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Encapsulation of agrochemicals in polymeric microcapsules coated with 

photocatalytic nanomaterials 
( 

Abstract 

 Excessive use of agricultural land using agrochemicals (AC) for human livelihood results in 

excessive pollution of soils and food chains. The nutritional deregulation of soils causes damage 

that takes years to restore. Therefore, it is urgent to reduce the amount and/or concentration of 

ACs and to create solutions for their gradual release. 

 Microencapsulation systems may help to reduce this problem as they protect the AC from 

external actions like water, light, and temperature. This work developed two controlled release 

systems. (1) Polymethyl methacrylate microcapsules (PMMA-MCs), using the solvent evaporation 

technique with double emulsion, followed by ZnO and TiO2 coatings by atomic layer deposition 

(ALD) to degrade the PMMA-MCs and release the AC. Energy-dispersive X-ray spectrometry (EDX) 

proved the microcapsules configuration, as also the presence of the AC. (2) Gelatin microspheres 

(MSs) by gelification and crosslinking methods.  

 The ALD deposition depends on the substrate glass transition temperature (Tg) and on the 

pre-treatment with ozone. The studied PMMA has a Tg = 114 ºC, resulting from a combination of 

tacticities determined by the three different proton and carbon peaks in 1D and 2D NMR, from 

each tactic structure. The syndiotactic PMMA is predominant because intense peaks were identified 

in UV-vis (212.8 nm) and FTIR (750, 915, and 1062 cm-1). 

 ALD permits to do ozonation as an in situ pre-treatment. The reactivity from the metallic 

precursor indicates the intensity of the pre-treatment. For titanium tetraisopropoxide it was 

necessary more 300 O3 ALD cycles than for the diethylzinc. The X-ray diffractometer experiments 

revealed the amorphous structure of TiO2 as the pattern shows the same diffractogram as for 

PMMA-MCs, coincident with the PDF card (00-064-1603). The ZnO coating resulted in a wurtzite 

structure coincident with the PDF card 04-022-5463. Moreover, ZnO can be used as a seed layer 

to further deposit TiO2. The TiO2 coatings have a low photocatalytic activity. However, 400 ZnO ALD 

cycles degraded 95 % of the dye solution after 9 hours of UV irradiation. 

 A controlled release was lightly observed for ALD coated PMMA microcapsules after 24h, 

under Xe lamp irradiation, but it was not possible to quantify it. On the other side, the gelatin and 

polyvinyl alcohol microspheres allowed the AC release by swelling and diffusion, and the process 

took more than 8h to occurs entirely.    

Keywords: Agrochemicals, ALD, Controlled release, Microcapsules, Photocatalysis    
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Encapsulamento de agroquímicos em microcápsulas poliméricas 

revestidas com nanomateriais fotocatalíticos  
( 

Resumo 

 O uso excessivo de agroquímicos (AQs) é vital para a obtenção de alimentos, todavia é 

uma fonte de poluição dos solos, cursos de água e cadeias alimentares. A desregulação nutricional 

dos solos causa danos que levam anos a serem reestabelecidos. Assim, é urgente reduzir a 

quantidade e/ou concentração de agroquímicos nos solos, promovendo a sua libertação gradual. 

 Os sistemas de microencapsulação conseguem solucionar esta falha, protegendo os AQ 

de ações externas como água, luz e temperatura. Neste trabalho foram desenvolvidos dois 

sistemas de libertação controlada. (1) Síntese de microcápsulas de polimetil metacrilato (MCs-

PMMA), usando a evaporação do solvente associada à dupla emulsão, sendo seguidamente 

revestidas com ZnO e TiO2 por deposição em camada atómica (DCA) para degradar as MCs-PMMA 

e posteriormente libertar o AQ. A espectrometria de raio-X por dispersão em energia provou a 

estrutura das MCs e a presença do AQ. (2) Formação de microesferas de gelatina por gelificação 

e crosslinking.  

  A DCA depende da temperatura de transição vítrea (Tg) e do pré-tratamento com ozono. 

O PMMA estudado tem Tg = 114ºC, e é a combinação de taticidades que foram determinadas 

pelos respetivos picos de protão e carbono em 1D e 2D RMN. O PMMA é predominantemente 

sindiotático, com picos intensos em UV-vis (212.8 nm) e FTIR (750, 915 e 1062 cm-1).  

 A DCA permite fazer ozonação como um pré-tratamento in situ. A reatividade do percursor 

metálico dita a intensidade do pré-tratamento. Para o tetraisopropóxido de titânio foram precisos 

mais 300 ciclos de O3 do que para o dietilzinco. Através da difração de raios-X determinou-se que 

o TiO2 é amorfo uma vez que o difractograma é semelhante ao das MCs-PMMA, coincidente com 

a carta PDF 00-064-1603. O revestimento de ZnO tem a estrutura da wurtzite (carta PDF 04-022-

5463). Adicionalmente, o ZnO pode ser usado como camada semente para crescer o TiO2. Os 

revestimentos de TiO2 têm uma baixa atividade fotocatalítica. Todavia, 400 ciclos de ZnO 

degradaram 95% de solução de corante após irradiação com luz UV durante 9h.   

 A libertação controlada foi testada sob irradiação com uma lâmpada de Xe, verificando-se 

este efeito em 24h, porém com variações ligeiras e difíceis de quantificar. As microesferas de 

gelatina e álcool polivinílico foram criadas para libertar o AQ por inchamento e difusão, e o processo 

demora mais de 8h.  

Palavras chave: Agroquímicos, ALD, Fotocatálise, Libertação controlada, Microcápsulas   
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Introduction and motivation 

  Agriculture is one of the ordinary forms of supplying food to humans and livestock and it 

is in transformation due to the environmental impact [1]. Nowadays, the majority of the 

agrochemicals (ACs) are a concern because they are coated with polymers and/or are itself an 

extreme source of pollution to the fauna and flora.  

  ASCENZA® is an agrochemical manufacturer that is distributed mostly across Europe. One 

of the many ambitions is to reformulate the ACs synthesis and release methods, bringing new ways 

to encapsulate hydrophilic ACs to provide a controlled release. 

  This thesis focuses on solving the problematics that ASCENZA® experimented when 

creating an involucre where the compounds are retained in the interior, as a liquid or in solid-state. 

In this way, all the ACs characteristics are preserved given the conditions they must face during 

storage, transport, and subsequent lifetime when applied to agricultural land. Indeed, such 

microcapsules (MCs) have to be mechanically resistant, but able to dissociate when exposed to 

sunlight. Furthermore, they release the agrochemicals during the crop's development, minimizing 

the pollution. To attain this, it is imperative to functionalize the MCs wall through a photocatalytic 

and nanometric coating. As examples are titanium dioxide (TiO2) and zinc oxide (ZnO) [2,3]. 

  The photocatalytic compound absorbs ultraviolet (UV) radiation and a fraction of visible 

(VIS) that triggers radical production. These will generate redox reactions, reducing itself and 

oxidizing the surrounding compounds. Since the MCs wall is adjacent to the coating, this one will 

be susceptible to oxidation and, over time, will be destructed. Thus, the release will be dependent 

on the MCs and coating properties. 

 The atomic layer deposition (ALD) is ideal for this purpose, since it produces conformal 

coatings, and the respective thickness is controlled at a nanometric scale. Moreover, by adjusting 

the ALD parameters, a second shell or cluster can be synthesized. The deposition temperature can 

induce crystallographic domains with photocatalytic performance, such as anatase from TiO2. 

However, ALD on polymers is growing slowly due to structural limitations [4]. 

 Besides the development of polymeric microcapsules coated by ALD with photocatalytic 

nanomaterials, another system was attempted for the microencapsulation of agrochemicals: 

microspheres (MSs). Here, the ACs controlled release is based on swelling and diffusion 

phenomena. 
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Thesis structure  

 This work is mainly divided into three stages: (1) synthesis of the MCs and MSs with 

hydrophilic ACs, (2) ALD coating of them, and (3) study of the photocatalysis or swelling and 

diffusion mechanisms as controlled release processes (Figure 1). It is worth of note that each 

part has a novelty. Concerning the MCs systems where PMMA is used, there are a few 

encapsulated hydrophilic compounds reported so far. In the ALD section, the bibliography is rare, 

and the use of PMMA as support material is even scarce. The resultant review article, presented 

in the state of art, demonstrates that PMMA support substrate were 2D, so the presented MCs are 

a novelty in these ALD-coated polymers. Regarding the photocatalysis technology for releasing ACs, 

this approach is itself new. 

 

Controlled release systems  
 

Microcapsules  

Polymeric Wall             Photocatalytic layer           ℎν (solar)  

 

 Solvent evaporation   Atomic Layer Deposition      Phototcatalysis  
         method                       (ALD) 

 

 

Microspheres  

Polymeric matrix    Hydrossoluble enviroment  

 

  Gelification with           Hydration             Swelling and diffusion  
cross-linking agent                   
       method  
 

Figure 1. Schematic illustration of the controlled release systems for the coated microcapsules 

and the microspheres.  
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 This thesis was separated into five chapters: i) state of the art; ii) materials and 

experimental methodologies; results and discussion for the MCs (iii) and MSs (iv). The last part (v) 

is comprised of conclusions, limitations, and future work.  

  Chapter 1 gives a perspective of AC types and the consequences of their use in crops. 

Then, it explains the ACs microencapsulation as a controlled release system on the way to preserve 

the soils, and its excellent performance when employed. Next, the various microcapsule types are 

described, as well as the experimental synthesis to produce them. This part explains the techniques 

that are relevant to this work, such as solvent evaporation, solvent extraction and gelification with 

cross-linking agent techniques.   

  Another part of this chapter is dedicated to the photocatalysis mechanism and provides 

information about the materials used for the photocatalytic layer (titanium dioxide and zinc oxide). 

Due to the heterostructured material complexity and the lack of scientific studies or reports, the 

ultimate part is an overview that explains the atomic layer deposition (ALD) technique. Here, there 

are experimental examples of PMMA either as support or as a substrate to create patterns.  

Chapter 2 reports on materials and methods employed for the development of 

microcapsules with PMMA and/or cellulose acetate as a shell and for the gelatin-based 

microspheres. Initially, there is a plan to understand the process, and the steps put into practice, 

not just to make the polymeric microcapsules but also to create the coating. Following this, there 

is a brief explanation of the characterization techniques used and this importance of each one. In 

this section, the methods used to evaluate the controlled release and photocatalytic tests are 

described. 

Chapter 3 presents the results and discussion about the microcapsules strategy. Failures 

are interpreted and the path to the successful MCs or coating via ALD is reached. There is also 

evidence obtained from different characterization techniques designed to create a solid foundation, 

giving robustness to the results and theories behind them. 

 Chapter 4 is a chapter similar to the previous one but dedicated to the microspheres 

development. This part describes the multiple ways to improve the MSs spherical shape and 

properties to carry the ACs. The ALD technique was not used because the MSs are hydrophilic, so 

the ACs will be released when in contact with environments that have a common solubility.  

  Finally, the Chapter 5 deals with the limitations from this work, some advice and 

adjustments that can be used to bring them closer to sustainable products. In the last topic, the 

most relevant conclusions are highlighted.   



 

 

 

 

 

 

 

Chapter 1 

 State of the art 
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1.1. Agrochemicals environmental impact and controlled release 

systems  

Agrochemicals (ACs) are chemical compounds, most of them synthetic [5–8], that are used 

for agricultural applications. They are categorized by their function: pesticides [6,9–11], fertilizers 

[6,9,11], plant growth agents [10,11] and pharmaceutical compounds for livestock [6,9].   

The pesticides exterminate plagues that attack the crops, namely weeds (herbicides), insects 

(insecticides), fungus (fungicides), and others [1,6]. The fertilizers contain hydrophilic nutrients, 

that are uptake by the roots and finally provide nutrients. These fertilizers are rich in nitrogen, 

phosphorus and potassium [6,12,13]. The plant growth regulators have in their composition 

nutrients and hormones to stimulate the crops developing [14].  

When ACs are applied, they are susceptible to photolysis [9], hydrolysis [15], microbial 

degradation, natural decay, and other dissipation routes [16]. Furthermore, the non-deteriorated 

part is vulnerable to evaporation [14,17], volatilization [18], leakage [17], lixiviation [14,17], root 

exudation [17] and root uptake [17,19]. Usually, it is necessary to apply a concentration higher 

than the necessary to ensure the resistance of the agrochemical, when exposed to the 

environmental conditions [14]. However, the agrochemical excess produces secondary effects 

[8,9,20,21].  

The ecotoxicity affects the fauna and flora and may result in an overconcentration of the ACs 

in the human body, as well of the organisms after ingestion (bioaccumulation) [1,13,22–26]. 

Another side effect is the persistence when the chemical compounds are transferred to the 

ecosystem and do not degrade after a certain period (usually three months) [13]. Even if they are 

not persistent or bioaccumulative, it takes several years to be eliminated. Also, they are metabolized 

in contact with soils or plants [17]. So, distinct ACs can combine and develop a synergetic 

response, being a concern to the ecosystem [27,28].     

 Each toxicity type affects the soil in different ways. The ACs composition affects the N, P 

and K cycles and imbalances the soil’s organic matter, triggering chemical reactions between the 

ACs and the soil composition [1,13,26]. In extreme concentrations, it changes the pH value to out 

of neutral pH, where the soil activity is not potentialized [13]. For longer expositions the soils are 

deforested [20,21,29,30], eroded [1,20,21,29,31] and there is also watercourse depletion 

[13,20,21,29,30]. 

To control and stop this environmental crisis, laws, norms, and guides were created by 

international organizations [6,12,13]. The Food and Agriculture Organization of the United Nations 
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is the most important and, in the past, established the maximum concentration allowed for ACs. 

In this domain, the European Union stipulated a maximum of 0.5 ppb of pesticides as total 

maximum concentration in potable water [32]. The implemented limits make it impossible to 

continue the traditional agricultural practices [10,33], and just reducing the amount applied to 

crops is not feasible. Consequently, it was essential to create excipients to insert the ACs [9,34] 

and a strategy to render uniform the distribution into the fields without losing the integrity and 

correspondent properties [33,35].  

Due to the depletion of soils to produce enough to feed the humans and livestock, and the 

fact that the natural degradation of ACs is slow, the risk of their accumulation or persistence will 

increase [36]. The approach taken was to create systems to gradually release the ACs. By these 

mechanisms, the crops will always have a concentration that never reaches the toxicological effect. 

Once there is a barrier, the release will be gradual, so the accumulation is avoided. From the 

industrial point of view, these systems have advantages, such as the customization of release 

systems that combine ACs or even adjust their release time. The profit of a functional product of 

this type has prospects of being high, which is also very attractive for the industry. 

The controlled or slower release systems for agriculture appeared at the end of the XX 

century [35]. Before 1980, different formulations such as grains with different sizes, aqueous 

solutions and oil-in-water emulsions (O/W), started to emerge [37]. Then, side by side, the 

technological developments presented innovations such as auxiliary formulations and inert 

compounds [10,11,38]. In this way, the quality, stability and biological activity of the ACs were 

enhanced [35,38,39]. Also, the solubility was controlled to act in the roots or leaves and decrease 

the impact in the ecosystem. These new products are advantageous since they are safe, during 

the production, storage and utilization steps. Table 1 lists distinct ACs formulations, including 

microencapsulation [38].  

The agrochemical industry invested in two release domains: the controlled and the slow 

release [40,41]. The EN 13266/2001 standard [42] defines slow release as the process that does 

not release more than 15% of the active agent (AA) in 24h and no more than 75% in 28 days. 

Another parameter to fulfill is to not release more than 75% of the AA during the established 

maximum time [7]. As examples, there are O/W emulsions, suspoemulsions, microemulsions, and 

multiple emulsions like water-in-oil-in-water (W1/O/W2), oil-in-water-in-oil (O/W/O) [43] and solid-in-

oil-in-water (S/O/W) [44].  

In a general definition, controlled release is the one where the AA has a physical barrier. 
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This is influenced by a parameter that dictates the AA retention for a specific time period 

[11,36,53,45–52]. This mechanism differs from the slow release because the agrochemical 

properties are preserved; in other words, the physical barrier prevents the reaction from a physical 

or chemical process. This methodology ensures the ACs maximum efficacy [11,35,36]. 

 

Table 1. List of ACs with low environmental impact [38]. 

Formulations types 

Granules 
Wettable powders 
Water dispersible granules 
Suspensions 
Concentrated solutions 
Concentrated suspensions 
Emulsifiable concentrated 
Suspoemulsions 
Microemulsions 
O/W emulsions 
Seed treatments 
Microcapsules 

    Formulation employed in this study 

 

In the first stage, the formulation introduced in the controlled release system is applied in 

the crops. So, the AC maintains the integrity and not an immediate action; over time, the release 

is gradual. The interaction between the formulation and the environment is minimized. 

Consequently, the AC concentration is effective for a more extended period without reaching the 

toxicological level. This approach takes more time than the conventional one. The last phase is the 

concentration decrease, until the agrochemical exhaustion (Figure 2) [35,46,54,55]. Overall, the 

number of applications per crop declines the ACs side effects and the bacterial transport from the 

ecosystem [35,56–63].   

The agricultural industry has been enticed to synthesize new formulations. Despite the 

complexity and expense, the energetic cost is minor since the agrochemical quantities are less and 

the action time is longer [64]. Different formulations exist in the form of granules, matrix systems 

with physic entrapment [36,40,41,65], polymeric systems chemically bonded to the agrochemicals 

and formulations where the AC is covered by membranes, microcapsules, and coatings [36,41,65].   

  In conclusion, there are different controlled release systems; each one has a respective 

action mode that brings advantages compared with the AC in the simple formulation. Since there 

is a barrier, the release is slower, efficient and preserves the AC integrity. In all of them is verified 
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that the AC concentration does not reach toxic levels, keeping the ecosystem uncontaminated. 

   

Figure 2. Agrochemical concentration obtained from two applications, for a conventional 

formulation (blue), and agrochemical concentration release when it is controlled by time, with one 

application (black) [46].   

 

1.2. Microencapsulation as a technique for the agrochemicals industry  

  Microencapsulation is a technique wherein a compound creates a membrane and 

surrounds an AA, creating a microcapsule (MC) [11,35,36,46,56,66]. The diameter ranges from 

1 μm to 2 mm; if it is between 50 nm and 1 μm it is considered a nanocapsule [67,68]. The MCs 

are constituted by a core and a shell. The AA is in the reservoir, where one or multiple AAs can be 

encapsulated in solid, liquid, or gaseous cores [36,56,68–73]. As an exception, the micelle type 

can only encapsulate one AA due to the chemical composition [27,66,74,75]. Complementary, the 

wall is the shell that preserves the core; there are several shells from natural, semisynthetic, and 

synthetic sources. The shell materials are based on polymeric compounds [76,77] and their 

selection depends on the encapsulation purpose [76,77]. 

Several approaches have been attempted to retain the core, creating different 

microcapsules (Figure 3) [46,56,77]. The AA physical state is crucial to produce the MCs and 

influences the MCs type [77]. It can be distributed as monocore, multicore, or matrices [71,78]. 

The perfect situation is when there is a central core and the shell protects it; this is the monocore 

case, also known as core-shell type because there is a reservoir formation [76,78–83]. It is easier 

to obtain core-shell MCs when the cores are aqueous or during the MCs synthesis by dispersion, 

followed by solidification [79–81,84–86].  

The MCs with various cores have them dispersed in the structure in a heterogeneous way 

C
on

ce
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Time 

Toxic Level  

Effective level 

      Controlled release            Conventional release 
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[76,78]. The heterogeneous microcapsules have different configurations [81]. For example, the 

core can be introduced in globular structures out of the polymeric membrane, and these MCs are 

named heteroaggregated. The acorn MCs have a configuration characterized by the dislocated 

core, outside of the polymeric wall [81,87].  

 

     

 a  b      c   d       e 

Figure 3. Microcapsule morphologies: a) core-shell, b) heterogeneous, c) acorn, d) 

heteroaggregated and e) microspheres. 

  

 A different microencapsulation system is the so-called microsphere (MS), Figure 3 e). 

The microspheres are similar to the MCs, with the difference that the AAs are integrated into the 

matrix as dispersion, suspension, or homogenously dissolved [67,76,79,88]. Biopolymers, 

inorganic materials, compounds from natural or synthetic sources, and metal oxides, are some of 

the MSs compositions [89]. There is a deep controversy around the microsphere’s classification 

because the definition of microcapsule consists of a phase with the AA and the other phase 

constitutes the matrix that will retain the encapsulated compound. Since the MSs are a unique 

phase, some authors introduce it in the MCs technology as they are considered as a system that 

retains AAs [67,68].  

 

 

In this work, the MCs acronyms refers to the core-shell configuration. 

 In analogy, the MSs acronym correspond to the microspheres. 

 

1.2.1.  Microencapsulation as a controlled releasing system  

  In 1962 Oertli and Lunt published a controlled release system with encapsulated mineral 

fertilizers [90]. After one year, Dhanke et al. created polyurethane MCs; the research goal was to 

encapsulate fertilizers and release them gradually [41]. In 1971, Allan and the co-workers made a 
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scientific publication where they encapsulated pesticides [91]. In the next decade, more precisely 

in 1984, Otey et al. developed a mixture of starch, natural rubber, and polyethylene-vinyl acetate 

as a MSs structure for fertilizer's controlled release [92]. The 90’s were remarkable for agroindustry 

due to the introduction of polymeric hydrogels as compounds with the ability to preserve the ACs 

inside [11]. These studies were a springboard for the scientific community, since they aroused 

interest and appeared in numerous microencapsulation systems that ensure the ACs controlled 

release [41,45].   

 The industry took a while to follow this approach [11]. Nowadays, the number of MCs in 

this niche is very limited because of the complex chemical structures, being some of them unstable. 

This problem makes the ACs encapsulation a challenge, with a lack of standard methods, as well 

as expensive [11,64]. A considerable part of MCs formulations are suspensions in a media rich in 

surfactants and thickeners to ensure that the MCs do not precipitate on the recipient's bottom 

(Table 2) [43,93,94]. Following this context, there are other formulations in the form of granules 

and gels [93].    

 

Table 2. General composition of a microcapsule suspension [94]. 

Compound % in weight 

Active agent 10-30 
Emulsifier 1-5 
Polymer 10-15 
Solvent 5-15 
Anti-sedimentary agents 1-3 
Water Remaining to 100 

  

 The main advantage of encapsulation is to preserve the ACs in a solid-state shell without 

compromising the physical state of the AC. In other words, liquid compounds can be coated by 

solid walls, resulting in a solid-state MC [11,56,66,69]. In this way, the ACs stay inert and masked; 

thus, olfactory detection will be greatly reduced [11,35,56,66,69]. There is a significant warranty 

of the stability and preservation when the AC is encapsulated during all the process steps 

(production, storage, transport, and utilization). Also, the plants metabolize and elevate the 

concentration of the ACs [11,56,66,69]. This technique is also attractive due to the possibility of 

combining incompatible compounds in the same formulation [66,69].   

 The MCs can release the AA by diffusion [14,35,36,56,65,66] or by destroying the shell 

[35,36,41,56,65,66]. The shell destruction can be triggered by physical processes, where a 
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mechanic external force is applied. Alternatively, some chemical processes are used to release the 

core, such as hydrolysis [35,41,56,65], biodegradation, and degradation by pH or temperature 

[35,41]. After this initiation, the membrane will release the contents very fast, which is not an 

advantage. In the case of porous microcapsules, a gradual release is promoted because the water 

penetrates the porous and then releases the compound [41].  

  The shell thickness [35,56] and porosity [35,56,95] are the main factors that command 

the controlled release. For example, thicker shells take more time to degrade, so the core will take 

more time to be released. In opposition, a porous structure has a faster release, as the core 

interacts almost immediately with the external environment. Another factor, and probably the 

foremost, contributes to the controlled release system: the core properties. The physical, chemical 

and biological core nature will be crucial for the process’s selection and optimization [35,56,66].  

The role of MCs in releasing the ACs can be an external imbalance induced from the 

inserted environment [35,69]. This effect can be obtained by a previous functionalization, changing 

the optical [35], thermal [35,69], physical and chemical [35,69], mechanical [35,69], magnetic 

[69], and/or biological properties [35,69]. So far, pH, temperature, as well as light irradiation and 

enzymatic reactions, are some of the most applied imbalances to trigger the controlled release in 

ACs [35]. 

 In the MSs, the absence of an involucre limits the controlled release. The process is 

practically dependent on the sphere geometry, corresponding surface area, and the compounds 

that constitute the matrix [89,96]. In the MSs, it is possible to introduce hydrophilic or hydrophobic 

AAs. There are MSs with biodegradable and non-biodegradable matrices. In non-biodegradable 

MSs, AA diffusion is the predominant phenomenon associated with the release. For biodegradable 

matrices, the AA release depends on its degradation [96]. Since the major part of biopolymers 

used in biodegradable MSs, are water-soluble, the controlled release from spheres is dissolution, 

osmosis or swelling [89]. Furthermore, a significant percentage of MSs have an agent to drastically 

change the polymeric configuration by a chemical or physical cross-linking [97]. Once this 

compound is in the matrix, the controlled release is also dependent on the type and crosslinking 

degree [97–100]. The cross-linker enhances the MSs polymer properties: (1) increasing elasticity, 

(2) decreasing in the viscosity, (3) insolubility, (4) increasing transition temperature (Tg), strength 

and toughness, (5) decreasing in melting point temperature, and (6) transformation of 

thermoplastics into thermosets [97]. The environment where the MSs are applied is also essential 

for the controlled release rate, because the process is hugely affected by the pH and presence of 
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hydrosoluble compounds [98].   

 

1.2.2.  Microencapsulation techniques  

 According to Shahidi, Han and Wilkins, the MCs can be grouped based on synthesis nature, 

whether chemical or physical [101,102]. Also, the physical process is divided into mechanical and 

physicochemical. Table 3 shows some of the most used techniques to produce microcapsules. 

The interfacial polymerization, coacervation and evaporation/extraction of the solvent are widely 

selected for this practice [36,66].  

  

Table 3. Microencapsulation synthesis methods.  

  Ref. 

C
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Suspension [56,65,69,76] 
Dispersion [56,65,69,76] 
Emulsion [56,65,69,76] 
Interfacial polymerization  [27,56,66,69,76,95] 
Crosslinking   [36,56] 
Molecular inclusion  [27] 

P
h
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ic

a
l m

e
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d

s 

P
hy

si
co

ch
em

ic
al

 

Coacervation [27,35,56,65,66,69,76] 
Layer–by –layer [69] 
Sol-gel encapsulation [69] 
Supercritical fluid  [69,76] 
Electrostatic encapsulation [69,76] 
Solvent evaporation [27,36,65,66,76] 
Solvent extraction [27,36,65,66,76] 
Crystallization by emulsion/solidification  [27] 
Emulsion by controlled diffusion  [27] 
Liposome entrapment  [27] 

P
hy

si
co

-m
ec

ha
ni

ca
l  

Spray-drying [27,56,69,76] 
Spray-congealing [76] 
Multiple nozzle Spraying [69] 
Fluid-bed Coating [27,56,69,76] 
Centrifugation [69] 
Vacuum  [69] 
Electrostatic [27] 
Extrusion [27,76] 
Freeze drying [27] 
Pan coating [56] 
Atomization [46] 
Spinning disk [69] 

        Techniques employed in this study  
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 The goal of the present research was to produce core-shell microcapsules through the 

solvent evaporation technique, using single and double emulsion methodologies. The experiments 

were conducted using polymers already synthesized in order to minimize the effect of by-products 

in the microencapsulation methods. However, it was necessary to create an efficient 

microencapsulation system to fulfill the industry requirements during the experimental part, and 

so, solvent extraction techniques were also employed. Also, the MSs strategy was used to fit the 

industrial purpose and MSs were produced by gelation with a cross-linking agent. 

 

1.2.2.1. Solvent evaporation technique   

  Hickey was one of the pioneers of this microencapsulation method. The first microcapsules 

were produced in 1933 [103], however this process was only entirely understood and developed 

in the 80's [104]. The solvent evaporation technique consists of creating microcapsules from the 

polymer hardening procedure and has two approaches. In the first, the solvent evaporates from 

the polymeric solution; in the second approach, a co-solvent is added into the polymeric solution. 

Thus, all volume correspondent to the polymeric solution is dissolved, separating the constituents 

[105–109]. The experimental procedure is straightforward when compared with other 

microencapsulation methods; on the opposite, the window of opportunity is very narrow, so the 

process must be precise and accurate to successfully synthesize the MCs [110,111]. In the solvent 

evaporation technique, the MCs are made under continuous stirring [27,112–116]. 

  

  In this process, the polymer and the AA are dissolved in an appropriate solvent, named as 

dispersed phase or polymeric solution (Figure 4). Then, this phase is poured into a solution rich 

 

    a   b   c  

Figure 4. Solvent evaporation steps: a) a solution made of polymer (P) and active agent (AA) 

is dispersed into a solution with a surfactant (S); b) emulsification; c) solvent evaporation and 

microcapsules wall formation.   
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in surfactant and/or stabilizers. When the two solutions are in contact, an emulsion is created, and 

simultaneously occurs the solvent evaporation process. This physic phenomenon promotes the 

polymer precipitation surrounding the AA. During the evaporation, the polymeric phase becomes 

tougher, forming the polymeric wall. The synthesis is concluded when the evaporation is completed 

[65,117–119].  

 The solvent from the polymeric solution does not need to be volatile at standard room 

conditions. The evaporation can be applied in a wide range of solvents. To encapsulate the AA is 

necessary to prepare the emulsification at a temperature near the boiling temperature. However, 

a huge part of ACs are unstable to thermal conditions, so the solvent and polymers list is inevitably 

more restrict [110]. Examples of volatile solvents are methylene chloride or dichlomethane 

[76,120,121], acetone [110], methanol [110], ethyl acetate [76,110], ethyl alcohol [110] and 

chloroform [76,110,122].  

 
 

1.2.2.2. Solvent extraction technique  

  The microcapsules synthesis by solvent extraction adds a solvent into the disperse phase 

(Figure 5). This solvent has to be miscible in the disperse and continuous phases and must not 

dissolve the polymer [108,109]. The solvent extractor is added during the emulsification, which 

will then separate the polymer, the active agent, and the primary solvent of this phase 

[65,117,123,124]. The microcapsules are made by lixiviation that solidifies the polymer [124]. In 

this process, it is common to apply temperature or temperature ramps to promote the 

microcapsules formation [65,123]. As for the solvent evaporation technique, in solvent extraction 

the MCs are produced under continuous stirring.   

fy g 

 
 

 

 
 

 

    a   b   c  

Figure 5. Solvent extraction steps: a) a solution made of polymer (P), active agent (AA) and 

extractor solvent (ES) is dispersed into a solution with a surfactant (S); b) emulsion formation; c) 

lixiviation and and microcapsules wall formation.  
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 The microcapsules can be separated by the extractor solvent by filtration [65,125], 

centrifugation or ultracentrifugation [65,125,126]; then, they are washed [65,126,127] with 

deionized water [65,126], n-hexane [110,128], tampon solution [126], petroleum ether or 

cyclohexane [128]. The last phase is drying, the simplest way is at room conditions. In some 

situations it is necessary to decrease the drying temperature or pressure [127,128]; other cases 

refer to lyophilization as a drying technique [126,127].   

 Usually, the disperse phase is oily, and the continuous phase is aqueous [65,129]. Still, 

the AA solubility is different from the polymeric solution, which made mandatory that the continuous 

phase had to be compatible to promote the MCs formation. For example, for oily AA is imperative 

an oily continuous phase; they are poured into an aqueous phase, resulting in a single emulsion. 

The emulsion is oil (O) in water (W) and is widely use this abbreviation O/W [76,129]. The inverse 

is W/O, as a water phase introduced into an oily continuous phase. This are single emulsions, also 

in microencapsulation there are double or multiple emulsions. As the number of emulsion phases 

are increasing, the stability is more difficult to reach, but allows more encapsulation systems [76].  

   

1.2.2.3. Gelification with cross-linking agent technique 

 The gelification method is used to produce MCs and MSs. When the procedure is made 

by a single emulsion, the final product is a MS. The main requirement for this technique is to use 

a reactant that can form a gel. Most of them are biopolymers with hydrophilic character like 

polysaccharides (xanthan gum [64], alginate [56,130–133], agar [134], chitosan [130,135,136], 

starch [130,137], cellulose derivatives [130,137] and lignin [130,137,138]) and proteins (gelatin 

[61,139,140] and albumin [139,141]). Beyond these polymers exist synthetic hydrogels such as 

polyvinyl alcohol [142–144], glycerol [142,145], polyethylene glycol [97], polyacrylamide [146], 

polycaprolactone, poly (butyl-adipate-co-terephthalate) [147] and poly(butylene adipate‐co‐

terephthalate) [148]. The hydrogels can be synthesized from a combination of several polymers 

and/or biopolymers [142–144,146]. From an experimental perspective, the hydrogel formation 

begins with the heating resulting from the agitation of the matrix components. The previously 

heated mixture is poured into a continuous phase, with a large volume, at lower temperatures. The 

thermal contrast creates the gel; in some polymers, the gelification process is favored when the 

continuous phase is set at negative temperatures (Figure 6). The last step is washing and drying 

of the resultant MCs or MSs.  
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 Normally, the final gel does not contain the desired mechanical, chemical, or physical 

properties, so it is usual to enhance this property by using a cross-linking agent. The cross-linking 

increases the viscoelasticity [97,143,149], polymer insolubility [143,149], and toughness. 

