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Abstract

Corrosion of carbon steel reinforcement is the most important cause of premature failure
on reinforced concrete structures. Prevention of corrosion is primarily achieved in the
design phase by using high quality concrete and adequate cover. Additional prevention
methods are adopted when severe environmental conditions occur or on structures
requiring very long service life. Among these methods, corrosion inhibitors seem to offer a
simple and cost effective prevention technique. They may be used both as a preventative
techniques, if added to fresh concrete, and as a repair system, if applied on hardened
concrete.

The performance of corrosion inhibitors for reinforced concrete structures affected
by chloride induced and carbonation corrosion has been studied at PoliLaPP, Laboratory of
Corrosion of materials “P. Pedeferri” of the Department of Chemistry, Materials and
Chemical Engineering “G. Natta”, Politecnico di Milano, in the last 15 years.

Organic commercial admixed corrosion inhibitors delayed the occurrence of chloride
induced corrosion. This result is related to two effects: reduction of the rate of chloride
transport into concrete and increase of the critical chloride threshold.

Commercial migrating corrosion inhibitors (MCI) are able to delay time-to-corrosion
of passive rebars in concrete subjected to chlorides ponding; this effect is mainly related to
the reduction of chlorides diffusion coefficient. MCI can reduce the corrosion rate after
corrosion initiation only in carbonated concrete, nevertheless efficiency is low and residual
corrosion rate 1s not negligible.

Commercial MCI can penetrate into concrete mainly through capillary sorption but
penetration depth is limited to 20 mm.

The results obtained with nitrite-based inhibitor confirm literature data: the inhibitor
is effective if the molar ratio [NO,]/[C]"] is higher than 0.5-0.6; in carbonated concrete,

due to insufficient amount of inhibitor, no significant effect has been observed on
corrosion rate.

Among the tested organic substances, compounds containing carboxylic group
showed the best results solution tests: pitting potential, time-to-corrosion and critical
chloride content are similar to those obtained with sodium nitrite. In concrete tests, only
one amine and one amino acid showed good performance increasing the critical chlorides


mailto:fabio.bolzoni@polimi.it

Int. J. Corros. Scale Inhib., 2014, 3, no. 4, 254—278 255

threshold with respect to the reference condition. For carboxylate substances, a strong link
was found between inhibiting properties and molecular structure.

Key words: rebar corrosion, admixed corrosion inhibitors, migrating corrosion inhibitors,
nitrite based inhibitors, amines, carboxylates.
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Introduction

Reinforcement corrosion is the most important cause of premature failure of reinforced
concrete structures world-wide, and became of great interest at the end of 80s and early 90s
of the last century. Steel reinforcements in concrete structures are in passive condition,
promoted by the concrete alkalinity. Nevertheless, passivity can be destroyed and corrosion
may occur, due to two main causes: a) carbonation of concrete, that is the reaction of
atmospheric carbon dioxide with the cement paste; b) presence of chlorides at the carbon
steel surface in a content higher than a critical value [1]. It is well known from the
literature that the value of this threshold is influenced by different factors: pH of concrete
pore solution, type of cement, oxygen availability and temperature, cement paste porosity
at the interface rebar—concrete [1—4]. Critical chloride content is strongly influenced by
electrochemical potential as well described by the “Pedeferri diagrams” for cathodic
protection and prevention [5—7]. For comparison purposes, critical chloride threshold can
be generally considered in the range 0.4—1% by cement weight [1].

It is well known that the life of a reinforced concrete structure, as far as corrosion is
concerned, presents two distinct periods. In the first (the initiation phase) carbon dioxide or
chlorides penetrate the concrete cover, reach the reinforcement and eventually depassivate
the steel. In the second (the propagation phase) corrosion takes place in presence of oxygen
and water (Tuutti's model). The propagation period end when a critical serviceability limit
state 1s reached (e.g. cracking of concrete cover). The durability necessary for the
requested service life can be obtained theoretically by increasing both the initiation period
(e.g. acting on the quality of concrete or on the cover thickness), and the propagation time
(e.g. controlling the factors which determine the corrosion rate, such as concrete
resistivity). In general, the first action, which extends the initiation time, is more viable and
reliable, and this is more evident in the case of chloride induced corrosion, due to the fact
that localised corrosion rate can be very high and propagation time very short [1].

Prevention of corrosion is primarily achieved in the design phase by using high
quality concrete and adequate cover. Additional prevention methods are adopted when
severe environmental conditions occur or on structures requiring very long service life [1].
Among additional protection methods, corrosion inhibitors seem to be attractive because of
low cost and easy handling, compared with other methods.

Corrosion inhibitors have been the subject of numerous studies in the past decades
[8—10]. They are applied in various technical areas, including the construction industry.
Corrosion inhibitors for steel reinforcement in concrete can increase either the initiation
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period (increasing the chloride threshold value or reducing chloride penetration) or
propagation period, reducing corrosion rate [11]. From a practical point of view, inhibitors
can be divided in two groups: products added to the fresh concrete for new structures
(mixed in), and migrating inhibitors which can penetrate the hardened concrete and are
proposed in rehabilitation [11-13].

Nitrite-based inhibitors (mixed-in) are considered the most effective products
available in the market. Early studies dates back to the late 50’s, while systematic
investigation as additives to fresh concrete started later in the 60’s in different countries
(USSR, USA, Japan) and are commercially available since the 70’s of the last century
[14—19]. Nitrites act as a passivator due to its oxidising properties, and its inhibitive
effectiveness is related to the [NO;]/[C]"] molar ratio, that should be higher than 0.5-0.6

to prevent corrosion [11]. Concerns are with their toxicity, solubility and possible increase
of corrosion rate in case of low dosage or in the presence of cracks. Controversial results
were obtained in severe conditions (presence of cracks in concrete cover, seawater) [20].
Under similar conditions, some commercial organic products showed low inhibition
efficiency, too [21, 22].

