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ABSTRACT 

Adnan Khan, Masters:  

January: 2020, Masters of Science in Mechanical Engineering 

Title: Development and Performance Evaluation of Smart Polymeric Coatings for 

Corrosion Protection 

Supervisor of Thesis: Dr. MD Anwarul Hasan 

Co Supervisor of Thesis: Dr. Abdul Shakoor  

      Most common cause of materials and equipment failure in the oil and gas industry 

is corrosion. According to one survey, about 1/4 to 1/3 of the total downtime in plants 

is due to deleterious effects of corrosion. It is, therefore, essential to prevent corrosion 

to ensure reliability of the assets.  Usually, Protection of piping steel against corrosion 

is achieved by applying thick barrier coatings.  These coatings provide decent barrier 

protection against ageing, mechanical scratches, erosion and other damages. 

Protection of damaged piping parts requires steel repair and re-coat which is an 

expensive process. To minimize the impact of damages and subsequent corrosion 

activity of the steel is essential to act promptly and efficiently, preferably in an 

autonomous way. Modern trends indicate that smart functional coatings, containing 

autonomous self-healing species are attractive for prolonged lifetime of materials. 

These coatings can heal damages at early stage, minimizing corrosion onset and 

corrosion propagation. Consequently, they are a promising solution for longer 

durability of coated piping steel and decreased operation expense. If properly 

designed, smart self-healing coatings also help to reduce the overall thickness of the 
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coating scheme as well as the investment cost. Altogether, this strategy contributes to 

economic saves, materials reliability and safety.  

The current research work summarizes the synthesis and characterization of 

polymeric smart coatings developed by reinforcing urea formaldehyde microcapsules 

encapsulated with linalyl acetate and polyelectrolyte multilayered microcapsules (with 

two different corrosion inhibitors in the polyelectrolyte layers) into epoxy matrix. In 

situ polymerization technique was used for the synthesis of urea formaldehyde 

microcapsules encapsulated with linalyl acetate, whereas layer by layer technique was 

adopted to develop multilayered microcapsules containing alternative layers of 

Polyethyleneimine (PEI) and sulphonated polyether ether keytone (SPEEK). 

Dodecylamine (DOC) and phenylethiourea (PTU) were loaded as corrosion inhibitors 

in between polyelectrolyte layers of PEI and SPEEK. The prepared microcapsules 

(each 6.0 wt.% ) were uniformly dispersed into the epoxy resin to develop single layer 

coatings (reinforced with urea formaldehyde microcapsules) and multilayered  smart 

coatings (reinforced with multilayered microcapsules). The anticorrosive performance 

of the fabricated coatings was evaluated in 3.5 % NaCl solution at room temperature. 

Experimental results confirm that smart coatings with multilayered microcapsules 

demonstrate improved self-healing and anti-corrosion properties when compared to 

other type of coatings. This improvement can be attributed to efficient release of self-

healing and corrosion inhibiting species (DOC and PTU) from the multilayered 

microcapsules. The tempting properties of multilayered coatings make them attractive 

for oil and gas industries. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background  

 

In this widely prevailing world, corrosion is considered as the most critical cause of 

materials failure[1]. This damaging process is mostly accompanied with wear 

phenomenon[2], [3]. The combined effects of corrosion and wear are immeasurably 

huge specially when exposed to harsh environment[4]. The global problem of 

corrosion is very challenging and bothering the humankind since many centuries. In 

oil and gas, industries about 70% of materials maintenance is caused by corrosion, 

moreover operational and maintenance (O&M) costs reach to 50-55% out of which 

80% are due to corrosion[5], [6]. It is obvious that the engagement of correct anti-

corrosion methods can save lot of maintenance cost. In all cases of corrosion, only the 

surface of a material is directly suffered. Different types of coatings are claimed to be 

the best solution to safeguard pipeline surfaces against wear and corrosion. However, 

defects formed in the coatings such as pores, pinholes, micro scratches and other 

damages may destroy the protective barrier, exposing the bare metal to the aggressive 

media. The continuous supply of aggressive species in the presence of oxygen and 

moisture promotes corrosion. Therefore, it is of utmost relevance to find strategies to 

repair the damaged areas and to delay the corrosion-induced damages.  

In this sense, smart polymeric coatings modified with active agents, either freely 

dispersed or stored in micro or nano carriers that can impart self-healing ability have 

been considered attractive options to minimize corrosion damages[7][8]. Moreover, 
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the use of carriers, sensitive to different stimulus, has to avoid unwanted interactions 

between the healing species and the host organic matrices. Polymeric coatings 

modified with carriers where different species can be stored results in a composite 

coating that works as a smart protective system. Recent literature is fertile in different 

solutions. For example, polymeric coatings have been modified with capsules loaded 

with self-healing agents like linseed oil[9], tung oil[10], dicylopetadiene, epoxy 

monomer, vegetable oil and silanes. These species once released from the smart 

containers/capsules, where they have been stored, can repair the damaged areas in the 

coating, hindering the access of aggressive species. In this case, the encapsulation 

strategy foresees the repair of the polymeric matrices. However, when the damages 

reach the bare metal, corrosion onset can be very fast and it is relevant to have 

corrosion inhibitors that heal the corroding areas as well. Therefore, different 

corrosion inhibitors such as dodecylamine[11], benzotriazole[12], methylthiourea and 

imidazole[13] have been loaded in different carriers and added into polymeric 

coatings to confer corrosion healing ability. Different containers, sensitive to different 

stimulus, like mechanical damage, pH, light, electrochemical potential and others, 

have been proposed to carry the corrosion inhibitors as reviewed[14]–[17]. Urea 

formaldehyde microcapsules have been widely used as containers for the storage of 

active species in polymeric matrices because their shell can be functionalized and 

made compatible with different host coatings. Furthermore, these materials present 

high thermal stability and are robust enough to survive the different stages of coating 

formulation and application. Though, a major limitation is that these are typically 

used to store only individual healing species, but simultaneous healing of the coating 
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and inhibition of active metal areas requires the combination of distinct microcapsules 

or the loading of a certain type microcapsule with different species.  

 

1.2 Microencapsulation 

 

Microencapsulation technique has been widely studied and applied in many areas and 

applications such as pharmaceutical industries, perfumery and coating as well. One of 

the most used methods is the microencapsulation which is to impregnate active 

chemical specie inside the microcapsules, which can be slowly released in a process 

known as controlled released process. Microencapsulation is a process of coating 

particles or materials in capsules ranging in size from micrometer to millimeter 

known as microcapsules, in order to control the releasing character of the core 

materials.  

 

 

 

  

 

 

Figure 1: Schematic diagram, representing the structure of the microcapsules 
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The microencapsulation technique rely on the physical and chemical properties of the 

core material been used and the process of impregnating the active agents/chemical 

species in the microcapsules. The preparation methods can be divided into three 

different categories;                1) Physical process, 2) Physic-chemical process and 3) 

Chemical process[18]–[20] The Physical preparation process can be further sub 

divided into six different processing (pan coating, air-suspension coating, centrifugal 

extrusion, vibrational nozzle, spray drying and solvent evaporation). Further, the 

Physic-chemical process can also be divided into ionic gelation, coacervation and sol-

gel, and interfacial polymerization, suspension polymerization and emulsion 

polymerization[21]–[23] are the three sub categories of the chemical processes. The 

two famous methods in the physical process are the pan coating and the air-

suspension coating. In all the physical processing techniques, the microcapsule wall is 

usually applied mechanically around the core materials. The pan coating process is 

widely used in the pharmaceutical industries for tablets manufacturing. The solid 

material is mixed with the dry coating substances while the temperature is maintained 

near the melting point of the coating material. In other alternative methods the coating 

can be sprayed on the core materials directly, which can save a lot of time and 

energy[24], [25]. In this technique the temperature must be kept higher than the 

melting temperature of the shell material. 

The air-suspension coating technique has more control and flexibility than other 

techniques by changing the passing time of the core material[26]. The significant part 

of this technique is that the core material particles are been coated and dried while 

been suspended in an upward moving air stream. This technique was developed for 
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pharmaceutical, food and cosmetics industries[27]–[29]. Other physical preparation 

techniques are centrifugal extrusion, vibrational nozzle, spry drying and solvent 

evaporation. 

The second preparation technique is the physic-chemical method; consist of ionic 

gelation, coacervation and sol-gel. In this method stable solid particles are formed and 

ionic gelation process is heavily used in the drug delivery system.  The process 

depends on the polyelectrolytes that aid in cross linking of the multi-valent counters 

ions such as Al3+, Ca2+ and other to form the hydrogels, which can lead to the ionic 

gelation of the element itself such as calcium alginate (CaAlg) microcapsules[30], 

[31]. Other techniques are coacervation and sol-gel. 

The third microcapsules preparation technique is the chemical method which can be 

sub divided into suspension polymerization, emulsion polymerization and interfacial 

polymerization, which are the most common methods of microcapsules 

preparation[32], [33]. The chemical suspension polymerization techniques are 

characterized by the suspension of water particles (immiscible mixture) to form 

droplets in its aqueous phase. As for the emulsion polymerization process, the initiator 

consists of soluble material in its aqueous phase[34], where the monomer is 

emulsified with the aid of surfactant in the polymerization process[35]. In the 

interfacial polymerization technique a rapid polymerization of hydrophilic and 

lipophilic monomers occurs, which are the two interfaces of an oil-in-water emulsion. 

