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Synergistic effect of benzo triazole
with polyethoxylated sorbitan
monooleate in inhibiting corrosion
of rebars and chloride diffusion
through mortars

Raja Rizwan Hussain'*!, Abdulrahman Alhozaimy?, Abdulaziz Al-Negheimish?,
D. D. N. Singh? & Mshtaq Ahmed?

It is found that mixture of 1,2,3 benzo triazole (BTAH) with polyethoxylated sorbitan monooleate,

a non-ionic surface-active agent (NIS) effectively improves the properties of the cast concrete as
well as significantly reduces the chloride induced corrosion of steel reinforced bars, when added in
freshly prepared paste of mortar mixture. The addition of this mixture in the cast mortars is noted
to reduce the water absorption in comparison to the control mortars cast using identical materials
and under similar cast conditions. Electrochemical impedance spectroscopy and polarization studies
of the rebars embedded in mortars and exposed in cement slurry have been performed to study the
role of synergistic mixture on kinetics and mechanism of corrosion of rebars. The characterisation

of corrosion products formed on the surface of rebars was carried out by X-ray diffraction, Scanning
electron microscopy and EDX analysis. It is proposed that the synergistic boosting in protection is
caused due to the shielding of NIS around anionic BTA", thus minimizing their electrostatic repulsion.
This facilitates the migration of additional ionic BTA towards the double layer which increases their
concentration at the corroding interface leading to reduced susceptibility to corrosion.

Amongst different factors responsible for the deterioration of concrete structures poor mechanical properties,
uniform and localized corrosion of embedded steel rebars caused due to water and moisture absorption and
carbonation during service life play very crucial role in determining their longevity. A primary objective of civil
engineers is to design and develop concrete structures with improved workability of fresh concrete, particularly
in hot climatic regions, higher strength, and durability at minimal cost. Use of corrosion inhibitors in wet
concrete mixture is very cost effective and simple method to keep the embedded rebars intact during service
life of the cast structures'~>. In many instances the added corrosion inhibitors adversely affect other properties
such as mechanical properties, setting time and porosity of concrete. Achieving all the above stated properties of
concrete by a single additive is a big challenge and in majority of the cases multiple additions are needed to get
the desired results. Such multiple additives not only escalate the cost of structures but in many cases also nullify
or deteriorate the efficacy of the different components of the additives. In view of this it is prudent to look for
some synergistic mixture that helps in improving all the desired properties namely workability, water absorption,
strength, corrosion resistance of embedded rebars and overall durability of the cast structures.

Amongst various causes that deteriorate the concrete structures, two factors namely chloride diffusion in
concrete and its carbonation bringing down the alkalinity are of prime concern®. Accumulation of chloride above
a threshold concentration around the concrete-reinforcement bars causes localized attack leading to catastrophic
failures of structures. To minimize this risk, it is important either to reduce the diffusion of chloride through
the cast concrete or increase the threshold concentration of chloride for onset of corrosion on the surface of
reinforcement. Mixing of pozzolanic materials in concrete at the time of its casting minimize the chloride
diffusion in hard structures®®. These pozzolanic materials densify the structure of concrete creating tortuous
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path for migration of surrounding chloride through it. Application of cathodic protection on whole network of
reinforcement is another method to increase the threshold concentration of chloride to prevent its damaging
effect”®. Application of optimized cathodic potential or current makes the interface negatively charged which
repels chloride anions away from the surface of reinforcement. This method of protection, however considerably
escalates the cost of construction and needs regular care and maintenance. Another method to keep away chloride
ions from the surface of steel reinforcement and increase its threshold concentration for attack on rebars is use
of appropriate corrosion inhibitors. Many exhaustive reviews are available in literature on this topic”!'?. Two
types of inhibitors namely inorganic and organic chemicals are employed to control corrosion of reinforcement
bars. Inorganic compounds such as nitrites, borates, nitrates etc. are used to mitigate the corrosion reactions.
These compounds are anodic type of inhibitors and help in strengthening the passive film of the metal surface.
Their performances however are concentration sensitive and cause acceleration of corrosion when used at lower
concentrations. Organic inhibitors control the corrosion reactions by getting adsorbed on corroding interface
through their active centres and inhibit anodic, cathodic or both type of corrosion reactions. Unlike the inorganic
anodic compounds, they do not have antagonising effect on corrosion when present at lower concentrations
in the corroding environment. Another positive feature of the organic inhibitors is that they provide adequate
protection at lower concentrations than inorganic compounds. In view of the above-mentioned features of the
organic inhibitors the latest trend is to use such compounds in commercial applications.

The organic based compounds no doubt have an edge over the inorganic type of inhibitors but many of
them poorly perform in controlling the chloride induced corrosion, especially in alkaline environments such
as in concrete. This poor inhibition is due to formation of thin and porous inhibitors’ film on the metal surface
allowing chloride to break the protective layer and react with metal surface. To minimize the chloride attack
on reinforced steel bars it is essential that the added inhibitor transform into anionic form and adsorb at inner
Helmholtz plane of the double layer. This negatively charged layer discourages anionic chloride ions to attack
the metal surface.

1,2,3 Benzotriazole (BTAH) and its derivatives are well known inhibitor and widely used for protection of
copper and copper-based alloys in different types of environments''~'3. They are also reported to protect steel in
alkaline environment though with poor inhibitive effects'*!>. Some investigators have reported their corrosion
inhibition performance for reinforced steel rebars in concrete environment'®~'8. To achieve good protection,
the concentration of BTAH and derivatives need considerably higher concentrations (normally>1.0%)'*. Use
of high concentrations of these compounds in concrete to achieve adequate protection is not cost effective as
well as in many instances unfavourable to other properties of the concrete. In addition to these drawbacks, the
efficacy of BTAH based compounds is known to deteriorate after ingress of chloride ions in concrete. To overcome
these problems, it was planned to improve the inhibitive performance of BTAH added at low concentration in
wet concrete combining it with non-ionic surface-active agent (NIS). The non-ionic surfactants are known to
boost properties of additives as well as reduce dosing to get optimum results, employed for different applications
including corrosion protection!*?. This communication aims to achieve complete protection of rebars embedded
in concrete mortars exposed in saline solution for extended period of time with wet/dry treatment by using a
synergistic mixture of BTAH and non-ionic surface-active agent as well as impart improved workability of wet
concrete, compressive strength, chloride permeability and water absorption.

Experimental details

Test material

Thermo—mechanically treated steel rebars of 16 mm diameter used for this study had following chemical
composition:

C=0.31; Si=0.22; Mn=0.86; S=0.01; Cr =0.01; P =0.03; Ni=0.03; Cu=0.04

All elements’ concentration is given in weight percentage.

The bars had an approximately 2-mm-thick tempered martensite structure rim around their outer diameter,
whereas the core structure was pearlite-ferrite. The microstructure of the tested steel is reported in our earlier
published paper®..

To remove mill scale and rusts from the surface, the rebars were abraded on motorized wheel fitted with 200
grade of emery paper. Before putting the rebars in corrosion cells and mortars their surface was swabbed with
ethanol moist tissue paper to ensure removal of any oil or dust.

Design of corrosion cells

To conduct electrochemical tests in cement slurry, de-scaled and abraded rebars of 150 mm in length were fitted
in the electrochemical cell shown in Fig. 1. Two graphite rods of 10 mm diameter and of the same length as the
bar were also fitted horizontally in the corrosion cell. These rods were short circuited together with copper wire
and used as the auxiliary electrode to run the electrochemical experiments. The test rebar was fitted 20 mm
besides these rods in the cell, as shown in Fig. 1.

