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Abstract: Azole derivatives such as 2-mercaptobenzothiazole (MBT) and 2-mercaptobenzimidazole (MBI) were introduced as corrosion in-
hibitors into the interlayer space of sodium montmorillonite clay (Na+-MMT). The corrosion protection behavior of mild steel in solutions 
containing MBT, MBI, MMT + MBT, MMT + MBI, Na+-MMT, and NaCl (3.5wt%) was evaluated using polarization and electrochemical 
impedance spectroscopy (EIS). Also, the release of penetrated species into the medium from the clay nanocarriers was evaluated using ultra-
violet-visible (UV-Vis) spectroscopy. Small-angle X-ray scattering (SAXS) confirmed the insertion of MBT and MBI into the inner space of 
the clay layers and the interaction between two organic and inorganic phases. Scanning electron microscopy (SEM) was used to assess the 
morphology of the surface of the steel samples after the samples had been immersed for 24 h in the extraction solution. The corrosion protec-
tion in the solutions with clay nanocarriers containing MBT and MBI was better than that in solutions without MMT. The UV-Vis results 
showed that the release of MBI species from Na+-MMT nanocarriers in neutral pH was far lower than that of MBT species. 
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1. Introduction 

Corrosion of metals is one of the most expensive prob-
lems in the field of materials science and engineering, with 
roots in the period of metal discovery [1]. Corrosion is de-
fined as a gradual degradation in the properties of metals as 
a result of chemical or electrochemical reactions with their 
surrounding environment. Using corrosion inhibitors is one of 
the most effective protective measures against corrosion [1]. 
Azole organic materials such as 2-mercaptobenzothiazole 
(MBT) and 2-mercaptobenzimidazole (MBI) have a wide 
range of applications, including acting as corrosion inhibi-
tors for the protection of various metal surfaces [23]. 
However, the structures of these organic materials contain 
many sulfur groups, which act as antifungal and antibacteri-
al compounds [47]. If a corrosion inhibitor is used in a coat-
ing, its solubility becomes important; that is, the solubility of 
the inhibitor should be appropriate for the application [8]. If 
the solubility of the corrosion inhibitor is too low, its density 
will be limited in a corrosive environment, adversely affect-

ing its inhibition ability. However, if its solubility is too high, 
the inhibitor may well protect the metal surface but quickly 
release into the corrosive environment, decreasing its densi-
ty in the coating. Also, high solubility can result in osmotic 
pressure, eventually leading to blister formation and separa-
tion of the organic coating from the substrate [8]. Thus, the 
inhibitor should be encapsulated to enable its controlled re-
lease. 

Thus far, many studies have been conducted on embedding 
azole organic inhibitors in carriers and using them in coatings. 
Various methods have been proposed for this purpose, in-
cluding using porous-spherical-structured nanoparticles such 
as SiO2 [910], halloysite nanotubes (HNTs) [1114], and 
single-walled carbon nanotubes (SWCNTs) [15]; anionic clays 
such as layered double hydroxides (LDHs) [8,16]; polymeric 
microcapsules [1718]; beta-cyclodextrin (β-CD) [1920]; 
and gamma-cyclodextrin (γ-CD) [21]. Sodium montmoril-
lonite (Na+-MMT) is an important carrier that has not yet 
been sufficiently investigated. 

MMT, a commercial layered silicate, has been widely 
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used for preparing polymer nanocomposites. This mineral 
consists of silicate layers with a diameter of approximately 
100 nm and a thickness of 1 nm and includes an ammonium 
hydroxide or magnesium hydroxide octagonal plate placed 
between two combined tetrahedral silicate layers. To 
achieve partial hydrophobicity, hydrophilic cations such as 
Na+ ions should be replaced with organic cations such as 
alkyl ammonium in the space between the silicate layers, 
resulting in the formation of organophilic MMT. By reduc-
ing the surface energy of the silicate layers, the organic 
cations increase the mixing of layers with the polymer 
matrix and make it easier for the polymer to fit between 
the layers [22]. The arrangement of MMT in the coatings 
can increase their barrier property, thereby increasing their 
corrosion resistance by increasing the length of oxidizing 
agents’ diffusion path into the coatings [23]. 

