A protective surface coating demands reasonably good adhesion to the concrete, high 

durability, UV and weather resistance, prevention of water ingress, high resistance against 

carbon dioxide diffusion, but adequate water vapour permeability. Seneviratne et al. (2000) 

demonstrated that the use of an elastomeric coating system with particular properties can 

protect carbonated concrete from water ingress, and that it is desirable for coatings to 

develop only a modest adhesional bond to the substrate so that they can tolerate the stress 

associated with movements of the concrete without cohesional failures, which thus extends 

the service life of a structure. 

Certain basic engineering requirements, such as crack-bridging ability, elasticity, strain 

capacity, adhesion and fatigue resistance are also essential for the successful protection of 

concrete. Crack-bridging ability is also one of the most important factors which surface 

coatings should have. Concrete has a relatively low tensile strength and may crack easily. 

The cracking of concrete may arise from the inherent volume and thermal changes that occur 
V 
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during hydration of the cement, such as heat of hydration, plastic shrinkage, 
thermal/moisture movements or drying shrinkage, or they may be due entirely to applied 

stresses. Cracking may also originate from basic deteriorating processes such as freezing and 
thawing or alkali-aggregate reactions. Cracking is a common cause of the degradation of 

concrete, since cracks may affect its durability, by providing easier access to aggressive 

agents. If a coating has been applied over a concrete structure where shrinkage cracks or 

working cracks develop, the coating will tend to crack with the structure. Thus a coating 

without adequate crack-bridging ability will eventually break, losing its barrier properties, 
leading to reinforcement corrosion. Thus crack-bridging ability is a fundamental property 

when protective coatings are considered for concrete. 

7.2 LITERATURE REVIEW 

There have been some researches concerned with crack-bridging ability. Delucchi et al. 
(2002) investigated crack-bridging ability of several sorts of coatings for the purpose of 

correlating the results of crack-bridging ability with the intrinsic properties of the coatings. 
The six coating systems they used were: acrylic (thickness: 1200ýtm), acrylic with 

polyurethane top coating (1500ptm), epoxy-polyurethane with polyurethane top coating 
(220[tm), epoxy with fluorinated polyurethane top coating (300pm), epoxy with acrylic top 

coating (300gm), epoxy with fluorinated rubber top coating (1050pm). They applied each 

coating to specimens as shown in Figure 7.1, and the samples were slightly bent to break the 

substrate without damaging the coating, and then subjected to continuous opening of the 

crack with a cross-head speed of 0.5mm/min. Then the crack-bridging ability was evaluated 
by the displacement measured at the break in the coating. An analysis of the behaviour of the 

coatings in the area surrounding the concrete crack was also performed for the better 

interpretation of the recorded stress/displacement diagrams. From the results they concluded 

that the coatings that have a better chance of bridging cracks have an appreciable thickness 

as well as some extensibility and rather low stiffness. Later they (2004) evaluated the 

relationship between thickness and crack-bridging ability for an acrylic coating and an 

epoxy-polyurethane coating applied on a similar type of concrete specimen as that used in 

their previous work. They found that thicker coatings reached higher value of crack-bridging 

ability, and that as thickness increased the crack-bridging ability of acrylic coatings 

increased more rapidly than that of epoxy-polyurethane coatings. This difference was 

attributed to the difference in intrinsic mechanical properties of the two coatings, specifically 
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the capability of the coating molecules to reorient themselves by moving into free volumes 

spaces in the film under applied stress. 

Another research was carried out by Almusallarn et al. (2002), trying to establish a 

performance criterion related to crack-bridging ability for selection of coatings. They used 

five generic types of coating; acrylic, polymer emulsion, epoxy resin, polyurethane, and 

rubber coatings to compare the crack-bridging ability applied on a cement mortar specimen 

with two glued steel plates on its wings as shown in Figure 7.2. A tensile load was applied 

through the steel plates until the time of coating failure. They concluded that the epoxy resin 

coatings exhibited the highest adhesion to concrete, followed by rubber and polyurethane 

coatings and that since the acrylic and polymer emulsion were poor in adhesion they should 

be used only in situations where adhesion is not the basic requirement. They also claimed 

that the crack-bridging ability of the epoxy was the best and that the acrylic and polymer 

emulsion coatings were not effective in bridging the cracks. Based on their experimental 

results they finally demonstrated that the crack-bridging ability of over 0.5mm. is 

recommended as a performance criterion for the selection of coatings, but, the reason for this 

was not clear. 
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Figure 7.1 Specimen (Delucchi et al. ) Figure 7.2 Specimen (Almusallarn et al. ) 

In the experiment to test the crack-bridging ability of a coating described in the above 

researches, the coatings to be examined were rapidly pulled just one time until they were 

broken. When durability of crack-bridging property is concerned, Swamy and Tanikawa 

(1993) -examined the long-term stability of surface coatings in "extended states", in which 

acrylic rubber coatings bridging cracks on concrete prisms (200mm. x 200mm x 300mm) 

were exposed for five years to a hot and humid coastal environment or soaked in seawater in 

hot and humid conditions. This was to investigate whether the coating had the ability to 

accommodate movements in the underlying substrate and allow opening and closing of 
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cracks without fracturing. The results showed that the widths of the cracks on uncoated 

control specimens ranged from 0.3 to 1.5mm after 5 years' exposure to sea water and from 

0.4 to 0.8mm after 5 years' exposure outdoors; however, the acrylic rubber coating showed 

no blisters, peeling or cracking after 5 years of the exposure conditions. 

There have been few researches concerned with the performance of surface coatings applied 

on cracks that are forced to respond to cyclic loading where performance may depend on the 

fatigue resistance of the coatings. The coating materials which have been applied underneath 

the motorway bridges or railways viaducts have high crack-bridging ability in order to 

withstand the stress due to the active loads which are generated by running automobiles and 

trains. However after several months or years of application, in spite of its adequate crack- 
bridging ability, cracks are likely to appear on the coating just along the line of the original 

concrete cracks, which indicates lack in fatigue resistance. Swamy and Tanikawa (1989) 

mentioned that fatigue resistance is essential for successful protection of concrete as well as 

crack-bridging ability, elasticity, strain capacity, and adhesion of coatings. In this chapter 
fatigue resistance of coatings is focused on to have better understanding of the durability of 

surface coatings. 

As for crack-bridging ability, BS EN 1504-2 (2004) specifies the required test conditions in 

two ways based on BS EN 1062-7 (2004) which are continuous and cyclic opening of cracks. 

The former is similar to the manner in which Delucchi et al. (2002) or Almusallam et al. 

(2002) investigated crack-bridging ability of coatings. The latter is concerned with the 

investigation of fatigue resistance, when a spec imen, as shown in Figure 7.3 can be used for 

the test. After making an immediate crack into the coated substrate of the test piece, the ends 

of the reinforcing steel are fixed in the clamps of the testing apparatus. Then the dynamic test 

is carried out under displacement control at a recommended temperature (-10"C), using a 

crack width function as shown in Figure 7.4 during which the surface of the test piece is 

monitored in order to see if cracks occur or grow. In this test displacement is applied as a 

basic trapezoidal waveform (maximum crack width: Wo, minimum crack width: Wu) with 

superimposed simisoidal waveform of higher frequency and smaller amplitude as shown in 

Figure 7.4. The classification and test conditions are shown in Table 7.1. According to the 

standard, the requirement of coatings is that after testing no failures may occur. The standard 

also states that the required crack-bridging ability shall be selected by the designer with 

respect to local conditions such as climate, crack width and crack movement. 
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Figure 7.3 Dimension of coated prisms for dynamic crack-bridging test described in BS EN 
1504-2 (2004) 
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Figure 7.4 Change of crack width as a function of time (crack cycles as a trapezoidal 
function using 0.03Hz, superimposed crack cycles as a sinusoidal function using lHz, Wo: 
maximum crack width, Wu: minimum crack width) 

Table 7.1 Classification and test conditions 
Class trapezoidal sinusoidal 

Wo (mm) Wu (mm) n (times) f (Hz) n (times) f (Hz) 
BI 0.15 0.10 100 0.03 
B2 0.15 0.10 1000 0.03 

B3.1 0.30 0.10 1000 0.03 
B3.2 0.30 0.10 1000 0.03 20000 1.00 
B4.1 0.50 0.20 1000 0.03 
B4.2 0.50 0.20 1000 0.03 20000 1.00 
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7.3 PREVIOUS EXPERIMENTAL WORK ON FATIGUE RESISTANCE 

In previous research carried out in 1999 at the author's company (Central Japan Railway 

Company), the author and co-workers (Seki et al. 1999, internal report) focused on the 
fatigue resistance of coatings which were applied beneath RC railway viaducts for the 

purpose of preventing further carbonation of concrete. Unlike such concrete structures as 

static buildings or dams, RC motorway bridges and railway viaducts are exposed to 

numerous repetitions of dynamic loadings caused by the vehicles passing on them when the 
impacts often force the initially existing cracks on the concrete to move. 

Crack movements were measured by means of a 7r-shaped strain gauge fixed to bridge a 

0.1min wide crack in a concrete longitudinal beam when a train passed at approximately 

120km/h on a 20.5m long viaduct in Tokyo that consists of three continuous spans of 6m as 

shown in Figure 7.5. One example of the crack movement is shown in Figure 7.6. As seen 

from the wave pattern in this figure and the fact that a train consists of 16 coaches, each of 

which has 2 bogies, it can be derived that the number of repetitions of main crack opening is 

32 for every single passage of a train. The number of the train services is approximately 140 

every day, thus in the case of the concrete structures owned by the author's company, the 

total number of repetitions of crack opening every year due to the passages of the trains may 
be calculated as follows: 

32 x 140 x 365 = 1,600,000 times/year. (7-2) 

Figure 7.5 Schematic view of measured RC viaduct 
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Figure 7.6 Example of crack movement due to train passage 

The concrete beams of the structures have a wide variety of cracks, and for the investigations 

of the cracks, the crack width and the amplitude of the crack movement under active train 
loadings were measured. Crack gauge sheets were used for the measurement of crack width 

and 7c-shaped strain gauges were used for measuring the crack movement amplitude whilst 

the trains were passing on the structures. Crack movement was investigated at randomly 

selected 46 viaducts from total approximately 4200 viaducts with various length of span as 

shown in Table 7.2. As the minimum number of cracks visibly observed on the investigated 

viaducts was 18,18 cracks were randomly selected on each viaduct for the measurement (20 

cracks were selected on some viaducts). The on-site measurement results are shown in 

Figure 7.7, where it can be seen that the crack width ranges from O. Olmm to 0.3mm with the 

cracks movement amplitude within approximately 0.03mm. 

The coatings that had been applied on the concrete surface have a crack-bridging ability 

strong enough (>0.6mm) to tolerate the movement of cracks; however, within several years 

after the application, visible cracks began to appear on the coatings resulting from failure to 

accommodate the crack movements. This may imply that fatigue resistance needs to be taken 

into account for the selection of coatings applied to the concrete surface that has cracks with 

dynamic movement. 

Table 7.2 Crack measurement nlan 
Span 
(m) 

Number of 
viaducts 

Number of 
cracks 

Span Number of 
viaducts 

Number of 
cracks 

6 16 314 15 9 162 
8 2 36 17.5 4 72 
10 7 130 

- 
20 U 
- 

3 54 
36 

H 
5 3 54 
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Figure 7.7 Crack movement amplitude versus crack width under active loadings 

It was expected that the coatings would endure the dynamic movement of the cracks with 

their crack-bridging ability for a while once they are applied over the cracks on the concrete. 
Thus the authors assumed that fatigue resistance has some correlation with crack-bridging 

ability and that if a coating has a better crack-bridging ability, it has a higher fatigue 

resistance. Later in the subsequent research (Seki et al. 2001), the author and co-workers 

carried out an experiment to obtain the correlation between crack-bridging ability and fatigue 

resistance. 15 coatings of six material types, namely epoxy, acrylic rubber, poly-butadiene, 
PCM, polyurethane and chloroprene synthetic rubber, presented by 13 coating manufacturers 

were selected. Prism cement specimens (70mm \ 70mm \ 400mm, W/C 0.65) with a 

reinforcing steel bar (9=8mm) penetrating along the axis were prepared in triplicate with a 

0.2mm wide slit in the centre and the coatings were applied on the two sides of the prisms as 

shown in Figure 7.8. Prior to the fatigue tests, the crack-bridging ability of every coating was 

measured at room temperature according to JSCE-K 532-1999 (1999). After the both ends of 

the reinforcing steel were fixed in the clamps of the fatigue testing machine, the coatings 

were deliberately pre-stressed until the width of the crack became 0.4mm so that they could 

be damaged more easily by the fatigue cycles. Then a fatigue test of one million cycles was 

applied to the specimens at IOHz with amplitude of 0.04mm. The temperature was 

maintained at 204 21C. The fatigue resistance of each coating examined was evaluated by 

measuring the average of the crack length appearing on the coatings of triplicate specimens 

after the whole number of cycles. 

266 



CHAPTER 7 

The results are shown in Table 7.3 together with the each coating material, thickness, and 

crack-bridging ability. The combinations of D-I with D-2, and G-1 with G-2, indicate that 

their materials are the same (produced by the same manufacturing company), but their 

thicknesses are different. The descriptions of "0.00mm" in the crack length column (coating 

E) mean that coating remained sound with no cracks observed on the surface when the 

fatigue test was finished. The results coincide with those derived from Swamy and Tanikawa 

(1993) and Delucchi et al. (2004) in that the crack-bridging ability generally increases with 

the increasing thickness of the coatings. Almussalam (2002) claimed that the crack-bridging 

ability of epoxy resin was better than that of other coatings, whilst Swamy and Tanikawa 

(1993) insisted that acrylic rubber coating showed the best crack-bridging ability. However, 

the fatigue resistance of both materials, namely epoxy resin and acrylic rubber, was not 

observed to be significant in the test carried out by Central Japan Railway Company. The 

results show a coating of chloroprene synthetic rubber (coating E) has quite strong fatigue 

resistance with no cracks appearing on the surfaces and shows the best performance. 

The results show that the cracks appearing on the PCM coating were relatively small 

(coating L) throughout the fatigue test in spite of its small thickness. It is known that PCM 

has relatively weak bond strength (Almusallam. et al. 2002), thus it might be that the coating 

applied just close to the cracks lost adhesion during the cyclic loading, which eventually 

made it easier for the coating to accommodate the crack movement with a longer span thus 

with smaller strain. In order-for a coating to have a long durability in accommodating the 

movement of concrete cracks, it might be desirable that the coating does not have too much 

bond strength with the substrate. As mentioned before, Seneviratne et al. (2000) also claimed 

that it is desirable for coatings to develop only a modest adhesional bond to the substrate so 

that they can tolerate the stress associated with movements of the concrete without 

cohesional failures, which thus extends the service life of a structure. 

Figure 7.9 shows the correlation between the crack-bridging ability and the fatigue resistance 

evaluated by the length of the crack that appeared on the surface of the specimens. It can be 

concluded that a coating with a higher fatigue resistance has a higher crack-bridging ability. 

When a coating applied on such structures as motorway bridges or railway viaducts is 

intended to maintain a sound condition against fatigue cyclic stress for over ten years, it has 

to tolerate more than ten million cycles of crack openings. In the work to be described in the 

following section of this chapter in order to investigate the fatigue resistance of coatings 
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under such large numbers of cycles, fatigue tests are carried out with realistic crack width 

and crack movement referring to the on-site measurement results shown in Figure 7.7. 

Taking into consideration the fluctuating temperature throughout a ycar in the author's 

country, the tests need to be carried out at high and low temperature as well as room 

temperature at which the previous research was performed. 

TAIP. 71 Lencyth of crack on the coatini; y after one million cvcle,; of fatiLlue test. 

Coating 
No. 

Material Thickness 
Gtm) 

Crack-bridging 
ability (mm) 

Length of crack 
after fatigue test 

mm) 
A Acryl rubber 1,135 2.47 13.02 
B Poly butadiene 1,345 2.64 0.76 
C Acryl rubber 985 3.03 3.23 

D-I Epoxy resin 350 1.81 32.51 
D-2 Epoxy resin 950 2.83 4.71 
E Chloroprene 

synthetic rubber 
150 2.60 0.00 

F Epoxy resin 595 2.33 16.40 
G-I Epoxy resin 185 1.88 52.48 
G-2 Epoxy resin 505 2.01 30.07 
H Polyurethane 350 1.80 46.96 
1 Epoxy resin 330 2.56 4.91 
i Polyurethane 1,171 2.59 17.67 
K Epoxy resin 270 2.36 8.62 
L PCm 120 2.56 0.35 
m 690 2.73 0.50 

Vibrating ampl it ude =0.04mm 

Coated surface 3.5 

3 

2.5 

Initial crack width ca 2 
bo 

pulled to 0.4mm before test "" 1.5 CIO 

Strain gauge I-I shaped gauge 0.5 

0 
0 10 20 30 40 50 60 

C rack length in m) 

Figure 7.8 Specimen used in fatigue test Figure 7.9 Effect of crack-bridging ability on 
fatigue resistance 
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7.4 EXPERIMENTAL PROCEDURES 

7.4.1. Specimen preparation 

OPC was used to produce concrete prisms (width 90mm, length 230mm, and height 50mm) 

with water/cement ratio of 0.6 and maximum size of aggregate of 15mm. The mix 

proportions of the concrete are shown in Table 7.4. After having been cured in water ýor 28 

days, each prism was carefully cut by means of a concrete cutter into two pieces with same 
length, which were subsequently exposed to accelerated carbonation until the carbonation 
depth reached l0mm, at 20'C and 60% RH in a chamber where the concentration of carbon 

dioxide was maintained at 5%. After 2 months of carbonation, two of the specimens were 

broken and the carbonation depth was confirmed by a phenolphthalein test. Then all the 

surfaces of the concrete blocks were cleaned with a concrete grinder and each block was, by 

means of epoxy resin adhesives, fixed to a cement mortar board strengthened with fibre. The 

cement mortar board had been drilled to have six holes so that it could be fixed to a fatigue 

apparatus with bolts. Each pair of concrete blocks was arrayed with a 0.2mm thick plastic 

plate touching the sides of the both blocks in the middle to simulate a concrete specimen 

with a 0.2mm wide crack, after which a selected coating was applied on the surface of the 

concrete according to the manufacturer's instructions at a room temperature in the 

rectangular area of 50mmxl5Omm over the crack to form a single fatigue specimen. The 

schematic view of the specimen is as shown in Figure 7.10. The list of the coatings used in 

this test is as shown in Table 7.5 together with their thickness and crack-bridging ability at a 

room temperature, where seven types of coatings of five different generic materials, namely 

epoxy resin, chloroprene synthetic rubber, PCM, poly butadiene, and polyurethane are 

selected. Note that the coatings P-1 and P-2 are of the same material from the same 

manufacturer, but of different thickness. The coatings P-1, P-2, Q and R are identical to the 

coatings D-1, D-2, E and L respectively used in the previous research (see Table 7.3). 

Tnhli- 7AM; v nmnnrtinn-. nf r. nnr-. rt-. ti- 

Max. size of Water Cement Fine Coarse 
w/c aggregate 3) (kg/m (k g/M3) aggregate 3 

aggregate 3 (mm) (kg/m ) 
__ - 

(kg/M )_, 

0.6 15 174 290 917 898 
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150 

9 90 
Coating 

Cement mortar 
50 

board (t=8) 7-7 --- 
------------- - 

Iz 

5 
Carbonated Carbonated 

01 concrete oncrete 
150 

115 L S) 

200 0.2 

Figure 7.10 Specimen used in the fatigue test 

Table 7.5 coatings used in the fatigue test 
Coating 

No. 
Material Thickness (ýLm) 

Crack-bridging 
ability (mm) 

P-1 (D-1) Epoxy resin 350 1.81 
P-2 (D-2) Epoxy resin 950 2.83 

Q (E) Chloroprene synthetic rubber 150 2.60 
R (L) PCM 120 2.56 

S Poly butadiene 1,060 3.50 
T Polyurethane 730 1.85 
u Polyurethane 2,060 88.31 

7.4.2. Fatigue test 

The fatigue test apparatus used in this investigation was a "Dynamic Servo V-2728" 

manufactured by Saginomiya Co. Ltd. in Japan. The whole test system includes a large 

testing chamber (1000mmxl670mmx689mm) where the temperature and humidity can be 

controlled as desired. The performance of this system is described in Table 7.6. The chamber 

can contain 9 specimens (3 types of coating in triplicate) at one time as shown in Figure 7.11. 

One of the cement mortar boards is placed on a fixed plate of the machine and the other on a 

flexible plate that moves according to the cyclic vibrations given. Since the number of the 

cycles of crack openings to which a coating on a real viaduct is exposed during 10 years is 

calculated to be approximately 16 million times from Eq. 7-2, therefore, JIS A 1436 "Test 

methods for movement capability of coatings and sheets fully adhered on substrate" is 

adopted in this experiment, under which fatigue cycles of 6 million times are applied at 10 

Hz to the specimens at 20'C, then at 60'C, and finally at -10'C respectively. The humidity 

was maintained at 60% RH except at -100C. Referring to the on-site measurement of the 

maximum crack movement (approximately 0.03mm as seen in Figure 7.7), and allowing a 

margin of 0.01mm, fatigue testing amplitude was determined as 0.04mm, and sinusoidal 
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cyclic input waves were applied to the coatings under displacement control. After every I 

million cycles, the machine was stopped for several hours and the coatings were visually 

examined and photographed. 

