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mine-functionalized multi-wall carbon nanotubes (MWCNTs-NH₂) were 

employed as nanocarriers for gallic acid (GA), a green corrosion 

inhibitor, to develop multifunctional epoxy nanocomposites for steel 

protection in saline environments. GA was effectively immobilized onto 

MWCNTs-NH₂ to attain both active corrosion inhibition and enhanced barrier 

performance. Electrochemical impedance spectroscopy and polarization 

performed after 72 hours of immersion in saline solution indicated a ~91 % 

increase in total resistance and a ~ 47 % decrease in corrosion current density 

for the optimized MWCNT-NH₂/GA system compared to uninhibited samples. 

Epoxy coatings containing 0.15 wt. % of the synthesized nanocomposites 

demonstrated active protection in damaged regions, as confirmed by EIS and 

salt-spray testing. Following 24 hours of exposure to saline solution, the total 

resistance of the epoxy coating with 50 % GA loading increased by ~560% 

relative to the bare samples. Furthermore, the log|Z|10 mHz value, which serves as 

a suitable measure of self-healing ability in the scratched region, increased to 

~4.8 kΩ.cm2. While it showed a notable decrease for uncoated epoxy, falling 

below 0.4 kΩ.cm2.These coatings also exhibited significantly improved adhesion 

under both dry and wet conditions. Adhesion loss for the epoxy coating 

containing the optimal 50 % GA loading was ~6 %. Notably, cathodic 

disbondment was reduced by 50 % and 42 % relative to neat epoxy and 

MWCNTs-NH₂-containing epoxy coatings, respectively, in the 50 % GA-loaded 

formulation. Furthermore, Thermo-mechanical analysis confirmed enhanced 

toughness reinforcement. Overall, the synergistic barrier effect of MWCNTs-

NH₂ and the controlled release of gallate ions provide a promising strategy for 

durable, self-healing corrosion protection in harsh environments. Prog Color 

Colorants Coat. 19 (2026), 435-455© Institute for Color Science and Technology. 
 

 

 

 

1. Introduction 

Corrosion remains a pervasive scientific and economic 

challenge, drawing sustained attention from researchers, 

industrial stakeholders, and policy makers. Its impact on 

infrastructure and productivity has elevated corrosion 

control to a strategic priority in many nations. According 

to the World Corrosion Organization, annual corrosion-

related losses in industrialized countries amount to  

2-4 % of their gross national product [1], underscoring 

the urgent need for effective mitigation strategies. 

A
T 
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Applying organic polymer coatings, such as epoxy, 

to metal surfaces is one of the easiest and most 

affordable ways to enhance their corrosion resistance. 

Epoxy coatings typically mitigate the corrosion of metal 

substrates exposed to electrolytes through two main 

mechanisms. Firstly, they function as a physical barrier 

that limits the penetration of detrimental species. 

Secondly, they can act as a storage medium for 

corrosion inhibitors, which help protect the steel surface 

from aggressive agents like chloride ions. While epoxy 

coatings are widely used for their affordability and ease 

of application, their long-term performance is often 

compromised under aggressive service conditions. The 

inherent porosity and limited adhesion of epoxy resins 

restrict their durability, especially in harsh environ-

ments where polymer degradation accelerates. To 

overcome these limitations, researchers have explored 

incorporating nanomaterials-such as SiO₂, graphene, 

carbon nanotubes (CNTs), nanoclays, and phosphates-

into epoxy matrices to enhance barrier properties, 

mechanical strength, and corrosion resistance [2-6].  

CNT is a well-known carbon-based nanomaterial 

that has been successfully applied as an anticorrosive 

material in polymer composites. CNTs offer high 

aspect ratios with a hollow cylindrical structure, 

excellent conductivity, outstanding chemical and 

thermal stability, and tunable surface chemistry, 

making them ideal candidates for reinforcing polymer 

coatings [7-9]. Functionalization with amine groups 

(MWCNTs-NH₂) enhances dispersion and interfacial 

bonding by increasing surface polarity and introducing 

hydrogen-bonding sites, thereby improving their 

compatibility with polar polymers (e.g., epoxies, 

polyamides), reducing agglomeration, and allowing 

more uniform dispersion in the matrix [10, 11]. Jeon 

[12] explored the advantageous impacts of MWCNTs 

application in epoxy coatings regarding hydro-

phobicity and water transport behavior, and thus on 

corrosion resistance. Liu [6] developed MWCNTs-

CeO2@polydopamine by incorporating CeO2 onto 

MWCNTs through a straightforward one-pot method 

that included polydopamine modification. By 

integrating MWCNTs-CeO2@polydopamine within 

waterborne epoxy, improved corrosion protection was 

achieved. The combination of the extended and 

obstructed diffusion pathways created by MWCNTs, 

along with the corrosion-inhibition properties of CeO2, 

provided the composite coating with remarkable 

anticorrosion performance in saline solution. Gharemani 

[13] developed an innovative corrosion inhibitor 

nanocarrier by surface-modifying MWCNTs with 

mussel-inspired polydopamine, chitosan, and zinc 

cations. The incorporation of this nanocomposite into 

the epoxy coating imparted exceptional barrier 

properties and ensured consistent corrosion inhibition. 

Nayak [13] synthesized the functionalized multi-

walled carbon nanotube/polyindole, designed to 

enhance the anticorrosion effectiveness of the epoxy 

matrix. The even distribution of the nanocomposite, 

along with the extended pathway for corrosive 

electrolytes, renders it an outstanding coating for 

anticorrosion purposes. Madhusudhana [14, 15] 

formulated a filler material with MWCNT-

incorporated nanocapsules, which was later blended 

with phenol novolac resin. The phenol novolac resin 

with 0.3 wt. % MWCNT/nanocapsules showed a 

marked increase in hydrophobicity and demonstrated 

improved long-term anticorrosion efficiency and self-

healing properties in saline solution. 

Gallic acid (GA) is a naturally occurring poly-

phenolic compound recognized for its antioxidant 

properties, naturally present in various plants and 

fruits, including tea leaves, oak bark, and berries. Its 

molecular composition features an aromatic ring, one 

carboxyl group, and three phenolic hydroxyl groups. 

The trihydroxyphenyl configuration of GA enables it 

to effectively adhere to substrate surfaces through both 

covalent and noncovalent interactions. GA can 

effectively graft onto metallic surfaces while preserving 

its redox activity. It can function as a coupling agent or 

an interfacial modifier [14, 15]. 

Additionally, its interaction with metal oxides 

existing on the steel surface leads to the formation of 

complexes that enhance surface roughness, potentially 

facilitating improved mechanical interlocking [16]. 

Consequently, GA can enhance the adhesion of films, 

thereby improving their barrier properties and 

passivation [17, 19]. Recent research has shown that 

GA can serve as an effective corrosion inhibitor. This is 

due to its oxygen-based groups interacting with the 

surface oxide layer via hydrogen bonding or 

coordination bonds [5, 20, 21]. Liu [5] developed 

acrylic latex composite coatings reinforced with gallic 

acid-modified montmorillonite, resulting in improved 

mechanical properties, such as hardness and wear 

resistance, as well as enhanced thermal stability. 

