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Abstract

Organic inhibitors have attracted considerablenéiie due to their promising application as adntigtuin concrete
protecting against corrosion of rebars. Over tls tlecade the use of those inhibitors significardiged. The inhibition
efficiency depends on their physical and chemicapprties. This paper gives short overview of thetgrtion of steel in
concrete against the ingress of chlorides, oxygehcarbon dioxide in concrete, as species caubmgarrosion of rebars.
This work involves only organic inhibitors.
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1. Introduction

Reinforced concrete is one of the most widely usaterial in building industry. This is attributedrparily
to simplicity of application and low cost of itsqatuction. Concrete has high pH in which reinforceel
remains passivated and is highly resistant agaorsbsion. Corrosion may be defined as the processaterial
degradation under reactions with its environmen@gran internal process, e.g. alkali-aggregatetiosam
concrete. Steel in concrete undergoes corrosiaugjtr chemical or electrochemical reactions betvateal and
environment. Rate of the corrosion process depamdshe quality of concrete, so high permeability or
appearance of cracks accelerates the rate ofdggehdation. Corrosion results in the formatiomustt, which
has different structural and mechanical propettias non-corroded material. The newly-formed rustupies a
higher volume than non-corroded steel and a lessogeneous structure. Rust as a corrosion prodipetnses
in volume taking up a volume a few times greatentthe original volume, creates internal tensiosh eaiuces
the strength capacity of steel. Expanding rust trestes tensile and flexural stress in concretalihg to the
loss of bond between steel and concrete, cracliglgmination and spalling.

In spite of wide use of steel in concrete, in fiai$ apparently non-corroding material very oftemlergoes
corrosion. This process is caused by salts permmtratto bulk concrete, carbonation of concretelamk of
oxygen (Diamanti et al. 2010). Salt, which is usddeicing in winter or sea salt, is an ionic cauapd which
easily dissolves in water and becomes an aggresgjeat towards concrete structure. Concrete asr@upo
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material enables deep penetration of aggressivie gpecies. Chlorides from sea salt, de-icing sahcrete
admixtures, unwashed sea sand move easily intoreen@nd damage the passive layer, applied fol stee
protection. lons like chlorides cause local depadigin of the steel leading to pits formation amdvgh of rust
on the rebars (Gaidis 2004). In spite of the retatbf between humidity and gas saturation in cdae¢chere
with higher humidity, C@ and Q transport inside concrete is lower, mentioned gasases also corrosion.
Although the corrosion caused by chloride as mtfimocess is a localized form of corrosion the @sion rate
increases as well as the area affected by the ggoce

Steel in concrete is commonly prevented againstos@n by inorganic inhibitors. They have been Wide
proven in literature as efficient corrosion inhibbg, however some of them like nitrites are toxic not
authorized in some countries (Valek et al. 200Tibat al. 2003). Other inorganic inhibitors arsde=fficient
than nitrites, so organic compounds like aminekarallamines, carboxylates, their derivatives aneiot
chemicals are intensively studied as corrosioritdis.

2. Basic mechanism of sted corrosion in concrete

In reinforced concrete, the surface of steel iseced by a passive oxide film, which prevents thefoeced
bars from corrosion. That passive layer is statilemthe pH is greater than 11.5 — 12 (Sheban 20@al; Berke
and Hicks 2004). Concrete is alkaline with typicalue of pH for cement ranging between 12 and WvévVer,
under the carbonation process it becomes lessirskahd steel corrosion occurs. During carbonatimtess
carbon dioxide penetrates the concrete, whereaittsewith hydroxides. That produces carbonatesveater
decreasing the pH, this in turn breaks down thaigason layer on the steel. Dry portland cemerd imixture
of oxides, dominated by CaO and &i@fter mixing with water, a calcium oxide hydratiesform portlandite
[Ca(OH)], which can react with carbon dioxide and form€CCg The CaCQ occupies higher volume than
Ca(OH) and seals porous concrete (Kurdowski 2014). Despé very low rate of this process and lack of its
direct influence on the rate of corrosion, it chesmghe structure of concrete and the permeabdityvater and
ions like chlorides. Although chlorides have onlgnal influence on pH, their presence has effect on
depassivation of the protective films inductingipg corrosion (Saremi and Mahallate 2002).