Table 7.6 Te.,, t wo&m nerfnrmnnr, - 
Nominal force ± 30kN Frequency range 0.01-10 Hz 
Max. displacement ± 30mm Rated Pressure 20.5 MPa 
Max. velocity ± 6.3cm/s Temperature range -20-70'C (±2'C) 
Max. acceleration ± 3.96m/s' Humidity range 30-90%RH 

7.5 RESULTS 

The fatigue test results are shown in Table 7.7, where the experiment was carried out in 

triplicate. The solid lines correspond to the period during which the coating was observed to 
be sound. The point at which the solid line ends and the broken line starts indicates the 

moment when a crack or defect started to appear on the coating. The end of the broken lines 

corresponds to the failure, when the coating was broken over its whole length on the cracks. 

The surface conditions of all the seven coatings during the fatigue tests were photographed 

as shown in Figures 7.12-18 respectively. These photos were taken from just above the 

initial concrete crack after 1,2,6,9,12,15, and 18 million cycles of stress repetitions had 

been given to the specimens. The specimen numbers from left to right appearing in these 

figures correspond to those in Table 7.7 from top to bottom for each coating. The black 

rectangle in each picture is for concealing the information regarding to the coating brand or 

the manufacturer and thus has no connection with the experimental results. 

271 

Figure 7.11 Inside the chamber (left) and an installed spccimcn (right) 



CHAPTER 7 

As shown in Table 7.7 and Figure 7.12, the epoxy resin coating with a smaller thickness 

(Coating Pl, t--350 gm) showed poor fatigue resistance performance. Cracks started to 

appear on the coatings soon after I or 2 million of cycles at 20*C and gradually extended 

while the temperature inside the chamber was maintained at 60"C. After the temperature was 
decreased to -10"C at 12 million cycles, the rate of the crack extension was suddenly 

observed to accelerate and the coating finally failed at between 13 and 17 million cycles. 

However as shown in Figure 7.13, the coating with the same material with a larger thickness 

(Coating P2, t--950 gm) showed good performance and remained undamaged until the end of 

the fatigue cycles (18 million cycles). 

The chloroprene synthetic rubber specimens (Coating Q, t=150 Pm) showed a different 

cracking pattern as shown in Figure 7.14. Within the first several millions cycles after the 

experiment was started, the coatings began to have a couple of spots with a diameter of a few 

millimetres on the initial substrate cracks, and the spots gradually became larger with the 

increasing fatigue cycles. After the temperature was changed to 60"C at 6 million cycles, 

cracks connecting the neighbouring spots appeared on the coatings. Then the cracks 

continued to extend until the coatings failed at around 15-17 millions of cycles. This coating 
had remained undamaged and performed best according to the results of one million cycle 
fatigue test carried out in the previous research; however, in this experiment with more 

cycles at various temperatures, this coating was observed to show poor fatigue resistance. 

Figure 7.15 shows the crack view of the PCM coating (Coating R, t--120 gm). The PCM 

coating had shown relatively good fatigue resistance performance in the previous fatigue test 

detailed in the previous section. In the present experiment, the coating remained sound while 

the specimens were exposed to the first 6 million cycles at 20"C, and then almost invisible 

cracks with a small width appeared on the two of the three specimens during the next 6 

million cycles at 60'C. However, after the temperature was changed to -101C, the coatings 

were significantly damaged with vivid cracks appearing on them. One of the three specimens 

failed at 13 million cycles. As seen in the other two specimens, the crack extended in almost 

whole length on the coatings on the initial substrate crack at 15 million cycles. 

On the other hand, poly-butadiene (Coating S, t--1,060 Pm) and polyurethane (Coating T, 

t--730 [im; Coating U, t--2,060ýLm) coatings remained sound until the end of the fatigue test 

as shown in Figures 7.16-18 except one of the specimens T (T-2 in Figure 7.17), which was 

found to be fixed to the fatigue machine unfortunately in a wrong manner with unintended 
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torsional stress given to the specimen at the commencement of the fatigue experiment. No 

adhesion loss between the coatings and the substrate that could have tolerated the stress of 
the coatings and made it easier to accommodate the underlying substrate crack movements 

was observed in all specimens. 

Table 7.7 Results of fatigue tests 

Material 
20'C 60*C -100C 

No. (thickness 
(gm)) 

1 2 3 4 5 6 7 8 9 10 11 12 13 114 115 116 117TI8 

(million times) 
P 1-1 

Epoxy resin 
_L- 

L-2 P-1 (350) _ 
L- L-3+ 

_ T T 
P- 2-1 

Epoxy resin P- 2-2 P-2 (950) 
P- -3 

Chl oroprene 
Q synthetic 

rubber(ISO) Qý L+ 

R- 1 

PCM R- 2 R (120) 
R- 3 

S- 1 
l Po y S- 2 S Butadiene 

(1,060) S- 

T- 1 

Polyurethane T- 2ý_ T (730) 

U. 1 

Polyurethane U- 2 u 060) (2 , U. 
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Figure 7.12 Crack view on coating P- I 
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Figure 7.13 Crack view on coating P-2 
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Figure 7.16 Crack view on coating S 
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7.6 DISCUSSION 

The objectives of this research presented in this chapter were to investigate the factors 

affecting the long-term fatigue resistance of the coatings applied on concrete surfaces. Based 

on the results of the I-million-cycle fatigue tests that had been carried out in the previous 

research, the thickness and material of the coatings were the main two important factors that 

were investigated in the 18-million-cycle fatigue tests by means of a more precise fatigue 

apparatus. The tests were conducted at high or low temperatures as well as at a normal 

temperature in order to investigate the effect of temperature on the coatings' durability, 

taking into consideration the fluctuation of the temperature throughout a year in the author's 

country. 

In the previous research presented in section 7.3, it was suggested that a coating with a larger 

thickness has a higher crack-bridging ability and that a coating with a higher crack-bridging 

ability has generally a higher fatigue resistance. In comparison with the 18-million-cycle 

fatigue tests results of the two epoxy resin coatings of the same material from the same 

manufacturer but with a different thickness (P-1 and P-2), it can be said that the fatigue 

resistance increases with the increasing thickness of the coatings. This can be interpreted as 

indicating that the stress distribution caused by the movements of cracks in the underlying 

substrate can be more easily tolerated in the case of a thicker coating, resulting in longer 

durability of this repair method. 

It was concluded in the previous research that fatigue resistance increases with an increasing 

crack-bridging ability, however, the same trend was not observed in the fatigue tests with 

extended cycles at various temperatures. For example, the polyurethane coating, T, has a 

smaller crack-bridging ability of 1.85 than coatings Q (2.65) or R (2.56) as shown in Table 

7.5, but the coating T was not damaged throughout the entire fatigue test of 18 million cycles, 

whilst cracks appeared on the coatings Q and R during the tests. These two coatings had 

shown pretty good fatigue resistance performance without having almost any cracks during 

the 1-million-cycle fatigue tests in the previous research, where they had been examined as 

coatings E and L respectively; however, they were damaged during the present longer 

fatigue tests. This may be attributable to the different characteristics of the different 

materials used for the coatings. 
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For instance, it is known that epoxy resin and PCM are generally susceptible to cold 

temperature and they become hard in such conditions, resulting in reduced ability to 

accommodate the substrate crack movements (Swarny and Tanikawa, 1993). The results of 

the long-term fatigue tests in the present research show that the coatings of both materials, 

namely epoxy resin and PCM, revealed sudden acceleration of cracking soon after 12 million 

cycles, when the temperature was changed to -I O*C. 

Another example might be that it is also known that rubber is more susceptible to heat than 

other generic materials and that even among the various rubber materials, chloroprene 

synthetic rubber possesses more susceptibility to heat than other rubbers such as silicone 

rubber, fluorine rubber, or acrylic rubber. The material is also susceptible to cold. Although 

the chloroprene synthetic rubber coatings had shown no cracks during the fatigue tests 

presented in the previous research, the coatings showed accelerating rate of cracking at high 

and low temperatures in the second and final 6-million-cycle periods (60"C and -100C) after 

generating several small spots in the first stage in the present long-term experiment. 

In terms of the ability of the coatings to prevent the further penetration of carbonation, the 

applications of the epoxy resin coating with a smaller thickness (P-1) or the chloroprene 

synthetic rubber coating (Q) might not be effective since they would lose the barrier property 

by generating cracks or small spots approximately in only one year according to the fatigue 

experiment results and Eq (7-2). It can be also inferred that the use of the PCM coating (R) 

might not be recommended where the temperature is extremely high or cold. It can be 

suggested that the use of the poly-butadiene (S) or the polyurethane coatings (T or U) would 

be effective by protecting the concrete from carbon dioxide ingress for over 10 years. 

However the applications of a thicker chloroprene synthetic rubber or PCM coating might be 

effective, just as the epoxy resin coating with a larger thickness (P-2) showed a good fatigue 

resistance. 
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7.7 CONCLUSIONS 

(1) Crack-bridging ability and fatigue resistance of a coating generally increase with the 
increasing thickness if compared among the coatings of the same material. 

(2) The difference in materials of the coatings affects the manner in which the coatings are 
broken by the repetitive cyclic fatigue stress applied. 

(3) The temperature regime to which a coating is exposed may significantly influence the 

long-term durability under a fatigue condition. 

(4) In the case of applications of surface coatings to concrete structures where crack 

movements can be a significant problem, it is important to determine the appropriate 

thickness and material of the coating so that it can tolerate the movements of the 

substrate cracks for the required period. 
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CHAPTER 8 

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE WORK 

The aim of the present study, as mentioned in the introductory chapter, was to contribute to 

the better understanding of the issues underlying the remedial treatment of carbonation- 
induced corrosion of steel in concrete and to improve the applications of such treatments 
intended for alleviation of carbonation-induced corrosion as surface-applied corrosion 
inhibitors and surface coatings. As regards corrosion inhibitors, attempts were made to study 
the detailed inhibition/migration mechanisms and long-term durability of proposed 

electrochemical inhibitor injection treatments for carbonated concrete. Work was also carried 

out to establish a mathematical model, intended to provide a general basis for the prediction 

of migration of relevant species in the pore solutions of concrete during or after the inhibitor 

injection treatment. Fatigue tests were also carried out for investigations of the properties of 

surface coatings crucial for long-term fatigue resistance. 

8.1 GENERAL CONCLUSIONS 

8.1.1 Electrochemical injection of corrosion inhibitors 

From the research described in Chapters 3-6, the electrochemical injection of organic 

corrosion inhibitors, namely ethanolamine, guanidine, and arginine, into carbonated 

cementitious material was proved to be capable of allowing inhibitors to penetrate 

carbonated concrete into the vicinity of embedded steel in adequate concentrations for 

keeping the steel passivated. The method was also demonstrated to be effective in 

controlling carbonation-induced corrosion of the steel embedded in concrete when the latter 

was exposed to cyclic wetting and drying for several months after inhibitor injection 

treatment. The conclusive statements are presented in the form of giving answers to the 

issues raised in the introductory chapter (Chapter 1) as follows: 

(1) Evidence that inhibitors can stop or at least reduce corrosion rates of steel In 

concrete that suffers from carbonation 

The immersion tests carried out in Chapter 3 showed that the inhibitors, if present at a 

sufficient concentration in the carbonated electrolytes simulating the pore solutions of 
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carbonated concrete, could reduce the corrosion rates of the immersed steel. In Chapter 6, the 
inhibitive ability of the corrosion inhibitors in carbonated concrete was demonstrated by the 

small corrosion rates of steel observed after the proposed electrochemical treatment. 

(2) Inhibitor concentrations required at the steel for Its passivation 

As described in Chapter 3, the threshold concentration at which each of the three inhibitors 

studied is inhibitive or corrosive was confirmed by immersing mild steel bars in the solutions 

at various pH that simulated the pore solutions of carbonated concrete. The concentration 

value was found to lie between 0.01M and O. IM for ethanolamine and arginine, and below 

0.0 1M for guanidine, except at a considerably reduced pH value of 7.0. 

(3) Method of introducing the required concentrations of corrosion Inhibitors at the 

reinforcing steel 

As described in Chapter 4, the amine/alkanolamine-based organic corrosion inhibitors with 

widely varying dissociation constants studied were effectively injected into ftilly/partially 

carbonated cement pastes at depths corresponding to normal cover thickness to reinforcing 

steel when temporary electrochemical treatments were applied for up to a week at similar 

current density as applied in the case of electrochemical chloride extraction. The 

concentration of the inhibitors penetrating to the steel cathode was found to exceed a 

threshold value required for the steel passivation that had been obtained from the immersion 

tests. The different inhibitor penetration profiles observed were found to be explicable in 

terms of the degrees of ionisation of the different inhibitors in carbonated cementitious 

materials. The injected arginine converted to an anionic form in the highly alkaline cathodic 

region moved back towards the anode in the electrical field, resulting in a concentration 

profile having a plateau before the steel cathode. 

In the case of applying electrochemical injection of inhibitors to partially carbonated 

materials, it should be noted that, owing to the poor conductivity of the carbonated region, 

the effective current density passed through this region is smaller than that applied to the 

whole surface, which discourages the migration of ionic inhibitors towards the steel. In 

addition, the current density flowing from carbonated region into non-carbonated region at 

the boundary between the two regions tended to remove cationic inhibitors from the 

carbonated region. It can therefore be suggested that the use of the inhibitor whose dominant 

form is cationic in a neutralised solution and molecular in an alkaline solution, such as 
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ethanolamine, would be effective when the in ection treatment is applied to partially 

carbonated materials. 

The experimentally determined concentration profiles were reasonably simulated by the 

mathematical model developed in this thesis, which was based on the Nernst-Planck 

equation, taking account of acid/base dissociation equilibria and solubility products of 

relevant species, as shown in Chapter 5. The proposed model yielded reasonable agreement 

with experimentally determined concentration profiles of the organic base corrosion 

inhibitors of widely different pK. values. In the cases of ethanolamine and arginine, the 

model yielded better agreement with the experimental data when molecular interactions were 

represented by the introduction of an activity coefficient, which raised the apparent pKa' 

value of the inhibitors. This enhancement in pKa! value also helped to minimise the apparent 

charge imbalances observed in the experimental data in the cases of ethanolamine and 

arginine. In the cases of application of this model to partially carbonated material (Chapter 5 

Part 2), with the assumption that the material consisted of a network of resistors whose 

resistance depended on the local porosity and ionic constituents, the current distribution 

within the material (that is, the lowered current density effectively applied to the carbonated 

region) was successfully simulated, yielding reasonable prediction of concentrations of 

species in the material that had been determined by the experiment (Chapter 4 Part 2). The 

presence of lateral current flow was also simulated by application of the proposed model, 

and the current flow was found to affect the transport of species in the material. It may thus 

be inferred that for the practical use of this remedial method, it may be useful beforehand to 

investigate the distribution of carbonation depth within the concrete in order to minimise the 

reduced level of the inhibitor injection to the steel bars. 

An additional benefit, inferred from the increase in concentration of carbonate ion near the 

steel cathode after the electrochemical treatment as presented in Chapter 4, was that calcium 

hydroxide may precipitate in the vicinity of the cathode, contributing to reducing the risk of 

corrosion by producing a buffer to maintain alkaline conditions around the embedded steel. 

This precipitation of calcium hydroxide also might be indicated by the increase in film 

resistance observed in the intermediate frequency range of EIS measurements (Chapter 6). 

This phenomenon may be encouraged by the increase in pH during the injection treatment 

with guanidine as derived from mathematical modelling (Chapter 5). As observed in Chapter 

4, in addition to the effect of the corrosion inhibitors injected to carbonated concrete, the 

alkalinity of the pore solution was restored by the migration of hydroxyl ions generated by 
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reduction of water at the steel cathode. Furthermore, chloride ions present in the pore 

solution were driven away from the steel by ionic migration. These two phenomena are 
beneficial in terms of passivation of the steel. 

(4) Deleterious side effects that might arise by application of the treatment 

As shown in Chapter 4, high alkalinity was generated around the steel cathode by water 

electrolysis in the electrochemical treatment and this might cause a problem, i. e. ASR 

(alkali-silica reaction), if the concrete has susceptible aggregates. In the case of application 

of this treatment to fully carbonated concrete, however, the risk is expected to be reduced 

when corrosion inhibitors with near neutral pKa values, such as ethanolamine or arginine, 

are used as the anolyte, since the rise of the pore solution pH at the cathode is restricted due 

to the deprotonation of such inhibitors migrating towards the cathode. This moderate pH rise 

was successfully simulated by mathematical modelling detailed in Chapter 5. On the other 

hand, in the case of application of this treatment to partially carbonated concrete, in spite of 

the moderate pH rise owing to the deprotonation of inhibitors, the remarkably high 

concentrations of alkali metal ions induced near the cathode in non-carbonated regions 
involve the possibility of ASR, similarly as may be observed in ECR (electrochemical 

chloride removal) treatment, with similar magnitudes of current densities employed. 

During the treatment, the dissolution of surface concrete was observed when a nitrate 

solution was used as anolyte. This was because of the rapid reduction in pH value of the 

solution due to water electrolysis occurring at the anode. The use of a carbonated solution as 

anolyte, instead, was found to minimise this surface deterioration owing to its buffering 

capacity which served to accommodate the generated hydrogen ions. 

(5) Durability of the method 

The electrochemical monitoring of the embedded steel in carbonated concrete conducted for 

a reasonably long period after exposure to the electrochemical inhibitor injection showed 

that the use of ethanolamine and guanidine significantly reduced the corrosion rates and 

maintained passivation of embedded steel, compared with control specimens. Ethanolamine 

demonstrated the best performance, which might be attributable to the high concentration of 

the inhibitor accumulated near the steel. Treatment with arginine caused semi-passivating 

conditions. EIS measurements in the low frequency range showed reduced values of 

capacitance in the cases of passivating inhibitors, possibly indicating the adsorption of the 

inhibitors on the steel surface. 
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The penetration profiles of the three inhibitors inside the concrete specimens were found to 
be almost unchanged by 160 days of exposure to a cyclic wet/dry regime after the injection 

treatment. This may be a reason for the long-term passivation of embedded steel in the case 

of inhibitor applications. The application of the proposed mathematical model to the 

simulation of the concentration evolutions of injected inhibitors, however, showed rapid 

concentration changes due to diffusion, when the pores of carbonated concrete were assumed 
to be fully saturated. Therefore it was suggested that the partially dry conditions minimised 
the diffusion or dissipation of the injected inhibitors. This might be a beneficial aspect in 

applying the proposed injection treatment to carbonated concrete, which has low humidity 

inside the material. However, longer exposures to more aggressive environmental conditions 

would be necessary to provide further confirmation of the durability of the inhibitor injection 

method. 

Electrochemical re-alkalisation applied to carbonated concrete in the present research 

showed a poor long-term passivation effect, and the degree of the effect was similar to that 

of control specimens. This may be attributable to the dissipation of cathodically generated 
hydroxyl ions through the highly porous material and to the insufficient total charge applied 
during the electrochemical treatment. 

Anodic polarisation had been expected to be effective for instant determination of steel 

passivation and for encouraging long-term passivation by the enhanced potential of the steel. 

It was found that the polarisation was effective for the former purpose, but it showed 

insignificant effect for the latter purpose. 

8.1.2 Fatigue resistance of coatings 

In the case of application of surface coatings intended to alleviate the carbonation 

penetration and carbonation-induced corrosion on such concrete structures as railway 

viaducts that are exposed to millions of dynamic active loading cycles generated by the 

passage of trains, fatigue resistance of a coating has an important influence on long-term 

durability. The objective of the study presented in Chapter 7 was to investigate the factors 

affecting the long-term fatigue resistance of the coatings applied on concrete surfaces. 

Fatigue tests with a total of 18 million cycles were conducted at varied temperatures using 

several coatings of different materials with varied thickness, bridging a moving crack in 

carbonated concrete specimens. 
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As a result, it was found that the two properties that significantly affected the fatigue 

resistance of coatings were their thickness and composition. As regards the former property, 

the reason may be that the stress distribution caused by the movements of cracks in the 

underlying substrate was more easily tolerated in the case of a thicker coating. As for the 

latter property, some materials were observed to be susceptible to the effect of beat (rubber) 

or cold (epoxy resin, PCM and rubber). 

When a surface coating, as a repair method to retard carbonation-induced deterioration 

processes, is applied to concrete structures where crack movements with significantly large 

numbers of cycles can be a problem, it is important to determine the appropriate thickness 

and composition of the coating, taking into consideration the temperature of the environment 

to which the coating is exposed, so that it can tolerate the movements of the substrate cracks 

for the required period. 

8.2 RECOMMENDATIONSTOR FURTHER WORK 

8.2.1 Electrochemical injection of corrosion inhibitors 

The study on the electrochemical inhibitor injection method described in Chapter 3-6 

revealed features of the mechanism of migration of inhibitors during the injection treatment 

and the long-term durability of the treatment in terms of the inhibition of the embedded steel 
in carbonated concrete. However the following points are still unclear and further 

investigations would be necessary to clarify them: 

(1) The interface between the steel cathode and cement matrix needs to be investigated after 

the electrochemical treatment by means of microscopy in order to obtain direct evidence 

of the proposed phenomenon whereby calcium carbonate is converted to calcium 

hydroxide in the vicinity of the steel cathode. It may also be important to investigate the 

possibility of re-carbonation of this precipitated calcium hydroxide, since the 

precipitated lime near the steel is expected to reduce the corrosion risk. 

(2) There are still some mysteries concerning arginine, injection. The inconsistency in 

concentrations of arginine at the cathode after the injection treatment at 5A/M2 that were 

derived by experiment and mathematical modelling needs to be elucidated by fiirther 

investigating the appropriate modification of pKa3' value of the inhibitor. The moment at 
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which arginine initiated inhibition after the in ection treatment was quite late compared i 

with other two inhibitors' cases. The inhibition mechanism of arginine may also need to 
be clarified. 