Additionally, the anticorrosive properties were 

enhanced through barrier and interface passivation. 

https://www-sciencedirect-com-i.access.semantak.com/topics/materials-science/nanocrystalline-material
https://www-sciencedirect-com-i.access.semantak.com/topics/materials-science/polymer-composite
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Zhao [22] employed a ZIF nanosheet framework as a 

vehicle for the GA corrosion inhibitor, thereby 

improving the physical barrier properties of the 

waterborne epoxy coating through its distinctive two-

dimensional structure. PEG was used to form a PEG-

GA complex layer, firmly anchoring GA to the 

nanosheet surface. 

This study aims to develop a multifunctional 

corrosion inhibitor by impregnating GA, a polyphenolic 

compound with antioxidant activity, onto MWCNTs-

NH₂ and integrating the resulting nanocomposite into 

epoxy coatings. The significant innovation presented in 

this study, relative to prior research, is the exploration of 

the MWCNT-NH2/GA nanocomposite as an inorganic 

inhibitor in solution, along with its merits for epoxy 

coatings, providing a self-healing, anticorrosive coating 

with superior cathodic delamination resistance and 

adhesion. Structural characterization was performed 

using FE-SEM, EDS/Mapping, FTIR, Raman spectros-

copy, and TGA. The anticorrosion effectiveness, 

adhesion behavior, and self-healing ability of the 

coatings were evaluated using electrochemical methods 

(polarization and EIS), salt spray testing, pull-off 

adhesion testing, and cathodic delamination studies. 

Thermo-mechanical properties were also assessed using 

dynamic mechanical thermal analysis (DMTA) to 

determine the coatings' durability under thermal stress. 

GA provided active corrosion protection by forming a 

thin protective layer on the metal surface, effectively 

controlling corrosion reactions and imparting self-

healing capability to the epoxy coating. GA functions as 

a free radical scavenger, thereby inhibiting the rapid 

generation of these species in the cathodic areas  

and reducing the cathodic separation phenomenon. 

Regarding the inhibition potential of GA and its 

effective interaction with MWCNT, the results show a 

significant enhancement in the corrosion resistance of 

the epoxy coating. 
 

Table 1: Comprehensive list of all the abbreviations used in this research. 

Abbreviation Explanation Abbreviation Explanation 

MWCNT Multiwall Carbon nanotubes EEC 
Equivalent electric 

circuit 

CNTs Carbon nanotubes η Protection efficiency 

GA Gallic acid DI Delamination index 

EIS 
Electrochemical impedance 

spectroscopy 
Rs Solution resistance 

FE-SEM 
Field Emission Scanning Electron 

Microscope 
Rf 

Resistance of the 

generated films 

EDS Energy dispersive X-ray spectroscopy Rct 
Charge transfer 

resistance 

FTIR Fourier transform infrared Rt Total resistance 

TGA Thermogravimetry analysis Qf 
Constant phase element 

of the generated film 

DTG derivative thermogravimetry Y0,f 
Non-ideal capacitance 

of the generated film 

DTA Differential thermal analysis nf 
Phase shift of the 

generated film 

%TG %Weight loss Qdl 
Constant phase element 

of the double layer 

DMTA Dynamic Mechanical Thermal Analysis Y0,dl 
Non-ideal double-layer 

capacitance 

icorr Corrosion current density ndl Double-layer phase shift 

Ecorr Corrosion potential - - 

βa Anodic Tafel slope - - 

βc Cathodic Tafel slope - - 
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2. Experimental 

2.1. Materials 

MWCNT-NH2 (Purity:>95 %, Content of -NH2: 0.45 

wt. %, 1–10 μm, and wall number of 3–15) was 

obtained from Nanostartech (Iran). Epoxy resin (EEW: 

434 g/eq, Epiran-01X75) and polyamide hardener 

(Crayamid115) were provided by Saba Shimi Company 

(Iran). Gallic acid (GA) and toluene were obtained from 

Sigma-Aldrich. Acetone and NaCl were obtained from 

Mojallali Co., an Iranian supplier. Low-carbon steel 

(ST12) coupons, measuring 10 × 8 × 0.1 cm, were 

obtained from FooladMobarakeh Co. (Iran). 

 

2.2. Synthesis of GA-modified MWCNTs-NH2 

Figure 1 illustrates the surface modification process of 

MWCNT-NH2 with GA and the interactions involved. 

To achieve stable dispersion of MWCNT-NH2 and GA, 

0.1 g of MWCNT-NH2 was added to 100 mL of toluene 

with varying GA weight percentages (0, 25, 50, and 75 

weight %). The obtained solutions were magnetically 

stirred at room temperature for 24 h, followed by 

ultrasonication at 150 kW for 5 minutes. The obtained 

samples will thereafter be referred to as MWCNT-NH2, 

MWCNT-NH2/GA25 %, MWCNT-NH2/GA50 %, and 

MWCNT-NH2/GA75 %. The washing process of 

MWCNT-NH2/GA was performed by ultracentri-

fugation and redispersion in toluene 3 times. GA can 

form a carboxylate-ammonium ionic bond, hydrogen 

bonds, and π-π interactions with MWCNTs-NH2. 
 

2.3. Electrolytes and sample preparation 

To prepare the steel coupons for testing and coating, 

ST1 coupons were cleaned with acetone. Afterwards, 

they were polished with grit carbide papers, and the 

polished samples were stored under humidity-free 

conditions.  

To prepare the epoxy coatings, MWCNT-NH2/GA 

was added to toluene at a volume ratio of 1:10. The 

mixture was sonicated at 150 kW for 5 min, then 

added to the epoxy resin. The resin and solvent 

mixtures were again sonicated for 8 min in an ice-

water bath to disperse the particles in the resin 

completely. Then, each mixture was stirred for 24 h 

using a laboratory mixer to disperse the nanoparticles 

in the epoxy resin uniformly. Afterwards, the 

polyamide curing agent was blended at a mass ratio of 

1.3:1 (resin: hardener). The quantity of MWCNT- 

NH2/GA was determined to yield a final weight 

percentage of nanoparticles in the dry epoxy/ 

polyamide composite of 0.15 %. The coatings were 

applied to steel samples measuring 100 mm × 80 mm 

× 3 mm using a Braive 35200016 film coater.  
 

 

 

Figure 1: Schematic representation of the immobilization process of the GA inhibitor on NH2-MWCNTs and the involved 

interactions between MWCNTs-NH2 and GA. 
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The samples were stored in a clean room at 25 °C 

for 4 days. The curing was performed by heating in an 

oven for 3 hours at 80 °C. The samples were named 

EP-NH2-MWCNT/GA, EP-NH2-MWCNT/GA25 %, 

EP-MWCNT-NH2/GA50 % and EP-MWCNT-NH2/ 

GA75 % according to the particles used in the 

composites. The reference coating without particles 

was also named EP. The coating thickness for the 

pull-off, salt spray, and cathodic delamination studies 

was 350 µm, whereas for the EIS analyses, it was 100 

µm. 

 

2.4. Characterization techniques 

The surface composition of the nanoparticles was 

investigated using an FTIR device manufactured by 

PerkinElmer in the wavelength range of 4000-500 cm-1. 

