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ABSTRACT 

HYBRID POLYMERIC MATERIALS COMPRISING CLAY NANOTUBES, 

PHOTOTHERMAL AGENTS AND PHASE CHANGE MATERIALS FOR FOOD, 

WATER AND ENERGY APPLICATIONS 

 

Cüneyt Erdinç TAŞ 

Doctor of Philosophy, 2021 

Material Science and Engineering 

Thesis Advisor: Asst. Prof. Hayriye ÜNAL 

Thesis Co-Adviser: Asst. Prof. Serkan ÜNAL 

 

Keywords: Halloysite Nanotubes, Polydopamine Coating, Food Packaging, Nanoparticle 

Separation, Waterborne Polyurethane, Solar to Thermal Energy Conversion, Phase Change 

Materials  

 

In this thesis, different fundamental solutions have been offered on the concepts of ''saving 

food'', ''saving water'' and ''saving energy'' by preparing hybrid composite systems comprising 

different combinations of clay nanoparticles, photothermal agents and phase change 

materials. 

For the protection of food products, two main approaches were presented to prolong the shelf 

life of packaged food in the marketing and transportation stages. The first solution offered 

was the design of active food packaging materials with halloysite nanotubes having ethylene 

scavenging properties for the storage of fruits and vegetables. The second solution offered 

was the design of a food packaging material comprising halloysite nanotubes loaded with 

phase change materials that can buffer temperature fluctuations during the cold-chain 
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transportation of food products. The particle quality of halloysite nanotubes were determined 

to play a critical role in these studies, which has led to an in-depth investigation of the effect 

of homogeneous size distribution and agglomeration-free quality of halloysite nanotubes on 

their loading/surface functionalization capacity and efficiency as reinforcing fillers in 

polymer nanocomposites. A novel three-step nanoparticle separation method was developed 

based on the surface modification of halloysite nanotubes with polydopamine, resulting in 

agglomeration-free halloysite nanotubes sorted in different size ranges.  

The surface modification of particles with polydopamine was further extended to a new 

material design that utilizes the light to thermal energy conversion capability of 

polydopamine. Waterborne polyurethane particles synthesized in the form of aqueous 

dispersions were coated with polydopamine, resulting in hybrid polydopamine-polyurethane 

dispersions. Films cast from these dispersions intrinsically showed light to thermal energy 

conversion ability and were demonstrated to have a huge potential in water purification by 

solar driven evaporation.  

Promising results obtained with polydopamine-polyurethane hybrid films led us to produce 

a multifunctional hybrid material that has solar to thermal energy conversion, thermal energy 

storage and thermal buffering properties. As a preliminary work to reach this goal the shape-

stable latent heat storage concept was examined by using a zeolitic shape stabilizer and phase 

change materials. The acquired knowledge from this study was utilized to prepare form-

stable phase change films by using the photothermal polydopamine-polyurethane polymer 

matrix and PEG4000 as phase change materials. In this study, PEG4000 was directly 

integrated into the polymer matrix at different ratios by dissolving in the aqueous 

polydopamine-polyurethane dispersion, resulting in form-stable phase change films, which 

present unique energy storage properties and have strong potential as thermoregulating 

materials. 
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ÖZET 

GIDA, SU VE ENERJİ UYGULAMALARI İÇİN KİL NANOTÜPLERİ, FOTOTERMAL 

AJANLAR VE FAZ DEĞİŞİM MALZEMELERİ İÇEREN HİBRİT POLİMERİK 

MALZEMELER 

 

Cüneyt Erdinç TAŞ 

Doktora Tezi, 2021 

Malzeme Bilimi ve Mühendisliği 

Tez Danışması: Dr. Öğr. Üyesi Hayriye ÜNAL 

Eş Danışman: Dr. Öğr. Üyesi Serkan ÜNAL 

 

Anahtar Kelimeler: Halloysit Nanotüpleri, Polidopamin Yüzey Kaplama, Gıda Paketleme, 

Nanopartikül Ayırma, Su Bazlı Poliüretan, Güneş Enerjisinden Termal Enerjiye Dönüşüm, 

Faz Değişim Malzemeleri  

 

Bu tezde, kil nanoparçacıkları, fototermal ajanlar ve faz değişim malzemelerin birleşiminden 

oluşan hibrit kompozit sistemler hazırlanarak, ''gıda güvenliği'', ''temiz suyun korunması'' ve 

''enerji tasarrufu'' kavramlarına farklı temel çözümler sunulmuştur.  

Gıda ürünlerinin korunması alanında, pazarlama ve nakliye aşamalarında gıdaların ambalaj 

malzemeleri içerisinde raf ömürlerinin uzatılması hedefi için iki ana yaklaşım ele alınmıştır. 

Sunulan çözümlerden biri, meyve ve sebzelerin depolanması sırasında korunması için, etilen 

tutuculuk özelliğine sahip halloysit nanotüpleri ile aktif gıda ambalaj malzemelerinin 

tasarlanmasıdır. Sunulan diğer çözüm ise, gıda ürünlerinin soğuk zincir ile taşınması 

aşamasında sıcaklık dalgalanmalarına karşı termal tamponlama özelliğine sahip faz değişim 

malzemesi/halloysit sistemi içeren gıda ambalaj malzemesi elde edilmesidir. Halloysit 
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nanotüplerinin merkezde olduğu bu çalışmalar, partikül kalitesinin nanotüp performansı 

üzerindeki etkisinin düşünülmesine yol açmıştır. Homojen boyut dağılımına ve 

aglomerasyonsuz kaliteye sahip halloysit nanotüplerinin lümen yükleme kapasitesi, yüzey 

fonksiyonlanması ve takviye dolgu maddesi olarak nanokompozit film malzemelerine 

katkısını araştırmak amacıyla; halloysit nanotüp yüzeylerinin polidopamin tabakası ile 

kaplanmasını, ultrasonikasyon ile su ortamına dağıtılmasını ve santrifüj ile boyut 

derecelendirilmesini içeren yeni bir üç aşamalı nanopartikül ayırma yöntemi geliştirilmiştir. 

Polidopamin yüzey kaplaması üzerine yapılan detaylı çalışma, polidopamin tabakasının ışığı 

termal enerjiye dönüştürme kabiliyetinden yararlanarak yeni bir malzeme tasarımı fikrine 

neden olmuştur. Bu açıdan, su bazlı poliüretan, emülsiyon formunda sentezlenmiş ve 

polidopamin ile su bazlı poliüretan partiküllerinin yüzeyleri kaplanmıştır. Elde edilen 

polidopamin-poliüretan dispersiyonları ile, ışıktan termal enerjiye dönüşüm özelliğine sahip 

ve ikincil partikül ilavesi içermeyen döküm filmler hazırlanmış ve fototermal performansları 

sistematik olarak incelenmiştir. 

Polidopamin- poliüretan filmlerinden elde edilen ümit verici sonuçlar, güneşten termal 

enerjiye dönüşüm, termal enerji depolama ve termal tamponlama özelliklerine sahip çok 

işlevli hibrid polimerik malzemler geliştirilmesi konusunda yol gösterici olmuştur. Bu çok 

fonksiyonlu malzemelerin geliştirilmesi hedefinin ilk aşaması olarak, gizli ısı depolama 

kavramı, zeolitik bir yapı ve farklı faz değişim malzemeleri kullanılarak incelenmiştir. Bu 

çalışmadan elde edilen bilgiler, fototermal kabiliyete sahip polidopamin-poliüretan polimer 

matrisi ve faz değişim malzemesi olan PEG4000 içeren özgün şekil-kararlı faz değişim 

filmleri hazırlanmasında kullanılmıştır. Bu çalışmada, PEG4000 ikincil destek malzemesi 

içerisine enkapsüle edilmeden, polimer matrisine doğrudan entegre edilmiş ve bu sayede, 

oldukça basit bir yöntemle enerji depolama özelliği gösteren, ısı regülasyonunda kullanım 

için yüksek potansiyele sahip özgün, form-kararlı faz değişim kaplama filmleri elde 

edilmiştir. 
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''You cannot hope to build a better world without improving the individuals. To that end, 

each of us must work for our own improvement and, at the same time, share a general 

responsibility for all humanity, our particular duty being to aid those to whom we think can 

be most useful.” (Marie Curie)                                                                         
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CHAPTER 1: General Introduction 

1.1. Dissertation overview and objectives  

Sustainability is undoubtedly a very critical issue for the earth and the life of living beings. 

Within this framework, the safety of food products, protection of clean water resources and 

decreasing the consumption of energy that is obtained from harmful materials such as fossil 

fuels should be priority targets to be considered. With this motivation, different hybrid 

materials comprising inorganic and organic components were designed, which can be utilized 

in food safety, water evaporation, solar to thermal energy conversion and thermal energy 

storage applications. 

For the food safety subtitles, an active food packaging material with ethylene scavenging and 

gas barrier properties was designed by polyethylene and halloysite nanotubes (HNT). In the 

literature, it is possible to find different strategies to prolong the shelf life of products by 

using chemical applications, but consumer preferences are strongly against such chemical 

treatments. To add ethylene scavenging property into a packaging system, ethylene oxidizing 

materials such as potassium permanganate or metal catalysts can be used by immobilization 

on an inert substrate1,2. However, this approach has limited acceptance due to toxicity-based 

concerns and regulations against their food-contact applications. To create barrier property 

on the packaging material, montmorillonite (MMT) nanoclay can be considered to reduce 

the gas permeability of the material3. But the strong hydrophilic character and natural, platy, 

nanolayered structure of MMT mostly requires chemical organo-modifications or the use of 

compatibilizers to improve their compatibility with low surface energy polymers such as 

polyolefins which are mostly the choice of polymeric matrix for food packaging applications. 

To overcome these problems, we have designed a flexible packaging material comprising 

HNTs which are safe, cost-effective, abundant, relatively hydrophobic, and more compatible 

with low surface energy polymers. In this way, we have demonstrated, for the first-time, 

HNT/polyethylene (HNT/PE) nanocomposites with ethylene adsorption and gas barrier 
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properties as food packaging films that can improve the quality and shelf life of perishable 

food products. 

The second approach to food safety was to protect food products during the cold-chain 

transportation stage. As known, in the case of a short-term or long-term cold chain failure 

during transportation, temperature fluctuations can cause deterioration of temperature-

sensitive food products. To develop a solution that slows temperature increases in cold foods 

in the case they are exposed to higher temperatures, we designed for the first-time flexible 

packaging films with a combination of phase change materials, HNTs, and PE polymer 

matrix. The design consisted of impregnation of HNTs with multiple polyethylene glycol 

PCMs with melting transitions at cold chain temperatures and incorporation of these 

nanofillers into the PE polymer matrix. This idea provided the development of a material that 

has thermal buffering capacity in a broad temperature interval and has the ability to retard 

temperature increases in cold-stored food products. 

Our findings obtained from HNT-based food packaging studies and extensive utilization of 

HNTs in countless purposes in the literature provoked us to focus on the quality of nanotubes 

in terms of inhomogeneous size distribution and agglomeration tendency. As known, 

dispersing nanoparticles into a system is a very critical issue to obtain a nanocomposite of 

optimal performance. Here, homogeneous length size and agglomeration-free features of 

nanoparticles can be an important point that should be kept in view. HNTs naturally exist in 

a wide range of lengths and diameters depending on their deposits and have a tendency to 

agglomerate, thus cannot be individually dispersed in aqueous solutions and polymers. 

Different nanoparticle separation and purification methods can be found in the literature such 

as separation by filtration 4, gel electrophoresis5, size exclusion chromatography6 and 

viscosity grading with centrifugation7. However, some of these techniques are not suitable 

for all nanoparticle systems or require the use of co-chemicals to increase the viscosity of the 

medium or colloidal stability, as in the viscosity grading method. In order to offer a suitable 

size separation technique for HNTs, a facile method was developed to obtain HNTs that are 

uniform in size and shape while preserving or improving their inherent properties. The 

protocol consists of the coating of HNTs with a polydopamine layer, followed by their 

ultrasonication and centrifugation at varying velocities for size-based separation. While this 

polydopamine functionalization based three-stage separation technique has been 
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demonstrated to be effective for size separation of HNTs, it can be easily applied to different 

nanoparticles due to the ease of functionalization of any surface with polydopamine.  

Acquired knowledge from the polydopamine functionalization study was used to offer a new 

material design in the concept of light to thermal energy conversion applications. A novel 

polyurethane polymer matrix having light to thermal energy conversion capability was 

produced by coating polyurethane solid particle surfaces with polydopamine. With this 

strategy, a final photothermal polymeric material was obtained without incorporation of any 

nanoparticles. Ultimately, many disadvantages arising from adding secondary materials into 

the end-product such as toxicity, incompatibility, increased cost, and difficulties in 

processing were eliminated. While the designed material can be utilized in various different 

light-driven applications, its light-driven water evaporation performance was investigated as 

a critical potential. 

The polymeric matrix which has light to thermal energy conversion ability has opened a way 

to prepare a multifunctional product that combines photothermal, energy storage and thermal 

buffering properties in a single system and can be used for important energy applications.  

As a preliminary work to reach this goal, the latent heat storage phenomenon was specifically 

studied by using a zeolitic type inorganic framework. In this context, the effect of mesopore 

enrichment on phase change material (PCM) uptake of the zeolite and in turn the final latent 

heat storage properties were examined. Comparing latent heat storage and shape stabilizing 

performance of pristine microporous zeolite with its post-synthetically modified versions 

having altered porosity enabled us to examine specifically the effect of pore size on latent 

heat storage properties. In addition to the shape stabilizer effect, the effect of different PCMs 

on loading and latent heat storage properties were also investigated. 

Detailed studies on latent heat storage, thermal buffering, light to thermal energy conversion 

and polydopamine functionalization allowed the development of a final multifunctional 

polymeric material comprising all critical properties in the concept of thermal management. 

To exhibit a composite system which is in the final usage form, waterborne polydopamine-

polyurethane as photothermal matrix and PEG4000 as phase change material was dissolved 

into water dispersion stage, and the blended mixtures were directly poured onto a mold 

without using any other encapsulator for casting film preparation. In the end, shape-stable 
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latent heat storage, thermal buffering, and light to thermal energy conversion performance of 

the obtained composite were directly analyzed as a material that was ready to use in the 

practical real-life application as an end-product. 

1.2.Review on the functional components of the polymeric hybrid materials  

In this thesis, polymeric hybrid materials were developed by the combination of different 

functional components including HNTs as inorganic encapsulation agents, polydopamine as 

a photothermal surface functionalization agent, and PCMs as latent heat storage agents.  

1.2.1 HNTs 

i) General view 

HNTs are natural clay minerals that have attracted great attention in green nanotechnology 

in recent years. One of the remarkable properties of HNTs is their natural hollow tubular 

nanostructure. Because of their unique natural form, they are accepted as eco-friendly 

nanotubes with low cost, presenting countless advantages such as non-toxicity, 

biocompatibility (EPA 4A listed material),  high aspect ratio, high thermal stability, superior 

loading rates to other carriers, high adsorption capacity and regeneration ability.8 Due to these 

unique properties, HNTs have been utilized in many different application fields such as 

reinforcing of nanocomposites9, encapsulation of active components10, water purification11, 

drug delivery12, cancer cell isolation13, tissue engineering14, dentistry materials15 and 

cosmetics16. 

Physical properties of HNTs show variation depending on the mining deposits from which 

they are obtained. However, generally the external diameter of the HNTs ranges from 40 to 

70 nm and the nanotube length ranges from 500 to 1000 nm17. The typical average surface 

area of HNTs is 62 m2/g, pore volume is ~ 1.25 mL/g, refractive index is - 1.54 and specific 

gravity is- 2.53 g/cm3 8. 

As to the chemical form of HNTs, they have an empirical chemical formula of Al2Si2O5 

(OH)4 .nH2O resembling kaolin18. The outer and inner surfaces of the HNTs consist of 

siloxane (Si–O–Si) and octahedral array groups (Al–OH), respectively. Generally, the 

multilayer tubular walls of HNTs are composed of 15 ~ 20 aluminosilicate layers having a 

layer spacing of 10 Å or 7 Å for the hydrated or dehydrated HNTs, respectively19. 



5 

 

 

Figure 1. SEM images (A) and crystal structure (B) of HNTs.  

 

HNTs compose of tetrahedral and octahedral sheets of Al, Si, O ions and OH groups 

organized into two-dimensional structures. Oxygen anions settle at the four corners with 

silicon at the center of the tetrahedron sheet and a hexagonal arrangement forms where three 

corners of each tetrahedron are shared with other nearby tetrahedra. A part of the octahedral 

sheet occurs in the perpendicular direction of the oxygen existing at the fourth tetrahedron 

corner. Al cation at the center and eight oxygens at the corners create the octahedral sheets 

and each octahedron connects sidewards with octahedra nearby and vertically with the 

tetrahedron by sharing an oxygen (Figure 1B)20. 
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ii) HNTs as gas adsorbents 

 

In this thesis, one of the properties of HNTs that was utilized to create a food packaging 

nanocomposite film with ethylene scavenging behavior was its gas adsorption capacity. 

HNTs exhibit gas adsorption performance owing to their tubular porous structure and high 

surface area with pores between the aluminosilicate layers. These excellent properties present 

a way to use them in gas adsorption systems20,21. Furthermore, alternative surface charges on 

their inner and outer surfaces supply a chance to tune the surface properties, thus enhancing 

their adsorption capabilities for various adsorbate molecules22. The natural structure of HNTs 

does also allow the enhancement of gas adsorption capacities via different strategies. 

Palantöken et al. presented a novel and simple method based on a cryoscopic technique to 

expand the HNT lumens via frozen water molecules entrapped in HNT lumens23. Gaikwad 

et al. enhanced the adsorption capacity of HNTs by alkaline treatment and tested the ethylene 

adsorption performance of nanotubes for food‑packaging applications24. Ultimately, it can 

be accepted that HNTs are very good candidates for being used as gas adsorbent materials. 

iii) HNTs as containers for active component loading 

 

The inner lumens of HNTs enable them to be loaded with active components due to their 

suitable hollow diameter. Fundamentally, loading is performed with cyclic vacuum pumping 

in/out for the replacement of the air in the internal cavities with liquid active materials. The 

replacement of the inner air with a liquid substance can be observed with the revealing of 

bubbles at the surface of the dispersion. Although the proper lumen diameter of around 15 

nm generates a very high capillary force that provides pushing the solution into the tubes, the 

application of cyclic air pumping is still necessary for reaching the efficient loading capacity. 

Active components in the liquid form can be loaded directly into HNTs. In the case of 

material in the solid form, the substance can be dissolved in a suitable solvent and loaded 

into HNTs. For example, water, alcohol, or acetone are usually used as the solvent for the 

drug loading. Following the loading procedure, obtained HNT/drug nanohybrids are washed 

with water to remove the adsorbed drug. This protocol can be applied for any kind of 

substance loading. Many kinds of materials can be loaded into HNTs such as drugs14, 

proteins25, DNA26,27, antimicrobial agents28,29, pesticides30,31, phase change materials32,33 etc.  
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iv) Halloysite nanotubes as reinforcing fillers 

 

The surface structure of HNTs consisting of fewer surface hydroxyl groups provides a better 

dispersibility than other silicates such as montmorillonite and kaolinite in polymer matrices34. 

Moreover, having a lower surface charge due to the presence of siloxane groups on the outer 

surface makes them more compatible with low surface energy polymers such as polyolefin 

type polymers35. HNTs can be dispersed into polymeric matrices by a direct melt-blending 

method. Besides, HNTs can be embedded into melted polymers using industrial double-

screw extruders resulting in nanocomposites with well-dispersed nanotubes. Reinforcing 

effects of HNTs on polymeric nanocomposite films arise from rod-like and high aspect ratio 

structures of HNTs and the unique surface chemical properties. More importantly, different 

examinations point out that HNTs include only traces of heavy metals which is much lower 

than standards of the restriction of harmful substances of the European Union. Thus, this 

conclusion makes HNTs a type of ‘green’, unique and promising reinforcing filler for 

thermoplastics10. Because of these advantages, HNTs have been incorporated into a great 

number of polymer matrices36. In addition, since HNTs are intrinsically impermeable to 

gases, they create a tortuous path for gas molecules and inhibit their diffusion throughout the 

matrix; therefore, an acceptable barrier property can be added to the prepared nanocomposite 

film. 

v) Surface modification of HNTs  

 

Although HNTs have significant advantages that allow them to be used in countless 

applications, some disadvantages such as heterogeneous size distribution, surface charge and 

formation of hydrogen bonds reduce their affinity to a certain extent. Surface modification 

of HNTs with a suitable agent expands the range of potential applications. The natural 

structure of HNTs can cause weak compatibility with other materials due to poor 

intermolecular forces like van der Waals forces and hydrogen bonding37. In order to make 

HNTs more compatible with the system in a desired application, surface modification may 

be very critical. Surface modification improved the performance of HNTs in different 

application  leading to HNT composites with improved mechanical 38,  improved sustained 

release properties39, improved dispersion stability40, improved dye removal properties41, 

improved catalyst properties42 and improved enzyme immobilization capacity43. For such 
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goals, HNT surface can be modified with different chemicals. HNTs can be modified with a 

surfactant thanks to electrostatic interactions that provide a better dispersion stability44,45. 

HNT surface can be modified with small molecules reacting with the hydroxyl groups of the 

HNT surface (intercalation modification) and the dispersion capability of nanotubes in a 

polymer matrix can be enhanced46. HNT surfaces can also be coated with polymers directly47 

or via free radical modification of hydroxyl groups on the inner or outer surfaces 48 With 

these strategies, HNTs become more applicable in desired applications and a better nanotube 

performance can be obtained. 

 

1.2.2 Photothermal agents 

The photothermal effect is an important phenomenon based on converting light energy to 

thermal energy by using photothermal conversion materials. By taking advantage of this 

concept, various effective solutions can be offered to many vital application areas such as 

solar water evaporation49, chemo-photothermal therapy50, the photothermal killing of 

bacteria51, controlled release52, self-healing53,54 and shape memory materials55. 

Photothermal materials can be classified into four main categories, that are metallic 

nanostructures, inorganic semiconductor materials, carbon-based light-absorbing materials 

and polymeric materials56. Light absorption is the fundamental process of photothermal 

generation, however, different types of photothermal agents can exhibit higher light-to-heat 

conversion ability than the other one because of some specific features. For example, metallic 

nanostructures present intense photothermal property due to surface plasmon resonance 

(SPR) effects, which is an electromagnetic resonant oscillation, that was first demonstrated 

by Gustav Mie57. Inorganic semiconducting materials show photothermal property thanks to 

the bandgap between the valence and conduction band58. As for carbon-based structures, the 

photothermal property is provided by the black body of material, which can theoretically 

absorb all incident light radiations; thus, enable effective light to heat energy conversion59-

61. 

Polymeric materials can display photothermal properties generally through conjugated π-

electron systems, in which the π electrons are delocalized and thus materials present high 

light absorption62. Conjugation induces the rapid promotion of an electron from the ground 
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state to the excited state. Then, the excited electron jumps back to the ground state by 

releasing thermal energy via nonradiative decay63,64. Extensively investigated photothermal 

polymers can be mainly listed as polythiophene65, polyaniline66, polypyrrole67, and 

polydopamine68. In this thesis, polydopamine has been selected and utilized as an effective 

photothermal agent and also as a surface coating material. 

Polydopamine 

Polydopamine (PDA) is a mussel-inspired smart coating material. The coating of a surface 

with PDA layer is a uniquely adaptable and simple surface functionalization method which 

was firstly reported by Messersmith et al. in 200769. Following the first introduction of PDA, 

it has become an attractive and powerful tool for modification of surfaces due to its versatile 

character. As a result of its impressive structure, PDA have located a broad potential use in 

the biomedical, energy, consumer, industrial and military applications70. Important features 

of PDA can be listed as strong NIR absorbance capacity, good biocompatibility, the 

feasibility of functional group modification and most importantly, its strong adhesion 

property and its ability to be coated on almost all substrate surfaces71. 

i) Chemistry of PDA 

 

Polydopamine basically consists of catechol groups on the polymer backbone. Oxidation 

polymerization in an aqueous solution is the most widely used procedure for the production 

of PDA70. The dopamine monomer can be oxidized with oxygen as the oxidant and 

spontaneously self-polymerized at the alkaline conditions around pH 8.5 without the need 

for any complicated or harsh reaction conditions71. One of the critical points of PDA coating 

reaction that must be emphasized is that the concentration of dopamine monomer in the 

system should be higher than 2 mg/mL to create a PDA film on substrates. The thickness of 

the PDA film on the substrate can be controlled by adjusting the concentration of dopamine 

monomer or the polymerization time72. 

Although it is a very remarkable material that is being utilized in many different studies, 

interestingly, its molecular structure is still under discussion and various structures have been 

proposed. The general acceptance is that the dopamine units or 5,6-dihydroxyindole 

derivatives are covalently linked via C–C bonds. As a strong prediction, PDA formation 
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occurs via several dehydrogenation steps generating o-quinone units by being cyclized to 

indole moieties and/or form C – C bonds. Monomers link each other between catechol or o-

quinone moieties or via the pyrrole ring of indole units. PDA polymer backbone has been 

proposed to be composed of oligomers, most probably up to octamers, instead of high 

molecular weight polymers. The supramolecular structure of PDA likely forms via hydrogen 

bonding and 𝜋-stacking. The polymer configuration is completely regulated by hydrogen 

bonding, 𝜋-stacking and charge transfer between dihydroxyindole and indoldione monomers 

(Figure 2)73-75. 

 

Figure 2. Theories on PDA structure and formation. 

 

ii) Applications fields of PDA 

 

Spectacular features of PDA have been transferred to several types of materials to utilize the 

various functions of PDA in desired applications. Easy manufacturing of PDA coating has 

opened a way to fabricate countless multifunctional substrates for specific properties. 

Grafting of various materials onto PDA coatings has been achieved by means of chemical 

reactions, abilities of PDA coating in the second reaction step, chelating, etc. Such that, from 

DNA76, proteins77, enzymes78, living cells79, to PEG80, polysaccharides69, hydroxyapatite81, 
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noble metal nanoparticles82, graphene oxide83 and polymers84 different surfaces have been 

modified with PDA to obtain chemically reactive, bio- interactive and bio-resistant surfaces. 

PDA has also been applied to hydrogels in the concept of injectable drug delivery depots, 

tissue engineering scaffolds, medical devices, sensors and separation systems85. Some other 

PDA-derived hybrid systems can be found in the literature for the application of synthetic 

membranes86 and microfluidic systems87. 

In order to reveal extensive utilization of PDA, the fields that were impacted by PDA 

technology can be categorized as, biomedical, water treatment, sensing and energy 

applications. In biomedical science, PDA has been used for the purpose of cell adhesion88, 

encapsulating, patterning89, induced toxicity attenuation of materials90, antimicrobial 

surfaces91, tooth demineralization92, tissue engineering93, reendothelialization of vascular 

devices94, photothermal therapy95, in vivo cancer diagnosis96, bioimaging87 and drug 

delivery97. As to applications in water treatment, separation of heavy metals98, organic 

pollutants99 and bacteria from water100, water/oil separation101 and seawater desalination102 

studies have been conducted by preparing PDA-based systems. In the concept of sensing 

applications, the advantages of PDA have been benefited for the detection of small organic 

molecules103, biomolecules104 and heavy metal ions105. 

iii) PDA in energy applications 

 

Among a wide range of applications of PDA, energy related applications of PDA-based 

systems are attracting great attention. Characteristic properties of PDA such as high carbon 

content, adhesion capability, hydrophilic character and behavior as a reducing agent make 

PDA a favorable component in hybrid materials for energy applications. PDA has been 

applied in various energy applications such as Li-Ion batteries106, dye-sensitized solar 

cells107, supercapacitors108, electrocatalysts109, photocatalysts110 and chemical catalysts111. 

In this thesis, the PDA coating was used to prepare a material having light to thermal energy 

conversion properties. PDA exhibits photothermal property by converting light energy to 

heat likely via nonradiative relaxation and molecular vibrations in the polymer chain112. In 

the concept of light to thermal energy conversion, PDA assisted systems have been employed 

in water purification113-115 or vapor generation116,117 applications by coating the substrate 

surface with the PDA layer. Besides, photothermal therapy, which is another critical 
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application field of light to thermal energy conversion, has been also designed with different 

PDA-based hybrid systems 118. Moreover, indirect photo-driven systems such as energy 

storage119-121, self-healing122 and shape memory123 studies have been also conducted with 

PDA-containing composites. 

1.2.3 PCMs for latent heat storage 

Renewable energy has become a more and more vital subject day by day, mainly due to the 

constant increase in the level of greenhouse gases and economic problems arising from fuel 

prices. This critical situation has become a driving force for scientists to focus on research 

relating to energy. While it is critical to find solutions for benefiting from renewable energy 

sources to produce energy it is also very important to develop proper ways to store the 

produced energy. One of today’s challenges is to be able to convert and store energy in 

suitable forms. 

Different types of energy namely mechanical, electrical and thermal energy can be stored 

when utilizing appropriate methods. Mechanical energy storage basically involves 

gravitational energy storage, pumped hydropower energy storage, compressed air energy 

storage and flywheels. As to electrical energy storage, the method is carried out by converting 

stored chemical energy into electrical energy with a battery that can be charged by connecting 

to a source of direct electric current. Thermal energy storage can be performed by following 

strategies such as sensible heat, latent heat and thermochemical124. In this thesis, thermal 

energy storage via latent heat phenomenon has been studied as the energy storage method. 

 

i) Latent heat storage materials 

 

Latent heat storage is based on the thermal energy transfer that happens when a PCM reaches 

its phase transition temperature, namely, changing from solid to liquid or liquid to the solid 

phase. During the melting transition, thermal energy is stored by PCMs and the stored energy 

is released when the material reaches its solidifying temperature. With this loop, thermal 

energy is stored and released in PCMs (Figure 3). 
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Figure 3. Schematic of phase transitions in PCMs. 

