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Abstract 

The effectiveness of Aloe Vera (AV) gum extract as a corrosion-inhibiting and self-healing agent in alkyd-based coatings was 

investigated in the present study with the aim of developing environmentally friendly protective coatings. To identify the active 

chemical constituents responsible for corrosion inhibition, phytochemical screening of the AV gum extract was carried out and 

revealed the presence of bioactive compounds capable of enhancing coating performance. In this work, both urea-formaldehyde 

(UF) and melamine-formaldehyde (MF) resins were employed as wall materials for the encapsulation of the AV gum extract 

through microencapsulation techniques. The prepared microcapsules were characterized using Fourier Transform Infrared 

Spectroscopy (FTIR) to confirm successful encapsulation and the presence of functional groups associated with the extract and 

polymer matrices. In addition, the surface morphology and dispersion of the microcapsules within the alkyd coating matrix were 

examined using Scanning Electron Microscopy (SEM). Experimental design analysis and outdoor immersion tests demonstrated 

that the AV gum extract exhibited remarkable anticorrosion efficiency, improved barrier performance, and effective self-healing 

capability on damaged or scribed coating surfaces. The coatings containing AV-loaded UF microcapsules showed superior 

performance compared to MF-based systems. Overall, the study established that Aloe Vera gum extract can serve as an effective, 

sustainable, and low-cost additive for producing eco-friendly self-healing alkyd-based anticorrosive coatings without reliance 

on expensive synthetic co-reactants. 
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1. Introduction 

Alkyd resin is an oil-based coating used in the protection of 

metal from corrosion in the industry [1-3]. These coatings ex-

perience large failure with time during service life thereby 

causing irreplaceable damage to life and property. However, 

several efforts have been made by coating researchers to im-

prove the barrier performance of alkyd-based coating using 

particulate fillers and/or natural exudates [4-6]. Among the 

particulate fillers and natural exudates reportedly used in-

cludes natural gum exudates [7], Linseed oil [8], neem oil [9], 

vegetable oil [10], etc. These natural exudates have certain 

properties that are also found in Aloe Vera and more which 

could be utilized for formulation of oil-based coatings [11]. 

Aloe Vera is a perennial plant of the Xanthorrhoeaceae 

family [12-15], which can be found in most part of African 

countries especially Nigeria. The choice of Aloe Vera is occa-

sioned by the rich content, minerals and vitamins, which can 

be deployed in the inhibition of mild steel during service life 

[16]. For instance, the pharmaceutical scientists have proven 

Aloe Vera gel in its use for treatment of choice for burn inju-

ries, [17-19], and [20], healing cutaneous wounds in rats [21], 

improve the speed of episiotomy wound healing, [22]. All 

these recorded successes could be attributed to the antimicro-

bial and anti-inflammatory effect [23]. Additionally, antioxi-

dants enzymatic systems such as glutathione peroxidase, cat-

alase, and superoxide dismutase (SOD) – metabolize oxida-

tive toxic intermediates [24-26] and the presence of minerals 

like calcium, sodium magnesium, zinc, copper together with 

vitamins B1, B2, B6, C, E and folic acid, [27, 28] richly found 

in Aloe Vera gel facilitates in catalysing the reactions in treat-

ment of wound in human body and animals. In view of the 

above advantages, some literatures have reportedly used Aloe 

Vera in corrosion control of some metallic materials. 

For instance, Mehdipour et al., 2015 and Ardakani et al., 

2020 evaluated Aloe Vera as a Green inhibitor of steel in HCl 

and H2SO4 medium and observed its efficiency in forming 

protective layer on the metals like mild steel and aluminum 

against the acid attack but more protective in sulphuric acid 

[29, 30]. Similarly, Benzidia, B., et al, 2019 [31] investigated 

Aloe Vera as a natural inhibitor in NaCl mild steel attack and 

noted that the efficiency and coverage ratio increased with an 

increase in aloe vera content up to (75μml) to reach (81.81%) 

and (0.818) respectively. Vashi, R. and Chaudhari H., 2017 

studied [32] and found out that Aloe-Vera gel Extract is a 

Green Corrosion Inhibitor for Mild Steel in Acetic acid. Ac-

cording to their findings, the presence of Glucose, Mannose, 

and Cellulose in Aloe Vera makes its reactivity in other mate-

rials remarkable, effective, efficient, as well as its deployment 

for corrosion inhibition. Furthermore, the extracted com-

pounds of Aloe Vera especially the tannin compound can ad-

sorb on the metal surface and block the active sites on the sur-

face thereby reducing the corrosion rate [33]. The impact of 

Aloe Vera as a biopolymer has found wide application [34, 

35]. 

