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Nitrites are effective corrosion inhibitors for concrete structures, but their toxicity leads to their total or
partial substitution. Licorice and its synergic effect with nitrites are studied both in simulated pore solu-
tions and in mortars with chlorides. EIS and polarization studies show that a 50% licorice + 50% Na2NO2

mix can reduce the corroding surface and the corrosion rate in solution. Moreover, the efficiency of this
mix is higher than that of Na2NO2 when it is added to mortars with 0.8% Cl-. The tested inhibitors, in the
amount considered (0.2%), do not affect the mechanical properties of the mortars.

� 2023 The Author(s). Published by Elsevier B.V. on behalf of The Korean Society of Industrial and
Engineering Chemistry. This is an open access article under the CC BY-NC-ND license (http://creativecom-

mons.org/licenses/by-nc-nd/4.0/).
Introduction

Concrete is the building material par excellence. It provides
chemical protection to steel, as its alkaline pH passivates it. How-
ever, the alkaline compounds in concrete tend to react with atmo-
spheric CO2 [1], so the durability of structures can be
compromised. Furthermore, the depassivating ions in the environ-
ment (chlorides) can locally break the passivity of the steel [2,3],
causing pitting corrosion of the bars, which is usually more aggres-
sive than the corrosion caused by carbonation.

The products that the reinforcements generate when they cor-
rode have a much higher volume than metal, so they generate ten-
sile stresses in the concrete cover. This easily leads to its cracking
and detachment, especially for corrosion mass losses greater than
2.4% [3,4]. Moreover, corrosion reduces the section of the steel
reinforcement and affects its mechanical resistance [5]. For all
these reasons, the corrosion of the steel is the main cause of dete-
rioration of reinforced concrete structures located in aggressive
environments and is behind the catastrophic failure of structures
when mechanical stresses are added to its detrimental effect.

The hindering of corrosion of the reinforcements must be guar-
anteed in the design stage by using high quality, dense concrete
with an adequate thickness cover [6], cathodic protection of the
steel reinforcements [7] or by using stainless steel bars in the most
exposed areas of the structure [8,9]. Moreover, the use of inhibitors
in concrete formulations is considered another interesting option
for controlling corrosion of reinforcements.

Various corrosion inhibitors have been employed to date,
among which the nitrite-based compounds have a long history in
this field due to their excellent performance [10]. These
concrete-compatible compounds, playing the role of passivator,
are reported to be able to inhibit chloride and carbonation-
induced corrosion of steel reinforcements [11]. In fact, the
nitrite-based anodic inhibitors can stabilize the surface oxide layer
with no contribution to its composition [12]. Nitrites are assumed
to compete with chlorides in the reaction with the ferrous ions and
favor the oxidation of the Fe2+ cation into stable films, while they
are reduced to NO [13]. Nitrite-based inhibitors have been reported
to be the most efficient in preventing the corrosion induced by
chlorides in concrete [14]. For instance, they have been proved to
be more effective than other inorganic passivating compounds
such as phosphates [6]. At the same time, sodium nitrites have
been determined to be the most effective nitrites for reducing
the corrosion of reinforcing steel, followed by potassium nitrites
and then by calcium nitrites [15]. However, nitrites are considered
toxic [14], and calcium nitrites shorten the setting time and
increase the drying shrinkage [16].
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Restrictions on the use of nitrites due to environmental issues
have led to widespread efforts to replace them, at least partially,
and interesting contributions in this line can be found in the liter-
ature. Okeniyi et al. demonstrated an inhibition synergism
between NaNO2 and triethanolamine (C6H15NO3) on the corrosion
of steel reinforcement in concrete exposed to sodium chloride and
sulfuric acid solutions, with the advantage of reducing the adverse
environmental impacts for lower NaNO2 content [17]. In simulated
concrete pore solution tests, the corrosion inhibitor, composed of
environment-friendly sodium D-gluconate with nitrite, proposed
by Xu et al. for carbon steel bars, has shown a significant impact
on reducing the number and area of pitting corrosion [18]. Johari
et al. examined the simultaneous use of trisodium citrate,
sodium–potassium tartrate and sodium nitrite to provide an effec-
tive corrosion inhibitor mixture containing low nitrite content for
carbon steel bars, also resorting exclusively to the simulated con-
crete pore solution test [19].

Another strategy is to completely replace the toxic inhibitors
using only green corrosion inhibitors, such as plant extracts, which
are mainly composed of the organic molecules enriched with N, O,
S heteroatoms and different functional groups [20–23]. These
green inhibitors have been mainly tested in acid [24,25]. Various
plant extracts, e.g. Rosa damascena leaf [26], ginger [27], turmeric
[28], Chamaerops Humilis L. leaves [29], Olea europaea L. [30], Pla-
tanus acerifolia leaf [31], Fatsia Japónica leaves [32], Eucalyptus
Globulus, Punica Granatum, and Olea Europaea [33], have already
been proved to enhance the steel reinforcement corrosion resis-
tance in simulated concrete pore solution. Moreover, the inhibiting
ability of some extracts has begun to be explored in concrete.
Along these lines, Ricinus communis [34] reduces the steel corro-
sion rate through a mixed type inhibition, modifying reactions of
both cathodic and anodic sites. Green tea extract promotes precip-
itation of calcium carbonates in concretes under impressed cur-
rent, being able to enhance the inhibiting efficiency of nitrites
[35]. Synergism of plant extracts (rosemary) with traditional inhi-
bitors (ZnCl2) has been checked in saline environments [36].