(3) The long-term durability of electrochemical re-alkalisation needs to be ftirther 

investigated. The application of the treatment under a combination of a current density 

and duration which satisfies the required total charge (20OAh/M2, see subsection 6.3.4) 

to carbonated concrete with quite high porosity would be interesting. 

In addition, the following issues are raised if the electrochemical inhibitor injection treatment 
is to be practically applied to real structures in the future: 

(4) The following properties involved in the electrochemical injection of inhibitors may 

need to be optimised: concentration of inhibitors to be applied as anolyte, magnitude and 
duration of current density to be applied. The simulations by means of the proposed 

mathematical model with the above three properties as the parameters are expected for 

the optimisation. The clarification of this issue is expected to contribute to the better 

practical applications of this remedial treatment to real structures that suffer from 

carbonation-induced reinforcing corrosion. 

(5) The proposed mathematical model may need to be developed so that not only the 

evaporation of the injected inhibitors from the material surface but also the transport of 

the inhibitors in the dry pores after the injection treatment can be simulated, taking into 

account the volatility of the inhibitors. This development will help to estimate the long- 

term durability of the injection method applied under various environmental conditions. 

The electrochemical inhibitor injection is planned to be applied to sections of concrete slabs 

with dimensions of 70cmxlSOcmx25cm (see Figure 8.1, left) which were taken from a real 

RC viaduct in Shinagawa, Tokyo, when it was demolished in 2000. The cover depth is 

25mm and the bar arrangement is as shown on the right side of Figure 8.1. The chloride-free 

concrete has been carbonated for more than 40 years since the viaduct was constructed in the 

early 1960s. Before the treatment, several core samples will be extracted to examine the 

constituents of the pore solution as well as the carbonation depth and the porosity of the 

concrete. After the treatment, some sections of the treated concrete will be used for the 

analyses of the concentrations of relevant species by the same procedure as employed in the 
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present research (see Chapter 4), and other sections will be used for the investigation of 
long-term durability by means of electrochemical monitoring and inhibitor re-distribution 

measurements over a long time scale, similarly as conducted in Chapter 6,. 

Figure 8.1 Real concrete slab specimens (left: overview, right: bar arrangement) 

8.2.2 Fatigue resistance of coatings 

The temperature regime employed in the fatigue tests carried out in Chapter 7 (20'C for the 

first 6 million cycles, 60'C for the next 6 million cycles, and -101C for the final 6 million 

cycles) might be at least reasonable for investigating the factors affecting the long-term 

fatigue resistance of a coating, but might not be reasonable for the simulation of the 

environment to which the real concrete structures with coating applications are usually 

exposed. In addition, other environmental factors than temperature which may lead to the 

deterioration of coatings under cyclic stress need to be taken into account for the better 

prediction of the service life of surface coatings. Recommendations for further work on this 

issue are given as follows: 

(1) Fatigue tests need to be carried out under fluctuating temperature characterised by 

seasonal/daily variations of the local climate. 

(2) Simultaneous exposure of the coatings to acceleratedillumination by UV rays during the 

fatigue tests would be interesting. 
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APPENDIX A 

C03 2- ýc93« R-NH2 
1 

OH" 

THE CALCULATION OF CARBONATE AND BICARBONATE 

CONCENTRATIONS IN THE PORE SOLUTION CONTAINING ORGANIC 

CORROSION INHIBITORS 

The procedures to calculate the concentrations of carbonate and bicarbonate ions in the pore 
solution containing organic corrosion inhibitors, ethanolamine, guanidine, and arginine, from 
the data obtained by titration are shown below. 

A. 1 Solutions containing ethanolamine or arginine 

A. 1.1 Premises 

The series of equilibrium involved are assumed to be as follows; 
RNH3+ <* RNH2 + H+ (pKa' 9.75 for ethanolamine and pKa' 9.3 0 for arginine) (A) 

HC03": * C03 2, + H+ (pK2 10.34) (B) 

H2CO3 <--> HC03' + H+ (pKi 6.3 8) (C) 

where RNH2 is the molecular form of ethanolamine or arginine, and RNH3+ is the cationic 
form. The concentration of cationic species and hydroxyl can be considered to be negligible 
at pH values of 7.0 and 4.0. Thus, hydrogen ions provided by nitric acid are assumed to have 
been consumed by carbonate, bicarbonate, inhibitor molecules, and hydroxyl when pH value 
is reduced to 7.0, as illustrated below. Subsequently hydrogen ions are assumed to have been 
consumed by bicarbonate when pH value is lowered to 4.0. 

Initial pH 

pH=7.0 

pH=4.0 

APPENDIX A: 

o, 
4 

HC03" 

.3 
(P2C 

W) ý (a) 

(H2CO3) 
-- 

----------- 

A. 1.2 Experimental values 

The initial values of pHi,, i, are determined by means of a pH electrode and a pH digital meter 
described in section 2.5. The amounts of I OmM nitric acid required to lower the pH of I ml 
sample solution down to 7.0 and 4.0, are obtained by titration. 

A. 1.3 Calculation 

There are four unknowns to be solved: The total amount of carbonate (c) and bicarbonate (b) 
in the initial solution (mole), and the total amount of bicarbonate (b') and carbonic acid (a) in 
the pore solution of pH 7.0 (mole). 
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Mass balance is given by: 

c+b= b'+a 
The equilibria (B) and (C) are given by: 

log -E = -pK2 + pH,,, i, b 

log b' 
= -pKj + 7.0 

a 

(1) 

(2) 

(3) 

All the hydrogen ions (N, mole) consumed between pH 7.0 and 4.0 are used to convert (b') 
bicarbonate ions to carbonic acid: 

N=b' (4) 

Above Eqs. (1)-(4) are the four simultaneous equations to be solved for the four unknowns, 
(c), (b), (b'), and (a). The initial concentrations of carbonate (c) and bicarbonate (b) present 
in the pore solution are finally obtained: 

(I+ I OpKI-7.0). 10(pHi.,, -pK2) 

I+I o(pH,. i, -pK2) 
N (5) 

(I +1 OpKI-7.0 ) 

b= 
I+I o(pH,,,, -pK2) 

N (6) 

A. 2 Solutions containing guanidine 

A. 2.1 Premises 

The series of equilibrium involved are assumed to be as follows; 

RNH3+<* RNH2 + H+ (pKa 13.6) (D) 

HC03" C03 2- + H+ (pK2 10.3 4) (B) 

H2C03 HC03' + H+ (pKi 6.3 8) (C) 

where RNH2 is the molecular form of guanidien and RNH3+ is the cationic form. The 
concentration of cationic species and hydroxyl can be considered to be negligible at pH 
values of 9.0 and 4.0. Thus, hydrogen ions provided by nitric acid are assumed to have been 

consumed by carbonate, bicarbonate, inhibitor molecules, and hydroxyl when pH value is 

reduced to 9.0, as illustrated below. Subsequently hydrogen ions are assumed to have been 

consumed by carbonate and bicarbonate when pH value is lowered to 4.0. 

Initial pH 
C03 2- ýC? 3' R-NH2 

I 
OH" 

,, 
4 (C) 

, Co 2-,, 0" , 
"- 

.. 
1" HC03' 

pH=9.0 (b') 

(H2CO3) 

PH=4.0 ------------ 
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A. 2.2 Experimental values 

The initial values of pHi,, j, are determined by means of a pH electrode and a pH digital meter 
described in section 2.5. The amounts of lOmM nitric acid required to lower the pH of Iml 
sample solution down to 9.0 and 4.0, are obtained by titration. 

A. 2.3 Calculation 

There are four unknowns to be solved: The total amount of carbonate (c) and bicarbonate (b) 
in the initial solution (mole), and the total amount of carbonate (c') and bicarbonate (b) in 
the pore solution of pH 9.0 (mole). 

Mass balance is given by: 

c+b= c'+b' 
The equilibria (B) and (C) are given by: 

log c= 
-pK2 + pH,,,,, (8) 

b 

log -c = -PK2 + 9.0 
bi 

(9) 

All the hydrogen ions (N, mole) consumed between pH 9.0 and 4.0 are used to convert (b') 
bicarbonate ions to carbonic acid: 

N=2- c'+bl (10) 

Above Eqs. (7)-(l 0) are the four simultaneous equations to be solved for the four unknowns, 
(c), (b), (c), and (b). The initial concentrations of carbonate (c) and bicarbonate (b) present 
in the pore solution are finally obtained: 

(I +I 09.0-pK2 ). I o(pH"-pK2) 

-N (1+ 2 -109,0-PKI) -(I+ I O(P", -,, -PK2)) 

b= 
(I +1 09.0-PK2 ) 

(I + 2.109-P2 )- (I +I O(PH-,, -PK2) 
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APPENDIX B: 

THE COMPLETE LISTS OF CONCENTRATIONS OF SPECIES IN THE 

PORE SOLUTION AFTER INHIBITOR INJECTION TREATMENT TO 

UNIFORMLY CARBONATED MEDIUM 

Table B. 1 Concentrations of species in pore solution of carbonated cement paste after 
treatment of IM ethanolamine nitrate at OA/M2 (Ethanolamine and cations) 
Distance Concentrations (mmol/1) 

from 
surface pH Organic inhibitors 

Ne K+ 2+ M 2+ C 
Sum Of 

(mm) Total Cations 
g a charge 

2.5 9.2 499.0 398.8 15.9 11.3 40.2 109.0 724.4 

7.5 8.2 214.3 208.1 18.4 16.2 98.2 75.3 589.8 

12.5 8.0 110.0 108.0 23.6 13.8 99.4 66.9 478.2 

17.5 8.0 32.2 31.6 14.8 7.4 84.0 57.3 336.5 

22.5 8.7 7.8 7.1 17.6 7.0 46.6 56.0 237.0 

27.5 9.2 7.1 5.6 12.8 5.8 29.0 43.5 169.2 

34.0 9.4 16.0 11.1 15.4 5.7 6.7 43.3 132.1] 

40.5 8.7 2.0 1.8 8.5 3.5 25.1 38.5 141.1 

Table B. 2 Concentrations of species in pore solution of carbonated cement paste after 
treatment of IM ethanolamine nitrate at OA/m2 (Anions) 
Distance 

f m 
Concentrations (mmoL/1) 

ro 
surface 
iml 

pH 
OHO Cl" SO 4 

2- N03, C03 2- I 
HCO; Sum of 

charge 
- - 

2.5 9.2 1.41E-2 10.0 25.2 840.4 0.8 12.0 914.3 

7.5 8.2 1.66E-3 19.0 32.2 601.1 0.0 6o2 690.8 

12.5 8.0 1.05E-3 24.6 30.4 398.7 0.0 8.5 492.7 

17.5 8.0 9.12E-4 36.9 30.2 225.9 0.0 11.7 335.1 

22.5 8.7 5.25E-3 30.8 26.3 112.2 0.1 4.9 200.9 

27.5 9.2 1.48E-2 28oO 23.6 53.6 0.3 3.7 133.1 

34.0 9.4 2.5 1 E-2 24.6 17.2 45.7 0.5 4.2 109.9 

40.5 8.7 4.79E-3 t 23.5 1 26.1 20.0 0.1 3.6 99.5 
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Table B. 3 Concentrations of species in pore solution of carbonated cemcnt paste after 
treatment of IM ethanolamine nitrate at IA/m2 (Ethanolamine and cations) 
Distance Concentrations (mmol/1) 

from 
surface 

pH Organic inhibitors 
e ' 2+ 2+ Sum of 

(mm) Total Cations 
N K! Mg Ca 

charge 

2.5 8.0 822.7 814.2 9.7 16.5 33.6 81.0 1069.6 

7.5 9.3 410.7 308.5 7.9 10.2 22.3 48.8 468.9 

12.5 9.3 156.8 117.1 3.5 5.7 11.7 27.7 205.2 

17.5 9.5 104.9 68.8 9.7 6.6 8.5 22.0 146.2 

22.5 9.4 37.. 9 26.5 10.3 5.8 13.4 23.3 116.1 

27.5 9.5 20.7 13.0 23.6 8.8 6.9 19.0 97.2 

34.0 10.9 19.1 1.4 21.0 7.8 2.6 11.4 58.2 

40.5 9.5 4.8 3.2 15.7 5.9 11.9 29.6 107.8 

45.5 8.1 4.4 4.3 10.8 3.3 24.8 25.6 119.2 

50.5 7.8 4.8 4.7 10.8 4.7 23.1 26.2 118.7 

Table BA Concentrations of species in pore solution of carbonated cement paste after 
treatment of IM ethanolamine nitrate at IA/m2 (Anions) 
Distance 

from 
Concentrations (mmoVI) 

surface 
(mm) 

pH 
Off cr S04 2- N03" C03 2- 

I 
HCO; Sum of 

charge 

2.5 8.0 9.33E-4 13.5 43.4 795.5 0.1 14.6 910.6 

7.5 9.3 1.86E-2 14.9 111.8 193.6 
1 

1.1 13.1 447.6 

12.5 9.3 1.91E-2 17.3 76.7 16.8 0.8 9.6 198.8 

17.5 9.5 2.95E-2 5.8 44.4 9.7 0.6 4.8 110.4 

22.5 9.4 2.40E-2 4.4 35.8 2.1 0.5 4.2 83.2 

27.5 9.5 3.3 1 E-2 2.3 18.4 3.0 0.7 4.5 47.9 

34.0 10.9 7.08E-1 1.1 8.1 3.3 0.9 0.3 23.4 

40.5 9.5 2.82E-1 10.7 24.6 1.2 0.4 3.1 64.9 

45.5 8.1 1.23E-3 19.7 35.0 1.4 0.0 4.9 96.0- 

50.5 7.8 6.92E-4 22.6 32.5 0.0 2.9 92.7 
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Table B. 5 Concentrations of species in pore solution of carbonated cement paste after 
treatment of IM ethanolamine nitrate at 5A/m2 (Ethanolamine and cations) 
Distance Concentrations (mmoIA) 

from 
surface PH Organic inhibitors 

* + 2+ l+ Sum of 
(mm) Total Cations 

Na K Mg Ca 
charge 

2.5 7.8 556.6 551.0 16.8 7.3 18.3 100.9. 813.5 

7.5 10.0 225.2 82.2 13.6 7.9 1.7 7.9 123.0 

12.5 10.3 222.6 47.2 10.6 4.4 1.2 6.4 77.4 

17.5 10.5 292.3 43.3 4.3 5.6 1.1 1.9 59.2 

22.5 10.7 477.6 50.2 5.2 14.2 1.5 2.7 77.9 

27.5 11.1 1128.8 50.4 7.6 18.3 2.2 4.8 90.3 

34.0 11.6 1157.8 15.4 27.2 28.8 2.3 6.1 88.2 

40.5 10.0 108.6 39.1 22.5 13.6 8.6 22.7 137.7 

45.5 9.5 36.0 23.6 10.4 4.4 13.7 26.8 119.5 

50.5 9.9 15.1 6.6 30.0 7.9 17.3 26.9 132.7 

Table B. 6 Concentrations of species in pore solution of carbonated cement paste after 
treatment of IM ethanolamine nitrate at SA/M2 (Anions) 
Distance 

from 
Concentrations (mmoW) 

surface 
(mm) 

PH 
Off cr So 4 

2' N03, CO 3 
2' HCO; Sum of 

charge 
2.5 7.8 5.75E-4 14.4 32.2 795.1 0.0 15.9 890.0 

7.5 10.0 9.77E-2 4.8 60.5 17.0 13.7 30.6 200.8 

12.5 10.3 2.09E-1 2.2 23.5 2.2 12.3 12.9 89.2 

17.5 10.5 3.24Eol 2.2 13.1 0.5 18.4 12.4 78.4 

22.5 10.7 4.79E-1 1.3 6.8 0.9 35.1 16.0 102.6 

27.5 11.1 1.20E 0 3.0 5.6 1.7 57.8 10.5 143.0 

34.0 11.6 4.17E 0 1.2 6.1 1.8 44.7 2.3 111.1 

40.5 10.0 LOOE-1 9.6 46.1 0.0 2.6 5.8 113.0 

45.5 9.5 2.95E-2 14.0 36.2 0.0 0.7 5.3 93.0 

50.5 9.9 7.24E-2 16.4 33.6 000 1.9 5.7 93.2 
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Table B. 7 Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M guanidine carbonate at OA/M2 (Guanidine and cations) 

Distance Concentrations (mmolA) 
from 

surface pH Organic inhibitors 
Ne Ký ", 2' u Sm of 

(mm) Total Cations 
me Ca 

charge 

2.5 9.7 227.5 227.5 9.0 12.1 10.8 5.9 282.1 

7.5 9.0 52.3 52.3 24.8 5.9 18.4 20.9 161.4 

12.5 9.9 23.5 23.5 14.2 3.5 19.3 22.9 125.7 

17.5 8.6 8.9 8.9 34.4 8.1 32.9 27.1 171.4 

22.5 8.5 3.1 3.1 19.5 9.2 36.6 29.9 164.9 

27.5 9.8 1.6 1.6 22.5 5.8 16.6 32.7 128.5 

34.0 9.7 5.5 5.5 19.3 8.0 3.2 23.7 1 86.5 

0. 40.5 8.8 1 0.0 0.0 
1 

18.4 11.4 1 
1 22.6 26.4 128.0 

Table B. 8 Concentrations of species in pore solution of carbonated cement paste after 
trentment of 0.5M guanidine carbonate at OA/M2 (Anions) 
Distance 

f om 
Concentrations (mrnoW) 

r 
surface 
inpl 

pH OH* Cl, S04 2- N03, C03 2- HCO; Sum of 
charge 

-- - 
2.5 9.7 5.25E-2 12.9 89.7 14.8 61.8 283.9 

7.5 9.0 8.91E-3 22.3 51.3 0.4 9.2 134.8 

12.5 9.9 7.4 1 E-2 19.6 35.9 1.1 3.4 97.2 

17.5 8.6 3.63E-3 30.7 42.0 0.4 7.7 123.1 

22.5 8.5 2.95E-3 35.3 42.2 0.3 6.4 126.8 

27.5 9.8 6.3 1 E-2 27.1 25.7 0.8 2.8 83.1 

34.0 9.7 5.0 1 E-2 22.0 18.3 0.6 2.7 62.6 

40.5 8.8 6.3 1 E-3 26.1 30.2 0.2 4.5 91.4 
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Table B. 9 Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M %zuanidine carbonate at I A/m2 (Guanidine and cations) 
Distance Concentrations (mmol/1) 

from 
surface pH Organic inhibitors 

Ne K* me, 2" C 
f sum 0 

(mm) Total Cations 
a 

charge 

2.5 2 . 9.4 458.0 458. 3.7 0.0 25.0 14.6 540.9 
- 

7.5 7 9.2 261.8 261.8 11.5 0.0 10.0 15.9 325.5 

11 2.5 

[ 

10.0 112.0 112.0 6.0 6.3 9.2 14.0 170.6 

17.5 8.6 49.6 49.6 17.5 4.9 17.6 30.1 167.3 

22.5 8.7 23.2 23.2 15.7 6.0 12.3 23.9 117.1 

27.5 8.9 4.4 4.4 16.0 
1 

9.9 7.0 18.0 80.4 

34.0 11.2 2.1 2.1 17.7 14.6 2.4 7.7 54.8 

40.5 
1 

8.5 0.0 0.0 15.0 4.1 22.4 26.7 117.4 

45.5 8.7 0.0 0.0 12.9 7.7 25.7 25.2 122.3 

50.5 8.5 0.0 0.0 13.2 6.4 28.9 24.3 1 

Table B. 10 Concentrations of species in pore solution of carbonated cement paste after 
trentment of 0.5M Lruanidine carbonate at IA/m2 (Anions) 

Distance 
f 

Concentrations (mmoIA) 
rom 

surface 
(mm) 

pH 
OH' Cl, So 4 

2- N03, C03 2- HCO; Sum of 
charge 

2.5 9.4 2.34E-2 23.6 168.6 10.3 96.5 477.9 

7.5 9.2 1.70E-2 10.0 157.4 - 1.1 14.2 341.2 

12.5 10.0 1.07E-1 6.9 74.4 - 1.6 3.2 162.2 

17.5 8.6 4.27E-3 3.9 53.2 - 0.3 6.0 116.8 

22.5 8.7 5.50E-3 4.0 33.7 - 0.3 6.9 78.8 

27.5 8.9 7.41E-3 2.4 14.7 - 0.3 5.5 37.8 

34. 11.2 1.58E 0 1.7 8.0 - 2.5 0.3 24.6 

40.5 8.5 3.16E-3 11.1 32.1 - 0.2 5.0 80.8 

45.5 8.7 5 25E-3 18.9 32.9 0.3 5.5 90.8 

50.5 8.5 3.16E-3 20.8 34.5 0.3 6.4 96.8 
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Table B. 11 Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M guanidine carbonate at 5A/M2 (Guanidine and cations) 
Distance Concentrations (mmoVI) 

from 
surface 

pH Organic inhibitors 
e * 2+ 2+ Sum of 

(mm) Total Cations 
N K Mg Ca 

charge 

2.5 11.4 497.9 494.6 7.1 0.0 0.0 0.7 503.2 

7.5 12.3 293.7 279.3 7.1 0.0 0.0 5.5 297.5 

12.5 12.2 209.0 200.6 5.7 0.0 0.0 8.3 222.9 

17.5 12.1 130.4 126.3 9.2 4.9 0.0 5.9 152.3 

22.5 12.0 85.9 83.7 8.7 3.1 0.0 7.6 110.7 

27.5 12.5 150.0 138.0 8.0 3.5 0.0 2.8 155.0 

34.0 13.1 512.9 393.9 25.6 19.5 0.0 2.3 443.6 

40.5 10.5 19.9 19.9 28.9 3.6 5.3 18.8 100.6 

45.5 8.9 3.0 3.0 7.7 5.4 
1 

20.0 18.1 
1 

92.3 

50.5 9.1 0.6 0.6 9.0 2.8 1 21.0 19.6 
1 

93. 