Furthermore, polymeric transformations from thermoplastics into thermosets automatically change 

the melting and glass transition temperatures [97]. The cross-linking agent reticulates the 

polymer(s), rearranging the structure, so the final matrix will affect the controlled release. The 

release rate of the AA will be slower than for MCs or MSs without the cross-linking agent; in 

conclusion, the longevity will be longer [78,142]. Miao et al. and Fizur et al. also observed 

differences in cytotoxicity levels [143,149]. 

  

   The hydrogels used in this technique are grouped as chemical or physical cross-linking 

[150,151]. Physical cross-linking is referred when this compound and the polymer create stable 

bonds such as:  

• ionic interaction,  

• crystallization, 

• stereocomplex formation, 

• hydrophobized polysaccharides, 

• protein interaction (ProLastins) 

• hydrogen bond [152,153]. 

 When the reticulation agent and the polymer make a covalent bond, chemical cross-linking 

takes place, being more efficient than the physical. Here, the polymerization reaction is triggered 

in the polymer. Addition, condensation and reactions that involve radiation (photocrosslinking) lead 

to crosslinking [154,155]. Glutaraldehyde is widely used as reticulation agent for gelatin 

 

         a             b    c  

Figure 6. Gelification with cross-linking agent steps: a) solution with polymer (P), active 

agent (AA) and cross-linker (CL) and a continuous phase (CP); b) polymer reticulation made by 

the cross-linking agent; c) microsphere gelification. 
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[142,144,156] and calcium chloride [133,145]; for sodium alginate there are studies with boric 

acid [145,157], zinc [158,159], borax [160], oxidated dextrins [161], oxidated alginate [158] and 

urea [149].  

 The gelification process (with or without reticulation agent) can be carried out with a simple 

syringe or associated with extrusion, atomization and electrostatic deposition methods [162].  

 These synthesis processes have demonstrated to be very promising to produce 

microcapsules with supplied ACs. The emulsion stability is undoubtedly crucial to be successful in 

the agrochemical's encapsulation, for liquid or solid-state, as well for water-soluble compounds or 

insoluble. The gelification is the most suitable method for the purpose, but the controlled release 

by diffusion could be difficult to achieve during all steps.  

 With the techniques shown previously in 1.2.2.1 and 1.2.2.2 the agrochemical will be 

preserved and protected. However, for microcapsules without controlled release it is necessary to 

associate a technology that activates the controlled release. One example is wall degradation when 

activated by UV radiation through photocatalysis.  

 

1.3. Photocatalysis 

1.3.1.  Photocatalysis mechanism  

 Photocatalysis is an area of study in materials that has been extensively studied and 

encompasses both homogenous and heterogeneous processes. The heterogeneous photocatalysis 

is a complex phenomenon that involves catalysis, photochemistry, surface science, spectroscopy 

techniques, with a special emphasis in the photocatalytic semiconductors materials [163].  

 The semiconductor’s architecture is characterized by the energy gap between the valence 

and the conduction band. The valence band has valence electrons from all ions in the crystalline 

structure and it is more energetic than the conduction band, formed by unpaired electrons 

[164,165]. The energy range between both bands is named as band-gap (Figure 7, blue and red 

bands) [164–166]. In metals, photocatalysis does not occur because the bands are partially 

overlapped. On the contrary, the insulators do not have this property because the band-gap is 

greater than 4 eV, which means that the electrons do not have sufficient energy to go from the 

valence band to the conduction band (Figure 7, red band) [164,166]. The band-gap energy is 

associated with the photon wavenumber necessary to induce the transition, i.e., the incident 

photons need to have a wavenumber equal or higher than the band-gap energy to be subsequently 
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absorbed by the semiconductor [165,167,168].   

 Another property that influences the semiconductor photocatalysis is the Fermi energy. 

This property is defined as the energy where the probability of finding an electron is equal to ½. It 

mostly corresponds to the electrochemical potential from the material in study. For intrinsic 

semiconductors, the Fermi energy is in the middle of the valence or conduction bands [164]. The 

n-type semiconductors have as principal characteristic a Fermi energy closer to the conduction 

band. The displacement is due to the presence of donor electrons (negatively charged). Contrarily, 

the p-type semiconductors accept electrons, so the Fermi energy is adjacent to the holes, with 

positive charges [164].    

 

Figure 7. Band models applied to transition metals, n- and p- type intrinsic semiconductors 

and insulators.   

 

 The photocatalysis phenomenon starts when light is incident on the semiconductor. Then, 

the incident photons excite the electrons from the valence band; as a repercussion, the electrons 

move to an empty conduction band. This photoexcitation allows multiple mechanisms, such as 

forming holes, with a positive charge, in the valence band, and then generating an electron-hole 

pair. The electron participates in reduction reactions, and the hole in the oxidation reactions. For 

example, when water aids in this process, the electrons from the semiconductor reduce the oxygen 

and, at the same time, the hole oxidates the water molecules, triggering several degradation 

reactions at the semiconductor surface (Figure 8). The last step that occurs is the charge 
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recombination at the surface or inside of the semiconductor. Both contribute to the material 

degradation that is in contact with the photocatalytic semiconductor [168–174].  

 

Figure 8. Photoexcitation scheme (left side), recombination (above) and oxidation and 

reduction reactions (below) in the semiconductor correspondent to the photocatalysis process. 

 

1.3.2.  Titanium dioxide, TiO2  

 Titanium dioxide, or titania, is abundant, low-cost, easy to handle, very stable and shows 

resistance to chemical and photochemical erosion. Furthermore, it is a fascinating semiconductor 

because it presents several polymorphs. Rutile, anatase and brookite are the principal 

polymorphisms, each one has distinct properties and abundance (Table 4) [175–182]. Anatase 

and brookite are metastable, however when heated to 600 ºC, they reorganize the crystallographic 

structure and transform into rutile [183–185]. Despite the rutile thermostability 

[164,178,179,186], the most predominant form is anatase, because it is the crystalline TiO2 with 

the lowest surface energy [178–180,184–188]. Another reason why anatase is so predominant is 

due to the variety of synthesis procedures and precursors employed [179]. In opposition, brookite 

is unstable and the synthesis is complex, which is why it is not so appellative for investigation [189]. 

 Anatase has an tetragonal structure very distorted and rutile has a similar structure with 

less distortion in the octahedra [190]. This happens because anatase has 4 Ti atoms to 8 O atoms, 

counting as 4 TiO2 molecules per unitary cell; however, rutile only had 2 TiO2 molecules per unitary 

cell. In both polymorphisms, titanium is hexacoordinated and the oxygen is tricoordinated 
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[191,192]. Each octahedron from anatase is connected with 8 vicinal octahedra (4 sharing an 

edge of oxygen pairs and the other 4 sharing one oxygen in the vertices). In rutile, each octahedron 

shares with 10 vicinal octahedra (2 sharing an edge of oxygen pairs and 8 sharing one oxygen in 

the vertices) and 2 more at the edges. The Ti-Ti bonds are longer in anatase (3.79 Å and 3.04 Å) 

when compared with rutile (3.57 Å and 2.96 Å). Moreover the Ti-O bonds are smaller in anatase 

(anatase: 1.93 Å and 1.98 Å, rutile: 1.95 Å e 1.98 Å) [190,193]. This unitary cell configuration 

interferes directly in anatase, that is why anatase had inferior density [164,194,195]. Brookite had 

an octahedral orthorhombic structure [181], and the Ti is hexacoordinated [196].  

  From these three polymorphs, anatase is the one with the most attractive properties to 

reach superior results in photocatalytic activity. Anatase promotes better electron mobility, has a 

smaller dielectric constant and lower density. In addition, the correspondent conduction and 

valence bands are denser, providing intra-bands transitions after photon absorption with energy 

greater than the band-gap energy. Rutile scatters better the electromagnetic visible radiation, and 

anatase has a narrower absorption range, from the visible violet to the long wave ultraviolet 

radiation [170,197–200]. 

  

Table 4. TiO2 crystallographic structures and respective properties (Ti are the white spheres and 

O are the red spheres) [201].  

Crystallographic 
structure    
Phase  Rutile Anatase Brookite 

Geometry Tetragonal Body-centered tetragonal  Orthorhombic 
Density (g/cm3) 4.13 3.79 3.99 
Band-gap (eV) 3.02 3.20 2.96 
     

  TiO2 exists as pure titania and doped with metals or non-metals. Pure TiO2 has low 

photocatalytic efficiency due to the low radiation absorption (3-5% of sunlight) [165,168], and an 

excess of defects such as charges, high number of holes or electrons, and interstitial gaps in the 

structure [164,202]. To take advantage of these defects, a doping strategy can be thought of. This 
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process is based on the substitution of some atoms or to introduce in the band-gap states from 

other atoms, such as niobium or chromium, then the photocatalytic effect is enhanced. The 

metallic and non-metallic atoms are from cationic and anionic doping, respectively [164,203–205]. 

Another possibility to enhance the photocatalytic activity is by decreasing the particle size to 

nanometric scale, to achieve a quantum effect.  

 

1.3.3.  Zinc oxide 

 Zinc oxide (ZnO) is a binary metal oxide, used to produce brass since the Romans. It is an 

abundant compound and relatively cheap, which is also appealing for industrial applications [206]. 

This semiconductor has three principal crystallographic structures named wurtzite, rocksalt and 

zinc blende (Table 5) [207–209]. At room temperature and low pressures, wurtzite is the most 

stable structure, and, at higher pressures (10 GPa), the most relevant morphism is the rocksalt 

[207,209]. ZnO is a n-type semiconductor. In the Zn orbital configuration, 10 electrons are in the 

3d band and O has 4 electrons in the 2p band, so this semiconductor has a sp3 hybridization 

resulting in a tetrahedral geometry [209]. 

 The unit cell for the wurtzite structure is hexagonal and it consists of 4 Zn atoms and 4 O 

atoms. Additionally, it has a basal-plane hexagon as lattice with lattice parameters a = b and c. The 

a corresponds to the basal plan, b is the bond length or the nearest-neighbour distance, and c the 

basal direction [207,208,210]. In an ideal wurtzite crystal, the c/a value is 1.633[207], and b/c 

or u parameter is 0.375 [208]. From experimental details, the lattice parameters a varies from 

3.248 to 3.250 Å and c varies between 5.204 and 5.208 Å; automatically the c/a and u parameters 

are affected. The effect is possibly associated with the kinetics from compressive and tensile strain. 

When these values are lower, it is indicative that the wurtzite ionicity is also decreasing [211]. The 

asymmetric center enhances the electromechanical coupling effects. Hence, it is an interesting 

material for piezoelectric sensors and mechanical actuators [212].  

  Zinc blende or sphalerite is another ZnO crystallography form with an atomic displacement 

similar to wurtzite, but the tetrahedral structure has a 60º in-plane rotation, instead of 0º. Hence, 

the atoms are arranged in the close-packed (111) planes along the <111> direction [210,211]. 

The unit cell is an oblique parallelepiped with one oxygen atom and one metal atom [213]. Also, it 

has two face-centered-cubic sublattices measuring ¼ of diagonal axis [207]. This metastable form 

had a higher covalent character than the wurtzite [211,214]. The stronger in-plane bonds gives 

this crystal a higher electron density [211]. Zinc blende has a constant lattice parameter a with 
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ideal values from 4.18 [215] to 4.62 Å [216]. In reality, the values are lower because of the strain 

kinetics in the <001> direction. This material has interesting properties for electronic applications 

[213].   

 The rocksalt, Rochelle salt or Seignette salt, has a different organization where one Zn 

atom is hexacoordinated, so it has 6 neighbors [211]. Like zinc blend, rocksalt is also cubic [209] 

and only has one lattice parameter (a). The experimental data values determined for the lattice 

constant value are from 4.058 to 4.316 Å [217]. The dimensions are lower than zinc blend due to 

the interionic Coulomb interaction, that increases the crystal ionicity nature. This structure is also 

metastable over time in ambient conditions [209].    

 

Table 5. ZnO crystallographic structures and respective properties (Zn are the yellow spheres and 

O are the purple spheres) [201]. 

 
Crystallographic 
structure    
Phase  Rocksalt [207] Zinc blende [207] Wurtzite [207] 

Unity cell Octahedral [207]  
cubic [218] 

Tetrahedral [207]  
cubic [218] 

Hexagonal [207]  
 

Sublattice  
parameter 

 Face centered cubic with 
sublattices shifted along 
the body diagonal [207]  

Basal-plane [207]  
Hexagonal close  
packed [208] 

Lattice  
constants* 

4.058 - 4.316 nm [207] ab = 4.50 nm [207] 
a = 4.18-4.62 [211] 

a = b = 3.248-3.250 nm  
b = 5.2042-5.2075 nm 
[207,208] 

Density (g/cm3)   5.67 [207,208] 
Band-gap (eV) 2.7 [208] 2.7 [208] 

0.87-3.59 [211] 
3.59 [219] 

3.4 [207,208] 

*average values collected from [207] 

 

1.3.4. TiO2 and ZnO nanomaterials applied in photocatalysis  

 There is a significant diversity of TiO2 nanomaterials: particles, tubes, rods, wires, thin films 

and fibers [171,203,220–223]. All of them contribute for applications in pigments [203,224], 

cosmetics [224], solar cells [164,203,221,224], production and hydrogen storage [164,203,224], 
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sensing [164,203], batteries [203], electrocatalysis [164,203], self-cleaning and antibacterial 

materials [203,224], cancer treatment and prevention [203,224], pollutant degradation 

[203,223–226] and are also introduced in tactile screens [224].  

 Nanosized ZnO materials, such as films and particles were produced in varying 

morphologies like, rods [227,228], fibers [227], wires [227,229,230], tubes [227,231], needles 

[227], sheets [227], flowers [227], nanobelts that roll-up to and form nanohelices [232]. The ZnO 

nanoparticles are employed in electronics, optics [233], photovoltaics [234], data storage, gas 

sensors [235], photodetectors [236], photoluminescence [237], applications in agriculture [238], 

paints, tires and ceramics [239]. Additionally, they demonstrate antibacterial activity due to their 

low toxicity and great biocompatibility [240]. Nowadays, it is an essential component in diverse 

industries and processes, especially in the catalysis [239]. 

 TiO2 nanoparticles (under 50 nm in size), have distinct properties from the TiO2 

macroparticles [203,241]. The nanoparticles stand out from the very high specific surface area, 

exposing most of the atoms and ions to the photocatalytic process. The permeability [242,243], 

thermal and physical stability [203] are enhanced (specially in anatase [244–247]), and a have 

considerable advantage for the low-cost production [203,242].  

 The nanometric anatase has enhanced more crystallinity, as well as structural defects for 

electron-hole recombination [181,195,248]. Moreover, it possesses extra tolerance to distortion 

than anatase in other scales. By this way, doping is easier and consequently the photocatalytic 

effect is improved [242] The band-gap energy increases and shifts to higher redox potentials, from 

the creation of an intermediate band by the doping agent [181].  

 The electrons are photoexcited from an energetic source (ℎν) (Equation 1 and Equation 

2), below a specific wavelength (390 nm, for pure TiO2; for doped TiO2 this value increases with the 

doping agent) [203,205]. Successively, it is formed an electron-hole pair, redox reactions and 

recombination [203,205].   

  Part of the electrons populate the conduction band, while other recombine to the valence 

band. The electrons in the conduction band reduce molecular oxygen (O2) generating superoxide 

radicals (𝑂2
.−) (Equation 3). In the valence band, the holes (ℎ+) oxidate water molecules (H2O) and 

hydroxyl radicals are formed (HO.) (Equation 4). The radical’s instability promotes reactions with 

the components that are in direct contact with the TiO2, degrading them. It was observed that this 

semiconductor degrades organic compounds, toxins, as well as compounds that are essential in 

the life cycles, such as water and carbon dioxide [203,249–251].   
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TiO2 + ℎν → 𝑒−+ ℎ+ Equation 1 

ZnO + ℎν → 𝑒−+ ℎ+ Equation 2 

O2 + 𝑒− → 𝑂2
.− Equation 3 

H2O + ℎ+ → (HO.) + H+ + 𝑒− Equation 4 

   

 The ZnO band-gap is direct and for wurtzite at room temperature conditions is 3.37 eV 

[207,208,218]. As a direct band-gap semiconductor, the energetic momentum from both bands 

(conduction and valence) is equal, which will cause repercussions in the photocatalysis. When ZnO 

is exposed to radiation (ℎν), the electrons are excited from the valence to the conduction band, 

forming an electron-hole pair (recombination, Equation 2). This photoexcitation occurs multiple 

times, as well as redox reactions. As described above, the electrons produce superoxide radicals 

and the holes oxidate water molecules (Equation 3 and Equation 4). These redox mechanisms 

initiate the degradation of several compounds. The main difference is that during the electronic 

transitions, a photon is emitted [209,210] (instead of a phonon, for TiO2
 anatase [252]). 

  Table 6 presents the most used techniques to produce TiO2 and ZnO nanomaterials. It is 

necessary to choose a technique compatible with the substrates and nanomaterial pretended. For 

coating as films or clusters, there are deposition techniques that have been very explored, such as 

physical vapor deposition and chemical vapor deposition, including the atomic layer deposition 

(ALD). The TiO2 and the ZnO are standard compounds to coating via ALD on PMMA.  

 

Table 6. Techniques to synthesize TiO2 and ZnO nanomaterials. 

Synthesis technique  TiO2  ZnO  

Catalyst-assisted vapor liquid solid - [237] 
Direct oxidation [253] - 
Eletrodeposition [203,253] - 
Emulsion and microemulsion  [203] [237] 
Free vapor-solid  - [237] 
Hydrothermal [203,253] [237] 
Inverse micelle [254] - 
MBE -  
Mechanochemistry (ball milling)  - [237] 
Micelle [254] - 
Microwave - [237] 
Molecular beam epitaxy  - [236][237] 
Physical vapor deposition [203,225,226,253] [255–259] 
Precipitation control (with or without surfactants)  - [237] 
Pulsed laser deposition - [236] [237] 
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Solution combustion [203] - 
Sol, [253] - 
Sol-gel [203,253] [237] 
Solvothermal [203,253], [237] 
Sonochemical [203,253] - 
Spray method - [237] 
Chemical vapor deposition [203,253] [237]    

             A variety of this technique, the Atomic Layer Deposition (ALD), is employed in this study 

 

1.4. Atomic Layer Deposition  

1.4.1.  Brief History of Atomic Layer Deposition 

 Atomic layer deposition (ALD) discovery took place in Europe, in two different countries, 

separated by a few years. The first evidence of ALD was in the 1960s in USSR, by Aleskovskii and 

Koltsov (1965) [260], Shevjakov et al. (1967) [261] and Sveshnikova et al. (1969) [262], and they 

called it molecular layering. The works mentioned the deposition of metallic compounds on silicon 

surfaces. After a few years, not so far away, Tuomo Suntola developed the atomic layer epitaxy 

(ALE) process where ZnS, SnO2, and GaP were coated for electroluminescent flat panel displays. 

This work was patented and expanded not only in Finland but also in other countries [263,264]. 

The ALE experiments were very directed to halides in a gas–solid system, and in the 1970s started 

the depositions of other chemical elements [265]. In 1972, the first implementation of polymeric 

foils as a substrate was used by Suntola to create a miniaturized device able to measure the 

humidity in solid-state. This study resulted in a patent and nowadays these devices are very used 

regarding efficiency [266]. 

 The 1980s were remarkable for this technology. The number of ALD publications was 

increasing, and alkyls and β-diketonates were used as reactants to generate new deposition 

processes for semiconductors [265]. Because of great interest in ALD research topic, the first 

conference about this expertise was organized in 1984. In parallel, ALD industrialization for 

electroluminescent displays took place with the name Lohja’s [267]. ALE started to be applied in 

other fields, such as solar cells, catalysis, and microelectrochemistry industries. Regarding the 

application on polymer surfaces, in 1984 Motsenyat et al. prepared polyamide substrates coated 

with titanium oxide (TiO2) [268]. 

 In 1990, Markku Leskelä suggested changing the name ALE to ALD, at the “International 

Symposium on Atomic Layer Epitaxy” [267,269]. As a result, there was an increment of inorganic 

reactants based in cyclopentadienyls, alkoxides, and alkylamides, to produce binary systems (e.g., 
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metal oxides) [265], as well as the development of ternary systems [267]. Alumina (Al2O3) was (and 

is) a well-established coating process, however, the growth is amorphous instead of epitaxial, so 

that was the driving force to change the name and amplify the variety of substrates [270,271]. 

 Currently, ALD is mostly applied in microelectronics field, such as transistors, capacitors, 

energy storage, conversion, biomimetic membranes, and graphene for desalination supports, 

catalysts, and medical applications [272]. A very actual topic is the ALD modification of soft 

materials’ surfaces, especially thermally fragile polymers, which are very challenging to processing 

due to the low deposition temperatures required or pre-functionalization treatments, as deeply 

presented in the following. 

 

1.4.2.  Coatings on PMMA by Thermal Atomic Layer Deposition 

1.4.2.1. PMMA Challenges for ALD 

 PMMA surface engineering opens new opportunities to modify the polymer surface 

chemistry to attain improved properties with a second material. The ability to control the reaction 

between the ALD precursors and the PMMA surface paves the way for the ALD processing. From 

a practical point of view, the ALD coating is a product from sequential self-limiting surface reactions 

of two or more precursors, which make up an ALD cycle (Figure 9). In this context, inorganic 

compounds such as binary or ternary metal oxides can be produced depending on the number of 

precursors in the ALD process [273]. 

 The mechanism of ALD on polymeric substrates, for binary reactions, is constituted by A 

and B precursors, that will react by chemisorption and create a solid AB coating (e.g., metal oxide) 

[274–276]. Precursor A is the metal source, and precursor B is the non-metal, such as H2O or O3. 

In the example illustrated in Figure 9 the first precursor, trimethylaluminium, (Al(CH3)2/TMA) is 

introduced in the chamber and reacts on the surface, followed by its diffusion; this step is named 

as half-cycle, and the final product is named ligand or by-product [275,276]. Then, the second 

precursor, water, is pulsed and reacts with the resulting previous ligands [275,276]. It is the 

complementary half cycle, together with the previous, that makes a cycle with the desirable  

O-Al2(OH)3 monolayer. With the repetition of these two half-cycles, the Al2O3 growth takes place. It 

is worth to mention that between the two half-reactions there is a purging step assisted by the 

introduction of inert gas (e.g., Ar or N2). A homogeneous growth is promoted, preventing precursor–

precursor, precursor–by-product, by-product–by-product reactions [276]. Consequently, the 
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formed coatings are very precise and controlled in a conformal configuration [277]. 

 

Figure 9. Schematic representation of the ALD formation of the first Al2O3 monolayer from: (1) 

TMA pulsing; (2) TMA chemisorption in the surface (first half-reaction); (3) after purging of 

unreacted TMA and methane; (4) water pulsing; (5) water chemisorption on the by-product from 

the first half-reaction; and (6) after purging of unreacted water and methane. 

 

 The PMMA polymer is a very stable material; in other words, inert, consisting in strong 

chemical bonds, which hinder the modification of the chain [278]. The ester’s presence, -R-COOR’ 

in Figure 10, raises the polarity and limits the ALD coating because, generally, the precursors are 

nonpolar [275]. 

 

Figure 10. Synthesis of PMMA by addition polymerization of MMA (adapted from [279]). 

 A second challenge is the low transition temperature value (Tg) of PMMA. This polymer 
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presents three main tacticities (isotactic, syndiotactic, and atactic), where pendant groups or 

hydrogens are laid in certain positions. In Figure 11, it is possible to observe these structures 

[280]. The chiral central’s orientation will determine the transition temperature and crystallinity, 

thermal resistance, solubility, degree of biocompatibility, hydrolyzation, and other properties. For 

example, the Tg is the lowest (55 °C) for the isotactic structure when ester groups are disposed 

on one single side of the backbone structure, from a random or regular order, respectively. The 

chemical structure is more stable for the atactic and syndiotactic structures, so automatically 

increasing the Tg to 120 and 130 °C, respectively. The different percentages of tacticities result in 

an almost specific Tg for each PMMA substrate [281]. 

 

Figure 11. PMMA tacticities: isotactic, syndiotactic, and atactic and respective glass transition 

temperature. The tacticities values were collected from [281]. 

 

 Depending on the ALD process, the deposition temperature ranges between room 

temperature (≈ 20 °C) and 400 °C. In this context, the deposition temperature should be below 

the Tg of the PMMA to ensure that the polymer remains in the solid-state. For example, if the 

deposition temperature is too high, PMMA will start to decompose [275,282–288]. Considering 

that the majority of ALD processes occur for temperatures >100 °C, the PMMA Tg value plays a 

key factor in the selection of the ALD process. One of the most investigated precursor combinations 

in ALD for Al2O3 deposition is TMA with H2O and the deposition temperature is typically ≤300 °C. 

Al2O3 gives an example of a material that tends to grows in an amorphous form and it has been 

applied to thermally fragile substrates [289]. 

 

1.4.2.2. Nucleation and Growth Studies 

  It can be found in the literature reports providing insights into ALD process and mechanism 
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of Al2O3 growth on PMMA. For instance, Wilson et al. studied the nucleation and growth of Al2O3 on 

spin-coated thin films of various polymeric compounds, including PMMA. To this end, the 

nucleation and growth process kinetics were monitored by the mass changes measured by a quartz 

crystal microbalance (QCM). In the first five cycles, TMA is adsorbed. Due to the insolubility of 

PMMA in the Al2O3 precursor, 90% of TMA is desorbed when the water is pulsed. The remaining 

10% are then hydrolyzed. With the increasing cycles, there are more functional groups from 

adsorbed TMA, and the desorption decreases. After 20 cycles, the desorption is almost negligible 

(Figure 12) [275]. 

.  

Figure 12. Mass change measurements by QCM versus number cycles of Al2O3 ALD on PMMA 

at 85 °C for (a) 30 and (b) 5 cycles [275].  

 

 The Al2O3 deposition mechanism on a ∼200 nm thick PMMA film was also studied by in-

situ Fourier transform infrared spectroscopy (FTIR). This study was carried out in an adapted ALD 

chamber to run the FTIR measurements, allowing the analysis of each ALD half-cycle to understand 

the correspondent reaction [290]. The FTIR results presented in Figure 13 suggest that the 

aluminum attacks the ester, which decreases the amount of C=O and C-O FTIR bands; the product 

from the first half-reaction being aluminum carbonate. Then, as H2O is pulsed into the chamber, 

FTIR reveals a decrease in -CH3 groups, which corresponds to the Al-CH3 and aluminum carbonate 

removing [290]. These studies demonstrate that a strong correlation exists in the PMMA surface 
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chemistry to initiate Al2O3 by ALD. Moreover, the propensity for TMA or other ALD precursors to 

react on the surface or to diffuse in the sub-surface depends on the polymer [275,290]. 

 

Figure 13. In-situ FTIR analysis of uncoated PMMA spin-coated onto Si, first, and second ALD 

half-reactions. Al2O3 coating was made from TMA and H2O at 80 °C. A FTIR run followed each half-

cycle, and between half-cycles, the reactor was purged for 10 s [290]. 

 

1.4.2.3. Adhesion and Mechanical Properties 

  The possibility of coating polymeric surfaces with a thin film of a metal oxide opened a 

wide range of potential applications. However, besides the Tg temperature and the surface polarity 

issues, the thermal and mechanical properties of the polymers may limit ALD coating. Here, the 

mechanical and tribological properties of Al2O3 ALD thin films on PMMA plates were studied by 

nanoscratch testing, where the coating/substrate system is comprised by ‘hard’ coatings on ‘soft’ 

flexible PMMA substrates. Prior to the Al2O3 deposition by ALD, the PMMA plates were pre-cleaned 

with a 5% sodium hydroxide solution for a short period of time and then in de-ionized water 

ultrasonic bath at room conditions to ensure an impurity-free substrate. An 85 nm thick Al2O3 film 

on PMMA plate was submitted to nano-scratch tests through a diamond spherical indenter with 25 

µm of radius. The results suggest that there is a net elastic recuperation when the load is 

eliminated, and the Al2O3/PMMA resisted to plastic deformation up to 340 µm of scratch length, 

presenting a residual depth (∼0.05 µm) at the end of the test, as illustrated in Figure 14.  

 In parallel to Al2O3/PMMA, an Al2O3/PC (polycarbonate) system was also characterized 

under the same conditions (Figure 14) and the obtained results for both systems are directly 

related to the intrinsic properties of the polymeric substrates. In this way, the Young’s modulus 

and hardness of PMMA are higher than that of PC and will therefore give more support to the hard 
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film and a higher scratch resistance [291]. It is noteworthy that there was no coating delamination 

was observed in both systems. 

 

Figure 14. On-load and residual depth curves for Al2O3/PMMA and Al2O3/PC (polycarbonate) after 

the nanoscratch. The test was repeated five times per sample; each scratch had 500 µm of length, 

at a scanning velocity of 10 µm/s, and a ramped load varying from 0.1 mn to 60 mn [291]. 

 

  Concerning the problematics of adhesion and mechanical resistance, Chen et al. reported 

on the enhancement of the PMMA and epoxy resin’s interfacial toughness by depositing Al2O3 thin 

films at 65 °C onto PMMA surface, to avoid fracture and delamination of polymer interfaces, as 

shown in Figure 15 [292]. This interfacial improvement is particularly important in applications 

such as fiber reinforced composites, flexible electronics, and encapsulation layers for photovoltaics 

where the adhesion between two substrates is crucial. The role played by Al2O3 ALD (130 nm thick) 

on PMMA surface was the wettability modification assessed by the decrease of the water contact 

angle (WCA) and consequently the increase of the polymer surface energy. It is of great importance 

to understanding this property in the adhesion phenomena which relates to physicochemical 

properties of the surface as well as with the mechanical properties. This work also emphasized the 

versatility of ALD in engineering the adhesive properties of chemically inert polymer surfaces. 

  Shahmohammadi et al. also studied the adhesion and mechanical properties. This group 

used tetrakisdimethylamino titanium, ((CH3)2N]4Ti/TDMAT) and ozone to deposit a TiO2 thin film 

onto PMMA with excellent properties without plasma assistance or seed layers. Taking into account 

the PMMA thermal stability (120 °C), the ALD reactor temperature was established by 
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thermogravimetric analysis. The samples were coated from 50 to 500 cycles to understand the 

PMMA thickness, and the optimized growth per cycle was 1.39 Å/cycle. The presence of titanium 

was confirmed by X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge structure 

(XANES). The coated PMMA reduced the water contact angle from 84° to almost 20°, which 

means a remarkable hydrophilicity improvement. The hardness of the sample with 30 nm TiO2 was 

tested by Vickers’ hardness method, applying a 300 g-force; the results were improved by almost 

60% [293]. 

 

Figure 15. Thermoplastic-epoxy resin with the double Al2O3 coating; wettability test of a water 

droplet in coated and uncoated PMMA surface, and the interfacial toughness of PMMA and 

fluorinated ethylene propylene (FED) (wedge test) [292]. 

 

1.4.2.4. Applications 

1.4.2.4.1. Applications in Photonics, Photoluminescence, and 

Photocatalysis 

  In another study, Hofmann et al. reported that thin layers of TiO2 by ALD were used in the 

fabrication of an organic-inorganic hybrid Bragg stack and the photonic effects of the as-prepared 

Bragg stack were investigated on upconversion luminescence [294,295]. The architecture of the 

Bragg stack consists of TiO2 ALD layers and PMMA with sodium yttrium fluoride active nanoparticles 

(NPs) doped with trivalent erbium ions (β-NaYF4:25%Er+3), mixed on borofloat 33 glass. The PMMA 

layers containing the active nanoparticles were produced by spin-coating. The number of stacked 

layers and their thickness plays a major role in the refractive indexes on upconversion 

luminescence performance and the low-temperature ALD process (100 °C) of TiO2 from the 

reaction between titanium tetrachloride (TiCl4) and H2O revealed compatibility with the PMMA based 
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Bragg stack multilayer material (Figure 16). 

 

Figure 16. (a) Bragg stack (multilayered material comprised of TiO2 layers/PMMA+NPs) for 

charge generation in a solar cell by a photonic upconverter. Scanning electron micrographs of the 

(b) Bragg stack and (c) of upconverter nanoparticles. (d) Scheme of core–shell upconverter NPs, 

converting near-infrared (NIR) to visible (VIS) photons in the core. (e) Energy levels in the 

upconverter Er3+ and the upconversion process [295]. 

 

  Apart from Al2O3 and TiO2 ALD coatings, PMMA has been used as a support for crystalline 

zinc oxide (ZnO). Sing et al. reported on the coating of various thicknesses of PMMA thin films (5 

nm, 32 nm, and 80 nm) spin-coated onto silicon (Si) substrates. The ZnO photoluminescence 

activity was evaluated as a function of the underneath PMMA film thickness, ZnO structure and 

morphology. The as-deposited wurtzite ZnO presented a strong orientation along the c-axis which 

is critical to the photoluminescence activity enhancement as well as reduction in thickness of 

PMMA templates. Interestingly, the ZnO deposition was carried out at near ambient temperature 

(ca. 35 °C) from diethylzinc, (Zn(C2H5)2/DEZ) and H2O [296]. 