Depending on the pH near the steel surface andewmxwgyailability the corrosion of iron rebars can be
represented by the following reactions:

3Fe + 4H0 — Fe;0, + 8H' + 8e (1)
2Fe + 3HO — Fe,0; + 6H" + 6e (2)
Fe + 2H,0 — HFeOQ, + 3H" + 2e 3)

Oxygen has the most detrimental effect on steedretWithout oxygen steel rebars in alkaline meidianot
undergo corrosion even in the presence of aggesgigcies like chloride ions (Pourb&B66; Pourbaix 1974).
Resistance against corrosion decreases with higimerete permeability of chloride ions.

The main anodic reaction which takes place in cstecis (Bastidas et al. 2015):

Fe’— F&* + 2e 4)

Pits in metal are promoted by the chloride ions #re grow due to the following reactions, where th
anodic oxidation produces hexaaquo iron (1), &<tri 2001):

Fe** + 6H,0 — Fe(H,0)s*" (5)
[Fe(H,0)g ** — [Fe(OH)(H,0)j] * + H* (6)
[Fe(OH)(H,0)g] LN Fe(OH) + 4H,0 + H* (7

Increased acidity causes propagation of such mrec{b) and (6). Fe(OH)s amphoteric in nature, unstable
and quickly form Fe(OH) (8). Fe(OH) forms Fe(OHy under the water and oxygen presence. In alkali
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environment Fe(OH)forms Fe(OHjy, due to the reaction (8). Moreover Fe(@Mjth chloride ions may form
also FeOGF and FeGlJ, which induces the corrosion of steel in conc(Btgu et al. 2016).

Fe(OH) + OH'— Fe(OH)} + € (8)
Fe(OH); — FeOOH + H,0O (9)
FeOOH + Fe(OH) — Fe;0, + H,0 (10)

In absence of aggressive species like chloridesitiiout concrete carbonation both ions’Fand Fé* are
stable (Berke 2015), however in presence of chioiiths F& is more stable and over time it forms hydrated
ferric oxide Fe@OH. Instead of the transformation of Fe(QHf)to the Fe(OH) the passive oxide FeOH is
formed due to the reaction:

2Fe(OH) + 1/20, — 2y-FeOOH + H,0 (11)

Unfortunately despite higher stability of F&@M (Lavrynenko 2011) than Fe a drop of pH in concrete
below 11 results in initiation of the corrosion pess. In Figure 1 the pitting corrosion is presgnte
(Sastri 2001).

0, + 4 + 2H,0 wump 40H-

r FeO:OH ‘5 H,0

Fe,0, \ o,Fe(OH)a te

Fe(OH), + H,0+ H*

CATHODE

Fe[(OH)(H,0).]*

Fig. 1. Graphical representation of corrosion processtswmder chlorides, water and oxygen attack.

Among many causes of the concrete degradation, mafor causes of corrosion are the presence of
aggressive ions like chloride and gases like caioxide. According to the electrochemical seriegedmining
reactivity of metals, iron undergoes corrosion @idi& media and is not resistant to oxidation. Moatrosion
processes are combinations of physico-chemicaletextrochemical reactions or are strictly electesultal in
nature. Anodic sites on steel with metallic irortacin spite of the steel covering with protectiager (Soylev
et al. 2008).

Iron may undergo corrosion and change from a nietsthte into an oxidized state. Corrosion oftemtstat
anodic sites (4) on the metal surface and is astrelghemical process in nature.

Oxygen, which appears in close environment aroteel & the presence of water, consumes electrods a
transforms into the OHons. The cathodic reactions take place:

0O, + 2H,0 + 4e— 40H (12)

2H" + 2e — H, (13)
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Under the OHpresence, the iron hydroxide forms. That compasral relatively soluble in agueous media
and may form oxides or different hydroxides, demerly on the pH of the environment. Concrete has IpH,
which results in the formation of a passive layeF&0O; around steel. Concrete under the physical andnthler
stress is permeable to water, oxygen from the md different ions, what results in further corrasiand
formation of pits. General overview on the pitticgrrosion has been presented on the picture 1.