Commercial organic inhibitors are available from 80’s. As reported in the state of the
art by Elsener [11], there is no agreement among the scientific community in defining the
effectiveness of these inhibitors; conflicting results are reported [21-28]. Moreover, the
chemical composition of the organic commercial inhibitors and the concentration of the
inhibitive substances are not clearly known. No indication is given about the inhibitor
dosage to prevent corrosion in relation to the chloride content, and no literature data
provide values of critical chloride threshold in the presence of organic inhibitors.

Migrating corrosion inhibitors (MCI) for concrete structures were studied in the last
20 years. Proposed MCls are both inorganic compounds (sodium-mono-fluoro-phosphate)
[28, 29] and organic aqueous mixtures based on a volatile amine constituents and a non
volatile ones, mainly a carboxylate compound or a P-containing compound [11, 23-25].
They are claimed to inhibit corrosion by penetrating concrete and adsorbing on the metal
surface. There is some criticism regarding their application: there are doubt on migration
ability [30], or the inhibitors may penetrate only in conditions (low concrete cover, less
compact concrete) that favours penetration of aggressive agents too [25, 28]. Some authors
stated that MCIs do not show a substantial improvement of the corrosion resistance of
reinforcing steel embedded in concrete exposed to chlorides under immersion conditions
[12, 31]. However, some efficiency can be achieved in simulated pore solution. The reason
of low inhibiting properties in concrete has been attributed to the fact that one of the
inhibitor constituents does not reach the embedded steel, reacting with cement paste [32].

In the last 20 years there have been a lot of interest in studying new compounds able
to prevent or stop corrosion, and in understanding the inhibition mechanism. Non
commercial inhibitors, both inorganic and organic have been studied: both inorganic (zinc
oxide, molybdates, borates, stannates) and organic compounds (benzoate and its
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derivatives, carboxylate ions, quaternary ammonium salts, citrate and amine-based
substances) [11, 33—39].

The performance of corrosion inhibitors for reinforced concrete structures has been
studied at PoliLaPP, Laboratory of Corrosion of materials “P. Pedeferri” of the Department
of Chemistry, Materials and Chemical Engineering “G. Natta”, Politecnico di Milano, in
the last 15 years on commercial corrosion inhibitors, both mixed in (nitrite based and
organic) and migrating [40—44] and on organic compounds, mainly amines, carboxylates
and amino acids [45—48].

The main results of these investigations were related to:

— the performance of commercial inhibitors (both mixed and migrating) and organic
compounds

— the study of the mechanism of the inhibition

— the effect on the service life of reinforced concrete structures.

Most of the results are referred to chloride induced corrosion; nevertheless, also some
results about carbonation induced corrosion has been got for commercial inhibitors.

2. Experimental

The research on corrosion inhibitors has been carried out in different phases through more
than 15 years. Different research projects has been carried out:

* from 1997 to 2001 commercial corrosion inhibitors (mixed-in) available on market
in 1997 were tested in concrete with W/C ratio equal to 0.5 and curing time 7 days
(Series A) [40];

* from 2000 to 2006 commercial corrosion inhibitors (mixed-in and migrating)
available on market in 2000 were tested in concrete with an higher W/C ratio, equal
to 0.6 and curing time 28 days (Series B) [41-43].

* from 1999 to 2011 pure organic compounds have been studied, both in solution and
in concrete (Series C) [45—48].

2.1. Concrete

Concrete was manufactured for the different research project according to Table 1 with
CEM 1II A/L 42,5R (European standard CEN ENV 197/1 [49]) and limestone aggregates
(12 mm maximum diameter).

Series A: water/cement ratio (W/C) equal to 0.5, curing 7 days at 20°C and 95%
relative humidity.

Series B and C: W/C ratio equal to 0.6 or 0.65, and 1.770 km/m’ of limestone
aggregates. An acrylic super-plasticizer (0.6% by cement weight) was added to concrete
mixture. Curing 2 days in the mould, until 28 days in a wet environment (95% RH).

Compressive strength were measured on cubic specimens after 28 days of curing.

For each condition, reinforced concrete specimens were cast for electrochemical
measurements, while chloride content was measured also on cubic plain concrete
specimens.
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Inhibitors in the added dosage do not reduce significantly the mechanical properties

nor the workability (Table 1).

Table 1. Concrete mixture proportion and mechanical properties.

Series A1  Series A2 Series B1  Series B2 Series C
Cement content kg/m’ 300 400 367 338 367
Water/Cement ratio 0.5 0.5 0.6 0.65 0.6
Aggregate type limestone  limestone limestone  limestone limestone
Aggregate content kg/m® 2000 1851 1770 1790 1770
Plasticizer kg/m’ 45 6.6 2.2 2.2
Slump mm 160 160 190 150-210
Curing time (95% RH) days 7 7 28 28 28
Compressive strength ! MPa  46-47 46 40-43 30 36-40

8] mean value of concrete without chlorides, with or without inhibitor

2.2. Commercial corrosion inhibitors

Mixed-in commercial corrosion inhibitors (available on market in 1997) were added to
concrete mixture according to producers recommendations. Three organic products and
one nitrite-based product were considered. Dosages are reported in Table 2. For
comparison purposes, specimens without inhibitors were cast [41]. The same four
commercial corrosion inhibitors (but available on market in 2000) were added to the
concrete mixture in the recommended dosages for series B, as reported in Table 2 [40, 43].
Corrosion inhibitors of these two series although nominally identical may have different

chemical composition since they were bought in 1997 and 2000, respectively.

Table 2. Commercial corrosion inhibitors dosages.

Series A1 Series A2 " Series B
OCIA-1 (Liquid — amino-alcohols) L/m’ 10 16 10
OCIA-2 (Liquid — alkanolamines) L/'m’ 1.6 4 1.6
OCIA-3 (Liguid — amine-esters) L/m’ 5 7.5 5
NIT (30 % solution of calcium nitrite) kg/m3 7.5 20 10

[b]

[ suggested by producers ™ maximum allowed

Two commercial migrating corrosion inhibitors (available on market in 2000) were
tested: they were amines and alkanolamines based with phosphorous inorganic compounds
in their mixture [42—44]. Applied dosages were increased 30% approximately for the
expected losses with respect the values suggested by manufacturers, i.e. 400 g/m® of



Int. J. Corros. Scale Inhib., 2014, 3, no. 4, 254—278 259

concrete surface for inhibitor MIG-1, and 250 g/m’ for inhibitor MIG-2. Number of
applications depends on considered tests series. For the application the recommendations
reported on the technical sheets were followed: concrete surfaces were carefully cleaned,
dried, and after the inhibitors application, the specimens were closed for two weeks in a
sealed container in order to avoid inhibitor evaporation. Then each specimen was exposed
to its corrosive environment.