The interfacial polymerization technique is used in this study to synthesize 

microcapsules, illustrated in Fig. 2. 
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Figure 2: Flow diagram of a typical interfacial polymerization encapsulation 

technique 

 

1.3 Urea formaldehyde microcapsules 

 

Urea formaldehyde (UF) microcapsules are the most popular microcapsules 

reinforced in organic coatings for corrosion protection. In urea formaldehyde 

microcapsules the shell material consists of a linear chain of the urea and 

formaldehyde[36].  The synthesis and design of UF microcapsule is the major 

essential step to design an efficient self-healing system. UF microcapsules 

impregnated with self-healing agents should possess acceptable size, strength and 

proper bonding type in order to be able to host the core materials. Moreover, the 

release behavior of the capsules mainly depends on the materials that form the 

microcapsules shell. The chemical (interfacial polymerization) microencapsulation 
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procedure, is crucial to acquire the proper type of the microcapsules with suitable 

features, that can perform their main purpose. Thus, the appropriate choice of the 

experimental conditions is critical in the synthesis of the microcapsules. 

The UF capsules synthesized using interfacial polymerization consist of two parts; the 

primary step is the  emulsion which take place in an aqueous environment, where the 

urea and formaldehyde reaction take place in water to form low molecular weight 

compound known as pre-polymer, that have the ability to grow in size with time on 

the core material. The polymerization mechanism of UF can occur in both acidic and 

basic median. The other preparation techniques used for the synthesis of the UF 

microcapsules is one step method that takes place in acidic environment developed by 

brown. The microcapsules synthesized by this method are more effectively applied as 

shell material in order to prepare the epoxy loaded microcapsules. Most of the 

researches done in this field are targeting the UF microcapsules that can be used with 

epoxy resins for coating. 

The epoxy resin is an important material that is usually used as a core material or 

coating matrix for UF microcapsules, due to the wide variety and compatibility with 

many curing agent which are compatible with epoxy at different temperatures, that 

stabilize the thermal decomposition of the epoxy resin and guarantee the miscibility of 

the healing agent and the epoxy. 
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1.4 Goal and objectives  

 

The use of smart self-healing composite coatings has been proven to be a promising 

choice to address the challenges associated with corrosion and wear of steel 

components, particularly in Oil & and Gas industry. It is quite convincing and carries 

significant novelty that polyelectrolyte multilayered microcapsules smart containers 

are reinforced into the polymeric matrix to develop high quality smart self-healing 

composite coatings to mitigate corrosion in the oil and gas industry. The proposed 

polymeric coatings are expected to deliver superior attributes including: (i) enhanced 

lifetime (ii) reduced thickness of coatings (iii) enhanced performance towards 

corrosion protection. The core goals and objectives of the project are presented below: 

 Synthesis and characterization of multilayer microcapsules.  

 Selection of suitable polyelectrolyte multi-layered polymeric materials.  

 Selection of appropriate self-healing agents and corrosion inhibitors. 

 Study of self-release of inhibitors from loaded microcapsules.  

 Development of smart polymeric coatings.  

 Study of structural, thermal, self-healing and anti-corrosive properties. 

 Study of self-healing mechanism in developed smart coatings.  

 Field exposure testing of developed smart coatings in real environment to 

check their performance. 
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  Study of property relationship between coating composition and self-healing 

capabilities. 

In the present study, the concept of multilayered hybrid urea formaldehyde 

microcapsules has been introduced as a novel strategy to bring different healing 

functionalities into a single container reinforced into the epoxy matrix to develop 

novel smart self-healing polymeric coatings[37]–[39]. Linalyl acetate as a self-healing 

agent and penylthiourea and dodecylamine as a corrosion inhibitor respectively have 

been encapsulated into the polyelectrolyte multilayers to form multilayered 

microcapsules. The so developed multilayered microcapsules are reinforced into a 

polymeric (epoxy) matrix to form smart self-healing coatings. Furthermore the 

corrosion inhibition efficiency of both the inhibitors has been evaluated.  These novel 

coatings are expected to play a vital role to mitigate corrosion in the oil and gas 

industry. To the best of our knowledge, combination of proposed self-healing agent 

(linalyl acetate) and inhibitor (phenylthiourea and dodecylamine) in the 

polyelectrolyte multilayered microcapsules have not been reported so far. 
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CHAPTER 2: MATERIALS AND METHODS  

 

2.1 Materials 

 

Urea, ammonium chloride, resorcinol, hydrochloric acid, sodium hydroxide, 

formaldehyde (37 wt%) , ethylenemaleic anhydride copolymer (EMA) and ethanol 

were used to synthesize UF microcapsules (purchased from sigma-Aldrich). And, 

Sulfonated polyether ether ketone (SPEEK) and polyethylenimine (PEI) (purchased 

from BDH Chemicals Ltd) were used as polyelectrolyte layers on the surface of UF 

microcapsules. In order to compare corrosion inhibition for carbon steel in epoxy 

matrix, we used Dodecylamine and Phenylthiourea as corrosion inhibitors in this 

study.  Linalyl acetate used as self-healing specie, Epofix resin along with 

diethylenetriamine employed as hardener for the resin and sodium chloride to provide 

the corrosive environment to the epoxy coating was also purchase from BDH 

Chemicals Ltd. Cleaned and polished carbon steel samples were used as substrates 

from the epoxy coatings. The samples were ground with the help of sand papers to 

improve the adhesion of the epoxy with the steel surface and reduce the delamination 

property.    

 

2.2 Synthesis of UF microcapsules  

 

In situ polymerization technique was used to synthesize urea-formaldehyde (UF) 

microcapsules. The preparation method of UF microcapsules consists of mainly two 

experimental phases; the pre-polymerization and the encapsulation process. In the 
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first phase, pre-polymerization step the urea and formaldehyde polymerize in an 

acidic medium to form a linear and discontinuous chain of urea-formaldehyde. In the 

second phase of microencapsulation; oil based self-healing specie is used to introduce 

to the urea-formaldehyde acidic solution. The high stirring speed of the impellers in 

the in situ polymerization cut the self-healing agents into small droplets (depending 

on the speed of the impeller). The uniform heating rate (55Cº) and stirring of the 

solution make a continuous thin UF layer around each droplet. As the reaction 

proceeds, it results in the thick walled UF microcapsules with the encapsulated self-

healing specie. The thickness of the wall of microcapsules mostly depends on the time 

of the reaction. The details of both the experimental phases are given below. 

 

2.2.1 Pre-polymer preparation 

 

In situ polymerization (oil-in-water) the microcapsule is prepared at a temperature of 

55 ºC. 50ml of aqueous solution containing 2.5wt% of ethylene maleic anhydride 

(EMA) and 100ml of deionized water were mixed in a beaker with the help of 

mechanical stirrer. The beaker was placed in a controlled temperature (55 ºC) water 

bath under slow stirring. The solution mixture was agitated at slow speed (300 rpm) 

with a mechanical digital mixer that has three blades propeller.  

Under the influence of agitation 5g of urea, 0.5g of resorcinol and 0.5g of ammonium 

chloride were added in the beaker to dissolve in the solution. The pH was maintained 

at around 3 by adding drops of sodium hydroxide (NaOH) and hydrochloric acid 
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(HCl). The whole reaction mechanism and the schematic of the experimental setup for 

UF microcapsules synthesis is illustrated in Fig.3. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Encapsulation process 

 

The impregnation of the self-healing specie into the capsules usually takes place in 

the encapsulation process. Different self-healing materials such as dicyclopentadiene 

(DCPD), polydimethyl sifoxane (PDMS), diglycidyether bisohenol (DGEP), linseed 
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Figure 3: Schematic diagram for the synthesis of encapsulated UF microcapsules and 

reaction of urea and formaldehyde to form linear UF chain 
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oil (LO), tung oil (TO) and 5-ethyidene-2-nor-bomene (EB) are added as a core 

material based on the core material of the microcapsules type and applications. A 

50ml slow addition (drop by drop) of the linalyl acetate (self-healing agent) was 

added to the beaker to form oil and water emulsion. The solution was then allowed to 

stabilize for 10-15 minute. The reaction process was then followed-up with the 

addition of 37wt% (13.0g) of aqueous solution of formaldehyde. The mixture was 

then stirred on the faster rate of 1000rpm and heated for 4 h at 55ºC. After the 

constant heating rate of 55ºC and stirring speed of 800rpm for 4 h, the mixture was 

allowed to cool down and the microcapsules were separated by vacuum-filtration, the 

product is allowed to dry for 24-48hrs. The schematic in figure 4 shows the detail of 

the microcapsule encapsulation process.  