From the economic, industrial and scientific point of view, licor-
ice (Glycyrrhiza glabra) has attracted a good deal of attention due to
its sweet taste, pharmacological properties and high nutritional
value. In the field of corrosion protection, some reports can be
found indicating the robust corrosion inhibition efficiency of licor-
ice extract, including a variety of species (e.g. glycyrrhizin, gly-
cyrrhetic acid, flavonoids, liquiritigenin, licochalcone and
glabridin) [37–39], on steel specimens in aggressive electrolytes
with different pHs [40,41].

Taking advantage of electrochemical methods, this work aims
to assess the potential of the extract of licorice as an
environmentally-friendly corrosion inhibitor for carbon steel rein-
forcements to totally or partially replace sodium nitrite, when the
inhibitory additions are used to reduce the corrosion rate of carbon
steel reinforcement in active state. Maintaining the good mechan-
ical properties of the mortars while reducing the corrosion rate of
the steel reinforcing bars in chloride contaminated environments
has been considered an important goal in this study.

In our previous work, focused on the corrosion behavior on the
ribbed steel bars dipped into the chloride-polluted simulated con-
crete pore solution [38], the green licorice dosage that provided the
most effective corrosion inhibition was determined. However, the
possibility that there are synergies between the inhibitory mecha-
nism of this licorice and that of nitrites under these conditions has
not been explored yet. Moreover, results obtained in solution need
to be checked in mortar, as factors such as oxygen access to the bar
or the complex morphology of the mortar/concrete interface can
affect them.

The compatibility of the inhibitory additions with the cured
mortar is another innovative point that must also be checked, as
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key factor for future in-service use. Some previous studies about
corrosion inhibitors -different from licorice- inform about changes
in the microstructure [42] and decrease on the mechanical proper-
ties [14,43] of the concretes when they are added. The present arti-
cle addresses the study of the effect of licorice and licorice + nitrite
mixes in the mechanical properties and porosity of the mortars,
which is a topic that has not been studied yet.
Experimental

The licorice extract tested as inhibitor was obtained from the
root of this plant by an aqueous method. The roots, after being
dried at room-temperature, were pieced into small parts, and then
stirred in water at 70 �C for 3 h. The obtained solution was filtered,
and dried in an oven at 60 �C for 24 h to obtain the extract tested as
the corrosion inhibitor for carbon steel reinforcements.

The 8-mm diameter TMT carbon steel ribbed bars, B500 type,
were used to carry out the solution corrosion test as well as the
corrosion test in mortar. The chemical composition of the ribbed
steel is shown in Table 1.
Solution test

For simulating the concrete pore solution in the corrosion test, a
3 M KOH + 0.1 M NaOH solution was saturated with Ca(OH)2
[44,45]. Corrosion inhibitors (licorice and/or sodium nitrite) were
also added to this solution before the immersion of the carbon steel
bar. Solutions were prepared with 0.1% by weight of inhibitor, as
was determined in previous studies [38]. At this concentration,
licorice remains completely soluble in the alkaline simulated pore
solution. The solution remained clear and not precipitation of sed-
iments took place. However, precipitation was found for 0.2% by
wt. The inhibitor composition ranged from 100% licorice (labelled
as Lic0.1%) to 100% sodium nitrite (labelled as SN0.1%), including
three mixtures of both of them (SN25-Lic75, SN50-Lic50, and
SN75-Lic25). The solution tests involved the immersion of the bars
in the inhibited simulated concrete pore solutions to allow the for-
mation of a passivating film on the bars. After 1 h, 1 wt. % NaCl
(0.6% Cl-) was added to the simulated pore solutions. Moreover,
reference bars (blank specimens) were also tested in the simulated
pore solution with NaCl and without the inhibitor addition.

The inhibitory ability of the five solutions was studied through
electrochemical impedance spectroscopy (EIS) and polarization
curves. A traditional three-electrode cell was employed for both
types of electrochemical measurements. Carbon steel reinforce-
ment bars were used as the working electrodes (WE), stainless-
steel spiral wires around the WE acted as the counter electrodes
(CE); and a saturated calomel electrode (SCE) was employed as ref-
erence electrode (RE). The region of the WE bars around to the
solution/air interface were sealed with epoxy paint with the aim
of preventing the formation of differential aeration cells that could
affect the results. The immersed cross-sections of the bars were
also sealed with epoxy, as the core of the steel had a ferritic-
perlitic microstructure with a different corrosion resistance than
the martensite forming the outermost part of the TMT bars [3].
After these treatments, an area of 3-cm in length of the WE were
delimited to be exposed to the different testing electrolyte. Gamry
Reference 600 potentiostat/galvanostat was used to carry out both
types of measurements (EIS and polarization curves).