In spite of all these recorded successes, the life span of Aloe 

Vera during its inhibiting function remains a challenge as de-

crease in inhibition efficiency was observed with increase in 

Aloe Vera concentration above 75μml, [36]. This could be at-

tributed to the fact that they are readily soluble in water 

thereby exhibiting uncontrolled release of their contents, thus 

resulting in durability challenge. Hence, the need to increase 

the service life and preserve the inhibitor (Aloe Vera gum ex-

tract) by encapsulating it for higher and longer performance. 

In other words, this research is focused in embedding the in-

hibitor into a coating formulation and controlled released per-

formance when incorporated into a microcapsule. More so, 

such functional coating with Aloe Vera loaded microcapsule 

gives the mild steel maximum protection with self-healing ca-

pabilities during service operation [6, 37-39]. 

Few studies on the use of Aloe Vera gum extract for corro-

sion inhibition in aggressive medium have been reported, 

however, to the best of the authors knowledge, little or no 

study has been reported in the open literature in incorporating 

Aloe Vera gel in an alkyd-based protective coating of metallic 

surfaces for corrosion inhibition and self-healing application 

except the one emanating from our laboratory. Interestingly, 

Aloe Vera has not only found suitable applications in healing 

of wounds and for medical purposes but also in the inhibition 

of corrosion attack and more effective when incorporated into 

a coating formulation for self-healing and controlled release 

during service life in marine application. 

The purpose of the study is to for deepen in a confirmatory 

way the use of Aloe Vera to inhibit metal corrosion. Addition-

ally, Aloe Vera will be used embedded in coating formulation 

for corrosion studies which has not been reported anywhere 

except the one emanating from our laboratory. Its significance 

is seen in the rich content of Aloe Vera. 

In favor of the rich chemical content of Aloe Vera, this pre-

sent study seeks to investigate the use of Aloe Vera gel extract 

for self-healing and anti-corrosive capabilities in alkyd-based 

coating. This is done by microencapsulating the inhibitor with 

both urea and melamine formaldehyde using the in situ-

polymerization method. Surface morphologies of the micro-

capsules were evaluated using the Scan electron microscope 

(SEM) and examined by Fourier transform Infrared Spectros-

copy (FTIR). Furthermore, the microcapsule loaded with in-

hibitor was incorporated into an alkyd-based coating for cor-

rosion testing, self healing evaluation and inhibition. 

2. Experiments 

2.1. Materials 

Aloe Vera gum extract was collected manually from the 

plant by pressing the leaves and extracting the gel. The Aloe 

Vera was locally sourced from Anambra State, Nigeria. Iden-

tification of the plant was done in Crop Science Technology 
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Laboratory, Federal University of Technology, Owerri, Nige-

ria. The extracted Aloe Vera (AV) gum was stabilized using 

ammonia solution and then stored in a dessicator prior to its 

use as healing and anti-corrosive agents. 

The microcapsule’s shell was formed using Urea, melamin 

and formaldehyde (37 wt% formaldehyde in water) solution 

by in situ-polymerization method. The solution dodecyl ben-

zene sulfonate (SDBS) and poly (vinyl alcohol) (PVA) were 

used as surfactants and stabilizers, respectively. To increase 

the mechanical strength of the capsule, resorcinol and ammo-

nium chloride were used as cross-linker and co-reactants re-

spectively. Sodium hydroxide (NaOH) and sulphuric acid 

(H2SO4) were used to control pH. The coating was prepared 

using alkyd resin while calcium carbonate (CaCO3) and lin-

seed oil were used as extenders and solvent. Litharge was 

added to the paint to quicken the drying time. Prepared coat-

ings were applied on Q235 steel which was used as substrate. 

Sodium chloride (NaCl) was used for the preparation of sim-

ulated marine water (electrolyte). All these reagents and 

chemicals were of analytical grade. 

2.2. Methods 

2.2.1. Encapsulation Process 

The following procedures as already established by 

Arukalam I. O et al., 2021, Njoku C. N. et al, 2018 and 

Arukalam et al., 2020 [40-42] was carried out. Firstly, urea-

formaldehyde (UF) and melamine-formaldehyde (MF) were 

each prepared by mixing 20.0 g of urea and 20.0 g of formal-

dehyde; 20.0 g of melamine and 20.0 g of formaldehyde sep-

arately in 250 ml beakers and stirred at 250 rpm until clear 

solutions were obtained. The pH of the solutions was adjusted 

to 8.5 with NaOH. The resulting mixtures in separate beakers 

were heated to 70°C for 1 hour in a thermostatic water bath. 

