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Abstract

Electrochemical Impedance Spectroscopy (EIS) was used to evaluate the inhibitive action of some organic compounds towards the
corrosion of a carbon steel, both in a solution simulating the pore chemistry of carbonated concrete and in carbonated concrete.

The synthetic solution (SS) has been made by bubbling pure CO, in a saturated Ca(OH), solution till obtaining pH 7 and then filtering it.
Concrete carbonation has been obtained by maintaining the concrete specimens in CO, atmosphere for 80 days, at 68% RH and room

temperature.

In SS, benzoate, its amino-derivatives and dicarboxylates were able to form a long-lasting passive layer on the steel surface. Their

efficiency improved with time.

In carbonated concrete the additives inducing a decrease in the concrete compressive strength were discarded. Some compounds were
monitored for up to 400 days, but only two (the sodium salts of benzoic acid and, particularly, 2-amino benzoic acid) exhibited some

inhibitive effect towards the rebar corrosion process.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The process of carbonation causes a pH decrease (from
around 13 to around 8) in the solution present in the
concrete pores. Under this condition, rebar passivity is no
longer maintained and active corrosion can ensue. There-
fore, as it is in the case of chloride attack [1-3], the use of
proper inhibiting substances becomes particularly useful.

With this purpose, some classes of organic substances,
showing good inhibiting properties towards carbon steel
corrosion in near neutral, mildly saline, aqueous solutions,
were tested in a solution simulating the pore chemistry of
carbonated concrete (synthetic solution, SS) [4,5]. They were
selected on the basis of a simple electrochemical test
(polarization curves recording), carried out after only 45
min of immersion in SS. In particular, the compounds capable
to prevent rebar transition from passive to active corrosion,
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by markedly inhibiting the anodic process on the rebar, were
able to keep stable passive conditions during 30 days
immersions, with inhibiting efficiencies greater than 90%.
As expected, small variations in the structure of the base
molecule could cause important changes in the inhibition
efficiency. For instance, effective inhibitors were sodium
salts of benzoic acid and its amino- or nitro-derivatives (but
not the chloro-derivatives), sodium salts of saturated dicar-
boxylic acids or dicarboxylic poly-hydroxylated compounds
(but not the monocarboxylic poly-hydroxylated ones or poly-
hydroxylated substances), and sodium salts of cinnamic acid
(but not the salts of chloro-cinnamic acid) [4,5].

This paper aims at concluding the previous research, by
discussing and comparing Electrochemical Impedance
Spectroscopy (EIS) tests carried out on steel electrodes
either immersed for 20 days in SS or embedded in
carbonated concrete for up to 400 days. The selection of
admixtures for concrete took into consideration also the
influence they exerted on the compressive strength and
carbonation rate of the concrete.
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The EIS technique is a non-destructive technique which
can highlight the inhibitor action mechanism and is often
complementary to other investigation techniques such as
polarization curve recording.

The EIS spectra in concrete are rather complex and
always present more than one time constant.

The response of cementitious systems in the high
frequency region (over 10° Hz) has been related by Zhongzi
Xu et al. [6] to the ion concentration in the pore solutions, to
the porosity and pore size distribution. According to other
authors, the high frequency region of the spectra include
two contributions: one due to the solid phase [7-9] and the
other due to the ionic motion of free ions in the electrolyte
filling the pores [10] or to imperfect electrode contacts, due
to local drying and/or cracking [9].

In the middle frequency region (10*~10 Hz range), it is
possible to study the dielectric properties of a layer often
formed on the steel surface and reputed to be constituted by
corrosion products [11] or, according to other authors [12—
14], by a protective precipitated calcium hydroxide or a
lime-rich product. This film could restrain the pH drop
caused by the hydrolysis of iron in pitting corrosion by a
buffering effect [15]. It also limits the cathodic reaction by
covering the steel surface available for oxygen reduction
[16].

In the low frequency region (from a few to a few tenths
of Hz), the EIS spectra are affected by the Faradaic
corrosion process occurring on the embedded steel electro-
des, with capacitancies in the range of tenth of microfarad
per square centimeter (LF cm ™ ?) or higher, depending on the
roughness of the surface [17]. In particular, in the case of
multiple pits or generalized corrosion, as produced in
carbonated mortars, the loop in the EIS spectra becomes
much flatter and deformed [18].