Ghazi et al. [24] inserted benzimidazole (BI) and Zn in-
hibitors into the interlayer space of Na+-MMT. They then 
dispersed these hybrid materials as anticorrosion nanopig-
ments in an epoxy ester polymeric matrix. Finally, they used 
electrochemical impedance spectroscopy (EIS) to investi-
gate the anticorrosion behavior of the coatings after the spe-
cimens had been immersed for 25 d in 3.5wt% NaCl solu-
tion. Bode plots of the EIS data revealed that the epoxy ester 
coatings containing MMT + BI and MMT + Zn coatings 
exhibited higher corrosion resistance than epoxy coatings 
without the nanopigment. This anticorrosion behavior is at-
tributable to multiple factors: the sheet-like structure of the 
MMT particles and the release of BI and Zn inhibitors from 
the interlayer space of the clay, each of which inhibits corro-
sion via a different mechanism of action. The BI inhibitors 
enhance the anticorrosion properties by blocking anodic and 
cathodic regions and forming a hydrophobic layer. By con-
trast, Zn, as a cathodic inhibitor, participates in the cathodic 
half-reaction and forms a protective layer of zinc hydroxide 
in cathodic regions. 

Mehrabian and Sarabi Dariani [25] loaded 
2-benzylbenzimidazole (2-BBI) as an inhibitor into a 
Na+-MMT nanocarrier via an ion-exchange method, dis-
persed the loaded nanocarrier as an anticorrosion nanopig-
ment in an epoxy polymeric matrix at concentrations of 
1wt%, 2wt%, and 3wt%, and applied the polymer onto car-
bon steel. Finally, they used EIS to evaluate the corrosion 
resistance behavior of the resultant nanocomposite coatings 
after 120 d of immersion in 3.5wt% NaCl solution. The re-
sulting Bode diagram showed that the epoxy coating con-
taining 3wt% BBI-MMT nanopigment demonstrated the 
best corrosion resistance (~1 × 109 Ω) after 120 d of immer-
sion. The Bode figures also indicated that epoxy coatings 

containing 2wt% and 1wt% BBI-MMT nanopigment had 
impedance values of 108 and 107 Ω, respectively. The im-
pedance of an epoxy coating without the nanopigment was 
dramatically lower (104 Ω).The corrosion resistance of these 
coatings was attributed to a synergistic effect between the 
Na+-MMT and the 2-BBI inhibitor. 

Notably, most previous investigations in the field of 
azole-modified layered silicates have merely focused on 
polymeric nanocomposite coatings; their behavior in elec-
trolyte media in the absence of polymeric matrices has not been 
studied. Therefore, in the present study, sulfur-containing azole 
derivatives (MBT and MBI) were introduced into the clay 
galleries of Na+-MMT. The corrosion protection behavior of 
these hybrid compounds on mild steel in corrosive media 
was studied using electrochemical test methods. 

2. Experimental 

2.1. Materials 

MBT, MBI, and ethyl alcohol were purchased from 
Merck Company (Germany). Na+-MMT was provided by 
the US Rockwood Company. 

2.2. Synthesis of the hybrid nanocompounds 

To synthesize the compounds, 5 g of Na+-MMT was dis-
persed in 350 mL of ethyl alcohol and stirred with a mag-
netic stirrer for 1 h [7]. This process resulted in swelling of 
the clay platelets [7]. In another vessel, 2 g of MBT and 
MBI was dissolved into 100 mL of ethyl alcohol by manual 
mixing, and the resultant mixture was transferred to the 
vessel containing Na+-MMT. The resultant solution was 
stirred with a magnetic stirrer for 24 h at room temperature 
to insert the MBT and MBI molecules into the interlayer 
space of the clay particles. After this period of magnetic stir-
ring, the solution was maintained at rest for 48 h to precipi-
tate. On the basis of our previous work [7], a centrifuge 
(model EBA21, Hettich Company, Germany) was used to 
separate the synthesized modified clay compounds; the sam-
ples were centrifuged at 6000 r/min for 15 min. The sediments 
were washed with deionized water and kept in a vacuum oven 
for 24 h, thereby producing a dry and light powder. 