EIS were recorded at open circuit potential (OCP) applying a
voltage sinusoidal perturbation of 10 mV. The measurements were
carried out using 6 points per decade from a frequency of 105 Hz
down to a frequency 5 mHz, The EIS spectra were acquired after
2, 5 and 24 h immersion of the WE in the simulated pore solutions
(that is to say, 1, 4 and 23 h after the chloride addition). Three sam-



Table 1
Chemical composition of the reinforcing ribbed bars used for the solution and mortar corrosion test (% by weight).

C S P Si Mn Cr Cu Mo Ni Fe

0.13 0.022 0.006 0.23 0.54 0.15 0.44 0.02 0.12 Bal.
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ples were evaluated in each one of the 6 solutions considered in
the study, and the numerical data shown in the present study
are averaged values of the 3 measurements. To fit the experimental
spectra obtained, Zview software was used.

Polarization measurements were carried out in some samples
after the EIS measurements to obtain complementary information
about the corrosion mechanism and kinetics. The measurements at
� 300 mV vs. OCP and finished at + 300 mV vs. OCP. The potential
sweeping rate was 1 mV/s.
Mortar samples

Portland cement IV was selected for mortar manufacturing. The
water/cement ratio (L/S) was 0.5, and the cement to standard sand
(with 0.08–2 mm of grain size) ratio was 1:3. Mortars with differ-
ent inhibitory additions were manufactured and compared to a
blank sample, without any corrosion inhibitor (labelled as CEM
IV). The inhibited mortars considered contained 0.1% and 0.2% of
licorice by wt. in relation to cement (labelled as CEM IV + 0.1Lic
and CEMIV + 0.2Lic, respectively), 1% licorice and 0.1% sodium
nitrite (labelled as CEM IV + 0.1Lic + 0.1SN) and with 0.2% sodium
nitrite (labelled as CEM IV + 0.2SN). The amount of inhibitors
added was limited so as not to affect the mechanical properties
of the mortar. During the first exploratory tests, it was been
checked in our laboratory that adding amounts of licorice as high
as 0.4% already interferes in the curing reactions of the cement,
so additions higher than 0.2% were left out the final experimental
design.

Non-reinforced samples of each of the 5 types of mortars were
manufactured. These samples had a prismatic shape and measured
4x3x16 cm. After curing at high RH (about 95%) and room temper-
ature for 28 days, their compression and bending strength were
measured. Both tests were carried out in quadruplicate, using a
universal testing machine from Microtest and following the speci-
fications of the UNE-EN 196 standard. For both tests, a load rate of
5 mm/min was used. The numerical results about mechanical
properties shown in the present study for each mortar are aver-
aged values of 4 measurements.

Hg porosity was measured for all mortars. This technique is
based on the Washburn equation that relates the applied pressure
to the diameter of the pore into which Hg is introduced. Informa-
tion related to pore sizes between 4 nm and 200 lm was obtained
with the Poremaster-60 GT equipment of Quantachrome Instru-
ments, exerting a pressure up to 400 MPa. Two samples were used
to check the repeatability of the data for each mortar formulation.

Moreover, carbon steel reinforcements of 250 mm-length were
embedded in cylindrical mortar samples to evaluate the effect on
corrosion of licorice and the synergism between licorice and
sodium nitrite. In Fig. 1a, a schema of the samples manufactured
for this study is shown. In all cases, mortar samples had a fixed
CaCl2 amount in their composition. (1.25% by wt., which implies
a 0.8% of chlorides in relation to the cement weight). This value
duplicates the 0.4% limit required (according to EN 206 standard)
usually assumed to keep the risk of corrosion low for the carbon
steel reinforcements in concrete. According to NRMCA [46], the
amount of added chlorides can be in the threshold concentration
(�0.4 to 0.8% of the weight of cement) for corrosion to initiate at
the reinforcing steel.
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The embedded cross section of the carbon steel bar as well as
the region close to the air mortar interface were blocked with an
epoxy coating to avoid corrosion phenomena that could interfere
in the measurements.

After the 28-day curing period, the electrochemical behavior of
all reinforced mortar specimens was monitored. EIS studies were
carried out, using a 3-electrode configuration, and an image of
the placement of the electrodes during the EIS measurements in
mortar can be seen in Fig. 1b. The non-coated surface of the carbon
steel reinforcement embedded in the mortar acted as WE. A cylin-
drical brass CE is located surrounding the full reinforced mortar
sample. The good contact between the CE and the mortars was
assured with thin wet pads. A SCE RE was placed on the upper sur-
face of the mortar close to the rebar, also using a wet pad to assure
good electrical contact.