At even lower frequencies, the impedance spectra can be
affected by diffusion processes, usually attributed to oxygen
diffusion, even if not enough experimental evidence has
been produced so far to verify such an assumption [19].
Depending on the relative rates of the Faradaic and diffusion
processes, the whole corrosion process can exhibit either
activation, or a mass transfer, or a mixed control.

According to other authors, very low frequency arcs in
the EIS spectra can be more confidently attributed to redox
processes, of the type Fe(Il) < Fe (I1I) [17,20], taking place
in the steel passive layer and inducing capacitancies in the
order of millifarad per square centimeter (mF cm2). They
are reputed to be due to the presence of a Fe;04 < y-Fe,O;
equilibrium in the passive layer [20].

2. Methods

The steel specimens were obtained from AISI 1033 type
steel rods (nominal composition: C=0.3%; Mn=0.96%;
Ni=0.2%; Si=0.04%; Cu=0.02%; Al=0.07%; and S=0.03%;
P<0.01%) normally used as concrete reinforcement.

2.1. Tests in synthetic solutions (SS)

The SS was prepared by bubbling pure CO, down to pH
7.0 in a filtered saturated Ca(OH), solution. Successively,
the solution was filtered again to remove precipitated
calcium carbonate.

The examined substances were:

— benzoic acid (BEN) and its derivatives: 2-amino benzoic
acid (2AMB) and N-phenyl-2-amino benzoic acid
(Ph2AMB);

— dicarboxylic acids: succinic (SUC), adipic (ADI), suberic
(SUB), and sebacic (SEB); and

— sodium nitrite (SN) and dicyclohexylammonium nitrite
(DCHAMN), as reference compounds because they
proved to be quite efficient in chloride-containing
concretes [21-23] and in carbonated concretes [24].
Now their use in concrete applications is limited as they
are not environmentally friendly [25].

The acids were converted into sodium salts by adding
stoichiometric amounts of NaOH. The additive concen-
tration was 0.05M. When necessary, after additive dissolu-
tion, the pH was readjusted to 7.0 by CO, bubbling.

The steel electrodes consisted of cylinders with an
exposed surface area of 4.5 cm® They were ground by
emery papers up to grade 600, washed with double distilled
water and degreased with acetone.

2.2. Tests in concrete specimens

Concrete specimens (dimensions 25x25%3 cm) were
prepared with CEM II A/L 42.5R, according to the mix
design reported in Table 1. The water/cement ratio (w/c)
was 0.6, with the exception of Ph2AMB-containing
concrete specimens, as described in the Results and
discussion section.

Each concrete specimen embedded two steel rods (diam-
eter of 1 cm, ground down to grade 600 by emery paper)
whose ends were masked with epoxy resin to leave an
exposed surface area of 66 cm®. These rods were in a central
position with respect to the slab thickness and left a thin
concrete cover (I cm) which facilitated the full concrete
carbonation. Three symmetrical auxiliary electrodes (stain-
less steel rods) and two quasi-reference electrodes (activated
titanium wires) were also embedded and used for electro-
chemical tests. The reference electrodes were chosen in order

Table 1

Concrete mix design

Cement/kg m > 367
Water/kg m > 216
Aggregate (max. aggr. size=8 mm)/kg m > 1770
Water/cement ratio 0.6*

Additive/cement ratio/mole kg™ 0.28
* 0.8 in the presence of Ph2AMB.
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to be characterized by low impedance values, which should
minimize their influence upon the recorded EIS spectra [17].

In the concrete admixture the organic additive amount
was always kept at 0.28 mole/kg cement. The same additive/
cement ratio was previously adopted in chloride-polluted
mortars [1].

The uninhibited and inhibited reinforced concrete speci-
mens were subjected to the following procedure:

step I Hardening: 3 day curing at RH>95% + 28 day
aging under laboratory atmosphere conditions, at
room temperature (RT);
step II Carbonation: 80 day carbonation under 68% RH, in
a pure CO, atmosphere, RT; and
step III Exposure: partial immersion in tap water for up to
400 days.