Consequently, urea formaldehyde and melamine formalde-

hyde pre-polymers were produced. 

Secondly, each of the pre-polymers was mixed with 0.5 g 

PVA and 0.1 g SDBS in the presence of water (water phase). 

Subsequently, the appropriate amount of the extracted Aloe 

Vera gum was dispersed in the water phase by vigorously stir-

ring the mixture at 500 rpm for 20 minutes to allow the Aloe 

Vera gum to be incorporated into the pre-polymer. Addition-

ally, of 0.5 g of resorcinol and 0.5 g ammonium chloride were 

incorporated into the reaction medium. Also, two drops of 0.5 

M H2SO4 acid catalyst were added to the emulsion to adjust 

the pH to 2.5 and the overall mixture was placed on a hot plate 

magnetic stirrer equilibrated at 70°C and 500 rpm. The set-up 

was allowed for 3 hours to ensure adequate interfacial 

polymerization and encapsulation process. At the end of the 

allotted time, the beakers containing the capsules were re-

trieved and allowed to cool at room temperature. The capsules 

were separated from the aqueous phase by filtration technique 

using filter paper and funnel. The obtained capsules were 

washed with water and oven dried at 50°C for 5 hours. There-

after, they were gently ground in a mortar and sieved using the 

50 micron-sized mesh to obtain free flowing powdered micro-

capsules. 

2.2.2. Characterization of UF-Aloe and MF-Aloe 

Capsules 

The Aloe Vera capsules loaded in both melamine and urea 

formaldehyde were characterized using both Scan electron 

microscope (SEM) and Fourier transform infrared spectros-

copy (FTIR). The samples were dispersed in appropriate 

quantity of xylene using ultra-sonicator, which was further 

kept on a silicon surface and air dried. INSPECT F50 Filed 

Emission SEM were used to check for the surface morphology 

of the microcapsules. The use of Nicolet Corporation Model 

magna IR560 infrared Spectrophotometer was also employed 

in determining the IR Spectra of the microcapsules in the 

range of 400 to 4000 cm-1 wavelength. 

2.2.3. Coating Preparation 

A little portion 10.0 g of MF loaded microcapsule of Aloe 

Vera was dispersed in 10 ml of xylene with the help of an ul-

trasonicator water bath for 20 mins to get a uniform solution. 

Alkyd resin solution was furthermore prepared by dissolving 

10.0 g alkyd resin with 5 ml xylene. A proper mixture of both 

solutions (resin and particle) was obtained after 30 mins of 

using magnetic stirrer. Curing agent in the ratio of 3:2 was 

further added to the resulting solution and was properly mixed 

for 2 h. The above listed procedure was carefully repeated for 

the UF loaded microcapsule of Aloe Vera. For a control sam-

ple, alkyd coating without the microcapsule was also prepared 

to serve as a point of reference and following similar steps 

outlined above. 

The 3 different resulting coatings viz plain alkyd, MF + 

Aloe Vera and UF + Aloe Vera were carefully applied using a 

brush on Q235 steel substrates. To achieve proper curing of 

the coating, the coated substrate was allowed to air dry for 7 

days. At the expiration of 7 days, (PosiTector 6000 of De-

felsko, USA) handheld electronic guage was used to ascertain 

the average film thickness of the coatings and it was measured 

to be 55 ± 12 μm. Furthermore, gravimetric weight loss/gain 

method was first employed to check the impact of the NaOH 

solution on the coated substrate. The substrate was subse-

quently retrieved for 21 days and the outcome duly noted. Ad-

ditionally and as described in Njoku C. N. et al, 2018 and 

Arukalam et al., 2020 Jadhav et al., 2011 [41-43], the coated 

substrate was carefully scribed with a knife and exposed to the 

NaOH medium to check for the self-healing capabilities of the 

Aloe Vera loaded microcapsules. 

2.3. Experimental Design 

Central composite design (CCD) of response surface meth-

odology was used to study effects of the dosage of UF-Aloe 

or MF-Aloe and days as independent variables on the depend-

ent variables (weight loss). The factors and levels of the ex-
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perimental design are displayed in Table 1. The 20 experi-

mental runs were obtained using the CCD with alpha (𝛼) value 

of 1.68. These formulations consist of six centre points, six 

axial points and eight factorial points. The experiments were 

conducted randomly, and the data were analyzed by using De-

sign Expert Software version 13. 

