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ABSTRACT 

This paper studies C6H18N4 (Triethylenetetramine; TETA) corrosion-resistance behavior on reinforcing-steel in 

concreteimmersed in 0.5 M H2SO4. Analyses showed that the corrosion inhibition efficiency increases as 

theconcentration of C6H18N4 admixture increases, whereby the inhibition efficiency also portrayed excellent 

correlation model (at r = 98.82%, Nash Sutcliffe Efficiency (NSE) = 97.65%, Analysis of Variance (ANOVA) p-

value = 0.0350) with function of the C6H18N4 concentration admixed in the concrete. The optimal resistance to 

reinforcing-steel corrosion, in the study, was exhibited in the concrete sample having 0.1824 M C6H18N4 admixture, 

from which inhibition efficiency η = 94.78% was attained. The results support the suitability of C6H18N4 for 

inhibiting reinforcing-steel corrosion in concrete for the industrial/microbial medium, simulated by the 0.5 M 

H2SO4. 

Keywords: Triethylenetetramine, steel-reinforced concrete, reinforcing-steel corrosion, microbial/industrial 

simulating-environment, corrosion rate, electrochemical monitoring analyses. 
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INTRODUCTION 
Acidic sulphate environment is one of the known aggressive medium causatives of steel-reinforced 

concrete degradation through an attack of the concrete structure and corrosion of the reinforcingsteel 

embedded in the concrete.
1-5

 This kind of environment could be encountered from the reaction of SO2 

effluent with water vapor in the atmosphere ofthe industrial environment to form acid rain or from 

activities of sulphur oxidizing bacteria in sewage and in underground environments.
4-9

 These produce 

sulphuric acid that converts hydrated cement products from steel-reinforced concrete to gypsum and 

ettringite that are expansive materials of much lower structural integrity and of degradable nature that 

renders the reinforcing steel prone to accelerated corrosion attacks.
5,10-12

 Repairs and maintenance for 

averting insidious failure that could ensue from corrosion degradation of steel-reinforced concrete, 

induced byacidic sulphate, gulp huge costs in developed countries where such costs are monitored, apart 

from the usually unmonitored costs from the developing countries.
10,13

 

The use of admixtures and as corrosion inhibitors have been recognized as an easy and low-cost technique 

that has also been found effective severally for mitigating acidic sulphate attacks on steel-reinforced 

concrete and for protecting the reinforcing steel material from corrosion degradation.
4,13-14

 For these, 

while some authored reports deliberated on improving the concrete resistance,
12

 other reported studies 

investigated anticorrosion performance on the reinforcing steel metal.
4,8,14,15

 For the anticorrosion studies, 

research interests are increasing towards the use of organic chemicals for many of the benefits accruing 
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from such usage and for the characteristics corrosion resistance by lone pair/π-electrons in their structure 

that have an affinity for the iron in reinforcing steel.
16-17

 Of specific interests are the N-, S- and O- or 

multiple bonds containing compounds due to their ability to chemically interact with metallic materials in 

such a way as to provide effective protection against corrosion attacks.
18-20

 

Triethylenetetramine (C6H18N4; TETA) is an –NH2 containing, lone-pair rich organic chemical, shown in 

its 3-D optimized molecular structure in Figure 1, from which corrosion inhibiting derivatives had been 

synthesized, in report work,
21

 for protecting zinc material in acidic chloride environment. Aside from this, 

C6H18N4 had been utilized in another study
22

 for the inhibition ofsteel reinforcement corrosion in sodium 

chloride medium, among many other organic chemicals but from which TETA was identified to be 

among the most effective corrosion inhibiting compounds. In a more recent study, and as a motivation for 

the present work, C6H18N4 was used as an inhibitor of carbon steel corrosion at elevated temperature in 

mixtures of acidic sulphide, acidic chloride and water (i.e. H2S-HCl-H2O) test-solutions.
23

 However, there 

is a scanty report in the literature studying the effects of C6H18N4 on reinforcing-steel corrosion in 

concrete for the acidic sulphate (i.e. H2SO4) environment. Thus, this paper investigates the behavior of 

C6H18N4 admixture concentrations on the corrosion of reinforcing-steel embedded in concrete, and which 

was immersed in 0.5 M H2SO4 (i.e. an industrial/microbial simulating service-environment). 