 

 

2.3 Synthesis of multi-layered UF microcapsules   

 

Two different inhibitors (dodecylamine and phenylthiourea) were loaded in the 

polyelectrolyte layers (PEI and SPEEK) on the surface of UF microcapsules in order 

to synthesize two different types of multilayered microcapsules.  The corrosion 

Figure 4: Schematic showing the encapsulation process of the UF microcapsules 
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inhibition properties of the two newly designed multilayered microcapsules reinforced 

in epoxy matrix were studied. Layer by layer technique was used to coat the 

polyelectrolytes (SPEEK and PEI) on the surface of the UF microcapsules 

encapsulated with linalyl acetate. The positively charged polyelectrolyte PEI was first, 

coated on the surface of the microcapsules by mixing 40 ml microcapsules suspension 

with 60 ml of PEI solution (2mg/ml) for 10 minutes. The mixture is stirred for 10 

minutes. To remove the excess of PEI from the suspension, the mixture was 

centrifuged first and then washed three times with distilled water. The second layer 

assembled was a negatively charged polyelectrolyte SPEEK. It was assembled by the 

addition of 40 ml suspension of the microcapsules (microcapsule + PEI) to the 60 ml 

solution (2 mg/ml) of the SPEEK (the PEEK was dissolved in the dimethylacetamide 

at room temperature to make a homogeneous solution) and stirrer the mixture for 10 

minutes to absorb the SPEEK completely. The excess of the SPEEK was removed in 

the same way as the first layer. The third layer was the coating of positively charged 

dodecylamine/phenylthiourea that was prepared by adding the 40 ml solution of the 

microcapsules (microcapsules + PEI + SPEEK) with the 60 ml solution of 

dodecylamine/phenylthiourea (10mg/ml), adjusting the pH to 3 and stirrer the mixture 

for 20 minutes. The fourth layer, the SPEEK, and the fifth layer, the PEI, were coated 

on the shell of the microcapsules using the same procedure. So, the final expected 

structure, after the assembly of all coated layers on the outer surface (shell) of the 

microcapsules; was (microcapsules + PEI + SPEEK + dodecylamine/phenylthiourea + 

SPEEK + PEI). The detail design of the multilayered microcapsules with 

dodecylamine and phenylthiourea is illustrated in figure 5 and 6. The nomenclature 

for the multilayered microcapsules with phenylthiourea is as follow; UF 
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microcapsules = MLMCs (mono layered microcapsules), PTU= phenylthiourea, 

PMC= (polyelectrolyte multilayered microcapsules).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                 

Figure 5:Schematic representation of the structure of as synthesized layered 

microcapsules with dodecylamine 

Figure 6: (a) schematic representation of the  synthesis of multilayered microcapsules 

with phenylthiourea  (b) profile of multilayers 
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2.4 Epoxy coating preparation  

 

Cleaned carbon steel specimens were used as a substrate for epoxy coatings.  The 

specimens were grinded using different grits of the abrasive papers, up to 1200 grits, 

washed with water, degreased in acetone, washed again with water and dried with air.  

Three types of epoxy coatings were prepared for each set of the microcapsules. In the 

first set, three types of coatings were developed, 1) the control sample was only epoxy 

coated sample without microcapsules, and will be referred to as pure epoxy coating. 

The epoxy coating reinforced with UF microcapsules containing linalyl acetate will 

be referred to as Single layered smart coatings (SLSCs). Finally, the epoxy coating 

with the multilayered microcapsules, which has UF microcapsules containing linalyl 

acetate and polyelectrolyte layers entrapping dodecylamine (DOC) on their shell will 

be referred to as polyelectrolyte multilayered microcapsules coating (PMLSCs). For 

the second set of coatings, pure epoxy were named neat coatings, The monolayer UF 

microcapsules reinforced epoxy coatings were named plain coatings and the 

multilayered microcapsules reinforced epoxy were named layered coatings.    To 

create each type of coating, 5 wt.% of each type of microcapsules were dispersed in 

epoxy, stirred for 5 minutes, mixed with the hardener in a stoichiometric ratio and 

finally the reinforced epoxy mixture was sonicated for 10 minutes to remove the air 

bubbles.  Then the prepared coatings were applied on the cleaned carbon steel 

specimens for a thickness of 300 µm using doctor blade. The coated specimens were 

left for 48 hours at room temperature to cure. According to ASTM D1654 standard, a 

manual scratch was produced along the different coatings (of both the sets) using a 

scalpel. The scratches are mechanical stimuli to observe the release of the linalyl 
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acetate that will self-heal the coatings and the corrosion inhibitors release 

(dodecylamine and phenylthiourea) will stop the initiation of further corrosion 

process. Figure 7 and 8 further explain the schematics of the coatings for both the sets 

of capsules. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) (a) 

Figure 7: Schematic diagrams of smart coatings (a) modified with UFMCs referred 

to as SLSCs (b) modified with polyelectrolyte multilayered capsules referred as 

(PMLSCs). 

Figure 8: Protective mechanism of the self-healing coatings; (a) plain coating (b) 

layered coating 
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2.5 Characterization of microcapsules and coatings 

 

2.5.1 Fourier-transform infrared spectroscopy (FTIR) 

 

Using FTIR spectroscopy the chemical composition of the UF microcapsules loaded 

with linalyl acetate was carried out and compared with the XRD pattern of the pure 

linalyl acetate in order to compare the successful loading of the core material (linalyl 

acetate) in the UF microcapsules. FTIR spectra of the UF microcapsules encapsulated 

with linalyl acetate, pure linalyl acetate, pure inhibitors (DOC and PTU) and all the 

multilayers on the surface of the UF microcapsules were observed. Moreover the 

successful adsorption of the layers on the surface of the UF microcapsules was 

studied with the FTIR spectra.  The spectra were determined over a frequency range 

of 500-2000 cm-1. It was recorded with a resolution of ±4 cm-1 and a scanning 

frequency of 32 times at room temperature. 

 

2.5.2 Zeta Potential particle size analyzer 

 

Zeta potential and particle size analyzer were used to analyze the size and the surface 

charge of the microcapsules. Surface charge confirms the deposition of the 

polyelectrolyte layers while the change in the size is also evidence the adsorption of 

the additional layers on the surface of the microcapsules.   Zeta potential equipment 

(Malvern, Zeta sizer, Nano ZSP, USA) was used to confirm adsorption of PEI and 

SPEEK layers with the inhibitors, by determining the surface charge during layer by 
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layer process. The sample surface charge was determined after each layer deposition. 

The variation in the charge confirms the successful deposition of the layers.  

The size distribution of synthesized microcapsules, including the single layered 

microcapsules and layered microcapsules was studied using a particle size analyzer 

(Malvern, Master sizer 2000, Panalytical, USA). The increment in the size of the 

microcapsules also confirms the synthesis of the multilayer microcapsules.  

 

2.5.3 X-ray photoelectron spectroscopy (XPS) 

 

XPS (AXIX Ultra DLD, Kratos, UK) using a monochromatic X-Ray Source - Al Kα 

source was used to further confirm the adsorption of the polyelectrolyte layers of the 

surface of MLMCs and to detail its chemical composition. The binding energy of C 1s 

(284.6 eV) was used as reference. The energy resolution was 160 eV and the spatial 

resolution was 20 eV. 

 

2.5.4 Scanning electron microscopy (SEM) and transmission electron 

microscope (TEM) 

 

A scanning electron microscope is a powerful tool and is being widely used for 

material characterization in recent years. It is an electron microscope that scans the 

surface of the material using electron beam to produce images of the surface. The 

surface morphology of UF microcapsules and layered microcapsules (both with DOC 

and PTU) was observed using Scanning Electron Microscope (SEM). Furthermore 
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Transmission Electron Microscope (TEM) was used to analyze the layers deposited 

on the surface of UF microcapsules. Both the UF microcapsules and layered 

microcapsules samples were placed (in a very small amount) on the table of the 

scanning electron microcapsules. A thin layer of gold (6mm) was then coated on the 

samples to avoid discharging of the electron. The samples were observed using a 

secondary electron detector under an accelerating voltage of 20kv. 

 

2.5.5 X-Ray Diffraction Analysis 

 

X-Ray diffraction (XRD) is an analytical technique used for the chemical composition 

analysis. XRD pattern of the UF microcapsules loaded with linalyl acetate were 

carried out and the multilayers on the surface of the UF microcapsules were also been 

verified by the changes (addition of extra peaks) in the XRD pattern with the 

additional layers. Dried UF microcapsules samples and multilayered microcapsules of 

2 mg were placed into the specimen holder of XRD at room temperature (40 KV 

voltage, 30 mA current scanning scope of 2θ was range from 00 to 600 scanning rate 

of 50/min to 110 with a step size of 0.0320) and the resultant patterns were analyzed. 

 

2.5.6 Thermo gravimetric Analyzer (TGA) 

 

In order to examine the weight loss with respect to time as temperature changes, the 

thermal degradation behavior of UF microcapsules loaded with linalyl acetate, layered 
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microcapsules and the developed coatings were studied with TGA analyzer. Dried 

samples of 1 mg were heated from room temperature to 600ºC at a heating rate and a 

flow rate of 5◦C/min.   

 

2.5.7 UV spectroscopic analysis (UV)  

 

UV spectroscopy analysis was use to study the release of the store inhibitors in the 

layered microcapsules. UV-vis spectroscopic analysis (LAMBDA 650 UV/Vis 

Spectrophotometer, PerkinElmer, USA) was used to analyze the release of inhibitor 

from the MLMCs PMCs. Various solutions with different pH were prepared and a 

small amount (0.1 g) of both the layered microcapsules were added to determine the 

release of the DOC and PTU at different pH and after different times. 

