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The durability of reinforced concrete structures is greatly influenced by the
corrosion of the reinforcement. In addition to air pollution related to the re-
pair of corroded structures, chloride ions are the main factors of corrosion of
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reinforced concrete structures. This study aims to valorize a clay inhibitor
against reinforcement corrosion in reinforced concrete. This clay (Attapul-
gite) was incorporated into reinforced concretes at different percentages of
substitution of calcined attapulgite (0%, 5% and 10%) to cement in the for-
mulation. The corrosion inhibitory power of attapulgite is evaluated in rein-
forced concretes subjected to the action of chloride ions at different intervals
in the NaCl solution (1 day, 21 days and 45 days) by electrochemical methods
(zero current chronopotentiometry, polarization curves and electrochemical
impedance spectroscopy). This study showed that in the presence of chloride
ions, the composition based on 10% attapulgite has an appreciable inhibitory
effect with an average inhibitory efficiency of 82%.
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1. Introduction

Reinforced concrete is today one of the most widespread building materials in
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the world [1]. Therefore, controlling the factors that harm its durability becomes
a necessity. Corrosion of steels in concrete is the main cause of deterioration and
the most expensive in terms of maintenance. It is at the origin of many apparent
defects which, if they do not generate losses of bearing capacity of the structure,
prove harmful to the operation of the structure.

Numerous corrosion control methods for reinforced concrete structures have
been applied to minimize the costs of corrosion [2] [3] [4] [5]. These include the
use of corrosion inhibitors. Their use is considered to be the simplest and cheapest
[6] and thus offers a cost-effective solution against steel corrosion. Calcium and
sodium nitrites are the oldest inhibitors used in concrete. They were used as a
preventive measure in new reinforced concrete structures (addition in tempering
water). These products are found in many applications in the USA and Japan
[7], where they have proven their effectiveness. Nitrites act as passivating agents
because of their oxidizing properties [8]. They compete with chloride ions to reach
the metal substrate, thus forming (and/or maintaining) the passive oxide layer
according to reactions EQ.1 and EQ.2 [9] [10] [11]:

2Fe* +20H +2NO* — 2 NO T +Fe,0, + H,0 (1)
Fe** +OH +NO* — NO T +y — FeOOH ®)

The use of sodium nitrite was discontinued due to possible alkali reactions and
its negative influence on the mechanical properties of concrete [12].

Since then, corrosion inhibitors to be added to concrete for the purpose of pre-
vention or protection of existing structures have subsequently emerged. These
inhibitors are also called migrant inhibitors (MCIs). The most used is mono-
fluorophosphate (MFP). MFP (Na,POsF) can be considered an anodic, cathodic
or mixed inhibitor [7]. It is only applied to the concrete surface in the form of an
aqueous solution with a percentage by mass between 10% and 20%. Indeed, MFP
cannot be added at the time of tempering, because in addition to altering the
mechanical properties of concrete, it causes a delay in setting [13]. The effectiveness
of MFP is based both on its ability to diffuse in the porous network of concrete
and its action on the surface of steel reinforcement [14]. In the poral solution of
concrete, MFP reacts with calcium ions to form apatites, insoluble compounds
of the formula Cas(PO,);X where the anion X can be OH", Cl or F-, leading to
the consumption of the active substance PO3F* [15].

Although the use of these inorganic inhibitors in concrete led to positive results
in terms of reducing the corrosion phenomenon by delaying its initiation, their
toxicity effect limited their use in concrete [16]. Therefore, the need for more ac-
ceptable ecological materials has led scientists to use ecological inhibitors as al-
ternatives for reinforced concrete. The use of clay materials as corrosion inhibi-
tors for reinforced concrete then becomes an alternative due to their ecological
aspect, non-toxic character, high availability and pozzolanic activity [17] [18].

Numerous studies [18] [19] have shown the positive influence of the use of
clays as corrosion inhibitors for reinforced concrete by delaying the initiation of

reinforcement corrosion. Work was carried out by Ahmed [18] on the develop-
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ment of microreservoirs of corrosion inhibitors based on natural clay minerals
for use as anti-corrosion fillers for mild steel in NaCl environment [18]. His stu-
dies focused on beidellite and palygorskite purified and modified by calcium or
chitosan intercalation (CTS-NH,). He showed that the functionalized clay min-
eral has a dual role: the release, at the interface, of heptanoate ions after their
exchange by chloride ions from the aggressive medium, and the trapping of the
latter. In our previous work, we were able to evaluate the corrosion inhibiting
power of attapulgite for concrete reinforcing steel (high adhesion) in the inters-
titial solution of concrete synthesis by electrochemical methods [19].