3. Corrosion inhibition in concrete

Corrosion inhibitors may be divided into groupspeleding on their mechanism of protection against
corrosion, environment, protection layer and tygestucture and composition or their physicochemica
properties. Total inhibition of corrosion is almastpossible, however the use of inhibitors enalelmit the
process’ speed and aggressiveness. Due to thege@dloonstraints inorganic inhibitors are freqienéplaced
by compounds less harmful to environment. In ttapgyr we focused only on the inhibition of corrosion
organic compounds. Corrosion is based mostly orelihetrochemical mechanism, in which metal dissointo
the solution through the electrons flow. The sitenetal dissolution acts as an anode and acceparia metal
where electrons flow acts as a cathode. Anodicga®corresponds to the oxidation by the dissolufometal
and cathodic reaction is the reduction process evioalygen dissolved in water forms Oldns. Transfer of
electrons from anode to cathode is possible bydimation of pores in concrete.

Anodic and cathodic reactions taking place duringrasion are named half-cell reactions. Steel under
corrosion works as connected electrodes: the anadethe cathode. Water presented in concrete vwagkan
electrolyte solution in pores. Based on the eletteoical character of reactions the potential eftebde can be
derived by the general reaction (14) and considdsinthe Nernst equation (15):

M™+ne- M° (14)
E:Eo—ﬂ_m M (15)
nF {[a,~]
In case of the iron electrode the reaction (16)lm@derived by anodic equation (17) (Ahmad 2003):
Fe™ +2e - F¢e’ (16)
E,=- 0441- T 12+ (17)
2F ([Fe™]
Due to the cathodic reaction (12) the Nernst equdt described by (18).
E. =-040+ RT) [OZ]“__'Z?] (18)
4F "\ [OH7]
For iron in the concrete the reaction includes #isooxygen presence:
E = 1669+ 0.04180g[0,] - 0059pH —0.02690g[Fe*] (19)

The equation indicates that the rate of corrospmffected by many factors like: fOconcentration of
oxygen in concrete (oxygen availability), fifeconcentration of ferrous ions in concrete nearrébars and the
pH of electrolyte in concrete (while pH varies untte carbonation process).

Where [Q] is the concentration of oxygen and fHes the concentration of iron ions in concretealtsc
near the reinforcement.

Those electrochemical reactions can be delayetidyormation of a passive film or reduction of cmion
rate after depassivation. Organic inhibitors calayl@nodic, cathodic or both types of reactions: &aodic
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inhibition of corrosion calcium nitrates are oftesed to increase the potential of steel. For cathiodibition,

the pH of steel environment is increased through @hpplication of alkali compounds. In comparisontte

anodic and cathodic inhibition, mixed inhibitionedonot require a significant change of corrosioteipial.

In mixed corrosion inhibition steel is frequentlgvered by protective organic layer with polar grewguch as
-NH,, -SH, -COOH, -S@gH or OH. In this paper only organic inhibitors aiscussed.

3.1. Organic inhibitors

Among many available methods of efficient protettad rebars in concrete against corrosion the apftin
of organic inhibitors is attractive due to theiroperties, low cost and availability in the markéxganic
inhibitors can be used as admixture corrosion itdnie (ACI) (Hansson 1998; Gaidis 2004; Angst et2dl16),
added directly into the freshly mixed concrete @gratting corrosion inhibitors (MCI) (Gaidis 2004ri@lesse et
al. 2007), which are able to penetrate into thecoete after their application onto the concretdamar.