The purpose of fixing of two graphite rods in the corrosion cell was to ensure adequate surface area of the
auxiliary electrode. The graphite rods and rebars” ends emerging from the test cell were blocked with epoxy resin
to make the cells leak proof. The appropriate leads of the potentiostat cable were connected to graphite rod and
rebar ends that was outside the cell. The saturated calomel electrode was used as the reference electrode. A set of
two cells, without and with additives were prepared in plastic boxes of one litre capacity and marked as control,
NIS, BTAH and NIS + BTAH. In a separate plastic beaker 750 mL of 3.5% NaCl solution was poured followed by
adding 150 gm OPC cement. Thereafter 0.05, 0.10, 0.15, 0.20 and 0.25% (with respect to the weight of cement) of
NIS and BTAH were added in different beakers. The pH of the content in all beakers was 12.4 indicating that the
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Figure 1. Schematic diagram showing setup of electrochemical cell used to conduct experiments in cement
slurry.

additives did not affect the alkalinity. For the optimizing the concentrations of mixture of the two additives the
concentrations of the mixture were as follows: NIS: BTAH (%) =0.10+0.10; 0.15+0.20; 0.15 + 0.25. This followed
a vigorous mixing of the contents of beakers using a mechanical stirrer. In mixed mixture the concentration of
NIS was restricted up to 0.15% only as its higher content in concrete mixture made the composition impractical
to handle (a higher dosing of NIS greatly enhanced the fluidity of the freshly prepared concrete which remained
in fluid state for several days). These thoroughly mixed compositions were then poured in corrosion cells as
described above and shown in Fig. 1.

Design and composition of mortars embedded with rebars

Mortars were cast using ordinary Portland cement conforming to ASTM C150 Type 1, water, and sand (mixed
in the proportion of 1:0.5:2, respectively). The sand particle size was within the range of 0.5 mm to 1.00 mm.
The casting and curing of the specimens were carried out according to ASTM C192.

The tests for evaluation of the effect of the additives were performed by embedding the abraded and de-oiled
rebars in mortars having the geometry as shown in Fig. 2.

To avoid the effect of the counter electrode geometry on the polarization data, graphite rods with the same
rebar diameter (16 mm) were cast in mortar (Fig. 2), and maintained parallel to the steel rebar. This graphite bar
was used as a counter electrode during electrochemical studies. To avoid crevice corrosion at the two rebar ends,
its 15 mm length at both ends was coated with epoxy and Teflon tape. Insulated copper wire was tightly wrapped
on the surface of the rebars and graphite rods before application of tapes and coatings. These wires coming out
from the mortars acted as electrical leads to connect the potentiostat. Of the 150 mm length of the rebar samples,
only 120 mm was open to exposure in the mortar, so that a 25 mm cover thickness was available for the steel
bars from all the casting sides. Three sets of mortars with and without additives were cast abbreviated as follows:

a. Control mortars -C;

NaCl solution

@16 steel rebar

100 mm

—— graphite bar

f 200 mm {

Figure 2. Schematic diagram of the mortar used in this study.
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b. mortars blended with NIS:BTAH: : 0.1%: 0.1%
c. mortars blended with NIS:BTAH: : 0.15%: 0.20%
d. mortars blended with NIS:BTAH: : 0.15%: 0.25%

The mortars were demoulded after 24 h of casting and cured in a humidity chamber maintained at 95% RH
and at 25 °C temperature until the age of 28 days.

Tests procedure

Optimization of the composition of the tested additives in cement slurry

To optimize the composition of the mixture (NIS+BTAH) linear polarization resistance (LPR) tests of rebars
exposed in cement slurry (composition described in Section “Design of corrosion cells”) were conducted. After
24 h exposure of rebars linear polarization resistance (LPR) tests were performed to determine the optimized
composition of the studied inhibitors. This duration of pre-exposure was to ensure the formation of protective
passive film on the rebars’ surface??. The potentials of the working electrode (+20 mV) was potentiostatically
polarized in anodic and cathodic directions at the scan rate of 0.01 mV/second. The LPR values were computed
after drawing tangent lines on plots between current and potential and polarization data determined using the
software supplied by the supplier of the instrument.

The electrochemical impedance spectroscopy (EIS) and polarization tests

These tests on rebars exposed in cement slurry were conducted on the same samples as those used for LPR
(Section “Optimization of the composition of the tested additives in cement slurry”) after leaving the test cells
for another 24 h to ensure the stability of the potential of rebars. The tests procedure are detailed in our earlier
published papers**-?. Before running the polarization tests, electrochemical impedance spectroscopy (EIS)
studies were performed by applying a sinusoidal voltage of 10 mV at the open-circuit potential of the working
electrode while changing its frequency from 100 kHz to 0.01 Hz. The obtained EIS data were analysed using
CMS-300 software (M/S Gamry Instruments). Since EIS is a non-destructive test it is expected that the surface
of the tested samples remained unchanged after this experiment. Direct current polarization experiments were
conducted on EIS tested samples as per the standard practice of ASTM. All the electrochemical experiments
were performed at room temperature (25 °C+2 °C).

Tests on mortars—wet/dry treatment

Wet/dry treatment of mortars accelerates the corrosion rate of embedded rebars. The test procedures to assess
the performance of rebars embedded in mortar are described in the authors’ previous papers??2. The rebars
embedded mortars were subjected to wet/dry treatments (10 days wet in 5% sodium chloride solution and 20 days
dry in laboratory environment). The wet/dry treatments of the rebars embedded mortars were continued up to
43 cycles. After 43 cycles of treatments bleeding spots were noted on the surface of control mortars. At this stage
the electrochemical tests were conducted on two sets of all the mortars. The third set of the mortars was broken
to examine the surface of embedded rebars. Digital images of the surface of rebars were recorded with camera.
Except the rebar embedded in control mortar the other three rebars of inhibitor containing mortars had no sign
of visible rust. About 0.5 g of the rust formed on the surface of control rebar was scrapped out and kept in airtight
plastic pouches for further investigations. 5-mm length of rebars retrieved from inhibited mortars was cut with
diamond cutter machine and kept in airtight plastic pouches for further studies.

Compressive strength, workability and setting time

The compressive strength of the mortar specimens was determined according to ASTM C109. Mortar cubes
were cast adding optimized concentration of the additives as stated in Section “Optimization of the composition
of the tested additives in cement slurry”. The cubes were demoulded after 24 h and maintained at 95% relative
humidity till the date of testing. Six mortar cubes were tested after 28 days and 90 days. The average results for
each additive are presented and discussed in the result section. The workability and setting time of mortars were
evaluated by following the ASTM C1437 standard.

Determination of water absorption through the cast mortars
Effect of addition of the mixed composition of the inhibitors on water absorption was studied as specified in
ASTM C 642-06. Cubes of size 100 x 100 x 100 mm were cast and cured as detailed in Section “Design and
composition of mortars embedded with rebars”. After 28 days of curing water absorption, test was performed.
The values of the percentage retardation efficiencies were calculated by using the procedure as detailed below:
The weights W, (weight of cubes after their casting and curing), were recorded up to third decimal point of a
gram. There after the cubes were fully immersed in tap water for seven days and then removed and kept in open
laboratory atmosphere for 24 h to allow the water on upper surface of cubes to vaporize. The weights of the cubes
designated as W, (weight of cubes after their immersion in water) were again recorded. The difference in weights
(W, - Wc=AW) provided the weight of water absorbed by the cubes after their immersion in water. Average
of water absorbed for three identical control (AW, ;) and with added inhibitors (AW,) were determined. The
percentage retardation efficiency of the inhibitor (%RE) in reducing the permeability of water through the cast
cubes were determined using the following equation:

AWcontrol — AWi

%RE = x 100 (1)
AW control
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Characterizations of corrosion products

X-ray diffraction

The XRD studies were performed using a Siemens D-500 XRD system, Cu-Ka (A=1.54 A°). Scans were made
from the angle of 10° to 90° with scan rate of 3°/min.

Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDXA)
SEM and EDXA analysis of the corrosion products formed on the surface of rebars embedded in mortars were
conducted by using Nova NanoSEM-450.

Experimental results
Studies on inhibitive effect of additives for corrosion of rebars embedded in chloride added
cement slurry
Optimization of concentrations of additives for inhibition of rebars exposed in cement slurry using LPR technique
As stated in experimental section of this communication, the optimized concentrations of BTAH and NIS was
determined by running linear polarization experiments on rebars exposed in chloride added cement slurry and
determined their polarization resistance. The solubility of NIS and BTAH in alkaline pH of cement slurry was
not an issue and they freely dissolved in the test environment at all their tested concentrations. The polarization
resistance results incorporated in Table 1 show that above a critical concentration of the additives the polarization
resistance values remained by and large constant.