Steel Fe500-3 in contact with the interstitial solution suffered an attack at a
young age (3rd and 7th day of cure) in the absence of attapulgite. On the other
hand, in the presence of attapulgite, steel Fe500-3 in the pore solution of mortar
concretes is protected against corrosion at a young age (3rd and 7th days of cure)
and at 28 days of maturation. However, it should be noted that the corrosion inhi-
bitory power of clays in concrete is often studied in synthetic solutions representa-
tive of the concrete pore solution. They are also used for mild steel in NaCl me-
dium. However, their inhibitory application as an addition in reinforced concrete
remains very limited. It is therefore desirable to explore the possibility of using
clay inhibitors by direct addition in the real environment of reinforced concrete.

The originality of this work consists in studying attapulgite (Senegalese clay)
as a corrosion inhibitor, added directly in reinforced concrete by cement substi-
tution.

For this purpose, cylindrical samples of reinforced concrete were made, some of
which contain attapulgite. Attapulgite is added in reinforced concrete by substitu-
tion of 5 and 10% cement. The samples are then subjected to different operating
conditions that promote the initiation and propagation of corrosion. First the spe-
cimens are immersed in an aggressive saline solution where corrosion is induced
by chlorides, and thus corresponds to slow kinetic corrosion. Then, using a gene-
rator, the corrosion kinetics is accelerated by imposing an external current on the
reinforcement of the test bodies kept immersed in the saline solution. At different
times of these exposures, the state of the corrosion of the reinforcing bar in con-
crete will be analyzed by electrochemical measurements.

The results will make it possible to valorize attapulgite as a corrosion inhibitor
for reinforced concrete. This is particularly important for Senegal and other
countries that have a significant Atlantic coast (corrosion factor) and are full of

significant amounts of this clay.

2. Experimental Protocol

2.1. Materials and Formulation

The study concrete is formulated with CEM I 52.5N cement, 0/4 sand, 4/10 gra-
vel and tap water. Its basic mass composition is: sand 0/4 = 940 kg/m’; gravel
4/10 = 1031 kg/m? cement = 270 kg/m* and a water/cement ratio = 0.65. This
formulation is chosen so that the concrete has a low penetration resistance of Cl-
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ions and carbon dioxide. Some of them contain attapulgite with contents of 5
and 10% by substitution of the cement mass. However, due to the high water
absorption capacity of attapulgite which can be up to 180% of its mass, this wa-
ter is compensated in the formulation up to 100% of its mass. The reinforcement
used in the manufacture of the reinforced concrete is hardened steel (high adhesion)
with a diameter of 12 mm. Before their 90-day wet cure in water, resin is applied
to the lower and upper parts of the overflowing reinforcement.

Attapulgite is introduced into reinforced concrete as a corrosion inhibitor.
The clay comes from Pout (region of Thiés, Senegal), its centesimal chemical
composition is: S$iO, = 57, Al,05=13, Fe,O; = 2, MgO = 14.4, Fire Loss = 11.4
and trace CaO [20].

Before its use in the formulation of reinforced concrete, attapulgite was ground
into powder and sieved by an 80 pum fineness sieve, then calcined in an oven at
800°C.

2.2. Corrosion Acceleration Techniques

After this 90-day wet cure, the test pieces for natural corrosion tests (immersed
in a 0.5 M NacCl solution) and accelerated (by imposition of a current of 100 A
cm™) are partially dried at 45°C for 14 days before being immersed in a corro-
sive solution of 0.5 M NaCl. The purpose of drying is to accelerate the penetra-
tion of chloride ions by a capillary absorption mechanism. The current density
of 100 Ma cm™ was chosen because it corresponds to the maximum value gener-
ally recorded in natural corrosion induced by chloride concentration [21]. The
system consisting of the armature (working electrode connected to the positive
pole of the generator) and the counter-electrode (stainless steel grid placed
around the specimen and connected to the negative pole of the generator), is
immersed in the electrolytic solution (NaCl 0.5 M). This solution is renewed as
soon as its pH exceeds 10.

The test pieces that have undergone only the wet cure are designated TH 90D
and constitute the reference test pieces. The other specimens are designated TS
when they are simply immersed in the saline solution and EIC when they are
immersed in the saline solution and subjected to the action of an external cur-
rent (which accelerates corrosion).