The effectiveness of the corrosion inhibitors laysheir chemical structure. Due to the high corspi@n on
the metal and wide area occupied on metal, thenizgarrosion inhibitors may screen iron atomshe steel
with a protective barrier film (Sanyal 1981). Bo&Cls and MCls are able to create the thin layett@nrebars
preventing against corrosion, however the mechamistie corrosion inhibition is mainly influenced lhe
chemical structure of the compound used. It wasrdesd that chemical structure is a significanttdaavith
organic inhibition. Inhibitive properties depend tive electron density of hetero-atoms like nitrqoexygen,
sulfur and phosphorus, molecular size and typedsbmption with metal surface (Dariva and Galio 2014
Presence of the nitrogen atom in compounds likenasiior alkanolamines (aminoalcohols) influences the
effectiveness of inhibition (Batis 2003; Ormlesseale 2006; Ormlesse et al. 2010). For organichitinn by a
protective barrier film formation on the steel alsoganic salts of mentioned compounds can be used.
Heteroatoms influence the inhibitive propertie®fanic compounds. The efficiency of inhibitiorthe highest
for phosphorus and decreases in the following order> S > N > O (Papavinasam 2000). Amines,
alkanolamines and their salts are typically usedrganic inhibitors of corrosion in concrete (Worober et al.
2004; Mechmeche et al. 2008).

Amines and alkanolamines, similarly to ammonia gNHontain basic nitrogen atoms with a lone electro
pair (N:) in their molecules. Lone electrons preédamitrogen influence the shape of the molecllee to the
lone electron pair, the structure of amines resembhat of ammonia in their trigonal pyramide getrival
shape, with electrons occupying the fourth cordenines are organic derivatives of ammonia gNMith a
general formula of NR where R may be hydrogen (H) or, alkyl or arylysoLike ammonia, they contain in
their molecules a basic nitrogen atom with a ldeeteons pair (N:) — this makes amines organic $asel polar
molecules. Due to the lone electron pair and poltearacter of such compounds they are regardedaatae
centers of adsorption process and effective intribibf the active sites of corrosion on metal stgfa Amines
are widely used as corrosion inhibitors (SoylealeP007a; Soylev et al. 2007b; Mechmeche et @82%u et
al. 2016), however those compounds are also fumalied by different functional groups to protetees
against corrosion more efficiently. Alkanolaminasnf{noalcohols) contain both functional groups afnanand
alcohol. Aminoalcohols, analogically to amines, édeen claimed to be good protectors of rebarsnapai
corrosion (Shi and Sun 2012; Liu et al. 2016), haavesome studies have shown the delay of the dorrpsot
the reduction of already started corrosion raterijkand Landolt 2001; Bolzoni et al. 2006; Rakaritale2013;
Vyrides et al. 2013). Song and Saraswathy (20039rted alkanolamines as corrosion inhibitors, singvthe
influence of the alkyl chain on the inhibitive peryties of such compounds. In that studies trie@moie
protects steel against corrosion in concrete muae monoethanolamine. Morris et al. (2003) havevshthat
aminoalcohols can be used as efficient inhibitbcsyever their inhibitive properties changes untlerdhanges
of chlorides content in concrete. Aminoalcoholsrdases corrosion by attacking cathodic sites ozl sthere
oxygen picks up electrons and is reduced to ©@#Rs. Aminoalcohols are also able to adsorb oratielic sites
of the steel surface (Gaidis 2004).