Table B. 12 Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M guanidine carbonate at 5A/m' (Anions) 
Distance 

from 
Concentrations (mmoIA) 

surface 
(mm) 

pH 
OH' Cl, S04'" N03" C03 2- I 

HCO; Sum of 
charge 

2.5 11.4 2.63E 0 9.8 127.5 - 96.1 44.7 504.3 

7.5 12.3 2.04E+l 4.1 63.4 - 108.3 8.6 376.5 

12.5 12.2 1.66E+l 4.6 57.7 - 38.9 0.4 214.8 

17.5 12.1 1.29E+l 3.6 36.2 - 23.6 0.3 136.4 

22.5 12.0 1.05E+l 2.2 16.8 23.6 0.3 93.8 

27.5 12.5 3.47E+l 2.9 10.8 33.4 0.1 126.1 

34.0 13.1 1.20E+2 2.7 12.7 156.9 0.3 462.4 

40.5 10.5 3.16E-1 10.6 28.5 4.7 2.0 79.3 

45.5 8.9 7.46E-3 15.5 32.1 0.3 6.4 86.8 

50.5 9.1 1.23E-2 17.4 32.3 0.3 5.5 88.0 
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Table B. 13 Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M arizinine nitrate at OA/M2 (Arginine and cations) 
Distance Concentrations (mmolA) 

from 
surface pH Organic inhibitors 

Nd" K* e* 2' Sum of 

(mm) Total Cations 
m Ca 

charge 

2.5 8.5 300.9 262.2 9.5 2.9 34.4 68.6 480.5 

7.5 8.8 61.2 45.7 16.5 2.9 41.1 69.1 285.6 

12.5 9.0 20.0 13.7 17.3 3.7 41.1 45.5 208.0 

17.5 9.5 4.6 1.9 14.2 2.6 20.4 40.0 139.5 

22.5 8.5 2.0 1.8 15.4 2.5 32.5 29.1 142.8 

27.5 8.2 0.0 0.0 16.6 2.4 30.8 30.6 141.7 

34.0 8.3 0.0 0.0 10.9 1.5 27.2 36.2 139.3 

40.5 8.6 0.0 14.1 1.8 27.2 25.0 120.4 

Table B. 14 Concentrations of species in pore solution of carbonated cement paste after 
trf-. ntment of 0.5M anzinine nitrate at OA/M2 (Anions) 
Distance 

from 
Concentrations (mmol/1) 

surface 
(nLiný 

Inhibitor 
anions 

011- Cr S04 2- N03* C03'- IIC03- 
SUM of 
charge 

-- 
2.5 0.0 2.95E-3 5.4 26.0 371.7 0.2 12.3 441.7 

7.5 0.0 6.76E-3 27.3 17.8 192.5 0.1 3.7 259.3 
E125 

0.0 9.12E-3 13.8 24.5 141.8 0.2 5.5 210.6 

11 7.5 0.0 2.88E-2 20.0 18.7 69.2 0.5 3.9 131.6 

22.5 0.0 3.24E-3 25.6 25.9 48.5 0.0 3.8 129.7 

27.5 0.0 1.66E-3 25.2 31.8 30.0 0.0 4.7 123.5 

34.0 0.0 2.29E-3 26.9 30.7 14.5 0.0 4.2 107.0 

40.5 0.0 4.0 7E-3 
1 

26.9 32.6 9.8 0.0 4.6 106.5 
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Table B. 15 Concentrations of species -in pore solution of carbohated cement paste after 
treatment of 0.5M arginine nitrate at I A/M2 (Arginine and cations) 
Distance Concentrations (mmoVI) 

from 
surface 

pH Organic inhibitors 
e * 2+ 2+ Sum of 

(mm) Total Cations 
N K Mg Ca 

charge 

2.5 8.7 303.4 247.9 10.7 4.3 6.0 48.7 372.3 

7.5 9.2 189.8 103.6 3.1 1.2 1.5 29.1 169.1 

12.5 10.0 103.0 16.2 5.6 1.5 0.8 8.9 42.7 

17.5 10.1 56.2 8.2 2.5 1.0 0.8 5.7 24.6 

22.5 9.9 22.5 4.9 2.4 1.7 0.5 7.9 25.9 

27.5 9.6 3.3 1.1 2.6 1.5 0.7 5.7 18.1 

34.0 10.2 0.0 0.0 15.0 4.1 0.4 3.9 27.6 

40.5 9.5 0.0 0.0 5.0 1.7 2.2 8.1 27.3 

45.5 9.2 0.0 0.0 3.8 1.4 2.3 10.6 30.9 

50.5 9.2 0.0 0.0 5.7 2.2 4.2 16.0 48.3 

Table B. 16 Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M arginine nitrate at IA/m' (Anions) 
Distance 

from 
Concentrations (mmoIA) 

surface 
(mm) 

Inhibitor 
anions 

011' Cr S04'- N03' C03 2- HC03' Sum of 

charge 
2.5 0.0 4.47E-2 10.4 21.0 310.7 1.3 20.8 386.6 

7.5 0.0 1.66E-2 26 26.5 117.9 M 9.1 188.2 

12.5 0.3 1.07E-1 2.0 9.0 20.3 2.9 5.9 52.5 

17.5 0.2 1.17E-1 1.6 8.3 0.1 
1 

16 4.9 28.9 

22.5 0.0 7.08E-2 2.2 8.3 0.3 1.9 5.7 28.5 

27.5 0.0 4.07E-2 1.1 4.1 0.0 0.2 1.2 10.9 

34.0 0.0 1.58E-1 1.0 10.7 0.2 0.6 0.8 24.7 

40.5 0.0 3.24E-2 4.8 9.0 0.0 0.2 1.2 24.5 

45.5 0.0 1.70E-2 5.9 9.4 0.0 0.0 13 25.9 

50.5 0.0 L, 
. 62E-2 

1 
8.6 15.1 0.3 0.0 1.3 40.4 
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Table B. 17 Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M arginine nitrate at 5A/m 2 (Argininc and cations) 

Distance Concentrations (mmol/1) 
from 

surface pH Organic inhibitors 
e + 2+ 2+ Sum of 

(mm) Total Cations 
N K Mg Ca 

charge 

2.5 8.6 308.9 254.5 7.2 2.6 7.9 113.9 507.9 

7.5 9.8 237.1 53.0 3.0 1.7 0.9 7.2 73.8 

12.5 10.1 367.7 53.3 5.2 1.1 0.7 7.1 75.1 

17.5 10.4 313.4 25.0 4.1 0.8 0.0 5.9 41.7 

22.5 10.8 471.9 15.7 2.9 0.3 0.4 8.6 36.8 

27.5 11.2 533.8 6.5 3.9 1.5 0.0 12.6 37.1 

34.0 12.1 456.2 0.6 32.0 16.7 0.0 7.9 65.2 

40.5 9.8 31.1 7.1 12.0 1 3.5 1.2 15.1 55.1 

45.5 9.1 7.4 4.6 8.8 2.6 7.6 16.9 65.1 

50.5 9.1 5.2 3.3 6.9 1.9 
1 

4.2 
1 

12.2 44.8 

Table B. 18 Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M arginine nitrate at SA/m2 (Anions) 
Distance 

from 
Concentrations (mmoUl) 

surface 
(mm) 

Inhibitor 
anions 

011- Cl- S04'- NO; C03 2- HC03* Sum of 

charge 
2.5 0.0 4.27E-3 10.5 23.5 397.3 0.4 20.2 475.7 

7.5 0.2 6.92E-2 1.3 9.2 8.6 1 4.7 14.8 52.9 

12.5 0.6 1.17E- 1 0.9 5.2 0.7 11.7 21.8 57.9 

17.5 1.0 2.29E-1 2.6 4.5 0.8 14.7 14.1 57.2 

22.5 4.1 5.75E-1 0.1 3.7 2.0 24.3 9.2 71.9 

27.5 12.9 1.58E 0 1.0 3.2 1.6 26.2 5.0 80.9 

34.0 72.9 1.20E+l 0.4 8.2 1.2 32.9 0.6 169.3 

40.5 0.0 6.76E-2 7.9 14.5 3.8 1.3 4.3 47.8 

45.5 0.0 23E-2 8.8 25.4 2.2 0.3 4.5 66.8 

50.5 0.0 1.15E-2 10.5 14.4 1.6 0.2 4.6 46.0 
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APPENDIX C: 

THE COMPLETE LISTS OF CONCENTRATIONS OF SPECIES IN THE 

PORE SOLUTION AFTER INHIBITOR INJECTION TREATMENT TO 

PARTIALLY CARBONATED MEDIUM 

Table CA Concentrations of species in pore solution of partially carbonated cement paste 
after treatment of IM ethanolamine nitrate (Ethanolamine and cations) 
Distance Concentrations mol/1) 

from H Organic inhibitors I I I 
t, - -f 

surface 
(mm) 

p 
Total I Cations I 

NaT I K' Mg" I Ca" I - ". - 
c arge 

- [Left colurnnl 
3.0 1 10.2 990.0 259.3 17.9 18.7 0.8 45.3 388.1 
9.0 1 11.1 1420.1 58.1 10.2 15.8 3.3 11.4 113.5 

15.0* 1 12.8 1161.8 1.0 83.3 86.7 3.9 0.2 179.3 
-2 1.0* 13.5 407.4 0.1 138.2 213.5 9.4 7.0 384.6 

27.0* 13.3 154.2 0.0 114.8 127.3 0.0 2.7 247.5 
f Centre columnl 

3.0 1 10.4 947.3 190.2 1.8 11.2 1.0 47.3 299.8 
9.0 11.2 981.0 30.7 33.8 21.6 0.0 2.1 90.3 
15.0 11.0 1401.8 74.6 38.3 18.5 0.0 7.1 145.7 
Zl. O 11.9 1157.4 9.1 63.7 43.5 0.0 8.0 132.5 

-- 27.0 10.0 84.7 31.4 25.1 19.1 3.2 15.3 112.5 
[Right column] 

3.0 1 10.1 852.5 259.0 12.5 19.3 0.6 49.3 390.6 
9.0 11.3 1466.6 42.0 11.7 15.7 6.9 9.3 102.0 

15.0* 12.8 1205.9 1.0 75.7 93.9 0.0 2.0 174.6 
21.0* 13.5 350.7 0.1 153.2 216.9 3.6 11.6 400.5 
27 0* 13.3 173.6 0.1 120.9 : 108.5 0.0 2.6 234.7 

*: initially non-carbonated 

Table C. 2 Concentrations of species in pore solution of carbonated cement paste after 
trpntment of 1M ethanolamine nitrate (Anions) 
Distance Concentrations oIA) 

from 

surface 
(mm) 

pH oir cr 
I 

S02 4 NO; 2- C03 
I 

HCO)T; 
Sum of S 

charge 

eft col nl 
3.0 1 10.2 0.2 5.7 9.7 263.4 24.0 34.8 371.5 
90 1 11.1 1.3 0.9 4.6 27.3 38.8 6.4 

_I 
22.7 

15.0* 12.8 67.6 1.1 0.9 8.8 53.6 0.2 186.6 
21.0" 13.5 302.0 2.5 2.3 3.3 31.4 0.0 375.1 

--- 270* 13.3 218.8 1.5 0.8 0.5 23.8 0.0 270.1 
_ [Centre columnl 

3.0 1 10.4 1 0.2 4.5 6.1 223.4 24.5 24.4 313.8 
9.0 11.2 1.7 1.0 5.1 11.5 40.4 5.1 110.4 
15.0 11.0 1.0 0.8 15.5 7.1 52.2 11.4 155.7 
21.0 11.9 7.1 3.1 13.5 4.9 60.0 11.7 173.6 
27.0 10.0 0.1 1.9 49.6 6.6 2.4 5.4 117.9 

[Rip, ht colu nl 
3.0 10.1 0.1 4.9 6.9 268.1 20.2 35.9 363.3 
9.0 11.3 1.9 0.8 3.5 14.3 36.0 4.1 100.1 

12.8 69.2 1.1 0.9 4.7 50.5 0.2 178.0 
21.0* 13.5 323.6 2.6 4.2 3.9 21.9 0.0 382.3 
27.0* 13.3 177.8 2.1 1.1 2.6 31.7 0.0 248.2 

*: initially non-carbonated 
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Table C. 3 Concentrations of species in pore solution of partially carbonated cement paste 
after treatment of 0.5M guanidine carbonate (Guanidine and cations) 
Distance Concentrations ( mot/1) 

from H Organic inhibitors I I 
S f 

S surface 

(mm) 
p 

Total I Cations I 
Na' I Mg2+ Ca2+ um o 

charge F 
c 11 

I'Left colu nI 
3.0 1 12.7 499.8 447.2 7.9 0.0 0.0 6.8 468.8 
9. 13.2 753.5 545.9 14.0 26.7 0.0 5.4 597.5 

15.0* 13.6 845.7 442.3 17.4 28.1 0.0 6.8 501.5 
21.0* 13.6 449.2 219.4 81.4 134.5 0.0 6.5 448.4 
27.0* 13.3 55.3 36.0 69.4 105.2 1.1 9.1 230.9 

[Centre columnl 
3.0 11.7 497.1 491.4 7.4 0.0 0.8 7.2 514.8 
9.0 12.9 338.1 287.0 11.5 11.6 0.6 8.5 328.5 
15.0 12.5 217.2 201.2 18.7 16.5 1.1 5.2 249.1 
21.0 12.9 255.8 212.4 40.8 35.8 2.9 8.2 311.2 
27.0 10.8 10.0 10.0 16.2 13.3 6.1 22.4 96.4 

[Right column] 
3.0 12.6 454.0 410.1 7.9 9.4 0.9 6.5 442.3 
9.0 13.2 763.0 563.2 14.2 0.0 1.2 10.3 600.4 

15.0* 13.6 781.4 413.2 17.1 28.1 0.5 6.4 472.3 
21.0* 13.6 448.9 224.5 93.9 134.1 3.0 10.5 479.4 
27.0* 13.3 38.9 25.1 67.0 109.3 1.5 14.9 234.1 

*: initially non-carbonated 

Table CA Concentrations of species in pore solution of carbonated cement paste after 
treatment of 0.5M guanidine carbonate (Anions) 
Distance Concentrations (mmoVI) 

from 
surface 

M LM ý 
pH OF 

--l 

cr S04' 

- 

N03* 
1 

2- C03 
I 

HC03 Sum of 

charge 

- - fLeftcolu nj 
__ 3.0 12.7 1 46.8 4.3 40.5 157.9 0.7 448.6 

9.0 13.2 1 151.4 11.0 55.7 156.7 0.2 587.4 
15.0;, -- 13.6 1 363.1 2.7 6.9 37.4 0.0 454.3 
Zl . 0* 13.6 1 416.9 2.3 4.8 19.4 0.0 467.7 

-- - 27.0* 13.3 1 213.8 2.3 1.3 - 16.4 0.0 251.5 
[Centre col mnl 

_ 3.0 11.7 1 4.6 5.0 92.7 -1 134.1 6.3 469.5 
9.0 12.9 70.8 7.2 62.0 -1 56.4 0.2 314.9 
15.0 12.5 31.6 3.9 37.1 - 62.4 0.4 235.0 
21.0 12.9 81.3 2.6 40.0 68.1 0.0 300.0 
27.0 10.8 0.6 5.7 40.9 4.3 1.5 98.2 

[Right colu nj 
_ 3.0 12.6 42.7 4.1 31.2 166.8 0.9 443.7 

9.0 13.2 141.3 6.4 55.1 167.3 0.3 592.7 
1 15.0* 13.6 354.8 3.4 23.5 43.2 0.0 491.5 

2 1.0* 398.1 2.1 4.7 19.5 0.0 448.7 
27.0* 13.3 218.8 2.1 0.8 12.9 0.0 248.4 

0: initially non-carbonated 
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APPENDIX D: 

THE DETAILED DERIVATION OF EQUATIONS 

APPENDIX D-A 

If the rate of reaction (5-A) from left to right is expressed as RA, and so on, the reaction rate for each species can 
be written with RA ... RE, as follows: 

Rca =R. 4+RBs R C03 = R. 4 +RD ,R S04 = RB * R, = -RC, RM = RC, R HCOJ = -RD' 
ROH= -R, -RD+ RE, RH =RE. 

where R, and Rm represent the reaction rates for the ionic and molecular inhibitor species respectively. 
Eliminating RA ... RE. the following three independent equations are then obtained: 

Rc,, - 
RC03 - 

RHC03 -R S04 = 0, R, + RM = 0, RH- ROH+Rj +R HCO) = 0. 

If A, (x) is defined as A, = 
L, (x) 

_ 
J, (x + dx) or A, = , ý, (x) 

_ 
J, (x + dx) )+(J, (z) 

_ 
J, (z + dz) for one. 

dx dx 
( 

dx dx _ýT dz 
dimensional or two-dimensional models respectively, from Eq. (5-9) or (5-34) and the above three equations, the 
following may be derived: 

OCCII OcffM OCCO' 
-'CSO' =Ac. -AHccý - Aco, - AsO4 (Al), 2C-1 

+ 
2C-M 

= A, + A14 (A2), 
at at at at at at 

OCH ýCOH OCI 
+ 

OCHCOJ 

_+= AH-AOm+Aj+AHcO, (M) 
Ot at at at 

Solution equilibria involving water, calcium carbonate, and calcium sulphate are represented by: 
CH * COH = K,, 

, Cc. - Cco, = Kj , 
Cc. -C S04 = K, 

2 . from which the following three equations are 

obtained by differentiating with respect to time: 

aCm 
-Lw- 

aCOH 
(M), Cc , 

2C-c-' 
+ Cca - 

LEEL 
=0 (AS), CsO4 . 

aCce 
+ Cc@ . 

aCsO. 
.0 (M) 

C2 
03 

at 
OH 

at at at at at 
Similarly, equilibria involving the molecular and ionic inhibitor species, carbonate and bicarbonate are 
represented by: log(C,, IC, ) = -pK. + pH and 109(CCO3 ICHCOJ -pK2 + pH , from which the 
following expressions are derived by differentiation: 

aCl 
COH + 

aCOH 
C1 _I OpK. -pK. . 

aCM 

=0 (A7), 
aCHCO, 

COH + 
acom 

C"CCý 
_I OpK, -pK. . 

2CM 
=0 (M) 

Ft at Tt at at at 
Since AH is expressed in terms of AOH as AH Dy ý'- 

A0. (see Eq. (G4) in Appendix D-G), Eq. 
DOH COH 

(M) can be written using (M) as follows: 

_: 
ý. ) aCOH aCHCO, aC, K + 

C2 
I+ 

Tf 
)A 

0, -A fico, -AI 
(M) 

OH 

j 
at at 

( 

DOH 
ON 

APPENDIX D-B 

If the rate of reaction (5-L), (5-M) from left to right is expressed as RL and Rz, the following equations may be 

simply derived: 

Rc,,, = RA + RB - RL, RcO3 =RA +RD, R S04 = RB, R, = -RC. Rm = Rc - Rz, 

RjZCOO_ = -Rz 9 RMCO, = -RD, 
ROH = -R, - 

RD + RE - 2RL 
- Rz, R1, = RE 

- 
Eliminating RA ... RF_, RL and Rz from the right hand side of the above equations, the following two independent 

equations are obtained: 

ROH- 2RCa + 2RC03 + RHCO) + 2Rso, - R, - RH + R. 
RCOO- = 0, 

R, +Rm +R RCOO- 
-': 
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From Eq. (5-9) or (5-34) and the above two equations, the following are derived taking Into consideration 
OH (M) and A. 

DH 
C2' 

Aof (see Eq. (G4) in Appendix D-G), 
OCH K 

at COH at Don OH 

K. aCO, aC,,, 
+2 

accoý 
+ 

OCHC5 acso, ac, Oc"COM 
+ 

C02H 
Ft +2 -F--- +- at at at t Tt at 

AOf -2Ac. +2AcOý+AHcO, +2Aso. +AHco, -Aj+AAcOr (B 1), 
Do,, Co, f 

) 

ac 
+ 

acm 
+ 

ac 
" =A, +Am +A (B2) at at at Rcool 

From the solubility equilibrium condition of calcium hydroxide: Cc. - C' K 
OH s3t the following equation is 

obtained by differentiating with respect to time: 

2CC. -ýc 'H + 
6C, 

C" 0 (M) 
at at 

Similarly, equilibrium involving the molecular and anionic inhibitor is represented by: 
109(CRCOO- ICU) m -PKa3 + pH, from which the following expression is derived by differentiation: 

OCM. 
C 

OH 
+ 

OCOH 
CM 

_I 0 pK. 3-pK. . 

aCRCOO' 

=0 
(B4) 

at at at 

APPENDIX D-C 

The reaction rates have the following relationships: 
0' 000000 RCO, = RD, R, -RC 9 RM = RC, RHCO, = -RD, RH = RE, ROH = -RC - 

RD + RE. 
Eliminating RAO *-RE the following three independent equations are obtained: 

Rý - R; H + Rýco, + R; = 0, Rýp, + RHCO, = 0, RIO +R u* = 0. 
Since the total anodic current is the sum of two components (i- if"'+ io"), for example in the case of one- 
dimensional model, the following is derived by subtraction of Eq. (5-12) from (5-11): 

0 LCIf 

- 

OCOH 

+ R; - R;, f at 
Lo j'Y + J; m + YF 

(CI) at 
- 

X. 
Using 2C-H 

-LC-w 

2COH 
(M) and j,, 

PH Kw 
JOH (see Eq. (G3) in Appendix D-G) and Eq. (C 1), 

at c2 at D 2H z 
OH OH 

CO 

the first independent equation of the above three can be changed in form to give: 

I+D, 
K. )'J; 

HCo J; +Y 

+. &0 ac"f 
- 

ac-coý 
- 

ýCj D,, C;, 
JO*'f F. 