Considering that the corrosion rate is inversely proportional to the polarization resistance, percentage
inhibition efficiency (%E) of the additives may be calculated by:

(i —a)
0, —
%E = Tk 100 )
where ‘C’ and ‘@’ are polarization resistances (R,,) of the control sample and that of the additives respectively. Data
recorded in the above table show that the corrosion inhibition imparted by NIS at all its tested concentration is
considerably higher than the corresponding concentrations of BTAH. Further, the optimum concentration for
NIS is 0.15% whereas that of BTAH is 0.20%. BTAH alone exhibited very low efficiency (60%). The researchers
in the past also reported poor inhibitive effect of this compound (about 70%) for chloride induced corrosion
of rebars exposed in simulated pore solution'*. Polarization resistance of rebars tested under the influence
of combination of these two additives mixed at their respective optimized concentrations (NIS=0.15 and
BTAH =0.20%) is noted to increase appreciably than that tested them individually (Table 1). The inhibition
efficiency of combination of optimized concentration of the two additives is 98.8% indicates that the mixed
composition of the inhibitor provided almost complete protection to the rebars surface and imparted synergistic
protective effect. In light of these findings the optimized compositions of NIS+BTAH (0.15% +0.20% and
0.15% +0.25%) were used in all the other studies reported in this communication.

Synergistic effect of the mixed additives added in chloride contaminated cement slurry in inhibiting localized
corrosion

Control of localised corrosion of reinforcement caused by chloride ions is of utmost importance for safety and
longevity of concrete structures. Out of many techniques to test the efficacy to control pitting corrosion the
method of cyclic polarization is simple and yields quick information. To test the effect of mixed additives this
method was used for corrosion of rebars immersed in chloride added cement slurry. The forward and back

Additives Concentration, % | R, (KOhm cm?) | Inhibition efficiency
Control 0 0.12 -
0.05 0.315 61.9
0.10 0.410 70.7
NIS 0.15 1.500 92.0
0.20 1.48 91.9
0.25 1.45 91.7
0.05 0.13 7.7
0.10 0.22 454
BTAH 0.15 0.28 57.1
0.20 0.30 60.0
0.25 0.28 57.1
0.10+0.10 0.85 85.8
NIS+BTAH 0.15+0.20 9.95 98.8
0.15+0.25 9.85 98.7

Table 1. Polarization resistance (R,) of rebars exposed in chloride blended cement slurry added with different
concentrations of additives and in control environment.
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scan rate of potential was kept at 0.167 mV/sec. The cyclic polarization plots for control and mixed inhibitor
blended in chloride contaminated cement slurry are shown in Fig. 3. In these plots the anodic potential at
which a fast increase in current density during forward scan took place indicated onset of localized attack on
the surface of rebars and was taken as pitting potential (E,;). It is seen from the figure that the current density
suddenly increased at about 600 mv (SCE) (shown by arrow) for control © and low concentration (0.10+0.10
concentrations of NIS and BTAH) of additives. In contrast to this the plots for optimized concentration
(0.15% +0.20%) and above it (0.15% +0.25%) do not exhibit such behaviour. At these concentrations the current
density rather remains very low (in pA range) indicating that the presence of optimized concentration of the
additives withstood the pitting attack of chloride ions. Another interesting feature noted from these plots is
difference between the loop formed in forward and back scan of potentials for control and low concentration
of additives and those of > optimized concentrations. In former cases positive loops are formed suggesting that
formed pits did not passivate after shifting the potentials in negative directions. Opposite is true in case of later
mentioned concentration sets of additives. In these cases, the back scanning of potentials generated lower current
than the forward scan of potential and forms negative loops. Such loops lead to the conclusion that any damage
caused to the passive film by chloride ions during forward scan was re-passivated during the back scanning of
potentials and discouraged chloride ions’ interaction with the steel surface.

Synergistic effect of the mixed additives in inhibiting chloride contaminated cement slurry studied by EIS
The three mixed concentrations of NIS and BTAH tested in chloride added cement slurry were also investigated
by using EIS technique. The impedance and phase shift plots in Bodes form are shown in Fig. 4a,b.

The nature of plots for mixed NIS and BTAH tested at different concentrations by and large appear similar
except the variations in impedance at the lowest studied frequency. This value of impedance also known as
Z o 18 related to corrosion resistance of a corroding interface. It is seen from the Fig. 4a that Z,,, for mixed

Cyclic Polarization Scan

C vy-v
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Figure 3. Cyclic polarization curves for rebars immersed in control and mixed inhibitor added chloride
blended cement slurry.
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Figure 4. (a) Bode frequency—impedance plots for mix composition of NIS + BTAH added in chloride blended
cement slurry. (b) Bode frequen—y—phase shift plots for mix composition of NIS + BTAH added in chloride
blended cement slurry.
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inhibitors is invariably higher than the control sample. Further these values are very close for 0.15+0.20% and
0.15+0.25% composition of the inhibitor. A similar trend was also noted for performance tests conducted in
cement slurry using LPR technique (Table 1). The log frequency-phase shift plots shown in Fig. 4b also exhibit
similar characteristics except control sample where the maxima in the curve is shifted in lower frequency region.
The two optimized concentrations of the mixed inhibitor exhibit maxima closer to each other and shifted in
higher frequency region (approximately 100 Hz).

The quantitative data for the protective effect of the added additives were extracted by fitting the data in
simulated equivalent electrical circuit. Several permutations and combinations of the elements of the electrical
circuit revealed that a circuit comprising of constant phase element (CPE), the series resistance (R,) related to
the solution ionic resistance, charge transfer resistance (R,), schematically shown in Fig. 5 provided the best fit
results with the least error.

In the above schematic diagram CPE denotes -n—homogeneities of the surface”” which is expected in the
present case due to the formation of corrosion products/passive layer at the steel surface.

The extracted quantitative data from the impedance plots of Fig. 4a,b are recorded in Table 2. The values of
the double layer capacitance (Cdl), thickness of the film formed on rebars surface and inhibition efficiencies
were computed from the impedance data.

It is noted from the above table that charge transfer resistances (R.,) for the exposed rebars in the presence of
mixed inhibitors are higher than the control rebar. The R, values for NIS + BTAH combinations at concentrations
0f0.15+0.20 and 0.15 + 0.25 are considerably increased in comparison to the control rebar. The charge transfer
resistance of the corroding interface is directly related to its corrosion resistance. The values of Y, denoting the
admittance of the corroding interface are significantly reduced in case of the mixed inhibitor. The decrease in
admittance is considered a diminished electrochemical activity at the interface and is related to the protective
nature of the corroding interface. A higher value of Y, on the other hand is attributed to the porous nature of
the film through which charge transfer reactions occur. These facts further confirm that the addition of mixed
inhibitor in the chloride added cement slurry considerably withstands the chloride induced corrosion of rebars.
The term ‘o’ in the above table is a CPE factor and its values range between 0 and 1 depending on the nature of
the corroding interface. When the interface behaves as resistor, the value of ‘@’ =0 and in case of pure capacitor,
‘o’ =126-%8, The values of ‘a’ recorded in Table 2 suggest that both the uninhibited (control) and inhibited
interfaces behaved very close to a resistor (‘a’=0.56-0.58)) The last column of the table incorporates the values
of chi square (x?). The value of chi-square (X?) is standard deviation recorded for the fitting of experimental data
in the model equation and indicative of the validity and acceptability of the fitted data. In the above table the
chi-square values are of the order of 107°. It is suggested that the values of chi-square for a good fitting should be
below 107>. Macdonald®?°, Ren et al.* and Zhao et al.*? on the other hand suggest that the chi-square factor is
a subjective value and many times it may lead to biased results. They opine that for the reliability of the data the
107 criteria should not be a deciding factor. Since the fitting of the data using the simulated equivalent circuit
of Fig. 5 was good and Kramers-Kronig validity test with chi-square values also ranged between 10~° and 1077,
the extracted data recorded in Table 2 are expected to have least error. CPE parameters can be used to estimate
the double layer capacitance (Cy) as suggested by Bryan Hirschorn et al.**. The Cdl values were estimated by
using the following equation®*:

CPE

Rs

Ret

Figure 5. Schematic presentation of electrical components associated with reactions taking place at the rebars
surface.