Table 1. Experimental design range and levels of independent varia-

bles using central composite design of experiment. 

Factor -α -1 0 1 +α 

UF-Aloe or 

MF-Aloe 
0 1 5 9 10 

Days (time) 7 10 18 25 28 

Anti-corrosion and Self-healing Performance of the Coat-

ing 

To ascertain the anti-corrosion and self-healing perfor-

mance of the coatings loaded with the microcapsules, the 

scribed and unscribed coated substrate was clamped between 

the O-ring seal and a glass tube. 3.5% of NaOH was used to 

fill the tube and was covered with a rubber stopper. Mounted 

over the stopper was a platinum counter electrode (PCE) and 

a saturated colomel electrode (SCE) which served as a refer-

ence. At a room temperature of (25 ± 1°C) with an Autolab 

electrochemical station, Electrochemical Impedance Spec-

troscopy (EIS) tests were carried out on the samples in the fre-

quency range of 100 kHz to 10 mHz with a 20 mCAV pertur-

bation at open circuit potential. The various coated samples 

were immersed in the corrosive medium and periodically 

monitored for 24, 72, 120, 240, 360 and 480 h. To ensure re-

producibility, the experimental procedures were repeated 

three times for each coating formulation. The date presented 

was done in the terms of Bode Impedance Modulus |Z|. Fur-

thermore, for proper analysis of the self-healing ability, the 

surface morphology was properly observed using the Scan 

electron Microscope on the plain and the two composite coat-

ings before and after EIS experiment. 

2.4. Results and Discussion 

2.4.1. Results on the SEM and FTIR Analysis 

The microcapsules were exposed to SEM analysis Figure 1 

of both the Urea and melamine loaded microcapsule to check 

its surface morphology bearing both the core and shell part as 

explained in an article [44, 45]. The SEM images were taken 

at 1000 μm and 2000 μm respectively showing the presence 

of the core (carrying the microcapsule) and the shell (the urea 

and melamine). The Shell in aggressive medium breaks open 

thereby releasing the content of the microcapsule that truly 

brings about healing in a particular crack on the metal during 

usage. 

 
Figure 1. SEM images of (A) MF+Aloe vera and (B) UF+Aloe vera. 

Similarly, in (Table 2) the microcapsules containing Aloe 

Vera are also seen to contain an amide group both primary and 

secondary as observed from the FTIR spectra of 3500 and 

1680 respectively. The C-H stretch bond is the type of vibra-

tion causing IR absorption as seen in Folic acid (A Vitamin 

seen in Aloe Vera) [12, 46] and C-O stretch bond as seen in 
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Aloe Emodin (An Anthroquinone) which is also seen in Aloe Vera [47-49]. 

Table 2. IR Spectra data of microencapsulated (MF+Aloe Vera) and (UF+Aloe Vera). 

Characteristic group MF+Aloe Vera UF+Aloe Vera Remarks 

C=O stretching 1803 1815 Strong acid halide 

N-H stretching 3500 3450 Medium primary amide 

O-H bending 1390 1320 Medium Phenol 

C=O stretching 1680 1650 Strong secondary amide 

O-H stretching 3326 3316 Strong carboxylic acid 

C-H stretching 2855 2922 CH2 group 

 

There is a presence of strong of acid and alkane group that 

makes the Aloe vera a good inhibitor to corrosion. Further-

more, medium phenolic scaffold was observed in Aloe Vera 

which gives its antioxidant property [50] and is very suitable 

for the purpose of corrosion inhibition and self-healing on 

coatings. Figure 3 Folic acid, a vitamin and Aloe Emodin fur-

ther portrays the chemical compound most visible in Aloe 

vera with the bonding sites for reaction. 

 
Figure 2. FTIR Spectra of (A) UF+Aloe Vera and (B) MF+Aloe Vera. 

 
Figure 3. (A) Folic acid and (B) 1, 8-dihydroxy-3-(hydroxymethyl) anthracene-9, 10-dione (Aloe Emodin). 
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The combination of these peaks in Figure 2 indicates the 

successful integration of both UF resin and Aloe Vera. The 

strong O-H stretch indicates the Aloe Vera component, while 

the carbonyl and N-H stretches are indicative of the urea-for-

maldehydes resin which confirms encapsulation. The spec-

trum likely shows overlapping regions because of the combi-

nation of the resin and natural polymer in Aloe Vera. 