2.3. Organic substances

A first screening test (potentiodynamic test) was performed on about 80 organic
compounds (mainly amines, amino-alcohols and carboxylates) in order to identify the best
inhibiting substances [46].

The nine most effective compounds were 2 amines (dimethylethanolamine and
triethylentetramine), 4 amino-acids (aspartate, asparagine, glutamate and glutamine) and 3
carboxylates compounds (tartrate, benzoate and EDTA). These organic substances contain
in their molecular formula an aminic or a carboxylic group or both. These two functional
groups are responsible for adsorption on the passive layer surface: the lone pair of the
nitrogen atom and the delocalization of the electrical charge of the carboxylate anion
(—COO-).

These 9 substances were tested in potentiostatic and free corrosion solution test and in
concrete (series C). The dosage in solution was 1 mol/L, the dosage in concrete was 1% by
cement weight with exception of sodium tartrate that was added 0.1%, due to the effect on
setting [47].

2.4. Solution test

Tests were performed on carbon steel samples machined from commercial reinforcement
(characteristic yield strength 450 MPa), 10 mm in diameter and 40 mm long. Before
starting the tests, specimens were sand-blasted and the extremities coated by self-adhesive
tape to isolate the cross sections from the solution.

Tests were carried out in a synthetic pore solution obtained from a saturated Ca(OH),
with NaOH 0.01 mol/L (pH 12.6). NaCl has been added in the case of solution containing
chlorides.

A first screening test (potentiodynamic test) was performed on about 80 organic
compounds n order to identify the best inhibiting substances. Potentiostatic polarisation
and free corrosion tests have been carried out on the best 9 substances selected (Table 3);
their dosage was 1 mol/L. For comparison purposes, tests with sodium nitrite 1 mol/L and
tests without any inhibitors (reference) were also performed.

Cyclic potentiodynamic polarisation test. E—logi curves has been measured to
identify pitting potential (£,;), repassivation potential (E,,) and passivity range.
Potentiodynamic tests were performed according to the Standard Test Method ASTM G61
[50]. Scanning rate was 1 V/h, starting from —1.2 V SCE in the anodic direction until
10 mA current was reached (corresponding to about 10 A/m®), then reversing the potential
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scanning to the cathodic direction up to —1.2 V SCE. Tests started 1 h after the immersion
of the specimen in the solution.

Table 3. Analysed organic substances.

) AM 1 Dimethylethanolamine (DMEA) (CH3),N(OH CH,CH,)
Amines AM 2 Triethylentetramine (TETA) NH,-CH,CH,—(NHCH,CH,),—NH,

AMAC 1 Sodium Aspartate COOH-NH,-CH-CH,-COOH
AMAC 2 Asparagine COOH-NH,-CH-CH,—-CONH,

Amino acids  AMAC 3 Sodium Glutamate COOH—-NH,—~CH-CH,—CH,~COOH
AMAC4 Glutamine COOH_NHéB%%_ZCHz_CHz_
CARB 1 Sodium benzoate C¢Hs—COOH

Carboxylates CARB 2 Sodium tartrate HOOC—-(CHOH),-COOH
CARB 3 EDTA (HOOC),—N—-CH,—N—(COOH),

Potentiostatic polarization tests. In potentiostatic tests, 13 carbon steel specimens
have been placed in a 3 L cylindrical cell (20 cm in diameter). Specimens have been
polarized at 0 mV SCE, using an activated titanium net-wire as counter-electrode placed in
the bottom of the cell. The polarisation potential simulates the corrosion behaviour of
carbon steel rebar in pristine concrete exposed to atmosphere. The current flowing in each
sample has been monitored through a series of shunts. The solution was initially chlorides
free: as soon as current density reached values typical of passive conditions (passive
current density lower than 0.001 A/m?), chlorides were periodically added every 80—90 h
to the solution (0.05, 0.1, 0.2 up to 1.2 mol/L). Corrosion occurrence was revealed by
increase in the current and confirmed by visual inspection.

Free corrosion tests. Three not polarised carbon steel specimens have been immersed
in each test cell. During the first 15 days, solution was chlorides free. Then chlorides were
periodically (each 15 days) added to the solution as follows: 0.05, 0.1, 0.2 up to 0.4 mol/L.
Free corrosion potential and corrosion rate have been monitored. For some compounds,
also EIS was performed [45].

2.5. Concrete tests

Different series of concrete specimens were cast: series A and B with commercial
corrosion inhibitors (3 organics and 1 nitrite-based product) and series C with organic
substances.

For chloride induced corrosion specimens were of two types: chloride containing or
without chlorides. The first type was exposed outdoor in Milano (Italia), while the second
type were subjected to accelerated chlorides penetration, i.e. ponding cycles three week
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long: in the first week the upper surface of the concrete samples was wetted with a 3.5%
sodium chloride solution, then for the next two weeks, samples were dried in laboratory.

In the case of carbonation induced corrosion the specimens were first exposed, after
curing, to accelerated carbonation chamber (pure CO,) at room temperature and 65% RH.
After they were exposed to atmospheric environment (Milano, Italia).

Concrete specimens. Concrete specimens (160 %250 x 70 mm) for Series A have been
cast with a carbon steel rebar in each concrete specimen: 10 mm in diameter and 270 mm
length. The ends of each rebar were covered by thermoretractil sheath, so that only a length
of 170 mm was exposed to the concrete (Figure 1). Concrete cover was 20 mm. Two AISI
304 stainless steel rebars (10 mm in diameter) and an AISI 304 stainless steel wire (1 mm
diameter) were placed in concrete specimens for corrosion rate measurements. Three
specimens for each condition were cast.