 

Although this strategy is a smart idea for thermal energy storage/release in a simple and safe 

way, PCMs must exhibit certain desirable thermodynamic, kinetic, chemical properties along 

with cost-effectiveness and easy availability. These requirements can be summarized as 

follows.  (i) PCMs should have a suitable phase-transition temperature, high latent heat of 

transition and good heat transfer in terms of their thermal properties; (ii) as their physical 

properties, PCMs should present favorable phase equilibrium, high density, small volume 

change, and low vapor pressure considering small size containers and containment problems; 

(iii) PCM should have low supercooling and sufficient crystallization rate; (iv) desired 

chemical properties of PCMs can be listed as long-term chemical stability, compatibility, no 

toxicity and non-flammability; (v) finally,  abundance, availability and cost-effectiveness are 

the desired economical parameters of PCMs125. 

PCMs can be classified as organic, inorganic, and eutectic substances, which present different 

transition temperatures. 

Paraffins: Paraffins are simple alkanes with a chemical formula of CH3–(CH2)n–CH3). 

Fundamentally, they have a large amount of latent heat and their melting point increases with 

chain length126. The melting points and latent heat of fusion values of paraffins are presented 

in Figure 4. 

Non-paraffins: Numerous non-paraffin organic phase change materials can be listed. These 

substances can be subtitled into two main categories as fatty acids and other non-paraffin 
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organic molecules like esters, alcohols, and glycols. Some important properties of these 

materials are high heat of fusion, inflammability, low flash points, instability at high 

temperatures, low thermal conductivity and toxicity127. Among these materials, fatty acids, 

which have a general chemical formula of CH3(CH2)n.COOH, stand out due to their high heat 

of fusion values, reproducible melting/freezing behavior and freeze with no supercooling128. 

Melting transition temperatures and latent heat of fusion values of some non-paraffin organic 

and fatty acid PCMs are presented in Figure 5 and Figure 6. 

Salt hydrates: Salt hydrates are evaluated under the category of inorganic PCMs and their 

general formula is XY.nH2O. The most important properties of salt hydrates are high latent 

heat of fusion per unit volume, relatively high thermal conductivity, small volume changes 

during melting, not showing very corrosive behavior, compatibility with plastics and slight 

toxicity. They have some critical disadvantages for use in PCM systems such as incongruent 

melting behavior due to supersaturation and higher supercooling degrees129. Melting 

transition temperatures and latent heat of fusion values of some salt hydrate PCMs are 

presented in Figure 7. 

Eutectics: Eutectics are defined as combinations of two or more components at the minimum-

melting. Each component melts and freezes harmoniously composing a mixture of the 

crystals of constituents during crystallization. Eutectics freeze to a special crystal mixture 

and frequently melt/freeze without segregation. Both components liquefy together during the 

melting process without separation130. Melting transition temperatures and latent heat of 

fusion values of some eutectic PCMs are presented in Figure 8. 
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Figure 4. (A) Melting temperatures and (B)latent heat of fusion values of paraffin type PCMs. 
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Figure 5. (A) Melting temperatures and (B) latent heat of fusion values of non-paraffin type 

PCMs. 
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Figure 6. (A) Melting temperatures and (B) latent heat of fusion values of fatty acid type 

PCMs. 
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Figure 7. (A) Melting temperatures and (B) latent heat of fusion values of salt hydrate type 

PCMs. 
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Figure 8. (A) Melting temperatures and (B) latent heat of fusion values of salt hydrate type 

PCMs for specified compositions. 
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Figure 9. (A) Melting temperatures and (B) latent heat of fusion values of polyethylene glycol 

PCMs with various molecular weights. 

Polyethylene glycol: Polyethylene glycol (PEG) is a type of polyether compound which has 

a general chemical formula of H−(O−CH2−CH2)n−OH. PEG is a hydrophilic molecule that 

is being accepted as a low toxicity and used in a variety of products. As a promising solid-

liquid organic PCM, PEG has desirable characteristics for use in PCM-based studies such as 

high phase change enthalpy, chemical-, biodegradation- and thermal stability, low vapor 
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pressure and non-corrosiveness. Moreover, a wide range of melting transition temperatures 

can be derived from the PEG by tuning its molecular weight131,132. Melting transition 

temperatures and latent heat of fusion values of PEG PCMs with various molecular weights 

are presented in Figure 9. 

ii) Shape-stabilization of PCMs 

 

One of the important issues that should be considered in the practical application of PCMs is 

their shape stability. When the solid-liquid PCM-based systems are evaluated, the critical 

problem arises from the change of the physical state when the temperature of the PCM 

reaches its melting point. When the PCM is converted to its liquid form, leakage of the PCM 

may occur. Many serious damages such as contamination or device failure (i.e., for 

electronic-based equipment) can arise by the leakage of organic PCMs. The most intelligent 

and relatively simple way to overcome this problem is that entrapping the PCMs in a 

supporting matrix, which is called as shape-stabilization. 

Different strategies can be used to create a shape-stable phase change composite system. One 

of them is shape-stabilization by microencapsulation which was firstly introduced by Barret 

K. Green in the 1950s133 and became a a very important technique for the commercialization 

of PCMs. In the concept of microencapsulation, PCMs can be stabilized in an organic shell 

using various materials such as melamine-formaldehyde resin134, acrylic resins135, urea-

formaldehyde resin136, poly (urea–urethane)137 and polyurea138. Another technique is the 

encapsulation of PCMs into an inorganic shell via rigid shell-forming materials such as 

silica139, titania140, calcium carbonate141 and zinc oxide142. Moreover, shape stabilization of 

PCMs can be carried out by preparing organic-inorganic hybrid shells. For this purpose, 

hybrid systems can be created by introducing inorganic additives such as silver 

nanoparticles143, iron nanoparticles144 and silicon nitride145 into organic shells. 

Shape-stable PCM composites can be obtained by directly embedding PCMs into polymer 

matrices. Polyacrylates146-148, polyolefins149-151, styrenic block copolymers152-154, 

polysaccharides155-157 and polyurethanes158-160 can be given as examples of shape-

stabilization of PCMs by a polymer matrix. 

Improvements in nanoscience have also introduced new methods for the preparation of shape 

stable PCMs systems. In the literature, there are many studies conducted with nanoparticles 
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to form shape stable PCM nanocomposites. In these studies, carbon materials have an 

attractive place to produce PCM nanocomposites due to their excellent theoretical thermal 

conductivity161. Studies utilizing graphene nanoparticles162-164, boron nitride nanosheets165-

167 and carbon nanotubes168-170 can be given as examples of the shape-stabilization of PCMs 

by nanomaterials. In addition to nanoparticle-based shape-stable PCM nanocomposites, 

porous materials are also important materials to obtain efficient PCM composites due to their 

critical advantages such as superior absorption, large surface area and wide pore size 

distribution.  

Shape-stable PCM composites have been created with porous carbon171-173, graphite 

scaffolds174-176, polyurethane foams177-179 and silica scaffolds180-182.  

The last material group that can be considered for shape-stabilization of PCMs is clay 

minerals as they exhibit many critical parameters required for PCM systems. There are many 

studies that utilized clay minerals such as diatomite183, sepiolite184, bentonite185, perlite186, 

SiO2
187, attapulgite188, vermiculite189, fly ash190, zeolite191 and halloysite32 due to their natural 

porous structure, excellent absorbability, high thermal stability, thermal conductivity.   

iii) Applications of shape-stabilized PCMs 

 

The main ability of PCMs, which is to absorb and release heat in the form of latent heat 

during their phase transition process, has made them smart materials for thermoregulation or 

thermal management. The availability of PCMs with phase transitions at almost any 

temperature range made them favorable for various thermal management applications. As 

explained in this section, PCM-based systems have been subjected to countless scientific 

studies because of their unique application potential. Besides numerous scientific studies on 

PCMs, it is also possible to find different commercial products that can be examples of real 

applications of shape stable PCMs. These real-life applications can be exemplified as 

wallboards, blankets, and panels for buildings, textiles, thermal interface pads for electronic 

equipment, automotive industry, heat storage boards, heat pouches for therapeutic use, 

cooling vests, heat therapy packs and passive thermal control packaging192.   

In conclusion, PCMs have great potential in latent heat energy storage. Moreover, PCM 

technology can contribute to solutions to vital environmental risks posed by fossil fuel-based 
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energy. For example, the combination of PCMs and solar harvesting materials have great 

potential for developing solar driven applications in a wide range such as cookers, water 

heaters and heat storage tanks. Thus, focusing on PCM systems and trying to overcome weak 

points of PCM-based materials as well as offering materials that are cheap, environmentally 

friendly and easily applicable to industrial productions can provide a crucial step to protect 

our earth and for sustainability.      

1.3. Dissertation structure 

This thesis is composed of a total of eight-chapters including a general introduction and 

conclusions chapters. Six interconnected chapters consist of four published and two 

unpublished journal articles. All chapters are presented with a journal article format 

involving an abstract, experimental, introduction, results and discussions and conclusions 

sections. All references have been merged under the ''references'' section. 

A brief summary of each chapter is as follows: 

Chapter 1: The dissertation overview, objectives, structure and general introduction to 

materials used in the thesis were presented.  

Chapter 2: The study of halloysite nanotubes/polyethylene nanocomposites for active food 

packaging materials with ethylene scavenging and gas barrier properties were presented. 

Prepared HNT/PE nanocomposite films were investigated in terms of their fundamental 

mechanical and thermal properties for various HNT content in the nanocomposite films. 

Ethylene scavenging and gas barrier properties, as well as the effect of film samples on the 

freshness of different food products were studied.  

Chapter 3: The study of thermally buffering polyethylene/HNT/PCM nanocomposite 

packaging films for cold storage of foods were presented. Nanohybrids of PCMs and HNTs 

were prepared and embedded into polyethylene matrix. Thermal buffering performance of 

prepared nanocomposite films was investigated on food samples. This work has generated 

the background of other PCM-based studies in this thesis. 

Chapter 4: The study of purification and sorting of Halloysite Nanotubes into homogeneous, 

agglomeration-free fractions by PDA functionalization was presented. In this study, a new 

and a facile three-step separation protocol, that allows the sorting of HNTs into 
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agglomeration-free fractions was reported.  Effect of varying agglomeration-states and 

particle sizes on surface functionalization yields, lumen loading capacity and reinforced 

polymer properties were investigated. 

Chapter 5: The study of waterborne polyurethane/PDA photothermal polymer matrix for 

light to thermal energy conversion was presented. In this study, waterborne polyurethane 

particles synthesized in emulsion form was coated with PDA. Films cast from 

polyurethane/PDA dispersions were investigated in terms of their light to thermal energy 

conversion performances under solar and laser light irradiations. Furthermore, the 

polyurethane/PDA polymer matrix was studied in terms of its solar-driven water-evaporation 

properties to evaluate of the potential of these materials in solar-driven water purification 

applications. 

Chapter 6: The study of improved latent heat storage properties through mesopore-

enrichment of a zeolitic shape stabilizer was presented. In this study, siliceous ZSM-5 was 

used as a shape stabilizer for molecular and polymeric phase change materials and 

investigated in terms of its critical PCM parameters including latent heat storage 

performances, melting/solidifying enthalpies, transition temperatures, heat loss percentages 

and thermal behavior under sunlight. The knowledge acquired from this study has been a 

bridge between chapter 5 and chapter 7.  

Chapter 7: The study on polyurethane/PDA/PEG photothermal form-stable phase change 

composite films was presented. In this study, a PCM was directly added into the 

polyurethane/PDA polymer matrix resulting in form-stable phase change films. In addition 

to their fundamental characterizations such as thermal, mechanical, morphological 

properties; form stability, thermal conductivity, reliability for repeated thermal application, 

melting/solidifying enthalpies, and transition temperatures of the PCM in the films were 

investigated. Developed phase change films were tested in terms of their thermal behavior 

under solar light irradiation and their thermoregulation properties.  

Chapter 8: In this chapter, the overall conclusions were provided for all chapters and 

potential future studies were discussed. 
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CHAPTER 2: Halloysite Nanotubes/Polyethylene Nanocomposites for Active Food 

Packaging Materials with Ethylene Scavenging and Gas Barrier Properties 

Reference Publication: Cüneyt Erdinç Taş, Saman Hendessi, Mustafa Baysal, Serkan Ünal, 

Fevzi Ç. Cebeci, Yusuf Z. Menceloğlu and Hayriye Ünal, ''Halloysite 

Nanotubes/Polyethylene Nanocomposites for Active Food Packaging Materials with Ethylene 

Scavenging and Gas Barrier Properties'', Food and Bioprocess Technology, 2017, 10.4: 789-

798.  

2. 1. Abstract 

Novel polymeric active food packaging films comprising halloysite nanotubes (HNTs) as 

active agents were developed. HNTs which are hollow tubular clay nanoparticles were utilized 

as nanofillers absorbing the naturally produced ethylene gas that causes softening and aging 

of fruits and vegetables; at the same time, limiting the migration of spoilage-inducing gas 

molecules within the polymer matrix. HNT/polyethylene (HNT/PE) nanocomposite films 

demonstrated larger ethylene scavenging capacity and lower oxygen and water vapor 

transmission rates than neat PE films. Nanocomposite films were shown to slow down the 

ripening process of bananas and retain the firmness of tomatoes due to their ethylene 

scavenging properties. Furthermore, nanocomposite films also slowed down the weight loss 

of strawberries and aerobic bacterial growth on chicken surfaces due to their water vapor and 

oxygen barrier properties. HNT/PE nanocomposite films demonstrated here can greatly 

contribute to food safety as active food packaging materials that can improve the quality and 

shelf life of fresh food products. 
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2. 2. Introduction 

There exists an increasing demand for food products that can maintain their quality for a 

longer time to prevent economic losses and health issues caused by food spoilage. Although 

the treatment of food products with chemical preservatives prolongs the shelf life of food 

products, consumer preferences are strongly against such chemical treatments. Active food 

packaging systems which include materials that can interact with food offer a solution to this 

dilemma. Active components embedded into food packaging materials can remove undesired 

molecules causing spoilage, release molecules that can improve the quality of food, or regulate 

the atmosphere within the packaging environment for optimum conditions that retain the 

freshness and safety of the food.193,194   

One of the desired features of active food packaging materials designed for the storage of 

fruits and vegetables is the ethylene scavenging behavior. Ethylene is a plant hormone 

released by climacteric fruits which is associated with the ripening and aging of food 

products.195 When not removed from the packaging headspace, the excess ethylene produced 

by the food leads to increased respiration rates resulting in senescence and shorter shelf life. 

Attempts to develop ethylene scavenging packaging systems include utilization of ethylene 

oxidizing materials such as potassium permanganate or metal catalysts immobilized on an 

inert substrate.1,2 These ethylene capturing materials are usually used in the form of sachets 

that are placed inside the packaging, but they find limited acceptance due to toxicity-based 

concerns and regulations against their food-contact applications. While there are some 

reported packaging products claiming ethylene scavenging properties based on finely 

dispersed minerals such as zeolites, clays, and Japanese oya incorporated into films,196,197 

there are no or limited scientific studies reporting their direct ethylene absorbing capacities 

and their effects on food samples. 

Another objective of active food packaging is the development of packaging materials that 

demonstrate limited permeability against gases such as oxygen, carbon dioxide, and water 

vapor, thus extend the quality and shelf life of packaged products. While multilayer polymer 

films and direct polymer blending ensures desired barrier properties, higher production costs 

and problems associated with recycling limit economically viable utilization of these films. 

On the other hand, polymer nanocomposites prepared by the dispersion of nanofillers within 
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a polymer matrix provide a viable option for preparing packaging materials with barrier 

properties. Nanoparticles such as clay and silicate nanoparticles that are intrinsically 

impermeable to gases create a torturous path for gas molecules and inhibit their diffusion 

throughout the matrix.198,199 Studies on polymer/clay nanocomposites with barrier properties 

mostly focused on montmorillonite (MMT) nanoclay which has been demonstrated to result 

in nanocomposites with reduced gas permeability.3,200-203 However, strong hydrophilic 

character and natural, platy, nanolayered structure of MMT mostly requires chemical organo-

modifications or the use of compatibilizers to improve their compatibility with low surface 

energy polymers such as polyolefins which are mostly the choice of polymeric matrix for food 

packaging applications. 

In this work, we utilized halloysite nanotubes (HNTs) to prepare nanocomposites of 

polyethylene as food packaging materials demonstrating both ethylene scavenging and barrier 

properties. HNTs are natural aluminum silicate nanoparticles presenting hollow tubular 

nanostructures. While their nanoscale lumens feature HNTs as multifunctional nanoparticles 

for drug delivery and controlled release studies,14,204-206 their relative low cost compared with 

other tubular nanostructures such as carbon nanotubes and large abundance render them 

appropriate nanofillers for polymeric nanocomposite applications. The fact that HNTs possess 

a lower surface charge due to the presence of siloxane groups on the outer surface renders 

them relatively hydrophobic and more compatible with low surface energy polymers 

eliminating the need for intercalation or exfoliation.35 Incorporation of HNTs into polymeric 

matrices have been studied not only with the aim of obtaining active agent releasing films or 

coatings204,207-209 but also to benefit from the reinforcing abilities of HNTs as clay 

nanoparticles to improve physical properties of polymers such as mechanical strength, thermal 

stability, and fire retardancy.9 Here, we studied for the first time ethylene adsorption capacities 

and barrier properties of HNT/polyethylene (HNT/ PE) nanocomposites to obtain food 

packaging films that can improve the quality and shelf life of perishable food products such 

as fruits, vegetables, and meats. While HNTs incorporated into PE matrix as hollow clay 

nanoparticles act as adsorbents that remove the naturally produced ethylene gas from the 

packaging headspace and slow down reactions leading to spoilage of fruits and vegetables, 

they also provide a torturous path for the migration of gases such as oxygen and water vapor 

further retaining the freshness of food products packaged with HNT/PE nanocomposites. 
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2. 3. Materials and Methods 

 Preparation of HNT/PE nanocomposite films 

Low-density PE (LDPE) granules (PETİLEN F2-12: density at 23 °C, 0.918–0.920 g cm− 3; 

melt flow rate (190 °C 2.16 kg−1), 2.1–3 g 10 min−1; film quality (ASTM D-1238), A) were 

supplied from PETKİM Petrokimya A.Ş. They were used as received and dried at 70 °C 

overnight before compounding. HNTs mined from reserves in Balıkesir, Turkey was kindly 

provided by ESAN Eczacıbaşı, Turkey, as purified and pretreated by ball mill homogenization 

to reduce their agglomerate sizes approximately to 65 μm. Mixtures of HNTs and LDPE 

granules prepared at desired ratios were fed into a twin-screw extruder (Zamac, Mercator) 

with a screw diameter of 12 mm and L/D ratio of 40 and processed at 165–185 °C (650 rpm). 

Nanocomposites emerging from the extrusion die were cooled in a water bath and pelletized. 

Subsequently, nanocomposites were blown into 55–60-μm-thick films using a single screw 

extruder (Scientific Laboratory Ultra Micro Film Blowing Line Type LUMF-150 with LE8-

30/C, LabTech Engineering) at 150–160 °C, at a screw speed of 80 rpm. Thicknesses of films 

were determined using a digimatic micrometer (Mitutoyo Quicmike, no. 99MAB041M). 

 Imaging of HNTs and HNT/PE nanocomposites 

Transmission electron microscopic (TEM) analysis of HNTs was performed using JSM-

2000FX (JEOL, Japan) at an operating voltage of 160 kV, using a 200-mesh copper grid 

(Formvar film). 

Scanning electron microscopy (SEM) analysis of HNT/PE nanocomposite films were 

performed using LEO Supra 35VP Scanning Electron Microscopy on cryofractured surfaces 

of impact specimens at an acceleration voltage of 15 kV and under high vacuum. A thin layer 

of gold was sputter-coated onto the fractured surface to avoid charging on exposure to electron 

beam during SEM analysis. 
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 Thermal characterization 

Thermal stability and HNT content of nanocomposite films were determined by 

thermogravimetric analysis (TGA) on a DTG-60H (Shimadzu, USA) instrument. Samples of 

HNT/PE nanocomposites weighing approximately 20 mg were heated in an alumina pan from 

30 to 800 °C at a rate of 10 °C min−1 under nitrogen flow. Resulting temperature-dependent 

weight loss percentages were analyzed using TA-60WS Collection software. 

Differential scanning calorimetry (DSC) analysis was carried out with a TA Q2000 (TA 

Instruments, USA) instrument under nitrogen atmosphere. Samples were heated from 30 to 

190 °C at a heating rate of 10 °C min−1 to eliminate any previous thermal history, and then 

cooled to 30 °C at a cooling rate of 10 °C min−1. Samples were heated again to 190 °C at a 

heating rate of 10 °C min−1. On the basis of recorded DSC thermograms, melting temperature 

(Tm), crystallization temperature (Tc), heat of fusion (ΔHm), and relative degree of crystallinity 

(Xc) were determined. Xc was calculated by using the Eq. 1, 

Xc = ΔH°m/ΔHm(1 − wt),                 Eq.1 

           

where ΔHm is the specific melting heat, calculated by the integration of the area under the 

crystallization peak, ΔH°m is the theoretical specific melting heat of 100% crystalline PE, 

which is taken as 293 J g−1,210 and wt is the weight fraction of HNTs. 

 Mechanical characterization 

Mechanical properties of HNT/PE nanocomposite films were tested on a universal testing 

machine Zwick Roell Z100 UTM, with a load cell of 200 N and a crosshead speed of 12.5 

mm min−1 according to the testing method determined by ASTM D1708–10, the standard test 

method for tensile properties of plastics by use of micro-tensile specimens. Dog-bone test 

specimens had an overall length of 38 mm, overall width of 15 mm, narrow section width of 

5 mm, and grip distance of 22 mm. An average of at least five replicates of each sample was 

reported. 

 Characterization of ethylene scavenging properties 

Adsorption experiments were performed by using Hiden Isochema Intelligent Gravimetric 

analyzer (IGA-003) with ethylene gas. The IGA has a fully automatic microbalance system 
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that allows the direct measurement of the weight change of HNT, PE, and HNT/PE 

nanocomposites as a function of time, gas pressure, and the sample temperature. The long-

term stability of microbalance is 0.1 μg with a weighing resolution of 0.2 μg and temperature 

stability of 0.2 °C. Approximately, 50 mg of sample was placed in a stainless-steel reactor and 

sealed. 

Before introducing ethylene, gas flow samples were outgassed at 80 °C for 24 h under 10−6 

mbar vacuum. For ethylene adsorption on HNTs and HNT/PE nanocomposite films, 1-h 

maximum equilibrium time was adjusted, and linear driving force mass transfer model was 

used as computer control prediction to get asymptotic uptake of ethylene at room temperature 

for every pressure point up to 1 bar, with 100 mbar intervals. The density of HNT/PE 

nanocomposites and HNT were taken as 0.91 and 2.59 g cm−3, respectively. 

 Characterization of barrier properties 

Oxygen transmission rate (OTR) of HNT/PE nanocomposite films were evaluated by using 

Labthink TOY-C2 Film- Package Oxygen Permeability Tester (designed in accordance with 

ASTM D3985, ASTM F1307, and ASTM F1927). The oxygen gas permeability tests were 

performed at 25 °C and 0% RH conditions by using high-purity nitrogen gas as carrier gas 

(purity, >99.999%) and high-purity oxygen gas as testing gas (purity, >99.9%). Water vapor 

transmission rate (WVTR) of HNT/PE nanocomposite films were determined by using 

Labthink TSY-T3 Water Vapor Permeability Tester (designed in accordance with ASTM E96 

and ASTM D1653). Measurements were performed at 38 °C with 90% relative humidity. 

 Experiments on food samples 

Banana, tomato, and strawberry samples were collected from local markets and selected to be 

free of visual defects and uniform in terms of weight/shape. They were packaged with 

nanocomposite and control films using a thermal bag sealer, stored at room temperature for a 

set period of time.  

A set of five bananas were packaged with each film (nanocomposite and control), resulting in 

approximately 20 × 10- cm packages. Packaged banana samples along with a set of bananas 

that were not packaged were photographed every day to determine the changes in their 

appearances and color until bananas in the control set appeared to be overripe. 
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A set of five tomatoes were packaged with each film (nanocomposite and control), resulting 

in approximately 10 × 10- cm packages. Samples were stored until the tomatoes in the control 

set appeared to lose their firmness. The firmness of tomatoes was determined using a 

penetrometer (Model GY3) equipped with an 8-mm probe which measures the force required 

to penetrate into the pared tomato. Firmness values were reported as an average of five 

measurements obtained from individual tomatoes.  

A set of five strawberries were packaged with each film (nanocomposite and control), 

resulting in approximately 5 × 5-cm packages. Weight loss of strawberries packaged with 

nanocomposite and control films were determined by weighing them every day and 

determining the ratio of the weight of the sample to the initial weight until strawberries in the 

control set appeared to lose their integrity. Weight loss values were reported as the mean of 

five measurements obtained from individual strawberries. 

Chicken samples were collected from a local butcher shop and were cut into 3 × 3-cm pieces 

that weigh approximately 8 g. Oxygen barrier properties of prepared nanocomposite films 

were determined by measuring the total aerobic count on surfaces of cut chicken samples 

packaged with nanocomposite films and control neat PE films. A set of six cut chicken 

samples were packaged with each film (nanocomposite and control film) resulting in 

approximately 6 × 6-cm packages and were stored at 4 °C. The initial total aerobic count was 

determined on three samples that were not packaged with any films. At the end of 24- and 48-

h time periods, three samples from each set were unpacked and the total aerobic count was 

measured. Bacteria on the chicken surface were collected with a moistened sterile cotton swab 

and released into 1 mL sterile phosphate buffer by vortexing for 30 s. Bacterial suspensions 

were then serially diluted and plated onto tryptic soy broth agar. Plates were incubated at 30 

°C for 24 h followed by colony counting. 

 Statistical analysis 

Results were expressed as mean ± standard error of at least three replicates. Statistical 

significance of differences between means was assessed by one-way ANOVA with Tukey’s 

test at a confidence level of p < 0.05 using OriginPro software v.8.5. (OriginLab Corporation, 

USA). 
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2. 4. Results and Discussion 

2.4.1 Structural, thermal, and mechanical properties of HNT/PE nanocomposite films 

HNTs that were utilized for nanocomposite preparation were supplied in the form of 65-μm-

sized agglomerates, which individually demonstrated hollow, open-ended structures with 

diameters of 15–40 nm and lengths of 200–1000 nm as shown in representative TEM images 

(Figure 10 A, B). HNT/PE nanocomposite films loaded with 1, 3, and 5 wt.% HNTs were 

prepared by melt compounding the HNT powder and PE granules using a twin-screw extruder 

followed by blown film extrusion. Cryocut cross-sections of nanocomposite films were 

investigated by SEM. Nanocomposites prepared at 1 wt.% HNT loading presented a 

homogeneous distribution of finely dispersed HNTs (Figure 10 C, D). At 5 wt.% HNT 

loading, in addition to finely dispersed HNTs, larger aggregates of HNTs were also visible 

(Figure 10 E, F). Apparently, at higher loadings, the dispersion quality of HNTs within the PE 

matrix diminished resulting in larger HNT aggregates. 

 

Figure 10. (A, B): TEM images of HNTs at different magnifications; (C, D): SEM images of 

HNT/PE nanocomposites loaded with 1 wt % HNTs; (E, F): SEM images of HNT/PE 

nanocomposites loaded with 5wt%. 
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Prepared HNT/PE nanocomposite films were tested for their thermal stability and HNT 

content using thermogravimetric analysis. Temperature-dependent weight loss curves of 

nanocomposite films obtained under inert atmosphere were analyzed by comparing 

temperatures at which 10% weight loss (T0.1) and maximum weight loss (TD) were observed 

Table 1 demonstrates that the nanocomposite film containing 1 and 3 wt.% HNTs have 

thermal decomposition temperatures that are similar to the thermal decomposition temperature 

of the neat PE film (less than 0.8% relative difference in TD). An improvement in thermal 

stability as mostly seen in other clay polymer nanocomposites at similar clay nanoparticle 

loadings211-213 was not observed. HNTs which are inferior insulators for heat transfer 

compared with other silicate nanolayers due to their tubular structure214 did not introduce a 

stabilizing effect to the polymer matrix at this low loading ratio, but rather, the thermal 

stability of the PE was retained. Only when the HNT content was increased to 5 wt.% that a 

slight destabilization of the polymer matrix was observed (2.1% relative decrease in TD). 

Probably, at 5 wt.% HNT loading, the dispersion of HNTs was less uniform due to aggregation 

of nanoparticles which disfavored the entrapment of volatile products, thus facilitated the 

degradation of the PE matrix. Another potential reason for the destabilization at higher HNT 

loading might be the known catalytic effect of clay nanoparticles on the degradation of 

polymers at higher loadings.215,216 The weight percentage of char at 800 °C corresponds to the 

amount of remaining HNTs in the nanocomposite as PE matrix itself presents almost a total 

weight loss at this temperature. While the char percentage increased with the HNT loading of 

the nanocomposite as expected, values varied slightly from theoretical char yields that were 

calculated according to char contents of individual nanocomposite components at 800 °C. For 

the nanocomposite containing 1 wt.%HNTs, the actual char yield was higher than the 

theoretical value, indicating a hindrance of the escape of polymer degradation products due to 

well-dispersed HNTs. For larger HNT loadings such as 3 and 5 wt.%, the opposite was valid 

where measured char content was lower than theoretical values, indicating a less-uniform 

dispersion of HNTs within the PE matrix. Thus, results of TGA studies indicated that 1 wt.% 

HNT loading is optimal to obtain thermally stable HNT/PE nanocomposites with well-

dispersed HNTs.  
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Table 1. Thermal stability parameters of PE and HNT/PE nanocomposites. 