For the evaluation of the compressive strength and
carbonation rates, non reinforced cubic concrete specimens
(either non containing or containing the inhibiting admix-
tures) were also prepared (side dimension: 10 cm) and cured
for 28 day at RH>95%. For the evaluation of the
carbonation rates some of these specimens underwent a
step II carbonation treatment and carbonation kinetics was
determined on sections of these specimens by applying the
phenolphthalein method.

2.3. Electrochemical measurements

In either SS or concrete specimens, EIS spectra were
collected at the corrosion potential (E.,) by imposing a
+10 mV rms sinusoidal perturbation, in a frequency range
10°-107 Hz (or 10~* Hz, particularly for measurements in
concrete specimens) and by collecting five measurements
per decade, by a Solartron apparatus (EI 1287, FRA 1260).
Before EIS spectra recording, the E,, values were measured
with respect to a saturated calomel electrode (SCE) (which,
in concrete specimens, was connected through an external
wet cotton wool pad).

On the steel rebars embedded in concrete, ohmic drop-
compensated polarization curves were also recorded at the
end of the 400 day exposure to the laboratory atmosphere
under conditions of partial immersion in tap water. The
potential was scanned from the corrosion potential to either
the cathodic or the anodic direction, at a scan rate of 0.5 mV/s.

All the potential values reported in the text, unless clearly
indicated, are referring to SCE.

3. Results and discussion
3.1. Tests in SS

After 1 h immersion, omitting the very high frequency

arc due to the low solution conductance, EIS spectrum of

steel exhibited a single capacitive semicircle in the 10°—

102 frequency range (Fig. 1), showing that the corrosion
process was mainly charge-transfer controlled at short
immersion times. The equivalent circuit (EC) fitting these
experimental data (reported in Fig. 2a) was a resistance (R,
the solution resistance) in series to a parallel combination of
a resistance (R) and a constant phase element (CPE, which
takes into account the non ideal behaviour of the system),
whose impedance expression is:

Zcpp = ;P

Y ()]
with 0<p<1. For p=1 the CPE is an ideal capacitor and then
Y is equal to a capacitance; for p=0, CPE is a pure resistor
and Y=1/R; and for p=0.5, CPE can model a diffusive
process [26].

After three hours, the polarization resistance, R, (i.e. the
difference between the real parts of the complex Faradaic
impedance at zero frequency, R}, and the solution resistance,
Ro) increased from 1.4 to 2.9 k Q cm?® for the likely
formation (or thickening) of a corrosion product layer on the
electrode and at the same time a second time constant ()
appeared. In this case the EC fitting the experimental results
included a further arm (a resistance, », in series to a
generalized finite length Warburg element, ) in parallel to
the previously described R—CPE combination, as shown in
Fig. 2b. The expression of W is:

lio(5)]
o)

where ¢ is the effective diffusion path length, D the
effective diffusion coefficient and 0<P<l1 [24]. This

W = Ry
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Fig. 1. Experimental and simulated EIS spectra recorded in uninhibited SS

at different immersion times. The frequencies indicated refer to the 20 day
spectrum.
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Fig. 2. Equivalent circuits used to fit the experimental spectra.

second capacitive loop (detected at frequencies lower than
102 Hz) could be attributed to a mass transfer step and
indicated that, already after 3 h of immersion, the
corrosion process underwent both activation and diffusion
control. This loop was almost independent of time and R,
from 3 h on, remained more or less constant and close to 3
k Q cm? (Fig. 1).

Table 2 collects the parameter values which fitted the
experimental data. It shows that during the test, the solution
resistance (R,) was more or less constant and close to 900 ()
cm?. The value of R increased from 1400 (1 h immersion)
up to about 5000 W cm? in 3 h immersion and afterwards
slightly decreased till the end of the test. R was assigned to
the anodic reaction, on the basis of previous results obtained
in SS after 1 h immersion [4]. In fact under these conditions,
the analysis of the polarization curves shows that the rate of
the anodic reaction controls the rate of the corrosion process
(as the anodic overvoltage is much greater than the cathodic
one) and the apparent polarization resistance, R} (cor-
responding to the sum of the polarization resistance, R, and
the solution resistance, R,), can be obtained from the
following modified Stern and Geary relation: Ri=ba/icor
(where b, and i, correspond to the anodic Tafel slope and
the corrosion current density, respectively). From Ref. [4], a
R}, value of 100x107° V/50x107° A cm™?=2000 Q cm’
can be calculated. The EIS analysis shows that after 1 h