Id of samples Rs (2 cm?) | Rct (KQcm?) | Y0 (Ss%/cm?)x107°) |a Cdi (uFem™) | t,nm | %E | x*x107°
Control 22.46 0.81 481.2 0.56 | 14.04 2.8 - 1.20
0.10NIS+0.10 BTAH 13.13 2.65 361.0 0.58 | 12.70 3.1 70.5 |3.41
0.15NIS+0.20 BTAH 11.80 9.83 212.2 0.58 2.83 14.0 91.7 | 1.11
0.15NIS+0.25 BTAH 14.65 9.98 214.2 0.57 2.83 14.0 919 |244

Table 2. Electrochemical impedance parameters extracted from impedance plots of Fig. 4a,b using simulated
electrical circuit schematically presented in Fig. 5.
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Ca = YOU/®) . R{-o)/e 3)

The data incorporated in Table 2 show that the double layer capacitance values for inhibited interfaces are
considerably lower than that recorded for the control interface. These results indicate that the added inhibitors
effectively blocked the interface and protected it from the attack of aggressive species (chloride, oxygen moisture
etc.) present in the cement slurry.

The accessible area (AA) on the surface of rebars through the pores of protective film formed by the optimized
concentration of the inhibitor may be computed from the Cg data of control and inhibited interface by using
the following equation*:

AA = (Caiinh/ CaiControl) X 100 (4)

Taking the average value of Cy for the optimized concentration as 2.83 uF cm™ and that of control sample
(14.04 uF cm™) the accessible area is 20%. This value is a bit higher than the previously reported data (12%) by
Baux et al.* for inhibitive effect of octadecyl amine on steel exposed in alkaline solution. The C data can be
used to compute the film thickness on the exposed rebars by using the equation:

Ca1 = e&o/t (5)

where ,=8.8542x107* F cm™! is dielectric constant of vacuum, € and t respectively are the permittivity and
thickness of the surface film. XRD studies of the surface film indicated that common phase of maghemite was
present in all the cases (control as well as inhibited interfaces). In view of this the permittivity of maghemite
(4.75) was taken to compute the values of thickness of film formed on the exposed rebars surface. The results
recorded in Table 2 reveal that the film thickness on inhibited surface is considerably higher than the control
sample. It is to be noted that the thickness of film on metals surfaces greatly varies on measurement techniques,
test environment, temperature etc. An exhaustive literature search reveal that the majority of information on film
thickness on steel bars pertain to their exposure either in simulated pore solution or in alkaline environments.
Thus Ghods et al. using XPS depth profiling technique reported the thickness of 5 nm for the passive film on steel
rebars exposed in saturated lime solution®*. Al-Negheimish et al. employing the same method found the film
thickness of 7 nm for carbon-steel bars exposed in simulated pore solution?'. The results for the film thickness
determined by electrochemical methods are a bit lower than those computed by XPS depth profiling. Lv and Li
employing Mott-Schottky analysis reported the thickness of 0.1 to 0.9 nm for steel in contact of different pH of
simulated concrete pore solution. Similarly, Ismail and Ohtsu using impedance technique found the double
layer capacitance (Cy;) = 12 uF cm™ for steel rebars embedded in concrete. This translated to the film thickness
of 1.9 nm¥. The thicknesses of film formed on steel rebars’ surface during the present study are reasonably in
good agreement with the data reported by the above referred researchers.

The % inhibition efficiency of the inhibitor using charge transfer resistance was computed by using the
relation:

% IE = {(Rctinh — Rescontrol) /Retinn} x 100 (6)

The inhibitor’s efficiency at its optimum concentration recorded in Table 2 exhibits that it imparts the
protection of the order of 91%. This value of the efficiency computed from R, is a bit lower than that evaluated
by the linear polarization resistance (LPR) method where efficiency for the same material and environment
system is of the order of 98% (Table 1). Such discrepancies in inhibition efficiency by LPR and EIS methods are
expected and attributed to changes in interface during the running time of experiments®.

Effect of additive in controlling the corrosion of rebars embedded in mortars

The data generated for corrosion of rebars embedded in mortars are closer to real field conditions. As stated in
experimental section of this communication the mortars embedded with rebars were given wet/dry treatments
in saline solution. Due to porous nature of mortars chloride ions from the solution migrate and accumulate at
the interface of concrete pore solution and rebars. Bleeding at the surface of control mortars appeared after 42nd
cycle of w/d treatments. At this stage it was decided to test one set of mortars using different electrochemical
techniques and details are described under the following sections.

EIS tests

Since EIS is considered as non-destructive technique the same sets of mortars (control and added with three
concentrations of the inhibitor) test were tested using EIS and polarization techniques. The EIS plots in Bode form
are presented in Fig. 6a,b. A perusal of the Fig. 6a reveals that the trend of performance of the mixed composition
of the additive added in mortars is similar to that noted in cement slurry described in Section “Synergistic effect
of the mixed additives in inhibiting chloride contaminated cement slurry studied by EIS”. In this case also the
values of Z,,,,. for>optimized concentration of additives added mortars are close to each other. Extraction of
quantitative data from the above plots was attempted using different simulated electrical circuit models. Unlike
the case of rebars immersed in cement slurry where the best fitting of impedance data was achieved using CPE
elements in simulated circuit incorporating un-compensated resistance (R;), charge transfer resistance (R.,)
and CPE element, a satisfactory and best fitting of the data in the present condition was recorded after a new
component, the Warburg element (W) was incorporated in the circuit presented in Fig. 7. Wy is semi-infinite
diffusion impedance and relates to mass transport hindrance experienced across the interface of the passive film
on metal surface and the test electrolyte. The extracted impedance data for the corroding rebars after 43 cycles of
wet/dry treatments are recorded in Table 3. To get best fit the values of ‘o’ for C and lower concentration additive
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Figure 6. (a) Bode log frequency—impedance plots for mix composition of NIS + BTAH added in mortars. (b)
Bode log frequency—phase shift plots for mix composition of NIS + BTAH added in mortars.
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Figure 7. Equivalent electrical circuit of the CPE model incorporating the CPE and Warburg diffusion element.

YO (S-s%/ W, Sx 12/
Id of samples | Rs (KQ cm?) | Rct (KQcm?) | cm?)x1079) A Cdi (WFem™) | t,nm | %E | cm?x107° (X?) %107
Control 1.61 1.04 42.4 0.63 | 8.9 447 |- 1.9 5.8
0.10NIS+0.10
BTAH 1.22 9.34 33.0 0.58 |3.25 12.26 |88.8 |32 2.7
0.15NIS +0.20
BTAH 1.19 23.25 323 0.63 | 3.13 12.73 | 955 |54 29
0.15NIS +0.25
BTAH 0.89 19.22 31.7 0.55 | 1.69 23.57 946 | 4.0 0.25

Table 3. Electrochemical Impedance parameters, double layer capacitance, % Inhibition efficiency and
thickness of passive film formed on the surface of rebars embedded in mortars determined after 43 cycles of
wet/dry treatments of mortars.

added mortars were in the range as noted for cement slurry experiments (Table 2). The values of charge transfer
resistance (R,,) for the inhibitor added mortars were significantly higher than the ‘C’ mortar. A phenomenal
increase in R, was noted when optimized concentrations of the additive were added in the mortars (values
increased about 20-fold in comparison to control (‘C’) mortar (Table 3). Diminished values of Y, (admittance)
are noted for the inhibitor added mortars than the control mortar ‘C’. As stated above (Section “Synergistic effect
of the mixed additives in inhibiting chloride contaminated cement slurry studied by EIS”) a lower value of Y,
is associated with feeble electrochemical activities at the interface. Both of these parameters of EIS (R, and Y,)
strongly support that the optimized concentration of the investigated additive very effectively controlled the
deterioration of rebars exposed in mortars.