2.3. Preparation of extract solution and surface of mild 
steel for electrochemical tests 

To prepare the extract of the electrolyte solution under 
neutral (pH 7) conditions, a solution containing MMT + 
MBT, MMT + MBI, MBT, MBI, or Na+-MMT, each as 1 g, 
was dispersed in 1 L of 3.5wt% NaCl solution for 48 h un-
der magnetic stirring at 600 r/min. The blank electrolyte so-
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lution for comparing the electrochemical results contained 
only 3.5wt% NaCl. The precipitated materials were subse-
quently collected using a centrifuge, followed by a filtration 
process. The extract solution containing the released materi-
al was analyzed. 

For the electrochemical tests, 1 cm × 1 cm mild steel 
plates were prepared using 400- and 800-grit emery cloths 
and then degreased with methanol. The mild steel samples 
with different sizes were provided by Mobarakeh Steel 
Company (Iran). The elemental composition of the mild 
steel is listed in Table 1. 

Table 1.  Elemental composition of the mild steel samples  wt% 

Fe NbCu Co Mo Cr Mn Si C 

97.060.3340.297 0.388 0.0180.026 1.390 0.288 0.190 
 

As shown in Table 1, Fe accounts for the highest ele-
mental content. The properties of the other components are 
summarized as follows: 

Mn is found in many commercial steels, where its pri-
mary purpose is to increase the hardenability and strength of 
the steel. The carbon content directly affects the strength and 
hardenability of steel, specifically strength and hardenability 
increase through increasing carbon content [26]. Similar to 
Mn, Si is found in all steel grades; although its concentration 
is lower than that of Mn, it still increases the strength and 
hardness. It also plays an important role as a deoxidizer to 
inhibit defects and/or damage [26]. The key attribute of Cr is 
its ability to impart corrosion resistance to alloys in oxidiz-
ing media. The hardenability of steel is mostly enhanced by 
Cr which is considered the most powerful element regarding 
its influence on the physical and mechanical properties of 
steel [26]. Mo also strongly affects the properties of steel, its 
tensile strength, heat resistance and weldability [26].Co can 
augment the hardness and the yield point of steel; further-
more, it exhibits some antioxidant properties; in so being, it 
is used in heat-resistant steels and heat-resistant alloys. Nb 
can improve hardness, ductility, and wear and corrosion re-
sistance [26]. The major function of Cu is to boost the at-
mospheric corrosion resistance of ordinary low-alloy steel, 
particularly in combination with P [26]. Thus, if the chemi-
cal composition of mild steel is known, its corrosion current 
density and potential can be predicted [27–29]. 

Notably, the literature contains limited information about 
the fundamental effects of grain size of mild steel and its re-
lation to the corrosion resistance of this alloy in NaCl elec-
trolyte solution. As indicated in Refs. [3032], the corrosion 
resistance of mild carbon steel is lower for fine-grained steel 
specimens than for specimens with relatively coarser grains. 

2.4. Characterization 

The polarization tests were performed using a Corrtest 
CS350 (China) potentiostat/galvanostat and a common 
three-electrode system that included a saturated calomel 
reference electrode for controlling the applied potential in 
uncoated samples, a Pt auxiliary electrode for establishing 
the current, and a working electrode of an uncoated mild 
steel sample. These tests were carried out in the potential 
range of ±200 mV with a scan rate of 0.5 V/s. The corrosion 
current density and other information were obtained via the 
Tafel extrapolation method. Additionally, these tests were 
performed at room temperature and were repeated three 
times to enhance the accuracy of testing of similar samples. 

EIS was performed using a Corrtest CS350 potentios-
tat/galvanostat in conjunction with a common three-electrode 
system that included a reference electrode, an auxiliary 
electrode, and a steel sample (1-cm2 area) as the working 
electrode. Sample preparation for EIS was similar to that for 
the polarization tests. The EIS experiments were conducted 
at open-circuit potential (OCP) using ±10 mV perturbation 
in a frequency range from 10 kHz to 10 MHz after the sam-
ples had been immersed for 1, 4, 24, or 48 h. Frequency 
response analyzer software was used for data analysis. 