  PMMA has also been coated by ALD to develop photocatalysts. One of the key materials 

in the degradation of organic pollutants is TiO2, which presents photocatalytic activity. Kéri et al. 

investigated the photocatalyst activity of ALD grown TiO2 deposited at 80 °C onto PMMA NPs (50–

100 nm) prepared by emulsion polymerization. As a result, amorphous TiO2 was obtained with 

detectable photocatalytic effect under UV-A illumination (Figure 17). This was relatively 
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unexpected for an amorphous phase, once it is well known that the crystalline anatase TiO2 

polymorph presents the highest photocatalytic activity. The authors suggested that this effect may 

be related to the C incorporation during the ALD deposition. This statement was based on the 

increment of the C 1s signal from the XPS, when compared with the same film produced by 

sputtering [297]. 

 

Figure 17. Photocatalytic efficiency of the amorphous TiO2. After 90 min, the methylene orange 

dye degraded 5% under UV-A illumination [297]. 

. 

  ALD of ZnO was also studied on PMMA in the elaboration of photocatalysts for wastewater 

treatment. Di Mauro et al. explored ZnO/PMMA and Ag/ZnO/PMMA nanocomposites as 

photocatalyst materials for the degradation of pollutants and water reuse upon UV light illumination 

[298–300]. The authors used different forms of PMMA i.e., commercial PMMA powders (0.2–1 

mm in diameter) and plates of PMMA (4 mm thick), and kept the deposition temperature at 80 

°C, a temperature compatible with the thermal stability of the PMMA polymer which enabled the 

growth of polycrystalline ZnO wurtzite [298–300]. After the photocatalytic degradation tests, where 

an organic dye (methylene blue, MB) was used as a model pollutant, the ZnO on the PMMA 

nanocomposites demonstrated excellent photo-stability [300]. The addition of Ag to the ZnO/PMMA 

nanocomposites brought new features to the nanocomposite, in terms of improving the 

photocatalytic efficiency allowing degradation tests of other organic contaminants (e.g., 

paracetamol drug, sodium lauryl sulfate), besides MB [299]. Figure 18 (a) shows the X-ray 

diffraction (XRD) patterns of the ZnO/PMMA composite after the degradation tests, where it is 

possible to observe that ZnO remained stable, maintaining the wurtzite crystallographic structure 

[300]. On the other hand, Figure 18 (b) reveals the degradation of pharmaceuticals considered 

as emerging contaminants by the Ag/ZnO/PMMA nanocomposite, under UV illumination [299]. In 
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summary, these nanocomposites were stable and reusable in the degradation of organic pollutants 

and are easy to prepare and to recover after being tested. 

  

(a) (b) 

Figure 18. XRD pattern of ZnO/PMMA composite after the seven MB discoloration runs [300]. 

(a) Degradation of paracetamol drug as a function of irradiation time for paracetamol alone 

(squares), paracetamol with ZnO/PMMA (circles), and paracetamol with Ag/ZnO/PMMA (triangles) 

samples (b), under UV illumination [299]. 

 

1.4.2.4.2. Applications in Dentistry 

  Another emergent field of application is dentistry. PMMA is a material of election for dental 

applications, mainly due to a its biocompatibility and aesthetics. However, it is of great importance 

to increase the PMMA mechanical properties used in the dental material [301]. For instance, the 

wear resistance of dentures based on PMMA was increased after been coated with 30 nm TiO2 by 

ALD at 65 °C [285]. A mechanical tooth-brushing device was used to assess the denture sample 

wear resistance and, after a brushing test, it revealed that the coating remained intact Figure 19 

depicts the survey XPS spectra where the Ti peak is present in both brushed and unbrushed 

samples implying that the TiO2 thin film is stable and well adherent to the PMMA surface. 

Additionally, the surface microbial interactions were also studied by Candida albicans biofilm 

attachment and it was observed a reduction of microbial biofilm burden on the TiO2-coated PMMA 

surface. This result arises from surface wettability modification of the TiO2-coated PMMA. It is worth 

mentioning that, ALD technique represents a change in prothesis fabrication method that would 

also include a final step of TiO2 coating after finishing and polishing [285]. 
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Figure 19. XPS results of coated PMMA unbrushed (red) and brushed (blue), storage in water 

and brushed again after 5 months [285]. PMMA has great mechanical properties and low toxicity 

for the dental prosthesis fabrication. 

 

1.4.3. ALD Coatings on PMMA Aided by Seed Layer 

  The literature above presented demonstrated that PMMA is a viable polymer material for 

ALD coating process. However, the requirement of a low deposition temperature due to its low Tg 

raises another limitation: the known ALD precursors for thin film formation at low temperatures are 

very limited. A solution can be the use of seed layers. 

 

Figure 20. Profilometry measurements of W ALD film thickness on different polymers vs. the 

number of W ALD cycles. Al2O3 ALD was used as a seed layer (10 ALD cycles) [302].  

  

 Wilson et al. reported on W deposition on polymers by ALD and their results showed that 

W nucleation was enhanced by a few previous cycles of Al2O3 by ALD. In this case, Al2O3 acts as a 
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seed layer of nucleation on a variety of spin-coated polymers such as PMMA, polyvinyl chloride 

(PVC), polystyrene (PS), polypropylene (PP), and polycarbonate (PC). A growth per cycle (GPC) of 

3.9 Å for W ALD at 80 °C has been attained, as shown in Figure 20 [302].  

  Minton et al. followed the same strategy in terms of using Al2O3 ALD seed layer prior to TiO2 

ALD, because TiO2 did not nucleate well on the PMMA surface. Their results showed that the 

uncoated PMMA lost a considerable part of its mass, when exposed in vacuum to UV radiation and 

the bilayers formed with 20 cycles of Al2O3 and 100 or 200 cycles of TiO2 were efficient in preserving 

PMMA (Figure 21) [303]. 

 

Figure 21. Mass loss of uncoated and coated PMMA with Al2O3 and Al2O3/TiO2 when exposed to 

vacuum UV radiation over time [303].  

 

 Kemell et al. also explored the ability of ALD coatings of Al2O3 and TiO2 on PMMA films, 

among other polymer films, like polyether ether ketone (PEEK), polytetrafluoroethylene (PTFE), and 

ethylene tetrafluoroethylene (ETFE) [304]. The deposition temperature range was from 80 to 250 

°C, enabling the synthesis of amorphous and crystalline metal oxides. Firstly, amorphous Al2O3 was 

deposited at 150–250 °C followed by TiO2 deposited at 100 °C. For the case of TiO2 deposition on 

Al2O3-coated PMMA at 250 °C, polycrystalline anatase TiO2 films were obtained, as shown in 

Figure 22 These results highlight the importance of Al2O3 seed layer, or interlayer, prior to TiO2. 

In fact, TiO2 deposition on bare PMMA was attempted also at 250 °C, but virtually no growth was 

observed, revealing that TiO2 does not nucleate well on PMMA. Interestingly, the authors did not 

point out any constraints of the polymer’s thermal stability when deposition at 250 °C, in particular 

regarding PMMA stability. 
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Figure 22. XRD patterns of anatase TiO2 films in substrates made of (a) Si at 200 °C, (b) PMMA 

at 250 °C, and (c) ETFE at 200 °C. Si substrate was used as a reference, for comparison purpose 

[304]. 

   

  An identical approach was performed by Napari et al.. The authors reported on the 

influence of the deposition of an Al2O3 seed layer to the ZnO film growth, morphology, and 

crystallinity, on PMMA commercial plates and spin-coated PMMA films on Si substrate. The Al2O3 

seed layer provides a pathway for blocking the DEZ precursor into the PMMA subsurface and 

improves the ZnO growth with some degree of hexagonal crystal orientation at low deposition 

temperature viz 35 °C (Figure 23 (a)). The ZnO surface wetting properties were altered upon UV 

illumination (Figure 23 (b)). As a consequence, this photoinduced changes on the wettability find 

applications in microfluidics, where thin functional coatings on patterned polymer platforms can be 

used to manipulate the fluid flows [305]. This work is a promising alternative for lab-on-a-chip 

technologies development and microfluidics platforms. 

 

(a) 
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(b) 

Figure 23. Water contact angles (θ) of UV-illuminated ZnO deposited on bulk PMMA (red), spin-

coated PMMA (blue), and Si substrates as a function of ZnO ALD cycles (black). The two right-most 

points represent the contact angles of ZnO deposited on 100 cycles Al2O3 intermediate layer (a). 

XRD patterns for 800 cycles of ZnO ALD onto: Si (black) and bulk PMMA substrates with (red) and 

without Al2O3 seed layer (blue), and an XRD pattern of 1600 cycles ZnO film on bulk PMMA (grey). 

(b) [305]. 

   

  In brief, the seed layer or interlayer approach on polymers can be seen as an in-situ two-

step ALD process, consisting of the deposition of a few nanometer seed-like layer, at a lower 

temperature step, followed by a second process for the more refractory metal oxides. The choice 

of Al2O3 ALD from TMA and H2O precursors is a viable pathway to seeding layer on polymers 

because Al2O3 ALD can be conducted at temperatures as low as 35 °C, conjugated with the TMA 

positive characteristics like its high volatility and reactivity towards different co-reactants at low 

temperatures. Based on the above studies, the majority of published work for ALD on polymers 

addresses Al2O3 ALD from TMA and H2O cycles, stressing out the versatility of this ALD process 

either as coating and/or seed layer, being also a method to study the influence of the polymer 

substrate properties on the nucleation and growth of metal oxides. Similar to Al2O3, ZnO ALD can 

also be performed on polymers by taking advantage of the DEZ high volatility and reactivity at low 

temperatures. It is clear that the modification of a polymer substrate that shows high reactivity 

towards a given ALD process is crucial to ensure high-density nucleation towards a homogeneous 

and uniform thin film. 
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1.4.4. Coatings on PMMA by Plasma Atomic Layer Deposition 

  Plasma-enhanced ALD (PE-ALD) is an energy enhanced ALD method. In plasma-enhanced, 

also referred to as plasma-assisted ALD (PA-ALD), plasma ALD simply or, in some cases, radical 

enhanced ALD (RE-ALD), the substrate surface is exposed to the species generated by plasma 

during the reactant step [306]. For instance, the synthesis of metal oxides thin films by PE-ALD is 

schematically illustrated in Figure 24, in which an oxygen plasma is employed during a one-step 

of the cyclic deposition process.  

 

Figure 24. Schematic representation of one cycle of Al2O3 by thermal ALD and plasma ALD 

techniques. In plasma ALD, the H2O co-reactant is replaced with a plasma exposure (e.g., O2 

plasma) to grow metal oxides. 

 

  In this manner, the plasma is used to generate metastable species by gas dissociation 

increasing the reactivity delivered to the deposition surface. As a consequence, less thermal energy 

is necessary at the substrate surface to drive the ALD surface process allowing the thin film 

deposition at lower substrate temperatures comparing to thermal ALD [306,307]. Such high 

reactivity and low deposition temperatures extend the range of materials that can be used as (i) 

ALD precursors and (ii) thermally sensitive substrates. There are different types of plasma ALD 

reactor configurations: (i) in PA-ALD and PE-ALD (both meanings are the same) the substrate is 

exposed to the plasma discharge since it is located in the same space as the plasma source or 

very near the substrate; (ii) in radical enhanced ALD (RE-ALD), the plasma source is separated 
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from the substrate so that only radicals generated by the plasma are allowed to reach the substrate 

[306–308]. The plasma is ignited from an electrical discharge from radio-frequency or microwave 

energy when a continuous flow of O2, N2, H2, or NH3 passes through the plasma sources [273,307]. 

Another aspect to take into consideration is the effect of the distance between the plasma and the 

sample, especially shorter distances where the substrate surface will be more exposed and more 

sensitive to the plasma [309,310]. The plasma ALD processes produce thin films with better 

characteristics, such as a lower level of impurities as a consequence of better stoichiometry, than 

a thin film produced by thermal ALD [289,306,311]. Nevertheless, it requires more complex 

equipment than that used for thermal ALD [306]. 

  Kääriäinen et al. used non-functionalized PMMA commercial polymeric plates to deposit 

TiO2 from and plasma excited O2 precursors by PA-ALD. The authors investigated the relationship 

between the plasma power and the carrier gas (e.g., Ar and N2) to improve the film adhesion on 

the polymeric substrates. The best result in terms of TiO2 film adhesion was obtained for a relatively 

low plasma power (25 W) with Ar carrier gas. These experimental parameters also played a role in 

the variation of the TiO2 refractive index [308]. 

  Surface-enhanced Raman spectroscopy (SERS) has been widely used in various types of 

ultrasensitive sensing applications in a wide variety of fields. This analytical tool is very powerful in 

biosensing and material science for the detection of analytes in very low concentrations. Huebner 

et al. developed a PMMA-based SERS substrate to simplify the fabrication process as well as 

improve the biosensing response. To this end, PMMA SERS-gratings were coated with Al2O3 

protective layer either by thermal-ALD (T-ALD) or by PA-ALD at low deposition temperatures (80–

120 °C) for both processes and no influence on their physical properties has been mentioned. 

Afterwards, the Al2O3-enclosed PMMA-grating was coated with thermal evaporated Ag layer which 

serves as the structured plasmonic film for the enhancement of the light field [312]. It was found 

that a 10 nm Al2O3 ALD layer is thick enough to suppress the PMMA Raman background signal 

safely. Moreover, this layer is also hard and dense enough to protect the polymer against organic 

solvents and allows the cleaning of the SERS substrate and, thereby, repeated use for SERS 

measurements [312]. 

  Both T-ALD and PE-ALD processes were performed regarding optical components made of 

lightweight polymers, a good alternative to glass optics. Here, Paul et al. explored the antireflection 

properties of TiO2, Al2O3, and SiO2 ALD multilayered coatings on PMMA substrates. For all 

depositions, the temperature was kept at 60 °C which is well below the PMMA Tg. After finding 
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the ideal conditions for ALD processes, the authors conclude that the best results were achieved 

when an Al2O3 T-ALD layer is deposited on PMMA substrates to prevent surface cracking before the 

subsequent PE-ALD coatings. The plasma intensity played an important role in the film’s adhesion 

and refractive index towards the antireflection coating property [286]. For instance, the SiO2 and 

TiO2 films deposited using the ‘low’ plasma (100 W) conditions on pre-coated PMMA substrates 

with 40 nm Al2O3 T-ALD show no significant delamination of the film after the cross-hatch test. 

Figure 25 illustrates the investigated multilayered coatings on PMMA, where it is possible to 

discern the well-defined SiO2, TiO2, and Al2O3 layers [286]. 

 
(a) (b) 

 
(c) (d) 

Figure 25. (a) Optical microscopic images after cross-hatch tests and (b) after climate test of 

antireflection coatings double-sided coated PMMA. Focused ion beam scanning electron 

microscopy (FIB-SEM) cross-sectional image of multilayered antireflection coatings on PMMA (c) 

focused on a crack (d) focused on a crack-free region [286]. 

 

1.4.5. Area Selective ALD on PMMA 

1.4.5.1. PMMA as Masking Layer 

  An alternative approach for ALD on PMMA surfaces takes advantage of the low reactivity 

of PMMA. Several pre-treatments have been studied for PMMA surface modifications, aiming to 

enhance its surface hydrophilic properties. These include wet chemistry, plasma treatment and UV 

irradiation, where the treated PMMA either as a film or as plates are employed in biological samples 

immobilization and for improving component microchips [313–315]. However, the hydrophobic 
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nature of PMMA is advantageous for exploiting it as inhibiting mask layers (i.e., patterned areas of 

the sample) to prevent ALD growth, the so-called area-selective ALD (AS-ALD), where the film is 

deposited only on areas without the PMMA. 

  Self-assembled monolayers (SAM) of PMMA can passivate the active reactions sites on the 

growth surface and therefore hinder ALD nucleation [288,316–319]. Färm et al. produced a 

patterned masking layer from a PMMA SAM to passivate the Si surface against the ALD growth of 

Ir, Pt, Ru, and TiO2 coatings. As a result, the coatings were selectively deposited on areas without 

the SAM [319]. TiO2 ALD and PMMA masked area-selective ALD approach was also explored by 

the research groups of Sinha [317] and Haider [288]. Cho et al. created AS-ALD using PMMA in 

additive and subtractive printing [320]. Also Wei et al. created a passivation hybrid with PMMA and 

parylene and further coating with AlOx to create thin film transistors [321]. These results indicate 

that the PMMA films can work in area-selective ALD and the PMMA masking layer can be easily 

dissolved in acetone after the deposition process. 

  Shin et al. introduced an ALD/SAM multi-process to enhance the hydrophobic surface on 

PMMA, aiming at the development of antireflection coatings in self-cleaning applications. To this 

end, octadecyl-trichlorosilane (OTS) was chosen as SAM on PMMA, followed by Al2O3 ALD. As a 

result, larger water contact angle values were obtained with this multi-process when compared to 

those without the ALD deposition process and the SAM layer did not affect the optical transmittance 

properties of the coated PMMA [282]. 

  The PMMA removal step is an important feature in device fabrication and different 

strategies are ranging from wet to dry procedures. In this context, the PMMA layer can be 

eliminated by immersing in organic solvents (dichloromethane [322], acetone [323–327], 

isopropanol [325], or a mixture of acetone and isopropanol [325,327,328]), rinsing solvents like 

methanol [324,329] and finally washed with de-ionized water [322,329,330]. Sometimes, the 

PMMA residues are removed by annealing [324], Tan et al. and Cho et al. removed the layer with 

UV-ozone treatment [320,331]. Figure 26 illustrates practical examples of the various PMMA 

patterns in AS-ALD. These patterns are based on the following geometrical shapes: circles 

[329,332,333], squares [317,329,332,334,335], crosses [336], line(s) [288,320,327], and 

shapes or draws with more complexity [311,337]. The masking layer, resultant from the PMMA 

with inhibited growth, can be constituted from TiO2 [288,317,319,327,329,334], Al2O3 

[319,320,337,338], hafnium dioxide (HfO2), zirconium dioxide (ZrO2) [338], and ZnO 

[311,320,336], SnO2 [320] Ir, Pt, and Ru [319]. 
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(a) (b) (c) 

 
 

 
 

(d) (e) (f) 

Figure 26. SEM micrographs of patterns produced on PMMA by AS-ALD tool for (a) Pt (b) Ir (c) 

Ru [319]; (d) TiO2 [336]; (e) TiO2 [329]; (f) HfO2 [338] coatings in a silicon substrate. 

 

The PMMA mask can also be processed as a patterned layer, the first step consisting in 

spin-coating the polymer over the substrate [311,317,341,342,329,332,334–337,339,340] and, 

sometimes, heat treating at 180 °C [288,332,336,338] or soft heat treating [288,317,329,335] 

for a short time, followed by an etching process to reveal the desired pattern. The techniques 

employed to etch the PMMA substrate and create the pattern are: (1) lithography (optical 

lithography [335], photolithography [332,336], deep-UV lithography [317], electron beam 

lithography [288,323,327,340,341]); (2) heated cantilever probe tip (thermal writing) [334]; (3) 

chemical writing with isopropanol: methyl isobutyl ketone: methyl ethyl ketone in 75:24:1 ratios 

[338]; (4) nanoimprint and etching [337,342]. 

  After the patterning, it is necessary to create a smooth surface and clean the excess of 

PMMA to regularize the template shapes; some authors suggest the O2 plasma descum etch 

[323,334,342] while others advise vacuum annealing [317,329]. Färm et al. and Sinha et al. used 

a similar approach exposing the resultant pattern to a solution of isopropyl alcohol/methyl isopropyl 

ketone [319] or isopropyl alcohol/methyl isobutyl ketone [317]. Both rinsed the material with 

isopropyl alcohol and water and pre-dried with a nitrogen stream; the last step consisted of drying 

it in an oven at 100 °C [317,319]. A similar method uses methylisobutylketon: isopropyl alcohol 
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solution and rinsing with the same alcohol [332]. Other authors simply did the ALD after the 

patterning [329,336,340]. Following this, the ALD takes place over the total material area—i.e., 

substrate and the PMMA pattern. Sharma et al. lift-off the PMMA with acetone [340]. Färm et al. 

and Sinha et al. used an ultrasonic bath with acetone, to ensure the PMMA removal. However, the 

total processes took about 1 h [317,319,329]. Tang et al. and Dhuey et al. hastened this process 

by substituting the acetone dipping for O2 plasma [337,341]. 

 

1.4.5.2. ALD on Di-Block Copolymer Masks 

 Another approach for AS-ALD consists in using block copolymer (BCP) layer(s) to generate 

nm-sized features, e.g., nanotemplates [316,318,343] Figure 27). The strategy is to choose a 

polymer that delays the nucleation or does not promote any nucleation, such as polystyrene in PS-

b-PMMA [316,318,343–345], polystyrene-r-poly(methyl methacrylate) (PS-r-PMMA) 

[316,345,346], and poly(styrene-co-methylmethacrylate-co-hydroxyethyl methacrylate) [318].  

 

  
(a1) (a2) 

 
  

(b1) (b2) 

Figure 27. SEM micrographs of patterns produced from a diblock copolymer with PMMA; (a1) 

cross-section top view (a2) of Si nanowire array with an Al2O3 mask [318]. Top view, 40° tilt on top 

and cross-section of (b1) Al2O3 hexagonally packed nanopillars array treated with plasma and (b2) 

nanowires made of Si with Al2O3 mask on top [345]. 
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The route starts with the deposition of the BCP in substrates (silicon wafer 

[316,318,344,345] or magnesium oxide [343]) by spin-coating. Subsequently, BCP is annealed at 

a temperature above the glass transition temperature of both polymers [318] to neutralize and 

remove the excess solvent, followed by cleaning to eliminate the non-anchored chains 

[316,318,345]. Some authors add another BCP to create another layer, and the first one is named 

as brush layer; after the BCP deposition, the whole structure is annealed. Both layers have the 

same interfacial tension. 

  Hence, after annealing, the BCP film assembled into PMMA lamellae or cylinders. The 

transformation is spontaneous, resulting in a pattern with high aspect ratio and sharp edge [346]. 

Peng et al. experimented with just one BCP, where the ALD deposition happens over the pattern 

and, finally, the sample is treated with O2 to remove the polymers and cleaned to ensure the total 

polymeric elimination [344]. For templates with a brush layer, there is no defined order for the 

subsequent steps. In fact, the desired effect depends on the order: (1) ALD deposition over the 

template; (2) exposition to UV light [316], piranha solution [318], plasma [344], acetic acid 

[316,345] or etching [343] to remove the PMMA and PS from the DBC and the brush layer; (3) 

cleaning to remove excess material from (2). According to the desired method, there is a possibility 

to remove the unexposed parts of the substrate by etching [318,345]. 

  In resume, PMMA has proven to be a versatile polymer material, in a wide range of 

applications and is often chosen as a processing layer for AS-ALD of pure metals and metal oxides. 

Figure 28 illustrates the various PMMA material forms and processing stages in an AS-ALD. 

 

Figure 28. PMMA in an AS-ALD process, where the block copolymers are polystyrene-random-

poly(methylmethacrylate) or polystyrene-block-poly(methylmethacrylate). 
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 Table 7 is a compilation of the main details of the supporting literature of this review 

devoted to the modification of PMMA surfaces by ALD technique. The table is organized by ALD 

types (thermal, plasma and area-selective) on different PMMA substrate geometries and describes 

the mainly ALD experimental details, such as deposition temperature, types of precursors and film 

thickness. Moreover, the table points out the different research topics of each paper, ranging from 

fundamental knowledge to practical applications.  

 

 

 



Table 7. Summary of literature data regarding ALD coatings on PMMA. 
ALD  
type 

PMMA substrate geometry Precursors, time sequence 
(Pulse/purge/pulse/purge times) 

Number of cycles 
(film thickness) 

TDeposition Application or  
motivation 

Ref 

T
h

e
rm

al
 A

LD
 

 

Film (∼70 nm) MW=350.000 
spin-coated onto polished Si (100)a 

ZnO DEZ/N2/H2O/N2 

 
1000 (25 nm) 25 °C Curved organic light  

emitting diodes 
[347] 

1 mm sheet and film (2–2.5 μm) MW=950kDa  
spin-coated onto Si(111) 

ZnO DEZ/N2/ H2O/ N2 
              0.15-0.30/30/0.15-0.30/30 s 

Al2O3 TMA/N2/ H2O/N2 
    0.30/30/0.3/30 s 

100-800 (30 nm grains) 
20-100 (10 nm)  

Al2O3 + ZnO 
20-50+200-800 

35 °C Microfluidics 

 
[305] 

Film (5, 32 and 80 nm) MW=350.000  
spin-coated onto Si(100)b 

ZnO DEZ/N2/ H2O/N2 
 1/120/1/120 s 

150  
 (21.2, 18.6, 15.9 nm) 

35 °C Flexible electronics and 
nanoscale optoelectronic  

devices 

[296] 

Plates 2 mm  
MW=150 000–160 000 

TiO2 TDMAT, 40 °C/N2/O3/N2 
0.5/10/4/10 s 

Al2O3 TMA, 20 °C/N2/O3/N2 
0.25/6/4/6 s 

1000 (60 nm)  
 

1000 (85 nm) 

60 to 
 65 °C 

Nanoindentation and 
nanotribology studies 

[291] 

Sheet extruded Al2O3 TMA/residence/N2/H2O/residence/N2 
0.10/10/45/0.2/10/45 s 

750 (130 nm) 65 °C To increase interfacial 
 toughness 

[292] 

Specimens  
(20 x 20 x 1 mm) 

TiO2 TDMAT, 65 °C/Ar/O3/Ar 
0.5/10/1/15 s 

300 (30 nm) 65 °C Dental implants [285] 

PMMA NPs (50-100 nm) TiO2 TTIP/purge/H2O/purge 
0.5/15/0.5/15 s 

250  

 
80 °C Photocatalysis [297] 

Film (∼200 nm) MW=350.000  
spin-coated onto Si waferc 

Al2O3 TMA/Ar/H2O/Ar 
60/30/60/30 s 
5/60/5/60 s 

(200 nm) 80 °C Study of the ALD  
mechanisms 

[290] 

Particles (∼1–100 μm) and film MW=15.000 
spin-coated onto silicon substrates 

W WF6/N2/Si2H6/N2 

1/60/5/60 s 
Al2O3 TMA/N2/H2O/N2 

 1/60/5/60 s 

Film: Al2O3 + W  
10 + 50-250  
(95-845 Å) 

Particles: W 25-200 
Al2O3 + W  

5 + 25 (29 Å) 

80 °C Flexible optical mirrors,  
electromagnetic 

 interference shielding,  
diffusion barriers 

[302] 
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T
h

e
rm

al
 A

LD
 (

co
n

t.
) 

Powder (0.2–1 mm) MW=120kDa ZnO DEZ, 22 °C/N2/H2O/N2 
0.3/3/0.1/5 s 

400 (80 nm) 80 °C Photocatalysis [300] 

Plates (4 mm) and powder  
(0.2-1 mm) MW=120kDa 

ZnO DEZ, 22 °C/N2/H2O/N2 
0.3/3/0.1/5 s 

Plates: 220-2200  
(1-180nm)  

1650 (100 nm)  
Powder: 1650 (80 nm) 

80 °C Photocatalysis [298] 

Flat (2.5 x 2.5 cm)d ZnO DEZ, 22 °C/N2/H2O/N2 
0.3/3/0.1/5 s 

1650 (100 nm) 80 °C Water reuse [299] 

Film (4000 ± 1000 Å) MW=15.000  
spin-coated onto Si(100) wafer and QMC sensors 

Al2O3 TMA/N2/H2O/N2 
1/29/1/29 s 

30 cycles 
 (1000-1500 Å) 

85 °C Organic light 
 emitting diode 

[275] 

Film (MW=15.000)  
spin-coated onto QCM Discs ∼2 µm 

TiO2 TiCl4/N2/H2O/N2 
Al2O3 TMA/N2/H2O/N2 

2/30/2/30 s 

Al2O3  
30-45 (23.42-51.89Å) 

Al2O3 + TiO2 
20 + 25-200  

 (26.09-146.84 Å) 

90 °C Aerospacial [303] 
 

Film (305 nm) MW=120.000 with β-NaYF4:Er+3 NPs 
spin-coated onto borofloat 33 glass 

TiO2 TiCl4/Ar/H2O/Ar (199 nm total) 100 °C Upconversion 
luminescence 

[294,
295] 

(1.5 x 1.5 cm) TiO2 TDMAT, 70 °C /N2/O3/ N2 

1/15/1.8/15 s 
50-500 (75-425 Å) 120 °C Wettability and hardness 

improvement 
[293] 

Flat (2 x 2 cm2)d pre-treated with OTS and heptane  
solution (0.1:136), at 60°C (5-30 min) 

Al2O3 300-1200 (9-26 nm) 150 °C Wettability  
improvement 

[282] 

Film (0.1 μm) spin-coated onto (100) Y-stabilized 
ZrO2 single crystal 

CeO2 (Ce(thd)4 and O3) 200 (3.5-5.5 nm) 200 °C Memories technology [287] 

Film (70-100 nm) MW=350.000 
 spin-coated onto Si 

TiO2 TiCl4/N2/H2O/N2 
         0.2 s/30  s/0.2 s/30 s  

Al2O3 TMA/N2/H2O/N2 
       0.2 s/4 s/ 0.2 s/ 4 s 

       AlCl3/N2/H2O/N2 
     0.5 s/2 s/1 s/2 s  
Al2O3 (TMA) + TiO2  

0.2/4/0.2/4 s + 0.2/4/0.2/ 4 s 

 
700 (20 nm) 

 
3300 (350 nm) 

 
1000 (100 nm) 

 
200+1000 (43 nm) 

 
100 °C  

 
250 °C 

 
250 °C 

 
250 °C 

Wettability 
 improvement 

[304] 
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P
la

sm
a 

A
LD

 
 O2 Plasma 1 (300 W,50 sccm) 

O2 Plasma 2 (100W, 90 sccm) 
Al2O3 TMA/purge/Plasma 2/purge 

0.2/10/5/5 s 
SiO2 

3DMAS/residence/purge/Plasmas/purge 
0.4/4/10/3/6 s 

TiO2 TTIP/purge/Plasmas/purge 
1.5/7/6/5 s 

 
 

(80 nm) 
 
 

(40 nm) 
 

(55 nm) 

60 °C Antireflection coatings [286] 

PLEXIGLAS® XT Extruded acrylic sheets 
MW=150.000-160.000 

Plasma (25-200W) 
TiO2 TDMAT/N2/plasma/N2 

0.5/10/0.25-6/10 s 

500 50 to  
70 °C 

Adhesion improvement [308] 

Film (100 nm) on quartz 
Al2O3 (TMA and O2 plasma) (10 nm) 80 to 

120 °C 
Substrates for SERS 

 
[312] 
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Lines (10-15 nm) 
 by electron beam lithography 

Al2O3 TMA/purge/O2 plasma 
30/60/210 ms 

30 (6 nm) 25 °C Fabrication of high-resolution 
imprint templates 

[341] 

Squares by electron beam 
lithograph 

O2 Plasma (100 W) 
MoOx [(NtBu)2(NMe2)2Mo]/Ar/Plasma/Ar 

6/6/8/6 s 

10-60 (1–4.5 nm) 50 °C Nano and Optoelectronic 
applications 

[340] 

Nanoporous film (75 000 g/mol) by electron beam 
lithography spin-coated onto SiO2/Si 

ZnO DEZ/ N2/H2O/N2 

0.3/2/0.3/2 s 
25-225 (4-26 nm) 

 
70 °C Fabrication of charge-trap 

flash memories components 
[342] 

Film ∼350 nm (200 and 950k)  
spin-coated onto SiO2/Si 

Al2O3 (TMA/N2/H2O/N2) 
HfO2 (TDMAH/N2/H2O/N2) 
ZrO2 (TDMAz /N2/H2O/N2) 

(2.5–50 nm)  
(100–25 nm) 
(25–100 nm) 

100 to 
150 °C 

Microelectronics and  
nanoelectronics 

[338] 

Stripe (312 nm) MW=950.000 
 by etching 

spin-coated onto SiO2/Si 

ZnO DEZ/Ar/H2O/Ar 
0.05/45/0.1/45 s 

Al2O3 DMAI/Ar/ H2O/Ar 
0.05/45/0.1/45 s 

SnO2 TDMASn/ Ar/ H2O/Ar 
0.15/45/0.1/45 s 

5-30  
supercycles ratio 

6:5 zinc/tin 
1:1 zinc/tin 

10:1 zinc/aluminum 
15:1 zinc/aluminum 

100 to 
170 °C 

Fabrication of bottom-gate, 
top-contact thin-films for 

transistors 

[320] 
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) 
Stripes 300 nm (950k) by electron beam 

lithography spin-coated onto SiO2/Si 
TiO2 TiCl4/N2/H2O/N2 

0.1/10/3/10 s 
25-300 (0-14 nm) 120 °C Photocatalysis [327] 