At different times during these exposures of 1 day, 21 days and 45 days, the
corrosion rate and inhibitory efficiency are measured via electrochemical mea-

surements

2.3. Experimental Methods

The experimental device used for the electrochemical tests is shown in Figure 1.
It comprises a Potentiostat/Galvanostat connected to an electrochemical cell and
controlled by a computer equipped with the EC-Lab software. The cell consists
of a saturated calomel reference electrode (ECS, +244 mV/ENH), a stainless steel
grid used as a counter electrode and finally the steel bars in concrete as working

electrodes. The reference electrode is placed on the grid via a wet sponge.
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Measurements begin by monitoring the open-circuit free corrosion potential
(OCP) until a balance is established after about 6 hours. Potentiodynamic bias
measurements are then started by conducting a potential sweep around this
OCP value in a potential range between —0.25 V and +0.25 V/OCP with a speed
of 0.1 mV/s. Impedance measurements were performed at free corrosion poten-
tial with an amplitude of 50 mV. Potential scans are performed at variable fre-
quencies in the range 1 Mhz - 10 mHz with 5 points/decade.

Electrochemical measurements are performed using a VSP BioLogic Science
Instruments brand potentiostat/galvanostat, driven by the EC-Lab software, which
allows the acquisition and processing of electrochemical data. The profile of the
impedance diagrams generally recorded for reinforced concrete is shown in
Figure 2.

The half-arc at high frequencies (HF) characterizes the resistance Rb which is
assimilated to the total equivalent resistance of the liquid phase and the solid
phase Gu et al. [23].

The semicircle at low and medium frequencies (LMF), is related to the capac-
ity of the electrochemical double layer at the reinforcement surface, the charge
transfer process and the diffusion process of ions in solution [24]. This semi-
circle (at LMF) then characterizes an electrochemical process (resistance to charge
transfer/double electrochemical layer) that develops at the steel-concrete interface.
This is why in the second block of the equivalent circuit (see Figure 3), a capac-
ity associated with the double layer phenomenon (Cdc) is mounted in parallel
with a load transfer resistance (Rtc) and a Warburg capacity (W) to take into

account the phenomenon of diffusion [25].

IComEuter |— Potentiostat

Counter electrode ,

Working electrode

Reference electrode
Wet sponge

Figure 1. Electrochemical cell used for electrochemical testing.
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Figure 2. Profile of impedance diagrams of reinforced concrete [22].
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Figure 3. Equivalent circuit used to model impedance spectra.

The equivalent electrical circuit adopted for simulating electrochemical im-
pedance diagrams is shown in Figure 3. It comprises a capacitor (Cy) dependent
on the concrete’s closed porosity, connected in parallel with the concrete’s elec-
trical resistance (Rs). This assembly is in turn connected in series with a second
block comprising a double-layer capacitor (Cqc), connected in parallel with a charge
transfer resistor (Rtc) and a Warburg capacitor (W). The double-layer and con-
crete capacities are determined from a constant-phase element (denoted EPC or

Q) using the following equation [26]

_(rRQ)”
C= R (3)

The pseudo-capacitance Q is used to characterize the constant-phase element
according to the values of the coefficient n and take into account the non-ideal
behavior of the capacitance if its value is close to unity. The resistance Rb
represents the total resistance of the liquid and solid phase [27].

The inhibitory efficiency (IE in %) is calculated from the polarization resis-
tances according to the following formula [28]:

Ig=Rn—Ro

9 %100 (4)
i
where:
* Rih, resistance in the presence of the inhibitor;

* Ro, resistance in the absence of inhibitor.

3. Results and Discussion

3.1. Corrosion Potential Monitoring

a) Natural corrosion in 0.5 M NaCl (TS specimens)
Figure 4 shows the evolution of reinforcement potential in concrete as a func-
tion of time after different stays in a saline solution, for different attapulgite ad-

ditions to concrete at contents of 0 to 10% by cement. Corrosion potential values

E (V vs.SCE) E (V vs.SCE) B
0

0% Att

-0.1 o At 202]  =10% Att
e 0% — 50
0.2 —10% Att 05 3% Alt
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0 2 4 6
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Figure 4. Monitoring the free corrosion potential of reinforcement in concretes
with and without clay, immersed in saline solution: after 1 day (A), 21 days (B)
and 45 days (C).

are determined after 6 h of potential monitoring. All corrosion potential values
(Ecorr) are given in relation to the saturated calomel electrode.