The values of Cdl, film thickness and inhibition efficiency for mortar embedded rebars were computed using
the above Egs. (3), (5) and (6). The double layer capacitance values for inhibited interface are significantly lower
than the control mortar. A comparison of this parameter between the mortar and cement slurry embedded rebars
(Tables 2 and 3) shows that the capacitance values are invariably higher in latter condition than the former one.
These results suggest that the protection afforded by the studied compositions of the inhibitor in mortars is higher
than the cement slurry. This effect is also manifested in results of charge transfer resistance (R.,) and inhibition
efficiency (%IE). The thickness of the film formed on the surface of mortars embedded rebars is also greater than
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that recorded for the cement slurry (Tables 2 and 3). This improved performance may be attributed to a longer
duration of exposure of rebars in former case (43 months) than the latter situations (48 h).

The component ‘Wy’ (Warburg diffusion element) incorporated in Table 3 relates to diffusivity of oxidant
(Do) and reductant (Dy) as well as oxygen and chloride ions through the corroding interface. This component is
related with oxidant, reductant and chloride ions diffusivity and may be presented by the following equation®*:

W= 750+ Jam | 75 * vor 7

Co and Cy, in the above equation stand for the bulk concentrations of diffusing species, n is the number of
electrons transferred, F is Faraday constant and w represents radial frequency. As evident from the above equation
the value of Warburg diffusion element is inversely related to diffusion coefficient and concentration of oxidizing
and reducing components and their decreased values would increase Wy. The results of ‘W’ incorporated in
the above Table 3 with their higher values for the additive added mortars vis-a-vis control mortar suggest that
the concentrations of active species (chloride ions, oxygen etc.) across the corroding interface was considerably
reduced due to the presence of the mixed inhibitors. These results further confirm the conclusion drawn from
the other elements namely R, and Y.

Potentiodynamic polarization

Efficacy of the mixed inhibitor compositions added in mortars were investigated by conducting anodic and
cathodic polarization experiments. The polarization plots are shown in Fig. 8. It is seen that the curves for mortars
blended with > optimized concentrations of the inhibitors are bodily shifted in lower current density zone. Very
little effect is noted on current with rise in potential, for ‘C’ and 0.10 + 0.10 mortars. This current density which
is of the order of 2 mA/cm? may be taken as passive dissolution current density. For optimized concentration this
value of current density is about 100 nA/cm? These results suggest that addition of an optimized concentration
of the two.

Cyclic polarization

It was important to test whether the mixed composition of inhibitors protected rebars embedded in mortars
against chloride induced corrosion. Cyclic polarization tests after 43 cycles of wet/dry treatments on mortars
were conducted and plots are presented in Fig. 9. The forward and back scan of potentials are indicated by arrow
marks on the curves. It is seen from the curves that in none of the mortars (control as well as inhibitor added)
exhibit steep rise in current density up to the potential of 1000 mV.

In all the cases negative loops are noted. The curve for optimized composition mortar (NIS:BTAH: : 0.15+0.20
composition) has considerably shifted in lower current density region. These observations suggest that prevailing
conditions at the corroding interface either was not aggressive enough to cause pitting attack or applied anodic
potential was low for onset of pitting. The findings however suggest that the added mixed composition of the
inhibitor strongly inhibited chloride induced corrosion of embedded rebars.

Potenticdynamic Scan
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C v-
-
H 010+0.10 H—
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Current Density / cm2

Figure 8. Cathodic and anodic polarization of rebars embedded in control and inhibitor added mortars
components of the inhibitors (0.15% NIS+0.25% BTAH) enhanced the protective properties of the passive film
on rebars embedded in mortars by 20,000-fold.

Scientific Reports |

(2024) 14:15126 | https://doi.org/10.1038/s41598-024-65962-w nature portfolio



www.nature.com/scientificreports/

Cyclic Polarization Scan

c Vv-v
800.0 mV o10+010 H—MN
0154020 @®—@

015+025 A— A

Potential, mV (Eoc)

-200.0 mv T T T
1.000nA 10.00nA 100.0nA 1.000pA 10.00pA 100.0 pA 1.000 mA 10.00 mA

Current Density / cm2

Figure 9. Cyclic polarization curves for rebars embedded in control and mixed inhibitor added mortars after
43 cycles of wet/dry treatments in saline water.

Visual observations of rebars retrieved from the mortars after 43 cycles of wet/dry treatments
The digital images of rebars retrieved from the mortars after 43 cycles of wet/dry treatments are shown in Fig. 10.
The images reveal that rebar from mortar C was severely corroded and whole surface covered with thick brown
rust. The rebars retrieved from inhibitor added mortars looked sound. The efficacy of the protection was 0.10
+0.10<0.15+0.20<0.15+0.25.

c 0.10+0.100. 15+0.20 0.15+0.25

Figure 10. Digital images of mortars embedded rebars retrieved after 43 cycles of wet/dry treatments.
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Effect of added inhibitor on plasticity of wet concrete and compressive strength of cured
mortars
Effect of addition of inhibitors at their different concentrations on plasticity of wet concrete and compressive
strength of cured mortars at 28 days and 90 days of curing are recorded in Table 4. It is noted from the table that
BTAH adversely affects the plasticity of the wet concrete at w/c of 0.4. At w/c of 0.3 however, it has no effect on
flow of wet concrete. PESMO addition in wet concrete on the other hand considerably improves the plasticity
at both the studied w/c composition. Very appreciable increase is noted for w/c of 0.30 at all of its studied
concentrations. Mixing of BTAH with PESMO adversely affects the plasticity of the wet concrete mixture at
both w/c compositions.

The combined mixtures of the two additives namely PESMO and BTAH exhibit considerably greater plasticity
than the control samples (about 2wice for w/c=0.35 and about 7-8 fold for 0.30 water to cement ratio.

Effect of inhibitors on chloride permeability through the cubes

Rapid chloride permeability tests for control and inhibitors added mortars were conducted as specified in ASTM
C1202. Cylindrical plain concrete specimen of approximately 100 mm in diameter and 50 mm in thickness
were cast in triplicate using ASTM C150 Type 1 cement, sand and water in the ratio of 1:0.5:2. The test results
for average of three samples are shown in Table 5. The cylinders of 28 days age cast with 0.10+0.10 inhibitor
cracked at 125 min of charging and the test terminated automatically. The identical sets of cylinders at 90 days
of age however remained intact at 360 days of charging and also considerably diminished the charge passed
through the cylinder (about 35%, Table 5) vis-a-vis control sample. All the other samples withstood the charging
of 360 min. Cracking of cylinders added with 0.10 + 0.10 inhibitor composition at 28 days of age probably took
place due to incompatibility of lower concentration of the added inhibitor. The best results are recorded for the
composition with optimized concentration of inhibitors (0.15+0.25 composition). Under this condition the
recorded charge for 90 days age sample is 1831 coulombs. According to AASHTO T 277-83, the charge passed
through the concrete cylinder in the range of 1000-2000 is low. These results suggest that the mixed combination
of the inhibitor in addition to controlling of chloride induced corrosion is also effective in reducing the chloride
permeation.

Effect of inhibitors on water absorption through mortars

The role of the mixed compositions of the inhibitor in retarding the permeation of water through mortars
was studied using procedure. The results are summarized in Table 6. The data recorded in the table reveal that
blending of the inhibitor considerably reduced the water absorption. The blending of the optimized composition
of inhibitor was the most effective resulting in reduction of more than 58% water absorption.

w/c=0.35 w/c=0.30
Additives %F | CS28 | CS90 | %F | CS28 | CS90
0(C) 25 | 735 90.3 2 | 445 79.4
0.25BTAH 22 60.4 84.4 2 424 76.5
0.50BTAH 21 60.3 76.8 2 40.8 75.9
1.0BTAH 17 | 57.6 80.5 2 403 71.0
0.10% PESMO 48 | 481 61.3 15 | 627 |883
0.15% PESMO 61 |25.0 354 |21 | 449 86.0
0.25% PESMO 73 859 |164 |23 |46.7 |86.6
0.IPESMO +0.25BTAH 49 | 19.2 289 15 | 627 88.3
0.15PESMO+0.25BTAH |49 |11.3 16.8 22 | 449 89.0
0.15PESMO +0.50BTAH | 48 9.4 17.7 22 467 |86.6

Table 4. % Flow and compressive strength at 28 days (CS28) and 90 days (CS90) at W/C ratio of 0.40 and
0.30.

