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ABSTRACT 

The problem of corrosion of carbon steel in acidic environment remains a serious problem in 

industrial usage, causing a shortening of service life, and higher maintenance expenses. In this 

paper, a novel hybrid manganese oxide (MnO2) and coconut husk nanoparticles (CHNP) have 

been developed and optimized to enhance corrosion resistance. The experimental runs were 

designed and optimized using Response Surface Methodology (RSM) where MnO2 and CHNP 

loadings were the key variables. The weight loss method in varied concentration of a simulated 

acidic media (0.5 – 2.5 M H2SO4 solution) was used to evaluate the corrosion behaviour. 

Findings showed the hybrid coatings to have excellent protective efficiency of over 94% and a 

drastic reduction in corrosion rate occurred (35.42 mm/yr in uncoated steel to 1.8424 mm/yr in 

optimum hybrid coating). The sufficiency of the RSM models was statistically confirmed and 

the coefficients of determination were high (R2 = 0.99). It is shown that agro-waste-derived 

CHNP, mixed with MnO2, is a cost-effective, environmentally friendly, and high-performance 

reinforcer of epoxy coating when used in a harsh acidic condition. 

 

Keywords: Hybrid epoxy coating, Carbon steel, Corrosion resistance, Coconut husk 

nanoparticles, Manganese oxide, Response Surface Methodology 

 

INTRODUCTION 

Metallic corrosion, particularly in carbon steel, is a significant concern in the 

construction, petrochemical, and manufacturing industries. Carbon steel easily corrodes when 

it is subjected to acidic conditions, causing structural failures, environmental and economic 

losses (Kania, 2023; Zehra, Mobin, & & Aslam, 2022; Joseph, SBanjo, Afolalu, & Babaremu, 

2022; Aryai, Baji, & Mahmoodian, 2022; Menga, et al., 2023). Corrosion protective coatings 

are considered one of the best solutions to this problem (Kania, 2023; Chopra, Ola, Dhayal, & 

Shekhawat, 2022; Sesia, Spriano, Sangermano, & Ferraris, 2023), and the most commonly used 

protective coatings are the epoxy-based systems (Anwar & Li, 2024). This is due to their high 

adhesion, resistance to chemicals, and low cost (Sreehari, Sethulekshmi, & & Saritha, 2022; 

Yuan, et al., 2022; Rahman & Akhtarul Islam, 2022). However, traditional epoxy paints tend 

to be brittle and cannot perform well in harsh environments over time (Chen, et al., 2024; Fu, 

Wu, Li, Xu, & Wang, 2022; Chen, et al., 2022; Bratasyuk, Latyshev, & Zuev, 2023).  

In order to overcome these shortcomings, hybrid nanocomposite coatings have been 

explored. One way to enhance the barrier performance, toughness, and corrosion resistance of 

an epoxy matrix is to incorporate nanoparticles into the matrix (Zhang, et al., 2023; Samardžija, 

Alar, Špada, & Stojanović, 2022; Iyer, Nayak, Hiremath, Heckadka, & Jaideep, 2023; 

Esmailzadeh, Tammari, Safarpour, Razavian, & Pezzato, 2024; Srinivasa Perumal, Selvarajan, 

Mathan Kumar, & Shriguppikar, 2025). Among the inorganic additives, metallic oxide 

nanoparticles exhibit superior redox activity and surface stability, which can be utilised to 

enhance the passive barrier properties of coatings (Wang, et al., 2022; Ezzeddin & Al-khalidi, 
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2024; Gnanavelbabu, Vinothkumar, & Prahadeeswaran,, 2024; Okon, et al., 2025). Meanwhile, 

bio-based reinforcements, such as agro-wastes, are sustainable alternatives, cost-effective and 

enhance mechanical reinforcement, promoting the development of eco-friendly materials 

(Oisakede & Sadjere, 2022; Joshi, Bajpai, & Mukhopadhyay, 2023; Opadoyin, Fayomi, & 

Atiba, 2024). 