The cured samples were kept at 95% RH during 3 months for EIS
monitoring. EIS testing was configured so that the frequency spec-
trum ranged from 103 to 5�10–2 Hz, using a perturbation sinusoidal
signal with 10 mV of amplitude and acquiring 6 points per decade.
The electrochemical monitoring was carried out using a multiplic-
ity of 4 for all the 5 systems under study. The obtained spectra
were analyzed using the Zview software and the numerical data
shown in this article are averaged values obtained from the 4 sam-
ples of the same mortar manufactured for this study.
Results and discussion

Innovative experimental results were obtained in the develop-
ment of this research, which comprises electrochemical tests in
different solutions, characterization of mortars with inhibitors
and an electrochemical study of the behavior of reinforced steel
bars in mortar with inhibitors. The most relevant results obtained
are summarized in the tables and figures of this contribution. They
are always expressed as mean values with their standard devia-
tions in the tables and using error bars in the figures.

Solution study of the effectiveness of simultaneous use of the two
inhibitors

Simulated pore solutions with and without inhibitors were used
to initially explore the synergism between licorice and nitrites.
Chlorides were added to the solution after the first hour of immer-
sion of the steel bars to allow the inhibitors to act on the steel
surface.

As can be seen in Fig. 2, after 2 h, the steel in the blank solutions
has an OCP whose values are clearly in the active corrosion region
defined by the ASTM C876 standard for steel in concrete. Mean-
while, for the solutions with inhibitors, the OCP is > -275 mV vs.
SCE, that is to say, they are still in the corrosion uncertainty region.
For sodium nitrite reference inhibitors, the [NO2

–]/[Cl-] molar ratios
proposed in the literature to keep the passivity range between 0.5–
1.5 [10,13]. The ratio used in the present study, whose objective is
exploring the feasibility of the additions for reducing the corrosion
rate, is lower than those reported values, so the results in Table 2
are foreseeable.

The OCP in all the studied solutions with chlorides becomes
more negative as the immersion times extend, but the OCP of the
steel in the blank solution is always more negative than those of
the solutions with inhibitors. This indicates that the mechanisms



Fig. 1. Mortar reinforced samples used for the electrochemical measurements: a) schema of the samples manufactured; b) image of experimental set-up used for EIS
monitoring.

Fig. 2. OCP determined for the corrugated steels after different immersion times in
solutions with and without inhibitors.
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acting in the licorice and nitrite must be essentially anodic, as they
cause increases in the OCP. Moreover, the difference between the
OCP of the steel in inhibited and blank simulated pore solutions
with chlorides tends to increase during the first hours of exposure,
highlighting the effect of the inhibitors on corrosion development.

The corrosion kinetics and its evolution with time have been
studied by EIS. The impact of nitrite-licorice ratio on the corrosion
behavior of the bare steel bars in the simulated concrete pore solu-
tions contaminated with sodium chloride can be seen in the exam-
ples plotted in Fig. 3.
Table 2
Parameters calculated from the polarization curves measured in different solutions.

icorr
(lA�cm�2)

Mass loss rate
(mg�year�1 cm�2)

Blank 35 ± 9 3.7 ± 0.9
Lic0.1% 7 ± 3 0.7 ± 0.3
SN50-Lic50 6 ± 3 0.6 ± 0.3
SN0.1% 11 ± 4 1.2 ± 0.4
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The AC impedance spectra, with a one-time constant appear-
ance, were quantitatively assessed using a Rs(RctCPEdl) equivalent
circuit. The fitted spectra obtained using this circuit are plotted
with continuous lines in the graphs in Fig. 3. In the simple equiva-
lent circuit, the elements Rs, Rct and CPEdl are, respectively, the
alkaline electrolyte resistance, the charge transfer resistance and
the double layer constant phase element (defined by the admit-
tance, Ydl, and the exponent, ndl). The Rct, Ydl and ndl values
obtained from the simulation of the experimental are shown in
Fig. 4. The mean values obtained for v2 for the fitting of the spectra
carried out in the different solution range from (7.9 ± 1.5)�10-4 to
(1.6 ± 0.9)�10-3, which is coherent with the good correlation
observed in the examples in Fig. 3 between experimental data
and fitted data.

It can be observed that, for a given solution composition, Rct

decreases with immersion time (Fig. 4a), which informs about cor-
rosion rates that always increase with time. This increase in the
corrosion rate is coherent with the development of the pitting
attack on the surface of bars, which typically has an autocatalytic
mechanism. This mechanism that occurs in alkaline media in the
presence of chlorides has been previously detailed in other work
[2]. The decrease of the OCP with time observed in Fig. 3 is also
coherent with this mechanism. The inhibitory mechanisms of
licorice [38] and nitrites [47] are based on different chemical pro-
cesses and both have been previously described in other studies. It
is well-known that nitrites promote the formation of more protec-
tive oxides [48], while licorice, as is expected for organic inhibitors,
precipitates on the surface, preferentially blocking the anodic
Ecorr

(V vs SCE)
baj j
(mV)

bcj j
(mV)

�0.48 ± 0.03 345 ± 9 240 ± 7
�0.42 ± 0.02 375 ± 9 235 ± 9
�0.39 ± 0.03 350 ± 8 230 ± 7
�0.44 ± 0.02 310 ± 8 245 ± 5



Fig. 3. Examples of the EIS test outputs for the ribbed steel after 2 and 24 h of exposure to the simulated concrete pore solutions with chlorides without and with different
nitrite-licorice ratios. The experimental data are plotted with symbols and the fitted data with continuous lines.
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regions inside the pits. It can be assumed that it occurs through a
mechanism similar to that proposed for other compounds [45].
Comparing the results obtained in the different solutions under
study, a certain synergic effect between licorice and nitrites can
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be detected. For a fixed amount of addition, the one made up of
similar proportions of the two inhibitors seems to be able to pro-
vide the lowest corrosion rate for the carbon steel bars in the sim-
ulated pore solution with chlorides.