After 1 day in the salt solution (0% Att, 5% Att and 10% Att), the corrosion
potentials measured after 6 h in the different compositions are of roughly the
same order of magnitude. Values of —0.021 V/ECS for 5% Att, —0.044 V/ECS for
10% Att and —0.048 V/ECS for the control were recorded. These values show
that the reinforcement in the concrete initially acquires a chemical protection
provided by the high alkalinity of the embedding concrete [29] [30]. After 21
and 45 days in the saline solution (0% Att), it can be seen for each given compo-
sition that the corrosion potential becomes increasingly negative with increasing
residence time of the reinforced concrete in the saline solution. This evolution of
corrosion potentials towards negative values over time reflects the progressive
depassivation of reinforcement in the concrete as the residence time of the spe-
cimens in the salt solution increases.

In the presence of 5% and 10% clay in the reinforced concrete, in contrast to the
TS specimens without clay, the corrosion potential at 1 day, 21 days and 45 days in
the saline solution becomes more positive as the clay content increases. This re-
flects corrosion protection of the reinforcement as attapulgite content increases.

b) Accelerated corrosion in 0.5 M NaCl (EIC specimens)

Figure 5 shows the evolution of curves representing free corrosion potential
as a function of time, obtained at different times in the absence and presence of
attapulgite in reinforced concrete subjected to corrosion acceleration by imposi-
tion of an external current.

When attapulgite is added to reinforced concrete, the corrosion potential is
enhanced, irrespective of the time spent in the salt solution.

The evolution of the free potential after 1 day in the corrosive solution
shows two distinct profiles depending on the substitution rate of clay in the
reinforced concrete (0%, 5% and 10%). In the absence of attapulgite, the cor-
rosion potentials of EIC specimens follow a pattern marked by a decrease in
corrosion potential as a function of time. This initial decrease is generally ob-
served when surface deposits are dissolved during polarization at zero intensi-
ty [31]. A quasi-stabilization of the OCP is observed after 4 hours of immer-
sion. In the presence of 5% and 10% clay in the reinforced concrete, in con-

trast to the clay-free EIC control specimens, the corrosion potential after 1 day
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Figure 5. Monitoring the corrosion potential of specimens subjected to accelerated
corrosion after galvanostatic polarization (100 pA cm™): after 1 day in salt
solution (A), 21 days in salt solution (B) and 45 days in salt solution (C).

of acceleration in the saline solution becomes increasingly positive up to 2 h
before stabilizing at around 6 h, characterizing the presence of a stable layer at
the steel-concrete interface [32].

After 21 days under accelerated corrosion conditions, the reinforcement in
concrete containing 5% attapulgite, as in the control, undergoes active corrosion,
marked by a decrease in corrosion potentials as a function of time. Meanwhile,
reinforcement in concrete containing 10% attapulgite remains protected against
corrosion.

However, after 45 days under accelerated conditions, all specimens were found
to be actively corroding. Disturbances were observed in the corrosion potentials
of concrete reinforced with 10% clay, showing the formation of more or less por-

ous corrosion products.

3.2. Potentiodynamic Polarization

a) Polarization in 0.5 M NaCl (TS specimens)

The polarization curves, plotted after 6 hours of free corrosion potential mon-
itoring, are shown in Figure 6. Table 1 shows the various electrochemical pa-
rameters deduced from the polarization curves.

Figure 6 shows that, for each maturity, the addition of 10% clay to the concrete
reduces the intensity of the anodic currents, but does not significantly modify
the cathodic currents, in comparison with the control (TS). Furthermore, corro-
sion potential values are shifted towards noble values. This confirms the anodic
character of the inhibitor and shows that the addition of clay to reinforced con-
crete reduces the rate of anodic dissolution of the metal, but does not affect the
reduction reaction of dissolved oxygen in the concrete.

The anodic polarization curves after 1 day in salt solution show a shortening
of the anodic branch as the proportion of cement in the specimens decreases
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Figure 6. Tafel polarization curves for TS specimens with and without
attapulgite: A: after 1 day; B: after 21 days and C: after 45 days in saline
solution.

Table 1. Electrochemical parameters of natural corrosion: polarization resistance (Rp),
corrosion potential (Ecor), corrosion current density (icor), coefficient of Tafel lines (. and
pc) and corrosion rate (Veor) obtained from polarization curves..