For the MF + Aloe Vera sample (Figure 2B), the FTIR 

graph also have peaks for the Aloe Vera's O-H groups along-

side strong peaks for N-H and C-N vibrations from the mela-

mine component also showing encapsulation. The C=O and 

C-N bonds in melamine are likely contributing sharper and 

more defined peaks compared to the UF system due to mela-

mine's more rigid and aromatic nature. 

In comparison UF + Aloe Vera may show more prominent 

N-H and C=O stretches due to the simpler molecular structure 

of urea compared to melamine while MF + Aloe Vera have 

sharper peaks due to the aromatic rings in melamine, contrib-

uting to stronger, more defined peaks in the C-N region. Both 

samples show the presence of Aloe Vera, characterized by 

broad O-H stretches, while the UF and MF resins contribute 

their respective characteristic peaks. 

Electrochemical Impedance Spectroscopy (EIS) was em-

ployed to evaluate the corrosion protection and self-healing 

performance of the plain coating and the microcapsule-loaded 

composite coating during immersion in 3.5 wt% NaCl solu-

tion. 

 
Figure 4. Electrochemical Impedance Spectroscopy (EIS) response of plain and microcapsule-loaded composite coatings after immersion in 

3.5 wt% NaCl solution for different exposure times. (a) Bode impedance modulus |Z| as a function of frequency, showing a continuous reduction 

in low-frequency impedance for the plain coating, while the composite coating retains significantly higher |Z| values at prolonged immersion. 

(b) Bode phase angle plots illustrating the evolution of dielectric behavior; the composite coating maintains a broader and more stable capac-

itive region compared to the plain coating. (c) Nyquist plots indicating a progressive decrease in charge-transfer resistance (R₍ct₎) for the plain 

coating, whereas the composite coating exhibits an increase in R₍ct₎ at extended immersion times, confirming effective self-healing behavior. 

The combined EIS results demonstrate that while the plain 

coating undergoes irreversible degradation during immersion, 

the microcapsule-loaded coating effectively responds to dam-

age by releasing healing agents that seal defects and restore 

the protective barrier. The recovery of impedance and charge-

transfer resistance at long immersion times confirms the self-

healing capability of the composite coating and its en-

hanced corrosion protection performance. The EIS results 

clearly demonstrate that the microcapsule-loaded coating 

exhibits autonomous self-healing behavior, evidenced by 

the recovery of low-frequency impedance, stabilization of 

phase angle response, and increased charge-transfer re-

sistance during prolonged exposure to a corrosive environ-

ment. 

 

2.4.2. Statistical Analysis of Corrosion Weight Loss 

of UF-Aloe and MF-Aloe Incorporated 

Coatings 

The Central composite response surface method of the ex-

periment was used to examine the effects of independent var-

iables (UF-Aloe/MF-Aloe and time) on corrosion weight loss 

of epoxy coatings. According to the study, the corrosion 

weight loss value ranged from 0.053 g to 0.256 g for alkyd 

coatings incorporated with melamine formaldehyde microen-

capsulated aloe vera extract (MF-Aloe), and between 0.037 to 

0.154 g for alkyd coatings incorporated with urea formalde-

hyde (UF-Aloe). The design table for the independent varia-

bles and the response variable are shown in Tables 3 and 4 

below. 
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Table 3. The corrosion weight loss of alkyd coatings with respect to MF-Aloe and time. 

Run A: MF-Aloe B: Time weight loss 

 mg days mg Residual 

1 5 18 0.089 -0.0002 

2 0 18 0.248 -0.0008 

3 9 10 0.067 -0.0015 

4 5 18 0.089 -0.0006 

5 5 18 0.089 -0.0008 

6 10 18 0.053 0.0007 

7 1 10 0.184 -0.0006 

8 5 18 0.088 -0.0018 

9 9 25 0.062 0.0007 

10 1 25 0.256 0.0017 

11 5 18 0.093 0.0034 

12 5 28 0.137 -0.0017 

13 5 7 0.097 0.0016 

Table 4. The corrosion weight loss of alkyd coatings with respect to UF-Aloe and time. 