 

2.5.8 Electrochemical Impedance spectroscopy (EIS)  

 

EIS is the technique used to measure the impedance of the developed coatings to 

corrosion. The two set of the developed coatings were subjected to a controlled 

mechanical damage following ASTM D1654 standard procedure and was immerse in 

the 1 molar NaCl solution to study its anti-corrosion behavior.  The EIS study was 

performed at open circuit potential (OCP) within frequency range 10 mHz to 100 

KHz, with rms of 50 mV, using a GAMRY 3000   potentiostat (Gamry, Warminster, 

PA, USA). The coated steel plates were used as working electrodes, with an exposed 
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area of 0.5 cm2 and a platinum wire was used as counter electrode. An Ag/AgCl 

electrode was employed as reference. All electrochemical tests were carried out at 

controlled room temperature. Two scratches with 5 cm length were made on the cured 

epoxy coatings to study the self-healing effect. The coated specimens were exposed to 

a 3.5% NaCl solution for 60 minutes before the electrochemical tests. Tests were 

carried out after different exposure time 24, 48 and 72 h respectively. To ensure 

reproducibility each test was repeated three times in coated samples with similar 

scratched.  
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CHAPTER 3: RESULTS AND DISCUSSION  

 

3.1 FTIR analysis of microcapsules and coatings 

 

FTIR analysis confirmed encapsulation of linalyl acetate in UF microcapsules and the 

loading of dodecylamine in the polyelectrolyte layers. FTIR spectra of the first set of 

capsules and its coatings (with the inhibitor dodecylamine), is shown in figure 9.  

Figure 9 (a, b) shows the FTIR spectra of UFMCs and pure linalyl acetate. The broad 

absorption band at 3320 cm−1 shows overlapping of the O-H bond and N-H bonds and 

can be ascribed to urea-formaldehyde. The O-H bond is shifted to the right side due to 

the strong C=O dipole force of encapsulated linalyl acetate in the UFMCs. The small 

sharp peak at 3090 cm−1 represents the C-H bands, while peaks at 2970 cm−1 and 2930 

cm−1 show the presence of C-H3 and the sharp peak at 1740 cm−1 represents the 

carbonyl C=O bands, which can be associated with linalyl acetate and urea 

formaldehyde. All these bands confirm the presence of linalyl acetate. However, there 

is a new peak at 1542 cm−1 representing the N-H band and it accounts for the presence 

of urea-formaldehyde. Moreover, the peak at 1366 cm−1 also represents a C-H band 

with different vibration, while the peak at 1250 cm−1 corresponds to the C-N band. It 

can be noticed that the C-H and C-N vibrations are present in both UFMCs and pure 

linalyl acetate. The presence of corresponding distinctive absorption bands of N-H at 

1542 cm−1 (urea formaldehyde), C=O at 1740 cm−1 ((linalyl acetate)) and C-N at 1250 

cm−1 (linalyl acetate) in the UFMCs confirms efficient storage of linalyl acetate. 
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Figure 9 (c, d) shows the FTIR spectra of pure dodecylamine (DOC) and MLUFMCs. 

The broad peak at 3315 cm−1 in the MLUFMCs spectrum and a minor sharp peak in 

the spectrum of pure DOC correspond to the N-H bonding. The two sharp peaks at 

2925 cm−1 and 2850 cm−1 represent the C-H bonds in DOC and MLUFMCs, however, 

the peak intensity is high in DOC because of the long C-H chain in the structure of 

DOC. The peaks present at 1550 cm−1 and 1187 cm−1 represent C=C and C-O bonds 

respectively which confirms the presence of SPEEK layer on the surface of 

MLUFMCs. Similarly, the peak at 1250 cm−1 can be ascribed to C-N band, which 

clearly demonstrates the existence of a PEI layer on the MLUFMCs. The presence of 

corresponding distinctive absorption bands of N-H at 3315 cm−1 (DOC), C=C at 1550 

cm−1 and C-O band at 1187 cm−1 (SPEEK) and C-N at 1250 cm−1 (PEI) confirms the 

formation of MLUFMCs and efficient encapsulation of DOC.  It is pertinent to note 

that C-N band at 1250 cm−1 overlaps with linalyl acetate as reported previously.  

Figure 9 (e, f) indicates the FTIR spectrum of PMLSCs and SLSCs.  A comparison of 

FTIR spectra of PMLSCs, SLSCs, UFMCs and MLUFMCs confirms their identical 

nature. The multiple small peaks present at 2924 cm−1 represent the C-H bond and 

associated with DOC and MLUFMCs. The C=O bond at 1750 cm−1 represents the 

carbonyl C=O group which can be associated to linalyl acetate and urea form 

aldehyde. Moreover, the sharp peak at 1250 cm−1 represents the C-N bond that can be 

ascribed to urea form aldehyde, DOC and PEI.  A small intensity peak at 3500 cm−1 

indicates   N-H bond, which can be associated to urea form aldehyde, DOC and PEI. 

A close comparison of the FTIR spectra confirms encapsulation of linalyl acetate in 

UFMCs and DOC in MLUFMCs. Furthermore, FTIR spectra also confirm the 
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presence of UFMCs and MLUFMCs in SLSCs and PMLSCs without evident side 

reactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, the FTIR spectra of the second set of the microcapsules (with 

phenylthiourea as a corrosion inhibitor) are shown in figure 10.  Figure 10 depicts the 

FTIR spectra of (a) pure linalyl acetate, (b) MLMCs and (c) PMCs. Linalyl acetate 

spectrum shows several absorption peaks including the C-H bond stretching at 2972 

(a) 

(b) 

(c) 

(e) 

(d) 

(f) 

Figure 9: FTIR spectra of the microcapsules and coatings (a, b) as synthesized UFMCs 

encapsulated with linalyl acetate and pure linalyl acetate (c, d) MLUFMCs and pure 

dodecylamine (e, f) PMLSCs and SLSCs 
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cm−1, and C=O ester bond at 1736 cm−1, as well as the C=C bond at 1646 cm−1 and C-

O-C ester at 1250 cm−1. The MLMCs spectrum presents the O-H peak around 3303.6 

cm−1, C-H stretching peak around 2964.76 cm−1, as the amide C=O peak was 

observed at 1623.63 cm−1. Finally the C-N and N-H peaks were found around 1232.43 

cm−1 and 1541-1631 cm−1 respectively, and were assigned to bond formation in the 

MLMCs.  

The mechanism behind MLMCs formation is the reaction of the acetate group with 

the hydroxyl methylene group of urea formaldehyde, which leads to the formation of 

an ester/ether bond. The formation of the ester/ether bonds is evidenced in the FTIR 

spectrum by the shift in the urea formaldehyde amide group to 1541-1631 cm−1. The 

change in the amide group is due to the change in polarity between the linalyl acetate 

and the urea formaldehyde bonds, confirmed by the shift in the N-H bond. The 

spectrum (c) representing the PMCs is similar to the one for MLMCs. The major 

differences can be observed in the frequency region where the C=O stretching peak 

responds. First, the elimination of the C=O in PMCs indicates the formation of new 

bonds, which can be explained by the successful layering with PEI, SPEEK and PTU. 

Other significant changes are the contents of O-H and the N-H peak intensity; the 

peak intensity of N-H after addition of polyelectrolyte layers to the MLMCs is clearly 

high. As for the hydroxyl content, the O-H content in the MLMCs is much lower than 

the O-H content in the PMCs, due to the consumption of hydroxyl after addition of 

the polyelectrolyte layers (SPEEK and PEI).  
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3.2 Zeta potential measurements of microcapsules 

 

To confirm the polarity of layers on the MLUFMCs, zeta potential of each layer was 

determined, and the results are presented in Figure 11. It can be noticed that the zeta 

potential of the UFMCs is negative (⁓ -1.84mV). However, when a PEI layer is 

formed on UFMCs the value of charge shifted to positive value (⁓ +20 mV) which 

indicates that the PEI layer carries a positive charge and thus can be easily bonded to 

the UFMCs. Furthermore, adsorption of SPEEK layer on PEI shifts the charge 

towards negative value (⁓ - 10.0 mV) confirming its negative polarity. Owing to 

Figure 10: FTIR spectra of the (a) linalyl acetate (b) MLMCs loaded with linalyl 

acetate (c) and PMCs 
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negatively charged (from the -SO3 group), the SPEEK layer can be easily bonded to 

the positively charged underneath PEI layer.  Finally, shifting of the potential towards 

positive value (⁓ +1.0 mV) due to DOC indicates that it can be easily encapsulated 

between the SPEEK layers. It can be noticed from Figure 4 that the surface charge 

varies according to the deposited layer (PEI, SPEEK, DOC) confirming the 

adsorption of the corresponding layer. Furthermore, zeta potential is increased by the 

addition of PEI (cation) on the surface and it decreased with the deposition of SPEEK 

(anion). A slight increase in zeta potential is observed after the addition of DOC 

leading to the successful adsorption of DOC. The obtained zeta potential results are  

consistent with results reported elsewhere. 
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The surface charge of the second set of the microcapsules was also studied to confirm 

adsorption of the polyelectrolyte layers and the layer by layer design of the PMCs. 

Figure 12 presents the zeta potential of each layer of the PMCs. It is noticed that the 

zeta potential of the as synthesized MLMCs is negative (⁓ -6.7 mV). After deposition 

of PEI the zeta potential shifted to positive values (⁓ 19.3 mV), which confirmed the 

bonding of the MLMCs with the polycation PEI.  Furthermore because of the 

sulphonic group in SPEEK, the zeta charge shifted to the negative value (⁓ -25.5 

mV). In addition due to the difference in the specific charge and molar mass of PTU 

compared to the polyanion SPEEK, the zeta potential slightly increased (⁓ -20 mV) 

after adsorption of the PTU layer. The valence electrons in PTU hold the -SO3 group 

Figure 11: Zeta potential measurements of microcapsules. Layer number 0: 

microcapsules encapsulated with linalyl acetate (UFMCs) and layers 1-5, MLUFMCs 

having various polyelectrolyte layers. 
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of the SPEEK and thus ensure the loading of PTU between the two polyanion layers. 