(0) 
C; 2 

I 

'V at at at 
IX-0 

X. 
The other two equations yield, 

( aCCO, 
. 

aCHC19, JC* 03 + Jlfcoý (0) and 
facl 

+ 
ac" 

__J; 
+Jý (C4) 

ý at , at Lo - X" 
IX-0- 

X" 
APPENDIX D-D 

The reaction rates have the following relationships: 
Rý0, = -RD*., R; = R;,, Rý = -RC*,, RýCo, = RD, Rý = -Rc*, - RDO. +RE, R0*H=RE IM 

Eliminating RAO ... RE% the following three independent equations are obtained: 

R* - R* + RýCo, + R; = 0, Rý0, + R* = 0. R; + Rý = 0. H OH HCO3 

Using 
'COH OCH 

, J011 if 
Kw 

(see Eq. (G5) in Appendix D-G) and Eq. (C I), for one- OH 
at C2 at 

ýD 

- 
C2 

JH 

HHH 

dimensional model, the first independent equation of the above three can be changed in form to read: 
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I+ 
DOH &+ 

4CO, + J; - *2 
1+ 

ac, 
+ 

aCHCO, 
+ 

ac, Dm Cm 

)J; 
YF 

(D 1) 
CM*2 

) 

at at ýTt f 
V. O 

Xa 

The other two equations yield, 
xcoj CECHCA JC*Oj + 4cai (132) and J; + j'*W 
-+ 

ýLc-, + CIC, (M) 
at 

I 

ý'* 
X4 

( 

at at 

10 

Xe 
From the three equilibria Iog(C, 1C, )=-pK. +pH . log(Cmco, 1Cco, 

(eq))--pKj+pH and 

log(CcO, 1CHcO, ) =-pK2. +pH, the following expressions are derived by differentiation with respect to time: 

n ac, CH 
co, 

+ VC (DS) 
2CI4 d 

Cý. + Cý . 
LCIf 

O-P'T. 
2ýLlj (134) and C; 

t 
CýA 

at 
1. 

-0 at '0 at 1" at at at 
OZ4 

APPENDIX D-E 

The reaction rates have following relationships (note that here the rate concerned with reaction (5-P) and (5-Q) is 
expressed as Rp*, and RQ): 

R; = R;, Rl' R;. - Rý, Rý -Rý,, RýO, = -R;,, RýCo, = R;. - R;, (NH3)2 M 

RýOý (,, q) =R p* ,R -R;. -R*00 H D' + RE - Rp- - Rý 
, 

ROH = RE 

Eliminating, Rc-% RD'*, RE'% Rp*, and RQ% the following three independent equations are obtained: 
= 0. R; + Rý + R; (, vu, ), = 0, RH* -ROH+ RHCO, + 2RC*O, (aq) + R; + RR(NH3)2 

$ R; 
02 

0. RýO, + Rl'ico, + (aq) = 

For example in the case of one-dimensional model, from Eqs. (5-12) and (5-15), the following can be obtained 
paying attention to i= i H+ io". 

LC, 
- 

aco, - J, + J,, - kjCý + YF 
+ R; - R; m 

(EI). 
LCýOH 

a at at t X. 
Similarly using Eq. (G5) and Eq. (EI), the first independent equation of above three can be changed as follows: 

YF 
(E2) D, Cz 

+ 
ac, 

+ 
ac"CO, 

+2- 
2S--2I-q1 

+ 
2Lf 

+A 
C; i at at at at at 1( H 

-0 
X, 

The other two equations yield, 
OCCOI 

+ 
ac-01 

+ 
acc.: (11) ýCoý + J"* + Jc*, ý k, C, * (M) 

at at at 
to 

=-X, 
and LCIL + ac. + 

ac, 
(NH))l J; + JL + 

J; 
(NH3)? (E4) ( 

at at at 
XO 

X8 

From the solution equilibrium 109(CHco, lCc, 
ý (,, q) -pKI + pH and 

109(CI1CR(NHj)j) = -pK., + pH, the following two equations are derived by differentiation with respect to 

time: 

2 acC ac 
_l0-, j,. 

aCcoý(aq)j (E5)and UL" ac, 
0-". 

aCI(NM)hI (E6) 
C;. + at C; 2% 1 at I 

S ýtoý 
at a ". 0 

"at 
X4 X-0 X-O X-0 

APPENDIX D-F 

If the rate of reaction (5-T) from left to right is expressed as RT, and so on, the reaction rate for each species can 
be written with RC and RT, as follows: 

Rca = RT, R, = -RC, RM = RC, Rom = 2RT- RC. 
Eliminating Rc and RT from the right hand side of the above equations, the following two independent equations 
are obtained: 

ROH-2RCa-R, =0, R, +Rm =0. 
From Eq. (5-9) or (5-34) and the above two equations, the following are derived: 
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LIC " 22C-"-LC'L=AOH-2AC. -Aj (FI) and 
at at at 

ac I+ ac U=A, +Am (F2) 
at at 

From the solubility equilibrium condition of calcium hydroxide: Cc. - C02 =Ks3t the following equation is OH 
obtained by differentiating with respect to time: 

CC 
2 Cc. - 

L-" 
+ Com -0 ca =0 (173) 

at at 
Equilibria involving the molecular/ionic inhibitor species are represented by: log(CwICI) = -pK. + pH. yields, 

LCC 

_I ojK. -pK. OH cl 
ýcm 

'00 
I COH +L 

at at at 

APPENDIX D-G 

(F4) 

Since J satisfies the flux equation (Eq. (5-2)), JH can be written as follows using Cn - COH =K. and 
aCH K. aC,, 

C2 at at 
OH 

J, = -D, VC, - ZHD, -f-VO C, = D, 
K' 

VCou - z,, D, _LVO 
K. (RT 

Coln 
(RT 

COM 

Note that, for one-dimensional model, VC, = 
ýC_l 

and so on. 
OIX 

JOH being expressed as Eq. (G2) below, Eq. (G I) is simplified as Eq. (G3) taking into account, zoH-. I and zle I, 

JOH=-DOHVCOH-zonDOH -LVO (G2) 
(RT )COM 

K JH = DH ýýw V 
OH + zOHD 

c02 
H 

'(RT 
0) 

COH 

DH (F 
VO)COH]=_ D K* [- 

DOHVCoj 
- zoHDOH 'a _& JON M) 

RT Do,, CO', j 
, L, W_J, (x + dx) Z) Since the definition of A, (, x) is A, = 

J, (x) J, (X + dx) 
or A, = -)+(Jl(z)_J, 

(z+d 
dr dc 

( 
dc dx dz dz 

) 

for one-dimensional or two-dimensional models respectively (in Appendix D-A), the following is finally derived: 

A, -Ld- 
K" 

Aoff (G4) 
Do, f c2 om 

When JOH is associated with JH, the following can be derived using C. - CoH= K. and Eq. (G3): 

Joff Dom K. 
Jff 

D. c2 
H 

APPENDIX D-H 

(G5) 

When Vc litres of Cc moUl inhibitor solution are titrated against CN moUl nitric acid, the pH of the mixed 
solution can be obtained as a function of the volume (V litres) of nitric acid added as follows: 

Mass balance: m, + MM = Cc - VC (HI) 

Equilibrium: Y-, Tm '(V, + V) * -VICH = lo-pKa, thus mm Im, = 10-PlIa (1-12) 
yIMI /(V, + V) 

Electroneutrality: C, + CH = CN03 + COH'thUS CI '(Ve + V) = CN 
*V 

I(Ve + V) +I 0)'M-14 (H3) 

where mi, mm are number of moles of inhibitor ions and molecules in the solution, and 10-Pr-' = y. 10-PK". The 

concentration of hydrogen ion is neglected in Eq. (H3) since it is not significant in an alkaline solution. 

C 
/(10 M, = cc V, -pKa'+pH + 1) is obtained from (HI) and (H2), and substituting this into (M), the following is 

obtained using K. '= I O-PK"' 

lop, j = 
10"Ka'C, V+Vc +V 4 . 1014 Ka'(Vc + V)(Cv V- Cc V 1+ 1- C) (H4) 

2(V, + V)Ka' (1014Ka' 
c +V)2 CN V+ V' 
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Since 4.10'4Ka'(Vc +V)(C, V_CCVC)1(1014 Ka'C, v+ vc + v)l << 1, Eq. (1-14) can be approximated as follows: 

pH(V), w14+1og 
CcVc-CvV (H5) 

1014 Ka'CNY+Vc 

where V in the term (1014Ka, CAV+VC+V)is neglected since it is insignificant in comparison with 

1014Ka'C N V. If pH(V) in (1-15) is differentiated twice with respect to V, the point of inflexion can be obtained as 
follows, 

d2 (pH(V)) 
=0 <* V= 

1014Ka'C C _1. VC (116) 
dV' 2-10"Ka'CN 

Then the pH at the point of inflexion is finally obtained by substituting (1-16) into (1-15), thus, 
. pH = pKa' (117) 
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APPENDIX E: 

THE COMPLETE LISTS OF WEIGHT LOSSES OF 13ARS EMBEDDED IN 

ELECTROCHEMICALLY TREATED SPECIMENS 

Table E. I Guanidine-treated specimens (NG); Total average: 2.29. variance: 2.26 
Sample Weight loss at each section No. mjz/cm') 

No. 1 2 3 4 5 6 7 8 
1 0.35 0.59 1.25 1.48 2.75 1.91 1.61 1.12 
2 0.99 1.38 2.89 1.33 2.44 2.22 2.47 4.12 
3 1.35 1.66 7.52 2.55 3.08 4.10 2.24 3.55 

Table E. 2 Ethanolamine N. -treated sDecimens (NEn), Total average: 1.20, variance: 0.58 
Sample Weight loss at each section No. mg/cm) 

No. 1 2 3 4 5 6 7 8 
1 1.44 1.02 0.62 0.71 0.67 1.84 1.09 0.98 
2 0.80 0.57 0.13 0.64 0.43 0.88 0.72 E0 

3 2.01 1.33 1.64 2.33 2.80 2.68 2.19 1.12 

Tnble E. 3 Ethanolamine C. -treated snecimens (NEO, Total averaee: 1.15. variance: 0.35 
Sample Weipht loss at each ction No. mg/cm) 

No. 1 2 3 4 5 6 7 8 
1 0.30 0.65 0.42 0.42 0.31 0.96 0.50 0.48 
2 1.13 1.98 1.67 1.60 2.13 2.36 1.79 1.23 
3 1.44 1.09 0.97 1.56 1.43 0.88 1.34 1.06 

Table EA Ar2inine-treated specimens (NA); Total average: 2.72, variance: 2.16 
- Sample Weight loss at each ction No. (mg/cm) 

No. 1 2 3 4 5 6 7 8 
1 1 

9 

1.86 0.28 1.80 3.87 4.41 1.73 2.39 2.11 
2 1.36 0.52 2.98 2.64 3.15 2.22 2.13 4.12 
' 2 3 2.38 1.12 3.54 3.67 6.65 2.41 2.55 5.43 

T. qble F. 5 Electrochemically re-alkalised specimens (NR)-, Total averaRe: 5.79. variance: 12.15 
- Sample Weight loss at each ction No. (mg/cm") 

No. 1 2 3 4 5 6 7 8 
1 6.54 5.47 12.38 15.98 13.33 6.81 8.21 6.69 
2 2.85 2.88 4.24 4.71 4.29 4.12 3.49 2.67 
3 3.37 2.67 5.11 5.10 5.80 4.74 4.48 3. IL_j 

T. qhlt- F-6 Control SDecimens (NC), Total average: 4.17, variance: 4.02 

Sample Weight I ss at each ction No. (mg/cm2) 
No. 1 2 3 4 5 6 7 8 

1 7.42 3.51 7.99 7.40 4.15 6.70 6.12 8.37 
2 2.67 2.35 3.67 3.12 2.42 2.45 2.76 2.19 
3 3.48 2.99 4.53 3.75 3.60 2.19 2.41 3.78 

[Keys] N.: nitrate, C.: carbonate for ethanolamine-treated specimens 
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APPENDIX F: 

THE STABILITY OF THE NUMERICAL SOLUTION 

The number of elements and the time steps required to obtain results with good accuracy and 
to ensure convergence of the numerical solutions were investigated. Figure (A) below shows 
the accuracy of the solution with increasing number of elements (N). The "erroe' in the 
Figure is concerned with the ratio of the concentration of the injected inhibitor at the cathode 
calculated when a certain number of elements was used, to that calculated when N=1,000 
was used (Error(%)=(CN-CI, 000)/CI. OOOXIOO). The Figure also describes the time step 
threshold at which divergence occurs. The value of "error" did not significantly depend on dt 
as long as the solution yielded convergence under the same element number. It can be seen 
from this Figure that the calculated condition employed in the present report (N=500 and 
dt--10 or 60) has good accuracy and ensures convergence. Figure (B) below shows the 
divergence-convergence threshold relationship between dx (element length) and dt (time 
step), which can be approximated by the theoretical divergence-convergence parabolic curve 
(dt/(dx)2=Const. ) (Noye 1982). 

Figure (A) 

Divergence 
C) 1.6 ......... 

1.2 - Convergence Divergence 
z ....... N=100 

> 0.8 - N=250 
1ý ..................... N=500 

0.4 .. _. 
iDivergence N=1,000 

0 Divergence 
Uj 0 

-0.4 
10 100 1,000 10,000 100,000 

dt (time step) (s) 

Figure (B) 
5. OE+04 - dt/(dx)2=Const. 
4. OE+04 - . -(N=100) 
3. OE+04 - 

Divergence 

2. OE+04 

1 OE+04 Convergence 
(N=250), 

O. OE+00 (N=1,000) 
0 0.2 0.4 0.6 0.8 

dx (mm) 
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1. Introduction 

The aim of this study was to establish a mathematical model for simulation of changes 
in the pore solution phase chemistry of carbonated hardened cement paste when basic 
organic corrosion inhibitors of the types investigated in Part 1 (1] are electrochemically 
injected under the influence of an applied current. Several researches on the modelling 
of migration of ions in concrete or related porous media have been reported, most of 
which are concerned with electrochemical chloride extraction. In some of these models, 
the transport of only a single ionic species, namely chloride ion, has been considered 
[2-4]. In others, however, the involvement of the various ions in the pore solution phase 
of the hydrated cement matrix within concrete has been accounted for and, in some cases, 
binding interactions at pore surfaces have also been included (5-10]. 

In the present work, two organic base corrosion inhibitors, ethanolamine (110-CHZ- 
CH2-NH2) and guanidine (HN=C(NH2)2) with pKa values of 9.5 and 13.6, respectively 
[11], were studied. To elucidate their migration in carbonated cementitious materials, it 
was necessary to examine the interactions of various ions in the pore solution phase, tak- 
ing account of acid/base dissociation equilibria and the solubility products of relevant spe- 
cies, such as calcium carbonate, calcium sulfate and calcium hydroxide. The results 
derived from modelling are compared with the experimental data published in Part I of 
the investigations (I I. 

2. Transport of ions in porous media 

It is well known that the transport of ions in an ideal electrolyte can be described by the 
equations of mass balance, ionic flux (Nernst-Planck), current conservation and electro. 
neutrality in one dimension as follows [12,13]: 

acj aij 
at ax 

(F aO 
J, = -Dj 

E- 
zjDj ,TIC, (2) 

ax TT 
Lax ) 

n 
F ziJi (3) 

EZ, Ci =0 
(4) 

where Ci is the concentration (MOI/M3), Ji is the flux (mol/m2/s), Di is the diffusion coef- 
ficient (m2/s), zi is the charge number of the ionic species i, F is the Faraday constant 
(9.64846 x 104 C/mol), R is the gas constant (8.3143 J/mol K), T is the temperature (K), 
0 is the potential (V), i is the current density applied to the pore solution (A/M2), t is 
the time (s), and x is the position coordinate (m). Convection is assumed to be negligible 
in this model. Substituting Eq. (2) into (3), then into (1), we have 

acj a [Dj ý-C' 
- zjDj 

i1F +E zDj ýcl 
(5) 

at X ax E z, 2DjCj Cil 

Eq. (5) fully describes the transport behaviour of ions in an ideal electrolyte and gives the 
concentration profile of every ionic species for given initial and boundary conditions. The 
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fact that elcctro-neutrality (Eq. (4)) is maintained in the case of constant externally applied 
current is shown by multiplying the valence numbers by Eq. (1) and summing both sides 
for all species 

(6) zic') ziJI) 

For a porous medium, such as concrete or a hydrated cement paste, the porosity and tor- 
tuosity need to be taken into account, leading to the following: 

(Ti) / (iJF) +E zjDj ýcl 
T2 

aC' 
=8 

[Dj ý-C' 
- zjDj r 

OX 
'Z2 

C, (7) ý-t ýX- ax DC, 

I 

where T is the tortuosity of the pore structure and c is the volume fraction of porosity. 

3. Physical model 

The physical system to which the above model is applied is shown in Fig. 1. It is 
assumed that an aqueous solution of the relevant corrosion inhibitor is applied to the sur- 
face of the carbonated cement paste and constant current density is passed between an 
anode placed in the inhibitor solution and a steel mesh cathode embedded within the 
cement paste. To simulate the dimensions of the specimens used in the experiments 
detailed in Part 1 [1], the cover depth and the thickness of the medium behind the steel 
cathode are set as x, = 34 mm and X2 = 16 mm, respectively. In this model, the species 
in the pore solution taken into consideration are the same as in Part 1 [1] except for mag- 
nesium since its concentration was insignificant. It is also assumed that, in carbonated 
cement pastes, the only solid phases with solubility products that have to be taken into 
account are calcite and gypsum; all other solid carbonation products at the surfaces of 
the pores (such as hydrated silica and alumina gels) are simply regarded as insoluble, 
non-reacting components, which have negligible influence on the pore solution composi- 
tion. The tortuosity T is assumed to be 2 [8] and the porosity to be 0.34, the latter value 
being calculated from experimental data shown in Part 1 [1]. 

xa X, 

RNH3*, INH2 Hardened cement past 
Anolyte 

(inhibitor solution) 
RNH30H Nat, K*: OK - Mesh. 

' 
' 

Cathode 
[ 
:, Anode CaC03, 'CaSO, - 

0x 

Fig. 1. Physical system of transport in hardened cement. 
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4. General and boundary conditions 

4.1. General conditions in the pore solution 

When an amine or alkanolamine-based corrosion inhibitor penetrates into an idealiscd 
carbonated cementitious material of the above type, the following chemical equilibria arc 
assumed to be involved: 

2+ + co2- CaC03 4=* Ca 3 (A) 
2++SO2- CaS04 <-ý Ca 4 

RNH3+ + OH- <--=> RNH2 + H20 
3 

HCO- + OH- 4=ý. C02- + H20 (D) 33 

H20 <-ý H+ + OH- (E) 

Since the pH of the pore solution within carbonated cementitious media is usually near 9.0 

and the pKa for the reaction 
C02 (aq) + H20 <--* HC03- + H+ 

is 6.35 [11], the concentration of carbonic acid is negligible. The formation of carbarnate 
by the following reaction (F) (14] is also assumed to be insignificant since the conccntra- 
tion Of C02(a4) is very low 

C02 (aq) + 2RNH2 . 4--* RNH+ + RNHCOO- (F) 3 
If we consider an infinitesimal element of length, dx, the rates of change of concentration 
for each species i (caused by the inward and outward fluxes and the rates Ri of chemical 
reactions that produce species within the domain) can be expressed as follows: 

aCj Jj(x) J#+dx) 
+Rj (8) Ft dx dx 

Note: Ri 0 for ions such as sodium, potassium, chloride, and nitrate that are assumed 
not to react chemically with other species in the domain. For these species, the time deriv- 
atives of concentration are obtained from this equation'. For other species, after each R, 
term is eliminated by the procedures shown in Appendix A, Eqs. (A. 1), (A. 2), (A. 5), 
(A. 6)-(A. 9) are obtained, which are the seven simultaneous equations to be solved to ob- 
tain time derivatives of concentration. 

4.2. Boundary conditions at the cathode 

At the steel cathode, there are two reactions generating hydroxyl ions due to water 
electrolysis: 

2H20 + 2e- --4 20H- + H2 

2H20 + 02 + 4e- --+ 40H- 

(G) 

(H) 

Thus the boundary condition for hydroxyl ions at the cathode is simply expressed as 
follows: 

JOH (9) 
ZOHF F 
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Since (G) and (H) are the only reactions considered to take place at the cathode surface, it 
is assumed that the fluxes of other ion species are not affected by the existence of the steel. 