Run A: UF-Aloa B: Time weight loss 

 mg days mg Residual 

1 5 18 0.072 0.0002 

2 0 18 0.154 0.0000 

3 9 10 0.037 0.0004 

4 5 18 0.071 -0.0001 

5 5 18 0.072 0.0003 

6 10 18 0.048 -0.0002 

7 1 10 0.124 0.0002 

8 5 18 0.071 -0.0003 

9 9 25 0.059 -0.0001 

10 1 25 0.140 -0.0002 

11 5 18 0.072 -0.0000 

12 5 28 0.084 0.0002 

13 5 7 0.057 -0.0004 

 

Model Summary Statistics 

The quadratic model was selected as the best model for an-

alyzing weight loss for both coatings incorporated with MF 

and UF encapsulated aloe vera. This is because the R2, ad-

justed R2, and predicted R2 values were maximized by the 

quadratic model, as can be seen in the table below (Tables 5 
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and 6). The adjusted R2 value demonstrates the model's de-

scriptive power when more variables are included, whereas 

the predicted R2 value illustrates how well a regression model 

predicts the dependent variables. Additionally, the predicted 

and adjusted R2 values for the weight loss are both near unity 

for both MF-Aloe alkyd coatings and UF-Aloe alkyd coatings, 

and the difference between the two (predicted and adjusted R-

Squared) is less than 0.2, indicating that there is reasonable 

agreement between them [51]. 

Table 5. Weight loss Model Summary Statistics of MF-Aloe alkyd coatings. 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.0320 0.8148 0.7777 0.6769 0.0179  

2FI 0.0312 0.8418 0.7890 0.5922 0.0225  

Quadratic 0.0020 0.9995 0.9991 0.9978 0.0001 Suggested 

Cubic 0.0018 0.9997 0.9993 0.9995 0.0000 Aliased 

Table 6. Weight loss Model Summary Statistics of UF-Aloe alkyd coatings. 

Source Std. Dev. R² Adjusted R² Predicted R² PRESS  

Linear 0.0135 0.8809 0.8571 0.7803 0.0033  

2FI 0.0142 0.8814 0.8419 0.7071 0.0045  

Quadratic 0.0003 0.9999 0.9999 0.9997 4.692E-06 Suggested 

Cubic 0.0002 1.0000 1.0000 0.9997 4.022E-06 Aliased 

 

2.4.3. ANOVA for Quadratic Model 

The model's analysis of variance (ANOVA) and the related 

significant model terms for the dependent variable are shown 

in the table (Tables 7 and 8) below. The weight loss's model 

F-value of 2641.15 and 34681.87 for both MF-Aloe alkyd 

coatings and UF-Aloe alkyd coatings, respectively, indicates 

its significance. Furthermore, there is only a 0.01 per cent 

chance that a significant F-value is the result of noise. P-val-

ues below 0.05 further imply the significance of the model 

terms. Hence all model terms are important for studying MF-

Aloe incorporated alkyd coatings while A, B, AB, A2 are the 

only significant model terms for studying the weight loss of 

alkyd coatings incorporated with UF-Aloe. 

Table 7. Weight loss ANOVA for Quadratic model of alkyd coatings incorporated with MF-Aloe. 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0551 5 0.0110 2641.15 < 0.0001 significant 

A-MF-Aloa 0.0425 1 0.0425 10195.32 < 0.0001  

B-Days 0.0019 1 0.0019 458.18 < 0.0001  

AB 0.0015 1 0.0015 355.10 < 0.0001  

A² 0.0076 1 0.0076 1815.46 < 0.0001  

B² 0.0014 1 0.0014 346.87 < 0.0001  

Residual 0.0000 7 4.169E-06    

Lack of Fit 0.0000 3 4.662E-06 1.23 0.4092 not significant 
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Source Sum of Squares df Mean Square F-value p-value  

Pure Error 0.0000 4 3.800E-06    

Cor Total 0.0551 12     

Adeq precision 145.47 

Table 8. Weight loss ANOVA for Quadratic model of alkyd coatings incorporated with UF-Aloe. 

Source Sum of Squares df Mean Square F-value p-value  

Model 0.0152 5 0.0030 34681.87 < 0.0001 significant 

A-UF-Aloa 0.0127 1 0.0127 1.448E+05 < 0.0001  

B-Days 0.0007 1 0.0007 8293.41 < 0.0001  

AB 8.367E-06 1 8.367E-06 95.24 < 0.0001  

A² 0.0018 1 0.0018 20425.58 < 0.0001  

B² 7.730E-08 1 7.730E-08 0.8800 0.3794  

Residual 6.149E-07 7 8.784E-08    

Lack of Fit 3.869E-07 3 1.290E-07 2.26 0.2233 not significant 

Pure Error 2.280E-07 4 5.700E-08    

Cor Total 0.0152 12     

Adeq precision 320.55 

 

The lack of fit F-value for weight loss is 1.23 and 2.26 for 

MF-Aloe incorporated alkyd coatings and UF-Aloe incorpo-

rated coatings respectively, which indicates that it is not sta-

tistically significant in comparison to the pure error. A large 

Lack of Fit F-value has a 40.92% and 22.33 likelihood of be-

ing caused by noise in the MF-Aloe incorporated alkyd coat-

ings and UF-Aloe incorporated alkyd coatings respectively. 