The morphology of the surface of the steel samples after 
immersion in extracted solutions was analyzed by scanning 
electron microscopy (SEM) on a ZEISS Sigma VP-500 
(Germany) scanning electron microscope. The samples were 
covered with a thin layer of gold via a physical vapor depo-
sition (PVD) technique through the sputtering method. 

According to the assigned objectives, X-ray diffraction 
(XRD) studies on the Na+-MMT and the hybrid synthesized 
compounds were carried out on a Bruker SAXS D8 
small-angle X-ray diffractometer (Cu Kα radiation, 40 kV, 
and 35 mA). The data were collected for angles (2θ) from 2° 
to 20°. The basal spacing d001 was calculated from the basal 
reflections using Bragg’s law [7]. 

Ultraviolet-visible (UV-Vis) spectroscopy (Perkin-Elmer 
Lambda 25 spectrometer) was used to characterize the re-
lease behavior of MBT and MBI from the intercalated 
Na+-MMT nanocarriers under neutral pH conditions. The 
release experiments were performed over the course of 48 h 
at room temperature. The preparation of extracts in a neutral 
environment is fully elaborated in section 2.3. 

3. Results and discussion 

3.1. Electrochemical impedance spectroscopy 

The EIS results for samples immersed for 1, 4, 24, and 48 
h in the electrolyte solution are shown in Figs. 1 and 2. Fig. 1  
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Fig. 1.  Nyquist plots of the immersed mild steel samples after immersion for 1, 4, 24, and 48 h in different solutions: (a) blank; (b) 
Na+-MMT; (c) MBI; (d) MBT; (e) MMT + MBI; (f) MMT + MBT. 

shows that the diameter of the semicircle, which represents 
the charge transfer resistance in the double electric layer of 
the blank sample, is consistently smaller than those of the 
other samples, indicating its corrosion and destruction in the 
NaCl solution. The semicircle diameters corresponding to 
extracted solutions containing organic inhibitors or nanoc-
lays (Figs. 1(b), 1(c), and 1(d)) are larger than that of the 
blank sample, which indicates an inhibition effect on the 

mild steel. However, the values of the real and imaginary 
resistance of these plots show that these materials are not 
suitable for the long-term protection of the metal surface 
and that corrosion will occur. For the extracted solutions 
containing the hybrid combinations (Figs. 1(e) and 1(f)), the 
diameters of the semicircles increased, indicating an im-
provement in the corrosion resistance of these systems. Un-
like the extracted solutions containing MBT, MBI, and 
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Na+-MMT, the semicircle diameters for MMT + MBI and 
MMT + MBT increased over time, indicating corrosion 
protection and a synergistic effect. Notably, for the sample 
of MMT + MBI, The semicircle diameter after 48 h is 
smaller than that after 24 h. It also decreases. But it is larger 

than that after 1 h, whereas that for the MMT + MBT sam-
ple increased, indicating better corrosion protection perfor-
mance. 

Fig. 2 shows the Bode plots used to evaluate the corro-
sion protection of the mild steel samples in different  

 
Fig. 2.  Bode plots of the mild steel samples after immersion for 1, 4, 24, and 48 h in different solutions: (a) blank; (b) Na+-MMT; (c) 
MBI: (d) MBT; (e) MMT + MBI; (f) MMT + MBT. Green and red arrows illustrate lg|Z| and phase angle lines, respectively. 
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solutions. In these figures, a single time constant is observed 
for the extracted solutions containing MBI, MBT, 
Na+-MMT, or MMT + MBI, whereas a double time constant 
is observed after 4 h for the sample immersed in an ex-
tracted solution containing MMT + MBT, indicating the 
generation of an inhibitor sediment layer on the metal sur-
face. The equivalent circuits used for fitting the data of the 
single and double time constant systems are shown in Fig. 3. 

The double time constant in the bode plot corresponding to 
steel corrosion protection in the MMT + MBT solution (Fig. 
2(f)) might be due to the adsorption of the inhibitor onto 
steel surface. This adsorption process led to a small 
low-frequency loop observed as a resistance and confirmed 
by the data in Table 2. This resistance is parallel with a ca-
pacitance of the adsorbed film; the constant phase element 
(CPE) of the film is represented as CPEf in Fig. 3. 