4.3. Boundary conditions in the cathode region at a high pll 

As shown in Part I[I) and in previous investigations [ 151, the concentration of calcium 
ions present in the pore solution phase of carbonated cement pastes is typically >20 mmol/ 
1. Since the concentration of hydroxyl ions near the cathode is raised by reactions (G) and 
(H), it is to be expected that calcium hydroxide precipitation will occur locally when the 
concentrations of Ca 2+ and OH- ions exceed the solubility product for the reaction: 

Ca2+ + 201-1- =: ý- Ca(OH)2 (1) 

After the system reaches this stage, the calcium ions consumed by reaction (1) are assumed 
to be replenished by reactions (A) and (B) so that the equilibrium saturation conditions for 
CaS04, CaC03 and Ca(OH)2 are maintained. Thus at this stage the boundary condition 
must take into consideration the reactions (A)-(E) and (1). In this case, for the species that 
are assumed to react chemically with other species in the domain, after each R, term in Eq. 
(8) is eliminated by the procedures shown in Appendix B, Eqs. (A. 5)-(A. 8) and (B. l)-j B. 3) 
are obtained as the seven simultaneous equations to be solved for the time derivatives of 
concentration. I 
4.4. Boundary conditions at the anolyte interface 

The pH of the external anolyte is assumed to be lowered by the following two reactions 
taking place at the anode: 

40H- 2H20 + 02 + 4e- (J) 
2H20 02 + 4H+ + 4e- (K) 

If the current density consumed by each of the above reactions at the anode can be ex- 
pressed as 1OH and iH, respectively, the boundary conditions for each ionic species are de- 
scribed as follows: 

aCH iH IF J*H 
+Rý (10) 

at 

Lo 

X, 

I-OH 

Xa 

aCOH IF 
_ 

JOH 

+ R; 
H at 

Lo 

- Xa Xa 

aci L'*+R* (ioHandioOH) (12) TTLO =-X. i 
where * denotes the values defined at the interface and Rý and R; tj are the reaction rates of 
other chemical reactions at the interface involving H+ and OH- ions. It is also assumed 
that the concentrations of all species in the anolyte are uniform since the transport of ions 
in the external electrolyte is much faster than in the internal pore solution. 

4.4.1. A nolyte with alkaline pH 
Before the anolyte solution is neutralised by reactions (J) and (K), it is assumed that the 

three reactions (C)-(E) take place. For'the species that are assumed to react chemically 
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with other species in the anolyte, after each Ri term in Eqs. (I 0)-(12) is eliminated by the 
procedures shown in Appendix C, Eqs. (A. 7), (A. 8) and (C. 2)-(C. 4) are obtained as the 
five simultaneous equations to be solved for the time derivatives of concentration. 

4.4.2. Anolyte with neutral pH 
As the pH value of the anolyte is lowered to the near-neutral region, but before it 

becomes low enough to start dissolving significant quantities of solid material from the 
surface of the carbonated cement paste, it is assumed that the following reactions occur 
as well as reaction (E): 

RNH2 + H+ RNH3+ (CI) 

C02- (D') 3+ H+ HC03 

For the species that are assumed to react chemically with other species in the anolyte, after 
each Ri term in Eqs. (I 0)-(l 2) is eliminated by the procedures shown in Append ix D, Eqs. 
(D. I)-(D. 5) are obtained as the five simultaneous equations to be solved for the time deriv- 

atives of concentration. 

4.4.3. Anolyte with acidic pH 
The enhancement in concentration of hydrogen ion at the anode eventually causes dis- 

solution of calcium carbonate (assumed to be in the form of calcite) from the surface of the 
carbonated cement paste. In this process, the following reaction is dominant under acidic 
conditions (pH < 4) [16]: 

CaC03 + H' =* Ca 2+ + HC03- 

the dissolution flux JDjý, being given by: 

JDiss = ki [H'] = ki Cý 

(L) 

(13) 

where k, is a dissolution rate constant. Note: JDi,. has a positive value if the flux goes in the 
negative x-direction. Therefore the boundary conditions for hydrogen, calcium, and bicar- 
bonate are changed from Eqs. (10) and (12) as follows: 

aCH iH IF J* J- iH IF Jý kiCý H 
-"D"+Rý =- +Rý 

at 

[=O 

Xa X, Xa X, xa X, 

acca Jýa 
+ 

JDiss Jý. ki Cý 
-=--+ (15) 

Ot 
=O 

Xa X, Xa xa 

aCHCO3 4co, 
D 

+ 
L-" 

+ RýCO, = -: 
ýH-Co' 

+ 
kl CH 

+ Rýc03 
at 

[=O 

Xa X, xa X, 

Here the equilibrium between bicarbonate and hydrated carbon dioxide, for the equation 
shown below, needs to be introduced since pKI for the following reaction is 6.35 [11]: 

HC03- + H+ '#`* C02(aq) + H20 (M) 

For the species that are assumed to react chemically with other species in the anolyte, after 
each Ri term in Eqs. (11), (12), (14)-(16) is eliminated by the procedures shown in Appen- 
dix E, Eqs. (DA), (D. 5) and (E. 2)-(E. 5) are obtained as the six simultaneous equations 

whose solutions yield the time derivatives of concentration for each species. This condition 
is taken into account in the modelling to be described only when the pH of the anolyte is 
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below 4.0. In this model, k, = 1.65 x 10-5 cm/s is derived from the average dissolution rate 
under non-stirring conditions, as reported elsewhere [17]. 

5. Activity coefficients 

To account for the non-idealised behaviour of concentrated electrolytes, it is necessary 
to consider how to model the activity coefficients of the various ionic species [ 18]. These 
may be treated in several ways, as discussed elsewhere in relation to modelling of elcctro- 
chemical chloride extraction from concrete (6]. In the present contribution, however, a 
modified Davies equation [19] (Eq. (17)) is used as this has been claimed to be usually 
fairly accurate over a range of ionic strengths up to 1200 mmol/l: 

In y., 
A z2 VIT 

+ 
((-4.17 x 10-5)j+ C)Az2I 

1+ BaVI- -1/10-00 

where y, is the activity coefficient for the ionic species with a charge number of z, I is the 
ionic strength of the solution defined by I=0.5E, " lz'Cj (mmol/1), A and B are the De- 
bye-HOckel constant and extended Debye-Mickei constant, respectively, as shown in 
[19], C is 0.2 and a is the mean radius of all ions, which is assumed to be 0.3 nm in this 
model. The values of the equilibrium constants appearing in the previous sections are 
shown in Table I along with the corrections that need to be applied to them, taking into 
account the activity coefficients. 

Whilst the activity coefficients of the ionic species referred to in Table I can be esti- 
mated by means of Eq. (17), those of the uncharged molecular species require further 
consideration. Thus the activity coefficient for hydrated carbon dioxide molecules, 
C02(aq), is assumed to be 1.0 since their concentration in solution is quite low. Simi- 
larly, for guanidine solutions, the high pK. value (13.6) implies that the proportion of 
guanidine existing in the molecular form is generally small enough for its activity coef- 
ficient to be assumed to be 1.0. In the case of ethanolamine solutions, however, the 
much lower pKa value (9.5) means that the assumption would be invalid because a sub- 
stantial proportion of the inhibitor exists as the molecular species in carbonated cement 
pore solutions. Thus for ethanolamine, a molecular activity coefficient, ? "", must be 
introduced which can be incorporated into an apparent dissociation constant for the 
inhibitor, K., expressed as follows: 

Table I 
Equilibrium constants used in the model and their corrections 

Species Equilibrium constant -logK [11] Corrections (r) 

RNH2 Ka =y JRNH21yj [H']/y, [RNHIJ 3 9.5 (Ethanolamine) Kaly 
13.6 (Guanidine) 

HC03- K, = yj [HC03 ly, [H']/[C02(aq)] 6.35 KI/y2l 

col- 3 
K2 = Y2 [C02-1y, [H+I/y, [HCO-1 

33 10.33 K21Y2 

CaC03 Kj I= Y2 (Ca 2+ IC02-1 JY2 
3 8.47 K,, l /y22 

CaS04 Kj2 ý Y2 [Ca 2+jy2[SO2-1 
4 4.31 K, 2/y2 2 

Ca(OH)2 
2+]y 

12 Ks3 = Y2[Ca [OH-f 5.30 /V2y2 Ks3 
I 

H20 K,, = yi[H+]y, [OH-] 14.0 K. /y2l 
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pKa log 
[RNH21, [H+] 

= _log 
y. - [RNH21 * YJ * [H'I 

+ log Y. [RNH'] yj - [RNH'I 33 

= pK. + log y. 

The activity coefficient of a neutral solute in an electrolyte solution may be estimated by 
means of the Pitzer model [20,21], from which the molecular activity coefficient, y,,, of a 
species such as RNH2 can be represented as follows: 

log yn, ; ztý 2 ARNH2. RNH2CRNH2 + 1: ARNH24Ci (19) 

i34RNH2 

where Aij are binary interaction parameters representing the short range interactions be- 
tween the species i and j in the solution. This equation indicates that the activity coef. 
ficient is affected by the self-interaction between the inhibitor molecules and by the 
inhibitor molecule-ion interactions. Unfortunately, however, published Ay values relating 
to ethanolamine are not available. Thus, to provide some indication of the likely contri- 
butions to yn, of the two different interactions, ethanolamine solutions at concentrations 
of 0.0 1,0.1,0.5 and 1.0 M were titrated against 1.0 M nitric acid. The solutions also 
contained Na2SO4 at concentrations of 0.0,0.01, and 0.05 M because the two ions 
(Na+ and S02- ) are important constituents of the pore solution phase of carbonated ce- 4 
ment pastes and they have been found to exhibit relatively large Ay values in aqueous 
ammonia solutions [22]. The titration curves are shown in Fig. 2 for the cases of 
o. 0 I M, 0.1 M, 1.0 M ethanolamine without Na2SO4. The total number of moles was 
kept as 0.005 by adjusting the volume of the ethanolamine solutions. Since the point 
of inflexion of a titration curve indicates the pV. value of the initial solution, as shown 
in Appendix G, the pK. values were estimated from the zero points of the second deriv- 
atives of the titration curves, the latter being interpolated with a third order polynomial 
function. The results obtained for pV. and yn are shown in Table 2, from which the 
molecular seff-interaction appeared to be dominant and the pK' value was approxi- 
mately constant for ethanolamine solutions at concentrations >011 M. For the sake of 
simplicity, a constant pK, value of 9.75 was therefore assumed in the modelling reported 
below. 

12.5 

12 

11.5 

11 

10.5 CL 
10 

9.5 

9 

8.5 

Fig. 2. Titration curves for 0.0 1 M, 0.1 M and 1.0 M ethanolamine solutions against IM nitric acid. 

0 0.5 1 1.5 -22.5 3 3.5 4 4.5 
Volume of 1.00 M nitric acid (ml) 
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Table 2 
pK'. values of ethanolarnine obtained from titrations 
Concentration of 
inhibitor (mol/1) 

Without Na2SO4 

PIC', Ym 

0.01 M Na2SO4 

pK, ym 

0.05 M Na2SO4 

pK. TM 
Dilute solution 9.5 [111 1.000 - - - - 
0.01 9.65 1.412 9.65 1.412 9.67 1.480 
0.10 9.76 1.819 9.75 1.778 9.79 1.950 
0.50 9.75 1.778 9.75 1.778 9.78 1.905 
1.00 9.75 1.778 9.75 1.778 9.78 1.905 

6. The application of the model 

A finite difference method [23] was used to compute the concentration profiles through 
the domain that is assumed to consist of infinitesimal elements with a length of dx. It was 
also assumed that each element has a representative value at its central node, x= xj, where 
j is the number of the discrete area, thus the concentration of the species i in a certain ele- 
ment j can be represented as follows: 

xj+idx 
C, (Xj) ; zt" 

xj-idx 
Ci(x)dxldx (20) 

For example, the second derivative of the concentration with respect to x is given at the 
element as follows: 

01Cj(X) Ci(xj+, ) - 2Ci(xj) + Cj(xj_j) 
ax: 

I 

XýXj 
- dX2 

(21) 

In this paper, the fourth order Runge Kutta method [24] was applied for the integration of 
Eq. (7). The system of equations was solved with a FORTRAN 95 programme (25], the 
algorithm of which is described as follows: 

I. The initial concentrations of each species (CAx) at t= 0) are given at each element as 
described in the following section. 

2. Activity coefficients yj are calculated for each species and the values of the equilibrium 
constants are corrected as shown in Table 1. 

3. The time derivatives of concentration for each species are calculated by the procedures 
already mentioned in the general or boundary conditions section above based on 
Eq. (8). 

4. The concentrations of each species at the next time step are obtained by the integration 

of Eq. (7) at all nodes. 
5. The routines of 2-4 above are repeated for the time steps required after which the final 

concentrations of each species are obtained. 

The numbers of elements and the time steps required to obtain results with good accu- 
racy and to ensure convergence of the numerical solutions were investigated until a stable 
solution was obtained, from which the computations were performed with 500 elements 
and with a constant time step of 0.1 s for the first 10,000 loops and then a time step of 10 s. 



1214 J Kubo et aL / Corrosion Science 49 (2007) 1205-1227 

When the pH of the anolyte is reduced below pH 4, the generation of carbon dioxide 
gas may need to be taken into account. According to Henry's law, the partial pressure 
of carbon dioxide (PCO) is related to the concentration Of (C02(aq)) as follows: 

C02 (9) + H20 '#ý* C02(aq) (N) 

KH : -- [C02(aq)]/PC02 (22) 

where KH is Henry's constant. The naturally occurring partial pressure of C02(g) is 
10-3.5 atm at I atm total pressure. With KH = 10-1.42 M/atrn at 25 *C [26], the saturation 
concentration Of C02(aq) is assumed to be 10-4.92 M. In the computation, after C02(aq) 
reaches this value, the excess of this species is assumed to be converted to carbon dioxide 
gas due to the reaction (N) from the right to the left hand side. Since C02(aq) is not elec- 
trically charged, this conversion does not affect the overall charge balance among the spe- 
cies at the interface. 

7. Initial conditions 

Anolyte solutions of volume 120 ml containing 1 .0M ethanolamine nitrate at pH 8.0 
(produced by mixing equal volumes of 2m ethanolamine and 1.97 M nitric acid) and 

Table 3 
Initial conditions of species in pore and external solutions 

Charge 
number (z, ) 

In pore solution 
(mol/1) [pH = 9.01 

Diffusion coefficient 
(D, ) (m 2 /S) 

In external solution (mol/1) 
Ethanolamine Guanidine carbonate 
nitrate[pH=8.01 [pH=11.741 

01-1- -1 
1.00 x 10-5 a 5.3 x 10-108 1. ()0 X 10-6a 5.50 x 10-3, 

Na+ +1 9.00 X 10-3 b 2.8 x 10-1111 - - 
K+ +1 6.00 x 10-3b 4.0 x 10-1111 
Ca 2+ +2 7.43 x 10-3' 1.6 x 10-119 - - 
RNH3+ +1 - 6.0 x 10-11 9.83 x 10-1' 9.86 x 10-1 c 

(for ethanolamine)h 

3.0 x 10-11 
(for guanidine)h 

RNI-12 0 - - 1.75 x 10-2c 1.36 x 10-2c 

C02- 
3 -2 6.68 x 10-7d 9.2 x 10-1 " - 4.81 x 10-1* 

HC03 - -1 1.43 x 10 -5' 1.2 x 10-10' - 1.87 x 10-2' 
C02(aq) 0 3.42 x 10-8' - - 7.61 x 10-8* 
S 2- 04 

-2 
10-3, 9.56 x 1.1 x 10-10i - - 

Cl- -1 1.07 x 10-2 f 1.0 x 10-1011 
- 

N03- -1 - 1.9 x 10-10i 9.83 x 10- 1 
- 

H+ +1 1.00 x 10" 9.3 x 10- to' 1.00 x 10-1 1.82 X 10- 12, 

Determined from pH of electrolyte. 
Experimental data [1). 
Calculated by adjusting experimental data taking solubility product of CaS04 into account. 

d Calculated from solubility product of CaC03. 
, Calculated from dissociation constants of relevant species at each pH. 
r Set to maintain charge balance. 
19 Li and Page [8]. 

Calculated from model applied to diffusion specimens. 
Estimated by dividing diffusion coefficient of species in dilute solution [11) by ratio ordiffusion coefficient of 

hydroxyl ion in dilute solution [I I] to that in porous medium [81 
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0.5 M guanidine carbonate (I M with respect to guanidinc) were used, as detailed in Part I 
(1]. The assumed initial concentrations of the internal and external solutions as well as the 
diffusion coefficients and the charge numbers of the various ions are given in Table 3. The 
pH values and the concentrations of sodium and potassium ions in the pore solution and 
initial anolyte solution were based on experimental measurements recorded in Part 1 (1). 
Experimentally determined calcium and sulfate ion ýoncentrations, which exceeded the 
solubility product of calcium sulfate recorded in Table 1, were adjusted by dilution to yield 
the assumed equilibrium values. The concentrations of carbonate species were then calcu- 
lated from the solubility product of calcium carbonate and the other relevant equilibrium 
constants shown in Table 1. 

8. Results and discussion 

8.1. Organic corrosion inhibitors in the pore solution 

The computed concentration profiles of both inhibitors after treatments at I A/M2 and 
5 A/M2 for 7 days are plotted in Fig. 3 along with the corresponding experimental data. It 
may be seen that the results from modelling are in general agreement with those obtained 
from experiment, showing that both inhibitors penetrate into the carbonated medium pro- 
gressively with increase in current density and that they attain a significant concentration 
at the cathode (x = 34 mm) when a current density of 5 A/M2 is applied for seven days. 
This supports the observations reported in Part 1 [1] and confirms that the intensity 
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Fig. 3. Computed and experimental concentration profiles for both inhibitors after galvanostatic treatments 
(I A/M2 ,5 A/M2) applied for 7 days. 
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and duration of the required treatment are similar to those used for electrochemical real- 
kalisation of carbonated concrete [27]. 

The computed pH profiles and the concentration profiles of ionic and molecular species 
of the inhibitors are shown in Fig. 4 along with the values of pH obtained from experi- 
ment. In the case of ethanolamine at a current density of 5 A/M2' it is clear that the pre- 
dominant form of the inhibitor at the cathode is molecular and that the highest 
concentration is observed just a few millimetres from the cathode where the concentration 
of ethanolamine cations approaches zero. In contrast for the case of guanidine at a current 
density of 5 A/M 2, the peak concentration occurs at the cathode where almost half of the 
inhibitor exists in the cationic form. The difference in pH profiles recorded for the two 
inhibitors is simply due to the lower pK. value of ethanolamine, which results in its con- 
suming more of the migrating hydroxyl ions generated at the cathode. * The p1l values are 
in agreement with those obtained in the experiments in the case of the applied current den- 
sity of 5 A/m 2. However, there are some unexplained discrepancies near the cathode at the 
current density of I A/M2 in the cases of both inhibitors. 

The concentrations of both inhibitors remaining in the anolyte at each current density 
are shown in Table 4 along with the concentrations of other cationic species while the con- 
centrations of the anions are shown in Table 5. The reason for the substantial difference in 
the concentration of guanidine measured experimentally after -treatment for 7 days at 
5 A/M2, compared with that predicted by the model, is unclear but might be attributable 
to anodic oxidation and/or evaporation losses. 

s - Elhanolamine ion IA/0 
l l 

0 
I 
---- Emanolarmne mo ecu e 

pH Cathode pH 
E 1000 pH (Experiment) 14 

800 - 12 

0 
*= 600 - 10 
cc 

C 400 - 8 

C 200- 6 
0 

0 ------ 4 

0 10 20 30 40 so 

Distance from treated surface (mm) 

s Gu: nid a ion 
und! 

n 
G no molecule IA/0 0 

E 1000. p 
li 

I 

Cathode p 14 
r= 

r avu - I ----------- 
0. 

--- I 12 
0 . % 

6oo- % 10 

400- 

200 0 6 
0 

01=:; =- 114 
0 10 20 30 40 so 
Distance from treated surface (mm) 

E: harlo:: M: n 10 n 5A/0 
0 ---- E hano rn no molecule Cathode cule 

] ý 

P.. 14 E 
E 

2000 - ----- pH 
. pH (Experlment) 

1600 - 12 

0 1200 - 10 
cc %- 00 . 8 : 

00 - 6 
0 
U 4 

0 10 20 30 40 so 

Distance from treated surface (mm) 

Gu nd. ne ion 
--- Gu: nidine motecule SAIO s 0 

E 
1000 

pH 
pH (Experiment) C thode p 

--14 
... ............... .. 

--12 

600 - N. 10 

400. 
C 

200 

0 
1 

, 

J 

() 01 . --- 4 

0 10 20 30 40 so 
Distance from treated surface (mm) 

Fig. 4. Computed and experimental pH profiles and concentration profiles for inhibitor ions and molecules after 
galvanostatic treatments applied for 7 days (top: I A/m2, bottom: 5 A/M2). 
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Table 4 
Concentration of inhibitors and cations in anolytes after 7 days of treatment 

Anolyte Current 
density 
(A/M2) 

Method Concentrations (mmol/1) 
Inhibitors Na+ 

Total Cationic 

K+ Mg2+ Ca2+ fI+ sum or 

charge 

IM ethanolamine I Modelling 912.9 912.9 0.6 0.4 - 3.6 9.7 930.8 
nitrate I Experiment 970.8 970.8 2.1 N/D 5.7 38.5 9.5 1071.0 

5 Modelling 808.6 808.6 0.3 0.2 - 31.3 110.4 982.2 
5 Experiment 856.2 856.2 10.5 12.4 16.6 168.4 61.7 1310.7 

0.5 M guanidine I Modelling 957.6 955.1 0.3 0.2 - 0.0 0.0 955.6 
carbonate I Experiment 912.1 912.0 3.8 N/D 3.0 2.5 0.0 926.8 

5 Modelling 922.5 922.4 0.1 0.1 - 0.0 0.0 922.7 
5 Experiment 651.1 651.1 5.0 N/D 0.0 1.5 0.0 659.0 

Table 5 
Concentration of anions in anolytes after 7 days of treatment 

Anolyte Current Method pH Concentrations (mmol/1) 
density 2- C02- HCO- 
(A/M2) 

OH- Cl- S04 NO; 33 SUM Of 
I charge 

IM ethanolamine I Modelling 2.01 0.0 1.8 0.7 927.4 0.0 0.0 930.8 

nitrate I Experiment 2.01 0.0 6.5 6.9 971.9 0.0 0.0 992.3 
5 Modelling 0.96 0.0 3.2 0.1 978.8 0.0 0.0 982.2 
5 Experiment 1.21 0.0 9.8 26.8 1092.7 0.0 0.0 1156.1 

0.5 M guanidine I Modelling 10.92 0.8 1.0 52.0 - 385.1 79.7 955.6 
carbonate I Experiment 9.7 0.1 5.6 11.1 - 284.9 299.6 897.3 

5 Modelling 9.25 0.0 2.8 181.3 - 38.8 480.0 922.7 
5 Experiment 8.8 0.0 6.6 57.0 - 23.6 516.8 684.5 

8.2. The environment near the cathode 

Fig. 5 shows the computed changes in pH at the cathode at a current density of 5 A/M2 
for both inhibitors and the result of similar computations made, for the case of guanidine, 
without taking into consideration the precipitation of calcium hydroxide at the cathode. it is 
clear that the pH of the initially near-neutral pore solution is raised at almost the same rate 
to just over 12.5 at the cathode during the first day of treatment in all three cases. Thereafter, 
for ethanolamine, the pH value tends to decrease slowly owing to the consumption of 
hydroxyl ions that occurs when the inhibitor arrives in the vicinity of the steel. In contrast, 
for guanidine, the pH progressively rises towards about 13.5 if calcium hydroxide precipi- 
tation is considered and to somewhat higher values if this process is not taken into account. 
This implies that, in the cases of both inhibitors, calcium hydroxide precipitated at the cath- 
ode functions as a buffer of moderate alkalinity. This may be considered a beneficial phe- 
nomenon, providing enhanced corrosion protection to the steel, as discussed in Part I [I]. 