 

Thermal properties of prepared nanocomposite films were further studied with differential 

scanning calorimetry (DSC). Calorimetric parameters of neat PE along with HNT/PE 

nanocomposites are summarized in Table 2. While melting and crystallization temperatures 

were not affected by the HNT loading, crystallization enthalpies and percent crystallinity 

values were dependent on the HNT loading. It was shown that the crystallinity value for the 

HNT/PE nanocomposite film containing 1 wt.% HNT was higher than the crystallinity of neat 

PE film, whereas, for HNT loadings of 3 and 5 wt.%, crystallinity values presented a 

decreasing trend. While 1 wt.% HNT loading provided a nucleating effect that induced 

crystallization of the PE chains as seen in similar cases with HNT/polymer 

nanocomposites,217-219 at higher loadings, a decreased quality in the state of HNT dispersion 

within the PE matrix was expected to lead to the loss of nucleation efficiency. Similar trends 

were reported previously for HNTs and nanoparticles acting as nucleating agents in semi-

crystalline polymers in general.218,220 Similar to results obtained from thermal stability 

experiments, 1 wt.% HNT loading was demonstrated to be optimal for improved crystallinity, 

which is expected to improve the gas barrier properties of nanocomposite films. 

 

T0.1 (°C) TD (°C)
% char at 800°C

TGA analysis            theoretical

PE 441 473 0.28 -

HNT/PE 1% 440 474 1.71 0.78

HNT/PE 3% 439 477 1.71 2.34

HNT/PE 5% 435 463 3.40 3.9
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Table 2. Calorimetric parameters of PE and HNT/PE nanocomposite films obtained from the 

second heating cycle. 

 

Mechanical properties of HNT/PE nanocomposite films were also characterized. Figure 11 

demonstrates that HNT/PE nanocomposite films containing 1, 3, and 5 wt.%HNT did not have 

significant variations in mechanical properties compared with neat PE films. A distinct effect 

in Young’s modulus, tensile strength, and elongation at break values as a function of the HNT 

loading ratio was not observed (p > 0.05). While HNTs have been previously reported as 

reinforcing agents improving the mechanical properties of some polymers,221-223 

nanocomposites of HNTs and high-density PE were reported to have no improvement in 

mechanical properties when compatibilizers were not used.224 The fact that the incorporation 

of HNTs did not introduce any mechanical deterioration at tested loading ratios is important 

since nanocomposite films obtained in this work were as durable as neat PE, which meets 

mechanical property requirements for use as food packaging materials. 
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Figure 11. Mechanical parameters of 500 HNT/PE nanocomposite films at varying HNT 

loadings. Values in the same group sharing a common letter are not significantly different. 

 

2.4.2 Ethylene scavenging properties of HNT/PE nanocomposite films 

Ethylene scavenging properties of HNT/PE nanocomposite films were analyzed in order to 

evaluate the potential of these films for utilization as food packaging films that improve the 

shelf life of fruits and vegetables. The ethylene scavenging capacity of HNTs was determined 

by static sorption experiments conducted on a gravimetric microbalance system through a 

generation of ethylene sorption isotherms at room temperature. Following a 24-h degassing 

of HNTs, ethylene gas was introduced at set pressures and the weight gain that occurs due to 

ethylene adsorption was measured. Figure 12 depicts ethylene adsorption isotherms for HNTs 

and HNT-loaded PE films. As seen in Figure 12a, at 1 bar pressure, HNTs can adsorb up to 

0.75 wt.% ethylene gas which corresponds to 6.36 mL of ethylene gas adsorption per each 

gram of HNTs. Apparently, the hollow structure of HNTs along with their large aspect ratio 

allowed the adsorption of ethylene gas in large amounts. This result demonstrated that HNTs 

have a larger ethylene adsorption capacity than some other ethylene adsorbing agents that 

were previously reported in the literature (4.16 mL g−1; palladium promoted ethylene 

scavengers)1 or currently available on the market (3 mL g−1; Sensitech Ryan®). To evaluate 

the effect of HNTs as ethylene-adsorbing nanofillers within a polymer matrix, the ethylene 
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adsorption capacity of HNT/PE nanocomposite films was determined in comparison with neat 

PE films. Figure 12b demonstrates that nanocomposite films containing 5 wt.% HNTs had a 

0.067% ethylene adsorption capacity at 1 bar pressure which corresponds to 0.56 mL ethylene 

adsorption for 1 g of food packaging film. Considering that ethylene gas release from most 

climacteric fruits and vegetables is in the range of 1–100 mL kg−1 h−1,225 prepared 

nanocomposite films are expected to have the ability to remove naturally produced ethylene 

gas from packaging headspace and improve the shelf life of fresh produce. HNT/PE 

nanocomposite films demonstrated larger ethylene adsorption capacity than neat PE films 

under the same adsorption conditions, indicating that ethylene scavenging properties were 

significantly enhanced by HNTs. At 1 mbar pressure, the presence of 5 wt.% HNTs improved 

the ethylene adsorption capacity of PE films by 20% which is a significant improvement 

considering parts per million level of ethylene sensitivity of fruits and vegetables. 

Ethylene scavenging properties of HNT/PE nanocomposite films were evaluated on banana 

samples. Ripening processes of bananas are known to be highly dependent on the ethylene 

gas secreted by bananas where the ethylene gas allows green bananas to turn yellow and dark 

brown as they ripen.226 Thus, food packaging films that can capture the ethylene gas present 

in the headspace can slow down the ripening of bananas. Figure 13a presents photographs of 

bananas packaged with HNT/PE nanocomposite films containing 5 wt.% HNTs in comparison 

with bananas that were not packaged and bananas that were packaged with neat PE films taken 

at the beginning and at the end of an 8-day-long incubation period at room temperature. While 

unpackaged bananas and bananas packaged with the neat PE film turned yellow and developed 

several brown spots, bananas packaged with HNT/ PE films revealed a significant difference 

where they stayed free of brown spots and retained their green color. Apparently, HNT/PE 

film slowed down the ripening of banana by adsorbing the ethylene gas secreted by the banana 

to a higher extent than the neat PE film. 

Like bananas, tomatoes are also climacteric fruits for which the postharvest ripening occurs 

via the produced ethylene gas. Thus, the ripening of packaged tomatoes as measured by the 

firmness of fruit samples is highly dependent on whether the ethylene gas produced by 

tomatoes can be removed from the headspace by the packaging material. Figure 13b 

demonstrates the firmness of tomatoes wrapped with neat PE film and HNT/PE 

nanocomposite film containing 5 wt.% HNTs after 10 days of incubation at room temperature 
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in comparison with the initial firmness of tomatoes. While tomatoes wrapped with neat PE 

film lost initial firmness by 72% on average at the end of 10 days, tomatoes wrapped with 

HNT/ PE nanocomposites mostly retained their firmness where their firmness decreased by 

only 16%. At the end of this 10-day time period, control tomato samples that were not wrapped 

with any films were deteriorated and their firmness was not measurable. Thus, HNT/PE films 

were demonstrated to be effective ethylene scavenging food packaging materials that can 

improve the shelf life of packaged tomatoes as well. 

 

Figure 12. Ethylene adsorption isotherms of HNTs (a) and PE and HNT/PE (5 wt.% HNT) 

films (b) as generated by gravimetric analysis. 
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Experiments on tomato firmness and banana ripeness were also repeated with HNT/PE 

nanocomposite films containing 1 wt.% HNTs but results that are not significantly different 

than neat PE films were obtained (data not shown). The additional ethylene scavenging 

capacity provided by 1 wt.%HNTs was not significant enough. Although structural and 

thermal characterization of HNT/PE nanocomposite films demonstrated that 5 wt.% HNT 

content resulted in poorer quality in terms of dispersion of nanoparticles within the polymer 

matrix, apparently, this ratio was not disadvantageous in terms of the ethylene scavenging 

capacity of nanocomposite films; instead, it was critical to provide the necessary ethylene 

scavenging environment to improve the shelf life of bananas and tomatoes. 

 

Figure 13. a Photographs of banana samples packaged with PE films and HNT/PE films 

containing 5 wt.%HNTs. b Firmness of tomato samples packaged with PE films and HNT/PE 

films containing 5 wt.% HNTs. Values sharing a common letter are not significantly different. 
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2.4.3 Gas barrier properties of HNT/PE nanocomposite films 

Barrier properties of HNT/PE nanocomposites were determined by measuring the OTR and 

WVTR of prepared films (Figure 14). OTR and WVTR values were expected to decline due 

to the presence of nanofillers as they create a torturous path for the diffusion of gas molecules. 

When PE matrix was loaded with 1 wt.% HNTs, resulting nanocomposite films demonstrated 

22% and 32% decrease in OTR and WVTR, respectively. Increased HNT loading did not 

improve barrier properties; conversely, nanocomposite films containing 5 wt.% HNTs 

presented significantly higher oxygen and water permeability compared with neat PE films. 

While at low HNT loadings well-dispersed HNTs acted as barriers slowing down the diffusion 

of gas molecules, at higher loadings, aggregates of HNTs formed voids within the film that 

allowed the fast permeation of gases and overcame the barrier effect. Furthermore, the 

hydrophobic nature of HNTs might also have caused increased water vapor permeability of 

HNT/PE nanocomposite films at higher HNT loadings. Similar to results obtained pertaining 

to nanocomposite films with optimum mechanical and thermal properties, 1 wt.% HNT 

loading was found to be optimum to obtain food packaging films with the highest barrier 

properties against oxygen and water vapor.  

Oxygen barrier properties of HNT/PE nanocomposite films were evaluated indirectly by 

measuring the aerobic bacterial growth on chicken surfaces packaged with these films. 

Aerobic bacterial growth on packaged food depends highly on the oxygen concentration 

within the packaging headspace and can be inhibited by packaging materials with oxygen 

barrier properties. Figure 15 demonstrates total aerobic plate count per unit surface area of 

chicken samples packaged with HNT/ PE nanocomposite films prepared with 1 wt.% HNTs 

and neat PE films measured after incubation at 4 °C for different time periods. Chicken 

samples packaged with HNT/PE nanocomposite films presented significantly lower total 

aerobic count than chicken samples packaged with control films both after 24- and 48-h 

incubation. Limited oxygen concentration within the packaging headspace inhibited the 

growth of bacteria on packaged chicken samples. This result demonstrated that prepared 

HNT/PE nanocomposites with enhanced oxygen barrier properties can be utilized as food 

packaging materials for food samples that will stay safer in environments with limited oxygen 

concentration. 
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Figure 14. Oxygen transmission rate (OTR) (a) and water vapor transmission rate (WVTR) 

(b) of nanocomposite films at different HNT loading ratios. Values sharing a common letter 

are not significantly different. 

As a demonstration of water vapor barrier properties of HNT/PE nanocomposite films, time-

based water loss of strawberry samples packaged with HNT/PE films and neat PE films were 

determined. Strawberries are highly perishable fruits, and one of the indices determining the 

fruit quality during storage is the amount of weight loss that occurs due to transpiration. 

Packaging materials presenting limited permeability against water vapor allow strawberries 

to retain their weight during storage. Figure 16 demonstrates that at the end of day 6, 

strawberries packaged with HNT/PE nanocomposite films containing 1 and 5 wt.% HNTs 

presented 53% and 31% lower weight loss than strawberries packaged with neat PE film, 
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respectively. The presence of HNTs dispersed within the PE matrix inhibited the diffusion of 

water vapor through the packaging film; thus, loss of strawberry humidity was prevented to a 

larger extent. The relationship between HNT loading and water vapor barrier properties 

obtained by WVTR measurements of films was regenerated by the strawberry weight loss 

experiment where nanocomposite films containing 1 wt.% HNTs presented better water vapor 

barrier properties than nanocomposite films containing 5 wt.%HNTs. HNT/PE 

nanocomposite films were shown to be effective food packaging materials for food samples 

that require water vapor barrier packaging for improved shelf life. 

 

 

Figure 15. Total aerobic count on chicken surfaces packaged with neat PE films (red) and 

HNT/PE nanocomposite films loaded with 1 wt.% HNTs (green). Values sharing a common 

letter are not significantly different. 
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Figure 16. Time-based weight loss of strawberries packaged with neat PE films (red) HNT/PE 

films loaded with 1 wt.% HNTs (green). Values sharing a common letter are not significantly 

different. 

2. 5. Conclusions 

Nanocomposite films of HNTs and PE were prepared as potential active food packaging 

materials. While incorporation of HNTs significantly increased the ethylene adsorption 

capacity of PE films, it also introduced a torturous path for the diffusion of oxygen and water 

vapor, which slowed down processes that lead to senescence of food products. Prepared 

HNT/PE films with 5 wt.% HNT content were shown to present optimal ethylene scavenging 

capacity as demonstrated by improved shelf life of bananas and tomatoes packaged with these 

films. Furthermore, HNT/PE films with 1 wt.% HNT content presented optimal oxygen and 

water vapor barrier properties as demonstrated by the improved shelf life of strawberries and 

fresh-cut chicken samples packaged with these films. Utilization of HNTs as natural, 

nontoxic, and cost-effective nanofillers were shown to result in potentially multifunctional 

active food packaging materials that can greatly contribute to food safety. 
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CHAPTER 3: Thermally Buffering Polyethylene/Halloysite/Phase Change Material 

Nanocomposite Packaging Films for Cold Storage of Foods 

Reference Publication: Cüneyt Erdinç Taş and Hayriye Ünal, ‘’ Thermally buffering 

polyethylene/halloysite/phase change material nanocomposite packaging films for cold 

storage of foods’’, Journal of Food Engineering, 292, (2021), 110351. 

3. 1. Abstract 

Controlling temperature fluctuations during storage and transportation of cold chain food 

products is pivotal in maintaining food safety and food quality. Here, nanocomposite flexible 

food packaging films that prolong the time that frozen or chilled food products stay cold are 

demonstrated.  Nanohybrids of phase change materials (PCMs) and halloysite nanotubes 

(HNTs) were utilized as nanofillers with thermal buffering performance. Halloysite 

nanotubes (HNTs) were impregnated with PEG400 and PEG600 at 30 wt. % without leakage 

resulting in a mixture of nanohybrids that present consecutive melting transitions in the 

temperature range of -22°C to22°C. Resulting nanohybrids were demonstrated to be 

thermally reliable over 21 cycles and heat stable at melt processing conditions required for 

polymeric nanocomposite applications. Incorporation of the mixture of HNT/PEG400 and 

HNT/PEG600 nanonybrids into polyethylene (PE) matrix by melt compounding resulted in 

flexible nanocomposite films of approximately 60 m thickness that have acceptable 

mechanical properties for use in food packaging applications and present a broad melting 

transition from -17°C to 26°C with a latent heat of 2.3 J/g. Due to their temperature buffering 

capacity, the rate of thawing of frozen nanocomposite films at room temperature was more 

than two times lower than the rate of thawing of neat PE films. Frozen meat samples 

packaged with nanocomposite films reached 4°C 18 minutes later than samples packaged 

with standard PE films. Similarly, nanocomposite films delayed the warming of chilled 

samples for 20 minutes relative to neat PE films. Nanocomposite films composed of PCM 
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impregnated HNTs demonstrated here are the first examples of flexible food packaging films 

with significant thermal buffering capacity in cold chain temperatures and have a great 

potential to enhance food quality and food safety in cold-chain storage and transportation.  

3. 2. Introduction 

1.3 billion tonnes of food, which corresponds to one-third of global food production is wasted 

annually all over the world according to estimates of Food and Agricultural Organization of 

United Nations 227,228. While most of the food waste occurs at the production and consumer 

levels, problems encountered during cold chain transportation of perishable and high-value 

food products also cause significant economic loss and risks in terms of food safety.  As most 

of the processes that lead to  loss of the food freshness including microbial growth 229 or 

release of spoiling molecules such as ethylene from foods 195 are accelerated at higher 

temperatures, many food products require transportation under refrigerating, chilling or 

freezing conditions to ensure food safety and food quality.  

Microbiological activity in foods slows down at temperatures below 8°C 230,231, therefore 

keeping the storage temperature below 8°C is crucial for cold chain transportation 232. 

Specifically, food products such as meat and fish are preferentially transported either frozen 

at temperatures  below 0°C or chilled at temperatures of 1-2°C 233. However, in the case of a 

short-term or long-term cold chain failure, temperature fluctuations can cause deterioration 

of the food product. Storage solutions that slow temperature increases in cold foods in the 

case they are exposed to higher temperatures, can counteract temperature fluctuations and 

significantly decrease the amount of food lost during cold chain transportation 234,235. While 

standard polymeric food packaging materials play an effective role in protecting foods 

against external influence due to their unique properties such as gas barrier, mechanical 

strength and durability 236,  they are mostly limited in terms of their thermal insulation 

capacity and they do not provide any protection against thermal fluctuations in food products 

during cold chain transportation except they are utilized as secondary packaging. Polymeric 

food packaging materials that are designed to have thermal buffering and temperature 

regulating properties can serve as a safety assurance in cold storage of perishable foods. 
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Phase change materials (PCMs) are substances that absorb and release large amounts of latent 

heat during their melting/solidifying transitions. PCMs have been used in many heat storage-

related applications due to their large energy storage capacity, chemical stability, and low 

cost 125,237,238. By using different PCMs such as fatty acids 239, paraffins 240, salt hydrates 241 

and polymeric materials 242, shape-stable PCM composites can be prepared via different 

strategies like encapsulation 243 or impregnation methods 244. Although PCMs have been 

generally utilized in latent heat storage applications 245, their energy absorption capacities 

can also be utilized to improve the thermal buffering capacity of food packaging materials to 

prolong the time it takes the chilled food to reach the ambient temperature. There have been 

limited number of distinctive studies on the utilization of PCMs to keep food products cold 

in the literature. These studies involved utilization of composites of PCMs in the form of 

refrigerator  panels 246-248, insulator bags and containers 249-252, trays 253, foams 254 and bubble 

wrap liners 255. However, there have not been any studies that focused on composites of 

PCMs in the form of flexible packaging films.  Flexible packaging films with temperature 

buffering properties that are cost-effective and easily applicable to industrial manufacturing 

processes can effectively provide protection for perishable foods requiring cold chain 

transportation. 

Here we studied for the first time the incorporation of shape stable PCMs into nanocomposite 

flexible films to obtain packaging materials with thermal buffering capacity at cold chain 

temperatures. Halloysite nanotubes (HNTs), which are aluminum silicate nanoparticles with 

hollow tubular nanostructures, were chosen as shape stabilizing agents for the encapsulation 

of PCMs.  due to their considerable advantages such as low cost compared to other tubular 

structures, availability in abundance and compatibility with low surface energy polymers 256.  

The objective of this study was impregnation of HNTs with multiple polyethylene glycol 

PCMs with melting transitions at cold chain temperatures and incorporation of these 

nanofillers into polyethylene (PE) polymer matrix to yield flexible packaging films with 

thermal buffering capacity in a broad temperature interval, which can retard temperature 

increases in cold-stored food products.  
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3. 3. Materials and Methods 

3.3.1 Chemicals 

Halloysite nanotubes (mined from reserves in Balıkesir, Turkey) were provided by ESAN, 

Eczacıbaşı. Polyethylene glycol (PEG) 400 (Mw: 380-420 g/mol) and methanol (HPLC 

grade) were purchased from Sigma-Aldrich Inc. PEG600 (Mw: 570-630 g/mol) was 

purchased from Merck Chemical Ltd. Low-density polyethylene (LDPE) granules 

(PETİLEN: F2-12) were provided by Petkim Petrokimya A.Ş., Izmir, Turkey.  

3.3.2 Preparation of HNT/PCM nanohybrids 

HNTs were impregnated with PEG400 and PEG600 PCMs by a typical solvent assisted 

impregnation method with vacuum treatment 257-259. The desired amount of PCM materials 

(30-40 wt. % relative to HNTs) were dissolved in 10 ml of methanol; HNTs, which were 

dried in a vacuum oven at 150°C for 24 hours were added into PCM-methanol mixture. 

Mixtures were kept in an ultrasonic bath for 20 min, transferred into water bath at 70°C and 

methanol was removed from the system by reducing the pressure to 0.2 kPa. Obtained 

HNT/PCM powders were further dried in a vacuum oven for 24 hours at 40°C. For the 

preparation of nanocomposite films, HNT/PEG400 and HNT/PEG600 PCM nanohybrids 

were mixed at a weight ratio of 1:1 and are labeled as HNT/PEG-M. 

3.3.3 Preparation of PE-HNT/PCM nanocomposite films 

PE-HNT/PCM nanocomposite films were prepared via pre-mixing  by melt extrusion process 

followed by blown film extrusion 260. Briefly, a mixture of PE pellets and HNT/PEG-M 

nanohybrids at a ratio of 20 wt.% (HNT/PCM-M: PE = 20:80) was fed into a twin-screw 

extruder with a screw diameter of 12 mm and L/D ratio of 40 (Zamak, Mercator). Extrusion 

process was carried out at a temperature range of 165-180°C with a twin-screw speed of 300 

rpm. The melt of the mixture emerging from the extrusion die was cooled in a water bath and 

pelletized. Finally, prepared granule mixture was blown into 55-60 µm thick films using a 

single screw extruder (Scientific Laboratory Ultra Microfilm Blowing Line Type LUMF-150 

with LE8-30/C, LabTech Engineering) at 150 – 160 °C with a screw speed of 80 rpm. In 

addition to PE-HNT/PEG-M films, nanocomposite films containing only HNT/PEG400 
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nanohybrids (PE-HNT/PEG400) and films containing only HNT/PEG600 nanohybrids (PE-

HNT/PEG400) at 20 wt.% concentration were prepared as controls.  

3.3.4 Characterizations 

Nicolet IS10 Fourier Transform Infrared (FTIR) spectroscopy with an ATR system was used 

for the chemical analysis of raw HNTs and HNT/PCM nanohybrids. Impregnation amount 

of the PCM in the composite system was measured with Shimadzu Corp. DTG-60H 

(TGA/DTA) by heating samples to 1000°C with a rate of 20°C/min under nitrogen. The 

percentage of impregnated PCM was calculated as the difference between the total weight 

loss of raw HNTs and the total weight loss of HNT/PCM nanohybrids recorded at 25°C to 

1000°C 261. 

SEM visualization was performed using Zeiss LEO Supra 35VP scanning electron 

microscope (SEM). Samples in powder form were visualized by depositing samples onto 

SEM stubs via a double-sided carbon adhesive tape. Samples in film form were mounted 

onto the SEM holder. All samples were coated with Au-Pd prior to imaging. Secondary 

electron images of Au-Pd coated samples were obtained at 6 kV for samples in powder form 

and at 5 kV for samples in film form. 

Thermal properties of the PCM nanohybrids were investigated by DSC (Thermal Analysis 

MDSC TAQ2000) by constructing heating and cooling cycles from -50°C to 40°C at a 

heating rate of 10°C/min under nitrogen.  

Thermal reliability of HNT/PEG-M nanohybrid powders were analyzed with accelerated 

DSC cycles by placing 5-8 mg of  nanohybrid powder into a regular DSC pan and performing 

21 consecutive cycles in the temperature range of -40°C to 25°C with a heating rate of 

20°C/min under nitrogen for each cycle 262,263. All enthalpy calculations were performed with 

the TA Universal Analysis Software. 

To test whether HNT/PEG-M nanohybrids would stay stable during the melt extrusion 

process, 0.3 g HNT/PEG-M was kept in an oven at 160°C for 5 min (melt compounding 

process conditions) and powders were analyzed with FT-IR before and after heat treatment.  

Mechanical properties of nanocomposite films were determined by a universal testing 

machine Zwick Roell Z100 UTM with a load cell of 200 N and a crosshead speed of 12.5 
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mm min−1 according to the ASTM D1708–10 testing method. Dog-bone test specimens had 

an overall length of 38 mm, overall width of 15 mm, narrow section width of 5 mm and grip 

distance of 22 mm. An average of at least four replicates of each sample was reported. 

Thicknesses of nanocomposite films were measured with a digimatic micrometer (Mitutoyo 

Quicmike, no. 99MAB041M).  

Time-temperature profiles of nanocomposite films were constructed by recording the 

temperatures   of the outer surface of a film roll weighing 6 g with a K-Type surface contact 

thermocouple. Measurements were taken on three different spots on the film roll in 

triplicates, averages of temperatures and standard errors were reported.  Rolls of PE-

HNT/PCM and neat PE films were kept at -18°C for 24 hours, then, samples were taken out 

of the deep-freezer and thermal profiles were followed at room temperature by recording the 

temperature of film rolls every five seconds. 

Meatballs samples of equal weight (35 g) were simply wrapped two-fold with packaging 

films of equal weight (1.2 g) without vacuum application. Wrapped meatballs were kept at -

18°C or 4°C for 24 hours, then, samples were taken out of the deep-freezer/refrigerator and 

thermal profiles were followed at room temperature by recording the temperatures of the 

outer surface with a K-Type surface contact thermocouple every minute. Measurements were 

taken on three different spots on the wrapped meatballs in triplicates, means of temperatures 

and standard errors were reported.   

Statistical significance of differences between means was assigned by one-way ANOVA 

with Tukey’s test at a confidence level of p < 0.05 using OriginPro software v.9. (OriginLab 

Corporation, USA). 

3. 4. Results and Discussions 

3.4.1 The design of nanocomposite food packaging films 

PCMs utilized for the preparation of flexible packaging film materials with thermal buffering 

capacity at cold chain temperatures were polymeric PEG400 and PEG600, which present 

broad melting transitions in the temperature range of -26.8°C to 14.5 °C and -3.8°C to 

31.1°C, respectively. With the aim of obtaining packaging materials that present melting 

transitions at the temperature intervals of both PCMs and absorb latent heat in the range of -
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26.8°C to 31.1°C, a mixture of HNTs impregnated with PEG400 and HNTs impregnated 

with PEG600 was incorporated into the PE polymer matrix (Figure 17). Nanocomposites of 

HNTs and PE have been demonstrated to result in food packaging films with various 

functionalities such as antimicrobial, ethylene scavenging and gas barrier properties 29,260; 

however, there have not been any studies focusing on nanocomposites of PCM impregnated 

HNTs for food packaging applications.  

 

Figure 17. The design of nanocomposite films. 

3.4.2 HNT/PCM nanofillers for thermal buffering 

HNT/PEG400 and HNT/PEG600 nanohybrids prepared by the impregnation of HNTs were 

investigated in terms of their maximum impregnation capacity. In the case that shape 

stabilizers are loaded with PCMs above their maximum impregnation capacity, PCMs may 

leak out of the shape stabilizer resulting in hybrids that remain wet 192. The maximum 

impregnation capacity of HNTs without any leakage of liquid PEG400 and PEG600 was 

determined by monitoring the appearance of nanohybrids at increasing PEG400 and PEG600 

ratios using a previously reported method  32 and found to be 30 wt.% (Figure 18A). While 

nanohybrids containing 40 wt.% PCM appeared wet and oily, nanohybrids containing 30 

wt.% PCM were dry demonstrating that all PCM was entrapped within HNTs without any 

leakage. Physical mixture of HNT/PEG400 and HNT/PEG600 nanohybrids for 30 wt.% and 

40 wt.% PCM content were also evaluated with SEM (Figure 18B). While HNT/PEG-M with 

40 wt.% PCM content presented large chunks of HNTs potentially due to excess PCM on the 

surface of HNTs, HNT/PEG-M with 30 wt.% PCM content presented individual HNT/PEG-

M nanohybrids. SEM images demonstrated that 40 wt.% PCM content was above the 

impregnation capacity of HNTs and it would not be possible to disperse these nanohybrids 

in PE matrix via the extrusion process. Besides, SEM images confirmed that HNTs retained 
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their nanotubular structures following the PEG/400 and PEG/600 impregnation.  Although 

hybrids of HNTs and PCMs with melting transitions below room temperature were not 

reported before, the impregnation capacity obtained here is in agreement with previous 

studies that reported maximum impregnation capacities of HNTs in the range of 30-50 wt.% 

32,264. 

The impregnation of nanohybrids prepared at a 30 wt.% PCM ratio was confirmed with TGA 

analysis that allows the calculation of the actual PEG400 and PEG600 content of nanohybrids 

based on the total weight loss differences between raw HNTs and HNT/PCM nanohybrids 

(Figure 18C). Actual impregnation ratios derived from TGA analysis were in good agreement 

with the theoretical value of 30 wt.% demonstrating that the impregnation was successfully 

performed 265.  

Thermal behavior of HNT/PEG400 and HNT/PEG600 nanohybrids along with their mixtures 

(HNT/PEG-M) was investigated by DSC (Figure 19, Table 3). The melting transition of 

HNT/PEG-M nanohybrids exhibited a wide temperature range from -21.8°C to 21.7°C by 

covering melting transition temperature ranges of both HNT/PEG400 and HNT/PEG600 

nanohybrids. Thus, the temperature range in which HNT/PEG-M nanohybrids can perform 

thermal buffering was expanded relative to temperature ranges for HNT/PEG400 and 

HNT/PEG600 nanohybrids alone due to the physical mixture of both nanohybrids. Melting 

enthalpies of HNT/PEG400, HNT/PEG600, and HNT/PEG-M nanohybrids were found to be 

22.5 J/g, 24.8 J/g and 23.4 J/g, respectively. These results were 33% (for HNT/PEG400) and 

36% (for HNT/PEG600) lower than theoretical enthalpies of PCM composites, probably due 

to the interference of the crystallization of PEG400 and PEG600 with the mesoporous HNT 

matrix. The crystal arrangement and orientation of PEG chains were restricted by the steric 

effects, mesoporous confinement and surface adsorption which declined the regularities of 

crystal regions; thus, the actual enthalpies were found to be much lower than theoretical 

enthalpies 258,266.  
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Figure 18. a) Photographs of HNT/PEG nanohybrids for different PCM impregnation ratios, 

b) SEM images of raw HNTs and HNT/PEG-M nanohybrids containing 30-40 wt.% PCM 

(scale bars represent 200 nm), c) Thermogravimetric analysis of raw HNTs and HNT/PCM 

nanohybrids containing 30 wt.% PCMs. Inset: PCM ratios as calculated by weight loss 

differences between nanohybrids and raw HNTs. 
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Figure 19. DSC curves of HNT/PCM nanohybrids. 