Finally the zeta potential was dramatically shifted to positive values (⁓ 33.2 mV) after 

the deposition of the new PEI layer. The results are in agreement with results reported 

elsewhere.  

 

 

3.3 XPS analysis 

 

The XPS analysis was carried out in order to verify the adsorption of the 

polyelectrolyte layers on surfaces of the UF microcapsules. The XPS survey spectra 

Figure 12: Zeta potential value of the microcapsules.  Layer 0: as synthesized MLMCs 

and layer   1-5, the different layers of the PMCs. 
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(for the first set of capsules) were recorded in the binding energy range of 250 to 800 

eV is shown in Figure 13. XPS measurements with probe depths of up to10 nm were 

performed. The major identified elements in the samples are carbon, oxygen and 

nitrogen. The presence of carbon, oxygen and nitrogen were expected from the 

chemical composition of the urea formaldehyde and polyethylenimine (PEI) in 

UFMCs and MLUFMCs, respectively. The high resolution XPS spectra (C 1s) for the 

UFMCs and MLUFMCs samples are also presented in inset (a) and (b) of Figure 6, 

respectively. In C1s spectrum for the both type of samples, the peaks at 284.6 and 

286.3 and 288.3 eV refer to C-C bond, C-O bond and C=O bond, respectively. The 

intensity of C-O and C=O bonds peaks in C1s spectrum have significantly been 

reduced after the adsorption of PEI on the surface of the microcapsules. The positions 

of the C-O and C=O are not very distinguishable in the encapsulated samples due to 

the widening of the peaks. This indicated that the microcapsules have been 

encapsulated by the coated materials. As it is obvious from the molecular structure of 

the PEI (inset c), it mainly consists of C-C chains and there is no clear existence of C-

O and C=O bonds when compared to the urea formaldehyde. 
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Figure 13: XPS survey spectra of UFMCs and MLUFMCs samples. Insets show the 

high resolution XPS spectra C 1s of the both UFMCs (a) and MLUFMCs (b) samples. 

 

Molecular structures of the urea formaldehyde and PEI are also given in the Figure. 

To confirm the adsorption of the polyelectrolyte layers on the surface of the MLMCs, 

also XPS characterization was carried out as shown in the figure 14. The XPS spectra 

of the MLMCs and PMCs show the presence of carbon, nitrogen and oxygen which 

correspond to the structure of the urea-formaldehyde and PEI+SPEEK (outer layer in 

PMCs) and the respective quantification is depicted in table 1.  
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Table 1: The elemental analysis of MLMCs and PMCs 

 

Elements MLMCs (%) PMCs (%) 

C 1s 55.52±2% 69.22±2% 

N 1s 23.25±2% 19.64±2% 

O 1s 21.24±2% 11.24±2% 

 

The XPS spectra of C1s on the surface of microcapsules (MLMCs and PMCs) is 

shown in figure 14 (a,b). For MLMCs the main peak was fitted with three peaks 

placed at 284.9 eV, 286.6 eV and 288.5 eV assigned to the binding energies of C-C, 

C-O-C and C=O on the surface of MLMCs. In PMCs the fitting peaks are shown at 

284.8 eV, 286.3 eV and 288.0 eV which were assigned to the same species observed 

for the MLMCs surface. Since XPS is a surface analysis technique, there is a clear 

difference in the concentration at the surface of the microcapsules which accounts for 

the adsorption of polyelectrolyte layers on the MLMCs. The XPS results showed only 

the outer small portion of the PMCs layers (mainly consist of PEI and SPEEK) 

because of the short mean free path of photoelectrons. The contents of carbon 

increased in the PMCs surface (PEI + SPEEK) from 55.2% to 69.19 %, which reflect 

the complex carbon chain structure of PEI and SPEEK. Nitrogen and Oxygen showed 

a decrease in the PMCs. Figure 14 (c, d) represents the nitrogen peak and both 

MLMCs and PMCs showed only the binding energy of C-NH2. Moreover O1s is 

shown in figure 14 (e, f) for both microcapsules. The O1s spectra showed that the 

binding energy of C-O and C=O were dominant.  
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3.4 FE-SEM/HR-TEM analysis of the encapsulated and multil microcapsules  

 

Field Emission Scanning Electron Microscopy (FE-SEM) and High-Resolution 

Transmission Electron Microscopy (HR-TEM) analyses were conducted to study the 

morphology of the microcapsules (UFMCs, MLUFMCs) and the respective smart 

coatings (SLSCs, PMLSCs). Figure 15(a) shows the FE-SEM image of UFMCs. A 

spherical morphology of the UFMCs with mean diameter 36 μm is observed without 

any crack and porosity. Moreover, a rough surface and variation in the size of 

( (b

(c) (d

(e) (f) 

Figure 14: XPS survey spectra of MLMCs and PMCs samples: (a, b) C1s, (c, d) N1s, 

(e, f) O1s 
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microcapsules can also be noticed. In the in-situ polymerization, the size of the 

microcapsules depends on the stirring rate and it becomes finer with increasing 

stirring rate due to high shear force. The rough exterior surface improves the adhesion 

of the microcapsules to the coating matrix. The complete dryness, high tensile 

strength and low water absorbing capability of the urea-formaldehyde has led to the 

formation of more visible and isolated UFMCs. Figure 15(b) shows the morphology 

of the MLUFMCs. These multilayered capsules have similar nodular morphology as 

UFMCs. A significant variation in the size of the MLUFMCs capsules can also be 

noticed. A change in color may be related to the deposition of polyelectrolyte layers 

on the encapsulated UFMCs. However, a denser and more diffused structure is 

achieved in MLUFMCs as compared to UFMCs due to existence of multiple layers of 

polyelectrolyte materials. Figure 15 (c, d) represents the structure of PMLSCs and 

SLSCs. It can be noticed that a dense, uniform, crack free and homogeneous structure 

is preserved in both kind of coatings. It can also be noticed that there are no pore and 

pin holes present in the coatings.  

In order to have more insight of the developed MLUFMCs microcapsules, HR-TEM 

analysis was under taken and the results are presented in Figure 15 (e, f). It can be 

clearly noticed that well defined multilayered nodular structure is preserved. The 

encapsulation of linalyl acetate and the presence of polyelectrolyte multilayers in 

MLUFMCs can be clearly noticed. The average core is ⁓350 nm and the average 

thickness of polyelectrolyte multilayer is ⁓206 nm. The TEM analysis clearly 

confirms the formation of MLUFMCs. In TEM analysis, only smaller size 

microcapsules were focused to study morphological features. However, it is pertinent 
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to note that the average particle size of the synthesized MLUFMCs is 65µm as 

confirmed by our particle size analysis and discussed in the proceeding section. 
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Figure 15: FE-SEM analysis of microcapsules and smart coatings (a) UFMCs (b) 

MLUFMCs, (c) SLSCs, (d) PMLSCs and (e, f) HR-TEM of MLUFMCs. 
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Figure 16 depicts the structural and morphological study of the as synthesized 

MLMCs and PMCs. Figure 16(a) shows the MLMCs and reveals the presence of 

micro sized spherical beads with a slightly rough outer surface, according to previous 

results. Figure 16 (b) is the wall thickness of the broken MLMCs. The average wall 

thickness is about 712 nm with a smooth inner surface.  The thickness of the wall 

depends on the stirring rate and the time of polymerization reaction during the 

syntheses of the MLMCs. By prolonging the time of polymerization reaction it is 

expected to achieve thicker wall microcapsules with higher mechanical strength.  

Figure 16 (b, c) depict the SEM images of PMCs, that present various sizes, in line 

with the particle size analysis. The morphology of the PMCs is also spherical with 

more compaction compared to MLMCs. The surface morphology of the PMCs  was 

also studied by TEM to clarify the presence  of the multilayers (polyelectrolyte and 

inhibitor) on the surface of MLMCs. Figure 16 (e, f) depicts the TEM analysis, which 

clearly showed the deposited polyelectrolyte layers on the surface of the MLMCs in 

agreement with previous results. The average thickness of the deposited 

polyelectrolyte is about 350 nm. The images clearly demonstrate the core 

microcapsules with an average size of about 620 nm. The detail discussion about the 

size distribution of the microcapsules is made in the proceeding sections. Figure 16 

(g, h, i, j) represent the elemental mapping of the surface of MLMCs which showed 

that carbon, nitrogen and oxygen are the primary elements present in the MLMCs.   
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3.5 Particle size and XRD analysis of the microcapsules 

 

The particle size distribution of the microcapsules is further confirmed with particle 

size analyzer and the results are shown in Fig .17. It can be seen that the particle size 

of the UFMCs ranging from 0.01 to 500 µm. The majority of the UFMCs are made up 

of 10⁓63 µm and the mean diameter of the UFMCs is found to be 36 µm. Our 

analysis indicates that the stirring rate of 1000 rpm has resulted in UFMCs having 

average size of 36 µm. Fig. 17 also shows the particle size distribution of MLUFMCs. 