1 day 21 days 45 days

0% 5% 10% 0% 5% 10% 0% 5% 10%
Att Att Att Att Att Att Att Att Att

R;
P 230.1 3059 1361.2 50.2 188.7 389.8 38.1 100.3  205.6
(kQ-cm?)
Ecor (mV) -259.0 -889 -77.1 -268.4 -200.3 -108.7 —-397.5 -198.3 -189.9
eor 0.06 0.04 0.03 0.40 0.17 0.16 0.80 0.50 0.44
(pA/cm?)
ﬂa 79.9 118.5 307.3 102.1 3934 309.6 140.2 337.1 372.9
(mV/dec)
B
N 179.0 61.3 252.3 154.0 196.7 179.5 268.7 258.1 238.1
(mV/dec)
VCOI‘
0.3 0.4 4.7 2.3 2.0 9.1 6.5 5.2
(um/an)
EI (%) 24.7 83.1 73.4 87.1 62.0 81.4

(Figure 6(A)). Thus, anodic branches extending from —0.2 to 0.14 V/ECS for the
control (0% Att), from —0.05 to 0.3 V/ECS for 5% clay and from 0.1 to 0.2
V/ECS for 10% attapulgite are noted. This confirms the results observed during
corrosion potential monitoring, showing that the reinforcement is initially pro-
tected by the high alkalinity of the cement.

In addition, for each maturity, a decrease in corrosion current density (icor)

was observed for all specimens containing attapulgite compared with the control
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(Table 1). However, the 10% substitution of attapulgite for cement corresponds
to the lowest current density at each maturity. A progressive increase in current
densities as a function of specimen residence time in the solution containing Cl-
ions is also noted. Thus, Table 1 shows a corrosion current density of 0.4 pA
cm™ at 45 days, corresponding to low corrosion [33] [34] for 10% attapulgite
substitution, 0.5 A cm™ for 5% substitution and 0.8 uA cm™ for the control,
corresponding to moderate corrosion [33]. Conversely to the variation in cur-
rent density, the polarization resistance of clay-containing specimens is higher
than that of the control (TS) for a given time. However, concrete reinforced with
10% attapulgite has the highest polarization resistance. As in the case of corro-
sion current densities, a progressive decrease in polarization resistance as a func-
tion of increasing salt solution residence time is also noted. Corrosion rates for
specimens containing 10% clay are of the order of 5 pm/year at 45 days, corres-
ponding to low corrosion [33]. For control specimens and those with 5% atta-
pulgite, corrosion rates are between 5 and 10 pm/year, corresponding to mod-
erate corrosion [33].

These results show that the passive film formed on the surface of the rein-
forcement after the manufacture of reinforced concrete gradually degrades when
the interface is contaminated by chloride ions. This degradation is slowed down
in the case of clay-reinforced concrete, which explains the reduction in corrosion
current density in the presence of clay. A blocking of the anodic sites by a layer
of mainly C-S-H (Hydrated Calcium Silicates) and additional C-A-S-H (Hy-
drated Alumina Calcium Silicates) [35] may account for this slowdown, as evi-
denced by the shift of corrosion potentials towards the anodic side in the pres-
ence of clay. It can also be explained by the fixation of chloride ions by the addi-
tional C-S-H and C-A-S-H formed with the pozzolanic reaction, thus reducing
the contact time of chlorides with the reinforcement. When the specimens are
immersed in the corrosive solution, the initial conditions at the steel-concrete
interface gradually change in a direction favourable to the depassivation of the
reinforcement. This explains the gradual increase in current densities for all spe-
cimens, as the time spent in the saline solution increases. Better corrosion inhi-
bition was recorded for the 10% attapulgite-based composition, with an average
inhibitory efficiency of 84%.

b) Polarization in 0.5 M NaCl with corrosion acceleration (EIC speci-
mens)

Figure 7 shows the polarization and potentiodynamic curves of reinforcement
in concrete with and without clay, recorded after 6h of corrosion potential mon-
itoring at different times.

Figure 7 shows that, as in the case of natural corrosion, the presence of clay in
the concrete induces a decrease in the anodic current and does not modify the
cathodic reaction. What’s more, its presence in the concrete shifts corrosion po-
tentials towards less negative values. This confirms attapulgite’s anodic charac-
ter. The electrochemical parameters derived from these curves are shown in Ta-
ble 2.