 
Fig. 3.  Electrical equivalent circuits used for modeling the impedance curves with (a) single-time-constant and (b) 
double-time-constant circuits. 

Table 2.  Obtained electrochemical parameters from EIS tests on the mild steel specimens immersed in the extracted solutions 

for 1, 4, 24, and 48 h 

ηimp /
% 

lg 
(|Z|/(Ω·cm2))

Cf / 
(μF·cm−2) 

nf 
Y0,f / 

(μsn·Ω−1·cm−2)
Rf

† / 
(Ω·cm2)

Cdl / 
(μF·cm−2)

ndl
Y0,dl / 

(μsn·Ω−1·cm−2) 
Rct / 

(Ω·cm2)
Time / h Solution 

— 3.16 — —— — 34 0.81591.6 1602 1  

— 3.1 — —— — 43.2 0.8 753.4 1430 4  

— 3.06 — —— — 56.9 0.791034.6 1021.5 24 Blank 

— 2.9 — —— — 68.3 0.8 1218.2 810.8 48  

53 3.35 — —— — 11.1 0.66378.2 2451 1  

11.93.19 — —— — 19.8 0.73501.6 1624 4 MBI 

34.43.17 — —— — 31.8 0.83530 1557 24  

36.93.07 — —— — 32.8 0.84545 1286 48  

58.13.55 — —— — 45.8 0.84604.9 3829 1  

54 3.47 — —— — 31.7 0.82481.2 3112 4 MBT 

59.23.34 — —— — 81.3 0.8 1118.5 2506 24  

49.43.14 — —— — 148.2 0.792004.5 1603 48  

23 3.26 — —— — 40 0.81641.7 2081 1  

26.23.24 — —— — 34.5 0.7 776.2 1939 4 Na+-MMT 

37.53.18 — —— — 37 0.77706.4 1635 24  

43.53.11 — —— — 29.5 0.72715 1436 48  

47.63.42 — —— — 38.5 0.71716.5 3057 1  

53.73.45 — —— — 72.8 0.83937.2 3089 4 MMT + MBI 

70.83.55 — —— — 45.7 0.87578.9 3532 24  

65.23.34 — —— — 45.3 0.81694.8 2328 48  

62 3.57 — —— — 12.6 0.66342.5 4216 1  

76.53.79 10.9 0.83264.9 502.17.1 0.9582.9 6080 4 MMT + MBT 

83.93.79 14.3 0.89280.4 154.61.8 0.9 28.3 6358 24  

88.33.82 0.6 0.7 99.5 142.40.8 0.7923.5 6947 48  

Note: Y0,dl is the admittance of the constant phase element of double layer, Y0,f is the admittance of the constant phase element of inhibitor 
film, ndl is the exponent of the constant phase element of double layer, nf is the exponent of the constant phase element of inhibitor film, and 
Rf

† is the resistance of inhibitor film.  
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In the circuits in Fig. 3, Rs is the solution resistance, Rct is 
the charge transfer resistance, CPEdl is the constant phase 
element denoting the electric double layer, and Rf and CPEf 
respectively represent the resistance and the constant phase 
element of the inhibitor film. The capacitance of the double 
layer (Cdl) were obtained through Eq. (1):  

1 1/
dl 0( )n nC Y R    (1) 

where Y0 is the admittance of the CPE and n is a constant 
related to surface heterogeneity. The values of the electro-
chemical parameters resulting from three fittings for the data 
corresponding to 1, 4, 24, and 48 h of immersion were cal-
culated; the average of the results is presented in Table 2. 
According to the results in Table 2, the charge transfer re-
sistance values for the solutions containing the organic inhi-
bitors, Na+-MMT, and the hybrid materials increased com-
pared with the charge transfer resistance value for the blank 
sample. These results indicate improved corrosion resistance 
in the presence of the aforementioned compounds. Table 2 
shows that, with increasing immersion time, the Rct values 
of the extracted solutions containing MBI, MBT, Na+-MMT, 
MMT + MBI and blank decreased, whereas those of the so-
lutions containing MMT + MBT increased. The larger Rct 
values indicate an enhanced ability of current to pass 
through the capacitor in the circuit. 