 

Table 3. Transition temperatures and enthalpies of pure PCMs and HNT/PCM nanohybrids. 

 

The thermal reliability of HNT/PEG-M nanohybrids was evaluated by accelerated DSC 

cycles and results were presented in Figure 20A. Only a negligible decrease in melting and 

solidifying enthalpies (only 0.05 J/g for the melting; 0.17 J/g for the cooling process) between 

1st and 21st thermal cycles was observed. These results have put forward that HNTs acted as 

effective shape-stabilizers and have kept PCMs successfully inside/outside the tubular shape 

through strong capillary forces, and hindered leakage of PCMs from nanohybrids during 

heating cycles.  
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To ensure that prepared HNT/PCM nanohybrids would remain stable during high 

temperature conditions required for the melt compounding, their thermal stability was 

investigated before and after heat treatment at 160°C via FT-IR analysis. Figure 20B 

demonstrates that characteristic peaks of PEG at 3436 cm-1, 2868 cm-1 and 1462-1354 cm-1 

corresponding to the terminal hydroxyl groups, -CH2 stretching and C-H bending, 

respectively, are visible on the spectrum of HNT/PEG-M composites both before and after 

the heat treatment. Photographs of HNT/PEG-M nanohybrid powders also confirmed that 

heat treatment did not lead to leakage as the powders retained their dry appearance. The PEG 

content of the nanohybrids remained unaffected even under high temperature conditions, 

ensuring leak-proof use of HNT/PEG-M nanohybrids in melt compounding process for food 

packaging film production. 

 



56 

 

Figure 20. a) Accelerated DSC heating/cooling cycles of HNT/PEG-M nanohybrids, inset: 

total ΔHm/s calculated for the -20°C to 20°C temperature range, b) FT-IR spectra of raw 

HNTs and HNT/PEG-M nanohybrids before and after heat application at 160°C for 5 min, 

inset: photographs of HNT/PEG-M nanohybrid powders before and after heat treatment. 
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3.4.3 PE-HNT/PCM nanocomposite films 

PE based nanocomposite films were prepared by embedding HNT/PEG-M nanohybrids into 

the polymer matrix by melt processing. As the amount of absorbed latent heat and buffering 

capacity of nanocomposite films were directly related to the amount of embedded HNT/PEG-

M nanohybrids, a maximum possible nanohybrid concentration was aimed. HNT/PEG-M 

concentration in the PE matrix was selected as 20 wt.% and whether the nanocomposite films 

would have the appropriate mechanical properties for being used as food packaging materials 

at this concentration was studied.  It is well known that there usually is a concentration 

limitation of fillers in polymeric nanocomposite films. While mechanical properties improve 

up to a certain filler content, they decline  at higher concentrations.267,268 Mechanical 

properties of PE-HNT/PEG-M nanocomposite films prepared at 20 wt.% filler content were 

determined relative to neat PE films (Table 4). Despite the high nanoparticle concentration 

in the polymer matrix, mechanical properties decreased only by 4.3%, 6.6%, 10.1 % and 

10.9% for young’s modulus, tensile strength, elongation at break and yield strength, 

respectively. Impregnation of HNTs with PEG400 and PEG600 potentially modified the 

HNTs surface chemistry and improved the compatibility between HNTs and LDPE. The 

enhanced compatibility compensated for the high filler content and the deterioration in 

mechanical properties was minimal. Contrary to another study where the incorporation of 

microencapsulated wax into high density polyethylene matrix significantly deteriorated 

mechanical properties due to immiscibility of fillers  in the polymer matrix, in our work the 

nanoparticle entrapped PCMs were finely dispersed in the PE matrix resulting in 

mechanically strong nanocomposite films 269. Besides, mechanical properties of PE-

HNT/PEG400 and PE-HNT/PEG600 nanocomposite films were statistically similar to 

mechanical properties of PE-HNT/PEG-M films demonstrating that nanohybrids prepared 

with PCMs of close molecular weight presented similar dispersion behavior in the LDPE 

matrix. Characterization of mechanical properties of PE-HNT/PEG-M films confirmed that 

they have acceptable mechanical properties for being utilized as food packaging materials 

260,270,271. 
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Table 4. Mechanical properties of neat PE and PE-HNT/PEG nanocomposite films. 

 

PE-HNT/PEG-M nanocomposite films were studied by DSC to evaluate their melting 

transition temperatures and melting enthalpies of PEG400 and PEG600 contained in them. 

In accordance with results obtained for the melting transitions of HNT/PEG-M nanohybrids, 

nanocomposite films containing HNT/PEG-M nanohybrids presented a broad melting 

transition at temperatures between -16.6°C and 26.3°C covering the total melting transition 

temperature range of both PE-HNT/PEG400 and PE-HNT/PEG600 films. This broad melting 

transition would allow PE-HNT/PEG-M films to absorb latent heat and therefore present 

thermal buffering over a broad temperature interval covering cold storage temperatures. The 

latent heat of melting in the temperature interval of -16.6°C and 26.3°C was calculated to be 

2.3 J/g (Table 5). 

Table 5. Thermal properties of PE-HNT/PEG nanocomposite films in the melting transition 

range of PEG400 and PEG600. 

 

Thermal buffering capacity of PE-HNT/PEG-M nanocomposite films was determined by 

constructing time-temperature curves for film samples that have been kept at -18°C and were 

taken to room temperature. As demonstrated in Figure 21, the time elapsed for PE-

HNT/PEG-M nanocomposite films to reach 0°C, 10°C and 15°C was more than two times 
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longer than the elapsed time for neat PE films to reach the same temperatures. PEG400 and 

PEG600 PCMs incorporated into the PE matrix through impregnation of HNTs allowed the 

resulting nanocomposite films to absorb latent heat and resist temperature increases during 

their melting transitions. Therefore, the nanocomposite films stayed colder than standard neat 

polymeric films as the ambient temperature increased.  Moreover, PE-HNT/PEG-M 

nanocomposite films showed better temperature buffering performance than the 

nanocomposite films containing only HNT/PEG400 and HNT/PEG600. PE-HNT/PEG-M 

films absorbed latent heat at melting transition temperature ranges of both HNT/PEG400 and 

HNT/PEG600 nanohybrids present in the nanocomposite system and stayed colder for longer 

time.  

 

Figure 21. Time-temperature curves of neat PE film and PE-HNT/PEG nanocomposite films 

at -18°C which were taken to room temperature. Inset: Tabulated data showing elapsed time 

for the frozen films to reach 0°C, 10°C, 15°C and thickness of films.  Values with different 

letters in the table (a-d) within the same column are significantly different. 
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3.4.4 Cold storage applications of PE-HNT/PCM nanocomposite films 

Finally, the utilization of PE-HNT/PEG-M nanocomposite films as food packaging materials 

that can keep food cold for prolonged times was tested on food samples. Meatball samples 

were packaged with standard neat PE films and PE-HNT/PEG-M nanocomposite films by 

wrapping and kept in a deep-freezer (Figure 22A) before they were taken to room 

temperature and their time-temperature profiles were constructed.  As seen in Figure 22B, 

meatball samples packaged with PE-HNT/PEG-M nanocomposite films reached 4°C after 

44 min, while the elapsed time for the standard neat PE films to reach the same temperature 

was only 26 min.  When packaged with PE-HNT/PEG-M nanocomposite films thawing of 

food products was significantly retarded relative to food products packaged with standard 

films lacking the PCMs impregnated into HNTs. The 18 min lag time for the frozen food to 

reach defrosting temperature was obtained thanks to the embedded PCM nanohybrids which 

absorb latent heat over a broad interval covering -17°C to 26°C.  In a different experiment, 

meatball samples packaged with nanocomposite and standard films were kept in a 

refrigerator and their temperatures were monitored when they were taken out to room 

temperature (Figure 22C). Nanocomposite packaging films showed almost two times higher 

retarding performance on the warming of meatballs than standard neat PE packaging films. 

Meatball samples packaged with PE-HNT/PEG-M nanocomposite films reached 15°C in 43 

min whereas meatball samples in standard neat PE packaging films reached the same 

temperature in 23 min. Nanocomposite films delayed the warming of a chilled food for 20 

minutes without the use of any secondary container. PCMs embedded into the polymer 

matrix allowed the resulting nanocomposite films absorb latent heat in a wide temperature 

range and significantly slowed down the warming of frozen or chilled food products by 

presenting a significant buffering performance. Nano-entrapment of different PCMs within 

HNTs allowed their facile and leak-free incorporation into a polymer matrix and thereby 

allowed the exploitation of the thermal buffering capacity of PCMs for flexible packaging 

films that can keep food cold, for the first time.  
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Figure 22. a) Photographs of packaged meatball samples, b) Time-temperature profiles of 

meatballs packaged with standard neat PE and PE-HNT/PEG-M films, curves constructed 

for frozen meatballs taken to room temperature (c) Time-temperature profiles of meatballs 

packaged with standard neat PE and PE-HNT/PEG-M films, curves constructed for chilled 

meatballs taken to room temperature. Time values with different letters in each graph (a-g) 

are significantly different. 

3. 5. Conclusions 

Polyethylene based flexible nanocomposite food packaging films presenting thermal 

buffering performance in cold-chain temperatures was prepared by utilizing PCM 

impregnated HNTs as nanofillers. Nanocomposite films obtained by the incorporation of the 

mixture of HNT/PEG400 and HNT/PEG600 nanohybrids into PE films demonstrated 

acceptable mechanical properties for being used as food packaging materials and significant 

thermal buffering capacity in a temperature range covering cold-chain temperatures. The 

effectiveness of PE-HNT/PEG-M nanocomposite packaging films on keeping food products 
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colder for longer was demonstrated on food samples. The flexible packaging films prepared 

in this study significantly delayed the thawing of frozen meat samples and the warming of 

chilled meat samples. Incorporation of PCMs into polymers via nanocarriers allowed 

packaging films of only 60 m thickness to significantly slow down temperature increases 

in cold foods. The nanocomposite films demonstrated here can be used for the protection of 

any material that is sensitive to undesired temperature fluctuation during transportation in 

cold chain and have great potential for the reduction of food waste and improvement of food 

safety.  
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CHAPTER 4: Purification and Sorting of Halloysite Nanotubes into Homogeneous, 

Agglomeration-Free Fractions by Polydopamine Functionalization 

Reference Publication: Cüneyt Erdinç Taş, Emine Billur Seviniş Özbulut, Ömer Faruk 

Çeven, Buket Alkan Taş, Serkan Ünal and Hayriye Ünal, ‘’Purification and Sorting of 

Halloysite Nanotubes into Homogeneous, Agglomeration-Free Fractions by Polydopamine 

Functionalization'', ACS Omega, 2020, 5, 17962−17972.  

 

4.1.   Abstract 

Halloysite nanotubes (HNTs) have attracted great attention in the field of nanotechnology as 

natural, high value-added nanomaterials.  Despite their significant potential as carriers of 

active agents and fillers in nanocomposite structures, inhomogeneity of HNTs in terms of 

length and diameter along with their agglomeration tendency pose important obstacles for 

utilization of them in a wider range of applications.  Here, a facile, three-step separation 

protocol that allows the sorting of HNTs into agglomeration-free, uniform size fractions is 

reported. The protocol consists of coating of HNTs with polydopamine to impart 

hydrophilicity and aqueous dispersibility, followed by their ultrasonication and 

centrifugation at varying velocities for size-based separation. Particle size distribution 

analysis by scanning electron microscopy and dynamic light scattering have demonstrated 

that the separation protocol resulted in uniform HNT fractions of varying agglomeration-

states and particle sizes. The highest quality fraction obtained with 18% yield was free of 

agglomerations and consisted of HNTs of uniform length and diameters. The polydopamine 

coating on HNTs which facilitated the separation was demonstrated to be removed by a 

simple heat-treatment that preserved the crystal structure of HNTs. The impact of the 

separation protocol on the loading and functionalization capacity of halloysites was 
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investigated. Highest quality HNTs presented 4.1-fold increase in lumen loading and 1.9-

fold increase in covalent surface coupling ratios compared to the loading and 

functionalization ratios obtained with raw HNTs. Similarly, sorted, high quality HNTs were 

demonstrated to be better dispersed in a polymeric matrix resulting in polymeric 

nanocomposites with significantly enhanced mechanical properties compared to 

nanocomposites prepared with raw HNTs. The three-step separation protocol presented here 

provides a toolbox that allows sorting of raw HNTs into uniform fractions of different size 

ranges, from which HNTs of desired qualities required by different applications can be 

selected. 

4.2.  Introduction 

HNTs are abundant clay nanoparticles that have been utilized in a variety of scientific and 

industrial applications due to their intrinsic nanostructure, high thermal stability, acceptable 

mechanical strength, relatively low cost and biocompatibility. HNTs present a natural hollow 

tubular structure composed of tetrahedral silicone dioxide outside and octahedral aluminum 

oxide inside along with a high aspect ratio and a low hydroxyl group density 18. Their  unique 

structural properties make HNTs notable as reinforcing fillers for polymers and also as 

containers for active components272, resulting in the utilization of HNTs in specific 

applications such as water purification11,273, drug delivery12, cancer cell isolation13, bone 

implants14, teeth fillers15 and cosmetics16. 

HNTs naturally exist in a wide range of length and diameters274. Furthermore, they tend to 

agglomerate and cannot be individually dispersed in aqueous solutions and polymers. This 

inhomogeneity and agglomeration behavior of HNTs constitute a significant limiting factor 

in the final properties of their nanocomposites, which prevents their full potential utilization. 

HNTs have been incorporated into polymeric materials mainly to obtain polymer 

nanocomposites with enhanced mechanical and thermal properties. As for all polymeric 

nanocomposites, a homogeneous dispersion of the filler within the polymer matrix is one of 

the key requirements to achieve significant property improvements 9,34,275. However, the 

agglomeration tendency of HNTs in the polymer matrix may lead to the deterioration of 

thermal and mechanical properties 276-278. The utilization of agglomeration-free HNTs with a 

homogenous size distribution in the nanoscale can improve their dispersion in the polymeric 
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matrix and provide a homogenous nanocomposite material. Furthermore, the wide 

distribution of the size of natural HNTs constitute critical problems in certain applications.  

For example, very long HNTs above the average length can induce cell injury and 

inflammation when injected into cells for medical applications279 or cause irritation to the 

skin in cosmetic applications280. Thus, a method that allows sorting of HNTs based on their 

size would improve their function and provide a toolbox for their efficient utilization in 

various applications. 

Limited number of previous studies attempting the purification and size-separation of HNTs 

have focused on ultrasonic scission of HNTs followed by a viscosity-based centrifugation 

where HNTs were dispersed in water in the presence of a polymeric material and a surfactant, 

providing high density and stability, respectively7,281. The potential of these methods might 

be limited due to the fact that these polymeric materials and surfactants cannot be completely 

removed at the end of the separation process and they might interfere with HNTs’ functions.   

Here, we demonstrate a facile method to obtain HNTs that are uniform in size and shape 

while preserving or improving their inherent properties. HNTs were functionalized with a 

polydopamine coating to impart hydrophilicity and enhance aqueous dispersibility, followed 

by ultrasonication and hydrophilicity gradient centrifugation that results in the purification 

of HNTs from other mineral impurities and sorting into different grades that are uniform in 

size and shape. The polydopamine coating that acts as an effective tool for the purification 

and separation of HNTs can be easily removed at the end of the separation process when 

needed.  The proposed method provides a practical and useful way to obtain agglomeration 

free, uniform HNTs of desired aspect ratio which will allow the utilization of HNTs to their 

fullest potential.  
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4.3. Materials and Methods 

4.3.1. Chemicals 

Raw HNTs, sodium dodecyl sulfate, sodium hydroxide pellets and hydrochloric acid (ACS 

reagent, 37%) were purchased from Sigma-Aldrich Inc. Dopamine (3-hydroxytyramine 

hydrochloride) was purchased from Acros Organics Inc. Milli-Q purified water was used for 

all the synthesis and characterization stages. Carvacrol was purchased from Tokyo Chemical 

Industry Co., LTD. Ultrapure Tris base (Tris(hydroxymethyl)aminomethane) was purchased 

from MP Biomedicals, LLC. Low-density PE (LDPE) granules (PETİLEN F2-12) were 

provided by PETKİM Petrokimya A.Ş. All chemicals were used without any further 

purification.  

4.3.2. Three-step separation of HNTs 

HNTs were separated into three different grades of quality and size by following the three-

step separation protocol.  In the first step, HNTs were coated with polydopamine by 

dispersing 1g of raw HNTs in 100 mL of purified water (10mg/mL) with ultrasound 

sonication (Qsonica, Q700) for 30 min at 100% amplitude (120W) with 5 s pulse on and 2 s 

pulse off in an ice bath. Following the sonication, 0.2 g dopamine was added into the 

dispersion (2 mg/mL) and the pH was adjusted to 8.5 with Tris base powder. Prepared 

mixture was stirred at 30°C for 30 min. Then, polydopamine coated HNTs (PDHNTs) were 

separated from the reaction mixture with centrifugation at 5000 rpm for 5 min. Separated 

PDHNTs were washed with water and centrifuged five times to remove residual Tris base or 

unreacted dopamine molecule from the product. Obtained PDHNTs were dried at 50°C for 

24 h in a vacuum oven. 

In the second step, an aqueous PDHNT dispersion (20 mg/mL) was prepared using an Ultra-

TURRAX T18 basic dispersion system at approximately 11000 rpm for 30 min and 

ultrasonicated for 45 min at 100% amplitude (120W) with 5 s pulse on and 2 s pulse off in 

an ice bath.  

In the third step, obtained aqueous PDHNT dispersion was separated into three grades by 

applying centrifugation for 10 min at 2000 rpm. Following the 2000 rpm centrifugation, the 

precipitate was dried and labeled as “Grade 1 PDHNTs”. The supernatant was centrifuged 
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for 10 min at 6000 rpm, the precipitate was dried and labeled as “Grade 2 PDHNTs”.  The 

supernatant was centrifuged at 11000 rpm, the precipitate was dried and labeled as “Grade 3 

PDHNTs”.  

For the removal of the polydopamine coating, Grade 1, Grade 2 and Grade 3 PDHNTs were 

heat treated for 48 hours at 290°C.  

4.3.3. Functionalization of HNT surfaces with sodium dodecyl sulfate 

Prior to the functionalization, HNTs were treated with NaOH to increase the amount of 

hydroxyl groups on the nanoparticle surface. 0.2 g HNTs (0.01g/ml) was stirred in 20 ml of 

NaOH solution overnight, then washed with distilled water several times to remove residual 

NaOH. 0.02 g SDS was added into 10 ml distilled water and 5 µl of HCl (37%) was added 

dropwise, the mixture was stirred for 15 min for the protonation of sodium sulfate groups on 

SDS. Finally, 0.2 g HNTs were gradually added into the mixture and the reaction was 

continued for 18 hours at 40°C.282 The final product was obtained by centrifugation at 6000 

rpm, which was then washed 5 times with distilled water and dried in a vacuum oven for 24 

hours at 80°C. 

4.3.4. Loading of HNTs with carvacrol 

In order to load HNTs with carvacrol, 40 mg HNTs were dispersed in 20 mL carvacrol by 

using ultrasound sonication for 10 min at 60% amplitude (65W) with 2 s pulse on and 5 s 

pulse off in an ice bath. Then HNT-carvacrol dispersion was connected to a vacuum pump 

and vacuum (2 mbar) was applied for 20 min. The vacuum was released to bring the system 

to the atmospheric pressure and then vacuum was re-applied under the same conditions. At 

the end of the two-step vacuum cycle, HNTs were separated from the excess amount of 

carvacrol by centrifugation at 5000 rpm for 5min. Obtained carvacrol loaded HNTs (CHNT) 

were washed with ethanol to remove the residual carvacrol from the HNT surface. Finally, 

CHNTs were dried at room temperature for 24 hours283. 

4.3.5. Preparation of polyethylene-HNT nanocomposite films 

Mixture of polyethylene (99wt%) and HNT (1wt%) powders were fed into a twin-screw 

extruder (Zamac Mercator with a screw diameter of 12 mm and L/D of 40) and processed at 
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the zone temperature range between 160-180°C with the screw speed of 300 rpm.  

Nanocomposite melt flowing from the extrusion die was cooled in a water bath and 

pelletized. Afterward, pellet form of nanocomposite mixture was transferred to a single screw 

film blowing machine (Scientific Laboratory Ultra Micro Film Blowing Line Type LUMF-

150 with L8-30/C, LabTech Engineering), processed at 150-160°C with a single screw speed 

of 80 rpm and blown into 55-65 µm thick films. The neat LDPE samples were processed 

through the blown film extrusion of LDPE granules under the same conditions.  

4.3.6. Characterization Methods 

Thermogravimetric analysis (TGA) of all samples was performed using Shimadzu Corp. 

DTG-60H (TGA/DTA) instrument by heating samples up to 1000°C with a rate of 10°C/min 

under nitrogen. Prior to the analysis, samples were dried for 30 min at 100°C in the 

instrument to remove all moisture from the samples. 

Determination of the hydrodynamic diameter of samples was performed using a dynamic 

light scattering (DLS) instrument (Zetasizer Nano - ZS, Malvern Instruments Ltd., UK) at 

25 ̊ C at a sample concentration of 2mg/mL for each sample. 

Nicolet IS10 Fourier Transform Infrared (FTIR) spectroscopy with an ATR system was 

utilized for the chemical analysis of raw samples.   

Phase purity of samples was analyzed by X-ray diffraction patterns (XRD) from a Bruker D2 

Phaser XRD instrument using CuKa radiation (k = 1.5418 Å, 40 kV, 200 mA) in the 2Theta 

range of 5–70°.  

The samples were visualized using Zeiss LEO Supra 35VP scanning electron microscopy 

(SEM). HNT samples were prepared for visualization on silicon wafer by drying a drop of 

aqueous HNT dispersions (0.1mg/mL) obtained by ultrasonication for 2 min at 70% 

amplitude (75W) with 5 s pulse on and 2 s pulse off in an ice bath.  For the visualization of 

HNT/PE nanocomposite films, samples were coated with Au-Pd and images were recorded 

using a secondary electron detector at 5kV under high vacuum. Size distribution of HNT 

specimens were analyzed using SEM images at 50K magnification by ImageJ software. For 

the statistical analysis, lengths were measured using at least 50-200 nanotubes for each grade, 

and they were presented as frequencies of nanotubes versus their lengths. Mechanical 
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properties of nanocomposite films were investigated using a universal testing machine Zwick 

Roell Z100 UTM, with a load cell of 200 N and a crosshead speed of 12.5 mm min−1 

according to the ASTM D1708–10 testing method. Dog-bone test specimens had a length of 

38 mm and width of 15 mm, narrow section width of 5 mm and grip distance of 22 mm. An 

average of four replicates of each sample was reported. Thicknesses of films were measured 

using a digimatic micrometer (Mitutoyo Quicmike, no. 99MAB041M). 

4.4. Results and Discussions 

Polydopamine is a synthetic analog to mussels’ strong adhesive protein containing repeated 

amine and catechol groups that is obtained by the autoxidation of the dopamine monomer 71. 

It is well-established that polydopamine coating is applicable to nearly all substrates to impart 

biocompatibility, post functionality, adhesion and other targeted properties71,284,285. 

Polydopamine coating of HNT surfaces has been previously reported for their 

functionalization with nanoparticles and enzymes43,286,287.  

The first step of the separation protocol was the coating of HNT surfaces with polydopamine 

in order to impart hydrophilicity and aqueous dispersibility for their centrifugation-based 

purification and separation. HNTs were simply mixed with the dopamine monomer in 

alkaline aqueous buffer which has mediated the self-polymerization of dopamine on the 

surface of HNTs (Figure 23A). The reaction mixture was then washed to remove unreacted 

dopamine and dried, resulting in polydopamine coated HNTs (PDHNTs) in black powder 

form. The presence of the polydopamine coating on PDHNTs was demonstrated by FT-IR 

spectroscopy (Figure 23B). Compared to raw HNTs’ FT-IR spectrum, PDHNTs presented 

additional peaks appearing at 1337 cm-1 due to symmetric and asymmetric -NH stretching 

vibrations and peaks at 1625 cm-1, 1499 cm-1 and 1276 cm-1 corresponding to -NH bending, 

aromatic C=C bending and C-N stretching, respectively288, confirming the presence of the 

polydopamine coating on HNTs. Figure 23C shows the thermogravimetric analysis of raw 

HNTs and PDHNTs. While both samples had similar decomposition behaviors, PDHNTs 

presented an additional weight loss of 5.9 wt% starting at 220°C due to the decomposition of 

the polydopamine coating. These results further confirmed that HNT surfaces were 

successfully coated with polydopamine. 
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Figure 23. Coating of HNTs with polydopamine (a), FT-IR (b) and TGA (c) analysis of raw 

HNTs and PDHNTs. 

In the second step of the separation protocol, PDHNTs were treated with ultrasonication to 

break large agglomerations into individual nanotubes. Application of ultrasound energy is an 

effective and widely applied method to facilitate disruption of large particle agglomerates 

into nanosizes.289 Polydopamine coated HNTs were treated with the optimal ultrasonication 

power and duration that minimize the destructive effect of ultrasound but also provide the 

sufficient energy to break up large agglomerations.  In the third step of the separation, 

aqueous dispersions of ultrasonicated PDHNTs were subjected to consecutive 

centrifugations at increasing velocities. The precipitate obtained at 2,000 rpm constituted 

grade 1 PDHNTs, where the supernatant was centrifuged again at 6,000 rpm, resulting in the 

second precipitate constituting the grade 2 PDHNTs. The supernatant was further centrifuged 

at 11,000 rpm and the third precipitate constituted grade 3 PDHNTs (Figure 24). 
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Figure 24. Schematic representation of the three-step separation protocol for HNTs. 

In order to assess the effect and importance of the polydopamine coating and ultrasonication 

steps on the separation efficiency of HNTs, the yields of grade 1, grade 2 and grade 3 

PDHNTs obtained through (i) polydopamine coating alone and (ii) through both 

polydopamine coating and ultrasonication were calculated along with the yields of raw HNTs 

obtained through the same centrifugation conditions. Figure 25A demonstrates the yields of 

PDHNTs obtained through polydopamine coating of HNTs followed by centrifugation at 

varying velocities without the ultrasonication step in comparison to yields of raw HNTs that 

were processed through the same centrifugation protocol. Raw HNTs that were not 

functionalized with polydopamine did not show any separation as almost all raw HNTs (97.4 

wt%) precipitated upon centrifugation at the lowest velocity of 2000 rpm and negligible 

amount of HNTs remained in the supernatant. Large aggregates that are already present or 

have formed due to strong intermolecular interactions in raw HNTs have prevented the 

aqueous colloidal stability as expected. In contrast, when polydopamine coated HNTs were 

dispersed in water without ultrasonication, they presented a significantly enhanced colloidal 

stability as only 74 % of PDHNTs precipitated in the first centrifugation application at 2000 

rpm and 24 % remained in the aqueous supernatant. Apparently, the  polydopamine coating 

on HNTs  has resulted in more stable aqueous dispersions of HNTs due to the highly 

hydrophilic character of the polydopamine290. While PDHNTs were able to be separated into 
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different quality grades without the ultrasonication step, the efficiency of separation was very 

low. The improved hydrophilicity of PDHNTs improved the colloidal stability to a certain 

extent, but large agglomerations of PDHNTs that cannot be disintegrated limited the 

efficiency of the centrifugation-based separation.  

 

Figure 25. Yields of grade 1, grade 2 and grade 3 PDHNTs obtained at 2000, 6000 and 

11000 rpm centrifugation, respectively, in comparison to yields of raw HNTs obtained by 

centrifugation at the same velocities. a) two-step separation protocol; polydopamine coating 

and centrifugation, b) three-step separation; polydopamine coating, ultrasonication and 

centrifugation. 

On the other hand, when PDHNTs were further treated with the ultrasonication step, the yield 

of PDHNTs obtained at higher centrifugation velocities, which are supposedly the pure and 

agglomeration-free PDHNTs has improved (Figure 25B). While the yield of grade 1 

PDHNTs obtained at 2000 rpm centrifugation significantly decreased, the yield of grade 2 

and grade 3 PDHNTs obtained at 6000 rpm and 11000 rpm centrifugation increased and 

reached 45% and 18%, respectively.  The increase in the yield of grade 2 and grade 3 quality 

can be explained with the ultrasound scission stage that physically breaks down the PDHNT 

agglomerations through sound waves. The fact that 96.5 % of raw HNTs without the 

polydopamine coating precipitated at 2000 rpm centrifugation and negligible yields were 

obtained at 6000 and 11000 rpm demonstrates that the hydrophilicity imparted through the 

polydopamine coating is essential for the centrifugation-based separation of HNTs. As it can 

be clearly seen, when both polydopamine coating and ultrasound sonication were applied, 



73 

the colloidal stability of PDHNTs was enhanced which allowed the centrifugation-based 

separation of PDHNTs in increased yields.  

The relationship between the amount of the polydopamine coating on HNTs and the aqueous 

colloidal stability it imparts to HNTs was investigated by comparing PDHNTs separated at 

different centrifugation velocities. Photographs of PDHNTs obtained by the three-step 

separation showed that different quality grades of PDHNT powders (Figure 26A) had 

different intensities of a black tint that is known to be caused by the polydopamine coating43. 