Design of coating formulations has key experimental optimization techniques that are 

essential in the selection of the formulations to maximise protective capabilities. Response 

Surface Methodology has become a potent statistical instrument to optimize the parameters of 

experiments and reduce the number of tests, but with a high level of predictive models 

(Elkelawy, et al., 2024; Dubey, Prasad, Kumar Singh, & Nayyar, 2022; Kocakulak, et al., 

2023).  Although there has been growing interest in nanocomposite coatings, only a few 

researchers have reported on the synergistic application of agro-waste-derived nanoparticles 

and inorganic reinforcements with epoxy coatings, especially with RSM to optimize their use. 

In this work, experimental design, preparation and optimization of hybrid epoxy coating 

reinforced with a combination of MnO2 and CHNP are therefore emphasized. The developed 

coating was then immersed in an acidic medium (H2SO4), and weight loss technique was used 

to determine the corrosion resistance. The goals include identifying the best ratio of the novel 

hybrid coating, testing its protective effectiveness against the corrosion of carbon steel and 

testing the predictive potential of the RSM model. 

 

MATERIALS AND METHODS 

 

Materials   

Carbon steel substrates (composition: C = 0.67%, Mn = 0.58%, Si = 0.06%, P = 0.01%, 

S = 0.01%, Cu = 0.21%, Fe = balance) with dimensions 4 cm × 4 cm × 5 cm were used. Epoxy 

resin and curing agent, distilled water, and acetone were procured from Onitsha Chemical 

market, Nigeria. MnO₂ nanoparticles (purity of 99.4%) were obtained from Kermel Chemical 

International, while coconut husk was sourced locally, dried, ground, and processed into 

nanoparticles. 

 

Preparation of Nanoparticles 

Coconut husk was washed to remove any debris, sun-dried for three days, pulverized, 

and subjected to mechanical ball milling for 78 hours. The resulting powder was sieved using 

a magnetic sieve of 75 µm mesh. MnO₂ nanoparticles were used as received, with particle sizes 

averaging 65-100 nm. 

 

Hybrid Coating Formulation 

Different ratios of MnO₂ and CHNP as obtained from the RSM experimental design were 

dispersed into epoxy resin using mechanical stirring to ensure homogeneity. The hardener was 

added in a ratio 2:1 according to the manufacturer’s recommendation, and the mixture was 

applied onto polished carbon steel specimens using the dip technique. Coated samples were 

left to cure at room temperature for about 48 hours. 

 

Experimental Design Using RSM 

A Central Composite Design (CCD) was employed using MINITAB 17 software. The 

independent variables were MnO₂ in wt. %, CHNP in wt. % and H2SO4 in mol/dm3, while the 

response was corrosion rate. A total of 20 experimental runs were generated, and the results 

were analysed using ANOVA to determine model significance. 
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Weight Loss Method of Corrosion Testing 

At room temperature, samples were immersed for a 30-day period in the different H2SO4 

concentration to assess the loss in mass and hence calculate the extent of corrosion. Initial and 

final weights of the specimens were taken and corrosion rate (CR) was calculated using 

equation 1. 

𝐶𝑅 =
𝐾 𝑋 𝑊

𝐴 𝑋 𝐷 𝑋 𝑇
      (1) 

Where CR = corrosion in mm/yr 

 K = 87600 

 W = weight loss in grams (g) 

 A = total area of exposed surface in cm2 

 D = density of material in g/cm3 (D for steel is 7.85g/cm3) 

 T = time of exposure in hours 

The optimum blend to achieve minimum corrosion rate for the coating will then be 

analysed by carrying out optimization using the MINITAM software. The optimal result 

obtained was then validated experimentally and used to calculate the protective efficiency of 

the developed coating using equation 2. 