Organic inhibitors can adsorb by chemisorption loygisorption. Chemisorption includes the chargedier
between heteroatoms and iron surface or sharingeotharge to create the coordinate bond. Physisarpf
organic compounds on steel involves electrostateractions between charges of dipoles of orgamilecules
and the charge of the rebars’ metal surface. Itdhtbiabsorbed on the metal surface via heteroabdock the
active sites with their polar groups and subsedyealgicrease the corrosion rates (Ahmad 2006). & feand
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that functional groups like amine group or -O, -SBQ;H, -COOH are chelating agents and are able to form
chelate rings. Donor groups, like the amine graagisorb onto the steel with their lone electron .pélrey
donate electrons to the iron ions on the metahsetfwhich behaves as a Lewis’s acid (Ormellesé 2009).
Chemisorption leads to the chemical reaction betwastive centers of corrosion onto metal and omani
inhibitor, where charges from the polar group dfilisitor and charges from metal and metal oxidesnéat in
concrete are shared. Then organic inhibitor forhes thin coating film blocking the metal surfacenfrahe
aggressive species by strong chemical bonds. Ringsien leads to the formation of mechanical bayneade
by organic inhibitors. That type of adsorption msts the metal from the ionic species from envirentrand
ionic species from dissolved metal. Adsorbed mdewvith lone electron pairs or ones that are neggt
charged repulse the chloride ions (Ormellese e2@10). Physisorption is based mostly on the edstdtic
attraction between metal surface, metal oxides @oidr groups from inhibitor. The strength of adsimp
depends on the charge on the functional group ibkely bound electrons, conjugatetbond system in chain
or aromatic ring. Corrosion undergoes faster when water adsorb on the metal. Due to the process of
physisorption, organic inhibitors replace the waterthe metal surface due to the reaction (20). athikty of
organic inhibitor to replace water depends on sbstatic interactions between inhibitor and metatd
orientation of inhibitor structure.

[nHZO]ads+[|nh] < [nHZO]+[|nH]ads (20)

Tertiary amines have higher ability to protect ktegainst corrosion compared to secondary or pgmar
amines. Their ability to inhibit the corrosion bdsn their molecular structure. Polar N atom withd electron
pair forms the bond with corroding metal. Delocadizelectrons from the aromatic groups connectet wit
nitrogen atom increase the inhibitive propertiesso€h compounds by inductive effect. The raise rofna
structure size also increases the inhibition prigypby steric effect. Compounds with bigger struetuform
layers less permeable for aggressive species thafi sompounds do (Fei et al. 2014). Aromatic coomus
with n-bonds exhibit the most effective and efficientibitive properties. That effect comes from an iattion
of the active metal surface withorbitals from the aromatic inhibitor. The sameeeffhas been observed with
elongation of the chain in aliphatic amines. Notapdydrophobic groups position perpendiculariythe steel
surface acting as barrier and repelling aggressivironmental species. The rate of corrosion deeswith the
elongation of amines chain. In concrete steel ugmes corrosion, when the pH decreases. Additicanuhes
leads to the bonding the hydrogen from water on rietal surface. In this way water is desorbed and
chemisorbed by amines. Through this chemical bandihwater, amines are also physisorbed on thelmeta
surface and form a protective barrier layer, dudhéoreaction (21) and Figure 2.

Metal:OH, + NR; — Metal:OH,...NR, — Metal + OH,...NR, (22)
R
QOIH qCJ13 @N:/R
L W QJ'RR = d Sy E o \H = “R
kT dO + aN — - Y — QO
EAQY MH “R E Q z 9 = Rp
R/ \RR R/ \RR O-N\R

Fig. 2. Schematic picture of reaction (21).

When the organic inhibitor is added to the systeenhydrophobic group from the polar compound osient
itself perpendicularly to the metal surface andck$oaggressive corrosive fluids. Aggregated hydobph
groups form a tight barrier and create an impernecialyer for chloride ingress into the concretecdmparison
to amines and alcoholamines compounds containinthéir structure O, S or P are also good corrosion
inhibitors in alkali media. Carboxylic acids havelgr groups, where oxygen contains lone electrars pable to
bond chemically and physically. They form carboxglanions, which are able to adsorb on the sudasteel.

In contrast to amine groups, carboxylic groupsaascproton donors and are considered Brgnsted-Lavids
(Ormellese et al. 2009). Carboxylates adsorb omtbktal surface through the ionic form of carboxioup
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-COQO group adsorbs on the metal by electrical chargecdézed on the oxygen atoms in the -COOH grotp. |
was found that that inductive and resonance effentghe electron density of the molecule influentes
adsorption of organic inhibitors on the steel, Bigire 3.

a) . b) R
R
R--.FN/ 0,:'.{;.30
S g %0 ©
metal metal

Fig. 3. Scheme of functional groups a) amines, b) caradey on the metal surface.