Age of cylinders
28 days 90 days
ID of cubes Time of test (minutes) | Charge (coulombs) | Time of test (minutes) | Charge (coulombs
Control 360 13,775 360 10,277
0.10+0.10 125* 5355 360 6737
0.15+0.20 360 11,300 360 3220
0.15+0.25 360 11,010 360 1831

Table 5. Chloride permeability through control and inhibitors added cylinders. *The test was terminated due
to high temperature.
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ID of cubes AW, (gram) | Average AW, (gram) | AW, | Average AW, (gram) | %RE
Control (C,) 11.051 - - -
Control (C,) 11.055 11.049 - -

Control (C;) 11.043 - - -
(0.10+0.10) mixed composition - 7.275

-Do- - - 7.129 | 7.202 34.81
-Do- - 7.202

(0.15+0.20) mixed composition - 4.832

-Do- - - 4.801 |4.818 56.39
-Do- - 4.822

(0.15+0.25) mixed composition - 4.583

-Do- - - 4.585 |4.582 58.52
-Do- - 4.580

Table 6. % retardation efficiencies (RE) of the studied inhibitors on permeability of water/moisture through

the cured cubes.

Morphology of corrosion products and passive film
Morphology of corrosion products of the surface of rebar embedded in control mortar and passive film formed
on the surface of rebars embedded in inhibited mortars were examined by Scanning Electron Microscope. The
microphotographs showing the morphologies are presented in Figs. 11, 12, 13, and 14. The corrosion products
formed on the surface of control rebar appear quite flufty, crystalline and porous in nature (Fig. 11).

Figure 11.

S

Morphology of corrosion products formed on the surface of rebar embedded in control mortars.

Figure 12. Morphology of corrosion products formed on the surface of rebar embedded in 0.10+0.10 inhibited

mortars.
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Figure 13. Morphology of corrosion products formed on the surface of rebar embedded in 0.15+0.20 inhibited
mortars.

Figure 14. Morphology of corrosion products formed on the surface of rebar embedded in 0.15+0.25 inhibited
mortars.

The surface of inhibited rebars (0.10+0.10, 0.15 +0.20, 0.15 +0.25) did not exhibit any visible brown rusts. In
view of this small pieces of their samples were cut and subjected to SEM examinations. The 0.10 +0.10 inhibited
rebar exhibit comparatively denser and less porous image vis-a-vis control rebar (Fig. 12). The film on 0.15+0.20
inhibited rebar is quite compact but cracks in the film are noted at some locations (Fig. 13). In contrast to this the
film formed on the surface of 0.15+0.25 rebar looks compact with little cracks (Fig. 14). These results corroborate
the findings on inhibitive performance of the latter two compositions where a phenomenal improvement in their
efficiency was noted (Tables 1, 2, and 3).

X-ray diffraction of corrosion products

Corrosion products and film formed on the surface of exposed mortars were analysed by XRD. Since no visible
powder was present on the surface of rebars embedded in inhibited mortars a small piece was cut from the
rebars and their exposed surfaces were subjected to XRD studies. The diffraction pattern for control sample ‘C’
is presented in Fig. 15.

The analysis of the peaks identified them as maghemite (A-Fe,0,), magnetite (Fe;O,) and akageneite
(B-FeOOH). All these peaks are oxides of iron. Out of these peaks the most conspicuous is the presence of
akageneite. As shown in subsequent figures, this peak was not traced in XRD spectra of rebars embedded in
inhibited mortars. Akageneite phase of iron oxide is formed in corrosion products of iron and steels under
specific circumstances. To form this phase of oxide it is necessary that sufficient chloride ions are available at
the corroding interface.

Identification of multiple peaks of akageneite in corrosion product formed on the surface of rebars embedded
in control mortars suggests that chloride from the ponded saline solution had migrated at the rebars surface
in sufficient quantity. The XRD spectra of rebars surfaces retrieved from the mortars blended with 0.10+0.10,
0.15+0.20 and 0.15+0.25 compositions of inhibitor however did not yield any peak of akageneite (Figs. 16,
17, and 18). In all the cases identical peaks of maghemite (A-Fe,0O;), calcium iron silicate (CaFeSi,O4) and iron
silicate (Fe,(Fe s65510.435)O4) Were detected. Maghemite (A-Fe,05) is a stable phase of rust and passivating type
of inhibitors added in concrete facilitate the formation of this phase on steel surface*!. It appears that the studied
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m = maghemite: 3-Fe;0s

x = magnetite: Fe;O;

a = akageneite: p-FeOOH
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Figure 15. XRD of corrosion products formed on the surface of rebar retrieved from control ‘C’ mortar after 43
cycles of wet/dry treatments.
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Figure 16. XRD of corrosion products formed on the surface of rebar retrieved from mixed 0.10+0.10
inhibitor mortar after 43 cycles of wet/dry treatments.

composition of the inhibitor facilitated the reaction of silicate of concrete with iron surface forming very adherent
passive film on rebars’ surface.

Absence of akaganeite phase on the surface of these rebars suggests that the added inhibitor in concrete
helped in formation of densified and defect free passive layer and prevented chloride ions react with steel surface.

The salient points of the above results may be summarized with the sketch diagram shown in Fig. 19. It may be
seen from this figure that mixing of the inhibitor in the fresh concrete increased the workability of the concrete
by 91%, corrosion resistance of embedded rebars by 95% and compressive strength of cured mortars by 11%.
The chloride and water permeability through the cast and cured mortars decreased by 82 and 58% respectively.

Discussion

The results of the present study show that the investigated mixture of corrosion inhibitors very effectively
controlled chloride induced corrosion of rebars embedded in mortars. Chloride ions possess very high charge
density with great affinity to interact with the metals surface. To minimize the interaction of chloride ions with
metals surface it is essential that the metal gets a shield of film with negative charge all over its surface. One
component of the mixture of the inhibitor namely benzotriazole (BTAH) is expected to fulfil this requirement.
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Figure 17. XRD of corrosion products formed on the surface of rebar retrieved from mixed 0.15+0.20
inhibitor mortar after 43 cycles of wet/dry treatments.
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Figure 18. XRD of corrosion products formed on the surface of rebar retrieved from mixed 0.15+0.25
inhibitor mortar after 43 cycles of wet/dry treatments.

BTAH contains benzene and triazole rings. De-localized p-orbital electron cloud at N atom and on aromatic
ring has strong tendency to interact with vacant d-orbital of iron***. In alkaline solution BTAH ionizes to form
anionic specie as shown below®”:

H -
| N\
N — N (®
N /s
N// pH > 8 N
BTAH molecule Anionic BTA-

The protective boosting of BTAH by NIS may be explained by considering the changes in electrical double
layer after its addition in the test electrolyte (schematically shown in Fig. 20). As seen from the Fig. 20a, in absence
of any inhibitor the inner Helmholtz plane (IP) is predominantly adsorbed with water as its concentration at
the interface is higher than any dissolved solute** (e.g. pure water contains 55.5 mol dm=?). The chloride ions
with low hydration energy and strong adsorptive tendency with metals also get interspersed in between®. The
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Figure 19. Graphic summary showing the salient improvements after mixing the inhibitor in concrete.
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Figure 20. Graphical representation of effect of NIS in modifying the electrical double layer; (a) double layer in
absence and (b) in the presence of NIS.

BTA™ anions are unable to attach closely to the surface owing to the presence of chloride and water in IHP
and align themselves in close proximity of the IHP forming another layer known as outer Helmholtz plane
(OHP). This layer passes through the center of the solvated cations at the distance of their closest approach to
the electrode. Only a few BTA™ anions are adsorbed in outer Helmholtz plane of the double layer owing to their
hydrostatic repulsive effect*®.