Film ∼350 nm (200 and 950k)  
spin-coated onto SiO2/Si 

Al2O3 (TMA/N2/H2O/N2) 
HfO2 (TDMAH/N2/H2O/N2) 
ZrO2 (TDMAz /N2/H2O/N2) 

(2.5-50 nm)  
(10–25 nm) 

(25–100 nm) 

100 to 
150 °C 

Microelectronics and  
nanoelectronics 

[338] 

Film (110 nm) MW=15.000  
spin-coated onto silicon wafer 

TiO2 TTIP/N2/H2O/N2 
5/30/5/30 s 

200 (2 nm) 140 °C Heat cantilever probes [334] 

Stripes from a ≈43 nm film MW=350.000  
spin-coated onto Si(100)  

pre-treated with O2 plasma(2 min) 

TiO2 TDMAT/N2/H2O/N2 
0.03/20/0.015/20 s 

100-1200 
 (43-23.96 nm) 

150 °C Inhibition efficacy of TiO2 [288] 

Squares from a (32-420 nm) film MW=54.000 
coated onto Si wafere 

TiO2 TTIP, 82 °C/N2/H2O/ N2 
2/25/1/60 s 

TiCl4, 25°C /N2/H2O/N2 
2/25/2/30 s 

150 (∼10.5 nm) 
 

500 (35 nm) 

140 °C 
 

160 °C 

Amplified photoresist  
polymers 

[329] 

Squares from a (32-420 nm) film MW=54.000 
coated onto Si wafere 

TiO2 TiCl4/N2/H2O/N2 
2/25/1/60 s 

150 160 °C Amplified photoresist 
 polymers 

[317] 

Squares from a 100 nm MW=54.000 film  
spin-coated onto p-type Si(100)f 

TiO2 TiCl4, 23 °C/N2/H2O/N2 
TTIP, 85 °C/N2/H2O/N2 

2/60/2/60 s 

50-400 (3.5-28 nm)  
50-500 (3.4-35 nm) 

160 °C Comparison of precursors [348] 

Stripes from a (9-40 Å) film  
spin-coated onto Si wafer  
pre-treated with O2 plasma 

ZnO DEZ/63 ms/purge/H2O/63 ms/purge 600 (40 Å) 200 °C Thin-film transistors [336] 

Dots (50-500 nm of diameter) from a film  
 (70-100 nm) MW=350.000 
spin-coated onto Si (100) 

TiO2 (Ti(OMe)4 and H2O)  
Ru (RuCp2 and air)  

Pt (MeCpPtMe3 and O2) 
Ir (Ir(acac)3 and O2) 

Al2O3 (AlCl3 and H2O) 
Al2O3 (TMA and H2O) 

500  
500-100 

2700  
1000-500   

500 (40 nm) 
500 

250 to 
300 ºC 

Passivation effect studies [339] 

Squares or circles from a film  
spin-coated onto Si (100) wafer 

Pt (MeCpPtMe3 e O2) 1000 (50.4 nm) 300 °C Nanotechnology  

 
[332] 
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PMMA cylinders  

(diameter 30 ± 3 nm) from treated  
PS-b-PMMA (60 nm),  

previously  
spin-coated onto SiO2/Si 

Al2O3 TMA, 25 °C/N2/H2O, 25 °C/N2 
60/300/60/300 s 

300/300/300/300 s 
TiO2 TiCl4, 25 °C/N2/H2O, 25 °C/N2 

300 s/300 s/300 s/300 s 

 
10 (8.48 nm)  
10 (30.8 nm) 

 
5-10 (13.3-16.9 nm) 

85 °C 
 
 

85 °C 
135 °C 

Molecular sensing [344] 

PMMA blocks from treated 
PS-b-PMMA (25 nm),  

previously 
spin-coated onto (8 nm) SiO2/Si 

Al2O3 TMA/purge/H2O/purge 
30/60/30/60 s 

10 (14.3 nm) 
 
 

130 °C 
 
 

Nanofabrication for  
complementary 

 metal oxide semiconductor 
technology 

[318] 

PMMA hexagonal nanopores 
from treated  

Ps-r-PMMA and PS-b-PMMA, 
previously  

spin-coated onto SiO2/Si(100)  
wafers (50 nm)g 

Al2O3 TMA/N2/H2O/ N2 
0.2 s/8 s/ 0.2 s/10 s 

22 (2.2 ± 0.1 nm) 
122 (10.7 ± 0.1 nm) 

300 °C Biomedical devices [316] 

Cleaning methods: a,b,d,gpiranha solution; cJTP cleaning; e,f2M HNO3 for 2 h  
3DMAS, Tris(dimethylamino)silane ((Me2N)3SiH); AlCl3, Aluminum trichloride; Ce(thd)4, Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato)cerium (Ce(C11H19O2)4); CeO2, Ceric 
dioxide; HfO2, Hafnium dioxide; Ir(acac)3,  Iridium acetylacetonate; MeCpPtMe3,  [(NtBu)2(NMe2)2Mo], bis(tertbutylimido)-bis(dimethylamido)molybdenum; 
Trimethyl(methylcyclopentadienyl)platinum(IV); OTS, trichloro(octadecyl)silane; RuCp2, Ruthernium dicyclopentadienyl; SERS, surface-enhanced Raman spectroscopy; Si2H6, 
Disilane; TDMAH,  Tetrakis(dimethylamido)hafnium ([(CH3)2N]4Hf); TDMASn, Tetrakis(dimethylamido)tin ([(CH3)2N]4Sn]) TDMAz, Tetrakis(dimethylamido)zirconium ([(CH3)2N]4Zr); 
Ti(OMe)4, Titanium tretamethoxide; TiCl4, Titanium tetrachloride; TTIP, Titanium tetraisopropoxide (Ti[OCH(CH3)2]4); WF6, Tungsten hexafluoride; ZrO2, Zirconium dioxide; β-
NaYF4:25%Er+3

, sodium yttrium fluoride doped with trivalent erbium ions. 

 



 

 

 

 

 

Chapter 2 

 Materials and methods 
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2.1. Microencapsulation synthesis and strategies    

  One of the main objectives for this thesis is to create a microencapsulation system to retain 

hydrosoluble ACs. Table 8 shows some agrochemical properties provided from each data sheet 

information. The plant-based ACs are liquids, and Ultraferro (UF) is a powder but can be converted 

into an aqueous solution by dissolution. Thus, all compounds share similar characteristics, such 

as solubility, so that the encapsulation approach will be similar. 

  Theoretically, when a microencapsulation system is designed, it should be efficient for a 

large spectrum of active agents, especially the compounds with the same solubility. This work was 

focused on the UF encapsulation due to the high solubility constant. Notwithstanding, the Fitoalgas 

Green and the Folivex had a higher viscosity and composition complexity, which could not 

guarantee the encapsulation or encapsulation efficacy.      

 

Table 8. ASCENZA® ACs characterization and respective properties.  

Agrochemical 
function 

Sample  Physical 
state 

Density 
(g/cm3) 

pH Solubility Ref 

Biostimulant Fitoalgas Green Liquid 1.10 4.5 water [349] 

Fertilizer 
Ultraferro Solid 0.55 8.5 water, 60 g/L [350] 
Folivex Crescimento Liquid 1.24 3.6 Non-defined  [351] 

 

 Considering (and combining) the industrial challenge and ACs solubilities, the polymeric 

wall must be hydrophobic to create a MC with two separated phases: the AC inside and the 

protective shell outside. There is already an emulsion at this stage. Since this emulsion (UF and 

polymer) have to be poured into the continuous phase, it results in a double emulsion. This was 

the main reason to produce the ACs encapsulation using the double emulsion system. The solvent 

evaporation method was selected because of the hydrophobicity of the solvent to dissolve the 

polymers, and the UF inertia to the solvents. 

 In this work, the MCs and MSs are both considered on microencapsulation synthesis. 

During the microencapsulation phase, PMMA and cellulose acetate (CA) were blended as polymeric 

shell to overcome the diffusion problems from the microspheres. The microencapsulation study 

was elaborated using four strategies, as shown in Figure 29. The predominant techniques were 

solvent evaporation (strategies 1 to 3) and gelification with a cross-linker (strategy 4). 

   A considerable part of reactants, polymers and solvents were applied in the different 

strategies and sometimes with different functions. 
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Figure 29. Microencapsulation approaches and the final product-controlled release.  

    

The solvents were used as-received: acetone (99,5% Sigma Aldrich), chloroform (ACS 

grade, LABCHEM), methylene chloride (pa, Fisher Chemical), cyclohexane (ACS reagent, Sigma-

Aldrich), 2-propanol (p.a., Honeywell), toluene (anhydrous, Carlos Erba Reagents), n-hexane (95%, 

Carlos Erba Reagents), chlorobenzene (Panreac), ethyl acetate (anhydrous, Sigma-Aldrich), ethanol 

(absolute, Pancreac), ethylene glycol (99%, Sigma-Aldrich), polyethylene glycol 200 (99.5%, 

MW=190-210, Alfa Aeser), polyethylene glycol 300 (PEG, synthesis grade, Scharlau), glycerin (98%, 

Alfa Aeser), petroleum ether 40-60ºC (pa, Fisher Chemical), methanol (99.8%, Acros Organics), 

Glacial acetic acid (p.a., Fischer Chemical), acetonitrile (HPLC gradient grade, Fischer Chemical).  

  The polymers applied in this study were poly(methyl methacrylate) (PMMA, MW=400.000-

500.000, Alfa Aesar), cellulose acetate (CA, MW=50.000, Aldrich) and porcine skin gelatin (gel 

strength ∼300 g Bloom, Type A, Sigma-Aldrich). The hydrophilic cores utilized were water, 

agrochemicals (UF, Folivex and Fitoalgas Green), while the oily cores were citronella Java oil 

(Sigma-Aldrich), and a commercial perfume, Eucalyptus Citriodora (Plena Natura®).  

  The surfactants employed were: mineral oil (Alfa Aesar), Arabic gum (AG, CMD Chemicals), 

paraffin (CMD Chemicals), poly(vinyl alcohol) (PVA, 98-99% hydrolyzed, Alfa Aesar),sodium n-

dodecyl sulphate sodium salt, (SDS, pure, Acros), Span®60 (TCI), Span®80 (Tokyo Chemical 

Industry), Span®85 (Sigma-Aldrich), Tween®20 (Alfa Aesar), Tween®40 (TCI), Tween®80 (Alfa 

Aesar), sunflower oil (pure, Carlos Erba), olive oil (supermarket), urea (assay, Panreac).    
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2.2. PMMA based MCs 

2.2.1. PMMA-MCs synthesis  

 In three strategies with PMMA, this polymer was chosen mainly due to its incompatibility 

with the aqueous media and its commercialization at an accessible price. As a polymer previously 

synthesized, the purity level is high, and the by-products are in low concentrations; thus, there is 

less interference in the encapsulation. In other words, the variables from the raw material are 

minimized due to possible reactions with by-products. Another benefit is transparency, which helps 

to visualize the encapsulation and its homogeneity.  

  The thermal stability was a very attractive property for this industrial problem because the 

PMMA preserves the ACs from the moment they leave the factory until they are released in the 

crops or soil. During the transport, the temperatures that are reached are always higher than the 

ambient temperature. For example, on a typical summer day in Portugal, the outside temperatures 

can easily be higher than 30ºC. Inside the transport, the temperatures are high, therefore, the MCs 

shell must not suffer changes that damage the agrochemical. This is important for both the 

producer and the consumer side. 

 

Strategy 1 

  The first strategy implemented was the double emulsion of water in oil in water (W1/O/W2). 

All PMMA articles are oriented to encapsulate oils [352–355]. Thus, the concept was to use the 

same approach for encapsulating aqueous cores. The W1/O/W2 is characterized by two different 

aqueous phases, where in the W1 there was made a solution with UF. The other double emulsion 

(S/O/W) has the UF as it is, using it in the solid state (S). Both routes were focused on main 

aspects:  

• W1/O or S/W emulsion (active agent and respective mass or concentration in solution, 

polymer mass, solvent and/co-solvent and respective volume(s), stirring type, stirring 

velocity and time) 

• aqueous phase W2 (surfactant, surfactant concentration, and volume), 

• double emulsion (temperature, stirring method, stirring velocity and time). 

  The emulsifications were performed by magnetic, vortex, and mechanic stirring by naval, 

helix or cowls impellers. The impeller used for the mechanical stirring is determinant because it 

promotes a specific flux. The ULTRA-TURRAX®, cowls, 3- and 4-blade are propellers that promote 

radial flux. Plus, the ULTRA-TURRAX® can homogenize and reduce the emulsion sizes due to the 
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fast speed associated with the stator/rotor working.  

  These parameters were changed in all the microencapsulation approaches. Each approach 

was accompanied by electron and optical microscopy to observe the MCs morphology, shape, size, 

heterogeneity and wall thickness. Energy Dispersive X-ray spectroscopy EDX enabled the 

identification of iron, which is present in the UF compound in the microcapsule core.  

 

Strategy 2 

 The emulsification process was changed in the second strategy to improve the 

encapsulation efficiency and the MCs morphology. This strategy involved the use of PMMA, 

cellulose acetate, or acetylcellulose and their combination. The double emulsion with two distinct 

oily phases (W/O1/O2) was used to retain the agrochemicals in their own phase. When using this 

methodology, the encapsulation yields reach 100%. In this strategy, different variables were studied 

in comparison to strategy 1. Changing the polymeric wall to cellulose acetate (CA) and the 

combination of both polymers (CA and PMMA) was a way to discard if the PMMA was suitable for 

the purpose. Also, CA or a polymeric mixed wall could provide the MCs with unique properties.   

 The cellulose acetate is obtained from cellulose acetylation and is used in daily materials 

such as textiles, eyeglass frames and tool handles, packaging films, containers, retractable films, 

and others [356,357]. As a microencapsulation system, there is some information, mostly to 

encapsulate hydrophobic compounds. This biopolymer dissolves in organic solvents, which results 

into an oily emulsion phase. It shows properties non-existent in PMMA, for example, degradability 

and semi permeability [80,358–364]. Ideally, both could be effective for controlled release. If the 

photocatalysis was not activated, the cellulose acetate would start the chemical, biological, or 

photodegradation mechanism. Possibly it will trigger the photocatalysis to release the 

agrochemical. 

 

Strategy 3 

  Strategies 1 and 2 were a reproduction of PMMA articles in order to produce empty 

capsules, or capsules with UF or water. This strategy was a new approach starting from an oil 

encapsulation article [352,365]. With the collected knowledge from strategies 1 and 2, this last 

PMMA approach was established as a reproducible method to firstly create microcapsules with oily 

cores. Once these PMMA-MCs encapsulated oils, it was assumed that the encapsulation method 

could result for the UFs, although with a different yield depending on this AC.  
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2.2.2. Photocatalytic layer by ALD onto PMMA-MCs 

2.2.2.1.  ALD architecture and working as tool to create the coating  

The thermal ALD depositions were carried out in a homemade tubular reactor equipped 

with rotary vacuum pump (Figure 30) working in exposed mode. Single side polished silicon wafer 

substrates from Siltronix (SiO2/Si 300 nm) were used as control to measure the coating thickness. 

The MCs were loaded in a stainless steel mesh crucible that was placed on a ceramic boat, as a 

sample holder. The ceramic boat was introduced into the furnace. Each precursor was kept 

separately in a stainless-steel canister, connected to a pneumatic ALD valve. This valve actuation 

allows the precursors dosing into the reaction chamber in a sequential manner. The diethyl zinc 

(DEZ) canister was kept at room temperature (RT) while the titanium tetraisopropoxide (TTIP) 

canister was heated at 80ºC to ensure sufficient precursor vapor pressure. The delivery tubing lines 

were heated with a heating mantle to maintain a constant temperature of 100 ºC to prevent the 

precursor's condensation throughout the deposition process. The total flow rate of the pure Ar was 

50 sccm, as both carrier and purging gas, and the pressure during each pulse was 0.24 kPa. 

 

Figure 30. Schematic of the ALD reactor used in the experiments. 

 

 Typically, one ALD cycle is defined by a timing sequence as follows: (i) pulse precursor A, 

(ii) purge, (iii) pulse precursor B, (iv) purge. The precursor A (TTIP or DEZ) is pulsed into the reaction 

chamber, followed by a pressure increase (residence time, stop valve is closed). The unreacted 
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reactant A will be removed from the chamber assisted by a purging gas (e.g., Ar or N2) and, 

consequently, the pressure decreases to the minimum value (purge time, stop valve is open). The 

precursor B (H2O or O3) is pulsed into the reaction chamber to react with the precursor A adsorbed 

species, followed by the increase of the pressure (residence time, stop valve is closed). After, the 

excess is purged with a subsequent decrease in pressure decreasing value (purge time, stop valve 

is open). This cycle repeats until the desired coating thickness is reached. 

 

2.2.2.2. ALD of metal-oxides 

  The schematic representation in Figure 31 shows the different approaches for coating 

the MCs with metal-oxides by means of ALD technique. Table 9 collects the most relevant 

information about the ozone pre-treatment parameters and the half-cycle description for the 

approaches mentioned in Figure 31.  

.  

Figure 31. SEM micrograph of PMMA-MCs displayed in the center. The sample was coated with 

Au before the SEM analysis. ALD approach for coating the PMMA-MCs: (1) titania direct deposition; 

(2 and 5) ozone as pre-treatment followed by the titania deposition; (3) zinc oxide deposition with 

ozone as pre-treatment; (4) ozone as pre-treatment and zinc oxide as a seed layer to promote the 

titania growth. 

 

 As mentioned above, the ALD precursors as metal sources were TTIP (98% STREM 

Chemicals) and DEZ (95%, Sigma-Aldrich). Ultra-pure Milli-Q water (H2O, resistivity 18 MΩ.cm), and 
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ozone (O3) generated from the BMT803N ozone delivery system from pure oxygen, with a 

concentration ranging from 100 to 250 g.Nm–3, were used as oxygen sources. 

 

Table 9. Deposition approaches and the respective experimental conditions for coating the PMMA-

MCs with TiO2, ZnO or the combination of both metal-oxides associated to the ozone pre-treatment. 

Each approach corresponds to the deposition technique from Figure 31.  

 

  The first approach was TiO2 direct deposition, varying some parameters related with the 

cycle, such as precursor pulse time, purge time, residence time, oxygen sources (H2O and O3), 

number of cycles, and deposition temperature. The TiO2 reactions were performed with TTIP and 

H2O or O3. The information collected from the published review served as a basis for innovating on 

the topic [366]. Once there are significant results in the literature about TiO2 direct deposition into 

PMMA, an emphasis is given in the present work to the use of TTIP and H2O at low deposition 

temperatures. 

  A considerable amount of coatings were performed on the PMMA-MCs and on the SiO2/Si 

substrates. In the latter, the Si has a SiO2 layer to increase the hydrophilicity and therefore facilitate 

the nucleation and growth of the coatings. In this line, the PMMA needed a similar surface 

chemistry. So, the PMMA-MCs were pre-treated with O3 for a period of time at low temperature 

(100 ºC) before the TiO2 deposition. 

 In addition to the O3 pre-treatment, the deposition of ZnO as seed layer was also carried 

out allowing the production of bilayers composed of ZnO/TiO2.  

Experimental conditions 
Approach  

1 2 3 4 5 

Pre-
treatment 

Precursor  O3 

Cycles 

- 

100 100 to 600 
Pulse time  0.05 s 0.125 s 
Residence time  5 s 20 s 
Purge time  5 s 

Coating 
Deposition 

Metallic precursor TTIP DEZ DEZ + TTIP TTIP 

Cycles 400 50 to 400 400  200 50 to 400 
Pulse time 0.5 s 
Residence time  20 s 30 s  20 s 
Purge time 10 s 
Precursor  H2O 

Pulse time 2 s 
Residence time 15 s 30 s  15 s 
Purge time  10 s 
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  The uncoated and coated samples were submitted to a vast number of characterization 

techniques to identify the metal-oxide(s) presence and the alterations in the material properties. 

Additionally, the controlled release effect was evaluated using different oxidation cycles, while 

maintaining the TiO2 parameters deposition.   

 

2.2.3. Photocatalytic processes associated with PMMA-MCs 

  Before the controlled release studies, it is necessary to fully understand the UF sensibility 

to UV-Vis radiation (Figure 32). A 30 ppm UF aqueous solution was exposed to: (1) UV 

radiation, (2) visible radiation in contact with atmosphere, (3) visible radiation in a closed recipient 

(to avoid certain reactions due to the present of an oxidative environment), and (4) the dark as 

control. The AC stability was associated to the UV-vis response. Aliquots of the UF solution in a 

quartz cell (12.5 mm × 12.5 mm × 40 mm) were taken hourly and the respective absorbance was 

measured in the spectrophotometer (Shimadzu UV-2501 PC) for a 200-900 nm range. The UV 

light source was a UV-A LED (Thorlabs, 700 mA) with irradiance of 2 mW/cm2 centered at 365 

nm, previously measure by a photo-radiometer (Delta Ohm HD2102.1). The UF band with 

maximum at λ ≈ 480 nm, associated with iron in the chelate was monitored at different times. 

Figure 32. Photocatalytic studies performed in the PMMA-MCs.    

 

  One portion of MCs without AC was submitted to the same ALD conditions, to coating 

equally. Following this, 1 mg/mL of the coated MCs were placed into a MB solution with 1x10-5 M 

concentration. A carbon tape with 1 cm x 1 cm of area was placed onto a glass slide, then 10 mg 

of MCs were fixed in the carbon tape. This support with the MCs was introduced into the 

cuvette/beaker with the MB solution and the MCs was exposed to the UV radiation using the 

 

 

Photocatalysis 

Dark, Vis and  
UV-Vis radiation 

UV-Vis radiation 

UF stability  UF release MB degradation 

MCs-UF (aq)  MCs + MB (aq) 

Coated-MCs-UF (aq) Coated-MCs + MB (aq) 
UF (aq)  

Controled release tests Degradation test Photolysis 
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previous UV-LED lamp (Figure 33).  

   The dye degradation is related to the variation in the absorption peak intensity at 664 

nm, which was analyzed using a spectrophotometer. The TiO2 kinetics of the photocatalytic 

degradation of MB was calculated to verify if it is a pseudo-first-order reaction, when 𝐶0 is the initial 

MB concentration, 𝐶 the dye concentration at a t time and k is the reaction first-order constant 

(Equation 5) [367]. This study was also replicated for the uncoated MCs as a control sample and 

without MCs to evaluate the MB photolysis. 

Figure 33. Schematic of the support made for the PMMA-MCs using carbon tape and glass slide 

introduced into a MB solution to monitor the photocatalytic activity when exposed to a UV-radiation. 

   

  After, the controlled release effect was compared between coated and uncoated MCs-

UF. For irradiation using a visible light, an aqueous solution with 1.5 mg/mL of MCs-UF was 

exposed to a Xe lamp (Oriel Corporation 66002), with a power of 150 W and filtered to the 400-

800 nm range and with an irradiance of 2 mW/cm2, previously measure by a photo-radiometer 

(Delta Ohm HD2102.1) (Figure 34). The MCs were placed as described in the previous figure 

and the UF absorbance peaks were monitored as described before. From this, the controlled 

release kinetics model was determined.  

 
                                               Solution                 Radiation filter           Xe lamp 
                                  under magnetic agitation 

Figure 34. Exemplification of a setup of photocatalysis experiments using a Xe lamp. 

ln (
𝐶

𝐶0
) = -kt Equation 5  

 

                       PMMA-MCs         MB solution        UV-LED 
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2.3. Uncoated Gelatin based MSs 

2.3.1. Gelatin based MSs Synthesis  

Strategy 4 

 In this strategy, the resultant products are gelatin MSs or commonly called beads. Gelatin 

is an amphiphilic biopolymer rich in proteins from hydrolyzed animal collagen. Here, the protein 

constitution depends on the raw material. The raw material was soaked in either bath an acid or 

basic medium for the gelatin synthesis, followed by a thermal treatment, deionized, sterilized, and 

dryed, resulting in a gelatin type A or gelatin type B, respectively [78,368]. Gelatin presents a 

viscous form for temperatures below 35ºC, and between 35 °C to 60 °C is transformed into a gel- 

-solid form. In these temperature ranges, this biopolymer can be cooled and heated several times 

without losing its integrity. However, above 60 °C, it starts to denaturate, and the process is not 

reversible. This material can be cross-linked or blended with other compounds to control properties 

like dissolution, hardness, thermal stability, among others [368]. 

  Although this is a simple method, the gelatin thermal stability has to be enhanced using 

excipients to improve the MSs lifetime. After some research, PVA was selected because it is 

synthetic and hydrophilic and, when dissolved in water, it forms a gel [369,370]. As a hydrogel, 

PVA improves the water retention and swelling properties [369], plus it can be cross-linked [369] 

or used as cross-linker [143] and thus it can be integrated into controlled release and loading 

systems [369]. Here, the PVA was introduced into the gelatin matrix as a gelatin cross-linker to 

increase the plasticizer effect, thermal resistance, and consequently the MEs longevity [371].

  

2.3.2. Controlled release 

  Due to the matrix and agrochemical hydrophilicity, the release occurs when the MSs 

contact environments that have a similar solubility; also, they are extremely susceptible to thermal 

variations. For the presented reasons, the ALD coating is not necessary to liberate the UF, as for 

the MCs. The release process, named diffusion and swelling, was tested using the UV-VIS 

spectrophotometer over time, at room conditions. The agrochemical release was directly related to 

the absorbance increment in the UF band, at λ ≈ 485 nm.  
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2.4. Characterization Techniques  

2.4.1. Characterization techniques employed in the microencapsulation 

strategies and the ALD  

  In this thesis, several characterization techniques were used to characterize the produced 

materials. Table 10 lists these techniques, their purpose, and which samples were analyzed. 

There are four techniques that are necessary to draw attention because they were important, in 

their own way: i) SEM-EDX; ii) DSC; iii) NMR; iv) UV-VIS. 

 

Table 10. Characterization techniques used in the MCs and MSs synthesis analysis, MCs coating 

by ALD, as well MCs and MSs UF controlled release monitoring.  
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  Scanning electron microscopy associated with energy dispersive x-ray spectroscopy (SEM-

EDX) was the most used technique for the visualization of the MCs wall morphology, size range, 

parts of polymeric waste, MCs coating by ALD, and agrochemicals controlled release. A NanoSEM 

- FEI Nova 200 (FEG/SEM) with EDAX - Pegasus X4M (EDS/EBSD) at SEMAT/UM and a SEM 

Hitachi SU-70 with Bruker Quantax 400 (B-U) EDS at CICECO/UA were used. In 

microencapsulation it is a tool to see the MC's size; their morphology and porosity, to measure the 

MCs wall thickness and analyze the surface area. The latter property was further determined by 

Brunauer-Emmett-Teller (BET, Micrometric Instruments Gemini V2.0 from CICECO at the 

University of Aveiro) for the pristine PMMA-MCs, O3-PMMA-MCs and PMMA-MCs-UF in order to 

determine if the agrochemical's encapsulation promoted changes in the surface.  The MCs 

morphology and homogeneity from the synthesis, as well the presence of polymeric residues can 

be seen in an ordinary microscope. However, the UF encapsulation, size distribution and chemical 

identification, and the presence of pores in the PMMA-MCs can only be seen by SEM, since it 

provides a more significant magnification  that allows seeing macroscopic, mesoscopic, and 

microscopic features [372].  

 The SEM-EDX technique is a powerful tool due to the presence of an energetic focused 

electron beam (1 to 50 keV). Electrons are produced from a thermionic (W, LaB6), field-emission 

(W), or Schottky-emission (ZrO2/W) guns, and travel through electromagnetic condensed and 

objective lens, where the respective apertures straighten and focus the electron beam [372]. These 

electrons interact with the sample where they penetrate it and produce elastic or inelastic 

scattering. The image can be made with secondary electrons (SE) detection from inelastic 

scattering or with backscattered electrons (BSE) from the inverse scattering. Since they penetrate 

the sample surface, the correspondent energy is shallow (Figure 35). There are other electrons 

and interactions that need to stand out. The sample absorbs some electrons. The Auger electrons 
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are the lowest energetic electrons and only penetrate 0.4 to 5 nm below the surface. The BSEs are 

obtained from the elastic scattering, and the resolution is intermediate, because the interaction 

volume and subsequently the energy associated is larger. 

The X-ray emission from excited electrons is the most energetic, as consequence they can 

penetrate in the sample deeper, providing a more effective resolution. These electrons are 

responsible for the EDX analysis and can reach 5 µm of surface depth, widely used to assess the 

sample composition. The last electronic interaction is the transmitted electrons, which are detected 

for the conventional or scanning transmission electron microscopy (CTEM and STEM, respectively) 

[372–374].   

 

Figure 35. Electronic interactions in the SEM analysis [373].  

 

  The polymeric materials are susceptible to electronic interactions with their skeleton 

structure (C, H, O) that are very light and non-conductive. The BSE yield is lower, causing low 

contrast in the micrography [374]. It is necessary to control the exposition in order to not trigger 

the ionization, further reticulation, and consequently the chemical bond rupture. There are several 

approaches to work this out. The sample is manipulated by adding a nanometric coating. The usual 

coatings are carbon, gold-palladium alloy, and gold. Gold is the heaviest, which provides an 

excellent protection for the sample due to the electron conduction and production of high electron 

secondary electron yield, enhancing image resolution [375]. Certain polymers, like PMMA, are very 

sensitive to SEM-EDX analysis, so there are some parameters that can be adjusted in order to 

preserve the samples during the characterization [372]. As examples, the electron beam energy 

and the acceleration voltage can be lower (∼5 keV) [372,374], the working distance can be 

increased, and selecting electronic detection with low interaction volume type it is also 
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advantageous. Some SEM types of equipment can work in low vacuum, such as environmental 

SEM, which is dedicated to biological samples and soft materials, like polymers. The environmental 

SEM can produce images without a coating because the image acquisition is with gaseous SE 

[373].  

 The pre-treated O3-PMMA-MCs were analyzed by SEM, and the surface area was 

determined by a BET to understand possible texture properties changes from the oxidation. After 

coating the MCs by ALD, the layer can bestow more resistance to the SEM conditions. Nevertheless, 

only SEM-EDX detects the Ti or Zn presence in the MCs and measure the film or nanoparticles 

thicknesses. Moreover SEM-EDX will be used as a qualitative perspective of know the agrochemical 

encapsulation. Due to the massive interaction volume from the X-rays, the sample will be more 

susceptible to decomposition but can be preciously coated with fewer conductor materials, like 

carbon, Au/Pd and Au. SEM will be crucial to see the coating thickness (for a film) or morphology 

and grain typology. For more detailed coating information, TEM is a powerful technique.     

 The differential scanning calorimetry (DSC, Hitachi DSC7000X from CICECO at the 

University of Aveiro) analysis in polymers is a useful thermo-analytical technique to know intrinsic 

temperatures or thermal events. The DSC thermogram curves indicate the endothermic processes 

for negative contributions; the positive curves correspond to exothermic transitions. Melting 

[374,376], loss of water and/or volatile by-products, decomposition, desorption, reduction [374] 

and protein denaturation [376] are some of the endothermic processes. The exothermic transitions 

are associated with crystallization, polymerization, cross-linking (cure), oxidation or oxidative 

degradation, adsorption, etc [374]. The thermogram also provides information about second-order 

transitions, which are oscillations in the baseline such as glass transition temperature (Tg) 

[374,376].   

 The mass loss degradation from thermogravimetric analysis (TGA, Hitachi STA7200 from 

both universities) in polymers gives information about the processes involved when exposed to a 

temperature gradient. For instance, there are main-chain scission, side group scission, elimination, 

depolymerization, cyclization, and cross-linking. The mass gain is associated with other processes 

such as oxidation or adsorption. TGA also detects the presence of polymeric fillers, excipients, and 

volatile compounds. This thermal technique distinguishes the adsorbed from the absorbed water 

since the temperatures are higher when it is absorbed [376]. It is crucial to underline that TGA 

provides information for the mass changes and does not identify the degradation mechanism [377]. 

There are some factors that affect the degradation like:  
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• The synthesis reaction to produce the sample [377]. For example, the radically 

polymerized PMMA has three steps in TGA, and the anionically polymerized PMMA has one step 

[378]. 

• The degree of polymerization will result in a specific degradation rate, and this can be a 

tool to identify the thermal degradation mechanism [377].  

• Samples with an large Mw have less free volume, needing more temperature to heat [374]. 

Moreover, they can develop more TGA steps due to the formation of unstable linkages in the 

polymerization. PMMA with Mw = 320 000 has a peak at 200 ºC, which does not appear in the 

PMMA samples with lower Mw [377].  

• Excessive sample weight dislocates the thermogravimetric peaks. In the exothermic 

reactions, the heat released by the sample is superior to the programmed temperature. As a 

consequence, some mass losses can merge into a step. Contrarily, the endothermic reactions 

accumulate heat, and the steps take more time to appear [374,377].  

• The sample size was influenced in the same way as the weight. So, particles dislocate the 

steps to lower temperatures, and grains do the opposite [374].  