FE-SEM (Tescan Mira3-LMU) images were acquired 

at various magnifications to examine the sample 

morphology. Additionally, EDS/mapping analysis was 

employed to ascertain the elemental composition of the 

immersed samples for an in-depth study. The samples 

were exposed to bare and NH2-MWCNT/GA-

containing electrolytes for 48 hours to obtain the 

captures. The amount of surface functional groups on 

the MWCNTs-NH2 was evaluated by a Perkin-Elmer 

Thermogravimetric Analyzer Pyris 1 TGA model 

(USA). Heating was carried out from 30 to 600 °C at a 

rate of 10 °C/min. Confocal Raman microscopy 

(Horiba XploraPlus, France) was used better to 

characterize the structures of modified and unmodified 

carbon nanotubes. The device's experimental data were 

fitted using OriginPro 2016. The Tritec 2000 type 

dynamic mechanical thermal analysis (DMTA) 

instrument was used to investigate the mechanical 

properties of free-standing MWCNT-NH2/GA nano-

composite films. The DMTA procedure was carried out 

at 1 Hz, over the temperature range 243-433 K, and at a 

heating rate of 278 K min-1. 

To assess the anticorrosion capabilities of the 

MWCNT-NH2/GA nanocomposite, electrochemical 

testing techniques were utilized. The anticorrosion 

mechanism was analyzed using potentiodynamic 

polarization curves, and the samples' resistance was 

evaluated using EIS. The electrochemical arrangement 

included a standard three-electrode setup: a platinum 

electrode as the counter, a Calomel electrode as the 

reference, and the metal sample as the working 

electrode, all connected to an IviumCompactstat device. 

The coupons for testing were submerged in a 3.5 wt. % 

NaCl solution, with an exposed area of 1 cm2, 

considering different exposure durations. The data 

collected from the experiments were analyzed using 

Zsim software, yielding a chi-squared (χ) value of less 

than 0.01. Tafel curves were generated by sweeping the 

potential range of +250  to −250 mV at a scan rate of  

1  mV/s. Additionally, Nyquist and Bode plots were 

obtained by varying the frequency from 0.01  Hz to 

10,000 Hz with a scan rate of 10  mV/s.   

The adhesion strength of the coatings was assessed 

under both wet and dry conditions using DeFelsko 

equipment and a pull-off test. For the wet adhesion 

evaluation, the coated samples were placed in a salt 

spray chamber for 7 days before analysis. A 5 % NaCl 

solution was frequently showered onto the samples 

within a controlled chamber maintained at 40 °C. 

 

3. Results and Discussion 

3.1. Characterization of MWCNT-NH2/GA 

FTIR spectra of GA, MWCNT-NH2, and MWCNT-

NH2/GA were examined to confirm the surface 

modification of MWCNT-NH2 with GA (Figure 2). The 

broad and strong band at about 3200 to 3500 cm-1 

corresponds to the vibrations of the OH and carboxylic 

OH groups in GA and MWCNT-NH2/GA. Typical 

aromatic bands can be observed at 1617-1608 cm-1 

(C=C stretching vibrations), 1559-1540 cm-1 (C-C 

stretching vibrations), 2920 and 2850 cm-1 (the 

stretching vibration of the aromatic C-H bond), which 

are common among GA and MWCNTs [23, 24]. The 

peaks in the ~1300-1200 cm-1 region can be ascribed to 

the C-O stretching, and O-H bending (carboxylic OH) 

vibrations appear at 1410-1440 cm-1 of GA and 

MWCNT-NH2/GA. A strong, sharp peak at ~1730-

1700 cm-1 can be assigned to the carbonyl (C=O) 

stretching vibration from the carboxyl group [25]. In the 

FTIR spectrum of MWCNT-NH2, absorption bands in 

the range of 3500-3250 cm-1 appear due to symmetric 

and asymmetric stretching modes of amines. The peak 

at ~1400 cm-1 is attributed to the C-N stretching 

vibration or N-H bending of MWCNT-NH2, which is 

also present in MWCNT-NH2/GA [26, 27]. In the 

spectra of MWCNT-NH2/GA, the carbonyl group at 

~1730-1700 cm-1 has disappeared. Instead, a new peak 

ascribed to amide carbonyl groups has emerged at 

~1660 cm-1 in MWCNT-NH2/GA samples, indicating 

that amine groups on MWCNT-NH2 react with the 

carboxylate group of GA to form amide groups.  

https://www.google.com/search?rlz=1C1GCEA_enIR1160IR1160&cs=0&sca_esv=e7c1514da748dd1c&sxsrf=AE3TifN350cDKyO4TVcWfOQj0OjL68LAnQ%3A1756123531404&q=stretching+vibration+of+the+aromatic+C-H+bond&sa=X&ved=2ahUKEwjW2Nv59aWPAxWPVqQEHZ_JNuoQxccNegQIGBAB&mstk=AUtExfA7Qo2lBpokQP67dLIgrkCrpno7Rv-hrWfRMfLX0AUKKMiYQxPN-i6lrHewBN21gLd_GPi8UE6B_4uSAFka8BN9GGoMfY5_HyGFJP9xoey5MMPc5uzw8VSckY0SVyyhR9Woe8Hwp6SZpVaS7jzCyhH3MqwGaBV4Hwr7XaXMYiDQqNU&csui=3
https://www.google.com/search?rlz=1C1GCEA_enIR1160IR1160&cs=0&sca_esv=e7c1514da748dd1c&sxsrf=AE3TifN350cDKyO4TVcWfOQj0OjL68LAnQ%3A1756123531404&q=C-O+stretching&sa=X&ved=2ahUKEwjW2Nv59aWPAxWPVqQEHZ_JNuoQxccNegQIGRAB&mstk=AUtExfA7Qo2lBpokQP67dLIgrkCrpno7Rv-hrWfRMfLX0AUKKMiYQxPN-i6lrHewBN21gLd_GPi8UE6B_4uSAFka8BN9GGoMfY5_HyGFJP9xoey5MMPc5uzw8VSckY0SVyyhR9Woe8Hwp6SZpVaS7jzCyhH3MqwGaBV4Hwr7XaXMYiDQqNU&csui=3
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Figure 2: FTIR spectra of (a) GA, (b) MWCNT-NH2-25 

% GA, (c) MWCNT-NH2-50 % GA, (d) MWCNT-NH2-75 
% GA, and (e)MWCNT-NH2. 

 

 

Three strong peaks at ~3500, 3400, and 3282 cm-1 

indicate N-H stretching of an amide [28]. The results 

show that the spectra of MWCNT-NH2/GA exhibit 

peaks corres-ponding to both MWCNT-NH2 and GA. 

However, there are some overlaps between the peaks of 

MWCNTs and GA. These findings corroborate the 

successful surface modification of MWCNTs with GA. 
FE-SEM images were used to examine the 

morphology, changes in nanotube diameter, and the 

relative positions of MWCNTs. Figure 3 demonstrates 

FE-SEM images of MWCNT-NH2 (a, b), MWCNT-

NH2/25 % GA (c, d), MWCNT-NH2/50 % GA (e, f), 

and MWCNT-NH2/75 % GA (g, h). The maximum 

diameters for MWCNT-NH2, MWCNT-NH2/GA25 %, 

MWCNT-NH2/GA50 %, and MWCNT-NH2/GA75 % 

were 56.95, 96.42, 104.56, and 79.45 nm, respectively. 