¢ 10 rebar AISI 304
stainless steel ¢ 10 rebar, carbon steel, cover 20 mm

é
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Figure 1

Concrete specimens (200x250 x50 mm) for series B and C were cast with two
carbon steel rebars (10 mm in diameter and 290 mm length) in each concrete specimen
(Figure 2). The ends of each rebar were coated, so that only a length of 210 mm was
exposed to the concrete. Concrete cover was 20 mm. A thin wire of mixed metal oxide
activated titanium (MMO) was fixed near each rebar to be used as reference electrode and
three AISI 304 stainless steel wires (2 mm in diameter) were embedded in the specimens
and used as counter-electrode for corrosion rate measurements. Two specimens for each
condition were cast.

Corrosion monitoring. Corrosion was monitored by potential measurements with
respect to a saturated calomel reference electrode (SCE, +244 mV SHE) placed on the wet
concrete surface [51], and by corrosion rate evaluation, obtained by means of linear
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polarization resistance technique [52, 53], applying a potential scan rate of 10 mV/min in
the range £10 mV with respect to the free corrosion potential. Mean corrosion rate, icoy
(mA/m’) was evaluated by the Stern-Geary equation:

icor = C/R,, (1)

where R, is the polarization resistance (Q-m®) and C is assumed equal to 26 mV. For steel,
current density 1 mA/m”> ~ 1. Since corrosion penetration lower than 1-2 um/y can be
considered negligible [1], polarization resistance value of about 20 Q-m” is the threshold
value below which corrosion is significant.

Carbon steel Stainless steel
Ti electrode rebar \ / wire

20 i
e NN
50 50 | 50 50
' 200 '
Heat shrinkable
sleeve
Reference electrode
//
= a
= i i
I S 250 . :
Figure 2

Some concrete specimens (series A) were broken at the end of the test. Rebars were
extracted from concrete specimens for visual inspection and weight loss measurements.
Weight loss has been estimated as the weight per unit length difference between rebars in
contact with concrete, and uncorroded rebars protected by the sheath. Weight was
measured by an analytical balance (0.001 g), and rebar length were measured by a
comparator (0.01 mm).

In order to determine the chlorides profile, concrete cores (30 mm in diameter) were
extracted at different time from concrete specimens. The cores were sliced; each slice was
milled and then dissolved in nitric acid. The total chlorides content was evaluated by
potentiometric titration with AgNO3 0.1 mol/L.



Int. J. Corros. Scale Inhib., 2014, 3, no. 4, 254—278 263

3. Results and discussion

The discussion of the results will be focused on the effect of corrosion inhibitor on the
service life of reinforced concrete structure:

* delay of corrosion initiation
* reduction of corrosion rate, after corrosion initiation.

The results will be presented separately for commercial corrosion inhibitors and
organic substances.

3.1. Commercial corrosion inhibitors — admixed — chloride induced corrosion

The monitoring of the potential and corrosion rate in concrete subjected to chloride
ponding, as shown in Figure 3 for concrete series B, enable to highlight that the presence
of mixed in inhibitors increases time-to-corrosion: in these tests, corrosion initiation is
evidenced by a sudden decrease of the corrosion potential and a contemporary (more or
less) increase of the corrosion rate. For the same series in Table 4 it is reported the number
of the ponding cycle in which the corrosion initiation was detected: in concrete without
inhibitors is observed the lowest time-to-corrosion while the most effective inhibitor is
OCIA-1 (liquid aminoalcohols based): at the end of test on series B (after 86 ponding
cycle, corresponding to more than 5 years) one rebar is still in passive condition. Only a
slight effect was noticed in the presence of inhibitor OCIA-2. Inhibitor OCIA-3 has an
intermediate behavior.

14% cycle 30t cycle 47t cycle 65" cycle 86™ cycle
100
—@— no inhib —4— OCIA-1 —O— 0OCIA-2 —0— 0OCIA-3 —O—NIT
- 0
C
100

Potential vs SCE
o )
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(e} o
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=
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O
S
S

Time (days)

Figure 3. Free corrosion potential of rebars in specimen subjected to chloride penetration
(series B) [43].
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Table 4. Summary of the results of the ponding test on concrete series B.

T initiation D (-10® cm?/s) Critical CI” (weight %
(cycle) vs cement)
No inhibitor 10-38 6.8-10 0.5-1.2%
OCIA-1 56-87% 2.5-6.8 1.1-1.8 %
OCIA-2 1246 2-4.7 0.7-1.3 %
OCIA-3 62—-69 1.9-3.2 1.4-2.6 %
NIT 21-56 3.1-6.1 1-23%

(*) corrosion did not initiate after 87 cycles for one rebar.

Nitrite-based inhibitor (NIT) effect is scattered: time-to-corrosion ranged from values
similar to those measured in the absence of inhibitors to values slightly lower than those
obtained in the presence of inhibitor OCIA-3.

In concrete series A (not shown here) the effect of organic corrosion inhibitors were
more scattered. Nevertheless, the initiation time was increased and the best performance
was shown by OCIA-1 [40].

The influence of inhibitors on initiation of corrosion may be related to an increase in
the critical chloride threshold, as well as to a reduction of chloride penetration rate (as a
reduction of chloride diffusion coefficient).

Chloride transport. Chlorides transport in concrete is due to the presence of different
mechanisms: mainly diffusion and capillary sorption. Only for comparison purposes,
experimental profiles may be interpolated using an analytical solution of the second Fick’s
law of diffusion (Eq. 2), supposing that chlorides content at the concrete surface (Cy) is
constant with time, and apparent chloride diffusion coefficient (D,p,) does not vary with
time and space (i.e. concrete is homogeneous):

C,=Cs-(I-erf (2)

X
2 /Dappt)
where C, is the chloride content at the depth x and # is time [1].