8.3. Effect of molecular interactions 

As noted in Section 5, in the case of ethanolamine, the cffects of molecular interactions 
cannot be ignored but may be simply offset by replacing the thermodynamic pK. value 



1218 J. Kubo et at / Corrosion Science 49 (2007) 1205-1227 

14 

13 

12 

x 11- CL Ethanolamine 

10-/ Guanidine 
Guanidine w ithout precipitation of Ca(OIH), 

9 

8 
0123456 

Duration (Days) 

Fig. 5. Evolution of pH at cathode at current density of 5 A/M2 for both inhibitors and, for guanidine, without 
considering precipitation of calcium hydroxide. 

(=9.5) with a higher apparent PKa value (=9.75). This tends to reduce the discrepancies in 
charge balance (30-100 mmol/1) that were found in the experimental data for specimens 
treated at a current density of 5 A/M 2 [1] to more reasonable values (10-70 mmol/1) and 
also results in a slightly modified form of the inhibitor penetration profile. Fig. 6 shows 
the concentration profiles of ethanolamine calculated with and without consideration of 
molecular interactions; from this it appears that the use of the ffý value results in a some. 
what better fit to the experimental data. 

8.4. Effect of the solubility product of calcium carbonate 

The concentrations of alkali metal ions predicted by the model are similar to 
those determined experimentally and are insignificant in comparison with the inhibitor 

....... Interaction considered (pKa=9.75) 
-Without Interaction considered (pKa=9.5) 

Experiment 
g 2000 

1600 

1200 

800 

400 
0 
C. ) 

Fig. 6. Computed concentration profile of ethanolamine with and without consideration of molecular activity 
coefficient. 

0 10 20 30 , 40 - 50 
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concentrations; thus they are not shown or discussed further here. The concentration pro- 
files of carbonate and bicarbonate ions (as well as those of sulfate), however, are repre- 
sented in Fig. 7 for the case of guanidine, from which it is apparent that the computed 
concentrations of carbonate and bicarbonate are generally about two orders of magnitude 
smaller than the corresponding experimental values. These discrepancies may be attribut- 
able to supersaturation of the pore solutions with calcium carbonate. If it is arbitrarily 
assumed that the solubility of calcium carbonate is governed by an apparent solubility 
product (K. ',, = 3.36 X 10-5 M012/12) which is 104 times greater than the normal value 
reported in the literature [11], the computed concentration profiles of CO'-, HCO- and 
S02- /233 

4 at a current density of 5Am in the case of guanidine are as shown in Fig. 8. it 
can be seen from these results that a much better fit to the experimental data is thus 
obtained and a peak of carbonate concentration at the cathode is simulated. This peak 
is caused by the displacement of calcium ions from CaC03 to Ca(OH)2 which precipitates 
at the cathode owing to the high pH. A further significant finding here is that the large 
change in the assumed value for the apparent solubility product of calcium carbonate 
has relatively little effect on the computed concentration profiles of the two corrosion 
inhibitors, as shown in Fig. 9. This is because the calculated contributions to the ionic 
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Fig. 7. Computed concentration profiles of carbonate, bicarbonate and sulfate ions after guanidine treatment at 
5 A/M2 for 7 days. 
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Fig. 8. Computed concentration profiles of carbonate, bicarbonate and sulfate ions, assuming 3.36 x 10-5 M012A2 
as solubility product of calcium carbonate, after guanidine treatment at 5 AIm2 for 7 days. 
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Fig. 9. Computed concentration profiles of inhibitors, assuming 3.36 x 10-5 M012/12 as the solubility product of 
calcium carbonate, after treatments at 5 A/m2 for 7 days (left: ethanolamine, right: guanidine). 

2- S02- 
strength of C03 , HC03 and 4 are almost unchanged and hence have little effect on 
the potential gradient in the pore solution, as defined by the following equation: 

a46 RT i1F+EziDaCi1ax 
ax F Fz, 'D, Ci 

(23) 

Thus changes in the assumed value of the solubility product of calcium carbonate have 
little influence on the concentration of other ions involved. 

9. Conclusions 

The main conclusions of this part of the investigations may be summarised as follows. 

(1) The proposed model yields reasonable general agreement with experimentally deter. 
mined concentration profiles for two organic base inhibitors of widely varying pK. 
values that were subjected to electrochemical injection into carbonated cement paste. 

(2) In the case of ethanolamine (pK. 9.5), improved agreement between modelling and 
experiment was obtained when molecular interactions were represented by the intro- 
duction of an activity coefficient, y., which raised the apparent pK'., value of the 
inhibitor to 9.75; for guanidine (pK. 13.6), no such modification was required. 

(3) In the cases of both inhibitor injection treatments, calcium hydroxide precipitation at 
the cathode was shown to affect the evolution of pH in the vicinity of the embedded 
steel as a function of current density and time, the precipitated calcium hydroxide 
functioning as a buffer of moderate alkalinity. 

(4) To obtain reasonable correspondence between modelling predictions and experimen. 
tal concentration profiles determined for carbonate, bicarbonate and sulfate ions, it 
was necessary to assume a much larger apparent solubility product for calcium car- 
bonate than that reported in the literature; this had onlX minor influence on the com- 
puted concentration profiles of the two corrosion inhibitors. 

(5) Further development of the model described may lead to improved understanding of 
the rates of dispersion of electrochemically injected corrosion inhibitors on cessation 
of treatments of the sort employed in this research; this should allow the long-term 
effectiveness of the corrosion inhibition conferred on embedded steel to be predicted 
quantitatively. 
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Appendix A 

If the rate of reaction (A) from left to right is expressed as RA, and so on, the reaction 
rate for each species can be written with RA ... RE, as follows: 

Rc. = RA + RB, Rco, = RA + RD, Rso, = RB, R, = -Rc, Rm = Rc, 

RHC03 = -RD, ROH = -Rc - RD + RE, RH = RE 

where R, and Rm represent the rates of production for the ionic and molecular inhibitor 
species, respectively. Eliminating RA ... RE, the following three independent equations are 
then obtained: 

Rc, - Rco, - 
RHC03 

- Rso, = 0, R, + Rm = 0, RH 
- 

ROH + Ri + RHCO3 =0 

if A, (x) is defined as A, = J'() - J(+dx) from Eq. (8) and the above three equations, the dx dx 

following may be derived: 

OCCe OCHCO3 aCCOI OCS04 

= Ac. - 
AHC03 

-A C03- Aso4 (A. 1) 
(It at at at 

ac, 
4- 

acm 
=Ai+Am (A. 2) 

at at 
act[ 

- 

aco" 
+ 

ýcl 
+ 

ac"CO3 

= A" - Ao" + Al + AHC03 (A. 3) 
at at at at 

Solution equilibria involving water, calcium carbonate, and calcium sulfate are repre- 
sented by: CH * Coll " Kw9 CCa'CCO3 -ý KSI 9 CC& * CS04 ý-_K, 2, from which the following 
three equations are obtained by differentiating with respect to time: 

aCH K., OCOH 
(A. 4) -2 at at C8H 

Cco, 
LC-C. 

+ cc.. 
accol 0 (A. 5) 

at at 

CSO, 
acc.. 

+ cc.. 
acso. 0 (A. 6) 

at at 

Similarly, equilibria involving the molecular and ionic inhibitor species, carbonate and 
bicarbonate are represented by: log(CmICI) = -pK,, + pH and log(CC031CHC03) 

-pK2 + pH, from which the following expressions are derived by differentiation: 

acl COH + 
ýCOH 

Cl _I OpK. -pK. . 
OCM 

=0 (A. 7) Ft at at 
OCHCO aýLOH 

CHC03 lopK2-pKw . 

OCCO3 
=0 (A. 8) ýýu-3 COH + 

at at at 
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Dij K Since AH is expressed in terms of AOH as AH 
Ilow 

DOH ýýAOH (see Eq. (F. 4) in Appcndix 
F), Eq. (A. 3) can be written using (A. 4) as fo s: OH 

OH) 

aCOH 
& +_Kw 

OCHCO3 acl 
+ -aH- _K W AHC03 - Al (A. 9) 22 OH Ey. at at DOH 

OH) 
A 

Appendix B 

If the rate of reaction (1) from left to right is expressed as Rx, the following equations 
may be simply derived: 

Rc, = RA + RB - Rx, RC03 = RA + RD, Rso, = RB, R, = -Rc, Rm = Rc, 

RHCO3 = -RD, ROH = -Rc - RD + RE - 2Rx, RH = RE 

Eliminating RA ... RE, and Rx from the right hand side of the above equations, the fol- 
lowing two independent equations are obtained: 

ROH - 2RC,, + 2RCo, + RHCO3 + 2Rso, - R, - RH = 01 R, + Rm =0 

From Eq. (8) and the above two equations, the following are derived taking into consid- 
D 

eration (A. 4) and AH =_ __U_ 
K AOH (see Eq. (F. 4) in Appendix F), 61 

t. ". - at Do" _Cioý"_ 

I +_K, 2 3CC" 
+2 

3cco' + 
OCHCO3 

+2 
3cso' ac, 

OH) 

OCOH 

at at at at at at Hý 

DH K,, 
- AOH - 2&, + 2Aco3 +A+ 2Aso, -& (B. 1) 
'2 

HC03 

0 
ý1 

OH H) 

acl 
+ 

acm 
= Ai +Am (13.2) Wt at 

From the solubility equilibrium condition of calcium hydroxide: Cc. -2 
lowing equation is obtained by differentiating with respect to time: 

CýH =K3, the fo - 

a. 

aCOH 
C2 

aCCa 
0 2Cc at 

+ OH ' at 
(B. 3) 

Appendix C 

The rates of production have the following relationships: 
R63 R;, Rj* = -Rý, Rý = Rý, RýC03 

= -Rý, Rý = R*E, 

R; 
H -Rý - R; + R*E 

Eliminating Rý ... R;, the following three independent equations are obtained: 

Rý - R; H + RýCO3 + Rj* = 0, Rý03 + RýC03 =0, R; +Rý=O 

iH +I H), 
Since the total anodic current is the sum of two components (i '0 the following is 
derived by subtraction of Eq. (H) from (10): 

faCH WOHý I- 
-4 + J; 

H + i1F 
+ Rý - R; H 

(C. 1) 

ý a-, - -at ) 1"=O X, 
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=_ 
DII_ K Using a-cJi aCgm (A. 4) and JH D '-JOH (see Eq. (F. 3) in Appendix F) and as at OH 

t' 

. 

Eq. (C. 1), the first independent equation of the above three can be changed in form to give: 
K I+ DII 

-J*C03 -JI + i1F 
+. 

Kw OCHCO3 

- 

OCI DOH tl)J; 
H H 

2 
OJH 

) aCOH C; 
H 

IF at at Xa 

(C. 2) 

The other two equations yield, 
X (OCCO3 

+ 
aCHC03 C03 +4col (C. 3) ý-a-t 

LO 

Xa 

and 
(acl 

+ 
acm J; +Jý (C. 4) ý -at 

) Lo 
=- 

Xa 

Appendix D 

The rates of production have the following relationships: 

RýO, = -R;,, Rj* = Rý, Rý = -Rý, RýcO3 = Rý,, 

Rý = -Rý - R; y + Rý, R; H = Rý 

Eliminating Rý ... Rj, the following three independent equations are obtained: 

Rý - R; 1I + Rýco, + R, = 0, RýO, + RýCo, = 0, Rj* + Rý =0 

Using -ac-gLL - --KO, 
2ý JOH --Dga WH (see Eq. (F. 5) in Appendix F) and Eq. (C. 1), the at - C, 0, 

ti 
DH CH 

first indcpende0equa on of the above three can be changed in form to read: 

I+ -P-1a ýcý., ý) Jý + JýCo, + Jj* - i1F 
V 

LCH 
+ 

OCHC03 
+ 

ýCl DH 

$2 at at at Xa CH 

) 
+ -'L 

nI 

IX=O 

(D. 1) 

The other two equations yield, 
X+X 

(acco, + acHco, C03 HC03 
(D. 2) ý- -at 

) Lo 

- Xa 

and 

(acl acm it +Jý (D. 3) 
Lo 

- Xa 

From the three equilibria log(CmICI) = -pK,, + pH, 
l0g(CHC03/CC02(aq)) 

= -pK, + pH 
and 

109(CCO31CHC03) = -pK2 + pH, the following expressions are derived by differentia- 

tion with respect to time: 
ac 

10-pK. 
t 

M 
J. 

=O 

+ C. . 

ýCH IC, LO 

Cý -T 
(D. 4) 

tM at 0 at 
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C. 
acCO3 

H at 

Lo 
+ CýO, 

Appendix E 

OCH 
lo-PK2aCHCO3 

at 

1,0 

= 
at 

1,0 

(D. 5) 

The production rates have the following relationships (note that here the rate concerned 
with reaction (M) is expressed as R. * to avoid confusion with Rý): 

Rj* Rý, Rý = -Rý, Rýo = -R*, R* R* - R, *, R* - R* 3D HCO3 C02(aq) - ml 

Rý -Rý - Rý, + R; - R. *, R; H = R; 
Eliminating, Rý, Rý, R;, and Rý, the following three independent equations are obtained: 

Rý - 
R; 

H+ 
RýC03 + 2Rý02(aq)+ Rj* = 0, Rj* + Rý = 0, RýO, + Rý C03 

+ Rý02(. 
q) =0 

From Eqs. (11) and (14), the following can be obtained paying attention to i= ill + JOH: 
fac" acoHý 

-4 + J; 
H - k, Cý + i1F 

+ Rý - 
R; 

H (E. 1) ý a-, -at ) 
Xa 

Similarly using Eq. (F. 5) in Appendix F and Eq. (E. 1), the first independent equation of 
the above three can be changed as follows: 

+K w) 
OCH 

+ 
OC"Co' 

+2 
OCC02(aq) 

+ 
OCI 

H 
at at at at F2 

+DK 
C. +Jl - i1F Aj 'Jý02(aq) D 

. 
)Jý+Jýco, +2 

(E. 2) 
Xa 

The other two equations yield, 

and 

OCC03 
+ 

aCHC03 
+ 

aCC02(aq)) IX=o J4 + 4CO, + JýO, 
(. q) - ki Cý 

(E. 3) at at Xa 

(acl 
+ 

acm il + J-m 
(E. 4) ý -at -&ý9 

1,0 

xa 

From the solution equilibrium 109(CHC03/CC02(aq)) 
-'-,: -pKI + pH, the following equation 

is derived by differentiation with respect to time: 

C* . 

OCHCO3 CH I= 
lo-pKIOCC02(aq) 

H at 
1. 

ý=o 
+ Cýco, - at 

=o 
at 

1. 

"=O 
(E. 5) 

Appendix F 

Since J satisfies the flux equation (Eq. (2)), JH can be written as follows using 
CH - COt4 = K,, and WLL K aC 

OH 
L Kw ýCOH F aO) Kw aCH (ýF 0) 

- 
(FF 

-dý -Zý- (F. 1) JH DH 
TU 

CH = DH ZHDH 
T -DH zH T X X n" RT ax COH aX OH 
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JOH being expressed as Eq. (F. 2) below, the above Eq. (F. 1) is simplified as Eq. (F. 3) 
taking into account, ZOH : "z -I and ZH ý19 

OCOH F aO 
JOH = -DOH --ý- - ZOHDOH COH (F. 2) 

X x 

(ýT 

co (TF K,,, 
D 

Kw aH+ 
ZOHDH 

T 
JH H2T Oý COH CýH iDX 

Dtj Kw_ acOH (TF Z)Oý DH K,, 
DOH 

f-DOH 
- ZOHDOH 

T TX') 
COH JOH (F. 3) C20H L ax T DOH C&j 

Since the definition of A, (x) is Ai = -"() - J'("d) (in Appendix A), the following is finally dx dx 

derived: 

AH - 
DH K,, 

Aoti (F. 4) 
Do" COH 

When JOH is associated with JH, the following can be derived using C1, - Coll = K, and 
Eq. (F. 3): 

JOH 
DOH K,,, JH BH ' 

Hý 
! 
H' 

Appendix G 

(F. 5) 

When V, I of C. mol/I inhibitor solution are titrated against CN mol/I nitric acid, the pH 
of the mixed solution can be obtained as a function of the volume (V 1) of nitric acid added 
as follows: 

Massbalance: ml+mm=Cc-Vc (G. 1) 

Equilibrium: Y. MMI(V. + V) 'YICH _ 10-PX1, thus mm1m, = lo-pK. +pH (G. 2) 
Y, MIAV. + V) 

+ V) = CN. VI(Vc + V) + jopH Electroneutrality: CI+CH=CN03+COHY thusC, /(Vr -14 

(G. 3) 

where mi, mm are number of moles of inhibitor ions and molecules in the solution, and 
lo-pK'. = YM I O-pK. 

. The concentration of hydrogen ion is neglected in Eq. (G. 3) since it 
is not significant in an alkaline solution. MI =CCVC /(Io-pK,, +pH + 1) is obtained from 
(G 

1 
1) and (G. 2), and substituting this into (G. 3), the following is obtained using 

Ka 10-pK. " 

I OpH 
_ 

1014Kat CNV+ VC+ V 
1+ 1-4.1014Kal(VC + V)(CN V_ Cc VC) 

2(V, + V)Ka' (1014Ka iC N V+V C+ V)2 

(GA) 

Since 4x 1014 Ka'(VC + n(CN V_ CCVC)1(1014 Ka'CN + VC + p12,,: ý< 1, Eq. (GA) can 
be approximated as follows: 

pH(V) & 14 + log 
CCVC - CNV 

(G. 5) 
1014Ka I CNV+ VC 



1226 J. Kubo el al. / Corrosion Science 49 (2007) 1205-1227 

where V in the term (1014 Ka iC N V+ VC+ P) is neglected since it is insignificant in com- 
parison with 1014 Ka'CNV. If pH(P) in (G. 5) is differentiated twice with respect to V, the 
point of inflexion can be obtained as follows: 

d2 (pH(V)) 
_0 #=> V= 

1014 Ka'Cc -I. vc (G. 6) 
d V2 2x 1014KaICN 

Then the pH at the point of inflexion is finally obtained by substituting (G. 6) into (G. 5), 
thus, 

pH = pK'a 
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Abstract 

This series of investigations was intended to clarify phenomena associated with electrochemical 
injection of the organic base corrosion inhibitors, ethanolamine and guanidine, into carbonated con- 
crete. In Part 1, experiments were conducted with laminated specimens of carbonated cement paste, 
that were specially designed to facilitate analysis with adequate spatial resolution to assess changes in 
their pore solution phase chemistry after they had been subjected to constant current electrolysis 
between embedded cathodes and external anodes. The anolyte solutions provided sources of ethanol- 
amine or guanidine in contact with the exterior specimen surfaces. Effects of variations in the applied 
current density and duration of electrolysis on the concentration profiles of the two inhibitors and 
the other main constituents of the pore solution phase were determined. The results have been used 
to underpin the development of a mathematical model, which is described in Part 2. 
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1. Introduction 

The possibility of using electrochemical treatments of limited duration to promote the 
injection of certain types of corrosion inhibitor into reinforced concrete has been proposed 
by several researchers with the aim of controlling the corrosion rate of embedded steel 
reinforcement [1-4]. In a previous investigation by some of the present authors (4], it 
was shown that rates of injection into carbonated concrete of the organic base corrosion 
inhibitors, ethanolamine and guanidine, could be greatly enhanced by applying constant 
current densities (in the range of 1-5 A/m 2) for several days between an embedded steel 
cathode and an external surface anode placed in an aqueous solution containing the 
relevant inhibitor. Several aspects of the inhibitor transport mechanism and its relation- 
ship to compositional features of the pore solution phase of the carbonated concrete 
remained unresolved although it was clear that the evolution of the pH profile within 
the pore solution and the magnitudes of the dissociation constants of the organic base 
inhibitors concerned played a dominant role. 