The diameter of MWCTs containing the GA inhibitor is 

obviously greater than that of the sample without the 

inhibitor, confirming the successful modification of 

MWCNTs with GA. FE-SEM images also clearly 

demonstrate the increased diameter of the nanotubes 

upon GA surface modification up to 50 % GA loading. 

The tube diameter distribution of MWCNT-NH2 has 

also improved following GA surface modification, 

which proves the superior coating homogeneity. Given 

the maximum diameter observed in MWCNT-NH2/ 

GA50 %, it can be inferred that GA exhibited a greater 

capacity to react with MWCNTs in this sample. The 

decrease in diameter in MWCNT-NH2/GA75 % can be 

attributed to incomplete GA absorption on MWCNTs. 

The FESEM images clearly show that the relative 

distance among the MWCNTs-NH2 in MWCNT-NH2/ 

GA50 % is more pronounced than in the other samples, 

indicating that GAs significantly contribute to improved 

dispersion and reduced agglomeration of MWCNTs-

NH2. 

 

 

 

Figure 3: FE-SEM images of MWCNT-NH2 (a,b), 

MWCNT-NH2/25%GA (c,d), MWCNT-NH2/50%GA 
(e,f), and MWCNT-NH2/75%GA (g,h). 
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The thermal analysis results for MWCNT-NH2/ 

x % GA (x = 0, 25, 50, 75) are depicted in Figure 4. 

Figure 4a displays the thermogravimetric results of the 

different samples. For MWCNT-NH2, the total weight 

loss (~7 %) achieved at a constant rate is ascribed to 

the elimination of both adsorbed and crystalline water 

and surface-adsorbed NH2 functional groups. By 

comparing the graphs of the GA-modified samples 

with the bare MWCNT-NH2 sample, a change in the 

graph's behavior is evident in the temperature range of 

200-275 °C. The sudden decrease in the weight of the 

sample compared to the initial weight (% TG) signifies 

the thermal decomposition of surface-adsorbed gallate 

ions [29]. As anticipated, the percentage of weight 

variation in the samples correlates with the percentage 

of GA present in the structure (e.g., 11 % for 

MWCNT-NH2/25 % GA and ~33 % for MWCNT-

NH2/50 % GA and MWCNT-NH2/75 % GA). 
 

 

 
Figure 4: Thermal analysis results for MWCNT-

NH2/x% GA (x= 0, 25, 50, 75)(a) Thermogravimetry 
analysis (TGA) and (b) derivative thermogravimetric 

(DTG) results. 

 

 

Furthermore, the derivative thermogravimetry 

(DTG) results (Figure 4b) corroborate the abrupt 

weight changes in the MWCNT-NH2/x % GA (x = 25, 

50, 75) samples within the temperature range of 200-

275 °C, demonstrating the effective modification of 

MWCNT-NH2 by GA. Overall, the various thermal 

analysis results validate the existence of GA in the 

anticipated weight sequence within the system. 

Figure 5a-d demonstrates the Raman spectroscopy 

spectra for MWCNT-NH2/x % GA (x= 0, 25, 50, 75). 

In these spectra, the peak in the 1570-1590 cm-1 region 

corresponds to the G band and in-plane vibrations of 

sp2-hybridized carbon atoms. Conversely, the peak in 

the region of 1340-1360 cm-1 is associated with the D 

band and the defects of the crystal lattice of the 

structure. The 2D peak, which is related to the 2-photon 

oscillations in the structure, is located in the region of 

2700-3000 cm-1. The ID/IG ratio is a widely used metric 

for assessing the level of structural defects in carbon 

materials [30, 31]. Accordingly, the ID/IG ratio of 

MWCNT-NH2 steadily escalates as the weight 

percentage of GA increases, implying a rise in the 

formation of defects due to the introduction of more 

functional groups on the MWCNT-NH2 surface.  
 

 

 
Figure 5: Raman spectra of (a) MWCNT-NH2, (b) 

MWCNT-NH2/25 % GA, (c)/ MWCNT-NH2/50 % GA, 
(d) MWCNT-NH2/75 % GA. 

 

 



 Z. Asadi Sajed et al.  

442 Prog. Color Colorants Coat. 19 (2026), 435-455

Nevertheless, the percentage of changes is 

conspicuously greater for the 75 % sample than for the 

other samples. 

 

3.2. Solution phase corrosion investigation 

3.2.1. EIS 

To evaluate the inhibition effect of MWCNT-NH2/GA 

on the metal surface immersed in the saline solution, 

EIS analysis was performed. The Nyquist and Bode 

plots are given in Figures 6 and 7, respectively. The 

electrical equivalent circuits (EEC) used for fitting are 

illustrated in Figure 8. The extracted EIS parameters are 

also presented in Table 2. The chi-square (χ2) values 

ranged from 10−3 to 10−4, indicating a reliable fit for the 

extraction of EIS parameters. The arc diameter in the 

Nyquist plot serves as a direct indicator of the coating's 

corrosion resistance. The largest arc diameter for the 

blank sample was recorded after a 2 h exposure period, 

after which it decreased due to the infiltration of 

corrosive agents into the surface. For the MW-CNT-

NH2 sample, the maximum arc diameter is attained 

after 24 hours and is estimated to be about 2500 

Ω.cm2. The data also indicates that, at any given time, 

the arc diameters of MWCNT-NH2/GA samples 

exceed those of the blank samples. In the MW-CNT-

NH2/GA25 % sample, the arc diameters initially 

fluctuated, likely due to the formation and dissolution 

of corrosion product layers. 

Nevertheless, after 24 hours, the maximum 

resistance is reached (~4500 Ω.cm2), followed by a 

downward trend. In the MWCNT-NH2/GA50 % 

sample, a steady, gradual increase in resistance is 

observed over 48 hours. After 24 hours, the resistance 

attains approximately 23500 Ω.cm2, and by 48 hours, 

it exceeds 25000 Ω.cm2. This trend suggests the 

ongoing release of gallate ions, as the resistance 

remains at 23000 Ω.cm2 even after 72 hours. In the 

MWCNT-NH2/GA75 % sample, the highest resistance 

was observed during the first 2 hours, followed by a 

declining trend. This can be ascribed to suboptimal 

GA loading and the dissolution of the GA molecules 

in this sample, which fail to deliver the expected 

inhibitory effect. 

Gallate ions released from MWCNT-NH2/GA 

samples can interact with the substrate both physically 

and chemically [20, 31, 32]. Over time, GA can occupy 

additional active sites, leading to enhanced protection 

and improved anticorrosion index. Nevertheless, the 

overall resistance of the metal surface declined over 

time. This is attributed to the inhibitory layer's 

inadequate performance. Consequently, the corrosive 

solution infiltrates the supporting layer's structure, 

leading to its eventual destruction [20, 21]. 

 

 

Figure 6: Nyquist plots of (a) blank, (b) MWCNT-NH2, (c) MWCNT-NH2/25 % GA, (d) MWCNT-NH2/50 % GA, and (e) 

MWCNT-NH2/70 % GA during 72 h exposure in 3.5 % NaCl solution. 
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Figure 7: Bode plots of (a) blank, (b) MWCNT-NH2, (c) MWCNT-NH2/25 % GA, (d) MWCNT-NH2/50 % GA, and (e) 

MWCNT-NH2/75 % GA during 72 h exposure in 3.5 % NaCl solution. 