As shown in Table 2, after specimens were immersed in 
the electrolyte for 48 h, the charge transfer resistance and 
impedance inhibition efficiency (ηimp) of the extracted solu-
tion of MMT + MBT is greater than that of the extracted 
solutions of the other compounds. This result indicates bet-
ter corrosion inhibitory properties of the MMT + MBT, 
which might also be related to the synergistic effects of the 
organic inhibitor and the mineral clay as well, through ad-
sorption onto the steel surface and formation of a protective 
layer. In the case of charge transfer resistance, the steel 
samples immersed in the solution containing MMT + MBT 
exhibited larger values than the steel samples immersed in 
the solution containing MMT + MBI. The charge transfer 
resistance of the specimen immersed in MMT + MBT for 48 
h was equal to 6947 Ω·cm2, which is higher than that of the 
specimen immersed in MMT + MBI (2328 Ω·cm2). For a 24 
h immersion time, MMT + MBI accounted for the highest 
charge transfer resistance, thereby followed by a descending 
trend, while the samples containing MMT + MBT had an 
increased charge transfer resistance in the immersion time 
range of 1 to 48 h. For MMT + MBT, a second time con-
stant appeared in the high-frequency region after only 4 h of 
immersion, which indicates the generation of a compact in-
hibition layer for this sample. The second time constant for 
the solution containing MMT + MBI was not clear, indicat-
ing that the noted times were insufficient for generating the 

inhibition layer and that, even if this deposited layer was 
generated, the time constant would be similar to the corro-
sion-related time constant. 

Table 2 also shows that the lowest admittance value 
among the samples was observed for the solution containing 
MMT + MBT and that a similar performance was observed 
for the electric double layer capacitance. Decreases in the 
admittance values and the capacitance of the double layer 
can generate an inhibition layer or increase the thickness of 
the electric double layer. These results clearly demonstrate 
the inhibition and synergistic performance of MMT + MBT. 
The impedance values at 10 MHz, as obtained from Fig. 2, 
are reported in Table 2. These values are similar to those of 
the charge transfer resistance. The impedance values for the 
steel samples immersed in the solution containing MMT + 
MBT are higher than those for the other samples. This sam-
ple exhibited a higher impedance value at all immersion 
times, indicating its better corrosion-inhibition performance 
compared with those of the other samples. The impedance 
inhibition efficiency was calculated by Eq. (2): 

ct,blank
imp

ct

1 100%
R

R
  

   
 

 (2) 

The inhibition efficiency results are in accordance with 
the other results. 

The EIS results clearly show that the interaction of the 
clay nanoparticles with the organic inhibitors efficiently im-
proves the corrosion-inhibition performance of the system. 
The enhanced inhibition performance of MMT + MBT 
compared with that of MMT + MBI might be related to the 
greater inhibition effect of MBT compared with that of MBI. 
This enhanced inhibition effect of MBT is attributable to the 
greater surface coverage area of MBT and its greater adsorp-
tion power compared with that of MBI [17,33]. The amount 
of material adsorbed and the formation of a passive layer go-
vern the protection performance against corrosive species. 

3.2. Polarization tests 

The polarization curves for samples immersed for 24 h in 
the extracted solutions are presented in Fig. 4.  

The polarization curves show that the corrosion current 
density for the blank sample was equal to 18.5 μA/cm2. Af-
ter the aforementioned compounds were added into the so-
dium chloride (3.5wt%) electrolyte solution, the corrosion 
current density of the samples decreased substantially com-
pared with that of the blank sample. In the case of 
Na+-MMT, the corrosion current density decreased to 14.4 
μA/cm2, representing a modest change. For the extracted 
solutions containing the hybrid combinations of MMT + 
MBT and MMT + MBI, the decreases were more dramatic, 
resulting in corrosion current densities of 3.3 and 4.6 μA/cm2, 
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respectively. Also, the corrosion potential of the MBI sam-
ple was approximately −698 mV, whereas that of the blank 
sample was −685 mV; however, the corrosion potential of the 
Na+ـMMT sample shifted to the more negative value of −701 
mV, which is related to the cathodic inhibition mechanism.  