DOI: 10.4236/ampc.2024.145007

85 Advances in Materials Physics and Chemistry


https://doi.org/10.4236/ampc.2024.145007

M. Bodian et al.

log [I(mA)] A log[I[(mA)] B
-1
2 -1
2
-3 3
_0% Att -31 _0°
4] = 10% Att - (1)0/3/0Aptftt
s = 5% Att B = 5% Att
- 5
0.6 -04 -02 0.0 02 208-06 -0.4 -02 0.0
E(V vs. SCE) E(V vs. SCE)

log [I(mA)] €

-1
2
-3 - 0% Att
= 10% Att
4 - 5% Aft
20.8-0.6 -0.4 -02
E(V vs. SCE)

Figure 7. Polarization curves for EIC specimens with and without attapulgite:
A: after 1 day, B: after 21 days and C: after 45 days of corrosion acceleration

by applying a current density of 100 pA cm™.

Table 2. Electrochemical parameters of accelerated corrosion: polarization resistance
(Ryp), corrosion potential (Ecor), corrosion current density (icor), coefficient of Tafel lines

(fa and fc) and corrosion rate (Veor) obtained from polarization curves.

1 day 21 days 45 days
0% 5% 10% 0% 5% 10% 0% 5% 10%
Att Att Att Att Att Att Att Att Att

Ry
20.4 177.4  343.0 17.6 40.4 143.4 12.4 34.2 58.5
(kQ.cm?)
Ecor (mV) -391.7 -210.2 -189.8 —530.2 -398.8 —-172.3 —672.5 —384.2 —471.8
iCOl‘
0.25 0.13 1.81 1.25 0.31 2.80 1.37 0.85
(LA/cm?)

Pa(mV) 3032 3131 348.8 1929 343.7 3515 1694 280.9 359.1

—fc (mV) 3162 288.7 2747 2294 3994 1999 2553 3384 331.0

Veor
(um/an)
EI (%) Ref 88.5 94.0 Ref 56.4 71.8 Ref 63.7 78.8

42 2.83 1.58 21.21 1459 2.89 30.71 16.17  9.92

Table 2 clearly shows that polarization resistances are higher in attapul-
gite-based concretes, and increase with the substitution rate. Corrosion current
densities are also lower in clay-containing concretes. Currents are highest in the
absence of clay and lowest at 10% substitution. Current densities recorded at 21
days on control specimens (1.81 pA/cm?) and those with 5% clay (1.25 pA/cm?)

indicate rapid depassivation of reinforcement followed by active corrosion [33].
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When 10% clay is added to reinforced concrete, the current density is less than
0.5 A cm™ at 21 days, indicating little corrosion. It is of the order of 0.8 Ma
cm™ after 45 days in salt solution, corresponding, according to Oelssner et al
[34], to moderate corrosion. These observations show that the addition of atta-
pulgite to reinforced concrete can retard reinforcement corrosion. This is most
pronounced with 10% substitution. This delay is confirmed by corrosion rate
values. For example, the corrosion rate of specimens containing 10% clay is be-
tween 1 and 5 pm/year at 21 days, corresponding to low corrosion [33]. At 45
days, corrosion becomes moderate, with a rate equal to 9.92 um/year for speci-
mens with 10% attapulgite. On the other hand, for the control and with 5% at-
tapulgite, corrosion rates are relatively high, exceeding 10 um/year at 21 days. As
in the case of natural corrosion, the 10% attapulgite composition showed better

corrosion inhibition, with an average inhibitory efficiency of 82%.

3.3. Electrochemical Impedance Spectroscopy (EIS)
a) EIS in 0.5 M NaCl (EIC specimens)

Figure 8 shows the electrochemical impedance diagrams in the Nyquist plane
of these specimens after 1-, 21- and 45-days’ residence in saline solution (0.5 M
NaCl). All the electrochemical parameters obtained from these impedance spec-
tra are given in Table 3.

Analysis of these results shows that the impedance diagrams of the specimens
have the same profile and present two distinct capacitive loops.

The half-arc at high frequencies (HF) is related to the porosity of the concrete,
while the second loop, corresponding to low and medium frequencies (LMF), is
attributed to the formation and growth of a film on the metal surface [36] [37]
and the accompanying electrochemical reactions taking place at the steel-concrete
interface. Figure 8 shows that, at high frequencies and for each given term, the
semicircles characterizing the embedding concrete move away from the imagi-
nary axis as the amount of clay in the concrete increases from 0 to 10%. This re-
flects an increase in the electrical resistivity of the concrete with the addition of
clay. With increasing residence time, the semicircles move closer to the imagi-
nary axis. For example, for 10% attapulgite, the real part of the impedance (Z.)
falls from 57.4 kQ.cm? at 1 day to 18.5 kQ.cm?at 21 days and 11.8 kQ.cm? at 45
days. These results are consistent with a decrease in the electrical resistivity of
concrete with specimen residence time. At low frequencies, the diameter of the
arcs corresponding to electrochemical reactions is greater in the case of rein-
forced concretes containing clay.