• The atmospheric exposition is determinant. Yet in polymers with depolymerization 

capacity, the results are slightly affected by the gaseous environment [374,377]. In fact, an 

atmosphere like air or pure O2 is very reactive. Hence, it will speed up the degradation and the 

mass losses will appear at lower temperatures [376]; the atmosphere acts as a catalyst.  

   However, the unclear information about the commercial agrochemical makes them 

unexplorable to describe the decomposition mechanism. So, the idea was to analyze the PMMA-

MCs and PMMA-MC-UF and attribute the differences in the signal to the agrochemical’s presence. 

Also, the TGA was employed in the MSs to analyze the crosslinking effect by analyzing the first 

peak from the differential. For both MCs configurations, the TGA was performed using an N2 

atmosphere (200 mL/ min) with a 10ºC/min heat ramp, and the samples were placed into a 

platinum crucible. 

 X-ray diffraction (XRD) provides information on the materials crystallinity. XRD experiments 

were performed for PMMA, PMMA-MCs, UF, O3-PMMA-MCs, c-PMMA-MCs, PMMA-MCs-UF, O3-

PMMA-MCs-UF, c-PMMA-MCs-UF, in order to analyze their crystalline structure. The most intense 

diffraction peaks will determine the dominant crystalline phase and provides the Miller indices of 

the respective atomic phases. From this analysis, the interplanar spacings (d) are derived from the 

Bragg equation (Equation 6), and the crystallite size (P) is determined from the Scherrer equation 
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(Equation 7) [379][373]. A PANalytical X′Pert Pro diffractometer from CICECO at University of 

Aveiro was performed using Cu-Kα radiation (λ = 1.54060 Å) and a step size of 0.02°.  

 The polymers in this study, PMMA, PVA, and gelatin are not crystalline. However, they are 

made from units that constantly repeat, providing an organization pattern which results in a 

diffractogram with diffraction bands instead of peaks. Thus, for polymers it is possible to calculate 

the interchain distance (r) from Equation 8. The other components from the equations are 

wavelength (𝜆), k is the Scherrer constant for spherical particles (0.89) and, 𝛽 is the full width at 

half-maximum (FWHM) [379][373].  

  

𝑛𝜆 = 2dsin𝜃 Equation 6 

P = 
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 Equation 7 

r = 
5𝜆

8𝑠𝑖𝑛𝜃
 Equation 8 

 

  Fourier transformed infrared – attenuated total reflectance (FTIR-ATR) spectroscopy is an 

effective technique in determining the chemical composition of organic, inorganic, and polymeric 

materials, identifying the molecular vibrations. The samples are placed into a crystal, and 

subsequently exposed to radiation and go through total internal reflection. During the process, the 

sample absorbs part of the infrared, and the spectrum is built up based on the absorbance for the 

different wavenumbers. The acquired spectra will provide information concerning the vibrations in 

the sample molecules; assembling all of them will result in the chemical structure. This 

spectroscopy was employed to compare and understand if the PMMA structure change during the 

encapsulation and identify the chemical bond that PMMA provides to bond with the metal oxides. 

Is expected to have different bands from each tacticities in polymers. For this study, the equipment 

used was a GALAXY SERIES FT-IR 7000 with a deuterium triglycine sulfate and CsI detector and 

an ATR golden gate (CICECO, University of Aveiro).   

  Nuclear magnetic resonance (NMR) studies were performed to analyze the ALD effect in 

the MCs. PMMA is an aliphatic polymer, so the 1H and 13C are the nucleus used to produce the 

spectra. Both present two spin quantic numbers, I, (½ and -½) consisting in a nuclear angular 

moment. When the spins are exposed to a magnetic field, they will generate each magnetic field 

and transit between the two spins, resulting in energetic transitions (∆E) measuring the resonance 

frequency (υ). Equation 9 present the energy formula, where h is Planck’s constant.  
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  The 1H and 13C nucleus have a property named as a gyromagnetic ratio or angular 

momentum, γ.  So, the frequency is dependent on the magnetic properties, such as magnetic field 

B0, γ, and the chemical shift, δ. The last property is associated with the differences between the 

magnetic field created by the nucleus and the magnetic field felt by itself (shield effect) and the 

equipment frequency.    

 

    

  NMR can be used to investigate solid and liquid samples. The NMR studies in the present 

work were carried out in NMR equipments for liquid samples (300 MHz Varian Unity Plus and 400 

MHz Bruker Avance II) from Chemistry Department at University of Minho, so it was necessary 

dissolve them in an appropriated solvent as a reference, such as deuterated chloroform (CDCl3) 

(Equation 10). PMMA, PMMA-MCs, and c-PMMA-MCs were analyzed for 1H-NMR, 13C-NMR, 

distortionless enhancement by polarization transfer (DEPT 135), heteronuclear Multi Bond 

Correlation (HMBC), and heteronuclear multiple quantum correlation (HMQC).  

 The proton NMR distinguishes the different hydrogens from the compounds, and the signal 

shape says how many protons are in the same chemical environment as neighbors. The 13C-NMR 

distinguish the carbons and for the PMMA all signals are from singlets. DEPT 135 evidence that 

the -CH2 groups yield a negative signal, giving a confirmation of the methylene group, which was 

not evident in the 13C-NMR. In the HMBC there is a correlation between carbons and protons 

separated by two, three, and, sometimes, in conjugated systems. In a certain way, HMQC is 

complementary because it shows the proton-carbon single bond correlations.  

  If the protons and carbons feel different chemical environments, the tacticities express 

unique signals, where a relative analysis can be executed for identifying the respective portion. The 

bibliographic research shows strong proof that the PMMA needs a pre-treatment to ensure the 

deposition of the photocatalytic active material [313]. If necessary, the pre-treated samples can be 

analyzed by NMR (and FTIR-ATR) to see the ozone treatment effect in the substrates. Furthermore, 

is expected that the metal-oxide coating will dislocate more significantly the chemical shifts due to 

the influence of the high electronegativity [374,375,380].   

  This technique has limitations linked to signal complexity from the tacticities and the 

∆E = hυ Equation 9 

δ = 
𝜐𝑠𝑎𝑚𝑝𝑙𝑒−𝜐𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝐶𝐷𝐶𝑙3)

𝜐𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡
 x 106

 Equation 10 
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possible lack of differences in the NMR after the pre-treatment at atomic or nanometric level. Also, 

the presence of iron in the UF as well the metallic coatings suggests that the samples cannot be 

analyzed because these elements (Fe and Ti) had associated not only a spin but also a magnetic 

moment, certainly making incompatible samples for the proton and carbon NMR analysis.  

 

2.4.2. Characterization techniques associated with the controlled 

release and other photocatalytic tests 

 One concern from this thesis was to understand the photocatalytic performance. In other 

words, if the nanometric photocatalytic coating is capable to destruct the MCs and release the ACs, 

or if it degrades the environment to where it is exposed. Therefore, the coating photocatalytic activity 

was evaluated by by measuring the AC concentration and by degrading a MB solution, used as a 

control.                      

 Ideally, in the TiO2-PMMA-MCs-UF, the UF's controlled-release efficiency is evaluated by 

analyzing the aqueous solution. The goal was to expose the coated and uncoated PMMA-MCs-UF 

to radiation (UV radiation or Xenon lamp). The PMMA is degraded due to the coating photocatalysis 

triggered by the light sources. During the process, the UF is released, and the solution will have an 

increment in UF concentration. To determine the controlled release, two approaches were 

employed: (1) monitoring the process by measuring the absorbance from the aqueous solution via 

UV-VIS spectrophotometry over time; (2) qualitatively comparing the aqueous solution at the 

beginning and end of light exposure.   

The iron present in the AC gives a reddish color, resulting in absorbance-specific bands 

from the groups present in the UF. This AC is essentially a chelate with ethylenediamine-N,N’-bis(2-

hydroxyphenyl)acetic acid (EDDHA), and iron. The literature shows three absorbance bands with 

maxima at 200 nm, 281 nm, and 482 nm corresponding to a benzene ring, ortho substitution in 

the ring, and iron-phenolate bonds, respectively [381].   

   The total reflection X-ray fluorescence (TXRF, Picofox S2 Bruker Nano from CICECO, 

University of Aveiro) is a detection technique where an x-ray radiation source interacts directly with 

the atoms present in the sample. The X-rays destabilizes the inner electronic levels. To reach the 

equilibrium the electrons from the lowest energetic levels are excited to the orbitals of the ejected 

electron. During this process occurs fluorescence that is specific for each material. So, each atom 

will provide an identity peak from specific orbital transitions. This technique can be used as 

qualitative or quantitative; in this work TXRF was implemented only as a qualitative technique to 
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detect iron from the UF, Ti, and Zn from the coatings that can be in aqueous media presented in 

point (2) above [382].  

 Also, from the photocatalytic process, some coated PMMA-MCs were studied in an 

aqueous MB solution to evaluate the PMMA photocatalytic efficiency. The main idea was to interpret 

if the heterostructured material can degrade the environment as a photocatalyst. Since the MCs 

have a micrometric shell and the coatings are nanometric, there is a strong probability that 

degradation cannot occur, allowing the possibility to work as a 3D photocatalyst. The MB solution 

was chosen because it is a cationic dye, pollutant, and a well-known compound in photocatalysis.   
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3.1. Solvents, PMMA and UF relevant properties for 

microencapsulation 

   First of all, PMMA and UF were dissolved in several solvents to understand the solvent’s 

range without losing its properties. Table 11 presents some solvent properties as well as the 

correspondent interactions with PMMA and UF. The AC (UF) dissolved very well in water and had 

a partial dissolution in isopropanol, but it was insoluble in the other solvents. However, a particular 

interaction was detected when in contact with acetone: the solution changed its color from red to 

brownish, indicating that the iron oxidation number was modified (Figure 36). Due to the low 

toxicity, isopropanol is an attractive solvent for this application. However, besides the UF low 

solubility in isopropanol, the PMMA did not dissolve in this solvent, so this green solvent was also 

excluded from the procedures. From the bibliography, the PMMA dissolves in a lot of organic 

solvents, such as alcohols, chlorides, and aromatic compounds (Table 11) [383]. The solvents 

were chosen based on the volatility or potential to be applied in the solvent extraction technique. 

Initially, one of the objectives of this work was to build aa procedure based on green chemistry. 

Due to these limitations, the solvent methylene chloride, or dichloromethane (DCM), was chosen 

because it has a high vapor pressure, enabling a high volatility. In other words, a solvent that 

evaporates faster is a requisite for the microencapsulation technique. 

 

Table 11. Physical and chemical properties from solvents employed in the microencapsulation to 

synthesize PMMA-MCs (adapted from [384]).  
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Chemical formula C6H12 C7H8 C6H5Cl C4H8O2 CHCl3 C6H14 CH2Cl2 C3H6O C3H8O H2O 

Density (g/mL) 0.779 0.867 1.106 0.894 1.498 0.655 1.326 0.786 0.785 0.998 

Boiling point (ºC) 80.7 110.6 132 77 61.2 69 39.8 56.2 82.4 100 

H2O solubility 0.005 0.05 0.05 8.7 0.8 0.0014 1.32 M M M 

Vapor pressurea (hPa) 104 29 12 97 210 160 475 240 44 17.5 
Viscosity (10-3 Pa.s) 0.89 0.55 0.75 0.43 0.54 0.29 0.42 0.3 2.07 0.89 
PMMA dissolution* ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓  

UF dissolution*         PD ✓ 
a values at 20ºC, *conclusions obtained experimentally. M – miscible, PD – partially dissolved.  
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(a) (b) 

Figure 36. PMMA dried film, with UF. The polymer was previously dissolved in (a) acetone and 

(b) DCM.  

 

 In general, from the dissolution experiments it became clear that the ideal core-shell 

structure was not created. The emulsion made of PMMA, UF and solvent is colored. Hence, this 

visual information suggests that the UF is mixed with the PMMA. There were strong probabilities 

that the PMMA-MCs-UF would most likely have an empty or partially empty core, which adds a 

water absorption of 0.2-4% [385], Figure 37.   

 

             (a)                                                     (b) 

Figure 37. (a) Theorical and (b) experimental core-shell PMMA-MCs-UF structures. 

 

  The microcapsules from strategies 1 and 2 were valuable to understand the synthesis 

route upon studying and changing, however they did not provide reliable and interesting PMMA-

MCs to further proceed with the coating deposition by ALD and do the photocatalytic tests. So, the 

detailed approach, experimental conditions and results discussion of first and second strategies 

are presented in Appendix 1.    

 

3.2. PMMA-MCs from strategy 3 

  As explained before, the strategy was to create a procedure encapsulating oils and further 

encapsulate the UF for later coating by ALD. This decision was made since the encapsulation yields 

in double emulsions are very low. By this way, at least, there is the certainty that the MCs are 
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efficient and could be universal.   

  The oil encapsulation started from the S/O/W protocol and the core was substituted by a 

commercial perfume or a Eucalyptus citriodora essential oil (O1/O2/W). The main variable was the 

solvent. MCs were crushed in a paper filter to visualize the perfume stain and detect the 

encapsulation by the smell. After the vacuum filtration, it was noticed that the MCs with failed 

encapsulation had oil on top of the filtrated part. The perfume is an oil (insoluble in W phase), it is 

denser than the continuous phase and the washing water. Therefore, after filtrating and washing 

the MCs, the non-encapsulated oil is a supernatant on water. For these reasons, the filtrated 

samples were always visualized and smelled to see if the perfume was encapsulated or not.  

  As usual, the Sharma [365] and Teeka [352] protocols for encapsulating the perfume were 

tried. The Sharma et al. experimental conditions were the most accurate once the PMMA-MCs were 

very similar, but the fragrance was not encapsulated. The ideal PMMA percentage from the Teeka 

et al. procedure led to a viscous solution that it was impracticable to pour the oily phase into the 

PVA solution. The PMMA percentage in the O1 phase was thus decreased from 34% to 15% and in 

both procedures resulted in the formation of PMMA-MCs. However, upon changing stirring and the 

bath temperature, the products were not MCs. With this result and the information taken from 

strategy 1, only two solvents were applied in the following experiments: DCM and chloroform. 

  DCM and chloroform have demonstrated to be excellent solvents because they produced 

spherical and smooth PMMA-MCs with low polymeric residues (Figure 38). The PMMA-MCs with 

DCM and chloroform demonstrated the perfume encapsulation. However, the best procedure from 

DCM was not reproducible. One hypothesis is based on the temperature difference between the 

ice bath and room temperature. Besides this result, the subsequent experiences with DCM and CF 

were all made at higher temperatures (40 ºC).  

  After filtrating and washing, the PMMA-MCs were analyzed by SEM. The DCM creates MCs 

and polymeric residues. Changing the solvent and the polymeric mass, the polymer waste 

decreases. Also, the solvent combined with a 3-blade naval impeller originated a PMMA-MCs 

smooth surface. Despite this, the perfume was not encapsulated. 

  From here, the parameters that were varied in order to encapsulate the perfume were:  

• PVA percentage  

• PMMA percentage  

• Introduction of sodium dodecyl sulfate (SDS) and respective percentage 

• Agitation speed  
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 Some combinations resulted in odorless PMMA-MCs and the absence of perfume in the 

filtrated liquids during the tests. For these reasons, they were analyzed by SEM to see the 

morphology, wall features and dimensions. Figure 39 presents the different conditions and the 

respective images. After observing the SEM images, it is concluded that the absence of perfume 

and the lack of fragrance is more associated with evaporation than encapsulation. Most of the 

products have a pellicular geometry that does not correspond to spherical MCs. 

The MCs synthesis using PVA 3% and 20% of PMMA did not produce PMMA-MCs. The 

increment of PMMA content results in considerable increase of PMMA-MCs size, independently of 

the agitation speed. The size is not an essential factor, so the PMMA mass was decreased and 

stirred at different speeds with a 3-blade naval or 4-blade helix. However, both results were not 

satisfactory due to the presence of polymer waste. The PMMA-MCs synthesis using 15% of PMMA, 

and SDS dissolved in the PVA with the same ratio as the Sharma et al study, decreases the MCs 

diameters. Also, the helix utilization promotes homogeneous MC sizes, for procedures using 15 or 

20% of PMMA, and a continuous phase made of PVA 3% [365].     

 The SDS addition only did the intended purpose, i.e. to decrease the MCs dimensions, 

using low concentrations of PMMA and a higher viscosity of PVA. By using 20% PMMA and 1% PVA, 

with the optimized SDS concentration, it results in PMMA-MCs with a diameter of more than 300 

µm. So, SDS demonstrate to be the key to the encapsulation and to obtain small PMMA-MCs, when 

dissolved in high concentrations of PVA. Curiously, the PMMA mass had less influence in the 

process than the PVA concentration. But the excess of SDS creates more wires (possibly made of 

PMMA) than PMMA-MCs and, for this purpose, it is not practical.  

Methylene chloride  Chloroform 

   

10.85% of PMMA, 5 ºC 10.85% of PMMA, 40 ºC 15% of PMMA, 40 ºC 

Figure 38. SEM micrographs of products from PMMA synthesis using chloroform and 

methylene chloride as solvents. The double emulsion step took place at 5 ºC or 40 ºC. The 

samples were coated with Au before SEM analysis.  

1mm  1 mm 1 mm 
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Perfume  

20% PMMA, 3% PVA  
500 rpms, Naval  

Eucaliptus Citrodora 
20% PMMA, 3% PVA  
1000 rpm, Naval  

Eucaliptus Citrodora 
15% PMMA, 3% PVA  
1000 rpm, Helix 

Eucaliptus Citrodora 
15% PMMA, 3% PVA  

700 rpm, Helix 

 
 

 
Speed 

  

 
 

 
 
Speed and impeller  

 Eucaliptus Citrodora 
15% PMMA 

3% PVA + 6 g SDS 
1000 rpm, Naval 

Eucaliptus Citrodora 
15% PMMA 

3% PVA + 6 g SDS 
1000 rpm, Helix 

 

1 mm 1 mm 1 mm 

500 µm 500 µm 
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PMMA and PVA 

percentages 

 

Perfume 
20% PMMA, 1% PVA + 2.5 g SDS 

700 rpms, Naval 

Perfume 
10% PMMA, 5% PVA + 2.5 g SDS 

700 rpms, Naval   

   

 
 

 
 

SDS mass 
   

  Perfume 
20% PMMA, 5% PVA + 1.25 g SDS 

500 rpm, Naval 

Perfume 
20% PMMA, 5% PVA + 2.5 g SDS 

500 rpm, Naval 

Perfume 
 20% PMMA, 5% PVA + 7.5 g SDS 

500 rpm, Naval 

Figure 39. SEM micrographs of products from O1/O2/W synthesis to encapsulate a perfume or Eucaliptus Citrodora, using several experimental conditions. 

500 µm 500 µm 

500 µm 500 µm 500 µm 
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  The optimized procedures in the MCs are illustrated in Figure 40. From the micrographs 

it was possible to make a histogram with the MCs diameter size distribution by direct measurement 

of the PMMA-MCs diameter using ImageJ software. The standard deviation is more significant in 

both situations than the PMMA-MCs mean diameter associated with the process. In this thesis, the 

solvent evaporation technique was performed at room conditions. So, once the pouring step starts, 

the solution increases the viscosity because the solvents start to evaporate. Since there is no control 

of the pressure, the concentration from the beginning is not the same as at the end, resulting in a 

more viscous oily phase, which will increase the PMMA-MCs size due to the constant shear. Visually 

it is very difficult to control the process. Also, pipetting or introducing the solution into the 

continuous phase using a syringe was unsuitable because the solvent is more exposed to the room 

conditions and evaporates faster. Also, the pipettes and syringes clog very frequently. A suggestion 

to control the size is to add a pumping system, with a needle, in a controlled environment to avoid 

unstoppable evaporation in the pouring phase. 

  Since the PMMA-MCs with 20% of PMMA have a more homogenous size and smaller 

diameters, they were chosen to be coated with photocatalytic compounds. Most of the studies were 

made with blank PMMA-MCs, i.e., the PMMA-MCs without UF inside.  

 

  

 

 

Mean diameter = 9 µm Mean diameter = 7 µm 
Standard deviation = 20 µm Standard deviation = 7 µm 

 Substrates for ALD 
Figure 40. Optimized microencapsulation synthesis and PMMA-MCs diameter histograms from 

the SEM observations. The samples were coated with Au before SEM analysis.  

100 µm 100 µm 
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3.2.1. Atomic layer deposition onto PMMA-MCs  

 The purpose of this part was to coat the PMMA-MCs with clusters or islands made from a 

photocatalytic metal oxide, such as anatase. As previously mentioned, ALD in polymers is a niche 

in this technological universe. This thesis is focused on ZnO and TiO2 deposition on PMMA-MCs. 

The novelty of this work is the use of TTIP as a metallic precursor, because it is less harmful than 

TiCl4, more stable, and the price is notably less. In opposition, the reactivity is lower than in other 

precursors. This work is also pioneering in a way since the substrates are MCs, substrates with 3D 

geometry. A significant part of the study was made with the control samples (PMMA-MCs without 

UF) to understand the ALD process and discard potential UF effects in the deposition.  

  In PMMA, the main challenge is the low surface reactivity. From the experimental point of 

view, the polymer surface composition does not have the functional groups that act as nucleation 

sites to promote growth of the coatings. To this end, it is necessary to introduce a functionalization 

step on the PMMA surface, prior to the ALD process. There are different approaches for the PMMA 

functionalization such as atmospheric pressure plasma jet [386,387], plasma [388–392], dipping 

into a sol of silica nanoparticles [393], NaOH [394], H2SO4 , ethylenediamine [392], LiAlH4 [395] or 

HNO3 solution [396], grafting with di-amino-PEG [397] and oxidation with UV and/or ozone 

[396,398]. 

  In this line, before the ALD deposition, the PMMA-MCs were exposed to ozone during a 

period of time (pre-treatment step) in order to provide surface functionalization and to ensure the 

formation of surface groups from the reaction of ozone with the polymeric substrate. 

   The ozone pre-treatment step was studied for different furnace temperatures (100 to 175 

ºC) and the ozone pulse time from 0.125 to 0.5 s. One cycle corresponds to ozone pulse time, 

residence time and argon purge time (0.125/20/5 s). Then, the samples were collected and 

observed by a monocular lens. It is visible that for the most extended pulse times at 175 ºC, the 

polymeric MCs melt and agglomerate substantially; some melted parts turn yellowish. Probably, 

this color is from extreme oxidation or an extreme effect like pyrolysis. As long as the pulse time is 

getting quicker, the MCs still create agglomerates, but the polymer color is more uniform and 

similar. When decreasing the furnace temperature, the MCs become less affected by the oxidation 

parameters. Hence, the O3-PMMA-MCs were chosen as the ones that were exposed to 0.125 s of 

ozone pulse time, at 100 ºC, for 100 cycles (Figure 41).  
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Figure 41. Images of pristine PMMA-MCs and PMMA-MCs after ozone pre-treatments organized by temperature and pulse time (G2-G6.2). 
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  Overall, the ozone study ask questions about the PMMA thermal stability. After being 

established the pre-treatment experimental conditions, the PMMA-MCs were characterized by DSC 

analysis allowing the determination of the Tg value. In the first analysis, the PMMA-MCs were 

heated from 20 to 190 ºC, giving a Tg value of 131 ºC. In a second analysis, the sample was 

heated and cooled by three times (Figure 42), giving Tg values between 105 and 140 ºC. The 

calculated, Tg average value is thus 114 ºC. This confirms that the MCs are not atactic once Tg, MCs 

>Tg, atactic, but the variation in Tg did not confirm if they are isotactic or syndiotactic. The DSC results 

allowed the determination of the Tg value and the understanding of the thermal stability of PMMA-

MCs, facilitating the establishment of the ALD deposition temperature without conditioning the 

thermal integrity of the substrate. In this way the deposition temperature was fixed at 100ºC. 

 

Figure 42. PMMA-MCs DSC thermogram with heating and cooling ramps in a N2 atmosphere.   

    

  To confirm the tacticity, a film of PMMA was made by dip coating a glass slide into the 

polymeric solution. The coated glass was dried in the vertical position into the hotte until the solvent 

evaporated completely. Since the PMMA poorly adhered to the glass substrate, it was possible to 

remove the PMMA as a free-standing film to be further analyzed by UV-VIS spectroscopy. The 

absence of absorption peaks in the visible range, attests the PMMA's transparency. In the 

wavelength range from 200 to 220 nm, the number of peaks is dense, indicating more than one 

tacticity. The syndiotactic characteristic is confirmed by the presence of a band at 212.8 nm and 

the isotactic tacticity presents a peak with a maximum at 207.0 nm with shoulders at 211.0 nm 

and 216.5 nm [385]. It can be concluded that the polymer is predominantly syndiotactic supported 

by the DSC and UV-Vis results; additionally, the number of peaks in UV-vis spectrum indicates a 

mixture of different tacticities (Figure 43).  

D
SC

 m
W

D
D

SC
 m

W
/m

in

12.35min

139.9Cel

13.69min

153.3Cel

12.42min

140.5Cel

0.149713mJ/deg.mg

42.05min

97.19Cel

43.67min

113.3Cel

42.83min

105.0Cel

0.244522mJ/deg.mg

77.12min

109.6Cel 78.14min

119.8Cel

77.58min

114.3Cel

0.149340mJ/deg.mg



 

84 

200 300 400 500 600 700 800

0

380

760

1140

1520

1900

20
6.

2

20
7.

4

20
9.

2

21
0.

6

21
2.

8

21
4.

2

21
6.

621
1.

18

A
b

so
rb

a
n

ce

Wavelength (nm)
 

Figure 43. UV-VIS spectrum of a PMMA film on a glass slide. 

 

3.2.1.1. ZnO coating deposition on PMMA-MCs  

 Since ZnO ALD is a well-stablished process even at lower deposition temperatures, the 

PMMA-MCs were firstly coated with this metal oxide from the reaction of diethyl zinc (DEZ) and 

water (H2O). Usually, the as-prepared ZnO ALD is crystalline (wurtzite) known for its photocatalytic 

activity [299,300,399]. The PMMA-MCs were pre-treated with 100 cycles of ozone; as previously 

described, and the ZnO coating was formed by the DEZ and ozone reaction for 400 cycles. Each 

cycle had a pulse time, residence time, argon purge time for DEZ (0.5/60/15 s) and O3 (0.04/10/5 

s), at 175ºC.  

  Alternatively, the same procedure was repeated substituting the -OH source (ozone) for 

water. As water is less reactive than ozone, the mass loss decreased. The cycle was adjusted to 

(0.5/30/10 s) and (2/30/10 s); the depositions occurred at 100 ºC for 400 and 100 cycles. In 

order to achieve higher resolution EDX spectrums, the PMMA-MCs were suspended into ethanol 

and pipetted onto a SiO2/Si substrate, that was placed into a ceramic boat to be coated by ALD 

and then analyzed by SEM-EDX (Figure 44).   

  The ZnO coating can be seen as from the brighter contrast on the surface of the PMMA-

MCs in the SEM micrographs (Figure 44 (a)). The EDX map shows the Zn presence confirming 

that the ALD process can be conformal for PMMA-MCs creating a second shell. Figure 44 (b1 

and 2) also presents the ZnO layer in the silicon wafer. The ratio between the films thickness is 

3.99, corresponding to the increment of 100 to 400 ALD cycles. Additionally, the film is granular 
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and conformal in both samples, totally covering the silicon wafer surface. Also, the GPC is 

approximately 0.175 nm/cy without counting the islands present in the structures. This value is 

coherent with the previous results from the laboratory workgroup [400] and the information 

collected from Table 7. The GPC range is from 0.2 down to 0.0045 nm/cy, for ZnO coatings 

made from DEZ, placing the results in the top of the table.  

 

(a) 

  

(b1) (b2) 

Figure 44. (a) SEM micrographs and correspondent EDX maps of ZnO-O3-PMMA-MCs, where red 

represents the zinc content, green the carbon component, and blue the oxygen contribution. Cross-

section SEM micrographs of ZnO-O3-SiO2-Si with (b1) 100 cycles and (b2) 400 cycles of ZnO 

deposited by ALD with an ozone pre-treatment of 100 cycles.    

 

  The coated samples were placed on a platinum crucible and analyzed by TGA. The analysis 

was made in a N2 atmosphere (200 mL/min) with a 10 ºC/min heating ramp. This technique 
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confirmed the ZnO presence observed in SEM-EDX analysis, giving more robustness to the results. 

In addition, the polymer and the coated PMMA-MCs have similar stability, increasing the resistance 

compared with the substrate (PMMA-MCs). However, the ZnO-O3-PMMA-MCs, never reach the 

polymer thermal stability.  

  In Figure 45, from the derivative TGA (DTGA) analysis, the bare PMMA-MCs have a mass 

loss between 100 and 150 ºC, which does not happen in the compounds for the synthesis (PMMA, 

H2O, PVA and SDS) and the coated PMMA-MCs. Upon adding a metallic coating there is evidence 

of a degradation band that appears in the 200-250 ºC range.   
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Figure 45. (a) percentual TG and DTG (b) from PMMA, uncoated and coated PMMA-MCs, (c) and 

the respective reactants and product from the PMMA-MCs synthesis (d) amplification of (c) in 

lowers DTG values.   
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  From Kashiwagi et al. [378] and Manring [401] works, they were able to established the 

relationship between the number of curves, the polymerization type and the obtained number of 

peaks in DTGA or steps in TGA that can be associated to the characteristic radical polymerization 

of the PMMA. The distinct band visualized in Figure 45 for the PMMA-MCs is associated with the 

SDS. Once this compound is dissolved in a PVA 5% aqueous solution, the peaks must belong to 

the continuous outer phase, suggesting an inefficient washing or encapsulation. 

  The PMMA degradation starts at 178 ºC with the breaking of hydrogen bonds from the 

head-to-head linkages in the oligomers (homolytic scission of methoxycarbonyl side groups). In 

other words, the depolymerization is initiated. Due to the PMMA molecular weight (400,000 to 

500,000) and the continuous phase presence, the peak at 234 ºC could be linked to unstable 

bonds generated in the polymerization and the degradation of PVA and SDS possibly present in the 

PMMA-MCs. The increment of temperature promotes the breaking of unsaturated vinylidene ends 

that finishes the depolymerization phase at 300 ºC. The final peak is overlapped with the last one 

and terminates at 400 ºC, which is the maximum degradation of the PMMA. This corresponds to 

the polymer backbone scission, resulting in the PMMA combustion. Formaldehyde, methane, and 

methanol are the products of the last reaction that posteriorly form CO, CO2, H2O, and release 

energy (Figure 45). 

  The coating presence was also observed by the FTIR-ATR technique (Figure 46), 

qualitatively, with a strong band in the fingerprint region, at 500-600 cm-1. It can be related to the 

ZnO coating because it is the only new band, plus the position in the fingerprint region anticipates 

a change in the material properties. The PMMA and PMMA-MCs spectra are very similar, and the 

microencapsulation process does not significantly alter the MCs. The extra peak presented in the 

PMMA-MCs spectrum can be associated with the first peak in the DTGA results. The explanation is 

that the solvent or PVA is encapsulated or present in the PMMA-MCs wall. This statement is based 

on such FTIR peak at ≈ 666 cm-1, plus the increment of the band maximum intensities, in the range 

from ≈ 750 cm-1 to ≈ 1730 cm-1. Some of these bands coincide with the chloroform spectrum in 

the Wiley database [402].   

  It is worth to note that the solvent has a maximum intensity band at 750 cm-1, also linked 

to the syndiotactic PMMA, but in the ZnO-O3-PMMA-MCs this band is smaller. This does not happen 

with the other bands, indicating that the signal is from the solvent and the polymer. The solvent 

presence can also justify the first degradation in the PMMA-MCs DTGA analysis. Table 12 identifies 

the maximum intensities of the bands and suggests the functional groups with the corresponding 
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interaction when exposed to the radiation. 
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Figure 46. FTIR-ATR spectra of PMMA, PMMA-MCs and ZnO-O3-PMMA-MCs. 

  

 Table 12. FTIR-ATR maximum band values and the respective chemical bond and associated 

vibration. 
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Vibrations 

483  484 C-O-C Bending [403] 
  569 Zn–O–Zn stretching frequencies and bending frequency [404,405] 
 667   
750 750 750 C-H (-CH2) rocking and skeletal stretching from PMMA syndyotactic [403] 

840 840 840 C-O-C stretching [403] 
915 915 915 PMMA syndiotactytic [406] 
966 965 966 C-CH3 bending [407] α-CH3 rocking [403] 
985 986 987 C-O-C symmetric stretching coupled with CH3-O rocking [403] 
1062 1062 1062 Intramolecular interactions from PMMA syndiotatict [403,406] 
1141 1142 1143 

Skeletal stretching coupled with internal C-H deformation vibration [403] 
1189 1189 1189 
1240 1239 1240 C-C-O asymmetric stretching coupled with C-O stretching from PMMA 

syndioatactic [407–409]  1268 1268 1267 
1386 1387 1385 α-CH3 symmetrical bending [406–408,410] 



 

89 

1434 1434 1433 CH3-O symmetrical bending from syndiotactic PMMA [403] 
1445 1446 1445 CH2  bending and symmetrical bending CH3-O from isotactic PMMA [403] 
1479 1479 1479 α-CH3 asymmetrical bending [403] 
1722 1722 1722 C=O stretching [403,406–408,410–412] 
2839 2839 2839 stretching vibration of the C-H [406] 

2948 2949 2949 
CH3-O, α-CH3 and CH2 symmetrical stretching [408,409,411,412] and α-CH3  

symmetrical stretching [403] 
2991 2992 2992 CH3-O and CH2 asymmetrical stretching [407,409] 

  

  The same samples were analyzed by XRD using Cu radiation with λ = 1.541 Å, in a step 

size of 0.02° (Figure 47). The PMMA amorphous character is similar for the PMMA and the 

PMMA-MCs, proving by a distinct technique that the process does not affect the polymer properties, 

including the chain orientation. When the PMMA-MCs are coated, the double-shell creates a 

combined effect from the polymer amorphous state with the ZnO crystalline phase (hexagonal 

wurtzite). It is necessary to note that the first diffraction peak is suppressed. Some authors identify 

the amorphous nature at 2θ = 9.16º and 42º [410] or in the 10-30º interval [413]. The PMMA 

PDF card 00-064-1603, for Cu Kα radiation, presents diffraction peaks at 14.215º, 30.449º, and 

42.105º; the diffractograms from PMMA and PMMA-MCs are slightly different in the band intensity 

but not in their shape.  