Table 2
Values of the EC parameters determined by impedance spectra

4E+6
——1 hour
, 0.001 Hz A lday
o O 10days
O 20days
3E+6 ' . 0.001Hz | — 1 day - simul.
. L - - - 10days- simul
g | /. — - 20 days - simul.
= /
S 2E+6 1 tﬁy
Nk
1E+6 6 X 0.001 Hz
/
OE+0 w ‘ ‘
0E+0 1E+6 2E+6 3E+6 4E+6
Z' / ohm cm?

Fig. 3. Experimental and simulated EIS spectra recorded in SS in the
presence of BEN, at different immersion times.

immersion, such R}, value should correspond to the value of
R+R, (Fig. 2a). The good agreement between R, (2000 )
em?) and R+R, (2310 Q cm?) values confirms that R is
actually connected to the anodic process.

Over time, corrosion products accumulated on the
electrode surface and oxygen diffusion rate decreased.
Therefore, it is reasonable to ascribe the W element
(included in the EC after 3 h immersion) to the cathodic
reaction of oxygen reduction. The 9%/D parameter value
continued to increase with time, until 20 days of exposure,
suggesting the formation of a massive layer of corrosion
products, through which diffusion occurred. Both Ry and r
fluctuated around 3000 () cmz, until the end of the test.

The parameter ¥ was around 400 pF cm 2 after 1 day
and shifted towards greater values during the immersion
(reaching 850 uF cm 2, after 10 days, and 1900 uF cm 2,
after 20 days), probably due to the increase in the corroded
surface area. The exponent p remained close to 0.80
throughout the test.

The spectra obtained in the presence of BEN derivatives
(as an example, Fig. 3 collects the Nyquist plots of the
spectra recorded in BEN inhibited solution) revealed the
formation of a thin, very protective layer, after only 1 h
immersion. In fact, they were characterized by a capacitive

Time/h EC parameters

Ry/Q cm® R/Q cm? Y/uF cm 2 P /Q cm® Ry/Q cm? 5%D/s P
1 910 1400 385 0.81 / / / /
3 890 5200 260 0.84 3300 2400 210 0.5
24 880 5000 402 0.81 3200 3540 180 0.40
240 850 5000 837 0.81 3000 3500 400 0.40
480 1010 4500 1870 0.77 2900 3300 1000 0.45
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Fig. 4. Experimental EIS spectra recorded in SS in the presence of the
different dicarboxylates, after 1 h immersion.

semicircle whose diameter value (around 2-10°  cm? in
the case of BEN) was markedly higher than that of the
blank. A noticeable increase in the resistance was found

during the initial 24 h of immersion (for instance, in the case
of BEN a tenfold increase was detected) and thereafter it
augmented continuously, showing that the protectiveness of
the layer continued to improve.

Ph2AMB was more efficient than BEN, as at the end of
the test the R,, value was higher than 10* k Q cm?, whereas
the presence of the —NH, group in the BEN molecule
slightly depressed its inhibiting efficiency.

In the case of the bicarboxylic acids, the longer the
aliphatic chain, the higher the polarization resistance, as
shown, as an example, by the Nyquist plots recorded after 1
h immersion (Fig. 4). In the case of SEB, the most efficient
additive, EIS spectrum was characterized by two not well
resolved time constants.

The simple EC shown in Fig. 2a, consisting in this
case of a parallel combination of a resistance (the
resistance of the barrier layer-passive film, R;) and a
constant phase element (CPE,), closely fitted the exper-
imental data obtained in inhibited solutions (with the
exception of those obtained in SEB solution). CPE takes
into account the inhomogeneities of the metal surface and
of the inhibitor layer. Table 3 collects the parameter
values for most of the additives as a function of time. As
can be seen, both the benzoate derivatives and dicar-