 

 
Figure 8: EEC used for EIS data fitting; (a) two-time 

constant and (b) one-time constant models. 

 

In the phase angle diagram of the blank sample, 

only one relaxation time was observed. As a result, the 

electrochemical reactions were controlled by charge 

transfer, and the EEC associated with the blank 

sample exhibited a single time constant R(RQ), 

ascribed to the porous, loosely bound corrosion 

products on the metal surface. Contrastingly, in the 

phase diagrams of MWCNT-NH2/GA, uniform films 

form in both cathodic and anodic regions, broadening 

the diagrams due to a second time constant at higher 

frequencies. Hence, it required an EEC featuring two 

time constants [33]. 

The total resistance (Rt) of the MWCNT-NH2/X % 

GA samples was measured to evaluate their ability to 

form films and their inhibition efficiency. This 

parameter, which is obtained from the total of Rf and 

Rct, is presented in Table 2. Overall, the Rt of the 

MWCNT-NH2/GA samples exceed those of the blank 

samples, with the maximum value observed for the 

MW-CNT-NH2/GA50 %. 

The impedance at low frequencies (log |Z|10 mHz) 

can also be regarded as an indicator of the overall 

impedance. For the blank sample, log |Z|10 mHz did not 

show a significant increase over time. Conversely, this 

parameter has risen to 3.5 for MWCNT-NH2/GA50 %. 

This further validates the formation of a protective 

layer at the metal/solution interface, attributed to the 

release of gallate ions from MWCNT-NH2/GA and 

their interaction with the surface [20, 21, 32, 34]. 

Additionally, research findings have revealed a direct 

correlation between n and the uniformity of the metal 

surface in corrosive environments [35]. According to 

Table 2, the n value for the MWCNT-NH2/GA50 % 

sample is higher than that of the other samples, 

indicating the formation of a consistent, protective 

layer on the metal surface. 
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Table 2: Fitting parameters for EIS measurements of the samples following 48 h of immersion in a 3.5 % sodium chloride 

solution. 

Sample 
time 

(h) 

Rf
1 

(Ω.cm2) 

CPEf Y0
2 

(μΩ−1.cm−2.sn) 
nf

3 
Rct

1 

(Ω.cm2) 

CPEdl Y0
2 

(μΩ−1.cm−2.sn) 
ndl

3 
Rt 

(Ω.cm2) 

Blank 

2 - - - 1915 126 0.73 1915 

4 - - - 1780 495 0.80 1780 

6 - - - 1603 425 0.74 1603 

24 - - - 1365 137 0.79 1365 

48 - - - 1134 177 0.74 1134 

72 - - - 1544 383 0.75 1544 

MWCNT-NH2 

2 867 256 0.85 589 74 0.87 1456 

4 1009 123 0.86 607 97 0.84 1616 

6 1601 109 0.82 574 104 0.80 2175 

24 1615 25 0.78 1111 41 0.77 2726 

48 1443 194 0.89 1131 156 0.71 2574 

72 435 173 0.80 359 87 0.80 794 

MWCNT-

NH2/GA 25% 

2 1172 256 0.85 532 108 0.87 1708 

4 1014 123 0.86 502 95 0.84 1516 

6 1601 109 0.82 905 167 0.80 2506 

24 1193 157 0.78 1367 124 0.77 4679 

48 1567 194 0.99 1131 89 0.81 2698 

72 457 172 0.84 229 112 0.80 686 

MWCNT-

NH2/GA 50% 

2 647 145 0.99 870 288 0.83 1517 

4 1935 276 0.85 985 373 0.89 2920 

6 2418 225 0.92 1080 436 0.98 3498 

24 3668 453 0.98 1121 127 0.93 4789 

48 4076 154 0.91 1062 151 0.95 5138 

72 2045 198 0.83 949 153 0.85 2994 

MWCNT-

NH2/GA 75% 

2 2489 225 0.74 876 76 0.76 3365 

4 1456 129 0.76 964 98 0.85 2420 

6 1683 186 0.87 688 102 0.86 2371 

24 1209 134 0.91 1101 115 0.80 1789 

48 1006 98 0.71 546 78 0.78 1647 

72 436 101 0.75 198 54 0.76 634 

1 The standard deviation range for R is in the range of 1.2-5.8 %. 

2 The standard deviation for Y0 is in the range of 3.7-10.4 %. 

3 The standard deviation range for n is in the range of 0.5-3.1 %. 
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3.2.2. Polarization  

To examine the inhibition mechanism and quantify the 

corrosion rate, potentiodynamic polarization tests were 

conducted. Figure 9a presents the polarization curves 

obtained for metal samples immersed in a 3.5 wt. % 

NaCl solution containing MWCNT-NH₂/GA after 72 

hours of exposure. Corrosion parameters were extracted 

using the Tafel extrapolation method and are 

summarized in Table 3. These include corrosion 

potential (Ecorr), corrosion current density (icorr), anodic 

Tafel slope (βa), cathodic Tafel slope (βc), polarization 

resistance (Rp), and corrosion rate (CR). To facilitate 

clearer comparison of the corrosion mechanisms, the 

graphs were adjusted to Ecorr = 0 (Figure 9b). As can be 

observed, the slope of the graph is reduced in both the 

cathodic and anodic regions. In this way, the cations 

released from the particles move towards the cathodic 

part of the surface and, by forming an oxide-hydroxide 

layer, limit the cathodic reaction. Furthermore, the 

released gallate ions have one non-bonded electron pair 

and can act as an organic inhibitor. Consequently, it 

becomes adsorbed onto the anodic regions of the 

surface and regulates the metal oxidation process. 

Notably, the cathodic Tafel slope exhibited a more 

pronounced decrease, particularly for the MWCNT-

NH₂/GA25 % and MWCNT-NH₂/GA50 % samples. 

The Ecorr values also shifted negatively with increasing 

MWCNT-NH₂/GA content, suggesting that both 

anodic and cathodic reactions were influenced, with 

cathodic inhibition dominant. 

 

3.3. Coating-phase investigation 

3.3.1. Scratched coatings 

The corrosion behavior of the Scratched steel 

electrodes protected by EP, EP-NH2-MWCNT, EP-

NH2-MWCNT/ GA25 %, EP-MWCNT-NH2/GA50 

%, and EP-MWCNT-NH2/GA75 % coatings was 

evaluated by EIS measurements in saline solution. The 

Nyquist and Bode plots are illustrated in Figures 10 

and 11, respectively. The arc diameter declines in the 

EP and EP-MWCNT-NH2 plots as immersion time 

increases, indicating a hastening of the corrosion 

process. 

 

 

 

Figure 9: (a) Polarization, and (b) shifted polarization 

curves to E = 0 of steel samples immersed in 3.5% salt 
solutions for 72 h in 3.5 % NaCl solution. 

 

Table 3: Fitting parameters for EIS measurements of the mild steel samples following 72 h immersion in 3.5 % NaCl 

solution. 