𝑃𝐸 (%) =
𝐶𝑅,𝑢𝑛𝑐𝑜𝑢𝑡𝑒𝑑− 𝐶𝑅,𝑐𝑜𝑢𝑡𝑒𝑑 

𝐶𝑅,𝑢𝑛𝑐𝑜𝑢𝑡𝑒𝑑
𝑋 100         (2) 

 

RESULTS AND DISCUSSION 

 

Weight Loss Data 

The weight loss calculation and corrosion rate calculated using equation 1 is shown in 

Table 1. It can be seen that the third experimental run with 4.18 wt % CHNP and 1.81 Wt % 

MnO2 in 1 mol/dm3 H2SO4 experienced the lowest corrosion rate while the sixth experimental 

run with 1.18 wt % CHNP and 4.81 Wt % MnO2 in 2 mol/dm3 H2SO4 experienced the highest 

corrosion rate. This suggests that the effect of CHNP and MnO2 in the coating is inversely 

proportional. 

 

Table 1:  Weight Loss and Calculated Corrosion Rate 

RUN 
H2SO4 

(mol/dm3) 

CHNP   

(wt %) 

MnO2 

(wt %) 

W1      

(g) 

W2         

(g) 

W1-W2 

(g) 

CORR RATE 

(mm/yr) 

1 1 1.81 1.81 61.779 57.964 3.815 3.6955 

2 2 1.81 1.81 65.167 60.874 4.293 4.1586 

3 1 4.18 1.81 71.765 69.47 2.295 2.2231 

4 2 4.18 1.81 65.649 62.813 2.836 2.7472 

5 1 1.81 4.18 67.506 61.574 5.932 5.7462 

6 2 1.81 4.18 58.824 52.48 6.344 6.1453 

7 1 4.18 4.18 68.403 64.689 3.714 3.5977 

8 2 4.18 4.18 58.824 54.827 3.997 3.8718 

9 0.5 3 3 66.216 62.35 3.866 3.7449 

10 2.5 3 3 60.593 56.32 4.273 4.1392 

11 1.5 1 3 64.264 58.389 5.875 5.6910 

12 1.5 5 3 61.131 58.688 2.443 2.3665 

13 1.5 3 1 63.329 60.87 2.459 2.3820 

14 1.5 3 5 70.174 64.453 5.721 5.5418 

15 1.5 3 3 62.421 58.339 4.082 3.9542 

16 1.5 3 3 64.125 60.252 3.873 3.7517 

17 1.5 3 3 66.778 63.054 3.724 3.6074 

18 1.5 3 3 57.343 53.352 3.991 3.8660 

19 1.5 3 3 61.745 57.956 3.789 3.6703 

20 1.5 3 3 62.156 58.26 3.896 3.7740 
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RSM Optimization Results  

The results of ANOVA, as shown in Table 2, supported the quadratic models as 

significant (p < 0.05).  The model summary table shown in Table 3 gives the R2 value of the 

model as 99.13%. This implies that the model was able to explain over 99% of the data 

supplied. It can also be seen in Table 2 that the 2-way interaction for the two reinforcements 

used in developing the hybrid coating had significant effect on the corrosion rate.  

 

Table 2: ANOVA Table 

Source DF Adj SS Adj MS F-Value P-Value 

Model 9 23.3846 2.5983 126.50 0.000 

  Linear               3 22.8384 7.6128 370.64 0.000 

    H2SO4 1 0.3743 0.3743 18.22 0.002 

    CHNP 1 12.1813 12.1813 593.06 0.000 

    MnO2 1 10.2824 10.2824 500.61 0.000 

  Square 3 0.2336 0.0779 3.79 0.047 

    H2SO4* H2SO4        1 0.0603 0.0603 2.94 0.117 

    CHNP*CHNP          1 0.1472 0.1472 7.17 0.023 

    MnO2*MnO2          1 0.0877 0.0877 4.27 0.066 

  2-Way Interaction    3 0.3085 0.1028 5.01 0.023 

    H2SO4*CHNP         1 0.0005 0.0005 0.03 0.874 

    H2SO4* MnO2         1 0.0125 0.0125 0.61 0.454 

    CHNP* MnO2          1 0.2955 0.2955 14.39 0.004 

Error 10 0.2054 0.0205   

  Lack-of-Fit          5 0.1255 0.0251 1.57 0.316 

  Pure Error           5 0.0799 0.0160   

Total 19 23.5900    

   