Higher chlorides content was measured in concrete without inhibitor, while in the
presence of organic inhibitors chloride penetration is reduced with time (Figure 4). A slight
effect was also noticed in the presence of nitrite-based inhibitor (NIT). Elaboration of the
data by means of Eq. 2 highlighted that the presence of organic inhibitors reduces the
apparent diffusion coefficient from 2 to 4 times the values obtained for reference concrete
(Table 4). Maximum reduction occurs in specimens containing inhibitors OCIA-2 and
OCITA-3. Similar effect have been reported in literature [11].

Inhibitors have a sort of “physical-barrier” effect: this is probably due to the
formation of gel compounds among organic substances and cement paste that block the
pores. From an electrochemical point of view, this effect cannot be considered a real



Int. J. Corros. Scale Inhib., 2014, 3, no. 4, 254—278

265

inhibiting action; moreover similar or stronger effect can be obtained acting on concrete
mixture proportion, reducing W/C ratio or using pozzolanic or slag cements [1].
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Figure 4. Total chloride penetration profiles for reinforced concrete (series B) [43].

Critical chloride threshold. Knowing the time of corrosion initiation and apparent
diffusion coefficients, the critical chloride content at the rebar level (x = 20 mm) can be
estimated by means of second Fick’s law analytical solution (Eq. 2) or graphically using
the measured profiles. Results are summarized in Table 4.

The extrapolated data has to be carefully analysed, since the diffusion coefficient is
not constant with time (see Table 4), as requested to use the analytical solution of Fick’s
law. Besides, values are related to the described experimental conditions, so they should
not be considered as absolute values, but used only for comparison purposes.

In the absence of inhibitor, estimated critical chloride content is in the range 0.5—
1.2% with respect to cement weight: those values are in agreement with literature, at least
the minimum ones [1].

In our tests, organic inhibitors OCIA-1 and OCIA-3 provide a significant increase in
critical chloride content: both minimum and maximum values are doubled with respect to
reference condition. Inhibitor OCIA-2 does not offer any significant influence. In the same
experimental conditions two organic compounds (DMEA and benzoate) show lower effect,
in agreement with results reported by Elsener [11] that it is necessary the presence of both
compounds to provide a significant effect. Results of series A (not shown here) confirmed
the best performance of inhibitor OCIA-1, while the performance of the other two
inhibitors was reversed vs series B.

The inhibitive effect of inhibitor OCIA-1 is also confirmed by results obtained in a
parallel series of tests in which chlorides were directly added in the mixture of the concrete
in concentration 1.2% with respect cement weight: all carbon steel rebars were in passive
condition even after 5 years [41]. In presence of higher chloride content added to the mix
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(1.5-2.5% by cement weight) in series A concrete the performance of organic inhibitors
resulted poor [40].

Calcium nitrite-based inhibitor (NIT) must be analysed separately; more literature
data are available on its inhibiting action, suggesting that the corrosion inhibitor is
effective if the molar ratio [NO,]/[CI"] is higher than 0.5-0.6 [11]. Tests results seem to

be in accordance with literature: considering inhibitor dosage (7.5 L/m’ for series A and
10 L/m’ for series B) and the obtained critical chloride content (Table 4), the estimated
molar ratio [NO,]/[CI"] is in the range 0.42—0.51. The reliability of the critical molar

ratio was also confirmed by tests performed on concrete specimens cast with chloride 0.8%
and 1.2% by cement weight [40]: after five year tests rebar are still in passive condition,
and the calculated molar ratio is 0.55 and 0.37, respectively; for concrete cast with higher
chloride content and lower amount of molar ratio [NO,]/[Cl"] rebars were in active

conditions.

Corrosion rate. In this analysis only concrete series A is reported, but the results in
series B are not very different. Only nitrite based inhibitor in the higher dosage lowers
corrosion rate (Fig. 5). Lowest penetration rate, referred to corroded area, were measured
for nitrite based inhibitor with high dosage and inhibitor OCIA-1: nevertheless, mean
penetration rate referred to corroded area is higher than 10 pum/year (Fig. 5), so corrosion
cannot be considered negligible.

Also in specimens subjected to chlorides penetration, a lowering of corrosion rate
after corrosion initiation was observed only in the presence of nitrite based inhibitor. In the
other cases, corrosion rates range between 4.5 and 12 um/year [40].

It should be underlined that for chloride induced corrosion the world-wide approach is
to consider the service life of a concrete structure equal to the initiation time, so the effect
of corrosion inhibitors on propagation time (corrosion rate) seem to be less important.
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Figure 5. LPR of rebar in concrete specimens with admixed chlorides: mean values between
100 and 500 days of atmospheric exposure (left); mean corrosion rate of carbon steel rebars
embedded in chlorides containing concrete after 3 years exposure, calculated by weight loss
and referred to the real corroded area (right) [40].
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3.2. Commercial corrosion inhibitors — admixed — Carbonation induced corrosion

Influence on carbonation depth. Carbonation penetration was detected by means of
phenolphthalein tests on cubic specimens after accelerated carbonation. Carbonation
coefficients k were estimated interpolating the experimental data. Results show that the
commercial corrosion inhibitors do not reduce carbonation penetration; only in concrete
with organic inhibitor OCIA-1 carbonation coefficient is slightly lower (about 7.5%) with
respect to the reference concrete, even if this reduction is not very significant.

Influence on corrosion rate. Rebars corrosion rate (um/year) calculated by LPR
measurements in carbonated concrete specimens is reported in Fig. 6. Corrosion inhibitors
seem not to influence corrosion rate with respect to the value measured in concrete without
inhibitor: moreover mean and maximum values are higher than 2 pum/year, so corrosion is
not negligible. Inhibitor effectiveness has been evaluated in terms of efficiency (), defined
as the percentage reduction of corrosion rate due to the presence of a corrosion inhibitor:

n= i:orr.: icorr (3)

corr

where i and i’ are the mean values of corrosion rate with and without inhibitor

corr corr
respectively.

It is worth noticing that only inhibitors OCIA-2 and OCIA-3 present an efficiency of
about 25%, while this figure is 2% for OCIA-1 and so the inhibition action against
carbonation induced corrosion is not good.