Sample 
Ecorr

 

(V) 

icorr 

(μA/cm2) 
βa 

(V/dec) 
– βc 

(V/dec) 

bare -0.671±0.01 4.15±0.3 0.066±0.005 0.093±0.005 

CNT-NH2 -0.694±0.01 2.59±0.03 0.06±0.005 0.09±0.01 

CNT-NH2/GA25% -0.706±0.01 2.28±0.2 0.043±0.004 0.065±0.01 

CNT-NH2/GA50% -0.741±0.01 2.2±0.2 0.026±0.004 0.049±0.02 

CNT-NH2/GA75% -0.702±0.01 2.96±0.3 0.05±0.003 0.067±0.02 
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The highest arc diameter observed in the EP and EP-

MWCNT-NH2 samples was approximately 50 kΩ.cm2 

and 65 kΩ.cm2 after two hours of immersion, whereas 

the EP-MWCNT-NH2/GA exhibited arc diameters of 

around 20 kΩ.cm2 during the same duration. 

Nevertheless, the highest arc diameter in the EP-

MWCNT-NH2/GA25 % samples rose to about 90 

kΩ.cm2, 120 kΩ.cm2, and 255 kΩ.cm2 in the EP-

MWCNT-NH2/GA25 %, EP-MWCNT-NH2/50 % GA, 

and EP-MWCNT-NH2/75 % GA samples, respectively. 

This increase in arc diameter was observed after 24 

hours of immersion for the EP-MWCNT-NH2/50 % 

GA and EP-MWCNT-NH2/25 % GA samples, and after 

6 hours for the EP-MWCNT-NH2/75 % GA sample, 

highlighting the effective protective properties of these 

nanomaterials within a polymer coating. 

The significant increase in the resistance  

of EP-MWCNT-NH2/25 % GA coatings compared  

to inhibitor-free polymer coatings demonstrates the 

presence of effective active protection. If a scratch or 

defect arises in coatings that incorporate MWCNT-

NH2/GA nanocomposites, GA inhibitor ions are 

liberated from the MWCNT-NH2 particles and 

subsequently enter the electrolyte. Gallate ions are 

released partially, forming a protective layer in the 

scratched area following prolonged exposure to the 

saline environment, thereby preventing the electrolyte 

from directly contacting the metal substrate. The 

outcome is the management of water infiltration and the 

minimization of corrosion-related damage, ultimately 

enhancing the overall effectiveness of the impaired 

coating [20, 21, 32]. The log|Z|10 mHz value serves as an 

appropriate metric for assessing film development in the 

scratched area. It exhibited a decline in the EP and EP-

MWCNT-NH2 samples throughout the immersion 

period, ultimately dropping below 0.4 kΩ.cm2 after 24 

hours. Conversely, in the epoxy samples containing EP-

MWCNT-NH2/50%GA, this value rose to approxi-

mately 4.8 kΩ.cm2 after 24 hours of immersion and 

remained above 0.4 kΩ.cm2 even after 48 hours. 

The log|Z|10 mHz values for the EP-MWCNT-

NH2/25 % GA coatings are higher than those for the 

EP and EP-MWCNT-NH2 samples at each of the 

times when the test was performed. The EIS test fully 

confirms that the MWCNT-NH2/GA nanocomposites 

form a surface film and provide active protection for 

the polymer coating. The data obtained from scratched 

samples are in agreement with the findings and 

analysis of the corrosion protection evaluation tests in 

solution (Section 3.2). 

 

 
Figure 10: Nyquist plots of (a) EP, (b) EP-MWCNT-NH2, (c) EP-MWCNT-NH2/25 % GA, (d) EP-MWCNT-NH2/50 % GA, 

and (e) EP-MWCNT-NH2/75 % GA scratched coatings during 48 h exposure to 3.5 % NaCl solution. 
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Figure 11: Bode plots of the (a) EP, (b) EP-MWCNT-NH2, (c) EP-MWCNT-NH2/25 % GA, (d) EP-MWCNT-NH2/50 % 

GA, and (e) EP-MWCNT-NH2/75 % GA scratched coatings during 48 h exposure in 3.5 % NaCl solution. 

 

 

3.3.2. Salt spray and surface analysis 

To evaluate the active protection effect of the samples 

in both short-term and long-term applications, the 

scratched coatings were placed in a salt spray 

chamber. The failure rating at scratch was assessed 

according to procedure A of ASTM D 1654. The 

images of the damaged samples under salt spray 

conditions and their failure ratings at different times 

are shown in Figure 12. The EP sample had more 

corrosion products around the scratch. This indicates 

significant diffusion of corrosive ions into the coating 

and deeper corrosion penetration, leading to a notable 

detachment of the film from the substrate around the 

scratch. 

The EP-MWCNT-NH2 sample demonstrated the 

formation of water droplets beneath the coating during 

the first week. The presence of corrosion products and 

iron rust in the scratched region has indeed led to 

water infiltration beneath the coating, causing it to 

detach from the metal surface. After 2 and 5 weeks of 

salt-spray exposure, numerous regions have been 

observed where the coating has become detached from 

the metal, indicating reduced adhesion at the interface 

between the coating and the metal. 

EP-MWCNT-NH2/GA25 % and EP-MWCNT-

NH2/GA50 % demonstrated superior performance 

compared to EP-MWCNT-NH2/GA75 % sample during 

prolonged exposure. The EP-MWCNT-NH2/GA75 % 

sample exhibited severe rusting after 2 weeks, and after 

5 weeks, the coating surrounding the scratches was 

nearly detached, suggesting that GA molecules provided 

inefficient protection. However, at percentages below 

this level, the coating demonstrated satisfactory 

corrosion resistance. It was noted that EP-MWCNT-

NH2/GA50 % had the best performance and produced 

fewer corrosion products, consistent with EIS data 

confirming that the MWCNT-NH2/50 % GA nano-

composites can provide effective active protection for 

the epoxy coating. There was no significant occurrence 

of rust or delamination even after 5 weeks. 

The FE-SEM microscopic images displayed in 

Figure 13 illustrate the surface of the samples within the 

scratched line under the salt spray test. The morphology 

of the EP and EP-MWCNT-NH2 sample is entirely non-

uniform, porous, and covered with corrosion products. 

In GA-containing samples, a uniform inhibitory film is 

observed, indicating that GA interacts with the surface 

through physical and chemical interactions, forming a 

GA-based inhibitory film. The images reveal that the 

inhibitory film in the EP-MWCNT-NH2/GA50 % 

sample is adequately smooth, and the corrosion products 

on the substrate are not discernible, indicating its 

effective anticorrosion performance. By incorporating 

the MWCNT-NH2/GA nanocomposite into the epoxy, 

the layer smoothness has slightly decreased; however, 

the inhibitory layer density remains acceptable, 
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Figure 12: Optical images of salt spray tests during 5 weeks for EP and EP-MWCNT-NH2-GA x% (x=0, 25, 50, and 75) 

and their rating according to procedure A of ASTM D 1654 standard. 

 
Figure 13: FESEM images and EDS mapping results of (a) EP, and (b-e) EP-MWCNT-NH2/GA x% (x=0, 25, 50, and 75) 

(with an artificial defect) after salt spray test exposure. 
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suggesting enhanced anticorrosion performance. The 

atomic ratio of Fe to O can reflect the relative amounts 

of metallic iron in relation to oxygen-rich corrosion 

products. Consequently, an increased Fe/O ratio 

suggests greater exposure of metallic iron and fewer 

corrosion products. EDS analysis shown in Figure 13 

aligns with the morphological studies and electro-

chemical analyses, demonstrating that the Fe/O ratio 

was approximately 0.19 in the EP coating and rose to 

nearly 0.51 in the EP-MWCNT-NH2/GA50 % coating, 

suggesting a decrease in the generation of corrosion 

products. 