  The d-spacing was calculated from the Bragg’s law (Equation 6) for the most intense peak. 

The values are similar to the d-spacing for the PDF card. Also, from the ChemDraw® program, the 

monomer distance was estimated (6.9 Å), matching the previous values. The monomer is 

equivalent to the unitary crystal cell and makes sense since both are replicated in the structure. 

From the Scherrer equation (Equation 7), the interchain distance (r) and crystallite size (P) were 

calculated. Considering that PMMA does not have crystalline domains, it does not seem logical to 

have crystallites; the correspondent form is the chain width. The r and P values are slightly higher 

for PMMA than for the PMMA-MCs. Christofferson et al. determined the same parameters for 

different PMMA tacticities [414]. Considering the previous DSC and UV-VIS results and the 

Christofferson et al. work, it is possible to conclude that the studied PMMA has all tacticities as 

well as a helix shape (Table 13).   

  The ZnO coating provided a different diffractogram in the polymeric part/component. The 

main diffraction peak (∼14º) is shifted to lower Bragg angles and presents the lowest P value. The 

PMMA-MCs have the highest crystallite size value, possibly from a process that occurred during 

the synthesis. After the ZnO coating by ALD, the crystallite size value decreases from 16.7 to 6.7 

Å; this could be indicative of an efficient pre-treatment that causes polymeric structural 
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modifications because the interchain value increases slightly due to the presence of the coating.  

Table 13. XRD results and calculated for PMMA materials.  

Sample [°2θ] Intensity[cts] FWHM [°2θ] d-spacing [Å] P [Å] r [Å] 

PMMA PDF card 14.22   6.23   

PMMA 13.08 1182.93 4.48 6.77 9.7 8.5 

PMMA-MCs 14.15 549.44 4.80 6.25 16.7 7.8 

ZnO-O3-PMMA-MCs 12.94 976.37 5.37 6.83 6.7 8.5 

36.16 480.01 0.80 2.48   

ZnO PDF card 36.19   2.48   
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Figure 47. X-ray diffractograms from PMMA materials. 

 

3.2.1.2. ZnO seed layer deposition on PMMA-MCs   

 Upon optimizing the growth conditions of ZnO by ALD, this semiconductor worked as a 

seed layer to promote the TiO2 growth. Many parameters were tested, such as an increased number 

of cycles, the TTIP and water pulse, residence and purge times. From all parameters adjusted, 

emerged a metal-oxide deposition with 400 cycles made of TTIP pulse time, residence time, argon 

purge time (0.5/20/10 s), and water pulse time, residence time, argon purge time (2/15/10 s), 

at 100ºC. This procedure will be called standard deposition, and throughout the text, the changed 

variables will be identified. 

  The 400 ALD cycles of ZnO were used as the seed layer for 200 ALD cycles of TiO2 (Figure 

48). Several samples at different deposition temperatures were prepared. SEM micrographs 
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enabled the measurements of the second and third shells made of ZnO and TiO2, respectively. The 

ZnO seed layer favors the titania growth forming the third shell. The cross-sections present a ZnO 

granulated film texture, and in opposition, TiO2 has a smooth film. The thicknesses are almost the 

same for half of the cycles, which was expected since the DEZ is more reactive than TTIP. Also, 

the ZnO depositions result in a very similar thickness for each aliquot, meaning that the GPC is 

almost the same. In TiO2 deposition, the temperature does significantly affect the GPC value. 

However, from these three depositions it is necessary to point out that the ZnO protects the PMMA-

MCs from the thermal ALD conditions, totally preserving the polymeric material. 

  
200 cycles of TiO2, 150 ºC + 400 cycles of ZnO, 100 ºC 

  

200 cycles of TiO2, 125 ºC + 400 cycles of ZnO, 100 ºC 

 
200 cycles of TiO2, 100 ºC + 400 cycles of ZnO, 100 ºC 

Figure 48. SEM micrographs of TiO2-O3-ZnO-O3-PMMA-MCs at different TiO2 deposition 

temperatures. The samples were coated with Au/Pd before the SEM analysis.  
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  However, the production of this heterostructured material is very time consuming for 

several reasons. Firstly, the reactor configuration is for two canisters: one for the metal precursor 

and the other for water. To produce two metal-oxide coatings it is necessary to do a vast number 

of batches. After achieving a satisfactory mass weight, it is crucial to remove, clean, and fill the 

canister with another metal precursor to deposit the second metal-oxide layer. As the precursors 

are extremely reactive, it is necessary to do it in a controlled atmosphere. The precursor is filled 

into the canister inside a glovebox. Subsequently, the canister is connected to the reactor, and the 

coated substrates are again deposited with the second shell. Secondly, since the reactor is tubular, 

it is not the most suitable for MCs, conditioning the mass utilized per deposition and taking much 

time to obtain mass for characterization and controlled release analysis. Creating two ALD layers 

will result in a double mass loss from the first and second deposition. 

 The seed layer effect was observed in TGA and DTGA analysis (Figure 49). For this 

analysis, the TiO2 deposition performed at 100 ºC was compared in terms of thermal stability, with 

and without seed layer. The ZnO-O3-PMMA-MCs with a thicker ZnO layer are more stable than the 

PMMA because the degradation is delayed. Having or not a thinner ZnO seed layer gives the same 

stability, as they almost overlapp in the thermogram. However, PMMA has less thermal sensibility 

than the coated MCs and the PMMA-MCs. The DTGA shows that the degradation from TiO2 is in 

the same temperature window of ZnO. These thermal results are the first evidence that the PMMA-

MCs were properly coated with the pre-treatment and subsequently coating with TiO2.  
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Figure 49. Percentual TG (a) and DTG (b) from PMMA, uncoated and coated PMMA-MCs.  
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3.2.1.3. TiO2 coating deposition on PMMA-MCs 

  Considering the ALD table review (Table 7), the TTIP deposition by low temperature ALD 

was not explored by others with pre-treatment or using a seed layer. So, the present study continued 

with the creation of a photocatalytic coating without the ZnO layer. The methodology kept the TiO2 

standard deposition with 400 cycles and increased the ozone exposure time (100 to 200, 400, 

and 600 O3 cycles). All samples were analyzed by SEM-EDX to visualize the film thickness and the 

Ti content. The resulting microcapsules did not have enough stability to enable the measurement 

of the photocatalytic layer thickness due to the beam energy effect from the SEM-EDX equipment. 

 Figure 50 presents the EDX results from the abovementioned samples. Increasing ozone 

cycles proves to be effective for depositing a semiconductor coating. The TiO2 layer thickness is 

emphasized in Figure 50 (d). The use of 400 TiO2 cycles + 600 O3 cycles in the process results 

in a GPC of 0.23 nm/cy. If 400 TiO2 ALD cycles were only considered, the GPC is 0.35 nm/cy. 

However, this value (0.35 nm/cy) is questionable because the variable is the ozonation reaction 

and not TiO2. In conclusion, the GPC is difficult to evaluate.  
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TiO2-O3-PMMA-MCs (400 + 100 cycles) 

(a)  
TiO2-O3-PMMA-MCs (400 + 200 cycles) 

(b)  

  
TiO2-O3-PMMA-MCs (400 + 400 cycles) 

(c)  
TiO2-O3-PMMA-MCs (400 + 600 cycles) 

(d) 
Figure 50. SEM images of PMMA-MCs coated by ALD technique with TiO2 previously pre-treated with (a) 100 cycles (magenta), (b) 200 cycles (pink), (c) 400 

cycles (blue) and (d) 600 cycles (purple) of pre-treatment using O3. In the center the correspondent EDX signals are shown, in order to compare the increasing Ti 

content. The SEM images were taken after the EDX analysis to measure the coating thickness. All samples were coated with Au/Pd before SEM analysis.  
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  Due to the long time required to produce the sample TiO2-O3-PMMA-MCs (400 + 600 

cycles), the oxidation was reduced to 400 cycles. This configuration was selected as the standard 

TiO2 ALD procedure because it can be made in one day. The coated MCs were characterized by 

techniques like FTIR, XRD, and NMR (1H-NMR, 13C-NMR, DEPT 135, HMDB, and HMQB). The 

resulting film does not have islands and has a smooth texture. The TiO2 deposition onto a silicon 

wafer, resulted in a GPC of 0.20 nm/cy for 400 cycles of oxidation (Figure 51). From the 

information collected in Table 7, this GPC is more similar to the TiO2 growth when TDMAT or TiCl4 

are used, instead of TTIP (Table 14).  

  

Figure 51. Cross-section SEM micrographs of TiO2-O3-SiO2-Si with 400 cycles of TiO2 deposited 

by ALD with an ozone pre-treatment of 400 cycles.   

 

Table 14. Growth per cycles ranges collected from the Table 7 of TiO2 thin films made by ALD 

when the Ti precursor is TDMAT, TiCl4 or TTIP. 

Titanium precursor  GPC interval (nm/cycle)  

TDMAT 0.240 to 0.0358  
TiCl4 2.66 to 0.0286  
TTIP 0.0100 to 0.0700  

 

  The XRD results for PMMA-MCs coated with 100 cycles of ozone pre-treatment do not 

present a TiO2 crystalline structure, which was expected for the ALD employed conditions [297]. 

For small 2θ positions, like in ZnO diffractogram, the typical PMMA band is absent, suggesting 

structural changes in the PMMA-MCs (Figure 52). The EDX map and spectrum revealed a peak 

from Ti contribution. Hence, the pre-treatment showed that it could be an excellent ZnO seed layer 

substitute in order to deposit the TiO2 coating onto PMMA-MCs, using TTIP as precursor. 

500 µm 

80.1 nm 
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       PMMA       PMMA-MCs       TiO2-O3-PMMA-MCs (400 + 100 cycles) 

Figure 52. X-ray diffractograms for PMMA, PMMA-MCs and TiO2-O3--PMMA-MCs with 100 cycles 

of pre-treatment and 400 cycles of TiO2 deposition.   

 

  The metal oxide deposition was compared with the PMMA and their microcapsules by 

FTIR-ATR analysis. As seen in Figure 53 and Figure 54 for the fingerprint region (< 550 cm-1), 

the increment of oxidation cycles promotes an increase in the normalized transmittance, possibly 

from amorphous TiO2 [415]. The samples with 200 and 400 O3 cycles + 400 TiO2 have irregular 

baselines, like ZnO FTIR-ATR. However, the only pre-treated samples with 100 and 200 O3 cycles 

have the same baseline. Moreover, the peak ascribed to the solvent vanishes, and the MCs with 

longer pre-treatments have a band with a maximum at 3590 cm-1. which is frequently associated 

with the stretching from -OH groups [415], suggesting a more significant effect. Besides, the FTIR-

ATR had equal TiO2 spectra with a band from 3000 to 3600 cm-1 (Figure 53 and Figure 54 (a)). 

Figure 54 (b)) presents SEM-EDX demonstrating an increase in signal intensity at 4.5 keV 

associated with increased ALD ozone cycles, as a pre-treatment.  

  The TTIP low reactivity is indirectly perceptible by FTIR-ATR analysis, confirming that, to 

ensure a coating with TiO2, the substrates need to be more exposed to the pre-treatment, at least 

for 200 O3 cycles. Nevertheless, with 400 O3 cycles, the -OH presence is visible at high 

wavenumbers, suggesting that the oxidation process consists of promoting -OH groups in the 

polymeric chain. However, it does not precisely identifies where the oxidation occurs. In order to 

find the specific oxidation reaction between the PMMA and the ozone for the TiO2 coating, PMMA, 

PMMA-MCs, oxidized and coated PMMA-MCs were analyzed by NMR. 
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Figure 53. FTIR spectrums from the PMMA, PMMA-MCs, oxidized PMMA-MCs, and oxidized plus 

coated PMMA-MCs.  
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(a) (b) 

Figure 54. (a) FTIR spectrums of PMMA, PMMA-MCs, pre-treated microcapsules (O3-PMMA-MCs) with 100, 200 and 400 cycles of ozone by ALD, and the 

respective coated microcapsules (TiO2-O3-PMMA-MCs) with 400 cycles of TiO2 deposited by ALD. The coated microcapsules have side by side the (a) FITR and (b) 

EDX spectra of the coated PMMA-MCs with TiO2 to visualize the increment of Ti with the increasing pre-treatment cycles. 
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  The 1H-NMR spectra were acquired from a solution containing the samples dissolved into 

CDCl3. For the bidimensional spectrums (HMBC and HMQC), the samples were more concentrated 

to obtain better resolution. Unfortunately, the TiO2-O3-PMMA-MCs are partially soluble in the 

deuterated solvent. Hence, the nanometric TiO2 coating created a heterogeneous solution, 

rendering it impossible to perform NMR. From NMR it was expected to observe a decrease or 

vanishing of a peak associated to the -OH detected in FTIR (3000 to 3600 cm-1), in order to confirm 

the oxidation process and identifying the affected bond. 

  In Figure 55, the signal at δ = 7.3 ppm is from the solvent CDCl3 that was used to dissolve 

the samples. The PMMA and PMMA-MCs spectra are very similar, and the oxidation is minimal. 

This result was expected because it relates to surface oxidation, so, the changes are not significant. 

The signals are the same and are divided into three groups: -CH3, -CH2, and -OCH3. Since the 

polymer is a mixture of tacticities, the 1H-NMR provides a relative tacticity percentage. All samples 

have the syndiotactic, atactic, and isotactic forms (Table 15). PMMA is predominantly 

syndiotactic. During the encapsulation, a part of the -CH3 in syndiotactic and isotactic form is 

transformed into atactic PMMA. The pre-treatment promotes more “disorganization” in the 

chemical structure, resulting in an increment of the atactic form. The same effect is observed in 

all the oxidized samples, however, the differences between 600 and 800 O3 cycles are very minor 

suggesting a saturation point. In the three samples it is plausible to say that there is an oxidation 

effect. The DMSO was tested as the solvent; in most samples, the spectra detected water was at 

δ = 1.58 ppm (Figure 55 and Figure 56). 

 

Table 15. Relative tacticities percentage from the protons in the -CH3 obtained by 1H-NMR.  

 Syndyotactic  Atactic Isotactic  

PMMA  59.09 34.02 6.89 
PMMA-MCs 56.41 37.33 6.26 
O3-PMMA-MCs (400 cycles) 56.38 37.58 6.04 
O3-PMMA-MCs (600 cycles) 57.31 38.06 4.64 
O3-PMMA-MCs (800 cycles) 57.31 38.28 4.41 
TiO2-O3-PMMA-MCs (400 + 400 cycles)   55.73 37.23 7.04 
Subtraction    
PMMA – PMMA-MCs  2.67 -3.30 0.63 
PMMA-MCs – O3-PMMA-MCs (400 cycles)   0.04 -0.26 0.22 
PMMA-MCs – O3-PMMA-MCs (600 cycles)   -0.89 -0.73 1.62 
PMMA-MCs – O3-PMMA-MCs (800 cycles)   -0.90 -0.95 1.85 
PMMA-MCs – TiO2- O3-PMMA-MCs (400 + 400 cycles)   0.69 0.10 -0.78 
PMMA – TiO2- O3-PMMA-MCs (400 + 400 cycles)   3.36 -3.21 -0.15 
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Signal’s identification [375]:  

• 0.75-0.90 ppm, 3H, d, -CH3 (syndiotactic)  

• 1.028 ppm, 3H, s, -CH3 (atactic)  

• 1.20-1.27 ppm, 3H, m, -CH3 (isotactic)  

• 1.35-1.49 ppm, 2H, m, -CH2, rmr  

• 1.597 ppm, 2H, s, H2O   

• 1.82 ppm, 2H, s, -CH2, rrr, (syndiotactic) 

• 1.85-1.91 ppm, 2H, m, -CH2, mrr 

• 1.91-1.99 ppm, 2H, m, -CH2, rmr 

• 2.00-2.10 ppm, 2H, m, -CH2, mmr 

• 3.61 ppm, 3H, s, -OCH3 

Figure 55. 1H-NMR spectra for PMMA, PMMA-MCs, PMMA-MCs with DMSO, pre-treated 

microcapsules (O3-PMMA-MCs) with 400 and 800 cycles of ozone by ALD treatment, and coated 

microcapsules (TiO2-O3-PMMA-MCs) previously pre-treated with 400 cycles of ozone and further 

coated with 400 cycles of TiO2 deposited by ALD. The crossed peak at δ =1.58 ppm is a water 

contamination. All the samples were dissolved into CDCl3.    
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  The oxidation effect it is very subtle (Figure 56). From δ = 1.20 to 1.27 ppm, the -CH3 

from the isotactic component has a peak that decreases with the increment of O3 ALD cycles. This 

indicates that this methyl group is affected by the pre-treatment. After the TiO2 coating, the same 

peak drastically increases, being higher than in the pure PMMA. Since it is the only significant and 

direct detectable change, there is a high probability that these protons are not oxidized to further 

create a bond with the metal oxide. 
 
 

Figure 56. Amplified 1H-NMR spectra of PMMA-MCs, PMMA-MCs pre-treated microcapsules (O3-

PMMA-MCs) with 400 and 800 cycles of ozone by ALD treatment, and coated microcapsules (TiO2-

O3-PMMA-MCs) previously pre-treated with 400 cycles of ozone and further coated with 400 cycles 

of TiO2 deposited by ALD. All samples were dissolved into CDCl3.   

 

Upon magnifying part of the spectra, new peaks are discerned in the oxidized and coated 

samples (Figure ii.1 from Appendix 2). The first one, present after the -CH2 peaks (δ = 2.43 ppm), 

the zone of -OCH3 is also affected by the oxidation, for higher chemical shifts. In this region, the 

signal was previously classified as a singlet. However, upon close inspection, it is a symmetrical 

triplet with two smaller peaks at 2.39 ppm and 3.76 ppm. During the ALD, the triplet is transformed 

into a multiple, with a narrow and sharp signal at δ =3.73 ppm. Also, there are two singlets at 3.82 
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and 3.85 ppm. At δ =5.73 ppm, a new peak appears and increases with the pre-treatments and 

maintained after the coating deposition. There are exceptions that only are present in the TiO2-O3-

PMMA-MCs spectra. The peak at 1.08 ppm seems to incorporate the -CH3 atactic signal and there 

is a peak at 5.53 ppm from the coated sample.  

Most of the peaks are certainly from the same functional groups (-CH2, -CH3 and -OCH3) and 

the slight chemical shifts could be from the presence of the coating. The chemical shifts from the 

peaks at 5.53 and 5.73 have a strong probability to be from the TiO2 thin film. Comparing with the 

FTIR results, the coating presents -OH groups, so these two peaks could be from the film surface 

(Ti-O-H). However, is not clear why the signal in FTIR is so pronounced and in the 1H-NMR has such 

a low intensity. Some articles analyze the 1H linked to the titanium (Ti-OH) using the magnetic angle 

spinning mode, which can explain the low intensity [416–418]. Soria et al. studied nanocrystalline 

anatase and found the peaks at 1.1 ppm and 5.5 ppm. At δ =5.5 ppm the signal is from strongly 

adsorbed water that interacts with acid hydroxyls from the coating. Another hypothesis is that region 

is could be from other -OH groups from the polymer that were changed during the ALD process.   

In the 13C-NMR and DEPT 135, the signal at δ = 77 ppm is from the CDCl3 used to dissolve 

the samples. The spectra are coincident with the references, and new three tacticities are also 

identified with the same relative amount. The proportion of isotactic form is so low that the 

correspondent -CH3 and -C=O signals do not appear. The -OCH3 represents the total carbons, and 

it is the highest signal in 13C, 1H, and DEPT 135. Also, the PMMA-MCs spectrum is coincident with 

the O3-oxidized PMMA-MCs with 400 O3 cycles; the only exception is a new signal at δ = 52.995 

ppm and at δ = 178.376 ppm. Kawamura et al. identified by COSY that the first signal is from 

another mmr triad (-CH2). The signal from the sp3 hybridization is from mrrm pentad (-C=O). The 

oxidation seems to only disturb these groups [419].  

The DEPT 135 validates those signals from δ = 52-55 ppm are from -CH2 because they are 

negative (Figure 57). The absence of signals at δ = 176-178 ppm proves that it belongs to the 

carbonyl carbon. The signals from PMMA-MCs and O3-oxidized PMMA-MCs with 400 O3 cycles are 

very similar; the only exception is an unidentified signal that appears at δ = 22.5 ppm. Possibly, 

this signal is from the mm -CH3 (isotactic). So, the oxidation increases the isotactic form but this is 

not enough to quantify the signal.   
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Figure 57. amplified 13C-NMR spectra of PMMA-MCs and PMMA-MCs pre-treated microcapsules 

(O3-PMMA-MCs) with 400 cycles of ozone by ALD, as well the respective DEPT 135 spectra 

overlayed in darker colors. All the samples were dissolved into CDCl3.   

 

Signal's identification [419,420]:  

• 16.49 ppm, 1C, s, CH3, rr (syndiotactic) 

• 18.50-19.00 ppm, 2C, long distance doublet, CH3, rmrr+mmrr and mmrm+rmrm (atactic)  

• 44.55 ppm, 1C, s, -αC, rr (syndiotactic) 

• 44.89 ppm, 1C, s, -αC, mr+rm (atactic) 

• 45.5-45.6 ppm, 1C, long distance doublet/m, α-C, mm (isotactic) 

• 51.81 ppm, 1C, s, -OCH3   

• 52.40-52.8 ppm, 2C, long-distance duplet/m, -CH2, mrr and mmm (isotactic)  

• 53.45 ppm, 1C, s, -CH2, mmr (PMMA-MCs)/52.9-53.5 ppm, 2C, long distance 

duplet/m, -CH2, mmr (O3-PMMA-MCs (400 cycles)) 

• 54.10-54.5 ppm, 1C, m, -CH2, rrr (syndiotactic) and rmr   

• 176.97 ppm, 1C, s, -C=O, mmrr and rmrr  
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• 177.13 ppm, 1C, s, -C=O, mmrm and rmrm 

• 177.79 ppm, 1C, s, -C=O, rrr (syndiotactic)  

• 178.08 ppm, 1C, s, -C=O, mrrr and rrrm 

• 178,38 ppm, 1C, s, -C=O, mrrm (O3-PMMA-MCs (400 cycles) 

 

  HMQC confirms that the protons from each group are correlated with the respective 

carbons (Figure 58). The solvent connects with itself and at higher chemical shifts, while 13C does 

not associate with the protons, so it validates that at δ = 170 ppm the carbon corresponds to the 

carbonyl group (Figure ii.2 and Figure ii.3 from Appendix 2). The opposite effect was observed 

for the water signal at δ = 1.58 ppm that correlates with the 13Cs. The -OCH3 protons have an 

intense HMQC signal with the correspondent carbon (-OCH3) and the signal seems to interact with 

almost the other PMMA carbons (-αC and -CH2). Comparing the PMMA-MCs with the O3-PMMA-

MCs, the results are very similar, and after the oxidation all signals decrease. The group most 

affected by the pre-treatment are the -CH2 groups, which it is not quite clear because this group is 

part of the main chain.  
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(a)  (b)  

Figure 58. Amplified HMQC spectra of (a) PMMA-MCs and (b) O3-PMMA-MCs pre-treated with 

400 cycles of ozone by ALD.  

 

 As a reminder, HMBC identifies longer-range couplings, from 2 to 4 bond coupling. Table 

16 present each 13C-1H correlation in the PMMA-MCs and O3-PMMA-MCs, and Figure 59 identify 

it using colors in the polymer chemical structure. Figure ii.4 and Figure ii.5 from Appendix 2 

shows the amplified spectra for both samples and Table ii.1 presents all the detailed signals 

obtained from the previous HMBC spectra and the correspondent identification for 13C and 1H.  
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 Figure 59. HMQC interactions that each carbon has with the protons in the PMMA-MCs before 

and after oxidation.  

 

 In 13C, the -CH3 is only present in the syndiotactic and atactic form. In HMBC, both interact 

with the methyl and methylene protons from the same tacticities. The pre-treatment does not 

promote relevant changes in this group. The signal from the quaternary carbon was the most 

affected by the ALD pre-treatment. This carbon is linked to other groups with protons, so the 

number of signals is the highest. The isotactic 13C is correlated with the isotactic and atactic from -

CH2 and -CH3 configurations. The same occurs for the syndiotactic and atactic. The pre-treatment 

almost vanished the signal. The predominant form is the atactic and there are vestigial signals from 

the syndiotactic signal; as well, the isotactic 13C is only related with isotactic protons from the methyl 

group. 

 The methylene group from the 13C signal has a correlation with the syndiotactic and atactic 

methyl, the signal -CH2 is it the only that is correlated with the isotactic methylene. After the ozone 

ALD cycles, the interaction between 13C-1H is very affected and the methylene carbons only reacts 

with the protons from atactic and syndiotactic methyl and the syndiotactic methylene. The methoxy 

carbon only correlates with the methoxy protons because the other are too distant. This signal does 

not suffer drastic changes after the oxidation. In the PMMA-MCs the carbon from the carbonyl 

groups correlates with methyl and methoxy groups in an aleatory way. After the oxidation, the 13C 

from atactic -C=O correlates with the protons from the atactic methyl, atactic methylene and 

methoxy groups. In analogy, the -C=O syndiotactic and mrrr + rrrm signals are correlated with the 

protons from the syndiotactic groups, as well the methoxy termination (since the singlet does not 

have tacticity).   

Summarizing, the pre-treatment affected all the groups present in the polymeric structure. As 

seen in Table 15, with the oxidation, the syndiotactic form increases and the others decrease but 
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there is not a specific group that can be identified. The oxidized MCs have new signals dispersed 

in the sp2 region. The isotactic -CH3, the rmr, and mrr -CH2 have more signals from the correlation 

with C=O; also, it disappears one correlation from protons rmr in the -CH2. The syndiotactic PMMA 

decreases the correlation with -CH2. Comparing these results with the TiO2-O3-PMMA-MCs spectrum, 

the most affected peak is the -CH2 from the mmr triad; consequently, -CH3 is also influenced.   
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Table 16. HMQC coordinates from chemical shifts associated with carbon and proton NMR, as well as signal identification for PMMA-MCs before and after the 

oxidation process. 

PMMA-MCs  O3-PMMA-MCs 
13C-NMR 1H-NMR 13C 1H  13C-NMR 1H-NMR 13C 1H 

δ (ppm) Signal identification  δ (ppm) Signal identification 

44.57 0.85 -αC, rr (syndiotactic) -CH3 (syndiotactic) 44.57 0.84 -αC, rr (syndiotactic) -CH3 (syndiotactic) 

44.57 1.82 -αC, rr (syndiotactic) -CH2, rrr (syndiotactic) 44.57 1.81 -αC, rr (syndiotactic) -CH2, rrr (syndiotactic) 

44.89 1.03 -αC, mr+rm (atactic) -CH3 (atactic) 44.89 1.02 -αC, mr+rm (atactic) -CH3 (atactic) 

51.83 3.78 -OCH3   -OCH3 51.83 3.77 -OCH3   -OCH3 

51.83 3.42 -OCH3   -OCH3 51.83 3.41 -OCH3   -OCH3                                                                                                                                              

    54.21 0.85 -CH2, rrr (syndiotactic) and rmr   -CH3 (syndiotactic) 

54.43 1.02 -CH2, rrr (syndiotactic) and rmr   -CH3 (atactic) 54.43 1.02 -CH2, rrr (syndiotactic) and rmr   -CH3 (atactic) 

176.95 1.02 -C=O, mmrr and rmrr  -CH3 (atactic) 176.95 1.02 -C=O, mmrr and rmrr  -CH3 (atactic) 

177.05 3.60 -C=O, mmrm and rmrm -OCH3 177.05 3.60 -C=O, mmrm and rmrm -OCH3 

177.81 3.59 -C=O, rrr (syndiotactic)  -OCH3 177.81 3.60 -C=O, rrr (syndiotactic)  -OCH3 

177.81 1.81 -C=O, rrr (syndiotactic) -CH2, rrr (syndiotactic) 177.81 1.82 -C=O, rrr (syndiotactic) -CH2, rrr (syndiotactic) 

177.94 0.85 -C=O, mrrr and rrrm -CH3 (syndiotactic) 177.81 0.85 -C=O, mrrr and rrrm -CH3 (syndiotactic) 

178.14 0.83 C=O, mrrr and rrrm -CH3 (syndiotactic)  178.14 0.83 C=O, mrrr and rrrm -CH3 (syndiotactic) 

 

. 
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3.2.2. Atomic layer deposition on PMMA-MCs-UF 

  In analogy, the PMMA-MCs-UF were coated with ZnO and TiO2, and then characterized to 

understand the effects of adding a coating on the microcapsules with the encapsulated Ultraferro. 

Since, at visual perception, the PMMA-MCs-UF have a mixture of agrochemical and PMMA in the 

shell, there was a concern that the ozone could damage the MCs intensely. These substrates were 

exposed to 100 cycles of ozone followed by 100 or 400 cycles of ZnO ALD deposition and analyzed 

by scanning electron microscopy. The SEM images confirmed that the ZnO-PMMA-MCs-UF can be 

coated as well as the control samples. This technique showed that the MCs maintain the spherical 

configuration and there is evidence of some surface morphological features, possibly from the 

coating as for 400 cycles the amount is higher and independent of the UF presence (Figure 60).  

    

PMMA-MCs ZnO-O3-PMMA-MCs 
(100 + 100 cycles) 

ZnO-O3-PMMA-MCs 
(400 + 100 cycles) 

ZnO-O3-PMMA-MCs-UF 
(400 + 100 cycles) 

Figure 60. SEM micrographs of PMMA-MCs, ZnO-O3-PMMA-MCs and ZnO-O3-PMMA-MCs-UF, with 

different cycles, at 100ºC. All samples were coated with Au before SEM analysis.  

 

 BET analysis was performed to determine the specific surface area and the results are 

coherent with SEM micrographs because the differences are very imperceptible. The PMMA-MCs 

have a surface area of 0.734 m2/g. After oxidation, this value slightly increases to 0.739 m2/g and 

assures that the oxidation process is at the surface without damaging to the PMMA-MCs structure.  

 Following this, the PMMA-MCs-UF were coated with TiO2 by ALD. Due to the low TTIP 

reactivity, the number of cycles is higher than for the process used for the ZnO deposition. XRD 

was the characterization technique selected to monitor structural changes in the substrate caused 

by oxidation in-situ. Some aliquots of PMMA-MCs-UF were exposed to 400 cycles of ozonation, 400 

cycles of oxidation followed by 200 cycles of TiO2 ALD deposition, and 400 cycles of oxidation 

followed by 400 cycles of TiO2. The agrochemical, as supplied, and the PMMA-MCs-UF were also 

examined by XRD. The diffractogram pattern from the agrochemical is absent after encapsulation. 

20 µm 20 µm 20 µm 20 µm 
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The UF diffraction pattern is more evident for 200 TiO2 cycles than for 400 TiO2 cycles, 

demonstrating the amorphous character of metal-oxide and burying the UF diffraction signal 

(Figure 61).  
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       TiO2-O3-PMMA-MCs-UF (200 + 400 cycles)       TiO2-O3-PMMA-MCs-UF (400 + 400  cycles)       UF 

Figure 61. X-ray diffractograms from PMMA, PMMA-MCs-UF, the respective pre-treatment (O3-

PMMA-MCs-UF (400 cycles)) as well as the coatings with varying oxidation cycles for constant the 

titania cycles, (TiO2-O3-PMMA-MCs-UF (200 + 400 cycles) and TiO2-O3-PMMA-MCs-UF (400 + 400 

cycles)), plus the core (UF).   