 

 
Fig.-1: Triethylenetetramine (C6H18N4; TETA) in 3-D optimized Molecular Structure 

EXPERIMENTAL 
Materials and Data Measurement Method 

Reinforcing steel employed in this paper was of 12 mm diameter that was cut into steel-rebar specimens 

of 190 mm length and for which surface preparations for corrosion experiment were according to ASTM 

G109 – 07,
24

 and as detailed in studies.
25-27

 From the 190 mm length, 150 mm was embedded in cast 100 

× 100 × 200 mm slabs of steel-reinforced concrete specimens, and thus remaining protruding steel of 40 

mm length from the concrete. The protrusion was covered in cellophane tape,
28

 tapped with a hole having 

a bolt for electrochemical connection. The concrete preparation, casting and admixture addition were as 

per ASTM C192/192M-18,
29

 and as described in the literature.
26,30-31

 

Analytical grade C6H18N4, used in the study, was sourced from Oxford Laboratory Chemicals®. By this, 

six different concentrations ranging from 0.0 M (the blank sample) in increments of 0.0365 M to 0.1824 

M were utilized as an admixture in the requisite steel-reinforced concrete sample.
32

 Each steel-reinforced 

concrete slab was immersed in bowls, along their longitudinal dimension, containing 0.5 M H2SO4, 

usually used in studies for an industrial/microbial simulating-environment. From each of the setup, 

electrochemical monitoring of corrosion rate measurements were obtained every seven days for the seven 

weeks of experimental period, using the Model 1500 LPR data logger (Metal Samples®).
33

 This 

instrument utilizes the 3-electrode configuration whereby: an Ag/AgCl SCE (Direct-ION®) serves as the 

reference electrode, a brass plate serves as the auxiliary electrode, while the reinforcing-steel in concrete 

serves as the working electrode.
34-35 

 

Data Analysis Procedures 
Measured electrochemical datasets of corrosion rate readouts, from the linear-polarization resistance 
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Apart from the estimations of expected values, via the mean (

expected values, via the standard deviation (

statistical models, the reliability of the obtained expected values followed from their respective 

cumulative distribution function:
35,37

 

As per the ASTM G16-13(2019) designation also,

Normal and the Weibull pdf was ascertained via application of 

test-statistics,
42-47

 using the formula:

From the foregoing analyses, the corrosion

through the use of the mean corrosion rate (

of the measured corrosion data, for evaluating the corrosion inhibition efficiency, 

 

RESULTS AND DISCUSSION
Statistically Analysed Electrochemical Test

The results obtained from the analyz

and the Weibull probability distributions are 

mean and the Weibull mean of corrosion rate as well as the probability, 

value from the measured datasets of corrosion rate, by each of the pdf model

corrosion rate showed that the Weibull mean models were higher in values (implying over

than the Normal mean models for the lower 

predictions diminished as the C6H18

the probability of obtaining the Normal mean from each dataset of corrosion rate was 

50%,
35

 that of obtaining the Weibull mean from the datasets range from 77.21% (by the 0.1459 M 

C6H18N4 admixture) to 66.78% (by the 0.1824 M C

Normal and the Weibull pdf models show that 

samples decreases as the C6H18N4 admixture concentration decreases.

The disparity,in Fig.-2, between the modeled corrosion rate by the Normal and the Weibull distributions 

were observed to be the highest in the 0.0 M C

inhibition efficiency would be obtained from the use of either the Normal or the Weibull model for 

evaluating inhibition efficiency. Avoiding the error that could ensue fr

probability distribution model requires ascertaining the distribution that fit the datasets of corrosion test

data better among the two, using the Kolmogorov

Figure-3 presents the plots from the Kolmogorov

fittings of the corrosion datasets to the Normal and the Weibull probability distribution functions. Also 
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instrumentation of the data logger employed, were analyzed by the Normal and the Weibull probability 

analysis approach follows the standard procedure pres

Each of these pdf’s has their formula respectively as:
35,37-41

 