Fig. 4. Values obtained for parameters from the simulations of the EIS spectra of the corrugated steel bars after different times of immersion in the simulated pore solutions
with and without inhibitors.
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The parameters obtained from the simulations and related to
CPEdl also offer interesting information about the inhibiting pro-
cess. While ndl values (Fig. 4b) show no meaningful change, sug-
gesting that no relevant alteration occurs in the double layer
structure, interesting variations are observed in the values of Ydl
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(Fig. 4c). A decrease on Ydl can be related to a decrease on the real
corroding surface in the samples under study [49]. If both nitrites
and licorice partially block the surface pits by an anodic inhibiting
mechanism, the real corroding surface must decrease, and this
must cause not only the reduction in the capacitive behavior of
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the double layer but can also explain the lower Rct values deter-
mined in inhibited solutions compared to the blank one for similar
exposure times (Fig. 4a). The lowest Ydl value obtained in SN50-
Lic50 supports the hypothesis of an optimum synergic effect of this
inhibitor mix. In other studies, it has been concluded that nitrite
additions at low concentrations improve the adsorption of organic
inhibitors, and synergy between nitrites and organic compounds
can increase the ability of carbon steel in alkaline media with chlo-
ride to form passivating oxides [19].

On the other hand, from the analysis of the EIS spectra (Fig. 5),
the efficiency of the different inhibitors in simulated pore solutions
with chlorides can be calculated (Eq. (1)).
Fig. 5. The evolution of efficiency of the inhibitors in simulated pore solutions with ch

Fig. 6. Examples of the polarization curves of carbon steel ribbed ba
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Inhibitor effectiveness %ð Þ ¼ Rct;inh � Rct;b

Rct;inh

� �
� 100 ð1Þ

It can be seen that, although the Rct of the steel in inhibited
solutions decreases with time due to autocatalytic mechanism of
the pitting attack [2], in the surface regions that are passivated/
blocked by the inhibitors, their efficiency, within the short time
interval that can be considered for the solution test, is always
increasing. That is to say, the attack progresses at a much lower
rate in the presence of inhibitors than in their absence, while being
relatively similar. Hence, though no other analysis different from
the electrochemical measurements have been carried out, the sta-
lorides. The plotted data have been calculated using the values plotted in Fig. 4a.

r immersed for 24 h in simulated pore solutions with chlorides.
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bility of performance of the inhibitors over the testing time seems
to be adequate and no undesired process seems to take place dur-
ing the period considered. The simultaneous use of both inhibitors
fosters the effectiveness of the mixes, pointing to a synergic mech-
anism for blocking the anodic areas of the pits. Again, the SN50-
Lic50 seems to be a mix with potential inhibiting advantages if
its effectiveness is considered.

To complete the electrochemical information obtained in solu-
tion, polarization curves of bars immersed 24 h in solutions with-
out inhibitors and with 0.1% of licorice, nitrite and SN50-Lic50 mix
were performed. Examples from the obtained curves can be seen in
Fig. 6. The corrosion rates calculated from the polarization curves
can be seen in Table 2, expressed as corrosion current densities
(icorr) and as mass loss rates. The results from the analysis of the
polarization curves (Table 2) confirm that, after several hours,
Fig. 7. Effect of the inhibitor on the poro

Fig. 8. Effect of the inhibitor on the po
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the addition of Lic0.1% reduces the corrosion rate somehow more
effectively than the addition of SN0.1%. SN50-Lic50 seems to be
slightly more effective for reducing the corrosion rate after 24 h
of immersion in simulated pore solutions with chlorides than the
non-mixed licorice. The shift of the corrosion potential (Ecorr)
through higher values with the three inhibitory additions, is coher-
ent with OCP measurements (Fig. 2) and confirms that the mecha-
nism for all of them is predominantly anodic.

For the inhibitors under study, if the values of the anodic (ba)
and the cathodic (bc) Tafel slopes are compared (Table 2), it can
be seen that the corrosion rate takes place through a mixed
mechanism whose control has a slight predominance of the ano-
dic values (ba > bc). Moreover, the decrease in the icorr values
cannot be identified with an increase of the ba in the anodic
solutions (Table 2), but with a shift of the anodic branches of
sity and the density of the mortar.

re size distribution in the mortars.
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the curves through higher potentials (Fig. 6). This phenomenon
indicates that the anodic process has not become more hindered
in its global development, but the areas where this semi-reaction
takes place have decreased. That is to say, some pits have
become inactive due to the formation of passive oxide (when
nitrites have been added) and/or precipitation of organic com-
pounds (in the presence of licorice), while others remain essen-
tially unaffected.