Nitrite dosage suggested by producers, that is in this case 1% by cement weight, is not
adequate to reduce corrosion rate in carbonated concrete. This is in accordance with
literature data that report as reference value a dosage close to 2—3%, in order to reduce
corrosion rate in carbonated concrete [54].
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Figure 6. Cumulative frequency of corrosion rate in carbonated specimens containing
commercial corrosion inhibitors [41].
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3.3. Migrating corrosion inhibitors — chloride induced corrosion

Effect on initiation of corrosion. If migrating corrosion inhibitors are applied to
concrete with passive rebars, they are able to delay the corrosion initiation, as shown in
Figure 7 where the initiation of corrosion (ponding cycle) was detected. The best results
were obtained in the case of migrating inhibitor MIG-2: the first rebar corroded at the 23™
cycle, but one rebar is still in passive condition after 80 ponding cycles.

Figure 7 illustrates total chlorides profiles measured at 80th ponding cycle: migrating
inhibitors reduce chlorides penetration into concrete. Apparent diffusion coefficient were
determined as in par. 3.1. Diffusion coefficient is significantly reduced (one fifth) at long
time after the application of the MCls.
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Figure 7. Time to corrosion for rebars in specimens subjected to chloride ponding (migration
inhibitors applied before corrosion initiation) (left) total chloride content after 80 ponding
cycles (right) [42].

Critical chloride threshold was evaluated as in par. 3.1 and resulted very similar in
presence or absence of corrosion inhibitors: 0.21—-0.27% by concrete weight (approximately
1.4-1.9% by cement weight). So the main effect is related to the decrease of diffusion
coefficient.

Effect on propagation of corrosion. After corrosion initiation, no significant
reduction of corrosion rate was measured by inhibitor’s application, neither in the case of
admixed chlorides, nor in the case of chlorides ponding. For example, Fig. 8 reports mean,
maximum and minimum rebar corrosion rate measured in concrete containing chlorides
1.2% by cement weight before migrating inhibitors application and after the three
applications. Corrosion rates are always higher than 1 pum/year, considered the threshold
values above which corrosion is negligible: migrating corrosion inhibitors are not effective
in reducing corrosion rate. Similar results were obtained in the case of concrete exposed to
chlorides ponding: corrosion rate remains quite high, more than 10 um/year (Fig. 8 right);
even the continuous application for 250 days of 1 L of MCls after the end of chlorides
penetration did not reduce the corrosion rate.
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Figure 8. Corrosion rate measured on rebars in concrete with 1.2% chloride vs cement weight
(left) and in concrete subjected to ponding (right); application of migrating corrosion inhibitor
after corrosion initiation [42].

3.4. Migrating corrosion inhibitors — carbonation induced corrosion

After carbonation of concrete mean corrosion rate increase from 1 pm/year (passive
condition) to values in the range of 7—12 um/year (active condition). After the application
of MIG-1 and MIG-2 a decrease of corrosion rate was observed. Nevertheless, the residual
corrosion rate is not negligible; after the 2nd application (Fig. 9) it is still much higher than
1 um/year, reaching maximum values close to 10—15 pum/year. Moreover the results are not
always reproducible. These results are in agreement with few available literature data on the
efficiency of MCls in carbonated concrete [31]; according to this work, no effect was
noticed on corrosion rate after one year exposure. In the case of carbonation, according to
literature, inhibitor penetration is effective only after several weeks and in dried specimens
[30]. Probably, in the considered experimental conditions, inhibitors did not reach rebar level
and the effect on corrosion rate can be due to change in concrete resistivity.
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Figure 9. Corrosion rate measured on rebars in carbonated concrete (migrating corrosion
inhibitor was applied after initiation of corrosion) [42].



Int. J. Corros. Scale Inhib., 2014, 3, no. 4, 254—278 270

3.5. Transport of migrating corrosion inhibitors

To avoid steel corrosion, migrating inhibitors must penetrate into cover concrete and reach
the reinforcements in an adequate concentration to adsorb on steel surface and inhibit
anodic and/or cathodic processes.

On the basis of our experimental results, the main transport mechanism into concrete
of a liquid migrating corrosion inhibitor is capillary absorption. The rate of absorption is a
function of the concrete porosity, fluid properties (density, surface tension, viscosity) and
of the interaction between surface and liquid (contact angle).

The studied inhibitor (MIG-1) is amine based and contains inorganic phosphorous
compounds; liquid inhibitor density is 1.15 g cm™ and it is comparable to distilled water
density. Inhibitor viscosity is higher than distilled water one.

In our tests it has been demonstrated that inhibitor penetration is very low (capillary
coefficient S is lower than the one obtained for water, the penetration is limited only to the
first 20 mm of depth into concrete after long time), two main reasons may be ascribed: the
higher inhibitor viscosity and, mainly, the presence of a chemo-physical interaction of the
inhibitor mixture with the concrete pores surface, that lead to the formation of complex
compounds that block the concrete porosity. This can also explain the reduction of the
capillary absorption coefficient with time; inhibitor absorption on capillary pores surface
lead to a decrease of the concrete porosity with an absorption coefficient reduction.

Nevertheless, concrete porosity reduction can also decrease aggressive species
penetration with an increment of corrosion initiation time [1]. This is in agreement with the
results presented in Figure 7 (par. 3.3) where it was found that MIG-1 inhibitor is able to
increase the time-to-corrosion. This increment is probably related to a blocking effect due
to the decrease of concrete porosity, and only in part to a physical and/or chemical action
of the inhibitor at steel surface.