  
 
  

 

Apart from the estimations of expected values, via the mean (µdistribution), and variations from such 

the standard deviation (σdistribution), from these descriptive Normal and Weibull 

, the reliability of the obtained expected values followed from their respective 
35,37-38,42

 

 

designation also,
36

 distribution of each dataset,of corrosion tests, like 

was ascertained via application of the Kolmogorov-Smirnov goodness

:
35,40,43-45

 

 

he foregoing analyses, the corrosion-resistance by different C6H18N4 concentrations was assessed 

use of the mean corrosion rate (µ), from the probability distribution of better

data, for evaluating the corrosion inhibition efficiency, η (%), according to:

RESULTS AND DISCUSSION 
Electrochemical Test-data of Corrosion-rate 

zing electrochemical measurements of corrosion rate 

and the Weibull probability distributions are shown in Figure 2. This figure details the plots of Normal 

mean and the Weibull mean of corrosion rate as well as the probability, F(µ), of obtai

value from the measured datasets of corrosion rate, by each of the pdf models. The plotted mean of 

corrosion rate showed that the Weibull mean models were higher in values (implying over

than the Normal mean models for the lower C6H18N4 admixture concentrations, but that these over

18N4concnetration increases. The probabilistic analyses show that while 

the probability of obtaining the Normal mean from each dataset of corrosion rate was 

that of obtaining the Weibull mean from the datasets range from 77.21% (by the 0.1459 M 

admixture) to 66.78% (by the 0.1824 M C6H18N4 admixture). In spite of these, however, both the 

Normal and the Weibull pdf models show that the corrosion rate of steel-reinforcement in the concrete 

admixture concentration decreases.
55-57 

2, between the modeled corrosion rate by the Normal and the Weibull distributions 

he highest in the 0.0 M C6H18N4 (blank) sample. This implies that different value of 

inhibition efficiency would be obtained from the use of either the Normal or the Weibull model for 

evaluating inhibition efficiency. Avoiding the error that could ensue from the use of the inappropriate 

probability distribution model requires ascertaining the distribution that fit the datasets of corrosion test

data better among the two, using the Kolmogorov-Smirnov goodness-of-fit test-statistics.

ts from the Kolmogorov-Smirnov goodness-of-fit test-applications for the 

fittings of the corrosion datasets to the Normal and the Weibull probability distribution functions. Also 
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ed by the Normal and the Weibull probability 

prescribed in ASTM 

(1) 

(2) 

), and variations from such 

Normal and Weibull 

, the reliability of the obtained expected values followed from their respective 

(3) 

(4) 

,of corrosion tests, like the 

Smirnov goodness-of-fit 

(5) 

concentrations was assessed 

of better-fit of the scatter 

(%), according to:
48-54

 

(6) 

electrochemical measurements of corrosion rate using the Normal 

the plots of Normal 

), of obtaining each mean 

The plotted mean of 

corrosion rate showed that the Weibull mean models were higher in values (implying over-prediction) 

admixture concentrations, but that these over-

concnetration increases. The probabilistic analyses show that while 

the probability of obtaining the Normal mean from each dataset of corrosion rate was monotonically 

that of obtaining the Weibull mean from the datasets range from 77.21% (by the 0.1459 M 

admixture). In spite of these, however, both the 

reinforcement in the concrete 

2, between the modeled corrosion rate by the Normal and the Weibull distributions 

(blank) sample. This implies that different value of 

inhibition efficiency would be obtained from the use of either the Normal or the Weibull model for 

om the use of the inappropriate 

probability distribution model requires ascertaining the distribution that fit the datasets of corrosion test-

statistics. 

applications for the 

fittings of the corrosion datasets to the Normal and the Weibull probability distribution functions. Also 
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included in the figure is the line plot of α = 0.05 significant level, for directly identifying dataset 

scattering like, or otherwise, the Normal and the Weibull distribution. Thus, it is observable from the 

figure that the corrosion rate datasets from the steel-reinforced concrete sample having 0.0365 M C6H18N4 

admixture and the sample having 0.1459 M C6H18N4 admixture did not come from the Normal probability 

distribution.
 