Effect of the inhibitor addition on the physical and mechanical
properties of the mortars

Beside the positive electrochemical results reported in Sec-
tion 3.1, before adding corrosion inhibitors to a reinforced mortar
Fig. 9. Influence of the inhibitor addition on the compre

Fig. 10. Time evolution of the OCP of the reinforced steel b
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structure, it is necessary to check their effect on the curing process
of the binder and on its final mechanical properties and its poros-
ity, to be sure that no relevant undesired side-effects occur.

In Fig. 7, the porosity and the density of mortars without and
with inhibitors are compared. It can be seen that 0.1% licorice addi-
tions do not affect at all either the density or the porosity of the
CEM IV mortars. The increase of the licorice addition up to 0.2%
could already have had a small negative effect on the development
of the curing process, as some small increase in the porosity and a
slight reduction of the density could be guessed. After the 28-day
curing period, the porosity of the mortar with a 0.2% of licorice is
slightly higher than that of CEM IV mortar without inhibitors
(Fig. 7). On the other hand, the addition of 0.2% sodium nitrite does
not affect these parameters.
ssion strength and bending strength of the mortars.

ars embedded in mortar with and without inhibitors.
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It can be seen in Fig. 8 that the pore size distribution is not
meaningfully affected by the licorice additions, although a very
slight increase of the percentage of higher diameter pores and a
reduction of the fraction of the smallest pores (diameter < 0.1 l
m) could occur. A slightly higher fraction of big pores for the mor-
tar with 0.2% licorice is coherent with the very slightly lower den-
sity determined for these mortars in comparison with that of CEM
IV mortars (Fig. 7). On the other hand, although sodium nitrite
additions do not affect the global volume of porosity in CEM IV
mortar (Fig. 7), they affect the pore size distribution. The % of pores
with a diameter greater than 1 lm is higher in CEM IV + 0.1Lic + 0.
1SN than in CEM IV, and the amount of big pores is still highest in
CEM IV + 0.2SN mortar.
Fig. 11. Examples of the Bode plots of EIS spectra corresponding to reinforced mortar
environment: a) 2 days after curing; b) 86 days after curing. Experimental data are plot
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The effect of sodium nitrite on the mechanical properties
reported in the previous published literature is controversial. In
general, the presence of sodium nitrites in relevant amounts is con-
sidered detrimental [42]. Sodium nitrite affects the formed hydra-
tion products, as it increases sulphoaluminate presence, reducing
the mechanical strength of the samples with a high amount of
additions when compared to non-inhibited materials [50]. How-
ever, a negligible [51] or even positive [52] influence of sodium
nitrite additions has even been reported by other authors. The
results obtained in the present study (Fig. 9), which resort to very
small inhibitory additions, demonstrate that no meaningful
decrease in the mechanical properties of CEM IV occurs in any case,
and that the change in the pore size distribution observed after
samples containing licorice and sodium nitrite during exposure to high humidity
ted with symbols and fitted data with continuous lines.



Fig. 12. Time-evolution of the values obtained for the parameters related with the low-frequency time constant of the EIS spectra corresponding to the reinforced mortar
samples.
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nitrite additions up to 0.2% (Fig. 8) is not enough to affect the
mechanical behavior of the mortars and future in-service perfor-
mance of concrete structures.

Effect of the inhibitor additions on the electrochemical performance of
the steel in mortar

In Fig. 10, the time evolution of OCP values determined for the
reinforced mortar samples can be seen. The differences between
the OCP evolution in the different mortars are not very relevant,
but it can be seen that the blank mortar tends to have lower OCP
than the inhibited mortars, with the CEM IV + 0.1Lic + 0.1SN and
CEM IV + 0.2Lic showing slightly higher values than the other rein-
forced mortars under study. The values of all the measured OCP
always suggest active behaviors, except for CEMIV + 0.1Lic + 0.1S
N after 15 days of exposure, where the synergic effect of both
tested inhibitors seems to be able to shift the OCP to the corrosion
uncertainty region.

The changes in the electrochemical behavior of the different
reinforced mortars have also been monitored with EIS. Examples
of the obtained spectra plotted as Bode diagrams can be seen in
Fig. 11. Those experimental spectra have been simulated using
an equivalent circuit with two cascade time-constants: Rm(CoxRox(-
CPEdlRct)), where Rm is the resistance of the mortars surrounding
the reinforcing carbon steel bar and Cox and Rox are, respectively,
the capacitive behavior and the resistance of the oxides formed
on the bar surfaces during curing and exposure. This equivalent
circuit has already demonstrated its effectiveness to simulate the
behavior of corrosion carbon steel bars in mortars [53]. The fitted
spectra obtained using this equivalent circuit are plotted as contin-
Table 3
Values obtained from the simulation of the EIS spectra of reinforced mortar samples corre
cover and oxides generated in the steel bar surfaces. v2 values obtained from the fitting a

Mortar Days Rm

(kX�cm2)