Other group of compounds used as organic inhibaogsaminoacids, containing in their structure anand
carboxylic groups. Mechanism of inhibition of cositon has not been yet explained sufficiently. Amomany
theories of corrosion inhibition adsorption of angacompounds and formation of barrier layer setnise the
best explanation of amines and alkanolamines effeptotection against corrosion. Amines and alkamines
adsorb on the metal surface and form a protectivedgainst corrosive species like chloride iono(celli et
al. 2000; Monteiro et al. 2015; Liu et al. 2016)s #vell as amines, the carboxylates molecular sirecis
strongly linked with the inhibition of corrosion (vdal 2010). Due to the inductive effect of funciéd groups
connected with the -COQhe electrostatic repulsion towards chloride imesurs (Cabrini 2015). Inductive
effect changes with the electronegativity of theugrs and raise of the carbon chain length and smebus
steric effect leads to the better inhibition agagwmrosion. Functional groups linked with -CCdéde not directly
involved into the adsorption, however they are oesjble for electrostatic repulsions. Adsorptioroserved
for the -COOH group interacting with the metal surface. Akyl itisa as well as other substituents, form a good
physical barrier against chloride ions if the stegffect is large. Presence of two or more relativdosed
located in the molecule carboxylate groups improntgbitive properties. That enables to complex ooty
ferrous, but also ferric species competing witlodbe ions (Sagoe-Crentsil al. 1993).

In spite of the electrostatic character of inhdaittowards chloride ions and steric effect of fimeal groups
in carboxylates, this type of compounds are abl®tm complexes due to the chelation process. Gatates
(mono- and polycarboxylates) are also the bestos@n inhibitors among amines and alkanolamines, se
Figure 4 (Ormellese et al. 2009).

+0,6

+0.47] CARBOXYLATES

+0.2

0.0

-0.2 AMINES

Pitting potential [V vs SCE]

0.1 UI.3 1.0
Concentration of chlorides [mol/L]

Fig. 4. Schematic Pedeferri type diagram showing pittintential as a function of chloride ions and thegeaof corrosion organic inhibitors
(Ormellese et al. 2009).

Various reports and paper describes many diffevggdnic inhibitors of corrosion, however among thie
most popular based on the amines and alkanolamBesh compounds have been considered as efficient
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inhibitors, due to their structural properties (lahal. 2003; Jamil et al. 2004). Despite of bread application
of amines, alkanolamines and carboxylates in tharsecorrosion inhibition in concrete it is shovimatt still

many problems must be solved regarding their affgctnhibition effects. In literature that otherganic

compounds have been reported as efficient corrastubitors. Among different organic inhibitors cbrrosion
the Multi-Functional Organic Inhibitors (MFOI) akbescribed as efficient corrosion inhibitors (Nm&i032).

MFOI consist of amines and fatty-acid esters amide a twofold mechanism of corrosion inhibitidue to

their chemical structure they form a protectivenfibnto the corroding metal surface blocking chleridns. At
the first stage in alkali media, like concretegestare hydrolyzed and form alcohol and carboxauici, which
carboxylic ion quickly reacts with calcium ion afadms the coating. The fatty-acid esters arrangethe rebars
and chain the non-polar groups forming tight, medtel barrier (called film-forming amine compondttA)

non-permeable for moisture, oxygen and chlorides.iokdditionally MFOIs act as chelates. Due to tkdap
groups in the molecules they are able to form sewinered chelate rings.