Table 3
Parameters of EC satisfying EIS spectra recorded in SS
Additive Time/h 1 3 24 240 480
BEN Ry/Q cm? 145 147 145 162 162
R/Q cm? 2.1-10° 32-10° 24-10° 1.4-107 2.4-107
Yi/uF cm ™2 70 57 43 31 31
p 0.87 0.89 0.89 0.93 0.93
2AMB Ry/Q cm? 133 130 125 141 142
R/Q cm? 1-10° 1.6-10° 8-10° 3.7-10° 8.4-10°
Y /uF cm 2 68 58 38 34 34
P 0.88 0.88 0.90 0.90 0.91
Ph2AMB Ry/Q cm? / / / / /
R1/Q cm? 1.5-10° 3.4-10° 22107 4-107 810’
Y{/uF cm ™2 116 84 12 15 19
P 0.77 0.78 0.79 0.84 0.89
sucC Ry/Q cm? / / 57 57 83
Ri/Q em? 13-10° 3.2-10° 4.8-10° 8-10° 7.7-10°
Yi/uF cm™2 64 57 40 34 31
P 0.86 0.88 0.92 0.93 0.93
ADI Ro/Q cm? 82 92 83 78 94
R /Q cm? 2-10° 3.2-10° 4.8-10° 8-10° 7.7-10°
Y /uF cm ™2 54 50 32 32 31
P 0.88 0.89 0.91 0.92 0.92
SUB Ro/Q cm? 87 83 89 93 92
R/Q cm? 2-10° 42-10° 1.4-10° 1-107 1.5-107
Y, /uF cm™2 51 46 37 28 24
P 0.89 0.90 0.88 0.93 0.92
SN Ro/Q cm? 151 130 104 98 123
R/Q cm? 12-10° 3.1-10° 1.9-10° 9.9-10° 2.6-107
Y /uF cm ™2 55 49 40 25 24
P 0.86 0.88 0.89 0.91 0.92
DCHAMN Ro/Q cm® 165 166 158 142 120
R /Q cm? 32-10° 48-10° 3.0-10° 1.6-107 2.0-107
Y /uF cm™2 64 47 40 26 25
P 0.76 0.86 0.88 0.91 0.91
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Table 4

Slump, density and compressive strength of the different concrete mixes
Concrete type Slump/mm Density/kg m > R compr/MPa
Blank 50 2400 35

BEN 70 2390 28

2AMB 30 2370 30
Ph2AMB* - 2170 6.6

SucC 60 2410 33

ADI 60 2370 25

SUB 10 2360 26

SEB 10 2360 16

* Water/cement ratio (w/c)=0.8.

boxylate compounds allowed to reach R; values com-
parable or higher than those achieved in the presence of
SN or DCHAMN. Such values increased during the test
and often rose above 107 Q cm’. No great differences
were found in the capacitance values of the passive films,
which were markedly lower than that of the blank. They
tended to decrease with the immersion time, suggesting
that the film thickness continuously increased. At the
beginning of the test, the p exponent values were close to
0.8 and increased up to about 0.9 in all the inhibited
solutions, indicating the progressive healing of the film
flaws.

3.2. Tests in concrete specimens

Some properties of fresh and hardened concrete mixes,
obtained in the absence and in the presence of the various
additives, are reported in Table 4. In the presence of
Ph2AMB, it was necessary to adopt a w/c ratio higher
than 0.6 (0.8), owing to the marked hydrophobic proper-
ties of the compound. Anyway, a very dry mix was
obtained with this additive and low density and unaccept-
able compressive strength values were measured. The
workability, evaluated by the slump, is low even in the
presence of the two bicarboxylates with the longest
aliphatic chains. All the additives negatively affected the
concrete compressive strength, Roomp, but some of them
(BEN, 2AMB, SUC) induced a limited strength decrease.
In the presence of the salts of dicarboxylic acids, the
longer the aliphatic chain the lower the Rcompy decrease. In
fact, ADI and SUB induced a marked reduction of the
compressive strength, while, in the presence of SEB,
Rcompr Was unacceptably low. Therefore, besides
Ph2AMB, also SEB was discarded.