This adsorption partially shields the rebar surface with negative charges, (Fig. 20a). Due to hydrostatic
repulsive forces amongst anionic BTA™, this shielding effect however is limited due to inadequate concentration of
the inhibitor at the corroding interface®. Very poor inhibition efficiency shown by BTAH alone added at its fairly
higher concentration (BTAH showed merely 60% IE at its concentration of 0.25%, Table 1) may be attributed
to the effect of this repulsive force. The conjoint effect of NIS and BTAH (0.15+0.25) resulted in significant
enhancement in the inhibition efficiency (98.8%, Table 1). This synergistic inhibition by the two components of
the studied inhibitors may be understood considering the role of the mixed inhibitor in transforming the double
layer. Since non-ionic surfactants added in an electrolyte do not ionize in any ionic form, their presence at the
corroding interface is not expected to polarize anodic or cathodic corrosion reactions. Their role is simply to
minimize the hydrostatic repulsive forces caused due to the ionic species present in vicinity of the interface. The
co-adsorption of NIS with other anionic or cationic inhibitors shields them and minimize the repulsion effect*’.
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This facilitates the migration of additional ionic inhibitors towards the outer plane of double layer, as shown in
Fig. 20b. The increased concentration of BTA™ at the corroding interface results in improved inhibition efficiency.
This shielding effect by NIS on BTA™ appears quite effective especially in controlling the chloride induced
corrosion, as evident from the above findings. The accumulation of increased concentration of BTA™ anion at
the rebars surface discouraged the negatively charged chloride ions to reach at the interface. The absence of
akageneite phase in XRD spectra (Figs. 16, 17, and 18) on the surface of rebars embedded in inhibited mortars
supports this assertion.

Conclusion

Mixture of an optimized concentration of polyethoxylated sorbitan mono oleate, a non-ionic surface-active agent
and 1,2,3 benzotriazole very effectively control chloride induced corrosion of steel rebars embedded in cement
slurry, mortar and concrete. This optimized composition is also effective in retarding the water absorption and
chloride diffusion through the mortars. SEM studies show that the protective layer formed on the inhibited rebars
had compact film in comparison to the control rebars. The results indicate that the mixed composition of the
inhibitor in addition to strengthening the protective seam on rebars surface also favourably modifies the structure
of cast and cured concrete. It is suggested that anionic form of BTAH adsorbs on the steel surface. This negatively
charged layer of the inhibitor is further strengthened by NIS minimizing hydrostatic repulsive forces of BTA.

Data availability
The datasets used and/or analyzed during the present study are available from the corresponding author upon
reasonable request.

Received: 6 January 2024; Accepted: 25 June 2024
Published online: 02 July 2024

References

1. Elsener, B., Biichler, M. & B6hni, H. Corrosion inhibitors for steel in concrete. In Corrosion of Reinforcement in Corrosion—
Monitoring, Prevention and Rehabilitation (eds Mietz, J. et al.) 54-69 (Institute of Materials, 1998).

2. Page, C. L., Ngala, V. T. & Page, M. M. Corrosion inhibitors in concrete repair systems. Mag. Concr. Res. 52, 25-37 (2000).

3. Berke, N. S. & Weil, T. G. World wide review of corrosion inhibitors in concrete. In Advances in Concrete Technology (ed. Malhotra,
V. M.) 899-1022 (CANMET, 1994).

4. Elsener, B. Corrosion inhibitors for steel in concrete, keynote lecture presented at materials week. In International Congress on
Advanced Materials, 25.-28.9.2000 ICM International Congress Centre Munich. Session E1 Corrosion of Steel in Concrete.

5. Fajardo, P. & Valdez, J. P. Corrosion of steel rebar embedded in natural pozzolan based mortars exposed to chlorides. Constr. Build.
Mater. 23, 768-774 (2009).

6. Byfors, K. Influence of silica fume and fly ash on chloride diffusion and pH values in cement paste. Cem. Concr. Res. 17, 115-130
(1987).

7. Byrne, A., Holmes, N. & Norton, B. State of the art review of cathodic protection for reinforced concrete structures. Mag. Concr.
Res. 13(68), 664-677 (2016).

8. Angst, U. M. A critical review of the science and engineering of cathodic protection of steel in soil and concrete. Corrosion 75,
1420-1433 (2019).

9. Hansson, C. M., Mammoliti, L. & Hope, B. B. Corrosion inhibitors in concrete—Part I: The principles. Cem. Concr. Res. 28,
1775-1781 (1998).

10. Berke, N. S. A review of corrosion inhibitors in concrete. Mater. Perform. 28, 41-44 (1989).

11. Walker, R. Benzotriazole as a corrosion inhibitor for immersed copper. Corrosion 29, 290-298 (1973).

12. Milan, M. A. Films formed on copper surface in chloride media in the presence of azoles. Corros. Sci. 51, 1228-1237 (2009).

13. Lee, Y.-H., Hong, M.-S., Ko, S.-]. & Kim, J.-G. Effect of benzotriazole on the localized corrosion of copper covered with
carbonaceous residue. Materials (Basel) 14, 2722 (2021).

14. Abd El Haleem, S. et al. Environmental factors affecting the corrosion behaviour of reinforcing steel. VI. Benzotriazole and its
derivatives as corrosion inhibitors of steel. Corros. Sci. 75, 321-327 (2014).

15. Huang, J. et al. pH-triggered release performance of microcapsule-based inhibitor and its inhibition effect on the reinforcement
embedded in mortar. Materials (Basel) 19, 5517 (2021).

16. Liddel, R. W. Benzotriazole-containing corrosion inhibitors for ferrous metals, chemicals & controls, Inc. U.S. Patent 2,877,188 9
March 10 (1959).

17. Mennucci, M. M., Banczek, E. P, Rodrigues, P. R. P. & Costa, I. Evaluation of benzotriazole as corrosion inhibitor for carbon steel
in simulated pore solution. Cem. Concr. Compos. 31, 418-424 (2009).

18. Ababneh, A., Sheban, M. & Abu-Dalo, M. Effectiveness of benzotriazole as corrosion protection material for steel reinforcement
in concrete. J. Mater. Civ. Eng. 24, 141-151 (2012).

19. Corsi, S. R, Geis, S. W., Loyo-Rosales, J. E. & Rice, C. P. Aquatic toxicity of nine aircraft deicer and anti-icerformulations and
relative toxicity of additive package ingredients alkylphenol ethoxylates and 4,5-methyl-1H-henzotriazoles. Environ. Sci. Technol.
40, 7409. https://doi.org/10.1021/es0603608 (2006).

20. Mcdonald, A. C. Corrosion inhibitors for ferrous metals in aqueous solutions comprising a non-ionic surfactant and an anionic
oxygen containing group. US 5,082,592, January 21, 1992.

21. Al-Negheimish, A. et al. Role of manganese sulfide inclusions in steel rebar in the formation and breakdown of passive films in
concrete pore solutions. Corrosion 70, 74-86 (2014).

22. Hussain, R. R., Alhozaimy, A., Al Negheimish, A., Al-Zaid, R. & Singh, D. D. N. Mechanism of nucleation and growth of passive
film on steel reinforcing Barat different durations of its exposure in concrete pore solution at nanoscale. ACI Mater. J. 112, 1-12
(2015).

23. Al-Negheimish, A., Alhozaimy, A., Hussain, R. R., Singh, J. K. & Singh, D. D. N. Pitting susceptibility of concrete reinforcing steel
bars having manganese sulphide inclusions. Corrosion 114, 441-451 (2017).

24. Hussain, R. R, Alhozaimy, A., Al-Negheimish, A. & Singh, D. D. N. Role of phosphorus as micro alloying element and its effect
on corrosion characteristics of steel rebars in concrete environment. Sci. Rep. 12, 1-23 (2022).

25. Hussain, R. R., Al-Negheimish, A., Alhozaimy, A. & Singh, D. D. N. Corrosion characteristics of vanadium micro-alloyed steel
reinforcement bars exposed in concrete environments and industrially polluted atmosphere. Cem. Concr. Compos. 113, 103728
(2020).