CEM IV 2 0.60 ± 0.08
16 0.78 ± 0.09
30 1.13 ± 0.08
44 1.44 ± 0.08
58 2.5 ± 0.2
72 2.88 ± 0.06
86 3.2 ± 0.1

CEM IV
+ 0.1Lic

2 0.54 ± 0.03
16 0.76 ± 0.04
30 1.14 ± 0.05
44 1.4 ± 0.1
58 2.2 ± 0.1
72 3.0 ± 0.1
86 3.2 ± 0.1

CEM IV
+ 0.2Lic

2 0.59 ± 0.09
16 0.8 ± 0.1
30 1.1 ± 0.1
44 1.4 ± 0.1
58 2.04 ± 0.05
72 2.73 ± 0.06
86 3.2 ± 0.1

CEM IV
+0.1Lic
+0.1SN

2 0.55 ± 0.03
16 0.78 ± 0.09
30 1.1 ± 0.1
44 1.2 ± 0.1
58 2.0 ± 0.1
72 3.0 ± 0.1
86 3.1 ± 0.1

CEM IV
+0.2SN

2 0.61 ± 0.08
16 0.84 ± 0.07
30 1.1 ± 0.1
44 1.41 ± 0.05
58 2.23 ± 0.06
72 2.79 ± 0.06
86 3.2 ± 0.1
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uous lines in Fig. 11. The numerical values obtained from the fitting
and related to the low-frequency time constant (which is clearly
the one that controls the kinetics of the corrosion process in the
mortars) are plotted in the images in Fig. 12, while the values cor-
responding to Rm and the electrochemical behavior of the oxides
obtained by fitting can be seen in Table 3.

In Fig. 12a, the effective inhibitory synergy existing in CEM IV +
0.1Lic + 0.1SN becomes evident. The Rct corresponding to this sys-
tem are the highest during the exposure, so the corrosion rates of
the embedded bars are the lowest. On the other hand, in the non-
inhibited CEM IV, the reinforcing steel shows the lowest Rct values,
while the ndl in mortars (Fig. 12b) show lower values than in solu-
tion (Fig. 4b). The decrease of ndl values is typical of corroding car-
bon steel bars in this type of media when the attack has been
developing over a certain period of time, as the heterogeneities
in the mortar-steel increase. In this study, the decrease of ndl with
time can be seen for the inhibited CEM IV mortars (Fig. 12b), that is
to say, the one which corrodes the fastest because of its lowest Rct

(Fig. 12a). Ydl for the mortar specimens (Fig. 12c), as has been pre-
viously observed in solution tests when these inhibitors are used
(Fig. 4), is somewhat lower for the systems where the Rct is higher,
suggesting that the inhibition mechanism proposed in Section 3.1
after solution studies can also be valid for mortars.

In Table 3, it can be seen that Rm is not affected at all by the
addition of inhibitors. This result is coherent with the negligible
differences detected between the porosity of the mortars under
study (Fig. 7) and the identical mechanical behavior determined
for all of them (Fig. 8). The increase of the mortar resistance over
time can be related to different phenomena. On one hand, the
CEM IV mortars are not completely cured after the usually estab-
sponding to the parameters related to the electrochemical performance of the mortar
re also included.

Rox

(kX�cm2)
Cox

(mF�cm�2)
v2

0.09 ± 0.04 0.14 ± 0.05 (4 ± 1)�10-5
0.10 ± 0.06 0.3 ± 0.2 (6 ± 1)�10-3
0.11 ± 0.03 0.15 ± 0.04 (2.0 ± 0.7)�10-4
0.10 ± 0.05 0.14 ± 0.01 (3.4 ± 0.6)�10-4
0.14 ± 0.06 0.17 ± 0.03 (2 ± 1)�10-4
0.20 ± 0.09 0.18 ± 0.03 (1.1 ± 0.4)�10-4
0.17 ± 0.02 0.19 ± 0.04 (3 ± 2)�10-4
0.05 ± 0.01 0.12 ± 0.03 (3 ± 2)�10-3
0.06 ± 0.03 0.13 ± 0.05 (1.4 ± 0.6)�10-3
0.07 ± 0.02 0.10 ± 0.04 (1.1 ± 0.3)�10-3
0.05 ± 0.01 0.11 ± 0.03 (1.2 ± 0.8)�10-3
0.08 ± 0.03 0.08 ± 0.05 (1.4 ± 0.5)�10-3
0.10 ± 0.01 0.13 ± 0.02 (3.7 ± 0.5)�10-3
0.15 ± 0.06 0.15 ± 0.04 (3.9 ± 0.8)�10-3
0.10 ± 0.04 0.20 ± 0.02 (1 ± 1)�10-2
0.08 ± 0.07 0.20 ± 0.04 (2 ± 1)�10-3
0.12 ± 0.02 0.20 ± 0.06 (2.6 ± 0.4)�10-3
0.13 ± 0.02 0.13 ± 0.03 (2.8 ± 0.6)�10-3
0.15 ± 0.03 0.16 ± 0.05 (2.3 ± 0.5)�10-3
0.10 ± 0.02 0.14 ± 0.03 (2.0 ± 0.2)�10-3
0.11 ± 0.03 0.13 ± 0.05 (4.6 ± 0.9)�10-3
0.08 ± 0.01 0.23 ± 0.07 (3 ± 1)�10-3
0.08 ± 0.03 0.17 ± 0.03 (2.9 ± 0.3)�10-3
0.12 ± 0.02 0.14 ± 0.03 (3 ± 1)�10-3
0.11 ± 0.04 0.10 ± 0.03 (2.4 ± 0.9)�10-3
0.12 ± 0.05 0.08 ± 0.03 (2 ± 1)�10-3
0.09 ± 0.04 0.10 ± 0.02 (2.9 ± 0.8)�10-3
0.14 ± 0.06 0.09 ± 0.03 (4 ± 1)�10-3
0.09 ± 0.04 0.23 ± 0.07 (3.5 ± 0.9)�10-3
0.10 ± 0.06 0.17 ± 0.03 (2.1 ± 0.9)�10-3
0.11 ± 0.03 0.14 ± 0.03 (1.8 ± 0.7)�10-3
0.10 ± 0.05 0.10 ± 0.03 (2.4 ± 0.8)�10-3
0.14 ± 0.06 0.08 ± 0.03 (2.7 ± 0.8)�10-3
0.13 ± 0.03 0.10 ± 0.02 (2.4 ± 0.4)�10-3
0.14 ± 0.1 0.09 ± 0.03 (2.3 ± 0.9)�10-3