The carbonation rate was reduced by BEN, SUC,
ADI, SUB, whereas SEB and, chiefly, Ph2AMB stimu-
lated it (Fig. 5). The latter result can be ascribed to the
high w/c ratio.

a) 30 /
£
N
= 20 A
&
©
c 15
©
§ 104 |k
o ——BEN
g 5 —&—2AMB
o —e—Ph2AMB
0 — : : . . .
0 20 40 60 80 100
ime/ days
Time/ day
b) 30
E 25 .
IS
%_ 20
©
c 154
<]
= e Bk
5 101 —=—Ssuc
- —a—ADI
8 5
O —e—SUB
—e—SEB
0 ‘ ‘ ‘ ‘ ‘ :
0 20 40 60 80 100
Time/ days

Fig. 5. Carbonation depth as a function of time in concrete mixes non containing or containing the different inhibitors: a) BEN and BEN derivatives and b)

dicarboxylates.
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During carbonation, E,,, values of the steel reinforce-
ments settled at noble potential values, that is within —0.2
and 0 V, independently of the presence of the additives or
their nature (Fig. 6). In fact, carbonation was performed in
the absence of oxygen, thus the cathodic reaction and, as a
consequence, the whole corrosion process was stopped.

Exposure to the laboratory atmosphere, under conditions
of partial immersion, caused a quick reactivation of E, in
the first week. After 37 days, these values ranged between
—0.68 and —0.75 V, for the blank and bicarboxylic acid
salts, while in the case of BEN and 2AMB they ranged
between —0.48 and —0.43 V. After further 87 days of
immersion, slightly nobler E ., values were experienced by
all the specimens, with the exception of BEN exhibiting a
E¢orr of about —0.58 V. At the end of the test period 2AMB
kept definitely nobler £, values of the rebars, while BEN
reached the values measured in the blank specimens.

3.2.1. EIS spectra

During carbonation and in carbonated moistened con-
crete slabs, it was not possible to study the capacitive
semicircle (or semicircles [10]) related to the dielectric
properties of the concrete because the high frequency limit
adopted (10° Hz) was too low. Therefore the intercept of the
high frequency part of the spectra with the real axis was
taken as the sum of the solution electrolyte resistance, R,
plus the concrete resistance, Rc, [27] and the spectra
portions over that frequency limit were eliminated.

Both during and after carbonation, although lime-
depleted concretes were formed, a small depressed capaci-
tive loop was observed at intermediate frequencies (10%-10
Hz). Under these conditions, instead of a lime or lime-rich
film [12—-14], a less alkaline cementitious film was probably
present, whose uniformity, adherence and protectiveness
towards the steel rods could be impaired by corrosion
product accumulation. This capacitive loop was conven-
iently modelled by a parallel R—CPE; circuit.

Finally at frequencies lower than 10 Hz, one or two
capacitive time constants appeared, attributed to the corrosion

phenomena on steel, which are substantially the same as in
SS. Therefore, this last spectra portion was modelled by the
same EC used for the corrosion of steel in SS.

The complete EC simulating the spectra recorded on
reinforced concrete specimens during carbonation and
subsequent partial immersion conditions is shown in Fig.
2c, where: Ry and R correspond to the resistance of the
electrolyte inside the concrete pores and to the resistance of
the concrete itself, respectively; Ry and CPE; are related to
the resistive and capacitive properties of the surface film at
the steel/concrete interface and CPE; is a distributed
quantity which accounts for the film inhomogeneities; and
R, r, Wand CPE are connected to the processes occurring at
steel/concrete interface. In particular, R should correspond
to the charge transfer resistance connected to the anodic
partial reaction, » and W are the resistive and diffusional
components induced by the oxygen reduction reaction and
CPE is the double layer capacitance, exhibiting non-ideal
behaviour.

The EC parameter values obtained by fitting the spectra
recorded during carbonation in the blank concrete and in
concretes inhibited by BEN, 2AMB and SUB (as an
example of the data obtained in the presence of dicarbox-
ylates) are reported in Table Sa.