Table 3 shows that the capacities of the concrete (C,) and the double layer
(Ca) are lower in the case of concretes containing clay. In addition, the electrical
resistance of the concrete (R,) and the load transfer resistance (R) are higher in
reinforced concretes composed of clay. The decrease in Cy with the addition of
attapulgite is linked to a decrease in the concentration of free chloride ions in the

concrete’s interstitial solution. This confirms clay’s ability to reduce both the
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Figure 8. Electrochemical impedance diagrams of TS specimens with and
without attapulgite: A: after 1 day in saline solution; B: after 21 days in saline
solution; C: after 45 days in saline solution.

Table 3. Evolution of impedance parameters (R, Cb, Cai, Ric, n) at different times in saline
solution.

1 day 21 days 45 days

0% 5% 10% 0% 5% 10% 0% 5% 10%
Att Att Att Att Att Att Att Att Att

Ry (kQ.cm?) 228 243 55.1 5.3 17.5 18.8 10.0 11.1 14.6

C
(107111;’/ 5 755 46 35 1504 81 57 2639 84 65
cm
ni 0.789 0.822 0.895 0.720 0.693 0.662 0.703 0.998 0.646
Cal

16.8 13.0 9.0 1541 151 9.6 4954 203 18.6
(10° F/cm?)

n; 0.381 0.370 0.539 0.427 0.523 0.357 0.411 0.463 0.559
Ric (kQ.cm?) 419 75.6  574.8 1.3 26.0 37.5 11.4 15.1 34.7
W (uF/cm?) 227 047 263 1660 6.66 4.34 3.70 345 4.54

EI (%) Ref 44.63 92.67 Ref 9504 96.51 Ref 2449 67.15

permeability of chloride ions in concrete through chloride ion binding and elec-
trochemical reactions at the steel-concrete interface. However, the electrical and
charge-transfer resistances of the concrete decrease progressively with the length
of time the reinforced concrete remains in the saline solution.

These observations are in line with Tafel’s electrochemical polarization para-
meters, confirming a progressive change in the initial conditions of the steel-

concrete interface in a direction favorable to reinforcement depassivation as the
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residence time of the specimens in the corrosive solution increases. Values of the
empirical coefficient n, relating to the surface of reinforcement in concrete range
from 0.646 to 0.999. In these cases, the EPC can be assimilated to a pure capaci-
ty, the deviation from unity reflecting surface in homogeneities [38]. In the case
of empirical coefficients n2 relating to the steel-concrete interface, the values are
rather close to 0.5 indicating a diffusional process. The inhibitory efficiency in-
dex indicates better corrosion inhibition for the 10% attapulgite-based composi-
tion, with an average inhibitory efficiency of 85%.

The images presented in Figure 9 show the state of reinforcement in con-
cretes with and without clay after a 45-day stay in the NaCl solution. The images
reveal a progressive loss of the passive white layer protecting the reinforcement
in the case of specimens containing no clay.

b) EIS in 0.5 M NaCl after corrosion acceleration (EIC specimens)

Hydration products

Figure 9. Images of concrete reinforcement in the presence
and absence of attapulgite after splitting at 45 days.
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Figure 10. Electrochemical impedance spectra of specimens with and without
attapulgite: A: after 1 day, B: after 21 days and C: after 45 days of corrosion
acceleration by applying a current density of 100 uA cm™.
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Table 4. Evolution of electrochemical parameters of accelerated corrosion (Rb, Cb, Ca,
R) at different timescales.

1 day 21 days 45 days
0% 5% 10% 0% 5% 10% 0% 5% 10%
Att Att Att Att Att Att Att Att Att
R
N 7.53 24.45 3477 852 10.04 1813 3.15 8.05 13.18
(kQ.cm?)
Cp (1071
276.70 2.44 1.15 109.90 2.63 1.33  60.11 8.59 4.43
F/cm?)
ni 0.704 0.561 0.648 0.926 0.815 0.970 0.995 0.656 0.730
Ca (1072
15.43 0.90 0.62 5.64 1.05 0.57 0.70 1.29 1.02
F/cm?)
nz 0.239 0.483 0.505 0.100 0.230 0.468 0.346 0.123 0.129
th
23.1 67.6 117.1 8.0 16.0 32.1 5.1 9.3 18.7
(kQ.cm?)