The protection facilitated by GA molecules relies on 

both physical and chemical interactions. When GA is 

dissolved in the medium, it can undergo protonation. 

The presence of free H+ ions in solution allows them to 

interact with neutral GA, thereby protonating it. 

Subsequently, the charged gallate ions are inclined to 

interact with pre-adsorbed chlorides via electrostatic 

interactions, leading to physical adsorption. 

Furthermore, gallate ions can donate electrons from the 

C=O functional groups to the unfilled orbitals of Fe 

cations, leading to chemisorption via covalent bonding. 

 

3.3.3. Pull-off 

The adhesion strength of the samples was evaluated 

under both dry and wet conditions to examine the 

effect of MWCNT-NH2/GA on the adhesion of epoxy 

coatings to ST1 steel using a pull-off test. Before 

measuring wet adhesion, the samples were subjected 

to a salt spray chamber for 1 week. The test results, 

along with images of the samples post-measurement, 

are presented in Figure 14. The adhesion loss for all 

samples was determined using Eq. 1. 

 

𝐴𝑑ℎ𝑒𝑠𝑖𝑜𝑛 𝑙𝑜𝑠𝑠 =
𝐷−𝑊

𝐷
× 100      (1) 

 

In this equation, D and W are the adhesion strength 

values measured in dry and wet conditions, respectively. 

The adhesion loss values for Ep, Ep-MWCNT-NH2, Ep-

MWCNT-NH2/GA25 %, Ep-MWCNT-NH2/GA50 % 

and Ep-MWCNT-NH2/GA75 % were 58, 53, 16, 6 and 

21, respectively. A considerable loss of adhesion was 

observed for the EP coating, which exhibited lower 

values in both dry and wet conditions than those of other 

samples. Adding MWCNT-NH2/GA to epoxy coatings 

reduced the rate of adhesion loss. MWCNT-NH2/GA 

improves the adhesion of the EP coating, especially in 

wet conditions, and provides a barrier effect. 

Adhesion loss can serve as an indirect indicator of a 

coating's hydrolytic stability [36]. Wet pull-off strength 

reflects the practical effect of hydrolytic degradation on 

coating adhesion. Thus, epoxy coatings with better 

hydrolytic stability tend to demonstrate higher retained 

pull-off strength after water exposure. Therefore, it can 

be inferred that among the different samples, Ep-

MWCNT-NH2/ GA50 %, which showed an adhesion 

loss of 8%, had the best hydrolytic stability. 

 

 
Figure 14: Visual performance, pull-off strength, and the average disbondment radius (CDR) of EP and EP-MWCNT-

NH2-GA x% (x=0, 25, 50, and 75) samples following pull-off and the cathodic delamination examination. 
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GA is capable of effectively grafting onto metallic 

surfaces by forming hydrogen bonds with the oxide 

layer on the surface, as well as by donating π-electrons 

from the benzene and C=O groups of GA to occupy 

the empty Fe orbitals [5, 21, 22]. It can function as a 

coupling agent or an interfacial modifier [14, 15]. Its 

interaction with metal oxides present on the steel 

surface leads to the formation of complexes that 

enhance surface roughness, potentially facilitating 

improved mechanical interlocking [16]. 

The surface modification of MWCNT-NH2 by GA 

appears to enhance polar-polar interactions, such as 

hydrogen bonding, between the epoxy coating and the 

metal substrate. This improvement addresses the 

incompatibility between MWCNTs-NH2 and EP, 

reducing agglomeration and improving the uniform 

dispersion of MWCNT-NH2/GA within the polymeric 

matrix, thereby resulting in a higher adhesion value 

under dry conditions. Furthermore, the hydroxyl groups 

in GA can enhance the polar-polar interactions between 

the coating and the epoxy's hydroxyl groups. It is also 

observed that the trends in adhesion values closely 

match those in the release rate of gallate inhibitor ions. 

Under wet conditions, the OH- anions released from 

MWCNT-NH2/GA can interact with surface cations to 

form a film that possesses barrier properties against 

water and corrosive agents [20, 21]. Additionally, 

managing the increase in pH in cathodic regions helps 

prevent corrosion reactions, significantly reducing the 

rate of corrosion products formed at the interface 

between the coating and substrate, thereby preventing 

the coating from separating from the surface. 

 

3.3.4. Cathodic delamination 

The adhesion of the coatings was examined under 

cathodic polarization conditions. The findings and 

images depicting the coatings that detached from the 

surface following the test are presented in Figure 14. 

After 24 hours, reduced coating detachment from the 

surface is observed in the EP-MWCNT-NH2/GA50% 

samples compared to other samples. Furthermore, the 

detached coating in the Ep-MWCNT-NH2/GA50% 

sample exhibited the smallest average diameter among 

the other samples, consistent with other results and 

demonstrating the superior performance of MWCNT-

NH2/GA50% in epoxy coatings. The OH- ions generated 

in the cathodic areas and beneath the epoxy coatings are 

the main contributors to increased pH in these areas, 

leading to diminished adhesion and detachment of the 

epoxy coating from the surface. Gallate ions can directly 

interact with sodium ions, thereby inhibiting the 

completion of the hydrolysis process. Given its negative 

charge and anionic nature, gallate ions interact with 

sodium ions with high probability, and by regulating 

their interaction with sodium hydroxide ions, pH 

fluctuations are prevented, allowing for significant 

control over the hydrolysis process. Therefore, EP 

coatings containing MWCNT-NH2/GA could better 

withstand the cathodic delamination. 

Moreover, the presence of GA molecules with 

abundant hydroxyl and carboxyl groups enhances 

adhesion via hydrogen bonding with the surface oxide 

layer. Additionally, the empty orbitals of Fe can be 

occupied through the donation of π-electrons from 

benzene and the C=O groups of GAs, leading to 

increased adhesion at the interface [5, 21, 22]. 

Therefore, GA-loaded MWCNT-NH2 incorporation 

can improve the adhesion bond's resistance. 

GA is a polyphenolic compound with antioxidant 

activity that functions as a free radical scavenger that 

inhibits oxidation by directly entering the autoxidation 

chain by neutralizing the free radicals, which is 

controlled by the donation of hydrogen atoms from the 

phenolic OH- ions generated in the cathodic regions 

and beneath the epoxy coatings. The free radical 

scavenger species is essentially consumed in this 

process. The resulting antioxidant radical (phenoxyl 

radical) is resonance-stabilized and much less reactive, 

preventing the propagation of radical chain reactions. 

However, the phenoxyl radical can still recombine 

with a second free radical. Therefore, GA recombines 

with the intermediate radicals formed during hydroxyl 

group formation, thereby inhibiting their rapid 

generation in the cathodic areas. This, in turn, serves 

as a restraint on the extensive cathodic separation 

phenomenon [17, 37]. These findings illustrate the 

remarkable effectiveness of the MWCNT-NH2/GA 

nanocomposite in minimizing cathodic delamination. 

 

3.3.5. Dynamic mechanical thermal analysis 

The variations in loss tangent (tan Δ) and storage 

modulus for various samples as a function of 

temperature are illustrated in Figure 15. Furthermore, 

the derived thermomechanical parameters are 

presented in Table 4. The crosslinking density (υe) was 

calculated using Eq. 2 [38]. 