Scientific Reports |

(2024) 14:15126 | https://doi.org/10.1038/s41598-024-65962-w nature portfolio


https://doi.org/10.1021/es0603608

www.nature.com/scientificreports/

26. Hu, J., Koleva, D., Devwit, J. H. W. & Kolev, H. Corrosion performance of carbon steel in simulated pore solution in the presence
of micelles. J. Electrochem. Soc. 158, C76-C87 (2011).

27. Zoltowski, P. On the electrical capacitance of interfaces exhibiting constant phase element behaviour. J. Electroanal. Chem. 443,
149-154 (1998).

28. Itagaki, M., Taya, A., Watanabe, K. & Noda, K. Deviation of capacitive and inductive loops in the electrochemical impedance of a
dissolving iron electrode. Jpn. Soc. Anal. Chem. 18, 641-644 (2002).

29. Macdonald, J. R. Impedance spectroscopy. Ann. Biomed. Eng. 20, 289-305 (1992).

30. Macdonald, J. R. Impedance spectroscopy: Old problems and new developments. Electrochim. Acta 35, 1483-1492 (1990).

31. Ren, P. et al. Diagnosis of water failures in proton exchange membrane fuel cell with zero-phase ohmic resistance and fixed-low-
frequency impedance. Appl. Energy 239, 785-752 (2019).

32. Zhao, L. et al. A Comparative study of equivalent circuit models for electro-chemical impedance spectroscopy analysis of proton
exchange membrane fuel cells. Energies 15, 386. https://doi.org/10.3390/en15010386 (2022).

33. Hirschorn, B. et al. Determination of effective capacitance and film thickness from constant-phase-element parameters. Electrochim.
Acta 55, 6218-6227 (2010).

34. Baux, J. et al. Impedance analysis of film-forming amines for the corrosion protection of a carbon steel. Electrochim. Acta 283,
699-707 (2018).

35. Ghods, P, Isgor, O. B., Brown, J. R., Bensebaa, F. & Kingston, D. XPS depth profiling study on the passive oxide film of carbon steel
in saturated calcium hydroxide solution and the effect of chloride on the film properties. Appl. Surf. Sci. 257, 4669 (2011).

36. Lv, S. & Li, K. Semiconducting behaviour and corrosion resistance of passive film on corrosion-resistant steel rebars. Materials 15,
7644. https://doi.org/10.3390/mal5217644 (2022).

37. Ismail, M. A. & Ohtsu, M. Monitoring Corrosion Rate of Concrete by AC Impedance Spectroscopy. Available at: https://www.resea
rchgate.net/publication/242116707_Monitoring_corrosion_rate_of_concrete_by_AC_Impedance_Spectroscopy.

38. Taheri, P. et al. On the importance of time-resolved electrochemical evaluation in corrosion inhibitor-screening studies. Mater.
Degrad. 12, 1-4 (2020).

39. Tutorial note by ALS Co. Ltd, Electrochemical Impedance Spectroscopy. EIS IV-Warburg impedance, Laboratory of Research and
Development, BAS Inc. Noriyuki Watanabe; available at: www.als-japan.com/1935.html, downloaded on 15/03/2022.

40. Hussain, R. R, Alhozaimy, A., Al-Negheimish, A. & Singh, D. D. N. Role of phosphorus as micro alloying element and its effect
on corrosion characteristics of steel rebars in concrete environment. Sci. Rep. 12, 12449 (2022).

41. Singh, J. K. & Singh, D. D. N. The nature of rusts and corrosion characteristics of low alloy and plain carbon steels in three kinds
of concrete pore solution with salinity and different pH. Corros. Sci. 56, 129-142 (2012).

42. Hackerman, N., Snavely, E. S. & Payne, J. S. Effects of anions on corrosion inhibition by organic compounds. J. Electrochem. Soc.
113(7), 677 (1966).

43. Murakawa, T, Nagaura, S. & Hackerman, N. Coverage of iron surface by organic compounds and anions in acid solutions. Corros.
Sci. 7(2), 79-89 (1967).

44. O’M. Bockris J., Devanathan, M. A. & Muller, K. On structure of charged interfaces. Proc. R. Soc. A274, 55 (1963).

45. James, A. & Davies, C. W. A Dictionary of Electrochemistry (Springer, 1976).

46. Baimei, T., Lei G., Da Y., Tengda M., Shihao Z. & Chenwei, W. Environmentally sustainable corrosion inhibitors used for electronics
industry. In Environmentally Sustainable Corrosion Inhibitors 359-381. https://doi.org/10.1016/B978-0-323-85405-4.00007-0
(2022).

47. McDonald, A. C. Corrosion inhibitors for ferrous metals in aqueous solutions comprising a non-ionic surfactant and an anionic
oxygen containing group. US patent No. 5082592.

Acknowledgements
Authors extend their appreciation to the Deputyship for Research and Innovation, the Ministry of Education in
Saudi Arabia, for funding this research work through Project No. (IFKSURG-2-275).

Author contributions

R.R.H.: Conducting research investigation process. Collection and analysis of test data. Writing original draft,
preparation, creation and specifically writing the initial draft and visualizing the research data. Handling all
correspondence and publication matters. A.A.: Identifying research area. Project administration, management
and coordination responsibility for the research activity planning and execution. Funding acquisition for the
financial support of the research project leading to this publication. Review, commentary and revisions. A.A.-N.:
Development and design of methodology as well as creation of models. Validation and verification of whether
as a part of the activity or separate of the overall reproducibility of the experiment results. Review, commentary
and revision including all the pre-publication stages. D.D.N.S.: Investigation, Methodology. Validation and
verification of whether as a part of the activity or separate of the overall reproducibility of the experiment results.
Review. M. A.: Performing experimental work. Formal analysis. Writing—review & editing.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.R.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:15126 | https://doi.org/10.1038/s41598-024-65962-w nature portfolio


https://doi.org/10.3390/en15010386
https://doi.org/10.3390/ma15217644
https://www.researchgate.net/publication/242116707_Monitoring_corrosion_rate_of_concrete_by_AC_Impedance_Spectroscopy
https://www.researchgate.net/publication/242116707_Monitoring_corrosion_rate_of_concrete_by_AC_Impedance_Spectroscopy
http://www.als-japan.com/1935.html
https://doi.org/10.1016/B978-0-323-85405-4.00007-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:15126 | https://doi.org/10.1038/s41598-024-65962-w nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Synergistic effect of benzo triazole with polyethoxylated sorbitan monooleate in inhibiting corrosion of rebars and chloride diffusion through mortars
	Experimental details
	Test material
	Design of corrosion cells
	Design and composition of mortars embedded with rebars
	Tests procedure
	Optimization of the composition of the tested additives in cement slurry
	The electrochemical impedance spectroscopy (EIS) and polarization tests

	Tests on mortars—wetdry treatment
	Compressive strength, workability and setting time
	Determination of water absorption through the cast mortars
	Characterizations of corrosion products
	X-ray diffraction
	Scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDXA)


	Experimental results
	Studies on inhibitive effect of additives for corrosion of rebars embedded in chloride added cement slurry
	Optimization of concentrations of additives for inhibition of rebars exposed in cement slurry using LPR technique
	Synergistic effect of the mixed additives added in chloride contaminated cement slurry in inhibiting localized corrosion
	Synergistic effect of the mixed additives in inhibiting chloride contaminated cement slurry studied by EIS

	Effect of additive in controlling the corrosion of rebars embedded in mortars
	EIS tests
	Potentiodynamic polarization
	Cyclic polarization

	Visual observations of rebars retrieved from the mortars after 43 cycles of wetdry treatments
	Effect of added inhibitor on plasticity of wet concrete and compressive strength of cured mortars
	Effect of inhibitors on chloride permeability through the cubes
	Effect of inhibitors on water absorption through mortars
	Morphology of corrosion products and passive film
	X-ray diffraction of corrosion products

	Discussion
	Conclusion
	References
	Acknowledgements