W (F/cm?) 041 0.02 0.02 0.12  0.09 0.03 2.71  0.04 0.04
EI (%) Ref 65.83 80.34 Ref 50.04 75.12 Ref 45.16 72.82

Impedance diagrams recorded after the application of external current to spe-
cimens with and without attapulgite are reproduced in Figure 10. The curves are
similar to those recorded for natural corrosion.

As in the case of natural corrosion, Figure 10 shows that, at each maturity, the
semicircles that characterize the high-frequency range of clay-reinforced con-
crete are further away from the imaginary axis. At low frequencies, the diameter
of the arcs corresponding to electrochemical reactions is greater in the case of rein-
forced concrete containing clay. The electrochemical parameters derived from
the simulation of these spectra are shown in Table 4.

Table 4 shows that, as in the case of natural corrosion, the electrical resistance
of concrete (Ry) and charge transfer resistance (R) increase as the substitution
rate of clay in concrete rises from 0 to 10%. Conversely, the electrical capacities
of concrete (C,) and double layer (Ca) decrease when the substitution rate of
clay in concrete increases from 0 to 10%.

Comparison of the values obtained for natural corrosion (Table 3) and acce-
lerated corrosion (Table 4) showed that, for a given percentage of clay in the
concrete, R, and R, resistances are lower in the case of accelerated corrosion,
implying higher electrical conductivity due to strong chloride ion penetration
and accelerated corrosion at the steel-concrete interface for EIC specimens.

The results also show that G, values at a given clay percentage are lower in the
case of accelerated corrosion. This reflects the greater presence of corrosion prod-
ucts injected into the pores of the embedding concrete. The same applies to Cqc
values, explaining the more pronounced formation of a corrosion layer at the
steel-concrete interface.

The images presented in Figure 11 show the condition of reinforcement in
concrete in the presence and absence of clay after 45 days under accelerated

corrosion conditions.
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Corrosion products

0% Att

Figure 11. Images of concrete reinforcement in the presence
and absence of attapulgite after splitting at 45 daysin corrosion
acceleration by applying a current density of 100 uA cm™.

The condition of the reinforcement showed a more pronounced development
of corrosion on the reinforcement of the control specimens (EIC 45 J) and with

5% clay, to the detriment of the passive layer protecting the reinforcement.

3.4. Attapulgite Corrosion Inhibition Mechanism

Attapulgite has an appreciable inhibiting power at 10% substitution. Its corro-
sion-inhibiting effect is explained by the physical adsorption at the steel-con-
crete interface of a layer (the white layer observed on reinforcement) made up
mainly of C-S-H and C-A-S-H, resulting from the reaction between attapulgite
and portlandite from cement hydration, according to equations EQ.5 and EQ.6.

Silica (Attapulgite )+ Portlandite (cement ) — C-S-H
C-S-H+ Al (Attapulgite) - C-A-S-H

These hydration products (C-A-S-H) improve the chemical binding capacity
of chlorides to the cementitious matrix, notably through the production of Frie-
del salts, and reduce the diffusivity of the material towards chlorides [39].

This layer also inhibits anodic sites, which explains the behavior of anodic

slopes and the decrease in doubling capacity in the presence of attapulgite.

4. Conclusions

This work examines the corrosion-inhibiting power of attapulgite added directly
to reinforced concrete using electrochemical analytical methods.

The electrochemical results of the study of reinforcement corrosion in con-
crete in the presence of attapulgite showed that when corrosion takes place in
the presence of chlorides under natural corrosion conditions, the presence of at-
tapulgite in concrete increases the initiation time of reinforcement corrosion.
This inhibitory effect was most pronounced when 10% of the cement was re-
placed by clay, with a satisfactory effectiveness of around 84%. Under accele-
rated corrosion conditions, electrochemical results showed that concretes com-
posed with 5% attapulgite corroded at the same rate as the control, with zero in-
hibitory effectiveness. On the other hand, with the addition of 10% attapulgite,
we noted a slowdown in corrosion compared with the control and the 5% atta-
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pulgite concrete, with a satisfactory inhibiting power of around 82%.
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