 

Fig.-2: Corrosion Rate Analyses Using the Normal and Weibull Distributions 
 

For these samples, the Kolmogorov-Smirnov p-values are, respectively, 0.037 and 0.044, both of which 

are lesser than the α = 0.05 significance level. This indicates that only four out of the six steel-reinforced 

samples from this work have their datasets following the Normal probability distribution. Unlike this, the 

Kolmogorov-Smirnov p-values of all the steel-reinforced concrete from this work overshot the α = 0.05 

significant level baseline, which indicates that they all have their datasets scattered like Weibull 

probability distribution, and are thus compatible to the fitting of this distribution model. These findings, 

therefore, support utilizing the Weibull probability distribution as the descriptive statistics for the 

presentation of the C6H18N4 admixture performance on the corrosion steel-reinforcement in the concrete 

samples being studied. 

 

Corrosion Inhibition Performance Model Computation 

The results from the corrosion inhibition efficiency computation, via substitution of the Weibull mean of 

corrosion rate into Equation (6), are presented in the graphical plot shown in Fig.-4. 

It could be observed from the plotted results in Fig.-4, in agreement with the plotted results in Fig.-2, that 

increase in the C6H18N4 admixture concentration in the steel-reinforced concrete samples for the H2SO4 

medium leads to increase in the corrosion-inhibition efficiency.
55-57

 Further analyses of this performance 

model by the C6H18N4 admixture, via probing of mathematical correlation modeling,
35,46,49,58

 as per ASTM 

G16-13(2019),
36

 indicated that the inhibition efficiency, η (%), exhibited a relationship with the C6H18N4 

concentration, ρ (M), which could be represented as: 

( )
0.2281

1386.187 ln 0.7614η ρ ρ ρ = + − +
 

 (7) 

In Equation (7), ρ1 = 0.0365 M, which is the incremental C6H18N4 admixture concentration utilized for the 

experimental steel-reinforced concrete samples in this work. Computations from this correlation fitting 

equation indicate that the correlation coefficient r = 98.82%, while the Nash-Sutcliffe Efficiency NSE = 

97.65%.
25

 These values interpret to “excellent” model efficiency as per the modeling efficiency 

classification from the literature.
59

 The results from the analysis of variance (ANOVA) computation from 

the presented mathematical correlation are detailed in Table-1. These results indicate that the p-value = 

0.035, and which for the reason that the value is less than 0.05 implies that the relationship between the 

inhibition efficiency, η, and the C6H18N4 admixture concentration, ρ, is statistically significant at greater 

than 95% confidence interval. 
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Fig.-3: Plots from the Kolmogorov-Smirnov Goodness-of-fit Test-Statistics Applied to the Corrosion Rate 

Datasets for Testing Scattering like the Normal and Weibull Distributions 

 

Fig.-4: The Performance Model of the Corrosion Inhibition Efficiency by the C6H18N4 Admixture 

Concentrations on Reinforcing-Steel in the H2SO4-immersed Concretes Samples 

Table-1: Analysis of Variance (ANOVA) for the Correlation Equation. 

Source of Variation DoF SS MS F p-Value 

Treatment 3 5614.3238 1871.4413 27.7190 0.0350 

Residual 2 135.0294 67.5147   

Total 5 5749.3532    
 

Discussion 
By following the Weibull probability distribution more than the Normal probability distribution, in Fig.-3, 

the corrosion rate data exhibited the behaviour of failure related data that are extreme values by 

definition
42

 and for which the Weibull pdf, as a type of extreme value distribution, finds fitting 

suitability.
47,60

 Thus, estimation of the probability of obtaining the mean using the Weibull pdf model led 

to values F(µ) > 0.5 (that are otherwise the central limit designation of the Normal pdf model) see Fig.-2. 