It can be seen that the mean diameter of MLUFMCs is about 65 µm. The increase in 

(g) (h) 

(i) (j) 

Figure 16: The structural and morphological study of the synthesized microcapsules 

(a, b) SEM of the UF microcapsules (b, c) the SEM of the multilayered 

microcapsules (d, e) TEM of the multilayered microcapsules.  (f, g, h, i) elemental 

mapping of MLMCs 
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the diameter of MLUFMCs indicates the deposition of polyelectrolyte layers and the 

inhibitor on the surface of the UFMCs. Furthermore, size variation in MLUFMCs can 

also be noticed and it is found that majority of the MLUFMCs are made up of size in 

the range of 10 to 125 µm. The mean diameter of MLUFMCs is found to be 65 µm.  

These results are consistent with our TEM analysis. 

In order to study the effect of polyelectrolyte layers and the surface of microcapsules 

and the structural analysis of UFMCs and MLUFMCs, XRD analysis was also 

conducted.  Fig. 17 inset shows the XRD spectra revealing the amorphous behavior of 

the UFMCs and MLUFMCs. The peak at 17.5º accounts for the presence of urea-

formaldehyde present as the shell material of UFMCs encapsulated with linalyl 

acetate. Another peak at 22º is observed, with higher intensity, which can be 

attributed to the deposited polyelectrolyte layers on the surface of UFMCs. 
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Figure 17: Particle size analysis of as synthesized urea-formaldehyde microcapsules-

UFMCs and multi-layered urea-formaldehyde microcapsules-MLUFMCs. Inset 

shows the XRD of the UFMCs and MLUFMCs. 

 

Figure 18 indicate the particle size study of MLMCs and PMCs, using particle size 

analyzer.  The MLMCs were in the range of 0.01 m to 500 m. The average size of 

the capsules observed was 37 m. The majority of the particle lies in the range of 4 

m to 63 m (volumes %) while there was only 10 volume % of capsules in the size 

range of 125m to 250 m. The analysis indicates that most of the particles are in the 

lower range which reflects the high stirring rate which further split the linalyl acetate 

into smaller pieces resulting in smaller microcapsules.  Fig. 18 also shows the particle 

size distribution of the PMCs. The mean size observed was about 68 m. The 

particles are in the range of 0.01 to 2000 m but the majority of the microcapsules 
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were present in 4 to 125 m (77.79 volume %). Only 4.39 volume % of the PMCs lies 

in the range of 1000 to 2000 m. The increase in the mean diameter of the PMCs 

indicates the successful adsorption on the surface of MLMCs.  The insets in figure 18 

present the variation in the size of microcapsules. It is worth to note that the TEM 

images shown above focuses only the smallest PMCs.     

 

Figure 18: Particle size analysis of MLMCs and PMCs 

 

3.6 Thermal stability of the microcapsules and epoxy coatings  

 

Thermal stability of encapsulated UFMCs, MLUFMCs, SLSCs and PMLSCs was 

analyzed using TGA and the results are presented in Figure 19 (a, b). It is seen that 

both UFMCs and MLUFMCs experience a gradual weight loss with increasing 

temperature up to 600°C (Figure 19(a)). The initial weight loss (50°C to 80°C) may 

be associated to the removal of the absorbed moisture in the microcapsules. In the 
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next region, the UFMCs shows complete weight loss up to 200°C due to encapsulated 

linalyl acetate (B.P, 220°C). However, the MLUFMCs exhibit better thermal stability 

which can be associated with the presence of high thermally stable polymeric 

structure (PEI and SPEEK) and dodecylamine. The drop around 200°C could be due 

to the loss of sulfonic acid group of the SPEEK. These findings are consistent with 

previous studies. Figure 19(b) shows the TGA spectra of the SLSCs and PMLSCs. 

Like microcapsules, there is small weight loss at the first stage (50°C to 80°C) for 

only the SLMCs, attributed to the presence of moisture in the coating. A comparison 

of Figure 19(a) and Figure 19(b) indicates that SLSCs and PMLSCs demonstrate 

better thermal stability compared to UFMCs, MLUFMCs which could be linked to the 

presence of polymeric matrices of the PEI and SPEEK and the long chain of 

dodecylamine.  
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Moreover, the thermal stability of the MLMCs and PMCs added into the epoxy 

coatings were analyzed by TGA (Fig.20 (a, b)).  Figure 20 (a) indicate that there is a 

gradual weight loss in both the MLMCs and PMCs with the increasing temperature 

(up to 600 ºC). The complete weight loss in the MLMCs spectra observed was from 

130 ºC to around 270 ºC which can be associated with the shell of urea-formaldehyde 

(200 ºC) and the encapsulated linalyl acetate (B.P 220 ºC). The PMCs display 

improved thermal stability because of the highly thermally stable polyelectrolyte 

materials (PEI and SPEEK). The first stage (100 ºC to 230 ºC) showed a minor weight 

loss which can associate with the decomposition of impregnated phenylthiourea (157 º 

C) and core linalyl acetate (220 º C). The second stage (270 ºC to 420 ºC) was 

attributed to the adsorbed polyelectrolyte materials. The inset in figure 20(a) shows 

the peaks of the derivative weight loss of both the MLMCs and PMCs. Figure 20(b) 

(a) (b) 

Figure 19: Thermal stability of (a) microcapsules-UFMCs, MLUFMCs and (b) 

developed smart coatings-SLSCs and PMLSCs. 
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shows the TGA spectra for the plain and layered coatings. Like the microcapsules, the 

layered coating exhibited better thermal stability compared to the plain coating. Both 

the coatings are thermally stable and showed negligible weight loss till 400ºC, which 

can be attributed to the highly thermally stable epoxy resin matrix. The peaks of the 

derivative weight loss of the coatings can be seen in the inset of figure 20(b).  

 

 

 

 

 

 

 

 

 

 

3.7  Measurement of self- releasing of DOC and PTU from MLUFMCs and 

PMCs in response to pH change 

 

Fig. 21 shows the release of DOC from the MLUFMCs in response to pH change. 

MLUFMCs were dipped into 0.1 molar NaCl solution having five different pH values 

(2, 5, 7, 9, 11) and then UV-vis spectroscopy was under taken at each pH value for 

different time intervals (24, 48 and 72 h). After 24 h of immersion of MLUFMCs in 

the solution, no absorption peak was detected at any pH value (Fig. 21(a)). However, 

after 48 h (Fig. 21(b)) of immersion, the absorption peak at 280 nm in pH 2 indicates 

DOC release from the MLUFMCs. At this pH the NH2 of DOC changes to NH3
+ 

(a) 
(b) 

Figure 20: Thermal stability analysis (TGA) of (a) MLMCs [27] and PMCs (b) the 

plain and layered coatings 
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which facilitates the release of DOC. After 72 h (Fig. 21(c)) in pH 2, the intensity of 

the peak increased compared to 48 h, which demonstrates an increase of the amount 

of inhibitor released with time. Thus, the results obtained at pH 2 confirm that the 

release of the impregnated DOC in MLUFMCs is a time-dependent process. 

Furthermore, DOC release is pH sensitive, but the most efficient release was noticed 

only in acidic environment (pH 2).  

 

 

 

 

 

 

 

 

Furthermore for the second set of the capsules, UV–vis spectroscopy was also used to 

study the release behavior of the inhibitor from the multilayered microcapsules with 

different time intervals. The UV spectra were recorded after dipping the PMCs in 0.1 

M NaCl solutions of pH 2, 5, 7,9,11 after different periods: 2, 24 and 48 h - figure 22. 

The absorbance intensity changes with pH after 24 and 48 h and as shown in the 

figure 22(b, c). The absorbance value at ⁓ 303 nm represents the protonation of 

phenylthiourea and hence confirmed the presence of inhibitor in solution. It can be 

noticed that the relative absorption peak intensity increased after 24 and 48 h (figure 

22 (b, c)). Furthermore there was a more dominant absorption at pH 2, 9 and 11 

24-hrs 48-hrs 72-hrs (a) (b) (c) 

Figure 21: UV-vis spectra of the MLUFMCs immersed in 0.1 M NaCl solutions having 

various pH values after (a) 24 h (b) 48 h and (c) 72 h. 
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compared to pH 5 and 7, which showed that the release of PTU seemed to occur 

preferentially in both acidic and alkaline medium. The intensity of the peaks increased 

with time, which evidenced the time dependent release behavior of the inhibitors from 

the PMCs. 