The table shows that during the carbonation treatment the
RotRc parameter markedly increased because of the
progressive water evaporation from pores and concrete
curing. No surface film was detected in the presence of
dicarboxylates, while in uninhibited concrete and in the
presence of BEN and 2AMB a surface film was detected and
its resistance (Ry) increased with time. In these concrete
types, both the cathodic and the anodic reactions slowed
down, as demonstrated by the increase with time of all the
corresponding resistive parameters: R, », and Ry. The
increase in Ry was likely connected to a diminution of the
oxygen content. As compared to the blank, the presence of
BEN and 2AMB caused significant differences only in Ry
and 0%/D values, indicating that during carbonation the
inhibitors hindered the cathodic reaction. On the contrary,

0.2
| Carbonation =Blank
.. ——-BEN
04 Exposition to the laboratory JAMB
atmosphere —@—SUC
= under partial immersion conditions
Z -0.2-
>
~
=
$ -0.4
=
-0.6-
-0.8 —

-100 -50 0 50 100

150 200 250 300 350 400

Time / days

Fig. 6. Time dependence of E ., of the steel rebars embedded in concrete specimens, during carbonation and during the subsequent step of partial immersion in

tap water.
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Table 5a

EC parameters values fitting the spectra recorded during concrete carbonation

1811

During carbonation

Additive  Eeon/V  Time/day RgtRc/10°  RJ10°  Yy/uF/em®  pg /10> Ry/10°  8%D/10°s P R/10°  YuFlem® p
Q cm? Q cm? Qem?>  Qocom? Q cm?
Blank —027 29 20 8.5 2.7 052 10 180 53 055 54 213 0.68
-0.13 77 57 12 2.0 0.68 33 500 73 0.62 160 131 0.58
BEN —022 29 12 5 / / 10 1400 82 0.63 38 255 0.78
+0.06 77 41 7 13 0.66 21 8500 78 0.56 100 65 0.61
2AMB —0.17 29 5.6 3 / / 8 870 31 057 53 270 0.87
-0.02 77 47 8.6 2.0 071 7 2000 46 050 91 38 0.83
SUB —0.18 29 6.2 / / / / / / / 130 196 0.58
—0.06 77 21 / / / / / / / 45 172 0.51

the cathodic and anodic reactions were not inhibited by the
presence of the bicarboxylates because the resistive param-
eters, 7 and Ry, resulted negligible and R decreased with
time.

The EC parameter values fitting the most representative
experimental spectra recorded during the successive partial
immersion in tap water are collected in Table 5b.

As can be seen, in wet carbonated concretes, lower
RotRc and Ry values were detected. These lower values
were due to the ingress of an electrolyte, filling or partially
filling the cracks and pores present in the concrete and in the
surface cementitious film, during immersion in tap water. In
the presence of BEN and 2AMB, the Y; values were one
magnitude order lower than those measured in the blank
specimens, indicating that these inhibitors induced a
modification of the surface layer structure, which appeared
more compact. Again no cementitious film was clearly
detected in the presence of dicarboxylates.

In the blank specimen, the exposure to the laboratory
atmosphere under partial immersion conditions markedly
accelerated the cathodic process because only the loop
connected to the anodic process was detected. At longer
exposure times both the anodic and particularly the cathodic
process progressively slowed down, as evidenced by an

Table 5b

increase in both the resistive parameters R, », Ry, and 8%/D,
with the latter probably connected to an increase in the
length 6 of the oxygen diffusion path towards the electrode.

The addition of BEN induced a marked increase in R and,
particularly, Ry, values, up to 124 days of exposure. Also
high 6%/D values were detected, confirming that oxygen
diffusion was obstructed. However, at longer exposure times
the spectra recorded in the presence of BEN became quite
close to those exhibited by the blank specimen.

2AMB markedly affected the anodic process, as after 37
days of exposure R was two magnitude order higher in the
2AMB-inhibited specimen than in the blank one. The
formation of a protective inhibitor passivating layer is
possible, as also observed in SS. Even the cathodic process
was inhibited. At longer exposure periods the 2AMB
inhibiting action, although reduced, is maintained, as shown
by the persistence of high R and R, values till the end of the
test. The inhibitor progressive leaching from the concrete is
likely responsible of the reduced inhibition efficiency
detected in BEN and 2AMB specimens at the end of the
observation period. Fig. 7 shows the spectra recorded in the
blank and 2AMB-inhibited specimens, after 400 days of
exposure. The corresponding fitting spectra are also
included.

EC parameters values fitting the spectra recorded on carbonated concrete, during the partial immersion in tap water

During immersion

Additive  Econ/V  Time/day RgtRc/10°  RJ10°  Y/uF/em®  pg /10> Rw/10°  8%D/10°s P R/10*  YuFlem® p
Qcm? Qcm? Qem® Qcem? Qcm?