Model fit can be achieved with a non-significant lack of fit. 

The signal-to-noise ratio is measured using adeq precision. A 

ratio of at least 4 is preferred. Consequently, a ratio of 145.47 

and 320.55 suggests a strong signal for both coatings incorpo-

rated with MF-Aloe and UF-Aloe respectively. Therefore, this 

model can be utilized to explore the design space. 

2.4.4. Model Equation 

As may be seen in the equations below, it was created to 

express weight loss. The resulting equations displayed the de-

pendent and independent variables' empirical relationship. By 

comparing the factor coefficients, the coded equation as it is 

given below can be used to determine the relative importance 

of the factors. 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠𝑈𝐹 =  0.071 − 0.037A +  0.009B +  0.0012AB +  0.0149𝐴2                 (1) 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠𝑀𝐹 = 0.088 − 0.0683A +  0.0154B − 0.01681AB +  0.03052𝐴2  +  0.01431𝐵2          (2) 

The experimental data were also subjected to analysis to in-

vestigate the normal plot of the residue and the association be-

tween experimental (actual values) and predicted values for 

weight loss for both UF-Aloe and MF-Aloe alkyd coatings as 

shown in Figures 4 and 5. As shown in the figures, the data 

points on the plot were linearly distributed and not far from 

the normal, demonstrating a good match between the experi-

mental and predicted values of the responses and the suitabil-

ity of the underlying assumptions of the aforementioned anal-

ysis. The outcome also indicates that the quadratic model cho-

sen was appropriate and sufficient in predicting the response 

variables for the experimental data. 
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Figure 5. Normal plot and the predicted versus actual values plot for weight loss of UF-Aloe alkyd coatings. 

  
Figure 6. MF-Normal plot and the predicted versus actual values plot for weight loss of MF-Aloe alkyd coatings. 

2.4.5. Effect of the MF-Aloe/UF-Aloe Dosage and 

Time on the Corrosion Weight Loss 

The statistically significant factors found by the statistical 

analysis were used to create the 3D plots. The graph displayed 

the combined impacts of two independent variables on corro-

sion weight loss. Figures 6 and 7 depicts the effects of MF-

Aloe dosage and time, and UF-Aloe dosage and time on the 

corrosion weight loss of the coatings respectively. From the 

figures below, it was observed that the increase in time (days) 

and decrease in MF-Aloe/UF-Aloe dosage led to an increase 

in weight loss while increasing dosage led to a decrease in 

weight loss. This is as a result of the anticorrosion capabilities 

of the MF and UF microencapsulated Aloe Vera extract. Sim-

ilar observation was made by Arukalam I. O et al., 2021 in 

their study of the corrosion properties of urea and melamine 

formaldehyde encapsulated Aloe Vera gum extract. Compar-

ing the weight loss of MF-Aloe incorporated alkyd coatings 

and UF-Aloe incorporated alkyd coatings, it could be ob-

served that the anticorrosion performance of UF-Aloe incor-

porated alkyd coatings was more stable than that of MF-Aloe 

incorporated coating which showed gradual decrease of anti-

corrosion performance with increasing immersion time. This 

indicates that the reactivity of Aloe Vera extract with Urea 
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formaldehyde (UF) was stronger, more compact and impervi-

ous to penetrating corrodent than the reactivity product of 

Melamine formaldehyde (MF) and Aloe Vera extract. 

  
Figure 7. 3D and contour plots showing the effect of MF-Aloe dosage and Time (days) on weight loss of MF-Aloe alkyd coatings. 

  

Figure 8. 3D and contour plots showing the effect of UF-Aloe dosage and Time (days) on weight loss of UF-Aloe alkyd coatings. 