 

 

 

 

 

 

 

 

 

3.8 Self-healing of smart coatings 

 

Figure 23 shows the self-healing ability of SLSCs and PMLSCs. The coatings were 

subjected to controlled damage. In response to the mechanical damage (creation of a 

scratch in the coatings), the microcapsules present in the coating matrix are ruptured 

and release the self-healing agent (linalyl acetate), which polymerizes in air and heals 

Figure 22: UV spectroscopy of polyelectrolyte multilayered microcapsules after (a) 

24 h (b) 48 h (c) 72 h of the immersion in 0.1 M NaCl solution with different pH 

values. 
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the scratch. Linalyl acetate has the ability to autoxidize when exposed to air, forming 

sensitizing hyperoxides as it contains oxidizable positions within its chemical 

structure. Hyperoxides, an epoxide and alcohol have been identified as oxidation 

products from linalyl acetate. However, 6,7-epoxy-3,7-dimethylocta-1,5-diene-3yl 

acetate is identified as the secondary oxidation product. A comparison of Figure 23 (a, 

d) indicates that after 24 h SLSCs have healed significantly, whereas the PMLSCs 

were partially self-healed. This observation suggests that the self-healing ability of 

SLSCs is superior to PMLSCs. This is due to the higher amount of self-healing agent 

(linalyl acetate) present in the UFMCs. It is pertinent to note that SLCs contain 

UFMCs which are encapsulated with linalyl acetate only, while the PMLSCs have 

linalyl acetate in the core and loaded dodecylamine in the layers as well. So, with the 

same weight percent of encapsulated UFMCs (5 wt. %) and MLUFMCs (5 wt. %), 

SLSCs have more amount of self-healing agent (linalyl acetate) when compared to 

PMLSCs (because of the only linalyl acetate as a core material in UFMCs) and thus 

shows better self-healing performance. These findings are consistent with previous 

results. However, it is worth to note that after 72 h, the PMLSCs have also been self-

healed as shown in Figure 23 (e, f) demonstrating successful healing effect. 
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Also, the self-healing capability of the plain and layered coatings was evaluated by 

scanning electron microscopy- figure 24. The coatings were subjected to controlled 

mechanical damage by creating a 5 mm scratch. Under mechanical load, the 

microcapsules are ruptured and release the core species (linalyl acetate) into the 

damaged area. This agent is expected to polymerize forming a protective layer that 

restricts the contact of the substrate with the harsh corrosive environment. Linalyl 

acetate has the ability to oxidize under contact with air, hence forming hyperoxides, 

and epoxide.  The SEM images of plain coatings (a, b and c) showed the time 

evolution of the healing process in the scratched area. After 24 h of damage, the 

scratch seemed healed in both plain and layered coating as shown in figure 24 (b, e). 

After 48 h, the images evidenced a stable coating healing.  

(a) 

(e) 

(c)

(f) 

(b)

(d) 

Figure 23: SEM images of the scratched samples (a, b, c) SLSCs after 24, 48 and 72 h. 

and (d, e, f) PMLSCs after 24, 42 and 72 h. 
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3.9 Electrochemical Impedance Spectroscopic (EIS) of DOC samples  

 

EIS analysis was performed to investigate the anti-corrosive and consequently the 

corrosion healing performance of the prepared coatings. The EIS measurements were 

carried out after the immersion of the scratched samples in 3.5 wt% NaCl solution for 

2, 24 and 48 h at room temperature.  Bode plots for PECs, SLSCs and PMLSCs are 

depicted in Figure 25.  

Figure 25 show that EIS spectra have a similar shape. Therefore, all coatings seem to 

display an identical number of time constants that were fitted with an equivalent 

electric circuit of the two-time constants with mass-controlled diffusion-Figure 26. Rs 

is the solution resistance, Rpo is the pore resistance in the intact parts of the coating, 

(a) (b) (c) 

(d) (e) (f

2 h  24 h  48 h  

2 h  24 h  48 h  

Healed 

Figure 24: SEM images of the scratched samples (a, b, c) MLMCs and (d, e, f) PMCs 

after different time intervals. 
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Rct represents the charge transfer resistance at the steel interface (pores and scratched 

areas). The constant phase elements related to double layer capacitance and coating 

capacitance are represented by CPEdl and CPEc, respectively. The Warburg diffusion 

element (W) illustrates the presence of mass transport. The combination of CPEdl and 

Rct was used to fit the low frequency time constant and can be assigned to the 

steel/coating interface. The high frequency time constant (CPEcoat and Rpo) accounts 

for the barrier properties of the coated areas.  

Table 2 contains the charge transfer resistance values acquired from fitting the 

measured EIS data of the coatings. Figure 25(a, b) and Table 1 reveal that after 2 h of 

immersion, the SLSCs and PMLSCs show higher values of Rct i.e. 10.3x104 and 

81.9x103 Ωcm2, respectively, compared to the PECs samples (43.1x103 Ωcm2). The 

higher Rct values of the SLSCs and PMLSCs indicate better corrosion protection of 

both coatings. This effect is probably related to rupture of the microcapsules during 

scratching and release of linalyl acetate that, in turn, is oxidized by the atmospheric 

oxygen, which results in healing the scratched area of the coating by formation of a 

stable film as explained above in section 3.8.  However, the lower Rct value of 

PMLSCs, as shown in Table 1, might be related to the complex layered structure of 

PLUFMCs, which slows down the release of linalyl acetate from the microcapsules 

and the inhibitor.  

PECs sample shows a lower Rct value of 20.6x103 Ωcm2 after 24 h (Figure 25c) 

compared to the corresponding value after 2 h, which keeps decreasing upon 

prolongation of the immersion time (up to 48 h) - Figure 25e and Table 2. This 

expected trend is due to continuous corrosion activity as no inhibitor or healing agent 
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is present.  The Rct value obtained for the SLSCs increases by about 67 % after 24 h 

immersion, while that of the PMLSCs rises by about 82 % (see Figure 25c and Table 

2). The higher Rct value for the coating containing the multilayered capsules indicates 

that the corrosion inhibitor and the self-healing agent encapsulated in the multilayers 

of the synthesized capsules were released as consequence of the scratch and local pH 

acidification caused by hydrolysis of iron ions released due to corrosion. It can be 

noticed that the PMLSCs show further increase in the Rct value, with a major shift in 

the phase angle compared to the corresponding value after 24 h of immersion due to 

further release of corrosion inhibitor (dodecylamine) to the scratched area leading to 

inhibition of the corrosion activity. The higher Rct value (25.2x106 Ωcm2) can be 

attributed to effective release of inhibitor and simultaneous formation of the healing 

film. 

The charge transfer resistance is increasing in the SLSCs and PMLSCs with time 

(from 2 h of immersion to 24 h) due to the release of dodecylamine as well as release 

of linalyl acetate, both forming protective species. The Rct values showed further 

increase for the PMLSCs compared to SLSCs due to the double action of the 

PMLSCs coatings that comes from the polymer healing effect and corrosion 

inhibition of steel). In fact, the damaged area, even after healing by linalyl acetate still 

contains some micro defects and may not avoid totally the corrosion activity. Hence, 

after 24 h of the scratch the corrosion process slowly progresses, and the pH of the 

surrounding medium acidifies due to hydrolysis of Fe cations and effect that 

stimulates the release of dodecylamine from the polyelectrolyte layers. The results 

obtained in the present work are in line with the previous reported literature.  
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(a) 

(d) (c) 

(b) 

(e) 
(f) 

Figure 25: (a, c and e) Bode and (b, d and f) the corresponding phase angle plots for the 

scratched coated specimens with PECs (epoxy resin only), SLSCs (epoxy loaded with 5 

wt% of the UFMCs) and PMLSCs (epoxy loaded with 5 wt% of the MLUFMCs) after 

immersion in 
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Table 2: Electrochemical parameters obtained by fitting the measured impedance data 

shown in Figure 12 of the scratched coated specimens immersed in 3.5 wt.% NaCl 

solution. 

 

 

 

Coatings Time 

(h) 

Rct 

(Ω.cm2) 

PECs 

SLSCs 

PMLSCs 

 

2 

43.1x103 

10.3x104 

81.9x103 

PECs 

SLSCs 

PMLSCs 

 

24 

 

20.6x103 

31.5 x104 

46.8x104 

PECs 

SLSCs 

PMLSCs 

 

48 

10.8x103 

12.2x104 

25.2x106 

Figure 26: Electrochemical equivalent electric circuit obtained from fitting the 

impedance data. 
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3.10 Electrochemical Impedance Spectroscopic (EIS) of PTU samples  

 

EIS technique has been utilized as an influential technique for studying the corrosion 

performance of various numbers of applications such as material selection, corrosion 

inhibitors and coatings. Figure 27 represent the equivalent circuits (ECs), which are 

applied to analyze and fit the measured data. A two-time constant equivalent circuit, 

which is commonly used for analyzing electrodes undergoing simple coating layer, is 

depicted in Figure 27 (a). Intriguingly, a three-time constant equivalent circuit (Figure 

27 (b)) which is used for electrodes with coatings and some other influences on the 

ions transfer and resistivity of the prepared layer on top. The parameters of the 

electrochemical reactions occurring at the metal/solution interface can be measured 

and calculated from the EIS Nyquist and bode plots, e.g., the solution resistance (Rs), 

pore resistance (Rpo), constant phase elements (CPE), warburg diffusion coefficient 

(W), charge transfer resistance (R1 and R2).  

 

Figure 27: Electrochemical equivalent circuit used to fit the impedance data. 
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Figure 28: Nyquist plots for the measured EIS data (symbols) and their fittings (solid 

lines) using the EC shown in Figure 27 for different epoxy resin exposed in 3.5% 

NaCl solution for different exposure time a) neat coating, b) plain coating, and c) 

layered coatings 

 

The fitted results of charge transfer resistances (R1 and R2), the constant phase 

elements (Y1 and Y2) and Warburg diffusion coefficient (W), are seen in Table 3. The 

obtained results show that the constant phase element decreases as the resistance 

values increase with the increasing number of layer or inhibitor composition, which 

are due to the increase in the thickness of the protecting layer on the metal/solution 

interface It is obvious that the Nyquist and Bode plots for all the same coating 

material content has the same behavior after different exposure time. A comparison of 

the charge transfer resistance recorded data in Table 3 indicates the increasing 

corrosion inhibition behavior of mild steel with increasing layer content. It is obvious 

that the decrease of CPE values indicates an increase in the area or the thickness of 

the electrical double layer. EIS test was used to analyze the corrosion impeding 

quality of the coatings. The corrosion protection property of the coating is directly 

related to the impedance value of at low frequency. Higher the value at low frequency 
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better will be the corrosion protection capability and vice versa.  Figure 29 shows the 

EIS spectra and the corresponding phase angle of the developed coatings. 