Fig. 13. Effectiveness calculated from the EIS measurements for the different inhibitors tested in mortar with chlorides. The plotted data have been calculated using the
values plotted in Fig. 12a.
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lished 28-day curing period [8]. Moreover, at RH, like the ones used
for the test, after a certain time, part of the water contained in the
pores of the mortars can be lost. The contribution of this phenom-
ena could help to understand the steeper increase in the mortar
resistances monitored between approximately 40 and 80 days of
exposure after the curing period.

On the other hand, in Table 3, it can be observed that, for given
systems, Rox tends to increase with time, which is coherent with its
identification with oxide resistance on the bar surface. In spite of
the unavoidable uncertainty related to parameters of this
medium-frequencies time-constant, it can be said that the Rct for
the CEM IV system is higher than for the inhibited ones, and that
this parameter tends to be lower for CEM IV + 0.1Lic + 0.1SN than
for other systems. The capacitances of the oxides, Cox, which has
been simulated with an ideal capacitor, always exhibit values
around 10-4F/cm2. In this specific case with high overlapping, the
use of CPE at medium frequencies complicates the simulation
and sometimes produces anomalous values.

The v2 values in Table 3 confirm the accuracy of the fitting
already suggested by the good matching between the experimental
data (symbols) and the fitted data (lines) in Fig. 11. So, the ade-
quacy of the equivalent circuit used for the simulation is proved.

The evolution of efficiencies of the different inhibitors (Eq. (1) in
mortars during the three-month testingperiod canbe seen in Fig. 13.
These data have been calculated from resistances associated to the
low-frequency time constant (Fig. 12a) as they aremuchhigher than
those corresponding to themedium frequency time constant (Rox in
Table 3) and, hereafter, they are the ones that control the kinetics of
the corrosion processes under study. Results in Fig. 13 show that,
after curing, the effectiveness of the inhibitors under study remains
relatively stable during the subsequent months. The results high-
light the interest of non-toxic 0.2% licorice additions in comparison
with toxic 0.2% nitrite additions, as the effectiveness of both addi-
tions can be comparable. Moreover, the effectiveness of the 50%
licorice and 50% sodium nitrite is again observed.
Conclusions

The most relevant conclusions that can be drawn from the
results of the present contribution can be summarized as follows:
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� Tests in simulated pore solutions with chlorides inform that the
licorice is able to act as an anodic inhibitor with an effectiveness
comparable to that of nitrite ions. This organic green compound
reduces the corrosion rate through a reduction of the actively
corroding area of the carbon steel rebars.

� The additions of licorice in reduced amounts do not affect the
porosity, pore size distribution and mechanical properties of
the cured mortars.

� The 0.1 and 0.2% licorice additions to chloride-contaminated
CEM IV mortars prove to be enough to reduce the corrosion rate
in steel in mortars contaminated with amounts of Cl- as high as
0.8% in relation to the cement weight. Moreover, the inhibitory
additions are durable in mortar, as their effectiveness remain
stable for months after curing.

� The results obtained in mortar demonstrate the interest of non-
toxic 0.2% licorice additions in comparison with toxic 0.2%
nitrite additions, as the effectiveness of both inhibitors can be
comparable.

� Licorice has shown a synergic inhibitory action with nitrite. The
inhibitory 50% licorice + 50% nitrite mix has demonstrated espe-
cially interesting properties for the corrosion control of the steel
in chloride contaminated concrete, as has been proved both in
solution and in mortar studies.

� In mortars with 0.8% chlorides and 0.2% inhibitors, both related
to the cement weight, the 50% licorice + 50% nitrite mix shows
an inhibitory effectiveness of 55–60%, while sodium nitrite has
effectiveness of about 35% during the second and third months
of testing.
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