On the other hand, even if such inhibitors were able to reach the rebars level, the
effectiveness of amines and alkanolamines based products, when they are used as admixed
inhibitors 1s not always reproducible, as shown in par. 3.1 and 3.2 and reported in literature

[11].
3.6. Organic substances

Screening of the best substances. More than 80 organic substances were tested as candidate
inhibitors for reinforcement corrosion in chlorides containing concrete. Amines and
alkanolamines are the basis for most of the commercial corrosion inhibitors. They are
organic compounds containing a nitrogen atom with a lone pair, responsible of the
adsorption on the metal surface. Organic carboxylates are characterised by the presence of
a —COOH group. They are proton donors and are considered Bronsted—Lowry acids. At
pH 12.6 they are in ionic form. Carboxylate adsorption on the metal surface occurs through
the delocalised electrical charge on the two oxygen atoms of the carboxylic group. Amino
acids contain both aminic and carboxylic groups.
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The inhibition effectiveness is presented and discussed on the basis of Pedeferri’s type
diagrams, where pitting potential, £, is plotted as a function of chlorides concentration
[5—7]. Results are also compared to those obtained in alkaline solution without organic
substances (NaOH 0.01 mol/L + Ca(OH), sat, pH 12.6) and the same alkaline solution with
0.1 mol/L sodium nitrite.

The effectiveness of the candidate inhibitor has been assessed on the basis of the
value of breakdown (pitting) potential: absolute value should be higher than 50 mV SCE,
that correspond to free corrosion potential of steel reinforcement in atmospherically
exposed concrete structures, and there should be an improvement with respect to the value
measured in the control solution (target value was arbitrarily fixed about 300 mV
difference).

In solution without inhibitors, pitting potential decreased from —200 mV to —500 mV
SCE as chlorides concentration increased from 0.1 mol/L to 1 mol/L. In the presence of
sodium nitrite pitting potential increase of about 600 mV for each chloride content
(Fig. 10). The different compounds showed these performances:

1. amines showed poor inhibition effect, with very scattered result when their
volatility increased

2. amino acids showed some inhibition effect

3. carboxylate substances, especially poly-carboxylates, showed very good
inhibition effectiveness, making them the most promising candidates among the
tested substances.

As far as carboxylate substances, a strong link was found between inhibiting
properties and molecular structure. The inhibition action is influenced by one or more of
these factors:

— electron-attractor or electron-donor effect: electron-donor substituent, that gives up
electrons, promotes the adsorption process through the negative charge localisation
on oxygen and on carboxylic group (adsorption is a combination of inductive and
resonance effect on electron density of the molecule); on the opposite, high
electronegative substituent tends to be electron-attractor then weakening adsorption
process being electrons not available for it

— electrostatic effect: adsorbed molecules with a negatively charged substituent or a
lone pair electrons develop a repulsive action towards chloride ions, avoiding
chloride to be in contact with the carbon steel passive layer

— steric effect: alkyl chain or voluminous substituent groups form a sort physical
barrier that blocks or delay chloride arrival to the metal surface

— lateral interaction effect: some repulsion effect between adsorbed molecules is
possible, because of the presence of highly polar group.

Effect on chloride penetration. Diffusion coefficients decrease with time as results of
the continuous cement hydration that lead to a concrete porosity reduction. In any case, all
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tested organic substances did not show any influence on the diffusion coefficient except the
specimen with glutamate in which formation of cracks lead to an enhancement in transport.

+600 (O Reference

[] Sodium nitrite
+400

Pitting potential (mV/SCE)

-600 1 >
0.1 0.3 1.0
Chloride concentration (mol/L)

Figure 10. Pitting potential range obtained for amines, amino acids and carboxylates [46].

Effect on critical chloride threshold. In the reference solution (without candidate
inhibitors), as soon as chlorides reached 0.1 mol/L all specimens corroded, i.e. critical
chlorides concentration for carbon steel in alkaline solution ranges from 0.05 to 0.1 mol/L,
that corresponds to a [Cl J/[OH ] molar ratio in the range of 1.2—2.5. In the presence of
nitrite 0.1 mol/L, localised corrosion occurred for a chloride content in the range of 0.5—
0.8 mol/L, that is one order of magnitude higher: critical was about 0.2 (Figure 11).
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Figure 11. Potentiostatic tests: corroded samples at increasing chlorides concentration in the
presence of organic substances in simulated pore solution [47].
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The presence of amines show different performance: DMEA slightly improved
critical chloride content to 0.2 mol/LL while TETA improved much more to 0.2—0.5 mol/L
(with one specimen without corrosion at more than 1 mol/L). Some amino acids performed
well: sodium aspartate and sodium glutamate enhance critical chlorides content up to
0.4 mol/L. The presence of carboxylate compounds delayed corrosion occurrence more
than the other organic substances: critical chlorides concentration ranges between 0.2—
0.4 mol/L (benzoate) to 0.4—1 mol/L (tartrate). These results are in close agreement with
the screening tests (Figure 11).

Since polarisation can alter adsorption of inhibitors, free corrosion tests were
performed too: steel samples in solution with amines DMEA and TETA showed corrosion
with a chloride content of 0.05 mol/L, few days later than the samples in the reference
solution. Amino acids increased critical chlorides content up to 0.1-0.2 mol/L. with the
exception of aspargine and glutamine that performed similarly to the reference solution.
The effect of carboxylate compounds is slightly better than the other substances, but results
are not so promising if compared to those obtained in potentiostatic tests, in particular for
sodium tartrate. Only EDTA showed a significant increase in critical chlorides content
(0.3 mol/L). It is worth noticing that in these tests, on the contrary of potentiostatic ones,
corrosion started under the self-adhesive tape.

Critical chloride content in concrete was estimated as before (par. 3.1): in concrete
without inhibitors is 1.3% by cement weight, higher than 0.4—1%, typical range for carbon
steel in alkaline concrete [1]; due to that, the critical chlorides threshold obtained with
organic compounds have to be compared only with the results obtained in these
experiments.

Among the amino-carboxylates, the higher increase is obtained with AMAC 4
(Glutamine) with a critical chlorides threshold of about 2.0%; sodium glutamate confirms
its worse behaviour (Table 5). In the presence of carboxylate compounds, only sodium
benzoate (CARB 1) and EDTA (CARB 3) show a slight improvement with respect the
reference conditions, while tartrate showed only little improvement vs reference solution.
Best results are obtained with amines: in the case of TETA (AM 2), the critical chlorides
threshold is twice the reference value and with DMEA is 50% higher than the value of
reference condition.