 
Fig. 4.  Polarization curves for the samples immersed in the 
extracted solutions of 3.5wt% NaCl (blank), Na+-MMT, MBI, 
MBT, MMT + MBI, and MMT + MBT for 24 h.  

Fig. 4 shows that the specimens immersed in extracted 
solutions containing MBT, MMT + MBT, and MMT + 
MBI shifted to more positive values of −668, −626, and 
−633 mV, respectively, which is likely related to the anodic 
inhibition mechanism; however, for the hybrid combinations, 
both the anodic and the cathodic branches shifted toward 
lower currents, indicating mixed corrosion inhibition [34]. 
These hybrid materials often have a dominant anodic and 
cathodic effect. A decrease in the corrosion current density 
and an increase in the potential are consequence of the inhi-
bitor sediment layer on the steel surface, which blocks the 
active anodic and cathodic areas and limits attacks by corro-

sive species on the surface [35–37]. The positive potential of 
MMT + MBT and MMT + MBI confirms the good corro-
sion-inhibition performance of these hybrid combinations 
in the electrolyte because the presence of Na+-MMT can 
affect the reduction reaction of H2 and O2 and react with 
the OH− ions in the cathode area, which results in insoluble 
compounds and prevents oxygen from reaching the ca-
thode area [8,24]. However, the presence of the corrosion 
inhibitors MBT and MBI in hybrid combinations enhances 
their physical and chemical absorption onto the metal sur-
face [13,34]. Physisorption can occur through proton-accepting 
or proton-donating behavior of the aforementioned inhibi-
tors in different environments, and chemisorption can occur 
through chemical bonding via electron transfer from the lone 
pair of N with the vacant d orbital of the metal atom [13,34]. 
Also, these inhibitors are gathered on the metal surface, 
where they create a protective hydrophobic layer composed 
of adsorbed molecules, which functions as a barrier to metal 
dissolution into the electrolyte [13,34]. 

Finally, the combinations of MMT + MBT and MMT + 
MBI showed a polarization inhibition efficiency (ηp) of 82% 
and 75%, respectively, representing the highest and 
second-highest values, respectively, among the investigated 
inhibitors. Electrochemical corrosion parameters such as the 
corrosion potential (Ecorr), corrosion current density (icorr), 
anodic Tafel slope (ba), and cathodic Tafel slope (bc) were 
obtained through Tafel extrapolation after the specimens 
were immersed for 24 h; the results are reported in Table 3. 

The polarization inhibition efficiency was obtained 
through the following equation:  

corr,blank corr
p

corr,blank

100%
i i

i



   (3) 

where icorr,blank is the corrosion current density of electrolyte 
solution containing no inhibitor. 

Table 3.  Electrochemical parameters obtained from polarization with Tafel extrapolation for specimens of mild steel immersed in 
the extracted solutions for 24 h 

ηp / % −bc / (V·decade1) ba / (V·decade1) icorr / (µA·cm2) Ecorr / mV vs. SCE Solution 

− 0.41 0.11 18.5 −685 Blank 

64 0.3 0.05 6.6 −698 MBI 

69 0.31 0.2 5.7 −668 MBT 

22 0.6 0.09 14.4 −701 Na+-MMT 

75 0.5 0.21 4.6 −633 MMT + MBI 

82 0.58 0.4 3.3 −626 MMT + MBT 
 
 

3.3. Release study of the inhibitors  

Fig. 5 shows the amount of MBI and MBT inhibitors re-
leased from the Na+-MMT nanocarriers in neutral environ-
ments. Calculations for release percentage were obtained 

from reference [38]. 
After 48 h, the release amount of MBT inhibitor from the 

Na+-MMT nanocarrier in a neutral environment was approx-
imately 42%, whereas MBI inhibitor exhibited a lower release 
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amount 27% during the same time period. The controlled re-
lease of inhibitors into corrosive environments over long pe-
riods of time leads to good protection of metal surfaces. 