 

  From the XRD patterns it is possible to conclude that there is no evidence that the PMMA 

microcapsules are affected by the ozonation treatment step in the ALD process. So, both samples 

with 400 cycles of photocatalyst (ZnO-O3-PMMA-MCs-UF and TiO2-O3-PMMA-MCs-UF) were 

submitted to a SEM-EDX analysis. Additionally, the TiO2 layer was mapped by EDX to visualize the 

Fe and Ti content (Figure 62) in the PMMA-MCs-UF. EDX maps reveal that the Zn and Ti 

contribution is significant. At ≈ 6 keV there is a signal from the agrochemical in both samples. The 

TiO2 EDX maps evidence that the iron and carbon contents are maintained. This procedure was 

chosen to do the UF controlled release experiments, so a substantial weight of PMMA-MCs and 

PMM-MCs-UF batches were coated to obtain enough mass for the characterization techniques. 
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PMMA-MCs-UF 
(after EDX map) 

CFeO EDX MAP from PMMA-MCs-UF 

 

 
TiO2-O3-PMMA-MCs  
 (after EDX map) 

CFeOTi  EDX MAP from TiO2-O3-PMMA-MCs 

Figure 62. SEM micrographs of PMMA-MCs-UF and TiO2-O3-PMMA-MCs-UF as well the EDX map 

from the oxygen (dark blue dots), iron (light blue dots), carbon (green dots) and titanium (red dots). 

The images on top were taken after the EDX analysis. The samples were coated with Au/Pd before 

the SEM-EDX analysis.  

 

  Due to the ALD coating on the PMMA-MCs presence, the thermal stability during the SEM 

analysis was improved. However, for prolonged SEM or EDX acquisition, the coated MCs degrade, 
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developing pores on their surface (Figure 62 and Figure 63). From the detailed SEM acquisition, 

the coating starts to crack, and the PMMA-MCs breaks apart. By manipulating the SEM operating 

conditions, it was possible to open the ZnO-O3-PMMA-MCs and posteriorly determine the film 

thickness on the PMMA-MCs surface. When ZnO was used as seed layer was easy to reproduce 

the method to measure the film thickness. However, for the TiO2, it was very difficult to measure 

the film thickness. 
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TiO2-O3-PMMA-MCs-UF (400 + 400 cycles)  

 

ZnO-O3-PMMA-MCs-UF (100 + 400 cycles) 

Figure 63. EDX spectra of PMMA-MCs-UF pre-treated with ozone and then coated with TiO2 or 

ZnO by ALD technique. The samples were coated with Au/Pd before SEM-EDX analysis, the 

micrographs were acquired after the EDX acquisition.  

 

3.2.3. Photocatalytic processes associated with PMMA-MCs-UF and 

PMMA-MCs 

3.2.3.1. Coated PMMMA-MCs as photocatalytic substrates   

 Since PMMA-MCs have a second layer, it would be interesting to investigate whether they 

function as a support for photocatalysis. Furthermore, there is a standardized method to investigate 

this type of photocatalysis, based on the study of the degradation rate. The hypothesis is if the 

metal-oxide coating can react with the environment where it is inserted, degrading it firstly. Thus, 

ideally, the photocatalyst should degrade the MC shell to liberate the core agent. The samples were 

25 µm 

25 µm 
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introduced into a 1x10-5 M dye solution in the dark for 3h. Subsequently this solution was placed 

for 6h under UV light to quantify the degradation kinetics. The 3h stay in the dark was the interval 

time necessary to establish adsorption equilibrium. The control sample was the uncoated PMMA-

MCs, placed into the same dye solution. The degradation result was compared with the coated 

samples. The photocatalytic effect was tested for ZnO-O3-PMMA-MCs made from 100 and 400 ZnO 

ALD cycles; ZnO as seed layer with 400 cycles and the TiO2 layer synthesized by 50 ALD cycles 

(TiO2-ZnO-O3-PMMA-MCs). Finally, the MB degradation was studied with TiO2 directly deposited in 

the PMMA shell with the same number of TiO2 cycles (400) and altering the pre-treatment cycles, 

from 100 to 600 O3 cycles, TiO2-O3-PMMA-MCs (Figure 64 and Table 17). 
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Figure 64. Photocatalytic performance of PMMA-MCs and coated samples on degradation of a 

MB solution with 1x10-5 M. The samples were placed 3h in the dark (grey zone in the graph) followed 

by 6h of UV illumination 2 mW/cm2 (white zone in the graph). The image demonstrates the ZnO--

O3-PMMA-MCs photocatalytic performance showing the MB solution before (left) and after (right) 

test.  

 

 Overall, the main absorption peak is associated with the dye at ≈ 666 nm in the dark and 

decreases substantially when exposed to UV light. As an exception, the PMMA-MCs degrade more 
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in the dark, indicating that the adsorption mechanisms are more predominant than the 

degradation. The same effect was noted in the ZnO-O3-PMMA-MCs (100 cycles) and TiO2-O3-PMMA-

MCs pre-treated with 100 cycles. From the results presented before, these two samples have low 

metal oxide content, so the adsorption can occur because the coating is not conformal with the 

PMMA-MCs sell, which absorbs the dye.    

The thicker ZnO coating is the most promising as a photocatalyst for pollutant degradation. 

After 9h the MB degraded more than 95%, and a considerable part occurred when the UV-LED was 

ON. A silicon wafer sample with 1x1 cm2 was coated using the same conditions as the ZnO-O3-

PMMA-MCs and ZnO-O3-SiO2/Si. Hereafter, they were tested in the same conditions, and the total 

MB dye degradation amounted to 30%, which is very promising because the 3D coated substrates 

gave an excellent result. 

 

Table 17. Percentual MB degradation rate after 3h with the LED off (dark), after 6h with the UV-

LED on, and the total degradation during the photocatalysis tests.  

Sample 
Degradation 
(UV-LED off) 

Degradation 
(UV-LED on) 

Total 
degradation 

PMMA-MCs 6,53% 5.83% 12.37% 
ZnO-O3-PMMA-MCs (100 cycles)  8,16% 1.16% 9.32% 
ZnO-O3-PMMA-MCs (400 cycles)  14.34% 81.26% 95.60% 
ZnO-O3-SiO2/Si (400 cycles) 6.56% 23.56% 30.12% 
TiO2-ZnO-O3-PMMA-MCs (50 + 400 + 100 
cycles) 3.94% 6.66% 10.61% 
TiO2-O3-PMMA-MCs (400 + 100 cycles) 12,70% 5.97% 18.67% 
TiO2-O3-PMMA-MCs (400 + 400 cycles) 2.11% 9.43% 11.54% 
TiO2-O3-PMMA-MCs (400 + 400 cycles) 7.00% 11.04% 18.04% 
TiO2-O3-PMMA-MCs (400 + 600 cycles) 2.32% 3.08% 5.41% 

Standard method to coat the PMMA-MCs-UF and characterize by TXRF and TGA before and do the photocatalytic studies   

 

 The sample with the two metal-oxides was synthesized to create a combined effect in 

photocatalysis, hermetically closed for improving the results. The equal thickness of ZnO was used 

as a seed layer, then 50 TiO2 ALD cycles were the second coating. Since the number of TiO2 cycles 

was short, there were more possibilities to create TiO2 islands, instead of a uniform conformal 

coating. However, the results did not improve in both phases, meaning that the ALD TiO2 

amorphous nature negatively contributes to photocatalysis. A similar effect was observed in the 

titania direct deposition. The total MB dye degradation range is comprised between 5 to 19%, after 

9h of UV illumination. Curiously, the sample with an intense pre-treatment is the one with the worst 
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degradation efficiency, and there is no linear behavior that can be correlated with the oxidation 

increase. It is necessary to highlight that the samples with 200 and 600 oxidation ALD cycles have 

a better performance when compared to the control sample.  

 In conclusion, the photocatalytic assays suggest that no matter the film dimensions, the 

crystallographic nature is more dominant to contribute to photocatalysis activity. That is why the 

wurtzite ZnO demonstrates a high photocatalytic activity when compared to the samples coated 

with amorphous TiO2. In order to improve the TiO2 ALD deposition to enhance the film crystallinity, 

a higher temperature is required. However, this would inevitably lead to PMMA-MCs degradation. 

Due to the agrochemical application, the UF release must be slow. Besides the great result from 

the ZnO-O3-PMMA-MCs with 400 ZnO ALD cycles, the sample selected to do the controlled release 

tests was the TiO2-O3-PMMA-MCs with 400 pre-treatment cycles and 400 TiO2 ALD cycles. This one 

was chosen because it demonstrates the capacity to degrade the MB in the dark and when 

irradiated. From the practical perspective, it can indicate that the controlled release could happen 

when the coated PMMA-MCs-UF are not directly exposed to the UV light or sunlight, which can 

often occur due to the weather conditions. 

 

3.2.3.2. Controlled release onto coated PMMA-MCs-UF  

  Before initiating the controlled release experiments, the UF stability was confirmed in the 

dark, ambient conditions covered and uncovered, and exposed to UV radiation. The UF have two 

absorption bands coincident with the bibliography at 280 and 480 nm in all environments. As long 

as it is exposed to UV radiation and to the Xenon lamp (UV + visible radiation), the UV-VIS spectrum 

displays a third band at a lower wavelength (250 nm), and the principal band decreases the 

absorbance intensity. The UV-VIS modification is related to the UF susceptibility to the deferration 

process, reducing the Fe+3 to Fe+2
 [381]. After realizing the UF behavior in the experimental 

conditions, a controlled release study was endured using the PMMA-MCs-UF, the TiO2-O3-PMMA-

MCs-UF (400 + 400 cycles) with and without the Xenon lamp.  

  The results are difficult to understand because the UF signal appears in all absorption 

measurements. Since the signal is not constant, it is impossible to exclude the MCs contribution 

(as background) from the measurements. Likewise, the PMMA is transparent, so it does not mask 

the encapsulated UF. Also, by doing a different aliquot for each irradiation step time and filtrate the 

samples, it was not representative for two reasons: (1) doing a different aliquot requires that the 

PMMA-MCs-UF used are always different. So, the UF concentration changes randomly in each 
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sample, meaning that is difficult to see linearity in the process because the error is higher than the 

respective UF concentration. (2) Usually, heterogeneous solutions constituted by an aqueous phase 

and a solid phase are separated employing methods like filtration, centrifugation, decantation, or 

sedimentation. Filtration is not possible because the paper filter retains the UF. Centrifugation can 

collapse the PMMA-MCs-UF and the UF in the wall can be released, so the UF concentration is not 

fully associated with controlled release. Also, the decantation is difficult to ensure when the PMMA-

MCs-UF are micrometric and heterogenous. Finally, the sedimentation cannot be implemented 

because the process needs agitation in order to homogeneous aerate the solution and further 

trigger the photocatalysis.  

 In general, the UF is always released, whether or not a Xenon lamp is used. The first idea 

was to associate the signal to the TiO2-O3-PMMA-MCs-UF present in the removed volume. Excluding 

this, it was decided to carry out a TXRF and TGA analysis to verify if the UF is in an aqueous solution 

(or not), for the irradiated samples and the unexposed to ultraviolet light for 30 hours. These 

methods were selected because a small volume is required and therefore the probability of 

collecting TiO2-O3-PMMA-MCs-UF is lower. In TXRF, UF was detected above the detection limit in 

both samples (irradiated and non-irradiated). Thus, it seems that the TiO2 obtained under these 

conditions as a controlled release system by photocatalysis is limited by its very nature 

(amorphous), restricting this action. In this case, the photocatalytic activity is decreased. (Figure 

65).  

 
TiO2-O3-PMMA-MCs-UF in the dark for 30h (control sample). 
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Figure 65. TXRF spectra from TiO2-PMMA-MCs-UF in aqueous solution unirradiated and irradiated 

with Xenon lamp for 30h. 

 

  Since the TGA only evaluates the degradation temperature, a 150 ppb solution was also 

analyzed to be compared with the remaining tested samples, characterized by a low UF 

concentration. This solution was made because for lower concentrations the TGA can displace the 

ramps, so it will be easier to identify the degradation steps from the samples collected after the 

degradation. Additionally, the 150 ppb solution was also made to find out if the released sample 

has a similar concentration to this control solution.  The results revealed that thermograms from 

the 150 ppb solution have the same profile as for the sample stored in the dark for 30h (Figure 

66).    
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       150 ppb of UF aqueous solution  
TiO2-O3-PMMA-MCs-UF (400 + 400 cycles): 
        Precipitate, unirradiated  
        Precipitate, irradiated 
        Supernatant, irradiated 
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Figure 66. (a) DTG of a 150 ppb UF solution, aliquots of TiO2-O3-PMMA-MCs-UF pre-treated with 

400 ozone ALD cycles and coated with 400 ALD cycles of TiO2 placed in the dark (unirradiated) 

and exposed to Xe lamp (irradiated). From the TiO2-O3-PMMA-MCs-UF aliquots was extracted the 

supernatant part and the precipitate containing the water and the TiO2-O3-PMMA-MCs-UF. (b) and 

(c) are the DTG amplified in the zones of interest to observe the presence of TiO2-O3-PMMA-MCs 

and the agrochemical.   

 

  The TGA has three plateaus for the precipitated aliquots. The mass loss associated with 

the precipitated sample portion analyzed in the dark has 2.62 % of the undegraded mass, the 

higher value. The precipitated aliquot of the irradiated sample had an undegraded mass, which is 

equal to the 150 ppb solution (0.05 %). So, the TGA discarded the degradation percentage, and it 

was focused on the plateaus. The aliquots collected as supernatant have 0.230% and 0.195% of 

mass per ºC for the unirradiated and irradiated sample, respectively.  

 In the DTG, below 100 °C, there is the typical water curve, but in the unirradiated sample 

and the UF solution, there are three maxima in the same curve. These results suggest that the 

peaks exclusively belong to the UF and water. In the DTG from the irradiated sample, the maxima 

mentioned above vanished and have a peak arises near 50 °C. However, it is not informative or 

clear that if it is from photocatalysis by-products or if belongs to the solvent (boiling point 

temperature equals 61.2 °C). Moreover, an aliquot of the solution was collected with the TiO2-O3-

PMMA-MCs-UF to identify the UF and PMMA-MCs parts. Figure 66 (b) and (c) show that at 100 

ºC, the precipitated aliquots had a similar amount of UF and present two peaks coincident with the 

PMMA degradation at higher temperatures.  

  Besides the TiO2-O3-PMMA-MCs standard deposition, the other samples with TiO2, plus a 

new one with 400 cycles of oxidation followed by 50 cycles of TiO2 and the thinner ZnO-O3-PMMA-

MCs, were tested by using the same conditions (Figure 67). The characterization only involved 
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the TGA technique; the solutions were collected to flasks to compare the color with a 30 ppm UF 

aqueous solution, also exposed to the dark and Xe lamp, for the same period of time. The controlled 

release was observed in the samples placed in the dark, and the PMMA-MCs; the control sample 

released more agrochemical than the other coated samples. Visually, the sample with 600 

oxidation cycles has less UF released because it is the one that presents a slighter tone of red. It 

is evident that the Xe lamp changes the 30 ppm agrochemical solution composition due to 

oxidation. The irradiated samples are not easy to select the one with higher UF release. 

 

 
PMMA-MCs 

1. TiO2-O3-PMMA-MCs-UF (400 + 100) 
2. TiO2-O3-PMMA-MCs-UF (400 + 400) 
3. TiO2-O3-PMMA-MCs-UF (400 + 600) 
4. TiO2-O3-PMMA-MCs-UF (50 + 400) 
5. ZnO-PMMA-MCs-UF (100 + 100) 
6. 30 ppm of UF solution  

 
 

          1            2            3             4            5          6  

 

Irradiated samples 
7. 30 ppm of UF solution 
8. PMMA-MCs-UF 
9. TiO2-O3-PMMA-MCs-UF (400 + 100) 
10. TiO2-O3-PMMA-MCs-UF (400 + 200) 
11. TiO2-O3-PMMA-MCs-UF (400 + 400) 
12. TiO2-O3-PMMA-MCs-UF (400 + 600) 
13. TiO2-O3-PMMA-MCs-UF (50 + 400) 
ZnO-PMMA-MCs-UF (100 + 100) 

       7       8       9      10       11       12      13     14      15  

Figure 67. Aqueous solutions of agrochemical, uncoated PMMA-MCs, and PMMA-MCs coated 

with TiO2 or ZnO using an in situ pre-treatment with ozone. The images were taken in order to 

observe the controlled release from the variation in the agrochemical color.  

 

  When the UF is released, the UV-vis peaks are from the UF oxidated, making it questionable 

where the agrochemical is introduced. The PMMA-MCs-UF were cut and visualized by SEM. The 

UF is present in the MCs core and wall; plus, what was previously established as a core-shell 

system is predominantly a heteroaggregated type, with multiple voids inside. Also, the EDX 
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spectrums from this MCs type have an EDX peak associated with Cl, perhaps from the chloroform 

that is entrapped in the holes. The EDX line scan in Figure 68 reveals the presence of iron inside 

the PMMA-MCs-UF. However, the TXRF results from the respective coated MCs detected Ti in the 

aqueous media, believing that bleaching occurred (Figure 65). The PMMA-MCs-UF have a lower 

value of specific surface area (0.513 m2/g) which can be associated to the denser structure 

visualized in SEM-EDX analysis.  

 

 

Heteroaggregated PMMA-MCs-UF   

 

 

Core-shell PMMA-MCs-UF  

Figure 68. SEM micrographs and line EDX of cut PMMA-MCs-UF. The elements considered for 

the EDX line profile were oxygen, iron, carbon and chlorine. The samples were coated with Au/Pd 

before the SEM-EDX analysis.  
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  From this point, there are several challenges to overcome. (1) The PMMA-MCs changed 

the volume and consequently difficult the release because it is necessary to degrade a sphere 

instead of a shell. (2) It is essential to guarantee that the samples do not obstruct the light emission 

and ensure that all of them are in contact with the radiation source. (3) The MCs should stay in the 

solution during the illumination because they tend to float and not collect for the absorbance read. 

(4) The coating must degrade the PMMA-MCs and not the agrochemical. This seems less probable 

because the UF is dispersed in the polymeric matrix. (5) Water adsorption by PMMA must be 

minimized to ensure that the UF is not encapsulated, following by degradation. (6) Working with 

low UF amounts is very risky because some analysis, like UV-vis spectrophotometry, can be under 

the limit of detection. Yet, itcan be overcome increasing the UF concentration.     

            The TXRF and TGA results makes imperceptible to know if the TiO2 was bleached or reacted 

with the polymer by photocatalysis. Also, it does not inform about the Fe state, that can identify if 

there was deferration as an effect of the UV exposition (Figure 65). This process can be employed 

in the PMMA-MCs, however the substrate configuration it is not the most efficient to evaluate the 

system. Based on the previous results and the group knowledge in produce the photocatalytic 

activity in microcapsules [421,422], this technology has a huge potential to work just by replacing 

the PMMA-MCs type to a core-shell structure.  
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4.1. Gelatin-based MSs from strategy 4 

   In parallel with strategy 3, microspheres (MSs) were developed to retain the agrochemical. 

Initially, the polymeric matrix consisted in UF, water and gelatin. Then, PVA was added at different 

concentrations to improve the MSs shape and prevent the MSs aggregation. These aqueous 

matrices were dissolved, poured with the aid of a syringe and dispersed into different continuous 

phases, at different temperatures (Table 18). All procedures were made without stirring.  

   

Table 18. MSs synthesis parameters, products, and the respective stability overnight. 

Matrix 
Continuous phase Gelification 

temperature 
Product 

formation 
Stability 

 overnight composition temperature 

H
2
O

 
ge

la
tin

 +
 U

F 

Olive oil 
Room Room Paste 

x 

5ºC Room MSs 
5ºC 5ºC Paste 

Sunflower oil 
Room Room paste 
5ºC Room MSs 
5ºC 5ºC MSs 

Paraffin 
Room Room Paste 
5ºC Room paste 

P
V

A
 0

.0
2

5
%

 
ge

la
tin

 +
 U

F 

Olive oil 
Room Room Paste x 

5ºC Room MSs ✓ 

5ºC 5ºC Paste x 

Sunflower oil 
Room Room paste x 
Fridge Room MSs ✓ 

Fridge Fridge MSs ✓ 

Paraffin 
Room Room paste x 
5ºC Room Both ✓ 

Paraffin + 10% Span®80 Room Room MSs ✓ 

P
V

A
 1

%
 

ge
la

tin
 +

 U
F 

Olive oil 
Room Room Paste 

x 5ºC Room MSs 
5ºC 5ºC Paste 

Sunflower oil 
Room Room Paste 

✓ 5ºC Room MSs 
5ºC 5ºC MSs 

Paraffin 
Room Room Paste x 
5ºC Room MSs ✓ 

 

  From all variables presented, the PVA and gelatin concentration show to be necessary to 

preserve the MSs morphology and prevent the agglomeration. Also, the sunflower oil and the 

temperature contrasts were crucial to obtain the final product, but the MSs stability was not reached 

after washing and drying. So, the PVA concentration was increased to 3%, as well as the gelatin 

concentration. Different water:PVA 3% ratios (100/0, 70/30, 50/50, 35/65, 20/80, 10/90, 5/95, 

0/100) were tested, maintaining the gelatin content. The ratio 10:90 was selected because it was 
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easier to aspirate and compress from the syringe. Also, the samples dried over the days, without 

filtration, decrease drastically in size. Still, they loose the sphericity when handled, and all of them 

aggregate during the dehydration. Due to the matrix’s lack of concentration, the agglomeration 

effect is visible during drying (Figure 69).   

 

Figure 69. Dehydration process in water:PVA 3% 10:90 MSs, with 1 g of gelatin and UF, during 

8 days.     

 

  To prevent the agglomeration, some additives were added, such as urea, SDS glycerin, 

and PEG (Figure 70). Taking the information from Rahman et al. [149], they used urea as a 

gelatin cross-linker for thin films in biomedical applications, which can have the potential for 

agroindustry applications and are compatible for MSs. Therefore, it was made a test with 35:2, 

35:4, 35:7.75 and 35:12.2 gelatin:urea ratio. The urea was helpful to improve the sphericity of the 

MSs, decreasing the average size and as well the stiffness. However, the MSs still agglomerate.  

 SDS is an anionic surfactant that reacts with the gelatin, thus, by changing the solubility it 

could prevent the MSs agglomeration. The negative charge present in the surfactant will attract to 

the positively charged amino acids present in the gelatin (lysine, arginine, and histidine) and repel 

the negatively charged groups from aspartame and glutamate. This effect will create a kind of cross-

link and control the micelle [423]. 50 mg of SDS were added into the 35:2 and 3:35 gelatin:urea 

ratio, a much smaller amount than the article refers to. The produced foam makes it difficult to 

pipetting of the solution and as result the MSs have heterogeneous sizes. After drying them, they 

collapse and lose the form. When they are crushed, the MSs fall apart as a crumble, indicating a 

lack of mechanical resistance. 

  Glycerin and PEG were added to the UF, gelatin, and urea formulation to control the 

agglomeration effect. The glycerin is a direct inhibitor, protects the gelatin from dissolution and 
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PEG is a plasticizer and preservative [424]. The use of this polymer in the formulation results in 

MSs with larger diameters than glycerin, and, with less capacity to deagglomerate, possibly takes 

more time to precipitate. Glycerin confers more rigidity, shining and smaller MSs sizes. There are 

significant differences when dissolved urea and these two compounds, like a synergetic effect, 

because there is a formation of MSs without agglomerates and without residues. At this stage, the 

matrix composition is constituted by 471 mg of gelatin, 17.9 mg of urea, and 142.7 µL of glycerin 

or PEG, dissolved into 90:10 PVA 3%:water. The UF mass was varied from 9.4 mg to 23.4 mg, and 

the MSs maintaining the spherical form, enabling the retention of the UF.  

    
Glycerin Urea PEG 

 
SDS 

Figure 70. Chemical structures of the additives implemented in the gelatin:PVA MSs.  

 

  When the two matrices were introduced into the sunflower oil, the droplets coalesced. So, 

the temperature was lowered from 5 to -5 ºC, using for PEG or glycerin into the composition. The 

MSs from PEG coalesces at ≥ 1.5 ºC, and the glycerin ones coalesces at ≥ 0 ºC. The best 

temperature to produce MSs was stipulated at -1.5 ºC, since it provided, spherical MSs. Glycerin 

was selected as the plasticizer since it can form smaller MSs in all temperatures.  

           PVA concentration was increased to 10%, the gelatin to 1g, and was tried to pipette the 

solution with a 21G or 30G needle. The reason was based on improving the diffusion process over 

time, prolonging the release. It is very difficult to use the 30G needle as the highly dense matrix 

viscosity, so this variable was discarded. The most suitable ratios that provide hard MSs and are 

simpler to emulsify are represented in Figure 71. This procedure has 100% of PVA 5% as solvent. 

Nevertheless, there are several PVA percentages from PVA 3% to PVA 7%, for 80:20 and 90:10 

PVA:water ratio that result in MSs. The dried MSs are very robust and when they are introduced 

into the water the diffusion of UF is not instantaneous.  
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Figure 71. Microspherification synthesis parameters and the dried MSs with (top) and without UF 

(bottom).  

  

  The thermal stability was evaluated by thermogravimetric analysis (TGA) and the 

correspondent derivate (DTGA). To identify TGA steps or DTGA peaks it was necessary to create 

the following gels’ compositions:  

1. water and gelatin 

2. gelatin and PVA 5% 

3. gelatin, PVA 5% and urea 

4. gelatin, PVA 5%, urea and glycerin. 

One by one, they were placed into the oily phase, at -1.5 ºC and reserved overnight. After the gels 

setting, they were washed and dried, mimicking the MSs procedure. Finally, they were cut with the 

proper weight to do the thermal characterization following the mentioned order. 

 Figure 72 displays the gel’s TGAs. The difference between gel 1 and 2 is notable. The 

thermograms indicate that by changing the solvent from water to PVA results in a different shape 

of the thermogram. For gel 1 there is something more similar to a curve than to a “plateau”, that 

ends at 183.4 ºC, with a mass loss of 12.75%. The PVA decreases all the parameters, and the 

curve is more similar to a “plateau” with a mass loss of 6.45%, at 158 ºC. For the same 

temperature, the matrix 1 has a mass loss of 10.3%, indicating that PVA can transforms the gel. 

Gel 2 and 3 have a similar “plateau”. However, urea reduces the thermal range, meaning that at 

≈ 140 ºC starts to decrease the mass loss abruptly. The more complex gel has also a shorter 
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“plateau” with a mass loss of 3.13%, at 124 ºC. Despite the temperature range window being 

shorter, glycerin provides more stability, which is not observed for the other gels.   
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       Water + gelatin       Gelatin + PVA 5%       Gelatin + PVA 5% + urea 

        Gelatin + PVA 5% + urea + glycerin 

Figure 72. Percentual TG (a) and DTG (b) from the different gels to produce MSs: gel 1 (water 

and gelatin), gel 2 (gelatin and a PVA 5% aqueous solution), gel 3 (gelatin, PVA 5% aqueous solution 

and urea) and gel 4 (gelatin, PVA 5% aqueous solution, urea and glycerin). Gel 4 corresponds to 

the MSs formulation.
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Figure 73. DTG from gel 1 to 4 (color line in each graph) and the DTG of each compound added as purchase to form the gel (black thinner line).   
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 The DTG results show that each compound interferes in the gel distinctively (Figure 73). 

Gelatin has two peaks approximately at 186 ºC and 219 ºC (yellow line), suggesting that the 

degradation belongs to the susceptible covalent bonds. Then, the final peak corresponds to the 

C=N bond-breaking decomposition from the main chain complex protein structure. Since gelatin 

has various proteins, this peak is constituted by an overlap of various peaks. 

 Adding PVA into the gelatin solution gives the matrix more stability in the first 100 ºC, and 

the number of peaks increases; however, it is not so similar to the solid PVA DTG. The only similarity 

is in shape. The peaks are intensified and displaced to lower temperatures (160 to 180 ºC). Also, 

the matrix acquires two peaks at higher temperatures (315 ºC), related to gelatin and PVA 

degradation, and the last peak at 430 ºC ascribed to the PVA total degradation. These two last 

peaks are always present in the matrix, oscillating ± 5 ºC. 

  The third matrix (orange line in the third graph) also shifts the peaks to lower temperatures 

(140 to 150ºC), plus the negative peak from PVA disappears. So, there is no peak associated with 

urea, but this compound's introduction transforms the MSs thermal stability. Glycerin provides 

improved thermal stability below 90 ºC. The number of peaks increases, and between 125 to 150 

ºC the two constant peaks are vanished.  The presence of glycerin and urea is coincident with the 

degradation peaks from the compound's degradation as purchased. 

  In summary, increasing the matrix composition complexity enhanced the thermal stability 

at lower temperatures. Above 125 ºC, the MSs are less thermally stable than the set gelatin in 

water. So, the crosslinking seems unclear, but all the compounds added into the matrix are 

essential in the synthesis method.  

 

4.2. Gelatin-based MSs in controlled release systems 

  The diffusion mechanism was observed by UV-VIS spectrophotometry Figure 74. 10 mg 

of MSs or MSs-UF were introduced into a quartz cell with 11.5 mL of deionized water, at room 

conditions and without stirring. These experiments were performed in the dark for 495 minutes. 

The first step was measuring the control sample and then the MSs with UF in the composition. 

Over time, the samples (MSs and MSs-UF) release their matrix, giving multiple overlapped peaks 

in this plot, that correspond to the matrix dissolution; consequently, the baseline increases due to 

the dissolution in the aqueous media. 

  Figure 74 (b) presents the UF release; two peaks are associated with the agrochemical, 

one with maximum absorbance between 277 and 280 nm, and the other peak had a maximum 
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absorbance from 474 to 486 nm. The maximum absorbance correlated with the time describes a 

non-linear behavior. The process is divided into three stages (1) a constant part that can be possibly 

related to the matrix swelling; (2) a burst that is associated with the UF diffusion, that is more 

evident at lower wavelength; (3) a constant part that can indicate the beginning of a saturation. The 

last phase seems to be more evident in the bigger band. Nonetheless, if the saturation is not 

beginning, the solution will saturate because the MCs will dissolve entirely in the continuous phase, 

and the concentration of UF in the solution will be the same as the UF concentration present in the 

MSs-UF.  

 These results are auspicious because it was possible to obtain the agrochemical diffusion 

without radiation. Thus, releasing the UF with a simple process. From the experimental knowledge, 

the MSs are robust due to the PVA concentration.  

 Hence, by changing the PVA percentage release is obtained. This is extremely important 

for a different velocity of UF liberation and stability during the previous processes, like storage and 

transport, which was the principal concern. Increasing the PVA percentage results in more 

plasticized MSs. Consequently, the release will more prolonged; for lower percentages of PVA, the 

release will be faster. From an industrial point of view, having a similar formulation is also an 

advantage because the UF is employed in different crops and various forms. 

 Since the MSs preserve the agrochemical, they avoid the UF powder transformation into a 

paste or solution. This can happen when exposed to certain humidity conditions from packaging or 

even for the user that opens the flask multiple times. To summarize, the MSs can be the most 

suitable controlled release system for UF. However, it is necessary to emphasize that there are 

strong probabilities to release the AC only by exposed to certain humidity or temperature conditions. 

Also, the polymeric matrix is not inert, mostly because of the gelatin. So, at the first time, this 

controlled release mechanism can work, however, the combination of gelatin and UF could change 

the ACs properties. But, there is no certainty about this because the crosslinking effect has not 

been fully understood.        
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Figure 74. spectra of (a) MEs and (b) MEs-UF in aqueous solution, in order to evaluate the 

cumulative controlled release. The gradient from lighter to darker correspond to the MSs (a) or 

MSs-UF (b) release overtime, meaning that the brown (a) and black (b) are the spectra at 495 min. 

Also, in (a) there is the same spectra amplified to visualize the band shape, and in (b) is present 

the absorbance intensity overtime, at 278 nm (grey curve) and at 480 nm (black curve).  

 



 

 

 

 

 

 

Chapter 5 

 Conclusions and future work  
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5.1. Conclusions and overview  

 This work was very challenging in all the tasks, and the success can be measured in 

different ways. Based on the thesis title, there were three main tasks: i) microencapsulation; ii) ALD 

coating of MCs; iii) controlled release of ACs. 

 The initial study was to encapsulate aqueous agrochemicals into a hydrophobic polymeric 

microcapsule; it seemed feasible, but there was a constant problem involving osmosis. The final 

products were heteroaggregated--type microcapsules, instead of core-shell. However, the 

encapsulation works for other compounds soluble in oil. So, with just one method, there are two 

types of encapsulated cores, which can result in core-shell microcapsules (for empty and oily 

encapsulated compounds) or heteroaggregated morphology (hydrosoluble compounds). In the end, 

there were two valid synthesis routes for microencapsulation.  

 The ALD onto the microcapsules was very difficult to develop and fully understand. 

Available information on ALD on polymers (not only PMMA) was scarce, with limited literature on 

the subject. Comparing with ALD on a silicon wafer, the thermal stability and the surface of ALD 

coated microcapsules are very different. Usually, there are treatments to functionalize the surface 

and to enable the growth on a silicon wafer. But, the polymeric substrates are susceptible to organic 

solvents, acids, or bases, so the growth per cycle depends on their chemical structure. Hence, if 

there are no available groups to create the chemical bonds, the coating does not develop. 

  This work found a way to improve the ALD technique by pre-treatment of PMMA-MCs prior 

to deposition: the ozonation was the solution. The TTIP and DEZ demonstrated that no matter the 

precursor's reactivity, the PMMA needs ozonation to promote the deposition in most of the 

experiments. With the TiO2 coating, it was proved that by keeping the TTIP ALD number of cycles, 

the film can grow if the number of ozonation cycles is increased. Due to the thermal sensibility, the 

GPC was not calculated because the samples were not stable for SEM analysis.  