To obtain a deeper understanding of phenomena underlying the electrochemical 
injection of cthanolamine and guanidine into carbonated concrete, it was necessary to 
devise a means of performing detailed pore solution analyses of material sampled at clo- 
sely spaced intervals along the migration path between the anode and cathode. The use of 
concrete specimens with coarse aggregates was considered unsuitable for this purpose 
because of the spatial resolution limitations imposed by the presence of the aggregates 
on sampling and analysis of the pore solution. It was therefore decided to undertake 
the experiments to be described in this paper with laminated specimens of carbonated 
cement pastes. These could be readily sectioned after inhibitor injection to provide appro- 
priately sized samples for pore solution expression and analysis by means of techniques 
that have recently been developed to evaluate features of the pore solution chemistry of 
carbonated cement pastes (5]. 

2. Experimental details 

2.1. Specimen preparation 

2.1.1. Carbonated cement pastes 
Ordinary Portland cement (OPC), for which chemical analysis data are shown in Table 

1, was used to manufacture carbonated cement paste specimens. The cement pastes were 
made by hand mixing with distilled water for about 5 min to produce mixtures with a 
water/cement ratio (w/c) of 0.6. The mixtures were poured into cylindrical PVC containers 
(49 mm in diameter by 75 mm in height), which were vibrated for 2-4 min to get rid of 
trapped air bubbles. The cylinders were sealed and rotated end-over-end at a speed of 
about 8 rpm for at least 24 h in order to minimise segregation and bleeding. They were 
then stored in a high humidity curing room at a temperature of 22 ±2 "C for 2 weeks. 

Table I 
Chemical analysis of OPC (% by mass) 
CaO sio, A1203 FC203 S03 Mgo Na20 K20 LOI 

63.76 20.69 4.72 3.06 2.92 2.08 0.26 0.61 0.87 
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After demoulding, the specimens were immersed in 35 mM Na0II solution to minimise 
leaching of calcium hydroxide and other cement hydration products. They were then 
stored in another curing room at a temperature of 38 ±2 'C for 8 weeks to accelerate 
cement hydration. 

When the cylindrical samples had been cured they were cut into discs, approximately 
5 mm in thickness, by means of a diamond saw with distilled water as lubricant. The discs 
were placed upright in a sealed tank, in which the atmosphere was conditioned at 75% RH 
over saturated sodium chloride solution. Pure C02 gas was passed through this tank for 
about 30 min every day and the depths of carbonation of the specimens were monitored by 
removing individual discs from the tank, fracturing them and spraying their freshly 
exposed surfaces with phenolphthalein solution. After about three months of this treat- 
ment, the phenolphthalein test confirmed that the specimens were fully carbonated 
throughout their thickness. They were then kept at 75% RH in air for a further period 
of 6-7 months. 

2.1.2. Fabrication of embedded cathodes 
Carbonated cement paste discs containing stainless steel meshes, which were to be used as 

the cathodes in subsequent experiments, were fabricated by a more rapid technique utilising 
super-critical carbon dioxide (SCC02) [6-8]. Cement paste mixtures with w/c of 0.6 were 
made in a similar manner to those described in Section 2.1.1. They were cast into containers 
(49 mm. in diameter and 8 mm in thickness) containing Type 316 stainless steel mesh and 
vibrated for I min to get rid of entrapped air bubbles. After the surfaces had been finished 
with a trowel, the discs were cured for I day in sealed boxes in which the atmosphere was kept 
at 100% RH. The discs were demoulded and then conditioned by placing them in an oven at 
45 OC until their moisture content corresponded to a degree of drying of about 70% (7]. The 
conditioned samples were exposed to water-saturated SCC02 in a stainless steel pressure ves- 
sel for 12 h at just over 71 bar and 31 OC, as described elsewhere [8]. After removal from the 
vessel, they were kept in air at 75% RH until required. 

2.2. Organic corrosion inhibitors 

The two organic corrosion inhibitors studied, ethanolamine (HO - CH2 - CH2 - NH2) and 
guanidine (HN=C(NH2)2). were bases of widely differing strengths, the pK. values of their 
cationic conjugate acids, HO - CH2 - CH2 - NH' and (NH2)3C+, being 9.5 and 13.6, respec- 3 
tively [9]. All the chemicals employed were of analytical reagent grade with the exception of 
guanidine carbonate which was >98% pure. The electrolyte solutions used were IM ethanol- 
amine nitrate at pH 8.0 (produced by mixing equal volumes of 2M ethanolamine and 1.97 M 
nitric acid) and 0.5 M guanidine carbonate at pH 11.7 (1 M with respect to guanidine). 

2.3. Treatment of specimens with corrosion inhibitors 

Before being subjected to the electrochemical treatments, carbonated cement paste discs 

were converted to a saturated surface-dry condition by procedures designed to minimise the 
leaching of ions from the pore solutions [5]. The discs were placed horizontally on glass 
plates, and distilled water was added dropwise to each disc until excess water was observable. 
The excess water was carefully removed by means of cotton wool, and the discs were placed 
in an upright position on platforms above distilled water in sealed tanks. After being stored 
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Fig. 1. Experimental arrangement. 

for I h, the discs were removed from the tanks, and distilled water was added to the opposite 
side of each disc by the same technique as previously described. The discs were then put back 
into the tanks and, after being stored over distilled water for another hour, their weights were 
measured. These procedures were carried out once per day and were continued until practi- 
cally constant weights were achieved, indicating that a saturated surface-dry condition had 
been attained. After final weighing, some of the discs were placed in an oven at 105 *C for 
24 h and then reweighed to determine the evaporable water content. The other saturated- 
surface dry discs were stacked together with damp filter papers sandwiched between them 
to promote good electrolytic contact, as illustrated in Fig. 1. The side surfaces of the lami- 
nated specimens thus formed were then wrapped with 'cling-film' to prevent moisture losses 
resulting from resistive heating during subsequent electrochemical treatment applied to the 
material. - 

Four identical laminated specimens were set up for each experiment in which constant 
current electrolysis was applied by means of the arrangement illustrated in Fig. 1. Each 
electrolytic treatment was performed in a container in which the atmosphere was kept 
at about 100% RH. Two carbon rods serving as anodes were contained in a shallow dish 
filled with 120 ml of one of the electrolytes, described in Section 2.2. The concentrations of 
inhibitors and associated anions in the anolytes and their initial pH values were measured 
before the specimens were immersed in them to a depth of 2 mm. The circuits were then 
completed and current densities were galvanostatically controlled at either I or 5 A/M2 
of the disc surface area, the periods of treatment being 7 days in all cases. Control speci- 
mens were also immersed for 7 days to a depth of 2 mrn in the various electrolytes without 
application of a current. In this case, only one disc (instead of three) was placed above the 
super-critically carbonated cement paste disc containing the stainless steel mesh. 

2.4. Ionic distributions in the pore solution 

After electrolytic treatments had been applied, the four identical specimens used were 
delarninated and the discs at given positions within them (i. e. corresponding to fixed 
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distances from the surface in contact with the anolyte) were stacked together to form cyl- 
inders (each approximately 20 mm in height). These cylinders were then subjected to pore 
solution expression at applied pressures of up to 350 MPa in a device of the type described 
elsewhere (10]. The volume of expressed pore solution thus obtained from each cylinder 
was typically of the order of 2 ml, which was sufficient to permit analysis of the various 
dissolved ionic species. In order to characterise the initial pore solution compositions of 
the carbonated and the super-critically carbonated cement pastes, disc specimens which 
had not been exposed to electrolytic treatment were also subjected to pore solution expres- 
sion after being brought to a saturated, surface-dry condition using similar procedures to 
those described previously [5]. 

Within 30 min of collecting pore solutions, pH measurements were conducted with a 
combined glass and reference electrode. Concentrations of carbonate and bicarbonate ions 
were also determined by monitoring the evolution of pH during titration of a 1.0 ml sam- 
ple of the pore solution against 10 mM nitric acid. Full details of the procedures and cal- 
culations are presented elsewhere (11]. Concentrations of the corrosion inhibitors 
(ethanolamine and guanidine) and those of all other significant cations (Na+, K+, 
Mg2+, Ca2+) and anions (Cl- ) S02-, NO-) in the pore solutions were determined by 43 
means of a Dionex DX500 ion chromatography system, operated as described elsewhere 
[12,13]. 

The anolyte solutions were also collected immediately after the electrolytic treatments 
had been completed and concentrations of their major dissolved ions and pH values were 
determined as described above. 

3. Results 

The ionic concentrations and pH values of the pore solution of cement pastes subjected 
to the carbonation procedures described in Sections 2.1.1 and 2.1.2 are shown in Table 2. 
Evaporable water contents, which were calculated from the loss of weight at 105 *C, were 
0.18 and 0.22 g/g dry weight of sample for carbonated cement paste and for super-criti- 
cally carbonated cement paste respectively. Both carbonation procedures effectively 
neutralised the hydrated cement pastes as indicated by the pH values of about 9.0 which 
are far below the typical values (>13) found for non-carbonated specimens (14). The 
concentrations of other ions in the pore solution were also of similar magnitudes to those 
reported in a previous study of carbonated cements [5]. 

Complete sets of analytical data obtained for the pore solution constituents after inhib- 
itor injection treatments had been performed are presented in Tables 3-8. Here it should 

Table 2 
Ionic concentrations and pH values in the pore solution of carbonated cement pastes before treatment with 
inhibitors 

Method pH Concentrations (mmoVI) Sum of charge 
Mg2+ 2+ Na+ K+ Ca OH- - C02- HC03 Cl- S024 

3 Cation Anion 
Accelerated 9.0 9.0 6.3 18.8 23.4 0.01 37.4 30.1 0.3 6.0 99.7 104.2 

carbonation 
Super-critical 9.7 5.1 6.0 1.5 22.6 0.05 33.1 17.4 1.0 4.4 59.3 74.5 

carbonation 
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be emphasised that the concentrations of cationic conjugate acids of the two organic bases 
were calculated directly from their pK. values and the hydroxyl ion concentrations of the 
pore solutions concerned. In some cases, in spite of the fact that all of the major ionic spe- 
cies expected to be present were accounted for, fairly large apparent charge imbalances 
were observed, especially in the cases of the specimens containing ethanolamine. These dis- 
crepancies may be attributable partly to accumulated analytical errors but another signif- 
icant factor is likely to be the errors arising from the assumption that the concentrations of 
cationic conjugate acids of weak organic bases such as ethanolamine may be estimated 
simply from their pK,, values in pore solutions of measured pH. Thermodynamic data such 
as pK,, values are applicable to ideal dilute aqueous solutions [9], whereas the pore solu- 
tions analysed in the present research contained widely varying concentrations of their dis- 
solved ions and molecules. This causes complications that will be discussed further in Part 
2 of the investigations (15]. 

The pH values and chemical compositions of the anolytes after the electrolytic treat- 
ments were completed are presented in Table 9, together with initial data for these solu- 
tions. The pH of ethanolamine nitrate solutions was found to have significantly 
decreased at the high current density (5 A/M2 ) and the surface of the cement paste speci- 
mens immersed in these solutions, was visibly deteriorated. The guanidine carbonate solu- 
tions remained slightly alkaline (pH , 9), however, even after the passage of 5 A/m 2 for 7 
days. 

4. Discussion 

4.1. Organic corrosion inhibitors 

Figs. 2 and 3 show the overall penetration profiles of ethanolamine and guanidine, 
respectively. They indicate that injection of both inhibitors within the pore solution phase 
of the carbonated cement pastes was promoted by the electrochemical treatments, partic- 
ularly at the higher of the two applied current densities, findings that are consistent with 
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Fig. 2. Concentration profile of ethanolamine in carbonated cement pastes of w/c 0.6 applied as 1.0 M 

ethanolamine nitrate. 
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Fig. 3. Concentration profile of guanidine in carbonated cement pastes of w/c 0.6 applied as 0.5 M guanidine 
carbonate. 

the results obtained for carbonated concrete specimens in a previous investigation (4]. The 
highest concentration of guanidine was observed at the position of the cathode, whereas 
the profiles for ethanolamine had plateaux of high concentrations in the region a few mil- 
limetres from the cathode. Again this is very similar to what was found previously and is 
explicable in terms of the different degrees of ionisation of the two inhibitors, particularly 
in the zone near the cathode where hydroxyl ions are generated. As shown in Tables 5 and 
8, at the higher applied current density of 5 A/m 2, the apparent concentrations of the cat- 
ionic conjugate acid of ethanolamine were relatively small except near the anode, whereas 
fairly high concentrations of guanidine cations were found in the cathode zone since the 
pK,, value of these cations was still greater than the pH values of the pore solution near 
the cathode. 

The concentrations of both inhibitors remaining in the anolyte decreased with the pro- 
gress of the electrochemical treatments as shown in Table 9 and the quantities of ethanol- 
amine and guanidine lost from the anolytes are plotted against the quantities injected into 
the carbonated cement pastes specimens in Fig. 4. The latter were calculated from the 
inhibitor concentrations in the pore solution and the evaporable water content of the spec- 
imens, based on the assumption that the evaporable water content provides a reasonable 
estimate of the pore water that was available to support ionic migration. It is clear from 
Fig. 4 that the amounts of inhibitor lost from the anolytes were significantly higher than 
those penetrating into the cement matrix, especially in the case of guanidine carbonate. 
This difference is probably attributable largely to side-effects of the electrochemical treat- 
ment, such as anodic oxidation and/or evaporation of the organic bases, as previously sug- 
gested (4]. 

4.2. pH values 

The distributions of pH recorded for the various specimens are illustrated in Fig. 5. In 
the case of those specimens treated with ethanolamine, the pH values tended to rise 
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Fig. 4. Comparison of quantity of corrosion inhibitors injected into carbonated cement paste of w1c 0.6 with that 
decreasing in anolyte (original content of inhibitors in anolyte was 120 m mole). 
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Fig. 5. Distributions of pH values in carbonated cement pastes of w/c 0.6 treated with inhibitors. 

throughout the material progressively with the increase of circulated charge, except in the 
regions near the external anodes. The low pH values recorded near the anodes clearly 
resulted from acidification of the anolyte due to generation of hydrogen ions by the anodic 
reaction. In the case of specimens treated with guanidine, sharp increases in pH were noted 
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Fig. 6. pH values at the cathode as a function of circulated charge. 

only in the vicinity of the cathode at the lower applied current density of I A/m 2, but the 
pore solution pH values were raised above 12 over almost the entire lengths of the spec- 
imens by the treatment at 5 A/M2. 

Fig. 6 shows the pH values in the cathodic region as a function of circulated charge. The 
pH values observed for both inhibitors appeared to follow a similar rising trend until 
6x 105 C/M2 had been passed but, beyond that point, the pH increase for ethanolamine 
was much smaller than that for guanidine. At a current density of I A/m 2 (6 x 105 C/M2 
charge passed in 7 days), neither of the inhibitors was found to have reached the cathode 
region at significant concentrations (see Figs. 2 and 3) and thus the increase in pH there 
was simply caused by water electrolysis. At a current density of 5 A/m 2 (30 x 105 C/M2 
charge passed in 7 days), however, significant concentrations of the inhibitors had pene- 
trated to the cathode and therefore influenced the fate of cathodically generated hydroxyl 
ions to very different extents. Thus ethanolamine (with a pK, value of 9.5) consumed hydro- 
xyl ions more extensively than guanidine (with a pK. value of 13.6) and so led to the 
observed pH values of the cathodic regions of <12 (ethanolamine) and >13 (guanidine). 

This more modest rise in pH at the cathode in the case of ethanolamine might be consid- 
ered advantageous if electrochemical injection of inhibitors were to be applied to concrete 
containing aggregates that are susceptible to the alkali-silica reaction. The latter phenome- 
non, which can cause local expansion and cracking of concrete, has been shown to be 
induced in the vicinity of embedded steel cathodes polarised at high current densities in 
non-carbonated concrete with certain types of potentially reactive siliceous aggregate 
[16,17]. It remains uncertain whether this might also pose similar risks for fully or par- 
tially-carbonated concrete with potentially reactive aggregates if subjected to electrochemical 
treatments that restore very high internal pH values in the material adjacent to the cathode. 

4.3. Sulfate ions 

As shown in Tables 4,5,7 and 8, the concentrations of dissolved sulfate ions increased 
markedly, particularly near the anodes, when electrolytic treatments were applied. 
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Moreover, in the case of guanidine even without applied current, an increase in sulfate ion 
concentration near the external surface was also observed (see Table 6). These effects can- 
not be explained in terms of redistribution of sulfate ions originally present in the initial 
pore solution and they indicate that dissolution of sulfate ions from the solid cement car- 
bonation products must have occurred during the treatments. Since there was no signifi- 
cant variation in the concentration profile of sulfate ions in the case of ethanolamine 
treatment without current (see Table 3) and no significant increase in sulfate ions near 
the cathode at the current density of 5 A/M2 in the case of guanidine despite its high con- 
centration (see Table 8), it would seem that the organic inhibitors had no direct role in pro- 
moting the dissolution of sulfate ions. 

A tentative explanation of the observed sulfate ion concentrations in the cases where 
specimens were exposed to the inhibitor solutions without applied current may be given 
in terms of solubility equilibria involving calcium sulfate, which is expected to be present 
as gypsum in carbonated cement pastes, produced by carbonation of calcium sulfbalumi- 
nate hydrate phases in the cement [18,19]. Thus for the specimens exposed to guanidine 
carbonate solution, calcium ions decreased in concentration near the external surface 
due to precipitation of CaC03 (see Tables 6-8) and correspondingly the concentration 
of sulfate ions increased to satisfy the solubility product of CaS04, as shown in the same 
tables. In contrast, for the specimens exposed to ethanolamine nitrate solution, the near- 
surface concentration of calcium ions increased in the pore solution of reduced pH value 
and the corresponding sulfate concentrations were therefore small (see Table 3). However, 
the significant changes in sulfate ion concentration associated with the application of the 
electrolytic treatments cannot be readily explained without resort to mathematical model- 
ling of the type proposed in Part 2 of this investigation (15]. 

4.4. Carbonate and bicarbonate ions 

Substantial increases in the concentrations of carbonate ions at the cathode were 
observed when 5 A/M2 had been applied for 7 days, especially so in the case of specimens 
treated with guanidine carbonate solution (compare Tables 3 and 5 with Tables 6 and 8). 
As there was no external source of carbonate ions in the case of ethanolamine and it was 
difficult to imagine how carbonate ions could have moved from the anolyte to the cathode 
against the action of an electrical field in the case of guanidine, this local increase of car- 
bonate ions is regarded as clear evidence of the dissolution of calcium carbonate in the 
vicinity of the stainless steel cathode. This may be explained simply in terms of the effect 
of cathodically generated hydroxyl ions on the solubility equilibria of Ca(OH)2 and 
CaC03 thus favouring the following reaction in the cathodic region: 

+ C02- CaC03 + 20H- --+ Ca(OH)2 3 

Support for this hypothesis is provided by the findings of Konno et al. (20] who observed 
that saturated calcium carbonate was easily converted to calcium hydroxide in a high pH 
environment. 

From the experimental results obtained in this study, it may therefore be inferred that 
precipitation of calcium hydroxide can occur in the vicinity of the cathode as a consequence 
of the electrochemical treatments applied at high current density to carbonated concrete or 
similar carbonated cement-based materials. This is expected to re-create a lime-rich layer of 
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solid portlandite (and/or its reaction products with hydrous silica gel) in the interfacial zone 
between the steel and the carbonated cement matrix. The presence of a lime-rich interfacial 
transition zone at the steel/concrete interface is believed to have a significant role in stabil- 
ising the passive condition of the steel and thus in reducing the risk of corrosion in certain 
conditions [21). This could be practically relevant, particularly in cases where carbonated 
concrete is subject to chloride contamination. A related phenomenon, the induced precip- 
itation of portlandite at cathodically polarised steel surfaces in non-carbonated mortars 
subjected to electrochemical chloride extraction treatments, has been observed previously 
by others [22] and it has been suggested that this may significantly enhance the threshold 
level of chloride contamination for corrosion of steel in concrete (23]. 

5. Conclusions 

The following conclusions may be drawn from this part of the investigations: 

(1) In confirmation of the findings previously recorded from experiments with carbon- 
ated concrete specimens (w/c 0.86), the organic base corrosion inhibitors, ethanol- 
amine and guanidine, were both effectively injected into carbonated cement paste 
(w/c 0.6) at depths corresponding to normal cover thicknesses to reinforcing steel 
when temporary electrochemical treatments of the types investigated were applied 
for up to a week at high current density (5 A/m 2). The inhibitor penetration profiles 
observed were explicable in terms of the degrees of ionisation of ethanolamine (pK, 
9.5) and guanidine (pKa 13.6) in carbonated cement paste. 

(2) The hydroxyl ion concentration of the pore solution near the embedded cathode was 
restored to a high value (pH > 13) in the case of treatment for a week at 5 A/m 2 with 
guanidine carbonate solution. The restoration of alkalinity near the cathode was 
more moderate in the case of similar treatment with ethanolamine nitrate solution 
(pH < 12). 

(3) The distribution of the concentrations of a number of anions in the pore solution, 
notably sulfate and carbonate/bicarbonate, were significantly altered as a result of 
the electrochemical injection treatments applied and it appeared that the effects 
observed involved dissolution of these anions from solid phases present in the car- 
bonated cement pastes. 

(4) Quantitative explanation of the above effects and of significant apparent anomalies 
in the sums of anionic and cationic charges detected in certain regions of specimens 
into which ethanolamine had been injected has required the development of a mathe- 
matical model that is to be described in Part 2 of the investigations [15]. 

(5) Mechanistic features and factors influencing the effectiveness of corrosion inhibition 
induced on pre-corroded steel in carbonated concrete by electrochemically injected 
ethanolamine and guanidine require further investigation; these matters are currently 
being studied in comparison with related aspects of conventional electrochemical 
realkalisation treatments [24] as part of the PhD project of one of the authors (J. K. ). 
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