While the initial PDHNT powder had a homogenous black color; following the separation, 

grade 1, grade 2 and grade 3 PDHNTs had brown, gray and black colors, respectively, 

demonstrating that different grades of HNTs possessed different amounts of polydopamine 

coating, depending on their level of agglomeration. The amount of polydopamine coating on 

PDHNTs calculated by TGA further demonstrated that HNTs were inhomogeneously coated 

with polydopamine. Grade 1, grade 2 and grade 3 PDHNTs were calculated to have 1.51 

wt%, 1.70 wt% and 3.63 wt% polydopamine coating, respectively. Apparently, 

agglomeration-free, smaller HNTs were coated with polydopamine in higher percentages 

than HNTs in larger agglomerated forms, potentially due to larger surface areas of 

agglomeration-free HNTs relative to the surface areas of agglomerated HNTs. Thus, HNTs 

of different agglomeration states were imparted different extents of hydrophilic character and 

aqueous colloidal stability which allowed the sorting of HNTs into different quality grades 

by a simple centrifugation. 
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Figure 26. a) Photographs of grade 1, grade 2 and grade 3 PDHNTs, b) TGA analysis of 

separated PDHNTs. 

The size distribution and agglomeration state of PDHNTs obtained through the three-step 

separation protocol were characterized by SEM and DLS analysis (Figure 27).   Raw HNTs 

presented a wide distribution of nanotube lengths and diameters along with micron-sized 

aggregates of nanotubes. Following the three-step separation protocol, the polydisperse 

mixture of HNTs were separated into fractions of PDHNTs with more homogeneous 

distributions of sizes with minimum amount of aggregates.  While grade 1 PDHNTs included 

longer nanotubes and occasional aggregates, grade 2 PDHNTs included shorter nanotubes 

and grade 3 PDHNTs included only individually separated nanotubes of shortest lengths 

(Figure 27A-B). Statistical analysis of PDHNT length distributions on the SEM images also 

demonstrated that the wide length distribution of raw HNTs ranging from 1200 nm to 400 

nm was shifted to narrower distributions with significantly shorter average lengths for Grade 
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2 and Grade 3 PDHNTs (Figure 27C). The second step of the separation protocol which is 

the ultrasonication of polydopamine coated HNTs to break large agglomerations, resulted in 

the scission of nanotubes to different extents, as expected. Following the third step, which 

comprises the centrifugation of PDHNT dispersions at different velocities, PDHNTs were 

sorted based on their sizes where longest nanotubes were collected in Grade 1 and shortest 

nanotubes were collected in Grade3. DLS analysis was also performed on aqueous 

dispersions for a qualitative comparison of length distributions and demonstrated a 

significant shift from wider length distributions at larger hydrodynamic diameters for raw 

HNTs to narrower distributions at shorter hydrodynamic diameters for Grade 3 PDHNTs 

(Figure 27D). It is known that DLS cannot be safely used for the determination of actual 

length and diameters of nanotubular structures since it handles nanotubes as spherical 

particles within a hydrodynamic approximation. However, for well dispersed individual 

nanotubes that can freely rotate, the length distributions obtained from DLS analysis are 

expected to corroborate well with actual length distributions. Thus, the agreement between 

DLS sizes and actual sizes can be interpreted as the absence of agglomerations in the 

dispersion. While the DLS size distributions of raw HNTs did not match the size, 

distributions obtained from SEM due to presence of large agglomerations, for separated 

Grade 3 PDHNTs, both distributions were in good agreement suggesting an agglomeration-

free dispersion. These results further confirmed that the separation method provides a facile 

route towards obtaining monodisperse and agglomeration-free fractions of HNTs from a 

polydisperse HNT mixture dominated by agglomerations.  
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Figure 27. SEM and DLS characterization of raw HNTs and separated PDHNTs. a) 

representative SEM images at 10K magnification, b) representative SEM images at 100K 

magnification, c) nanotube length distributions histograms from SEM image analysis, d) size 

distribution histograms obtained by DLS. 

The removability of the polydopamine coating on HNTs was investigated. In order to remove 

the polydopamine coating, separated PDHNTs were heat treated at 290° for 48 hours under 

ambient atmosphere. The removal of the polydopamine coating was confirmed by the 

disappearance of the black tint on HNTs (Figure 28A). Furthermore, TGA analysis of 

PDHNTs that were heat treated showed that all of the polydopamine coating was removed 

as the treated nanotubes presented a similar thermo-gravimetric behavior as raw HNTs 

(Figure 28B).  
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Figure 28. a) Photographs and b) TGA analysis of Raw HNTs and separated HNTs (Grade 

-1,2,3) after polydopamine coating removed.   

Figure 29 A-D demonstrates the SEM and DLS analysis of grade 1, grade 2 and grade 3 

HNTs obtained following the removal of the polydopamine coating.   The heat treatment did 

not exert any damage on the tubular shape of HNTs and they retained their monodisperse and 

agglomeration free morphology. The removal of the polydopamine coating by heat-treatment 

did not negatively affect the aqueous dispersibility of separated HNTs (Figure 29E). Grade 

1, grade 2 and grade 3 HNTs obtained with the three-step separation protocol followed by 

the polydopamine coating removal were easily dispersed in water and presented colloidal 

stability for at least six hours. These results demonstrated that the three-step separation 

protocol to obtain uniform and agglomeration free HNT fractions can safely be followed with 

a heat treatment step to remove the polydopamine coating in cases where the polydopamine 

coating would interfere with the desired application. 
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Figure 29. Analysis of grade 1, grade 2 and grade 3 HNTs following the removal of the 

polydopamine coating by heat-treatment, a) representative SEM images at 10K 

magnification, b) representative SEM images at 100K magnification, c) nanotube length 

distributions histograms from SEM image analysis, d) size distribution histograms obtained 

by DLS, e) Aqueous dispersions of HNTs after six hours of storage at room temperature. 

 

 

 



79 

The effect of the treatments applied during the three-step separation protocol and removal of 

the polydopamine coating on the crystal structure of HNTs was also investigated (Figure 30). 

The XRD pattern of raw HNTs reflected the characteristic crystal structure of Halloysite-

10Å, which included the (001) peak at 2 of 11.91, (100) peak at 2 of 20.17° indicative of 

the tubular halloysite structure and the (002) peak at 2 of 24.8° 291. The XRD pattern of 

HNTs did not change following the treatments, indicating that the crystal structure of HNTs 

was not affected and the tubular nanostructure was retained. Furthermore, peaks 

corresponding to quartz (*) and kaolinite (#) impurities274 visible in the patterns of raw HNTs 

and in grade 1 HNTs were not present in the XRD pattern of grade 2 and grade 3 HNTs 

demonstrating that the three-step separation protocol also facilitated the purification of 

impurities in raw HNTs. Removal of impurities in HNTs via centrifugation of surfactant-

assisted dispersions has been demonstrated before7,292. In our work, without the use of any 

surfactants, HNTs were well dispersed in water due to the polydopamine modification which 

allowed centrifugation-based removal of non-tubular clay impurities. These results 

demonstrated that the three-step separation protocol provides a tool for not only the 

preparation of agglomeration-free, monodisperse fractions but also the removal of impurities 

from raw HNTs.  
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Figure 30. XRD analysis of raw HNTs; grade 1, grade 2, and grade 3 HNTs following the 

removal of the polydopamine coating. 

The effect of the three-step separation on the covalent functionalization and loading capacity 

of HNTs was critical to understand.  In order to investigate the loading capacity of separated 

HNTs obtained by the three-step separation method followed by the removal of the 

polydopamine coating; they were loaded with carvacrol as a representative active component 

through vacuum application. The weight percentage of the loaded carvacrol for separated 

HNTs was calculated through TGA analysis (Figure 31A). While raw HNTs were loaded 

with 5.8 wt% carvacrol, under the same experimental conditions, the loading capacity of 

grade 1 HNTs was slightly lower, where they were loaded with 3.5 wt % carvacrol. 

Apparently, grade 1 HNTs included an increased content of quartz and kaolinite impurities 

that had been observed in the XRD spectrum of both raw and grade 1 HNTs. On the other 

hand, the loading capacity of grade 2 and grade 3 HNTs significantly increased and reached 

23.8 wt% for grade 3 HNTs which is four times higher than the loading capacity of 
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unseparated raw HNTs. This significant increase in the loading capacity can be explained 

with the fact that grade 2 and 3 HNTs have been purified from agglomerated nanotubes and 

other impurities which cannot be loaded to their fullest capacity due to inadequate dispersion 

in carvacrol and reduced surface area. The three-step separation method provided an effective 

tool to obtain agglomeration-free and uniform HNTs that can be loaded with active materials 

at significantly higher contents that were not reported before.  

 

Figure 31. Functionalization yields of separated HNTs of different quality grades along with 

raw HNTs calculated by TGA analysis. a) Yields of loading with carvacrol (b) Yields of 

covalent functionalization with SDS. 

The impact of the three-step separation on the covalent functionalization yield of HNTs was 

also investigated.  The content of reactive hydroxyl groups on separated HNT surfaces was 

increased through alkaline treatment293, which were then reacted with sodium dodecyl sulfate 

(SDS) through a condensation reaction. The functionalization reaction was followed and 

verified by FTIR analysis (Figure 32). The amount of covalently attached SDS on HNTs was 

determined by TGA (Figure 31B). While raw HNTs were functionalized with SDS by 2.6 

wt.% only, grade 2 and grade 3 HNTs were functionalized by 4.4 wt.% and 5.1wt. %, 

respectively. As the monodispersity of HNTs increased and agglomerations were minimized, 

more functional groups were available on the outer surface of HNTs, by which the 

functionalization efficiency increased more than two-fold compared to the functionalization 

rate of unprocessed raw HNTs. The relatively low yield for grade 3 HNTs may correspond 

to increased costs for such materials, despite the relatively low cost of commercially available 
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raw HNTs. However, the three-step separation method presented in this study would now 

allow the use of these high purity HNTs with significantly increased loading and 

functionalization capacities as well as better defined size distributions as nanocontainers in 

various high value-added applications such as active food packaging and drug delivery. 

 

Figure 32. FT-IR spectrum of SDS functionalized raw HNTs and separated HNTs (Grade 

1,2,3). 

The effect of the monodisperse and agglomeration-free character of separated HNTs on the 

characteristics of polymeric HNT nanocomposites was also studied. HNTs separated into 

different quality grades and heat treated for the removal of the polydopamine coating were 

incorporated into low density polyethylene (LDPE) through melt compounding and 

nanocomposite blown films were prepared. The HNT content in the prepared nanocomposite 

films was chosen to be 1 wt% as an optimum value based on our previous study that focused 

on the effect of HNT content on LDPE-based nanocomposite film properties.260 SEM 

visualization of resulting film surfaces demonstrated that the separation process applied to 

raw HNTs positively affected the dispersion quality of HNTs within the polymer matrix 

(Figure 33A). While nanocomposite films containing raw HNTs presented an 

inhomogeneous distribution of nanoparticles with several agglomerations, nanocomposite 

films prepared with grade 2 and grade 3 HNTs presented a significantly better dispersion in 
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the LDPE matrix. The films containing the highest quality HNT fraction, grade 3 HNTs, was 

almost free of agglomerations. The improved dispersibility of higher quality monodisperse 

HNTs has also positively impacted the mechanical properties of resulting nanocomposite 

films (Figure 33B). While nanocomposite films prepared with raw HNTs did not present any 

improvement in Young’s modulus, tensile strength and elongation at break values compared 

to neat LDPE films, mechanical properties of nanocomposite films significantly increased as 

a function of the separated HNT grade quality when compared to raw HNT reinforced 

nanocomposite films. Compared to less uniformly dispersed, agglomerated raw HNTs 

present in the LDPE matrix as evidenced by SEM analysis, the uniform dispersion of 

individual, significantly less agglomerated HNTs, especially grade 2 and grade 3 HNTs, 

resulted in the improvement of the Young’s Modulus and the tensile strength, demonstrating 

the true nano-scale reinforcement effect.  
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Figure 33. a) SEM images of surfaces of nanocomposite films composed of LDPE and HNTs, 

b) Mechanical parameters of HNT/LDPE nanocomposite films containing different quality 

grade HNTs in comparison to neat LDPE films. 

4.5. Conclusion 

Halloysite nanotubes were successfully separated into monodisperse, agglomeration-free 

fractions of different sizes through a facile three-step separation process that includes (i) 

coating of HNT surfaces with polydopamine, (ii) ultrasonication and (iii) hydrophilicity-

based centrifugation. The polydopamine coating on the surface of HNTs imparted 

hydrophilicity and aqueous dispersibility which allowed the sorting of HNTs via 

centrifugation. Following the separation process, the polydopamine coating was completely 

removed through a simple heat treatment step. Resulting fractions of HNTs were 

demonstrated to be uniform in size and shape and preserved their intact nanotubular forms 

and crystal structures. The method allowed the sorting of raw polydisperse HNTs into 

fractions of different quality grades based on the velocity of centrifugation; while grade 1 

HNTs obtained at low centrifugation velocity presented larger diameters with more 
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agglomerations, grade 3 HNTs obtained at higher centrifugation velocity presented smaller 

diameters with almost no agglomerations. High quality grade HNTs obtained through the 

separation protocol were shown to present significantly higher lumen loading and covalent 

surface functionalization capacity compared to raw HNTs. Furthermore, separated higher 

quality grade HNTs showed better dispersibility in a polymeric matrix and resulting 

nanocomposite films.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



86 

 



87 

CHAPTER 5: Waterborne Polydopamine/Polyurethane Photothermal Polymer Matrix 

for Light-to-Heat Conversion 

Reference Un-published Journal Article: Cüneyt Erdinç Taş, Ekin Berksun, Deniz Köken, 

Serkan Ünal and Hayriye Ünal, ‘’ Waterborne polydopamine/polyurethane photothermal 

polymer matrix for light-to-heat conversion''. 

 

5.1.  Abstract 

A novel polydopamine-polyurethane based polymeric matrix with efficient light-to-heat 

conversion properties, which can initiate light-activated temperature elevations is presented. 

The polymerization of dopamine monomer in a pre-synthesized aqueous polyurethane 

dispersion results in hybrid polyurethane-polydopamine particles via the encapsulation of 

discrete waterborne polyurethane (WPU) particles with photothermal polydopamine. 

Resulting polydopamine-polyurethane (PDA-WPU) dispersions presented a unimodal 

particle size distribution and particle sizes that increased as a function of the initial dopamine 

concentration and polymerization time.  Films cast from PDA-WPU dispersions were black-

colored and presented a homogeneous morphology with contact angles that decreased with 

increasing PDA content. While the thermal decomposition behavior and thermal conductivity 

values of hybrid PDA-WPU films were improved relative to neat WPU films, the glass 

transition temperatures remained unaffected and films presented acceptable mechanical 

properties.   Light-to-heat conversion capacity of PDA-WPU films was investigated under 

solar and near-infrared (NIR) laser light irradiation. PDA-WPU films prepared with the 

highest amount of polydopamine reached 105.8°C when irradiated with solar light at 3 SUN 

for 20 minutes. Five minutes of irradiation with NIR laser light at 800 mW/cm2 elevated the 

temperatures of the PDA-WPU films from room temperature to 138.6 °C.   Moreover, PDA-

WPU dispersions were molded in the form of a container to investigate their potential in 
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solar-driven water-evaporation applications. 3.17 kg/m2 water was evaporated from PDA-

WPU containers under solar irradiation in one hour.  The hybrid PDA-WPU polymer matrix 

prepared via a facile post-synthesis modification of WPU dispersions offers strong 

photothermal activity and ease of applicability without the need of supporting-materials for 

polydopamine, such as nanoparticles; thus, can be viewed as a promising candidate for a 

wide range of photo-driven applications. 

5.2. Introduction 

Photothermal materials can efficiently convert light-to-heat by the non-emissive deactivation 

of harvested light resulting in significant local temperature elevations. The heat generated by 

the light-activation of photothermal materials can trigger a multitude of thermal processes 

which are easily controllable.  Light-to-heat conversion properties of photothermal materials 

can be utilized in a wide range of critical applications including the disruption of tumors by 

laser light 294-296, light-activated sterilization of surfaces by killing microbes297,298, solar-

driven  water evaporation for desalination/purification113,299, light-activated controlled 

release of molecules300-302 and design of light-activated shape-memory/self-healing 

materials123,303.  

Photothermal materials are commonly designed by the incorporation of photothermal 

nanoparticles into a main matrix that is selected according to the requirements of the 

application. Photothermal nanoparticles, which impart light-to-heat conversion properties to 

the matrix they are incorporated, can be categorized as metallic nanoparticles such as gold 

and silver nanoparticles; carbon-based nanoparticles such as graphene oxide, carbon 

nanotubes, and  inorganic semi-conductors such as black titania, copper phosphate and 

SnSe56. Although the above-mentioned nanoparticles present significant photothermal 

conversion capacities, many disadvantages such as toxicity, incompatibility with polymer 

matrices, dispersion problems, environmental issues, concerns about the 

reliability/reproducibility and increased cost restrict the wide range application of the final 

nanocomposites304-306. Some semiconducting organic polymers with strong light absorption 

capacities such as polyaniline, polypyrrole and polydopamine are also well-known for having 

light-to-heat conversion capacities and applied as key components of photothermal 

materials112,307,308. Photothermal polymers absorb light via their delocalized -electrons and 
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convert it to heat likely via nonradiative relaxations and molecular vibrations in the polymer 

backbone64.  

Among other photothermal polymers, polydopamine (PDA), the mussel-inspired polymer, 

stands out with its distinct physical properties in addition to its intrinsic photothermal 

capacity. PDA, synthesized by the oxidative self-polymerization of dopamine,  has strong 

adhesive properties due to its catechol groups309, which enable it to be coated to almost any 

kind of surfaces ranging from wood310 and oil droplets311 to polymers312,313  for a wide variety 

of  applications71. Since the polymerization of dopamine occurs either on a substrate resulting 

in PDA coated surfaces or via the aggregate formation resulting in PDA particles, it is 

generally employed as a component in a hybrid system rather than a monolithic, 

homogeneous polymer matrix in light-to-heat conversion systems114,115,120,121. PDA 

containing polymeric composites have been typically prepared by either coating bulk 

polymeric material surfaces with PDA or the incorporation of PDA functionalized 

nanoparticles into to the polymer matrix and have been utilized in various applications 

ranging from solar driven vapor generation to self-healing materials53,117,314-317.  While 

composites of PDA and polymers have been demonstrated to present significant 

photothermal properties, they are all in multi-component, heterogeneous forms, which are 

difficult to fabricate and restrict eco-friendliness, cost-effectiveness, and the ease of 

applicability of resulting materials. To the best of our knowledge, a monolithic polymer 

matrix, which can be obtained from a one-component aqueous dispersion and presents strong 

light-to-heat conversion capacity without the incorporation of any secondary particles has 

not been previously reported in the literature. 

In this study, the preparation and characterization of a novel hybrid polymer matrix 

composed of waterborne polyurethane (WPU) and PDA is demonstrated. WPU dispersions 

are prepared from discrete polyurethane solid particles synthesized and dispersed in a 

continuous aqueous phase and provide a safe, eco-friendly, volatile-organic-compound-free 

system318. Waterborne polydopamine-polyurethane (PDA-WPU) polymer matrix with light-

to-heat conversion ability was obtained by coating WPU solid particles with PDA in an 

aqueous dispersion. PDA-WPU hybrid polymer matrix presented here synergistically 

combines the characteristics of WPUs and PDA in a feasible way, resulting in photothermal 
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materials that can be easily applied as single component films or coatings for a variety of 

applications. 

5.3. Materials and Methods 

5.3.1. Chemicals 

Ethylenediamine (EDA) and acetone (99.5%) were purchased from Sigma-Aldrich Inc. 

Hexamethylene diisocyanate (Desmodur H) (HDI), and polyester polyol (Desmophen 1652, 

Mn= 1060 g/mol) were purchased from Covestro AG. Sodium 2-[(2-aminoethyl) amino] 

ethane sulphonate (AEAS, 50 wt% in water) was kindly donated by Evonik Industries. 

Polyester polyol was dried at 100 oC under vacuum (~2 mbar) for 15 min prior to use. 

Dopamine (3-hydroxytyramine hydrochloride) was purchased from Acros Organics Inc. 

Ultrapure Tris base (Tris(hydroxymethyl)aminomethane) was purchased from MP 

Biomedicals, LLC. Milli-Q purified water was used for all of the synthesis and 

characterization stages. All chemicals were used without any further purification. 

5.3.2. Synthesis of waterborne polyurethane dispersion 

The WPU dispersion was synthesized using the acetone method, in a four-necked, 1-L glass 

round-bottomed-flask equipped with a heating mantle, stirrer, condenser and a thermocouple.  

The NCO-terminated polyurethane prepolymer was synthesized from 170.8 g of polyester 

polyol and 29.0 g of HDI, allowing the mixture to polymerize at 80 °C until reaching the 

theoretical NCO content, which was determined by the standard di-butyl amine back titration 

method (ASTM D2572-97).  Once the theoretical NCO value was achieved, the reaction 

temperature was dropped to 50 °C while dissolving the prepolymer in acetone to obtain 40 

wt% solid content. Upon the complete dissolution of the prepolymer in acetone, the chain 

extension step was carried out by adding the mixture of 13.3 g AEAS (50 wt% in water) and 

1.9 g EDA dropwise into the solution at 50 °C. The prepared polyurethane polymer was 

dispersed in water by slowly adding 110.00 g of distilled water into the flask while cooling 

the mixture to 40 °C. Finally, acetone was removed from the reaction mixture by vacuum 

distillation, and the complete removal of acetone was ensured at 45 °C, 50 mbar. A WPU 

dispersion product with the solid content of approximately 35 wt% and pH value of 7.0 was 

obtained by filtering the final dispersion through a 50-micron filter. 
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5.3.3. Preparation of PDA-WPU dispersion 

PDA-WPU dispersion was synthesized by following a typical PDA coating procedure70. 15 

g of WPU dispersion with a 35% solids content was diluted with distilled water to 20% solids. 

0.042 g of dopamine was dissolved in 2 mL of distilled water (2mg/ml) and the solution was 

added into the WPU dispersion dropwise using a 5 ml syringe to avoid 

precipitation/agglomeration. The pH value of the reaction mixture was adjusted to 7.5 using 

ultrapure Tris base. Three parallel reactions were set-up with reaction times of 24-, 48-, and 

72-hours, all at 40 °C. Another set of reactions was repeated with three-fold higher dopamine 

amount (0.126 g: 6 mg/ml) in the mixture, while all other reaction conditions were kept 

constant. Dark gray dispersions of PDA-PU were obtained at the end of all coating reactions.   

5.3.4. Preparation of PDA-WPU films 

Following the PDA-WPU dispersion preparation, reaction mixtures were directly cast onto 

Teflon molds (15x5 cm2) at room temperature and dried under ambient conditions for three 

days followed by a 1 hr. drying in an oven at 100 oC. Bubble-free, uniform cast films were 

removed from the mold and washed with excess amount of distilled water to remove any 

chemical residues from the surface. Finally, washed films were kept in an oven at 80°C for 

two hours and stored in a desiccator under dark.  The final film thicknesses were measured 

to be approximately 0.5 ± 0.08 mm. 

5.3.5. Characterization 

Determination of the hydrodynamic diameter and zeta potential of dispersed WPU and PDA-

WPU particles in water was performed using a Dynamic Light Scattering (DLS) instrument 

(Zetasizer Nano - ZS, Malvern Instruments Ltd., UK) equipped with laser diffraction and 

polarized light detectors at three wavelengths. Dispersions were diluted with distilled water 

to an adequate concentration in the cell and measured at room temperature. Zeta potential 

was measured at the pH value of 7.5 using Helmholtz-Smoulchowski equation. 

WPU and PDA-WPU solid particles in aqueous dispersions were imaged using cryogenic 

transmission electron microscopy (Hitachi HT7800 cryo-TEM). 1–3 μL of freshly prepared 

dispersion samples were applied to a 200-mesh lacey carbon TEM grid which was subjected 

to plasma glow discharge with a DV-502A vacuum system for 1 min to increase its 

wettability. The grid was placed into a Mark III Vitrobot chamber at 22°C with a relative 
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humidity of 95–100% and blotted to create an electron-transmissible specimen thickness. 

Then, the specimen was plunged into liquid ethane and cooled by liquid nitrogen to vitrify 

(Leica EM-GP 2) the sample following 3–5 s of relaxation time. The vitrified specimen was 

imaged utilizing an FEI Tecnai Spirit BioTWIN at 120 kV with an Eagle 2048×2048 CCD 

camera. The imaging was performed below -178°C in the microscope, under the focus of 1–

6 μm and low–dose mode (<20 e−/Å2). The images were processed with the TEM Imaging 

and Analysis 4.2 software. 

Static contact angle measurements on cast WPU and PDA-WPU film specimens under 

ambient conditions were performed with the sessile-drop method using a Theta Lite Contact 

Angle Measurement System with an optical tensiometer. The shapes of water droplets were 

recorded by the optical tensiometer and automatically analyzed from a high-quality image 

from a high-resolution digital camera, and the accuracy of the drop fitting method. The 

measurements were taken from five different spots of each sample and average contact angle 

values were reported. 

The surface morphology and cross-section of cast WPU and PDA-WPU films were examined 

using Zeiss LEO Supra 35VP scanning electron microscope (SEM) employing a secondary 

electron detector at 3 kV by coating with Au–Pd. Films were cryo-fractured by immersion in 

liquid nitrogen to obtain cross sections. 

A Nicolet IS10 FT-IR spectroscope with an attenuated total reflection system was used for 

the chemical analysis of film samples. 

Thermogravimetric analysis (TGA) of all samples was performed using a Shimadzu Corp. 

DTG-60H (TGA/DTA) instrument by heating samples of films up to 600 °C with a rate of 

10 °C/min under nitrogen atmosphere. 

Glass transition temperatures (Tg) of the prepared film samples were investigated using 

differential scanning calorimetry (DSC; Thermal Analysis MDSC TAQ2000) with a heating 

rate of 10 °C/min and heat-cool-heat cycles between 120 °C and 150 °C under nitrogen 

atmosphere. Reported Tg values were taken from the second heating cycle. 

The thermal conductivity of films was measured using the Hot Disk Thermal Constant 

Analyzer (TPS2500 S). 
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Mechanical properties of films were determined using a universal testing machine Zwick 

Roell Z100 UTM, with a load cell of 200 N and a crosshead speed of 25 mm/min according 

to ASTM D1708-10 standard. An average of at least four replicates was reported for each 

sample. 

Evaluation of light to thermal energy conversion performance of PDA-WPU films    

The time-temperature profiles of PDA-WPU films were constructed under solar simulator 

and NIR laser light irradiation. For sunlight exposure, WPU and PDA-WPU film samples of 

4x4 cm2 with a thickness of 0.5 ± 0.08 mm were irradiated with Oriel LCS-100 solar 

simulator at 100 mW/cm2 and 300 mW/cm2 flux density for 20 minutes while recording the 

temperature of films in one-minute intervals. For NIR laser light exposure, 1x1 cm2 WPU 

and PDA-WPU film samples with a thickness of 0.5 ± 0.08 mm were irradiated with an 800 

nm laser module (STEMINC, SMM22808E1200) (Doral, FL USA) at 800 mW/cm2 flux 

density for 5 minutes while recording the temperature of films in 5 seconds intervals. 

Temperature recordings and thermal camera photographs were taken using FLIR E6XT 2.1L 

thermal camera. Irradiations for the construction of time-temperature profiles of WPU and 

PDA-WPU films were repeated three times; measurement data were taken from three 

different points on the samples, and average values were reported.   

Solar-assisted water evaporation using PDA-WPU films 

WPU and PDA-WPU (6mg/ml)/72h was molded into a container (2.6 cm diameter) shape 

using a cylinderical Teflon mold. Prepared containers with an inside volume of 7 cm3 and 

based thickness of 1.5 mm were filled with 2.32 g of distilled water and exposed to 300 

mW/cm2 solar irradiation for 60 min. The real-time mass loss over the entire irradiation 

duration was recorded in 10 min intervals using an electronic mass balance (Shimadzu, BL-

320H) with an accuracy of 1 mg. All experiments were performed at room temperature (23 

± 0.5 °C) and humidity of approximately 51.8%. 
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5.4. Results and Discussions 

5.4.1. Synthesis and particle size distribution of PDA-WPU dispersions 

PDA-WPU dispersions were prepared by a facile post-synthesis modification of pre-

synthesized WPU dispersions with dopamine which resulted in the coating of WPU solid 

particles in water with PDA. WPU particles were coated with dopamine through an efficient 

one-pot reaction in water to obtain an aqueous dispersion of solid PDA-WPU particles. 

Although the oxidative self-polymerization of dopamine has generally been carried out at a 

pH of 8.5, lower pH values have also been demonstrated to be practical287. In this study, the 

pH value of the reaction medium during the oxidative self-polymerization of dopamine was 

adjusted to pH 7.5 to preserve the characteristics of the WPU dispersions. The chemical 

structure of the WPU along with the synthesis pathway for PDA-WPU matrix is presented in 

Figure 34. 

 

Figure 34. Structure of synthesized WPU and the synthesis pathway for PDA-WPU particles. 

The particle size of WPU particles in the dispersion has a significant impact on the ultimate 

morphology and quality of films and coatings prepared from these dispersions319. The 

particle size and zeta potential of PDA-WPU dispersions prepared with varying initial 

dopamine concentrations and reaction times were investigated (Figure 35). Just like the neat 

WPU dispersion, all PDA-WPU dispersions prepared at varying reaction conditions 

presented a unimodal size distribution (Figure 35A). The lack of an additional peak on the 
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particle size distribution graph demonstrated that dopamine polymerization took place on 

WPU particle surfaces acting as a substrate, resulting in hybrid PDA-PU particles and the 

self-polymerization of dopamine leading to pure PDA particles did not occur.  The z-average 

diameter of PDA-WPU particles were significantly larger than WPU particles and the 

diameter of PDA-WPU particles increased with increasing initial dopamine concentration 

and polymerization times, further confirming that the PDA forms a coating layer on PDA-

WPU particles, thickness of which can be controlled by the polymerization reaction 

conditions (Figure 35B). A similar trend in increasing solid particle diameters upon PDA 

coating was demonstrated in studies in which PDA polymerization was performed on 

different solid particles 311,313.  