3.4. SEM results 

The surface of the steel samples after 24 h of immersion 
in extracted solutions was analyzed by SEM; the results are 
illustrated in Fig. 6. As shown in Fig. 6(a1), the surface of 
the metal was smooth before immersion in the electrolyte 
solution. After immersion in electrolyte Fig. 6(a2), the sur-
face of the mild steel was corroded. 

The micrographs of the samples immersed in the ex-
tracted solutions containing organic inhibitors (MBI and 

 
Fig. 5.  Release rate of corrosion inhibitors from Na+-MMT 
nanocarriers containing MBI and MBT. 

 

Fig. 6.  SEM micrographs of the immersed
mild steel specimens before immersion (a1)
and after 24 h of immersion in solutions of
blank (a2), Na+-MMT (b), MBI (c), MBT (d),
MMT + MBI (e), and MMT + MBT (f). 
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MBT), Na+-MMT, and the hybrid combinations MMT + 
MBI and MMT + MBT show the construction of adsorbed 
film containing sediments (Figs. 6(b)–6(f)). Corrosion 
products are evident in (Figs. 6(a2), 6(b), and 6(c)). The sur-
faces of steel immersed in solutions containing MBT, MMT 
+ MBI, and MMT + MBT (Figs. 6(d), 6(e), and 6(f)) are 
free of corrosion products, indicating better protection of 
these materials through the presence of suitable corrosion 
protection species. Fig. 6(f), immersion into the solution 
containing MMT + MBT, shows that the constructed film is 
more uniform and steady, which is the best diagnosed rea-
son for the inhibitive film effects observed in the EIS tests. 
That is a suitable relationship exists between the constructed 
protective film on the surface and the inhibition–corrosion 
performance: the more the film layer thickness on the sur-
face, the better the corrosion-inhibition performance. 

3.5. XRD analysis of hybrid nanocompounds 

Fig. 7 shows the small-angle XRD patterns of Na+-MMT, 
MMT + MBT, and MMT + MBI. The maximum peak for 
Na+-MMT at 2 = 7.4° indicates that the distance between 
the clay plates is approximately 1.14 nm [7]. The XRD pat-
terns for the hybrid nanocompounds MMT + MBT and 
MMT + MBI show peaks at 2 = 4.9° and 2 = 4.5°; there-
fore, the distances between the clay plates increased to 1.80 
and 1.93 nm, respectively. These results indicate that the 
molecules of the organic materials (MBT and MBI) pene-
trated the interlayer space (gallery). The diffraction charac-
teristics of the Na+-MMT and the hybrid synthesized nano-
compounds are summarized in Table 4. 

 
Fig. 7.  XRD patterns of Na+-MMT, MMT + MBI, and MMT 
+ MBT. 

Table 4.  Interlayer distances of Na+- MMT, MMT + MBI, 
and MMT + MBT systems, as determined by XRD 

Sample 2 / (°) d001 / nm d / nm 

Na+-MMT 7.4 1.14 ― 

MMT + MBT 4.9 1.80 0.66 

MMT + MBI 4.5 1.93 0.79 

4. Conclusions 

MBT and MBI were introduced as corrosion-inhibiting 
species into the interlayer of montmorillonite clay; the re-
sultant compounds were characterized, and their corro-
sion-inhibiting properties in NaCl solution were studied. 
The results are summarized as follows. 

(1) XRD analysis showed that MBT and MBI were in-
tercalated into clay layers and that the d-spacings of these 
materials increased by 0.66 nm and 0.79 nm, respectively. 

(2) The corrosion protection of mild steel in NaCl solu-
tions containing azole-modified layered silicates (MMT + 
MBT and MMT + MBI) was far greater than that of solu-
tions containing only MBT, MBI, or Na+-MMT. The corro-
sion protection efficiencies of MMT + MBT and MMT + 
MBI were approximately 88.3% and 65.2%, respectively. 

(3) The UV-Vis results indicated that the release of MBT 
and MBI species from Na+-MMT nanocarriers in neutral pH 
were 42% and 27%, respectively. 

(4) SEM observations indicated that a compact deposited 
layer was created by the adsorbed molecules of MMT + 
MBT and MMT + MBI samples on the surface of mild steel. 
However, the MMT + MBT adsorbed surface was more 
uniform than those of the other samples. 
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