In chlorides containing concrete (0.8% and 1.2% by cement weight) after four years
of atmospheric exposure: a) the tested organic substances had a good inhibiting effect in
the case of chlorides 0.8% (corrosion rate < 2 pum/y), although this chloride content is in
the range of critical values without inhibitors; ») only the organic compounds TETA,
glutamine and sodium tartrate are effective also in concrete with chlorides 1.2% by cement
weight.
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Table 5. Summary of the results of the ponding test on concrete series C (w/c ratio 0.6) [47].

Initiation D Critical CI'
(cycle) (10 cm?/s) (% wt vs cement)

No inhibitor 32-35 4.2-6.5 1.3-1.6 %
AM 1 (DMEA) 38-66 4.3-7.4 2.3-2.5%
AM?2 (TETA) 77-78 4.8-7.3 2.7-3.2%
AMAC 1 (aspartate) 42-49 4.4-8.9 1.3-1.6%
AMAC 2 (aspargine) 52-65 2.2-6.7 1.4-1.6%
AMACS3 (glutamate) 5 7.8-12.5 0.6-0.7%
AMAC 4 (glutamine) 65-77 2.7-6.5 2-2.2%

CARB 1 (benzoate) 4244 2.4-5.6 1.8-2.0%
CARB 2 (tartrate) 46-57 2.7-5.7 1.5-1.6%
CARB 3 (EDTA) 46-52 2.6-7 1.8-2.1%

Inhibition effectiveness. In Table 6 all the main obtained results are summarised. For
each experimentation a ranking (1 is the best, 10 the worst) has been evaluated as follow:

— solution tests (potentiostatic and free corrosion): the chlorides content (mol/L) in
correspondence to corrosion initiation has been reported. The higher the chlorides
content of the first corroded sample, the higher the ranking; in the case of the same
value, the higher the maximum chlorides content, the higher the effectiveness;

— chlorides containing concrete: both maximum and mean corrosion rate have been
taken into account; if rebar corrosion rate is lower than 2 um/y, the maximum
evaluation (ranking = 1) has been attributed;

— concrete ponding test: the cycle in correspondence of initiation of corrosion on the
first rebar has been considered.

In the last row of Table 3 the mean ranking position has been evaluated. Obviously,
the lower the values, the higher the inhibitive effect. All the analysed organic compounds
lead to an inhibition effect with respect to the condition without any added compound.. The
best effectiveness has been observed in the presence of carboxylate compound sodium
tartrate (ranking 2.8) and EDTA (3.8). Also amine TETA (ranking 3.8) show a good
inhibition action. It is important to remark that some differences are obtained between
solution and concrete tests results. Glutamate showed poor performance in concrete tests
due to formation of cracks. Tartrate showed reduced effectiveness in free corrosion
solution and poor performance in concrete subjected to chloride ponding: in this last case
probably the performance is related to the lower content (0.1% vs cement weight, 1% for
the other compounds) added to the mix.
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Table 6. Inhibition performance.

AM AMAC CARB
ref
Test® 1 2 1 2 3 4 1 2 3
005 | ,, 02 03 0.1 0.3 0.1 0.2 0.5 0.4
31 0.1 10 | 05 02 0.5 0.2 0.4 1.0 0.8
10 7 5 4 9 3 8 6 1 2
0.05 | 005 005 | 02 005 01 005 | 0.1 0.2 0.3
> 10 7 8 2 9 4 6 5 3 1
C1 max 9.9 5.6 1.9 | 92 52 3.5 1.1 5.8 2.3 7.7
C1 mean 438 | 18 06 | 47 23 1 0.5 2.2 0.9 2.6
9 5 1 10 7 4 1 6 3 8
32 38 77 29 52 n.a. 65 42 46 46
2 9 8 1 10 5 10 2 7 6 6
rank 93 | 65 38 | 63 7 5.3 4.3 58 28 38

¥S1: potentiostatic test (critical chlorides content — mol/L); S2: free corrosion test (critical chlorides
content — mol/L); C1: concrete with C1" 1.2% (maximum and medium corrosion rate — um/y);
C2: concrete subjected to ponding (initiation time).

Conclusions

Organic commercial admixed corrosion inhibitors (OCIA) delayed the occurrence of
chloride induced corrosion. This result can be related to two effects:

o reduction of the rate of chloride transport into concrete: from an electrochemical
point of view, this effect is not a real inhibitive action, but a sort of “physical
barrier” effect;

o two of these admixtures (OCIA-1 and OCIA-3) provide an increase of the critical
chloride threshold with respect to rebars in concrete without admixed inhibitors.

Commercial migrating corrosion inhibitors (MCI):

o are able to delay time-to-corrosion of passive rebars in specimens subjected to
chlorides ponding; this effect is mainly related to the reduction of chlorides
diffusion coefficient;

o don’t show any appreciable reduction of corrosion rate in chlorides contaminated
concrete if they are applied after corrosion initiation;

o can reduce the corrosion rate in carbonated concrete, nevertheless the efficiency is
low and residual corrosion rate is not negligible;

o can penetrate into concrete mainly through capillary sorption, slower than water;
penetration depth is limited to 20 mm; migrating organic inhibitor interacts with the
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constituents of the cement paste, with a reduction of the concrete porosity; this
effect can reduce the permeability of aggressive agents too.

The results obtained with nitrite-based inhibitor confirm literature data: the inhibitor
is effective if the molar ratio [NO;]/[CI"] is higher than 0.5-0.6; in carbonated concrete,

due to insufficient amount of inhibitor, no significant effect has been observed on
corrosion rate.

Organic substances:

o compounds containing carboxylic group showed the best results in potentiodynamic
or potentiostatic polarisation tests in solution: pitting potential, time-to-corrosion
and critical chloride content are similar to those obtained with sodium nitrite;

o in concrete tests, one amine (TETA) and one amino acid (glutamine) showed good
performance increasing the critical chlorides threshold with respect to the reference
condition.

As far as carboxylate substances, a strong link was found between inhibiting
properties and molecular structure: electron-attractor or electron-donor substituents,
electrostatic effect, steric effect and lateral interaction effect have proven to be significant.
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