The zeta potential provides two important pieces of information on the properties of dispersed 

particles including surface charge in relation to the pH value of the medium and colloidal 

stability of particles in the dispersion320. Results presented in Figure 35C show that zeta 

potential values increased with increasing amount of PDA coating on WPU solid particle 

surfaces. While the differences in zeta potential values were not significant for PDA-WPUs, 

which were synthesized with an initial dopamine concentration of 2mg/ml at increasing 

reaction times, three-fold increase in the initial dopamine concentration (6 mg/ml) resulted 

in a significant increase in zeta potential values. Apparently, the strong ionic content of WPU 

particle surfaces was screened with the quinone, catechol and amine groups of the PDA 

coating layer 321-323. While the PDA coating on WPU surfaces resulted in higher zeta potential 

values, particle surfaces remained negatively charged. Moreover, the zeta potential value of 

PDA-WPU (6mg/ml)/72h almost passed to incipient instability level324, probably due to the 

interaction between PDA-WPU particles caused by the substantial adhesion property of the 

PDA making particles slightly stick to each other325. All DLS results confirmed the formation 

of a PDA layer on WPU particle surfaces instead of formation of individual PDA particles. 

The PDA coating on PU particle was visualized with cryo-TEM (Figure 35D). When coated 

with PDA, the smooth surface of PU particles became textured and irregular presenting a 

darker color due to a denser electron density confirming the formation of PDA-WPU 

particles.  
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Figure 35. Particle size distribution (a), z-average diameter (b) and zeta potential (c) values 

of WPU and PDA-WPU dispersions by DLS analysis (Values sharing a common letter (a–c) 

within the same bar are not significantly different). TEM images of WPU and PDA-WPU 

solid particles (d). 
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5.4.2. Physicochemical and morphological properties of PDA-WPU films 

The general appearance of WPU and PDA-WPU films cast from aqueous dispersions are 

presented in Figure 36A. While WPU films have a white/transparent appearance, PDA-WPU 

films are black-colored due to the PDA content.  

 

 

Figure 36. Photographs (A) contact angle values (B) and cross-section SEM images (C) of 

WPU and PDA-WPU films. 

Surface wetting properties of PDA-WPU films were investigated via water contact angle 

measurements (Figure 36B). As expected, increasing the PDA content of prepared films by 

increasing the polymerization time and initial concentration of dopamine reduced water 
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contact angle values, which indicates an increased hydrophilic character for film surfaces due 

to the hydrophilic nature of the PDA layer 326-328.  

The morphology of WPU and PDA-WPU films were studied by SEM imaging. While cross-

section images of WPU and PDA-WPU did not display any significant differences as shown 

in Figure 36C, the fact that free polydopamine particles were not observed in any of the PDA-

WPU cast films was an important observation confirming the formation of PDA layers only 

on WPU particles rather than individually crosslinked, immiscible PDA particles123.   

 

Figure 37. FT-IR analysis of WPU and PDAPU films. 

The chemical analysis of WPU and PDA-WPU films was performed by FT-IR analysis 

(Figure 37). On the FT-IR spectrum of WPU, characteristic peaks at around 3365-3385 cm-1 

were observed arising from -NH bonds of urea and urethane groups. The peaks at 2870-2940 

cm-1 region correspond to the -CH stretching and the strong absorption bands around 1725 

cm-1 were attributed to the carbonyl stretching region329. For the PDA-WPU films, new peaks 

originating from PDA content appeared on the spectrum, which can be listed as the aromatic 

C=C double bond at 1575 cm-1, symmetric and asymmetric −NH stretching vibrations at 
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1372 cm-1 and C−N stretching at 1253 cm-1, confirming the presence of the PDA in the cast 

films. 

5.4.3. Thermal properties of PDA-WPU films 

Thermal properties of PDA-WPU films were analyzed and summarized in Table 6. The 

decomposition temperatures calculated for all PDA-WPU films prepared with increasing 

PDA content were significantly higher than decomposition temperatures of neat WPU films.  

The increased thermal stability of PDA-WPU films  was ascribed to the presence of PDA in 

the polymer matrix 313. Because the Tg of WPU matrices is one of the major factors that 

reflects their morphology and determines mechanical properties330, the effect of PDA content 

on the Tg values of film samples was examined by DSC analysis.  No significant changes 

were found in the Tg values of PDA-WPU films when compared to WPU films. Results 

demonstrated that PDA-WPU matrices preserved their low temperature Tg values, which is 

an important property for PU-based elastomeric coatings and films. 

 

Table 6. Thermal decomposition, glass transition temperature and thermal conductivity 

values of WPU and PDA-WPU films. Values having a different letter (a–d) within the same 

column are significantly different. 

 

The thermal conductivity of materials is always a critical phenomenon in systems designed 

with the concept of light-to-heat conversion. An intrinsically low thermal conductivity is 

favorable for heat management and prevention of thermal energy loss and thermal transfer 

so that generated heat can be utilized effectively331. The thermal conductivity of neat WPU 

films, which  was measured to be 0.1462 W/m°K almost doubled for PDA-WPU (6 

mg/ml)/72h films and was read as 0.2316 W/m°K. Enhancement of thermal conductivity of 
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films with the PDA content can be explained by the hydrogen bonding and π-π stacking 

tendencies, as well as the increased aromatic content originating from the PDA structure71. 

Hydrogen bonding may improve the inter-chain coupling to form continuous thermal 

networks resulting in heat-transferring pathways. The existence of sp2 hybridization in the 

PDA structure might also be providing higher thermal conductivity due to the bonding energy 

and formation of delocalized conjugated π-bonds. Moreover, strong noncovalent inter-chain 

interactions due to the aromatic structure of the PDA may be further enabling π- π stacking. 

Consequently,  due to the fact that  thermal conductivity of chains with aromatic-backbone 

networks is much higher than that of aliphatic-backbone structures, thermal conductivity of 

prepared PDA-WPU films was found to be higher than WPU films332. 

5.4.4. Mechanical properties of PDA-WPU cast films. 

The mechanical properties of PDA-WPU films were investigated by the measurement of 

Young's Modulus (YM), Tensile Strength (TS), and Elongation at Break (EB) values in 

comparison with the mechanical properties of WPU films (Figure 38). It is known that 

elastomeric materials have weak intermolecular forces, thus they exhibit  generally low YM 

and high strain at break compared to other materials333. While the YM values of PDA-WPU 

films were measured to be lower than the YM values of WPU films in general, there was no 

correlation with the amount of PDA in the films. Conversely, EB values of PDA-WPU films 

proportionally increased with respect to dopamine polymerization times. While the EB value 

of WPU was found as 1824 %, the elongation of PDA-WPU films gradually reached 2178 

% as a function of the dopamine polymerization time at constant initial dopamine 

concentration of 2 mg/ml. The results indicate that PDA-WPU films exhibited a more flexible 

character than WPU films, which ascribed to the disruption of the intermolecular forces 

between the hard segments (urethane and urea) of PU chains by the introduction of PDA into 

the matrix. Therefore, PDA-WPU films prepared with the PDA coated particles using 2 

mg/ml dopamine solution showed lower TS and YM values than WPU films but higher 

elongation at break values122. Increasing the PDA content by three-fold increase in the initial 

dopamine concentration from 2 mg/ml to 6 mg/ml was presumed to result in further 

disruption of the polyurethane morphology, yielding decreased YM, EB and TS values 

compared to the neat WPU film. Potentially, the contribution of cohesive forces arising from 

the increasing PDA content leads to this observed change in mechanical properties334. 
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Figure 38. Mechanical properties of WPU and PDA-WPU films. Values in the same group 

sharing a common letter (a-c) are not significantly different. 

 

5.4.5. Light-to-heat conversion in PDA-WPU films 

The light-to-heat conversion ability of PDA-WPU films were investigated under different 

light sources and irradiance values. Figure 39A shows time-temperature profiles of WPU and 

PDA-WPU films with varying PDA contents which were irradiated with sunlight under 1 

SUN (100 mW/cm2) and 3 SUN (300 mW/cm2) intensity. PDA-WPU films presented 

significant temperature elevations under sunlight irradiation and reached temperatures which 

were 15°C to 25°C and 40°C to 65°C higher than temperatures reached by control WPU films 

under 1 SUN and 3 SUN, respectively.  The temperature elevation in PDA-WPU films was 

proportional to the PDA content in the films. The PDA-WPU (6mg/ml)/72h film sample 

prepared with the highest initial dopamine content presented the highest temperature increase 

and reached 115.4°C in 20 min under solar irradiation at 3 SUN. 
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Figure 39. Time-temperature profiles (a), solar irradiation cycles (b) and thermal camera images (c) of WPU and PDA-WPU films 

under sunlight at 1SUN and 3SUN irradiance. 
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Under the same conditions, WPU films, which did not have any PDA content scarcely 

attained 39.4 °C, which highlighted the effect of PDA content on solar to thermal energy 

conversion capacity of PDA-WPU films. Thus, it was demonstrated that a typical WPU was 

converted to a photothermal polymer matrix by coating WPU solid particles in the aqueous 

dispersion form with a PDA layer. Repeatable use of PDA-WPU films was also tested and 

results were presented in Figure 39B. Photothermal heating ability of all PDA-WPU films 

remained robust after three cycles of solar light exposure, meaning that they exhibited 

adequate stability under reported photothermal heating conditions, which is a critical 

requirement in many different applications of such materials. Thermal camera images of 

films taken at the end of the 20 minutes irradiation under sunlight further demonstrated the 

sunlight-activated heating of PDA-WPU films (Figure 39C). 

Although the main focus of scientific studies in the light-to-heat conversion concept has been 

intensified on solar energy because of its abundance and being a natural resource, the 

activation of photothermal materials with near infrared (NIR) laser light has found critical 

applications especially in the field of medical science335-338 or antimicrobial  materials339-341. 

Laser light to thermal energy conversion capacity of PDA-WPU films was also investigated 

in this study. Similar to the results obtained with solar light irradiation, the PDA-WPU 

(6mg/ml)/72h film samples achieved the highest measured temperature after 5 min and 

reached 138.6 °C, while the temperature of the control WPU film remained unchanged for 

the same exposure time (Figure 40A).  Just like their stability under sunlight irradiation, all 

film samples presented stability under photothermal heating conditions after three cycles of 

NIR laser light exposure (Figure 40B). Thermal camera images of WPU and PDA-WPU 

films taken at the end of 5 min irradiation under NIR laser demonstrated the increased 

photothermal heating of films with increasing PDA content. The fact that the warming area 

of the samples enlarged from the WPU toward PDA-WPU (6mg/ml)/72h film samples 

further indicated enhancement in the thermal conductivity of PDA-WPU films. 
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Figure 40. Time-temperature profiles (a), NIR laser light irradiation cycles (b) and thermal 

camera images (c) of WPU and PDA-WPU films under 808 nm laser light at 800 mW/cm2 

irradiance. 

A comparison of the properties of photothermal materials for similar applications such as 

energy storage, water evaporation or antimicrobial systems reported in the literature along 

with the properties of the PDA-WPU materials developed in this study is summarized in 

Table 7.  Various materials were designed by combining different nanoparticles and 

polymeric structures to create photothermal composite materials for light-to-heat conversion. 

It should be noted that PDA-WPU dispersions reported in this study offer cost effective, 

environmentally, and user-friendly solutions to develop photothermal materials due to their 
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nanoparticle and catalyst free, waterborne nature without any toxic components. Unlike other 

photothermal systems reported in the literature, these PDA-WPU dispersions can be easily 

applied as one-component systems to obtain coatings or free-standing films. In addition to 

these advantages in terms of the ease of synthesis and applicability, the photothermal 

conversion capacity of PDA-WPU polymer matrix is also superior or comparable to many 

different photothermal systems. Despite having a relatively lower thermal conductivity, 

PDA-WPU films display a very promising light-to-heat conversion with both sunlight at 1 

SUN and 3 SUN irradiance and NIR laser light, and present significant light-activated 

temperature elevations which could not be reached by other multi-component complex 

photothermal systems. Thus, PDA-WPU, as a monolithic photothermal polymer matrix, can 

open a great window in the field of light-to-heat conversion either solely or as a strong and 

effective component of a composite system. 
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Table 7. Comparison of light to thermal energy conversion performance of PDAPU (6mg/ml)/72h with photothermal materials presented 

in the literature for different applications. 

Components 
Max. Temperature 

(°C) 

Time 

(min) 

Irradiation density of the 

sunlight (mW/cm2) 

Thermal conductivity 

(W/m°K) 
Reference 

n-Eicosane/TiO2/CuS ⁓54.7 6.5 100 0.730 
342 

 

Stearic acid/MWCNT 80.0 10.2 100 7.159 343 

NH2-SWCNT 81.1 18.2 250 0.421 344 

Ti3C2Tx/PDA 86.6 21.2 250 0.471 345 

hexadecyl acrylate 

-MWCNT 
⁓51.0 33.3 100 0.877 169 

Polystyrene-CNT ⁓64.1 18.0 110 0.390 346 

Lauric acid/graphene 49.8 37.0 100 1.037 347 

PDA/PVDF 35.0 10.0 75 - 114 

Hydroxyapatite/PDA 43.0 2.0 100 0.147 115 

Fluorophore/CNT 120 2.0 1000 - 298 

PDAPU(6mg/ml)/72h 

53.2 

115.4 

138.6 

20 

20 

5 

100 

300 

800 

0.232 This study 
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5.4.6. Solar-driven water evaporation capacity of PDA-WPU-based container 

One of the most popular and attractive application fields of the photothermal conversion 

phenomenon is solar−driven water evaporation, which has received significant interest in 

recent years as reported in pioneering studies348,349. With the purpose of examining the 

potential applications of photothermal PDA-WPU materials developed in this study, their 

utilization for solar-driven water evaporation was studied. 

In general, water evaporation systems are designed by placing solar-absorbing materials on 

water surface as floaters, which usually allows the passage of water to the surface and heating 

the water at the surface49. Here, the system was designed in reverse of the general approach 

to show the effect of the thickness of the material on light-to-heat conversion capacity and 

offer a practical product design for water evaporation systems. PDA-WPU (6 mg/ml)/72h, 

which is the photothermal polymer that has reached the highest temperature under solar 

irradiation and the control WPU dispersion were cast into container-shaped molds presented 

in Figure 41A. The time-temperature profiles of WPU and PDA-WPU containers under 3 

SUN solar irradiance were constructed by measuring the temperature of inner surfaces of 

empty containers. The inner surface of the PDA-WPU (6mg/ml)/72h container reached 

118.7°C at the end of 20 min irradiation with sunlight, whereas the temperature of the WPU 

container was measured as 43.6 °C under the same irradiation conditions.  When the WPU 

and PDA-WPU containers were filled with water corresponding to about 3.2 kg/m2 and 

irradiated with sunlight for 30 minutes, temperature of the water in the containers were read 

as 49.6 °C and 78.2 °C, respectively (Figure 41C). 

Mass loss and the evaporation rates of water inside the WPU and PDA-WPU containers were 

recorded by measuring the mass loss as a function of time for an hour under sunlight 

irradiation. As seen in Figure 41D, while an average of 1.29 kg/m2 water evaporated from 

the WPU container in 60 minutes, an average of 3.17 kg/m2 water, almost the entire amount 

of water in the PDA-WPU container, was consumed in 60 minutes. The average evaporation 

rate of water from the WPU container was calculated as 1.18 kg/m2·h, whereas the 

evaporation rate of water from the PDA-WPU container was found to be 2.81 kg/m2·h on, 

demonstrating more than two-fold increase in the water evaporation rate relative to the WPU 

container. The solar-driven evaporation rate obtained with PDA-WPU container was 
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comparable to other solar-driven evaporation systems obtained with much more complicated 

material designs reported in the literature116. 

 

Figure 41. Photographs and solar-irradiation based time-temperature profiles of WPU and 

PDA-WPU (6mg/ml)/72h cast in the form of a container (A), experimental setup of water 

evaporation experiment under solar simulator (B), thermal camera images of WPU and 

PDA-WPU (6mg/ml)/72h container filled with water and exposed to sunlight for 60 min (C), 

water mass loss (D) and evaporation rates (E) of water in WPU and PDA-WPU containers 

under 3 SUN solar irradiance. 
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5.5. Conclusions 

Polyurethane matrices from waterborne dispersions were converted to photothermal 

materials by simply coating WPU solid particles with PDA in the dispersion state. The 

monodisperse particle size distribution along with increased particle size and decreased zeta 

potential values of the PDA-WPU dispersions pointed out the successful coating of WPU 

particle surfaces with PDA, as also visualized in TEM images. Films cast from PDA-WPU 

dispersions presented enhanced thermal stability and thermal conductivity behaviors, similar 

glass transition temperatures and acceptable mechanical properties relative to neat WPU film 

samples. PDA-WPU films presented significant temperature elevations when irradiated with 

sunlight and NIR laser demonstrating their photothermal character.  When compared to other 

photothermal materials reported in literature, PDA-WPU films stand out with their simple 

design, cost-effectiveness, and easy applicability.  As exemplary potential applications for 

PDA-WPU materials, containers cast from PDA-WPU dispersions were utilized for solar-

driven water evaporation and demonstrated to provide higher water evaporation capacity.  

The design approach demonstrated here provides a facile method to obtain a monolithic 

hybrid photothermal material that synergistically combines the advantages of a photothermal 

polymer and waterborne polyurethanes in the form of a one-component system that is easy 

to apply in various forms. 

 

 

 

 

 

 

 

 

 

 



110 

  



111 

CHAPTER 6: Improved Latent Heat Storage Properties through Mesopore-

Enrichment of a Zeolitic Shape Stabilizer 

Reference Publication: Cüneyt Erdinç Taş, Oznur Karaoğlu, Buket Alkan Taş, Erdal Ertaş, 

Hayriye Ünal and Hakan Bildirir, ‘Improved Latent Heat Storage Properties after Mesopore-

Enrichment of a Zeolitic Shape Stabilizer'', Solar Energy Materials & Solar Cells 216 (2020) 

110677. 

 

6.1. Abstract 

Latent heat storage systems are applied to keep temperature of a local environment within a 

constant range. The process takes place via release/storage of latent heat during 

freezing/melting of a corresponding phase change material embedded in a shape stabilizer, 

which is the scaffold keeping the phase change material stationary in its molten form. In this 

work, a highly siliceous ZSM-5 and modified versions thereof were chosen as shape 

stabilizers for molecular and polymeric phase change materials (namely lauric acid and 

polyethylene glycol), to be impregnated using solvent assisted vacuum impregnation. The 

dominantly microporous analogues, parent ZSM-5 and its acid-treated derivative, were 

limited to 40% uptake for each phase change material. Contrastingly, a mesopore rich 

analogue (as formed under basic conditions) reached 65% impregnation for lauric acid and 

70% for polyethylene glycol, without any leakage at 70 C, resulting in latent heats of 106.9 

J/g and 118.6 J/g for each composite, respectively. A simple prototypical real-world 

application demonstrated that the prepared lauric acid and polyethylene glycol composites of 

mesopore enriched ZSM-5 could maintain their temperatures up to 27% and 22% lower than 

the ambient environment under solar heating, as well as up to 20% and 26% higher when 

solar heating stops. The presented findings indicate mesopore enrichment improves phase 
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change material uptake in these low cost, non-toxic zeolitic shape stabilizers, hence making 

them good candidates as isolation materials to address energy loss during heating/cooling of 

household environments. 

6.2. Introduction 

Producing energy in a sustainable manner, without causing pollution is necessary to keep the 

Earth as a livable planet since conventional production processes result in significant 

environmental issues. Unfortunately, environmentally unfriendly energy sources are still 

generally preferred essentially as a consequence of costs, with significant improvements in 

efficiency and reductions in costs at scale required for green energy production 

alternatives.350-352 Positively, a considerable volume of research has been reported with 

regard to addressing challenges and demonstrating improved performance of alternative 

energy systems, a viable solution is unlikely to be presented in the near future.353 Therefore, 

reducing energy consumption is considered as a highly beneficial complementary approach, 

leading to a reduction in pollution resulting from excess energy use, but also a decrease the 

required energy-per-capita to be reached by the prospective alternative energy solution.354  

Heating is the most energy-consuming process according to International Energy Agency,355 

with the use of facile techniques such as proper isolation leading to reductions in energy 

demand.356 In this context, Phase Change Materials (PCMs) are interesting since their use in 

latent heat storage systems aims to keep the local environment within a constant temperature 

window.357-359 Essentially, heat buffering process occurs via consumption of excess heat at 

temperatures above the melting point or the release of the stored heat at temperatures below 

the freezing point of the corresponding PCM. Since the latent heat of the PCM compensates 

for the heat change, the PCM should be selected in accordance with the aimed application. 

Thus, organic compounds with long alkyl chains such as fatty acids or polymeric materials 

like polyethylene glycols with different molecular weights can be utilized as useful PCMs 

since several of their derivatives offer different melting/freezing points.360 Additionally, their 

non-toxicity, easy processability, relatively low-costs, and inert nature also make them 

desirable for such use.361  

The biggest challenge in the application of PCMs is keeping the molten form stationary at 

elevated temperatures.192 To solve this issue, PCMs are embedded in shape stabilizers, which 
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are mostly porous scaffolds such as zeolites, porous carbons, metal-organic frameworks, or 

porous polymers.362-367Aside from having excellent thermal stability and conductivity, a good 

shape stabilizer should be able to host a large amount of PCM to have better thermal 

properties since the latent heat is stored by those compounds. In the literature, mesopore-

rich, hierarchically porous materials are promoted as useful shape stabilizers since the 

mobility of long alkyl chain PCMs can be limited for microporous materials due to steric 

hindrance, while keeping the adsorbed PCM in the shape stabilizer (i.e. avoiding leakage) 

can be hard for macroporous scaffolds due to poor capillary effect.258,262,368,369  

Since their discovery in the 19th century, zeolites have been used in various fields from water 

softening to high-temperature catalytic cracking.370-373 Indeed, there are examples of zeolites 

used in latent heat storage systems as shape stabilizers. For instance, Goitandia et al.262 

compared Zeolite Y with various inorganic shape stabilizers possessing different pore sizes. 

They reported the domination of the mesoporous silica over ultra-microporous zeolite Y with 

an impregnation of 45% for hexadecane as PCM without any leakage.262 In another study, a 

frequently used zeolite, namely ZSM-5, was used as the shape stabilizer for polyethylene 

glycol and showed a remarkable performance with a 50% impregnation and excellent thermal 

conductivity.265 In this context, introduction of mesopores among the skeleton of ZSM-5 

seems interesting. Thus, in this work, we present the effect of mesopore enrichment on PCM 

uptake for ZSM-5 and in turn the final latent heat storage properties. Comparing the shape 

stabilizing performance of a pristine microporous ZSM-5 with its post-synthetically modified 

versions possessing altered porosity allow us to investigate specifically the effect of pore size 

on latent heat storage properties, via eliminating the effects of other variables (e.g. thermal 

conductivity difference) since the scaffolds have essentially the same backbone. Moreover, 

the choice of a molecular fatty acid (lauric acid (LA)) and a polymeric material (polyethylene 

glycol 4000 (PEG)) as PCMs facilitate the monitoring of structural differences such as size, 

shape and the number of heteroatoms on PCM loading and latent heat storage properties. 
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6.3. Materials and Methods 

6.3.1. Chemicals 

ZSM-5 type Zeolite (SiO2/Al2O3 ratio of 469) was received from Acros Organics. Poly 

(ethylene glycol) with an average molecular weight 3500-4500 g/mol (PEG4000), lauric acid 

and potassium hydroxide pellets were purchased from Merck. Extra pure methanol (99.8%) 

was purchased from Tekkim Ltd. (Bursa/Turkey). Pure water was obtained using a Milli-Q 

Plus system. All chemicals were used without further purification. 

6.3.2. General procedure for the synthesis of ZSM-A 

The preparation and characterization of ZSM-A and ZSM-B were explained in detail 

elsewhere.374  The acidic treatment of ZSM-5 for the dealumination was performed in 2.5 M 

HCl (aq). Briefly, 50.0 g ZSM-5 was placed in a flask and 250 mL 2.5 M HCl (aq) was added. 

Following stirring for 6 h at 150 °C, the mixture was diluted two-fold with water. The solid 

was filtered and washed two times with 250 mL deionized water. Finally, the solid was dried 

at 120 °C overnight (under vacuum) and ZSM-A was obtained. 

6.3.3. General procedure for the synthesis of ZSM-B 

Desilicated ZSM-5 was prepared by using nearly the same method above. 50.0 g ZSM-5 and 

250 mL 2M KOH (aq) were put in a flask, and the reaction performed 110 °C for 6 h. 

Subsequently, the solution was diluted with 250 mL deionized water, and the precipitate then 

filtered. The collected precipitate was twice washed with 250 mL water and dried at 120 °C 

overnight (under vacuum) to yield ZSM-B. 

6.3.4. General procedure for preparation of PCM composites 

Solvent assisted impregnation under vacuum was used to obtain ZSM-5, ZSM-A and ZSM-

B-based PCM (LA and PEG) composites. By adjusting the total amount to 0.3 g for desired 

composite percentage (i.e. 0.12 g of PCM to 0.18 g shape stabilizer for 40% loading), the 

mixture of corresponding PCM and dried ZSM-X (in vacuum oven at 150 °C for 24 h) were 

added into 7.5 mL MeOH in 50 mL centrifuge tube. The charged tube was then placed in an 

ultrasonic water bath for 15 min and transferred to the vacuum impregnation system. Solvent 

removal was conducted gradually by reducing the pressure to 7-9 mb first at room 
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temperature by stopping the vacuum after 5 min and stirring for 5 min and repeated three 

times. Heating to 70 °C was then used to remove the solvent completely (in order to improve 

the impregnation). After solvent removal, the obtained powders were further dried in a 

vacuum oven for 24 h at 40 °C. 

6.3.5. Characterizations 

Surface area measurements were performed by using the Quantachome Instrument 

Nova4000e (Florida, USA). Fourier Transform Infrared (FTIR) spectroscopy with an ATR 

system was utilized for the analysis of PCM composites. Amount of embedded PCM in 

composite was measured with Shimadzu Corp. DTG-60H (TGA/DTA) instrument by heating 

samples up to 1000 °C with a rate of 20 °C/min. Thermal properties of the PCM composites 

were investigated using differential scanning calorimetry (DSC; Thermal Analysis MDSC 

TAQ2000). Heat storage performance of PCM composites were carried out at the rate of 10 

°C/min with a heating and cooling cycle between 0 - 100 °C. Stability tests were also 

performed using DSC from 10 to 80 °C at a rate of 20 °C/min for each cycle. All thermal 

measurement was carried out under nitrogen atmosphere. Thermal behaviour of PCM 

composites under solar power light were evaluated using an Oriel LCS-100 solar simulator 

at 0.404 W/cm2. Temperature changes were measured by a Hanna thermometer attached to 

a K-type thermocouple. 

6.3.6. Solar simulator experiments. 

The prepared LA and PEG containing PCM composites were irradiated in the solar simulator 

at 0.404 W/cm2 power. Time-temperature curves were obtained by recording the 

temperatures of environment (blank), neat ZSM-B, and the corresponding composite every 

two seconds during heating and cooling. The measurements were repeated three times, and 

the calculated average values were used for time-temperature graphs. 
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6.4. Results and Discussions 

6.4.1. Comparison of shape stability of ZSM-5, ZSM-A and ZSM-B PCM composites 

The properties of zeolitic structures can change significantly after simple dealumination or 

desilication of the framework.375 Such modifications might lead to hierarchical porosity, 

which results in altered diffusion dynamics as a consequence of removal of the corresponding 

network unit. In this context, introducing mesopore-rich hierarchical porosity to the 

backbone of ZSM-5 is expected to provide favorable properties in latent heat storage systems 

since mesoporosity is an asset for such scaffolds in latent heat storage systems,262 and also 

because pristine ZSM-5 has been previously highlighted as a promising shape stabilizer for 

PCMs due to its good thermal conductivity, even in its microporous form.265 

Alteration to the parent ZSM-5 after acidic and basic treatments were investigated 

thoroughly, and explained in our previous publication.374 Briefly, dealumination of the highly 

siliceous ZSM-5 (Si/Al ratio = 938) was not successful, yet the acid exposure resulted in 

highly microporous ZSM-A. On the other hand, base treatment of the parent material to 

obtain ZSM-B yielded a hierarchically porous material possessing a dominantly mesoporous 

character and containing less silicon (Figure 42).375-377 Moreover, a lower specific surface 

area (BET) for ZSM-B (180 m2g-1) was recorded in comparison to ZSM-5 (356 m2g-1) and 

ZSM-A (359 m2g-1) probably due to increased mesoporosity (Figure 43 and Figure 44). 

 

 

Figure 42. A basic description of desilication of ZSM-5. M+ can be H+, Na+ or K+ depending 

on the composition of the parent zeolite and the applied base.  
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Figure 43. Gas absorption measurement of ZSM-A, ZSM-B and ZSM-5. 

 

Figure 44. NL-DFT predictions for pore size distributions of the zeolitic materials, and 

relative pore size contributions near 1.3 nm, 3.1 nm, and 5.1 nm derived from the NL-DFT 

calculations as inset. 
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Shape stabilizers were loaded with LA and PEG through vacuum impregnation method by 

mixing ZSM-X (X= 5 or A or B) and corresponding quantities of PCMs dissolved in 

methanol at 40-80%, (w/w) ratios, followed by ultrasonication and solvent removal under 

reduced pressure (Figure 45). Composite ZSM-X/PCM powders obtained are shown in 

Figure 46A.  