υe=
𝐸𝑅

′

3𝑅𝑇
      (2) 
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Table 4: The derived thermomechanical parameters from DMTA analysis. 

Sample 𝑬𝒈 
′  𝑬𝑹 

′  
tanΔ peak 

height 
Tg (°C) υe (mol/cm3) 

EP 217.02 12.88 0.36 96 0.001403 

EP-MWCNT-NH2 499.6 5.81 0.42 98.3 0.000616 

EP-MWCNT-NH2/GA 25 % 1624.9 5.81 0.48 88.3 0.000625 

EP-MWCNT-NH2/GA 50 % 1555.4 8.21 0.5 71.7 0.000902 

EP-MWCNT-NH2/GA 75 % 118.7 2.04 0.43 64 0.000216 

 

where 𝐸𝑅 
′  Designates the storage modulus in the 

rubbery region; T and R denote the absolute tem-

perature (K) and the ideal gas constant, respectively. 

The incorporation of GA into the structure enhances 

the storage modulus, thereby improving the sample's 

elastic characteristics (Figure 15a). Conversely, as 

depicted in Figure 15b and Table 4, an increase in the 

GA-loading within the structure results in a reduction in 

the glass transition temperature (Tg). As anticipated, a 

greater proportion of GA is associated with a more 

pronounced decrease in Tg GA interferes with the 

curing of epoxy. Phenolic OH and carboxyl groups of 

GA can form bonds with amine groups of polyamide 

hardener, which can slow down diffusion or reduce 

amine availability for curing epoxy [39]. This will 

result in lower υe and Tg values for EP-MWCNT-

NH2/GA coatings. Decreasing the degree of 

crosslinking signifies fewer covalent bonds connecting 

the epoxy polymer chains, thereby providing epoxy 

network segments with greater flexibility and mobility, 

which allows the material to absorb more energy when 

under stress (i.e., increased toughness) [40]. 

Interestingly, the addition of MWCNT-NH2 did not 

significantly alter the Tg or storage modulus. However, 

surface modification with GA improved the sample's 

toughness. 

 

3.4. Corrosion inhibition mechanism 

Figure 16 provides a schematic representation of the 

anticorrosion and self-healing mechanisms associated 

with MWCNT-NH2/GA incorporated into epoxy 

coatings. By surface-modifying MWCNT-NH2 with 

GA, both barrier and active protection can be 

simultaneously provided to the EP coating. MWCNTs-

NH2 exhibit barrier properties attributed to their high 

specific surface area and three-dimensional structure. 

The cylindrical configuration of MWCNTs is crucial 

and significantly influences the pathway the electrolyte 

must traverse to reach the metal/coating interface. 

Nevertheless, their hydrophobic nature impedes 

effective dispersion in organic media, resulting in 

aggregation. Consequently, they do not provide a robust 

barrier against corrosive agents. However, following 

modification with GA, the barrier properties showed 

considerable enhancement due to improved particle 

dispersion in organic media and reduced aggregation, 

with this effect becoming more evident in the corrosion 

test results [28, 41]. 

 

 

 
Figure 15: (a) Variation of the loss modulus versus 

temperature for EP and EP-MWCNT-NH2/GA x % 
(x=0, 25, 50, and 75), and (b)Variation of the tanΔ 

versus temperature. 
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Figure 16: Schematic representation of the 

anticorrosion mechanism of MWCNT-NH2/GA 
nanocomposites in epoxy resin coating. 

 

Moreover, GA exhibits partial solubility in water, 

allowing it to release gallate ions into the solution. In 

the event of a scratch on the epoxy coating, the 

MWCNT-NH2/GA interacts with the electrolyte, 

releasing gallate anions in the affected area and 

rendering the self-healing properties. At the microscale, 

gallate anions adhere to the metal surface. The 

adsorption process is promoted by the functional groups 

present in gallic acid, specifically the hydroxyl and 

carboxyl groups. GA can interact with steel both 

physically and chemically [20, 21, 42]. The vacant 

orbitals of Fe will be filled through the donation of π-

electrons from benzene and the C=O groups of GAs, 

leading to chemical reactions that facilitate the 

adsorption of GAs. At the same time, the OH groups 

present on the GAs will anchor to the steel surface by 

interacting with the oxide layer via hydrogen bonding 

and chelation with surface Fe sites [43, 44]. 

Consequently, a thin protective layer is established 

on the metal surface, effectively controlling corrosion 

reactions. In contrast, if MWCNT-NH2 is utilized 

alone in the coating, it fails to prevent metal 

degradation reactions. Among the samples containing 

varying percentages of inhibitor, the 50 % GA sample 

exhibited superior corrosion resistance compared to 

the 25% GA sample. It can be concluded that these 

findings are more favorable due to the increased 

quantity of inhibitor. However, for the 75 % GA 

sample, increasing the inhibitor amount does not 

necessarily improve coating properties, as this 

increase may interfere with film formation. When the 

corrosion inhibitor is added in excess, it can hinder the 

proper dispersion and adhesion of the coating 

material. This may lead to uneven coating, cracks, or 

inadequate adhesion to the substrate. Consequently, 

the coating's ability to provide effective corrosion 

protection is compromised. Coatings must possess 

specific mechanical properties, including hardness, 

flexibility, and impact resistance, to endure various 

conditions. Excessive addition of inhibitors can alter 

the molecular structure and interactions within the 

coating matrix. Consequently, this may lead to 

coatings that are overly soft, brittle, or deficient in the 

flexibility required to endure mechanical stress.  

 

4. Conclusions 

Results demonstrate that surface modification of 

MWCNT-NH2 with GA was successfully performed in 

three distinct ratios of GA (MWCNT-NH2/25% GA, 

MWCNT-NH2/50% GA, and MWCNT-NH2/75%GA). 

Electrochemical assessments conducted in solution 

demonstrated the development of an active protective 

effect using MWCNT-NH2/GA. The total corrosion 

resistance obtained in the electrochemical impedance 

test for the MWCNT-NH2/25 % GA, MWCNT-NH2/50 

% GA, and MWCNT-NH2/75 % GA after 24 hours of 

immersion was 37, 58, and 32 % greater than that of the 

saline solution devoid of nanoparticles, respectively. 

Among them, MWCNT-NH2/50 % GA released the 

most significant quantity of gallate ions into the 

electrolyte. The electrochemical impedance test, along 

with the salt spray test on scratched EP coatings 

containing MWCNT-NH2/GA, further validated the 

formation of an active protection layer within the epoxy 

coating. All GA-containing MWCNT-NH2 particles 

imparted a self-healing effect to the coating. The 

evaluation of the scratch site was performed using 

FESEM and EDS. The findings regarding cathodic 

separation and adhesion under both dry and wet 

conditions also indicated enhanced adhesion in coatings 

incorporating MWCNT-NH2/GA. The MWCNT-

NH2/GA50 % was the most effective in delivering 

active corrosion protection and enhancing adhesion, 

attributed to their superior release of gallate ions and 

favorable compatibility and dispersion within the EP 

coating. Consequently, the immobilization of GA on 

MWCNTs provides a highly effective, environmentally 

friendly method for enhancing the active corrosion 

protection capabilities of epoxy coatings. 
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