 Thermal stability was another critical parameter that had not been much explored so far 

in the ALD domain. Comparing again with the silicon wafer, it is possible to perform ALD deposition 

at higher temperatures; however, in polymers, the ALD temperature window is limited by the Tg 

value. So, the crystallinity phases of the coating are dependent on the temperature and the seed 

layer.  

 The ZnO layer has been shown to protect PMMA-MCs from TiO2, subsequently deposited 

at temperatures above the Tg value. SEM images show the spherical structure intact, indicating 

that the ZnO seed layer approach works efficiently.  
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 In conclusion, the sample pre-treatment and the transition temperature were the highlights 

of this work. ALD proves to be efficient on several substrates, but in particular, it has been shown 

to be an excellent technique to provide extra functionality in polymeric materials. The additional 

functionalities can mean new applications or improvements of specific properties in all kinds of 

technologies. Thus, ALD in polymers can be an excellent direction to transform consumable 

materials and give a unique opportunity to develop add-value products. 

 The heterostructured material characterization was tricky, the same way as the controlled 

release. When a nanomaterial coats a micrometric material, the techniques to characterize the film 

are not appropriate to characterize the substrate. Here, the nature of each substrate was different 

(metallic and a resin), plus the substrate was spherical, and the size heterogeneity was more 

significant than the mean diameter size. So, the used techniques were very conditioned by the all 

sample.  

 The controlled release and degradation studies were the most affected processes because 

the defects conditioned the other steps. The acorn-shape microcapsules are denser than the core-

shell, so the release takes longer, or the photocatalytic activity from the coating needs to be greater. 

Due to the thermal sensibility, the nature of ALD coatings was amorphous TiO2 and wurtzite-type 

ZnO . Unlike the massive photocatalytic activity from the thicker ZnO coating, TiO2 does not 

demonstrate a relevant photocatalytic performance, due to the leak of crystallinity.   

  The controlled release qualification and quantification were difficult to determine because 

the amount of encapsulated agrochemical was very small. Hence, the standard technique for 

evaluating the UV-VIS process was discarded. It is necessary to do more studies to understand the 

mechanism and why there is only released in the dark. Alternatively, if releasing takes place in both 

situations, the agrochemical degrades during the radiation exposition.   

 The parallel studies with the MSs resulted in a degradable system that can protect the 

agrochemical from the external media. The release can be by water dissolution, over more than 

eight hours, which can provide enough release velocity for specific applications. Besides, the MSs 

are very customizable because the release is associated with gelatin and PVA percentages. 

However, it is vital to study toxicology as well the soil dynamics when this compound is applied.  

 Overall, the thesis’ goals were accomplished with success. The coated polymeric 

microcapsules are not the most suitable controlled release system for aqueous agrochemicals. 

However, the coated PMMA demonstrated excellent photocatalytic activity for methylene blue 

degradation, suggesting that it can be employed as 2D (film) or 3D substrate (MCs) for other 
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purposes (e.g., oily ACs, self-cleaning windows, anti-bacterial agents, etc.). Indeed, there was no 

information about photocatalytic PMMA-MCs with ZnO or TiO2 (from TTIP precursor); plus, the in-

situ ozonation as pre-treatment is also a novelty.  

 The most crucial goal of this thesis was to create a delivery system for ASCENZA® 

industrialization, and so far, the studies are preliminary and promising.   

 

5.2. Limitations and suggestions for future work 

  A set of possible strategies is here proposed to overcome, in the future, the limitations 

found in this work. 

The MCs size is exceptionally dependent on the environmental conditions that affect the 

viscosity of the PMMA solution. So, to control the conditions, it was necessary to work in a controlled 

environment. As a suggestion, there are some procedures using an injection pumping system. 

Another idea is to use and adapt the Schlenk flat bottom flask to recreate controlled evaporation 

and agitation flow. The encapsulation yield is very difficult to calculate because the diameters 

are very different in an aliquot of MCs, influencing the encapsulation yield. Also, the agrochemical 

dissolves in the polymeric matrix. A portion of the UF degrades from the TGA results, so this thermal 

technique is not the first choice to determine the encapsulation rate. A technique like 

chromatography or UV-vis could quantify the core's agrochemical presence, dicarding the part 

dissolved in the shell. 

 In the ALD there was a specific factor that drastically slowed the process: the reactor type. 

The depositions were made in a tubular reactor, so the mass introduced in the furnace was very 

limited, even though the MCs were protected by the stainless-steel web inside the ceramic boat. 

Almost a month was necessary to do the minimum mass required for the XRD analysis. So, by 

changing the reactor for a fluidized bed or a flow-through configuration, the mass loss will be 

reduced, and the mass per deposition can be higher. 

 The degradation and controlled release are very hard to understand because there 

is no correlation with the cycles. Also, since the MCs were very unstable to the SEM-EDX analysis, 

it was impossible to measure the coating dimensions, like films or particles, to elucidate the 

explanations in the diffusion, degradation, and controlled release processes. As a recommendation, 

the samples should be placed into an epoxy resinand polished for subsequent SEM-EDX analysis. 

The goal is to quantify the coatings’ metal content (Ti or Zn) and the Fe, so that they can be 

combine. 
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 Another aspect that needs improvement is the encapsulation of a massive amount of UF 

to provide a quantified UF signal in laboratory daily techniques, such as UV-VIS. Then, a calibration 

curve should be made, and the amount of AC release can be quantified instead of qualified. 

 In the MSs section it is vital to study the PVA degradation in soils to evaluate the UF 

controlled release, because the soil is complex and biological dynamics and cycles can degrade 

gelatin.  
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Appendix 1  

PMMA-MCs from strategy 1 

 This strategy was developed with the double emulsion technique, using UF in the solid-

state and dissolved UF (Figure i.1). The procedure was based on the Zydowicz et al. method 

[354]. The AC was introduced in this native form (S/O/W) or was previously dissolved and then 

added into the PMMA solution (W1/O/W2). Both were emulsified by magnetic stirring, where the 

S/O emulsion took 5 minutes to emulsify and the W1/O 24h. The resultant microcapsules were 

vacuum filtrated and washed with water to remove the excess PVA from the surface. The UF rich 

redness color from the iron present in the UF indicates this agrochemicals retention because the 

core and the PMMA-MCs-UF wall acquired the same color. Additionally, during the double emulsion 

step, the osmosis effect from the W1 or S to W2 was instantaneous because the agrochemical 

migrates and colors the W2 solution. In this stage, the procedure was improved to minimize osmosis 

and to obtain a better encapsulation yield. 

 

Figure i.1. Experimental procedures for S/O/W and W1/O/W2 double emulsions in the solvent 

(DCM) evaporation method, using a 4-blade helix as impeller.  

  

 Besides the time to emulsify, the other difference was the 4% PVA volume, which, for this 

experiment, was not a determinant variable for the results visualized in Figure i.2. The PMMA-

MCs from S/O/W emulsion are very heterogenous in terms of encapsulation yield (Figure i.2 a 

and c). Conversely, the PMMA-MCs from W1/O/W2 emulsion had a homogenous tone, suggesting 

a consistent encapsulation. Overall, there are microcapsules totally or partially formed and 
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polymeric residues wired shaped residues. The presence of a solid core provides a smooth surface, 

but most of them are open. Since it is the same solvent (DCM), it could be due to the UF grains 

that inhibit the solvent evaporation and the walls do not close. The UF solution transformed the 

PMMA wall into a structure with micro pores.  

 

S/O/W W1/O/W2 

  

(a)   (b) 

 
 

 

(c)  (d)  

Figure i.2. SEM micrographs of PMMA-MCs with UF, made from (a and c) S/O/W and (b and d) 

W1/O/W2, using 4% of PVA. The samples were coated with Au before SEM analysis.  

 

 Additionally, these PMMA-MCs had more homogenous in terms of size and sphericity. In 

Figure i.2 (d), the microcapsules are aggregated, and one of them has a smooth surface, which 

could indicate that this one in specific does not contain UF and forms a similar morphology to the 

PMMA-MCs-UF from the S/O/W emulsion. Hence the results were satisfactory; it was necessary 

to reformulate the synthesis, and there were two options. It would be more straightforward to 

control the porosity or close the MCs? At an early stage, it was challenging to make a clever choice; 

therefore, the two procedures were studied independently.    

 From this moment on, the work was dedicated to avoiding the UF migration, control the 

porosity in the W1/O/W2 and/ or close the MCs from the other experimental detail. DCM was 

changed to the solvents from Table 11; the PMMA mass was varied; the 4-blade helix was 

1 mm 1 mm 

200 µm 200 µm 
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changed to Cowles, 3-blade naval and magnetic stirring. The rotation speed was changed to 500 

and 1000 rpm to understand the efficiency of the process. Additionally, the emulsification system 

was changed using Span® emulsifiers in the oily phase, and Arabic gum or Tween®
 emulsifiers as 

the PVA substitutes. Some reactions were interrupted at 15 or 30 min to see if the stirring and time 

influenced the PMMA-MCs morphology.  

  In the S/O/W method, toluene, acetone, n-hexane, cyclohexane and chloroform 

substituted DCM to dissolve PMMA. The synthesis occurs at room conditions in order to obtain 

PMMA-MCs by solvent extraction technique. Because of similarities in the processes, some solvents 

were also tested in W1/O/W2. Since toluene and chlorobenzene have a high boiling point, they were 

tested with ramp temperatures to evaporate the solvent. The emulsion was poured into the 

continuous phase at 40 ºC for 15 minutes, followed by a temperature increase to 60 ºC for 15 

minutes and from 60 to 80 ºC for the same time (Figure i.3).   

 Regardless of the amount of UF introduced in the S/O/W emulsion, osmosis will always 

occur. So, for a higher UF mass, the respective diffusion will be more considerable. It is worthy to 

notice that the amount of UF does not interfere with the PMMA-MCs size, but produces an overall 

tone uniformity. The other alternatives to retain this agrochemical was to modify the PMMA mass 

or the stirring velocity. However, again, it resulted in the formation of residues with less or higher 

mass, heterogenous PMMA-MCs-UF sizes, making it challenging to make conclusions. 

Nevertheless, it maintained the characteristics of the procedures mentioned in Figure i.1. 

 A few experiments with Span®80 and Span®85 emulsifiers mixed into the DCM solution 

(individually) were attempted to create a more stable emulsion to overcome this obstacle (Table 

i.1) [425]. When employing the Span®85 and Tween®20 emulsifiers, the solvents from the oily 

phase to toluene and chloroform. The same was repeated for PVA instead of Tween®20. The results 

are very distinct for each solvent. From the results in Figure i.4, there are some theories: DCM 

seems to be the most suitable solvent when combined with emulsifiers like Span®85 and PVA or 

Span®85 and Tween®20. All synthesis was made at 50ºC; this temperature is over the methylene 

chloride boiling point, ensuring solvent evaporation. The vapor pressure value is significantly 

elevated, and the viscosity is lower; both chemical properties help in the microencapsulation 

procedure. Contrarily, toluene is the solvent with lower vapor pressure and higher boiling point, so 

it will be challenging to obtain PMMA-MCs at this temperature (the other procedures with this 

solvent were at higher temperatures) (Table 11). When chloroform was used as a solvent the 

result was the less efficient. One possible explanation is based on the high density that inhibits the 
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shear.  

    

W1/O/W2  
Ethanol 

600 rpm, RT 

W1/O/W2 

 n-hexane 
700 rpm, RT 

W1/O/W2 
Chlorobenzene 
700 rpm, RT 

W1/O/W2  
Cyclohexane 
700 rpm, RT 

    

W1/O/W2  
Acetone 

700 rpm, RT 

W1/O/W2  
Toluene 

700 rpm, RT 

W1/O/W2  
Chloroform 

700 rpm, RT 

S/O/W  
Chlorobenzene  

700 rpm, 40-60-80ºC 

    

 

W1/O/W2   

DCM  
700 rpm, RT 

S/O/W 
 DCM 

 700 rpm, RT  

Figure i.3. Photographs of products from the double emulsions made by solvent evaporation 

technique with different solvents and maintaining the reaction temperature.    

 
Table i.1. Surfactants and hydrophilic-lipophilic balance values.  

Hydrophobic 
 

Hydrophilic 

0 2 4 6 8 10 12 14 16 18 
           1.83 Span®85  
                                4.3 Span®80 
                                  4.7 Span®60 

                      15 Tween®20 
                       15.6 Tween®40 

16.7 Tween®80 
  

  Span®85 and PVA produced similar PMMA-MCs-UF. The 4% PVA solution is more viscous 

than the Tween®20. So, during the agitation in the Tween®20 aqueous solution, PMMA will not 
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stabilize the droplets, creating more agglomerates. Another important aspect is the PMMA affinity 

to the solvents that influence all the parameters presented before, especially the solution viscosity. 

Span®85 and Tween®20 were eliminated from the synthesis, and the W2 was again a PVA aqueous 

solution. 

Span®85 and Tween®20 

 
 

  

Chloroform Methylene Chloride Toluene 
Span®85 and PVA 

 
 

  

Chloroform Methylene Chloride Toluene 

Figure i.4. Photographs of products from solvent evaporation, using Span®85 in the oily phase 

and PVA or Tween®20 aqueous solution as continuous phase.   

 

 The PVA percentage was studied from 1 to 4%, being the most concentrated PVA solution 

previously presented in Figure i.2 (a), and the MCs from lower PVA percentages in Figure i.5. 

The PVA percentage is crucial for the method. The PVA volume seems to influence the MCs 

formation, which is plausive because there is more volume to stir for an equal speed. As a 

consequence, the shear is reduced, and the resulting PMMA-MCs-UF have larger sizes. After a 

closer inspection, the PMMA-MCs-UF wall are not well formed, and a part of them are aggregated, 

sharing the polymeric wall. All MCs present porous walls, and the amount of the residue is more 

or less the same. 

  The SEM images from the PVA concentration variation have similar effects from lower and 

higher concentrations suggesting a gaussian-like effect in the encapsulation. For PVA 1%, the 

droplets cannot reach an equilibrium in the continuous phase because they do not have sufficient 
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viscosity. The instability compromises the MCs, producing heterogeneous diameters and faster 

solvent evaporation, meaning significant holes in the structure. For 4% (Figure i.2) and 3% of PVA, 

there is the formation of more uniform MCs, the spots from the solvent are eliminated, however 

the porosity was maintained. Additionally, the residue amount is higher, possibly due to the longer 

solvent evaporation from the PVA’s high viscosity. Therefore, the more balanced choice was the 

MCs from the 3% PVA, and the subsequent experiments were with this continuous phase 

concentration. The only expectations were the MCs from the Arabic gum as surfactant. 

   
1% (150 mL)  PVA 1% (75 mL)  PVA 1.5% (75 mL)  

   

PVA 2% (75 mL)  PVA 2,5% (75 mL)  PVA 3% (75 mL)  

Figure i.5. SEM micrographs of PMMA-MCs with UF from the S/O/W emulsion with varying PVA 

percentage. The samples were coated with Au before SEM analysis.  

 

 The Arabic gum or Acacia gum is a complex hydrophilic surfactant rich in polysaccharides, 

glycoproteins, and arabinogalactan oligosaccharides. This natural surfactant is provided from 

the Acacia species, and the different parts of the gum have other functions. For this work, the most 

relevant is the protein content responsible for the emulsification, and the amino acids are the 

emulsion stabilizers. This negative charge surfactant employs repulsive forces to avoid coalescence 

[78,426].  

1 mm 1 mm 1 mm 

1 mm 1 mm 1 mm 
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 Following the standard procedure for double emulsion with the UF dissolved in water, some 

procedures were terminated when agitation lasted for 15 or 100 minutes, using PVA or Arabic 

gum. During the 100 minutes of agitation the PVA formed a foam and the pores in the walls of the 

microcapsules were considered to arise from the foam. Therefore, the alternatives under 

consideration were to reduce the stirring time and change the surfactant to one that did not foam, 

such as Arabic gum.  

  A 10% (w/w) Arabic gum solution was made by shaking for 15 and 100 minutes as before 

in PVA. The gum has less viscosity, and this was reflected in the final PMMA-MCs as it has more 

homogeneous diameters than PMMA-MCs using PVA. Interestingly, the Arabic gum does not affect 

the pores in the microcapsule walls. Stirring time proved to be essential for the two surfactants as 

it ensures solvent evaporation and the foam it is not related with the stirring time.  

  For this specific study - and possibly due to the PMMA molecular weight as well 

concentration in the oily phase - the rotation speed and the choice of and the impellers do not favor 

the PMMA-MCs morphology. Using a 4-blade helix impeller and duplicating the speed decrease the 

MCs size, although there is polymer waste, and some MCs are not completely formed. The MCs 

produced with 500 rpm larger sizes; the sphericity is also compromised because the speed is not 

sufficient to create spheres. The transition to magnetic stirring produces MCs with narrow 

diameters and coalesced. The Cowles impeller produced better MCs than 700 rpm with a 4-blade 

helix impeller, but the amount of polymeric waste does not encourage to change the procedure. 

The naval impeller enables better results than the other stirring methods and uniformizes the 

PMMA-MCs size Figure i.6. 
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Arabic gum and time 

 

  
 15 min, 10% AG 100 min, 10% AG 

Stirring time 

 

Impeller type 

 
 

  
15 min, PVA 3%, helix, 600 rpm  

Standard procedure 
100 min 

   
Cowles Magnetic Naval 

  

Stirring speed 

  

500 rpm 1000 rpm 

Figure i.6. SEM micrographs of PMMA-MCs with UF from the following variables in the synthesis: 

surfactant and stirring time, impeller and stirring speed. The samples were coated with Au before 

SEM analysis.  

 

1 mm 1 mm 

1 mm 1 mm 

1 mm 1 mm 

1 mm 1 mm 1 mm 
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 Figure i.7 shows SEM micrographs of catted the PMMA-MCs-UF. Some of them have 

pores inside but not outside of the structure, and the rotation confirms this. The holes in the MCs 

seem to be filled with UF. Also, the walls are very thick and not equal in all the perimeter. Figure 

i.7 (c) confirms that the AC is inside of some PMMA-MCs-UF as powder, and the wall thickness is 

≈ 35 µm. Overall, the core is not distributed homogenously inside of all PMMA-MCs-UF and, despite 

the massive heterogeneity, increasing the amount of UF to 0.5 g creates MCs with some grains 

inside.  

   
(a)  (b) (c)  

Figure i.7. SEM micrographs of (a) cut MCs from the S/O/W solvent evaporation technique, (b) 

the same MCs with a rotation of 180º, (c) amplified MC with UF inside. The samples were coated 

with Au before SEM analysis.  

 

 It is noteworthy that in all configurations, the osmosis or the MCs porosity were not 

controlled or attenuated. This strategy failed, unfortunately, with no experimental procedures to be 

applied in the ALD phase. The knowledge acquired was that the most critical parameters are the 

PMMA mass, the solvent, and the impeller.  

 

PMMA-MCs from strategy 2 

   In theory, the easiest way to end the UF migration is to eliminate one aqueous phase since 

it is impossible to eradicate the UF phase, as solid or in solutions. Phase W2 was the selected phase 

to be changed by an oily phase. The following experiments were inspired in the Jelvehgari [353], 

Viswanathan [105] works, with the W/O1/O2 emulsions to produce MCs. Despite the polymer 

differences, the solvent and the method employed were the same, as well the chosen surfactants. 

  The cellulose acetate solubility was tested in some organic solvents like chloroform and 

1 mm 1 mm 1 mm 

35 µm 
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ethyl acetate, that were the solvents with important role in the first strategy. Some emulsifiers and 

stirring systems were analyzed, essentially using the naval impeller and magnetic stirring. After 

obtaining some MCs, the principal concern was to create a suitable washing procedure. When the 

continuous phase is PVA or Arabic gum, the washing system is a vacuum filtration with water. This 

type of emulsion is necessary to remove the oils, but the water is an incompatible phase. Therefore, 

the washing procedure was under vacuum to optimize the washing and minimize the volume of 

the solvent per washing. 

A significant percentage of the experiments showed that the PMMA in W/O1/O2 emulsions 

cannot form microcapsules. In this case, it was PMMA-MCs-UF formation, because there is a 

polymeric wall and a core inside. Again, an empty shell or filled with continuous phase. These 

results were kind of expected, because the continuous phase was always more viscous than the 

PMMA phase.    

   

(a) (b) (c) 

Figure i.8. Products from the encapsulation W/O1/O2 synthesis using different impellers (Ultra-

Turrax®, 4-blade helix and magnetic stirring), where the W is a UF solution, O1 is the PMMA solution 

and O2 is sunflower oil.   

 

In a certain way, the method to obtain MCs in this strategy was achieved by reducing the 

parameters associated with the emulsification. The Ultra-Turrax® formed a stable emulsion with all 

phases. The polymer cannot be agitated mechanically because the W/O1 emulsion agglomerates 

around the impeller. Also, utilizing the magnetic agitation was verified giving the equivalent 

products. Therefore, the only way to obtain PMMA-MCs-UF was to remove the stirring by pouring 

the first emulsion in the continuous phase (Figure i.8). However, increased polymer concentration 

was needed because the lower concentrations do not have enough volume to sink in the oil. 

Subsequently, during the pouring, the solution droplets produced repellency. This phenomenon 
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incapacitates the PMMA-MCs-UF formation and the solvent evaporation; also, there was 

coalescence. The resultant capsules (not micrometric) were very wrinkled and, indeed, because 

the solvent evaporation was too slow. A few had an aspect like a droplet, with a tailored termination 

due to the mass increment. In opposition, decreasing O1 viscosity does not sink in the O2 phase, 

impeding the MCs formation. At this point, the polymeric wall was more uniform, even with relief. 

  PMMA was replaced by cellulose acetate to enhance MCs. This polymer was dissolved in 

ethyl acetate and poured into sunflower oil. Apart from the similar behavior with PMMA, the 

viscosity and the solvent evaporation are more defined. Since the droplets were not closing, it was 

necessary to add stirring in these experiments. Therefore, the magnetic stirring was added for 

cellulose acetate concentrations, and each one was tested in paraffin and sunflower oil. Further, 

the continuous phase was replaced by mineral oil, isopropanol mixed with Span®80, and the 

combination of paraffin with Span®80 or toluene to decrease the medium viscosity. 

  The best cellulose acetate capsules with 5% concentration in the same solvent were poured 

into paraffin or sunflower oil, stirred with a 3-blade naval impeller (Figure i.9). After crushing the 

capsules, it was visible that the core was filled with UF solution and O2 phase. Another limiting 

factor from this strategy was finding a suitable washing system. The solvents employed were water, 

Tween®20, 40 and 80 dissolved in water, n-hexane, toluene, cyclohexane. The utilization of organic 

solvents damaged the capsules, by collapsing or agglomerating. Furthermore, changing the ethyl 

acetate to chloroform was not an improvement because the solution was not homogenized.     

  
(a) (b) 

Figure i.9. (a) Amplified image of cellulose acetate capsules with UF as core (5%). (b) Photos of 

crushed cellulose acetate capsules with UF, synthesized with paraffin or sunflower oil as 

surfactants. The UF stained the filter and the capsules with sunflower oil also release the surfactant.   

 

  Reuniting all these limitations, the new polymeric wall was not enough to encapsulate the 

UF. To take advantage of the two materials, study blending both was endured. The O1 phase with 
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4% cellulose acetate and 1% of PMMA had satisfactory results in paragon and sunflower oil as 

surfactants. As expected, the higher cellulose acetate concentration determined the capsule’s 

shape and mechanical resistance. The ratio was modified to a 50:50 and 75:25 PMMA and 

cellulose acetate. This approach resulted in no capsules formation. 

  To summarize, this strategy is more accessible to produce capsules with cellulose acetate 

as W/O1/O2 than PMMA. In all cases, the agrochemical stayed in the supposed phase or migrated 

to the polymers. The optimization parameters are not straight-forward e to substitute the polymer 

and create MCs in a reproducible way. 
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Appendix 2  

NMR spectra  

1H-NMR 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ii.1. Amplified 1H-NMR spectra of PMMA-MCs, PMMA-MCs pre-treated microcapsules (O3-

PMMA-MCs) with 400 and 800 cycles of ozone by ALD treatment, and coated microcapsules (TiO2-

O3-PMMA-MCs) previously pre-treated with 400 cycles of ozone and further coated with 400 cycles 

of TiO2 deposited by ALD. All samples were dissolved into CDCl3.   

  

       PMMA-MCs       O3-PMMA-MCs (400 cycles) 
       O3-PMMA-MCs (800 cycles)       TiO2-O3-PMMA-MCs (400 + 400  cycles) 
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HBQC spectra  

 
 
  
 

 

 

 

 

 

 

 

 

 

 

Figure ii.2. HMQC spectrum of PMMA-MCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ii.3. HMQC of O3-PMMA-MCs pre-treated with 400 cycles of ozone by ALD. 
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HMBC spectra and signal table  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure ii.4. HMBC spectrum of PMMA-MCs. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure ii.5. HMBC of O3-PMMA-MCs pre-treated with 400 cycles of ozone by ALD 
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Table ii.1. HMBC signals for the PMMA-MCs and the O3-PMMA-MCs and the respective chemical groups identification. The grey zones are unknown peaks.  

PMMA-MCs O3-PMMA-MCs 

δ (ppm) Signal identification  δ (ppm) Signal identification  

13C-NMR 1H-NMR 13C 1H 13C-NMR 1H-NMR 13C 1H 

15.08 0.85  -CH3 (syndiotactic)     

16.50 1.81 -CH3, rr (syndiotactic) -CH2, rrr, (syndiotactic) 16.50 1.81 -CH3, rr (syndiotactic) -CH2, rrr, (syndiotactic) 

18.73 2.74 
-CH3, rmrr+mmrr and mmrm+rmrm 

(atactic) 
 

  
  

18.76 1.94 
-CH3, rmrr+mmrr and mmrm+rmrm 

(atactic) 
-CH2, rmr 

18.76 1.94 
-CH3, rmrr+mmrr and mmrm+rmrm 

(atactic) 
-CH2, rmr 

18.98 1.43 
-CH3, rr (syndiotactic) -CH2, rmr 

18.98 1.94 
-CH3, rmrr+mmrr and mmrm+rmrm 

(atactic) 
-CH2, rmr 

44.14 0.85  -CH3 (syndiotactic) 44.14 0.85  -CH3 (syndiotactic) 

44.14 1.81  -CH2, rrr (syndiotactic) 44.14 1.81  -CH2, rrr (syndiotactic) 

44.14 0.84  -CH3 (syndiotactic)     

44.55 1.43 -αC, rr (syndiotactic) -CH2, rmr     

44.55 1.94 -αC, rr (syndiotactic) -CH2, rmr     

44.55 1.02 -αC, rr (syndiotactic) -CH3 (atactic)     

44.55 0.85 -αC, rr (syndiotactic) -CH3 (syndiotactic)     

44.57 1.81 -αC, rr (syndiotactic) -CH2, rrr (syndiotactic) 44.57 1.81 -αC, rr (syndiotactic) -CH2, rrr (syndiotactic) 

    44.57 1.02 -αC, mr+rm (atactic) -CH3 (atactic) 

    44.57 0.84 -αC, mr+rm (atactic) -CH3 (syndiotactic) 

44.88 1.43 -αC, mr+rm (atactic) -CH2, rmr     

44.88 0.84 -αC, mr+rm (atactic) -CH3 (syndiotactic) 44.88 0.84 -αC, mr+rm (atactic) -CH3 (syndiotactic) 

44.89 1.02 -αC, mr+rm (atactic) -CH3 (atactic) 44.89 1.02 -αC, mr+rm (atactic) -CH3 (atactic) 

    44.88 1.39 -αC, mr+rm (atactic) -CH2, rmr 



 

179 

44.89 1.94 -αC, mr+rm (atactic) -CH2, rmr     

44.89 1.81 -αC, mr+rm (atactic) -CH2, rrr (syndiotactic) 44.89 1.81 -αC, mr+rm (atactic) -CH2, rrr (syndiotactic) 

45.05 1.43  -CH2, rmr     

45.05 1.22  -CH3 (isotactic)     

45.05 0.84  -CH3 (syndiotactic     

45.05 1.02  -CH3 (atactic)     

45.05 1.20  -CH3 (isotactic)     

    45.05 1.94   -CH2, rmr 

45.23 1.01  -CH3 (atactic) 45.23 1.02  -CH3 (atactic) 

45.23 1.94  -CH2, rmr 45.23 1.94  -CH2, rmr 

45.41 1.43 α-C, mm (isotactic) -CH2, rmr     

45.41 1.22 α-C, mm (isotactic) -CH3 (isotactic) 45.41 1.20 α-C, mm (isotactic) -CH3 (isotactic) 

45.41 1.01 α-C, mm (isotactic) -CH3 (atactic)     

45.52 1.22 α-C, mm (isotactic) -CH3 (isotactic)  45.52 1.20 α-C, mm (isotactic) -CH3 (isotactic)  

45.89 1.22  -CH3 (isotactic)      

        

51.83 3.41 -OCH3   -OCH3 51.83 3.41  -OCH3   -OCH3 

51.83 3.77 -OCH3   -OCH3 51.83 3.77  -OCH3   -OCH3 

        

        

52.49 1.02 -CH2, mrr and mmm (isotactic)  -CH3 (atactic) 52.49 1.02 -CH2, mrr and mmm (isotactic)  -CH3 (atactic) 

53.42 1.22 -CH2, mmr  -CH3 (isotactic) 53.42 1.22 -CH2, mmr  -CH3 (isotactic) 

54.12 1.81 -CH2, rrr (syndiotactic) and rmr   -CH2, rrr (syndiotactic) 54.12 1.81 -CH2, rrr (syndiotactic) and rmr   -CH2, rrr (syndiotactic) 

    54.12 1.19 -CH2, rrr (syndiotactic) and rmr   -CH3 (isotactic) 

54.20 0.84 -CH2, rrr (syndiotactic) and rmr   -CH3 (syndiotactic)     

    54.20 1.02 -CH2, rrr (syndiotactic) and rmr   -CH3 (atactic) 
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54.21 1.02 -CH2, rrr (syndiotactic) and rmr   -CH3 (atactic)      

    54.21 0.85 -CH2, rrr (syndiotactic) and rmr   -CH3 (syndiotactic) 

54.43 1.02 -CH2, rrr (syndiotactic) and rmr   -CH3 (atactic)  54.43 1.02 -CH2, rrr (syndiotactic) and rmr   -CH3 (atactic)  

    54.43 1.81 -CH2, rrr (syndiotactic) and rmr   -CH2, rrr (syndiotactic) 

54.44 0.84 -CH2, rrr (syndiotactic) and rmr   -CH3 (syndiotactic) 54.44 0.85 -CH2, rrr (syndiotactic) and rmr   -CH3 (syndiotactic) 

        

        

176.95 1.02 -C=O, mmrr and rmrr  -CH3 (atactic) 176.95 1.02 -C=O, mmrr and rmrr  -CH3 (atactic) 

176.96 1.42 -C=O, mmrr and rmrr  -CH2, rmr 176.96 1.43 -C=O, mmrr and rmrr  -CH2, rmr 

176.96 1.94 -C=O, mmrr and rmrr  -CH2, rmr 176.96 1.94 -C=O, mmrr and rmrr  -CH2, rmr 

176.96 1.85 -C=O, mmrr and rmrr  -CH2, rrr (syndiotactic)     

176.96 3.60 -C=O, mmrr and rmrr  -OCH3 176.96 3.60 -C=O, mmrr and rmrr  -OCH3 

177.13 3.60 -C=O, mmrm and rmrm -OCH3                                                            177.13 3.60 -C=O, mmrm and rmrm -OCH3 

    177.13 1.02 -C=O, mmrm and rmrm -CH3 (atactic) 

    177.13 1.43 -C=O, mmrm and rmrm -CH2, rmr 

177.13 1.85 -C=O, mmrm and rmrm -CH2, mrr     

177.13 1.94 -C=O, mmrm and rmrm  -CH2, rmr     

    177.81 1.94 C=O, rrr (syndiotactic)  -CH2, rmr 

177.81 1.81 -C=O, rrr (syndiotactic)  -CH2, rrr (syndiotactic) 177.81 1.81 -C=O, rrr (syndiotactic)  -CH2, rrr (syndiotactic) 

177.81 3.59 -C=O, rrr (syndiotactic)  -OCH3 177.81 3.60 C=O, rrr (syndiotactic)  -OCH3 

177.81 0.85 -C=O, rrr (syndiotactic)  -CH3 (syndiotactic) 177.81 0.85 C=O, rrr (syndiotactic)  -CH3 (syndiotactic) 

        

        

178.09 3.59 -C=O, mrrr and rrrm -OCH3 178.09 3.60  C=O, mrrr and rrrm -OCH3 

    178.09 1.90  C=O, mrrr and rrrm -CH2, rmr 

    178.09 1.81  C=O, mrrr and rrrm -CH2, rrr (syndiotactic) 

    178.09 0.85  C=O, mrrr and rrrm -CH3 (syndiotactic) 
 