 

Figure 45. Schematic representation of the composite preparation. 

 

Figure 46. The physical states of prepared ZSM-X/PCM composites before (A) and after (B) 

heat treatment. 
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Since impregnating shape stabilizers with the highest amount PCM without any leakage is a 

highly desired feature to yield optimum latent heat storage properties,378 the non-exudative 

maximum PCM uptake capacities of the shape stabilizers were determined via performing a 

leakage test at elevated temperatures. Briefly, ZSMX/PCM composites were placed on a 

regular paper and heated in an oven at 70 °C for 30 min, and the area below the powder was 

checked whether it was wet or not. As can be seen in Figure 46B, impregnation of ZSM-A 

and ZSM-5 with both PCMs at ratios of 40% and above resulted in leakage, whereas the 

ZSM-B composites did not leak any LA and PEG even at 65% and 70% impregnation, 

respectively. Moreover, the actual amounts of organic PCMs loaded into ZSM-B composites 

were verified by thermal gravimetric analysis (TGA) under ambient atmosphere. 

Impregnation ratios determined by the weight losses in ZSMB/LA and ZSMB/PEG due to 

decomposition of organic components (for LA around 220 °C and for PEG near 410 °C) were 

in good agreement with theoretical values (Figure 47 and Table 8). Based on these results, 

the composites formed from ZSM-B were conducted for further investigations. 

 

Figure 47. TGA Analysis of (A) ZSMB/LA (40%,60%,65% loading ratio), (B)ZSMB/PEG 

(40%,60%,70%). 
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Table 8. TGA Results of ZSM-B Based PCM Nanocomposites. 

 

The exudation stability of ZSMB/LA composite at 65% impregnation (ZSMB/LA65) and 

ZSMB/PEG composite at 70% impregnation (ZSMB/PEG70) were evaluated by performing 

DSC experiments to confirm the results after the abovementioned macro-level leakage tests. 

Briefly, the samples were placed in a DSC sample holder and scanned for four times, during 

which the powders were removed from the DSC pan and put in the oven at 70 °C for 30 min 

after each cycle. The melting and solidifying patterns of ZSMB/LA65 and ZSMB/PEG70 

were nearly the same for each cycle (Figure 48A and Figure 48B). Both melting and cooling 

curves of ZSMB/LA65 became slightly narrower with respect to the first cycle. This was 

probably due to the small amount of LA that evaporated from the composite powder at 

elevated temperatures during the DSC scan due to weak capillary forces.262,379 Nevertheless, 

the change on the melting/solidifying enthalpies can be regarded as insignificant (Figure 

48B). On the other hand, such evaporation did not occur in case of ZSMB/PEG70 which is 

composed of a polymeric PCM (Figure 48C and Figure 48D). 
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Figure 48. DSC curves of the thermal cycle for (a) ZSMB/LA65, (c) ZSMB/LA70; (b-d) their 

enthalpy and transition temperature changing graphs. 

Extended thermal stability tests of ZSMB/LA65 and ZSMB/PEG70 were employed by 

subjecting samples to 45 consecutive thermal cycles, during which the samples were 

transferred to a new pan after every 15th cycle (Table 9, Figure 49). The melting temperature 

of ZSMB/LA65 was detected to be only 1.5 °C lower than its initial state while its solidifying 

temperature remained nearly constant. On the other hand, solidifying temperature of 

ZSMB/PEG70 changed by only 0.9 °C while its melting temperature remained almost the 

same. Moreover, the melting and solidifying enthalpies also changed insignificantly, where 

they decreased by 4.3 J/g and 4.1 J/g, for ZSMB/LA65 and by 9.1 J/g and 5.7 J/g for 

ZSMB/PEG70. The negligible changes (%ΔH values; Table 9) showed that both of the 

prepared composites were stable after more than several melting/solidifying processes, 

indicating their long-term stability. Additionally, the infrared spectra of the composites 

before and after 45 thermal cycles also demonstrated the structural stability of the PCMs by 
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showing nearly the same responses, particularly at ca. 2900 cm-1 and 900 cm-1 which are the 

vibrations of the C-H groups of the organic PCMs (Figure 50).  

Table 9. The long-term stability of the prepared ZSM-B composites. 

PCM Tm (°C) ΔHm (J/g) %ΔHm Ts (°C) Δs (J/g) %ΔHs 

ZSMB/LA65 1st cycle 44.67 106.9 100 35.29 98.7 100 

ZSMB/LA65 15th cycle 45.18 104.6 97.8 35.35 96.3 97.6 

ZSMB/LA65 30th cycle 45.39 103.1 96.4 35.18 95.2 96.5 

ZSMB/LA65 45th cycle 46.02 102.6 96.0 35.09 94.6 95.8 

ZSMB/PEG70 1st cycle 59.33 118.6 100 29.17 103.9 100 

ZSMB/PEG70 15th cycle 59.45 114.3 96.4 29.06 101.9 98.1 

ZSMB/PEG70 30th cycle 59.16 111.6 94.1 28.71 100.5 96.7 

ZSMB/PEG70 45th cycle 59.79 109.5 92.3 28.24 98.2 94.5 

ΔHm : melting enthalpy; ΔHs : solidifying enthalpy; Tm : melting temperature; Ts : solidifying temperature  

% indicates the change with respect to the first cycle 

 

Figure 49. DSC curves of accelerated thermal cycles for (A) ZSM-B-LA65 and ZSM-B-

PEG70 (B). The insets show the full measurements for each case. 
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Figure 50. FT-IR analysis of accelerated thermal cycles for (A) ZSM-B-LA65 and ZSM-B-

PEG70 (B) end of 45 cycles. 

 

6.4.2. Thermal energy storage performance of ZSM-B based PCM composites 

Latent heat storage properties of the prepared ZSM-B composites containing LA and PEG at 

impregnation ratios of 40% and above were investigated by DSC in order to monitor the 

effect of higher PCM uptake on latent heat storage properties (Figure 51). The melting and 

solidifying temperatures of all composites was found to slightly shift to lower values with 

respect to pure LA and PEG. This was potentially caused by weak molecular interactions of 

PCMs with the porous shape stabilizer (e.g. capillary forces, hydrogen bonding interactions, 

etc.), which affect the required energies for phase transitions.380,381 Moreover, melting and 

solidifying enthalpies of the prepared composites changed proportionally with respect to their 

PCM impregnation ratios, confirming the successful impregnation to ZSM-B (Figure 51C 

and Figure 51D). The melting enthalpies of composites prepared at highest impregnation 

ratios, ZSMB/LA65 and ZSMB/PEG70, reached 106.9 J/g and 118.6 J/g, respectively, which 

are comparable enthalpies reported for similar shape stabilized PCM composites (Table 

10).265,382-388 Especially, the composite prepared in this work via impregnation of ZSM-B 

with PEG presented 35.5% higher latent heat than the composite prepared with ZSM-5265 

(also with PEG 4000) confirming the potential of ZSM-B as a high capacity PCM shape 

stabilizer. Notably, the actual enthalpies of all ZSM-B composites were found to be lower 

than the theoretical values to different extents. A significant difference was observed for 
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ZSMB/LA40, for which the LA molecules should be hindered in the core of the scaffold as 

a result of the low mass fraction. Therefore, the big deviation can either be due to the possible 

gap between the PCM and the exterior area of the scaffold173,389 or altered phase change 

behavior of the LA in such highly confined spaces.390  

Table 10. Comparison of phase change temperature and latent heat of ZSM-B-LA65 and 

ZSM-B-PEG70 with other literature studies which are in similar concept. 

PCM 
Phase Change 

Temperature (°C) 

Latent 

Heat (J/g) 
References 

Paraffin(60wt%)/expanded perlite 27.5 80.9 5 

Paraffin(50wt%)/diatomite 36.5 53.1 6 

Lauric acid (48 wt.%)/intercalated 

kaolinite 
43.7 72.5 7 

Lauric acid (60 wt.%)/expanded perlite 41.1 93.4 8 

Lauric acid (60 wt.%)/sepiolite 42.5 125.2 9 

Lauric Acid (65wt.%)/ZSM-5-B 44.67 106.9 This Work 

PEG4000(79.3 wt%)/SiO2 58.1 151.8 10 

PEG-4000(80 wt%)/Radial mesoporous 

silica 
57.22 129.6 11 

PEG4000(50wt.%)/ZSM-5 56.3 76.4 12 

PEG4000 (70 wt%)/ZSM-5-B 60.7 118.6 This Work 
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Figure 51. DSC curves of (a) ZSMB/LA and (b) ZSMB/PEG during melting and solidifying process; Enthalpies of melting and solidifying 

of (c) ZSMB/LA and (d) ZSMB/PEG with different PCM contents. 
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Theoretical enthalpies of ZSMB/PCM composites were calculated by using Eq. 2. The actual 

enthalpies of pure PCMs (100% PCM content) were accepted as their theoretical enthalpies 

to make comparison with the ZSMB/PCM composite system. 

ΔHtheo. : (1-w) ΔHm/s                            Eq.2 

where  ‘’ΔHtheo.’’ is  theoretical latent enthalpy, ‘’Hm/s’’ is the melting or solidifying enthalpy 

of pure PCMs, and ‘’w’’ denotes the content of ZSM-B. 

On the other hand, the variations between actual and theoretical values were less significant 

for the composites of PEG. Presumably, the higher heteroatom content (oxygen) of PEG or 

its bulkier polymeric structure (Mw:  4000 g/mol) result in strong interactions with the 

skeleton of zeolitic framework might reduce the strength of the capillary forces to confine 

the material through the core of the scaffold as deep as LA. Nevertheless, such interactions 

should also be limiting the (re)crystallization of the molten phase in the low loadings, hence 

yielding lower actual enthalpies than the theoretical.381 

 

Figure 52. Heat loss percentages of (A) ZSMB/LA and (B) ZSMB/PEG composites. 

The differences between melting and solidifying enthalpies (heat loss) of the prepared 

composites were calculated to monitor their relative latent heating and cooling performances 

(Figure 52). The heat loss calculated for pure LA was considerably higher than the heat loss 
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calculated for its composites indicating that the capillary forces of the shape stabilizer limits 

its evaporation391 at elevated temperatures. Indeed, the composite with the lowest loading of 

LA, ZSMB/LA40, showed nearly minimal heat loss as a consequence of the hindrance of 

such low amount of LA through the network. In case of the composites of the polymeric 

PEG, the heat loss occurs due to energy differences between melting and crystallization, 

which even occurs in case of the neat PEG.258,388 

6.4.3. Latent heat storage performances of ZSM-B based PCM composites under solar 

irradiation 

The composites containing the highest amount of the PCMs were subjected to heating-

cooling cycles by using a solar simulator as a prototype of real-world applications. 

Temperatures of ZSMB/LA65 and ZSMB/PEG70 composite powders were recorded under 

solar irradiation and also after the simulator was switched off. Even though the composites 

demonstrated nearly homogeneous heat buffering until their saturation points, maximum 

performances were highlighted in Figure 53 (Table 11 for more information).  

 

Figure 53. Thermal behavior of (A-B) ZSMB/LA65 and (C-D) ZSMB/PEG70 composites 

under solar simulator irradiation. 
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Table 11. Solar simulator results. 

Parameters 

Heating Cooling 

Time 

(s) 

Environment 

(°C) 

ZSM-B 

(°C) 

Composite 

(°C) 
%Δ 

Time 

(s) 

Environment 

(°C) 

ZSM-B 

(°C) 

Composite 

(°C) 
%Δ 

Initiation 
8 44.9 45.9 36.8 18 68 36.0 38.2 40.5 13 

ZSMB/LA65 

Max. %Δ 
30 55.6 66.9 40.8 27 110 32.9 34.6 39.6 20 

ZSMB/LA65 

Saturation 
39 57.5 73.1 44.6 22 160 30.9 31.3 35.2 14 

ZSMB/LA65 

Initiation 
2 34.8 30.2 31.1 11 90 34.3 35.9 42.1 23 

ZSMB/PEG70 

Max. %Δ  
14 47.5 52.3 38.5 22 120 32.4 33.8 40.9 26 

ZSMB/PEG70 

Saturation 
90 64.3 85.6 60.3 6 160 30.9 31.3 36.7 19 

ZSMB/PEG70 

%: Corresponds to temperature differences between environment and composite 
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The temperatures of both composites were compared to the temperature of the environment 

in the absence of the composites and the temperature of PCM-free ZSM-B powder as 

references under the same solar irradiation conditions. Accordingly, when the environment 

control temperature reached 55.6 °C, the temperature of ZSMB/LA65 powder was only 40.8 

°C, providing 27% cooling. At this time point, the temperature of neat ZSM-B powder was 

66.9 °C showing that the medium of ZSMB/LA65 composite powder was 39% cooler. 

Similarly, the temperature of ZSMB/PEG70 composite powder was 38.5 °C, at the time when 

the temperature of the environment reached 47.5 °C meaning that ZSMB/PEG70 composite 

powder keeps the system 22% cooler than the ambient temperature.  

Thermal behavior of both composites after the solar simulator was switched off was also 

evaluated. For ZSMB/LA65, at the time the environment temperature was 32.9 °C, the 

temperature of ZSMB/LA65 was 39.6 °C which corresponds to a 20% warmer medium than 

the environment. Similarly, ZSMB/PEG70 composite powder allowed a 26% warmer 

medium since its temperature was 40.9 °C while it was 32.4 °C for the blank. The results 

indicated that ZSMB/LA65 and ZSMB/PEG70 successfully perform latent heat storage by 

providing significantly cooler environments during solar heating and significantly warmer 

environments when the solar heating is disrupted through corresponding phase transitions. 

6.5. Conclusions 

Desilication was applied to a microporous zeolitic shape stabilizer, ZSM-5, in order to yield 

a mesopore rich hierarchical porous backbone in the framework to increase the amount of 

PCM impregnation. Even though the specific surface area dropped after the treatment, ZSM-

B was able to hold nearly twice the amount of PCMs inside the framework with respect to 

other analogues. The optimum non-exudative composites of ZSM-B containing 65% LA and 

70% PEG were able to store latent heat up to 106.9 J/g and 118.6 J/g, respectively. Moreover, 

the solar simulator tests of ZSMB/LA65 and ZSMB/PEG70 indicated the latent heat storage 

potential of the composites via buffering the temperature change up to 27% and 22% when 

the solar simulator was on as well as 20% and 26% during the cooling, respectively. Our 

results demonstrate that the introduction of mesopore rich hierarchical porosity to 

microporous ZSM-5 improved the PCM impregnation capacity, hence the latent heat storage 

properties of the zeolitic shape stabilizer. Additionally, the solar simulator tests indicate how 
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promising the latent heat storage systems are to keep an environment in a constant 

temperature to save energy spent for heating and its significant lab-to-fab potential via hereby 

presented combination of non-toxic PCMs with low-cost shape stabilizers. 
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CHAPTER 7: Waterborne Polydopamine-Polyurethane/Polyethylene Glycol Phase 

Change Composites for Solar-to-Thermal Energy Conversion 

Reference Un-published Journal Article: Cüneyt Erdinç Taş, Ekin Berksun, Deniz Köken, 

Serkan Ünal and Hayriye Ünal ‘’ Waterborne polydopamine-polyurethane/polyethylene 

glycol phase change composites for solar-to-thermal energy conversion’’. 

 

7.1. Abstract 

Form-stable phase change composite films composed of novel polydopamine-polyurethane 

polymer matrix with photothermal conversion properties and PEG4000 phase change 

material are presented. Waterborne polyurethane (WPU), which is a safe and 

environmentally friendly coating material was synthesized in the form of an aqueous 

dispersion. Surfaces of WPU particles were coated with polydopamine to create waterborne 

polydopamine-polyurethane (PDA-WPU) polymer matrix which presents significant 

photothermal conversion properties without using any other secondary particles. PEG4000 

was directly integrated into the PDA-WPU matrix at different ratios by simple mixing in the 

dispersion form resulting in form-stable phase change composites.  The thermal, mechanical, 

morphological properties, form stability and thermal conductivity of prepared composite 

films were investigated. Reliability of films in repeated thermal application, as well as 

melting/solidifying enthalpies of PEG4000 in cast films were evaluated by differential 

scanning calorimeter. For the composite film with the highest amount of PEG4000 without 

any leakage (PDA-WPU/PCM 1:1), the melting and solidifying enthalpies were calculated 

as 81.1°J/g and 77.9 J/g, respectively. The temperature of the composite film reached 74.8°C 

under 20-minutes solar irradiation at 150 mW/cm2 with a solar-to-thermal energy conversion 

efficiency of 72.9%. Under cold weather conditions, PDA-WPU/PCM films were shown to 

heat up significantly more than control neat WPU films under solar light irradiation and to 
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stay significantly warmer when the solar irradiation stopped, demonstrating that PDA-

WPU/PCM films can efficiently harvest and store sunlight and have strong potential as solar-

driven thermoregulating materials. 

7.2.Introduction 

Photothermal materials, which can effectively harvest light from a light source and convert 

it into heat, can be utilized in various photo-driven applications as products that generate 

thermal energy392. To create a system having light-to-thermal energy conversion ability, two 

main strategies can generally be applied, which are  incorporation of nanomaterials such as 

metallic nanostructures or carbon-based nanoparticles into the system  and coating of a 

substrate surface with a photothermal polymer such as polyaniline, polypyrrole and 

polydopamine56. Mussel inspired polydopamine (PDA) is one of the most considerable 

photothermal polymers due to its strong NIR absorbance capacity, good biocompatibility, 

the feasibility of functional group modification and its ability to be coated onto almost any 

object surface71,393. Thanks to its exceptional properties PDA has been widely utilized in 

material systems that produce heat by employing solar irradiation. 

Phase change materials (PCMs) are invaluable in the concept of thermal energy storage and 

have attracted attention in various energy-related applications in recent years394. PCMs can 

be categorized into fatty acids239, paraffins395, salt hydrates396, inorganic materials397 and 

polymeric materials398-400. The main ability of PCMs is to store heat during their melting 

transition and release stored latent heat in the solidifying process. With this property, they 

can be used for thermal energy storage124 or thermal buffering systems401. Therefore, PCM-

containing systems have been utilized in different application fields such as solar energy 

storage402, smart buildings,403 textiles404, photovoltaics405 and thermoregulating food 

packaging.253  

Incorporation of photothermal materials and PCMs into a single system provides an effective 

way to obtain a composite design consisting of harvesting of light, conversion of light to heat 

and the storage of heat. Fundamentally, composites of carbon-based photothermal agents and 

PCMs have been demonstrated as an attractive framework to achieve photothermal 

conversion and heat storage due to their large energy storage density and effective photon 

harvesting capacity406.  Different photothermal agent/PCM composites involving carbon 
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nanotubes407-409, reduced graphene oxide410-412,  carbon fibers413-415 and carbon aerogels416-

418 as photothermal fillers have been reported. 

In solid-liquid PCM systems, one of the major challenges is the proper encapsulation of the 

PCM in a supporting material to prevent leakage during the melting transition. To do this, 

PCMs have been integrated into supporting materials such as inorganic porous materials419 

and cross-linking polymers420 or encapsulated in emulsions238,421,422 resulting in form-stable 

phase change materials that stay intact when the ambient temperature is higher than the 

melting temperature of the PCM. In addition to the form-stability of PCM composites, other 

vital criteria which should be met  by the composites can be listed as high thermal 

conductivity, thermal stability/reliability, high latent heat capacity, higher 

encapsulating/impregnating capacity and lower supercooling degree423. Clay minerals such 

as diatomite,183 sepiolite,184 bentonite,185 perlite,186 SiO2,
187 attapulgite,188 vermiculite,189 fly 

ash,190 zeolite,191 halloysite,32 have been widely studied as PCM composites that meet most 

of these criteria due to their porous structures, excellent absorbability, high thermal stability 

and thermal conductivity. However, the main disadvantage with form-stable encapsulated 

PCMs is that their thermal performances may  diminish when they are incorporated into a 

matrix relative to their bulk performances along with the problems arising from potential 

incompatibilities between the PCM encapsulating agent and the matrix424.  

Form-stable PCM systems where PCMs are directly integrated into polymer matrices without 

any other encapsulating agent are very limited. Fang et al. prepared polyethylene 

glycol/epoxy resin composites as a form-stable PCM and examined their fundamental 

properties425. In another study, Wang et al. obtained fatty acid eutectic/polymethyl 

methacrylate (PMMA) form-stable PCM composites by incorporating the melted PCMs into 

the system during PMMA synthesis and tested the final composite properties in terms of 

thermal energy storage performance148.  

In this study, polydopamine, a photothermal polymer; a PCM and waterborne polyurethane 

dispersions were combined via a novel design approach to result in environmentally friendly 

and safe composite films that intrinsically present photothermal activity, energy storage 

capacity and thermal buffering properties. Waterborne polydopamine-polyurethane (PDA-

WPU) polymer was synthesized by coating polyurethane solid particles with polydopamine 
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in aqueous dispersion and PEG4000 was incorporated into PDA-WPU dispersion by simple 

blending without using any other encapsulating agent. The strong potential of obtained form-

stable phase change films as sunlight-activated thermoregulating materials that can be 

applied for real-life problems has been investigated. 

7.3.Materials and Methods 

7.3.1. Chemicals 

Ethylenediamine (EDA), polyethylene glycol (Mn=4000 g/mol) and acetone (99.5%) were 

purchased from Sigma-Aldrich Inc. Hexamethylene diisocyanate (Desmodur H) (HDI) and 

polyester polyol (Desmophen 1652, Mn=1060 g/mol) were supplied from Covestro AG. 

Sodium 2-[(2-aminoethyl) amino] ethane sulphonate (AEAS, 50 wt% in water) was kindly 

donated by Evonik Industries. Polyester polyol was dried at 100 oC under vacuum (~2 mbar) 

for 15 min prior to use. Dopamine (3-hydroxytyramine hydrochloride) was purchased from 

Acros Organics Inc. Ultrapure Tris base (Tris(hydroxymethyl)aminomethane) was purchased 

from MP Biomedicals, LLC. Milli-Q purified water was used for all the synthesis and 

characterization stages. All chemicals were used without any further purification. 

7.3.2. Synthesis of WPU dispersion 

The WPU dispersion was synthesized using the acetone method, in a four-necked, 1-L glass 

round-bottomed-flask equipped with a heating mantle, stirrer, condenser and a thermocouple.  

The NCO-terminated polyurethane prepolymer was synthesized from 170.8 g of polyester 

polyol and 29.0 g of HDI, allowing the mixture to polymerize at 80 °C until reaching the 

theoretical NCO content, which was determined by the standard di-butyl amine back titration 

method (ASTM D2572-97).  Once the theoretical NCO value was achieved, the reaction 

temperature was dropped to 50 °C while dissolving the prepolymer in acetone to obtain 40 

wt% solid content. Upon the complete dissolution of the prepolymer in acetone, the chain 

extension step was carried out by adding the mixture of 13.3 g AEAS (50 wt% in water) and 

1.9 g EDA dropwise into the solution at 50 °C. Afterwards, the prepared polyurethane 

polymer was dispersed in water by slowly adding 110.00 g of distilled water into the flask 

while cooling the mixture to 40 °C. Finally, the acetone was removed from the reaction 

mixture by vacuum distillation and complete removal of acetone was ensured at 45 °C, 50 
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mbar. WPU dispersion product with approximately 35 wt% solid content with a pH of 7.0 

was obtained by filtering the final dispersion through a 50-micron filter. 

7.3.3. Preparation of PDA-WPU dispersion 

PDA-WPU was synthesized by applying the general polydopamine coating procedure70. 50 

g of WPU dispersion having 35% solid particle content was diluted with distilled water to 

20% solid content to decrease the viscosity of the reaction medium. 0.126 g of dopamine was 

dissolved in 2 mL of distilled water (6mg/ml) and added into WPU dispersion dropwise using 

a 5 ml syringe to avoid particle agglomeration. Then, the pH value of the reaction system 

was adjusted to 8.5 by using ultrapure Tris base. Reaction was carried out at 40°C for 96 

hours and dispersions of brown color were obtained.  

7.3.4. Preparation of PDA-WPU/PCM films 

Following the PDA-WPU dispersion preparation, various amounts of PEG4000 were directly 

added into the PDA-WPU dispersion and dissolved in water part of the dispersion by mixing 

the system for four hours. PDA-WPU/PCM mixtures with PDA-WPU solid content to 

PEG4000 ratio of 1:1.2, 1:1, 1:0.7 and 1:0.5 were prepared. Films were cast from these 

dispersions on Teflon molds (15x5 cm2) at room temperature and dried under ambient 

conditions for three days with slow water evaporation. Cast films were removed from the 

mold, kept in an oven at 30°C overnight and stored in a desiccator at dark.  The final film 

thicknesses were measured to be approximately 0.7 ± 0.12 mm.  

7.3.5. Characterizations 

Hydrodynamic diameter and zeta potential values of WPU and PDA-WPU dispersions were 

measured by using a dynamic light scattering (DLS) instrument (Zetasizer Nano - ZS, 

Malvern Instruments Ltd., UK) provided with laser diffraction and polarized light detectors 

at three wavelengths. Dispersions were diluted with distilled water to an adequate 

concentration in the cell and measured at room temperature. Zeta potential was measured at 

pH 8.5 using Helmholtz-Smoulchowski equation. 

A Nicolet IS10 FT-IR spectrometer with an attenuated total reflection system was utilized 

for the chemical analysis of PDA-WPU/PCM film samples. 
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The surface and cross-section morphology of the films were investigated using Zeiss LEO 

Supra 35VP scanning electron microscope (SEM) employing a secondary electron detector 

at 3 kV by coating with Au–Pd before imaging. Films were cryo-fractured by immersion in 

liquid nitrogen to obtain cross sections. 

Thermogravimetric analysis (TGA) of films was performed using a Shimadzu Corp. DTG-

60H (TGA/DTA) instrument by heating samples up to 600 °C at a rate of 10 °C/min under 

nitrogen atmosphere. 

Glass transition temperatures (Tg) and the melting/solidifying transition enthalpies of PCM 

containing film samples were investigated using differential scanning calorimetry (DSC; 

Thermal Analysis MDSC TAQ2000) with a heating rate of 10°C/min with heat-cool cycles 

between -80°C and 100°C under nitrogen atmosphere.  

Thermal reliability of PDA-WPU/PCM films was analyzed with accelerated DSC cycles and 

performing 60 consecutive cycles in the temperature range of -20°C to 100°C with a heating 

rate of 20°C/min under nitrogen atmosphere. Transition temperatures and enthalpies were 

calculated by using TA Universal Analysis software. 

Theoretical enthalpies of PDAPU/PCM film composites were calculated by using equation 

below. The actual enthalpies of pure PCMs obtained from DSC analysis for 100% PCM 

content were utilized as their theoretical enthalpies to make comparisons with the 

PDAPU/PCM composite films. 

ΔHtheo.: (1-w) ΔHm/s           Eq.3       

         

where ‘‘ΔHtheo.’’ is theoretical latent enthalpy, ‘‘ΔHm/s’’ is the melting or solidifying enthalpy 

of pure PCMs and ‘‘w’’ denotes the wt. % (mass fraction) of the PDAPU solid particles in 

the final film composite. 

The thermal conductivity of films was measured by the Hot Disk Thermal Constant Analyser 

(TPS2500 S). 

The mechanical properties of PDA-WPU/PCM films were tested by a universal testing 

machine Zwick Roell Z100 UTM, with a load cell of 200 N and a crosshead speed of 25 
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mm/min according to the testing method determined by ASTM D1708-10. An average of at 

least four replicates of each sample was reported.  

Thicknesses of nanocomposite films were measured with a digimatic micrometer (Mitutoyo 

Quicmike, no. 99MAB041M). 

The crystal structure of PDA-WPU/PCM films was analyzed by X-ray diffraction patterns 

(XRD) from a Bruker D2 Phaser XRD instrument using CuKa radiation (k = 1.5418 Å, 40 

kV, 200 mA) in the 2Theta range of 5–90°.  

Light to thermal energy conversion performance of PDA-WPU films    

Time-temperature profiles of PDA-WPU/PCM films were constructed under solar light 

irradiation at room temperature (23 ± 0.5 °C) and humidity of about 51.8%. WPU and PDA-

WPU/PCM films of 1.6 cm x1.4 cm with a thickness of 0.7 ± 0.12 mm were irradiated with 

Oriel LCS-100 solar simulator at 150 mW/cm2 on a Teflon pad. The film temperature was 

allowed to rise for 20 minutes and cooled for 10 minutes by switching off the solar simulator. 

Data were collected with one-minute intervals.  

The solar to thermal energy conversion and storage efficiency (η) of PDA-WPU/PCM 

composite films were calculated by using the formula given below,  

η =  
𝑚𝛥𝐻

𝑃𝐴 𝑥 (te−𝑡𝑜)
 𝑥 100%                 Eq.4 

where m is the weight of the film sample, ΔH is the phase change enthalpy of PEG4000, P is 

the intensity of the applied light irradiation, A is the area of film sample which was irradiated 

with solar simulator, and to and te are the onset and end phase transition time of PEG4000, 

respectively. 

Temperature recordings and thermal camera photographs were taken by FLIR E6XT 2.1L 

thermal imaging camera. All thermal tests of WPU and PDA-WPU/PCM films were repeated 

three times. 