2.4.6. Optimization and Verification of the 

Experiment 

The experimental design was used to optimize (minimize) 

weight loss. The optimal conditions for UF-Aloe incorporated 

coatings were UF-Aloe dosage of 10 g, time of 9 days, which 

corresponded to a weight loss value of 0.035 g, and a desira-

bility level of 100% while the conditions for MF-Aloe incor-

porated coatings were MF-Aloe dosage of 8.90 g, time of 15 

days which corresponded to a weight loss value of 0.053 g, 

and desirability of 100%. Confirmation experiments were run, 

and the outcomes were compared to what the model had pre-

dicted. The experimental value was 0.039 g for weight loss of 

UF-Aloe incorporated coatings and 0.050 g for MF-Aloe in-

corporated coatings. The percentage error between predicted 

and experimental values was lower than 5%, showing good 

agreement. Therefore, the design models developed in this 

study are critical in understanding the weight loss value in cor-

rosion studies of UF-Aloe, and UF-Aloe incorporated alkyd 

coatings. 
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Figure 9. Optimized values of the quadratic model for corrosion weight loss using Aloe Vera extract. 

 
Figure 10. Optimized values of the quadratic model for corrosion weight loss using Aloe Vera extract. 

 
Figure 11. Optical microscopic view of (A) plain coating without microcapsule, (B) MF+Aloe Vera and (C) UF+Aloe Vera of mild steel. 
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A careful survey of Metals I and II shows a gradual decrease 

in the weight of the metal which implies obvious corrosion as 

is further explained in the columns F and G. On the other hand, 

metals III and IV showed an initial decrease in weight after 

the first day and subsequent increase in the weight in the re-

maining days. This could be attributed to the adsorption that 

took place between the coating matrix and the metal surface 

thereby preventing the corrosive medium from penetrating. 

The initial decrease could be the time it took the microcapsule 

from breaking its shell and releasing its content before form-

ing layers around the coating and hence protecting the metal. 

Columns F and G of these metals showed that there was no 

visible corrosion experienced in the metal. Figure 11 further 

explains the nature of adhesion on the coating showing the in-

hibitive capabilities of the Aloe Vera while the coating with-

out microcapsule (A) showed obvious corrosion with the cor-

rodant penetrating through the coating. 

 

2.5. Electrochemical Analysis of the 

Microcapsules Self-healing Performance of 

the Coating 

In order to check for the self-healing capabilities of Aloe 

Vera, the coated substrates were scribed with a knife and ex-

posed to the corrosive medium. The experimental set-up was 

allowed for 30 days after which it was retrieved and analysed. 

Figure 12 reveals the pictorial image of the experiment before 

and after the immersion test. It is obvious that Figure 12A 

showed obvious corrosion of the metal. By implication, the 

coating formulations could not protect the metal particularly 

the scribed part from corroding. Figure 12B and 12C reveals 

that self-healing of the coating happened after it was exposed 

to the corrodent. This is due to the Aloe Vera capsules embed-

ded in the coating matrix which allows it to release its content 

when any scatch or scribbing is noticed thereby healing the 

coating and covering it up. 

 
Figure 12. Pictoral image of the (A) plain coating without microcapsule, (B) MF+Aloe Vera and (C) UF+Aloe Vera of mild steel after 30 days 

of immersion. 

3. Conclusion 

The self-healing and anti-corrosive capabilities of Aloe 

Vera in alkyd-based coating was investigated. Aloe Vera ex-

tract was both encapsulated with Melamine formaldehyde 

(MF) and Urea formaldehyde (UF) to help control the release 

of the inhibitor during service life. SEM analysis showed the 

surface morphology of the microcapsule and proved that Aloe 

Vera extract was actually encapsulated showing the walls of 

the capsule. Further characterization of the microcapsule us-

ing FTIR showed that Aloe Vera extract will truly encapsu-

lated and possesses requisite chemical components for corro-

sion inhibition capabilities. The gravimetric weight loss/gain 

measurement showed that the Aloe Vera extract exhibits re-

markable corrosion inhibition potential and barrier perfor-

mance in the composite coating. The Optical image of the ex-

posed sample was further analyzed to confirm the barrier per-

formance of the composite coating. It was also observed that 

Aloe Vera extract showed high self-healing performance 
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when exposed to harsh environment. The self-healing capabil-

ities were attributed to the presence of Folic acid and Aloe 

emodin that is found in Aloe Vera and the cross-linking reac-

tion of these constituents [52]. The microcapsule with the 

Urea formaldehyde (UF) showed higher efficiency than that 

of Melamine formaldehyde (MF). Furthermore, Aloe Vera ex-

tract embedded microcapsule has proven to be suitable for 

composite coating in pipeline applications. 

4. Recommendation 

The author recommends that the antimicrobial and antibac-

terial properties of Aloe Vera should also be studied. More 

research on corrosion inhibition using Biomasses are also en-

couraged. 

Abbreviations 

AV Aloe Vera 

UF Urea Formaldehyde 

MF Melanin Formaldehyde 
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