Organic compounds added as admixtures reduce phbilitieaf concrete. Benzotriazoles (Ababneh et al.
2012), benzotriazole derivatives (Sheban et al.720onticelli et al. 2002), and azoles (Subramaryetnal.
1985) containing tertiary amine groups in the rfogm strong bond with the metal surface in alkakdia.
Benzotriazoles and their derivatives operate asl galaibitors against chlorides attack in concr&eme studies
have shown that substituents in benzotriazoles baygficant effect on the inhibitive propertiestbbse groups
of organic inhibitors. Shi and Sun (2012) reportieat benzotriazole (BTA) exhibit higher inhibitiygoperties
than inorganic inhibitors in order: BTA > NaNG® NaPQ,. It was also reported that BTA can be used as anixe
inhibitor (Shi and Sun 2012). Application of elesiracceptors like -Cl group improve inhibition eféincy,
while donor group like -N@have opposite effect. Inhibition efficiency deaesiin order: 5-chlorobenzotriazole
> benzotriazole > 5-nitrobenzotraiazole (Abd Elétah et al. 2014). Organic alcohols like ascorbid é¢alek
et al. 2007) or aromatic amines with various fumdl groups (tiophene, carbonitrile) (Gurten et 24007;
Ameer et al. 2010), tested in alkali solution abtiseffectively on the metal surface and form a leampreventing
from chloride ions and act as efficient corrosiohilbitors. Some studies show that compounds likeiwa
palmitate and their combinations with calcium rigralso enable the inhibition of corrosion in cater(Kumar
et al. 2013). Sodium gluconate can also adsorb thetaeformed metal with the final formation of leetating
layer which delays the chloride ions attack (Liatt 2015). Another group of compounds investigatsd
corrosion inhibitors in concrete are emulsions atftigated fatty acids (Bolzoni et al. 2005). Szaaredt Brandt
(1985) were also tested amine salts of fatty aaglgorrosion inhibitors on iron. Besides organimpounds
based on the nitrogen and oxygen, Etteyeb et @1.522016) have applied phenyl phosphonic acidfastere
corrosion inhibitor forming complexes with iron ¢ime top of steel rebars. Monticelli et al. (200212) have
described influence of 2-amino-benzoate and glygetosphate on the corrosion of steel in concridtamanti
et al. (2015) reported application of tartrate, zmate, glutamate and amines, where among varioup@onds
tartrate maintained the best inhibitive propertfeglycerophosphate has been found as promising datedfor
application in concrete as admixture with inorgasadts (Yang et al. 2008). Due to the growing némd
corrosion inhibition of rebars in concrete, evepay new materials, even natural corrosion inhibitme tested
as corrosion inhibitors (Raja et al. 2015; KundaleR016; Raja et al. 2016). Other group of conmatsuapplied
as corrosion inhibitors are amino-esters (Ormellesal. 2006). They are used as admixtures reduttiag
corrosion process (Al Zubaidy and Al Tamaimi 208&raswathy et al. 2013). Analogically to amino-este
carboxylate esters hydrolyzed to the alcohol asdlible calcium salt with hydrophobic alkyl chalocking
the pores in concrete (Gaidis 2004). Among varjparsimeters the content of organic inhibitor in cete plays
crucial role (Morris and Vazquez 2002; Rakantal.€2@06).

3.2. Side effects

Organic corrosion inhibitors are admixtures whietm @lo more than just inhibit corrosion of steell{€al;
other side effects on the fresh and hardened ctenpreperties are reported to be negligible). Cahadditives
can significantly affect the physical and mechanicaperties of cement because of their physicdl @emical
interactions with hydrates and/or unhydrated phasesinoalcohols have been used as additives in oeme
production and concrete technology for many yedfsr instance, triethanolamine (TEA), a tertiary
alkanolamine, is well-known as a multifunctionakafical admixture for concrete and an effective djrig aid
for cement manufacturing (in order to prevent aggdoation of powder and coating formation on millipgll
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surface). Depending on the cement type and doSdg®,can produce either set acceleration or retamdaif

cement hydration. An addition rate of 0.02% to tyge | Portland cement, TEA acts as a set accelgrat
0.25% as a mild set retarder and at 0.5% a seetasder and at 1% a very strong accelerator. Theetadn the
strength development in cement pastes is also depeon the added amount of TEA (Aggoun et al. 2008e

present economic constraints require acceleratidhe speed of work in the construction industiye Tieed for
a concrete with sufficient strength at a very eadyg (caused by accelerating admixture like TEAhimany
situations very important. An additional advantagesing TEA can be corrosion inhibition.

Table 1. The side effects of the organic inhibitors.