Thermoregulation properties of PDA-WPU/PCM films 

To investigate solar light to thermal energy conversion properties of the PDA-WPU/PCM 

composite films in a cooled environment, a simple experimental setup was constructed. 500 

ml of a crystallizing dish was filled with ice. Meanwhile, PDA-WPU/PCM and WPU films 
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with a surface area of 24 cm2 (6cm x 4cm) were placed onto the inside surface of a beaker 

having an area of 76 cm2 and volume of 226 cm3. With this design, the 1/3 of the surface area 

of the cylindric beaker was covered with film samples. Then, prepared beakers covered with 

film samples were placed into the ice bath so that the surface of the beaker covered with films 

was completely immersed in ice.  The whole experiment setup was exposed to solar light 

irradiation at 150 mW/cm2 by a solar simulator for 30 minutes and naturally cooled by 

switching-off the solar light for 30 minutes. The temperature of film samples was recorded 

with the IR sensor of a thermal camera. Time-temperature profiles of films were constructed 

with data points collected at one-minute intervals. All thermal tests were repeated three times. 

During the experiment, the temperature of the inside of the beaker was also followed by 

placing a K-type thermocouple into the cylindrical environment. To do this, a thermocouple 

was located to the center of the beaker at 3 cm distance from the film and the temperature of 

the environment was recorded. All thermal tests were repeated three times. The experimental 

setup was illustrated in Figure 54. 

 

Figure 54. Experimental setup for the evaluation of thermoregulation properties of PDA-

WPU/PCM films. 
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7.4.Results and Discussions 

7.4.1. Synthesis and characterization of WPU and PDA-WPU dispersions/cast films 

The surfaces of the synthesized WPU particles which were synthesized via the reaction of an 

isocyanate and a polyester polyol followed by chain extension with a diamine, were coated 

with polydopamine by a facile and efficient one-pot post-synthesis reaction. At the end of 

the coating reaction, an aqueous dispersion of PDA-WPU particles were obtained as 

illustrated in Figure 55A.   

Both WPU and PDA-WPU dispersions presented a unimodal size distribution (Figure 55B). 

The lack of an additional peak on the size distribution graph was an important indicator of 

dopamine polymerization on WPU particles instead of self-polymerization of dopamine 

leading to individual PDA capsules in the system. Z-average values of WPU and PDA-WPU 

dispersions demonstrated an increase in the particle size of WPU particles after PDA surface 

coating (Figure 55C). While synthesized WPU particles presented an average diameter of 

210 nm, PDA-WPU particles presented a 60 nm increase in diameter indicating coating of 

WPU solid particles with PDA layer. Similar increases in solid particle diameters were 

reported in studies involving PDA polymerization on different solid particles 311-313. Zeta 

potential values also increased with PDA coating on WPU solid particle surfaces potentially 

arising from the strong ionic content of WPU particle surfaces due to the quinone, catechol 

and amine groups of the PDA layer321,323. Although the PDA coating on WPU surfaces 

shifted zeta potential values to a higher level, particle surfaces still stayed negatively charged. 

All DLS results strongly supported the formation of a PDA layer on WPU particle surfaces 

instead of the formation of individual PDA capsules. 
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Figure 55. Synthesis of PDA-WPU particles (A), DLS diagram (B) and Z-Avg size and zeta 

potential values (C) of WPU and PDA-WPU. 

 

Cast films of WPU and PDA-WPU were prepared and analyzed by FT-IR to evaluate the 

chemical content of films. On the FT-IR spectrum of WPU in Figure 56, characteristic peaks 

were observed at around 3365-3385 cm-1due to hydrogen bonds between -NH and C=O 

groups of urea and urethane. Also, the peaks at 2870-2940 cm-1 region and the strong 

absorption bands around 1725 cm-1 were attributed to -CH stretching and the carbonyl 

stretching region, respectively. For PDA-WPU films, it was observed that new peaks 

originating from PDA content appeared. Assigned peaks at 1575 cm-1, 1372 cm-1, and 1253 

cm-1 corresponding to aromatic C=C double bonds, symmetric and asymmetric −NH 

stretching vibrations and C−N stretching, respectively, confirmed the presence of the PDA 

in the cast films. 
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Figure 56. FT-IR spectrum of WPU and PDA-WPU cast films. 

 

7.4.2. Preparation and characterization of shape-stable PDA-WPU/PCM composite 

films 

PEG4000, which is utilized as the PCM in this study was directly added to PDA-WPU 

dispersion at desired ratios and allowed to mix followed by molding and drying for the film 

formation (Figure 57).  
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Figure 57. Preparation of PDA-WPU/PCM cast films and photographs of films at different 

PDA-WPU:PCM ratios. 

Successful film formation was demonstrated for dispersions prepared at PDA-WPU:PCM 

ratios of 1:0.5, 1:0.7 and 1:1. However, the dispersion prepared at the ratio of 1:1.2 did not 

form a proper cast film and the film remained sticky with PEG4000 leaking out of the film. 

These preliminary findings showed that there is a limit for the amount of PEG400 that can 

be incorporated into the polymer matrix above which the excess PEG4000 could not be 

trapped between PDA-WPU solid particles during the film formation. The highly 

hydrophobic character of PEG4000426 may also have prevented interactions with the 

hydrophilic  polymer matrix at increased ratios. For dispersions prepared at PDA-WPU:PCM 

ratios of 1:1 and below, which resulted in shape-stable film formation,  PEG4000 molecules 

were probably first trapped between PDA-WPU particles due to the strong adhesive property 

of the PDA layer427, possible hydrogen bonding interactions428 and structural compatibility 

with polyurethane-based particles429 and  later have diffused/coalesced into PDA-WPU 

particles430 as schematized in Figure 57. 

Surface and cross-section morphologies of prepared PDA-WPU/PCM films were examined 

by SEM (Figure 58). A three-dimensional network structure was observed for films 

containing PEG4000 both on the surface and on cross-section images, whereas neat PDA-

WPU films did not present such morphologies. The fact that the PDA-WPU/PCM 1:1 which 
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contained the highest amount of PCM presented a more distinct network structure with higher 

number of dark-colored spots might indicate that the deformed network structure and dark 

spots represent the PDA-WPU matrix and the PEG4000, respectively. Similar morphologies 

were reported before for various polymer matrices doped with PCMs in different 

studies149,151,431,432. Most likely, the solidification of embedded PEG4000 during the drying 

process required for film formation resulted in stretching and deformation of the PDA-WPU 

polymer film and three-dimensional network structures have formed on areas where 

PEG4000 had accumulated.   

 

Figure 58. Surface and cross-section SEM images of PDA-WPU and PDA-WPU/PCM with 

different PEG4000 contents. 

Existence of PEG4000 in the PDA-WPU films and their crystal structures were analyzed by 

XRD and presented in Figure 59A. The broad peak on the XRD spectrum of WPU at 2θ 

=20.1° could be attributed to the diffraction of the amorphous structures of the WPU433. It 

was observed that the broad peak for the PDA-WPU film sample prepared from PDA coated 

WPU particles was slightly shifted to the 2θ value of 19.5°434. Also, new broad peaks at the 

2θ of 29.9° and 41.3° appeared on the XRD spectrum of PDA-WPU films due to the 

amorphous PDA coating. On the XRD spectrum of PEG4000, major diffraction peaks at 2θ 

of 19.2° and 23.5° as well as some minor peaks at 26.7°, 36.5° and 40.6° indicated 

crystallinity of PEG4000 as also reported in different studies 435,436. Sharp peaks of PEG4000 

were also obviously seen on the spectra of PDA-WPU/PCM films at the same 2θ values. It 

was also interesting that broadness of the peak between 15° and 25°originated from PDA-

WPU matrix was narrowed with increasing PEG4000 content in composite films, which 
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could imply well integration of PEG4000 in/between PDA-WPU solid particles. These 

results demonstrated the crystalline nature of PDA-WPU/PCM films due to the presence of 

PEG4000 and its well integration into the composite film by means of possible intermolecular 

hydrogen bonding via interpenetration of PEG and PDA-WPU particles437. 

As shown in Figure 59B, the general mechanical behavior of WPU and PDA-WPU has 

definitely changed with the PEG 4000 content in the prepared films. The Young’s modulus 

of PDA-WPU, which was 3.21 MPa, increased almost 7-fold and reached 20.9 MPa when 

PEG400 was incorporated at 1:1 ratio. The increase of Young’s modulus with PEG4000 

content was most likely because of the increased stiffness of the composite films due to the 

integration of crystalline PEG4000 into the polymer matrix. On the contrary, tensile strength 

and elongation at break values of the composite films have sharply decreased with increasing 

PEG4000 content in the polymer matrix. A similar impact of high concentrations of 

PEG4000 in the polymer matrix was reported before438,439. These findings were undoubtedly 

obtained due to the increase of the brittle character and the drop of elasticity of the final 

composite film originating from the PEG4000 content. Created voids in the films due to the 

stretching of the polymer matrix by solidified PEG4000 could be also a factor that decreased 

tensile strength and elongation at break values440. WPU film formation occurs in three steps, 

which are evaporation of water and ordering of particles, deformation of particles and 

interdiffusion of particles across particle-particle boundaries441. Dissolved PEG4000 in the 

system could have hindered these processes, especially the interdiffusion stage, due to 

stacking of PEG4000 molecules on the particle surfaces. Thus, some weak points could have 

formed in the polymer matrix and pulled down tensile strength and elongation at break 

values. One more reason could be the interpenetration of PEG4000 toward the amorphous 

PDA-WPU polymer matrix. PEG4000 inside the amorphous region of the polymer matrix 

may have hindered the stretching of the polymer chains and reduced the elongation ability of 

the polymer film. 

The thermal stability of PEG4000 and PDA-WPU/PCM films were analyzed via TGA 

(Figure 59C). The decomposition temperature of PDA-WPU films was higher than WPU 

films by 9°C probably due to the PDA coating on WPU particles which acted a s a protecting 

layer313. As to PDA-WPU/PCM composite films, it was found that decomposition 

temperatures were between the decomposition temperatures of pure PEG4000 and PDA-
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WPU films, demonstrating an enhanced thermal stability as the PEG4000 content 

incorporated into polymer matrix increased. 

The thermal conductivity of prepared films was measured and presented in Figure 59D. The 

thermal conductivity of PDA-WPU was found to be almost two times higher than the WPU 

film. A number of reasons such as hydrogen bonding, aromatic content, and π-π stacking 

abilities of PDA structure71 may have caused the enhancement of the thermal conductivity of 

the PDA-WPU film332. Addition of PEG4000 into the PDA-WPU system has further 

increased the thermal conductivity of composite films relative to the PDA-WPU films and 

thermal conductivity of PDA-WPU/PCM 1:1 composite film  reached 0.301 W/m°K, 

potentially due to the contribution of PEG4000442.  

 

Figure 59. XRD spectra of PDA-WPU, PEG4000 and PDA-WPU/PCM films with different 

PEG4000 contents (A). Mechanical parameters (B) and thermal properties (C) and thermal 

conductivity values (D) of WPU, PDA-WPU and PDA-WPU/PCM film composites. 
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7.4.3. Thermal properties of PDA-WPU/PCM composite films 

The thermal properties of PDA-WPU/PCM composite films were investigated by DSC 

analysis (Figure 60A). Glass transition temperatures (Tg) of PDA-WPU/PCM composite 

films with different PEG4000 contents were not significantly different than neat WPU films. 

The onset/offset melting/solidifying temperatures of PEG4000 in composite films are critical 

to determine the maximum temperatures at which composite films can be handled for the 

thermal energy storage and the temperature range at which films will release the stored latent 

heat to the environment. The melting temperature of PEG4000 had shifted to lower 

temperatures when it was embedded in the composite films, where the shift was found to be 

shorter as the PEG4000 content in the composite increased (Figure 60B). The melting 

transition occurred at lower temperatures due to the confinement of PEG4000 within the 

PDA-WPU matrix caused by physical interactions such as surface tension or hydrogen 

bonding381,443. As the amount of the PEG 4000 integrated into the polymer matrix increased, 

accumulation of PEG molecules in the different locations of the film matrix decreased these 

interactions, whereby acting more like pure PEG4000. Similarly, solidifying temperatures of 

PDA-WPU/PCM composites shifted to lower temperatures and a solidifying transition for 

PDA-WPU/PCM 1:0.5, the composite with the lowest PEG4000 content, was not observed 

(Figure 60C). Probably, when the PEG4000 amount was much below the amount of PDA-

WPU solid particles, better coalescence occurred between PEG4000 and PDA-WPU 

particles; thus PDA-WPU polymer matrix hindered the crystal arrangement of PEG 

molecular chains. The thermal insulator character of WPU may have also led to the 

absorption of the heat released during the solidifying process so that the solidifying transition 

was not observed at low PEG4000 content. Nevertheless PDA-WPU/PCM 1:1 presented a 

melting transition that started at 33.3°C and completed at 3.6°C meaning that the composite 
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film will release the stored heat in this temperature range, which would be very suitable for 

a variety of applications.   

 

Figure 60. DSC curves (A), melting (B) and solidifying (C) temperatures with onset, peak 

and offset points, and melting/solidifying enthalpies (D) of PEG4000 and PDA-WPU/PCM 

film composites. 

The melting/solidifying enthalpies of PEG4000 in the PDA-WPU/PCM composite films 

along with the transition enthalpies of pure PEG4000 was demonstrated in Figure 60D.  
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It should be noted that PDAPU/PCM 1:1 composes of 50:50 wt. % of PDAPU solid particles 

and PEG4000 in the final film composite system. These ratios are 58:42 wt. % and 66:33 wt. 

% for PDAPU/PCM 1:0.7 and 1:0.5, respectively. 

As seen in Figure 60D, melting and solidifying enthalpies of pure PEG4000 were calculated 

as 192.1 J/g and 170.2 J/g, respectively. The melting enthalpy of PCM in the PDAPU film 

matrix for the ratio of 1:1, 1:0.7, and 1:0.5 was found as 81.1 J/g, 66.5 J/g, and 58.6 J/g, 

respectively. It was seen that actual enthalpies were lower than theoretical enthalpies, which 

were 15.6%, 17.5%, and 10.2%, respectively. A fair amount of differences between actual 

and theoretical enthalpies of PCM in the film composite system could be because of material 

losses during the film preparation or analysis processes (Ex; PEG 4000 remained on the 

surface part of film composite may have been kept by the Teflon mold).  

As to the solidifying enthalpies of PEG4000 in the PDA-WPU matrix, it was found that 

solidifying enthalpies were decreased more than expected by integrating lower amount of 

PEG4000 than PDA-WPU solid particles into the polymer matrix. As seen in Figure 60D, 

the solidifying enthalpy of PDA-WPU/PCM 1:1 was calculated as 77.9 J/g. This value 

showed a more decreasing trend for the PDA-WPU/PCM 1:0.7 film composite that 

solidifying enthalpy of the film composite was measured as 55.2 J/g, while having melting 

enthalpy of 66.5 J/g.  

Results obtained by the DSC analysis demonstrated that PDA-WPU/PCM 1:1 composite film 

was the most optimal film in terms of suitable melting/solidifying temperature ranges and 

high latent heat of the end-product which can directly be utilized in real-life applications. 

 

7.4.4. Shape stability and thermal reliability of PDA-WPU/PCM composite films 

Shape stability of the composite system is an important parameter in the concept of latent 

heat energy storage for practical applications. The designed material loaded with solid-liquid 

PCMs should prevent leakage of PCMs when the ambient temperature reaches the melting 

temperature of PCMs. A typical leakage test444-446 was applied to PDA-WPU/PCM films to 

investigate their shape stabilities, in which PDA-WPU/PCM composite films were incubated 

at a temperature above the melting temperature of PEG4000. While pure PEG4000 has 

transitioned to its liquid form at the end of the incubation period, under the same conditions, 
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any leakage or any sticky appearance was not observed for PDA-WPU/PCM films (Figure 

61A). These results exhibited shape-stability of PDA-WPU/PCM composite films at all 

tested PEG4000 ratios.   

 

Figure 61. The physical states of prepared PDA-WPU/PCM composite films before and after 

heat treatment (A) and DSC curves of consecutive thermal cycles for thermal reliability of 

films (B).    

The thermal reliability tests of PDA-WPU/PCM composite films were employed by 

subjecting samples to 60 consecutive thermal cycles(Figure 61B)262. Significant differences 

were not observed in the melting/solidifying temperatures and enthalpies of the PDA-

WPU/PCM 1:1 composite film. Results demonstrated that the prepared composite films 

remained stable after several melting/solidifying processes, indicating their long-term 

operational stability. 

 

7.4.5. Solar-to-thermal energy conversion and storage performance of PDA-

WPU/PCM films 

Sunlight-activated heating and cooling curves of WPU, PDA-WPU and PDA-WPU/PCM 

film samples was constructed by collecting temperatures under sunlight irradiation (Figure 

62A). While the temperature of the PDA-WPU film at room temperature increased to 61.3°C 

at the end of 20-minute irradiation, the temperature of the neat WPU film barely reached 

30.4°C under the same conditions. The WPU particles were imparted photothermal character 
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via the PDA coating resulting in PDA-WPU composite films with strong photothermal 

activity. Furthermore, sunlight-activated temperature increases were observed to be higher at 

increasing PEG4000 contents, where the PDA-WPU/PCM 1:1 film with the highest 

PEG4000 content reached 74.8°C under 20-minute sunlight irradiation. This was 

undoubtedly arising from the enhancement of the thermal conductivity of film samples by 

the PEG4000 content. Films having higher thermal conductivity led to more rapid 

transmission of the same amount of heat, thereby the temperature of PEG4000 containing 

films raised faster447. Thermal camera images of film samples at the end of sunlight 

irradiation also demonstrated sunlight-activated heating of composite films (Figure 62B). 

The energy storage efficiency of PDA-WPU/PCM composite films was calculated based on 

the duration of phase transitions determined by tangential method (Figure 62C) and the 

energy balance equation424.  To evaluate the energy storage performance of prepared 

composite films in real-life conditions, films were exposed directly to solar irradiation under 

ambient conditions. Obviously, PDA-WPU/PCM 1:0.5 and 1:0.7 had low energy storage 

efficiencies due to the lower PEG4000 content. However, the PDA-WPU/PCM 1:1 

composite film had an acceptable energy storage efficiency despite many disadvantages, such 

as their lower thermal conductivities relative to different designs in the literature263,448-450, the 

experiment design under ambient conditions without any insulator and the relatively low 

solar irradiation density applied. It should be emphasized that the energy storage efficiency 

of 72.9 % obtained with PDA-WPU/PCM 1:1 is significantly promising when compared with 

some studies in the literature120,123,169,344,347,451,452 especially since the composite film is not a 

semi-finished material, but rather it is an end-product that can be directly used in the desired 

application.  
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Figure 62. Thermal behavior of film samples under 150 mW/cm2 solar light irradiation (A). 

Thermal camera imaging of film samples at 20 min solar irradiation (B). Energy storage 

efficiencies of PDA-WPU/PCM composite films (C). 
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7.4.6. Demonstration of PDA-WPU/PCM 1:1 composite film as a solar heat storage-

release material effective under cold weather conditions 

The effect of film samples on the applied environment in terms of heat absorbed under 

sunlight irradiation and thermal buffering capacity during the cooling process was studied by 

preparing a simple real-world test setup. PDA-WPU/PCM 1:1 film was utilized to partially 

cover the inside surface of a glass beaker which was placed in ice. While the ice allowed to 

simulate cold weather conditions, the PDA-WPU/PCM 1:1 film simulated a solar heat 

storage/release material that was applied at the border between outside and inside.    

Thermal camera images of the setup before and after 30-minutes sunlight irradiation and 

during the cooling when the sunlight was switched off are shown in Figure 63A.  Time-

temperature curves constructed by the film surface temperatures (Figure 63B) have 

demonstrated that the temperature of PDA-WPU and PDA-WPU/PCM 1:1 films, which were 

12.0°C prior to irradiation increased significantly and reached 38.2° and 45.3°C, 

respectively. Under the same conditions, the temperature of the neat WPU film only 

increased to 17.8°C. Furthermore, temperatures of both PDA-WPU and PDA-WPU/PCM 

1:1 films reached a plateau approximately between 20°C and 30°C probably because they 

have reached their maximum solar-to-thermal energy conversion capacity. When the sunlight 

irradiation was switched off, the PDA-WPU film returned to starting temperature of 12.0°C 

within 30 minutes, whereas the PDA-WPU/PCM 1:1 stayed warmer at 17.9°C. During 

cooling, PDA-WPU/PCM 1:1 exhibited significant thermal buffering which begun around 

20°C because of the releasing of heat stored by the PCM content of the film, hence the 

temperature of the film stayed almost stable throughout 15 min resulting in slowing down of 

the cooling process.   

Simultaneously, the temperature inside the beakers covered with film samples was followed 

to examine the effect of changes in film temperatures on the applied environment (Figure 

63C). Impressively, the inside temperature of beakers covered with PDA-WPU and PDA-

WPU/PCM 1:1 film increased to 21.6°C and 24.8°C, respectively, while the temperature 

attained for the beaker covered with neat WPU film was only 14.2°C. The PDA component 

of the hybrid films increased the amount of harvested sunlight resulting in more heat 
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produced by the films and more elevated temperatures around the environment of the films. 

After the sunlight source was switched off, the beaker covered with the PDA-WPU film 

returned to 2.8°C in 7 minutes and reached, whereas the temperature inside the beaker 

covered with PDA-WPU/PCM 1:1 film at remained significantly higher at 13.1°C. Again, 

the PCM containing film released the stored heat around its solidification transition resulting 

in a slower cooling and higher temperatures.  

These results have demonstrated the sunlight-activated heat storage-release properties of 

PDA-WPU/PCM 1:1 composite film at cold weather conditions and their strong potential as 

materials for thermal management applied in buildings, textiles, or any other suitable fields.    

 

Figure 63. Thermal camera images (A) and thermal behavior graph (B) of film samples in 

the cold environment. Temperature changing inside of beakers having film samples (C).     
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7.5. Conclusions 

In this study, neat WPU dispersions were turned into polymeric films, which intrinsically 

possess solar-to-thermal energy conversion capability by coating WPU particles with PDA 

in an aqueous dispersion. PEG4000, which is commonly used as a phase change material, 

was directly integrated into the polymer matrix in different ratios without utilization of any 

other encapsulation material. Prepared composite films were analyzed in terms of their 

mechanical, thermal and morphological properties and demonstrated to present similar 

behaviors as their neat counterparts. Latent heat storage and release performance of 

composite films were examined by DSC analysis. The melting and solidifying enthalpies of 

PDA-WPU/PCM 1:1 composite film, which had the highest PEG4000 amount without any 

leakage, was calculated as 81.1 J/g and 77.9 J/g, respectively. The PDA-WPU/PCM 1:1 

composite film was heated to 74.8°C in 20-minutes sunlight irradiation at 150 mW/cm2, with 

a solar-to-thermal energy conversion efficiency of 72.9%. The composite films were also 

tested in cold weather conditions in terms of their sunlight-activated temperature elevations 

and thermal buffering performance during the natural cooling process. PDA-WPU/PCM 1:1 

composite film was demonstrated to reach significantly higher temperatures than neat WPU 

films under sunlight irradiation and to remain significantly warmer when the sunlight 

irradiation stopped. The sunlight-activated heat storage/release properties of the composite 

films were shown to affect the temperature of the applied environment where an environment 

insulated with these composite films heated up more by sunlight and remained warmer in the 

absence of sunlight. PDA-WPU/PCM composite films, which synergistically combined light 

harvesting/photothermal conversion properties of PDA and heat storage properties of 

PEG4000 have strong potential as shape-stable phase change materials that can be utilized 

in a broad range of heat management applications. 
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CHAPTER 8: Overall conclusions and future perspectives 

8. 1. Overall conclusions 

The general conclusions of the thesis study according to the order of chapters flow can be 

listed as below: 

• HNT/PE nanocomposite films were prepared as potential active food packaging 

materials. It was found that PE prepared with HNTs presented significantly higher 

ethylene adsorption capacity in comparison with neat PE films. Moreover, the 

torturous path arising from HNTsin the polymer matrix resulted in decreased 

permeabilty of oxygen and water vapor, thus, slowed down processes that lead to 

senescence of food products. It was demonstrated that the shelf life of bananas and 

tomatoes packaged with the nanocomposite film having 5 wt.% HNT concentration 

increased relative to food samples packaged with neat films. As to oxygen and water 

vapor barrier properties, HNT/PE films with 1 wt.% HNT content presented the 

optimum performance, resulting in the improved shelf life of strawberries and fresh-

cut chicken samples.  

• Flexible nanocomposite food packaging films having thermal buffering performance 

in cold-chain temperatures were prepared by PE polymer matrix and PCM/HNT 

nanofillers. HNTs were impregnated with PEG 400 and PEG 600 PCMs at 30 wt.% 

without any leakage. Melting enthalpies of HNT/PEG400, HNT/PEG600, and 

HNT/PEG-M nanohybrids were measured as 22.5 J/g, 24.8 J/g, and 21.7 J/g 

respectively. HNT/PEG-M was demonstrated to have the buffering capacity at the 

temperature range of -21.8°C-21.7°C. Prepared PE/HNTPEG-M  nanocomposite 

films have demonstrated significant thermal buffering capacity in a temperature range 

covering cold-chain temperatures. The effectiveness of PE-HNT/PEG-M 
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nanocomposite packaging films on keeping food products colder for longer times was 

investigated by using meatball samples. Frozen meatballs packaged with 

nanocomposite films warmed up to 4°C two-times slower than meatballs packaged 

with standard PE films. Similarly, chilled meatballs at the temperature of  2°C 

reached 15°C more than two times slower than when they were packaged with 

nanocomposite films.  

• HNTs were successfully separated into monodisperse, agglomeration-free fractions 

of different sizes through the 3-stage separation method. The yields of separated 

HNTs into three quality -grades which were Grade-1, Grade-2, and Grade-3 were 

calculated as 37%, 45% and 17 %, respectively. It was also showed that the applied 

protocol for removing the PDA layer on HNT surfaces through a simple heat 

treatment did not disrupt nanotubular forms, chemical and crystal structures. Results 

revealed that high-quality grade HNTs presented significantly higher lumen loading, 

covalent surface functionalization capacity and better dispersibility in a polymeric 

matrix compared to raw HNTs.  

• Classical waterborne WPU was converted into a novel photothermal polymer matrix 

by coating WPU solid particle surfaces with PDA in the dispersion state. Films cast 

from PDA-WPU dispersions containing different amounts of PDA were prepared and 

investigated in terms of their thermal, mechanical, morphological properties and 

surface hydrophilicity. PDA-WPU (6mg/ml)/72h, which has the highest PDA content 

among the other formulations, presented an xx  temperature increase when irradiated 

with infrared laserlight. PDA-WPU (6mg/ml)/72h was also studied in terms of its 

solar-driven water evaporation performance and demonstrated to have an evaporation 

rate of  2.81 kg/m2  with a solar-vapor generation efficiency of 58.61%.  

• A mesopore rich hierarchical porous backbone was obtained via desilication to 

increase the amount of PCM impregnation capacity. The optimum non-exudative 

composites of ZSM-B having 65% LA and 70% PEG presented latent heat storage 

performance up to 106.9 J/g and 118.6 J/g, respectively. Moreover, The latent heat 

storage potential of the composites were demonstrated via solar simulation tests 

representing natural sunlight-activated heating and cooling cycles.  
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• PEG4000, which is commonly used as a PCM, was directly integrated into the PDA-

WPU photothermal polymer matrix in different ratios without utilization of any other 

encapsulation agent. The melting and solidifying enthalpies of PDA-WPU/PCM 

composite films having the highest PEG4000 amount without any leakage was 

calculated as 81.1 J/g and 77.9 J/g, respectively.  The PDA-WPU/PCM composite 

film having the highest PEG4000 amount reached 74.8°C in 20 min under solar light 

irradiation with a solar to the thermal energy conversion efficiency of 72.9%.  

Composite films have also been demonstrated to have significant thermoregulating 

properties. 

8. 2. Future perspectives 

HNT/PE-based nanocomposite films and HNT separation studies which were presented as 

Chapters 2-4 will have significant impact on various other HNT-related studies and on food 

packaging materials in the concept of food safety. Since the dispersion of HNTs into PE 

matrix was studied with both empty and impregnated HNTs, various strategies can be derived 

from these findings. For example, HNTs can be impregnated with antimicrobial agents and 

incorporated into the PE matrix together with empty HNTs. In this way, a multifunctional 

food packaging system having ethylene scavenging, barrier and antimicrobial properties can 

be designed. Besides, this technology can be easily applied to industrial manufacturing by 

scale-up studies and specific food products can be targeted by incorporating proper agents 

into the nanocomposite film. For example, by preparing HNT nanohybrids with an ethylene 

oxidation agent, not only ethylene scavenging but also ethylene inhibiting property can be 

added to packaging film. Moreover, different designs comprising HNTs alone can be applied 

in refrigerator parts that are able to capture released ethylene gas from fruits and vegetables 

during cold storage. HNT separation study can be used as a background for this goal due to 

higher loading capacities obtained.  

Studies that have been presented as Chapters 4-7 can open a way to produce many critical 

and effective designs relating to light to thermal energy conversion applications. Because 

PDA presents photothermal properties, natural photothermal clay minerals by a 

polydopamine surface coating of HNT nanotubes can be created and offered as nanoparticles 
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that can be utilized in different application fields ranging from controlled release applications 

to photothermal therapy. As one of many potential ideas in this concept, the surface of 

driveways/highways can be transformed into an anti-icing surfaces integrating photothermal 

clay minerals into the asphalt/bitumen.   

As to PDAPU, which is a photothermal polymer matrix, it can be the background of a great 

number of studies on its own, such as antibacterial surface coating materials, self-healing 

applications, self-sterilization materials, shape memory execution and thermal management 

in the textile industry. More specifically, for instance, the material can be applied as thermally 

buffering exterior insulation coating/block materials on buildings by buffering inside 

temperature to reduce energy consumption. Or, because the material is also a coating 

material, different membranes can be incorporated into a composite system produced by 

photothermal PU material. In this way, a high-water evaporation rate with strong salt 

rejection ability can be obtained. The composite system designed to float on the water surface 

can provide effective use for the desalination seawater or purification of wastewater revealed 

from industrial applications. 
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