This further corroborates the fact that the modeled Weibull mean values of corrosion rate are in the upper 

tail of the distribution fitting the datasets from the studied steel-reinforced concretes, which constitute 

characteristics identified in the previous work
42

 for data of corrosion failure-causing physical processes of 

materials. 

The improvement of corrosion resistance in the 0.5 M H2SO4-immersed concrete with increasing 

concentrations of C6H18N4 admixture exhibit confirmations from studies on the identifications of amine 

compounds as effective corrosion inhibitor of steel-reinforced concrete, especially in acidic sulphate 

related environment.
12,18,61

 In these cited works,
12,61

 amines are shown to exhibit good corrosion inhibition 
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effects on steel-reinforcement in concrete by their concrete pore-blocking or hydrophobic activities that 

prevent the ingress of the corrosive agent into the concrete. In combination with this feature, amines are 

known to exhibit preferential adsorption of the –NH2 ligand as well as the unshared lone-pair electrons of 

their N–bonds, which are well-constituted also in C6H18N4 (See Fig.-1), with the Fe component in 

steel.
12,61-62

 Additionally, many research findings
12,61-63

 indicated that amine-based inhibitors form multi-

layered protective-film on the base metal and for which thickness of the protective film layer depends on 

the inhibitor concentration.
61

 This concentration-dependent protective thickness appears to explain the 

increase of inhibition efficiency, i.e. corrosion resistance, as the C6H18N4 concentration increases in this 

study, as was observed from the results plotted in Fig.-4. 

Thus, the Normal and the Weibull corrosion rate models for the control sample, having 0.0 M C6H18N4 

admixture, were greater than 0.10 mm/y in Fig.-2, which interprets to “Very high” as per classification of 

typical corrosion rate of steels in studies,
61,63-64

 from which the C6H18N4 exhibited corrosion rate 

reductions. The continuous corrosion rate reductions, as the C6H18N4 concentration increases, culminated 

in obtaining corrosion rate that ranged into the “low/moderate” typical steel corrosion rate, according to 

set values in the literature,
18,63-64

 by the concrete sample with the 0.1824 M C6H18N4 admixture. It could 

also be observed that the best agreements, in the study, between the Normal and Weibull corrosion rate 

models, were exhibited by this same concrete sample having the 0.1824 M C6H18N4 admixture. Therefore, 

the 0.1824 M C6H18N4 admixture fostered the optimal corrosion resistance by the steel-reinforcement 

embedded in the studied concrete samples in this work. In the presence of this 0.1824 M C6H18N4 

admixture, η = 94.78% efficiency at inhibiting steel-reinforcement corrosion was attained. This also 

translates to excellent inhibition efficiency model according to the classification of model efficiency from 

Coffey et al.
56

 

CONCLUSION 
In this paper, the behavior of C6H18N4 varying admixture concentrations on the corrosion-resistance of 

reinforcing-steel in concrete immersed in 0.5 M H2SO4, has been investigated. The results showed that the 

corrosion test-data portrayed the behavior of failure-causing data by following the Weibull probability 

distribution more than the Normal distribution, as per the Kolmogorov-Smirnov goodness-of-fit test-

criteria of α = 0.05 level of significance. Analysis of electrochemical measurements showed that 

increasing the C6H18N4 admixture concentration in the H2SO4-immersed steel-reinforced concrete leads to 

decreasing corrosion-rate and, consequently, increasing corrosion inhibition efficiency. It was also 

established that the inhibition efficiency portrayed excellent correlation (r = 98.82%, NSE = 97.65%, 

ANOVA p-value = 0.0350) with the function of C6H18N4 concentration for concrete admixture. Overall, 

the 0.1824 M C6H18N4 admixture, with the inhibition efficiency η = 94.78%, exhibited optimal corrosion-

resistance behavior in the study on reinforcing-steel metal in the 0.5 M H2SO4 test-environment. These 

results from the study established the suitability of C6H18N4 (Triethylenetetramine; TETA) admixture, 

especially at sufficient concentrations as an effective corrosion inhibiting substance for reinforcing-steel 

in concrete immersed in the 0.5 M H2SO4, the medium used for simulating the industrial/microbial 

environment in the study. 
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