Properties Effects

odor of cement composites possible ammoniacal @shin

setting and early-strengtif  can accelerate or retard, it depends on type amckotration of organic inhibitor
development of concrete (Han et al. 2015; Dodson et al. 1990)

no significant effect but inhibitor sometimes rewdiincreasing the amount of ai

air content entraining admixture to achieve a given air confBimai et al. 2004)
viscosit organic corrosion inhibitors reduce viscosity df-sempacting concrete (Blankso
Y and Erdem 2015)
permeability it depends on type of organic inhibitor (for instenorganic acids react with cemept

components or hydration products - pore blockirigatf(Soylev et al. 2007b) )

it depends on functional groups (De Schutter amal 2004), inhibitors with groups
workability like -OH and -COOH causes an increase of workabitither inhibitor sometimes
required additional superplasticizer to achievedbgred slump (Soylev et al. 2008)

steel-concrete bond possible reduction of adhdsétween steel and concrete (Sdylev et al. 2007h)

4. Conclusions

Steel in concrete is passive and protected by gxlydxy layer due to the high alkalinity of concrete
promoting inhibition. Unfortunately, corrosion ocsweven on passive state-steel, and is vastly ebaies when
concrete loses its protective properties. Concigta porous material, so corrosion is acceleratgdhie
penetration of aggressive ions like chloride orrdase of pH of the solution inside pores, espgciaider the
concrete carbonation. Once the pitting corrosionitgated, the cathodic protection by organic hitors can be
used to control the corrosion rate. In generalaoiginhibitors change the potential between sieel solution
in the pores of concrete or create a mechanicakbagainst aggressive ions.

Inhibition properties of organic molecules and bition efficiency depend on many factors (Mann ket a
1936; Costa and Lluch 1984; Vosta and Eliasek 18@fpavinasam 2000; Khalil 2003; Ormellese et a0920
however the main can be considered as:

» length of the alkyl (carbon) chain,

» aromaticity (ring system) or conjugatedi{onding),

» structure of chemical compounds and the stericetihape and volumetric size of molecule),

» type of polar functional groups and bonding atoms,

» position of substituents in the polar groups,

» nature of substituent groups, the induction effebarge shift on the polar, functional group) wamance
effect (charge delocalization in molecule),

+ electrostatic effect,

e number of bonding atoms,

» number of polar groups,

» type of interactions between organic inhibitors ametal surface,

» concentration of inhibitors,

» charges density on the metal surface,

» charges density on the organic inhibitor,

» molecular orbitals of the applied compound,

» dipole moments,

 ability for a layer to become cross-linked or coetpa
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Inhibition efficiency is also influenced by othexctors like:
» composition of concrete and its pH,
* concrete porosity,
» availability of oxygen,
» temperature,
e concentration and type of aggressive ions in cdacre

The most effective corrosion inhibitors contaitbonds in their structure, due to therbitals from organic
compounds interacting with electrons in the mefak polar groups with S, O or N atoms are needeldov
adsorbtion on the active corrosion sites and netehce blockade. The most effective substancéshibition
against corrosion are: amines, aminoacids and ggidtes (Bolzoni et al. 2005). Generally, the alkighins or
voluminous substituent groups form a physical learprotecting the steel surface against chloridacht
Inhibition is more efficient when the organic corapd adsorbs onto theFeOOH, which is crucial for efficient
inhibition against corrosion.

The inhibition properties decreases in order: caylades > aminoacids > amines (Bolzoni et al. 2014)
Effective organic inhibitors decreases corroside & the anodic regions in rebars, decreasesrttepility of
corrosion by increase of the corrosion potential excrease of electrical resistivity in the anodigion covered
by organic inhibitor. Organic inhibitors may comtaingle or multiple functional groups like: -OH;-O-C-,
-COOH, -CONH, -SH, -C-N-C-, -NH, -N@, -N=N-N-, -S-, -S=0, -C=S-, -P=0, -P-, -As-, -Skewever many
of them only delay the corrosion of the embeddeélstxposed to chloride and carbonation. Therefaee is
need for more research about the application adrioginhibitors in the building industry.
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