Three types of steel coated samples were tested, one control sample which is blank 

epoxy coating and two test samples (UF and multilayered UF microcapsules 

coatings). For the test samples 4 wt % of the microcapsules were dispersed into the 

epoxy matrix and EIS test was conducted of the cured steel coated samples.  Figure 29 

(a) shows the EIS spectra, after the immersion of 2 hours of scratched coated samples. 

The scratched pure epoxy coating showed comparatively less resistance at low 

frequency. The UF microcapsules showed higher impedance than that of the layered 

microcapsules coating after 2 hours because of the complex structure and the 

multilayered microcapsules. The self-healing agent ( linalyl acetate) is completely 

released in the damaged part in case of UF microcapsules while in that of 

multilayered microcapsules it takes time to release the complete core materials 

because of the deposited polyelectrolyte layers above the UF microcapsules. The low 

impedance of the multilayered microcapsules coating, after 2 hours also confirms that 

the corrosion inhibitor (PTU) is not released from the polyelectrolyte layers.  

In figure 29 (c) , the EIS spectra of the scratched sample after 24 hours  of the 

immersion in the NaCl represents that the corrosion impedance of multilayered UF 

microcapsules coating is higher than that of the UF microcapsules coating due the 

efficient release of PTU ( inhibitor) and the core self-healing agent  (linalyl acetate). 

The blank epoxy coating showed decrease in the impedance value at low frequency 

which clearly demonstrates the initiation of the corrosion process after 24 hours.  
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After 48 hours of the immersion, Figure 29(e) represents the EIS spectra of the 

scratched coatings. The multilayered UF microcapsules showed further increase in the 

impedance illustrating the effects of the releasing PTU on the resistance of corrosion 

process. The UF microcapsules coating showed a slight decrease in the impedance 

value which shows the diffusion of the corrosive species from the outside medium. 

This diffusion in the scratch area shows the discontinuity of the auto oxidized linalyl 

acetate in the damaged area.  

 

Table 3: Electrochemical Impedance Parameters for different coatings in 3.5% NaCl 

 

layer Exposure 

time, days 

Rs, 

kΩ 

cm−2 

Rpo, 

kΩ 

cm−2 

Ypo 

×10-6 

sn Ω−1 

cm−2 

R1, 

kΩ 

cm−2 

Y1 ×10-

12 

sn Ω−1 

cm−2 

R2, 

kΩ 

cm−2 

Y2 

×10-3 

sn Ω−1 

cm−2 

W×10-6 

sn Ω−1 

cm−2 

Epoxy 1st 1.67 48.77 3.53 67.78 160.2 
---- ---- ---- 

2nd 0.21 12.45 2.14 51.34 449.3 
---- ---- 

---- 

3rd 1.57 7.73 101.2 18.7 269.6 49.3 1.01 32.5 

UFMCs 1st 1.96 162.2 0.942 123.4 123.7 
---- ---- 

---- 

2nd 0.67 139.6 0.573 16.19 189.46 199.4 1.03 7.89 

3rd 1.74 214.3 0.197 242 247.9 
---- ---- ---- 

PLFMCs 1st 0.34 95.2 1.71 94.88 342.1 179.1 1.51 0.193 

2nd 0.99 347.9 624.9 83.98 868.8 2200 1.06 8.31 

3rd 0.13 
---- ---- 

6025 164.7 
---- ---- ---- 
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Figure 29: Bode plots for the measured EIS data (symbols) and their fittings (solid 

lines) using the EC shown in Figure 2 for for different epoxy resin exposed in 3.5% 

NaCl solution for different exposure time (a, b) pure epoxy resin, (c, d) single layer, 

and (e, f) multi-layer 

 

A comparison of the anticorrosive properties of the coatings developed within this 

work with those already reported literature is presented in Table 4. The comparative 

analysis demonstrates that the coatings developed in the present work possess 

superior anti-corrosive performance, an effect that can be attributed to the novel 

chemistry of the polyelectrolyte multilayered urea formaldehyde microcapsules, 

selection of the selected inhibitors (DOC and PTU), self-healing agent (linalyl 

acetate) and their efficient release in response to the external stimuli.  The two 
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protective mechanisms are independently and simultaneously occurring in the 

developed coatings and hence, increasing the corrosion protection performance of the 

smart coatings. The enhanced anticorrosion performance makes this composite 

coating an interesting option to protect steel components used in the oil and gas as 

well as other related industries. 

 

Table 4: Comparison of the present coatings with the previous results in terms of 

corrosion impedance values. 

 

 

S.No 

 

 

Coatings 

 

Immersion 

time   

 

Rct 

 

Reference 

1  

Blank Epoxy 

  

 

Epoxy with UF microcapsules 

 

Epoxy with multilayered 

microcapsules 

(UF/PEI/SPEEK/DOC/SPEEK/PEI) 

(UF/PEI/SPEEK/PTU/SPEEK/PEI) 

2 hr. 

24 hr. 

48 hr. 

2hr. 

24 hr. 

48 hr. 

2hr. 

24 hr. 

48 hr. 

48hr 

4.3 x 104Ω 

2.0 x 104Ω 

1.0 x 104Ω 

1.0 x 105Ω 

3.1 x 105Ω 

1.2 x 105Ω 

8.1 x 104Ω 

4.6 x 105Ω 

2.5 x 107Ω 

6.0 x 106Ω 

 

 

 

 

Present 

work 

 

2 

 

Blank Epoxy  

 

Epoxy with UF microcapsules  

7 hr. 

 

7 hr. 

 

1.4 x 103Ω  

 

8.9 x 104Ω 

 

E.M. 

Fayyad et al  

[10] 
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S.No 

 

 

Coatings 

 

Immersion 

time   

 

Rct 

 

Reference 

 

3 

Blank Epoxy 

  

 

Epoxy with  UF microcapsules 

 

Epoxy with multilayered 

microcapsules 

(UF/PEI/PSS/BTZ/PSS/PEI)  

2 hr. 

24 hr. 

 

2 hr. 

24 hr. 

 

2 hr. 

24 hr. 

7.5 x 103Ω 

4.7 x 103Ω  

 

1.9 x 104Ω 

1.2 x 104Ω 

 

1.1 x 104Ω 

3.5 x 104Ω 

 

 

D. Abrantes 

et al  [37] 

 

4 

 

Blank Epoxy  

 

 

Epoxy with CeO2 capsules 

 

 

 

24 hr. 

48 hr. 

 

24 hr. 

48 hr. 

 

 

1.4 x 105 

Ω 

6.6 x 104 

Ω 

 

4 x 105 Ω 

7.4 x 105 

Ω 

 

 

X. Liu  et al  

[41] 

5 Multilayered with benzotriazole  

(UF/PEI/PSS/benzotriazole/PSS/PE

I) 

48h 4.54×103  

6 CeO2/ benzotriazole /(PEI/PSS)2 48h  3.33×104  
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CHAPTER 4: CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

4.1 Conclusion  

 

In this thesis work, initially urea formaldehyde microcapsules (UFMCs) were 

synthesized with encapsulated self-healing agent (linalyl acetate). Novel multilayered 

microcapsules (PMLMCs) having self-healing specie as a core material and corrosion 

inhibitor entrapped in the layers were synthesized using layer by layer technique. 

Single layer smart coatings (SLSCs) and polyelectrolyte multilayered smart coatings 

(PMSCs) were prepared by reinforcing these microcapsules in the polymeric matrix 

and applying on carbon steel substrate, respectively. Two different corrosion 

inhibitors (dodecylamine and phenylthiourea) are used separately in the layered 

design of the multilayered microcapsules.  It can be concluded that PMLSCs 

demonstrate improved thermal and superior anticorrosion properties compared to 

SLSCs. This enhancement can be attributed to the efficient release of the encapsulated 

self-healing species, linalyl acetate, and corrosion inhibitor (dodecylamine and 

phenylthiourea) entrapped in polyelectrolyte layers of the multilayered microcapsules. 

The healing effect of linalyl acetate was evidenced by the slow repair of scratches 

formed on the surface, while the inhibitive action of dodecylamine and phenylthiourea 

has been confirmed by the increased resistances determined by electrochemical 

impedance spectroscopy. Owing to the good thermal and enhanced anticorrosion 

properties, the novel multilayered microcapsules may be attractive for designing 

functional coatings for corrosion protection of steel parts. 
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4.2 Future Recommendations 

 

In view of the current study about multilayered microcapsules, it proved to be a best 

alternative of using multiple containers in a single polymeric coating matrix. By using 

polyelectrolyte multilayer microcapsules, we can achieve hybrid function from a 

single micro container. Furthermore by using SPEEK in the current layers formulation 

with PEI, made it more polarized which confirms the adsorption of layers on the 

surface of UFMCs.  

The future recommendations include the deposition of this multilayer formulation 

with different corrosion inhibition on other micro/nano containers and analyze their 

corrosion inhibition capability. We can also study the synergetic effect of the two 

corrosion inhibitors in a single nano container reinforced polymeric coatings instead 

of a self-healing and inhibition properties. One of the future goals can also be to 

analyze different polyelectrolyte materials (Polystyrene sulfonate, Sulfonated poly 

(ether ether ketone), Polyethyleneimine etc) in multilayer formulation and their effect 

of the structure of multilayer microcapsules.  
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