Blank —0.63 8 438 12 5.0 056 / / / / 6.5 580 0.5
—0.70 37 49 1.4 4.6 0.50 0.5 35 0.5 0.5 87 170 0.80
—0.64 124 49 1.4 3.0 051 9.0 75 8.5 0.98 12 900 0.40
—0.63 400 5.1 1.4 3.7 052 9.0 87 8.8 0.95 12 800 0.50

BEN —0.47 8 5.7 1.3 0.23 078 7.1 50 1 0.67 41 342 0.40
—0.46 37 54 1.4 / / 75 1500 160 0.55 580 730 0.45
—0.55 124 6.0 1.8 0.55 0.60 8.0 1500 160 0.45 100 700 0.38
—0.65 400 44 1.4 0.41 0.70 9.0 110 13 0.66 22 660 0.43

2AMB —0.44 8 9.0 7.0 0.19 0.58 15 100 2 0.58 150 160 0.31
—0.43 37 6.0 7.0 0.64 0.50 10 300 210 0.39 1000 220 0.48
—0.42 124 6.0 7.9 / / 10 400 200 0.55 600 500 0.70
—0.52 400 4.6 49 / / 20 720 36 0.90 300 300 0.35

SUB —0.66 8 2.3 / / / / / / / 12 900 0.50
—0.69 37 3.6 / / / / / / / 8.1 640 0.52
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Fig. 7. Experimental and simulated EIS spectra recorded on steel rebars
embedded in carbonated concrete, non containing or containing admixed
2AMB, after 400 days of partial immersion in tap water.

No dicarboxylate derivative was capable to inhibit the
rebar corrosion process in carbonated concrete.

3.2.2. Polarization curves

In order to check the inhibiting efficiency of 2AMB at
the end of the exposure period and to confirm the correct-
ness of EIS spectra interpretation, ohmic drop-compensated
polarization curves were recorded on the steel rebars
embedded in carbonated concrete, either non containing or
containing BEN and 2AMB (Fig. 8; the potentials are in this
case referred to the internal reference electrode).

The analysis of the curves confirmed that at the end of
the immersion period no inhibiting efficiency was obtained

in the BEN-containing specimen, as the polarization curves
almost overlapped those recorded in the blank specimen.
On the contrary, in the presence of 2AMB, a marked shift
of the anodic curve towards lower current densities
suggested that this additive is mainly an anodic inhibitor.
As 2AMB also induced an increase in the parallel
resistance R of the EC reported in Fig. 2c, these findings
confirmed that R was connected to the charge transfer
resistance of the anodic process. The analysis of the
polarization curves allowed the evaluation of the inhibiting
efficiency of 2AMB towards the rebar corrosion process
that resulted to be around 60%.

4. Conclusions
The following conclusions can be drawn:

— In SS, benzoate, its amino-derivatives and dicarboxylates
were able to form a long-lasting passive layer on the steel
surface. Their efficiency improved with time.

— Ph2AMB and SEB wused as concrete admixtures
afforded unacceptably low compressive strength
values. They also stimulated the concrete carbonation
rate, while BEN, SUC, ADI or SUB addition reduced
1t.

— Among the additives tested as admixed inhibitors in
carbonated concrete, only BEN and 2AMB exhibited
some inhibitive effect towards the rebar corrosion
process. However, in BEN-containing concrete speci-
mens no inhibitive action was maintained till 400 days
of exposure, while in the presence of 2AMB inhibiting
efficiencies around 60% were still measured at the end
of the test. The inhibitor leakage is reputed responsible
of the decrease with time in the inhibiting efficiency of
both additives.

-0.2 3

-0.4-

-0.64

-0.84

Potential / V int. ref.

-1.24 T

1 - Blank
2- BEN
3- 2AMB

1 2

1E-06 1E-05

1E-04 1E-03

Current density / A cm?

Fig. 8. IR drop-compensated polarization curves, recorded on steel rebars embedded in carbonated concrete, non containing or containing admixed inhibitors,

after 400 days of partial immersion in tap water.
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— 2AMB mainly hindered the anodic process of steel
oxidation.
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