Table 3: Model Summary 

S R-sq sq(adj) R-sq(pred) 

0.143317 99.13% 98.35% 95.22% 

 

The regression equation of uncoded units developed by the software is given in 

equation 3.  

 

CORR RATE = 3.499 - 0.032 H2SO4 - 0.797 CHNP + 0.907 MnO2 + 0.193 H2SO4*H2SO4 + 

+ 0.0722 CHNP*CHNP + 0.0557 MnO2*MnO2 - 0.0139 H2SO4*CHNP - 

 - 0.0666 H2SO4*MnO2 - 0.1369 CHNP*MnO2     (3) 

 

The contour plots of corrosion rate are given in Figure 1. It can be observed that corrosion 

rate reduced as the quantity of CHNP increased but increased with increased MnO2 

concentration. It can also be seen that although corrosion rate increased as the acid 

concentration increased, the increment was gentler as MnO2 quantity increased in the coating 

combination. It can be deducted that the CHNP in the coating had more positive effect on 

corrosion rate but the presence of MnO2 acted as a stabilizer in acid medium. The surface plot 

given in Figure 2 showed that increment in corrosion rate as the acid concentration increased 

was mild, indicating that the coating performed well in acid medium.  
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Figure 1: Contour Plot for Corrosion Rate 

 

 
Figure 2: Surface Plots for Corrosion Rate 

 

It can be seen in the optimisation plot given in Figure 3 that at a desirability of 100%, an 

optimal blend of 4.65 wt %CHNP and 1,5 wt % MnO2 immersed in 0.7 M H2SO4 would 

experience a corrosion rate of just 1.8401 mm/yr. These values were validated experimentally 

and the result obtained for corrosion rate was 1.8424 mm/yr which means there was just a 

0.12% difference between the experimental result and that predicted by the software. 
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Figure 3: Optimisation Plot 

 

Protective Efficiency  

The calculated corrosion rates of the blank/uncoated and optimal specimen is given in 

Table 4. 

 

Table 4: Protective Efficiency of Optimal Sample 

SAMPLE W1 (g) W2 (g) W1-W2 (g) CORR RATE (mm/yr) P.E (%) 

Blank 59.246 22.678 36.568 35.4228 0 

Optimal 58.64 56.738 1.902 1.8424 94.8 

 

The calculated protective efficiency of the optimal combination was found to be 94.8%. 

This shows the synergy of combining MnO2 and CHNP in the inhibition of corrosive assault 

on carbon streel.  

 

Summary of Findings  

The developed novel hybrid coating showed excellent performance. This could be due to 

enhanced particle packing, barrier stability and high adhesion of nanoparticles in the epoxy 

matrix. The efficiency of almost 95% obtained is quite impressive. It is worthy of note that 

agro-waste (CHNP) offers a sustainable, low-cost cost and environmentally friendly route to 

the development of advanced coatings  

 

CONCLUSIONS 

An innovative hybrid MnO2 and CHNP reinforced epoxy coating has been developed 

and optimized with the help of RSM. The 0.7 M H2SO4 weight loss tests established a high 

corrosion resistance of the hybrid coating, as compared to uncoated carbon steel. The optimal 

formulation was found to show protective efficiency of approximately 95% and a reduction in 

the corrosion rate from 35.42 mm/yr (uncoated) to 1.84 mm/yr (hybrid). RSM models were 

statistically significant and effective in predicting coating performance. 
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